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Simple Summary: Embryonic cells sense temporal gradients of regulatory signals to determine
whether and when to proceed or remodel the cell cycle. Such a control mechanism is allowed
to accurately link the cell cycle with the developmental program, including cell differentiation,
morphogenesis, and gene expression. The mid-blastula transition has been a paradigm for timing
in early embryogenesis in frog, fish, and fly, among others. It has been argued for decades now
if the events associated with the mid-blastula transition, i.e., the onset of zygotic gene expression,
remodeling of the cell cycle, and morphological changes, are determined by a control mechanism
or by absolute time. Recent studies indicate that multiple independent signals and mechanisms
contribute to the timing of these different processes. Here, we focus on the mechanisms for cell cycle
remodeling, specifically in Drosophila, which relies on gradual changes of the signal over time. We
discuss pathways for checkpoint activation, decay of Cdc25 protein levels, as well as depletion of
deoxyribonucleotide metabolites and histone proteins. The gradual changes of these signals are
linked to Cdk1 activity by readout mechanisms involving thresholds.

Abstract: Cell proliferation in early embryos by rapid cell cycles and its abrupt pause after a stereo-
typic number of divisions present an attractive system to study the timing mechanism in general
and its coordination with developmental progression. In animals with large eggs, such as Xenopus,
zebrafish, or Drosophila, 11–13 very fast and synchronous cycles are followed by a pause or slowdown
of the cell cycle. The stage when the cell cycle is remodeled falls together with changes in cell
behavior and activation of the zygotic genome and is often referred to as mid-blastula transition.
The number of fast embryonic cell cycles represents a clear and binary readout of timing. Several
factors controlling the cell cycle undergo dynamics and gradual changes in activity or concentration
and thus may serve as temporal gradients. Recent studies have revealed that the gradual loss of
Cdc25 protein, gradual depletion of free deoxyribonucleotide metabolites, or gradual depletion of
free histone proteins impinge on Cdk1 activity in a threshold-like manner. In this review, we will
highlight with a focus on Drosophila studies our current understanding and recent findings on the
generation and readout of these temporal gradients, as well as their position within the regulatory
network of the embryonic cell cycle.

Keywords: embryonic development; cell cycle remodeling; developmental timing; metabolism;
temporal gradient

1. Introduction

Animal embryonic development is well-orchestrated in time and in space. Being
composed of manifold diverse cellular and biochemical events, developmental transi-
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tions such as oocyte-to-embryo transition and maternal-to-zygotic transition are regulated
by multiple, sometimes independent signals [1–3], which add up to precise and robust
spatiotemporal regulation. With the advances of non-invasive imaging techniques, re-
searchers are able to directly follow molecular processes and relate them to the changing
morphological development in high temporal resolution [4–6]. Several often competing
models in various experimental systems have been posited to explain the timing of devel-
opmental events [2,7,8]. Nevertheless, our understanding of timing mechanisms is still far
from complete.

Embryogenesis starts with a sequence of rapid mitotic divisions, while actual growth
only starts afterward. For animals with large eggs, the early cell cycles are driven by
maternally supplied materials such as substrates and energy for DNA replication. The
substrates include deoxyribonucleotides (dNTPs), free histone proteins, and replication
factors, while the zygotic genome remains relatively quiescent [2,9]. After a species-specific
number of rapid and synchronous cleavage divisions, the cell cycle is remodeled as visible
by a prolonged and finally paused interphase together with a switch to a slow replication
mode and a loss of synchrony [1,10]. This specific change is referred to as mid-blastula
transition [2]. Concomitantly, zygotic factors gradually take over developmental control
and facilitate processive morphogenesis and differentiation. Given the binary readout, cell
cycle remodeling represents an excellent and sensitive assay for investigating the regulatory
mechanisms of developmental timing, since both the number and the length of rapid cell
cycles are on the one side easily tractable and on the other side tightly and sensitively
controlled by multiple molecular and cellular timers.

The long-standing debate about an absolute or regulated timer for cell cycle pause
during mid-blastula transition comes from the observation that the number of cycles
depends on the DNA content, i.e., the nuclear-cytoplasmic ratio (N:C ratio) [7,11–13]. The
egg contains a given amount of maternal cytoplasmic material, including RNAs, proteins,
and metabolites, which are deposited by the female during oogenesis. While the nuclear
DNA content is precisely doubled in each and every cycle, and the cytoplasm remains
constant, the N:C ratio increases stepwise and may serve as a timer. After passing a
threshold, N:C ratio may trigger subsequent developmental events. A central argument
supporting the model is the behavior of haploid embryos, which contain half of the DNA
content to start with and undergo one extra cycle before the pause. The N:C threshold is
reached only after one more round of DNA replication than in diploids [7,14]. The threshold
was precisely determined using aneuploid Drosophila embryos. Embryos with 76% to 124%
of DNA content undergo the normal number of 13 cycles, while embryos with less than
70% go through one extra division similar to haploids [15,16]. Further evidence is provided
by experimentally induced changes of the N:C ratio in Xenopus and zebrafish, leading
to corresponding precocious or delayed timing of the mid-blastula transition [11,17,18].
Based on these data, the number of mitoses prior to cell cycle remodeling may not depend
on an absolute time point but rather quantitatively depend on given DNA content.

Despite the simplicity of the concept, the N:C ratio comes with complications on the
molecular level, as the “cytoplasm” is not a constant but includes a series of changing pa-
rameters: effective volumes of cells, nuclei cytoplasm, nuclear composition, and chromatin
structure, to name some [19–21]. Furthermore, the N:C ratio does not only affect the cell
cycle but also other developmentally controlled processes, first of all, the onset of zygotic
transcription. The activation of the zygotic genome represents a key player in the timing
of cell cycle remodeling and mid-blastula transition. For instance, in Drosophila, zygotic
transcription acts upstream of cell cycle remodeling [15,22]. Less clear is the relation of N:C
ratio with zygotic transcription. While some zygotic genes respond to the N:C ratio, i.e.,
show a delayed onset in haploids, the majority of zygotic genes are indifferent to the N:C
ratio [23]. Moreover, some zygotic genes require a long interphase, i.e., they are dependent
on the remodeling and prolongation of the cell cycle [24–27]. Chromatin architecture and
accessibility, as well as the threshold size of cells, are the main factors for the onset of



Biology 2021, 10, 513 3 of 14

zygotic gene expression timing [20,28,29]. These observations clearly indicate that the N:C
ratio is certainly one but not the only key for the timing of the mid-blastula transition.

The central components of cell cycle machinery are largely conserved among model
organisms. Early embryonic cell cycles are driven by maternally provided cyclin:Cdk1
complex, whose catalytic activity determines the timing for the entry into mitosis [25,30–33].
Cyclin is synthesized in every S phase by maternally supplied mRNA and degraded in
mitosis through the ubiquitin pathway [34–36]. The activity of Cdk1 is post-translationally
regulated by an antagonistic pair of Wee1/Myt1 kinases and Cdc25 phosphatase, in which
the inhibitory phosphorylation of Cdk1 T14Y15 sites is timely removed by Cdc25 in each
cycle, inducing a high level of cyclin:Cdk1 activity and hence mitotic entry [3,37–39]. Cdk1
activity is inhibited by the activation of the DNA checkpoint, and Checkpoint kinase 1
(Chk1) is the main effector for embryonic cell cycle regulation [40].

Having stated this, we will in the following sections review molecularly defined
cell cycle regulators and pathways, including replication factors, metabolites, regulatory
enzymes, and free histones, some of which have been proposed to feed into the N:C
ratio [27,41–44]. Undergoing gradual changes, those factors and pathways represent
molecular clocks, which impinge on the Cdk1 activity, the central pacemaker of the cell
cycle, and thus on timely cell cycle remodeling. The gradual changes or temporal gradients
of those factors and pathways collaborate to precisely and robustly define a developmental
time frame.

