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SUMMARY

Upon fertilization, terminally differentiated gametes are trans-
formed to a totipotent zygote, which gives rise to an embryo.
How parental epigenetic memories are inherited and reprog-
rammed to accommodate parental-to-zygotic transition remains
a fundamental question in developmental biology, epigenetics,
and stem cell biology. With the rapid advancement of ultra-sensi-
tive or single-cell epigenome analysis methods, unusual principles
of epigenetic reprogramming begin to be unveiled. Emerging data
reveal that in many species, the parental epigenome undergoes
dramatic reprogramming followed by subsequent re-establish-
ment of the embryo epigenome, leading to epigenetic “rebooting.”
Here, we discuss recent progress in understanding epigenetic re-
programming and their functions during mammalian early devel-
opment. We also highlight the conserved and species-specific prin-
ciples underlying diverse regulation of the epigenome in early
embryos during evolution.

Introduction

Epigenetic regulators, including DNA methylation, histone
modifications, high-order chromatin structure, and regula-
tory RNAs, function as key players of spatiotemporal gene
expression in development (Bird, 2002; Kouzarides, 2007).
During mitosis, epigenetic modifications can be robustly
propagated to daughter cells to facilitate the maintenance
of the cell identity (Bird, 2002; Kouzarides, 2007). However,
the epigenome undergoes a global reprogramming during
early embryogenesis after the fusion of terminally differenti-
ated oocyte and sperm (Burton and Torres-Padilla, 2014; Eck-
ersley-Maslin et al., 2018; Xu and Xie, 2018). This gives rise
to a totipotent zygote that subsequently develops into an
embryo as the foundation of all future body plans (Chazaud
and Yamanaka, 2016). Deficiency in epigenetic reprogram-
ming results in severe developmental defects (Burton and
Torres-Padilla, 2014; Eckersley-Maslin et al., 2018; Xu and
Xie, 2018). How and why this transformation occurs have re-
mained long-standing and challenging questions in the
past, in part due to the scarcity of the research materials.
With the rapid development of ultra-sensitive epigenome
profiling techniques, accumulating studies are now starting
to illuminate this “black box” at the molecular level. Here,
we review the recent progress in the understanding of epige-
netic reprogramming in early embryos and how it contrib-
utes to the mammalian early development, including: (1)
non-canonical patterns and functions of the gametic epige-
nomes; (2) widespread resetting of parental epigenetic mem-
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ory after fertilization; (3) the emergence of a “primitive”
chromatin state prior to zygotic genome activation (ZGA);
and (4) the establishment of embryonic epigenome during
ZGA and implantation. Collectively, this results in a “reboot-
ing” of the epigenomes during parental-to-embryonic tran-
sition. This review is primarily based on findings from
mouse, and related data from human and other species are
also discussed.

Gametic Epigenomes

Gametes are derived from primordial germ cells (PGCs), a
process known for its developmental asymmetry between
the two genders (Spiller et al., 2017). The epigenome also
manifests distinct dynamics during sex-specific germ cell
development. For instance, in both human and mouse,
DNA methylation is globally removed during PGC devel-
opment (Lee et al.,, 2014; Smith and Meissner, 2013).
DNA remethylation initiates shortly thereafter and is
completed before birth in male germ cells. By contrast, oo-
cytes acquire DNA methylation during their growth after
birth. Details of DNA methylation reprogramming have
been well summarized elsewhere (Lee et al., 2014; Smith
and Meissner, 2013; Wu and Zhang, 2014).

The Epigenome of Sperm

In mammals, one of the most characteristic features of
mature sperm epigenome is that the majority of histones
are replaced by protamine for DNA packaging and genome
compaction (Rathke et al., 2014). Nevertheless, chemical
modifications on the remaining histones largely retain ca-
nonical patterns shared by somatic cells (Hammoud et al.,
2009, 2014). Despite the presumable compact chromatin,
many promoters in mouse sperm are shown to be acces-
sible and occupied by RNA polymerase II (Pol II) and medi-
ator, while distal enhancers are bound by transcription reg-
ulators such as FOXA1, ERa, and AR, and enrich for histone
variants H2A.Z and H3.3 (Jung et al., 2017, 2019). Intrigu-
ingly, compared with dynamic gene expression and his-
tone modifications, DNA methylation appears to be rather
stable during both the commitment of germline stem cells
and subsequent gametogenesis (Hammoud et al., 2014).
DNA methylation is even present at low-CG promoters
that bear high Pol II and H3K4me3, which usually antago-
nize DNA methylation (Hammoud et al., 2014). The func-
tions and the mechanisms of such stable DNA methylome
remain unknown. It would be interesting to find out
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Figure 1. Epigenetic Reprogramming during the Gamete-to-Embryo Transition in Mouse

In mouse, global genome silencing starts in late-stage gametes and lasts until ZGA in embryos. In oocyte, DNA methylation is established
in a transcription-dependent manner. Sperm genome is methylated in both transcribing and non-transcribing regions. After fertilization,
DNA methylation undergoes global erasure and re-establishment in post-implantation embryos. While sperm largely exhibits canonical
patterns of histone modification, non-canonical patterns of histone modifications are found in oocytes and early embryos. Broad domains
of non-canonical H3K4me3 (ncH3K4me3) and H3K27me3 are established in oocytes and can be briefly transmitted into embryos (except
promoter H3K27me3). On the paternal allele, sperm H3K4me3 and H3K27me3 are replaced by broad domains of de novo H3K4me3 and
H3K27me3 in zygotes after fertilization. While H3K4me3 is reprogrammed to a canonical pattern upon ZGA, H3K27me3 domains can be
maintained until blastocyst and reset to a canonical pattern in post-implantation embryos. At promoters of developmental genes, the
bivalency (H3K4me3/H3K27me3) is lost in pre-implantation embryos but reappears at E6.5 at unusually strong levels, forming “super-
bivalency.” It becomes attenuated again at E7.5. H3K36me3, which marks transcribing gene bodies, is established in gametes, removed
after fertilization, and re-established after ZGA in early embryos. H3K9me3 marks LTRs in gametes. After fertilization, H3K9me3 is reset to
a transitionary state that persists to blastocyst. Blastocyst-specific H3K9me3 starts to emerge from the 4-cell stage. In post-implantation
embryos, H3K9me3 also marks lineage-specific genes. Sperm exhibits canonical compartments A/B and TADs, while oocytes show com-
partments A/B, TADs, and PADs (a non-canonical chromatin 3D structure) in FGOs and metaphase-like structures in MII oocytes. These
structures become globally weakened in early embryos and are then gradually reconsolidated as development proceeds. PADs also briefly
reappear in 1-cell stage (weak but detectable) and 2-cell stage. LADs are lost in FGOs but are de novo established starting from the 1-cell

(legend continued on next page)
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whether this is related to the downregulation of regulatory
enzymes including de novo DNA methyltransferase and TET
proteins (Wu and Zhang, 2014).

