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Preface

Steroid hormone receptors are important drug targets and have been
the focus of basic and applied research for decades. Steroid hormone
receptors act as ligand-dependent transcription factors. Upon ligand
binding, the receptors bind to hormone responsive cis-acting DNA ele-
ments (HREs) in the nucleus and regulate the expression of target genes
by recruiting chromatin-modifying activities that either promote or deny
access to the basal transcription machinery. In general, agonist ligands
recruit coactivator proteins that promote transcriptional activation, while
receptor antagonists recruit corepressors that prevent transcriptional ac-
tivation. The ability of steroid hormone receptors to regulate distinct
gene expression profiles in different tissues has been exploited in recent
years in the clinical development of novel hormone receptor modula-
tors that have the capability of harnessing the beneficial properties of
steroids while eliminating their potential adverse effects. Elucidation
of the molecular mechanisms by which steroid receptors elicit distinct
transcriptional responses in different tissues is critical to the develop-
ment of optimal tissue-selective receptor modulators. Recent progress
in our understanding of these mechanisms reveals that several levels
of complexity may explain the tissue specificity of hormone action.
These include distinct tissue-selective expression of receptor isoforms
in steroid target tissues, variations in sequence composition of HREs
that influence receptor conformation and coregulator recruitment at re-
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sponsive target genes, different receptor coregulator expression profiles
in target tissues, and different cellular signalling contexts.

The progesterone receptor (PR), a member of the nuclear hormone
receptor family, is critically involved in mammalian reproduction and
mammary gland development. Synthetic progestins are widely used in
combined oral contraception (ovulation inhibition) and hormone ther-
apy (inhibition of estradiol-induced uterine epithelial cell proliferation).
One potential side effect of progestin action in combined hormone ther-
apy is enhanced proliferation of normal as well as malignant mam-
mary epithelial cells. While clinical trials using the synthetic progestin,
medroxyprogesterone acetate, indicate that progestins used in combined
hormone therapy may contribute to breast cancer risk (WHI study), the
mechanisms by which progestins regulate proliferation of mammary
epithelial cells remain poorly understood.

To further our understanding of progestin action in both mammary
gland physiology and pathology, and to foster the interaction between
basic research and drug development, the Ernst Schering Foundation
held a symposium on ‘Progestins and the Mammary Gland—From Ba-
sic Science to Clinical Applications’. The present volume covers the
different areas of progestin research that were the focus of the sym-
posium. Robert Clarke summarized the role of adult tissue stem cells
in normal mammary gland development and formation of breast carci-
nomas and highlighted the role of Wnt signalling downstream of PR
activation in these processes. Bert O’Malley discussed the central role
of coactivators in mediating distinct tissue-specific transcriptional re-
sponses to hormone and introduced the novel concept of the ‘ubiquitin
clock’ that explained how cycles of posttranslational modifications of
coactivators via phosphorylation and subsequent ubiquitinylation can
turn on and off PR-mediated signalling. The molecular mechanisms
of pregnancy-induced mammary gland remodelling were addressed by
Orla Conneely. She put emphasis on the important interplay of PR
and the prolactin receptor. Using genetically modified mice, she could
demonstrate that the PRB isoform is more potent in promoting ductal
proliferation and sidebranching than PR-A. Gene expression analysis in
the mammary glands of PR-deficient and wild-type mice allowed the
identification of paracrine pathways involved in epithelial cell prolif-
eration and morphogenesis. John Lydon developed an elegant genetic
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mouse model leading to the ablation of the coactivator SRC-2 in all
PR-expressing cells of the organism. He provided in vivo evidence for
a critical role of the SRC-2 coactivator in mediating tissue selectivity
of progesterone action in both the uterus and mammary gland. Using
clinical studies as well as gene expression analysis in breast cancer cell
culture, Christine Clarke discussed the emergence of aberrant PR iso-
form expression patterns in human breast cancers that may contribute to
deregulated expression of progesterone responsive target genes resulting
in changes in morphology, cell adhesion, and invasive behavior. Daniel
Medina elaborated on the concept of short-term hormonal exposure to
prevent breast cancer that was based on epidemiological observations
and animal models. The utility of mathematical models to predict breast
cancer risk after hormone therapy was described by Malcolm Pike.
Christiane Otto described an approach that exploited nongenomic ver-
sus genomic PR-mediated signalling to identify progestins with reduced
proliferative activity in the mammary gland. Matt Yudt reported on un-
expected findings with a nonsteroidal PR modulator that, depending on
context, concentration, and species, behaved as an agonist or antagonist,
respectively. Such tool compounds might be very useful for further anal-
ysis of species-specific receptor conformations and receptor/coactivator
interactions.

Taken together, during the last years, our mechanistic understand-
ing of tissue-specific progestin action has greatly advanced but is still
far from being complete. One important take-home message derived
from the final discussion of this Ernst Schering Foundation symposium
was that antiprogestins should be developed for the treatment of breast
cancer.

Orla M. Conneely
Christiane Otto
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Abstract. The mammary gland begins development during embryogenesis but
after exposure to hormonal changes during puberty and pregnancy undergoes
extensive further development. Hormonal changes are key regulators in the cy-
cles of proliferation, differentiation, apoptosis and remodelling associated with
pregnancy, lactation and involution following weaning. These developmental
processes within the breast epithelium can be explained by the presence of
a long-lived population of tissue-specific stem cells. The longevity of these stem
cells makes them susceptible to accumulating genetic change and consequent
transformation. The ovarian steroid progesterone, acting via the secreted fac-
tor Wnt4, is known to be essential for side branching of the mammary gland.
One function of Wnt proteins is self-renewal of adult tissue stem cells, suggest-
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ing that progesterone may exert its effects within the breast, at least partly, by
regulating the mammary stem cell population.

1 Introduction

This review aims to discuss the role of progesterone and its downstream
targets such as Wnt in mammary gland development and breast carci-
nomas. Evidence is accumulating to suggest that stem cells (SCs) are
involved in both normal mammary gland development and the forma-
tion of breast carcinomas. We hypothesise that progesterone may have
a previously unrecognised role of signalling through the Wnt pathway
to increase SC self-renewal.

2 Mammary Gland Development

Mammary gland development begins during embryogenesis, with the
formation of a rudimentary ductal system and remains virtually un-
altered throughout childhood (Naccarato et al. 2000). During puberty,
hormonal changes induce the formation of networks of epithelial ducts
which grow outwards from the nipple and divide into primary and sec-
ondary ducts ending with bud structures. From these end buds and
branching ductal system, terminal ductal lobuloalveolar units (TDLUs)
or lobules form that are the functional milk-producing glands of the
pre-menopausal breast. Each lobule is lined by a layer of luminal ep-
ithelial cells surrounded by a basal layer of myoepithelial cells. The
TDLU is the site from which many epithelial hyperplasias and carcino-
mas of the breast are thought to arise (Wellings et al. 1975). Full devel-
opment of mammary gland occurs during pregnancy with accelerated
growth of the TDLUs in preparation for lactation (Hovey et al. 2002).
At weaning, massive involution and remodelling of the tissue occurs
returning the gland to its non-pregnant state (Furth et al. 1997). This cy-
cle of pregnancy-associated proliferation, differentiation, apoptosis and
remodelling can occur many times during the reproductive lifespan of



Progesterone and Wnt Signalling 3

mammals and depends on a long-lived population of tissue-specific SCs
that have a near infinite propensity to produce functional cells.

3 Role of Progesterone in Mammary Gland Development

Ovarian steroids play a key role in the proliferation and differentiation
of mammary epithelium. In terms of biological activity, oestradiol (E2)
and progesterone (P) are, respectively, the most important oestrogen and
progestogen circulating in women. From the onset of menarche until
menopause, these hormones, in the absence of pregnancy, are synthe-
sised in a cyclical manner.

A wealth of data exists which provides evidence that both E2 and
P are important in mammary gland development and tumour forma-
tion. Clinical management of females with gonadal dysgenesis or go-
nadotrophin insufficiency shows that E2 is necessary but not sufficient
to induce puberty and breast development (Laron et al. 1989). Addi-
tionally, reduced levels of exposure to E2 and P with either artificially
induced or naturally early menopause significantly reduce the risk of
developing breast cancer. Conversely, increased exposure through early
menarche, late menopause, or late age at first full term pregnancy all
raise the risk of developing breast cancer. This increased risk is also ob-
served with the use of exogenous ovarian hormones in the form of the
oral contraceptive pill or hormone replacement therapy (Clemmons and
Gross 2001; Travis and Key 2003).

Ovarian hormones have been shown to exert their effects through
ligand-activated steroid receptors in the mammary epithelium. Approx-
imately 10%–15% of the cells within the epithelium coexpress oestro-
gen receptor alpha (ERα) and progesterone receptor (PR) and are known
to be located in the luminal epithelia of the ductal and lobular struc-
tures (Clarke et al. 1997; Petersen et al. 1987). A recent study showed
that the ERα homozygous knockout mouse model showed no mam-
mary development beyond the formation of the rudimentary structure
at embryogenesis (Mallepell et al. 2006). However, when cells from the
ERα knockout mouse (ERα–/–) are mixed with wild-type ERα cells be-
fore they are engrafted into the cleared fat pad of a recipient mouse,
ERα–/– cells are able to proliferate and contribute to normal mammary
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gland development, suggesting that E2 elicits secretion of local factors
(Mallepell et al. 2006). During development, oestrogen is responsible
for ductal elongation whereas P is responsible for side branching. The
PR–/– mouse shows that PR is essential for ductal side branching and
the alveolar development of the mammary gland whereas chimeric ep-
ithelia of PR–/– cells and wild-type cells undergo complete alveolar de-
velopment, suggesting a secreted local factor (Brisken et al. 1998). To-
gether these data suggest that the proliferation of ERα/PR-negative cells
is controlled by a paracrine mediator of the systemic hormonal signal
and fits with the finding that proliferating cells are ERα/PR-negative
in the mouse, rat and human mammary epithelium (Clarke et al. 1997;
Russo et al. 1999; Seagroves et al. 1998).

Loss of ductal side branching of the mammary epithelium of PR–/–

mice can be rescued by the ectopic expression of Wnt1. The Wnt path-
way is therefore likely to be downstream of P signalling and acts in
a paracrine manner (Brisken et al. 2000). Wnt1 is not expressed in
normal human mammary epithelium; however, the closely related pro-
tein Wnt4 is expressed during the period when side branching occurs
in early pregnancy in the mouse (Gavin and McMahon 1992; Weber-
Hall et al. 1994). Although Wnt4–/– mice die during embryonic devel-
opment, transplantation of murine mammary epithelium from Wnt4–/–

embryos showed that Wnt4 had an essential role in ductal side branch-
ing in early pregnancy. Furthermore, this study showed that P induces
the expression of Wnt4 mRNA, which co-localises with PR in the lu-
minal compartment of the ductal epithelium (Brisken et al. 2000). In
a recent investigation, P was found to be essential for priming ductal
cells to form side branches and alveoli in response to Wnts, suggest-
ing a further level of complexity in signalling (Hiremath et al. 2007).
Cumulatively, this evidence suggests that Wnt signalling is essential for
mediating P function during mammary gland development.

4 Adult Stem Cells

Adult SCs are a small pool of tissue-specific, long-lived cells that last
throughout life and can be defined by their ability to self-renew and
to produce differentiated, functional cells within an organ (Dexter and
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Spooncer 1987; Jones 1997; Orkin 2000; Watt 1998). Adult SCs are
necessary for tissue development, replacement and repair (Fuchs and
Segre 2000).

The first tissue-specific adult SCs to be well defined were identified
within the bone marrow and termed haematopoietic stem cells (HSCs)
(Siminovitch et al. 1963). Transplantation of retroviral-tagged, indi-
vidual bone marrow cells into a lethally irradiated mouse showed that
HSCs were multipotent, having the ability of multi-lineage differenti-
ation generating precursor cells that can differentiate into all mature
blood cells (Bonnet 2003; Jordan and Lemischka 1990). Since the dis-
covery of the HSCs, SCs within many other tissues have been identified
including the mammary gland. Although HSCs are currently the best
characterised, great efforts have been made to further characterise other
tissue-specific SCs.

SCs have the ability to undergo either symmetrical or asymmetri-
cal division, depending upon the cellular context. During normal tissue
homeostasis, asymmetrical SC division occurs and results in one new
SC and one more differentiated daughter cell which will then go on to
generate cells which will undergo terminal differentiation down spe-
cific cell lineages. This process of SC replacement by a daughter cell
is termed self-renewal. Symmetrical division results in the production
of either two undifferentiated SCs by self-renewal or two differentiated
daughter cells where the SC is lost. It is possible that the first scenario
would be required during development and the second would occur dur-
ing tissue ageing. The subtle balance between symmetrical or asym-
metrical division of the SCs is tightly regulated by local factors to re-
strict the number of SCs during normal tissue homeostasis and increase
the population of SCs during tissue development and repair (Potten and
Loeffler 1990).

5 Mammary Epithelial Stem Cells

Cyclic proliferation, differentiation, apoptosis and remodelling of the
mammary gland suggests the presence of a long-lived population of
tissue-specific SCs. Unlike differentiated cells, which have a relatively
short life span, SCs’ longevity makes them susceptible to accumulating



6 R. Lamb, H. Harrison, R.B. Clarke

genetic damage and they represent likely targets for carcinogenic trans-
formation. As a consequence, cancer may be a SC disease, suggesting
that successful breast cancer prevention strategies must be targeted to
mammary epithelial SCs.

The first evidence to support the notion of mammary SCs came from
murine transplantation experiments. Mammary gland tissue was re-
moved from a donor mouse and transplanted into the cleared mammary
fat pad of a recipient mouse, regenerating a fully functional mammary
gland (Deome et al. 1959). More recently, transplantation of mammary
epithelia marked with mouse mammary tumour virus (MMTV) showed
that single epithelial cell clones were capable of regenerating a com-
plete, lactationally functional ductal and alveolar system after transplan-
tation into cleared mammary fat pads. Serial transplantation of these
cells was able to recapitulate the mammary gland, demonstrating self-
renewing and multipotent characteristics of the cells (Kordon and Smith
1998).

6 Side Population Analysis

Recently, several methods have been used to identify the mammary ep-
ithelium SCs or stem-like cells. One such method is side population
analysis, which has previously been used to identify HSCs (Goodell
et al. 1997). Studies within the mouse showed that a sub-population
of mammary epithelial cells defined by its ability to efflux the dye
Hoechst 33342 and termed the “side population” (SP) includes these
transplantable mammary SCs. In addition, these cells represent approx-
imately 2–3% of epithelial cells and are enriched for putative SC mark-
ers such as Sca1 and α6-integrin (Alvi et al. 2003; Liu et al. 2004; Welm
et al. 2002). This method has also been used to analyse the SP within
normal human breast tissue, showing comparable results to those ob-
served in the mouse. The percentage of cells which were able to efflux
the dye and form the SP varied from 0.2% to 1% to 5% (Alvi et al.
2003; Clarke et al. 2005; Clayton et al. 2004; Dontu et al. 2003; Liu
et al. 2004; Welm et al. 2002). The differences between these frequen-
cies can be accounted for by the variation in methodologies used by
different groups. Colony growth from single cells in non-adherent cul-
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ture systems has also been used to identify SCs which were pioneered
for the growth of neurospheres from brain tissue, which were enriched
for neural SCs (Dontu et al. 2003). Using this technique human breast
cells grow “mammospheres” of which 27% of the total sphere cells were
found to be within the SP. Additionally, from fresh breast digests, only
SP cells and not non-SP cells were able to form mammospheres (Dontu
et al. 2003). Despite these encouraging results, there are a number of
issues which must be considered with this technique. SP and non-SP
cells do not form completely discrete groups. Freshly isolated cells from
murine mammary tissue, when transplanted into the cleared fat pad of
a recipient mouse, were able to form functional mammary glands. This
observation was not limited to the SP cells (5/37 outgrowths), since
non-SP cells (6/25 outgrowths) were also able to produce an outgrowth
(Alvi et al. 2003). These data suggest that SP analyses are not directly
isolating the mammary SCs; they may be missing some cells that do not
have the ability to efflux the dye. It is also possible that the dye Hoechst
33342 is toxic to cells; perhaps cells that can efflux the dye are able
to form mammary glands and mammospheres simply because they are
left unharmed when compared to the cells which are unable to efflux
the dye. This method, therefore, may not be the most suitable for the
identification of mammary SCs (Smalley and Clarke 2005).

7 Cell Surface Markers

A more appropriate method may be the analysis of cell surface mark-
ers that should avoid harm to the cells and any affect on downstream
assays of SC potential. A number of studies using cell surface mark-
ers have been carried out in both mice and humans. One study showed
that a single mouse mammary cell from a subpopulation that was neg-
ative for known lineage markers (Lin–) and positive for the cell surface
markers CD29 and CD24 (Lin–/CD29hi/CD24+) was able to reconsti-
tute the cleared mammary fat pad of a recipient mouse. Only 1/64 cells
from this subpopulation had the ability to produce the normal hetero-
geneous structure of the gland, suggesting that these cell markers are
not sufficient to completely mark the SC (Shackleton et al. 2006). The
subpopulation can be further enriched using a CD49f+ sort with 1 in 20
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mouse mammary cells from this population having the ability to regen-
erate the entire gland. There was also evidence of up to 10 symmetri-
cal self-divisions (Stingl et al. 2006). In another study, primary mouse
mammary epithelial cells sorted for the cell surface markers CD49f+,
CD24+, endoglin+ and PrPMed showed the greatest propensity to gener-
ate mammospheres (floating colonies) in non-adherent suspension cul-
ture in vitro. Furthermore, mammospheres were able to regenerate the
entire mammary gland upon transplantation into a mouse mammary fat
pad (Liao et al. 2007).

A ductally located SC zone has been identified in the human breast
where cells were observed to express the SC proteins SSEA-4, keratin 5
(K5), K6a, K15 and Bcl-2. These cells were shown to be quiescent, like
some other adult tissue SCs, and surrounded by basement membrane
rich in chondroitin sulphate. Colony formation and mammosphere for-
mation assays provide evidence that these ductal cells have SC proper-
ties (Villadsen et al. 2007). In contrast, the progenitors were observed
to have a higher rate of proliferation, were found outside of the ductal
zone and were surrounded by basement membrane rich in laminin-2/4.

8 Cancer Stem Cells

Carcinomas are believed to arise through a series of mutations that may
occur over many years. SCs, by their long-lived nature, are exposed to
damaging agents for long periods of time. Accumulation of mutations
within these cells could result in their transformation, and consequently
mammary SCs may be the source of mammary carcinomas. Alterna-
tively, mutations, or at least the final transforming mutation, could arise
during transit amplification of progenitor cells and lead to acquisition
of self-renewal ability. Either of the above scenarios could theoreti-
cally generate cancer SCs (CSCs) which act to generate the tumour,
and are the tumorigenic or cancer-initiating cells that form a minor sub-
population within each breast tumour, necessary for its propagation (Al-
Hajj and Clarke 2004).

Current treatments such as radiotherapy target the main proliferat-
ing mass of the tumour leaving the source of the cancer, the CSCs (or
cancer-initiating cells) unaffected (Chen et al. 2007; Phillips et al. 2006;
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Woodward et al. 2007). Consequently, the CSCs survive and are likely
to be responsible for recurrence of the carcinomas. It is therefore es-
sential to develop therapies that target the CSC itself. To aid the devel-
opment of such treatments, the breast CSC must first be identified and
isolated. Multiple investigations are currently on-going to address this
issue to identify and study human mammary SCs.

Using a model in which human breast cancer cells were grown in
immunocompromised mice, as few as 100 cells with the cell surface
markers CD44+CD24–/low from 8/9 patient samples were tumourigenic
in mice. CD24 is expressed on more differentiated cells whereas CD44
is expressed on more progenitor-like cells. The tumourigenic population
of cells marked by the CD44+CD24–/low lineage could be serially pas-
saged to generate new tumours (Al-Hajj et al. 2003). Since this initial
study, many others have attempted to link CD44 and CD24 with mam-
mary SCs. Cultured cells from human breast cancer lesions marked by
CD44+CD24–/low lineage were capable of (1) self-renewal, (2) extensive
proliferation as clonal non-adherent spherical clusters termed mammo-
spheres and (3) differentiation along different mammary epithelial line-
ages. Furthermore, as few as 103 of these cells were required to induce
tumour formation in the mammary fat pad of severe combined immuno-
deficiency (SCID) mice. The mammosphere formation assay is a suit-
able in vitro model to study breast cancer initiating cells and potential
therapeutic targets (Ponti et al. 2005).

Studies of CD44 and CD24 expression in primary breast tumours in-
dicate that expression correlates with patient survival and CD44+

CD24–/low cells from breast cancer cell lines appear to be more invasive
(Sheridan et al. 2006; Shipitsin et al. 2007). In addition, breast cells
which express the putative “SC marker” CD44+CD24–/low phenotype
express genes involved in cell motility and angiogenesis. Phenotypi-
cally, these cells are more mesenchymal, motile and are predominately
oestrogen receptor negative (Shipitsin et al. 2007). This observation has
also been observed in other cell lines with a basal-like/mesenchymal
phenotype that have also been reported to have an increased sub-popula-
tion of CD44+CD24–/low cells (Sheridan et al. 2006). Interestingly, cell
lines which are more phenotypically luminal epithelial express less
CD44 and more CD24. It has been suggested recently that CD44+ cells
are predominately basal-like and therefore are present in poor progno-
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sis basal-like tumours, whereas CD24+ cells are luminal-like and are
predominant in more differentiated luminal-type cancers (Fillmore and
Kuperwasser 2007).

Analysis of human mammary SCs has proved more difficult com-
pared to analysis in micebecause of the limitations of experimentation
with humans. Humanisation of the mouse mammary fat pad, however, is
possible using co-transplantation of human stromal fibroblasts, permit-
ting both normal and tumour cells to be implanted and to reconstruct
human breast tissue using a mouse model (Kuperwasser et al. 2004;
Proia and Kuperwasser 2006).

It will be vital in the future to identify additional cell markers to
further enrich for the tumourigenic cell population and eventually to
obtain a pure population of SCs. Once this cell population can be iden-
tified then regulatory pathways determining the SC phenotype, SC self-
renewal and survival can be discovered. This will help the development
of drugs that specifically target cancer SCs with the hope that these
drugs will eradicate the SCs at the root of the cancer, prevent recurrence
and improve mortality.

9 The Wnt Pathway

A number of regulatory signalling pathways are reported to be involved
in normal mammary SCs including the Hedgehog, Notch, leukaemia
inhibitory factor (LIF), transforming growth facto-β(TGF-β) and epi-
dermal growth factor (EGF) families, prolactin, oestrogen and P, and
Wnt (Boulanger et al. 2005; Clarke et al. 2005; Dontu et al. 2003, 2004;
Dontu and Wicha 2005; Ewan et al. 2005; Kritikou et al. 2003; Li et al.
2003; Liu et al. 2004; Fig. 1). These pathways are known to be dysreg-
ulated in many cancers, including the breast. (Chang et al. 2007; Clarke
et al. 2004; Hatsell and Frost 2007; Hu et al. 2004; Johnston et al. 2006;
Stylianou et al. 2006; Turashvili et al. 2006; Tworoger and Hankinson
2006).

The Wnt pathway is of particular interest as it is downstream of P
(Fig. 2). Wnts are a family of secreted, cysteine-rich glycoproteins as-
sociated with the extracellular matrix and the cell surface (Parkin et al.
1993; Schryver et al. 1996). Canonical Wnt signalling is a well-charac-
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Fig. 1. Mammary stem cell self-renewal signalling pathways. The signalling
pathway families Hedgehog, Notch, LIF, TGF-β and EGF, along with oestrogen,
progesterone, and Wnt, influence the self-renewal and survival of mammary
stem cells. Dysregulation of these pathways is likely to play a role in mammary
carcinomas

terised pathway involved in cell–cell adhesion and cell cycle control.
Autocrine and paracrine secretion of extracellular Wnt ligands controls
the activation of the pathway by binding to the transmembrane fam-
ily of Frizzled receptors and low-density lipoprotein receptor protein
5/6 (LRP5/6) (Bejsovec 2005; Bhanot et al. 1996). Binding of Wnt
to Frizzled receptor results in the phosphorylation of the cytoplasmic
mediator Dishevelled, and the inhibition of the multifunctional serine/
threonine kinase GSK3β (Doble and Woodgett 2003). When GSK3β is
inactive, β-catenin accumulates within the cytoplasm and translocates
to the nucleus where it binds to either one of two transcription factor
families, transcription factor (TCF) and lymphoid enhancer binding fac-
tor (LEF)1. This binding in turn displaces the transcription repressors
Groucho and CtBP (Daniels and Weis 2005) and leads to the recruit-
ment of co-activators such as cAMP-response element binding protein
(CREB) binding protein/p300 (Takemaru and Moon 2000). Activation
of the Wnt pathway results in the transcription of a number of target
genes such as axin2, tcf -1 and CD44, among many more (Mikami et al.
2001; Salahshor and Woodgett 2005; van de Wetering et al. 1991). The
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physiological response to Wnt signalling and activation of downstream
targets is dependent upon the cellular context.

Competitive binding between Wnt ligands and secreted Frizzled-re-
lated protein or Wnt inhibitory factor is able to modulate the Wnt/β-
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�
Fig. 2a, b. The Wnt/β-catenin signalling pathway. a In mammary epithelium,
progesterone (Pg) binds to its receptor (PR) within the cell nucleus. Wnt pro-
teins are in turn expressed, activated and secreted from the cell. These secreted
extracellular Wnt proteins are then able to bind to the transmembrane receptor
Frizzled and LRP5/6. This interaction results in the phosphorylation (P) of the
cytoplasmic mediator Dishevelled, and the inhibition of GSK3β. When GSK3β

is inactive, β-catenin accumulates within the cytoplasm followed by transloca-
tion to the nucleus where it binds to either TCF or LEF1. The transcription
repressors Groucho and CtBP are displaced and co-activator CREB binding
protein/p300 is recruited. Consequently, the transcription of downstream tar-
gets genes such as Axin2 and Lef1 is activated. b In the absence of Wnt ligands
or the presence of Wnt inhibitors such as sFRP the pathway is no longer active.
A complex of Axin/GSK3β/APC/β-catenin forms which allows the phosphory-
lation of β-catenin by GSK3β and casein kinase 1 (CK1). This targets β-catenin
for degradation by the ubiquitin/proteasome pathway

Ocatenin pathway. The presence of inhibitory factors or absence of
a Wnt activation results in the formation of an Axin/GSK3β/APC com-
plex and phosphorylation of β-catenin at Ser residues 33, 37 and 45, and
at Thr 41 by GSK3β and casein kinase 1 (CK1). This ultimately allows
recognition by BTrCP and degradation by the ubiquitin/proteasome
pathway.

The first mammalian Wnt gene, originally termed Int-1, was iden-
tified as a murine mammary tumour virus (MMTV) integration site in
mammary tumours (Nusse and Varmus 1982). The Int-1 gene showed
homology to the Drosophila segment polarity gene Wingless and subse-
quently Int-1 and future family members were named Wnts.

To date, 16 mammalian Wnt genes have been identified and Wnt
proteins can produce a wide variety of responses including cellular pro-
liferation, differentiation, morphogenesis and cell fate decisions (Moon
et al. 1997). The Wnt pathway has been implicated in a number of can-
cers with the classic example being colorectal cancer, where activat-
ing mutations within adenomatous polyposis coli (APC) result in dys-
regulation of β-catenin and the formation of intestinal polyps (Fodde
et al. 2001). Other intestinal cancers have also been linked to mutations
within axin2 and the accumulation of β-catenin (Liu et al. 2000).



14 R. Lamb, H. Harrison, R.B. Clarke

The Wnt pathway is also involved in both normal breast development
and breast carcinomas. A number of studies have been conducted which
demonstrate differential expression patterns of Wnt family members
within mouse mammary development. Wnt-4, Wnt-5b, Wnt-6, Wnt-7b
and Wnt-10b mRNA have been detected in mammary epithelium of var-
ious stages of mouse development. Wnt-4, Wnt-5b and Wnt-6 mRNA
are upregulated during pregnancy and decrease with lactation. Wnt-10b
expression can be detected from the early stages of embryonic mam-
mary development and continues into puberty (Lane and Leder 1997).
Wnt signalling plays a significant role in normal mammary gland de-
velopment when expression begins at embryonic day 10.5 with the for-
mation of two “mammary lines” (Veltmaat et al. 2003). In response to
signals from the underlying mesenchyme, the mammary lines give rise
to five mammary placodes that grow and invaginate the rudimentary fat
pad. Wnt signalling coincides with mammary line development and lo-
calises in the mammary placodes and buds (Boras-Granic et al. 2006;
Chu et al. 2004). Embryos transgenically engineered to over-express
DKK1, an inhibitor of the Wnt pathway, display a complete absence of
mammary placodes, demonstrating the importance of Wnt signalling in
embryonic mammary development (Andl et al. 2002).

A link between mammary stem/progenitor cells and Wnt pathway
activation-induced tumourigenesis has now been established. Transgen-
ic expression of either Wnt1 or β-catenin results in widespread mam-
mary hyperplasia and tumour formation (Imbert et al. 2001; Tsukamoto
et al. 1988). The hyperplastic tissue contains increased numbers of stem/
progenitor cells, which are thought to be directly responsible for trans-
formed cells. Tumours that arise from stem/progenitor cells are hetero-
geneous showing cells of mixed lineage. Tumours that arise from Wnt
activation also contain cells of both epithelial lineages (Li et al. 2003,
2004; Owens and Watt 2003; Shackleton et al. 2006). In MMTV–Wnt1
transgenic mice, loss of LRP5/6, a component of the Wnt pathway, re-
sults in a marked reduction in both the early proliferation of the progen-
itor cell population and formation of mammary tumours. Furthermore,
LRP5–/– mammary cells were unable to reconstitute the full ductal trees
through limiting dilution transplants (Lindvall et al. 2006).

Evidence is growing to support a role of the Wnt pathway in hu-
man mammary carcinomas since a number of Wnt pathway compo-
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nents are deregulated in human breast cancers. β-Catenin is stabilised,
indicating activation of the Wnt pathway in 50% of breast carcinomas,
which correlates with poor prognosis of the patient (Lin et al. 2000;
Ryo et al. 2001). A number of Wnt ligands are upregulated in breast
carcinomas and inhibitors of the pathway such as secreted Frizzled re-
ceptor protein (sFRP) are downregulated in breast carcinomas (Howe
and Brown 2004; Ugolini et al. 1999, 2001). Ectopic expression of
Wnt1 in human mammary epithelial cells elicits a DNA damage re-
sponse which is an early event in human carcinogenesis (Bartkova et al.
2005; Gorgoulis et al. 2005), followed by Notch activation and tumouri-
genic transformation (Ayyanan et al. 2006). Most recently, treatment
of human breast cancer cell lines with either Wnt ligands or inhibitors
of the pathway showed that autocrine Wnt signalling contributes to
breast cancer proliferation via activation of the canonical Wnt path-
way, which utilises β-catenin, and also through EGFR transactivation
(Schlange et al. 2007).

These data suggest that canonical Wnt signalling is essential for
mammary SC activity. Therapies that specifically target the Wnt path-
way in cancer SCs may be crucial to prevent recurrence and reduce
breast cancer mortality rates.

10 Summary

The development of the breast is a complex process potentially involv-
ing multiple environmental and genetic factors. Hormonal steroids,
including P and its downstream target Wnt4, play a key role in the de-
velopment of both the normal breast and breast cancer. Signalling path-
ways such as Wnt are clearly implicated in both normal breast devel-
opment and carcinomas through their regulation of the self-renewal and
survival of mammary SCs. There are recent suggestions that CSCs, also
known as cancer-initiating cells, may be the origin of breast tumours
and responsible for breast cancer recurrence.

Strict control of the hormonal and SC signalling pathways is crucial
for regulating SCs and for the correct development of the gland. Thus,
deregulation of such pathways will strongly contribute to the formation
of breast carcinomas. Consequently, the investigation of such pathways
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and the cross-talk between P and SC signalling pathways such as Wnt
will be essential to the development of effective new anti-cancer drugs.
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Abstract. The progesterone receptor (PR) in cooperation with coregulator
complexes coordinates crucial processes in female reproduction. To investigate
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the dynamic regulation of PR activity in vivo, a new transgenic mouse model
utilizing a PR activity indicator (PRAI) system was generated. Studies utilizing
the PRAI mouse have revealed that progesterone temporally regulates PR activ-
ity in female reproductive tissues. Specifically, progesterone rapidly enhances
PR activity immediately after administration. However, chronic progesterone
stimulation represses PR activity in female reproductive organs. Like proges-
terone, RU486 also temporally regulates PR activity in female reproductive or-
gans. However, the temporal regulation of PR activity by RU486 is the inverse
of progesterone’s activity. RU486 acutely represses PR activity after injection
but increases PR activity after chronic treatment in female reproductive tissues.
Treatment with a mixed antagonist/agonist of PR, when compared to natural
hormone, results in dramatically different tissue-specific patterns of intracel-
lular PR activity, coregulator levels, and kinase activity. Transcriptional regu-
lation of gene expression by PR is facilitated by coordinate interactions with
the steroid receptor coactivators (SRCs). Bigenic PRAI–SRC knockout mouse
models enabled us to draw a tissue-specific coactivator atlas for PR activity in
vivo. Based on this atlas, we conclude that the endogenous physiological func-
tion of PR in distinct tissues is modulated by different SRCs. SRC-3 is the
primary coactivator for PR in the breast and SRC-1 is the primary coactivator
for PR in the uterus.

