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The meiotic cell cycle of mammalian oocytes starts during embryogenesis and then pauses until lutei-
nizing hormone (LH) acts on the granulosa cells of the follicle surrounding the oocyte to restart the cell
cycle. An essential event in this process is a decrease in cyclic GMP in the granulosa cells, and part of the
cGMP decrease results from dephosphorylation and inactivation of the natriuretic peptide receptor 2
(NPR2) guanylyl cyclase, also known as guanylyl cyclase B. However, it is unknown whether NPR2 de-
phosphorylation is essential for LH-induced meiotic resumption. Here, we prevented NPR2 dephos-
phorylation by generating a mouse line in which the seven regulatory serines and threonines of NPR2
were changed to the phosphomimetic amino acid glutamate (Npr2–7E). Npr2–7E/7E follicles failed to
show a decrease in enzyme activity in response to LH, and the cGMP decrease was attenuated; corre-
spondingly, LH-induced meiotic resumption was delayed. Meiotic resumption in response to EGF re-
ceptor activation was likewise delayed, indicating that NPR2 dephosphorylation is a component of the
pathway by which EGF receptor activation mediates LH signaling. We also found that most of the NPR2
protein in the follicle was present in the mural granulosa cells. These findings indicate that NPR2 de-
phosphorylation in the mural granulosa cells is essential for the normal progression of meiosis in re-
sponse to LH and EGF receptor activation. In addition, these studies provide the first demonstration that a
change in phosphorylation of a transmembrane guanylyl cyclase regulates a physiological process, a
mechanism that may also control other developmental events.

& 2015 Published by Elsevier Inc.
1. Introduction

Meiosis in mammalian oocytes begins during embryonic de-
velopment and is paused at prophase until, beginning at puberty,
luteinizing hormone (LH) that is secreted from the pituitary gland
during each reproductive cycle acts on the ovarian follicle to re-
lease the arrest. In the preovulatory follicle, meiotic arrest is
maintained by cGMP that is produced outside of the oocyte, in the
granulosa cells surrounding it; cGMP diffuses into the oocyte
through gap junctions (Norris et al., 2009; Vaccari et al., 2009;
Zhang et al., 2010; Shuhaibar et al., 2015). In the oocyte, cGMP acts
by inhibiting the cAMP phosphodiesterase PDE3A, resulting in a
high level of cAMP that maintains the CDK1 kinase in a phos-
phorylated and inactive form, thus inhibiting the prophase-to-
metaphase transition (Conti et al., 2012; Holt et al., 2013). LH
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signaling induces meiotic resumption by lowering cGMP in the
granulosa cells and, as a consequence of equilibration through gap
junctions, decreases cGMP in the oocyte (Norris, et al., 2009;
Vaccari et al., 2009; Liu et al., 2014; Shuhaibar et al., 2015). Thus
cAMP in the oocyte decreases and meiosis resumes, initiating the
series of events by which chromosomes segregate in preparation
for fertilization (Schuh and Ellenberg, 2007).

cGMP in the follicle is produced by natriuretic peptide receptor
2 (NPR2), also known as guanylyl cyclase B, which is expressed in
both the mural granulosa and cumulus cells, but not in the oocyte
or in the theca cells surrounding the follicle (Jankowski et al., 1997;
Zhang et al., 2010; Tsuji et al., 2012; Geister et al., 2013). Based on
studies of mutant mice with defective NPR2, it has been estab-
lished that NPR2 is essential for maintaining meiotic arrest (Zhang
et al., 2010, 2011; Tsuji et al., 2012; Geister et al., 2013). NPR2 is
also essential for other developmental processes including chon-
drocyte differentiation (Tamura et al., 2004; Bartels et al., 2004)
and axon bifurcation (Ter-Avetisyan et al., 2014). It is not well
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Fig. 1. Diagram of the NPR2 guanylyl cyclase showing the 7 serine and threonine
phosphorylation sites that were changed to glutamates (E) in the Npr2–7E mice.
Binding of CNP (green) to the extracellular domain and phosphorylation of 7 serine
or threonine residues (red) increase catalytic activity. Dephosphorylation of these
regulatory sites decreases catalytic activity; the 7E mutations result in a protein
that cannot be dephosphorylated. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)
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understood for any of these processes how other regulators, such
as hormones and growth factors, are coordinated with NPR2 reg-
ulation, but recent studies of ovarian follicles have begun to
identify these mechanisms (Egbert et al., 2014; Liu et al., 2014).

NPR2 is a homo-oligomeric transmembrane protein, probably a
dimer, that is activated by C-type natriuretic peptide (CNP). NPR2
consists of an extracellular CNP-binding domain, a single-mem-
brane spanning region, a juxtamembrane regulatory region, a ki-
nase homology domain, a dimerization domain, and a guanylyl
cyclase catalytic domain (Potter, 2011) (Fig. 1). Phosphorylation of
serine and threonine sites in the juxtamembrane domain and the
beginning of the kinase homology domain is required for CNP-
dependent activation of NPR2, and dephosphorylation is a me-
chanism of inactivation (Potter and Garbers, 1992; Potter, 1998,
2011; Yoder et al., 2010, 2012).

