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ARTICLE INFO ABSTRACT

Article history: Various ovarian cell types including granulosa cells and ovarian surface epithelial cells express the pro-
Available online 1 March 2011 gesterone (P4) binding protein, progesterone receptor membrane component-1 (PGRMC1). PGRMC1 is
also expressed in ovarian tumors. PGRMC1 plays an essential role in promoting the survival of both nor-
Keywords: mal and cancerous ovarian cell in vitro. Given the clinical significance of factors that regulate the viability

Progesterone of ovarian cancer, this review will focus on the role of PGRMC1 in ovarian cancer, while drawing insights
gGg\/lCl into the mechanism of PGRMC1's action from cell lines derived from healthy ovaries as well as ovarian
vary

tumors.

Studies using PGRMC1siRNA demonstrated that P4’s ability to inhibit ovarian cells from undergo-
ing apoptosis in vitro is dependent on PGRMC1. To confirm the importance of PGRMC1, the ability of
PGRMC1-deplete ovarian cancer cell lines to form tumors in intact nude mice was assessed. Compared to
PGRMCT1-expressing ovarian cancer cells, PGRMC1-deplete ovarian cancer cells formed tumors in fewer
mice (80% compared to 100% for controls). Moreover, the number of tumors derived from PGRMC1-
deplete ovarian cancer cells was 50% of that observed in controls. Finally, the tumors that formed from
PGRMCI1-deplete ovarian cancer cells were about a fourth the size of tumors derived from ovarian cancer
cells with normal levels of PGRMC1. One reason for PGRMC1-deplete tumors being smaller is that they
had a poorly developed microvasculature system. How PGRMC1 regulates cell viability and in turn tumor
growth is not known but part of the mechanism likely involves the regulation of genes that promote cell
survival and inhibit apoptosis.
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1. Introduction

Ovarian cancer kills more women than all the other gyneco-
logic cancers combined and is the fourth leading cause of cancer
death among women in the United States. In fact 1 in 57 women
will be ultimately diagnosed with ovarian cancer. When this can-
cer is detected early, the 5-year survival rate is greater than
90%. However, only 24% of the cancers are detected early. As a
result most ovarian cancers are detected in more advanced stages
in which the cancer cells have spread outside the ovary. Once
the ovarian cancer has spread, the 5-year survival rate decreases
to less than 25% (see the Johns Hopkins website for details;
http://ovariancancer.jhmi.edu/menu) [1].

Treatment of patients with ovarian cancer consists of surgery to
remove the ovary, uterus and the tumor(s). This is usually followed
by platinum-based (carboplatin and cisplatin) chemotherapy. In
spite of these intense surgical and chemotherapeutic treatments,
the ovarian cancer more often than not recurs. At this point the
patients are given salvage chemotherapy and possibly de-bulking
surgery to remove the tumors that are usually distributed through-
out the peritoneum. Again platinum-based chemotherapy is often
used to treat the recurrent ovarian cancers but many of the ovarian
cancer cells are resistant to these platinum-based agents and thus
these drugs are relatively ineffective. Alternatively, higher doses
of platinum-based drugs can be tried but the platinum drugs are
very toxic so increasing their dosage is not an effective approach
(http://ovariancancer.jhmi.edu/menu) [1].

Clearly, the present chemotherapeutic agents are useful but not
sufficient to effectively treat ovarian cancer. To improve the effec-
tiveness of traditional chemotherapy, a genetic approach needs
to be developed that can be used either alone or in conjugation
with traditional chemotherapy. The target of this type of gene-
based treatment should be a gene that (1) is highly expressed in
ovarian cancers compared to normal tissue, (2) can be depleted by
various gene-silencing techniques, such as siRNA and (3) is essen-
tial for ovarian cancer cell proliferation and/or survival. Finally,
the gene-silencing reagent (i.e. siRNA) should be able to be deliv-
ered specifically to the tumor. Based on these criteria, we believe
that progesterone receptor membrane component 1 (PGRMC1) is
an excellent candidate for the development of such a gene-based
treatment for ovarian cancer. The data that supports this concept
is outlined in the following sections of this review.

