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Abstract

In response to luteinizing hormone (LH), multiple proteins in rat and mouse granulosa cells are rapidly dephosphorylated, but the responsible
phosphatases remain to be identified. Because the phosphorylation state of phosphatases can regulate their interaction with substrates,
we searched for phosphatases that might function in LH signaling by using quantitative mass spectrometry. We identified all proteins in rat
ovarian follicles whose phosphorylation state changed detectably in response to a 30-min exposure to LH, and within this list, identified protein
phosphatases or phosphatase regulatory subunits that showed changes in phosphorylation. Phosphatases in the phosphoprotein phosphatase
(PPP) family were of particular interest because of their requirement for dephosphorylating the natriuretic peptide receptor 2 (NPR2) guanylyl
cyclase in the granulosa cells, which triggers oocyte meiotic resumption. Among the PPP family regulatory subunits, PPP1R12A and PPP2R5D
showed the largest increases in phosphorylation, with 4–10 fold increases in signal intensity on several sites. Although follicles from mice in
which these phosphorylations were prevented by serine-to-alanine mutations in either Ppp1r12a or Ppp2r5d showed normal LH-induced NPR2
dephosphorylation, these regulatory subunits and others could act redundantly to dephosphorylate NPR2. Our identification of phosphatases
and other proteins whose phosphorylation state is rapidly modified by LH provides clues about multiple signaling pathways in ovarian follicles.

Summary Sentence Quantitative mass spectrometric analysis of phosphatases whose phosphorylation state is rapidly modified by LH provides
clues about how LH signaling dephosphorylates NPR2 as well as a resource for future studies.

Graphical Abstract

Key words: luteinizing hormone, ovarian follicle, phosphatase, phosphoproteomics, natriuretic peptide receptor.
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Introduction

Luteinizing hormone (LH) acts on its receptor in the mural
granulosa cells of mammalian preovulatory follicles to initiate
a complex signaling cascade that leads to resumption of
meiosis in the oocyte, ovulation, and formation of the corpus
luteum. The LH receptor activates Gs and other G-proteins,
which activate protein kinase A (PKA) and other kinases (1–
4). LH signaling also results in the rapid dephosphorylation of
multiple regulatory proteins in the granulosa cells, including
the guanylyl cyclase natriuretic peptide receptor 2 (NPR2) (5),
the actin regulator cofilin (6), and the multifunctional protein
MAP2D (7), but little is known about which phosphatases
are responsible. The goal of this study was to identify protein
phosphatases that are modified by LH signaling, and then to
investigate if the identified phosphatases function to dephos-
phorylate the NPR2 guanylyl cyclase. Because the phosphory-
lation state of phosphatases can regulate their interaction with
substrates (8–11), we used quantitative mass spectrometry
(MS) to identify phosphatases in rat ovarian follicles that
showed rapid LH-induced changes in phosphorylation.

One centrally important LH-induced response that requires
phosphatase activity in the granulosa cells is the resumption
of meiosis in the prophase-arrested oocyte. Mammalian pre-
ovulatory follicles send a signal to the oocyte that maintains
meiotic arrest, and then in response to LH, reverses the arrest
(1–4). In mice (12) and other mammalian species (reviewed
in Jaffe and Egbert (2), prophase arrest is maintained by
the activity of the NPR2 guanylyl cyclase in the granulosa
cells around the oocyte. NPR2 generates cGMP that diffuses
through gap junctions into the oocyte in the center of the fol-
licle, inhibiting meiotic progression (13). LH-induced dephos-
phorylation of NPR2 decreases its activity, causing meiosis to
resume (5, 14, 15). If dephosphorylation of NPR2 is prevented
by changing its juxtamembrane serines and threonines to the
phosphomimetic amino acid glutamate, meiotic resumption is
delayed by several hours (14). The LH-induced dephosphory-
lation of NPR2 is prevented by small molecule inhibitors of
phosphatases, cantharidin and okadaic acid (5), which inhibit
most PPP family phosphatases (16), but not PPM family phos-
phatases (17, 18). However, the particular PPP holoenzymes
that are responsible for the dephosphorylation and inactiva-
tion of NPR2 or other related guanylyl cyclases are unknown.

Each PPP holoenzyme is comprised of a catalytic subunit
belonging to one of seven subfamilies (PPP1c-PPP7c), in com-
plex with one or two other subunits. Over 250 proteins are
known to form complexes with PPP catalytic subunits (19,
20), and these have been characterized with varying degrees of
certainty to be regulators of PPP family phosphatase activity.
Approximately 60 of the best characterized are given names
including “PPP” (19, 20). We analyzed proteins in rat preovu-
latory follicles using quantitative MS to obtain clues about
which among this large number of candidates might regulate
NPR2 dephosphorylation and other responses to LH signaling
in ovarian follicles.

Materials and methods

Animals

Rats (CD-Sprague–Dawley, Charles River Laboratories,
Kingston, NY) and mice (C57BL/6 J, Jackson Laboratory, Bar
Harbor, ME) were used for these studies. Where indicated,
mice were genetically modified using CRISPR-Cas9 to insert

a hemagglutinin (HA) tag on Npr2 (21), or to insert point
mutations in Ppp1r12a (S507A, Supplementary Figure S1)
or Ppp2r5d (S53A/S81A/S82A/S566A, Supplementary Fig-
ure S2). Mice with these mutations in phosphatase regulatory
subunits also had an HA tag on Npr2. All procedures were
approved by the animal care committee of the University
of Connecticut Health Center. The genetically modified mice
described here are available from Dr Siu-Pok Yee upon request
(syee@uchc.edu). The HA-Npr2 mice are also available from
the MMRRC Repository at The Jackson Laboratory (Bar
Harbor, ME; RRID:MMRRC_071304-JAX).