LH activates a G-protein coupled receptor in the outer (mural)
granulosa cells (Wang and Greenwald, 1993; Bortolussi et al., 1977;
Hunzicker-Dunn and Mayo, 2015), and this leads to dephos-
phorylation and inactivation of NPR2 by 10 min after LH exposure,
thus reducing cGMP production in mouse and rat follicles
(Robinson et al., 2012; Egbert et al., 2014). The dephosphorylation
persists for at least 4 h, even if LH is washed out after a brief ex-
posure (Egbert et al., 2014; Fig. S1). More slowly, between one and
2 h after LH exposure, levels of the NPR2 agonist CNP begin to
decrease, presumably further lowering NPR2 activity (Kawamura
et al., 2011; Robinson et al., 2012; Tsuji et al., 2012; Liu et al., 2014).
In parallel with these events that decrease NPR2 activity, the cGMP
phosphodiesterase PDE5 becomes phosphorylated, which is likely
to increase its hydrolytic activity (Egbert et al., 2014). In addition,
LH signaling increases EGF receptor kinase activity, which by
means that are not understood, contributes to the cGMP decrease
and is essential for rapid resumption of meiosis in response to LH
(Park et al., 2004; Norris et al., 2010; Hsieh et al., 2011; Liu et al.,
2014).

The complexity of these processes raises the question of
whether NPR2 dephosphorylation is essential for LH-induced re-
sumption of meiosis. While a previous study showed that in-
hibiting NPR2 dephosphorylation with phosphatase inhibitors re-
duced the LH-induced decrease in guanylyl cyclase activity (Egbert
et al., 2014), other proteins would also have been prevented from
being dephosphorylated by the broad specificity phosphatase in-
hibitors. In particular, these inhibitors also act on phosphatases in
the oocyte, causing meiosis to resume independently of LH (Rime
and Ozon, 1990). Thus this approach did not provide information
as to whether the rapid dephosphorylation and inactivation of
NPR2 is essential for meiotic resumption in response to LH or EGF
receptor activation. Here we investigate these questions using a
genetically modified mouse in which the 7 juxtamembrane serine
and threonine residues in NPR2 are changed to glutamates in both
endogenous alleles encoding NPR2 (Npr2–7E/7E) (Fig. 1), such that
the enzyme behaves as if it is constitutively phosphorylated. Our
results indicate that dephosphorylation is necessary for NPR2 in-
activation, and for the rapid resumption of meiosis in response to
signaling by luteinizing hormone and the EGF receptor ligand
epiregulin.
2. Materials and methods

2.1. Mice, follicle culture, and microscopy

Generation of the Npr2–7E mouse line, globally expressing
7 glutamate substitutions, is described in the Supplementary
materials and methods and Fig. S2. The cGi500 mouse line was
provided by Robert Feil (Thunemann et al., 2013). Ovaries were
obtained from pre-pubertal mice (22–25 days old). All experi-
ments were conducted as approved by the University of Con-
necticut Health Center Animal Care Committee.

Antral follicles (�300–400 mm in diameter) were isolated using
fine forceps and were cultured for 24–30 h on Millicell organotypic
membranes before use, as described by Norris et al. (2008) except
that 3 mg/ml BSA was included in the culture medium in place of
serum. 10 ng/ml of follicle stimulating hormone was included in
the medium to stimulate follicle growth and expression of LH re-
ceptors. LH was used at a concentration of 10 mg/ml. Ovine LH and
ovine follicle stimulating hormone were obtained from A.F. Parlow
(National Hormone and Peptide Program, Torrance, CA). Epiregulin
(R&D Systems) was used at a concentration of 100 nM. For some
experiments, cumulus–oocyte complexes were isolated from the
cultured follicles, by slitting them with a 30 gauge needle. Oocytes
were isolated from cumulus–oocyte complexes by aspiration
through a glass pipet with an approximately 80 μm diameter
opening.

Observations of follicles on Millicell membranes were made
using a 20x/0.4 NA long-working distance objective. LH was ap-
plied to the medium in the dish holding the Millicell membrane,
and oocytes within follicles were observed for the presence or
absence of a nuclear envelope and nucleolus at 1-h intervals. At
8 and 12 h after LH application, the oocyte was not visible within
the follicle due to the secretion of extracellular matrix by the cu-
mulus cells; therefore follicles were opened to isolate and observe
the oocyte. Photographs were taken using a Canon EOS M camera.

2.2. Guanylyl cyclase activity assays

For guanylyl cyclase activity measurements, crude membranes
were prepared and assayed as previously described (Robinson and
Potter, 2011; Robinson et al., 2012). For each membrane prepara-
tion, 80–100 antral follicles from 5–8 Npr2–7E/7E or Npr2�þ/þ
mice were divided into 2 equal groups, and half were exposed to
LH for 20 min, before preparing and freezing membrane samples
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in phosphatase inhibitor buffer to preserve the phosphorylation
state of NPR2. Assays were performed in the presence of 1 mM CNP,
1 mM ATP, 1 mM GTP, and 5 mM MgCl2, or 1% Triton X-100, 1 mM
GTP, and 5 mM MnCl2, for 9 min at 37 °C. 0.5 mM IBMX was in-
cluded in the assay buffer to inhibit cyclic nucleotide phospho-
diesterase activity.

2.3. Western blotting and deglycosylation

Amounts of NPR2 protein were compared by western blotting,
using an antibody provided by Hannes Schmidt (Ter-Avetisyan
et al., 2014). To deglycosylate NPR2, 10 μg of follicle protein was
incubated with Peptide: N-glycosidase F (PNGase F, New England
BioLabs, Ipswich, MA) following the manufacturer's protocol. Im-
munodensities of western blot bands were determined using Im-
ageJ software (http://imagej.nih.gov/ij/).

