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Abstract 

Cell division is orchestrated by the phosphorylation and dephosphorylation of thousands of proteins. These post-
translational modifications underlie the molecular cascades converging to the activation of the universal mitotic 
kinase, Cdk1, and entry into cell division. They also govern the structural events that sustain the mechanics of cell 
division. While the role of protein kinases in mitosis has been well documented by decades of investigations, little 
was known regarding the control of protein phosphatases until the recent years. However, the regulation of phos-
phatase activities is as essential as kinases in controlling the activation of Cdk1 to enter M-phase. The regulation and 
the function of phosphatases result from post-translational modifications but also from the combinatorial associa-
tion between conserved catalytic subunits and regulatory subunits that drive their substrate specificity, their cel-
lular localization and their activity. It now appears that sequential dephosphorylations orchestrated by a network of 
phosphatase activities trigger Cdk1 activation and then order the structural events necessary for the timely execution 
of cell division. This review discusses a series of recent works describing the important roles played by protein phos-
phatases for the proper regulation of meiotic division. Many breakthroughs in the field of cell cycle research came 
from studies on oocyte meiotic divisions. Indeed, the meiotic division shares most of the molecular regulators with 
mitosis. The natural arrests of oocytes in G2 and in M-phase, the giant size of these cells, the variety of model species 
allowing either biochemical or imaging as well as genetics approaches explain why the process of meiosis has served 
as an historical model to decipher signalling pathways involved in the G2-to-M transition. The review especially high-
lights how the phosphatase PP2A-B55δ critically orchestrates the timing of meiosis resumption in amphibian oocytes. 
By opposing the kinase PKA, PP2A-B55δ controls the release of the G2 arrest through the dephosphorylation of their 
substrate, Arpp19. Few hours later, the inhibition of PP2A-B55δ by Arpp19 releases its opposing kinase, Cdk1, and 
triggers M-phase. In coordination with a variety of phosphatases and kinases, the PP2A-B55δ/Arpp19 duo therefore 
emerges as the key effector of the G2-to-M transition.
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Background
Cells proliferate by means of the mitotic cell cycle, a pro-
cess underlying growth, development and renewal in 
all eukaryotic organisms. Understanding the control of 
cell division is therefore pivotal to diverse and essential 

biological problems and has thus fascinated biologists 
since the middle of the nineteenth century. Decades 
of studies were dedicated to the description of the dra-
matic cell restructuration orchestrating the mechanics 
of M-phase, i.e., the proper segregation of chromosomes 
into two daughter cells, relying on chromosome conden-
sation within nuclei, their splitting to produce a pair of 
sister chromatids, and movement of each sister chro-
matid to opposite poles of the cell thanks to the dynam-
ics of the microtubular mitotic spindle and the control 
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of sister chromatid cohesion. While the mechanics of 
mitosis makes the cell cleavage possible, specific regula-
tory mechanisms must tell the cell when to embark on 
M-phase. For this reason, one of the holy grails in this 
field has been the identification of factors that trigger the 
onset of mitosis. The symbiosis between yeast genetics 
and frog biochemistry led to an extraordinary progress 
in this issue in the 80s [1]. These pioneered complemen-
tary approaches revealed that entry into mitosis depends 
on the activation of the M-phase Promoting Factor (or 
MPF), the universal mitotic inducer in eukaryotic cells, 
consisting of the Cdk1-Cyclin B complex and the Great-
wall kinase [2].

This great discovery led to a new orthodoxy whereby 
entry into mitosis occurs when a set of substrate proteins 
implicated in mitosis progression changes their state of 
phosphorylation that is brought about by the activity of 
the Cdk1-Cyclin B kinase. The regulation of this mitosis 
master kinase was based on the following global scheme 
(Fig.  1) [3]. At the end of the DNA replication phase 
(S-phase), the cell enters a G2-phase during which Cyc-
lin B accumulates and binds to Cdk1 that is expressed at 
a constant level throughout the cell cycle. Cdk1 is phos-
phorylated at T161, triggering a refolding of the active 
site cleft that allows the enzyme to bind substrates. At the 
same time, a double phosphorylation of Cdk1, at Y15 and 

T14, achieved by two partly redundant kinases, Wee1 
and Myt1, maintains the Cdk1-Cyclin B complex under 
an inactive state, known as pre-MPF.

At the end of the G2-phase, new Cyclin B synthesis is 
not required anymore, all components needed for mitosis 
are present but MPF is inactive. Maintaining MPF inac-
tive all over the G2-phase generates a time window dur-
ing which the cell prepares itself for mitosis and performs 
quality control of damaged or unreplicated DNA, repair-
ing errors before further progression through the cell 
cycle. The G2-to-M transition is sudden and irreversible, 
relying on the sharp activation of Cdk1-Cyclin B com-
plexes accumulated during the G2-phase: the inhibitory 
Y15 and T14 phosphorylations are removed, because the 
Y15-T14 kinases, Wee1/Myt1, are turned off while the 
Y15-T14 phosphatase, Cdc25, is turned on (Fig.  1) [4]. 
Exactly how this system is normally regulated such that 
cells do not enter mitosis while DNA replication is in pro-
gress or DNA is damaged is not so clear. Phosphorylation 
of Cdc25 by Chk1 (Checkpoint kinase 1), downstream 
of ATM (Ataxia-Telengiectasia mutated), seems to be 
crucial [5]. However, what keeps Wee1 and Myt1 active 
and inhibits Cdc25 in order to stop Cdk1 from turning 
on prematurely during undamaged S- and G2-phases 
is not well understood. Nor is it clear what changes at 
the end of the G2-phase, to flip the switch to allow the 
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Fig. 1  The three transitions of the mitotic cycle involving Cdk1-Cyclin B. During the G2-phase, Cyclin B accumulates and binds to Cdk1 that is 
phosphorylated at T161 by CAK and at Y15 and T14 by Wee1/Myt1. The complex is thus inactive. At the G2-to-M transition, Wee1/Myt1 are turned 
off while Cdc25 is turned on, promoting Y15 and T14 dephosphorylations and Cdk1 activation. During M-phase, Cdk1-Cyclin B phosphorylates 
many mitotic substrates, including Wee1/Myt1 and Cdc25. At the end of M-phase, MPF activates the Cyclin proteolytic degradation system, thus 
inducing its own inactivation
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entry into mitosis. Cyclin A would be instrumental as a 
triggering factor, promoting Wee1 phosphorylation and 
priming mitotic entry through Cyclin B [6–10]. Activated 
Cdk1-Cyclin B phosphorylates many mitotic substrates, 
including Wee1/Myt1 and Cdc25. Phosphorylating these 
Y15-T14-modifying enzymes makes the system auto-cat-
alytic, resulting in a fast and bistable switch indicative of 
the rapidity and irreversibility that characterize entry into 
mitosis. Besides its own regulators, Cdk1 phosphorylates 
hundreds of proteins involved in the structural changes 
during mitosis, as well as regulatory kinases that in turn 
lead to phosphorylations of other mitotic substrates. This 
huge wave of protein phosphorylations brings about pro-
cesses such as nuclear envelope breakdown, chromosome 
condensation and spindle assembly. After the cytoskel-
eton has been reorganized for division and the con-
densed chromosomes aligned on the metaphase plate, 
MPF activates the Cyclin proteolytic degradation system, 
thus inducing anaphase and its own inactivation (Fig. 1). 
The remaining steps of cell division, such as cytokine-
sis, occur as mitotic phosphorylations are reversed after 
MPF inactivation.

At the end of the twentieth century, the cell cycle was 
viewed as regulated only by two functionally different 
levels of the master kinase, MPF, either high or low, the 
change between them being very rapid. An offensive view 
proposed that these two levels of MPF would define two 
cell cycle states: cells with high levels of MPF are in mito-
sis, and those with low levels of MPF are in interphase 
[3, 11]. Controlling mitosis entry was envisaged as a mat-
ter of protein kinases, with the idea that phosphatase 
activities were rather constant and not tightly regulated, 
overwhelmed by kinase up-regulations and revealed by 
the inactivation of the same kinases. A new vision pro-
gressively emerged about 10  years ago, supported by 
genetic, biochemical and reverse genetic approaches: 
as Cdk activity is regulated by multiple mechanisms to 
promote cell cycle progression, one or more antagoniz-
ing phosphatase(s) are probably regulated in the opposite 
sense. This was undoubtedly confirmed with the discov-
ery that a specific phosphatase, PP2A-B55 (B55δ in Xeno-
pus [12], B55α or B55δ in mice [13] and B55α in human 
[14]), carries the major activity against Cdk1 regulators 
and its mitotic substrates. Its activity fluctuates during 
the cell cycle, being high in interphase and low in mitosis, 
controlling Cdk1 activation and M-phase entry as well 
as mitotic progression [15]. Hence, the cell cycle, and 
especially the control of mitosis, was no longer viewed as 
under the unique control of the master kinase, Cdk1: pro-
tein phosphatases are obviously as important as kinases. 
However, our knowledge about phosphatases in control-
ling M-phase entry lags well behind that of kinases. This 
chapter is focused on our current understanding of the 

phosphatases that are important in the control of Cdk1 
activation and M-phase entry, based on a specific power-
ful model system, the resumption of oocyte meiotic divi-
sion, that has served as an historical model to decipher 
the molecular controls of the G2-to-M transition of the 
cell cycle.

Oocytes are indeed simple and powerful experimental 
systems characterized by natural cell cycle arrest points 
released by defined stimuli to induce cell cycle progres-
sion. During oogenesis, oocytes enter meiosis and stop in 
prophase of the 1st meiotic division. This universal arrest 
lasts for an extraordinary long period during the lifetime 
of the female (more than 40 years in humans), and covers 
the period of oocyte growth in preparation for embryonic 
development. In amphibians as Xenopus, at the end of 
this 2-to-3-year-long period, the oocytes are huge yolky 
cells with a large nucleus, called germinal vesicle (Fig. 2). 
The prophase arrest of these full-grown oocytes resem-
bles a late G2-phase. Indeed, although these cells have 
already entered into M-phase by performing the critical 
steps of prophase I and condensing chromosomes, their 
cell cycle arrests with a high level of cytoplasmic inac-
tive Cdk1-Cyclin B complexes, pre-MPF, in which Cdk1 
has been phosphorylated at T14-Y15 inhibitory sites, 
reminiscent of the end of somatic G2-phase. Release of 
this G2-like arrest at the time of ovulation is induced by 
external stimuli, the steroid hormone progesterone in 
Xenopus, which initiates a signal transduction pathway 
whose ultimate goal is the activation of Cdk1-Cyclin B 
complexes (Fig. 2).

Once activated, MPF promotes entry into the first mei-
otic division: breakdown of the nuclear envelope (known 
as GVBD for germinal vesicle breakdown), formation of 
the metaphase I spindle and emission of the first polar 
body at the exit of meiosis I. Then, the oocyte immedi-
ately proceeds to the 2nd meiotic division, without inter-
vening S-phase between meiosis I and II, and arrests at 
the metaphase II stage due to the sustained stability of 
high MPF activity (Fig. 2).

Hence, meiosis resumption recapitulates the biochemi-
cal hallmarks of the G2-to-M transition control by MPF. 
Xenopus laevis oocytes are exceptionally suitable for 
biochemical experimental approaches to decipher the 
molecular control of this transition: oocytes are natu-
rally arrested in a G2-like state in the ovary, from which 
these cells are easily recovered by manual dissection and 
maintained for 3 to 5 days under non-sterile conditions 
in a saline medium; adding progesterone in the external 
medium induces MPF activation that is assayed by scor-
ing the appearance of a white spot in the middle of the 
brown pigmented hemisphere due to GVBD (Fig.  2); 
they are giant cells (1.2 mm in diameter) that are easily 
microinjected with various reagents (proteins, mRNA, 
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anti-sense oligonucleotides, morpholinos, etc.); their 
huge amounts (thousands of them per ovary) as well as 
their high protein content (30 µg of soluble proteins per 
oocyte) allows biochemical and proteomic approaches. 
Thanks to the biochemistry of oocytes, and especially 
amphibian oocytes, a number of mitotic regulators have 
been discovered, starting with MPF itself [16–18].

