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ABSTRACT

The DNA methylome is re-patterned during discrete phases of vertebrate development. In zebrafish, there
are 2 waves of global DNA demethylation and re-methylation: the first occurs before gastrulation when the
parental methylome is changed to the zygotic pattern and the second occurs after formation of the
embryonic body axis, during organ specification. The occupancy of the histone variant H2A.Z and regions of
DNA methylation are generally anti-correlated, and it has been proposed that H2A.Z restricts the boundaries
of highly methylated regions. While many studies have described the dynamics of methylome changes
during early zebrafish development, the factors involved in establishing the DNA methylation landscape in
zebrafish embryos have not been identified. We test the hypothesis that the zebrafish ortholog of H2A.Z
(H2afv) restricts DNA methylation during development. We find that, in control embryos, bulk genome
methylation decreases after gastrulation, with a nadir at the bud stage, and peaks during mid-somitogenesis;
by 24 hours post -fertilization, total DNA methylation levels return to those detected in gastrula. Early
zebrafish embryos depleted of H2afv have significantly more bulk DNA methylation during somitogenesis,
suggesting that H2afv limits methylation during this stage of development. H2afv deficient embryos are
small, with multisystemic abnormalities. Genetic interaction experiments demonstrate that these phenotypes
are suppressed by depletion of DNA methyltransferase 1 (Dnmt1). This work demonstrates that H2afv is
essential for global DNA methylation reprogramming during early vertebrate development and that
embryonic development requires crosstalk between H2afv and Dnmt1.
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Introduction

How the epigenome of gametes becomes reprogrammed in
zygotes to allow response to signals that regulate cell potency
and fate is a central and unanswered question in epigenetics
and developmental biology. Epigenome reprogramming in
zygotes requires a stripping of the epigenetic marks in gametes
that were acquired either during differentiation or in response
to environmental cues and a reapplication or redistribution of
these marks into a pattern that creates a genome that is compe-
tent to support zygotic development. Modulation of epigenetic
reprogramming may lead to the retention of acquired epige-
netic signatures, which, if sufficiently stable, could be transmit-
ted from one generation to the next.

DNA methylation on cytosines is the primary epigenetic
modification of DNA. In most somatic tissue, 5-methylcyto-
sine (5mC) is distributed in blocks of DNA containing CpG
dinucleotides, and these methylated blocks of DNA are typi-
cally heterochromatic. Other regions, including the CpG

islands that characterize most promoters, are protected from
methylation.”> While most of the methylome is static across
cell types of the same species and across developmental
time,>® different cells have locus-specific differences in meth-
ylation levels, and this pattern is essential for embryonic
development and developing cell identity.”” In most verte-
brates, the methylation pattern in the maternal and paternal
gametes is erased following fertilization'®'* and, subsequently,
the zygotic methylation pattern is set and re-patterned as cell
fate is established.!? However, there are exceptions, as some
non-imprinted regions of the genome, such as intracisternal
A-particles, can escape demethylation during early develop-
ment."* This suggests that mechanisms exist by which regions
of the methylome could be impervious to zygotic reprogram-
ming, providing a potential means by which intergenerational
epigenetic inheritance might occur.

Recent evidence suggests that DNA methylation is just one of
many epigenetic factors that may transmit parental hereditary
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information, others include histone variants and modifications,'’
microRNAs,'® tRNA-derived small RNAs,'”!® and others. As
the epigenome is complex and dynamic, it is certain that epige-
netic readers, writers, and erasures interact during zygote devel-
opment so that the epigenome may be shaped by multiple
mechanisms. In support of this, studies in somatic tissue and
stem cells have shown that crosstalk between histone modifica-
tions, histone variants, and DNA methylation contribute to
DNA methylation patterning.'” In Arabidopsis thaliana, the
location of small RNAs (smRNAs) ?° and histone variants 22
has a direct relationship with DNA methylation homology;
however, the conservation of these patterns has not been exten-
sively investigated. Thus, despite intensive study on the mecha-
nisms that control DNA methylome erasure and re-patterning
in developing embryos,” these processes remain poorly
understood.

One possibility is that epigenome patterning in the embryo
could be dictated by stable epigenetic modifications that serve to
bookmark regions of the genome during the period when the
parental methylome is erased, so that the de novo methylation
machinery could use this bookmark as a guide to regions that
should become methylated in the zygotic genome. Epigenetic fea-
tures that are anti-correlated with DNA methylation could serve
as a mark for regions to be protected from methylation. Histone
variants are good candidates to serve this function, as some of
the best-characterized functions of histone variants are to direct
the pattern of epigenetic modifications. In particular, the histone
variant H2afva and its paralog, H2afvb (known as H2A.Z in
mammalian species) is anti-correlated with DNA methylation in
plants and animals®* and may serve as a mark to restrict where
DNA methylation is deposited following methylome erasure.

H2A.Z is present at a less than 1:100 ratio with H2A and
becomes incorporated into chromatin in place of H2A at specific
loci, which are correlated with active transcription; in addition, it
is most often observed at the 5 regulatory regions of genes.*>*°
Therefore, it is proposed that H2A.Z repels repressive epigenetic
marks to promote transcription. In mice, H2A.Z is expressed dur-
ing spermatogenesis* and in the nuclei of oocytes,”® where it is
enriched at transcriptionally active promoters. Genome-wide
studies in A. thaliana,”° and in pufferfish’>"** have revealed that
heavily methylated regions are devoid of H2A.Z, suggesting it
marks genomic loci designated to remain methylation-free. How-
ever, this concept has been challenged, since genetic elimination
of H2A.Z in A. thaliana did not lead to DNA hypermethylation.”
Moreover, another study demonstrating that blocking the DNA
methyltransferase (Dnmtl) causes H2A.Z to reposition to pro-
moters,”* suggesting that, in this case, loss of DNA methylation
can reorganize histone occupancy, indicating that crosstalk
between the methylome and H2A.Z is bidirectional.

