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GENERAL RESUME

Breast cancer is the second most common cancer worldwide, the fifth most common
cause of cancer death, and the leading cause of cancer death in women. Distinct biological
features and clinical behaviors turn cancer into a very heterogeneous disease, and
although significant advances in the fight against breast cancer have been achieved during
the last decades, a more profound understanding of their biology is still needed.

This thesis project is focused in RANK/RANKL signaling pathway, as during the last decade
it has emerged as a key pathway in mammary gland development and tumorigenesis.
RANK deletion or overexpression under the MMTV promoter disrupts mammary gland
differentiation during pregnancy and lactation (Fata et al. 2000; Gonzalez-Suarez et al.
2007). It has been demonstrated that RANKL is downstream of progesterone and
mediates its proliferative effects in the mammary gland (Beleut et al. 2010). Moreover,
pharmacological inhibition of RANKL signaling prevents mammary tumor formation in WT
mice under a carcinogenic treatment that includes a mutagen
(dimethylbenz(a)anthracene, DMBA) and an analogous of progesterone
(medroxiprogesterone, MPA) (Gonzalez-Suarez et al. 2010).

First, we aimed to elucidate how RANK signaling is regulating mammary gland
differentiation. We demonstrated that RANK regulates different populations in mammary
epithelial hierarchy. Indeed, constitutive activation of RANK in the mammary gland not
only expands mammary stem cells (MaSC) and intermediate progenitors, but also reduced
alveolar progenitors and impairs its differentiation into alveolar milk-producing cells
through downregulation of the PrIR/STATS/EIf5 signaling pathway. In addition we
demonstrated that NF-KB, a signaling pathway activated downstream of RANK, regulates
the balance between MEC self-renewal and differentiation.

Reproductive story and age have been linked to mammary tumorigenesis, and we found
that increased levels of RANK in the mammary gland promote spontaneous tumor
formation in mice under multiple gestations. We have also addressed the impact of RANK
overexpression in two mouse models of spontaneous and metastatic hormone receptor
negative breast cancer: MMTV-NEU and MMTV-PYMT. We demonstrated that RANK
signaling plays a complex role in mammary tumorigenesis, affecting tumor initiation
and/or aggressiveness in those oncogene-driven mouse models.
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As we discovered that RANK signaling regulates mammary stem cell fate, we investigated
whether this signaling pathway plays a role in the regulation of the cancer stem cell
population. We demonstrated that RANK overexpression expands the cancer stem cell
pool in PYMT-driven tumors, whereas RANK signaling blockage with RANK-Fc not only
reduced this cancer stem cell population, but also induced tumor cell differentiation,
resulting in decreased tumor recurrence and metastasis. Genetic deletion of RANK in
MMTV-PYMT mice confirmed that RANK is important in tumor formation and mediates
the metastatic potential of mammary tumor cells.

Altogether, our results supported that blocking RANKL could be a novel therapeutic
therapy to treat both human hormone receptor positive and negative breast tumor
subtypes.
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1. MAMMARY GLAND BIOLOGY

1.1. Anatomy of the mammary gland

The mammary gland is a type of exocrine gland that distinguishes mammals from all other
animals for its capacity to synthesize, secrete and deliver milk to the newborn for its
optimal nourishment, protection and development (Medina 1996). It is formed by two
primary components: the parenchyma, responsible for milk production, and the stroma,
that provides a substrate in which the parenchyma develops and functions (Medina 1996).

The mammary gland is a complex organ that consists of a number of different cell types:
epithelial cells that form the ductal network of the gland; adipocytes, which constitute the
fat pad and embeds the ductal network; vascular endothelial cells that make up the blood
vessels; stromal cells including fibroblasts; and a variety of immune cells (Watson and
Khaled 2008). Two main types of epithelium comprise the mammary gland, luminal (inner)
and basal (outer). The luminal epithelium forms the ducts, and secreting alveoli during
gestation. The basal epithelium consists essentially of highly elongated myoepithelial cells
that surrounds the luminal layer (Hassiotou and Geddes 2013). Mammary stem cells
(MaSC) are also found within the basal compartment (Kordon and Smith 1998).

1.2. Mammary gland development

Unlike most other organs, development of the mammary gland occurs predominantly
after birth, following a time course of distinct phases. The mammary gland is a unique
organ as it is capable of undergoing sequential cycles of development and differentiation
under the control of steroid hormones (Figure 1).

1.2.1. Hormonal control in pubertal mammary gland development

At birth, the mammary epithelium is rudimentary, consisting of a few small ducts
originating from the nipple that grow isometrically until puberty. At the onset of puberty,
when mice are between 3-4 weeks of age, the mammary gland goes through a period of
rapid expansion and remodeling. Elongation of the ductal tree during pubertal mammary
development is possible due to the existence of club-shaped highly proliferative structures
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called by terminal end buds (TEBs), which penetrate the fat pad under regulation of the
surrounding stroma (Ball 1998). This growth is influenced by growth hormone (GH),
estrogen and insulin-like growth factor-1 (IGF1) (Howlin, McBryan, and Martin 2006). GH
is secreted from the pituitary gland and is an important global regulator of mammary
gland development. GH effects on the mammary gland are mediated through its
downstream IGF1 effector (Ruan and Kleinberg 1999; Gallego et al. 2001). GH binding to
its receptor (GHR) in stromal fibroblasts induces IGF1, which then signals to the mammary
epithelium. Indeed, growth hormone receptor (GHR) knockout mice display a dramatic
(90%) reduction in serum IGF1 levels and delayed mammary gland development with
eventual outgrowth of only a sparse tree (Y. Zhou et al. 1997; Gallego et al. 2001). The
ovarian hormone estrogen acts in concern with IGF1 to generate the burst of proliferation
required for ductal morphogenesis (Macias and Hinck 2012). Estrogen induces the release
of amphiregulin (AREG), an epithermal growth factor (EGF) family member that generates
additional growth factors in mammary epithelial cells (e.g. fibroblast growth factor, FGF),
contributing to the rapid growth occurring in pubertal mammary glands.

PRE-PUBERTAL GLAND PUBERTAL GLAND MATURE VIRGIN GLAND
GH

Terminal Estrogen
end bud IGF1

Lymph node

Ductal tree
Fat pad -

Nipple

Progesterone
Prolactin
LACTATING GESTANT
GLAND GLAND

INVOLUTED
GLAND

Figure 1: Schematic diagram of the mammary gland development. At birth the fat pad and a small
rudimentary epithelial tree are present. During puberty the epithelium expands and the ductal
network invades the whole fat pad. During pregnancy the epithelial ductal tree forms alveoli to
produce milk for lactation. After weaning of the pups the milk-producing cells undergo apoptosis,
a process termed involution and the gland returns to its virgin state. (Adapted from Watson CJ
et.al. J. Reprod. Immunol. 2011).
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1.2.2. Hormonal and transcriptional control in adult mammary gland
development

When the mammary gland reaches its mature state, the majority of TEBs have reached
the edge of the fat pad and have regressed. Virgin glands undergo cyclical development
and regression of lateral and alveolar buds with each estrous cycle in response to ovarian
hormones (Richert et al. 2000). Lateral buds that form branches have a layer of cap cells at
the growing tip similar to TEBs. The alveolar buds subdivide to form rudimentary alveolar
structures as postpubertal growth continues. These structures are composed of a single
layer of epithelial cells enveloping a circular hollow center. However, progression of these
alveolar buds into fully differentiated units capable of milk secretion only occurs during
pregnancy-induced growth of the mammary gland.

1.2.2.1. Early pregnancy, a proliferative phase

The beginning of pregnancy is characterized by high proliferation of mammary epithelial
cells (MECs), ductal side-branching and formation of alveolar buds under the stimuli of
prolactin (PRL) and progesterone (PG) (Cathrin Brisken 2002; Neville, McFadden, and
Forsyth 2002). These numerous changes in the mammary epithelium become crucial to
prepare the mammary gland for lactation. The synergistic action of both hormones is
supported by a positive feedback loop, as PRL secreted in the pituitary gland stimulates
sustained secretion of ovarian PG, that in turn induces expression of prolactin receptor
(PrIR) (Oakes, Hilton, and Ormandy 2006). Progesterone receptor (PR) and PrIR-null mice
show severely impaired MEC proliferation and lobulo-alveoli formation, leading to
lactation failure (Lydon et al. 1995; C. J. Ormandy et al. 1997).

Several cellular pathways are involved in mammary gland development during early
pregnancy (Figure 2). WNT4 is a PG downstream target that stimulates epithelial ductal
side-branching during early pregnancy (C. Brisken et al. 2000). RANKL is another PG
downstream target essential to activate the RANKL/NF-kB/Cyclin D1 signaling pathway,
which is crucial for the formation of alveolar structures during pregnancy and for PG-
driven proliferation within alveoli (Conneely, Jericevic, and Lydon 2003; Yixue Cao and
Karin 2003). RANKL also mediates the PG-induced EIlf-5 expression, a member of the Ets
transcription factors involved in mammary alveolar cell development during early
pregnancy (Lee et al. 2013).
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PRL is able to induce RANKL expression in mammary glands independently of PG (Fata et
al. 2000; Christopher J. Ormandy et al. 2003). Alternatively, PRL can induce MECs
proliferation independently of RANKL induction through insulin growth factor 2 (IGF2), a
PRL-signaling target that lies upstream of Cyclin D1 transcription (Cathrin Brisken et al.
2002). PRL is also involved in the establishment of MEC polarity and cell-cell
communication though Claudin-3 and Claudin-7, two members of the collagen family, and
laminin (Christopher J. Ormandy et al. 2003; Oakes, Hilton, and Ormandy 2006).

1.2.2.2. Mid-pregnancy to lactation: the alveolar secretory
differentiation phase

Proliferation levels in MECs decreases at mid-gestation whereas a subset of luminal cells
differentiates in alveolar milk producing cells. Abrogation of proliferative PG signaling
before lactation is required to enable terminal differentiation on the mammary gland
(Piekorz et al. 2005; Ismail et al. 2002). Alveolar differentiated cells pour out the milk
towards the ductal network, which ends at the nipple. Myoepithelial cells from the basal
epithelium are contractile cells with properties of smooth muscle cells, and are
responsible of the milk ejection from the alveoli during lactation as a response to pup
suckling and oxytocin release from the pituitary gland (Moumen et al. 2011).

PRL is the major generator of lactational competence from mid-gestation onwards
through activation of the downstream JAK2/STATS5 signaling pathway and transcription of
EIf-5 (Hennighausen and Robinson 2005). STATS5 (signal traducer and activator of
transcription 5) is the central transcriptional switch for a proper mammary gland cell
differentiation and survival. STAT5 comprises two closely related isoforms, STAT5a and
STAT5Sb, which are 96% identical at the protein level (Hennighausen and Robinson 2008).
STAT5a is the main actor in normal mammary gland development representing 70% of
total STATS levels (Yamaji et al. 2013). PRL binding to its receptor results in the tyrosine
phosphorylation of Janus Kinase 2 (JAK2), which is permanently associated to PrIR
(Campbell et al. 1994). Activated p-JAK2 proteins phosphorylate specific residues of PriR,
which are docking sites for STAT5 binding (Sutherland, Lindeman, and Visvader 2007).
STATS is then phosphorylated at tyrosine residues, and subsequently p-STAT5 dissociates
from the receptor, dimerizes in the cytoplasm and translocates into the nucleus for
transcriptional regulation of its target genes, including milk proteins (Gouilleux et al. 1994;
Wagner and Rui 2008). STAT5-null mice develop ducts but fail to form alveoli during
pregnancy and lactation, and no milk expression is observed (X. Liu et al. 1997; Teglund et
al. 1998; Miyoshi et al. 2001). Importantly, activated STAT5 under PRL stimuli induces [3-
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casein expression, and PG directly inhibits B-casein gene transcription in MECs in vitro by
physical interaction with STAT5 (Buser et al. 2011), highlighting the importance of PG
repression for a proper lactation in the mammary gland.

PRL signaling at mid-gestation induces the transcription of EIf5, which is expressed in
luminal progenitor cells, increases during gestation and lactation, and specifies the
alveolar cell fate (Harris et al. 2006; Oakes et al. 2008). EIf5 can bind to an ets-like domain
in the proximal promoter of the whey acidic (WAP) milk protein and induce its expression
(Thomas et al. 2000). Moreover, PrIR knockout mice form lobules capable of milk
production after retroviral reexpression of EIf5, indicating that this transcription factor is a
key regulator of the lobuloalveolar development (Harris et al. 2006). Interestingly, some
studies show that EIf5 acts downstream of STATS5, as its transcription levels increase even
when only one allele of either STAT5a or STAT5b is present in MECs (Yamaji et al. 2009;
Lee and Ormandy 2012; Yamaji et al. 2013). In contrast, others have demonstrated that
EIf5 binds to STATS5 promoter and transcriptionally activates STAT5, and EIf5-null
mammary glands have reduced STAT5 expression and phosphorylation (Choi et al. 2009;
Haricharan and Li 2014). These studies indicates the presence of a complex genetic
regulatory network underlying the position of STAT5 and EIf5 in the mammary cell
hierarchy (Lee and Ormandy 2012; Furth et al. 2011).

PrIR and JAK2-initiated STATS5 signaling in mammary glands at midgestation is modulated
by several additional factors. Indeed, the protein tyrosine kinase Src is required for an
increase in PrIR expression and activation of its downstream signaling cascade at
midgestation (Okutani et al. 2001). Src-null mice exhibit a block in secretory activation due
to impaired phosphorylation and activation of STAT5 and subsequently reduced [-casein
expression, resulting in lactation failure and precocious mammary gland involution
(Watkin et al. 2008). The epidermal growth factor ErbB4 (Her4), a member of the tyrosine
kinase receptor ErbB family, is also necessary for mammary alveolar differentiation during
pregnancy. Deletion of ErbB4 in the mammary epithelium leads to a failure to undergo
complete functional differentiation (Long et al. 2003). Like the PrIR, stimulation of ErbB4
activates STAT5 to convey differentiation signals in alveolar luminal cells (Hennighausen
and Robinson 2005). Moreover, the prosurvival protein AKT is an inducer of autocrine PRL
secretion in the mammary epithelium, and it is essential for the activation of STAT5 and
the development of a lactating mammary gland (C.-C. Chen et al. 2012). STATS is also
found to transcriptionally activate AKT (Creamer et al. 2010), suggesting a positive
feedback mechanism for maintaining STAT5 activation in the mammary gland during
pregnancy and lactation.
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In addition, the helix-loop-helix transcription factor ID2 show high levels during lactation
and promotes differentiation in MECs cultures (Desprez, Sumida, and Coppé 2003),
indicating that ID2 is essential for the differentiation of the mammary epithelium. The
C/EBP family of proteins are important regulators of alveolar morphogenesis, and the
isoform C/EBPP plays an essential role attenuating PG expression resulting in MECs
differentiation during pregnancy (Oakes, Hilton, and Ormandy 2006). Moreover, the NF1
family of transcription factors also play a role in functional alveolar differentiation as they
regulate the transcription of milk protein genes such as those encoding WAP, o-
lactalbumin and B-lactoglobulin (Murtagh, Martin, and Gronostajski 2003).

