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Abstract

The cell cycle is integrated with many aspects of embryonic development. Not only is proper
control over the pace of cell proliferation important, but also the timing of cell cycle progression is
coordinated with transcription, cell migration, and cell differentiation. Due to the ease with which
the embryos of aquatic organisms can be observed and manipulated, they have been a popular
choice for embryologists throughout history. In the cell cycle field, aquatic organisms have been
extremely important because they have played a major role in the discovery and analysis of key
regulators of the cell cycle. In particular, the frog Xenopus laevis has been instrumental for
understanding how the basic embryonic cell cycle is regulated. More recently, the zebrafish has
been used to understand how the cell cycle is remodeled during vertebrate development and how it
is regulated during morphogenesis. This review describes how some of the unique strengths of
aquatic species have been leveraged for cell cycle research and suggests how species such as
Xenopus and zebrafish will continue to reveal the roles of the cell cycle in human biology and
disease.

Keywords

Differentiation; G1-phase; G2-phase; Gastrulation; Midblastula Transition; Sphase; Xenopus;
Zebrafish

"Corresponding author: Dr. Christopher L. Sansam, Program in Cell Cycle and Cancer Biology, Oklahoma Medical Research
Foundation, 825 NE 13th Street, Oklahoma City, OK 73104, USA., Tel.: +1 405 271 7677; Fax: +1 405-271-7312, Chris-
Sansam@omrf.org.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

**This paper is based on work presented at the 7th Aquatic Animal Models of Human Disease Conference, hosted by Texas State
University (Dec 13-Dec 19, 2014).



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Siefert et al.

Page 2

1. Introduction

Any biologist who has had the opportunity to watch and experiment with a developing fish
or frog embryo would appreciate why embryologists have studied the development of
aquatic animals for centuries. The embryos of many aquatic species are extraordinarily
accessible for observation and manipulation. Aristotle (384 BC-322 BC) studied embryos
from aquatic animals, comparing their development to other animals including humans and
chickens. Even without the use of the microscope, Aristotle observed how species begin
embryonic development by one of two major cell division patterns: holoblastic (in which the
entire egg is divided into smaller cells, as in frogs) and meroblastic (in which the egg is
separated into a yolk cell and the cells of the embryo proper, as in fish). The early cell
divisions that Aristotle could observe in aquatic embryos are still the focus of many
biologists today. In fact, studies of the easily observable cell divisions in the early embryos
of sea urchins, frogs, and starfish, along with landmark studies in yeast and Drosophila
melanogaster, have contributed greatly to our understanding of how the human cell cycle is
controlled at the molecular level. We have much to learn about how the cell cycle is
regulated during embryonic development and tissue homeostasis, and it is likely that aquatic
model systems will continue to serve us well. The purpose of this review is to highlight how
aquatic species have contributed to our understanding of the molecular mechanisms of cell
cycle control and how aquatic models can still be used to address unanswered questions
about how the cell cycle is coordinated with morphogenesis and cellular differentiation.

2. Fundamentals Revealed Through Studying the “Simple” Embryonic Cell

Cycle

A major advantage of aquatic model organisms is that their oocytes and embryos develop
externally and are relatively large, so they are particularly amenable to experimental
manipulations such as microinjection. It is also extremely helpful that large numbers of
oocytes, eggs or embryos can be collected at the same stage. This feature has enabled the
biochemical analysis of the cell divisions occurring during oocyte maturation and early
embryonic development. Such analyses have been important for the discovery of the
fundamental mechanisms of the cell cycle.

Many aquatic organisms begin development with a period of exponential cell expansion via
a series of synchronous and rapid embryonic cell cycles. These early embryonic cell cycles
of frogs and other aquatic organisms are simplified versions of the cell cycles of somatic
cells (Evans et al., 1983; Kane and Kimmel, 1993; Newport and Kirschner, 1982a). These
cycles differ from the canonical four-phase cell cycle in four important ways. First, an
autonomous biochemical oscillator drives them, which is unaffected by developmental
signals or checkpoints (Ikegami et al., 1997; Kane and Kimmel, 1993; Kimelman et al.,
1987; Newport and Kirschner, 1982a; Newport and Kirschner, 1984). Second, they are
extremely rapid and lack the gap phases (G1 and G2), which separate S-phase from mitosis
(Figure 1). Third, they are characterized by a lack of growth in cytoplasmic volume, so the
large egg cytoplasm is progressively cleaved into a large number of smaller nucleated cells.
Finally, they occur without zygotic transcription, so they are entirely controlled by
maternally provided mRNA and protein. For example, the frog Xenopus laevis undergoes
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twelve cleavage cycles to produce thousands of cells; and the zebrafish (Danio rerio)
undergoes ten cleavage cycles (Kane and Kimmel, 1993; Newport and Kirschner, 1982a)
(Figure 1). Thus, in these aquatic species, the egg cytoplasm contains all the protein and
MRNA necessary for multiple complete embryonic cell cycles. The “loaded” egg cytoplasm
of aquatic species, especially amphibians, has enabled cell biologists and biochemists to
develop cell-free systems to study the embryonic cell cycle. These widely used systems
were developed during the discovery of key regulators of the cell cycle, the Cyclins.

