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Abstract The merging of the maternal and paternal
genomes into a single pronucleus after fertilization is
accompanied by a remarkable reconfiguration of chromatin
in the newly formed zygote. The first stages of embryonic
chromatin remodeling take place in the absence of ongoing
transcription, during a species-specific developmental
time-frame. Once post-fertilization chromatin states are
organized, zygotic genome activation (ZGA) is initiated,
and embryonic transcripts gradually take control of
development. We review here transitions in chromatin
modifications associated with the onset of ZGA, and the
role of transcription factors and DNA motifs in the regu-
lation of ZGA. We propose a model of sequential
chromatin remodeling events preceding ZGA, leading to
the onset of embryonic transcription.
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Introduction

Fertilization represents a clash of two differentiated hap-
loid genomes which, after a remarkable reconfiguration,
merge to form a single pronucleus in the newly formed
zygote. A unique feature of early embryos is the ability to
develop for a pre-determined, species-dependent, number
of cell division cycles essentially without transcriptional
activity. Maternally stored transcripts and proteins support
this initial phase of development. They also ensure proper
remodeling of the maternal and paternal genomes, in the
context of chromatin, in preparation for the initiation of
the developmental program. This remodeling consists of
the exchange of sperm-specific DNA-associated proteins
for embryonic and somatic proteins, together with the
addition, removal, or replacement of biochemical modifi-
cations on the DNA itself and on associated proteins such
as histones. We refer in this review to modifications on
DNA and histones as epigenetic modifications. Arguably
the best characterized modification of DNA involved in
early embryonic development is DNA methylation, which
consists of the addition of a methyl group to the 5 position
of a cytosine in a CpG dinucleotide. Post-translational
modifications of histone proteins, such as acetylation,
methylation, ubiquitination, or phosphorylation, constitute
another major category of epigenetic modifications.
Emerging evidence suggests that at least some of these
modifications are inheritable, in the sense that they may be

@ Springer



1426

O. Gstrup et al.

passed from one cell cycle to the next, or from one gen-
eration to the next. In order to enable timely transcriptional
activation of the embryonic genome, the female and male
epigenomes must be rebuilt.

Following the establishment of post-fertilization
chromatin states, zygotic genome activation (ZGA) is ini-
tiated, and zygotic transcripts gradually take control of
development as maternal transcripts are degraded. The
developmental period during which maternal mRNAs are
cleared and embryonic transcription is activated is referred
to as the maternal-to-zygotic transition, or MZT (reviewed
in [1]). These two events are interdependent through
interplay between maternal and early embryonic gene
products and mRNA clearance: in short, early zygotic
transcription generates proteins and micro-RNAs with a
feedback effect that enhances maternal mRNA destruction.
The mechanisms of regulation of maternal mRNA
clearance at the MZT have recently been reviewed else-
where [2].

In this review, we focus on transitions in the chromatin
landscape associated with the onset of ZGA during
embryonic development through the MZT. We discuss
changes in post-translational histone modifications and
DNA methylation, the importance of maternal and early
embryonic transcription factors (TFs) in the regulation of
ZGA, and place these events in a DNA sequence context.

Genomic enrichment in post-translationally modified
histones during the maternal-to-zygotic transition

Histone marks associated with gene regulatory regions

The transition from transcriptional quiescence to activa-
tion at the time of ZGA is associated with intense
biochemical and physical remodeling of the genome, and
evidence highlights chromatin-associated processes
involved in the establishment of the embryo’s own tran-
scriptional program. The developmental period around the
time of ZGA is associated with dynamic post-translational
histone modification processes in regions of the genome
of particular importance for early development. Among
histone modifications which have been most extensively
characterized (reviewed in [3]) are lysine 4 trimethylation
on histone H3 (H3K4me3). H3K4me3 marks the tran-
scription start site (TSS) of transcriptionally active, but
also inactive, genes and is often regarded as a transcrip-
tionally permissive modification. H3K27me3, on the other
hand, is associated with the promoter of transcriptionally
inactive genes. Similarly to H3K4me3, H3K27me3 over-
laps the TSS of inactive genes; however, its occupancy
often extends further 5’ of the TSS than H3K4me3, to
cover a broader domain in the promoter and enhancer
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regions. Notably, in embryonic stem (ES) cells [4, 5],
progenitor cells [6] and differentiated cells [7, 8],
H3K4me3 and H3K27me3 may be co-enriched over
developmentally regulated genes “poised” for later
activation, creating a “bivalent” chromatin domain.
H3K9me3 is also associated with inactive promoters, but
it can also occupy the body of active genes, presumably to
inhibit spurious transcription from cryptic intragenic start
sites [9]. Whether H3K9me3 and H3K27me3 can together
form a co-repressive module on inactive promoters is a
matter of current debate, as evidence suggests such co-
enrichment may occur both in embryonic and somatic
cells [10, 11]. H3K36me3 is localized on gene bodies and
parallels RNA polymerase II (RNAPII) occupancy; thus it
is commonly considered as a mark of transcriptional
elongation [12].

Chromatin marks of enhancer regions have only recently
been identified. Monomethylation of H3K4 (H3K4mel)
and acetylation of H3K27 (H3K27ac) have proven useful
in identifying distal regulatory elements such as enhancers
[13]. Enhancer-bound H3K27ac has in ES cells been cor-
related with transcriptional activity of the nearest gene,
whereas enhancer-associated H3K27me3 has been linked
to inactivity [13, 14]. Analysis of CD4™" T cells, however,
shows no correlation between enhancer-bound histone
marks and enhancer activity [7]. Thus, unlike promoter
regions for which a relationship between enrichment in
specific histone marks and gene activity has been well
established, the correlation between histone modifications
and enhancer activity is not straightforward.