Besides the epigenetic marks, the proper execution of
genome functions also requires appropriate folding of chro-
matin into three-dimensional (3D) structures (Bickmore,
2013; Gibcus and Dekker, 2013). In interphase cells, chro-
matin is often hierarchically organized into loops and Topo-
logically Associating Domains (TADs) at the hundreds of ki-
lobases scale, spatial compartments at the megabase level,
and chromosome territories at the whole nucleus scale
(Bickmore, 2013; Gibcus and Dekker, 2013). TADs are large
insulating chromatin domains established by CTCF/cohe-
sin-regulated loop extrusion (Rowley and Corces, 2018).
Chromatin compartmentalization is believed to be driven
by phase separation of chromatin with similar physical
states (Falk et al., 2019). These high-order chromatin struc-
tures present an additional layer for transcriptional regula-
tion in development and pathogenesis (Lupianez et al.,
2016; Zheng and Xie, 2019). Interestingly, although tightly
packaged by protamine, mouse and monkey sperm display
clear conventional TADs and chromatin compartmentali-
zation (Battulin et al., 2015; Du et al., 2017; Jung et al.,
2017; Ke et al., 2017; Wang et al., 2019b). Unexpectedly,
TADs are largely lost in human sperm (Chen et al., 2019a),
showing species-specific regulation. The details of the
sperm epigenome have been reviewed elsewhere (see, for
example, Gold et al., 2018), and here we mainly focus on
the oocyte epigenome.

The Unusual Epigenome of Oocyte

Of note, mammalian oocytes exhibit distinct epigenomes
compared with those of sperm or somatic cells (Figures 1
and 2). DNA methylation, for example, is established in a
transcription-dependent manner in mouse oocyte during
the follicular growth (Sendzikaite and Kelsey, 2019). As a
result, DNA methylation is mainly restricted to the tran-
scribed gene bodies, leaving intergenic regions and non-
transcribing genes hypomethylated, forming partially
methylated domains (PMDs). Such transcription-depen-
dent DNA methylation relies on the Pol II-SETD2-
H3K36me3-DNMT3A/3L pathway (Bourc’his et al., 2001;
Kaneda et al., 2004; Kobayashi et al., 2012; Shirane et al.,
2013; Smallwood et al., 2011; Veselovska et al., 2015; Xu
etal., 2019). Specifically, Pol Il can recruit SETD2, the meth-
yltransferase that deposits H3K36me3 at gene bodies,
which further guides DNA methylation by recruiting
DNMT3A/DNMT3B via the interaction with their PWWP
domain (Dhayalan et al., 2010). Deficiency in Setd2 in

Review

oocytes results in loss of H3K36me3 and DNA methylation
in transcribing regions (Xu et al., 2019). By contrast, NSD1,
which broadly deposits H3K36me2 in euchromatic re-
gions, but not SETD2, is responsible for the establishment
of bulk DNA methylation in the male germline, leading
to distinct DNA methylation patterns between gametes
(Shirane et al., 2020). One crucial function of such tran-
scription-dependent DNA methylation is to establish
genomic imprints, which are gamete-specific methylation
marks that control allele-specific gene expression once
passed on to the fertilized embryos (Bartolomei and Fergu-
son-Smith, 2011). In several cases, oocyte exploits alterna-
tive upstream promoters of imprinted genes, which initi-
ates transcriptions leading to the methylation of entire
transcribing regions, including the original promoters
(Stewart et al., 2016).

In the past several years, the rapidly developing low-
input chromatin profiling technologies revealed unusual
patterns of histone modifications in mammalian oocytes
and early embryos. For example, H3K4me3, a conserved
hallmark of promoters and transcription initiation (Rivera
and Ren, 2013), is enriched at active gene promoters in
mouse primary and growing oocytes (Stewart et al., 2015;
Zhang et al., 2016). However, large domains of H3K4me3
appear at promoters as well as many distal PMDs in late-
stage growing oocytes, and become widespread in full-
grown oocytes (FGOs) (Dahl et al.,, 2016; Zhang et al.,
2016; Hanna et al.,, 2018). What triggers the H3K4me3
transition remains unknown. Interestingly, the emergence
of such non-canonical H3K4me3 (ncH3K4me3) is corre-
lated with the genome silencing during oogenesis (Dahl
etal., 2016; Zhang et al., 2016). During later stages of folli-
cle growth, oocytes transit from “non-surrounded nucle-
olus” to “surrounded nucleolus” (SN) state, as chromatin
collapses around the nucleolus-like body (Zuccotti et al.,
1995), coinciding with Pol II chromatin dissociation and
transcription silencing (Abe et al., 2010). Intriguingly, defi-
ciency of MLL2, which deposits ncH3K4me3 (Hanna et al.,
2018), or overexpression of KDMSB (H3K4me3 demethy-
lase) leads to defects of genome silencing in SN oocytes
(Andreu-Vieyra et al., 2010; Zhang et al., 2016). MLL2-defi-
cient oocytes also show compromised ovulation and post-
fertilization lethality (Andreu-Vieyra et al.,, 2010). The
mechanism underlying such repressive function of
ncH3K4me3 remains unclear, but as H3K4me3 can recruit
transcription regulators such as TAF3 (Lauberth et al., 2013;
Vermeulen et al., 2007), it is postulated that ncH3K4me3
may function as “sponge” that sequesters transcriptional

embryos. LADs show unique features on the maternal allele in zygotes and on both alleles at the 2-cell stage. Canonical (somatic-like)
patterns of epigenomes are marked in gray, while non-canonical (oocyte or early embryo-specific) patterns of epigenomes are marked in
colors. FGO, full-grown oocyte; LAD, lamina-associated domain; PAD, Polycomb associating domain; TAD, topological associating domain;

ZGA, zygotic genome activation.
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Figure 2. Epigenetic Reprogramming during Gamete-to-Embryo Transition in Human

In human, the genome also undergoes global silencing from late-stage gametes, and human ZGA happens at around the 8-cell stage. The
gametic patterns (such as transcription-dependent DNA methylation in oocytes) and reprogramming (global DNA demethylation after
fertilization and remethylation in post-implantation) of DNA methylation in human largely resemble those in mouse. In human sperms and
oocytes, H3K4me3 and H3K27me3 show canonical distributions. After fertilization, H3K27me3 is globally removed before ZGA, with the
paternal allele likely showing a faster pace, and is re-established as early as the morula stage. Widespread de novo H3K4me3 transiently
appears at CG-rich regions in pre-ZGA embryos, which is then reprogrammed to a canonical pattern upon ZGA. The H3K4me3/H3K27me3
bivalency at developmental gene promoters is lost during the majority of the pre-implantation development. Human sperm shows no TADs.
Both TADs and compartments are weak after fertilization, which becomes consolidated after ZGA. Canonical (somatic-like) epigenomes are
marked in gray, while non-canonical (oocyte or early embryo-specific) epigenomes are marked in colors.

