ENDOCRINE IR
SOCIETY mmm -‘

Multiple cAM P phosphodiester ases act together to prevent premature
oocyte meiosis and ovulation

GiuliaVigone, Leia C. Shuhaibar, Jeremy R. Egbert, Tracy F. Uliasz, Matthew A.
Movsesian, and Laurinda A. Jaffe

Endocrinology
Endocrine Society

Submitted: January 03, 2018
Accepted: March 22, 2018
First Online: March 28, 2018

Advance Articles are PDF versions of manuscripts that have been peer reviewed and accepted but
not yet copyedited. The manuscripts are published online as soon as possible after acceptance and

Endocrinology

before the copyedited, typeset articles are published. They are posted "as is" (i.e., as submitted by

the authors at the modification stage), and do not reflect editorial changes. No
corrections/changes to the PDF manuscripts are accepted. Accordingly, there likely will be
differences between the Advance Article manuscripts and the final, typeset articles. The
manuscripts remain listed on the Advance Article page until the final, typeset articles are posted.
At that point, the manuscripts are removed from the Advance Article page.

DISCLAIMER: These manuscripts are provided "as is" without warranty of any kind, either express
or particular purpose, or non-infringement. Changes will be made to these manuscripts before
publication. Review and/or use or reliance on these materials is at the discretion and risk of the
reader/user. In no event shall the Endocrine Society be liable for damages of any kind arising
references to, products or publications do not imply endorsement of that product or publication.

L
—
S,
|_
is
<
L
O
Z
<
>
a
<

ENDOCRINE
SOCIETY

ed from https://acadenic. oup. com’ endo/ advance-articl e-abstract/doi/10.1210/ en. 2018- 00017/ 4955651
of Connecticut user
il 2018




>
o
L/
o
c
-
Y
o
v
c
wi

ADVANCE ARTICLE:

ENDOCRINE
SOCIETY

il 2018

Endocrinology; Copyright 2018 DOI: 10.1210/en.2018-00017

PDE activity maintains ovarian follicle arrest

Multiple cAMP phosphodiester ases act together to prevent premature oocyte
melosis and ovulation
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Luteinizing hormone (LH) acts on the granulosasc#iht surround the oocyte in mammalian
preovulatory follicles to cause meiotic resumptio ovulation. Both of these responses are
mediated primarily by an increase in cAMP in thargrosa cells, and activity of the cCAMP
phosphodiesterase PDE4 contributes to preventiemmature responses. However, 2 other
cAMP-specific phosphodiesterases, PDE7 and PDE&lao expressed at high levels in the
granulosa cells, raising the question of whetheséhphosphodiesterases also contribute to
preventing uncontrolled activation of meiotic reqiimn and ovulation. Using selective
inhibitors, we show that inhibition of PDE7 or PDE®ne has no effect on the cAMP content of
follicles, and inhibition of PDE4 alone has onlgraall and variable effect. In contrast, a mixture
of the 3 inhibitors elevates CAMP to a level congtde to that seen with LH. Correspondingly,
inhibition of PDE7 or PDES8 alone has no effect agiatic resumption or ovulation, and
inhibition of PDE4 alone has only a partial andaskffect. However, the fraction of oocytes
resuming meiosis and undergoing ovulation is irsedavhen PDE4, PDE7, and PDES8 are
simultaneously inhibited. PDE4, PDE7, and PDES &lsation together to suppress the
premature synthesis of progesterone and progesteeseptors, which are required for
ovulation. Our results indicate that 3 CAMP phogjibsterases act in concert to suppress
premature responses in preovulatory follicles.

Multiple cAMP phosphodiesterases function together to maintain the mouse ovarian follicle in an arrested
state prior to stimulation by luteinizing hormone.

I ntroduction

In cells in which physiological responses are @itiby hormones that elevate CAMP, it is
critical that cCAMP stays low prior to hormonal stitation. To ensure that cCAMP-dependent
processes do not occur prematurely, CAMP phosphtatases are continuously active in many
tissues (see Discussion), including granulosa oélise ovarian follicle (1-3). The mammalian
ovarian follicle is a spherical complex of thoussiodl granulosa cells surrounding an oocyte in
the center. The oocyte’s meiotic cell cycle is galiat prophase, and cyclic nucleotide levels
must be precisely controlled to maintain the aroesil with each reproductive cycle, a subset of
follicles respond to luteinizing hormone (LH) (4-&H acts on its receptors in the granulosa
cells to activate the G-protein,Ghus activating adenylyl cyclase and elevatin@/€A and the
CAMP rise in the granulosa cells is a primary stusior reinitiation of meiosis in the oocyte
and for ovulation (5, 6). LH signaling triggers ethresponses as well, including activation of the
GLYT1 glycine transporter in the oocyte, allowinglorzolume regulation (7) and the activation
of genes leading to granulosa cell luteinization 8 of these responses occur following a
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preovulatory increase in LH, during which serumelewof LH stay elevated for a period of
several hours (9). Although the LH receptor ac@saither G-proteins in addition tQ (5),
prevention of untimely CAMP elevation is essenfiigilpreventing premature responses in the
follicle.

