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The master Greatwall kinase,
a critical regulator of mitosis and meiosis

JEAN-CLAUDE LABBE, ANNA CASTRO* and THIERRY LORCA*

Equipe Labellisée Ligue Contre le Cancer. Université de Montpellier,
Centre de Recherche de Biologie Cellulaire de Montpellier, CNRS UMR 5237, France

ABSTRACT Entry into mitosis requires the coordinated activation of various protein kinases and
phosphatases that together activate sequential signaling pathways allowing entry, progression
and exit of mitosis. The limiting step is thought to be the activation of the mitotic Cdk1-cyclin B
kinase. However, this model has recently evolved with new data showing that in addition to the
Cdk1-cyclin B complex, Greatwall (Gwl) kinase is also required to enter into and maintain mitosis.
This new concept proposes that entry into mitosis is now based on the combined activation of
both kinases Cdk1-cyclin B and Gwl, the former promoting massive phosphorylation of mitotic
substrates and the latter inhibiting PP2A-B55 phosphatase responsible for dephosphorylation of
these substrates. Activated Gwl phosphorylates both Arpp19 and ENSA, which associate and inhibit
PP2A-B55. This pathway seems relatively well conserved from yeast to humans, although some
differences appear based on models or techniques used. While Gwl is activated by phosphorylation,
its inactivation requires dephosphorylation of critical residues. Several phosphatases such as PP1,
PP2A-B55 and FCP1 are required to control the dephosphorylation and inactivation of Gwl and a
properly regulated mitotic exit. Gwl has also been reported to be involved in cancer processes and
DNA damage recovery.These new findings support the idea that the Gwl-Arpp19/ENSA-PP2A-B55

pathway is essential to achieve an efficient division of cells and to maintain genomic stability.
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Auto amplification loop of M phase promoting factor
(MPF)

Progression from the G2 phase to the end of mitosis is governed
by the sequential phosphorylation and dephosphorylation of dif-
ferent mitotic regulators.

Entry into mitosis is controlled by a tight network of proteins that
regulate activation of the crucial regulator of mitosis: Cdk1-cyclin
B. Once activated, Cdk1-cyclin B triggers mitotic entry by phos-
phorylating target proteins promoting nuclear envelope breakdown
(NEB), chromosome condensation, microtubules dynamics, spindle
assembly and the separation of sister chromatids. On the other hand,
exit from mitosis is triggered by the APC/C (Anaphase Promoting
Complex/Cyclosome)-dependent ubiquitination and degradation of
cyclin B resulting in the inactivation of Cdk1-cyclin B kinase (Fig.
1). Like many protein kinases, a balance of phosphorylation and
dephosphorylation regulates Cdk1-Cyclin B activation. First, once
bound to cyclin B, CAK (Cdk-Activating-Kinase) phosphorylates

Cdk1 on the key residue Thr 161 (Activation loop) and stabilizes
the Cdk1-cyclin B association allowing the functional conformation
required for kinase activity. Second, the balance between Wee1/
Myt1 kinases and Cdc25 phosphatase regulates Cdk1-cyclinB
activity. Wee1 and Myt1 kinases phosphorylate Thr14 and Tyr15
(ATP-bindind pocket) and thereby inactivate Cdk1 bound to cyclin
B. At the G2-Mitosis transition, Cdc25 phosphatase is responsible
for the dephosphorylation of Cdk1 on its two inhibitory sites Thr14
and Tyr15, thus allowing activation of the Cdk1-cyclin B kinase and
initiation of mitosis. The unanimously accepted model proposes
that at the end of the G2 phase, dephosphorylation of Thr14 and
Tyr15 of Cdk1 by Cdc25 induces initial activation of Cdk1-cyclin
B complex, which in turn phosphorylates Cdc25, Wee1 and Myt1,
activating the Cdc25 phosphatase and inactivating Myt1 and
Wee1 protein kinases. These rapid events promote full activation

Abbreviations used in this paper: Gwl, greatwall; MPE, M phase promoting factor;
RNAI, RNA interference.

*Address correspondence to: Thierry Lorca. Equipe Labellisée Ligue Contre le Cancer » Université de Montpellier, Centre de Recherche de Biologie Cellulaire de

Montpellier, CNRS UMR 5237, France. e-mail: thierry.lorca@crbm.cnrs.fr

Accepted: 19 May 2016.

ISSN: Online 1696-3547, Print 0214-6282
© 2016 UPV/EHU Press
Printed in Spain



246 S. Vigneron et al.

Fig. 1. Kinases and phosphatases control
entry into mitosis. Mitotic entry requires the
coordinated activation of kinases and phospha-
tases thattogetheractivate sequential pathways
allowing mitotic entry and exit. Exit of mitosis
is triggered by degradation of cyclin B that
promotes Cdk1-cyclin B inactivation.

KINASES
(Cdk1-Cyclin A/B...)

of Cdk1-cyclin B kinase and drives irreversible mitotic entry. This
mechanism is commonly called auto amplification loop of MPF (M
Phase Promoting Factor) (Kishimoto, 2015; Lindqvist et al., 2009;
Castro et al., 2005).

