Molecular Human Reproduction, Vol.16, No.9 pp. 654-664, 2010
Advanced Access publication on May 7, 2010  doi:10.1093/molehr/gaq034

NEW RESEARCH HORIZON Review

Basic schence of reproduriive medicins

Prophase | arrest and progression to
metaphase | in mouse oocytes:
comparison of resumption of meiosis
and recovery from G2-arrest in somatic

cells

Petr Solc'*, Richard M. Schultz?, and Jan Motlik'

'Institute of Animal Physiology and Genetics, Academy of Sciences of the Czech Republic, Rumburska 89, Libechov CZ-27721,
Czech Republic *Department of Biology, University of Pennsylvania, Philadelphia, PA 19104-6018, USA

*Correspondence address. E-mail: solc@iapg.cas.cz

Submitted on February 22, 2010; resubmitted on April 21, 2010; accepted on April 23, 2010

ABSTRACT: Mammalian oocytes are arrested at prophase | until puberty when luteinizing hormone (LH) induces resumption of meiosis of
follicle-enclosed oocytes. Resumption of meiosis is tightly coupled with regulating cyclin-dependent kinase | (CDKI) activity. Prophase |
arrest depends on inhibitory phosphorylation of CDKI and anaphase-promoting complex—(APC—CDH |)-mediated regulation of cyclin
B levels. Prophase | arrest is maintained by endogenously produced cyclic adenosine monophosphate (cAMP), which activates protein
kinase A (PKA) that in turn phosphorylates (and activates) the nuclear kinase WEE?2. In addition, PKA-mediated phosphorylation of the phos-
phatase CDC25B results in its cytoplasmic retention. The combined effect maintains low levels of CDKI activity that are not sufficient to
initiate resumption of meiosis. LH triggers synthesis of epidermal growth factor-like factors in mural granulosa cells and leads to reduced
cGMP transfer from cumulus cells to oocytes via gap junctions that couple the two cell types. cGMP inhibits oocyte phosphodiesterase
3A (PDE3A) and a decline in oocyte cGMP results in increased PDE3A activity. The ensuing decrease in oocyte cAMP triggers maturation
by alleviating the aforementioned phosphorylations of WEE2 and CDC25B. As a direct consequence CDC25B translocates into the nucleus.
The resulting activation of CDK| also promotes extrusion of WEE2 from the nucleus thereby providing a positive amplification mechanism
for CDKI activation. Other kinases, e.g. protein kinase B, Aurora kinase A and polo-like kinase |, also participate in resumption of meiosis.
Mechanisms governing meiotic prophase | arrest and resumption of meiosis share common features with DNA damage-induced mitotic G2-
checkpoint arrest and checkpoint recovery, respectively. These common features include CDC|4B-dependent activation of APC—CDHI in
prophase | arrested oocytes or G2-arrested somatic cells, and CDC25B-dependent cell cycle resumption in both oocytes and somatic cells.
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Introduction

The female germ cells, oocytes, arise from the primordial germ cells
during development of the fetus. Following a round of DNA replica-
tion the cells enter prophase of the first meiotic division (prophase
), and following chromosome condensation and recombination
reach the dictyate stage, at which point the chromosomes become
dispersed and the oocytes are surrounded by a single layer of flattened
epithelial-like somatic cells (granulosa cells; Rodrigues et al., 2008).
Such prophase | arrested oocytes are referred to as primordial
oocytes and reside in primordial follicles. Prophase | arrest remains
in effect until puberty when oocytes enter the growth phase, and
fully grown oocytes present in pre-ovulatory antral follicles resume

meiosis in response to luteinizing hormone (LH) in mammals (Neal
and Baker, 1975; Lei et al., 2001). Fully grown oocytes removed
from their follicle also resume spontaneous resumption of meiosis in
vitro when placed in a suitable culture medium (Sato and Koide, 1984).

Oocytes arrested at prophase | have intact nuclear envelope or
germinal vesicle (GV) and germinal vesicle break down (GVBD) is
the first clear visible marker of resumption of meiosis. Following
GVBD, a metaphase | spindle forms and when all chromosome biva-
lents have established stable microtubule-kinetochore interactions,
anaphase | occurs. Following completion of meiosis I, oocytes enter
directly into meiosis Il without an intervening S-phase, at which
point they arrest for the second time at the metaphase |l. Fertilization
triggers resumption and completion of meiosis Il. The road from
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GV-stage oocytes to metaphase Il arrested eggs is principally governed
by meiosis promoting factor that consists of cyclin-dependent kinase |
(CDKI) and cyclin Bl (CCNBI) (Brunet and Maro, 2005).

In this minireview, we focus on the signalling pathways responsible
for prophase | arrest and resumption of meiosis in mouse oocytes.
Resumption of meiosis in oocytes and recovery from G2-arrest of
somatic cells have many similarities, and accordingly we highlight
some common features.

