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Abstract

Progression through the cell cycle is driven by the activities of the cyclin-dependent kinase (CDK) family of enzymes, which
establish an ordered passage through the cell cycle phases. CDK activity is crucial for the cellular transitions from G1 to S
and G2 to M, which are highly controlled to promote the faithful duplication of the genetic material and the transmission of
the genome into daughter cells, respectively. While oscillations in CDK activity are essential for cell division, how its spe-
cific dynamics may shape cellular processes remains an open question. Recently, we have investigated the potential role of
CDK in establishing the profile of replication initiation along the chromosomes, also referred to as the replication program.
Our results demonstrated that the timing and level of CDK activity at G1/S provide two critical and independent inputs that
modulate the pattern of origin usage. In this review, we will present the conclusions of our study and discuss the implications

of our findings for cellular function and physiology.
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Introduction

Cell proliferation requires a series of events that occurs in
a given order to ensure that the genetic material is properly
copied and propagated. Cell cycle progression is brought
about by oscillations in the activities of the cyclin-dependent
kinase (CDK) family of enzymes, which phosphorylate a
variety of substrates during the cycle (Morgan 2007). The
entry of cells into a new cycle is modulated by growth and
nutritional signals, and it begins with the passage through
a point in G1 in which cells become committed to genome
duplication [START in yeast, the restriction point (R) in
mammalian cells]. The ensuing multistep process of rep-
lication initiation is tightly controlled to reproduce the
genome once and only once per cell cycle, and this relies on
CDK function (Siddiqui et al. 2013). Abnormal increases in
CDK activity, for instance through overexpression of cyclin
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partners or removal of CDK inhibitors, shorten G1 and have
deleterious consequences for genome duplication and main-
tenance (Lengronne and Schwob 2002; Tanaka and Diffley
2002; Ekholm-Reed et al. 2004). Thus, CDKs are essential
not only for triggering S phase entry but also for promoting
genome integrity.

Interestingly, it has become increasingly clear that the
complex mechanisms that govern DNA replication estab-
lish temporal and spatial patterns of replication origin usage
along the chromosomes in diverse model systems. Replica-
tion programs are conserved between related species (Ryba
et al. 2010; Yaffe et al. 2010; Muller and Nieduszynski
2012), suggesting a biological importance for the organiza-
tion of genome duplication. These profiles have also been
demonstrated to be sensitive to external conditions and
to cellular states. Indeed, nitrogen availability modulates
the profile of replication origin usage in the fission yeast
(Wu and Nurse 2014), and the differentiation of mouse and
human embryonic stem cells is coupled with alterations in
replication patterns (Hiratani et al. 2008; Desprat et al. 2009;
Pope et al. 2010). In a pathological context, changes in rep-
lication timing have been associated with different diseases,
including cancers (Donley and Thayer 2013). Importantly,
there is accumulating evidence that the program of DNA
replication makes key contributions to cellular function. For
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example, replication timing has been shown to be involved
in the control of gene expression (Miiller and Nieduszyn-
ski 2017), and we have previously found that origin selec-
tion delineates the distribution of the double-stranded DNA
breaks that are required for meiotic recombination (Wu
and Nurse 2014). Nevertheless, we are only beginning to
understand the mechanisms that determine this program (Wu
and Nurse 2009; Aparicio 2013; Masai et al. 2017; Fu et al.
2018). Our recent studies have uncovered critical roles for
the temporal and quantitative regulation of CDK activity at
G1/S in modulating the organization of DNA replication
(Perrot et al. 2018). As CDK function is central to a variety
of cellular and developmental processes as well as to the
response to environmental cues, our findings provide new
perspectives into the interactions between cell cycle regula-
tion, genome duplication, and cellular physiology.

Qualitative and quantitative aspects of CDK
function in DNA replication

While CDKs bind with different cyclin partners for their
activation, a number of studies have shown that cyclin/CDK
diversity is not essential for cell proliferation. A high level of
redundancy in cyclin-CDK functions has been demonstrated
from yeast to mammals. For example, mouse embryonic
fibroblasts lacking all three D-type cyclins that normally
function in early G1 phase are able to proliferate (Kozar
et al. 2004), and Cdk]1 itself supports cell cycle events in the
absence of all interphase CDKs in the early mouse embryo
(Santamaria et al. 2007). In the fission yeast Schizosaccha-
romyces pombe, which harbors four cell cycle cyclins, the
division cycle can be sustained by a single cyclin B (Cdc13)
together with the sole cell cycle CDK (Cdc2) (Fisher and
Nurse 1996; Coudreuse and Nurse 2010). Remarkably,
imposed oscillations in the activity of a Cdc13—Cdc2 fusion
protein are sufficient to trigger passage through the cell cycle
phases, even in the absence of all other cell cycle cyclins
(Coudreuse and Nurse 2010). These studies thus indicate
that cell cycle transitions simply rely on attaining particular
thresholds of CDK activity (low for S, high for M) and that
oscillation of this activity promotes the ordered progression
of cell cycle events.