2. Progesterone (P4) and ovarian cancers

The first implication that the P4 might be involved in regulating
ovarian cancer comes from observations that progestin-containing
oral contraceptive usage seems to protect against ovarian cancer
(see review by Ho [2]). Moreover, the incidence of ovarian cancer
is increased in women with P4 deficiency, while the high levels
of serum P4 during pregnancy is associated with lower risks of
ovarian cancer. In addition, women with a history of twin preg-
nancies exhibit a lower risk for developing ovarian cancer, and
this may be related to the higher serum levels of P4 in maternal
circulation during twin pregnancies compared to singleton preg-
nancies.

The clinical correlations between P4 and lower incidences of
ovarian cancer are also supported to some extent by in vitro stud-
ies that demonstrate the ability of high P4 doses to suppress
growth and induce apoptosis (see review by Ho [2] and recently
confirmed by Fauvet et al. [3]). How P4 induces apoptosis is not
completely known but one study suggests that P4 makes ovarian
cancer cells more sensitive to the killing effects of tumor necro-
sis factor-related apoptosis-inducing ligand [4]. These clinical and
basic science studies therefore suggest that P4 might be useful as

an adjunct treatment for ovarian cancer. In fact one study using a
xenograph ovarian tumor model has shown that high doses of P4
enhance the apoptotic action of cisplatin [5], which is consistent
with a very limited clinical trial data [6]. Unfortunately other tri-
als in both animal and humans have been relatively unsuccessful
(see review by Ho [2]). The reasons for these variable outcomes is
not clear but may be related to our lack of understanding of how
P4 mediates its action. For example it is generally assumed that
P4 mediates its protective action through the classic nuclear pro-
gesterone receptors (PGR-A; PGR-B). This assumption is based in
part on the observations that PGR is expressed in some ovarian
cancers (Fig. 1A and B). In addition cAMP mediated activation of
the PGR-B induces cell cycle arrest, cellular senescence and sup-
presses tumorigenicity of ovarian cancer cells [7]. Moreover, the
loss of heterozygosity and/or polymorphisms of PGR are associated
with increased ovarian cancer risks, which implies that PGR acti-
vation protects against the development of ovarian cancers [8,9].
In addition PGR is not detected in most ovarian cancers with its
absence correlated with a poor prognosis [7,10].

However, P4’s actions are more complex as revealed by recent
studies that show that P4 can inhibit ovarian cancer cells from
undergoing cisplatin-induced apoptosis both in vitro and in vivo
[11]. P4’s ability to either induce or inhibit apoptosis could explain
why the clinical trials have failed to show a beneficial effect of P4
on ovarian cancer progression. The reason for the opposite effect
of P4 on ovarian cancer cell survival is unknown but it may be that
the anti-apoptotic actions of P4 are not mediated by PGRs. There
are other putative mediators of P4’s actions that are expressed
in ovarian cancers such as the progestin and adipoQ receptors
(PAQR) [12] and progesterone receptor membrane component-
1 (PGRMC1) [13]. Both of these progestin receptors have been
detected in ovarian cancer cells [11]. Their respective roles are just
beginning to be revealed with most of the work being focused on
PGRMCT1.

3. PGRMC1 expression in human ovarian tumors

PGRMCT is small protein with an apparent molecular weight of
28 kDa. It is generally detected in western blots as a band between
22 and 27 kDa and a band of ~55 kDa. The ~55 kDa band appears to
be a dimer, since high concentrations of DTT reduces the amount
of this high molecular weight band [14].

