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Epigenetics in preimplantation mammalian development
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Abstract

Fertilization is a very dynamic period of comprehensive chromatin remodelling, from which two
specialized cells result in a totipotent zygote. The formation of a totipotent cell requires extensive
epigenetic remodeling that, while independent of modifications in the DNA sequence, still entails
a profound cell fate change, supported by transcriptional profile modifications. As a result of
finely-tuned interactions between numerous mechanisms, the goal of fertilization is to form a full
healthy new individual. To avoid the persistence of alterations in epigenetic marks, the epigenetic
information contained in each gamete is reset during early embryogenesis. Covalent modification
of DNA by methylation, as well as post-translational modifications of histone proteins and non-
coding RNAs, appear to be the main epigenetic mechanisms that control gene expression. These
allow different cells in an organism to express different transcription profiles, despite each cell
containing the same DNA sequence. In the context of replacement of spermatic protamine with
histones from the oocyte, active cell division, and specification of different lineages, active and
passive mechanisms of epigenetic remodeling have been revealed as critical for editing the
epigenetic profile of the early embryo. Importantly, redundant factors and mechanisms are likely
in place, and only a few have been reported as critical for fertilization or embryo survival by the
use of knockout models. The aim of this review is to highlight the main mechanisms of epigenetic
remodeling that ensue after fertilization in mammals.
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Introduction

Fertilization is among the most exciting events in nature, consisting of the union of two
specialized cells (oocyte and sperm) to create a totipotent embryo with the potential to
produce a complex organism. Throughout this process, various cell fate decisions take place,
governed in part by the information contained within the DNA sequence, but also by
epigenetic marks, which in parallel determine and establish the different cellular phenotypes.
Genetic information contained within the DNA sequence is nearly identical for all cells
within the body. In contrast, epigenetic information is different in every cell and is
responsible for the maintenance of different cell types within the organism. The main
epigenetic marks in mammals are covalent modifications of the DNA (e.g. methylation) and
post-translational modifications of histone proteins (histone code). Together, these
modifications affect transcription and readout of the DNA, but they do not alter the DNA
sequence. Epigenetic marks reinforce cell-fate decisions and establish barriers against
reversion to preceding cellular states; however, at two distinct stages of mammalian
development, after fertilization in the pre-implantation embryo and during primordial germ
cell specification, epigenetic information is erased to a basal state in a process referred to as
epigenetic reprogramming.

In mammals, covalent modification of DNA occurs through methylation on position 5 of
cytosine and is essential for embryonic development [1]. After fertilization, the parental
genomes undergo a global asymmetric demethylation and subsequent lineage-specific
reacquisition of methylation. In addition, a second wave of DNA demethylation takes place
during germ line formation, when primordial germ cells (PGCs) undergo a more drastic
demethylation, which is essential for erasure of genomic imprints and formation of mature
sperm and oocytes with a unique and differential epigenome. The identification of different
enzymes that can actively remove methyl groups from DNA, together with advances in
methylation analysis, has allowed a greater understanding of this epigenetic mark. Histones
are a family of positively charged proteins that associate with DNA (negatively charged due
to phosphate groups) to package chromatin into nucleosomes. This packaging allows DNA
condensation to a smaller volume, but also restricts access of regulatory proteins to the DNA
strand, affecting transcriptional readout. Nucleosomes are composed of 146 base pairs of
DNA wrapped around an octamer of canonical histones -two molecules of each histone
variant H2A, H2B, H3 and H4- plus the H1 linker. In this configuration, the four histone
tails are exposed on the nucleosome surface, allowing for modification at the N-terminus by
different enzymes that alter the chromatin structure to be more or less accessible. Post-
translational modifications of histone proteins configure the histone code and are implicated
in DNA replication, recombination and repair. Additionally, these modifications influence
gene transcriptional outcome by modulating chromatin structure, allowing transcription and
replication when it is less compact, while transcriptionally silent regions are held less
accessibly [2]. The major histone tail modifications are acetylation and methylation, but
other possibilities include ubiquitination, SUMOylation and phosphorylation of specific
histone amino acids (lysine can be acetylated, methylated or ubiquitinated; arginine can be
methylated, and serine and threonine can be phosphorylated). The position and number of
modifications that are added to histone amino acids (for example: mono-, di-, or
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trimethylation of lysine at position 4 in histone H3) correlates with different biological
effects --transcriptional repression or activation- and illustrates the complexity of histone tail
modification [3, 4]. Specific enzymes, known as histone modifiers, are responsible for
catalyzing the addition and removal of epigenetic marks on histone tails and they participate
in the rapid switch between gene expression programs that takes place during early embryo
development [3, 4]. Histone modifiers also contribute to PGC specification, which involves
comprehensive epigenetic remodeling, including reversion of the epigenetic state to a
pluripotent state, promotion of the germ-cell program, and acquisition of unipotency. Aside
from these epigenetic controls, a hidden layer of internal signals, the so-called non-coding
RNAs (ncRNAs), appear to control various levels of gene expression. The relevance of the
non-coding portion of the genome has progressed from being considered as “junk DNA” to
being involved in the regulation of all recognized epigenetic mechanisms. De novo DNA
methylation of transposable elements in fetal male germ cells, X-inactivation in female
embryos, and gene imprinting exemplify the involvement of ncRNAs during epigenetic
reprogramming [5]. Throughout this manuscript, we review known epigenetic control
mechanisms and their involvement during fertilization and early embryo development.

