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During early embryonic developmentin mammals, the totipotency of
thezygote —whichisreprogrammed from the differentiated gametes —
transitions to pluripotency by the blastocyst stage, coincident with
thefirst cell fate decision. These changes in cellular potency are
accompanied by large-scale alterations in the nucleus, including
major transcriptional, epigenetic and architectural remodelling, and
the establishment of the DNA replication programme. Advancesin
low-input genomics and loss-of-function methodologies tailored to the
pre-implantation embryo now enable these processes to be studied at
anunprecedented level of molecular detail in vivo. Such studies have
provided new insights into the genome-wide landscape of epigenetic
reprogramming and chromatin dynamics during this fundamental
period of pre-implantation development.
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Introduction

Duringearly embryonic development, the differentiated gametes are
reprogrammed into a totipotent cell (the zygote) after fertilization
thatis capable of forming an entire organism. By the pre-implantation
blastocyst stage in mammals, the generation of the inner cell mass
and the trophectoderm marks the first cell fate decision and the con-
comitantemergence of pluripotency. As almostall cellsinan organism
share the same DNA sequence, cell plasticity must be controlled by
the epigenome. Indeed, it has long been appreciated that the epige-
netic landscape during early mammalian embryonic development is
highly dynamic, characterized by global DNA demethylation, atypical
patterns of histone post-translational modifications (PTMs), and the
incorporation of histone variants'®. Moreover, the knockout or deple-
tion of several chromatin regulators results in early developmental
defects, which confirms that chromatin-based epigenetic strategies
are essential for the regulation of cellular reprogramming during early
embryonic development’.

Until recently, the limited cellular material available from
pre-implantation embryos hindered the in-depth molecular study of
chromatinatthese stages. Now, low-input sequencing-based methods
have become available that enable genome-wide mapping of epige-
netic features such as nucleosome occupancy, histone PTMs, DNA
methylation, transcription factor binding, the spatial organization of
chromatin, and DNA replication timing (Table 1). These approaches
have provided high-resolution maps of the epigenome of mammalian
pre-implantation embryos, confirming that the pre-implantation
epigenome is highly dynamic and has unique features®'°. Functional
approaches, including knockdown of gene expression with small
interfering RNA or antisense oligonucleotides, modification of the
epigenome at specific sites (epigenetic editing) and acute protein
depletion using Trim-Away", combined with low-input gene expres-
sionanalysis, have started to uncover the regulators of zygotic genome
activation (ZGA; also known as embryonic genome activation) in
this context.

Inthis Review, we summarize recent major findings on chromatin-
related processes in the early, pre-implantation, mammalian embryo
and how they relate to the developmental process of ZGA. We then
discuss how chromatin is globally remodelled upon fertilization,
with a focus on chromatin dynamics at two key genomic features:
cis-regulatory elements and heterochromatin. We also discuss how the
3D organization of the genomeis established after fertilization. Lastly,
and considering the major role of DNA replication and replication tim-
ing in nuclear organization and epigenetic inheritance, we highlight
recent findings on the emergence of the DNA replication programme
after fertilization and the association with chromatin regulation. Most
ofthese studies have been carried outin mice, but where available, we
discuss studiesin other mammalian models, including bovine, pigand
human embryos. Although cell culture model systems of early mam-
malian development have been introduced that recapitulate certain
molecular features of embryos (Box 1), we focus this Review on studies
ofembryosinvivo.

Zygotic genome activation

Broad changes in the epigenome and in cellular potency take place
during the switch from maternal to embryonic control of develop-
ment, that is, the maternal-to-zygotic transition (MZT; also known as
the oocyte-to-embryo transition). The MZT involves degradation of
maternal RNA and proteins and activation of the embryonic genome
(ZGA). Early studies using radiolabelled proteins and bromouridine

triphosphate labelling of RNA have indicated that ZGA in mice occurs
in two main waves (minor and major)" (Fig. 1).

Minor ZGA in mice occurs already in the zygote, coinciding with
the onset of S phase of the first cell division™"*. Minor ZGA is character-
ized by prevalent transcription of intergenic regions and widespread
loading of RNA polymerase Il (Pol Il), a phenomenon referred to as
‘pre-configuration’"., Genes that are transcribed during minor ZGA
may not alwaysinitiate at precise transcription start sites (TSSs) and are
unspliced”'®. The exact number of genes that are transcribed during
minor ZGA s difficult to determine, owing in part to the abundance of
maternal RNAs in the zygote and the differential poly-adenylation of
RNAs from oocyte to zygote, which interferes with poly-A-based RNA
sequencing (RNA-seq) methods. Reversible inhibition of minor ZGA
leads to developmental arrest and failure to initiate major ZGA, which
suggests that minor ZGA is essential for developmental progression”.

Major ZGA in mouse embryos initiates during S phase of the
two-cell stage and involves the activation of several thousands of genes,
many of which are expressed only at this stage of development®®. The
use of Pol Il inhibitors to prevent major ZGA results in arrest at the
two-cell stage, and thus, major ZGA is essential for development?.
The transcriptional control during major ZGA is more canonical than
that during minor ZGA and involves typical promoter-proximal TSSs,
splicing and regulation by typical elongation factors such as SPT5
(refs.16,17,22,23).

In other mammalian species, major ZGA occurs later inembryonic
development and the distinction between minor and major ZGA s less
clear. For example, in human embryos, the major wave of ZGA occurs
at the four-cell to eight-cell stage, although transcriptional activity
is detected as early as the zygote stage, producing correctly spliced
transcripts, which suggests that the distinction between minor and
major waves of genome activation in terms of splicing regulation is not
conserved from mice to humans®*%, The distinction between minor
and major ZGA has also been questioned recently in mice as nascent
RNA-seq has revealed that many ‘major ZGA genes’ are transcribed
earlier than previously thought®. This is most probably owing to the
increase in sensitivity of emerging low-input RNA-seq approaches,
but potentially also owing to the incomplete removal of steady-state
or nonspecific RNAs.

A distinctive feature of pre-implantation embryonic develop-
mentacross mammalian species is the widespread transcription of the
majority of transposable element families** %, However, the regula-
tory effects of chromatin remodelling on the expression of transpos-
able elements are not fully understood, and the transcription factors
involvedintheiractivation are only now beginning to emerge. Inmouse,
human and pigembryos, the most abundant transcribed transposable
elements belong to the long terminal repeat (LTR) family of endog-
enousretroviruses. Their LTRs often function as alternative promoters
and first exons, leading to the generation of novel protein isoforms,
particularly in mouse oocytes and pre-implantation embryos® .
For example, the MT2_Mm LTR of the mouse endogenous retrovirus
MERV-L, which is highly and specifically expressed at the two-cell
embryonic stage, functions as a promoter for alarge proportion of the
transcriptome at the two-cell stage®”*%***, Expression of MERV-L, but
not the encoded retroviral proteins, is essential for pre-implantation
development*~*. Interestingly, the MERV-L Gag protein has also been
implicatedinregulating the totipotency-to-pluripotency transition of
the embryo by preventing the stabilization of pluripotency factors by
the prefoldin protein URI*”. ZGA also involves the prevalent transcrip-
tion of non-coding RNAs, including long non-coding RNAs and small

Nature Reviews Genetics


http://www.nature.com/nrg

Review article

Table 1| Low-input genomics techniques to study chromatin in mammalian oocytes and pre-implantation embryos

