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Abstract

Progesterone receptor membrane component 1 (PGRMC1) interacts with PGRMC2, and disrupting
this interaction in spontaneously immortalized granulosa cells (SIGCS) leads to an inappropriate
entry into the cell cycle, mitotic arrest, and ultimately cell death. The present study revealed that
PGRMC1 and PGRMC2 localize to the cytoplasm of murine granulosa cells of nonatretric follicles
with their staining intensity being somewhat diminished in granulosa cells of atretic follicles. Com-
pared to controls (Pgrmc1™), the rate at which granulosa cells entered the cell cycle increased
in nonatretic and atretic follicles of mice in which Pgrmc1 was conditionally deleted (Pgrmc199)
from granulosa cells. This increased rate of entry into the cell cycle was associated with a > 2-fold
increase in follicular atresia and the nuclear localization of nuclear factor-kappa-B transcription fac-
tor P65; (NF¢B/p65, or RELA). GTPase activating protein binding protein 2 (G3BP2) binds NF¢B/p65
through an interaction with NF¢B inhibitor alpha (lkBa), thereby maintaining NF¢B/p65’'s cyto-
plasmic localization and restricting its transcriptional activity. Since PGRMC1 and PGRMC2 bind
G3BP2, studies were designed to assess the functional relationship between PGRMC1, PGRMC2,
and NF¢B/p65 in SIGCs. In these studies, disrupting the interaction between PGRMC1 and PGRMC2
increased the nuclear localization of NF¢B/p65, and depleting PGRMC1, PGRMC2, or G3BP2 in-
creased NFB transcriptional activity and the progression into the cell cycle. Taken together, these
studies suggest that PGRMC1 and 2 regulate granulosa cell cycle entry in follicles by precisely
controlling the localization and thereby the transcriptional activity of NF¢B/p6b5.

Summary Sentence

PGRMC1 and 2 regulates granulosa cell mitosis.
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Introduction

Altered expression of either Pgrmc1 [1] or Pgrmc2 [2] is associated
with a poor response to gonadotropin-induced follicle development
in women undergoing in vitro fertilization as part their infertility
treatment. Similarly, reduced expression of PGRMC1 due to either
point and depletion mutations is correlated with primary ovarian
insufficiency (POI) [3]. How these PGRMC family members affect
follicle development in women is not known. However, it is known
that conditional deletion of Pgrmc1 interferes with the development
of antral follicles in mice, thereby providing direct evidence that
PGRMCT1 plays an important role in antral follicle development [4].

In vitro studies using human granulosa/luteal cells [5, 6] or spon-
taneously immortalized granulosa cells (SIGCs) [7, 8] demonstrate
that PGRMC1 and 2 regulate mitosis and apoptosis in part by
suppressing the rate at which cells enter the cell cycle. Moreover,
PGRMCI1 complexes with PGRMC2 and depleting either Pgrmcl
or Pgrmc2 by siRNA treatment or disrupting their interaction with
a PGRMC2 antibody initiates an inappropriate entry into the cell
cycle, often resulting in apoptosis [8]. Interestingly, PGRMC2 ex-
pression is cell cycle dependent with reduced expression coinciding
with entry into the cell cycle [7]. This cell-cycle-dependent change in
the expression of PGRMC2 would transiently disrupt or reduce the
amount of PGRMC1: PGRMC2 complex and presumably allow for
an appropriately timed mitogen-induced entry into the cell cycle.

The mechanism by which the interaction of PGRMC1 and
PGRMC2 regulates entry into the cell cycle is not well defined. Our
previous studies reveal that PGRMC1 and PGRMC2 bind GTPase
activating protein binding protein 2 (G3BP2) and form a complex
within the cytoplasm [8]. In addition, depletion of G3PB2 leads to an
inappropriate entry into the cell cycle [8]. In Hela cells, G3BP2 binds
the inhibitor of nuclear factor of kappa light polypeptide gene en-
hancer in B alpha (IkBa) and IkBa binds nuclear factor of kappa
light polypeptide gene enhancer in B (NFgB) [9]. These interac-
tions maintain NFgB’s cytoplasmic localization, thereby inhibiting
its transcriptional activity [9].

There are five subunits of NFgB that can bind DNA and regulate
transcription of genes involved in numerous functions including cell
survival and proliferation [10] with NFxB/p65 (aka RELA) being
highly expressed in ovarian cells [11-14]. NFxB/p65 can be acti-
vated through a canonical, noncanonical, or atypical pathway [15,
16]. Each of these pathways results in an increase in IkB kinase
(IKK) activity, the phosphorylation and degradation of IxBa, and
the translocation of NFxB/p635 to the nucleus. Since mitogenic or
apoptotic stimuli promote NFgB transcriptional activity that leads
to the expression of genes involved in cell cycle traverse or apopto-
sis, respectively [10], it is likely that an intact PGRMC1: PGRMC2:
G3BP2 complex functions to restrict entry into the cell cycle by
maintaining the IxBa: NFxB complex within the cytoplasm.

The present studies were designed to test this hypothesis by first
describing the changes in the localization of PGRMC1 and PGRMC2
in nonatretic and atretic follicles within the murine ovaries. A second
series of study was then undertaken to determine the effect of gran-
ulosa cell specific ablation of Pgrmcl on the rate at which granulosa
cells enter into the cell cycle and the localization of NFxB/p65 in
nonatretic and atretic follicles. Finally, studies were designed to as-
sess the functional relationship between PGRMC1, PGRMC2, and
NFxB/p635 using SIGCs. In these studies, the effect of disrupting the
interaction between PGRMC1 and PGRMC2 on the cellular local-
ization of NFxB/p65, NFgB transcriptional activity, and the rate of
entry into the cell cycle was assessed.