DNA methylation

DNA methylation is the best studied epigenetic mark and participates in the majority of
epigenetic mechanisms, including genomic imprinting, transposon silencing, X-inactivation
and gene repression. Moreover, DNA methylation is involved in diverse key cellular
processes such as early embryogenesis [6], stem cell differentiation, regulation of neuronal
development and cancer development [7].

With some exceptions, the methylated state is the default state for CpG dinucleotides in the
mammalian genome and is associated classically with repression of transcription initiation at
CpG islands (CpGi) in the promoters, although this rule is not valid for promoters with low
CpG density. Moreover, DNA methylation in the gene body has been associated with active
transcription [8]. Recent studies have shown that DNA methylation can also result in
activation of transcription; this uncoupling is evident in oocytes, germ cells and pluripotent
cells [9-11]. Proposed mechanisms by which DNA methylation represses gene transcription
include the prevention of binding of specific transcriptional activators or the recruitment of
methyl binding proteins with repressor activity [12]. DNA methylation occurs by addition of
a methyl group to the carbon-5 position of the pyrimidine ring of cytosine, producing 5-
methyl cytosine (5mC). DNA methylation is found genome-wide, and methylome data have
shown high methylation at CpG-poor DNA regions compared with CpGi, which remain
mostly unmethylated [13, 14]. Some exceptions exist, however, and specific CpGi in somatic
cells could appear methylated. For example, methylation at the CpGi in the promoters of key
developmental genes, such as germline, pluripotency and Hox genes, restricts pluripotency
and differentiation [15]. Dedifferentiation of somatic cells into iPSCs involves
demethylation at pluripotency and germline-specific gene promoters, and the
reprogramming efficiency can be increased by DNA demethylation [16, 17].

DNA methylation is relatively stable, and can be propagated through cell division by a
system of DNA methylation maintenance coupled to DNA replication, which is responsible
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for “copying” the old DNA methylation pattern to the new DNA strand [18, 19]; however,
DNA methylation marks undergo extensive reprogramming at two specific developmental
stages: in the early embryo and in PGCs. Moreover, recent studies have reported DNA
demethylation occurring in response to different stimuli; this process is also perturbed in
different diseases, particularly in most types of cancer (reviewed in [20]). Methylation status
is the result of the preservation of DNA methylation through cell divisions and specific de
novo methylation: two actions executed by specific and differential enzymes (Figure 1.A).
The methyltransferase DNMT1 and its crucial cofactor UHRF1 [18, 21] have been
classically considered responsible for the maintenance of DNA methylation during cell
divisions, whereas de novo DNA methylation (addition of methyl group at previously
unmethylated cytosines) is mainly established by the methyltransferases DNMT3A and
DNMT3B [1, 22]; however, an active role of DNMT?1 for de novo methylation has also been
documented [23]. In addition, an oocyte specific form of DNMT1 called DNMT10, which
has similar activity to DNMT1 [24], coexists with DNMT in oocytes and early embryos at
different localizations: the nucleus and cytoplasm, respectively [25, 26]. A third member of
the DNMT3 family, DNMT3-like (DNMT3L), which has no catalytic activity, functions as a
regulator of DNMT3a and DNMT3b [27], and participates in de novo DNA methylation of
imprinted control elements and retrotransposons after genome-wide epigenetic erasure
during germ cell development [27, 28].