resources away from promoters (Zhang et al., 2016). On the
other hand, CXXC finger protein 1 (CFP1) is a key DNA-
binding component of the H3K4me3 methyltransferase
SET1A and SET1B complex, which is required for
H3K4me3 deposition at actively transcribed promoters
but not poised promoters in mouse embryonic stem cells
(mESCs) (Clouaire et al., 2012). Knocking out Cfp1 in oo-
cytes leads to decreased H3K4me3 and global transcrip-
tional activity, as well as defects in meiosis and develop-
ment potential after fertilization (Sha et al., 2018; Yu
et al., 2017). It is possible that CfpI may be required for
the canonical H3K4me3 in oocytes, which may have
distinct functions compared with ncH3K4me3.
H3K27me3, a repressive histone mark deposited to silent

developmental genes by Polycomb repressive complex 2
(PRC2) (Bernstein et al., 2006; Margueron and Reinberg,
2011), also shows unusual distributions in mouse oocytes.
In early-growing oocytes, widespread broad H3K27me3 do-
mains can be found in most non-transcribed regions,
which then retreat to a subset of PMDs in FGOs (Zheng
et al.,, 2016). Another repressive mark, H3K9me2, is typi-
cally associated with nuclear lamina-associated domains
(LADs) (Peric-Hupkes et al., 2010). However, H3K9me2 is
also mainly enriched at PMDs in mouse oocytes (Au Yeung
et al.,, 2019). Maternal depletion of G9a, the writer of
H3K9me?2, leads to a decrease of H3K9me2 and reorganiza-
tion of heterochromatin in oocytes. Embryos derived from
G9a knocked-out oocytes show abnormal chromosome
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segregation and frequent developmental arrest (Au Yeung
et al., 2019).

The unique oocyte epigenomes are likely linked to the
prolonged meiotic arrest at the diplotene stage, which pre-
sumably provides sufficient time for various types of epige-
netic writers to deposit corresponding marks. These marks
in turn are maintained by their delicate crosstalks. For
example, both H3K4me3 and H3K27me3 show strong anti-
correlation with DNA methylation in oocytes (Dahl et al.,
2016; Zhang et al., 2016; Zheng et al., 2016). Ablation of
KDM1A or KDMI1B in oocytes results in increased
H3K4me3 and decreased DNA methylation at a subset of
promoters (Stewart et al., 2015). While abolishing DNA
methylation alone in mouse oocytes has moderate impacts
on H3K4me3 in gene bodies (Hanna et al., 2018), Setd2
knockout leads to the loss of H3K36me3 and DNA methyl-
ation as well as the invasion of H3K4me3 or H3K27me3
into former H3K36me3 territories (Xu et al., 2019). These
regions encompass imprinting control regions, where
ectopic H3K4me3, instead of DNA methylation, arises in
Setd2 mutant oocytes. The invasion of H3K27me3 into
gene bodies is also correlated with gene repression (Xu
et al., 2019). Consequently, the embryos derived by Setd2-
null oocytes cannot develop beyond 1-cell stage. Unex-
pectedly, human oocytes largely exhibit canonical
H3K4me3 and H3K27me3 patterns like those in somatic
cells (Xia et al., 2019), indicating that distinct mechanisms
regulate the oocyte epigenome between mouse and human
(Figure 2).

Non-conventional 3D chromatin structures also exist in
mouse oocyte. While early-growing mouse oocytes show
typical TADs and compartments, self-interacting compart-
ment-like domains (Polycomb associating domain, or PAD)
emerge in late-stage mouse oocytes, which align almost
perfectly with broad H3K27me3 domains and are indepen-
dent of TADs and conventional A/B compartments (Du
et al., 2019; Flyamer et al., 2017). Deficiency of PRCI,
rather than PRC2, leads to disruption of PADs and gene
derepression in oocytes. PRC2, however, appears to be
important for the brief re-establishment of PADs on the
maternal allele of early embryos (Du et al., 2019). Why
PADs uniquely appear in oocytes remains unclear, but their
appearance coincides with their loss of LADs, which re-
flects nuclear lamina-chromatin association (Borsos et al.,
2019). As LADs are typically repressive and closely related
to compartments B (Bickmore, 2013; Gibcus and Dekker,
2013), the absence of lamina association perhaps provides
an opportunity for other chromatin organization, such as
PADs, to become prominent. Finally, metaphase II (MII) oo-
cytes, which are arrested in the metaphase, lack TADs,
PADs, and compartments A/B, as chromatin adopts a meta-
phase-like state (Du et al., 2017; Ke et al., 2017) presumably
mediated by condensin (Gibcus et al., 2018).
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Resetting Parental Epigenetic Marks after Fertilization
Given the distinct epigenetic landscapes in gametes, one
important purpose of epigenetic reprogramming in early
development is to equalize the epigenetic landscapes be-
tween alleles after fertilization (Figures 1 and 2). In mouse,
DNA methylation is globally removed after fertilization
from both alleles, mediated by active and passive mecha-
nisms, except for imprinting control regions (ICRs) and
certain repeats such as IAPs (Amouroux et al., 2016; Smith
and Meissner, 2013; Wu and Zhang, 2014). Similar reprog-
ramming of DNA methylation also occurs in human early
embryos (Guo et al., 2014; Smith et al., 2014; Zhu et al.,
2018). Hence, these results reveal both inheritance and
erasure of epigenetic information between generations
(Eckersley-Maslin et al., 2018; Wu and Zhang, 2014; Xu
and Xie, 2018).

Recent studies also shed light on the reprogramming
modes of histones and their chemical modifications. After
fertilization, one of the earliest reprogramming events is
the protamine-histone-exchange, a process that requires
the splicing kinase SRPK-1-mediated protamine phosphor-
ylation (Gou et al., 2020) and histone variant H3.3 incorpo-
ration by its chaperone HIRA (Inoue and Zhang, 2014; Lin
et al.,, 2014). An accompanying recurrent theme is that
many paternal histone modifications appear to be quickly
depleted after fertilization, often prior to DNA replication
in zygotes (Burton and Torres-Padilla, 2014; Xu and Xie,
2018). On the maternal allele, the reprogramming entails
both substantial inheritance and erasure. For example,
mouse oocyte H3K4me3 is inherited to embryos until the
late-2-cell stage, when it is converted to the canonical pro-
moter H3K4me3 pattern upon ZGA (Dahl et al., 2016;
Zhang et al., 2016). The removal of ncH3K4me3 domains
does not require DNA replication but does require ZGA,
presumably because its two demethylases, KDM5SA and
KDMSB, are highly induced at this stage (Dahl et al.,
2016; Zhang et al., 2016). Knockdown both demethylases
results in compromised ZGA and developmental failure
to reach blastocysts (Dahl et al., 2016). The reprogramming
of maternal H3K27me3 in mouse embryos is more com-
plex. H3K27me3 at the promoters of developmental genes
is removed shortly after fertilization and is not restored (on
both alleles) until around the blastocyst stage (Zheng et al.,
2016). Nevertheless, these developmental genes are gener-
ally not expressed in the pre-implantation embryos, sug-
gesting additional mechanisms to ensure their silencing
or the lack of activators. The resetting of H3K27me3 is
likely important for erasing previous gene repression mem-
ory, as the persisting somatic H3K27me3 was suggested to
possibly serve as an epigenetic barrier for somatic cell nu-
clear transfer (SCNT) embryo development (Yang et al.,
2018). On the contrary, distal H3K27me3 domains from
mouse oocytes persist to blastocyst before being lost in
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1. “Epigenome for gametes.” An example comes from oocyte H3K36me3, which is deposited in transcribed regions and plays critical
functions in imprinting establishment and oocyte development. Oocyte H3K36me3 subsequently becomes possible “transcription fossils”
when genome is silenced, and is removed after fertilization. 2. “Epigenome for the next generation.” Both DNA methylation- and maternal
H3K27me3-mediated imprints are established in gametes and function in embryos. DNA methylation-mediated imprints can be faithfully
maintained throughout development except in PGCs. The oocyte H3K27me3-mediated imprint can be inherited to pre-implantation
embryos and is lost in post-implantation embryos, but is relayed by DNA methylation in extraembryonic lineages to maintain imprinting. 3.
“Epigenome for both oocyte and early embryos.” Oocyte H3K4me3 is an example that plays roles in both mouse oocytes and embryos. In