Ovarian follicles: Isolation, culture, and sample
preparation

Preovulatory rat follicles, 700–900 μm in diameter, were
dissected from the ovaries of 25-day-old prepubertal animals
that had been injected 48 h previously with equine chorionic
gonadotropin (National Hormone and Peptide Program, 12
I.U.) to stimulate follicle growth and LH receptor expression
(5). The follicles were cultured for 1–2 h on 30 mm Millicell
cell culture inserts (PICM0RG50, MilliporeSigma, St. Louis,
MO) as previously described (5). LH (ovine LH-26, National
Hormone and Peptide Program) or a control solution of PBS
was applied to the medium under the culture membrane, and a
small drop was also added to the top of the membrane around
each follicle to ensure rapid exposure of the follicles. LH was
used at 350 nM (10 μg/ml), a concentration that results in
a maximal percentage of nuclear envelope breakdown in rat
follicles under the conditions used here (22), and maximal
dephosphorylation of NPR2 at 30 min (5). At 30 min after
applying LH or control vehicle (PBS), follicles were washed in
PBS, then frozen in liquid nitrogen and stored at −80◦C, for
MS. Each rat follicle contains ∼20 μg of protein as determined
by a BCA assay (22), and 17–27 follicles were obtained per
rat. Each sample for MS contained 1.0–1.6 mg protein (50–
81 follicles).

Fully grown mouse follicles, 300–400 μm in diameter, were
dissected from the ovaries of 24–26-day-old prepubertal
animals that had not been injected with hormones. The
follicles were then cultured for 23–26 h on 30 mm Millicell
cell culture inserts in the presence of 1 nM follicle-stimulating
hormone (FSH; 30 ng/ml, ovine FSH, National Hormone and
Peptide Program) to stimulate synthesis of LH receptors and
progression to the preovulatory stage (23). For some experi-
ments, the FSH-cultured follicles were then incubated with or
without the PPP family phosphatase inhibitor cantharidin
(C7632, Sigma-Aldrich) or the PKA inhibitor Rp-8-CPT-
cAMPS (C011–05, BioLog, Bremen, Germany). LH or control
vehicle (PBS) was then applied as described for rat follicles.
LH was used at 10 nM (∼0.3 μg/ml), the lowest concentration
needed to achieve maximal nuclear envelope breakdown
in mouse follicle-enclosed oocytes (23). For experiments
with or without Rp-8-CPT-cAMPS, the volume required
was minimized by transferring follicles to 12 mm Millicells
(PICM01250) in a 4-well plate containing 250 μL medium.
For western blotting, follicles that had been treated with or
without LH for 30 min were washed in PBS, and then lysed
by probe sonication in Laemmli sample buffer with 75 mM
dithiothreitol and protease and phosphatase inhibitors as
previously described (24). Each mouse follicle contains
∼3.5 μg of protein as determined by a BCA assay (25).
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Figure 1. Workflow for the phosphoproteome analyses of ovarian follicles with or without LH stimulation.

Sample preparation for LC–MS/MS

For liquid chromatography–tandem mass spectrometry
(LC–MS/MS) sample preparation (Figure 1), LC/MS-grade
water, methanol, and acetonitrile (ACN) (Merck, Darmstadt,
Germany) were used. Frozen rat ovarian follicles were homog-
enized in 400 μL lysis buffer [100 mM HEPES, pH 8, 4% SDS,
1 mM EDTA, and 1× Halt protease/phosphatase inhibitor
cocktail (ThermoFisher Scientific)] using Zirconia/glass beads
in a bead beating grinder (FastPrep24, MP Biomedicals). The
lysates were sonicated in a BioRuptor (Diagenode) for 5 min
(30 s on/30 s off cycle). After clearing by centrifugation,
protein concentration in the supernatant was determined
using a BCA assay (ThermoFisher Scientific). Equal protein
amounts were reduced/alkylated by incubating with 10 mM
TCEP/ 40 mM CAA for 30 min at 37◦C, and proteins were
precipitated with methanol–chloroform (26). Precipitated
proteins were resuspended in 1% RapiGest (Waters) in
100 mM TEAB, and digested as previously described (27)
with the following modification: equal amounts of proteins
were digested overnight using either trypsin (1:40 trypsin-
to-protein ratio) or LysC (1:100 LysC-to-protein ratio),
and then LysC- or trypsin-digested aliquots of the same
sample were respectively combined before phosphopeptide
enrichment. To enrich for phosphopeptides, peptides were
incubated with TiO2 beads (GL Sciences, Tokyo, Japan)
(27). Unbound (non-phosphorylated) peptides were collected,
then bound (phosphorylated) peptides were eluted from the
beads. Isobaric tandem mass tag (TMT)6 labeling, sample
desalting, and basic-reversed phase (bRP) fractionation were
performed as described previously (27). Aliquots of protein
digests containing mostly non-phosphorylated peptides were
separately labeled using TMT reagents processed within the
same pipeline omitting the enrichment step. Following bRP
fractionation, 20 concatenated fractions were collected and
analyzed.

LC–MS/MS

Dried bRP fractions of peptides prior to and after phospho-
peptide enrichment were dissolved in 2% (v/v) ACN 0.1%
(v/v) trifluoroacetic acid (TFA) in water and subjected to LC–
MS/MS analysis using a setup as previously described [(27),
Figure 1]. Phosphorylated peptides were injected in technical
duplicates and separated using an 88 min gradient consisting
of loading at 98% buffer A [0.1% (v/v) formic acid (FA) in
water] 2% buffer B [80% ACN (v/v) 0.1% FA (v/v) in water]
for 4 min; linear gradient ranging from 7% to 32% B over
56 min; followed by linear increase to 50% B over 18 min,
washing step at 90% B for 5 min and re-equilibration step at
2% B for 5 min. For the separation of non-phosphorylated
peptides, the first two steps were adjusted accordingly: (1)
loading at 5% B for 5 min; (2) linear gradient from 8 to 34%
B over 56 min.

An Orbitrap/Ion Trap mass spectrometer (Tribrid Fusion,
ThermoFisher Scientific) was operated in data-dependent
acquisition mode. Survey MS1 scans were acquired in
Orbitrap at the resolution of 120 000, scan range of 350–
2000 m/z, normalized automatic gain control (AGC) target of
250%, and maximum injection time (maxIT) of 50 ms. The
most abundant precursors of charge state two to seven were
subjected to fragmentation using higher energy collisional
dissociation (HCD) and normalized collision energy (NCE)
of 33%. The length of the duty cycle was fixed to 3 s.
Precursor ions were excluded from repetitive fragmentation
for 30 s. MS2 spectra were acquired at the resolution of
30 000, normalized AGC target of 1000%, and 200 ms maxIT.
The top 10 fragment ions were isolated using synchronous
precursor selection [SPS; (28)] and fragmented in HCD at
NCE of 50%. Resulting SPS-MS3 spectra were acquired
in Orbitrap at 50 000 resolution, normalized AGC target
of 500%, and maxIT of 200 ms. When analyzing non-
phosphorylated peptides, the resolution and maxIT of MS2
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scans were reduced to 15 000 and 54 ms, respectively.
Accordingly, maxIT of SPS-MS3 scans was set to 86 ms.