EARLY GESTATION MID-GESTATION

Prl

AKT

CyclinD1 -
v ¥

v
Epithelial ductal Alveolar cell MEC Alveolar secretory
side-branching development proliferation differentiation &

Milk production

Figure 2: Schematic representation of the major signaling pathways that regulate mammary
epithelial cell proliferation and alveolar secretory differentiation throughout gestation.



1.2.2.3. Involution: back to a virgin-like state

After lactation, the lack of demand causes milk accumulation in the mammary gland that
initiates a process called involution. This process is characterized by high grade of
apoptosis to remove milk-producing cells and a remodeling of the epithelial tree back to a
simple ductal architecture (Lund et al. 1996). Two distinct phases of involution have been
described. The first phase lasts around 48h, is reversible and involves apoptosis of alveolar
cells. In a second irreversible phase, matrix metalloproteinases (MMPs) are responsible for
reshaping the stroma, macrophages are recruited for clearing dead cells and adipocytes
refill the mammary gland (Watson and Kreuzaler 2011).

Involution is characterized not only by a change in the STATS5 phosphorylation status that
alters its activity state, resulting in the inactivation of both STAT5A and STAT5B isoforms,
but also by activation of STAT3 (M. Li et al. 1997). Activation of STAT3 by the cytokine
leukemia factor (LIF) during the first phase of involution results in alterations in PI3K-AKT
signaling, restricting its prosurvival activity (Kritikou et al. 2003; Abell et al. 2005). This
STAT3-induced AKT deactivation constitutes a mechanism by which STAT3 inhibits STAT5
at the onset of involution, since AKT can activate STAT5 (Haricharan and Li 2014; C.-C.
Chen et al. 2012). Another mechanism by which STAT3 antagonizes prosurvival signaling is
through upregulation of the insulin-like growth factor binding protein-5 (IGFBP5)
(Chapman et al. 1999).

During the second phase of involution, LIF levels decline and STAT3 is activated by
Oncostatin M (OSM), a member of the IL-6 cytokine family that has closest homology to
LIF (Tiffen et al. 2008). OSM-induced STAT3 activation instigates the dephosphorylation of
STATS even in the presence of PRL, indicating that OSM-OSM Receptor (OSMR) complex
provides another signaling axis that activates STAT3 and inhibits STAT5 during involution
(Tiffen et al. 2008; Haricharan and Li 2014).

1.2.2.4. Negative regulators of alveolar secretory differentiation

A balanced functioning of the PrIR-induced JAK2/STATS signaling pathway is essential for a
proper regulation of the mammary gland cell differentiation during pregnancy. Hence,
suppressor of cytokine signaling (SOCS) proteins and caveolin-1 have been described as
part of the negative feedback loop, attenuating STAT5 phosphorylation and activation,
keeping the signaling pathway under a strict regulatory control (Jasmin et al. 2006).
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The SOCS protein family comprises eight members, which are induced by cytokines: SOCS
1-7 and cytokine-inducible SH2-containing protein (CIS). The most well-known members of
the family are SOCS1, SOCS2, SOCS3 and CIS (Jasmin et al. 2006). The transcriptional
regulation of SOCS proteins appears to be mediated, at least in part, by the STAT signaling
pathway. Indeed, STAT-binding sequences were identified in the promoter region of SOCS
genes (Naka et al. 1997). The protein CIS does not play a relevant role in mammary gland
development, although its expression increases during lactation (Marine et al. 1999;
Sutherland, Lindeman, and Visvader 2007).

SOCS1 binds to JAK2 and inhibits its kinase activity, targeting it for proteasomal
degradation (Jasmin et al. 2006). SOCS1-null mice, which were rescued from neonatal
death by deletion of the interferon gamma (IFNy) gene, show an accelerated alveolar
formation during pregnancy and precocious lactogenesis due to premature upregulation
of p-STATS levels (Lindeman et al. 2001). In contrast to SOCS1, SOCS2 does not directly
interact with JAK2, and its mechanism of action remains poorly understood (Sutherland,
Lindeman, and Visvader 2007; Hennighausen and Robinson 2008). Although SOCS2 was
found not to be essential for lactogenesis, the deletion of both alleles of SOCS2 can rescue
the lactation defect observed in PRLR* heterozygous mice (Harris et al. 2006). Finally,
SOCS3 is a critical repressor of STAT3-mediated mammary gland apoptosis during the
involution phase, although its concrete role in lactation has not been elucidated
(Sutherland et al. 2006).

The JAK2/STAT5 pathway can also be attenuated by membrane-bound proteins called
caveolins. Caveolin-1 (Cav-1) expression is significantly downregulated during late
gestation and lactation coinciding with PRL secretion (D. S. Park et al. 2001). Cav-1
depletion in the mammary gland results in a premature alveolar development during
pregnancy due to hyperactivation of STAT5 (David S. Park et al. 2002). Importantly, Cav-1
prevents the access of JAK2 to the PrIR, thus negatively affecting STATS5 phosphorylation
and a proper mammary gland differentiation during pregnancy (Hennighausen and
Robinson 2008). Another negative regulator of alveolar differentiation is the transforming
growth factor beta (TGF-f3)/Smad signaling, which has been reported to downregulate
prolactin-induced STAT5 activation and P-casein gene expression (Cocolakis et al. 2008;
Wu et al. 2008).
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1.3. Mammary epithelial hierarchy

1.3.1. Basal epithelium, a niche for Mammary Stem Cells

The continuous mammary gland development, differentiation and regression cycles during
each estrous cycle highlight the plasticity of the mammary gland epithelium. The presence
of stem cells in the mammary gland was demonstrated around 50 years ago, in
groundbreaking experiments by DeOme and colleagues (Deome et al. 1959). They
developed a technique that is still widely used today to test stem cell activity: the cleared
fat pad transplantation (Figure 3). In this technique, the gland of 3 week-old recipient
mouse (immunocompromised or not) is cleared by cutting out the endogenous
epithelium, which at that point has not yet reached behind the lymph node. The
remaining fat pad serves as environment for portions of normal mammary epithelium of
donor mouse. If the piece transplanted contains stem cells they will be able to repopulate
the gland, forming a ductal tree, end buds and even alveoli if the recipient mouse is
mated. Subsequent studies demonstrated that successful engraftment could be obtained
by injection of any segment of the mammary epithelial tree, indicating that repopulating
cells, ie the MaSC, are widely distributed (Hoshino 1962; Daniel et al. 1968; Smith and
Medina 1988). Furthermore the donor epithelial outgrowths can be serially transplanted
in multiple generations (Daniel and Young 1971), resulting in the first in vivo experimental
evidence providing the existence of mammary stem cells.

More recently, two landmark studies have changed the stem cell view and opened new
possibilities. In two independent works carried out in 2006, John Stingl and Mark
Shackleton identified new markers that can be used to isolate potential mammary stem
cells by flow activated cell sorting (FACS) (Stingl et al. 2006; Shackleton et al. 2006).
Identification of multipotent and self-renewing single cells that can reconstitute an entire
mammary gland when injected in vivo defines them as MaSC. Thus, identification of
MaSC-enriched populations relies on cell-surface markers and functional assays.

Heat stable antigen CD24 is a membrane glycoprotein heterogeneously expressed in the
mammary epithelium. Three distinct populations in MECs stained with CD24 have been
described: CD24high, CD24low and CD24negative (Sleeman et al. 2006). These
populations represented luminal epithelial, basal myoepithelial and non-epithelial cells,
respectively, as evidenced by cytoskeletal antigen staining analysis. Further mammary fat
pad repopulation assays revealed that basal CD24low is enriched for mammary stem cells
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(Sleeman et al. 2007). The characterization of additional cell-surface markers -1 integrin
(CD29) and -6 integrin (CD49f) allow a better identification of mammary epithelial
populations. Indeed, CD24low CD29high and CD24low CD49fhigh populations are
considered enriched in MaSC as they show increased mammary repopulating ability in
vivo (Stingl et al. 2006; Shackleton et al. 2006).

Different signaling pathways have been reported to control and preserve the mammary
stem cell pool. The Notch and Hedgehog pathways, described as common regulators of
stem cell fate in many tissues such as brain, skin and the hematopoietic system, regulate
MaSC pool self-renewal and differentiation (S. Liu et al. 2006; Bouras et al. 2008). The
increase in progesterone concentration during estrous cycle has also been reported to
expand this MaSC pool (Joshi et al. 2010).

Recipient mouse (~ 3 week old virgin)

Mammary epithelial
outgrowth
“Clearing” &

~ 8 weeks
_ » _

Transplantation

Donor mouse: epithelial tissue from any stage
(here: lactating mammary gland)

Figure 3: The cleared fat pad transplantation technique. Transplantation of donor epithelium into
“cleared” recipient fat pads is a widely used stem cell assay to test in vivo outgrowth ability.
(Adapted from DeOme K.B. et.al. Cancer Research, 1959).
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1.3.2. Luminal epithelium is enriched in luminal progenitors

The luminal population contains a subset of hormone-sensing MECs that express both
progesterone and estrogen receptors (Petersen, Hgyer, and van Deurs 1987). PR
expression is induced by estrogen via ER, and deletion of PR results in impaired
lobuloalveolar development (Lydon et al. 1995). Luminal hormone-sensing MECs
correspond to approximately 40% of total luminal cells and are considered mature luminal
cells, as they showed low proliferative levels in an adult mammary gland (Clarke et al.
1997; Russo et al. 1999). Luminal proliferative cells are negative for PR and ER, suggesting
a paracrine mechanism for PG-induced proliferation (Ismail et al. 2002; Shyamala et al.
2002). Indeed, transplantation of a mixture of wild type (WT) and PR-deficient MECs into a
WT recipient mammary gland resulted in a rescued proliferation and morphogenesis of
those PR-deficient MECs that were in close proximity to WT PR+ MECs, demonstrating the
paracrine proliferation mechanism (C. Brisken et al. 1998).

Cells in the luminal compartment express higher levels of CD24 and lower CD29 and CD49f
(CD24high CD29low CD49f low), compared to basal MECs. Moreover, it has been
described the existence of luminal-restricted progenitor cells that generate colonies
positive for luminal markers cytokeratin 8 and 18 (K8, K18) and negative for basal
cytokeratin 5 and 14 (K5, K14) in low cell-density adherent cultures (Stingl et al. 2001).
These MECs are called mammary colony forming cells (Ma-CFC), and show lower
mammary repopulation ability when injected in vivo, compared to MaSC (Stingl et al.
2006). Moreover, the luminal progenitor ER- PR- population are also enriched in bipotent
progenitor cells that produce colonies containing both luminal K8+ and basal K14+ cells in
vitro (Z. Li et al. 2007; Chakrabarti et al. 2012; Stingl et al. 2001). These bipotent
progenitor cells coincide with the previously called Ma-CFC, and this population also
shows higher colony forming ability when compared to luminal ER+ PR+ cells (Sleeman et
al. 2007).

The discovery of additional surface markers highlights a complex hierarchy within the
luminal compartment. Expression of Sca-1 and Prominin-1 (CD133) in luminal CD24high
MECs identify the hormone-sensing population ER, PR and PrIR positive (Sleeman et al.
2007). On the contrary -3 integrin (CD61) and -2 integrin (CD49b) are surface markers
expressed in luminal progenitors, as CD24high CD61+ and CD24high CD49b+ showed
higher colony forming ability compared to luminal CD24high MECs negative for these
markers (Asselin-Labat et al. 2007; W. Li et al. 2009). In particular CD61+ identifies a
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subset of luminal progenitor cells that differentiate into CD61- alveolar cells during
pregnancy (Oakes et al. 2008).

Of the several genes implicated in alveolar morphogenesis regulation, Gata-3 and EIf5
have emerged as key regulators of luminal cell differentiation within the epithelial
hierarchy. Gata-3 is essential for ductal and alveolar morphogenesis via regulation of the
stem and CD61+ progenitor cell pools, and accumulation of CD24high CD29low CD61+ in
Gata-3 deficient mice has been reported (Asselin-Labat et al. 2007). EIf5, a key transcriptor
factor of alveolar commitment, is specifically expressed in the luminal progenitor CD61-
population (Harris et al. 2006; Oakes et al. 2008). Unlike Gata-3, mammary glands of EIf5-
deficient mice do not exhibit defects in ductal growth and morphogenesis. However, a
pronounced defect in alveolar morphogenesis is evident during pregnancy in the absence
of a single EIf5 allele (J. Zhou et al. 2005). Based on these discoveries, a model of
mammary epithelial hierarchy has been described (Figure 4).
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Figure 4: Mammary epithelium hierarchy. Existence of mammary stem cells (MaSC) in the basal
compartment has been demonstrated. Differentiated ductal, alveolar (during gestation) and
myoepithelial cells compose an adult mammary gland. Bipotent intermediate progenitors mediate
the correct differentiation of the MaSC to give rise to a functional mammary gland. (Adapted from
Hector Macias and Lindsay Hinck, Wiley Interdiscip Rev Dev Biol. 2012).
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More recently, Van Keymeulen and colleagues in 2011 reported a new scenario in the
mammary differentiation hierarchy model (Van Keymeulen et al. 2011). Genetic lineage-
tracing experiments revealed that although the mammary gland initially develops from
multipotent embryonic K14+ progenitors, giving rise to cells from both basal and luminal
compartments; during puberty and adulthood the expansion and maintenance of each
mammary epithelial lineage is ensured by the presence of two types of lineage-restricted
stem cells (Van Keymeulen et al. 2011). Indeed, basal and luminal mammary epithelial cell
populations are generated by different basal or luminal unipotent stem cells rather than
being maintained by rare multipotent stem cells. The study argues that the experimental
setting of the transplantation assays performed in previous studies forces the
differentiation of the MaSC from the basal compartment into cells from both luminal and
basal/myoepithelial lineages, while unperturbed mammary gland development relies on
lineage-restricted unipotent stem cells.
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2. BREAST CANCER

2.1. Incidence of breast cancer and molecular subtypes

Cancer is a term used for diseases characterized by uncontrolled cell growth. It causes
tumors that can expand locally, invading nearby parts of the body, and may also spread to
more distant parts and disseminate systemically. While normal cells are controlled by
regulatory signals, cancer cells have the ability to proliferate uncontrolled, invade
surrounding tissues and metastasize to distant organs.