The progesterone receptor (PR) is an essential factor in female repro-
duction (Lydon et al. 1995). Mice in which the PR gene has been ablated
by homologous recombination in embryonic stem cells [PR–/– mice]
show defects in all aspects of female fertility (Lydon et al. 1996). The
uterus is one of the major PR target organs and a major source of the
infertility of PR–/– female mice. The uterus of PR–/– mice is unable to
support embryo implantation, and uterine stromal cells fail to respond
to progesterone after experimental induction of the decidual response.
The PR–/– uterus also shows an increase in hyperplasia of the luminal
and glandular epithelial cells in response to chronic estrogen and pro-
gesterone treatment when the mitogenic action of estrogen is unopposed
by progesterone. Thus, PR plays critical roles in the regulation of uter-
ine cell proliferation and uterine function.

During neonatal development, mammary ducts grow extensively un-
til they occupy almost the entire mammary fat pad by 8 weeks of age.
However, the number of mammary ductal branches was substantially
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reduced in age-matched PR–/– mice in comparison to wildtype (Lydon
et al. 1995; Xu et al. 1998). In addition, PR–/– mice exhibited less di-
chotomous and lateral side-branching and defective alveolar develop-
ment compared to wildtype (Lydon et al. 1995). Therefore, PR also has
crucial roles in mammary gland development in mouse.

Although studies using PR–/– mice revealed the critical importance
of PR in vivo, we have been unable to investigate the temporal and spa-
tial distribution of PR activity in vivo. Therefore, we created an animal
model in which we could investigate the dynamic changes in PR activity
in response to various hormonal stimuli in vivo.

1 The PRAI Mouse Is a Novel Animal Model
to Investigate PR Activity in vivo

Most previous studies investigating the molecular mechanisms regulat-
ing PR activity have utilized transient cell transfection assays as the
major molecular biology technique. Albeit valuable, the limitation of
the transient transfection assay is that it relies on overexpression of the
individual components in cell culture. Consequently, cultured cells do
not generally mimic the stoichiometry or the appropriate cellular milieu
of intact animal tissues. In addition, paracrine communication between
epithelial and stromal cells in response to external stimuli is an essential
cellular process involved in the physiological function of PR in female
reproductive tissues. But this critical paracrine communication does not
exist in cell-based experiments. In order to overcome these problems,
we generated a novel transgenic PR activity indicator (PRAI) mouse
model. The PRAI mouse model employs a bacterial artificial chromo-
some (BAC) containing a modified PR gene and a responsive reporter
gene. A BAC approach is advantageous since it utilizes large fragments
of genomic DNA with an average of 100–300 kb in size that can be
cloned in bacterial vectors and stably propagated in bacteria. The large
size of BAC clones permits faithful direct tissue-specific expression of
heterologous genes in vivo in BAC-transgenic mice if the appropriate
regulatory sequences of the gene are present (Gong et al. 2003; Heintz
2000). More interestingly, BAC clones can be easily and precisely mod-
ified by bacterial recombination. Modifications of BAC clones include
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Fig. 1. PR BAC clone modification using bacterial recombination system.
RPCI-23-422 I 15 PR BAC clone containing 62 kb of genomic DNA flank-
ing 5′ to exon 1 and 70 kb of genomic DNA flanking 3′ to exon 8 of the PR
gene is modified using bacterial recombination. The PR DNA binding domain
(DBD) located from exon 2 to exon 3 in the PR gene was replaced with the Gal4
DBD generating the Gal4 version of PR (Gal4-PR). A second modification of
this BAC clone included the incorporation of a reporter system consisting of
five copies of UASG binding sites, a minimal promoter, and a hrGFP reporter
gene. The Gal4-PR is recruited on the UASG binding sites to modulate hrGFP
expression

single-base changes, deletions, and insertions (Ellis et al. 2001; Yu and
Court 1998). In order to investigate PR activity in vivo, a modified
PR BAC clone in which the DNA binding domain of the PR was re-
placed with the yeast Gal4 DNA binding domain (DBD) was generated
using bacterial recombination. A humanized green fluorescent protein
(hrGFP) reporter controlled by the upstream-activating sequences for
the Gal4 gene (UASG) was inserted in tandem with the modified PR
gene to monitor the activity of the Gal4 DBD-PR fusion (Gal4-PR) in
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vivo (Fig. 1). The PRAI mouse model was generated using this modified
PR BAC clone.

In PRAI mice, the tissue-specific Gal4-PR expression pattern closely
resembled endogenous PR expression in the major reproductive sites
where the PR gene is expressed (Han et al. 2005). In addition to tissue-
specific expression, the cell compartmental-specific expression of Gal4-
PR in each tissue in response to different hormonal treatments also mim-
icked endogenous PR expression in female reproductive tissues (Han et
al. 2005). Since the expression pattern of the Gal4-PR corresponded to
the expression pattern of the endogenous PR, the PRAI mouse repre-
sents a unique animal model system to investigate PR activity in the
female reproductive system in vivo.

2 Temporal Regulation of PR Activity in Female
Reproductive Tissues in Response to Progesterone

Previous studies using cell transfection assays showed that progesterone
enhanced PR-mediated gene transcription during progesterone treat-
ment. However, the PRAI mouse system clearly demonstrated that pro-
gesterone does not always upregulate but instead dynamically modu-
lates PR activity in progesterone target tissues such as the uterus and
mammary gland (Table 1). For example, acute progesterone treatment
(6 h following a single progesterone injection) significantly increased
PR activity in the uterus of ovariectomized mice. In contrast, chronic
progesterone treatment (3 days of daily progesterone injections) re-
duced PR activity in the uterus (Han et al. 2005). Microarray analysis
for the murine uterine genes regulated by PR also presents temporal reg-
ulation of PR activity in uterus (Jeong et al. 2005). Why does chronic
progesterone treatment reduce PR activity compared to acute proges-
terone treatment? First, PR gene expression is modulated by proges-
terone in female reproduction tissues (Table 2). For example, chronic
progesterone treatment downregulates PR levels in both the uterus and
mammary gland (Han et al. 2005, 2006). Therefore, reduced PR activity
mediated by chronic progesterone treatment is associated with reduced
PR expression. Second, in addition to regulating PR levels, progesterone
can regulate levels of PR coregulators to modulate the ratio of coactiva-
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tors to corepressors in a tissue-specific manner (Table 3). For example,
chronic, but not acute, progesterone treatment increased levels of nu-
clear receptor co-repressor (NcoR) and silencing mediator for retinoid
and thyroid hormone receptor (SMRT) in the stromal compartment of
the uterus without changing coactivator levels. Therefore, chronic pro-
gesterone reduces the ratio of coactivators to corepressors in the uterus,
preventing enhancement of PR activity (Han et al. 2005).

Collectively, progesterone differentially regulates PR activity, de-
pending on the duration of treatment, by creating distinct cellular mi-

Table 1 Temporal and spatial changes of PR activity in uterus and mammary
gland during progesterone or RU486 treatment

Uterus Mammary Gland

Hormone Treatment LE GE S M LECs
Acute Progesterone � � - - �

Chronic Progesterone ∇ ∇ ∇ ∇ ∇
Acute RU486 ∇ ∇ - - �

Chronic RU486 � � � � �

GE, Glandular Epithelium; LE, Luminal Epithelium; LECs, Luminal Epithelial
Cells; M, Myometrium; S, Stroma; �, increased PR activity compared to oil;
∇, decreased PR activity compared to oil; -, no changed PR activity compared
to oil (Han et al. 2007)

Table 2 Temporal and spatial changes of PR expression in uterus and mammary
gland during progesterone or RU486 treatment

Uterus Mammary Gland

Hormone Treatment LE GE S M LECs
Acute Progesterone - - - - -

Chronic Progesterone ∇ ∇ � - ∇
Acute RU486 ∇ ∇ - - -

Chronic RU486 � - � � �

GE, Glandular Epithelium; LE, Luminal Epithelium; LECs, Luminal Epithelial
Cells; M, Myometrium; S, Stroma; �, increased PR level compared to oil; ∇,
decreased PR level compared to oil; -, no changed PR level compared to oil
(Han et al. 2007)



Dynamic Regulation of Progesterone Receptor Activity 31

Table 3 Temporal and spatial changes of PR coregulators expressions in uterus
and mammary gland during progesterone or RU486 treatment

Uterus Mammary Gland

Hormone Treatmenta LE GE S M LECs
SRC-1 level

Chronic Progesterone ∇ ∇ � - �
Chronic RU486 � � � � -

SRC-2 level
Chronic Progesterone - - - - �

Chronic RU486 - - - - �
SRC-3 level

Chronic Progesterone ∇ ∇ ∇ ∇ ∇
Chronic RU486 - - - - �

NcoR level
Acute Progesterone ∇ ∇ - - -

Chronic Progesterone ∇ ∇ � - -
Acute RU486 � � � - -

Chronic RU486 ∇ ∇ ∇ - -

aExpression levels of SRCs in both uterus and mammary gland are not changed
during acute hormone treatment. GE, Glandular Epithelium; LE, Luminal Ep-
ithelium; LECs, Luminal Epithelial Cells; M, Myometrium; S, Stroma; �, in-
creased PR level compared to oil; ∇, decreased PR level compared to oil; -, no
changed PR level compared to oil (Han et al. 2007)

lieus of coregulators. Unfortunately, it is still unclear precisely how
progesterone differentially modulates PR levels and the ratio of coac-
tivators to corepressors in response to hormonal stimuli.

3 Dynamic Regulation of PR Function by RU486
in Reproductive Organs

In order to dynamically modulate PR activity, numerous synthetic PR
ligands have been developed because of the physiological importance of
PR in women’s health. These synthetic PR ligands exhibit a spectrum
of activity and range from more pure progesterone antagonists, such as
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onapristone (Michna et al. 1989) and ZK137316 (Teng et al. 2003), to
mixed agonist/antagonists, which are currently known as selective pro-
gesterone receptor modulators (SPRMs), such as 11β-benzaldoxime-
substituted estratrienes (Elger et al. 2000), some which already have
been used for the clinical purposes of tissue-specific modulation
(Chabbert-Buffet et al. 2005; Chwalisz et al. 2005). It is important that
those regulatory molecules that modulate hormone responsiveness are
investigated thoroughly to understand the potential mechanism and con-
sequences of therapy with synthetic mixed agonists/antagonists.

RU486 (mifepristone), one type of SPRM, is a well-characterized an-
tagonist of PR function. RU486 binds to PR and acutely impairs its gene
regulatory activity (Baulieu 1991). For this reason, RU486 has been
used clinically to prevent PR-dependent cellular processes. It is a well-
known contraceptive and abortive agent (Baird et al. 2003; Baulieu
1997; Cheon et al. 2004). In addition to its PR-antagonistic activity,
RU486 also has partial PR-agonist activity (Meyer et al. 1990; Wagner
et al. 1996). For example, RU486 has been clinically used to treat uter-
ine myoma and endometriosis because of its PR-agonistic antiprolifer-
ative and antiovulatory effects in a number of species including humans
(Collins and Hodgen 1986; Spitz et al. 1996). In order to investigate
the dynamic regulation of PR activity by RU486 in vivo, the effect of
RU486 on PR activity was investigated using PRAI mice (Han et al.
2007).

4 Temporal Effects of RU486 on PR Activity

RU486 modulates PR activity in a complex manner, with outcomes de-
pending on the specific tissue compartments and the duration of RU486
treatment (Table 1). For example, acute RU486 treatment results in PR-
antagonistic activity in the uterus (Han et al. 2007). For this reason,
RU486 has been extensively used as an abortion pill. Unlike the acute
effects, chronic RU486 treatment enhances uterine PR activity (Han et
al. 2007). PR-agonistic activity for RU486 also has been reported in
clinical studies. For example, in post-menopausal women chronically
treated with estradiol benzoate and mifepristone (RU486) at the dose
of 100–200 mg/day, secretory transformation of the endometrium was
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observed because RU486 appears to function as an agonist (Gravanis et
al. 1985).

In summary, RU486 has temporal PR regulatory activity depending
on the duration of RU486 treatment. But the temporal regulation of PR
activity by RU486 is inversely correlated with the effects of proges-
terone. These new findings regarding the in vivo effects of RU486 on
PR activity should provide important information relative to hormone
replacement therapy in postmenopausal women.

5 RU486 Activates Distinct Combinations
of MAP Kinase Signaling Pathways
in a Tissue-Specific Manner

The temporal effect of RU486 on PR activity raises the question as
to how chronic RU486 treatment specifically increases rather than in-
hibits PR activity in female reproductive tissues. Steroid hormones may
trigger cell type-specific kinase signaling pathways to modulate cellu-
lar processes. For example, estrogen activates multiple signaling path-
ways, including the mitogen-activated protein kinase (MAPK) pathway
in endometrium to modulate apoptosis, proliferation, and inflammation
(Seval et al. 2006). In addition to estrogen, RU486 also triggers spe-
cific kinase signaling to regulate PR-mediated cellular process. For ex-
ample, RU486-induced labor has been associated with an increase in
the active phosphorylated form of extracellular signal-regulated kinase
ERK2 to increase contractility in vitro (Li et al. 2004). Interestingly,
different combinations of MAPKs were activated by RU486, depend-
ing upon the tissue examined (Han et al. 2007). For example, ERK1/2
and c-Jun N-terminal kinase (JNK) pathways were activated by chronic
RU486 treatment in the uterus. However, only the JNK signaling path-
way was activated by chronic RU486 treatment in the luminal epithelial
cells of the mammary gland. Therefore, RU486 triggers specific sets
of MAPK pathways in each tissue to modulate PR activity in a tissue-
specific manner. Like RU486, progesterone also can activate MAPK
signaling pathways in both tissues. However, unlike RU486, chronic
progesterone enhanced different MAPK pathways in female reproduc-
tion tissues. For example, the p38 kinase pathway was activated by
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chronic progesterone treatment, but not by chronic RU486 treatment
in the mammary gland. Therefore, distinct combinations of activated
MAPK signaling pathways induced by RU486 are different from those
activated by progesterone in female reproductive organs. Using differ-
ent sets of activated MAPKs, RU486 may alter distinct tissue-specific
signaling programs that modify its agonist or antagonist actions in that
tissue.

6 RU486 Modulates PR Activity
Through MAP Kinase Signaling Pathways

PR is known to be phosphorylated by various kinases including CK-2,
CDK2, and ERK1/2 in response to external hormonal stimuli (Knott et
al. 2001; Lange et al. 2000; Zhang et al. 1994). Chronic RU486 treat-
ment results in the activation of distinct combinations of MAPK path-
ways depending on tissue type. RU486-activated MAPKs can phospho-
rylate PR to modulate its activity. For example, in T47D cells, RU486
becomes a progesterone agonist in the presence of activators of protein
kinase A (PKA), such as 8-bromo-cAMP, due to the loss of associa-
tion of PR with corepressors, such as NCoR and SMRT (Beck et al.
1993; Fuhrmann et al. 2000; Sartorius et al. 1993). Therefore, it is pos-
sible that chronic RU486 and progesterone generate different, modified
forms of PR as a result of differential effects on MAPK activity.

In addition to PR, coactivators are also phosphorylated by active
MAPKs. For example, steroid receptor coactivator (SRC)-1 has been
shown to be phosphorylated by ERK1/2 (Rowan et al. 2000b). Also,
several different kinases such as JNK, glycogen synthase kinase
(GSK3), p38, PKA, ERK, and IKKs can phosphorylate SRC-3 in re-
sponse to different stimuli (Wu et al. 2004). Phosphorylation of SRCs
can change their properties and allow for a more highly dynamic reg-
ulation of gene activity. For example, activated PKA signaling by 8-
bromo-cAMP induces phosphorylation of two sites in SRC-1 to facil-
itate progesterone-independent activation of the chicken progesterone
receptor (Rowan et al. 2000a). During retinoic acid-dependent activa-
tion of the retinoic acid receptor RARα in cultured cells, SRC-3 is phos-
phorylated by p38 MAPK, and this phosphorylation is required for op-
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timal RARα-dependent gene regulation (Gianni et al. 2006). Therefore,
chronic RU486 treatment triggers a specific combination of MAPK sig-
naling pathways that modify PR coregulators in a manner that enhances
their PR coactivator activity and thus has a positive effect on PR activity.

Ligand-dependent downregulation that leads to rapid and extensive
loss of nuclear receptor protein is well recognized. In this process, dif-
ferent phosphorylation pathways may affect the proteasome-mediated
degradation of nuclear receptors including estrogen receptor (ER)-α
(Marsaud et al. 2003) and PR (Lange et al. 2000). By modulating MAPK
activity, RU486 may influence the stability of PR and its coregulators
because chronic RU486 treatment increases PR, SRC-1, and SRC-3 pro-
tein levels in female reproduction organs (Tables 2 and 3) (Han et al.
2007). Although not yet proved in a live animal model, it is possible
that chronic RU486 treatment possesses agonist activity due to its abil-
ity to stabilize coactivator proteins as a result of its ability to influence
endogenous kinases and thus coactivator phosphorylation. As a result,
RU486 could alter PR activity in a tissue-specific manner through in-
creased coactivator activity.

RU486 can increase the concentration of coactivator proteins in both
a temporally and spatially distinct pattern in PR-target tissues. These
findings confirm that the biological activity of mixed antagonist/agonist
compounds is complex and not completely predictable. The activation
of MAPK signaling pathways and upregulation of coactivators during
chronic treatment with RU486 may broadly affect the biology of uterine
and breast tissues. Thus, the PRAI mouse model can be used to generate
an atlas of in vivo PR activity in response to progesterone and RU486.
This atlas of endogenous PR activity should shed light on new ways to
improve hormone replacement therapy for postmenopausal women.

7 A Tissue-Specific Partnership Exists Between PR
and SRCs in Female Reproductive Organs

Studies using PR–/– mice have shown that PR is essential for the proper
development and function of all female reproductive organs, including
the uterus and mammary gland (Lydon et al. 1995). Genetic deletion
of the SRC family members in mice resulted in multiple abnormalities
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in the female reproductive system (Gehin et al. 2002; Mukherjee et al.
2006; Xu et al. 1998, 2000). The similarity of female reproductive de-
fects between PR- and SRC-null mice implies that SRCs are involved
in PR-mediated physiological process in the female reproductive sys-
tem. However, it was still unclear whether SRC family members have
cell- or tissue-specific roles in modulating PR activity in response to
hormonal stimuli. To address this question, two novel bigenic mouse
models, PRAI–SRC-1–/– and PRAI–SRC-3–/–, were generated (Han et
al. 2006). These mouse model systems were utilized to determine the
contribution of each SRC to PR activity in different tissues. Thus, an
atlas of PR activity was generated indicating the contributions of each
SRC to PR activity in each reproductive tissue.

8 Uterine PR Requires SRC-1

Both PR and SRC-1 in the uterine stroma are important for the im-
plantation process because ablation of either of these genes impairs
the decidual response (Lydon et al. 1995; Xu et al. 1998). In addi-
tion, expression of both PR and SRC-1 in the stromal compartment of
the uterus is highly elevated during decidualization (Han et al. 2006).
However, to date there is no experimental evidence to support PR and
SRC-1 functionally interacting to mediate the uterine decidual response.
The PRAI–SRC-1–/– bigenic mouse model revealed that PR activity in
the stromal compartment of the SRC-1–/– uterus was significantly im-
paired in response to chronic estrogen plus progesterone treatment com-
pared to wildtype. Therefore, SRC-1 plays a significant role in the PR-
dependent uterine stroma decidual response.

In addition to the uterus, defective mammary gland development is
evident in both SRC-1–/– and PR–/– mice (Lydon et al. 1995; Xu et al.
1998). These similar defects in mammary gland development imply that
SRC-1 may also be involved in PR-regulated mammary gland develop-
ment. However, PR activity was not impaired in the LECs of the mam-
mary gland of SRC-1–/– mice in response to chronic estrogen plus pro-
gesterone treatment. In addition to hrGFP reporter expression in PRAI–
SRC-1–/– mice, the induction of other endogenous PR target genes, such
as Wnt-4 and Amphiregulin, was seen in the LECs of mammary tissue of
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SRC-1–/– mice in response to chronic estrogen plus progesterone treat-
ment. Therefore, despite the fact that SRC-1 colocalizes with PR in the
LECs in response to hormonal treatment, the PR-dependent cellular re-
sponse in mammary tissue is not impaired in SRC-1–/– mice. However,
this observation raises the question as to why SRC-1–/– mice have de-
fects in mammary gland development (Xu et al. 1998). In addition to
PR, other nuclear receptors such as ER also have a crucial role in mam-
mary gland development. For example, ER-α–/– mice have defects in
both ductal and alveolar development of mammary gland (Bocchinfuso
and Korach 1997). Therefore, one likely possibility is that SRC-1 mod-
ulates a number of other steroid receptor signaling pathways, such as are
involved in ER-α signaling, to regulate mammary gland development.

9 SRC-3 Is Involved in PR-Mediated Gene Regulation
in the LECs of Mammary Gland

Unlike SRC-1, SRC-3 expression in the uterus is too low to be detected
(Xu et al. 2000). In addition, the PR-mediated decidual response was
not impaired in the uterus of SRC-3–/– mice and uterine stroma PR ac-
tivity in bigenic PRAI–SRC-3–/– mice was unaltered following chronic
estrogen plus progesterone treatment. Collectively, SRC-3 appears not
to be a major contributor to PR-mediated uterine cellular functions in
mice.

In contrast to the uterus, SRC-3 was expressed in the LECs during
mammary gland development (Kuang et al. 2004; Xu et al. 2000). Inac-
tivation of SRC-3 in mice partially attenuated mammary ductal growth
during puberty and lobular alveolar development in response to estro-
gen and progesterone treatment (Kuang et al. 2004; Xu et al. 2000). In
addition to normal mammary gland development, SRC-3 plays a crit-
ical role in mammary tumorigenesis mediated by pathways involving
membrane-associated tyrosine kinase receptors and their downstream
protein kinases (Kuang et al. 2005). PR activity was significantly re-
duced in the LECs of the mammary glands of PRAI–SRC-3–/– mice in
response to chronic estrogen plus progesterone treatment. Expression
of hrGFP and endogenous PR target genes (Wnt-4 and Amphiregulin) in
the LECs of the mammary gland are significantly reduced in the LECs
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of SRC-3–/– mice compared to wildtype. Therefore, the defect in mam-
mary gland development in SRC-3–/– mice is likely due to a discon-
nection in the functional interaction between SRC-3 coactivation and
PR-dependent cellular activity. In summary, SRC-3 is a key coactivator
modulating PR-dependent gene expression in the mammary gland.

10 Factors Involved in Tissue-Specific Functional
Interactions Between PR and Specific SRCs

According to the mouse GeneAtlas (Accelrys, San Diego) database
(Mouse GeneAtlas GNF1M, MAS5 http://symatlas.gnf.org/SymAtlas/),
each SRC family member has a tissue-specific expression pattern in
mice. For example, SRC-1 mRNA is highly expressed in oocytes and
a high level of SRC-3 mRNA is detected in mammary gland and pla-
centa. This differential tissue-specific expression of coactivators is
thought to contribute to the tissue specificity of in vivo coactivator func-
tions for nuclear receptors. For example, SRC-1 levels in the uterine
stroma were highly induced by chronic estrogen plus progesterone treat-
ment in concert with increased PR expression. However, the SRC-3
level was too low to be detected in this uterine compartment under the
same hormonal treatment. Therefore, SRC-1, but not SRC-3, is a major
PR coactivator that modulates the PR-dependent decidual response.

In contrast to the uterus, PR colocalized with both SRC-1 and SRC-3
in the LECs of the mammary gland in response to chronic estrogen plus
progesterone treatment. Nevertheless, only SRC-3 was involved in PR
activation in the mammary gland. Thus, it appears that in different cellu-
lar contexts, PR utilizes different coregulators for its activity. How does
PR select specific coactivators in each tissue for its function? Studies in
our laboratory as well as others have indicated that external signals, such
as hormones, trigger posttranslational modifications (such as acetyla-
tion, methylation, phosphorylation, ubiquitination, and sumoylation) of
both PR and its coactivators (Chauchereau et al. 2003; Feng et al. 2006;
Lange et al. 2000; Wu et al. 2004; Zhang et al. 1994). These different
modifications of PR, SRC-1, and SRC-3 are likely to cause nuclear re-
ceptors and coactivators to interact differently in each tissue. The final
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consequence of these different modifications is differential activation of
target genes and thus regulation of different biological functions.

Transgenic animal models, such as the one developed and used in
this study, may further our understanding of the complex regulation
of gene expression by selective receptor modulators and by the tissue-
specific interaction of PR and its coregulators. Such studies of PR ac-
tivity in vivo should aid in the development of new synthetic ligands for
chemotherapy and hormone replacement therapy.
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Abstract. The mammary gland undergoes extensive epithelial expansion and
differentiation during pregnancy, leading ultimately to the development of func-
tional milk-producing alveolar lobules. This phase of mammary gland remod-
eling is controlled primarily by the cooperative interplay between hormonal
signals initiated by both progesterone and prolactin. Abrogation of mammary
epithelial expression of receptors for either one of the hormones results in fail-
ure of alveologenesis and an absence of pregnancy-induced tertiary ductal side
branches in the case of progesterone receptor-null (PRKO) mammary glands.
By combining gene array approaches to identify PR- and prolactin (PRL)-de-
pendent downstream signaling pathways and by using genetic mouse models
to address the consequences of abrogation and/or misexpression of potential
downstream genes, recent studies have begun to illuminate key signaling path-
ways that mediate the morphogenic effects of these hormones during pregnancy-
induced mammary gland remodeling. Analysis of deregulated expression of
PR-dependent gene transcripts in PRKO mammary glands has revealed that
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convergence between progesterone and prolactin signaling occurs in part through
progesterone-dependent induction of mammary epithelial PRL receptors to
prime the mammary epithelium to respond to PRL. Additional genes activated
by PRs encode epithelial paracrine growth factor signals that regulate ductal
and alveolar epithelial proliferation and survival, lineage-restricted transcrip-
tion factors that control luminal and alveolar cell fate establishment and main-
tenance, and gap junction proteins that play a critical role in alveolar morpho-
genesis by establishment of epithelial cell polarity. Finally, two distinct isoforms
of PRs (PR-A and PR-B) are coexpressed in the mammary gland and display
extensively overlapping but partially distinct gene regulatory properties in re-
laying the progesterone signal.

1 Introduction

With the exception of the emergence of a primitive mammary epithelial
rudiment that is established in the midgestational embryo, the bulk of
mammary gland development occurs postnatally in two distinct growth
phases that are initiated at the onset of puberty and pregnancy respec-
tively. At puberty, the combined action of estrogen (E) and locally act-
ing growth factors regulates proliferation of the terminal end buds
located at the distal ends of the ductal epithelium to promote ductal
elongation and dichotomous branching toward the limits of the mam-
mary fat pad. While the transcription regulatory functions of E can
be mediated by two distinct intracellular receptors, estrogen receptor
(ER)α and ERβ, the ERα receptor is both necessary and sufficient for
regulation of postpubertal mammary ductal development (Bocchinfuso
et al. 2000; Mueller et al. 2002) while the ERβ receptor is dispensable
(Forster et al. 2002). At pregnancy, exposure to progesterone (P) and
prolactin (PRL) results in extensive epithelial proliferation, increased
dichotomous side branching, and differentiation of milk-filled alveo-
lar lobules that fill the interductal spaces by late pregnancy. At wean-
ing, removal of the suckling stimulus to lactate results in involution
of the lobular alveolar system through apoptosis and matrix-degrading
proteinase-mediated remodeling to ultimately resemble the general ar-
chitecture of the prepregnant mammary gland and complete the devel-
opmental cycle.



Progesterone Signaling in Mammary Gland Development 47

2 Progesterone Receptors in Mammary
Gland Development

Progesterone signaling is mediated by interaction of the hormone with
two receptor isoforms, progesterone receptor (PR)-A and PR-B, that
are generated from a single gene by translation at two distinct ATG
signals. The receptor proteins are identical, with the exception of an
amino-terminal extension of approximately 160 amino acids that only
PR-B contains. The PR isoforms that both overlapping and distinct cell
context-dependent transcriptional regulatory functions when activated
by progesterone and mediate partially overlapping but distinct tissue-
selective reproductive functions of progesterone, including in the mam-
mary gland. Null mutation of both PR isoforms in PR knockout (PRKO)
mice has demonstrated that PRs are primarily required for pregnancy-
associated tertiary ductal side-branching and lobuloalveolar differen-
tiation of the mammary epithelium. The mammary glands of PRKO
mice failed to develop the pregnancy associated side-branching of the
ductal epithelium with attendant lobular alveolar differentiation despite
normal postpubertal mammary gland morphogenesis of the virgin mice
(Brisken et al. 1998; Lydon et al. 1995).

Throughout postpubertal mammary gland development, PRs are ex-
pressed exclusively in the epithelium (Ismail et al. 2002; Seagroves et al.
2000; Sivaraman et al. 2001). Consistent with these observations, tissue
transplantation approaches using wildtype and PRKO mouse tissue to
produce mammary gland recombinants that were devoid of PR in ei-
ther the stromal or epithelial compartments has provided strong support
for the functional involvement of epithelial rather than stromal PRs in
mediating mammary gland morphogenic responses to P (Brisken et al.
1998). Development of the mammary gland from the juvenile to adult
state is associated with a change in pattern of expression of epithe-
lial PRs from a uniform to nonuniform pattern becoming localized to
a scattered subset of epithelial cells that are segregated from prolifer-
ating cells throughout the adult ductal epithelium (Grimm et al. 2002;
Ismail et al. 2002). Although progesterone receptors are transcriptional
targets of ER in reproductive tissues and the mammary gland, absence
of ERα does not result in loss of PR expression in mammary epithe-
lium, and when supplemented with PRL and progesterone, ERα-null
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mammary glands respond by inducing lateral side-branching and lobu-
lar alveolar differentiation (Bocchinfuso et al. 2000).

The segregation of PR-positive mammary epithelial cells from pro-
liferating epithelial cells is a conserved feature in normal rodent and
human mammary tissue (Clarke et al. 1997; Ismail et al. 2002; Sea-
groves et al. 2000). Such an expression pattern led to the prediction
that regulation of epithelial cell proliferation by progesterone would oc-
cur through a paracrine mechanism whereby PRs residing in nonpro-
liferating cells induce expression of a signal that promotes prolifera-
tion of neighboring receptor-negative cells in a paracrine manner in the
normal mammary gland. Consistent with this prediction, experiments
that mixed PRKO and wildtype mammary epithelial cells demonstrated
that while PRKO mammary epithelium cannot undergo side-branching,
the branching and differentiation defects can be overcome when PRKO
cells are placed in close contact with PR positive cells (Brisken et al.
1998). Thus, although lacking PR positive cells, the PRKO mammary
epithelium still retains those PR-negative cells that are responsive to
PR-mediated paracrine signaling.

3 PR-Dependent Molecular Signaling Pathways
in the Mammary Gland

Pregnancy-associated mammary gland morphogenesis is achieved
through cooperative interactions between both progesterone and PRL
signaling via their respective receptors. Like PRKO mice, deletion of
PRL receptors (PRLR) in PRLR–/– mice is sufficient to arrest lobu-
lar alveolar differentiation (Ormandy et al. 1997). Analysis of the ef-
fects of progesterone receptor deletion on PRL signaling reveals that
PR-dependent upregulation of PRLR provides a point of convergence
between these two signaling pathways that primes the mammary ep-
ithelium to respond to PRL signals. In the absence of PRs, PRKO mice
have elevated levels of PRL hormone but significantly decreased levels
of PRLR in the mammary gland.

The signaling mechanisms that mediate progesterone-dependent lat-
eral branching from established ductal epithelium remain poorly under-
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stood. Previous studies identified the secreted glycoprotein Wnt-4 as
a potential PR target that is coexpressed in PR positive-cells, is regu-
lated by P, and is essential for regulating ductal branching via paracrine
regulation of proliferation (Brisken et al. 2000). However, unlike PRKO
mice, the morphogenic defects in Wnt-4-null mice are overcome in late
pregnancy, suggesting that additional PR-dependent signaling pathways
also play a key role in this response. A second potential paracrine medi-
ator of progesterone action is amphiregulin, a key regulator of branching
morphogenesis (Troyer and Lee 2001) whose induction in the mammary
gland is inhibited in PRKO mice.

Progesterone signaling is also essential for expansion and differenti-
ation of alveolar progenitor cells. In addition to priming of alveolar epi-
thelium to respond to PRL by PR-dependent induction of PRLR gene
expression, PRs also regulate the expression of paracrine signals that
promote proliferative expansion and survival of PR-negative alveolar
epithelial cells. One such signal is RANK-L (receptor activator of NF-
κB-ligand) whose expression is regulated by P in PR-positive cells and
whose action on neighboring proliferating cells drives the expression of
cyclin D1, an essential mediator of alveolar proliferation and differenti-
ation (Sicinski et al. 1995). Using gene array profiling of differentially
expressed transcripts between estrogen and progesterone (E/P)-treated
wildtype and PRKO mice to identify novel downstream
mediators of progesterone action, we have also identified several line-
age-restricted transcription factors whose expression in the mammary
gland is downregulated in the absence of PRs (Fig. 1). These include
GATA 3, a critical regulator of luminal and alveolar epithelial cell dif-
ferentiation, and its transcriptional target FoxA1 (Asselin-Labat et al.
2007; Kouros-Mehr et al. 2006). In addition, transcription of the ets
transcription factor Elf5, an essential regulator of alveologenesis, is de-
pendent on PRs (Harris et al. 2006; Zhou et al. 2005). Finally, we identi-
fied PR-dependent tight junction proteins that likely contribute to cell–
cell adhesion and maintenance of epithelial cell polarity during alve-
ologenesis including claudin-3, claudin-4, claudin-7, and connexin-26.
The latter of these, connexin-26, plays a critical role in alveolar epithe-
lial cell survival during lobuloalveolar development (Bry et al. 2004). It
is notable that several of these PR-dependent genes are also deregulated
in mammary epithelium lacking PRLR. Whether they are direct tran-
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Fig. 1. Progesterone-dependent signaling pathways activated in the mammary
gland during pregnancy

scriptional targets of both PR and PRLR or indirect downstream signals
that are induced through PR-dependent upregulation of PRLR remains
to be established.

