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Abstract

Background: Genome-wide information on epigenetic modifications in mammalian
preimplantation embryos was an unexplored sanctuary of valuable research insights
protected by the difficulty of its analysis. However, that is no longer the case, and
many epigenome maps are now available for sightseeing there.

Methods: This review overviews the current status of genome-wide epigenetic profil-
ing in terms of DNA methylome and histone modifications in mammalian preimplanta-
tion embryos.

Main findings: As the sensitivity of methods for analyzing epigenetic modifications
increased, pioneering work began to explore the genome-wide epigenetic landscape
in the mid-2010s, first for DNA methylation and then for histone modifications. Since
then, a huge amount of data has accumulated, revealing typical epigenetic profiles in
preimplantation development and, more recently, changes in response to environ-
mental interventions.

Conclusions: These accumulating data may be used to improve the quality of preim-
plantation embryos, both in terms of their short-term developmental competence and

their subsequent long-term health implications.
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1 | INTRODUCTION

The explanation of “epigenetics” provided by Conrad Waddington
(1905-1975), who originally introduced this term derived from the
Aristotelian word “epigenesis,” is “a suitable name for the branch of
biology which studies the causal interactions between genes and
their products which bring the phenotype into being".1 Although he
first introduced the term epigenetics in the 1940s, before it was an-
nounced that DNA exists as a double helix, his explanation literally
supposed the underlying unknown mechanisms acting “upon” (i.e.,

epi-) the genes that materialize the gene-phenotype interactions.

As time has passed, scientists have revealed the nature of the he-
reditary molecular mechanisms that act “upon” DNA sequences, and
control gene expression patterns in development, and thus the term
“epigenetics” has been recognized as “the study of changes in gene
function that are mitotically and/or meiotically heritable and that do
not entail a change in DNA sequence”.? Now, we generally accept
that the formerly unknown mechanisms acting upon the genes (or
genome elements) broadly comprise the DNA methylation, histone
modifications, and noncoding RNA.3

The genome-wide epigenetic modification of preimplantation

embryos had long been an unexplored sanctuary for researchers with
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critical value for several reasons. First, preimplantation embryos are
the only totipotent cell population that serve as the primordium of
all tissues. Second, their epigenetic modifications seemed to dynam-
ically change throughout preimplantation development. Third, epi-
genetic modifications are also altered by surrounding environmental
factors, and, therefore, fourth, the epigenetic modifications marked
in this period can be an embryonic blueprint that defines embryo
quality in terms of their developmental competence and long-term
consequences in health and diseases.* What protected this sanctu-
ary of potential research resources was the small number of cells in
the preimplantation embryos, making their epigenomic analysis dif-
ficult because the analysis conventionally required the large number
of cells. However, with the increasing sensitivity of epigenomic anal-
ysis methodologies (reviewed in®~8), pioneering researchers began
to explore this sanctuary in the mid-2010s, and now, almost 10years
later, the number of epigenome maps drawn is exploding (Tables 1
and 2). The epigenome of preimplantation embryos is thus no longer
a sanctuary, and we are free to go sightseeing there. This review
briefly summarizes the current status of genome-wide epigenomic
analysis of the DNA methylome and histone modifications in mam-

malian preimplantation embryos.

2 | DNA METHYLATION
2.1 | Exploring the genome-wide DNA methylation
landscape of preimplantation embryos

In mammals, most DNA methylation occurs at the cytosine base in
the dinucleotide sequence 5'CpG3’ (abbreviated as CpG).? Several
early studies implemented the reduced representation bisulfite se-
quencing (RRBS) method, which targets only CpG-rich regions of

1213 3nd bovines,'* and these ef-

the genome in mice,’**2 humans,
forts were followed by whole-genome bisulfite sequencing (WGBS)-
based studies (Table 1). The first WGBS-based DNA methylome
of mammalian preimplantation embryos was reported in 2011 by
Kobayashi et al., who analyzed mouse blastocysts together with
data on oocytes and sperm,15 and a subsequent report by Wang
et al. extended the analysis to the cleavage stages (2- and 4-cell).*
These studies confirmed, at a single-base resolution level, that the
average methylation level of genomic DNA is higher (80%-90%) in
sperm than in oocytes (40%-54%) and that the methylation level
decreased after fertilization. The methylation levels were relatively

stable during the cleavage stage and then further decreased toward

TABLE 1 Examples of genome-wide DNA methylome studies in mammalian preimplantation embryos.

Species Author Year published PMID
Mouse €2 Kobayashi et al. 2012 22242016
Mouse Wang et al. 2014 24813617
Mouse €2 Wang et al. 2018 29686265
Mouse §2 Gao etal. 2018 30146410
Mouse €2 Matoba et al. 2018 3033120
Mouse Au Yeung et al. 2019 30943408
Mouse 7 Yuetal. 2019 31060426
Mouse Wang et al. 2021 33623021
Human g8 Guo et al. 2014 25079557
Human §3 Okae et al. 2014 25501653
Human G3 Lietal. 2017 29037989
Lietal. 2018 30109120
Human g8 Zhu et al. 2018 29255258
Human &8 Leng et al. 2019 31588047
Human &8 Lietal. 2020 32864223
Human &8 Olcha et al. 2021 33589136
Human g8 Yang et al. 2021 33846747
Monkey G Gao et al. 2017 28233770
Bovine 3 Duan et al. 2019 31191619
Bovine Ivanova et al. 2020 32393379
Sheep € Zhang et al. 2021 35003207
Porcine Ivanova et al. 2020 32393379

Stage in preimplantation
Ref. Data deposited development
15 DRA000484
16 GSE56697
46 GSE97778

63 GSE108711

OO SPBL
OO0 SP2C4CBLIC
1C2C4C8CMOICTE

1C 2C 4C IC TE (Nuclear transfer
embryos only)