Fancy wrapping: packaging of the sperm genome
in multivalent chromatin domains

Prior to fertilization, the maternal and paternal gametes
contain terminally differentiated genomes, which in most
(albeit not all) species are condensed into a metaphase
plate (female genome) or packaged into the sperm head
(male genome). Sperm DNA is tightly wrapped around
protamines and histones, whose ratio varies between spe-
cies. For instance, whereas human [15] and frog [16, 17]
sperm contain protamines and histones, zebrafish sperm
contains essentially only histones and no detectable pro-
tamines [18].

In a context of globally condensed chromatin within the
sperm head, a fine tuning of genome packaging appears to
be regulated at the level of distinct chromatin domains by
modified histones, notably in mouse, human, and zebrafish
sperm [15, 18-20] (Fig. 1). These domains contain genes
with critical functions in early development, with genes
ensuring cellular homeostatic (“housekeeping”) functions
marked by H3K4me3 (Fig. 1a), and developmentally reg-
ulated genes involved in transcription regulation, embryo
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Fig. 1 Marking of sperm chromatin by DNA methylation, post-
translational histone modifications and histone variants. a—¢ DNA
methylation and histone modification patterns detected on house-
keeping and developmental gene promoters in zebrafish sperm.
a H3K4me3 enrichment at the TSS of DNA hypomethylated genes
involved in cellular homeostasis. b, ¢ Promoters of developmentally
regulated genes are also DNA hypomethylated and marked by
H3K4me3 together with b H3K27me3, or ¢ H3K27me3 and
H3K36me3. d Multivalent marking of the hoxa locus by modified
histones, histone variant and DNA (hypo)methylation in zebrafish

patterning, and morphogenesis apparently co-enriched in
permissive  H3K4me3 (or H3K4me2) and repressive
H3K27me3 (Fig. 1b). The promoters of these develop-
mentally regulated genes in human and zebrafish sperm are
notably DNA hypomethylated [15, 18, 21, 22] (Fig. la,b),
presumably conferring “permissiveness” to gene activation
in the embryo. An emerging feature of sperm chromatin is
the uniqueness of combinations of histone marks identified,
some of which have to our knowledge not been described
in somatic cells. For instance, H3K36me3, classically
reported on the coding regions of active genes, is found in
zebrafish sperm on inactive developmental gene promoters,
either of stand-alone genes or as part of entire clusters;
these areas of H3K36me3 often coincide with blocks of
H3K27me3 [18] (Fig. lc), as illustrated over the hoxa
locus in a recent study (Fig. 1d). Thus, epigenetic marking
of developmentally critical genes by specific combinations

sperm. These chromatin immunoprecipitation and array hybridization
profiles depict occupancy in histone variant H2AFV (top track), and
in the following histone modifications: H3K14ac (absent from the
hoxa locus), H3K4me2, H3K4me3 (these three marks are transcrip-
tionally permissive), H3K27me3 (transcriptionally repressive) and
H3K36me3 (commonly associated with transcriptionally active genes
in somatic cells). Note the overlapping domains marked by
H3K4me3, H3K27me3, and H3K36me3. This domain is depleted of
DNA methylation (bottom track, beige). Panel d is reproduced and
modified from Ref. [18] with permission

of histone marks in sperm creates “multivalent” chromatin
domains presumed to be important for the establishment of
gene expression patterns after onset of ZGA in the embryo
[15, 18].

Remodeling of chromatin states at the time of zygotic
genome activation

Fertilization is accompanied by alterations in the com-
position of male chromatin as sperm DNA decondenses:
DNA is rapidly demethylated, protamines are exchanged
for histones, and changes in histone modifications take
place. In mammals, the maternal and paternal genomes
harbor distinct chromatin modifications, or “marks”, and
during the cleavage stages of mouse development
(from the one-cell to eight-cell stage), the parental gen-
omes remain epigenetically asymmetrical [23]. Protamine
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replacement by maternally provided histones and histone
variants in the male genome is accompanied by changes
in histone methylation states [23-26]. The mouse male
genome also becomes rapidly hyperacetylated, consistent
with the acquisition of a transcriptionally permissive state
[27, 28].

In the mouse, each parental genome contributes differ-
ently to the establishment of heterochromatic marks in the
zygote. Maternal constitutive heterochromatin is enriched
in H3K9me2 and H3K9me3 marks that are inherited from
the oocyte, while paternal pericentric heterochromatin is
devoid of H3K9me3 [29]. This deficiency is compensated
for by the maternal Polycomb repressor complex (PRC)1,
which is targeted to paternal heterochromatin [29]. Unlike
in somatic cells, PRCI1 targeting is independent of the
PRC2 complex, yet it is nonetheless accompanied by
H3K27 trimethylation of the paternal genome. This process
is dependent on the RNF2 component of the PRC1 com-
plex and is functionally critical for the regulation of
transcription: in zygotes deficient in maternal Rnf2, PRC1
is non-functional, and paternal (but not maternal) peri-
centric major satellite transcripts are markedly upregulated
[29]. The parent-of-origin-specific states of H3K9 and
H3K27 methylation are asymmetrically inherited in the
female and male genome during the first three cleavage
divisions; however, at the eight-cell stage, both epige-
nomes are indistinguishable [29]. Transition through the
MZT is therefore accompanied by nucleus-wide remodel-
ing of chromatin of the paternal genome from maternally
inherited components.

