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Abstract

Progesterone receptors (PR), in concert with peptide growth factor-initiated signaling pathways,
initiate massive expansion of the epithelial cell compartment associated with the process of
alveologenesis in the developing mammary gland. PR-dependent signaling events also contribute
to inappropriate proliferation observed in breast cancer. Notably, PR-B isoform-specific cross talk
with growth factor-driven pathways is required for the proliferative actions of progesterone.
Indeed, PRs act as heavily phosphorylated transcription factor “sensors” for mitogenic protein
kinases that are often elevated and/or constitutively activated in invasive breast cancers. In
addition, phospho-PR-target genes frequently include the components of mitogenic signaling
pathways, revealing a mechanism for feed-forward signaling that confers increased responsiveness
of PR+ mammary epithelial cells to these same mitogenic stimuli. Understanding the mechanisms
and isoform selectivity of PR/kinase interactions may yield further insight into targeting altered
signaling networks in breast and other hormonally responsive cancers (i.e. lung, uterine, ovarian)
in the clinic. This review focuses on PR phosphorylation by mitogenic protein kinases and
mechanisms of PR-target gene selection that lead to increased cell proliferation.

PR structure and function

The ovarian steroid hormone, progesterone, acts by binding to and activating progesterone
receptor (PR) A-, B-, and C-isoforms expressed in target tissues. Isoform-specific
expression results from selection of among three independent translational start sites
embedded within the same transcript, encoded by a single gene (Kastner, Krust, Turcotte et
al., 1990). The full-length receptor, PR-B (116 kDa), contains a unique N-terminal segment,
termed the B-upstream segment (BUS), that is not present in the truncated isoforms, PR-A
(94 kDa), or PR-C (60 kDa). PR-C lacks both the BUS and a portion of the DNA-binding
domain (DBD), rendering it transcriptionally inactive (Wei, Hawkins, Baker et al., 1996). In
addition to intact DBDs, the two transcriptionally active isoforms, PR-B and PR-A, contain
the following structural/functional domains: a flexible hinge region (H; also referred to as
the carboxy terminal extension or CTE) that functions, in part, to aid DNA binding (Roemer,
Adelman, Churchill et al., 2008), a ligand-binding domain (LBD), and multiple activating
function (AF) domains required for transcriptional activity (Fig. 1). Studies from knockout-
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mice have shown that PR-B is necessary for the alveologenesis phase of normal mammary
gland development, while PR-A is required for uterine development (Conneely, Mulac-
Jericevic, Lydon et al., 2001,Lydon, DeMayo, Funk et al., 1995,Mulac-Jericevic, Lydon,
DeMayo et al., 2003,Shyamala, Yang, Silberstein et al., 1998). PR-C, lacking transcription
activity, has been shown to inhibit PR-B function in the uterus (Condon, Hardy, Kovaric et
al., 2006), and conversely, appears to potentiate the transcriptional activity of the other PR
isoforms in the breast (Wei, Norris and Baker, 1997).

PR isoforms rapidly shuttle between the cytoplasm and the nucleus; unliganded receptors
reside in both compartments and exist as part of multi-protein complexes in association with
heat-shock protein chaperone molecules, such as Hsp70 and Hsp90 (Pratt, Sanchez,
Bresnick et al., 1989,Kost, Smith, Sullivan et al., 1989). Additionally, unliganded and
liganded PRs (primarily PR-B; (Boonyaratanakornkit, McGowan, Sherman et al., 2007))
participate in cytoplasmic or membrane-associated signaling complexes that activate
mitogenic protein kinases, such as c-Src, MAPK and PI3K (Boonyaratanakornkit, Scott,
Ribon et al., 2001,Migliaccio, Piccolo, Castoria et al., 1998,Bagowski, Myers and Ferrell,
2001,Faivre and Lange, 2007,Carnevale, Proietti, Salatino et al., 2007). In response to
progesterone-binding, membrane-tethered PRs rapidly activate these kinases and can also
transactivate EGFR (Faivre, Daniel, Hillard et al., 2008); this PR-dependent activity has
been termed a “non-genomic” action because it occurs independently of the transcriptional
activity of PRs (Fig. 2). In the classical or genomic model of PR action, ligand binding
induces dissociation of PR from chaperone complexes; dimerized (hetero or homo) PRs are
largely retained in the nucleus where they bind to DNA either directly through progesterone
response elements (PRE), or indirectly through tethering interactions with other transcription
factors (AP1, SP1, STATS) (Owen, Richer, Tung et al., 1998,Stoecklin, Wissler, Schaetzle
et al., 1999,Cicatiello, Addeo, Sasso et al., 2004).