59 GSE112546 BL

64 GSE112320 00 2CBL
26 PRINA495861 1Cc8C
65 GSE136718 4C8C

13 GSE49828 IC
18 DRA003802 OO SP BL

29 CRA000114 OO0 sP2C8CMOIC
17

19 GSE81233 OO SP1C2C4C8CMOBLICTE

66 GSE133856 2C4cC8cC
67 GSE114771 1C8C
27 Not deposited ICTE

28 Protected as private TE
information

21 GSE60166

20 GSE121758
23 GSE143850
22 GSE190746
23 GSE143850

OOospPi1C2C8CMOIC
OO0 SP2C4C8C 16C

OO SP 2-4C 8-16C MO BL
00 8C 16C MO BL

OO SP 2-4C 8-16C MO BL

Note: RRBS-based reports and data for which papers have not yet been published are not listed. Studies with only gamete data are also not listed.

Abbreviations: BL, blastocyst; IC, inner cell mass; MO, morula; nC, n-cell stage embryos; OO, oocyte; SP, sperm; TE, trophectoderm.



IKEDA

TABLE 2 Examples of genome-wide histone modification studies in mammalian preimplantation embryos.

Species

Mouse €2

Mouse €2
Mouse

Mouse

Mouse €2
Mouse
Mouse €2
Mouse

Mouse
Mouse
Mouse £7

Mouse €2
Mouse €2
Mouse
Mouse §7
Mouse
Mouse §2

Mouse 2
Mouse

Mouse §2

Mouse §2
Mouse
Mouse §27

Mouse €2
Mouse
Rat

Human g8
Human g8

Human g3

Bovine

Author
Wu et al.

Liu et al.

Dahl et al.

Liu et al.

Zhang et al.
Zheng et al.
Inoue et al.

Wang et al.

Matoba et al.

Inoue et al.

Xu et al.

Xia et al.
Chenetal.
Sankar et al.
Yang et al.
Meng et al.
Mei et al.

Xiao et al.

Bai et al.

Dang et al.

Rong et al.
Rong et al.

Liu et al.

Lietal.
Wang et al.

Lu et al.

Zhang et al.

Xia et al.

Yu et al.
Org et al.

Year
published

2016

2016
2016

2016

2016
2016
2017
2018

2018
2018
2019

2019
2019
2020
2021
2020
2021

2022
2022

2022

2022
2022
2022

2022
2022
2021

2019
2019

2022
2019

PMID
27309802

27462457
27626377

27626379

27626382
27635762
29089420
29686265

30033120
30463900
31040401

31273069
32064321
32231309
33049217
33311485
33821003

34709113
35508139

35575026

35640597
35640597
35717671

36167681
36215692
34818044

30808660
31273069

35803225
31765427

Ref.

68

47
31

32

33
a4
42
46

59
44
50

38
69
48
55
56
57

53
60

54

58
58
70

51
52
25

71
38

49
72

Target

H3K27ac
H3K27me3

H3K9me3

H3K4me3
H3K27ac

H3K4me3
H3K27me3

H3K4me3
H3K27me3
H3K27me3

H3K9me3
H3K4me3
H3K27me3

H3K27me3
H3K27me3

H3K4me3
H3K27me3
H3K36me3

H3K4me3
H3K4me3
H3K9me3
H3K%ac
H3K27me2

H2AK119ubl
H3K27me3

H3K27ac

H3K4me3
H3K27me3

H3K4me3
H3K27ac

H2AK119ubl
H2AK119ub1

H3K4me3
H3K27me3

H3K27ac
H3K27ac

H3K4me3
H3K27me3

H3K27me3

H3K4me3
H3K27me3
H3K27ac

H3K9me3

H3K4me3
H3K27me3
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Data deposited
GSE66390

GSE70608
GSE72784

GSE73952

GSE71434
GSE76687
GSE103714
GSE97778

GSE112546
GSE116713
GSE112835

GSE124718
GSE130115
GSE129735
GSE143523
GSE134592
GSE153496

GSE188298
GSE168274

GSE182555

GSE154412
GSE169199
GSE188590

GSE185653
GSE207222
GSE163620

GSE123023
GSE124718

GSE176016
GSE103734

Stage in preimplantation
development

2C

2C
00 2Cc8cC

002C4C8CMOICTE

OO0 spP1C2C4C8CIC
OO SspPi1C2C8CIC
MO

OO SP 1C2C4C8CMOIC
TE (H3K9me3)

1C

(H3K4me3, H3K27me3)

MO
MO

0O 1C 2C 8C (H3K4me3,
H3K27me3)

Ooospi1C2Ccs8cCIC
(H3K36me3)

00 1C2C8C
MO TE

2C

1C2C MO
1C

00 1C2CMOBL
(H2AK119ub1)
00 2C MO (H3K27me3)

MO
MO ICTE

2C

00 1Cc2C
OO0 SsP1C2C4C8CIC
MO

OO0 SP1C2C4C
00 1C2C MO
00 1C2C4C8CBL

MO

00 4C 8C IC (H3K4me3)

00 2C4C8CICTE
(H3K27me3)

8C IC (H3K27ac)

4C8CMOBLICTE
ICTE

(Continues)
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TABLE 2 (Continued)

Year
Species Author published PMID Ref.
Bovine Ishibashi 2021 33859293 73
etal.
Bovine Lu et al. 2021 34818044 25
Bovine Yamazaki 2022 35083819 74
etal
Bovine Susami et al. 2022 35821505 61
Porcine Lu et al. 2021 34818044 25
Porcine Bu et al. 2022 35868641 75

Stage in preimplantation

Target Data deposited development
H3K4me3 GSE161221 BL
H3K4me3 GSE163620 00 4C8C 16CBL
H3K27me3
H3K27me3 GSE171701 BL
H3K4me3 zenodo.org/record/ BL
H3K27me3 6002122
H3K4me3 GSE163620 00 2C4C8CBL
H3K27me3 (parthenotes)
H3K4me3 GSE163709 00 1C 2C 4C 8C MO BL
H3K27me3 (H3K4me3)
00 2C 4C8C MO BL
(H3K27me3)

Note: Data for which papers have not yet been published are not listed. Studies with only gamete data are also not listed.

