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Abstract: Timely mitosis is critically important for the early embryo development. It is regulated by
the activi-ty of the ubiquitously conserved CDK1 kinase. The dynamics of CDK1 activation must be
precisely controlled to assure physiologic and timely entry into mitosis. Recently, a known S-phase
regulator CDC6 emerged as a key player in the mitotic CDK1 activation cascade in early embryonic
divi-sions, operating together with Xicl as a CDKI1 inhibitor upstream of the Aurora A- and PLK1
ki-nases, both CDK1 activators. Herein we review the molecular mechanisms that underlie the
con-trol of the mitotic timing, with special emphasis on how CDC6/Xicl function impacts CDK1
regula-tory network. We focus on the presence of two independent mechanisms inhibiting the
dynamics of CDK1 activation: Weel/Mytl- and CDC6/Xicl-dependent, and how they cooperate
with CDK1 activating mechanisms. As a result we propose a comprehensive model integrating
CDCé6/Xicl-dependent inhibition into the CDK1-activation cascade. The physiological dynamics of
CDK1 acti-vation appear to be tuned by the system of multiple inhibitors and activators and their
integrated modulation ensures concomitantly both the robustness and certain flexibility of the
control of this process. Identification of multiplied activators and inhibitors of CDK1 activation
upon M-phase en-try allows a better understanding of why cells divide at a specific time, and how
the pathways in-volved in the timely regulation of the cell division are all integrated to precisely
tune the control of mitotic events.
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1.Introduction

The entry into mitosis is controlled by CDK1/Cyclin B, also known as MPF (Matu-
ration Promoting Factor). Previous research has shown that cyclin B synthesis is the key
for driving the embryonic cell cycle and determining the timing of mitosis in Xenopus
leavis [1-3]. Apparently, it is a key, but not the only controlling factor. Cyclin B accumu-
lation during interphase is necessary for CDK1 activation because without cyclin CDK1
cannot be active as a protein kinase. On the other hand, cyclin degradation through the
ubiquitin pathway is necessary for CDK1 inactivation and mitotic exit [1-3]. Cyclin B is
encoded by several genes and creates a family of B-type cyclins required for mitosis (e.g.,
cyclins B1, B2, and B3 in human; or cyclins B1-B5 in Xenopus leavis [4,5]). De novo B-type
cyclin synthesis is required between meiosis I and II during Xenopus oocyte maturation
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[4]. However, despite a steady increase in cyclin B levels in G2 [6], CDK1 activation is
biphasic characterized by a slow phase, followed by a rapid phase attributed to the posi-
tive feedback between newly activated CDK1 and its major activating phosphatase
CDC25 [6]. It was intriguing for the long time how the stable increase in cyclin B level
may lead to this biphasic CDK1 activation before the CDK1/CDC25 positive feedback
acceleration triggering the final pic of CDKI1 activity followed by its inactivation linked
with cyclin B degradation (ibid.). This particularity suggested that the control of CDK1
activation at the initial stages of its mitotic activation might not solely depend on cyclin B
accumulation, but might also involve an unidentified inhibitor that could counterbalance
CDK1 activation assuring slow and biphasic mode of this process. Our research group
performed a proteomic screen to find novel CDK1 partners in M-phase-arrested Xenopus
leavis eggs vs. freshly activated ones (5 minutes post activation; [7]). We showed a rapid,
taking 5 min., change in the composition of the CDK1 complex during the period be-
tween the MII arrest of oocytes and their activation for development. However, we did
not find in this screen any classical CDK1 inhibitors, like INK4 or Cip/Kip, which poten-
tially could slow down CDKI1 activation [8] in a CDK1 complex. Surprisingly for us, we
found a CDC6 protein associated with the active mitotic CDK1. CDC6 is an evolutionar-
ily conserved member of the AAA + ATPase family well known as the S-phase activator
[6]. Our further results showed that a CDC6-dependent mechanism inhibits CDK1
throughout the whole period of the M-phase (including the highest pic of CDK1 activity
just prior its inactivation). Moreover, CDC6 associated with CDK1 during the M-phase
rapidly dissociates from this kinase immediately after CDK1 inactivation suggesting that
once CDK1 fully inactivated by separation from cyclin B, the association with CDC6 be-
comes unnecessary. It was a surprising observation in the light of the knowledge at that
time suggesting a potential role of CDC6 only in the mitotic exit, and not entry and pro-
gression [9]. Therefore, we became particularly intrigued by the role of CDC6 in the
M-phase regulation and especially in the control of the dynamics of CDK1 mitotic acti-
vation and pursuit this research. The important hint to CDC6 role in CDK1 activation
process was its mentioned above function in the M-phase exit described in yeast and
human cells [10-12]. Through biochemical analysis of Xenopus embryo cell-free extracts
we showed that a recombinant CDC6 protein acts as an inhibitor of CDK1 during the first
embryonic mitosis in Xenopus leavis [9,13-17]. Importantly, when endogenous CDC6 is
depleted, the first, initial and slow phase of CDK1 activation is removed, and the kinase
activation ceases to be biphasic. This, in turn, accelerates the timing of mitosis and the pic
of CDK1 activity induced by the CDC25/CDK1 activation loop [9,13-17]. Moreover, we
confirmed that it is also the case in the mouse embryos, which suggested a universal in-
hibitory role of CDC6 in CDK1 activation (ibid.). Furthermore, we showed that two pro-
teins: CDC6 and Xicl (the last one is a bona fide CDK1 inhibitor identified for its role in
later stages of Xenopus embryo development) interact within the mitotic CDK1 protein
complex. Upon arriving at the peak of the CDK1 activity (measured by histone H1 kinase
activity), the Xicl momentarily dissociates from the mitotic CDK1 allowing maximum
activation of CDK1 during the M-phase [9]. The identification of this new inhibitory
mechanism towards CDK1 was surprising because it has been well known already for
years that CDK1 is inhibited by the posttranslational modification by Weel/Myt1 kinases.
Thus, our data showed that there are two independent mechanisms of CDK1 activity in
the game during the mitotic entry.