In this model system, the G2-to-M transition can be 
considered as a 3-step process. G2-arrested oocytes con-
tain a stockpile of inactive Cdk1-Cyclin B complexes, 
with Cdk1 being phosphorylated at T14 and Y15 by the 
Myt1 kinase (Wee1 is not expressed at the protein level in 
these cells [19]). Myt1 kinase is active and Cdc25 is inac-
tive, due to their hypo-phosphorylated states. The first 
step corresponds to the reception and the integration 
of the external signal. Progesterone is the physiological 
hormone secreted by follicular cells that releases the G2 
arrest [20]. It binds to membrane receptors whose identi-
fication has been an ongoing challenge for more than half 
a century. They probably correspond to both the con-
ventional transcriptional progesterone receptor, which 
is partly located in membrane fractions [21, 22], and a 
membrane progestin receptor, unrelated to nuclear ster-
oid receptors, but instead having some of the characteris-
tics of G protein-coupled receptors [23]. Upon binding to 
progesterone, they inhibit adenylate cyclase activity. As 
a consequence, cAMP concentration drops within 10 to 
30 min, leading to the inhibition of the cAMP-dependent 
protein kinase (PKA), and the consecutive dephosphoryl-
ation of critical PKA substrates, a necessary step for the 

G2 release (Fig. 3) [24–27]. In Xenopus oocyte, the small 
protein Arpp19 is the only well-characterized PKA sub-
strate so far, whose dephosphorylation is required for the 
G2 release [28]. The second step is the molecular network 
triggered by PKA downregulation and Arpp19 dephos-
phorylation that leads to Cdk1 activation. The nature of 
the biochemical links that connect the inhibition of PKA 
and Arpp19 dephosphorylation, both occurring within 
30 min after progesterone addition, with MPF activation 
3 to 5 h later is a long-standing mystery. It includes how-
ever the synthesis of new proteins from mRNAs present 
in the oocyte cytoplasm, notably the translation of three 
proteins, Cyclin B, Ringo/Speedy and the kinase Mos 
that activates MEK, which in turn activates mitogen-acti-
vated protein kinase (MAPK) (Fig.  3) [29]. These newly 
synthesized proteins are required for the third step, the 
rapid activation of the stockpile of inactive Cdk1-Cyclin 
B complexes.

This last period that promotes an irreversible entry into 
the first meiotic division, relies on a 2-step mechanism: 
the formation of a “starter” amount of active MPF and 
then a positive feedback auto-amplification mechanism 
(Fig. 3). The coordinated action of the newly synthesized 
proteins initiates Myt1 inhibition and Cdc25 activation, 
each of them depending on their phosphorylation at mul-
tiple sites mainly achieved by Cdk1 [30, 31]. As a result, 
the conversion of the inactive Y15-T14-phosphorylated 
Cdk1-Cyclin B complexes into active MPF molecules 
starts. An autocatalytic system is then launched: more 
MPF is formed, more it promotes Cdc25 activation and 
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Fig. 2  Resumption of Xenopus oocyte meiosis. G2-arrested oocytes contain pre-MPF, i.e. inactive Cdk1-Cyclin B complexes in which Cdk1 is 
inhibited by T14 and Y15 phosphorylation. Progesterone initiates a signalling pathway that leads to T14-Y15 dephosphorylation of Cdk1. MPF 
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Myt1 inhibition and more rapidly active MPF accumu-
lates (Fig. 3). This key circuit controls the entry into both 
mitosis and meiosis.

This brief overview provides a picture of the G2-to-M 
transition, which is mainly orchestrated by kinases. A 
set of important results has recently changed this vision. 
Indeed, the Myt1–Cdc25–Cdk1 activation loop is inhib-
ited by a specific S/T phosphatase, PP2A-B55δ, which 
likely leads either directly or indirectly to phosphates 
removal from phosphorylated Cdc25 and Myt1 [12, 
32–35]. Inhibition of PP2A-B55δ is therefore necessary 
for Cdk1 activation. Its down-regulation is achieved by 
the protein Arpp19 that is phosphorylated by the pro-
tein kinase Greatwall (Gwl). This converts Arpp19 into a 
potent and specific inhibitor of PP2A-B55δ and allows the 
Cdk1 activating circuit to take place (Fig. 3) [34, 36, 37].

As we will see below, protein phosphatases have impor-
tant roles all over meiosis resumption, which depends 
on a good coordination of phosphatases with opposing 
kinases. This is achieved through the control of phos-
phatases, a topic that has received little attention for a 
long time. Our aim is to highlight the critical roles played 
by various phosphatases and their specific regulation 
during the different steps of the oocyte G2-to-M transi-
tion. We propose to turn the clock back, starting with the 
positive feedback loop that allows the rapid conversion of 
pre-MPF to MPF, then addressing the generation of the 
MPF trigger that initiates this loop, and ending with the 
initial event: the PKA substrates whose dephosphoryla-
tion lays at the top of the signalling pathway.

CycB

Cdk1 P
161

P
P14

15

CycB

Cdk1 P
161

Progesterone

PKA

Arpp19
P

109

Arpp19

CycB1

cAMP

Rsk
MAPK

MEK
MosProtein synthesis

Myt1 Cdc25

Inactive
pre-MPF

MPF

PP2A-B55Arpp19
P
67

2nd step
See later, Fig. 5

3rd step
See later, Fig. 4

1st step
See later, Fig. 6

Trigger

10-30 min

3-5 hours

10-20 min

Auto-amplification

M-phase

Gwl
P P

Fig. 3  From progesterone to Cdk1 activation: the scattered elements of a not fully understood signalling pathway



Page 6 of 17Lemonnier et al. Cell Div            (2020) 15:9 

A powerful positive feedback in Cdk1 activation makes 
the M‑phase commitment abrupt and irreversible
One major issue of the G2-to-M transition is to under-
stand the details of the sharp activation of MPF, which 
involves series of feed-forward loops. At the center of 
this feedback mechanism, inhibition of protein phos-
phatases is critical. In G2-arrested oocytes, Cdk1-Cyclin 
B complexes are stockpiled in an inactive state, pre-MPF, 
with Cdk1 being inhibited by phosphorylation at T14 
and Y15 under the control of the active kinase Myt1. Its 
counteracting enzyme, the phosphatase Cdc25, is inac-
tive (see Sidebar A for the biochemical characteristics of 
Cdc25 phosphatases). Additionally, the activity of PP2A, 
likely the specific PP2A-B55δ isoform, maintains actively 
Cdc25 and Myt1 under a hypo-phosphorylated state, 
required for the inactivation of Cdc25 and the activ-
ity of Myt1 [12, 32–35, 38]. The feed-forward loop that 
activates Cdk1 relies on two capacities of Cdk1: first, 
to phosphorylate its own direct regulators, Myt1 and 
Cdc25; second, to indirectly inactivate its antagonizing 
protein phosphatase, PP2A-B55δ (Fig.  4). Hence, once 
this circuit is launched, the cell switches completely into 
M-phase in an abrupt and irreversible manner.

Sidebar A. Cdc25 at a glance

Cdc25 is a dual specific phosphatase, which targets phosphorylated ser-
ine, threonine and tyrosine. It is a monomeric enzyme expressed in all 
eukaryotes, comprising several isoforms depending on species (from 
one in fungi to four in Caenorhabditis elegans and Xenopus, three in 
humans). Cdc25 proteins can be divided in two regions. The N-terminal 
regions are highly divergent in sequence, contain numerous sites for 
phosphorylation and ubiquitination, which are involved in regulating 
phosphatase activity, protein levels, association with other proteins and 
intracellular localization thanks to nuclear import–export signals. The 
C-terminal regions are more homologous and contain a small catalytic 
domain with the signature motif HCX5R of the Tyrosine-phosphatases 
but with a surprising lack of any apparent substrate recognition site. 
The active site face of the Cdc25s is astonishingly flat and the active 
site pocket is extremely shallow, well-suited for allowing access to both 
pT- and pY-containing substrates. Cdc25 phosphatases exhibit high 
specificity for pTpY-Cdk-Cyclin substrates, acting in a stepwise mecha-
nism, wherein the enzyme dissociates after dephosphorylation of pT 
and must re-associate for dephosphorylation of pY [39].

Reversal of the balance of Myt1 and Cdc25
Upon entry in mitosis or meiosis, Myt1 and Cdc25 are 
both regulated by phosphorylation at multiple residues 
but in opposite ways. Myt1 is hypophosphorylated 
and active in G2 and is inactivated by phosphoryla-
tion during meiosis resumption [33, 40]. Conversely, 
Cdc25 is hypophosphorylated and inactive in G2 and 
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gets hyperphosphorylated and activated in M-phase 
[41–43]. Whether for Myt1 or Cdc25, these phospho-
rylations are mostly catalyzed by Cdk1, which thus reg-
ulates antagonistically the activity of its own regulators 
[30, 40, 44–49].

As a result, Cdk1 amplifies and maintains its own 
activity at a stable and high level to promote GVBD and 
the metaphase I spindle formation. Likewise, the effi-
ciency of the Cdk1 activation process is enhanced by 
other kinases that directly contribute to the phospho-
rylation of Myt1 and Cdc25, accelerating T14 and Y15 
dephosphorylation of Cdk1: the Polo-like kinase Plx1 
[38, 46, 50, 51], Aurora A [52, 53], several kinases of the 
Mos/MAPK/p90Rsk cascade, as Mos [54], MEK [55] and 
p90Rsk [31, 56] and possibly others (Fig.  4). Cdk1 syn-
ergizes with these various kinases by phosphorylating 
sites in Myt1 and Cdc25 that facilitate the recruitment 
of these other kinases and further phosphorylation of 
Myt1 and Cdc25 [31, 57]. As expected for members 
of the Cdk1 auto-amplification loop, the injection in 
Xenopus G2-arrested oocytes of Cdc25, Cyclin B and 
all the various players of the loop under their active 
form, directly activates Cdk1 by reversing the balance 
of Myt1 and Cdc25 activities [58–66].

A specific phosphorylation of Cdc25 is worth men-
tioning. In somatic cells, Cdc25 activation is restrained 
by DNA-responsive checkpoints that prevent mitosis 
in the presence of incompletely replicated or damaged 
DNA. Checkpoint inhibition of Cdc25 is mediated largely 
through phosphorylation of Cdc25 at S287 (Xenopus 
numbering, S216 in human Cdc25C), which is required 
for docking of the small protein 14-3-3 [67–70]. 14-3-3 
binding does not alter Cdc25 activity, but sequesters 
Cdc25 in the cytoplasm, preventing access to its sub-
strate, Cdk1-Cyclin B [67, 71]. Although activation of 
DNA checkpoints is critical to block Cdc25, other non-
checkpoint kinases also can phosphorylate S287 and 
may contribute to Cdc25 suppression during normal 
G2-phase. This is the case in the G2-arrested oocyte, 
which is devoid of checkpoints in response to DNA dam-
age and stalled DNA replication but where Cdc25 is 
phosphorylated at S287 by PKA [72]. As described above, 
Cdc25 activation is accompanied by its phosphorylation 
at multiple residues, occurring through the Cdk1-Cyclin 
B mediated feed-forward loop [30, 41–43, 47]. As these 
activating phosphorylations take place, S287 phospho-
rylation is lost as well as Cdc25 binding to 14-3-3 [67, 71, 
72]. It has been shown that the phosphatase responsible 
of S287 dephosphorylation is the protein phosphatase 1 
(PP1, see Sidebar B for the biochemical characteristics of 
the PP1 phosphatase) [73, 74].