Breast cancer is a type of cancer originating from breast tissue. Excluding non-melanoma
skin cancers, breast cancer represents the most common cause of cancer in women and
the second most common cause for female deaths worldwide (Weigelt, Peterse, and van’t
Veer 2005). The risk of breast cancer depends on both genetic and lifestyle factors. The
latest are mainly related to events affecting hormonal status (for example parity and
breast-feeding history or age of menarche and of menopause) and to environmental
agents (ionizing radiation, fat-rich diet, alcohol consumption and so on) (Dumitrescu and
Cotarla 2005).

Approximately in 5-10% of cases, breast cancers are due to strong inherited risk (Malone
et al. 1998). Mutations in cancer predisposition genes BRCA1 and BRCA2 increase the
relative risk of breast cancer by 10- to 20- fold, and account for approximately 80-90% of
the familial breast cancer cases (S. Chen and Parmigiani 2007). They are tumor suppressor
genes that when mutated, lead to the inability to regulate cell death and subsequently to
uncontrolled cell growth, leading to cancer.

Classification of breast cancers follows different criteria: histopathology, histological
grade, clinical stage, receptor status and molecular profile. Histologically, the most
common breast cancers are developed from epithelial cells in the ducts (50-75%) and
lobules (10-15%), known as invasive ductal carcinoma (IDC), and invasive lobular
carcinoma (ILC), respectively. Less commonly, breast cancer can begin in the stromal
tissues, including fatty and fibrous connective tissues of the breast (Dillon DA et al., 2010).

There are three receptors that have for long guided breast cancer classification: ER, PR
and epidermal growth factor receptor 2 (ErbB2 or HER2). Based on receptor status, breast
cancer subtypes can be defined as: endocrine receptor positive (ER+ or PR+), HER2
positive, triple negative (TNBC, ER-, PR-, HER2-) and triple positive (ER+, PR+ and HER2+).
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Approximately 65% of breast cancers are the so-called luminal tumors, which express ER
and PR and have usually a relatively good prognosis. Luminal B cancers differ from luminal
A by having a poorer clinical outcome, being less responsive to the ER antagonist
tamoxifen and having a stronger proliferative outcome and high rate of recurrence (Sgrlie
et al. 2001; Cheang et al. 2009; Prat and Perou 2011). Around 20-30% of breast tumors
does not express hormone receptors but showed over-expression or amplification of HER2
receptor, and are called HER2+ tumors (Slamon et al. 1987). These clinically aggressive
tumors are prone to frequent metastasis and recurrence and can be treated with
trastuzumab, a monoclonal antibody that targets Her2 receptor (McKeage and Perry
2002). The triple positive tumor subtype can be considered the subset which most closely
resembles the HER2-/hormone receptor positive tumors, with substantial differences in
biology and clinical outcome (Vici et al. 2015). Approximately 10% of ER+ PR+ tumors are
also HER2+, and preclinical evidences confirm that crosstalk between HER2 and ER
signaling pathways contribute to resistance to endocrine therapy (Shou et al. 2004;
Osborne and Schiff 2011). Simultaneous inhibition of both HER2 (trastuzumab) and ER
(tamoxifen) pathways is believed more effective that ER inhibition alone (Vici et al. 2015).
Finally the remaining 10-15% corresponds to TNBC. These tumors have the worse
prognosis as they lack ER, PR and HER2 expression, and have increased likelihood of
distant recurrence and of death, compared with other types of cancer (Dent et al. 2007).
As no targeted therapies exist, TNBC are treated with systemic chemotherapy (Sorlie et al.
2003).

The scientific community is making a huge effort to find a cure for cancer and to eradicate
it as a major cause of death (Ferlay et al. 2013). Despite significant progress in the
treatment of breast cancer, the intrinsic heterogeneity of cancers and multiple
mechanisms involved in tumor biology (Perou et al. 2000) hinders the finding for a
definitive solution. For this reason, cancer research has been intensified with the aim to
improve the understanding of tumor molecular biology and the development of more
effective cancer treatments.

2.2. Mouse models of metastatic breast cancer

The vast majority of complications associated with breast cancer, including death, are due
to metastasis developing in regional lymph nodes and in distant organs such as bone, lung,
liver and brain (Fisher et al. 1983; Weigelt, Peterse, and van’t Veer 2005). Thus, specific
molecular changes occurring in both tumor cells and tumor microenvironment contribute
to tumor cells detachment form the primary tumor mass, invasion into the tumor stroma,
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entry into the bloodstream through nearby blood vessels or indirectly via the lymphatic
system (intravasation), survival, extravasation and colonization of the target organ, and
finally metastatic outgrowth (Chambers, Groom, and MacDonald 2002).

While studies in tissue cultures allow analyses of distinct molecular pathways that are
triggered in a single cell, research in mouse models integrates the complexity of an organ
and its different cell types with the hormonal and physiological dynamic status of the
animal. Therefore, studies with mouse models have been developed because of their
evolutional similarity to humans, short life span and easy handling. The possibility to
activate (e.g. MYC, HER2/NEU) or delete (e.g. BRCA-1, P53) specific genes using genetically
engineered mouse (GEM) models represent a valuable tool in shedding light on molecular
alterations found in human breast cancers (D. Craig Allred and Medina 2008)

Mouse Mammary Tumor Virus (MMTV) is an oncoRNAvirus of the Retroviridae family. The
MMTV-long terminal repeat (LTR) is one of the most common promoters used in directing
transgene expression to the mammary gland, as it is hormonally stimulated by
progesterone, glucocorticoids and dyhidrotestosterone, hormones that act during
mammary gland development (Otten, Sanders, and McKnight 1988; Mufioz and Bolander
1989). Thus, MMTV-LRT is active throughout mammary development and its
transcriptional activity increases with lactation under the influence of steroid hormones
(Taneja et al. 2009).

MMTV-driven mouse models have been informative models for human breast cancer
despite morphological, hormonal and lifestyle differences between both mice and humans
(Taneja et al. 2009). Moreover, similarities in gene expression profile between human
primary breast cancers and oncogene-induced mammary tumors in mouse models have
been identified (Desai et al. 2002). While there are many advantages to using the mouse
as a surrogate, there are also potential caveats, including that not a single mouse model
recapitulates all the expression features of a given human breast tumor subtype, probably
due to unknown specie-specific pathway differences (Herschkowitz et al. 2007). At
present, the challenge is to test whether genes identified in gene expression profile
analyses in human breast tumor samples could modulate mammary tumorigenesis in
transgenic mouse models, like in the well-characterized MMTV-PYMT and MMTV-Neu.
Comparative genomic analysis and cytokeratin expression profile revealed that tumors
from these mouse models are highly similar to human luminal tumors (Herschkowitz et al.
2007).
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MMTV-PyMT mouse model express the middle T protein of polyomavirus (SV40 virus),
which activates several pathways such as RAS/MAPK and PI3K-AKT, essential for the
regulation of cell proliferation, apoptosis, adhesion and migration (Fluck and Schaffhausen
2009). This results in widespread transformation of the mammary gland, with aggressive
multifocal tumor formation at only 3-5 weeks of age, and high incidence of metastatic
lesions in lymph nodes and lungs (Guy, Cardiff, and Muller 1992). A unique feature of
MMTV-PyMT tumor-prone model is that primary tumors usually develop as single focus in
epithelial ducts, resulting in multiple tumoral foci formation per mammary gland (E. Y. Lin
et al. 2001). Tumor formation and progression in these mice particularly resembles the
different stages of progression in human mammary tumorigenesis: hyperplasia,
adenoma/MIN (mammary intraepithelial neoplasia), early carcinoma and late carcinoma
(Elaine Y. Lin et al. 2003). Tumor cells of MMTV-PyMT adenocarcinomas loss hormone
receptor expression (ER, PR) and B-1 integrin, and express high levels of Her2/neu and
Cyclin D1 (Maglione et al. 2001; Elaine Y. Lin et al. 2003).

MMTV-Neu mouse model constitutively express the neu gene under the MMTV-promoter.
Neu, the rat orthologue of human Her2 (ErbB2), belongs to the epithelial growth factor
receptor (EGFR) family of receptor tyrosine kinases (RTKs), and is used as a clinically useful
prognostic marker. Her2 overexpression has been observed in invasive human ductal
carcinoma, and less frequently in benign breast disorders, such as hyperplasias and
dysplasias (D. C. Allred et al. 1992; Mansour, Ravdin, and Dressler 1994). Continuous
tyrosine kinase activity in MMTV-neu mice leads to uncontrolled cell proliferation
resulting in mammary tumor formation at 8-11 months of age, with frequent lung
metastasis in pure-strain FvB background (Bargmann, Hung, and Weinberg 1986; Muller et
al. 1988; Guy, Cardiff, and Muller 1996). Indeed, Neu overexpression amplifies
proliferative and apoptotic signaling pathways including RAS/MAPK, Pi3K-AKT or JNK
(Olayioye et al. 2000; Yarden and Sliwkowski 2001). In addition, neu overexpression in
mixed background (FvB x C57BL/6) glands results in mammary tumor formation with
higher latencies (up to 18 months) compared to fully inbred FvB background mice (Rowse,
Ritland, and Gendler 1998).

2.3. Cancer stem cells

The concept of cancer stem cells (CSC) was proposed more than three decades ago to
explain heterogeneity of tumors and cancer cells. CSCs constitute a subpopulation of cells
within tumors endowed with self-renewal and differentiation capacity that can generate
the diverse non-stem cells that comprise a tumor (Reya et al. 2001). These cells have been

33



termed cancer stem cells to reflect their “stem like” properties and ability to continually
sustain tumorigenesis, but they are not necessarily derived from normal mammary stem
cells (McDermott and Wicha 2010; Owens and Naylor 2013). There is currently much
interest in the role of breast CSCs in cancer disease and whether they provide a key to
unlocking new insights into the mechanisms driving breast cancer progression, drug
resistance and reoccurrence (Owens and Naylor 2013).

Importantly, a number of cell surface markers have been proved useful for the isolation of
subsets enriched for CSCs in mammary gland tumors, although none of these surface
markers are exclusively expressed by CSCs (Asselin-Labat et al. 2011; Lo et al. 2012). Thus,
identification of CSC relies on their ability to form mammospheres in anchorage-
independent growth assays (Dontu and Wicha 2005; Pece et al. 2010), and to initiate
novel tumors when injected in vivo in the mammary gland of an immunocompromised
mice (O’Brien, Kreso, and Jamieson 2010). More recently, new technological advances
(lineage tracing) enable the study of CSCs in their primary setting, without the need for
transplantation, in certain tissues such as the skin, brain, intestine and breast (Driessens et
al. 2012; C.-C. Chen et al. 2012; Schepers et al. 2012; Zomer et al. 2013).

Importantly, CSCs are involved in the metastatic progression of breast cancer (Balic et al.
2006). This is particularly significant given that the vast majority of cancer deaths are due
to secondary lesions that have disseminated from the original primary tumor. Moreover,
most CSCs are believed to be resistant to conventional therapies such as chemotherapy
and radiotherapy and are therefore preferentially preserved when cancer cells are
targeted by these approaches (Eyler and Rich 2008; Morrison et al. 2010). Selective
pressure in a genetically unstable environment can result in the acquisition of epigenetic
or genetic changes that support CSC survival. Factors that influence this tumor
environment include hypoxia or chemotherapy, which have been linked to CSC
development (Owens and Naylor 2013).

It is important to note that CSC, that uniquely sustains malignant growth within the tumor,
is not necessarily related to the tumor cell of origin, a normal cell that acquires the first
cancer-promoting mutation (Visvader 2011). The intertumoral heterogeneity could be
understood as that different tumor subtypes arise from distinct cells within the tissue that
serve as the cell of origin. In addition, tumor maintenance depends on the continued
expression of certain oncogenes, as process known as “oncogene addition” (Weinstein
2002). Transformation of distinct breast epithelial cells in vitro has indicated that the
oncogene-target cell can critically influence the final phenotype of the tumor (Ince et al.
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2007). Identification of the cell of origin may permit a systematic analysis of the genetic
lesions responsible for tumor initiation and progression, serving as a valuable tool for the
identification of early disease biomarkers. Indeed, lineage tracing experiments are the
current “gold standard” for delineating the target cell of transformation in mouse models
(Visvader 2011).
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3. RANK/RANKL SIGNALING

3.1. Members of the pathway

RANK/RANKL signaling pathway is composed by three members: RANK, RANKL and OPG

RANK (Receptor Activator of Nuclear Factor k-B), also called tumor necrosis factor (TNF)
receptor superfamily member 11A (TNFRSF11A) is a type | transmembrane protein. RANK
assembles into functional trimers and is ubiquitously expressed in skeletal muscle,
thymus, liver, colon, small intestine, adrenal gland, osteoclast, mammary gland epithelial
cells, prostate and pancreas (Anderson et al. 1997; Fata et al. 2000; Theill, Boyle, and
Penninger 2002; Boyle, Simonet, and Lacey 2003).

RANKL (Receptor Activator of Nuclear Factor k-B ligand), also called TNF ligand
superfamily member 11A (TNFSF11A) is a type Il homotrimeric transmembrane protein.
RANKL is the only known ligand for RANK receptor (Xing, Schwarz, and Boyce 2005), and it
is expressed as a membrane-bound and a secreted protein, which is derived from the
membrane form as a result of either proteolytic cleavage or alternative splicing (lkeda et
al. 2001). RANKL is highly expressed in lymph nodes, thymus and lung, and at low levels in
a variety of other tissues including spleen, bone marrow and leukocytes (Anderson et al.
1997; Wong et al. 1997; Yasuda et al. 1998a; Theill, Boyle, and Penninger 2002; Boyle,
Simonet, and Lacey 2003).

OPG (Osteoprotegerin), also called TNF receptor superfamily member 11B (TNFRSF11B), is
a decoy receptor for RANKL, acting as a natural inhibitor for RANK/RANKL signaling
pathway (Yasuda et al. 1998). OPG is highly expressed in a variety of tissues including lung,
liver, spleen, thymus, ovary, lymph node and bone marrow (Wada et al. 2006).