Studies of frog oocyte maturation laid the foundation for the discovery of Cyclins. Oocytes
are arrested in prophase of meiosis I. The hormone progesterone triggers oocyte prophase
exit and cell division (Masui, 1967). Using the frog Rana pipiens, Yoshio Masui showed
that effects of progesterone could be mimicked by injecting cytoplasm from a maturing
oocyte into a resting one, demonstrating that a soluble cytoplasmic factor, which was named
maturation promoting factor (MPF), could induce meiotic progression (Masui and Markert,
1971). This result was repeated in the frog X. laevis, and through microinjection experiments
in these two species, it was demonstrated that MPF activity is also present in the cytoplasm
of mitotic cells, and it oscillates during the cell cycle, peaking in metaphase and
disappearing with the completion of mitosis (Gerhart et al., 1984; Sunkara et al., 1979).
MPF was shown to be an enzymatic activity that causes an increase in overall protein
phosphorylation (Maller et al., 1977). We now know that MPF is a Cyclin-dependent kinase
(CDK), which is composed of the Cdc2 catalytic subunit and Cyclin B regulatory subunit.
Like the MPF, the discovery of Cyclin could be credited to the clever exploitation of highly
accessible and manipulable oocytes and embryos of aquatic animals.

Tim Hunt and colleagues discovered Cyclin proteins when they noticed that a few proteins
were preferentially translated upon sea urchin and clam egg fertilization, and those proteins
were destroyed during the first mitosis and then resynthesized in the next interphase (Evans
et al., 1983). The periodic expression of those proteins mirrored the periodic MPF activity
that had been described earlier. Indeed, Cyclins activate MPF, but proving that fact involved
the development of cell-free systems that recapitulate the embryonic cell cycle in frogs.

To study the MPF, Manfred Lohka and Yoshio Masui took advantage of the transformative
activity of frog egg cytoplasm to develop a system in which a single cell cycle takes place in
vitro (Lohka and Masui, 1983). Improvement of that system by Lohka and Maller enabled
the first biochemical purification of MPF, which was comprised of two proteins (Lohka et
al., 1988). One of the two proteins was demonstrated to be the Xenopus homolog of the S.
pombe cell cycle kinase p34cdc2; the other protein was shown to be Cyclin B (Dunphy et
al., 1988; Gautier et al., 1990; Gautier et al., 1988; Lohka et al., 1988). Together Cdc2 and
Cyclin B form the prototypical Cyclin-dependent kinase (CDK) complex that drives mitosis.
Cyclin B-Cdc2 is just one of several CDK complexes that promote cell cycle progression;
other CDKs are critical for G1- and S-phase progression.

The discovery and molecular definition of MPF and Cyclin demonstrates the power of
aquatic model systems for both embryology and biochemistry. Derivatives of the frog egg
cytoplasmic extracts have continued to be extraordinarily productive in the cell cycle field.
Blow and Laskey showed that the Xenopus derivative of the Lohka and Masui system could
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be used to study the initiation and completion of DNA replication in a cell-free system
(Blow and Laskey, 1986). Murray and Kirschner developed the egg extract system even
further, and showed that their improved system could drive multiple successive cell cycles
(Murray and Kirschner, 1989). Variations in the Xenopus egg extract protocols have been
optimized to study different aspects of cell biology including DNA replication licensing and
initiation; sister chromatin cohesion; mitosis; the DNA damage and cell cycle checkpoints;
and DNA repair (Dasso and Newport, 1990; Hekmat-Nejad et al., 2000; Hyrien et al., 1995;
Kumagai et al., 1998; Lafont et al., 2010; Raschle et al., 2008; Sheehan et al., 1988; Walter
et al., 1998). Just as aquatic model organisms have been used to study the fundamental
mechanisms of cell cycle control, they have also been used to understand how the cell cycle
changes during development. Organisms such as Xenopus and zebrafish have been useful for
studying how the basic embryonic cell cycle is remodeled into the more complex somatic
cell cycle.