We recently hypothesized that, in rat sperm, H2A.Z occu-
pancy may be modulated in response to environmental toxins
and serve as an epigenetic “memory” for non-Mendelian pater-
nal transmission of developmental signals in the zygote.” If the
paternal genome retains its H2A.Z patterning in the fertilized
zygote, then it can influence developmental reprogramming of
DNA methylation. However, we lack direct evidence that
zygotic H2afv influences DNA methylation and subsequent
embryo development.

Zebrafish provide a tractable system to study the mecha-
nisms of DNA methylome patterning in early embryo

development. As in mammals, a wave of global DNA demethyl-
ation occurs just after fertilization in zebrafish, and the zygotic
genome is re-methylated by 3 h post-fertilization (hpf; ~1000
cells stage), just before zygotic genome activation.'>*>*
Detailed genome-wide maps of the paternal, maternal, and
zygotic methylomes have recently been described and exten-
sively analyzed.>”** One of the findings is that the sperm
methylome is resistant to re-patterning compared with the
maternal genome.’®*” However, the sperm genome does not
seem to dictate where methylation occurs in the embryonic
genome, as patterning occurs normally in embryos derived
from activated eggs, which contain only the maternal
genome.”” During a later stage of development, after the
embryonic axes have been established and the nervous system
and somite formation is underway (i.e., mid-somitogenesis), a
second wave of DNA erasure occurs at ~13 hpf, with the
genome becoming re-methylated by 24 hpf.**"* The functional
significance of global demethylation and re-methylation during
somitogenesis has not yet been established and there is nothing
known about which factors regulate this stage of methylome
patterning. Additionally, although there is evolutionary conser-
vation of histone and DNA methylation crosstalk during the
post-fertilization stage of vertebrate embryogenesis,*® experi-
mental evidence demonstrating that the histone code impacts
the zygotic DNA methylome is lacking.

H2A.Z is highly conserved between mammals and zebrafish
and h2afv mutant zebrafish die at the larval stages of develop-
ment.*” The relatively late onset of the mutant phenotype is
attributed to ample maternally provided supply of h2afv
mRNA and protein. Interestingly, H2afva overexpression in
transgenic zebrafish is well tolerated,*® suggesting that deple-
tion of this histone variant has the most dramatic impact on
the chromatin landscape. The effects of modulating H2afv lev-
els on the zygotic methylome have not been examined and
there is no published data on the genomic occupancy pattern
of either H2afv in zebrafish embryos. We therefore investigated
bulk genome methylation combined with knockdown
approaches in zebrafish embryos using morpholino, which
allowed for depletion of H2afv derived from maternal and
zygotic transcripts. This provides an optimal and straightfor-
ward approach to examine effects on DNA methylation during
the early stages of development supported by maternal h2afva
mRNA. We report that depletion of H2afv from early zebrafish
embryos results in a global increase in 5mC levels during meth-
ylome reprogramming in mid-somitogenesis, and causes devel-
opmental abnormalities including reduced body size and organ
specific defects. We demonstrate that knockdown of Dnmtl
rescues the phenotypic defects caused by H2afv deficiency,
indicating that crosstalk between the histone code and DNA
methylation factors pattern the embryonic methylome and are
required for vertebrate development.

Results

H2afv is highly expressed during early zebrafish embryo
development

Due to the genome duplication that occurred in teleosts,
zebrafish have 2 H2A.Z orthologs, h2afva and h2afvb,
which are 99% identical at the protein level and 83%



identical at the nucleotide level (Figure S1A). H2a.z null
mice die around gastrulation®” but h2afva mutant zebrafish
embryos die after 5 d post-fertilization (dpf),”” suggesting
that maternal sources of H2afva or compensation from
H2afvb support early development of h2afva mutants.
Although we were unable to generate primers that accu-
rately distinguished between ha2afv paralogs, RNAseq sug-
gests that h2afvb is expressed at higher expression levels
than h2afva in early zebrafish embryos (Figure S1B). Using
primers that detect both paralogs, we found high levels of
h2afva/h2afvb mRNA throughout development (Fig. 1A).
Immunofluorescence using an antibody that recognizes a
motif found in both paralogs shows high and ubiquitous
distribution of H2afv protein from stages preceding zygotic
genome activation through mid-somitogenesis (Fig. 1B).
These data show that there is substantial maternal contribu-
tion of h2afy mRNA and protein during the stages of zebra-
fish development when methylome reprogramming occurs.
Since the h2afva mutants only show a phenotype well
after somitogenesis, when the maternal stores are
depleted,”” we reasoned that h2afv zygotic mutants will not
be useful for defining the role of H2afv in these processes

B 64 cells (2 hpf) High (3.3 hpf)