Abbreviations: BL, blastocyst; IC, inner cell mass; MO, morula; nC, n-cell stage embryos; OO, oocyte; SP, sperm; TE, trophectoderm.
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FIGURE 1 Characteristic features of DNA methylation dynamics during mammalian preimplantation development. (A, B) DNA
methylation levels in bovine autosomes (chrl to 29) (A) and a 5000 kb-region (41 332001-46 332000) of chr28 (B) in gametes and during
preimplantation development. The blue charts indicate the DNA methylation level (%) at each location, with the highest chart width and
bottom of the track indicating 100% and 0%, respectively. The pink charts show where genes are. The horizontal black bars indicate partially
methylated domains (PMDs) for oocytes calculated as regions with length > 10kb and average DNA methylation level <40%. The figure was
drawn with the Integrative Genomics Viewer (IGV)%? using data from lvanova et al.?® (GSE143850). SP, sperm; OO, oocyte; 2-4C, 2-4-cell
embryo; 8-16C, 8-16-cell embryo; MO, morula; BL, blastocyst. (C) Schematic histograms of CpG distribution by methylation levels in oocyte,

sperm, and preimplantation embryos in mice and humans.

the blastocyst stage (~20%). The global dynamics of DNA methyla-
tion during preimplantation development were later revealed to be
roughly conserved among mammalian species (Figure 1A,B). These
changes in the DNA methylome accompany the following phenom-
ena. The distribution of CpG methylation levels in oocytes and just
after fertilization is roughly bimodal, with many either extremely
high (290%) or low (<10%) methylation regions and few intermediate

methylation (10%-90%) regions, and these distributions changes
such that the regions of high methylation decrease; thus, the shape
of the distribution changes from bimodal to a downward slope from
low to high methylation regions (Figure 1C). Furthermore, these
studies have revealed precise profiles of DNA methylation during
this period, including (1) thousands of germline differentially methyl-
ated regions (gDMRs), half of which appear to be resistant to some
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extent to global DNA demethylation, (2) almost entire hypermeth-
ylation in the sperm genome except at most CpG-rich regions, (3)
oocyte-specific strong positive correlations between gene expres-
sion and gene-body DNA methylation levels, and (4) active demeth-
ylation from the gamete stage to the 4-cell embryo stage for both
paternal and maternal genomes.*>1¢

There are also genome-wide DNA methylome studies on human
gametes and preimplantation embryos.’®'7"¥? After the pioneering

work by Okae et al.t®

on human gametes and blastocysts and by Zhu
et al.” on single-cell-based analysis, Li et al.”” published a follow-up
result with the comparison to publicly available mouse data.*®
Notably, Li et al.Y” observed that the correlation between genic DNA
methylation and expression levels in oocytes differs depending on
the CpG density of the region. In addition, they also found species-
specific imprinting control regions between humans and mice. Other
species of economic or medical research importance have also been
the subjects of DNA methylome studies.?°®

In addition, mammalian genomes have kilo- to mega-base scale
regions with low average methylation levels called partially methyl-
ated regions (PMDs),2* which are also observed in oocytes in gene-
poor and transcriptionally inactive regions, as shown in Figure 1B.
The oocyte PMDs are inherited by preimplantation embryos.23’25
The locations of PMDs are also related to where histone modifica-

tions occur, as described later.

2.2 | The possible use of DNA methylation for
assessing embryo quality

The establishment of methodologies for investigating the genome-
wide DNA methylome in preimplantation embryos has also ena-
bled interventional and/or diagnostic studies aimed at diagnosing
or improving embryo quality. For example, Yu et al. compared the
genome-wide DNA methylome in mouse 1-cell zygotes and 8-cell
embryos between natural mating-derived and superovulation-
derived sources given the possible epigenetic alterations induced
by assisted reproductive technologies (ARTs).?® Thus, they traced
the above-mentioned ‘bimodal-to-slope’ change in the distribution
of CpG methylation; however, the top of the slope (lowest methyl-
ated CpG distribution) was much higher in superovulation-derived
8-cell embryos compared with the natural mating counterparts.
This difference was also represented by the differentially methyl-
ated CpGs between natural mating- and superovulation-derived
8-cell embryos, with the trend of lower methylation (vs. natural
mating) in superovulation being more substantial rather than higher
methylation.26 These results suggest that ART interventions alter
genome-wide DNA methylation in preimplantation embryos, and
it is necessary to examine whether these epigenetic changes have
long-term effects on the development, health, and disease-related
outcomes of the resulting fetuses and offspring. As already achieved
in some “exploratory” studies, genome-wide DNA methylome could
be analyzed using single embryos or, furthermore, small numbers of
embryonic cells as portions of whole embryos.?”?° Consequently,

- — - 50f 10
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these methodologies motivate the testing as a diagnostic method
of embryo properties. Several studies have reported biopsies of
human IVF-derived blastocysts and conducted WGBS to evaluate
their DNA methylation profile.?’"?? For example, Yang et al.?® found
that genome-wide DNA methylation levels increased (1) in aneuploid
embryos compared with euploid embryos and (2) as the maternal
age increased. Li et al. reported the differences in methylation lev-
els and their variation between morphologically high- and low-grade
blastocysts. They also showed that high-quality embryos exhib-
ited uniform methylomes, and the proportion of blastocysts with
a methylation level falling within the reference range in different
grades is correlated with the live birth rate for that grade.?’ These

report527'29

also detected DNA methylation changes that reflected
chromosome-specific ploidy variance. Although these changes are
macroscopic and do not take full advantage of the comprehensive-
ness and high resolution of DNA methylome analysis, these studies
anticipated the idea of using epigenetic modifications to diagnose

embryo quality to increase the chance of live birth.