2.4. cGMP measurement

To examine the effect of LH on cytosolic cGMP, mice expressing
the cGi500 sensor for cGMP (EC50¼500 nM) (Thunemann et al.,
2013) were bred with mice from the Npr2–7E line, to obtain mice
of either the Npr2–7E/7E or Npr2�þ/þ genotype, expressing one
copy of the cGi500 transgene. Follicles were imaged by confocal
microscopy in a 200 mm-thick glass-bottomed chamber, before
and after perfusion with LH (Shuhaibar et al., 2015). cGMP binding
to cGi500 decreases FRET between CFP and YFP, such that higher
CFP/YFP emission ratios after CFP excitation indicate higher cGMP
concentrations (Russwurm et al., 2007; Thunemann et al., 2013).
CFP and YFP images were collected every 30 s, and intensities in
the mural granulosa region were measured from a 25 mm-wide
band just inside the basal lamina.
Fig. 2. Prevention of the LH-induced decrease in CNP-dependent guanylyl cyclase activity
fromwild-type and Npr2–7E/7E follicles, without LH treatment. (B) CNP-dependent guan
with or without LH for 20 min. Data were normalized to the no LH value for each expe
activity in wild-type (po0.05), but not in Npr2–7E/7E follicles (NS). (C) Guanylyl cycl
parations as in (B), measured with 5 mM Mn2þ and 1% Triton X-100 in place of CNP, ATP,
wild-type and Npr2–7E/7E follicles were not significantly different, and neither activity v
membrane preparations.
2.5. Statistical analysis

Differences between treatment conditions were analyzed by
unpaired or paired t-tests, or by one-way ANOVA with the Tukey
adjustment for multiple comparisons, using Prism software
(GraphPad).
3. Results

3.1. NPR2 dephosphorylation in the mural granulosa cells is required
for the LH-induced decrease in guanylyl cyclase activity

To investigate if dephosphorylation of the 7 regulatory serines
and threonines of NPR2 is required for the LH-induced decrease in
guanylyl cyclase activity, we developed a genetically modified
mouse in which the 7 regulatory phosphorylation sites of NPR2 are
changed to glutamates, such that the enzyme behaves as if it is
constitutively phosphorylated. Using this mouse line, we com-
pared CNP-dependent NPR2 activity in wild-type and Npr2–7E/7E
follicles. In untreated follicles, NPR2 activity was the same for
wild-type and Npr2–7E/7E (Fig. 2A). However, while wild-type
follicles that had been treated with LH for 20 min showed an ap-
proximately 50% decrease in NPR2 activity (Fig. 2B, left), LH caused
no significant change in NPR2 activity in membranes from Npr2–
7E/7E follicles (Fig. 2B, right). These findings indicate that de-
phosphorylation of these regulatory serines and threonines of
NPR2 is necessary for the hormonal regulation of guanylyl cyclase
activity in the ovarian follicle.

To test if NPR2 protein levels were the same in Npr2–7E/7E and
wild-type follicles, we measured guanylyl cyclase activity in the
presence of 1% Triton X-100 and 5 mM MnCl2 (Fig. 2C), which
in Npr2–7E/7E follicles. (A) CNP-dependent guanylyl cyclase activity in membranes
ylyl cyclase activity in membranes fromwild-type and Npr2–7E/7E follicles, treated
riment. LH treatment significantly decreased the CNP-dependent guanylyl cyclase
ase activity in wild-type and Npr2–7E/7E follicles from the same membrane pre-
and Mg2þ , to determine the relative amounts of NPR2 protein. The activity levels in
alue changed in response to LH. For A–C, each value shows the mean7SEM for 4–5
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Fig. 3. Relative amounts of NPR2 protein in wild-type and Npr2–7E/7E follicles,
with and without LH, and within different regions of the follicle. (A) Western blot
indicating that the amount of NPR2 protein is the same in wild-type and Npr2–7E/
7E follicles, and is unchanged by a 20-min LH treatment. (B) Effect of glycosidase
treatment of follicle lysates, showing that the 2 immunoreactive bands correspond
to NPR2 with different amounts of glycosylation (Müller et al., 2010; Amano et al.,
2014). (C) Comparison of the immunodensity of NPR2 in 40 cumulus–oocyte
complexes (COCs) with that in amounts of lysate from 1 or 2 follicles, showing that
�3% of the NPR2 protein in a follicle is in the COC. Since Npr2 RNA is not detectable
in the theca cells or oocyte (Jankowski et al., 1997; Zhang et al., 2010; Tsuji et al.,
2012), this indicates that �97% of the NPR2 protein is in the mural granulosa cells.
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yields near maximal NPR2 guanylyl cyclase activity that is in-
dependent of CNP or phosphorylation (Potter and Hunter, 1998).
Based on these assays, as well as western blots (Fig. 3A and B),
neither the 7E mutations nor a 20 min LH treatment changed the
amount of NPR2 protein per follicle.

Although it is known that Npr2 RNA is present in both mural
granulosa and cumulus cells (Zhang et al., 2010, 2011; Tsuji et al.,
2012), the relative amount of NPR2 protein in these 2 regions has
not been investigated. In some models, NPR2 protein is depicted as
being located primarily in the cumulus cells (Zhang et al., 2010),
which would be difficult to reconcile with our activity measure-
ments from whole follicles. For this reason, we investigated the
NPR2 protein distribution by comparing NPR2 levels in whole
follicles and cumulus–oocyte complexes. Our results indicated that
�97% of the total NPR2 protein in the follicle is located in the
mural granulosa cells (Fig. 3C), implying that the LH-induced de-
crease in NPR2 phosphorylation and activity occurs primarily in
the mural cells, where the LH receptors are located (Wang and
Greenwald, 1993; Bortolussi et al., 1977; Hunzicker-Dunn and
Mayo, 2015).

