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Abstract

Progesterone acting through two isoforms of the progesterone receptor (PR), PRA and PRB, regulates

proliferation and differentiation in the normal mammary gland in mouse, rat and human. Progesterone

and PR have also been implicated in the etiology and pathogenesis of human breast cancer. The focus

of this review is on recent advances in understanding the role of the PR isoform specific functions

in the normal breast and in breast cancer. Also discussed is information obtained from rodent studies

and their relevance to our understanding of the role of progestins in breast cancer etiology.
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I. INTRODUCTION

Reproductive factors, such as an early onset of menarche, an early age at the first full term

pregnancy, a late onset of menopause, and long-term menopausal hormone therapy

significantly increase or decrease breast cancer risk.1–6 Although the exact mechanisms

underlying these risk factors are not known, the ovarian hormones, estrogen (E) and

progesterone (P), are believed to play an important role in the etiology of breast cancer. It is

hypothesized that overall lifetime exposure to estrogen is a crucial factor increasing breast

cancer risk due to the proliferative effects of estrogen on the breast.7 However, recent studies

have shown that progestins, used in combination with estrogens in menopausal hormone

replacement therapy (HRT), increase breast risk, whereas estrogen alone HRT is not associated

with increased breast cancer risk.8, 9 Understanding the mechanisms of P action in the breast

is particularly important since progestins are widely used not only in HRT, but also in

contraceptives and for suppression of ovarian function in the treatment of certain pathological

conditions.10, 11 In the breast, progestin action is conveyed by two isoforms of the progesterone

receptor (PR), PRA and PRB. In the present review we will focus on current knowledge of

progesterone receptor isoform structures, functions, expression, and the molecular mechanisms

of PR action in normal human breast and in breast cancer. Information obtained from rodent

studies and their relevance to our understanding of the role of progestins in breast cancer

etiology is also discussed.
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II. STRUCTURE AND REGULATION OF PROGESTERONE RECEPTOR

A. Progesterone Receptor Structure

P mediates its effects through binding to its cognate receptor, the PR, which is a member of

the nuclear steroid receptor family.12 The PR exists as two isoforms, PRA and PRB, which are

expressed from a single gene in both humans and rodents. Translation of PRA and PRB protein

initiates at two distinct AUG signals, with PRB containing an amino terminal extension of 164

amino acids. The PR is made up of a central DNA binding domain (DBD) and a carboxy-

terminal ligand binding domain. In addition, it contains multiple activation function (AF) and

inhibitory elements which enhance or repress transcriptional activation by association of these

domains with transcriptional coregulators.13 The unique region of PRB contains a transcription

activation domain, AF3, in addition to AF1 and AF2 that are common to PRA.14 Upon ligand

binding, the PR undergoes a conformational change and dimerization which leads to the

recruitment of specific coregulators and general transcription factors. Ligand bound PR

dimerizes to form homo- or heterodimers with 3 classes possible: A:A, A:B or B:B. The

activated PR complex binds to progestin response elements (PRE) in the promoters of target

genes, resulting in the modulation of transcription of those genes. PRA and PRB are expressed

in the normal mammary glands of humans, rats, and mice and in human breast cancers.

There is also a third, less studied progesterone receptor isoform, PRC.15 PRC is an N-terminally

truncated 60 kDa protein that contains sequences for hormone binding, dimerization, and

nuclear localization, but lacks the first zinc finger of the DBD.15 Wei et al. have reported that

in T47D breast cancer cells PRC interacts with PRB and can increase the transcriptional activity

of both PRA and PRB.16, 17 In contrast, Condon et al. have reported an inhibitory role for PRC

in the uterus.18 They propose that PRC expression in the uterus inhibits PRB transactivation

leading to a loss of uterine quiescence and the onset of labor. The expression and role of PRC

in the normal mammary gland and in breast cancer remains to be determined.

In the human 19 and rat 20 PR genes, a promoter specific for PRA and another specific for PRB

have been identified. However, it is not known if there are two promoters in the mouse as well.

Most of what is known about the PR promoter has been learned through examination of the

human PR gene in vitro in cell lines. E upregulates expression of PR in the MCF-7 breast cancer

cell line.21, 22 However neither the PRA nor PRB promoters contain a canonical estrogen

response element (ERE).19 Examination of the PR promoter has identified two Sp1 sites in the

−80/−34 region,23 a +90 AP-1 site,24 and an ERE half site with two adjacent Sp1 sites from

+571 to +595,25, 26 that confer estrogen receptor (ER)-mediated E responsiveness to the PR

gene. Interestingly, an AP-1 site at +745 decreases E-mediated transcription of the PR gene,

in contrast to the +90 AP-1 site that increases transcription of PR.27 These elements of the PR

promoter are fairly well conserved across species, but given the extensive use of the mouse as

a model for PR expression and P action, future studies to address the regulation of the mouse

PR promoter are warranted.

B. Regulation of Progesterone Receptor Expression

There is limited information on regulation of the progesterone receptor in the normal human

breast. In the postmenopausal breast, PR expression is increased by HRT with E relative to

non-HRT users (Fig. 1).5 However, the regulation of PR isoforms was not examined in that

study. Studies in breast cancer cell lines examining the regulation of PR isoform expression

by hormones have produced conflicting results. Preferential stimulation of PRB by E and

downregulation of both PR isoforms by treatment with P has been shown in T47D breast cancer

cells.28 However, a later report has shown that E can stimulate both PRA and PRB in T47D

cells, and additionally that E preferentially upregulates PRA in MCF-7 cells, while PRB is

preferentially upregulated by E in ZR-75-1 cells.29 From these studies one can conclude that
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E upregulates PR expression in breast cancer cells; however, how E regulates PR isoforms

expression in the normal breast or in vivo in breast cancer is not well understood.

Regulation of PR isoform expression has been studied in vivo in adult wildtype, genetically

unaltered mice.30 These studies examined PRA and PRB regulation in adult ovariectomized

Balb/c mice treated for 3, 5, or 10 days with vehicle control, E, P, or E+P. This study showed

that PRA level is increased by E and decreased by P, and that the percentage of PRA positive

cells is reduced upon prolonged treatment with P or E+P. In contrast, expression of PRB is

induced by P and this induction is enhanced in E+P-treated mice. Increased PRB levels coincide

with the formation of alveolar structures in response to P or E+P treatment.

III. EXPRESSION OF PR ISOFORMS IN MAMMARY TISSUES

A. Detection of Progesterone Receptor Expression

PR expression has routinely been measured by biochemical methods, real-time RT-PCR, and

by immunohistochemical methods. The most sensitive method of PR isoform detection is real

time RT-PCR analysis. A critical issue in such experiments is correct primer design. The 5′
untranslated region (UTR) of PRA mRNA overlaps with the PRB reading frame; therefore,

only the 5′ UTR of PRB mRNA should be used for the design of PRB-specific primer(s).

Namely, the sequence upstream of the PRB translation start site in the human PR gene

(NM_000926) – nucleotide 1455; in the mouse PR gene (NM_008829) – nucleotide 636; and

in the rat PR gene (U06637) – nucleotide 2015 should be used to design PRB-specific primer

(s). To design primers specific for both PRA and PRB, the sequences between PRB and PRA

translation start sites should be used, instead of the sequences located in the DBD. Primers

located in the DBD may amplify PRC in addition to PRB and PRA mRNAs. For quantitative

analysis, it is additionally important that there be similar amplification efficiency of the primers

used to detect PRB vs. primers used to detect total PR (PRA+PRB) transcripts.