Transcriptional control of Cyclin B

In addition to the regulation of the amplification loop of MPF,
the transcription of cyclin B is another key factor that controls the
timing of mitotic entry. Transcription of cyclin B starts during S-
phase, peaking in G2 phase and persists until the end of mitosis.
Cyclin B is thought to be a main target of the transcription factor
FoxM1 atthe G2-M transition. Consistent with the critical threshold
of cyclin B concentration required for entry into mitosis, FoxM1-
deficientcells delay in G2. These defects are partially rescued upon
overexpression of cyclin B1 (Laoukili et al., 2005). Transcription
factors involved in cyclin B transcription can themselves be posi-
tively controlled by the Cdk-cyclin activity. However, during the G2
phase, the activity of Cdk1-cyclin B kinase is low and it is hardly
conceivable that it may regulate the activity of FoxM1. Cdk2-cyclin
E and Cdk1/2-cyclin Akinases are probably more likely to promote
this transcriptional activation (Laoukili et al., 2008).

Polo-like kinase family and Cdk-Cyclin A

While the opposing activities of Wee1/Myt1 and Cdc25 directly
regulate the activation of Cdk1-cyclin B kinase, the polo-like kinase
(PIk1 and PIx1 in human cells and in Xenopus respectively) is part
of the positive-feedback loop. Both Plk1 and PIx1 phosphorylate
and activate Cdc25 at the G2/M-phase transition (Kumagai and
Dunphy, 1996; Roshak et al., 2000). In turn, Cdk1-cyclin B promotes
apositive feedback allowing activation of PIx1 (Abrieu et al., 1998).
Besides the role of Cdk1-cyclin B kinase, other critical activation
mechanism of Plk1 has been recently described in mammalian
cells by two independent laboratories. At mitotic entry, the Aurora-A
kinase phosphorylates Plk-1 on the activating residue, T210. This
activation is enhanced by the protein Bora through its binding to
Aurora A and/or Plk1 kinases (Macurek et al., 2008; Seki et al.,
2008). In turn, PIk1 promotes the proteolysis of Bora. Although
most Bora protein is degraded when cells enter into mitosis, this
pathway is partially maintained active when cells progress through
mitosis. This suggests that only a small stabilized fraction of Bora
is required to maintain Plk1 activity throughout mitosis (Bruinsma
et al., 2014; Chan et al., 2008; Seki et al., 2008).

Besides Plk1/Aurora-Apathway, other lines of evidence supporta
role of Cdk-cyclin A at the first step of mitotic entry. First, the kinase
activity associated with cyclin A increases before the one associ-
ated with cyclin B (Goldstone et al., 2001). Next, experiments on
Drosophila cyclin A mutants, show that in the absence of cyclin A,

Mitotic
Entry
PHOSPHATASES
(PP2A, PP1....)
Mitotic DEGRADATION
Exit (Cyclin A/B....)

cells arrest in the G2 phase (Knoblich and Lehner, 1993). On the
other hand, embryonic cells from mice lacking cyclin A enter into
mitosis with a small delay in G2. In cells devoid of cyclin A, cyclin
E expression is prolonged and may compensate the loss of cyclin
A (Kalaszczynska et al., 2009). However, inhibition of Cdk-cyclin A
with a N-terminal portion of the p21 Cip1 inhibitor prevents HelLa
cellsfrom entering mitosis. Moreover, if the inhibition of Cdk2-cyclin
A occurs in early prophase it induces a return of the treated cells
to G2 phase (Furuno et al., 1999).

Further evidence supporting a role of cyclin A in promoting
mitotic entry comes from experiments performed in human cells.
Cdk2-cyclin A kinase activity is required to activate Cdc25 phos-
phatase, leading to the dephosphorylation of Cdk1 on Tyr15 and
initiation of mitotic entry. Down-regulation of cyclin A by RNA
interference (RNAI) or inhibition of Cdk2-cyclin A kinase using a
dominant-negative mutant of Cdk2, prevents activation of Cdc25
B/C phosphatases and dephosphorylation of Tyr 15 on Cdk1, and
the subsequent Cdk1-cyclin B activation (Mitra and Enders, 2004).
Besides Cdc25 activation, it has been proposed that Cdk2-cyclin
A may also initiate the inhibition of Wee1 directly by a negative
phosphorylation, thereby allowing activation of a fraction of Cdk1-
cyclin B complex (Fung et al., 2007; Li et al., 2010; Deibler and
Kirschner, 2010). Collectively, these data indicate that the levels
of cyclin B expressed in cells are insufficient for initiation of mitotic
entry butrequires a combination of regulatory components (Fig. 2).

Greatwall (Gwl) kinase: the critical regulator of PP2A-B55

Although, for a long time, scientists have devoted their time
to understand how protein kinases were involved in the mecha-
nisms controlling mitotic entry, the identity of the phosphatases
that abolish these kinase-dependent phosphorylations remained
elusive. Recently, two independent studies carried out in Xenopus
egg extracts, highlighted the critical role of protein phosphatase
2A in mitotic entry (Mochida et al., 2009; Vigneron et al., 2009).
PP2A phosphatase is a trimeric complex consisting of a catalytic
subunit, a scaffold subunit Aand a regulatory subunit B that belong
to the gene family B: B (B55), B’(B56), B”(PR72) and B “’(PR93)
and that is thought to be responsible for the substrate specificity
of PP2A (Shi, 2009).