2. Activity Gradient of Cell Cycle Checkpoint

The 13 rapid and synchronous nuclear divisions in Drosophila are composed of S
phase and M phase but lack gap phases and cytokinesis [45]. During the first 8 cycles,
S phases are extremely short—only four minutes—because of an extremely fast mode
of DNA replication [3,25,46]. Starting in cycle 11, when the number of nuclei reaches
2048, interphases gradually lengthen, reaching 21 min in cycle 13 before pausing in cycle
14. This lengthening depends on the DNA checkpoint with Chk1 (encoded by grapes in
Drosophila) as its central regulator. Grapes mutant embryos keep the fast cell cycle, undergo
additional cycles without any sign of the cell cycle mode change. They finally end up in a
so-called mitotic catastrophe, when incompletely replicated chromosomes are subjected
to mitosis [15,43,47]. Thus, both the number and the length of embryonic cell cycles are
governed by the DNA checkpoint activation and Chk1 kinase activity.

At least two factors underlie the gradual activation of the DNA checkpoint. Firstly,
gradually decreasing levels of dNTP metabolites become rate-limiting during rapid DNA
replication due to the exponentially increasing consumption. The limited amounts of
dNTP cause DNA replication stress and checkpoint activation [42]. This mechanism will
be discussed in detail in Section 4. Secondly, the awakening of the zygotic genome, as
seen by a gradual increase in RNA polymerase II activity, is associated with interference
between replication and transcription, which leads to DNA replication stress as indicated
by increased levels of single-stranded DNA and subsequent activation of the DNA check-
point [15,22]. Eventually, in interphase 14, when the number of cortical nuclei achieves
about 6000, the cell cycle switches to a slow replication mode, the DNA checkpoint is stably
activated, and a full G2 phase is added [1,3].

As mentioned briefly above, the DNA replication checkpoint is obviously activated
by global zygotic transcription during S phases in Drosophila embryonic cycles 13 and
14 [15,22]. The gradual activation correlates with de novo RNA Polymerase II recruitment
and the quantity of transcriptionally engaged loci [15,48]. Inhibition of RNA Polymerase
II by α-amanitin eliminates zygotic transcription and leads to an additional synchronous
mitotic division prior to the cell cycle remodeling. While mutation of pioneer transcription
factor zelda to reduce zygotic expression also shows an extra cell cycle, although with
lower penetrance, embryos require an input from the zygotic genome to pause cell cycle
progression [15,42,49–51]. One explanation is that the interference between ongoing DNA
replication and the initiation of zygotic transcription results in changes in DNA replication
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origin usage, poised RNA Polymerase II, and recruitment of the RPA complex, thus acti-
vates the replication checkpoint [15,52]. When inducing zygotic transcription precociously,
a subsequent premature cell cycle arrest takes place due to activation of the checkpoint
gene [22].

Similar to Drosophila, the DNA checkpoint also plays a central role in vertebrate
species with large eggs, such as Xenopus and zebrafish. Xenopus embryos undergo 12 fast
and synchronous cleavage cycles. The interphases gradually prolong by a slowdown of
DNA replication from cycle 9 onward and by gradually increasing replication stress and
DNA checkpoint activation [53,54]. The cell cycle is stably remodeled in cycles 13 to 15
by processive slowing DNA replication and the addition of full gap phases [13,55–58].
Replication factors play a major role in Xenopus checkpoint activation. Four specific
replication factors are maternally supplied in limiting amounts. The increasing number of
nuclei titrates those replication factors, which restricts the number of replication initiation
events and prolongs the S phase [41]. A comparable situation has been reported for
zebrafish embryos. S phase lengthening and gap phase introduction are observed in cycles
10 and 11, which are accompanied by DNA checkpoint activation [11,59,60]. Mammals
are quite different from oviparous animals in terms of their development pattern and
regulatory machinery. The early cycles of mouse embryos contain a G1 and a G2 phase,
presenting more canonical cell cycles [8,61,62].

3. Gradient of Cdc25/Twine Decay in Drosophila

The post-translational control of Cdc25 is a central mechanism in cell cycle remodeling.
Of the two Cdc25 homologs in Drosophila, Twine and String, Twine is functionally relevant
for cell cycle remodeling during the mid-blastula transition [38,49,63]. Whereas translation
and degradation of maternally provided RNA are kept in balance during the early cycles.
Twine’s half-life drops by an order of magnitude in interphase 14, which leads to a complete
loss of the Twine protein within 20 min [4,14,64,65]. Given the need for Cdc25 dependent
dephosphorylation at T14Y15, Cdk1 becomes inactive in interphase 14 with a corresponding
G2 pause. The concentration profile of the Twine protein has been established in detail by
Western blot with manually staged embryos and in live with a GFP-tagged Twine [4,64,66].
The half-life was determined with a switchable form, Twine-Dronpa [14]. More recently,
the in vivo profile with absolute concentration was measured by fluorescence fluctuation
analysis, which revealed nuclear concentrations from about 300 nM in interphase 11 to
about 150 nM at the onset of cellularization, and about 41 nM as the decisive threshold of
extra mitosis at 20 min of interphase 14 [4].

The gradual decline of Twine protein is sensed and transformed into a binary decision
by an auto-activation loop of Cdk1. Due to the positive feedback of Cdk1 on Cdc25/Twine,
Cdk1 becomes fully activated if Twine is above the threshold. As soon as Twine falls below
the threshold, Cdk1 will completely lose its activity. The time when Twine reaches the
threshold is determined by two parameters: (1) Starting level, i.e., Twine levels at the
onset of interphase 14, and (2) decay constant, i.e., the speed of Twine degradation during
interphase 14. Maternally provided Protein phosphatase V (PpV) ensures low steady-state
levels of Twine at the onset of interphase 14. In PpV mutants, Twine levels are on average
47% higher than in wild type. Twine reaches the threshold only later, even without a
changed half-life, and, consequently, 30–50% of the embryos reenter mitosis. In contrast,
the pseudokinase Tribbles, along with other factors, destabilizes Twine in interphase 14
without changing starting levels [4,14,64,67]. Tribbles is assumed to promote degradation
of Twine, directly or indirectly. The decay time of Twine protein increases from less than
10 min in wild type to 13.5 min in tribbles mutants. Given the slower degradation, Twine
reaches the threshold later, and, consequently, a small proportion of embryos undergo an
extra cycle [4,68–70]. The temporal dynamics of Twine protein provide timing information
to the embryo, and this input can be accurately sensed and responded to by the cells to
determine if and when to enter the next mitosis (Figure 1A).
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Figure 1. Temporal gradients of Twine protein and dNTP metabolites and their regulatory pathways. (A) Schematic
temporal dynamics and threshold of Twine protein. (B) Schematic temporal dynamics and threshold of dNTP metabolites.
NC, nuclear cycle. Critical time for readout indicates the time window when levels of Twine protein and dNTP metabolites
reach the threshold to determine the mitotic entry.

Besides tribbles, other specific zygotic genes are also involved in Cdk1 inactivation. For
instance, Frühstart functions to inhibit mitotic entry via binding to the hydrophobic patch
of CyclinA and thus suppress cyclin:Cdk1 activity. Acting as a molecular clock, Frühstart
begins transcription immediately after mitosis 13, and its transcription is also dependent
on the N:C ratio [23,68,71,72]. In terms of the cell cycle length, the S phase is prolonged by
the introduction of delays in the replication of satellite sequences, which are composed of
the blocks of repetitive DNA on the genome [25,65]. Replication repressors Rif1 and Cdc7
compose a replication timer for the satellite sequences and thus prolong the S phase in
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cycle 14 [73]. Moreover, in Xenopus, activating subunit for the Cdc7 kinase Drf1 contributes
to the slowing of the S phase by Chk1 inhibition during cycle 13 [74].

