Chapter 9
Cell Cycle Remodeling and Zygotic Gene
Activation at the Midblastula Transition

Maomao Zhang*, Jennifer Skirkanich*, Michael A. Lampson,
and Peter S. Klein

Abstract Following fertilization, vertebrate embryos delay large-scale activation of
the zygotic genome from several hours in fish and amphibians to several days in mam-
mals. Externally developing embryos also undergo synchronous and extraordinarily
rapid cell divisions that are accelerated by promiscuous licensing of DNA replication
origins, absence of gap phases and cell cycle checkpoints, and preloading of the egg
with maternal RNAs and proteins needed to drive early development. After a species-
specific number of cell divisions, the cell cycle slows and becomes asynchronous,
gap phases appear, checkpoint functions are acquired, and large-scale zygotic gene
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activation begins. These events, along with clearance of maternal RNAs and proteins,
define the maternal to zygotic transition and are coordinated at a developmental mile-
stone termed the midblastula transition (MBT). Despite the relative quiescence of the
zygotic genome in vertebrate embryos, genes required for clearance of maternal
RNAs and for the initial steps in mesoderm induction are robustly transcribed before
MBT. The coordination and timing of the MBT depends on a mechanism that senses
the ratio of nuclear to cytoplasmic content as well as mechanisms that are independent
of the nuclear—cytoplasm ratio. Changes in chromatin architecture anticipate zygotic
gene activation, and maternal transcription factors identified as regulators of pluri-
potency play critical roles in kick-starting the transition from the proliferative, plu-
ripotent state of the early embryo to the more lineage-committed phase of development
after the MBT. This chapter describes the regulation of the cell cycle and the activa-
tion of zygotic gene expression before and after the MBT in vertebrate embryos.

Keywords Midblastula transition ® Maternal zygotic transition ¢ Zygotic transcrip-
tion e Cell cycle checkpoint ¢ Embryo ¢ DNA damage ¢ Nuclear cytoplasmic ratio
¢ Cell cycle * Pluripotency

9.1 Introduction

Many metazoan embryos initiate development with a series of rapid, synchronous
divisions that lack G1 and G2 phases, leading to reduction in cell size with each
subsequent division (Bachvarova et al. 1966; Graham and Morgan 1966; Newport
and Kirschner 1982a; Tadros and Lipshitz 2009; Gerhart 1980; Davidson 1986;
Baroux et al. 2008). Rapid cleavage divisions are typically observed in embryos of
vertebrates with larger eggs, such as amphibians, fish, birds, and reptiles. Although
mammalian embryos undergo slower, asynchronous cell cycles from the outset,
both mammalian and nonmammalian vertebrate embryos delay the onset of zygotic
transcription and depend initially on maternal mRNAs and proteins to direct the
earliest stages of development.

Rapid cell divisions and global suppression of zygotic transcription during cleav-
age stages require unique adaptations for the control of DNA replication, mitosis,
and early gene expression. During the transition from maternal to zygotic control of
development, maternal mRNAs are degraded, the cell cycle lengthens, cell divisions
become asynchronous, cells become motile, and large-scale zygotic transcription
begins. In amphibians and fish, as well as invertebrates such as Drosophila, the
appearance of gap phases (G1 and G2) in the cell cycle and the onset of large-scale
zygotic transcription occur predictably after a species-specific number of cell/nuclear
divisions, termed the midblastula transition (MBT). While not all organisms coordi-
nate the cell cycle changes with the onset of zygotic transcription (mammalian cell
cycles are initially slow, whereas sea urchins undergo rapid cleavages but initiate
zygotic transcription at fertilization), there are nevertheless conserved features in the
regulation of cell cycle and transcription that are reviewed in this chapter.
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The terms MBT and MZT (maternal to zygotic transition) have been used vari-
ously. We follow the clear definitions in Tadros and Lipshitz (2009) wherein MZT
refers to the gradual transition from maternal to zygotic control and can span a
broad developmental window in the pregastrula embryo. The MBT, in contrast,
refers to a discrete milestone occurring in many species after a species-specific
number of cell divisions and is marked by the coordinated acquisition of cell cycle
checkpoints, cell cycle asynchrony, and the onset of large-scale zygotic transcrip-
tion (Tadros and Lipshitz 2009; Gerhart 1980; Signoret and Lefresne 1971; Newport
and Kirschner 1982a, b; Audic et al. 1997; Langley et al. 2014). We use the qualified
term “large-scale zygotic transcription” because a subset of zygotic genes is tran-
scribed before the MBT in Xenopus, zebrafish, and Drosophila (Tadros and Lipshitz
2009; Baroux et al. 2008; Nakakura et al. 1987; Yang et al. 2002; Skirkanich et al.
2011; Lindeman et al. 2011; Liang et al. 2008; Harrison et al. 2010; Edgar and
Schubiger 1986; Yasuda et al. 1991; Heyn et al. 2014; Collart et al. 2014; Tan et al.
2013; Blythe et al. 2010; Lee et al. 2014), and this early wave of transcription is
essential for development at the late blastula stage in Xenopus and Drosophila
(Skirkanich et al. 2011; Liang et al. 2008; Harrison et al. 2010). In this chapter, we
focus on the regulation of the cell cycle and zygotic transcription in vertebrate
embryos and briefly touch on information from invertebrate species where it directly
informs our understanding of vertebrate mechanisms. The MBT in nonvertebrate
species has been discussed in more detail in several informative reviews (Yasuda
and Schubiger 1992; Tadros and Lipshitz 2009; Baroux et al. 2008; Blythe and
Wieschaus 2015a; Lee et al. 2014; Farrell and O'Farrell 2014). Degradation of
maternal mRNAs is addressed in detail elsewhere in this volume (see Chapter 10).

9.2 Embryonic Cleavage Divisions

9.2.1 Unique Features of Embryonic Cleavage Cycles

Most actively proliferating cells progress through four distinct phases: the first gap
phase (G1), DNA replication (S-phase), a second gap phase (G2), and mitosis (M).
Newly fertilized embryos from many vertebrate and invertebrate species, including
nonmammalian vertebrates such as fish and frogs, have highly specialized cell
cycles that differ significantly from cells of later development and adult organisms
(Oppenheimer 1936; Graham and Morgan 1966). These embryonic cell cycles,
known as cleavage divisions, are extremely short and lack the gap phases typical of
growing cells. Without cell growth, these cleavage cycles are reductive divisions
that progressively subdivide a constant volume of cytoplasm from a single large cell
into many smaller cells, increasing the nuclear to cytoplasmic (N:C) ratio with each
round of DNA replication. Rapid cleavage cycles, which establish a large cell popu-
lation necessary for gastrulation, continue until the embryo undergoes the mid-
blastula transition (MBT).
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Table 9.1 Zygotic gene activation and MBT in vertebrate embryos

Duration of cleavage | # divisions to # divisions to Time to
Organism | divisions® earliest ZGA® MBT* large-scale ZGA
Xenopus 20-25 min 6 12 6-7h
Zebrafish 15 min 6 10 35h
Medaka 35 min 6 11-12 7-8 h
Mouse <I2h 0-1 - 24 h
Human <12h 2 - 24-48 h
Chick? - 67 - -

*Not including the first cell division, which is longer than subsequent cleavage divisions

*ZGA: zygotic gene activation

‘MBT: midblastula transition, a discrete transition associated with the co-appearance of asynchro-
nous divisions, cell cycle checkpoints, and large-scale zygotic gene activation

dChick divisions are asynchronous after the fourth division (Lee et al. 2013a)

Many metazoans, including nonmammalian vertebrates, undergo a cleavage
stage, though cell cycle timing varies (Table 9.1). In zebrafish embryos, the first cell
division is initiated approximately 45 min after fertilization, followed by nine cell
cycles, each lasting ~15 min. After ten cleavage divisions, embryos initiate the
MBT and cell cycle remodeling commences (Kane and Kimmel 1993). Amphibian
embryonic cycles have similar dynamics though cleavage cycles are longer. In
Xenopus laevis, the first cleavage occurs ~90 min after fertilization and is followed
by 11 additional ~25 min cleavage cycles before the MBT is triggered (Newport and
Kirschner 1982a; Wu and Gerhart 1980). In contrast, mammals delay first cleavage,
with mice undergoing the first cell division 12 h after fertilization. Mammalian
embryos then enter a period of slower, asynchronous cell divisions to reach the
morula stage and do not typically undergo a phase analogous to the rapid cleavage
divisions seen in nonmammalian vertebrates.

9.2.2 Molecular Basis of Rapid Cleavages

Cleavage cycles employ many of the same regulators found in somatic cell cycles
(for an in-depth description of cell cycle regulation in somatic cells and the early
embryo, please see Chapter 3). However, early embryos have adapted their func-
tions significantly in order to drive rapid cell proliferation, particularly the regula-
tion of Cyclin-dependent kinase (Cdk) activity. The following section describes the
specialized Cdk regulation in cleavage cycles, including cyclin availability, synthe-
sis and proteolysis, and Cdk phosphorylation.

Cdks are a family of highly conserved serine—threonine kinases that regulate cell
cycle transitions by targeting hundreds of substrates to promote cell cycle progres-
sion (Ubersax et al. 2003). While Cdk protein levels remain relatively constant for
the duration of the cell cycle, Cdk activity is highly oscillatory and relies on several
independent mechanisms to ensure stringent control. Cdk activity depends on both
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association with cyclin proteins and phosphorylation state. Furthermore, subcellular
localization and degradation of cyclin and cyclin/Cdk complexes adds an additional
level of regulation.

Many cyclins and Cdks have been identified in somatic cells. Cyclin A/Cdk2,
cyclin D/Cdk4, cyclin D/Cdk6, and cyclin E/Cdk?2 regulate cell cycle progression
and replication during G1 and S phases. Cyclin B/Cdk1, on the other hand, is impor-
tant for progression from G2 to M (Evans et al. 1983; Murray 2004). However,
embryonic cleavage cycles are regulated by only three cyclins, A, B, and E, and two
Cdks, Cdkl and Cdk2 (Hartley et al. 1996). Cdk?2 binds to cyclins A and E to medi-
ate DNA replication and centrosome duplication while Cdk1 binds to cyclins A and
B to drive mitotic progression (Murray and Kirschner 1989; Rempel et al. 1995;
Strausfeld et al. 1996).

9.2.2.1 Phospho-regulation of Cdk1

During somatic cell cycles, Cdk1 activity is regulated by phosphorylation on key
residues. Cyclin binding requires phosphorylation of a threonine adjacent to the
active site (Ducommun et al. 1991). Additionally, the Weel and Mytl kinases
inhibit Cdk1l and Cdk2 by phosphorylating threonine 14 and tyrosine 15. Cyclin-
bound Cdk remains in an inactive state until mitosis, when these inhibitory phos-
phorylations are removed by Cdc25 phosphatases, which triggers mitotic entry
(Atherton-Fessler et al. 1994; Krek and Nigg 1991).

In Xenopus embryos, Weel kinase phosphorylates Tyrl5 on Cdkl and
Cdk2 in each pre-MBT cell cycle (Kim et al. 1999; Murakami and Vande Woude
1998). However, this inhibitory phosphorylation occurs at relatively low levels
(Kim et al. 1999). Furthermore, although Cdc25A protein is not detected in
Xenopus oocytes, maternally deposited cdc25 mRNA is translated upon fertil-
ization, and Cdc25 protein steadily increases during the cleavage stages (Kim
et al. 1999; Pomerening et al. 2003; Sha et al. 2003; Bouldin and Kimelman
2014; Yang and Ferrell 2013). The low level of Cdk1 inhibitory phosphorylation
in cleavage-stage embryos keeps Cdkl in a “primed” state, ready for activation
upon cyclin binding.

9.2.2.2 Regulation of Mitotic Cyclin Protein Levels

Unlike somatic cell cycles, phospho-regulation of Cdkl activity plays a minor role
during early embryogenesis. Instead, Cdk in cleavage-stage vertebrate embryos is
predominately regulated by cyclin protein synthesis and degradation. In Xenopus,
protein levels of cyclin A and B oscillate once per cell cycle, with a nearly identical
pattern of expression. Cdkl activity closely parallels cyclin expression and also
oscillates with each cell cycle (Hartley et al. 1996). In somatic cell cycles, cyclin
protein expression is regulated by cell cycle phase-specific transcription (Pines
2011). In contrast, cyclin transcripts are preloaded maternally in embryos during
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oogenesis, and cyclin protein accumulation is posttranscriptionally regulated. Cell
cycle phase-specific translation of cyclins relies mainly on the polyadenylation of
mRNAs, which changes in a cell cycle-dependent manner (Groisman et al. 2002).