DNMT1 is considered essential for life, as knockout results in embryonic lethality at day
8.5-9 [29] and deletion of its cofactor UHRF1 produces similar effect [30]. On the other
hand, knockouts of DNMT3A or DNMT3B in mice both produce embryos that develop
longer, but do not reach term, or die one month after birth, respectively [22]. Deletion of
DNMTS3L produces offspring which are infertile because of imprinting errors in the gametes
[27].

Recently, different studies have contributed to identify potential pathways for the active
removal of 5mC. Ten eleven translocation (TET) enzymes can quickly alter the methylation
status of DNA [31] by catalyzing the oxidation of 5mC to 5-hydroxymethylcytosine (5hmC),
which could represent an intermediate stage in the cytosine demethylation reaction.
Furthermore, TET proteins can also catalyze the oxidation of 5hmC to 5-formylcytosine
(5fC) and 5-carboxylcytosine (5caC) [32, 33]. The three TET proteins (TET1, TET2 and
TET3) found in vertebrates show broad expression patterns in various tissues, with TET3
being the only form expressed in oocytes and preimplatation embryos [34, 35]. TET3
homozygous mutant mice die at birth [35], while TET1 and TET2 knockouts are compatible
with life. Nevertheless, TET1 and TET2 knockouts result in reduced body and litter sizes,
and deficiencies that promote chronic myelomonocytic leukemia, respectively [36, 37].

One possible scenario for the participation of TET proteins in the active erasure of DNA
methylation is that the oxidation derivatives lead to passive demethylation because they are
not properly recognized by the methylation maintenance machinery, as illustrated by the fact
that DNMT1 is not active on hemi-hydroxymethylated DNA [38]. Another possibility is that
5hmC, 5caC or 5fC trigger erasure by DNA glycosylases such as thymine DNA glycosylase
(TDG), followed by base excision repair (BER) (Figure 1). Other putative players that
participate in demethylation are deaminases of the AID/APOBEC family, which could
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trigger demethylation by BER. These deaminases could directly deaminate 5mC, creating
T:G mismatches that could be repaired by TDG followed by BER [39]. Although the role of
these enzymes /n vivo remains unclear, AID has been shown to be necessary for promoter
demethylation and induction of OC74 and NANOG gene expression during reprogramming
toward pluripotency, and it participates actively in DNA demethylation during nuclear
reprogramming toward pluripotency in human somatic cells [17]; however, there are
reasonable doubts when considering TDG as an important factor in active erasure of DNA
methylation, since oocyte-specific TDG conditional knockout resulted in normal offspring
and no changes in zygotic 5-hmC levels. Indeed, conversion of 5-mC to 5-hmC was normal
in the TDG knockout zygotes without accumulation of 5-fC or 5-caC, which would have
been expected to be altered if TDG were involved in the removal of these marks [40].

Recent improvements in the techniques to analyze the methylome coupled to high-
throughput DNA Sequencing have provided potent tools to decipher the methylome of
specific cells in a wide range of developmental stages, while the ability to analyze all
potential methylated variants still does not exist. Currently, three major approaches are used
to study genome-wide DNA methylation: chemical modification (bisulfite, BS), affinity
enrichment, and differential enzymatic digestion. Different variables, such as reproducibility,
cost, input DNA amount or aim/nature of the studies, need to be considered to select the
most suitable technique for DNA methylation studies. For example, the BS sequencing
generates a quantitative measure of modified cytosine across the whole genome at single-
base resolution, and can be performed on relatively low input DNA quantities. In addition,
BS sequencing is also sensitive to relatively small changes in methylation and is thus
considered the “gold standard”; however, this method does not distinguish 5mC from 5hmC
and is therefore not appropriate for studies investigating dynamic DNA demethylation. An
alternative, affinity-based, approach is genome-wide methylated DNA immunoprecipitation
coupled with sequencing (meDIP-seq), which can distinguish 5mC and 5hmC with specific
antibodies.

DNA methylation in early embryo development

After fertilization, parental genomes remain physically separated until syngamy takes place,
and during this period (aprox. 24h) they show asymmetric epigenetic marks. At this time
parental genomes undergo almost global asymmetrical demethylation which culminates with
the establishment of two differentially methylated cell populations at the early blastocyst
stage - inner cell mass (ICM) and trophoectoderm (TE). Then, cells quickly reacquire
methylation, and only primordial germ cells will go through a second, even more dramatic,
round of DNA demethylation.