3 | HISTONE MODIFICATIONS

Epigenetic modifications of histones include methylation, acetyla-
tion, ubiquitination, and so on, in contrast with those of DNA, which
is represented by methylation.%° For the histone modifications in
mammalian preimplantation embryos, the first three “exploratory”
studies were published in the same issue of a journal in 2016 using
a mouse model.3"% Since then, data on genome-wide profiles of
many histone modifications in preimplantation embryos have ac-
cumulated (Table 2). Of these, trimethylation of lysine 4 and lysine
27 of histone H3 (H3K4me3 and H3K27me3, respectively) are the
most well studied, as they were investigated in the three pioneering

reports mentioned above.

3.1 | Exploring the genome-wide H3K4me3
landscape of preimplantation embryos

H3K4me3 modification frequently accumulates at the promoters of
active genes and is generally known as a histone modification as-
sociated with transcriptional activation.®* There are also H3K4me3

3536 and their contri-

not associated with transcriptional activation,
bution to the specific three-dimensional architecture of the genome
involving various chromatin remodeling factors, transcription fac-
tors, and DNA-cleaving enzymes, and so on has been reported.37
These three-dimensional structures include not only those associ-
ated with transcriptional activation but also those associated with
DNA recombination and repair.>’

In 2019, Xia et al.® reported a comprehensive study of
H3K4me3 and H3K27me3 methylome in human oocytes and pre-
implantation embryos using CUT&RUN. Based on the changes in
H3K4me3 in humans through preimplantation development they
revealed (Figure 2), let us look at the similarities and differences
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with the previously reported murine cases. Human oocytes at the
germinal vesicle stage exhibit strong and sharp (canonical) peaks

at gene promoters, contrasting with mouse oocytes?‘l’33

showing
a noncanonical (broad) pattern in PMDs regardless of gene prox-
imity. These strong H3K4me3 at promoter regions in human oo-
cytes, some of which are correlated with the expression of maternal
factors (Figure 2A), further increase and become wider transiently
at the 4-cell stage (termed as “priming H3K4me3”) (Figure 2B-D).
Half of these promoters retain H3K4me3 and become preferen-
tially activated at the 8-cell stage (Figure 2B,C), and the other half
preferentially associated with developmental genes lose H3K4me3
and remain inactive upon zygotic genome activation (ZGA)
(Figure 2D). Regarding the former half of promoters, given that ZGA
occurs around the 8-cell stage in humans, the observed “priming
H3K4me3” at the 4-cell stage may be linked to proper ZGA.*® In
contrast, murine promoter-associated canonical H3K4me3 at ZGA
(the late 2-cell stage in mice) is established by the change from ma-
ternally inherited noncanonical (broad) H3K4me3 to the canonical
(sharp) pattern.® The transient increase in H3K4me3 at the 4-cell
stage in human embryos is also seen in distal (non-promoter) re-
gions mainly at PMDs with a weaker magnitude compared with the
promoter regions (Figure 2E). In addition, noncanonical (broad) oo-
cyte H3K4me3 is also observed in oocytes of nonhuman mammals,
including rat, pig, and bovine, and is resolved to canonical H3K4me3
after ZGA.%

3.2 | Exploring the genome-wide H3K27me3
landscape of preimplantation embryos

H3K27me3 deposition is catalyzed by Polycomb repressive complex
2 (PRC2), as other forms of H3K27 methylation (H3K27mel and
H3K27me2) are catalyzed.”’40 H3K27me3 is generally considered
a hallmark of PRC2-mediated gene silencing, which has a key role in
preventing premature expression of developmental genes so as to

achieve proper organismal development.*°

In human preimplantation embryos, the manner in which the
H3K27me3 modification changes also differs from that in mice.®® The
major features of the change are the strong modifications in oocytes at
the promoter region and PMD as well as the global loss of these mod-
ifications at the 4- to 8-cell stage,®® while H3K27me3 in mouse early
embryos are persistent throughout preimplantation development ex-
cept for the extensive loss of promoter H3K27me3 at developmen-
tal genes upon fertilization.** In addition, this persistent maternally
inherited H3K27me3 in mice contributes to the DNA methylation-
independent paternal-monoallelic expression of some genes (nonca-
nonical imprinting) so far evidenced only in mice.*>"** The patterns
of change in each gene in human embryos are diverse, including (1)
those that are unmodified throughout development (Figure 3A-C);
(2) those in which modifications that disappeared at the 4 to 8-cell
stage are restored thereafter (Figure 3D), which resembles the global
change pattern; (3) those in which modifications occur only in the oo-
cytes (Figure 3E); and (4) those in which modifications occur only in
the blastocysts (Figure 3F). The associated genes in (1) include those
expressed during one or all stages of preimplantation development,
while those in (2) include many classical development-related genes
such as homeobox genes. Modifications in (4) are thought to be re-
lated to cell lineage differentiation at the blastocyst stage.