Sidebar B. PP1 at a glance

PP1 is a multimeric complex composed of one catalytic subunit (PP1c) 
associated to one or two regulatory proteins, called PIPs (PP1-interact-
ing proteins). In vertebrates, PP1c is expressed as four distinct isoforms: 
PP1α, β, γ1 and γ2, the latter one being specific of testis. In eukaryotes, 
more than 200 PIPs have been described to date and these proteins 
regulate substrate specificity and cell localization of PP1c. Some of 
them act as direct regulators of PP1 activity while others, either specify 
its subcellular localization or behave as pseudo-substrates to inhibit 
PP1 activity [75–77]. PIPs interact with PP1c through well-characterized 
domains, the SLiMs (short linear motifs). In particular, 85% of PIPs 
share one main binding motif corresponding to the RVXF consensus 
sequence, in which X represents any amino acid except proline [78]. 
Besides its regulation by PIPs, PP1c activity is directly inhibited by phos-
phorylation at T320 within its catalytic domain [79–81]. This residue 
is dephosphorylated by PP1c itself and phosphorylated by Cdk1 and 
Cdk2 during the cell cycle.

At time of Cdk1 activation, removal of 14-3-3 from 
Cdc25 precedes S287 dephosphorylation, a necessary 
prerequisite for the action of PP1 since 14-3-3 binding 
inhibits S287 dephosphorylation [73]. Moreover, S285 
phosphorylation of Cdc25 by Cdk1 greatly enhances 
recruitment of PP1 to Cdc25, thereby accelerating S287 
dephosphorylation and M-phase entry [74]. All these 
observations clearly indicate that, as the activating phos-
phorylations of Cdc25, S287 dephosphorylation by PP1 is 
included into the Cdk1-catalyzed positive feedback loop.

Moreover, they point to a positive function played by 
PP1 for the running of the loop, a conclusion that is dif-
ficult to reconcile with various results showing that either 
PP1 is dispensable for the Cdk1 auto-activation circuit, 
or even plays a negative role in this system. In Xenopus 
oocyte extracts recapitulating the auto-amplification 
mechanism, Cdk1 is directly activated by PP2A depletion 
and is not affected by the down- or up-regulation of PP1 
activity, leading to the conclusion that PP2A is the key 
phosphatase that negatively regulates Cdk1 activation 
[82]. Moreover, inhibiting PP1 with a specific inhibitor, 
Inhibitor-2, or with specific antibodies promotes Cdk1 
activation in Xenopus cell-free systems or intact oocytes 
[83–85], whereas overexpressing PP1 delays M-phase 
entry [83]. Such a negative role of PP1 in Cdk1 activa-
tion could result from its ability to dephosphorylate the 
kinase Gwl at two autophosphorylation sites, S875 and 
S883, leading to the inactivation of this kinase that is fur-
ther completed by the action of PP2A (see below) [86–
88]. These apparently contradictory results regarding PP1 
implication in the Cdk1 feedback loop could be explained 
by the fact that some of the PP1 isoforms would be insen-
sitive to the various approaches aimed at suppressing 
its activity. Alternatively, these various isoforms could 
have different substrates, some of them targeting Cdc25 
while others would target Gwl. They could as well be 
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differentially regulated by their intracellular localization, 
some of them being active in a given compartment while 
others would be inhibited in another location of the cell. 
Given the current confusing vision concerning the roles 
of PP1 in Cdk1 activation, it is crucial to carry out a 
detailed analysis of this phosphatase, taking into consid-
eration the composition of its different isoforms and their 
subcellular localization.

Down‑regulation of PP2A‑B55δ
Beside regulating Cdc25 and Myt1, the Cdk1 auto-activa-
tion loop also requires that the phosphatases that oppose 
kinase activities, in particular that of Cdk1, are inhibited 
to ensure the effective phosphorylation of both Myt1 and 
Cdc25 and thus, their proper regulation during meiosis 
resumption. These phosphatases belong to the S/T phos-
phatase family that are sensitive to okadaic acid, a strong 
inhibitor whose injection in Xenopus oocytes activates 
Cdk1 independently of both protein synthesis and PKA 
activity [89]. Almost all these phosphatases are expressed 
in Xenopus oocytes: PP1, PP2A, PP4, PP5 and PP6 [90]. 
Clearly, the major Cdk1-counteracting phosphatase cor-
responds to PP2A [12]. Biochemical properties of PP2A 
are presented in Sidebar C.

Sidebar C. PP2A at a glance
PP2A is a heterotrimer composed of a catalytic subunit (PP2A-C), a struc-

tural subunit (PP2A-A) and a regulatory subunit (PP2A-B). Eukaryotes 
have four B-subunit families known as B/B55 (PR55), B′/B56 (PR61), B″/
B72 and B‴/Striatin, each of them comprising several very close iso-
forms whose number differs according the species [91]. Some of these 
different isoforms are specific to vertebrates, in particular the four α, β, γ 
and δ isoforms of B55 and the 5 isoforms α, β, γ, δ and ε of B56 [92]. The 
core part of PP2A is formed by the dimer PP2A-A/C and its associa-
tion to a regulatory B-subunit drives both its substrate specificity and 
intracellular localization. Because of the multiple isoforms of PP2A 
subunits, hundreds of different holoenzymes are potentially generated 
that display very similar catalytic domains. Several mechanisms allow 
for the specific recognition of substrates by PP2A holoenzymes in vivo. 
Substrate binding involves specific consensus motifs: PP2A-B56 recog-
nizes the SLiM “LxxIxE” while PP2A-B55 preferentially targets substrates 
with positively charged polybasic units on either side of the residue 
to be dephosphorylated [93–95]. Furthermore, phosphorylation of 
residues inside or adjacent to PP2A-B56 recognition motifs potentiates 
its binding to the substrate [94, 96].

In Xenopus, the isoform of PP2A that antagonizes Cdk1 
activity corresponds to PP2A-B55δ, whose role and regu-
lation are mostly conserved in all experimental models, 
both in mitosis and meiosis [15]. The activity of PP2A-
B55 is tightly regulated during M-phase: it is active in 
interphase and is inactivated upon M-phase onset [12]. 
Its inactivation is achieved by Gwl kinase that phospho-
rylates two proteins of the Endosulfine family, Arpp19 
and its paralog, α-endosulfine (ENSA) (Fig. 4) [97]. These 
proteins share highly conserved sequence similarity 

across most eukaryotes but likely display specific func-
tions. Arpp19, but not ENSA, plays an essential role 
during mouse embryogenesis and in regulating mitotic 
and meiotic divisions [98]. ENSA specifically controls 
S-phase length in human cells by modulating the levels 
of the replication factor Treslin [99]. Gwl phosphoryl-
ates Arpp19 at S67 (X. laevis numbering) [34, 36], a resi-
due located in the FDS67GDY motif, the most conserved 
region of the Endosulfine family [97]. Once phospho-
rylated at S67, ENSA/Arpp19 specifically binds to and 
inhibits PP2A-B55δ by titrating the phosphatase away 
from all other substrates (Fig. 4) [34, 36] [100]. In Xeno-
pus oocytes, the activation of the Gwl/Arpp19 axis is crit-
ical for MPF autoamplification [37, 101]. Injection of an 
Arpp19 mutant, S67A, which cannot be phosphorylated 
by Gwl and acts as a dominant negative for Gwl activity, 
prevents Cdk1 activation in response to progesterone but 
also to any other trigger involved in the Cdk1 feedback 
loop [37]. Conversely, the injection of either Gwl (con-
stitutively active or with a gain in activity as the K71M 
mutant) or a form of Arpp19 that cannot be dephospho-
rylated at S67, S67-thiophosphorylated Arpp19, is suf-
ficient to trigger Cdk1 activation without progesterone 
[37, 101]. S67-thiophosphorylated Arpp19 constitutively 
interacts with and inhibits PP2A-B55δ, phenocopying the 
in  vivo inhibition of S/T phosphatases by okadaic acid 
[37]. Hence, PP2A-B55δ inactivation by the Gwl-Arpp19 
axis is both necessary and sufficient for Cdk1 activation 
in Xenopus oocytes (Fig. 4). Released from the activity of 
its counteracting enzyme, PP2A-B55δ, Cdk1 can phos-
phorylate Myt1, Cdc25 and its other M-phase substrates. 
Importantly, Gwl-Arpp19 activation and the subsequent 
PP2A-B55δ inhibition require Cdk1 activity, either 
achieved by Cdk1-Cyclin B in Xenopus oocytes [37] and 
Cdk1-Cyclin A in human cells [9]. Therefore, Cdk1 not 
only phosphorylates its own activation module, Cdc25-
Myt1, but it further indirectly inactivates its antagonizing 
protein phosphatase, PP2A-B55δ, through Gwl-Arpp19 
(Fig. 4). Once this system is active, Cdk1 is abruptly and 
irreversibly activated, switching the cell into M-phase.

Launching the positive feedback loop: what has the finger 
on the trigger?
Cdk1 itself is able to regulate Myt1, Cdc25 and indirectly 
PP2A-B55δ through Gwl, which makes the loop turn-
ing. But Cdk1 is obviously inactive before the loop is 
launched, since the purpose of this loop is precisely to 
activate it. This egg-and-chicken model raises the ques-
tion of what is the flip-flop switch that triggers the initia-
tion of the Cdk1 circuit. The triggering mechanism must 
target few molecules of Cdc25 and Myt1, to activate the 
first ones and to inactivate the second ones. This implies 
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(i)  to recruit kinases able to phosphorylate Cdc25 and 
Myt1 and (ii)  to inhibit PP2A-B55δ. Although the sig-
nalling pathway induced by progesterone and leading to 
Cdk1 activation remains unclear, it promotes the synthe-
sis of new proteins from stockpiled mRNA, necessary for 
the meiosis resumption. Some of these newly synthesized 
proteins could activate Cdc25 or inhibit Myt1, causing 
the activation of the auto-amplification loop.

Such a candidate exists in Mos, a S/T kinase, the syn-
thesis of which is upregulated in response to proges-
terone [102]. Mos is a direct activator of MAPK kinase 
(MEK), which in turn activates MAPK [103]. Injection 
of Mos or constitutively active forms of its downstream 
kinases induces meiotic division in the absence of pro-
gesterone [64–66, 102]. Moreover, it has been shown that 
Myt1 is inhibited by either Mos or a MAPK substrate, 
p90Rsk [54, 56], providing a link between the Mos/MAPK 
cascade and Cdk1 activation. However, several studies 
convincingly showed that neither the activation of MAPK 
nor Mos synthesis is necessary for progesterone-induced 
MPF activation in Xenopus oocytes [104–106]. Moreover, 
the accumulation of Mos protein requires a stabilizing 
phosphorylation catalyzed by Cdk1 [107]. Consequently, 
the Mos/MAPK activation only takes place when Cdk1 
activation is already initiated. It could undoubtedly con-
tribute to the auto-activating Cdk1 circuit but cannot 
be its trigger. It should be noted that another kinase, the 
polo-like kinase Plx1, is able to phosphorylate and to 
inactivate Myt1, as well as controlling Cdc25 activation 
[38, 46, 50, 108]. However, its action towards Myt1 takes 
place during the embryonic mitotic cell cycles that follow 
fertilization but not during the meiotic cycle [46]. More-
over, Plx1 activation depends on Cdk1 [38], excluding a 
role of Plx1 as a trigger of the auto-amplification loop in 
Xenopus oocytes.