One ofthese two works showed that the activity of PP2Awas high
in interphase and low during mitosis suggesting a tight regulation
of the activity of this phosphatase at the G2-M transition (Mochida
et al., 2009). In this study, depletion of PP2A-B55 delta isoform
from interphase egg extracts promoted activation of Cdk1-cyclin B
kinase, phosphorylation of mitotic substrates and entry into mitosis
(Mochida et al., 2009). Meanwhile, the other study demonstrated
the involvement of Greatwall (Gwl) in controlling PP2A activity
(Vigneron et al., 2009). This story relied on experiments in which



Gwl was specifically depleted from metaphase Il arrested egg
extracts (meiotic M-phase or CSF), extracts where Cdk1-cyclin
B activity is naturally high and constant. This depletion promoted
mitotic substrate dephosphorylation and “mitotic exit” even in the
presence of a high Cdk1 activity. Strikingly, inhibition or depletion
of PP2A-B55 in Gwl-devoid CSF extracts rescued Cdk1-cyclinB
substrate dephosphorylation and restored mitosis (Vigneron et al.,
2009; Castilho et al., 2009).

How has the link between Gwl and PP2A-B55 been uncovered.
The firstinsights on the role of Gwl kinase were found in Drosophila
inwhich Gwl mutant cells displayed a delay in mitoticentry as well as
in metaphase, with spindle aberrations and chromosome segrega-
tion defects (Bettencourt-Dias et al., 2004; Yu et al., 2004). These
finding indicated that Gwl kinase might be crucial for getting into
and progressing through mitosis. By using Xenopus egg extracts,
Goldberg’s group showed that Gwl was activated in metaphase I,
and its depletion from CSF extracts promoted metaphase Il exit.
Interestingly, exit was not accompanied with degradation of cyclin
B excluding the role of APC/C in CSF exit. In the same line, cycling
egg extracts devoid of Gwl were prevented to enter into mitosis
and accumulated with inhibitory phosphorylated Cdk1 on Tyr15
(Yu et al., 2006). These effects are rescued by overexpression of
constitutively active Cdk1AF (Thr14A and Tyr15F Cdk1 mutant).

So, how Gwl maintains metaphase Il arrest and allows entry into
mitosis? The first hypothesis was that Gwl could promote Cdc25
activation and thus promote tyrosine dephosphorylation of Cdk1.
In this line, the addition of an amount of active Gwl able to promote
mitotic entry in untreated egg extracts induced partial phosphoryla-
tion of Cdc25 in extracts in which roscovitine was added to inhibit
Cdk1-Cyclin B and cycloheximide was supplemented to prevent
protein synthesis. These data suggest that Gwl is involved in the
activation of Cdc25. Although Cdc25 could be a very promising
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target due to its involvement in promoting activation of Cdk1-cyclin
B, further studies demonstrated that this phosphorylation is not
directly due to Gwl (Zhao et al., 2008). However, taking advantage
of the fact that Xenopus eggs only contain the Cdc25C isoform,
a study from our lab showed that depletion of Cdc25C from CSF
extracts promotes metaphase Il exit with a decrease of Cdk1-cyclin
B activity but without degradation of cyclin B. According to what had
previously been described for Gwl depletion, metaphase Il arrested
Xenopus oocytes microinjected with anti-Cdc25C antibodies or
downregulation of Cdc25A using double-stranded RNA in mouse
oocytes displayed dephosphorylation of mitotic substrates and
Cdk1-cyclin B inactivation, but did not affect the levels of cyclin
B (Lorca et al., 2010, Oh et al., 2013). To clarify this molecular
mechanism, co-depletion of Cdc25C and Wee1 was performed
in CSF extracts. Results from this experiment showed that these
depletions rescued the phenotype induced by Cdc25C removal,
suggesting that the regulatory balance of the Cdc25 phosphatase
and the Wee1 kinase is maintained active throughout the cell cycle
(Lorca etal., 2010). In this line, we prevented inactivation of Cdk1-
cyclin B by Wee1 depletion in CSF extracts, removal of Gwl still
induced M-phase exit and mitotic substrate dephosphorylation even
inthe presence of high Cdk1-cyclin B activity (Vigneron et al., 2009).
Interestingly, under these conditions the removal of PP2Acorrected
the Gwl-dependent defects thereby maintaining metaphase Il ar-
rest (Vigneron et al., 2009). Results obtained by two independent
groups furtheridentified PP2A-B55/Twins (Xenopusand Drosophila
respectively) as the phosphatase targeted by Gwl (Castillo et al.,
2009; Wang et al., 2011). These results led to propose that mitotic
entry and progression were mediated by both activation of Cdk1-
cyclin B and inhibition of PP2A by Gwl (Vigneron et al., 2009).
This model is supported by recent studies in mammalian cells in
which Gwl knockdown by RNAi strongly delays or arrests cells in
G2 (Burgess et al., 2010; Voets et al., 2010). However, when Gwl
depletion is not complete, cells enter and progress through mitosis
with multiple defects such as binucleation, DNA bridges formation
and cytokinesis failure. These defects were likely due to high PP2A
activity, as inhibition of PP2A rescued these mitotic entry defects.