3. Using Aquatic Model Organisms to Understand Cell Cycle Remodeling

Early development is associated with dramatic changes in cell cycle dynamics. The cell
cycle is remodeled throughout the cleavage, blastula, gastrula, and segmentation stages,
during which time critical changes in transcription, cell motility and cellular differentiation
also occur. The early embryonic cell cycles of cleavage and early blastula embryos, which
have been useful for elucidating the mechanisms of the “core” cell cycle engine, lack
additional layers of regulation that are found in somatic proliferating cells. Ultimately the
rapid cleavage embryo cell cycles with alternating S and M phases are transformed into
mature cell cycles with G1 and G2 gap phases and extended S phases (Figure 1). This cell
cycle remodeling begins halfway through the blastula stage of development, the midblastula
transition (MBT). Cell cycle changes at the MBT are coincident with other important
developmental changes including the onset of zygotic transcription and cell motility. After
the MBT, the cell cycle continues to lengthen, and additional controls over cell cycle
transitions are introduced. The mechanisms underlying cell cycle remodeling are not
completely known, but its importance for proper embryonic development is clear. The
addition of G1 and G2 allows for cell division to be coordinated with DNA repair, cell
differentiation, and morphogenesis. There is also increasing evidence that S-phase
lengthening represents a spatiotemporal reorganization of replication forks that is important
for proper cellular differentiation and genome stability. Cell cycle remodeling during early
vertebrate development has been studied extensively in frogs and fish, so we mainly
describe what is known about remodeling of the X. laevisand D. rerio cell cycles.

4. Timing the Midblastula Transition

The MBT represents a shift from a maternal developmental program to a program under
zygotic control. Studies in frogs have contributed greatly to our understanding of how the
MBT is timed so precisely during development. In a landmark study, Newport and
Kirschner showed that transcription is unnecessary in X. laevis cell cycle lengthening at the
MBT, so a maternal timer or counting mechanism triggers the first stages of cell cycle
changes (Newport and Kirschner, 1982a). Remarkably, neither an endogenous clock nor
mechanisms counting the rounds of cell division or DNA replication trigger the onset of cell
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cycle lengthening, cell matility, or transcription. Instead, all three events depend on the ratio
of nuclear to cytoplasmic (N:C) volume (Newport and Kirschner, 1982a, f). This
observation suggested that the MBT in X. laevisis triggered by the titration of one or more
limiting factor(s) by nuclei. The MBT timing mechanism appears to be conserved in
vertebrates, since transcription, cell motility, and cell cycle lengthening are also controlled
by the N:C ratio in zebrafish (Kane and Kimmel, 1993). Recent work has revealed more
detail about how the cell cycle changes after the MBT, and strong candidates for the
proposed titrated limiting factors have been identified (Amodeo et al., 2015; Collart et al.,
2013; Murphy and Michael, 2013).

Complete remodeling of the embryonic cell cycle involves the slowing and restructuring of
S-phase and the addition of G1 and G2 (Figure 1). Earlier studies indicated that the cell
cycle lengthens in X. laevis because of gradually increasing durations of all three of those
cell cycle phases (Graham and Morgan, 1966). In a more detailed analysis, Masui et al.
showed that the cell cycle changes in a more step-wise pattern; initially there is an expansion
of S-phase, which is followed by the introduction and gradual lengthening of G2 (Iwao et
al., 2005). The addition of G1 occurs during gastrulation in X. laevis, 2-3 hours after the
introduction of G2 (Iwao et al., 2005). This pattern may also be conserved in zebrafish. The
lengthening of the cell cycle at the zebrafish MBT is associated with the introduction of G2,
and it does not require transcription (Dalle Nogare et al., 2009). In contrast, the G1 phase
appears later and depends on zygotic transcription (Zamir et al., 1997)(Figure 1). The
regulation of S-phase during zebrafish development has not been examined. Interestingly,
the S-G2-G1 order of cell cycle remodeling is also conserved in the fruit fly (D.
melanogaster), so it may be a common theme among metazoans (Farrell et al., 2012).

5. Remodeling S-Phase

5.1 Replication Fork Initiation

The S-phases of cleavage cycles are extremely short. In fact, S-phase in the early embryos
represents the minimum S-phase length documented for any cell type of that species. To
understand the changes that occur in S-phase during embryonic development, it is useful to
explore which of the following factors influence the length of S-phase: fork rate, fork
number, and replication timing.

