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Introduction

Immediately after fertilization, the zygotic genome is transcription-
ally inert. The initiation of gene expression by the zygotic genome
is called zygotic gene activation (ZGA), which occurs according to
species-specific timing [1]. Mice undergo transcription initiation
during the S phase of the one-cell stage. Development from a one-cell
embryo to a multicellular adult organism is achieved via changes in
gene expression patterns according to the gene expression program.
Thus, the gene expression pattern changes dramatically after cleavage
into the two-cell embryo. Therefore, clarifying the gene expression
program and its management is essential for understanding the
regulation of embryonic development. This article reviews gene
expression patterns and their regulation during the one- and two-cell
stages in mice, which represent the beginning of the gene expression
program, i.e., the transcriptional cascade.

ZGA Timing

In growing oocytes, genes are actively transcribed in an oocyte-
specific pattern [2]. During this period, transcribed mRNAs are highly
stable and stored in oocytes as maternal mRNAs. However, gene
transcription ceases when the oocytes are fully grown. After fertiliza-
tion, zygotes remain transcriptionally silent, and their development
is regulated by maternal mRNA [2, 3]. Early studies have suggested
that zygotic genome transcription is initiated at the two-cell stage.
Gel electrophoresis analyses of newly synthesized proteins detected
via the incorporation of [>*S]methionine showed no differences in
the profiles of these proteins between unfertilized oocytes and late
one-cell-stage embryos, suggesting that the proteins were synthesized
from maternal mRNA, not zygotic mRNA, as a template. However,
soon after cleavage into the two-cell stage, proteins were detected
with a molecular weight of ~70 kDa; this was not observed in oocytes
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Abstract. The zygotic genome is transcriptionally silent immediately after fertilization. In mice, initial activation of the
zygotic genome occurs in the middle of the one-cell stage. At the mid-to-late two-cell stage, a burst of gene activation
occurs after the second round of DNA replication, and the profile of transcribed genes changes dramatically. These
two phases of gene activation are called minor and major zygotic gene activation (ZGA), respectively. As they mark
the beginning of the gene expression program, it is important to elucidate gene expression regulation during these
stages. This article reviews the outcomes of studies that have clarified the profiles and regulatory mechanisms of
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or one-cell embryos [4, 5]. Since these proteins were eliminated
by treatment with a-amanitin, an RNA polymerase II inhibitor [6,
71, they were thought to have originated from zygotic transcripts.
Therefore, the initiation of transcription after fertilization is thought
to occur at the early two-cell stage. Gel electrophoresis analysis of
the newly synthesized proteins revealed that their profiles changed
dramatically from the mid-to-late two-cell stage, suggesting that gene
expression patterns shifted considerably during this period [7, 8]. This
global activation of zygotic genes at the mid-to-late two-cell stage
was labeled major ZGA to distinguish it from minor ZGA during the
carly two-cell stage. However, later studies revealed that minor ZGA
begins in the middle of the one-cell stage. BrUTP incorporation into
nascent RNA was first detected during the S/G2 phase in one-cell
embryos in an in vitro transcription assay [9] and in vivo following
microinjection of BrUTP [10]. When a male transgenic mouse was
crossed with a wild-type female mouse, transgene expression was
observed in one-cell-stage embryos [11, 12]. The microinjection of
reporter genes also showed that transcription occurred at the one-cell
stage [13—15]. Thus, it has been established that minor ZGA occurs
between the middle of the one-cell stage and the early two-cell stage
and that major ZGA proceeds during the mid-to-late two-cell stage
in mice (Fig. 1).

ZGA Gene Profiles

It is necessary to identify the genes expressed at each stage of
the gene expression program to understand its regulation. Genes
transcribed during major ZGA have been extensively investigated
through genome-wide analysis via DNA microarrays and RNA
sequencing (RNAseq) [16-20]. These analyses identified up to
10,000 genes expressed in late two-cell-stage embryos. The profiles
of these genes differ greatly from those of oocytes. More than 3,000
genes exhibited increased expression levels at the late two-cell stage
compared to MII-stage oocytes [16]. Most oocyte-specific genes
are not transcribed, whereas genes that function specifically at the
two-cell stage are expressed, such as ZO-1 (7ip1), which forms tight
junctions [17]. The expression patterns of oocyte signaling genes are
also greatly altered during the late two-cell stage. For example, Fzd2,
Smad7, and Jag2 show increased expression, and Smad] exhibits
decreased expression at the late two-cell stage [17]. Gene ontology
analysis has revealed that genes that are transiently expressed at the
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Fig. 1. Zygotic gene activation (ZGA) in mice. The zygotic genome is transcriptionally inert immediately after fertilization and is activated at the mid-S
phase of the one-cell stage. The gene expression pattern changes dramatically during the second round of DNA replication. Genome activation
before and after DNA replication is called minor and major ZGA, respectively. Transcribed mRNAs that accumulate during oocyte growth
(maternal RNA) remain after fertilization to support development until major ZGA occurs.

two-cell stage are enriched in transcription, metabolism, and the cell
cycle [18]. Gene network analysis has suggested that c-Myc is a
candidate master regulatory gene during major ZGA [21]. Genome-
wide analysis of non-coding RNA has revealed that various types of
long non-coding and small RNAs are also transcribed during major
ZGA [22]. An analysis of transposons has shown that LINE1 is also
actively expressed at the two-cell stage [23].