Little is known about how PGRMC1 functions. As indicated in
the review by Cahill [15], bacterially expressed PGRMC1 failed to
bind P4. However, partially purified PGRMC1-GFP fusion protein,
which was expressed in mammalian cells, binds P4 with high affin-
ity (~35nM for rat PGRMC1 [16] and ~11 nM for human PGRMC1
[17]). Moreover, serum P4 levels are elevated in patients with ovar-
ian cancer compared to aged-matched controls [18]. P4 levels are
also higher in the peritoneal fluid of ovarian cancer patients [19].
These findings support the idea that ovarian cancer cells synthesize
P4.Therefore in the presence of these elevated levels of P4, PGRMC1
and PGR if present are likely to be continuously active.

As previously indicated some ovarian cancers express PGR but
PGRMCT1 is present in virtually every cell within all the ovarian
tumors that were examined [20] (Fig. 1C and D). Quantitative anal-
ysis revealed that PGRMC1 mRNA levels increase nearly 2-fold in
Stages IIl and IV ovarian cancers compare to that of non-cancerous
ovarian tissue [20], while the mRNA levels of PGR decrease with
advance stages of ovarian cancer. As a result the ratio of PGRMC1
mRNA to the PGR mRNA dramatically increases as PGR mRNA
declines [20]. Thus changes in the ratio of PGRMC1 to PGR could
explain changes in the response of ovarian cancer cells to P4 with
the higher PGRMC1 to PGR promoting tumor growth and develop-
ment.
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Fig. 1. Immunohistochemical localization of progesterone receptor (PGR) (A and B) and progesterone receptor membrane component-1 (PGRMC1) (C and D) in Stage Illc
Grade 2 (A and C) and Stage Illc Grade 3 (B, D, and E) ovarian tumors. Images from panels A and C and B and D are taken from adjacent sections from respective tumors. Panels
A, B, Cand D are shown at the same magnification. The arrows in panels A and C mark the location of ovarian cancer cells that do not express PGR but do express PGRMC1.
The image in panel E is a higher magnification of the image shown in panel D. Panel F is a negative control. Both panel E and F are shown at the same magnification. Data

taken from Peluso et al. [20].

4. PGRMC1 and its role in regulating ovarian cancer cell
biology in vitro

To test this hypothesis we used two different ovarian cancer
cell lines, Ovcar-3 and SKOV-3 cells. While neither of these cell
lines expressed PGR, they both expressed PGRMC1 [20]. As such,
these ovarian cancer cell line mimic the progestin receptor pro-
file of more advanced cancer. Interestingly, in these cell lines P4
inhibited cisplatin’s ability to induce apoptosis. P4’s actions were
mediated by PGRMC1 since treatment with PGRMC1 siRNA was
effectively attenuated P4’s anti-apoptotic action.

Our next step was to generate an ovarian cancer cell line
whose expression of PGRMC1 was permanently depleted. For this
approach we used the ovarian cancer cell line SKOV-3. As shown
in Fig. 2A we were able to generate a cell line whose PGRMC1 lev-
els were reduced by greater than 80% compared to their parental
controls. PGRMC1-deplete SKOV-3 cells had an impaired ability to
undergo mitosis in vitro compared to SKOV-3 cells (Fig. 2B). Sur-
prisingly depleting PGRMCT1 also changed the response to P4 from
one that antagonizes cisplatin’s apoptotic action to one that induces
apoptosis at a rate similar to that of cisplatin (compare Fig. 2C with
Fig. 2D). Taken together our in vitro studies suggest that PGRMC1
promotes ovarian tumor cell proliferation and depleting PGRMC1
slows cellular proliferation and enhances apoptosis even in the
presence of P4.

