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CHAPTER 1: 
GENERAL INTRODUCTION

The effects of PRC2 loss on cell 
specification, organogenesis, and 
tissue maintenance in vertebrates



1. GENERAL INTRODUCTION

During vertebrate embryogenesis, the zygote goes through rapid cell divisions, and 
by well-orchestrated cellular movements, the developing embryo forms three germ 
layers: ectoderm, mesoderm, and endoderm. These germ layers develop into differ-
ent tissues through the process of organogenesis. Organogenesis starts with the mi-
gration and patterning of cells into their designated developmental field. Through 
intracellular and intercellular signaling processes, cells from different germ layers 
specify into primordial tissues. Subsequently, by proliferation and differentiation, 
these cell populations commit to their final fates and start functioning as indepen-
dent organs, with several subtypes of cells [1].
 Throughout this cascade of processes, the cells use the same genetic information 
–DNA– coming from the zygote. However, different genes are transcriptionally ac-
tive or repressed in different tissues. Epigenetics is described as the phenomenon 
of generating heritable states of permissive and suppressive gene expression in 
different cellular contexts and tissue types without changing the underlying DNA 
sequence. By these tissue specific changes, one genome is used to create many epig-
enomes that are specific to tissue and cell types in an organism. Epigenetic regu-
lation occurs by packaging the DNA into a higher order structure called the chro-
matin. By enabling specific transcriptomes in different cell types, epigenetic (re-)
programming ensures cell identities to be established, maintained, or changed in a 
timely manner. DNA physically gets condensed and loosened in a dynamic fashion 
to regulate transcriptional processes crucial for a cell to function. In other words, 
the cell- and tissue-specific epigenomes of an organism remarkably serve as a sec-
ond dimension to the genome and may explain how proper development occurs as 
well as origins of developmental diseases [2] and cancer [3].
 The DNA is packaged into chromatin in small units called nucleosomes. In verte-
brate cell nuclei, nucleosomes are composed of a string of DNA (~147 bp) wrapped 
around an octamer of different histone proteins (H3, H4, H2A, H2B). These histo-
nes have long protruding tails that are subjected to several types of post-translati-
onal modifications, e.g. (de)acetylation, (de)methylation, (de)phosphorylation, and 
(de)ubiquitylation, which may cause changes the shape, structure, and subnuclear 
localization of the chromatin. These modifications jointly designate which genes 
will be transcribed and which ones will be repressed [4]. Methyltransferase enzy-
mes of the Trithorax and Polycomb group of proteins are prominently involved 
in promoting gene activation and repression, respectively [5]. Gene repression by 
DNA methylation, which is another major epigenetic modification on the genome, 
mostly occurs on CpG islands of gene promoters, and is reviewed elsewhere [6]. It 
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causes transcriptional gene repression and is also involved in genomic imprinting.

Figure 1. Epigenetics. In a cell nucleus, DNA is wrapped around an octamer of histone proteins and 
packaged into chromatin. DNA methylation and post-translational histone tail modifications can 
establish a higher order compaction and render the state of DNA to be accessible or inaccessible, 
which, in turn, affects which genes are to be transcribed in a certain tissue. Illustration: National 
Institutes of Health [7].

This chapter is a review of the tissue specific functions of Polycomb Repressive 
Complex 2 (PRC2), a protein complex containing different Polycomb group (PcG) 
proteins. PRC2 is involved in gene repression through the trimethylation of his-
tone H3 Lysine 27 (H3K27me3). Combined with the monoubiquitylation of histone 
H2A Lysine 119 (H2AK119Ub1) by PRC1, it causes chromatin compaction, leading 
to gene repression. PRC2 is conserved in all metazoans, while the composition of 
PRC1 is highly variant across species. The importance of their cellular functions is 
best characterized in vertebrates [8,9]. In the next sections, the involvement of PRC2 
during early vertebrate development and organogenesis will be described.

1.1. Polycomb Repressive Complexes and their recruitment to the genome
Polycomb group proteins are key epigenetic regulators of gene silencing, and func-
tion mainly in two complexes: PRC1 and PRC2. In vertebrates, PRC2 is formed by 
three main components: suppressor of zeste 12 a/b (SUZ12a/b), embryonic ecto-

11

GENERAL INTRODUCTION



derm development (EED), and enhancer of zeste 1/2 (EZH21/2) [10]. The composi-
tion of PRC1 is more complex; the presence of the different orthologs of chromobox 
(CBX), polycomb group factor (PCGF), polyhomeotic homolog (HPH), and ring 
finger protein (RING) in combination with non-canonical complex variants yield 
up to 180 possible PRC1 complexes in humans [11]. Both PRC1 and PRC2 have their 
respective catalytically active PcG subunits, EZH1/2 and RING, which contribute 
to gene repression. Trithorax group (TrxG) proteins, on the other hand, place (tran-
scriptionally) activating histone marks on the genome. For instance, a well-studied 
activating histone mark, trimethylation of histone H3 lysine 4 (H3K4me3), occurs 
through the methyltransferase activity of the variants of the TrxG enzyme, mixed 
lineage leukemia (MLL). Nonetheless, Trithorax group protein activity and func-
tion are outside the scope of this chapter and can be found reviewed elsewhere [12].
 Trimethylation of histone H3 Lysine 27 (H3K27me3) by the methyltransferase 
EZH2, the catalytic unit of PRC2, recruits the PRC1 complex via its component 
CBX. RING, the E3 ubiquitin ligase of PRC1, in turn, monoubiquitylates histone 
H2A Lysine 119 (H2AK119Ub1). The placement of H2AK119Ub1 blocks RNA Poly-
merase II elongation and thereby causes gene repression [13]. Recent studies pres-
ent strong evidence that PRC1 can also recruit PRC2 to the genome [14]. Moreover, 
in PRC2-deficient mouse embryonic stem cells (mESCs), no decrease of RING1B 
accumulation is observed at transcription start sites, suggesting that PRC1 can be 
recruited to the genome in the absence of PRC2 [15]. These studies present evidence 
that recruitment of PRC1 and PRC2 may be both inter- and independent, and they 
function in a more complex manner than initially modeled.
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Figure 2. PRC1 and PRC2 function. For gene repression to occur, PRC2 sets the H3K27me3 mark 
on the genome through EZH2, and PRC1 sets the H2AK119Ub mark through RING1A/B. PRC1 is 
thought to be recruited to H3K27me3 by CBX variants. Together, these chromatin modifications by 
the combined work of PRC1 and PRC2 results in genome compaction, and hence, gene repression. 

Illustration: National Institutes of Health, public domain license [16].

Next to PRC1-mediated recruitment of PRC2, many other mechanisms were hy-
pothesized for PRC2 recruitment to the genome [17]. In Drosophila, Polycomb re-
sponsive elements have been reliably established as sequence motifs for the recruit-
ment of PRC2. However, such clear recruitment sequences have not been found in 
vertebrates [18]. Additional proteins have been suggested to assist the recruitment 
of PRC2 to the genome by binding the complex [19-24], although these candidate 
recruiters are not generally accepted as core PRC2 subunits and their binding to 
PRC2 seems to depend on cellular context (e.g. developmental stage, cell type) and 
local DNA structure.
 Both CpG island DNA methylation in gene promoters and PRC2-mediated 
H3K27me3 cause gene silencing in a mutually exclusive manner. Interesting-
ly, recent evidence shows that non-methylated CpG islands can recruit PRC2 in 
mESCs to repress genes [25,26]. However, PRC2 recruitment to non-methylated 
CpG islands might be indirectly caused by adjacent transcription factor motifs, as 
non-methylated CpG islands can also show enrichment for the active H3K4me3 
mark in Xenopus embryos [27]. It is worth to mention that the PRC2 component 
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Eed can recruit PRC2 to existing H3K27me3 sites and thereby generate a positive 
feedback for the propagation of the repressive mark [28].
 Additionally, long non-coding RNAs such as HOTAIR, Xist, and Braveheart are 
strong candidates of PRC2 recruitment to the genome, as they have binding spec-
ificity (as well as potential binding sites) for PRC2 [29]. Another class of strong 
potential recruiters mainly studied in the HOX clusters are CCCTC-binding factor 
(CTCF) sites located between topologically associated genome domains, the loss of 
which leads to reduced PRC2 recruitment [30].
 Next to recruiters, many other factors have been found to inhibit PRC2 recruit-
ment and activity. Active chromatin marks H3K4me3 and H3K36me3 have been 
reported to inhibit PRC2 activity through a Su(z)12-dependent mechanism in vitro, 
in studies with purified Drosophila proteins and peptides [31]. The placement of the 
H3K27me3 mark by PRC2 has been confirmed to be inhibited by the presence of 
H3K36me3, when HeLa cell histone extracts are combined with reconstituted Dro-
sophila PRC2 complex in vitro [32]. This inhibition is thought to occur through the 
PRC2-associated Polycomb PHF1 in human cells as stated in an NMR-based study, 
also in vitro [33]. While unmethylated CpG islands have PRC2 recruitment poten-
tial (mentioned above [25,26]), methylated CpG islands of HeLa nuclear extracts 
prevent the recruitment of recombinant EED and SUZ12 in vitro [34]. CpG-methyl-
ation-dependent PRC2 inhibition can also be found in mESCs [35], zebrafish em-
bryos [36], and Xenopus embryos [37].
 Although the majority of studies on PRC2 function focus on Ezh2 as the cat-
alytically active unit, its homolog Ezh1 shares 64% overall amino acid sequence 
identity and 94% methyltransferase domain identity with Ezh2. Ezh1 is also able 
to place the H3K27me3 mark and shares target genes with Ezh2, indicating Ezh1 
and Ezh2 have redundant functions. However, Ezh1 is catalytically less active and 
might function distinctively in maintaining repressed chromatin in differentiated 
cells, as opposed to the prominent function of Ezh2 in stem cells [38,39].
 In summary, PRC1 and PRC2 jointly associate with chromatin to regulate gene 
expression. The next section reviews the function of PRC2 during early develop-
ment and germ layer specification using examples of studies in humans, mice, ze-
brafish and African clawed frog (Xenopus). These species are predominant verte-
brate models for epigenetic research, and show high conservation of developmental 
regulatory pathways [40], as well as Polycomb group proteins. Figure 3 illustrates 
the evolutionary expansion of PRC1 and PRC2 from fruit fly to vertebrates, with 
their respective complex subunits present in human and zebrafish depicted as an 
example. 
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Figure 3. Polycomb group complex expansion from Drosophila to vertebrates. PRC1 and PRC2 ex-
pansion over evolutionary time resulted in many homologous gene variants in vertebrates. Circles de-
pict PRC1 (left) and rectangles depict PRC2 (right) subunits in Drosophila. Homologous human (black 
text) and zebrafish (dark red text) genes are shown as an example. Figure was adapted from Sowpati 
et al [41].

1.2. PRC2 function in early embryonic development and cell fate transitions
During the first few cycles of cell division in embryogenesis, while the zygotic ge-
nome is still inactive, the vertebrate embryo is dependent on maternal contribution 
of RNA and proteins to regulate cellular events. In fact, recent evidence shows that 
activating (H3K4me3) and repressive (H3K27me3) histone modifications imprinted 
from both oocyte [42,43] and sperm [44] can affect gene transcription during early 
development and contribute to maternal to zygotic transition (MZT). MZT is the 
embryonic process in which blastula stage developmental control is transited from 
maternal determinants to the zygotic genome. This process has two crucial steps: 
the clearing of maternal transcripts, and zygotic genome activation (ZGA). MZT 
might be induced by several mechanisms: an increased nucleocytoplasmic ratio 
through rapid cell divisions without cell growth, cell cycle regulation from the oo-
cyte, and chromatin regulation, although none of these potential causes are well 
understood. Early zebrafish and Xenopus embryos divide rapidly and begin large 
scale zygotic transcription at 10 and 12 cell cycles, respectively. Mice, on the other 
hand, develop slower and start this process earlier (2-4-cell stage). [45,46].
 In zebrafish, activating and repressive histone marks H3K4me3 and H3K27me3 
prime developmentally regulated genes as early as the 256-cell stage, and the num-
ber of marked genes increase over time [47]. The joint presence of these two marks 
at a certain genomic region is called bivalency. Close to transcription start sites, 
H3K4me3 and H3K27me3 bivalently mark genes involved in metabolism, tran-
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scriptional regulation, and development [47]. As many as 36% of inactive genes car-
ry such bivalent signatures shortly after MZT, including the HOX clusters, whereas 
the repressive H3K27me3 mark is absent from 28% of non-transcribing genes [48]. 
Similar studies in mESCs found that pluripotent cells contain bivalent domains 
that mark developmentally important transcription factors [49]. These transcrip-
tion factors are repressed and are thought to poise key developmental genes for the 
decision of transcriptional repression or activation during differentiation. There is 
evidence that Xenopus embryos also gain bivalent H3K4me3 and H3K27me3 do-
mains before MZT, however, these genes are transcriptionally active. As both chro-
matin marks partially overlap on the same genes in different portions of dissected 
embryos, it is likely that Xenopus embryos do not have bivalent marks, as opposed 
to mESCs and zebrafish [50,51]. Moreover, it is prudent to keep in mind that chro-
matin immunoprecipitation (ChIP) experiments for bivalency are performed on 
lysates from cell populations and do not involve the comparison of single cells to 
each other. Whether both H3K4me3 and H3K27me3 marks are placed on the same 
histone tails, ergo the concept of bivalency, is therefore unclear and under debate.
The H3K27me3 mark starts to accumulate at blastula stages of vertebrates, indicat-
ing that PRC2 complex has functions in gene regulation during germ layer speci-
fication. However, in-vivo and in-vitro studies do not always yield matching phe-
notypes for loss of PRC2 components. Loss of Suz12, Eed, or Ezh2 [52-54], results 
in early embryonic lethality in mice in vivo. Contradictorily, mESCs can remain 
pluripotent in culture without Suz12 but fail to differentiate properly [55]. Simi-
larly, Eed-deficient mESCs are pluripotent despite overexpressing developmental 
regulators [56]. mESCs lacking Ezh2 also remain pluripotent and have defective 
differentiation, but unlike the knockout of other PRC2 components, they retain re-
sidual H3K27me3 due to partial redundancy with Ezh1. Eed and Ezh2 knockouts 
in these mESCs have defective mesendodermal differentiation [57]. In other words, 
in-vitro studies suggest that PRC2 is dispensable for maintenance of pluripotency 
in mESCs, but is essential for correct differentiation. The discrepancy between the 
life span of PRC2-deficient ESCs (in vitro) and embryos (in vivo) might stem from 
the external compensation of developmental cues (e.g. transcription factors) in ar-
tificial culture conditions.
 In Eed mutant mouse embryos, cell movements and germ layer inductions during 
gastrulation are affected in vivo. During normal germ layer formation, an ingres-
sion of epiblast cells in the posterior side of the embryo, called the primitive streak, 
differentiates into mesoderm and definitive endoderm. In Eed mutant embryos, Hox 
genes are abnormally expressed, which might lead to impaired anterior morpho-
genetic signals. This, in turn, causes a failure in the anterior migration of the pri-
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mordial mesodermal cells. Due to their prolonged posterior localization, these me-
sodermal cells are signaled to move proximally to the extraembryonic region and 
acquire an extraembryonic mesodermal fate. Moreover, the epiblast fails to expand, 
and differentiates into mesoderm instead [58]. Suz12 mutant mouse models fail to 
activate lineage specific PRC2 target gene repression programs during germ layer 
specification. These embryos also fail to gain H3K27me3 on PRC2 targets or repress 
genes that cue the differentiation of improper cell lineages [59]. This is not surpris-
ing, given that in human ESC (hESC) culture, ~50% of transcription factors involved 
in developmental processes are marked by the PRC2 complex. These PRC2-marked 
transcription factors include the majority of homeodomain genes that regulate axi-
al patterning, subsets of FOX, SOX, and TBX families regulating germ layer forma-
tion, and signaling pathways important in gastrulation (e.g. WNT, TGFβ, FGF, and 
BMP). During hESC differentiation, transcription of 36% of PRC2-occupied genes 
gets activated. Interestingly, the pluripotency factors OCT4, SOX2, and NANOG 
each cover one-third of PRC2 target transcription factors, including transcription 
factors important for lineage specification [60]. These in-vivo and in-vitro studies 
strengthen the model that PRC2 occupancy of developmentally significant genes 
create the correct environment for cell specification and delay lineage commitment 
until the reception of appropriate signals [61].
 During Xenopus development, Suz12 and Eed are maternally provided, while 
Ezh2 expression begins at late blastula. PRC2 is thought to contribute to neural in-
duction from the ectoderm layer [62]. During Xenopus gastrulation, the PRC2 com-
plex represses mesendoderm lineage marker expression [63]. In addition, failure 
to recruit PRC2 through Jarid2 in Xenopus embryos leads to defective mesoderm 
induction and developmental arrest at gastrulation [64], supporting the studies in 
mESCs [58]. Eed (and the PRC2 associated protein Yy1) overexpression in Xenopus 
embryos generates an ectopic bifurcated neural tube, but induction of mesodermal 
tissues like muscle and notochord is normal [65]. This supports the knockdown 
studies which show that PRC2 contributes to neural induction and represses mes-
endodermal induction. Eed overexpression also induces neural marker expression, 
while PRC1 overexpression does not [65]. These studies combined suggest that, in 
Xenopus, PRC2 regulates the induction of embryonic lineages as well as gene ex-
pression in these induced lineages.
 Zebrafish studies on the direct involvement of the PRC2 complex during germ 
layer specification are scarce. Embryos lacking maternal and zygotic ezh2 tran-
scripts are surprisingly able to go through germ layer induction during gastrula-
tion and develop a normal body plan during the first day of development. How-
ever, the complete absence of ezh2 results in drastic gene expression differences 
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from wild type embryos at zygotic stage (0 hours post-fertilization, hpf) and MZT 
(3.3 hpf, high stage). This indicates that Ezh2 functions during maternal mRNA 
loading of the oocyte. As opposed to the ESC studies mentioned above, failure 
to repress developmentally important PRC2 targets like hox, pax, and shh do not 
cause failure of lineage specification, despite the complete absence of H3K27me3 
from these embryos. Pleiotropic phenotypes like small eyes, absent mid-hindbrain 
boundary, problems with blood circulation, and a dissociating stringy heart are ap-
parent around 1-2 days post-fertilization (dpf), which indicate tissue maintenance 
problems rather than differentiation problems in ezh2-deficient zebrafish embryos. 
Ezh1 compensation in maternal zygotic ezh2 mutants is highly unlikely; the ezh1 
transcript is not detected during the first day of development [2].
 Accumulating evidence summarized above maps out the role of PRC2 in lineage 
commitment in early vertebrate embryos. Another equally important function of 
PRC2 appears to be regulating tissue specific gene expression. In the next section, 
we delineate how PRC2 functions during organogenesis in embryonic as well as 
adult tissues.

1.3. PRC2 function in organogenesis and tissue maintenance
In vertebrates, after germ layer formation, ectoderm, mesoderm, and endoderm dif-
ferentiate into tissues and form a primordial body plan. Subsequently, these tissues 
form a partly independent homeostasis involving proliferation, differentiation, and 
maintenance, and develop into organs. The main ectodermal lineages in mammals 
include skin, eye, nervous system, hair, teeth, and nails; mesodermal lineages in-
clude muscle, bone, blood, kidneys, and gonads; and endodermal lineages include 
lungs, liver, pancreas, intestine, and bladder. The following paragraphs focus on a 
selection of studies on PRC2 function in ectoderm-, mesoderm-, and endoderm-de-
rived organs through the tissue-specific or complete ablation of its components 
Ezh2, Eed, and/or Suz12 in mouse, zebrafish, and Xenopus. These studies indicate 
that PRC2 is crucial for the development and maintenance of organs from all three 
germ layers.

1.3.1. Ectoderm: Retina
During normal retinal development in mice, retinal progenitors differentiate into 
7 different neuronal and glial cell types in a temporal manner, spanning from em-
bryonic to postnatal stages. This process is regulated through a combination of 
transcription factors interlinked with epigenetic regulation [66], propagating the 
differentiation of retinal ganglion cells, horizontal cells, cone photoreceptors, ama-
crine cells, rod photoreceptors, bipolar cells, and Müller glia cells, in sequence [67]. 
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Upon the knockout of Ezh2 in retinal progenitors, embryonic retinal progenitor 
maintenance is affected due to their reduced proliferation. Indeed, Ezh2 loss leads 
to the upregulation of the tumor suppressor Cdkn2a. The balance between differ-
ent cell fates is also altered; the number of early differentiating amacrine cells get 
reduced through apoptosis, and the number of late differentiating photoreceptor 
and Müller glia cells increase, accompanied by an increase in non-retinal gene ex-
pression [68]. Ezh2 depletion in early Xenopus laevis embryos through morpholino 
knockdown results in a similar phenotype; retinal progenitor population (but not 
specification) is reduced, possibly through tumor suppressor Cdkn2a homolog up-
regulation. Moreover, cell differentiation is biased towards the generation of Müller 
glia cells [67]. The knockout of Eed in mouse retinal progenitors yields a slightly dif-
ferent phenotype. Although retinal progenitor proliferation decreases also in this 
model, the amacrine cell population increases, while Müller glia, bipolar, and rod 
photoreceptor cell populations decrease, showing the opposite of the phenotype 
observed upon conditional Ezh2 knockout [69].
 Remarkably, mouse cerebral cortex progenitors temporally differentiate into 
neuronal and glial cell types in an analogous fashion to the retina. Interestingly, 
knockout of Ezh2 in these progenitors give rise to a phenotype similar to the retina 
in Eed-knockout mice; differentiation timing is altered, causing an increase in ear-
ly-differentiating cell populations and a decrease in late-differentiating cell popu-
lations. In other words, Ezh2 knockout in cortical neuron progenitor cells initially 
results in increased differentiation at the expense of cell renewal, and produce a 
smaller cortex. The progenitor pool eventually gets depleted [70].

1.3.2. Mesoderm: Heart
Ninety-eight percent of mice with conditional Ezh2-knockout induced in early fetal 
cardiomyocytes show perinatal lethality, while the surviving mutants have mor-
phological and functional defects in the heart, including hypoplasia of the myo-
cardium. Cardiomyocyte proliferation in these hearts decrease with derepressed 
Cdkn2a/b expression [71]. The Cdkn2a/b locus codes for p16INK4a and p14ARF 
tumor suppressors, which repress the overactivation of the cell cycle [72]. Both 
cardiac (Six1, Isl1) and non-cardiac (Pax6) transcription factors show increased ex-
pression levels [71]. Ezh2 knockout in late fetal cardiomyocytes does not show a 
phenotype, possibly due to Ezh1-Ezh2 redundancy. However, Eed knockout in late 
cardiomyocytes resembles that of early Ezh2 knockout, with 89% perinatal lethality 
and myocardial hypoplasia [71], indicating that PRC2 is required also for the later 
stages of heart development. The anterior heart field is a subpopulation of cardiac 
progenitor cells, from which the right ventricle, outflow tract, and ventricular sep-
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tum originate [73]. Anterior heart field-specific knockout of Ezh2 during early fetal 
stages results in an enlarged heart with fibrosis [74], contrasting all other in-vivo 
PRC2 studies we mentioned in this chapter, which show hypoplasia of Ezh2-de-
pleted tissues. Myocardial genes (Nppa/b) as well as skeletal muscle remodeling 
transcription factors (Six1) are up- or misregulated, suggesting that PRC2 activity 
regulates the correct differentiation and maintenance of the heart tissue in mice 
[74]. Zebrafish which lose maternal and zygotic ezh2 expression through a nonsense 
mutation display lethality at 2 days post-fertilization with pleiotropic phenotypes, 
including myocardial hypoplasia and the loss of cardiac integrity [2].
Satellite cells are skeletal muscle progenitors involved in muscle development and 
regeneration. Similar to the myocardium, Ezh2 knockout in mouse satellite cells 
causes defective muscle growth and regeneration due to decreased proliferative 
capacity. Increased expression in non-muscle developmental programs alongside 
increased Cdkn2a expression is observed [75].

1.3.3. Endoderm: Liver and intestine
Deletion of the methyltransferase domain of Ezh2 in early hepatic progenitor cells, 
which eventually differentiate into hepatocytes and bile duct epithelium (cholan-
giocytes), lead to liver hypoplasia. In these livers, expression of the cell cycle inhib-
itor Cdkn2a/b is increased and the clonogenic potential of the progenitor pool is lost. 
Additionally, hepatocyte marker expression and the number of hepatocytes and 
cholangiocytes are significantly decreased [76].
 Eed knockout in the mouse small intestinal epithelium results in reduced crypt 
proliferation, increased Cdkn2a expression, impaired regeneration, and an increase 
in goblet cell differentiation via Delta-Notch pathway upregulation, while entero-
cytic differentiation is unaffected [77]. Another small intestine model for Eed knock-
out in adult intestines shows morphological problems in the villi, accompanied 
with proliferative defects in the crypt. Almost all genes deregulated in Eed-deficient 
intestines are distinct from genes deregulated in Eed-deficient blood and skin, sug-
gesting that the gene repressive activity of the PRC2 complex in adults is highly 
tissue specific. Additionally, the extent of deregulation in these genes appear to 
be dependent on the H3K4me3 levels on their promoters [78]. Interestingly, Ezh2 
knockout in the mouse small intestine is not sufficient for a full PRC2 phenotype, 
but Eed knockout in the same tissue decreases proliferation by Cdkn2a upregula-
tion, leads to stem cell loss, disrupts crypt morphology, and affects intestinal ho-
meostasis by mis-expressing non-intestinal genes and upregulating Wnt/β-catenin 
signaling pathway [79].
 There are currently three different published ezh2 mutant models for zebrafish 
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(described below in allele numbers). Zebrafish lacking zygotic ezh2 expression 
(allele ezh2(ul2)) show a pleiotropic larval phenotype affecting intestine, exocrine 
pancreas, liver, and eyes. Intestinal folds are smaller, and intestinal integrity is af-
fected by an increase in apoptosis. Presence of the H3K27me3 mark is decreased 
but not diminished in this model [80]. Another zygotic ezh2 mutant model (allele 
ezh2(hu5670)) develops seemingly normally until larval stages, but indicates loss of 
intestinal, and potentially hepatic, tissue maintenance by the loss of marker expres-
sion over time (see Chapter 3). In zebrafish, the intestine develops as a hollow tube 
which later adopts a sigmoid shape in adulthood [81]. Proliferation occurs in ridges 
which are similar in structure to that of mammalian crypts [82]. Indeed, intestinal 
proliferative regulation is similar in zebrafish and mammals [84]. Despite lacking 
a stomach and the distinction between small and large intestines, the zebrafish in-
testine serves as a highly suitable vertebrate model to study PRC2, and it shows 
similar maintenance phenotypes upon the loss of PRC2 function. Taken together 
with research on maternal zygotic ezh2 mutants (allele ezh2(hu5670), Chapter 5 [2]), 
which also show a pleiotropic phenotype and die at 2 dpf with tissue maintenance 
defects, it seems like zebrafish that lack ezh2 expression can form a normal body 
plan and are able to differentiate tissue-specific cell subtypes. However, these ze-
brafish ezh2 mutants have tissue maintenance defects, resulting in lethality. In an-
other zygotic ezh2 mutant model (allele ezh2(sa1199), Chapter 4), this phenotype is 
not observed. The larval intestine is unaffected and the zebrafish reach adulthood. 
Our observations on the ezh2(sa1199) does not substantiate the results from pub-
lished research on the same allele, which reports early hematopoietic defects and 
lethality at 7 dpf in ezh2 mutants, and assigns a PRC2-independent role for Ezh2 on 
the regulation of circadian clock gene expression.
 Evidenced by a plethora of studies, the main function of PRC2 in vertebrates is to 
create a balance between progenitor pool maintenance, differentiation, and tissue 
maintenance through H3K27me3 placement on the genome. Interestingly, most of 
the PRC2 loss-of-function studies summarized above find that altered cell cycle 
regulation through an increase in Cdkn2a/b expression has a great effect in pro-
genitor pool depletion, and hence, in hypoplasia. However, this broad explanation 
for PRC2 function still requires the uncoupling of the precise steps, external cues, 
direct and indirect effects of PRC2 combined with tissue specific experiments. In 
this thesis, we investigated the role of Ezh2 in zebrafish by the use of zygotic and 
maternal-zygotic nonsense mutant models, and combined the organismal loss of 
the gene with tissue specific in-vivo approaches. 
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1.4. Scope of thesis
This thesis focuses on understanding the function of PRC2 with the use of nonsense 
ezh2 mutant models in zebrafish. The chapters are organized methodologically, not 
chronologically. All mutant lines used were generated through random ENU mu-
tagenesis screens. Zygotic mutants were obtained by mating heterozygous parents, 
and maternal-zygotic mutants were obtained by mating a heterozygous male with 
a germline ezh2 mutant female. These females cannot transfer ezh2 mRNA to their 
oocytes, therefore complete loss of ezh2 in these maternal zygotic mutant embryos 
becomes possible.
 The introductory Chapter 1 summarizes the key studies describing PRC2 func-
tion in vertebrates during germ layer specification, tissue specification, and or-
ganogenesis, and aims at putting the studies described in the next chapters into 
context. Chapter 2 describes an elegant technique for quick and clean intestinal dis-
sections in larval zebrafish, and presents DNA and RNA yields from these dissected 
intestines. In Chapter 3, normal gene expression and the presence of the active 
H3K4me3 and repressive H3K27me3 chromatin marks are examined in dissected 
wildtype zebrafish larval intestines at 5, 7, and 9 dpf. In addition, the phenotype 
of the ezh2(hu5670) zygotic mutant model is characterized. Observations indicate 
that early embryonic maternal contribution of ezh2 is not sufficient to maintain dif-
ferentiated organs; zygotic loss of ezh2 leads to larval defects in the liver and the 
intestine, and eventually to lethality at 10-11 dpf). Chapter 4 utilizes an alterna-
tive zygotic (nonsense) ezh2 mutant model, ezh2(sa1199) and demonstrates that this 
mutant does not result in the nonsense mediated decay of ezh2 mRNA, absence 
of the Ezh2 protein, or a phenotype, indicating that it is not a suitable model to 
study Ezh2 function. In Chapter 5, the effects of the maternal-zygotic loss of ezh2 in 
zebrafish are depicted, using the nonsense mutant model ezh2(hu5670). Although 
body plan formation is normal in these mutants, they display early transcriptional 
defects, a pleiotropic phenotype including loss of cardiac integrity and tissue main-
tenance, and lethality at 2 dpf. Finally, Chapter 6 summarizes the results presented 
in the thesis and reflects on existing literature to discuss the function of Ezh2 and 
PRC2 in zebrafish tissue maintenance. In each chapter, I have been involved in the 
laboratory experiments, data interpretation, and manuscript preparation.
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ABSTRACT

Epigenetic studies in developing zebrafish are predominantly performed on whole 
embryos or larvae, which may mask or dilute organ specific information. To solve 
this problem, fluorescence activated cell sorting (FACS) or (cryo)sections can be 
used to (partially) isolate tissues. However, they have disadvantages. Cells isolated 
by FACS may diverge from their native state, and single cells and sections often 
yield insufficient material for molecular analysis. Here we present a fast and re-
producible method for dissection of larval intestines at 5, 7, and 9 days post-fer-
tilization, using the intestine-specific transgene tgBAC(cldn15la:GFP). With twee-
zers, the intestine can be pulled out of the rostral abdominal cavity in one smooth 
and gentle motion. After clean-up of adhering tissues, the intestines can be directly 
used for further analyses. The dissection process takes as little as 3-6 minutes per 
fish. We show that 10 dissected intestines from the tgBAC(cldn15la:GFP) line yield 
enough total mRNA for RNA-sequencing, surpassing the mRNA yield from FACS 
by at least 4-fold in our hands. Chromatin immunoprecipitation (ChIP) of histone 
marks (H3K4me3 and H3K27me3) from 25 intestines yields sufficient material for 
ChIP-sequencing. Our intestinal dissection method results in high quality, live ma-
terial suitable for a wide variety of downstream applications.
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GRAPHICAL ABSTRACT

Dissection of intestines from larval zebrafish for molecular analysis
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Graphical Abstract: Intestinal dissections. With the use of tweezers and a microsurgical blade, the larva (1) is stabilized and the 
intestine is pulled out of the body in one careful motion (2,3). The intestine is then cleaned up of non-intestinal tissues (3,4) and 
transferred into tubes for lysis and further analysis (5,6).