Previous studies have indicated that activity ef¢AMP phosphodiesterase PDE4
contributes to preventing meiosis and ovulatiomfraccuring prematurely. PDE4 inhibitors
promote resumption of meiosis in isolated folliof@s3), and injection of some (but not other)
PDE4 inhibitors into rats causes progesterone mtomtuand ovulation (10). However, PDE4
accounts for only 20-30% of the total CAMP phosphstirase activity in mouse preovulatory
ovaries (11, 12), and for only 15-20% of the cAM#gphodiesterase activity in bovine and rat
mural granulosa cells (13, 14).

In preovulatory mural granulosa cells of mice, rated humans, levels of mMRNA encoding
the cAMP-specific phosphodiesterases PDE7A, PDPIEE8A, and PDE8B are much higher
than those encoding the 4 isoforms of PDE4 (14-H@)thermore, PDE8 accounts for ~40% of
the cCAMP phosphodiesterase activity in bovine amatipe mural granulosa cells (13, 17).
Studies of a T-cell line have indicated that intidsi of PDE7 and PDES results in
phosphorylation of a set of proteins distinct fridrase that are phosphorylated when PDE4 is
inhibited (18). These findings, as well as exteasvidence that PDE4, PDE7, and PDES often
act together in other cells to control cCAMP-depenigeocesses (see Discussion), led us to
investigate the function of these 3 phosphodiesésr@ mouse ovarian follicles. Here we use a
new PDE?Y inhibitor, alone or in combination with PDand PDES inhibitors, to test the effects
of inhibiting these phosphodiesterases on cAMPIgeweeiotic resumption, ovulation, and
production of progesterone and its receptors.

Materials and M ethods

Phosphodiesterase inhibitors

The PDE4 inhibitor rolipram was obtained from TedBioScience (Bristol, UK). The PDE7 and
PDES inhibitors, referred to here as PDE7i and Aj&8o called PF-04957325), were obtained
from Pfizer Worldwide Research and Development {@roCT). The chemical structure of the
PDE?Y inhibitor is shown in Fig. S1. For comparistbris figure also shows the previously
published structures of rolipram (19) and PF-042%/20). PF-04957325 is now available from
MedChemExpress (Monmouth Junction, NJ). Stock snlatwere made in DMSO and stored at
-80°C. Final DMSO concentrations after dilution werdakbws: 1pM PDE7i, 0.003% DMSO;

1 pM PDESI, 0.002% DMSO; pM rolipram, 0.005% DMSO; 2QM rolipram, 0.02% DMSO;

5 UM rolipram + 1uM PDE7i + 1uM , 0.01% DMSO. By itself, 0.1% DMSO did not cause
meiotic resumption or ovulation in cultured ovarfaliicles, and did not affect the time course
of meiotic resumption in response to LH (Fig. S3)nce the highest concentration of DMSO
that was used in the solutions of phosphodiestentgegitors was less than this (0.02%), DMSO
was not included in controls without phosphodieserinhibitors.

Rolipram has an 165 for PDE4 of 70-140 nM, measured witlul cAMP substrate, while
ICs0 values for all other cyclic nucleotide phosphotiesses are >100M (21-24). The PDE7
and PDES inhibitors are also highly selectivev&ues for the PDE7 and PDES inhibitors were
determined as previously described (25), for a merobeach cyclic nucleotide
phosphodiesterase family. These data, shown ifeTalwere supplied by Steve Jenkinson
(Pfizer).
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In brief, PDE activity was measured using a sdatton proximity assay (SPA) that
measures the inhibition by the indicated compowidie activity of the human recombinant
phosphodiesterases listed in Table 1 (except f&& Which was extracted from bovine retina)
as determinech vitro using lysates or FLAG-tag purified enzymes. Tésags were performed
in a 384-well format. These assays were used @sute the hydrolysis ofHljlcGMP to the 5’
nucleotide HJGMP, or of PH]JcAMP to the 5’ nucleotide®H]AMP, as indicated in Table
1. The enzyme stocks were thawed slowly and diluteassay buffer containing 50 mM Tris
HCI buffer (pH 7.5 at room temperature) and 1.3 M§Cl,. Additionally, the PDE1 assay
buffers contained 2.8 mM Caghnd the activator calmodulin at a final assayceotration of
100 units/ml. The enzyme concentration for eaoforsn was determined by enzyme titration
experiments to achieve 20-30% substrate turn-avé® aninutes, with the exception of the
PDESG reactions, which were incubated for 60 minufEse final substrate concentration used
was at sub-¥ levels (20 nM for JH][cAMP and 50 nM for {H]cGMP) so that 1§ values would
approximate the Kvalues. In all cases, these reactions were wétinvthe linear portion of the
assay.