Methods and materials

Animals and treatments

All animal procedures were approved by Institutional Animal Care
and Use Committee at Washington State University. Three female
mice were autopsied at &~ 4 months of age and the ovaries removed,
fixed in 4% paraformaldehyde (PFA), embedded in paraffin, and se-
rially sectioned at § . These sections were used to localize PGRMC1
and PGRMC2. Briefly, tissue sections were deparaffinized in xylenes,
followed by rehydration in decreasing concentrations of ethanol. En-
dogenous peroxidases were quenched with 10% hydrogen peroxide
in methanol. Antigen retrieval was accomplished by boiling in 0.1
M sodium citrate buffer, and slides were cooled to room tempera-
ture. Blocking solution containing 2% bovine serum albumin (BSA),
2% normal goat serum, and 0.1% Triton X-100 in phosphate-
buffered saline (PBS) was applied for 1 h at room temperature. For
the anti-PGRMCI1 antibody (Sigma Cat No. SAB2101782), primary
antibody was diluted in blocking solution (1:500) and incubated
overnight at 4°C. After PBS washes, goat anti-rabbit secondary an-
tibody (Vector, 1:500) was applied for 1 h at room temperature,
followed by more PBS washes, and Avidin-Biotin complex (Vector)
for 1 h. Slides were washed again with PBS, and DAB substrate was
added, followed by hematoxylin stain. When using the mouse mon-
oclonal anti-PGRMC2 antibody (Sigma Cat No. WH001042M4),
a complex of primary and secondary antibody was used in order
to reduce background resulting from mouse antibody-on-mouse tis-
sue immunostaining. A 1:2000 dilution of anti-mouse secondary
antibody (Invitrogen) was incubated for 1 h at 37°C with the anti-
PGRMC2 antibody (Sigma, 1:100). Normal mouse serum was added
at a 1:2000 dilution and the complex was again incubated at 37°C
for 1 h. After blocking for 1 h, this antibody complex was applied to
the slides and left on overnight at 4°C. The slides were then rinsed
with PBS three times. Avidin-Biotin complex was subsequently added
and the protocol continued as for the other antibodies. For the nega-
tive control slides, the protocol was identical, except that mouse IgG
was added to the complex instead of anti-PGRMC2 antibody.

194y were used to assess the

Conditional knockout mice (Pgrmc
effect of ablating Pgrmc1 on follicle growth and atresia. These mice
were generated using Amhr2-cre mice as described by McCallum
et al [17]. For this study, four Pgrmc1™ and four Pgrmc1¥? mice
at 22-23 days of age were injected with 5-bromo-2’-deoxyuridine
(BrdU; i.p. in 100 il saline; 50 mg/kg body weight). Two hours after
injection, the mice were autopsied and the ovaries removed, fixed in
4% PFA, embedded in paraffin, serially sectioned at 5 i, and used
to either assess BrdU incorporation or to localize NFgB.

To estimate the rate of BrdU incorporation, sections were incu-
bated with an anti-BrdU antibody (Abcam ab152095; diluted 1:100).
After 24 h of incubation at 4°C, the slides were then incubated with
ImmPRESS peroxidase reagent (Vector Laboratories) for 30 min at
room temperature and washed in PBS. The slides were developed
using a DAB-peroxidase substrate for 5 min. Finally, the slides were
counter stained with hematoxylin for 10 s, rinsed in distilled water,
dehydrated, cleared, and mounted. Nuclei that incorporated BrdU
were revealed by a dark brown stain. Every fifth section was pho-
tographed and using Image] software, the color image was converted
to a black and white image. The threshold value was adjusted such
that only the nuclei detected were those that incorporated BrdU.
The area of the granulosa cell layers of each follicle as well as the
granulosa cell area that was occupied by BrdU stained cells was
determined. The percentage of the granulosa cell area that was occu-
pied by BrdU stained cells for each follicle was calculated and used as
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an estimate of the percentage of granulosa cells incorporating BrdU.
Follicles were classified according to the following criteria: follicles
with 1-2 layers of cuboidal granulosa cells were considered primary
follicles (Pedersen Types 3a and 3b); follicles with > 3 layers of gran-
ulosa cells but without signs of an antral cavity (Pedersen Types 4,
Sa, and 5b) were considered preantral; and any follicles with multi-
ple layers of granulosa cells and an antral cavity were considered to
be antral follicles (Pedersen Types 6-8) [18]. Follicles were consid-
ered to be atretic if they possessed an oocyte that was not intimately
associated with cumulus cells and more than three pyknotic nuclei.
The mean percentage of granulosa cells incorporating BrdU =+ 1
standard error was calculated for each size class of nonatretic and
atretic follicles.

Detection of G3BP2: IxBa: NFxB/p65 complexes

SIGCs, which were derived from granulosa cells from rat preovu-
latory follicles, were maintained in DMEM/F12 supplemented with
5% fetal bovine serum (FBS) [19]. SIGCs were plated at 4 x 10°
cells/2 ml of DMEM/F12 with 5% FBS in 35 mm? dishes, which
contained a glass cover slip. Lysates for Western blot analysis were
made using some of the plates per our previously published proto-
col [7, 8]. Twenty micrograms of lysate were loaded onto each lane
and IkBo and NF«B/p635 detected by Western blot analysis using a
mouse anti-IkBa (Cell Signaling Technology Cat #4817) and rabbit
anti-NF«B p635 (Cell Signaling Technology Cat #8242), respectively,
following our previously published protocol [7, 8]. Blots in which
the primary antibody was omitted served as a negative control to
confirm antibody specificity.