3.2. RANK/RANKL in bone remodeling and metastases

Bone system in the adult skeleton is renewed continuously in response to a variety of
stimuli in a process called bone remodeling, which ensures the conservation and renewal
of the bone matrix. Once formed, bone undergoes a cyclical process of break down
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(resorption) and build-up (synthesis) throughout the skeleton, with the key involvement of
osteoclasts and osteoblasts cells, respectively.

The discovery of RANK/RANKL/OPG system as a key regulator of bone remodeling was
first brought to light in 1997 in a paper by Simonet et.al (Simonet et al. 1997). RANKL,
expressed and secreted from osteoblasts, binds to its receptor RANK, expressed on
osteoclasts precursors that in turn will differentiate into multinucleated activated
osteoclasts (bone resorbing cells). OPG is secreted from osteoblasts and can bind to
RANKL and compete for binding to RANK, thus blocking osteoclast activation (Kong et al.
1999; Dougall et al. 1999). Importantly, genetic ablations in both RANK and RANKL
knockout mice (RANK'/', RANKL'/') leads to defective tooth eruption and a severe
osteopetrosis due to complete lack in osteoclasts (Kong et al. 1999). Moreover the
ablation of OPG in mice results in osteoporosis (Mizuno et al. 1998; Bucay et al. 1998).

Bone-related diseases such as osteoporosis, rheumatoid arthritis or cancer metastases
affect millions of people worldwide. Decreased estrogen expression and increased RANKL
that occurs after menopause in women lead to enhanced osteoclastogenesis and a
process of osteoporosis over the time (Boyle, Simonet, and Lacey 2003). Furthermore the
most common human cancers (lung, breast and prostate) often invade bone tissue
causing skeletal complications due to metastases (Mundy 2002). Therefore bone
environment and its high vascularity provides a particularly fertile ground for the
establishment and growth of the circulating metastatic cells. In the case of breast cancer
cells when present in the bone microenvironment, they overproduce the parathyroid
hormone-related protein (PTHrP), which can promote osteoclastogenesis through
upregulation of RANKL expression in osteoblasts (Southby et al. 1990). Consequently,
active growth factors such as TGF-b and IGF-1 are released from bone matrix and cause
proliferation of breast cancer cells, which in turn produce more PTHrP that perpetuate
tumor activity. This “vicious cycle” promotes tumor cell growth, survival, angiogenesis,
invasion and metastasis (Paget 1989; Mundy 2002).

Antiresorptive agents are important pharmacological options for the treatment of
osteoporosis. In particular Denosumab, a human recombinant monoclonal antibody
against RANKL, was developed and approved for the clinical use by the Food and Drug
Administration and the European Commission in 2011 (http://www.cancer.gov/about-
cancer/treatment/drugs/fda-denosumab). The antibody blocks RANK-RANKL binding and
therefore inhibits osteoclast differentiation, activity and survival, resulting in decreased
bone resorption (Moen and Keam 2011; Reginster 2011). Several clinical trials have also
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demonstrated that denosumab is an effective inhibitor of bone metastasis (Body et al.
2010; Fizazi et al. 2012). This antibody is currently used as a highly and cost-effective

therapy to reduce risk of osteoporosis in postmenopausal women and for skeleton-related
complications in patients with bone metastases from breast and prostate solid tumors.

3.3. RANK/RANKL in the immune system

RANK and RANKL are important mediators of the interactions between bone system and
the immune system. RANKL, expressed in activated T Ilymphocytes, can support
osteoclastogenesis leading to certain autoimmune diseases such as rheumatoid arthritis,
where local RANKL overstimulation couples inflammation to bone loss and finally results
in bone destruction (Kong et al. 1999; Takayanagi 2007).

RANK signaling is also involved in the development and activation of the immune system.
RANK- and RANKL-null mice completely lack lymph nodes, revealing a pivotal role of RANK
signaling pathway during lymph node organogenesis. Most likely, loss of RANK or RANKL
affects the lymph node inducer cells, resulting in their failure to form clusters in
rudimentary mesenteric lymph nodes (Kong et al. 1999; Kim et al. 2000).

Moreover, RANK is highly expressed in the membrane of dendritic cells (DC), which are
antigen-presenting cells specialized to capture antigens and initiate T cell immunity. Thus,
RANKL expressed in T lymphocytes binds to its receptor in mature DC, resulting in the
induction of anti-apoptotic and survival signals in mature DC, as well as the production of
proinflamatory cytokines and cytokines that stimulate and induce T lymphocytes
differentiation. Therefore, RANKL is likely to act as a positive feedback during productive T
cell — DC interactions, leading to a faster immune response to future antigen exposures
(Josien et al. 1999; Bachmann et al. 1999).

RANK and RANKL also play an essential role in the immunological tolerance. RANKL is
expressed in intrathymic inducer cells, which are closely related with medullary thymic
epithelial cells (mTECs). RANK expressed in mTECs binds to RANKL and induces the
expression of the autoimmune regulator transcription factor (AIRE). AIRE regulates the
expression of the self-tissue restricted antigens (TRAs) in the membrane of mTECs, thus
regulating central tolerance and preventing T lymphocyte autoimmunity (Rossi et al. 2007;
Akiyama et al. 2008). AIRE mutations lead to a multi-organ autoimmune disease in
humans and autoimmunity in AIRE gene targeted mice (Leibbrandt and Penninger 2008).
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Moreover, RANK signaling is also implicated in the establishment and maintenance of the
peripheral autoimmunity. In particular, RANKL expression in keratinocytes of the skin is
strongly upregulated following UV irradiation (Leibbrandt and Penninger 2008).
Consequently, RANKL increase activates epidermal Langerhans cells (LC, dendritic cells of
the skin), which express RANK. RANKL-activated LCs trigger an expansion of regulatory T
cells (Tregs), which maintain immunological self-tolerance and suppress excessive immune
responses to self-antigens, such as in autoimmune diseases or allergies (Sakaguchi 2005;
Loser et al. 2006).

3.4. RANK/RANKL in the mammary gland

In addition to the crucial function in bone remodeling and the immune system, RANK
signaling pathway plays also an important role in the morphogenesis of the mammary
gland. The first evidence for that was described by Jimmie Fata and coworkers (Fata et al.
2000). They demonstrated that RANK- and RANKL-null mice show a strong defect in MEC
proliferation, survival and development during gestation, resulting in a complete defect in
alveoli differentiation and milk production. However, both RANK- and RANKL-null mice
show normal glands at birth that develop without defects during puberty until adult
nulliparous state (Fata et al. 2000), highlighting the importance of RANK signaling in

mammary alveolar differentiation process.

RANK and RANKL expression is relatively low in virgin mammary glands. Expression profile
analysis revealed that both RANK and RANKL distribution in the mammary gland is
spatially and temporally regulated during gestation (Fata et al. 2000; Gonzalez-Suarez et
al. 2007). RANKL is expressed in a subset of luminal cells responsive to progesterone
(Mulac-Jericevic et al. 2003), and its expression increases greatly during early gestation,
coinciding with the epithelial proliferative phase. RANKL expression gradually decreased
during late gestation and lactation phase (Gonzalez-Suarez et al. 2007). Moreover, RANK
protein expression significantly increased during gestation, reaching a peak at mid-
gestation (days 14,5-15,5), and then decreases until lactation.

Importantly, RANK and RANKL overexpression also leads to defects in the differentiation
of the mammary gland during pregnancy. Indeed, RANK overexpressing mice under the
MMTV promoter (MMTV-RANK mice) show hyper-proliferative mammary glands during
early pregnancy, and a complete blockade in the differentiation of lobulo-alveolar
structures at mid-gestation (Gonzalez-Suarez et al. 2007). As a result, they are unable to
produce milk and feed their pups. On the other hand, RANKL overexpressing mice (MMTV-
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RANKL) show precocious ductal side-branching and alveologenesis in the pubescent
mammary gland, with a persistent hyperproliferative phenotype in adult virgin and
pregnant mammary glands (Fernandez-Valdivia et al. 2009). Together, these data indicates
how a tight temporal and spatial regulation of RANK/RANKL signaling pathway is essential
for a proper mammary gland development and differentiation during pregnancy.

3.4.1. Progesterone-RANKL signaling in mammary development

and stem cell fate

RANKL plays a key role in mammary gland development, being the main mediator of
progesterone signaling in the mammary epithelium (Fata et al. 2000; Mulac-Jericevic et al.
2003; Gonzalez-Suarez et al. 2007; Beleut et al. 2010). As mentioned above, RANKL
expression increases during early to mid-pregnancy, when PG stimulates proliferation of
MECs. It has been demonstrated that MECs proliferation levels in gestant RANKL-null
mammary glands are restored after implantation of RANKL pellets in vivo (Fata et al.
2000). In addition, induced expression of RANKL in the mammary epithelium of PR-null
mice rescues the lack of ductal side-branching and alveologenesis observed in those mice
(Mukherjee et al. 2010).

It has been demonstrated that PG induces RANKL expression specifically in hormone-
sensing ER+ PR+ cells. These cells are located in the luminal epithelium near responder ER-
PR- cells (Mulac-Jericevic et al. 2003; Fernandez-Valdivia et al. 2009). Importantly, two
different mechanisms underlie the PG-induced mammary gland proliferation: direct and
indirect (Beleut et al. 2010). In the direct mechanism, PG binding to its receptor results in
a fast CyclinD1 mediated cell proliferation, occurring 24h after the hormone stimuli.
Indirect mechanism involves RANKL signaling and occurs 72h after the hormone stimuli.
Thus, PG induces RANKL expression in PR+ cells. RANKL, by paracrine signaling binds to
RANK in ER -PR- cells, inducing CyclinD1 expression and proliferation of these cells (figure
5). RANKL is also required for PG-induced proliferation in human mammary gland
epithelium (Tanos et al. 2013).

MaSCs enriched population do not express ER and PR (Cathrin Brisken and Duss 2007;
Joshi et al. 2010). This population is located in the mammary basal compartment and
shows an 11-fold increase at mid-pregnancy compared to virgin glands, indicating that
MaSC enriched population is highly responsive to hormones. Moreover, MaSC population
significantly decreases in mice after ovaries removal (ovarectomization) (Asselin-Labat et
al. 2010; Joshi et al. 2010).
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RANK is expressed in luminal ER- PR- sensing cells, and more abundantly in cells from the
basal compartment (Asselin-Labat et al. 2010; Joshi et al. 2010). Importantly (MMTV)-Cre
rank flox/a mice, with specific deletion of RANK in MECs, do not show an expansion in the
basal CD24+CD49fhi population after medroxiprogesterone (MPA) treatment, a PG
synthetic derivate, indicating that RANK/RANKL system mediates proliferation in the basal
compartment (Schramek et al. 2010). RANK signaling inhibition with RANK-Fc, a
competitive inhibitor of RANKL, results in significantly impaired clonogenic ability in MaSC
enriched subpopulation (Asselin-Labat et al. 2010). Thus, RANKL derived from luminal ER+
PR+ cells is likely to induce an increase in the MaCS pool by paracrine signaling through
RANK.

PROGESTERONE *

PR+ CELL

PR- CELL

LUMINAL * BAGIKL
LAYER

Figure 4: Schematic model of PR-RANKL signaling. Paracrine signaling of RANKL under
progesterone stimuli. Progesterone binds to PR in the cytoplasm of luminal hormone-sensing cell.
PR translocates to the nucleus and activates the expression of its target genes such as CyclinD1
and RANKL. CyclinD1 induces the proliferation of luminal hormone-sensing cells. RANKL binds to it
receptor RANK located in luminal PR- cells or cells from the basal layer (myoepithelial cells and
mammary stem cells), and activates CyclinD1-mediated proliferation by paracrine signaling.
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3.4.2. RANK/RANKL in mouse mammary tumorigenesis

Progesterone is not only essential for a proper mammary gland development, but also
promotes mammary tumor formation. Ablation of PR in mice results in a significantly
reduced incidence of mammary tumors in response to carcinogen, compared to that
observed in WT (Lydon et al. 1999; Soyal et al. 2002). In addition, organ cultures of PR-null
glands show a failure to develop mammary pre-neoplastic lesions after in vitro exposure
to chemical carcinogens (Chatterton et al. 2002). These observations highlight a specific
role of PR as a crucial regulator of the intracellular signaling pathways responsible of the
promotion of mammary tumorigenesis.

Fata el al demonstrated that RANK/RANKL signaling pathway promotes both survival and
proliferation of mammary epithelia during pregnancy (Fata et al. 2000). Mid- to late
pregnant (G.16,5) MMTV-RANK primary MECs cultured in vitro in 3D cultures show
increased proliferation but also loss of milk secretion when treated with exogenous RANKL
(Gonzalez-Suarez et al. 2007). In addition, an impaired apicobasal cell polarization and
lumen formation have also been described in those MMTV-RANK MECs as a result of a
defective apoptosis of cells from the luminal compartment (Gonzalez-Suarez et al. 2010),
pointing to additional deffects in differentiation and polarization.

Importantly, mammary glands from aged MMTV-RANK mice (C57BI/6 background) under
multiple pregnancies show spontaneous tumor development and a higher incidence of
pre-neoplasias compared to WT mice (Gonzalez-Suarez et al. 2010). To characterize the
role of RANK/RANKL pathway in hormone-induced mammary tumor formation, WT and
MMTV-RANK young virgin mice were treated with combined MPA and the carcinogen
7,12-dimethylbenz[a]anthracene (DMBA) (Aldaz et al. 1996). MPA treatment can trigger
an enormous induction of RANKL expression not only in ER+ PR+ luminal cells from
nulliparous WT, but also in the epithelial component of pre-neoplastic lesions and MINs
(Gonzalez-Suarez et al. 2010; Schramek et al. 2010). MMTV-RANK mice under MPA-DMBA
treatment showed a markedly enhanced susceptibility and decreased Ilatency to
mammary tumor formation compared to WT mice (figure 6A). Mammary pre-neoplastic
lesions were clearly more abundant in MMTV-RANK mammary tissues that in WT.
Moreover, multiple carcinomas were frequently present in MMTV-RANK mammary glands
in contrast with focal lesions in WT glands (Gonzalez-Suarez et al. 2010).