Our results comparing NPR2 activity in membranes from folli-
cles of Npr2–7E/7E and wild-type mice are consistent with mea-
surements showing that the 7E mutations have little or no effect
on substrate-binding and maximal catalytic activity of NPR2 in
transfected HEK cells, but result in resistance to phosphorylation-
dependent inactivation (Yoder et al., 2012). The 7E mutations also
have no effect on the CNP concentration required to activate NPR2
to half its maximum value (EC50) (Fig. S3).

3.2. NPR2 dephosphorylation is required for part of the LH-induced
decrease in cGMP

To investigate the effect of the 7E mutations on the LH-induced
decrease in cGMP levels, we used Npr2–7E/7E and wild-type fol-
licles that co-expressed the cGMP FRET sensor cGi500 (Thune-
mann et al., 2013; Shuhaibar et al., 2015). With this sensor, the
CFP/YFP emission ratio provides a measure of cytosolic cGMP. Live
follicles were imaged with a confocal microscope, and CFP/YFP
ratios were measured in the mural granulosa cells.

The cGi500 CFP/YFP emission ratios before LH treatment were
similar for the two genotypes, indicating that the 7E mutations do
not alter the basal concentration of cGMP in the granulosa cell
cytosol (Fig. 4). However, in Npr2–7E/7E follicles, the LH-induced
decrease in cGMP was attenuated (Fig. 4). Thus the dephos-
phorylation-mediated decrease in NPR2 guanylyl cyclase activity is
an important cause of the LH-induced decrease in cGMP in the
follicle, although it appears not to be the only cause, since a partial
cGMP decrease occurred in the Npr2–7E/7E follicles. An LH-in-
duced increase in cGMP phosphodiesterase activity might account
for the residual cGMP decrease seen when LH was applied to
Npr2–7E/7E follicles (Egbert et al., 2014).

3.3. NPR2 dephosphorylation is required for the rapid resumption of
meiosis in response to LH or epiregulin

To investigate whether the LH-induced dephosphorylation and
inactivation of NPR2 is required for meiotic resumption, we iso-
lated Npr2–7E/7E and wild-type follicles and observed them in
culture before and after addition of LH. The Npr2–7E/7E follicles
had normal morphology, and by 8 h after stimulation with LH, the
cumulus cell region underwent the normal expansion that results
from secretion of a hyaluronan-rich extracellular matrix between
the cells, in preparation for ovulation (Eppig, 1982; Salustri et al.,
1992) (Fig. 5A).

However, follicle-enclosed oocytes from Npr2–7E/7E mice
showed a delay in resumption of meiosis in response to LH, as
indicated by a delay in nuclear envelope breakdown (NEBD)
(Fig. 5B). In control wild-type follicles, NEBD occurred between
2 and 6 h after LH exposure. In contrast, in Npr2–7E/7E follicles, no
NEBD occurred in the first 6 h following treatment with LH. The 7E
mutations had no effect on meiotic resumption in response to
isolating oocytes from the follicle (Fig. 5C), consistent with the lack
of NPR2 expression in the oocyte (Zhang et al., 2010). Thus, de-
phosphorylation and inactivation of NPR2 is needed for the rapid
LH-induced meiotic resumption, but not for the meiotic resump-
tion that occurs when oocytes are disconnected from the granu-
losa cells that are the source of the inhibitory cGMP.

The signaling pathways leading to the dephosphorylation of
NPR2 in response to LH are incompletely understood, but one
likely factor is activation of the EGF receptor, since EGF receptor
activity is required for rapid resumption of meiosis, and for a



Fig. 4. Attenuation of the LH-induced cGMP decreases in Npr2–7E/7E follicles.
Representative records showing LH-induced decreases in cytosolic cGMP in mural
granulosa cells of follicles expressing the cGi500 sensor, comparing wild-type
(A) and Npr2–7E/7E (B). (C) Measurements before and at 20 min after LH treatment.
LH decreased the CFP/YFP ratio in the Npr2–7E/7E follicles to 1.7270.04 compared
to 1.3870.03 in wild-type follicles (mean7SEM, n¼9 and 7 follicles, respectively).
Values with different letters are significantly different (po0.05).
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component of the cGMP decrease, in response to LH (Park et al.,
2004; Norris et al., 2010; Hsieh et al., 2011; Liu et al., 2014; Shu-
haibar et al., 2015). Application of the EGF receptor ligand epi-
regulin to isolated follicles caused meiosis to resume (Fig. 5D), and
as with LH, meiotic resumption in response to epiregulin was
delayed in Npr2–7E/7E follicles (Fig. 5D). Thus EGF receptor sig-
naling is likely to contribute to establishing and/or maintaining
dephosphorylation of NPR2.

Although meiotic resumption was delayed by the 7E mutations,
it did occur eventually. By 8 h after LH application, NEBD had oc-
curred in approximately 40% of Npr2–7E/7E follicle-enclosed oo-
cytes, and in approximately 90% by 12 h (Fig. 5B). Compared to the
time course of NEBD in wild-type follicles, NEBD in the Npr2–7E/
7E follicles occurred with a 5-h delay. A similar delay was seen
when epiregulin was used to stimulate meiotic resumption
(Fig. 5D). Consistent with the eventual resumption of meiosis, the
7E mutations caused no obvious defect in fertility (Fig. 5E); how-
ever, further studies would be needed to determine if there is a
subtle defect.