4 PR Isoform-Selective Contribution
to Pregnancy-Associated Mammary
Gland Morphogenesis

Both isoforms of PR are coexpressed in mammary epithelial cells of
the virgin mouse (Mote et al. 2006) and during pregnancy (Fantl et al.
1999), although the levels of PR-A protein exceed those of the PR-B
isoform by at least a 2:1 ratio in both cases. To examine the selec-
tive contributions of each isoform to the morphogenic responses of the
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mammary epithelium to P, we analyzed the spatiotemporal expression
patterns of the individual isoforms and compared the morphology of
mammary glands of ovariectomized wildtype, PRAKO, and PRBKO
mice after exposure to E and P. Ablation of PR-A in PRAKO mice did
not affect the ability of PR-B to elicit normal P responsiveness in the
mammary gland. The morphological changes in ductal side branching
and lobular alveolar development in these glands were similar to those
observed in wildtype mice (Mulac-Jericevic et al. 2000). Thus, PR-B is
sufficient to elicit normal proliferation and differentiation of the mam-
mary epithelium in response to P, and neither process appears to require
functional expression of the PR-A protein. In contrast, analysis of the
mammary glands of PRBKO mice has shown that, in the absence of
PR-B, pregnancy-associated ductal side-branching and lobuloalveolar
development in the mammary gland are markedly reduced because of
decreased ductal and alveolar epithelial cell proliferation and decreased
survival of alveolar epithelium (Mulac-Jericevic et al. 2003). Despite
these defects, PR-A retains its normal segregated spatiotemporal pat-
tern relative to proliferating cells in PRBKO mice and is expressed at
a higher level than that observed for PR-B in PRAKO mice.

Interestingly, the PR isoform-selective morphogenic responses ob-
served in PRAKO and PRBKO mice differ significantly from those ob-
served when disruption of PR isoform ratios was achieved by overex-
pression of PR-A under the control of the cytomegalovirus promoter
in transgenic mice (Shyamala et al. 1998). As a consequence of PR-A
overexpression, mammary glands display increased ductal branching,
hyperplasia, and disruption of basement membrane organization (Shya-
mala et al. 1998). Given the segregated expression pattern of PRs rela-
tive to proliferating cells in the normal gland, the striking differences in
defects observed in PR-A transgenic relative to PRBKO–/– mice could
be explained by inappropriate targeting in transgenic mice of PR iso-
form expression to epithelial subtypes that normally would not express
these receptors, but may be competent to proliferate. Such targeting
would breach the cellular segregation between receptor-expressing and
proliferating cells observed in the normal gland, resulting in a scenario
reminiscent of the inappropriate colocalization of steroid receptor ex-
pression and proliferation observed in mammary glands that have been
exposed to carcinogen (Sivaraman et al. 2001) and in cells of breast tu-



52 O.M. Conneely, B. Mulac-Jericevic, R. Arnett-Mansfield

mors (Clarke et al. 1997). These findings suggest that disruption of the
normal spatiotemporal expression pattern of PR-A may lead to aberrant
regulation of proliferative target genes.

In an effort to elucidate the molecular genetic signaling pathways that
are differentially regulated by individual PR isoforms in the mammary
gland, we have examined the expression of a number of PR-dependent
mammary epithelial gene transcripts (Fig. 1) in PRAKO and PRBKO
mice. We have found that the individual isoforms regulate both overlap-
ping and distinct progesterone-dependent genes in the mammary gland.
While expression of amphiregulin, Wnt4, and several lineage-restricted
transcription factors is unaffected by ablation of either isoform, the de-
fects observed in PRBKO–/– mice are associated with a selectively re-
duced ability of the PR-A isoform to activate the RANK-L signaling
pathway in response to P.

The decreased proliferative activity of PR-A in the mammary gland
relative to PR-B may have important clinical implications with regard to
the development of novel tissue-selective progestins for hormone ther-
apy, as it suggests that PR-A-selective activation via PR-A-selective lig-
and agonists may limit adverse proliferative effects of progesterone in
the mammary gland.
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Abstract. The importance of the progesterone receptor (PR) in transducing
the progestin signal is firmly established in female reproductive and mammary
gland biology; however, the coregulators preferentially recruited by PR in these
systems have yet to be comprehensively investigated. Using an innovative ge-
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netic approach, which ablates gene function specifically in murine cell-lineages
that express PR, steroid receptor coactivator 2 (SRC-2, also known as TIF-
2 or GRIP-1) was shown to exert potent coregulator properties in progestin-
dependent responses in the uterus and mammary gland. Uterine cells positive
for PR (but devoid of SRC-2) led to an early block in embryo implantation,
a phenotype not shared by knockouts for SRC-1 or SRC-3. In the case of the
mammary gland, progestin-dependent branching morphogenesis and alveolo-
genesis failed to occur in the absence of SRC-2, thereby establishing a critical
coactivator role for SRC-2 in cellular proliferative programs initiated by pro-
gestins in this tissue. Importantly, the recent detection of SRC-2 in both human
endometrium and breast suggests that this coregulator may provide a new clini-
cal target for the future management of female reproductive health and/or breast
cancer.

1 Introduction

The progesterone receptor knockout (PRKO) mouse established the pro-
gesterone receptor (PR) as an indispensable regulator of female repro-
ductive function (Lydon et al. 1995). Abrogation of PR compromised
murine uterine morphogenesis and directly blocked the normal opera-
tion of the hypothalamo-pituitary–ovarian axis (reviewed in Fernandez-
Valdivia et al. 2005). The PRKO also established a proliferative role
for progestins in the mammary epithelium (Lydon et al. 1995), the pro-
liferation of which leads to ductal side-branching and alveologenesis in
the parous animal. Importantly, the PRKO mouse highlighted the essen-
tial involvement of PR in mammary tumorigenesis (Lydon et al. 1999;
Chatterton et al. 2002; Medina et al. 2003), a finding that supports con-
clusions drawn from human observational studies (Colditz et al. 1993;
Ross et al. 2000; Schairer et al. 2000), much publicized clinical trials
(Rossouw et al. 2002; Beral 2003), and recent correlations made be-
tween the decline (since 2002) in hormone therapy use in some patient
populations in the United States and the contemporaneous reduction in
newly diagnosed breast cancer cases (Clarke et al. 2006).

Despite major advances in the progestin field, two key questions have
emerged from over a decade of PRKO studies: (1) what are the down-
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stream molecular pathways (and networks) that transduce an external
progestin signal to an appropriate physiological response in a given tar-
get cell, and (2) which coregulators (coactivators and/or corepressors)
are selectively enlisted by PR to regulate the expression of these effector
pathways in vivo? Addressing these interconnected questions promises
to provide much needed insight into the molecular mechanisms that un-
derpin tissue-selective responses to progestins in normal physiology as
well as aid in the formulation of new conceptual frameworks by which
to further investigate the physiological involvement of progestin-action
in such clinical disorders as female infertility and breast cancer.

While progress has been attained in disclosing the transcriptome con-
trolled by PR in select murine target tissues [for example, the uterus
(Das et al. 1995; Lim et al. 1999; Brisken et al. 2000; Cheon et al. 2002;
Takamoto et al. 2002; Ismail et al. 2004; Jeong et al. 2005)], identify-
ing coregulators preferentially engaged in PR-mediated physiological
effects is only now being realized due in large part to the recent devel-
opment and deployment of innovative murine engineering methodolo-
gies.

This review describes how the application of such technology re-
cently uncovered a pivotal role for the multifunctional coregulator,
steroid receptor coactivator 2 (SRC-2), in progestin-initiated physiolog-
ical processes in the murine uterus and mammary gland.

2 SRC-2 Is a Member
of the Steroid Receptor Coactivator/p160 Family

Seminal in vitro investigations by the O’Malley group revealed that
the transactivational potency of agonist-bound PR is enhanced by in-
creased cellular levels of members of the SRC/p160 family (reviewed
in McKenna and O’Malley 2002). In addition to SRC-2 (TIF-2/GRIP-
1/NcoA-2), the SRC/p160 family comprises two additional members:
SRC-1 (ERAP140/ERAP160/NcoA-1) and SRC-3 (p/CIP/RAC3/AIB1/
TRAM-1/ACTR/NcoA-3) (reviewed in Lonard and O’Malley 2005). To
potentiate nuclear receptor (NR) transcriptional activation in response
to agonist, each coactivator has been shown to directly contact—via
specific LXXLL motifs within their centrally located NR interaction
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domain (Fig. 1)—the highly conserved activation 2 domain of NRs.
Importantly, two activation domains (AD1 and AD2) located at the C-
terminal region of all three coactivators are responsible for enlisting
secondary coactivators (or co-coactivators). For example, AD1 has been
shown to recruit the related histone acetyltransferases (HATs) p300 and
the cyclic AMP-response element binding protein (CREB)-binding pro-
tein (CBP) whereas AD2 is known to enlist arginine methyltransferases
such as coactivator-associated arginine methyltransferases I (CARM1)
(reviewed in Lonard and O’Malley 2006). The histone-modifying activ-
ities of these secondary coactivators (coupled with weak intrinsic HAT
activity of some SRC members) contribute to local chromatin remod-
eling that enables the general transcriptional machinery access to the
promoter region of NR target genes. In addition to histones, these sec-
ondary coactivators are known to post-translationally modify other tar-
get proteins within the transcriptional complex such as other coactiva-
tors and transcription factors. The basic helix loop helix-Per/ARNT/Sim
(bHLH-PAS) domain, the most conserved region among SRC members,

�
Fig. 1A,B. The SRC/p160 family of multifunctional coregulators. A The struc-
tural organization of human (h) SRC-1, -2, and -3 proteins. The basic loop he-
lix, Per/ARNT/Sim, receptor interaction, and activation domains are denoted
by bHLH, PAS, RID, and AD respectively. The amino acid region responsi-
ble for histone acetyl transferase (HAT) activity in SRC-1 and -3 is also in-
dicated; Q denotes the glutamine-rich region. Below, the similarity and iden-
tity (in parentheses) of amino acid sequences within key functional domains of
SRC members is displayed. Overall amino acid similarity and identity between
SRC members is: hSRC1/2, 54% (46% identical); hSRC1/3, 50% (43%); and
hSRC2/3, 55% (48%). Amino acid sequence alignments were conducted using
LALNVIEW software (http://pbil.univ-lyon1.fr/software/lalnview.html; Duret et
al. 1996). B An idealized schematic model in which the partnership of SRC-2
with PR at the genome constitutes part of a dynamic multiprotein transcriptional
complex in which such secondary coregulators as p300 (Chen et al. 2000a),
CARM-1 (Chen et al. 1999), FLASH (Kino et al. 2004), GAC63 (Chen et al.
2005), and CoCoA (Kim and Stallcup 2004). The complexes differentially as-
semble and disassemble depending on a particular input signal, such as a dis-
tinct phosphorylation event mediated by a growth factor or cell survival signal-
induced kinase
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located at the N-terminal region (Fig. 1), has also been shown to recruit
secondary coregulators and transcription factors. In the case of SRC-2,
these secondary coregulators include coiled-coil co-activator (CoCoA)
(Kim et al. 2003), flightless-I (Fli-I) (Lee and Stallcup 2006), GRIP1-
associated co-activator 63 (GAC63) (Chen et al. 2005), and the tran-
scription factors myocyte-enhancer factor 2C (MEF-2C) (Chen et al.
2000b) and TEF4 (Belandia and Parker 2000). In other regulatory pro-
teins, the bHLH-PAS motif has been implicated in both DNA and ligand
binding (Huang et al. 1993; Gu et al. 2000), suggesting that this domain
may subserve functions in SRCs beyond those currently recognized.
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It is important to note that superimposed on the multitude of protein–
protein interactions that allow SRC-2 to convey (and modulate) the
signaling input dispatched from ligand-bound NR to the general tran-
scriptional machinery, a multiplicity of interacting signaling inputs [i.e.,
phosphorylation events from extracellular growth and cell survival fac-
tors (Duong et al. 2006; Frigo et al. 2006)] are also being received and
deciphered by SRC-2 within the multicomponent transcriptional com-
plex. Moreover, while SRC-2 has been primarily considered a coacti-
vator, recent studies provide compelling evidence that this protein can
(within certain cellular contexts) exert repressor functions (Rogatsky et
al. 2002), once again underscoring the versatility of this multifunctional
coregulator.

Although in vitro studies were responsible for revealing the existence
of the SRC family, experimental mouse genetics would disclose impor-
tant physiologic roles for all three coactivators in progestin-initiated sig-
naling events. In keeping with their multifunctional capabilities, mouse
experiments have also uncovered essential roles for each SRC in impor-
tant physiological processes outside the realm of progestin control.

3 Steroid Receptor Coactivator Members
Are Complicit in Progestin-Dependent Physiological
Processes—Insights from the Mouse

The finding that all SRC family members can directly interface with
PR and that distinct SRC combinatorial assemblies can activate spe-
cific gene sets provided strong support for the argument that differen-
tial enlistment of SRCs constitutes an important mechanism by which
the PR differentially mediates progestin effects in different target tis-
sues. Although fertile and viable, the SRC-1 knockout (KO) mouse ex-
hibits a limited decidual response in the uterus (Xu et al. 1998), suggest-
ing that this coactivator (with others) is required for full elaboration of
this morphogenetic response which depends on progestin exposure. The
SRC-3 female is also fertile and viable but displays a partial block in
hormone-induced mammary ductal side-branching and alveologenesis
(Xu et al. 2000), epithelial changes that are absent in the PRKO gland
(Lydon et al. 1995). Together, these studies support the assertion that
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SRC-1 and -3 are recruited for a subset of PR-mediated transcriptional
responses in the uterus and mammary gland respectively; recent studies
with the PR activity indicator (PRAI) model provides further support for
this proposal (Han et al. 2005; Han et al. 2006). Mouse investigations
have also underscored important roles for SRC-1 and SRC-3 in areas
of normal physiology and disease which are not directly controlled by
progestins, these include: somatic cell growth (Wang et al. 2000; Xu
et al. 2000), energy homeostasis (Louet et al. 2006; Wang et al. 2006),
thyroid hormone function (Ying et al. 2005), bone-turnover (Modder et
al. 2004), prostate (Zhou et al. 2005) and B-cell lymphoma (Coste et al.
2006) to name but a few.

Unlike KOs for SRC-1 and -3, the SRC-2 KO [termed: transcrip-
tional intermediary factor 2 KO (TIF2–/–)] exhibits significant repro-
ductive defects in both sexes (Gehin et al. 2002). In the case of the
female, absence of SRC-2 results in placental hypoplasia that underlies
a severe hypofertility phenotype. Further investigations revealed that
TIF2–/– pups (both sexes) are significantly underrepresented in litters
from TIF2+/– crosses (A. Mukherjee, F.J. demayo, and J.P. Lydon, un-
published observations); TIF2–/– females resulting from such crosses
are infertile. As for KOs for SRC-1 and -3, global removal of SRC-2
function results in additional physiological defects not directly related
to male or female reproduction [i.e., a decrease in early postnatal sur-
vival (Mark et al. 2004), dysregulation in energy homeostasis (Jeong
et al. 2006), and insidious adrenocortical insufficiency (Patchev et al.
2007)].

4 A Cell Lineage-Specific Ablation Approach Uncovers
an Essential Coactivator Role for SRC-2
in Progestin-Dependent Tissue Responses in the Mouse

The placental defect exhibited by the global KO for SRC-2, in conjunc-
tion with the recent finding that a subset of murine cell-lineages that
express PR also express SRC-2 (Mukherjee et al. 2006b), indicated that
SRC-2 (like SRC-1 and -3) may play a crucial coactivator role in a sub-
set of physiological responses that require PR activity. To test this pro-
posal, a PRCre/+ SRC-2flox/flox bigenic mouse was generated (Mukherjee
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�
Fig. 2A–D. Absence of uterine SRC-2 results in a block in embryo implan-
tation and a partial decidual response. A Arrows indicate the position of im-
plantation sites in the uterus (1) of a SRC-2flox/flox [or wild-type (WT)] mouse
[5.5 days postcoitum (d.p.c.)]. However, implantation sites were not detected in
uteri from similarly treated PRCre/+SRC-2flox/flox mice (2). The average number
of implantation sites per genotype per total number of mice examined is tabu-
lated. B The morphological response of the left (L) uterine horn to a deciduo-
genic stimulus for SRC-2flox/flox (1), PRCre/+SRC-2flox/flox (2), and PRCre/+SRC-
2flox/flox SRC-1KO trigenic (3) mice is shown. The right (R) uterine horn rep-
resents the unstimulated control. Although the PRCre/+SRC-2flox/flox uterus (2)
displays a limited decidual response, note the absence of a decidual response in
the PRCre/+SRC-2flox/flox SRC-1 KO trigenic uterus (3). C Graphic representa-
tion of the average weight ratios (±SD) of stimulated (L) to control (R) horn for
SRC-2flox/flox (1), PRCre/+SRC-2flox/flox (2), and PRCre/+SRC-2flox/flox SRC-1KO
trigenic (3) uteri. D Western analysis reveals uterine tissue from untreated adult
virgin SRC-2flox/flox (1) and PRCre/+SRC-2flox/flox (2) mice; they show equiva-
lent levels of uterine SRC-1 and SRC-3 (loading control is β-actin). Modified
from Mukherjee et al. (2006b) (Copyright 2006, Molecular and Cellular Biol-
ogy)

et al. 2006b) by crossing a PRCre/+ knockin mouse (Soyal et al. 2005)
with a SRC-2flox/flox mouse in which exon 11 of the SRC-2 gene was
floxed to facilitate Cre-mediated excision (Gehin et al. 2002); exon 11
encodes the receptor interacting domain (RID). Therefore, the resultant
PRCre/+ SRC-2flox/flox bigenic is designed to postnatally ablate SRC-2
only in cell lineages that express the PR (Mukherjee et al. 2006b). The
advantage of this genetic approach is that SRC-2’s involvement in PR-
dependent transcriptional programs can be directly studied at the whole-
organism level in the adult without interference from other unrelated
phenotypes resulting from SRC-2’s absence.

5 Uterine Receptivity Requires SRC-2 Function

As expected, female and male PRCre/+SRC-2flox/flox mice exhibit nor-
mal postnatal development; however, the PRCre/+SRC-2flox/flox female
is infertile (Mukherjee et al. 2006b). Unlike the TIF2–/– model, male
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PRCre/+SRC-2flox/flox mice are fertile and both sexes do not exhibit any
of the phenotypes (outside progestin control) recently reported for the
TIF2–/– mouse (Gehin et al. 2002).

Absence of implantation sites in the PRCre/+SRC-2flox/flox uterus
(5.5 days postcoitum) now explains the PRCre/+SRC-2flox/flox infertil-
ity defect and reveals an indispensable role for uterine SRC-2 in the
early cellular proliferative changes necessary for embryo implantation
and establishment of the maternofetal interface (Fig. 2A). Furthermore,



64 A. Mukherjee et al.

while the SRC-2flox/flox uterus displays a complete decidual reaction to
an artificial deciduogenic stimulus (Fig. 2B and C), the PRCre/+SRC-
2flox/flox uterus presents only a partial decidual response (Fig. 2B and C).
These observations support the argument that a subset of PR-mediated
transcriptional responses requires SRC-2 to mount a complete decidual
reaction. The partial decidual response phenotype shared by the SRC-
1 KO (Xu et al. 1998) and PRCre/+SRC-2flox/flox model indicates that
both SRC coactivators may cooperate in PR-mediated transcriptional
programs that result in a complete decidualized uterus. To address this
proposal, the SRC-1 KO mutation was introduced into the PRCre/+SRC-
2flox/flox mouse to produce the PRCre/+SRC-2flox/flox SRC-1 KO trigenic
mouse. Figure 2B and C demonstrates that the trigenic uterus is inca-
pable of launching a decidual reaction, thereby providing critical in vivo
support for a collaborative role for SRC-1 and SRC-2 in the progestin-
induced decidual response. Importantly, the PRCre/+SRC-2flox/flox uter-
ine phenotype cannot be explained by changes in the normal levels of
uterine SRC-1 and/or SRC-3 (Fig. 2D).

Interestingly, absence of SRC-2 does not affect PR function in the
ovary or pituitary gland, suggesting that PR recruits other coregula-
tors in these systems; ovarian and pituitary function is severely com-
promised in the PRKO (Lydon et al. 1995). Moreover, SRC-2 is not
required for progestin suppression of PR expression or inhibition of
estrogen-induced luminal epithelial proliferation in the uterus. Together,
the selective use of SRC-2 by PR in female reproductive tissues pro-
vides one explanation as to why different reproductive tissues exhibit
different responses to a given progestin signaling cue.

Having demonstrated a pivotal role for uterine SRC-2 in murine peri-
implantation biology, future questions to be addressed include: (1) Does
uterine SRC-2 exert a coregulator role in later stages of pregnancy (for
example, in the control of the onset of parturition); and (2) is there a role
for SRC-2 in the pathophysiology of such endometrial disorders as uter-
ine hyperplasia or endometriosis?
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Fig. 3A–E. Ablation of mammary SRC-2 function impairs progestin-induced
ductal side-branching and alveologenesis. A and B Whole-mounts of mammary
glands from SRC-2flox/flox and PRCre/+SRC-2flox/flox mice [following 3 weeks
of estrogen and progesterone (EP) exposure], respectively. Unlike the SRC-
2flox/flox mammary gland, note the marked reduction in branching morphogene-
sis (black arrow) in the PRCre/+SRC-2flox/flox gland. C and D Hematoxylin and
eosin (HE) stained sections of tissue shown in panels A and B, respectively.
Compared to the SRC-2flox/flox gland (panel C), note the significant reduction
in epithelial content in the PRCre/+SRC-2flox/flox gland (panel D arrowhead).
The histogram in panel E displays the average percentage of mammary epithe-
lial cells (±SD) positive for BrdU incorporation in the hormone-treated SRC-
2flox/flox and PRCre/+SRC-2flox/flox glands. Inset shows an SRC-2flox/flox (1) and
PRCre/+SRC-2flox/flox (2) immunoblot for mammary SRC-1 and -3. Note that
compared to SRC-2flox/flox, changes in SRC-1 and -3 protein levels are not de-
tected in the PRCre/+SRC-2flox/flox mammary gland (β-actin is a loading control).
Scale bars in panels A and C apply to B and D, respectively. (Modified from
Mukherjee et al. 2006b. Copyright 2006, Molecular and Cellular Biology)

6 Progestin-Induced Mammary Morphogenesis Depends
on SRC-2 Function

Transplant and hormone treatment studies clearly revealed an essen-
tial role for PR in the second allometric growth phase of murine mam-
mary gland development (reviewed in Fernandez-Valdivia et al. 2005),
which consists of extensive ductal side-branching and alveologenesis in
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�
Fig. 4A–F. Prostate, uterus, and breast express SRC-2 in the human. A The in-
crease in ligand-dependent transactivational potency of human PR-B is depen-
dent on concomitant increased levels of human SRC-2 (red bars ±SD); in the ab-
sence of ligand this increase is not observed (blue bars). For these experiments,
human PR-B, SRC-2 (both cloned into pCR3.1), and the luciferase reporter
pGRE.E1b.LUC were transiently cotransfected into HeLa cells in the presence
or absence of 10–7 M R5020 as described previously (Lonard et al. 2004); re-
sults are expressed in relative light units (RLU). B SRC-2 is expressed in the
majority of epithelial cells of the human prostate (black arrow), an established
cellular target for androgen receptor action (Culig et al. 2002); note that the stro-
mal compartment registers negative for SRC-2 expression (blue arrow). C and
D Sections of the glandular epithelial compartment (with surrounding stroma)
of the human endometrium stained for PR and SRC-2 expression, respectively.
Note that PR and SRC-2 are detected in nuclei of the same cell-types in the glan-
dular epithelium and stromal compartment (black and blue arrows respectively).
The red arrow in panels C and D highlights a stromal cell negative for PR and
SRC-2 expression, respectively; scale bar in C applies to D. Endometrial biop-
sies were obtained by endometrial pipelle from healthy women with normal cy-
cles (aged between 18–35 years) during the mid-secretory (luteal) phase of the
menstrual cycle (days 20–24, which is based on the ideal 28-day cycle in which
day 1 represents the first day of menstrual flow and day 14 the day of ovula-
tion); cycle phase was determined relative to the timing of the urinary luteiniz-
ing hormone (LH) surge. Immunohistochemical detection of human SRC-2 and
PR was undertaken using established methods previously reported by our group
(Lee et al. 2005; Mukherjee et al. 2006b). E A representative example of a nor-
mal type 1 terminal ductal lobular unit (TDLU) of the human breast in which
SRC-2 expression is restricted to the epithelial compartment (black arrow).
F A higher magnification of the region indicated by the black arrow in panel
E. Note that SRC-2 expression is confined to a subset of epithelial cells of the
TDLU (black arrow indicates an epithelial cell scoring positive for SRC-2 ex-
pression whereas the red arrow highlights an epithelial cell which is negative
for SRC-2 expression; blue arrow denotes a stromal cell that is negative for
SRC-2 expression). Interestingly, the spatial expression pattern of mammary
SRC-2 resembles that previously reported for estrogen receptor-α (ER-α) and
PR in the human breast (Clarke et al. 1997). With institutional review board ap-
proval, human tissue samples were obtained from Baylor College of Medicine
affiliated hospitals. (Modified from Mukherjee et al. 2006a. Copyright 2006,
Journal of Steroid Biochemistry and Molecular Biology)
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response to pregnancy hormones. Further studies confirmed that these
epithelial changes can only occur in response to a PR-mediated prolif-
erative signal. The detection of SRC-2 in mammary epithelial cells that
express PR (Mukherjee et al. 2006b) indicated that mammary SRC-2
may play an important role in PR-mediated proliferative events that lead
to ductal side-branching and alveolar morphogenesis in the adult mam-
mary gland. This proposal was confirmed by the observation that the
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PRCre/+SRC-2flox/flox mouse fails to display the stereotypical mammary
morphogenetic changes that usually occur with combined estrogen and
progestin administration (Fig. 3A–D). Similar to the PRKO (Lydon et
al. 1999), the underlying cause of the PRCre/+SRC-2flox/flox mammary
phenotype is an inability of the mammary epithelial compartment to
undergo proliferation in response to hormone exposure (Fig. 3E). These
data strongly support a mandatory role for SRC-2 in progestin-initiated
proliferative programs required for mammary morphogenesis in the
adult. Importantly, the PRCre/+SRC-2flox/flox mammary phenotype was
not compensated by SRC-3 (Fig. 3E). Although SRC-3 has been shown
to be involved in steroid-induced mammary morphogenesis (Xu et al.
2000) as well as tumorigenesis (Kuang et al. 2004; Torres-Arzayus et
al. 2004; Kuang et al. 2005), our data to date suggest that SRC-2 and
-3 are operationally distinct in the murine mammary epithelial cell. Ir-
respective of the functional interrelationships between SRC-2 and other
members of the SRC family in this tissue, our studies reveal SRC-2
to be an important coactivator for progestin-initiated signaling in the
mammary epithelium. An important question for the future will be to
determine whether SRC-2 [such as SRC-3/AIB-1 (Anzick et al. 1997)]
can act as a mammary oncogene.

7 Beyond Knockouts and Knockins

While mouse studies provide strong in vivo support for SRC-2’s in-
volvement in a subset of progestin responses in the uterus and mam-
mary gland, whether these findings translate to humans remains to be
addressed. As previously reported (Hofman et al. 2002), the transac-
tivational potency of human PR is markedly elevated with increasing
levels of human SRC-2 (Fig. 4A), providing tantalizing support for
a coactivator role for SRC-2 in progestin-dependent physiological re-
sponses in the human. Importantly, immunohistochemistry reveals that
SRC-2 is expressed in a subset of human steroid-responsive target tis-
sues (Fig. 4B–F). In the human prostate for example (Fig. 4B), SRC-2
expression is spatially confined to the epithelial compartment, a known
target site for androgen receptor-mediated signaling and neoplastic
transformation (Culig et al. 2002; Berrevoets et al. 2004; Ye et al. 2005).
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In the case of the human endometrium, recent immunohistochemical
studies clearly show that SRC-2 and PR are expressed in many of the
same cell-types of the stromal and epithelial compartments (Fig. 4C–
D); similar observations have been reported for the mouse (Mukherjee
et al. 2006b).

As reported for the murine mammary gland (Mukherjee et al. 2006b),
recent immunohistochemical studies of the normal human breast have
revealed that a subset of epithelial cells score positive for SRC-2 expres-
sion (Fig. 4E and F). Interestingly, the restricted heterogeneous spatial
expression pattern for SRC-2 in the human breast draws comparisons
with a similar regional expression pattern for PR in rodent and human
breast (Clarke et al. 1997), whether [like the mouse (Mukherjee et al.
2006b)] SRC-2 and PR colocalize in the human breast remains to be
addressed. Further examination of this issue is important as segregation
of mammary epithelial cells that express PR from cells that proliferate
in response to progestin exposure is now accepted as an evolutionarily
conserved feature that underlies a proposed paracrine mode of action
ascribed to PR in the normal breast (reviewed in Fernandez-Valdivia et
al. 2005).

8 Conclusions and Perspective

With over 200 known coactivators documented to date (Lonard and
O’Malley 2006), it is remarkable that PR relies heavily on the coregula-
tor properties of SRC-2 for a subset of progestin-induced physiological
responses that are required for the maintenance of female fecundity and
mammary morphogenesis in the mouse.

Markedly distinct from SRC-1 and SRC-3, whose coactivator func-
tions serve a subset of progestin-initiated transcriptional programs ei-
ther in the uterus or mammary gland, SRC-2 has been shown to be an
essential PR coactivator in both target tissues. From a clinical perspec-
tive, the importance of SRC-2 in peri-implantation biology warrants
further investigation, since recurrent implantation failure is now con-
sidered a key factor that undermines the establishment of a successful
pregnancy [via natural means or by assisted reproductive technologies
(ART) (Norwitz et al. 2001)]. Although the data are preliminary, abnor-
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mal elevations in SRC-2 levels have been detected in endometrial biop-
sies from infertile women with polycystic ovarian syndrome (PCOS) as
well as in a subset of endometrial cancers (Gregory et al. 2002; Pathi-
rage et al. 2006), suggesting a possible link between this coactivator
and the pathogenesis of these uterine disorders. Considering the com-
mon use of progestins in the management of female reproductive health,
coupled with our recent finding that SRC-2 is as an essential coactivator
for PR action in female reproduction, SRC-2 may well represent a fu-
ture molecular marker in diagnostic reproductive medicine or an inter-
vention target for the treatment of a subset of gynecologic pathologies.

Although not required for the establishment of the mammary cell-
lineage in which it is expressed (Ismail et al. 2002), the PR is essential
for mammary epithelial expansion in response to progestin exposure
(Lydon et al. 1995). The progestin-initiated proliferative signal repre-
sents a prerequisite step toward terminal differentiation of the mammary
gland; importantly, however, this signal can also influence breast cancer
susceptibility (reviewed in Fernandez-Valdivia et al. 2005). The obser-
vation that abrogation of SRC-2 in the murine mammary gland results
in a near phenocopy of the PRKO mammary defect raises two impor-
tant (and interconnected) questions: Can overexpression of SRC-2 pro-
mote neoplastic transformation in the murine mammary gland? And if
so, does SRC-2 have a role in hormone-dependent breast cancers in the
human? The answers to these questions promise to broaden our mech-
anistic understanding of progestin’s role in breast cancer progression
and may assist in the future design of more powerful diagnostic, prog-
nostic, and/or therapeutic approaches in the clinical management of this
disease.

In conclusion, progress in our mechanistic understanding of how dif-
ferent target tissues exhibit different responses to the same progestin
will depend on identifying the key coregulators that are preferentially
recruited by PR in a given target tissue. Identification of such coreg-
ulators will not only expand our current concepts on tissue-selective
responses to progestins but may aid in the development of more effica-
cious progestin treatment strategies in the future. Therefore, we believe
that continued studies of SRC-2 action in the human and mouse are
required to further clarify this understudied yet important area of pro-
gestin research.
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Abstract. Progesterone is an essential regulator of normal female reproductive
function, yet recent studies on the use of progestins in hormone replacement
therapy have clearly implicated progestins in breast cancer development, a dis-
ease initiated early in life at a time of frequent exposure to cycling ovarian
hormones. The effects of progesterone are mediated by two distinct nuclear re-
ceptor proteins, PRA and PRB. In normal breast PRA and PRB are co-expressed
at similar levels in luminal epithelial cells, suggesting that both proteins are re-
quired to mediate physiologically relevant progesterone signalling. However,
early in breast carcinogenesis PRA:PRB expression is disrupted, resulting in
frequent predominance of one isoform. Unbalanced expression of PRA and
PRB results in altered hormonal response and aberrant targeting of genes that
are not normally progestin-regulated, principally those involved in morpholog-
ical changes and disruptions of the actin cytoskeleton, and in migration. Move-
ment of PR into discrete nuclear domains, or foci, is a critical step in normal
PR transcriptional activity that appears to be aberrant in cancers and likely re-
lated to alterations in nuclear morphology, gene expression and cell function
associated with tumour cells. Given that exogenous progestins are consumed by
millions of women worldwide in the form of hormone replacement therapy and
oral contraceptives, it is vital to better understand the mechanisms of proges-
terone action in the breast.

