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Abstract
Progesterone is an ovarian steroid hormone that is essential for normal breast development. The
actions of progesterone are largely mediated through binding to its cognate steroid hormone
receptor, the progesterone receptor (PR). PR isoforms exist in the nucleus and transcriptionally
activate genes necessary for proliferation and survival (classical role). Cytoplasmic or membrane-
associated PR exists in the cytoplasm where it participates in protein complexes with signaling
molecules and other steroid hormone receptors capable of rapid activation of cytoplasmic protein
kinase cascades. This review details the extra nuclear scaffolding actions of PR with c-Src and
MEK1, the upstream components of MAP kinase modules.
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1. Introduction
Steroid receptors are critical activators of gene transcription in response to binding of their
cognate ligands. These transcriptional responses mediate a diverse array of cellular
functions, including metabolism, cell cycle progression and survival signaling. The actions
of steroid receptors in the nucleus have been well defined, and the required domains
necessary for these interactions have been well studied (Fig. 1). However, extra-genomic
functions of steroid receptors have suggested that many of these receptors have critical
cytoplasmic actions, which are functionally separable from the nuclear actions carried out by
the same receptors. The importance of extra-nuclear functions has been recently defined for
many steroid receptors, including the estrogen, androgen, glucocorticoid, mineralocorticoid,
and progesterone receptors. This review will discuss domains within the progesterone
receptor (PR) that are responsible for initiating cellular signaling and scaffolding
interactions with cytoplasmic protein kinases.

2. Progesterone receptor structure and function
PR exists in three isoforms as a result of transcription from a single gene and the use of three
different translational start sites [1]. PR-B is the full-length form of the protein (116 kDa),
PR-A (94 kDa) lacks the initial N-terminal 165 amino acids, coined the B-upstream segment
(BUS) as this region is unique to PR-B (Fig. 1), and PR-C (60 kDa) contains an even larger
N-terminal truncation that disrupts the DNA-binding domain (DBD). Thus, only PR-A and
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PR-B contain the critical components for nuclear receptor function, including the ligand-
binding domain (LBD), hinge region (H), DNA-binding domain, and two of the three
activating function domains (AF). While PR-C is not a functional transcription factor, it acts
to inhibit PR-B transactivation in the uterus [2] or potentiate the transcriptional effects of the
other PR isoforms in the breast [3]. Although both transcriptionally active PR isoforms (PR-
A and PR-B) are commonly co-expressed, studies in PR knockout mice have shown that PR-
B is required for mammary gland development, while PR-A is essential for uterine
development [4–7]. The isoforms can function independently, or as heterodimers; they have
different transcriptional activities and can target different subsets of promoters [8].
Unliganded PR rapidly shuttles between the cytoplasm and nucleus; cytoplasmic PR is
associated with chaperones and heat shock proteins, including Hsp70 and Hsp90. Following
ligand (progesterone or synthetic progestins, such as R5020) binding, PR is freed from these
associations, undergoes dimerization and translocation to the nucleus. Once localized in the
nucleus, PR activates transcription of PR-target genes, either directly, through binding to
progesterone response elements (PREs), or indirectly through tethering interactions with
other transcription factors (AP1, SP1, STATs).

PRs undergo considerable post-translational modification, including phosphorylation,
acetylation, sumoylation, and ubiquitination [9,10]. There are at least 14 serine residues in
PR that are known to be phosphorylated in vitro or in vivo (Fig. 1) [11–17]. These
phosphorylation events can occur basally or in response to activation via hormone binding
or kinase activation. PR phosphorylation is thought to be a modifier of receptor function,
with phosphorylation effecting subcellular localization [18], transcriptional activity
[13,19,20], receptor turnover [10,13,14], protein complex formation and target-gene
specificity [18,21]. Kinases that are known to phosphorylate PR either in vitro or in vivo
include mitogen-activated protein kinase (MAPK), casein kinase II and cyclin-dependent
kinase 2 (cdk2) [14,22].

In addition to the above-mentioned canonical interaction domains that are critical to
supporting nuclear gene transcription, kinase interaction domains have been identified
within PR (Figs. 1 and 4) and act as critical regions required for rapid activation of
cytoplasmic protein kinases in response to progestins [23–25]. This rapid signaling is fully
integrated with the genomic actions of PR, as progesterone-activated protein kinases in turn
phosphorylate PR and its co-regulatory molecules.

