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Abstract

Steroids are well-known mediators of many different physi-
ological functions. Their best characterized mechanism of
action involves interaction with well-defined nuclear recep-
tors and regulation of gene transcription. However, rapid
effects of steroids have been reported which are incompatible
with their classical long-term/slow effects. Although the con-
cept of membrane-bound receptors for steroids which can
transduce their rapid effects has been proposed many years
ago, it is only recently that such proteins have been identified
and characterized. In this review, we will discuss recent data
regarding the rapid action of progesterone mediated by newly
characterized membrane-bound receptors belonging to the
progestin and adiponectin receptor family.
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Introduction

The way in which steroids act is mainly described as a slow
process involving gene transcription. This mechanism,
known as the ‘‘genomic’’ pathway, was postulated more than
60 years ago. During the past decades, this mechanism has
been investigated and particularly well described. It involves
(i) the transport of steroid into the cell (either passively or
using putative carriers); (ii) the binding of the hormone to
receptors trapped in the cytoplasm; (iii) the dimerization and
translocation of the ligand–receptor complex to the nucleus;
and (iv) the binding to specific nucleotide motifs and acti-
vation of transcription (Figure 1). The receptors mediating
this ‘‘genomic’’ action belong to the steroid nuclear receptor
superfamily.

The main characteristics of this process are therefore a
delay of many hours between hormone treatment (release/
administration?) and related biological effects, as well as the
involvement of a nuclear receptor. However, steroids have

also been reported to have biological effects within minutes,
as well as effects in cells or tissues devoid of their specific
nuclear receptors. These rapid and non-classical effects were
originally described for progesterone (1) and then reported
for all major classes of steroids (2, 3), and particularly for
progesterone in various physiological contexts such as
oocyte maturation (4), induction of acrosomal reaction in
sperm wfor review see Ref. (5)x, and activation of calcium
uptake by renal proximal tubules (6, 7). Many explanations
have been put forward to support these observations wfor
review see Ref. (8) and Figure 1x: (i) the disturbance of the
membrane fluidity by insertion of a lipophilic molecule in
the lipid bilayer which can then influence activity of trans-
porters, channels etc.; (ii) the action of nuclear receptors at
the plasma membrane; (iii) the action of nuclear receptor co-
regulators released upon receptor activation by the hormone;
and (iv) involvement of a membrane-bound receptor, unre-
lated to the classical nuclear receptor. In view of the plethoric
physiological and pathophysiological effects of steroids, the
discovery of such receptors and the characterization of their
signaling pathways could have considerable importance, for
instance to envisage new therapeutic strategies.

In this review, we will discuss one example, namely the
hormone progesterone, and the recent and controversial iden-
tification of the so-called membrane progestin receptors
(mPRs). The purpose of this paper is to contribute to the
debate initiated by Fernandes et al. (9), who proposed to
share different points of view present in this field.

Original observations and subsequent work

by the Peter Thomas group

During the late 1980s and early 1990s, the Peter Thomas
group at the Marine Science Institute of the University of
Texas (Austin, TX, USA) identified a novel progestin (17,20-
b,21-trihydroxy-4-pregnen-3-one or 20b-S) as the oocyte
maturation-inducing steroid in the teleost species (10, 11).
The binding of this novel progestin was shown to occur at
the plasma membrane of oocytes with rapid dissociation and
association rates (12). To identify the putative receptors
involved in the binding of this steroid, this group developed
an original and elegant multisteps procedure involving partial
protein purification steps to serve as an antigen to produce
monoclonal antibodies, a novel receptor–capture assay to
isolate the antibodies recognizing the putative progestin
receptors, and the screening of a library expressing proteins
from sea trout ovaries with this selected antibody to isolate
the putative membrane progestin receptor cDNA. This meth-
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Figure 1 Schematic representation of classical and non-classical
steroid actions.
Steroids elicit classical, genomic effects (1) by binding to specific
nuclear receptors (NRs) which then dimerize and are translocated
into the nucleus. The steroid-bound receptor recruits different co-
regulator forming a transcription complex and then binds to a hor-
mone response element (HRE) and triggers gene transcription.
Steroids can also trigger rapid, non-classical effects in different
ways: disturbance of the lipid bilayer fluidity and modulation of
membrane protein activity (2), binding to a pool of nuclear receptors
present at the cell surface (3), release of nuclear receptor co-regu-
lators (Co-R) having their own activity (4), and binding to
membrane-bound receptors (5).