In parallel to our findings, other researchers continued exploring the molecular
mechanisms that accurately regulate the timing of mitosis in Xenopus laevis as well as in
C. elegans and human cells [18-28]. Importantly, it was shown that CDK1/Cyclin A/B
dimers phosphorylate Aurora-A kinase co-factor Bora, and this triggers the activation of
the kinase, in turn activating PLK1 kinase and the CDK1's amplification loop, which
helps the cell to enter and progress into M-phase in a timely manner [21,22,22,24,28]. All
these data suggested an interplay between inhibitor and activator molecular mechanisms
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governing mitotic CDK1 activation process and required a precise definition of their in-
terrelationship.

For this reason, we provide here an overview of the molecular processes underlying
timely mitotic entry and progression. We focus on the CDK1 regulatory network and
especially on the function of CDC6/Xicl and Weel/Mytl acting as CDK1 inhibitors. The
multiplied system of CDK1 activators and inhibitors explains how the mitotic activation
of CDKI1 is tuned and why cells divide in the strictly defined time frame. We also explain
how the various pathways regulating this process are integrated.

2. Activation of CDK1 by association with cyclins A and B and its concomitant inhibi-
tion by Weel/Myt1 kinases posttranslational modifications

During the G2/M transition, the increased stability of cyclin B mRNA allows a sig-
nificant and continuous accumulation of cyclin B protein [29]. This newly synthesized
cyclin B associates with CDK1, but due to the inhibitory phosphorylation on CDK1 Thr14
and Tyrl5 sites, by Weel and Mytl kinases, respectively, the newly formed CDK1/cyclin
B complex is catalytically inactive in the cytoplasm [30,31]. Cyclin B will continue to be
produced during the G2 phase and increase the amount of CDK1/cyclin B complexes
until a critical quantity is reached just before mitotic entry. At this moment, CDK1 kinase
is activated by dephosphorylation of Tyr14 and Thr15 by the CDC25 phosphatase family
members (CDC25 A, B, and C) which counterbalance the Weel/Mytl-dependent inhibi-
tion. CDK1 activation requires also the continuous phosphorylation of Thr161 by CAK
[32-38]. During the dephosphorylation process of CDK1 on Tyrl4 and Thrl5, CDC25B
acts as a starter phosphatase for the final pic of the activation of CDK1 [39,40]. Im-
portantly, CDK1/cyclin B phosphorylates and activates CDC25C. This triggers the posi-
tive feedback between CDK1 and CDC25 called the MPF activating loop, which is re-
sponsible for the final, explosive CDK1 activation phase [41]. Moreover, active CDK1
phosphorylates and inhibits Weel/Mytl, thereby eliminating the inhibitory effect of these
kinases on CDK1 itself [42]. Thus, the amplification loop of CDK1 activation guarantees
the extremely rapid mitotic progression following the slow and progressive entry into the
M phase.