Notably, PR-A and PR-B isoforms are highly post-translationally modified, primarily on
serine (Ser; phosphorylation) and lysine (Lys; acetylation, ubiquitination, and sumoylation)
residues located in the N-terminal region (Lange, Shen and Horwitz, 2000,Weigel, Bai,
Zhang et al., 1995,Daniel, Gaviglio, Czaplicki et al.,Abdel-Hafiz, Takimoto, Tung et al.,
2002,Hagan, Regan, Dressing et al., 2011). These modifications are frequently ligand-
dependent, but can also occur independently of progestin-binding (i.e. in response to kinase
activation), and significantly alter receptor stability, localization, tethering interactions,
transcriptional activity, and promoter selectivity (Daniel, Knutson and Lange, 2009,Ward
and Weigel, 2009). For example, PR phospho-species exhibit differential activities on a
given promoter, but also appear to sefect different promoters (reviewed in (Daniel et al.,
2009)). Although the mechanisms are not entirely clear, unique PR phospho-species are
likely directed to distinct PR target gene subsets in part via phosphorylation-dependent
protein-protein interactions with the same set of protein kinases that may occur within so-
called “rapid signaling complexes”. Thus, the non-genomic and genomic actions of PRs are
highly integrated functions that serve to coordinate isoform-specific PR actions and mediate
PR-target gene promoter selection; mechanisms of PR integration with signaling pathways is
the topic of this review (Fig. 2).

MAPK activation alters PR function

MAPK signaling modulates PR activity directly by phosphorylating the receptor on
consensus site serine residues Ser294 and Ser345 (Faivre et al., 2008,Lange et al., 2000).
These distinctly regulated phosphorylation events have unique functional consequences for
PR that ultimately regulate cell fate. Upon growth factor stimulation, PR phosphorylation of
Ser294 primes the receptor for robust transcriptional activation in response to ligand by
ensuring retention in the nucleus (discussed below) (Qiu, Olsen, Faivre et al., 2003),
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association with DNA (Daniel, Qiu, Faivre et al., 2007), and removal of repressive
modification by sumoylation (Daniel, Faivre and Lange, 2007). Ser294-phosphorylated
receptors are transcriptionally hypersensitive to low concentrations of ligand on a select set
of promoters (Qiu and Lange, 2003); the mechanism of growth factor-induced PR
hypersensitivity maps to phospho-Ser294 antagonism of Lys388 sumoylation (Daniel et al.,
2007). Likewise, phosphorylation on Ser294 increases PR ubiquitinylation, an activation
step for many transcription factors (Salghetti, Caudy, Chenoweth et al., 2001), and also
augments its downregulation (Lange et al., 2000). Therefore Ser294 phosphorylation in
response to MAPK activation (by either progestins or growth factors) generates receptors
that are hyperactive on select promoters in response to ligand and serves to couple this
activity to rapid proteasome-dependent turnover. In addition, phosphorylated/desumoylated
receptors are active on a subset of ligand-independent PR-target gene promoters whose
expressed protein products (IRS-1 and STC1) contribute to breast cancer cell proliferation
and pro-survival (Daniel and Lange, 2009). Furthermore, Ser294 appears to be a “hot-spot”
for the regulation of PR-B transcriptional activity as phospho-mutant PR-B (Ser294 to
alanine) is virtually transcriptionally inactive when measured on endogenous genes (i.e. in
cells stably expressing S294A PR-B relative to cells containing wild-type PR) (Shen,
Horwitz and Lange, 2001). Notably, PR-A is not appreciably phosphorylated on Ser294 in
intact cells, while this site in PR-A can be phosphorylated /in vitro using recombinant PR-A
proteins (Clemm, Sherman, Boonyaratanakornkit et al., 2000). This finding underscores the
role of protein-protein interactions between PRs and associated signaling complexes that
contain protein kinases as major determinants of PR isoform specificity.