In the context of replication initiation, CDK activity is
a central regulator of two key steps: the assembly of the
pre-replicative complex (pre-RC), which licenses potential
origins, and the subsequent formation of the pre-initiation
complex (pre-IC), which activates origins for DNA synthe-
sis (Araki 2010; Siddiqui et al. 2013). In metazoa, multiple
CDKs and their cyclin partners are involved in driving the
cell cycle and promoting distinct phase transitions, with
Cdks 1 and 2 as well as cyclins A and E playing roles dur-
ing G1 and S (Morgan 2007; Harashima et al. 2013). Less
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complex organisms such as the budding yeast Saccharomy-
ces cerevisiae and the fission yeast Schizosaccharomyces
pombe likewise possess multiple G1 and S phase cyclins,
although they have only one cell cycle CDK (Morgan
2007). Interestingly, different cyclin-CDK combinations
have been suggested to have specific functions in genome
duplication. Indeed, full replication efficacy in Xenopus
egg extracts requires both endogenous cyclin E-Cdk2 and
cyclin A-Cdkl pairs (Krasinska et al. 2008), and specific
cyclin-CDK complexes may regulate distinct origin subsets
in the budding yeast (Donaldson et al. 1998). However, the
importance of cyclin-CDK diversity for DNA replication has
been challenged by multiple studies. For instance, budding
yeast mutants lacking the S phase cyclins undergo a delayed
S phase that activates both early and late firing replication
origins (Donaldson et al. 1998), and the CIb2 mitotic cyclin
is also able to perform S phase functions (Hu and Aparicio
2005). In addition, in Xenopus egg extracts, the decrease in
DNA synthesis resulting from depletion of particular CDKs
can be complemented by heterologous CDK complexes
(Krasinska et al. 2008). Altogether, these findings support a
quantitative requirement for CDK activity in S phase entry,
revealing conflicting views of how CDK regulates genome
duplication.

CDK timing and levels determine
the organization of DNA replication

Despite our extensive knowledge of CDK regulators and
targets (Bertoli et al. 2013; Bell and Labib 2016; Swaffer
et al. 2016; Touati et al. 2018), it remained unknown
whether establishing the genome-wide profile of origin
usage requires both qualitative and quantitative compo-
nents of CDK function. This has been difficult to investigate
in vivo due in part to the presence of multiple cyclin-CDK
complexes. In particular, it was not possible to dissociate
potential qualitative differences in substrate phosphorylation
provided by different cyclin-CDK pairs from quantitative
changes in the dynamics and levels of overall CDK activity.
Recently, we have addressed these fundamental questions
and investigated the role of CDK in regulating the repli-
cation program (Perrot et al. 2018). To this end, we took
advantage of a unique system in the fission yeast S. pombe
that replaces the endogenous cell cycle circuit with a sim-
plified CDK module whose activity can be precisely modu-
lated via chemical genetics (Coudreuse and Nurse 2010).
In these cells, the G1 and S phase cell cycle cyclins (Cigl,
Cig2, and Pucl) are absent, and a fusion protein consisting
of the mitotic cyclin (Cdc13) and the Cdk1 (Cdc2) autono-
mously drives cell proliferation with no detectable pheno-
types (Coudreuse and Nurse 2010). This simplified system
is not subject to many of the constraints of the endogenous
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network, which include the regulation of cyclin-CDK bind-
ing, the specific expression and degradation of distinct cyc-
lins, and the differential localization of cyclins and CDKs
(Morgan 2007). Moreover, a modification of the kinase moi-
ety of the Cdc13—Cdc2 fusion protein allows for reversible
and dose-dependent inhibition of its kinase activity by non-
hydrolyzable ATP analogs (Bishop et al. 2000), enabling
us to alter a single CDK activity with high temporal and
quantitative resolution. This module, therefore, represents
a powerful tool for dissecting the role of CDK activity in
establishing the replication program.