Method Fullname Application Species Refs.
ATAC-seq or Assay for transposase-accessible chromatin with Mapping chromatin accessibility Mouse 69,104
ATAC-seq+CARM  sequencing+/-CRISPR-Cas9-assisted removal of
mitochondrial DNA VTR 108
Bovine 102,112
li-DNAse-seq Low-input DNAse | sequencing Mapping chromatin accessibility Mouse 75,99
Human 106
ULI-MNase-seq Ultra-low-input micrococcal nuclease digestion-based Mapping nucleosome positioning Mouse 92,98
sequencing
scCOOL-seq Single-cell chromatin overall omic-scale landscape Simultaneous measurements of chromatin Mouse 105
sequencing izc;f;selrb\llgtryllaﬁcl)\lé’-\ methylation and copy Human 101
CATCH-seq Carrier-DNA-assisted chromatin immunoprecipitation Mapping H2AK119Ub Mouse 7313
and sequencing
ChlL-seq Chromatin integration labelling with sequencing Mapping RNA Pol Il serine-2/5 phosphorylation Mouse 16
CUT&RUN Cleavage under targets and release using nuclease Mapping H3K27me3 Mouse 16
Mapping H3K4me3, H3K27me3, H3K27ac Human 67
Mapping H3.1/2 Mouse 90
Mapping H2AK119Ub, H3K27me3 Mouse 72
Mapping H3K4me3, H3K27me3 Bovine, pig, rat 57
Mapping H3K9me3, H3K4me3, H3K27me3 Human 122
Mapping H3K9me3 Mouse 122
Mapping H3K27me3 Mouse 77
Mapping H3K27ac Mouse 69
CUT&Tag Cleavage under targets and tagmentation Mapping H3K4me3, H3K27me3, H3K9me3, H3K27ac Bovine 70
Single-cellDamID  Single-cell DNA adenine methyltransferase identification ~Mapping interactions with the nuclear lamina Mouse 146
Stacc-seq Small-scale Tn5-assisted chromatin cleavage Mapping RNA Pol Il Mouse 15
with sequencing
STAR ChiP-seq Small-scale TELP-assisted rapid chromatin Mapping H3K27me3 Mouse 74
immunoprecipitation and sequencing Mapping H3K4me3 Mouse 62
Mapping H3K36me3, H3K4me3, H3K27me3, H3K27ac  Mouse 76
Mapping H3K36me2, H3K36me3 Bovine, pig, 57
rat, mouse
Mapping H3K27ac Mouse 96
UChIP-seq Micro-scale chromatin immunoprecipitation Mapping H3K4me3, H3K27ac Mouse 61
A S Mapping H3K27ac Mouse, human 68
Mapping H3K4me3 Human 68
Mapping H3K9ac, H3K18ac Mouse 68
Mapping H3K4me3, H3K9me3, H3K36me3 Mouse 124
ULI-NChIP Ultra-low-input native chromatin immunoprecipitation Mapping H3K4me3, H3K27me3 Mouse 60
A =g Mapping H3K4me3, H3K27me3, H3K27ac Mouse 63
Mapping H3K9me3, H3K4me3, H3K27me3 Mouse 95
Mapping H3K27me2 Mouse 17
Mapping H3K9ac Mouse 97
Mapping H3.3 Mouse 90
Mapping H3K4me3 Bovine 66
Mapping H3K9me3 Human 123
Mapping H3K36me2, H3K36me3 Mouse 77
Mapping H3K4me3, H3K27me3 Pig 65
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Table 1(continued) | Low-input genomics techniques to study chromatin in mammalian oocytes and pre-implantation embryos

Method Fullname Application Species Refs.

Low-input Hi-C Low-input high-resolution chromosome conformation Analysis of spatial chromatin organization Mouse 149
capture coupled to high-throughput sequencing Human 153

Single-cell Hi-C Single-cell high-resolution chromosome conformation Analysis of spatial chromatin organization Mouse 155,157
capture coupled to high-throughput sequencing

Single-nucleus Single-nucleus high-resolution chromosome Analysis of spatial chromatin organization Mouse 150

Hi-C conformation capture coupled to high-throughput
sequencing

sisHi-C Small-scale in situ high-resolution chromosome Analysis of spatial chromatin organization Mouse 144,152
conformation capture coupled to high-throughput Pi 154
sequencing 9

scRepli-seq Single-cell replication timing sequencing Mapping replication timing Mouse 162-164

Mouse, bovine 165

non-coding RNAs, that have important regulatory roles®. An intrigu-
ing example is U7 small nucleolar RNA, which is itself regulated by a
sperm-derived tRNA fragment and in turn regulates ZGA via chroma-
tin compaction®*°, Furthermore, early embryonic development is
also regulated by RNA modifications that exert post-transcriptional
control (Box 2).

The identification of regulators of ZGA in mammals has become
anintense area of research*, which was spearheaded by the discovery
that double homeobox (DUX) family members contribute to ZGA in
placental mammals***. Loss of DUX in mice resultsin severe defectsin
pre-implantation development ex vivo. The conserved roles of DUX and
DUX4 in humans as key drivers of ZGA are, at least in part, associated
with direct activation of LTR transposable elements from the MERV-L
family inmice and, potentially, HERV-L in humans**, However, DUX is
notessential forembryonic developmentinvivo, withapproximately
13%-17% of major ZGA genes affected by its loss, which suggests that
additional transcription factors and/or signalling mechanisms regulate
ZGAinvivo* 8 Recently, several additional transcription factors that
contribute to ZGA in mammals have been identified, including addi-
tional homeobox transcription factors from the OBOX family in mice
and TPRX family in humans (reviewed in refs. 41,49). Changes to chro-
matin are thought to function together with sequence-specific tran-
scriptionfactors todrive the gene expression programmes during ZGA,
but their precise molecular relationships remain to be determined.

Epigenetic reprogramming upon fertilization

The information content of chromatin is multi-layered, consisting of
nucleosome (dis)assembly and positioning along the DNA; incorpora-
tion of distinct histone variants, chromatin-associated proteins, and
RNAs; histone PTMs; and DNA methylation. All of these ‘layers’ undergo
considerable changes during pre-implantation embryonic develop-
ment, and different genomic features (in particular, cis-regulatory
elements and heterochromatin, as discussed here) have distinct
stage-specific chromatin conformations (Fig. 2). Upon fertilization,
the zygote harbours the two parental genomes from spermand oocyte
inphysically segregated pronuclei. The parental genomes are initially
transcriptionally silent and have distinct chromatin configurations
that undergo marked reprogramming at fertilization™.

Chromatin configuration of sperm
Here, we briefly summarize chromatin remodelling during spermato-
genesis (further details canbe foundinrecent reviews**'). The paternal

genome of the sperm features the widespread replacement of his-
tones by protamines. The histone-to-protamine transitionin mammals
involves multiple germline-specific histone H1, H2A, H2B and H3 vari-
ants and histone PTMs, which are thought to incorporate transiently
into the chromatin of elongating spermatids to increase chromatin
accessibility, thereby facilitating the replacement of histones by transi-
tion proteins and then by protamines’. Although it was long thought
that protamine replacement enables tighter packaging of the paternal
genome into the small nucleus of the sperm, recent work in Drosophila
hasshownthat aberrant histone retention is compatible with fertiliza-
tion but results in misidentification and loss of the paternal chromo-
somesinthe zygote®. Whether the same applies to mammals remains
to be determined. In mature mammalian sperm, some histones are
retained, with the proportion of histones to protamines ranging from
2%t015% depending on the species. However, the sites of histone reten-
tion and their PTM status are currently unclear®®*' owing to technical
difficulties in studying the largely compacted sperm chromatin®>"*>,
Assuch, theextent to which epigenetic informationin sperm histones
is transmitted to the fertilized embryo is unclear. Mammalian sperm
DNAis hypermethylated, except at CpGislands, a process that has been
showntodepend, in mice, on NSD1-mediated dimethylation of histone
H3 lysine 36 (H3K36me2)**. Although genome-wide DNA demethyla-
tion occurs upon fertilization, the retention of DNA methylation at
precise but differential regionsin both parental genomes contributes
to epigenetic imprinting.

Chromatin configuration of oocytes

The oocyte genome is arrested at the diplotene stage of meiosis |
and transitions to metaphase of meiosis Il during maturation and
ovulation. Although oocyte chromatin contains nucleosomes, it is
characterized by numerous histone variants and atypical distributions
of histone PTMs and DNA methylation (Fig. 2a). In contrast to the DNA
hypermethylation observedinsperm, oocytes have a highly distinctive
distribution of large (10-50 kbp) domains that are hypermethylated,
hypomethylated or partially methylated, apattern thatseemstobe con-
served across mammals® ¥, DNA hypermethylated domains are gener-
ally associated with actively transcribed regions during oocyte growth;
however, in pig and bovine oocytes (and to an intermediate extent
in human oocytes), in which a greater proportion of the genome is
methylated compared with mice, hypermethylated domains are
also found at non-transcribed regions, with the exception of CpG
continents, which are hypomethylated*’>°. DNA hypomethylated
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domains and partially methylated domains are located at intergenic
regions but also at non-transcribing gene bodies and promoters,
including genes associated with ZGA, and are occupied by broad
domains of H3K4me3 spanning more than 10 kb, which cover ~20%
of the genome inmouse oocytes® %, These H3K4me3 broad domains
(also known as non-canonical H3K4me3 (ncH3K4me3)) are estab-
lished by KMT2B (also known as MLL2) during oocyte growth®**,
Interestingly, the presence of ncH3K4me3 coincides with the time
of transcriptional silencing of the oocyte genome, and removal of
H3K4me3 in mouse oocytes through expression of the demethylase
KDMS5A leads to global transcriptional activation®>**, which suggests
that H3K4me3 may be linked to transcriptional silencing in the mouse
germline. Broad ncH3K4me3 domains are also detected in pig and
bovine oocytes, wherein they also correlate with regions with low
levels of DNA methylation, but human oocytes contain exclusively
canonical H3K4me3, which is markedly enriched at promoters®©>,
Broad non-canonical domains of H3K27 acetylation (ncH3K27ac) that
colocalize with ncH3K4me3 are also detected in mouse and bovine,
but not human, oocytes®®°. However, human embryos, inaddition to
the enrichment of canonical H3K4me3 at promoters, are character-
ized by broad ncH3K4me3 and ncH3K27ac domains present at distal
regulatory regions before ZGA®*®, These results suggest that although
broad, non-canonical domains of histone PTMs do not necessarily
occur atthe same stage in all mammalian species, they are acommon
feature of mammalian epigenetic reprogramming around the time
of fertilization.

