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Abstract: Cells reproduce using two types of divisions: mitosis, which generates two daughter cells
each with the same genomic content as the mother cell, and meiosis, which reduces the number
of chromosomes of the parent cell by half and gives rise to four gametes. The mechanisms that
promote the proper progression of the mitotic and meiotic cycles are highly conserved and controlled.
They require the activities of two types of serine-threonine kinases, the cyclin-dependent kinases
(CDKs) and the Dbf4-dependent kinase (DDK). CDK and DDK are essential for genome duplication
and maintenance in both mitotic and meiotic divisions. In this review, we aim to highlight how
these kinases cooperate to orchestrate diverse processes during cellular reproduction, focusing on
meiosis-specific adaptions of their regulation and functions in DNA metabolism.
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1. Introduction

The ability to reproduce is a defining criterion for all living organisms. In vegetatively growing
cells, this is achieved through mitotic divisions, which give rise to two daughter cells with equal
genomic contents. When cells engage in sexual reproduction, they undergo meiosis: diploid cells
produce four haploid gametes, each containing half of the genetic content of the mother cells. Meiosis is
a specialized reductional division in which a single genome duplication is followed by two consecutive
rounds of chromosome segregation (referred to as meiosis I and II). One key outcome of meiosis is the
generation of increased genetic diversity in the gametes through recombination, a central feature of
sexual reproduction [1,2]. Although mitosis and meiosis share a number of events, including DNA
replication and chromosome segregation, there are critical differences in the regulation and execution
of these processes.

The mechanisms that drive both mitosis and meiosis are tightly controlled, and this relies on the
functions of two conserved types of serine-threonine kinases, the cyclin-dependent kinases (CDK)
and the Dbf4-dependent kinase (DDK) (reviewed in [3,4]). In a mitotic cycle, CDK activity regulates
cell cycle progression, with essential roles at its major transitions: G1/S (DNA replication) and G2/M
(chromosome segregation) [5]. Moreover, CDK modulates multiple cellular processes including
metabolism, transcription, differentiation, and DNA repair (reviewed in [6,7]). Similarly, DDK is a
critical regulator of DNA replication, chromosome segregation, centromeric heterochromatin formation,
and genome maintenance [3,8–12]. Beyond these functions in proliferating cells, both kinases also
possess meiosis-specific roles, such as in meiotic recombination and chromosome segregation [13–18].
In many of these pathways, consensus phosphorylation sites for both CDK and DDK have been
identified in common target substrates [18–22], and studies have shown an important interplay
between these kinases in distinct mitotic and meiotic processes.
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In this review, we will discuss the regulation and requirements for CDK and DDK in the mitotic
and meiotic cycles, in particular in the events surrounding genome duplication and maintenance
(Figure 1). As a number of reviews have addressed the activities of these kinases in proliferating
cells [3,4,23], we will pay special attention to the modification of their roles during sexual reproduction.
First, we will present evidence for quantitative models for how CDK and DDK activities ensure the
temporal progression of mitotic and meiotic events. We will then introduce additional features of
their control that are specific to meiosis. Next, we will consider the functions of CDK and DDK
in genome duplication and the prevention of re-replication by high CDK activity. Finally, we will
focus on the mechanisms by which these kinases coordinate DNA replication with the formation of
programmed DNA double-strand breaks (DSBs) and their repair during meiosis. While this review
will not exhaustively cover all CDK and DDK functions, we aim to highlight how these two kinases
regulate diverse processes that are essential to cellular reproduction.
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Figure 1. Schematic representation of mitotic and meiotic cycles. Relative changes in cyclin-dependent
kinase (CDK) and Dbf4-dependent kinase (DDK) activity are illustrated by the intensity of the gradient
(yellow-red), with more intense red denoting higher levels. For ease of visualization, the higher
activities required in meiosis vs. mitosis are not depicted. The lengths of the cell cycle phases are not
shown to scale. HR: homologous recombination. Meiosis-specific events are highlighted in red boxes,
and processes that are not discussed in this review are indicated by dotted lines.

2. Regulation of the Mitotic Cycle by Quantitative Changes in Cyclin-Dependent Kinase and
Dbf4-Dependent Kinase Activities

Active CDK and DDK are comprised of two components: a catalytic subunit and a regulatory
protein required for kinase activation. In the case of CDK, one kinase can associate with diverse cyclins
in a cell cycle-regulated manner ([5] and discussed in further detail below). The regulation of DDK is
perhaps more straightforward since its function is modulated by one major partner, Dbf4, and by a
second related protein that is found only in vertebrates, Drf1 [24–27]. Control of both CDK and DDK
activities is integral to their roles in driving the mitotic and meiotic cycles.

In eukaryotes, cell cycle transitions are brought about by dynamic interactions between cyclins and
CDKs. Multiple cyclin-CDK pairs have been identified in mammalian cells, and different combinations
act at distinct stages of the cell cycle: for instance, cyclin D-Cdk4/6 in G1, cyclin E-Cdk2 at the
G1/S transition, cyclin A-Cdk2 in S, and cyclin B-Cdk1 at the G2/M transition [5]. Even in simpler
systems such as the unicellular budding yeast Saccharomyces cerevisiae, there are nine cyclins (Clns 1–3
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and Clbs 1–6) that activate the single cell cycle CDK, Cdc28 [5]. Cyclins display different profiles
of expression and degradation, and dedicated cyclin-CDK complexes are believed to generate the
substrate specificities that promote particular cell cycle transitions and ensure the order of cell cycle
events. However, it has become clear that cell cycle progression per se does not require diversity in
cyclin and CDK interactions but is rather directly driven by CDK activity levels. This quantitative
model of the cell cycle proposes that S phase and mitosis rely on low and high CDK activity thresholds,
respectively, and that no qualitatively different cyclin-CDK complexes are necessary [28,29]. A large
body of evidence from a variety of organisms has now provided support for this model. First,
there is a clear redundancy in cyclin function. For instance, in budding yeast mutants lacking the S
phase cyclins Clb5 and Clb6, the Clb1–4 mitotic cyclins allow DNA replication that is delayed but
nevertheless involves both early and late firing replication origins [30]. In addition, when expressed
under the control of the CLB5 promoter, Clb2 cyclin alone, in the absence of all other Clbs, is able
to perform both S phase and mitotic functions [31]. Similar observations have been made in the
fission yeast Schizosaccharomyces pombe. Indeed, while cell cycle regulation is orchestrated by four
cyclins (Cig1, Cig2, Puc1 for G1/S and Cdc13 for mitosis) and one CDK (Cdc2), the Cdc13-Cdc2
complex is sufficient to sustain cell cycle progression when all other cyclin genes are deleted [28].
This redundancy is not unique to simple eukaryotes and extends to more complex systems. One
example is provided by work in Xenopus egg extracts, where relocalizing the mitotic cyclin B1-Cdk1
complex from the cytoplasm to the nucleus reveals its ability to promote S phase [32]. Furthermore,
mouse embryonic fibroblasts lacking all three D-type cyclins that normally function in early G1 are
able to proliferate, and the triple knockout mice are viable until E16.5 [33]. Next, CDKs have also been
demonstrated to be redundant in function. Remarkably, in the mouse embryo, the mitotic CDK Cdk1
itself supports cell proliferation in the absence of all interphase CDKs (Cdk2, Cdk3, Cdk4 and Cdk6)
until midgestation [34]. Finally, direct evidence for a quantitative model that governs the control of
cell proliferation was provided by work in the fission yeast. In this organism, oscillations in CDK
activity generated by chemical inhibition of a fusion protein consisting of Cdc13 (cyclin B) and Cdc2
(CDK) are sufficient to autonomously trigger passage through the cell cycle, even when the level of the
Cdc13-Cdc2 protein remains constant [35]. Strikingly, regardless of the cell cycle phase that they are in,
cells respond directly to the CDK levels that are imposed. For example, cells in G1 that experience
high levels of CDK activity will proceed immediately into mitosis while at the same time duplicating
their genomes [35]; this is consistent with previous data showing that the fusion of human mitotic cells
with G1 or G2 cells induces interphase chromatin to undergo condensation [36]. This direct response
is also observed at the level of gene expression, where the periodic transcription of cell cycle gene
clusters is controlled by CDK activity [37,38]. Complementary to these findings, recent work suggests
that the differential phosphorylation of CDK targets may be due to their distinct sensitivities to CDK
activity, as early (G1/S) substrates are modified at lower activity levels than late (G2/M) substrates [39].
Collectively, these results demonstrate that oscillations in CDK activity, rather than the specificities of
individual cyclin-CDK complexes, drive the timing and directionality of the events in the mitotic cycle.