Unlike results in Gwl knockdown mammalian cells, Gwl knockout
MEF cells enter into mitosis with normal kinetics although they
display similar mitotic defects to cells partially depleted of Gwl by

—> Mitotic Entry

Fig.2.Regulation of mitotic entry: transcription and degradation
ensure that cyclin B levels peak at the end of the G2-phase and
decrease at metaphase/anaphase transition. Translated cyclin B
binds to Cdk1andthis complex is maintained inactive by Wee 1/Myt1
kinases. The Aurora-A kinase phosphorylates and activates Plk-1.
This phosphorylation is enhanced by the Bora protein, which binds
Aurora-A kinase. Activated Plk-1 and Cdk2-cyclin A phosphorylate
and activate some molecules of Cdc25 thereby promoting initial
activation and autoregulatory activation of Cdk1-cyclin B kinase.
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siRNA. On the other hand, RNAi-induced knockdown of Gwl in
porcine oocytes blocks or delays meiotic maturation. Gwl-deficient
oocytes that enter and progress through meiosis displayed defects
in chromosome condensation and decreased MPF activity (Li et
al., 2013). Interestingly, while the Gwl/PP2A pathway is required for
meiosis | entry and/or progression in Xenopus, Drosophila, Porcine
and Starfish oocytes (Dupré et al., 2013; Dupré et al., 2014; Hara
etal.,, 2012; Li et al., 2013; Von stetina et al., 2008), Gwl-deficient
mouse oocytes can initiate meiosis and progress to metaphase |
with normal timing. These oocytes completed meiosis | but with
a delay in polar body extrusion and with a perturbed degradation
of the APC/C substrates securin and cyclin B1 (Adhikari et al.,
2014). According to the role of Gwl in the control of APC activity,
mammalian cells knocked down of Gwl by RNAI, display a delay
in cyclin B degradation when cells progress through mitosis, sug-
gesting that Gwl is required to trigger a full and timely activation
of APC/C (Voets and Wolthius, 2015). Although GwI-null oocytes
normally progressed through meiosis |, they failed to reactivate
Cdk1-Cyclin B kinase after the polar body extrusion and never
entered into metaphase Il. This is in agreement with a requirement
of Gwl to maintain metaphase |l state in Xenopus oocytes (Yu et
al., 2006; Vigneron et al., 2009). Altogether, these data are still
confusing because Gwl-PP2A-pathway seems to be necessary
at different mitotic stages depending on the method of depletion
(knockout or knockdown) that have been used or the species used
(mouse or porcine oocytes). Further detailed explorations are
required to understand how Gwl controls the meiotic progression
and metaphase Il arrest.

Gwl controls PP2A-B55 activity through the
phosphorylation of Arpp19/ENSA

While it was clear that Gwl regulates PP2A-B55 activity, the
direct phosphorylation of this phosphatase by Gwl had never been
observed indicating that Gwl might indirectly inhibit PP2A. There-
fore, the molecular mechanism by which Gwl promoted PP2A-B55
inhibition remained unknown.

To explore how Gwl maintains the metaphase Il state and controls
mitotic entry, two independent groups developed a biochemical
strategy using Xenopusinterphase egg extracts to characterize the
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substrates of Gwl responsible of PP2A-B55 inhibition. Using this
approach, they both identified a protein of 20 kD named Arpp19
(cyclic adenosine monophosphate-regulated phosphoprotein 19)
sharing homologies with the small protein a-Endosulfine (ENSA)
(Gharbi-Ayachi etal., 2010; Mochida et al., 2010). Both Arpp19 and
ENSA are phosphorylated in vitro by an active form of Gwl at one
key residue (Ser62 and Ser67 of human Arpp19 and human ENSA
respectively). Once phosphorylated, these two proteins associate
with and inhibit the activity of PP2A-B55 phosphatase. In addition,
overexpression of these phosphorylated substrates in interphase
Xenopus eggs extracts induced inhibition of PP2A-B55, activation
of Cdk1-cyclin B, phosphorylation of mitotic substrates and entry
into mitosis. However, as we will see later, the exact involvement
of each of these two substrates in vivo remains undefined. While
one of the two groups showed that depletion of ENSA affects mi-
totic entry (Mochida et al., 2010), the second study indicated that
no effect was observed on the entry and maintenance of mitosis
after the depletion of this protein. In addition, they showed that
metaphase Il maintenance and mitotic entry in the first embryonic
cycle is rather under the control of Arpp19 (Gharbi-Ayachi et al.,
2010) (Fig. 3).

Studies in oocytes reported the involvement of these two sub-
strates in the meiotic progression. RNAi-mediated knockdown of
ENSA from mouse oocytes results in a block of meiotic maturation
at prophase |. However, some of the treated oocytes still undergo
normal progression in meiosis | and to metaphase I, suggesting
that either depletion of ENSA was not efficient enough, or that en-
dogenous Arpp19 was sufficient to activate the Arpp19/ENSA-Gwl/
PP2A-B55 pathway in these oocytes (Matthews and Evans, 2014).
Contrary to mouse oocytes in which both Arpp19 and ENSA appear
to participate in the Gwl/PP2A-B55 pathway, in pig oocytes Arpp19
is entirely responsible for PP2A-B55 regulation since ENSAprotein
is absent in these oocytes (Li et al., 2013). Finally, an active Gwl/

Mitotic Entry
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Fig. 3. Cdk1-cyclin B-Greatwall-PP2AB55 pathway: Cdk1-cyclin B phosphorylates mitotic substrates at mitotic entry counteracted by PP2A-B55
at mitotic exit. Greatwall phosphorylates Arpp19/ENSA inhibitors and thereby blocks PP2A-B55 activity.