Graphical Abstract: Intestinal dissections. With the use of tweezers and a microsurgical blade, 
the larva (1) is stabilized and the intestine is pulled out of the body in one careful motion (2,3). The 
intestine is then cleaned up of non-intestinal tissues (3,4) and transferred into tubes for lysis and 
further analysis (5,6).
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2.1. INTRODUCTION

Epigenetic studies on zebrafish embryos and larvae require different, stage-depen-
dent approaches. Whole embryo lysates are commonly used for studies on gene 
expression and epigenetics during early embryonic development [1-3]. However, 
as tissues and organs are specified, information originating from a defined tissue 
may mask another and signals may ‘dilute’ in a total larval or embryonic extract. 
To eliminate noise and increase reliability, isolation of specific tissues or cells of an 
organ becomes mandatory.
 To obtain organ-specific information for whole genome (DNA) or transcriptome 
(RNA) analysis, tissues can be dispersed and the cells sorted by fluorescence ac-
tivated cell sorting (FACS) [4], which has advantages and disadvantages. FACS 
sorting enables the collection of specifically labeled living (single) cell populations 
out of a whole tissue or organism. It is a broadly applied method, for instance for 
blood cell subtyping [5]. However, cell surface markers might behave differently 
in single cell suspensions and might be cleaved by proteases (e.g. Trypsin) [6]. In 
zebrafish, unlike mammals, there is limited availability for commercial antibod-
ies for cell surface markers, therefore, FACS is commonly used with transgenic 
lines which express fluorescent proteins. Cells obtained by FACS can then be used 
for DNA (chromatin), RNA, or protein extraction, followed by a corresponding 
analysis method. FACS also creates an opportunity for single cell studies [7]. Long 
preparation times however, decrease cellular yield [8] and lead to anoikis (i.e. apop-
tosis caused by absence of cellular contacts) [9]. Importantly, single cells from dis-
sociated tissues may undergo transcriptional changes, including immediate early 
response gene activation (e.g. fos, jun, hsp gene variants) [10] and further alterations 
in cell signaling pathways [11]. These alterations in dissociated cells can also cause 
dedifferentiation [12].
 As an alternative to FACS, transcriptome of serial (cryo)sections of whole zebraf-
ish embryos can be sequenced to generate a gene expression map for the whole 
organism (e.g. by Tomo-seq [13]). However, (cryo)sectioning may cause alterations 
from native cellular conditions. To assess gene expression in only a subset of cells, 
cells can be extracted from tissue sections by carbon dioxide laser capture micro-
dissection [14]. These methods are limited to RNA- and DNA-sequencing; a (part 
of a) single embryo or larva is currently insufficient for chromatin immunoprecip-
itation with commercially available antibodies, independent of the stage of (early) 
development [15].
 Dissection of organs is a common procedure in studies on adult zebrafish [16], 
while larval dissection studies are uncommon. The embryonic heart is the most 
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commonly dissected organ due to its peripheral position in the body, and the broad 
research interest in its regenerative capacity [17]. So far mechanical isolation, as 
well as whole heart explants have been published [18-21]. The zebrafish prone-
phros, precursor of kidney tissue among others, is another organ which has been 
dissected at 5 days post-fertilization (dpf) to study gene expression by real-time 
quantitative PCR [22]. Although zebrafish intestinal tissue is of great interest due 
to its rapid development and renewal potential as well as its function in supplying 
nutrients to the larvae after yolk depletion, the dissected larval intestine has not yet 
been studied. Therefore, we investigated the feasibility of intestinal dissections in 
zebrafish larvae.
 Zebrafish intestinal development begins with the appearance of an array of en-
dodermal epithelial cells along the ventral midline of the embryo between 1-2 dpf 
[23]. This array of cells gradually forms a single, continuous lumen by the hollow-
ing and subsequent fusion of several small lumina between 2-3 dpf [24]. During 
intestinal lumen formation, the liver and pancreas ’Anlagen’ differentiate at the 
junction between the esophagus and the intestine and go through extensive re-
modeling and proliferation [23]. Zebrafish is a stomachless species. By 5 dpf, the 
intestine is clearly separated into three parts: intestinal bulb, mid-intestine, and 
posterior intestine. By 5 dpf, the intestine becomes functional with the opening 
of the mouth and anus, when most yolk is absorbed and the larva starts feeding 
exogenously. To understand the regulatory processes in such a rapidly developing 
organ, the analysis of different time-points becomes necessary. Throughout the sec-
ond week of development, different epithelial cell subtypes, namely enterocytes, 
goblet cells, enteroendocrine cells, and specialized antigen presenting (NaPi+) en-
terocytes (in order of abundance) continue to differentiate [25,26]. The zebrafish 
intestine is asymmetric; the primitive gut endoderm loops to the left between 26-30 
hours post-fertilization due to the asymmetric movements of the surrounding lat-
eral plate mesoderm [27]. With the growth of the intestine, this anterior loop folds 
into a sigmoid shape by adulthood [28]. Although the zebrafish intestinal lining (an 
epithelium very rich in enterocytes) is very similar in structure to that of mammals, 
it has ridges instead of villi. Proliferation, like in mammals in the crypts, predomi-
nantly occurs at the base of these ridges [26].
 We present a rapid and reproducible method of dissection of larval zebrafish 
intestine with the aid of the intestine-specific transgenic line tgBAC(cldn15la:GFP), 
which expresses the GFP-tagged protein ‘claudin 15-like a’, an integral protein in 
the tight junctions of the intestinal epithelium [24]. We show that this technique is 
compatible with methods such as RNA- and ChIP-sequencing, and surpasses the 
efficiency of FACS of intestinal cells in the larval stages of this transgenic line.
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2.2. MATERIALS AND METHODS

2.2.1. Zebrafish strains and husbandry
An incross of the transgenic intestinal reporter line tgBAC(cldn15la:GFP) [24] yield-
ed embryos with intestine-specific GFP expression. Incross of tg(gut:GFP) [29] 
yielded GFP expression in the liver, pancreas, and intestine. Embryos were raised 
in E3 embryo medium at 28.5°C as described in detail elsewhere [30]. GFP expres-
sion in embryos was checked with the help of a fluorescence stereomicroscope (Lei-
ca MZ FLIII) between 3-5 dpf under light anesthesia in 2-phenoxyethanol (0.05% 
v/v), and GFP-positive and GFP-negative embryos were separated. At 5 dpf, the 
larvae were transferred to regular husbandry conditions and fed twice daily with 
dry feed (Gemma Micro 75, Skretting), rotifers, and artemia according to guide-
lines [30,31]. All experiments described are in accordance with institutional animal 
welfare guidelines, policies, and laws, and were approved after ethical testing by 
Central Committee for Animal Experimentation (CCD) of the Netherlands.

2.2.2. Dissection
GFP-positive larvae (5, 7, or 9 dpf) in tgBAC(cldn15la:GFP) background were trans-
ferred to a Petri dish with system water. A second dish with medium containing 
2-phenoxyethanol (0.05% v/v) was prepared for anesthesia. A Petri dish lid was po-
sitioned under a fluorescence stereo microscope (Leica MZ FLIII) as a working sur-
face. During all steps, light microscopy and fluorescent microscopy were combined. 
Ethanol-sterilized fine watchmaker’s tweezers and micro surgical blades were used 
for dissection, wide bore glass Pasteur pipettes for tissue transfer. Microcentrifuge 
tubes (1.5 ml) were coated with 5% (w/v) BSA for chromatin immunoprecipitation 
or filled with TRIzol for RNA isolation as described below. Up to 4 larvae (depend-
ing on working speed) were placed in anesthesia medium and processed within 30 
minutes following loss of startle response. One larva in 3-4 ml anesthesia medium 
was transferred to the lid of a petri dish under the microscope, the head of the fish 
towards the dominant (mostly right) hand of the researcher. With one tweezer, the 
larva was pierced rostrally to the intestine behind the branchial arches and the 
intestine was clamped. At the same time, the fish was stabilized by pinching the 
swim bladder with another tweezer (Figure 1A and 1A’). Next, in one movement, 
the intestinal tract was carefully and slowly pulled out in the direction of the head; 
i.e. held by the distal segment and pulled towards the head of the fish (Figure 1B 
and 1B’). The intestinal tract was bisected at the transition between the esophagus 
and the intestine, and the carcass was discarded or lysed for genotyping (Figure 1C 
and 1C’).
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After this rough dissection, the medium in which the intestine was collected was 
refreshed and the intestine was cleaned up under the microscope for sample purity 
(Figure 1D and 1D’). In larvae aged 5 dpf, yolk remnants were removed. At all time 
points, the swim bladder was pinched off with tweezers. Then, with tweezers and a 
microsurgical blade, the liver and pancreas connections to the intestine were cut off 
to free the intestine. Remnants of muscles that remained associated with the intes-
tine were peeled off with tweezers and discarded. The intestinal tube was rotated 
along its axis to check for remaining adhering tissues. Of note: the gallbladder is 
auto-fluorescent and may look like a part of the intestine at first glance. 
 The clean intestine was transferred with a Pasteur pipette into a drop of clean 
system water for washing, then into a 1.5 ml microcentrifuge tube. The last step 
may be done guided by fluorescent microscopy to ascertain accurate transfer of 
the intestine. A new working surface (i.e. Petri dish lid) was used for each set of 
3-4 intestinal preparations. After dissection, the intestines were kept on ice and 
processed within 1 hour to limit tissue damage during pooling of the tissue (i.e. a 
maximum of 15 intestines were pooled).

5 dpf tg(cldn15la:GFP) intestinal dissection

Step 1:
Clamp one tweezer rostral to the intestine, along the branchial arches
Stabilize the larva by pinching the swim bladder with the other tweezer

Step 2:
Pull out the intestine and the connected tissues (liver, pancreas,
swim bladder, gall bladder, muscle) in a smooth and gentle motion.

Step 3:
Using tweezers, peel off adjacent muscles.
Using a surgical blade, cut off the extra-intestinal tissues.
Using a pasteur pipette, transfer the intestine in a tube for downstream 
applications

2.5x

2.5x

3.2x

3.2x

2.5x

2.5x

3.2x

3.2x

A

B

C

D

A’

B’

C’

D’

Figure 1. The Dissection of the larval intestine. The figure shows the major steps during the dissection 
of a larval intestine; 5 dpf is shown as an example. The same steps are taken for 7 and 9 dpf. Left and 
right panels are the same field of view under light microscopy (A, B, C, D) and fluorescent microscopy 
(A’, B’, C’, D’), respectively. A, A’. With the help of tweezers, the intestine was stabilized. B, B’. The 
intestine was slid out of the body in the direction of the head. C, C’. The extra-intestinal tissues were 
cleaned off by peeling or cropping by microsurgical blades. D, D’. The intestine was carefully checked 
for GFP purity and promptly transferred into a microcentrifuge tube.
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2.2.3. Fluorescence Activated Cell Sorting
Two hundred 5, 7 or 9 dpf larvae in the tg(gut:GFP) or tgBAC(cldn15la:GFP) back-
ground were anesthetized, divided into 1.5 ml microcentrifuge tubes (20 larvae per 
tube), and washed with PBS. The larvae were dissociated by trituration using a 200 
µl pipette tip in 500 µl trypsin solution (0.25% w/v Trypsin [Sigma], 1 mM EDTA in 
PBS) at 28.5°C in a standard zebrafish incubator. The process took 5-7 intervals of 
10 minutes. The trypsinization was stopped with 1 mM CaCl2 and 100 µl 100% FBS 
was added to the solution. The isolated cell suspension was passed through a FACS 
filter (BD, 70 µm) and incubated with Dnase I (100 µg/ml) to clarify the suspension. 
Finally, the suspension was washed two times in PBS/1 mM EDTA solution and 
stained with 7-Aminoactinomycin D (7-AAD, Thermo Fisher) for cell viability. The 
cells were gated for viability, doublets, and GFP expression, and subsequently sort-
ed (BD FACS-Aria) into TRIzol (Thermo Fisher). GFP-negative siblings were taken 
as negative control for gating.

2.2.4. RNA isolation
Microcentrifuge tubes (1.5 ml) were filled with 100 or 500 µl TRIzol for 1 or 10 
intestines, respectively. Cells sorted by FACS were collected into 500 µl TRIzol. 
Dissected intestines were transferred with a Pasteur pipette into the lid of the tubes 
with a minimum volume of system water, and promptly shaken in TRIzol for lysis. 
RNA was isolated as described elsewhere [32]. After phase separation, in-column 
DNase treatment was performed (ZYMO Quick-RNA MicroPrep). Total RNA yield 
was measured by fluorometric quantification (Qubit).

2.2.4. Chromatin immunoprecipitation
To prevent adsorption of dissected intestines to the tubes, microcentrifuge tubes 
(1.5 ml) were coated with 5% (w/v) BSA (Sigma) solution33 for 15 minutes and dried. 
Thirty intestines were dissected, transferred to the tubes, and washed once with 
PBS. Protein-DNA cross-linking was carried out by a 15-minute incubation with 1% 
freshly prepared methanol-free paraformaldehyde (Electron Microscopy Sciences). 
The reaction was quenched with 125 mM glycine for 5 minutes, and the cross-linked 
intestines were washed 3 times with PBS. The intestines were lysed (20 mM Tris-Cl 
pH 7.5, 70 mM KCl, 1 mM EDTA, 10% glycerol, 0.125% NP40, protease inhibitor 
cocktail [Roche]) and sonicated (6 cycles of 30 seconds, Bioraptor® Pico) to extract 
~200 bp chromatin fragments. After a 1/6 fraction was reserved for measuring DNA 
input, the rest of the chromatin fragments (equivalent to 25 intestines) were bound 
to protein A/G beads (Invitrogen, 1003D), incubated with anti-H3K4me3 (Millipore, 
2 µg) or anti-H3K27me3 (Millipore, 2 µg) antibodies overnight, and then eluted off 
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the beads. Input DNA concentration and ChIP yield was measured by fluorometric 
quantification (Qubit).

2.3. RESULTS

2.3.1. Fluorescence Activated Cell Sorting (FACS)
To study zebrafish intestinal (epi)genetics during the first 5 to 10 days of larval de-
velopment, we used two previously described transgenic lines, tg(gut:GFP) [29] and 
tgBAC(cldn15la:GFP) [24]. The rationale was that from these transgenes cell suspen-
sions can be made, from which intestinal cells can be isolated by FACS for further 
molecular analyses. The isolation of cells from both of these lines prior to FACS 
analysis presented challenges. Preparation of isolated cell suspensions from whole 
larvae took over 2 hours, during which cell viability decreased to 60%. GFP-posi-
tive and negative cells did not present a distinct boundary to set reliable gates for 
sorting. The percentage of GFP-positive cells obtained from 5 dpf larvae was as low 
as 0.1% for tg(gut:GFP) (Figure 1A), and 1.9% for tgBAC(cldn15la:GFP) (Figure 1B). 
As the tg(gut:GFP) line also expresses the construct in the liver and pancreas and 
gave such low FACS yield, we decided the continue our research with the tgBAC(-
cldn15la:GFP) line.

2.3.2. Intestinal dissection
Next, we investigated whether segmenting the larvae into smaller parts prior to 
single cell preparations would increase the FACS yield and reduce noise from au-
to-fluorescence. For this inquiry, we attempted dissections on larval intestines in 
the tgBAC(cldn15la:GFP) background. Remarkably, these dissections were very 
consistent and time efficient. Moreover, the reduction of material processed per 
zebrafish greatly reduced the trypsinization time as well; approximately by half. 
Nonetheless, the FACS yield of this semi-pure population of GFP-positive cells was 
only 8.9% at 9 dpf (Figure 1C, Supplementary Figure 1). Due to this (unexpected) 
low yield, we concluded that tgBAC(cldn15la:GFP) is an unsuitable model for FACS. 
However, it could serve as a great tool for obtaining intestine-specific cells through 
dissections.
 During dissection optimizations, sliding the intestine out of the body in rostro-
caudal direction proved to be the simplest, fastest, and the most reproducible meth-
od. Each intestine took 3 to 6 minutes to collect, mainly depending on the age of 
the larva (and the experience of the researcher); older larvae could be dissected in 
shorter time. Once the intestines were out of the larvae, non-intestinal tissues were 
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removed under fluorescent and light microscopy, and the resulting clean intestine 
was transferred into the medium of choice using a Pasteur pipette for RNA isolation 
or chromatin immunoprecipitation (ChIP). This reproducible purification of intes-
tinal epithelium proved to be an excellent start for molecular analysis, as opposed 
to a mix of tissues in whole larvae.

2.3.3. RNA isolation and chromatin immunoprecipitation
We used dissected intestines for RNA isolation and chromatin immunoprecipita-
tion. At all time points, total RNA obtained by single intestines (average: 28.4 ng) 
and pools of 10 intestines (average: 343 ng) were proportional to the number of 
larvae (Table 1). In fact, RNA isolation from 10 intestines was more efficient than 
single intestines; in other words, the yield was more than 10-fold higher in pooled 
intestines. Surprisingly, FACS on intestinal cells at 9 dpf from 20 larvae yielded a 
proportionally >4-fold lower amount of total RNA than dissected intestines (Ta-
ble 1). The amount of RNA from dissected pooled intestines suffices as input for 
RNA-sequencing (Ribo-Zero rRNA Removal Kit, Illumina) for all developmental 
time points used.
 To immunoprecipitate intestinal chromatin, we collected intestines in a BSA-coat-
ed microcentrifuge tube. Immunoprecipitation of chromatin from 25 pooled intes-
tines with anti-H3K4me3 and anti-H3K27me3 antibodies yielded sufficient starting 
material for Illumina sequencing preparation; on average 6.3 ng and 12.8 ng chro-
matin was immunoprecipitated with anti-H3K4me3 and anti-H3K27me3, respec-
tively (Table 2).
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5 dpf tgBAC(cldn15la:GFP) FACS analysis, GFP-positive

0.1%

1.9%

GFP+ percentage

tg(gut:GFP), whole

tgBAC(cldn15la:GFP), whole
tgBAC(cldn15la:GFP), dissected

0.1%

1.9%

8.9%

A

C

5 dpf tg(gut:GFP) FACS analysis, GFP-negative

0.01%

5 dpf tgBAC(cldn15la:GFP) FACS analysis, GFP-positive

0.01%

5 dpf tg(cldn15la:GFP) FACS analysis, GFP-negativeB

Figure 2. FACS sorting in tg(gut:GFP) and tgBAC(cldn15la:GFP). Single cell suspensions were 
prepared from 5 dpf whole zebrafish larvae in the tg(gut:GFP) (A) and tgBAC(cldn15la:GFP) (B) 
backgrounds. The GFP-positive populations (A, B, purple dots) were gated according to the 
GFP-negative population (A, B, black dots) and sorted into TRIzol for RNA extraction. C. FACS 
on whole tg(gut:GFP) and tgBAC(cldn15la:GFP) larval suspensions at 5 dpf yielded 0.1% and 1.9% 
GFP-positive cells, respectively. Unexpectedly, FACS on dissected intestines from tgBAC(cldn-

15la:GFP) yielded as low as 8.9% GFP-positive cells.
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Table 1. Total RNA yield. Total RNA was isolated from single or a pool of 10 dissected intestines at 5, 
7, and 9 dpf in triplicates, and the yield was quantified fluorometrically (Qubit). The average yield is 
shown in nanograms. FACS-sorted intestinal cells from 20 whole tgBAC(cldn15la:GFP) larvae at 10 dpf 
yielded 4-fold less total RNA.

Single intestines

10 intestines

FACS
20 larvae

7 dpf 9 dpf5 dpf

24.4 30.8 29.9

364.5 348 316.5

150

Table 1: Total RNA yield (ng)

N/A N/A

Table 2. Chromatin immunoprecipitation yield. After chromatin extraction from 30 intestines at 5, 7, 
or 9 dpf, samples were sonicated to obtain ~300 bp fragments, and one sixth of the DNA (~5 intestines) 
was separated to measure DNA input. The rest of the sample (five sixth, ~25 intestines) was subjected 
to anti-H3K4me3 or anti-H3K27me3 immunoprecipitation in replicates, eluted off, and the yield was 
quantified fluorometrically (Qubit). The average ChIP yield is shown in nanograms.

anti-H3K27me3

anti-H3K4me3

Input

7 dpf 9 dpf5 dpf

14.2 11.8 12.4

8.4 6.4 4.2

56.4 76.4 141.2

Table 2: DNA yield from ChIP (ng)

2.4. DISCUSSION

The vetebrate intestine is in general a rapidly renewing organ; in zebrafish the in-
testine continues to develop very quickly and throughout early larval stages. This 
organ is, in fact, the sole and crucial deliverer of energy (feed) to the animal. In 
zebrafish, the maternal yolk secures energy to the embryo until exogenous feeding 
starts around 5 days post fertilization, when mouth and anus open. The organiza-
tion of the intestine at that moment is comparable to the adult situation and the 
speed and complexity in the first five days of development is astonishing. Zebrafish 
intestinal anatomy is grosso modo (at least from a functional point of view) compara-
ble to the anatomy of most higher vertebrates [23]. Zebrafish intestinal epithelium 
is organized in ridges with somewhat larger dimensions compared to mammalian 
villus-crypts [26]. Proliferative regulation is similar, e.g. with a crucial role for Wnt 
signaling, which appears conserved from zebrafish to mammals [34,35]. Because of 
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the similarities of developmental pathways (and cancer) to mammals, the zebrafish 
intestine is an attractive translational model to study human diseases [36] and for 
fundamental research on epigenetic regulation [1]. For these reasons, we aimed to 
isolate the intestine from larval stages. This study combines zebrafish developmen-
tal physiology with molecular biology and demonstrates a highly feasible tech-
nique to dissect the intestinal tract of zebrafish larvae in the tgBAC(cldn15la:GFP) 
transgenic background. It further presents yield of RNA extraction and chromatin 
immunoprecipitation from intestines, and shows that the total RNA yield from dis-
sected intestine surpasses that of FACS-samples by at least 4-fold in our hands. 
Here we will discuss the rationale behind the development, advantages, and disad-
vantages of this method.
 Cell dissociation for FACS is a rigorous process (for all cells) due to enzymatic di-
gestion and the stress caused by trituration. Hard and soft tissues require different 
durations to dissociate, and the timing of complete dissociation changes according 
to the age of embryos/larvae. During cell dissociation, some cell death occurs and 
the viscous texture of genomic DNA in solution may encumber pipetting. As men-
tioned before, changes might occur in transcription, cell signaling pathways, and 
the differentiation status of the cells [10,12].
 Dissection of the intestine, on the other hand, results in minimal tissue damage 
due to the short processing time (3-6 minutes per fish) required. To prevent loss of 
sample quality and to obtain intestines in a comparable developmental stage per 
batch, we limited handling time to 60 minutes, which corresponds to 15 larvae per 
batch before lysis or fixation. During dissection, the integrity of the intestine is vi-
sualized in real-time by GFP-fluorescence microscopy. This allows the researcher to 
combine physiological observations with the read-out of molecular and biochem-
ical analyses. For instance, intestinal phenotypes resulting from mutations can be 
observed under the microscope before dissection, and the carcass from each larva 
can be genotyped before pooling the intestines. The possibility for visual inspec-
tion also enables rapid response upon technical mistakes to ensure sample quality. 
Because the dissections are done one larva at a time, any single sample which is not 
suitable for experimental use can be discarded beforehand.
 During the development of the technique, several aspects of the protocol needed 
to be considered for optimal results. For easy manipulation of intact larvae under 
the microscope, the system water pipetted on the working surface (petri dish lid/
cover) had to form a dome large enough to minimize the effects of light refraction, 
and small enough to stay intact (3-4 ml). Because dissected intestines adhere to 
plastic upon direct contact, we used glass Pasteur pipettes for transfer, and coated 
microcentrifuge tubes with BSA for collection of ChIP material. At first, dichlorodi-
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methylsilane and low binding microcentrifuge tubes were both promising candi-
dates for coating. However, the former did not prevent the adherence of intestines, 
and the latter is costly. Bovine serum albumin (BSA) is a protein commonly used for 
blocking Western blot membranes and ChIP beads, but also for coating laboratory 
equipment against adherence of materials [37]. BSA-coating proved to be very suit-
able to avoid adherence of the intestines.
 Intestinal dissections can be considered as a difficult process prone to errors and 
induction of variation. Between 5-9 dpf, the length of the larvae is between 3.9-4.5 
mm, which requires the use of a microscope and watchmaker’s tweezers. For the 
tissue to stay intact and unchanged from the start of the dissection to tissue lysis/
fixation, the researcher needs to act fast and gentle at the same time. Individual 
variation in physiology also needs to be considered for analysis of multiple fish. A 
good example is individual variation in gastrointestinal transit time at 7 dpf (and 
the predicted conforming physiology) [40].
 In addition to individual differences, time point differences also unavoidably 
vary the dissection procedure. Because the intestinal tissue is still soft and elastic 
at 5 dpf [41], it is more likely to tear between the intestinal bulb and mid-intestine 
during the removal of the intestine from the body. The muscles are the most chal-
lenging extra-intestinal tissue to peel off at 5 dpf due to the fragility of the intestine 
and the thinness of the muscle lining. By 7 dpf, the intestine has hardened enough 
such that muscle, liver, and pancreas can be swiftly peeled/cut off of the intestine 
with the help of tweezers and microsurgical blades.
 Further, the procedure is potentially prone to contamination with liver, pancreas, 
muscle, and gallbladder. In the case of 5 dpf intestines, yolk contamination is also 
an additional risk. Therefore, at least 6 biological replicates should be used if the 
extracted RNA will be used for sequencing [42]. For ChIP-sequencing, more than 
two replicates are recommended to minimize errors in analysis of genome-wide 
histone mark presence [43]. To detect individual variation between different larvae 
by ChIP- or RNA-sequencing, the preferred method would be processing intestines 
individually. Although low-input methods have been developed for ChIP-sequenc-
ing [44] and RNA-sequencing [45,46], ChIP yields still predominantly depend on 
the antibody used to immunoprecipitate chromatin. Importantly, low-input meth-
ods for sequencing preparations are currently inaccessible to many because of the 
costs involved [47].
 Even though variation in sampling can be solved by the use of individual in-
testines and multiple replicates, a dissected zebrafish intestine is still made up of 
a combination of four different epithelial cell types and three different morpho-
logical segments [25,26] with different functional properties [28]. It is a coherent 
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presumption that these different functions start developing before or during larval 
stages. Although dissected intestines are a far better model than whole larvae for 
molecular and biochemical analysis of the intestine, we recommend additional val-
idation experiments for transcription and chromatin studies on whole dissected 
intestines, such as staining of individual mRNA or proteins to obtain information 
on the spatial resolution of gene expression. Additionally, dissected intestines can 
be used for protein isolation and subsequent proteomics experiments. In all down-
stream applications mentioned here, intestinal dissection serves as an excellent tool 
to compare differences in this rapidly developing organ between larval stages, and 
between wild types and mutants.
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2.8. SUPPLEMENTARY FILES

10 dpf tg(cldn15la:GFP) dissected intestines, GFP-negative 10 dpf tg(cldn15la:GFP) dissected intestines, GFP-positive

8.9%99.9%

Supplemental Figure 1Supplementary Figure 1. FACS-sorting on 10 dpf larvae in the tg(BAC)cldn15la:GFP background. Left 
panel shows the GFP-negative population, the right panel shows the gated GFP-positive population, 
which was 8.9% of all cells sorted.
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CHAPTER 3: 

Genetic and epigenetic regulation of 
zebrafish intestinal development



ABSTRACT

Many regulatory pathways are conserved in the zebrafish intestine compared to 
mammals, rendering it a strong model to study intestinal development. However, 
the (epi)genetic regulation of zebrafish intestinal development remains largely un-
characterized. We performed RNA-sequencing and chromatin immunoprecipita-
tion (ChIP)-sequencing for activating (H3K4me3) and repressive (H3K27me3) chro-
matin marks on isolated intestines at 5, 7, and 9 days post-fertilization (dpf), during 
which zebrafish transit from yolk dependence to external feeding. RNA-sequenc-
ing showed the enrichment of metabolic maintenance genes at all time points and 
a significant increase in lipid metabolism between 5 and 9 dpf. A strong correla-
tion was observed between gene expression and presence of chromatin marks on 
gene promoters; H3K4me3-marked genes were expressed higher than H3K27m3-
marked genes. Next, we studied a key epigenetic player, Enhancer of zeste homolog 
2 (Ezh2). Ezh2 places the repressive H3K27me3 mark on the genome and is highly 
conserved in vertebrates. We used the nonsense mutant allele ezh2(hu5670) to study 
the effect of ezh2 loss on intestinal development. These mutants survived gastrula-
tion and died around 11 dpf, showing severe morphological defects in the intestine 
and liver, accompanied by decreased intestinal (fabp2) and hepatic (fabp10a) marker 
expressions. Our results suggest that Ezh2 is essential for proper intestinal tissue 
maintenance and overall survival.