4. Temporal Gradient of dNTP Metabolites

After fertilization, translational and metabolic pathways are activated, whereas the
zygotic genome transcription is initially silent. Cytoplasmic nutrients, including catabolites
used for energy production and anabolites used for biosynthesis (catabolism), provide
nucleotides for RNA and DNA synthesis. The role of metabolic regulation has been
little studied in controlling developmental progression thus far, but several recent reports
point to an instrumental role in developmental decision and timing. With the advent of
sensitive and suitable assays, dynamic profiles of many metabolites can now be measured,
including gradual changes of dNTP metabolites and their role in the timing of the cell
cycle. During synchronous cell cycles in early embryos, the demand for dNTPs doubles
in every cycle. In principle, dNTPs are provided from two sources: (1) the maternal pool
loaded during oogenesis and (2) de novo biosynthesis within the embryo after fertilization.
Precise measurements revealed a gradual drop in dNTP concentrations [42]. Thus, the
concentration profiles of dNTP or derivatives provide timing information, which impinges
on cell cycle regulation via the DNA checkpoint.

In Drosophila and Xenopus embryos, dNTP metabolites are involved in activating the
DNA checkpoint and in lengthening the cell cycle [41,42,75–77]. Measurements of dNTP
content show that the maternal pool suffices for only a limited number of embryonic cycles.
Specifically, after 11 rounds of the cleavage division, the Drosophila embryo contains 2048
nuclei, which correspond to incorporation into DNA of about 1.5 million dNTP per second
and nucleus. The maternal pool comprises about 1.2 pmol of dCTP, 0.8 pmol of dATP, and
1.2 pmol of dTTP, which suffices for about 2700 diploid genomes. This number is reached
after 12 cycles, which is one less than the actual number of nuclear cycles, indicating the
need for de novo biosynthesis in the embryo [42]. Similarly, the maternal dNTP content in
Xenopus embryos suffices for 11 cycles post-fertilization, which is also one cycle less than
the normal number of cleavage cycles [78,79].

Embryos produce free dNTPs by themselves to compensate for the incorporation
into DNA. A key enzyme for the regulation of dNTP synthesis is ribonucleotide reductase
(RNR), which converts NDP to dNDP, and is allosterically regulated by feedback from the
dNTP products. Synthesis of dNTP can be inhibited by the RNR inhibitor, hydroxyurea.
The functional role of the maternal pool can be revealed by hydroxyurea treatment, which
inhibits RNR in the embryo and thus de novo biosynthesis. Such embryos exclusively
contain dNTPs from the female. Xenopus and Drosophila embryos treated with hydroxyurea
prematurely arrest cell cycle progression and prolong the S phase, consistent with the
maternal dNTP content [42,54,76,79]. Besides chemical inhibition of de novo biosynthesis,
genetic aberration of the Drosophila metabolic enzyme serine hydroxymethyl transferase
(SHMT), which is required for the single carbon (C1) metabolism and synthesis of dTMP,
leads to a developmental arrest in interphase 13 [80]. Co-injection of dNTPs to hydroxyurea
treated embryos or injecting dTTP to SHMT mutant embryos leads to timely cell cycle
remodeling as in wild type, indicating that indeed limiting dNTP amounts cause DNA
checkpoint activation due to replication stress, and thus the corresponding precocious cell
cycle pause [42,76,79] (Figure 1B). The mechanism of dNTP-induced cell cycle arrest is
dependent on Grapes/Chk1 but independent of Twine, since Twine is still present when
the precocious arrest occurs [80]. In Xenopus, the increasing N:C ratio causes limitation of
the replication factors, increasing inter-origin distance and promoting S phase elongation.
The increased inter-origin distance, together with dNTP depletion, leads to activation of
Chk1, resulting in further cell cycle arrest [41,81].

In addition to dNTPs, other metabolites are also found to be crucial during early
embryogenesis. Energy cost has been found to be tightly associated with cell cycle timing
in developing zebrafish embryos [6]. The activity of cyclin:Cdk1 complex by repeated
rounds of phosphorylation and dephosphorylation through Wee1 and Cdc25 consumes
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the majority of energy produced in the early embryo, imposing accurate and robust time
information for the developmental cell cycle [6]. Consistently, the computational model
of energy cost in Drosophila embryogenesis shows that the polymerization of protein,
RNA, and DNA requires only less than 10% of the total ATPs, suggesting that embryos
use even more energy to maintain the stereotypical developmental order and timing
than for the major biosynthetic processes [82]. Studies from mammals revealed other
mechanisms linking metabolic and timing control. For instance, TCA cycle enzymes are
required for the production of acetyl groups, which are essential for histone modifications
during embryonic genome activation. Thus, pyruvate-dependent nuclear transport of TCA
enzymes corresponds to the timing of genome activation in mammalian embryos [83]. TCA
is also necessary for cell cycle control of early C. elegans embryos, as down-regulation of
TCA induces cell cycle arrest at the one-cell stage [84]. Precise temporal profiles will reveal
whether and how those metabolites are potentially involved in the timing of the cell cycle
and developmental transitions.

5. Temporal Gradient of Free Histone Proteins

DNA is always present as chromatin within a cell. Linked with DNA synthesis,
histone proteins assemble with naked DNA into nucleosomes and chromatin. Similar
to dNTPs, the demand for histone and chromatin proteins doubles with every cycle.
Histones are maternally provided or newly translated within the embryo [85]. Non-DNA-
bound histones are gradually depleted with the progression of the embryonic cell cycles,
given the limited capacity for de novo translation. As a basic chromatin component,
histones and correspondingly nucleosomes can impinge on transcription by changing
global chromatin states [86]. Observations from Xenopus and zebrafish embryos show that
histones generally act as transcription repressors, in that histone proteins compete with
transcription factors for the binding of critical regulatory elements, and excess histones
above a threshold concentration repress the transcriptional activation prior to the maternal-
to-zygotic transition [87–91]. Gradually decreasing excess histones may associate with
gradually increasing zygotic transcription.

In Drosophila, the maternal pool of histones is sufficient to complete the first 14 em-
bryonic cleavage cycles, while zygotic histone production is required for the progression
of following cell divisions [92,93]. A reduced supply of maternal histones H2B and H3
extends the S phase of cycle 12 and leads to a precocious pause in cycle 13, one cycle earlier
than the wild type. Conversely, excess histone H2B (90%) leads to accelerated cycles 13 and
14 and an extra cycle 15 in 10% of the embryos [94]. Interestingly, a replication-independent
isoform of histone H3, H3.3, replaces histone H3 on chromatin during the early cell cycles
concomitant with zygotic transcription [95].

Recent studies in Drosophila embryos investigated the mechanism for how histone
protein levels impinge on cell cycle control without chromatin incorporation and challenged
the model of indirect control via inhibition of zygotic transcription. In addition to the
antagonism of nucleosomes and transcription, excess free histone H3 directly inhibits
Chk1 kinase activity and Cdc25. The nuclear concentration of non-DNA-bound histone
H3 decreases with each cycle, and that can regulate the cell cycle without chromatin
incorporation [44,95]. Excess histone H3 competitively inhibits Chk1 kinase activity, and
thus high levels of non-DNA-bound histone H3 suppress DNA checkpoint activation and
promote cell cycle progression [44]. Therefore, histones play as signaling molecules for
developmental timing independent of chromatin incorporation. The graded availability of
histones in response to the increasing N:C ratio contributes to the timing of both cell cycle
remodeling and zygotic transcription.