Once the antibodies were validated by Western blot analysis,
they were used for the immunocytochemical detection of I«Ba and
NF«B/p65. Immunocytochemistry was also used to detect G3BP2
using a rabbit anti-G3BP2 (Assay Biotech Cat # C18193), which
was previously validated by Western blot analysis [7]. SIGCs, plated
on the glass cover slips, were incubated with an antibody to ei-
ther G3BP2 (diluted 1: 300), IxBa (diluted 1:400), or NF«B/p6S
(diluted 1:400) with the primary antibody detected using the appro-
priate Alexa Fluor 488-labeled secondary antibody. Cells plated on
glass cover slips were also used to detect the interaction between
Ik B and either G3BP2 or NF«B/p65 using the previously cited an-
tibodies in an in situ proximity ligation assay (PLA) [7, 8]. In this
protocol, fixed cells were incubated with a mouse antibody to IxBe
and a rabbit antibody to either G3BP2 or NF«B/p65, depending
on which protein—protein interaction was to be investigated. The
first antibody incubation was followed by incubation with a pair of
oligonucleotide-labeled antibodies: anti-rabbit PLUS and anti-mouse
MINUS. These second antibodies were labeled with complimentary
DNA oligonucleotides, which under the assay conditions were hy-
bridized and amplified. The interaction between proteins was de-
tected by hybridization of the fluorescent-labeled probe that detected
the amplified DNA as a red fluorescent dot. At the completion of
this protocol, the cover glass was mounted onto a glass slide using
mounting medium, which contained DAPIL. As a negative control,
one of the primary antibodies was omitted from this protocol.

Effects of disrupting the PGRMC1: PGRMC2 complex
or depleting PGRMC1 on NF«B/p65 localization

SIGCs were plated at 4 x 107 cells in 35 mm? dishes in 2 ml of
DMEM/F12 with 5% FBS and cultured for 24 h. To disrupt the
interaction between PGRMC1 and PGRMC2, either a goat anti-
PGRMC2 antibody (Abcam ab113647) or goat IgG was delivered

into SIGCs using the Chariot transfection reagent (Active Motif,
Carlsbad, CA) as previously described [8]. After 3 h of culture, the
cells were fixed and NF«B/p635 detected using a NF«B/p65 antibody
and a secondary antibody labeled with Alexa Fluor 488-labeled anti-
rabbit antibody [8]. For each treatment, at least 100 SIGCs were
evaluated by sequentially imaging random fields of cells using the
GFP filter set to detect NF«B/p65 and the DAPI filter set to detect
the total number of cells (i.e. nuclei). The experiment was repeated
three times; the data were pooled and the total number of cells was
used to calculate the percentage of cells in which the nuclei were
intensely stained for NF«B/p635.

To assess the effect of reducing the PGRMC1: PGRMC2 com-
plex in vivo, ovarian sections were obtained from the ovaries of
the Pgrmc1™" control and Pgrmc1¥? mice that were used in the
BrdU experiment. These sections were stained using the rabbit anti-
NF«B/p65 antibody (diluted 1:800) and the protocol described for
BrdU staining. The NFxB/p65 was revealed by the presence of a
brown stain. The percentage of cells with nuclear NFxB/p635 staining
was determined using the counting option in Image]. For the smaller
follicles, all the granulosa cells in the cross-section were scored for
the presence of nuclear NFxB/p635. For larger preantral and antral
follicles, the presence of nuclear NFxB/p65 was assessed from at
least 100 granulosa cells with the cells selected from areas at the
ends of the intersecting perpendicular axis of the follicle. Negative
controls for each immunohistochemical reaction were conducted by
excluding the primary antibody.

NF¢B/p65-dependent transcriptional activity and entry
into the cell cycle

Short-interfering RNA treatments

Short-interfering RNAs used to deplete Pgrmcl, Pgrmc2, and G3pb2
were purchased from Life Technologies (Pgrmcl siRNA ID 25165;
Pgrmc2 siRNA ID168258; G3bp2 siRNA ID S156617). These siR-
NAs have been previously tested in SIGCs and shown to reduce their
targeted mRNA to <75% of scramble siRNA controls (AM4611;
Life Technologies) after 48 h of culture [8]. To deplete NfkB/p63,
siRNA directed against NfkB/p65 mRNA was purchased from Cell
Signaling Technology (CST #6337) and transfected into cells using
lipofectamine 2000 to yield a final concentration of 100 nM. SIGCs
were cultured for an additional 48 h. A scramble siRNA (AM4611;
Life Technologies) was used as a negative control for all experiments.
The effectiveness of the NfkB/p65 siRNA treatment was confirmed
by real-time PCR using reagents provided by Biosearch Technologies
(forward primer: 5-GAGGCTGTTTGGTTTGAGACATC-3'; re-
verse primer: 5'-TCTGCCCTCCTGACTATCTE-3'; probe: 5’FAM-
CCTTTCTCAAGTGCCTTAATAGCAGGGC-BHQ-1- 3'). Values
were normalized to Actb mRNA levels as previously described [8].
Changes in NfkB/p65 siRNA levels after siRNA treatment were ex-
pressed as a percentage of the scramble control values.

NFgB-dependent transcriptional activity

Once the effectiveness of the siRNA treatments was established,
SIGCs were plated in 96-well plates in 200 ul at 8 x 10* cells/well.
After 24 h, the cells were transfected with either scramble, Pgrmcl,
Pgrmc2, or G3pb2 siRNA. Twenty-four hours after siRNA treat-
ment, the cells were transfected with 100 ng of NFgB -GFP reporter
construct (Qiagen Cat # CCS-013G). Experiments also included
scramble siRNA-treated cells that were transfected with either the
positive or negative control NFxB reporter constructs. Forty-eight
hours after the GFP reporters were transfected, the GFP fluorescence
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was monitored using a BioTek Synergy 2 plate reader. The mean neg-
ative control value was subtracted from the various siRNA-treated
groups and the NFgB reporter activity expressed as a fold change
from scramble siRNA values.