od successfully led to the identification of a new class of
protein, called mPRs (13, 14). Research for orthologs
revealed that mPRs are well conserved in different species
including mammals and particularly humans. In vertebrates,
there are at least three classes of receptors (a, b, and g)
which are differentially distributed and share 50–60% of
homology at the protein level. The a receptor is mainly
found in sex organs and to a lesser extent in the bladder, the
adrenal glands, and the kidney. The b form is only neuronal
and the g form is found in epithelial tissues. It is noteworthy
that the kidney is, so far, the only organ to express two
forms, the a and the g receptors. A more detailed study
regarding this non-reproductive organ has shown specific
localization of these isoforms along the nephron without any
incidence of gender on their level of expression (15).
According to their sequences, the three isoforms, mPRa, b,
and g belong to a family of protein comprising adiponectin
receptors 1 and 2, osmotin receptor, and RKTG (Raf Kinase
Trapping in Golgi also referred to as PAQR3) (16–18). This
new family has been named Progestin- and AdipoQ-Receptor
family (PAQR) and displays not only sequence homology
but also a similar seven-transmembrane domains structure
and a common ancestor (19). Proteins from plants have also
been identified as members of this PAQR family (20). As
they display the predicted seven-transmembrane domains
topology, they have been named accordingly (HHP,
HeptaHelical Protein 1–5). Experimental evidence (16, 18)
has shown that although adiponectin receptors and RKTG/
PAQR3 display predicted topology including seven trans-

membrane domains, they exhibit an inverted topology when
compared with G-protein-coupled receptors (GPCRs).

Membrane progestin receptors function as GPCRs

Although some members of the PAQR family are unrelated
to GPCRs, observations reported by the Peter Thomas group
indicate that mPRs display functional characteristics of this
class of receptors. First of all, in contrast to adiponectin
receptors and RKTG, the topology of mPR, as described by
the Peter Thomas group, is that of a GPCR. In the original
description (13, 14), the topology of mPR, with seven trans-
membrane domains and an extracellular N-terminus part,
was only extrapolated from in silico sequence analysis. Later,
they showed that an antibody directed against the N-terminal
part of sea trout mPRa recognized its target in non-permea-
bilized cells, thereby establishing the extracellular localiza-
tion of the N-terminal tail (21, 22). It should be underscored
that the presence of seven transmembrane domains has never
been experimentally proven: neither for mPR nor for any
PAQR members. The main evidence of the Peter Thomas
group suggesting that mPR are GPCRs was first obtained in
cells stably transfected with sea trout mPRa, where addition
of either progesterone or 20b-S induced a pertussis toxin-
sensitive decrease of cAMP, suggesting an inhibition of the
adenylyl cyclases by a G0 or a Gi protein (13). Later, using
native tissue, they demonstrated an interaction between
mPRa or b with the inhibitory Gi protein in human myo-
metrial cells (23). More recently, Tubbs and Thomas (24, 25)
showed that progestin-induced sperm hypermotility was
related to mPRa stimulation followed by activation of a
stimulatory olfactory G protein (Golf) which induces an
increase in intracellular cAMP. Thus, depending on tissues
or cells, mPR could be associated with either an inhibitory
or a stimulatory G protein inducing opposite effects on
cAMP cellular content. This observation is intriguing as
many tissues or cells expressed both Gi and Golf proteins.
The question is therefore how mPRs ‘‘choose’’ which G pro-
tein they should associate with. The MAP kinase pathway is
also triggered by activation of mPR proteins (13) but the link
with GPCR activity has not been established.