LC–MS/MS data analysis

Raw LC–MS/MS data were processed using MaxQuant soft-
ware [version 1.6.2.10; (29)] using default settings if not
stated otherwise. MS-data from phosphorylated and non-
phosphorylated peptides were processed simultaneously after
defining “Phospho (S,T,Y)” modification as variable modi-
fication in the group parameters for the samples after the
enrichment step. Other default modifications included car-
bamidomethylation of cysteine residues (fixed) and oxidation
of methionine and acetylation of protein N-terms (both vari-
able modifications). Up to five variable modifications were
allowed per peptide. Trypsin was selected as the protease.
“Reporter ion MS3” was selected as quantification param-
eter. Default mass tolerances were preserved at 4.5 ppm
and 20 ppm for precursor and fragment masses, respec-
tively. Canonical protein sequences of Rattus norvegicus were
downloaded from UniProt [February 2019, 29 951 entries;
(30)]. Further steps of statistical analysis were conducted in
R programming language using custom scripts as previously
described (27). In brief, impurity-corrected reporter ion inten-
sities were used to assess differential abundance of phospho-
rylated peptides at the level of phosphorylation sites [“Phos-
pho(S,T,Y).txt” output table of MaxQuant]. Only phospho-
rylation sites with localization probability >0.75 were con-
sidered for the analysis. Reporter ion intensities were log2-
transformed, normalized by median polishing, and subjected
to differential expression testing using limma (31). Limma-
moderated P-values were corrected for multiple comparisons
using a q-value approach (32). Phosphorylation events were
considered as significantly altered (“candidates”) if satisfy-
ing the following criteria: (1) absolute log2 (Treated/Con-
trol) > log2(1.5) and (2) q-value <0.01, corresponding to a
false discovery rate (FDR) of <1%. Impurity-corrected pro-
tein group intensities (“proteinGroups.txt”output table) were
analyzed in a similar way in order to confirm that treatment
had no significant impact on the proteome level.

Because of the similarity in amino acid sequences for
PPP1R12A and R12B, peptides from these two proteins
were indistinguishable. The assignment of these peptides
to PPP1R12A was determined by ddPCR analysis of the
relative abundances of PPP1R12A and R12B mRNAs
(Supplementary Figure S3).

Bioinformatics analysis

Lists of ovarian follicle proteins that had at least one site
with one statistically significant difference in phosphorylation
intensity following LH stimulation were subjected to gene
set enrichment analysis using DAVID [2021 Update; (33)].
Gene ontology (GO) terms were considered significant if the
Benjamini–Hochberg adjusted P < 0.01. Follicle GO terms
with at least five gene products were downloaded on 18
March 2022.

Western blotting

For analysis of LH-induced NPR2 dephosphorylation
(Figures 2, 5 and 6), we used follicles from mice with
HA-tagged NPR2 (see above). Proteins were separated by
SDS-polyacrylamide gel electrophoresis (PAGE) using a
gel containing the phosphate binding molecule Phos-tag,
which retards the migration of phosphorylated proteins (34).
Methods were as previously described (5, 35), except that

follicle lysates (30–60 μg protein) were directly loaded onto
the gels without immunoprecipitation. Phos-tag reagent and
compatible molecular weight markers were obtained from
Fujifilm Wako Chemicals USA (Richmond, VA; cat. #AAL-
107 and #230–02461, respectively). The antibody used to
detect the HA tag on NPR2, as well as other antibodies
used for western blotting, are listed in Table S1. Signals
were detected using a horseradish peroxidase-conjugated
secondary antibody (Table S1) and a Western Bright Sirius
detection kit (Advansta, San Jose, CA; cat. #K-12043-D20).
Blots were imaged using a charge-coupled device camera
(G:Box Chemi XX6; Syngene, Frederick, MD). Relative levels
of HA-NPR2 phosphorylation were compared by ratioing
the signal intensity in the upper versus lower bands. Phos-
tag gel electrophoresis was also used to detect LH-induced
phosphorylation of PPP2R5D (Figure 4), using an antibody
against total PPP2 (Table S1).

To quantify LH-induced changes in PPP1R12A phosphory-
lation (Figure 3), proteins from follicles treated with or with-
out LH were separated on an SDS-PAGE gel (no Phostag), and
blots were probed with phosphospecific antibodies (Table S1).
To provide signal linearity, fluorescently labeled secondary
antibodies (Table S1) were detected with an Odyssey imager
(LI-COR, Lincoln, NE). To ensure that equal amounts of
protein were loaded in each lane and transferred equally to
the blot, blots were stained with Ponceau S (Sigma Chemical
P3504), which allows comparison of total protein amounts
in each lane (36). LH-induced changes were calculated by
first normalizing each phospho-PPP1R12A band intensity to
the Ponceau S signal in the corresponding lane, and then
normalizing values for LH-treated lanes to those for control
lanes. The effect of Rp-8-CPT-cAMPS on PPP1R12A phos-
phorylation was quantified similarly.

LH-induced changes in CREB-S133 phosphorylation (Sup-
plementary Figure S4) were detected using a phosphospe-
cific mouse antibody and a fluorescently labeled goat-anti-
mouse secondary antibody (Table S1). Signal intensities were
measured using an Odyssey imager and were normalized to
those for total CREB, which was measured by simultaneously
probing the same blot with a rabbit antibody against total
CREB and a fluorescently labeled goat-anti-rabbit secondary
antibody (Table S1). Phospho and total CREB signals were
detected simultaneously with 800 and 680 nm laser lines.

Statistics

Data were analyzed using Prism 9 (GraphPad Software,
Boston, MA) as described in the figure legends.