6. Time Scales and Readout of the Gradients

Multiple factors and pathways contribute to the timing of the processes during early
embryonic development on different time scales. On the one hand, the exponentially
growing DNA content represents an obvious timer on the larger scale, which is read out by



Biology 2021, 10, 513 8 of 14

binding replication factors, histones, and consumption of dNTP metabolites. These factors
feed into the DNA checkpoint pathway [41,42,44]. The levels of these factors are determined
by a balance of a fixed maternal contribution and of embryonic de novo biosynthesis.
For example, a maternally provided dNTP pool does not suffice for all embryonic cell
cycles, and thus embryonic de novo biosynthesis is required for completion of the fast
cycles [75,79]. On the other hand, other timing mechanisms function on the smaller time
scale of a single cycle. The graded decay of Cdc25/Twine provides precise timing within
the last cycle. The Cdc25/Twine timer is triggered by the activation of zygotic transcription
and less so on DNA replication cycles, and is fine-tuned by multiple factors such as speed
of decay and starting levels [14]. Temporal gradients of these regulators are accurately
read by embryonic cells through multiple molecular and metabolic pathways [96]. In pace
with the process of early embryogenesis, several critical thresholds of titrated maternal
molecular clocks are reached, together determining the timing of entry into mitosis through
particular downstream pathways (Figure 2).
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The readout of the gradients involves, in each case, a positive feedback loop to yield a
binary result, unambiguously and irreversibly. The positive feedback mechanisms can act
indirectly involving transcription or by direct post-translational modifications to control
enzymatic activity. For example, Drosophila zygotic transcription induces Twine down-
regulation and Chk1 activation thus inhibits Cdk1 and prolongs S phases, which as a
consequence promotes transcription (Figure 3A). In Xenopus, Cdc25 activates Cdk1 and is
activated by Cdk1, forming a positive feedback loop. Similarly, the kinases Wee1/Myt1
phosphorylate T14Y15 sites of Cdk1 and thereby inactivate it, and Wee1/Myt1 can also
be inactivated by Cdk1, forming a double-negative feedback loop similar to the positive
feedback loop. These positive and double-negative feedback loops constitute a bistable
trigger [97] (Figure 3B). In general, the intrinsically timed developmental events are initiated
by thresholds reached molecular clocks, and once determined, they are ensured by multiple
mechanisms of positive feedback loops to complete.
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7. Local Response of the Gradients

The early embryonic cycles are characterized by a striking degree of synchrony, despite
the physical size of some eggs in the millimeter scale. In syncytial Drosophila embryos,
coordination can be achieved chemically via diffusible factors, thus that a “cell” is forced to
behave like its neighbors. In early zebrafish embryos, cell-cell communication is maintained
through persistent bridge connections that allow cells to coordinate their behavior [98].
Small differences in timing on a larger length scale become visible as division waves or
cytoplasmic flows [99,100]. Such pseudo-synchrony may even have a function, as it allows
overshooting spindles to ensure full chromatin segregation, for example [101]. Embryos
undergoing extra mitotic division prior to cell cycle remodeling often appear only partially
and incompletely, showing patched surfaces on the embryos. The timing information
provided maternally and zygotically to early embryos is a global input, meaning the
synchronization at early cell cycles should be maintained if all the cells share the same
mitotic enter thresholds. Some inter-nuclear or inter-cellular signaling pathways ensure
coherent behavior across all nuclei via communication among neighboring cells [16]. When
a group of individual cells in response to temporal gradients reaches the mitotic threshold
locally while the neighboring cells do not, they may enter the next mitosis and result in a
patched embryo. Although active Cdk1 or its activators serve such a mechanism, additional
factors may also contribute. Histone proteins and metabolites are able to diffuse and will
balance differences in concentration among neighboring cells.

The demonstration that local temporal gradients acting as a molecular clock might
indeed determine the mitotic entry raises the possibility that corresponding mechanisms
may be present and control the timing of other developmental events and stage transitions.
How local embryonic cells sense the temporal gradients accurately is still an open question
that needs to be addressed in future studies. In any case, a prerequisite is robust temporal
profiling of the central components by non-invasive assays with high spatiotemporal
resolution. Recent advances in genetic and cellular approaches may help us further uncover
the dynamics of temporal gradients and their regulatory pathways [5,102].

8. Conclusions and Perspectives

The early embryonic cell cycle machinery is conserved among many species, despite
their diversity. For instance, in accordance with the evidence from Drosophila, cell cycle
arrest is promoted by global zygotic transcription, and vice versa, progressively extending S
phases facilitate the activation of zygotic transcription [15,22,24,27]. Consistently, the model
in Xenopus implicates that elongating the early cycles promotes zygotic expression since
longer S phase could set the pace of more transcription [41,53,103]. In contrast, however, the
DNA damage checkpoint is independent of zygotic transcription in zebrafish since blocking
cell cycle lengthening prior to the remodeling does not affect zygotic genome activation
timing [60]. Mechanisms for the temporal coordination of cell cycle remodeling and the
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onset of zygotic expression appear not to be conserved. A convincing unifying model for
the relation of zygotic transcription and cell cycle control across and within species has not
been achieved yet. Recent findings on temporal gradients of Cdc25, dNTP metabolites, and
histone proteins associated checkpoint activation and thus Cdk1 activity reveal the timing
mechanism in early embryonic development and may also share a conserved regulatory
role in Drosophila and other model organisms.

Author Contributions: Conceptualization: B.L. and J.G.; writing—original draft preparation: B.L.
and J.G.; writing—review and editing: B.L., H.Z., K.W. and J.G.; visualization: B.L. and J.G. All
authors have read and agreed to the published version of the manuscript.

Funding: The work was funded by the National Natural Science Foundation of China (81871168)
and Deutsche Forschungsgemeinschaft [DFG, GR1945/3-1, GR1945/15-1 and equipment grant INST
160/718-1 FUGG].

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: The authors thank the FlyBase, NCBI, and the Bloomington Drosophila Stock
Center for the resources.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Liu, B.; Grosshans, J. Link of Zygotic Genome Activation and Cell Cycle Control. Methods Mol. Biol. 2017, 1605, 11–30.

[CrossRef]
2. Vastenhouw, N.L.; Cao, W.X.; Lipshitz, H.D. The maternal-to-zygotic transition revisited. Development 2019, 146, dev161471.

[CrossRef]
3. Farrell, J.A.; O’Farrell, P.H. From egg to gastrula: How the cell cycle is remodeled during the Drosophila mid-blastula transition.

Annu. Rev. Genet. 2014, 48, 269–294. [CrossRef]
4. Liu, B.; Gregor, I.; Muller, H.A.; Grosshans, J. Fluorescence fluctuation analysis reveals PpV dependent Cdc25 protein dynamics

in living embryos. PLoS Genet. 2020, 16, e1008735. [CrossRef]
5. Li, L.; Zhu, S.; Shu, W.; Guo, Y.; Guan, Y.; Zeng, J.; Wang, H.; Han, L.; Zhang, J.; Liu, X.; et al. Characterization of Metabolic

Patterns in Mouse Oocytes during Meiotic Maturation. Mol. Cell 2020, 80, 525–540.e9. [CrossRef] [PubMed]
6. Rodenfels, J.; Neugebauer, K.M.; Howard, J. Heat Oscillations Driven by the Embryonic Cell Cycle Reveal the Energetic Costs of

Signaling. Dev. Cell 2020, 53, 492. [CrossRef]
7. Edgar, B.A.; Kiehle, C.P.; Schubiger, G. Cell cycle control by the nucleo-cytoplasmic ratio in early Drosophila development. Cell

1986, 44, 365–372. [CrossRef]
8. O’Farrell, P.H.; Stumpff, J.; Su, T.T. Embryonic cleavage cycles: How is a mouse like a fly? Curr. Biol. 2004, 14, R35–R45. [CrossRef]

[PubMed]
9. Blythe, S.A.; Wieschaus, E.F. Coordinating Cell Cycle Remodeling with Transcriptional Activation at the Drosophila MBT. Curr.

Top. Dev. Biol. 2015, 113, 113–148. [CrossRef] [PubMed]
10. Yuan, K.; Seller, C.A.; Shermoen, A.W.; O’Farrell, P.H. Timing the Drosophila Mid-Blastula Transition: A Cell Cycle-Centered View.

Trends Genet. 2016, 32, 496–507. [CrossRef]
11. Kane, D.A.; Kimmel, C.B. The zebrafish midblastula transition. Development 1993, 119, 447–456. [CrossRef] [PubMed]
12. Newport, J.; Kirschner, M. A major developmental transition in early Xenopus embryos: II. Control of the onset of transcription.