3. ER/PR-dependent c-Src/MAPK activation mediated by ER-interaction
domains of PR

Migliaccio et al. first showed progesterone-induced rapid activation of the MAPK pathway
through a c-Src-dependent mechanism in 1998 [24]. In T47D breast cancer cells, following
treatment with the synthetic progesterone, R5020, activated c-Src and ERK2 were detected
within 2–5 min of hormone treatment. Interestingly, this MAPK activation was blocked
following treatment with anti-estrogens, a result that was not anticipated following treatment
with a synthetic progesterone. These data implied that there was a requirement for the
estrogen receptor in this progesterone-dependent activation of MAPK. Further protein–
protein interaction experiments using endogenous (in T47D cells) or exogenous (transfected
into COS-7; monkey kidney fibroblast cells) proteins showed that there was an interaction
between c-Src, PR and the estrogen receptor (ER). ER appeared to be required for the
interaction of PR with c-Src, as well as the subsequent activation of MAPK, as no direct
interaction was detected between c-Src and PR under these conditions. These data
implicated ER as a linker molecule between c-Src and PR. Further data showed that in T47D
cells, MAPK activation following treatment with R5020 approached the levels observed
following treatment with epidermal growth factor (EGF), a growth factor known to potently
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activate Ras/Raf-dependent signaling to MAPK. Importantly, MAPK activation following
treatment with progestin was associated with an increase in T47D breast cancer cell growth.
In a subsequent report from this group [25], two regions within PR were found to directly
interact with ER, ERID-I and –II (ER-interacting domains I and II). Following treatment
with synthetic progesterone, ER interaction with the SH2-domain of c-Src mediated
activation of MAPK [25]. Interestingly, although they were previously unable to detect an
interaction between PR and c-Src in vivo, in this report a direct interaction was detected
between these two proteins in vitro that was facilitated by PR’s proline-rich domain
(discussed below [23]). However, this interaction was not sufficient to activate downstream
components of the MAPK pathway (i.e. ERK2).

4. PR-dependent c-Src/MAPK activation mediated by PR proline-rich
domain

Separate work by Boonyaratanakornkit et al. implicated the ER-independent actions of PR
in rapid activation of c-Src/MAPK following treatment with R5020. This group found no
requirement for direct binding of ER in the PR/c-Src complex [23]. Instead, this paper
demonstrated a direct interaction between the SH3 domain of c-Src and an N-terminal
proline-rich domain of PR in vitro, and this interaction was confirmed in vivo in T47D cells.
Additional in vitro experiments showed that PR and ER independently interact with c-Src
through distinct SH3 (PR) and SH2 (ER) domains of c-Src. Using activation of Hck, a
member of the Src family kinases, as a model, they showed that purified ligand-bound PR
could activate purified Hck in vitro, with no potentiation of activity following the addition of
ERα (bound to estradiol), indicating that this effect was independent of ER. Interestingly, in
this study progesterone-dependent activation of c-Src potentiated progestin-induced cell
growth inhibition of normal mammary epithelial cells, in contrast to what has been observed
previously in breast cancer cells (see above). A later report from this group confirmed that in
T47D breast cancer cells, R5020 induced a transient increase in cell proliferation that was
dependent on the SH3 domain in PR [26]. These differences in the effects of progestins on
cell proliferation may be cell type dependent based on the model cell lines used in these
assays, and perhaps due to their respective p53 status. Cells in which R5020-dependant
activation of MAPK lead to an increase in cell growth (T47D; breast cancer cells) are also
mutant for p53 [24,26,27], which may create amore permissive environment for
uncontrolled cell growth. In contrast, MCF12A (normal mammary epithethial) cells, which
express wild-type p53, were growth-inhibited upon progestin-induced activation of c-Src/
MAPK [23]. The presence of wt p53 in these cells may have contributed to enforced check-
point control, as progestins induce the p53 target gene, p21. Additionally,
Boonyaratanakornkit et al. [23] observed that the potency of MAPK activation was modest
(~25% of EGF-induced levels) following treatment with R5020 relative to that induced by
EGF. Differences in the strength and duration of MAPK signaling are known to alter the
proliferative response; i.e. proliferation is associated with sustained MAPK signaling in
fibroblast models [28,29].

Both models suggest that PR plays a significant role in the activation of c-Src and MAPK
following treatment with ligand. However, different model systems (in vitro vs. in vivo,
T47D vs. MCF12A) were used by the two groups, making direct comparisons difficult. Both
models revealed an interaction, at least in vitro, between PR and c-Src through the proline-
rich domain of PR, with the disagreement lying in the requirement of this association for
ligand-dependent MAPK activation, as well as the subsequent potency of c-Src-dependent
MAPK activation. Lastly, the role of ER in progesterone-mediated MAPK activation
remains a large inconsistency between the two models.
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Work from these groups indicates that PR contains distinct domains (proline-rich, ERID-I
and -II) through which it may interact with (either directly or indirectly) membrane-
associated or cytoplasmic protein kinases, thereby activating downstream signaling
cascades. The presence of numerous protein kinase-interacting and scaffolding domains
underscores the significant role that PR plays in extra-nuclear signaling, specifically in
activating ERK1/2 MAPKs.