(legend continued on next page)
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post-implantation embryos (Zheng et al., 2016). During
their brief presence in pre-implantation embryos, some of
the H3K27me3 domains can function as an imprinting
mechanism to regulate allelic expression (Inoue et al.,
2017, 2018). For example, an H3K27me3 domain represses
the maternal copy of Xist, a master regulator of X chromo-
some inactivation (XCI) (Loda and Heard, 2019), leading to
paternal XCI in mouse early embryo (Harris et al., 2019; In-
oue et al., 2018). Loss of maternal Embryonic Ectoderm
Development (EED), a component of PRC2, results in de-
fects of paternal XCI and male-biased lethality (Harris
et al., 2019; Inoue et al., 2018). Such imprinting is lost in
embryonic lineages after implantation but is maintained
in extraembryonic tissues by DNA methylation instead,
which is considered as a more stable epigenetic mark
(Chen et al., 2019b). The oocyte H3K27me3-mediated
imprinting is apparently missing in SCNT embryos, and ar-
tificially restoring the monoallelic expression states of four
H3K27me3 imprinted genes can significantly improve
mouse SCNT efficiency (Wang et al., 2020). Of note,
H3K27me3 undergoes a global depletion in human early
embryos before ZGA (with the paternal allele likely
showing a faster kinetics) (van de Werken et al., 2014; Xia
et al, 2019; Zhang et al., 2012), indicating that
H3K27me3-mediated imprinting may be absent in hu-
mans. Consistently, XIST is biallelically expressed, and
both X chromosomes undergo “transcription dampening”
in human early embryos (Petropoulos et al.,, 2016).
Notably, a number of DNA methylation-independent al-
lelically expressed genes were identified in human morula
(Zhang et al., 2019). It remains to be determined whether
these candidate imprinted genes are also present in general
population and whether they could be mediated by other
mechanisms.

The repressive mark H3K9me3 has been shown to be a
major epigenetic barrier for SCNT in mouse (Liu et al.,
2016a; Matoba et al., 2014) and human (Chung et al.,
2015). In mouse, unlike H3K4me3 and H3K27me3,
H3K9me3 appears to undergo global resetting on both al-
leles after fertilization (Wang et al., 2018). The de novo
H3K9me3 deposited in 1-cell embryos shows distinct distri-
butions between the two parental alleles, with the paternal,
but not the maternal, H3K9me3 being deposited by
SUV39H2 (Burton et al., 2020; Wang et al., 2018). The allele
asymmetry lasts as late as the blastocyst stage (Wang et al.,
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2018). “Late-stage embryo-specific” H3K9me3 can be
found as early as the 4-cell stage, which is then progres-
sively enhanced during pre-implantation development.
These domains enrich for long terminal repeat (LTR) retro-
transposons and HP1 binding sites in mESCs, presumably
rendering an epigenetic relay from decreasing DNA
methylation to increasing H3K9me3 at LTRs. For instance,
MERVL, a class of retrotransposon highly expressed at 2-
cell stage, starts to acquire H3K9me3 from the 4-cell stage,
coinciding with its rapid downregulation (Wang et al.,
2018). H3K9me3 exerts repression on LTRs in part through
CHAF1A, a DNA replication-coupled histone deposition
chaperone (Wang et al., 2018).

Notably, the loss of parental histone modifications ap-
pears to be more extensive in early embryos of lower organ-
isms such as zebrafish and frog, where cell cycles are much
faster than those in mammals and rapid cell division pre-
sumably dilutes parental histone marks (Akkers et al.,
2009; Murphy et al., 2018; Vastenhouw et al., 2010; Zhang
et al., 2018a). However, several studies also reported that
oocyte-transmitted histone modifications can function in
early fly embryos (Samata et al., 2020; Zenk et al., 2017).
Overall, these fascinating findings beg the question as to
why different parental marks adapt different reprogram-
ming modes, as some are inherited while others are lost
in early embryos. Growing evidence indicates that the
different reprogramming modes of parental epigenetic
marks during parental-to-zygotic transition may be closely
related to their functions (Figure 3).

Epigenetic Marks Required for Gametogenesis

Firstly, it is reasonable to believe that a substantial part of
the epigenomes in gametes is established to primarily
accommodate the needs of gametogenesis. For instance,
protamine can facilitate sperm genome compaction and
motility, which is then swiftly removed after fertilization
(Balhorn, 2007). In zebrafish, active histone marks in
sperm occupy genes that are involved in meiosis and sper-
matogenesis (Zhang et al., 2018a). The motif analysis at
H3K27ac-marked enhancers revealed predominantly RFX
factors, the major transcription factor (TF) for ciliogenesis
(Zhang et al.,, 2018a). In mouse, H3K36me3, a mark of
active transcription elongation, is inherited from tran-
scribing FGOs to silenced MII oocytes, before it is rapidly
lost in early embryos (Xu et al., 2019). Therefore,
H3K36me3 in MII oocytes may reflect epigenetic “fossils”

mouse FGOs, H3K4me3 promotes global genome silencing. In early embryos, H3K4me3 is required for establishing paternal LADs. 4.
“Passenger marks?” Oocyte DNA methylation outside of ICRs is largely dispensable for oocyte development, raising the possibility that they
may act as “passenger marks.” After fertilization, the majority of these DNA methylation marks undergoes global removal. 5. “Pre-erasure of
parental epigenetic memory before fertilization.” The DNA methylation of enhancers often correlates with the loss of enhancer activities.
While oocyte enhancers are progressively methylated after fertilization, sperm enhancers in zebrafish gain DNA methylation prior to
fertilization, raising a possibility that the parental epigenetic memory (sperm enhancer) is pre-erased before fertilization. PGC, primordial

germ cells.
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for previous transcription activities. As these functions
become obsolete in early embryos, these epigenetic marks
are removed soon after fertilization.