5. PGRMC1 and ovarian tumor development in nude mice

These in vitro studies are encouraging in that they suggest that
tumors derived from PGRMC1-deplete SKOV-3 cells would grow
at a much slower rate. To test this we modified our parental and
PGRMC1-deplete SKOV-3 cells lines so that both cell lines expressed
the fluorescent protein, dsRed. This was done to allow us to inject
these cells into the peritoneum of intact nude mice and then be able
to detect the tumors derived from these cells by monitoring their

fluorescence. It is important to appreciate that it is more difficult to
grow and subsequently detect ovarian tumors in the peritoneum
as opposed to tumors generated by a subcutaneous injection of
tumor cells under the flank skin. However, ovarian tumors do not
metastasize to subcutaneous sites but rather form secondary sites
throughout the peritoneum [21]. Based on this, we believe that it
is more relevant to generate and study peritoneal ovarian tumors
even through they are require more sophisticated techniques to
monitor their development and function.

We observed that 5weeks were required for dsRed SKOV-3
cells to form ovarian tumors that could be observed within the
peritoneum of intact nude mice, whose serum P4 levels are approx-
imately 4 ng/ml [22]. Those tumors that formed near the ventral
surface of the abdominal wall could be detected in intact living
mice using the Kodak Image system (Fig. 3A and B). That the fluo-
rescent body observed in Fig. 3B corresponds to an ovarian tumor
was confirmed by exposing the abdominal cavity and observing
the peritoneum using a dissecting microscope equipped with fluo-
rescent optics. Although difficult to detect under brightfield optics
(Fig. 3C), the tumor was readily detectable when observed under
epi-fluorescence (Fig. 3D).

Using this xenograph model, we assessed the role of PGRMC1
in ovarian tumor formation and development by injecting intact
nude mice with either dsRed (wild-type) or dsRed PGRMC1-deplete
SKOV-3 cells [11]. After 5weeks, only 80% of the mice injected
with dsRed PGRMC1-deplete SKOV-3 cells developed tumors com-
pared to 100% of the mice injected with dsRed (wild-type) SKOV-3
cells (Fig. 4A). In those mice with tumors, the number of tumors
that formed was about half the number observed in mice injected
with dsRed (wild-type) SKOV-3 cells (Fig. 4B). Finally, the size
of the tumors derived from PGRMC1-deplete SKOV-3 cells was
about one fourth that of tumors derived from dsRed (wild-type)
SKOV-3 cells (Fig. 4C). These in vivo findings clearly demon-
strate that PGRMC1 is a major regulator of tumor formation and
growth.
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Fig. 2. The development of a dsRed-SKOV-3 cell line that was depleted in PGRMC1. Panel A is a western blot showing PGRMC1 levels in parental and PGRMC1-deplete
dsRed SKOV-3 cells. 3-Actin western blot is shown to demonstrate equal protein loading. The ‘-’ sign indicates a lane of a western blot in which the primary antibody was
omitted and replaced with IgG (i.e. a negative control). The rate of cell proliferation of parental and PGRMC1-deplete SKOV-3 cells is shown in panel B. The effect of cisplatin
(CDDP; 30 nM) and progesterone (P4; 1 wM) on the rate of apoptosis of parental empty vector and PGRMC1-deplete SKOV-3 cells is shown in panel C. The effect of increasing
concentrations of P4 on the percentage of PGRMC1-deplete SKOV-3 cells undergoing apoptosis is shown in panel D. Data taken from Peluso et al. [11].

Unfortunately the mechanism through which PGRMC1 reg-
ulates tumor growth is unknown. However, we have shown
that PGRMC1-deplete ovarian tumors have a fewer blood ves-
sels compared to tumors derived from wild-type SKOV-3 cells
[11]. Specifically, our quantitative image analysis revealed that
microvasculature comprises 2.80 + 0.75% of the wild-type tumors
and only 0.40+0.11% of tumors derived from PGRMC1-depleted
tumors (n=4 per group; p<0.05) [11]. This finding suggests that
PGRMCT1 is essential for the vascular development and without the
ability to expand its vascular network the tumor cannot continue
to grow and may even regress [23]. These observations strongly
support our hypothesis that depleting PGRMC1 in existing tumors
would dramatically slow their growth and reduce their viability.

