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ABSTRACT

Progesterone receptor membrane component 1 (PGRMC1)
mediates the antiapoptotic action of progesterone (P4).
PGRMC1 interacts with plasminogen activator inhibitor 1
RNA-binding protein (PAIRBP1), but the functional significance
of this interaction is unknown. To examine the function of
PGRMC1-PAIRBP1 interaction, PAIRBP1 was depleted from
spontaneously immortalized granulosa cells (SIGCs) and the
effects on the expression and localization of PGRMC1 as well as
P4’s ability to bind to SIGCs and prevent apoptosis was assessed.
Depleting PAIRBP1 enhanced cellular 3H-P4 binding and did not
alter the expression or cellular localization of PGRMC1 but
attenuated P4’s antiapoptotic action. Transfection of a
PGRMC1-green fluorescent protein (GFP) peptide mimic, which
binds PAIRBP1 as demonstrated by in situ proximity assay,
doubled the rate at which SIGCs undergo apoptosis compared to
cells transfected with either the empty GFP expression vector or
Pairbp1 small interfering RNA. Moreover, P4 did not prevent
these cells from undergoing apoptosis. Similar studies conducted
with granulosa cells isolated from immature rats also showed
that PGRMC1 interacts with PAIRBP1 and that transfection of
PGRMC1-GFP peptide mimic accelerates the rate of granulosa
cell apoptosis by 4-fold even in the presence of serum and P4.
These studies support the concept that the interaction between
PAIRBP1-PGRMC1 is an essential component of the mechanism
through which P4 inhibits apoptosis. Surprisingly, PGRMC1-
PAIRBP1 interaction is not required for P4 binding or the
cellular localization of PGRMC1 but rather appears to couple
PGRMC1 to downstream components of the P4-PGRMC1 signal
transduction pathway.
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INTRODUCTION

Progesterone (P4), which is present in antral fluid
throughout the course of antral follicle development [1],
inhibits rat [2–6] and human [7–9] granulosa cell mitosis and
apoptosis. Because of its ability to influence both granulosa
cell mitosis and apoptosis, P4 appears to function as an
intraovarian ‘‘governor’’ controlling the rate at which antral

follicles grow and undergo atresia. In addition, P4 regulates the
viability and steroidogenic potential of luteal cells [10]. As a
result, P4 plays a key role in regulating the reproductive cycle
and the female reproductive life span [11, 12].

Interestingly, granulosa cells of small antral follicles do not
express the nuclear progesterone receptor (PGR) [13, 14],
thereby eliminating PGR as a mediator of P4’s actions.
Granulosa cells of small antral follicles as well as spontane-
ously immortalized granulosa cells (SIGCs) express progester-
one receptor membrane component 1 (PGRMC1), which
localizes to the plasma membrane, cytoplasm, and nucleus
[15–17]. Moreover, small interfering RNA (siRNA) depletion
of PGRMC1 reduces the ability of SIGCs to bind 3H-P4 and
subsequently P4’s capacity to inhibit apoptosis [16, 18]. In
addition, partially purified PGRMC1-green fluorescent protein
(GFP) fusion protein specifically binds 3H-P4 through a single
high-affinity P4 binding site (k

d
10–40 nM) [16, 18]. These

studies indicate that PGRMC1 mediates P4’s antiapoptotic
action.

Unfortunately, little is known about PGRMC1’s mechanism
of action. One aspect of PGRMC1’s action involves binding to
plasminogen activator inhibitor 1 RNA-binding protein
(PAIRBP1), also known by several aliases, including SER-
PINE1 mRNA-binding protein (SERBP1) and CGI-55 [19,
20]. Granulosa cells of small antral follicles and SIGCs express
both PAIRBP1 and PGRMC1. Unlike PGRMC1, PAIRBP1 is
present only at the plasma membrane and in the cytoplasm of
these cells [19, 20]. Finally, the PGRMC1 sequence between
amino acids 70 and 130 is required for PGRMC1 to bind
PAIRBP1 [18].

It is likely that PAIRBP1 is somehow involved in mediating
P4’s actions. This concept is further supported by the findings
that forced expression of PAIRBP1 increases cellular respon-
siveness to P4 by 10-fold [19]. In addition, an antibody to
PAIRBP1 attenuates P4’s antiapoptotic actions in SIGCs [19],
granulosa cells [20], and luteal cells [20].