Cell 1982, 30, 687–696. [CrossRef]
13. Newport, J.; Kirschner, M. A major developmental transition in early Xenopus embryos: I. characterization and timing of cellular

changes at the midblastula stage. Cell 1982, 30, 675–686. [CrossRef]
14. Di Talia, S.; She, R.; Blythe, S.A.; Lu, X.; Zhang, Q.F.; Wieschaus, E.F. Posttranslational control of Cdc25 degradation terminates

Drosophila’s early cell-cycle program. Curr. Biol. 2013, 23, 127–132. [CrossRef] [PubMed]
15. Blythe, S.A.; Wieschaus, E.F. Zygotic genome activation triggers the DNA replication checkpoint at the midblastula transition.

Cell 2015, 160, 1169–1181. [CrossRef]
16. Lu, X.; Drocco, J.; Wieschaus, E.F. Cell cycle regulation via inter-nuclear communication during the early embryonic development

of Drosophila melanogaster. Cell Cycle 2010, 9, 2908–2910. [CrossRef] [PubMed]
17. Murphy, C.M.; Michael, W.M. Control of DNA replication by the nucleus/cytoplasm ratio in Xenopus. J. Biol. Chem. 2013, 288,

29382–29393. [CrossRef]

http://doi.org/10.1007/978-1-4939-6988-3_2
http://doi.org/10.1242/dev.161471
http://doi.org/10.1146/annurev-genet-111212-133531
http://doi.org/10.1371/journal.pgen.1008735
http://doi.org/10.1016/j.molcel.2020.09.022
http://www.ncbi.nlm.nih.gov/pubmed/33068521
http://doi.org/10.1016/j.devcel.2020.04.023
http://doi.org/10.1016/0092-8674(86)90771-3
http://doi.org/10.1016/j.cub.2003.12.022
http://www.ncbi.nlm.nih.gov/pubmed/14711435
http://doi.org/10.1016/bs.ctdb.2015.06.002
http://www.ncbi.nlm.nih.gov/pubmed/26358872
http://doi.org/10.1016/j.tig.2016.05.006
http://doi.org/10.1242/dev.119.2.447
http://www.ncbi.nlm.nih.gov/pubmed/8287796
http://doi.org/10.1016/0092-8674(82)90273-2
http://doi.org/10.1016/0092-8674(82)90272-0
http://doi.org/10.1016/j.cub.2012.11.029
http://www.ncbi.nlm.nih.gov/pubmed/23290553
http://doi.org/10.1016/j.cell.2015.01.050
http://doi.org/10.4161/cc.9.14.12357
http://www.ncbi.nlm.nih.gov/pubmed/20647771
http://doi.org/10.1074/jbc.M113.499012


Biology 2021, 10, 513 11 of 14

18. Jevtic, P.; Levy, D.L. Nuclear size scaling during Xenopus early development contributes to midblastula transition timing. Curr.
Biol. 2015, 25, 45–52. [CrossRef]

19. Reisser, M.; Palmer, A.; Popp, A.P.; Jahn, C.; Weidinger, G.; Gebhardt, J.C.M. Single-molecule imaging correlates decreasing
nuclear volume with increasing TF-chromatin associations during zebrafish development. Nat. Commun. 2018, 9, 5218.
[CrossRef]

20. Chen, H.; Einstein, L.C.; Little, S.C.; Good, M.C. Spatiotemporal Patterning of Zygotic Genome Activation in a Model Vertebrate
Embryo. Dev. Cell 2019, 49, 852–866.e7. [CrossRef]

21. Gentsch, G.E.; Owens, N.D.L.; Smith, J.C. The Spatiotemporal Control of Zygotic Genome Activation. iScience 2019, 16, 485–498.
[CrossRef]

22. Sung, H.W.; Spangenberg, S.; Vogt, N.; Grosshans, J. Number of nuclear divisions in the Drosophila blastoderm controlled by
onset of zygotic transcription. Curr. Biol. 2013, 23, 133–138. [CrossRef]

23. Syed, S.; Wilky, H.; Raimundo, J.; Lim, B.; Amodeo, A.A. The nuclear to cytoplasmic ratio directly regulates zygotic transcription
in Drosophila through multiple modalities. Proc. Natl. Acad. Sci. USA 2021, 118, e2010210118. [CrossRef]

24. Strong, I.J.T.; Lei, X.; Chen, F.; Yuan, K.; O’Farrell, P.H. Interphase-arrested Drosophila embryos activate zygotic gene expression
and initiate mid-blastula transition events at a low nuclear-cytoplasmic ratio. PLoS Biol. 2020, 18, e3000891. [CrossRef]

25. Shermoen, A.W.; McCleland, M.L.; O’Farrell, P.H. Developmental control of late replication and S phase length. Curr. Biol. 2010,
20, 2067–2077. [CrossRef]

26. Rothe, M.; Pehl, M.; Taubert, H.; Jackle, H. Loss of gene function through rapid mitotic cycles in the Drosophila embryo. Nature
1992, 359, 156–159. [CrossRef]

27. Djabrayan, N.J.; Smits, C.M.; Krajnc, M.; Stern, T.; Yamada, S.; Lemon, W.C.; Keller, P.J.; Rushlow, C.A.; Shvartsman, S.Y. Metabolic
Regulation of Developmental Cell Cycles and Zygotic Transcription. Curr. Biol. 2019, 29, 1193–1198.e5. [CrossRef]

28. Blythe, S.A.; Wieschaus, E.F. Establishment and maintenance of heritable chromatin structure during early Drosophila embryogen-
esis. eLife 2016, 5, e20148. [CrossRef] [PubMed]

29. Hug, C.B.; Grimaldi, A.G.; Kruse, K.; Vaquerizas, J.M. Chromatin Architecture Emerges during Zygotic Genome Activation
Independent of Transcription. Cell 2017, 169, 216–228.e19. [CrossRef] [PubMed]

30. McCleland, M.L.; O’Farrell, P.H. RNAi of mitotic cyclins in Drosophila uncouples the nuclear and centrosome cycle. Curr. Biol.
2008, 18, 245–254. [CrossRef] [PubMed]

31. Lehner, C.F.; O’Farrell, P.H. The roles of Drosophila cyclins A and B in mitotic control. Cell 1990, 61, 535–547. [CrossRef]
32. Edgar, B.A.; O’Farrell, P.H. The three postblastoderm cell cycles of Drosophila embryogenesis are regulated in G2 by string. Cell

1990, 62, 469–480. [CrossRef]
33. Lee, L.A.; Orr-Weaver, T.L. Regulation of cell cycles in Drosophila development: Intrinsic and extrinsic cues. Annu. Rev. Genet.

2003, 37, 545–578. [CrossRef]
34. Edgar, B.A.; Sprenger, F.; Duronio, R.J.; Leopold, P.; O’Farrell, P.H. Distinct molecular mechanism regulate cell cycle timing at

successive stages of Drosophila embryogenesis. Genes Dev. 1994, 8, 440–452. [CrossRef] [PubMed]
35. Yuan, K.; O’Farrell, P.H. Cyclin B3 is a mitotic cyclin that promotes the metaphase-anaphase transition. Curr. Biol. 2015, 25,

811–816. [CrossRef]
36. Glotzer, M.; Murray, A.W.; Kirschner, M.W. Cyclin is degraded by the ubiquitin pathway. Nature 1991, 349, 132–138. [CrossRef]

[PubMed]
37. Stumpff, J.; Duncan, T.; Homola, E.; Campbell, S.D.; Su, T.T. Drosophila Wee1 kinase regulates Cdk1 and mitotic entry during

embryogenesis. Curr. Biol. 2004, 14, 2143–2148. [CrossRef]
38. Edgar, B.A.; O’Farrell, P.H. Genetic control of cell division patterns in the Drosophila embryo. Cell 1989, 57, 177–187.