A possible cause of the eventual resumption of meiosis is the
disruption of gap junction communication due to cumulus ex-
pansion (Gilula et al., 1978; Eppig, 1982); cumulus expansion oc-
curred similarly in Npr2–7E/7E and wild-type follicles (Fig. 5A and
F). Loss of communication between the oocyte and granulosa cells
would remove the source of inhibitory cGMP and allow meiosis to
resume (Norris et al., 2009; Vaccari et al., 2009).
4. Discussion

These studies contribute three new findings about how LH
signaling causes meiosis to resume in the oocyte: (1) dephos-
phorylation of the NPR2 guanylyl cyclase is required for the rapid
resumption of meiosis in response to LH, (2) dephosphorylation of
NPR2 is a component of the pathway by which EGF receptor ac-
tivation mediates LH signaling, and (3) most of the NPR2 protein in
the follicle is located in the mural granulosa cells. These findings
indicate that NPR2 dephosphorylation in the mural granulosa cells
is essential for the normal progression of meiosis in response to LH
and EGF receptor activation.

If LH-induced dephosphorylation of NPR2 fails to occur, as in
the Npr2–7E/7E mice, meiosis still resumes eventually, possibly
due to disruption of gap junction communication during cumulus
expansion, as mentioned above. Other LH-induced changes that
could contribute to the eventual resumption of meiosis in the
Npr2–7E/7E follicles include (1) decreasing levels of NPR2 (Jan-
kowski et al., 1997) and the RNA encoding it (Zhang et al., 2011;
Tsuji et al., 2012), detectable by 3 h after LH receptor stimulation;
(2) decreasing levels of the NPR2 agonist CNP, detectable after 2 h
of LH treatment and continuing to decrease over the next several
hours (Kawamura et al., 2011; Robinson et al., 2012; Tsuji et al.,
2012; Liu et al., 2014); and (3) LH-induced activation of cGMP
phosphodiesterase activity (Egbert et al., 2014). Correspondingly,
under the conditions of our experiments, the 7E mutations caused
no obvious defect in fertility. Whether there are subtle defects, not
detected here, remains to be examined. Because meiotic progres-
sion is essential for reliable fertility, mechanisms for LH induction
of meiotic resumption involve coordinated fail-safe processes, of
which NPR2 dephosphorylation is only one. Thus reduction of the
function of a single pathway may have little effect on fertility. For
example, various mutations that result in reduced EGF receptor
signaling have been reported to have only small effects (Hsieh
et al., 2007, 2011) or no detectable effect (Du et al., 2004; Andric
et al., 2010) on fertility; one such mutant line was reported to have
highly reduced fertility, but interpretation was complicated by
possible effects outside of the ovary (Hsieh et al., 2007).

Using recombinant protein expressed in HEK cells, previous
studies have shown that phosphomimetic-glutamate substituted
versions of transmembrane guanylyl cyclases are resistant to de-
phosphorylation-dependent inactivation (Potter and Hunter, 1999;
Potthast et al., 2004; Yoder et al., 2012). However, it has not been
previously demonstrated that this mechanism is physiologically
significant. This is the first report to show that a biological signal is
transduced by dephosphorylation of a guanylyl cyclase. Our stu-
dies establish that in the ovarian follicle, normal progression of
meiosis in response to LH requires dephosphorylation of NPR2.

Another developmental process that could be regulated by
NPR2 dephosphorylation is longitudinal growth of bones in limbs
and vertebrae. Chondrocyte growth and differentiation in the
growth plate is dependent on NPR2 activity (Tamura et al., 2004;



Fig. 5. Delay of LH-induced meiotic resumption in Npr2–7E/7E follicle-enclosed oocytes. (A) An Npr2–7E/7E follicle before LH treatment, with the oocyte arrested in
prophase (left), and at 8 h after LH treatment, when the oocyte is no longer visible due to cumulus expansion (right). (B) Time course of LH-induced nuclear envelope
breakdown in Npr2–7E/7E and wild-type follicles. (C) Time course of nuclear envelope breakdown after isolating oocytes from Npr2–7E/7E and wild-type follicles without LH
treatment. (D) Time course of epiregulin-induced nuclear envelope breakdown in Npr2–7E/7E and wild-type follicles. (E) No obvious defect in fertility of Npr2–7E/7E mice, as
judged by the number of pups produced by 7E/7E�7E/7E breeding pairs, compared with wild-type pairs. The graph shows the number of pups produced by individual
breeding pairs as a function of maternal age (7 pairs for WT, and 6 pairs for 7E/7E). (F) Time course of the initiation of LH-induced cumulus expansion, as scored by loss of a
clear image of the oocyte periphery, in Npr2–7E/7E and wild-type follicles. B,C,D, and F show the mean7SEM for 3–8 sets of measurements at each time point. Each set of
measurements included an average of 12 follicles.
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Bartels et al., 2004), and cGMP production by NPR2 in a chon-
drocyte cell line is decreased by FGF receptor 3 signaling (Ozasa
et al., 2005), suggesting that FGF could regulate NPR2 activity by
way of dephosphorylation. Axon bifurcation also requires NPR2
(Ter-Avetisyan et al., 2014), and this process could potentially be
regulated by NPR2 dephosphorylation. Thus our demonstration
that LH signaling regulates meiosis by way of NPR2 dephos-
phorylation provides a model for future investigations of regula-
tion of guanylyl cyclases in other developmental systems.
Acknowledgments

We thank Robert Feil and Hannes Schmidt for generously
providing the cGi500 mice and NPR2 antibody, respectively, and
for helpful discussions. We also thank John Eppig, Marco Conti,
Viacheslav Nikolaev, and Jerid Robinson for their insights and
advice, and Justin Bellizzi, Deborah Kaback, and Valentina Baena
for technical assistance. This work was supported by NIH Grants
R37HD014939, R01GM098309, and T32AR050938, and by the
Fund for Science.
Appendix A. Supplementary material

Supplementary data associated with this article can be found in
the online version at http://dx.doi.org/10.1016/j.ydbio.2015.10.025.
References

Amano, N., Mukai, T., Ito, Y., Narumi, S., Tanaka, T., Yokoya, S., Ogata, T., Hasegawa, T.,
2014. Identification and functional characterization of two novel NPR2 muta-
tions in Japanese patients with short stature. J. Clin. Endocrinol. Metab. 99,
E713–E718.

