Page 1 of 28 Manuscript submitted for review to Journal of Molecular Endocrinology

1
2 Progesterone signaling in the normal breast and its implications for cancer
3
4
5
6
7  Cathrin Brisken'-2*, Valentina Scabia’
8
9
10

11  Affiliations:

12 'ISREC - Swiss Institute for Experimental Cancer Research, School of Life Sciences, Ecole
13 Polytechnique Fédérale de Lausanne (EPFL), CH-1015 Lausanne, Switzerland.

14  2Breast Cancer Now Centre, ICR, London, UK

15

16

17  The authors declare that they have no conflict of interest.

18

19

20  *To whom correspondence should be addressed:

21  Cathrin Brisken

22 ISREC - Swiss Institute for Experimental Cancer Research

23 Ecole Polytechnique Fédérale de Lausanne (EPFL), SV2.832 Station 19, CH-1015 Lausanne,
24 Switzerland.

25 ISREC - Swiss Institute for Experimental Cancer Research, School of Life Sciences, Ecole

26  Polytechnique Fédérale de Lausanne (EPFL), SV2.832 Station 19, 1015 Lausanne, Switzerland.

27 2Breast Cancer Now Research Centre, Institute of Cancer Research, London SW3 6JB, UK
28

29  Phone +41 (0)21 693 07 81 / sec: +41 (0)21 693 07 62; Fax +41 (0)21 693 07 40

30  E-mail: cathrin.brisken@epfl.ch

31

32  Keywords: stem cells, cell proliferation, mammary gland development, breast carcinogenesis, Rankl,
33  Wnt4, Adamts18

34

35

jme@bioscientifica.com


mailto:cathrin.brisken@epfl.ch

36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72

Manuscript submitted for review to Journal of Molecular Endocrinology

Abstract (250)

Progesterone is considered the pregnancy hormone and acts on many different target tissues.
Progesterone receptor (PR) signaling is important for normal development and the physiologic function
of the breast and impinges on breast carcinogenesis. Both systemically and locally, in the breast
epithelium, there are multiple layers of complexity to progesterone action, many of which have been
revealed through experiments in mice. The hormone acts via its receptor expressed in a subset of cells,
the sensor cells, in the breast epithelium with different signaling outcomes in individual cells eliciting
distinct cell intrinsic and paracrine signaling involving different mediators for different intercellular
interactions. PR expression itself is developmentally regulated and the biological outcome of PR
signaling depends on the developmental stage of the mammary gland and the endocrine context. During
both puberty and adulthood PR activates stem and progenitor cells through Wnt4-driven activation of
the myoepithelium with downstream Adamts18-induced changes in ECM/BM. During estrous cycling
and pregnancy, the hormone drives a major cell expansion through Rankl. At all stages PR signaling is
closely tied to estrogen receptor o (ER) signaling. As the PR itself is a target gene of ER, the complex
interactions are experimentally difficult to dissect and still poorly understood. Ex vivo models of the
human breast and studies on biopsy samples show that major signaling axes are conserved across
species. New intraductal xenograft models hold promise to provide a better understanding of PR

signaling in the normal breast epithelium and in breast cancer development in the near future.

Introduction

A woman’s risk to get breast cancer is affected by her reproductive history and hence exposure to
reproductive hormones. An early full-term pregnancy has protective effects (MacMahon et al., 1970)
whereas risk increases with the number of menstrual cycles she experiences during her life time, that is
with shorter cycles, younger age at menarche, and later menopause (Colditz et al., 2004). Furthermore,
exposure to exogenous hormones, as it occurs widely in the context of hormonal contraception and
hormone replacement therapy, increases breast cancer risk. Finally, exposures to endocrine disruptors,
in particular when they occur in utero and during the perinatal period, affect breast cancer risk, as
reviewed in (Soto and Sonnenschein, 2015; Soto et al., 2013).

The role of the ovarian steroid, progesterone, is tightly linked to ER signaling and is just beginning to
emerge from the shadow of its highly visible cousin 17-B-estradiol (Brisken, 2013). What we know
about PR signaling in the normal breast and how this relates to breast carcinogenesis, will be examined
here in its broader developmental and physiological context.

The particular sensitivity of the breast to carcinogenic insults is likely a consequence of its unique
plasticity: the breast is the only organ that develops mostly after birth and can undergo repeated cycles

of cell proliferation and differentiation during pregnancy without exhaustion. The two major ovarian
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hormones, estrogens and progesterone, have important roles in orchestrating morphogenesis, cell
proliferation and differentiation at different stages of development to ensure that the breast can produce
copious amounts of milk for the offspring by the end of pregnancy.

To dissect the role of PR signaling in normal development and physiology, rodent models, in particular
genetically engineered mouse models (GEMMSs), have been instrumental. What we have learnt from
these models and how these findings translate to human breast function and human breast cancer

development will be discussed here.

Development and physiology of the breast

The hypothalamic—pituitary—ovarian axis controls female reproductive function and the development
and physiology of the breast. The hypothalamic-pituitary clock determines the onset of puberty and the
pituitary peptide hormones LH and FSH control ovarian function. The ovaries are the major source of
estrogens and progesterone of which they secrete only trace amounts until puberty.