[CrossRef]
39. Price, D.; Rabinovitch, S.; O’Farrell, P.H.; Campbell, S.D. Drosophila wee1 has an essential role in the nuclear divisions of early

embryogenesis. Genetics 2000, 155, 159–166. [CrossRef]
40. Morgan, D.O. The Cell Cycle: Principles of Control; New Science Press in Association with Oxford University Press: London, UK,

2006; p. 297.
41. Collart, C.; Allen, G.E.; Bradshaw, C.R.; Smith, J.C.; Zegerman, P. Titration of four replication factors is essential for the Xenopus

laevis midblastula transition. Science 2013, 341, 893–896. [CrossRef]
42. Liu, B.; Winkler, F.; Herde, M.; Witte, C.P.; Grosshans, J. A Link between Deoxyribonucleotide Metabolites and Embryonic

Cell-Cycle Control. Curr. Biol. 2019, 29, 1187–1192.e3. [CrossRef]
43. Sibon, O.C.; Stevenson, V.A.; Theurkauf, W.E. DNA-replication checkpoint control at the Drosophila midblastula transition. Nature

1997, 388, 93–97. [CrossRef]
44. Shindo, Y.; Amodeo, A.A. Excess histone H3 is a competitive Chk1 inhibitor that controls cell-cycle remodeling in the early

Drosophila embryo. Curr. Biol. 2021. [CrossRef] [PubMed]
45. Foe, V.E.; Alberts, B.M. Studies of nuclear and cytoplasmic behaviour during the five mitotic cycles that precede gastrulation in

Drosophila embryogenesis. J. Cell Sci. 1983, 61, 31–70. [CrossRef] [PubMed]
46. Blumenthal, A.B.; Kriegstein, H.J.; Hogness, D.S. The units of DNA replication in Drosophila melanogaster chromosomes. Cold

Spring Harb. Symp. Quant. Biol. 1974, 38, 205–223. [CrossRef]

http://doi.org/10.1016/j.cub.2014.10.051
http://doi.org/10.1038/s41467-018-07731-8
http://doi.org/10.1016/j.devcel.2019.05.036
http://doi.org/10.1016/j.isci.2019.06.013
http://doi.org/10.1016/j.cub.2012.12.013
http://doi.org/10.1073/pnas.2010210118
http://doi.org/10.1371/journal.pbio.3000891
http://doi.org/10.1016/j.cub.2010.10.021
http://doi.org/10.1038/359156a0
http://doi.org/10.1016/j.cub.2019.02.028
http://doi.org/10.7554/eLife.20148
http://www.ncbi.nlm.nih.gov/pubmed/27879204
http://doi.org/10.1016/j.cell.2017.03.024
http://www.ncbi.nlm.nih.gov/pubmed/28388407
http://doi.org/10.1016/j.cub.2008.01.041
http://www.ncbi.nlm.nih.gov/pubmed/18291653
http://doi.org/10.1016/0092-8674(90)90535-M
http://doi.org/10.1016/0092-8674(90)90012-4
http://doi.org/10.1146/annurev.genet.37.110801.143149
http://doi.org/10.1101/gad.8.4.440
http://www.ncbi.nlm.nih.gov/pubmed/7510257
http://doi.org/10.1016/j.cub.2015.01.053
http://doi.org/10.1038/349132a0
http://www.ncbi.nlm.nih.gov/pubmed/1846030
http://doi.org/10.1016/j.cub.2004.11.050
http://doi.org/10.1016/0092-8674(89)90183-9
http://doi.org/10.1093/genetics/155.1.159
http://doi.org/10.1126/science.1241530
http://doi.org/10.1016/j.cub.2019.02.021
http://doi.org/10.1038/40439
http://doi.org/10.1016/j.cub.2021.03.035
http://www.ncbi.nlm.nih.gov/pubmed/33848457
http://doi.org/10.1242/jcs.61.1.31
http://www.ncbi.nlm.nih.gov/pubmed/6411748
http://doi.org/10.1101/SQB.1974.038.01.024


Biology 2021, 10, 513 12 of 14

47. Fogarty, P.; Campbell, S.D.; Abu-Shumays, R.; Phalle, B.S.; Yu, K.R.; Uy, G.L.; Goldberg, M.L.; Sullivan, W. The Drosophila grapes
gene is related to checkpoint gene chk1/rad27 and is required for late syncytial division fidelity. Curr. Biol. 1997, 7, 418–426.
[CrossRef]

48. Deneke, V.E.; Melbinger, A.; Vergassola, M.; Di Talia, S. Waves of Cdk1 Activity in S Phase Synchronize the Cell Cycle in Drosophila
Embryos. Dev. Cell 2016, 38, 399–412. [CrossRef] [PubMed]

49. Edgar, B.A.; Datar, S.A. Zygotic degradation of two maternal Cdc25 mRNAs terminates Drosophila’s early cell cycle program.
Genes Dev. 1996, 10, 1966–1977. [CrossRef] [PubMed]

50. Hamm, D.C.; Bondra, E.R.; Harrison, M.M. Transcriptional activation is a conserved feature of the early embryonic factor Zelda
that requires a cluster of four zinc fingers for DNA binding and a low-complexity activation domain. J. Biol. Chem. 2015, 290,
3508–3518. [CrossRef] [PubMed]

51. Staudt, N.; Fellert, S.; Chung, H.R.; Jackle, H.; Vorbruggen, G. Mutations of the Drosophila zinc finger-encoding gene vielfaltig
impair mitotic cell divisions and cause improper chromosome segregation. Mol. Biol. Cell 2006, 17, 2356–2365. [CrossRef]
[PubMed]

52. Chen, K.; Johnston, J.; Shao, W.; Meier, S.; Staber, C.; Zeitlinger, J. A global change in RNA polymerase II pausing during the
Drosophila midblastula transition. eLife 2013, 2, e00861. [CrossRef]

53. Kimelman, D.; Kirschner, M.; Scherson, T. The events of the midblastula transition in Xenopus are regulated by changes in the cell
cycle. Cell 1987, 48, 399–407. [CrossRef]

54. Newport, J.; Dasso, M. On the coupling between DNA replication and mitosis. J. Cell Sci. Suppl. 1989, 12, 149–160. [CrossRef]
55. Gerhart, J.; Wu, M.; Kirschner, M. Cell cycle dynamics of an M-phase-specific cytoplasmic factor in Xenopus laevis oocytes and

eggs. J. Cell Biol. 1984, 98, 1247–1255. [CrossRef]
56. Newport, J.W.; Kirschner, M.W. Regulation of the cell cycle during early Xenopus development. Cell 1984, 37, 731–742. [CrossRef]
57. Frederick, D.L.; Andrews, M.T. Cell cycle remodeling requires cell-cell interactions in developing Xenopus embryos. J. Exp. Zool.

1994, 270, 410–416. [CrossRef]
58. Petrus, M.J.; Wilhelm, D.E.; Murakami, M.; Kappas, N.C.; Carter, A.D.; Wroble, B.N.; Sible, J.C. Altered expression of Chk1

disrupts cell cycle remodeling at the midblastula transition in Xenopus laevis embryos. Cell Cycle 2004, 3, 212–217. [CrossRef]
[PubMed]

59. Zamir, E.; Kam, Z.; Yarden, A. Transcription-dependent induction of G1 phase during the zebra fish midblastula transition. Mol.
Cell. Biol. 1997, 17, 529–536. [CrossRef] [PubMed]

60. Zhang, M.; Kothari, P.; Mullins, M.; Lampson, M.A. Regulation of zygotic genome activation and DNA damage checkpoint
acquisition at the mid-blastula transition. Cell Cycle 2014, 13, 3828–3838. [CrossRef] [PubMed]

61. Fulka, J., Jr.; First, N.L.; Fulka, J.; Moor, R.M. Checkpoint control of the G2/M phase transition during the first mitotic cycle in
mammalian eggs. Hum. Reprod. 1999, 14, 1582–1587. [CrossRef]

62. Kubiak, J.Z.; Ciemerych, M.A. Cell cycle regulation in early mouse embryos. Novartis Found. Symp. 2001, 237, 79–89, discussion
89–99. [CrossRef]

63. Alphey, L.; Jimenez, J.; White-Cooper, H.; Dawson, I.; Nurse, P.; Glover, D.M. twine, a cdc25 homolog that functions in the male
and female germline of Drosophila. Cell 1992, 69, 977–988. [CrossRef]