Biochemical methods to analyze PR isoform expression, such as immunoblot analysis and

immunoprecipitation, may provide important information about PR isoform molecular sizes

and post-translational modifications. They can provide quantitative analysis of expression

levels when used for homogeneous cell cultures, such as isolated primary mammary epithelial

cell cultures or breast cancer cell lines. However, when used to quantify PR levels in protein

extracts of whole mammary gland, an important confounding factor is the unknown

contribution of stromal proteins to the total protein in extracts. This is particularly relevant in

mammary tissues that exhibit changes in overall epithelial content, such as the pubertal gland

versus adult virgin gland versus pregnant mammary gland. A further limitation to biochemical

methods is sensitivity of detection. For example, in the mouse whole mammary gland samples

the dilution of PR present in mammary epithelial cells by the stromal cell component that lacks

PR often results in PR levels below the limit of detection.31, 32

Immunohistochemistry with antibodies that are specific for PRA or PRB is a suitable method

to determine the cell type-specific expression, intracellular distribution, and colocalization of

PR isoforms within the same cells. In some cases, interpretation of studies of PR isoform

expression has been confounded by lack of information about the specificity of the antibody

used to detect only PRA, only PRB or both PRA and PRB. The study by Mote et al. in human

breast tissue and cells has shown that of 11 antibodies generated against human PR, 10 detect

both PRA and PRB and 1 detects only PRB by immunoblot analysis.33 However, in

immunohistochemical analysis 8 of the antibodies tested have detected only PRA, and 2 detect

both PRA and PRB. Only one of the antibodies tested has been specific for PRB. Prior to that

study it has often been assumed that antibodies that detect both PRA and PRB by immunoblot

also detect both isoforms by immunohistochemistry. Since a number of the commercially

available anti-PR antibodies detect only PRA or both PRA and PRB, the interpretation of
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immunohistochemical analyses which draw conclusions about specific PR isoform expression

must be viewed in this context.

B. Cell-Type Specific Expression of PR Isoforms

The mammary gland is a composite organ. It consists of epithelial and stromal components.

The epithelium, in turn, consists of two distinct cell types: luminal epithelial cells that line the

ducts and lobules, and myoepithelial cells that form the contractile network surrounding the

luminal epithelium. The stroma is also heterogeneous; it consists of adipocytes, fibroblasts,

blood and lymphatic vessels, nerve bundles and wandering cells of the immune system.

Immunohistochemical studies in human breast 34, mouse 35 and rat mammary gland 36 showed

that PR expression is confined to the luminal epithelium. PR isoforms are expressed unevenly

in different cell types within the mammary gland. Analysis of PR isoform specific expression

in the normal human premenopausal breast has revealed that both PRA and PRB are expressed

in luminal cells and colocalized in the same cells.34 In the mouse, both PRA and PRB are

expressed in the luminal epithelium 35. In the rat, PRA expression is confined to luminal

epithelium, whereas PRB is expressed in both luminal and myoepithelial cells.37 The function

of PRB in myoepithelial cells is not known. We speculate that P may induce proliferation and/

or differentiation of the myoepithelial cells in the rat. Whether PRB is expressed in human

myoepithelial cells or plays a role in myoepithelial cell function is unknown.

PR isoforms have not been detected in human or mouse mammary stroma by

immunohistochemistry.34, 35 However, further investigation of mouse and rat stroma indicate

that PRB may be expressed in lymph nodes and that PRA appears to be expressed in blood

vessels and nerve fibers in the rat mammary gland (Kariagina & Haslam, unpublished

observations). The specific cell types that express PR and the role of P action in the stromal

component of the gland during normal development and/or in mammary cancer remains to be

determined.

IV. MECHANISMS OF PROGESTERONE RECEPTOR ACTION

A. Genomic Actions of PR

Genomic actions of PR occur in the nucleus. In this case, PR actions are mediated by direct

binding of the PR DBD to progesterone response elements (PRE) and result in modulation of

gene transcription.38 Much of what is known about mechanisms of PR action comes from in

vitro studies in cell lines. In recent studies by Roemer et al.,39 a less conserved carboxyl-

terminal extension (CTE) within a highly conserved DBD of human PR has been described.

This CTE domain may bind to DNA outside the consensus PRE and stabilize the PR-DNA

interaction. Such additional interaction may be particularly important for regulation of genes

that have a weak half-PRE or a PRE that deviates from the canonical sequence.

PR may be unevenly distributed inside the nucleus in the form of distinct foci. It has been

shown that PR foci colocalize with transcriptional co-activators p300 and steroid receptor

coactivator (SRC) SRC-1 and are localized to regions of active euchromatin.40 In the normal

human breast, focal distribution of PR is predominant in the luteal phase of menstrual cycle,

when P level is increased.40 In T47D breast cancer cells engineered to express only PRA or

only PRB, both isoforms show predominantly even distribution throughout the nucleus in the

absence of progestins, and form distinct nuclear foci after hormone treatment.40 In primary

breast cancer, it has been shown that the focus formation occurs with similar frequency in

cancers from pre- and post-menopausal women regardless of circulating P levels, indicating

that the ligand–dependence of PR to form nuclear foci, typical for the normal breast, is lost in

cancer.40
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B. Regulators of PR Transciptional Activity

The transcriptional activity of PR isoforms depends on their interactions with several families

of auxiliary proteins such as molecular chaperons, coactivators, and corepressors. Recent

studies have shown that the co-chaperone immunophillin, FKBP52, is critical for PRA

mediated gene transcription in the mouse uterus.41 The loss of FKBP52 in the mouse results

in a partial reduction in the extent of mammary gland sidebranching and alveolar formation in

response to E+P treatment.41 Interestingly, the loss of FKBP52 does not alter the ability of

PRA or PRB to bind the ligand. These data suggest that in vivo, FKBP52 may be involved in

events downstream of ligand binding. Another novel co-chaperone protein GCUNC-45 has

been shown to directly bind both PRA and PRB in T47D human breast cancer cells.42 In a cell-

free system, addition of GCUNC-45 in 2-fold molar excess over Hsp90 results in almost

complete reduction of hormone binding by PR. However, the subsequent addition of co-

chaperone FKBP52 reduces binding of GCUNC-45 to the chaperone-PR complex and FKBP52

increases PR hormone binding in a dose-dependent manner. These studies support the concept

that even when PR levels are unaltered the functional outcome of PR signaling may be

modulated by auxiliary proteins and that further studies of steroid receptor interactions with

auxiliary proteins are warranted.

SRCs bind the ligand-binding domain of steroid receptors and enhance the transcriptional

activities of steroid receptors. Several studies have established that SRCs may modulate the

functional activity of steroid receptors. Studies in bigenic mice expressing indicator of PR

activity and carrying the genetically engineered disruption of either SRC-1 or SRC-3 have

shown that the absence of SRC-1 does not impair PR responses to E+P treatment in mammary

epithelium, whereas the absence of SRC-3 abrogates the PR responses after E+P treatment in

mammary gland.43 In another study, the genetically engineered loss of SRC-2 exclusively in

cells expressing PR leads to impaired sidebranching and alveolar formation after E+P

treatment.44 Together, these results demonstrate that SRC proteins modulate the physiological

function of PR in mammary tissue in vivo. In the human breast, SRC-2 is expressed in a distinct

punctate nuclear pattern similar to the pattern of PR expression.44 However the role of SRC-2

in the human breast is currently unknown. It remains to be determined if different SRCs act in

an isoform specific manner.

The transcriptional activity of PR can also be modulated by proteins originally discovered as

regulatory proteins in other cellular signaling pathways. For example, protein inhibitors of

activated STAT (signal transducers and activators of transcription) (PIAS), PIAS1 or PIAS3,

which are the inhibitors of STAT1 or STAT3 respectively, may substantially inhibit PR-

induced gene transcription. In the T47D breast cancer cell line, PIAS3, similar to PIAS1,45

induces sumoylation of PR and significantly inhibited PRB-dependent gene-transcription in

hormone-dependent manner. 46 It has been shown that PIAS3 inhibits the DNA-binding ability

of PRB and alters the subcellular distribution of PRB protein. Whether similar regulatory

mechanisms operate in the normal human breast to regulate PR transcription is currently

unknown.