CDKI regulation

Although oocytes are arrested in the first meiotic prophase, resump-
tion of meiosis has historically been viewed as a model system to study
the G2-M transition, because oocytes have a 4C DNA content and
the chromosomes remain relatively decondensed. The G2-M tran-
sition is largely governed by activating CDK 1. CDKI is positively regu-
lated by CCNBI binding but also negatively regulated by WEEI/MYT
kinase family-mediated phosphorylation on Thrl14 and Tyr|5 (Fig. |A).
Dephosphorylation of these residues is mediated by CDC25 phospha-
tases. The mammalian genome contains three CDC25 genes: A, B and
C. CDC25C-deficient mice are viable and fertile, and mouse embryo
fibroblasts (MEFs) from these mice have normal timing of entry into
mitosis and a normal response to DNA damage (Chen et al., 2001).
Although CDC25B-deficient mice are also viable and their MEFs pro-
liferate normally and mount a strong DNA damage response,
oocytes do not resume meiosis and remain arrested at prophase |
(Lincoln et al., 2002).

Recently, we (Solc et al., 2008) and others (Li et al., 2008) demon-
strated that CDC25A participates in resumption of meiosis, e.g. over-
expressing CDC25A in mouse oocytes overcomes cyclic adenosine
monophosphate (cAMP)-mediated maintenance of meiotic arrest.
CDC25A is exclusively localized within the nucleus prior to GVBD
(Fig. 1B). In contrast, CDC25B localizes to cytoplasm in GV-intact
oocytes and translocates to the nucleus shortly before GVBD (Solc
et al., 2008). Interestingly, CCNBI also translocates from cytoplasm
into the nucleus shortly before GVBD (Marangos and Carroll, 2004;
Reis et al, 2006). After GVBD, CDC25B remains stable but
CDC25A is degraded (Solc et al., 2008). WEE2 (formerly WEEIB)
is an oocyte-specific member of WEEI/MYT kinase family and trans-
genic RNAi-mediated down-regulation causes leaky prophase | arrest
of follicle-enclosed oocytes (Han et al., 2005). WEE2 and MYTI
kinases synergistically maintain meiotic arrest in mouse oocytes (Oh
et al., 2010). Moreover, WEE2 is an exclusively nuclear protein
whereas MYT| exhibits both cytoplasmic and nuclear localization.
Before GVBD, CDC25B translocation, which depends on a decline
in cAMP concentration (see below), precedes the partial WEE2
nuclear extrusion promoted by CDKI (Oh et al., 2010). Although
CCNBI (together with CDKI) is mainly cytoplasmic in GV-intact
oocytes (Marangos and Carroll, 2004; Reis, et al., 2006), based on
published data from both mouse oocytes (Marangos and Carroll,
2004) and somatic cells (Hagting et al., 1998; Toyoshima et al.,
[998; Yang et al., 1998), we believe that the cytoplasmic localization
of CCNBI is a result of the rapid nuclear export and slow nuclear
import (CCNBI cytoplasmic-nuclear shuttle). Therefore, nuclear
WEE2 should prevent nuclear CDKI activation at GV-stage.

In summary, the decision to resume meiosis is regulated at the level
of CDK kinase activity that in turn is regulated by a balance between

CDC25A and CDC25B phosphatase activities and WEE2 and MYT |
kinases activities (Fig. |A). Localization of these important molecules
plays a critical regulatory role for prophase | arrest. We propose
that cytoplasmic CDC25B activity is likely counteracted by MYTI,
whereas nuclear CDC25A action is blocked by nuclear WEE2.
Before GVBD translocation of both CCNBI and CDC25B to the
nucleus permits an increase in the activity of the CDC25 that ulti-
mately results in an increase in CDKI activity that is further amplified
by CDKI-mediated loss of nuclear WEE2.

Cyclic adenosine
monophosphate

After acquisition of meiotic competence (early antral follicle stage), the
cell cycle block at prophase | (GV arrest) is maintained by a high level
of cAMP via the cAMP-dependent protein kinase, protein kinase A
(PKA) (Bornslaeger et al., 1986, 1988; Horner et al., 2003). Meiotically
incompetent oocytes do not resume meiosis presumably because they
do not contain sufficient concentrations of regulatory proteins such as
CDKI and CCNBI (Mitra and Schultz, 1996; Kanatsu-Shinohara et al.,
2000) that are essential for meiosis resumption (Mehlmann et al.,
2002, 2004).