Histone PTMs typical of facultative heterochromatin, such
as H3K27me3 and H2AK119 ubiquitylation (H2AK119ub), are also
found in broad domains covering around one-third of the genome
inmouse oocytes’"”*. ncH3K27me3 is enriched at intergenic regions,
non-canonical imprinted genes and non-transcribed promoters lack-
ing DNA methylation and s largely non-overlapping withncH3K4me3
(refs. 60,63,71-75). This landscape of histone PTMs in oocytes results
in the resetting of chromatin to a bivalent state that persists until
the post-implantation blastocyst. Pig and bovine oocytes also con-
tain broad domains of ncH3K27me3, but in these species, there is
greater overlap between ncH3K27me3 and ncH3K4me3 domains™*7°,
although H3K27me3 is largely depleted outside CpG continentsin pig
oocytes’’. Human oocytes, in keeping with the presence of canoni-
cal H3K4me3, also have a canonical H3K27me3 pattern, lacking
ncH3K27me3 broad domains®’.

H3K36 methylation hasacrucial rolein regulating the epigenome
in mouse oocytes. H3K36me3, catalysed by the methyltransferase
SETD2, isfound at transcribing gene bodiesingrowing oocytes and per-
sistsafter oocytes undergo transcriptional silencing’®. H3K36me3 accu-
mulation negatively correlates withbothncH3K4me3 and ncH3K27me3
domains”. H3K36me2 and H3K36me3 recruit DNMT3A to direct DNA
methylation at those transcribed gene bodies”’. Remarkably, loss of
H3K36 methylation leads to a marked alteration in the DNA methyla-
tionlandscape in mouse oocytes, whichindicates that H3K36me3 has
arole in setting the epigenome for the next generation”””. In keep-
ing with this, loss of H3K36me2 and H3K36me3 leads to the global
redistribution of H3K4me3 and H3K27me3 in mouse oocytes’®, and
expression of the dominant-negative H3.3K36M mutant in mouse
oocytes, which cannotbe methylated, leads to developmental defects
upon fertilization’”’®, H3K36me3 strongly correlates with DNA meth-
ylation also in pig, bovine and rat oocytes, which suggests that there
may be a conserved mechanism for establishing DNA methylation in
mammalian oocytes”.

Chromatin changes at fertilization
The distinct chromatin configurations of the two parental genomes
uniteinthe zygote. With the exception of imprinted regions and some
classes of retrotransposons, a conserved genome-wide demethyla-
tion of methyl-CpG occurs — by both active enzymatic processes and
passive dilution across cleavage cycles — but with different dynamics
in the two genomes’ . One of the earliest events after fertilization is
nucleosome assembly following protamine eviction on the paternal
genome, whichisapparentwithin1hafter fertilization in mice. In par-
ticular, HIRA-mediated incorporation of H3.3 is essential for de novo
nucleosome assembly>%°%, In addition, DAXX-dependent incorpora-
tion of H3.3 at paternal pericentric heterochromatin is essential for
chromosome stability®’. H3.3 has a non-canonical, genome-wide dis-
tribution pattern in zygotes, characterized by an even distribution in
both parental genomes, probably because H3.3 is the dominant form
of H3 at this stage of development®°. The redistribution of H3.3 into
amore canonical distribution pattern — for example, enrichment at
TSSs — occurs at ZGA but, intriguingly, depends on DNA replication
but not on transcription®. Notably, the genomic redistribution of
H3.3 at ZGA depends on the replication-dependent chaperone CAF1
(encoded by ChafI), which incorporates the H3.1 and H3.2 variants™.
CAF1downregulation, which induces mouse embryonic stem cells to
adoptatwo-cell stage-like phenotype?, also partially recapitulates the
‘fuzzy’ (less well-defined) nucleosome positioning that is typical of
zygotes and two-cell-stage embryos and leads to a partial phenotype of
non-canonical, broad H3.3 distribution®, which emphasizes the biologi-
calrelevance of chromatin assembly and nucleosome positioning for
control of totipotency. In fact, mouse embryos without CAF1 activity
donotdevelop beyond the morula stage (approximately 16 cells) and
exhibit upregulation of transposable elements, highlighting a potential
role for CAF1in promotingthe deposition of repressive histone PTMs
at the earliest stages of embryogenesis™ .

The histones incorporated in the paternal genome after pro-
tamine eviction are largely hyperacetylated and hypomethylated,

Box 1| In vitro models of early mammalian
embryonic development

Rare populations of cells that molecularly and functionally resemble
totipotent early embryonic stages at the time of zygotic genome
activation (ZGA) have been discovered in both mouse and human
embryonic stem cell cultures®'”>"”®, In mice, these cells are typically
marked by expression of the mouse endogenous retrovirus MERV-L,
which is specific to two-cell-stage embryos, whereas in humans,
various markers specific to ZGA have been used””’®, Several
factors, including transcription factors, epigenetic regulators, small
molecules, microRNAs, metabolic cues and osmotic stress, have
been shown to regulate the emergence of these cells in culture*®',
Improving the protocols used to generate cells that more closely
resemble totipotent cells both molecularly and functionally will
greatly assist research in this area in the future'®. In particular, it will
be important to determine which of the large number of artificial
inducers that have been identified in culture are involved in cellular
reprogramming to totipotency in vivo. The standardization of cell
culture protocols and the creation of robust, realistic guidelines to
test cellular potency will also be of great use.
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Fig.1| Overview of pre-implantation embryonic development in mice and
humans. The relative timings of minor and major zygotic genome activation
(ZGA) areindicated for mouse and human embryos. Fertilization of the oocyte
by the sperm generates a totipotent zygote, which undergoes several cleavage
divisions during pre-implantation development to generate the blastocyst,

Cleavage stages

Major ZGA

whichis composed of an outer layer of trophectoderm and the inner cell
mass. The morula stage refers to embryos that have undergone the process of
compaction, when cellular adhesion and polarization take place at around the
eight-cell stage and before the formation of the blastocyst. MIl, metaphase II.

thus establishing an epigenetic asymmetry between the paternal and
maternal pronuclei, which was initially described more than 20 years
ago by immunostaining and confirmed more recently by genomics
studies. The maternal epigenome is generally more stable than the
paternal epigenome; the broad non-canonical domains of H3K4me3,
H3K27ac and H3K27me3 that are found in mature oocytes are largely
inherited inthe zygote, although H3K27ac is globally depleted in oocyte
meiotic chromatin®>*®*’* The inheritance of histone marks between
sperm DNA and paternal DNA in zygotes has been more difficult to
assess, owing to technical difficulties in studying the largely com-
pacted sperm chromatin. In mouse zygotes, the paternal genome
also acquires broad ncH3K4me3 domains, albeit at lower levels
than the maternal genome®. Interestingly, expression of H3.3K4M
(adominant-negative inhibitor of histone methylation) before fertili-
zation, or knockdown of KMT2C and KMT2D (also known as MLL3 and
MLL4) methyltransferases, whichleads toreduction of H3K4mein the
paternal pronucleus, causes defects in minor ZGA and developmental
arrest, which suggests that de novo paternal H3K4 methylation hasan
important role in minor ZGA’®. The paternal genome in mouse zygotes
alsoacquires broad ncH3K27ac domains, and the distinct acetylation
patterns of the two parental alleles become equalized by the two-cell
embryonic stage®*®. In addition, H3K9ac has a similar distribution to
H3K27ac in zygotes®®””. However, levels of H3K9ac are comparable
between zygotes and the two-cell stage, whereas H3K27ac undergoes
marked remodelling between these two stages, particularly on distal
regulatory regions®®. In human embryos also, H3K27ac undergoes
extensive reprogramming before ZGA®®, which suggests that H3K27ac
modification is highly dynamic in zygotes of both species.