64. Farrell, J.A.; O’Farrell, P.H. Mechanism and regulation of Cdc25/Twine protein destruction in embryonic cell-cycle remodeling.
Curr. Biol. 2013, 23, 118–126. [CrossRef] [PubMed]

65. Farrell, J.A.; Shermoen, A.W.; Yuan, K.; O’Farrell, P.H. Embryonic onset of late replication requires Cdc25 down-regulation. Genes
Dev. 2012, 26, 714–725. [CrossRef] [PubMed]

66. Di Talia, S.; Wieschaus, E.F. Short-term integration of Cdc25 dynamics controls mitotic entry during Drosophila gastrulation. Dev.
Cell 2012, 22, 763–774. [CrossRef]

67. Liu, B.; Sung, H.W.; Grosshans, J. Multiple Functions of the Essential Gene PpV in Drosophila Early Development. G3 (Bethesda)
2019, 9, 3583–3593. [CrossRef]

68. Grosshans, J.; Wieschaus, E. A genetic link between morphogenesis and cell division during formation of the ventral furrow in
Drosophila. Cell 2000, 101, 523–531. [CrossRef]

69. Seher, T.C.; Leptin, M. Tribbles, a cell-cycle brake that coordinates proliferation and morphogenesis during Drosophila gastrulation.
Curr. Biol. 2000, 10, 623–629. [CrossRef]

70. Lu, X.; Li, J.M.; Elemento, O.; Tavazoie, S.; Wieschaus, E.F. Coupling of zygotic transcription to mitotic control at the Drosophila
mid-blastula transition. Development 2009, 136, 2101–2110. [CrossRef]

71. Grosshans, J.; Muller, H.A.; Wieschaus, E. Control of cleavage cycles in Drosophila embryos by fruhstart. Dev. Cell 2003, 5, 285–294.
[CrossRef]

72. Gawlinski, P.; Nikolay, R.; Goursot, C.; Lawo, S.; Chaurasia, B.; Herz, H.M.; Kussler-Schneider, Y.; Ruppert, T.; Mayer, M.;
Grosshans, J. The Drosophila mitotic inhibitor Fruhstart specifically binds to the hydrophobic patch of cyclins. EMBO Rep. 2007, 8,
490–496. [CrossRef]

73. Seller, C.A.; O’Farrell, P.H. Rif1 prolongs the embryonic S phase at the Drosophila mid-blastula transition. PLoS Biol. 2018, 16,
e2005687. [CrossRef]

74. Collart, C.; Smith, J.C.; Zegerman, P. Chk1 Inhibition of the Replication Factor Drf1 Guarantees Cell-Cycle Elongation at the
Xenopus laevis Mid-blastula Transition. Dev. Cell 2017, 42, 82–96.e3. [CrossRef] [PubMed]

http://doi.org/10.1016/S0960-9822(06)00189-8
http://doi.org/10.1016/j.devcel.2016.07.023
http://www.ncbi.nlm.nih.gov/pubmed/27554859
http://doi.org/10.1101/gad.10.15.1966
http://www.ncbi.nlm.nih.gov/pubmed/8756353
http://doi.org/10.1074/jbc.M114.602292
http://www.ncbi.nlm.nih.gov/pubmed/25538246
http://doi.org/10.1091/mbc.e05-11-1056
http://www.ncbi.nlm.nih.gov/pubmed/16525017
http://doi.org/10.7554/eLife.00861
http://doi.org/10.1016/0092-8674(87)90191-7
http://doi.org/10.1242/jcs.1989.Supplement_12.13
http://doi.org/10.1083/jcb.98.4.1247
http://doi.org/10.1016/0092-8674(84)90409-4
http://doi.org/10.1002/jez.1402700411
http://doi.org/10.4161/cc.3.2.647
http://www.ncbi.nlm.nih.gov/pubmed/14712091
http://doi.org/10.1128/MCB.17.2.529
http://www.ncbi.nlm.nih.gov/pubmed/9001205
http://doi.org/10.4161/15384101.2014.967066
http://www.ncbi.nlm.nih.gov/pubmed/25558827
http://doi.org/10.1093/humrep/14.6.1582
http://doi.org/10.1002/0470846666.ch7
http://doi.org/10.1016/0092-8674(92)90616-K
http://doi.org/10.1016/j.cub.2012.11.036
http://www.ncbi.nlm.nih.gov/pubmed/23290551
http://doi.org/10.1101/gad.186429.111
http://www.ncbi.nlm.nih.gov/pubmed/22431511
http://doi.org/10.1016/j.devcel.2012.01.019
http://doi.org/10.1534/g3.119.400662
http://doi.org/10.1016/S0092-8674(00)80862-4
http://doi.org/10.1016/S0960-9822(00)00502-9
http://doi.org/10.1242/dev.034421
http://doi.org/10.1016/S1534-5807(03)00208-9
http://doi.org/10.1038/sj.embor.7400948
http://doi.org/10.1371/journal.pbio.2005687
http://doi.org/10.1016/j.devcel.2017.06.010
http://www.ncbi.nlm.nih.gov/pubmed/28697335


Biology 2021, 10, 513 13 of 14

75. Liu, B.; Grosshans, J. The role of dNTP metabolites in control of the embryonic cell cycle. Cell Cycle 2019, 18, 2817–2827. [CrossRef]
[PubMed]

76. Song, Y.; Marmion, R.A.; Park, J.O.; Biswas, D.; Rabinowitz, J.D.; Shvartsman, S.Y. Dynamic Control of dNTP Synthesis in Early
Embryos. Dev. Cell 2017, 42, 301–308.e3. [CrossRef] [PubMed]

77. An, P.N.; Yamaguchi, M.; Bamba, T.; Fukusaki, E. Metabolome analysis of Drosophila melanogaster during embryogenesis. PLoS
ONE 2014, 9, e99519. [CrossRef] [PubMed]

78. Woodland, H.R.; Pestell, R.Q. Determination of the nucleoside triphosphate contents of eggs and oocytes of Xenopus laevis.
Biochem. J. 1972, 127, 597–605. [CrossRef]

79. Vastag, L.; Jorgensen, P.; Peshkin, L.; Wei, R.; Rabinowitz, J.D.; Kirschner, M.W. Remodeling of the metabolome during early frog
development. PLoS ONE 2011, 6, e16881. [CrossRef]

80. Winkler, F.; Kriebel, M.; Clever, M.; Groning, S.; Grosshans, J. Essential Function of the Serine Hydroxymethyl Transferase (SHMT)
Gene During Rapid Syncytial Cell Cycles in Drosophila. G3 (Bethesda) 2017, 7, 2305–2314. [CrossRef]

81. Conn, C.W.; Lewellyn, A.L.; Maller, J.L. The DNA damage checkpoint in embryonic cell cycles is dependent on the DNA-to-
cytoplasmic ratio. Dev. Cell 2004, 7, 275–281. [CrossRef]

82. Song, Y.; Park, J.O.; Tanner, L.; Nagano, Y.; Rabinowitz, J.D.; Shvartsman, S.Y. Energy budget of Drosophila embryogenesis. Curr.
Biol. 2019, 29, R566–R567. [CrossRef] [PubMed]

83. Nagaraj, R.; Sharpley, M.S.; Chi, F.; Braas, D.; Zhou, Y.; Kim, R.; Clark, A.T.; Banerjee, U. Nuclear Localization of Mitochondrial
TCA Cycle Enzymes as a Critical Step in Mammalian Zygotic Genome Activation. Cell 2017, 168, 210–223.e11. [CrossRef]

84. Rahman, M.M.; Rosu, S.; Joseph-Strauss, D.; Cohen-Fix, O. Down-regulation of tricarboxylic acid (TCA) cycle genes blocks
progression through the first mitotic division in Caenorhabditis elegans embryos. Proc. Natl. Acad. Sci. USA 2014, 111, 2602–2607.
[CrossRef] [PubMed]

85. Marzluff, W.F.; Wagner, E.J.; Duronio, R.J. Metabolism and regulation of canonical histone mRNAs: Life without a poly(A) tail.
Nat. Rev. Genet. 2008, 9, 843–854. [CrossRef]