There appear to be at least three possible mechanisms
through which a PAIRBP1 interaction with PGRMC1 could
facilitate P4’s actions. First, PAIRBP1 could regulate the
cellular localization of PGRMC1. Second, PAIRBP1 could
interact with PGRMC1 to form an optimal ‘‘binding pocket’’
for P4, thereby enhancing 3H-P4 binding. Finally, PAIRBP1
could act to couple PGRMC1 to downstream components of
the P4-PGRMC1 signaling pathway. Because these are not
mutually exclusive mechanisms, each of these possibilities was
tested in the experiments presented in this paper. These
experiments used either siRNA to deplete PAIRBP1 or a
PGRMC1 peptide mimic to disrupt endogenous PAIRBP1-
PGRMC1 interaction.
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MATERIALS AND METHODS

Generation of GFP-Fusion Proteins

Total mRNA was isolated from SIGCs and cDNA generated as previously
described [19]. The entire Pgrmc1 coding region was then amplified using the
following primer pair: forward: 3 0-TTCTCGAGATGGCTGCCGAG-
GATGTG-50 (with XhoI site) and reverse: 30-AGAAGCTTGTCACTCTTCC-
GAGC-50 (with HindIII site). Pgrmc1 was then cloned into pEGFP N1 vector
(Clontech) at XhoI and HindIII restriction sites. The resulting construct, referred
to as Pgrmc1-Gfp, was sequenced to ensure that it correctly encoded PGRMC1.
To generate the PGRMC1 peptide mimic, Pgrmc1-Gfp was used as a template
and the following primers were used to amplify the sequence that encodes
amino acids 70–130: forward: 30-TTCTCGAGATGCGTGACTTCACC-50;
reverse: 30-AGAAGCTTGTCCAGGCAAAATGTGG-50. The construct en-
coding this Pgrmc1-Gfp peptide mimic was verified by restriction enzyme
digest. The amino acid sequence of the PGRMC1 peptide mimic is
RDFTPAELRRYDGVQDPRILMAINGKVFDVTKGRKFYGPEGPY
GVFAGRDASRGLATFCL (http://www.ncbi.nlm.nih.gov/protein/
AAH62073).

SIGC and Granulosa Cell Culture

SIGCs were cultured in Dulbecco modified Eagle medium/F12 supple-
mented with 5% fetal bovine serum (HyClone), 100 U/ml penicillin G, and 100
lg/ml streptomycin as previously described [18]. Rat granulosa cells were
isolated from immature 23- to 24-day-old rats using the protocol described by
Campbell [21], which was approved by the Animal Care Committee of the
University of Connecticut Health Center. Granulosa cells were plated either on
cover glass in 35-mm culture dishes for immunocytochemical studies or in 24-
well plates at 2 3 105 cells/well for experiments in which apoptosis was
assessed. After 3 h the culture medium was replaced to remove any nonattached
cells and the cultures continued for an additional 16 h.

Pgrmc1-Gfp Plasmid Transfection and Pairbp1 siRNA
Treatment

For transfection of GFP-fusion proteins, 4 3 105 SIGCs were seeded in 35-
mm dishes. Twenty-four hours later, 2 lg of Pgrmc1-Gfp plasmid DNA was
transfected into SIGCs using Lipofectamine 2000 (Invitrogen) in Opti-MEM
medium in 2.5% serum. A similar protocol was used to transfect granulosa cells
that were plated at 2 3 105 cells/well in 24-well plates and using Lipofectamine
2000 as described with the exception that the cells were transfected in Opti-
MEM supplemented with 2.5% steroid-free serum (HyClone, Thermo
Scientific) in the presence or absence of 1 lM P4.

PAIRBP1 was depleted from SIGCs using Pairbp1 siRNA as follows.
SIGCs (4 3 105 cells) were plated either on cover glasses that were placed in
35-mm culture dishes for experiments involving immunofluorescence locali-
zation studies or in 35-mm culture dishes for studies of apoptosis and mRNA.
For 3H-P4 binding studies, SIGCs were plated in 96-well plates. Regardless of
the culture plates used, the medium was removed after 24 h of culture and half
of the culture dishes were transfected with Pairbp1 siRNA (Cat. No. AM16708
siRNA ID# 261504; Ambion). The remaining dishes were transfected with
scramble siRNA (Cat. No. AM4611; Ambion). All the transfections were done
in the presence of 2.5% serum using Lipofectamine 2000 according to the
manufacturer’s instructions. Pairbp1 and scramble siRNAs were used at a final
concentration of 60 nM. After transfection the cells were incubated for 48 h in
Opti-MEM medium with a final concentration of 2.5% fetal bovine serum and
then assessed for either Pairbp1 and Pgrmc1 mRNA levels, 3H-P4 binding, or
P4-regulated apoptosis.

Real-Time PCR for Pgrmc1 and Pairbp1

Real-time PCR for Pgrmc1 mRNA measurements was performed with the
primers published by Peluso et al. [18] using the Script one-site RT-PCR kit
with SYBR green (BioRad Laboratories). The relative level of Pgrmc1 mRNA
was determined with Bio-Rad CFX96 software using the DCT method. Values
were expressed as a percentage of the scramble control treatment.

Quantitative measurements of Pairbp1 mRNA were done using primers to
rat Pairbp1 that were designed using Real Time PCR design software from
Biosearch Technologies. Primers used were forward: 50-GTGGCGCTTAA
GAAAGAAGG-30 and reverse: 50-CGCCTTTCTGGTCTCCTATC-30. The
sequence for the Pairbp1 probe was 50 FAM-TGATCAGGTCTTCTTC-
CAACTCGCC–BHQ-1 30. Real-time PCR was performed on a CFX96 Real
Time system with SsoFast Probe Supermix (BioRad Laboratories). The relative

level of Pairbp1 mRNA was determined using the DCT method. Values were
expressed as a percentage of the scramble control treatment.