Arpp19/ENSA/PP2AB55 pathway has been studied in mammalian
cells. From those studies, the role of Arpp19 could not be deter-
mined due to the lack of suitable tools for its detection. However,
removal of ENSAin these cells perturbed MPF/PP2A-B55 balance
inducing cytokinesis defects, resulting at least in part by abnormal
dephosphorylation of PRC1 (Cundell et al., 2013). Further studies
will be required to understand the specific roles of each substrate
in the Gwl/PP2A-B55 pathway throughout the cell cycle.

The Gwl kinase and its substrates have now emerged in a wide
range of organisms. In Drosophila, Endos is the single Arpp19/
ENSA orthologue. Endos is phosphorylated by Gwl on the con-
served FDSpGDY motif, a phosphorylation that is essential for its
function and that is present in every member of this protein family.
Additionally, knockdown of Endos prevents the maintenance of
the mitotic state. In starfish oocytes, as well as in Drosophila, only
one single homologue of Arpp19/ ENSA is found from database
search. The starfish homologue is phosphorylated by both, Gwl
and Cdk1-cyclin B kinases at two different sites, Ser106 and Ser69
respectively. Both Ser106 and Ser69 phosphorylations participate
to the PP2A-B55-dependent inhibition of Arpp19. On the other
hand, S106 phosphorylation of Arpp19/ENSA starfish homologue
is required for correct chromosome segregation (Okumura et al.,
2014). The dual role of Gwl and Cdk1-cyclin B kinases to directly
enable Arpp19/ENSA as mitotic phosphatase inhibitors has not
been described in other organisms so far. However, biochemical
experiments using thiophosphorylated Xenopus ENSA on both
Cdk1-cyclin B and Gwl sites (Thr28 and Ser67 respectively) con-
firm that Ser67 phosphorylation by Gwl is the major key residue
involved in PP2A-B55 inhibition (Mochida 2014).

Finally, the budding yeast homologues of Arpp19/ENSA called
Igo1 and Igo2 are phosphorylated by Rim15 (Gwl) kinase in a cell
cycle regulated manner. Phosphorylated Igo1 binds and inhibits
PP2A-B55 resulting in the phosphorylation of mitotic substrates
when added to Xenopus egg extracts. Moreover, Igo1 can directly
inhibit PP2A-Cdc55 (the B55 homologue in budding yeast) activity
in vitro, and Igo1/2-deficient cells are defective in mitotic entry into
(Juanes etal., 2013). Inbudding yeast, PP2A-Cdc55is controlled by
its subcellular distribution through the association of the regulatory
subunit Cdc55 to both proteins Zds (Zillion different screens) and
Igo1/2. Igo1/2 and Zds proteins might share overlapping function.
Indeed, Zds are exclusively cytoplasmic contrary to Igo1/2 which
are enriched in the nucleus. In this context, overexpression of
Zds can sequestrate PP2A-Cdc55 in the cytoplasm and promote
precocious mitotic entry. On the other hand, Igo1/2 control nuclear
accumulation of PP2A-Cdc55 supporting the idea that Igo1/2 in-
hibit nuclear PP2A-Cdc55 by direct binding (Bontron et al., 2013;
Rossio et al., 2014).

In fission yeast, cell growth is controlled by nutrients, which
in turn positively regulate TORC1 pathway to promote growth by
enhancing anabolic processes. Yeast cells divide in a size threshold
manner that depends on nutriment availability reaching the higher
volume before mitosis under rich nitrogen conditions. Conversely,
when yeast cells are shifted to a poor nitrogen medium they enter
into mitosis with a reduced cell size. A recent study performed in
S.pombe showed that the Gwl-Igo-PP2A pathway is controlled
by the nutritional environment. In the presence of nutriments,
TORCH1 inhibits Gwl/PpK18 pathway and maintains high activity
of PP2A resulting in large cells in G2 before they undergo mitosis.
Conversely, when yeast is grown in nutrient poor medium, TORC1
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activity drops thereby activating Gwl/Ppk18, which phosphorylates
Igo1 at Ser64, inhibiting PP2A. In such conditions, the inhibition
of PP2A promotes a premature activation of Cdk-cyclin complex
producing smaller mitotic cells indicating that this pathway can be
activated under specific environmental events (Chica et al., 2016).