3 4 5

" m

EPIGENETICS 813

due to protein derived from maternal mRNA. To address
the requirement of H2afv at earlier stages of development,
we used morpholino injection to block translation of the
maternal and zygotic h2afv mRNA. We identified an h2afv
morpholino that specifically targeted the start codon of
both variants (Figure S1A) and effectively depleted total
H2afv protein at a range of concentrations, with 0.67 ng
injected per embryo as the lowest amount that achieved
maximal depletion of H2afv protein (Fig. 1C). Given that
the entire H2afv protein band was depleted using this mor-
pholino, we reasoned either that the morpholino effectively
targeted the mRNAs encoding both paralogs or that only
one of the paralogs was primarily responsible for generating
the abundant amount of H2afv protein present in the
embryo at the stages investigated. Given that we cannot dis-
tinguish which isoform is primarily responsible for the
effects we observe, hereafter we refer to the mRNA and
protein using the generic h2afv and H2afv, respectively.
Nearly 70% of embryos injected with 0.67 ng of h2afv mor-
pholino survived to 24 hpf and over 45% survived to 96 hpf
(Fig. 1D). Since this amount allowed for maximal H2afv deple-
tion and excellent survival through the developmental stages
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Figure 1. H2afv expression successfully depleted by morpholino (MO) injection (A) RT-PCR using primers that detect both h2afva and h2afvb demonstrates high mRNA
levels of expression across all stages of embryonic zebrafish development. (B) Whole mount immunofluorescence detects H2afv protein expression across stages of zebra-
fish embryonic development. Representative images from at least 5 embryos examined from 2 separate clutches are shown. (C) Western blot analysis demonstrates deple-
tion of H2afv expression at 24 hpf in lysates from varying concentrations of h2afv MO injected embryos compared with control (uninjected) embryos. h2afv morphants
(0.67 ng) were used for the rest of the study (marked®). Representative image of 2 different blots are shown. (D) Kaplan-Meier curve illustrates increased mortality of
h2afv morphants compared with control (uninjected) embryos across 96 h post fertilization (hpf). MO injected at 3.3, 0.67 and 0.34 ng per embryo, n = number of

clutches and number of total embryos analyzed per condition in parenthesis.
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where methylation levels change, 0.67 ng was used for the
remainder of our studies.

Transient H2afv depletion has long-lasting
developmental impact

h2afv morphants displayed a range of developmental abnor-
malities, which were first apparent in some embryos during
late somitogenesis, but were consistently observed in over
80% of morphants at 24 hpf and were never observed in
uninjected embryos or those injected with 0.67 ng of a stan-
dard control morpholino (Fig. 2A-B). Embryos were classi-
fied as having a mild phenotype if they were less than 80%
of the length of control embryos, had fewer somites but
retained the mid-brain/hindbrain boundary, and had
formed all regions of the head, eye, and body axis and tail.
Nearly all mildly affected embryos survived to 72-96 hpf
(Fig. 1D and S2); however, they had defects in several
organs, including the liver and pancreas (Figure S2A), and
reduced stimuli-induced motility at 48 hpf (Figure S2B).

Embryos classified as having a severe phenotype were
smaller by nearly 50% than age-matched controls and had
small, gray heads that were indicative of necrosis, notably
reduced height of the hindbrain, and lacked a midbrain/
hindbrain boundary. Some severely affected embryos lacked
entire body parts, such as the eyes or tails (Fig. 2A).
Severely affected embryos rarely survived to 5 dpf. Nearly
all embryos injected with 0.67 ng h2afv morpholino were
abnormal at 24 hpf and 48 hpf, with the majority scored as
having a severe phenotype compared with those with the
mild phenotype (Fig. 2B). The severity of the phenotype
was directly correlated with the efficacy of H2afv knock-
down, as severely affected embryos had no detectable H2afv
at prim 4 stage (24 hpf) and the mildly affected embryos
retained some H2afv protein (Fig. 2C and S3). We did not
consistently detect a significant number of embryos with a
prominent phenotype at somitogenesis stages in h2afv mor-
phants (Figure S4), suggesting that the cause of the h2afv
morphant phenotype may have occurred during the somito-
genesis stage of development.
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Figure 2. H2afv depletion causes significant phenotypic abnormality (A) Bright field images comparing Control (uninjected) and h2afv MO injected fish at 24 and 48 hpf,
with the same embryo imaged at both time points. (B) Embryos were scored as Severe, Mild or Normal phenotype in a minimum of 5 clutches and displayed as percen-
tages, with n = the number of total embryos and the number clutches analyzed per condition. (C) Western blot analysis of 24 hpf embryos demonstrates complete deple-
tion of the H2afv protein in morphants exhibiting the severe phenotype and slight residual protein expression in h2afz morphants with mild phenotype while the control
(uninjected) embryos express high levels of H2afv protein. (D) Bright field images of 48 hpf embryos injected with h2afy mRNA (50 ng), h2afv MO or h2afv mRNA plus
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We demonstrated morpholino specificity through several
controls. Most importantly, the severity and incidence of the
h2afv morphant phenotypes was significantly reduced by co-
injection of the h2afv morpholino with mRNA encoding
H2afv-mCherry fusion protein, with mutations that prevent
binding to the h2afv morpholino (Fig. 2D, 2E). Both imaging
(Figure S5A) and Western blotting (Figure S5B) show that the
exogenous H2afva-mCherry was expressed in h2afv morphants
and while co-injection of h2afva mRNA significantly reduced
the percent of morphants with any phenotype, it did not restore
expression of endogenous H2afv (Figure S5B). Notably, this
shows that the H2afva paralog can compensate for depletion of
both paralogs during development and also demonstrates that
H2afva overexpression is well tolerated in zebrafish embryos,
as has been reported by many other groups.***° Additionally,
we showed that 2 different control morpholino (standard con-
trols 1 and 2) injected alone at 0.67 ng did not induce any phe-
notype (Fig. 2A, 2D and S6A-B) and, injecting a standard
morpholino in combination with the h2afv morpholino to
effectively increase the amount of total morpholino in the
embryo did not enhance the h2afv morphant phenotype
(Figure S6A-B). Finally, co-injecting a p53-targeting morpho-
lino, which has been reported to alleviate some non-specific
morpholino toxicity resulting in apoptosis,”’ did not alter the
h2afv morphant phenotype (Figure S7). We thus conclude that
the h2afv morpholino specifically targets h2afv mRNA and
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reveals an essential role for H2afv during late somitogenesis
and embryonic survival.