Western Blots

SIGCs were lysed in RIPA buffer (50 mm Tris, 150 mm sodium chloride,
1.0 mm EDTA, 1% Nonidet P-40, and 0.25% sodium-deoxycholate; pH 7.0)
that was supplemented with complete protease inhibitor cocktail (Roche) and
phosphatase inhibitor cocktail 1 (Calbiochem) and then centrifuged at 14 000
relative centrifugal force at 48C for 10 min. Protein was determined using the
BCA protein assay (Bio-Rad).

The levels of PAIRBP1 and PGRMC1 were determined by Western blot
analysis using a mouse monoclonal to PAIRBP1 (Cat. No. ab57285, dilution
1:1000; Abcam) or rabbit polyclonal antibody to PGRMC1 (Cat. No.
HPA002877, dilution 1:750; Sigma), respectively. PGRMC1-GFP fusion
proteins were detected using a rabbit polyclonal GFP antibody (Cat. No. 2555,
dilution 1:1000; Cell Signaling Technology). For Western analysis, lysates
were run on a 10% acrylamide gel, transferred to nitrocellulose, and then
incubated with 5% nonfat dry milk overnight at 48C. The nitrocellulose blots
were incubated with the primary antibodies overnight at 48C and processed for
Western blot analysis using horseradish peroxidase-labeled secondary antibod-
ies and ECL Western Blotting Analysis System (Amersham Biosciences).

Immunofluorescence and Co-localization Studies

Localization of PAIRBP1, PGRMC1, and PGRMC1-GFP fusion proteins
was assessed by immunofluorescence. Cells were plated on cover glass, treated
according to the experimental design, and then fixed in 4% paraformaldehyde.
After fixation, samples were permeabilized with 0.1% Triton-X 100 in PBS for
7 min, blocked with 5% normal goat serum in PBS for 1 h at room temperature,
and then incubated overnight at 48C with the primary antibody or a
combination of two primary antibodies when colocalization studies were
conducted. Primary antibodies used in this study were mouse monoclonal anti-
PAIRBP1 (Cat. No. ab57285, 1:200 dilution; Abcam), rabbit polyclonal anti-
PGRMC1 (Cat. No. HPA002877, 1:250 dilution; Sigma), and rabbit
monoclonal anti-GFP (Cat. No. G10362, 1:200 dilution; Life Technologies-
Molecular Probes).

PAIRBP1, PGRMC1, and GFP primary antibodies were detected with
Alexa Fluor 488-labeled anti-mouse, Alexa Fluor 546-labeled anti-rabbit, and
Alexa Fluor 350-labeled anti-rabbit antibodies (1:800 dilution; Life Technol-
ogies-Molecular Probes), respectively. All primary and secondary antibodies
were diluted in 0.1% BSA in PBS. After immunostaining, the slides were
stained with 4,6-diamidino-2-phenylindole (DAPI) to visualize the DNA,
mounted with ProLong antifade reagent (Life Technologies-Invitrogen), and
observed using a Zeiss Axio Observer inverted microscope equipped with a
Lumen 200 Fluorescence Illumination Systems (Prior Scientific). The images
were captured with a QImaging Retiga EXi CCD digital camera (QImaging).

The presence of the intrinsic GFP fluorescence (green) was confirmed by
the immunocytochemical detection of GFP using the anti-GFP antibody and
Alexa Fluor 350-labeled anti-rabbit antibody (blue fluorescence). In this case
DNA staining with DAPI was omitted.

Assessment of PAIRBP1-PGRMC1 Interactions

PAIRBP1 interaction with PGRMC1 was detected by an in situ proximity
ligation assay (PLA). The PLA was performed according to the manufacturer’s
instructions (OLINK Bioscience), using either PAIRBP1 and PGRMC1
primary antibody pairs or PAIRBP1 and GFP primary antibody pairs, if
PAIRP1-PGRMC1-GFP interaction was assessed. Briefly, the PLA utilized
secondary antibody pairs that were labeled with complementary oligonucleo-
tide DNA sequences. An interaction was detected when the two probes were in
close proximity and could hybridize. The double-stranded DNA was then
amplified and detected by a fluorescent probe, which was visualized as an
individual fluorescent (red) spot (http://www.olink.com/). In the present
studies, negative controls were performed by omitting one of the two primary
antibodies.

To quantify the effect of P4 on the interaction between PAIRBP1 and
endogenous PGRMC1, SIGCs were cultured in serum, serum-free medium, or
serum-free medium supplemented with 1 lM P4 for 5 h. For each treatment
group, images were captured in five different areas using identical exposure
times and gain settings. The mean fluorescence intensity per cell was
determined with the iVision-Mac Image Acquisition and Analysis Software
(BioVision Technologies) using the DAPI staining to identify the cells. This
entire experiment was repeated three times. The relative fluorescence units per
cell associated with each treatment was calculated and used as an indicator of
the degree of PAIRBP1-PGRMC1 interaction.
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A similar approach was used to monitor the ability of PGRMC1-GFP
peptide mimic to interact with PAIRBP1. The only modification was that a
rabbit GFP antibody replaced the PGRMC1 antibody.