Activation and inactivation of Gwl

Gwl activity is tightly controlled during mitotic entry, progression
and exit. Gwl is phosphorylated at mitotic entry, thereby leading
to its activation. In vitro phosphorylation of Gwl by MPF induces
partial activation. Moreover, MPF-dependent phosphorylation of
Gwl promotes its further autophosphorylation required for its full
activation (Yu et al., 2006). Mass spectrometry experiments identi-
fied several key residues from which some of them are required
for Gwl activity. Results from mutagenesis analysis performed in
Xenopus egg extracts identified 3 key residues critical for Gwl
activity: Thr193/194, Thr206/207 and Ser883/875 (in Xenopusand
human respectively) (Vigneron et al., 2011; Blake-Hodek et al.,
2011). Because Thr193/194 and Thr206/207 lie within the minimal
consensus site for Cdk kinases and these two residues are phos-
phorylated in vitro by Cdk1-cyclin B kinase, it has been proposed
that Cdk1-Cyclin B may be the primary kinase responsible for the
phosphorylation of these two sites. In this line, detailed experi-
ments showed that Thr193/194 is a better substrate for MPF than
Thr206/207. The Thr207 is a TPG motif which is highly unstable,
and hence rapidly dephosphorylated (McCloy et al., 2015). Unlike
these two residues, phosphorylation at Ser883/875 is essential for
Gwl activity but does not fit with any kinase consensus site (Yu
et al., 2006; Vigneron et al., 2011; Blake-Hodek et al., 2012). The
hypothesis proposed by these studies is that first, MPF phosphory-
lates Thr193/194 and/or Thr206/207 and that subsequently either
an intramolecular Gwl autophosphorylation or a Plk-1 dependent
phosphorylation targets the phosphorylation at Ser883/875 to allow
its full activity (Vigneron et al., 2011; Blake-Hodek et al., 2011).

Gwl is an atypical AGC kinase containing a long T-loop of about
500 amino acids that separates its N-and C-terminal catalytic
domains. Experiments have been done to establish whether this
central insert was critical for Gwl activity. From the two first studies
developed in Xenopus egg extracts, none of the residue located
inside this long insert appears to be essential for Gwl activity (Vi-
gneron et al., 2011; Blake-Hodek et al., 2012). Nonetheless, very
recent studies performed in HelLa cells provide evidence that both
Ser90 and Ser453 in humans, Ser89 and Ser465 in Xenopus are
required to maintain full Gwl activity (Della monica et al., 2015).
Unfortunately, the identity of the kinases that phosphorylate these
sites are still unknown.

Because phosphorylation of Gwlin these key residues is neces-
sary for its activation at the G2-M transition, dephosphorylation of
these same sites should be required for its inactivation. Clarity into
the mechanisms responsible for dephosphorylation and inactiva-
tion of Gwl came from the identification of protein phosphatases
involved in this pathway. Three different phosphatases PP1,
PP2A-B55 and Fcp1 have been reported to play important roles
in mitotic progression. During mitosis, PP1 is maintained inhibited
by a direct phosphorylation on Thr320 by Cdk1-cyclin B. At the
metaphase/anaphase transition, degradation of cyclin B results
in a decrease of Cdk1-cyclin B activity thereby resulting in the
autodephosphorylation at this residue and full activation of PP1
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(Wu et al., 2009). Additionally, PP2A-B55 is also inhibited at mitotic
entry to ensure that Cdk1 substrates remain phosphorylated and
it is subsequently reactivated at mitotic exit to induce the dephos-
phorylation of these substrates (Mochida et al., 2009; Schmitz et
al., 2010). Finally, Fcp1 has been recently identified as another key
mitotic regulator. Fcp1, also known as CTDP1: Carboxy-Terminal
Domain, RNA polymerase Il Subunit 1 was initially known as the
phosphatase in charge of the dephosphorylation of the RNA poly-
merase Il large subunit carboxyl terminal domain during initiation
of transcription in eukaryotic cells and acts as crucial transcription
regulator (Suh et al., 2005). Fcp1-depleted cell extracts maintained
cyclin B stability and MPM2 signals as well as Wee1, Cdc20 and
USP44 phosphorylations suggesting that Fcp1 plays a crucial role
in mitotic exit (Visconti et al., 2012).

Interestingly, new data support that some of them would, at
least in part, mediate mitotic exit through the dephosphorylation
of Gwl. In this line, OA (Okadaic acid)-mediated PP2A inhibition
or siRNA co-depletion of B55c. and & from Hela cells significantly
blocked dephosphorylation of Gwl onits critical site Thr194 (Hegarat
et al., 2014). In parallel of this study, three independent studies
have involved PP1 as the major phosphatase required for Gwl
inactivation. One of the three works has been developed either
in human cell extracts using co-immunoprecipitation or in human
cells using PLA (Proximity Ligation Assay) approaches. This
study showed that human Gwl strongly interact with the catalytic
subunit PP1p. In the same line, authors showed that purified
PP1a promotes dephosphorylation of Gwl suggesting that there
is some redundancy between Alpha and Beta isoforms of PP1.
Additionally, using a PP1-disrupting peptide (PDP3) that enhance
PP1 phosphatase activity, the authors showed that this peptide
induces partial dephosphorylation of Gwl in prometaphase cell
extracts (Rogers et al., 2016).

The two others groups performed their studies in Xenopus egg
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extracts. Both found that inhibition or depletion of PP1 strongly
maintains full phosphorylation of Gwl upon Cdk1 kinase inhibi-
tion (Roscovitin) or inactivation (cyclin B degradation) (Heim et
al., 2015; Ma et al., 2016). Because Ser875/883 is one of the
critical residues, corresponding to the autophosphorylation site
required for Gwl activation, these works have examined this key
residue. Both groups showed that removal of PP1 strongly affect
the dephosphorylation of Gwl on the autophosphorylation site
Ser875 thereby maintaining full activity upon Cdk1 inactivation.
These observations are consistent with the data published by Ko-
rnbluth’s and Peng’s labs showing that depletion of PP1 prevents
the dephosphorylation of mitotic substrates and that removal of
endogenous Pnuts (Phosphatase 1 nuclear targeting subunit 1),
a potent inhibitor of PP1, disrupts metaphase Il arrest (Wu et al.,
2009; Fischer et al., 2014).