The beginning of the mitotic CDK1 activation is preceded by the accumulation of
CDK1/Cyclin B in the cell nucleus. If cyclin B is not imported to the nucleus, the mitotic
entry is halted, which underlies the importance of nuclear localization of the CDK1/cyclin
B complex for the mitotic entry [43]. However, the association of CDK1 with cyclin B did
not explain how the initiation of CDK1 activation can be triggered. The main problem
was that CDK1/cyclin B is efficiently inactivated by Weel/Myt1 kinases, which did not
allow initiation of the kinase activation. The study by Gheghiani et al. (2017) provided the
first indications that CDK1/cyclin A may act as a trigger for CDK1 activation [44] while
PLK1 activation in late G2 sets up commitment to mitosis. Another observation sug-
gesting an important role of cyclin A in the initiation of the mitotic activation of CDKI,
and especially in the control of its timing, was that cyclin A depletion from the Xenopus
cell-free extract enormously prolonged the time of CDK1 activation [9,24]. The final proof
of such a role of cyclin A was shown by Vigneron et al. (2018) who demonstrated that
contrary to CDK1/cyclin B, CDK1/cyclin A is not inhibited by Weel during interphase.
This opened the possibility that accumulation of CDK1/cyclin A may easily attain a crit-
ical activity to start the whole pool of cyclin A and B-associated CDK1 activation. The
escape of CDK1/cyclin A from the inhibitory phosphorylation by Weel/Mytl was indeed
shown to break the posttranslational inhibition of CDK1 (ibid.). Also, our results showing
that cyclin A and cyclin B overexpression in cell-free extracts have different effects on the
timing and amplitude of CDKI activation pointed out that an interplay between
CDK1/cyclin A and CDK1/cyclin B is important in the regulation of the timing of CDK1
activation [9]. Indeed, the increase in cyclin A in cell-free extracts modifies only the level
of CDKT1 activity, while the increase in cyclin B modifies both the level of CDK1 activity
and the timing of its full activation, which is accelerated in the latter case (ibid.). How-
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ever, it must be noted that in this experimental system, the important increase in A or
B-type cyclins may install a competition between the two types of cyclins for the binding
with free CDK1 (ibid.).

3. Role of PLK1 in CDK1 activation upon mitotic entry

The kinase PLK1 is involved in the MPF amplification loop (being a part of the
CDK1 activation process upon M-phase entry) through phosphorylating, and thus acti-
vating CDC25C [45-47]. PLK1 depletion delays CDK1 activation and stops CDC25C
hyperphosphorylation (ibid.). PLK1 docking to CDC25C requires priming, which de-
pends on CDKIl-mediated CDC25C phosphorylation [48]. PLK1 phosphorylation of
CDC25C triggers its nuclear translocation [49].

As they contain CDK1 kinase in G2 phase, centrosomes are crucial CDK1/Cyclin B
regulators [50-52]. However, that pool is inactive because CDK1 inhibitors CHK1 and
CHK?2 kinases are present and/or active [53,54], preventing the pool's premature activa-
tion. The centrosomal pool of PLK1 contributes to CDK1 activation by counteracting the
inhibition of the kinase by the CHK1 and 2 [52,55]. Injecting anti-PLK1 antibodies into
primary human cells or depleting PLK1 from Xenopus eggs extracts induces G2 arrest
[47,56,57]. However, PLK1-depleted cells enter mitosis in the presence of partially active
CDK1, suggesting that partial CDC25C phosphorylation is sufficient for mitotic entry
[58]. Additionally, PLK1 regulates the CDK1 activation via phosphorylation of
CDKl1-inactivating kinase Weel, which, in turn, promotes its degradation, and thus de-
creases the inhibitory phosphorylation of CDK1 [42]. However, the discovery that the
active CDK1/cyclin A complex promotes Plx1 activation via Bora phosphorylation al-
lowed to understand better the role of Plk1 in CDKI1 activation [24], see below. All these
findings indicate the function of PLK1 as a key factor for activating CDK1, its down-
stream activation pathway and point to the role of CDK1/cyclin A and Bora in this pro-
cess.