Although sperm and oocyte epigenomes have different chromatin
states at fertilization and there is chromatinasymmetry between paren-
tal pronuclei of the zygote, both parental genomes undergo considera-
ble remodelling after fertilization. Inaddition to changes in histone and
DNA methylation and histone acetylation, the chromatin accessibility
and nucleosome positioning landscapes are also remodelled. In mice,
chromatin accessibility profiles become largely similar at a global
level between the two pronuclei as early as 6 h after fertilization”°.
Similarly, during reprogramming by somatic cell nuclear transfer,

nucleosome remodelling occurs rapidly within 12 h and is independ-
entof DNAreplication'. By contrast, in humanembryos, the paternal
chromatin remains globally more accessible than the maternal chro-
matin until the four-cell stage'®’. Although nucleosome incorpora-
tion occurs early after fertilization, the global chromatin landscape
before ZGA is highly atypical in mouse, human and bovine embryos.
In particular, embryos before ZGA have a weak and ‘noisy’ ATAC-seq
(assay for transposase-accessible chromatin with sequencing) sig-
nal, with fewer peaks and reduced genome coverage'°>'%*, Another
distinctive feature is the presence of broad accessible regions, which
are particularly enriched around full-length MT2_Mm sequences,
in early two-cell stage mouse embryos'**. Inaccordance, arecent study
using low-input MNase (micrococcal nuclease) sequencing has found
that mouse zygotes have fuzzy nucleosome positioning with shorter
nucleosomearrays flanking nucleosome-depleted regions”. Increasing
regularity innucleosome spacing and a clearly defined +1 nucleosome
downstream of the TSS emerge with developmental progression in
both mouse and human embryos®>'°1%,

Chromatin dynamics at cis-regulatory elements

cis-Regulatory elements, including promoters and enhancers, are char-
acterized inmost cell types by the presence of anucleosome-depleted
region (NDR) and the enrichment of specific chromatin marks. Active
promoters are typically enriched in H3K4me3 and histone acetyla-
tion, whereas active enhancers are characterized by the presence of
H3K4meland H3K27ac. Inmouse zygotes, the promoters of minor and
major ZGA genes are marked by NDRs in both parental genomes before
the transcription of minor ZGA genes™**'®, This has beeninterpreted
as ‘priming’ for transcriptional activation. In fact, the establishment of
NDRs at the zygote stageis largely independent of transcription —and
of DNA replication — but is sensitive to global inhibition of histone
deacetylase activity, which leads to altered NDR formation particularly
in the male pronucleus’. Knockdown of the transcription factors MLX
and RFX1, whose binding motifs are associated with NDRs in mouse
zygotes, prevents NDR formation in the male chromatin and results
in defective ZGA*®. Increased promoter accessibility before transcrip-
tional onsetis also observed at later stages of mouse pre-implantation
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development®'®, and similarly, a subset of ZGA genes have accessible
promotersin humanembryos at the two-cell or four-cell stage, before
these genes are transcribed'**'°°,

Promoters are widely bound by serine-5-phosphorylated Pol Il
in mouse zygotes, including those promoters of genes that are not
expressed at ZGA™' (Fig. 2b). At the early two-cell stage of mouse
embryos, Pol Il becomes enriched at promoters of major ZGA genes
before detectable transcription at these sites, a process termed
pre-configuration’'®, Treatment with a Pol Il elongation inhibitor
during minor ZGA or knockout of Obox family transcription factor
genes prevented Pol Il pre-configuration, leading to ectopic gene
activation™'?, Interestingly, whereas the genome-wide occupancy
maps of initiating and elongating forms of Pol Il are distinct in pluri-
potentor differentiated cells, they are practically indistinguishable in
mouse embryos up to the eight-cell stage’®. A potential interpretation of
these dataisthat Pol llundergoes limited promoter-proximal pausing
atactively transcribed genes during ZGA.

H3K4me3isalsoenriched around active TSSs at the time of ZGAin
allmammalian species examined so far’”¢°-¢>%3¢ The accumulation of
H3K4me3 at TSSs results from remodelling of the ncH3K4me3 broad
domainsinoocytesandis dependent ontranscription, at leastin mice®'.
In fact, failure to remodel ncH3K4me3 into ‘sharp’ H3K4me3 peaks
at promoters, through down-regulation of KDM5A and KDM5B dem-
ethylases, leads to ZGA failure in mouse, bovine and pig embryos®"*>°,
Inhuman embryos, the pattern of H3K4me3 is somewhat different: the
distal ncH3K4me3 domains are remodelled into canonical H3K4me3
at the eight-cell stage — the time of ZGA in human embryos — but the
accumulation of canonical H3K4me3 marks both ZGA genes and
non-activated gene promoters pre-ZGA at the four-cell stage®. Thus,
although there are some species-specific temporal dynamics, in gen-
eral, gene promotersin mammalian embryos acquire the typical NDR
architecture, Pol Il occupancy and canonical H3K4me3 at their TSSs
atthe time of ZGA.

The function of enhancers during early embryonic development
isstillunder investigation. Earlier work in mouse embryos showed that
plasmid-encoded reporters require an enhancer for robust expres-
sion at the two-cell embryonic stage but not in the oocyte or at the
zygote stage'*®. More recently, however, putative enhancers identi-
fied by cap analysis gene expression with sequencing (CAGE-seq)
inmouse oocytes were shown to drive reporter gene transcription from
a distal location, which is a characteristic of functional enhancers®.
These putative enhancer sites are marked by H3K27ac and, surpris-
ingly, also by H3K4me3 in mouse oocytes and early pre-implantation
embryos’. Mapping of putative enhancer RNA loci — which are
enriched in H3K27ac within open chromatin regions across develop-
mental stages — has revealed a highly dynamic enhancer landscape
in mouse pre-implantation embryos'”’, An increase in both the num-
ber and proportion of distal NDRs occurs from the eight-cell stage in
mouse embryos, which also become enriched in H3.3, which suggests
that there is an expansion of the number of enhancers at this devel-
opmental time®®®, Distal sites at the eight-cell stage are enriched in
binding sites for lineage-determining transcription factors such as
0CT4, and the accessibility of asubset of these sites depends on OCT4
(refs. 99,105). The transcription factor YY1is also enriched in distal
NDRsin mouse embryos andis required for the formation of regularly
spaced nucleosome arrays at thousands of enhancer-like elements at
the eight-cell stage’”. Human embryos, compared with mice, have a
greater proportion of distal NDRs relative to promoters before ZGA,
which often coincide with transposable elements that are expressed

at ZGA, such as long interspersed nuclear elements (LINEs), HERV-K
and SINE-VNTR-Alu (SVA) retrotransposons'®,

In both mouse and human embryos, the histone PTMs that are
characteristic of regulatory regions emerge at and depend on ZGA,
whichinvolves theresolution of ncH3K27ac and ncH3K4me3 domains
into ‘sharp’ enhancer and promoter peaks at this stage®-5¢%°6110,
Enzymes that mediate H3K27ac remodelling include the histone dea-
cetylases HDAC1, whichis essential for early embryonic development™,
andNAD*-dependent SIRT1 (ref.110). Moreover, not surprisingly, tran-
sient inhibition of CBP and p300 histone acetyltransferase activities
in mouse zygotes and early two-cell stage embryos leads to failure
of both minor and major ZGA and embryonic arrest at the two-cell
stage; also, knockdown of p300 in human zygotes leads to defects in
ZGA?*%% Targets of CBP and p300 activity include distal regions that
gain a pre-configuration of H3K27ac at the early two-cell stage, thus
potentially functioning as enhancers®*. In addition to the remodel-
ling of H3K4me3 and H3K27ac at ZGA, the promoter-proximal nucleo-
some architecture also changes concomitantly with ZGA in mouse,
bovine and human embryos, characterized by a marked increase in
the number and width of promoter-proximal NDRs?*'0105106112 The
widening of promoter-proximal NDRs correlates with increased tran-
scriptional activity, and the formation of a subset of these wide NDRs
(more than 300 bp) depends on transcription, which is in contrast