Another candidate is Cdk1 itself. This hypothesis relies 
on the formation of few active Cdk1 molecules, indepen-
dently of the inactive pre-MPF stockpile, able to fire the 
loop by targeting Myt1, Cdc25 and PP2A-B55δ. Interest-
ingly, a non-Cyclin protein, named Ringo/Speedy, accu-
mulates transiently upon progesterone stimulation, binds 
and activates Cdk1 [109, 110]. Ringo-activated Cdk1 can 
phosphorylate and inhibit Myt1, supporting a role for 
Ringo in the MPF triggering mechanism [111]. Interest-
ingly also, de novo synthesis of Cyclins is induced by pro-
gesterone [61, 112, 113]. G2-arrested oocytes contain a 
stockpile of Cyclins B2 and B5, two very similar proteins 
that are associated with Y15-T14-phosphorylated Cdk1 
and form the inactive pre-MPF. In contrast, two other 
similar Cyclins, B1 and B4, are expressed at very low lev-
els in the resting oocyte and accumulate in response to 
progesterone [113]. In contrast to Mos, the accumulation 
of Cyclin B1 promoted by progesterone is independent of 

MPF activity [114]. The other mitotic Cyclin type, Cyc-
lin A, was shown by antisense experiments not to be 
required for oocyte maturation [115]. Moreover, Cyclin 
A is present at less than 1/100th of the amount of Cyclin 
B and can be considered as effectively absent in Xenopus 
oocytes [112]. This excludes Cyclin A as playing a role in 
the triggering mechanism of the Cdk1 circuitry, in con-
trast to somatic cells where Cyclin A would be instru-
mental to control the mitotic entry threshold for Cdk1 
activation [6–8]. Therefore, if binding of a Cyclin part-
ner is critical for allosteric activation of Cdk1 in Xenopus 
oocytes, Cyclin B, and more precisely Cyclin B1, is the 
most attractive candidate.

Most of the Cdk1 protein is present as a monomer in 
the cytoplasm of the Xenopus oocyte, whereas a minor 
fraction is associated with B2 and B5 Cyclins, form-
ing the inactive pre-MPF [113]. Hence, by binding and 
directly activating monomeric Cdk1, the new synthesized 
B1 Cyclin molecules could generate few active Cdk1 
complexes that could act as a trigger, starting to reverse 
the balance of Cdc25 and Myt1 activities (Fig. 5).

Generating active Cdk1-Cyclin B1 requires Cdk1 to be 
phosphorylated at T161 and to escape Myt1 inhibitory 
phosphorylations. In vertebrates, T161 phosphorylation 
of Cdk1 is catalyzed by a CDK-activating kinase (CAK), 
composed of Cdk7, Cyclin H and the assembly fac-
tor MAT1 and strictly located in the nucleus [116, 117]. 
Cdk7-Cyclin H exhibits a stronger affinity for Cyclin-
associated Cdks than for monomeric Cdks [118]. Surpris-
ingly, Xenopus oocytes contain a significant amount of 
monomeric Cdk1 phosphorylated at T161 [119]. Moreo-
ver, injection of Cyclin B in enucleated oocytes leads to 
active Cdk1 complexes. These observations imply that 
Cyclin-free Cdk1 is a substrate of a cytoplasmic CAK dis-
tinct from Cdk7-Cyclin H.

In Saccharomyces cerevisiae, the only known CAK is 
a cytoplasmic monomeric enzyme [120–122]. In con-
trast to the Cdk7-Cyclin H complex, it preferentially 
phosphorylates monomeric Cdks rather than Cyclin-
associated Cdks [121]. A monomeric CAK activity has 
been also detected in human cells [123, 124]. Such an 
enzyme could be responsible on T161 phosphoryla-
tion of monomeric Cdk1 in the Xenopus oocyte. The 
opposite phosphatase that specifically dephosphoryl-
ates Cdk1 at T161 in Xenopus oocytes has been identi-
fied as the Mg2+-dependent phosphatase, PP2C [119], 
as it is the case in budding yeast where the two major 
type 2C phosphatases dephosphorylate the Cdk1 yeast 
homolog, CDC28 [125]. Sidebar D summarizes the main 
biochemical features of PP2C. PP2C is unable to dephos-
phorylate Cyclin-associated Cdk1 and exhibits a strict 
affinity for monomeric Cdk1 [119]. Thus, a specific and 
still unknown regulation, implying an unidentified T161 
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kinase and its opposing phosphatase, PP2C, allows the 
presence of two monomeric Cdk1 subpopulations in the 
oocyte, one being phosphorylated on T161 while the 
other one is not (Fig. 5). Interestingly, monomeric Cdk1 
molecules already phosphorylated at T161 represent 
a latent form of Cdk1 directly activable by Cyclin bind-
ing, without the requirement of phosphorylation by any 
CAK. This favors the formation of directly active new 
complexes between Cdk1 and newly synthesized Cyc-
lin B1 acting as trigger of the Cdk1 auto-amplification 
loop. This hypothesis has been confirmed by the discov-
ery that the critical event at the G2-to-M transition is a 
change in the balance between Cyclin B1 synthesis and 

Myt1 activity (Fig. 5) [49]. In G2-arrested oocytes, accu-
mulation of B2 and B5 Cyclins is slow and newly formed 
Cdk1-Cyclin B complexes are immediately inactivated 
by Myt1, increasing the inactive pre-MPF population. In 
response to progesterone, stimulation of Cyclin B1 trans-
lation leads to newly formed Cdk1-Cyclin B complexes 
that escape Myt1 inhibition and cause rapid inactivating 
phosphorylation of Myt1, ahead of Cdc25 phosphoryla-
tion and activation, without any significant contribution 
of Mos/MAPK or Plx1 (Polo- like kinase 1 of Xenopus) 
[49]. This serves as a switch to initiate the MPF activation 
loop (Fig. 5).
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Fig. 5  Generating a Cdk1 starter to launch the Cdk1 feedback loop. In response to progesterone, Cyclin B1 accumulates, binds monomeric 
Cdk1 and forms Cdk1-Cyclin B1 complexes that escape Myt1 inhibition and cause inactivating phosphorylation of Myt1. Hence, these few active 
complexes serve as a switch to initiate the MPF activation loop from the stockpiled Cdk1-Cyclin B2 complexes
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Sidebar D. PP2C at a glance
PP2C is the unique member of the family of Mg2+/Mn2+-dependent 

protein phosphatases [126]. It is found in both eukaryotes and some 
prokaryotes. PP2C is monomeric with two structural domains, a 
conserved N-terminal catalytic domain and a C-terminal region with 
substantial structural and sequence variance among different isoforms. 
The residues and the folding pattern of the active-site are highly 
conserved among eukaryotes, with two central five-stranded β-sheets 
sandwiched by two pairs of α-helices. The catalytic site is located at 
the edge of the two central β-sheets and contains 3 atoms of either 
Mn2+ or Mg2+ ions. In metazoa, gene duplication has led to functional 
diversification through many isoforms of PP2C (18 in mammalian cells) 
that have gained specificity for various signalling pathways and tissue 
expression patterns. These isoforms have been implicated in the regu-
lation of stress signalling cascades, phosphatidylinositol 3-kinase/Akt 
signalling, pre-mRNA splicing, protein ubiquitination and degradation 
as well as cell metabolism, highlighting the role of PP2C in controlling 
cell differentiation, proliferation, growth and survival/death. How-
ever, little is known about the regulatory mechanisms of PP2C at the 
molecular level. Special emphasis should be placed on plants, in which 
PP2C represents the major group of protein phosphatases and is at the 
center stage of the major signalling pathways controlled by abscisic 
acid and regulating plant responses to stresses as well as plant growth 
and development [127].

How the new Cdk1-Cyclin B1 complexes escape Myt1 
inhibitory phosphorylations is unknown. The “escape” 
could be explained by the titration of Myt1 kinase due to 
increasing quantities of new Cdk1-Cyclin B1 complexes 
and/or because the newly formed complexes are bio-
chemically different (including Cyclin B1 and not Cyclin 
B2) or differently localized. The few Cdk1 activity gener-
ated by Cyclin B1 synthesis should be able to phospho-
rylate and activate Gwl, and consequently to decrease 
PP2A-B55δ activity through Arpp19 phosphorylation, 
meeting the second request of a triggering mechanism. 
It has been proposed that another partner of Cdk1, the 
non-Cyclin protein Ringo that is synthesized in response 
to progesterone as Cyclin B1 [109, 110], is also able to 
phosphorylate and to inhibit Myt1 by targeting different 
residues than those phosphorylated by Cdk1-Cyclin B 
[31, 111]. Moreover, Ringo-bound Cdk1 is more resist-
ant than Cdk1-Cyclin B complexes to negative regulation 
via inhibitory phosphorylations catalyzed by Myt1 [128]. 
Hence, a complementary action of both new synthesized 
Cyclin B1 and Ringo could produce the small amount of 
Cdk1 activity that triggers the feedback loop.

At the top of the signaling pathway: the critical 
dephosphorylation of Arpp19
While phosphatases are critical players of Cdk1 activa-
tion, which represents the endpoint of the signalling 
pathway induced by progesterone, the very beginning 
of the process is as well controlled by a specific dephos-
phorylation event that triggers the initiation of the 
signalling pathway. In all vertebrate oocytes, the lock 
in G2 is achieved by a high concentration of cAMP, 
which maintains a high level of PKA activity [26]. How 

the cAMP-PKA module locks the cell in G2, indepen-
dently of DNA damage and replication checkpoints, is 
unknown. Progesterone induces within 10 to 30 min a 
drop in cAMP concentration, leading to PKA down-
regulation that launches a 3-to-5-hour-long signalling 
pathway whose endpoint is Cdk1 activation. Under-
standing how PKA controls the G2-to-M transition 
in oocytes, requires to identify its physiological sub-
strates whose dephosphorylation, which occurs early 
in response to progesterone, initiates the molecular 
cascade ending with Cdk1 activation. Few PKA targets 
have been proposed to block oocyte meiosis resump-
tion, including two direct regulators of Cdk1, Wee1 and 
Cdc25 [72, 129]. Although Wee1 is a key MPF inhibi-
tory kinase in mouse oocytes, functioning downstream 
of PKA [129], this protein is not expressed in Xenopus 
oocytes [19]. As previously discussed, another can-
didate is Cdc25, which is phosphorylated at S287 by 
PKA in Xenopus oocyte, a phosphorylation that would 
impair its activation and could contribute to the G2 
arrest [72]. However, S287 dephosphorylation, pre-
sumably catalyzed by PP1 [73], occurs at the time of 
Cdk1 activation, few hours after PKA downregulation. 
Hence, this late dephosphorylation cannot account 
for the launching of the signalling pathway that is ini-
tiated within 30  min in response to progesterone. In 
an attempt to search for the PKA substrate responsi-
ble for the oocyte G2 arrest, a 20 kDa phosphoprotein 
was partially purified from Xenopus oocytes by vir-
tue of its acid solubility and thermostability [130] but 
the molecular identity of this protein was not further 
analyzed. Almost 30  years later, a protein with similar 
biochemical characteristics was discovered to be a cru-
cial PKA substrate in Xenopus oocytes. Very surpris-
ingly, this early PKA substrate is Arpp19, which plays 
an important role in the Cdk1 auto-activating circuit 
by inhibiting PP2A-B55δ thanks to its phosphorylation 
at S67 by Gwl (Fig.  4) [131]. In Xenopus G2-arrested 
oocytes, PKA phosphorylates Arpp19 at another resi-
due, S109, and this phosphorylation is important for 
the G2 lock (Fig.  6) [28]. Upon progesterone stimula-
tion, the decrease in PKA activity leads to Arpp19 par-
tial dephosphorylation at S109 within half an hour. The 
role of S109 phosphorylation was enlightened by inject-
ing a phosphomimic mutant of Arpp19, Arpp19-S109D, 
which fully inhibits Cdk1 activation and M-phase entry 
[28]. However, this S109 phosphomimic mutant is not 
able to inhibit the Cdk1 auto-amplification loop when 
this process is directly launched in the oocyte by inject-
ing any component of the loop [28]. Hence, Arpp19 
dephosphorylation at S109 is critical to unlock the G2 
arrest by initiating a few-hour-long molecular cascade 
that ultimately ends with Cdk1 activation. However, the 
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phosphorylation of this S109 residue does not control 
the Cdk1 auto-amplification loop. The shift is taken by 
the Gwl-dependent phosphorylation of Arpp19 at S67 
that is essential for the Cdk1 feedback loop. Hence, 
S109-phosphorylated Arpp19 locks the oocyte in G2 
whereas the S67-phosphorylated form is necessary for 
M-phase entry [131].