Results and discussion

Mass spectrometric analysis of LH-induced
changes in the phosphoproteome of rat
preovulatory follicles

Using a MS-based quantification strategy relying on TMT
labeling (27) (Figure 1), we first analyzed all proteins in
rat ovarian follicles that showed detectable changes in
phosphorylation in response to LH. Rats rather than mice
were used in order to obtain sufficient protein. Isolated
preovulatory ovarian follicles were treated with or without
LH for 30 min, then lysates were prepared for TMT-
based quantitative MS. The 30-min time point was chosen
because maximal dephosphorylation of NPR2 is reached at
this time point (5). Proteins extracted from LH-stimulated
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Figure 2. LH-induced NPR2 dephosphorylation in mouse preovulatory follicles requires PKA and PPP family phosphatase activities. (A) Representative
western blots of Phos-tag-containing SDS-PAGE gels, showing that the PKA inhibitor Rp-8-CPT-cAMPS or the PPP family phosphatase inhibitor
cantharidin inhibits LH-induced HA-NPR2 dephosphorylation. Isolated preovulatory follicles from mice in which endogenous NPR2 was tagged with the
HA epitope were treated with or without Rp-8-CPT-cAMPS (10 mM, 4 h) or cantharidin (10 μM, 4 h), then stimulated with 10 nM LH (30 min). Data
shown in Figure S4 confirmed that under these conditions, Rp-8-CPT-cAMPS effectively inhibits PKA. Follicle proteins were separated on a Phos-tag gel,
and western blots were probed with an antibody recognizing HA (see methods). Upper bands indicate more phosphorylated NPR2, and lower bands
indicate less phosphorylated NPR2. Note that molecular weight markers are not exact on a Phos-tag gel, and primarily correspond to the least
phosphorylated form of a protein. (B) Summary of the ratios of signal intensities for upper/ lower NPR2 bands, for multiple blots like those shown in A.
Each symbol represents a set of samples that were treated as indicated and then analyzed together on the same blot. Bars show mean ± SEM. Data
were analyzed by paired t-tests with correction for multiple comparisons. ∗∗∗ P < 0.001.

and non-stimulated ovarian follicles were digested with
endoproteinase and enriched for phosphopeptides in parallel;
the phosphopeptides were then labeled with isotopically
labeled TMT6 reagents. Peptides were pooled, prefractionated
by bRP chromatography, and finally analyzed by LC–MS/MS
(Figure 1) (27).

Our analysis identified 4097 phosphorylated proteins in
ovarian follicles, of which 866 proteins had at least one
site with a statistically significant difference in phospho-
rylation intensity following LH stimulation (Supplemen-
tary Data Files S1–S3). Most but not all previously described
LH-induced protein phosphorylation changes were identified
by this analysis. The absence of some known phosphorylation
sites within proteins that have been detected in other studies
could result because of technical limitations of the applied
experimental protocol, which utilized trypsin and LysC
proteases for peptide generation, leading to difficulties in
quantifying phosphorylation sites in lysine or arginine rich

regions, for example for NPR2 and CREB1. Furthermore,
despite the presence of protease/phosphatase inhibitors and
strong denaturing agent such as SDS in the sample lysis buffer,
it still cannot be completely excluded that particular peptides
were degraded by the proteases used in generating the samples
used for MS, or were not recovered during the initial fraction
steps (37).

Strikingly, of the 866 proteins that showed changes in
phosphorylation in response to LH stimulation, 347 proteins
had sites that showed significant decreases in phosphorylation
intensity in response to LH stimulation. Though inhibitory
phosphorylations of some kinases could explain some of
these changes, this finding suggests that signaling by PKA
and other kinases that are activated by the Gq G-protein
(1, 38, 39) massively and rapidly increases phosphatase
activity targeting multiple substrates. Identification of such
phosphatases could contribute to understanding of multiple
aspects of LH signaling.
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Table 1. Statistically significant LH-induced changes in phosphopeptide intensity of well-characterized PPP-family phosphatase regulatory subunits in
rat ovarian follicles. This list includes all proteins in the Supplementary Data File 1 that had official names including “PPP,” and for which LH stimulation
resulted in a significant change in phosphopeptide intensity. Multiplicity refers to either singly phosphorylated (1) or doubly phosphorylated (2) peptides.
Significant increases in phosphopeptide intensity following LH treatment are above the dashed line; significant decreases in phosphopeptide intensity
with LH treatment are below the dashed line.

Gene name UniProt
accession

Amino
acid

Site
#

Multiplicity Phosphopeptide intensity
(log2 mean ± SEM)

Fold
change

Control 350 nM LH

PPP2R5D F1MAA3 S 53 1 16.20 ± 0.03 19.49 ± 0.27 10.4
PPP1R12Aa A0A0G2JWJ0 S 507a 1 16.42 ± 0.06 18.57 ± 0.59 4.7
PPP2R5D F1MAA3 S 566 1 19.94 ± 0.32 21.90 ± 0.35 4.1
PPP2R5A D3ZDI7 S 38 1 16.45 ± 0.13 17.92 ± 0.07 2.9
PPP1R9A O35867 S 185 1 14.20 ± 0.07 15.36 ± 0.14 2.4
PPP2R5C D4A1A5 S 497 1 19.03 ± 0.18 20.08 ± 0.31 2.2
PPP2R5D F1MAA3 S 81b 2 22.39 ± 0.12 23.15 ± 0.15 1.8
PPP2R5D F1MAA3 S 82b 2 22.12 ± 0.11 22.84 ± 0.17 1.7
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
PPP1R14A Q99MC0 S 26 1 22.38 ± 0.02 19.48 ± 0.44 −7.0
PPP1R14A Q99MC0 S 136 1 18.75 ± 0.24 16.95 ± 0.63 −3.3
PPP1R14A Q99MC0 S 16 2 17.80 ± 0.05 16.11 ± 0.23 −3.1
PPP1R14A Q99MC0 S 26 2 17.80 ± 0.05 16.11 ± 0.23 −3.1

aThe fragment ion sequence containing this phosphosites is almost identical for PPP1R12A-S507 and PPP1R12B-S502, such that its assignment to PPP1R12A
or PPP1R12B is ambiguous. We assigned it to PPP1R12A because ddPCR analysis showed that PPP1R12A mRNA is present in mouse ovarian follicles at a
concentration ∼5× higher than PPP1R12B mRNA (Supplementary Figure S3). bq-values for these sites (0.041 and 0.046, respectively) were just above the
significance threshold of 0.01.