4. Role of Aurora A/Bora complex in CDK1 activation through PLK1

The serine/threonine kinase Aurora A plays a crucial role in the regulation of mitotic
entry [19,20,59-61]. One of the best-known substrates of Aurora A is kinesin Eg5, whose
activity is implicated in centrosome separation and maturation [62,63]. Aurora A induces
CDC25B phosphorylation leading to CDK1/cyclin B activation [64].

It has been shown that Bora is necessary for Aurora A to phosphorylate PLK1 in
human cells [65,66]. CDK1-mediated phosphorylation of Bora significantly increases
Aurora A's ability to phosphorylate PLK1 [20,59,60,67], showing the importance of an
upstream CDKI1 complex for the activation of PLK1. This CDK1 complex has been iden-
tified as CDK1/Cyclin A complex [24]. Recently, it has been demonstrated that in G2/M
transition, both CDK1/cyclin A and CDK1/cyclin B phosphorylate Bora to induce Aurora
A's phosphorylation of PLK1 and the full activation of the CDK1/cyclin B feedback loop
[22-24,28]. More precisely, Aurora A-mediated PLK1 phosphorylation in G2 is enabled
by Bora-induced conformational shift in PLK1 kinase. Consequently, PLK1, CDC25, and
CDK1/cyclin B complexes form a positive feedback loop promoting entry into mitosis.
PLK1 causes the degradation of Bora by the ubiquitin/proteasome pathway [66].

All these results are consistent with the idea that the Aurora-Bora complex is a cru-
cial component of the CDK1/Cyclin B amplification mechanism and, consequently, of the
timely decision-making for mitosis.

5. Role of nuclear transport in CDK1 activation and function

The nuclear translocation is another essential element that controls CDK1 activation.
Cyclins A and B1 are differentially located in the cell and undergo cell cycle-dependent
nuclear transport in humans [29]. Cyclin A is primarily nuclear from S phase onwards in
both primary human fibroblasts and epithelial carcinoma cells. Cyclin A is associated
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with condensing chromosomes during prophase but not with condensed chromosomes
during metaphase. Cyclin B1, on the other hand, accumulates in the cytoplasm of inter-
phase cells and enters the nucleus only at the start of mitosis before the nuclear lamina
breaks down. In human cells, cyclin Bl binds with condensed chromosomes in prophase
and metaphase, as well as the mitotic apparatus [29]. In Xenopus, cyclin B1 nuclear local-
ization is regulated by phosphorylation [43,68]. Five phosphorylation sites have been
identified: Ser2, Ser94, Ser96, Ser101, and Ser113 [68,69]. Four of these sites are inside the
cytoplasmic retention signal (CRS) domain, a region of 78-127 residues in Xenopus cyclin
B1 that was previously assumed to be required for cytoplasmic retention [70]. When
these Ser residues are changed to Ala, cyclin B1 loses its capacity to translocate to the
nucleus causing lack in oocyte maturation. Incorporation of a nuclear localization signal
(NLS) into the Ala mutant restores the lack maturation, implying that cyclin B1 phos-
phorylation within the CRS is required for nuclear translocation [43]. This is supported
by the fact that changing these Ser residues to Glu causes cyclin Bl accumulation in the
nucleus and accelerates oocyte maturation (ibid.). In Xenopus, cyclin Bl translocation to
the nucleus appears to also be essential for mitotic entry. Mutations that inhibit cyclin
B1's nuclear localization block its mitotic functions, but mutations that result in constitu-
tive nuclear localization of cyclin B1 are sufficient to trigger premature mitotic processes
under certain conditions [43,71,72].