In mouse oocytes, cAMP is produced mainly by adenylate cyclase 3
(ADCY3) because ADCY3-deficient oocytes resume meiosis within
the follicle when oocytes become competent to resume meiosis
(Horner et al, 2003). Production of cAMP and meiotic arrest
depends on oocytes expressing stimulatory subunits of the trimeric
G-protein (Gs) (Mehlmann et al., 2002), whose activity is stimulated
by the G-protein coupled receptor 3 (GPR3) (Mehlmann et dl.,
2004; Hinckley et al., 2005; Norris et al., 2007). The central function
of cAMP produced in oocytes to maintain meiotic arrest (Fig. 2) was
clearly documented by generating mouse oocytes defective in both
cAMP synthesis and degradation (GPR3™/~; PDE3A™"") (Vaccari
et al, 2008). Oocytes derived from PDE3A-deficient mice do not
resume meiosis either after an LH surge or spontaneously when
placed in culture (Masciarelli et al., 2004), i.e. PDE3A is the essential
PDE isoform required to promote the cAMP decrease that initiates
resumption of meiosis. Depletion of GPR3, a major oocyte
G-protein coupled receptor, results in spontaneous resumption of
meiosis of oocytes enclosed in antral follicles (Mehlmann et al.,
2004). Depleting both of GPR3 and PDE3A genes allows the same
level of spontaneous meiosis resumption in vivo as depletion of
GPR3 alone (Vaccari et al., 2008), and microinjection of inhibitory
Gs antibody into follicle-enclosed oocytes induces resumption of
meiosis (Mehlmann et al., 2002). These results strongly implicate
that cAMP produced directly in oocytes is essential and sufficient for
meiotic arrest at prophase | and that cAMP supplied from surrounding
cumulus cells and entering the oocyte via the heterologous gap junc-
tions between cumulus cells and oocytes (Dekel et al., 1981) is not
required for maintenance of meiotic arrest as previously proposed
(Dekel et al., 1981).

Protein kinase B (PKB or AKT) is also involved in resumption of meiosis
(Kalous et al., 2006), possibly by phosphorylating PDE3A and thereby
potentiating PDE3A activity (Han et al., 2006). These findings raise the
question as to what activates PKB during resumption of meiosis. The
mechanism of PKB activation in mouse oocytes, however, is not
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Figure | CDKI and its regulators during resumption of meiosis. (A) Inhibition of CDKI during prophase | arrest and CDKI activation during
resumption of meiosis. (B) Localization of cyclin B (CCNBI), phosphatases CDC25A and CDC25B, kinases WEE2 and MYT | during prophase |
arrest and CDC25B and CCNBI nuclear translocation and partial WEE2 nuclear extrusion shortly before GVBD. The dependency of the changes

in localization of cAMP and CDKI is marked.

understood but may be linked to the ability of high levels of cAMP to
inhibit PKB activity (Kim et al, 2001). The maturation-associated
decrease in cAMP could be a mechanism that reinforces PKB activation,
but is unlikely to account for its initial activation.

Consistent with a central role for cAMP to maintain meiotic arrest
through the action of PKA is that (i) microinjection of the heat-stable
PKA inhibitor into oocytes induces resumption of meiosis when
oocytes are cultured under conditions that normally maintain concen-
trations of cAMP that inhibit spontaneous maturation in vitro and (ii)
microinjection of the catalytic subunit of PKA inhibits spontaneous

maturation in vitro (Bornslaeger et al., 1986). The action of PKA
appears spatially restricted because microinjection of oocytes cul-
tured in the presence of competitive PDE inhibitor 3-isobutyl-1-
methylxanthine-containing medium with peptide H3 1, which disrupts
association of A-kinase anchor proteins (AKAPs) with regulatory sub-
units of PKA, induces resumption of meiosis (Newhall et al., 2006).
However, oocytes from AKAP/-deficient mice have a significantly
lower ability to resume meiosis in vivo (Newhall et al., 2006) suggesting
that other AKAPs are involved in regulating PKA during GV arrest
(Newhall et al., 2006; Webb et al., 2008).
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Figure 2 Effect of genetic disruption of molecules involved in oocytes cAMP production (GPR3 or ADCY3) or cAMP destruction (PDE3A) on the
maintenance of prophase | arrest at oocytes in early antral follicles and during LH-induced resumption of meiosis, respectively.

Two PKA substrates, CDC25B and WEE?2, provide a link between
cAMP and inhibition of CDKI activity that is required to maintain
meiotic arrest (Fig. |A). PKA-mediated phosphorylation of CDC25B
on Ser-321 in GV-stage oocytes generates a binding site for a
[4-3-3 protein (Pirino et al., 2009) that retains CDC25B in the cyto-
plasm and thereby inhibits its function (Zhang et al., 2008; Pirino et dl.,
2009). What remains unresolved is how CDC25A activity is inhibited.
Although inhibition of prophase | CDC25A activity may somehow be
linked to PKA activity, CDC25A may already be fully active in pro-
phase | oocytes but by being sequestered within the GV CDC25A
cannot interact with the cytoplasmically localized CDKI-CCNBI
complex (Fig. IB). Just prior to GVBD, all of these central components
required for maturation—CDK|, CCNBI, CDC25A and CDC25B—
become localized in the nucleus.

WEE2 is the other PKA substrate. Phosphorylation of WEE2 by
PKA potentiates the activity of WEE2, thereby enhancing its ability
to inhibit CDKI activity (Han et al., 2005). The combined action of
these two PKA substrates, inhibiting CDC25B and activating WEE2,
likely insures that CDKI activity remains inhibited in prophase |-
arrested oocytes until that inhibition is overcome in response to hor-
monal signals in vivo or the inability of oocytes to maintain inhibitory
concentrations of cAMP following release from their follicle.