As in somatic cells, mitotic exit during the cleavage divisions is regulated by
cyclin B degradation, mediated by the highly conserved E3 ubiquitin ligase
Anaphase Promoting Complex/Cyclosome (APC/C) (Skaar and Pagano 2009). In
Xenopus embryos, XErpl/Emi2, a homolog of early mitotic inhibitor 1 (Emil)
(Tung et al. 2005), inhibits APC/C activity during mitosis. However, when Cdk1
becomes maximally activated, it antagonizes XErpl/Emi2 function leading to
APC/C activation (Tischer et al. 2012). Subsequently, activated APC/C polyubiqui-
nates cyclin B, tagging it for proteasomal degradation. As cyclin B levels fall, Cdk1
activity diminishes and cells exit mitosis (King et al. 1996).

Cdkl1 also regulates cyclin B protein expression: inhibiting Cdkl leads to
increased cyclin B protein levels while prematurely activating Cdkl decreases
cyclin B accumulation. These results demonstrate that Cdkl participates in a
negative-feedback loop that attenuates the production of cyclins before mitosis.
Limiting cyclin production increases the efficiency and sensitivity of the Cdkl-
APC/C negative feedback loop by decreasing the burden of cyclin B degradation at
anaphase (Kang and Pomerening 2012). These negative feedback loops between
Cdk1, APC/C activation, and cyclin degradation support the rapid cyclin oscilla-
tions observed in cleavage-stage embryos.

9.2.2.3 Regulation of Cyclin E/Cdk2

In somatic cells, cyclin E/Cdk2 activity mediates the transition from G1 to S
(Elledge et al. 1992). Similarly, cyclin E/Cdk?2 regulates the progression of S-phase
in cleavage-stage embryos. Inhibition of CyclinE/Cdk2 activity moderately
increases cell cycle lengths in pre-MBT Xenopus embryos, showing that the activity
of Cdk2 also contributes to rapid cell cycle progression (Hartley et al. 1996, 1997).
Though cyclins A and B protein levels oscillate during the cleavage cycles, cyclin E
protein levels steadily increase following fertilization (Hartley et al. 1996). Despite
this, cyclin E/Cdk2 activity oscillates twice per cleavage cycle independently of
protein synthesis. While more studies are required to elucidate the regulation of
Cdk2 oscillations in cleavage-stage embryos, pre-MBT Cdk?2 activity is likely regu-
lated by phosphorylation state (Ciliberto et al. 2003). Indeed, Cdk?2 activity is regu-
lated by inhibitory phosphorylation by the Weel kinase in Xenopus egg extracts and
embryos (D'Angiolella et al. 2001; Wroble et al. 2007).

9.2.2.4 Influence of Replication on Cleavage Cycles
Although accumulation and degradation of cyclins is certainly important for

mitotic entry, RNAi knockdown of two Drosophila mitotic cyclins and reduction
of gene dosage for the third cyclin did not prolong interphase but rather led to a
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partial activation of mitotic events. These data suggest that cyclin accumulation
alone is not enough to mediate all aspects of rapid cell cycle progression
(McCleland et al. 2009a).

A second mechanism for maintaining short cell cycles could rely on DNA
replication itself. Replication occupies the majority of interphase during cleavage
divisions and proceeds quickly due to the close proximity of origins of replication
(Harland and Laskey 1980; Spradling 1999). Inhibiting replication in syncytial
embryos by injecting Geminin, which blocks the licensing of origins (McGarry and
Kirschner 1998; Quinn et al. 2001), abolished S-phase and led to premature mitotic
entry, demonstrating that replication defines interphase length in cleavage-stage
embryos (McCleland et al. 2009b). This idea was corroborated in Xenopus, where
replication factors were recently identified that can directly modify cleavage cycle
lengths. Highly expressed during the cleavage stages, Cut5, Treslin, Drf5, and
RecQ4 become limiting at the MBT, coinciding with cell cycle elongation.
Importantly, overexpression of these factors abolished cell cycle lengthening at the
MBT (Collart et al. 2013).

In conclusion, pre-MBT cells are preloaded with many of the same cell cycle
regulators as seen in most somatic cells. However, it is their specialized regulation
that leads to rapid cell proliferation.

9.2.3 Cell Cycle Checkpoints in Early Embryogenesis

Cell cycle checkpoints are present in almost all nonpathologic somatic cells to
maintain genome integrity. The DNA damage checkpoint induces cell cycle arrest
during interphase in response to DNA damage or stalled replication. The spindle
assembly checkpoint (SAC) causes metaphase arrest in response to kinetochores
that are not attached to microtubules during mitosis. However, cleavage-stage
embryos forgo checkpoint function in their commitment to rapid cell proliferation.
Little is known about how checkpoints are suppressed during cleavage stages or
how they are acquired at the MBT. The following section reviews our current knowl-
edge of SAC and DNA damage checkpoint signaling prior to the MBT.

9.23.1 The DNA Damage Checkpoint in Cleavage Cycles

In somatic cells, DNA damage activates two phosphoinositide 3-kinase-related pro-
tein kinases (PIKKs): ataxia-telangiectasia mutated (ATM) and ATM and RAD3-
related (ATR). ATM and ATR are similar in structure and share many of the same
substrates, but are activated by distinct triggers. ATM is activated by DNA double-
strand breaks (DSBs) and ATR is activated by single-strand DNA (ssDNA) or ssDNA—
dsDNA junctions. One of the earliest consequences of DNA damage is phosphorylation
of Serine 139 on the histone variant H2AX (YH2AX) by ATM and ATR. The forma-
tion of YH2AX foci surrounding the damage site creates a docking site that recruits



448 M. Zhang et al.

DNA damage response proteins, promoting DNA repair and checkpoint signal ampli-
fication (Sirbu and Cortez 2013). YH2AX is an important read-out for DNA damage
checkpoint initiation and the successful sensing of DNA damage (Dickey et al. 2009).
ATM and ATR also activate the serine—threonine kinases Chk1 and Chk?2, which play
a central role in facilitating cell cycle arrest by phosphorylating multiple substrates to
ultimately inhibit the activity of Cdks (Bartek and Lukas 2003). For example, Chk1
and Chk2 phosphorylate Cdc25 phosphatases, targeting them for degradation. Chk1
can also activate the Weel kinase via phosphorylation (Patil et al. 2013).

Post-MBT embryos have a robust DNA damage response and induce cell cycle
arrest efficiently after DNA damage (Hensey and Gautier 1997; Maller et al. 2001).
However, when zebrafish or Xenopus pre-MBT embryos are treated with ionizing radi-
ation, cleavage cycles continue without arrest or cell cycle delay (Hensey and Gautier
1997; Zhang et al. 2014). Furthermore, DNA polymerase inhibitors or mutations that
disrupt replication cause replication stalling and trigger S-phase arrest in somatic cells
and post-MBT embryos, but not in pre-MBT Xenopus, zebrafish, or Drosophila
embryos (Dasso and Newport 1990; Freeman and Glover 1987; Freeman et al. 1986;
Kimelman et al. 1987; Shamanski and Orr-Weaver 1991; Tkegami et al. 1997).

Rapid DNA repair to explain the lack of cell cycle arrest after damage seems
implausible, as irradiated embryos have high levels of DNA fragmentation
(Anderson et al. 1997; Finkielstein et al. 2001; Hensey and Gautier 1997). Instead,
checkpoint signaling is defective. In zebrafish, the DNA damage checkpoint is
properly initiated by ionizing radiation, as irradiated pre-MBT embryos can phos-
phorylate histone H2AX and activate the effector kinase Chk2. Chkl1 is not acti-
vated, however, leaving cleavage-stage embryos unable to arrest the cell cycle after
DNA damage (Zhang et al. 2014).

DNA damage sustained during the cleavage stages results in embryonic lethality.
Without checkpoints to resolve DNA lesions prior to the MBT, damaged DNA accu-
mulates to irreparable levels by the MBT. When the checkpoint program finally
becomes functional at the MBT, apoptosis is the only course of action; pre-MBT
Xenopus embryos treated with ionizing radiation accumulate dense, small nuclei that
are typical of apoptosis beginning at the onset of the MBT (Anderson et al. 1997).
Further, TdT-mediated dUTP digoxigenin nick end labeling (TUNEL) detected apop-
tosis after the MBT, but not before (Anderson et al. 1997; Hensey and Gautier 1997;
Stack and Newport 1997; Sible et al. 1997). Hensey and Gautier, for example, reported
that apoptosis is first detectable at the gastrula stage (Hensey and Gautier 1997).

9.2.3.2 The SAC in Cleavage Cycles

In most cells, the SAC delays anaphase onset and mitotic exit until all kineto-
chores are attached to microtubules, in order to prevent chromosome missegrega-
tion. Each unattached kinetochore recruits SAC proteins to form the mitotic
checkpoint complex (MCC), which prevents APC/C activation by targeting its
co-activator, Cdc20. SAC proteins are removed from each kinetochore as it binds
microtubules. After all kinetochores are attached, MCC disassembly frees Cdc20
to activate the APC/C, which polyubiquinates cyclin B and securin, leading to
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their destruction, which is required for anaphase onset and mitotic exit (Amon
et al. 1994; Lara-Gonzalez et al. 2012).

Despite robust function after the cleavage stage, the SAC is not active in pre-MBT
embryos. Nuclei in Xenopus cleavage-stage embryos or egg extracts treated with
microtubule poisons have a dramatically different morphology than their post-MBT
counterparts, forming irregularly shaped, fragmented micronuclei thought to arise
from inappropriate anaphase onset (Clute and Masui 1992; Newport and Kirschner
1984). Furthermore, time spent in mitosis does not change in pre-MBT embryos after
microtubule depolymerization (Clute and Masui 1992; Ikegami et al. 1997; Zhang
et al. 2015).

9.2.4 Cell Cycle Remodeling at the MBT

Cell cycle remodeling, in which cells elongate their cell cycles, add gap phases, and
gain functional cell cycle checkpoints, is a hallmark of the MBT. This section
reviews our current understanding of cell cycle elongation and checkpoint acquisi-
tion at the MBT.

9.24.1 Timing the Onset of Cell Cycle Lengthening

Cell cycle remodeling occurs after a fixed number of cleavages that is characteristic
of the species. This observation led to the hypothesis that cell cycle elongation at the
MBT is triggered by a mechanism that can measure the number of cell divisions or
elapsed time after fertilization. However, a series of elegant experiments (Newport
and Kirschner 1982a, b) demonstrated that the onset of cell cycle lengthening and
asynchrony associated with the MBT is determined by a threshold N:C ratio (Fig. 9.1).
Using a method adapted from Spemann (Sander and Faessler 2001), a strand of hair
tied around the embryo partially constricted it at the single-cell stage to trap the
nucleus on one side of the embryo. This manipulation effectively halved the cytoplas-
mic volume carrying the nucleus. The section with the nucleus cleaved 11 times
before cell cycles became asynchronous. However, after two divisions, a daughter
nucleus migrated through the narrow channel of the constriction to the side that origi-
nally had no nucleus. This side of the embryo now underwent 11 more cleavage
cycles before becoming asynchronous, even though the nucleus had undergone two
mitoses prior to migration (Newport and Kirschner 1982a). Similarly, a fourfold
reduction in the cytoplasm of eggs of the Japanese newt accelerated the onset of
mitotic asynchrony by two divisions (Kobayakawa and Kubota 1981).

Further experiments showed that the end of the cleavage stage is not determined
by a mechanism that counts cell divisions. When cell division was blocked with
cytochalasin B or by gently centrifuging fertilized eggs, the embryos continued to
synthesize DNA at an exponential rate for 6 h and then abruptly slowed DNA syn-
thesis, similar to control embryos at the MBT. Furthermore, increasing DNA con-
tent in cleavage-stage embryos, for example in polyspermic eggs or eggs injected



450 M. Zhang et al.

A. .+ >‘_,.+’

Al + N &> A + |I-N

ee oo =rr—e—

o000 -——e—a—

egg multiple nuclei

0

4500

4000 "
nuclei

3500

2500
2000
1500

number of nuclei

1000
inhibitor

0 —eo—o—e
E 1 2 3 4 5 67T 8 8 10 1 12

Number of cell divisions

Fig. 9.1 N:C Ratio Model. (a) The N:C ratio model argues for a maternally provided inhibitor (I)
of an activity (A), for example cell cycle checkpoints or zygotic transcription, and that the inhibitor
is titrated by a nuclear component (N). As the number of nuclei increases, the equation shifts to the
right, freeing the activator. (b) A variation on this model is that the inhibitor competes with the
activator for a limited number of binding sites. As the number of binding sites (for example DNA)
increases with each cell cycle, the inhibitor (for example histones) becomes limiting and is no
longer sufficient to impede the activator (for example a transcription factor). (¢) The exponential
increase in the number of nuclei (in blue) leads to a sharp increase in the nuclear factor and a sharp
decline in the inhibitor as embryos approach the MBT. The inhibitor falls below a threshold and
events at MBT commence. The scale for the inhibitor is arbitrary
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with exogenous DNA, advances the timing of the MBT (Dasso and Newport 1990;
Newport and Kirschner 1982a, b; Mita and Obata 1984). Similarly in zebrafish,
tetraploid embryos begin cell cycle lengthening about a cycle early and haploid
embryos begin cell cycle lengthening about a cycle later than diploid embryos
(Kane and Kimmel 1993). Partial enucleation of multicellular embryos, an approach
analogous to the ligature experiment adapted from Spemann, also has a similar
effect. At the early stages zebrafish blastomeres maintain intercellular bridges,
allowing migration of a single nucleus into an enucleated cell. As the nucleus now
occupies a larger cytoplasm, the daughter cells undergo additional cell divisions
before cell cycles become asynchronous (Kane and Kimmel 1993). Further, haploid
Drosophila embryos undergo one extra syncytial division, presumably because the
N:C ratio associated with the MBT is achieved one cell cycle later than in diploid
embryos (Di Talia et al. 2013; Edgar et al. 1986).