The oocyte G2 release therefore relies on a specific 
phosphatase that dephosphorylates Arpp19 at S109. 
Using a biochemical chromatography procedure com-
bined with mass spectrometry sequencing, our team 
just discovered that this phosphatase corresponds 
to PP2A-B55δ (Fig.  6) [90]. The specific inhibition of 
PP2A-B55δ in intact oocytes fully abolishes the S109 
dephosphorylation of Arpp19 upon progesterone 

addition [90]. Therefore, just as Arpp19 that plays a 
dual role in the oocyte at both extremities of the sig-
nalling cascade, the same phosphatase, PP2A-B55δ, 
also controls the starting point as well as the Cdk1 final 
point, being required to dephosphorylate Arpp19 at 
S109 at the beginning, and inhibited by S67-phospho-
rylated Arpp19 at the end.

Interestingly, PP2A-B55δ is active in G2-arrested 
oocytes, implying that Arpp19 phosphorylation at S109 
turns over thanks to an equilibrium between PKA and 
PP2A-B55δ activities, with the action of PP2A-B55δ 
being swamped by PKA. Both antagonistic enzymes do 
not cross-regulate each other in this system. In contrast 
to PKA, whose activity decreases in response to proges-
terone, PP2A-B55δ stays active. As a consequence, upon 
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Fig. 6  At the top of the signalling pathway, the critical Arpp19 dephosphorylation at S109 by PP2A-B55δ. The G2 lock is achieved by high cAMP, 
high PKA activity and Arpp19 phosphorylation at S109. Arpp19 phosphorylation turns over due to PKA and PP2A-B55δ, with PP2A-B55δ being 
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Cdk1, such as Cyclin B1 or Mos
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PKA inhibition promoted by progesterone, Arpp19 is 
dephosphorylated at S109 by PP2A-B55δ and launches 
the signalling pathway that ultimately ends with Cdk1 
activation (Fig.  6). These results indicate that the G2 
arrest of the oocyte is a highly dynamic process during 
which PKA and PP2A-B55δ are engaged in a futile cycle 
of phosphorylation/dephosphorylation regarding their 
common substrate, Arpp19. This contrasts with produc-
tive cycles characterized by two enzymes that operate 
alternatively and communicate with each other, avoiding 
ATP waste. Such a futile cycle allows both opposed active 
enzymes to carry important functions independently 
of each other. As such, PKA certainly targets substrates 
other than Arpp19, important to keep oocytes arrested in 
prophase, such as Cdc25 or Wee1 in mouse oocytes [72, 
129]. PKA activity also negatively and indirectly regulates 
Gwl activity, as reported in Xenopus oocytes and yeast 
[37, 132]. Meantime, the sustained activity of PP2A-
B55δ also ensures the stability of the G2 arrest by imped-
ing Cdk1 activation and its substrates phosphorylation. 
Besides preventing phosphorylations of Cdc25 and Myt1, 
PP2A-B55δ avoids also Arpp19 phosphorylation at S67 
by Gwl [100], preserving its own activity and preventing 
premature Cdk1 activation.

The molecular mechanism controlled by Arpp19 phos-
phorylation at S109 has not been yet elucidated. Arpp19 
phosphorylation at S109 could block its own phosphoryl-
ation at S67 and/or impede PP2A-B55δ inhibition. Such 
mechanism has already been described in human brain. 
In striatum neurons, Arpp16, the alternatively spliced 
variant of Arpp19, is phosphorylated by the human Gwl 
homolog, the Mast3 kinase, at S46 (equivalent to S67 
in Xenopus) and strongly inhibits PP2A-B55δ [133]. In 
response to dopamine, PKA is activated and phospho-
rylates Arpp16 at S88 (equivalent to S109 in Xenopus) 
[134]. Interestingly, this phosphorylation renders Arpp16 
non-phosphorylable at S46 by Mast3 and makes PP2A-
B55δ non-inhibitable [135]. Such mechanism is unlikely 
functional in Xenopus as Gwl in  vitro phosphorylates 
Arpp19 at S67 independently of S109 phosphorylation 
[136]. Moreover, during oocyte meiotic resumption, 
after being partially dephosphorylated at S109 by PP2A-
B55δ, Arpp19 is then rephosphorylated at S109 at the 
time of Cdk1 activation, concomitantly with its phos-
phorylation at S67 by Gwl [28], excluding any biochemi-
cal and functional antagonism between S109 and S67 
phosphorylations. Another attractive hypothesis is that 
S109-phosphorylated Arpp19 would block the synthesis 
of new proteins required to activate Cdk1, such as Cyclin 
B1 or Mos. Indeed, it has been reported that Arpp19 is 
involved in the regulation of translation as well as mRNA 
stabilization in human cells and yeast [137, 138]. Alterna-
tively, by mirroring the function of S67-phosphorylated 

Arpp19, S109-phosphorylated Arpp19 could regulate 
an important phosphatase distinct from PP2A-B55δ. As 
such, PP1 is an interesting candidate. Although the impli-
cation of PP1 in the Cdk1 auto-amplification loop is far to 
be understood (see above), this phosphatase plays a posi-
tive role at the early steps of meiosis resumption in Xeno-
pus oocytes, upstream Cdk1 activation [139]. Arpp19 
could behave as a PP1 inhibitor when phosphorylated 
by PKA, similarly to DARPP-32, another PKA substrate, 
which is converted into an inhibitor of PP1 when phos-
phorylated by PKA [140]. Although neither Arpp-19 nor 
ENSA inhibited PP1 in in vitro assays, regardless of their 
phosphorylation state [36], further investigations using 
biological in vivo systems would be worthwhile.

Conclusions
The discoveries on the G2-to-M release from the last 
decade have changed our vision of this important step of 
the cell cycle by highlighting the crucial importance of 
coordinating phosphatases with opposing kinases. The 
historical Xenopus oocyte model has further proven its 
powerfulness as a paradigm for the study of the G2-to-
M transition. Resumption of meiosis was considered to 
be under control of two main kinases: first, PKA whose 
activity determines the G2 block when high and the 
G2 release when low; second, Cdk1 whose activity pro-
motes M-phase. The first conceptual shift arose from the 
observation that not only is Cdk1 activated but that its 
antagonizing protein phosphatase, PP2A-B55δ, needs 
also to be inhibited for entry and progression through 
M-phase. Hence, M-phase entry is not viewed anymore 
as under the control of a single master kinase, but of a 
couple of two antagonistic enzymes whose regulation is 
of paramount importance. A second surprise was to find 
that the phosphatase that opposes Cdk1 and prevents 
M-phase onset, PP2A-B55δ, also opposes PKA and pre-
vents the G2 arrest: a kind of opposite roles played by this 
phosphatase a few hours apart during meiosis resump-
tion, establishing PP2A-B55δ as the main orchestrator of 
the oocyte G2-to-M transition.

However, the involvement of PP2A at both ends of the 
signalling pathway, which begins with Arpp19 dephos-
phorylation at S109 and ends with its phosphorylation 
at S67, is part of very different dynamic cycles. PP2A-
B55δ faces Cdk1 and Gwl, through a productive cycle of 
phosphorylation/dephosphorylation. The phosphatase 
and its opposing kinases work alternatively. More, they 
reciprocally regulate each other, with inhibition of the 
phosphatase when kinases are active and activation of 
the phosphatase when kinase activities are decreased. 
Such a black or white situation avoids a waste of ATP. 
It also ensures a full switch-like interconversion of 
the phosphorylation state of the substrates, from an 
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unphosphorylated state to a heavily phosphorylated 
state, resulting in the rapid and irreversible cell deci-
sion to enter M-phase. In strong contrast to the onset 
of M-phase, the hallmark of the oocyte G2 arrest relies 
on the simultaneous activities of both mutually antag-
onistic enzymes, PP2A-B55δ and PKA. Importantly, 
both enzymes do not regulate each other. Such a futile 
cycle renders impossible a full switch of their common 
substrate phosphorylation. Indeed, this fits with the 
observation that only half of Arpp19 is dephosphoryl-
ated at S109 in response to progesterone [28]. Further 
investigation will be necessary to understand how half 
of dephosphorylated Arpp19 can carry out its func-
tion despite the presence of the S109-phosphorylated 
Arpp19. The other consequence of maintaining a futile 
cycle is that both opposed active enzymes can carry 
important functions independently of each other by 
targeting non-common substrates, thus contributing to 
the G2 block by alternative mechanisms.

Remarkably, both Arpp19 phosphorylation sites impor-
tant for the control of meiosis resumption, S109 and S67, 
are dephosphorylated by a unique phosphatase, PP2A-
B55δ. The function of Arpp19 phosphorylation at S67 
in converting this protein into a PP2A-B55δ inhibitor is 
well documented, whereas the action of S109 phospho-
rylation of Arpp19 in ensuring the G2 arrest remains 
unknown and deserves investigation. As is also worth 
exploring the other phosphatases acting during meiotic 
division, especially the various forms of PP1 and PP2A, 
as well as their regulation. We obviously must continue to 
refine our vision of these crucial and complex enzymes.

Abbreviations
Arpp19: cAMP regulated phosphoprotein of 19 kDa; ATM: Ataxia-Telen-
giectasia; cAMP: cyclic adenosine monophosphate; CAK: Cdk activating 
kinase; Cdc25: Cell division cycle 25; Cdk1: Cyclin-dependent kinase 1; Chk1: 
Checkpoint kinase 1; ENSA: α-Endosulfine; GVBD: Germinal Vesicle Breakdown; 
Gwl: Greatwall kinase; MAPK: mitogen-activated protein kinase; MEK: MAPK/
ERK kinase; MPF: M-phase Promoting Factor; Myt1: Membrane-associated 
tyrosine and threonine 1; p90Rsk: p90 ribosomal S6 kinase; pT: Phosphorylated 
Threonine; pY: phosphorylated tyrosine; Plx1: Polo-like kinase of Xenopus; PP1: 
Protein phosphatase 1; PP1c: PP1 catalytic subunit; PP2A: Protein phosphatase 
2A; PP2A-A: PP2A structural subunit; PP2A-B: PP2A regulatory subunit; PP2A-C: 
PP2A catalytic subunit; PP2C: Protein phosphatase 2C; PIPs: PP1-interacting 
proteins; PKA: cAMP-dependent protein kinase.

Acknowledgements
We apologize to those whose work is omitted owing to space constraints.

Author’s contributions
TL, AD and CJ contribute to writing the final manuscript. All authors read and 
approved the final manuscript.

Funding
This work was supported by funding from CNRS, Sorbonne University, 
Fondation ARC pour la Recherche sur le Cancer (Grant PJA 2017-12-06-185 
to AD) and ANR (Grants 13-BSV2-0008-01 and 18-CE13-0013-01 to CJ and AD 
respectively).

Availability of data and materials
Not applicable

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Received: 16 January 2020   Accepted: 12 May 2020

References
	 1.	 Hunt T. Maturation promoting factor, cyclin and the control of M-phase. 

Curr Opin Cell Biol. 1989;1(2):268–74.
	 2.	 Hara M, Abe Y, Tanaka T, Yamamoto T, Okumura E, Kishimoto T. Greatwall 

kinase and cyclin B-Cdk1 are both critical constituents of M-phase-
promoting factor. Nat Commun. 2012;3:1059.