Changes in subcellular localization of cyclin Bl are known to impact/drive nuclear
translocation and activation of CDK1. Cyclin B1 has two domains that ensure its cyto-
plasmic localisation in G2 phase: a nuclear export domain NES (Nuclear Export Signal)
and a cytoplasmic retention domain (CRS) [72]. These cyclin B1 domains are phosphor-
ylated by CDK1 and PLK1 in mitosis [73,74]. Disruption of cyclin B1 NES phosphoryla-
tion prevents the cyclin from being retained in the nucleus [52,75]. Its nuclear import is
also triggered by associating with cyclin F [76] and B-importin [77,78]. Once in the nu-
cleus, CDK1 binds the protein CRM1 (Chromosome Region Maintenance 1), which, in
turn, prevents the export of cyclin B from the nucleus [79]. Once in the nucleus,
CDK1/cyclin B1 phosphorylates a wide range of substrates, including the retinoblastoma
protein (pRb), an important tumor suppressor gene. pRb disassembles the histone
deacetylase complex (HDAC) and releases transcription factors E2F-1 and DP-1, trig-
gering transcription of genes whose products are required for S-phase progression, in-
cluding cyclin A, cyclin E and CDC25 [80-82]. Additionally, vimentin, nuclear lamins,
microtubules and other cytoskeleton proteins are among key CDK1 targets that govern
mitotic progression [41,83-85].

6. CDC6 as an upstream regulator of CDK1 through its inhibition

In eukaryotes, CDC6 is necessary for the assembly of pre-replicative complexes
(pre-RCs) located on the origins of chromosomal replication sites [10]. CDC6 initiates
DNA replication at each origin once per cell cycle to maintain genomic stability. CDC6 is
regulated during the S-phase by another member of the CDK family, namely CDK2. The
CDK2/cyclin A-mediated phosphorylation of CDC6 causes its translocation from the nu-
cleus to the cytoplasm, blocking DNA replication [86]. CDK1 can additionally phos-
phorylate CDC6 to maintain it in the cytoplasm (ibid.) These findings collectively show
that CDC6 interacts with various CDK complexes during the interphase and that this
interaction is essential for proper DNA replication.

CDC6 is also essential for the folding, unfolding, and degradation of proteins. Its
200-250 amino acid ATPase region is necessary for the assembly of pre-RCs. More spe-
cifically, CDC6 attaches to ORI (ORC-attached Replication Origins) on chromosomes to
generate an ORI-CDC6-ORC complex, which then binds Cdt1 to recruit several MCM2-7
helicase subunits to ORI. This is powered by its ATP-hydrolase activity [87-90].

Furthermore, CDC6 has a phosphorylation site for PLK1 in its N-terminal side, and
three consensus sites of phosphorylation for CDK1 and CDK2 [91]. CDC6 has a leucine
zipper domain for protein-protein interaction, and Cy-motif for cyclin interaction (ibid.).
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It also has amino-acid sequences of D- and Ken- boxes, which are necessary for ubiqui-
tination by the Anaphase-Promoting Complex/Cyclosome APC/C, the main mitotic
ubiquitin ligase, which participates in CDC6 degradation by the proteasome in the G1/G0
phase (ibid.).

It was shown that in yeast CDC6 acts as CDK1 inhibitor during the mitotic exit and
that it inhibits CDK1-dependent histone H1 phosphorylation in vitro [11]. Moreover, to-
gether with SIC1 (a stoichiometric inhibitor of CDK1) and CDH]1, an activator of the APC
(Anaphase Promoting Complex), CDC6 participates in activation of APC necessary for
cyclin B degradation and the mitotic exit [92]. Both SIC1 and CDC6 have been shown to
associate with CDK1/cyclin B complexes with low nanomolar affinity, which is partially
facilitated by the docking of the phospho-adaptor CKS1 [93,94]. Deletion of the CDC6
N-terminal CDK1-binding site increases CDK1 activity in mitosis, indicating that the
CDC6 N-terminus is critical for the regulation of CDK1 activity [92]. Depletion of CDC6
causes a delay in mitotic exit. This finding was further supported by an in vitro assay
showing the CDC6-dependent inhibition of CDKI1 kinase activity mediated by a
CDK-specific cyclin docking motif, LxF, in CDC6 and the phospho-adaptor Cksl, leading
to shielding of the degron and CDC6 sequestration by CDK during mitotic exit [93].