The transcriptional activity of PR fluctuates throughout the cell cycle with the highest

transcriptional activity occurring during S phase.47, 48 Cyclin A/cyclin dependent kinase 2

(cdk2) complexes have been shown to function as coactivators of PR-dependent transcription.

In HeLa cells, cyclin A increases transcriptional activity of PRA and PRB independent of their

phosphorylation status.49 In the S phase, the cyclin A/cdk2 complex is recruited to PR bound

to DNA and stimulates the additional recruitment of coactivator SRC-1.47 In the G1 phase

when cyclin A is absent, PR transcriptional activity and the recruitment of SRC-1 are

diminished. It will be of interest to determine if PR transcriptional activity is also increased

during S phase in the normal human breast and in breast cancer.
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C. PR Phosphorylation

The transcriptional activity of PR can be modulated by its phosphorylation status.50 There are

thirteen constitutive and ligand-dependent serine phosphorylation sites identified in human PR

and six sites are located only in PRB, implying that transcriptional activity of PRB may be

regulated differently by cellular kinase pathways.51 Phosphorylation on Serine 294 is ligand-

dependent. In progestin treated T47D cells expressing only PRB, Ser294 phosphorylation by

mitogen-activated protein kinase (MAPK) stimulates proteasome-dependent PR degradation.
52 Paradoxically, such downregulation of PR protein coincides with the highest PR

transcriptional activity. The authors propose that transcriptional activity of PR is tightly

coupled with receptor turnover, which is regulated by ligand-dependent phosphorylation on

Ser294. Another phosphorylation site, Serine 400, may be constitutive or ligand-induced. In

HeLa cells expressing only PRB, Ser400 phosphorylation by cdk2 is not required for the

increase of ligand-dependent transcriptional activity, but significantly increases ligand-

independent PRB-mediated transcription.53

Treatment of T47D cells with the synthetic progestin R5020 leads to rapid activation of Erk

through interaction with unliganded estrogen receptor and leads to the subsequent

phosphorylation of PR on serine 294.54 Additionally, Msk1 becomes activated and a complex

of these three proteins (Erk, PR, and Msk1) is recruited to PREs and leads to phosphorylation

of histone H3 and nucleosome remodeling. Thus, P induction of target genes may be modulated

by rapid activation of kinase pathways.54 Another study in T47D cells has shown that PRB,

but not PRA, is also able to induce robust and sustained activation of Erk1/2 that increases

cyclin D1 protein levels.55 This process occurs through PRB-induced transcriptional

upregulation of Wnt-1 leading to matrix metalloprotease-mediated activation of epidermal

growth factor receptor (EGFR) and persistent activation of c-Src and Erk1/2. Sustained

activation of this pathway results in increased progestin-stimulated anchorage-independent

growth, and suggests a physiological link between growth factor and PR genomic signaling.

D. Non-Genomic Actions of PR

The existence of nongenomic pathways activated by PR has recently been described. PR can

also interact with cytokine and growth factor signaling pathways at multiple levels to influence

signaling cascades that play important roles in mammary cell proliferation and differentiation.

In T47D cells expressing only PRB, epidermal growth factor (EGF) and P act synergistically

on promoters that drive the cell-growth regulatory genes c-fos and p21, neither of which

contains a PRE.56 This synergy is believed to be mediated through MAPK activation. Human

PR has also been shown to mediate rapid activation of the Src/Ras/Raf/MAPK signaling

pathway through a Pro-Xaa-Xaa-Pro-Xaa-Arg motif located in the N-terminal domain of both

PRA and PRB.57 This activity is distinct from PR transcriptional activity and is not dependent

upon the DBD of PR. Both PRA and PRB can bind to Src, but only PRB produces strong

stimulation of Src kinase activity and downstream effectors.

Another signaling pathway influenced by P and PR involves STATs.56 STAT5 is important

for normal lobuloalveolar development and lactational function of the mammary gland.58

Nuclear localization, DNA binding and regulation of target genes by STAT5 requires

phosphorylation that is induced by growth factors and cytokines, such as prolactin, via Janus

kinases. Studies in T47D cells expressing only PRB show that P acts to upregulate STAT5

mRNA and that P/PRB action is also implicated in STAT5 nuclear localization. This is believed

to occur through a direct interaction of STAT5 and PR, and it is believed that STAT5 is

translocated to the nucleus as a companion with PR.56
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V. FUNCTIONS OF PR ISOFORMS

A. PR Target Genes

Much of the information about PR isoform specific effects on gene regulation that may be

relevant to breast cancer has been generated from in vitro studies of human breast cancer cell

lines. Differential gene regulation by PRA and PRB has been demonstrated by expression

profiling of progestin-treated T47D breast cancer cell lines, engineered to express only PRA

or only PRB.59, 60 In the presence of ligand, PRB has greater transcriptional activity than PRA.

Of 94 genes that are P-regulated, 59 are uniquely upregulated by PRB, 4 uniquely by PRA and

19 by both isoforms. Twelve genes have been found to be downregulated by P; 6 are regulated

by both isoforms, 6 uniquely by PRB, and none by PRA. In the absence of ligand, PR also can

be transcriptionally active.61 It has been shown that 54 genes are regulated by unliganded PR;

11 are upregulated by PRB, 33 upregulated by PRA and 10 upregulated by both isoforms. In

contrast to liganded PR, PRA is the more active isoform in the unliganded state. A number of

genes regulated by both unliganded PRA and PRB are associated with tumor size, nodal

metastasis and cell aggressiveness. Additionally, genes regulated by unliganded PRA are

associated with an invasive, poorly differentiated and aggressive tumor phenotype.

Among the genes regulated by PRB only, there are several genes essential for steroid

biosynthesis and general cellular metabolism (11-β-hydroxysteroid dehydrogenase 2,

glucose-6-phosphatase), cell adhesion (integrin α6) and several transcription factors (C/

EBPβ, STAT5a).59 In particular, STAT5a is essential for normal lobuloalveolar development

and lactational function of the mammary gland.58 Conversely, PRA alone mediates induction

of genes, such as docking protein HEF1, anti-apoptotic gene Bcl-XL, and orphan receptor

estrogen-related receptor α (ERRα).59 Interestingly, ERRα has been shown to stimulate the

transcription of ERα-dependent genes in BT-474 mammary carcinoma cells expressing high

levels of ErbB2, suggesting that ERRα may contribute to the poor responsiveness to anti-

estrogen therapy in ERα positive ErbB2 overexpressing tumors.62 It is possible that the

mechanisms underlying the poor prognosis associated with PRA overexpression in breast

cancers additionally involve the up-regulation of Bcl-XL and ERRα genes.

In the normal adult premenopausal breast, PR isoforms are localized within the same cell and

expressed in 1:1 ratio, whereas in breast cancer this ratio is often shifted toward PRA

predominance.34, 63, 64 To mimic the PRA:PRB ratio in the normal breast and in breast cancer

Clarke’s group has engineered T47D cells expressing near equimolar PRA:PRB ratio and cells

expressing 5-fold excess of PRA over PRB.63 When both PRA and PRB are expressed in the

same cell, the ratio between these isoforms may be critical in determining the profile of P-

responsive genes. This study shows that the shift of PRA:PRB ratio from 1.8 to 5.1 does not

change the global profile of gene expression in T47D cells 6 hours after P treatment. However,

at 48 hours after P treatment many genes have been differentially activated in the cells with

low vs. high PRA:PRB ratio. Of 601 P-regulated genes, 54 genes are up- or down-regulated

only in the cells with high PRA:PRB ratio and 28 genes respond to P treatment only in the cells

with low PRA:PRB ratio. Thus, the majority of the genes (519) are regulated in a similar fashion

regardless the PRA:PRB ratio. Interestingly, among the genes regulated by P in the cells with

the high PRA:PRB ratio, there are genes involved in cellular metabolism and cell adhesion.