The reaction was stopped by the addition of phodiglsterase SPA beads (Perkin Elmer) at
a final assay concentration of 0.2 mg/well. TheERRssay required the extra addition of a
potent PDE9 inhibitor, PF-00509783, at a high catre¢ion (10uM) prior to adding beads in
order to completely stop the reaction. The prositit] GMP and fHJAMP, bound
preferentially to yttrium silicate SPA beads andewetected by scintillation counting in a
Microbeta Trilux Counter (PerkinElmer). The inhibn of enzyme activity was calculated
relative to the activity of uninhibited controlsNf3O) and fully inhibited (high concentration of
known inhibitor). To determine Kgvalues, the compounds were tested in duplicateguesi
half-log dilution scheme with the top concentratairiOuM. The corresponding Kg values of
the compounds for the inhibition of PDE activitigere determined from the concentration-
effect curves by using a four-parameter logisticApparent Kvalues were estimated by using
the Cheng-Prusoff equation: ; £ (ICs)/(1 + [S])/Krm), where S is the substrate, ang iK the
substrate concentration at which half the enzyaetise sites are occupied by substrate.

The mean Kfor PDE7i inhibition of PDE7B is 7.8 nM, comparetth >3.8 uM for all other
cyclic nucleotide phosphodiesterase families (Tahl& he K for PDE7i inhibition of PDE7A
was not determined. The meanfér PDESi inhibition of PDE8B is 0.1 nM, comparetth >2.5
MM for all other cyclic nucleotide phosphodiestertsuilies (Table 1). These measurements are
close to previously published 4¢values for this inhibitor (20, 26, 27). These poer¢ studies
reported 1Go values for this inhibitor that are ~2-8 times heglfior PDEBA than for PDES8B, but
still much lower than for all other cyclic nucledd¢i phosphodiesterase families (see Table 1
legend).

Mice and follicle culture

Prepubertal B6SJLF1 mice (23-25 days old) from Jdekson Laboratory (Bar Harbor, ME)
were used for all experiments. Procedures wereoapdrby the animal care committee of the
University of Connecticut Health Center.

Ovarian follicles, 320-40Qm in diameter, were isolated using fine forcepgoBxuse, the
follicles were cultured for 24-30 hours on Milliterganotypic membranes (Merck Millipore
Ltd, Cork, IRL; PICMORG50) (28, 29). 3 mg/ml BSA svancluded in the culture medium in
place of serum. 1 nM (30 ng/ml) of follicle stimtitey hormone (FSH) was included in the
medium to stimulate follicle growth and expressidi.H receptors. The use of FSH at 1 nM
instead of 0.3 nM (10 ng/ml) that we have used ipresty was an improvement; with 1 nM
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FSH, 100% of follicle-enclosed oocytes underwerdiear envelope breakdown by 6 hours after
LH exposure, whereas with 0.3 nM FSH, the percenteas typically ~80% (30, 31). LH was
used at 0.1, 1, 10, or 300 nM (0.3 ng/ml Pml), as indicated. Highly purified ovine FSH
(AFP7558C) and ovine LH (oLH-26) were obtained frArk. Parlow (National Hormone and
Peptide Program, Torrance, CA).

Observations of follicles on Millicell membranesr&@enade using an upright microscope
with a 20x/0.4 NA long-working distance objectiv#d or phosphodiesterase inhibitors were
applied to the medium in the dish holding the Méli membrane, and oocytes within follicles
were observed for the presence or absence of aarumhvelope and nucleolus at 1-hour
intervals. Photographs of follicles were taken lo@ Millicell membranes. Ovulation was scored
at 24 hours.

CAM P measurement

Follicles were sonicated in 0.1 M HCI, and cAMP wasasured with a direct cCAMP ELISA kit
from Enzo (Farmingdale, NY) (ADI-900-066). This igthighly selective for cAMP, and shows
only 0.33% cross reactivity with AMP, 0.12% with RTand <0.001% with cGMP, GMP, GTP,
cUMP, and CTP (manufacturer’s product informatibees). Inter-assay precision was
determined by comparing the standard curves olitam&6 separate assays, using CAMP
solutions prepared from a stock solution providéith whe kit. The coefficient of variation
(standard deviation/mean x 100) at the mid-poimcentration was 14.5%. Intra-assay precision
was determined by assaying 14 replicates of th@anid concentration in a single assay; the
coefficient of variation was 1.2%.