Subcellular localization of mPR

Supporting this GPCR function, the Peter Thomas group
consistently observed the expression of mPR (irrespective of
the isoform or the species) at the plasma membrane by using
different techniques (13, 21, 22). However, these authors also
reported the co-localization of mPRa and b with the nuclear
progesterone receptor in internal vesicles (23). This point and
particularly the apparent paradoxical finding that mPR is
present both at the plasma membrane and in internal com-
partments is not discussed further by the authors.

Zhu and collaborators (26) have reported that cellular
localization of mPR is fused to a large fluorescent protein
(YFP) either on N- or C-terminal positions. The authors con-
cluded that mPR transfection is ‘‘toxic’’ for the cells and
that the presence of epitope tags at the N-terminus extremity
is responsible for retention of mPR into intracellular com-
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partment, whereas C-terminus tag should permit plasma
membrane expression. However, even though the retention
of the N-terminus-tagged construction is clear, the presence
of the C-terminus-YFP mPR at the plasma membrane is not
obvious despite the authors’ assertions.

mPR are specific receptors for progesterone

and its metabolites

Pharmacological characteristics of mPR have been well
described in different reports from the Peter Thomas group
(13, 27, 28). By overexpressing recombinant mPR in Esche-
richia coli, binding experiments of (H3) progesterone showed
the presence of a single class of receptors with a high affinity
(Kd around 30 nM) whatever the isoforms and the species
taken into account. The dissociation and association rate con-
stants are both rapid (2–5 min). The specificity of mPR was
shown to be restricted to progesterone or its metabolites (17
a-hydroxyprogesterone and 20 b-hydroxyprogesterone) (13,
27, 28). Among known nuclear progesterone- or estrogen-
or androgen-receptor antagonists tested, none of them has
any effect on progesterone binding to mPR.

In summary, the important work done by the Peter Thomas
group has identified a protein family localized at the plasma
membrane with a seven-transmembrane domains topology,
coupled to G proteins and specific for progesterone. These
conclusions are supported by approximately 15 articles pub-
lished during the past 5 years, exploring mPR in different
species, tissues, and cells. Unfortunately, when mPRs have
been investigated by other groups, many important obser-
vations (topology, coupling with G proteins, plasma
membrane localization, and even ligand specificity) have
been entirely or partially refuted, thereby leading to signifi-
cant confusion in this research field. Peter Thomas recently
answered some of these contradictions by deploring that
‘‘despite the mounting evidence that mPRs are functional
membrane progestin receptors’’, researchers ‘‘have contin-
ued to dispute these conclusions based on negative find-
ings«’’ (25). As the best criterion for unambiguously
accepting a new concept is the confirmation of this concept
by other independent research groups, negative results are
not trivial and could be significant. In the following section,
we endeavor to analyze these ‘‘negative findings’’ and see
whether they are relevant or not, and, if so, what they could
teach us.

mPRs: the dissonant points of view

Based on the exciting discovery by Zhu and colleagues in
2003 (13, 14) of a new family of membrane-bound proges-
terone receptors, many groups have undertaken their own
research work with the hope to identify new candidates that
would explain the rapid and non-genomic effects of proges-
terone in their physiological models. Three main points have
been particularly debated: (i) the ligand-specificity of these
receptors; (ii) their localization at the plasma membrane; and
(iii) the assertion that mPRs function as GPCRs.

Does progesterone activate mPRs?

The rationale for this question came from the study by
Krietsch et al. (29) who suggested that mPRs were not able
to bind progesterone. This group cloned human mPRa, b,
and g and sea trout and Fugu mPRa, all of them fused with
HA-epitope, and stably expressed in HEK293 or MDA-MB-
231 cell lines. Under all these conditions, progesterone incu-
bation did not lead to any change in intracellular cAMP
content nor ERK or p38 phosphorylation. Using crude
membrane or microsomal preparations from these stable cell
lines, these authors were not able to confirm progesterone
binding related to the expression of one or another mPR. It
is possible, however, that the strategy used by Krietsch et al.
does not allow one to measure these parameters as MDA-
MB-231 and HEK293 express endogenous progesterone
receptors (mPR or others). In our study (30), focusing on
mPRs in renal epithelium, we observed neither increased
phosphorylation of ERK nor increased intracellular Ca2q