Andric, N., Thomas, M., Ascoli, M., 2010. Transactivation of the epidermal growth
factor receptor is involved in the lutropin receptor-mediated down-regulation
of ovarian aromatase expression in vivo. Mol. Endocrinol. 24, 552–560.

Bartels, C.F., Bükülmez, H., Padayatti, P., Rhee, D.K., van Ravenswaaij-Arts, C., Pauli,
R.M., Mundlos, S., Chitayat, D., Shih, L.-Y., Al-Gazali, L.I., Kant, S., Cole, T., Morton,
J., Cormier-Daire, V., Faivre, L., Lees, M., Kirk, J., Mortier, G.R., Leroy, J., Zabel, B.,
Kim, C.A., Crow, Y., Braverman, N.E., van den Akker, F., Warman, M.L., 2004.
Mutations in the transmembrane natriuretic peptide receptor NPR-B impair
skeletal growth and cause acromesomelic dysplasia, type Maroteaux. Am. J.
Hum. Genet. 75, 27–34.

Bortolussi, M., Marini, G., Dal Lago, A., 1977. Autoradiographic study of the dis-
tribution of LH(HCG) receptors in the ovary of untreated and gonadotrophin-
primed immature rats. Cell. Tissue Res. 183, 329–342.

Conti, M., Hsieh, M., Zamah, A.M., Oh, J.S., 2012. Novel signaling mechanisms during
oocyte maturation and ovulation. Mol. Cell. Endocrinol. 356, 65–73.

Du, X., Tabeta, K., Hoebe, K., Liu, H., Mann, N., Mudd, S., Crozat, K., Sovath, S., Gong,
X., Beutler, B., 2004. Velvet, a dominant Egfr mutation that causes wavy hair and
defective eyelid development in mice. Genetics 166, 331–340.

Egbert, J.R., Shuhaibar, L.C., Edmund, A.B., Van Helden, D.A., Robinson, J.W., Uliasz, T.
F., Baena, V., Geerts, A., Wunder, F., Potter, L.R., Jaffe, L.A., 2014. Dephos-
phorylation and inactivation of the NPR2 guanylyl cyclase in the granulosa cells
contributes to the LH-induced cGMP decrease that causes resumption of
meiosis in rat oocytes. Development 141, 3594–3604.

Eppig, J.J., 1982. The relationship between cumulus cell-oocyte coupling, oocyte
meiotic maturation, and cumulus expansion. Dev. Biol. 89, 268–272.

Geister, K.A., Brinkmeier, M.L., Hsieh, M., Faust, S.M., Karolyi, I.J., Perosky, J.E.,
Kozloff, K.M., Conti, M., Camper, S.A., 2013. A novel loss-of-function mutation in
Npr2 clarifies primary role in female reproduction and reveals a potential
therapy for acromesomelic dysplasia, Maroteaux type. Hum. Mol. Genet. 22,
345–357.

Gilula, N.B., Epstein, M.L., Beers, W.H., 1978. Cell-to-cell communication and ovu-
lation. A study of the cumulus-oocyte complex. J. Cell Biol. 78, 58–75.

Holt, J.E., Lane, S.I.R., Jones, K.T., 2013. The control of meiotic maturation in mam-
malian oocytes. Curr. Top. Dev. Biol. 102, 207–226.

Hsieh, M., Lee, D., Panigone, S., Horner, K., Chen, R., Theologis, A., Lee, D.C.,
Threadgill, D.W., Conti, M., 2007. Luteinizing hormone-dependent activation of
the epidermal growth factor network is essential for ovulation. Mol. Cell Biol.
27, 1914–1924.

Hsieh, M., Thao, K., Conti, M., 2011. Genetic dissection of epidermal growth factor
receptor signaling during luteinizing hormone-induced oocyte maturation.
Plos One 6, e21574.
Hunzicker-Dunn, M., Mayo, K., 2015. Gonadotropin signaling in the ovary. In: Plant,
T.M., Zeleznik, A.J. (Eds.), Knobil and Neill’s Physiology of Reproduction, 4th ed.
Academic Press, San Diego, pp. 895–945.

Jankowski, M., Reis, A.M., Mukaddam-Daher, S., Dam, T.-V., Farookhi, R., Gutkowska,
J., 1997. C-type natriuretic peptide and the guanylyl cyclase receptors in the rat
ovary are modulated by the estrous cycle. Biol. Reprod. 56, 59–66.

Kawamura, K., Cheng, Y., Kawamura, N., Takae, S., Okada, A., Kawagoe, Y., Mulders,
S., Terada, Y., Hsueh, A.J.W., 2011. Pre-ovulatory LH/hCG surge decreases C-type
natriuretic peptide secretion by ovarian granulosa cells to promote meiotic
resumption of pre-ovulatory oocytes. Hum. Reprod. 26, 3094–3101.

Liu, X., Xie, F., Zamah, A.M., Cao, B., Conti, M., 2014. Multiple pathways mediate
luteinizing hormone regulation of cGMP signaling in the mouse ovarian follicle.
Biol. Reprod. 91 (1), Article ID: 9, 11 pp.

Müller, D., Hildebrand, M., Lübberstedt, J., Kuhn, M., Middendorff, R., 2010. The
membrane receptors guanylyl cyclase-A and –B undergo distinctive changes in
post-translational modification during brain development. J. Neurochem. 115,
1024–1034.