1 Introduction

Progesterone is an important physiological modulator that underpins
normal reproductive function and provides significant benefits to many
women worldwide. Healthy women are regularly exposed to progesta-
tional agents (progestins) in contraceptive formulations and in hormone
replacement therapy (HRT) and progesterone is a common treatment
for cycle-related breast and uterine disorders. Progesterone plays a cen-
tral role in normal female reproduction, in the uterus, ovary, mammary
gland and brain, and the number of cellular pathways known to be regu-
lated by progesterone indicates the complexity of its physiological role
(Graham and Clarke 1997). Although progesterone is one of the key
ovarian regulators of reproductive function in normal physiology, ex-
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ogenous exposure to progestins increases breast cancer risk (Rossouw
et al. 2002; Beral 2003; Santen 2003; Lee et al. 2005).

1.1 Progesterone Action in the Human Breast

The mature breast is composed of a number of ductular trees that drain
blind-ended glandular clusters (lobules) and exit the nipple. Histologi-
cally the ducts and lobules are lined by a single layer of epithelial cells
that are surrounded by myoepithelial cells. The lobules are embedded
in loose connective tissue known as intralobular stroma that contains
stromal and other cells, as distinct from the denser interlobular stroma,
found elsewhere in the breast. The systemic endocrine environment is
active during the major developmental stages of the breast, implicating
ovarian hormones in this process (Howard and Gusterson 2000), and
animal studies have provided further support for the essential roles of
oestrogen and progesterone in mammary gland development and func-
tion (Bocchinfuso and Korach 1997; Conneely et al. 2001).

Breast development occurs primarily at puberty through rapid ex-
pansion of the tissue under the influence of ovarian hormones. Proges-
terone is one of the master regulators that controls distinct aspects of this
programme, particularly ductal side-branching and lobular development
(Conneely et al. 2001). Progesterone regulates the normal breast during
the menstrual cycle, as evidenced by breast expansion as a consequence
of enlargement of the epithelial component (Soderqvist et al. 1997), and
stromal oedema and vacuolisation of the myoepithelium also occur in
the progesterone-dominated luteal phase (Longacre and Bartow 1986).
In pregnancy, progesterone regulates further development of the breast,
whilst withdrawal of progesterone at the end of pregnancy facilitates
parturition and lactation (Topper and Freeman 1980).

Oestrogen and progesterone mediate their effects via specific nuclear
receptors, ER and PR, which are expressed exclusively in luminal epi-
thelial cells in the normal breast. Receptor positivity is observed in 20–
30% of luminal epithelial cells (Anderson 2002) and current evidence
suggests that receptor-positive cells do not respond directly to hormone
signal, but rather exert a paracrine influence on the biology of surround-
ing receptor-negative cells (Brisken et al. 1998). PR is expressed as two
proteins, PRA and PRB, and there is increasing evidence that the iso-
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forms are functionally different (Shyamala et al. 1998; Mulac-Jericevic
et al. 2000; Graham and Clarke 2002; Mulac-Jericevic et al. 2003). Gen-
erally PRA and PRB are co-expressed in the same target cells in human
tissues, and their relative expression, where it has been examined, is
usually close to unity (Mote et al. 1999, 2002). However, in some nor-
mal physiological circumstances and in some cell types there is predom-
inance of one isoform. For example, in the normal uterine stroma PRA
is always the predominant isoform, and in the epithelial glands PRB is
predominantly expressed during the mid-secretory phase of the cycle
(Mote et al. 1999). In addition, whilst in the majority of non-human
species both PRA and PRB are expressed, the relative expression of the
two proteins can diverge from unity. PRA is always the predominant
isoform in the rodent (Schneider et al. 1991) and is widely expressed in
the macaque reproductive system (Isaksson et al. 2003).

1.2 Transcriptional Regulation by PR

PR is a member of a large family of ligand-activated nuclear transcrip-
tion regulators that are characterised by organisation into specific func-
tional domains and are conserved, to varying degrees, between species
and family members (Germain et al. 2003). PR comprises a central
DNA binding domain and a carboxyl-terminal ligand-binding domain.
In addition, the receptor contains a number of activation (AF) and in-
hibitory (IF) function elements which enhance and repress transcrip-
tional activation of PR by association of these regions with transcrip-
tional co-regulators (McKenna and O’Malley 2002). The expression of
human PR is controlled by two promoters which direct the synthesis
of two distinct subgroups of mRNA transcripts (Kastner et al. 1990)
encoding the two receptor proteins. The two PR forms are identical ex-
cept that PRA lacks 164 amino acids of the N-terminal end of PRB.
The region of the protein that is unique to PRB contains a transcription
activation function, AF3 (Sartorius et al. 1994), in addition to AF1 and
AF2, which are common to PRA. Newly transcribed cytoplasmic PR is
assembled in an inactive multi-protein chaperone complex which disso-
ciates upon ligand binding and receptor activation. Progestin binding to
PR causes a conformational change and dimerisation, resulting in asso-
ciation of the progestin-complexed PR dimer with specific co-activators
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and general transcription factors and binding to progestin response ele-
ments (PREs) in the promoters of target genes. This results in the tran-
scriptional regulation of those genes (reviewed in Tsai and O’Malley
1994; McKenna and O’Malley 2002).

When the transcriptional activities of PRA and PRB are examined,
by transient co-transfection of PRA and/or PRB and reporter constructs
containing progestin-responsive sequences into a variety of cell lines,
there is considerable evidence of differences in the transcriptional activ-
ities of PRA and PRB. In all cell types examined PRB exhibits hormone-
dependent transactivation irrespective of the complexity of the response
elements, whereas the transcriptional activity of PRA is cell- and reporter-
specific (Tung et al. 1993; Vegeto et al. 1993; Sartorius et al. 1994).
Furthermore, PRA acts as a transdominant inhibitor of PRB in situa-
tions where PRA has little or no transactivational activity (Tung et al.
1993; Vegeto et al. 1993). PRA can also regulate the transcriptional
activity of other nuclear receptors such as glucocorticoid, mineralocor-
ticoid, androgen and oestrogen (Wiehle et al. 1990; Tung et al. 1993;
Vegeto et al. 1993; McDonnell and Goldman 1994; Wen et al. 1994),
suggesting that this isoform may play a central role in regulating the
activity of a number of nuclear receptors in addition to PRB. However,
the ability of PRA to act as a transdominant repressor is very much
model-specific, and there is considerable contradiction between reports.
In support of the distinct activities of the two PR proteins, patterns of
gene regulation in T-47D breast cancer cells expressing only PRA or
PRB reveal a remarkably small overlap between the genes regulated by
the two receptors, with the subset of genes regulated by PRB greatly
exceeding in number those regulated by PRA (Richer et al. 2002).

The mechanisms by which PRA and PRB exert such apparently dif-
ferent transcriptional activities in various cell and promoter experimen-
tal systems remain for the most part unknown, although a number of
possible scenarios have been suggested. The physical differences at the
N-terminal end of the two receptors are liable to be responsible for some
transcriptional differences. In addition to the fact that AF3 is unique to
PRB, the B-specific region has a distinct conformation in solution (Bain
et al. 2001) that is likely to obscure an inhibitory domain active in the
N-terminus of the PRA protein (Huse et al. 1998). The unique AF in
PRB may also confer differing co-regulator affinities between the two
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PR proteins (Giangrande et al. 2000) and, given that PR acts in combi-
nation with multiple other transcription factors to affect transcription, it
is possible that variability of the tissue-specific expression of the com-
ponents of this multi-protein complex would result in different PRA and
PRB activities within the same cell.

Although when individually examined PRA and PRB exhibit dif-
ferent transcriptional activities, with PRA often acting as a dominant
inhibitor of PRB activity, the experimental scenarios in which these
data were obtained do not mimic the physiological situation. In nor-
mal tissues PRA and PRB are co-expressed in target cells, and in breast
cancer, although there are disrupted ratios of PRA:PRB, both PR iso-
forms can always be detected (Mote et al. 2002). Based on the ex-
perimental studies cited above, it would be expected, if the two iso-
forms are transcriptionally distinct, that changes in the relative amounts
of PRA and PRB such as are observed in breast cancer would result
in altered target gene expression patterns and moreover that predom-
inance of PRA would be inhibitory. However, this is not the case. In
PR-positive T-47D breast cancer cells co-expressing PRA and PRB at
similar levels, there was a remarkably small overlap between the genes
regulated by progestins in these cells (Graham et al. 2005) and in cells
that expressed either PRA or PRB but not both (Richer et al. 2002).
Moreover, markedly fewer genes were progestin-regulated in cells ex-
pressing both PRA and PRB when compared with cells expressing only
one PR protein (Graham et al. 2005). This is consistent with the view
that a substantial proportion of progestin-regulated transcripts are tar-
gets of PRA or PRB homodimers, but not heterodimers, and that extra-
polation of gene expression data from experimental systems that do not
mimic the physiological context of co-expressed PRA and PRB needs
to be approached with caution.

To examine the dominant inhibitory effect of PRA observed in trans-
fected systems the relative expression of PRA and PRB was varied in
wild-type T-47D cells, which already express both isoforms. The im-
pact on transcription was not striking unless PRA was in vast excess
over PRB (McGowan et al. 2003). Progestin regulation profiles were
very similar between cells expressing equivalent PRA and PRB levels,
and cells in which PRA was the predominant species (Graham et al.
2005). There was no evidence of dominant transcriptional inhibition by
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PRA, suggesting that this phenomenon may only be observed in tran-
sient transfection models where much greater excesses of PRA expres-
sion can be achieved.

1.3 Endocrine Signalling and Breast Cancer Development

Ovarian activity is implicated in modulating the risk of breast cancer.
Breast carcinoma arises from the ductal epithelium, and ovarian hor-
mones are implicated in its full development: women without ovaries
have a dramatically reduced cancer risk (Santen et al. 2001), and more-
over a shorter reproductive life, during which time a woman is exposed
less to endogenous cycling oestrogen and progesterone, is known to
be protective (Clavel-Chapelon and Gerber 2002). Controlling the en-
docrine environment can also reduce breast cancer risk, with successful
preventive endocrine intervention strategies using anti-oestrogens and
aromatase inhibitors for vulnerable women (Yue et al. 2005). The ma-
jority of established breast cancers are hormone-responsive and ma-
nipulation of the endocrine environment is a cornerstone of current
treatment, in the form of adjuvant tamoxifen or aromatase therapy. En-
docrine manipulation to inhibit the availability of oestrogen is an im-
portant form of adjuvant treatment for women with ER-positive breast
cancer (Dowsett et al. 2005).

Changes to the hormonal milieu frequently occur in the breast of
healthy women through use of exogenous hormones, such as HRT and
oral contraception (OCP), and it is well established that there is a link
between their use and elevated breast cancer risk (Rossouw et al. 2002;
Beral 2003; Santen 2003; Lee et al. 2005), although the mechanisms
involved remain unclear. Women exposed to progestin-containing HRT
have an increased breast cancer risk compared to women taking oestro-
gen alone (Beral 2003), and HRT with high progestin potency increases
mammographic density (Greendale et al. 2003; McTiernan et al. 2005),
which is associated with increased breast cancer risk. HRT is consumed
by millions of women worldwide, highlighting the need to better un-
derstand both how progesterone acts in the normal breast and how it
increases breast cancer risk.
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1.4 Exposure of Early Breast Cancers to Cyclical Reproductive
Hormones

Invasive cancer is most commonly diagnosed in women over 50, and
ovarian hormones are thought to act as promoters in cells with genetic
changes. There is now considerable evidence that genetically altered
ducts/lobules are scattered within the normal breast (Larson et al. 1998;
Gong et al. 2001; Larson et al. 2002). The fact that genetic changes are
detectable by molecular analysis indicates that such areas contain sig-
nificant numbers of altered cells, supporting the view that these have
arisen by proliferation of genetically altered clones (Smalley and Ash-
worth 2003).

The emergence of breast cancer in later life is consistent with the
accepted multi-step model of carcinogenesis, and recent profiling evi-
dence suggests that breast cancers are grouped into a number of distinct
subtypes (Sorlie et al. 2001), based on cell lineage composition, and
supporting the view that there are different cells of origin and/or a dif-
ferent sequence and nature of genetic alterations. The character of the
initial genetic changes remains largely undefined, except in the case of
the less than 10% of breast cancers that are familial. Germline mutations
in one of the BRCA susceptibility genes are associated with markedly
increased breast cancer risk (Venkitaraman 2002), demonstrating that
mutations in these genes are critical initiating events in some women. In
the majority of breast cancers, however, environmental factors such as
ionising radiation (Park et al. 2003) or exposure to carcinogens (Brody
et al. 2007) are likely initial triggers. As continued replication is re-
quired to progress the ‘malignant cascade’, cancers probably originate
in a progenitor cell that has received a carcinogenic hit. These affected
progenitor cells proliferate and form a larger population of epithelial
cells with genetic mutations. This results in a ‘field’ of affected cells
(Garcia et al. 1999), increasing the target population susceptible to re-
ceiving further hits stochastically.

The initial genetic hits probably occur in puberty, when the most
rapid expansion of the breast tissue takes place, and therefore cells
with genetic changes, which are likely to remain morphologically unde-
tectable for a number of years, will be exposed for an extended period
to regular cycling hormones including oestrogen and progesterone. The
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role of progesterone in breast cancer development is less well estab-
lished than that of oestrogen, but animal studies show that PR is re-
quired for mammary carcinogenesis (Lydon et al. 1999) and there is ev-
idence that progesterone can increase genomic instability in morpholog-
ically normal cells with a genetic change (Goepfert et al. 2000), likely
to be due in part to regulation of centrosome function (Goepfert et al.
2002).

2 PRA and PRB Co-expression in Breast Tissues

A number of years ago our laboratory developed a dual immunofluores-
cent technique to reveal the levels of PRA and PRB expression simulta-
neously within the same archival tissue section (Mote et al. 1999). This
allowed visualisation and measurement of the individual PR isoforms so
that their relative expression levels could be determined and changes in
the PRA:PRB ratio could be evaluated. We have demonstrated in vivo,
in both breast and uterus, that PRA and PRB are co-expressed in normal
human target cells and that all PR-positive epithelial cells co-express
PRA and PRB at similar levels (Mote et al. 1999, 2000, 2002). This
suggests that both PR proteins are required to mediate physiologically
relevant progesterone signalling. Moreover, the heterodimer is the likely
active species in the human, as we have shown that the two proteins co-
locate to nuclear foci in normal tissues in vivo (Arnett-Mansfield et al.
2004, 2007).

Whilst PRA and PRB were co-expressed, at similar levels, in the nor-
mal breast, carcinogenesis was frequently accompanied by alterations
in relative PRA and PRB expression (Mote et al. 2002) that could be
both functionally and clinically important. Our studies suggested that
disrupted PR protein expression is likely to be an intrinsic feature of
cancer, as it was noted early during disease progression in atypical pro-
liferative lesions.

2.1 Unbalanced PRA and PRB Expression in Normal Breast
of Women at High Risk of Breast Cancer

A large proportion of familial breast and ovarian cancers are due to the
breast cancer susceptibility genes BRCA1 and BRCA2, although it re-
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mains unclear how disruptions in the functions of these proteins can in-
crease cancer risk preferentially in hormone-dependent tissues. Women
with a mutation in BRCA1 or BRCA2 have a significantly higher risk
of developing breast cancer compared to the general population (Venki-
taraman 2002). By measuring hormone responsiveness in prophylac-
tically removed normal breast tissues from women with a germline
pathogenic mutation in one of the BRCA genes we have demonstrated
that expression of PR is significantly altered (Mote et al. 2004). Com-
pared to control cases, in which the PRA and PRB isoforms were equally
expressed, in mutation carriers the PRB protein was notably absent, re-
sulting in predominance of the PRA isoform in these tissues (Fig. 1).
An imbalance in the relative levels of PRA and PRB is likely to result in
changes in progesterone signalling in hormone-dependent tissues, and
may contribute to an altered hormonal milieu able to facilitate subse-
quent events in the development of breast cancer.
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Fig. 1. Expression of PR isoforms in normal breast tissues of women with
a germline pathogenic mutation in one of the BRCA genes. Sections were
stained for PRA or PRB by immunohistochemistry and scored by three inde-
pendent observers. Percentage of cases in each cohort that: express both PRA
and PRB proteins (stippled bars), express PRA proteins only (open bars), ex-
press PRB proteins only (hatched bars). (Figure reproduced from Mote et al.
2004, with permission of John Wiley & Sons, Inc.)
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2.2 Disrupted PRA and PRB Expression in Premalignant Breast
Tissue

Progression from the normal state to malignancy in the human breast
was accompanied by a progressively unequal expression of PRA and
PRB that was often associated with marked adjacent cell differences
(heterogeneity) in the relative expression of PR isoforms (Fig. 2). This
was in striking contrast to the homogeneity and equivalent expression
of PRA and PRB observed in normal tissues (Mote et al. 2002). Dis-
ruption of PR isoform expression appeared early in the development
of breast cancer and was detectable in atypical hyperplasias (ADH),
although it was not usually observed in proliferative disease without
atypia (PDWA) (Mote et al. 2002). Disruption may lead to inappropri-
ate signalling by ovarian hormones resulting in aberrant proliferative,
invasive potential, and subsequent tumour formation and/or growth.

Fig. 2. Heterogeneous cell-to-cell expression of PRA and PRB. Formalin-fixed
paraffin-embedded tissues were stained by dual immunofluorescence to demon-
strate PRA and PRB proteins individually within the same section when viewed
under dual immunofluorescent excitation. Cells expressing a predominance of
PRA or PRB appear green or orange respectively; cells expressing equivalent
levels of PRA and PRB are yellow. Original magnification ×400
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2.3 Loss of Concordant PR Isoform Expression
in Breast Cancers

There was significant disruption of PRA:PRB expression associated
with breast cancer; although most tumours continued to express both
PR isoforms, marked predominance of one isoform, especially PRA,
was common (Mote et al. 2002). This supported our earlier immunoblot
studies in which PRA-predominant tumours were significantly over rep-
resented (Graham et al. 1995). More recently alterations in PRA:PRB
expression have been linked to treatment response, and the over-expres-
sion of PRA is associated with resistance to tamoxifen (Hopp et al.
2004; Osborne et al. 2005). From a clinical perspective, this suggests
that the relative levels of PRA and PRB may be informative in the ini-
tial choice of treatment for the individual patient.

Using dual immunofluorescence we examined variability in relative
levels of PRA and PRB in a cohort of PR-positive primary breast can-
cers (Fig. 3). Cases were assigned into one of three categories (PRA=
PRB; PRA>PRB; PRB>PRA) based on image analyses of the levels of
expression of the individual PR proteins. We reasoned that small devia-
tions from PRA:PRB ratios of 1 were unlikely to have biological signif-
icance, and accordingly the scoring method ensured that only cases with
a clear predominance of one isoform were scored as being PRA>PRB
or PRB>PRA. We found that more than half of the tumours retained
similar levels of PRA and PRB (Fig. 3a), whereas just over one-third
showed a significant over-expression of the PRA protein (Fig. 3b) and
around 10% a predominance of PRB (Fig. 3c) (Mote et al. 2002).

Predominant expression of PRA or PRB could result either from
a marked increase in expression of one isoform without concomitant
loss of the other, or alternatively from loss of one PR isoform. How-
ever, there appeared to be no association between the overall level of
PR expression and the relative levels of PRA and PRB (P.A. Mote, A.
Gompel, L.R. Webster, A. Lavaur, Y. Decroix, D. Hugol, R.L. Ward,
N.J. Hawkins, K. Byth, R.L. Balleine, C.L. Clarke, unpublished obser-
vations), suggesting that predominance of PRA or PRB was likely to
be due to an alteration in the balance of the levels of the two isoforms,
rather than to a preferential loss of one isoform.
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Fig. 3a–c. Expression of PR isoforms in invasive breast lesions showing a sim-
ilar levels of PRA and PRB, b predominant expression of PRA and c predom-
inant expression of PRB. Expression and relative levels of PRA and PRB were
determined by dual immunofluorescent histochemistry. Original magnification
×400
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The finding that cancer tissues had relative levels of PRA and PRB
widely divergent from those seen in normal cells, and that predomi-
nance of one isoform was common, points to the probability that the
homodimer is the active PR dimer species in cancers, unlike the het-
erodimer in normal tissues.

3 Altered PRA/B Ratio Has Physiological Consequences

Evidence from in vitro transcriptional studies and from transgenic and
knockout animal models demonstrates that PRA and PRB are function-
ally different. This suggests that an altered balance of the two PR iso-
forms in hormone responsive tissues is likely to have biological and
physiological consequences.

3.1 Genes Involved in Cell Shape and Adhesion Acquire
Progesterone Responsiveness When PRA Exceeds PRB

The disruption of PR isoform expression, resulting in PRA predomi-
nance, is frequently observed in primary breast cancers, and in vitro
studies of progestin effects on aspects of actin microfilament composi-
tion in PRA-predominant breast cancer cells provide evidence for en-
docrine regulation of changes in the cytoskeleton known to be associ-
ated with cancer development (McGowan et al. 2003). Moreover, by the
use of cell lines over-expressing PRA we demonstrated that whilst the
majority of PR-regulated genes were not sensitive to increased PRA:
PRB ratio, a small but important subgroup of specific gene targets ac-
quired progestin responsiveness (Graham et al. 2005). This small pro-
portion (14%) of genes either acquired or lost progestin regulation with
a high PRA:PRB ratio, and most acquired responsiveness to progestin in
signalling pathways associated with cell shape, adhesion and survival.
Given that PR isoform disruption occurs early in malignant progression
these data have important implications for breast cancer biology; such
a disruption may contribute to altered regulation of morphology and
subsequent tumour development.
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3.2 Increased PRA:PRB Ratio Leads to Altered Cytoskeletal
and Adhesion Signalling in Breast Cancer Cells

The established role of progesterone in directing normal mammary
gland development demonstrates its capacity to regulate epithelial cell
shape and adhesion. This was confirmed in PR-positive T-47D breast
cancer cells, where treatment with progestins resulted in marked cell
flattening (Fig. 4a(b)) due to reorganisation of the actin cytoskeleton
and loss of focal adhesions (McGowan et al. 2003). This effect was
dependent on equivalent expression of PRA and PRB. An imbalance
of PR isoforms resulted in a dramatically different response in these
cells. In our model of PRA predominance, progestin treatment of cells
expressing PRA in fivefold excess over PRB resulted in marked cell
rounding (McGowan et al. 2003). Moreover, in contrast to the larger,
flattened cells observed after progestin exposure when PRA and PRB
were equivalently expressed, cells became significantly smaller than
vehicle-treated controls (Fig. 4a(d)) and detached easily from the tis-
sue culture substrate (McGowan et al. 2003). The finding that the small
subgroup of genes that became regulated by progestins in cells in which
PRA was over-expressed was enriched for transcripts encoding proteins
involved in adhesion and maintenance of cell shape was consistent with
this observation. Indeed, when polymerised actin and the focal adhe-
sion proteins ezrin or paxillin were visualised in these cells, stress fibres
and focal adhesions were lost, both when PRA and PRB were equiva-
lent and when PRA was predominant (McGowan et al. 2003; Graham
et al. 2005). However, in PRA over-expressing cells the effect was aber-
rant: ezrin and polymerised actin became aggregated into pools in the
cytoplasm (Fig. 4b), suggesting a failure of the dynamic turnover of
these cytoskeletal components (McGowan et al. 2003). The aberrant
cytoskeletal and focal adhesion protein regulation by progestins in cells
with a high PRA:PRB ratio had functional consequences. In a model of
breast cancer cell invasion, T-47D cells moved readily into a bone mar-
row fibroblast layer and this was inhibited by progestins (McGowan
et al. 2004). Over-expression of PRA abrogated this inhibition, suggest-
ing that breast cancers that express high levels of PRA may be refractory
to the inhibitory influence of progesterone and may be able to invade
the surrounding stroma more easily (Fig. 5). The progesterone-mediated
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�
Fig. 4a, b. Progestin’s effects on cell morphology in T-47DhPRA cells.
a T-47DhPRA cells were seeded in 25 cm2 flasks at a density of
2×104 cells/ml. Cells were treated with isopropyl-beta-d-thiogalactopyranoside
(IPTG) (10 mM) or vehicle for 24 h then treated with ORG2058 (10 nM) or ve-
hicle. Photographs a–d show the morphology of the cells 72 h later. (a) Vehicle,
(b) ORG2058, (c) IPTG, (d) IPTG and ORG2058. b Cells were treated for 24 h
with IPTG [10 mM (e–h)] or vehicle (a–d), then 48 h with ORG2058 (10 nM)
or vehicle. Control (a, c, e, g) and ORG2058 (b, d, f , h) treated cells were fixed
and stained, to visualise polymerised actin (a, b, e, f ) and ezrin (c, d, g, h). Ar-
rows indicate aggregates of ezrin and polymerised actin. (Figure redrawn from
McGowan et al. 2003; Graham et al. 2005)

Fig. 5a, b. Breast cancer cell interaction with bone marrow fibroblasts.a Breast
cancer cells migrate into fibroblast layers in the absence of progestin regardless
of the PRA:PRB ratio. b In the presence of progestin (black sphere) migration
of cells with PRB≥PRA (stippled) is inhibited whilst cells where PRA>PRB
(clear) continue to invade stromal layers. (Figure reproduced, with kind permis-
sion of Springer Science and Business Media, from McGowan et al. 2004)

loss of focal adhesions inhibited the capacity of T-47D cells to re-adhere
to the culture substrate if dislodged. This effect was significantly greater
if PRA was predominant, suggesting that aberrant cytoskeletal dynam-
ics in these cells attenuated recovery of focal adhesions and may in-
crease the risk of in vivo breast cancer cell dissemination from primary
lesions to distant sites.
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3.3 Altered PRA:B Ratio Leads to Aberrant Mammary Gland
Development in Mice

A role for progesterone in mammary gland tumorigenesis has been
clearly demonstrated in studies using PR knockout mice (Lydon et al.
1999), and there is evidence from transgenic mice that changes in the
balance of PRA:PRB leads to altered biology in tissues expressing both
isoforms (Shyamala et al. 1998, 2000). Over-expression of PRA in
mouse mammary tissues resulted in extensive mammary epithelial hy-
perplasia, increased ductal side-branching and disruption of the base-
ment membrane, suggesting that a balanced expression of PRA and
PRB is necessary for normal mammary gland development and function
(Shyamala et al. 1998). In contrast, over-expression of PRB in the same
model system leads to inhibition of ductal elongation and decreased
lobular alveolar development (Shyamala et al. 2000).

4 Nuclear Location and Gene Expression

The nuclear architecture of a cell specifies subnuclear location and topo-
logical control of gene expression. The compartmentalised structure of
the nucleus enforces specific spatial restraints within which the vari-
ous functions in the nucleus occur, and correct assembly of compo-
nents within these nuclear microenvironments is required for appro-
priate function. Discrete subnuclear locations have been described for
a number of nuclear receptors, such as ER-α (Htun et al. 1999), and the
androgen (Tomura et al. 2001; Kawate et al. 2005), mineralocorticoid
(Nishi et al. 2001) and glucocorticoid receptors (McNally et al. 2000),
and various steroid receptor-associated proteins have been shown to lo-
calise into discrete domains. The subnuclear position of a transcription
factor, its associated co-factors, post-translational modifications, and
the location, assembly and composition of the transcriptional appara-
tus all direct the fidelity and specificity of the transcriptional outcome.
Nuclear structure is frequently disrupted in tumours, and nuclear fea-
tures of cancer are useful clinical indicators.
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4.1 Focal PRA and PRB Co-locate in Nuclear Foci
in Normal Tissues

Nuclear receptors are reported to move into nuclear aggregates or foci in
the presence of ligand (Racz and Barsony 1999; Prufer et al. 2000), and
our recent studies in human breast and endometrial tissue also showed
PR capable of focus formation. We observed PRA and PRB to be ei-
ther distributed evenly throughout the nucleus in a diffuse, fine granular
pattern, or to form discrete nuclear foci (Arnett-Mansfield et al. 2004).
PR distribution into foci corresponded with the luteal phase of the men-
strual cycle, where serum progesterone levels were high and PR activity
was at its maximum. Conversely there was an even distribution of PRA
and PRB during the follicular phase of the menstrual cycle in the ab-
sence of progesterone. There was a significant, inverse relationship be-
tween even and focal distribution, suggesting that PRA and PRB moved
from an even to a focal distribution under the influence of luteal phase
hormones (Fig. 6). These observations were further supported in mice
where, during the progesterone peak of proestrus, PR localised into nu-
clear foci and, in ovariectomised mice, PR formed foci after exposure
to oestrogen plus progesterone, but not under the influence of oestrogen
alone (Arnett-Mansfield et al. 2007).

4.1.1 Ligand Binding Is Required for Nuclear Redistribution
of PR

To directly test the role of ligand in PR foci formation, we have investi-
gated newly expressed PR proteins in T-47D breast cancer cells for the
presence of nuclear foci by taking advantage of the ability of the natural
ligand progesterone to down-regulate PR, followed by the subsequent
re-expression of nascent PR protein upon medium replacement (Arnett-
Mansfield et al. 2007). The subnuclear distribution of newly synthesised
PR, in an environment deprived of hormones, was predominantly even
with very little or no focally distributed PRA or PRB, suggesting that
in the absence of ligand, the receptor is distributed diffusely throughout
the nucleus. When cells expressing nascent PR were treated with the
synthetic progestin ORG2058, PRA and PRB redistributed into numer-
ous, distinct nuclear foci. PRA and PRB were observed both in separate
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Fig. 6. Subnuclear distribution of PR in the normal breast. PR distribution was
examined in a small cohort of normal human breast tissues, for which menstrual
cycle stage was determined from matched endometrial specimens. PR distri-
bution was scored as focal (shaded) or even (open). The proportion of cases
falling into each category in the follicular (n=5) and luteal (n=3) phases of the
menstrual cycle are shown

foci and co-located within the same focus, in accordance with our pre-
vious observations in mouse and human tissues (Arnett-Mansfield et al.
2004, 2007). This supported the notion that there was progestin-induced
movement of PR into foci in T-47D cells. Similar results were seen in
PR-positive MCF-7 breast cancer cells and ECC-1 endometrial cancer
cells. Taken together, the distribution of PR into nuclear foci in cancer
cell lines appeared to be an effect of ligand binding.

4.1.2 Nuclear Foci Contain PR Dimers

The fact that PR foci formation depends on the presence of ligand sug-
gested that foci may represent activated PRA and PRB heterodimers
and/or homodimers. To investigate this hypothesis further we con-
structed cyan and yellow fluorescent protein (CFP and YFP)-tagged
PRA and PRB fusion proteins and transiently expressed them in PR-
negative U-2 OS osteosarcoma cells (Arnett-Mansfield et al. 2007). The
interaction of the two proteins was determined by estimating fluores-
cence resonance energy transfer (FRET).
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The transfected cells were progestin-treated (ORG2058) or treated
with vehicle, and expression and interaction between CFP and YFP fu-
sions imaged using FRET. After correction for background and CFP and
YFP crosstalk, a colour-encoded image was created that represented the
level of FRET signal for each point within the cell. In vehicle-treated
cells the fluorescent PR fusion proteins were evenly distributed in the
nucleus and foci were rarely observed. Exposure to ORG2058 gave rise
to a notable redistribution of the fluorescently labelled PR proteins into
prominent foci, and foci were detectable when either one or both PR
isoforms were present. A significant increase in FRET signal was de-
tected in the nuclei of cells treated with ORG2058 when compared to
those of vehicle-treated controls. In cells expressing both PRA and PRB
the FRET signal in ORG2058-treated whole nuclei was increased two-
to threefold compared to the signal from control nuclei, demonstrat-
ing that the regions within progestin-treated nuclei, which contained
PR foci, were also the regions containing the highest density of FRET-
producing PR dimers. Moreover, the foci in these cells had a FRET
signal three- to four-fold higher than vehicle control.

In summary, FRET measurements using transfected fluorescent PR
fusion proteins confirmed that PR foci were highly ligand-dependent
and represent dimerised PR, and that the highest levels of FRET in
progestin-treated cells were measured in foci for both PRA or PRB ho-
modimers and for PRA-PRB heterodimers. The highest concentration
of PRA and PRB dimers was found upon ligand binding and in nuclear
foci.

4.1.3 Inhibition of Co-activator Recruitment and Transcription
Prevent PR Movement into Foci

FRET analysis (Arnett-Mansfield et al. 2007) has demonstrated that PR
foci contain the highest concentration of PR dimers and it is likely,
therefore, that focally distributed PR isoforms are involved with tran-
scription. To test this theory we treated T-47D breast cancer cells with
ligand to increase PR foci, and examined the effects of transcriptional
inhibitors on the focus forming ability of PR (Arnett-Mansfield et al.
2007). Roscovitine, a cyclin-dependent kinase inhibitor, has been shown
to inhibit PR-dependent recruitment of the co-activator SRC-1. Expo-
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sure of T-47D cells to roscovitine alone resulted in a granular distri-
bution of PR that was evenly distributed across the nucleus. Co-treat-
ment of cells with roscovitine and ORG2058, however, completely abol-
ished PR foci, demonstrating that the formation of ligand-dependent
PR-containing transcriptional complexes was correlated with the pres-
ence of PR foci.

To further determine whether inhibition of transcription inhibited
movement of PR into foci, T-47D cells were treated with ORG2058 in
the presence or absence of the transcriptional inhibitor actinomycin D,
and PR isoform distribution was detected by immunofluorescence. As
previously observed, PR distribution in vehicle-treated cells was pre-
dominantly even and treatment with ORG2058 resulted in a highly focal
pattern of PR detection. However, in the presence of actinomycin D, PR
foci were abolished and an even nuclear distribution of PR was observed
in both vehicle and ORG2058-treated cells. These results showed that
either inhibiting recruitment of a transcriptional co-activator (SRC-1)
or inhibiting transcription directly (actinomycin D) blocked formation
of PR foci, suggesting that movement of PR into foci is associated with
transcriptional regulation.