after progesterone treatment on tubules expressing endo-
genous mPRa and mPRg. However, in this study we did
not conclude that mPRs were not progesterone receptors as
no binding experiments were performed. Two recent
publications, from 2008 and 2009, suggest that mPRs are
indeed progesterone receptors. Using a mammalian cell line
(CHO) expressing ovine mPRa, Ashley et al. (31) have
shown a specific binding of progesterone when compared
with untransfected cells. This ovine mPRa exhibits a slightly
different affinity for progesterone than that reported for sea
trout or human mPR but it exhibits a similar ligand-specific-
ity profile. In addition to these studies, the group of T. Lyons
used a very elegant strategy using yeast (Saccharomyces
cerevisiae) as an expression system for mammalian PAQR
proteins. Indeed, this organism has been shown to express a
PAQR protein, the osmotin receptor, and Kupchak et al. (32)
previously described the transduction pathway elicited by its
activation leading to downregulation of a gene named FET3.
This group has shown that heterologous expression of adi-
ponectin receptor, upon adiponectin stimulation, also leads
to downregulation of FET3. They have used the same strat-
egy to investigate the ligand-dependency of mPRa, b, and
g and have shown that these proteins, indeed, are stimulated
by progesterone (33, 34). They have also used this strategy
to demonstrate the activation of the orphan receptors PAQR6
and PAQR9 by progesterone (34). These two PAQR mem-
bers are now referred to as mPRd and mPR´. Therefore,
convergent conclusions, from different groups using different
strategies, indeed confirm that mPRs are receptors for pro-
gesterone. However, the transduction pathways triggered by
their stimulation is probably tissue- or cell-dependent.

Plasma membrane or not plasma membrane«?

The localization of mPR has probably been one of the most
disputed aspects of its characterization. In 2005 and 2006,
three independent reports described mPRs in the endoplas-
mic reticulum (ER) but not at the plasma membrane (29, 35,
36). In these studies, the heterologous expression of HA-,
V5-, GFP-epitope-tagged mPR (a, b, or g isoforms from



44 A. Salhi et al.

Article in press - uncorrected proof

Figure 3 An endoplasmic reticulum retention motif in mouse
mPRg.
(A) Schematic representation of the C-terminus tail from the last
transmembrane domain (numbers 7 or 8 according to P. Thomas or
T. Lyons model, respectively) showing the -KET motif replaced by
three alanines in the mutant. (B) Wild type or K328/3A mutant were
transfected in HEK293 for 24 h. Cells were then treated as described
previously (30).

Figure 2 Murine mPRa localize to endoplasmic reticulum.
HEK293 (A, D, G), MDCK (B, E, H), and LLC-PK (C, F, I) cell
lines were transfected either GFP C-terminal fused mPRa (A–C)
or N-terminal HA-tagged mPRa (D–I). Then, 24 h after transfection
cells were fixed with 4% paraformaldehyde and directly observed
under microscope or submitted to immunocytochemical analysis as
described previously (30).

different species) in different cell lines (CHO, Cos-7, HEK
293, MDA-MB-231, small and large luteal cells) led to the
conclusion that mPRs are retained in the ER, as proven either
by co-localization with ER markers or by the absence of
co-localization with plasma membrane labeling. Moreover,
Krietsch et al. (29) showed that immunocytochemical exper-
iments failed to reveal any signal on non-permeabilized cells.
It is unlikely that mPR retention in ER is an artifact as a
result of the presence of tag sequences, as proposed by Zhu
et al. (26), because in these studies wild type mPRs were
also transfected and exhibited the same cellular localization
as the tagged constructions (29). ER retention induced by
overexpression of exogenous proteins does not seem to be a
good explanation either, as endogenous mPRa isoforms pres-
ent in MDA-MB-231 (derived from breast cancer adenocar-
cinoma) and Ishikawa (derived from human endometrial
adenocarcinoma) cells exhibit a reticulum specific localiza-
tion (29). More recently, we investigated the putative role of
mPRs on the rapid effect of progesterone on renal tubules
(30). Using our own antibodies recognizing murine mPRa