In human cells, CDC6 also associates with and inhibits CDK1 at mitotic exit [95]. In
mitosis, CDC6 is hyperphosphorylated in correlation with an increase in the level of
PLK1. However, CDC6 is hypophosphorylated in PLK1-depleted cells, even when cy-
clins A and B are present at high levels. PLK1 phosphorylates CDC6 during mitosis, and
this promotes its binding to CDK1, which in turn downregulates CDK1 activity. This
results in the activation of separase, an enzyme that resolves sister chromatid cohesion
during the metaphase-to-anaphase transition, leading to the mitotic exit. CDC6 depletion
results in defects in chromosome segregation and cytokinesis, leading to aneuploid cells
with increased CDK1 activity [95].

In addition to its role in mitotic exit in yeast and human cells, our group has also
showed the role of CDC6 in regulating M-phase entry by inhibiting CDK1 activity. In
Xenopus laevis premitotic cell-free extracts, the depletion of CDC6 accelerates M-phase
entry eliminating the initial slow, progressive, and biphasic mode of CDK1 histone H1
kinase activity and prematurely increasing the level of CDK1 activity. Adding a recom-
binant CDC6 completely reverses all these effects [14,16, 95]. Additionally, exogenous
cyclin A or cyclin B added to Xenopus laevis cycling extracts leads to distinct regulation of
the kinetics of this mitotic kinase activity [9]. We found that while adding cyclin A in-
creases only the level of CDK1 activity, adding cyclin B increases the level of CDK1 ac-
tivity and prolongs the timing of its activation. On the other hand, the absence of cyclin A
causes an important delay in CDK1 activation. While adding recombinant CDC6 to cyclin
A-depleted extract does not affect the timing of the delayed mitosis, it does inhibit the
CDK1 activity. Thus, it demonstrates that the CDC6-dependent mechanism inhibits both
CDK1/cyclin A and CDK1/cyclin B (ibid). This implies in turn that a CDC6-dependent
mechanism of CDKI1 inhibition plays a role in also delaying the initial activation of
CDK1/cyclin A.

In addition to this inhibitory function of CDC6 regarding CDKI1 activity, the switch
from cyclin A- to cyclin B-dependent CDK1 activity at the beginning of the M-phase may
also contribute to the biphasic CDKI1 activation pattern during the M-phase entry. The
diauxic, two-step mode of CDK1 activation in Xenopus laevis cell-free extract resembles
the dynamics of the diauxic growth of bacterial or yeast population upon the switch from
one sugar to another one when the first becomes exhausted in the culture medium
[16,96]. It suggested an analogic change concerning CDK1 activity, and the switch be-
tween cyclin A and cyclin B as a partner of CDK1 during the initial phases of CDK1 ac-
tivation fits perfectly with this view. Based on these observations, we developed a
mathematical model describing the role of CDC6 in the diauxic character of CDK1 acti-
vation [16].
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In mouse zygotes, depletion of CDC6 also causes acceleration of the entry into mi-
tosis similarly to the Xenopus cell-free extract. It showed the physiological relevance of
CDC6 not only in the cell-free system, but also in intact cells [14,17]. In addition, CDC6
regulates both meiotic entry and the metaphase-to-anaphase transition during the first
meiotic division in mouse oocytes [97].

Taken together, these results show that CDC6 is involved in a CDKI1 inhibitory
mechanism both in vitro and in vivo during the entry, progression and exit of mitosis (and
meiosis).

7. Regulation of CDC6 by PP2A

The serine/threonine phosphatase PP2A is the major protein phosphatase involved
in dephosphorylating CDK substrates [98]. This PP2A function is well-conserved across
eukaryotes, including yeast and humans [99,100]. The majority of CDK1 substrates are
dephosphorylated by PP2A [100-104]. Inhibiting PP2A using okadaic acid triggers
premature CDK1 activation in human cells, Xenopus, mouse, starfish, and other organ-
isms [105-111].