In an alternative route to phosphorylation-dependent PR promoter selection, rapid progestin-
mediated MAPK activation drives specific phosphorylation of PR-B on Ser345, a site shown
to be critical for PR tethering to SP1 transcription factors (Faivre et al., 2008). PR/c-Src/
EGFR rapid signaling complex formation precedes PR Ser345 phosphorylation and PR/SP1
association with non-classical promoters (lacking PRESs), such as p21 and EGFR (Fig. 2).
This unique mechanism of steroid receptor activation by MAPK signaling (i.e. non-
genomic/genomic signaling integration) is required for progestin-induced breast cancer cell
entry into S-phase (Faivre et al., 2008).

Cyclin dependent kinase 2 (CDK2) regulation of PR function

Studies using both /n vitroand in vivo techniques have identified multiple CDK2-dependent
phosphorylation sites on PR (reviewed in (Moore, Narayanan and Weigel, 2007)). These
sites include PR serines 25, 162, 190, 213, 400, 554, 676 (Zhang, Beck, Poletti et al.,
1997,Knotts, Orkiszewski, Cook et al., 2001) and threonine 430 (Knotts et al., 2001).
Additionally, while Ser294 is phosphorylated by MAPK (discussed earlier), it can also be
phosphorylated by CDK2 (Daniel and Lange, 2009). Although only a fraction of these
CDK2 sites have been studied in depth, PR phosphorylation by CDK2 has specific
implications for PR function and activity. Phosphorylation of PR serines 190, 294, 554 and
676 clearly contributes to PR hormone-dependent transcriptional activity (Shen et al.,

2001, Takimoto, Hovland, Tasset et al., 1996). Individual mutation of each of these sites
results in significant decreases (20-90%) in overall PR transcriptional activity, as measured
using PRE-reporter gene constructs. While Sers 190, 554 or 676- phospho-mutant PRs
exhibit significant decreases in transcriptional activity, these mutant PR species are each
able to bind DNA similar to wild-type PR, suggesting that phosphorylation at these serines
may contribute to recruitment of co-activators to PR-containing transcriptional complexes
(Takimoto et al., 1996).

Phosphorylation of PR Ser400 by CDK2 has been linked to enhanced ligand-independent
PR transcriptional activity, as measured using PRE-reporter gene constructs (Pierson-
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Mullany and Lange, 2004). In the presence of high CDK2 kinase activity and/or low cell
cycle inhibitors (namely, p27), PR Ser400 is constitutively phosphorylated and thereby
drives heightened PR transcriptional activity in the absence of progestins (Pierson-Mullany
and Lange, 2004). This particular interaction of CDK2 with PR has important implications
for deregulated PR activity in the context of breast cancer, as transformed cells often exhibit
loss of cell cycle control that is characterized by Rb-inactivation, elevated CDK4/6 activity,
high expression of cyclins D, E, or A, and/or low expression of cell cycle inhibitors
(Slingerland and Pagano, 2000,Cariou, Catzavelos and Slingerland, 1998,Musgrove,
Davison and Ormandy, 2004,Alkarain, Jordan and Slingerland, 2004, Tawfic, Yu, Wang et
al., 2001,Wilson, Cramer, Welman et al., 2006) ultimately leading to increased, deregulated
CDK2 activity. Notably, PR-target genes include key cell cycle mediators (reviewed in
(Dressing and Lange, 2009)) such as D-type cyclins and cyclin E, the regulatory subunits of
CDK4/6 and CDKZ2, respectively. Thus, activation of unliganded PRs in this setting (cell
cycle deregulation leading to high CDK2 activity) may produce a “feed forward”
mechanism of persistent CDK?2 activation early in breast tumor development. This
unliganded activity of PR can be blocked by anti-progestins (Pierson-Mullany and Lange,
2004), suggesting that selective PR modulators could be used to block CDK2-driven cell
proliferation and pro-survival in PR+ tumor cells.