H2afv is required for DNA methylation during
somitogenesis

To understand the relationship between H2afv loss and DNA
methylation, we analyzed total 5mC levels using genomic DNA
slot-blots probed with anti-5mC normalized to total genomic
DNA (ds-DNA; Fig. 3A-B). Fig. 3B shows that, in control
embryos, global 5mC levels decreased between shield (6 hpf)
and bud stage (10 hpf), and then increased during somitogene-
sis. By prim 5 (24 hpf) stage, 5mC levels were equivalent to
those detected at gastrulation. This pattern is consistent with
other studies,,***>>* and demonstrates that widespread and
dynamic changes of DNA methylation occur throughout the
stages of development when the axis elongates and the brain
and organs are patterned. Strikingly, 5mC levels were higher in
h2afv morphants compared with controls at the shield stage
(P = 0.078) and mid-somitogenesis stages (P < 0.05; Fig. 3B
and 3C). Interestingly, 15-17 somite embryos overexpressing
h2afv RNA had the opposite effect, with moderate, but signifi-
cant, lower 5mC levels compared with controls (85% methyla-
tion, compared with a 100% in controls, P = 0.01; Fig. 3C). We
therefore conclude that H2afv is required for restricting DNA
methylation during development.
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While extensive analysis of the zebrafish methylome before
and during gastrulation and at 24 hpf has been reported,’*>**’
only total 5mC has been examined in the intervening stages."?
We assessed DNA methylation changes affected by H2afv loss
using reduced representation bisulfite sequencing (RRBS) to
map the CpG methylation state on a global scale. To avoid sec-
ondary effects due to phenotypic changes, we collected embryos
between 13-15 somite stage, before the onset of any morpho-
logical phenotypes induced by H2afv depletion (see Figure S4).
For both control and h2afv morphants samples, we obtained
approximately 1.5 to 3 million total reads and 0.8 to 1.5 million
CpGs that aligned to the zebrafish genome (GRCz10). Of these,
127,945 and 37,362 CpGs had >5X coverage in controls and

morphants, respectively. We found that 50.72% of all mapped
CpGs with >5X coverage in the controls were considered
methylated (i.e., >75% of reads were methylated) compared
with 48.73% of CpGs in h2afv morphants, which were scored
as methylated.

The genomic distribution of the mapped CpG residues was
similar between the controls and h2afv (Fig. 4A). We examined
the distribution of methylated and non-methylated CpGs
across genomic elements in h2afz morphants compared with
controls and found that there was a statistically significant dif-
ference between each gene element compared with total
mapped CpGs methylated and non-methylated CpGs. The
majority of methylated CpGs in both control and morphant
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samples are located in the intergenic region (Table 1 and
Fig. 4A), which is similar to our previous analysis of methyla-
tion distribution in zebrafish tissues using RRBS.> We found
some differences in the distribution of methylated CpGs in
h2afv morphants compared with controls: methylated CpGs in
h2afv. morphants were significantly enriched in intergenic
regions (P < 0.05) and introns (P < 0.05) and were depleted
from exons (P < 0.05) compared with controls (Table 1 and
Fig. 4A). CpG dense regions—i.e., CpG islands—, which are
found in most promoters,” are typically protected from meth-
ylation.”* There were fewer non-methylated CpGs mapped to
promoters in h2afv morphants compared with control embryos
(P < 0.05; Fig. 4A and Table 1).

We next identified differentially methylated regions (DMRs)
defined as regions of the genome based on the bimodal normal
distribution model of CpG distance between controls and mor-
phants and mapped the genomic elements where these DMRs
were located. We found a total of 4,462 DMRs, with both
increased (hyper DMR) and decreased (hypo DMR) regions of
methylation in h2afv morphants (Fig. 4B-C and Table 1). Most
of the DMRs were localized to the intergenic regions, likely
reflecting the fact that the majority of the CpGs with suffi-
ciently high coverage in both samples were located in the inter-
genic region (Table 1). Hypermethylated DMRs were
significantly enriched in intergenic regions, introns, and pro-
moters. There were a total of 383 DMRs in promoters, and 61%
of these were hypermethylated, which indicates that signifi-
cantly more DMRs are hypermethylated than hypomethylated
(Table 1 and Fig. 4B; P = 0.0003).

We found the effects of H2afv depletion on methylation to be
complex, as in the same region both loss and gain of methylation
at distinct CpGs were identified. Fig. 4C shows the DMRs across
chromosome 18 and Figure S8 illustrates a base pair resolution
image of a region of chromosome 14 where the trend is toward
hypermethylation in h2afv morphants; however, specific CpGs
are also hypomethylated. Together, these data suggest that bulk
DNA methylation increases in h2afv morphants and that H2afv
loss results in redistribution of 5mC at some loci.