86. Palfy, M.; Joseph, S.R.; Vastenhouw, N.L. The timing of zygotic genome activation. Curr. Opin. Genet. Dev. 2017, 43, 53–60.
[CrossRef]

87. Almouzni, G.; Wolffe, A.P. Constraints on transcriptional activator function contribute to transcriptional quiescence during early
Xenopus embryogenesis. EMBO J. 1995, 14, 1752–1765. [CrossRef] [PubMed]

88. Lindeman, L.C.; Andersen, I.S.; Reiner, A.H.; Li, N.; Aanes, H.; Ostrup, O.; Winata, C.; Mathavan, S.; Muller, F.; Alestrom, P.;
et al. Prepatterning of developmental gene expression by modified histones before zygotic genome activation. Dev. Cell 2011, 21,
993–1004. [CrossRef]

89. Amodeo, A.A.; Jukam, D.; Straight, A.F.; Skotheim, J.M. Histone titration against the genome sets the DNA-to-cytoplasm
threshold for the Xenopus midblastula transition. Proc. Natl. Acad. Sci. USA 2015, 112, E1086–E1095. [CrossRef]

90. Joseph, S.R.; Palfy, M.; Hilbert, L.; Kumar, M.; Karschau, J.; Zaburdaev, V.; Shevchenko, A.; Vastenhouw, N.L. Competition
between histone and transcription factor binding regulates the onset of transcription in zebrafish embryos. eLife 2017, 6, e23326.
[CrossRef]

91. Abrams, E.W.; Fuentes, R.; Marlow, F.L.; Kobayashi, M.; Zhang, H.; Lu, S.; Kapp, L.; Joseph, S.R.; Kugath, A.; Gupta, T.; et al.
Molecular genetics of maternally-controlled cell divisions. PLoS Genet. 2020, 16, e1008652. [CrossRef]

92. Li, Z.; Thiel, K.; Thul, P.J.; Beller, M.; Kuhnlein, R.P.; Welte, M.A. Lipid droplets control the maternal histone supply of Drosophila
embryos. Curr. Biol. 2012, 22, 2104–2113. [CrossRef]

93. Gunesdogan, U.; Jackle, H.; Herzig, A. Histone supply regulates S phase timing and cell cycle progression. eLife 2014, 3, e02443.
[CrossRef] [PubMed]

94. Chari, S.; Wilky, H.; Govindan, J.; Amodeo, A.A. Histone concentration regulates the cell cycle and transcription in early
development. Development 2019, 146, dev177402. [CrossRef] [PubMed]

95. Shindo, Y.; Amodeo, A.A. Dynamics of Free and Chromatin-Bound Histone H3 during Early Embryogenesis. Curr. Biol. 2019, 29,
359–366.e4. [CrossRef] [PubMed]

96. Ffrench-Constant, C. Developmental timers. How do embryonic cells measure time? Curr. Biol. 1994, 4, 415–419. [CrossRef]
97. Tsai, T.Y.; Theriot, J.A.; Ferrell, J.E., Jr. Changes in oscillatory dynamics in the cell cycle of early Xenopus laevis embryos. PLoS Biol.

2014, 12, e1001788. [CrossRef]
98. Adar-Levor, S.; Nachmias, D.; Gal-Oz, S.T.; Jahn, Y.M.; Peyrieras, N.; Zaritsky, A.; Birnbaum, R.Y.; Elia, N. Cytokinetic abscission is

part of the midblastula transition in early zebrafish embryogenesis. Proc. Natl. Acad. Sci. USA 2021, 118, e2021210118. [CrossRef]
99. Anderson, G.A.; Gelens, L.; Baker, J.C.; Ferrell, J.E., Jr. Desynchronizing Embryonic Cell Division Waves Reveals the Robustness

of Xenopus laevis Development. Cell Rep. 2017, 21, 37–46. [CrossRef]
100. Deneke, V.E.; Puliafito, A.; Krueger, D.; Narla, A.V.; De Simone, A.; Primo, L.; Vergassola, M.; De Renzis, S.; Di Talia, S.

Self-Organized Nuclear Positioning Synchronizes the Cell Cycle in Drosophila Embryos. Cell 2019, 177, 925–941.e17. [CrossRef]
101. Lv, Z.; Rosenbaum, J.; Mohr, S.; Zhang, X.; Kong, D.; Preiss, H.; Kruss, S.; Alim, K.; Aspelmeier, T.; Grosshans, J. The Emergent

Yo-yo Movement of Nuclei Driven by Cytoskeletal Remodeling in Pseudo-synchronous Mitotic Cycles. Curr. Biol. 2020, 30,
2564–2573.e5. [CrossRef]

http://doi.org/10.1080/15384101.2019.1665948
http://www.ncbi.nlm.nih.gov/pubmed/31544596
http://doi.org/10.1016/j.devcel.2017.06.013
http://www.ncbi.nlm.nih.gov/pubmed/28735680
http://doi.org/10.1371/journal.pone.0099519
http://www.ncbi.nlm.nih.gov/pubmed/25121768
http://doi.org/10.1042/bj1270597
http://doi.org/10.1371/journal.pone.0016881
http://doi.org/10.1534/g3.117.043133
http://doi.org/10.1016/j.devcel.2004.07.003
http://doi.org/10.1016/j.cub.2019.05.025
http://www.ncbi.nlm.nih.gov/pubmed/31211973
http://doi.org/10.1016/j.cell.2016.12.026
http://doi.org/10.1073/pnas.1311635111
http://www.ncbi.nlm.nih.gov/pubmed/24550289
http://doi.org/10.1038/nrg2438
http://doi.org/10.1016/j.gde.2016.12.001
http://doi.org/10.1002/j.1460-2075.1995.tb07164.x
http://www.ncbi.nlm.nih.gov/pubmed/7737126
http://doi.org/10.1016/j.devcel.2011.10.008
http://doi.org/10.1073/pnas.1413990112
http://doi.org/10.7554/eLife.23326
http://doi.org/10.1371/journal.pgen.1008652
http://doi.org/10.1016/j.cub.2012.09.018
http://doi.org/10.7554/eLife.02443
http://www.ncbi.nlm.nih.gov/pubmed/25205668
http://doi.org/10.1242/dev.177402
http://www.ncbi.nlm.nih.gov/pubmed/31511251
http://doi.org/10.1016/j.cub.2018.12.020
http://www.ncbi.nlm.nih.gov/pubmed/30639105
http://doi.org/10.1016/S0960-9822(00)00090-7
http://doi.org/10.1371/journal.pbio.1001788
http://doi.org/10.1073/pnas.2021210118
http://doi.org/10.1016/j.celrep.2017.09.017
http://doi.org/10.1016/j.cell.2019.03.007
http://doi.org/10.1016/j.cub.2020.04.078


Biology 2021, 10, 513 14 of 14

102. Onjiko, R.M.; Morris, S.E.; Moody, S.A.; Nemes, P. Single-cell mass spectrometry with multi-solvent extraction identifies metabolic
differences between left and right blastomeres in the 8-cell frog (Xenopus) embryo. Analyst 2016, 141, 3648–3656. [CrossRef]
[PubMed]

103. Howe, J.A.; Newport, J.W. A developmental timer regulates degradation of cyclin E1 at the midblastula transition during Xenopus
embryogenesis. Proc. Natl. Acad. Sci. USA 1996, 93, 2060–2064. [CrossRef] [PubMed]

http://doi.org/10.1039/C6AN00200E
http://www.ncbi.nlm.nih.gov/pubmed/27004603
http://doi.org/10.1073/pnas.93.5.2060
http://www.ncbi.nlm.nih.gov/pubmed/8700885

	Introduction 
	Activity Gradient of Cell Cycle Checkpoint 
	Gradient of Cdc25/Twine Decay in Drosophila 
	Temporal Gradient of dNTP Metabolites 
	Temporal Gradient of Free Histone Proteins 
	Time Scales and Readout of the Gradients 
	Local Response of the Gradients 
	Conclusions and Perspectives 
	References