Importantly, inhibition of RANKL signaling after treatment with RANK-Fc not only
decreases tumor incidence and increases tumor latency in MMTV-RANK mice under MPA-
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DMBA treatment, but also prevents tumor formation in WT mice (figure 6B). Moreover,
RANKL inhibition with RANK-Fc in mammary glands from tumor-bearing WT and MMTV-
RANK mice significantly reduces the proliferative index of normal mammary epithelium
and pre-neoplastic hyperplasias, and increases apoptosis in MINs and adenocarcinomas
(Gonzalez-Suarez et al. 2010). Similarly, deletion of RANK in the mammary gland results in
increased mammary tumor latency and a markedly enhanced mice survival after MPA-
DMBA treatment (Schramek et al. 2010).

The impact of RANK pathway in MEC survival in response to DNA damage was further
investigated by Schramek et.al. (Schramek et al. 2010). Indeed, MECs were treated with
DNA-damaging agents doxorubicin or y-irradiation, which induce the upregulation of
several pro-apoptotic molecules. Interestingly, treatment with MPA or RANKL in vivo
resulted in marked protection from cell death in those treated MECs. Conversely, loss of
RANK expression on MECs abrogated the protective effects of MPA on y-irradiation
induced cell death.

In addition, the role of RANK pathway in mammary tumor formation has been
investigated in MMTV-neu, a model that spontaneously develop mammary tumors
without an exogenous hormone requirement (Guy, Cardiff, and Muller 1992). RANK
expression increases during MMTV-neu tumor progression, suggesting that RANK signaling
may also play a role in this model (Gonzalez-Suarez et al. 2010). RANKL is mostly detected
in the surrounding stroma and its expression in MMTV-neu tumor cells is undetectable in
accordance the loss of PR. Importantly, RANK-Fc treatment in MMTV-neu mice before
tumor formation does not significantly affect tumor latency, but significantly reduces the
total number of pre-neoplastic lesions and tumors, as well as the incidence and number of
lung metastasis per mouse (Gonzalez-Suarez et al. 2010). Conversely, RANKL treatment
significantly increases the incidence and multiplicity of lung metastasis in MMTV-neu mice
(Tan et al. 2011).
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Figure 5: RANKL is the main mediator of the pro-tumorigenic effects of progesterone in the
mammary gland. Schematic representation of Kaplan-Meyer curves of tumor latency. A. Tumor
latency after MPA-DMBA treatment in WT mice and 2 different MMTV-RANK strains. B. Tumor
latency after MPA-DMBA treatment in WT mice treated with RANK-Fc or PBS. (Adapted from
Gonzalez-Suarez et.al. Nature 2010)

3.4.3. RANK/RANKL downstream signaling pathways

It has been recently shown that RANK overexpression in MCF10A human mammary gland
epithelial cell line leads to constitutive activation of several pathways including NF-kB,
PI3K-Akt and MAPK (Palafox et al. 2012). These signaling pathways downstream of RANK
play a role in mammary gland development (Figure 6) (Gonzalez-Suarez et al. 2007; M. Liu
et al. 2010; C.-C. Chen et al. 2012; Madrid et al. 2001; Whyte et al. 2009).
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3.4.3.1. NF-kB signaling pathway

NF-kB (Nuclear factor kappa-light-chain-enhancer of activated B cells) is a protein complex
that plays a crucial role in various biological processes, including immune response,
inflammation, cell growth and survival, and development (Hayden and Ghosh 2008;
Vallabhapurapu and Karin 2009). Five NF-kB members exist in mammals including RelA
(also named p65), RelB, c-Rel, NF-kB1 p50 and NF-kB2 p52 (Gilmore 2006). Distinct NF-kB
complexes are formed from combinations of homo- and heterodimers of these family
members that are retained in the cytoplasm by a family of NF-kB inhibitors, IKBs (IKB-a, 3,
€) (Bonizzi and Karin 2004). NF-kB1 and NF-kB2 are produced as precursor proteins p105
and p100, respectively, and share structural homology with 1kBs in their C-terminal
portion (Sun and Ley 2008). Proteasome-mediated processing of p105 and p100 not only
produces the mature NF-kB1 and NF-kB2 proteins (p50 and p52) but also results in
disruption of the IkB-like function of these precursor proteins (Sun and Ley 2008).

Two main NF-kB-activating pathways exist in cells, canonical and alternative or non-
canonical. The most common mechanism of regulation of NF-kB activity is through the
canonical pathway, where IKK complex (IKKa-[3) is activated by stimuli such as TNF-o. or
lipopolysaccharides (LPS). Activated p-IKK phosphorylates IKBa inhibitor protein resulting
in its ubiquitination and degradation, and subsequent release of the p65-p50 heterodimer
for activation and nuclear translocation (Karin 1999). The activation of the pathway
promotes inflammation, cell survival and proliferation (Gerondakis et al. 2014). On the
other hand, in the non-canonical NF-kB pathway specific members of the TNF cytokine
family, such as CD40 or BAFF promote IKK-o. phosphorylation by NIK. P-IKK-o in turn
phosphorylates the p100 precursor of p52 to generate p52/RelB heterodimers. These
heterodimers have affinity for a subset of NF-kB response elements and generate a
distinctive gene expression pattern in the nucleus, which favors chemokine production
and lymphoid stroma survival (Perkins 2007; Gerondakis et al. 2014).

Importantly, NF-kB pathway plays an essential role in mammary gland proliferation and
side-branching during the post-natal development. Deletion of IKK-oin IKK-oMA/AA
“knockin” mice results in a severe lactation defect due to impaired MEC proliferation,
similar than RANK-null mammary glands (Y. Cao et al. 2001). Moreover, activation of NF-
kB signaling pathway impairs mammary alveolar secretory differentiation by a negative
crosstalk between NF-kB and the PrIR/Jak2/Stat5, which occurs at the level of Stat5
tyrosine phosphorylation (Geymayer and Doppler 2000).
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NF-kB signaling pathway is involved in the initiation and progression of breast cancer.
Indeed, despite the high heterogeneity found between the different human breast tumor
subtypes, an aberrant NF-kB becomes a common molecular feature among them (Sovak et
al. 1999). Moreover, MPA-DMBA induced mammary adenocarcinomas in RANK-null mice
had impaired activation of the NF-kB pathway (Schramek et al. 2010). In addition, NF-Kb
pathway contributes to self-renewal of mammary tumor cells. Blockage of NF-kB activity
leads to a decrease in tumor formation ability and reduces mammosphere growth in
anchorage-independent conditions in vitro in MMTV-neu mice (Yixue Cao, Luo, and Karin
2007).

3.4.3.2. PI3K-AKT signaling pathway

PI3K-AKT signaling pathway regulates multiple biological processes such as apoptosis,
metabolism, cell proliferation and cell growth (Carnero et al. 2008). When PI3K is
activated by receptor tyrosine kinases, it phosphorylates PIP2 (phosphatidylinositol
biphosphate) to generate PIP3 (phosphatidylinositol triphosphate), and activate the
downstream AKT. AKT is expressed during mammary gland development, and its
expression decreases at the onset of involution (Schwertfeger, Richert, and Anderson
2001).

Interestingly, AKT modulates PrIR/JAK2/STATS pathway activity through upregulation of
Id2, a positive regulator of the pathway, and downregulation of Caveolin-1 and SOCS2 (C.-
C. Chen et al. 2010). Constitutive activation of AKT in the mammary epithelium (MMTV-
AKT) promotes precocious lipid droplets accumulation during pregnancy and delays post-
weaning mammary involution by inhibiting apoptosis (Schwertfeger, Richert, and
Anderson 2001; C.-C. Chen et al. 2010). In addition, PI3K-AKT pathway is also a key
intracellular signaling system that drives tumor cell growth and survival. Hyperactivation
of this pathway is implicated in the tumorigenesis in ER+ breast cancer and resistance to
endocrine therapy (Ciruelos Gil 2014)

3.4.3.3. MAPK signaling pathway

The mitogen activated protein kinases (MAPK) signaling pathway acts as a molecular
mediator of the intracellular signal transduction. Extracellular regulated kinase (ERK), the
p38 pathway and JNK MAPK intracellular signaling cascades are active in proliferating
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MECs, and implicated in breast cancer disease. Considering ERK signaling, the small
GTPase Ras activates a set of MAPKs that finally activate ERK (Krishna and Narang 2008).
In its active form, ERK phosphorylates a wide range of protein substrates that regulate
MEC proliferation, differentiation and survival (Pearson et al. 2001). It has been shown
that activation of ERK signaling pathway is required for pubertal ductal morphogenesis
and pregnancy-induced alveolar morphogenesis (Whyte et al. 2009). In addition, ERK
signaling plays a relevant role in breast cancer, enhancing tumor cell proliferation and
invasiveness, preventing apoptosis and inducing resistance to tamoxifen (Whyte et al.
2009; McCubrey et al. 2007).

The p38 signaling pathway, which is activated by MAPK in response to stress signals or
inflammatory cytokines, plays important roles in cell differentiation and apoptosis
(Raingeaud et al. 1995; Hui et al. 2007). In addition, several studies reveal that activation
of p38 signaling not only contributes to breast cancer cell progression, invasion and
metastasis, but also in the resistance to tamoxifen in HER2+ breast tumors (Han et al.
2002; Galliher and Schiemann 2007; Gutierrez et al. 2005).

The c-Jun NH,-terminal kinases (JNK), also known as stress-activated MAP kinases (SAPK),
represent a third subgroup of MAPK that is activated by cytokines and exposure to
environmental stress (Davis 2000). JNK phosphorylates c-Jun leading to activation of AP-1,
which promotes cell proliferation (Jochum, Passegué, and Wagner 2001). In addition, JNK
action has been reported to contribute to the normal MEC organization during acinus
development. Indeed, inhibition of JNK action during acinus formation blocks the
establishment of cell polarization, the formation of tight junctions and the lumen
clearance (Murtagh, Martin, and Gronostajski 2003). JNK also contributes to mammary
tumor cell proliferation, evidenced by the tumor cell cycle arrest in human breast cancer
cell lines under inhibition of JNK signaling (Mingo-Sion et al. 2004).
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OBIJECTIVES

The main objectives of this PhD thesis are as follows:

e Characterize the role of RANK signaling in mammary stem cell fate.

e Characterize the role of RANK in mammary alveolar cell differentiation during
pregnancy.

e Investigate the cooperation of RANK signaling pathway with oncogenes using
spontaneous tumor prone mouse models MMTV-PYMT and MMTV-neu.

e Analyze the role of RANK regulating the mammary Cancer Stem Cell (CSC) pool.
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ABSTRACT

Receptor Activator of NF-kappa B (RANK) pathway controls
mammary gland development in mice but its role in mam-
mary stem cell fate remains undefined. We show that consti-
tutive RANK signaling expands luminal and basal mammary
compartments including mammary stem and luminal progen-
itor cell pools and interferes with the generation of CD61+
and Scal+ luminal cells and EIf5 expression. Impaired mam-
mary cell commitment upon RANK overexpression leads to
the accumulation of progenitors including K14+K8+ bipo-
tent cells and the formation of heterogeneous tumors

containing hyperplastic basal, luminal, and progenitor cells.
RANK expression increases in wild-type mammary epithelia
with age and parity, and spontaneous preneoplastic lesions
express RANK and accumulate K14+K8+ cells. In human
breast tumors, high RANK expression levels are also associ-
ated with altered mammary differentiation. These results sug-
gest that increased RANK signaling interferes with mammary
cell commitment, contributing to breast carcinogenesis. STEm
CELLS 2013:31:1954-1965
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INTRODUCTION

The mouse mammary epithelium consists of a branched duc-
tal system that develops mainly during puberty and a lobu-
loalveolar compartment containing secretory epithelial cells
that undergo functional differentiation and become milk-
producing during pregnancy. Mammary epithelial cells can be
organized in two main compartments, luminal and basal.
Expression of hormone receptors (estrogen and progesterone
receptors, ER and PR, respectively) is confined to the mature
luminal cells that are characterized as being CD24high (hi)
CD49%flow (lo) Scal+, whereas CD24hi CD49flo Scal — cells
are largely ER— progenitors [1] and contain the CD61+
luminal progenitors that establish the alveolar lineage during
pregnancy [2,3]. The basal compartment, identified by the
expression of CD24lo CD49fhi Scal— CD61+, is mainly
composed of contractile myoepithelial cells that surround
ducts and alveoli and contains the population of mammary
stem cells (MaSCs) identified by their ability to reconstitute
an entire functional mammary gland [4-6]. Several cytokera-
tins are lineage markers within the mouse mammary

epithelium: K5 and K14 mark basal/myoepithelial cells and
are strongly expressed in MaSC, whereas K8/K18 expression
marks luminal cells [7]. A hierarchical organization of mam-
mary epithelia, in which MaSC give rise to differentiated cell
types via a series of multipotent and lineage-restricted inter-
mediates has been proposed [8].

MaSC and intermediate progenitors have been postulated
as the cells of origin of tumors, as their long lifespan might
allow them to accumulate enough genetic lesions to generate
a tumor [9]. The observed expansion of MaSC and other pro-
genitor populations with each round of pregnancy and estrous
cycles [10,11] provides a potential mechanistic explanation
for age and parity as risk factors for the development of
mammary tumors [12].

RANK and its ligand, RANKL, are key regulators of
mammary gland development [13,14]. The RANK signaling
pathway mediates the major proliferative response of mouse
mammary epithelium to progesterone during morphogenesis
[10,11,15].

Disrupted mammary gland development during preg-
nancy and impaired lactation is observed as a consequence
of RANK loss or overexpression [13,14]. Defective
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alveologenesis in RANK-null mice could be attributed to
decreased proliferation and survival of mammary epithelial
cells [13], whereas mouse mammary tumor virus (MMTV)-
RANK mice show high mammary epithelial cell prolifera-
tion during pregnancy [14], pointing to a defect in differen-
tiation. We have recently shown that activation of RANK
signaling promotes mammary tumorigenesis in mice [16]
and that RANK overexpression in human mammary cell
lines induces stemness and promotes tumorigenesis and
metastasis [17].

Here, we investigated the role of RANK signaling in
MaSC fate and found that activation of RANK signaling
expands basal and luminal compartments disrupting mammary
lineage commitment, and results in the accumulation of inter-
mediate progenitor cells, eventually leading to hyperplasia
and tumorigenesis.

MATERIALS AND METHODS

Mice

All research involving animals was performed at the IDIBELL
animal facility and complied with protocols approved by the IDI-
BELL Committee on Animal Care. For cell proliferation analysis,
5-bromo-2'-deoxyuridine (BrdU, 30 mg/kg of mouse) was
injected intraperitoneally 2 hours before killing.