H2afv is typically found mainly in promoters and to some
extent in the gene bodies; in A. thaliana,”**° and puffer
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fish,** H2A.Z occupancy is inversely correlated with DNA
methylation. H2A.Z is enriched in promoters as well as at the
enhancer and insulator elements in mammalian cells;>>’
hence, we examined the correlation between methylation and
H2afv in zebrafish embryos using previously published data.
While there are no available data sets describing H2afv occu-
pancy during the somitogenesis stages of zebrafish develop-
ment, we analyzed a previously published H2afv ChIP-seq
data set from embryos at 30% epiboly (4.5 hpf) embryos®®
and found a similar trend with an inverse correlation of
H2afv and the pattern of DNA methylation as determined by
MeDipSeq data sets® from embryos at 30% epiboly (4.5 hpf)
and prim 5 (24 hpf; Figure S9A). Interestingly, we found that
some genes with H2afv peaks in the promoters are expressed
early in development based on RNAseq data (Figure S9B),
suggesting that H2afv occupancy may be one epigenetic factor
that contributes to their expression. We asked whether loss of
H2afv affects the expression of the selection of genes (in
Figure S8A) whose promoters are associated with H2afv at
30% epiboly (prox1, ta, hoxd3a, irf7, smarcclb, and sox17)>*°
using real-time PCR at a stage before and after the onset of
the h2afv morphant phenotype at 30% epiboly and at 22 hpf.
We selected genes that were expressed at low or undetectable
levels (sox17, neurodl, hox3a, myodl, ta, spryl, proxla) and
those that were expressed throughout development (proxIa,
irf7, snaila, gapdh) based on RNAseq data deposited in The
Expression Atlas (http://www.ebi.ac.uk/gxa/home/)
(Figure S9B). Among the H2afv bound genes, proxl, ta,
smarcclb, sox17 (sox17 was neither expressed at 22 hpf in wild-
type controls nor in h2afv morphants) were downregulated as
early as 70% epiboly; hoxd3a was reduced in expression by 22
hpf, while irf7 expression was increased (Figure S9C, D). Other
genes, which are important regulators of key events in early
development, including myodl and spryl, were downregulated
by 70% epiboly while, surprisingly, neurodl was upregulated
upon H2afv loss at 22 hpf (Figure S9C, D). While the current
analysis does not demonstrate that these genes are directly reg-
ulated by H2afv, these data indicate that H2afv loss results in
gene expression changes before the onset of the morphological
phenotype.

Table 1. Comparison of CpGs analyzed by RRBS and DMRs between control siblings and h2afv morphants at 13-15 somite stage. The methylation status of the CpGs (A) and differ-
entially methylated regions (B) in controls and h2afv morphants. Hyper and hypomethylated DMRs reflect the change in methylation in h2afv morphants compared to controls.

A.
Total Methylated Non-methylated

Control h2afv MO Control h2afv MO P-val Control h2afr MO P-val
Promoter 21751 5919 649 182 0.73 21264 5771 0.24
Exon 8956 1850 5192 910 4.83E-12 3112 607 0.13
Intron 19192 5919 13628 4006 1.16E-06 3112 1063 0.002
Intergenic 78046 23674 45427 13109 4.96E-14 24376 7745 1.13E-05
B. Common Hyper p Hypo p
Promoter 3042 234 2.20E-16 149 2.20E-16
Exon 579 70 0.0204 106 0.03546
Intron 1593 374 1.82E-11 340 1.27E-10
Intergenic 9126 1658 3.81E-14 1553 2.20E-16
Total 14485 2335 2127
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Dnmt1 loss partially rescues the phenotype
of H2afv depleted embryos

Dnmtl is essential in maintaining methylation patterns
following DNA replication.®’ We therefore performed a genetic
interaction experiment to determine whether DNA hyperme-
thylation in h2afv morphants was the mechanism underlying
the morphological defects that occurred in these embryos. To

do this, we co-injected the h2afv morpholino with another
morpholino targeting dnmtl, which we previously demon-
strated effectively and transiently knocks down Dnmt1.°> Con-
sistent with our previous study,”> dnmtl morphants did not
exhibit any overt morphological phenotypes at 24 and 48 hpf
(Fig. 5A). There was a significantly higher percent of embryos
scored as severe vs. mild or normal when h2afv morpholino
was injected alone (P < 0.0001; Fig. 5A-B). In 5 out of 5
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Figure 5. Co-injection of dnmt1 MO partially rescues the h2afv morphant phenotype (A) Bright field images comparing embryos injected with control morpholino--2 (0.67
ng) or with h2afv (0.67 ng), dnmt1 (0.43 ng) or dnmti-h2afv co injected embryos exhibiting the severe phenotype at 24 and 48 hpf. The dnmt1 morphants do not exhibit
any significant phenotype either at 24 hpf or 48 hpf (n = 5) (B) Phenotype scored in a minimum of 5 clutches as Severe, Mild or Normal and displayed as percentages
show that the percentage of h2afv morphants exhibiting the severe phenotype is significantly reduced in a dnmt MO background. (C) Percent survival of h2afv morphants
with and without addition of dnmt1 MO at 24 hpf and 48 hpf. The survival of the h2afv morphants is not significantly affected with knockdown of Dnmt1 protein (p-value
between the dead vs. alive numbers of h2afv and dnmti-- h2afv double morphants at 24 hpf = 0.4855 and at 48 hpf = 0.05. (D) Western blot analysis of protein lysates of
16-18 hpf embryos demonstrates complete depletion of the H2afv protein in both h2afv morphants and dnmt1-- h2afv morphants while the expression of H2afv protein is
unaffected in control and dnmt1 morphant embryos (n = 2). (E) Slot blot analysis of 5-MeC levels using genomic DNA from control, h2afv morphants and dnmt1-- h2afv
morphants at 14-18 somite stage (16-18 hpf). The h2afv morphants exhibit significant hypermethylation and the inhibition of dnmt1 in this background does not have a
significant effect on the global DNA hypermethylation. One way ANOVA was performed comparing each of the morphants with the uninjected controls. Number of

clutches (n) = 4. Scale bar: 1000 zem.



individual experiments, co-injecting the dnmtI and h2afv mor-
pholino significantly shifted the phenotype distribution, such
that there were more embryos with normal and mild phenotype
at 24 and 48 hpf (Fig. 5B and S10). This rescue was not
observed when the h2afv morpholino was co-injected with a
standard control (Figure S6A-B). dnmtl morpholino injection
did not significantly rescue the mortality in h2afv morphants
(Fig. 5C). We tested the possibility that Dnmtl knockdown
served to stabilize H2afv protein and this being how the h2afv
morphants were rescued, and found that this was not the case,
as H2afv was completely depleted in embryos where the h2afv
moprholino was injected, with or without dnmtl morpholino
(Fig. 5D). Therefore, we conclude that depletion of Dnmt1 sup-
presses the h2afv morphant phenotype.