In contrast to the requirement for CDK, much less is known about the profile of DDK activity,
despite its key functions in distinct steps of the cell cycle. Nevertheless, an analogy may be made
to the quantitative model for CDK. In mitotic cycles, the DDK (Cdc7 in most organisms, Hsk1 in
the fission yeast) is activated by association with a cyclin-like regulatory subunit, Dbf4. Although a
second regulator, Drf1, has been identified in vertebrates [24–27], this review will focus on Dbf4-DDK
complexes. During vegetative growth, a peak of DDK activity occurs during S phase due to the
oscillation in Dbf4 protein levels, which are low in G1, increased at the G1/S transition, maintained
high during S phase, and reduced during G2/M [20,40–43]. The levels of the Cdc7 kinase itself,
however, remain constant throughout the cell cycle [40,44]. This profile of kinase activity is consistent
with the role of DDK in S phase entry, where it is limiting for replication initiation [45–47]. Therefore,
quantitative regulation may be a unifying principle for the essential enzymes that control the different
critical events during the mitotic cycle.
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3. A Quantitative Model for Cyclin-Dependent Kinase and Dbf4-Dependent Kinase Activities
in Meiosis

Given the similarities between mitosis and meiosis, could the quantitative model for CDK activity
also apply to meiotic progression? Initial studies in the budding yeast suggested that there may
be a more specific prerequisite for cyclin-CDK complexes during meiosis. First, the major mitotic
cyclin Clb2 is not significantly expressed in meiosis [48,49], while Clbs 1, 3, and 4 contribute to entry
into meiosis I and are essential for the progression from meiosis I to meiosis II [50,51]. In addition,
although the functions of Clb5 and Clb6 in the control of S phase during a vegetative cycle can be
replaced by other cyclins [30,52], they are indispensable for the initiation of pre-meiotic S phase [53–55].
Interestingly, the role of Clb5 can be bypassed by fusing Clb3 with the Clb5 hydrophobic patch that
influences substrate interactions [55], hinting at a specific meiotic function for this domain. The
importance of regulation by distinct cyclin-CDK pairs appears to extend to processes that only occur
in meiosis. For instance, the initiation of meiotic recombination is defective in the absence of Clb5 and
Clb6 [56]. Similarly, in the fission yeast, the lack of either the meiotic cyclin Rem1 or the G1/S cyclins
Cig1, Cig2, and Puc1 reduces intergenic recombination and spore viability [57,58]. These requirements
are also found in the mouse, where cyclin E1/E2 defective males show a normal cell cycle but have
defects in spermatogenesis [59]. Moreover, the lack of cyclin A1 blocks this process before the first
meiotic division, indicating that its functions cannot be complemented by the B type cyclins that
are present in the cells [60]. Finally, the control of CDK activity provided by multiple cyclin-CDK
complexes during meiosis is further complicated by the existence of additional regulators in systems
such as the budding yeast, where the Ime2 meiosis-specific serine-threonine kinase is required for
pre-meiotic S phase and for the meiotic divisions [53,54,61,62]. Ime2 has both sequence and functional
homology with human CDK2 [63], and some of its key substrates are also targets of CDK/Cdc28 [64];
it thus acts as a companion kinase to CDK in this process. All together, these findings suggest that
diversity in CDK and CDK-related activities are essential for cells to progress through meiosis.

However, recent studies in the fission yeast have indicated that the quantitative model may
also apply to the succession of meiotic events. In this organism, in addition to the four cyclins that
participate in mitotic cycles, there are two meiosis-specific cyclins (Rem1 and Crs1) [58,65]. Cig2,
Rem1, and Crs1 have been shown to partner with CDK in pre-meiotic S phase [58,65,66]. Removal of
cyclin genes shows additive effects, with multiple deletions displaying greater delays in replication
initiation compared to single mutants [57]. The single Cdc13-Cdc2 fusion protein mentioned above [35]
was then tested for its ability to drive meiotic progression in the absence of other cyclin-CDKs [57].
Interestingly, while Cdc13-Cdc2 permits relatively efficient completion of pre-meiotic S phase, cells
almost completely fail to undergo meiotic divisions. Strikingly, four copies of this active CDK module
allow cells to proceed through meiosis [57]. These results imply that a variety of qualitatively different
complexes is not required for meiotic progression and that a higher level of CDK activity is necessary
for meiosis, in particular for later meiotic events. This increased sensitivity of post-replication processes
to CDK activity levels was previously observed in the budding yeast using a chemically modulatable
form of CDK (Cdc28-as1), as blocking pre-meiotic DNA replication required 10 times more inhibitor
than preventing meiotic divisions and spore formation [61]. Thus, rather than a need for multiple
cyclins, the diversity in cyclin-CDK complexes may simply give rise to a cumulatively higher level of
CDK activity for meiosis. Although evidence for a quantitative model for meiotic CDK activity has
so far only been provided in yeast, it is interesting to speculate that in meiosis as in mitosis, specific
cyclin-CDK interactions have an additive effect and that it is the changes in CDK activity that are
critical for driving these cycles.

Similarly, DDK is required for a succession of meiotic events, from replication initiation to
double-strand break formation to the commitment to reductional chromosome segregation during
meiosis I [16,18]. Interestingly, its activity increases as cells progress through S phase to later steps.
As is the case for CDK, lower levels are necessary for origin firing than for DSB formation [14,16,67,68].
Interestingly, an additional layer of regulation is provided by the DDK-like protein Spo4 in the fission
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yeast, perhaps in a manner analogous to the Ime2 CDK-related kinase. Spo4 and its regulator Spo6 are
expressed exclusively in meiosis, and while Spo4 is dispensable for meiotic replication, it contributes
to meiotic chromosome segregation [69]. Consistent with this, its absence only affects late events
and results in abnormally elongated anaphase II spindles that abolish the linear order of nuclei in
the ascus [70]. These observations suggest that higher levels of DDK and related kinase activities are
important for the execution of meiotic recombination and chromosome segregation.

Therefore, although the requirements for CDK and DDK during meiosis are more complex than
for the mitotic cycle, their functions may both operate through the regulation of their overall activities.
Low thresholds are sufficient for initiating pre-meiotic S phase, while higher levels are necessary for
later events. However, it is possible that a more subtle regulation of CDK and DDK is required in
meiosis as both kinases coordinate genome duplication with other functions (see below). Indeed, one
particularity of meiosis is the passage from meiosis I to II, during which chromosome segregation is
followed by a second round of division without an intervening S phase. At this step, CDK activity
must be sufficiently low to ensure chromosome segregation but high enough to block replication and
progress into meiosis II (this will be addressed in a later section). In contrast to the mitotic cycle, these
complexities may involve the implementation of additional thresholds for the different processes that
are specific to meiosis. This may underlie the apparent necessity for the qualitatively different activities
described above. Thus, regardless of the mechanistic details of these controls, it has become clear that
the dynamics of CDK and DDK activities play critical roles in ensuring meiotic progression.

4. Further Specificities of Cyclin-Dependent Kinase and Dbf4-Dependent Kinase Regulation in
Meiotic Cycles

The regulation of CDK and DDK is fundamental to both mitotic and meiotic progression.
Interestingly, although these kinases control some of the same events in these distinct cell cycles,
there are clear differences in how their activities are modulated. For CDK, binding to diverse cyclins
is a key part of kinase regulation, and this may provide quantitative inputs rather than qualitatively
distinct functions, as discussed above. Moreover, there are additional mechanisms that contribute
to meiosis-specific changes in CDK activity. For instance, the essential CDK activating kinase (CAK)
constitutively simulates CDK [71,72], and further activation then occurs through CDK-dependent
phosphorylation followed by targeted degradation of the CDK inhibitor (CKI) [73,74]. This is illustrated
in the mitotic cycle in the budding yeast, where the G1 Cln-Cdc28 complexes phosphorylate the
CKI Sic1 to allow Clb-Cdc28 activation for triggering S phase onset [74]. In contrast, regulation of
pre-meiotic S phase entry is brought about by a different process. Indeed, Sic1 proteolysis in meiosis
does not require Cdc28 but rather relies on the Ime2 CDK-like kinase, which is activated by Cak1 [75].
Ime2, therefore, has a crucial role in decreasing the levels of Sic1, thus bringing about the activation
of the CDK [53,61]. Furthermore, CAK is transcriptionally and post-translationally regulated during
meiosis, whereas its levels remain constant during the mitotic cycle [72,75]. These differences between
the regulation of CDK during mitosis and meiosis highlight the singularities in these cycles.

Similarly, the control of DDK activity during meiosis also involves supplementary layers of
regulation. As mentioned above, DDK modulation in proliferating cells occurs through alteration in
the levels of its regulatory subunit, which peaks in S phase [40–42], while the DDK itself is present at
constant levels [40,44]. In contrast, during meiosis in the budding yeast, DDK/CDC7 transcript levels
are increased throughout meiotic progression, being low in S phase and rising to reach a maximum
around the onset of recombination [44]. As DDK activity is limiting in particular for later meiotic
events, it is tempting to speculate that this additional mechanism may contribute to the temporal
ordering of meiotic stages.

The differential and more complex regulation of CDK and DDK in meiosis vs. mitosis suggests
that a fine-tuned, meiosis-specific activation of these kinases may be important to ensure proper
meiotic progression. Together with the higher levels of CDK and DDK activities that are crucial for
later meiotic steps, these additional controls may participate in orchestrating the program of meiosis.
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5. Genome Duplication in Mitosis and Meiosis

Genome duplication is an essential step during both vegetative cell growth and sexual
differentiation. Although equivalent replication machineries are required for mitotic and pre-meiotic
S phases [76–78], a number of differences have been reported for genome duplication between these
two cycles. In all systems studied to date, pre-meiotic S phase is longer than mitotic S phase [79,80].
Strikingly, this does not occur as a result of activating distinct sets of origins in the genome [81–83].
Instead, as demonstrated by work in the fission yeast, both the duration of S phase and the pre-meiotic
replication program are dependent on the environmental conditions rather than commitment to
meiosis per se: inducing meiosis after temporary nitrogen deprivation results in an identical origin
usage profile and length of S phase as in cells that enter a mitotic cycle in the same conditions [83].
Interestingly, the extended length of genome duplication in meiosis has been proposed to allow for
a coordination of replication with concomitant processes [80,84], such as the formation of DSBs for
meiotic recombination. However, experimentally shortening S phase does not affect the ability of
fission yeast cells to generate DSBs [83], suggesting that the duration of this critical step may be
important for other meiosis-specific functions. Nevertheless, pre-meiotic DNA replication is tightly
coupled to meiotic recombination, and this critical coordination will be discussed in a later section.

DNA replication in both mitotic and meiotic cycles is regulated by CDK and DDK, which
phosphorylate multiple, evolutionary conserved substrates [21,22,53,54,85–87]. Many of these
proteins are targets of both kinases, and CDK phosphorylation has been shown to prime certain
substrates for DDK. For instance, phosphorylation of subunits of the Mcm helicase by CDKs facilitates
DDK/Cdc7-dependent modification of Mcm2, revealing a collaboration between these two kinases
for entry into S phase [19]. Consistent with this observation, initial studies in the budding yeast
suggest that DDK performs its functions for replication only when S phase CDK (S-CDK) is also
active or has been previously active [20]. In contrast, in vitro analyses using purified proteins and
S. cerevisiae extracts show that DDK drives recruitment of the Cdc45 replication initiation factor to
origins before S-CDK activation [88]. More recently, assays using a fully reconstituted replication
initiation system from the budding yeast demonstrate that DDK can act either before or after CDK
to phosphorylate Mcm and that the order in which the kinases function does not affect replication
efficiency [89]. These different conclusions indicate that there may not be a defined order of action for
CDK and DDK in the activation of origin firing or that particular temporal requirements may be linked
to specific conditions. Regardless, it is clear that the cooperation between the two kinases is essential
for genome duplication. As the individual functions of CDK and DDK during replication initiation in
proliferating cells have been the subject of excellent reviews (for example, see [3,4]), we will focus on
aspects that are specific to the meiotic cycle.