In yeast, the PP2A heterotrimeric complex is composed of two catalytic C subunits
(Pph21 and Pph22), a regulatory B subunit (Cdc55, Rts1, or Rts3), and a scaffold A subu-
nit (Tpd3) [112-114]. Among these subunits, the regulatory B subunit is responsible both
for the cellular localization and PP2A substrate specificity [115]. Cdc55 and Rtsl have
both been involved in mitotic progression. Cytoplasmic PP2A/Cdc55 dephosphorylates
and inhibits the CDK1 inhibitor Swel [116,117], while nuclear PP2A/Cdc55 prevents the
anaphase onset by dephosphorylating Cdc20, a co-factor of APC/C [118-121]. Further-
more, PP2A/Cdc55 also dephosphorylates Netl, an inhibitor of CDC14 phosphatase
[122]. CDC14 release from the nucleolus during early anaphase is mediated by the FEAR
and MEN networks and results in exit from mitosis through Netl dephosphorylation
[123-126].

Recently, it has been demonstrated that CDC6 is dephosphorylated by
PP2A/Cdcl4phosphatases in yeast, which triggers the exit from mitosis. PP2A/Cdc55 and
CDC14 directly dephosphorylate CDC6 at different CDK1 sites, causing CDC6 stabiliza-

tion [127,128]. These findings support a scenario in which CDC6 dephosphorylation is
required to abolish the inhibition of CDK1 at the mitotic exit.

8. Role of PP2A-Greatwall pathway in potential CDC6 regulation

Greatwall kinase is a conserved regulator of mitotic entry through PP2A phosphatase
regulation [129]. There was no evidence from previous studies that PP2A-Greatwall was
part of a regulatory network during the initial stages of mitotic entry. However, it is well
established now that Greatwall kinase triggers the activation of CDK1 and other cell cy-
cle regulators preparing the cells for mitosis [129-135]. Upon activation, Greatwall takes
part in the amplification cycle downstream of CDK1/Cyclin [136]. It has been shown that
Greatwall controls PP2A activity in Xenopus egg extracts [100,101,131]. Greatwall phos-
phorylates the thermostable protein Arpp-19 (cAMP-regulated phosphoprotein-19) and
Endosulfine protein (Ensa) to inhibit the activity of PP2A-B55 and triggers mitotic entry
[100,129,135].

These findings suggest an interaction between CDC6-dependent machinery and

Greatwall kinase activity. Does CDC6 inhibit Greatwall and its substrates to delay mito-
sis? Or does CDC6 is involved in the activation of PP2A directly? Addressing these
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questions must be relevant to highlight the CDC6 regulatory mechanism necessary for
mitotic regulation.

9. A model of CDC6 involvement in CDK1 activation

Beyond a simple mechanism of accumulation and degradation of cyclins A and B,
the control of the cell division is orchestrated by a complex network of regulators that
include kinases and phosphatases, as well as inhibitory partners. They are required to
precisely regulate CDK1 levels determining the timing of mitotic events and the timely
progression of mitosis. CDC6 participates in the inhibitory mechanisms controlling the
CDK1/cyclin A and CDK1/cyclin B activities and regulates the time of mitosis in Xenopus
laevis and mouse embryos [9,14]. It corroborates with the data obtained in yeast and
human cells [11,92-95]. This regulatory mechanism is particularly important for the co-
ordinated activation of mitotic CDK1 and the control of both the timing and amplitude of
CDK1 kinase activity during early embryo cleavage divisions which are highly syn-
chronous in Xenopus. Therefore, this regulation is required for coordination between cell
divisions and the embryo genetic developmental program.

According to recent research [22-24,28], CDK1/cyclin A-B phosphorylates Bora to
induce Aurora A's phosphorylation of PLK1 to fully activate the CDK1/cyclin B amplifi-
cation loop. This shows that both CDC6 and Aurora-Bora networks are crucial compo-
nents of the CDK1/Cyclin B amplification mechanism and, consequently, of the control of
the timing of mitosis. Here, we present a new model for the entry into mitosis, integrating
CDK1, CDC6/Xicl, Weel/Mytl and Aurora A-Bora-PLK1 network that together regulate
the activation of the CDK1 amplification loop (Figure 1).

Model for mitotic entry with cyclin A as a starter of CDK1 activation

Aurora{\
PLK1 _5__. @_6__.