Epigenetic Marks Required for the Next Generation

DNA methylation-dependent imprints are classic examples
of epigenetic marks that are established in gametes but play
major roles in the next generation (Bartolomei and Fergu-
son-Smith, 2011). Similarly, H3K27me3 marked imprints
may also belong to this category, as maternal deficiency
of EED leads to defective silencing of maternal Xist and
H3K27me3-dependent imprinted genes, and compro-
mised development (Inoue et al., 2018).

Epigenetic Marks Required for Both Oocyte and Embryo
Functions

There are a few examples of epigenetic marks that may
have functions both in oocytes and early embryos. For
example, H3K4me3 appears to be required for genome
silencing in mouse oocytes (Andreu-Vieyra et al., 2010;
Zhang et al., 2016). Interestingly, H3K4me3 is also required
for establishing LADs on the paternal allele in mouse zy-
gotes (Borsos et al., 2019). How this mysterious event oc-
curs remains unknown.

“Passenger Marks”?

Notably, oocyte DNA methylation, besides imprints, ap-
pears to be largely dispensable for oocyte development as
well as pre-implantation development (Hata et al., 2002;
Kaneda et al., 2010). This result raises an interesting ques-
tion as to whether some epigenetic marks may be “passen-
ger marks,” analogous to the “passenger mutations” in can-
cer (Pon and Marra, 2015). One certainly cannot fully
exclude the possibility that these marks also play critical
roles in regulating certain genes beyond known imprinted
genes in later development. For example, it was shown that
normal development of trophoblast requires silencing of
Scml2 by oocyte-derived DNA methylation (Branco et al.,
2016). Nevertheless, the seemingly dispensable role of
DNA methylation in oocytes is perhaps not surprising,
given oocytes can stay genome-wide hypomethylated for
an extended period in mammals (Sendzikaite and Kelsey,
2019). A similar observation was made for oocyte
H3K27me3, as maternal Eed-null oocytes can also be fertil-
ized and only show male-biased sublethality, presumably
due to lack of H3K27me3-controlled imprinting (Inoue
et al., 2018). One possibility for the emergence of such
pervasive but non-essential epigenetic marks is perhaps
promiscuous deposition during the extended cell-cycle ar-
rest in oocytes. In fact, mounting evidence has revealed
multiple mechanisms developed by oocytes to avoid exces-
sive accumulation of repressive marks. For instance, despite
being dispensable for oocyte methylome establishment,
DNMT1 is highly abundant in mouse oocytes (Hirasawa
et al., 2008). Its activity, however, is strictly limited by
STELLA, an essential maternal factor that excludes

UHRF1, a key co-factor of DNMT1, from nucleus (Li et al.,
2018Db). Stella-deficient oocytes show global DNA hyperme-
thylation caused by the unleashed de novo activities of
DNMT1. Notably, this contrasts with a previous finding
showing that STELLA protects maternal DNA methylation
(Nakamura et al., 2012). In addition, H3K36me3 can
restrict H3K27me3 in oocytes (as well as H3K4me3, which
also plays a repressive role in oocytes (Andreu-Vieyra et al.,
2010; Zhang et al., 2016)) (Xu et al., 2019). Recently, it was
shown the H3K9me3 demethylase KDM4A restricts
H3K9me3 to safeguard the mouse oocyte epigenome (San-
kar et al., 2020). Such excessive repressive marks can cause
transcription and development defects in early embryos if
not timely removed (Li et al., 2018b).

Pre-erasing Parental Epigenetic Memory Prior to Fertilization
Intriguingly, some parental epigenetic memories appear to
be even pre-erased prior to fertilization. For instance, active
enhancers are usually hypomethylated and the gain of
DNA methylation often indicates the loss of enhancer
functions (Rivera and Ren, 2013; Song et al., 2019). In ze-
brafish, oocyte enhancers become progressively methyl-
ated after fertilization. However, those in sperm are already
hypermethylated before fertilization, which correlates
with sperm-specific early silencing of tet genes (Zhang
et al., 2018a). Such reprogramming in part contributes to
the previous observation that the methylome on the
maternal allele is reprogrammed after zebrafish fertilization
to match that of the paternal allele (Jiang et al., 2013; Potok
et al., 2013). It was proposed that the sperm methylome
already adopts an “embryonic” pattern prior to fertilization
(Zhang et al., 2018a). Further studies are needed to deter-
mine whether such pre-erasure of parental epigenetic
memories facilitates subsequent embryo development.
Notably, a recent study showed that human sperm lacks
TADs due to the downregulation of CTCF (Chen et al.,
2019a). Given that TADs are also highly relaxed after fertil-
ization (Chen et al., 2019a), these data raise a question as to
whether this is also another way of pre-erasing parental
epigenetic memory. In summary, the above results reveal
fine regulation of both inheritance and reprogramming
of gametic epigenetic memories during parental-to-zygotic
transition to accommodate the embryo development.

A Primitive Chromatin State in Pre-ZGA Embryos

Prior to ZGA, emerging data have unveiled unique epige-
nomes in this transcriptionally “dark” period, which is
distinct from those in both gametes and post-ZGA em-
bryos. These data collectively point to a “primitive” chro-
matin state that shows immature heterochromatin, wide-
spread open chromatin and active marks, as well as a
relaxed 3D genome, as described below. This likely reflects
both the silenced state and the parental-to-zygotic transi-
tionary nature of this period. Note that pre-ZGA here refers
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to the period prior to major ZGA, when thousands of genes
are activated around a similar time. A small subset of genes
is usually expressed ahead of major ZGA, termed “minor
ZGA.” Here, we still consider minor ZGA as part of the
pre-ZGA period.