Sperm and oocyte DNA methylation patterns are differentially established and follow
distinct pathways during their epigenetic remodeling after fertilization. Sperm show higher
(90%) genome-wide DNA methylation of non-CpGi than oocytes (40%). In addition, there
are differentially methylated CpGs between male and female gametes, with oocytes showing
a higher ratio of hypermethylated CpGs (10%) than somatic cells (3%) [10]. After gamete
fusion, the spermatic genome undergoes dramatic remodeling, starting with removal of
protamines and their replacement by acetylated histones [41, 42]. Then, paternal DNA
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undergoes a global and active demethylation before the first cell division, except for
paternally imprinted genes, IAP retrotransposons and heterochromatin [6, 10, 43, 44].
Simultaneously to the loss of 5mC in the paternal pronucleus (PN), there is a strong increase
in 5ShMC, and moderate in 5fC and 5caC [35, 45-47]. Among the TET-protein family, TET3
is highly expressed in the zygote and binds specifically to paternal genome. Thus, TET-3 is
considered responsible for these 5mC modifications, indicating that 5mC oxidation plays a
key role during differential demethylation of the paternal genome [35, 47]. Classically,
passive demethylation has been considered the mechanism responsible for maternal genome
methylation erasure, by exclusion of the DNMT1 from the nucleus during preimplantation
development [48, 49]; however, recent studies in mice using genome-wide methylation
profiling and SNPs to distinguish between maternal and paternal genomes show active
demethylation in the maternal genome, with presence of 5hmC in the female PN [40, 50].
The presence of this oxidative derivate in the female genome has been also reported in cows,
pigs and rabbits [47, 51]. Indeed, two studies have also reported reduction of methylation in
both PN using isolated male and female PN, and reduced representation bisulfate sequencing
(RBBS). Using aphidicolin to block DNA replication, it was shown that DNA demethylation
in the PN is mainly a consequence of DNA replication, and only partially dependent on
TET3 activity, with a more major role in paternal than in maternal PN [40, 52]. This is also
supported by the observed increase in hemimethylated DNA molecules after the first round
of DNA replication in the zygote [53]. In humans, a 50% decrease in DNA methylation
levels at the 2-cell stage compared to gametes has been reported, which suggests replication-
dependent dilution of DNA methylation; however, 5hmC was also detected, mainly in male
PN [54-56]. In human blastocysts, sperm-specific methylation are mostly erased while
maternal marks persist [52, 55]. While the role of 5ShmC is unclear, a recent study showed
that round spermatid sperm injection (ROSI)-derived zygotes show higher 5mC and lower
5hmC levels than ICSI-derived zygotes at the PN3 stage, which could be related to the lower
developmental efficiency of ROSI-derived embryos [57]. In conclusion, recent results show
that maternal and paternal PN use the three different routes, here ordered by importance, to
remove 5mC from the genome: replication-dependent, 5hmC replication-dependent, and
active removal. Moreover, asymmetric removal between PN is present.

Although the mechanism that controls differential demethylation in male and female PN is
not fully understood, some factors involved in this process have been identified. DPPA3
(STELLA/PGCY7) protects maternal PN 5mC from Tet3-mediated conversion to 5hmC
through its binding to dimehylated lysine 9 on histone H3 (H3K9me2)-containing chromatin
(Figure 1.B) although this histone modification (H3K9me2) also participates in the
protection of imprinted loci in mature sperm that avoid demethylation [58-60]. TET2 and
TET3 activity is inhibited by human DPPA3, which localizes to specific loci and is
controlled by H3K9me2 marks and DNA sequence, and could specifically protect the female
PN from DNA demethylation as well as specific regions such as imprinted genes [61]. In
mice, DPPA3-null embryos show impaired DNA replication, ectopic micronuclei, abnormal
chromosome segregation of maternal chromosomes, and aberrant H2AX phosphorylation,
which inhibits DNA replication [62]. These results demonstrate that DPPA3 protects
maternal DNA from aberrant epigenetic modifications to ensure early embryogenesis.
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As a result of the demethylation process, differentially methylated CpGi in sperm and oocyte
are reset at the pre-implantation stage, potentially preventing epigenetic marks acquired
during life from being passed on to the progeny. Nonetheless, a significant number persist,
including imprinted genes and retrotransposons [10], which could constitute a basis for
epigenetic inheritance.