Assessment of Apoptosis

In order to assess the effect of Pairbp1 siRNA treatment on P4’s ability to
prevent apoptosis, SIGCs were transfected with Pairbp1 siRNA, cultured in
Opti-MEM supplemented with 2.5% serum for 48 h, and then placed in serum-
free medium in the presence or absence of 1 lM P4. After 5 h, the cells were
stained with DAPI (0.3 lM) for 10 min at 378C in the dark to reveal apoptotic
nuclei. Phase and fluorescent images of the same field were captured and the
percentage of apoptotic (DAPI-stained) cells determined [18]. Note that these
cells were not fixed, which allowed DAPI to enter and stain the nuclei of only
dying cells. That the dying cells were apoptotic was confirmed by the presence
of condensed and fragmented nuclei. Moreover, identification of apoptotic cells
by DAPI staining corresponds to TUNEL-stained cells [16].

To determine whether the PGRMC1-GFP peptide mimic was capable of
inhibiting P4’s anti-apoptotic action, SIGCs were plated on 35-mm dishes.
After 24 h, the cells were transfected with 0.5 lg/dish of either an expression
vector that encodes PGRMC1-GFP peptide mimic or an empty GFP vector.
After an additional 24 h, the serum-supplemented medium was removed and
the cells placed in serum-free medium supplemented with P4 (1 lM). After 5 h,
the cells were stained with DAPI. Random areas within each cell culture were
sequentially observed under a fluorescein isothiocyanate (FITC) filter set to
identify GFP-transfected cells and a DAPI filter set to detect cells undergoing
apoptosis. Images of each area were captured under identical optical conditions
and stored in a computer. By comparing the images from the same area, the
transfection status (FITC-green fluorescence) and viability (apoptosis; DAPI-
blue fluorescence) of each cell could be determined. Approximately 100
transfected cells per culture dish were evaluated for apoptosis. The percentage
of transfected apoptotic cells per treatment dish was calculated.

Similar studies were conducted with granulosa cells with the exception that
transfected cells were assessed for apoptosis after 24 h of culture with medium
supplemented with steroid-free serum with or without P4.

3H-P4 Binding to Intact SIGCs

SIGCs were plated in 96-well culture plates (4 3 104/well) and transfected
with either scramble or Pairbp1 siRNA. After 48 h of culture, saturation-
binding studies were conducted in which the effect of increasing concentrations
of 3H-P4 on the amount of 3H-P4 specifically bound to each SIGC was
determined. Briefly, SIGCs were incubated at 48C in 25 ll TEMGD (Tris-
EDTA-molybdate-glycerol-dithiothreitol) buffer with digitonin for 30 min and
then increasing amounts of 3H-P4 in the presence or absence of 50 lM P4 at
48C for 1 h. The cells were then scraped from the culture dish and filtered
through Whatman glass microfiber filters. After five washes in cold PBS, the
filters were counted in a scintillation counter. Specific 3H-P4 binding was
determined by subtracting the amount (counts per minute) of 3H-P4 bound to
SIGCs in the presence of 50 lM P4 from the amount of 3H-P4 bound to SIGCs
in the absence of P4. Specific 3H-P4 binding was expressed as the number of
binding sites/cell by converting counts per minute to number of binding sites
using the equation provided by GraphPad (http://www.graphpad.com/
quickcalcs/radcalcform.cfm). The binding experiments were repeated four
times and values expressed as means 6 one standard error.

Statistical Analysis

For the apoptosis studies, each treatment group in each experiment was
conducted in either triplicate or quadruplicate and the entire experiment
repeated three times. Individual values from each experiment were pooled and
used to generate means 6 standard errors for each treatment. Student t tests
were used to determine if the means were different between two groups. When
the means of three or more groups were compared, a one-way ANOVA
followed by a Dunnett multiple comparisons test was used. The 3H-P4 binding
characteristics were determined using the saturation binding equation for
specific binding to one site as provided in the Prism 5.0 software package
(GraphPad Software). An ANOVA was used to assess the effect of PAIRBP1
siRNA on the number of P4 binding sites. All statistical analysis was done
using GraphPad Prism 5.0 software. Regardless of the statistical test, P values
� 0.05 were considered to be significant.

RESULTS

Previous Western blots conducted using an antibody produced
by Aves Labs detected PAIRBP1 as a ’55 kDa band in lysates

prepared from rat granulosa cell and SIGCs [19]. Western blots
using the commercially available antibody to PAIRBP1 from
Abcam also detected PAIRBP1 as a ’55-kDa band (Fig. 1).
PGRMC1 was observed in SIGC lysates as multiple major bands
at ’27, ’56, and ’75 kDa (Fig. 1), which is consistent with
published Western blots [17, 18]. Immunocytochemical analysis
revealed that PAIRBP1 was present only in the cytoplasm,
whereas PGRMC1 was present in both the cytoplasm and the
nucleus (Fig. 1).