Phosphorylation events also contribute to PR nuclear localization. Recent studies suggest
that mutant PRs unable to enter the nucleus (devoid of nuclear localizations signals; ANLS
PR) are phosphorylated on Ser190, but not on Sers 81, 294, 345 and 400 ((Daniel, Gaviglio,
Czaplicki et al.) and data not shown). However, ANLS PR is phosphorylated on these sites
upon coexpression and dimerization with wt PR, forcing ANLS PR nuclear entry. Other
studies showed that Ser400 phosphorylation (CDK2-dependent) enhanced ligand-induced
nuclear accumulation (Pierson-Mullany and Lange, 2004), while Ser294 phosphorylation
was required for growth factor (EGF, MAPK), but not progestin-mediated nuclear
accumulation (Qiu et al., 2003). These data suggest that phosphorylation of PR on these
residues occurs upon nuclear entry and serves to promote nuclear retention. Phosphorylation
on Ser190, another CDK?2 site, likely occurs in the cytoplasm and does not contribute to
nuclear entry or retention (Daniel et al.). Together, these data demonstrate that CDK2 is able
to phosphorylate PR in both the cytoplasm and the nucleus and that, once in the nucleus,
phosphorylation at some CDK2 sites (Sers 294 and 400) promotes PR nuclear retention,
perhaps via protein-protein interactions requiring these specific phosphorylation events.
Moreover, rapid nuclear translocation and retention of PR appears to be critical for proper
execution of rapidly-activated (i.e. c-myc mRNA expression is induced by liganded PR
within minutes) PR-target genes (Daniel et al.). Properly timed PR nuclear entry/retention in
response to phosphorylation events likely ensures robust execution of PR transcriptional
activity at such “early genes” perhaps, in part, by ensuring that both PR and its co-regulators
are activated (i.e. appropriately phosphorylated) and co-localized in the nucleus. Indeed,
latent nuclear localization of PR is associated with delays in PR-induced immediate early
genes (i.e. c-myc) but not in overall PR transcriptional activity measured at late time points
(i.e. on reporter genes) and/or on endogenous genes that are not particularly sensitive to
changes in phosphorylation events (Daniel et al.).

Interestingly, CDK2 not only acts to phosphorylate PR but may also act as an integral part of
PR transcriptional complexes. Cyclins A and E, the regulatory subunits of CDK2, bind to
both unliganded and liganded PRs; these constitutive interactions may serve to recruit and
sustain CDK2 activity at active sites of transcription (reviewed in (Dressing and Lange,
2009)). Although endogenous genes have not been extensively studied, Cyclin A is clearly
recruited along with PR to stably embedded (i.e. in chromatin) MMTYV promoter regions
(Narayanan, Adigun, Edwards et al., 2005). Thus, CDK2 (a cyclin A-binding partner) is also
likely present at PR-bound PRE-containing enhancers (Moore et al., 2007,Narayanan et al.,
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2005,Weigel and Moore, 2007). Inhibition of CDK2 activity using a small molecule CDK2
inhibitor, roscovitine, decreased phosphorylation of SRC-1 (steroid receptor co-activator-1)
and blocked recruitment of both PR and SRC-1 to the PR transcriptional complex on the
MMTYV promoter (Narayanan et al., 2005). In these studies, mutation of PR at multiple
CDK?2 phosphorylation sites had no effect on reporter gene transcription. Thus, CDK2
appears to mediate SRC-1 co-activator phosphorylation (independently of PR
phosphorylation). The scaffolding function of PR/cyclin interactions likely serves to recruit
and sustain CDK2 activity (wherein the primary substrate is SRC-1); this model awaits
confirmation on endogenous genes and during cell cycle traverse.