Depletion of PP1 stabilizes the Ser875 autophosphorylating site
of Gwl but only partially affects the dephosphorylation at Thr194,
the T-loop motif of this kinase targeted by PP2A-B55 (Hegarat et
al., 2014; Ma et al., 2016).

To determine whether PP2A-B55 controls the dephosphorylation
of Gwl, either an hyperactive form of Gwl or a thiophosphorylated
Arpp19 protein were added in Xenopus egg extracts, in order to
inhibit PP2A-B55. Under these conditions, dephosphorylation of Gwl
on Thr194 and Ser875 was assessed by either the use of specific
antibodies (Ma et al., 2016) or by analysis of the Gwl gel migration
shift (Heim et al., 2015). Despite the fact that MPF was inactivated
by degradation of cyclin B, the inhibition of PP2A-B55 resulted in the
delay of the dephosphorylation of Gwl in both activatory sites and
the maintenance of a partial mitotic state. Interestingly, reactivation
of PP2A-B55 by depletion of Arpp19 in these extracts promoted
a rapid dephosphorylation of both sites and complete mitotic exit
indicating that both residues are dephosphorylated by PP2A-B55
when it is fully activated (Ma et al., 2016) (Fig. 4).

PP2A-B55

active

Partially active inactive

Fig. 4. Phosphatases promoting inactivation of Greatwall activity. At metaphase/anaphase transition, degradation of cyclin B allows autodephos-
phorylation of PP1 on Thr320. Then, PP1 is activated thereby promoting dephosphorylation of Gwl on its Ser875 activating site. At the same time Fcp1
dephosphorylates Ser90 and Ser453 to decrease Gwl activity. This induces a partial reactivation of PP2A-B55 which dephosphorylates Gwl on its Thr194

site allowing full Gwl inactivation and mitotic exit.



Fcp1 has been described to reverse some Cdk-dependent
phosphorylations (Visconti et al., 2012). To test whether Fcp1 is
requiredto control the dephosphorylation of Gwl and thus promoting
mitotic exit, experiments using co-immunoprecipitations showed
that endogenous Fcp1 and Gwl are transiently associated during
mitotic exit. Moreover, Fcp-1 depleted cells treated with RO-3306
(a potent inhibitor of Cdk1-cyclin B activity) to promote mitotic exit,
delayed the dephosphorylation of Gwl at both Ser90 and Ser453.
In addition, Ser90A mutation negatively affects Gwl kinase activity
of Gwl and in vitro experiments showed that active Fcp1 purified
protein induces dephosphorylation of Gwl at both Ser90 and
Ser453. Altogether, these data indicate that in HelLa cells, Fcp1 is
required for dephosphorylation of Gwl at Ser90 and Ser453 and
its inactivation at mitotic exit (Della Monica et al., 2015).

The latest works published led us to believe that in mammalian
cellsandin Xenopusoocytes the ballet of the phosphatasesinvolves
different signalling pathways. In a first step, degradation of mitotic
cyclinB allows the initiation of the inactivation of Cdk1 kinase. This
promotes the reactivation of PP1 by autodephosphorylation at
Thr320inhibitory site. Consequently, the dephosphorylation of PP1
initiates dephosphorylation (at Ser875) and partial inactivation of
Gwl thereby promoting the reactivation of PP2A-B55. Actually, both
PP2A-B55 and PP1 and, may be, other phosphatases like PP2A-
B56 or Fcp1 are necessary for the complete dephosphorylation of
mitotic substrates including Gwl and to mitotic exit.

The dephosphorylation and the turning off Arpp19/ENSA

Beside Gwl dephosphorylation, Fcp1 could also participate in
Arpp19/ENSA dephosphorylation. In this line, removal of Fcp1
from Hela cells had maintained Gwl-dependent phosphoryla-
tion of Arpp19/ENSA on Ser62/67 suggesting that Fcp1 might
participated in mitotic exit (Hegarat et al., 2014). Meanwhile, the
dephosphorylation of Endos (the Drosophilahomologue of Arpp19/
ENSA) was also analysed independently by another group. This
biochemical study found that the phosphorylated form of Endos
(pEndos) strongly binds active PP2A-B55 and acts as a unfair
competitive substrate of PP2A-B55, since its dephosphorylation
is very slow it prevents dephosphorylation of others Cdk1-cyclin B
substrates and thereby controls mitotic exit. (Williams et al., 2014;
Gharbi-Ayachi et al.,2010; Mochida et al., 2010). In this context, Gwl
phosphorylates Endos, which in turn associates with and inhibits
PP2A-B55. When the degradation of cyclin B begins, Cdk1 and
Gwl activities decrease, resulting in a drop of phosphorylation of
Endos. PP2A-B55 becomes less and less inhibited and increas-
ingly active thereby allowing dephosphorylation of both Arpp19/
ENSA inhibitor and mitotic substrates and promoted mitotic exit
(Williams et al., 2014).