Protein tyrosine phosphatase non-receptor type |3 (PTPNI3) is
another potential PKA substrate that could function as a positive reg-
ulator in resumption of meiosis; PTPNI3 is inhibited by PKA phos-
phorylation. Studies using Xenopus oocytes provide evidence for a
role of PTPNI3 in resumption of meiosis (Nedachi and Conti,
2004), e.g. siRNA-mediated targeting of PTPNI3 mRNA inhibits
progesterone-induced maturation. Although PTPNI3 is expressed in
mouse oocytes, it is unlikely involved in meiosis because mice carrying

a mutation of PTPN I3 that leads to loss of phosphatase activity are
fertile (Wansink et al., 2004).

PDE3A-dependent hydrolysis of cAMP produces AMP, which in
turn stimulates the activity of the AMP-activated protein kinase
(AMPK). Both pharmacological activation and microinjection of a con-
stitutively active AMPK induces resumption of meiosis in oocytes cul-
tured dbcAMP-containing medium that normally inhibits
spontaneous maturation in vitro (Chen et al., 2006). Moreover,
pharmacological inhibition of AMPK significantly delays both amphire-
gulin (AREG)-induced (Chen and Downs, 2008, and see below) and
spontaneous oocyte maturation (Chen et al., 2006). The AMPK sub-
strates that mediate these effects, however, have not been identified.
Whether the hydrolysis of cAMP (whose intracellular concentration is

in

~ | wM) that leads to resumption of meiosis actually results in an
increase in intracellular AMP concentration sufficient to activate
AMPK has not been established.

Taken together, these data indicate that endogenously produced
cAMP is essential to maintain prophase | arrest. Such endogenously
generated cAMP activates PKA that in turn inhibits the action of
CDC25B and potentiates the activity of WEE2. Prior to resumption
of meiosis as evidenced by GVBD, the decrease in cAMP that
occurs during the commitment period results in translocation of
CDC25B and CCNBI to the nucleus and a decrease in WEE2
kinase activity. Furthermore, the initial increase in CDKI activity
fosters a partial loss of WEE2 from the nucleus that permits
further activation of CDKI such that the threshold for CDKI
activity necessary to promote GVBD is surpassed. Critical to this
mode of regulation is the localization of CDKI-CCNBI,
CDC25A and CDC25B in the nucleus and partial loss of nuclear
WEE2 shortly before GVBD.
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APC-CDHI-dependent
regulation of CCNBI level

In mitosis entry into anaphase is triggered by the rapid destruction of
CCNBI and securin (pituitary tumour-transforming |, PTTGI). This
decline is initiated by E3 polyubiquitin ligase APC that it is activated
in early anaphase by CDC20 and in late anaphase and mainly in
Gl-phase by CDHI. APC-CDHI drives destruction of other
mitotic molecules including CDC20, Aurora kinases A and B
(AURKA and AURKB) and Polo-like kinase | (PLKI). The APC-
mediated degradation of CCNBI leads to a decline in CDKI activity
and destruction of PPTGI, which in turn allows full activation of Separ-
ase (extra spindle poles-like |, ESPLI), a protease that cleaves REC8
and thus is required for proper chromosome segregation. Until all of
the chromosomes are correctly attached to the mitotic spindle, APC—
CDC20 function is inhibited by spindle assembly checkpoint (SAC)
[reviewed in (van Leuken et al., 2008)].

In prophase | oocytes APC—CDH |-mediated CCNBI degradation
prevents CCNBI from accumulating and activating CDKI (Fig. 3).
When CDHI is down-regulated by a morpholino oligonucleotide,
about one-third of the oocytes resume meiosis in the presence of a
PDE3A inhibitor (Reis et al., 2006). APC—CDH| activity in prophase
| arrested oocytes is stimulated by BUBRI, a protein kinase known
mainly for its critical role in the SAC and in oocytes stabilizes the
amount of CDHI protein (Homer et al., 2009). Recently, it was dis-
covered that in prophase | arrested oocytes APC—CDH |-mediated
CCNBI destruction is higher in the nucleus than in the cytoplasm.
Nuclear APC—-CDHI-dependent proteasomal activity would
thereby prevent CCNBI accumulation in the nucleus, a step that pre-
cedes and is essential for GVBD (Holt et al., 2010). APC—CDHI
activity is inhibited by CDK phosphorylation, which generates a posi-
tive feedback loop, i.e. an increase in CDKI activity inhibits APC—
CDHI activity that results in CCNBI accumulation and a concomitant
increase in CDKI activity. The CDCI4B phosphatase expressed in
mouse oocytes counteracts this phosphorylation and prevents prema-
ture CCNBI accumulation and precocious resumption of meiosis by
maintaining APC—CDH| activity in GV-stage oocytes. Such a critical