Missing or Immature Heterochromatin

It was reported that mouse early embryos feature a highly
relaxed chromatin state characterized by dispersed chro-
matin structure under electronic microscopy (Ahmed
et al., 2010), increased histone mobility (Boskovic et al.,
2014), and loss of heterochromatin foci (Probst and Al-
mouzni, 2008). Expression of exogenous gene does not
require enhancers in 1-cell mouse embryos but does so at
the 2-cell stage when ZGA occurs, supporting permissive
chromatin in 1-cell embryos but more repressed chromatin
at the 2-cell stage (Schultz, 2002). In line with the notion
that heterochromatin is extensively remodeled after fertil-
ization, many repressive epigenetic marks, including DNA
methylation, H3K27me3, and H3K9me3, are either
missing or in the “immature state” in pre-implantation em-
bryos (Burton et al., 2020; Lee et al., 2014; Liu et al., 2016b;
Smith and Meissner, 2013; Wang et al., 2018; Xia et al.,
2019; Zheng et al., 2016). For example, SUV39H1 is not ex-
pressed in 1-cell mouse embryos, coinciding with the
absence of constitutive heterochromatin including chro-
mocenters (Burton et al., 2020). Interestingly, de novo
H3K9me3 can occur in 1-cell embryos and is mediated by
SUV39H2 on the paternal pronuclei. However, such de
novo H3K9me3 is non-repressive but instead bookmarks
promoters for future compaction. Forced expression of
SUV39H1 induced chromocenter formation at the 2-cell
stage and compromised pre-implantation development,
suggesting that the precocious restoration of constitutive
heterochromatin is detrimental to embryo development
(Burton et al., 2020). Besides, by using DamID, LADs are
shown to be de novo established after fertilization but
exhibit atypical genome distribution on the maternal allele
in zygotes and on both alleles at the 2-cell stage (Borsos
et al.,, 2019). Intriguingly, the paternal LADs in zygotes
are dependent on H3K4me3 but not H3K9me2/me3,
echoing the immature or non-canonical heterochromatin
organization. The compromised heterochromatin is also
suggested to underlie the activation of several key minor
ZGA genes, such as Zscan4, which plays crucial roles in telo-
mere lengthening and genome integrity quality check (Ko,
2016). Many transposable elements are highly active in
early embryos (Peaston et al., 2004). For example, MERVL,
a class of retrotransposable elements, often shows promis-
cuous transcription that proceeds far downstream beyond
itself during mouse minor ZGA (Abe et al., 2015; Macfarlan
et al., 2012; Peaston et al., 2004). Such activities of trans-
posable elements also profoundly shape the chromatin
states and regulate early development. For example, the
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transcription of MERVL is associated with broad peaks of
assay for transposase-accessible chromatin sequencing
(ATAC-seq) (Wu et al., 2016) and 3D chromatin boundary
(Kruse et al., 2019). In addition, LINE-1 is activated in
mouse early embryos, with the expression peaking at the
2-cell stage. Interference of both activation and silencing
of LINE-1 leads to pre-implantation developmental defects
in a transcript-independent way, indicating it primarily
functions in cis (Jachowicz et al., 2017). Another study re-
ported that LINE-1 RNA can recruit Nucleolin/KAP1 to
repress 2-cell specific genes and MERVL through downre-
gulating Dux. Inhibition of LINE-1 in embryos impairs
ZGA and exits from the 2-cell stage (Percharde et al.,
2018). In addition, ATAC-seq peaks are strongly enriched
for SINE elements from 2- to 8-cell stages in mouse embryos
(Lu et al., 2016; Wu et al., 2016). In human, widespread
accessible chromatin is enriched by transposable elements
including ERVK/HERV-K and SVA (Gao et al., 2018; Li et al.,
2018a; Wuetal., 2018). Expression of HERVK was shown to
trigger immune responses and was proposed to protect hu-
man embryos from viral infection (Grow et al., 2015), sug-
gesting that repeat activation plays critical functions in
mammalian early embryos rather than simply being by-
products of epigenetic silencing deficiency.

Widespread Deposition of Transcription-Independent De Novo
Active Marks

Interestingly, despite the suspension of the transcription
program, widespread de novo deposition of active histone
marks can be found prior to ZGA, with distributions
different from those in both gametes and post-ZGA em-
bryos. In mouse zygote, while the maternal allele inherits
H3K4me3 from oocytes, very broad and weak domains of
H3K4me3 briefly appear in gene-rich regions on the
paternal allele (Zhang et al., 2016). In human embryos,
widespread de novo H3K4me3 transiently appear at CG-
rich promoters and distal regions in pre-ZGA embryos,
including the promoters of developmental genes and puta-
tive poised enhancers (Xia et al., 2019). Such H3K4me3 is
absent in oocytes and does not predict future expression
but is closely correlated with CpG density (Xia et al.,
2019), raising a possibility that it may rely on DNA
sequence feature as a “default” state (Bird, 2002; Wachter
et al., 2014). These H3K4me3 marked regions resolve into
either active or inactive states upon ZGA. This finding is
also reminiscent of zebrafish early embryos, where de
novo H3K27ac is deposited to promoters genome-wide
prior to ZGA (Sato et al., 2019; Zhang et al., 2018a). Mech-
anistically, the widespread emergence of transcription-in-
dependent active histone marks may be ascribed to the un-
usually permissive chromatin and the lack of opposing
repressive epigenetic marks at this stage. Although not
directly correlated with transcription, it is tempting to
speculate that these active histone marks in pre-ZGA
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embryos may promote chromatin openness and future
gene activation. Consistently, knocking down maternal
acetyltransferases in zebrafish results in defective ZGA
and embryonic lethality (Zhang et al., 2018a). When inhib-
iting transcription or H3K27ac readers, the signals of elon-
gating Pol II but not H3K27ac is blocked (Sato et al., 2019),
further supporting that histone acetylation is upstream of
transcription in this case.

Widespread Transcription-Independent Accessible Chromatin
The unique chromatin state of embryos at early stages is
also manifested in accessible chromatin analysis. In both
human and mouse, ATAC-seq and DNase sequencing
(DNase-seq) can both well capture open chromatin in
later-stage embryos (after the 8-cell stage). However, suc-
cesses vary in earlier embryos for different methods (Gao
et al., 2018; Guo et al., 2017; Inoue et al., 2017; Li et al.,
2018a; Lu et al., 2016; Wu et al., 2016, 2018). The diffi-
culty in detecting open chromatin in early-stage em-
bryos may again hint at their unique chromatin states.
For example, the permissive nature of early embryo chro-
matin may lead to overdigestion of DNase I or Tn5 trans-
posase and subsequent loss of open chromatin peaks, as
reported for high concentration of MNase in fly S2 cells
(Mieczkowski et al., 2016). Nevertheless, the DNase-seq
and ATAC-seq experiments at early stages that are indeed
successfully provide a valuable glimpse of the unique
chromatin states prior to ZGA. For example, a reanalysis
of the dataset from Inoue et al. (2017) revealed distinct
landscapes of accessible chromatin in 1-cell mouse em-
bryos between the two parental alleles. Such chromatin
accessibility may be shaped by a combination of both
cis factors (such as inherited epigenetic marks) and trans
factors (such as TFs). For example, the open chromatin
detected by DNase-seq at maternal allele of mouse zy-
gotes resembles that of oocytes (Wu et al., 2018), indi-
cating transmission of epigenetic marks that maintain
such chromatin states. On the other hand, accessible
chromatin on both alleles, despite distinct landscapes,
enrich for similar motifs of oocyte TFs, suggesting that
these regions also share trans-acting factors (Wu et al,,
2018). A large fraction of these distal accessible regions
is quickly closed in a ZGA-dependent manner in both
human and mouse (Wu et al., 2016, 2018), which
possibly reflects the transition of maternal-to-embryonic
transcription regulators that lead to the resetting and
convergence of the maternal and paternal epigenetic
landscapes (Lu et al., 2016; Wu et al., 2016). Along the
same lines, in 1-cell SCNT mouse embryos, accessible
chromatin shows a rapid donor-to-embryo transition
that correlates with the switch of TF programs (Djekidel
et al., 2018), again supporting the potent activities of
trans-acting factors in sculpting the chromatin land-
scapes of early embryos.

