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The kinetics of Cyclin Dependent Kinase 1 (CDK1) activation must be strictly controlled to guarantee a timely and

physiological entry into mitosis. CDC6, a known S-phase regulator, has been found as a critical component in

mitotic CDK1 activation cascade in early embryonic divisions. It acts due to association with Xic1 serving as a bona

fide CDK1 inhibitor upstream of Aurora A and Polo-Like Kinase 1 (PLK1), both of which are CDK1 activators.
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1. Introduction

The entry into mitosis is controlled by CDK1/Cyclin B, also known as MPF (maturation 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 . Apparently, it is a key, but it is not the only controlling factor. Cyclin B

accumulation 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 . 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 ). De novo B-

type cyclin synthesis is required between meiosis I and II during Xenopus oocyte maturation ; however, despite a

steady increase in cyclin B levels in G2 , CDK1 activation is biphasic, characterized by a slow phase, followed by

a rapid phase attributed to the positive feedback between newly activated CDK1 and its major activating

phosphatase CDC25 . 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 peak of CDK1 activity has been intriguing for

the long time. 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 the slow and biphasic mode of this process. A research group

performed a proteomic screen to find novel CDK1 partners in M-phase-arrested Xenopus leavis eggs vs. freshly

activated ones (5 min post-activation ). The researchers showed a rapid 5 min, change in the composition of the

CDK1 complex during the period between the MII arrest of oocytes and their activation for development; however,

researchers did not find any classical CDK1 inhibitors, such as INK4 or Cip/Kip, in this screen, which potentially

could slow down CDK1 activation  in a CDK1 complex. Surprisingly, researchers found a CDC6 protein

associated with the active mitotic CDK. CDC6 inhibits CDK1 throughout the whole period of the M-phase (including

the highest peak of CDK1 activity just prior its inactivation) . CDC6 is an evolutionarily conserved
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member of the AAA + ATPase family and was only known as the S-phase activator . It initiates DNA replication at

each origin once per cell cycle to maintain genomic stability and 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 nucleus to the cytoplasm, blocking DNA replication . CDK1 can additionally phosphorylate

CDC6 to maintain it in the cytoplasm (ibid.). Furthermore, researchers showed that two proteins, namely CDC6 and

Xic1 (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/CDC6 complex. Upon arriving at the peak of the CDK1 activity

(measured by histone H1 kinase activity), the Xic1 momentarily dissociates from the mitotic CDK1 allowing for the

maximum activation of CDK1 during the M-phase . It is critical to understand how CDC6 and Xic1 receive

signals, how they interact, and how they are interdependent; however, 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 Wee1/Myt1 kinases. Thus, data showed that there are two independent

mechanisms of CDK1 activity in the game during the mitotic entry.

2. CDC6 as an Upstream Regulator of CDK1 through Its
Inhibition

CDC6 is 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 specifically, 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 . Furthermore, CDC6

has a phosphorylation site for PLK1 in its N-terminal side, and three consensus sites of phosphorylation for CDK1

and CDK2 . CDC6 has a leucine zipper domain for protein–protein interaction and Cy-motif for cyclin interaction

(ibid.). It also has amino-acid sequences of D- and KEN-box motifs which are necessary for ubiquitination 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 a CDK1

inhibitor during the mitotic exit and that it inhibits CDK1-dependent histone H1 phosphorylation in vitro .

Moreover, together with SIC1 (Stoichiometric inhibitor of Cdk1-Clb) (an inhibitor of CDK1) and CDH1 (Cdc20

homolog 1), an activator of the APC (anaphase promoting complex), CDC6 participates in the activation of APC

necessary for cyclin B degradation and mitotic exit . 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 . The 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 . The 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 CDK1 kinase activity mediated by a CDK-specific cyclin docking motif, LxF, in CDC6 and the phospho-

adaptor Cks1, leading to shielding of the degron and CDC6 sequestration by CDK during mitotic exit .

In human cells, CDC6 also associates with and inhibits CDK1 at mitotic exit . In mitosis, CDC6 is

hyperphosphorylated in correlation with an increase in the level of PLK1; however, CDC6 is hypophosphorylated in
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PLK1-depleted cells, even when cyclins 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 .

In addition to its role in mitotic exit in yeast and human cells , researchers also showed the role of CDC6 in

delaying mitotic entry by inhibiting CDK1 activity in Xenopus laevis premitotic cell-free extracts .