Norris, R.P., Freudzon, M., Mehlmann, L.M., Cowan, A.E., Simon, A.M., Paul, D.L.,
Lampe, P.D., Jaffe, L.A., 2008. Luteinizing hormone causes MAPK-dependent
phosphorylation and closure of Cx43 gap junctions in mouse ovarian follicles:
one of two paths to meiotic resumption. Development 135, 3229–3238.

Norris, R.P., Ratzan, W.J., Freudzon, M., Mehlmann, L.M., Krall, J., Movsesian, M.A.,
Wang, H., Ke, H., Nikolaev, V.O., Jaffe, L.A., 2009. Cyclic GMP from the sur-
rounding somatic cells regulates cyclic AMP and meiosis in the mouse oocyte.
Development 136, 1869–1878.

Norris, R.P., Freudzon, M., Nikolaev, V.O., Jaffe, L.A., 2010. Epidermal growth factor
receptor kinase activity is required for gap junction closure and for part of the
decrease in ovarian follicle cGMP in response to LH. Reproduction 140,
655–662.

Ozasa, A., Komatsu, Y., Yasoda, A., Miura, M., Sakuma, Y., Nakatsuru, Y., Arai, H., Itoh,
N., Nakao, K., 2005. Complementary antagonistic actions between C-type na-
triuretic peptide and the MAPK pathway through FGFR-3 in ATDC5 cells. Bone
36, 1056–1064.

Park, J.Y., Su, Y.Q., Ariga, M., Law, E., Jin, S.L., Conti, M., 2004. EGF-like growth factors
as mediators of LH action in the ovulatory follicle. Science 303, 682–684.

Potter, L.R., 1998. Phosphorylation-dependent regulation of the guanylyl cyclase-
linked natriuretic peptide receptor B: Dephosphorylation is a mechanism of
desensitization. Biochemistry 37, 2422–2429.

Potter, L.R., 2011. Regulation and therapeutic targeting of peptide-activated re-
ceptor guanylyl cyclases. Pharmacol. Ther. 130, 71–82.

Potter, L.R., Garbers, D.L., 1992. Dephosphorylation of the guanylyl cyclase-A re-
ceptor causes desensitization. J. Biol. Chem. 267, 14531–14534.

Potter, L.R., Hunter, T., 1998. Identification and characterization of the major
phosphorylation sites of the B-type natriuretic peptide receptor. J. Biol. Chem.
273, 15533–15539.

Potter, L.R., Hunter, T., 1999. A constitutively “phosphorylated” guanylyl cyclase-
linked atrial natriuretic peptide receptor mutant is resistant to desensitization.
Mol. Biol. Cell. 10, 1811–1820.

Potthast, R., Abbey-Hosch, S.E., Antos, L.K., Marchant, J.S., Kuhn, M., Potter, L.R.,
2004. Calcium-dependent dephosphorylation mediates the hyperosmotic and
lysophosphatidic acid-dependent inhibition of natriuretic peptide receptor-B/
guanylyl cyclase-B. J. Biol. Chem. 279, 48513–48519.

Rime, H., Ozon, R., 1990. Protein phosphatases are involved in the in vivo activation
of histone H1 kinase in mouse oocyte. Dev. Biol. 141, 115–122.

Robinson, J.W., Potter, L.R., 2011. ATP potentiates competitive inhibition of guanylyl
cyclase A and B by the staurosporine analog, Go6976: reciprocal regulation of
ATP and GTP binding. J. Biol. Chem. 286, 33841–33844.

Robinson, J.W., Zhang, M., Shuhaibar, L.C., Norris, R.P., Geerts, A., Wunder, F., Eppig,
J.J., Potter, L.R., Jaffe, L.A., 2012. Luteinizing hormone reduces the activity of the
NPR2 guanylyl cyclase in mouse ovarian follicles, contributing to the cyclic GMP
decrease that promotes resumption of meiosis in oocytes. Dev. Biol. 366,
308–316.

Russwurm, M., Mullershausen, F., Friebe, A., Jäger, R., Russwurm, C., Koesling, D.,
2007. Design of fluorescence resonance energy transfer (FRET)-based cGMP
indicators: a systematic approach. Biochem. J. 407, 69–77.

Salustri, A., Yanagishita, M., Underhill, C.B., Laurent, T.C., Hascall, V.C., 1992. Loca-
lization and synthesis of hyaluronic acid in the cumulus cells and mural
granulosa cells of the preovulatory follicle. Dev. Biol. 151, 541–551.

Schuh, M., Ellenberg, J., 2007. Self-organization of MTOCs replaces centrosome
function during acentrosomal spindle assembly in live mouse oocytes. Cell 130,
484–498.

Shuhaibar, L.C., Egbert, J.R., Norris, R.P., Lampe, P.D., Nikolaev, V.O., Thunemann, M.,
Wen, L., Feil, R., Jaffe, L.A., 2015. Intercellular signaling via cyclic GMP diffusion
through gap junctions in the mouse ovarian follicle. Proc. Natl. Acad. Sci. USA
112, 5527–5532.

Tamura, N., Doolittle, L.K., Hammer, R.E., Shelton, J.M., Richardson, J.A., Garbers, D.L.,
2004. Critical roles of the guanylyl cyclase B receptor in endochondral ossifi-
cation and development of female reproductive organs. Proc. Natl. Acad. Sci.
USA 101, 17300–17305.

Ter-Avetisyan, G., Rathjen, F.G., Schmidt, H., 2014. Bifurcation of axons from cranial
sensory neurons is disabled in the absence of Npr2-induced cGMP signaling. J.
Neurosci. 34, 737–747.