Taken together, work in Xenopus and other amphibians, zebrafish, and Drosophila
indicate that cell cycle elongation and loss of cell cycle synchrony at the MBT is not
determined by the chronological time after fertilization, the number of divisions, or
a progressive change in chromatin state with each cell cycle. Rather, these MBT
events are initiated when embryos reach a threshold N:C ratio resulting from rounds
of nuclear replication without cell growth. A proposed mechanism of regulation is
that a cytoplasmic factor that inhibits the MBT during the cleavage cycles is titrated
out by binding DNA (Fig. 9.1) (Newport and Kirschner 1982b).

In addition to the ratio of DNA content to cytoplasm, as discussed above, the
ratio of nuclear volume to cytoplasmic volume may contribute to the onset of the
MBT. Injection of nuclear scaling factors, including import proteins, lamins, and
reticulons, into cleavage-stage Xenopus embryos showed that increasing nuclear
volume causes premature cell cycle remodeling, whereas a reduced N:C volume
ratio increases the number of rapid cell divisions and delays cell cycle remodeling
(Jevtic and Levy 2015). These experiments are discussed in more detail in the sec-
tion on transcription.

9.2.4.2 Molecular Mechanisms of Cell Cycle Elongation

Cell cycle elongation at the MBT is achieved by the restraint and modification of
cyclin/Cdk activities found in the cleavage stage. Embryos use several mechanisms
to downregulate Cdc25 phosphatase, which allows Cdk1 to accumulate inhibitory
phosphorylation and become inactivated after the last cleavage-stage mitosis. At the
first asynchronous cycle after the MBT, lower Cdk1 activity results in an extended
replication phase (Farrell et al. 2012). After replication is complete, cells must wait
until zygotic Cdc25 is synthesized to restore Cdkl activity for mitotic entry. In
effect, these delays represent cell cycle elongation via extension of S-phase and the
acquisition of G2 phase.

Regulation of Cdc25 at the MBT has been studied extensively in flies. Drosophila
embryos express two maternally supplied Cdc25 homologs, String and Twine
(Edgaretal. 1994). Altering the number of maternal copies of these Cdc25 homologs
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showed that mutant embryos with increased maternal supplies of Cdc25 have one
extra rapid, synchronous mitotic cycle. Conversely, mutant embryos with reduced
maternal Cdc25 elongate cell cycles prematurely. These findings provided strong
evidence that maternally loaded Cdc25 phosphatases are dosage-sensitive regula-
tors that determine when cell cycles elongate (Edgar and Datar 1996). Furthermore,
cell cycle elongation depends on rapid degradation of Twine protein at the MBT (Di
Talia et al. 2013; Farrell and O'Farrell 2013).

9.2.4.3 Cell Cycle Elongation via Zygotic Transcription

Cdc25 stability at the MBT is sensitive to the N:C ratio, as Twine protein in
Drosophila haploid embryos is degraded one cell cycle later in haploids com-
pared to diploids (Farrell and O'Farrell 2013). This finding may be a result of N:C
ratio-regulated transcription of specific genes that control Cdc25 degradation.
Embryos injected with a-amanitin, an RNA Polymerase II inhibitor, undergo an
extra round of rapid division and exhibit extended Twine stabilization (Farrell and
O'Farrell 2013). Furthermore, flies with the RNA polymerase II mutation RPII215,
which prematurely activates zygotic transcription, have a reduced number of
nuclear divisions before cellularization. These data independently corroborate
that zygotic transcription affects the timing of cell cycle remodeling at the MBT
(Sung et al. 2013).

The genes transcribed at the MBT that regulate Cdc25 destruction are just
beginning to be elucidated. One candidate in Drosophila is tribbles, which medi-
ates Cdc25 destruction via proteolysis (Mata et al. 2000). Precocious tribbles
expression via mRNA injection can arrest embryos in cycle 13 due to significant
reduction in Twine levels (Farrell and O'Farrell 2013; Grosshans and Wieschaus
2000). Additionally, RNA sequencing of staged embryos revealed that tribbles
expression increases dramatically at the MBT. Importantly, gene expression pro-
filing of haploid embryos demonstrated that tribbles expression is sensitive to the
N:C ratio (Lott et al. 2011; Lu et al. 2009). The Cdk1 inhibitor (CKI) fruhstart is
another Drosophila zygotic gene important for cell cycle elongation at the
MBT. Also sensitive to the N:C ratio, fruhstart appears immediately after the last
cleavage division at the beginning of the 14th cell cycle (Lu et al. 2009).
Moreover, when precociously expressed via mRNA injection, fruhstart can arrest
the cell cycle during cleavage divisions (Grosshans et al. 2003). To inhibit Cdk1,
Fruhstart binds tightly to mitotic cyclins, sequestering them from Cdkl
(Gawlinski et al. 2007).

Work in zebrafish has provided additional insight into the influence of zygotic
genome activation on cell cycle remodeling in vertebrate systems. Similar to the
results in Drosophila, inhibiting zygotic transcription in zebrafish embryos hinders
the acquisition of G1 phase at the MBT (Zamir et al. 1997). However, the
relationship between cell cycle lengthening and zygotic transcription seems more
complex, since acquisition of G2 is independent of zygotic transcription (Dalle
Nogare et al. 2009).
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9.2.4.4 Developmental Use of the Replication Checkpoint for Cell Cycle
Elongation

Proteins involved in the cellular response to DNA damage or replication stress also
contribute to cell cycle remodeling at the MBT. Most checkpoint proteins are dis-
pensable in somatic cells; knocking out individual components leads to mutations
and aneuploidy but rarely inviability. However, several checkpoint proteins are
essential for viability in a variety of model systems, have non-checkpoint related
cell cycle functions, and have important roles in early development (Brown and
Baltimore 2000; Liu et al. 2000).

The Chkl serine—threonine kinase is an important checkpoint component that
mediates cell cycle arrest in response to DNA single-strand breaks caused by
stalled replication forks and fork collapse. Cleavage stage embryos are sensitive
to Chkl activity, and exogenous expression of wild type Chkl or constitutively
active Chk1 in Xenopus and zebrafish embryos induces a dose-dependent delay of
cleavage cycles (Kappas et al. 2000; Zhang et al. 2014, 2015). Chkl1 is also tran-
siently activated at the MBT and required for cell cycle lengthening, suggesting
that embryos co-opt this checkpoint protein to remodel the cell cycle (Shimuta
et al. 2002).

Developmental activation of Chk1 causes cell cycle lengthening by promoting
inhibitory phosphorylation of Cdk1, through regulation of the Cdc25 phosphatases
and Weel kinase. In Xenopus, Chk1 phosphorylates Cdc25A, targeting it for protea-
somal degradation. Dominant-negative forms of Chkl injected into Xenopus
embryos stabilize Cdc25A protein, while wild-type Chkl1 overexpression leads to
precocious Cdc25A destruction (Shimuta et al. 2002). Chk1 can also phosphorylate
Cdc25 to inhibit its interaction with cyclin/Cdk complexes (Petrus et al. 2004; Uto
et al. 2004). Furthermore, Chk1 enhances Weel kinase activity, thereby using a two-
pronged approach for maintaining inhibitory phosphorylation of Cdk1 (Lukas and
Bartek 2009).

Chkl is also essential for cell cycle remodeling at the MBT in Drosophila: the
Chk1 mutant, grapes, undergoes extra syncytial divisions and dies at gastrulation
(Sibon et al. 1997, 1999). Chkl enhances Weel kinase activity, as in Xenopus
(Campbell et al. 1995), but does not play a significant role in Cdc25 destruction at
MBT. Although String destruction is Chkl dependent, Chkl does not affect the
stability of Twine, the Cdc25 homolog that is primarily associated with MBT cell
cycle elongation (Farrell and O'Farrell 2013; Di Talia et al. 2013). As an additional
mechanism for Cdk1 inhibition, Chk1 can inhibit nuclear accumulation of cyclin B,
which prevents its interaction with Cdkl in the nucleus (Royou et al. 2008).
Together, these findings in Xenopus and Drosophila demonstrate that Chkl is a
potent regulator of cell cycle length during early embryogenesis and is necessary
for early embryonic development.

While the molecular mechanisms of Chk1 activation at the MBT have yet to be fully
elucidated, several hypotheses have been proposed that implicate a role for the N:C
ratio (Edgar et al. 1994; Edgar and O'Farrell 1989; Sibon et al. 1999). In one model, a
maternally loaded replication factor is titrated by increasing chromatin concentrations
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in cleavage-stage embryos. Eventually, a limiting amount of this replication factor
leads to a delay in replication. While this is not DNA damage per se, it may be effec-
tively recognized as replication stress: sSDNA and ssDNA-dsDNA-binding proteins
like RPA, Rad17-RPC and 9-1-1 may have an opportunity to bind, leading to Chk1
activation. Supporting this possibility, a recent study identified replication factors that
could regulate cell cycle length during Xenopus cleavage divisions (Collart et al. 2013).
When these replication factors are abundant in the cleavage-stage environment, the
rapid origin firing may not allow binding of ATR and Chk1 activating factors to chro-
matin. However, the replication factors may become limiting at the MBT as the N:C
ratio increases, slowing replication and permitting ATR-Chk1 activation.

A second model is that the Chk1 adaptor protein Claspin is regulated by the N:C
ratio. Chk1 activation in somatic cells and Xenopus egg extracts depends on Claspin,
which recruits Chkl to ATR for phosphorylation (Kumagai and Dunphy 2000, 2003;
Chini and Chen 2003). Claspin is typically phosphorylated by ATR after replication
stress, but Xenopus embryos phosphorylate Claspin at low levels even in the absence of
ATR activity. However, Claspin phosphorylation is responsive to the N:C ratio: addi-
tion of sperm nuclei to Xenopus egg extracts to increase N:C ratios to MBT levels
resulted in Claspin phosphorylation in an ATR-independent manner. These data suggest
that a threshold N:C ratio may either activate a novel kinase or titrate a kinase inhibitor
to allow Claspin phosphorylation (Gotoh et al. 2011), in addition to the canonical phos-
phorylation of Claspin by ATR after MBT activation of the replication checkpoint.

Finally, a third hypothesis suggests that transcriptional activity itself can lead to
replication checkpoint activation, regardless of the products of transcription. In
Drosophila, binding of the replication protein RPA70 to DNA is tightly correlated
to DNA-binding of RNA polymerase II, which increases gradually throughout the
cleavage stages in preparation for zygotic transcription at the MBT (Blythe and
Wieschaus 2015b). These data support the hypothesis that sites of transcriptionally
engaged DNA can be sources of replication stress that activate the replication
checkpoint and confer cell cycle remodeling.

9.2.5 Checkpoint Acquisition at the MBT

The molecular mechanisms that underlie checkpoint acquisition at the MBT are poorly
understood. The following section reviews what is known about DNA damage check-
point and SAC acquisition at the MBT, with an emphasis on the role of the N:C ratio.

9.2.5.1 DNA Damage Checkpoint Acquisition

The first hints towards elucidating checkpoint regulation came from studies using
Xenopus egg extracts. As mentioned above, addition of DNA replication inhibitors,
DNA damaging agents, or microtubule poisons had no effect on cell cycle
progression in control extracts (Dasso and Newport 1990; Kumagai et al. 1998).
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However, when additional DNA was supplied via the addition of sperm chromatin,
the extracts became sensitive to replication stress and DNA damage and arrested
their cell cycles, indicative of restored checkpoint function.