During the passage from meiosis I to II, genome duplication must be prevented for the generation
of viable haploid gametes. Importantly, CDK has a dual role in activating replication as well as
inhibiting re-initiation through blocking replication factor assembly at fired origins (reviewed in [90]).
Therefore, while CDK activity must decrease to allow chromosome segregation, it has to remain
sufficiently high to block replication and favor progression into meiosis II. In starfish oocytes, this is
brought about by newly assembled cyclin B-Cdc2 complexes that suppress DNA replication between
the two meiotic divisions [91]. The maintenance of adequate CDK activity can also be achieved by
downregulation of the CDK-inhibiting kinase Wee1 in meiosis I, as shown in Xenopus oocytes [92,93].
Following the same logic but an alternative process, meiosis-specific modulation of the anaphase
promoting complex (APC) results in incomplete degradation of cyclin B after meiosis I in a number
of systems (reviewed in [94,95]). Finally, additional parallel pathways have been demonstrated to
participate in this regulation: after the completion of meiosis I in Xenopus oocytes, re-activation of
cyclin B-Cdc2 by the Mos kinase is critical for preventing an additional round of genome duplication
prior to meiosis II [96,97]. The molecular mechanisms that are responsible for blocking DNA synthesis
are similar to those used in mitotic cycles, where CDK activity rises during S phase and inhibits origin
re-licensing through inhibitory phosphorylation of different pre-replicative complex components
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(reviewed in [90]). For instance, in the fission yeast, subunits of the Mcm helicase are no longer bound
to chromatin between meiosis I and II [77], and a reduction in CDK activity during this transition
increases DNA replication, most likely by increasing the efficiency of Mcm2–7 chromatin loading [98].
Taken together, these studies provide evidence that CDK regulation of re-replication is essential not only
for the faithful duplication of the genomic material during the mitotic cycles but also for a successful
outcome to meiosis. In contrast, while DDK does not have a direct role in ensuring that the genome is
duplicated only once per cell division cycle, inhibition of its function is triggered by pathways that
prevent re-replication. Studies in the budding yeast suggest that Dbf4 degradation, which begins
at the metaphase to anaphase transition, may ensure that replication complexes that are assembled
as cells exit mitosis are unable to fire prior to S phase [41,43]. In proliferating mammalian cells,
phosphorylation of DDK/Cdc7 by CDK1 in prometaphase results in loss of Cdc7 from chromatin and
specifically from origins, thus preventing inappropriate re-initiation [99]. Interestingly, an analogous
phenomenon is observed in Xenopus oocytes between meiosis I and II, where the normally nuclear Cdc7
protein is translocated into the cytoplasm, perhaps as an extra layer of control to ensure replication
inhibition at this stage [100]. Therefore, the pathways that limit DNA replication during a mitotic cycle
are also relevant for meiosis. It is thus clear that both CDK and DDK are indispensable for preserving
the singularity of meiosis, in which two nuclear divisions are preceded by a single genome duplication.

6. Coordination between Pre-Meiotic Replication and DNA Double-Strand Break Formation

A defining feature of sexual reproduction is the generation of increased genetic diversity
through meiotic recombination. While DSBs occur during mitotic cycles as a consequence of
endogenous and exogenous challenges, meiotic DSBs are induced by a highly regulated mechanism
that follows pre-meiotic DNA replication [101]. Indeed, DSB formation in meiosis is catalyzed by the
conserved Spo11 enzyme and is restricted to a time interval between replication and chromosome
segregation. This is important for both (1) their role in the establishment of physical links between
homologous chromosomes that are crucial for accurate segregation in meiosis I and (2) their subsequent
recombination and repair. Although complete duplication of the genome is not a prerequisite for
the generation of DSBs in the budding and fission yeasts [76,82,102–104], a clear connection has
been established between these processes. In the budding yeast, inducing a delay in the timing of
duplication of a genomic region results in a corresponding delay in local DSB formation [105,106].
Moreover, the profile of replication initiation along the chromosomes has been demonstrated to be
a major determinant in the frequencies and genome-wide distribution of DSB formation in the fission
yeast [83].

How then is the link between replication and recombination established although these events are
temporally separated? While Spo11 is responsible for the generation of meiotic DSBs, its interaction
with a number of other conserved factors is critical for this function. One of them is Mer2, a pivotal
target of both CDK and DDK phosphorylation in the budding yeast [17,18,107]. This modification
by both kinases is necessary for DSB formation [18]: Clb5/6-Cdc28 modifies Ser30 of Mer2, and this
primes the protein for phosphorylation by Dbf4-Cdc7 on Ser29. Importantly, Dbf4 has been suggested
to interact with the replication fork [108], and evidence suggests that the DDK activity that is associated
with this machinery phosphorylates Mer2 in replicating regions [109]. Although it remains to be shown
whether Mer2 phosphorylation occurs as the replication fork progresses along the DNA, as the direct
recruitment of DDK to the traveling replication machinery has not yet been demonstrated, these
findings provide a key mechanism for coupling replication with recombination.

Interestingly, while origin activation and DSB formation are separated in time, their joint reliance
on CDK and DDK has led to the suggestion that there may be competition for the same kinase activities.
Indeed, as described above, the establishment of recombination begins during S phase before breaks
are actually formed, and this is mediated through Mer2 phosphorylation by CDK and DDK during
pre-meiotic S phase. In light of the quantitative requirements for these kinases during meiosis, it is
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tempting to speculate that there may be intermediate thresholds of activity that coordinate and ensure
the temporal order of replication and recombination.

7. Repair of DNA Double-Strand Breaks in Mitotic and Meiotic Cycles

Although the formation of DSBs initiates meiotic recombination, they are among the most
deleterious forms of DNA damage and represent a major challenge to genome maintenance.
These breaks can have severe consequences, ranging from chromosomal translocations to cell
death [110]. Therefore, while meiotic DSBs are programmed events, they also have the potential
to threaten genome stability if they are not properly repaired (reviewed in [111]). The preservation of
genome integrity requires the function of a number of pathways for the detection and repair of DNA
lesions. In this section, we will explore how cells deal with DSBs in mitotic and meiotic cycles as well
as the roles of CDK and DDK in these processes.

In proliferating cells, DSBs are repaired via two major mechanisms. In situations where cells
have a duplicated genome for use as a template, the preferred pathway is homologous recombination
(HR), which takes an identical or similar sequence as a donor. However, when a copy of the genetic
information is not available, non-homologous end joining (NHEJ) promotes the ligation of the broken
DNA. This occurs through the processing of DNA ends, which may result in nucleotide alterations
and thus is generally considered to be more error-prone. Due to the template requirements for
these two repair mechanisms, their utilization is directly coupled to cell cycle progression: NHEJ is
active throughout the cell cycle but predominant in G1, while HR is restricted to S and G2, when an
undamaged template becomes available. This preference has been demonstrated in the budding yeast,
where DSBs that are generated in G1 are repaired by NHEJ rather than by HR [112,113]. Moreover,
the levels of NHEJ and HR have been shown to be reciprocally regulated throughout the cell cycle in
fission yeast: NHEJ is 10-fold higher than HR in G1, while the opposite is true in G2 [114].

Consistent with the quantitative model for cell cycle progression, CDK activity has been
demonstrated to be a critical regulator of the choice between these pathways. First, CDK downregulates
NHEJ when a donor template is present. For instance, the Xlf1 protein that stimulates DNA end joining
undergoes inhibitory phosphorylation by CDK/Cdc2 as fission yeast cells enter G2 [115]. Next,
a number of the proteins in the HR pathway are substrates of CDK (reviewed in [6,116,117]). Indeed,
CDK/Cdc28 promotes the resection of DSB ends to generate single-stranded DNA overhangs for HR
in the budding yeast [112,113]. This requires CDK modification of the Sae2/CtIP endonuclease, as
demonstrated in systems ranging from budding yeast to mammalian cells [118–120]. The later steps
of HR, in which DNA joint molecules that are generated as a result of homology search and strand
invasion must be resolved and disentangled, are also dependent on CDK. For example, in the budding
yeast, the biochemical activity of the Mms4/Eme1-Mus81 nuclease that is important for joint molecule
processing reaches a maximum at G2/M, and this relies on CDK/Cdc28 phosphorylation [121–123].
Interestingly, during meiosis, the formation of programmed DSBs occurs in a temporal window
following pre-meiotic S phase and prior to chromosome segregation during meiosis I. HR during
mitosis and DSB repair during meiosis are related processes, and it has been hypothesized that
meiotic recombination is a specialized function that may have evolved from HR [1]. Importantly, CDK
substrates in HR during mitotic cycles are similarly crucial for repairing and resolving meiotic DSBs.
This includes the Sae2 protein mentioned above, whose phosphorylation is essential for removal of
Spo11 from DSB ends and for initiation of meiotic DSB resection [124]. Moreover, the CDK-dependent
activity of Mms4-Mus81 promotes the processing of joint molecules prior to chromosome segregation
in meiosis I [121]. Finally, DDK activity has also been implicated in the regulation of Mms4-Mus81 in
proliferating cells [125]; it is thus possible that this phosphorylation will play a similar role in meiosis.
Collectively, the examples described above illustrate the fundamental functions of CDK and perhaps
of DDK in the repair of DSBs in both mitotic and meiotic cycles.
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8. Conclusions

The CDK and DDK kinases are essential regulators of genome duplication and maintenance in
proliferating cells and during meiosis. Many of their roles in mitotic cycles have correlates in sexual
reproduction, but cells have also implemented meiosis-specific adaptations of their modulation and
functions, some of which have been presented in this review. Intriguingly, despite the complexity of
the control of these kinases, orderly progression through meiosis may simply rely on the levels of CDK
and DDK activities, as is the case in mitotic cycles. Since meiosis involves a number of events that do
not normally occur in vegetatively growing cells, the higher activities required for later meiotic stages
may provide a greater dynamic range that allows for additional intermediate thresholds to ensure
the proper succession of non-overlapping processes. Therefore, the precise profiles of CDK and DDK
activities may be critical both to drive and temporally orchestrate the diverse steps in gametogenesis.