Treatment with Pairbp1 siRNA depleted PAIRBP1 protein
(Fig. 2A) and mRNA (Fig. 2B) levels without altering the
localization or amount of Pgrmc1 mRNA (Fig. 2, A and B).
Moreover, depletion of PAIRBP1 attenuated P4’s ability to
prevent apoptosis (Fig. 2C). 3H-P4 specifically bound to SIGCs
with a K

d
of ’26 nM with a B

max
of ’2.2 3 106 binding sites/

cell (Fig. 2D). After treatment with Pairbp1 siRNA, 3H-P4
bound to SIGCs with a similar K

d
(’25 nM), but the number

of P4 binding sites doubled (B
max

’ 4.7 3 106 binding sites/
cell; P ¼ 0.001) (Fig. 2D).

Although the siRNA studies demonstrate that PAIRBP1
plays an important role in P4’s antiapoptotic action, they do not
provide any insight into the mechanism of action. PAIRBP1’s
role in P4’s action likely relates to its ability to interact with
PGRMC1 [20]. Through the use of PLA, the present study
demonstrated that endogenous PAIRBP1 interacts with endog-
enous PGRMC1 (Fig. 3). In serum-supplemented medium, the

FIG. 1. Expression of PAIRBP1 and PGRMC1 in SIGCs cultured in
serum-supplemented medium as assessed by Western blot (upper panel)
and immunocytochemistry (lower panel). PAIRBP1 was detected as a
single band of ’55 kDa and localized to the cytoplasm. In contrast,
PGRMC1 was detected as multiple bands and distributed throughout the
cell. Negative controls for the Western blots were conducted by omitting
the primary antibodies and are indicated with a minus sign. Negative
controls were also conducted for the immunocytochemistry and did not
show any staining (not shown).
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amount of PAIRBP1-PGRMC1 interaction as measured by the
fluorescent signal generated by the PLA was 131 6 6 relative
fluorescent units (RFU)/cell (Fig. 3A). After 5 h in serum-free
culture, the PAIRBP1-PGRMC1 interaction was reduced by
’30% (Fig. 3B; 90 6 5 RFU/cell, P , 0.05). However, P4
treatment maintained the PAIRBP1-PGRMC1 interaction at
131 6 8 RFU/cell (Fig. 3C). In the absence of either PAIRBP1
or PGRMC1 antibody, the PLA signal was negligible (Fig.
3D).

In order to use PLA to confirm our previous finding that
endogenous PAIRBP1 interacts with PGRMC1-GFP [18, 20],
it was first necessary to demonstrate that PGRMC1-GFP not

only could be detected by its intrinsic GFP fluorescence but
also could be immunodetected by a GFP antibody. This was
demonstrated as shown in Figure 4A. Having established this,
the GFP antibody was used in conjunction with the PAIRBP1
antibody in a PLA to reveal the interaction between PGRMC1-
GFP and PAIRBP1 (Fig. 4B).

Previous studies have demonstrated that the PGRMC1
sequence between amino acids 70 and 130 was required for
PGRMC1-GFP to bind PAIRBP1 [18]. This segment of
PGRMC1 encodes about half of the cytochrome b5 binding
domain (Fig. 5A). The observation that this 60-amino-acid
sequence is the site of PGRMC1-PAIRBP1 interaction

FIG. 2. The effect of Pairbp1 siRNA treatment on the expression and localization of PAIRBP1 and PGRMC1 in SIGCs. Compared to scramble (control)
siRNA treatment, Pairbp1 siRNA selectively depleted PAIRBP1 protein as assessed by immunocytochemistry (A) and mRNA as measured by real-time PCR
(B) without altering Pgrmc1 mRNA or localization in SIGCs maintained in serum-supplemented medium. In C the effect of Pairbp1 siRNA on the ability of
progesterone (P4) to suppress SIGC apoptosis induced by serum withdrawal is shown. In B and C, values are expressed as a mean 6 one standard error,
with * indicating a value that is significantly different from scramble control (P , 0.05). The capacity of SIGCs treated with either scramble or Pairbp1 (D)
siRNA and maintained in serum-supplemented medium to specifically bind 3H-P4 is shown. Values represent the mean 6 one standard error for each
dose of 3H-P4. Data was fitted using a single-binding-site model and represented by either a solid (scramble control) or dashed (PAIRBP1 siRNA) line.
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suggests that it could be used to disrupt PAIRBP1-PGRMC1
interaction. With the ability to use PLA to detect PGRMC1-
GFP fusion protein interactions, a GFP expression construct
was made that encoded the 70–130 amino acids of PGRMC1.

This 70–130 PGRMC1-GFP fusion protein (i.e., a PGRMC1
peptide mimic) was transfected into SIGCs and its expression
confirmed by both Western blot (Fig. 5B) and intrinsic GFP
fluorescence, which was observed throughout the transfected

FIG. 3. PAIRBP1-PGRMC1 interaction in SIGCs maintained in serum (A) or cultured for 5 h in serum-free medium (B) or serum-free medium plus P4 (C).
Negative control is shown in D. PAIRBP1-PGRMC1 interaction was determined by in situ PLA and revealed by a red dot.