As in mice, distal (non-promoter) H3K27me3 in rat oocytes per-
sists until the blastocyst stage, while promoter H3K27me3 in rat
oocytes is reduced but is partially inherited, unlike mouse oocytes,
which show complete loss upon fertilization. On the other hand, in
cows and pigs, the global loss of H3K27me3 by the peri-ZGA stage is
seen as in human, but their restoration toward the blastocyst stage
is not seen in pigs.?*

3.3 | Landscape of other histone modifications in
preimplantation embryos

In addition to H3K4me3 and H3K27me3, for which there is a large
body of data, there are several histone modifications for which

(B) (C) (D) (E)
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IC Maternal expression Embryonic transient Embryonic expression Developmental genes Distal PMDs

expression

FIGURE 2 Characteristic features of H3K4me3 dynamics during human preimplantation development. Green bars represent the
transcription start to end sites of the genes. The location and amount of H3K4me3 are marked in red. Refer to the text for details, including
the differences from other species. The figure is drawn based on reports by Xia et al.%8 and Lu et al.?°> Arrows and their thickness indicate
gene expression and its level, respectively. OO, oocyte; 4C, 4-cell embryo; 8C, 8-cell embryo; IC, inner cell mass of blastocyst.
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FIGURE 3 Characteristic features of H3K27me3 dynamics during human preimplantation development. Green bars represent the
transcription start to end sites of the genes. The location and amount of H3K27me3 are marked in blue. Refer to the text for details,

including the differences from other species. The figure is drawn based on reports by Xia et al.

1.%8 and Lu et al.?> Arrows and their thickness

indicate gene expression and its level, respectively. OO, oocyte; 4C, 4-cell embryo; 8C, 8-cell embryo; IC, inner cell mass of blastocyst.

data sets are available for preimplantation development at least
for one zygotic stage. For H3K9me3, which is known as a consti-

46-48 and human®’

tutive heterochromatin marker,45 both mouse
data are available. H3K36me3 has been reported in mice and im-
plicated in the regularity of the DNA methylome, and along with
other histone methylomes including H3K4me3 and H3K27me3.%°
H3K27ac, which is associated with chromatin accessibility,
has been reported in mice*>* and humans.®® H3K9ac and
H3K27me2 were mapped by Yang et al. and Meng et al., respec-
tively, in mouse preimplantation embryos.>>%® H2AK119ub1 is
formed by ubiquitination catalyzed by another PRC, PRC1,% and
has been reported in mice in relation to maternally inherited and

zygotically deposited H3K27me3.%7>8

3.4 | The possible use of histone modification for
embryo quality assessment

Here we discuss the prospects for interventional or diagnostic stud-
ies based on what can be learned from genome-wide histone modi-
fications in preimplantation embryos.

Early ideas for using histone modifications as markers of embryo
quality or as etiological factors for developmental abnormalities can
be seen in studies that have focused on the low live birth rates and
developmental abnormalities in somatic cell nuclear transfer (SCNT).
Several researchers compared the genome-wide histone modifica-
tion between IVF- and SCNT-derived preimplantation embryos;
discussed the aberrant genomic regions in terms of histone modi-
fications, specifically in SCNT embryos; and proposed a method to
improve SCNT efficiency by correcting the aberrant histone modifi-
cations induced in the SCNT procedure.>>*’

Embryo quality is also an important issue in more practical
ARTSs. Bai et al. compared H3K4me3 and H3K27me3 landscapes be-
tween natural mating-derived and IVF-derived cohort morulae and

blastocysts in mice and found that differential histone modification
states existed in IVF embryos, especially represented by increased
H3K4me3 modification in trophectoderm.60 They further showed
the increased H3K4me3 induced by IVF treatment reflected ecto-
pically increased H3K4me3 and expression of the involved genes in
subsequent extraembryonic ectoderm lineages.

In identifying histone modifications associated with embryo
quality, genome-wide analysis using individual embryos rather than
cohort analysis would be particularly useful because each individual
embryo differs in developmental competence. Based on this idea,
we proposed a method to analyze multiple embryos individually
using bovine preimplantation embryos.®? It is anticipated that the
identification of useful epigenetic modifications will continue to
progress for histone modifications, which will allow for the evalua-
tion of embryo quality. If useful markers can be identified, they will
enable quality control of embryos themselves and embryo produc-
tion protocols and thus contribute to improved ART procedures.

4 | CONCLUSION

The current status of genome-wide epigenome analysis in mammals
has been briefly reviewed. Researchers will continue to accumulate
epigenomic data on early embryos produced under various condi-
tions across a variety of species. The next important objective is
linking these data to the improvement of embryo quality in repro-
duction. In this context, embryonic quality includes not only the
short-term developmental potential of the embryo but also the long-
term health and disease implications associated with the transmis-
sibility of the epigenome.

ACKNOWLEDGMENTS
We would like to thank all the members of our laboratory for their

support and valuable suggestions.



8 of 10 - — -
Wl LEY: Reproductive Medicine and Biology

IKEDA

FUNDING INFORMATION

This work was supported in part by a Livestock Promotional Subsidy

from the Japan Racing Association and a grant from the Japan
Society for the Promotion of Science (19H03104).

CONFLICT OF INTEREST STATEMENT

The author declare no conflict of interest. The author's studies re-

ferred in this review (reference number 61,73,74) were conducted

under the approval by the Animal Research Committee of Kyoto

University and carried out in accordance with the Regulation on

Animal Experimentation at Kyoto University.

ORCID

Shuntaro lkeda

https://orcid.org/0000-0002-4939-2135

REFERENCES

1.

10.

11.

12.

13.

14.

15.

16.

Waddington CH. The basic ideas of biology. In: Waddington CH,
editor. Towards a theoretical biology. Edinburgh: International
Union of Biological Sciences Edinburgh University Press; 1968. p.
1-32.

Wu C, Morris JR. Genes, genetics, and epigenetics: a correspon-
dence. Science. 2001;293(5532):1103-5.

Goldberg AD, Allis CD, Bernstein E. Epigenetics: a landscape takes
shape. Cell. 2007;128(4):635-8.

Sun C, Velazquez MA, Fleming TP. DOHaD and the periconcep-
tional period, a critical window in time. In: Rosenfeld CS, editor.
The epigenome and developmental origins of health and disease.
Cambridge: Academic Press; 2015. p. 33-47.

Hatada |, Horii T, editorsEpigenomics. New York, NY: Humana;
2023.