Mammary Cell Isolation

Single cells were isolated from tumors and the mammary glands
of virgin young (12-15 weeks), old (31-81 weeks), or pregnant
mice, as described previously [18]. Briefly, fresh tissues were
mechanically cutted with Mcllwain tissue chopper and enzymati-
cally digested with appropriate medium (Dulbecco’s modified
Eagle’s medium [DMEM] F-12, 0.3% Collagenase A, 2.5U/mL
dispase, 20 mM HEPES, and antibiotics) 40 minutes at 37°C.
Samples were washed with Leibowitz L15 medium+10% fetal
bovine serum (FBS) between each step. Erythrocytes were elimi-
nated by treating samples with hypotonic lysis buffer and fibro-
blasts were excluded by incubation with DMEM F-12 + 10%
FBS 1 hour at 37°C in a tissue culture flask (the majority of
fibroblasts attach to the tissue culture plastic while most of epi-
thelial organoids do not). Single epithelial cells were isolated by
treating with trypsin (PAA Laboratories, Velizy-Villacoublay,
France, http://www.paa.com) 2 minutes at 37°C and a mix of dis-
pase (Gibco life technologies, Invitrogen Saint Aubin, France,
http://www.invitrogen.com) DNAse (Invitrogen Saint Aubin,
France, http://www.invitrogen.com) 5 minutes 37°C. Cell aggre-
gates were removed by filtering cell suspension with 40 pm filter
and counted.

Flow Cytometry

Single cells were labeled with antibodies against CD24-PE or
CD24-FITC (M1/69 BD Pharmingen, San Diego, CA, http://
www,bdbiosciences.com), CD29-FITC (HMf1-1, BD Pharmin-
gen), CD49f-APC (GoH3 R&D systems, Minneapolis, MN US,
www.rndsystems.com), CD61-FITC or CD61-PE (2C9.G2 BD
Pharmingen), Sca-1-PE or Scal-APC (Ly-6A/E, BD Pharmingen),
and CD49b-alexa 647 (HM=2 Biolegend, San Diego, CA, http://
www.biolegend.com). Lymphocytes and endothelial cells were
excluded in flow cytometry using CD45-PECy7 (30-F11 Biole-
gend) and CD31-PECy7 (390 Biolegend) antibodies, respectively.
A population of 10,000 Ilive cells was captured in all
fluorescence-activated cell sorting (FACS) experiments. FACS
analysis was performed using FACS Canto (Becton Dickinson,
San Jose, CA) and Diva software package. Cell sorting was per-
formed using FACS Aria cell sorter (BD Becton Dickinson, San
Jose, CA).
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Colony Forming Assays and Immunofluorescence

For colony-forming assays, sorted cells were plated as described
previously [6] in growth medium that contains B27, 5% FBS, EGF
(10 ng/mL), Hydrocortisone 0.5 pg/mL, Insulin 5 pg/mL, Cholera
toxin 100 ng/mL, and penicillin/streptomycin and RANKL (1 pg/
mL; Amgen Inc, Thousand Oaks, CA, USA, http://www.amgen.-
com) as indicated. ROCK inhibitor (10 pM Y-27632, Sigma
Aldrich, Saint-Quentin Fallavier, http://www.sigmaaldrich.com/
france) was added to basal cell cultures. After 15 days of culture,
colonies were fixed with paraformaldehyde (PFA) 2% for keratins
staining. K5 and K8 immunostaining on three-dimensional cultures
was performed following standard procedures [19].

Cleared Fat Pad Transplantation

Primary mammary epithelial cells were freshly isolated from
mouse mammary glands, sorted based on CD24 CD49f/Scal val-
ues and resuspended in Leibowitz L15 medium (Invitrogen) with
10% FBS and antibiotics, diluted 1:1 with Matrigel Matrix (BD
Biosciences, San Diego, CA, http://www.bdbiosciences.com) for
a final volume of 20-30 pL and CD24lo/CD49fhi cells were
injected at limiting dilution in cleared mammary fat pads of 3—4
weeks old FVB mice. After 8 weeks, the transplanted fat pads
were whole-mounted and carmine-stained. Outgrowths filling at
least 25% of fat pat were scored. The proportion of stem/progeni-
tor cells was determined using the Extreme Limiting Dilution
Analysis (http://bioinf.wehi.edu.au/software/elda/).

Tissue Section Histology and Immunostaining

Mammary glands and tumors were fixed in 4% PFA or formalin
and embedded in paraffin. For histological analysis, 3 pum sec-
tions were cut and stained with hematoxylin and eosin. Immuno-
staining was performed on 3 pm mammary gland/tumor sections.
Antigen heat retrieval with citrate was used for all antibodies
except for RANK (protease XXIV) and BrdU (protease XXIV
and HCl 2 M) and primary antibodies were incubated overnight
at 4°C. Antibodies used include RANK (AF692; R&D Systems),
PR (A0098 Dako, Trappes, France. http://www.dako.fr), K5 (AF-
138, Covance, Princeton, NI, http://www.covance.com.), K14
(AF-64 Covance), K8 (TROMA, dshl, Developmental Studies
Hybridoma Bank, lIowa City, Towa), and SMA (1A4; A2547,
Sigma), BrdU (G3G4, Kaufman laboratory; University of Illi-
nois). The antigen—antibody complexes were detected with strep-
tavidin horseradish peroxidase (Vector Laboratories, Burlingame,
CA, USA, vector@vectorlabs.com) for RANK, K& immunostain-
ings. K5, K14, PR, and SMA were detected with EnVision tech-
nology (Dako, Trappes, France, http://www.dako.fr); BrdU was
detected with labeled polymer-horse-radish peroxidase (DAKO).
Peroxidase was finally revealed with 3,3-Diaminobenzidine DAB
(DAKO). For immunofiuorescence, opportune fluorochrome-
conjugated secondary antibodies were added after primary incu-
bation and then mounted with VECTASHIELD Mounting Media.

RNA Preparation and real time reverse transcription
PCR

Total RNA of cells, mammary glands and tumors was prepared
with Tripure Isolation Reagent (Roche, Basel, Switzerland, http://
www.roche.ch/en/standorte/basel-hq.htm) in accordance with the
manufacturer’s instructions. After tissue dissociation, 20 ng/mL of
messenger RNA (mRNA) or similar cell numbers were pretreated
with DNase I (Ambion Invitrogen Saint Aubin, France, http://
www.invitrogen.com). Single-stranded complementary DNA was
produced by reverse transcription using 1 pg of RNA DNA-free in
a 20-pL reaction (Applied Biosystems, Foster City, CA, http:/
www.appliedbiosystems.com). Quantitative polymerase chain reac-
tion (PCR) was performed using the TagMan probe-based system
(Applied Biosystems) on the ABI 7900HT as per the manufac-
turer’s instructions (Applied Biosystems; rank Mm00437135_ml,
rankl Mm00441908_ml, wap MmO00839913_ml, k8
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Mm00835759_ml, K14 Mm00516876_ml, elf5 MmO00468732_m1,
slug MmO0O0441531_ ml, sox9 Mm00448840_m1).

Gene Set Enrichment Analysis (GSEA) Analyses

The GSEA tool was run using default values for all parameters.
Preprocessed and normalized The Cancer Genome Atlas (TCGA)
data were downloaded from the corresponding repository (version
July 3, 2012; hup://tega-data.nci.nih.gov/tega/tcgaHome?2 jsp).
Samples were clustered based on the expression of the 50 genes/
probes from PAMSO0 and assigned to the intrinsic subtypes basal-
like, HER2-enriched, luminal A, luminal B, or normal-like, based
on a comparison with the PAMS0 centroids [20]. The PAMS0
confidence scores were =0.90 for all the basal-like and luminal
A tumors except for two cases in each subtype. The GSEA lead-
ing edges were analyzed for enrichment in pathways annotated
by the Kyoto Encyclopedia of Genes and Genomes (KEGG)
using the Database for Annotation, Visualization and Integrated
Discovery (DAVID) [21]. Only pathways over-represented at a
false discovery rate <5% between the leading edge and the rest
of the corresponding gene set were considered.

Statistical Analyses

Statistical analysis of the differences between two mouse cohorts
or conditions was performed with a two-tailed Student’s r-test. We
used Microsoft Excell or GraphPad Prism software for calculations
and expressed the results as the means = SD. To calculate the sig-
nificance of differences affecting several variables a multivariate
analysis of variance (MANOVA) test has been carried out. The
null hypothesis is that all the tumors are identical in all variables.

REsuLTS

RANK Overexpression Results in Morphologically
Aberrant Ducts that Contain Dual Positive K5/K8
Cells

As we have shown that RANK induces stemness in human
mammary epithelial cell lines [17], we hypothesize that
increased levels of RANK may alter the balance in mammary
differentiated/progenitor cell populations. To evaluate this
hypothesis, we used our previously generated MMTV-RANK
mouse model [14] backcrossed to the FVB background, most
commonly used in mammary studies (Supporting Information
Fig. S1A). RANK overexpression in mammary epithelia led
to constitutive activation of RANK pathway [14], resulting in
mammary epithelial cell hyper-proliferation (Supporting Infor-
mation Fig. SID, S1E), impaired secretory alveologenesis and
absence of Wap milk protein expression during pregnancy
(Supporting Information Fig. SI1B, S1C). These phenotypes
led to a lactation failure that could not be rescued by multiple
pregnancies in correlation with previous results [14].
Increased epithelial growth, enhanced ductal side-branching,
and appearance of precocious small alveoli were observed in
virgin MMTV-RANK glands (Fig. 1A; SIB) together with
increased expression of basal, K4, and luminal, K8, mRNA
markers as compared with wild type (WT) (Fig. 1B). Double
immunofluorescence (IF) analyses of K5 and K8 (Fig. 1C)
revealed frequent alterations within the basal and luminal
compartments in young virgin MMTV-RANK glands. First,
MMTV-RANK ducts often contained disorganized myoepithe-
lium, occasionally with K5 cells that accumulate in several
layers, areas lacking K5 expression in the outer layer or K5
cells localized within the luminal area, surrounded by K8+
cells. Second, accumulation of multiple layers of K8+ cells
was noted in most young MMTV-RANK glands resulting in
minimal luminal space or filled ducts (Fig. 1C, 1D). By
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contrast, in WT ducts, basal/myoepithelial K5 cells were well
aligned and normally organized and a single layer of K8+
cells was detected. K14 and K5 showed similar staining pat-
terns in the mammary glands of young WT and MMTV-
RANK virgin glands; thus, K14 and K8 IF revealed similar
phenotypes than K5 and K& IF (data not shown). Addition-
ally, both K5/K8 and K14/K8 double positive cells, which
have been proposed as bipotent progenitors blocked in differ-
entiation [22,23], were more common in MMTV-RANK ducts
than in WT ducts (Fig. 1C, 1E). These observations demon-
strate that enhanced activation of RANK signaling disrupts
basal/luminal epithelial morphology resulting in aberrant
ducts containing a hyperplastic luminal layer, a disorganized
basal layer and expansion of dual positive K5/K8 (or K14/
K8) cells, described as bipotent mammary progenitors.

RANK Overexpression Interferes with MaSC Fate
in the Basal and Luminal Compartment

Given the disrupted mammary epithelia observed in MMTV-
RANK glands, we next investigated whether RANK overex-
pression leads to alterations in mammary cell populations in
virgin mice. Quantitative expression analysis (real time reverse
transcriptase  PCR  [RT-qPCR]) of Rank in fluorescence-
activated cell sorting (FACS)-sorted WT and MMTV-RANK
mammary populations demonstrated that MMTV  promoter
directs Rank expression to basal (B: CD24lo CD49fhi) and
luminal (L: CD24hi CD49flo) cells, both Scal + (LM: luminal
mature) and Scal — (LP: luminal progenitor enriched) fractions
(Supporting Information Fig. S2A). FACS analyses of freshly
isolated epithelial cells revealed a two fold increase in basal
and 1.6-fold increase in luminal populations in MMTV-RANK
as compared to WT mammary glands (Fig. 2A, 2B), in agree-
ment with the abundant epithelia and increased expression of
K14 and K8 markers observed (Fig. 1A, 1B). These findings
further indicate that Rank overexpression under the MMTV
promoter, induces an expansion of the mammary basal and
luminal compartments. We next analyzed Scal, CD61, and
CD49b lineage markers expression to discriminate mammary
subpopulations [1,2,24,25]. The distribution of Scal+ and
Scal— cells was altered in MMTV-RANK luminal cells (Fig.
2A, 2B): in five of seven MMTV-RANK mice analyzed, there
was a significant lower Scal + cell population within the lumi-
nal fraction compared with WT controls (Supporting Informa-
tion Fig. S2B). Consistent with the known association between
Scal and hormone receptor expression [1], the frequency of
PR+ cells (detected by IHC analyses) was reduced in three of
seven virgin MMTV-RANK mammary glands analyzed, com-
pared to control glands (Fig. 2C). Thus, RANK overexpression
results in a significant expansion of basal (CD24lo CD49fhi
Scal—) and luminal progenitor enriched (CD24hi CD49flo
Scal— PR—) compartments (Supporting Information Fig.
S52C). The CD61+ luminal cells are contained in this latter
fraction and are considered to be precursors of mature secretory
alveolar cells [2]. A dramatic decline in the proportion of
CD61+ cells was observed in the luminal fraction of MMTV-
RANK compared with WT glands (Fig. 2A, 2B). The reduction
in CD61 expression in MMTV-RANK luminal cells was corro-
borated by IF analysis of MMTV-RANK and WT virgin mam-
mary glands (Fig. 2D). Moreover, MMTV-RANK glands
contained more CD49bhi cells than WT glands (Fig. 2A, 2B).
These findings demonstrate that RANK activation/overexpres-
sion disrupts the distribution of mammary populations in virgin
glands.