52

CHAPTER 3



3.1. INTRODUCTION

Multicellular organisms develop from a single cell to a complex architecture of tis-
sues, which requires tightly regulated stepwise processes such as cell specification, 
tissue expansion, and maintenance of organ function. For each of these processes, 
a series of cellular decisions are made to regulate which genes in the genome are to 
be cell- or tissue-specifically transcribed or repressed. The eventual transcriptome 
of the cell designates its identity and function [1,2].
 Several covalent epigenetic modifications have been found to directly affect the 
transcriptome that ranges from DNA methylation to an array of post-translational 
histone modifications. The rate of compaction and flexibility of nucleosomes af-
fect the accessibility of genes around specific histone modifications [3]. All modi-
fications combined allow for a cell-specific balance between active and repressed 
genes. Two well-characterized modifications are histone H3 lysine 4 trimethylation 
(H3K4me3) and histone H3 lysine 27 trimethylation (H3K27me3), which are prom-
inent indicators of active and repressed genes, respectively. H3K4me3 is deposited 
by Trithorax complexes [4] on gene promoters and is thought to be instructive for 
transcription [5]. H3K27me3, on the other hand, is deposited by Polycomb com-
plexes and can localize on promoters and gene bodies [4]. The presence of Poly-
comb complexes on the genome strongly correlates with a repressed chromatin 
state [6]. Reports in recent years indicate that the loss of H3K4me3 does not affect 
transcription to a large degree [7] and that not all H3K27me3-marked genes become 
repressed [8]. Moreover, genes marked by both H3K4me3 and H3K27me3 can be 
repressed, poised for activation, or active [9,10]. Gene repression is a complex pro-
cess, and more research is crucial to gain insight on the interplay between epigene-
tic marks and their impact on cellular regulation.
 Polycomb group proteins are well-conserved transcriptional gene silencers and 
function mainly in two protein complexes: Polycomb Repressive Complex 1 and 2 
(PRC1 and PRC2) [11]. PRC2 is highly conserved in vertebrates [12] and has three 
core components; EZH1/2 (Enhancer of Zeste Homolog 1/2), SUZ12 (Suppres-
sor of Zeste 12 homolog), and EED (Embryonic Ectoderm Development) [13,14]. 
PRC1 components, on the other hand, are highly variable in vertebrates [15,16]. 
The PRC1-complex always includes RING1A/B (Ring Finger Protein 1A/B) and 
frequently the CBX (Chromobox), RYBP (RING1 And YY1 Binding Protein), PHC 
(Polyhomeotic-like Protein), and BMI (B Lymphoma Mo-MLV Insertion Region 1) 
variants, and its function differs according to its composition [16–18]. The classical 
view is that gene repression by the PRC1/2 complexes occurs in two steps: first, 
EZH1/2 trimethylates lysine 27 of histone H3 (H3K27me3) on a specific gene locus. 
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Subsequently, PRC1 is recruited to the H3K27me3 mark and its catalytic component 
RING1A/B mono-ubiquitylates lysine 119 of histone H2A (H2AK119Ub) [19,20]. 
Together, these two events lead to the compaction of histones at the locus and re-
sult in gene repression. Although the classical view indicates that the placement of 
H3K27me3 and H2AK119Ub on a gene is causative for gene repression, it has been 
suggested that nucleosome compaction, gene silencing, and PRC1 itself can trigger 
PRC1 and PRC2 action [21,22].
 Both the up- and down-regulation of EZH2—the catalytic subunit of PRC2—has 
been associated with several types of cancers in humans [23]; the protein is con-
sidered as a promising target for the development of cancer inhibitory drugs [24]. 
In general, loss of function mutations and overexpression of the PRC2 complex 
have drastic effects on tissue-specification and maintenance in many organisms 
[25]. Mutations in the ezh2 homolog E(z) in the fruit fly cause the anteriorization 
of Hox gene expression [26]. Ezh2 mutations in mice lead to early embryonic le-
thality [27,28], and therefore, most murine studies have focused on tissue-specific 
knockout models [29–31]. Accumulating evidence assigns tissue-specific functions 
to Ezh2, such as control over progenitor pools [32–36], terminal cell differentia-
tion [37], or maintenance [36,38–40]. Therefore, the further characterization of its 
function in an intact, whole animal, such as the zebrafish, is needed to further our 
understanding of the function of this protein.
 Zebrafish is one of the most favorable vertebrate model organisms to study muta-
tions and diseases. In addition to low cost and relative ease of husbandry, their high 
fecundity provides researchers with an easy access to large clutches of synchro-
nously developing embryos. Importantly, there is a high conservation of fundamen-
tal (vertebrate) gene regulation pathways [41]. The developmental gene regulatory 
systems of the zebrafish intestine are conserved in higher vertebrates, despite some 
differences during the development of the organ primordium [42,43]. The zebrafish 
intestine is derived from a primitive gut tube, from which the liver and pancreas 
bud off and develop independently [44,45]. Subsequently, the intestine develops 
into three main regions: the intestinal bulb (IB), mid-intestine (MI), and posterior 
intestine (PI). One should keep in mind that the zebrafish is a stomachless species. 
The intestinal epithelium is folded irregularly into ridges to enlarge the absorptive 
surface, an organization somewhat reminiscent of the villous epithelium of mam-
mals [43]. By 5 days post-fertilization (dpf), the yolk is largely absorbed and the 
zebrafish larvae start feeding exogenously, while the intestine continues maturing 
throughout the second week of development [46]. The epithelium is rich in entero-
cytes (in IB, MI) and goblet cells (in MI), and enteroendocrine cells are scattered 
throughout the intestine [46]. The zebrafish intestinal epithelium is simpler than 
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that of mammals as it lacks crypts of Lieberkühn and the thin muscularis muco-
sa. The epithelium and mucosal layers are enclosed by circular and longitudinal 
smooth muscle layers and a serosa [43]; in between the latter myenteric neurons are 
positioned, which control intestinal motility [47].
 In mammals, PRC2 has been implicated as an important regulator of intestinal 
epithelial proliferation [48]. The expression of its components decreases as cells 
differentiate. Depletion of EZH2 diminishes colorectal cancer proliferation in hu-
mans [49]. Many transcription factors (e.g., CDX, GATA) [50,51] and cell signaling 
pathways (e.g., Delta-Notch [52]) have been found in the intestines of zebrafish and 
higher vertebrates alike [53]. The transition of zebrafish embryos from lecithotro-
phy, i.e., yolk dependency, to a free-feeding larva is a very rapid process, which pre-
dictably requires extensive transcriptional and epigenetic regulation. To delineate 
these regulatory processes, we focused on the (epi)genetic regulation of transcrip-
tion in the zebrafish intestine, particularly by PRC2. We hypothesized that the loss 
of Ezh2 would likely cause intestinal defects by transcriptional changes resulting 
from aberrant gene repression.
 We present an in-depth analysis of the wild-type transcriptome, as well as the 
presence of H3K4me3 and H3K27me3 on gene promoters in the larval zebrafish 
intestine at 5, 7, and 9 days post-fertilization (dpf). This was made possible by our 
novel approach of rapid and efficient intestinal dissection using the intestine-spe-
cific transgene tgBAC(cldn15la:GFP). We demonstrate that zygotic ezh2 mutants 
(ezh2−/−) gastrulate normally and undergo organogenesis similarly as wild-type sib-
lings until 5 dpf, but die around 11 dpf, displaying loss of intestinal and hepatic 
tissue maintenance. Our results suggest that Ezh2 is essential for the proper de-
velopment and function of the intestinal tract and the survival of zebrafish larvae.

3.2 RESULTS

3.2.1. The intestinal transcriptome in wild type zebrafish larvae
To study the larval wild-type intestinal transcriptome, we dissected intestines from 
5, 7, and 9 dpf zebrafish in the tgBAC(cldn15la:GFP) background (Figure 1A). This 
intestinal transgene expresses the GFP-tagged intestine-specific tight junction protein 
Claudin 15-like a [54]. After dissection, we performed whole transcriptome RNA se-
quencing. We analyzed the genes that were constitutively expressed in the intestine 
across 5, 7, and 9 dpf, as well as genes that were differentially expressed between the 
three time points in groups of two; 5 vs 7 dpf, 7 vs 9 dpf, and 5 vs 9 dpf. GO and ana-
tomical term analyses were performed for gene categories extracted from the dataset.
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Principal component analysis using the top 500 differentially expressed genes at 
all time points and replicates showed that 53% of the variation between samples 
could be explained by developmental time point differences as well as distinction 
between replicates (Figure 1B); 5 and 9 dpf intestinal replicates fell into distinct 
clusters, and 7 dpf replicates appeared more related to 9 dpf than 5 dpf. This result 
was also reflected in the Euclidean distance between samples using all genes; 5 
and 9 dpf expression patterns were distinct from each other and 7 dpf replicates 
appeared more related to 9 dpf than 5 dpf (Figure 1C).

[Figure on next page]
Figure 1. RNA-sequencing on wild type larval zebrafish intestines. A. Intestines were dissected from 
5, 7, and 9 dpf larvae in the tgBAC(cldn15la:GFP) background. A 5 dpf larva is shown as an example. 
The intestine is pulled out of the intact body (left panels) with the use of tweezers, and subsequently 
cleaned up of non-intestinal tissues. The resulting pure intestines (right panel) are pooled in tubes, 
and used for RNA- or ChIP-sequencing. Bottom right of each panel indicates magnification on a 10x 
objective. Top: light, bottom: fluorescence microscopy. B. Two-dimensional principle component ana-
lysis on the top 500 differentially expressed genes in the RNA-sequencing data set indicates that ba-
sed on these genes 53% of the variation can be explained by developmental time point and replicate 
differences. Red dots: 5 dpf; purple dots: 7 dpf, green dots: 9 dpf. Replicates are indicated by different 
shapes (circle, triangle, square). C. Heatmap displaying the Euclidean distances between all samples 
in all genes shows distinct clustering of 5 and 9 dpf replicates. One out of three 7 dpf replicates is more 
similar to 5 dpf, and two out of three are more similar to 9 dpf. Replicate numbers and colors match 
the replicates depicted in A. D. Normalized average gene expression levels (FPKM) of a selection of 
genes in the larval wild type intestines at 5, 7, and 9 dpf. Intestinal cell type-specific genes, intestinal 
transcription factors, metabolic genes, cell signaling components, PRC2 subunits, and the Trithorax 
kmt2a are expressed at 5, 7, and 9 dpf. E. Top three gene ontology terms (GOrilla) enriched for 5,000 
genes expressing the highest at all time points, and significantly upregulated and downregulated ge-
nes between 5 and 9 dpf, depicted by log10 of Bonferroni corrected p-values. F. Top three anatomical 
terms (ZEOGS) enriched for 5,000 genes expressing the highest at all time points, and significantly 
upregulated and downregulated genes between 5 and 9 dpf, depicted by log10 of p-values.

Fragments Per Kilobase of transcript per Million (FPKM) ≥ 1 in 2 out of 3 replicates 
was set as a threshold for gene expression for each time point. According to this thres-
hold, 21,507 out of 32,266 annotated zebrafish genes (66.7%) were constitutively ex-
pressed in dissected intestines at 5, 7, and 9 dpf, and 10,759 genes (33.3%) were not 
expressed (FPKM < 1 in 2 out of 3 replicates at 5, 7, and 9 dpf). Out of 1001 larval (3–30 
dpf) genes which were anatomically characterized to have intestinal expression on the 
Zebrafish Information Network (ZFIN) [55], 855 genes showed expression at all time 
points in our dataset, indicating the significant enrichment of intestinal genes in this 
dataset (p < 0.001, χ2 significance test). Among these genes were enterocyte (vps51), 
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goblet (agr2), enteroendocrine (gcga), and putative stem cell (lgr4) specific markers, 
intestinal transcription factors (cdx1b, gata4/5/6, foxa3, acsl1b, klf4), genes involved in 
peptide (pepd), lipid (lipf, apoa4a), water (aqp3a), and glucose (slc5a1) metabolism, and 
cell signaling pathway components (apc, notch2, fgfr4, shha, bmp2b, egfra,	tgfb1a) (Figure 
1D). The consistent expression of these genes suggests that the dataset is specific to 
the intestine and allows the extraction of intestinal cell type-specific gene expression. 
Indeed, the comparison of transcriptomic data generated from 5 dpf whole larvae 
(publicly available [56]) and 5 dpf intestines demonstrated that the brain-, cardiovas-
cular-, epidermis-, eye-, liver-, and pancreas-specific genes are expressed significantly 
less in the intestinal transcriptome, whereas intestine-specific genes are significantly 
enriched in the intestinal transcriptome (Figure S1). Additionally, PRC2 complex com-
ponents were expressed at all time points (Figure 1D). The zebrafish homolog of the 
Trithorax group protein MLL1, kmt2a, which putatively places the H3K4me3 mark 
on the genome, was also expressed at all time points (Figure 1D). The top 5000 genes 
expressed at all three time points were enriched for translation, the peptide biosynthe-
tic process, and the peptide metabolic process (Figure 1E, Table S1.1). These top 5000 
genes were also highly enriched for the liver, intestinal bulb, and gut in anatomical 
terms (Figure 1F; Table S1.2 and S1.3).
 Next, differential gene expression between time points was analyzed. The signifi-
cance threshold for differential gene expression was set at padj < 0.01 and |LFC > 0|. 
From 5 to 7 dpf, 556 genes were significantly upregulated, and 224 genes were sig-
nificantly downregulated. From 7 to 9 dpf, 278 genes were significantly upregulat-
ed, and 51 genes were significantly downregulated. As predicted, the highest gene 
expression differences were between 5 and 9 dpf, where 2153 genes were signifi-
cantly upregulated and 349 genes were significantly downregulated. The GO terms 
enriched for genes upregulated from 5 to 9 dpf were of cholesterol transport, sterol 
transport, and cholesterol efflux. Downregulated genes were non-significantly (p > 
0.1) enriched for protein/macromolecule localization and plasma membrane-bound-
ed cell projection assembly (Figure 1E; Tables S2.1 and S3.1). The top three ana-
tomical terms enriched for upregulated genes were liver, pectoral fin musculature, 
and intestinal bulb. The downregulated genes showed enrichment for dermis, epi-
dermis, and head mesenchyme (Figure 1F, Tables S2.2, S2.3, S3.2, and S3.3). These 
results suggest that between 5 and 9 dpf, the larval zebrafish intestine continues 
maturing and the expression of genes important for the metabolism dynamically 
increases over time, whereas there is a decrease in extra-intestinal gene expression.
 To continue the molecular characterization of the larval zebrafish intestine, we 
performed ChIP-sequencing for the histone marks H3K4me3 and H3K27me3 on 
dissected intestines at 5, 7, and 9 dpf.
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Figure 2. ChIP-sequencing for H3K4me3 and H3K27me3 on wild type larval zebrafish intestines.  
[Legend on next page].
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Figure 2. ChIP-sequencing for H3K4me3 and H3K27me3 on wild type larval zebrafish intestines A. 
Venn diagrams indicating the number of common genes marked by H3K4me3 (left) and H3K27me3 
(middle) on promoter regions at 5, 7, and 9 dpf, and the overlap of genes marked at all time points by 
H3K4me3 and H3K27me3 (right). Circle sizes are not relative. B. Box plot showing the FPKM expres-
sion values of genes commonly marked at 5, 7, and 9 dpf with H3K4me3 (dark grey) and H3K27me3 
(light grey) on promoter regions. H3K27me3 marked genes show lower expression compared to 
H3K4me3. C. Heatmap and D. band plot of 4 clusters formed by all H3K4me3 and H3K27me3 peaks 
on gene promoters across developmental time points. Number of peaks per cluster is indicated above. 
Cluster 1 and 2 show high H3K4me3 and near absent H3K27me3 levels, cluster 3 shows low H3K4me3 
and H3K27me3 levels, and cluster 4 shows lowest H3K4me3 and highest H3K27me3 levels of all clus-
ters. Genomic window: ±10 kb. In the band plot, the mean of the median is depicted as a black line, the 
intense color 50% of the peaks, and the light color 90% of the peaks. E. Box plots of FPKM expression 
values of expressed genes from clusters in C, D. Clusters 1 and 2, which are marked by high H3K4me3 
and low H3K27me3 peaks, show higher gene expression levels than genes from clusters 3 and 4, which 
are marked by low H3K4me3 and high H3K27me3 peaks. F. Top three gene ontology terms (GOrilla) 
enriched for genes marked in each cluster in C, D, depicted by log10 of Bonferroni corrected p-values. 
G. Top three anatomical terms (ZEOGS) enriched for genes marked in each cluster in C, D, depicted 
by log10 of p-values.

 
3.2.2. H3K4me3-marked promoters and gene expression in the larval intestine
In dissected zebrafish intestines, H3K4me3 was found on 12,504, 13,330, and 13,955 
gene promoters at 5, 7, and 9 dpf, respectively. We analyzed gene promoters com-
monly and distinctly marked by H3K4me3 at each time point and compared the 
gene expression status (FPKM ≥ 1) for each category. Most genes (N = 12,329) 
were commonly marked by H3K4me3 at all time points (Figure 2A). The analysis 
showed that an average of 95% of H3K4me3-marked genes were expressed in the 
intestine at each time point, as well as genes commonly marked at all time-points 
(11,657 expressed out of 12,329 commonly marked genes). Next to genes that were 
marked by H3K4me3 at all time points, we also detected genes that gained or lost 
the H3K4me3 mark between time points. However, the loss or gain of H3K4me3 
between time points did not correlate with changes in gene expression; i.e., genes 
that gained the activating H3K4me3 mark over time did not consistently increase 
in expression, and genes that lost H3K4me3 over time did not consistently get de-
creased in expression (Figure S2A). A comparison of differential gene expression 
between 5–7, 7–9, and 5–9 dpf and the presence of H3K4me3 on gene promoters at 
the compared time points can be found in Tables S4, S5, and S6, respectively.
 GO-term and anatomical term analyses for H3K4me3-marked genes showed a 
high overlap with that of the transcriptome. For H3K4me3-marked genes, the en-
riched molecular processes were the translation, the peptide biosynthetic process, 
and the peptide metabolic process (Figure S3A, Table S7.1). The top enriched ana-
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tomical terms were the liver, gut, and intestinal bulb (Figure S3B; Tables S7.2 and 
S7.3). These results indicate that H3K4me3-marked genes in the larval zebrafish 
intestine are indeed intestine-specific and are expressed.

3.2.3. H3K27me3-marked promoters and gene expression in the larval intestine
The repressive H3K27me3 mark is initially placed in gene promoters, after which 
it spreads to the gene bodies [57]. For better comparison with the H3K4me3 mark, 
we analyzed the presence of H3K27me3 in promoters in dissected zebrafish intes-
tines. The H3K27me3 mark was found on 1999, 2060, and 2944 gene promoters at 
5, 7, and 9 dpf, respectively, out of which 1695 genes were commonly marked at all 
time points (Figure 2A). Surprisingly, for this repressive mark, an average of 85% 
of genes marked on promoters were expressed at each time point (FPKM ≥ 1 in 2 
out of 3 replicates). Gain or loss of H3K27me3 on gene promoters over time did not 
correlate with the gene expression changes; genes that gained H3K27me3 over time 
did not get repressed, and genes that lost H3K27me3 over time did not show an 
upregulation (Figure S2B). A comparison of differential gene expression between 
5–7, 7–9, and 5–9 dpf and the presence of H3K27me3 on gene promoters at the com-
pared time points can be found in Tables S4, S5, and S6, respectively.
 Next to promoters, we have analyzed the presence of H3K27me3 in gene bod-
ies (Figure S4A) and intergenic regions (Figure S4B), and detected no prominent 
changes between 5, 7, and 9 dpf.
 GO-term enrichment for genes marked by H3K27me3 on promoters was highest 
for anatomical structure development, multicellular organismal processes, and de-
velopmental processes (Figure S3A, Table S8.1), whereas the top anatomical terms for 
H3K27me3-marked genes were neuronal structures such as the diencephalon, hind-
brain, and spinal cord (Figure S3B; Tables S8.2 and S8.3). GO and anatomical term 
analyses indicate that in the larval zebrafish intestine, H3K27me3 covers gene promot-
ers of genes controlling embryonic development and extra-intestinal lineage genes.

3.2.4. Comparison of H3K4me3- and H3K27me3- marked promoters
Out of all genes marked by H3K4me3 (n = 12,329) and H3K27me3 (n = 1695) on 
promoters at all time points, 484 gene promoters showed an overlap of both his-
tone marks, whereas most genes were distinctly marked by H3K4me3 (n = 11,845) 
or H3K27me3 (n = 1211), as depicted in Figure 2A. Interestingly, these 484 genes 
were enriched for transcriptional/RNA regulation (Figure S3A, Table S9.1), and 
for neuronal anatomical structures (Figure S3B; Tables S9.2 and S9.3). Despite the 
high percentage of gene expression observed for genes marked by H3K4me3 (95% 
expressed) and H3K27me3 (85% expressed), H3K27me3-marked genes were ex-
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pressed at a much lower level than H3K4me3-marked genes (Figure 2B).
 H3K4me3- and H3K27me3-marked transcription start sites clustered in 4 major 
groups, represented as a heat map (Figure 2C) and a band plot (Figure 2D) with a 
window length of ±10 kilobases. Cluster 1 (N = 5705, 84% FPKM ≥ 1) and cluster 2 (N 
= 7052, 95% FPKM ≥ 1) were composed of high H3K4me3 and near absent H3K27me3 
peaks. Cluster 3 (N = 671, 79% FPKM ≥ 1) presented low H3K4me3 and H3K27me3 
peaks. Cluster 4 (N = 4921, 74% FPKM ≥ 1) showed the lowest H3K4me3 levels of all 
4 clusters and the highest H3K27me3 peak intensity. Strikingly, as indicated above 
for each cluster (depicted in parentheses), high H3K4me3 and low H3K27me3 peaks 
were positively correlated with the percentage of expressed genes (FPKM ≥ 1). Ad-
ditionally to gene expression status, high H3K4me3 and low H3K27me3 peaks were 
positively correlated with the level of gene expression as well (Figure 2E).
 Following the trend for the positive correlation between the H3K4me3 presence 
and gene expression, GO term analysis showed that cluster 1 was highly enriched 
for translation and peptide biosynthetic/metabolic processes. Cluster 2 was en-
riched for the organonitrogen compound biosynthetic process, the peptide biosyn-
thetic process, and translation. Cluster 3 did not yield a significant GO term enrich-
ment. Cluster 4, which had the highest H3K27me3 presence, showed enrichment 
for biological adhesion, cell adhesion, and extracellular matrix organization (Figure 
2F, Tables S10.1, S11.1, S12.1, and S13.1). Anatomical terms enriched for cluster 1 
were the intestinal bulb, pharyngeal arch 3–7 skeleton, and gut. For cluster 2, the 
optic tectum, liver, and eye were enriched. Cluster 3 showed enrichment for genes 
expressed in the pharyngeal arch, floor plate, and notochord. Lastly, cluster 4 was 
enriched for the diencephalon, hindbrain, and the spinal cord (Figure 2G, Tables 
S10.2, S10.3, S11.2, S11.3, S12.2, S12.3, S13.2, and S13.3).
 Overall, in our epigenetic analysis on zebrafish intestinal lysates at 5, 7, and 9 
dpf, H3K4me3 was correlated with a high gene expression and intestinal metabolic 
genes, whereas H3K27me3 was correlated with a low expression and extra-intesti-
nal genes. Examples of genome browser tracks of H3K4me3 and H3K27me3 in the 
intestine at 5, 7, and 9 dpf on the Wnt pathway component apc, intestinal transcrip-
tion factors cdx1b and gata5, the pluripotency factor klf4, and the PRC2 target hoxd 
gene cluster can be found in Figure S5.

3.2.5. Expression of ezh1 and ezh2 in whole embryos and larvae
PRC2 is crucial for correct tissue maintenance and survival, and its components 
Ezh1 and Ezh2 are both enzymatically able to set the H3K27me3 mark [29,58,59]. 
Moreover, Ezh2 is crucial for the correct development in zebrafish; its maternal and 
zygotic loss leads to lethality at 2 dpf [60]. The developmental function of Ezh1 in 
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zebrafish is currently unknown. To assess the expression dynamics between ezh1 
and ezh2 during development, their mRNA expression profiles were quantified by 
RT-qPCR in whole wild-type embryos and larvae from 4 cells until 15 dpf (Figure 
3A). Supporting previous research [60,61], the ezh1 mRNA was not detectable in 
embryos until 1 dpf, while its expression continuously increased until 6 dpf. After 6 
dpf, the expression of ezh1 gradually decreased, with yet another increase observed 
at 15 dpf. At the 4–16 cell stage, the ezh2 mRNA was already present, confirming that 
it is maternally provided [60,61]. Its expression peaked at 4 hpf around zygotic gene 
activation, and it gradually decreased until the larval stages were reached. Between 
5 and 15 dpf, this lower expression level was maintained with small fluctuations.
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and ezh2-/- (right) sibling larvae at 5 dpf. In ezh2-/- larvae, Ezh2 protein expression is lost, H3K27me3 
is decreased compared to wild types and heterozygotes. Numbers on the left indicate protein marker 
positions, lines on the right indicate the position of the protein.

3.2.6. Characterization of the zygotic ezh2(hu6570) mutant zebrafish
To analyze the role of transcriptional repression in the zebrafish larval intestine in 
greater detail, we used an ezh2 allele (hu5670, R592STOP) with a nonsense muta-
tion upstream of the SET methyltransferase domain, generated by ENU-induced 
random mutagenesis [62]. Our model retains maternal ezh2 contribution in earlier 
embryonic stages but lacks zygotic ezh2 expression. Henceforth, we refer to this 
zygotic mutant as ezh2−/−.
 We assessed the survival of ezh2−/− zebrafish in comparison with wild-type sib-
lings. The larvae mutants for ezh2 (N = 49) apparently go through gastrulation and 
organogenesis yet die around 11 dpf. Wild-type siblings (N = 43) showed around an 
80% survival (Figure 3B). We performed whole-mount in-situ hybridization (WISH) 
to compare ezh2 mRNA expression between ezh2−/− mutants and their heterozygous 
and wild-type siblings at 3, 4, and 5 dpf (Figure 3C). In 3 dpf wild-type and hetero-
zygous siblings, ezh2 was expressed in the eye, tectum, otic vesicle, mid-hindbrain 
boundary, branchial arches, and the intestine. At 4 dpf, ezh2 expression was detect-
able in the mid-hindbrain boundary, eye, branchial arches, and otic vesicle in wild-
types and heterozygotes, while intestinal expression had decreased compared to 3 
dpf. At 5 dpf, ezh2 expression was clearly visible in the mid-hindbrain boundary 
and otic vesicle in wild-types and heterozygotes. At 3, 4, and 5 dpf, ezh2 expression 
was visibly decreased in heterozygotes and predominantly diminished in ezh2−/− 
embryos through nonsense-mediated decay. Overall, ezh2 expression detected by 
WISH in wild-types was consistent with RT-qPCR data presented in Figure 3A. 
Western blot analysis of whole larvae at 5 dpf indicated that the Ezh2 protein is 
diminished and H3K27me3 is decreased in ezh2−/− larvae compared to wild-types.
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Figure 4. Zygotic ezh2 mutants lose intestinal and hepatic tissue maintenance yet can pass feed nor-
mally. A. Light microscopy images of 11 dpf wild type and ezh2-/- mutant larvae. Mutants seem to be 
smaller and leaner than wild type siblings. Numbers indicate observation of phenotype per total lar-
vae analyzed. B. Histological analysis of wild type siblings and ezh2-/- mutants at 11 dpf. The intestine 
and liver of wild type siblings show a regular structure. The intestinal lumen, mucosa, and muscularis 
are clearly visible (top left), and the liver shows aligned hepatocytes intercepted by the endothelium 
(top right). The intestine of ezh2-/- mutants appears to be irregular in structure. The mucosa layer is 
disorganized and the muscularis layers appears to be partly missing (bottom left). ezh2-/- mutant livers 
are small with increased nucleocytoplasmic ratio and seem to be missing the endothelium (bottom 
right). Scale bar: 10 µm. P: pigment, M: muscle, Asterisk: muscularis. C. Intestinal transit assay in 10 
dpf wild type siblings and ezh2-/-. Larvae were fed with fluorescent feed for 2 hours and subsequently 
followed for 24 hours in time increments, depicted on top of the figure. The ingestion, passage, and 
excretion of feed in ezh2-/- larvae (right panel) were comparable to wild type larvae (left panel). Scale 
bar: 500 µm. D. Whole mount in-situ hybridization of larvae for enterocyte (fabp2) and hepatocyte 
(fabp10a) marker expression. At 5 dpf, heterozygous siblings and ezh2-/- express fabp2 comparably in 
the intestinal bulb, mid-intestine, and fabp10a in the liver, respectively (left panels). At 11 dpf and 9 
dpf, ezh2-/- show no fabp2 expression and decreased fabp10a expression, respectively. Scale bar: 200 µm.

3.2.7. The digestive system in ezh2 mutants
After the initial characterization of the zygotic ezh2-/- mutant model, we looked fur-
ther into the development of the embryos and larvae for phenotypes, with focus on 
intestinal development. We observed that around 11 dpf, a time point at which the 
majority of the mutants have died, ezh2−/− larvae appeared to be leaner (Figure 4A). 
Upon closer examination, we observed that both the intestinal bulb and the liver of 
ezh2−/− mutants were smaller. In addition, the liver showed signs of steatosis (lipid 
accumulation), indicated by its dark appearance [63].
 Histological analysis of the mid-intestine of wildtype and ezh2−/− larvae at 11 dpf 
showed structural abnormalities. The different layers of the intestine, mucosa, and 
muscularis were linearly aligned along the intestinal lumen of wild-type siblings, 
whereas these structures appeared to be disorganized in ezh2−/− larvae (Figure 4B). 
The mucosal layer appeared thickened, and in turn, the muscularis layer was thin-
ner in some portions of the tissue, resulting in an inconsistently shaped lumen. 
Transversal sections of the intestinal bulb showed no apparent disruption in intes-
tinal fold morphology in ezh2−/− larvae at 10 dpf (Figure S6A). Moreover, no visible 
differences were detected in goblet cell numbers between the wild-type and ezh2−/− 
intestines at 5 and 10 dpf (Figure S6B).
 Histological analysis of the liver also showed disorganization in the organ in 
ezh2−/− larvae at 11 dpf. In the wild-type siblings, hepatocytes were layered in sheets 
in an organized manner, interrupted regularly by sinus endothelium. The liver, 
however, was smaller in ezh2−/−, with a larger nucleus-to-cytoplasm ratio than wild-
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types. Strikingly, the endothelium (vascular sinusoid) was not visible in the mu-
tants.
 Because we observed a disorganized lumen in ezh2−/− intestines, we resolved to 
assess intestinal transit in wild-type siblings and ezh2−/− at 10 dpf with the aid of 
fluorescent microspheres mixed with larval feed. After 2 h of fluorescent food ex-
posure, we examined the larvae at 0, 3, 6, and 24 h post-feeding. Remarkably and 
rather unexpectedly, both wild-type siblings and ezh2−/− showed a similar intestinal 
transit throughout the experiment (Figure 4C).
 To determine how the loss of ezh2 affects tissue differentiation, we performed 
WISH for fabp2 (at 5 and 11 dpf), an enterocyte marker, and fabp10a (at 5 and 9 
dpf), a hepatocyte marker. Both fabp2 and fabp10a were expressed in 5, 7, and 9 dpf 
wild-type larval intestines in our RNA-sequencing dataset (Figure 1). By WISH, no 
difference in gene expression patterns between wild-type siblings and ezh2−/− larvae 
was found at 5 dpf (Figure 4D). At later stages, the respective organs of wild-type 
fish grew, and the expression of both markers persisted. However, in ezh2−/− larvae, 
the expression of fabp2 was visibly lost, while fabp10a expression was drastically 
reduced (Figure 4D). Taken together with the histological analysis (Figure 4B), this 
indicates that enterocytes and hepatocytes are formed in ezh2−/− larvae/embryos at 5 
dpf, but the further development of intestine and liver is hampered, leading to cell 
loss and lethality around 11 dpf.