Mass spectrometric analysis of LH-induced changes
in phosphorylation of PPP family phosphatase
regulatory subunits in rat preovulatory follicles

Phosphatases in the PPP family are estimated to be responsible
for ∼90% of dephosphorylation events in eukaryotic cells
(40). These phosphatases are of particular interest because
their activity is required for LH-stimulated and PKA-
dependent dephosphorylation of the NPR2 guanylyl cyclase
in the granulosa cells, which triggers meiotic resumption
the oocyte (Figure 2A and B, Supplementary Figure S4). We
confirmed that, as for rat follicles (5), LH-induced dephospho-
rylation of NPR2 in mouse follicles is inhibited by the PPP-
family phosphatase inhibitor, cantharidin (Figure 2A and B).

None of the PPP family phosphatase catalytic subunits
showed changes in phosphorylation in response to LH (Sup-
plementary Data File S1). However, among the ∼60 interact-
ing proteins that have been best characterized as regulatory
subunits of PPP family phosphatases, as indicated by their
assignment of official names including “PPP” (19, 20), six
showed statistically significant changes in phosphorylation in
response to LH (Table 1). The two largest phosphorylation
increases were in PPP2R5D (also known as PP2A-B56δ) and
PPP1R12A (also known as MYPT1) (Table 1, Supplemen-
tary Figure S4). Among the over 200 other proteins that
are known to interact with PPP family phosphatase catalytic
subunits (with non-“PPP” gene names), those that showed
changes in phosphorylation in response to LH are listed in
Table S2.

PPP2R5D showed a ∼10× increase in phosphorylation
signal intensity on serine 53, and a 4× increase on serine 566
(Table 1). PPP2R5D-S566 phosphorylation in response to LH
receptor stimulation in rat ovarian granulosa cells has been
reported previously (7), and phosphorylation of serine 566
is critical for activation of PPP2 by PKA in other cells (8).
A marginally significant increase in phosphorylation intensity
on serine 81 and serine 82 of PPP2R5D was also detected.
PPP1R12A showed a ∼4× increase in the signal intensity of

phosphorylation of on serine 507 (Table 1), known to be a
regulatory site in other cells (11). Another PPP1 regulatory
subunit, PPP1R14A (also known as CPI-17), showed a 3–7×
decrease in phosphorylation signal intensity on serines 16 and
26 (Table 1).

These LH-dependent changes in phosphorylation of PPP
family phosphatase regulatory subunits identified candidates
for phosphatase complexes that might mediate dephospho-
rylation of NPR2 in response to LH signaling. Because LH-
induced NPR2 dephosphorylation depends on the activation
of PKA, as demonstrated by inhibition by the PKA-specific
inhibitor Rp-8-CPT-cAMPS (41) (Figure 2A and B), we
focused on investigating regulatory subunits whose phospho-
rylation increased rather than decreased in response to LH.

Western blot confirmation of PPP1R12A and
PPP2R5D phosphorylation increases in LH-treated
mouse preovulatory follicles

Consistent with the MS analysis, quantitative western
blotting of mouse ovarian follicles using a phosphospecific
antibody showed that LH caused an 11× increase in
phosphorylation of PPP1R12A on serine 507 (Figure 3A and
B). A 3× increase in phosphorylation on serine 668 was also
detected (Figure 3A and B), as previously seen with LH recep-
tor stimulation of granulosa cells from rat preovulatory folli-
cles (42). Three other sites on PPP1R12A showed no change
in phosphorylation in response to LH (Figure 3A and B).
Inhibition of serine 507 phosphorylation by the PKA-specific
inhibitor Rp-8-CPT-cAMPS (41) showed that the LH response
depended on PKA (Figure 3C and D), like the LH-induced
dephosphorylation of NPR2 (Figure 2A and B).

Phosphospecific antibodies were not available for PPP2R5D,
so as an alternative, we used Phos-tag gel electrophoresis
(34) followed by western blotting with antibodies against the
total proteins. Using this approach, we confirmed that LH
increased phosphorylation of PPP2R5D in mouse ovarian

D
ow

nloaded from
 https://academ

ic.oup.com
/biolreprod/article/110/1/102/7286506 by U

niversity of C
onnecticut user on 20 January 2024

https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolre/ioad130#supplementary-data
https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolre/ioad130#supplementary-data
https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolre/ioad130#supplementary-data
https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolre/ioad130#supplementary-data


J.R. Egbert et al., 2024, Vol. 110, No. 1 105

Figure 3. Quantitative western blot analysis of PPP1R12A phosphosite changes in LH-treated mouse preovulatory follicles. Binding of phosphospecific
antibodies was quantified using a fluorescent secondary antibody and a LI-COR Odyssey imager (see methods). (A) Representative images of blots of
PPP1R12A phosphosites in ovarian follicles treated ±10 nM LH (30 min). (B) Summary of experiments like that in (A). To quantify, each phosphospecific
antibody signal was normalized to the total protein signal in that lane, as determined by Ponceau-S staining (see methods). The normalized signal with
LH was then divided by the normalized signal without LH to determine the LH-induced change in PPP1R12A phosphorylation at each site. (C)
PKA-dependence of PPP1R12A-S507 phosphorylation. Follicles were treated with or without the PKA inhibitor Rp-8-CPT-cAMPS (Rp; 10 mM, 8 h), then
stimulated with 10 nM LH (30 min). (D) Summary (mean ± SEM) of three experiments like that in (C), with Rp-8-CPT-cAMPS applied for either 4 or 8 h.
Values for the graph were generated by normalizing to the Ponceau stain intensity for the lane, and then normalizing to the value with no
Rp-8-CPT-cAMPS or LH treatment. For B and D, each symbol (circle, square, triangle) represents a set of samples that were treated as indicated and
then analyzed together on the same blot. For each experiment, changes in phospho-S507 intensity of the different treatment groups are plotted relative
to the control with no Rp-8-CPT-cAMPS and no LH.

follicles and determined that the phosphorylation was PKA-
dependent (Figure 4A and B).