Using this approach, we began by demonstrating that dif-
ferent cyclin-CDK complexes are not required to regulate
specific groups of origins. Our results showed that a single
qualitative CDK activity is sufficient to establish regional
domains of origin timing and efficiency that are virtually
identical to those in wild-type cells (Fig. 1). We then inde-
pendently targeted two critical features of CDK activity: the
timing at which cells accumulate sufficient activity for S
phase entry and the level of CDK activity at S phase onset.
First, we found that prolonging G1 through CDK inhibition
induced alterations in pre-IC formation that led to an equali-
zation of origin usage between replication domains (Fig. 2a).
Origin activity was increased in regions of low efficiency,
while in efficient domains this was unchanged or modestly
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Fig. 1 Cyclin-CDK diversity is not required for establishing a nor-
mal replication program. Top left: diagram of the cell cycle cyclins
(Cigl, Pucl, Cig2, and Cdc13) and CDK (Cdc2) that are present in
wild-type fission yeast cells. Bottom left: diagram of the Cdc13-Cdc2
fusion protein that is sufficient to drive the cell cycle in the absence of
all other cell cycle cyclins (Coudreuse and Nurse 2010). Right: rep-
resentation of the replication program in wild-type (top) and Cdc13—
Cdc2 (bottom). x-axis: chromosome coordinates, y-axis: origin activ-
ity. Origin activity (dashed line) represents the efficiency of origin
usage, which is measured by the frequency of initiation at a given ori-
gin in a population of cells. Note that there is a correlation between
the timing and efficiency of origin firing: early firing origins tend to
be efficient (Heichinger et al. 2006). The wild-type and Cdc13-Cdc2
genetic backgrounds produce virtually identical profiles of replication
initiation (Perrot et al. 2018)

reduced. This signature change occurred even with short
extensions of G1 phase, with longer G1 durations inducing
progressively greater changes. This demonstrates that the
replication program is very sensitive to delays in CDK func-
tion. Next, we determined the quantitative effect of CDK
activity on the pattern of replication initiation. Our system
enabled us to induce cells to undergo S phase with a range
of CDK activities while maintaining the same G1 length,
thus uncoupling the timing of CDK function from its activ-
ity level (Fig. 2b). Our results showed that overall origin
efficiencies display a dose-dependent response to the level
of CDK activity at G1/S. In contrast to what we observed for
G1 extensions, all chromosomal regions responded similarly
to the changes in CDK activity levels, implying that this
activity at the start of S phase is a direct and quantitative
regulator of origin usage genome-wide. Collectively, our
findings identify independent inputs for the temporal and
quantitative regulation of CDK function in the organization
of genome duplication.

The use of a simplified cyclin-CDK system has allowed
us to reveal key principles underlying the regulation of DNA
replication by CDK that may extend to cells containing the
full complement of cyclins and CDKs. Multiple cyclin-CDK
pairs have been described in all eukaryotic systems studied
to date, and these complexes, which have distinct expression,
degradation and activation patterns (Morgan 1997), may per-
mit both flexibility and a fine level of control of overall CDK
function. For instance, specific pairs may respond to differ-
ent signals, and the combination of each of these activities
may generate complex global activity profiles. The ensuing
alterations in the organization of genome duplication may
then contribute to the cellular responses to internal or exter-
nal stimuli.

CDK function may coordinate replication
with other cellular processes

Our results demonstrate that CDK activity is not only essen-
tial for triggering the onset of DNA replication but also
participates in an additional layer of control that governs
the profile of origin usage across the genome. Given that
CDK activity is involved in numerous cellular pathways, it
is tempting to speculate about the potential biological impact
of this regulation. During the cell cycle, progression through
the different phases is associated with specific waves of gene
expression (Rustici et al. 2004; Bihler 2005; Hendler et al.
2018), and CDK activity has been identified as a direct regu-
lator of this periodic transcription (Banyai et al. 2016; Rahi
et al. 2016). The capacity of CDK to concomitantly regulate
transcription and replication makes it a particularly appro-
priate input for coordinating these processes during G1/8S.
This idea is consistent with a recent study investigating the
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Fig.2 Temporal and quantitative regulation of the replication pro-
gram by CDK. a G1 extension due to CDK inhibition results in an
equalization of replication timing and efficiency domains. Left:
schematic of CDK activity patterns in cells with a normal (black)
or prolonged (dashed blue) G1. T, mitotic threshold, T: S phase
threshold. x-axis: cell cycle progression, y-axis: CDK activity. Right:
representation of the replication programs (dashed line) in cells with
a normal (top) or prolonged (bottom) G1. x-axis: chromosome coordi-
nates, y-axis: origin activity. Upon G1 extension, inefficient domains
show increased origin activity, while efficient regions are unaffected
or show a modest decrease in origin usage (Perrot et al. 2018). b
CDK activity is a quantitative regulator of genome-wide origin effi-