Beaujean N, Jammes H, Jouneau A, editorsNuclear reprogramming.
New York, NY: Humana; 2015.

Ancelin K, Borensztein M, editorsEpigenetic reprogramming during
mouse embryogenesis. New York, NY: Humana; 2021.

Margueron R, Holoch D, editorsHistone methyltransferases. New
York, NY: Humana; 2022.

Li E, Zhang Y. DNA methylation in mammals. Cold Spring Harb
Perspect Biol. 2014;6(5):a019133.

Smallwood SA, Tomizawa S, Krueger F, Ruf N, Carli N, Segonds-
Pichon A, et al. Dynamic CpG Island methylation land-
scape in oocytes and preimplantation embryos. Nat Genet.
2011;43(8):811-4.

Smith ZD, Chan MM, Mikkelsen TS, Gu H, Gnirke A, Regev A, et al.
A unique regulatory phase of DNA methylation in the early mam-
malian embryo. Nature. 2012;484(7394):339-44.

Smith ZD, Chan MM, Humm KC, Karnik R, Mekhoubad S, Regev
A, et al. DNA methylation dynamics of the human preimplantation
embryo. Nature. 2014;511(7511):611-5.

Guo H, Zhu P, Yan L, Li R, Hu B, Lian Y, et al. The DNA methylation
landscape of humanearlyembryos. Nature.2014;511(7511):606-10.
Jiang Z, Lin J, Dong H, Zheng X, Marjani SL, Duan J, et al. DNA
methylomes of bovine gametes and in vivo produced preimplanta-
tion embryos. Biol Reprod. 2018;99(5):949-59.

Kobayashi H, Sakurai T, Imai M, Takahashi N, Fukuda A, Yayoi O,
et al. Contribution of intragenic DNA methylation in mouse gametic
DNA methylomes to establish oocyte-specific heritable marks.
PLoS Genet. 2012;8(1):e1002440.

Wang L, Zhang J, Duan J, Gao X, Zhu W, Lu X, et al. Programming
and inheritance of parental DNA methylomes in mammals. Cell.
2014;157(4):979-91.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Li C, Fan Y, Li G, Xu X, Duan J, Li R, et al. DNA methylation re-
programming of functional elements during mammalian embryonic
development. Cell Discov. 2018;4:41.

Okae H, Chiba H, Hiura H, Hamada H, Sato A, Utsunomiya T, et al.
Genome-wide analysis of DNA methylation dynamics during early
human development. PLoS Genet. 2014;10(12):e1004868.

Zhu P, Guo H, Ren Y, Hou Y, Dong J, Li R, et al. Single-cell DNA
methylome sequencing of human preimplantation embryos. Nat
Genet. 2018;50(1):12-9.

Duan JE, Jiang ZC, Algahtani F, Mandoiu |, Dong H, Zheng X, et al.
Methylome dynamics of bovine gametes and in vivo early embryos.
Front Genet. 2019;10:512.

Gao F, Niu Y, Sun YE, Lu H, Chen Y, Li S, et al. De novo DNA meth-
ylation during monkey pre-implantation embryogenesis. Cell Res.
2017;27(4):526-39.

Zhang Z, Xu J, Lyu S, Xin X, Shi Q, Huang Y, et al. Whole-genome
DNA methylation dynamics of sheep preimplantation embryo in-
vestigated by single-cell DNA Methylome sequencing. Front Genet.
2021;12:753144.

Ivanova E, Canovas S, Garcia-Martinez S, Romar R, Lopes JS, Rizos
D, et al. DNA methylation changes during preimplantation develop-
ment reveal inter-species differences and reprogramming events at
imprinted genes. Clin Epigenetics. 2020;12(1):64.

Lister R, Pelizzola M, Dowen RH, Hawkins RD, Hon G, Tonti-
Filippini J, et al. Human DNA methylomes at base reso-
lution show widespread epigenomic differences. Nature.
2009;462(7271):315-22.

Lu X, Zhang Y, Wang L, Wang L, Wang H, Xu Q, et al. Evolutionary
epigenomic analyses in mammalian early embryos reveal species-
specific innovations and conserved principles of imprinting. Sci
Adv. 2021;7(48):eabi6178.

Yu B, Smith TH, Battle SL, Ferrell S, Hawkins RD. Superovulation al-
ters global DNA methylation in early mouse embryo development.
Epigenetics. 2019;14(8):780-90.

Olcha M, Dong X, Feil H, Hao X, Lee M, Jindal S, et al. A workflow
for simultaneous DNA copy number and methylome analysis of
inner cell mass and trophectoderm cells from human blastocysts.
Fertil Steril. 2021;115(6):1533-40.

Yang M, Tao X, Scott K, Zhan Y, Scott RT, Seli E. Evaluation
of genome-wide DNA methylation profile of human embryos
with different developmental competences. Hum Reprod.
2021;36(6):1682-90.

Li G, YuY, Fan Y, Li C, Xu X, Duan J, et al. Genome wide abnor-
mal DNA methylome of human blastocyst in assisted reproductive
technology. J Genet Genomics. 2017;44(10):475-81.

Kouzarides T. Chromatin modifications and their function. Cell.
2007;128(4):693-705.

Dahl JA, Jung |, Aanes H, Greggains GD, Manaf A, Lerdrup M,
et al. Broad histone H3K4me3 domains in mouse oocytes mod-
ulate maternal-to-zygotic transition. Nature. 2016;537(7621):
548-52.

Liu X, Wang C, Liu W, Li J, Li C, Kou X, et al. Distinct features of
H3K4me3 and H3K27me3 chromatin domains in pre-implantation
embryos. Nature. 2016;537(7621):558-62.

Zhang B, Zheng H, Huang B, Li W, Xiang Y, Peng X, et al. Allelic re-
programming of the histone modification H3K4me3 in early mam-
malian development. Nature. 2016;537(7621):553-7.