Genome-wide analyses have also identified several hundreds to
thousands of genes transcribed during minor ZGA [17-20]. These
genes have been reported to be transcribed from zygotic genes when
their expression levels increase by 1.5-2 times relative to MII-stage
oocytes during the one-cell or early two-cell stage. However, the
accuracy of these analyses was not high because a large amount
of maternal mRNA, which is much higher than that of zygotic
mRNA, remains at these stages after fertilization. Furthermore,
due to increased RNA adenylation after fertilization [24], RNAseq
using poly(A)-selected RNA may mistake the increases caused by
polyadenylation changes for those by one-cell transcription per se
[19, 25]. Therefore, it is difficult to conclude that these genome-
wide analyses correctly identified genes expressed during minor
ZGA, except for MuERV-L, which was confirmed as a minor ZGA
gene via evaluation of its high expression at the one-cell stage by
reverse-transcription PCR [26].

In the precise RNAseq analysis using total RNA, rather than
poly(A)-selected RNA, 23 genes likely to be transcribed at the one-cell
stage were found, and their expression levels were 30-fold higher in
late one-cell-stage embryos than in MII-stage oocytes and decreased
following treatment with 5,6-dichlorobenzimidazole riboside, an
RNA polymerase II activity inhibitor (Aoki, unpublished data).
Interestingly, all of these transcripts contained intronic sequences,
indicating inefficient splicing activity during the one-cell stage
[27]. Subsequently, mRNA levels were analyzed using introns in
RNAseq data to identify thousands of genes as minor ZGA genes

[27]. Further analysis suggested that ~90% of genes were transcribed
at the one-cell stage, although each gene had low expression levels
[28]. Interestingly, most oocyte-specific genes were not transcribed,
and intergenic regions were extensively transcribed at low levels in
one-cell-stage embryos, indicating that transcription occurs globally
over a large part of the genome [27]. Compared with the global,
promiscuous expression found throughout the whole genome of
one-cell-stage embryos, selective expression occurs in late two-
cell-stage embryos [ 18], and the profiles of transcribed genes during
one- and two-cell stages widely differed from each other, exhibiting
a correlation coefficient of only 0.309 (Aoki, unpublished data) and
up- and down-regulation of approximately 4,000 genes during the
one- to two-cell stage transition [20].

ZGA Regulation

Triggering ZGA

The mechanism regulating transcription initiation after fertilization
has not yet been clarified. However, a pioneering study proposed a
hypothesis for this mechanism in Xenopus laevis embryos, a histone
titration model [29-31]. Unfertilized oocytes have large amounts of
histones stockpiled in their cytoplasm. These histones, produced in 11
cleavage events after fertilization, are sufficient to form nucleosomes
for 15,000-20,000 nuclei. The structure of nucleosomes containing
histones prevents the access of transcription factors to their target
DNA, causing transcriptional silencing. However, after 12 rounds of
replication, these histones are no longer sufficient to constitute the
complete form of nucleosomes due to the exponentially increased
volume of DNA. At this point, transcription factors gain access to their
DNA target sites to initiate transcription. Artificially increasing DNA
content by polyspermic fertilization or microinjection of exogenous
DNA induces transcription earlier.

However, this process does not occur in mice. An increase in DNA
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content by polyspermic fertilization did not affect the transcriptional
activity in one-cell-stage embryos. Furthermore, neither a decrease
in DNA content by parthenogenesis nor DNA synthesis inhibition by
aphidicolin prevents transcription initiation in one-cell-stage embryos
[9]. A maternal transcript may be involved in transcription induction
in mouse embryos. Some maternal mRNAs are not translated before
fertilization but are translated concurrently with the elongation of
their poly-A tails [32—34]. A transcription factor translated from this
type of maternal mRNA may have a specific function to activate the
zygotic genome. Indeed, the inhibition of poly-A tail elongation was
found to prevent transcriptional activation after fertilization [35].
Alternatively, there may be a protein that inhibits transcription in
oocytes, and its inhibitory activity may decrease after fertilization. In
rabbits, when the nucleus of an embryo at the 32-cell stage, at which
time embryonic genes are actively transcribed, is transplanted into
an enucleated unfertilized oocyte, transcriptional activity decreases
rapidly and then resumes when the reconstituted embryo reaches
the stage at which normal embryos begin zygotic gene expression
[36]. To date, no gene has been identified as a ZGA trigger, although
dozens of genes have been shown to be involved in ZGA.