The breast is a skin appendage that develops through epithelial-mesenchymal interactions in the embryo
(Veltmaat, 2017). At birth, rudimentary glandular tissue emanates from the nipples. This small gland
grows isometrically with the rest of the body until puberty. The budding of the breasts, thelarche, heralds
puberty and coincides with increased ovarian estrogen (E) and some progesterone (P) production. When
sexual maturity is reached and ovulatory menstrual cycles are established, cyclical changes in hormone
levels are established (Figure 1) with an estrogen peak occurring in the first half of the cycle, prior to
ovulation, and a raise in progesterone during the second phase (luteal phase) that is accompanied by a
less pronounced increase in estrogen levels and elevated testosterone levels (Skiba et al., 2019). When
the egg is fertilized and implants, the corpus luteum will produce increasing levels of progesterone that
will be further increased through placental progesterone production (Figure 1). If the egg is not fertilized,
progesterone levels drop abruptly, menstrual bleeding occurs, and the next menstrual cycle begins.
Extensive longitudinal growth of the ducts with branching and expansion of the mammary fat occur
during puberty. In the adult female, recurrent menstrual cycles elicit changes within the breast. Women
may feel breasts engorge due to increased blood flow and subtle changes in epithelial cell morphology
can be observed. The myoepithelium becomes more prominent, the ECM is distended (Vogel et al.,
1981). Mitotic figures can be observed in the luminal epithelium during luteal whereas the breast is
quiescent during follicular phase (Anderson et al., 1982; Ferguson and Anderson, 1981). Breast
epithelial cell proliferation culminates during early and mid-pregnancy, driving further branching and
alveologenesis thereby achieving an enormous increase in functional surface. Following differentiation
into a milk-secreting organ, copious amounts of milk can be produced during lactation. Upon weaning,
milk production stops and most of the epithelial structures disappear. No matter how many pregnancies
occur, there is no evidence that the cell expansion potential of the breast epithelium gets exhausted. This
process of extensive cell proliferation prior to lactogenic differentiation in largely stimulated by PR

signaling as we will explain below.

: 3
jme@bioscientifica.com



110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146

Manuscript submitted for review to Journal of Molecular Endocrinology

PR signaling in the normal breast

Detailed insights into the complexities of PR signaling at the molecular level have been gained from
studies with T47D cells, a breast cancer cell line established from the pleural effusion of a 54-year-old
breast cancer patient (Keydar et al., 1979) and several other hormone-sensitive breast cancer cell line
models, such as MCF-7 and ZR-75 cells and this work is reviewed elsewhere in this issue.

It has become apparent that PR signaling is context-dependent and that, in particular, growth factor
receptor signaling and cell cycle kinases intersect with it at multiple levels (Dwyer et al., 2020; Hagan
and Lange, 2014). As tumor cells have increased growth factor receptor signaling activity, the context
in which progesterone will act in a cancer cell is likely very different from that of a normal breast
epithelial cell and is unclear how representative findings in any cell line are for what happens in different
patients’ tumors.

Another major obstacle to our understanding of physiological PR signaling is the lack of cell line models
for normal breast epithelial cells that are hormone-responsive. Primary breast epithelial cells can readily
by obtained from reduction mammoplasty specimens (Stampfer and Bartley, 1985) but as soon as they
are cultured in vitro, they lose hormone receptor expression. Moreover, upon passaging primary human
breast epithelial cell cultures, which contain a mix of luminal and myoepithelial cells, the luminal cells,
which proliferate more slowly in vitro, are lost and cells with a basal phenotype, DNp63+, ITGB1+
grow out. As a consequence, all immortalized HBEC cells lines and so-called normal breast cell lines,
like MCF10A, represent a basal phenotype and have no hormone receptor expression.

The use of 3D-cultures with matrigel has demonstrated the importance of the correct structure in space
and the role of the extracellular matrix (ECM) for the formation of a bi-layered epithelium and cellular
differentiation (Aggeler et al., 1991) however, steroid hormone receptor expression is down modulated
and progesterone target genes like WNT4 and RANKL are not induced (Graham et al., 2009).
Nevertheless, in these various elegant systems differential effects on the ECM (Liu et al., 2018) and on
cell proliferation (Graham et al., 2009; Sokol et al., 2016) have been observed in response to hormone
stimulation. In light of the complexities in vivo with changing hormone levels, hormones acting on many
different tissues with many indirect effects on the breast, it has been a challenge to dissect the

mechanisms of PR signaling in the breast epithelium.

Hormone ablation and replacement studies in rodents

The foundations of our understanding of the endocrine regulation of the mammary gland were laid in
the late 1950s by hormone ablation and replacement experiments performed in rats, rabbits, and mice
(Lyons, 1958; Nandi, 1958). Through surgical removal of the pituitary gland, the ovaries and the adrenal

glands, animals were hormone-depleted; as a result, mammary gland development stalled and the
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epithelium atrophied. In the triple abrogated animals, mammary gland growth was largely restored by
injection of growth hormone (GH), E, and P. In the presence of GH, administration of E was sufficient
to trigger the ductal outgrowth with characteristic terminal end buds and dichotomous branching that is
seen during puberty (Figure 2). Progesterone had little effect in the absence of circulating estrogens,
which may, at least in part, be due to very reduced expression of the PR, which is an ER target gene
(Haslam and Shyamala, 1979; Kastner et al., 1990). Added to GH, E+P treatment resulted in extensive
ductal side branching and alveolar bud formation driving the gland to a mid/late pregnancy like state
(Figure 2). These experiments established P as driver of side branching and begged the question whether
the changes elicited by hormone administration are attributable to PR signaling in the mammary gland

and if so, in which cell type, or secondary to signals from other organs.