3.3. DISCUSSION

Ezh2 and its functions have been studied in many model systems due to its well-rec-
ognized involvement in development and tissue maintenance. Zebrafish are an im-
portant tool in epigenetic research, yet, (epi)genetic regulation of tissue-specific 
development has remained a rather unexplored area. Although the whole zebraf-
ish transcriptome has been studied at earlier stages [56], this study is noteworthy 
in presenting an intestine-specific analysis of the transcriptome at the early larval 
stages. Here, we characterized the wild-type gene expression and the presence of 
the H3K4me3 and H3K27me3 marks in larval zebrafish intestine and showed that 
the loss of Ezh2 leads to larval lethality and aberrant tissue maintenance both in the 
intestine and liver.
 Wang and colleagues [43] previously published a microarray analysis of adult zebraf-
ish intestines, where they divided the intestine into seven equal lengths and analyzed 
the gene expression. They found that gene expression patterns in the intestinal bulb, 
mid-intestine, and the anterior portion of posterior intestine strongly resemble those of 
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mammalian small intestines, while most of the posterior intestine resembles the rectum 
of mammals. In this study, we presented a map of the zebrafish intestinal transcriptome 
in early larval stages, which was made possible by our novel approach of rapid and 
efficient intestinal dissection using the intestine-specific transgene tgBAC(cldn15la:GFP).
Gene expression patterns that were commonly found across 5, 7, and 9 dpf showed 
that metabolic regulation is highly enriched in early larval zebrafish intestines. We 
were able to detect 86.5% of genes known to be expressed in zebrafish intestines in 
this dataset. Genes important for the lipid metabolism such as fatty acid binding 
proteins and apolipoprotein variants were highly expressed in the zebrafish intes-
tine, as well as a selection of proteases. Many conserved cell signaling pathways 
involved in intestinal development and maintenance were also represented. Com-
ponents of Wnt signaling [64], important for intestinal cell renewal, and Notch sig-
naling [52], important for goblet cell differentiation, were expressed. GO term and 
anatomical term analyses confirmed that the genes in our RNA-sequencing dataset 
are intestinal genes, and they are enriched in the protein/peptide metabolism.
 The zebrafish intestine continues maturing during the second week of development 
[46,65], therefore, changes in gene expression are predicted over time. A differential 
expression analysis between 5 and 9 dpf intestines indicated an increase in genes as-
sociated to biological processes related to cholesterol metabolism, which might reflect 
the transition of zebrafish from yolk-dependent embryonic stages to an independently 
feeding larva between 5 and 9 dpf. Before the depletion of yolk, the yolk itself can 
process lipids (e.g., by phospholipases) before their uptake into the embryo [66]. After 
5 dpf, the embryo is reliant on a complex external lipid species as opposed to the pre-
dominant fatty acid uptake from the yolk [67]. Therefore, it can be postulated that the 
lipid metabolism would be upregulated over time. Indeed, many proteasomal genes 
(psm variants), apolipoproteins, as well as acyl-coA synthases specific to long-chain 
fatty acids (acsl variants) were upregulated between 5 and 9 dpf larvae.
 Genes downregulated between 5 and 9 dpf were enriched for cellular component 
organization or biogenesis. Amongst the downregulated genes were also transcrip-
tion and growth factors involved in early development such as the klf, fox, fos, bmp, 
fgf, and smarca variants, as well as genes involved in chromatin dynamics such 
as jmj/kdm histone demethylase variants. In vertebrates, in general, during lineage 
commitment, the expression of developmental regulators changes in a tissue-spe-
cific manner, and pluripotency/growth factors get downregulated by epigenetic 
regulation [68]. Therefore, as the larval zebrafish intestine matures, the downregu-
lation of developmental genes may be predicted.
 In our ChIP-sequencing dataset in the intestine, we detected 5.7 times more pro-
moters marked by H3K4me3 than H3K27me3. This is a pattern similar to early 

68

CHAPTER 3



zebrafish development, where H3K4me3 marks more promoters than H3K27me3 
(e.g., 5 times more in the 256-cell stage) [41]. On average, 95% of H3K4me3-marked 
genes, as well as a remarkable 85% of H3K27me3-marked genes were active. Inter-
estingly, both marks were enriched on the promoters of genes involved in meta-
bolic pathways, further emphasizing the importance of metabolic processes in the 
intestine. However, a comparison of gene expression levels between the two marks 
indicated that on average, H3K27me3 marked genes were expressed at much low-
er levels, depicted in Figure 2B,2E. This trend might result from the fact that the 
whole intestinal tissue was analyzed as opposed to single cells. In a mix of differ-
ent cells and tissues, cellular differences might mask the cell-specific repression/
activation status of genes. Similarly, a false positive co-occupancy of the H3K4me3 
and H3K27me3 marks may be observed on the same gene promoter. A gene that 
is repressed in most intestinal cells might be activated in others, resulting in a low 
number of reads during RNA-sequencing as was observed for H3K27me3-marked 
genes. Nevertheless, GO-term and anatomical term analyses indicate that gene pro-
moters marked in high levels by H3K27me3 might be extra-intestinal genes; neuro-
nal cell adhesion is apparently repressed in the zebrafish larval intestine.
 Studies in the mouse intestine indicate that PRC2-mediated gene repression is 
crucial for correct intestinal development and survival into adulthood. The con-
ditional knockout of the PRC2 subunit Eed in postnatal intestinal crypts results in 
smaller intestines with decreased stem cell pools, decreased proliferation potential, 
and increased secretory (goblet) cell differentiation [69]. In contrast, the conditional 
knockout of Ezh2 in the mouse intestine shows relatively normal proliferation in 
the crypts, and decreased but not diminished H3K27me3 levels [69,70]. The lack 
of a PRC2-null phenotype in these Ezh2 mutants, which lose Ezh2 protein expres-
sion, might be explained by the redundant function of Ezh1 [29,69,70]. Moreover, 
the PRC2 complex is thought to prevent the over-proliferation of goblet cells in 
mouse intestines through the regulation of Notch signaling [71]. All of the above-
mentioned epigenetic studies on the mammalian intestine, as well as studies on the 
liver [33], report decreased tissue size or mass upon loss of PRC2 function, which 
was also observed in this study.
 Zebrafish zygotic ezh2 mutants surprisingly died only at the larval stages, around 
11 dpf. Considering the developmental time span, this relatively late lethality is 
unusual for the loss of a protein essential for early embryonic development. It is 
prudent to mention that the maternal ezh2 load is present in this mutant model, 
which means that the loss of the Ezh2 protein expression and the H3K27me3 mark 
is likely delayed, which in turn may cause a delay in tissue maintenance defects. 
The fact that it is the intestinal tissue which shows a significant ezh2 related pheno-
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type might be explained by the highly proliferative nature of the vertebrate intes-
tine compared to other tissues [72], as loss of PRC2 leads to decreased proliferation 
[70]. Studies in mammals point out that a complete tissue-specific PRC2 knockout 
phenotype cannot be generated by the loss of Ezh2 alone in differentiated tissues, 
due to the redundancy of its homolog Ezh1 [29,69,70]. In-vitro studies in mice and 
fruit flies have shown that Ezh1 is able to take over canonical and non-canonical 
[13] methyltransferase functions of Ezh2, although it is catalytically less active than 
Ezh2 [58,59]. Indeed, the ezh1 mRNA is expressed at 5, 7, and 9 dpf in the wild-
type intestine, as shown in Figure 1A in this study. Thus, the presence of the Ezh1 
protein in the zebrafish intestine might compensate for the (partial) retention of the 
H3K27me3 mark on the intestinal tissue in ezh2−/− larvae and delay the observed 
phenotypes, although the loss of ezh2 is still ultimately lethal.
 Our experiments using ezh2−/− zebrafish larvae further resulted in the confirma-
tion of a tissue maintenance phenotype. Despite the loss of tissue maintenance in 
the intestine, peristalsis, which is predominantly controlled by enteric neurons and 
smooth muscles [47], was normal. Intestines and livers of ezh2−/− larvae were smaller 
and disorganized, and they gradually lost the expression of tissue-specific markers 
fabp2 and fabp10a, respectively. This suggests that terminal differentiation is unaf-
fected in ezh2−/− mutants, yet the differentiated tissues cannot be maintained over 
time. In relation to the loss of enterocyte marker expression, it can be speculated 
that food absorption might be affected in the intestine, contributing to the leanness 
of the larvae and eventually to larval lethality. However, due to our observation 
that intestinal fold morphology is majorly unchanged in the ezh2−/− intestinal bulb at 
10 dpf (Figure S6A), we do not predict severe defects in food absorption in mutants.
We have previously reported the effects of the loss of maternal and zygotic ezh2 
during early zebrafish development, using the ENU-mutagenized zebrafish strain 
ezh2(hu5670), which harbors a nonsense mutation upstream of the methyltransfer-
ase domain [60]. These maternal-zygotic ezh2 mutants formed a normal body plan 
with a pleiotropic phenotype in eye, heart, liver, intestine, and pancreas before le-
thality at 2 dpf, indicating a role for Ezh2 in regulating tissue maintenance in the 
intestinal tract [60], amongst others. In another study with the zygotic ezh2(ul2) 
nonsense mutant model, the aberrant development of intestine and pancreas, and 
lethality around 12 dpf was reported [73], which proved the similarities with the 
ezh2(hu5670) mutant phenotypes that we present in this study.
 We conclude that wild-type intestinal tissue in early zebrafish larvae expresses 
genes that maintain metabolic processes and signaling pathways important for in-
testinal development and undergoes changes in gene expression that lead to an in-
crease in lipid metabolism in this transitional period for establishing independent 
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feeding. During this time, H3K4me3 and H3K27me3 both mark promoters of genes, 
where presence of high H3K4me3 and low H3K27me3 peaks correlates with high 
gene expression rates. According to our study in ezh2−/− larvae, the H3K27me3 mark 
placed on the genome at early embryonic stages by maternal Ezh2 seems to suffice 
for successful gastrulation and tissue specification. However, at later stages, there 
is a gradual loss of gene regulation control in the absence of Ezh2, leading to loss of 
intestinal and hepatic tissue maintenance and larval lethality.

3.4. MATERIALS AND METHODS

3.4.1. Zebrafish husbandry and strains
Zebrafish (Danio rerio) were housed under standard conditions in a 14:10 light/dark 
cycle. Embryos were reared in E3 medium at 28.5 °C [74] and staged following 
Kimmel et al. [75]. Larvae were fed a standard Gemma Micro 75 (Skretting USA) 
diet, supplemented with rotifer (Brachionus spp.), polyculture, and Artemia accord-
ing to guidelines [76]. The ezh2 nonsense mutant (hu5670, R592STOP) was derived 
from ENU random mutagenized libraries as described [60]. Adult zebrafish het-
erozygous for the ezh2 mutant allele (ezh2+/−) were out-crossed against wildtype 
TL zebrafish for the maintenance of the line, and in-crossed to obtain homozygous 
mutants (ezh2−/−). The heterozygous incross generated embryos with genotypes in 
a Mendelian ratio. The tgBAC(cldn15la:GFP) zebrafish has been described before 
and is represented by the genomic feature pd1034Tg [54]. Zebrafish older than 2 dpf 
were anesthetized in 2-phenoxyethanol (0.05% v/v, Sigma Aldrich, 122-99-6) and 
handled immediately upon the halt of twitch response. Euthanasia was performed 
by immersion in 0.1% (v/v) 2-phenoxyethanol. All experiments were carried out in 
accordance with animal welfare laws, guidelines, and policies, and were approved 
by the Committee on the Ethics of Animal Experiments of the VU University Am-
sterdam (IVM 14-01) and by the Central Committee for Animal Experimentation 
(CCD) of The Netherlands (AVD1030020184668, approved 26 February 2018).

3.4.2. Intestinal dissections
Overnight-starved wild-type zebrafish larvae of 5, 7, and 9 dpf in the tgBAC(cldn-
15la:GFP) background were anesthetized and their intestines were dissected under 
fluorescence light microscopy (Leica MZ FLIII; Leica, Wetzlar, Germany). Adhering 
tissues were cleaned off using watchmakers’ tweezers and a microsurgical blade. 
Single intestines were promptly transferred to 1.5 mL microcentrifuge tubes by 
glass Pasteur pipettes, and lysed for RNA isolation or fixed for chromatin extraction 
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(see below).

3.4.3. RNA-sequencing
Pools of 10 intestines in three biological replicates were lysed in Trizol (Thermo 
Fisher Scientific, 15596018; Waltham, MA, USA) and the total RNA was isolated 
using in-column DNase I treatment (Quick RNA microprep kit, Zymo Research, 
R1051, Irvine, CA, USA). Upon ribosomal RNA depletion (RiboZero Gold, Illumina 
MRZH11124, San Diego, CA, USA), the RNA integrity number (RIN) was assessed 
to be ≥8 (Agilent 2100 Bioanalyzer, G2939BA; Agilent Technologies, Santa Clara, 
CA, USA) with the use of an RNA 6000 Pico kit (Agilent, 5067-1513). The RNA 
was then fragmented to 250–300 bp and reverse-transcribed into double-stranded 
cDNA. Sequencing libraries were prepared with the Kapa Hyper Prep kit (KAPA 
Biosystems, KK8504; Wilmington, MA, USA) with NextFlex ChIP-sequencing bar-
codes (BioScientific, 512913; Seattle, WA, USA), and sequenced on the Illumina 
NextSeq500 platform (43 bp, paired-end). Reads were mapped to the Danio rerio 
genome GRCz10/danRer10 with the Ensembl gene annotation v87 using STAR [77] 
version 2.5.2b with default parameters and –quantMode on “GeneCounts”. The 
library quality was checked and confirmed to be sufficient for further analysis (Ta-
ble S14). Differential gene expression was calculated using DeSeq2 [78] with an 
adjusted p-value threshold of <0.01 and a log2 fold change of ≠0. An FPKM ≥ 1 
standard for 2 out of 3 replicates from all time points was set for accepting that 
a gene was expressed in the dataset. Cell type-specific genes used for χ2 signifi-
cance test and Figure S1 were extracted from The Zebrafish Information Network 
(ZFIN) gene expression database with larval stage filtering (3–30 dpf). Groups of 
genes were checked for GO-term enrichment by GOrilla (Gene Ontology enRIch-
ment anaLysis and visuaLizAtion tool) [79], and for anatomical term enrichment by 
ZEOGS (Zebrafish Expression Ontology of Gene Sets), filtered by 7–13 dpf larval 
stage [80]. Full lists of GO terms, anatomical terms, and the list of term-associated 
genes of the top 5000 highest expressed, 2153 upregulated, and 349 downregulated 
genes have been given in Tables S1, S2, and S3, respectively. The 5 dpf whole larval 
transcriptome data were obtained from publicly available European Nucleotide Ar-
chive under accession number ERP014517 [61]. Intestine-specific RNA-sequencing 
data generated for this publication have been deposited in NCBI’s Gene Expression 
Omnibus and are accessible through GEO Series accession number GSE118076.

3.4.4. ChIP-sequencing
Thirty intestines were dissected and pooled in 1.5 ml micro-centrifuge tubes coated 
with 5% BSA (Sigma, Saint Louis, MO, USA) in two biological replicates per ChIP. 
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Protein-DNA cross-linking was performed in 1% paraformaldehyde (Thermo Fish-
er Scientific, 50-00-0; Waltham, MA, USA) in PBS. The reaction was quenched with 
125 mM glycine and the samples were washed 3 times in PBS. Lysis and sonication 
(6 cycles of 30 s, PicoBioraptor, Diagenode) were performed in 20 mM Tris-HCl 
pH 7.5, 70 mM KCl, 1 mM EDTA, 10% glycerol, 0.125% NP40, protease inhibitors 
(1× cOmplete EDTA free, Roche, 11873580001; Basel, Switzerland). One-sixth of the 
lysed sample (~5 intestines) was set aside as the ChIP input control. Chromatin 
fragments were mixed with an equal volume of IP buffer (50 mM Tris-HCl pH 7.5, 
100 mM NaCl, 2 mM EDTA, 1% NP-40, protease inhibitors) and incubated with 2 
µg anti-H3K4me3 (Millipore 04-745, 2 µg; Burlington, MA, USA) or anti-H3K27me3 
(Millipore 07-449, 2 µg) antibodies overnight at 4 °C. The antibody-chromatin mix 
was bound to protein G magnetic beads (Invitrogen, 1003D; Carlsbad, CA, USA) 
and washed with (1) IP buffer and 0.1% Sodium deoxycholate; (2) IP buffer, 0.1% 
Sodium deoxycholate, and 400 mM NaCl; (3) IP buffer, 0.1% sodium deoxycholate, 
and 250 mM LiCl. The immunoprecipitated chromatin fragments were eluted 2 
times in 50 mM NaHCO3 pH 8.8, 1% SDS at 65 °C, subjected to RNase A treatment, 
and de-cross-linked overnight at 65 °C (200 mM NaCl, 1 mg/ml proteinase K). The 
eluted DNA was purified (MinElute Reaction clean-up kit, Qiagen, 28204; Hilden, 
Germany) and prepared for sequencing using the KAPA Hyper Prep Kit (KAPA 
Biosystems, KK8504) with NextFlex ChIP-sequencing barcodes (BioScientific, 
514122). Sequencing was performed with the Illumina NextSeq500 platform (43 bp, 
paired-end). Reads were mapped to the Danio rerio genome GRCz10/danRer10 with 
the use of BWA [81] version 0.7.15 with default settings. The library quality was 
checked and confirmed to be sufficient for further analysis (Table S14). Multi-map-
pers were excluded with the use of samtools [82] version 1.3.1 and duplicate reads 
were removed with Picard [83]. Peaks were called by the use of MACS2 [84] version 
2.1.1.20160309 relative to the ChIP input with the options -f BAMPE -g 1.3e9 -q 1e-4 
--broad -broad-cutoff 1e-3. Peaks with 1 kb or a closer distance to each other were 
merged. Only intersecting peaks between replicates were considered with the use 
of GenomicRanges [85]. Peaks overlapping promoter regions (400 nt upstream - 
100 nt downstream of the transcriptional start site) were clustered using the union 
of the remaining peaks found in H3K4me3 and H3K27me3 ChIPs. Clustering and 
visualization of the peaks were done using fluff [86] version 2.1.3. Names of genes 
which were marked by H3K4me3 and/or H3K27me3 on promoters were extract-
ed for comparison with RNA-sequencing results. Groups of genes were checked 
for GO-term enrichment by GOrilla (Gene Ontology enRIchment anaLysis and vi-
suaLizAtion tool) [79], and for anatomical term enrichment by ZEOGS (Zebrafish 
Expression Ontology of Gene Sets), filtered by 7–13 dpf larval stage [80]. Full lists 
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of GO terms, anatomical terms, and the list of term-associated genes of the top 
5000 highest expressed H3K4me3-marked genes, H3K27me3-marked genes, genes 
marked by both H3K4me3 and H3K27me3, and clusters 1, 2, 3, and 4 have been 
given in Tables S7, S8, S9, S10, S11, S12, and S13, respectively. ChIP-sequencing 
data discussed in this publication have been deposited in NCBI’s Gene Expression 
Omnibus and are accessible through GEO Series accession number GSE118076.

3.4.5. Genotyping
For standard genotyping of live and fixed material, caudal fins of 2 or 3 dpf anes-
thetized embryos were clipped with a microsurgical blade. The tissue was lysed 
in 25 mM NaOH and 0.2 mM EDTA at 95 °C and the solution was subsequently 
neutralized with an equal volume of 40 mM Tris-HCl (pH predicted to be 5). To 
genotype single 5 dpf larvae for Western blot, 0.5 µl protein extract (see Section 
4.9) was digested in a lysis buffer (50 mM KCl, 2.5 mM MgCl2, 10 mM Tris-HCl pH 
8, 0.45% NP-40, 0.45% Tween-20, 0.01% gelatin, 100 µg/mL proteinase K) for 1 h at 
60 °C and 15 min at 95 °C. After either method of tissue lysis, the genomic region 
flanking the ezh2(hu5670) mutation site (exon 14-15) was amplified by a nested PCR 
reaction. Primer sequences can be found in Table 1. The C>T mutation in this allele 
generated an additional RsaI site, which allowed for the identification of genotypes 
by differential restriction digestion patterns of the PCR-amplified fragments. The 
digests were analysed by agarose gel electrophoresis to determine the genotypes.

Table 1. Nested PCR primer sequences for ezh2 exon 14-15 amplification for ezh2(hu5670) genotyp-

ing.

Primers Primer sequences (5’ to 3’)

Nested PCR 1, ezh2 forward CAGAATCGGTTTCCAGGTTGCCG

Nested PCR 1, ezh2 reverse CAGTACTCTGAGATGAACTCATTC

Nested PCR 2, ezh2 forward T G T A A A A C G A C G G C C A G T -
CAGAATCGGTTTCCAGGTTGCCG

Nested PCR 2, ezh2 reverse AGGAAACAGCTATGACCATTG-
CAGGAGACGTTTTTACTGTCCC

3.4.6. Survival assay
Embryos (3 dpf) were genotyped as described above. Wild-type (n = 43) and mutant 
(n = 49) larvae were transferred to the juvenile husbandry system at 5 dpf. Dead 
embryos and larvae were collected daily to assess survival.
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3.4.7. Quantitative real-time PCR analysis
Wild-type embryos and larvae were staged in a time series from the 4–16 cell stage 
to 15 dpf and homogenized (Bertin Instruments, Precellys® 24; Montigny-le-Bret-
onneux, France) 2 times for 30 s at 6000 rpm. RNA extraction was performed with 
the use of the NucleoSpin 8 RNA kit (Machery-Nagel, 740465.4; Düren, Germany) 
with vacuum extraction. A total of 1 µg of RNA was used for cDNA synthesis using 
the high-capacity cDNA synthesis kit (Thermo Fisher Scientific, 4368814; Waltham, 
MA, USA). Standard qPCR was performed (SYBR Green, Bio-Rad, Hercules, CA, 
USA) with 4 biological and 3 technical replicates and analyzed as described [87]. 
Relative expression levels were calculated in comparison to an average of the ref-
erence genes β-actin, hprt1, rps18, and ef1α. Primer sequences are given in Table 2.

Table 2. Quantitative real-time PCR primer sequences for ezh1, ezh2, and reference genes.

Primers Primer sequences (5’ to 3’)

RT-qPCR ezh1, forward AGGAAGCGTCTAGTGAGGTCT

RT-qPCR ezh1, reverse ACGGCGATTTGACTGGAACA

RT-qPCR ezh2, forward AAATCGGAGAAGGGTCCTGT

RT-qPCR ezh2, reverse TCTGTTGGAGCTGAACATGC

RT-qPCR hprt1, forward CAGCGATGAGGAGCAAGGTTATG

RT-qPCR hprt1, reverse GTCCATGATGAGCCCGTGAGG

RT-qPCR rps18, forward CATCCCAGAGAAGTTTCAGCACATC

RT-qPCR rps18, reverse CGCCTTCCAACACCCTTAATAGC

RT-qPCR ef1a, forward TTGAGAAGAAAATCGGTGGTGCTG

RT-qPCR ef1a, reverse GGAACGGTGTGATTGAGGGAAATTC

RT-qPCR b-actin, forward CGAGCAGGAGATGGGAAC

RT-qPCR b-actin, reverse CAACGGAAACGCTCATTGC

3.4.8. Whole mount in-situ hybridization
Embryos and larvae were fixed in 4% paraformaldehyde (Sigma Aldrich, 158127) 
in PBS at 4 °C overnight, and whole-mount in-situ hybridization was performed 
as previously described [56]. After Proteinase K treatment, the head and body of 
larvae over 7 dpf were bisected to increase the permeability of the RNA probe. 
Proteinase K permeabilization was optimized according to the age of embryos or 
larvae (Table 3), and incubation was done at 37 °C. Proteinase K solution was re-
freshed every 30 min. Stained embryos and larvae were mounted on 3% methylcel-
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lulose and imaged by Leica MZ FLIII stereo light microscope.

Table 3. Proteinase K incubation conditions*.

Age Proteinase K concentration Incubation time**

3 dpf 5 µg/ml 90 minutes

4 dpf 10 µg/ml 35 minutes

5 dpf 15 µg/ml 55 minutes

9 dpf 40 µg/ml 70 minutes

11 dpf 40 µg/ml 80 minutes

* All Proteinase K incubations were done in a 37°C water bath. ** Proteinase K solution was re-
freshed every 30 minutes.

3.9. Western blotting
Single wild-type, ezh2+/−, and ezh2−/− zebrafish larvae (5 dpf siblings) were homoge-
nized with a pestle attached to a rotor (Sigma-Aldrich, Z359971-1EA) in 5 µl RIPA 
buffer per larva (100 mM Tris-HCl pH 8, 300 mM NaCl, 2% NP-40, 1% Sodium 
deoxycholate, 0.2% Sodium dodecyl sulfate, 20% glycerol, 1× cOmplete EDTA-free 
protease inhibitor cocktail (Roche, 04693159001)), genotyped, and pooled. Protein 
lysates were sonicated for two cycles of 15 s (PicoBioruptor, Diagenode, Liège, Bel-
gium) at 4 °C and subsequently cleared by centrifugation for 12 min at 16,000 g at 4 
°C. A total of 20 µg protein was mixed with SDS containing sample loading buffer, 
denatured at 95°C for 5 min, loaded on a 4–15% gradient protein gel (Mini-Protean 
TGX, Bio-Rad, 456-8084), and analyzed by Western blot. Primary antibodies used 
for immunoblotting were anti-Ezh2 (Cell Signaling Technology, 5246S; Danvers, 
MA, USA), anti-H3K27me3 (Millipore, 07-449), and anti-β-Actin (Sigma-Aldrich, 
A5316). HRP-conjugated anti-rabbit secondary antibody (Dako, P0217, Glostrup, 
Denmark) incubation was followed by protein detection with the use of ECL Select 
Western Blotting Detection Reagent (GE Healthcare, RPN2235; Chicago, IL; USA) 
on an ImageQuant LAS 4000 (GE Healthcare).

3.10. Histological analysis
Zebrafish larvae were fixed overnight in 4% paraformaldehyde (Sigma Aldrich, 
158127) at 4 °C. After fixation, the embryos were gradually transferred to 75% etha-
nol and embedded in plastic for sectioning. Plastic sections were stained with hae-
matoxylin and eosin for histological analysis as described [57] and imaged by light 
microscopy (Leica DM2500).
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3.11. Intestinal transit assay
The embryos were raised to larval stages and fed as described in Section 4.1. The 
experimental setup was adapted from Field et al. [88] for 10 dpf zebrafish larvae. 
Standard larval feed (Gemma Micro 75, Skretting, Stavanger, Norway) was mixed 
with microspheres (FluoSpheres® Carboxylate-Modified Microspheres, 2.0 µm, yel-
low-green fluorescent (exc 505 nm/em 515 nm), 2% solids; Invitrogen, Carlsbad, 
CA, USA) and fed to overnight-starved larvae as described [88]. For each obser-
vation at 0, 3, 6, 24 h post-feeding, live larvae were anesthetized, mounted in 3% 
methylcellulose for fluorescent light microscopy imaging (Leica MZ FLIII), and 
placed back to the system water for recovery. The larvae were genotyped upon 
completion of the experiment.

3.12. Alcian blue staining
Larvae aged 5 and 11 dpf were fixed in 4% paraformaldehyde (Sigma Aldrich, 
158127) in PBS at 4°C overnight, then washed several times in distilled water. The 
larvae were incubated in alcian blue staining solution (70% ethanol, 50 mM MgCl2, 
20% distilled water, 0.02% w/v alcian blue) for 1 h or until dark blue color is visible 
in cartilage tissue and goblet cells. After extensive washes in distilled water, the 
larvae were bleached (90% distilled water, 1% w/v KOH, 0.2% v/v Triton X-100, 500 
mM H2O2) for 20 min, or until the eyes got de-pigmented. Subsequently, the larvae 
were washed in demi-water several times and incubated in a digestion medium 
(1 mg/mL Trypsin, 60% w/v borax, 0.2% v/v Triton X-100). Finally, the larvae were 
washed once, destained (20% glycerol and 0.25% w/v KOH in distilled water) for 30 
min, and imaged (Leica MZ FLIII).
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3.9. APPENDIX A: ADDITIONAL FIGURES
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San et al., Appendix Figure 1Appendix Figure A1. Figure shows a comparison of tissue specific gene expression at 5 dpf between 
publicly available whole embryo transcriptome [60] and intestinal transcriptome generated for this 
publication. Tissue specific genes were obtained from the anatomical categories generated in The 
Zebrafish Information Network (ZFIN), and filtered for larval stages (3-30 dpf). For ease of interpre-
tation, only uniquely tissue-specific genes were included in the analysis. According to a paired t-test, 
brain (p<0.001), cardiovascular (p<0.001), epidermis (p<0.001), eye (p<0.001), liver (p<0.005), and pan-
creas (p<0.005) specific genes are expressed significantly less, and intestine-specific genes are signifi-
cantly enriched (p<0.001) in the intestinal transcriptome compared to whole embryo transcriptome. 
The expression of kidney-specific genes is not specifically altered (p>0.1).
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Appendix Figure A2. Box plots for FPKM expression ratios of genes that gain and lose chromatin 

marks over time. Changes in the presence of H3K4me3 (A) and H3K27me3 (B) marks on gene promoters 

were evaluated over different time points (see Figure 2A, left and middle Venn diagrams). Expression 

changes in each gene which gained or lost H3K4me3 was calculated by dividing the FPKM value of the 

older time point by the younger (e.g. FPKM_9dpf/FPKM_7dpf]). FPKM ratio>1 means increase in gene 

expression upon gaining or losing H3K4me3 (A) or H3K27me3 (B), and FPKM ratio<1 means decrease 

in gene expression. No clear differences were observed in the different categories depicted in the plot 

for either histone mark. Peak heights on promoters were not incorporated into the calculations.
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Appendix Figure A3. GO and anatomical terms for chromatin marks on promoters. A. Top three 
gene ontology terms (GOrilla) enriched for genes marked by H3K4me3 (n=13239), genes marked by 
H3K27me3 (n=1695), and genes marked by both marks at 5, 7, and 9 dpf (intersections of each Venn 
diagram in Figure 2A, n=484), depicted by log10 of Bonferroni-corrected p values. B. Top three ana-
tomical terms (ZEOGS) enriched for genes marked by H3K4me3 and genes marked by H3K27me3 at 

5, 7, and 9 dpf, depicted by log10 of p values.
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Appendix Figure A4. Heatmap and band plot of H3K27me3 presence in gene bodies and intergenic 
regions. A. Heatmap (left panel) and band plot (right panel) of H3K27me3 peaks which show >100 nt 
overlap with gene bodies at 5, 7, and 9 dpf, depicted in ±10 kilobase windows. In the band plot, the 
mean of the median is depicted as a black line, the intense color 50% of the peaks, and the light color 
90% of the peaks. No significant change is visible between time points. B. Heatmap (left panel) and 
band plot (right panel) of H3K27me3 peaks which are located at least 1 kilobase up- or down-stream 
of gene bodies at 5, 7, and 9 dpf, depicted in ±10 kilobase windows. In the band plot, the mean of the 
median is depicted as a black line, 50% is red (5 dpf), blue (7 dpf), or green (9 dpf) and 90% is pink 

(5 dpf), light blue (7 dpf), or light green (9 dpf). No significant change is visible between time points.
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Appendix Figure A5. ChIP-sequencing tracks. Validation of H3K4me3 and H3K27me3 ChIP-sequenc-
ing profiling in a selection of genes; apc is a Wnt signaling pathway component, cdx1b and gata6 are 
intestinal transcription factors important for development, klf4 is a pluripotency gene, and hoxd clus-
ter is a known PcG target. The expression levels (FPKM) of all but the hoxd cluster has been graphed 

in Figure 1D.
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Appendix Figure A6. Intestinal bulb morphology and goblet cells in wild type and ezh2-/- larvae. A. 
Histological analysis on transversal sections depicting the intestinal bulb of wild type (top) and ezh2-
/- (bottom) larvae at 11 dpf. Intestinal fold morphology is seemingly normal in both genotypes. NC: 
notochord, IB: intestinal bulb. B. Alcian blue staining of wild type (left) and ezh2-/- (right) larvae at 5 
(top) and 11 dpf (bottom) depicting goblet cells. Goblet cell numbers do not show a visible difference 
between wild types and mutants in either time point. IB: intestinal bulb, MI: mid-intestine, PI: poste-
rior intestine. Scale bar: 200 µm.
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ABSTRACT

Polycomb group (PcG) proteins are essential regulators of epigenetic gene silencing 
and development. The PcG protein Enhancer of zeste homolog 2 (Ezh2) is a key 
component of the Polycomb Repressive Complex 2 and is responsible for placing 
the histone H3 lysine 27 trimethylation (H3K27me3) repressive mark on the genome 
through its methyltransferase domain. Ezh2 is highly conserved in vertebrates. We 
studied the role of ezh2 during development of zebrafish with the use of a mutant 
allele (ezh2(sa1199), R18STOP), which has a stop mutation in the second exon of the 
ezh2 gene. Two versions of the same line were used during this study. The first and 
original version of zygotic ezh2(sa1199) mutants unexpectedly retained mRNA ex-
pression in brain, gut, branchial arches, and eyes at 3 days post-fertilization (dpf), 
as seen by in-situ hybridization. This mutant expression pattern was identical to 
that of wild types, indicating that mutant ezh2 mRNA does not go through non-
sense mediated decay as predicted. Both wild type and ezh2 mutant embryos pre-
sented edemas at 2 and 3 dpf. The line was renewed by selective breeding against 
a-specific phenotypes and survival was assessed. In contrast to earlier studies on 
ezh2 mutant zebrafish, ezh2(sa1199) mutants survived until adulthood and did so 
seemingly normally. Interestingly, the ezh2 mRNA and Ezh2 protein were present 
during adulthood (70 dpf) in both wild type and ezh2(sa1199) mutant zebrafish. 
We conclude that the ezh2(sa1199) allele does not exhibit an ezh2 loss of function 
phenotype.
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4.1. INTRODUCTION