Identification of specific stages of the cell cycle using the
FUCCI probe

For these studies, SIGCs were plated and transfected with siRNA
as previously described [8]. After 24 h, the cells were infected with
Cdt 1-RFP construct (20 viral particles per cell) (ThermoFisher Cat
#P36237). The Cdt-RFP construct is one of the FUCCI Cell Cycle
Sensor probes that is only expressed in the Gy/early S-phase of the
cell cycle [20]. After an additional 24 h of culture, the cells were
fixed, stained with DAPI, and images taken of the same field of cells
under fluorescent optics using the RFP and DAPI filter sets. The
number of cells in the G;/S-phase (i.e. RFP-stained) and the total
number of cells (i.e. DAPI-stained) were counted the percentage of
G1/S-phase cells calculated [5, 7, 8]. Values were expressed as a fold
increase in percentage of G1/S cells.

Statistical analysis

All experiments involving mice include 3-4 Pgrmc1™ and 3-4
Pgrmc1¥? mice. For all experiments using SIGCs, treatments were
conducted in triplicate or quadruplicate and were replicated a min-
imum of two times. Values from each experiment were pooled to
generate a mean =+ standard error. A Student t-test was used to
assess differences between two treatment groups. When comparing
more than two groups, a one-way analysis of variance followed by
a Fisher’s least significant difference post hoc test was used. Data
on the percentage of SIGCs with intense NFxB/p65 nuclear staining
were conducted three times; pooled data and the percentage data
were analyzed by Fisher exact test. P value < 0.05 was considered
to be significantly different regardless of the statistical test used. All
statistical analyses were completed using PRISM software (Version
6.0; GraphPad).

Results

Immunohistochemical studies detected PGRMCI1 as a brown stain
that was only present when the PGRMC1 antibody was included
in the staining protocol (compare Figure 1A with B). Specific stain-
ing for PGRMC1 was present throughout the ovary, but the most
intense staining was associated with granulosa cells. PGRMC1 lo-
calized to the cytoplasm and nucleus of granulosa cells of all sized
follicles (Figure 1A, C, E) and follicles in the early stages of atre-
sia showed a localization pattern for PGRMC1 similar to healthy
follicles (Figure 1D and E). Only subtle differences were observed
in atretic follicles such as more nuclei appeared to be stained for
PGRMC1 and PGRMCI staining in cytoplasmic of granulosa cells
was less intense (compare Figure 1E with F).

Like PGRMCI1, immunohistochemical analysis detected
PGRMC2 as a brown stain that predominately localized to the
granulosa cells and this staining was not observed in the negative
controls (data not shown). PGRMC2 localized to the cytoplasm of
various sized follicles with more intense staining associated with
follicles with multiple granulosa cell layers (Figure 2A and B).
PGRMC2 retained its cytoplasmic localization in granulosa cells of
follicles in the early stages of atresia, although staining intensity in
many granulosa cells seemed to be reduced (compare Figure 2B,
D with C, E). Taken together, these immunohistochemical studies

Figure 1. The localization of PGRMC1 within the ovary of an adult mouse. The
presence of PGRMC1 is indicated by brown stain in various components of the
ovary (A). Note that brown-stained cells are not present in the negative control
(B). The granulosa cells of nonatretic primary to preantral follicles (A) and
antral (C, E) follicles stain for PGRMC1 in cytoplasm but not all nuclei that are
stained blue due to hematoxylin staining. A similar PGRMC1 staining pattern
is observed in antral atretic follicles with the most noticeable change being a
decrease in PGRMC1 within the cytoplasm and a corresponding increase in
nuclear staining (D, F). Images in A-D are taken at the same magnification as
shown by the magpnification bar in D. Images in E and F are taken at the same
magnification shown by the magnification bar in F A full color version of this
figure is available in the online version of this paper.

indicate that the cytoplasmic presence of PGRMC1 and PGRMC2
was diminished in many granulosa cells of follicles in the early
stages of atresia while nuclear PGRMC1 staining was increased.

In vitro studies with SIGCs and human granulosa/luteal cells
have demonstrated that depletion of either PGRMC1 or PGRMC2
resulted in an inappropriate entry into the cell cycle, which often
lead to granulosa cell apoptosis [5, 7]. To determine if PGRMC1
could be depleted within the ovary, Pgrmc1/2" mice [21] were
mated to Amhr2-cre mice [17, 22]. This breeding strategy resulted
ina 73% reduction in ovarian Pgrmcl mRNA compared to controls
(n = 3/group; P = 0.02). It is assumed that this decrease in Pgrmcl
mRNA was due to a reduction in granulosa cell Pgrmcl mRNA
as Ambr2-cre selectively targets genes that are expressed in the
granulosa cells of ovary [22]. Furthermore, PGRMCI1 is more
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Figure 2. The localization of PGRMC2 within the ovary of an adult mouse. The
presence of PGRMC2 is indicated by brown stain in various components of
the ovary (A). Note that brown-stained cells were not present in the negative
control (data not shown). The granulosa cells of nonatretic primary to pre-
antral follicles (A) and antral (B, D) follicles stain for PGRMC2 mainly in the
cytoplasm. A similar PGRMC2 staining pattern is observed in antral atretic fol-
licles with the exception that PGRMC2 staining in some granulosa cells was
barely detectable (C, E) with the most noticeable change being a decrease
in PGRMC2 within the cytoplasm (E). Images in A-C are taken at the same
magnification as shown by the magnification bar in C. Images in D and E are
taken at the same magnification shown by the magnification bar in D. A full
color version of this figure is available in the online version of this paper.

abundantly expressed in granulosa cells than in the surrounding
stromal tissue (Figure 1A).