Acknowledgments: We thank Damien Coudreuse for critical reading of the manuscript. We also thank members
of the Genome Duplication and Maintenance team for comments. This work is supported by funding from the
Centre National de la Recherche Scientifique (CNRS) and a Marie Curie Career Integration Grant to P.-Y. J.W. from
the 7th Framework Programme of the European Commission (Grant Agreement 334200). We apologize to any
authors whose work was not cited due to space restrictions.

Author Contributions: B.G.E. and P.-Y.J.W. wrote the manuscript.

Conflicts of Interest: The authors declare no competing financial interests.

References

1. Kleckner, N. Meiosis: How could it work? Proc. Natl. Acad. Sci. USA 1996, 93, 8167–8174. [CrossRef]
[PubMed]

2. Lam, I.; Keeney, S. Mechanism and regulation of meiotic recombination initiation. Cold Spring Harb.
Perspect. Biol. 2014, 7, a016634. [CrossRef] [PubMed]

3. Labib, K. How do Cdc7 and cyclin-dependent kinases trigger the initiation of chromosome replication in
eukaryotic cells? Genes Dev. 2010, 24, 1208–1219. [CrossRef] [PubMed]

4. Zegerman, P. Evolutionary conservation of the CDK targets in eukaryotic DNA replication initiation.
Chromosoma 2015, 124, 309–321. [CrossRef] [PubMed]

5. Morgan, D.O. Cyclin-dependent kinases: Engines, clocks, and microprocessors. Annu. Rev. Cell Dev. Biol.
1997, 13, 261–291. [CrossRef] [PubMed]

6. Yata, K.; Esashi, F. Dual role of CDKs in DNA repair: To be, or not to be. DNA Repair 2009, 8, 6–18. [CrossRef]
[PubMed]

7. Lim, S.; Kaldis, P. Cdks, cyclins and CKIs: Roles beyond cell cycle regulation. Development 2013, 140,
3079–3093. [CrossRef] [PubMed]

8. Bailis, J.M.; Bernard, P.; Antonelli, R.; Allshire, R.C.; Forsburg, S.L. Hsk1-Dfp1 is required for
heterochromatin-mediated cohesion at centromeres. Nat. Cell Biol. 2003, 5, 1111–1116. [CrossRef] [PubMed]

9. Tsuji, T.; Lau, E.; Chiang, G.G.; Jiang, W. The role of Dbf4/Drf1-dependent kinase Cdc7 in DNA-damage
checkpoint control. Mol. Cell 2008, 32, 862–869. [CrossRef] [PubMed]

10. Takahashi, T.S.; Basu, A.; Bermudez, V.; Hurwitz, J.; Walter, J.C. Cdc7-Drf1 kinase links chromosome cohesion
to the initiation of DNA replication in Xenopus egg extracts. Genes Dev. 2008, 22, 1894–1905. [CrossRef]
[PubMed]

11. Furuya, K.; Miyabe, I.; Tsutsui, Y.; Paderi, F.; Kakusho, N.; Masai, H.; Niki, H.; Carr, A.M. DDK
phosphorylates checkpoint clamp component Rad9 and promotes its release from damaged chromatin.
Mol. Cell 2010, 40, 606–618. [CrossRef] [PubMed]

12. Lee, A.Y.-L.; Chiba, T.; Truong, L.N.; Cheng, A.N.; Do, J.; Cho, M.J.; Chen, L.; Wu, X. Dbf4 is direct
downstream target of ataxia telangiectasia mutated (ATM) and ataxia telangiectasia and Rad3-related (ATR)
protein to regulate intra-S-phase checkpoint. J. Biol. Chem. 2012, 287, 2531–2543. [CrossRef] [PubMed]

13. Ogino, K.; Hirota, K.; Matsumoto, S.; Takeda, T.; Ohta, K.; Arai, K.-I.; Masai, H. Hsk1 kinase is required for
induction of meiotic dsDNA breaks without involving checkpoint kinases in fission yeast. Proc. Natl. Acad.
Sci. USA 2006, 103, 8131–8136. [CrossRef] [PubMed]

http://dx.doi.org/10.1073/pnas.93.16.8167
http://www.ncbi.nlm.nih.gov/pubmed/8710842
http://dx.doi.org/10.1101/cshperspect.a016634
http://www.ncbi.nlm.nih.gov/pubmed/25324213
http://dx.doi.org/10.1101/gad.1933010
http://www.ncbi.nlm.nih.gov/pubmed/20551170
http://dx.doi.org/10.1007/s00412-014-0500-y
http://www.ncbi.nlm.nih.gov/pubmed/25575982
http://dx.doi.org/10.1146/annurev.cellbio.13.1.261
http://www.ncbi.nlm.nih.gov/pubmed/9442875
http://dx.doi.org/10.1016/j.dnarep.2008.09.002
http://www.ncbi.nlm.nih.gov/pubmed/18832049
http://dx.doi.org/10.1242/dev.091744
http://www.ncbi.nlm.nih.gov/pubmed/23861057
http://dx.doi.org/10.1038/ncb1069
http://www.ncbi.nlm.nih.gov/pubmed/14625560
http://dx.doi.org/10.1016/j.molcel.2008.12.005
http://www.ncbi.nlm.nih.gov/pubmed/19111665
http://dx.doi.org/10.1101/gad.1683308
http://www.ncbi.nlm.nih.gov/pubmed/18628396
http://dx.doi.org/10.1016/j.molcel.2010.10.026
http://www.ncbi.nlm.nih.gov/pubmed/21095590
http://dx.doi.org/10.1074/jbc.M111.291104
http://www.ncbi.nlm.nih.gov/pubmed/22123827
http://dx.doi.org/10.1073/pnas.0602498103
http://www.ncbi.nlm.nih.gov/pubmed/16698922


Genes 2017, 8, 105 10 of 14

14. Wan, L.; Zhang, C.; Shokat, K.M.; Hollingsworth, N.M. Chemical inactivation of cdc7 kinase in budding
yeast results in a reversible arrest that allows efficient cell synchronization prior to meiotic recombination.
Genetics 2006, 174, 1767–1774. [CrossRef] [PubMed]

15. Lo, H.-C.; Wan, L.; Rosebrock, A.; Futcher, B.; Hollingsworth, N.M. Cdc7-Dbf4 regulates NDT80 transcription
as well as reductional segregation during budding yeast meiosis. Mol. Biol. Cell 2008, 19, 4956–4967.
[CrossRef] [PubMed]

16. Matos, J.; Lipp, J.J.; Bogdanova, A.; Guillot, S.; Okaz, E.; Junqueira, M.; Shevchenko, A.; Zachariae, W.
Dbf4-dependent CDC7 kinase links DNA replication to the segregation of homologous chromosomes in
meiosis I. Cell 2008, 135, 662–678. [CrossRef] [PubMed]

17. Sasanuma, H.; Hirota, K.; Fukuda, T.; Kakusho, N.; Kugou, K.; Kawasaki, Y.; Shibata, T.; Masai, H.; Ohta, K.
Cdc7-dependent phosphorylation of Mer2 facilitates initiation of yeast meiotic recombination. Genes Dev.
2008, 22, 398–410. [CrossRef] [PubMed]

18. Wan, L.; Niu, H.; Futcher, B.; Zhang, C.; Shokat, K.M.; Boulton, S.J.; Hollingsworth, N.M. Cdc28-Clb5 (CDK-S)
and Cdc7-Dbf4 (DDK) collaborate to initiate meiotic recombination in yeast. Genes Dev. 2008, 22, 386–397.
[CrossRef] [PubMed]

19. Masai, H.; Matsui, E.; You, Z.; Ishimi, Y.; Tamai, K.; Arai, K. Human Cdc7-related kinase complex. In vitro
phosphorylation of MCM by concerted actions of Cdks and Cdc7 and that of a criticial threonine residue of
Cdc7 bY Cdks. J. Biol. Chem. 2000, 275, 29042–29052. [CrossRef] [PubMed]

20. Nougarède, R.; Seta, Della, F.; Zarzov, P.; Schwob, E. Hierarchy of S-phase-promoting factors: Yeast Dbf4-Cdc7
kinase requires prior S-phase cyclin-dependent kinase activation. Mol. Cell. Biol. 2000, 20, 3795–3806.