Thunemann, M., Wen, L., Hillenbrand, M., Vachaviolos, A., Feil, S., Ott, T., Han, X.,
Fukumura, D., Jain, R.K., Russwurm, M., de Wit, C., Feil, R., 2013. Transgenic mice
for cGMP imaging. Circ. Res. 113, 365–371.

http://dx.doi.org/10.1016/j.ydbio.2015.10.025
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref1
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref1
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref1
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref1
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref1
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref2
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref2
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref2
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref2
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref3
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref3
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref3
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref3
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref3
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref3
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref3
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref3
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref4
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref4
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref4
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref4
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref5
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref5
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref5
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref6
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref6
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref6
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref6
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref7
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref7
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref7
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref7
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref7
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref7
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref8
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref8
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref8
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref9
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref9
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref9
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref9
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref9
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref9
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref10
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref10
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref10
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref11
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref11
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref11
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref12
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref12
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref12
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref12
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref12
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref13
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref13
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref13
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref14
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref14
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref14
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref14
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref15
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref15
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref15
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref15
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref16
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref16
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref16
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref16
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref16
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref17
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref17
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref17
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref18
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref18
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref18
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref18
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref18
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref19
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref19
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref19
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref19
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref19
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref20
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref20
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref20
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref20
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref20
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref21
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref21
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref21
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref21
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref21
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref22
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref22
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref22
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref22
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref22
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref23
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref23
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref23
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref24
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref24
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref24
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref24
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref25
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref25
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref25
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref26
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref26
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref26
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref27
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref27
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref27
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref27
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref28
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref28
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref28
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref28
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref29
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref29
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref29
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref29
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref29
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref30
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref30
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref30
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref31
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref31
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref31
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref31
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref32
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref32
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref32
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref32
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref32
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref32
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref33
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref33
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref33
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref33
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref34
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref34
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref34
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref34
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref35
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref35
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref35
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref35
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref36
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref36
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref36
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref36
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref36
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref37
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref37
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref37
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref37
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref37
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref38
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref38
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref38
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref38
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref39
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref39
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref39
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref39


L.C. Shuhaibar et al. / Developmental Biology 409 (2016) 194–201 201
Tsuji, T., Kiyosu, C., Akiyama, K., Kunieda, T., 2012. CNP/NPR2 signaling maintains
oocyte meiotic arrest in early antral follicles and is suppressed by EGFR-
mediated signaling in preovulatory follicles. Mol. Reprod. Dev. 79, 795–802.

Vaccari, S., Weeks, J.L., Hsieh, M., Menniti, F.S., Conti, M., 2009. Cyclic GMP signaling
is involved in the LH-dependent meiotic maturation of mouse oocytes. Biol.
Reprod. 81, 595–604.

Wang, X., Greenwald, G.S., 1993. Hypophysectomy of the cyclic mouse. II. Effects of
follicle-stimulating hormone (FSH) and luteinizing hormone on folliculogen-
esis, FSH and human chorionic gonadotropin receptors, and steroidogenesis.
Biol. Reprod. 48, 595–605.

Yoder, A.R., Stone, M.D., Griffin, T.J., Potter, L.R., 2010. Mass spectrometric identifi-
cation of phosphorylation sites in guanylyl cyclase A and B. Biochemistry 49,
10137–10145.
Yoder, A.R., Robinson, J.W., Dickey, D.M., Andersland, J., Rose, B.A., Stone, M.D.,

Griffin, T.J., Potter, L.R., 2012. A functional screen provides evidence for a con-
served, regulatory, juxtamembrane phosphorylation site in guanylyl cyclase A
and B. Plos One 7, e36747.

Zhang, M., Su, Y.-Q., Sugiura, K., Xia, G., Eppig, J.J., 2010. Granulosa cell ligand NPPC
and its receptor NPR2 maintain meiotic arrest in mouse oocytes. Science 330,
366–369.

Zhang, M., Su, Y.-Q., Sugiura, K., Wigglesworth, K., Xia, G., Eppig, J.J., 2011. Estradiol
promotes and maintains cumulus cell expression of natriuretic peptide re-
ceptor 2 (NPR2) and meiotic arrest in mouse oocytes in vitro. Endocrinology
152, 4377–4385.

http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref40
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref40
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref40
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref40
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref41
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref41
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref41
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref41
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref42
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref42
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref42
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref42
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref42
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref43
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref43
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref43
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref43
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref44
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref44
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref44
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref44
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref45
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref45
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref45
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref45
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref46
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref46
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref46
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref46
http://refhub.elsevier.com/S0012-1606(15)30147-0/sbref46

	Dephosphorylation of juxtamembrane serines and threonines of the NPR2 guanylyl cyclase is required for rapid resumption...
	Introduction
	Materials and methods
	Mice, follicle culture, and microscopy
	Guanylyl cyclase activity assays
	Western blotting and deglycosylation
	cGMP measurement
	Statistical analysis

	Results
	NPR2 dephosphorylation in the mural granulosa cells is required for the LH-induced decrease in guanylyl cyclase activity
	NPR2 dephosphorylation is required for part of the LH-induced decrease in cGMP
	NPR2 dephosphorylation is required for the rapid resumption of meiosis in response to LH or epiregulin

	Discussion
	Acknowledgments
	Supplementary material
	References