To determine the involvement of PGRMCI1 in regulating follicle
growth, BrdU incorporation was used to assess granulosa cell prolif-
eration in Pgrmc1™" and Pgrmc1¥? immature mice (see Supplemen-
tal Figure S1A with B). This study demonstrated that granulosa cells
of all sizes of nonatretic follicles from Pgrmc1%¢ mice entered the
cell cycle at a faster rate than those of Pgrmc1™" mice as indicated
by a 30% increase in the percentage of granulosa cell nuclei that
incorporated BrdU within a 2-h time period (Figure 3A, left panel;
compare Supplemental Figure S2C with A). Similarly, the percentage
of granulosa cells incorporating BrdU in atretic follicles of Pgrmc19
mice was also elevated compared to atretic follicles of Pgrmc1f
mice (Figure 3A, left panel; supplemental Figure S1D with B). While
relatively few granulosa cells of atretic follicles of Pgrmc1™M mice in-
corporated BrdU, the rate of BrdU incorporation for granulosa cells
of atretic follicles was about three times greater than that observed in
the Pgrmc19 mice (Figure 3C, left panel). Moreover, the percentage
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Figure 3. BrdU incorporation in the granulosa cells of nonatretic and atretic
follicles of immature Pgrmc 1™ and Pgrmc19? mice. The percentage of granu-
losa cells incorporating BrdU in all sized follicles of Pgrmc1™" and Pgrmc 194
mice is shown in A, left panel. The percentage of granulosa cells incorpo-
rating BrdU in nonatretic and atretic follicles as well as the percentage of
atretic follicles for primary, preantral, and antral follicles is presented in pan-
els B, C, and D, respectively. In this and other graphs, values are presented as
means + SEM. x indicates a BrdU incorporation value that is different than that
of nonatretic follicles of Pgrmc 1™ mice, while s« indicates a BrdU incorpora-
tion value that is different than that of nonatretic follicles of Pgrmc1%? and the
atretic follicles of Pgrmc1™ mice. The percentage of all sized atretic follicles
is shown in A, right panel. x indicates a value greater than Pgrmc 1" mice.

of atretic follicles in Pgrmc1%¢ mice was significantly greater than
that of the Pgrmc1™ mice (Figure 3C, right panel). As can be seen in
Figure 3B-D, these changes in follicular dynamics that are associated
with the deletion of Pgrmcl from granulosa cells were observed in
primary, preantral, and antral follicles, although the percentage of
atretic antral follicles in the Pgrmc1¥? mice was not different from
that of the Pgrmc1™ mice.
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Figure 4. The presence of NF«B/p65 is indicated by the brown stain in various
components of the antral follicles of immature ovaries of Pgrmc1™ (A, B)
and Pgrmc19 (C, D) mice. Note that brown-stained cells were not present in
the negative control (data not shown). In panel A, a nonatretic antral follicle
of a Pgrmc1™ mouse is shown in which NF«B/p65 staining is most intense
in the cytoplasm of granulosa cells. In these cells, NFkB/p65 is detected in
16 + 1% (n = 30) of nuclei. The nonstained nuclei appeared blue due to the
hematoxylin counter stain. Panel B shows an atretic follicle of a Pgrmc1™"
mouse. In these atretic follicles, NF«B/p65 staining is more diffuse. In panel C,
asmall nonatretic antral follicle of a Pgrmc19? mouse is shown. The NF«B/p65
staining pattern is similar to that of nonatretic antral follicles of Pgrmc 1™ mice
with the exception that NF«B/p65 is detected in more granulosa cells nuclei
(25 £+ 1%; n = 30). This increase in nuclear NF«xB/p65 staining in granulosa
cells of nonatretic follicles of Pgrmc19? mice was observed regardless of
follicle sizes. In atretic follicles of Pgrmc19? mice (D), NF«kB/p65 staining is
diffused and detected in both the cytoplasmic and nuclear components of the
most granulosa cells similar to that of Pgrmc1”" mice (B). A full color version
of this figure is available in the online version of this paper.

In granulosa cells from nonatretic follicles of Pgrmc1™
mice, NFxB/p65 staining was typically concentrated within the
limited cytoplasm of granulosa cells. This was particularly evident in
the granulosa cells underlying the basement membrane of the folli-
cles. In addition, NFxB/p635 staining was not observed in most of the
granulosa cell nuclei, as indicated by the blue hematoxylin staining
of most nuclei (Figure 4A). Granulosa cells from nonatretric follicles
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A IkBa

kba + -

75 —

50 — : 5
37 —

25 —

20 uym

of Pgrmc1% mice showed a similar pattern of NFxB/p65 staining,
although cytoplasmic staining was more diffuse with NFxB/p65
staining being less pronounced in the granulosa cell layer adjacent to
the basement membrane. Moreover, NFxB/p65 was more frequently
detected within the nuclei of granulosa cells from nonatretric follicles
of Pgrmc19¢ mice (Figure 4C; 25 4+ 1% (n = 30)) compared to the
granulosa cells from non-atretic follicles of Pgrmc1? mice (Figure
4A; 16 = 1% (n = 30) (P < 0.05)). In granulosa cells of atretic
follicles of both Pgrmc1¥? (Figure 4D) and Pgrmc1™ (Figure 4C)
mice, NFgB/p635 staining was less intense and observed throughout
the cell. This was most noticeable in the layer of granulosa cells near
the basement membrane of the follicle. Because of the diffuse nature
of the NFxB/p635 staining associated with granulosa cells of atretic
follicles, it was difficult to accurately determine the percentage of
granulosa cell nuclei that stained for NFxB/p63, although it appeared
that NFgB/p65 localized to the nuclei of a higher percentage of
granulosa cells of Pgrmc1™ mice. Similar differences in NFgB/p65
staining of granulosa cells in nonatretic and atretic follicles were
observed in 3-month-old mice (Supplemental Figure S3).