21. Devault, A.; Gueydon, E.; Schwob, E. Interplay between S-cyclin-dependent kinase and Dbf4-dependent
kinase in controlling DNA replication through phosphorylation of yeast Mcm4 N-terminal domain.
Mol. Biol. Cell 2008, 19, 2267–2277. [CrossRef] [PubMed]

22. Sheu, Y.-J.; Stillman, B. The Dbf4-Cdc7 kinase promotes S phase by alleviating an inhibitory activity in Mcm4.
Nature 2010, 463, 113–117. [CrossRef] [PubMed]

23. Larasati; Duncker, B.P. Mechanisms Governing DDK Regulation of the Initiation of DNA Replication. Genes
2016, 8, 3.

24. Kitada, K.; Johnston, L.H.; Sugino, T.; Sugino, A. Temperature-sensitive Cdc7 mutations of Saccharomyces cerevisiae
are suppressed by the DBF4 gene, which is required for the G1/S cell cycle transition. Genetics 1992, 131,
21–29. [PubMed]

25. Jackson, A.L.; Pahl, P.M.; Harrison, K.; Rosamond, J.; Sclafani, R.A. Cell cycle regulation of the yeast Cdc7
protein kinase by association with the Dbf4 protein. Mol. Cell. Biol. 1993, 13, 2899–2908. [CrossRef] [PubMed]

26. Montagnoli, A.; Bosotti, R.; Villa, F.; Rialland, M.; Brotherton, D.; Mercurio, C.; Berthelsen, J.; Santocanale, C.
Drf1, a novel regulatory subunit for human Cdc7 kinase. EMBO J. 2002, 21, 3171–3181. [CrossRef] [PubMed]

27. Takahashi, T.S.; Walter, J.C. Cdc7-Drf1 is a developmentally regulated protein kinase required for the
initiation of vertebrate DNA replication. Genes Dev. 2005, 19, 2295–2300. [CrossRef] [PubMed]

28. Fisher, D.L.; Nurse, P. A single fission yeast mitotic cyclin B p34cdc2 kinase promotes both S-phase and
mitosis in the absence of G1 cyclins. EMBO J. 1996, 15, 850–860. [PubMed]

29. Stern, B.; Nurse, P. A quantitative model for the cdc2 control of S phase and mitosis in fission yeast.
Trends Genet. 1996, 12, 345–350. [CrossRef]

30. Donaldson, A.D.; Raghuraman, M.K.; Friedman, K.L.; Cross, F.R.; Brewer, B.J.; Fangman, W.L.
CLB5-dependent activation of late replication origins in S. cerevisiae. Mol. Cell 1998, 2, 173–182. [CrossRef]

31. Hu, F.; Aparicio, O.M. Swe1 regulation and transcriptional control restrict the activity of mitotic cyclins
toward replication proteins in Saccharomyces cerevisiae. Proc. Natl. Acad. Sci. USA 2005, 102, 8910–8915.
[CrossRef] [PubMed]

32. Moore, J.D.; Kirk, J.A.; Hunt, T. Unmasking the S-phase-promoting potential of cyclin B1. Science 2003, 300,
987–990. [CrossRef] [PubMed]

33. Kozar, K.; Ciemerych, M.A.; Rebel, V.I.; Shigematsu, H.; Zagozdzon, A.; Sicinska, E.; Geng, Y.; Yu, Q.;
Bhattacharya, S.; Bronson, R.T.; et al. Mouse development and cell proliferation in the absence of D-cyclins.
Cell 2004, 118, 477–491. [CrossRef] [PubMed]

34. Santamaría, D.; Barrière, C.; Cerqueira, A.; Hunt, S.; Tardy, C.; Newton, K.; Cáceres, J.F.; Dubus, P.;
Malumbres, M.; Barbacid, M. Cdk1 is sufficient to drive the mammalian cell cycle. Nature 2007, 448,
811–815. [CrossRef] [PubMed]

http://dx.doi.org/10.1534/genetics.106.064303
http://www.ncbi.nlm.nih.gov/pubmed/17057233
http://dx.doi.org/10.1091/mbc.E08-07-0755
http://www.ncbi.nlm.nih.gov/pubmed/18768747
http://dx.doi.org/10.1016/j.cell.2008.10.026
http://www.ncbi.nlm.nih.gov/pubmed/19013276
http://dx.doi.org/10.1101/gad.1626608
http://www.ncbi.nlm.nih.gov/pubmed/18245451
http://dx.doi.org/10.1101/gad.1626408
http://www.ncbi.nlm.nih.gov/pubmed/18245450
http://dx.doi.org/10.1074/jbc.M002713200
http://www.ncbi.nlm.nih.gov/pubmed/10846177
http://dx.doi.org/10.1091/mbc.E07-06-0614
http://www.ncbi.nlm.nih.gov/pubmed/18321994
http://dx.doi.org/10.1038/nature08647
http://www.ncbi.nlm.nih.gov/pubmed/20054399
http://www.ncbi.nlm.nih.gov/pubmed/1592236
http://dx.doi.org/10.1128/MCB.13.5.2899
http://www.ncbi.nlm.nih.gov/pubmed/8474449
http://dx.doi.org/10.1093/emboj/cdf290
http://www.ncbi.nlm.nih.gov/pubmed/12065429
http://dx.doi.org/10.1101/gad.1339805
http://www.ncbi.nlm.nih.gov/pubmed/16204181
http://www.ncbi.nlm.nih.gov/pubmed/8631306
http://dx.doi.org/10.1016/S0168-9525(96)80016-3
http://dx.doi.org/10.1016/S1097-2765(00)80127-6
http://dx.doi.org/10.1073/pnas.0406987102
http://www.ncbi.nlm.nih.gov/pubmed/15956196
http://dx.doi.org/10.1126/science.1081418
http://www.ncbi.nlm.nih.gov/pubmed/12738867
http://dx.doi.org/10.1016/j.cell.2004.07.025
http://www.ncbi.nlm.nih.gov/pubmed/15315760
http://dx.doi.org/10.1038/nature06046
http://www.ncbi.nlm.nih.gov/pubmed/17700700


Genes 2017, 8, 105 11 of 14

35. Coudreuse, D.; Nurse, P. Driving the cell cycle with a minimal CDK control network. Nature 2010, 468,
1074–1079. [CrossRef] [PubMed]

36. Johnson, R.T.; Rao, P.N. Mammalian cell fusion: Induction of premature chromosome condensation in
interphase nuclei. Nature 1970, 226, 717–722. [CrossRef] [PubMed]

37. Banyai, G.; Baïdi, F.; Coudreuse, D.; Szilagyi, Z. Cdk1 activity acts as a quantitative platform for coordinating
cell cycle progression with periodic transcription. Nat. Commun. 2016, 7, 11161. [CrossRef] [PubMed]

38. Rahi, S.J.; Pecani, K.; Ondracka, A.; Oikonomou, C.; Cross, F.R. The CDK-APC/C Oscillator Predominantly
Entrains Periodic Cell-Cycle Transcription. Cell 2016, 165, 475–487. [CrossRef] [PubMed]

39. Swaffer, M.P.; Jones, A.W.; Flynn, H.R.; Snijders, A.P.; Nurse, P. CDK Substrate Phosphorylation and Ordering
the Cell Cycle. Cell 2016, 167, 1750–1761. [CrossRef] [PubMed]

40. Brown, G.W.; Kelly, T.J. Cell cycle regulation of Dfp1, an activator of the Hsk1 protein kinase. Proc. Natl.
Acad. Sci. USA 1999, 96, 8443–8448. [CrossRef] [PubMed]

41. Oshiro, G.; Owens, J.C.; Shellman, Y.; Sclafani, R.A.; Li, J.J. Cell cycle control of Cdc7p kinase activity through
regulation of Dbf4p stability. Mol. Cell. Biol. 1999, 19, 4888–4896. [CrossRef] [PubMed]

42. Takeda, T.; Ogino, K.; Matsui, E.; Cho, M.K.; Kumagai, H.; Miyake, T.; Arai, K.; Masai, H. A fission yeast
gene, him1+/dfp1+, encoding a regulatory subunit for Hsk1 kinase, plays essential roles in S-phase initiation
as well as in S-phase checkpoint control and recovery from DNA damage. Mol. Cell. Biol. 1999, 19, 5535–5547.
[CrossRef] [PubMed]

43. Ferreira, M.F.; Santocanale, C.; Drury, L.S.; Diffley, J.F. Dbf4p, an essential S phase-promoting factor, is
targeted for degradation by the anaphase-promoting complex. Mol. Cell. Biol. 2000, 20, 242–248. [CrossRef]
[PubMed]

44. Sclafani, R.A.; Patterson, M.; Rosamond, J.; Fangman, W.L. Differential regulation of the yeast CDC7 gene
during mitosis and meiosis. Mol. Cell. Biol. 1988, 8, 293–300. [CrossRef] [PubMed]

45. Patel, P.K.; Kommajosyula, N.; Rosebrock, A.; Bensimon, A.; Leatherwood, J.; Bechhoefer, J.; Rhind, N.
The Hsk1(Cdc7) replication kinase regulates origin efficiency. Mol. Biol. Cell 2008, 19, 5550–5558. [CrossRef]
[PubMed]

46. Wu, P.-Y.J.; Nurse, P. Establishing the program of origin firing during S phase in fission Yeast. Cell 2009, 136,
852–864. [CrossRef] [PubMed]

47. Mantiero, D.; Mackenzie, A.; Donaldson, A.; Zegerman, P. Limiting replication initiation factors execute the
temporal programme of origin firing in budding yeast. EMBO J. 2011, 30, 4805–4814. [CrossRef] [PubMed]

48. Grandin, N.; Reed, S.I. Differential function and expression of Saccharomyces cerevisiae B-type cyclins in
mitosis and meiosis. Mol. Cell. Biol. 1993, 13, 2113–2125. [CrossRef] [PubMed]

49. Chu, S.; Herskowitz, I. Gametogenesis in yeast is regulated by a transcriptional cascade dependent on Ndt80.
Mol. Cell 1998, 1, 685–696. [CrossRef]

50. Dahmann, C.; Futcher, B. Specialization of B-type cyclins for mitosis or meiosis in S. cerevisiae. Genetics 1995,
140, 957–963. [PubMed]

51. Carlile, T.M.; Amon, A. Meiosis I is established through division-specific translational control of a cyclin.
Cell 2008, 133, 280–291. [CrossRef] [PubMed]

52. Schwob, E.; Nasmyth, K. CLB5 and CLB6, a new pair of B cyclins involved in DNA replication in
Saccharomyces cerevisiae. Genes Dev. 1993, 7, 1160–1175. [CrossRef] [PubMed]

53. Dirick, L.; Goetsch, L.; Ammerer, G.; Byers, B. Regulation of meiotic S phase by Ime2 and a Clb5,6-associated
kinase in Saccharomyces cerevisiae. Science 1998, 281, 1854–1857. [CrossRef] [PubMed]

54. Stuart, D.; Wittenberg, C. CLB5 and CLB6 are required for premeiotic DNA replication and activation of the
meiotic S/M checkpoint. Genes Dev. 1998, 12, 2698–2710. [CrossRef] [PubMed]

55. DeCesare, J.M.; Stuart, D.T. Among B-type cyclins only CLB5 and CLB6 promote premeiotic S phase in
Saccharomyces cerevisiae. Genetics 2012, 190, 1001–1016. [CrossRef] [PubMed]