We next examined if Dnmtl depletion also suppressed bulk
DNA hypermethylation in h2afv morphants. We found that
dnmtl morphants displayed slightly but not significantly lower
levels of total 5mC in 14-18 somite stage embryos (average
89%; n = 3, P = 0.38). Co-injection with the h2afv morpholino
resulted in 5mC levels that were not significantly different to
those detected in embryos with h2afv morpholino injection
alone (171% vs. 160%; n = 4; Fig. 5E). Hence, knockdown of
dnmtl partially rescued the h2afv morphant phenotype, but
was not able to significantly reduce the global hypermethylation
caused by H2afv loss. This epistatic analysis demonstrates that
dnmtl is required for the embryonic defects caused by H2afv
loss but it is not clear whether this is due to locus specific
changes in DNA methylation or to other epigenetic
modifications.

Discussion

The zygotic epigenome is substantially re-patterned during
early development, but little is known about the dynamics of
the methylome during later development or how the pattern of
methylation is set in embryos. We report a functional relation-
ship between the histone variant H2afv and DNA methylation,
such that transient depletion of H2afv in zebrafish embryos
causes DNA hypermethylation during embryonic patterning
and organ specification. This suggests that a primary function
of H2afv in zebrafish is to restrict DNA methylation, as sug-
gested for other organisms. We conclude that the zebrafish
H2A.Z orthologs are essential for epigenetic programing and
development of the early vertebrate embryo.

These findings confirm previous studies showing that H2A.
Z is critical for normal animal development, as genetic deletion
causes early developmental arrest and death across species.*”*?
In H2az™/~ mice, complete absence of H2A.Z is tolerated in
early embryogenesis, indicating no critical requirement for the
early differentiation events leading up to formation of the inner
cell mass and trophoectoderm.*” However, with the onset of
proliferation and the need for complex tissue differentiation
from day 4.5 onwards, H2az '~ embryos die. This is markedly
different from zebrafish embryos, where h2afva mutants sur-
vive early development due to the abundant maternal stores
and possibly due to redundancy with the h2afvb paralog.
h2afva mutants develop severe abnormalities and die later in
development when these stores are depleted or when H2afvb is
no longer able to compensate for the loss of H2afva.*” We took
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advantage of the ability of morpholino to target mRNA of both
paralogs, and thus deplete the early embryo of H2afv derived
from maternally provided and zygotically derived mRNA gen-
erated after genome activation. The technical advantage of this
approach is the ability to examine the effects of depleting
H2afva and H2afvb from the early embryo, which is not feasi-
ble with standard zygotic mutants as these only show a pheno-
type after the maternally derived product is depleted. Since we
achieved partial H2afv knockdown, which was only transient
due to the nature of morpholino-mediated translation attenua-
tion, we were able to assess longer-term developmental conse-
quences of transient depletion of H2afv in the post-fertilization
embryo. We observed dramatic multi-organ and functional
defects at later developmental stages including misshapen
organs and motility defects, with many similarities to h2afva
mutants.*” Thus, the morphants both recapitulate the mutant
phenotype at later stages and also provide an opportunity to
interrogate the requirement for H2afv during methylome pat-
terning in early embryos.

Analysis of bulk 5mC showed an anti-correlative relation-
ship between H2afv and DNA methylation, consistent with
previous studies.””** Moreover, in 3 out of 4 experiments,
H2afva overexpression led to a modest reduction of the bulk
DNA methylation levels compared with controls. Base pair res-
olution methylome mapping revealed that there were both
hypo- and hyper-methylated CpGs in h2afv morphants; how-
ever, more DMRs were hypermethylated, confirming a trend
toward increased methylation in morphants. The site-specific
hypo- and hyper-methylation in ha2afv morphants differs
from the unidirectional gain of methylated CpG sites that was
anticipated from previous studies in A. thaliana® and from our
highly reproducible finding by analyzing total 5mC (Fig. 3A-
B). Since RRBS sequencing is confined primarily to CpG
islands, which are largely unmethylated, the majority of the
CpGs detected are unmethylated in both controls and mor-
phants. Moreover, since comparison of distinct CpG sites was
restricted to those sites that were sequenced with sufficient
depth in both samples, this represented only a small fraction of
the total CpGs in the genome. In contrast, blotting for 5mC
detects all CpGs in the genome. Therefore, the global differen-
ces in methylation levels detected by these 2 approaches are not
readily comparable. Nevertheless, these complementary
approaches to assessing the methylome point to an essential
role for H2afv in restricting DNA methylation, but also indicate
that it might redirect DNA methylation to new regions. Further
analysis using deeper sequencing and more comprehensive
CpG coverage could resolve how H2afv impacts methylome
patterning.