Mechanism regulating minor ZGA

Global, promiscuous gene expression during minor ZGA may be
caused by the loosened chromatin structure at the one-cell and early
two-cell stages before the second round of DNA replication. Pioneering
studies have demonstrated that transcription does not depend on
enhancers during minor ZGA. Although reporter genes were shown
to require enhancers for expression following microinjection in late
two-cell-stage embryos, they were expressed without an enhancer in
one-cell-stage embryos. This change to enhancer-dependent transcrip-
tion involved a second round of DNA replication [37-40]. Since one
function of enhancers is to loosen the chromatin structure to allow
transcription factors to access gene promoters [41, 42], chromatin
structure appears loose in one-cell-stage embryos. Consistent with
this finding, when late two-cell-stage embryos were treated with
butyrate, a histone deacetylase inhibitor expected to loosen the
chromatin structure, active transcription occurred from the reporter
gene without an enhancer as seen in one-cell-stage embryos [37, 38].
Fluorescence recovery after photobleaching analysis also suggested
that the chromatin structure was greatly loosened in one-cell-stage
embryos [43]. Although these experimental results strongly imply
that chromatin structure is loosened in one-cell-stage embryos, a
global analysis of DNase I-sensitive sites (DHSs) showed that DHSs
were least frequent at the one-cell stage during preimplantation
development, suggesting that the chromatin structure was tightest
in one-cell-stage embryos [44]. However, this experiment used
stringent DHS selection criteria at > 1 read per million. As low-level
transcription occurs from numerous sites in one-cell-stage embryos,
one would expect low numbers of reads per million at each site,
resulting in the exclusion of these sites from the DHS count. Consistent
with this interpretation, high-throughput chromosome conformation
capture analysis revealed that the topologically associated domain
where DHSs are enriched is obscure in one-cell-stage embryos [45].

The mechanism by which the chromatin structure is loosened
in one-cell-stage embryos remains to be clarified. However, some
epigenetic factors have been identified as candidates involved
in this process. The nucleosomes of one-cell-stage embryos are
composed of a unique set of histone variants. In nearly all cell
types, all three non-centromeric histone H3 variants (H3.1, H3.2,
and H3.3) are incorporated within the nucleosome [46]. However,
these mainly comprise of H3.3 in one-cell-stage embryos [47],

which should loosen the chromatin structure because H3.3 and
H3.1/2 are involved in the formation of loose and tight chromatin
structures, respectively (reviewed in [48]). H2A variant composition
is unique to the nucleosomes of one-cell-stage embryos. H2A.X and
TH2A, suggested to be involved in chromatin loosening [49, 50], are
abundantly incorporated within the nucleosomes, and macroH2A,
which forms condensed heterochromatin, is absent from the chromatin
of one-cell-stage embryos [50, 51].

Thus, pioneering studies using reporter genes have suggested that
transcription does not depend on enhancers in one-cell-stage embryos.
Further studies have shown that short motifs without core promoter
elements maintain transcriptional activity. A reporter gene assay
using the Tk#/ promoter, expressed at the one-cell stage, showed that
only the 56-bp sequence upstream of the TSS, containing GC and
TATA boxes, had transcriptional activity in one-cell-stage embryos.
GC box mutation completely abolished this activity, whereas 40%
of the activity remained following mutation of the TATA box [52].
We extended these experiments by constructing a short sequence
containing only the GC box and core promoter elements (BRE and Inr)
in a reporter gene assay. This short sequence showed transcriptional
activity in one-cell embryos but not in late two-cell embryos (Aoki,
unpublished data). When the second round of DNA replication was
inhibited, this one-cell specific transcriptional activity remained at the
late two-cell stage, suggesting changes in gene expression regulation
during the transition from minor to major ZGA. Interestingly, replacing
the core promoter elements with a nonsense sequence did not decrease
transcriptional activity, implying that gene expression is activated
only by the GC box in one-cell-stage embryos. Transcriptional
activity was also not altered by replacing C with A in the GC box
(GGGCGQG) and remained at 50% following C-to-T replacement
(Aoki, unpublished data). These results suggest that GC box-like
motifs without enhancer or promoter motifs induce transcription and
that a number of these types of sequences are present throughout
the genome, causing global, promiscuous gene expression during
minor ZGA (Fig. 2).