Further experiments have shown that P treatment decreases adhesion and affects the shape of

T47D cells in a PRA-dependent manner. These results suggest that PRA may contribute to the

aggressiveness of breast cancer cells by decreasing the cell-to-cell and cell-to-matrix adhesion.

In additional studies, expression profiling in PRA+PRB positive T47D cells has been carried

out with P and five clinically relevant synthetic progestins: 3-ketodesogestrel, levonorgestrel,

medroxyprogesterone acetate, norethindrone acetate, and timegestone.65 These synthetic

progestins show a high degree of similarity in their transcriptional responses and each progestin
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regulates between 77 and 91% of the genes regulated by P. Thus, P and synthetic progestins

have a similar and fairly specific mode of action.

B. Regulation of Proliferation by PR Isoforms

1. PR and Cyclin D1 expression—The ability to increase proliferation is one of the most

important actions of P in the breast. This effect can be mediated by direct or indirect activation

of the genes important for cell cycle initiation and progression. Studies from the Horwitz

laboratory have demonstrated that P induces one round of proliferation in T47D cells followed

by cell cycle arrest in the G1 phase.66 This cell cycle arrest is associated with induction of the

cyclin-dependent kinase inhibitors (CDKI) p21 and p27. The proliferative action of P may be

mediated in part by induction of cyclin D1, a protein essential for cell cycle initiation and

transition through the G1 phase to the S phase.67 However, the cyclin D1 promoter lacks a

canonical PRE. In T47D cells stably expressing only PRB, P treatment increases cyclin D1

mRNA transcription up to 5-fold 6 hours after treatment. This induction of cyclin D1 has been

abolished by inhibitors of MAPK, c-Src, and, partially, by the inhibitor of PI3K, indicating

that the increase of cyclin D1 expression results from PRB interaction with multiple

cytoplasmic signaling pathways.68

Studies conducted in our laboratory have shown that in the pregnant mouse and rat mammary

glands PRB expression is highly colocalized with nuclear cyclin D1 expression and with the

proliferation marker, BrdU.35, 37 In the adult virgin rat mammary gland, cells co-expressing

both PRA and PRB are also highly colocalized with cyclin D1. However, these cells appear to

be arrested in the G1 phase of the cell cycle, due, in part, to the increased nuclear expression

of CDKI p21 and p27.37 To our knowledge, no studies on colocalization of PR isoforms and

cyclin D1 have been performed in the normal human breast.

2. PR and Expression of Cyclin Dependent Kinase Inhibitors—The promoters of

CDKI p21 and p27 lack canonical PRE and appear to be regulated by P indirectly. In T47D

cells that co-express PRA and PRB, P treatment induces the p27 promoter activity and p27

mRNA expression via tethering of liganded PR through Sp1 protein to the p27 promoter.69

Similarly, in T47D cells expressing only PRB, P activates the p21 promoter through an Sp1

site.70 Coactivator proteins CBP/p300 and TReP-132 have been shown to be critical for p21

and p27 promoter activation by PR.70, 71 Interestingly, PR directly (through PRE) stimulates

mRNA expression of TReP-132 in T47D cells.71 This suggests the existence of a regulatory

feedback loop that, upon P exposure, allows induction of CDKI expression by PR that results

in the inhibition of proliferation.

Our studies in the rat mammary gland have shown that both p21 and p27 are highly expressed

in the nuclei of the proliferatively quiescent adult virgin mammary gland and are highly

colocalized in cells that co-express both PRA and PRB. In the pregnant gland, where the

proliferation rate is high, both p21 and p27 are expressed at very low levels.37 Studies in human

breast cancers have shown that the levels of p27 mRNA, but not p21 mRNA, are positively

correlated to PR expression and are negatively correlated with the tumor grade.69 Future studies

of the relationship between PR isoform expression and p21 or p27 expression may provide an

important insight into mechanisms of how P regulates proliferation in the normal human breast

and in breast cancer.

3. Paracrine Mechanisms of Progesterone Receptor Action—
Immunohistochemical studies demonstrating the lack of colocalization of steroid receptors

with markers of proliferation have been interpreted to mean that in the normal breast PR

positive cells rarely proliferate.36, 72 These observations have formed the basis for the proposed

paracrine mechanism of P action in mammary gland. Some candidate proteins, such as
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Receptor Activator of Nuclear factor Kappa B Ligand (RANKL) and members of the Wnt

family, are reported to be induced in PR expressing cells and are proposed to mediate P action

in PR negative cells through paracrine mechanism(s).32, 73 Studies in PRA knockout

(PRAKO), PRB knockout (PRBKO), and total PR knockout (PRKO) mice suggest that PRB

may mediate stimulation of RANKL expression in E+P treated mammary glands.32 The same

study suggested that in PRBKO mice PRA may retain the ability to mediate Wnt-4 activation

by P to sustain ductal sidebranching in the absence of PRB. Studies of RANK, the receptor for

RANKL, overexpressing mice have shown sustained proliferation throughout pregnancy and

day 1 of lactation compared to wildtype mice that normally exhibit reduced proliferation after

day 15 of pregnancy.74 In the human, out of 16 Wnt family members expressed in normal

breast, only two Wnts, Wnt-1 and Wnt-4, are overexpressed in breast carcinomas.75 RANKL

expression is lost in 86% of breast cancers.76 The relationship between human PR isoform

expression and the regulation of RANKL or Wnt proteins in the normal human breast has not

been established.

VI. PR ISOFORM EXPRESSION AND HORMONAL REGULATION OF NORMAL

MAMMARY GLAND DEVELOPMENT

A. Human

In humans, the hormonal regulation and molecular mechanisms involved in breast development

have not been well studied. Much of what is assumed to be true about the development of the

human breast is based on what is known about mammary gland development from animal

studies. At birth the breast consists of a rudimentary ductal system. The breast remains in a

dormant state until the onset of puberty. During early puberty, P is not produced. This

anovulatory state continues for 1–6 years.3 With the onset of ovulatory menstrual cycles, P

synthesis and secretion occurs during the latter half of the menstrual cycle (luteal phase), and

mature adult breast lobuloalveolar elements are formed. Thus, the adult human breast exhibits

a ducto-lobular histo-architecture and lobules are present prior to pregnancy. Lobuloalveolar

development is thought to be mediated by P acting through PR. The roles of P and PR are

inferred from studies in PR gene-deleted mice since these mice fail to develop a lobuloalveolar

mammary gland morphology upon exposure to E and P.77 E is thought to play an important

role in P action since PR expression is upregulated by E. There is agreement that DNA synthesis

in breast epithelium, as measured by tritiated thymidine incorporation,78, 79, 80 or cell

proliferation as measured by PCNA or Ki67 expression,5 is increased during the luteal phase

of the menstrual cycle when progesterone is present (Fig. 2). The greatest proliferative activity

occurs in the terminal duct lobular unit (TDLU), the site of origin of most breast cancers.5 The

breast attains its maximum development during pregnancy; proliferation results in an increase

in lobule numbers and size. The epithelial proliferation and lobular expansion are thought to

be due in large part to elevated E and P levels produced during pregnancy. The beginning of

secretory activity is characteristic of the largest and most fully differentiated lobule.81 After

pregnancy and lactation, the breast undergoes a regression resulting in an increase in the

number of small lobules and a concomitant decline in the number of larger lobules.81

Progestins also promote proliferation in the postmenopausal breast 5. Analysis of proliferation

indices using PCNA and Ki67 antibodies in the adjacent normal breast tissue from

postmenopausal women who have undergone benign breast biopsies has been carried out. Both

proliferation indices are significantly higher in the TDLU of women receiving E+P HRT

compared to no HRT or E alone HRT (Fig. 3A).5 Additionally, the breast epithelial density in

women taking either form of HRT is significantly greater than in non-users of HRT, and

treatment with E+P HRT is associated with a significantly greater breast epithelial density than

with E alone HRT (Fig. 3B–E). These data provide compelling evidence that E has a mitogenic

effect in the human breast, and that E+P combination has a greater effect.5 The authors
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hypothesize that the increased breast cell proliferation and increased epithelial density provide

a potential mechanistic basis for the increased breast cancer risk associated with E+P HRT.