Box 2 | RNA modifications in early
embryonic development

More than 100 chemical modifications of cellular RNAs have

been identified, with emerging functions as post-transcriptional
epigenetic regulators'®. These modifications can affect the stability,
processing, secondary structure, interactions and localization

of various RNA species, both coding and non-coding'®*. Among
them, N°-methyladenosine (mA) is catalysed co-transcriptionally
by METTL3-METTL14 and METTLI16, is specifically read by proteins
of the YTH, IGF2BP and HNRNP families, and is erased via active
demethylation by FTO or ALKBHS5. Depletion or inhibition of many of
these factors results in early embryonic lethality'®>"°°. mPA regulates
the expression of long terminal repeats in the inner cell mass of
mouse blastocysts and in mouse embryonic stem cells'"*'7'%,
Widespread m®A modification across the coding and non-coding
transcriptome has been reported in mouse oocytes and
embryos'®¥%19% mPA is also enriched in transcripts from zygotic
genome activation-specific genes and transposable elements such
as the mouse endogenous retrovirus MERV-L, wherein it contributes
to their timely decay; m°A also contributes to the stability of
maternal mRNAs and transposable elements, such as the highly
abundant MTA retrotransposons'®*%'%5, Several transcripts from
genes important for lineage allocation, such as Oct4, Nanog, Cdx2
and Yap1, are marked by m°®A in early embryos, which suggests

that RNA modifications provide an additional layer of regulation

to chromatin and DNA modifications during development'#1941%6,

In the future, it will be important to dissect the interplay between
RNA and chromatin modifications in embryonic development

and to determine whether m®A or other RNA modifications affect
the embryonic translatome, which has been recently studied
genome-wide'®""*°,
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to the transcription-independent establishment of NDRs in the
zygote'?1931% QOnce established, NDRs are largely maintained dur-
ing development and contain characteristic motifs for transcription
factor binding. Among those, the binding motif for NFYA is the most
prevalent in NDRs of mouse two-cell-stage embryos, which suggests
that promoters and regulatory regions are bound by NFYA at this stage.
Accordingly, NFYA knockdown results in defective ZGA and develop-
mental arrest at the morulastage’. Mouse pre-implantation develop-
ment is also characterized, unusually, by the presence of accessible
chromatinattranscriptional end sites, which gradually decreases until

theblastocyst stage'®*.

Heterochromatin formation after fertilization
How heterochromatin forms at the beginning of development
is a fundamental question in embryogenesis. Both facultative

Fig.2|Dynamics of histone post-translational modifications during early
mouse embryonic development. a, Depiction of the general pattern of broad
domains of non-canonical histone post-translational modifications (PTMs)
across the genome in metaphase I (MII) oocytes in mice. Oocytes contain

regions of high CpG DNA methylation (DNAme) associated with histone H3

lysine 36 trimethylation (H3K36me3), which correspond to domains containing
actively transcribed genes during oocyte growth. Oocytes also contain partially
methylated and hypomethylated DNA regions that are enriched inbroad,
non-canonical domains of H3K27me3 or H3K4me3. H3K36me3 accumulation
negatively correlates with both H3K4me3 and H3K27me3 non-canonical
domains. K3K27me3 and H2AK119 ubiquitylation (H2AK119ub) are coupled
inoocytes and enriched inintergenic regions. H3K27 acetylation (H3K27ac)
colocalizes with H3K4me3 in mouse oocytes and is enriched in distal regulatory
regions. b, Remodelling of active histone PTMs at cis-regulatory regions, from the
zygote to late two-cell-stage embryos at the time of zygotic genome activation
(ZGA).Loading of RNA polymerase Il (RNA Pol II) in the zygote occurs at genes
thatare both transcribed and non-transcribed during ZGA. The pre-configuration
(enrichment before transcription) of RNA Pol Il specifically at promoters of major
ZGA genes is shown at the early two-cell stage. At ZGA genes, broad non-canonical
domains of H3K27ac colocalize with broad domains of H3K4me3 in zygotes.
H3K27ac undergoes marked remodelling between zygotes and the two-cell stage
of embryos, resolving into ‘sharp’ peaks particularly on distal regulatory regions
such as enhancers. H3K4me3 is remodelled into sharp peaks at gene promoters
by the late two-cell stage at the time of ZGA. Non-ZGA genes here refers to genes
that have RNA Pol Il enrichment at promoters in zygotes but are not activated at
ZGA and gradually lose RNA Pol Il enrichment by ZGA (as indicated by the dashed
curve at the early two-cell stage). ¢, General organization of heterochromatic
histone PTMs in MIl oocytes, during pre-implantation development andin the
epiblast layer of the inner cell mass (blastocyst stage). At Polycomb targets, such
as developmentally regulated genes, H2A ubiquitylation (H2Aub) is inherited
from oocytes and retained after fertilization in pre-implantation embryos.

By contrast, H3K27me3 marks in oocytes are erased at fertilization, and de

novo H3K27me3 marks only emerge in the epiblast of late blastocysts. ZGA

genes are marked by H3K9me3 in oocytes, whichis lost between fertilization

and their activation at the two-cell stage. It is currently unclear which, if any,
heterochromatic histone PTMs these genes acquire after they are activated
(indicated by the question mark in the epiblast stage). H3K27me3 and H2AK119ub
form broad domains at intergenic regions in oocytes, which lose H2AK119ub by
the two-cell stage. Domains containing both H3K27me3 and H3K9me3 are found
transiently atintergenic regions during pre-implantation development.

heterochromatin and constitutive heterochromatin have distinctive
features in pre-implantation embryos that differ from pluripotent or
differentiated cells (Fig. 2c). For example, whereas H3K27me3 and
H2AK119ub are typically coupled and characteristic of facultative het-
erochromatinindifferentiated cells, their localization across genomic
regions and their temporal dynamics are uncoupled in early mouse
embryos” 7. Attypical Polycomb targets, such as developmentally regu-
lated genes, in pre-implantation embryos, H2AK119ub is either inher-
ited from oocytes and retained after fertilization or deposited by the
Polycomb repressive complex1(PRC1) fromthe two-cell stage onwards.
By contrast, H3K27me3 marks foundin oocytes are erased from promot-
ersatfertilizationin zygotes, and de novo H3K27me3 marks, which are
deposited by PRC2, only emergein the epiblast layer at the late blasto-
cyst stage®®” 71 This de novo deposition of H3K27me3 occurs concur-
rently with the re-establishment of bivalent domains. Because of the
prominent presence of H2AK119ub in cleavage stage embryoniccells, a
role for H2AK119ubin ‘priming’ or acting as a placeholder for Polycomb
targets has been suggested. Indeed, acute depletion of H2AK119ub
by expression of the Polycomb repressive deubiquitinase (PR-DUB)
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complexinzygotesleadsto ectopic expression of later developmental
genes and developmental failure, which indicates that H2AK119ub has
arepressive function in early mouse embryos”. Similarly, depletion of
RINGIA and RINGI1B (also known as RNF2) — which are catalytic compo-
nents of PRC1—in mouse oocytes results in failure to silence inappropri-
ate gene expression in oocytes and subsequent maternal infertility”>"*.
Depletion of the deubiquitinase USP16 during oocyte growth leads to
afailure to remove H2AK119ub globally, including from ZGA genes,
and results in defects in ZGA and mouse embryonic development™>.
As H3K27me3 is largely erased after fertilization in human, pig and
bovine embryos, similarly to mouse embryos, the predominant role
of H2AK119ub in maintaining repression in mouse embryos may be
conserved in other mammals®*>%, A recent study in bovine embryos
questions the extent towhichH3K27me3 marks are erased in zygotes,
although this may be owing to cross-reactivity of the antibody used in
this study with H3K18me3 (refs. 70,115).

In mouse and rat embryos, maternally inherited H3K27me3, but
not H2AK119ub, is maintained in broad domains that persist to the
pre-implantation blastocyst stage but are lost in post-implantation
embryos®”"*7 Some of these H3K27me3 domains functionas anon-
canonical imprinting mechanism to regulate allelic expression”"°,
Most evidence suggests that this may be arodent-specific mechanism,
based on the global loss of H3K27me3 in other mammalian embryos,
but this remains to be formally demonstrated”*’. On the paternal allele
inmouse zygotes, intergenic regions also accumulate broad domains
of ncH3K27me3 after fertilization, although H3K27me3 enrichment
is much lower than for the maternal allele and occurs on different
regions. Thisallelic H3K27me3 asymmetry persists throughout mouse
pre-implantation development”'”,

Thefeatures of constitutive heterochromatin are best exemplified
by pericentric heterochromatin, which in most cell types is silenced
through H3K9me3 deposition mediated by the histone methyltrans-
ferases SUV39H1 and SUV39H2. In mouse zygotes, however, paternal
pericentric heterochromatinis established by Polycomb repressive com-
plexes and its associated PTMs, whereas maternal pericentric hetero-
chromatinis marked by SUV39-dependent H3K9me3 (refs. 88,117-119).
This results in an asymmetry that persists until the eight-cell stage. By
contrast, in human embryos, both paternal and maternal pericentric
heterochromatin are marked by canonical H3K9me3 (ref. 120).