The factors that dictate what regions of DNA become meth-
ylated and stay methylated during development are not known.
Several histone marks and H2afv have been shown to be anti-
correlated with DNA methylation, but the functional relation-
ships between these have yet to be defined in developing
embryos. High CpG density in promoters is inversely corre-
lated with methylation,*>*® and a major question is how pro-
moters are protected from methylation. Our data demonstrates
that although there was some increase in the hypermethylated
DMRs in promoter regions, these regions remain largely unme-
thylated in h2afv morphants. As the RRBS technique has a bias



820 B. MADAKASHIRA ET AL.

toward CG-rich regions, including CpG islands found in pro-
moters, it is unlikely that this reflects a technical limitation of
the DNA methylation sequencing protocol. Instead, our data
are consistent with a model whereby several mechanisms col-
laborate to restrict DNA methylation at CG-rich promoters,
including the activities of other histone modifications, such as
H3K4me3, which has a strong anti-correlative relationship
with DNA methylation.®”"*

Data from Arabidopsis has suggested that the anti-correla-
tive nature of H2A.Z and DNA methylation occupancy is based
on DNA methylation preventing incorporation of H2A.Z into
chromatin, rather than vice versa.”” In support of this, very few
changes in promoter methylation were observed following the
substantial redistribution of H2A.Z from transcriptional active
promoters to gene bodies during mouse B-cell tumorogenesis.®*
Treatment of human colon cancer cells with the demethylating
drug 5-Aza-deoxycytidine results in genome-wide increased
occupancy of H2A.Z and H3K4me3, indicative of DNA meth-
ylation having the dominant instructive role in methylome/
chromatin remodeling.”® In this same tumor cell model, deple-
tion of SRCAP, an ATP-dependent chromatin remodeler that
mediates H2A.Z incorporation into chromatin, had no effect
on promoter DNA methylation but did inhibit gene expres-
sion.”® Together, this data suggest that lack of DNA methyla-
tion in promoters is required for H2A.Z enrichment and, in
turn, high rates of transcription. Thus, the major role of H2A.Z
at promoters may be to maintain a transcriptionally permissive
state of chromatin that is reinforced by the local DNA methyla-
tion landscape. H2afv/H2A.Z has structural roles that, when
disrupted, may alter genome accessibility to the DNA methyla-
tion machinery.®>”" Thus, both the structural properties of
H2afv and the interaction with other epigenetic factors may
dictate how the rest of the epigenome is patterned.

A widely held assumption is that DNA methylation serves as
a global and potent transcriptional repressor; however, much
recent data have generated a shift in this dogma surrounding
DNA methylation and gene expression. While DNA methyla-
tion clearly functions as a major mechanism to repress the
expression of transposons, repeat sequences, and the inactive X
chromosome, whether DNA methylation directly regulates the
expression of differentially expressed genes is intensely
debated.”” In fact, only a few genes have been clearly shown to
be directly impacted by DNA methylation. In support of this,
RNAseq on h2afv morphants collected at the same time when
DNA methylation was increased showed virtually no change in
gene expression (not shown) and, conversely, we found only
modest changes in gene expression in zebrafish mutants with
global loss of DNA methylation.”””* The emerging view is that
multiple modifications are required to modulate gene expres-
sion. Our finding that some genes with promoter occupancy of
H2afv at 30% epiboly are significantly downregulated in h2afv
morphants (proxla, ta, hoxd3a; Figure S8A) suggests that
H2afv may be required for their expression. In contrast, irf7,
which shows a strong H2afv peak in its promoter, is not, possi-
bly because irf7 is maternally provided and expressed through-
out development (Figure 10 or S8). Moreover, some genes that
play key roles in development, such as soxI17, which were not
found to have promoter occupancy of H2afv at 30% epiboly,
are affected at the developmental stage when h2afv morphants

show a phenotype, which could potentially reflect the disrup-
tion of the tissues that typically express high levels of these
genes. We conclude that H2afv loss may affect the expression
of genes that are highly occupied by H2afv in the promoter, but
it is not yet clear whether this change in expression reflects any
change in the level of DNA methylation.

In summary, we discovered that the zebrafish orthologs of
H2A.Z are required for limiting DNA methylation levels during
somitogenesis and are essential for embryonic development
after this stage. Moreover, the phenotype caused by H2afv
requires Dnmtl1, demonstrating that these important epigenetic
modifiers work together to ensure proper embryonic
development.

Materials and methods
Zebrafish maintenance

Adult zebrafish were maintained on a light dark cycle of 14:10 h
at 28°C. Embryos were collected immediately after spawning
and incubated at 28°C in fish water [0.6 g/L salt (Crystal Sea
Marinemix; Marine Enterprises International, Cat. No.
AQO02210] containing methylene blue (0.002 g/L) (Millipore-
Sigma, Cat. No. M9140). The Icahn School of Medicine at
Mount Sinai and the New York University Abu Dhabi Institu-
tional Animal Care and Use Committee approved all protocols.
Embryos were staged using standard landmarks and no stage
differences in gene expression, phenotypic penetrance, or
methylation were observed in stage-matched embryos raised at
different temperatures.

Morpholino and mRNA injection

A morpholino was designed targeting the ATG of the h2afv
transcript  (CTTTTCCTGCTTTGCCTCCTGCCAT)  and
obtained from Gene Tools (Philomath, OR, USA). Either unin-
jected embryos or standard control morpholino 1
(CCTCTTACCTCAGTTACAATTTATA) or standard control
morpholino 2 (CTCCATCATGAGTGTACATGCACCC) with
no known targets in the zebrafish genome served as a control.
Morpholino was injected before the 2-cell stage using needles
calibrated to inject on average 4 nl per embryo. Final amounts
of morpholino were 6.7, 3.3, 0.67, 0.34, and 0.17 ng. Injection
of 0.67 ng was identified as optimal. Viable larvae were scored
as ‘normal’, ‘mildly affected’—embryos were smaller than unin-
jected control, exhibited reduced somites, and had delayed
development—, or ‘severely affected’—embryos had smaller
and gray necrotic heads, reduced distance between the head
and yolk, curved body with some missing eyes or even full
heads; these embryos usually did not survive beyond 48 hpf. A
morpholino targeting the ATG site of dnmtl (5'-ACAAT-
GAGGTCTTGGTAGGCATTTC-3') was used as previously
reported,’” with no evident abnormal phenotype either at 24 or
48 hpf.

mRNA encoding H2afva tagged with either mCherry or
GFP was injected into 1-cell stage embryos in the presence or
absence of the h2afz morpholino, according to established pro-
tocols,” and the resulting phenotype and DNA methylation
levels were assessed.