Lessons from the genetically engineered mouse models

The advent of genetically engineered mouse models (GEMMSs) provided useful tools for the genetic
dissection of biological functions. PR deficient mice (PR”), both males and females, developed
normally but female mutants had multiple reproductive problems, including failure to ovulate. Limited
mammary gland development was observed (Lydon et al., 1995). To address to what extent this was
due to lack of mammary epithelial PR signaling versus systemic effects caused by the germ line deletion,
we adapted the technique of mammary epithelial transplants originally developed to propagate
epithelium from mice bearing hyperplasia (DeOme, 1959). In prepubertal, 3-week-old mice, the
rudimentary ductal tree can be surgically removed from the elongated inguinal mammary glands leaving
behind a cleared fat pad. A piece of epithelium from a syngeneic mouse grafted to the center of such a
cleared fat pad can grow into a new ductal tree that behaves like the endogenous epithelium but does
not communicate with the nipple, hence lactation cannot occur. Engraftment of contralateral cleared fat
pads with WT and PR” epithelium allows one to compare the two within the same normal hormonal
milieu and hence to determine the effect of this single gene deletion specifically in the mammary
epithelium. PR epithelium filled the engrafted fat pad by dichotomous branching albeit with fewer
branching points than the WT (Brisken et al., 1998; Rajaram et al., 2015). When the recipients were
impregnated, WT grafts, like endogenous control glands, were full of alveoli at the end of pregnancy,
whereas the PR’ epithelium showed only dichotomous branching, no side branching nor any
alveologenesis. Together with the endocrine ablation and replacement studies discussed above, these
genetic tissue recombination experiments show that progesterone, acting through the mammary
epithelial PR, drives the cell expansion during pregnancy that results in side branching and subsequent
alveologenesis during recurrent estrous cycles and pregnancy.

The PR gene has two promoters resulting in translation from two different AUGs. The shorter PR-A
isoform lacks a 165 amino acid stretch at the N-terminus that encodes a PR-B specific transactivation
function (Sartorius et al., 1994) and shows different transcriptional activities (Richer et al., 2002). The

two forms were reported to be differentially expressed during development with the A-form decreasing
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during pregnancy (Aupperlee et al., 2005) and to be regulated in distinct ways by estrogens and
progesterone and along the estrous cycle as assessed by IHC (Shyamala et al., 1998). Isoform-specific
deletions revealed that PR-A is required for uterine function but not essential for the response of the
mammary gland to progesterone (Mulac-Jericevic et al., 2000). PR-B”- females were fertile; mammary
gland development was deficient; more specifically, side branching during pregnancy was reduced
albeit not completely as in PR” females. Moreover, in contrast to PR” mice, alveologenesis was
observed in PR-B”- females (Mulac-Jericevic et al., 2003). As different endocrine perturbances are
encountered in the distinct PR mutant strains, which may confound the interpretation of the observed
phenotypes, the mice were ovariectomized and subsequently treated with either E or E+P. The side
branching elicited by E+P administration in PR-4"- females was comparable to that observed in their
WT controls, abrogated in PR”- and reduced in PR-B”- females (Mulac-Jericevic et al., 2003). Hence,
PR-B is required for ductal side branching and PR-A is required for alveologenesis. This indicates that
PR-A and PR-B have context-dependent roles in the mammary epithelium; whether these relate to
specific transcriptional activation of specific target genes and/or different interactions with the ER,
which has growth-stimulatory role during puberty and growth-inhibitory role in pregnancy (Cagnet et
al., 2018) and or depends on the amount of ligands around remains to be determined.

A differential role for the two forms in human breast cancer is emerging with the PR-A form specifically

upregulated in breast cancer as reviewed by Satorius and Horwitz in this issue.

Developmental control of PR expression

An additional level of complexity of PR signaling in normal physiology stems from the differential
developmental regulation of the expression of the receptor itself. PR protein expression by
immunohistochemistry is first detected around postnatal day 10 (Rajaram et al., 2015). During puberty,
the receptor is expressed in most of the cells constituting the inner layer of the milk ducts, the luminal
epithelial cells. In adulthood, its expression becomes more confined and only about 30-50% of the
luminal cells are PR+, this proportion decreases further during pregnancy (Grimm et al., 2002). Analysis
of the mammary glands of PR%“? reporter mice at different developmental stages revealed changing
regulation of PR promoter with transcription already occurring in the ducts of the embryonic mammary
gland (Ismail et al., 2002). During puberty, LacZ was widely transcribed in the luminal epithelial cells
and body cells of the terminal end buds. B-galactosidase activity was not detected in cap cells nor
myoepithelial cells, nor in periductal fibroblasts, adipocytes or endothelial cells. In the adult female, PR
expression was attenuated and a nonuniform expression pattern was observed with high expression at
the tips of the budding side branches and decreased activity by the end of pregnancy (Ismail et al., 2002)
indicating that the discrete and changing expression patterns of the PR observed by IHC are determined

at the transcriptional level.