Chromatin immunoprecipitation assays have, over
recent years, provided a landscape of histone modifications
in relation to transcriptional activity around the time of
ZGA, notably in zebrafish, Xenopus, and Drosophila.
These studies show genomic enrichment in H3K4me3 and
H3K27me3 at the time of ZGA in zebrafish [30-32].
Whereas H3K4me3 marks the promoters of genes with
primarily housekeeping functions, H3K27me3 occupies
developmentally important genes [30]. Additionally, in line
with transcriptional activation occurring upon ZGA,
H3K36me3 is detected on the bodies of genes activated at
that time. Similar findings have been reported in embryos
of Xenopus [33] and Drosophila [34, 35]. In Xenopus,
H3K27me3 notably occupies promoters of developmen-
tally important genes that are spatially and temporally
regulated during the establishment of body axis [33]. These
H3K27me3-marked promoters in Xenopus are devoid of
H3K4me3, arguing against “bivalent” co-enrichment by
transcriptionally permissive and repressive marks. Whether
developmentally regulated promoters halted by H3K27me3
are also marked by H3K4me3 in embryos remains a matter
of debate [30, 33, 34], which has been recently addressed
[36].
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Epigenetic pre-patterning of developmental gene
expression by histone marks

Patterning of gene activity by promoter marks

A peculiarity of anamniote vertebrate development is the
relatively long window of embryonic development in the
absence of transcription before ZGA onset at the MZT. In
zebrafish, this window lasts for 3.3 h after fertilization and
is accompanied by rapid cell divisions cycles (~ 20 min)
during which the embryo merely replicates its DNA. These
rapid cell cycles that precede the MZT make it unlikely
that a chromatin signature of embryonic development be
established in a locus-specific fashion concomitantly with
ZGA onset as initially proposed [30]. Recent evidence
indeed demonstrates occupancy of the zebrafish genome by
post-translationally modified histones prior to ZGA onset
[10], suggesting an epigenetic pre-patterning of develop-
mental gene expression before the onset of transcription
(Fig. 2a).

a Pre-patterning
H3K4me3
H3K27me3 Pre-ZGA
H3K9me3
b .
Repression Activation
(i) RNAPII
(ii) Post-ZGA
(iii) ‘: : E
(iv) E

Fig. 2 Epigenetic pre-patterning of developmental gene expression
by histone modifications in zebrafish embryos. a Prior to ZGA,
developmentally important genes are marked by trimethylated H3K4,
H3K9, and/or H3K27 in the promoter region. These genes are
transcriptionally inactive during this developmental period. b At the
time of ZGA, activated genes (right) lose any repressive mark they
might have acquired prior to ZGA and become enriched in
H3K36me3 and RNAPII downstream of the TSS, while H3K4me3
tends to extend towards the coding region. A number of genes marked
by H3K4me3 (with or without any other modification) pre-ZGA also
remain transcriptionally inactive at the time of ZGA, and are only
activated later in development (left). These genes retain or acquire
various combinations of repressive modifications, such as H3K27me3
alone (i), H3K27me3 and H3K9me3 (ii), H3K9me3 alone (iii), or lose
all marks altogether, including H3K4me3 (iv)



Zygotic genome activation

1429

A sensitive chromatin immunoprecipitation assay tai-
lored for early zebrafish embryos has uncovered the
marking of specific gene sets in H3K4me3, H3K9me3, and
H3K27me3 two cell cycles prior to ZGA [10]. This study
identified ~200 and ~ 500 genes, respectively, enriched in
H3K27me3 and H3K9me3 on the promoter at the 256-cell
stage, and more than 1,000 promoters marked by
H3K4me3 over the TSS at this stage. Gene ontology terms
enriched for these genes include cellular homeostatic
functions (H3K4me3-marked genes), signaling functions
(H3K9me3-marked genes), and transcriptional regulation
and developmental functions (H3K27me3-marked genes).
Nonetheless, the most significant enrichment of promoters
in H3K4me3 is detected at the time of ZGA together with
the enrichment of a gradually increasing number of genes
in H3K27me3 through the MZT. In contrast, H3K9me3
marking of promoters increases dramatically after ZGA
onset, and H3K36me3 enrichment on gene bodies is
detected only after onset of ZGA [10]. Thus, develop-
mental transition through the MZT is accompanied by a
differential time-course of genomic enrichment in modified
histones, reflecting the high dynamics of the reshaping of
the chromatin landscape at this stage of development.

Despite the current lack of formal demonstration of the
existence, at the protein level, of histone modifying
enzymes in pre-ZGA zebrafish embryos, detection of his-
tone marks in these embryos is supported by the loading of
the unfertilized egg with polyadenylated transcripts for
histone methyltransferases for H3K4, H3K9 and K3K27
[10, 37], and by the immunodetection of other histone
modifications (such as acetylated H4) before ZGA [38]. It
is therefore becoming increasingly clear that the zebrafish
genome is already marked by modified histones on devel-
opmentally important loci before the onset of embryonic
transcription.