Histone acetylation

Histone acetylation consists of the reversible addition of acetyl groups to lysine in histones
H3 and H4. Acetylation neutralizes the positive charge on the histones, thereby decreasing
their interaction with the negatively charged DNA backbone and allowing an open chromatin
structure that favors the accessibility of transcription factors and proteins to the DNA
sequence [63]. In addition, acetylated lysines can be recognized by bromodomains, creating
binding points to recruit regulatory proteins [64]. Histone acetylation has been most often
analyzed at gene promoters; however, low levels of acetylation are also found throughout
transcribed genes, although little is known about the function of global acetylation.

The level of histone acetylation is regulated by two opposing actions: i) histone acetylation
by histone acetyltransferases (HATS) and ii) removal of acetyl groups (deacetylation) by
histone deacetylases (HDACs) [65]. A large number of transcription-related proteins are
known to have HAT activity, which could be classified in four families: GNAT, MYST,
p300/CBP and HAT1. HATSs are highly diverse and are often made up of multisubunit
complexes. In this respect, the functions of the catalytic subunit depend largely on the
context of the other subunits in the complex [66]. Regarding HDAC, thus far eighteen
mammalian HDACs have been identified with the capacity to remove histone acetyl groups,
and they are grouped into four classes according to phylogenetic analysis [67]. The class |
HDAC, HDAC1, has been found to play an important role during mouse embryo
development [68]. Histone deacetylation leads to a tighter wrapping of the DNA around the
histone core, which results in reduced gene transcription. Aberrantly high HDAC activity
leads to transcriptional silencing of a subset of genes, including those involved in tumor
suppression (p53, RUNX3) and apoptosis or control of proliferation (p21, p63, p16). Hence,
some cancer therapies use HDAC inhibitors as cytostatic agents to induce cell cycle arrest,
differentiation and/or apoptosis [69].

Histone methylation

In contrast to acetylation, histone methylation can correlate with either silencing (H3K9me3
and H3K27me3) or activation (H3K4me3, H3K36me3) of transcription, depending on the
position and number of methyl groups that are added to histone tail amino acids (7). Histone
methylation consists of the addition of one or two methyl groups to arginine, while lysine on
histones H3 and H4 can be mono-, di- or tri-methylated. Histone lysine methylation does not
neutralize charges, but instead functions to recruit silencing or regulatory proteins to
methylated histones and plays a key role during lineage specification and cell differentiation.

Trimethylation of histone 3 lysine 27 (H3K27me3) is a typical repressive mark of many key
developmental genes in ES cells, and is considered a temporary signal with an essential role
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in stem cell maintenance [70, 71] and regulation of pluripotency genes [72]. Di- and
trimethylation of H3K27 is mediated by polycomb repressive complex 2 (PRC2), which has
three essential components: EZH2, EED and SUZ12 [73], while demethylation of this
specific residue is regulated by UTX, IMJD3 and KIA1718 [74-76].

H3K9me3 is an additional repressive mark, which functions differently with respect to
H3K27me3. H3K9me3 is considered to be a permanent repression signal and is
preferentially detected in gene-poor regions (G-banding regions) and in retrotransposons,
whereas H3K27me3 marks are temporary signals and are associated with CpG-rich
sequences (R-banding regions) [77, 78]. H3K9me3 is catalyzed by several
methyltransferases: i) SUV39H1 and SUV39H2 are responsible for marking H3K9me3 at
constitutive heterochromatin [79], ii) EHMT1 (GLP), and EHMT2 (G9A) target H3K9 in
euchromatic regions [80], and iii) SETDBL is considered a key regulator for maintaining the
pluripotency and self-renewal properties of ES cells [81, 82].

For many years, histone methylation was considered an irreversible process until lysine-
specific demethylase (LSD1), with demethylation activity on mono- and dimethylated H3K4
and H3K9, was discovered in 2004 [83]. Later, JumonjiC domain-containing proteins
JMID1A, 2A, 2B, 2C, 2D and KIAA1718, PHF2, PHF8 with demethylase activity at H3K9
residues were reported (for references, see [84]).