4.1.4 PR Foci Are Associated with Active Transcription

Incorporation of BrUTP into nascent RNA transcripts and subsequent
dual detection with PR confirmed that PR foci are associated with active
transcription (Arnett-Mansfield et al. 2007). Nascent transcripts were
detected by incorporating BrUTP into run-on transcripts in T-47D breast
cancer cells treated with ORG2058 or vehicle. Cells dual stained for PR
and BrdU showed a distinct pattern of overlap in PR foci and nascent
transcripts only in ORG2058-treated cells, initially detected after 5 min
BrUTP incorporation, and became more prominent after 30 min incor-
poration.

To further support the notion that PR foci are associated with ac-
tive transcription, additional experiments using dual immunofluorescent
techniques to detect PR and the basic transcription factor RNA poly-
merase II were carried out. They demonstrated that co-localisation of
PRA or PRB and RNAPolII was observed only in the presence of ligand
(Arnett-Mansfield et al. 2007). Moreover, in progestin-treated T-47D
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cells PR foci co-localised with the transcriptional co-activator p300,
which is known to associate with ligand-activated PR on chromatin,
providing additional evidence that PR foci represent sites of transcrip-
tional activity.

4.2 PR Foci in Breast Cancers

PR foci were observed in human PR-positive breast tumours; only
around 50% of cases, however, displayed focal distribution despite the
fact that all expressed PR (Arnett-Mansfield et al. 2007). The level of
PR in breast cancers was a poor indicator of the ability to form foci.
Focal formation was most prevalent in lesions with a predominance of
PRA, or in tumours where both isoforms were equally expressed. It was
less frequent in the relatively small proportion of tumours in which PRB
was over-expressed.

4.2.1 PR Foci in Breast Cancer: Influence of Menopausal Status

In the normal endometrium of both human and mouse, PR foci were
most prevalent during periods of high circulating progesterone levels
(Arnett-Mansfield et al. 2004). PR foci in breast cancers, however, were
equally likely to be found in pre- and post-menopausal women, suggest-
ing that they were not influenced by the systemic endocrine environ-
ment and circulating ligand levels. This is in marked contrast to normal
breast tissues in which, as observed in the endometrium, focal forma-
tion was most evident during the progesterone-dominated luteal phase
of the menstrual cycle (Arnett-Mansfield et al. 2004).

4.2.2 The Requirement for Ligand in PR Foci Formation Is Lost
in Cancers

In the cancers of hormone-responsive tissues, PR foci appeared to be
ligand-independent, as they could be observed, as mentioned above, un-
der physiological conditions associated with low circulating hormones
and limited availability of progesterone. To explore this further we have
examined in situ normal endometrial tissue found adjacent to tumour
(Arnett-Mansfield et al. 2004). The endometrial cancer cells were ob-
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served to have distinct focal PR expression, whilst in normal adjacent
tissue PR was distributed evenly throughout the nucleus. This clearly
demonstrated that low levels of circulating progesterone that in normal
cells were insufficiently high to drive PR into foci were able to do so in
malignant cells, and substantiated the view that the need for ligand to
drive PR into foci was lost in cancers.

4.2.3 PR Foci in Cancers Are Larger

There is evidence in endometrial cancer that PR foci are larger than
the foci found in normal tissue (Arnett-Mansfield et al. 2007). Using
confocal microscopy, the median length of cancer-associated PR foci
was shown to be significantly longer compared to foci in normal cells.
The larger size of PR foci in cancers suggested that PR may associate in
foci with a more numerous and/or different accompaniment of protein
partners. It may also be related to alterations in chromatin structure,
a well-established feature of malignancy.

4.2.4 Chromatin Structure Involved in PR Foci Formation

PR foci localised to regions of active chromatin in the cell, suggesting
that they corresponded to transcriptionally active PR (Arnett-Mansfield
et al. 2007). Moreover, there is in vitro evidence that formation of PR
foci is closely related to maintenance of the chromatin structure. Treat-
ment of T-47D cells with a histone deacetylase inhibitor (TSA, tricho-
statin A) that remodels chromatin revealed an association with two dis-
tinct changes in PR foci formation. First, PR foci were increased in
number with TSA treatment alone, suggesting a relaxation of ligand
dependence needed for PR to move into foci in cells with disrupted
chromatin. Second, when TSA-treated cells were exposed to progestin,
the foci formed were significantly larger than those in non-TSA-treated
cells. This implied that maintenance of the size of PR foci was con-
trolled by the physical association of PR at specific chromatin locations.
It is known that chromatin remodelling is important in PR activation
of target genes, and these data showed clearly that chromatin integrity
plays an important role in normal PR foci formation.
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5 Summary

Although breast cancer is usually diagnosed later in life, normal breast
tissue is likely to undergo mutational changes early in a woman’s life,
during a period of cyclical exposure to ovarian hormones, thus provid-
ing an opportunity for progesterone to influence breast cancer develop-
ment.

In normal breast tissue PRA and PRB are expressed at similar levels;
an imbalance of PRA and PRB, however, occurs early in breast cancer
development and is commonly seen in premalignant lesions. As the nor-
mal breast expresses similar relative levels of PRA and PRB it is likely
to be the heterodimer species that is active in this tissue. However, in
many breast cancers relative levels of PRA and PRB differ widely from
those seen in normal cells, and a frequent predominance of one isoform
suggests the homodimer to be the active PR dimer species in malig-
nancy.

Progesterone acts through PR and the receptors move into nuclear
foci in the presence of ligand. Gene expression analyses have shown
that alterations in PRA and PRB expression give rise to progesterone
regulation of new and aberrant target genes, and increasing progestin
responsiveness in signalling pathways associated with cell shape, ad-
hesion and survival. Moreover, the normal ligand-dependency of PR
movement into foci is lost in breast cancer tissues, and an increase in
focal size suggests that alterations in the assembly of co-modulators oc-
cur prior to PR activation of target genes.

In summary disruption of PRA and PRB expression is an early event
in breast cancer that results in aberrant regulation of progestin-respon-
sive target genes. Altered cell function consequent to aberrant progester-
one-mediated gene expression is a potential mechanism for progester-
one signalling in breast cancer development, and supports the existing
evidence of an association between progesterins and breast cancer.
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Abstract. Estrogen and progesterone play a critical role in normal and neoplas-
tic development of the mammary gland. A long duration of estrogen and pro-
gesterone exposure is associated with increased breast cancer risk, and a short
duration of the same doses of these hormones is associated with a reduced breast
cancer risk. The protective effects of estrogen and progesterone have been ex-
tensively studied in animal models. Several studies have demonstrated that these
hormones induce persistent and long-lasting alterations in gene expression in
the mammary epithelial cells. In the experiments discussed herein, the protec-
tive effect of estrogen and progesterone is shown to occur in genetically engi-
neered mice (the p53-null mammary gland). The protective effect is associated
with a decrease in cell proliferation. The effects of hormones seem to man-
ifest as a delay in premalignant progression. In the nontumor-bearing glands
of hormone-treated mice, premalignant foci are present at the time the control
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glands are actively developing mammary tumors. If the hormone-treated cells
are transplanted from the treated host to the untreated host, the cells resume
their predetermined tumorigenic potential. The protective effect reflects both
host-mediated factors (either stroma-determined or systemic factors) and mam-
mary epithelial intrinsic changes. If normal, untreated p53 cells are transplanted
into a host that has been previously treated with a short dose of hormones, the
cells exhibit a significant delay in tumorigenesis. The relative contributions of
host-mediated factors and mammary cell intrinsic factors remain to be deter-
mined. Current studies are moving this research area from the biological to the
molecular realm and from the rodent models to human studies and offer the
potential for directing prevention efforts at specific molecular targets.

1 Introduction

Breast cancer is a major cancer of women in the United States and West-
ern Europe, with approximately 213,000 new cases expected to occur in
the United States in 2006 (American Cancer Society 2006). The rate of
increase of breast cancer incidence slowed in the 1990s; the incidence
of in situ breast lesions, mainly ductal carcinoma in situ (DCIS), in-
creased during the same time. The mortality rate was relatively constant
through the last quarter of the twentieth century, before showing a sig-
nificant decrease starting in the early 1990s. Early diagnosis and contin-
uing new therapeutic approaches have managed to prevent the epidemic
from causing a concomitant increase in death. Nevertheless, the death
of 41,000 women due to invasive breast cancer remains a sobering fact
and indicates the need to understand this disease in greater depth and to
develop new interventions, both preventative and therapeutic.

Current understanding of the central role of hormones in the genesis
of breast cancer is based on over 100 years of studies. Beatson (1896)
developed the first therapeutic treatment with bilateral oophorectomy,
thus removing the source of steroid reproductive hormones. In current
medical practice, the presence of estrogen receptor (ER) is the most
widely used predictive factor of breast cancer response to treatment
and represents the rationale for the use of selective estrogen receptor
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modulators (SERMs) (i.e., tamoxifen and raloxifene) and aromatase in-
hibitors (Jordan et al. 1991; Osborne 1998; Brodie et al. 1999; Goss
2004) as adjuvant therapy against breast cancer recurrence. Importantly,
recent trials have documented that hormone replacement therapy that
includes both estrogens and progestins imparts a greater breast cancer
risk than estrogens alone (Santen 2003).

Ironically, although early menarche and total years of hormone ex-
posure are risk factors for increased incidence of breast cancer, early
age of first pregnancy (≤20 years of age) is a strong protective factor
(one-half risk compared with nulliparous women). The protective fac-
tor is especially observed in postmenopausal women, the period of peak
incidence. Parity-induced protection against breast cancer is principally
dependent on the timing of the first full-term pregnancy but also is af-
fected by total number of pregnancies (Ahlgren et al. 2004). The protec-
tive effect of early first pregnancy has been repeatedly demonstrated in
numerous epidemiological studies and provides a physiologically op-
erative model to achieve practical and affordable prevention of breast
cancer in humans (Henderson et al. 1991). The logic and rationale for
understanding the molecular basis for hormone-mediated prevention of
breast cancer are based on the consistent observations in human epi-
demiological studies and the strong confirmatory experiments in rodent
breast cancer models (Medina 2005).

In the classical chemical carcinogen-induced mammary tumor mod-
els of rats and mice, there are two different experimental models that
demonstrate parity/hormone-induced protection. In the first model, half
of the animals undergo hormonal stimulation, the mammary gland is
allowed to involute completely, and then the carcinogen is administered
to the hormone-treated and age-matched virgin animals. This model
is termed the “pre-treatment model” and most of the experiments use
this experimental protocol. In the second model, the animals are treated
with a carcinogen, and then half are exposed to hormone treatment for
a specified time period. This model is referred to as the “post-treatment”
model. The distinction is important because the underlying mechanisms
for protection are likely to be different between the two models.

Recent studies have focused on using genetically engineered mouse
models of breast cancer as these models are based on genetic changes
observed in major subsets of human breast cancer and mimic closely
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the biological, histological, and chromosomal events present in the hu-
man disease. In the studies reported herein, we have used the p53-null
mammary epithelial transplant model to elucidate the biological and
molecular events associated with estrogen–progesterone (E/P)-induced
protection against mammary tumorigenesis.

2 Results

2.1 Hormone-Mediated Prevention
in p53-Null Mammary Epithelium

Experiment 1 examined the tumorigenic response of the p53-null mam-
mary epithelium exposed to estrogen and progesterone combination at
2–4 weeks after transplantation (Fig. 1). In the untreated mice, 16/66
transplants (24%) produced tumors by 45 weeks after transplantation.

Fig. 1. The protective effect of short-term estrogen and progesterone treatment.
Mice were treated with 50 µg estradiol and 20 mg progesterone at 5–7 weeks
of age. The treated mice showed a significant reduction (p<.05) in mammary
tumor incidence
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In the hormone-treated mice, only 2/66 (3%) produced tumors (p<.05).
This experiment conclusively demonstrated that a short-term hormone
treatment can delay tumor development in a noncarcinogen model of
mammary cancer.

Whole-mount analysis of the glands at 45 weeks after transplantation
revealed extensive ductal hyperplasias in both control and hormone-
treated glands. In the E/P-treated group, 13/31 glands (42%) contained
hyperplastic lesions and in the untreated control group, 6/13 glands
(46%) contained hyperplastic lesions. These data suggested that hor-
mones act to block premalignant progression and not the onset of hy-
perplastic growth.

To directly test the malignant potential of the premalignant lesions,
we transplanted the existing lesions into the cleared glands of 3-week-
old mice. As shown in Fig. 2, the tumorigenic potentials of the two

Fig. 2. The tumorigenic potential of hormone treated and untreated p53-null
mammary epithelial cells. Samples of mammary tissue were taken from 45-
week-old mice, both untreated and E/P-treated mice, and transplanted into the
cleared fat pads of 3-week-old wildtype Balb/c mice. The mice were palpated
weekly for tumors over a 52-week period. The tumor incidence was the same
for both donor groups
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donor groups were virtually identical. There were 46 transplants from
the untreated control donor mice and 66 transplants from the E/P-treated
donor mice.

2.2 Systemic Effect of Hormones

Experiment 2 tested the indirect effect of hormone pretreatment on tu-
morigenesis in p53-null mammary epithelium. In this experiment, mice
were treated with E/P at age 5–7 weeks. The p53-null mammary epithe-
lial cells were transplanted at either 3 or 11 weeks of age, thus compar-
ing the tumorigenic potential of cells directly exposed vs indirectly ex-

Fig. 3. The effect of hormonal treatment of the host on tumorigenesis in p53-
null mammary epithelial transplants. Four groups of mice were cleared at
3 weeks of age and the treated groups given estrogen and progesterone at 5–
7 weeks. Two groups of mice (one treated and one untreated) were implanted
with mammary duct fragments at 3 weeks of age; the other two (one treated and
one untreated) were implanted at 11 weeks, which was 4 weeks after removal
of the hormones. Mammary transplants in both of the hormone-exposed hosts
had a significant reduction in tumor incidence compared to untreated hosts. The
graph shows combined treatment groups vs combined untreated groups
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posed to the hormone treatment. The tumorigenic capability of the p53
mammary epithelial cells either directly exposed to E/P or exposed just
to the E/P-treated host is shown in Fig. 3. The tumorigenic capability
was the same whether the target epithelial cells were directly exposed
to E/P or transplanted into an E/P-treated host environment (3/15 vs
4/20, respectively) (p>.05). The tumorigenic response was decreased
from 45% (18/40) in the combined control groups to 20% (7/35) for the
combined E/P treatment groups (p<.05) (Fig. 3).

The proliferation state of the mammary epithelial cells was assessed
at 4–12 weeks after removal of the hormones in both experiments
(Fig. 4). In experiment 1, at 4 and 8 weeks after hormone removal, the
control transplants showed a BrdU-labeling index of 9.8% and 8.2%,

Fig. 4. The proliferation index (BrdU-labeling index) in hormone-treated p53-
null mammary transplants. Transplants from both experiments (1 and 2) were
assayed for BrdU retention (number labeled/500 cells). The black bars are
untreated controls, the clear bars are hormone-treated. In experiment 2, the
12 weeks represents 8 weeks after transplantation. There were four transplants
per group. All comparisons between treated and untreated groups were signifi-
cantly different (p<.05)
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Table 1 Differentially expressed genes in hormone-treated p53-null mammary
epithelial cells

Number Gene Gene name Fold change
symbol (Cont/EP)

1 Slc2a3 Solute carrier family 2 (facilitated
glucose transporter), member 3 2.6

2 Per2 Period homolog 2 (Drosophila) 2.4
3 Epgn Epithelial mitogen 2.3
4 Rasd1 RAS, dexamethasone-induced 1 2.1
5 Mg1l Monoglyceride lipase 2.1
6 Rrm2 Ribonucleotide reductase M2 2.1
7 Klf4 Kruppel-like factor 4 2.1
8 Mad211 MAD2 (mitotic arrest deficient,

homolog)-like 1 (yeast) 2.0
9 Fosb FBJ osteosarcoma oncogene B 1.9
10 Usp2 Ubiquitin specific protease 2 1.8
11 Rbp7 Retinol binding protein 7, cellular 1.7
12 Tef Thyrotroph embryonic factor 1.7
13 Cdc42ep4 CDC42 effector protein

(Rho GTPase binding) 4 1.6
14 Mrvldc1 MARVEL (membrane-associating)

domain containing 1 1.6
15 Angptl2 Angiopoietin-like 2 1.6
16 Sh3bp5 SH3-domain binding protein 5

(BTK-associated) 1.5
17 Bace1 β-Site APP cleaving enzyme 1 1.5
18 Pdcd4 Programmed cell death 4 1.5
19 Fabp4 Fatty acid binding protein 4,

adipocyte 1.5
20 Alas1 Aminolevulinic acid synthase 1 1.5
21 Nab2 Ngfi-A binding protein 2 1.5
22 Fmod Fibromodulin 1.5
23 Twist2 Twist homolog 2 (Drosophila) −1.4
24 Trib3 Tribbles homolog 3 (Drosophila) −1.4
25 Klf7 Kruppel-like factor 7 (ubiquitous) −1.4
26 Fusip1 FUS interacting protein

(serine-arginine rich) 1 −1.4
27 Gpr109b G protein-coupled receptor 109B −1.4
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Table 1 (continued)

Number Gene Gene name Fold change
symbol (Cont/EP)

28 Lrrfip1 Leucine rich repeat (in FLII)
interacting protein 1 −1.4

29 Jub Ajuba −1.5
30 Tnip1 TNFAIP3 interacting protein 1 −1.5
31 Rdh10 Retinol dehydrogenase 10 (all-trans) −1.5
32 Dsg2 Desmoglein 2 −1.5
33 Gars Glycyl-tRNA synthetase −1.5
34 Cpne1 Copine I −1.5
35 Nars Asparaginyl-tRNA synthetase −1.6
36 Tars Threonyl-tRNA synthetase −1.6
37 Ptpns1 Protein tyrosine phosphatase,

nonreceptor type substrate 1 −1.6
38 Iars Isoleucine-tRNA synthetase −1.6
39 Ctps Cytidine 5′-triphosphate synthase −1.7
40 Il18r1 Interleukin 18 receptor 1 −1.7
41 Tyki Thymidylate kinase family

LPS-inducible member −1.7
42 Il1rn Interleukin 1 receptor antagonist −1.7
43 Cxcl10 Chemokine (C-X-C motif)

ligand 10 −1.7
44 Mmp3 Matrix metalloproteinase 3 −1.8
45 Nupr1 Nuclear protein 1 −1.9
46 Tceb3bp1 Transcription elongation factor B

polypeptide 3 binding protein 1 −1.9
47 Tacstd2 Tumor-associated calcium

signal transducer 2 −1.9
48 Il1rl1 Interleukin 1 receptor-like 1 −1.9
49 Tnfrsf21 Tumor necrosis factor receptor

superfamily, member 21 −1.9
50 Atp1b1 ATPase, Na+/K+ transporting,

β1 polypeptide −2.0
51 Gltp Glycolipid transfer protein −2.0
52 Asns Asparagine synthetase −2.0
53 Mmp13 Matrix metalloproteinase 13 −2.1
54 Ptgs2 Prostaglandin-endoperoxide

synthase 2 −2.1
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Table 1 (continued)

Number Gene Gene name Fold change
symbol (Cont/EP)

55 Snx9 Sorting nexin 9 −2.2
56 Rbm6 RNA binding motif protein 6 −2.2
57 Lss Lanosterol synthase −2.3
58 Lor Loricrin −2.3
59 Ifit1 Interferon-induced protein with

tetratricopeptide repeats 1 −2.3
60 Dst Dystonin −2.4
61 Rgl1 Ral guanine nucleotide dissociation

stimulator-like 1 −2.9
62 Mthfd2 Methylenetetrahydrofolate

dehydrogenase (NAD+dependent),
methenyltetrahydrofolate
cyclohydrolase −3.0

63 Cxcl5 Chemokine (C-X-C motif) ligand 5 −3.3

Cont/EP, control/estrogen-progesterone

respectively, compared to 1.5% and 1.8%, respectively, in the hormone-
treated transplants (p<.05). In experiment 2, at 12 weeks after hormone
removal (i.e., 8 weeks after transplantation into 11-week-old mice), the
control transplants has a BrdU-labeling index of 9.5% vs 4.5% in the
transplants in the hormone-treated mice (p<.05).

2.3 Gene Expression

From the samples in experiment 1, we analyzed the gene expression
signature at 45 weeks after hormone exposure using Affymetrix mi-
croarray platform. This was a time when mammary tumors appeared
in 24% of the controls and only 3% of the E/P-treated mice. Table 1
lists some of the more prominent genes that were up- or downregulated
with a p<.001. There were 50 genes upregulated and 33 genes down-
regulated in the E/P-treated mammary cells compared to the untreated
control cells. Of interest were genes involved in proliferation and mem-
brane cytoskeletal function. Genes that were elevated in control cells in-
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clude the growth factors epigen and fos, the membrane/cytoskeletal fac-
tor fibromodulin, and the transcription factor Kruppel-like-4. In contrast,
genes that were elevated in E/P-treated cells include the tumor suppres-
sor nuclear protein 1 (com-1, p8), the membrane/cytoskeletal factors
desmoglein 2 and matrix metalloproteinase 3 (MMP3) (stromelysin), the
transcription factors twist2 and trib2, and the cytokines cxcl5 and -10.
There were two general conclusions that were evident from this prelim-
inary analysis. First, there were several genes that correlate with a re-
duced growth potential of the E/P-treated cells; namely, the increase in
the tumor suppressor com-1(p8), and the decrease in the growth factor
epigen and MMP3. Second, none of the genes differentially expressed
in the p53-null cells (although there were three closely related genes)
are found in the extensively annotated pregnancy signature reported by
Blakely et al. (2006, 2007).

3 Discussion

The experiments discussed herein provide three results important for the
study and understanding of hormone-induced protection against breast
cancer. First, they address the question of whether short-term hormone
treatment can delay tumorigenesis in genetically engineered models
of mammary cancer. All previous experiments, with the one excep-
tion, where radiation was used were performed in chemical carcinogen-
treated rodent models. The results clearly demonstrate that a short-term
treatment of estrogen and progesterone significantly delays tumorigen-
esis in the p53-null mammary epithelium. The p53-null epithelium rep-
resents a model where a major tumor suppressor gene is deleted and
the biological and genetic properties of the premalignant and malignant
stages mimic many features found in human breast cancer (Medina et al.
2002). Recently, hormone-induced protection has been also shown in
another genetically engineered mouse model, the activated-neu model,
which represents a model where overexpression of an oncogene induces
tumors very rapidly and with high multiplicity (Rajkumar et al. 2007).

Second, the experiments address the question of whether hormone-
induced refractoriness is targeted to the initiation stage or promotion
stage of carcinogenesis. A few experiments have provided data on this
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issue, although without definitive conclusions (Nandi et al. 2005; Reddy
et al. 2002; Yang et al. 1999). Previous results demonstrated that the
hormone-induced refractory gland, upon autopsy, contains small and
nonpalpable microtumors in the absence of palpable tumors. The fre-
quency of the microtumors was less than or equal to that found in
methylnitrosourea (MNU)-treated age-matched virgins (AMV). Addi-
tionally, the provocative experiments by Thordarson et al. (2001)—
demonstrating that continuing the same doses of hormones for an ex-
tended period of time (20 rather than 3 weeks) results in abundant tu-
mor development equivalent to the AMV—indicate that hormones can
promote progression if administered continuously. A similar conclu-
sion was reached in the parous mouse using pituitary isografts as the
source of hormones (Swanson et al. 1995). The mouse experiments we
summarize above reproduced the previous results in rats by demon-
strating that morphologically premalignant lesions were present in the
glands of the E/P-treated and control mice at the same frequency at
45 weeks of age. More importantly, the experiments demonstrated that
the growth and tumorigenic potentials of these hyperplasias were iden-
tical when transplanted into the mammary glands of untreated con-
trol mice. The accumulated results in rat and mouse models indicate
that there is a point in premalignant progression where the cells are no
longer susceptible to the preventative effects of this hormone combina-
tion.

Finally, the experiments demonstrated conclusively that the effect of
the hormones can be mediated in part by changes induced at the sys-
temic level, in the mammary stroma, or both. This result was not en-
tirely unexpected. This idea was presented by Nandi and his coworkers
in studies using the carcinogen-induced rat mammary system (Thor-
darson et al. 1995). Attempts to test this hypothesis were only partially
successful because the mammary tumor incidence of carcinogen-treated
gland transplanted into parous vs nulliparous rats was very low for both
donor groups, although there was a significant difference in the num-
ber of hyperplasias (Abrams et al. 1998). The results presented in the
previous sections used a mouse model and demonstrated conclusively
that the target mammary epithelial cells were responsive to hormone-
induced changes at the systemic level, in mammary stroma, or both,
as the target cells were never directly exposed to the elevated levels
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of estrogen and progesterone. Such an effect is not without precedent
in the literature. Barcellos-Hoff and Ravani demonstrated that irradi-
ated stroma can alter premalignant progression of a mouse mammary
outgrowth line, COMMA-D (Barcellos-Hoff and Ravani 2000). Maffini
demonstrated that chemical carcinogen-treated (MNU) stroma can en-
hance progression to mammary tumors of rat mammary cells (Maffini
et al. 2004). Schedin et al. (2004) demonstrated that the extracellular
matrix of mammary stroma from parous stroma delayed glandular mor-
phogenesis.

The cellular and molecular mechanisms underlying the changes sys-
temically or in the mammary stroma remain to be identified. Both al-
tered transforming growth factor (TGF)-β signaling (Barcellos-Hoff and
Ravani 2000) and growth hormone (GH) signaling (Thordarson et al.
1995) have been implicated. Circulating levels of prolactin appeared
lower (not statistically significant) in the parous rat compared to the
AMV (Thordarson et al. 1995). Growth hormone concentration was sig-
nificantly reduced in parous rats as compared with AMV rats (Thordar-
son et al. 1995). The parous animals also had decreased levels of ER and
epidermal growth factor receptor (EGF-R) (Thordarson et al. 1995). The
reduction in the circulating levels of GH caused a reduced susceptibility
of the parous rats to mammary carcinogenesis, possibly by decreasing
the levels of ER, EGF-R, insulin-like growth factor (IGF)-1, or a com-
bination of them in the mammary gland. Interestingly, we could not
demonstrate altered systemic IGF-1 levels in our hormone-treated mice
at 4 weeks after hormone removal (D. Medina and A. Lee, unpublished
data). The role of the GH–IGF1 axis in hormone-induced protection is
supported by two additional results (Thordarson et al. 2004a,b). First,
MNU-induced mammary tumorigenesis is almost totally absent in GH-
deficient spontaneous dwarf rats (SDR). SDR rats given GH or IGF-1
before and after MNU treatment exhibited a normal (GH) or near nor-
mal (IGF-1) tumorigenic response. Estradiol (E2) and progesterone (P4)
treatment did not restore tumorigenesis. Furthermore, E2+P4 blocked
the response to GH. SDR rats have a normal circulating concentration
of prolactin (PRL), indicating PRL was not a factor in the low tumori-
genic incidence (Thordarson et al. 2004a). Second, IGF-1 treatment of
parous rats for 60 days after NMU-treatment increased the mammary
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tumor incidence compared to untreated parous rats and comparable to
AMV (Thordarson et al. 2004b).

Several different groups have published extensive gene expression
profiles of parous vs aged-matched virgin mammary epithelial cells in
rodent models. The comprehensive studies by Chodosh and colleagues
(D’Cruz et al. 2002; Blakely et al. 2006, 2007), used DNA microar-
ray technology to identify differentially expressed genes common in
the parous involuted glands in multiple strains of both rats and mice.
The authors identified a gene signature of 47 differentially expressed
genes common to both species that defined the parous involuted gland.
The genes included increased expression of TGF-β3 and several of its
downstream targets. The net result of this gene upregulation would be
an inhibition for cell growth. Additionally, there was decreased expres-
sion of several growth factors that included IGF-1 and amphiregulin.
The result of the decreased expression of these genes would be a low-
ered stimulus for proliferation. The net result is a low, steady state for
growth. To our surprise, the 83 genes that were differentially expressed
in the E/P-treated cells did not overlap with the genes established in the
Chodosh signature for the parous gland. There were only three genes
that were of similar families; MMP3 and 13 and Kruppel-like factor 7,
all upregulated in the E/P-treated cells. However, of the genes that were
differentially expressed, the end result would be predicted to be a re-
duced proliferation potential, a phenotype directly demonstrated by the
BrdU experiments. A reduced proliferation potential has been reported
in the parous involuted glands of both rats and mice treated with chem-
ical carcinogens (Sivaraman et al. 1998, 2001).

Why our microarray data are so different from the data of Chodosh
and colleagues is difficult to understand at this time. The Balb/c mouse
strain we used in our experiments is included in the mouse strains that
were reported in Blakely et al. (2006). One major difference is that we
used just E/P while the Blakely et al. studies used a full-term pregnancy.
If we believe that the E/P treatment mimics pregnancy, then one would
expect some degree of overlap in the gene signature. Finally, we are uti-
lizing a very specific genetically engineered mouse model and it may be
that the absence of p53 is preferentially determining this gene expres-
sion signature.
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4 Conclusions

In summary, these studies provide further rationale for considering the
use of short-term hormone exposure as a preventative modality, partic-
ularly in high-risk individuals. Despite the extensive documentation of
the preventative potential of early full-term pregnancy and its mimicry
by estrogen and progesterone, there is great resistance to the use of these
hormones as a preventative modality. In part, the resistance is due to the
overwhelming data that show prolonged exposure to estradiol and pro-
gesterone increases breast cancer risk (Chlebowski et al. 2003). This
resistance might be mitigated by the recent data that indicate hormone
replacement therapy with estrogen alone does not increase the risk for
breast cancer (Stefanick et al. 2006). An understanding of the mecha-
nisms underlying the preventative effects of specific hormone combina-
tions and duration of exposure will provide a basis for targeted inter-
vention suing this paradigm.

Acknowledgements. The original results discussed here were supported by
NCI P01 CA064255. We greatly appreciate the technical assistance of Frances
Kittrell, Anne Shepard, David Edwards, and Irma Parra, and the secretarial
skills of Kathy Key.