Cell intrinsic and paracrine signaling
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The variegated expression of ER and PR in the adult mammary gland is also observed in other animal
species and in humans. It was first shown in the human breast that most of the proliferating cells in the
normal breast epithelium are ER/PR negative by IHC (Clarke et al., 1997), an observation that confirmed
in rats (Russo et al., 1999) and mice (Seagroves et al., 2000). Mixtures of mammary epithelial cells from
PR”.ROSA26+ females with an excess of WT.ROSA26- mammary epithelial cells were used to
reconstitute cleared mammary fat pads. The resulting chimeric glands showed that in the context of
surrounding WT cells, PR.ROSA26+ mammary epithelial cells were able to contribute to side
branching and alveologenesis during pregnancy (Brisken et al., 1998). This established that
progesterone-induced side branching and alveolar budding can be elicited by one or more paracrine
signals and led to a model whereby PR+ cells, or a subset thereof, function as hormone sensors that act
as organizers and translate the systemic signal into paracrine signals that enable neighboring PR negative
cells to proliferate and activate stem and progenitor cells (Brisken and Duss, 2007) (Figure 3). This
organizational structure is a means of coordinating the behavior of multiple cell types, as well as a way
of propagating locally a fluctuating systemic signal over time.

Subsequently, a number of factors were identified as downstream mediators of PR signaling either by
candidate approaches or through global gene expression profiling (Fernandez-Valdivia et al., 2008; Lain
et al., 2013, 2015). Among the PR targets in the adult mouse mammary gland are a number of genes
encoding secreted factors including Receptor activator of NFkB (Rankl) (Brisken et al., 2002; Cao et
al., 2001; Mulac-Jericevic et al., 2003), Wnt4 (Brisken et al., 2000), Calcitonin (Ismail et al., 2004),
CXCL-12 (Shiah et al., 2015), Amphiregulin (Aupperlee et al., 2013), and Adamts18 (Ataca et al.,
2020). on Here, we will describe what has been revealed about the importance in mediating distinct
biological aspects of PR signaling function in vivo. Of note, the rat model was used to identify PR targets
by ChIP-seq and revealed that networks relating to cell cycle and FGF and ErbB signaling were enriched
(Ding et al., 2019).

Cell proliferation: intrinsic and paracrine effects of PR signaling

Cell proliferation is the aspect that is easiest to dissect because it can readily by assessed by BrdU
incorporation. Upon ovariectomy, cell proliferation in the mammary epithelium ceases and ducts
become atrophic. Administration of estrogen to adult ovariectomized mice elicits little proliferation
(Wang et al., 1990) but induces the expression of the PR. Co-administration of E and P causes extensive
cell proliferation in the epithelium (Wang et al., 1990). This occurs in two waves; the first small wave,
revealed by BrdU incorporation occurs in PR+ cells within 24 hours of stimulation, it is followed by a
much larger wave of cell proliferation entailing PR negative cells. The first type of proliferation of
ER/PR+ cells is cyclin D1-dependent; it fails to occur in cyclin D17 epithelium, the second, larger wave
of cell proliferation, occurring in cells which are PR negative, is Rankl-dependent (Beleut et al., 2010).
The importance of Rankl in mediating the proliferative response to P was illustrated by MMTV-Rankl

transgenics which show side branching and alveolar budding in the absence of progesterone stimulation
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(Fernandez-Valdivia et al., 2009) and a very elegant GEMM, in which Rankl was specifically induced
in the ER+ sensor cells of PR”-mice and shown to rescue side branching and alveologenesis (Mukherjee

etal., 2010).

Stem cell activation

The realization that the most frequent insertion site of the MMTYV virus in the mammary epithelium, the
int-1 locus (Nusse and Varmus, 1982) harbored a gene with sequence homology to the drosophila
wingless gene (Wntl) lead early on to interest in Wnt signaling in mammary gland development and in
the context of breast cancer. Overexpression of Wnt/ in the mammary gland under the control of the
MMTV LTR, drastically altered the mouse mammary gland resulting in a brush-like appearance of the
milk ducts with excessive side branches and caused mammary tumors (Tsukamoto et al., 1988). Various
Whnt transcripts were detected and shown to have developmentally-regulated expression pattern (Dale
et al., 1996; Gavin and McMahon, 1992). Of these, specifically Wnt4 was induced by progesterone and
to a lesser extent by estrogen in the mammary glands of ovariectomized adult mice (Brisken et al., 2000)
and its overexpression in mammary epithelial cells mimicked the effects of Wnt/ and elicited pregnancy-
like changes (Bradbury et al., 1995). Ectopic expression of Wntl by means of a MMTV:Wntl transgene
(Tsukamoto et al., 1988) overcame the side branching defect of PR’ epithelia showing that Wnt
signaling is important downstream of PR. Moreover, ectopic Wnt-1 expression induced side branching
of PR epithelia by a paracrine mechanism as shown by generating chimeric epithelia of PR and
MMTV-Wntl+ mammary epithelial cells (Brisken et al., 2000).