Progester one measur ement

Progesterone in the culture media was measured asiELISA kit from Cayman Chemical
Company (Ann Arbor, MI) (582601). This kit is seti@e for progesterone, but shows a small
amount of cross-reactivity with prenenolone (14%B-estradiol (7.2%), B-pregnan-8-ol-20-
one (6.7%), and -hydroxyprogesterone (3.6%) (manufacturer’s prodgufcrmation sheet).
Inter-assay precision was determined by compahagtandard curves obtained in 16 separate
assays, using progesterone solutions prepareddrstock solution provided with the kit. The
coefficient of variation at the mid-point conceniwa was 24.3%. Intra-assay precision was
determined by assaying 7 replicates of the midpmntentration in a single assay; the
coefficient of variation was 6.2%.

Western blotting

Samples for western blotting were prepared by swimig follicles in Laemmli sample buffer
containing 75 mM DTT, 10 mM NaF, 1 mM R&0,4, 1 mM Pefabloc (Sigma-Aldrich, St. Louis,
MO), and Complete Mini EDTA-free protease inhibitarcktail (Roche Diagnostics, Mannheim,
Germany). The progesterone receptor (PGR) antib@dyobtained from Abcam (ab 16661,
rabbit monoclonal, clone SP2; Table 2). This ardibrecognizes both PGR-A and PGR-B
isoforms (32). The tissue culture supernatant vgasl at a dilution of 1:500. The PGR antibody
was detected using a fluorescent secondary antigB@ye800 CW, 926-32211 from LICOR
BioSciences, Lincoln, NE). Binding of the secondanyibody was quantified using the LICOR
BioSciences Odessey infrared imaging system. Viditialm the amount of total protein loaded
in each lane was <5% as confirmed by densitomédtsyaining with Swift Membrane Stain (G-
Biosciences, St. Louis, MO).
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Methods were the same as previously described éx6gpt thatH-cAMP was used instead of
*H-cGMP.

Statistics

Data were analyzed by one-way ANOVA or unpairegst-followed by the Holm-Sidak
correction for multiple comparisons, as appropriageng Prism software (GraphPad, La Jolla,
CA). Percent data were transformed by arc sinersquat transformation prior to analysis. All
values indicate mean + s.e.m. Numbers in parerghiedecate the numbers of independent
experiments, and asterisks and different lettedic@te significant differences (p<0.05). Each
experiment included 8-16 follicles.

Results

PDE4, PDE7, and PDES8 act together to suppress premature cAMP elevation in preovulatory

follicles

The LH receptor stimulates cAMP formation by adiivg the G protein Gin granulosa cells,
and the resulting elevation of CAMP is a major comgnt of the signal that causes meiotic
resumption from prophase arrest (5, 6). As backgildar investigating the role of
phosphodiesterases in suppressing premature cAd@tain, we first characterized the LH-
induced cAMP increase under our experimental canmdit by measuring the cAMP content of
mouse preovulatory follicles at various times a#tpplication of various concentrations of LH
(Fig. 1A). Concentrations of LH that were suffidiéa maximally stimulate meiotic resumption
in our culture systen®>10 nM) (see Fig. 2B below) increased the cAMP cainlby ~5-fold at 30
minutes. The cAMP content then declined gradudlly,was still above baseline at 4 hours (Fig.
1A). These cAMP levels are similar to those detaadiin a previous study in which the LH
receptor of mouse ovarian follicles was stimulatéth human chorionic gonadotropin (33).

A smaller and slower elevation of cAMP occurredhwiitnM LH (Fig. 1A), corresponding to
a slower resumption of meiosis (Fig. 2B). At 0.8thours after 1 nM LH addition, CAMP
content of the follicles was not statistically @ifént from that of follicles that were incubated
without LH (Fig. 1A). However, measurements at 4rsafter addition of 1 nM LH showed a
significant increase in cAMP (Fig. 1A).nM is similar to the peak serum concentratiohlef
during the preovulatory surge in mice (9, 34), @ltgh the concentration dependence of meiotic
resumption in response to purified ovine LH apptedollicles in vitro may not be identical to
that when the native hormone is delivered to fldian vivo.