L
resumption
- — . > of me?osis
AT \

Figure 3 Regulation of anaphase-promoting complex with CDH|
co-activator (APC—CDH) during prophase | arrest. Molecules inhi-
biting resumption of meiosis are in red and those stimulating resump-
tion of meiosis are green. PTTGI, pituitary tumour-transforming gene
(securin); CDCI4B, phosphatase; EMII, early mitotic inhibitor I;
CCNBI, cyclin B; BUBRI, cell cycle spindle check point protein
kinase.

role for CDCI4B in regulating maturation comes from the finding
that RNAi-mediated CDCI14B down-regulation induces resumption
of meiosis of oocytes in the presence of PDE inhibitors and that over-
expressing CDC14B delays spontaneous resumption of meiosis in vitro
(Schindler and Schultz, 2009).

Too high of a level of APC—CDHI activity should inhibit resump-
tion of meiosis even when the maturation-associated decrease in
cAMP occurs or is experimentally induced because CCNBI will not
be able to accumulate and activate CDKI. Prophase | arrested
oocytes express early mitotic inhibitor | (EMII) that suppresses
APC—CDHI activity. As anticipated, EMI|I down-regulation results
in a delay of GVBD onset whereas over-expression of EMI| acceler-
ates the onset of GVBD (Marangos et al., 2007). GV-stage oocytes
also contain other APC—CDHI substrates, such as PTTGI| and
CDC20, whose stability is modulated by APC—CDHI (Reis et dl.,
2006, 2007). Although PTTGI is an ESPLI (separase) inhibitor and
prevents premature chromosome segregation, PTTGI also plays a
role in prophase | arrest by serving as a substrate for—and thereby
competing with CCNB|—APC-mediated degradation. For example,
down-regulation of PTTGI delays resumption of meiosis and over-
expression of PTTGI permits resumption of meiosis even in the pres-
ence of inhibitory concentrations of cAMP (Marangos and Carroll,
2008).

The APC—-CDHI complex clearly plays a role in maintaining
meiotic arrest by preventing accumulation of CCNBI; it is well estab-
lished that accumulation of CCNBI following GVBD is essential for
progression to metaphase |. Nevertheless, protein synthesis is not
essential for the initial activation of CDKI and GVBD, at least
during in vitro maturation of mouse oocytes (Polanski et al., 1998;
Ledan et al, 2001). An interesting but unanswered question is
whether a decrease in APC—CDHI activity precedes GVBD and
whether modulation of activities of its regulators, e.g. CDCI4B,
occurs during this time. After GVBD the situation is clearer when
CDC20, rather than CCNBI and PTTGI, is the preferred substrate
and thereby permits accumulation of CCNBI and PTTGI. This
finding, coupled with an increase in CDKI and CDHI degradation
during this time, which attenuates APC—-CDHI destruction of
CCNBI (and PTTGI) ensures an irreversible progression into Ml
(Reis et al., 2007). Taken together, prophase | arrest is maintained
by high cAMP levels that ensure inhibitory CDKI phosphorylation
and an active APC—CDHI that prevents unwanted CCNBI accumu-
lation. Whether cAMP levels also control APC—-CDHI activity
remains unanswered.

Other mitotic kinases

Mitotic entry is regulated not only by CDKI but also by other protein
kinases such as AURKA and PLKI. In somatic cells AURKA activates
PLKI and promotes mitotic entry (Macurek et al., 2008; Seki et al.,
2008). PLKI-catalyzed phosphorylation of WEEI triggers VVEEI
degradation (Watanabe et al., 2005) whereas PLK|-mediated phos-
phorylation of MYTI inhibits MYT| kinase activity (Nakajima et al.,
2003). PLKI phosphorylation of CDC25C (Toyoshima-Morimoto
et al., 2002) or CDC25B (Lobjois et al., 2009) [reviewed in (Lindqvist
et al., 2009)] promotes translocation of these protein phosphatases
from the cytoplasm to nucleus. AURKA-dependent phosphorylation
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of centrosomally located CDC25B also contributes to entry into
mitosis (Dutertre et al., 2004).

Because CDC25B plays a central role in resumption of meiosis and,
AURKA and PLKI potentiate CDC25B activity (see above), we
explored whether AURKA or PLKI are involved in the resumption
of meiosis. Using an RNAi approach, we noted that down-regulation
of AURKA protein blocks resumption of meiosis in a small but signifi-
cant fraction of oocytes. On the other hand AURKA over-expression
does not overcome the cAMP-mediated prophase | block (Saskova
et al., 2008). Our recent data (Fig. 4A) show a delay of about
45 min in the onset of GVBD when AURKA is inhibited with
MLN8054, a small-molecule inhibitor of AURKA (Hoar et al., 2007).
Interestingly, pharmacological inhibition of PLKI (Lenart et al., 2007)
delays the onset of GVB by about 90 min. In contrast to somatic
cells (Lobjois et al., 2009), PLKI inhibition does not block CDC25B
nuclear translocation (Fig. 4B). Inhibiting both AURKA and PLKI has
the same effect on the kinetics of GVBD as inhibiting PLK| alone.
These data demonstrate that although both AURKA and PLKI are
involved in the signalling pathway that drives the initial activation of
CDKI and resumption of meiosis, their function is not absolutely
essential for resumption of meiosis and that it is highly unlikely that
AURKA triggers entry into meiosis | in mouse oocytes.