References
Abrams TJ, Guzman RC, Swanson SM, Thordarson G, Talamantes F, Nandi

S (1998) Changes in the parous rat mammary gland environment are in-
volved in parity-associated protection against mammary carcinogenesis.
Anticancer Res 18:4115–4121

Ahlgren M, Melbye M, Wohlfahrt J, Sorensen TL (2004) Growth patterns and
the risk of breast cancer in women. N Engl J Med 351:1619–1626

American Cancer Society (2006) Cancer facts and figures 2006.
http://www.cancer.org/downloads/STT/CAFF2006PWSecured.pdf. Ac-
cessed 10 Aug 2007

Barcellos-Hoff MH, Ravani SA (2000) Irradiated mammary gland stroma pro-
motes the expression of tumorigenic potential by unirradiated epithelial
cells. Cancer Res 60:1254–1260

Beatson GT (1896) On the treatment of inoperable cases of carcinoma of the
mamma. Suggestions for a new method of treatment with illustrative cases.
Lancet 2:104–107



124 D. Medina et al.

Blakely CM, Stoddard AJ, Belka GK, Dugan KD, Notarfrancesco KL, Moody
SE, D’Cruz CM, Chodosh LA (2006) Hormone-induced protection against
mammary tumorigenesis is conserved in multiple rat strains and identi-
fies a core gene expression signature induced by pregnancy. Cancer Res
66:6421–6431

Blakely CM, Stoddard AJ, Belka GK, Dugan KD, Notarfrancesco KL, Moody
SE, D’Cruz CM, Chodosh LA (2007) Correction: pregnancy-induced pro-
tection against mammary tumorigenesis. Cancer Res 67:844–845

Brodie A, Lu Q, Liu Y, Long B (1999) Aromatase inhibitors and their antitumor
effects in model systems. Endocr Relat Cancer 6:205–210

Chlebowski RT, Hendrix SL, Langer RD, Stefanick ML, Gass M, Lane D, Rod-
abough RJ, Gilligan MA, Cyr MG, Thomson CA, Khandekar J, Petrovitch
H, McTiernan A (2003) Influence of estrogen plus progestin on breast can-
cer and mammography in healthy postmenopausal women: the Women’s
Health Initiative Randomized Trial. JAMA 289:3243–3253

D’Cruz CM, Moody SE, Master SR, Hartman JL, Keiper EA, Imielinski MB,
Cox JD, Wang JY, Ha SI, Keister BA, Chodosh LA (2002) Persistent parity-
induced changes in growth factors, TGF-beta3, and differentiation in the
rodent mammary gland. Mol Endocrinol 16:2034–2051

Goss PE (2004) Changing clinical practice: extending the benefits of adjuvant
endocrine therapy in breast cancer. Semin Oncol 31:15–22

Henderson BE, Ross RK, Pike MC (1991) Toward the primary prevention of
cancer. Science 254:1131–1138

Jordan VC, Labadidi MK, Langan-Fahey S (1991) Suppression of mouse mam-
mary tumorigenesis by long-term tamoxifen therapy. J Natl Cancer Inst
83:492–496

Maffini MV, Soto AM, Calabro JM, Ucci AA, Sonnenschein C (2004) The
stroma as a crucial target in rat mammary gland carcinogenesis. J Cell Sci
117:1495–1502

Medina D (2005) Mammary developmental fate and breast cancer risk. Endocr
Relat Cancer 21:1–13

Medina D, Kittrell FS, Shepard A, Stephens LC, Jiang C, Lu J, Allred DC,
McCarthy M, Ullrich RL (2002) Biological and genetic properties of the
p53 null preneoplastic mammary epithelium. FASEB J 16:881–883

Nandi S, Guzman RC, Thordarson G, Rajkumar L (2005) Estrogen can prevent
breast cancer by mimicking the protective effect of pregnancy. In: Li JJ, Li
SA, Llombart-Bosch A (eds) Hormonal carcinogenesis IV. Springer, Berlin
Heidelberg New York, pp 153–165

Osborne CK (1998) Tamoxifen in the treatment of breast cancer. N Engl J Med
339:1609–1618



Hormonal Prevention of Breast Cancer 125

Rajkumar L, Kittrell FS, Guzman RC, Brown PH, Nandi S, Medina D (2007)
Hormone-induced protection of mammary tumorigenesis in genetically en-
gineered mouse models. Breast Cancer Res 9:R12

Reddy M, Nguyen S, Farjamrad F, Laxminarayan S, Lakshmanaswamy R, Guz-
man R, Yang J, Nandi S (2002) Short-term hormone treatment with preg-
nancy levels of estradiol prevents mammary carcinogenesis by preventing
promotion of carcinogen initiated cells. Proceedings of the American As-
sociation for Cancer Research Annual Meeting. American Association for
Cancer Research 43:1964

Santen RJ (2003) Risk of breast cancer with progestins: critical assessment of
current data. Steroids 68:953–964

Schedin P, Mitrenga T, McDaniel S, Kaeck KM (2004) Mammary ECM com-
position and function are altered by reproductive state. Mol Carcinogen
41:207–220

Sivaraman L, Stephens LC, Markaverich BM, Clark JA, Krnacik S, Conneely
OM, O’Malley BW, Medina D (1998) Hormone-induced refractoriness to
mammary carcinogenesis in Wistar-Furth rats. Carcinogenesis 19:1573–
1581

Sivaraman L, Conneely OM, Medina D, O’Malley BW (2001) p53 is a poten-
tial mediator of pregnancy and hormone-induced resistance to mammary
carcinogenesis. Proc Natl Acad Sci U S A 98:12379–12384

Stefanick ML, Anderson GL, Margolis KL, Hendrix SL, Rodabough RJ, Paskett
ED, Lane DS, Hubbell FA, Assaf AR, Sarto GE, Schenken RS, Yasmeen S,
et al (2006) Effects of conjugated equine estrogens on breast cancer and
mammography screening in postmenopausal women with hysterectomy.
JAMA 295:1647–1657

Swanson SM, Guzman RC, Collins G, Tafoya P, Thordarson G, Talamantes F,
Nandi S (1995) Refractoriness to mammary carcinogenesis in the parous
mouse is reversible by hormonal stimulation induced by pituitary isografts.
Cancer Lett 90:171–181

Thordarson G, Jin E, Guzman RC, Swanson SM, Nandi S, Talamantes F (1995)
Refractoriness to mammary tumorigenesis in parous rats: is it caused by
persistent changes in the hormonal environment or permanent biochemical
alterations in the mammary epithelia? Carcinogenesis 16:2847–2853

Thordarson G, Van Horn K, Guzman RC, Nandi S, Talamantes F (2001) Parous
rats regain high susceptibility to chemically induced mammary cancer after
treatment with various mammotropic hormones. Carcinogenesis 22:1027–
1033



126 D. Medina et al.

Thordarson G, Semaan S, Low C, Ochoa D, Leong H, Rajkumar L, Guzman
RC, Nandi S, Talamantes F (2004a) Mammary tumorigenesis in growth
hormone deficient spontaneous dwarf rats; effects of hormonal treatments.
Breast Cancer Res Treat 87:277–290

Thordarson G, Slusher N, Leong H, Ochoa D, Rajkumar L, Guzman R, Nandi
S, Talamantes F (2004b) Insulin-like growth factor (IGF)-I obliterates the
pregnancy-associated protection against mammary carcinogenesis in rats:
evidence that IGF-I enhances cancer progression through estrogen receptor-
alpha activation via the mitogen-activated protein kinase pathway. Breast
Cancer Res 6:R423–R436

Yang J, Yoshizawa K, Nandi S, Tsubura A (1999) Protective effects of preg-
nancy and lactation against N-methyl-N-nitrosourea-induced mammary car-
cinomas in female Lewis rats. Carcinogenesis 20:623–628



Ernst Schering Foundation Symposium Proceedings, Vol. 1, pp. 127–150
DOI 10.1007/2789_2007_059
© Springer-Verlag Berlin Heidelberg
Published Online: 17 December 2007

Estrogens, Progestins,
and Risk of Breast Cancer

M.C. Pike(�), A.H. Wu, D.V. Spicer, S. Lee, C.L. Pearce
Departments of Preventive Medicine and Medicine, University of Southern California/
Norris Comprehensive Cancer Center, 1441 Eastlake Avenue, Los Angeles, CA 90033,
USA
email: mcpike@usc.edu

1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 128
1.1 Age-Incidence of Breast Cancer . . . . . . . . . . . . . . . . . . . 128
1.2 Menopause, Menarche and Parity . . . . . . . . . . . . . . . . . . 129
2 Mathematical Modeling of Risk . . . . . . . . . . . . . . . . . . . 133
3 Breast Cell Mitotic Activity . . . . . . . . . . . . . . . . . . . . . 134
4 Body Mass Index . . . . . . . . . . . . . . . . . . . . . . . . . . 135
5 Predicted Effects of Menopausal Hormone Therapy . . . . . . . . 138
6 Epidemiologic Studies of Estrogen Therapy

and Estrogen–Progestin Therapy . . . . . . . . . . . . . . . . . . 142
6.1 Estrogen Therapy . . . . . . . . . . . . . . . . . . . . . . . . . . 142
6.2 Estrogen–Progestin Therapy . . . . . . . . . . . . . . . . . . . . 144
7 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 146
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 148

Abstract. Obesity is associated with a decreased risk of breast cancer in pre-
menopausal women but an increased risk in postmenopausal women, an effect
that increases with time since menopause. Analysis of these effects of obe-
sity shows that there is a ceiling to the carcinogenic effect of estrogen on the
breast; increases in nonsex hormone-binding globulin-bound estradiol (non-
SHBG bound E2) exceeding approximately 10.2 pg/ml have no further effect
on breast cancer risk; this ceiling is lower than the lowest level seen during the
menstrual cycle. This suggests that the effects of menopausal estrogen therapy
(ET) and menopausal estrogen–progestin therapy (EPT) on a woman’s breast
cancer risk will greatly depend on her body mass index (BMI; weight in kilo-



128 M.C. Pike et al.

grams/height in meters squared, kg/m2) with the largest effects being in slender
women. Epidemiological studies confirm this prediction. Our best estimates,
per 5 years of use, of the effects of ET on breast cancer risk is a 30% increase
in a woman with a BMI of 20 kg/m2 decreasing to an 8% increase in a woman
with a BMI of 30 kg/m2; the equivalent figures for EPT are 50% and 26%. The
analysis of the effects of estrogen also shows that even reducing the dose of es-
trogen in ET and EPT by as much as a half will have little or no effect on these
risks. Reducing the progestin dose is likely to significantly reduce the risk of
EPT: this is possible with an endometrial route of administration.

1 Introduction

1.1 Age-Incidence of Breast Cancer

The incidence of the common nonhormone-dependent adult cancers
(stomach, colon, etc.) rises increasingly rapidly with age (Cook et al.
1969). This is illustrated in Fig. 1A for colorectal cancer in white women
in the United States, 1969–1971 (Cutler and Young 1975); on a log–log
scale the age-incidence curve of such a cancer is linear (Fig. 1B).

Breast cancer incidence also increases with age, but the rate of in-
crease slows around menopause. This is illustrated in Fig. 2A for breast
cancer in white women in the United States, 1969–1971 (Cutler and
Young 1975), before mammographic screening and menopausal hor-
mone therapy (HT) had distorted the picture. A log–log plot (Fig. 2B)
clearly shows the major change that occurs around age 50. The im-
portant etiologic elements for breast cancer are thus sharply reduced
following the menopause, i.e., the hormonal pattern of premenopausal
women [cyclic production of relatively large amounts of estradiol (E2)
and progesterone (P4)] causes a greater rate of increase in risk of breast
cancer than the hormonal pattern of postmenopausal women (constant
low E2 and very low P4). Other hormones may be involved but changes
in E2 and P4 are sufficient to provide a comprehensive explanation of
the major changes that occur as we demonstrate below.
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Fig. 1A. Plot of age-specific incidence rates for colorectal cancer in white
women in the United States, 1969–1971. (Cutler and Young 1975)

1.2 Menopause, Menarche and Parity

A woman with a natural menopause before age 45 has only about half
the breast cancer risk of a woman with menopause after age 55, and
early bilateral oophorectomy reduces risk to a slightly greater extent
(Trichopoulos et al. 1972; Kelsey and Bernstein 1996; Colditz and Ros-
ner 2000). This is precisely what the age-incidence curve of breast can-
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Fig. 1B. Log–log plot of age-specific incidence rates for colorectal cancer in
white women in the United States, 1969–1971. (Cutler and Young 1975)

cer (Fig. 2B) suggests would be observed. Just as earlier menopause
decreases risk, later menarche decreases risk, and for a given age at
menarche, the later regular menstruation is established the lower the
risk (Henderson et al. 1985; Kelsey and Bernstein 1996).

A full-term pregnancy (a “birth”) before about age 32 has a long-term
protective effect against breast cancer, and the younger the birth occurs,
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Fig. 2A. Plot of age-specific incidence rates for breast cancer in white women
in the United States, 1969–1971. (Cutler and Young 1975)

the greater the protection. Early epidemiologic studies suggested that
this effect was confined to, or at least much greater with, a first birth
(MacMahon et al. 1973), but it is now clear that the long-term protec-
tion from any (and all) births under about age 32 may provide about
the same level of added protection as the first (Trichopoulos et al. 1983;
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Fig. 2B. Log–log plot of age-specific incidence rates for breast cancer in white
women in the United States, 1969–1971. (Cutler and Young 1975)

Wohlfahrt and Melbye 2001). Although a birth prior to the age of about
32 affords long-term protection, births at older ages increase risk, with
the risk increasing with increasing age at the birth, as was seen in the
early studies of MacMahon and colleagues (1973). Even births at young
ages are followed by short-term increases in incidence that can be inter-
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preted as the same phenomenon as the observation that a late age at first
birth is associated with a long-term increase in risk (see below).

2 Mathematical Modeling of Risk

The incidence at age t, I(t), of the common nonhormone-dependent can-
cers (illustrated in Fig. 1A) rises as the kth power of age (Cook et al.
1969):

I(t) = a × tk

so that
log[I(t)] = log(a) + k × log(t)

and the rate of tissue aging (or more accurately, tissue cancer aging) at
age t is constant, set at 1.0 per year of age, independent of t.

The breast cancer incidence curve fits into this form if age, t, is re-
placed by “breast tissue age,” b(t), so that:

I(t) = a × [b(t)]k

and
log[I(t)] = log(a) + k × log[b(t)]

The breast tissue aging rate at age t, r(t), is the rate at which the un-
derlying carcinogenic process is taking place, and r(t) is summed from
0 to t to give b(t) (Pike et al. 1983). r(t) will be roughly equal to mitotic
rate, or perhaps cell death and resulting replacement in some stem-cell
compartment (Cairns 2002). The hypothesis is simply that hormones af-
fect breast cancer incidence mainly through their effect on mitotic rates
in the stem-cell compartment.

The breast tissue aging rates, i.e., the breast tissue r(t)s, that account
in quantitative terms for the effects of menarche, menopause, births,
and the incidence curve in Fig. 2, are shown in Fig. 3 (Pike et al. 1983).
Breast tissue aging starts at menarche and continues at a constant rate up
to first birth, then at a reduced rate until the start of the perimenopausal
period, declining further gradually thereafter to a low postmenopausal
rate. To account for a birth after around age 32 being associated with
a breast cancer rate that is larger than that of nulliparous women, the
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model includes an increase in breast tissue aging during the pregnancy.
Setting r(t) from menarche to the first birth as 1.0 per year of age, the
rate increases to approx. 3.2 per year during the year of the birth, and
then falls to approx. 0.7 per year of age until the perimenopause, declin-
ing steadily thereafter to approx. 0.105 per year of age after menopause;
the fitted exponent of time, k, is 4.5 (Pike et al. 1983). The fit of the
model to the incidence curve is shown by the smooth curves in Fig. 2A
and 2B, and the model provides an excellent description of the observed
effects of ages at menarche, menopause, and births. The short-term in-
crease in breast cancer risk after a birth can be equated to the observa-
tion that a late age at a birth is associated with a long-term increase in
risk; effectively the benefit of a birth in reducing the breast tissue aging
rate does not have a long enough time (before the postmenopausal drop
in aging rate occurs) to compensate for the increased aging rate during
the pregnancy. Rosner and colleagues (1994; Colditz and Rosner 2000)
have extended this model to specifically incorporate the effects of sec-
ond and later births.

3 Breast Cell Mitotic Activity

Breast epithelium cell proliferation varies over the menstrual cycle; pro-
liferative activity over the luteal phase is roughly double the level over
the follicular phase (Fig. 4; Goebelsmann and Mishell 1979; Anderson
et al. 1982; Pike et al. 1993), so that approximately two-thirds of the
breast cell proliferation in a premenopausal woman can be accounted
for by an estrogen effect alone. Ovulatory cycling with the presence of
progesterone is thus positively correlated with proliferative activity and
is the likely explanation for why a more rapid establishment of regu-
lar cycles is associated with the greatest increase in breast cancer risk.
Based on the fit shown in Fig. 2A and 2B, we calculate that the prolifer-
ative rate in the postmenopausal period for the average woman around
1970 was approximately one-fifth to one-quarter the rate during the fol-
licular phase of the cycle [i.e., ratio of the r(t)s given above adjusted for
phase of the menstrual cycle: 0.105/(2/3 × 0.7) = 0.23]; data on this are
sparse, but this is in line with what has been found (Meyer and Connor
1982).
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Fig. 3. Model of rate of breast tissue aging (Pike et al. 1983)

With this understanding of the age-incidence curve and the effects
of menopause, menarche, and births in model terms, we are in a posi-
tion to gain further quantitative insight into the effects of estrogens and
progestins on risk of breast cancer.

4 Body Mass Index

Body mass index (BMI; weight in kg/height in meters squared, kg/m2)
has profound age-dependent effects on breast cancer risk. For older
postmenopausal women, breast cancer risk increases with increasing
BMI, while in premenopausal women increasing BMI is associated with
a decrease in breast cancer risk (Kelsey and Bernstein 1996). Increased
postmenopausal BMI is associated with increased serum estrogen levels
(Endogenous Hormones and Breast Cancer Collaborative Group 2003a,
2003b), while a high premenopausal BMI is associated with increased
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Fig. 4. Plasma E2 and P4, and breast tissue mitotic rate by day of menstrual
cycle (Pike et al. 1993)
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anovulation with decreased serum levels of both estrogen and proges-
terone (Hartz et al. 1979).

Table 1 shows, using the results of the pooled analysis of cohort stud-
ies (van den Brandt et al. 2000), the relative risks for a woman with
a BMI of 30 kg/m2 compared with a woman with a BMI of 20 kg/m2

at the end of her premenopausal period at age 50 years and at a post-
menopausal age of approx. 62 years some 12 years after a natural meno-
pause at 50 years. The relative risk of 0.75 at age 50 becomes a rela-
tive risk of 1.20 at age 62; the associated breast tissue ages from the
mathematical model described above are shown in the lower half of the
table. The relative risk of 0.75 at age 50 implies a breast tissue age of
approx. 27.88 years for the 30-kg/m2 woman compared with a breast
tissue age of approx. 29.73 years for the 20-kg/m2 woman (assuming
age at menarche = 12, age at first birth = 24, and the same parity of
the average woman around 1970 for both women). If we estimate the
breast tissue aging rate in the 20-kg/m2 woman to be approx. 0.1, that
is, somewhat less than the value found in fitting the model shown in
Fig. 3, then the relative risk of 1.2 at age 62 implies a breast tissue age
of approx. 32.20 years for the 30-kg/m2 woman compared with a breast
tissue age of approx. 30.93 years for the 20-kg/m2 woman. Thus, the in-
crease in breast tissue age per year, r(t), in the postmenopausal period in

Table 1 Relative risks of breast cancer by BMI in premenopausal and post-
menopausal women, and calculated associated breast tissue ages

BMI Premenopausal Postmenopausal
(Age 50) (Age 62)∗

Relative risks:
∼ 20 kg/m2 1 1
∼ 30 kg/m2 0.75 1.20

Breast tissue age:
∼ 20 kg/m2 29.73 yrs 30.93 yrs
∼ 30 kg/m2 27.88 yrs 32.20 yrs

∗Age at menopause 50 years
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the 30-kg/m2 woman is the difference between her breast tissue ages at
age 62 and age 50, namely, (32.20 – 27.88) = 4.32 years, divided by 12
(the number of years between 50 and 62), so that, r(t) = 4.32/12 = 0.36.

Equating the r(t) values of 0.1 and 0.36 for the 20-kg/m2 and 30-
kg/m2 women, respectively, with the “effective estrogen” level, the rel-
ative levels of effective estrogen will be 0.36/0.1 = 3.6. With no thresh-
old, this 3.6 is simply the ratio of effective estrogen levels, but with
a threshold value for effective estrogen, the ratio of effective estrogen
will be lower and may be considerably lower. If the effective estrogen
is equated to serum nonsex hormone-binding globulin-bound E2 (non-
SHBG bound E2), i.e., approx. 8.4 pg/ml and approx. 4.0 pg/ml for
a woman with a BMI of 30 kg/m2 and a woman with a BMI of 20 kg/m2,
respectively [calculated with the mass action approach of Södergard and
colleagues (1982) with the association constants and E2 and SHBG val-
ues used by the Endogenous Hormones and Breast Cancer Collabora-
tive Group (2003a; 2003b; Dunn et al. 1981)], we find that the ratio
of effective estrogen is 8.4/4.0 = 2.1. A threshold value of non-SHBG
bound E2 of 2.31 pg/ml converts this to a 3.6 ratio, i.e., (8.4–2.31)/(4.0–
2.31) = 3.6.

Approximately two-thirds of the breast cell proliferation in a pre-
menopausal woman can be accounted for by an estrogen effect alone
(Fig. 4). The breast tissue aging rate, r(t), of the parous premenopausal
woman is approximately 0.7, so we estimate that the effect due solely
to estrogen is 0.7 × 2/3 = 0.47, and the effect of the estrogen level of
the 30-kg/m2 woman is 0.36/0.47 = 77% that of the effect of follicular
phase estrogen. If we continue to equate effective estrogen with non-
SHBG bound E2, the non-SHBG bound E2 level of the postmenopausal
woman with a BMI of 30 kg/m2 is approx. 8.4 pg/ml, so that, taking
into account the non-SHBG bound E2 threshold of 2.31 pg/ml, the ef-
fective ceiling for non-SHBG bound E2 effect is unlikely to be greater
than (8.4 – 2.31)/0.77 + 2.31 = 10.2 pg/ml.

5 Predicted Effects of Menopausal Hormone Therapy

Menopausal estrogen therapy (ET) at a conjugated equine estrogen
(CEE) dose of 0.625 mg/day, the most commonly used dose in the
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United States until very recently, is roughly equivalent to a 50-µg E2

transdermal patch. A 50-µg E2 patch increases steady-state E2 levels
by approx. 30 pg/ml (Schiff et al. 1982; Powers et al. 1985; Selby and
Peacock 1986) and has little effect on SHBG (Nachtigall et al. 2000;
Ropponen et al. 2005), so that non-SHBG bound E2 will increase from
approx. 4.0 pg/ml to approx. 18.4 pg/ml in a 20-kg/m2 woman and from
approx. 8.4 pg/ml to approx. 27.4 pg/ml in a 30-kg/m2 woman (calcu-
lated as described above). The steady-state non-SHBG bound E2 level
of all women on a 50-µg E2 patch is thus well above the ceiling level
of 10.2 pg/ml estimated above. The effect of the 0.625-mg/day dose of
CEE is thus also likely to be well above the estrogen ceiling dose.

A postmenopausal woman on ET is thus predicted to have a breast
tissue aging rate of approx. 0.47 (two-thirds of 0.7) independent of her
BMI assuming she takes the ET every day (Fig. 5). The predicted breast

Table 2 Predicted relative risks (RR5s) of breast cancer at age 55 years (age at
menopause 50 years) after 5 years of ET or EPT use by BMI

BMI No HT ET ccEPT2.5a ccEPT10b sEPT10c

20 kg/m2 Breast
tissue age 30.23d 32.06 33.07 36.10 33.50

RR5
g 1.00 1.30 1.50 2.22 1.59

30 kg/m2 Breast
tissue age 29.68e 30.22 31.23 34.26 31.66

RR5
f 0.92 1.00 1.16 1.76 1.23

RR5
g 1.00 1.08 1.26 1.91 1.34

aContinuous-combined EPT with MPA at 2.5 mg/day. bContinuous-combined
EPT with MPA at 10 mg/day. cSequential EPT with MPA at 10 mg/day for
10 days per 28-day cycle. dThis figure is calculated as the sum of the 29.73
breast tissue age shown in Table 1 at age 50 plus 5 years of the breast tissue
aging rate of 0.1 in the postmenopausal period. eThis figure is calculated as the
sum of the 27.88 breast tissue age shown in Table 1 at age 50 plus 5 years of
the breast tissue aging rate of 0.36 in the postmenopausal period. fRelative to
a 20-kg/m2 woman not using HT. gRelative to a 30-kg/m2 woman not using
HT
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Fig. 5. Breast tissue aging rate in postmenopausal women by BMI. ccEPT ,
continuous-combined estrogen–progestin therapy at a medroxyprogesterone ac-
etate (MPA) dose of 2.5 mg/day; ET , estrogen therapy; HT , ET or EPT

cancer consequences of this for 5 years of ET use are shown in Table 2
and Fig. 6 for a woman aged 55 years whose age at menopause was 50.
The predicted effect of ET use in a woman of 20 kg/m2 is to increase
her breast cancer risk by 30% after 5 years of use. The predicted effect
of ET use in a woman of 30 kg/m2 is to increase her breast cancer risk
by only 8% after 5 years of use.

The mathematical model can also be used predict what the effect
of menopausal estrogen–progestin therapy (EPT) will be. We illustrate
this for continuous-combined EPT as used in the United States. The
area under the curve (AUC) of P4 during a normal menstrual cycle is
approximately 97 ng/ml (Fig. 4). The continuous-combined progestin
used in the United States was an oral dose of CEE of 2.5 mg/day of
medroxyprogesterone acetate (MPA). An oral MPA dose of 2.5 mg/day
is estimated to have the same progestin effect as 125 mg/day of oral
P4, and this dose of P4 is estimated to produce a serum P4 level equiva-
lent to a steady-state level of 3.0 ng/ml (Stanczyk 2002); leading to an
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Fig. 6. Relative risks of breast cancer at age 55 years (age at menopause
50 years) after 5 years of HT use by BMI. ccEPT , continuous-combined
estrogen-progestin therapy at an MPA dose of 2.5 mg/day; ET , estrogen ther-
apy; HT , ET or EPT

AUC of 84 ng/ml per 28-day cycle. On a straightforward linear model
of P4 action one would therefore predict a 0.87 (= 84/97) progestin ef-
fect compared with that seen during a menstrual cycle. The contribution
to the breast cell aging rate from the progesterone during a menstrual
cycle is roughly one-third of the total effect, that is, 0.7/3=0.23, so that
the MPA at 2.5 mg/day is estimated to add (0.23×0.87)=0.20 to the rate
associated with the estrogen component of EPT, namely, 0.47, giving
a total breast cell aging rate of 0.67. The predicted breast tissue aging
rate for use of this continuous-combined EPT is shown in Fig. 5—the
rates are again independent of BMI. The predicted effects of such a reg-
imen for 5 years on breast cancer incidence are also shown in Table 2
and in Fig. 6 for a woman aged 55 years whose age at menopause was
50 years. It is worth noting here too that the predicted effect of such EPT
use in a woman of 20 kg/m2 is to increase her breast cancer risk by 50%
after 5 years of use. The predicted effect of such EPT use in a woman of
30 kg/m2 is to increase her breast cancer risk by 26%, roughly half the
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relative risk seen in the 20-kg/m2 woman but still a significant added
risk. (Note: The relationship of BMI to breast cancer risk shown in Ta-
ble 2 and Fig. 6 is very slight in contrast to the effect of BMI shown in
Table 1. This is because the effect of BMI on risk becomes greater and
greater with increasing time since menopause, and the results shown in
Table 2 and Fig. 6 refer to approx. 5 years after menopause, whereas the
results shown in Table 1 refer to approx. 12 years after menopause. Im-
mediately after menopause there is still a negative relationship between
weight and risk as a carry-over from the reduced risk with increased
weight seen in premenopausal women. At older ages the effect of in-
creasing BMI will be greater than that noted in Table 1.)

Table 2 also shows the predicted effect of 5 years of use of other
EPT regimens. The most commonly used sequential EPT regimen in
the United States was 10 days of MPA at a dose of 10 mg/day. The
predicted effect of this regimen is a 59% and a 34% increase in breast
cancer risk in a woman of 20 kg/m2 and 30 kg/m2, respectively, slightly
greater than the predicted effect of the 2.5-mg/day MPA continuous-
combined regimen.

These predicted effects are robust but not precise. A significant num-
ber of assumptions have had to be made, for example, that the relative
risks associated with obesity refer to women aged 50 and 62 respec-
tively, and we have had to use hormone level figures from different stud-
ies, whereas one actually needs the measurements to have been made at
the same time using the same methods. However, the overall picture
is quite clear and we shall see in the next section that these predicted
effects are precisely what are seen in epidemiologic studies.

6 Epidemiologic Studies of Estrogen Therapy
and Estrogen–Progestin Therapy

6.1 Estrogen Therapy

Epidemiologic studies show that menopausal ET causes an approxi-
mately 2% increase in breast cancer risk per year of use (Collabora-
tive Group on Hormonal Factors in Breast Cancer 1997); i.e., a 10%
increase in risk after 5 years of use or a cumulative increase in risk for
5 years of use of approximately half this amount. The increased risk is
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much more evident in slender women and little if any effect is seen in
obese women (Table 3; Collaborative Group on Hormonal Factors in
Breast Cancer 1997; Schairer et al. 2000; Million Women Study Col-
laborators 2003; Beral et al. 2005). The model as further developed in
the section on BMI above predicts precisely these results, and the few
epidemiologic study results published are in good agreement with the
predictions shown in Table 2 and Fig. 6.

The above paragraph’s discussion of ET is based on an overview
of all epidemiologic studies of the effect of ET on breast cancer risk.
However, the Women’s Health Initiative (WHI) randomized trial in hys-
terectomized women found a decrease in risk with use of ET (Women’s
Health Initiative 2004). The lack of effect of ET in the WHI trial is dif-
ficult to reconcile with at least three other observations: (1) increased
postmenopausal serum estrogen levels are associated with increased
risk; risk increases two- to three-fold between the extreme quintiles of
E2, estrone (E1) and E1 sulfate (Endogenous Hormones and Breast Can-
cer Collaborative Group 2003a, 2003b); (2) increasing postmenopausal

Table 3 Observed relative risks (RR) of breast cancer from HT use by BMI

Study HRT type BMI (kg/m2) RR

Million Women ET < 25 1.36
Study Collaborators 25–29 1.14
(2003; Beral et al. 2005)a 30+ 0.99

EPT < 25 2.31
25+ 1.78

Schairer et al. (2000)b ET <= 24.4 1.03
> 24.4 0.99

EPT <= 24.4 1.12
> 24.4 1.04

aRR in current users over 2.6 years of follow-up
bRR per year of use
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weight increases breast cancer risk and is largely explained by the asso-
ciation of increased weight with increased serum estrogen levels (En-
dogenous Hormones and Breast Cancer Collaborative Group 2003a,
2003b); and (3) the risk of contralateral breast cancer is sharply re-
duced by treating the original cancer with an aromatase inhibitor that
drastically reduces estrogen levels. The evidence considered as a whole
shows that ET increases breast cancer risk, and that the effect is great-
est in slender women and difficult to see in women with a BMI over
30 kg/m2.

6.2 Estrogen–Progestin Therapy

The overview of HT studies by the Collaborative Group on Hormonal
Factors in Breast Cancer (1997) contained very little information on
the effects of EPT. Since that time a number of studies have provided
information on the breast cancer risk from EPT use in a quantitative
assessment that adjusted for age at menopause, a critical factor in as-
sessing HT use and breast cancer risk, and provided information on risk
by duration of EPT use. The results from these studies and from the Col-
laborative Group on Hormonal Factors in Breast Cancer (1997) pooled
analysis were used to obtain an overall assessment of EPT and breast
cancer risk by Lee et al. (2005).

Lee et al. (2005) took special measures to permit the results from
the WHI randomized trial (Chlebowski et al. 2003), cohort studies, and
case-control studies to be expressed in the same relative risk terms.
First, the WHI randomized trial found an average relative risk of breast
cancer of 1.24 for EPT use after an average of 5.6 years of follow-up.
This 1.24 figure converts to a relative risk after 5 years of use, RR5, of
1.47. Second, for cohort studies, the true duration of EPT use is under-
estimated in current hormone users. This is because EPT use is assessed
at baseline but continues for an unknown proportion of individuals for
at least some further period until last follow-up time, so that an addi-
tional duration of use should be added for current hormone users in the
cohort studies considered. Lee et al. (2005) made the conservative as-
sumption that current users of EPT remained users during follow-up;
this approach slightly underestimates the effect of EPT use, because
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some women will have stopped use before the last follow-up date in the
studies.

The overall summary of the studies (Table 4) showed a weighted av-
erage relative risk at the end of 5 years of use, RR5, of 1.44. The RR5 for
the studies from the United States was 1.29, and for the Scandinavian
studies was 1.53, a difference that was highly statistically significant. In
the studies from the United States, the continuous-combined regimen
was associated with a slightly lower risk, namely a 20% increased risk
after 5 years of continuous-combined use compared to a 32% increase
with sequential therapy, but in the Scandinavian studies the opposite
was observed with the continuous-combined regimens being associated
with an 88% increased risk compared to a 40% increase with sequential
use. These differences are explained by a combination of the different
continuous-combined progestin doses in the United States and Scandi-
navia and the much greater BMI of women from the United States.

Table 4 Observed relative risks of breast cancer after 5 years of use (RR5s) of
estrogen-progestin therapy (Lee et al. 2005)

Studies RR5 (95% CI)

All studies 1.44 (1.40–1.48)
U.S. studies 1.29 (1.19–1.39)
Scandinavian studies 1.53 (1.37–1.72)

CI, confidence interval

Table 5 Observed relative risks of breastcancer after 5 years of use (RR5s) of
estrogen-progestin therapy by progestin schedule (Lee et al. 2005)

Studies Sequential Continuous-combined
RR5 (95% CI) RR5 (95% CI)

All studies 1.53 (1.47 – 1.60) 1.63 (1.55 – 1.72)
U.S. studies 1.32 (1.11 – 1.56) 1.20 (1.01 – 1.44)
Scandinavian studies 1.40 (1.19 – 1.64) 1.88 (1.61 – 2.21)

CI, confidence interval
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In the United States, the most common form of sequential EPT pro-
vided 10 mg/day of MPA for 10 days per 28-day cycle, whereas subjects
assigned to receive continuous-combined EPT were given 2.5 mg/day of
MPA every day. With these regimens the total doses for sequential and
continuous-combined are 100 mg and 70 mg, respectively, per cycle. In
contrast, in Scandinavia the total dose of the progestin is much higher
with continuous-combined than with sequential EPT, at least for two
commonly prescribed regimens using norethisterone acetate (NETA).
In these regimens, the same daily dose of NETA, 1 mg, is used with
both the sequential and the continuous-combined EPT, so that the total
NETA dose per cycle is roughly 10 mg and 28 mg, respectively, and the
increased risk from the continuous-combined regimen in Scandinavia is
much greater than the increased risk seen with the sequential regimen
(Table 5; an 88% and 40% increase, respectively). Some of the greater
effects seen within the sequential regimens in Scandinavia compared to
the United States (Table 5; 40% and 32% increase respectively) may
be due to a greater effect of NETA at 1 mg/day compared to 10 mg/day
of MPA, although these doses are generally considered equivalent based
on their endometrial effects (Stanczyk 2002). Most of the remaining ex-
cess in the Scandinavian studies relative to the studies from the United
States is explained by a greater relative effect of EPT use on breast can-
cer risk among leaner women (Table 3). Women in the studies from
the United States were much heavier than the women in the European
studies (Beral et al. 2005).

7 Conclusions

ET use is associated with a significantly increased risk of breast cancer,
a risk that is especially significant in slender women due to their much
lower endogenous levels of estrogen and to the fact that the ceiling of
estrogen effect on the breast is quite low. The ceiling level is not much
higher than that found in a woman with a BMI of 30 kg/m2, so that the
effect of ET on breast cancer risk in such women or heavier women is
small. Even if the estrogen dose in ET is reduced by 50% (transdermal
patch of 25 µg E2 or equivalent) the non-SHBG bound E2 will likely
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still be slightly greater than the ceiling level of 10.2 pg/ml so that no
reduction in the breast cancer risk from ET or EPT use will be seen.