Because embryonic transcription is not initiated before
ZGA, genomic occupancy by modified histones suggests
a role for these modifications other than regulatory on
on-going transcription. To address this issue, histone
modification enrichment data on promoters genome-wide
[10] have been analyzed in the context of transcriptomic
data collected by RNA-sequencing throughout the MZT
period and beyond [37]. It emerges from this study that
genes pre-marked by H3K4me3 pre-ZGA have a stronger
propensity to be activated after ZGA than all RefSeq genes
[10]. As expected, these genes retain H3K4me3 at the TSS
and acquire both H3K36me3 and RNAPII on the coding
region (Fig. 2b). Moreover, the median expression level of
pre-ZGA H3K4me3-marked genes is stronger than that of
all transcriptionally activated genes at that time. Thus,
H3K4me3 marking of promoters pre-ZGA is strongly
suggestive of transcriptional activation potential after
ZGA. As equally interesting is the observation that

pre-ZGA H4 acetylation mediates preferential binding of
the Brd4 transcription factor [38, 39], suggesting that
acetylated H4 may pre-mark genes for Brd4 targeting and
transcription after ZGA [38].

Nevertheless, not all genes marked by H3K4me3 pre-
ZGA are destined to be activated at the time of ZGA.
Following the nature of post-translational modifications
associated with pre-ZGA H3K4me3-marked genes during
development through the ZGA period in zebrafish [10]
indicates that a number of these genes become enriched in
H3K27me3, H3K9me3, or apparently in both repressive
modifications (Fig. 2b, i-iii), while retaining H3K4me3 at
the TSS (Fig. 2b). A fourth class of genes loses the marks
detected pre-ZGA (Fig. 2b, iv). These genes collectively
include late developmentally regulated genes, or genes
harboring highly specialized functions of terminally dif-
ferentiated cells, and which therefore are not activated at
the time of ZGA [10, 37]. Altogether, these results are
consistent with an epigenetic pre-patterning of embryonic
gene expression, and with an instructive role of histone
modifications established pre-ZGA on the developmental
transcription program.

Enhancer marks predictive of spatio-temporal activity
in embryos

A tissue-specific analysis of histone modifications and
RNAPII occupancy on enhancer elements in Drosophila
embryos has recently extended our appreciation of the
spatio-temporal orchestration of histone modifications in
relation to gene activation during development [35].
Interestingly, active enhancers display a wide array of
combinations of histone modifications and RNAPII occu-
pancy. Whereas H3K4mel marks enhancers irrespective
of activity (consistent with earlier observations [13]),
H3K27me3 is enriched on enhancers that are in a repressed
state (e.g., enhancers of genes driving mesoderm differ-
entiation in non-mesodermal tissues). In contrast, active
mesodermal enhancers (in mesodermal cell types) are
marked by H3K27ac and H3K79me3, and are occupied by
RNAPII; in non-mesodermal cell types, these enhancers
are however not enriched in any of these marks or in
RNAPII. Moreover, RNAPII recruitment to enhancers is
predictive of developmental timing of enhancer activity in
Drosophila embryos and is related to TF occupancy [35].

As a result of these observations, a model of stepwise
developmental enhancer activation involving histone
marks is emerging [35]. In this model, H3K4mel marks
developmentally important enhancers, which are prone to
repression by H3K27 trimethylation or activation by
H3K27 acetylation and H3K79 trimethylation. The trans-
criptionally permissive state of these enhancers is in turn
compatible with local RNAPII recruitment, TF occupancy,
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and nucleosome remodeling, which together may deter-
mine the active state. It will be important to determine
whether enhancers are, in addition to promoters, marked by
modified histones prior to ZGA onset. Likewise, it will be
informative to assess whether the concept of develop-
mental spatio-temporal enhancer activation also holds true
in other organisms and importantly, at earlier stages of
development than tissue-specific cellular differentiation
[35], for example when body axis is determined.

Dynamics and role of DNA methylation at the time
of ZGA

DNA methylation has long been considered as a negative
regulator of gene expression. In vertebrates, DNA meth-
ylation occurs on cytosines in a cytosine-phosphate-
guanine (CpG) context. CpG methylation is catalyzed
by DNA methyltransferases (DNMTs), which convert
S-adenosylmethionine to S-adenosylhomocysteine by the
addition of a methyl group to the 5Sth position of a cytosine
on DNA. DNA methylation can repress local gene
expression in several ways: directly by blocking access of
transcriptional activators to promoters, or indirectly
through the recruitment of methyl-binding proteins; these
in turn may recruit transcriptional co-repressors, such as
histone deacetylases. Several methyl-binding proteins have
been identified, including methyl-CpG-binding domain
proteins 1-4, MeCP2 and Kaiso [40]. In addition, the
DNMTs themselves may inhibit transcription through
physical interactions with several repressive chromatin
modifiers. DNA methylation orchestrates several important
processes during development, such as long-term gene
silencing, X chromosome inactivation, genomic imprinting
and silencing of repetitive elements. However, the role and
importance of DNA methylation in regulation of ZGA, is
still debated.

In the mouse, the phase after fertilization is character-
ized by a global loss of DNA methylation. During this
phase, the maternal genome is passively demethylated as a
result of absent maintenance methylation during the mitotic
cell divisions [41]. In contrast, the paternal genome, which
is hypermethylated relative to the maternal genome [42],
becomes actively demethylated, possibly by oxidation of
methylated cytosines to oxidized forms such as 5-hydrox-
ymethylcytosine, 5-formylcytosine, and 5-carboxylcytosine,
which are then eliminated by replication-dependent dilu-
tion [43]. The lowest levels of methylation are reached at
the blastocyst stage [42]. Methylation marks are then
gradually re-established by de novo DNMTs during epi-
blast development in a cell type-specific manner [44].
Interestingly, lineage commitment (e.g., extraembryonic
vs. embryonic lineage determination) already appears to
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have been decided at this stage [45]. Thus, the primary role
of DNA methylation at this stage might not be to define
gene expression patterns and cell fate, but rather to ‘lock’
cell fate.