In biology in general and certainly in the field of zebrafish biology, there is a ma-
jor interest to understand how individual proteins contribute to development and 
tissue homeostasis. The primary approach to achieve this goal is generating loss of 
function mutations in protein coding genes. Specific and inducible genome edit-
ing through site-directed mutagenesis by zinc finger nucleases, TALENs, or CRIS-
PR-Cas9 [1-3], are routine now, but these approaches are still expensive and time 
consuming. Knockdown by morpholino treatment, on the other hand, is a relative-
ly quick assay to produce phenotypes; however, this approach requires rigorous 
controls [4]. As much as 18% of morpholinos has been predicted to have off-target 
effects [5], and in some cases morpholinos lead to p53-activation-related cell death 
[6]. Moreover, morpholino effects persist no longer than about 5 days post-fertil-
ization (dpf), and this makes studies on larval stages beyond 5 dpf virtually impos-
sible. For reverse genetic screens, random mutagenesis is favorable for efficiency 
and cost-effectiveness. Alkylating agents such as ENU (N-ethyl-N-nitrosourea) and 
EMS (Ethyl methanesulfonate) have been used extensively in the last decades due 
to their high in-vivo potency for random mutagenesis. The development of the 
TILLING (Targeting Induced Local Lesions in Genomes) method at the start of the 
2000s [7] has revolutionized zebrafish functional genomics [8] by enabling larger 
and faster forward and reverse genetics screens. The development of this method 
resulted in the Zebrafish Mutation Project in the Wellcome Trust Sanger Institute 
[9], with extensive collaborative effort. The project aimed to produce a complete set 
of mutant zebrafish lines for every protein-coding gene. F3-generation embryos, 
spawned by heterozygous F2 generation in-crosses, were monitored until 5 dpf for 
phenotypes. Mutants and carrier alleles from the Zebrafish Mutation Project are 
publicly available [9].
 Mutant alleles serve as a great tool to study (the impairment of) gene regulation 
during embryonic development. Although every cell in an organism has the same 
DNA sequence, cells (and tissues) gain different functions during development 
through regulation of gene expression. Epigenetics is the field of biology which 
explains how covalent modifications on the genome affect gene expression, and 
as a result, cellular function. Research on the function of proteins involved in the 
epigenetic control of gene expression takes a crucial role in our understanding of 
how correct development and tissue homeostasis proceed. The Polycomb Group 
(PcG) proteins are essential transcriptional gene repressors which are highly con-
served in all vertebrates. PcG proteins function mainly in two Polycomb Repressive 
Complexes (PRC): PRC1 and PRC2. PRC2 places the repressive histone H3 lysine 
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27 trimethylation (H3K27me3) mark on the genome through the methyltransferase 
Ezh2. This mark recruits PRC1, which is thought to stabilize the H3K27me3 mark 
through the mono-ubiquitylation of histone H2A lysine 119 (H2AK119Ub1) by the 
Ring family of E3 ubiquitin ligases. These two interrelated functions of PRC1 and 
PRC2, in turn, cause compaction of DNA around histone proteins, and are thought 
to impede transcription by limiting the RNA Polymerase II accessibility to specific 
genes [10-12]. PcG mutations have received particular attention due to their associ-
ation with embryonic lethality and cancer in placentals [13]; therefore, correct char-
acterization of PcG protein function is essential for treatment prospects in human 
diseases [14,15].
 Within PRC2, the methyltransferase Ezh2 has been extensively studied for its 
catalytic activity. The Ezh2 protein has two domains, WD-binding (the WD40-re-
peat-containing domain) and SET (the Su(var)3-9, Enhancer-of-zeste and Tritho-
rax), which are also highly conserved in vertebrates [16]. The WD-binding domain, 
located near the N-terminus (amino acids 39-68 in zebrafish [16]) predominantly 
regulates the interaction between PRC2 components Eed and Ezh2 [17,18]. The SET 
domain, located near the C-terminus (amino acids 626-747 in zebrafish [16]) regu-
lates the methyltransferase function of the Ezh2-PRC2 complex [19]. In mice, Ezh2 
knockout causes early embryonic lethality [20], therefore, its function has been 
investigated through conditional tissue-specific knockouts [21-28]. According to 
the majority of these studies, the functions of Ezh2 in mice can be summarized in 
three categories: Ezh2 is crucial for normal cell proliferation in tissues, it regulates 
correct transcription of tissue specific genes, and it contributes to correct tissue 
maintenance. For instance, Ezh2-overexpressing hematopoietic stem cells that are 
transplanted into immune-compromised mice restore long-term (blood) repopu-
lation potential; stem cell exhaustion is thereby prevented [29]. Recently, there is 
accumulating evidence for redundancy of Ezh1 in setting the H3K27me3 mark [30], 
albeit with lower activity [31], that may prevent the full PRC2-null phenotype as 
a result of tissue specific Ezh2 knockout. Tissue specific knockout of Eed, another 
essential subunit of the PRC2 complex, on the other hand, prevents formation of the 
PRC2 complex and results in complete loss of the H3K27me3 mark [32].
 Early zebrafish development is highly synchronized in laboratory conditions, 
rendering this model organism so suitable for epigenetic research. Moreover, the 
possibility to obtain 200-600 embryos at the same stage of development (per clutch) 
facilitates the sampling process for experimental techniques in epigenetics, which 
require large numbers of cells/donors. Studies on the establishment of epigenetic 
marks during early zebrafish development have given important insights on how 
the repressive functions of PcG proteins instruct developmental programs before 
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tissue specification [33-35]. However, how the PRC2 complex regulates zebrafish 
organogenesis and tissue homeostasis is not completely understood. Therefore, 
studying PcG function in (mutant) zebrafish after tissue specification can shed light 
on epigenetic regulation of tissue homeostasis.
 We previously studied the loss of ezh2 during early zebrafish development with 
the mutant allele ezh2(hu5670), which presents a nonsense mutation upstream of 
the methyltransferase domain [16]. Accordingly, maternal-zygotic ezh2(hu5670) 
mutant embryos form a normal body plan despite major differences in gene ex-
pression during the early hours of development compared to wild type embryos 
and die at 2 dpf exhibiting a scala of phenotypes, including loss of myocardial in-
tegrity and suspected terminal differentiation defects in liver and pancreas. Zygotic 
ezh2(hu5670) mutants show no apparent phenotype at 5 dpf, but die around 11 dpf 
with intestinal and hepatic maintenance defects [36]. Similarly, zygotic ezh2(ul2) 
nonsense mutants generated by Dupret and colleagues [37] with the use of TALENs 
technology [3] show intestinal and pancreatic maintenance defects and lethality 
at 12 dpf. Moreover, these ezh2(hu5670) and ezh2(ul2) mutants present reduced 
H3K27me3 levels. Overall, these key studies support an essential role for Ezh2 in 
epigenetic tissue maintenance and survival in zebrafish.
 The study described here, aimed to investigate the effect of the loss of zygotic 
ezh2 expression during zebrafish development. In an attempt to further our insight 
on Ezh2 function, the mutant allele ezh2(sa1199) generated by the Zebrafish Muta-
tion Project was studied. From our observations on the development and surviv-
al of ezh2(sa1199) embryos, the original line provided had background mutations, 
displaying lethality around 2 dpf and an a-specific edema phenotype in mutants 
and wild types alike. We subsequently obtained another ezh2(sa1199) line in which 
background mutations were eliminated by selective breeding. Unexpectedly, in 
these mutants, no embryonic or larval phenotypes were observed, and the fish 
survived until adulthood. We conclude that the ezh2(sa1199) nonsense mutant line 
does not present a loss-of-function phenotype.

4.2. MATERIALS AND METHODS

4.2.1. Zebrafish husbandry and strains 
All adult fish were maintained under standard conditions in a 14:10 light/dark cy-
cle. Embryos were reared in E3 medium at 28.5°C [38] and staged following Kim-
mel et al. [39]. Two different versions of the ezh2(sa1199) nonsense mutant allele 
(R18STOP, CTGGAGGCGG[C>T]GAGTGAAGTC) were obtained from the Zebraf-
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ish Mutation Project [9], through Zebrafish International Resource Center. Mutant 
embryos were generated by in-crossing heterozygous carriers. Adult lines were 
renewed and maintained by out-crossing the carrier line with wild type Tubingen 
Long Fin (TLF) adults. European animal welfare laws and protocols were strictly 
followed and approved after ethical testing by Central Committee for Animal Ex-
perimentation (CCD) of the Netherlands in all experimental procedures.

4.2.2. Genotyping
Embryos (2-3 dpf) were briefly anesthetized in 2-phenoxyethanol (0.1% v/v) 
and their caudal fins were clipped with a clean microsurgical blade. Individu-
al fin-clips were lysed in 25 mM NaOH and 0.2 mM EDTA at 95°C and subse-
quently neutralized with an equal volume of 40 mM Tris-HCl (pH predicted to 
be ~5). Three different genotyping methods were developed. For amplification 
prior to Sanger sequencing, forward (5’-CATGGACATCTTTGGGTCCT-3’) and 
reverse (5’-ACACACATGCAACTGGACTC-3’) primers were used. Allele specific 
genotyping was done by combining a common forward primer (5’-AGATGTG-
CACTCCTACGTTTGATAC-3’) with reverse primers that differentially detect mu-
tant (5’-GCATGTACTCAGACTTCACTAAC-3’) and wild type (5’-GCATGTACT-
CAGACTTCACTAGC-3’) alleles, respectively, allowing 1 mismatch (in bold). 
The mutation site is underlined. The third method applied a PCR amplification 
(forward 5’-ATGGGATTGACCGGGAGGAAATC-3’, reverse 5’-CTCTCTGGTTC-
CACGCAAGGAG-3’) followed by enzymatic digestion with HphI; due to the C>T 
mutation, the mutant allele gains a HphI restriction site, while the PCR product of 
the wild type allele remains uncut upon HphI incubation. All primers flanked the 
mutation site in exon 2.

4.2.3. Whole mount in-situ hybridization
Embryos (3 dpf) were fixed in 4% paraformaldehyde in PBS (w/v) overnight at 4°C, 
and whole mount in-situ hybridization was performed as previously described 
[16]. The stained embryos were mounted in 3% methylcellulose in water (w/v). The 
mounted embryos were covered with a thin layer of PBST during stereo-microscop-
ic (Leica MZ FLIII) imaging.

4.2.4. Survival assay
Embryos (3 dpf) were genotyped by a combination of PCR and HphI digestion as 
described above. Wild-type (N=18) and mutant (N=21) larvae were transferred to 
the juvenile husbandry system in separate tanks at 5 dpf. Dead larvae were collect-
ed daily to assess survival.
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4.2.5. Quantitative real-time PCR
Wild type (N=2) and ezh2(sa1199) mutant (N=2) adult siblings at 70 dpf were me-
chanically homogenized in TRIzol (Thermo Fisher) and total RNA was isolated as 
described elsewhere [40]. Total RNA was reverse transcribed with Superscript III 
(Invitrogen, 18080093) and poly-dT primers. Standard qPCR was performed with 
the use of SYBR Green (iQ SYBR Green Supermix, BioRad, 1708880) to detect mRNA 
levels of ezh1 and ezh2, relative to reference genes	β-actin	and ef1α	in technical trip-
licates. RT-qPCR primers are shown in Supplementary Table 1.

4.2.6. Western blotting
Adult (70 dpf) wild type and mutant siblings of the ezh2(sa1199) allele were sac-
rificed in 2-phenoxyethanol (0.2% v/v). Individual fish were decapitated and the 
body was lysed in protein lysis buffer (50mM Tris pH 7.5, 150mM NaCl, 1% NP-40, 
0.1% sodium deoxycholate, protease inhibitor cocktail [Roche]). After homogeni-
zation, 30 µg protein sample was loaded on a 12% SDS-PAGE gel. Fixed larval (7 
dpf) wild type and mutant siblings of the ezh2(sa1199) allele were lysed in 50 µl 
RIPA buffer (20 mM Tris-HCl pH 8.8, 150 mM NaCl, 1% NP-40, 0.5% Sodium de-
oxycholate) in pools of 5, and SDS was added to reach a final concentration of 2% 
(v/v). Protein samples were incubated in a 600 rpm thermomixer for 20 minutes at 
100°C, followed by 2 hours at 80°C. Samples were subsequently sonicated 2 times 
for 15 seconds (Pico Bioruptor), cleared by centrifugation at 4°C at 16,000 g for 12 
minutes, and loaded on a 4-15% gradient protein gel (Biorad, Mini-Protean TGX). 
Adult (70 dpf) and larval (7 dpf) SDS-PAGE bands were transferred onto nitrocel-
lulose membranes for anti-Ezh2 (Cell Signaling Technologies, Ezh2 (Cell Signaling 
Technology, D2C9 XP®), anti-βActin (Sigma), and anti-H3K27me3 (Millipore) an-
tibody staining. After incubation with the secondary antibody (Life Technologies, 
Alexa Fluor 800), the signal was visualized via Odyssey CLx Western Blot Detection 
System, and the anti-H3K27me3 bands were quantified by the gel analysis tool on 
Image J software, relative to anti-Actin loading control.

4.2.7. Assessment of water quality
System water samples (12-15 ml) from erroneous and correct piping were collected and 
acidified with 1-5% (v/v) HNO3 to keep metals in solution. Aluminum (Al), Calcium 
(Ca), Cadmium (Cd), Copper (Cu), Iron (Fe), Potassium (K), Magnesium (Mg), Manga-
nese (Mn), Sodium (Na), Phosphorus (P), Sulfur (S), Silicium (Si), and Zinc (Zn) absorp-
tions were measured by inductively coupled plasma - optical emission spectrometry 
(ICP-OES). Concentrations were calculated in parts per billion (ppb) and a ratio of erro-
neous and correct piping was taken for comparison of element concentrations.
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4.3. RESULTS

To study the loss of ezh2 during zebrafish development, we scanned the Zebraf-
ish Mutation Project [9] for available loss of function mutations for this gene. We 
identified the ezh2(sa1199) allele, which has a nonsense mutation that causes a trun-
cation at Arginine 18 (R18STOP) in exon 2. Nonsense mutations in the same gene 
are predicted to show allelic heterogeneity, i.e. displaying similar phenotypes. This 
third mutant allele could complement the published mutant alleles ezh2(ul2) [36] 
and ezh2(hu5670) [16], which have premature stop mutations at amino acids 60 and 
592 (Fig 1A), respectively.

4.3.1. Genotyping ezh2(sa1199) mutants
Next to Sanger sequencing, we developed two genotyping methods to distinguish 
wild type, heterozygous, and homozygous mutant siblings. The ezh2 mutant em-
bryos were generated by in-crossing ezh2(sa1199) heterozygous adults. The two 
methods, allele-specific PCR amplification of the region flanking the mutation site 
and PCR amplification combined with restriction digestion by the enzyme HphI, 
both confirmed the predicted genotypes (Fig 1B). Allele specific PCR genotyping 
was verified by Sanger sequencing (Fig 1C). By all methods, ezh2(sa1199) sibling 
genotypes were confirmed to be in line with the predicted Mendelian ratio after an 
in-cross (Fig 1D).
 
4.3.2. The ezh2(sa1199) zebrafish line expresses ezh2 and shows an a-specific 
phenotype
In mutant alleles such as ezh2(sa1199), which translate into a stop codon, nonsense 
mediated decay (NMD) mechanisms are predicted to operate at the mRNA level 
[41-43]. Therefore, we predicted little to no ezh2 expression in ezh2(sa1199) mutant 
embryos by 3 dpf. To test this, we performed whole mount in-situ hybridization 
(WISH) for expression of ezh2 mRNA in ezh2(sa1199) mutant embryos. Surprising-
ly, ezh2 mRNA expression patterns were highly comparable between wild types, 
heterozygotes, and homozygous mutant embryos at 3 dpf (Fig 2A, left panel). In 
all embryos tested, ezh2 expression was visible in brain, eyes, branchial arches, and 
gut. This observation contrasts strongly with earlier studies [16,36,37], where ezh2 
expression in mutant embryos is severely suppressed at 3 dpf. Indeed, WISH on 
zygotic ezh2(hu5670) in-crossed siblings showed that ezh2 expression is decreased 
in heterozygotes and about undetectable in mutants by 3 dpf (Fig 2A, right panel).
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Figure 1. Validation of ezh2(sa1199) genotypes. A. Ezh2, its domains, and mutant allele positions 
(grey lines). The green and red boxes indicate WD-binding and SET domains, respectively. The 
ezh2(sa1199) allele (left) has a stop mutation on the Arginine 18 position (R18STOP), ezh2(ul2) allele 
(middle) has a 22 bp insertion that leads to a nonsense codon at amino acid 60, and ezh2(hu5670) 
allele (right) has a nonsense mutation on the Arginine 592 (R592STOP) position. B. Allele specific 
(top) and PCR-restriction (bottom) genotyping on caudal fin clips of 2 dpf embryos. Agarose gel 
electrophoresis shows differential amplification or restriction enzyme digestion of the alleles. A 
wild type, heterozygous, and mutant genotype from a single experiment is represented for each 
method. C. Allele-specific genotyping validation by Sanger sequencing. Two dpf embryo fin clips 
were allele-specifically genotyped and Sanger-sequenced to validate the genotyping method. The 
mutation locus (black box) is visualized for wild type (left), heterozygous (middle), and mutant 
(right) embryos. D. Allele specific genotyping of 1, 2, and 3 dpf ezh2(sa1199) in-crossed embryos 
(N=17 per day). The percentage of wild types (black), heterozygotes (grey), and mutants (brown) 
show a Mendelian ratio. The number of embryos is indicated inside the bars of the graph in white.
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During the development of ezh2(sa1199) siblings, severe abnormalities were seen, both 
in homozygous mutant and in wild type embryos. Brain and heart edemas were pres-
ent, with defects in blood circulation and spinal curvature throughout clutches of em-
bryos from different parents (Fig 2B). This phenotype affected survival of the embry-
os. Although increased lethality was observed amongst mutants as of 2 dpf, embryos 
from all genotypes showed decreased survival. Swim bladder development was also 
affected, which might have contributed to lethality in larvae after 5 dpf. Zebrafish lar-
vae which cannot inflate their swim bladders cannot rise to the water surface to reach 
good quality feed, and eventually die during early larval stages.
 One may predict that lines derived from ENU-mutagenized libraries will retain 
background mutations. The effect of these possible mutations on embryonic phe-
notypes can be circumvented by selectively breeding the adult carrier pairs which 
produce healthy embryos, and subsequently out-crossing them with wild types. 
Such an ezh2(sa1199) line was obtained from the Wellcome Trust Sanger Institute.

4.3.3. Out-crossed ezh2(sa1199) mutants show no lethality
During the development of out-crossed ezh2(sa1199) embryos, no a-specific pheno-
types or edemas were observed. Next, survival of the out-crossed line was assessed 
by comparing the viability of wild type and mutant larvae. Surprisingly, no lethality 
in homozygous mutants occurred, as the fish successfully reached adulthood (Fig 
3A). This observation contrasts strongly with recent data on zygotic ezh2(sa1199), 
ezh2(hu5670), and ezh(ul2) mutants, which survive on average for 7, 11, and 12 days, 
respectively [44,36,37].
 By the time the ezh2(sa1199) line reached adulthood, all observed mutants devel-
oped an abnormal jaw structure; the mutant fish could not close their mouth, while 
jaws of wild type siblings were normal (Fig 3B). Concurrently, during a routine 
water quality check for various elements, a higher (33.46 ppb) than normal (1 ppb) 
copper concentration was measured in the system where wild type and mutant 
zebrafish in the ezh2(sa1199) background were housed (Supplementary Figure 1A). 
High copper concentrations are known to cause developmental defects and mortal-
ity, particularly due to cellular stress of ion transporting cells in the gill epithelium 
in zebrafish [45] and tilapia [46]. Gills develop from the pharyngeal arches which 
house craniofacial cell precursors [47]. Initially, because the open mouth pheno-
type was detected only in the mutants, we suspected a delayed Polycomb group 
protein-related phenotype. Mice with conditional Ezh2 knockout [48] and zebrafish 
mutant for ring1b, the catalytic subunit of PRC1 [49], do have craniofacial abnor-
malities. However, whether the craniofacial phenotype seen in homozygous mu-
tants is related to ezh2 loss is inconclusive.
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Existing literature and earlier observations in our laboratory strongly favor the no-
tion that ezh2 mutant zebrafish have a Polycomb group protein-related phenotype 
and do not survive until adulthood. Yet, the observation that ezh2 mRNA may be 
exempt from nonsense mediated decay in ezh2(sa1199) mutants (Fig 2A, left panel) 
prompted the assessment of Ezh2 mRNA and protein levels in 70 dpf wild type and 
ezh2 mutant adult zebrafish. We euthanized and decapitated ezh2(sa1199) mutant 
and wild type individuals and lysed the body for real-time quantitative PCR anal-
ysis of ezh1 and ezh2 mRNA (Fig 3C) and Western blot analysis of Ezh2 protein (Fig 
3D, upper panel, Supplementary Figure 1B). 
 No significant differences were detected in ezh1 and ezh2 mRNA levels between 
ezh2(sa1199) mutants and wild types. Ezh2 protein was detectable in the body in 
all samples, regardless of genotype (Fig 3D, upper panel), whereas it was absent in 
the head of wild types and mutants (Supplementary Figure 1B). Interestingly, at 7 
dpf, levels of the repressive H3K27me3 mark were decreased 58.2% in ezh2(sa1199) 
mutant larvae compared to wild types (Fig 3D, lower panel, Supplementary Figure 
1C). The anti-Ezh2 antibody utilized for this experiment is known to be specific 
for zebrafish and is absent in maternal-zygotic ezh2 mutants (Supplementary Fig-
ure 1D) [16,50]. Thus, in ezh2(sa1199) mutants, ezh2 mRNA does not go through 
nonsense mediated decay and despite the R18STOP mutation, Ezh2 protein is still 
translated.
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Figure 2. ezh2(sa1199) zebrafish line has a-specific phenotypes. A. Whole mount in-situ hybridiza-
tion for ezh2 on 3 dpf ezh2(sa1199) (left panel) and ezh2(hu5670) (right panel) embryos. Left panel. 
Wild type siblings (top) show ezh2 expression in the brain, eyes, branchial arches, and the gut (white 
arrowheads). Heterozygotes (middle) and ezh2(sa1199) mutants (bottom) show the same expression 
pattern; they are phenotypically comparable to wild types and have the same spatiotemporal ezh2 ex-
pression pattern. Right panel. Wild type siblings (top) show similar ezh2 expression to ezh2(sa1199) in-
cross embryos (white arrowheads). Heterozygotes (middle) show decreased expression, and ezh2 is 
barely detectable in ezh2(hu5670) mutants (bottom). Scale bar: 500 µm. Numbers indicate the number 
of embryos showing the shown expression pattern per total number of embryos tested. B. Left panel 
shows normal wild type and mutant embryos at 3 and 2 dpf, respectively. The right panel shows 2 
and 3 dpf wild type and mutant embryos, respectively, with yolk sac, heart, and brain edemas (white 
arrowheads) and spinal curvatures (black arrowheads).
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4.4. DISCUSSION

This study aimed to investigate the effects of zygotic loss of ezh2 during zebrafish 
development. Our hypothesis was that zygotic ezh2 mutant zebrafish would deve-
lop defects in tissue maintenance and consequently die at early larval stages. This 
hypothesis was supported by our earlier published research on zygotic ezh2(hu5670) 
mutants [36] and by Dupret and colleagues on the ezh2(ul2) allele [37]. In zygo-
tic ezh2(hu5670) and ezh2(ul2) mutants, larval intestines are underdeveloped and 
cannot be maintained due to the loss of ezh2, followed by lethality around 10-12 
dpf. We speculate that the ezh2(sa1199) stop mutation upstream of the WD-binding 
multimerization domain might cause a (more severe or) earlier phenotype, due 
to the function of the domain in PRC2 complex formation [17,18]. Monitoring the 
development of ezh2(sa1199) mutants, we concluded that there were secondary pro-
blems in the embryos, such as unexplained and a-specific edemas in wild types and 
mutants alike. The renewal of the line by selective breeding, out-crosses with wild 
types, and screening against the a-specific phenotype eliminated these edemas in 
wild type and ezh2 mutant embryos alike. However, following several experiments, 
we did not observe any ezh2 phenotype as seen and reported in published work on 
the maternal zygotic ezh2(hu5670) and zygotic ezh2(ul2) mutant alleles [16,36,37].
 Observations on the ezh2(sa1199) line we first worked with, showed multi-level 
problems regardless of genotype, and most likely caused by background muta-
tions after random ENU mutagenesis. The rate and frequency of mutations upon 
ENU treatment can be highly variable dependent on experimental conditions [51]. 
Edemas in zebrafish have been associated with environmental [52] or morpholi-
no-induced toxicity [53], loss of gene function [54,55], lymphatic system and kidney 
failures [56,57], and they often coincide with tail curvature [58]. We speculate that 
the lethality and edemas observed at 2 dpf relate to background mutations.
 The selectively bred ezh2(sa1199) line, interestingly, survived until adulthood 
with no apparent embryonic or larval phenotype. This observation contrasts with 
published research on the ezh2(sa1199) allele: ezh2(sa1199) mutants showed de-
creased Ezh2 protein and H3K27me1/2/3 levels at 2 dpf, and lethality at 7 dpf [44]. 
Moreover, the loss of ezh2 expression affected the expression of circadian clock 
genes [44]. Our results do not corroborate the abovementioned study, and rather 
matches current observations made by the Wellcome Trust Sanger Institute, which 
indicate no phenotype until 5 dpf for this allele during the preparation of this man-
uscript.
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Figure 3. Selectively out-crossed ezh2(sa1199) survives until adulthood. A. Survival graph of ezh2(-
sa1199). Survival assay was performed with ezh2(sa1199) in-crossed wild type (N=18, blue line) and 
mutant (N=21, orange line) siblings until 46 dpf. Some larval lethality during raising was seen both in 
wild types and mutants. The graph indicates that the survival of homozygous ezh2(sa1199) mutants 
is not significantly different from wild type siblings. B. Pictures of wild type and mutant ezh2(sa1199) 
adult siblings. While wild types have normal jaws (left), adult ezh2(sa1199) mutants (right) display 
an open mouth phenotype (black arrowhead). C. RT-qPCR measurement of ezh1 and ezh2 mRNA in 
ezh2(sa1199) adults. The (decapitated) body of 70 dpf wild type (blue) and mutant (orange) individ-
uals were lysed and the presence of ezh1 and ezh2 mRNA was quantified compared to the reference 
genes ß-actin and ef1a. The ezh1 (p=0.9509) and ezh2 (p=0.1493) mRNA levels were not significantly 
altered in mutants. D. Ezh2 protein in single 70 dpf adults and H3K27me3 in 7 dpf pooled larvae. The 
presence of Ezh2 was tested in wild type (N=3, left) and mutant (N=4, right) bodies at 70 dpf, where 
Ezh2 expression persists (upper panel). At 7 dpf, mutant larvae (right) show 58.2% decreased levels 
of the H3K27me3 mark compared to wild type (left) larvae (lower panel) and relative to Actin loading 
control. For each Western blot, representative bands were cropped from the same blot and shown in 
boxes for clarity of presentation.

Although the ezh2(sa1199) mutants successfully reached adulthood, they manifest-
ed an “open mouth” phenotype. Craniofacial abnormalities can be caused by PcG 
mutations, amongst others [47,48,49]. As these mutants were otherwise seemingly 
healthy adults, we concluded that the ‘open-mouth’ phenotype does not result in 
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altered food intake.
 When we detected abnormal water copper levels (resulting from a placement of 
copper pipes) in the zebrafish system, we evaluated copper as a possible cause for 
craniofacial abnormalities in ezh2(sa1199) mutant adults. Effects of copper exposure 
on zebrafish embryos and adults have been studied by many research groups. In 
adult zebrafish, decreased oxidative capacity in liver and gill are observed upon 
water copper exposure [59]. Importantly, disruption of copper metabolism in ear-
ly development as opposed to overexposure leads to pharyngeal arch deformities 
[60,61]. These findings illustrate the possibility that copper intoxication may have 
resulted in a jaw phenotype in this study. Further, the likelihood that ezh2(sa1199) 
mutants are more sensitive to environmental toxicity than wild types, which could 
be caused by lower H3K27me3 levels at 7 dpf, might explain the mutant-specific 
phenotype seen in this study. 
 Whole mount in-situ hybridization (WISH) for ezh2 in 3 dpf embryos, and RT-qP-
CR on 70 dpf adults show that there is no reduction in ezh2 mRNA levels in ezh2(-
sa1199) mutants. Western blot analysis on 70 dpf mutant adults further indicates 
that Ezh2 protein is translated. These two experiments were done in different ezh2(-
sa1199) lines from different age groups; the WISH experiment at 3 dpf in the line 
with a-specific edemas, the latter 70 dpf experiments in the line which survived un-
til adulthood. We speculate similarities in the transcription and translation patterns 
between these two different generations of the ezh2(sa1199) line. Taken together, the 
results of the two experiments strongly suggest that the R18STOP mutation in the 
ezh2(sa1199) allele does not result in a loss of function mutation, as ezh2 mRNA and 
Ezh2 protein were both present in these ezh2 mutants.
 There could be many reasons for a nonsense mutation to retain mRNA and pro-
tein expression. After transcription, NMD might be bypassed and a full-length 
protein might be translated, which could function just sub-optimally or normally 
[62]. In fact, many nonsense mutations are capable of bypassing NMD, and are 
tolerant to loss of function by presently unknown mechanisms [63-65]. Accumu-
lating evidence suggests that nonsense mutations close to the N-terminus might 
be more likely to bypass NMD; in some cases, translation can be re-initiated at a 
downstream start codon [66,67]. In human cancer cells, NMD efficiency drops to 
35% when the premature termination codon lies in the first 200 nucleotides, as op-
posed to 93% NMD efficiency for more downstream mutations [68]. The R18STOP 
mutation of the ezh2(sa1199) allele is located at Ezh2 N-terminus, which is highly 
conserved amongst vertebrates [16]. This conservation indicates high functionality 
and decreases the likelihood of exon skipping or alternative splicing. Indeed, there 
are no documented zebrafish ezh2 transcript variants which skip the transcription 
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of the first two exons (Ensembl Release 92, April 2018).
 According to our findings, the nonsense mutation in the ezh2(sa1199) allele is 
not in concert with the presence of ezh2 mRNA and Ezh2 protein in these mutant 
zebrafish. This study further emphasizes the importance of taking possible back-
ground and/or linked mutations into account in mutagenesis screens, and their 
correlation with (a-specific) phenotypes. Taken together, the presence of the Ezh2 
mRNA and protein and the lack of a larval phenotype in mutants indicates that the 
ezh2(sa1199) allele is not a suitable model to study loss of ezh2 function in zebrafish.
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4.8. SUPPLEMENTARY FIGURES

Supplementary Figure 1. [Legend on the next page].
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Supplementary Figure 1. A. Fold changes in element concentrations (ppb) in the water system which 
housed ezh2(sa1199) zebrafish. During regular water quality checks, Aluminum (Al), Calcium (Ca), 
Cadmium (Cd), Copper (Cu), Iron (Fe), Potassium (K), Magnesium (Mg), Manganese (Mn), Sodium 
(Na), Phosphorus (P), Sulfur (S), Silicium (Si), and Zinc (Zn) absorptions were measured and ele-
ment concentrations were calculated. The graph shows the ratio of element concentrations between 
erroneous and correct piping. Erroneous piping in the water supply led to 33.46-fold higher than 
normal Copper concentrations. During this time, an open mouth phenotype was observed specifically 
in ezh2(sa1199) mutant adult zebrafish. B. Ezh2 protein in ezh2(sa1199) adults. The presence of Ezh2 
(top panel) and Actin (bottom panel) was tested in wild type (ezh2+/+, N=3, left) and mutant (ezh2sa1199/

sa1199, N=4, right) body, intestine, and head of single fish at 70 dpf. Ezh2 expression persisted only in 
the head of wild types and mutants. Actin protein was used as a loading control. The figure shows the 
complete version of the Western blot analysis depicted in Fig 3D upper panel, and includes additional 
intestinal lysate samples which have autolyzed, and head samples which do not show Ezh2 expres-
sion. C. Western blot analysis in 7 dpf wild type (ezh2+/+) and mutant (ezh2sa1199/sa1199) larvae depicting 
the presence of the H3K27me3 mark (upper panel). In mutants, there is a 58.2% decrease in H3K27me3 
levels, normalized against loading control Actin (lower panel). The figure shows the complete version 
of the Western blot analysis depicted in Fig 3D lower panel (10 µl, right), with an additional dilution 
(5 µl, left). D. Western blot analysis of Ezh2 and Actin in 24 hours-post fertilization (hpf) wild type 
(ezh2+/+, N=2) and maternal-zygotic ezh2 mutant (MZezh2-/-, N=2) embryos [16,50], depicting that the 
antibody used in Fig3D and Supplementary Figure 1B is able to detect the loss of the Ezh2 protein in 
true nonsense mutant models.

Supplementary Table 1. RT-qPCR primers used for the analysis of relative ezh1 and ezh2 expres-

sion in 70 dpf wild type and ezh2(sa1199) mutant siblings.