Investigation of the function of LH-induced
phosphorylation of PPP family phosphatase
regulatory subunits in pathways leading to NPR2
dephosphorylation, using genetically modified
mice with serine-to-alanine mutations

Our MS and western blotting results suggested PKA-
dependent phosphorylation of PPP1R12A on serine 507, and

of PPP2R5D on serines 53 and 566, as possible mediators
of LH-induced NPR2 dephosphorylation. Phosphorylations
of these sites could potentially increase the interaction of
the regulatory subunits with the NPR2 protein, bringing
the associated catalytic subunits close to NPR2. The known
substrate interaction motif for PPP2R5D, LxxIxE within an
intrinsically disordered region (40), is not found in NPR2, and
although PPP1R12A contains a motif that binds its catalytic
subunit, a general motif that serves to recruit PPP1R12A
to substrates is thus far unknown (43). However, other as
yet uncharacterized interaction sites could be present in the
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Figure 4. Phos-tag gel/ western blot analysis of LH-induced phosphosite
changes in PPP2R5D in mouse ovarian follicles. (A) Standard
non-Phos-tag SDS-PAGE and western blot, showing that PPP2R5D runs
as a single band at the expected molecular weight (69 kDa). (B) Phos-tag
SDS-PAGE and western blot, showing LH-induced PPP2R5D
phosphorylation and its PKA-dependence. Follicles were treated with or
without the PKA inhibitor Rp-8-CPT-cAMPS (Rp; 10 mM, 4 hr) then
stimulated with 10 nM LH (30 min). Similar results were obtained in three
other experiments.

NPR2 protein that mediate either direct or indirect binding
to PPP1R12A or PPP2R5D.

Due to the low abundance of NPR2 in follicles, and the
limited amount of follicle protein that could be obtained,
searching for such interaction sites by coimmunoprecipitation
was not attempted. Instead, we tested the function of the phos-
phorylated sites by making serine-to-alanine substitutions, an
approach that was used effectively to analyze phosphorylation
changes detected in a previous MS study (27). The serine-
to-alanine modifications were made in vivo rather than in
isolated granulosa cells because, like some other responses
to LH that fail to occur in isolated cells (44), LH-induced
NPR2 dephosphorylation is not preserved in isolated granu-
losa cells (our unpublished results). We generated two mouse
lines in which the serines in PPP1R12A and PPP2R5D that
were phosphorylated in response to LH were changed to
alanines (Supplementary Figures S1 and S2), to test whether
these LH-induced phosphorylations are required for NPR2
dephosphorylation. The mouse lines that we made with global
serine-to-alanine modifications were viable and did not show
obvious morphological or physiological defects. Homozygous
mice were fertile, although fertility was not investigated quan-
titatively.

In the first of these mouse lines, in which serine 507 of
Ppp1r12a was changed to alanine, western blots confirmed
that ovarian follicles did not show the LH-induced increase in
PPP1R12A-S507 phosphorylation that was seen in wildtype
follicles (Figure 5A). We then investigated whether the S507A
mutation inhibited the LH-stimulated dephosphorylation of
NPR2, and found that it did not (Figure 5B and C).

In a second mouse line, serines 53 and 566 of Ppp2r5d
were changed to alanines, corresponding to the two sites that

Figure 5. No effect of preventing PPP1R12A-S507 phosphorylation on
LH-induced NPR2 dephosphorylation. (A) Western blot confirming
inhibition of LH-stimulated PPP1R12A-S507 phosphorylation in ovarian
follicles from Ppp1r12a-S507A mice. Similar results were obtained with
two other sets of samples. (B) LH-induced NPR2 dephosphorylation is
not inhibited in ovarian follicles from Ppp1r12a-S507A mice. (C) Summary
(mean ± SEM) of three experiments like that shown in B. Each symbol
(circle, square, triangle) represents the results from an independently
prepared set of samples, each analyzed on a separate blot. Data were
analyzed by two-tailed paired t-tests. ∗P < 0.05.

showed significantly increased phosphorylation in response to
LH (Table 1). Because serines 81 and 82 also showed close
to significant increases in phosphorylation (Table 1), these
sites were also changed to alanines. The resulting mouse line
with the four serine-to-alanine mutations was called Ppp2r5d-
S53A/S81A/S82A/S566A or Ppp2r5d-4A for short. Phos-tag
gel electrophoresis of protein in follicles from mice with these
four mutations showed much reduced basal phosphoryla-
tion of the PPP2R5D protein, and no increase in phospho-
rylation in response to LH (Figure 6A). However, as with
the Ppp1r12a-S507A mice, the Ppp2r5d-4A mice showed
no inhibition of LH-induced dephosphorylation of NPR2
(Figure 6B and C). These results indicated that neither of these
individual regulatory subunits of PPP1 and PPP2 is by itself
responsible for LH-induced dephosphorylation of NPR2.

Whether mice with these mutations in both Ppp1r12a and
Ppp2r5d would show inhibition of LH-induced dephosphory-
lation of NPR2 will be useful to examine, as different PPP fam-
ily proteins can have overlapping functions. In a recent study,
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Figure 6. No effect of preventing PPP2R5D-S53/S81/S82/S566
phosphorylation on LH-induced NPR2 dephosphorylation in mouse
ovarian follicles. (A) Western blot confirming inhibition of LH-stimulated
PPP2R5D phosphorylation in ovarian follicles from Ppp2r5d -4A mice.
Similar results were obtained with three other sets of samples. (B)
LH-induced NPR2 dephosphorylation is not inhibited in ovarian follicles
from Ppp2r5d -4A mice. (C) Summary (mean ± SEM) of four experiments
like that shown in (B). Each symbol (circle, square, triangle, diamond)
represents the results from an independently prepared set of samples,
each analyzed on a separate blot. Bars show mean ± SEM. Data were
analyzed by two-tailed paired t-tests. ∗P < 0.05, ∗∗P < 0.01.

mice lacking Ppp2r5d or Ppp2r5c had no overt phenotypes,
but mice lacking both of these genes were arrested at embry-
onic day 12 due to a heart defect (45). LH also induced smaller
(2–3 fold) but significant increases in phosphorylation signal
intensity of serines in PPP2R5A, PPP1R9A, and PPP2R5C
(Table 1). Smaller fold changes may well be important, par-
ticularly if they reflect larger changes that occur in particular
cellular compartments (37). In addition, significant increases
in phosphorylation occur for several other less well character-
ized PPP interacting proteins (Table S2), raising the possibility
of even more complex redundancy. The large LH-induced
decrease in phosphorylation of several sites of the R14A
regulatory subunit of PPP1, also known as CPI-17 (Table 1),
suggests PPP1R14A as another possible regulator of LH-
induced dephosphorylation of NPR2, although the decrease
in R14A phosphorylation could not be a direct action of PKA.