CDC6 associated with CDK1 during the M-phase rapidly dissociates from this kinase immediately after CDK1

inactivation, suggesting that once CDK1 is fully inactivated by separation from cyclin B, the association with CDC6

becomes unnecessary. It was a surprising observation in the light of the knowledge at that time that there are

suggestions of a potential role of CDC6 only in the mitotic exit, and not entry and progression . The important hint

to the role of CDC6 in CDK1 activation process was its abovementioned function in the M-phase exit described in

yeast and human cells. Through biochemical analysis of Xenopus embryo cell-free extracts researchers showed

that a recombinant CDC6 protein acts as an inhibitor of CDK1 during the first embryonic mitosis in Xenopus leavis

. 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 . Adding a

recombinant CDC6 completely reverses all these effects . 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 .

Researchers found that while adding cyclin A increases only the level of CDK1 activity, adding cyclin B increases

the level of CDK1 activity 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; however, 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 CDK1 inhibition plays a role in also delaying the initial activation of CDK1/cyclin A.

In addition to this inhibitory function of CDC6 regarding CDK1 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 CDK1 activation

pattern during the M-phase entry. Mathematical model based on mass action kinetics shows a diauxic character of

the CDK1 activity growth and allows for the simulation of changes in the dynamics of CDK1 activation in relation to

changing concentrations in CDC6 and the dynamics of CDK1/cyclin B/CDC6 complexes formation . The diauxic

character of the process of CDK1 activation is strictly related to the presence of at least three inflection points in

the curve of CDK1 activation. The 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 . It suggested an analogic change concerning CDK1

activity, and the switch between cyclin A and cyclin B as a partner of CDK1 during the initial phases of CDK1

activation fits perfectly with this view.
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In mouse zygotes, the depletion of CDC6 also causes acceleration of the entry into mitosis, 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 . In addition, CDC6 regulates both meiotic entry and the metaphase-to-anaphase transition during

the first meiotic division in mouse oocytes .

Taken together, these results show that CDC6 is involved in a CDK1 inhibitory mechanism both in vitro and in vivo

during mitotic (and meiotic) entry, progression and exit.

3. Regulation of CDC6 by PP2A

The serine/threonine phosphatase PP2A is the major protein phosphatase involved in dephosphorylating CDK

substrates . This PP2A function is well-conserved across eukaryotes, including yeast and humans . The

majority of CDK1 substrates are dephosphorylated by PP2A . Inhibiting PP2A using okadaic acid

triggers premature CDK1 activation in human cells and those of Xenopus, mouse, starfish, and other organisms 

.

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 subunit (Tpd3) . Among these subunits, the

regulatory B subunit is responsible both for the cellular localization and PP2A substrate specificity . Cdc55 (also

known as B55 in mammals) and Rts1 have both been involved in mitotic progression. Cytoplasmic PP2A/Cdc55

dephosphorylates and inhibits the CDK1 inhibitor Swe1 , while nuclear PP2A/Cdc55 prevents the anaphase

onset by dephosphorylating Cdc20, a co-factor of APC/C . Furthermore, PP2A/Cdc55 also

dephosphorylates Net1, an inhibitor of CDC14 phosphatase . CDC14 release from the nucleolus during early

anaphase is mediated by the FEAR and MEN networks and results in mitotic exit through Net1 dephosphorylation

.

Recently, it has been demonstrated that CDC6 is dephosphorylated by PP2A/Cdc14phosphatases in yeast, which

triggers the mitotic exit. PP2A/Cdc55 and CDC14 directly dephosphorylate CDC6 at different CDK1 sites, causing

CDC6 stabilization . These findings support a scenario in which CDC6 dephosphorylation is required to

abolish the inhibition of CDK1 at the mitotic exit.

4. Role of PP2A-Greatwall/Mastl Pathway in Potential CDC6
Regulation

Greatwall/Mastl kinase is a conserved regulator of mitotic entry through PP2A phosphatase regulation . There

was no evidence from previous studies that PP2A-Greatwall/Mastl was part of a regulatory network during the

initial stages of mitotic entry; however, it is well established now that Greatwall/Mastl kinase triggers the activation

of CDK1 and other cell cycle regulators preparing the cells for mitosis . Upon activation,

Greatwall/Mastl takes part in the amplification cycle downstream of CDK1/Cyclin . It has been shown that

Greatwall/Mastl controls PP2A activity in Xenopus egg extracts . Greatwall/Mastl phosphorylates the
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thermostable protein Arpp-19 (cAMP-regulated phosphoprotein-19) and endosulfine protein (Ensa) to inhibit the

activity of PP2A-B55 and triggers mitotic entry . 