There is limited information on PR isoform expression during normal human breast

development. In the normal adult premenopausal breast approximately 12% of mammary

epithelial cells are PR positive, and this percentage does not change throughout the menstrual

cycle.82 A single study of PR isoform expression in the human breast has analyzed adult

premenopausal cycling women, ranging from 21 to 50 years of age.34 Based on

immunohistochemical analysis, PRA and PRB are expressed at a ratio of 1:1 and there is

uniform colocalization of PRA with PRB in the same cells. The proportion of PR positive cells

ranges from 10–20%, with marked variation throughout a section, and with PR positivity in

individual ducts or lobules ranging from 0–90%. The significance of this variation is not

known.

In the adult human breast, PR positive cells generally do not proliferate, suggesting that PR

mediates proliferation via an indirect mechanism at this stage.36, 72 Analyses of colocalization

of PR isoforms with proliferation markers in the human breast have not been isoform specific.

However, PRA and PRB are co-expressed in the same cell in the human breast 34, therefore it

can be inferred that cells containing both PRA and PRB promote proliferation through an

indirect mechanism. However, it should be noted that proliferation occurs in the adult human

breast in only 2% of epithelial cells.72 In order to fully understand the relationship between

PR isoform expression and proliferation, it will be necessary to study stages of mammary gland

development that display higher levels of proliferation, such as puberty and pregnancy.

B. Mouse

The mouse is the most extensively studied and best understood model of P action in the normal

mammary gland. The virgin, non-pregnant mouse mammary gland exhibits a predominantly

ductal histo-architecture. Postnatal growth and development of the mouse mammary gland is

initiated at the onset of ovarian cycling at puberty, coincident with the production of ovarian

hormones (review 83). Pubertal development of the gland proceeds via ductal elongation

accompanied by secondary and tertiary branching of the ductal tree. Based upon studies of

ovariectomized pubertal mice treated with E or progestin, E plays a dominant role in ductal

elongation.84 In contrast, acute treatment with E+P has only a minimal additional effect on

proliferation and does not produce sidebranching or alveologenesis, suggesting that the

pubertal mammary gland is less sensitive to P than to E.84 Maturation of the gland is achieved

when the ducts grow to the limit of the mammary stromal fat pad, at which time the gland

becomes proliferatively quiescent.

In adulthood, maturation of the mammary gland is accompanied by the acquisition of

responsiveness to P. In adult ovariectomized mice, acute treatment and longer-term treatment

with E produces a transient proliferative effect, whereas treatment with E plus P significantly

increases proliferation resulting in sidebranching and the start of alveologenesis.30, 84 Elevated

levels of E and P during pregnancy lead to the reinitiation of proliferation that leads to extensive

ductal sidebranching, alveologenesis and the organization of alveoli into lobules. Upon

parturition, maximal secretory activity takes place during lactation. After weaning, the gland

undergoes extensive involution and regression to a pre-pregnancy-like state, but it contains a

higher proportion of regressed alveoli compared to the nulliparous gland.

Immunohistochemical analysis of the mouse PR has shown that PRA and PRB expression are

temporally and spatially separated during mammary gland development in the Balb/c strain.
35 Similar results have been observed in the C57Bl/6 mouse strain (Drolet & Haslam,

unpublished observations). PRA is the predominant isoform expressed in pubertal and adult

virgin mammary glands. The percentage of PRA positive cells decreases in the mature gland
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and decreases further at mid-pregnancy. PRB is the major isoform expressed during pregnancy,

and is mainly expressed in alveolar epithelial cells. During pregnancy, the majority of PR

positive cells contain only PRB and colocalization of PRA and PRB occurs in only a small

proportion of epithelial cells. Neither PRA nor PRB protein expression is detected during

lactation. In the postlactational, fully regressed gland, PRA expression is permanently reduced

to the level seen during pregnancy, whereas PRB expression is maintained in a small percentage

of remaining alveolar cells.

To determine how PRA expression is related to proliferation during puberty and pregnancy,

we analyzed PRA and PRB colocalization with the proliferation marker, BrdU.35 In the

pubertal, virgin gland PRA is the predominant isoform and is infrequently colocalized with

BrdU. Therefore, the majority of PRA expressing cells do not proliferate in the pubertal

mammary gland. During mid-pregnancy PRB colocalizes extensively with BrdU and

proliferating cells do not express PRA. Thus, PRB expressing cells proliferate and differentiate

during pregnancy, but similar to puberty, PRA expressing cells do not proliferate.

C. Rat

In contrast to the predominantly ductal histo-architecture of the virgin, non-pregnant mouse

mammary gland, the virgin rat mammary gland has a ducto-lobular histo-architecture similar

to that of the human breast. The major unit of the human breast is the terminal duct lobular

unit (TDLU) and the mammary lobule of rat mammary gland is considered to be a counterpart

of the human TDLU. At puberty, with the onset of ovarian cycles, the mammary gland grows

to form a highly branched ductal tree with extensive newly forming lobules similar to that

reported for the human breast.85 During pregnancy, proliferation leads to increased numbers

of alveolar cells resulting in increased lobule size. After pregnancy and lactation, the mammary

gland undergoes involution; however, the size and numbers of lobules remains greater than in

age-matched virgin animals.85 In contrast to the mouse, less is known about the specific roles

of E and P in duct and lobule development in the rat.

Immunohistochemical analyses of PRA and PRB expression during rat mammary gland

development similar to that described above for the mouse have recently been performed.37

Several aspects of PRA and PRB protein expression differ from those of the mouse, while

others are remarkably similar. In contrast to the mouse, in the rat both PRA and PRB are highly

expressed at puberty, sexual maturity and are frequently co-localized within the same cell.37

Also in contrast to the mouse, PRB expression in the rat mammary gland remains relatively

constant across all developmental states except lactation. Similar to the mouse, PRA expression

decreases significantly from puberty to sexual maturity reaching a nadir during pregnancy and

is permanently decreased after lactational involution.37

Recent studies in the rat have analyzed how PR isoform expression is related to proliferation

during puberty and pregnancy by colocalization studies of PRA and PRB with BrdU.37 Overall,

PR isoform expression and colocalization with proliferation are remarkably similar to the

mouse. PRA infrequently colocalizes with BrdU in the pubertal, virgin gland. The lack of

colocalization is similar to previous findings in the young virgin rat showing that proliferating

cells do not express PR.36 In contrast to the mouse, PRB is frequently colocalized with

proliferation in end buds of the pubertal rat. Similar to the mouse, during pregnancy there is

also extensive colocalization of PRB with BrdU. Also, most PRA expressing cells do not

proliferate in the pregnant mammary gland.
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D. Comparison of human, mouse, and rat PR isoform expression and normal mammary gland

development

The studies described above reveal interesting differences in human, rat and mouse PR isoform

expression patterns in mammary gland. PR isoform expression in the rat most closely resembles

the pattern reported for the human with regard to extensive co-expression of PRA and PRB in

the same cells. In contrast, in the mouse, PRA is predominantly expressed in the non-pregnant

state and PRB is expressed most highly during pregnancy.35 Furthermore, colocalization of

PRA with PRB occurs in only a small percentage of cells.35 This suggests that in the mouse,

heterodimer formation between PRA and PRB does not play a major role in P action in the

mammary gland.