The genomes of higher eukaryotes are replicated through the concerted activity of tens-of-
thousands of replication forks. Altering the rate at which individual replication forks
synthesize DNA and/or changing the total number of active forks in each S-phase could
modulate the overall rate of DNA synthesis. Johannes Walter and John Newport used the
cell-free X. laevis egg extract system to define the critical factors affecting S-phase length
before and after the MBT (Walter and Newport, 1997). As the N:C ratio approaches the
MBT level in the egg extract system, S-phase lengthens through an increase in the number
of forks initiating in a given stretch of DNA (Walter and Newport, 1997). In contrast, S-
phase elongation is not caused by a slowing of replication forks at the MBT (Walter and
Newport, 1997). Thus, a decrease replication fork initiation is at least partly responsible for
S-phase lengthening at the MBT in X. laevis.
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There is now strong evidence that a reduction in replication fork initiation drives overall cell
cycle lengthening at the MBT. As described above, it has been proposed that the titration of
maternal cytoplasmic factors by nuclei times the MBT (Collart et al., 2013). Collart et al.
tested whether proteins necessary for replication initiation were the titrated factors. The
cellular levels of four replication initiation factors - Cut5, RecQL4, Ticrr/Treslin, and Drfl
(CRTD) - are reduced as Xenopus pre-MBT cells divide. Overexpression of the CRTD
factors prevented the decrease in replication fork initiation that normally occurs at the MBT.
Remarkably, CRTD overexpression also prevented the overall lengthening of the cell cycle,
suggesting that a reduction in replication forks is a principal cause of cell cycle changes at
the MBT. Proper control over replication initiation is critical for development, as embryos
overexpressing the CRTD factors failed to properly express a fraction of zygotic genes and
did not complete gastrulation (Collart et al., 2013).

5.2 Replication Timing

In somatic cells, the genome replicates according to a cell-type specific spatiotemporal
pattern, in which different segments of the genome and compartments of the nucleus
replicate during early or late S-phase (Taylor, 1960). The replication-timing program is
largely a result of early or late initiation of replication forks in large chromosomal domains.
Units of replication timing can be measured along linear chromosomal segments or in
subnuclear replication foci (also called factories) (Hand, 1975; Jackson and Pombo, 1998;
Leonhardt et al., 2000; Ma et al., 1998; O'Keefe et al., 1992). Chromosomal replication-
timing domains of somatic cells hundreds-of-kilobases in length, and one or more clusters of
synchronously firing forks replicate each domain (Hiratani et al., 2008; Karnani et al.,
2007). At the level of the nucleus, timing domains are spatially organized into subnuclear
foci (also called replication factories), and multitudes of simultaneously active replication
factories create patterns of foci that can be used to classify early-, mid-, or late-S-phase cells
(Leonhardt et al., 2000). Replication timing is developmentally regulated, and each cell type
has a unique replication-timing profile (Rivera-Mulia et al., 2015). In mammalian cells,
genome-wide replication-timing profiles strongly correlate with maps of three-dimensional
chromatin interactions, so replication timing is highly related to higher order chromatin
organization (Pope et al., 2014). Replication timing also has been linked to transcriptional
control and genome stability (Donley and Thayer, 2013; Hiratani et al., 2009). It is unknown
how the replication-timing program develops after the MBT in organisms such as frogs and
fish. This is a fertile area of research because replication timing has been connected to many
other cellular and developmental processes. Thus, understanding when and how the
replication-timing program is formed will very likely clarify functional relationships
between DNA replication and other aspects of cell and developmental biology.

There is some evidence that DNA replicates in a temporal pattern in X. laevis cleavage
cycles, but it is clear that the level of spatiotemporal organization of replication observed in
somatic cells is absent in pre-MBT cells. In the Xenopus egg extract system, replication
forks initiate synchronously within clusters to replicate 50-100 kilobase chromosomal
segments, and different clusters initiate at different times during S-phase (Blow et al., 2001).
Although the precise locations of the replication origin clusters are flexible, the replication
timing of large chromosomal domains (1-5 megabases) is repeated in successive cell cycles
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(Labit et al., 2008). Thus, a rudimentary replication-timing pattern exists in the cleavage cell
cycles of early embryos. The determinants of replication timing at this stage are unknown.
The early timing program might represent some aspect of DNA sequence or basic chromatin
structure that is already established before the MBT. Nonetheless, it is likely that the
replication-timing program changes significantly after the MBT, as it is known that there are
substantial changes in replication origin spacing, chromatin structure, and nuclear
organization as cells progress past the MBT (Danis et al., 2004; Hyrien et al., 1995;
Leibovici et al., 1992; Lemaitre et al., 1998; Vassetzky et al., 2000).

The first factor that might influence changes in replication timing at the MBT is the overall
efficiency of replication fork initiation. The synchrony of origin firing is reduced, and the
genomic positions of replication origins become more restricted as cells progress through
MBT (Hyrien et al., 1995; Labit et al., 2008). These changes in the initiation of replication
forks indicate that DNA replication begins to follow a somatic cell spatiotemporal pattern at
the MBT. The emergence of this pattern could be caused by limiting levels of the CRTD
initiation factors (Collart et al., 2013). This possibility would fit an attractive model in which
timing patterns are a result of a competition between origins for limiting diffusible initiation
factors (Bechhoefer and Rhind, 2012). Indeed, overexpression of the yeast CRTD homologs
partially disrupts the normal temporal replication initiation pattern in Saccharomyces
cerevisiae (Mantiero et al., 2011). Thus, the lengthening of S-phase at the MBT might result
from both an overall reduction in replication fork number, and a delay in replication of
regions of the genome that are outcompeted for the CRTD factors.