56. Smith, K.N.; Penkner, A.; Ohta, K.; Klein, F.; Nicolas, A. B-type cyclins CLB5 and CLB6 control the initiation
of recombination and synaptonemal complex formation in yeast meiosis. Current Biology 2001, 11, 88–97.
[CrossRef]

57. Gutiérrez-Escribano, P.; Nurse, P. A single cyclin-CDK complex is sufficient for both mitotic and meiotic
progression in fission yeast. Nat. Commun. 2015, 6, 6871. [CrossRef] [PubMed]

http://dx.doi.org/10.1038/nature09543
http://www.ncbi.nlm.nih.gov/pubmed/21179163
http://dx.doi.org/10.1038/226717a0
http://www.ncbi.nlm.nih.gov/pubmed/5443247
http://dx.doi.org/10.1038/ncomms11161
http://www.ncbi.nlm.nih.gov/pubmed/27045731
http://dx.doi.org/10.1016/j.cell.2016.02.060
http://www.ncbi.nlm.nih.gov/pubmed/27058667
http://dx.doi.org/10.1016/j.cell.2016.11.034
http://www.ncbi.nlm.nih.gov/pubmed/27984725
http://dx.doi.org/10.1073/pnas.96.15.8443
http://www.ncbi.nlm.nih.gov/pubmed/10411894
http://dx.doi.org/10.1128/MCB.19.7.4888
http://www.ncbi.nlm.nih.gov/pubmed/10373538
http://dx.doi.org/10.1128/MCB.19.8.5535
http://www.ncbi.nlm.nih.gov/pubmed/10409743
http://dx.doi.org/10.1128/MCB.20.1.242-248.2000
http://www.ncbi.nlm.nih.gov/pubmed/10594027
http://dx.doi.org/10.1128/MCB.8.1.293
http://www.ncbi.nlm.nih.gov/pubmed/3275871
http://dx.doi.org/10.1091/mbc.E08-06-0645
http://www.ncbi.nlm.nih.gov/pubmed/18799612
http://dx.doi.org/10.1016/j.cell.2009.01.017
http://www.ncbi.nlm.nih.gov/pubmed/19269364
http://dx.doi.org/10.1038/emboj.2011.404
http://www.ncbi.nlm.nih.gov/pubmed/22081107
http://dx.doi.org/10.1128/MCB.13.4.2113
http://www.ncbi.nlm.nih.gov/pubmed/8455600
http://dx.doi.org/10.1016/S1097-2765(00)80068-4
http://www.ncbi.nlm.nih.gov/pubmed/7672594
http://dx.doi.org/10.1016/j.cell.2008.02.032
http://www.ncbi.nlm.nih.gov/pubmed/18423199
http://dx.doi.org/10.1101/gad.7.7a.1160
http://www.ncbi.nlm.nih.gov/pubmed/8319908
http://dx.doi.org/10.1126/science.281.5384.1854
http://www.ncbi.nlm.nih.gov/pubmed/9743499
http://dx.doi.org/10.1101/gad.12.17.2698
http://www.ncbi.nlm.nih.gov/pubmed/9732268
http://dx.doi.org/10.1534/genetics.111.134684
http://www.ncbi.nlm.nih.gov/pubmed/22209902
http://dx.doi.org/10.1016/S0960-9822(01)00026-4
http://dx.doi.org/10.1038/ncomms7871
http://www.ncbi.nlm.nih.gov/pubmed/25891897


Genes 2017, 8, 105 12 of 14

58. Malapeira, J.; Moldón, A.; Hidalgo, E.; Smith, G.R.; Nurse, P.; Ayté, J. A meiosis-specific cyclin regulated by
splicing is required for proper progression through meiosis. Mol. Cell. Biol. 2005, 25, 6330–6337. [CrossRef]
[PubMed]

59. Geng, Y.; Yu, Q.; Sicinska, E.; Das, M.; Schneider, J.E.; Bhattacharya, S.; Rideout, W.M.; Bronson, R.T.;
Gardner, H.; Sicinski, P. Cyclin E ablation in the mouse. Cell 2003, 114, 431–443. [CrossRef]

60. Liu, D.; Matzuk, M.M.; Sung, W.K.; Guo, Q.; Wang, P.; Wolgemuth, D.J. Cyclin A1 is required for meiosis in
the male mouse. Nat. Genet. 1998, 20, 377–380. [PubMed]

61. Benjamin, K.R.; Benjamin, K.R.; Zhang, C.; Zhang, C.; Shokat, K.M.; Shokat, K.M.; Herskowitz, I.;
Herskowitz, I. Control of landmark events in meiosis by the CDK Cdc28 and the meiosis-specific kinase
Ime2. Genes Dev. 2003, 17, 1524–1539. [CrossRef] [PubMed]

62. Schindler, K.; Winter, E. Phosphorylation of Ime2 regulates meiotic progression in Saccharomyces cerevisiae.
J. Biol. Chem. 2006, 281, 18307–18316. [CrossRef] [PubMed]

63. Szwarcwort-Cohen, M.; Kasulin-Boneh, Z.; Sagee, S.; Kassir, Y. Human Cdk2 is a functional homolog of
budding yeast Ime2, the meiosis-specific Cdk-like kinase. Cell Cycle 2009, 8, 647–654. [CrossRef] [PubMed]

64. Honigberg, S.M. Ime2p and Cdc28p: Co-pilots driving meiotic development. J. Cell. Biochem. 2004, 92,
1025–1033. [CrossRef] [PubMed]

65. Averbeck, N.; Sunder, S.; Sample, N.; Wise, J.A.; Leatherwood, J. Negative control contributes to an extensive
program of meiotic splicing in fission yeast. Mol. Cell 2005, 18, 491–498. [CrossRef] [PubMed]

66. Borgne, A.; Murakami, H.; Ayté, J.; Nurse, P. The G1/S Cyclin Cig2p during Meiosis in Fission Yeast.
Mol. Biol. Cell 2002, 13, 2080–2090. [CrossRef] [PubMed]

67. Schild, D.; Byers, B. Meiotic effects of DNA-defective cell division cycle mutations of Saccharomyces cerevisiae.
Chromosoma 1978, 70, 109–130. [CrossRef] [PubMed]

68. Hollingsworth, R.E.; Sclafani, R.A. Yeast pre-meiotic DNA replication utilizes mitotic origin ARS1
independently of CDC7 function. Chromosoma 1993, 102, 415–420. [CrossRef] [PubMed]

69. Nakamura, T.; Nakamura-Kubo, M.; Nakamura, T.; Shimoda, C. Novel Fission Yeast Cdc7-Dbf4-Like Kinase
Complex Required for the Initiation and Progression of Meiotic Second Division. Mol. Cell. Biol. 2002, 22,
309–320. [CrossRef] [PubMed]

70. Kovacikova, I.; Polakova, S.; Benko, Z.; Cipak, L.; Zhang, L.; Rumpf, C.; Miadokova, E.; Gregan, J. A knockout
screen for protein kinases required for the proper meiotic segregation of chromosomes in the fission yeast
Schizosaccharomyces pombe. Cell Cycle 2013, 12, 618–624. [CrossRef] [PubMed]

71. Donaldson, A.D.; Cross, F.R.; Raghuraman, M.K.; Levine, K.; Friedman, K.L.; Cross, F.R.; Brewer, B.J.;
Fangman, W.L. Molecular evolution allows bypass of the requirement for activation loop phosphorylation of
the Cdc28 cyclin-dependent kinase. Mol. Cell. Biol. 1998, 18, 2923–2931.

72. Kaldis, P.; Pitluk, Z.W.; Bany, I.A.; Enke, D.A.; Wagner, M.; Winter, E.; Solomon, M.J. Localization and
regulation of the cdk-activating kinase (Cak1p) from budding yeast. J. Cell Sci. 1998, 111, 3585–3596. [PubMed]

73. Schwob, E.; Böhm, T.; Mendenhall, M.D.; Nasmyth, K. The B-type cyclin kinase inhibitor p40SIC1 controls
the G1 to S transition in S. cerevisiae. Cell 1994, 79, 233–244. [CrossRef]

74. Verma, R.; Annan, R.S.; Huddleston, M.J.; Carr, S.A.; Reynard, G.; Deshaies, R.J. Phosphorylation of Sic1p by
G1 Cdk required for its degradation and entry into S phase. Science 1997, 278, 455–460. [CrossRef] [PubMed]

75. Schindler, K.; Benjamin, K.R.; Martin, A.; Boglioli, A.; Herskowitz, I.; Winter, E. The Cdk-Activating Kinase
Cak1p Promotes Meiotic S Phase through Ime2p. Mol. Cell. Biol. 2003, 23, 8718–8728. [CrossRef] [PubMed]

76. Murakami, H.; Nurse, P. Regulation of premeiotic S phase and recombination-related double-strand DNA
breaks during meiosis in fission yeast. Nat. Genet. 2001, 28, 290–293. [CrossRef] [PubMed]

77. Lindner, K.; Gregan, J.; Montgomery, S.; Kearsey, S.E. Essential role of MCM proteins in premeiotic DNA
replication. Mol. Biol. Cell 2002, 13, 435–444. [CrossRef] [PubMed]

78. Ofir, Y.; Sagee, S.; Guttmann-Raviv, N.; Pnueli, L.; Kassir, Y. The role and regulation of the preRC component
Cdc6 in the initiation of premeiotic DNA replication. Mol. Biol. Cell 2004, 15, 2230–2242. [CrossRef] [PubMed]

79. Williamson, D.H.; Johnston, L.H.; Fennell, D.J.; Simchen, G. The timing of the S phase and other nuclear
events in yeast meiosis. Exp. Cell Res. 1983, 145, 209–217. [CrossRef]