Post-fertilization demethylation is suggested as a
mechanism that restores pluripotency in an embryo arising
from terminally differentiated gametes. In addition, global
demethylation is important for establishment of parental
imprints and for elimination of possible epimutations that
have occurred in the gametes [46]. However, the repressive
effect of promoter DNA methylation on gene expression
has led to the hypothesis of a DNA methylation-dependent
mechanism of pre-ZGA gene silencing [47]. As a loss of
DNA methylation can result in the activation of silent
genes, the wave of genome-wide DNA demethylation
taking place after fertilization may establish a transcrip-
tionally permissive state favoring gene activation at the
time of ZGA [47]. In fact, depletion of the maintenance
DNA methyltransferase Dnmtl in Xenopus embryos leads
to gene activation up to two cell cycles prior to ZGA [48].
This premature gene activation only takes place on genes
normally expressed at ZGA, while genes scheduled for
later expression seem to be unaffected [48]. Localized gene
activation in a context of global DNA demethylation would
be consistent with a local pre-patterning of gene expres-
sion, e.g., by histone modifications, already established on
the cohort of genes scheduled for expression at the time of
ZGA.

During development, reduced levels of maintenance
methylation by DNMT1 are associated with embryonic
lethality and cell death in various species, including zeb-
rafish, mouse, and frog [48-52]. Mice mutants expressing a
catalytically inactive form of DNMTI1 show profound
developmental defects including developmental arrest after
gastrulation, loss of DNA methylation, and distorted gene
expression patterns [S1]. However, a similar catalytically
inactive Dnmtl mutant in Xenopus embryos is viable [53].
This may suggest that embryonic DNA methylation is
mostly important for phenomena which do not exist in
Xenopus, such as X chromosome inactivation and
imprinting. However, DNA methylation seems to have no
or only a little effect on gene regulation during ZGA.

The latter view is further supported by studies in
Xenopus, where methylated DNA is efficiently transcrip-
tionally repressed in oocytes [54, 55], while in gastrula
stage embryos, the potential for DNA methylation-depen-
dent transcriptional repression is severely reduced [54].
However, during organogenesis and terminal differentia-
tion, the repressive effect of DNA methylation is restored
[54]. Further, DNA methylation profiles identified for
single genes by methylated DNA immunoprecipitation
and hybridization to promoter arrays reveal remarkably
little change in DNA methylation patterns during the
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developmental progression through ZGA in zebrafish [56].
Methylation profiles of both promoters and gene bodies are
overall maintained between pre-ZGA, ZGA, and early
post-ZGA stages. Thus, at least in Xenopus and zebrafish,
there seems to be an uncoupling of DNA methylation
patterns on upstream regulatory regions and gene expres-
sion changes taking place upon ZGA.

This does not exclude a regulatory role of DNA meth-
ylation on transcriptional events occurring at the time of
ZGA. In addition to DNMTI1, one of the candidates
involved in DNA-methylation-related regulation of the
ZGA is Kaiso. Kaiso is a methylated CpG-specific
repressor protein that has proven to be crucial for pre-ZGA
transcriptional repression in Xenopus and zebrafish [57, 58]
where it preferentially binds sequences containing two
consecutive symmetrically methylated CpG dinucleotides.
Knock-down of Kaiso in Xenopus embryos induces pre-
mature transcriptional onset and developmental aberrations
[58]. Involvement of DNMT1 (which binds hemimethy-
lated DNA through its binding partner UHRF1) and Kaiso
(which binds symmetrically methylated DNA) in the reg-
ulation of gene expression at ZGA, suggests an important
role of DNA methylation during ZGA. Yet it is important
to keep in mind that methylated CpG-binding factors,
although dependent on DNA methylation for binding, may
not necessarily be active and can be differentially regulated
during ZGA without changes in the DNA methylation
states on the DNA itself.

DNA methylation functionally interacts with histone
modifications [52, 59, 60], so the primary role of DNA
methylation in the regulation of ZGA may also include
priming of pre-ZGA chromatin for acquiring a transcrip-
tion competent state through interactions with histone
marks. For example, DNA methylation and H3K9me3 can
associate on the same genomic regions [52, 61], while
H3K4me3 is enriched on regions of unmethylated DNA
[62]. In zebrafish embryos, DNA methylation patterns of
promoters are essentially established prior to ZGA and do
not markedly change during ZGA [56]. Histone modifica-
tions, on the other hand, are dynamically regulated during
this phase and in particular, a large cohort of DNA hy-
pomethylated genes acquires the H3K4me3 mark prior to
ZGA [56]. It is therefore tempting to speculate that DNA
methylation state might target histone modifications to
specific loci prior to ZGA to pattern developmental gene
expression.

Taken together, these observations suggest that DNA
methylation per se may not be involved in directly regu-
lating gene activity at the time of ZGA. Rather, it may have
an indirect priming function through interactions with other
factors including Dnmtl and Kaiso, post-translationally
modified histones, transcription factors or chromatin
modifiers.

Origins of chromatin marks detected prior to ZGA:
inherited or acquired de novo?