Resumption of meiosis versus
checkpoint recovery

As described above, resumption of meiosis is often compared with the
G2-M transition in somatic cells. Nevertheless, it is essential to dis-
tinguish the molecular mechanisms that govern mitotic entry of continu-
ously proliferating cells and checkpoint recovery (cell cycle resumption)
from the G2-arrest induced by DNA damage (Lindqvist et al., 2009).
Cells exposed to genotoxic stress (e.g. double strand DNA breaks,
DSBs) prior to entry into mitosis activate a G2-checkpoint that delays
mitotic entry in the presence of unrepaired DNA lesions. The critical
components of checkpoint signalling are activation of phosphoinositide
3-kinase related kinases ATM and ATR. These sensor kinases then acti-
vate the effector kinases CHK2 and CHKI, respectively (Bartek and
Lukas, 2007). Among the CHKI and CHK2 substates are the CDC25
phosphatases, whose phosphorylation by CHK1/2 leads to CDC25A
degradation and inhibition of CDC25B and C (Donzelli and Draetta,
2003). CDCI4B activation is also a critical component of the
G2-checkpoint. CDCI14B activates APC—CDHI that leads to degra-
dation of PLK | that would otherwise target Skp, Cullin, F-box containing
complex (SCF)-dependent WEEI and Claspin (CHKI co-activator)
destruction (Bassermann et al., 2008).

G2-arrest in somatic cells induced by DSBs is associated with acti-
vation of the kinase ATM in the presence of damaged DNA. During
development in the fetal ovary, recombination naturally leads to
dsDNA breaks in oocytes at early stages of prophase |. Processing
and repairing these natural DNA lesions also requires ATM; ATM-
deficient female mice are completely infertile due to meiotic problems
at prophase | that results in severe oocyte loss as a response to unre-
paired DSBs (Barlow et al., 1998; Di Giacomo et al., 2005).

Meiotic dsDNA breaks are initiated by SPO | |.. Although oocytes from
SPO [ | -deficient mice exhibit prophase | arrest they die during postnatal
development (Di Giacomo et al., 2005). This finding suggests that normal

oocyte development and reproduction are intimately connected with
dsDNA breaks and DNA repair but uncoupled temporally with when
the phenotype becomes manifest (Jackson and Bartek, 2009). Moreover,
both prophase | arrested oocytes and G2-arrested somatic cells must
resume the cell cycle at an appropriate time for future development.

G2-arrest in somatic cells depends on the action of CDCI4B and
APC-CDHI, both of which are essential for the prophase | arrest
of mouse oocytes (Reis et al., 2006; Schindler and Schultz, 2009).
Interestingly, in normal somatic cells that have not suffered DNA
damage CDCI4B is sequestered in the nucleolus, but following
DNA damage CDCI4B leaves the nucleolus and is presumably
active (Bassermann et al., 2008). In prophase | arrested oocytes
CDCI4B is not localized in the nucleus suggesting that it may be
active (Schindler and Schultz, 2009). Moreover, after DNA damage
repair cell cycle resumption of somatic cells requires PLK| and
CDC25B (Lincoln et al., 2002). For normal mitotic entry CDC25B
(Lincoln et al., 2002; van Vugt et al., 2004; Lindqyvist et al., 2005) or
PLKI (van Vugt et al., 2004) are dispensable, whereas resumption
of meiosis requires CDC25B (Lincoln et al., 2002).

Protein phosphatase | (PPPI) and protein phosphatase 2A (PPP2)
are involved in resumption of meiosis and G2-checkpoint recovery.
Okadaic acid (OA), a PPPI and PPP2 inhibitor, induces resumption
of meiosis of oocytes cultured in the presence of a PDE inhibitor
(Alexandre et al., 1991; Gavin et al., 1991; Schwartz and Schultz,
[991). OA also overrides G2-checkpoint and induces premature
mitotic entry in human cancer cells (Ghosh et al., 1996). Exogenous
HOXI I, an orphan homeobox gene, which can interact with and
inhibit PPPI and PPP2, induces resumption of meiosis of Xenopus
oocytes and overrides infra-red radiation induced G2-checkpoint in
Jurkat T-cells (Roberts et al., 1994). How PPPs are regulated during
resumption of meiosis and checkpoint recovery is not well under-
stood. Around the time of GVBD CDKI catalyzes an inhibitory phos-
phorylation of PPPI on T320. Nevertheless, inhibiting PPPI
overcomes the GV-stage block by the CDK inhibitor roscovitine,
demonstrating an ability of PPP| to induce GVBD in the absence of
CDKI activity (Swain et al., 2003). Similarly, OA can induce premature
mitotic entry independent of CDKI activity in Hela cells (Ghosh et al.,
1998). Greatwall kinase (GWL) inactivates PPP2 in Xenopus egg
extracts (Castilho et al., 2009) but activates CDC25 phosphates in
Xenopus oocytes (Zhao et al., 2008). These data implicate GWL for
initiation of M-phase entry by inhibiting PPP2 and inducing CDC25
activities that lead to CDKI activation. Recently published whole
genome screening (Neumann et al, 2010) identified microtubule
associated serine/threonine kinase-like (MASTL) protein, a mamma-
lian GWL orthologue, as a critical player for normal mitosis pro-
gression in Hela cells. Whether MASTL is involved in resumption of
meiosis and G2-checkpoint recovery remains to be established.