One possible interpretation of the difference in PR isoform expression between mouse vs. rat

and human may be the predominance of a ductal organization of mammary epithelium in the

adult, non-pregnant mouse (Fig 4A). This is particularly true in Balb/c strain mice used in our

study. The pubertal and adult mouse contains a simple ductal system with little sidebranching.

In contrast, in the pubertal and adult human and rat there is concomitant development of lobules

and ducts (Fig 4B, C). Studies of PRB gene-deleted mice have shown that PRB expression is

required for alveologenesis and lobule formation.32 Therefore, PRB expression may be a

defining characteristic of mammary lobule formation and/or maintenance and may explain why

PRB positive cells are more abundant in rat mammary glands across development whereas

PRB is only highly expressed in the mouse mammary gland during pregnancy (Fig 5B). In this

regard, the maintenance of sidebranching and some alveolar structures in the mouse mammary

gland after pregnancy (Fig 4A) may also be due to the low level of PRB expression after

pregnancy (Fig 5B).

Notably, puberty and pregnancy exhibit similarities in the pattern of PR isoform expression

and colocalization with proliferation in the mouse and rat. In both species, there is the highest

PRA expression at puberty, the lowest PRA expression at pregnancy, and high PRB expression

during pregnancy (Fig 5A). Additionally, both the mouse and rat display permanent decreases

in PRA expression following pregnancy and involution (Fig 5A). In the mouse and in the rat,

PRA generally does not colocalize with proliferation markers, whereas PRB does colocalize

with proliferation markers (Fig 6A, B). The percentage of proliferating cells and low

colocalization of PRA with proliferation is similar in the pubertal and pregnant glands of the

rat and mouse (Fig 6A). In contrast to PRA, in both the mouse and the rat proliferation is

extensively colocalized with PRB expression (Fig 6B).

As stated earlier, our knowledge of PR isoform expression in the human comes from a single

study of the adult premenopausal human breast (age range 20 to 50 years).34 Thus, analysis of

human breast tissue at puberty and pregnancy could be very informative about possible changes

in PR isoform expression during the course of human breast development. Defining the

differences and similarities among human, rat and mouse PR isoform expression and

colocalization with proliferation can provide important insights into the functions of PR

isoforms in the normal human breast and in breast cancer. Additionally, such studies underscore

the value of different animal models for advancing our understanding of PR isoform-specific

functions in mammary gland. In this regard, the dominance of PRA expression in the virgin

mouse mammary gland provides a unique opportunity to investigate the functional role of PRA

in normal development.

VII. PR ISOFOM EXPRESSION AND BREAST CANCER

A. Human Breast Cancer

1. PR Isoform Expression in Primary Human Breast Cancer—The equimolar ratio

of PRA:PRB expression, typical for the normal breast, may be significantly altered in breast
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cancer. A study measuring PRA:PRB ratios by immunoblot has shown that in PR-positive

breast tumors, a significant proportion of tumors expresses very low levels of PRB and

consequently had a high PRA:PRB ratio. An altered PRA:PRB ratio based upon immunoblot

analysis is also reported in tumors from node positive patients. Patients with a high PRA: PRB

ratio, often caused by PRA levels higher than normal, are 2.76 times more likely to relapse

than patients with lower ratios.87

An immunohistochemical analysis of PRA and PRB expression has been carried out on human

breast proliferative disease without atypia (PDWA), atypical ductal hyperplasia (ADH), ductal

carcinoma in situ (DCIS), and invasive breast lesions.34 In both normal breast and PDWA,

PRA and PRB are coexpressed in the same cells in comparable amounts. There is a significant

increase in heterogeneous expression of PR isoforms in ADH and DCIS and a significant

increase in predominant expression of PRA or PRB with progression to malignancy.

Predominance of PRA is especially evident in DCIS and invasive breast lesions. The authors

conclude that alteration in the PRA:PRB ratio is an early event in the development of breast

cancer and that altered PR isoform expression may play a role in the etiology of breast cancer

and affect tumor growth. Another possible interpretation is that tumors that have a high ratio

of PRA:PRB originate from normal cells that have a high ratio of PRA:PRB. Clearly, more

information about the pattern and ratio of PRA: PRB expression in the normal breast is needed

for a better understanding of the significance of altered PRA:PRB ratios in breast cancers.

Mutations of the tumor suppressor genes, BRCA1 and BRCA2, are associated with a

significantly increased risk of breast cancer. In the human breast, there are several reports on

altered PR expression in mammary tissue from BRCA1 or BRCA2 carriers. According to King

et al.,88 in carriers of BRCA1 but not BRCA2 mutation, PR expression is significantly higher

in normal breast tissue adjacent to the tumor than in sporadic breast cancer cases. However,

the authors did not discriminate between PR isoforms in this study. In a study of non-cancerous,

prophylactic mastectomy-derived breast tissues of both BRCA1 and BRCA2 mutation carriers,

Mote et al. report higher expression of the PRA isoform and loss of PRB.89 ER expression is

no different in BRCA mutation carriers compared to non-carriers. Is the ratio of PRA:PRB in

normal mammary gland related to future breast cancer risk? To answer this question, an

analysis of PR isoform expression at different developmental stages of the human breast is

needed. The rat mammary gland has a high degree of similarity to the human breast with regard

to histo-architecture, and similar to the human breast, a high percentage of cells co-express

PRA and PRB. However, the ratio of PRA:PRB changes significantly with the developmental

state of the gland such that the ratio of PRA:PRB is close to 1 at puberty and then progressively

decreases during adulthood, pregnancy and post partum.37 In the rat, the ratio of PRA:PRB

has functional significance for the proliferative, morphological and differentiative changes

occurring at different stages of development (i.e. puberty vs. pregnancy.) Whether or not an

altered PRA:PRB ratio in human breast cancer is a consequence of neoplastic transformation

or reflects the developmental state when breast cancer was initiated remains to be determined.

Recently, a functional relationship between PR and expression of BRCA1 has been observed

in vitro in T47D and MCF-7 breast cancer cells.90 Exogenous BRCA1 inhibits the activity of

endogenous and transiently transfected PRA and PRB in human breast cancer cells.

Conversely, small interfering RNA knockdown of endogenous BRCA1 enhances progestin

stimulated activity of PR. These results indicate a potential inhibitory effect of BRCA1 on

progestin action that may be lost in carriers of BRCA1 or BRCA2 mutations, and raise the

possibility of increased progestin activity in these individuals. If the mitogenic activity of

progestins plays a role in breast cancer risk and progestin activity is increased as a result of

BRCA1 and BRCA2 mutations, it is conceivable that this may be one mechanism by which

BRCA1 and 2 mutations increase breast cancer risk.
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2. PR Isoform Expression and Function In Vivo in Human tumor Xenograft

Studies—The effect of PR isoform expression on tumor cell behavior has also been

investigated in vivo in human breast tumor cells xenografted into nude mice. T47D breast

cancer cells that express PR independent of E have been engineered to express only PRA, only

PRB, no PR, or both PRA and PRB.91 Each of the cell lines has been grown into solid tumors

in ovariectomized nude mice treated with exogenous E. PRA expressing cells grow into tumors

that were only half the size of PRB expressing tumors. Both types of tumors can grow in the

absence of ligand (P). Tamoxifen, an estrogen receptor antagonist, inhibits the growth of PRA

expressing tumors while PRB expressing tumors are not affected. In contrast to the differences

in growth behavior in vivo, there is no significant difference in growth rate of PRA and PRB

expressing cells in cell culture. Thus, in vivo models to study hormone-dependent growth

parameters are additionally important. One interesting aspect of this study is that PRA

expressing tumors did not display the aggressive growth behavior associated with PRA

dominance in cell culture 63 or associated with PRA dominance in primary tumors.87 The

authors suggest that PRA tumors may represent a class of small sized human breast cancers

that despite their small size have a high metastatic potential.