Alternatively, LH signaling could cause NPR2 dephospho-
rylation by decreasing kinase activity, although the kinases

responsible for phosphorylating the juxtamembrane serines
of NPR2 are unknown (46). Stimulation of the LH receptor
increases phosphorylation of glycogen synthase kinase-3β

(GSK3B) on serine 9 (7) and this PKA-dependent phospho-
rylation inhibits GSK3B activity (47), suggesting a possible
candidate. Our mass spectrometric analysis identified multiple
serine/threonine kinases that are phosphorylated in response
to LH (Supplementary Data Files S1 and S3), suggesting other
candidates that could be considered.

Identification of the PPP family phosphatases responsible
for NPR2 dephosphorylation, or of kinases whose phospho-
rylation of NPR2 is decreased by LHR activation, will be
useful not only for understanding of signaling in the ovary,
but also in other systems in which the phosphorylation state
of NPR2, or of the related guanylyl cyclase NPR1, controls
function (46, 48). For example, inhibition of bone growth by
fibroblast growth factor depends at least in part on NPR2
dephosphorylation by a PPP family phosphatase (35, 49–51).

LH-induced changes in phosphorylation of protein
phosphatases that regulate the cytoskeleton and
cell motility

Although our studies have been primarily directed at identi-
fying LH-modified phosphatase regulatory proteins in rela-
tion to the question of how LH signaling dephosphorylates
the NPR2 guanylyl cyclase, the phosphatases identified by
our screen could regulate multiple other pathways in the
preovulatory follicle. Strikingly, among both the PPP family
phosphatases (Tables 1 and S2) and the non-PPP family phos-
phatases (52, 53) (Table 2) whose phosphorylation changes
in response to LH, many have known functions in regulating
the cytoskeleton and cell motility. Among the PPP family
phosphatase regulatory proteins showing large LH-induced
changes in phosphorylation intensity (Table 1), PPP1R12A
(MYPT1) and PPP1R14A (CPI-17) are regulators of myosin
light chain phosphorylation (54), which controls non-muscle
myosin assembly and contractility (55). Other PPP family reg-
ulatory subunits that show large LH-induced changes in phos-
phorylation intensity (Table S2) include HDAC6, which reg-
ulates tubulin (56), and FARP1, PHACTR4, and PHACTR2,
which regulate actin (57, 58).

In addition to the PPP family phosphatases described above,
our quantitative MS analysis indicated that LH causes large
changes in phosphorylation intensity of multiple protein phos-
phatases outside of the PPP family (Table 2). These include
the Slingshot protein phosphatase 1 (SSH1), for which LH
causes a ∼4× increase in phosphorylation intensity on ser-
ines 576 and 598 (Figure 7). SSH1 dephosphorylates and
activates proteins in the cofilin/actin depolymerizing factor
family (CFL1, CFL2, DSTN) (59), and is of high interest
because LH signaling decreases cofilin phosphorylation in
isolated granulosa cells, causing an increase in motility (6).
Granulosa cell motility increases in intact ovarian follicles
after the preovulatory surge of LH, and may contribute to the
ovulatory process (60).

Although it is unknown if the modifications of SSH1 on
serines 576 and 598 increase its phosphatase activity, our
MS screen revealed LH-induced decreases in phosphorylation
intensity of the serine 3 regulatory sites of CFL1, CFL2, and
DSTN to ∼10% of baseline (Figure 7). Dephosphorylation of
serine 3 on these proteins increases their activity (59). The
LH-induced phosphorylation of serines 576 and 598 of SSH1
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Table 2. Statistically significant LH-induced changes in phosphopeptide intensity of non-PPP-family phosphatases in rat ovarian follicles. Previously
published lists of phosphatase genes (52, 53) were used to query the phosphopeptide database (Supplementary Data File 1) for significant differences
in response to LH. Multiplicity refers to either singly phosphorylated (1) or doubly phosphorylated (2) peptides. Significant increases in phosphopeptide
intensity following LH treatment are above the dashed line; significant decreases in phosphopeptide intensity with LH treatment are below the dashed
line.

Gene name UniProt
accession

Amino
acid

Site
#

Multiplicity Phosphopeptide intensity
(log2 mean ± SEM)

Fold
change

Control 350 nM LH

CTDSPL2 A0A0G2JTJ5 S 9 1 19.34 ± 0.20 22.47 ± 0.23 9.3
STYXL2/DUSP27 D3ZRM0 S 366 1 14.00 ± 0.36 16.77 ± 0.44 7.2
MTM1 A0A140TAI5 S 23 1 19.09 ± 0.09 21.58 ± 0.34 5.9
SSH1 F1LWM1 S 576 1 17.94 ± 0.22 19.79 ± 0.51 3.8
CTDSPL2 A0A0G2JTJ5 S 28 1 20.59 ± 0.38 22.35 ± 0.53 3.6
SSH1 F1LWM1 S 598 1 17.32 ± 0.08 19.04 ± 0.48 3.5
SGPP1 Q99P55 S 96 2 18.13 ± 0.02 19.72 ± 0.33 3.2
SGPP1 Q99P55 S 101 2 18.13 ± 0.02 19.72 ± 0.33 3.2
PPIP5K2 A0A096MK18 S 593 1 15.81 ± 0.27 16.96 ± 0.37 2.3
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
MTMR2 D3ZA31 S 58 1 19.38 ± 0.24 15.13 ± 1.38 −17.9
PPM1H Q5M821 T 113 1 18.58 ± 0.39 15.47 ± 0.86 −8.1
MTMR6 A0A0G2JXT6 S 623 1 18.49 ± 0.12 16.42 ± 0.69 −3.9
PTPN21 A0A0G2JTB7 S 728 1 16.57 ± 0.14 14.64 ± 0.72 −3.6
STYXL2/DUSP27 D3ZRM0 S 1015 1 18.26 ± 0.17 16.41 ± 0.05 −3.4
MTMR9 Q5XIN4 S 548 1 20.42 ± 0.19 18.80 ± 0.60 −2.9
SYNJ1 Q62910 T 1217 1 21.09 ± 0.03 19.57 ± 0.40 −2.7
MTMR12 Q5FVM6 S 602 1 17.86 ± 0.09 16.52 ± 0.43 −2.4
STYXL2/DUSP27 D3ZRM0 S 1015 1 16.50 ± 0.09 15.27 ± 0.32 −2.2