Globally, levels of H3K9me3 and its genomic locations are exten-
sively reprogrammed during mammalian pre-implantation devel-
opment; H3K9me3 is both acquired and lost across many genomic
regions in both parental genomes”'* >, H3K9me3 is enriched on
genic regions in mammalian oocytes, suggesting that it has a role
in transcriptional silencing in oocytes’>*'?, In keeping with this,
loss of the H3K9me3 demethylase KDM4A in mouse oocytes leads
to the spreading of H3K9me3 into ncH3K4me3 broad domains that
contain ZGA genes, resulting in defective ZGA upon fertilization'**.
After fertilization, H3K9me3 becomes enriched onintergenic regions
that overlap with maternal H3K27me3 domains, and both of these
histone PTMs are depleted on promoters’®?>'?>!23 |n particular, the
enrichment of H3K9me3 on species-specific LTRs, and to a lesser
extent LINE-1 elements, is observed in mouse, bovine and human
pre-implantation embryos. The presence of H3K9me3 at these ele-
ments has been linked to their repression at a time of genome-wide
DNA demethylation’®%>22123135 However, depletion of H3K9me3 in
early mouse embryos does not lead to the derepression of transpos-
able elements, probably owing to the additional need for dedicated
transcription factors for transposon activation'?'?°, In accordance,

knockdown of several heterochromatin proteins from the SUMO or
SETDB1pathways leads toloss of H3K9me3 onsome LTRs, but derepres-
sion of these LTRs occurs only upon depletion of CAF1, which suggests
that nucleosome assembly or other heterochromatic PTMs, such as
H4K20me3, have more important roles than H3K9me3 in LTR repres-
sion at this developmental stage’**. Removal of H3K9me2 through
depletion of the methyltransferase EHMT2 (also known as G9A) also
has minimal effects on LTR expression in mouse embryos'*'%,

Indeed, the non-repressive nature of H3K9me3 in early mouse
embryos might suggest that their heterochromatin is in an imma-
ture state. Experimentally induced gain of H3K9me3 at ZGA in mouse
embryos is not sufficient to prevent the activation of transposable
elements or gene expression in general, although it does lead to
developmental arrest'”'?, However, targeting H3K9me3 to SVA ret-
rotransposonsin the developing humanembryo, whichare enriched at
putative ZGA enhancers, does lead to the repression of many ZGA genes
and developmental delay'®. Thus, although H3K9me3 may not have a
primary role in repressing the expression of genes and transposable
elements in early mammalian embryos, targeted ectopic acquisition
of H3K9me3 may be capable of inducing transcriptional silencing. By
contrast, reprogramming efficiency upon somatic cell nuclear trans-
fer is improved markedly by the removal of H3K9me3, which clearly
establishes H3K9me3 as a barrier to reprogramming in vivo, perhaps
resulting from amore mature heterochromatin state in the differenti-
ated donor cells that are used for nuclear transfer, in which H3K9me3
is fully repressive° %2,

Spatial chromatin dynamics upon fertilization

The 3D organization of chromatininside the nucleus provides an addi-
tional layer of epigenetic regulation. The genome folds into largely
conserved organizational structures that include chromosome
territories, topologically associating domains (TADs), and A or B (A/B)
compartments. The genomeis also organized into spatially positioned
domains with respect to nuclear landmarks, such as lamina-associated
domains (LADs) at the nuclear laminain the periphery of the nucleus and
nucleolar-associated domains (Fig. 3a). All of these structures undergo
marked changes during early embryonic development and exhibit
unique features of genome organization, as detailed below' (Fig. 3b).

Three-dimensional organization of heterochromatin

Pericentric heterochromatinis organized inside the nucleus of differen-
tiated cellsinto chromocentres. The nuclei of early mammalianembryos
are large and maintain chromosome territories in a canonical Rabl
configuration™*, A distinctive feature acquired during oogenesis is
the spatial arrangement of centromeres, including both pericentro-
meric and centromeric DNA, around nucleolar-like bodies™* ™%, The
localization of pericentromeric repeats at the nucleolar-like bodies is
essential for development and for heterochromatin silencing™’. This
3D arrangement persists until ZGA in mouse and bovine embryos (but
hasnotbeeninvestigatedinother species), whereupon chromocentre
formation occurs gradually. Interestingly, chromocentre formation
depends on the transcription of pericentromeric repeats™°"** and is
accompanied by changes in their biophysical properties, involving

atransition from aliquid-like state to a solid-like state'®.

Polycomb-associating domains

Another distinctive feature of the 3D genome organization of mouse
oocytesis the formation of cohesin-independent Polycomb-associating
domains (PADs)"****, which form from long-range self-associationinthe

Nature Reviews Genetics


http://www.nature.com/nrg

Review article

Mammalian nucleus

a A compartments
» Associated with close or inactive chromatin
« Defined by Hi-C
« Interact with other A compartment regions
o Cell-type specific
* Nuclear interior
e Early replication timing

TADs

» Regions of self-interaction

* Formed by cohesin-mediated loop extrusion

« Borders enriched with CTCF binding

» Boundaries generally conserved between cell types

» Average size: 800 kb

* Promoter-enhancer contacts generally form within TADs

Chromocentre

y——————————————— Bcompartments

» Associated with open or active chromatin
o Defined by Hi-C

o Interact with other B compartment regions
o Cell-type specific

» Nuclear or nucleolar periphery

@ o e Late replication timing

LADs

o Nuclear peripheral localization

» Associated with electron-dense heterochromatin
e B compartment

» Low gene density

* High A/T content

» Average size: 0.5-1 Mb

o Late replication timing

Mature oocyte Zygote Two-cell stage Four-cell stage Eight-cell stage Blastocyst

Replication timing

Heterochromatin
organization

PADs
LADs

A/B compartments

TADs [

(]
Replication timing LADs
Inhibition of transcription elongation (DRB) No global effect Collapsed
Inhibition of transcription initiation and elongation (a-amanitin) No global effect Collapsed
Inhibition of replication (aphidicolin) - No global effect

I W e —

Late replicating Early replicating

A/B compartments TADs

Not determined Not determined
No global effect No global effect
No global effect Collapsed

3D space of domains marked by both ncH2AK119ub and ncH3K27me3  two-cell stage to the eight-cell stage of the embryo, in an H3K27me3-
(ref.144). The formation of PADs in mature oocytes and the silencing  dependent manner, although the functional relevance of this is
of genes therein depend on PRC1-mediated H2AK119ub but noton  unknown. ncH3K27me3 domains are also presentin the oocytes of
PRC2-mediated H3K27me3 (ref. 144). PADs, similar to ncH3K27me3, other nonhuman mammals, but the presence of PADs has not been
transiently reappear exclusively on the maternal allele from the investigatedinthese species.
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Fig.3 | Three-dimensional chromatin architecture during early mouse
development. a, General characteristics of 3D chromatin organization, showing
Aand B compartments, lamina-associated domains (LADs) and topologically
associating domains (TADs). b, The relative dynamics of 3D chromatin
organization during early embryonic development in mice, in relation to the
timings of minor and major zygotic genome activation (ZGA). For replication
timing, pink and red regions refer to early and late replicating domains,
respectively, which become progressively more well-defined across pre-
implantation development. Single confocal microscopy sections of DAPI-stained
nuclei show the reorganization of DAPI-dense pericentric heterochromatin from
the periphery of nucleolar-like bodies to form chromocentres from the four-cell
stage onwards. Polycomb-associating domains (PADs) are detected in mature

oocytes and re-emerge exclusively on the maternal allele after fertilization but
arelost by the blastocyst stage. By contrast, LADs are not detectable in mature
oocytes but are present from the zygote stage onwards. A and Bcompartments
are not detected in mature oocytes, and they gradually emerge during pre-
implantation embryonic development. TADs are detected in mature oocytes but
notinzygotes and gradually consolidate during pre-implantation development.
¢, The dependence of features of 3D chromatin organization on transcription
initiation and/or elongation and DNA replication in mouse embryos.
5,6-Dichloro-1-B-D-ribofuranosylbenzimidazole (DRB) inhibits transcription
elongation by RNA polymerase II; a-amanitin is a general inhibitor of RNA
polymerase, which is used at concentrations that inhibit RNA polymerase Il

in these studies; and aphidicolinis aninhibitor of DNA replication.

Lamina-associated domains

LADs form immediately after fertilization in mice, being one of the
earliest forms of nuclear organization to occur during development™®.
LADs are undetectable in oocytes and thus are not inherited through
the maternal germline but are established de novo in the maternal
pronucleus'®. The establishment of LADs is independent of DNA
replication'*® but histone PTMs seem to be involved in this process
(Fig.3c). H3K4me3isimportant for the establishment of paternal LADs
inthezygote as expression of the H3K4me3 demethylase KDM5B in the
early zygoteleadstoafailure to detect LADs in the paternal pronucleus,
whereas maternal LADs are largely unaffected'*’. This suggests that
thereare distinct, allele-specific mechanisms for the establishment and
restructuring of LADs. Embryonic LADs have features typical of LADs
foundinsomatic cells, including high AT content, correlation with the
B compartment (heterochromatin) and low levels of gene expression'*.
However, LADs at the late two-cell stage of embryos are an exception,
with these LADs being more fragmented, having greater cell-to-cell
variability and having decreased AT content'*®.