6. PGRMC1 as a regulator of gene transcription

Interestingly, PGRMC1 is localized to the plasma membrane,
cytoplasm and nucleus of both ovarian granulosa cells and ovarian
cancer cells [13,24]. The nuclear localization suggests that PGRMC1
could be involved in regulating gene expression and this is con-
sistent with the altered gene profile observed in tumors derived
from PGRMC1-deplete SKOV-3 cells [11]. In addition, recent stud-
ies have shown that P4’s anti-apoptotic action in rat spontaneously
immortalized granulosa cells (SIGCs) is dependent on de novo RNA
and protein synthesis [25]. In an attempt to identify some of the
genes whose expression might be part of the putative genomic
action of PGRMC1, mRNA levels of numerous genes involved in apo-
ptosis were assessed using real-time PCR microarrays using RNA
isolated from cultured SIGCs [25]. This approach yielded several
interesting findings. First, depletion of PGRMC1 in the absence of
P4 significantly altered that pattern of gene expression such that the
overall effect was to increase the mRNA levels of many genes that

are involved in promoting apoptosis (Fig. 5A). This suggests that
PGRMC1, which is not bound to P4, regulates gene expression in a
manner that would make the cells more susceptible to undergoing
apoptosis.

Second, P4 alters the gene expression profile such that the
mRNAs that encode many genes involved in promoting apoptosis
are suppressed. Some of suppressed genes include caspase 1, 2, 3
and 14 as well as Bad (Fig. 5B). The only anti-apoptotic gene show-
ing an increase in expression is Bcl2ald, a BCL2 family member
that functions like BCL2 to prevent apoptosis [26,27]. The increase
in the ratio of BCL2 to BAD is known to promote granulosa cell sur-
vival [28], which would explain in part P4’s anti-apoptotic action.
Moreover, the overall effect of P4 is to promote the genes known to
promote cell survival, which would make the cells more resistant
to apoptosis. This fits with P4’s well-characterized anti-apoptotic
action [15].

Finally, P4-regulated expression of Bcl2ald and Bad is depen-
dent on PGRMC1, since P4’s ability to induce Bcl21d mRNA and
to suppress Bad mRNA is completely attenuated by pretreatment
with PGRMC1 siRNA (Fig. 5C). However other P4-induced changes
in the gene profile do not appear to be dependent on PGRMC1.
Most noticeably the changes related to the mRNA levels of sev-
eral caspase family members. The mechanism through which P4
influences the expression of these genes is unknown but does not
involve the nuclear P4 receptor (PGR), since SIGCs do not express
these receptors [13,20].

7. Future research and summary

It is clear from our in vitro and in vivo data that PGRMC1
is an excellent candidate for gene therapy. Although numer-
ous issues remain to be resolved, two are pressing. The first
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B

Fig. 3. Detection of ovarian tumors within intact living nude mice. The mouse shown in these images was injected with 10 million dsRed SKOV-3 cells and the tumors were
allowed to develop for 5weeks. In panel A, a bright field image of a nude mouse is shown. When observed under dsRed fluorescent filters (B), a tumor was observed (black
arrow). This animal was dissected to expose the peritoneum and a tumor (arrow) was observed under bright field (C) and fluorescent optics (D).

involves developing a method to deplete PGRMC1’s action in
existing tumors. Since ovarian tumors are almost exclusively
found within the peritoneal cavity [21], it is possible to treat
these tumors by injecting therapeutic agents directly into the
peritoneal cavity. A few groups have had some success in deplet-
ing specific genes within peritoneal tumors by simply injecting
siRNAs mixed with various transfection reagents into the peri-
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toneum. For example Verma et al. [29] injected siRNA targeted
to B-catenin and showed that this slowed the growth of colon
cancer xenographs. A database of some papers that have uti-
lized siRNA to silence gene expression in vivo can be found at
http://www.ambion.com/techlib/resources/in vivo/index.html.
However, the effectiveness of PGRMC1 siRNA treatment would
be greatly improved if the siRNA could be directed or targeted