To investigate which cAMP phosphodiesterases dautito suppressing premature
elevation of cAMP prior to LH exposure, we measutezlcAMP content of follicles after
exposure to selective inhibitors of PDE4 (rolipr&puM), PDE7 (1uM), or PDES8 (1uM),
alone or in combination. The inhibitor concentratiavere chosen based on the in vitro
selectivity data described in Table 1. Becausebitdri concentrations in the cytoplasm may be
lower than those in the medium, due to limited peEahility of the plasma membrane, we used
the highest concentrations at which the inhibigdrswed selectivity among different
phosphodiesterases. Aud, rolipram inhibition of PDE7 and PDES is insigednt, since the
ICs0 for PDE7 and PDES is >1QM (21-24). At 1uM, there could be minor inhibition by the
PDE7 inhibitor of PDE4 and PDES8, and minor inhinitiby the PDES inhibitor of PDE4 and
PDE7, based on measurements of the effects of thiebitors on activity of recombinant
proteins in vitro (Table 1Higher concentrations of the PDE7 and PDES inhibiteere not
tested because of the possibility of cross-redgtivith other phosphodiesterases, and these
inhibitors were used at|iM for all subsequent experiments.
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Measurements made at 30 or 60 minutes after apiplcaf a mixture of the 3 inhibitors
showed little or no increase in cAMP content (Rid), consistent with the relatively slow action
of these inhibitors on biological responses as rilest below. However, when measurements
were made at 2 or 4 hours, the 3 inhibitors togeatimeased the cAMP content by 2-4 fold (Fig.
1A,B).

A 4-hour treatment with rolipram alone caused alkimerease in cAMP content in 2 of 3
experiments, but the mean value for the 3 experisn@as not statistically different from the
CAMP content with no treatment. A 4-hour treatmeith either the PDE7 inhibitor or the PDE8
inhibitor had no detectable effect (Fig. 1B). Adaiincrease in CAMP content was seen,
however, in response to a 4-hour treatment withxaume of the 3 inhibitors (Fig. 1B),
indicating that these 3 phosphodiesterases adtteige maintain CAMP at a low level prior to
LH exposure. This synergistic action of the 3 cAMPRibitors when applied together was also
seen in various biological responses as describledvb

PDE4, PDE7, and PDES8 act together to suppress premature meiotic resumption in follicle-enclosed
oocytes

To monitor the time course of meiotic resumptiailidles were cultured on the surface of
Millicell membranes such that they were slightlgtféened, allowing observation of the oocyte
and its nucleus within the intact follicle (Fig. 2&8). The first obvious sign of meiotic
resumption is the breakdown of the nuclear enve(diiEBD), marking the transition from
prophase to metaphase. Under the culture conditised here, 100% of oocytes underwent
NEBD by 6 hours after exposure to 10 or 300 nM Hij)(2B). 1 nM LH also caused NEBD in
some follicles, but the response was delayed @Bg,. consistent with the lower amplitude and
slower time course of cCAMP elevation in responseHq Fig. 1A).

Using this culture system, we investigated thectfté inhibitors of PDE4, PDE7, and PDE8
on maintenance of meiotic arrest. At 6 hours, ~1H%e follicles treated with EM of the
PDE4 inhibitor rolipram had undergone NEBD (Fig.)2& higher concentration of rolipram, 20
MM, did not increase the fraction of oocytes resugmreiosis (Fig. 2D), consistent with a
previous report (2). Therefore, we usedN rolipram for all subsequent experiments, except a
noted.

None of the follicles treated with|IM of the PDE7 or PDES inhibitors had undergone
NEBD at 6 hours (Fig. 2C). However, when folliclesre treated with a mixture of|Bvi
rolipram and 1uM each of the PDE7 and PDES inhibitors, ~60% offtikcles had undergone
NEBD at 6 hours (Fig. 2C). These results indichtd PDE4, PDE7, and PDES8 act together to
suppress spontaneous NEBD. Mixtures of the PDE4P&17 inhibitors, or of the PDE4 and
PDES inhibitors, also showed a synergistic stimoakadf NEBD (Fig. 2C). Based on their
effects on recombinant proteins in vitro (Table1yM of the PDE8 or PDE?7 inhibitors could
cause a slight inhibition of PDEA4, if this concatitbn was reached in the cytoplasm. However,
this is unlikely to account for the synergisticesff of combining JuM of the PDE7 or PDES8
inhibitors with 5uM rolipram, since no increase in nuclear envelogakdown was seen with
20 uM vs 5uM rolipram (Fig. 2D).

The time course of NEBD in response to the mixafrBDE inhibitors showed an
approximately 2 hour delay compared with the respdn a saturating level of LH (300 nM)
(Fig. 2E). Correspondingly, the cAMP content ofitdés was not significantly elevated from
baseline until 2 hours after applying the mixtur€®BE inhibitors (Fig. 1A). Co-incubation with
0.1 nM or 1 nM LH did not increase the rate of NEBDesponse to the mixture of CAMP
phosphodiesterase inhibitors (Fig. S3).
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When follicles were observed at 24 hours afterttneat with rolipram alone, ~70% had
undergone NEBD (Fig. 2E). This finding is consistetth previous studies in which follicles
were exposed to rolipram for 24 hours (2, 3; Davalebiro, personal communication about the
timing of the experiments reported in referenceE¥en at 24 hours, no NEBD was seen in
follicles treated with JuM of the PDE7 or PDES inhibitors alone or in condtian (Fig. 2E).
However, when these inhibitors were combined wolfpram, the percentage of NEBD at 24
hours increased to 100% vs ~70% with rolipram al@ig. 2E).