Several models have been proposed to explain the influence of the N:C ratio on
DNA damage checkpoint acquisition. One hypothesis suggests that pre-MBT
embryos cannot efficiently amplify the DNA damage signaling response in the unusu-
ally large cytoplasm associated with low N:C ratios. Injecting embryos with varying
amounts of dsDNA to mimic DNA double-strand breaks (DSBs), together with plas-
mid DNA to increase the DNA content (and thus N:C ratio), induced a precocious
DNA damage response that activated Chk1, increased phosphorylation of Cdk1, and
caused subsequent cell cycle delay (Conn et al. 2004). This activation of the check-
point only occurs at a critical DNA to cytoplasm ratio, demonstrating the importance
of N:C ratio in checkpoint acquisition (Conn et al. 2004; Peng et al. 2008).

Checkpoint acquisition at the MBT likely centers around Chk1 gain of function.
In zebrafish pre-MBT embryos, checkpoint proteins are maternally supplied, and the
ATM-Chk? axis responds robustly to DNA damage, but Chk1 is not activated (Zhang
et al. 2014). These results suggest that lack of Chk1 activity limits checkpoint func-
tion prior to the MBT. Given these findings and the transient Chk1 activation at the
MBT observed in Xenopus (Shimuta et al. 2002), we propose that Chk1 activation is
sensitive to the N:C ratio and that Chk1 is a master regulator of cell cycle remodeling
at the MBT, contributing to both cell cycle elongation and checkpoint acquisition.

9.2.5.2 SAC Acquisition

To examine SAC acquisition, “mini-embryos” with reduced cytoplasmic volume
were created using a modified version of the Spemann method. A loop of baby’s
hair was placed around the animal pole of a newly fertilized Xenopus embryo to
constrict a portion of the nucleus-containing cytoplasm, effectively increasing the
N:C ratio. These mini-embryos had a cytoplasmic volume of about 1/8—1/12 the
size of a normal embryo and continued to cycle like their unperturbed counterparts,
but with a much higher N:C ratio (Clute and Masui 1995). The cell cycles of these
mini-zygotes became asynchronous two cycles before the usual time of the MBT
(cleavage 10). At this point, the N:C ratio of the mini-embryos corresponds to the
N:C ratio of unperturbed embryos at MBT (cleavage 12). This finding suggests that
cell cycle remodeling is controlled by the N:C ratio. Surprisingly, however, mitotic
delay after microtubule depolymerization occurred at the same time as in control
embryos, despite the disparity in N:C ratio and precocious cell cycle elongation in
the mini-zygotes. Similar findings were demonstrated with zebrafish embryos:
when pre-MBT cell cycles were artificially lengthened with the addition of acti-
vated Chk1, thereby slowing the increase of the N:C ratio, embryos still acquired a
functional SAC at 3 h post fertilization (hpf), the normal time of the MBT, despite
not having reached the usual MBT N:C ratio (Zhang et al. 2015).

These studies suggest that while the onset of cell cycle asynchrony depends on
the N:C ratio, the SAC is acquired at an absolute time that is independent of N:C
ratio. However, they differ from earlier findings in egg extracts, which can activate
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the SAC and arrest in metaphase if enough sperm chromatin is added (Minshull
etal. 1994), implying that SAC acquisition is coupled to the N:C ratio. One explana-
tion for this result is that a threshold N:C ratio could trigger zygotic transcription,
leading to SAC acquisition indirectly by transcription of checkpoint components
that are not maternally supplied. However, work in zebrafish and Xenopus shows
that blocking transcription with a-amanitin in pre-MBT embryos does not abrogate
SAC acquisition at the MBT (Zhang et al. 2015; Newport and Kirschner 1982b).
Instead, the seemingly contradictory results may indicate that both a developmental
timer and increases in the N:C ratio contribute to SAC acquisition. Full activation of
the SAC relies on the generation of MCCs at kinetochores and diffusion throughout
the cytoplasm to inhibit the APC/C. Cleavage stage embryos may express as-yet
unidentified SAC inhibitors, or may not generate enough MCCs to overcome the
large cytoplasmic volume. A threshold concentration of DNA (and also kineto-
chores) may be required to generate enough active MCCs or to titrate a SAC inhibi-
tor. During normal development, when the number of kinetochores is fixed, a set
time may be required for the synthesis and accumulation of SAC proteins that
amplify signaling downstream from initial SAC activation at kinetochores. However,
the need for accumulation of these proteins could be bypassed if exogenous DNA is
added, providing large numbers of kinetochores to amplify SAC signaling.

9.2.6 Summary

A principal goal of the early embryo is to accumulate a large cell population in
preparation for gastrulation and the later stages of development. This feature is
especially important in oviparous organisms where embryonic development occurs
outside the mother and rapid embryonic development is a survival advantage. To do
so, cleavage-stage embryos have modified several facets of cell cycle regulation to
encourage rapid proliferation: cyclin/Cdk activities oscillate to achieve efficient cell
cycling and checkpoint function is sacrificed. It is not until the MBT that cell cycles
are remodeled to behave more like their somatic counterparts: cell cycles lengthen
dramatically, acquire checkpoints, and become asynchronous. Though these fea-
tures occur simultaneously, they are driven by various triggers, be it the N:C ratio,
absolute time post fertilization, or zygotic transcription.

9.3 Regulation of Zygotic Transcription in the Early Embryo

9.3.1 Changes in Transcription from Qocyte Maturation
Until Zygotic Gene Activation

During oogenesis, robust transcriptional activity generates maternal transcripts
essential for post-fertilization development. However, the maternal genome becomes
quiescent upon meiotic maturation and remains inactive after fertilization until
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zygotic genome activation (Table 9.1) (Wormington and Brown 1983; De La Fuente
and Eppig 2001; Bachvarova and Davidson 1966; Woodland and Gurdon 1969;
Newport and Kirschner 1982a). In Xenopus, large-scale zygotic transcription is not
activated until the 12th embryonic cleavage, approximately 67 h after fertilization
(Newport and Kirschner 1982a). In zebrafish, large-scale zygotic gene activation is
not observed until the tenth cleavage division (Kane and Kimmel 1993). In medaka,
large-scale zygotic transcription was reported to begin around division 11-12
(Aizawa et al. 2003). The major wave of zygotic transcription in mammals is
delayed from one to several days, depending on the species, and occurs after fewer
cell divisions than observed in nonmammalian vertebrates. In mice and rabbits, the
major wave of zygotic gene activation is established by the 2-cell stage, whereas in
cows, sheep, pigs, and humans, major zygotic transcription begins at the 4- to
16-cell stage (Telford et al. 1990; Li et al. 2013; Hamatani et al. 2004; Wang et al.
2004; Zeng and Schultz 2005; Flach et al. 1982; Tesarik et al. 1988; Sawicki et al.
1981; Park et al. 2013; Xue et al. 2013; Aoki et al. 1997).

While the time until zygotic gene activation varies between organisms, it is
highly reproducible in a given species (Table 9.1). Furthermore, most species that
delay large-scale ZGA nevertheless demonstrate an earlier, minor wave of zygotic
transcription (reviewed by Tadros and Lipshitz 2009; Baroux et al. 2008; Lee et al.
2014), consistent with mechanisms that both suppress early transcription and acti-
vate zygotic genes at the appropriate stage. The following sections review the evi-
dence that early embryos have the capacity for transcription despite global repression
of most zygotic genes and discuss the regulation of zygotic gene activation, includ-
ing potential mechanisms to regulate the timing of zygotic gene activation.

9.3.2 Transcriptional Repression in Pre-MBT Embryos

Despite the limited zygotic transcription after fertilization in vertebrates, the basal
transcriptional machinery is present in oocytes and early embryos of Xenopus and
other amphibians, zebrafish, mouse, and other mammals (Brown 2004; Veenstra
2002; Wiekowski et al. 1993; Li et al. 2013; Lee et al. 2014), as are multiple gene
specific transcription factors. These findings suggest that the low level of transcrip-
tion is due to a repressive mechanism that functions until the MBT/ZGA, as dis-
cussed further in Sect. 9.3.5.

For example, RNA polymerases (RNAP) I, II, and III are present in Xenopus
oocytes and eggs, which have served as an abundant source for purification of poly-
merases and preparation of extracts competent for transcription of exogenous tem-
plates (Roeder 1974a, b). Importantly, RNAPII is present in an active form in early
embryos. RNAPII is phosphorylated in a repeat sequence within the C-terminal
domain in manner that correlates with its initiating (serine-5 phosphorylated) and
elongating (serine-2 phosphorylated) state. In vivo, RNAPII phosphorylated at serine-
2 is detectable in cleavage-stage embryos, consistent with a low level of transcription
before the MBT. Although several studies reported that serine-2 phosphorylation
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decreases after fertilization and increases after the MBT, each of these studies
nevertheless identify elongating RNAPII with a serine-2 phosphorylation specific
antibody (HS) throughout pre-MBT stages (Palancade et al. 2001; Collart et al. 2009;
Blythe et al. 2010). Phosphorylated RNAPII is also detectable before the MBT in
zebrafish and increases steadily through the MBT (Zhang et al. 2014). This level of
serine-2 phosphorylated RNAPII is actually high relative to the amount of DNA tem-
plate in cleavage-stage embryos; while genome wide ChIP has not detected elongat-
ing RNAPII associated with chromatin before the MBT, the sensitivity of ChIP has so
far been limited by the low N:C ratio in early embryos (Lindeman et al. 2011; Akkers
et al. 2009; Vastenhouw et al. 2010).

Furthermore, oocyte and egg extracts are transcriptionally competent. Xenopus
egg extracts arrested in interphase will transcribe exogenous type III genes (Hartl
etal. 1993; Wolffe and Brown 1987; Almouzni et al. 1990, 1991; Toyoda and Wolffe
1992; Wolffe 1989; Amodeo et al. 2015). In Xenopus oocytes and eggs, injected
plasmids with type III promoters are transcribed transiently (Mertz and Gurdon
1977; Brown and Gurdon 1977; Newport and Kirschner 1982a; Prioleau et al. 1994;
Almouzni and Wolffe 1995). Furthermore, a type II promoter-reporter is active
throughout pre-MBT stages if an appropriate activator (GAL4-VP16) is present at
sufficient levels (Almouzni and Wolffe 1995). A plasmid reporter with an EFla
promoter injected into zebrafish is also transcribed before the MBT (Harvey et al.
2013). The regulation of type II and type III promoters before and after the MBT is
described in more detail below.

Mouse embryos are able to initiate transcription of exogenous templates —either
injected plasmids or paternal transgenes—during S phase of the first cell cycle in
the male pronucleus (Martinez-Salas et al. 1989; Ram and Schultz 1993; Wiekowski
et al. 1993). Endogenous RNAPII dependent transcription has also been detected at
the 1-cell stage (Bouniol et al. 1995; Aoki et al. 1997; Matsumoto et al. 1994),
including transcription of specific mRNAs Hsp70.1 and MuERV-L (Christians et al.
1995; Kigami et al. 2003; Latham et al. 1992). The presence of B2-microglobulin
protein expressed from the paternal allele by the 2-cell stage in mice also indicates
earlier transcription of this zygotic gene (Sawicki et al. 1981) (also see Hamatani
et al. 2004; Xue et al. 2013; Park et al. 2013).

9.3.3 Detection of Pre-MBT Transcription

One of the strongest arguments that pre-MBT embryos are competent for transcrip-
tion is the observation of RNAPII dependent transcription before the MBT. Although
large-scale zygotic transcription is delayed in embryos of most commonly studied
model organisms, a minor wave of pre-MBT zygotic transcription has been docu-
mented in several model organisms (Edgar and Schubiger 1986; Kimelman et al.
1987; Nakakura et al. 1987; Shiokawa et al. 1989; Yasuda and Schubiger 1992; Yang
et al. 2002; Heyn et al. 2014; Aoki et al. 1997; Liang et al. 2008; ten Bosch et al.
2006; De Renzis et al. 2007; Harrison et al. 2011; Tani et al. 2010; Kraeussling et al.
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2011). The finding of pre-MBT transcription was for many years only a footnote to
the study of ZGA, but over the past decade has been reinforced by functional studies,
advances in gene profiling methods, and the discovery of mechanisms that regulate
pre-MBT transcription in Drosophila, Xenopus, and zebrafish.