Fig. 4. The effect of depleting PGRMC1 on the percentage of mice that develop tumors (A) and the number of tumors, which develop in mice that form tumors (B). The
numbers in parentheses in A are the number of mice observed. The effect of depleting PGRMC1 on the relative size of the tumors is shown in panel C. The tumor derived from
PGRMC1-deplete SKOV-3 cells is show in the inset of panel C. Both images are shown at the same magnification. The data in panel A and B is taken from Peluso et al. [11].
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Fig. 5. The effects of PGRMC1 siRNA treatment of the expression profile of various
apoptosis-related genes is shown in panel A. The effects of 1 wM P4 plus scramble
siRNA or 1 M P4 plus PGRMC1 siRNA treatment are shown in panels Band C, respec-
tively. In each graph the mRNA levels of apoptosis-related genes were assessed by
real-time PCR and shown as a percentage change from scramble control values. The
values are means (+standard error) of three experiments. Genes associated with
the induction of apoptosis are shown in red and the anti-apoptotic genes shown in
green. Data is taken from Peluso et al. [25].

specifically to the ovarian tumors. One way to deliver chemother-
apeutic drugs is to link them to nanoparticles [30]. The drug-laden
nanoparticles can be labeled with tumor-specific markers, so that
the nanoparticles would preferentially concentrate to the tumors.
While considerable effort is being made in this area, targeting
nanoparticles to ovarian tumors may be a difficult goal to achieve.
However, ovarian tumors express high levels of PGRMC1 [20,24]
and some PGRMC1 is localized to the exterior of the tumor cell
surface [31]. There are at least two ligands that bind PGRMC1 and
either could be used to target nanoparticles to ovarian tumors. The

first ligand is P4. P4-labeled nanoparticles would specifically bind
to PGRMC1 [31], thus targeting the ovarian tumor. The use of P4 to
target ovarian tumors would potentially have the additional advan-
tage of triggering apoptosis (death) of ovarian cancer cells once
PGRMCT1 levels are depleted (see Fig. 2D). Alternatively, a mono-
clonal antibody that binds to the extracellular surface of PGRMC1
could also be linked to nanoparticles. Like P4, this antibody would
bind to the extracellular component of PGRMC1, thereby selectively
targeting the ovarian tumor.

The second issue relates to the relative lack of information about
the mechanism through which ligand activation of PGRMC1 medi-
ates its anti-apoptotic action. Simply based on the observation at
that PGRMC1 localizes to the plasma membrane, cytoplasm and
nucleus, it appears that PGRMC1 will likely have multiple sites of
action. Defining of the cellular and biochemical events associated
with each putative site of action will be essential in order to fully
develop PGRMC1 as a therapeutic agents.

In summary, we have shown the P4-PGRMC1 interaction reg-
ulates the viability of normal and cancerous ovarian cells both
in vitro and in vivo. Moreover, our data suggests that agonizing
PGRMCT1’s action could have therapeutic uses particularly as it
relates to ovarian cancer. Before these putative therapeutic uses
can be advanced considerably more details regarding PGRMC1’s
mechanism of action must be elucidated. Finally, it is important
to appreciate that at least three families of progestin binding pro-
teins, PGRs, PGRMCs and progestin and adipoQ receptors (PAQRs)
are expressed in ovarian cancers (for review see Peluso [24]). The
level of expression of each of these receptor families varies with
the developmental stage of the cancer. It is likely then that the
precise combination of receptors present at each stage of ovar-
ian cancer development could account for different responses to
endogenous P4, since each of these receptor families activate dif-
ferent signaling pathways [13]. Thus the complexities involved in
the interaction between these mediators of P4’s action in ovarian
cancer cells merits further investigation.
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