Primers Primer sequences (5’ to 3’)

RT-qPCR ezh1, forward AGGAAGCGTCTAGTGAGGTCT

RT-qPCR ezh1, reverse ACGGCGATTTGACTGGAACA

RT-qPCR ezh2, forward AAATCGGAGAAGGGTCCTGT

RT-qPCR ezh2, reverse TCTGTTGGAGCTGAACATGC

RT-qPCR ef1a, forward TTGAGAAGAAAATCGGTGGTGCTG

RT-qPCR ef1a, reverse GGAACGGTGTGATTGAGGGAAATTC

RT-qPCR b-actin, forward CGAGCAGGAGATGGGAAC

RT-qPCR b-actin, reverse CAACGGAAACGCTCATTGC
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ABSTRACT

Polycomb group (PcG) proteins are transcriptional repressors of numerous genes, 
many of which regulate cell cycle progression or developmental processes. We 
used zebrafish to study Enhancer of zeste homolog 2 (Ezh2), the PcG protein re-
sponsible for placing the transcriptional repressive H3K27me3 mark. We identi-
fied a nonsense mutant of ezh2 and generated maternal zygotic (MZ) ezh2 mutant 
embryos. In contrast to knockout mice for PcG proteins, MZezh2 mutant embryos 
gastrulate seemingly normal, but die around 2 days post fertilization displaying 
pleiotropic phenotypes. Expression analyses indicated that genes important for 
early development are not turned off properly, revealing a regulatory role for 
Ezh2 during zygotic gene expression. In addition, we suggest that Ezh2 regulates 
maternal mRNA loading of zygotes. Analyses of tissues arising later in develop-
ment, such as heart, liver, and pancreas, indicated that Ezh2 is required for main-
tenance of differentiated cell fates. Our data imply that the primary role of Ezh2 is 
to maintain tissues after tissue specification. Furthermore, our work indicates that 
Ezh2 is essential to sustain tissue integrity and to set up proper maternal mRNA 
contribution, and presents a novel and powerful tool to study how PcG proteins 
contribute to early vertebrate development.
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5.1. INTRODUCTION

Early development of multi-cellular organisms is a highly dynamic process requir-
ing an exquisite and tight control over establishment and maintenance of cellu-
lar identity. Deregulation of these processes can lead to malformations or disease. 
Hence, a proper understanding of both cellular differentiation and maintenance of 
cell fate is relevant in many different settings.
 To enable proper cellular specification, expression profiles have to become spa-
tially and temporally restricted during development. Because every cell in theory 
has the same DNA content gene expression has to be determined at a higher order 
of regulation. This is in part achieved by chromatin: the complex of DNA wrapped 
around an octamer of histones plus associated proteins. The histone-octamer con-
tains histones H2A, H2B, H3, and H4, which can be post-translationally modified 
[1]. In addition, DNA itself can be modified by methylation [2]. The combination 
of modifications, sometimes also referred to as the epigenome, is thought to deter-
mine the accessibility and transcriptional activity of DNA.
 One of the protein complexes affecting chromatin modifications is the well-con-
served Polycomb group (PcG) complex that was first identified in Drosophila. 
PcG proteins repress gene expression by depositing repressive histone marks, 
H3K27me3 and H2AK119Ub [3]. Well-known targets of PcG proteins are Hox 
genes [4]. Pioneering work established that PcG proteins are essential for proper 
patterning during early embryogenesis. In addition, it is proposed that PcG pro-
teins are essential to balance pluripotency and differentiation potential of stem 
cells [5-8]. Besides a role in early embryogenesis, PcG proteins are important for 
tissue-specific development [9-12].
 PcG proteins are basically found in two complexes, Polycomb Repressive Com-
plex 1 (PRC1) and PRC2. PRC2 contains Enhancer of Zeste Homolog 2 or 1 (EZH2/
EZH1), Embryonic Ectoderm Development (EED), and Suppressor of Zeste 12 
(SUZ12). In the canonical Polycomb pathway PRC2 is recruited to chromatin before 
PRC1. EZH2 has a catalytically active SET domain that places the repressive H3K-
27me3 mark. EZH1 also has methyltransferase activity, although less than EZH2 
[13], and is postulated to complement the function of EZH2 [14]. In addition, EZH2 
is thought to act during proliferation, whereas EZH1 operates more in differenti-
ated cells [15]. Following H3K27 tri-methylation, PRC1 is recruited, allowing the 
PRC1 component RING1 to ubiquitylate lysine 119 of histone H2A, stabilizing the 
repressive mark [3]. However, recent studies implicate that PRC1 is also active in 
the absence of PRC2 [16]. In addition, it was shown that PRC1 can promote H3K27 
methylation via a positive feedback loop [17].
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Figure 1. The Polycomb group protein Ezh2 is conserved in zebrafish and ezh2 mRNA is mater-
nally provided in zebrafish embryos. (a) Schematic representation of Ezh2 orthologs in zebrafish, 
human, mouse, and Drosophila. Detailed alignments (Supplementary Fig. S1) show high conservation 
between the different species. This is 85% and 86% between zebrafish and human and mouse, respec-
tively. Black boxes indicate the location of the SET domain. Grey boxes indicate the location of the 
WD domain. (b) In situ hybridization for ezh2 at 2 cells, 30% epiboly, 1, 2, and 3 dpf. ezh2 mRNA is 
maternally provided and at 2 and 3 dpf it is expressed in the pectoral fins, gut, tectum, eye, mid-hind-

brain region, and the branchial arches (arrow heads). Scale bar is 200 µm.

Most PcG mouse mutants display pre-gastrulation embryonic lethality [5,18,19]. 
In mice, both homologs of RING1, Ring1 and Rnf2, are essential for development 
of primordial germ cells. During oogenesis Ring1 and Rnf2 serve redundant tran-
scriptional functions, which are essential for proper zygotic genome activation 
(ZGA). Mutant embryos fail to activate gene transcription and loss of Ring1 and 
Rnf2 has an effect on development-associated genes [20,21].
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Although it is clear from published work that PcG proteins are involved in con-
served processes that are essential for organismal functioning, many critical ques-
tions remain unanswered. For instance, it is not known what their role is during 
early development of a vertebrate system, a question that can be well addressed in 
zebrafish. PcG proteins are conserved in zebrafish as well as their accompanying 
epigenetic marks. Before ZGA, which starts around mid-blastula transition (MBT, 
3.3 hours post fertilization) and is accompanied by degradation of maternal tran-
scripts [22-25], levels of H3K4me3 (a mark associated with active gene transcrip-
tion) and H3K27me3 are low. From MBT onwards, the number of genes harboring 
H3K4me3 increases, which is followed by an increase of RNA Polymerase II oc-
cupancy. At the same time the number of genes marked with H3K27me3 slowly 
increases, suggesting a balance between gene activation and gene repression [25-
27]. This also implies that H3K4me3 and H3K27me3 are important during early 
embryonic development, presumably for cell fate specification or maintenance. A 
hint for this comes from rnf2 mutant zebrafish embryos that die around 4–5 days 
post fertilization (dpf), a time at which organogenesis is normally completed, 
displaying defects in pectoral fin development [28].  
 In this study we generated maternal zygotic mutants for ezh2 to determine the 
role of Ezh2 during embryonic development. This unique model system makes it 
possible to obtain detailed information about the function of Ezh2 during early 
development. Our data show that Ezh2 is dispensable for gastrulation and tis-
sue specification in zebrafish, despite major overall changes in gene expression, a 
finding that contrasts phenotypes observed in mice. Furthermore, our data indi-
cate that Ezh2 is required for tissue maintenance in at least three different organs.
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Figure 2. Maternal zygotic ezh2 mutant embryos lack Ezh2 and H3K27me3, and show aberrant hox, 
pax, and shh gene expression. [Legend on the next page].
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Figure 2. Maternal zygotic ezh2 mutant embryos lack Ezh2 and H3K27me3, and show aberrant 
hox, pax, and shh gene expression. (a) Schematic representation of germline transplantation at 
sphere stage to obtain germline mutant zebrafish. The progeny are maternal zygotic ezh2 mutant 
embryos(MZezh2hu5670/hu5670).  (b) In situ hybridization for ezh2 mRNA shows maternal contribution 
of ezh2 as well as zygotic expression in wildtype embryos. Maternal contribution of ezh2 is lost (3 
hpf) in MZezh2hu5670/+ and MZezh2hu5670/hu5670 embryos. Zygotic ezh2 expression (30% epiboly) is also 
lost in MZezh2hu5670/hu5670. Scale bar is 200 µm. (c) Immunostaining for Ezh2 in wildtype and MZe-
zh2hu5670/hu5670 embryos at 1 dpf. Ezh2 shows representative nuclear localization in the forebrain of 
wildtype embryos and is lost in MZezh2hu5670/hu5670 embryos. Scale bar is 10 µm. (d) Immunostaining 
for H3K27me3 in wildtype and MZezh2hu5670/hu5670 embryos at 1 dpf. H3K27me3 shows representative 
nuclear localization in the tail of wildtype embryos and is lost in MZezh2hu5670/hu5670 embryos. Scale 
bar is 10 µm. (e) In situ hybridization for hoxa9b, pax2, and shh mRNA in MZezh2hu5670/+ and MZezh-
2hu5670/hu5670 embryos at 1 and 2 dpf. In MZezh2hu5670/+ embryos a clear boundary of hoxa9b expression 
is visible (arrow head) as well as expression in the pectoral fin buds (arrows). Expression is shifted 
to anterior in MZezh2hu5670/hu5670 embryos (arrow head). The expression pattern of hoxa9b in MZezh-
2hu5670/+ resembles that of wildtype embryos54. Scale bar is 200 µm. In MZezh2hu5670/+ embryos expres-
sion of pax2 is normal and amongst others restricted to the optic stalk, mid-hindbrain boundary, 
and the spinal cord neurons32. Expression in the optic stalk is spread throughout the eye in MZezh-
2hu5670/hu5670 embryos. Expression of shh is comparable to wildtype embryos in MZezh2hu5670/+ embryos 
at 1 and 2 dpf31. In MZezh2hu5670/hu5670 embryos, expression of shh is outside the regular boundaries 
in the head region (arrow head) at 1 dpf and is still present at 2 dpf in the notochord, in contrast 
to MZezh2hu5670/+ embryos (arrow head). Scale bar is 500 µm. The numbers indicate the number of 
embryos with the displayed phenotype compared to the total number of embryos analyzed.

5.2. RESULTS

5.2.1. Ezh2 is conserved in zebrafish.
The Polycomb group protein Ezh2 is conserved between many species (Fig. 1a and 
Supplementary Fig. S1). In vertebrates, Ezh2 has a WD repeat domain at the N-ter-
minus, which is implicated in binding Eed and Suz12 (Fig. 1a). In addition, the pro-
tein contains a SET domain at the C-terminus, which has histone methyltransferase 
activity. In contrast to the WD repeat domain, the SET domain is also present in 
invertebrate species.
 When analyzing the mRNA expression profile of ezh2 in zebrafish we found that 
ezh2 mRNA is maternally loaded into the embryo, as we can detect it already at the 
two-cell stage (Fig. 1b), however Ezh2 protein does not seem to be maternally pro-
vided and is only visible after zygotic genome activation (Supplementary Fig. S2). 
During further early stages of development ezh2 mRNA is expressed ubiquitously, 
but becomes more restricted later during development. At 3 dpf ezh2 expression is 
restricted to the tectum, mid-hindbrain region, eyes, branchial arches, and gut (Fig. 
1b).
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5.2.2. Generation of maternal zygotic ezh2 mutants.
From an ENU-mutagenized library, a pre-mature stop mutation in ezh2 (hu5670) 
was identified (Supplementary Fig. S1) [29]. As shown in Fig. 1b, ezh2 mRNA is 
maternally provided. To study the effect of a complete loss of Ezh2 function on ear-
ly development, we additionally eliminated the maternally provided ezh2 mRNA. 
In zebrafish, this can be achieved through germ cell transplantations (Fig. 2a) [30]. 
Surprisingly, we were able to generate fertile males and females carrying ezh2 mu-
tant germ cells. In situ hybridization for ezh2 showed that maternal contribution as 
well as zygotic expression of ezh2 was indeed lost in maternal zygotic ezh2 (MZe-
zh2) mutants (Fig. 2b). In heterozygous siblings maternal transcripts are also ab-
sent, while zygotic expression of ezh2 mRNA is present at around 50% epiboly (Fig. 
2b). We subsequently investigated the presence of Ezh2 and H3K27me3 by immu-
nohistochemistry. At 1 dpf Ezh2 and H3K27me3 are clearly detectable in wildtype 
embryos, while both are undetectable in MZezh2 mutants (Fig. 2c,d). Together these 
data indicate that ezh2(hu5670) is a strong loss of function allele.
 Since hox, pax, and shh genes are well-known targets of PcG proteins, we investi-
gated whether these transcripts were differentially expressed in MZezh2 mutants. 
Indeed, the clear boundary of hoxa9b expression is shifted anteriorly in MZezh2 
mutant embryos at 1 dpf (Fig. 2e, Supplementary Fig. S2). In addition, expression 
of pax2 was no longer restricted to the optic stalk, but was present in the entire eye. 
Expression of shh was also observed outside the regular boundaries of expression at 
1 dpf. At 2 dpf dpf shh expression was prolonged and still visible in the notochord 
in MZezh2 mutants, while this is not observed in heterozygous siblings. Interes-
tingly, zebrafish embryos that lack maternal ezh2, but do express zygotic ezh2, dis-
play normal spatiotemporal expression patterns for hoxa9b, pax2, and shh (Fig. 2e) 
[28,31,32], indicating that zygotic ezh2 expression can rescue the loss of maternal 
ezh2 during embryonic patterning. Consistent with this, animals lacking only ma-
ternally provided ezh2 are viable and fertile (data not shown).
 MZezh2 mutant embryos complete gastrulation and appear to have a normal gross 
body plan at 1 dpf (Fig. 3a). However, these embryos seem to lack a clear mid-hind-
brain boundary, even though pax2 expression is present at this region (Fig 2e). At 2 
dpf MZezh2 mutant embryos display a pleiotropic phenotype, including small eyes, 
accumulation of blood near the yolk extension, a stringy heart, heart edema, and 
absence of pectoral fins (Fig. 3a). To determine whether these phenotypes are caused 
by the loss of ezh2, ezh2 mRNA was injected into one-cell-stage MZezh2 mutants and 
heterozygous siblings. At 2 dpf, ezh2 mRNA-injected MZezh2 mutants were pheno-
typically indistinguishable from the heterozygous siblings, evidenced by normally 
sized eyes and normal circulation of the blood (Fig. 3b). This indicates that the ob-
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served pleiotropic phenotype is a specific result from the loss of ezh2.
 Since Ezh1 could potentially take over part of the function of Ezh2, we addressed 
the expression of ezh1. Until 1 dpf we could not detect ezh1 by qPCR in MZezh2 
mutants and wildtype control embryos (Fig. 3c), indicating that during the first 24 
hours of development, MZezh2 mutants most likely lack all H3K27 trimethylation 
activity.

Figure 3. Maternal zygotic ezh2 mutants form a normal body plan and display a pleiotropic pheno-
type at 2 dpf. [Legend on the next page].
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Figure 3. Maternal zygotic ezh2 mutants form a normal body plan and display a pleiotropic pheno-
type at 2 dpf. (a) MZezh2hu5670/hu5670 appear relatively normal at 1 dpf, although a clear mid-hindbrain 
boundary appears to be absent (arrow head). They display a pleiotropic phenotype at 2 dpf, having 
small eyes, a stringy heart, and blood accumulation (arrow heads). MZezh2hu5670/+ show normal devel-
opment. (b) The pleiotropic phenotypes of MZezh2hu5670/hu5670 can be rescued by injection of full-length 
ezh2 mRNA (300 pg). The numbers indicate the number of embryos with the displayed phenotype 
compared to the total number of embryos injected in two experiments. (c) Expression analysis of ezh1 
and ezh2 in wildtype and MZezh2hu5670/hu5670 embryos at 0 hpf, 3.3 hpf, and 1 dpf. Expression of 
ezh1 is not detectable in MZezh2hu5670/hu5670 embryos and wildtype embryos at 0 hpf, 3.3 hpf, and 
1 dpf. ezh1 is expressed in wildtype control embryos at 5 dpf. ezh2 is expressed in wildtype embryos 
at 0 hpf, 3.3 hpf, 1 dpf, and 5 dpf, showing a decrease in expression over time. ezh2 expression cannot 
be detected in MZezh2hu5670/hu5670 embryos. Relative expression was calculated based on expres-
sion of housekeeping genes β-actin and ef1α. Error bars represent standard deviation. n.d. is not done. 
(d) In situ hybridization for eng1 (muscle pioneer marker) and myoD (somite marker) at 1 dpf in 
MZezh2hu5670/hu5670 embryos and MZezh2hu5670/+. Both eng1 and myoD are normally expressed 
in MZezh2hu5670/hu5670 and MZezh2hu5670/+. Scale bar is 500 µm. (e) In situ hybridization for ntl at 
1 dpf shows no difference in spatiotemporal expression between MZezh2hu5670/hu5670 embryos and 
the heterozygous siblings. At 2 dpf in situ hybridization for ntl showed expression in the notochord of 
MZezh2hu5670/hu5670 embryos, whereas this is not visible in MZezh2hu5670/+ (arrow head). In situ 
hybridization for krox20 at 1 dpf showed normal expression in MZezh2hu5670/+, but reduced expres-
sion in rhombomeres 3 and 5 in MZezh2hu5670/hu5670 embryos (arrow heads). Scale bar is 500 µm 
for lateral views and 250 µm for dorsal view of krox20 expression. The numbers indicate the number 
of embryos with the displayed phenotype compared to the total number of embryos analyzed.

To gain information about developmental processes in the MZezh2 mutants, we 
performed spatiotemporal expression analyses for eng1 (muscle pioneer marker), 
myoD (myogenic differentiation marker), ntl (mesodermal marker), and krox20 
(neural marker). eng1, myoD, and ntl all show expression patterns comparable to 
expression in heterozygous sibling and wildtype embryos at 1 dpf (Fig. 3d,e, Sup-
plementary Fig. S2) [33], indicating that muscle tissue is formed and can differen-
tiate in MZezh2 mutants. However, like for shh we observed sustained expression 
of ntl in the notochord of MZezh2 mutant embryos at 2 dpf (Fig. 3e), which was not 
observed in heterozygous siblings and wildtype embryos (Fig. 3e, Supplementary 
Fig. S2). In addition, expression of krox20 appeared to be less prominent in both 
rhombomere 3 and 5 in MZezh2 mutant embryos compared to heterozygous sib-
lings and wildtype embryos (Fig. 3e, Supplementary Fig. S2).
 These data surprisingly demonstrate that various cellular lineages are properly 
specified in absence of Ezh2 activity. Interestingly, soon after the body plan has 
been established, Ezh2 is required for further differentiation of cells in different 
tissues.
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Figure 4. Gene expression analysis of maternal zygotic ezh2 mutants. [Legend on the next page].
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Figure 4. Gene expression analysis of maternal zygotic ezh2 mutants. (a) Schematic overview of 
samples that were used for microarrays and the subsequent workflow. (b) Boxplots of gene expression 
levels (log2) for genes in cluster 1A–6A, comparing genes that are significantly differently expressed 
between wildtype versus MZezh2hu5670/hu5670 embryos at 0 hpf and 3.3 hpf. In comparison, expression 
level (log2) of housekeeping genes actb, eef1a1, and tuba is between 7.3 and 9.3. The mean expression 
(log2) of the array is between 9.5 and 10.1.  (c) DAVID analysis on genes differently expressed between 
MZezh2 hu5670/hu5670 and wildtype embryos at 0 hpf and 3.3 hpf. The fold enrichment of different terms is 
shown for the different clusters shown in Fig. 4b (Bonferroni corrected p-value  < 0.1). (d) Bandplots of 
H3K27me3 ChIP-sequencing showing presence of H3K27me3 at genes that are significantly (> 2-fold, 
p < 0.01) up- or downregulated in MZezh2hu5670/hu5670 versus wildtype embryos at 0 hpf. The graphs 
show transcription start site ± 20 kb. The left panel shows the intensity distribution of the H3K27me3 
peaks in wildtype embryos at 24 hpf. The mean of the median is depicted as a black line, 50% is red, 
and 90% is pink. (e) Bandplots like in Fig. 4d for genes that are significantly up- or downregulated 
in MZezh2 mutant versus wildtype embryos at 3.3 hpf. (f) Boxplots of gene expression levels (log2) 
for genes in cluster 1B–6B (Supplementary Fig. S4), comparing genes that are significantly differently 
expressed between 0 hpf versus 3.3 hpf in wildtype and MZezh2hu5670/hu5670 embryos. (g) DAVID analysis 
on genes differently expressed between 3.3 hpf and 0 hpf in MZezh2hu5670/hu5670 and wildtype embryos. 
The fold enrichment of different terms is shown for the different clusters shown in Fig. 4f (Bonferroni 
corrected p-value < 0.1).

5.2.3. Ezh2 affects the load of maternal mRNA in zygotes.
The above results clearly demonstrate that ezh2 is maternally provided and indicate 
that it has profound effects on zebrafish development, even though MZezh2 mutant 
embryos survive gastrulation and are able to develop a grossly normal body plan. 
Given that ZGA occurs around MBT, maternally provided ezh2 may affect gene ex-
pression during the first hours of development or in the oocyte, while resulting in 
detectable phenotypes much later.
 To address this we analyzed gene expression in wildtype and MZezh2 mutant 
embryos at 0 hpf (zygote) and 3.3 hpf (MBT) using an Agilent 4 × 44K array (Fig. 
4a). We identified pronounced differences in gene expression between wildtype 
and MZezh2 mutant zygotes already at 0 and 3.3 hpf (Fig. 4b). Overall, 654 genes 
are >2-fold higher expressed in MZezh2 mutants versus wildtype and 627 genes 
are >2-fold lower expressed (Fig. 4b, p < 0.01) at 0 hpf. In addition, 625 genes are 
upregulated and 206 downregulated in MZezh2 mutants versus wildtype at 3.3 hpf 
(>2-fold, p < 0.01, Fig. 4b). The differentially expressed genes were divided into 6 
clusters using pam with the Euclidean distance metric (Fig. 4b). Clusters 1A and 
4A–6A contain genes that are upregulated in MZezh2 mutant embryos compared to 
wildtype embryos at 0 hpf and 3.3 hpf. (Fig. 4b, Supplementary Fig. S3). To identify 
enriched biological themes (particularly GO terms) among these genes, we per-
formed DAVID analysis. We identified significant enriched gene functions in clus-
ter 1A, 3A, 5A, and 6A. This analysis indicated that genes upregulated in MZezh2 
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mutants compared to wildtype (cluster 1A, 5A, and 6A) are overrepresented for 
developmental gene functions (Fig. 4c), including previously described Ezh2 tar-
gets like hox, pax, and tbx (Supplementary Table S1). Genes that are downregulated 
in MZezh2 mutants compared to wildtype embryos (cluster 3A) are enriched for 
biological themes including organelle lumen, nucleolus, and isomerase.
 Since a clear myocardial phenotype in the MZezh2 mutants was observed, the ex-
pression of myocardial genes was analyzed in more detail. At both 0 hpf and 3.3 hpf 
we detected a tendency for myocardial markers to be higher expressed in MZezh2 
mutant embryos compared to wildtype embryos (Supplementary Fig. S4).
 To determine whether the differentially regulated genes in MZezh2 mutants are 
indeed enriched for Ezh2 targets, we compared the genes that are up- and down-
regulated between MZezh2 mutant and wildtype embryos at 0 hpf and 3.3 hpf with 
previously published ChIP-sequencing data for H3K27me3 at 24 hpf 34. We ob-
served that the genes that are upregulated in MZezh2 mutants at 0 hpf and 3.3 hpf 
are enriched for H3K27me3 peaks under normal conditions (Fig. 4d,e), while such 
enrichment is not seen for downregulated genes. This suggests that upregulation 
is due to direct effect of loss of Ezh2 activity and that downregulation most likely 
stems from indirect effects.
 We hypothesize that ezh2 is involved in placing epigenetic signatures during oogen-
esis that in turn are translated into the establishment of a proper maternal mRNA load 
of the zygote. This includes mRNAs that do not have a clear role within the oocyte 
itself, but only function after fertilization, and emphasizes the importance of ezh2 in 
transmitting epigenetic information through the transmission of maternal mRNAs.

5.2.4. Ezh2 affects gene expression during early embryonic development.
In order to determine how gene expression is regulated over time, we continued 
to assess how gene expression changes between 0 hpf and 3.3 hpf, and how this is 
affected in MZezh2 mutant embryos (Fig. 4f, Supplementary Fig. S3). Overall, the 
changes in gene expression seem to follow the same pattern from 0 hpf to 3.3 hpf in 
both wildtype and MZezh2 mutant embryos. However, a proportion of transcripts 
in cluster 1B are downregulated over time in wildtype embryos but not in MZezh2 
mutant embryos. In addition, transcripts in cluster 2B show little change in ex-
pression in wildtype embryos between 0 hpf and 3.3 hpf, while they become more 
abundant at 3.3 hpf compared to 0 hpf in MZezh2 mutants (Fig. 4f, Supplementary 
Fig. S3). This suggests that expression of genes in clusters 1B and 2B is normally 
controlled in a temporal manner by Ezh2. Furthermore, genes in cluster 3B and 6B 
are upregulated in both wildtype and MZezh2 mutants from 0 hpf to 3.3 hpf, but the 
difference in expression is larger in MZezh2 mutants.
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We performed DAVID analysis on these genes to identify enriched biological themes 
on genes that are differently expressed between 0 hpf and 3.3 hpf in wildtype and 
MZezh2 mutants (Fig. 4g). We only identified significantly enriched gene functions in 
cluster 3B and 6B (Fig. 4g). As indicated above, both clusters are more upregulated in 
MZezh2 mutants compared to wildtype embryos at 3.3 hpf and are therefore poten-
tial targets of Ezh2. Genes in these clusters are involved in nucleolus, nuclear lumen, 
non-membrane bounded organelle, transcription factor activity, sequence-specific 
binding, and also include homeobox genes (Supplementary Table S2).
 Together, these analyses reveal that Ezh2 not only dictates the maternal load of 
mRNAs, but also affects the transcription of genes during early embryonic devel-
opment.

5.2.5. Expression of myocardial markers in MZezh2 mutants.
Next, we aimed to better understand the origin of the pleiotropic defects observed 
in MZezh2 embryos. Since MZezh2 mutants develop a ‘stringy-heart’, which was 
one of the most pronounced phenotypes, cardiac development was studied in more 
detail. To gain knowledge about the specification and differentiation of various 
cardiac lineages, in situ hybridization for different cardiac markers was performed 
(Fig. 5a–c). Morphologically, the heart fails to undergo cardiac looping resulting in 
a straight heart tube at 2 dpf in MZezh2 mutant embryos (Fig. 5a, Supplementary 
Fig. S5). Expression analysis for vmhc revealed a smaller ventricle in MZezh2 mu-
tants compared to heterozygous siblings at 1.5 dpf (Fig. 5b). Next to vmhc, we ana-
lyzed expression of hand2 (early marker), myh6 (atrial marker), nppa (late marker), 
and nfat-c1 (endocardial marker) and showed that these markers are all expressed 
in the MZezh2 mutant (Fig 5a).
 To continue the analyses, we studied expression of nkx2.5, a homeodomain tran-
scription factor and an early myocardial marker. This marker is readily expressed 
starting at the 12-somite stage in wildtype embryos, but the area of nkx2.5 expres-
sion seems to be smaller in the MZezh2 mutant at this stage (Fig. 5b). Also later 
during development we observed a smaller region of nkx2.5 expressing cells in 
MZezh2 mutants (Fig. 5b). Interestingly, the posterior group of nkx2.5 positive cells, 
the pharyngeal arch artery progenitors [35,36], is absent in MZezh2 mutants at 1 
and 1.5 dpf (Fig. 5a). We conclude from these experiments that, while cardiac cell 
numbers may be affected in MZezh2 mutants, general differentiation markers for 
different compartments of the heart tube are grossly expressed normally.
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Figure 5. Myocardial development is affected in MZezh2 embryos. [Legend on the next page].
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Figure 5. Myocardial development is affected in MZezh2 embryos. (a) In situ hybridization for differ-
ent heart markers in MZezh2hu5670/+ and MZezh2hu5670/hu5670 at various time points of development. hand2 
is an early myocardial marker. myh6 is a marker for atrial cells. vmhc is a marker for ventricular cells. 
nppa is a late myocardial marker. nfat-c1 is an endocardial marker. All these markers are expressed 
in MZezh2hu5670/hu5670, although vmhc, nppa, and nfat-c1 expression show a smaller number of positive 
cells. (b) In situ hybridization for nkx2.5 at different time points after fertilization in MZezh2hu5670/+ and 
MZezh2hu5670/hu5670 embryos. Arrow heads point to cells of the pharyngeal arch artery progenitors. This 
is absent in MZezh2hu5670/hu5670. (c) In situ hybridization for has2 and fgf24 at 2 dpf in MZezh2hu5670/hu5670 
and their heterozygous siblings. In MZezh2hu5670/+ expression is restricted to the heart (arrow heads), 
whereas in the MZezh2hu5670/hu5670 embryos expression is visible in the area surrounding the heart tube 
(encircled by dashed line). For fgf24 this is also shown from a lateral view (arrow heads). Scale bar is 
200 µm. The numbers indicate the number of embryos with the displayed phenotype compared to the 

total number of embryos analyzed.

Even though we observed that the above-mentioned myocardial markers are ex-
pressed grossly normally, this is not valid for all markers. To start with, the de-
velopmental and atrioventricular canal marker has2 is normally and specifically 
expressed in the heterozygous siblings at 2 dpf. In contrast, in MZezh2 mutant em-
bryos we observe ectopic expression of has2 (Fig. 5c). The same observation was 
made for fgf24 (Fig. 5c). This gene is downstream of tbx5, a transcription factor 
essential for heart and limb formation [37,38] and fgf24 was upregulated in our ex-
pression study (Supplementary Table S1). Whereas fgf24 expression is spatially re-
stricted in heterozygous siblings, a broad ring of expression around the heart tube 
was observed in MZezh2 mutant embryos (Fig. 5c). Similar results were obtained 
when performing expression analysis for myocardial markers myl7 and mef2cb at 
2 dpf (Supplementary Fig. S5). Overall, these results suggest that myocardial cells 
are specified, but seem to get dispersed over an area around the regular heart tube 
over time.