ck2 modification of PR

Initial /n vitro work showed that PR Ser81 (unique to the BUS region of PR-B) was
phosphorylated by ck2, a ubiquitously expressed, constitutively active protein kinase
(Zhang, Beck, Poletti et al., 1994). Recent published work from the Lange lab has shown in
breast cancer cells that basal levels of PR Ser81 phosphorylation are rapidly increased in
response to either agonist or antagonist ligands (Hagan et al., 2011); an effect shown to be
dependent on ck2. However, unlike other PR phosphorylation sites (i.e. Ser294), PR Ser81
phosphorylation is unresponsive to growth-factor or serum treatment of cells. Interestingly,
in the absence of ligand, PR Ser81 phosphorylation is increased in cells that are
synchronized at the G1/S phase border, suggesting that phosphorylation at this site is
regulated in a cell-cycle dependent manner (Hagan et al., 2011). In line with this finding,
ligand-independent cell survival, as measured by soft-agar colony formation, was decreased
in cells expressing a PR phospho-mutant (S79/81A PR) that cannot be phosphorylated at
Ser81 (Hagan et al., 2011). Moreover, this mutant displayed defects in recruitment to
selected PR-B-target genes important for proliferation and pro-survival, and was impaired in
its ability to recruit ck2 to PR-associated enhancer sites (Fig. 3)(Hagan et al., 2011). ck2, a
kinase shown to be upregulated in every cancer studied thus far, including breast cancer, is
not thought to be oncogenic on its own, but appears to increase the oncogenic potential of
cancer-promoting proteins and pro-growth signals that are its substrate molecules (Tawfic et
al., 2001, Trembley, Wang, Unger et al., 2009). In the context of breast cancer, where
progestins have been implicated as a risk factor for tumor development and early
progression (Beral, 2003,Anderson, Limacher, Assaf et al., 2004,Chlebowski, Hendrix,
Langer et al., 2003), overexpressed ck2 could further enhance the oncogenic potential of PR
through inappropriate phosphorylation (on Ser81), thereby directing phospho-Ser81 PR-B to
growth-promoting genes.

PR-dependent activation and amplification of kinase signaling pathways

Several studies illustrate the emerging concept that PRs and its associated signaling
pathways are fully integrated, from membrane-initiated events to genomic actions (Fig. 2).
Upon progestin treatment, PR rapidly associates with signaling complexes via two distinct
domains: a consensus poly-proline rich region (PR amino acids 396-456) known to interact
with consensus SH3 domains (Boonyaratanakornkit et al., 2001) and unique (to PR) regions
termed Estrogen Receptor Interacting Domains or ERIDs; ERID1 (amino acids 165-345)
and ERID2 (amino acids 456-546) are located in the PR N-terminus (Ballare, Uhrig,
Bechtold et al., 2003). Progestin-binding induces direct interaction of PR with the SH3
domain of c-Src, or to ER (via the ERID domains), causing rapid (5-10 min) activation of
the EGFR/c-Src/Ras/Erk pathway (Boonyaratanakornkit et al., 2001,Migliaccio et al.,

1998, Faivre et al., 2008,Ballare et al., 2003) and the PI3K/Akt pathway (Carnevale et al.,
2007). These signals, shown to be critical for progestin-induced proliferation of breast
cancer cells (Boonyaratanakornkit et al., 2007), provide a feed forward signaling mechanism
for PR/progestin-dependent genomic events in addition to activating other transcription
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factors (Faivre et al., 2008). Phosphorylation of PR and co-activator molecules enhances PR
transcriptional activity on classical (Qiu and Lange, 2003) and non-classical promoters
(Faivre et al., 2008). Progestin-activated Erk is recruited to PR-containing transcriptional
complexes in chromatin (Vicent, Ballare, Nacht et al., 2006) and PR devoid of ERIDs
activates a gene expression profile distinct from wt PR (Quiles, Millan-Arino, Subtil-
Rodriguez et al., 2009), indicating that PR-induced kinase signaling contributes directly to
promoter activation and selectivity. Notably, progestin treatment also elicits delayed (18h)
and sustained activation of MAPK signaling, whereby MAPK-dependent upregulation of
PR-target genes (Wntl, MMPs, and EGFR) completes an autocrine signaling pathway that
culminates in high cyclin D levels and breast cancer cell growth/survival in soft agar (Faivre
and Lange, 2007). Thus, progestin/PR-mediated rapid activation of MAPK signaling
ultimately functions to amplify PR genomic actions, modulate PR target gene selectivity (i.e.
by directing phospho-PRs to selected promoters), and induce sustained MAPK signaling
(i.e. downstream of activated EGFR) capable of activating multiple (PR-independent)
transcription factors that serve to perpetuate the proliferative signal (long after liganded PRs
have been downregulated). In this manner, progesterone/PRs may confer greatly increased
sensitivity of target tissues to the actions of peptide growth factors. These interactions
clearly allow for rapid expansion of the mammary epithelium during puberty and pregnancy
(in preparation for lactation), but may inappropriately drive early breast cancer progression
of steroid hormone receptor positive tumors.