H3K4me3 is one of the most studied histone tail modifications, which is catalyzed by
mammalian homologues of the trithorax group (trxG) of methyl transferases and activates
transcription through the recruitment of nucleosome remodeling complexes and histone-
modifying enzymes [85-87]. H3K4me3 plays a key role in mammalian gene expression and
is critical for animal embryonic development. H3K4me3 is present genome-wide and
occupies almost 75% of all gene promoters in human ES (hES) cells [72]. In mammals, over
10 different H3K4 histone methyl transferases -HMTs- have been discovered (MLL1—S5,
SET1A/B, SET7/9, SET and ASHI1L, SETMAR, PRDM9); among these, six are close
homologs of yeast genes (see [88] and references therein). Demethylation of H3K4me3 is
carried out by LSD1 and LSD2, which remove methyl groups from mono- and dimethylated
H3K4 [83, 89], and the JARID1 family of histone demethylases (JARID1A—D), which
erase H3K4me3 and H3K4me2 [88, 90]. Although H3K4me3 is associated with actively
transcribed genes, it is also localized in the promoters of numerous silenced genes in ES
cells. H3K4me3 frequently co-localizes with the H3K27me3 repressive mark in the
promoters of critical differentiation genes (~Hox gene clusters) that are transcriptionally
inactive in ES cells [72, 91, 92]. These structures, containing opposite marks in chromatin
regions, so-called “bivalent domains™, function to maintain differentiation-specific genes in
a repressive state in pluripotent stem cells, indicating that repressive H3K27me3
modifications generally overrule the activating effect of H3K4me3 [92]. The role of bivalent
domains is to provide a flexible mechanism for gene activation or repression during early
development, when transcriptional circuits are most dynamic. H3K4me3 also protects genes
from permanent silencing by countering transcriptional repressors or blocking DNA
methylation [93].
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Similar to lysine methylation, arginine methylation can be either an active or repressive
mark for transcription. Several arginine residues on histones H2A, H3 and H4 can be
monomethylated or dimethylated, asymmetrically (H3R2me2a, H3R26me2a, H3R17me2a,
H4R3me2a and H2AR3me2a), or symmetrically (H4R3me2, H2AR3me2 and H3R8me2) by
protein arginine methyltransferases (PRMT). In this respect, type | PRMTs (PRMT1, 2, 3, 4,
6, and 8) are responsible for asymmetric dimethylation, while type Il PRMTs (PRMT5 and
7) catalyze the formation of symmetric dimethylation [94].

Different authors have proposed that there is a wide-spread cross-talk between arginine and
lysine methylation, termed the “arginine/lysine-methyl/methyl switch”, and between
arginine methylation and DNA methylation; however, the consequences of histone tail
arginine methylation remain unclear. Dimethylation of H2AR3 and H4R3 has been
classically associated with gene repression in mammals [95, 96]. Nevertheless, a recent
study [97] revealed the unexpected result that no general correlation exists between gene
expression and H4R3me2 enrichment. This study demonstrated a highly similar pattern of
H4R3me2 in gene promoters of differentiated cells (embryonic fibroblasts) and ES cells,
including those actively transcribed. Curiously, H4R3me2 marks are present at imprinting
control regions (ICRs) and at intracisternal A particles (IAPs) in mouse embryos [96, 98].
H4R3me2 is mono-allelic at ICRs, and it marks the same parental allele as H3K9me3,
H4K20me3 and DNA methylation [97].

Although histone methylation is very stable, there is no consensus about whether the
modification can be enzymatically reversed, although a member of Jumonji family protein
with arginine demethylase activity has been identified (JMJD6) [99].

Histone marks in embryo development

Immunostaining studies using antibodies specific for different histone modifications have
revealed an asymmetric distribution of histone marks between the parental genomes (review
by [42, 100, 101]). The functional relevance of these differences is not fully understood.
Characterizing the global state of different epigenetic marks has progressed our
understanding of epigenetic regulation during embryo development. In spite of the great
value of these results, they only represent a general overview of chromatin status, and
detailed analysis of epigenetic marks at specific genomic regions are in progress to further
elucidate details in their regulation during early mammalian embryogenesis.