4 / Amplification
, loop
PP2A g

Bora Gwl
[[cok1 |

3 Wee1 lMyﬂ J—

Y,
Wee1/Myt1 m
g < L

7
2 Rapid phase of
1 CDK1 activation
. Slow phase of
A e[S =
yelin =
- s Aan
* CDK1 by Xic1/CDC6 Accumulation of cyclin
Interphase M-phase

Figure 1. A model of the key role of CDC6 in the control of the M-phase entry. When the CDK1
active molecules start appearing after cyclin A levels reach a predetermined threshold, they are
inhibited by CDC6/Xicl. The first active CDK1/cyclin A molecules appear when they escape from
CDCé6-dependent inhibition, while CDK1/cyclin B complexes are inhibited by both CDC6/Xicl and
Weel/Mytl. This is the step of the initial activation of CDK1. In parallel, both cyclin A and B level
continue to increase with time and keep associating with CDKI. The active CDK1/cyclin A and
CDK1/cyclin B complexes become more abundant, and they, or only CDK1/cyclin B, becomes able
to phosphorylate its substrates Bora and Gw1. Bora interacts with PLK1 and Aurora kinase A, ac-
tivating PLK1. Due to this activation of PLK1 via these two distinct pathways, the procedure is
highly effective. Then, PLK1 phosphorylation of CDC6 enhances CDK1 inhibition effectiveness.
PLK1 concurrently stimulates CDC25, which triggers the rapid CDK1/cyclin B activation. Gw1
phosphorylation also prevents CDC25 dephosphorylation, allowing it to function even more effi-
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ciently. Continuous cyclin B accumulation causes an increase in active CDK1/cyclin B complexes,
which in turn promotes CDC25 activity acting as the CDK1 amplification loop.

During interphase, cyclin A accumulates and binds to CDKI1. Judging by our ex-
periments [9], we postulate that the initial pool of CDK1/cyclin A, which escapes from
Weel/Mytl inhibition, is under an inhibitory control of the CDC6-dependent mechanism.
Thus, CDK1/cyclin A complex is inhibited only by CDC6, and not by Weel/Mytl kinases
in contrast to CDK1/cyclin B complex. Thus, the first active CDK1/cyclin A molecules
appear when they escape from CDC6-dependent inhibition, while CDK1/cyclin B com-
plexes are inhibited by both CDC6/Xicl and Weel/Mytl. This single inhibition of
CDK1/cyclin A pool and the double inhibition of CDK1/cyclin B pool shows the major
role of CDC6 in the control of the timing of this event. The levels of cyclin A and B con-
tinue to rise throughout time and newly synthesized cyclin molecules become progres-
sively associated with CDK1. The active CDK1/Cyclin A and then CDK1/Cyclin B be-
come more numerous, and they can phosphorylate their substrates such as Bora and
Gwl1. During this phase the CDK1 activity is in its slow phase of increase. Bora interacts
with PLK1 and Aurora kinase A, causing PLK1 to be activated. The process is more ef-
fective since PLK1 is activated via these two separate mechanisms. While part of the am-
plification loop, PLK1 also allows controlled CDKI1 activation by promoting
CDC6-mediated inhibition of CDK1 leading to gradual CDK1 activity increase [14,95].
Gw1 phosphorylation keeps CDC25 from dephosphorylating, allowing it to efficiently
activate CDK1. During that period, cyclins accumulate concurrently and associate with
CDK1 to produce new active CDK1 molecules. This results in a constant increase in
CDK1 activity level overcoming the CDC6/Xicl-inhibition mechanism. At that time the
CDK1 activation enters the rapid phase of activation. When this occurs, CDK1 action
becomes efficient to activate CDC25 and the CDC25 phosphorylation continues to be
further activated over time. At that point, the CDC25 and CDK1 amplification loop starts
functioning efficiently, which causes the extremely rapid and massive CDKI1 activation.
Therefore, the full activation of the CDK1 amplification loop occurs, and the mitosis
progresses.

It is essential to fully investigate the molecular mechanisms by which CDC6/Xicl
exerts its mitotic function. In yeast, the CDC6 inhibition is mediated by a
M-Cyclin-Binding Motif [93]. As a result, it is critical to investigate whether CDC6 inhib-
its CDK1 in all species, including mammals, using the same inhibition mechanism. A
deeper understanding of CDC6 interactions with other mitotic factors will clarify its role
in mitosis and in the regulation of the mitotic timing. It may also offer further evidence
for multiple roles that CDC6 plays in regulating the cell cycle and embryonic develop-
mental program.
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