9.3.3.1 Metabolic Labeling

The initial work describing pre-MBT transcription of endogenous genes in Xenopus
used metabolic labeling of anonymous transcripts in dissociated blastomeres
(Nakakura et al. 1987) or in cleavage-arrested (coenocytic) embryos (Kimelman
et al. 1987), perturbations that may disrupt the normal regulation of transcription.
Indeed, Kimelman et al. noted “a generalized inhibition of pol II transcription in
coenocytic embryos” (Kimelman et al. 1987). Furthermore, Lund et al. showed that
perturbations that cause cleavage arrest reduce endogenous DNA content and impair
RNAP II dependent transcription of 4-8S RNAs (Lund and Dahlberg 1992). Thus,
measurements of RNAPII-dependent transcription in pre-MBT embryos may be
confounded by cleavage arrest. However, injection of [*?P]-UTP into otherwise
unperturbed, cleaving embryos demonstrated readily detectable new transcription
of heterogeneous, polyadenylated RNAs as early as the 128-cell stage, six divisions
before the canonical MBT (Yang et al. 2002; Nakakura et al. 1987). While some of
these early transcripts may have been mitochondrial RNAs, as observed in Lund
et al., they also included specific RNAP II dependent transcripts as described in the
next section.

Similarly, metabolic labeling in zebrafish embryos detects transcripts as early as
the 64-cell stage (see Fig. 9.2 for selected pre-MBT genes) (Heyn et al. 2014),
which is in contrast to the findings of Kane and Kimmel, who reported incorpora-
tion of labeled nucleotides at the tenth division (Kane and Kimmel 1993); these
differences may simply reflect the sensitivity of the respective detection methods.
Metabolic labeling in mouse was used to identify a minor wave of zygotic transcrip-
tion within the first 2 h of S-phase in 1-cell embryos (Aoki et al. 1997). Considerably
less is known about the onset of zygotic transcription or the presence of an MBT in
avians and reptiles, but recent staining for phosphorylated RNAPII in the chick sug-
gested that transcription begins during cleavage divisions at the seventh to eighth
division (64—128 cell stage) (Nagai et al. 2015). Similarly, zygotic mRNA synthesis
begins in quail during cleavage stages, while new rRNA transcription is delayed
until blastula stage (5000 cells) (Olszanska et al. 1984).

9.3.3.2 Identification of Specific Pre-MBT mRNAs

The first specific RNAPII dependent pre-MBT transcripts identified in vertebrate
embryos were the Xenopus nodal related genes Xnr5 and Xnr6, which were detected
as early as the 256-cell stage (Yang et al. 2002). Xnr5 and Xnr6 are multicopy genes
regulated by Wnt signaling and by the maternal T box transcription factor VegT
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Fig. 9.2 Selected zygotic genes expressed before the MBT in zebrafish. A subset of zygotic genes
transcribed before the MBT in zebrafish (Heyn et al. 2014), supported by at least one other study,
is shown. The fold-increase in expression at 256-cell (two cycles before MBT) and 512-cell stage
relative to 128-cell was calculated from RNA-seq data (Supplemental Table S1) in Heyn et al.
(Note that Heyn et al. presented expression data as log,[FPKM] whereas here we are showing fold-
change in expression (FPKM) relative to FPKM at 128-cell (not absolute expression) to indicate
the rapid increase in expression from the 128-cell stage onward). All genes were present at >10
FPKM by 256 or 512-cell stage (Heyn et al. 2014) and an increase in the detection of each of these
genes at the 256-cell and 512-cell stages was also evident in supplemental data reported by Harvey
et al. (2013). Within this set of genes, pre-MBT histone H3 lysine-4 trimethylation, generally
indicative of “active” promoters, was reported for dld, gadd45bb, kif4, foxd5, and irx7 and pre-
MBT zygotic transcription of irx7 was also demonstrated by RT-PCR (Lindeman et al. 2011).
Pre-MBT expression of bozozok (also known as dharma) was first identified by in situ hybridiza-
tion (Leung et al. 2003)

(Takahashi et al. 2000; Hilton et al. 2003). The pre-MBT expression of Xnr5/Xnr6
also requires Wnt signaling and VegT, is localized to early dorsal-vegetal blasto-
meres, and is inhibited by a-amanitin (Yang et al. 2002; Skirkanich et al. 2011). In
situ hybridization confirmed zygotic expression of Xnr5 in dorsal-vegetal blasto-
meres before the MBT (Takahashi et al. 2006). Furthermore, Yanai et al. using
microarrays reported a parallel increase in Xnr5 and Xnr6 expression between the
2-cell stage and the early to mid-blastula stage (stage 8) in X. laevis and X. tropicalis
(Yanai et al. 2011), and Collart et al. also identified Xnr5 and Xnr6 as pre-MBT
transcripts in X. tropicalis (Collart et al. 2014). Thus, Xnr5 and Xnr6 are transcribed
in a highly regulated manner before the MBT.

As discussed above, type II transcription can be sustained before the MBT if a
strong gene-specific activator is present. Thus, the zygotic expression of Xnr5/6
before the MBT may depend on maternal transcription factors that may in turn acti-
vate additional zygotic genes before the MBT. Xnr5/6 are direct targets of VegT
(Takahashi et al. 2000; Hilton et al. 2003), and other direct targets of VegT (Xanthos
et al. 2001), including mixer, bix4, derriere, and soxI7a are also newly transcribed
between the seventh and eighth cleavage divisions (Skirkanich et al. 2011). Each of
these zygotic transcripts was detected at the 256-cell stage and rose exponentially,
with an increase of approximately 2 orders of magnitude by the onset of the MBT. The
pre-MBT expression of these mesendodermal genes required RNAPII and maternal
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VegT (Skirkanich et al. 2011). Hence, multiple direct targets of VegT are initially
transcribed before the MBT in Xenopus laevis, consistent with gene-specific tran-
scription factor dependent expression before the MBT, as seen with exogenous
Gal4-VP16 (Almouzni and Wolffe 1995) in Xenopus and for endogenous genes in
Drosophila (e.g., Liang et al. 2008; ten Bosch et al. 2006; Harrison et al. 2011).

The microRNA miR-427 (Watanabe et al. 2005) is a homologue of zebrafish miR-
430 (Giraldez et al. 2006), and both of these miRNAs regulate maternal mRNA clear-
ance and nodal signaling (Choi et al. 2007; Rosa et al. 2009). The miR-427 cluster is
highly expressed before the MBT in X. laevis (Lund et al. 2009). The precursor form,
pre-miR-427, and the primary transcript pri-miR-427 are detectable by Northern blot
several hours before MBT (Lund et al. 2009) and an exponential increase in expres-
sion begins at the 64-cell stage based on qRT-PCT (Fig. 9.3a, Jing Yang, personal
communication). Pre-MBT transcription of miR-427 is RNAPII dependent, based on
a-amanitin sensitivity. Interestingly, mIR-427 targets Xnr5 and Xnr6b and regulates
mesendoderm development (Rosa et al. 2009). Inhibition of miR-427 with an antimir
reduces expression of nodal inducible genes and mesoderm development, mimicking
other inhibitors of nodal signaling. Although these effects on mesoderm development
were associated with miR-427 regulation of lefty, another TGF-f family member
(Rosa et al. 2009), the coincident pre-MBT expression of both miR-427, Xnr5/6, and
other regulators of mesendoderm induction is intriguing.

In zebrafish, miR-430 is also transcribed at a high level before the MBT, as early
as the 64-cell stage (Fig. 9.3b) (Heyn et al. 2014), strongly supporting a conserved
requirement for pre-MBT expression of this microRNA family. miR-430 transcrip-
tion is activated by the maternal transcription factors Nanog, Pou5f3 (closely related
to mammalian Oct4/Pou5f1 (Frankenberg et al. 2014)) and SoxB 1, which also con-
tribute to zygotic genome activation at the MBT (Lee et al. 2013b; Leichsenring
et al. 2013). The regulation of miR-430 by these factors is analogous to miR-309 in
Drosophila, which also regulates maternal mRNA clearance and is activated (by
Zelda) before the MBT (Blythe and Wieschaus 2015b; Biemar et al. 2005). Similar
to miR-427 in Xenopus, miR-430 interacts with nodall/squint and lefty to regulate
nodal signaling (Choi et al. 2007). miR-430 is also detectable by Northern blot
before the proposed MBT in medaka (Tani et al. 2010). In addition, expression of
the dorsal Wnt target gene bozozok (dharma) is detected in zebrafish before the
MBT by in situ hybridization (Leung et al. 2003) and by RNA-Seq (Heyn et al.
2014; Harvey et al. 2013; Lee et al. 2013b).

9.3.3.3 Pre-MBT Transcription Identified by Gene Profiling

Multiple gene profiling studies have been reported on early developmental stages in
Xenopus tropicalis, zebrafish, mouse, and other mammals. Most of the profiling studies
in Xenopus and zebrafish have confirmed pre-MBT transcription of multiple protein
coding genes and microRNAs. Interesting biological patterns emerge from interspecies
comparisons, including the robust early expression of microRNAs that regulate
degradation of maternal RNAs and early expression of nodal signaling components.
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Fig. 9.3 Zygotic expression of miR-427/430 during cleavage stage in Xenopus and zebrafish. (a)
Real-time RT-PCR analysis of pri-mir-427 at the indicated stages in Xenopus laevis. Data courtesy
of Dr. Jing Yang, University of Illinois, Urbana-Champagne. Pre-MBT expression of mir-427 was
first detected by Northern blot as shown by Lund et al. (2009). (b) RT-PCR analysis of pri-mir-430
and pri-mir-19a at the indicated stages in zebrafish, from Heyn et al. (2014) Supplemental data
(Fig. S4C), reprinted with permission from the authors and from Cell Press. “+” and “-” indicate
reaction products with and without reverse transcriptase (RT), respectively

Xenopus

Yanai et al. used custom microarrays to compare the temporal profiles for gene
expression in X. laevis and X. tropicalis (Yanai et al. 2011). While they were not
focused on gene expression changes during cleavage stages, they found multiple
genes that increase in abundance from the 2-cell stage to stage 8 (MBT is at stage
8.5), which likely includes pre-MBT transcripts. Although a caveat of this analysis
is that differences in signal could reflect changes in polyadenylation rather than
zygotic transcription (see below), they observe in both X. tropicalis and X. laevis an
increase at stage 8 in the VegT-regulated pre-MBT genes identified by Skirkanich
et al., consistent with a conserved mode of regulation for these pre-MBT genes.
Subsequent RNA-Seq analyses using more detailed temporal analysis of multi-
ple stages throughout cleavage stage development revealed additional type II
zygotic genes transcribed before the MBT in X. tropicalis. Collart et al. used both
oligo-dT primed and ribosome depleted RNA for libraries, and collected samples at
30 min intervals. They identified 960 RNAs that increased in apparent abundance



9 Cell Cycle Remodeling and Zygotic Gene Activation at the Midblastula Transition 463

during pre-MBT stages. The earliest increase in detectable mRNAs was due to
increased polyadenylation of 551 maternal RNAs. A second pool of 409 transcripts
appeared around the 128-cell stage and these were confirmed as newly transcribed
mRNAs. These included 113 transcription factors and 20 signaling molecules,
including nodal-related 5 and 6 (Xnr5 and Xnr6). They also assessed changes in a
subset of mRNAs independently of polyadenylation using a “nanostring counter”
(see Collart et al. 2014; Geiss et al. 2008) to confirm that the first wave of increased
transcript detection correlated with polyadenylation of maternal transcripts whereas
the second pre-MBT wave correlated strongly with new transcription. They inter-
preted their data as indicating that there is a gradual increase in zygotic transcription
as opposed to a distinct pre-MBT wave of transcription.

Paranjpe et al. also compared polyadenylated RNAs and ribosome depleted
RNAs, and found that, between stage 6 (32-cell) and late blastula, some genes are
activated early. However, pre-MBT transcription was not a focus of that work,
which only contained one pre-MBT time point (Paranjpe et al. 2013).

Tan et al. collected multiple cleavage stages through the 64-cell stage (stage 6),
stage 8, and post-MBT stages of X. tropicalis (Tan et al. 2013). They identified 150
genes that were upregulated by stage 6 (including the Oct4 ortholog Oct25); 24 %
of these genes were orthologous to genes whose detection also increased before the
MBT in zebrafish (Aanes et al. 2011). They used oligo-dT priming for cDNA syn-
thesis and library preparation, which does not distinguish changes in polyadenyl-
ation from new transcription. To address this issue, they performed qRT-PCR on
cDNA synthesized with random primers and validated pre-MBT expression of 13 of
the 20 genes sampled, indicating that 50-80 % of these (75-90 genes) are newly
transcribed before the MBT (Tan et al. 2013). The fact that they could detect zygotic
transcripts at the 64-cell stage suggests that these genes are robustly transcribed.
They did not examine embryos between the 64-cell stage and the MBT (a window
of six cell divisions), and therefore did not detect Xnr5, Xnr6, and other genes
known to be expressed during this pre-MBT window in X. tropicalis (Collart et al.
2014) and X. laevis (Skirkanich et al. 2011; Takahashi et al. 2006).