FIG. 4. PAIRBP1-PGRMC1-GFP interaction in SIGCs maintained in serum as assessed by in situ PLA. In order to detect an interaction with PGRMC1-
GFP, PGRMC1-GFP must be detectable both by its intrinsic GFP fluorescence and by an antibody to GFP. This is illustrated in A, in which PGRMC1-GFP-
transfected SIGCs were fixed and stained for GFP using a GFP antibody and an Alexa Fluor 350-labeled anti-rabbit antibody. The same field of cells was
observed under phase or fluorescent optics with filters to detect intrinsic GFP (green fluorescence) or immunodetectable GFP (blue fluorescence). Note
that immunodetectable GFP is observed only in cells with intrinsic GFP fluorescence. In B in situ PLA detected PAIRBP1-PGRMC1-GFP interaction (red)
only in SIGCs that were transfected with PGRMC1-GFP (green). Note that the transfected cells are marked by * in DAPI-stained preparation.
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cells (Fig. 5C). Moreover, the PGRMC1 peptide mimic
interacted with PAIRBP1 within the cytoplasm, as demon-
strated by PLA (Fig. 5C). SIGCs were viable 24 h after being
transfected with either the PGRMC1 peptide mimic (Fig. 5C)

or the empty GFP vector (image not shown). Interestingly,
about 25% of the cells transfected with the empty GFP vector
underwent apoptosis within 5 h of being placed in serum-free
medium, and P4 significantly reduced the percentage of these

FIG. 5. The ability of the PGRMC1 peptide mimic (70-130-PGRMC1-GFP) to interact with endogenous PAIRBP1. In A the sequence of the PGRMC1
peptide mimic is shown, indicating that it comprises approximately half of the cytochrome b5 binding domain. B) Western blot indicating that the
PGRMC1 peptide mimic (70–130) is expressed in SIGCs and detected as a single band that has a kDa, which is appropriately less than the full-length
PGRMC1-GFP fusion protein (1–195). As seen in C the in situ PLA (red) detected the interaction between PAIRBP1 and the PGRMC1-GFP peptide mimic
in those cells transfected with PGRMC1-GFP peptide mimic (green). The transfected cells are marked by * in DAPI-stained preparation. The effect of the
PGRMC1 peptide mimic (70-130-PGRMC1-GFP) on the ability of P4 to inhibit apoptosis is shown in D. In this experiment cells were transfected with
either the empty GFP vector or the PGRMC1-GFP peptide mimic and maintained in serum-supplemented medium for 24 h. After 24 h, the SIGCs were
cultured for 5 h in serum-free medium in the presence or absence of P4 and then the transfected cells (green) assessed for apoptotic nuclei by DAPI
staining (blue). Values are expressed as means 6 one standard error, with * indicating a value that is less (P , 0.05) and ** indicating values greater than (P
, 0.05) nontreated (�) cells transfected with empty vector.
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GFP expressing cells that underwent apoptosis. In contrast,
when placed in serum-free medium, .50% of cells expressing
the PGRMC1 peptide mimic underwent apoptosis, and P4 was
no longer able to suppress apoptosis (Fig. 5D).

Immunocytochemical studies on granulosa cells isolated
from immature rat ovaries revealed that PAIRBP1 was
localized to the cytoplasm (Fig. 6A), whereas PGRMC1 was
present throughout the cell (Fig. 6B), confirming the findings
in SIGCs. As with SIGCs, these two proteins interact in
granulosa cells, as shown by PLA (Fig. 6C). Unlike its effect in
SIGCs, the PGRMC1 peptide mimic induced about 40% of the
granulosa cells to undergo apoptosis even in the presence of
steroid-free serum and P4 (Fig. 6D).

DISCUSSION

Our previous studies implicated PAIRBP1 as an important
component of the mechanism through which P4 inhibits
granulosa cell [20], luteal cell [20], and SIGC apoptosis [19,
20]. These initial studies revealed that overexpression of
PAIRBP1 increases the sensitivity of the cells to the

antiapoptotic action of P4 by 10-fold [19]. Conversely,
pretreatment with a PAIRBP1 antibody attenuated P4’s
biological actions [19]. The present study expands these
previous studies by demonstrating that Pairbp1 siRNA
selectively depletes Pairbp1 mRNA and protein and complete-
ly attenuates P4’s antiapoptotic action. This siRNA-based
study provides the first conclusive evidence of PAIRBP1’s
involvement in P4’s signaling pathway.

Although an important element in P4’s action, PAIRBP1 is
an unlikely candidate to directly bind P4 and mediate its action,
because it possesses only a hyaluronan binding site and several
phosphorylation sites (see http://www.phosphosite.org/
proteinAction.do?id¼7064&show AllSites¼false). Interesting-
ly, PAIRBP1 interacts with PGRMC1 [17, 18], which has been
shown to transduce P4’s antiapoptotic action [17, 18]. As such,
PAIRBP1 could facilitate P4’s actions by serving as either a
scaffolding protein [17] or a coactivator/regulator of PGRMC1.