A Hyper-Relaxed Higher-Order Chromatin after Fertilization
The permissiveness of chromatin in post-fertilization em-
bryos is also reflected in their 3D chromatin organization.
Hi-C analyses revealed highly weakened TAD and compart-
mentalization in 1-cell mouse embryos (Collombet et al.,
2020; Du et al., 2017; Gassler et al., 2017; Ke et al., 2017).
These structures are gradually consolidated as development
proceeds, and reach a more mature state around the 8-cell
stage. Such relaxed chromatin in early embryos is also
conserved among fly, human (Chen et al., 2019a; Hug
et al., 2017), and fish (Nakamura et al., 2018; Kaaij et al.,
2018). Similar relaxed chromatin organization was also
found in SCNT mouse embryos, although at a slightly
late stage (2-cell) (Chen et al., 2020; Zhang et al., 2020).
This extraordinary conservation during evolution raises a
possibility that such relaxed chromatin states may very
likely have important functions. Interestingly, our recent
study revealed that cohesin, the core architectural protein
required for TADs (Rowley and Corces, 2018), can repress
minor ZGA genes such as Zscan4 in mESCs and differenti-
ated neurons, and its removal facilitates minor ZGA and
promotes SCNT development (Zhang et al., 2020). It re-
mains to be determined whether this is also true in fertil-
ized mouse embryos. In human embryos, the relaxed
TADs are attributed to the low expression of CTCF (Chen
et al., 2019a).

Establishing Embryonic Epigenomes in Post-ZGA
Embryos

ZGA is amilestone event in early development as it initiates
the maternal-to-zygotic transition. In mouse, minor and
major ZGA occur in middle-to-late zygote and late 2-cell
embryos, respectively; by contrast, ZGA occurs around
the 8-cell stage in human (Eckersley-Maslin et al., 2018;
Schulz and Harrison, 2019). How ZGA is initiated in mam-
mals remains largely unclear. However, several candidate
regulators were proposed. DUX (in mouse) and its homolog
DUX4 (in human) were suggested to play roles for ZGA (De
laco et al., 2017; Hendrickson et al., 2017; Whiddon et al.,
2017). However, despite the sublethality, the majority of
Dux knockout embryos still develop into adulthood with
minor defects in ZGA (Chen and Zhang, 2019; Guo et al.,
2019), suggesting the existence of additional ZGA regula-
tors. Interestingly, the timely degradation of DUX beyond
the 2-cell stage is required for proper embryo development
(Guoetal., 2019). Furthermore, it was shown that DPPA2/4
can induce Dux expression and 2-cell-like transcriptional
program in mESCs (De laco et al., 2019; Eckersley-Maslin
etal., 2019; Yan et al., 2019), and likely function upstream
of DUX. Other ZGA contributory factors include NFYA in
mouse and OCT4 in human, which were shown to be
required for the proper activation of hundreds of ZGA
genes (Gao et al., 2018; Lu et al., 2016). More details about
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Figure 4. Establishment of the Embryonic
Epigenome during Mammalian Early Devel-
opment
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the mechanism regulating ZGA are reviewed elsewhere
(Schulz and Harrison, 2019).

A major wave of establishment of the embryonic epige-
nome, mainly for active epigenetic marks, is often found
at ZGA. For instance in both human and mouse, canonical
H3K4me3 is established at the active promoters upon ZGA
(Dahl et al., 2016; Liu et al., 2016b; Xia et al., 2019; Zhang
et al., 2016). Around the same time, accessible chromatin
and H3K27ac emerge at active promoters and putative en-
hancers (Gaoetal., 2018; Lietal., 2018a; Lu et al., 2016; Wu
et al., 2016, 2018; Xia et al., 2019). By contrast, pre-ZGA
specific broad H3K4me3 and accessible chromatin are
lost. Such transition strictly requires ZGA in both human
and mouse (Wu et al., 2016, 2018; Xia et al., 2019; Zhang
et al., 2016). It is possible that the onset of transcription
may recruit epigenetic marks at active genes, which further
facilitates and stabilizes transcription, leading to positive-
feedback loops. This coincides with the depletion of
many previously deposited active marks from inactive re-
gions. In the case of transition from ncH3K4me3 to canon-
ical H3K4me3 in mouse embryos, the H3K4me3 demethy-
lases KdmSa/5b are highly induced in ZGA, which
potentially can remove ncH3K4me3 in non-transcribing
regions. Consistently, knockdown of KDMSA/B results in
substantial retention of H3K4me3 as shown by immuno-
staining (Dahl et al., 2016; Liu et al.,, 2016b), although
this requires confirmation by chromatin immunoprecipi-
tation sequencing (ChIP-seq) data. The dependence of
active mark establishment on transcription is, however,
not a universal rule. For instance, a significant fraction of
de novo H3K4me3 and H3K27ac upon ZGA is independent
of transcription in zebrafish embryos (Zhang et al., 2018a).