and mPRg, we showed by differential centrifugation on
iodixanol density gradients followed by Western blot anal-
ysis that in native renal tissue, mPRs were not present in the
same fraction as markers of the plasma membrane (Na,K-
ATPase and Na,H-exchanger-3). By using heterologous
expression of murine mPRa, we confirmed its presence in
ER, independently of the nature or the position of the tag
and the cell line used for transfection (Figure 2). We also
established the presence of an ER retention/retrieval motif
(-KXX) at the C-terminal extremity of mPRa. It is note-
worthy that the removal of this motif was not sufficient to
yield cell surface expression but led to accumulation into a
Golgi-like structure. As shown in Figure 3, the role of this
motif is confirmed in mouse mPRg, as replacement of the
last three amino acids from lysine 328 by three alanines
changes the localization of the receptor.

With the exception of the Peter Thomas group, results
obtained with homemade antibodies, there seems to be a con-

sensus on the presence of mPRs into intracellular compart-
ments (probably ER) owing to an intrinsic lysine-based
retention motif indicating that this localization is pro-
grammed and not an artifact. The question is, therefore, to
understand whether mPRs have to reach the cell surface to
be active and what would be the processes, if they exist, that
allow them to overcome the ER retention motif. An obvious
possibility, recently outlined by Thomas et al. (25), is the
absence of ER in which mPRs should be trapped as is the
case in sperm cells. But beyond this particular case, is there
a yet unidentified molecular mechanism involving post-
translational modifications of the receptor (phosphorylation,
etc.) or association with a protein partner allowing matura-
tion of mPRs to the cell surface? In some Western blot exper-
iments, the Peter Thomas group observed an 80-kDa band
which was proposed to correspond to mPR dimers. Instead,
it could represent a complex with another protein, which
could explain the plasma membrane localization of mPRs.
Research for putative partners might need to be performed
to reconcile the different observations.

mPRs, a new class of GPCRs?

As mentioned above, identification of mPRs as GPCRs has
raised major questions. Indeed, this assumption implies a
seven-transmembrane domains topology with extracellular
N-terminus and intracellular C-terminus. This predicted
topology would suggest that all conserved motifs among
PAQR family members are upside-down in mPR proteins
when compared with the other members of this group.
Homologous loops would be either intracellular or extracel-
lular depending on the protein of the PAQR family they
belong to. This situation is rather unusual as proteins of a
same family generally not only share sequence homology but
also have a common structural shape. For membrane-bound
proteins belonging to the same family, a core structure
formed by a group of transmembrane domains and intra- and
extracellular loops is usually defined. This core structure can
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be ‘‘elongated’’ by additional transmembrane helixes. Phy-
logenetic analysis showed that PAQR family members,
including mPRs, have bacterial hemolysin as common ances-
tor, a gene restricted to Eubacteria (19). However, GPCR
classes I, II, and III are related to bacterial rhodopsin, secre-
tin, and glutamate–metabotropic receptors, respectively (37).
The fact that mPRs, with this ‘‘Eubacterian’’ ancestor, would
be GPCRs does not fit with established knowledge and
would represent a completely new class of this gene family.

The seven-transmembrane model for mPR topology is
based on mathematical predictions deduced from the amino
acid sequence. Even if these predictions are good tools, they
cannot replace experimental data. For instance, using a sim-
ilar Kyte and Doolittle-based algorithm as Zhu et al. (14),
other investigators (33, 34, 38) proposed an eight-transmem-
brane domains topology for mPRs, which indicates that this
in silico analysis is not reliable. These models, as suggested
by Smith et al. (33), define a core structure common to all
PAQR members composed of seven-transmembrane domains
and predict the presence of an additional helix at the C-
terminal side, in contradiction with the model suggested
originally (13, 14).

The only experimental data partially resolving mPR topol-
ogy focused on the localization of their N- and C-terminal
extremities. As mentioned above, the Peter Thomas group
(21, 22) reported data indicating that the N-terminal part is
extracellular because it is recognized by a specific antibody
on non-permeabilized cells. By contrast, other reports using
completely different strategies showed the presence of the C-
terminal part in the cytoplasm (30, 33). It is not possible, to
date, to draw final conclusions as the ‘‘real’’ topology of
mPR owing to the lack of experimental data. This would
necessitate a complete topological analysis that identifies all
transmembrane domains, perhaps using a strategy involving
fusion with a glycosylation reporter peptide cleverly placed
within the mPR sequence.