Previous studies have shown that PGRMC1 and PGRMC2 in-
teract with G3BP2. In Hela cells G3BP2 binds I«Ba which in turn
binds NFxB/p63 thereby limiting NFxB/p65°s cellular localization
to the cytoplasm [9]. The present studies were conducted to deter-
mine whether similar interactions existed in SIGCs. These studies
demonstrated that G3BP2 was detected in the cytoplasm of SIGCs
(Figure 5B), confirming previous Western blot and immunocyto-
chemical studies [8]. IkBa was also expressed by SIGCs as assessed
by Western blot analysis (Figure 5A) and immunocytochemistry
(Figure 5C). Similarly, NFxB/p65 was detected in SIGCs as demon-
strated by Western blot (Figure 6A) and immunocytochemistry (Fig-
ure 5D), consistent with expression of both IkBa and NFxB/p6S5 in
mouse granulosa cells [23]. Importantly, PLA revealed that in SIGCs
IkBa interacts with G3BP2 (Figure 5F) and NFxB/p65 (Figure 5G)
with the level of interaction being several times greater than the
negative controls (Figure SE).

Previous work demonstrated that the cytoplasm delivery of a
PGRMCQ2 antibody disrupted the interaction between PGRMC1 and
PGRMC2 and resulted in premature entry into the cell cycle [8]. Sim-
ilarly, depleting G3BP2 triggered an increase in the number of cells
entering the cell cycle [8]. This raised that possibility that interfer-
ing with the PGRMC1: PGRMC2 interaction could also disrupt the
PGRMC: G3BP2: IxBa: NFxB/p65 complex and result in NFxB/p65
entering the nucleus. To test this concept, a PGRMC2 antibody was
delivered to the cytoplasm of SIGCs and the percentage of nuclei
that stained NFgB/p65 determined by immunocytochemistry. Af-
ter exposure to the PGRMC2 antibody, NFxB/p65 was detected as

Figure 5. Western blot analysis of lkBa (+) and a negative control (-) (A). The localization of G3BP2 (B), IkB« (C), and NF«B/p65 (C) in SIGCs. A negative control
for in situ proximity ligation assay (PLA) has just a few red dots (E). The increase in red dots for the PLAs for G3BP2: kB« (F) and lxBa: NF«B/p65 (G) indicates
their interactions. In panels B, C, and D, the proteins are detected by green fluorescence and nuclei are revealed by blue fluorescence. Negative controls did not
detect a green immunofluorescent signal (data not shown). A full color version of this figure is available in the online version of this paper.
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Figure 6. Western blot analysis of NFkB/p65 and a negative control (NC) using
SIGC lysates (A). The localization of NF«xB/p65 in SIGCs in which either goat
1gG (C) or anti-goat PGRMC2 antibody (D) was delivered to the cytoplasm.
NF«B/p65 is detected by green fluorescence, and the nuclei stained with DAPI
(blue). Note that the distribution of NF«kB/p65 was predominately nuclear in
the presence of the PGRMC2 antibody. Negative controls did not detect a
green immunofluorescent signal (B). The effect of depleting Pgrmc1, Pgrmc2,
and G3BP2 on NF«xB-dependent transcriptional activity as measured using a
GFP- NF«B reporter (E). The ability of NFk B siRNA to deplete NFk B/p65 mRNA
and protein is shown in panels F and G, respectively. The effect of depleting
NFic B/p65 and/or G3BP2 mRNA on the percentage of cells entering the cell
cycle as judged by using the Cdt-RFP FUCCI probe to detect cells in the G1/S
phase is shown in (H). % indicates a value significantly different from scramble
control. A full color version of this figure is available in the online version of
this paper.

intense green fluorescent staining in 55% of SIGC nuclei (178 of 322
nuclei) compared to only 6% of those exposed to IgG (18 of 324 nu-
clei; P < 0.05) (compare Figure 6C with D). Note that staining was
specific as green fluorescent signal was not detected in the negative
controls (Figure 6B).

These immunocytochemical studies demonstrated that disrupt-
ing the PGRMC1: PGRMC2 complex either in vitro or in vivo re-
sulted in an increase in nuclear NFgB/p65 and an increased entry
into the cell cycle. This implies that these treatments would also
increase NFgB transcriptional activity. To test this concept, NFxB

transcriptional activity was monitored in vitro using the GFP- NFxB
reporter. As seen in Figure 6E. depleting either Pgrmcl, Pgrmc2,
or G3pb2 mRNA resulted in a significant increase in NFgB tran-
scriptional activity with the depletion of each component of the
PGRMC1: PGRMC2: G3BP2 complex increasing NFgB transcrip-
tional activity to the same degree. To determine whether the increase
in NFgB transcriptional activity was responsible for the rapid entry
into the cell cycle, NfgB siRNA was used. First, an NfgxB siRNA
protocol was developed that resulted in a & 75% decrease in NfgxB
mRNA (Figure 6F) and a corresponding decrease in NFxB protein
(Figure 6G). Having established the effectiveness of the Nfx B siRNA
treatment, studies were undertaken to determine whether depleting
G3BP2 could induce entry into the cell cycle in the relative ab-
sence of NFxB/p635 using the Cdt-RFP FUCCI probe to detect cells
in the G1/S phase. As shown in Figure 6H, the ability of G3pb2
siRNA to induce cell cycle entry was dependent of the presence of
NFgB/p6S.

Discussion

The present studies are the first to examine the localization of
PGRMC1 and PGRMC2 in the mouse ovary, and they reveal that
both PGRMC1 and PGRMC2 are primarily expressed in the granu-
losa cells of primary to antral stage follicles. PGRMC1 is present in
both the cytoplasm and nucleus of granulosa cells, while PGRMC2
mainly localizes to the cytoplasm. The presence of PGRMC1 and
PGRMCQC2 appears to be reduced in the cytoplasm of many granu-
losa cells of atretic follicles. These findings are consistent with their
localization in the rat ovary [7, 24]. Since PGRMC1 and PGRMC2
promote granulosa cell viability [3, 6, 8, 24], these observations sug-
gest that the reduced levels of PGRMC1 and PGRMC2 could result
in granulosa cells undergoing apoptosis with the follicles ultimately
becoming atretic and reabsorbed by the interstitial tissue [25].