5.2.6. MZezh2 mutants display a loss of myocardial tissue integrity.
To further investigate the morphogenetic changes that establish the heart tube over 
time we performed a time course of in situ hybridization analysis for myl7 (Fig. 
6a). At the 12-somite stage, myocardial precursors are present in MZezh2 mutants, 
even though their location and number appears to be slightly affected as shown by 
nkx2.5 and hand2 expression analysis (Fig. 5a,b). At 1 dpf the heart of heterozygous 
siblings starts to jog to the left, like in wildtype embryos, while the heart of MZezh2 
mutants frequently remains straight (Supplementary Fig. S5). Despite the lack of 
jogging, a heart tube is still formed (Fig. 6a,b). At 1.5 dpf the heart of heterozygous 
siblings starts to undergo cardiac looping (Fig. 6a). This bending of the heart tube 
did not occur in MZezh2 mutant embryos (Fig. 6a). Remarkably, at this stage myl7 
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expressing cells are visible outside the heart tube and the heart appears to be small-
er in size in MZezh2 mutants (Fig. 6a). At 2 dpf only a small tube of myl7 expressing 
cells remains in MZezh2 mutants.
 We next determined whether the extra-cardiac myl7 positive cells we observed 
around 1.5 dpf represent cells that are derived from the original heart or they are 
non-heart-related cells that aberrantly start to express myl7. We performed time-
lapse imaging on 1 to 2 dpf MZezh2 mutants and heterozygous siblings carrying a 
Tg(myl7::GFP) transgene (Fig. 6b, Supplementary Movie S1,2 []). We observed that 
at around 33–34 hpf, GFP positive cells detach and move away from the heart tube. 
These detaching cells appear to be derived from both the ventricle and the atrium 
(Fig. 6b). These results indicate that the extra-cardial cells are lost from the origi-
nally formed heart. They also suggest that a loss of cardiac integrity underlies the 
reduction of the size of the heart tube, and that Ezh2 is required to regulate genes 
that maintain structural integrity of the cardiac tube.
 A loss of cell adhesion may cause the loss of cells from the heart, as it is known 
that in fn morphants cardiac progenitors fail to form the cardiac disc, which results 
in two heart fields [39]. In addition, in mice it was shown that Ezh2 represses reg-
ulators of extracellular matrix remodeling in endothelial cells [40]. To address this, 
expression of dm-GRASP, a cell-surface adhesion molecule of the immunoglobulin 
superfamily [41], was assessed. Immunostaining for dm-GRASP showed expres-
sion of this marker in the hearts of MZezh2 mutants, indicating that cell adhesion 
is not affected in MZezh2 mutants (Supplementary Fig. S5). In addition, we did not 
observe a difference in apoptosis between MZezh2 mutant embryos compared to 
heterozygous siblings (Supplementary Fig. S5).
 Finally, to gain insight into the identity and differentiation status of the cells that 
detach from the heart, we combined in situ hybridization for nkx2.5 with immunos-
taining for GFP in a Tg(myl7::GFP) background on 1, 1.5, and 2 day old embryos. 
At 1 dpf there are no major differences between heterozygous siblings and MZe-
zh2 mutant embryos (Supplementary Fig. S5). Remarkably, at 1.5 dpf the expres-
sion of nkx2.5 is partially lacking in MZezh2 mutants, whereas it is expressed in 
heterozygous siblings (Supplementary Fig. S5). The cells of MZezh2 mutants that 
lack expression of nkx2.5 do express GFP. At 2 dpf, the cells of the heart tubes of 
both MZezh2 mutants as well as heterozygous siblings are GFP (Myl7) positive but 
nkx2.5 negative. However, the cells that are detached from the heart tube in MZezh2 
mutants are both GFP (Myl7) and nkx2.5 positive (Fig. 6c). Even though GFP has 
a half-life of 26 hours, meaning that GFP-positive cells do not necessarily express 
GFP at the RNA level, this result strongly suggests that in total absence of Ezh2, 
myocardial cells fail to silence nkx2.5. In addition, we also combined immunostain-
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ing for GFP with in situ hybridization for nppa, a late myocardial differentiation 
marker. Next to observing a smaller heart tube at 2 dpf in MZezh2 mutants (Fig 5a), 
we observed a partial loss of nppa expression in MZezh2 mutants, whereas it was 
expressed throughout the heart in heterozygous siblings (Fig. 6d). This suggests 
a defect in terminal differentiation of MZezh2 mutant myocardial cells, possibly 
related to the observed problems in properly repressing nkx2.5. We conclude that 
myocardial cells in MZezh2 mutants likely have problems to maintain cardiac dif-
ferentiation and that this may lead to the structural instability of the heart.

5.2.7. Loss of ezh2 affects terminal differentiation of the liver and pancreas.
To address whether this loss of tissue integrity and defects in terminal differentia-
tion is specific for the heart we also addressed cell differentiation in other tissues. 
For this we chose the gastrointestinal tract and the associated organs. Expression 
analysis for gata6, an early endoderm marker, showed normal expression at 1 dpf 
in MZezh2 mutants. The gut of MZezh2 mutants is straight at 2 dpf based on gata6 
expression, whereas it has looped in heterozygous siblings (Fig. 6e). Interestingly, 
expression of foxa3, a definite marker of endoderm, showed incorrect looping or a 
bilateral gastrointestinal tract in MZezh2 mutants (Fig. 6e). Finally, in situ hybrid-
ization for the terminal differentiation markers for liver and the exocrine pancreas, 
fabp10 and try respectively, revealed a loss of expression suggesting that formation 
of these organs is delayed or abrogated in MZezh2 mutant embryos (Fig. 6e). These 
results indicate that the gastrointestinal tract, including the liver and pancreas, is 
formed initially in MZezh2 mutant embryos, but fails to terminally differentiate. 
Thus, problems in terminal differentiation in MZezh2 mutants are not heart-specif-
ic, but different organs derived from different germ layers are affected.

5.3. DISCUSSION

The function of Ezh2 during development has been intensely studied using differ-
ent model systems, including mouse and Drosophila. Despite these studies, many 
open questions remain regarding the developmental roles of Ezh2. Our study sheds 
new light on the requirement of Ezh2 during early vertebrate development. Most 
importantly, our results indicate that the basic vertebrate body plan can be estab-
lished without Ezh2, but that Ezh2 is essential for the maintenance of a wide range 
of tissues, possibly by playing a role in terminal differentiation. In the following 
sections we will discuss possible scenarios regarding the roles of Ezh2 during ver-
tebrate development.
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5.3.1. Function of Ezh2 in germ cells.
Our results demonstrate a clear function for ezh2 during embryonic development. 
Strikingly, even though the maternal-to-zygotic transition occurs around 3–4 hours 
after fertilization, the first phenotypic differences between wildtype embryos and 
embryos lacking both maternal and zygotic ezh2 are not evident until hours after 
gastrulation. This may hint to a mechanism in which maternally expressed ezh2 acts 
by pre-labeling genes with specific chromatin marks such that they can be properly 
regulated later during development. It is possible that without this pre-labeling, 
genes cannot be properly shut down after being activated, like we show for a num-
ber of myocardial markers and shh and ntl. Even though we have not timed when 
this activity would be required, our data suggest that this pre-labeling may in fact 
already occur during oogenesis. This is supported by observations in Ring1/Rnf2 
mutant mice that show that Polycomb group proteins act in the female germline to 
establish developmental competence [20]. Also in C. elegans transgenerational in-
heritance of H3K27me3 has been demonstrated [42]. In addition, work in Drosophila 
showed that PRC2 plays a role in determining germ cell fate [43,44]. We note that 
this maternal activity is not absolutely essential for viability, since embryos lacking 
only maternal ezh2, while expressing zygotic ezh2, can develop into fertile adults. 
Apparently, the embryo is able to handle a wide range of gene expression levels 
during early development.
 The ezh2 germline mutants are fertile and able to form MZezh2 mutant embryos. 
The germ cells of ezh2 germline mutants are originally derived from an incross 
between heterozygous parents. This implies that these germ cells, lacking zygotic 
expression of ezh2, obtained correct epigenetic labeling from the parents and this 
may be the reason they can function normally. Whether the germ cells of MZezh2 
mutant zebrafish embryos are functional needs to be tested by serial transplanta-
tion assays. Previous studies in mouse and human have shown that during germ-
line development H3K27me3 is almost exclusively present at genes important for 
somatic development [45,46], and hence ectopic expression of these genes in MZe-
zh2 mutant germ cells may lead to sterility. In concordance, C. elegans mutants for 
PRC2 homologs display a maternal effect sterile phenotype [47-49].

5.3.2. Ezh2 does not affect early zebrafish development.
MZezh2 mutant embryos lack Ezh2 and H3K27me3 and show major differences in 
gene expression even before the zygotic genome is activated. Still, these embryos 
are able to form a normal body plan and only die at a time point when tissue spec-
ification has taken place, indicating zygotic genome activation is not strongly af-
fected. This is in contrast with Polycomb group mutants in other vertebrates, where 
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loss of Polycomb group gene expression results in early lethality, mostly before 
gastrulation [5,6,19,20,50-53]. The reason for this ‘delayed’ lethality in zebrafish is 
not completely clear. One could argue that Ezh1 is able to compensate for the loss 
of Ezh2, since it was reported that Ezh1 can also trimethylate H3K27 [16]. However, 
we think this is highly unlikely, since we show that ezh1 is not maternally loaded 
into the zebrafish embryo, and based on our array and qPCR data, is not expressed 
in MZezh2 mutant embryos until at least 1 dpf.
 A potential explanation for the lack of an early developmental phenotype of 
MZezh2 mutants in zebrafish is that unlike mice, zebrafish embryos do not form 
extra-embryonic tissue, which is essential for normal murine development. Anoth-
er explanation may be found in differences in developmental timing between mice 
and zebrafish. In mice, maternal contribution lasts only until the 2-cell stage, while 
in zebrafish embryos this lasts until at least 1,000-cell stage [23]. Nevertheless, the 
fact that zebrafish embryos can gastrulate properly in the absence of Ezh2 indi-
cates that this crucial developmental event does not critically depend on Polycomb 
gene activity. This makes the zebrafish a very interesting and unique model system 
to study Ezh2, and Polycomb function in general, during tissue specification and 
maintenance.

5.3.3. Ezh2 function in tissue maintenance.
Most of the defects we observed in MZezh2 mutants relate to tissue maintenance. 
For example, the heart and the gastrointestinal tract can be specified but fail to be 
properly maintained. The observed loss of tissue maintenance does not seem to be 
caused by apoptosis. Alternatively, the failure of tissues to terminally differentiate 
might be caused by an arrest in proliferation, potentially by deregulation of genes 
involved in cell cycle control. Terminal differentiation defects were also observed 
in rnf2 mutant zebrafish during pectoral fin and cranial facial development [28,54]. 
Although rnf2 was only zygotically absent in these mutants and Rnf2 is part of 
PRC1 instead of PRC2, this indicates a common mechanism of involvement of Poly-
comb group genes in terminal differentiation. By more detailed studies of the de-
veloping heart tube we show that myocardial integrity cannot be maintained in the 
absence of Ezh2, while cell adhesion is not affected. In addition to the well-known 
function of Ezh2 as a suppressor of gene expression, it can also directly methylate 
non-histone targets. One example of this is the cardiac transcription factor GATA4, 
where methylation of GATA4 by PRC2 results in inhibition of GATA4 transcrip-
tional activity in mice [55]. This function of PRC2 potentially plays a role in the 
observed myocardial phenotype of MZezh2 zebrafish mutants.
 Studies in mice, where conditional knockouts for Ezh2 were generated using dif-
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ferent heart specific promoters, showed that loss of Ezh2 at an early time point 
results in cardiac defects, whereas loss of Ezh2 after the heart is fully formed does 
not show a severe phenotype [9,10]. Possibly, there is a sensitive period during 
which Ezh2 represses its targets in progenitor cells to safeguard normal myocardial 
development, followed by terminal differentiation of myocardial cells, after which 
Ezh2 becomes dispensable for maintenance of silencing, because other chromatin 
features may stably lock gene expression status [4,6,56,57].
 Another mechanism through which Ezh2 may affect tissue maintenance is that 
Ezh2 may have a critical role within tissue-specific stem cells, such that upon loss of 
Ezh2 the tissue cannot be properly supported by the addition of newly differentiat-
ing cells [8-12]. Discrimination between these mutually non-exclusive scenarios will 
require the identification and study of relevant stem cell pools of the affected tissues, 
and tracing experiments in order to follow gene expression within single cells.
 Taken together, our work implies that Ezh2 is essential for tissue maintenance 
and to set up proper maternal mRNA contribution, and presents a novel and pow-
erful tool to study how Polycomb group proteins act during early vertebrate devel-
opment and tissue maintenance.

5.4. METHODS

5.4.1. Zebrafish genetics and strains.
Zebrafish (Danio rerio), were housed according to standard conditions [58] and 
staged according to Kimmel et al [59]. The ezh2 nonsense mutant (hu5670, R592STOP) 
was derived from ENU mutagenized libraries using target-selected mutagenesis 
as described [29]. Zebrafish with the ezh2 mutant allele were outcrossed against 
wildtype zebrafish (TL or AB) and subsequently incrossed to obtain homozygous 
mutants. Tg(myl7::GFP) and Tg(vas::eGFP) zebrafish have been described before 
[60,61]. All experiments were carried out in accordance with animal welfare laws, 
guidelines, and policies and were approved by the Utrecht University and the Rad-
boud University Animal Experiments Committee.

5.4.2. Genotyping.
DNA was purified from caudal fin tissue taken from anesthetized zebrafish, or from 
embryos. An ezh2 fragment was amplified by nested PCR with primers indicated 
in Supplementary Table S3. The ezh2 mutation (hu5670, CCTGGCTGTA(C > T)GA-
GAGTGTGA) results in the loss of an RsaI restriction site. PCR was followed by 
RsaI restriction to finalize genotyping (Supplementary Fig. S2).
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5.4.3. Germ cell transplantation.
Germ cell transplantation was performed as described previously [30]. At 4 hpf 
cells from the margin of the embryo were transplanted into wildtype hosts that 
were injected with the dead end morpholino, resulting in death of the primordi-
al germ cells of the host [62]. Transplanted cells were labeled with Tg(vas::eGFP) 
and were derived from an ezh2(hu5670) heterozygous incross. After transplantation 
the donors were genotyped. At 1 dpf it was assessed whether the transplantation 
was successful, after which these embryos were raised to adulthood, obtaining a 
wildtype zebrafish harboring an ezh2 mutant germline. The adult female germline 
mutants were checked for being 100% mutant by crossing them to a male germline 
mutant or a male ezh2 heterozygous mutant zebrafish and determine the phenotype 
and genotype of the progeny. For all germline mutants used in this study the result-
ing progeny was 100% or 50% homozygous mutant, depending on the genotype of 
the zebrafish it was crossed with. The germline mutant zebrafish displayed normal 
fertility and produced 200–600 embryos per cross. The MZezh2 mutant embryos all 
displayed the same phenotype. For the experiments below we used siblings from 
a cross of ezh2 germline mutant females with heterozygous ezh2 mutant males and 
genotyped them afterwards. For the gene expression analysis we crossed ezh2 ger-
mline mutant females with ezh2 germline mutant males to obtain 100% MZezh2 
mutant progeny. Since the MZezh2 mutant embryos display a lethal phenotype, the 
embryos that were used were the first generation after germline transplantation.

5.4.4. Histological analysis.
Zebrafish embryos were sacrificed with Tricaine and ice-cold water, fixed overnight 
in 4% PFA in PBS at 4 °C. After fixation the embryos were gradually transferred to 
75% ethanol after which they were embedded in plastic for sectioning. Plastic sec-
tions were stained with haemotoxylin and eosin for histological analysis.

5.4.5. Whole mount in situ hybridization.
Embryos were fixed overnight at 4 °C in 4% PFA in PBS, after which they were grad-
ually transferred to 100% methanol. Embryos older than 24 hpf were treated with 
proteinase K. In situ hybridization was performed as described previously [63]. The 
embryos were imaged by light microscopy or embedded in plastic for sectioning 
and imaging. 
 
5.4.6. Immunostainings.
Immunostainings were performed as described previously63,64. Embryos were fixed 
in 4% PFA in PBS at 4 °C overnight. After fixation they were gradually transferred 
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to 100% methanol. Rabbit anti-Ezh2 antibody from Cell Signalling Technologies 
was used (1:200). The epitope of this antibody is located upstream of the SET do-
main and the identified nonsense mutation in ezh2. Rabbit anti-H3K27me3 anti-
body from Millipore was used (1:750). Cy3-anti-rabbit antibody from Jackson Im-
munoResearch was used as secondary antibody. Immunostainings were analyzed 
using a confocal fluorescent microscope (Leica, SP5). Immunostainings after in situ 
hybridization and for dm-GRASP and active Caspase-3 were performed with a rab-
bit anti-GFP from Gentaur (1:200), mouse anti-dm-GRASP from DSHB (1:200), and 
anti-Caspase-3 from BD Biosciences (1:500), respectively, followed by a peroxidase 
labeled polymer (Immunovision and Dako) for DAB staining. The immunostain-
ings were analyzed using a light microscope. When embedded in paraffin, the sec-
tions were stained with neutral red.

5.4.7. qPCR analysis.
Total RNA was isolated from 0 hpf, 3.3 hpf, and 1 dpf wildtype and MZezh2 mu-
tant embryos using Trizol. cDNA was synthesized using Superscript II (Invitrogen). 
Standard qPCR using SYBR Green was performed using the primers shown in Sup-
plementary Table S4. Relative expression was corrected for primer efficiency and 
calculated based on expression of housekeeping genes β-actin and ef1α.

5.4.8. Time lapse imaging.
Embryos of 1 dpf were dechorionated and mounted in glass bottom plates using 
0.25% agarose in E3 embryo medium containing Tricaine. Confocal imaging was 
performed overnight using a LEICA AF7000 microscope. Pictures were taken with 
7.5-minute intervals.

5.4.9. Gene expression microarrays.
Custom 4 × 44k microarrays for zebrafish from Agilent were used according to 
manufacturer’s protocol. 200 ng of total RNA from 1 cell stage embryos and em-
bryos of 3.3 hpf was converted into cRNA and labeled with Cy3 or Cy5. Samples 
were subsequently hybridized overnight and washed. A dye swap was included as 
a technical replicate. The experiment was performed in duplicate using biological 
replicates. The arrays were processed using R/Bioconductor and limma [65]. Af-
ter background correction, within-array normalization (loess) and between-array 
normalization (Aquantile) was performed. Differential expression was determined 
using eBayes method. The expression profiles were clustered using pam with the 
Euclidean distance metric. We used the biomaRt package [66,67] to provide the 
Ensembl annotation with systematic name and genomic location based on the 
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probe identifiers. H3K27me3 ChIP-seq data for 24 hpf was obtained from NCBI 
GEO (GSE35050 [34]) and mapped to the zebrafish genome (danRer7/Zv9) with 
bwa [68]. The bandplots were created using fluff [69] for the transcription start sites 
of differentially expressed genes (fold change > = 2) and genes present on the array 
with or without H3K27me3 enrichment. DAVID annotation [70,71] was obtained 
from https://david.ncifcrf.gov/. The data discussed in this publication have been 
deposited in NCBI’s Gene Expression Omnibus and are accessible through GEO 
Series accession number GSE64618.
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Fig. S1.  Alignment of ezh2 or-
thologs of zebrafish, human, 
mouse, and Drosophila. Red 
bar indicates the SET domain, 
blue bar indicates the WD 
domain. hu5670 (C>T) is indi-
cated in green. 5'- CCTGGCT-
GTA (C>T) GAGAGTGTGA 
-3' R->stop. Asterisk indicates 
positions that have a single, 
fully conserved residue. A 
colon indicates conservation 
between groups of strongly si-
milar properties - scoring > 0.5 
in the Gonnet pam 250 matrix. 
A period indicates conservati-
on between groups of weakly 
similar properties - scoring 
=< 0.5 in the Gonnet pam 250 
matrix.
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Fig. S2. [Legend on the next page].
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Fig. S2. a. Immunostaining for Ezh2 at 4 cells, 4 hpf, and 12 somites in wildtype embryos. Expression 
of Ezh2 (brown precipitation) is visible at 12 somites. Scale bar is 200 µm. b. In situ hybridization for 
pax2 1 and 2 dpf and shh at 2 dpf in MZezh2hu5670/hu5670 embryos and MZezh2hu5670/+. Expression of pax2 in 
MZezh2hu5670/hu5670 embryos appears to be more posterior at 2 dpf and there is no clear mid-hindbrain 
boundary visible. Expression of shh at 2 dpf shows normal patterns in MZezh2hu5670/+ embryos (dorsal 
view). In MZezh2hu5670/hu5670 embryos, shh expression still present in the notochord at 2 dpf, in contrast 
to MZezh2hu5670/+ embryos (arrow head). Scale bar is 500 µm. c. In situ hybridization for hoxd9a, hoxc8a, 
and hoxc6a in MZezh2hu5670/+ and MZezh2hu5670/hu5670 embryos at 1 dpf. The expression pattern of these hox 
genes in MZezh2hu5670/+ resembles that of wildtype embryos (van der Velden et al., 2013). MZezh2hu5670/

hu5670 embryos show that the boundary of hox expression is shifted to anterior (arrow heads). Scale bar 
is 200 µm. d. In situ hybridization for eng1, ntl, and krox20 at 1 dpf and for ntl at 2 dpf in wildtype 
embryos. Scale bar is 500 µm. e. Genotyping results from an example of an ezh2 heterozygous incross 
at 2 dpf. After nested PCR a product of 620 bp is formed. Subsequent restriction with RsaI, of which 
one site is absent in the ezh2 mutant, results in the distinct patterns for wildtype, heterozygous, and 
mutant embryos (bands of 281, 224, 159, 122, and 57 bp). The samples were run on a 3% agarose gel. 
The numbers at the in situ hybridization and immunostaining indicate the number of embryos with 
the displayed phenotype compared to the total number of embryos analyzed.

[Figure on the next page].
Fig. S3. a. Cluster analysis of genes significantly differentially expressed in MZezh2hu5670/5670 versus 
wildtype embryos at 0 hpf and 3.3 hpf. b. Gene expression levels (log2) of genes significantly differ-
entially expressed between wildtype and MZezh2hu5670/5670 embryos at 0 hpf. Genes in different clusters 
(see Fig. 4b) are depicted in different colors. c. Same as in Fig. S3b, for genes that are significantly dif-
ferentially expressed between wildtype and MZezh2hu5670/5670 embryos at 3.3 hpf. d. Cluster analysis of 
genes significantly differentially expressed between 0 hpf and 3.3 hpf in MZezh2hu5670/5670 and wildtype 
embryos. e. Gene expression levels (log2) of genes significantly differentially expressed between 0 hpf 
and 3.3 hpf in wildtype and MZezh2hu5670/5670 embryos. Genes in different clusters (see Fig. 4f) are de-
picted in different colors. f. Same as in Fig. S3e, for genes that are significantly differentially expressed 
between 0 hpf and 3.3 hpf in MZezh2hu5670/5670 embryos.
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Fig. S4. a. Gene expression levels (log2) of a number of known myocardial markers in wildtype versus 
MZezh2hu5670/5670 embryos at 0 hpf. b. Gene expression levels (log2) of a number of known myocardial 
markers in wildtype versus MZezh2hu5670/5670 embryos at 3.3 hpf. 
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Fig. S5. [Legend on the next page].
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Fig. S5. a. Distribution of percentage of hearts jogging to the left, right, or straight at 1 dpf in MZezh-
2hu5670/+ and MZezh2hu5670/hu5670. Total number of embryos analyzed is depicted at the top of the graph. b. 
In situ hybridization for myl7 (extended staining) and mef2cb at 2 dpf in MZezh2hu5670/5670 and MZezh-
2hu5670/+. In MZezh2hu5670/+ expression is restricted to the heart, whereas in the MZezh2hu5670/5670 embryos 
expression is visible in the area surrounding the heart tube. Scale bar is 200 µm. c. Whole mount 
immunostaining for dm-GRASP and active Caspase-3 in MZezh2hu5670/5670 embryos and heterozygous 
siblings at 2 dpf. MZezh2hu5670/5670 embryos show normal expression of dm-GRASP and Caspase-3. The 
dotted line depicts the expression of dm-GRASP in the heart. Scale bar is 200 µm. d. Immunostaining 
for GFP Tg(myl7::GFP) combined with in situ hybridization for nkx2.5 at 1 and 1.5 dpf in MZezh2hu5670/+ 
and MZezh2hu5670/hu5670 embryos. Expression of nkx2.5 is partially absent in MZezh2hu5670/hu5670 embryos at 
1.5 dpf compared to MZezh2hu5670/+. Scale bar is 50 µm. The numbers indicate the number of embryos 
with the displayed phenotype compared to the total number of embryos analyzed.
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Table S1. GO terms list of genes in clusters Fig. 4c. Differentially expressed genes between MZezh-

2hu5670/hu5670 versus wildtype embryos at 0 hpf and 3.3 hpf.
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Table S2. GO terms list of genes in clusters Fig. 4g. Differentially expressed genes between 3.3 hpf 

versus 0 hpf in MZezh2hu5670/hu5670 and wildtype embryos.

Table S3. Primers used for genotyping ezh2(hu5670). First PCR is performed with primer pair 1 and 

4, followed by a nested PCR with primer pair 2 and 3.

Table S4. Primers used for qPCR.
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6. GENERAL DISCUSSION

One of the most important research questions in biology is how the coordinated 
regulation of correct gene expression in each cell contributes to embryonic devel-
opment. In this thesis, we used zebrafish as a developmental model system to ap-
proach this question from the perspective of epigenetics, and epigenetic gene si-
lencing by Polycomb repressive Complex 2 (PRC2) in particular. In this concluding 
chapter, I will discuss the overall findings described in this thesis, their implica-
tions for the field of PRC2 biology, and the future prospects of our research.

Take home messages of this thesis:
• Polycomb repressive complex 2 has a conserved role at all stages of  vertebrate life; 
from stem cell maintenance and tissue specification to organogenesis and tissue main-
tenance (Chapter 1).
• The development of rapid and reproducible intestinal isolations created the oppor-
tunity to study this tissue during the important transition from yolk dependence to 
free feeding. (Chapter 2).
• The intestine is transcriptionally dynamic at 5, 7, and 9 dpf. As the intestine becomes 
a functional organ, (lipid) metabolic processes gain significance (Chapter 3).
• Zygotic loss of ezh2 is lethal at larval stages (11 dpf) and affects hepatic and intesti-
nal tissue maintenance (Chapter 3).
• The nonsense mutant allele ezh2(sa1199) does not result in a specific PRC2 phenoty-
pe, revealing the importance of testing the outcome of random mutagenesis screens 
(Chapter 4).
• Maternal-zygotic loss of ezh2 shows a severe pleiotropic phenotype and is lethal at 
2 dpf. Early gene expression defects are accompanied by later defects in tissue main-
tenance (Chapter 5).
• In zebrafish, gastrulation and tissue specification can occur without ezh2, however, 
losing ezh2 results in tissue maintenance defects (Chapters 3 and 5).

6.1. WHY ZEBRAFISH?

Zebrafish is a fascinating vertebrate model organism to study gene mutations and 
conserved pathways during embryonic development. The embryos, and later the 
larvae, are mostly transparent until juvenile stages. In this rapidly developing or-
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ganism, the body plan is clearly visible as early as 24 hours post-fertilization. Ze-
brafish embryonic stages are well characterized [1]. Reverse genetics screens have 
generated publicly available mutant alleles [2], and transgenesis is possible. Recent 
advances in next generation sequencing techniques and the ease of visual obser-
vation enable the application of in-vivo and in-vitro analysis of epigenetic factors 
in zebrafish at all stages. Most importantly, the high conservation of Polycomb re-
pressive complex 2 (PRC2) in zebrafish compared to mammals was ideal for our 
research interests. Overall, zebrafish obeys key validity points for the aim of this 
research thesis.
 In the developing zebrafish, we had a high interest in investigating (epi)genetics 
in the early larval intestine. Explained in detail in Chapters 2 and 3, the zebrafish 
intestinal lumen is formed around 3 dpf [3], and the first intestinal folds are visible 
by 4 dpf. At 5 dpf, with the opening of the mouth and anus and depletion of the 
yolk, zebrafish becomes a free-feeding larva and the intestine becomes a fully func-
tional organ [4].
 The larval zebrafish intestine is very intriguing and favorable to study PRC2 
biology. In zebrafish intestines, proliferation occurs at the base of intestinal folds 
(ridges) in a similar fashion to mammalian crypts [4], with proliferative regulation 
homologous to mammals [5]. Despite being stomachless and lacking the distinction 
between small and large intestines, the zebrafish shares many conserved regulatory 
complexes with mammals [6], such as PRC2. Intestinal PRC2 phenotypes, includ-
ing proliferation defects, have been previously documented in mice [7,8], however, 
working with mouse embryos can have disadvantages. In mouse embryos, the de-
velopmental time span for the intestine is much wider than zebrafish. The gut tube 
forms by day 9 (E9.0), while the first villi are not visible until day 15 (E15.0). More-
over, the mouse intestine is not completely independent until birth [9], when the lit-
ter gains access to external feed. This can be construed as an analogy with zebrafish 
larval transition, where the intestine has to undergo changes to survive on external 
feed after 5 dpf. Although the high developmental homology between mice and 
humans allows relevant comparative studies of human diseases in mice, access to 
mouse embryos is challenging, and the distinct steps of tissue development is hard 
to grasp due to the relatively longer developmental time. By choosing zebrafish as 
a research model, we have bypassed the limitations in the developmental timing 
and had a chance to study big clutches of sibling embryos. As ezh2 mutant zebrafish 
survive intestinal specification, we could study the intestine-specific maintenance 
defects in the early larval period.
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6.2. SETTING THE SCENE: POLYCOMB REPRESSIVE 
COMPLEX 2 (CHAPTER 1)

In the introductory Chapter 1, we compiled key findings on the role of PRC2 and 
Ezh2 throughout development in four vertebrate research models; namely human, 
mouse, Xenopus, and zebrafish. PRC2 complex is involved in all stages of life, from 
germ layer induction to tissue maintenance. During germ layer induction in verte-
brates, PRC2-mediated H3K27me3 repressive mark occupies developmental genes 
for the orchestration of correct cell specification and represses lineage commitment 
at the absence of tissue specific differentiation signals [10-15]. In later stages of 
development, PRC2 has tissue specific roles in repressing non-lineage and develop-
mental genes and maintaining pluripotency [16]. PRC2-Ezh2 complex components 
are expressed in progenitor compartments and decrease upon differentiation [17]. 
The loss of PRC2 in differentiating mammalian tissues results in the development 
of smaller organs than wild types, and the eventual depletion of progenitor pools 
due to dysregulation of differentiation cues and impaired cell cycle regulation [7]. 
However, there is limited PRC2 research in zebrafish. This thesis contributes great-
ly to the understanding of PRC2 function in zebrafish during development.