EPT use is associated with a much greater increased risk of breast
cancer than ET use, and this increase, although greater in slender
women, is still very evident in heavier women due to the fact that pro-
gestin appears to act independently of estrogen on the breast without the
estrogen ceiling blunting the progestin effect. Reducing the progestin
dose is likely to significantly reduce the risk; this is possible with an
endometrial route of administration (Shoupe et al. 1991; Varila et al.
2001).

Since the publication of the Lee et al. (2005) review of EPT and
breast cancer, a small French study has reported no increase in breast
cancer risk if micronized progesterone is used as the progestin in EPT
(Fournier et al. 2005), and an experimental study in macaques also
showed no effect of micronized progesterone on breast cell proliferation
(Wood et al. 2007). This is, of course, potentially an extremely impor-
tant finding, and if confirmed this will mean that not only will EPT use
need to be reevaluated but it will also mean that the use of micronized
progesterone as the progestin in oral contraceptives will also need to be
evaluated for a possible protective effect against breast cancer. However,
mammographic density was found to increase with micronized proges-
terone as the EPT progestin in a randomized trial (Greendale et al. 2003)
so that the situation is currently unclear. This issue needs much further
study. We are currently conducting a study measuring breast-cell prolif-
eration in women on such a progesterone-based EPT. If progesterone is
truly not mitogenic in the human breast then we need to find the factor
or factors that could be producing the luteal phase increase in breast cell
proliferation; it cannot be estrogen as the level of estrogen exceeds the
mitogenic ceiling throughout the menstrual cycle.
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Abstract. Postmenopausal women that still have an uterus and suffer from
hot flushes are treated with combinations of estrogens and progestins. Whereas
estrogens are indispensable for treating postmenopausal symptoms, progestins
are added to counteract the proliferative activity of estrogens on uterine ep-
ithelial cells. However, in the mammary gland, progestins, given together with
estrogens, stimulate the proliferation of mammary epithelial cells. Therefore,
progestins with reduced proliferative activity in the mammary gland would be
of advantage for hormone therapy of postmenopausal women. In order to iden-
tify progestins with better tissue-selectivity, we exploited the activation of dif-
ferent signal transduction pathways by the classical progesterone receptor. We
demonstrated that progestins with reduced non-genomic versus genomic activ-
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ity in vitro show a better dissociation of uterine versus mammary gland effects
in vivo than medroxyprogesterone acetate (MPA), a synthetic progestin that is
widely used in hormone therapy.

1 Introduction

The progesterone receptor (PR) can activate genomic as well as rapid,
non-genomic effects. In the classical genomic pathway, ligand-bound
PR translocates into the nucleus, binds to progesterone-responsive
elements (PREs) in the promoters of target genes, and stimulates gene
transcription. Genomic effects have an onset in the range of minutes
to hours and are sensitive towards inhibitors of transcription and trans-
lation. In contrast, rapid, non-genomic progesterone effects exhibit an
onset within seconds to minutes and are insensitive to inhibitors of tran-
scription and translation (Falkenstein et al. 2000). Rapid, non-genomic
effects involve the activation of cytoplasmic signal transduction cas-
cades. Direct activation of the src/p21ras/ERK signal transduction path-
way (Migliaccio et al. 1998a) or the PI3K/Akt signal transduction path-
way (Bagowski et al. 2001) by the classical PR has been described.
Non-genomic activation of the PI3K/Akt pathway by progestins plays
an important role during amphibian oocyte maturation (Bagowski et al.
2001). Non-genomic activation of the src/p21ras/ERK pathway by the
PR seems to be involved in human breast cancer cell proliferation (Cas-
toria et al. 1999). In breast cancer cells, src kinase activity is stimulated
2–5 min after progesterone treatment and leads to phosphorylation of
Shc. Phosphorylated Shc promotes the activation of the ras/raf/MAP
kinase cascade leading to induction of cyclin D1 and hence cellular pro-
liferation (Castoria et al. 1999). There are two hypotheses regarding the
activation of src by progestins: in GST-pulldown experiments, a direct
interaction of PR with src has been demonstrated (Boonyaratanakornkit
et al. 2001). In contrast, a different hypothesis postulates that the estro-
gen receptor (ER) and the PR form an inactive complex. Upon hormonal
stimulation with either E2 or progesterone, ER is set free and then in-
teracts with src, leading to cellular proliferation of breast cancer cells
(Migliaccio et al. 1998b). In this latter case, the activation of src by PR
would occur in an indirect manner.
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Interestingly, mice deficient for cyclin D1 or progesterone receptor B
(PRB) show the same mammary gland phenotype, i.e. reduced ductal
sidebranching and lobuloalveolar development during pregnancy. Since
the cyclin D1 promoter does not contain any PREs, we speculated that,
also in vivo, non-genomic induction of cyclin D1 by progestins might
play a role in normal mammary epithelial cell proliferation. Therefore,
progestins with reduced nongenomic activity may have less prolifera-
tive activity in the mammary gland.

Synthetic progestins are widely used in hormone therapy in post-
menopausal women that still have a uterus. Progestins counteract the
proliferative effects of estradiol in the endometrium and thus prevent
the generation of endometrial carcinomas by estrogen-only treatment
(Hulka et al. 1982). However, the opposite occurs in the mammary gland
epithelium. Several studies have demonstrated that progestins, if added
to estradiol, lead to enhanced proliferation of mammary epithelial cells
in several animal models (Said et al. 1997) and human breast tissue
(Hofseth et al. 1999).

It is well-established that cell proliferation in response to proges-
terone and estradiol is regulated in a paracrine manner in the normal
mammary gland, whereas it is regulated in an autocrine way in breast
cancer cells. One suggested paracrine mechanism stimulating epithelial
cell proliferation in the normal mammary gland involves receptor acti-
vator of NF-κB ligand (RANKL) upregulation in ER/PR-positive cells.
RANKL binds to RANK in neighbouring cells (that are devoid of ER
and PR) and mediates the activation of nuclear factor κB, which leads
to enhanced cyclin D1 expression and cellular proliferation (Mulac-
Jericevic et al. 2003). In contrast, breast cancer cells are often positive
for ER and PR and thus show a direct proliferative response after stim-
ulation with estradiol and progesterone (Anderson and Clarke 2004). In
light of these results, our hypothesis that also in the normal mammary
gland non-genomic activation of the PR might contribute to epithelial
cell proliferation does not seem very convincing, since the PR is not ex-
pressed in normal proliferating cells. Assuming that premalignant mam-
mary epithelial cells may have lost the paracrine regulation of cellular
proliferation and may have switched to autocrine-controlled prolifera-
tion, we decided to search for progestins that stimulate non-genomic
effects to reduced extent. Such progestins might be of advantage when
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used in combined hormone therapy since they would stimulate prolifer-
ation of such premalignant cells to a reduced extent. Independent from
this hypothesis, we were interested in identifying progestins that lead to
reduced stimulation of non-genomic effects and in analysing how this
reduced non-genomic activity would translate into the in vivo situation.

2 Establishment of In Vitro Assays Monitoring Genomic
and Non-genomic Progesterone Receptor Activity

Before developing in vitro assay systems that would allow the ana-
lysis of non-genomic progestin effects, we tried to reproduce the main
findings from the literature. To monitor the induction of cyclin D1 by
progestins in vitro, we used T47D cells that were serum-starved for 48 h
and then treated with the synthetic progestin R5020 (10 nM) for differ-
ent periods. Cellular extracts were prepared and analysed using Western
blot (Fig. 1a). An antibody against β-tubulin served as the loading con-
trol. Cyclin D1 was rapidly induced by R5020, reaching a maximum
between 4 h and 8 h. To further analyse the mechanism of cyclin D1
induction by progestins, we preincubated serum-starved T47D cells for
30 min with different kinase inhibitors before stimulation with R5020
was performed for 4 h (Fig. 1b). As inhibitors we used the mitogen-
activated protein kinase kinase 1 (MEK1) inhibitor U0126 (20 nM),
the src kinase inhibitor PP2 (15 µM), PP3 (15 µM) as inactive vari-
ant of PP2, the PI3K inhibitor Ly29402 (50 µM), the MAPK inhibitor
PD98059 (15 µM) and the PR antagonist RU486 (10 µM). As demon-
strated in Fig. 1b, the induction of cyclin D1 by progestins was PR-de-
pendent and required the activation of non-genomic signal transduction
pathways. Cyclin D1 induction by R5020 was completely dependent on
PI3K activation and partly dependent on src kinase activation (Fig. 1b).
In contrast to published data, mitogen-activated protein kinase (MAPK)
activation did not play a major role in the induction of cyclin D1 by pro-
gestins in T47D cells (Boonyaratanakornkit et al. 2007).

To further analyse the interaction between src kinase and PRB, we
performed GST-pulldown experiments using radiolabelled PR and sev-
eral src kinase GST fusion proteins of different lengths. In line with data
published previously (Boonyaratanakornkit et al. 2001), we were able to
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Fig. 1a, b. Cyclin D1 is induced non-genomically by progestins in T47D cells.
T47D cells were serum-starved for 48 h and subsequently treated with 10 nM
R5020 for the indicated times. Cyclin D1 expression was analysed by West-
ern blot; β-tubulin served as the loading control. Induction of cyclin D1 starts
30 min after hormonal stimulation and reaches a maximum between 4 h and 8 h
(a). To analyse the mechanisms leading to cyclin D1 induction by progestins,
T47D cells were serum-starved for 48 h and preincubated for 30 min with dif-
ferent inhibitors, i.e. U0126 (20 nM), PP2 (15 µM), PP3 (15 µM), Ly29402
(50 µM), PD98059 (50 µM) and RU486 (10 µM). Afterwards 10 nM R5020
was added for 4 h (b). Cyclin D1 is induced non-genomically in a PR-dependent
manner (b)

demonstrate that PRB interacts directly with the SH3 domain of src ki-
nase. There was no interaction with the SH2 domain of src kinase (data
not shown). The interaction with the SH3 domain of src alone, however,
turned out to be hormone-independent. We only observed a hormone-
dependent interaction of PRB with src kinase when we used a larger
src construct that starts from the first amino acid of src and contains the
SH3 as well as the SH2 domain (data not shown).

In order to screen for progestins with reduced non-genomic activity
in vitro, we decided to use three different screening assays. To mon-
itor genomic progestin effects, we used SKNMC cells that had been
stably transfected with PRB and a luciferase reporter construct under
the control of the mouse mammary tumour virus (MMTV) promoter.
Dose–response curves were obtained for each progestin and the EC50

was determined.
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To analyse non-genomic effects mediated by PRB, we used a mam-
malian two hybrid assay (MTH) exploiting the direct interaction of
PRB and src kinase. We used PRB fused to the activation domain of
NF-κB and src kinase fused to the DNA-binding domain of GAL4.
The luciferase reporter gene was under the control of GAL4-responsive
elements. The mammalian two hybrid experiments were performed in
HeLa cells that were transiently transfected with the reporter gene plas-
mid and the two plasmids containing the fusion proteins. As already ob-
served in our GST-pulldown experiments, the interaction of PRB with
the SH3 domain of src kinase was hormone-independent in the MTH.
When we used a longer src kinase construct, however, starting with
amino acid one of src kinase and covering both the SH3 and SH2 do-
main, we observed a hormone-dependent interaction of PRB and src.
We established the optimal assay conditions that allowed us to deter-
mine dose–response curves as well as EC50 values for each progestin.

As a second readout for non-genomic progestin action, we estab-
lished a cyclin D1 luciferase assay using U2OS cells that were tran-
siently transfected with PRB and a luciferase reporter gene under the
control of the cyclin D1 promoter (generous gift of M. Beato). Inter-
estingly, the induction of the cyclin D1-luciferase reporter construct by
progestins was very sensitive to inhibition of PI3K and partly sensitive
to src kinase and MAPK inhibition (data not shown). These results were
in good agreement with the results obtained for the induction of cyclin
D1 in T47D cells (Fig. 1b).

3 Identification and In Vitro Characterization
of Tool Compounds

To identify progestins with reduced non-genomic activity in vitro, we
screened a focussed library that contained 161 chemically diverse pro-
gestins. In all three in vitro assays, i.e. the transactivation assay (TA),
the MTH assay and the cyclin D1 luciferase assay, we used the synthetic
progestin R5020 as our reference compound. The EC50 values were de-
termined and divided by the EC50 values of the reference progestin to
yield the so-called competition factor (CF). By definition, the CF of
R5020 in all three assays is 1. The primary criterion a compound had to
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fulfil in order to be subjected to further analysis was that it should stim-
ulate the interaction of PRB/src with tenfold less potency than R5020,
i.e. a CF of at least 10 should be achieved in the MTH as the primary cri-
terion. To judge whether such a compound shows indeed a dissociation
of genomic versus non-genomic effects in vitro, we divided the CFs for
the MTH (monitoring non-genomic effects) by the CFs for the transac-
tivation assay (monitoring genomic effects). Compounds with reduced
genomic versus non-genomic effects should have a CF quotient larger
than 1.

As depicted in Table 1, 4 out of 161 screened progestins stimu-
lated the interaction of PRB with src with at least tenfold less potency
than the reference compound R5020 and showed in addition a disso-
ciation of their non-genomic (MTH) versus genomic effects (transac-
tivation assay). The structures of the reference progestin R5020 and
compounds A and B are depicted in Fig. 2. The structures of the non-
steroidal compounds C and D are not yet disclosed. Compounds A, B
and C showed a two- to fivefold better dissociation of their genomic
versus non-genomic effects than R5020 as evidenced by their respective
CF quotients (Table 1, column 4). The dissociation of genomic versus
non-genomic effects of compound D was not as good as with the other
compounds, but compound D was included for further analysis since it
was by far the weakest activator in the second non-genomic assay, the
cyclin D1 luciferase assay (Table 1, column 5). It should be noted that
compound B, but none of the other compounds, showed strong gluco-
corticoid activity in vitro.

4 Testing of Tool Compounds In Vivo

To analyse how the reduced non-genomic activity in vitro translates into
the in vivo situation, we used a mouse model that allowed for quan-
titative measurement of progestin action in the uterus and the mam-
mary gland. Six-week-old C57BL/6 mice were ovariectomized. Start-
ing 2 weeks post ovariectomy, mice were treated subcutaneously for
3 weeks with vehicle, 100 ng E2 or combinations of 100 ng E2 with
different dosages of the respective progestin. Animals were injected
with BrdU 2 h before sacrifice. As readout parameters for mammary
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Table 1 Identification of tool compounds with reduced non-genomic activity
in vitro

Compound CF CF CF MTH
CF TA CF Gluco-

TA PRB MTH PRB-src Cyclin D1 corticoid
luciferase activity

R5020 1 1 1 1 no
A 15 71 4.4 4.7 no
B 6 29 4.8 3.9 yes
C 14 34 2.4 6.8 no
D 8 10 1.3 15.6 no

CF, EC50 compound divided by EC50 R5020
TA PRB, transactivation assay with progesterone receptor B (PRB)
MTH PRB-src, mammalian two hybrid assay based on interaction of PRB
and src kinase

gland action we used ductal sidebranching and mammary epithelial cell
proliferation, as well as changes in gene expression [i.e. repression of
the E2-dependent gene indoleamine-pyrrole 2,3 dioxygenase (INDO)
by progestins, and induction of cyclin D1]. Within the same animals
we used the following readout parameters for uterine progestin action:
(1) inhibition of E2-stimulated uterine epithelial cell proliferation and
(2) inhibition of the expression of the E2-induced gene lactotransferrin
(LTF). The following progestin doses were used in combination with
100 ng E2: medroxyprogesterone acetate (MPA) (0, 0.15, 0.75, 5, 10,
30 mg/kg), compound A (0, 2, 8, 20, 40, 120 mg/kg), compound B (0,
0.03, 0.2, 1, 2, 6 mg/kg), compound C (0, 0.2, 0.8, 5, 10, 25 mg/kg) and
compound D (0, 0.2, 2, 10, 20, 60 mg/kg). Group size was eight ani-
mals per group. We used MPA as the reference progestin in the in vivo
studies since it is widely used in hormone therapy and it was our aim to
profile the newly identified progestins against MPA.

As a second independent readout parameter for uterine progestin ac-
tion we performed maintenance of pregnancy assays in a second strain
of mice.
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Fig. 2. Structures of the reference and tool compounds

4.1 Mammary Gland Assay

4.1.1 Ductal Sidebranching

Animals were sacrificed after 3 weeks of treatment with either vehicle,
100 ng E2 or 100 ng E2 plus different doses of each progestin. One
inguinal mammary gland was processed for whole mount staining us-
ing carmine alum. Representative pictures of the mammary gland whole
mount preparations are shown in Fig. 3. After vehicle treatment, only
a few ducts were visible in the mammary fat pad, whereas after treat-
ment with estradiol ducts started to elongate and end buds developed.
Addition of increasing progestin doses led to further increase in duc-
tal sidebranching. Tertiary and secondary sidebranches were quantified
and dose–response curves were generated using Sigmaplot. The ED50

values for each progestin are depicted in Table 2. Unlike MPA, com-
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�
Fig. 3. Analysis of ductal sidebranching. Six-week-old mice were ovariec-
tomized. Starting 2 weeks post ovariectomy, animals were treated subcuta-
neously for 3 weeks with vehicle, 100 ng E2 or 100 ng E2 plus increasing
doses of either MPA (0.15, 0.75, 5, 10, 30 mg/kg), compound A (2, 8, 20, 40,
120 mg/kg), compound B (0.03, 0.2, 1, 2, 6 mg/kg), compound C (0.2, 0.8, 5,
10, 25 mg/kg) or compound D (0.2, 2, 10, 20, 60 mg/kg). Increasing doses of
each progestin are depicted in each row from the left to the right. Magnifications
of representative whole mounts are shown

pounds C and D did not show 100% efficacy with regard to ductal side-
branching. While compound C showed an efficacy of 75%, only 44%
was reached with compound D (Table 2).

Table 2 Quantitative readouts for uterine and mammary gland effects of MPA
and the tool compounds

Readout MPA A B C D
[mg/kg] [mg/kg] [mg/kg] [mg/kg] [mg/kg]

Uterus:
Maintenance of
pregnancy, ED50 3.6 30 0.55 2.1 6
Epithelial cell
proliferation, ID100 2.9 14 0.12 0.5 6
Inhibition LTF
expression, ID50 0.7 1.58 0.11 0.45 0.1
Mammary gland:
Ductal
sidebranching, ED50 3.4 50.4 1.8 0.36a 1.28a

Epithelial cell
proliferation, ED50 1.2 46.6 0.11 0.05b 0.32b

Inhibition
INDO expression, ID50 0.09 3.1 0.02 0.07 0.12
Cyclin D1 expression,
first significant effect 0.75 20 No effect No effect No effect

a 75% efficacy for compound C, 44% efficacy for compound D
b 58% efficacy for compound C, 17% efficacy for compound D
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4.1.2 Mammary Epithelial Cell Proliferation

To evaluate mammary epithelial cell proliferation, the dorsal two-thirds
of the right inguinal mammary gland were fixed in 4% buffered formalin
and embedded in paraffin. Sections were stained with an anti-BrdU an-
tibody and proliferating cells in ducts were counted on four sections per
animal. Dose–response curves were generated and ED50 values deter-
mined using Sigmaplot. The results are shown in Table 2. MPA as well
as the compounds B, C and D had the tendency to stimulate the prolifer-
ation of mammary epithelial cells with an ED50 value that was smaller
than the respective ED50 value for the stimulation of ductal sidebranch-
ing (Table 2). This phenomenon points to rather high relative prolifer-
ative activity in the mammary gland. However, compounds C and D—
although stimulating mammary epithelial cell proliferation with high
potency—did not reach 100% efficacy in this readout paradigm. Com-
pound C reached only 58% efficacy, and compound D had only 17%
efficacy if compared to MPA (Table 2).

4.1.3 Target Gene Induction in the Mammary Gland

For the analysis of gene expression, the ventral third of the right inguinal
mammary (without lymph node) gland was rapidly frozen in liquid ni-
trogen. TaqMan-PCR analysis was performed and gene expression was
normalized to cytokeratin-18 to correct for varying amounts of epithe-
lial cells in the different samples. The results for the inhibition of E2-
induced INDO expression in the mammary gland are shown in Table 2
whereas the results for cyclin D1 induction are shown in Table 2 and
Fig. 4, respectively. Interestingly, compounds B, C and D did not show
any additive effect on cyclin D1 compared to estradiol-only treatment.
In contrast, MPA (showing the first significant effect at 0.75 mg/kg)
and compound A (showing the first significant effect on cyclin D1 in-
duction at 20 mg/kg) clearly induced cyclin D1 expression above those
levels obtained after estradiol-only treatment (Fig. 4).
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Fig. 4. Cyclin D1 induction in mammary glands. Cyclin D1 mRNA expression
was analysed by TaqMan PCR using the ventral third of the right inguinal mam-
mary gland from ovariectomized mice that had been treated for 3 weeks with
either 100 ng E2 or 100 ng E2 plus increasing doses of different progestins.
Cyclin D1 expression was normalized to cytokeratin-18 expression to correct
for different epithelial cell content within the probes. Compound B, C and D
did not induce cyclin D1 significantly above the levels seen with estradiol-only
treatment. MPA at 0.75 mg/kg and compound A at 20 mg/kg showed a signif-
icant induction of cyclin D1 mRNA if compared to estradiol-only treatment.
*p<0.05, **p<0.01, ***p<0.005, two-sided Students t-test

4.1.4 Inhibition of Uterine Epithelial Cell Proliferation

To assess uterine progestin action in the same animals that had been
subjected to the mammary gland whole mount assay, one uterine horn
was fixed in 4% formalin and embedded in paraffin. Results of anti-
BrdU stainings are shown in Fig. 5. After vehicle treatment, only single
cells have reached the S-phase of the cell cycle (Fig. 5a), whereas after
treatment with 100 ng estradiol for 3 weeks, approximately 25%–30%
of the uterine epithelial cells proliferate. Increasing doses of progestins
led to a reduction of uterine epithelial cell proliferation back to vehicle
levels. Whereas treatment with 0.15 mg/kg MPA (Fig. 5c) did not in-
hibit uterine epithelial cell proliferation, there was a clear reduction in
proliferation following 0.75 mg/kg (Fig. 5d), and with 5 mg/kg MPA
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�
Fig. 5a–o. Inhibition of uterine epithelial cell proliferation by progestins. Uteri
from mice sacrificed for the mammary gland assays were embedded in paraf-
fin and stained with an antibody against BrdU. Uteri from animals treated
with vehicle (a), 100 ng E2 (b) or 100 ng E2 plus increasing doses of pro-
gestins are shown, i.e. MPA 0.15 mg/kg (c), 0.75 mg/kg (d), 5 mg/kg (e), com-
pound A 2 mg/kg (f), 8 mg/kg (g), 20 mg/kg (h), compound B 0.03 mg/kg
(i), 0.2 mg/kg (j), compound C 0.2 mg/kg (k), 0.8 mg/kg (l), or compound D
0.2 mg/kg (m), 2 mg/kg (n), 10 mg/kg (o). Note that increasing amounts of
progestins led to an inhibition of estradiol-induced uterine epithelial cell prolif-
eration back to vehicle levels

cellular proliferation was suppressed back to vehicle levels (Fig. 5e). To
calculate a mean ID100 for the inhibition of uterine epithelial cell prolif-
eration, we calculated the mean of the dose-suppressing epithelial cell
proliferation back to vehicle levels and the dose preceding this dose.
In the case of MPA, the mean ID100 was 2.9 mg/kg. The ID100 values
for the other progestins were calculated in analogy and are depicted in
Table 2.

4.1.5 Inhibition of E2-Induced LTF Expression in the Uterus

To analyse the inhibition of E2-induced LTF expression in the uterus,
the second uterine horn was rapidly frozen in liquid nitrogen. TaqMan-
PCR was performed and dose–response curves were generated. RNA
expression levels were normalized to the expression of TATA box bind-
ing protein. The ID50 values for each progestin are depicted in Table 2.

4.2 Maintenance of Pregnancy

To obtain a second independent readout for uterine progestin action,
we performed maintenance of pregnancy assays. Adult female NMRI
mice were mated with fertile males. The appearance of the vaginal plug
was considered day 1 of pregnancy. On day 1 p.c. females were sep-
arated from the males and randomly assigned to different treatment
groups (n=8 females per group). On day 8 of pregnancy the animals
were ovariectomized and daily substituted subcutaneously with differ-
ent doses of each progestin in combination with 0.03 µg estrone per an-
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imal beginning 2 h before ovariectomy. Ovariectomy without hormonal
substitution would result in immediate abortion. On day 18 p.c. ani-
mals were sacrificed and living embryos were counted. The amount of
living embryos per mouse in the sham-ovariectomized, vehicle-treated
control group was set to 100%. Dose–response curves for MPA and
drospirenone were generated using SigmaPlot. For each progestin, the
ED50 values are shown in Table 2. Comparison of the ED50 values for
the maintenance of pregnancy and the more semiquantitative ID100 val-
ues for inhibition of uterine epithelial cell proliferation showed that
both sets of data were quite similar, although the experiments were per-
formed in different strains of mice (Table 2). For the quantification of
the dissociation of uterine versus mammary gland effects, we switched
to the more quantitative ED50 values obtained from the maintenance of
pregnancy assays.

4.3 Dissociation of Uterine Versus Mammary Gland Effects

To assess the dissociation between uterine and mammary gland effects
for each compound in comparison to MPA, we calculated DFs by divid-
ing ED50 values for mammary gland readouts by ED50 or ID50 values
for uterine readouts (Table 2). By definition, a dissociation factor of 1
indicates that the respective progestin shows activity in the uterus and
the mammary gland at the same dose. A dissociation factor smaller than
1 implies that the progestin is active in the mammary gland at lower
doses than those required for activity in the uterus whereas dissociation
factors larger than 1 indicate that the progestin exerts uterine effects at
doses smaller than those required for considerable activity in the mam-
mary gland. For hormone therapy, the latter profile (DF>1) would be
highly desirable.

Whenever possible, the following rules were applied for the calcu-
lation of absolute DFs : (1) only readouts of the same type were com-
pared, i.e. functional readouts were only compared with other functional
readouts and molecular readouts were compared with other molecular
readouts; (2) division of ED50 values by ED50 values and ID50 values by
ID50 values. The calculated dissociation factors are depicted in Table 3.

For all different combinations of DFs, MPA showed values that were
smaller than 1, indicating that MPA had the tendency to develop activity
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in the mammary gland at doses that are smaller than those required for
uterine activity.

Compound A was the only compound that showed in almost all DFs
values larger than 1. In comparison to MPA, compound A showed a bet-
ter dissociation of uterine versus mammary gland effects. Compound A
developed activity in the mammary gland at doses higher than those
required for uterine activity and thus reflected the ideal profile of a pro-
gestin used for hormone therapy.

Compound B did not induce cyclin D1, but has values smaller than 1
in the DFs measuring proliferative activity in the mammary gland, i.e.
ED50 BrdU mammary gland divided by ID100 BrdU uterus or divided by
ED50 maintenance of pregnancy (Table 3). With regard to ductal side-
branching, compound B showed a better DF than MPA. In other words,
compound B had relatively high proliferative activity in the mammary
gland, higher than could be expected from its ability to stimulate ductal
sidebranching. The relative high proliferative activity of compound B

Table 3 Calculation of dissociation factors (DFs) for mammary gland versus
uterine progestin action

Calculation of DFa MPA A B C D

ED50sidebranching
ED50pregnancy 0.98 1.7 3.3 0.17b 0.21b

ED50BrdU Ma.
ID50BrdU ut. 0.44 3.3 0.9 0.1b 0.05b

ED50BrdU Ma.
ED50pregnancy 0.33 1.6 0.2 0.02b 0.05b

ID50INDO Ma.
ID50LTF ut. 0.13 2.0 0.2 0.16 1.2

Cyclin D1 Ma.
ED50pregnancy 0.21 0.7 − − −
a DFs are calculated by dividing quantitative measures of mammary gland ac-
tion (Ma.) by those of uterine action (ut.); absolute DF values larger than 1
indicate favourable dissociation of uterine versus mammary gland effects
b Compounds show dissociation with regard to efficacy, not with regard to po-
tency
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in the mammary gland might be the result of its strong glucocorticoid
activity in vitro. It has been demonstrated that mice lacking the glu-
cocorticoid receptor in mammary epithelial cells showed an impaired
proliferative response (Wintermantel et al. 2005). Therefore, glucocor-
ticoid activity of compound B may lead to the enhanced proliferative
activity in mammary epithelial cells.

The nonsteroidal compounds C and D showed a profile that is dis-
tinctly different. In contrast to all other compounds, the efficacies of
compounds C and D with regard to stimulation of ductal sidebranching
or with regard to stimulation of mammary epithelial cell proliferation
never reached 100% (Table 3). Both compounds stimulated prolifera-
tive effects in the mammary gland with very high potency, the respec-
tive DFs were even smaller than those of MPA; however, there wass
a remarkable efficacy dissociation, especially for compound D. Over
a large dose range, compound D reached only 44% efficacy with regard
to ductal sidebranching and 17% efficacy with regard to stimulation of
mammary epithelial cell proliferation.

Taken together, we identified four progestins that showed reduced
non-genomic versus genomic effects in vitro. These compounds were
tested in vivo in comparison to MPA with regard to their dissociation of
uterine versus mammary gland effects. Only one out of the four com-
pounds, compound B, had an in vivo profile that was not better than the
in vivo profile of MPA. Most likely, the strong glucocorticoid activity
of compound B provoked its high proliferative activity in the mammary
gland.

Among the other three other compounds, compound A showed a bet-
ter dissociation of uterine versus mammary gland effects with regard to
potency if compared to MPA, whereas compounds C and D showed
a better dissociation of uterine versus mammary gland effects with re-
gard to efficacy if compared to MPA.

5 Outlook

Progestins with reduced proliferative activity in the mammary gland
would be valuable tools for hormone therapy of postmenopausal women
still having an uterus. Here we followed a screening hierarchy that was
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based on the hypothesis that reduced non-genomic activity of progestins
may lead to reduced proliferative activity in the mammary gland. It has
to be noted that this hypothesis might not be absolutely valid since in
the normal mammary gland cell proliferation is induced in a paracrine
manner and proliferating cells do not express the PR, as is the case
in mammary cancer cells. Nevertheless, three out of four validated hits
showed a dissociation of uterine versus mammary gland effects that was
better than the dissociation seen with MPA. From our approach we have
learned that progestins with glucocorticoid activity showed enhanced
proliferation of mammary epithelial cells. Such progestins are not ideal
for hormone therapy. The open question remaining is how might happen
that a wrong hypothesis can drive a successful screen. We think that the
decision to select only progestins for further analysis that stimulated the
interaction of PRB with src with tenfold reduced potency if compared to
R5020 had major impact on the outcome of the screen. We did not look
for dissociation in a first step, but for tenfold reduced potency in com-
parison to R5020. In a second step we analysed whether the compounds
showed a dissociation of genomic versus non-genomic effects. This ap-
proach led to a preselection of compounds that were less potent than
R5020 and did not represent highly potent progestins. Most likely, pro-
gestins of intermediate strength, but not highly potent progestins, have
a chance to show a dissociation of their activities in various tissues.
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Abstract. The progesterone receptor (PR) is an important regulator of female
reproduction. Consequently, PR modulators have found numerous pharmaceu-
tical utilities in women’s reproductive health. In the process of identifying more
receptor-specific and tissue-selective PR modulators, we discovered a novel
nonsteroidal, 6-aryl benzoxazinone compound, PRA-910, that displays unique
in vitro and in vivo activities. In a PR/PRE reporter assay in COS-7 cells, PRA-
910 shows potent PR antagonist activity with an IC50 value of approximately
20 nM. In the alkaline phosphatase assay in the human breast cancer cell line
T47D, PRA-910 is a partial progesterone antagonist at low concentrations and
is also an effective PR agonist at higher concentrations (EC50 value of approxi-
mately 700 nM). PRA-910 binds to the human PR with high affinity (Kd=4 nM)
and was previously shown to exhibit greater than 100-fold selectivity for the PR
versus other steroid receptors. In the adult ovariectomized rat, PRA-910 is a po-
tent PR antagonist. It inhibits progesterone-induced uterine decidual response
with an ED50 value of 0.4 mg/kg, p.o., and reverses progesterone suppression of
estradiol-induced complement C3 expression with potency similar to RU-486.
In the nonhuman primate, however, PRA-910 is a PR agonist. The effect on en-
dometrial histology strongly resembles that of progesterone. This unique com-
pound also suppresses estradiol-induced epithelial cell proliferation and both
estrogen and progesterone receptor expression in the uterine endometrium as
a PR agonist would. In summary, PRA-910 is a structurally and biologically
novel selective PR modulator with either PR agonist or antagonist activity, de-
pending on context, concentration, and species.
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1 Introduction

Progesterone (P4), acting via the progesterone receptor (PR), plays
a pivotal role in female reproduction. It is involved in the regulation of
uterine development and differentiation, ovum implantation, ovulation,
and mammary gland development (Psychoyos 1973; Zhang et al. 1994;
Lydon et al. 1995). Progesterone receptor agonists, i.e., progestins, have
several therapeutic applications in women’s health. Progestins are
a major component of oral contraceptives, achieving efficacy through
inhibition of ovulation and thickening of cervical mucus. In a post-
menopausal hormone therapy paradigm, a progestin is primarily used in
combination with an estrogen to protect the endometrium from estrogen-
induced hyperplasia. PR antagonists, on the other hand, currently have
only limited therapeutic applications. The only clinically approved PR
antagonist, i.e., mifepristone or RU-486, is indicated for termination of
early pregnancy in combination with a prostaglandin. A growing body
of evidence, however, suggests that PR antagonists may have significant
therapeutic potential. For example, preclinical evidence in primates sug-
gests that PR antagonists may have utility in both oral contraception and
postmenopausal hormone therapy (Slayden et al. 2001a, 2006). In addi-
tion, data from small clinical studies indicate that PR antagonists may
be effective in the treatment of reproductive disorders such as uterine fi-
broids and endometriosis, as well as hormone-sensitive tumors (Chwal-
isz et al. 2005).