Evidence emerged that Wnt signaling pathway is important for adult stem cells in many organs (Reya
and Clevers, 2005). The ability of individual mammary epithelial cells to give rise to mammospheres
(Dontu et al., 2003) became a useful assay for stem cells and was shown to correlate with the ability to
reconstitute mammary fat pads (Cicalese et al., 2009; Pece et al., 2010). Furthermore, stem cells were
defined by FACS profiling based on the expression of ITGB1 or ITGA6 and functionally validated by
limiting dilution assays (Shackleton et al., 2006; Stingl et al., 2006), which turned into the golden assay
of mammary stem cells. By these assays Rankl, Wnt4 and Cxcl12/CxcR4 were shown to be important
downstream of P in activating stem cells (Asselin-Labat et al., 2010; Joshi et al., 2010; Shiah et al.,
2015).

However, it is important to consider that the expression of various integrins used as stem cell markers
itself can be subject to hormonal regulation; their expression at the cell surface may be affected by
changes in the ECM secondary to hormonal stimulation. Hence, an increase in cell populations
expressing these markers does not necessarily reflect an increase in the number of stem cells but may
reflect an increased expression of the specific antigens on the cell surface. In addition, a more complex
issue lies in the cleared fat pad assay itself. Before any cell that is injected into the fat pad can unfold its
stem cell potential, it needs to adjust to the non-physiological environment, to survive and interact with

the cells and matrix of the mammary stroma. It is conceivable that a mutation impairs these abilities of
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an otherwise perfect mammary stem cell. As a result, even the ideal mammary stem cell will not survive
and/or not give rise to an outgrowth and therefore not be scored as a stem cell. Of note, both, cell survival
and interactions with ECM and stromal cells, are dependent on integrin signaling and it is conceivable
that the presence of these stem cell markers bestows an adhesion and survival advantage. In contrast,
the luminal cells, at least some of which show plasticity and high proliferative capacity in vivo may
simply not get to unfold their stem cell properties in this assay because they lack the integrins required
for survival and interaction with the mammary matrix. In line with this, lineage tracing experiments
have revealed plasticity of luminal cells (Van Keymeulen et al., 2011, 2017) and vice versa identified
rare luminal cells that can give rise ER+ basal cells during pregnancy (Song et al., 2019).

A more comprehensive assay for the regenerative potential of the mammary epithelium is the serial
transplantation assay, in which a piece of mammary epithelium is transplanted for 7 subsequent
generations (Daniel, 1973). Comparison of different mutants by this assay revealed that Wnt4 deletion
had the most severe effect on the regenerative potential of the mammary epithelium followed by PR
whereas Rankl deletion did not significantly affect the serial reconstitution ability (Rajaram et al., 2015).
These findings indicate that PR signaling is required for the induction of stem cell potential and requires
Wnt4 for this function. A likely explanation for the finding that Wnt4 deletion causes a more severe
defect than PR abrogation is that ER signaling is involved in the control of Wnt4 expression during

earlier developmental stages (Rajaram et al., 2015).

ECM/basal membrane restructuring

The PR target, Wnt4, activates canonical Wnt signaling in the myoepithelium as shown genetically with
the use of a reporter of the canonical Wnt signaling target, Axin2 (Lustig et al., 2002; Rajaram et al.,
2015). Consistently, global gene expression changes resulting from conditional deletion of the direct PR
target Wnt4 in the mammary epithelium are more striking in the myoepithelial than in the luminal cell
compartment (Ataca et al., 2020). Among the indirect progesterone targets in the myoepithelium, is
Adamts18, a secreted protease, which provides a molecular link between the luminal PR signaling and
changes in the ECM.

Deletion of Adamtsl8 in the mammary epithelium results in delayed ductal outgrowth and side
branching but normal alveologenesis, reminiscent of, but less severe than the phenotype of Wnt4"-
mammary epithelium. Adamts18”- mammary epithelium has decreased serial transplantation capacity
indicating that the protease affects stem cells. Analysis of ADAMTS18 interactors in the MCF10A cell
line model by Mass Spectometry revealed that the protease interacts with multiple basal membrane
proteins. In line with its role being pertinent to the basal membrane and the basal membrane being part
of the stem cell niche AdamtsI8 interacts genetically with the basal membrane specific Collageni841
in mammary gland development and in controlling the regenerative potential of the mammary

epithelium (Ataca et al., 2020).
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Of note, major effects on accumulation of ECM proteins, like Fibronectin, Laminin, Collagenl and IV
were observed specifically during puberty but not in the adult mammary gland suggesting that the role
of PR in controlling stem cells is particularly important in puberty. However, additional, yet to be
discerned changes in the ECM may be elicited by Adamts18 at later stages. In any case, the ability of
progesterone to induce a secreted protease that can cleave Fibronectin (Ataca et al., 2020), which is
central to ECM assembly, provides a mechanistic link between epithelial hormone signaling and stromal

changes.