The present studies demonstrate that PAIRBP1 does not
regulate PGRMC1’s expression or localization, because
Pairbp1 siRNA treatment virtually eliminates Pairbp1 mRNA

FIG. 6. The localization and interaction of PAIRBP1 and PGRMC1 in granulosa cells maintained in serum-supplemented medium. The localizations of
PAIRBP1 shown in red (A) and PGRMC1 shown in green (B) were determined by immunocytochemistry, and the interaction between PAIRBP1 and
PGRMC1 was revealed by PLA (red dots, C). In the PLA image, the nuclei were stained with DAPI (blue). The graph in D shows the effect of transfecting
the PGRMC1 peptide mimic (70-130-PGRMC1-GFP) on the rate of apoptosis in granulosa cells cultured in the steroid-free serum with or without P4. In
this graph, the values are expressed as means 6 one standard error, with * indicating a value that is greater than (P , 0.05) granulosa cells transfected with
empty vector.
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and protein levels without altering PGRMC1 expression.
Moreover, depleting PAIRBP1 does not significantly alter the
cellular localization of PGRMC1 as judged by immunocyto-
chemistry, although more detailed morphological and bio-
chemical studies are required to definitively support this
conclusion.

Even though immunocytochemical studies did not reveal
major changes in the cellular distribution of PGRMC1,
depletion of PAIRBP1 could alter PGRMC1’s ability to bind
3H-P4. In fact, we initially proposed that PAIRBP1 interaction
with PGRMC1 is required to form a functional binding site for
P4 [17]. Based on our siRNA studies, this is clearly not the
case. In fact, the present saturation binding studies reveal that
depleting PAIRBP1 does not reduce P4 binding but rather
greatly increases the capacity of the cells to bind P4. This
suggests that the interaction between PAIRBP1 and PGRMC1
functions to limit PGRMC1’s ability to bind P4.

How then does depleting PAIRBP1 attenuate P4’s anti-
apoptotic action in the presence of PGRMC1? The most likely
explanation is that PAIRBP1-PGRMC1 interaction functions to
couple PGRMC1 to other components of the P4’s antiapoptotic
signal transduction pathway. The observation that P4 enhances
the interaction of PAIRBP1 and PGRMC1 as judged by PLA
further supports this concept.

If direct interaction between PAIRBP1 and PGRMC1 is an
essential component of the P4-PGRMC1 signal cascade, then
disrupting the interaction between these two proteins would
ablate P4’s action. Our previous studies have shown that the
amino acid sequence RDFTPAELRRYDGVQDPRIL
MAINGKVFDVTKGRKFYGPEGPYGVFAGRDASR
GLATFCL, which is located between PGRMC1 amino acid
numbers 70 and 130, is required for PGRMC1 to bind to
PAIRBP1 [18]. Although the entire 60-amino-acid sequence
may not be required, we hypothesized that this sequence could
be used as a peptide mimic that would interfere with PAIRBP1-
PGRMC1 interaction. This 60-amino-acid PGRMC1 mimic
was cloned into the GFP expression vector, transfected into
cells, and shown by PLA assay to directly interact with
endogenous PAIRBP1. Thus the PGRMC1 peptide mimic
likely reduces the interaction between endogenous PAIRBP1
and PGRMC1. Interestingly, the presence of this PGRMC1
peptide mimic does not alter SIGC viability as long as the
SIGCs are maintained in serum-supplemented medium.
Because the serum was not heat inactivated, the mostly likely
reason for the viability of the cells transfected with PGRMC1-
GFP peptide mimic is the presence of growth factors in the
serum that activate survival pathways that do not involve
PAIRBP1-PGRMC1 interaction. However, when placed in a
stressful environment such as in the absence of serum, the cells
undergo apoptosis at a rate more than two to three times greater
than GFP-transfected control cells. Moreover, P4 cannot reduce
the stress-induced increase in the rate of apoptosis. This finding
supports the concept that promoting or maintaining PAIRBP1-
PGRMC1 interaction is an important aspect of P4’s anti-
apoptotic action.

This concept is further strengthened by the observations
made on cultured rat granulosa cells. Granulosa cells
transfected with the empty GFP vector remain viable when
cultured for 24 h in serum in the presence or absence of P4. In
contrast, transfection of the 70–130 PGRMC1 peptide mimic
induces ’40% of the transfected cells to undergo apoptosis
even in serum-supplemented medium with P4. This contrast
between SIGCs and primary granulosa cells suggests that the
primary granulosa cells are more dependent on PAIRBP1-
PGRMC1 interaction than SIGCs. The reason for their
increased dependency on PAIRBP1-PGRMC1 interaction for

survival is unclear but may be related to the fact that SIGCs are
immortalized and constitutively overexpress p53 compared to
primary granulosa cells [22].