The idea that limiting replication factors could cause specific areas of the genome to become
late replicating would need to invoke additional models to explain how early replicating
segments of the genome compete better for the CRTD factors. This could be due to higher
origin density or increased accessibility to initiation factors. Interestingly, recent
mathematical models have shown that DNase hypersensitivity can accurately predict
replication timing profiles, even when late origins are assigned the same efficiency as early
origins, suggesting chromatin structure has a profound effect on origin initiation, replication
timing, and S-phase remodeling (Gindin et al., 2014).

Changes in local chromatin structure at the MBT could contribute to the restructuring of S-
phase at the MBT. Studies using zebrafish and Xenopus embryos have been especially
useful for mapping the dynamics of epigenetic marks during vertebrate development.
Several prominent histone modifications are not present at significant levels prior to zygotic
genome activation but greatly increase after the MBT, when large-scale changes in
chromatin modifications occur (Lindeman et al., 2011; Vastenhouw et al., 2010). Well-
positioned nucleosome arrays are also established at the MBT (Zhang et al., 2014). Early
zebrafish and Xenopus embryos express a maternal linker histone, which is substituted by
somatic histone H1 variants starting at the MBT (Muller et al., 2002; Steinbach et al., 1997).
Linker histones may be particularly important for controlling replication initiation, as studies
in Xenopus extracts have shown that histone H1 represses initiation, resulting in reduced
origin firing [35]. Chromatin associated proteins such as HP1, polycomb repressive complex
(PRC), and chromatin remodeling complexes are known to be involved in regulating
chromatin architecture, but the timing of their association with chromatin has not been
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assessed in aquatic embryos. In Drosophila, heterochromatin compaction appears to precede
S-phase lengthening at the MBT, and HP1 accumulation does not occur until after late
replication and S-phase lengthening (Shermoen et al., 2010). Whether chromatin
modification or chromatin compaction influences the establishment of a DNA replication-
timing program after the MBT in aquatic organisms is an unanswered question.

Large-scale nuclear reorganization after the MBT might influence the development of the
timing program, as it has been demonstrated that higher-order chromatin organization
significantly correlates with replication timing in many somatic cell types (Gilbert et al.,
1995; Lawlis et al., 1996; Ryba et al., 2012; Ryba et al., 2010). Experiments with a variation
of the X. laevis extract system have demonstrated that replication timing is established in
G1, before S-phase begins. Xenopus egg extracts are capable of driving S- phase in Chinese
hamster ovary (CHO) nuclei (Gilbert et al., 1995). Remarkably, when introduced into
Xenopus egg extracts CHO nuclei replicate according to their natural spatiotemporal pattern,
but only if they have passed beyond a specific time in G1 called the timing-decision point
(TDP)(Dimitrova and Gilbert, 1999). The TDP coincides with a period in G1 when
chromosomes are stably repositioned in the nucleus after mitosis (Dileep et al., 2015). Thus,
the length of G1 might affect the higher order organization of the chromosomes, and thereby
influence replication timing. Given that the pre-MBT cell cycles lack a G1 phase, it would
be of great interest to examine whether the replication-timing program is established in
aquatic species before the G1 phase is added to the cell cycle (Kane and Kimmel, 1993;
Newport and Kirschner, 1982f).

Although limiting replication factors and changing chromatin architecture might be
sufficient to establish the somatic replication-timing program in vertebrates, work from
Drosophila suggests that more direct regulation of CDK might be involved. In the early
Drosophila embryo, cycle 14 is significantly lengthened by prolongation of S-phase and a
developmentally regulated pause in G2 (Edgar et al., 1994). The G2 arrest is caused by
inhibition of Cdc2, the catalytic subunit of mitotic CDK (Edgar et al., 1994). Farrell et al
recently examined the mechanism underlying the prolongation of the preceding S-phase
(Farrell et al., 2012). Surprisingly, downregulation of Cdc2 was both necessary and
sufficient for late replication and S-phase lengthening (Farrell et al., 2012). Preventing Cdc2
downregulation during cycle 14 effectively caused an additional cleavage cycle by keeping
S-phase short and maintaining the mitotic entry time (Farrell et al., 2012). This
demonstrated that the timing of origin firing is more influenced by active regulatory
mechanisms than just the formation of compact heterochromatin in early Drosophila
embryos. Interestingly, Cdc2 is also downregulated at the zebrafish and Xenopus MBT, but
overriding this control over mitotic CDK has a different outcome in zebrafish; instead of
promoting an additional cleavage cycle, it causes cells to enter mitosis before completing
DNA replication (Dalle Nogare et al., 2009). This demonstrates that mitotic CDK
downregulation is not necessary for S-phase lengthening in vertebrates.
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6. Controlling Entry Into Mitosis
6.1 Checkpoint Control Over Mitotic Entry