In addition to scaffolding MAPK pathway signaling events, PR also participates in signaling
complexes with cell cycle regulators. PR contains numerous consensus CDK binding motifs,
and has been shown to associate with CDK2, perhaps mediating its interactions with cyclins
E and A (discussed above) (Narayanan et al., 2005,Faivre, Skildum, Pierson-Mullany et al.,
2005). This complex formation, in addition to PR transcriptional upregulation of cyclins and
CDK inhibitors (p21, p27) that appears to be required for initiating CDK kinase activity,
may account for the rapid (15 min) and sustained (days) activation of CDK2 observed in
breast cancer cells upon a single treatment with progestin (Pierson-Mullany and Lange,
2004). Again, these studies indicate that phospho-PRs are capable of robust positive feed
forward or self-regulation of the very same signaling pathways that they rapidly activate.

A number of studies have illustrated further cross-talk between PRs and Signal Transducers
and Activators of Transcription (STATS), involving PR-mediated activation of both STAT3
and STATS5. Cumulative work from the Elizalde lab has shown that STAT3 activation by the
heregulin/ErbB-2 pathway is mediated by ligand-independent functions of PR, and requires
phosphorylation of PR Ser294 (in response to growth factor stimulation) (Proietti,
Rosemblit, Beguelin et al., 2009). Further work has defined a bi-directional transcriptional
co-activator relationship between PR and STATS3, each appearing to activate the
transcriptional capacity of the other (Beguelin, Diaz Flaque, Proietti et al.,Proietti, Beguelin,
Flaque et al.). A similar story has emerged for STAT5 and PR. Progesterone treatment
induces PR-dependent STATS5 nuclear translocation and transcriptional activity, potentially
mediated by a direct interaction between PR and STATS5 (Richer, Lange, Manning et al.,
1998), at times involving other signaling molecules that serve as co-regulators like FGFR-2
(Fibroblast growth factor receptor-2) (Cerliani, Guillardoy, Giulianelli et al.). PR-dependent
regulation of (downstream) STATS5 activity is well established as critical for normal
mammary gland development (Santos, Haslam and Conrad,Santos, Haslam and Conrad,
2008).

Indeed, the end point of mitogenic signaling pathway activation is often the regulation of
transcription factor substrates. Notably, phospho-PR target genes most often include the
components of signal transduction pathways (T. Knutson and C. Lange, unpublished
results). Thus, PR is directly responsible for modulating/maintaining kinase signaling in
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cells via transcriptional upregulation of growth factor receptors, their ligands, and their
downstream effectors and associated adaptor molecules. Direct PR target genes include
EGFR, IRS1, STAT5A, numerous Ras pathway members (including adaptors and exchange
factors), many kinases, as well as peptide growth factors (Hb-EGF, Wnt1) and other
secreted signaling molecules (Daniel et al., 2007,Jacobsen, Richer, Sartorius et al., 2003).
Ultimately, kinase pathway “restructuring” by PR may serve to prime mammary epithelial
cells for the rapid proliferation stage associated with massive expansion of the (pregnant)
mammary gland that occurs in preparation for lactation. Similarly, the deregulation of these
events during breast cancer development and/or early progression is suspected to contribute
to advanced malignant breast cancer phenotypes.