PDE4, PDE7, and PDES act together to suppress premature ovulation

LH causes ovulation at least in part by signallmpugh G to elevate cAMP (5, 33), although
signaling through &11to elevate IRalso contributes (5, 35). At 24 hours after appyiLH to
isolated follicles in culture, the oocyte has beslrased, and often a polar body can be seen
(Fig. 3A). Some of the granulosa cells are alseastd. Approximately 80% of follicles treated
with 1-300 nM LH ovulated (Fig. 3B). To investigatdich cAMP phosphodiesterases
contribute to suppressing premature ovulation,iwestigated the effects of cAMP PDE
inhibitors on this process.

Inhibition of PDE4 alone, using 5 or 20/ rolipram, caused ovulation in ~20% of follicles
(Fig. 3C,D). The PDE7 and PDES inhibitors, useti jaM, alone or in combination, did not
cause ovulation (Fig. 3C). However, when the PDERDES inhibitor, or both, were applied
together with rolipram, ~80% of follicles ovulatexs seen with LH (Fig. 3C,E). Thus, as with
the stimulation of cCAMP elevation and meiotic reqtion, PDE4, PDE7, and PDES act together
to suppress premature ovulation.

PDE4, PDE7, and PDE8 all contributeto suppressing premature production of progesterone and
progesterone receptors

An aspect of the LH-induced signaling network tisagssential for ovulation, although not for
meiotic progression, is the synthesis by the g@saitells of progesterone and its receptors
PGR-A and PGR-B (36-40). Synthesis of progesteammnkits receptors started between 1-2
hours after exposure to LH (300 nM) (Fig. 4A,B)nsistent with previous studies (32, 38, 41-
44).

To determine whether premature progesterone primatulsy the follicle is suppressed by
constitutive cAMP phosphodiesterase activity, wesueed progesterone released into the
medium at 6 hours after application of PDE inhitstdAs for the previous analyses, rolipram
was used at a concentration gild, and PDE7 and PDES inhibitors were both usedjd¥ll
Application of rolipram alone resulted in a progeshe level ~50% of that seen with LH (Fig.
4C). Application of either the PDE7 or the PDESilmtor alone each resulted in a progesterone
level ~20% of that seen with LH (Fig. 4C). A mix¢unf the 3 inhibitors resulted in a
progesterone level that was the same as that séehkv(Fig. 4C). The effect of the 3
inhibitors on progesterone production was additoeg,not synergistic.

To investigate if inhibition of PDE4, PDE7, or PDE&ults in synthesis of progesterone
receptors, follicles were treated with inhibitofseach of these phosphodiesterases, alone or in
combination (Fig. 4D-F). Treatment for 6 hours withipram resulted in a level of PGR protein
that was ~40% of that seen with LH, while neithex PDE7 nor the PDES inhibitor resulted in
detectable PGR protein expression. However, tredtmigh a mixture of the 3 inhibitors
reproduced the rise in PGR protein seen with LHicating that these cAMP phosphodiesterases
act together to suppress progesterone receptdresiat
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Although LH signaling elevates cAMP by stimulati@gand increasing the activity of adenylyl
cyclase (5), this signaling could be amplified lmylad-induced decrease in cAMP
phosphodiesterase activity. To investigate thisii#y, we measured cAMP
phosphodiesterase activity in lysates of follidlest had been treated with or without LH (300
nM). Because the peak cAMP increase after LH exgosccurs at 30 minutes (Fig. 1A),
samples were prepared at this time point. Activis assayed with 2 different CAMP substrate
concentrations, 0.aM or 1 uM. No difference in activity was seen as a resftithe LH
treatment, indicating that at least on the timéesirevestigated, LH signaling does not decrease
cAMP phosphodiesterase activity as detected inlysdtes (Fig. 5). By 2 hours after LH
receptor stimulation, the amounts of PDE4D proteid PDE4 activity actually increase (12).
These results support the conclusion that alth@4dgWiP phosphodiesterases contribute to
suppressing spontaneous nuclear envelope breakalodvavulation prior to the preovulatory
increase in LH, the initial rise in CAMP after Litgosure is not amplified by a decrease in
cAMP phosphodiesterase activity.

Discussion

Our findings indicate that 3 families of CAMP phbsyiesterases — PDE4, PDE7, and PDES8 —
act together in mouse ovarian follicles to supppesnature CAMP elevation, meiotic
resumption and ovulation prior to the preovulatoigrease in luteinizing hormone. The
observation that exposure to PDE7 and PDES inhibltias no effect in the absence of PDE4
inhibition indicates that the amount of PDE4 isfisidnt to prevent premature resumption of
meiosis under these experimental conditions. PDE#ition alone, however, produces a
submaximal response that is potentiated by concuimgibition of PDE7 and PDES8. These
observations indicate a ‘redundancy’ of phosphddrases regulating meiotic arrest and
ovulation, with PDE4 by itself being sufficient, towith PDE7 and PDES8 serving as ‘back-up’
regulators.