In general, the maternal genome shows a pattern of histone marks similar to somatic cells,
with high abundance of H3K4me3 [102], H3K9me2/3 [103], H3K27me2/3 [104],
H3K36me3 [105], H3K64me3 [106] and H4K20me3 [107]. On the other hand, the paternal
chromatin presents these marks at low abundance (H3K4mel/3, H3K9me2, H3K27me2) or
undetectable levels (trimethylation marks and constitutive heterochromatin features) (Figure
2).

In contrast to oocytes, DNA in sperm is mainly packaged by protamines, although between
2-15% of chromatin retains histones, which are non-randomly distributed, occupying
developmentally important genes [108, 109]. Just after fertilization, the spermatic chromatin
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is decondensed and protamines are exchanged for newly synthesized histones derived from
the ooplasm [44]. In addition, a small fraction of histones directly inherited from the sperm
contain a high ratio of hyperacetylation at H4K8 and K12 [44, 108, 109], and could transmit
epigenetic information and drive the incorporation of newly synthesized histones [110].
Until this time, oocyte chromatin remains relatively stable, and the female PN contains a
higher amount of H3K9 methylation [58], which participates in the protection of 5mC from
Tet3-mediated conversion to 5ShmC [59]. Also, H3K4me3 and H3K27me3 are higher in the
oocyte compared with sperm chromatin, which acquires methylation at these marks
progressively during development [58]. Monomethylation is functionally uncoupled from
dimethylation and trimethylation, and generally is established by different enzymes, so the
observed delay in the appearance of trimethylated marks makes sense as a consequence of
the new histone incorporation in the parental genome. For example, in mouse there is a
preferential incorporation of the histone variant H3.3 to the male PN, which is associated
with active transcription, and which is later trimethylated at K27 [111]. This allows a first
phase of active transcription from the paternal chromatin, follow by a transcriptionally silent
stage by acquisition of H3K27me3 [112].

Another relevant feature of histone post-translational modification during embryo
development is the co-existence of active (H3K4m3) and repressive histone marks
(H3K27me3/H3K9me3) at specific chromatin regions (bivalent domains), which enables the
fine-tuning and precise control of gene expression. This was first reported in ES cells, and
later demonstrated in pluripotent epiblast cells of early post-implantation embryos in mice
[113, 114].

Histone modifications have been also proposed as an important epigenetic component in the
segregation between ICM and TE, with a higher levels of H3K27me3 and lower levels of
histone H2A and/or H4 phosphorylation in ICM; however, the relevance/role of this
asymmetry is not fully understood, because these epigenetic differences could not be
directly correlated with gene expression [42].

H3R26me3 represents a clear example of how epigenetic asymmetry could drive cell fate. In
mouse 4-cell embryos, one of the four blastomeres shows lower levels of methylated
H3H3R26; while high levels of this mark are observed in the remaining cells which are
induced by CARML. Low levels of H3R26me3 result in upregulation of Nanog and Sox2,
promoting ICM fate in those cells [115].

In mouse embryos, an asymmetric distribution of H3K27me3 and H3K9me3 in ICM and TE
has been also related with the lineage specification to embryonic and extraembryonic tissues
[116]. H3K9me3 represses typical ICM genes in the TE [117] and this mark is also
important to suppress expression of TE-specific factors during ICM formation [81, 82].
Different reports in pigs [118, 119], and in cows have indicated modifications in the
H3K27me3 levels during early embryo development [120] and the role of IMJD3, a specific
H3K27me3 demethylase, during blastocyst development [121]. These results show that
H3K27me3 plays an important role during reprogramming after fertilization, allowing
embryonic genome activation.
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Imprinting

Genomic imprinting is an epigenetic regulatory mechanism present in mammals, whereby a
small proportion of genes (imprinted genes) are differentially marked according to their
parental (maternal or paternal) origin. As a result of this phenomenon, either the paternal or
maternal allele of the gene is expressed. This mechanism entails that both maternal and
paternal contributions are required for normal development (for review see [122]).
Differential DNA methylation between the two parental chromosomes is the main mark
present in imprinted genes; however, histone marks, long non-coding RNAs and other
factors are also involved in imprinting [96, 123].