Support for this concept is based on previous in vitro studies with
SIGCs [8, 24] and human granulosa/luteal cells [5, 6]. These studies
demonstrate that depleting PGRMC1 or PGRMC2 allows for an
inappropriate entry into the cell cycle, which often leads to mitotic
arrest and ultimately granulosa cell apoptosis. Further, conditional
deletion of Pgrmcl from granulosa cells using the Ambr2-cre mouse
disrupts follicle development. Specifically, conditional deletion of
both Pgrmc1 alleles (Pgrmc1%¢) reduces the number of antral folli-
cles in the ovaries of immature mice by ~ 50% compared to controls
[4]. The ovaries of heterozygous immature mice (Pgrmc1™) have the
same number of antral follicles as controls but have twice the per-
centage of atretic antral follicles [4]. It is possible then that depleting
both Pgrmcl1 alleles promotes a more rapid demise of granulosa cells,
while granulosa cells of the heterozygous mice likely undergo apop-
tosis at a slower rate. If so, antral follicles undergoing atresia would
remain within the ovary of heterozygous mice for a longer period of
time than do those of homozygous mice. This would allow for the de-
tection of these atretic follicles and account for the higher incidence
of follicle atresia in the heterozygous mouse ovaries. Regardless,
these findings from the Pgrmc1 conditional knockout mouse studies
demonstrate that PGRMC1 plays an important role in regulating
follicle development in part be regulating granulosa cell cycle pro-
gression and survival. It may also explain the tendency for follicles
to form ovarian cysts in older Pgrmc1¥? mice [17].

To more precisely define PGRMC1’s action, the effect of ablating
Pgrmcl on the rate of follicle growth was estimated by monitoring
the ability of granulosa cells to incorporate BrdU. These studies show
that granulosa cells of primary to antral stage follicles of Pgrmc19
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mice enter the cell cycle (i.e. incorporate BrdU) more frequently than
those of control mice. In addition, the percentage of atretic primary
and preantral follicles is &~ 2—3 times greater in the Pgrmc1?¢ mice
than in control Pgrmc1™ mice. However, the percentage of gran-
ulosa cells incorporating BrdU in the atretic follicles of Pgrmc19
remains elevated. These findings imply that more granulosa cells of
small follicles of Pgrmc1¥? mice are entering the cell cycle but are
not able to complete mitosis and therefore undergo apoptosis. This
fits well with previous in vitro studies in which depletion of Pgrmc1
results in SIGCs [7] and bovine granulosa cells [26] entering the
cell cycle inappropriately, arresting in Go/M stage and subsequently
undergoing apoptosis. This type of “mitotic catastrophe” could ac-
count for the increase in atresia of primary and preantral follicles
observed in the present study, as well as the reduced number of
antral follicle in immature Pgrmc194 mice [4].

How then does PGRMCT regulate entry into the cell cycle? Our
previous studies reveal that in SIGCs and human granulosa/luteal
cells, PGRMC1 forms a complex with PGRMC2 within the cy-
toplasm and this complex functions to restrict entry into the cell
cycle. Moreover, PGRMC2 transiently decreases as cells enter the
cell cycle [7]. Although the precise mitotic signal transduction path-
way that leads to the transient reduction in PGRMC2 expression
is not known, these findings suggest that mitogens decrease the
amount of PGRMC2 and thereby the amount of the PGRMC1:
PGRMC2 complex. This, in turn, would allow for the controlled en-
try into mitosis during folliculogenesis, a concept that merits further
investigation.

Interestingly, the effect of simultaneously depleting PGRMC1
and PGRMC2 does not increase the rate of entry into the cell cy-
cle over that observed by depleting either PGRMC family mem-
ber individually [8]. Further, both PGRMC1 and PGRMC2 interact
with G3BP2 and form a complex within the cytoplasm [8]. These
findings suggest that PGRMC1 and PGRMC2 regulate a common
pathway that regulates entry into the cell cycle with one of the com-
mon elements in this pathway being G3BP2. Moreover, depleting
G3BP2 also results in an inappropriate entry into the cell cycle,
thereby supporting this concept [8]. In Hela cells, G3BP2 has been
shown to bind and retain the I« Ba: NFxB complex within the cyto-
plasm, which prevents NFgB from translocating to the nucleus [9].
The present studies extend our previous experiments by demonstrat-
ing that G3BP2, IkBa, and NFgB/p635 not only co-localize but also
form a complex within the cytoplasm. Given that G3BP2 also binds
PGRMC1 and PGRMC2, it seems likely that a complex composed
of PGRMCs, G3BP2, IkBa, and NFgB/p6S5 is present in the cyto-
plasm of SIGCs and serves to regulate entry into the cell cycle. The
present studies with SIGCs demonstrate that, if the interaction be-
tween PGRMC1 and PGRMC2 is disrupted, then NFxB/p635 translo-
cates to the nucleus and drives granulosa cell proliferation. Our
studies with Pgrmc1%4 mice further support this concept. These ob-
servations imply that an interaction between PGRMC1, PGRMC2,
and G3BP2 is required to maintain the cytoplasmic localization of
NFxB/p65. This prevents NFxB/p65’s translocation to the nucleus
and its subsequent transcriptional activity, which is required for en-
try into the cell cycle. This is supported by the findings that (1)
the depletion of G3BP2 increases both NFxB transcriptional ac-
tivity and entry into the cell cycle and (2) the simultaneous de-
pletion of G3BP2 and NFxB/p65 attenuates the effects of G3BP2
depletion.