PR significance in breast cancer

Highly publicized and controversial clinical data has demonstrated that women taking
hormone-replacement therapy (HRT) whose regimens included estrogen and synthetic
progesterone, but not estrogen alone, experienced increased breast tumor number, size, and
aggressiveness (Beral, 2003,Anderson et al., 2004); increased breast cancer risk was
reversed upon cessation of HRT (Beral, 2003,Chlebowski, Kuller, Prentice et al., 2009).
Significantly, nearly 70% of breast cancers express both ER and PR at diagnosis, in contrast
to PR/ER expression in just 7-10% of normal (non-pregnant) breast luminal epithelium
(Seagroves, Lydon, Hovey et al., 2000). As these steroid receptor (SR)-positive tumors
progress, many of them become hormone-independent (refractory to estrogen- or ER-
targeted endocrine treatments) while retaining high SR expression, suggesting an early
switch to autocrine and/or paracrine growth factor signaling (Osborne, Schiff, Arpino et al.,
2005). In addition, a majority of these cancers have upregulated and activated protein
kinases, such as MAPK, Akt, c-Src, cyclin/CDKs, and ck2, all of which modify and/or
activate PR and/or its co-regulators (discussed in detail above) (Tawfic et al., 2001,Wilson
et al., 2006,Gregory, Fei, Ponguta et al., 2004,Steeg and Zhou, 1998). In breast cancer cells,
PR-B action clearly drives proliferation and pro-survival signaling. Interestingly, PR
(mRNA expression) was recently identified as an independent-(single-gene) predictor of
poor outcome in non-small cell lung cancer, implicating PR and hormone-responsiveness in
cancers other than breast (Jeong, Xie, Xiao et al.). In an environment where progesterone is
no longer required to drive cellular proliferation (i.e. ligand-independence), constitutive
activation of PR-activating protein kinases may promote uncontrolled cell growth that is
primarily driven by deregulated phospho-PR-target genes. Most recently, progesterone was
shown to mediate mammary gland stem cell self-renewal via paracrine mechanisms in
which secreted factors (Wnt, RANKL) derived from PR-positive cells influenced the PR-
null stem cell niche (Joshi, Jackson, Beristain et al.,Asselin-Labat, Shackleton, Stingl et al.,
2006). Progesterone/progestins may alter breast cancer stem cell behavior by similar
mechanisms. In sum, in light of the cumulative data discussed herein, understanding how
mitogenic protein kinases alter PR (and vice-versa) is critical to fully understanding breast
tumor etiology with the goal of developing superior approaches for the prevention or
treatment of endocrine resistance in SR-positive breast cancers.
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Figure 1. Progesteronereceptor structure and phosphorylation sites

All three human PR isoforms (hPRa, hPRg and hPR¢) are transcribed from the same gene,
containing distal and proximal promoters, and created via differential use of three 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 known PR phosphorylation sites as determined /n vitroand in
vivo, and the protein kinases that are likely responsible for direct phosphorylation at these
sites.
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Figure 2. Integration of PR rapid signaling and transcriptional activities

Progesterone (P4) binding to PR induces the rapid association of PR and c-Src. This
interaction leads to a c-Src-dependent activation of the MAPK module through Ras/Raf
signaling. This MAPK activation can lead to phosphorylation (P) of PR, transcriptional
coactivators, and/or activation of downstream MAPK target genes (i.e. Cyclin D1).
Phosphorylated PRs can activate transcription directly by binding to progesterone response
elements (PRES) or indirectly though tethering interactions (i.e. SP1). Extranuclear and
classical actions of PR are likely highly integrated actions, rather than separable events
mediated by discrete populations of receptors.
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Figure 3. Ck2-dependent PR-B Ser81 phosphorylation mediates isofor m-specfic target gene
selection

In response to progesterone binding or cell cycling (G1/S), PR-B is phosphorylated at Ser81
by ck2. Phospho-Ser81-PR-B/ck2 complexes are recruited to promoter/enhancer regions of
Ser81-responsive PR-target genes. Phosphorylation at PR-B Ser81 (not present in PR-A) is a
major determinant of PR isoform-specific target-gene selectivity.
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