Zebrafish

An RNA-Seq analysis of staged zebrafish embryos detected 847 transcripts that
appeared before the MBT and were not present in oocyte RNA (Aanes et al. 2011;
Lindeman et al. 2011). This analysis was based on detection of polyadenylated tran-
scripts, making it difficult to distinguish new zygotic transcription from cytoplasmic
polyadenylation of maternal transcripts. The authors concluded that the increase in
pre-MBT reads reflected increased cytoplasmic polyadenylation of maternal RNAs
based on direct measurement of polyadenylation of 11 of these 847 mRNAs (Aanes
et al. 2011). However, this leaves open the possibility that some of the other 836
mRNAs are newly transcribed before the MBT. Indeed, in a follow-up publication,
one of nine genes selected for further analysis, irx7, was transcribed before the MBT
(Lindeman et al. 2011), as independently confirmed in two other RNA-Seq studies
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(Heyn et al. 2014; Harvey et al. 2013). Thus the RNAs detected during pre-MBT
stages in this study likely include both newly transcribed RNAs and maternal RNAs
that undergo cytoplasmic polyadenylation.

Metabolic labeling of nascent RNAs bypasses the concerns of changes in poly-
adenylation and also makes it possible to distinguish newly transcribed from mater-
nal RNAs. In an elegant analysis, Heyn et al. injected 4-thio-UTP into zebrafish
eggs and collected visually staged embryos at the 64-, 128-, and 512-cell stages, all
prior to MBT, followed by biotinylation and affinity purification of nascent RNAs.
They then performed RNA-Seq and found new zygotic transcription of 592 genes
between the 128 and 512-cell stages (a subset of these genes is shown in Fig. 9.2).
These were primarily type II genes encoding proteins (including klf4, the myc fam-
ily member myclla, the mix related factor mxtx2 (a regulator of nodal signaling),
one-eyed pinhead (oep), and, at a lower level, nodall/squint and FoxHI) and miR-
NAs (miR-430 and miR-19a). As described above zygotic transcription of miR-430
was detected by the 64-cell stage. They found that RNAs transcribed before MBT
tended to be short and/or with limited introns and suggested this population is
enriched for evolutionarily young genes. Although they found little similarity in the
population of early-transcribed genes when compared to Drosophila or mouse, the
pre-MBT expression of miR-430 and nodal signaling components provides striking
parallels to findings in Xenopus (discussed below).

As an alternative approach to distinguish new zygotic transcripts from maternal
RNAs in zebrafish, Harvey et al. used RNA-Seq to identify polymorphisms between
paternal and maternal alleles (Harvey et al. 2013), as described previously in mouse
(Sawicki et al. 1981; Xue et al. 2013) and medaka (Aizawa et al. 2003). Harvey
et al. collected embryos at 2-cell, 64-cell, and MBT, as well as post-MBT stages.
New zygotic transcripts, based on appearance of SNPs in paternal genes, were
reported as first detectable at the tenth division, the MBT in zebrafish as established
by Kane and Kimmel (1993) and analogous to the similar findings in medaka
(Aizawa et al. 2003). At first glance, this conclusion is at odds with Heyn et al.
(2014), Vesterlund et al. (2011), and Leung et al. (2003). However, the low fre-
quency (~25 %) of genes with distinguishing SNPs limits the sensitivity of their
approach: Heyn et al. (2014) detected 350 zygotically transcribed genes that lack
informative SNPs. Furthermore, Harvey et al. did not examine embryos between the
64-cell stage and MBT for paternal SNPs, when most pre-MBT genes are first tran-
scribed, and therefore cannot rule out zygotic transcription in this developmental
window. In fact, a separate analysis in that paper revealed multiple genes that
increase from the 128-cell stage through MBT. They did not apply SNP analysis or
other means to distinguish polyadenylation from new transcription for this group of
genes, but at least 20 genes that increase in detection before the MBT were identi-
fied as pre-MBT transcripts by Heyn et al. (Fig. 9.2), including miR-430 (Figs. 9.2
and 9.3b), which appears to increase dramatically before the MBT in both datasets
(as well as in Lee et al. 2013b). Thus, while the SNP analysis does not detect new
transcription at the 64-cell stage in zebrafish, compelling parallels between Heyn
et al. and Harvey et al. provide strong support for zygotic transcription between the
64-cell stage and the MBT.
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As another approach to identify zygotic transcripts in zebrafish, Lee et al.
performed RNA-Seq for intronic sequences, which also distinguishes new tran-
scripts from maternal RNAs. That comprehensive study focused on gene expression
after the canonical MBT (4 hpf) and did not examine stages between the 64-cell and
MBT (Lee et al. 2013b); their approach nevertheless identified a large number of
zygotic transcripts. A subset designated as “first wave” zygotic transcripts (still
transcribed when zygotic gene function is blocked), including miR-430, kif4b, nnr,
oep, blf, vent, her3, foxil, mxtx2, were also identified as pre-MBT transcripts by
Heyn et al. and some of these were also found to increase in detection before MBT
by Harvey et al. Lee et al. further showed that loss of Nanog, SoxB1, and/or Pou5f3
(which has also been referred to as Pouf5/1 or Oct4, see Frankenberg et al. 2014)
reduced the expression of “first-wave” genes, including multiple genes identified
before the MBT in the Heyn et al. study (e.g., miR-430, kif4, blf, vent, her3, foxil,
mxtx2, vox, foxa3, foxd3, and sox32) (Lee et al. 2013b; Leichsenring et al. 2013).
Consistent with this, Heyn et al. (2014) observed that 50 % of the pre-MBT genes
that they identified contained Pou-Sox binding sites. Thus the transcription of a
subset of “first zygotic wave” genes identified by Lee et al. may well begin between
the 64-cell stage and the MBT.

Mammals

Gene profiling in mouse has revealed multiple mRNAs that increase in abundance
in 1-cell mouse embryos (Xue et al. 2013; Park et al. 2013). Park et al. (2013) used
ribosome depleted RNA in their studies and identified ~600 genes that increased in
apparent expression in the 1-cell embryo. However, Abe have also found marked
promiscuous transcription of RNAs in the 1-cell mouse embryo, with transcription
of intergenic regions lacking clear promoters; these RNA species are low abundance
and of as yet uncertain significance (Abe et al. 2015). Gene profiling studies of the
maternal to zygotic transition have also been reported for various mammalian spe-
cies (as cited in Li et al. 2013: Hamatani et al. 2004; Zeng and Schultz 2005;
Misirlioglu et al. 2006; Sirard et al. 2005; Vallee et al. 2008; Wang et al. 2004;
Whitworth et al. 2005; Zeng et al. 2004).

9.3.3.4 Limitations in Detecting New Transcription Before the MBT

These studies provide informative resources on early gene expression and also illus-
trate some of the challenges inherent in analyzing new transcription in the early
embryo. Most importantly the sensitivity of detection methods is a critical issue,
especially when looking for new transcription over the background of a maternal
store of RNAs that is orders of magnitude higher than the RNA in a typical somatic
cell. This is especially true and underappreciated in RNA profiling approaches. Two
recent studies on the sensitivity and reproducibility of next generation sequencing
across multiple platforms (Li et al. 2014; SEQC/MAQC-III 2014) demonstrated that
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a substantial number of transcripts will be missed in somatic cell RNA at less than 1
billion mapped reads. Because of cost limitations, most RNA-Seq studies on staged
early embryos are based on 10—100 times fewer mapped reads per stage; these stud-
ies are informative about large scale changes in gene expression but not sufficiently
powered to rule out the expression of low abundance or undetected transcripts. As a
practical example, increasing sequencing depth to 1.5 billion reads identified numer-
ous new IncRNASs in early zebrafish not detected in earlier studies (Pauli et al. 2012).

Detecting new gene expression in early embryos is also complicated by highly
dynamic cytoplasmic polyadenylation and deadenylation of up to ~25 % of mRNAs
during early development (Dworkin et al. 1985; McGrew et al. 1989; Graindorge
et al. 2006; Paranjpe et al. 2013). Detection methods that depend on oligo-dT prim-
ing alone cannot distinguish between changes in polyadenylation of maternal RNAs
and changes in RNA abundance. This concern can be addressed using ribosome
depleted RNAs, metabolic labeling of nascent RNAs, sequencing of introns, identi-
fication of paternal polymorphisms, and/or validating by qRT-PCR using random-
primed cDNA, as in the above studies. However, in general, distinct transcriptomes
are represented in libraries prepared by polyA enrichment versus ribo-depletion,
with more low abundance genes detected using ribosome depletion compared to
oligo-dT priming (Li et al. 2014; SEQC/MAQC-III 2014).

Accurate staging of multicellular embryos is a potential concern, especially when
comparing stages close to the MBT and when comparing different clutches, different
rearing temperatures, or related but genetically distinct species (see Yanai et al.
2011; Harvey et al. 2013). For example, the first cell cycle in zebrafish is 45 min,
compared with 15 min cleavage cycles subsequently; therefore the use of natural
matings can introduce significant variation if staged samples are collected based on
time alone (Langley et al. 2014; Steven Harvey, personal communication). This con-
cern can be readily alleviated by using small numbers of embryos and visually stag-
ing embryos during cleavage stages, as clearly described (Heyn et al. 2014; Karla
Neugebauer, personal communication). In addition, several of the studies cited
above did not examine pre-MBT stages later than the 64-cell stage of zebrafish or
X. tropicalis, and therefore likely missed pre-MBT transcription detected by others
between early cleavage stages and the MBT.

9.3.4 Function of Pre-MBT Gene Expression

The above expression analyses demonstrate that new transcription before the MBT is
a conserved phenomenon in vertebrates (as in invertebrates) and suggest specific
groups of zygotic genes that regulate early developmental events may be similarly
regulated. However, many of these pre-MBT genes are initially present at low levels
of expression, and the concern that this represents transcriptional noise has been raised.
The evidence that early transcription is specifically regulated includes: (1) A limited
set of genes is reproducibly transcribed before the MBT; (2) pre-MBT transcription is
restricted to specific blastomeres for some genes (e.g., bozozok, Xnr5, Xnr6); (3)
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maternal transcription factors are required for transcription of type II genes before the
MBT; and (4) Pre-MBT genes regulate at least two fundamental biological processes
that occur near the MBT — turnover of maternal RNAs and mesendoderm induction.

The Nodal genes derriere, Xnr5, and Xnr6 are expressed well before the MBT in
Xenopus laevis (Yang et al. 2002; Blythe et al. 2010; Skirkanich et al. 2011;
Takahashi et al. 2006; Collart et al. 2014). Nodal signaling is essential for meso-
derm formation and, in coordination with dorsally localized Wnt/B-catenin activity,
establishes the dorsal-ventral axis of the embryo (Luxardi et al. 2010; Agius et al.
2000; Schier 2001; Xu et al. 2012; Schier and Talbot 2005). Nodal signaling is
active at or before the MBT, as determined by the presence of phosphorylated
Smad2, and pre-MBT expression of Xnr5 and Xnr6 are required for this activation
(Skirkanich et al. 2011; Schohl and Fagotto 2002; Faure et al. 2000; Lee et al. 2001).
Inhibition of Nodal signaling before the MBT abrogates mesoderm induction,
whereas inhibition after the MBT no longer blocks induction of mesodermal mark-
ers. Furthermore, activation of Nodal/Smad signaling before the MBT induces post-
MBT expression of mesodermal markers, whereas activation of Smad2 after MBT
no longer induces mesoderm markers. Taken together, these data demonstrate that
pre-MBT Nodal signaling, initiated by pre-MBT transcription of Xnr5 and Xnr6, is
required for patterning of the Xenopus embryo (Skirkanich et al. 2011).

MiR-430 in zebrafish and medaka and miR-427 in Xenopus are robustly expressed
before the MBT and are essential for the degradation of maternal mRNAs during the
maternal to zygotic transition. In Drosophila, the miR-309 cluster, which is activated
by Zelda and is also essential for clearance of maternal mRNAs, strongly recruits
RNAPII and is abundantly expressed at least two cycles before the MBT (Blythe and
Wieschaus 2015b; Biemar et al. 2005). Whether the expression of these microRNAs
specifically before the MBT is essential has not yet been tested, but their conserved
pre-MBT expression in widely divergent species is consistent with an important role
for their pre-MBT transcription in the maternal to zygotic transition. Furthermore,
miR-430 and miR-427 regulate mesendoderm development in zebrafish and Xenopus
(Choi et al. 2007; Rosa et al. 2009) and their early transcription is therefore consis-
tent with the early transcription of other mesendoderm regulators, such as Xnr5/6 in
Xenopus and nodall/squint, mxtx2, and other nodal pathway genes in zebrafish.