Stage-specific roles of PR signaling

Taken together, a picture emerges, in which PR signaling has at least three distinct roles in the normal
mammary epithelium (Figure 4).The first is during puberty, when progesterone levels are low and PR
expression is high and widespread in the mammary epithelium. At this stage, the hormone, contributes
to the induction of Wnt4 and Adamtsi8 expression which are involved in controlling mammary stem
cells and their niches. This axis is maintained during adulthood when signaling is recurrently activated
during diestrus but possibly most important during puberty.

The second function is important in adulthood, with recurrent estrus cycles and during pregnancy; PR
signaling stimulates some cell-intrinsic proliferation via Cyclin D1 and elicits the extensive cell
proliferation that is required to establish side branches by inducing Rankl expression. At this stage, all
Rankl expressing cells are PR+, however, not all the PR+ cells express detectable levels of Rankl (Beleut
et al., 2010), similarly, all Wnt4 expressing cells are PR+, yet, not all the PR+ cells express Wnt4
(Rajaram et al., 2015). This points to the possibility that different subsets of PR+ cells have different
assignments in the progesterone orchestra and begs the questions whether the different transcriptional
outcomes reflect stochastic events or depend on different cellular contexts laid down by distinct
epigenetic profiles.

The third role of the PR is during the last third of pregnancy and relates to alveologenesis and requires
PR-A. In PR-B”- females, Rankl and Wnt4 induction by E+P in ovariectomized adult females is
abrogated, yet, alveologenesis occurs in PR-B”~ females but not in PR”- females (Mulac-Jericevic et al.,
2000, 2003). This indicates that the presence of PR-A isoform is sufficient for alveologenesis to occur
and that alveologenesis occurs independent of the paracrine mediators Rank! and Wnt4. It is tempting to
speculate that this may relate to PR-A isoform specific interactions with the ER, which has an important

but barely understood inhibitory role in this process (Cagnet et al., 2018).

Implications for breast cancer

It is intuitive that induction of progesterone-dependent activities such as stem/progenitor cell activation,
cell proliferation, and ECM modifications, if they occur similarly in the human breast in the context of
recurrent luteal phases and/or progestin containing treatments, may promote carcinogenesis in the

breast. This could, at least partly, explain why menstrual cycles and hormonal contraception, as well as
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combined HRT, all of which result in PR signaling, increase BC risk. But are the same signals operating
in the human breast?

Studies with reduction mammoplasty-derived normal breast epithelial cells cultured in Matrigel,
revealed that progesterone stimulates cell proliferation and increases the number of progenitor cells
(Graham et al., 2009). However, neither RANKL nor WNT4 expression were induced in this model. To
address whether the same pathways are pertinent in the human breast epithelium, we developed an ex
vivo approach to test hormone response. Fresh reduction mammoplasty specimens were mechanically
disrupted and enzymatically digested to isolate tissue microstructures that consist of epithelia and
associated stromal cells (Sflomos et al., 2015; Tanos, 2013). Keeping the intercellular connections intact
preserved the hormone response for at least 72 hours. In this ex vivo model, progesterone induced both
RANKL and WNTH4 transcripts. Moreover, functionally, progesterone-induced cell proliferation was
inhibited in the presence of the recombinant decoy receptor osteoprotegerin (rOPG) (Tanos, 2013), a
finding confirmed in ex vivo experiments with tissue from BRCA I mutation carriers (Nolan et al., 2016).
As observed in the mouse mammary gland, RANKL protein localized exclusively to PR+ cells but not
all PR+ cells showed detectable RANKL expression (Tanos, 2013). Importantly, the physiological
relevance of the finding in the ex vivo model was shown through analysis of normal breast biopsies. The
RANKL protein was not detected by IHC in the breast epithelium from women in follicular phase but
in samples from women with the high serum progesterone levels characteristic of luteal phase;
furthermore its expression was higher and more widespread in samples from pregnant women who have
yet higher progesterone levels (Tanos, 2013).

A study on tumor and contralateral normal breast tissue samples from premenopausal breast cancer
patients with menstrual cycle staging through hormone measurements, confirmed the increase in
RANKL expression related to high progesterone levels in the normal breast (Hu et al., 2014).
Furthermore, together with other studies it revealed that RANKL transcripts are also regulated in ER/PR+
tumors (Haynes et al., 2013, 2014). Interestingly, in the normal breast epithelium increased mitotic
activity has been reported to occur during luteal phase when progesterone levels are high (Anderson et
al., 1982; Ferguson and Anderson, 1981; Pardo et al., 2014) but ER+ tumors proliferation-associated
genes were decreased when progesterone levels peaked (Haynes et al., 2014, 2019). It needs to be
evaluated whether this discrepancy may be related to different experimental approaches or whether this
is an indication that PR signaling and cell cycle control are wired differently in normal breast epithelial
cells and cancer cells.

Most insights into physiologic gene expression changes in the human breast epithelium comes from the
work of Susan Clare and her colleagues, who drove the efforts leading to the Susan Komen tissue bank,
which is a collection of normal breast tissue from healthy volunteers of different ages and races
(Sherman et al., 2012). Hormone levels at the time of tissue sampling can be determined and samples
thereby be attributed to follicular versus luteal phases of the menstrual cycle. When 20 samples from

healthy breast tissue donors were used to isolate mammary epithelium by laser capture microdissection
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and RNA sequencing was performed, 255 genes were found to be differentially expressed in luteal phase
versus follicular with 221 increased in the luteal phase (Pardo et al., 2014). Most of them related to DNA
replication, DNA damage, and mitosis. Both RANKL and WNT4 were found to be increased in luteal
phase together with a third paracrine factor EPIREG, known to bind ErbB1 and ErbB4, reviewed in
(Riese and Cullum, 2014).