80. Cha, R.S.; Weiner, B.M.; Keeney, S.; Dekker, J.; Kleckner, N. Progression of meiotic DNA replication is
modulated by interchromosomal interaction proteins, negatively by Spo11p and positively by Rec8p.
Genes Dev. 2000, 14, 493–503. [PubMed]

http://dx.doi.org/10.1128/MCB.25.15.6330-6337.2005
http://www.ncbi.nlm.nih.gov/pubmed/16024772
http://dx.doi.org/10.1016/S0092-8674(03)00645-7
http://www.ncbi.nlm.nih.gov/pubmed/9843212
http://dx.doi.org/10.1101/gad.1101503
http://www.ncbi.nlm.nih.gov/pubmed/12783856
http://dx.doi.org/10.1074/jbc.M602349200
http://www.ncbi.nlm.nih.gov/pubmed/16684773
http://dx.doi.org/10.4161/cc.8.4.7843
http://www.ncbi.nlm.nih.gov/pubmed/19197163
http://dx.doi.org/10.1002/jcb.20131
http://www.ncbi.nlm.nih.gov/pubmed/15258924
http://dx.doi.org/10.1016/j.molcel.2005.04.007
http://www.ncbi.nlm.nih.gov/pubmed/15893732
http://dx.doi.org/10.1091/mbc.01-10-0507
http://www.ncbi.nlm.nih.gov/pubmed/12058071
http://dx.doi.org/10.1007/BF00292220
http://www.ncbi.nlm.nih.gov/pubmed/367734
http://dx.doi.org/10.1007/BF00360406
http://www.ncbi.nlm.nih.gov/pubmed/8365350
http://dx.doi.org/10.1128/MCB.22.1.309-320.2002
http://www.ncbi.nlm.nih.gov/pubmed/11739743
http://dx.doi.org/10.4161/cc.23513
http://www.ncbi.nlm.nih.gov/pubmed/23370392
http://www.ncbi.nlm.nih.gov/pubmed/9819350
http://dx.doi.org/10.1016/0092-8674(94)90193-7
http://dx.doi.org/10.1126/science.278.5337.455
http://www.ncbi.nlm.nih.gov/pubmed/9334303
http://dx.doi.org/10.1128/MCB.23.23.8718-8728.2003
http://www.ncbi.nlm.nih.gov/pubmed/14612412
http://dx.doi.org/10.1038/90142
http://www.ncbi.nlm.nih.gov/pubmed/11431703
http://dx.doi.org/10.1091/mbc.01-11-0537
http://www.ncbi.nlm.nih.gov/pubmed/11854402
http://dx.doi.org/10.1091/mbc.E03-08-0617
http://www.ncbi.nlm.nih.gov/pubmed/15004237
http://dx.doi.org/10.1016/S0014-4827(83)80022-6
http://www.ncbi.nlm.nih.gov/pubmed/10691741


Genes 2017, 8, 105 13 of 14

81. Heichinger, C.; Penkett, C.J.; Bähler, J.; Nurse, P. Genome-wide characterization of fission yeast DNA
replication origins. EMBO J. 2006, 25, 5171–5179. [CrossRef] [PubMed]

82. Blitzblau, H.G.; Chan, C.S.; Hochwagen, A.; Bell, S.P. Separation of DNA replication from the assembly of
break-competent meiotic chromosomes. PLoS Genet. 2012, 8, e1002643. [CrossRef] [PubMed]

83. Wu, P.-Y.J.; Nurse, P. Replication origin selection regulates the distribution of meiotic recombination. Mol. Cell
2014, 53, 655–662. [CrossRef] [PubMed]

84. Holm, P.B. The premeiotic DNA replication of euchromatin and heterochromatin in Lilium longiflorum
(Thunb.). Carlsberg Res. Commun. 1977, 42, 249–281. [CrossRef]

85. Cho, W.-H.; Lee, Y.-J.; Kong, S.-I.; Hurwitz, J.; Lee, J.-K. CDC7 kinase phosphorylates serine residues adjacent
to acidic amino acids in the minichromosome maintenance 2 protein. Proc. Natl. Acad. Sci. USA 2006, 103,
11521–11526. [CrossRef] [PubMed]

86. Zegerman, P.; Diffley, J.F.X. Phosphorylation of Sld2 and Sld3 by cyclin-dependent kinases promotes DNA
replication in budding yeast. Nature 2007, 445, 281–285. [CrossRef] [PubMed]

87. Tanaka, S.; Umemori, T.; Hirai, K.; Muramatsu, S.; Kamimura, Y.; Araki, H. CDK-dependent phosphorylation
of Sld2 and Sld3 initiates DNA replication in budding yeast. Nature 2007, 445, 328–332. [CrossRef] [PubMed]

88. Heller, R.C.; Kang, S.; Lam, W.M.; Chen, S.; Chan, C.S.; Bell, S.P. Eukaryotic origin-dependent DNA
replication in vitro reveals sequential action of DDK and S-CDK kinases. Cell 2011, 146, 80–91. [CrossRef]
[PubMed]

89. Yeeles, J.T.P.; Deegan, T.D.; Janska, A.; Early, A.; Diffley, J.F.X. Regulated eukaryotic DNA replication origin
firing with purified proteins. Nature 2015, 519, 431–435. [CrossRef] [PubMed]

90. Fragkos, M.; Ganier, O.; Coulombe, P.; Méchali, M. DNA replication origin activation in space and time.
Nat. Rev. Mol. Cell Biol. 2015, 16, 360–374. [CrossRef] [PubMed]

91. Picard, A.; Galas, S.; Peaucellier, G.; Dorée, M. Newly assembled cyclin B-cdc2 kinase is required to suppress
DNA replication between meiosis I and meiosis II in starfish oocytes. EMBO J. 1996, 15, 3590–3598. [PubMed]

92. Iwabuchi, M. Residual Cdc2 activity remaining at meiosis I exit is essential for meiotic M-M transition in
Xenopus oocyte extracts. EMBO J. 2000, 19, 4513–4523. [CrossRef] [PubMed]

93. Nakajo, N.; Yoshitome, S.; Iwashita, J.; Iida, M.; Uto, K.; Ueno, S.; Okamoto, K.; Sagata, N. Absence of Wee1
ensures the meiotic cell cycle in Xenopus oocytes. Genes Dev. 2000, 14, 328–338. [PubMed]

94. Pesin, J.A.; Orr-Weaver, T.L. Regulation of APC/C activators in mitosis and meiosis. Annu. Rev. Cell Dev.
Biol. 2008, 24, 475–499. [CrossRef] [PubMed]

95. Cooper, K.F.; Strich, R. Meiotic control of the APC/C: Similarities & differences from mitosis. Cell Div 2011,
6, 16. [PubMed]

96. Furuno, N.; Nishizawa, M.; Okazaki, K.; Tanaka, H.; Iwashita, J.; Nakajo, N.; Ogawa, Y.; Sagata, N.
Suppression of DNA replication via Mos function during meiotic divisions in Xenopus oocytes. EMBO J.
1994, 13, 2399–2410. [PubMed]

97. Tachibana, K.; Tanaka, D.; Isobe, T.; Kishimoto, T. c-Mos forces the mitotic cell cycle to undergo meiosis II to
produce haploid gametes. Proc. Natl. Acad. Sci. USA 2000, 97, 14301–14306. [CrossRef] [PubMed]

98. Hua, H.; Namdar, M.; Ganier, O.; Gregan, J.; Méchali, M.; Kearsey, S.E. Sequential steps in DNA replication
are inhibited to ensure reduction of ploidy in meiosis. Mol. Biol. Cell 2013, 24, 578–587. [CrossRef] [PubMed]

99. Knockleby, J.; Kim, B.J.; Mehta, A.; Lee, H. Cdk1-mediated phosphorylation of Cdc7 suppresses DNA
re-replication. Cell Cycle 2016, 15, 1494–1505. [CrossRef] [PubMed]

100. Whitmire, E.; Khan, B.; Coué, M. Cdc6 synthesis regulates replication competence in Xenopus oocytes. Nature
2002, 419, 722–725. [CrossRef] [PubMed]

101. Murakami, H.; Keeney, S. Regulating the formation of DNA double-strand breaks in meiosis. Genes Dev.
2008, 22, 286–292. [CrossRef] [PubMed]

102. Hochwagen, A.; Tham, W.-H.; Brar, G.A.; Amon, A. The FK506 binding protein Fpr3 counteracts protein
phosphatase 1 to maintain meiotic recombination checkpoint activity. Cell 2005, 122, 861–873. [CrossRef]
[PubMed]

103. Tonami, Y.; Murakami, H.; Shirahige, K.; Nakanishi, M. A checkpoint control linking meiotic S phase and
recombination initiation in fission yeast. Proc. Natl. Acad. Sci. USA 2005, 102, 5797–5801. [CrossRef] [PubMed]

104. Ogino, K.; Masai, H. Rad3-Cds1 mediates coupling of initiation of meiotic recombination with DNA
replication. Mei4-dependent transcription as a potential target of meiotic checkpoint. J. Biol. Chem. 2006, 281,
1338–1344. [CrossRef] [PubMed]

http://dx.doi.org/10.1038/sj.emboj.7601390
http://www.ncbi.nlm.nih.gov/pubmed/17053780
http://dx.doi.org/10.1371/journal.pgen.1002643
http://www.ncbi.nlm.nih.gov/pubmed/22615576
http://dx.doi.org/10.1016/j.molcel.2014.01.022
http://www.ncbi.nlm.nih.gov/pubmed/24560273
http://dx.doi.org/10.1007/BF02910453
http://dx.doi.org/10.1073/pnas.0604990103
http://www.ncbi.nlm.nih.gov/pubmed/16864800
http://dx.doi.org/10.1038/nature05432
http://www.ncbi.nlm.nih.gov/pubmed/17167417
http://dx.doi.org/10.1038/nature05465
http://www.ncbi.nlm.nih.gov/pubmed/17167415
http://dx.doi.org/10.1016/j.cell.2011.06.012
http://www.ncbi.nlm.nih.gov/pubmed/21729781
http://dx.doi.org/10.1038/nature14285
http://www.ncbi.nlm.nih.gov/pubmed/25739503
http://dx.doi.org/10.1038/nrm4002
http://www.ncbi.nlm.nih.gov/pubmed/25999062
http://www.ncbi.nlm.nih.gov/pubmed/8670862
http://dx.doi.org/10.1093/emboj/19.17.4513
http://www.ncbi.nlm.nih.gov/pubmed/10970845
http://www.ncbi.nlm.nih.gov/pubmed/10673504
http://dx.doi.org/10.1146/annurev.cellbio.041408.115949
http://www.ncbi.nlm.nih.gov/pubmed/18598214
http://www.ncbi.nlm.nih.gov/pubmed/21806783
http://www.ncbi.nlm.nih.gov/pubmed/8194530
http://dx.doi.org/10.1073/pnas.97.26.14301
http://www.ncbi.nlm.nih.gov/pubmed/11121036
http://dx.doi.org/10.1091/mbc.E12-11-0825
http://www.ncbi.nlm.nih.gov/pubmed/23303250
http://dx.doi.org/10.1080/15384101.2016.1176658
http://www.ncbi.nlm.nih.gov/pubmed/27105124
http://dx.doi.org/10.1038/nature01032
http://www.ncbi.nlm.nih.gov/pubmed/12384699
http://dx.doi.org/10.1101/gad.1642308
http://www.ncbi.nlm.nih.gov/pubmed/18245442
http://dx.doi.org/10.1016/j.cell.2005.07.010
http://www.ncbi.nlm.nih.gov/pubmed/16179256
http://dx.doi.org/10.1073/pnas.0407236102
http://www.ncbi.nlm.nih.gov/pubmed/15805194
http://dx.doi.org/10.1074/jbc.M505767200
http://www.ncbi.nlm.nih.gov/pubmed/16286472