An outstanding question is where histone marks detected in
embryos prior to ZGA onset originate from. Based on
current observations, two non-exclusive models can be put
forward. One model favors an inheritance of histone marks
from parental gametes, including sperm, to the embryo. A
significant proportion of genes in pre-ZGA zebrafish
embryos has been found to carry the same histone modi-
fications in sperm [18, 56], and before ZGA, H3K4me3,
and H3K27me3 mark genes with similar gene ontology
terms as in mouse, human, or zebrafish sperm [15, 18, 20].
Additionally, the detection of histone marks on male and
female chromatin immediately after fertilization in the
mouse (as discussed above; [20, 29]) and in Caenorhab-
ditis elegans [63], are consistent with a transmission of
these marks through fertilization.

These observations suggest that developmental instruc-
tions may be pre-set by histones marks already in the
gametes. Remarkably, transcriptional activity in the adult
animal correlates well with chromatin states (notably
H3K4 and H3K36 methylation) in the embryo also in
C. elegans [63], reinforcing the idea of epigenetic pre-
patterning of developmental gene expression. In addition,
histone modifications in the embryo are not only apparently
templated by the nature and genomic location of these
marks in gametes; they also reflect transcriptional activity
in the parental gemline in the previous generation [63].
Thus, inheritance of modified histone marks through fer-
tilization may constitute a mechanism of “epigenetic
memory” of gene expression patterns from one generation
to the next. It will be interesting to take these analyses from
a low-resolution nucleus-wide level to a high-resolution
gene-specific level on a genome-wide scale, to firmly
establish the extent of inheritance of chromatin states
through fertilization, and refine our understanding of the
developmental significance of this process.

An alternative model is that of a removal of histone
marks from the gametal genomes and their and re-estab-
lishment after fertilization. In this model, histone marks are
removed from parental chromatin and modified histones
are de novo deposited on target genes in the pre-ZGA
embryo. Support for a removal of histone marks comes
from observations that genes marked by sets of modified
histones in zebrafish sperm are not marked by these mod-
ifications in pre-ZGA embryos sperm [10, 18]. This also
holds true for DNA methylation marks: a large number of
genes DNA methylated in sperm are unmethylated in early
stage pre-ZGA embryos [56], likely as a result of the
genome-wide demethylation process taking place after
fertilization [64]. The view of a re-establishment of histone
marks is supported by the ability of maternally inherited

@ Springer



1432

O. Gstrup et al.

histone modifications (e.g., H3K27me3) to be targeted to
the male genome post-fertilization [20], implying a de
novo epigenetic marking in the early embryo. Further-
more, a large number of genes enriched in histone
modifications in pre-ZGA embryos are not marked by
these modifications in sperm [10, 18], indicating again a
de novo marking of genes. A model of removal/re-depo-
sition of chromatin marks is therefore not exclusive of an
inheritance model.

In a context of de novo marking of genes by modified
histones after fertilization, whether histones are modified
after their assembly into nucleosomal chromatin, or whe-
ther they are modified in a non-nucleosomal form prior to
assembly into chromatin on replicated DNA, remains
unknown. One can only at present speculate that the
rapidity of cell divisions in zebrafish, Xenopus, and
Drosophila embryos prior to the MZT favors a view of
assembly of histones in chromatin from a pre-modified
pool stored in the egg. Nevertheless, it is also tempting to
speculate that re-deposition of modified histones on target
genes, on the basis of DNA sequence rather than of a copy
of modified histones on the replicated DNA, might follow
an inherent set of instructions from DNA. Novel cues
might emerge from recent studies uncovering an instructive
role of DNA sequence on the establishment of DNA
methylation patterns [65], and on the genomic targeting of
developmentally critical TFs, notably of some involved in
the regulation of ZGA (see below).

A model of re-establishment of histone marks on genes
harboring the same marks in sperm nevertheless arguably
suggests some perpetuation of “instructive memory” from
sperm [10]. This memory may be encoded in sperm at the
level of DNA methylation [18, 54, 66], small RNAs or
transposons [67]. Interestingly, the DNA sequence itself
may also encode instructions for the establishment of his-
tone modifications, as shown recently by the requirement
for hypomethylated CG-rich regions for targeting H3K4
trimethylation [62, 68, 69], and by the identification of
genetic elements that autonomously determine cytosine
methylation states [65].

Pioneers in the regulation of ZGA onset

Transcription factors are adaptor proteins that detect
specific DNA sequences and target the assembly of pro-
tein complexes that control gene expression. They are
therefore critical components in the orchestration of
transcription during development. Embryonic TFs are
translated from maternally stored mRNAs following
mRNA polyadenylation [37] or encoded by the zygotic
genome. Many essential maternally encoded products [70]
are involved in chromatin remodeling, modification of
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histones, maintenance of DNA methylation, and de novo
DNA methylation. In contrast, most genes activated at
ZGA encode developmentally regulated TFs implicated
in the regulation of downstream developmental genes
[37, 71].

Recent evidence suggests that “stand-by” occupancy of
regulatory regions by TFs prior to ZGA onset may, in
addition to chromatin states, determine the activation of
developmentally regulated genes at or after ZGA. So-called
pioneer TFs have been identified as factors which not only
play a role in the activation of transcription of their target
genes but can also bind the genome prior to transcription
initiation and impart transcriptional competence [72]. For
instance, tissue-specific genes activated after induction of
ES cell differentiation can already be occupied by pioneer
TFs in undifferentiated ES cells where these genes are
silent [73]. Some pioneer TFs harbor chromatin remodeling
properties and can displace linker histones, thereby relax-
ing chromatin and enabling binding of additional co-factors
[74]. Others can notably be retained on chromosomes at
mitosis, providing a “bookmarking” mechanism [75],
which may perpetuate site-specific information on tran-
scription induction in subsequent cell cycles.