To characterize the impaired alveolar differentiation that
takes place in MMTV-RANK glands we analyzed the expres-
sion of lineage markers during pregnancy. The gestation
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Figure 1. RANK overexpression disrupts epithelial morphology. See also Supporting Information Figure S1. (A): Representative images of
whole mounts and hematoxylin and eosin of virgin wild type (WT) and MMTV-RANK mammary glands. (B): K/4 and K8 messenger RNA
expression relative to fi-actin in the mammary glands of virgin WT and MMTV-RANK mice. Each dot represents one mouse. Mean, SEM, and
t-test p values are shown. (C): Representative images of K5 and K8 staining in mammary epithelia of virgin WT and MMTV-RANK mice (12—
15 weeks old). Asterisks indicate double positive K5/K8 cells that are magnified in the insets. Arrows indicate other abnormalities including mul-
tilayer of K5+ cells, K5+ cell in the luminal area, or absence of K5 in the basal layer. (D): Percentage of ducts per virgin mouse showing the
indicated lesions. Between 5 and 7 ducts were analyzed per mouse. Mean, SD, and ¢-test p values are shown. Delocalization includes extra layer
of K5+ cells, K5+ cells in the luminal area, and absence of K5 in the basal area as shown in C. (E): Percentage of K5+/K8+ and K14+ /K8+
cells versus total number of cells per duct in 12-15 weeks old virgin WT and MMTV-RANK mice. For each mouse, seven ducts were analyzed.
Mean, SD, and r-test p values are shown. Abbreviations: DAPI, 4’6 Diamino-2-Phenylindole Dihydrochloride; MMTV-RANK, mouse mammary
tumor virus-receptor activator of NF-kappa B: WT, wild type.

G14.5 WT glands contained fewer CD61+ cells in the lumi- Altogether these results demonstrate that RANK overexpres-
nal fraction than G10.5 or virgin WT glands, consistent with sion disrupts MaSC fate leading to unbalanced mammary epi-
the differentiation of CD61+ luminal cells into alveolar thelial cell populations in virgin and pregnant glands.

mature secreting cells (Supporting Information Fig. S2D). In

MMTV-RANK glands, the proportion of CD61+ in the lumi- froatt 3 . A QT .
nal compartment was low at all time points (virgin, G10.5 Activation of RANK Pathway Promotes MaSC and

and Gl4.5), despite the accumulation of luminal cells ~ Luminal Progenitor Cell Activity

observed during pregnancy (Supporting Information Fig. Given that RANK overexpression results in an expansion of the
S2D). Similarly, low levels of CD61+ luminal cells were basal compartment, we investigated the impact on the MaSC
observed in aged MMTV-RANK females, either virgin or contained in this population. Mammary transplantation assays
multiparous (Supporting Information Fig. S2E). This dramatic into the cleared fat pad of FVB mice were used to test the repo-

reduction in the CD61+ alveolar progenitor population in pulating ability of FACS-isolated basal cells (CD24lo CD49fhi)
MMTV-RANK glands would explain the lack of alveologene- from virgin WT and MMTV-RANK mice. A 2.5-fold increase
sis observed during pregnancy in these mice even after multi- in the frequency of mammary repopulating units was found in
ple pregnancies. The percentage of CD49bhi cells within the assays using MMTV-RANK basal cells compared with WT
luminal population at G10.5 and G14.5 is significantly higher cells (estimate 1/171 vs. 1/428, respectively, p = 0.05) (Fig.
in MMTV-RANK than in WT glands suggesting that 3A), indicating that MMTV-RANK glands contain more MaSC
CD49bhi luminal cells accumulate in MMTV-RANK' glands than WT glands. Next, we tested the ability of basal WT and
during pregnancy (Supporting Information Fig. S2D). MMTV-RANK cells to form colonies in the presence or
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Figure 2. Constitutive expression of RANK alters mammary populations. See also Supporting Information Figure S2. (A): Representative
fluorescence-activated cell sorting dot plot and histograms showing mammary populations of virgin wild type (WT) and MMTV-RANK mice.
Dot plot shows the expression of CD24 CD49f in the lineage negative Lin— (CD45— CD31—) population. Histograms show the expression of
Scal+, CD61+, and CD49bhi in luminal cells. Overlay with the corresponding negative control is shown. Numbers correspond to the percen-
tages of the basal and luminal population in the Lin— population and the number of events quantified. (B): Quantification of the percentage of
CD24lo CD49fhi (basal, B) and CD24hi CD49flo (luminal, L) in the Lin— population, and the frequency of Scal+, CD61+, and CD49b+
within the basal and luminal population of virgin WT and MMTV-RANK mice. A population of 10,000 live cells was captured, 62% and 78%
of these cells are Lin— cells in WT and MMTV-RANK mammary glands, respectively. Mean, SD, and r-test p values are shown. (C): Percentage
of PR+ cells within the luminal compartment measured by immunohistochemistry in WT and MMTV-RANK virgin glands. Each bar represents
one mouse. Six ducts per mouse were quantified. Mean and SD values are shown. (D): Percentage of CD61+ cells within the luminal compart-
ment determined by immunofluorescence in WT and MMTV-RANK virgin glands. Five ducts per mouse were quantified. Mean values, SD, and
t-test p values are shown. Abbreviations: MMTV-RANK, mouse mammary tumor virus-receptor activator of NF-kappa B; PR, progesterone
receptor; WT, wild type.

absence of RANKL. WT and MMTV-RANK basal cells form and Sox9 expression in FACS-sorted basal cells, as coexpres-
dense colonies with different morphologies (Fig. 3C). These sion of these genes has been shown to induce MaSCs in the
colonies contained K5+ and K8+ as well as K5+/K8+ cells mouse mammary gland [26]. RT-qPCR analyses revealed
after 15 days of culture (Fig. 3C). As freshly isolated basal cells higher expression of Slug and Sox9 mRNA in some MMTV-
do not express K8 (tested by RT-qPCR, data not shown), K8+ RANK basal cells pools as compared to WT (Fig. 3D).

and K5+/K8+ cells must be derived from K5+ cells (Fig. 3C). EIf5S mRNA expression has been shown to be enriched in
K14 staining was similar to K5 in these colonies (data not the luminal progenitor fraction relative to basal and luminal
shown). Frequency of colony formation was higher in MMTYV- mature cells [27]. In FACS-sorted luminal cells, a dramatic
RANK basal cells as compared to WT and even higher upon reduction in ElfS mRNA expression is found in MMTV-
exogenous RANKL stimulation (Fig. 3B). These results demon- RANK as compared to WT cells indicating that the luminal

strate that activation of RANK signaling results in an expansion compartment is disrupted in MMTV-RANK glands (Fig. 3D).
of the MaSC/basal progenitor pool. To investigate the putative To investigate the functional consequences of these altera-
mechanism responsible for this expansion, we analyzed Siug tions, we analyzed the colony-forming ability of WT and
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Figure 3. RANK overexpression results in an expansion of the MaSC and luminal progenitor cell pool. (A): Reconstitution efficiencies of
wild type (WT) and MMTV-RANK basal CD24lo CD49fhi MECs. Each circle represents one transplanted fat pad and the percentage of reconsti-
tution as indicated. Table indicates the ELDA quantification to calculate the frequency of MaSC. (B): Number of colonies formed in matrigel by
WT and MMTV-RANK indicated cell populations (basal [B], luminal progenitor [LP], and luminal mature [LM]) cultured with or without
RANKL (RL or untreated). Luminal colonies were classified according to morphology as shown in C (solid/other). Each bar represents mean val-
ues for 4-6 independent experiments. In each experiment, a pool of 3-5 WT or MMTV-RANK mice was used. SD and t-test p values are
included. (C): Representative images showing morphology, and K5 or K14 (green), K8 (red) and DAPI (blue) staining found in colonies formed
by basal (B) and LP cells. (D): Expression of the indicated genes in MMTV-RANK fluorescence-activated cell sorting-sorted basal (CD24lo
CD49fhi) and luminal (CD24hi CD49flo) cells relative to WT. Each dark bar represents values of cells isolated from an independent pool of 3-5
MMTV-RANK mice normalized to the expression found in WT pools (3—4 mice). For each sample measurements were done in duplicate and SD
are shown. Abbreviations: DAPI, 4’6 Diamino-2-Phenylindole Dihydrochloride; LP; luminal progenitor; MMTV-RANK, mouse mammary tumor
virus-receptor activator of NF-kappa B; RL, RANK ligand: WT, wild type.

MMTV-RANK luminal cells. Within the luminal population, colonies upon RANKL stimulation) (Fig. 3B, 3C). Colonies
Scal —, CD49bhi, and CD61+ cells have all been shown to derived from WT and MMTV-RANK cells contained mostly
have enhanced clonogenic capacity in vitro as compared to K8+ and rarely K5+ cells, consistent with a luminal origin.
Scal+, CD49b—, and CD61— cells, respectively, and have Notably, many K8+ cells were also positive for K14, but not
therefore been identified as luminal progenitors [1,2,24]. Our for K5 (Fig. 3C). Together, these results show that despite

data confirm that luminal Scal— cells form more colonies the decline in CD61+ luminal cells and disruption of the
than luminal Scal+ cells in all comparisons (Fig. 3B). Upon luminal compartment, MMTV-RANK luminal cells retain
RANKL stimulation, colony forming ability of MMTV- their clonogenic ability which is further enhanced by

RANK Scal— and Scal+ luminal cells was significantly RANKL. These findings demonstrate that activation of
higher than the corresponding WT populations (Fig. 3B), and RANK signaling disrupts MaSC fate in the basal and luminal
colonies showed a higher cellular density [6], (more solid compartments.
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Figure 4. MMTV-RANK mice spontaneously develop preneoplastic lesions and tumors that are histologically heterogeneous and composed by
distinct mammary populations. See also Supporting Information Figures S3, S4, and S5. (A): Kaplan Meier graph showing the percentage of pal-
pable lesions in multiparous (at least three pregnancies) wild type (WT) and MMTV-RANK mice. (B): Left graph shows percentage of aged mul-
tiparous (MP) or virgin WT and MMTV-RANK mice showing preneoplastic lesions or tumors upon histological examination. Right graph shows
the mean number of tumors per mouse. Mice free of lesions younger than 1 year or with less than three pregnancies for MP were not considered.
(C): Representative histology (hematoxylin and eosin) and K5 or K14 (green), K8 (red), and SMA (magenta) immunostaining in MMTV-RANK
spontaneous tumor lesions. All tumors are heterogeneous; staining for a representative area is shown. (D): Frequency of CD24hi/lo, CD49fhi/lo,
Scal+, CD61+, and CD49bhi/lo cells in Lin-population found in MMTV-RANK spontaneous tumors (T1-T5) analyzed by fluorescence-
activated cell sorting. Positive/negative and high (hi)/low (lo) populations were set according to populations in the normal mammary gland. Meas-
urements were performed in triplicate and mean and SD values are shown. Tumors are significantly different even when only CD24hi, CD49fhi,
and Scal+ are considered (MANOVA; Wilks Lambda: p = 2.844e-13). Abbreviations: MMTV-RANK, mouse mammary tumor virus-receptor
activator of NF-kappa B; SMA, smooth muscle actin; WT, wild type; MANOVA, Multivariate Analysis of Variance.
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Figure 5. Physiological and pathophysiological upregulation of RANK in wild type (WT) mammary glands. See also Supporting Information
Figure S6. (A): RANK expression relative to K8 in mammary glands of young virgin, old virgin, and old multiparous (MP) WT mice. Each dot
represents one mouse. Mean, SEM, and r-test p values are shown. For each sample measurements were performed in triplicate and mean was
used. (B): Representative images of RANK expression as detected by IHC in normal ducts, secretory hyperplasia, and a low-grade adenoma of
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Abbreviations: HP, hyperplastic; MP, multiparous; WT, wild type; IHC, immunohistochemistry.

Spontaneous Preneoplastic Lesions and
Heterogeneous Mammary Tumors in MMTV-RANK
Mice

Our results show that RANK signaling disrupts mammary differ-
entiation in virgin and parous glands, leading to the accumulation
of MaSC, luminal and intermediate progenitors. K14+K8+ cells
were found in the ducts from aged multiparous MMTV-RANK
glands at frequency of 3.1%, a 2.3-fold increase when compared
with the ducts of virgin young mice (Supporting Information Fig.
S3B). We hypothesize that under continuous RANK stimulation,
progenitors blocked in differentiation accumulate, acquire muta-
tions, and might initiate tumorigenesis. After multiple pregnan-
cies, 38% of elderly MMTV-RANK/FVB mice spontaneously
developed high-grade invasive tumors with evidence of pulmo-
nary metastasis (data not shown) and some mice showed multiple
tumors (Fig. 4A-4C). Upon histological examination, preneo-
plastic lesions, including extensive hyperplasias and mammary
intraepithelial neoplasias, were observed in most (90%) multipa-
rous MMTV-RANK mammary glands and also in 25% of virgin
aged MMTV-RANK mice (Fig. 4B; Supporting Information
Fig. S3A). Age-matched multiparous WT mice exhibited only
focal hyperplasias (25%) but no evidence of invasive tumors
(Fig. 4A, 4B).

Invasive tumors (T1-TS5) from MMTV-RANK mice
showed a complex histological intra- and inter-tumor hetero-
geneity with different expression patterns of keratin and SMA
staining despite all being RANK+ PR— (Fig. 4C; Supporting
Information Figs. S3D, S4, S5). Consistent with the expansion
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of earlier progenitors observed in MMTV-RANK mice, each
MMTV-RANK tumor was morphologically distinct, even in
the case of tumors found in the same mouse (T2 and T3).
MMTV-RANK tumors contained luminal (K8+) and/or basal
(K5+, K14+, or SMA+) cells and importantly, cells coex-
pressing K14/K8, which were more frequent in the poorly dif-
ferentiated tumors (T4 and T5). In contrast, K5+/K8+ cells
were scarce in all tumors (Fig. 4C; Supporting Information
Fig. S3D, S4, S5). FACS analyses revealed further heteroge-
neity between tumors (Fig. 4D; Supporting Information Fig.
S3C, S3D). Higher expression levels of CD24 were found in
tumors with high K8 expression, suggesting a luminal origin
(T1 and T3), as opposed to KS+ tumors (T2). Expression of
Scal, CD61, and CD49b varied greatly between tumors and
even within the same tumor (i.e., T5 contains two cell popula-
tions with different expression of CD49b and Scal, which
may be indicative of a polyclonal origin) (Fig. 4D; Supporting
Information Fig. S3C, S3D). These results suggest that
RANK overexpression disrupts mammary cell fate leading to
extensively heterogeneous tumors that may originate from dif-
ferent populations of basal or luminal cells or alternatively
from multipotent progenitors.

RANK Expression Increases with Age and
Multiparity in WT Mice

Reproductive history and age have been linked to mammary
tumorigenesis [12], and we found that increased levels of
RANK expression promote spontaneous mammary tumors in
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Figure 6.