These findings reinforce the developmental significance of pre-MBT transcription in
Xenopus and zebrafish, as also reported in Drosophila (Liang et al. 2008; Harrison et al.
2010, 2011; Karr et al. 1985; Ali-Murthy et al. 2013; Biemar et al. 2005), and specifi-
cally underline the critical importance of early transcription of microRNAs that regulate
maternal mRNA clearance and of early transcriptional activation of nodal signaling.

9.3.5 Large Scale Genome Activation at the MBT

The large-scale increase in zygotic gene expression associated with the MBT is
firmly established in Xenopus and zebrafish. This has been documented by metabolic
labeling (Newport and Kirschner 1982a; Kane and Kimmel 1993; Kimelman et al.
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1987; Heyn et al. 2014; Yang et al. 2002) and gene profiling (Lee et al. 2014; Heyn
et al. 2014; Harvey et al. 2013; Aanes et al. 2011; Collart et al. 2014; Paranjpe et al.
2013; Tan et al. 2013). Lee identified >7000 genes that are transcribed at or near the
MBT in zebrafish, a majority of which were maternal genes not previously identi-
fied as transcribed again at the onset of large-scale zygotic transcription. A major
wave of transcription in the first few days of development has also been docu-
mented in diverse mammalian species (reviewed in Li et al. 2013; Latham and
Schultz 2001). The repression of transcription before MBT and activation at the
MBT is also illustrated by the activity of injected RNAPIII dependent reporters.

Tadros and Lipschitz have nicely summarized the onset of zygotic transcription
in diverse model organisms, and describe a minor wave of transcription that pre-
cedes the major wave, even in organisms that begin zygotic transcription early in
the developmental program, suggesting a requirement for limited transcription in
early development followed by large-scale changes required for the maternal to
zygotic transition (Tadros and Lipshitz 2005). While it has been suggested that the
minor wave might simply be a shoulder to, and part of, the major wave of transcrip-
tion at the MBT, the fact remains that genes dedicated to specific functions, e.g.,
microRNAs involved in maternal RNA degradation and signaling molecules
involved in mesendoderm development, are consistently transcribed 4-6 cell cycles
before the major wave of zygotic transcription in multiple organisms. This regula-
tion suggests that the minor and major waves of transcription are distinct in both
their regulation and their functions, as also seen in Drosophila (Liang et al. 2008;
ten Bosch et al. 2006; De Renzis et al. 2007).

How then is the major wave of transcription regulated? Specifically, how is the
onset of zygotic transcription coordinated with other events of the MBT and what are
the mechanisms of repression before pre-MBT or activation of large-scale expression
at the MBT? The timing of zygotic gene activation and the MBT in general has been
proposed to be coupled to the nucleus—cytoplasm (N:C) ratio or alternatively depen-
dent on a timer that is uncoupled from the N:C ratio. There is evidence for both
mechanisms in vertebrates as in Drosophila. The mechanisms for transcriptional
regulation before and after the MBT may reflect the absence of an activator that accu-
mulates or the presence of an inhibitor that is disengaged at the MBT. Again, there is
evidence for both mechanisms (Tadros and Lipshitz 2005; Blythe and Wieschaus
2015a; Lee et al. 2014; Langley et al. 2014; Farrell and O'Farrell 2014; Lu et al. 2009).

9.3.5.1 Mechanisms of Repression and the N:C Ratio

The evidence for a repressive factor that must be titrated out by the exponential
increase in zygotic DNA was elegantly and persuasively presented in the classical
work of Newport and Kirschner and supported by subsequent work in zebrafish
(Kane and Kimmel 1993) and Drosophila (Di Talia et al. 2013; Blythe and
Wieschaus 2015a; Lu et al. 2009; Edgar and Schubiger 1986). Those experiments
are summarized in Sect. 9.2, and here we only address the titration model with
respect to the control of zygotic transcription.
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At the time of Newport and Kirschner’s experiments, it was clear that Xenopus
embryos contain a large store of RNA polymerase that is active in extracts, suggest-
ing that the lack of transcription before the MBT is due to repression. To test this
hypothesis, Newport and Kirschner injected a yeast tRNA plasmid into cleavage-
arrested Xenopus eggs. The tRNA was initially transcribed but was silenced within
2-3 h and remained silent until the MBT. This suppression correlated with assembly
of the injected DNA into chromatin. As described for the onset of cell cycle asyn-
chrony, injection of nonspecific DNA at approximately the amount found in the
embryo at MBT caused premature activation of the yeast tRNA plasmid, as well as
some endogenous, small RNAs, consistent with a repressive mechanism, at least for
type III genes (Newport and Kirschner 1982b). In addition, Newport and Kirschner
showed that increasing DNA content by generating polyspermic embryos led to
transcription activation (of small RNAs) two cycles earlier than MBT in controls,
also consistent with the timing of transcription depending on the N:C or more pre-
cisely the DNA—cytoplasm ratio.

Prioleau found that the c-myc promoter could also be transiently activated if pre-
loaded with TATA binding protein (TBP) before injection (Prioleau et al. 1994). Similar
to type III genes described by Newport and Kirschner, this plasmid was also assembled
into chromatin and repressed before MBT, and coinjecting nonspecific DNA blocked
repression. TBP had to be preloaded on the plasmid; overexpression by injection of
TBP mRNA was insufficient to allow early expression of the reporter. These authors
proposed that assembly of exogenous DNA into chromatin prevents binding of activat-
ing factors and thereby restrains transcription until the MBT (Almouzni et al. 1990;
Newport and Kirschner 1982b; Prioleau et al. 1994; Amodeo et al. 2015).

Amodeo et al. (2015) further showed that histone H3 and H4 are titratable
inhibitors of transcription in the pre-MBT embryo. They used Xenopus egg
extracts to identify a threshold level of sperm chromatin needed to overcome an
inhibitor present in extracts and in embryos. As nonspecific DNA will titrate the
inhibitor, they assayed for removal of the inhibitor by DNA coated beads, then
performed biochemical fractionation to isolate inhibitory factors identified by
mass spec as histones H3 and H4. Purified H3/H4 inhibited transcription of sperm
chromatin in vitro; furthermore, overexpression of H3 suppressed and knockdown
of H3 accelerated the onset of RNAPIII dependent transcription in vivo. While
this biochemical tour-de-force provides strong support for the findings of Newport
and Kirschner, Prioleau et al., and Almouzni et al., who showed that addition of
H2A/H2B dimers also inhibited transcription in Xenopus extracts (Almouzni et al.
1990, 1991), it also raises new questions. It remains unclear how the reduced ratio
of core histones to DNA at the MBT results in gene specific activation; additional
regulation, such as nucleosome remodeling, changes in chromatin architecture or
attachment to the nuclear matrix, and posttranslational modification of core his-
tones, likely contribute to the control of zygotic transcription (comprehensively
reviewed in Bogdanovic et al. 2012; Veenstra 2002), as discussed further below.

The above work is consistent with the Newport and Kirschner hypothesis that
zygotic transcription at the MBT is determined by the N:C ratio, similar also to
findings in Drosophila. However, much of the work on transcription in early
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Xenopus and Drosophila has focused on type III transcription (Newport and
Kirschner 1982b; Almouzni et al. 1990; Amodeo et al. 2015; Brown 2004; Brown
and Gurdon 1977, 1978), and although Prioleau showed that the c-myc promoter is
also repressed before MBT, a different story emerged for the regulation of other
type II genes in cleavage stage Xenopus embryos. Increasing nonspecific DNA
content did not cause premature activation of exogenous Ul genes, which are
RNAPII dependent (Lund and Dahlberg 1992). Similarly, Almouzni and Wolffe
found that injection of nonspecific DNA does not activate a CMV promoter or other
type II genes (Almouzni and Wolffe 1995). Furthermore, an exogenous type II
promoter can be activated if the transactivator is also present: Expression of
GALA4-VP16 at sufficient levels drives a GAL4 dependent reporter throughout pre-
MBT stages, showing that the type II transcription apparatus is functional
(Almouzni and Wolffe 1995). Almouzni and Wolffe proposed that the suppression
of type II transcription is through a mechanism distinct from type III regulation,
and, in addition to regulation by nucleosome assembly, depends on the availability
of gene-specific transcription factors (as discussed in detail above for endogenous
genes in Xenopus and zebrafish).

Transcription During Short Cell Cycles

The notion that transcription is not compatible with the rapid cell cycles of cleavage
divisions has been proposed. According to this model, the high density of replica-
tion origins in cleavage stage embryos and the progress of the replication apparatus
disrupt transcription complexes and furthermore the short duration of S-phase limits
transcription to short RNAs. In this model, slowing of the cell cycle at the MBT
allows transcription.

In support of this model, treatment of Xenopus embryos with cycloheximide two
cycles before the MBT blocks progression into mitosis and causes premature acti-
vation of type III zygotic gene expression, despite the DNA content being fourfold
lower than MBT. Similar observations were made in Drosophila (Edgar and
Schubiger 1986). However, cycloheximide is a blunt instrument, and treatment at
earlier stages in either Xenopus or Drosophila has the opposite effect to block
zygotic transcription at MBT (Edgar and Schubiger 1986; Lund and Dahlberg 1992;
Blythe and Wieschaus 2015a; Lee et al. 2014; Sible et al. 1997).

Using a more targeted approach, Collart et al. showed that the replication factors
Cut5, RecQ4, Treslin, and Drfl become limiting for DNA replication as the N:C ratio
increases in Xenopus embryos (Collart et al. 2013), as also discussed above. They pro-
posed that the limited availability of these replication factors slows the cell cycle and
permits transcription at the MBT. Overexpression of the four factors delayed expression
for a subset of zygotic genes, consistent with these factors acting as repressors that are
titrated out as the N:C ratio approaches a critical value. While it remains possible that
overexpression of these factors impairs transcription of this subset of genes indepen-
dently of the effects on replication, these data nevertheless show a compelling correla-
tion between availability of the four replication factors and multiple events at the MBT.
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However, a simple model involving constraint from rapid DNA replication does
not take into account the following observations: (1) Sea urchins initiate large scale
zygotic transcription during early cleavage stages despite cleavage divisions as
rapid as Xenopus or zebrafish (Davidson 1986), and C. elegans similarly initiates
zygotic transcription during a period of rapid cell division, arguing that rapid DNA
replication alone is not sufficient to delay zygotic transcription. (2) Mammalian
embryos delay zygotic transcription for up to several days, despite their slow cell
cycles, implying the need for a distinct mechanism to delay zygotic gene activation
in mammals. (3) Transcription of endogenous genes is readily detectable during
early cleavage stages in Xenopus, zebrafish, medaka (Tani et al. 2010; Kraeussling
etal. 2011), and Drosophila and is essential for post-MBT development in Xenopus
and Drosophila. (4) Prolonging the cell cycle by activation of Chk1 before the MBT
in zebrafish embryos does not cause premature zygotic transcription (Zhang et al.
2014). Similarly, prolonging the cell cycle before the MBT does not enhance tran-
scription of exogenous type II genes in Xenopus (Almouzni and Wolffe 1995),
1-cell mouse embryos (Aoki et al. 1997), or Drosophila (inferred from normal tim-
ing of cellularization; McCleland and O'Farrell 2008). (5) Xenopus embryos defi-
cient for Wee-1 continue to undergo rapid cell cycles after the MBT, yet activate
zygotic transcription at the 12th division, similar to control embryos, demonstrating
(as in sea urchins) that slowing of the cell cycle is not required to activate transcrip-
tion (Murakami et al. 2004), and (6) Overexpression of the four DNA replication
factors described above extends rapid cell cycles beyond the 12th division (MBT),
and while the onset of transcription of some genes is delayed, a “large number” of
zygotic genes is still activated at the canonical MBT (Collart et al. 2013). These
observations argue that the restriction of zygotic transcription is not explained
solely by the constraints of rapid DNA replication. In fact, the converse appears to
be true in Drosophila, where recruitment of RNAPII drives DNA replication stall-
ing in early Drosophila embryos (Blythe and Wieschaus 2015b).

In contrast, transcription of most loci is suppressed during mitosis, although
some transcription factors remain associated with chromatin throughout mitosis
(Kadauke and Blobel 2013). If RNA polymerase moves at a rate of ~50—100 nt/s,
then a 10 min S-phase may limit synthesis of unprocessed RNAs to <60 kilobases.
Empirically, a bias toward short transcripts has been reported for pre-MBT genes in
zebrafish (Heyn et al. 2014) and Drosophila (Rothe et al. 1992; Shermoen and
O'Farrell 1991; De Renzis et al. 2007; Swinburne and Silver 2008).