5. PR interacts with MEK1
Recent data from our lab shows that PR interacts with an additional component of the
MAPK signaling cascade, the upstream kinase activator MEK1. Protein–protein interactions
indicate that there is an interaction in vivo between PR and MEK1 in T47D-YB cells, and
that this interaction is ligand-independent (Fig. 2). The presence of a PR-MEK1 complex
promoted an investigation into putative kinase binding domains that could mediate this
interaction. We have identified a putative common-docking (CD) domain in the N-terminal
BUS of PR-B (Figs. 1 and 3). CD domains are regions through which MAPKs, such as
ERK, interact with their upstream activators, MAPK kinases (MKKs), such as MEK1
[30,31]. MEK1 binding through these domains present on MAPKs, also called cytoplasmic
retention signals, may serve to anchor MAPKs in the cytoplasm of unstimulated cells [30].
CD domains are characterized by a cluster of negatively charged amino acids (DxxD/E) that
are thought to interact with positively charged amino acids on the opposing protein. These
domains mediate interactions not only with MKKs, but MAPK-phosphatases (MKPs) and
other kinases downstream of MAPKs that contain the positively charged “D” domain as well
[31,32]. CD domains are conserved throughout the MAPK family (Fig. 3), and in part
determine the binding specificity of MAPKs with their respective MKKs. Within PR, the
putative CD domain, DPSDE (amino acids 68–72; see Figs. 1 and 3), is an exact match to
the CD domain of ERK2, suggestive of a mechanism for PR direct binding to MEK1 and/or
PR localization to the cytoplasm. We detected an endogenous interaction between PR and
MEK1; the necessity of the PR CD domain for mediating this interaction and its functional
significance are currently under investigation. PR/MEK1 interactions may stabilize
signaling complexes and/or act to recruit MAPK, in order to mediate post-translational
phosphorylation events (such as phosphorylation at nearby PR S294 and S345) required for
nuclear PR actions. Alternatively, this interaction may provide a scaffold to position MEK1
in proximity to key components of the MAPK signaling pathway (c-Src, EGFR, ERK2)
known to be activated by ligand-bound PR.

Another member of the nuclear receptor family, PPARδ, was recently shown to interact with
MEK1 through a domain similar in sequence to the putative CD domain identified in PR
[33]. This interaction between PPARδ and MEK1 mediates PPARδ nuclear export and,
therefore, downregulation of PPARδ and its nuclear actions. The interaction between PR and
MEK1 may serve a similar function as a potential mechanism to regulate PR nucleo-
cytoplasmic shuttling.

6. PR as a scaffold protein
The presence of kinase binding domains within PR (praline-rich, CD domain) suggests that
PR may serve as a scaffold protein, providing docking interactions that coordinate the
activation of downstream signaling pathways with PR trans-activation (Fig. 4). Clearly,
these protein complexes provide a mechanism for signaling specificity that is dictated by the
presence of PR [34]. Alternatively, PR complexes that contain either c-Src or MEK1 may
require PR as a critical component of a larger protein complex whose assembly is required
for sufficient kinase activation and signaling. These data suggest that multimeric protein
complexes that are assembled to facilitate kinase signaling may be composed of amore
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diverse array of proteins than was previously thought. Moreover, the finding that ER is a
part of this complex [24,25] suggests that the view of nuclear receptors functioning
independently from one another needs revisiting. The identification of additional PR-
interacting proteins will shed some light on the proposed model of PR as a scaffold protein.
The scaffolding properties of steroid hormone receptors are predicted to be relevant to breast
cancer progression characterized by high protein kinase activities, underscoring the need to
fully characterize the crucial domains. Current therapies aimed at blocking the
transcriptional action of these receptors may fail to target their extra-nuclear (i.e.
scaffolding) actions.
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Fig. 1.
Schematic of progesterone receptor. All three PR isoforms (PR-A, PR-B and PR-C) are
transcribed from the same gene, containing distal and proximal promoters, and created via
differential use of two internal translational start sites. Shown are three transcription
activation function (AF) domains, the B-upstream segment (BUS), the DNA-binding
domain (DBD), the hinge region (H) and the hormone-binding domain (HBD). PR is
phosphorylated basally, as well as in response to hormone. Shown here are the various sites
of phosphorylation as determined in vitro and in vivo, and kinases that are likely responsible
for phosphorylation at these sites. The putative common docking (CD) domain is located
within the BUS, a segment unique to PR-B. This is the proposed site for MEK1 binding to
PR.
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Fig. 2.
Progesterone receptor interacts with MEK1. Following a 24 h incubation in serum-free
media, T47D cells were treated for 0–60 min with 10nM R5020, after which total cell
lysates were immunoprecipitated with PR antibody (or rabbit IgG as a control) and the
resulting protein complexes were analyzed using Western blotting.
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Fig. 3.
CD domains of PR and MAPK family members. The amino acid sequences of the CD
domains of PR compared to the members of the MAPK family are shown here. Boxed are
the negatively charged amino acids that are predicted to interact with positively charged
amino acids located in the D domain of partner binding proteins. Adapted from Tanoue et al.
[35].
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Fig. 4.
Model of PR-scaffolding interactions. Previously reported interactions between PR (PxxP,
proline-rich domain) and/or ER (phospho-tyrosine 537) and c-Src (SH3 domain with PR,
SH2 domain with ER), as well as interactions between PR (ERID, estrogen receptor
interaction domain) and ER (LBD, ligand-binding domain) have been shown to be necessary
for progesterone-induced c-Src/MAPK activation [23–25,36,37]. Additionally, complex
formation between PR (CD domain) and MEK1 (D domain) may be necessary for MEK1
docking and subsequent PR posttranslational modification and activation.
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