Solid tumors derived from T47D breast cancer cells expressing PRA or PRB have also been

investigated for their response to P or MPA.92 In ovariectomized nude mice, P or MPA alone

does not support tumor growth, and the addition of either hormone does not alter E-dependent

growth of the tumors. However, treatment of either PRA or PRB expressing tumors, but not

PR negative tumors, with either P or MPA leads to increased expression of myoepithelial cell

keratins 5 and 6 in a subpopulation of tumor cells. It is thought that during normal development

a sub-population of luminal cells can give rise to myoepithelial cells.93 Sartorius et al. suggest

that progestins may lead to differentiation of tumors characterized by a transition from luminal

to myoepithelial phenotype.92 In this regard, expression of myoepithelial cytokeratins has been

linked to poorly differentiated, grade 3 cancers, and a shorter overall disease free survival.94

This raises the possibility that exposure of tumors to progestins may have a detrimental effect

on tumor phenotype.

B. Mammary Cancers in the Mouse

Mouse models have provided additional insight into the role of PR in the etiology of mammary

cancer. Balb/c mice have been inoculated with MPA-induced but progestin-independent

mammary carcinoma cell lines, 59-2-HI or 32-2-HI and allowed to grow tumors up to 50

mm2 in size. These mice were subsequently treated with synthetic antisense oligonucleotide

against both PRA and PRB isoforms or with the PR antagonists RU-486 or ZK 299 for 10 days.
95 Both treatment with antisense oligonucleotide against PR and treatments with PR antagonists

reduce the tumor size and inhibit the proliferation of progestin-independent tumors. These

results indicate that P signaling is essential for the maintenance of these tumors despite the fact

that tumor growth is not progestin-dependent. P has been shown to upregulate genes, such as

Bcl-XL, that inhibit apoptosis.59 Thus, it is possible that the anti-apoptotic activity of P could

promote the maintenance of tumors without promoting growth.

Progesterone receptor knockout mice (PRKO), lacking both PRA and PRB, have been

examined for abnormalities of mammary gland development and susceptibility to mammary

tumor development.77, 96 PRKO mice are unable to develop ductal sidebranching and when

treated with DMBA showed reduced mammary tumor incidence compared to wildtype

controls.96 These results further suggest that PR and P responsiveness may be relevant to

susceptibility to mammary tumorigenesis. Whether there is a differential susceptibility to

DMBA-induced mammary cancer in PRA gene-deleted vs. PRB gene-deleted mice is currently

unknown.
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Interesting results have been obtained in studies of PRA overexpressing transgenic mice.97

These mice develop aberrant mammary epithelial structures that also exhibit distinct alterations

in gene expression and growth potential associated with transformation. In the abnormal

structures there is a decrease in p21 expression, an increase in cyclin D1 expression, an increase

in cell proliferation, and a decrease in ER alpha expression. In the same mice, in mammary

ducts with normal morphology there is a decrease in p21 expression only. These results suggest

that abnormally high expression of PRA is associated with changes in morphology and gene

expression associated with neoplasia. Parallel studies in PRB overexpressing transgenic mice

revealed no apparent tumor-associated abnormalities when compared with wildtype mice.97

A functional relationship between PR and expression of BRCA1 has been described in the

mouse mammary gland.90 Targeted deletion of BRCA1 exon11 causes increased mammary

growth in pubertal mice, indicative of altered hormone sensitivity. P treatment of either intact

or ovariectomized BRCA1 deficient mice produces an exaggerated P-induced growth response

compared to wildtype mice. This study suggests that BRCA1 regulates the proliferative activity

of P. It is not known if this effect is mediated by PRA and/or PRB. Based on the finding that

PRB expression is lost in the normal breast tissue of women carrying BRCA1 and BRCA2

mutations, it is of interest to know if PRA or PRB isoform expression is altered in the BRCA1

exon 11 deleted mice.

The importance of P signaling for the tumor development in BRCA mutation carriers has been

analyzed in double transgenic mice carrying deletion of BRCA1 exon 11 and inactivation of

p53 gene, BRCA1f11/f11p53f5&6/f5&6Crec mice.98 The adult virgin

BRCA1f11/f11p53f5&6/f5&6Crec mice show increased ductal sidebranching, precocious

alveologenesis, and increased PRA expression compared to age-matched wildtype mice.

Mammary tumors in BRCA1f11/f11p53f5&6/f5&6Crec mice first appear at 5 months of age, and

by the 8 months of age all mice develop tumors. When mice have been treated with PR

antagonist RU-486, no palpable tumors are detected by 12 months of age. Cell culture studies

of epithelial cells isolated from BRCA1f11/f11p53f5&6/f5&6Crec mice and human BRCA1

depleted MCF10A cells, have shown that BRCA1 decreases the stability of PR protein through

stimulation of PR polyubiquitination.98 These results indicate that in BRCA1 mutation carriers

P signaling may be enhanced due to the increased stability of PR proteins. The observation

that exogenous BRCA1 decreases the activity of PR in breast cancer cells 90 indicates a

potential inhibitory effect of wildtype BRCA1 on progestin action in the normal mammary

gland. These findings illustrate another level of complexity in the regulation of P action and

raise the possibility that there may be additional PR regulatory factors that have not yet been

identified.

VIII. PROGESTOGENIC ACTIVITY OF ENDOCRINE DISRUPTORS

Endocrine disruptors (ED) have become a pressing health concern in the modern world. While

many studies have been conducted to investigate the detrimental effects attributed to the

estrogenic activity of several EDs. However, it has recently been shown that some disruptors,

in fact, have separate, independent progestogenic activity. Jung et al. 99 have shown that EDs,

such as 4-tert-octylphenol, nonylphenol, and bisphenol A, have progestogenic activity in

addition to estrogenic activity. In the mouse uterus, expression of calcium-binding protein,

calbindin-D9k is predominantly regulated by P. The abovementioned EDs stimulate the

expression of calbindin-D9k, and this stimulation is strongly inhibited by the PR antagonist

RU-486. These data suggest that potential EDs should be tested not only for estrogenic but

also for progestogenic activity and raises the possibility that EDs may have progestogenic

activity in the mammary gland. Development of mammary gland markers of progestin-specific

activity in animal models may facilitate screening for progestogenic activity of EDs. An

Kariagina et al. Page 15

Crit Rev Eukaryot Gene Expr. Author manuscript; available in PMC 2010 March 1.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



additional important question to be answered is whether EDs have tissue-specific and/or PR

isoform specific effects.

IX. SUMMARY AND CONCLUSION

Epidemiological studies have identified breast cancer risk factors related to reproductive

history and exposure to exogenous hormones. Two key hormones associated with these risk

factors are E and P. P has been shown to increase proliferation indices in the breast epithelium

in premenopausal women during the luteal phase of the menstrual cycle and in postmenopausal

women receiving combined E+P HRT, whereas HRT with E alone does not increase breast

cancer risk. Therefore, progestins are implicated in breast cancer etiology. While the major

focus has been studying the role of E in breast cancer etiology, less is known about the role of

progestins.