DNA Methylation

Differential DNA methylation was at one time proposed as a mechanism to control
zygotic gene activation at the MBT (Stancheva and Meehan 2000). Knockdown of the
maintenance DNA methyltransferase, Dnmt1, reduces global 5-methylcytosine levels
and leads to precocious activation of a subset of zygotic genes in Xenopus (Ruzov
etal. 2004,2009; Dunican et al. 2008). However, knockdown does not alter methylation
patterns at the promoters of precociously expressed genes and a catalytically inactive
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form of Dnmtl restores normal timing of expression, indicating that transcriptional
repression by Dnmtl is not mediated by DNA methylation (Dunican et al. 2008).
These observations are consistent with the finding that global DNA methylation does
not change from pre-MBT to post-MBT stages (Veenstra 2002).

Zebrafish and mammalian embryos undergo global demethylation and remethyl-
ation after fertilization (Andersen et al. 2012, 2013; Potok et al. 2013). The inter-
play of DNA methylation and regulation of early gene expression in mouse embryos
has been thoroughly reviewed elsewhere (Plasschaert and Bartolomei 2014; Weaver
et al. 2009; Paranjpe and Veenstra 2015; Rivera and Ross 2013; Li et al. 2010,
2013). In zebrafish, DNA methylation reaches a nadir at the 64-cell stage and then
increases through the MBT. DNA methylation status mostly correlates with the time
of gene expression, with genes expressed at MBT typically being hypomethylated
and genes involved in later development being hypermethylated. Most promoters
maintain their respective states of methylation from pre-MBT to post-MBT stages,
although a minority undergoes dynamic changes in methylation (Andersen et al.
2012, 2013; Potok et al. 2013). Remarkably, the DNA methylation pattern in sperm
is highly similar to embryonic DNA at MBT, whereas the maternal DNA methyla-
tion pattern is reprogrammed during embryogenesis, suggesting that the methyla-
tion pattern in sperm could inform later patterns of gene expression in the embryo
(Potok et al. 2013).

N:C Volume Ratio

As discussed above, the N:C volume ratio also contributes to the timing of MBT,
including the onset of zygotic transcription (Jevtic and Levy 2015). Jevtic and Levy
increased nuclear volume by overexpressing importin-a and lamin B3 in one half of
Xenopus embryos and examined the onset of expression of GS17, an established
MBT marker (Krieg and Melton 1985; Harvey et al. 1986). In the injected halves,
GS17 was expressed well before the MBT in ~80 % of embryos, but not until the
MBT on the control side. Conversely, reducing nuclear volume by overexpression
of the reticulon family protein Rtn4a delayed the onset of GS17 expression. They
also observed increased pre-MBT expression of Xnr5, a known pre-MBT zygotic
transcript (Yang et al. 2002), when they increased nuclear volume, suggesting that
pre-MBT transcription may also be sensitive to the N:C volume ratio (Jevtic and
Levy 2015).

9.3.5.2 Activating Factors and an N:C Independent Timer

In addition to taking a foot off the brakes, the embryo may need to step on the accel-
erator. Accumulation of activating factors, for example by translation of maternal
mRNAs, may contribute to a developmental timer that functions independently of
the N:C ratio. Howe et al. described a developmental timer that coordinates cyclin
El degradation with the MBT (Howe and Newport 1996). Evidence for a translation
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coupled timer for the MBT is further supported by the observations in Xenopus and
zebrafish that cycloheximide exposure during early cleavage stages (as opposed to
treatment one or two cycles before MBT) blocks zygotic transcription, even when
nonspecific DNA is injected to match the expected concentration of DNA at the
MBT (Lund et al. 2009; Lee et al. 2014).

As discussed above, Nanog, Pou5f3, and SoxBI are required for zygotic gene
activation in zebrafish, and are in this sense analogous to Zelda in Drosophila.
Knockdown of all three genes causes lethality similar to treatment with a-amanitin
(Lee et al. 2013b). As these three factors are present as maternal mRNAs and are
translated prior to the MBT, their progressive accumulation could function as an
N:C independent timer. Notably, these factors are required for very early zygotic
expression of miR-430, and therefore for the regulation of maternal mRNA stability
as well as global gene activation at the MBT. Oct4 (Pou5f1) and Nanog have also
been implicated in the activation of zygotic gene expression at the two-cell stage in
mouse (Foygel et al. 2008; Tan et al. 2013). A similar role for pluripotency factors
has not yet been reported in the regulation of zygotic transcription in Xenopus.

TBP

As described above, TBP can facilitate the expression of exogenous reporter plas-
mids in cleavage stage Xenopus embryos, especially type III promoters. More gen-
erally, TBP is required for basal and active transcription and is considered an
essential component of the transcription complex (Hernandez 1993). TBP and
closely related factors are essential for embryonic development in Xenopus, zebraf-
ish, and C. elegans (reviewed in Lee et al. 2014; Bogdanovic et al. 2012; Veenstra
2002). TBP mRNA is present maternally but the protein is barely detectable in the
egg. Translation during cleavage stages leads to accumulation of TBP protein that
correlates with large-scale zygotic gene activation in frogs and mice, suggesting
new translation of TBP contributes to transcriptional activation at the MBT (Veenstra
etal. 1999; Bell and Scheer 1999; Bogdanovic et al. 2012; Veenstra 2002). Regulated
translation of maternal TBP mRNA during early development could therefore be a
component of an N:C independent timer for zygotic transcription at the MBT.

Smicl and RNAPII

Collart et al. reported an increase in C-terminal phosphorylation of RNAPII (at sites
associated with elongating RNAPII) at the MBT that was mediated by the Smad-
interacting CPSF 30-like factor (Smicl), which translocates from the cytoplasm to
the nucleus at the MBT in Xenopus. Knockdown of Smicl expression reduced the
expression of multiple genes at the MBT and delayed the degradation of several
maternal mRNAs (Collart et al. 2009), supporting the hypothesis that enhanced
nuclear translocation of Smicl and increased CTD phosphorylation of RNAPII
facilitates zygotic transcription at the MBT.



474 M. Zhang et al.
Geminin

Geminin is an unstable protein that inhibits the replication factor Cdtl to prevent a
second round of DNA replication during S-phase. Knockdown of Geminin or over-
expression of Cdtl in Xenopus embryos causes G2 arrest one cycle after the MBT
and markedly reduces expression of multiple genes normally expressed at the MBT,
but not expression of the pre-MBT zygotic transcripts for Xnr5 (Kerns et al. 2012).
These observations suggest that Geminin is essential specifically for zygotic tran-
scription at the MBT, but not before. However, Lim et al. (2011) found that Geminin
overexpression represses expression of lineage specific markers after the MBT and
knockdown (with a different morpholino than that used by Kerns et al.) enhanced
their expression. These two studies appear incompatible, and the reasons for these
differences are not clear.

9.3.6 Histone Modifications During Early Development

In addition to assembly of nucleosomes and DNA methylation, discussed above,
posttranslational modifications of histones that correlate with both activation and
repression are dynamic across development, from the gametes through zygotic
gene activation. The chromatin landscape through development has been compre-
hensively covered in authoritative reviews (Bogdanovic et al. 2012; Lee et al.
2014; Blythe and Wieschaus 2015a; Andersen et al. 2013), and is only touched on
briefly here.

Surveys of histone modifications during development in Xenopus and zebrafish
have revealed some shared general features and interesting differences. In general,
chromatin modifications precede gene expression in many cases, consistent with a
chromatin prepattern or poised chromatin state (Lindeman et al. 2011; Blythe et al.
2010; Potok et al. 2013). In general, the detection of both activating and repressive
marks increases during the blastula stage, although the time that these marks can
first be detected relative to the MBT depends on the sensitivity of the ChIP methods,
a critical issue in an early embryo that contains a limiting number of nuclei/chromo-
somal DNA within a large cytoplasmic volume, filled with abundant yolk proteins,
maternal RNAs, and free histones that may also carry posttranslational modifica-
tions (Shechter et al. 2009; Toyama et al. 2008).

Akkers et al. assessed genome-wide H3K4me3, H3K27me3, and RNAPII occu-
pancy in gastrula stage Xenopus tropicalis by ChIP-Seq and showed that presence
of both H3K4me3 and H3K27me was associated with genes that are transcribed in
a localized manner (Akkers et al. 2009); these marks were present on distinct
nucleosome populations, distinguishing them from bivalent marks described for
example in mouse embryonic stem cells. Using ChIP-PCR for a selected set of
developmental genes, they first detected H3K4me3 in post-MBT blastulae either
coincident with or preceding expression. H3K27me appeared later, at the gastrula
stage, and was predictive of localized expression. Examining a distinct set of
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genes, Blythe et al. detected H3K4me3, RNAPII recruitment, H3R8me?2a, and
specific transcription factor binding in X. laevis two cell cycles before the MBT at
both transcribed genes and nontranscribed, poised promoters (Blythe et al. 2010).
The establishment of poised chromatin architecture at dorsal specifying genes
before the MBT was required for localized expression and dorsal development
after the MBT, demonstrating an essential developmental function for pre-MBT
chromatin modifications.

An initial study in zebrafish used a microarray-based approach (ChIP-chip) to
survey chromatin marks in 31 Mb of the zebrafish genome; in contrast to findings in
X. tropicalis, they found that H3K4me3 and H3K27me3 were present within the
same population of nucleosomes, consistent with bivalent chromatin marks
(Vastenhouw et al. 2010). They were first able to detect H3K4me3 and H3K27me3
after the MBT. However, more sensitive methods in zebrafish subsequently detected
>1000 promoters with H3K4me3 before the MBT (256-cell), and fewer genes
marked with H3K27me3 (200) and H3K9me3 (500) (Lindeman et al. 2011).
Lindeman et al. detected chromatin marks as early as three cell cycles before the
MBT by western blot and immunofluorescence. Many of the genes containing
H3K4me3 lacked evidence of elongating RNAPII and were presumed to be poised,
non-expressed genes, although direct measurements demonstrated that a subset of
genes with pre-MBT H3K4me3 marks are in fact expressed before the MBT (see
above). Nevertheless, the prevalence of modified histones prior to the MBT at genes
that are mostly inactive suggested a chromatin prepattern that anticipates later
developmental gene expression.

The pattern of histone modifications at the MBT in zebrafish embryos was very
similar to the pattern in sperm, as also observed for DNA methylation (Potok et al.
2013), consistent with inheritance of a chromatin prepattern that may lay the tran-
scriptional groundwork for early development.

The regulation of zygotic gene activation by changes in chromatin architecture
has also been investigated in mammals, principally mouse, and is more thoroughly
reviewed elsewhere (Li et al. 2010, 2013). Maternal loss of Brgl, a core compo-
nent of Swi/Snf chromatin remodeling complexes, impairs activation of ~30 % of
zygotic genes, reduces H3K4 methylation, and causes peri-implantation lethality
in the mouse (Bultman et al. 2006). Similarly, overexpression in mouse oocytes of
a mutant form of histone H3.3 that cannot be methylated at lysine-4 (or knockdown
of the H3K4 methyltransferase M113/4) causes developmental arrest after fertiliza-
tion and impairs the minor wave of zygotic gene expression in the paternal pronu-
cleus (Aoshima et al. 2015). Loss of TIF1a (transcription intermediary factor la),
which is recruited to sites occupied by Brgl, also causes embryonic lethality at the
2-4 cell stage and disrupts activation of zygotic gene expression (Torres-Padilla
and Zernicka-Goetz 2006). Activation of zygotic genes depends on additional fac-
tors involved in chromatin or nuclear structure such as the PRC1 components
Ringl and Rnf2 (Posfai et al. 2012), CTCF (Wan et al. 2008), and nucleoplasmin 2
(Npm2) (Burns et al. 2003), the pluripotency factors Oct4 (Pou5f1) (Foygel et al.
2008) and Sox2 (Pan and Schultz 2011), as well as other factors, as cited by Li
et al. (2010, 2013).
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9.3.7 Summary

Vertebrate embryos delay the first major wave of zygotic transcription from hours to
days after fertilization, although the number of cell divisions until zygotic gene
activation varies. Large-scale changes in chromatin architecture appear to anticipate
and/or accompany these changes, although the timing and strategy for regulation of
gene expression may vary between organisms. The capacity for transcription exists
already in the egg, indicating that repressive mechanisms are programmed to delay
zygotic transcription. In oviparous species a repressive activity linked to chromatin
assembly is titrated out as the DNA content and/or nuclear volume increases relative
to the cytoplasm, but there is also evidence for N:C independent timing mechanisms
that may regulate zygotic gene activation, maternal RNA clearance, and cell cycle
remodeling. Recent work has identified specific mRNAs and microRNAs robustly
expressed before the MBT that are essential for critical developmental processes
that define the maternal to zygotic transition, including clearance of maternal RNAs
and activation of the earliest steps in germ layer formation. Whether expression of
these early RNAs depends on the N:C ratio or instead is regulated by an N:C inde-
pendent timer remains to be investigated.
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