Evidence for a G protein-induced pathway triggered by
activation of mPRs has been totally refuted by Krietsch et
al. (29). In this report, control experiments clearly established
that this negative result was not related to a ‘‘technical’’
problem. A last result challenging the GPCR nature of mPRs
comes from the data of Smith et al. (33), who reported that
progesterone activates mPRs in yeast strains which do not
express heterotrimeric G proteins. This group has proposed
an alternative pathway involving a sphingoid base as a sec-
ond messenger following activation of ceramidase enzymatic
activity (34, 39). This transduction pathway needs to be test-
ed in mammalian cells.

Expert opinion

The discovery of membrane-bound receptors specific for
progesterone has opened an entirely new field of research.
Only a few years after the identification of mPRs, a
membrane-bound receptor for estrogen was concomitantly
identified by two groups in 2005 (40, 41). Here again,
debates regarding ligand-specificity and the cellular locali-
zation of this protein rapidly emerged and are still not
resolved (42, 43). Accounting for the fact that rapid and non-

genomic effects have been reported for the majority of ster-
oids such as glucocorticosteroid (44), mineralocorticosteroid
(45), or androgens (46, 47), the identification of mPRs
opened the way for the discovery of other membrane-bound
receptors for these molecules.

The purpose of this review was to summarize and confront
the different data and points of view regarding the molecular
characteristics of mPRs. By taking into account results that
were confirmed by at least two independent groups, we can
conclude that: (i) mPRs are progesterone receptors; (ii) under
basal conditions or after transfection, mPRs are mainly local-
ized into internal compartments, probably the ER; (iii) it is
unlikely that mPRs are GPCRs; and (iv) their topology
remains to be elucidated.

Outlook

Not surprisingly, a consensus regarding the rapid and non-
genomic effects of progesterone mediated by mPRs has yet
to emerge. The novelty of the observation and the sparse
research groups fully involved in this area probably explain
why it is not yet possible to draw the big picture of this
phenomenon. Moreover, debates and controversies are part
of the scientific process and are generally at the origin of
new discoveries. It is because the classical action of steroids
could not explain all observations that researchers explored
other possibilities and discovered the different pathways
which could explain rapid steroid effects. Thus, contradic-
tions, non-reproducible data, or negative findings are not
inherently problematic. However, we should not reach the
point where these controversies are so important that they
paralyze research in this domain by completely altering the
central message. In this case, it would be impossible to
attract new groups in this research field and to convince
research organizations to financially support new studies.

In this review, we proposed a minimal consensus which
seems acceptable today, based on observations that have
been reproduced by several groups. New results in contra-
diction with this consensus could yet emerge. Efforts should
be made to find a biological explanation for these putative
discrepancies. Then, we could improve the ‘‘global dogma’’
regarding mPR characteristics, functions, and regulation. For
instance, when we observed that mPRs were not translocated
to the cell surface using ‘‘renal epithelial’’ cell lines, we
searched for a ‘‘mechanistic’’ reason and found an ER reten-
tion/retrieval motif. Thus, the issue now is to understand in
which situation(s) this motif can be either overcome to allow
cell surface expression or ‘‘activated’’ to retain mPR within
the cells.

In our opinion, the data provided by the Lyons group have
contributed to revive the research field that focused on
mPRs. Indeed, by using a systematic approach in which
mPRs were expressed in yeast (as other PAQR protein mem-
bers), these authors have reported characteristics unaltered
by possible regulative mechanisms. We can only encourage
this systematic analysis where PAQR proteins are compared
for their fundamental characteristics.
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The future of research on mPRs depends on the ability of
leading groups to pass a ‘‘gentleman’s agreement’’ to give
this area of research solid foundations, from which an under-
standing of the rapid and non-genomic action of progester-
one, and more generally of steroids, will arise.
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