Furthermore, the secreted proteases, MMP3 and ADAMTSY were significantly increased. RNA from
myoepithelial cells represent a smaller fraction than luminal cell RNA and this may have precluded that
ADAMTSIS8 reached significance in this relatively small data set. The protease was induced by
progesterone in xenografted human breast epithelial cells (Ataca et al., 2020). These findings may have
important clinical implications; mammographic density is the single most important risk factor for breast
cancer (Boyd et al., 2007; McCormack and dos Santos Silva, 2006) and has been correlated with
progestin intake levels (Greendale et al., 2003; Vachon et al., 2002). While the role of the individual
proteases remains to be dissected, they may provide insights into the molecular mechanisms underlying
increased breast density and offer new targets for preventive strategies.

Together, these findings suggest that the organizational principles and major signaling axes are
conserved between mice and humans and that hence recurrent activation of PR signaling may promote
breast carcinogenesis.

An additional pathway that emerged from studies with human cells and tissue sections is the GHR
signaling. GH is induced by progesterone in the breast epithelium in cells in direct vicinity of PR+ cells
and was shown to act on ER-/PR- progenitor cells, which express the GHR (Lombardi et al., 2014)
Interestingly, the GH receptor transcript was also increased during the luteal phase (Pardo et al., 2014).
An interesting scenario was proposed that pituitary GH may stimulate mammary stem cells during
pubertal growth whereas in the adult organism when systemic GH release largely subsided, GH can be
produced locally under the control of PR signaling for progenitor cell expansion (Lombardi et al., 2014).
Another question of outstanding clinical importance is the role of PR signaling alterations in the context
of endocrine resistance and metastasis. Decreased or lost expression of PR, independent of ER signaling
activity (Kim et al., 2006; Piva et al., 2014), and PR mutations have been reported in ER+ metastatic

breast cancer (Fowler et al., 2020).

Open questions, challenges and outlook

Given its preeminent role in tumor promoting activities, PR signaling is clearly an attractive target for
cancer preventive strategies. To what extent the mechanisms we discussed are operational in tumor cells
and whether it may also be useful to target the receptor in cancer is debated while estrogen is widely
accepted as a driving force of breast cancer. Evidence that progesterone may stimulate cancer stem cells
has accumulated, reviewed in (Axlund and Sartorius, 2012), however RANKL and WNT4 are not induced
by progesterone in most ER+/PR+ breast cancer cell lines and in various xenograft models, progesterone

antagonizes E2-induced growth (Mohammed et al., 2015; Singhal et al., 2016). It is important to better
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understand how the two players, ER and PR interact with each other when they synergize in many ways
in the normal breast epithelium and if and/or how their interactions change during carcinogenesis? How
does the change in ratio of the A- and B- isoforms affect PR signaling and its interactions with ER?
Relative expression of the PR-A isoform is increased in tumor cells, how this affects PR signaling and/or
interactions with other family members like the androgen and the glucocorticoid receptor?

The dissociation between HR expression and cell proliferation described in the normal breast is not
observed in tumors where most of the proliferating cells are ER+ and by extension PR+ (Clarke et al.,
1997). Indeed, abrogation of the dissociation between hormone receptor expression and cell
proliferation is part of the earliest alterations that characterizes precursor lesions that show uniform
ER/PR expression. The variegated expression characteristic of the adult breast epithelium is lost and all
luminal cells express ER (Lee et al., 2007). How is this alteration brought about and how does it affect
PR signaling? Throughout this review we distinguished PR+ and PR- luminal cells. This widely used
dichotomy, however, is based on the somewhat arbitrary interpretation of IHC. Tissue recombination
studies with mammary epithelial cells from different Esr/ mutant GEMMs revealed that the ER is
functionally important in cells that are ER negative by IHC. Indeed, about 50% of these ER-IHC
negative cells were found to express detectable levels of Esr/ transcript suggesting that there are at least
3 distinct luminal cell population with regards to ER status: IHC+ RNA+, IHC- RNA+, and IHC-/RNA;
alternatively, there may be a gradient of ER positivity (Cagnet et al., 2018). The same scenario may
apply to PR expression as well and may complicate the interpretation of PR signaling activities in the
mammary gland when these are assessed across the epithelium. It prompts the question of whether PR
expression levels are a stable feature of distinct cell populations or merely a transient characteristic that
can fluctuate over time; i.e. low level expression may reflect recent signaling activities, as PR
transcription is under negative control by PR signaling (Alexander et al., 1989). Expression of the PR
in a subset of myoepithelial/progenitor cells has been reported (Hilton et al., 2014). Ever more powerful
single cell analyses approaches are likely to provide the key to understanding the intercellular
heterogeneity of PR signaling.