Santos-Rosa H, Schneider R, Bannister AJ, Sherriff J, Bernstein BE,
Emre NC, et al. Active genes are tri-methylated at K4 of histone H3.
Nature. 2002;419(6905):407-11.

Hodl M, Basler K. Transcription in the absence of histone H3.2 and
H3K4 methylation. Curr Biol. 2012;22(23):2253-7.

Douillet D, Sze CC, Ryan C, Piunti A, Shah AP, Ugarenko M, et al.
Uncoupling histone H3K4 trimethylation from developmental gene


https://orcid.org/0000-0002-4939-2135
https://orcid.org/0000-0002-4939-2135

IKEDA

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

expression via an equilibrium of COMPASS, Polycomb and DNA
methylation. Nat Genet. 2020;52(6):615-25.

Yancoskie MN, Maritz C, van Eijk P, Reed SH, Naegeli H. To incise
or not and where: SET-domain methyltransferases know. Trends
Biochem Sci. 2022;48:321-30.

Xia W, Xu J, Yu G, Yao G, Xu K, Ma X, et al. Resetting histone mod-
ifications during human parental-to-zygotic transition. Science.
2019;365(6451):353-60.

Blackledge NP, Klose RJ. The molecular principles of gene regu-
lation by polycomb repressive complexes. Nat Rev Mol Cell Biol.
2021;22(12):815-33.

Laugesen A, Hojfeldt JW, Helin K. Molecular mechanisms di-
recting PRC2 recruitment and H3K27 methylation. Mol Cell.
2019;74(1):8-18.

Zheng H, Huang B, Zhang B, Xiang Y, Du Z, Xu Q, et al. Resetting
epigenetic memory by reprogramming of histone modifications in
mammals. Mol Cell. 2016;63(6):1066-79.

Inoue A, Jiang L, Lu F, Zhang Y. Genomic imprinting of Xist by ma-
ternal H3K27me3. Genes Dev. 2017;31(19):1927-32.

Inoue A, Jiang L, Lu F, Suzuki T, Zhang Y. Maternal H3K27me3
controls DNA methylation-independent imprinting. Nature.
2017;547(7664):.419-24.

Inoue A, Chen Z, Yin Q, Zhang Y. Maternal Eed knockout causes
loss of H3K27me3 imprinting and random X inactivation in the ex-
traembryonic cells. Genes Dev. 2018;32(23-24):1525-36.

Becker JS, Nicetto D, Zaret KS. H3K9me3-dependent heteroch-
romatin: barrier to cell fate changes. Trends Genet. 2016;32(1):
29-41.

Wang C, Liu X, Gao Y, Yang L, Li C, Liu W, et al. Reprogramming of
H3K9me3-dependent heterochromatin during mammalian embryo
development. Nat Cell Biol. 2018;20(5):620-31.

Liu W, Liu X, Wang C, Gao Y, Gao R, Kou X, et al. Identification of
key factors conquering developmental arrest of somatic cell cloned
embryos by combining embryo biopsy and single-cell sequencing.
Cell Discov. 2016;2:16010.

Sankar A, Lerdrup M, Manaf A, Johansen JV, Gonzalez JM, Borup
R, et al. KDM4A regulates the maternal-to-zygotic transition by
protecting broad H3K4me3 domains from H3K9me3 invasion in
oocytes. Nat Cell Biol. 2020;22(4):380-8.

Yu H, Chen M, Hu Y, Ou S, Yu X, Liang S, et al. Dynamic repro-
gramming of H3K9me3 at hominoid-specific retrotransposons
during human preimplantation development. Cell Stem Cell.
2022;29(7):1031-50.e12.

Xu Q, Xiang Y, Wang Q, Wang L, Brind'’Amour J, Bogutz AB, et al.
SETD2 regulates the maternal epigenome, genomic imprinting and
embryonic development. Nat Genet. 2019;51(5):844-56.

Li J, Zhang J, Hou W, Yang X, Liu X, Zhang Y, et al. Metabolic
control of histone acetylation for precise and timely regula-
tion of minor ZGA in early mammalian embryos. Cell Discov.
2022;8(1):96.

Wang M, Chen Z, Zhang Y. CBP/p300 and HDAC activities reg-
ulate H3K27 acetylation dynamics and zygotic genome activa-
tion in mouse preimplantation embryos. EMBO J. 2022;41(22):
e112012.

Xiao L, Dang Y, Hu B, Luo L, Zhao P, Wang S, et al. Overlapping
functions of RBBP4 and RBBP7 in regulating cell proliferation and
histone H3.3 deposition during mouse preimplantation develop-
ment. Epigenetics. 2022;17(10):1205-18.

Dang, Li S, Zhao P, Xiao L, Wang L, Shi Y, et al. The lysine deacety-
lase activity of histone deacetylases 1 and 2 is required to safe-
guard zygotic genome activation in mice and cattle. Development.
2022;149(11):dev200854.

Yang G, Zhang L, Liu W, Qiao Z, Shen S, Zhu Q, et al. Dux-mediated
corrections of aberrant H3K%ac during 2-cell genome activation

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Reproductive Medicine and Biology |

optimize efficiency of somatic cell nuclear transfer. Cell Stem Cell.
2021;28(1):150-63.e5.

Meng TG, Zhou Q, Ma XS, Liu XY, Meng QR, Huang XJ, et al. PRC2
and EHMT1 regulate H3K27me2 and H3K27me3 establishment
across the zygote genome. Nat Commun. 2020;11(1):6354.

Mei H, Kozuka C, Hayashi R, Kumon M, Koseki H, Inoue A.
H2AK119ubl guides maternal inheritance and zygotic deposi-
tion of H3K27me3 in mouse embryos. Nat Genet. 2021;53(4):
539-50.