DNA damage and cancer

PP2A is known to be a major tumour suppressor in multiple
malignancies including breast cancer (Eichhorn et al., 2009). Im-
portantly, a massive study of genomic alterations in breast cancer
identified deletions on PPP2R2A (encoding B55a) as one of the
most frequent chromosomal alterations in luminal breast tumours
(Curtis et al., 2012). Since Gwl is essential for promoting mitotic
entry by indirectly inhibiting PP2A-B55 and because evidences
are available supporting the idea that PP2A-B55 is a tumour sup-
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pressor, it was important to determine whether together Gwl and
PP2A-B55 are involved in the cancerous process. With this aim,
studies have been developed in order to understand whether Gwl
participate in a significant extent to tumorogenesis pathway.

Importantly, our recent results show that Gwl overexpression
promotes cell transformation in different immortalised cell lines
(NIH3T3 and MCF10A) and in primary human fibroblasts. Besides
its transforming capacities, Gwl overexpression increases ‘in
cellulo” invasive properties and promotes an increase of tumour
growth “in vivo”. Interestingly, the effect of Gwl overexpression in
cell proliferation, migration and invasion is mostly induced by the
hyperactivation of Akt through the hyperphosphorylation of the acti-
vating residue of this kinase, Ser473. Despite the fact that the sole
reported role of Gwl is the inhibition of PP2A-B55 through Arpp19/
ENSAphosphorylation, we clearly demonstrated that phosphoryla-
tion of Akt at Ser473 residue is not mediated by this pathway (Fig.
5). In contrast, Gwl overexpression stimulates the degradation of
PHLPP, the phosphatase responsible for AKT dephosphorylation
on Ser473 (Vera et al., 2015). Finally, we showed that Gwl is com-
monly overexpressed in colorectal cancer patients. Other results of
arole of Gwlin head and neck squamous cell carcinoma (HNSCC)
have also been reported. In this line, it has been shown that Gwl
overexpression correlates with poor patient survival and tumour
recurrence after cisplatin treatment suggesting a putative role of
Gwl on chemotherapy response in patients with HNSCC (Wang et
al., 2014). In addition, Arpp19 expression is increased in human
hepatocellular carcinoma (HCC) andits levels correlate with tumour
size. To reveal the role of Arpp19 in HCC, silencing Arpp19 by
RNAi in human hepatocarcinoma cells was used. Results showed
a lowered cell growth rate and retarded colony formation in these
cells after Arpp19 knockdown (Song et al., 2015).

Besides its role in cancerogenesis, Gwl appears to be also
involved in the DNA damage checkpoint. The G2 DNA damage
checkpoint controls the G2-M transition to maintain genome in-
tegrity. Evidence of a direct role of Gwl activity in DNA damage
recovery has been reported in Xenopus egg extract model (Peng
et al., 2010). Indeed, studies in Xenopus egg extracts showed
that Gwil is inhibited in response to DNA damage and that it is re-
quired to DNA damage recovery. Reactivation of Gwl during DNA
damage recovery is dependent on its direct association to and its
phosphorylation by PIx1 (Peng et al., 2011). In order to understand
if this role is conserved in higher eukaryotes, experiments have
been performed in cells by either overexpressing a hyperactive
form of Gwl (K72M) or by knocking down Gwl during DNA damage
recovery. Overexpression of Gwl-K72M accelerates checkpoint
recovery and mitotic entry, conversely Gwl depleted cells delayed
entry into mitosis after DNA damage.

Finally, either Arpp19-depleted or ENSA-depleted cells delayed
checkpoint recovery indicating that this recovery may depend on
the activating phosphorylation of Gwl substrates (Wong et al.,
2016). Collectively, these results indicate that Gwl-Arpp19/ENSA-
PP2A-B55 pathway is required for DNA-damaged cells to maintain
G2-arrest and genome integrity.

In summary, both Cdk1-cyclin B and Greatwall kinases control
the entry into mitosis by phosphorylating several mitotic regulators
and inhibiting the phosphatase that promote these dephosphoryla-
tions. However, the question is still open as to what the essential
role of Gwl is in and outside of mitosis? Indeed, in embryonic cells
the mainrole Gwl starts after NEBD (Nuclear Envelop BreakDown).
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Fig. 5. Role of Greatwall (Gwl) in cell transformation.
When overexpressed, Gwl induces activation of Gsk3 kinase
which phosphorylates the PHLPP phosphatase involvedin the
dephosphorylation andinactivation of Akt on its Ser473 activat-
ing site. Phosphorylated PHLPP is targeted for ubiquitination
by ptrep-SCF E3 ligase and degraded by proteasome thereby
maintaining Akt phosphorylation on Ser4d73 and activation
resulting in increased cell proliferation.

By contrast, in other systems such as mouse oocytes or Xenopus
oocytes extracts, Gwl is essential for entry into metaphase Il or for
its maintenance. To explain this discrepancy, an intriguing possibil-
ity could be that threshold activities of phosphatase (PP2A-B55)
and kinase (Cdk1-cyclin B) are not equal in both models used. An
alternative possibility is that Arpp19 and Ensa can be activated by
both Gwl and Cdk1-cyclin B, the latter occurring when the former
is absent or expressed less. Finally, in a context outside of mitosis,
GwI controls Akt phosphorylation in a Arpp19/ENSA independent
pathway. In this line, it becomes critical to identify other substrates
which could explain the different roles of Gwl.
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