During development, binding of TFs such as Zelda,
STAT92E, or f-catenin to DNA is temporally uncoupled
from transcription initiation of their target genes [76-78]
and thereby may pre-set transcription potential in a spatio-
temporal manner. Zelda is a DNA-binding zinc-finger
protein critical for ZGA in Drosophila. Zelda (zId) muta-
tion leads to abnormal early embryonic mitoses and severe
cellularization defects at the MZT [79]. Severity and early
onset of the effects of the zld mutation have prompted a
genome-wide determination of Zelda binding sites in the
genome prior to ZGA [77]. Expectedly, at the MZT, Zelda
targets promoters and enhancers of genes activated at ZGA.
However, as early at the eighth cell cycle (i.e., before
ZGA), Zelda also binds the promoter of ~ 1,000 genes
whose transcription is not initiated until ZGA, as well as
the enhancer of nearly all genes bound at ZGA onset by
TFs essential for their activation [77]. These findings lead
to the view of Zelda as a developmental transcription pre-
patterning factor.

STATO92E is a transcriptional activator mediating the
Jak/Stat pathway, which synergistically with Zelda is
required for ZGA and the up-regulation of zygotic genes in
Drosophila [78]. Evidence suggests that STAT92E pri-
marily regulates the transcription level of a subset of its
target genes, but not their spatial expression patterns in the
embryo. However, Zelda is essential for both level and
spatial regulation of expression of these genes [80].
Orchestration of Zelda and STAT92E therefore appears to
be paramount for proper dosage and distribution of gene
products in the embryo.
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Another factor with a pre-setting function in develop-
mental gene expression is fi-catenin [76]. In Xenopus, the
dorsal-ventral axis is specified during the first cell cycle,
when cortical rotation results in dorsal enrichment of
f-catenin, an activator of Wnt-dependent transcription of
dorsal genes [81]. f-catenin itself does not bind DNA; the
DNA motif readers enabling ff-catenin binding are T cell
factor (TCF) proteins, which via their high-mobility group
domain bind in a sequence-specific manner on target genes
[82-84]. Dorsal-specifying genes in Xenopus are tran-
scribed during the minor wave of ZGA in the 12th cell cycle
[85]. Multiple TCF response elements on dorsal gene pro-
moters are occupied by TCFs as early as the four-cell stage
[86]. In addition, depletion of TCF leads to a phenocopy of
f-catenin deletion [86]. This altogether suggests a central
direct mediator function of TCF and f-catenin in the Wnt
signaling pathway for the activation of dorsal genes.

A role of f-catenin in specifying dorsal gene expression
prior to ZGA onset has been elegantly demonstrated by
highlighting an interplay between f-catenin and chromatin
remodeling in Xenopus embryos [76]. In pre-ZGA
embryos, f-catenin has been shown to recruit the arginine
methyltransferase Prmt2 to promoters, establishing sym-
metrical dimethylation on H3 arginine 8. In addition,
f-catenin is implicated in the establishing H3K4 trime-
thylation on target genes [76], favoring a transcriptionally
permissive state. At the molecular level, f-catenin bound to
TCF exposes a C-terminal domain, which serves as a
platform for the recruitment and sequential exchange of
transcriptional co-activators [87]. Some of these factors
(e.g., CBP, P300, TIIP60, MLL1/2, HDACsS) are in turn
able to modify histones, regulate nucleosome positioning
(e.g., SWI/SNF), and recruit the RNAPII complex.
f-catenin-mediated transcription initiation seems therefore
to involve a stepwise recruitment of transcriptional
co-activators, rather than the binding of a multifunctional
machinery in which co-activators bind f-catenin simulta-
neously [88]. This stepwise assembly takes place in the
context of a permissive chromatin landscape to which
p-catenin also contributes [76].

DNA sequence determinants of TF binding
and developmental control

The DNA motif-specificity of TF binding argues that target
DNA sequence may also be a central determinant in the
site-specific action of TFs. In Drosophila, the major wave
of zygotic transcription initiation in the 14th cell cycle is
preceded by a minor genome activation phase six cell
cycles earlier [89]. Many genes transcribed during this
period are involved in sex determination, embryonic pattern-
ing, and cellularization. Examination of sex-determination

genes transcribed at the eighth cell stage has identified a
common heptanucleotide motif (CAGGTAG) over-repre-
sented in the 500-bp region upstream of the TSS [90]. This
motif is not unique to sex-determination genes and was
subsequently found to be overrepresented in the upstream
regulatory sequence of other genes expressed upon ZGA
[90]. The CAGGTAG motif is a member of a family of
consensus albeit degenerate motifs termed “TAGteam
motifs” [90].

The role of TAGteam motifs in gene regulation has been
identified by mutational analysis to show that TAGteam
clusters are a key determinant in the timing of transcription
initiation in embryos [90]. The number of TAGteam motifs
engineered into reporter transgenes is directly correlated
with timing of transcription initiation of the transgenes:
more TAGteam motifs mean earlier activation of tran-
scription, whereas activation of genes not containing
TAGteam motifs is unaltered [90]. A degenerate
VBRGGTA motif homologous to Drosophila TAGteam
has recently been identified in the yellow fever mosquito,
which is also capable of promoting transcription from a
heterologous promoter before onset of ZGA [91].