overexpression of cyclin E, an activator of Cdk2 in human
cells that functions in S phase regulation. Deregulation of
cyclin E is found in a variety of cancers, and this is associ-
ated with replication defects and genome instability (Spruck
et al. 1999; Ekholm-Reed et al. 2004; Teixeira et al. 2015).
Upon cyclin E overexpression, G1 is shortened and cells
enter S phase prematurely, with DNA synthesis initiating
from intragenic origins that are normally suppressed by
transcription through these sites in G1 (Macheret and Hala-
zonetis 2018). This then generates conflicts between these
initiation events and the transcription machinery that lead
to replication fork collapse and genome instability. Thus, an
important function of CDK in G1/S may be to regulate both
transcription and replication to preserve genome integrity.
In addition, a number of studies have identified a posi-
tive interplay between replication and transcription. For
instance, early replication domains are correlated with tran-
scriptional activity, and changes in replication timing during
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ciencies. Left: schematic of CDK activity levels in cells undergoing
S phase with different concentrations of the specific inhibitor. Lower
CDK activities are associated with higher inhibitor concentrations
(indicated by the different colors). G1 length is constant in these
experiments. T,,: mitotic threshold, T: S phase threshold. x-axis: cell
cycle progression, y-axis: CDK activity. Right: representation of the
replication patterns (dashed lines) in the conditions depicted in the
left panel. Colors are as in the left panel. x-axis: chromosome coordi-
nates, y-axis: origin activity. Overall origin usage responds in a dose-
dependent manner to the CDK activity level at S phase onset (Perrot
et al. 2018)

differentiation are associated with alterations in chromo-
some architecture and gene expression in mammalian cells
(Rivera-Mulia et al. 2015, 2018). A link between replication
initiation and transcription in C. elegans embryonic devel-
opment has also been suggested (Pourkarimi et al. 2016;
Rodriguez-Martinez et al. 2017). Notably, direct evidence
for the importance of replication timing in gene expres-
sion was provided by work investigating the histone genes,
whose transcription is tightly regulated to ensure packag-
ing of newly synthesized DNA into chromatin (Hereford
et al. 1981). Indeed, the early replication of histone loci is
conserved in divergent budding yeast species, and delaying
the duplication of HTAI-HTBI, one of the loci that encodes
for histones H2A and H2B in S. cerevisiae, resulted in a
reduction in its expression (Miiller and Nieduszynski 2017).
These findings indicate that the control of replication timing
by CDK may contribute to establishing distinct transcrip-
tional programs during key cellular transitions.
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CDK regulation of the replication program may also
be also central to other aspects of cellular physiology. We
have investigated this in the context of meiosis, when DNA
synthesis is followed by meiotic recombination and two
rounds of chromosome segregation. The coupling of rep-
lication and recombination during meiosis has long been
observed (Borde et al. 2000), but the mechanisms by which
this occurs remained elusive. We demonstrated that the pro-
file of origin usage along the chromosomes modulates the
programmed formation of double-stranded DNA breaks for
meiotic recombination (Wu and Nurse 2014). This and other
studies (Murakami and Keeney 2014) therefore implicate the
temporal and spatial pattern of DNA replication as a modu-
lator of genetic diversity during this specialized cell cycle.

Taken together, one attractive idea that emerges is that
the organization of DNA replication makes integral contri-
butions to cellular transitions, and CDK function would be
a versatile mechanism by which this regulation is achieved.

Perspectives for cell proliferation and cell
fate

Gl is a critical period during which cells prepare for genome
duplication, but it is also a time when cells receive signals
that promote continued self-renewal, differentiation, or cell
cycle exit (Dalton 2015). The length of Gl is flexible and is
modulated by many parameters, including the availability
of growth factors and the nutritional state of the cells. In the
“extreme” case, G1 is not present, as seen in initial divisions
of embryonic development in some organisms, which are
comprised of only S and M phases (Foe and Alberts 1983;
Farrell and O’Farrell 2014). G1 is short in natural popula-
tions of stem cells, and a prolongation of G1 is associated
with differentiation (Lange and Calegari 2010; Coronado
et al. 2013; Homem et al. 2015; Boward et al. 2016). Inter-
estingly, increasing G1 length is necessary and sufficient
to induce the differentiation of neural progenitors (Lange
et al. 2009), and this parameter has been proposed to play
a role in modulating the behaviors of distinct stem cells
(Lange and Calegari 2010; Boward et al. 2016). Our work
suggests that G1 duration may participate in these processes
through changing replication organization, with the level of
CDK activity at G1/S providing an additional layer of regu-
lation. Consistent with this, different replication patterns
are observed between embryonic stages and somatic cells
in Xenopus (Laskey 1985; Hyrien et al. 1995; Walter and
Newport 1997) as well as between mammalian stem cells
and differentiated cells (Hiratani et al. 2008, 2010; Wilson
et al. 2016). While it remains to be determined whether
these alterations promote the accompanying physiological
transitions, these findings collectively highlight intriguing
links between the cellular state, the length of G1, and the

organization of DNA replication. Given the crucial func-
tions of CDKs in cell proliferation and fate decisions, our
discovery of the role of CDK in establishing the replication
program leads to exciting perspectives for understanding
how genome duplication is coordinated with and contrib-
utes to the changes that occur during cellular adaptation and
development.
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