By contrast, the establishment of canonical repressive
epigenetic marks for the embryonic epigenomes un-
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A schematic model showing sequential
establishment of embryonic epigenome in
mammalian early development. In pre-ZGA
embryos, the epigenome exists as a primitive,
transitionary state, featured with widespread,
transcription-independent active histone
marks and permissive chromatin, as well as
missing or immature repressive marks. After
ZGA, the active marks of embryonic epi-
genomes are quickly established (“leading
establishment”), while the repressive marks of
embryonic epigenomes undergo a slower pace
of establishment (“lagging establishment”) at
later stages.
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dergoes a slower pace. DNA methylation restoration starts
around implantation in both mouse and human embryos
(Smith et al., 2017; Zhang et al., 2018b; Zhou et al., 2019).
In mouse, promoter H3K27me3 is not restored at develop-
mental genes until around implantation (Zheng et al.,
2016). In human, promoter H3K27me3 is not detected
upon ZGA at the 8-cell stage but is readily found in
morula, coinciding with the re-expression of PRC2 com-
ponents (Xia et al., 2019; Zhang et al., 2019). In mouse,
H3K9me3 adopts a transitionary state after fertilization,
and blastocyst-specific H3K9me3 begins to emerge as
early as the 4-cell stage (Wang et al., 2018). Lineage-spe-
cific H3K9me3 at gene promoters can be observed at
embryonic day 6.5 (E6.5) to E7.5 after implantation.
Therefore, while active marks of embryonic patterns are
readily found immediately after ZGA (“leading establish-
ment”), repressive marks experience a longer transition-
ary period and, thus, delayed establishment toward
embryonic epigenomes (“lagging establishment”) (Fig-
ure 4). The immature repressive chromatin environment
in early-stage embryos may be functionally linked to the
emergence of totipotency and pluripotency. For instance,
the immature state of repressive marks is partially recap-
tured in naive ESCs but is lost in primed ESCs (Hackett
and Surani, 2014). Deletion of LSD/KDM1A leads to an in-
crease of H3K4me2/me3 and H3K27ac, and decrease of
H3K9me/me2, as well as expanded fate potential in
mESCs (Macfarlan et al., 2011). Loss of SETDB1, the meth-
yltransferase of H3K9me3, initiates a 2-cell-like transition
program by inducing the expression of DUX in mESCs
(Wu et al., 2020). Conversely, the restoration of repressive
marks may restrict cell fate among distinct lineages. For
instance, in post-implantation embryos, embryonic and
extraembryonic lineages showed distinct methylome
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landscapes, as extraembryonic cells show lower global
DNA methylation but higher DNA methylation at devel-
opmental gene promoters (Smith et al., 2017; Zhang
et al., 2018b). Such differential patterning was suggested
to be mediated by WNT and FGF (fibroblast growth factor)
signaling (Smith et al., 2017). In addition, Nicetto et al.
(2019) found that H3K9me3 marks near tens of thousands
of coding genes in early, uncommitted cells at the germ
layer stage. Upon differentiation, H3K9me3-marked het-
erochromatin undergoes rearrangement and reduction
to pave the way for expression of cell-type-specific genes.
It was proposed that H3K9me3 restricts lineage regulators
at this stage before they are activated in a tissue-specific
manner, and deficiency of H3K9me3 methyltransferases
results in the failure of lineage commitment during organ-
ogenesis (Nicetto et al., 2019). Interestingly, such delayed
establishment also applies to bivalent marks H3K4me3
and H3K27me3 at inactive developmental genes. The
H3K4me3/H3K27me3 bivalency that bears both active
and repressive marks is proposed to poise the gene for acti-
vation when deposited into the same promoters (Bern-
stein et al., 20006). The bivalency is absent in pre-implan-
tation mouse embryos but strongly emerges in E6.5
epiblast (“super-bivalency”) (Xiang et al., 2019). It then
becomes markedly reduced in fate-committed lineages at
E7.5. Loss of bivalent H3K4me3 through knocking out
MLL2/KMT2B is associated with impaired activation of
developmental genes and subsequent embryonic lethality
(Glaser et al., 2009; Xiang et al., 2019). More recently,
DPPA2 and DPPA4 have been shown to function as epige-
netic priming factors to facilitate bivalency establishment
and counteract with DNA methylation in developmental
genes (Eckersley-Maslin et al., 2020; Gretarsson and Hack-
ett, 2020).

In human, epigenetic regulation during gastrulation and
early lineage specification have remained poorly under-
stood until recently. Interestingly, in human inner cell
mass, H3K27me3 preferentially marks EPI/PE (epiblast/
primitive endoderm) genes rather than TE (trophectoderm)
genes (Xia et al., 2019), indicating that it may play roles in
restricting EPI/PE segregations. A recent study employed
the in vitro culture system to support the human embryo
development until day 14, and investigated the transcrip-
tome and DNA methylation using single-cell multi-omics
profiling (Zhou et al., 2019). The general dynamics of
DNA methylation follow a similar reprogramming
process both in human and mouse, suggesting its
conserved regulation. Of note, recent in vitro culture sys-
tems can support the development of non-human primate
embryo beyond implantation (Ma et al., 2019; Niu et al.,
2019). It would be interesting to study how the embryonic
epigenome is established in primate embryos using these
systems.

Perspectives

Deciphering how and why epigenetic reprogramming oc-
curs during parental-to-zygotic transition is crucial toward
understanding how life starts. In the past decade, ultra-sen-
sitive chromatin analysis technologies have provided an
unprecedented view of the dramatic epigenetic transitions
during mammalian early development. Not surprisingly,
these emerging data generated more intriguing questions
than answers. Several challenges need to be met for further
investigations. First, ultra-sensitive epigenetic profiling
technology is still a major bottleneck for studying chro-
matin reprogramming in early development. In particular,
mapping the binding of TFs and chromatin regulators in
early embryos remains a daunting task thus far. Improved
ChlIP-based and chromatin immunocleavage-based
genome-wide methods (e.g., itChIP-seq, ACT-seq, ChIL-
seq, CUT&RUN, CUT&Tag, CoBATCH) (Ai et al., 2019;
Carter et al., 2019; Harada et al., 2019; Kaya-Okur et al.,
2019; Skene and Henikoff, 2017; Wang et al.,, 2019a)
offered promising approaches, but optimizations are still
needed for relatively low-abundance proteins (as in the
cases of many TFs). These methods also heavily rely on sen-
sitive and specific antibodies. Besides, delineating cell het-
erogeneity in early development requires the adaptation of
current single-cell epigenomics and multi-omics technolo-
gies to low-input versions. In addition, live imaging and
CRISPR-based lineage tracing (McKenna et al., 2016) would
be critical toolsets for recording the continuous develop-
ment in a highly refined spatiotemporal manner. Second,
there are still major knowledge gaps between global epige-
netic transformation and their biological functions in
developmental events. For example, the functions of
DNA demethylation after fertilization remain -elusive,
despite proposals suggesting that it may facilitate pluripo-
tency (Lee et al., 2014; Smith and Meissner, 2013; Wu
and Zhang, 2014) or the evolution of placenta through
the exaptation of retrotransposable elements (Kaneko-Ish-
ino and Ishino, 2013). How the epigenomes work in con-
cert with TFs and developmental cues in development re-
mains to be addressed. Deciphering these functions again
can be greatly accelerated with future cutting-edge technol-
ogies. For example, easy-to-use genetic manipulation of
interesting genes in early embryos remains a major de-
mand in practice, especially for oocyte-supplied maternal
factors, which are often challenging to be efficiently
removed. Besides, epigenome editing (Holtzman and Gers-
bach, 2018) may greatly facilitate decoding the functions
of epigenetic marks at specific loci. Third, increasing data
have uncovered the species-specific epigenome reprogram-
ming, which is in line with the “hourglass” model suggest-
ing that the animal development is more conserved during
gastrulation but less so at earlier and later stages (Irie and
Kuratani, 2014). Alternative animal models are needed to
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study human-specific features that are not present in
mouse. Lastly, emerging new in vitro models, such as
embryoid, blastoid, or gastruloid (Shahbazi et al., 2019),
present valuable opportunities to study important biology
events, particularly in developmental windows that are
often inaccessible for research in vivo. Additionally, they
can be subjected to genetic screening and biochemical as-
says that are not feasible for early embryos. With the
advent of these cutting-edge technologies, we envision
that exciting findings will be uncovered in the forthcoming
years in the fields of early development and stem cells, ul-
timately paving the way to regenerative medicine in the
future.
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