The continuous oscillations in Cdk activity cause pre-MBT cells to synchronously enter
mitoses with very precise timing. The oscillating timer of the early embryo lacks additional
controls over the start of S-phase or mitosis, which are essential in somatic cells. For
example, the timing of X. laevisand zebrafish cell divisions prior to the MBT is largely
unaffected by inhibitors of DNA replication or DNA damaging agents (Ikegami et al., 1997,
Kimelman et al., 1987). In contrast, somatic cells rely on evolutionarily conserved
checkpoint pathways that block mitotic entry when DNA replication is inhibited or DNA is
damaged. The DNA replication and DNA damage checkpoints are mechanistically related,
and they both control mitotic entry through inhibitory phosphorylation of Cdc2 (Jin et al.,
1996). The G2/M transition is also regulated through Cdc2 phosphorylation during
morphogenesis, enabling the coordination of cell division with migration and differentiation
(Bouldin et al., 2014).

Although Cdc2 phosphorylation is not influenced by checkpoints prior to the MBT, it does
function as part of the autonomous Cdk oscillator in early X. laeviscell cycles. The
inhibitory phosphorylation of Cdc2 is modulated by the opposing activities of the Weel
kinases and Cdc25 phosphatases. Two members each of the Weel kinase family (WeelA
and Myt1) and the Cdc25 phosphatase family (Cdc25A and Cdc25C) are maternally
provided in X. laevis (Okamoto et al., 2002). Cdc2 inactivates the Weel kinases to make a
double negative feedback loop, while it activates the Cdc25 phosphatases to complete a
positive feedback loop (Mueller et al., 1995). Computational modeling as well as
experiments using the X. laevis egg extract system have demonstrated that the Cdc2/Cdc25
and Cdc2/Weel loops function in a bistable switch that sharpens the timing of mitotic entry
once Cyclin B accumulates to a threshold level (Pomerening et al., 2005). Thus, the Cdc25-
Cdc2-Weel axis is employed before the MBT in X. laevis even though it is not yet engaged
by checkpoints or developmental signals. It is unclear whether this is true in other vertebrate
species. In contrast to X. laevis, injection of non-phosphorylatable Cdc2 (Cdc2AF) or Cdc25
into zebrafish embryos does not accelerate pre-MBT cell cycles, suggesting that Cdc2
phosphorylation may not be important for the autonomous cell cycle oscillator in pre-MBT
zebrafish (Dalle Nogare et al., 2009; Kim et al., 1999).

At the MBT, the role for Cdc2 phosphorylation changes significantly. The basal level of
Cdc2 phosphorylation increases sharply, indicating that the Cdc25-Cdc2-Weel circuit is
engaged to either introduce a G2 phase or to delay mitotic entry as part of the DNA damage
or replication checkpoints (Hartley et al., 1996). In zebrafish, the increased phosphorylation
of Cdc2 coincides with lengthening of the cell cycle (Dalle Nogare et al., 2009). Overriding
the inhibition of Cdc2, by overexpressing Cdc25 or a nonphosphorylatable form of Cdc2,
prevented the delay in mitotic entry that occurs normally at the zebrafish MBT (Dalle
Nogare et al., 2009). Unlike Drosophila, in which Cdc25 overexpression shortened S-phase,
deregulation of Cdc2 phosphorylation in zebrafish caused mitotic catastrophe, a sign that
cells had entered mitosis with incompletely replicated DNA (Farrell et al., 2012). Thus, it
seems that the critical function of Cdc2 phosphorylation at the zebrafish MBT is in the DNA
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replication checkpoint, which ensures that mitosis does not occur until after S-phase is
complete. The need for the DNA replication checkpoint likely arises at the MBT because of
S-phase lengthening, but changes in S-phase in zebrafish development have not been
studied. A gap between S-phase and mitosis, a G2 phase, can be detected at the zebrafish
MBT, but it is unknown whether this gap is functionally significant or is simply a result of a
lag in checkpoint recovery (Dalle Nogare et al., 2009). In X. laevis, there is evidence that the
delay in mitotic entry at the MBT is a result of S-phase lengthening rather than the addition
of a G2 phase per se. As described above, overexpression of the limiting CRTD initiation
factors prevented cell cycle lengthening by keeping S-phase short; thus, an independent
mechanism delaying mitotic entry does not seem to exist at the MBT (Collart et al., 2013).
Overall work from X. laevis and zebrafish indicates that checkpoint control over mitotic
entry is added and is critical for preventing mitotic catastrophe at the MBT. A true G2 phase
is added later, but the mechanism of G2 addition in vertebrates is still unknown.