Genes 2017, 8, 105 14 of 14

105. Borde, V.; Goldman, A.S.; Lichten, M. Direct coupling between meiotic DNA replication and recombination
initiation. Science 2000, 290, 806–809. [CrossRef] [PubMed]

106. Murakami, H.; Borde, V.; Shibata, T.; Lichten, M.; Ohta, K. Correlation between premeiotic DNA replication
and chromatin transition at yeast recombination initiation sites. Nucleic Acids Res. 2003, 31, 4085–4090.
[CrossRef] [PubMed]

107. Henderson, K.A.; Kee, K.; Maleki, S.; Santini, P.A.; Keeney, S. Cyclin-dependent kinase directly regulates
initiation of meiotic recombination. Cell 2006, 125, 1321–1332. [CrossRef] [PubMed]

108. Matsumoto, S.; Ogino, K.; Noguchi, E.; Russell, P.; Masai, H. Hsk1-Dfp1/Him1, the Cdc7-Dbf4 kinase in
Schizosaccharomyces pombe, associates with Swi1, a component of the replication fork protection complex.
J. Biol. Chem. 2005, 280, 42536–42542. [CrossRef] [PubMed]

109. Murakami, H.; Keeney, S. Temporospatial coordination of meiotic DNA replication and recombination via
DDK recruitment to replisomes. Cell 2014, 158, 861–873. [CrossRef] [PubMed]

110. Ceccaldi, R.; Rondinelli, B.; D’Andrea, A.D. Repair Pathway Choices and Consequences at the Double-Strand
Break. Trends Cell Biol. 2016, 26, 52–64. [CrossRef] [PubMed]

111. Lindner, K.; Sasaki, M.; Gregan, J.; Lange, J.; Montgomery, S.; Keeney, S.; Kearsey, S.E. Genome destabilization
by homologous recombination in the germ line. Nat. Rev. Mol. Cell Biol. 2010, 11, 182–195.

112. Aylon, Y.; Liefshitz, B.; Kupiec, M. The CDK regulates repair of double-strand breaks by homologous
recombination during the cell cycle. EMBO J. 2004, 23, 4868–4875. [CrossRef] [PubMed]

113. Ira, G.; Pellicioli, A.; Balijja, A.; Wang, X.; Fiorani, S.; Carotenuto, W.; Liberi, G.; Bressan, D.; Wan, L.;
Hollingsworth, N.M.; et al. DNA end resection, homologous recombination and DNA damage checkpoint
activation require CDK1. Nature 2004, 431, 1011–1017. [CrossRef] [PubMed]

114. Ferreira, M.G.; Cooper, J.P. Two modes of DNA double-strand break repair are reciprocally regulated through
the fission yeast cell cycle. Genes Dev. 2004, 18, 2249–2254. [CrossRef] [PubMed]

115. Hentges, P.; Waller, H.; Reis, C.C.; Ferreira, M.G.; Doherty, A.J. Cdk1 restrains NHEJ through phosphorylation
of XRCC4-like factor Xlf1. Cell Rep. 2014, 9, 2011–2017. [CrossRef] [PubMed]

116. Heyer, W.-D.; Ehmsen, K.T.; Liu, J. Regulation of homologous recombination in eukaryotes. Annu. Rev. Genet.
2010, 44, 113–139. [CrossRef] [PubMed]

117. Ferretti, L.P.; Lafranchi, L.; Sartori, A.A. Controlling DNA-end resection: A new task for CDKs. Front. Genet.
2013, 4, 99. [CrossRef] [PubMed]

118. Huertas, P.; Cortés-Ledesma, F.; Sartori, A.A.; Aguilera, A.; Jackson, S.P. CDK targets Sae2 to control
DNA-end resection and homologous recombination. Nature 2008, 455, 689–692. [CrossRef] [PubMed]

119. Huertas, P.; Jackson, S.P. Human CtIP mediates cell cycle control of DNA end resection and double strand
break repair. J. Biol. Chem. 2009, 284, 9558–9565. [CrossRef] [PubMed]

120. Yun, M.H.; Hiom, K. CtIP-BRCA1 modulates the choice of DNA double-strand-break repair pathway
throughout the cell cycle. Nature 2009, 459, 460–463. [CrossRef] [PubMed]

121. Matos, J.; Blanco, M.G.; Maslen, S.; Skehel, J.M.; West, S.C. Regulatory control of the resolution of DNA
recombination intermediates during meiosis and mitosis. Cell 2011, 147, 158–172. [CrossRef] [PubMed]

122. Gallo-Fernández, M.; Saugar, I.; Ortiz-Bazán, M.Á.; Vázquez, M.V.; Tercero, J.A. Cell cycle-dependent
regulation of the nuclease activity of Mus81-Eme1/Mms4. Nucleic Acids Res. 2012, 40, 8325–8335. [CrossRef]

123. Szakal, B.; Branzei, D. Premature Cdk1/Cdc5/Mus81 pathway activation induces aberrant replication and
deleterious crossover. EMBO J. 2013, 32, 1155–1167. [CrossRef] [PubMed]

124. Clerici, M.; Mantiero, D.; Lucchini, G.; Longhese, M.P. The Saccharomyces cerevisiae Sae2 protein promotes
resection and bridging of double strand break ends. J. Biol. Chem. 2005, 280, 38631–38638. [CrossRef] [PubMed]

125. Princz, L.N.; Wild, P.; Bittmann, J.; Aguado, F.J.; Blanco, M.G.; Matos, J.; Pfander, B. Dbf4-dependent kinase
and the Rtt107 scaffold promote Mus81-Mms4 resolvase activation during mitosis. EMBO J. 2017, 36, 664–678.
[CrossRef] [PubMed]

© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1126/science.290.5492.806
http://www.ncbi.nlm.nih.gov/pubmed/11052944
http://dx.doi.org/10.1093/nar/gkg441
http://www.ncbi.nlm.nih.gov/pubmed/12853625
http://dx.doi.org/10.1016/j.cell.2006.04.039
http://www.ncbi.nlm.nih.gov/pubmed/16814718
http://dx.doi.org/10.1074/jbc.M510575200
http://www.ncbi.nlm.nih.gov/pubmed/16263721
http://dx.doi.org/10.1016/j.cell.2014.06.028
http://www.ncbi.nlm.nih.gov/pubmed/25126790
http://dx.doi.org/10.1016/j.tcb.2015.07.009
http://www.ncbi.nlm.nih.gov/pubmed/26437586
http://dx.doi.org/10.1038/sj.emboj.7600469
http://www.ncbi.nlm.nih.gov/pubmed/15549137
http://dx.doi.org/10.1038/nature02964
http://www.ncbi.nlm.nih.gov/pubmed/15496928
http://dx.doi.org/10.1101/gad.315804
http://www.ncbi.nlm.nih.gov/pubmed/15371339
http://dx.doi.org/10.1016/j.celrep.2014.11.044
http://www.ncbi.nlm.nih.gov/pubmed/25533340
http://dx.doi.org/10.1146/annurev-genet-051710-150955
http://www.ncbi.nlm.nih.gov/pubmed/20690856
http://dx.doi.org/10.3389/fgene.2013.00099
http://www.ncbi.nlm.nih.gov/pubmed/23760669
http://dx.doi.org/10.1038/nature07215
http://www.ncbi.nlm.nih.gov/pubmed/18716619
http://dx.doi.org/10.1074/jbc.M808906200
http://www.ncbi.nlm.nih.gov/pubmed/19202191
http://dx.doi.org/10.1038/nature07955
http://www.ncbi.nlm.nih.gov/pubmed/19357644
http://dx.doi.org/10.1016/j.cell.2011.08.032
http://www.ncbi.nlm.nih.gov/pubmed/21962513
http://dx.doi.org/10.1093/nar/gks599
http://dx.doi.org/10.1038/emboj.2013.67
http://www.ncbi.nlm.nih.gov/pubmed/23531881
http://dx.doi.org/10.1074/jbc.M508339200
http://www.ncbi.nlm.nih.gov/pubmed/16162495
http://dx.doi.org/10.15252/embj.201694831
http://www.ncbi.nlm.nih.gov/pubmed/28096179
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Regulation of the Mitotic Cycle by Quantitative Changes in Cyclin-Dependent Kinase and Dbf4-Dependent Kinase Activities 
	A Quantitative Model for Cyclin-Dependent Kinase and Dbf4-Dependent Kinase Activities in Meiosis 
	Further Specificities of Cyclin-Dependent Kinase and Dbf4-Dependent Kinase Regulation in Meiotic Cycles 
	Genome Duplication in Mitosis and Meiosis 
	Coordination between Pre-Meiotic Replication and DNA Double-Strand Break Formation 
	Repair of DNA Double-Strand Breaks in Mitotic and Meiotic Cycles 
	Conclusions 