	 3.	 King RW, Jackson PK, Kirschner MW. Mitosis in transition. Cell. 
1994;79(4):563–71.

	 4.	 Solomon M, Glotzer M, Lee T, Philippe M, Kirschner M. Cyclin activation 
of p34cdc2. Cell. 1990;63(5):1013–24.

	 5.	 Karlsson-Rosenthal C, Millar JB. Cdc25: mechanisms of checkpoint 
inhibition and recovery. Trends Cell Biol. 2006;16(6):285–92.

	 6.	 Fung TK, Ma HT, Poon RY. Specialized roles of the two mitotic cyclins in 
somatic cells: cyclin A as an activator of M phase-promoting factor. Mol 
Biol Cell. 2007;18(5):1861–73.

	 7.	 Furuno N, den Elzen N, Pines J. Human cyclin A is required for mitosis 
until mid prophase. J Cell Biol. 1999;147(2):295–306.

	 8.	 Deibler RW, Kirschner MW. Quantitative reconstitution of mitotic CDK1 
activation in somatic cell extracts. Mol Cell. 2010;37(6):753–67.

	 9.	 Hegarat N, Crncec A, Suarez Peredo Rodriguez MF, Echegaray Iturra F, 
Gu Y, Busby O, et al. Cyclin A triggers Mitosis either via the Greatwall 
kinase pathway or Cyclin B. EMBO J. 2020;30:e104419.

	 10.	 Vigneron S, Sundermann L, Labbe JC, Pintard L, Radulescu O, Castro A, 
et al. Cyclin A-cdk1-Dependent Phosphorylation of Bora Is the Trigger-
ing Factor Promoting Mitotic Entry. Dev Cell. 2018;45(5):637–50.

	 11.	 Murray AW, Kirschner MW. Dominoes and clocks: the union of two 
views of the cell cycle. Science. 1989;246(4930):614–21.

	 12.	 Mochida S, Ikeo S, Gannon J, Hunt T. Regulated activity of PP2A-B55 
delta is crucial for controlling entry into and exit from mitosis in Xeno-
pus egg extracts. EMBO J. 2009;28(18):2777–85.

	 13.	 Manchado E, Guillamot M, de Carcer G, Eguren M, Trickey M, Garcia-
Higuera I, et al. Targeting mitotic exit leads to tumor regression in vivo: 
modulation by Cdk1, Mastl, and the PP2A/B55alpha, delta phosphatase. 
Cancer Cell. 2010;18(6):641–54.

	 14.	 Schmitz MH, Held M, Janssens V, Hutchins JR, Hudecz O, Ivanova E, 
et al. Live-cell imaging RNAi screen identifies PP2A-B55alpha and 
importin-beta1 as key mitotic exit regulators in human cells. Nat Cell 
Biol. 2010;12(9):886–93.

	 15.	 Mochida S, Hunt T. Protein phosphatases and their regulation in the 
control of mitosis. EMBO Rep. 2012;13(3):197–203.

	 16.	 Masui Y, Markert CL. Cytoplasmic control of nuclear behavior during 
meiotic maturation of frog oocytes. J Exp Zool. 1971;177(2):129–45.

	 17.	 Lohka MJ, Hayes MK, Maller JL. Purification of maturation-promoting 
factor, an intracellular regulator of early mitotic events. Proc Natl Acad 
Sci USA. 1988;85(9):3009–13.

	 18.	 Jessus C. MPF and the control of meiotic divisions: old problems, new 
concepts. In: Verlhac MH, Villeneuve A, editors. Oogenesis The Universal 
process. Chichester: Wiley-Blackwell; 2010. p. 227–65.

	 19.	 Murakami MS, VandeWoude GF. Analysis of the early embryonic cell 
cycles of Xenopus; regulation of cell cycle length by Xe-wee1 and Mos. 
Development. 1998;125(2):237–48.

	 20.	 Haccard O, Dupre A, Liere P, Pianos A, Eychenne B, Jessus C, et al. Natu-
rally occurring steroids in Xenopus oocyte during meiotic maturation. 



Page 15 of 17Lemonnier et al. Cell Div            (2020) 15:9 	

Unexpected presence and role of steroid sulfates. Mol Cell Endocrinol. 
2012;362(1):110–9.

	 21.	 Bayaa M, Booth RA, Sheng Y, Liu XJ. The classical progesterone receptor 
mediates Xenopus oocyte maturation through a nongenomic mecha-
nism. Proc Natl Acad Sci USA. 2000;97(23):12607–12.

	 22.	 Tian J, Kim S, Heilig E, Ruderman JV. Identification of XPR-1, a proges-
terone receptor required for Xenopus oocyte activation. Proc Natl Acad 
Sci USA. 2000;97(26):14358–63.

	 23.	 Josefsberg Ben-Yehoshua L, Lewellyn AL, Thomas P, Maller JL. The 
role of Xenopus membrane progesterone receptor beta in mediat-
ing the effect of progesterone on oocyte maturation. Mol Endocrinol. 
2007;21(3):664–73.

	 24.	 Maller JL, Krebs EG. Progesterone-stimulated meiotic cell division in 
Xenopus oocytes. Induction by regulatory subunit and inhibition 
by catalytic subunit of adenosine 3′:5′-monophosphate-dependent 
protein kinase. J Biol Chem. 1977;252(5):1712–8.

	 25.	 Maller JL, Butcher FR, Krebs EG. Early effect of progesterone on levels 
of cyclic adenosine 3′:5′-monophosphate in Xenopus oocytes. J Biol 
Chem. 1979;254(3):579–82.

	 26.	 Maller JL, Krebs EG. Regulation of oocyte maturation. Curr Top Cell 
Regul. 1980;16:271–311.

	 27.	 Wang J, Cao WL, Liu XJ. Protein kinase A(PKA)-restrictive and PKA-
permissive phases of oocyte maturation. Cell Cycle. 2006;5(2):213–7.

	 28.	 Dupre A, Daldello EM, Nairn AC, Jessus C, Haccard O. Phosphorylation 
of ARPP19 by protein kinase A prevents meiosis resumption in Xenopus 
oocytes. Nat Commun. 2014;5:3318.

	 29.	 Haccard O, Jessus C. Oocyte maturation, Mos and cyclins–a matter of 
synthesis: two functionally redundant ways to induce meiotic matura-
tion. Cell Cycle. 2006;5(11):1152–9.

	 30.	 Izumi T, Maller JL. Elimination of cdc2 phosphorylation sites in 
the cdc25 phosphatase blocks initiation of M-phase. Mol Biol Cell. 
1993;4(12):1337–50.

	 31.	 Ruiz EJ, Vilar M, Nebreda AR. A two-step inactivation mechanism of 
Myt1 ensures CDK1/cyclin B activation and meiosis I entry. Curr Biol. 
2010;20(8):717–23.

	 32.	 Pal G, Paraz MT, Kellogg DR. Regulation of Mih1/Cdc25 by protein 
phosphatase 2A and casein kinase 1. J Cell Biol. 2008;180(5):931–45.

	 33.	 Mueller PR, Coleman TR, Dunphy WG. Cell cycle regulation of a Xeno-
pus Wee1-like kinase. Mol Biol Cell. 1995;6(1):119–34.

	 34.	 Gharbi-Ayachi A, Labbé J-C, Burgess A, Vigneron S, Strub J-M, Brioudes 
E, et al. The substrate of Greatwall kinase, Arpp19, controls mitosis by 
inhibiting protein phosphatase 2A. Science. 2010;330(6011):1673–7.

	 35.	 Lorca T, Bernis C, Vigneron S, Burgess A, Brioudes E, Labbe JC, et al. Con-
stant regulation of both the MPF amplification loop and the Greatwall-
PP2A pathway is required for metaphase II arrest and correct entry into 
the first embryonic cell cycle. J Cell Sci. 2010;123(Pt 13):2281–91.

	 36.	 Mochida S, Maslen SL, Skehel M, Hunt T. Greatwall phosphorylates an 
inhibitor of protein phosphatase 2A that is essential for mitosis. Science. 
2010;330(6011):1670–3.

	 37.	 Dupre A, Buffin E, Roustan C, Nairn AC, Jessus C, Haccard O. The phos-
phorylation of ARPP19 by Greatwall renders the auto-amplification of 
MPF independently of PKA in Xenopus oocytes. J Cell Sci. 2013;126(Pt 
17):3916–26.

	 38.	 Karaiskou A, Jessus C, Brassac T, Ozon R. Phosphatase 2A and polo 
kinase, two antagonistic regulators of cdc25 activation and MPF auto-
amplification. J Cell Sci. 1999;112(Pt 21):3747–56.

	 39.	 Rudolph J. Cdc25 phosphatases: structure, specificity, and mechanism. 
Biochemistry. 2007;46(12):3595–604.

	 40.	 Mueller PR, Coleman TR, Kumagai A, Dunphy WG. Myt1: a membrane-
associated inhibitory kinase that phosphorylates Cdc2 on both threo-
nine-14 and tyrosine-15. Science. 1995;270(5233):86–90.

	 41.	 Izumi T, Walker DH, Maller JL. Periodic changes in phosphorylation of 
the Xenopus cdc25 phosphatase regulate its activity. Mol Biol Cell. 
1992;3(8):927–39.

	 42.	 Kumagai A, Dunphy WG. Regulation of the cdc25 protein during the 
cell cycle in Xenopus extracts. Cell. 1992;70(1):139–51.

	 43.	 Karaiskou A, Cayla X, Haccard O, Jessus C, Ozon R. MPF amplification in 
Xenopus oocyte extracts depends on a two-step activation of cdc25 
phosphatase. Exp Cell Res. 1998;244(2):491–500.

	 44.	 Booher RN, Holman PS, Fattaey A. Human Myt1 is a cell cycle-reg-
ulated kinase that inhibits Cdc2 but not Cdk2 activity. J Biol Chem. 
1997;272(35):22300–6.

	 45.	 Wells NJ, Watanabe N, Tokusumi T, Jiang W, Verdecia MA, Hunter T. The 
C-terminal domain of the Cdc2 inhibitory kinase Myt1 interacts with 
Cdc2 complexes and is required for inhibition of G(2)/M progression. J 
Cell Sci. 1999;112(Pt 19):3361–71.

	 46.	 Inoue D, Sagata N. The Polo-like kinase Plx1 interacts with and inhibits 
Myt1 after fertilization of Xenopus eggs. EMBO J. 2005;24(5):1057–67.

	 47.	 Hoffmann I, Clarke PR, Marcote MJ, Karsenti E, Draetta G. Phospho-
rylation and activation of human cdc25-C by cdc2–cyclin B and 
its involvement in the self-amplification of MPF at mitosis. EMBO J. 
1993;12(1):53–63.

	 48.	 Strausfeld U, Fernandez A, Capony JP, Girard F, Lautredou N, Derancourt 
J, et al. Activation of P34(Cdc2) protein kinase by microinjection of 
human Cdc25C into mammalian cells—requirement for prior phospho-
rylation of Cdc25C by P34(Cdc2) at mitosis on sites phosphorylated. J 
Biol Chem. 1994;269(8):5989–6000.

	 49.	 Gaffre M, Martoriati A, Belhachemi N, Chambon JP, Houliston E, Jes-
sus C, et al. A critical balance between Cyclin B synthesis and Myt1 
activity controls meiosis entry in Xenopus oocytes. Development. 
2011;138(17):3735–44.

	 50.	 Abrieu A, Brassac T, Galas S, Fisher D, Labbe JC, Doree M. The Polo-like 
kinase Plx1 is a component of the MPF amplification loop at the 
G2/M-phase transition of the cell cycle in Xenopus eggs. J Cell Sci. 
1998;111(Pt 12):1751–7.

	 51.	 Qian YW, Erikson E, Taieb FE, Maller JL. The polo-like kinase plx1 is 
required for activation of the phosphatase cdc25c and cyclin b-cdc2 in 
xenopus oocytes. Mol Biol Cell. 2001;12(6):1791–9.