LADs undergo considerable remodelling during pre-implantation
developmentin mice, particularly around the time of ZGA™*5, LADs
reorganize gradually throughout the complete cell cycle of two-cell-
stage mouse embryos'¥. Inhibition of transcription at ZGA markedly
alters LAD organization at the two-cell stage'’ (Fig. 3¢). LAD restruc-
turing at the two-cell stage is largely correlated with and depend-
ent on transcriptional activation at ZGA, and there is an increased
number of LADs at this stage that belong to the A compartment
(euchromatin)**¢™*8, The relevance of this observation is unclear, but
it suggests that the layers of nuclear organization (such as LADs and
A/B compartments) might be uncoupled during early mammalian
development. Maternal ncH3K27me3-marked regions (probably cor-
responding to embryonic PADs) also contribute to the repositioning
of some LADs to the nuclear interior at the two-cell stage of mouse
embryos™®, LADs have not been mapped in any other species so far, and
thus, whether the dynamics of their establishment and remodelling are
conserved beyond mice remains to be determined.

A/B compartments and chromosome folding

Mouse oocytes gradually lose A/B compartments in the nucleus dur-
ing growth, whereas sperm have a more canonical nuclear organi-
zation, with additional long-range interactions probably reflecting
their increased compaction*’™!, Likewise, in mouse zygotes, com-
partmentalization is greater in paternal pronuclei than in maternal
pronuclei, although A/B compartments consolidate progressively
over cleavage stages in both alleles****'>3, The gradual establish-
ment of nuclear compartments has also been observed in human and

pigembryos'>****, Globally, the establishment of nuclear compartments
in mouse pre-implantation embryos is independent of transcription
at ZGA, as compartment consolidation occurs in the presence of the
Pol Il inhibitor a-amanitin, and is also largely unaffected by blocking
DNA replication™****">2 (Fig. 3c). Nuclear A/B compartments in mouse
embryos have the expected enrichments of transcriptional and chroma-
tinfeatures as based on somatic cells, such asH3K4me3 and accessible
chromatin in A compartments, and DNA methylation and H3K27me3
in B compartments"®**'>, These compartments are also demarcated
by a genetic signature, with SINE-B1 elements being more abundant
in A compartments and LINE-1 elements being more abundant in

B compartments™®.

Topologically associating domains

The consolidation of TADs also occurs progressively during mouse
pre-implantation development; TADs are barely detectable before
the eight-cell stage and their emergence depends on CTCF*152157,
Human and pig pre-implantation embryos also undergo progressive
TAD formation, and in human embryos, CTCF has been shown to be
necessary but not sufficient for TAD formation™*"**, CTCF isbound to
chromatin as early as the zygote stage and depletion of both mater-
nal and zygotic CTCF leads to developmental failure at the time of
implantation in mice™""%, Surprisingly, structure-related transcrip-
tional changes are not observed in CTCF-depleted embryos and the
first cell fate specification is not affected, which suggests that TADs are
not necessary for the establishment of gene expression programmes, at
least untilimplantation™’. The establishment of TADs in miceis largely
independent of transcription during ZGA, whereas in humans, TAD
establishment is prevented by inhibiting ZGA™*"*>*> (Fig. 3c). Thus,
in general, TADs are progressively established during mammalian
pre-implantation development, but the molecular dependencies on
developmental processes suchas ZGA for the formation of TADs differ
between species.

Replication timing

Replication timing, which refers to the defined order in which the
genome is replicated during S phase, is a major epigenetic feature'”.
The coordinated order in which specific genomic regions undergo
replication leads to their segregation into early and late replicating
domains, which are highly associated with other chromatin features
and aspects of nuclear organization in differentiated cells'°. LADs
and B compartments (heterochromatin) typically correspond with
late replicating domains, whereas inter-LADs correspond mainly with
A compartments (euchromatin) and replicate early during S phase.
In human embryonic stem cells, a near-complete disruption of the
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Glossary

A or B (A/B) compartments
The organization of chromosomes
into two general compartments in

the nucleus, broadly corresponding to
active (A) euchromatin and inactive (B)
heterochromatin.

Bivalent

The existence of both activating and
repressive chromatin modifications at
specific loci, particularly observed at
developmental genes in embryonic
stem cells.

Blastocyst

A conserved, early embryonic stage in
mammalian development consisting of
an outer layer of cells (trophectoderm)
surrounding a fluid-filled cavity known as
the blastocoel and the inner cell mass.

Cap analysis gene expression
with sequencing

(CAGE-seq). A method for the
identification of the 5" end of capped
RNA by biotinylation of the cap and
subsequent purification followed by
sequencing.

Chromocentres

Highly compacted regions of the
nucleus consisting of repetitive
centromeric and pericentromeric
DNA derived from one or more
chromosomes.

Chromosome territories
Regions of the nucleus that are
preferentially occupied by particular
chromosomes.

Cleavage stage

The stage of early development in which
the fertilized egg undergoes cellular
divisions without significant growth,
typically until the formation of the
blastocyst in mammals.

Constitutive heterochromatin
Regions of the genome that remain
condensed and inactive throughout
the cell cycle and across tissues.

CpG continents

Megabase-scale domains enriched in
cytosine and guanine that are detected
in non-rodent mammals and that are
hypomethylated in non-transcribed
regions in oocytes.

Epigenome

A description of the chromatin
composition across the genome,
including DNA and histone
modifications, in a given cell type.

Facultative heterochromatin
Regions of the genome that are
variably condensed and inactive across
development and tissues.

Histone variants

Histone proteins that substitute

for canonical core histones in
nucleosomes, which can modify

the structure and function of the
nucleosome. In contrast to canonical
histones, histone variants can be
incorporated in nucleosomes at

any stage of the cell cycle, not only
at S phase.

Inner cell mass

The group of cells in the inner part of the
mammalian blastocyst that give rise to
the embryo and from which embryonic
stem cells are derived.

Long terminal repeat

(LTR). A pair of identical DNA sequences
flanking retroviral genomes, containing
cis-regulatory sequences involved

in regulating the transcription of the
viral genome.

Maternal-to-zygotic transition
(MZT). The process by which the
control of development switches from
maternal products (RNAs and proteins)
to exclusively embryonic products
derived from the embryonic genome.

Somatic cell nuclear transfer
The process by which the nucleus of
a somatic donor cell is transferred into
an enucleated egg, which enables the
generation of a clonal embryo of the
original donor cell.

Nucleolar-like bodies

Also known as nucleolus precursor
bodies. Spherical structures within
early embryonic nuclei, thought to be
precursors of nucleoli, that become
functional from the late two-cell stage
of embryonic development.

Pericentric heterochromatin
Constitutive heterochromatin located
adjacent to centromeric regions,
marked by repetitive satellite DNA.

Pluripotency

The ability of a cell to give rise to the
three germ layers, including germline,
but lacking the ability to give rise to a full
organism by itself without contribution
from extra-embryonic tissues.

Topologically associating

domains

Regions of the genome containing
preferentially self-interacting DNA
sequences on a scale of hundreds
of kilobases that are thought to be
formed by cohesin-mediated loop
extrusion and boundary formation
by CTCF.

Totipotent

The ability of a cell to give rise, by itself,
to a complete organism, including
extra-embryonic tissues.

Transcriptional silencing

A highly conserved transcriptionally
quiescent state observed in mature
oocytes.

Polycomb-associating
domains

(PADs). Self-interacting, cohesin-
independent compartmental domains
marked by H3K27me3.

Trim-Away

A technigue originally developed
in mouse oocytes to target specific
proteins for degradation using
specific antibodies.

Polycomb targets

Genes that are typically repressed by
the Polycomb repressive complexes
PRC1and PRC2, comprising mainly
developmentally regulated genes.

Rabl configuration

The distribution of chromosomes in

the nucleus in which telomeres and

centromeres are located at opposite
poles of the nucleus, which is found

throughout eukaryotes.

Trophectoderm

The outer layer of the mammalian
blastocyst, which forms
extra-embryonic tissues that are
responsible for implantation and
support of the developing embryo.