6.2 Developmental Control Over Mitotic Entry

Recent work has shown that control over the G2/M transition is important in zebrafish tail
morphogenesis. Bouldin et al. used a photo-convertible protein to track cell divisions in
posterior progenitor cells (Bouldin et al., 2014). This system allowed them to observe how
cell divisions are regulated during gastrulation, somitogenesis and at the onset of
differentiation. By time-lapse imaging they determined that rapid cell divisions during
gastrulation were followed by a quiescent period during which posterior progenitor cells
took up to 8 hours to divide. Using a FUCCI (fluorescent ubiquitination-based cell cycle
indicator) transgenic line, Bouldin et al. revealed that the quiescent cells were arrested in
either S or G2, and they showed that the S/G2 arrest coincided with a downregulation of
Cdc25. Forced mitotic entry caused by Cdc25 overexpression resulted in defects in cellular
differentiation and morphogenesis. The work from Bouldin et al is another example of
noncanonical developmental regulation of cell division that is outside of the G1 phase
(Bouldin et al., 2014; Edgar and O'Farrell, 1989). This work also nicely demonstrates how
using externally developing aquatic animals with state-of-the-art fluorescent reporters is a
powerful way to gain insight into the cell cycle control during development.

7. Introducing the G1 Phase

The previous example not withstanding, control over the G1/S transition plays a very
important role in the control of cell division (van den Heuvel and Dyson, 2008). The
prevalence of human tumor suppressor mutations that disrupt control over the G1/S
transition demonstrates the importance of G1 in somatic cells. In mammals, two groups of
CDKs promote the G1/S transition. First, Cdks 4 and 6 with D-type Cyclins phosphorylate
three members of the pocket protein family (pRb, p107 and p130). Pocket proteins regulate
gene transcription by interacting with members of the E2F transcription factors. Cyclin D-
Cdka4/6 phosphorylation of pocket proteins induces E2F-dependent transcription of key cell
cycle genes such as E- and A-type Cyclins. The Cyclins E and A complex with Cdk2, and
they stimulate the firing of replication forks through the phosphorylation of the Ticrr/Treslin
protein during S-phase (Boos et al., 2011; Kumagai et al., 2011; Sansam et al., 2015).
Somatic cells periodically express Cyclins E and A through a combination of transcriptional
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control and the cyclical activity of E3 ubiquitin ligases. In addition to the periodic
expression of Cyclins, the G1/S CDKs are also regulated by inhibitory phosphorylation,
through the activities of Weel and Cdc25 proteins, and by two families of CDK inhibitors.

Despite the importance of the G1/S transition, little is known about how the G1 phase is
added to the embryonic cell cycles of aquatic species, nor is it known when it first becomes
important for cellular differentiation or morphogenesis. Zebrafish develop a gap between
mitosis and S-phase at the MBT, but the gap remains relatively short until gastrulation
(Figure 1) (our unpublished data) (Zamir et al., 1997). Abrupt lengthening in G1 during
gastrulation coincides with the determination of germ layer fates, so G1 expansion may
represent an evolutionarily conserved role for G1 in cellular differentiation (Ho and

Kimmel, 1993; Kimmel and Warga, 1986; Zamir et al., 1997). Gene expression changes also
support that a prototypical vertebrate G1 phase is added during gastrulation in zebrafish. The
MRNA levels of G1/S regulators such as Cyclin D1, Rb-like 1, and p21 increase at that time
(Duffy et al., 2005). Knockdown of Cyclin D1 in zebrafish causes microphthalmia and
microcephaly, phenotypes commonly associated with reduced proliferation (Amsterdam et
al., 2004; Sansam et al., 2010; Sansam et al., 2006). Mutation of zebrafish pRb causes a
delay in the differentiation of retinal ganglion cells, possibly because of a failure in cell
cycle exit (Gyda et al., 2012).