	 52.	 Dutertre S, Cazales M, Quaranta M, Froment C, Trabut V, Dozier C, et al. 
Phosphorylation of CDC25B by Aurora-A at the centrosome contributes 
to the G2-M transition. J Cell Sci. 2004;117(Pt 12):2523–31.

	 53.	 Cazales M, Schmitt E, Montembault E, Dozier C, Prigent C, Ducommun 
B. CDC25B phosphorylation by Aurora-A occurs at the G2/M transition 
and is inhibited by DNA damage. Cell Cycle. 2005;4(9):1233–8.

	 54.	 Peter M, Labbe JC, Doree M, Mandart E. A new role for Mos in Xenopus 
oocyte maturation: targeting Myt1 independently of MAPK. Develop-
ment. 2002;129(9):2129–39.

	 55.	 Villeneuve J, Scarpa M, Ortega-Bellido M, Malhotra V. MEK1 inactivates 
Myt1 to regulate Golgi membrane fragmentation and mitotic entry in 
mammalian cells. EMBO J. 2013;32(1):72–85.

	 56.	 Palmer A, Gavin AC, Nebreda AR. A link between MAP kinase and 
p(34cdc2) cyclin B during oocyte maturation: p90(rsk) phosphoryl-
ates and inactivates the p34(cdc2) inhibitory kinase Myt1. EMBO J. 
1998;17(17):5037–47.

	 57.	 Elia AE, Cantley LC, Yaffe MB. Proteomic screen finds pSer/pThr-
binding domain localizing Plk1 to mitotic substrates. Science. 
2003;299(5610):1228–31.

	 58.	 Swenson KI, Farrell KM, Ruderman JV. The clam embryo protein cyclin A 
induces entry into M phase and the resumption of meiosis in Xenopus 
oocytes. Cell. 1986;47(6):861–70.

	 59.	 Murray AW, Solomon MJ, Kirschner MW. The role of cyclin synthesis 
and degradation in the control of maturation promoting factor activity. 
Nature. 1989;339(6222):280–6.

	 60.	 Huchon D, Rime H, Jessus C, Ozon R. Control of metaphase I formation 
in Xenopus oocyte: effects of an indestructible cyclin B and of protein 
synthesis. Biol Cell. 1993;77(2):133–41.

	 61.	 Rime H, Huchon D, De Smedt V, Thibier C, Galaktionov K, Jessus C, et al. 
Microinjection of Cdc25 protein phosphatase into Xenopus prophase 
oocyte activates MPF and arrests meiosis at metaphase I. Biol Cell. 
1994;82(1):11–22.

	 62.	 Qian YW, Erikson E, Maller JL. Mitotic effects of a constitutively 
active mutant of the Xenopus polo-like kinase Plx1. Mol Cell Biol. 
1999;19(12):8625–32.

	 63.	 Sagata N, Daar I, Oskarsson M, Showalter SD, Vande Woude GF. The 
product of the mos proto-oncogene as a candidate “initiator” for oocyte 
maturation. Science. 1989;245(4918):643–6.

	 64.	 Huang W, Kessler D, Erikson R. Biochemical and biological analysis of 
Mek1 phosphorylation site mutants. Mol Biol Cell. 1995;6(3):237–45.



Page 16 of 17Lemonnier et al. Cell Div            (2020) 15:9 

	 65.	 Haccard O, Lewellyn A, Hartley RS, Erikson E, Maller JL. Induction 
of Xenopus oocyte meiotic maturation by MAP kinase. Dev Biol. 
1995;168(2):677–82.

	 66.	 Gross SD, Lewellyn AL, Maller JL. A constitutively active form of the 
protein kinase p90Rsk1 is sufficient to trigger the G2/M transition in 
Xenopus oocytes. J Biol Chem. 2001;276(49):46099–103.

	 67.	 Peng CY, Graves PR, Thoma RS, Wu ZQ, Shaw AS, PiwnicaWorms H. 
Mitotic and G(2) checkpoint control: regulation of 14-3-3 protein 
binding by phosphorylation of Cdc25C on serine-216. Science. 
1997;277(5331):1501–5.

	 68.	 Kumagai A, Guo Z, Emami KH, Wang SX, Dunphy WG. The Xenopus 
Chk1 protein kinase mediates a caffeine-sensitive pathway of check-
point control in cell-free extracts. J Cell Biol. 1998;142(6):1559–69.

	 69.	 Kumagai A, Yakowec PS, Dunphy WG. 14-3-3 proteins act as negative 
regulators of the inducer Cdc25 in Xenopus egg extracts. Mol Biol Cell. 
1998;9(2):345–54.

	 70.	 Zeng Y, Forbes KC, Wu Z, Moreno S, Piwnica-Worms H, Enoch T. Replica-
tion checkpoint requires phosphorylation of the phosphatase Cdc25 by 
Cds1 or Chk1. Nature. 1998;395(6701):507–10.

	 71.	 Yang J, Winkler K, Yoshida M, Kornbluth S. Maintenance of G2 arrest in 
the Xenopus oocyte: a role for 14-3-3-mediated inhibition of Cdc25 
nuclear import. EMBO J. 1999;18(8):2174–83.

	 72.	 Duckworth BC, Weaver JS, Ruderman JV. G2 arrest in Xenopus oocytes 
depends on phosphorylation of cdc25 by protein kinase A. Proc Natl 
Acad Sci USA. 2002;99(26):16794–9.

	 73.	 Margolis SS, Walsh S, Weiser DC, Yoshida M, Shenolikar S, Kornbluth S. 
PP1 control of M phase entry exerted through 14-3-3-regulated Cdc25 
dephosphorylation. EMBO J. 2003;22(21):5734–45.

	 74.	 Margolis SS, Perry JA, Weitzel DH, Freel CD, Yoshida M, Haystead TA, et al. 
A role for PP1 in the Cdc2/Cyclin B-mediated positive feedback activa-
tion of Cdc25. Mol Biol Cell. 2006;17(4):1779–89.

	 75.	 Brautigan DL, Shenolikar S. Protein serine/threonine phosphatases: 
keys to unlocking regulators and substrates. Annu Rev Biochem. 
2018;87:921–64.

	 76.	 Hendrickx A, Beullens M, Ceulemans H, Den Abt T, Van Eynde A, Nico-
laescu E, et al. Docking motif-guided mapping of the interactome of 
protein phosphatase-1. Chem Biol. 2009;16(4):365–71.

	 77.	 Bollen M. Combinatorial control of protein phosphatase-1. Trends 
Biochem Sci. 2001;26(7):426–31.

	 78.	 Choy MS, Hieke M, Kumar GS, Lewis GR, Gonzalez-DeWhitt KR, Kessler 
RP, et al. Understanding the antagonism of retinoblastoma protein 
dephosphorylation by PNUTS provides insights into the PP1 regulatory 
code. Proc Natl Acad Sci USA. 2014;111(11):4097–102.

	 79.	 Dohadwala M, Silva E, Hall FL, Williams RT, Carbonarohall DA, Nairn AC, 
et al. Phosphorylation and inactivation of protein phosphatase 1 by 
cyclin-dependent kinases. Proc Natl Acad Sci USA. 1994;91(14):6408–12.

	 80.	 Kwon YG, Lee SY, Choi YW, Greengard P, Nairn AC. Cell cycle-dependent 
phosphorylation of mammalian protein phosphatase 1 by cdc2 kinase. 
Proc Natl Acad Sci USA. 1997;94(6):2168–73.

	 81.	 Liu CW, Wang RH, Dohadwala M, Schonthal AH, Villa-Moruzzi E, Berndt 
N. Inhibitory phosphorylation of PP1alpha catalytic subunit during the 
G(1)/S transition. J Biol Chem. 1999;274(41):29470–5.

	 82.	 Maton G, Lorca T, Girault JA, Ozon R, Jessus C. Differential regulation of 
Cdc2 and Aurora-A in Xenopus oocytes: a crucial role of phosphatase 
2A. J Cell Sci. 2005;118(Pt 11):2485–94.

	 83.	 Walker DH, DePaoli-Roach AA, Maller JL. Multiple roles for protein 
phosphatase 1 in regulating the Xenopus early embryonic cell cycle. 
Mol Biol Cell. 1992;3(6):687–98.

	 84.	 Satinover DL, Brautigan DL, Stukenberg PT. Aurora-A kinase and inhibi-
tor-2 regulate the cyclin threshold for mitotic entry in Xenopus early 
embryonic cell cycles. Cell Cycle. 2006;5(19):2268–74.

	 85.	 Daher W, Cailliau K, Takeda K, Pierrot C, Khayath N, Dissous C, et al. 
Characterization of Schistosoma mansoni Sds homologue, a leucine-
rich repeat protein that interacts with protein phosphatase type 1 and 
interrupts a G2/M cell-cycle checkpoint. Biochem J. 2006;395(2):433–41.

	 86.	 Heim A, Konietzny A, Mayer TU. Protein phosphatase 1 is essential for 
Greatwall inactivation at mitotic exit. EMBO Rep. 2015;16(11):1501–10.

	 87.	 Ma S, Vigneron S, Robert P, Strub JM, Cianferani S, Castro A, et al. Great-
wall dephosphorylation and inactivation upon mitotic exit is triggered 
by PP1. J Cell Sci. 2016;129(7):1329–39.

	 88.	 Ren D, Fisher LA, Zhao J, Wang L, Williams BC, Goldberg ML, 
et al. Cell cycle-dependent regulation of Greatwall kinase by 
protein phosphatase 1 and regulatory subunit 3B. J Biol Chem. 
2017;292(24):10026–34.

	 89.	 Goris J, Hermann J, Hendrix P, Ozon R, Merlevede W. Okadaic acid, a 
specific protein phosphatase inhibitor, induces maturation and MPF 
formation in Xenopus laevis oocytes. FEBS Lett. 1989;245(1–2):91–4.

	 90.	 Lemonnier T, Daldello EM, Poulhe R, Tran L, Miot M, Jessus C, et al. The 
M-phase regulatory phosphatase PP2A-B55δ opposes protein kinase 
A on Arpp19 to initiate meiotic division. bioRxiv. 2019. https​://doi.
org/10.1101/81054​9.

	 91.	 Nasa I, Kettenbach AN. Coordination of Protein Kinase and Phospho-
protein Phosphatase Activities in Mitosis. Frontiers in cell and develop-
mental biology. 2018;6:30.

	 92.	 Booker MA, DeLong A. Atypical Protein Phosphatase 2A Gene 
Families Do Not Expand via Paleopolyploidization. Plant Physiol. 
2017;173(2):1283–300.

	 93.	 Cundell MJ, Hutter LH, Nunes Bastos R, Poser E, Holder J, Mohammed S, 
et al. A PP2A-B55 recognition signal controls substrate dephosphoryla-
tion kinetics during mitotic exit. J Cell Biol. 2016;214(5):539–54.

	 94.	 Hertz EP, Kruse T, Davey NE, Lopez-Mendez B, Sigurethsson JO, Montoya 
G, et al. A conserved motif provides binding specificity to the PP2A-B56 
phosphatase. Mol Cell. 2016;63(4):686–95.

	 95.	 Wang X, Bajaj R, Bollen M, Peti W, Page R. Expanding the PP2A interac-
tome by defining a B56-Specific SLiM. Structure. 2016;24(12):2174–81.

	 96.	 Isoda M, Sako K, Suzuki K, Nishino K, Nakajo N, Ohe M, et al. Dynamic 
regulation of Emi2 by Emi2-bound Cdk1/Plk1/CK1 and PP2A-B56 in 
meiotic arrest of Xenopus eggs. Dev Cell. 2011;21(3):506–19.

	 97.	 Labandera AM, Vahab AR, Chaudhuri S, Kerk D, Moorhead GB. The 
mitotic PP2A regulator ENSA/ARPP-19 is remarkably conserved 
across plants and most eukaryotes. Biochem Biophys Res Commun. 
2015;458(4):739–44.