SDS-PAGE and immunoblotting

Protein lysates were prepared from embryos snap frozen on
dry-ice and collected in lysis buffer (20 mM Tris pH 7.5,
150 mM NaCl, 1% NP-40, 2 mM EDTA, 10% glycerol, and pro-
tease inhibitor cocktail AEBSF (Aprotinin, E-64, Bestatin and
Leupeptin; Amresco, Cat. No. M221). Samples were homoge-
nized by sonication for 3 x 1 sec pulses. Equal amounts of
lysates were mixed with 5X Laemmli buffer and denatured at
95°C for 5 min. Proteins were separated on 12% SDS polyacryl-
amide gels and transferred onto a nitrocellulose membrane in
buffer containing 25 mM Tris, 192 mM glycine, and 20% meth-
anol. Blots were blocked with TBS/Tween 20 (0.1% T-TBS)
containing 5% bovine serum albumin (BSA) before overnight
incubation with primary antibody in 5% BSA. Primary antibod-
ies used were Histone H2A.Z (1:1000; Cell Signaling Technol-
ogy, Cat. No. 2718S) and «-Tubulin (1:5000; Abcam, Cat. No.
ab27671). Secondary HRP conjugated antibody was used at
1:2000 dilution (anti-rabbit IgG (H*L) HRP conjugate; Prom-
ega, USA, Cat. No. W4011). Antibody complexes were detected
by chemiluminescence using Pierce ECL Western Blotting Sub-
strate (Thermo Scientific, USA, Cat. No. 32106).

Genomic DNA isolation and slot blot

DNA was isolated from 15-20 embryos, which were homoge-
nized in lysis buffer (10 mM TRIS, 100 mM EDTA, 0.5% SDS)
and incubated with 10 ng/ml Proteinase K at 55°C for 2 h.
Samples were centrifuged at maximum speed for 5 min and
supernatant used for DNA isolation via Phenol/chloroform
extraction and ethanol precipitation. The 5mC modification
was detected in 600 ng per sample using slot blot analysis as
described previously.”> Antibodies used were anti-5mC
(1:2000; Eurogentech, Cat. No. BI-MECY), anti-ds-DNA
(1:2000; Abcam, Cat. No. ab27156), and rabbit anti-mouse IgG
(H'L) HRP conjugate (1:5000; Promega, Cat. No. W4021).
Samples blotted in parallel were stained with either 0.2% Meth-
ylene blue in 0.3 M NaOAc or anti-ds-DNA primary antibody
(1:2000; Abcam, Cat. No. ab27156) to detect total DNA. Anti-
body complexes were detected by chemiluminescence using
Pierce ECL Western Blotting Substrate and the Gel Analyzer
was used to quantify 5mC, ds-DNA; methylene blue intensity
and 5mC levels were determined by normalizing to ds-DNA or
methylene blue.

Reduced representation bisulfite sequencing
and methylation analysis

The NEBNext Ultra DNA Library Prep Kit (New England Biol-
abs, Cat. No. E7370S) for Illumina platform was used for bisul-
fite sequencing library prep. Isolated genomic DNA was
digested overnight with Mspl (New England Biolabs, Cat. No.
R0106S), followed by end-repair and ligation of methylated
adaptors (New England Biolabs, Cat. No. E7350). Bisulfite con-
version was performed using the EZ DNA methylation Gold
Kit (Zymo Research, Cat. No. 5005) following manufacturer’s
instructions, then bisulfite-converted libraries were amplified
by PCR. These amplified libraries were sequenced on Illumina
Miseq platform. Image capture, analysis, and base calling were
performed using Illumina’s CASAVA 1.8. RRBS reads were
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mapped on the zebrafish genome (GRCz10) using Bismark
(http://www.bioinformatics.babraham.ac.uk/projects/bismark/)
integrated with bowtie2 aligner. To increase CpG coverage of
genome, 2 biologic replicates were integrated. All CpGs sites
covered by at least 5 reads were kept for further differential
methylation analysis, which was conducted by R (http://www.
r-project.org/) using the package methylKit.”* DMRs were fur-
ther detected by the weighted optimization algorithm eDMR.”

Whole-mount immunofluorescence

Embryos were staged based on time post-fertilization as well as
the somite number. After collection, the embryos were washed
in 1X Phosphate Buffered Saline (PBS) and fixed for 3-4 h in
4% paraformaldehyde (PFA), washed and stored in 1X PBS at
4°C. Fixed embryos were permeabilized in ice-cold acetone for
10 min followed by 20 pg/ml proteinase K in 1% Triton-X PBS
for 10 min. Following 3 washes with 1X PBS, embryos were
blocked with 5% BSA for 1 h before incubation with primary
antibodies in the blocking solution overnight at 4°C. Binding of
primary antibodies was detected using the appropriate second-
ary antibodies (Alexa Fluor 546 goat anti-rabbit IgG, Alexa
Fluor 488 donkey anti-mouse IgG; Invitrogen). Negative con-
trols consisted of permeabilized embryos incubated in the
blocking buffer with no primary antibodies (not shown). Sam-
ples were counterstained with Hoechst stain (1:1000; Thermo
Fisher) and photomicrographs were captured on an Olympus
FV1000 laser scanning multi-photon confocal system at NYU
Abu Dhabi microscopy facility.
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