Like in zebrafish, a gap between mitosis and S-phase develops shortly after the MBT, but a
prominent G1 phase does not appear until gastrulation (Frederick and Andrews, 1994;
Graham and Morgan, 1966; Iwao et al., 2005). Cyclin D1-Cdk4 is undetectable in X. laevis
prior to the MBT (Hartley et al., 1996). E2F transcription factors are present even before the
MBT, and they are already capable of binding DNA (Philpott and Friend, 1994). E2F-
dependent transcription, however, is not activated until the MBT, at which time a dominant
negative form of E2F blocks proliferation (Tanaka et al., 2003). pRb binding to E2F can be
detected at very low levels prior to the MBT, but it does not bind to E2F significantly until
much later than the first signs of a G1 phase (Philpott and Friend, 1994). In agreement with
little or no binding of pRb to E2F, neither pRb knockdown nor overexpression has any
affect on cellular proliferation during early X. laevis development (Cosgrove and Philpott,
2007). In fact, pRb is largely found in the hyperphosphorylated form in early X. laevis
embryos, indicating that Cyclin D-Cdk4/6 effectively inactivates it (Cosgrove and Philpott,
2007). These results suggest that pocket protein inhibition of E2Fs may not play a role in G1
during early X. laevis development, but further analysis of the other pocket protein family
members, such as p107 and p130, is needed. Multiple X. laevis CDK inhibitors are
expressed in a developmentally regulated manner (Daniels et al., 2004; Shou and Dunphy,
1996; Su et al., 1995). While expression of CDK inhibitors inhibits the cell cycle and
influences cellular differentiation later in development, it is unknown which of the CDK
inhibitors might play a role in the introduction of the G1 phase after the MBT (Daniels et al.,
2004; Ohnuma et al., 1999; Vernon and Philpott, 2003).

The mechanisms by which G1 is added to the cell cycle is a timely question, as the length of
the G1 phase is now associated with pluripotency and cellular differentiation. The
relationship between cell potency and G1 has been demonstrated in aquatic species and
mammalian stem cells (ESCs), which have a relatively short G1 phase (Richard-Parpaillon
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et al., 2004; Roccio et al., 2013). Lengthening of G1 is associated with differentiation of
ESCs, while a short G1 is associated with maintenance of pluripotency(Lange et al., 2009;
Pauklin and Vallier, 2013; Roccio et al., 2013). The role for G1 is not entirely clear, but two
G1-associated processes that are of great interest are the spatial reorganization of
chromosomes after mitosis, and the establishment of the replication-timing program.
Gastrulation is a time at which the lineage of many cell types is restricted (Ho and Kimmel,
1993; Kimmel and Warga, 1986). Intriguingly, the length of the G1 phase increases
substantially during gastrulation in zebrafish (Figure 1) (our unpublished data)(Zamir et al.,
1997). Aquatic models such as frogs and fish are excellent models to study the relationships
between the G1 phase, cellular differentiation, nuclear organization, and DNA replication
timing.

8. Conclusions

Embryologists were first attracted to aquatic species because of the ease with which they
could observe the large externally developing embryos. The initial cleavage divisions are
particularly striking, since they can occur rapidly and synchronously. These cleavage
divisions are driven by maternally provided gene products, and they occur without zygotic
transcription. The ability to collect large numbers of eggs, which are loaded with all of the
necessary cell cycle factors, has enabled the development cell-free systems to study the
fundamental mechanisms of the embryonic cell cycle in Xenopus. At the MBT, multiple
cellular changes occur including the start of transcription and a remodeling of the embryonic
cell cycle. One of the principle changes at the MBT is a lengthening of S-phase, which is
caused by the titration of replication initiation factors and reduction in the density of
replication forks. The chromatin and nuclear structure also change at the MBT, and those
changes likely impact the spatiotemporal organization of replication forks during S-phase.
The remodeling of S-phase necessitates checkpoints that delay mitosis until DNA replication
is complete, and those checkpoints are someway “awakened” at the MBT. By the time
Xenopus and zebrafish complete gastrulation, the cell cycle is much more complex, with the
gap phases G1 and G2. Soon after gastrulation, during tail morphogenesis, developmental
control over G2 is critical, as progenitor cells are paused in G2 to control the timing of their
migration and differentiation. The mechanisms by which the G1 phase is added to the
embryonic cell cycle are not entirely clear. The length of G1 increases sharply during
gastrulation when cells lose pluripotency in zebrafish. Intriguingly, G1 is the time in the cell
cycle that the nucleus is reorganized and the replication timing program is established.
Recent work in mammalian stem cells has highlighted the importance of G1 in cellular
potency. There is much to learn about the important ways that the cell cycle changes during
development. Is G2 control important in other developmental contexts? How does G1
lengthening promote differentiation? What are the roles for changes in Sphase length and the
replication-timing program in development? These are fundamental questions that highly
accessible and manipulable model organisms such as zebrafish and Xenopus are well suited
to answer.
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Figure 1. Hlustration of important changes from fertilization through gastrulation in the
zebrafish

Images and timelines of the first (A) 10 hours of D. rerio development or (B) 14 hours of X.
laevis development are shown above the corresponding cell cycle times and cell cycle
phasing estimated from our unpublished data and published studies (Heasman, 2006; Kane
and Kimmel, 1993; Kimmel et al., 1994; Nieuwkoop and Faber, 1994; Webb and Miller,
2006).
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