We propose that prophase | arrest and resumption of meiosis are
more similar to G2-arrest induced by DSBs in somatic cells and the
checkpoint recovery than to a normal G2-M transition that occurs
in proliferating cells, a view that differs markedly from what has
been previously proposed. If correct, the molecular details that are
unmasked to govern meiotic prophase | arrest may be directly relevant
to understanding the mitotic G2-checkpoint, and vice-versa, despite
some differences between G2-arrest in somatic cells and prophase |
arrest in  oocytes. For example, the principle target for
CDCI4B-APC/CDHI in somatic cells is PLKI and not CCNBI



660

Solc et al.

A
100%
80%
60% H control
o MLN+BI
40% - B MLN
= Bl
20% -
0% -
1h 1.5h
B

control

BI2536

Figure 4 Role of AURKA and PLKI during resumption of meiosis. (A) Effect of pharmacological inhibition of AURKA by MLN8054 (Hoar et al.,
2007) and PLK| by BI2536 (Lenart et al., 2007) on the kinetics of GVBD. The indicated times are in hours, and ON indicates that the oocytes were
cultured overnight for 18 h. (B) PLKI is not responsible for nuclear CDC25B translocation. Shown are oocytes expressing a small amount of exogen-
ous GFP-CDC25B. In the control group and experimental group, in which PLK| is inhibited with BI2536, shortly before GVBD there is a clear trans-
location of CDC25B to the nucleus. Note that in prophase | arrested oocytes with a high cAMP level that CDC25B is strictly cytoplasmic (Fig. |B).

(Bassermann et al., 2008), whereas in mouse oocytes the primary
target appears to be CCNBI (Reis et al., 2006; Schneider and Wolf,
2009). On the other hand, PLKI is essential for G2-checkpoint recov-
ery (van Vugt et al., 2004; Macurek et al., 2008) but for resumption of
meiosis PLK| is dispensable but can enhance the process.

Epidermal growth factor-like
signalling and resumption of
meiosis in vivo

Resumption of meiosis is triggered in vivo by LH surge (Neal and
Baker, 1975; Lei et al., 2001). LH receptor (LHR) expression,

however, is restricted to mural granulosa and thecal-interstitial cells,
and neither oocytes nor their associated cumulus cells express detect-
able LHR (Peng et al., 1991). Therefore, a signalling pathway must exist
in which a signal(s) originating in LHR-expressing cells acts on
non-LHR-expressing cells.

LH induces expression of epidermal growth factor (EGF) like factors
AREG, epiregulin (EREG) and betacellulin (BTC) in LHR-bearing mural
granulosa cells. AREG and EREG mRNAs expression proceeds GVBD
in vivo, whereas BTC expression is detected 3 h after the LH surge at
which time the majority of oocytes have already undergone GVBD.
These results, coupled with the observation that either AREG or
EREG is more effective than BTC in inducing meiotic maturation in cul-
tured intact follicles strongly implies that BTC is not the primary
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signalling molecule synthesized in response to LH, but rather this role
is executed by AREG/EREG (Park et al., 2004). Consistent with this
latter proposal is that oocytes from both AREG and EREG KO mice
display a significant delay in the onset of meiotic maturation after
the LH/hCG surge in vivo (Hsieh et al., 2007).

EGF-like growth factors are produced as transmembrane precur-
sors that are cleaved at the cell surface of expressing cells by extra-
cellular proteases. The released soluble growth factors then act in
an endocrine, paracrine or autocrine fashion. These factors bind to
tyrosine-kinase epidermal growth factor receptor (EGFR) on the
target cells and activate multiple intracellular signalling pathways
(Schneider and Wolf, 2009). Further evidence for involvement of
this signalling pathway in resumption of meiosis in vivo is that LH/
hCG-induced resumption of meiosis is strongly inhibited in
AREG™’~ EGFR"™™2 mice. Furthermore, the observation that
oocytes isolated from AREG ™/~ EGFR"*?"*®2 mice resume meiosis
spontaneously in vitro with the same kinetics as controls indicates
that they are meiotically competent (Hsieh et al., 2007). Taken
together, these data provide the foundation for the model (Fig. 5) in
which LH induces expression of AREG and EREG in mural granulosa
cells and these diffusible factors trigger EGFR signalling in the
cumulus cells leading to resumption of meiosis.