However, this description of the roles of PDE7 &RES8 as ‘back-up’ regulators applies
only to the specific biological responses that meestigated. CAMP is a pleiotropic second
messenger, and there may be unique roles for PDEPRBES, vs PDE4, in particular CAMP-
mediated pathways in ovarian follicles. Consisteith this concept, our observations at 24
hours after inhibition of PDE4 activity indicaterere pronounced effect on ovulation than on
NEBD.

Studies of other cells also indicate differentiéets of inhibition of PDE4, PDE7, and
PDES8. Phosphoproteomic analysis of a T-cell ling $tfaown that PDE4 inhibition (when
combined with PDE3 inhibition) results in phospHatipn of a set of proteins that is distinct
from the set of proteins that are phosphorylatea @sult of inhibition of PDE7 and PDES8
(when combined with PDE1 inhibition) (18). Corresdingly, the biological processes regulated
by these different phosphodiesterase inhibitor doatlons differ (18). Likewise, individual
phosphodiesterases have been demonstrated to iséimetdunctional roles in cardiac myocytes,
where raising intracellular cAMP content throughB2Onhibition has anti-hypertrophic effects
in neonatal rat ventricular myocytes, while inhidot of PDE3 generates pro-hypertrophic
signals (45). Correspondingly, the subcellular llaeéion of PDE?2 differs from that of PDE3
(45). Spatially distinct cCAMP phosphodiesteragmaling domains may be present in ovarian
follicles as well, where they may contribute to theergent signaling pathways that control
different responses to LH.
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Cooperative function of cCAMP-hydrolyzing phosphaierases has also been found in
Leydig cells of the testis, which produce testasterin response to luteinizing hormone (LH).
Inhibition of either of 2 different cAMP-specifichypsphodiesterases, PDE4 and PDES, can
induce steroid production in these cells, and iitioib of both of these enzymes increases steroid
production more than the sum of either alone (8%, However, while PDE4 has the primary
role and PDES8 a supporting role in regulating meiatrest in granulosa cells, the situation is
reversed is in Leydig cells, with PDES8 having thenary role and PDE4 a supporting role.

Multiple cAMP phosphodiesterases act together ppsess cCAMP-dependent responses in
other cells as well. These include cells of theemdl cortex (47, 48), smooth muscle (49, 50),
adipose tissue (51) and leukocytic cell lines &3, Having more than one type of PDE protein
present to suppress premature CAMP elevation dwelfglto ensure that conditions that might
reduce the activity of any individual phosphodieste would not disrupt essential cellular
processes. Other factors, such as cAMP bufferinigidly concentrations of the regulatory
subunits of protein kinase A, may also contribotpreventing premature cAMP-dependent
responses (54).
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Figure 1. PDE4, PDE7, and PDES8 act together to suppressgpueencAMP elevation in
preovulatory folliclesA) Time course of cCAMP elevation after exposureatiidles to various
concentrations of LH, or to a mixture of inhibitm&s3 cAMP phosphodiesterases: PDE4i
(rolipram, 5uM), PDE7i (1uM), and PDES8i (PF04957325,uM). The LH data were obtained
from the indicated number of independent experisjazdch including all time points. The PDE
inhibitor data includes 2-4 measurements for eawé point. T-tests were performed to test the
statistical significance of the difference betwé®m measurements following no LH and 1 nM
LH treatments; the black asterisk indicates a figant difference (p<0.05 after correction for
multiple comparisons). T-tests were also useddbtte difference between measurements
following no LH and PDE inhibitor treatments; gressterisks indicate significant differences.
B) cAMP content of follicles after a 4-hour expostoeeach of the inhibitors listed in A, or to a
mixture of the 3 inhibitors. Here and in subsequenires, different letters indicate significant
differences (p<0.05).

Figure 2. PDE4, PDE7, and PDES8 act together to suppressgpueennuclear envelope
breakdown in follicle-enclosed oocytes) A follicle prior to exposure to LH or a PDE inltidr;

an intact nucleus is visible in the oocyB.Time course of NEBD in response to various
concentrations of LHC) Percent NEBD at 6 hours after treatment of ftdBowith a saturating
concentration of LH (300 nM), individual phosphasterase inhibitors, pairs of inhibitors, or all
three inhibitors together (@M rolipram, 1uM PDE?7 inhibitor, 1uM PDES inhibitor).D)

Similar percent NEBD in response to 5 andu®0rolipram.E) Time course of NEBD in
response to LH (300 nM), individual PDE inhibitge®ncentrations as in C), or a mixture of the
3 inhibitors.