Figure 7. LH-induced phosphorylation changes in the Slingshot phosphatase SSH1 and in cofilin/actin depolymerizing factor family proteins CFL1, CFL2,
and DSTN that are dephosphorylated by SSH1. SSH1 showed ∼4x increases in phosphorylation intensity at S576 and S598. CFL1, CFL2, and DSTN all
showed a decrease in phosphorylation intensity of serine 3; dephosphorylation at this conserved site activates actin-depolymerizing activity of these
proteins (59). LH-induced changes in phosphorylation intensity of other sites (S23, S24) of CFL1, CFL2, and DSTN were also detected. Primary data for
SSH1 are listed in Table 2 and Supplementary Data File S1. Primary data for CFL1, CFL2, and DSTN are listed in Supplementary Data File S1. All of the
indicated changes are statistically significant (see Methods).

suggests that LH might dephosphorylate and activate cofilin
family members by way of SSH1.

A database of LH-induced protein phosphorylation
changes as a resource for future studies

In the present study, we examined changes in the global
phosphoproteome in response to LH signaling in rat preovu-
latory follicles. We then used this dataset to identify protein

phosphatases that are modified by LH signaling, and to
investigate the function of phosphatases in the PPP family in
dephosphorylating the NPR2 guanylyl cyclase, which triggers
oocyte meiotic resumption (5, 14, 15). As discussed above,
the mass spec data also suggested that LH-induced changes
in phosphorylation of protein phosphatases may regulate
LH-induced changes in the cytoskeleton and cell motility. In
addition, inhibitor studies in rat preovulatory follicles have
indicated that PPP-family phosphatase activity is also required
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Figure 8. Gene ontology (GO) summary of rat preovulatory follicle phosphoproteome dataset. Genes encoding proteins with at least one phosphosite
that was significantly regulated by LH treatment were subjected to GO enrichment analysis using DAVID 2021 (see Methods). For each of the three GO
domains, (A) Biological Process, (B) Cellular Compartment, and (C) Molecular Function, the 20 terms with the smallest Benjamini–Hochberg-adjusted
P-values are plotted. Fold enrichment refers to the enrichment of the GO term in the list of genes encoding proteins with a significantly regulated
phosphosite, compared to the background population of genes. Bubble size reflects the number of genes in the GO term that encode proteins with at
least one significantly regulated phosphosite. The largest and smallest bubbles reflect the terms with the most and fewest genes, respectively; the
middle bubble reflects the geometric mean. Bubble color reflects the inverse-log10 of the adjusted P-values, as indicated on each color bar scale.
Complete GO enrichment analysis results are provided in Supplementary Data Sets 4–6.

for LH stimulation of synthesis of progesterone (61). Whether
LH-induced changes in protein phosphatase phosphorylation
affect their subcellular localization is unknown, but studies
in other cells have shown that PPP family phosphatases can
shuttle between the cytoplasm and nucleus, potentially reg-
ulating transcription (62). Thus, our identification of phos-
phatase proteins whose phosphorylation state is modified by
LH (Tables 1 and 2, S2) may provide clues about multiple
signaling pathways in preovulatory follicles that are mediated
by phosphatases.

More generally, the data from our phospho-mass spec-
trometric analysis (Supplementary Data Files S1–S3) will be
broadly useful for future studies of the many aspects of LH

signaling that are mediated by changes in protein phospho-
rylation. Many of the LH-induced phosphorylation changes
identified by our analysis have not been previously described,
and the data provide a general resource for future studies,
extending beyond our particular interest in phosphatases.
Because changes in protein phosphorylation are dynamic (37),
and because additional changes could occur as a consequence
of newly synthesized kinase and phosphatase enzymes and
their ligands, further insights could be gained from similar
analyses of samples prepared at different time points after
applying LH.

To understand the broader implications of the phosphopro-
teome changes induced by LH, we applied GO enrichment
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analysis to the proteins showing at least one significantly reg-
ulated phosphosite (Figure 8; Supplementary Data Files S4–
S6). This analysis revealed that terms related to signaling,
the cytoskeleton, and DNA were consistently enriched across
all three GO domains in this dataset. The robust and rapid
effects of LH signaling on the cytoskeleton of follicle cells,
likely primarily represented by granulosa cells, are particu-
larly striking. For instance, half of the 20 most significant
GO “Biological Process” terms are directly related to the
cytoskeleton and its reorganization (Figure 8A; Supplemen-
tary Data File S4). Similarly, among the 10 most significant
GO “Cellular Compartment” terms, five are related to aspects
of the cytoskeleton or motile processes (Figure 8B; Supple-
mentary Data File S5). Additionally, many of the significant
GO “Molecular Function” terms reflect binding to elements
of the cytoskeleton, as well as binding or activity of cytoskele-
tal regulators (Figure 8C; Supplementary Data File S6).

Another topic on which our dataset may be illuminating
is steroidogenesis. Phosphoproteomic studies identifying
proteins phosphorylated in response to cAMP elevation
have provided clues for understanding of LH regulation of
steroidogenesis in Leydig cells of the testis (37, 63). Our
phosphoproteomic data revealed similar regulation of many
of the same proteins (Supplementary Data File S1), and
could provide insights into how LH rapidly stimulates steroid
production in the follicle (64). Our data also identified >300
nuclear proteins whose phosphorylation state changes by
30 min after LH stimulation (Supplementary Data File S5),
which could provide clues about the transcriptional regulation
of events leading to ovulation. In summary, phosphopro-
teomic data described here could benefit studies of many
aspects of LH signaling in preovulatory follicles.
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