Mitogen-activated protein kinase (MAPK) signalling in granulosa cells
is also an essential part of the events downstream from activation of
the EGFR (Fan et al., 2009). Mice deficient in MAPKs (ERKI and
ERK2, ERK1/2 gc~ /) only in granulosa cells are completely infertile
because oocytes do not resume meiosis and ovulate in vivo, even after
exogenous hormone treatment. Nevertheless, oocytes from these
mice undergo GVBD and reach metaphase Il when cultured in vitro.
Further evidence that EGF-like signalling in cumulus cells relies on
ERKI and ERK2 is derived from experiments in which addition of
AREG overcomes hypoxanthine-mediated inhibition of maturation of
oocytes in oocyte—cumulus cell complexes from wild-type, but not
from ERK /2 g™/~ mice (Fan et al., 2009).

LH surge pituitary gland
AREG and EREG expression mural granulosa cells
MAPK activation cumulus cells

|

resumption of meiosis

oocyte

Figure 5 Schematic diagram depicting signalling pathway in the fol-
licle after LH peak leading to the resumption of meiosis in oocytes.
AREG, amphiregulin; EREG, epiregulin; MAPK, mitogen-activated
protein kinase.

The remaining question is the nature of the link between EGFR and
MAPK activation in the cumulus cells and the meiotic resumption in
oocytes. The answer appears to be that cGMP from the somatic com-
partment (cumulus cells) diffuses into the oocyte via the heterologous
gap junctions coupling the two cell types where it inhibits PDE3A
activity (Norris et al., 2009; Vaccari et al., 2009). It seems unlikely
that cGMP works by activating PKG because pharmacological inhi-
bition of PKG has no effect on oocyte maturation (Wang et dl.,
2008). After the LH peak, cGMP level decreases in both the
somatic compartment and oocyte (Norris et al., 2009; Vaccari et dl.,
2009). The cGMP decrease in oocytes, which may be in response
to MAPK-dependent of gap-junction
between cumulus cells via phosphorylation of connexin 43, would
then result in an increase in PDE3 activity in oocytes (Norris et al.,
2009). Because LH-induced signalling does not terminate
GPR3-Gs-AC signalling (Norris et al., 2007), i.e. the ability of the
oocyte to generate endogenous cAMP, the increase in PDE3A activity
is likely sufficient to promote the maturation-associated decrease in
oocyte cAMP that occurs during the period of time when oocytes
with an intact GV become committed to resume meiosis (Schultz
et al., 1983). The proposed model is consistent with the observation
that pharmacologically inducing gap-junction closure results in spon-
taneous resumption of meiosis of follicle-enclosed oocytes both
matured in vitro or in vivo (Sela-Abramovich et al., 2006).

In light of this new model, there are conflicting results obtained
using 8-Br-cGMP, a membrane-permeable cGMP analog or Sildenafil,
an inhibitor of phosphodiesterase 5 that is probably responsible for
cGMP destruction in cumulus cells (Vaccari et al., 2009). Bu et al.
(2004) suggest that 8-Br-cGMP significantly inhibits resumption of
meiosis in both denuded oocytes or in cumulus cell-enclosed
oocytes. On the other hand, Hubbard and Terranova (1982) demon-
strated an inhibitory effect of 8-Br-cGMP only on cumulus
cell-enclosed oocytes suggesting that this effect is mediated indirectly
by the cumulus cells. Recently, one report documented an inhibitory
effect of Sildenafil on LH-induced resumption of meiosis of in vitro cul-
tured follicle-enclosed oocytes, but no effect was observed on spon-
taneous resumption of meiosis of either denuded oocytes or cumulus
cell-enclosed oocytes (Vaccari et al., 2009). In contrast, a recent study
noted an inhibitory reversible effect of Sildenafil on spontaneous
resumption of meiosis of cumulus cell-enclosed oocytes (Wang
et al., 2008).

Despite these apparently conflicting data, cGMP is most likely a
critical component required to maintain prophase | arrest and does
so by interacting with the cAMP signalling pathway. Future work
using genetic models will be essential to dissect out precisely the
relationships between ¢cGMP, cAMP and EGF-like signalling during
resumption of meiosis.

closure communication

Future directions

Meiotic prophase | arrest and resumption of meiosis are functionally
similar to the G2-checkpoint arrest and recovery from it in somatic
cells but many questions remain, including whether changes in
APC—CDHI activity are connected to resumption of meiosis,
whether the cAMP decrease is directly responsible for activation of
CDC25 phosphatases, and whether these phosphatases are also
directly activated by others kinases, such as PKB, AURKA or PLKI.
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These questions are challenging, but given the remarkable progress
that has been made in the past decade, there is much hope that
answers will be forthcoming.
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