Mechanistic studies carried out in breast cancer cell lines in vitro or as xenografts in vivo have

provided important insight into the mechanisms of P action mediated by the two isoforms of

the PR, PRA and PRB. These studies have shown that PRA and PRB regulate different genes

and have demonstrated a number of different mechanisms by which liganded and unliganded

PR can affect tumor cell proliferation and behavior in a PR isoform specific manner.

Mechanistic studies in the mouse have revealed PR isoform-specific functions during normal

mammary gland development. P action through PRB is essential for lobuloalveolar

development during pregnancy. Less is known about the specific functions of PRA. It is

proposed that PRA mediates sidebranching and regulates proliferation in a paracrine manner

during normal mammary gland development. Interestingly, overexpression of PRA in mice

causes changes in gene expression and mammary morphology associated with neoplasia that

are not observed with PRB overexpression. Therefore, additional studies elucidating how P

signaling through PRA contributes to mammary cancer development are needed.

At present, major gaps exist in our knowledge about the mechanisms of P action in the normal

human breast. In normal adult premenopausal human breast both PRA and PRB are

coexpressed in the same cell. The relative contributions of PRA and PRB in normal breast cell

proliferation have not been identified. At the same time, the alteration of PRA:PRB ratio occurs

at early stages of breast cancer development and the predominance of PRA is often associated

with more aggressive tumor phenotype. In addition, normal breast tissues from BRCA1 and

BRCA2 mutation carriers analyzed for alterations in PR isoform expression showed a

predominance of PRA and a lack of PRB. Studies in cell cultures and in BRCA1 gene-deleted

mice have shown that wildtype BRCA1 inhibits PR function and decreases PR stability. It is

possible that the loss of inhibition of PRA activity in mutation carriers may contribute to the

increased risk of breast cancer.

While studies on human breast tissues are challenging, a more detailed analysis of the normal

human breast is needed to advance our knowledge about P action and the role of PR isoforms

in the normal breast and in breast cancer. It is anticipated that studies of the normal development

of the human breast can inform us about alterations in P action and responses in breast cancer.

For example, ligand-independent transcriptional activity has been identified in a breast cancer

cell line. It is not known if a similar phenomenon occurs in normal mammary cells.

Additionally, analysis of PRA:PRB ratio throughout the development of human breast (puberty

vs. adult nulliparous vs. adult parous vs. postmenopausal) may provide insights into how

expression of PR isoforms is related to breast cancer development.

While the mouse has been a useful model for the study of progestin action in the normal breast,

there are significant differences in PR isoform expression between the mouse and human. In

this regard, PR isoform expression in the rat mammary gland appears to be more similar to the
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human breast and the rat model offers promise for elucidating PR actions that more closely

resemble PR actions in the human. Further study of PR isoform expression and progestin effects

in rat mammary cancers, which share important features of hormone-dependence with human

breast cancer, is warranted.

There have been many advances in technologies for genetic manipulation and manipulation of

signaling pathways in the mammary gland in vivo and in human mammary cells in vitro, as

well as advances in gene expression profiling. Using a combination of these approaches it is

anticipated that studies of P action and PR isoform-specific functions in the normal mammary

gland and during tumor development in animal models can inform us about changes that occur

in breast cancer. Most importantly, such studies may provide novel preventive, diagnostic, and

therapeutic strategies for breast cancer.
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Figure 1.

Effects of HRT on PR level in breast tissue of postmenopausal women. The number under each

bar represents the number of individuals for whom ducts or TDLU could be analyzed. *, P =

0.002–0.04 that the percentage of PR-positive cells in the ducts of the E-alone group was

significantly greater than in the ducts of the no-HRT or E+P groups; †, P = 0.0007 and 0.04,

respectively, that the percentages of PR-positive cells in the TDLU of E-alone and E+P groups

were significantly greater than in the TDLU of the no-HRT group. (Courtesy Hofseth et al.5

Copyright 1999, The Endocrine Society)
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Figure 2.

Epithelial proliferation indices in normal breast tissue of cycling premenopausal women. The

number under each bar represents the number of individuals for whom ducts or TDLU could

be analyzed. ‡, P < 0.05 that the percentages of PCNA-positive cells in the TDLU of the luteal-

phase group were significantly greater than in the TDLU of the follicular-phase group; §, P <

0.05 that the percentages of PCNA- and Ki67-positive cells were greater in the TDLU than in

the ducts of the same group. (Courtesy Hofseth et al.5 Copyright 1999, The Endocrine

Society)
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Figure 3.

Effects of HRT on epithelial proliferation indices and breast epithelial density in

postmenopausal women. A. Epithelial proliferation indices in normal breast tissue of

postmenopausal women. The number under each bar represents the number of individuals for

whom ducts or TDLU could be analyzed. *, P = 0.002-0.0001 that the percentages of PCNA-

and Ki67-positive cells in the TDLU of the E + P group were significantly greater than in

TDLU of no-HRT or E-alone groups; †, P = 0.007-0.002 that the percentages of PCNA-positive

cells in the TDLU or ducts of the E group or ducts of the E + P group were significantly greater

than in the TDLU or ducts of the no-HRT group; §, P < 0.05 that the percentages of PCNA-

and Ki67-positive cells were greater in the TDLU than in the ducts of the same group. B–D.

Photomicrographs of breast tissue from postmenopausal women; (B) no HRT, (C) E alone

HRT, (D) E+P HRT. TDLUs and ducts are indicated by arrows. Magnificantion, ×40. E. Effects

of HRT on breast epithelial density in postmenopausal women. The number under each bar

represents the number of individuals for whom epithelial density was determined. *, P =

0.001-0.01 that the percentages of epithelial area in the E-alone HRT or E + P HRT groups

were significantly greater than that of the no-HRT group. †, P = 0.02 that the percentage of

epithelial area in the E + P group was significantly greater than that of the E-alone group.

(Courtesy Hofseth et al.5 Copyright 1999, The Endocrine Society)
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Figure 4.

Mammary gland morphology during development in the mouse, rat and human. A. Mammary

gland whole mounts were prepared from pubertal, adult, mid-pregnant, and involuted Balb/c

mice (scale bar, 1 mm). B. Mammary gland whole mounts were prepared from pubertal, adult,

mid-pregnant, and involuted Sprague-Dawley rats (scale bar, 1 mm). C. Mammary gland whole

mounts from the pubertal, adult, and pregnant human breast. Magnificantion, ×2.5. (Courtesy

of Russo&Russo.86 Copyright 2004, Springer-Verlag) Note the presence of lobuloalveolar

structures (indicated by arrows) in the pubertal rat and human mammary gland, whereas these

structures are not present in the mouse until pregnancy. The presence of end buds in the pubertal

mouse and rat is indicated by arrowheads.
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Figure 5.

Immunohistochemical detection of PRA and PRB in the mouse and rat mammary gland.

Immunohistochemistry was performed on sections from pubertal, adult, pregnant, and

involuted mammary glands from mice and rats using antibody specific for (A) PRA or (B) for

PRB and the percent PRA or PRB positive cells was determined. PRB was not detected (ND)

in the pubertal and adult mouse mammary gland.
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Figure 6.

Colocalization of PRA and PRB with the proliferation marker BrdU in the mouse and rat

mammary gland. Dual immunofluorescence detection of (A) PRA and BrdU or (B) PRB and

BrdU was performed on mammary gland sections from pubertal and pregnant mice and rats.

The percent PRA positive (PRA+), BrdU positive (BrdU+) and PRA+BrdU positive (PRA

+BrdU+) and the percent PRB positive (PRB+), BrdU positive (BrdU+) and PRB+BrdU

positive (PRB+BrdU+) luminal epithelial cells were determined in pubertal end buds and

pregnant alveoli.
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