These findings suggest an interaction between CDC6-dependent machinery and Greatwall/Mastl kinase activity.

Does CDC6 inhibit Greatwall/Mastl and its substrates to delay mitosis, or is CDC6 involved in the activation of

PP2A directly? Addressing these questions is of great relevance to highlight the CDC6 regulatory mechanism

necessary for mitotic regulation.

5. A Model of CDC6 Involvement in CDK1 Activation

Beyond a simple mechanism of accumulation and degradation of cyclins A and B, the control of 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 CDK1/cyclin A and

CDK1/cyclin B activities and regulates the time of mitosis in Xenopus laevis and mouse embryos . This is

corroborated by the data obtained in yeast and human cells . This regulatory mechanism is

particularly important for the coordinated 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 synchronous in

Xenopus; therefore, this regulation is required for the coordination between cell divisions and the embryo genetic

developmental program.

According to recent research , CDK1/cyclin A-B phosphorylates Bora to induce Aurora A’s

phosphorylation of PLK1 to fully activate the CDK1/cyclin B amplification loop. This shows that both CDC6 and

Aurora-Bora networks are crucial components of the CDK1/Cyclin B amplification mechanism and, consequently,

of the control of the timing of mitosis. Researchers present a new model for the entry into mitosis, integrating

CDK1, CDC6/Xic1, Wee1/Myt1 and Aurora A-Bora-PLK1 network that, together, regulate the activation of the

CDK1 amplification loop (Figure 1).
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Figure 1. A model of the role of CDC6 in the control of the M-phase entry. The first, potentially active CDK1

molecules start to appear after the cyclin A level reaches a predetermined threshold, but they are actively inhibited

by CDC6/Xic1. The first active CDK1/cyclin A molecules appear when they escape from CDC6-dependent

inhibition, while CDK1/cyclin B complexes are inhibited by both CDC6/Xic1- and Wee1/Myt1-dependent

mechanisms. This is the step of the initial activation of CDK1. In parallel, both cyclin A and B levels continue to

increase with time and keep associating with CDK1. The active CDK1/cyclin A and CDK1/cyclin B complexes

become more abundant, and they, or only CDK1/cyclin B, become able to phosphorylate its substrates—Bora and

Gw1. Due to this activation of Plk1 via these two distinct pathways, the procedure is highly effective, which in turn

promotes CDC25 activity acting as the CDK1 amplification loop.

During interphase, cyclin A accumulates and binds to CDK1. Judging by the experiments , researchers postulate

that the initial pool of CDK1/cyclin A, which escapes from Wee1/Myt1 inhibition, is under an inhibitory control of the

CDC6-dependent mechanism. Thus, CDK1/cyclin A complex is inhibited only by CDC6 and not by Wee1/Myt1

kinases, in contrast to the CDK1/cyclin B complex. Thus, the first active CDK1/cyclin A molecules appear when

they escape from CDC6-dependent inhibition, while CDK1/cyclin B complexes are inhibited by both CDC6/Xic1

and Wee1/Myt1. This single inhibition of the CDK1/cyclin A pool and the double inhibition of the 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 continue to rise

throughout time and newly synthesized cyclin molecules become progressively associated with CDK1. The active

CDK1/Cyclin A and the CDK1/Cyclin B become more numerous, and they can phosphorylate their substrates, such

as Bora and Greatwall/Mastl, also known as Gw1 in Xenopus. During this phase, CDK1 activity is in its slow phase

of increase. Bora interacts with PLK1 and Aurora kinase A, causing PLK1 to be activated. While part of the

amplification loop, PLK1 also allows for the controlled activation of CDK1 by promoting CDC6-mediated inhibition

of CDK1, leading to a gradual CDK1 activity increase . Gw1 phosphorylation protects CDC25 from

dephosphorylating, enabling it to remain active and effectively activate CDK1 activity. 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/Xic1-inhibition mechanism. At that time, CDK1

activation enters the rapid phase of activation. When this occurs, CDK1 action becomes efficient in activating

CDC25, and 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 CDK1

activation; therefore, the full activation of the CDK1 amplification loop occurs, and mitosis progresses.
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