The concept that PGRMC: G3BP2 interaction regulates NF«B
activity by maintaining the Ik Ba: NFxB/p65 complex within the cy-
toplasm challenges the current concept that an interaction between

Ik Ba and NF«B/635 is sufficient to maintain NF«B/p65’s cytoplasmic
location [27] However, work by Prigent et al. [9] reveals that the
N-terminal domain of IkBa contains a sequence, referred to as the
cytoplasmic retentions sequence, which binds G3BP2 and this inter-
action is responsible for localizing the Ik Ba: NFxB/p65 complex to
the cytoplasm. Moreover, overexpression of G3BP2 retains Ik B and
NFxB/p65 in the cytoplasm [9]. The present finding that depletion
of G3BP2 results in NFgB transcriptional activity supports the con-
cept that Ik Ba is not solely responsible for NFxB/p65’s cytoplasmic
localization and that PGRMC1, PGRMC2, and G3BP2, also regu-
late NFxB/65’s cytoplasmic localization and transcriptional activity.
Caution, however, should be exercised in generalizing this conclu-
sion as the role of PGRMC1 and PGRMC2 in regulating G3BP2-
dependent NFgB transcriptional activity is likely dependent on their
level of expression, which is tissue specific. In fact, a stimulatory ef-
fect of overexpressing G3BP2 on NFgB transcriptional activity was
observed in cardiac fibroblasts [28].

The presence of NFxB/p65 in the PGRMC: G3BP2: IkBa com-
plex may be advantageous. For example, G3BP2 is a cytoplasmic
protein that does not contain a transmembrane domain (see https://
www.proteinatlas.org/ENSG00000138757-G3BP2/pathology). Al-
though not essential, anchoring G3BP2 to a membrane could po-
tentially enhance its ability to retain NFgB in the cytoplasm. Both
PGRMCI1 and 2 possess a transmembrane domain [29], which lo-
calizes them to the membranes of various cytoplasmic organelles as
well as the plasma membrane. Their interaction with G3BP2 could
serve to localize IkBa: NFgB/p65 complex to specific cellular sites.
If the I«Ba: NFxB/p65 complex resides with a complex that in-
cludes PGRMCl1, this would potentially bring the EGF receptor into
close proximity to NFxB/p635, since PGRMC1 binds the EGF recep-
tor [30]. Importantly, the activation of the EGF receptor can alter
NFxB/p65°s localization and enhance its activity in part by phospho-
rylating I« Ba, which results in the degradation of IxBa and allows
for the entry of NFxB/p65 into the nucleus [31].

While considerably more studies must be conducted, the previ-
ously cited studies suggest that PGRMC1 and PGRMC2 regulate
granulosa cell mitosis and apoptosis by controlling NFxB/p65’s cel-
lular localization and activity. This concept is supported by the find-
ings that FSH-induced follicle growth in mice is dependent in part on
FSH’s ability to promote the nuclear translocation and DNA-binding
activity of NFgB [32, 33]. Similarly, a role for NFgB in regulating
FSH-induced porcine granulosa cell proliferation and survival has
been documented [11]. In contrast, progesterone slows the rate of
granulosa cell mitosis and enhances granulosa cell viability in vitro
[34-37]. In addition, progesterone is most effective in suppressing
the rate at which preantral and small antral follicles grow in organ
culture [38] and in vivo in response to gonadotropins [39]. More-
over, both the in vitro and in vivo studies suggest that PGRMC1
mediates progesterone’s action [38, 39]. These findings are consis-
tent with the present data.

Importantly, the in vivo studies implicate PGRMC1 and its abil-
ity to inhibit apoptosis induced by various stressors. Recently, Yuan
etal. [39] have shown that exposure to oxidative stressors can induce
a rapid increase in NFgB activity, which triggers granulosa cell apop-
tosis and progesterone can counter the effects of stressors in part by
inhibiting the phosphorylation and nuclear localization (i.e. activa-
tion of NFgB) with this action being dependent on PGRMC1. Thus,
PGRMC1 and PGRMC2 are essential components of the mecha-
nism that regulates NFxB/p635 in granulosa cells and as such war-
rant further investigation as NFxB/p65’s actions are central to our
understanding of ovarian function.
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Supplementary data

Supplementary data are available at BIOLRE online.

Supplemental Figure S1. BrdU incorporation in the granulosa cells of
immature control (Pgrmc1™M) (A) and Pgrmc1 conditional knockout
(Pgrmc19) (B) mice. Images shown in A and B are taken at the same
magnification and shown as black and white images with those cells
incorporating BrdU shown in a red threshold layer. Note that various
sized follicles can be seen in both A and B with amount of BrdU
incorporation (Red) being greater in the follicles of Pgrmc14¢ mice
(B) mice compared to those of Pgrmc1™f (A).

Supplemental Figure S2. BrdU incorporation as detected by a dark
brown-stained nuclei of nonatretic (A, C) and atretic (B, D) folli-
cles within the ovaries of immature Pgrmc1™ (A, B) and Pgrmc1¥d
(C, D) mice. Sections were counterstained with hematoxylin. All
images were taken at the same magnification as shown in the mag-
nification bar in D.

Supplemental Figure S3. Localization of NF«B/p6S5 in the adult
mouse ovary as detected by a brown stain (A). The negative con-
trol taken from an adjacent section is shown in B. Panel C illustrates
that NF«B/p635 localizes to the cytoplasm of various sized follicles
prior to antral formation. Panels D and F reveal NFxB/p635 is mainly
concentrated in the cytoplasm, although some nuclear staining is ob-
served. Panel E and G demonstrate that in most granulosa cells of
atretic follicles NF«xB/p635 staining is more diffuse with staining de-
tected in most cytoplasmic and nuclear components of the granulosa
cells.
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