Another concern with the currently available PR antagonist, RU-486,
is receptor selectivity (Beck et al. 1993). This compound has potent anti-
glucocorticoid activity as well. Likewise, other steroidal PR modulators
either commercially available or still in development face the same se-
lectivity hurdle, though sometimes cross-reactivity with other steroid
receptors, i.e., anti-androgenic or anti-mineralocorticoid activity, can be
marketed as a positive attribute (Foidart 2000). Nevertheless, the side
effects associated with steroid receptor cross-reactivity can limit long-
term use and approvable indications for PR modulators. To this end,
our drug discovery approach was to begin with nonsteroidal compounds
in order to avoid potential receptor-selectivity issues and the common
metabolic pathways steroidal compounds employ.
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�
Fig. 1 a. Structure of PRA-910. b Binding of PRA-910 to the human PR. In-
creasing concentrations of [3H]-PRA-910 were incubated with T47D cell cy-
tosol in the presence or absence of 100-fold excess of unlabeled compound.
Following separation of unbound compound, specific bound (SB) counts (CPM)
were calculated by subtracting nonspecific binding (NSB) from total bound (TB)
counts. c Scatchard analysis of [3H]-PRA-910 binding to the human PR. The
affinity constant of 4.4 nM calculated in this experiment is similar to that deter-
mined in two additional experiments

In this article, we present the in vitro and in vivo characterization
of a novel nonsteroidal PR modulator, PRA-910 (Fig. 1a) that exhibits
species- and context-specific activities. This unique molecule elicits po-
tent PR antagonist activity in the rat but is a PR agonist in the nonhu-
man primate. In vitro, the mixed antagonist and agonist properties of
PRA-910 depend on the assay context and concentration used. These
data with PRA-910 highlight the complexity of progesterone signaling,
provide evidence for species selectivity, and suggest a new molecular
mechanism from which to modulate PR function.

2 Materials and Methods

2.1 Reagents

P4, dexamethasone (DEX), flutamide, 17α-ethinyl estradiol (EE), and
testosterone propionate (TP) were purchased from Sigma Chemical Co.
(St. Louis, MO). Mifepristone (RU-486) was purchased from the Shang-
hai Organic Chemical Institute (China). Tissue culture media Dul-
becco’s modified Eagle’s medium (DMEM)/F12, MEM, and DMEM
were obtained from Invitrogen (Grand Island, NY). Fetal bovine serum
(FBS) was obtained from Hyclone (Logan, UT). [3H]-R5020 was pur-
chased from NEN Life Science Products (Boston, MA). PRA-910 and
[3H]-PRA-910 were prepared by the Medicinal Chemistry and Phar-
maceutical Development Departments, respectively, at Wyeth. All other
chemicals were purchased from Sigma. Test compounds were dissolved
in dimethylsulfoxide (DMSO) or a 50/50 (v/v) mixture of DMSO and
ethanol vehicle for subsequent in vitro and in vivo studies.
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2.2 Cell Culture and In Vitro Assays

Human breast carcinoma cell lines T47D and monkey kidney cell line
COS-7, were obtained from American Type Culture Collection (Rock-
ville, MD). T47D cells were maintained in DMEM/F12 and the COS-
7 were maintained in DMEM containing 10% FBS, 0.1% MEM non-
essential amino acids, 100 U/ml penicillin, 100 mg/ml streptomycin,
and 2 mM GlutaMax (Invitrogen). Cells were passed 2–3 times every
week.

2.3 PR Binding Assay

T47D cells were homogenized in 20 mM hydroxyethylpiperazine eth-
anesulfonic acid (HEPES) buffer (1 mM EDTA, pH 7.6) with protease
inhibitors (aprotinin 0.5 µg/ml, leupeptin 0.5 µg/ml, pepstatin A
0.7 µg/ml, and PMSF 0.5 mM). Uterine tissues from rat, rabbit, and
monkey were homogenized in 10 mM Tris buffer (1.5 mM EDTA,
pH 7.4) with sodium molybdate and 1 mM dithiothreitol. After cen-
trifugation at 100,000×g for 1 h (4°C), the supernatant containing PR
was collected and measured for protein concentration. The PR binding
assay was performed with 100 µg cytosolic protein with an increas-
ing concentration of [3H]-PRA-910 with or without unlabeled R5020
as a cold competitor. Following overnight incubation at 4°C, free and
bound [3H]-PRA-910 were separated using 1% charcoal/0.05% dextran
69K in Tris/EDTA buffer (pH 7.4). Total and bound [3H]-PRA-910 were
counted in a Beckman LS6500 Scintillation Counter (Beckman Instru-
ments, Fullerton, CA).

2.4 PRE-Luciferase Assay

COS-7 cells (30,000 cells/well) were transfected overnight using Fu-
Gene (Roche Applied Science, Indianapolis, IN) with 0.1 µg/well of
full-length human PR-B and 0.2 µg/well progesterone response ele-
ment (PRE)-luciferase vector in 96 well plates (Zhang et al. 2002a).
Cells were treated with ligands for 24 h and luciferase activity was
measured on a Victor2 luminometer (Millipore, Billerica, MA) using
the Luciferase Reporter assay kit (Promega, Madison, WI).
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2.5 T47D Alkaline Phosphatase Assay

The effect of PRA-910 on the alkaline phosphatase activity in T47D
cells was determined as described previously (Zhang et al. 2000, 2002a).
Briefly, cells were plated in 96-well plates at 50,000 cells/well in
DMEM/F12 with 10% FBS. After overnight culture, the medium was
changed to phenol red-free DMEM/F12 containing 2% charcoal-
stripped FBS (experimental medium). The next day, cells were treated
with test compound in the presence (antagonist mode) or absence
(agonist mode) of 1 nM P4 in the experimental medium. Cellular al-
kaline phosphatase activity was measured 24 h after treatment using p-
nitrophenyl phosphate as substrate. Optical density measurements were
taken at 5-min intervals for 30 min at a test wavelength of 405 nM.

2.6 PR/SRC-3 Mammalian Two Hybrid Assay

COS-7 cells were transfected with PR ligand binding domain (LBD) in
the GAL4 DNA binding domain plasmid pM (Clontech, Palo Alto, CA),
full-length steroid receptor coactivator (SRC)-3 in the VP16 activation
domain plasmid pVP16 (Clontech), and a GAL4 responsive luciferase
reporter (5×GALuas) using Lipofectamine 2000 (Invitrogen) according
to the manufacturer’s instructions. Cells were treated with ligands for
24 h and luciferase activity was measured on a Victor2 luminometer
(Perkin Elmer Life Sciences) using the Luciferase Reporter assay kit
(Promega).

2.7 Protease Digestion Assay

The protease digestion analysis was performed essentially as described
(Allan et al. 1992; McDonnell et al. 1995) with minor modifications.
The plasmid pT7BPRB, kindly provided by Dr. O’Malley (Baylor Col-
lege of Medicine), was used to generate [35S]-radiolabeled PR-B using
the TNT T7 Quick Coupled Transcription/Translation System accord-
ing to the manufacturer’s protocol (Promega). After the translation re-
action, an aliquot (30 µl) of the lysate was incubated for 10 min at room
temperature (RT) in the absence or presence of ligands at a final concen-
tration of 100 nM. Aliquots (5 µl) of the ligand-treated receptor mixture
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were then incubated with a trypsin solution (Worthington Biochemicals,
Freehold, NJ), giving various final concentrations of the enzyme (0, 25,
50, 75 µg/ml). After incubation at RT for 10 min, the digestion reac-
tion was terminated with the addition of 20 µl gel denaturing buffer
and boiling for 5 min. The digestion products were separated on a 4–
12% Bis–Tris NuPAGE gel (BioRad Laboratories, Hercules, CA). After
the electrophoresis the gel was treated with a 50% (v/v) methanol–10%
acetic acid (v/v) solution for 30 min and immersed in Amplify (Amer-
sham Pharmacia Biotech, Piscataway, NJ) for 30 min. The gel was then
dried under vacuum and the radiolabeled products were visualized by
autoradiography.

2.8 In Vivo Studies

All animal studies were conducted under Wyeth or Oregon Regional
Primate Research Center institutional approval protocols.

2.9 Rat Uterine Decidual Assay

Rat decidualization assay was run as described previously (Lundeen
et al. 2001). In brief, mature female Sprague–Dawley rats (~220 g) were
ovariectomized at least 10 days before treatment to reduce circulating
sex steroids. PRA-910 was administered once daily for 7 days orally
by gavage (0.5 ml) in 2% Tween 80/0.5% methyl-cellulose vehicle with
concurrent administration of P4 (5.6 mg/kg, s.c.). Approximately 24 h
after the third daily treatment, decidualization was induced in one uter-
ine horn of each anesthetized rat by scratching the antimesometrial lu-
minal epithelium with a blunt 21-gauge needle. The contralateral horn
was not scratched and served as a nonstimulated control. Animals were
euthanized by CO2 asphyxiation 24 h following the final treatment. The
uteri were removed and trimmed of fat and the decidualized (D) and
control (C) horns were weighed separately. The decidual response is
expressed as D/C.
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2.10 Rat Uterine Complement C3 Assay

Ovariectomized female 60-day-old Sprague–Dawley rats were obtained
from Harlan (Indianapolis, IN). Ovariectomies were performed by the
supplier a minimum of 8 days before treatment. The rats were random-
ized and placed in groups of 6. The animals were treated with PRA-910
once daily for 2 days orally by gavage in a volume of 0.5 ml with con-
current treatment of progesterone (3 mg/kg, s.c.). On the second day of
treatment the animals were also treated with EE (0.08 mg/kg) orally by
gavage. Approximately 24 h after the final treatment the animals were
euthanized by CO2 asphyxiation. The uteri were then removed, stripped
of remaining fat and mesentery, weighed, and snap-frozen on dry ice.
Total RNA was isolated from the uteri using the Trizol Reagent (Gib-
coBRL, Gaithersberg, MD) according to the manufacturer’s instruction,
and complement C3 expression was analyzed by Northern analysis as
described (Lundeen et al. 2001).

2.11 Rhesus Monkey Study

A preliminary experiment was conducted to determine if PRA-910 acts
as a PR antagonist to induce menses in artificial cycling rhesus ma-
caques. Two ovariectomized macaques were implanted with a 5-cm
silastic capsule packed with crystalline E2 to stimulate an artificial fol-
licular phase (Slayden et al. 1995). After 14 days of E2 priming, a sim-
ilar 6-cm P4-filled implant was inserted to stimulate an artificial luteal
phase. After 14 days of sequential E2+P4 priming, the animals were
treated with 5 mg/kg PRA-910, i.m., for 10 days. A daily vaginal swab
was done to check for evidence of menstruation for 18 days.

In order to determine if PRA-910 is a PR agonist in rhesus monkeys,
two monkeys were treated with the compound (5 mg/kg, i.m.) for 7 days
after 14 days of E2 implant. At the end of treatment each animal re-
ceived 100 mg Br(d)U i.v. Following treatments, rhesus monkeys were
euthanized and reproductive tracts were collected (Slayden et al. 2006).
Tissue samples for morphological analyses were prepared as previously
described (Slayden et al. 1995, 2001a). In brief, the microwave-treated
sections were lightly fixed (0.2% picric acid, 2% paraform-
aldehyde in PBS) for 10 min; the immunocytochemistry (ICC) was
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conducted with monoclonal anti-ER (1D-5; BioGenex, San Ramon,
CA), anti-PR (anti-PR Ab-8; NeoMarkers; Fremont, CA), anti-Ki-67
antigen (Dako, Carpinteria, CA) or anti-Br(d)U (ICN Biomedical Re-
search Products, Costa Mesa, CA). In each case primary antibody was
reacted with either biotinylated anti-mouseG second antibody and de-
tected with an avidin-biotin peroxidase kit (Vector Laboratories, Burlin-
game, CA).

Photomicrographic images were captured through an Optronics DE
75 0T digital camera (Optronics Engineering, Goleta, CA) and digitized
images were printed on an Epson Stylus Photo 1200 printer. Endome-
trial stromal compaction was quantified by counting stroma cells within
100×100 µm fields in the functionalis zone of each sample. Two meth-
ods were used to estimate the abundance of proliferating endometrial
epithelial cells. First, the abundance of mitotic cells in glycol methacry-
late (GMA) sections were counted in the functionalis and basalis zones.
Second, the number of Br(d)U-labeled cells were counted from sam-
ples collected at necropsy. ICC sections stained for Ki-67 antigen were
also prepared and photographed, but because Ki-67 staining appeared
to parallel mitotic counts, counts of Ki-67-positive cells were not made.
Due to the small sample size for each group, no statistical analysis was
conducted and all numeric values are reported as means. However, these
mean values were compared to the naturally occurring variance we have
previously observed in values from control animals from other studies
(Slayden et al. 2006).

2.12 Rat Glucocorticoid Receptor Activity Assay

Male Sprague–Dawley rats, adrenalectomized by the vendor (Taconic
Farms, NY), were shipped 2 days after surgery and acclimated for 2 days
before beginning the study. Average body weights were 140 to 160 g
upon arrival. The animals were maintained on a diet of standard ro-
dent laboratory chow and 0.85% saline drinking water. Animals were
weighed and grouped (6 per group). PRA-910 alone or concurrent with
dexamethasone (s.c., 0.05 mg/kg) was administered orally in 2% Tween
80/0.5% methyl cellulose vehicle in a volume of 0.5 ml/rat. Animals
were treated once daily for five consecutive days. Animals were fasted
16 h before necropsy. Approximately 7 h after final dosing, the animals
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were euthanized by CO2 asphyxiation. The thymus was removed and its
weight recorded.

2.13 Rat Androgen Receptor Activity Assay

Immature male Sprague–Dawley rats, castrated by the vendor (Taconic
Farms, NY) (~22 days old, 40–45 g body weight), were shipped 2 days
after surgery and acclimated for 5 days before beginning the study. The
animals were maintained on a diet of standard lab chow and water. The
animals were weighed and grouped 7 days after castration, 5–6 ani-
mals per group, to provide similar mean body weights. To assess its
anti-androgenic activity, PRA-910 was administered once daily for 10
consecutive days by gavage in a volume of 0.5 ml per rat in the 2%
Tween 80/0.5% methylcellulose with a concurrent dose (1.0 mg/kg s.c.)
of the reference androgen testosterone propionate. Flutamide (FLU)
was administered s.c. at 10 mg/kg as a positive anti-androgenic control.
Approximately 24 h after the final dosing, animals were sacrificed by
CO2 asphyxiation. The ventral prostate and seminal vesicles were ex-
cised, cleaned of extraneous tissue, blotted on filter paper, and weighed.

2.14 Evaluation of Results

In T47D alkaline phosphatase assay, a dose–response curve was gener-
ated for dose (x-axis) vs the rate of enzyme reaction (slope) (y-axis) for
test compounds. Square root-transformed data were used for analysis
of variance and nonlinear dose–response curve fitting in the PR binding
assay, T47D cell alkaline phosphatase and the PR-B/PRE cotransfection
assay. Huber weighting was used to down-weight the effects of outliers.
EC50 or IC50 values were calculated from the re-transformed values.
JMP software (SAS Institute, Cary, NC) was used for both one-way
analysis of variance and nonlinear dose–response analysis. Data for the
rat uterine decidualization, glucocorticoid, and androgenic assays were
transformed by logarithms to maximize normality and homogeneity of
variance. The Huber M-estimator was used to down-weight the outly-
ing transformed observations for both dose–response curve fitting and
one-way analysis of variance (ANOVA) using the JMP software (SAS
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Institute). Values of ED50 (50% effective dose) were calculated from the
transformed values.

3 Results

3.1 PRA-910 Binds to the Progesterone Receptor
from Multiple Species

The synthesis and initial description of PRA-910 (Fig. 1a) activity has
been previously described (Zhang et al. 2002b). For quantitative affin-
ity measurements, [3H]-PRA-910 was synthesized and used in binding
studies with T47D human breast cancer cell cytosol as the source of
human PR. Saturation binding and Scatchard plot analysis shows that
PRA-910 has saturable, specific binding sites in T47D cell cytosolic
preparations with a Kd value of 4.4 nM (Fig. 1b and c). In a PR compe-
tition binding assays using cytosol prepared from monkey, rat, or rabbit
uterus, PRA-910 inhibited [3H]-R5020 binding dose dependently with
IC50 values of 23, 14, and 161 nM, respectively (data not shown).

3.2 Functional Activity of PRA-910 on PR in COS-7
and T47D Cells

The in vitro biological activity of PRA-910 was evaluated in two cell-
based assays, a PR/PRE cotransfection assay in COS-7 cells and the
T47D alkaline phosphatase assay. The compound was tested for both
PR agonism and antagonism in these assays. In the COS-7 cells cotrans-
fected with hPR-B and a PRE-luciferase reporter, PRA-910 showed
potent PR antagonist activity with an IC50 (50% inhibition of 1 nM
P4-induced PRE-luciferase activity) value of approximately 20.6 nM
but only 53% inhibition relative to the control steroidal antagonist RU-
486 (Fig. 2a). In the same assay run in the agonist mode (compound
alone), PRA-910 exhibited partial agonist activity at 300 and 1,000 nM
(Fig. 2b).

In the T47D cells, which express both human PR-A and PR-B, mea-
surement of alkaline phosphatase induction is an endogenous endpoint
used to measure activity of PR modulators. Evaluation of PRA-910
in the T47D alkaline phosphatase assay resulted in a biphasic curve
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Fig. 2a–b. In vitro functional analysis of PRA-910. a COS-7 cells were cotrans-
fected with PR-B and PRE-luciferase reporter vectors and treated for 16 h with
the indicated concentrations of PRA-910 (open circles) or RU-486 (closed cir-
cles) in the presence of 1 nM P4. The IC50 values are 0.093+/–0.008 for RU-486
and 20.6+/–8.8 for PRA-910. b The PR-B/PRE cotransfection assay was run in
agonist mode with either P4 (closed circles) or PRA-910 (open circles) alone.
The EC50 value for P4 is 0.24+/–0.06. The curve for PRA-910 failed to plateau
and the IC50 cannot be accurately estimated

(Fig. 2c). At low doses (<100 nM), PRA-910 antagonized the proges-
terone-induced rise in alkaline phosphatase activity with an average ef-
ficacy of 43% and an average IC50 of 14.3+/–8.1 nM (n=3). At concen-
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Fig. 2c–d. c T47D alkaline phosphatase assay in antagonist mode. Cells were
treated with PRA-910 (open circles) or RU-486 (closed circles) in the presence
of 1 nM P4 for 16 h. The IC50 for RU-486 is 0.051+/–0.004 nM. The IC50

for PRA-910 is 18.9+/–2.9 nM. d T47D alkaline phosphatase assay in agonist
mode. T47D cells were treated with P4 (closed circles) or PRA-910 (open cir-
cles) alone. The EC50 for P4 is 0.95+/–0.07 nM and the EC50 for PRA-910 is
approx. 1.0 µM+/–0.2 µM, but failed to completely plateau at 10 µM. Each plot
(a–d) is representative of at least three separate experiments

trations greater than 100 nM, PRA-910 acted as a partial PR agonist in
alkaline phosphatase induction with an average EC50 of 762+/–247 nM
(n=3) and approximately 60–70% efficacy of P4 (Fig. 2d).
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3.3 PRA-910 Promotes SRC-3 Coactivator Interaction
with the PR

The peculiar biphasic shape of the antagonist dose–response curves in
Fig. 2 prompted further investigation into the mechanism of action of
PRA-910 on the PR. A mammalian two-hybrid assay was employed to
measure the interaction between PR and the coactivator SRC-3. Consis-
tent with the transcriptional readouts above, PRA-910 showed both PR
agonist and antagonist activity in a dose-dependent fashion. As shown
in Fig. 3, at lower concentrations (<100 nM), PRA-910 suppressed P4-
induced PR/SRC-3 interaction with an IC50 value of 21 nM and about
70% efficacy as compared to RU-486 (not shown). Under the same con-
ditions, but in the absence of P4, PRA-910 showed PR agonism as mea-
sured by recruitment of SRC-3 with an EC50 value of approx. 1,000 nM
and approximately 75% the efficacy of P4. In this assay both the agonist
and antagonist plots overlap at concentrations above 100 nM.

3.4 Limited Proteolytic Analysis of PRA-910 Bound PR

Limited protease digestion was carried out to compare conformation
changes of PR upon PRA-910 binding relative to the steroidal com-
pounds P4 and RU-486. As shown in Fig. 4, PRA-910 bound PR pro-
vided a trypsin digestion pattern that was similar to P4 (agonist)-bound
PR but distinct from that of RU-486 (antagonist) bound PR. The concen-
tration of PRA-910 used is 100 nM, a concentration where full antagon-
ist activity is observed in the cell-based assays. Higher concentrations of
PRA-910 showed a similar pattern. Similar patterns were also observed
when different pre-incubation times, i.e., overnight at 4°C, were done
(not shown). Partial digestion with chymotrypsin also showed similar
patterns for both PRA-910 and P4-bound PR that are distinct from that
of RU-486-bound PR (data not shown). The less intensely protected
bands in PRA-910-treated lanes compared to P4 probably reflect the
slightly weaker binding affinity of PRA-910 or differences in kinetic
constants (off rates) between the two molecules.
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Fig. 3. A mammalian two-hybrid assay measuring the ligand-dependent interac-
tion between the PR-LBD and SRC-3-VP16 coactivator. PRA-910 run in agon-
ist mode (open squares) is a fully efficacious agonist in this assay with and
ED50 of approximately 1,000 nM. When run in the antagonist mode (closed tri-
angle) against 5 nM of the synthetic progestin R5020, PRA-910 achieves 70%
inhibition with an ED50 of 21 nM, and changes profile to recruit coactivator
at higher concentrations, overlapping with the agonist mode curve at concen-
trations above 300 nM. This is a representative plot of three separate experi-
ments. The reference compounds not shown are P4 in agonist mode with an
ED50=3.7 nM, and RU-486 in antagonist mode, ED50=0.3 nM

3.5 PR Antagonist Activity of PRA-910 in the Rat

Two rat models were used to evaluate the PR activity of PRA-910. In
the rat decidualization assay, the animals were treated with PRA-910
orally for 7 days with or without concurrent subcutaneous (s.c.) admin-
istration of P4. PRA-910 suppressed the P4-induced decidual response
dose dependently with a mean ED50 (50% inhibition of progesterone
induced decidual response) of 0.3+/–0.02 mg/kg (n=5), similar to the
value for RU-486 (0.2 mg/kg; Fig. 5). PRA-910, when dosed alone, did
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Fig. 4. The protease digestion pattern of PRA-910-bound PR suggests an agon-
ist conformation is induced. The indicated ligands, or DMSO vehicle, were
pre-incubated with the in vitro translated [35S]-PR and the indicated amount
of trypsin before analysis by sodium dodecyl sulfate polyacrylamide gel elec-
trophoresis (SDS-PAGE) and autoradiography. The 30-kDa band is characteris-
tic of agonist conformation and the 28-kDa band is characteristic of an antago-
nist conformation

not show any PR agonist activity at a dose up to 10 mg/kg, the highest
dose tested (data not shown).

The second model used to assess PR activity in the rat was the uter-
ine complement C3 assay (Lundeen et al. 2001). In the rat, estrogens in-
duce uterine epithelial expression of complement component C3. This
upregulation is suppressed when the estrogen is coadministered with
a progestin and can be reversed by a PR antagonist (Fig. 6a). As shown
in Fig. 6b, PRA-910 also antagonized the P4 effect in this model. The
mean ED50 (dose that blocks the anti-estrogenic effect of progesterone
on uterine C3 mRNA by 50%) in this model was 1.3+/–0.1 mg/kg for
PRA-910 and 1.7 for RU-486. Treatment with 10 mg/kg of PRA-910
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Fig. 5. The rat decidualization assay shows PRA-910 is a potent and efficacious
PR antagonist in this species. Decidual response is measured as a ratio between
the weight of the decidual horn (D) and that of the control, non-decidualized
horn (C) in the same animal. Dosing is described in the materials and methods.
Neither RU-486 nor PRA-910 had any agonist effect when treated alone up to
10 mg/kg (not shown)

alone (agonist mode) had no effect on C3 mRNA levels. Interestingly,
both PRA-910 and RU-486 cotreatment with EE resulted in C3 mRNA
levels above that observed for EE alone.

3.6 PR Agonist Activity of PRA-910 in the Monkey

A preliminary experiment was conducted to determine if PRA-910 acts
as a PR antagonist by inducing menses in artificial cycling rhesus
macaques. Treatment with PRA-910 did not induce early menses, sug-
gesting this compound did not act as a PR antagonist in macaques. Fur-
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Fig. 6a, b. Effect of RU-486 (a) and PRA-910 (b) on rat uterine C3 mRNA
levels. Vehicle (V) and ethinyl estradiol (EE) alone are shown along with EE+P4

with increasing concentrations of either RU-486 (a) or PRA-910 (b). The last
bar in each plot is the compound run at 10 mg/kg in the absence of P4 (agonist
mode). Data are determined as the ratio C3 mRNA/28S rRNA with the value of
EE set at 100%

thermore, menses did not occur after P4 withdrawal, indicating the com-
pound may act as a PR agonist.

The activity of PRA-910 in the endometrium and oviduct in the non-
human primate was evaluated using an established rhesus model (see
materials and methods). In this model, 28-day treatment of estrogen-
primed monkeys with 5 mg/kg PRA-910 resulted in extensive glandular
sacculation (Fig. 7b, d) especially in the basalis zone, similar to what
is seen with P4 treatment. There was also evidence of stromal expan-
sion (compare Fig. 7e and f), but endometrial mass and thickness were
not significantly different from E2-treated animals. This minimal effect
on thickness may be attributed to the short 7-day treatment. Treatment
with PRA-910, like P4, inhibited epithelial cell proliferation, resulting
in no identifiable mitotic cells in the glandular epithelial layer (Fig. 7d).
Further analysis of cell proliferation is shown in Fig. 8, where PRA-
910 inhibited both expression of Ki-67 and Brd(U) incorporation in the
functionalis zone glands (Fig. 8b and f as compared to a and e). In con-
trast, PRA-910 did stimulate cell proliferation in the basalis zone where
cell proliferation is induced by progestins, leading to a Brd(U) labeling
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�
Fig. 7a–f. Photomicrographs of GMA-embedded, hematoxylin-stained sections
of the rhesus endometrium treated with E2 (control) or E2+PRA-910. Full-
thickness endometrium is shown in a and b, and the dark line indicates the
endometrial (Endo)/myometrial (Myo) border. Glands (c and d) and arteries (e
and f) were photographed at 250×. E2, 17b-estradiol; S, stroma; Gl, gland; M,
mitotic cells

Fig. 8a–h. Photomicrographs of rhesus endometrium immunostained (dark
brown) for Ki-67 (a–d) or Br-dU (e–h) from animals treated with either E2
alone (control) or E2+PRA-910. Both the basalis (c, d, g, h) and functionalis
(a, b, e, f) zones of the endometrium are shown

index of 29 cells/1,000 glandular epithelial cells (Fig. 8d and h), similar
to that observed after E2+P4 treatment (Slayden et al. 2006). Further in-
dication of progestin-like activity of PRA-910 was determined by eval-
uation of ERα and PR expression. Figure 9 clearly shows the inhibition
of both ER and PR expression in the glandular epithelium following
PRA-910 treatment, similar to what is seen with P4 treatment (Slayden
et al. 2006).
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Fig. 9a–d. Photomicrographs of rhesus endometrium immunostained (dark
brown) for estrogen receptor, ERα (a and b), and progesterone receptor, PR
(c and d), in animals treated with E2 (control) or E2+PRA-910 as described in
the materials and methods

�
Fig. 10a, b. In vivo steroid receptor selectivity of PRA-910. a The ability of
PRA-910 to induce thymic involution was compared to the reference gluco-
corticoid dexamethasone (DEX). PRA-910, when dosed alone at 3, 10, and
30 mg/kg, was not significantly different (*) from vehicle control (C), indi-
cating lack of glucocorticoid receptor (GR) agonism. Similarly, when dosed
in conjunction with DEX, PRA-910 failed to reverse the reduction in thymic
weight, unlike RU-486 (RU), a known GR antagonist. b PRA-910 was tested
for androgen receptor (AR) antagonism by measuring the effect of treatment in
conjunction with testosterone propionate (T.P.). TP markedly increases ventral
prostate weight, which is not reversed by cotreatment with PRA-910 at 3, 10,
and 30 mg/kg. 4-Hydroxy-flutamide (FL), a known AR antagonist, does reverse
the effect of TP on ventral prostate weight. The asterisk indicates significant
difference (p<0.05) from TP alone
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3.7 Other Steroid Receptor Activity of PRA-910 in the Rat

PRA-910 was evaluated for both GR and AR activity in the rat at 3, 10,
and 30 mg/kg. In adrenalectomized male rats, PRA-910 did not show
significant glucocorticoid or anti-glucocorticoid activity at all doses
tested (Fig. 10a) as measured by evaluation of thymus gland weights
following 5 days of treatment. Evaluation of androgenic and anti-andro-
genic activity of PRA-910 in the rat was also evaluated. Following a 10-
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day treatment paradigm, PRA-910 did not show any androgenic activity
in castrated male rats and showed weak but significant anti-androgenic
activity at 30 mg/kg but not at lower doses (Fig. 10b).

4 Discussion

In this report, we describe the biological characterization of a novel,
nonsteroidal PR modulator, PRA-910. PRA-910 was identified as a PR
antagonist based on its in vitro activity on a reporter gene in COS-7
cells. The IC50 value of 20 nM in this assay correlates well with the
binding affinity of 4.4 nM measured with [3H]-labeled PRA-910 us-
ing T47D cell extracts. In addition to the human PR, PRA-910 binds
with high affinity to the rat, rabbit, and monkey PR as well. Evalua-
tion of PRA-910 in the T47D alkaline phosphatase assay resulted in
a biphasic curve. At low doses (<100 nM), PRA-910 antagonized the
progesterone-induced rise in alkaline phosphatase activity but with an
average efficacy of 43%. However, at higher concentrations PRA-910
predominately showed PR agonist activity, inducing alkaline phospha-
tase activity with an EC50 value of approx. 700 nM. In the mammalian
two-hybrid assay measuring the interaction between PR and SRC-3,
PRA-910 also demonstrated potent PR antagonist activity (IC50=21 nM,
70% inhibition) with weak, but fully efficacious, agonist activity at high
concentrations (EC50 in the micromolar range). Interestingly, in a lim-
ited proteolytic digestion analysis with the human PR, PRA-910 pro-
duced a PR peptide pattern that was very similar to that of P4 or other
steroidal progestin-treated samples. In vitro, therefore, both the agonist
and antagonist properties of PRA-910 can be measured depending on
the concentration, cell type, and endpoint.

In vivo, the effects of PRA-910 depend on species. In the rat, very
potent PR antagonist activity was observed, similar to that of RU-486.
It thus appears that despite an approximately 10- to 50-fold difference
in binding affinities and in vitro functional responses, the activity on the
PR in vivo is similar between these two compounds. This effect was
consistent at doses up to 10 mg/kg, the highest dose tested in the rat.
However, when PRA-910 was studied in rhesus macaques, the com-
pound switched its functional profile and behaved as a PR agonist at
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5 mg/kg. Here we find PRA-910 blocks estrogen-induced epithelial cell
differentiation in the oviduct, and importantly, induces glandular dif-
ferentiation and suppresses DNA synthesis in the endometrial epithe-
lium in estrogen-primed animals, two well-defined endpoints of pro-
gestational activity (Slayden and Brenner 1994). The selectivity of this
compound for the PR as well as the selectivity measured in vivo would
preclude nonselective activity as a cause for this species-specific profile
switch.

It is known that weak agonists can function as antagonists at concen-
trations below full efficacy where the molecule can still bind and com-
pete with the more potent agonist present. For example, estriol, a weak
ER agonist will exhibit partial antagonism of estradiol at concentra-
tions below the full efficacy for estriol (Melamed et al. 1997). Another
nonsteroidal PR antagonist, RWJ47628, also shows agonist activity at
higher concentrations (Tabata et al. 2003). However, neither of these
compounds is known to exhibit opposing species-selective activities or
show the diversity of in vitro responses as does PRA-910.

The mechanism by which PRA-910 elicits this opposing biology in
different cell contexts and species remains to be elucidated. Several pos-
sibilities exist. First, the answer may lie in the sequence of the PR pro-
tein itself. For example, in the rat, PRA-910 may induce an antagonist
conformation preventing coactivator recruitment while the conforma-
tion generated in the primate permits such protein interactions neces-
sary for transcription and agonist activity. Preliminary data, however,
suggest that PRA-910 behaves similarly in a cotransfection reporter
assay using a rat PR construct (J. Bretz and M.R. Yudt, unpublished
data). Ultimately it will be of interest to determine if PRA-910 induces
unique species-specific conformations, and how these conformations
could drive the observed biology. Beyond potential species-specific re-
ceptor conformations, how PRA-910 liganded PR interacts with coac-
tivators/corepressors in each cell type and species remains unknown. It
is possible that different ratios of coactivators and corepressors in these
various cell types and species contribute to balance of agonist or antag-
onist activity conferred by PRA-910. Furthermore, examination of gene
expression patterns by PRA-910 in different cell types and species may
help us understand the PR agonistic and antagonistic effect of this com-
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pound. Studies are currently underway to address these questions to and
further understand the unique biological profile of PRA-910.
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