	 98.	 Hached K, Goguet P, Charrasse S, Vigneron S, Sacristan MP, Lorca T, 
et al. ENSA and ARPP19 differentially control cell cycle progression and 
development. J Cell Biol. 2019;218(2):541–58.

	 99.	 Charrasse S, Gharbi-Ayachi A, Burgess A, Vera J, Hached K, Raynaud P, 
et al. Ensa controls S-phase length by modulating Treslin levels. Nature 
communications. 2017;8(1):206.

	100.	 Williams BC, Filter JJ, Blake-Hodek KA, Wadzinski BE, Fuda NJ, Shalloway 
D, et al. Greatwall-phosphorylated Endosulfine is both an inhibitor and 
a substrate of PP2A-B55 heterotrimers. eLife. 2014;3:e01695.

	101.	 Zhao Y, Haccard O, Wang R, Yu J, Kuang J, Jessus C, et al. Roles of 
Greatwall kinase in the regulation of cdc25 phosphatase. Mol Biol Cell. 
2008;19(4):1317–27.

	102.	 Sagata N, Oskarsson M, Copeland T, Brumbaugh J, Vande Woude GF. 
Function of c-mos proto-oncogene product in meiotic maturation in 
Xenopus oocytes. Nature. 1988;335(6190):519–25.

	103.	 Posada J, Yew N, Ahn NG, Vande Woude GF, Cooper JA. Mos stimulates 
MAP kinase in Xenopus oocytes and activates a MAP kinase kinase 
in vitro. Mol Cell Biol. 1993;13(4):2546–53.

	104.	 Gross SD, Schwab MS, Taieb FE, Lewellyn AL, Qian YW, Maller JL. The 
critical role of the MAP kinase pathway in meiosis II in Xenopus oocytes 
is mediated by p90(Rsk). Curr Biol. 2000;10(8):430–8.

	105.	 Dupre A, Jessus C, Ozon R, Haccard O. Mos is not required for 
the initiation of meiotic maturation in Xenopus oocytes. EMBO J. 
2002;21(15):4026–36.

	106.	 Haccard O, Jessus C. Redundant pathways for Cdc2 activation 
in Xenopus oocyte: either cyclin B or Mos synthesis. EMBO Rep. 
2006;7(3):321–5.

	107.	 Castro A, Peter M, Magnaghi-Jaulin L, Vigneron S, Galas S, Lorca T, et al. 
Cyclin B/cdc2 induces c-Mos stability by direct phosphorylation in 
Xenopus oocytes. Mol Biol Cell. 2001;12(9):2660–71.

	108.	 Kumagai A, Dunphy WG. Purification and molecular cloning of Plx1, 
a Cdc25-regulatory kinase from Xenopus egg extracts. Science. 
1996;273(5280):1377–80.

	109.	 Ferby I, Blazquez M, Palmer A, Eritja R, Nebreda AR. A novel p34(cdc2)-
binding and activating protein that is necessary and sufficient 
to trigger G(2)/M progression in Xenopus oocytes. Genes Dev. 
1999;13(16):2177–89.

https://doi.org/10.1101/810549
https://doi.org/10.1101/810549


Page 17 of 17Lemonnier et al. Cell Div            (2020) 15:9 	

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your research ?  Choose BMC and benefit from: 

	110.	 Lenormand JL, Dellinger RW, Knudsen KE, Subramani S, Donoghue DJ. 
Speedy: a novel cell cycle regulator of the G2/M transition. EMBO J. 
1999;18(7):1869–77.

	111.	 Ruiz EJ, Hunt T, Nebreda AR. Meiotic inactivation of Xenopus Myt1 by 
CDK/XRINGO, but not CDK/cyclin, via site-specific phosphorylation. Mol 
Cell. 2008;32(2):210–20.

	112.	 Kobayashi H, Minshull J, Ford C, Golsteyn R, Poon R, Hunt T. On the syn-
thesis and destruction of A- and B-type cyclins during oogenesis and 
meiotic maturation in Xenopus laevis. J Cell Biol. 1991;114(4):755–65.

	113.	 Hochegger H, Klotzbucher A, Kirk J, Howell M, le Guellec K, 
Fletcher K, et al. New B-type cyclin synthesis is required between 
meiosis I and II during Xenopus oocyte maturation. Development. 
2001;128(19):3795–807.

	114.	 Frank-Vaillant M, Jessus C, Ozon R, Maller JL, Haccard O. Two dis-
tinct mechanisms control the accumulation of cyclin B1 and Mos 
in Xenopus oocytes in response to progesterone. Mol Biol Cell. 
1999;10(10):3279–88.

	115.	 Minshull J, Murray A, Colman A, Hunt T. Xenopus oocyte maturation 
does not require new cyclin synthesis. J Cell Biol. 1991;114(4):767–72.

	116.	 Labbe JC, Martinez AM, Fesquet D, Capony JP, Darbon JM, Derancourt J, 
et al. p40MO15 associates with a p36 subunit and requires both nuclear 
translocation and Thr176 phosphorylation to generate cdk-activating 
kinase activity in Xenopus oocytes. EMBO J. 1994;13(21):5155–64.

	117.	 Fesquet D, Labbe JC, Derancourt J, Capony JP, Galas S, Girard F, et al. The 
MO15 gene encodes the catalytic subunit of a protein kinase that acti-
vates cdc2 and other cyclin-dependent kinases (CDKs) through phos-
phorylation of Thr161 and its homologues. EMBO J. 1993;12(8):3111–21.

	118.	 Kaldis P, Russo AA, Chou HS, Pavletich NP, Solomon MJ. Human and 
yeast Cdk-activating kinases (CAKs) display distinct substrate specifici-
ties. Mol Biol Cell. 1998;9(9):2545–60.

	119.	 De Smedt V, Poulhe R, Cayla X, Dessauge F, Karaiskou A, Jessus 
C, et al. Thr-161 Phosphorylation of Monomeric Cdc2. Regula-
tion by protein phosphatase 2C in Xenopus oocytes. J Biol Chem. 
2002;277(32):28592–600.

	120.	 Thuret JY, Valay JG, Faye G, Mann C. Civ1 (CAK in vivo), a novel Cdk-
activating kinase. Cell. 1996;86(4):565–76.

	121.	 Kaldis P, Sutton A, Solomon MJ. The Cdk-activating kinase (CAK) from 
budding yeast. Cell. 1996;86(4):553–64.

	122.	 Espinoza FH, Farrell A, Erdjument-Bromage H, Tempst P, Morgan DO. 
A cyclin-dependent kinase-activating kinase (CAK) in budding yeast 
unrelated to vertebrate CAK. Science. 1996;273(5282):1714–7.

	123.	 Nagahara H, Ezhevsky SA, Vocero-Akbani AM, Kaldis P, Solomon MJ, 
Dowdy SF. Transforming growth factor beta targeted inactivation 
of cyclin E:cyclin-dependent kinase 2 (Cdk2) complexes by inhibi-
tion of Cdk2 activating kinase activity. Proc Natl Acad Sci U S A. 
1999;96(26):14961–6.

	124.	 Kaldis P, Solomon MJ. Analysis of CAK activities from human cells. Eur J 
Biochem. 2000;267(13):4213–21.

	125.	 Cheng A, Ross KE, Kaldis P, Solomon MJ. Dephosphorylation of cyclin-
dependent kinases by type 2C protein phosphatases. Genes Dev. 
1999;13(22):2946–57.

	126.	 Lu G, Wang Y. Functional diversity of mammalian type 2C protein 
phosphatase isoforms: new tales from an old family. Clin Exp Pharmacol 
Physiol. 2008;35(2):107–12.

	127.	 Santiago J, Dupeux F, Betz K, Antoni R, Gonzalez-Guzman M, Rodriguez 
L, et al. Structural insights into PYR/PYL/RCAR ABA receptors and PP2Cs. 
Plant Sci. 2012;182:3–11.

	128.	 Karaiskou A, Perez LH, Ferby I, Ozon R, Jessus C, Nebreda AR. Differential 
regulation of Cdc2 and Cdk2 by RINGO and cyclins. J Biol Chem. 
2001;18:18.

	129.	 Han SJ, Chen R, Paronetto MP, Conti M. Wee1B is an oocyte-specific 
kinase involved in the control of meiotic arrest in the mouse. Curr Biol. 
2005;15(18):1670–6.

	130.	 Boyer J, Asselin J, Belle R, Ozon R. Progesterone and cAMP-dependent 
protein kinase regulate in vivo the level of phosphorylation of two 
proteins (Mr 20,000 and Mr 32,000) in Xenopus oocytes. Dev Biol. 
1986;113(2):420–8.

	131.	 Dupre A, Jessus C. ARPP19 phosphorylations by PKA and greatwall: 
the Yin and the Yang of the cell decision to divide. In: Prigent C, editor. 
Protein phosphorylation. Rijeka, Croatia: IntechOpen; 2017. p. 3–29.

	132.	 Pedruzzi I, Dubouloz F, Cameroni E, Wanke V, Roosen J, Winderickx J, 
et al. TOR and PKA signaling pathways converge on the protein kinase 
Rim15 to control entry into G0. Mol Cell. 2003;12(6):1607–13.

	133.	 Andrade EC, Musante V, Horiuchi A, Matsuzaki H, Brody AH, Wu T, et al. 
ARPP-16 is a striatal-enriched inhibitor of protein phosphatase 2A 
regulated by microtubule-associated serine/threonine kinase 3 (Mast 3 
kinase). J Neurosci. 2017.

	134.	 Horiuchi A, Williams KR, Kurihara T, Nairn AC, Greengard P. Purification 
and cDNA cloning of ARPP-16, a cAMP-regulated phosphoprotein 
enriched in basal ganglia, and of a related phosphoprotein, ARPP-19. 
The Journal of biological chemistry. 1990;265(16):9476–84.

	135.	 Musante V, Li L, Kanyo J, Lam TT, Colangelo CM, Cheng SK, et al. 
Reciprocal regulation of ARPP-16 by PKA and MAST3 kinases provides 
a cAMP-regulated switch in protein phosphatase 2A inhibition. eLife. 
2017;6:e24998.

	136.	 Dupre AI, Haccard O, Jessus C. The greatwall kinase is dominant over 
PKA in controlling the antagonistic function of ARPP19 in Xenopus 
oocytes. Cell Cycle. 2017;16(15):1440–52.

	137.	 Irwin N, Chao S, Goritchenko L, Horiuchi A, Greengard P, Nairn AC, et al. 
Nerve growth factor controls GAP-43 mRNA stability via the phospho-
protein ARPP-19. Proc Natl Acad Sci USA. 2002;99(19):12427–31.

	138.	 Talarek N, Cameroni E, Jaquenoud M, Luo X, Bontron S, Lippman S, et al. 
Initiation of the TORC1-regulated G0 program requires Igo1/2, which 
license specific mRNAs to evade degradation via the 5′-3′ mRNA decay 
pathway. Mol Cell. 2010;38(3):345–55.

	139.	 Huchon D, Ozon R, Demaille JG. Protein phosphatase-1 is involved in 
Xenopus oocyte maturation. Nature. 1981;294(5839):358–9.

	140.	 Hemmings HC Jr, Greengard P, Tung HY, Cohen P. DARPP-32, a 
dopamine-regulated neuronal phosphoprotein, is a potent inhibitor of 
protein phosphatase-1. Nature. 1984;310(5977):503–5.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	The G2-to-M transition from a phosphatase perspective: a new vision of the meiotic division
	Abstract 
	Background
	A powerful positive feedback in Cdk1 activation makes the M-phase commitment abrupt and irreversible
	Reversal of the balance of Myt1 and Cdc25
	Down-regulation of PP2A-B55δ
	Launching the positive feedback loop: what has the finger on the trigger?
	At the top of the signaling pathway: the critical dephosphorylation of Arpp19

	Conclusions
	Acknowledgements
	References