The ex vivo models increasingly used to study hormone signaling (Sflomos et al., 2015) have severe
limitations when it comes to biochemical analyses, they are highly variable and because of the complex
and changing cell composition difficult to interpret. However, combined with single cell analyses new
opportunities arise and new culture approaches may extend their lifetime (C. Brito, personal
communication). Furthermore, the possibility to xenograft hormone-sensitive tumor cells and normal
human breast epithelial cells (Sflomos et al., 2016) to the milk ducts of immunocompromised mice and
to study them there opens new experimental opportunities that will allow to address some of these

questions in the near future.
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491

492  Figure legends:

493

494  Figure 1: Scheme of hormonal changes during a woman’s life cycle.

495  Scheme showing the plasma concentrations of the two ovarian hormones E (red) and P (blue) over the
496  lifetime of a woman as a function of reproductive stage of a woman. Data are based on studies on puberty
497  (Elmlinger et al., 2005), during menstrual cycle, menopause (Kratz et al., 2004) and in pregnancy
498  (Abbassi-Ghanavati et al., 2009).

499

500 Figure2: Hormone induced changes in the mouse mammary gland.

501 Scheme depicting the morphogenetic changes elicited by E and E+P administration in mice
502  ovariectomized in this case just around puberty. The rudimentary ductal system present at birth is
503  induced to branch dichotomously. At the tips of the rapidly growing ducts terminal end buds (TEBs)
504  form. The ducts bifurcate until the entire fat pad is filled. The administration of E+P elicits extensive
505  side branching.

506

507  Figure 3: The progesterone signaling hub in the adult mammary epithelium

508  Progesterone, upon binding to its receptor in the ER+/PR+ sensor cells (blue) activates different
509  signaling pathways. It can stimulate cell intrinsic proliferation by a cyclin D1-dependent mechanism
510  (blue) and induce secreted factors like Amphiregulin, CXCI112, or Calcitonin (blue). Distinct PR+ cells
511  induce Wnt4, which acts on the myoepithelium where it activateds canonical Wnt signaling, which
512  results in the expression of the sereted protease Adamts18 that cleaves fibronectin. As a result the ECM,
513  part of the stem cells niche is biochemically altered with resulting activation of the hippo signalling
514  pathway and increased transcription of FGFR signaling components (red). In other PR+ cells, Rankl is
515  induced that induces the proliferation of neighboring ER-/PR- responder cells (green).

516
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Figure 4: Stage-specific outcome of PR signaling

Scheme of mammary gland development highlighting different functions of PR at different
developmental stages. During puberty (1) PR signaling drives directly Wnt4 and indirectly Adamts18
expression both of which are important for the activation of mammary stem cells. In the adult mammary
gland, during diestrous and during pregnancy (2), PR-B signaling relies on cyclinD1, Rankl and Wnt4
ot drive the extension cell proliferation that results in side branching. During the last third of pregnancy
(3) there is a role for PR-A in alveologenesis revealed through genetic experiments. The underlying

mechanisms are still poorly understood.
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Figure 1: Scheme of hormonal changes during a woman'’s life cycle.

Scheme showing the plasma concentrations of the two ovarian hormones E (red) and P (blue) over the
lifetime of a woman as a function of reproductive stage of a woman. Data are based on studies on puberty
(Elmlinger et al., 2005), during menstrual cycle, menopause (Kratz et al., 2004) and in pregnancy (Abbassi-
Ghanavati et al., 2009).
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Figure 2: Hormone induced changes in the mouse mammary gland.

Scheme depicting the morphogenetic changes elicited by E and E+P administration in mice ovariectomized
in this case just around puberty. The rudimentary ductal system present at birth is induced to branch
dichotomously. At the tips of the rapidly growing ducts terminal end buds (TEBs) form. The ducts bifurcate
until the entire fat pad is filled. The administration of E+P elicits extensive side branching.
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Figure 3: The progesterone signaling hub in the adult mammary epitheliumProgesterone, upon binding to its
receptor in the ER+/PR+ sensor cells (blue) activates different signaling pathways. It can stimulate cell
intrinsic proliferation by a cyclin D1-dependent mechanism (blue) and induce secreted factors like
Amphiregulin, CXCI12, or Calcitonin (blue). Distinct PR+ cells induce Wnt4, which acts on the myoepithelium
where it activateds canonical Wnt signaling, which results in the expression of the sereted protease
Adamts18 that cleaves fibronectin. As a result the ECM, part of the stem cells niche is biochemically altered
with resulting activation of the hippo signalling pathway and increased transcription of FGFR signaling
components (red). In other PR+ cells, Rankl is induced that induces the proliferation of neighboring ER-/PR-
responder cells (green).
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Figure 4: Stage-specific outcome of PR signaling
Scheme of mammary gland development highlighting different functions of PR at different developmental
stages. During puberty (1) PR signaling drives directly Wnt4 and indirectly Adamts18 expression both of
which are important for the activation of mammary stem cells. In the adult mammary gland, during
diestrous and during pregnancy (2), PR-B signaling relies on cyclinD1, Rankl and Wnt4 ot drive the
extension cell proliferation that results in side branching. During the last third of pregnancy (3) there is a
role for PR-A in alveologenesis revealed through genetic experiments. The underlying mechanisms are still
poorly understood.
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