RongY,ZhuYZ,YuJL,Wu YW, JiSY, Zhou Y, et al. USP16-mediated
histone H2A lysine-119 deubiquitination during oocyte maturation
is a prerequisite for zygotic genome activation. Nucleic Acids Res.
2022;50(10):5599-616.

Matoba S, Wang H, Jiang L, Lu F, lwabuchi KA, Wu X, et al. Loss
of H3K27me3 imprinting in somatic cell nuclear transfer em-
bryos disrupts post-implantation development. Cell Stem Cell.
2018;23(3):343-54 e5.

Bai D, Sun J, Chen C, Jia V¥, Li VY, Liu K, et al. Aberrant H3K4me3
modification of epiblast genes of extraembryonic tissue causes pla-
cental defects and implantation failure in mouse IVF embryos. Cell
Rep. 2022;39(5):110784.

Susami K, lkeda S, Hoshino Y, Honda S, Minami N. Genome-wide
profiling of histone H3K4me3 and H3K27me3 modifications in
individual blastocysts by CUT&tag without a solid support (NON-
TiE-UP CUT&tag). Sci Rep. 2022;12(1):11727.

Robinson JT, Thorvaldsdottir H, Winckler W, Guttman M, Lander
ES, Getz G, et al. Integrative genomics viewer. Nat Biotechnol.
2011;29(1):24-6.

Gao R, Wang C, Gao Y, Xiu W, Chen J, Kou X, et al. Inhibition of
aberrant DNA Re-methylation improves post-implantation devel-
opment of somatic cell nuclear transfer embryos. Cell Stem Cell.
2018;23(3):426-35.€5.

Au Yeung WK, Brind'Amour J, Hatano Y, Yamagata K, Feil R,
Lorincz MC, et al. Histone H3K9 Methyltransferase G9%a in oo-
cytes is essential for preimplantation development but dispens-
able for CG methylation protection. Cell Rep. 2019;27(1):282-93.
e4.

Wang Y, Yuan P, Yan Z, Yang M, Huo Y, Nie Y, et al. Single-cell mul-
tiomics sequencing reveals the functional regulatory landscape of
early embryos. Nat Commun. 2021;12(1):1247.

Leng L, Sun J, Huang J, Gong F, Yang L, Zhang S, et al. Single-cell
transcriptome analysis of uniparental embryos reveals parent-of-
origin effects on human preimplantation development. Cell Stem
Cell. 2019;25(5):697-712.€6.

LiJ,Huang J,Han W, Shen X, Gao Y, Huang G. Comparing transcrip-
tome profiles of human embryo cultured in closed and standard in-
cubators. PeerJ. 2020;8:€9738.

Wu J, Huang B, Chen H, Yin Q, Liu Y, Xiang Y, et al. The landscape
of accessible chromatin in mammalian preimplantation embryos.
Nature. 2016;534(7609):652-7.

Chen Z, Yin Q, Inoue A, Zhang C, Zhang Y. Allelic H3K27me3 to
allelic DNA methylation switch maintains noncanonical imprinting
in extraembryonic cells. Sci Adv. 2019;5(12):eaay7246.

Liu X, Zhang J, Zhou J, Bu G, Zhu W, He H, et al. Hierarchical accu-
mulation of histone variant H2A.Z regulates transcriptional states
and histone modifications in early mammalian embryos. Adv Sci.
2022;9(23):e2200057.

Zhang W, Chen Z, Yin Q, Zhang D, Racowsky C, Zhang Y. Maternal-
biased H3K27me3 correlates with paternal-specific gene expres-
sion in the human morula. Genes Dev. 2019;33(7-8):382-7.

Org T, Hensen K, Kreevan R, Mark E, Sarv O, Andreson R, et al.
Genome-wide histone modification profiling of inner cell mass and
trophectoderm of bovine blastocysts by RAT-ChIP. PLoS One.
2019;14(11):e0225801.



100f10 R ductive Medici d Biol
Wl B A& Reproductive Medicine andBiology  _

73.

74.

75.

IKEDA

Ishibashi M, Ikeda S, Minami N. Comparative analysis of histone
H3K4me3 modifications between blastocysts and somatic tissues
in cattle. Sci Rep. 2021;11(1):8253.

Yamazaki S, lkeda S, Minami N. Comparative analysis of histone
H3K27me3 modifications between blastocysts and somatic tissues
in cattle. Anim Sci J. 2022;93(1):e13684.

Bu G, Zhu W, Liu X, Zhang J, Yu L, Zhou K, et al. Coordination of zy-
gotic genome activation entry and exit by H3K4me3 and H3K27me3
in porcine early embryos. Genome Res. 2022;32(8):1487-501.

How to cite this article: Ikeda S. Current status of genome-
wide epigenetic profiling of mammalian preimplantation
embryos. Reprod Med Biol. 2023;22:€12521. https://doi.
org/10.1002/rmb2.12521



https://doi.org/10.1002/rmb2.12521
https://doi.org/10.1002/rmb2.12521

	Current status of genome-­wide epigenetic profiling of mammalian preimplantation embryos
	Abstract
	1|INTRODUCTION
	2|DNA METHYLATION
	2.1|Exploring the genome-­wide DNA methylation landscape of preimplantation embryos
	2.2|The possible use of DNA methylation for assessing embryo quality

	3|HISTONE MODIFICATIONS
	3.1|Exploring the genome-­wide H3K4me3 landscape of preimplantation embryos
	3.2|Exploring the genome-­wide H3K27me3 landscape of preimplantation embryos
	3.3|Landscape of other histone modifications in preimplantation embryos
	3.4|The possible use of histone modification for embryo quality assessment

	4|CONCLUSION
	ACKNOWLEDGMENTS
	FUNDING INFORMATION
	CONFLICT OF INTEREST STATEMENT
	REFERENCES