DNA methylation marks at imprinted loci survive the extensive DNA methylation erasure
that takes place after fertilization in the zygote. Several maternal factors are involved in the
maintenance of these DNA methylation marks [124], including DNMT1, DNMT3A,
DNMT3B, DPPA3, ZFP57 and TRIM28. DPPAS3 plays a role in imprinting maintenance by
protecting the DNA methylation state at imprinted loci. Specifically, DPPA3 protects 5mC
against Tet3 activity (conversion to 5hmC) in maternal chromatin which contains H3K9me2
[59, 60]. In addition, imprinting gene protection goes further: methylation marks at in these
loci are propagated in the embryo during cleavage division, mainly by the oocyte-specific
form of DNMT1 (DNMT10) and some residual activity of the somatic form of DNMT1 [48,
125]. In spite of the fact that DNMT1 is mainly excluded from the nucleus (allowing passive
demethylation of maternal genome) TRIM28/ZP57 participate in a noncanonical DNA
methylation maintenance by mediating targeting of DNMT1 to imprinted gene regions
[126]. Absence of TRIM28 causes highly asynchronous aberrant demethylation, creating
complex chimeras. Pronuclear transfer into healthy enucleated zygotes can ameliorate
epimutations caused by the absence of maternal TRIM28, which demonstrates the
importance of inherited factors from oocyte and their role in early epigenetic reprogramming
[127]. ZFP57 mutations in mouse produce maternal and zygotic lethality, and result in
aberrant DNA methylation and expression patterns of imprinted genes [128]. Although
protection of imprinted genes by ZFP57 is conserved between mice and humans [129],
ZPF57 is not expressed in human oocytes, which suggests that ZP57 might not be essential
in imprinting maintenance in humans [55].

Histone repressive marks such as H3K27me3, H3K9me3 and H4K20me3 are also associated
with imprinting repression but they do not substitute for DNA methylation in all inactive
allele when DMR is not present [130]. Most imprinted genes are grouped by clusters, which
also contain an imprinting control region (ICR) and a noncoding RNA that mediates
chromatin repression [131].

Concluding remarks

Until recently, our understanding of biological processes was largely sustained by DNA
sequence-based knowledge. It is now recognized that epigenetic marks play a major role in
the control of gene expression and participate in development, cell differentiation and human
pathology. Epigenetic marks are complex, interrelated, and highly orchestrated. For didactic
reasons, we discussed epigenetic mechanisms independently, but a great deal of
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interrelationship exists. Epigenetic alterations are increasingly recognized as causes of
human disease. The International Human Epigenetic Consortium (IHEC), which studies a
wide spectrum of human cell types, does not include early embryo and PGCs in their list of
selected cells, likely because of ethical limitations and technical constraints. Methodological
advances, such as the recently reported single cell DNA-methylation analysis [127, 132], are
needed to overcome the inaccessibility of early-stage embryos and to analyze the impact of
reproductive technologies at the epigenetic level. In this respect, ES cells and iPS cells
represent an attractive alternative to extend our knowledge about epigenetic marks during
this critical period, but they also come with limitations.

The process of epigenetic remodeling during preimplantation development is complex and
dynamic, including changes in DNA methylation and histone modifications that occur both
on a global scale but also differentially at specific loci. Uncovering the bases of these
mechanisms will improve our understanding of early developmental processes, promising
great potential for improving animal fertility and diagnosing and treating infertility
problems. Also, as epigenetic mechanisms can be affected by environmental factors,
understanding the role that assisted reproductive technologies and in utero exposure to
different factors have on altering the embryonic epigenome, and potentially the individual’s
epigenome, will continue to be an important area of research, especially as we understand
how the epigenome influences short-and long-term health. Also, better a understanding the
mechanisms and role of epigenetic states during early embryogenesis will likely lead to
potential interventions aimed at improving animal health and productivity. Finally, the
possibility of transgenerational epigenetic inheritance will depend in part on the epigenetic
marks evading the reprogramming that ensues during preimplantation development.
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Figure 1. DNA methylation dynamics during chromatin replication in the early embryo
A) During cell division in the early embryo two scenarios could happen: i) DNA methylation

maintenance (top), where DNMTSs recognize the hemimethylated strand and methylate it, ii)
absence of DNA methylation maintenance (bottom), so new strand of DNA will be
temporarily unmethylated and DNA double helix will result in hemimethylation. In both, de
novo DNA methylation and demethylation by hydroximethylation (TET3) or deamination
(AID) could take place. B) The activity of TET3 at the maternal PN is limited by the activity
of DPPAS3 interacting with H3K9me2 which is highly abundant in the maternal PN but not in
the paternal PN.
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Figure 2.
Dynamics of histone modification remodeling in the zygote.
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