6.3. DEVELOPING A NEW TECHNIQUE:
INTESTINAL DISSECTIONS (CHAPTER 2)

In molecular biology, the choice of sampling method is equally important as the ex-
perimental method following it. Elucidating the complex tissue-specific functions 
of epigenetic and genetic factors is considerably difficult in whole embryo or larval 
lysates, given that the experimental readout comes from a mixture of different tis-
sues with different (epi)genetic characteristics. For this reason, our experimental 
aim in Chapter 2 was to isolate zebrafish larval intestines for further tissue-specific 
(epi)genomic analyses (see Chapter 3). In Chapter 3, we studied the function of 
the PRC2 subunit Ezh2, using the zygotic mutant model ezh2(hu5670). Upon the 
loss of ezh2 in these mutants, we had visually observed indications of a larval in-
testinal phenotype. The intestines in ezh2 mutants were leaner at 11 dpf, and the 
tissue was disorganized. Moreover, 11 dpf mutant intestines lost enterocyte mark-
er expression, unlike wild types which retained it. During the preparation of the 
Chapter 3 manuscript, this prediction of an intestinal phenotype caused by the loss 
of ezh2 was strengthened by evidence from Dupret and colleagues, who developed 
an allelically heterogeneous zygotic mutant model ezh2(ul2) that showed a larval 
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intestinal phenotype [18].
 Our goal for Chapter 2 was to choose an intestinal isolation technique, a suitable 
zebrafish strain (i.e. transgene), and relevant time points to perform tissue-specific 
molecular analysis on the larval intestine. We chose 5, 7, and 9 dpf as time points 
for molecular analysis. Our first time point, 5 dpf, is a critical developmental day 
for the zebrafish intestine, because it is the first time that the embryo starts feed-
ing externally. After this moment, the embryo, now larva, has mostly depleted its 
yolk and must begin to digest more complex feed present in the environment. Our 
second time point, 7 dpf, was a transitionary time when the yolk is completely de-
pleted, and the larva has to survive on its own. Finally, our final time point, 9 dpf, 
was chosen because of its relevance to the phenotype observed in zygotic ezh2 mu-
tant larvae (Chapter 3), and that major (epi)genetic changes were predicted com-
pared to 5 dpf. These mutants died at 10-11 dpf with severe defects in the intestine. 
We reasoned that molecular analysis on these intestines should be done at a time 
point when the intestine is still functional and not severely defective. Therefore, we 
picked 9 dpf as the final time point of analysis.
 First, we applied the widely used method of Fluorescence Activated Cell Sorting 
(FACS) on two previously published intestinal transgenes; tg(gut:GFP) [19] and tg-
BAC(cldn15la:GFP) [1], to isolate intestinal cells from 5 dpf zebrafish. Tg(gut:GFP) 
is expressed in the liver, pancreas, and the intestine, whereas tgBAC(cldn15la:GFP) 
expression is specific to the intestine. During FACS, tgBAC(cldn15la:GFP) yielded a 
higher percentage (1.9%), distinct population of GFP-positive cells, and proved to 
be the better choice for cell sorting. However, the preparation of cell suspensions 
from whole, intact larvae was a cumbersome and long process (~2 hours) for both 
transgenes, which led to significant cell death (40%) prior to FACS. This led us 
to the idea of using crudely dissected intestines as an input for FACS to increase 
cellular yield and decrease the duration for generating cell suspensions. Although 
these crude dissections caused little increase in the GFP-positive population yield 
(8.9%), the ease and simplicity of the technique was highly promising for the use of 
dissected intestines as a direct input for further molecular analysis.
 In our literature search, we found several published studies utilizing dissected 
larval zebrafish intestines [20-23]. Much to our surprise, the dissection methods 
used in these articles were explained poorly, and did not serve as proper guidance 
for reproducing the technique. We therefore focused on developing our own method 
for larval intestinal dissections, with the use of tweezers, microsurgical blade, and 
a fluorescent stereo microscope. The results have been documented in Chapter 2.
 A true advantage of dissection as opposed to FACS was to be able to visually 
inspect each sample before lysis to ensure quality and tissue purity. With this op-
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portunity, we could discard the intestines that did not remain intact after isolation. 
Another unexpected advantage was the reduction of animals used per experiment; 
the RNA yield from dissected intestinal lysates was 4 times higher than FACS in our 
hands, therefore, we sacrificed significantly less larvae. After gaining experience in 
the technique with the use of tgBAC(cldn15la:GFP), it also became possible to isolate 
pure intestinal tissue without the help of a transgenic line (or fluorescence). There-
fore, this technique is applicable to situations where access to a specific intestinal 
line is not possible. Lastly and importantly, the speed of the technique is highly 
advantageous. The intestine, as we mentioned above (see section: Why zebrafish?), 
is a fast developing and highly renewing tissue, rendering the timing of sampling 
very important. We performed dissections in each time point at the same time in-
terval of the day (i.e. 2 to 5 pm) to limit circadian clock differences. Because each 
dissection takes only 3-6 minutes, it is possible to limit the timing even further by 
taking smaller sample pools.
 As we discussed briefly in Chapter 2, a limitation of using lysates from whole 
dissected intestines for molecular analysis is that the tissue is a mix of intestinal 
subtypes, despite the clear advantage of dissections over whole embryo studies. 
For most of the next generation sequencing techniques that require antibody or en-
zyme incubations; e.g. chromosome conformation capture methods, pooling whole 
intestines is currently necessary due to the requirement of high DNA input [24]. To 
gain insight into the sub-intestinal or sub-cellular localization of individual mRNA 
or proteins, we suggest the application of in-situ hybridization or antibody based 
staining methods, with or without (cryo)sectioning. To gain spatial information on 
the genes expressed in the intestinal transcriptome, serial transversal cryosections 
of the isolated intestine can be sequenced by tomography sequencing [25], and the 
transcriptomic information from each tissue section can be subsequently compu-
tationally assembled to obtain a gene expression map for the whole intestine. We 
have demonstrated in Chapter 2 that the average total RNA yield from a single 
intestine is 24.4 ng at 5 dpf. The length of an intestine is around 800-1000 µm at this 
time point. Given that the lowest recommended cryosection size for tomography 
sequencing is 10 µm, and 100 pg input total RNA gives optimal results for the rec-
ommended sequencing method [26], 80-100 slices of 10 µm thickness from a single 
5 dpf intestine could theoretically supply an average of 300 pg total input RNA 
for tomography sequencing, and slice thickness can be optimized for best results. 
Therefore, spatial transcriptomics is currently possible for single intestines. Alter-
natively, whole intestines can be dissociated and sorted for single cell sequencing, 
or to develop a primary intestinal monolayer culturing method [27], which can be 
used for toxicology or metabolomics experiments. Generation of zebrafish intesti-
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nal organoids has been suggested as a method for comparative disease modeling 
due to the ease of gene silencing by morpholinos and genome editing in zebrafish 
[28]. In fact, all techniques mentioned above are applicable for studying the func-
tion of genes that show a larval intestinal phenotype upon loss of function, or for 
reverse genetics screening for mutant phenotypes.
 Another limitation of intestinal isolations is the possibility of cell or cell debris 
contamination from non-intestinal tissues into the intestinal lysis medium. This 
can be solved by using a higher number of biological replicates for the molecular 
analysis of choice to minimize the effects of non-intestinal cells on bioinformatics 
analysis.

6.4. GENETIC AND EPIGENETIC ANALYSIS OF THE 
LARVAL INTESTINE (CHAPTER 3)

Genetics and epigenetics in zebrafish is a growing research field with increasing 
research opportunities with the advancement of next generation sequencing tech-
niques. So far, studies on zebrafish epigenetics and transcriptomics has been pre-
dominantly limited to the first day of development. In fact, the most prominent 
research articles on this subject have focused only on the first 6 hours, before and 
during gastrulation. By 24 hours, the zebrafish body plan is set and primordial 
organs are in their proper ‘Anlagen’, but organogenesis continues through larval 
stages. The intestinal dissection tool we developed for Chapter 2 has expanded the 
field of zebrafish (epi)genetics by making it possible to perform tissue-specific (epi)
genetic analysis on isolated zebrafish larval intestines, at a stage when the embryo 
is transitioning into a larva, the intestine becomes functional, and the zebrafish 
transit from lecitotrophy to external feeding.
 According to our findings on the 5, 7, and 9 dpf transcriptome, many metabolic 
genes are expressed during normal larval intestinal development and maintenance, 
including genes involved in differentiation, cell specification, and transcriptional 
regulation. From 5 to 9 dpf, there is an increase in lipid metabolism, presumably re-
lated to the start of external feeding, and a decrease in the expression of non-intes-
tinal genes (e.g. skin, head), likely to regulate tissue maintenance by safeguarding 
intestine-specific expression patterns.
 Interestingly, most gene promoters in the intestine that are marked by H3K4me3 
and H3K27me3 are expressed. However, gene expression levels for H3K27me3-
marked genes are lower than that of H3K4me3-marked genes. The dissected in-
testine, although pure, is still a tissue composed of different cell types, which may 
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exhibit different patterns of post translational histone modifications. The output 
of RNA-sequencing and ChIP-sequencing analysis in the whole intestine are av-
erage expression values and histone mark peaks originating from these different 
cell types. Therefore, absolute statements cannot be made about whether a gene 
is repressed in the whole intestine by H3K27me3. For this reason, in Chapter 3, 
the activation/repression of genes that are marked by H3K4me3 and H3K27me3 
have been depicted by correlations with gene expression levels, and not as absolute 
states. Similarly, the presence of the active H3K4me3 and repressive H3K27me3 
on promoters cannot be directly compared per each gene, due to the fact that the 
ChIP-sequencing signals might originate from different cell types.
 The tissue-specific (epi)genetic analysis we performed in the zebrafish larval in-
testine has laid the groundwork for the understanding of the relationship between 
intestinal function and gene expression, as well as the presence of the well-stud-
ied marks in intestinal gene promoters after the tissue is specified. Although this 
study has stressed the importance of transcriptional and epigenetic changes during 
yolk-to-free feeding transition, it also has limitations. Due to technical difficulties in 
isolating intestines before 5 dpf, a comparison between the larval intestine and the 
embryonic intestine (e.g. 3-4 dpf) could not be made.

6.5. THE FUNCTION OF EZH2 IN ZEBRAFISH

PRC2 research in zebrafish is a growing field with many unknowns. Although 
prominent histone marks have been studied during early development, there are 
few studies on PRC2 mutant models. Table 1 shows an overall scheme of the known 
mutant models of ezh2 in zebrafish and their phenotypes.

Table 1. Overview of current zebrafish mutant models for ezh2

Allele Mutation Lethality Phenotype Reference

Zezh2(hu5670) R592STOP 11 dpf
Intestinal and hepatic tissue 
maintenance

Chapter 3

MZezh2(hu6570) R592STOP 2 dpf
Brain, eyes, intestine, liver, 
pancreas, pectoral fins, blood 
circulation

Chapter 5 [29]

Zezh2(sa1199) R18STOP None No phenotype Chapter 4

Zezh2(sa1199) R18STOP 7 dpf Circadian clock [30]

Zezh2(ul2) *aa60STOP 12 dpf
Intestinal, hepatic, pancreatic 
tissue maintenance

[18]

Z: zygotic mutants; MZ: maternal-zygotic mutants; *Product of deletion, amino acid unknown
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In this thesis, two ezh2 mutant alleles were utilized in three different chapters 
(Chapters 3, 4, 5). In Chapters 3 and 5, we used the nonsense mutant ezh2(hu5670) 
we identified in an ENU mutagenesis screen. This mutation is located upstream of 
the SET methyltransferase domain. In Chapter 4, we investigated another ENU-mu-
tagenized allele, ezh2(sa1199), for predicted allelic heterogeneity with other known 
ezh2 mutants. This mutation is located at the N-terminus of the Ezh2 protein.
 During the first hours of development, all processes in a zebrafish embryo are 
controlled by maternal determinants. During the blastula stage, this maternal sup-
ply of proteins and mRNAs begin to degrade, and the zygotic genome gets acti-
vated in a process called maternal-to-zygotic transition (MZT). In zygotic mutant 
studies, the loss of function phenotype of a gene may manifest itself only after 
MZT, provided that the wild type mRNA of the gene is maternally supplied to the 
embryo. For this reason, we have made the distinction between zygotic and ma-
ternal-zygotic ezh2 mutants, and studied both of them in Chapters 3 and 5 of this 
thesis, respectively. As we predicted, the severity of the phenotype caused by the 
maternal-zygotic and zygotic loss of ezh2 differed significantly. A similar phenom-
enon has also been observed upon early and late conditional knockout of Ezh2 in 
mouse hearts; early cardiomyocytic deletion of Ezh2 caused hypoplasia, prolifera-
tion defects, and perinatal lethality, while late cardiomyocytic deletion of Ezh2 did 
not cause a visible phenotype [16]. In the next sections, the result of zygotic and 
maternal-zygotic loss of ezh2 during zebrafish development will be discussed.

6.6. THE ZYGOTIC LOSS OF EZH2 
(CHAPTERS 3 AND 4)

In Chapter 3, we described the effect of the zygotic loss of ezh2 with the use of the 
ezh2(hu5670) allele. These embryos went through gastrulation and tissue specifi-
cation without a visible phenotype until 5 dpf, but died around 10-11 dpf. Entero-
cytes and hepatocytes of ezh2 mutants had differentiated and covered an organ area 
comparable to wild type siblings at 5 dpf. However, close to the time of death, both 
organs looked smaller in ezh2 mutants, with lost or decreased tissue-specific mark-
er expression. As mentioned in detail in Chapter 1, the development of smaller 
organs is a typical tissue-specific PRC2 phenotype observed in mammals. Due to a 
presumed aberrance in H3K27me3 placement on the genome by the absence of the 
Ezh2 protein, transcription factors of non-intestinal lineages could be upregulated 
in ezh2 mutant larval intestines. Proliferation in the base of intestinal folds is also 
predicted to be decreased. In the ezh2(ul2) mutant model described by Dupret and 
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colleagues [18], an increase in apoptosis in the intestinal bulb has been reported at 
9 dpf. It is conceivable that the ezh2(hu5670) would show such an allelic heteroge-
neity with this reported intestinal apoptosis phenotype.
 Although we have demonstrated intestinal and hepatic maintenance defects in 
zygotic ezh2 mutants, many more questions remain. After nonsense mediated de-
cay of the maternal ezh2 transcript during maternal-to-zygotic transition, the pres-
ence of the maternal Ezh2 protein is predicted to persist for a longer time in these 
mutants, depending on its half-life. Although it might differ in zebrafish, the half-
life of overexpressed human EZH2 is 17.3 hours [4]. A delayed decay of the protein 
compared to the transcript may give the embryo extended time to (partially) main-
tain the H3K27me3 mark during cell fate transitions, and the embryos might be 
able to correctly induce tissue differentiation and maintenance for the first day(s) 
of development.
 In mice, depending on the tissue type and developmental timing of conditional 
knockout, Ezh2 loss shows a full PRC2 phenotype with depleted H3K27me3 levels, 
or causes partial H3K27me3 loss [8,31,32]. On the other hand, intestinal [8] and car-
diac [10] knockout of the PRC2 subunit Eed in mice results in the complete absence 
of the H3K27me3 mark. So far, the partial PRC2-null phenotype observed in tissue 
specific Ezh2 knockouts in mice has been speculated to stem from a redundancy 
between Ezh1 and Ezh2. This redundancy has been demonstrated in embryonic 
mouse hair follicles, where a double Ezh1/Ezh2 knockout was essential to induce 
a postnatal PRC2 phenotype [33]. Although Eed does not have enzymatic activity, 
Eed mutants cannot form a stable PRC2, therefore, the effects of a putative Ezh1/2 
redundancy is circumvented and a complete PRC2-null phenotype can be achieved 
[8]. Nevertheless, the extent of homology in the function of PRC2 subunits between 
zebrafish and mouse is still unknown. As depicted in Chapter 3, ezh1 and ezh2 ex-
pression in zebrafish virtually follow opposite trends during the first two weeks 
of development. The absence of ezh1 expression before during the first 4 hours of 
development in wild types (see Chapter 3, Figure 3) indicates that the Ezh1 protein 
is not maternally provided and thus, might not be involved in maternal-to-zygotic 
transition or tissue specification. On the other hand, ezh2 is present throughout 
embryonic and larval stages. To elucidate the different and combined functions of 
Ezh1, Ezh2, and Eed in zebrafish, we suggest a combination of RNA- and ChIP-se-
quencing of H3K4me3, H3K27me3, Ezh1, Ezh2, and Eed on dissected ezh2 mutant 
intestines in comparison with wild types at 5, 7, and 9 dpf. Additionally, whether 
the localization of the above-mentioned proteins and histone marks is affected by 
ezh2 loss could be illustrated by immunostainings in intestinal sections, and help 
us understand the possible redundancy between Ezh1 and Ezh2. Alternatively, the 
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generation of zygotic eed and ezh1 loss-of-function mutants and the characteriza-
tion of their phenotypes would be of great value in depicting the function of PRC2 
subunits during zebrafish development. If successful, double ezh1/ezh2 zygotic mu-
tants could be generated and compared with the (presumed) zygotic eed pheno-
type. It could be anticipated that there will be different severities in the phenotypes 
of these suggested mutations; both eed (single) and ezh1/ezh2 (double) homozygous 
nonsense mutations could result in a severe PRC2 phenotype with lethality earlier 
than in single ezh2 mutants (<10-11 dpf), whereas ezh1 single mutation might not 
be lethal.
 We hypothesize a decrease in proliferation and increase in apoptosis in ezh2 mu-
tants. To investigate the proliferative capabilities of intestinal ridges, we suggest 
pcna or BrdU+ staining for cell proliferation, and TUNEL or Caspase 3 staining for 
apoptosis in sagittal intestinal sections. To elucidate whether maintenance defects 
originate from the mis-expression of particular transcription factors, we suggest 
cdx1b, foxa3, hnf1α, and gata5/6 staining in sagittal sections of larvae, given that they 
are upstream regulators of hepatic and intestinal genes [34,35]. PRC2 functions in 
restricting goblet cell fate in mice [36], and Chapter 3 demonstrates disorganiza-
tion in the intestine. Accordingly, the balance between differentiated cell types in 
the ezh2 mutant intestine could be also affected in zebrafish. We suggest in-situ 
hybridizations for markers of intestinal cell subtypes to quantify and compare cell 
numbers in sagittal intestinal sections [4]. Dissected intestines could be sliced open 
and the folds micro-scraped under the microscope for single cell sequencing, which 
could then be bioinformatically analyzed to visualize distinct cell populations (e.g. 
by t-sne [37]). Alternatively, as suggested for Chapter 2, tomography sequencing 
of serial transversal cryosections of dissected ezh2 mutant and wild type intestines 
can be compared to create a map of wild type and mutant transcriptomes [25]. We 
have shown that enterocyte marker expression is lost at 11 dpf in ezh2 mutants. 
Enterocytes are the absorptive cells of the intestine. The observed leanness of ezh2 
mutant larvae might stem from decreased absorptive capabilities of the intestine 
and related malnutrition. To assess whether absorption is affected in ezh2 mutants, 
we suggest exposing ezh2 mutant and wild type larvae to fluorescent-tagged fatty 
acids (e.g. BODIPY-C16 [38]) and subsequently monitoring the uptake of fatty-acids 
by confocal microscopy in a time series. For the purpose of assessing tissue-specific 
effects of ezh2 loss in other organs, dissection of larval liver, pancreas, brain, eye, 
and kidney is currently feasible and these isolated tissues can be used as starting 
material for molecular (epi)genetic analysis.
 In chapter 4, we attempted to phenocopy the effects of the ezh2(hu5670) mutant 
allele used in Chapter 3 by another zygotic ezh2 mutant model, ezh2(sa1199). Sur-
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prisingly, zygotic Ezh2 protein and RNA expression were retained in these mu-
tants, indicating that the ezh2(sa1199) allele does not go through nonsense-mediat-
ed decay. Most likely related to the retainment of Ezh2 protein in these embryos, no 
lethality was observed. Because the nonsense mutation is very close to the N-ter-
minus, at Arginine 18, it could be speculated that the first transcriptional start site 
might have been skipped. This would cause cause a 40 amino acid truncation at 
the N-terminus, if the next exonic in-frame Methionine codon would be used as 
an alternative transcriptional start site. The resolution of the SDS-PAGE gel used 
to confirm the presence of the Ezh2 protein in ezh2 mutants was inadequate to 
separate such a small difference in protein size. However, high conservation in the 
N-terminus sequence of Ezh2 suggests evolutionary importance and functionality, 
decreasing the likelihood of exon skipping. Indeed, in human cell lines, Serine 21 is 
phosphorylated by Akt, which is thought to decrease EZH2 activity [39], indicating 
that the N-terminus of Ezh2 is functionally important. Interestingly, in humans, 
alternatively spliced natural isoforms of EZH2 do not include an N-terminal trun-
cation (Uniprot, entry Q15910 [EZH2_HUMAN]), however, exons 2 and 3 can be 
alternatively spliced. To pinpoint why the Ezh2 protein is present in ezh2(sa1199) 
mutant zebrafish, we suggest the identification of the natural ezh2 variants in wild 
type and ezh2(sa1199) mutants by Rapid Amplification of cDNA ends, followed by 
sequencing (5’RACE-sequencing [40]).
 Considering that no lethality was observed in zygotic ezh2(sa1199) mutants, it is 
especially puzzling that an open mouth phenotype was seen in adult ezh2(sa1199) 
mutants. However, as discussed in Chapter 4, a brief increase in copper concentra-
tions in our system water might have caused a mutant-specific, toxicity-induced 
phenotype. In summary, it is presently unclear how ezh2(sa1199) allele retains the 
Ezh2 protein and circumvents an ezh2-null phenotype, however, it is not an optimal 
model to elucidate Ezh2 function. Our results are in disagreement with a recent 
study from Zhong and colleagues, which documents loss of movement, absence of 
Ezh2 protein, decrease in the H3K27me3 mark, and eventual lethality at 7 dpf in 
ezh2(sa1199) mutants [30]. Our standpoint is that the ezh2(hu5670) and ezh2(ul2) al-
leles show a concurrent and true PRC2 phenotype and should be taken as reference 
for future ezh2 research in zebrafish, and we suggest a complementation test be-
tween ezh2(sa1199) and ezh2(hu5670) or ezh2(ul2) alleles to elucidate this observed 
phenomenon of allelic non-heterogeneity.
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6.7. THE MATERNAL-ZYGOTIC LOSS OF EZH2 
(CHAPTER 5)

In Chapter 5, we studied the effect of the maternal and zygotic loss of ezh2 during 
zebrafish development, using the ezh2(hu5670) nonsense mutant allele. Through 
ezh2 mutant germline transplantations into wild type embryos, it is possible to 
obtain female adults which produce ezh2 mutant oocytes in adulthood, provided 
that the wild type germline has been removed by dead end morpholino injections. 
When these germline ezh2 mutant adult females are crossed with ezh2 heterozy-
gous males, half of the progeny are maternal-zygotic ezh2 mutants. This provides 
a unique model, in which complete absence of ezh2 mRNA and protein from the 
embryo can be attained. With the use of this excellent model, we demonstrated that 
ezh2 is essential for tissue maintenance and survival, but dispensable for correct 
gastrulation or tissue specification during zebrafish development. This is a phe-
notype analogous to that of zygotic ezh2 mutants (Chapter 3), which go through 
gastrulation and tissue specification seemingly normally, but display tissue main-
tenance defects in larval stages. During the first hours of embryonic development, 
zebrafish go through rapid cell divisions and subsequently transit from maternal to 
zygotic gene regulation (MZT). During MZT, wild type zebrafish genomes accumu-
late histone marks over time [12]. A probable reason that maternal-to-zygotic tran-
sition and gastrulation can occur without ezh2 or the H3K27me3 mark is that tran-
scription factors important for tissue specification are not yet dependent on PRC2 
expression, but are controlled by maternal determinants. Unlike amniotes, which 
go through most of the cleavage stage and the whole gastrulation stage under zy-
gotic genome control [41,42], zebrafish pluripotency factors pou5f3, soxb1 and nanog 
[43] as well as many Polycomb group genes [44] are maternally provided. Upon the 
loss of all three pluripotency factors mentioned, >75% of zygotically transcribed 
genes fail to get activated at wild type levels by the start of gastrulation [34]. Be-
cause of this strict maternal control of developmental determinants, the maternal 
absence of ezh2 and the H3K27me3 mark in zebrafish embryos might not drastically 
effect germ layer formation and gastrulation. This seemingly normal passage to 
gastrulation and later tissue specification enabled us to study the whole embryo 
effects of ezh2 loss in zebrafish without the need for tissue specific knockouts.
 Nevertheless, for maternal-zygotic ezh2 mutants, seemingly correct tissue speci-
fication is not enough to sustain life for longer than 2 dpf, due to persisting defects 
in gene expression. In maternal-zygotic ezh2 mutants, we detected an increase in 
the expression of hox and fgf transcription factor family members at both 0 and 
3.3 hpf by RNA-sequencing, and at 1-2 dpf by in-situ hybridization, compared to 
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wild types. The correct expression of transcription factors is key to maintaining 
cell identities [45]. The misexpression of important PRC2 target transcription fac-
tors due to Ezh2 and H3K27me3 loss can be interpreted as the primary reason for 
the loss of cardiac integrity in maternal-zygotic mutants. Indeed, after gastrulation 
and tissue specification occurs in the absence of Ezh2 and H3K27me3, transcription 
factor expression is still aberrant at 1 dpf (Rougeot et al., 2018, manuscript under re-
view). This aberrance seems to present itself as alterations in local (tissue-specific) 
expression boundaries rather than drastic changes in the transcriptome (Rougeot et 
al., 2018, manuscript under review).
 Although we have analyzed the cardiac phenotype in greater detail in Chap-
ter 5, organs of the gastrointestinal tract are also affected in maternal-zygotic ezh2 
mutants, as observed for zygotic ezh2 mutants in Chapter 3. In maternal-zygotic 
ezh2 mutants, the intestine shows defects in symmetry (no looping or bilaterality), 
whereas the liver and pancreas lose terminal differentiation marker expression, in-
dicating impaired tissue maintenance. Taken together with observed hypoplasia in 
the eye and brain at 2 dpf, the maternal-zygotic loss of ezh2 causes tissue mainte-
nance defects in organs derived from all three germ layers.
 Another important discovery from Chapter 5 is that the absence of ezh2 affects 
the maternal load of transcripts to the embryo. We performed RNA-sequencing 
at 0 hours post-fertilization (hpf) to represent maternal gene products, and at 3.3 
hpf to represent the onset of MZT in maternal-zygotic mutants. Compared to wild 
types, 654 upregulated, 627 downregulated genes are detected at 0 hpf, indicating 
a role for Ezh2 transcriptional regulation in the oocyte. Upregulated genes are de-
velopmental regulators like hox, pax, fgf, and tbx, which are known PRC2 targets. 
Downregulation of genes are predicted to be caused by indirect effects of ezh2 loss. 
It has been shown in Drosophila that the Ezh2 homolog E(z) has a tissue mainte-
nance role in the oocyte, where it represses cell cycle regulators and somatic lineage 
markers [46, 47]. Although the transcript content of the zygote is already altered in 
maternal-zygotic ezh2 mutant zebrafish, correct developmental cues can carry out 
the most important stages of development. This demonstrates the robustness of 
embryonic development in zebrafish.
 As mentioned above, maternal-zygotic ezh2 mutants are obtained by crossing ger-
mline ezh2 mutant females with ezh2+/- (heterozygous) males. As a result of this cross, 
the siblings of maternal-zygotic mutants are embryos which lack maternal ezh2 contri-
bution but retain zygotic ezh2 expression (i.e. maternal mutants). These embryos reach 
adulthood without apparent phenotypes, suggesting that zygotic ezh2 expression is 
sufficient to rescue the transcriptional deregulation caused by the maternal loss of 
ezh2, without lasting developmental abnormalities or tissue maintenance defects.
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6.8. PERSPECTIVES

From our studies on ezh2 mutant models we presented in Chapter 3 and Chapter 
5, it can be concluded that Ezh2 is dispensable for tissue specification in zebrafish, 
but similar to mammals, it is crucial for correct tissue maintenance and surviv-
al after organogenesis. Having compared both maternal-zygotic and zygotic ezh2 
mutants, we observed a milder phenotype upon the zygotic loss of ezh2 compared 
to the complete absence of ezh2 in maternal-zygotic mutants. This fits our initial 
hypothesis, where we predicted that the ablation of the maternal supply of the 
ezh2 transcript would likely cause a more severe phenotype. Interestingly, zebrafish 
embryos lacking maternal ezh2 contribution but retaining zygotic ezh2 expression 
are seemingly healthy organisms. Our conclusion is that both maternal and zygotic 
ezh2 transcripts contribute to development, however, the zygotic ezh2 transcript is 
essential to maintain specified organs.
 Our research has contributed to the field of Polycomb research and epigenetics 
not only by the studies on Ezh2/PRC2 complex in embryonic and larval stages, but 
also by the characterization of the wild type intestinal transcriptome at 5, 7, and 9 
dpf. We have demonstrated that tissue-specific studies are possible, in fact, crucial 
to study (impaired) epigenetic gene regulation in detail. The increased knowledge 
we bring to the field of epigenetics in zebrafish development will undoubtedly cre-
ate a concrete baseline for further PRC2 research in zebrafish.
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Zebrafish ezh2 mutants: A model for ezh2 expression and loss of maintenance.

In wild type embryos, maternal supply of ezh2 mRNA (red) is followed by the translation of the Ezh2 
protein (green), which sets the H3K27me3 mark (black) on the onset of maternal-zygotic translation 
(MZT). The mark is maintained after MZT due to the presence of zygotic ezh2 (blue).

In zygotic ezh2 mutants (Chapter 3), maternal ezh2 mRNA (red) is degraded upon MZT, but a zygotic 
Ezh2 protein (green) does not get produced. It can be speculated that the H3K27me3 mark (black) is 
diluted in the embryo during cell divisions, and the embryo loses (intestinal and hepatic) tissue main-
tenance over time. This putatively leads to lethality around 10-11 dpf.

In maternal-zygotic ezh2 mutants (Chapter 5), no maternal or zygotic Ezh2 protein is present, and the 
embryo cannot set the H3K27me3 mark. Embryonic developmental cues can help the embryo undergo 
gastrulation and tissue specification, however, the effect of the absence of H3K27me3 leads to pleiotro-
pic defects in tissue maintenance, and lethality around 2 dpf.
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NEDERLANDSE SAMENVATTING

Gedurende embryogenese van gewervelde levensvormen gaat de zygoot in het be-
ginstadium van het leven door een snelle celdeling en ontwikkelt het drie verschil-
lende kiemlagen. Tijdens de organogenese vormen cellen uit deze verschillende 
kiemlagen specifieke weefsels vanuit hun begin/oer-weefsel naar hun uiteindelijke 
eindbestemming (vorm) en beginnen te functioneren als onafhankelijke organen. 
Gedurende deze cascade aan processen gebruiken de cellen van de zygoot de ge-
netische informatie van hun DNA, dat identiek is in alle cellen van het organisme, 
elk op een andere manier. Genen in het DNA worden door transcriptie gereguleerd 
en worden geactiveerd of onderdrukt op een specifieke manier in deze verschillen-
de weefsels, en vormen verschillende eiwitten. Epigenetica is het fenomeen dat de 
staat van deze genregulatie, ofwel expressie genoemd, in de cel aanstuurt en zorgt 
voor de verschillende staten van genexpressie in specifieke cellen. Via epigenetica 
wordt het aan/uit zetten en daarmee tolereren/onderdrukken van genexpressie in 
de verschillende weefsels en cellen gereguleerd, zonder dat daarbij de DNA vol-
gorde in de cel te verandert. Epigenetische regulatie begint met het specifiek ver-
pakken van het DNA in de celkern in een secundaire structuur dat het chromatine 
genoemd wordt. Dit chromatine, bestaande uit zogenaamde histoneiwitten die op-
gerold om het DNA zitten worden letterlijk gecondenseerd ofwel losser gemaakt in 
het dynamische proces van transcriptie. Een afwijking in deze regulatie kan resul-
teren in ontwikkelingsziekten en kanker. Eén zo een epigenetische regulator, het 
Polycomb Repressive Complex 2 (PRC2) welke de modificatie H3K27me3 op het 
epigenoom plaatst, via het Enhancer of zeste 2 (Ezh2) en wat resulteert in het actief 
onderdrukken van genexpressie. In dit proefschrift wordt specifiek gekeken naar 
de functie van PRC2 in zebravissen met het gebruik van ezh2 mutanten, waar het 
Ezh2 eiwit niet meer aanwezig is en daardoor de transcriptie van het doelwitgenen 
ontregeld is.
  In Hoofdstuk 1 wordt een overzicht gegeven van voorgaande belangrijke stud-
ies die de functie van PRC2 in gewervelden gedurende kiemlaagspecificatie, weef-
selspecificatie en organogenese beschrijven. Hierbij worden deze studies in het per-
spectief gezet voor de opeenvolgende hoofstukken uit it proefschrift. Vervolgens 
wordt in Hoofdstuk 2 een zelfontworpen, elegante, techniek beschreven voor het 
snel en schoon isoleren van de darm van een zebravislarve. Hier wordt in detail 
beschreven hoe men uit het simpele spijsverteringskanaal van de zebravis specifiek 
de darmen kan ontleden, om hieruit het DNA en RNA te isoleren voor gebruik 
in onderzoek naar onder andere genregulatie. In Hoofdstuk 3 wordt onderzocht 
hoe genexpressie en de aanwezigheid van de actieve H3K4me3 en onderdrukkende 
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H3K27me3 chromatinemarkeringen zich gedragen in darmen van normale wild 
type zebravislarven. Dit is bewerkstelligd door de darmen te isoleren wanneer de 
larven 5, 7 en 9 dagen oud zijn. In dit hoofdstuk wordt ook het fenotype van de 
ezh2(hu5670) zygotische mutant beschreven. Observaties in deze mutant duiden 
erop dat de vroege embryonale moederlijke bijdrage (dit wordt beschreven in 
Hoofdstuk 5) van ezh2 niet voldoende is voor het behouden van orgaandifferenti-
atie. Zygotisch verlies van ezh2 leidt bij zebravis larven tot defecten in de lever en 
de darmen en leidt uiteindelijk tot de dood op het moment dat de vissen 10-11 da-
gen oud zijn. In Hoofdstuk 4 wordt een alternatieve zygoot (nonsense) ezh2 mutant 
model gebruikt, genaamd ezh2(sa1199). De mutatie in deze ezh2 mutant resulteert 
niet in een nonsense gemedieerd verval van het ezh2 mRNA, de afwezigheid van 
het ezh2 eiwit of een mutant fenotype. Dit alles wijst erop dat deze ezh2 mutant 
een ongeschikt model is om ezh2 functie verder te onderzoeken. In Hoofdstuk 5 
worden de effecten van verlies van moederlijke en zygotisch ezh2 in zebravis bes-
chreven, gebruikmakende van het nonsense mutant model ezh2(hu5670). Hoewel 
de lichamelijke structuur van deze mutanten normaal lijkt te ontwikkelen laten ze 
in een vroeg stadium transcriptiedefecten zien, hebben ze een pleiotroop fenotype, 
laten een verlies van hartintegriteit en weefselbehoud zien en gaan vervolgens 
dood op twee dagen na de bevruchting. In Hoodstuk 6 worden de resultaten van 
dit proefschrift gepresenteerd en wordt teruggekeken op bestaande literatuur en de 
functie van ezh2 en PRC2 in het instandhouden van weefsels tijdens en na vroege 
ontwikkeling.
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