Mechanism requlating the transition from minor to major ZGA
Gene expression patterns change dramatically during the transition
from minor to major ZGA, from promiscuous, enhancer-independent
expression to regulated, enhancer-dependent expression. Changes in
chromatin structure appear to play an important role in this alteration.
Chromatin structure essentially represses transcription to prevent
transcription factors from gaining access to their DNA target motifs,
which explains why enhancers are required for active transcription.
However, as described above, the chromatin structure is very loose in
one-cell-stage embryos, creating a permissive state for transcription
[53]. This transition from a permissive to a repressive state involves
the second round of DNA replication. Indeed, fluorescence recovery
after photobleaching analysis showed that inhibition of this transition
by aphidicolin, a DNA polymerase inhibitor, led to the persistence
of a loose chromatin structure at the late two-cell stage [43].
Epigenetic factors appear to be involved in the change in chro-
matin structure during the transition from minor to major ZGA. As
described above, nucleosomes lack H3.1/2, which is involved in
forming a loose chromatin structure (i.e., permissive chromatin) in
one-cell-stage embryos. This state continues after cleavage into the
two-cell stage. However, the nucleosome incorporates these proteins
following the second round of DNA replication [47, 54], which
appears to be involved in establishing a tight chromatin structure (i.e.,
repressive chromatin) at the late two-cell stage. Global changes in
H3K4me3 localization within the genome may also be involved in
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Fig. 2. Change in the regulatory mechanism of gene expression during minor and major ZGA. In one-cell- and early two-cell-stage embryos (during minor
ZGA), chromatin structure is loosened because the nucleosome contains a unique combination of histone variants (H3.3/H2A.X, TH2A). This
type of chromatin structure appears to allow transcription with GC box-like motifs as promoters, causing global, promiscuous expression from
the genome, including intergenic regions. However, at the late two-cell stage (during major ZGA), a core promoter and enhancers are required for
active transcription, as occurs in most cell types, due to the tight chromatin structure, which contains all the histone variants.

altering chromatin structure. Although H3K4me3 has been detected
in broad signals covering vast genome regions in one-cell and early
two-cell embryos, it is later localized in regions adjacent to the
TSSs of active genes in the late two-cell stages, as observed in most
other cell types [55, 56]. HIFOO, a variant of linker histone H1
involved in the loosening of the chromatin structure, is abundant in
the chromatin of one-cell embryos, whereas it is eliminated in late
two-cell embryos [57].

After the transition from minor to major ZGA, gene expression
changes from a promiscuous global pattern to a regulated specific
pattern. A recent report demonstrated that minor ZGA is required
for major ZGA to occur. After transient inhibition of minor ZGA
by treatment with 5,6-dichlorobenzimidazole riboside, a reversible
Pol II-mediated transcription inhibitor, the pattern of minor ZGA
persisted during the time of major ZGA [58]. Recent studies showed
that Dux, which is transiently expressed during minor ZGA, regulates
the expression of certain genes during major ZGA ([59-62]) to
address how minor ZGA induces the activation of specific genes
involved in major ZGA, despite inefficient transcript splicing for the
production of dysfunctional proteins during minor ZGA [27]. Dux
is an intronless gene. DUX4, a human ortholog of mouse Dux, is
present at the ends of tandem repeats with its paralogs. These tandem
repeats are heterochromatinized to prevent their expression in most
cell types. However, DUX4 expression has been found in patients
with facioscapulohumeral muscular dystrophy (FSHD), with short
tandem repeats that appear to allow partial loosening of the chromatin
structure [63—66]. In mice, Dux and its paralogs are also found
within tandem repeats, which are expected to be heterochromatinized
[67]. However, Dux may be expressed during minor ZGA since
the chromatin structure is loosened [62]. Interestingly, more than
a dozen paralogs are expressed in addition to Dux during minor
ZGA in mice, unlike in human FSHD [62], which causes efficient

expression during the relatively short period of minor ZGA (Fig. 3).
Perspectives

Understanding the profile and regulatory mechanism of ZGA has
progressed extensively within this decade via the development of
analytical methods, such as next-generation sequencing technology.
However, numerous issues remain to be addressed before a full
understanding of ZGA can be obtained. Although the composition
of a unique set of histone variants in the nucleosome appears to
be involved in loosening chromatin structure during minor ZGA,
the mechanism by which only particular variants are incorporated
into the nucleosome remains to be elucidated. The means by which
dynamic histone replacement occurs soon after fertilization, which is
important for erasing epigenetic information in oocytes to reprogram
gene expression, also requires clarification. Although recent studies
have shown that Dux activates major ZGA genes, it regulates only
hundreds of genes, and the mechanisms that activate thousands of
other genes remain unknown. Minor ZGA gene inhibition involves
the second round of DNA replication. However, this mechanism does
not seem to be responsible for repressing all the minor ZGA genes.
For example, Dux expression is inhibited at the late two-cell stage,
independent of the second round of DNA replication [62]. LINE1
is reportedly responsible for Dux repression [68]. Considering the
recent rapid progress of research in this field, it is expected that these
issues will be clarified in the near future.
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