Zygotic genome activation
(ZGA). Also known as embryonic
genome activation. The first transcription
of the embryonic genome after
fertilization, which does not necessarily
take place at the zygote stage.

replication timing programme results in changesin histone PTMs and

inter-compartment and intra-compartment interactions

1! which sug-

geststhatreplication timingacts upstream of such chromatin features,
thereby potentially having acentral role in establishing the epigenome.

In mouse embryos, the replication timing programme is initially
not well defined and is only gradually consolidated after the two-cell
stage’®>'* (Fig. 3b). Zygotes and two-cell-stage embryos have a poorly

defined, fuzzy replication timing programme, such that early and
late replication domains are not well separated. The early and late
domains then gradually segregate to span the complete S phase dur-
ing subsequent embryonic stages up to the blastocyst stage'®>. Thus,
although the replication timing programme in zygotes and two-cell-
stage embryos may seem to be less well defined within S phase com-

pared withlater-stage embryos'**

,genomicregions doreplicate earlier
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(or later) than others in zygotes and two-cell-stage embryos'®>'6>16,
which is consistent with the existence of a partial replication timing
programme, albeit ‘fuzzier’. These interpretations are supported by
studies from the 1990s that documented the typical microscopy pat-
terns of early, mid and late S phase using analogue incorporation in
zygotes'®>'”’. Inaddition, maternal pericentromeric regions replicate
later than the paternal counterparts'®®, which highlights that there are
differencesinreplication timing at these specific heterochromatic loci
between the parental genomes. Thisisalsoin line with earlier cytologi-
calworktracking theincorporation of bromodeoxyuridine around the
nucleolar-like bodiesin mouse zygotes'*'*®, Differences in replication
timing may reflect the differences in heterochromatin constitution
thatare characteristic of the pericentromeric repeats of maternal and
paternal genomes at these early stages, as described above.

Interestingly, the maturation of replication timing occurs progres-
sively through embryonic cleavage stages, with different features of
replication timing evolving at different developmental stages towards
a configuration more similar to that of somatic cells'**'**'*, For exam-
ple, zygote, two-cell-stage and four-cell-stage embryos have a similar
degree of variability of the replication programme across cells, but the
heterogeneity of the replication timing programme across genomic
regions is greatest in zygotes, and two-cell-stage embryos then starts
todecrease from the four-cell stage onwards'%. Thus, several molecular
steps contribute to the gradual consolidation of the replication timing
programmeindevelopment. This behaviour is highly reminiscent of the
gradual establishment of nucleosome organization and the maturation
of A/B compartments during cleavage stages, which suggests that
there mightbe a functional link between these features. However, this
contrastswith LAD formation, which occurs rapidly after fertilization*®.
As expected, Bcompartments and LADs are late replicating already
by the zygote stage, but a clear distinction between the early and late
replication of Acompartments and Bcompartments, respectively, only
emerges at later embryonic stages as development proceeds'*>'®*. The
replication timing of ZGA genes depends on the presence of Pol Il but not
ontheir transcriptional elongation'®?, which suggests that Pol Il might
have arole in establishing the early epigenome independently of its
transcriptional activity. Interestingly, although preventing ZGA through
transcriptionalinhibition equalizes the replication timing of Acompart-
ments and B compartments'®, the formation of these compartments
and the strength of their distinction are unaffected**'** (Fig. 3c).

Thus, theserecent observations indicate that at the beginning of
mammalian development, the embryonic genome has not only distinc-
tive molecular features of chromatin but also distinctive organization
of other epigenetic features such as replication timing. The process
of DNA replication itself also seems to have distinctive features in
embryos. For example, the speed of the replication fork is slow at the
beginning of development and increases as development proceeds
in mouse embryos'**'*®, which suggests that a reduction in cellular
plasticity isaccompanied by anincrease in DNAreplication fork speed,
coupled with a more well-defined replication timing programme.
Whether the slow replication fork speed is functionally linked to the
less well-defined replication timing programme in mouse zygotes and
two-cell-stage embryos remains to be addressed experimentally, but
thechangesinfork speed are conserved inhuman embryos'®. In human
zygotes, the slow replication fork speed isaccompanied by replication
fork stalling and the accumulation of unreplicated sites in G2 of the cell
cycle with the consequent accumulation of DNA damage'®. Itis tempt-
ing to speculate that such observations are related to the well-known
high incidence of aneuploidy in human embryos'’.

Althoughreplicationtiming has akey rolein chromatin and cellu-
lar identity, our knowledge of replication timing is so far limited to
mouse embryos; furthermore, the regulators of replication timing
and its consolidation in vivo are not yet known. Whether LADs, A/B
compartments and replication timing have similar regulatory path-
ways remains to be studied. Recently, the telomere-associated protein
RIF1 has been shown to regulate the emergence of replication timing
in mouse embryos. Interestingly, depletion of RIF1 does not majorly
alter LADs"°, which supports the notion that the layers of genome
organization may be molecularly independent, at least to some extent,
inearly embryos. Disentangling the molecular, functional and temporal
relationships between these aspects of genome organization will shed
additional light on the mechanisms that drive the establishment of the
epigenome at the beginning of embryonic development.

Conclusions and perspectives

Studies in mammalian embryos have expanded our knowledge of
how the cellular machinery mediates the inheritance, establishment
and regulation of chromatin features and the epigenome. Low-input
genomics studies on embryonic chromatin over the past decade have
reinforced and greatly expanded the view that chromatin and nuclear
organization in early mammalian embryos are highly atypical at mul-
tiplelevels. These epigenomic features are gradually transformed toa
more canonical organization upon ZGA and loss of totipotency, which
suggests that they have important rolesin the rapid and marked cellular
reprogramming that occurs upon fertilization.

Several transcription factors have now been identified that have
largely redundant roles in the regulation of ZGA*""”". How the distinct
and dynamic features of embryonic chromatin influence the binding
and function of such transcription factors in the developing embryo
remains animportant outstanding question. The relationship between
chromatin signatures and gene expression in the embryo has been
addressed to some extent through genetic manipulations of epige-
netic modifiers, although the direct and indirect effects of chromatin
features on transcription need to be resolved by more mechanistic
studies, such as by profiling the histone PTM landscape upon such
manipulations. In addition, a more in-depth integration of existing
epigenomicdatasetsis needed, and this, combined with the inclusion of
additional epigenetic datasets in the coming years, will provide further
insights into the unusual epigenetic landscape in early mammalian
embryos. Moreover, functional insights into the effects of epigenetic
reprogramming will require manipulations of epigenetic modifiers
combined with the analysis of multiple aspects of epigenetic informa-
tionto provideinsightsinto the crosstalk between epigenetic features.
Itwillalso beimportant toinvestigate the interplay with other aspects
of genome functioninthe embryo that are known to affect chromatin
organization, such as DNAreplicationand repair. Finally, the interplay
between the distinct metabolic properties of the embryo"*"”* and
chromatin regulation through the shared use of various metabolites
that contribute to regulation of the epigenome (epi-metabolites) will
alsobeimportant to explore further.

In terms of genomic interactions, early embryonic chromatin
is enriched in short-range contacts and lacks clearly demarcated
higher-order organizational features such as TADs and A/B compart-
ments. This correlates with the relatively openand accessible chroma-
tinthatis characteristic of such early developmental stages, although
whether these features are linked is currently unclear.Itisalsoin accord
with prior observations that histones have high mobility in the chro-
matin of early embryos'’*. However, certain chromosome regions
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consistently interact with the nuclear lamina and nucleolar-like bodies
inearly embryos, whichindicates that a spatial structure with respect
tonuclear landmarks exists shortly after fertilization; this may provide
the initial framework for the establishment of nuclear organization
inthe developing mammalianembryo. It willbe importantin the future
to uncover how, mechanistically, LADs are established and theirimpor-
tanceinthe formation of other layers of nuclear organization, such as
A/B compartments and heterochromatin domains. In addition, the
relatively disordered replication timing programmein early embryos
is reminiscent of the fuzzy distribution of nucleosomes and poorly
defined nuclear organization, and thus, a potential functional link
between these features warrants further investigation.

In conclusion, mammalian pre-implantation embryos use remark-
ably well-conserved mechanisms of nuclear remodelling during
reprogramming at fertilization, although there are some important
species-specific distinctions, particularly between human and mouse
embryos, such as the lack of broad histone PTM domains in human
oocytes. Future work in this area will advance our understanding of
how early mammalian embryonic development is regulated, of how
reprogramming is achieved in vivo, and of the molecular control of
totipotency and pluripotency. Moreover, studies of embryonic chro-
matin will provide new insights into the regulation of nuclear processes
and the de novo establishment of epigenetic features such as A/B
compartments, heterochromatin and active regulatory regions.

Published online: 03 April 2025
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