Figure 3. PDE4, PDE7, and PDES act together to suppressgtueenovulation.A) A follicle at

24 hours after exposure to LH (300 nM). Ovulati@s loccurred, as indicated by extrusion of the
oocyte and some granulosa celB3 Percent ovulation at 24 hours after exposureatmus
concentrations of LHC) Percent ovulation at 24 hours after treatmetiolities with LH (300

nM), individual phosphodiesterase inhibitors, pait#hibitors, or all three inhibitors together

(5 UM rolipram, 1puM PDE?7 inhibitor, 1uM PDES inhibitor).D) Similar percent ovulation in
response to 5 and 20M rolipram.E) A follicle at 24 hours after treatment with a rtoise of
inhibitors of PDEs 4, 7, and 8 (concentrationsa8), showing ovulation as seen with LH.
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Figure4. PDE4, PDE7, and PDES all contribute to suppressjpramntaneous production of
progesterone and progesterone recepfgi). Time course of synthesis of progesterohegnd
its receptors PGR-A and PGR-B)(in response to LH (300 nME-F). Stimulation of synthesis
of progesterone) and progesterone receptos k) by incubation of follicles for 6 hours in the
presence of LH (300 nM) or inhibitors of PDE4 (pp&m, 5uM), PDE7 (1uM) and/or PDES8 (1
KM). In panels B and D, the doublet near thedvl marker corresponds to the PGR-A isoform,
and the doublet just above the M6 marker corresponds to the PGR-B isoform; thebtkts

are thought to result from phosphorylation (32)e Téwer bands, in the range of Mb0-70 are
unidentified, but have been seen in a previousysasdvell (32).

Figure5. LH signaling does not cause a rapid decrease MREAhosphodiesterase activity.
cAMP phosphodiesterase activity was measured atégsof follicles with or without a 30
minute exposure to LH (300 nM). Activity was asgayéth 2 different CAMP substrate
concentrations, 0.aM or 1 uM. Bars show the mean + s.e.m. for 2 independep¢rxents.

Table 1. Selectivity data for the PDE7 and PDES inhibitéxssays were performed using
recombinant human phosphodiesterase proteins, efadpDEG, which was extracted from
bovine retina. Table 1A lists mean values for tlesakiation constant of the enzyme-inhibitor
complex (K) for the PDE?7 inhibitor (PDE7i) and for the PDE®ibitor (PDESi), determined for
the indicated phosphodiesterases and substratelesTEB and 1C list mean + s.e.m. values for
pKi (the negative of the base 10 logarithm of thg t€sting PDE7i (Table 1B) and PDESi
(Table 1C) with the indicated phosphodiesterasaaditates the number of assays. Meag IC
values for PDESI inhibition of PDESA and PDE8B wereviously reported to be 0.7 and <0.3
nM respectively (20; substrate concentration nets@d) and 3.1 and 0.4 nM respectively (27;
12-14 nM cAMP substrate).

Table 1A
PDE7 PDES8
PDE substrate KnM) Ki (nM)
PDE1B1 CAMP 7200 >9900
PDE2A1 cGMF >990( >990(
PDE3AI CAMP >980( >980(
PDE4D3 CAMP 3800 3000
PDE5AL cGMP >9600 >9600
PDE€ cGMF >990( >990(
PDE7E cAMP 7.€ 250(
PDE8B cAMP >9500 0.1
PDE9A1 cGMP >9600 >9600
PDE10A’ cAMP >930( >930(
PDE11A4 cGMP >9200 >9200
Table 1B: PDE7i
PDE pK (mean £ s.e.m.) KnM) N
PDE7B 8.11 + 0.05 7.8 6
PDE1B1 5.14 + 0.16 7200 4
PDE4D3 5.42 +0.24 3800 4
Table 1C: PDESI
PDE pK (mean + s.e.m.) KnM) N
PDE8SB 8.74 + 0.06 0.1 3
PDE7B 5.60 + 0.14 2500 4
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| PDE4D3 | 552+005 | 3000 | 4]

Table 2. Antibody descriptions

} . Name of Manufacturer, Species, Dilution
Protein Tar get Antigen Antibody Catalog Number M onoclonal/Polyclonal Used RRID
Progesterone Argérgooaf\(ﬂﬂfngz-
receptor, PRG-A and progesterone Clone SP2 Abcam, ab 16661 Rabbit, monoclongl 1:500 AB_443421
PRG-B isoforms receptor
Goat Anti-Rabbit
. 19G, IRDye®
Rabbit IgG Rabbit IgG (heavy 800CW Licor, 926-32211 Goat, polyclonal 1:15000 AB_621843
and light chains) Conjugated
antibody
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