Association of TFs with target DNA motifs may also
define the timing of transcriptional onset of the target
genes. For instance, during organogenesis, activation of
genes involved in pharyngeal development is regulated by
PHA-4, the C. elegans homolog of the pioneer TF FOXA,
and depends on PHA-4 affinity for its target sites [92].
Genes with motifs containing the strongest similarity to the
binding consensus sequence for PHA-4 have been found to
be expressed early in development, whereas genes with
motifs of weaker similarity are induced later [92]. This
suggests that affinity for DNA is a primary determinant of
PHA-4 binding. Thus, highly conserved DNA motifs may
“encode” timing information for hierarchical gene acti-
vation during development.

Keeping chromatin in a transcriptionally primed yet
inactive state

Essential for timely initiation of transcription during
development and at the time of ZGA in particular is the
maintenance of genes in a transcriptionally inactive, yet
“primed” state, for activation. This must occur despite the
pre-loading of these genes with TFs and, for a small subset,
RNAPII [10]. In addition to the “poising” thought to be
elicited by combinations of histone marks (e.g., H3K4me3
and H3K27me3) as mentioned earlier, several processes
may be involved in the regulation of this transcriptional
stand-by.

One possible mechanism is that DNA binding proteins,
in the absence of a proper transcriptional co-activator, act
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as transcriptional repressors. For example, without
p-catenin, TCFs act as repressors by forming a complex
with the Groucho/TLE repressor, which in turns recruits
histone deacetylases and the C-terminal binding co-
repressor protein CtBP [93, 94]. A second mechanism is
the silencing of transcriptional activators by binding to a
repressor. For instance, Reptin and Fhit associate with the
TCF/f-catenin complex and repress f-catenin-mediated
transcription [95, 96]. A third mechanism may involve
binding kinetics and residence time of transcriptional
co-activators on chromatin. Transcription output elicited by
the Rapl TF in Saccharomyces cerevisiae depends of long-
lasting residence of Rapl on target promoters and corre-
lates with nucleosomal depletion at Rapl binding sites
[97]. In contrast, fast Rapl binding turnover is associated
with reduced transcriptional output. Thus, the residence
time of a TF at its binding site may not necessarily be
compatible with transcription initiation. In a developmental
context, overall chromatin de-compaction occurring in the
pre-MZT period [98, 99] may facilitate long-term occu-
pancy of promoters by TFs.

A model of sequential chromatin-associated events
leading to ZGA

A current view of chromatin-linked processes leading to
initiation of transcription at the onset of ZGA is illustrated
in Fig. 3. As highlighted in this review, data from a range
of vertebrate and invertebrate species indicate that spatial
and temporal control of gene expression during early
development requires a tight coordination between many
factors acting at several regulatory levels. Each level
encodes a “layer” of information, being a DNA sequence
motif, a DNA methylation state, a set of post-translation-
ally modified histones, or binding of a transcription factor
(Fig. 3). These elements need to communicate to pattern
the genome for onset of ZGA.

Prior to ZGA onset, DNA motifs within the regulatory
sequences of developmentally controlled genes are recog-
nized by pioneer TFs, which are believed to confer
transcriptional competence of their target genes (Fig. 3,
step 1). Thus, DNA sequence appears as a key determinant
of early steps in the initiation of ZGA. TF binding inter-
feres with the linker histone H1 and mediates recruitment
of chromatin remodeling complexes (step 2). These in turn
remodel surrounding nucleosomes through nucleosome
repositioning and changes in post-translational histone
modifications, leading to uncovering of the TSS of the
target gene (step 3). These events take place on an unme-
thylated DNA background, whose state does not vary
during the pre-ZGA to ZGA transition during the MZT.
These remodeling events together create a transcriptionally
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Fig. 3 Unifying model of sequential chromatin remodeling events
preceding ZGA during early development. (/) Pioneer transcription
factors (TF) can recognize a DNA sequence motif (green mark) and
interfere with linker histone H1 (black). (2) DNA-bound pioneer TFs
recruit chromatin remodeling complexes (CRC) that (3) remodel
surrounding nucleosomes. This includes a repositioning of nucleo-
somes, post-translational modifications of histones, and leads to
exposure of the transcription start site of the target gene (TSS, red
mark). DNA methylation states on the promoters of developmentally
regulated genes do not significantly change during the pre-ZGA to
ZGA transition; these promoters are largely unmethylated, enabling a
transcriptionally permissive state. (4) This remodeling is permissive
for recruitment of the RNAPII complex, and transcription initiation at
the time of ZGA. Dashed line represents a developmental time
interval between two chromatin states

permissive chromatin state for the recruitment of RNAPII
and subsequent ZGA onset (step 4).

Concluding remarks

A critical question in developmental and stem cell biology
is how lineage-specificity of TF binding is achieved.
Binding site accessibility, modulated by chromatin struc-
ture, emerges as a major determinant of binding of key
lineage-specific TFs in neurogenic and myogenic cells
[100]. Extending a model recently proposed for
NEUROD2 and MYOD [100], one may envisage that
multiple TFs are likely to be active in multiple cell types in
the developing embryo; yet the cell type may determine the
target genes that will be activated. In addition to a specific
DNA sequence that may determine TF binding regardless
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of cell type, a key determinant of cell type-specific TF
binding may therefore be chromatin accessibility dictated
by pre-established chromatin states. The race is on for the
identification of a hierarchy in the molecular determinants
of transcriptional gene regulation and cell fate.
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