Although this 60-amino-acid sequence is present in
PGRMC1 of all mammalian species, the PGRMC1 family
member, PGRMC2, also has a 60-amino-acid segment, which
is 80% identical to that of PGRMC1 [23]. Recently we have
also shown that PGRMC2 interacts with PAIRBP1 (data not
shown), so it is probable that the PGRMC1 peptide mimic also
disrupts PAIRBP1’s interaction with PGRMC2. Regardless,
the limited presence of this 60-amino-acid sequence supports
the concept that the PGRMC1 peptide mimic only interferes
with the ability of PGRMC1 and possibly PGRMC2 to interact
PAIRBP1.

The cellular response to the PGRMC1 peptide mimic also
raises two important questions. The first question relates to the
role that PAIRPB1 plays in modulating the function of
PGRMC1. Recently we have shown that PGRMC1 localizes
to the nucleus and in response to P4 functions to suppress the
transcriptional activation of Tcf/Lef transcription factors [24].
The ability of P4 to suppress Tcf/Lef activity is dependent in
part on the sumoylation status of PGRMC1 [24]. Sumoylation
involves the covalent linking of small ubiquitin-like modifier
(SUMO) proteins to specific target proteins [25–27]. The
linkage of SUMO proteins to a specific protein is mediated by
several enzymes, including E3 SUMO ligases and SUMO-
activating enzyme subunit 2 [26]. Importantly, PAIRBP1,
which is referred to as CGI-55, has been shown to bind these
enzymes [28]. As such P4 could act to enhance PAIRBP1-
PGRMC1 interaction, thereby stimulating PAIRBP1 to act as a
scaffolding protein and ‘‘deliver’’ the sumoylating enzymes to
PGRMC1. As a result, PGRMC1 would undergo sumoylation,
and, once in the nucleus, modulate the expression of genes that
promote cell survival [29, 30]. Thus, ability of PAIRBP1 to
couple PGRMC1 to downstream components of its signal
pathway could be a role that PAIRBP1 plays in the P4-
PGRMC1 signal transduction pathway. This possibility is
actively being investigated.

The second question relates to why the PGRMC1 peptide
mimic accelerates the rate at which SIGCs undergo apoptosis
when placed in serum-free culture condition. If the PGRMC1
peptide mimic only disrupts PAIRBP1’s interaction with either
PGRMC1 or PGRMC2, then the rate of apoptosis should be
similar to that observed with Pairbp1 siRNA treatment.
However, the rate of apoptosis in the presence of the PGRMC1
peptide mimic is at least 2-fold greater than that observed in the
Pairbp1 siRNA-treated cells. It is important to appreciate that
the 60-amino-acid sequence of the PGRMC1 mimic corre-
sponds to the first 60 amino acids of the cytochrome 5b domain
of PGRMC1. The cytochrome 5b domain of PGRMC1 has
been shown to bind heme [31, 32] and presumably hemopro-
teins. Moreover, nuclear magnetic resonance structural analysis
of Arabidopsis PGRMC1 homolog, At2g24940.1, revealed the
presence of a crevice that is formed by helix 2, helix 3, and
helix 4, with the loop between helix 3 and 4 being the likely
site to which heme and hemoproteins bind (for review see
Cahill [23]). Because helixes 1–3 are within the 70- to 130-
amino-acid sequence of PGRMC1 [23], the PGRMC1 peptide
mimic likely interferes with the ability of PGRMC1 and
possibly PGRMC2 to interact with hemoproteins. Hemopro-
teins include respiration cytochromes, gas sensors, P450
enzymes, catalases, peroxidases, nitric oxide synthases, and
guanyl cyclases [33]. Because hemoproteins regulate numerous
cellular functions, including cell viability [33], it is possible
that the PGRMC1 peptide mimic also disrupts the ability of
hemoproteins to interact with PGRMC1 or PGRMC2. Thus,
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the putative ability of the PGRMC1 peptide mimic to attenuate
the interaction between hemoproteins and PGRMC family
member could explain why it induces a higher rate of apoptosis
than the Pairbp1 siRNA treatment.

Taken together, the present studies reveal a unique and
novel role for PAIRBP1 in the regulation of PGRMC1’s action.
In addition, we have identified a PGRMC1 peptide mimic that
appears to function as a competitive inhibitor of PAIRBP1-
PGRMC1 interaction. This PGRMC1 peptide mimic greatly
enhances the rate at which cells undergo stress-induced
apoptosis, suggesting that this peptide mimic affects more
than just PAIRBP1-PGRMC1 interaction. Because the amino
acid sequence of the peptide mimic is unique to PGRMC1 and
2, it has the potential to specifically inhibit P4’s actions that are
mediated through PGRMC family members while not
influencing P4 signals that are transduced through either
PGR or progestin and adipoQ receptors (PAQR). As such, this
PGRMC1 peptide mimic could have therapeutic potential in
the treatment of ovarian dysfunction as well as ovarian [34,
35], placental [34], uterine [36, 37], breast [38–40], and lung
[41] cancer, because PGRMC1 is highly expressed in these
cancers.
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