ECM-receptor interaction pathway

Association between RANK gene (also known as TNFRSF11A) expression differences among human breast tumors and the signatures

that characterize mammary epithelial differentiation hierarchy. Left panel, TCGA tumors were classified into the intrinsic subtypes using the
PAMSO0 predictor. The expression profiles of the genes encoding for ER, HER2, and PR (ESRI, ERBB2, and PGR, respectively) are shown. Mid-
dle panel, graphs showing the normalized expression values of RANK across basal-like and luminal A tumors; the first (low expression) and third
(high expression) tertiles are highlighted. Right panels, GSEA graphical outputs for the association analysis between RANK tumor expression dif-
ferences and the mammary epithelial differentiation signatures in basal-like and luminal A tumors. The signatures were previously identified as
conserved in mice and human models, and specifically corresponding MaSC, luminal progenitors and luminal mature cells [29]. Each signature
was analyzed using the gene subsets corresponding to over- or underexpression (Supporting Information Table 1). The GSEA enrichment scores
and nominal p values are shown. The ECM-receptor interaction pathway was found significantly over-represented in the leading edge (false dis-
covery rate <5% relative to rest of the given set) that defines the association between high RANK expression and the MaSC signature (overex-
pressed genes) in luminal A tumors. The rest of GSEA associations did not show significant over-representation of pathways beyond what was
originally described for the signatures. Abbrevations: ER, estrogen receptor, IHC, immunohistochemistry, ECM, extra-cellular matrix.

mice. Rank mRNA expression, normalized to the epithelial
content, was significantly higher in mammary glands from
aged than young virgin WT (FVB) and was even higher in
multiparous than in virgin glands (Fig. 5A). RANK protein is
strongly expressed in spontaneous mammary secretory hyper-
plasias and ductal adenomas found occasionally in aged mul-
tiparous females compared with young virgin mammary
tissues (Fig. 5B). Glands from aged multiparous WT mice
showed a moderate increase in the frequency of basal and
luminal cells as compared to younger WT and enhanced side
branching, resembling the RANK-overexpressing glands (Sup-
porting Information Fig. S6A. S6B). Sox9 and Eif5 expression
levels increase with age and parities (Supporting Information
Fig. S6C). While K14+K8+ cells were very rare in normal
ducts of young virgin WT mice (Fig. 1C, 1E), their frequency
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increases in the ducts of elderly multiparous females and
increases further in hyperplastic lesions (Fig. 5C, 5D). Our
findings show that RANK expression increases with age and
parity in the WT mammary gland, emulating some of the phe-
notypes observed in the MMTV-RANK glands.

RANK Expression Levels in Human Breast
Adenocarcinomas Are Associated with Altered
Mammary Differentiation

Previous work suggested a role for activated RANK signaling
in human breast carcinogenesis; RANK expression was found
in a subgroup of luminal and basal human mammary adeno-
carcinomas and was associated with tumor aggressiveness
[17]. Based on these observations and the results presented
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Figure 7. Schematic model showing RANK role in the regulation of mammary cell fate and breast cancer. Top: constitutive activation of
RANK in virgin glands expands the luminal and basal compartment (including mammary stem cell) and disrupts luminal differentiation interfer-
ing with the generation of CD61+ luminal cells and EIf5 expression. Bottom: impaired cell commitment results in the accumulation of earlier
progenitors, including bipotent K14+K8+ cells that during aging accumulate mutations and can initiate tumorigenesis. MMTV-RANK intertumor
heterogeneity and the abundance of K14+/K8+ cells within the tumors suggest that each tumor may originate from progenitors that later differ-
entiate into distinct phenotypes. Abbreviations: MaSC, mammary stem cell; RANK, receptor activator of NF-kappa B; RANKL, RANK ligand.

here, RANK expression in these tumors may be associated
with alteration of cell differentiation programs. To assess this,
hypothesis data from TCGA [28] were analyzed for the
expression levels of the genes that characterize mammary dif-
ferentiation hierarchy in mice and humans, including MaSC,
luminal progenitors, and luminal mature cells [29]. The pri-
mary human tumors represented in TCGA dataset were first
classified into the intrinsic subtypes using the PAMS50 predic-
tor. Subsequently, the basal-like and luminal A tumors were
categorized into tertiles according to the expression levels of
RANK (Fig. 6). No differences in the expression of the genes
encoding for ER and PR were identified between the RANK-
based basal-like or luminal A subgroups. Next, the ranks of
expression differences between high and low RANK-express-
ing tumors were analyzed using the Gene Set Enrichment
Analysis (GSEA) tool. The results revealed an association
between high RANK expression in human breast tumors and
altered mammary differentiation for both basal-like and lumi-
nal A tumors: while the gene sets that characterize MaSC and
luminal progenitors were positively correlated with high
RANK expression, an opposite pattern was observed for the
gene sets that characterize the luminal mature cells (Fig. 6;
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Supporting Information Table 1). Regarding the link with altered
signaling pathways, over-representation analysis in the GSEA
leading edges only found the extracellular matrix (ECM)-
receptor interaction pathway as significantly associated with
high RANK expression and the MaSC signature (overexpressed
genes) in luminal A tumors (Fig. 6). Specific interactions
between cells and the ECM are mediated by transmembrane
molecules, mainly integrins or other cell-surface-associated
components and lead to a direct or indirect control of multiple
cellular activities. The rest of leading edges did not show differ-
ences relative to what was described previously for the specific
expression signatures [29]. Together, these results indicate that,
akin to the observations made from mice studies, activated
RANK signaling associates with a cell dedifferentiation profile
in different subtypes of human breast cancer.

DiscussioN

The fact that RANK overexpression and RANK loss impaired
mammary gland development [13,14] suggests that RANK
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signaling controls mammary epithelial cell fate (schematized
in Fig. 7). Our data reveal profound effects of the activated
RANK/RANKL pathway on the mouse mammary epithelial
hierarchy, affecting mammary cell fate and subsequently
enhancing tumor initiation and progression. It was postulated
that RANK signaling was the paracrine mediator of the
expansion in the MaSC-enriched compartment driven by pro-
gesterone in mice [10,11]. As no specific markers allow the
isolation of MaSC from the bulk of basal cells, the identifica-
tion of MaSC relies on their ability to repopulate the mam-
mary fat pad and their clonogenic potential. The increased
repopulation frequency of basal MMTV-RANK cells and their
enhanced ability to form colonies, supports that activation of
RANK signaling expands the MaSC population. Increased
expression of Sox9 and Slug, genes that have recently been
shown to mediate MaSC function [26] is observed in basal
MMTV-RANK cells. These results corroborate in vivo our
findings in human mammary epithelial cell lines, where we
recently demonstrated that RANK overexpression induces
stemness [17].

Constitutive activation of RANK in the mouse mammary
gland expands not only the basal and MaSC population, but
also the luminal compartment, and has dramatic effects on the
distribution of luminal subpopulations. RANK overexpression
resulted in an expansion of the luminal populations CD24hi
CD49flo Scal — and CD24hi CD49flo CD49b+ but interfered
with the generation of the luminal CD24hi CD49flo CD61+
that establish the alveolar lineage during pregnancy [2,3].
MMTV-RANK luminal cells retained their clonogenic ability
which has further enhanced by RANKL, despite the decrease
in CD61+ luminal cells, suggesting that the colony-forming
ability 1s likely compensated by other luminal progenitors.
The significant decrease in EIfS expression in luminal cells
from virgin MMTV-RANK mice fits with the notion that EIf5
is required for luminal cell differentiation [3]. Notably, it has
been recently shown that EIf5 loss, akin RANK overexpres-
sion, induces MaSC activity and epithelial to mesenchymal
transition (EMT) [17,22,30]. Our findings now indicate that
the decline in the CD61+ alveolar progenitors contributes to
the failure of alveologenesis and lactation in MMTV-RANK
mice.

The hyperplastic epithelia, increased side branching and
aberrant ducts observed in virgin MMTV-RANK glands is
similar to that induced by progesterone treatment [31], sug-
gesting that RANK expression is emulating aspects of acute
progesterone stimuli. We hypothesize that RANK could con-
tribute to the increased risk of breast cancer development
associated with reproductive history and aging by accumula-
tion of undifferentiated cells or progenitors. Several findings
are consistent with this hypothesis: RANK expression
increases in the WT mammary gland with age and parity;
mammary ducts and hyperplastic lesions of aged multiparous
WT females strongly express RANK and contain Kl14+/
K8+ cells at higher frequencies than ducts from young
females; RANK overexpression results in an expansion of
K14+/K8+ cells in the virgin gland; spontaneous tumors
found in aged multiparous MMTV-RANK mice contain
K14+/K8+ cells, suggesting that these cells may contribute
to tumorigenesis, In the aged human mammary gland similar
changes, a reduction in myoepithelial cells and an increase
in luminal cells expressing basal markers, resulting from an
age-dependent expansion of defective multipotent progeni-
tors, were reported [32] and RANKL was shown to induce
the expression of basal cell markers and prevent milk pro-
duction in human mammary acini [33]. Accumulation of
K14+/K8+ cells, identified as intermediate progenitors
blocked in differentiation and mislocalization of K14+ cells

71

RANK Disrupts Mammary Cell Fate Leading to Cancer

in the luminal compartment have been reported in the ducts
of mice deficient for EIf5 during pregnancy and in spontane-
ous tumors [22,23]. We show that K14+K8+ cells are found
in colonies derived from both basal and luminal cells, in
contrast to K5+K8+ cells that are only found in basal colo-
nies. K5+K8+ cells, in contrast to K14+K8+ cells were
scarce in MMTV-RANK spontaneous. These results support
that K5 and K14 mark different populations of cells [34],
and situates KI144/K8+ cells at the edge basal/luminal
differentiation.

Different breast tumor subtypes may originate from differ-
ent classes of stem/progenitor cells [35]. In fact, it has been
directly demonstrated that the cell of origin of a tumor is one
of the key determinants of the tumor’s histological features
[36]. Inter- and intratumor heterogeneity observed in sponta-
neous MMTV-RANK tumors suggest that each tumor may
originate from a different population of luminal and basal
cells or from multipotent progenitors that later differentiate
into distinct phenotypes. This tumor heterogeneity in MMTV-
RANK mice contrasts with other MMTV-driven models such
as MMTV-neu or MMTV-PyMT, which are highly clonal and
homogenous [37-39]. Thus, RANK-induced changes in lumi-
nal, basal, and progenitor cells can cooperate with additional
stochastic changes that occur in these cells to promote tumor
initiation and progression.

We had previously shown that RANK is expressed in
50% of basal and 20% of luminal human breast adenocarcino-
mas and that RANK overexpression in human mammary cell
lines induces stemness [17]. This GSEA analyses supports the
hypothesis that RANK expression in luminal A and basal
human breast adenocarcinomas is associated with a poorly
differentiated phenotype and may therefore result in a poorer
prognosis. At least signaling cascades mediated by protein
kinases are induced by RANK signaling during osteoclasto-
genesis and activation —inhibitor of NF-xB kinase (IKK), c-
Jun N-terminal kinase (JNK), p38, extracellular signal-
regulated kinase (ERK), and Src pathways [40]. Future studies
will reveal which of the downstream targets of RANK signal
transduction in mammary epithelia mediate RANK-driven
alterations in MaSC fate. In conclusion, this study, as repre-
sented in Figure 7, demonstrates that activated RANK signal-
ing targets the basal and luminal compartments for expansion,
impairing mammary cell fate and eventually leading to hyper-
plasia and tumorigenesis.

CONCLUSION

This study provides the first evidence that RANK is a master
regulator of MaSC fate. Constitutive RANK expression inter-
feres with basal and luminal cells commitment, resulting in
the accumulation of MaSC, luminal and bipotent progenitors.
Our data support the hypothesis that RANK driven expansion
of mammary progenitors underlies RANK induced tumorigen-
esis and make an argument for a physiological upregulation
of RANK in the mammary epithelia during aging and parity
providing a mechanistic rationale for the increased risk of
breast cancer with age.
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Figure 1: RANK overexpression disrupts epithelial morphology. See also Supporting Information
Figure S1.

(A): Representative images of whole mounts and hematoxylin and eosin of virgin wild type (WT)
and MMTV-RANK mammary glands.

(B): K14 and K8 messenger RNA expression relative to $-actin in the mammary glands of virgin WT
and MMTV-RANK mice. Each dot represents one mouse. Mean, SEM, and t-test p values are
shown.

(C): Representative images of K5 and K8 staining in mammary epithelia of virgin WT and MMTV-
RANK mice (12— 15 weeks old). Asterisks indicate double positive K5/K8 cells that are magnified in
the insets. Arrows indicate other abnormalities including multilayer of K51 cells, K51 cell in the
luminal area, or absence of K5 in the basal layer.

(D): Percentage of ducts per virgin mouse showing the indicated lesions. Between 5 and 7 ducts
were analyzed per mouse. Mean, SD, and t-test p values are shown. Delocalization includes extra
layer of K5+ cells, K5+ cells in the luminal area, and absence of K5 in the basal area as shown in C.
(E): Percentage of K5+/K8+ and K14+/K8+ cells versus total number of cells per duct in 12—-15
weeks old virgin WT and MMTV-RANK mice. For each mouse, seven ducts were analyzed. Mean,
SD, and t-test p values are shown. Abbreviations: DAPI, 406 Diamino-2-Phenylindole
Dihydrochloride; MMTV-RANK, mouse mammary tumor virus-receptor activator of NF-kappa B;
WT, wild type.
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Figure 2
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Figure 2. Constitutive expression of RANK alters mammary populations. See also Supporting
Information Figure S2.

(A): Representative fluorescence-activated cell sorting dot plot and histograms showing mammary
populations of virgin wild type (WT) and MMTV-RANK mice. Dot plot shows the expression of
CD24 CDA49f in the lineage negative Lin- (CD45- CD31-) population. Histograms show the
expression of Scal+, CD61+, and CD49bhi in luminal cells. Overlay with the corresponding
negative control is shown. Numbers correspond to the percentages of the basal and luminal
population in the Lin- population and the number of events quantified.

(B): Quantification of the percentage of CD24lo CD49fhi (basal, B) and CD24hi CD49flo (luminal, L)
in the Lin- population, and the frequency of Scal+, CD61+, and CD49b+ within the basal and
luminal population of virgin WT and MMTV-RANK mice. A population of 10,000 live cells was
captured, 62% and 78% of these cells are Lin- cells in WT and MMTV-RANK mammary glands,
respectively. Mean, SD, and t-test p values are shown.

(C): Percentage of PR+ cells within the luminal compartment measured by immunohistochemistry
in WT and MMTV-RANK virgin glands. Each bar represents one mouse. Six ducts per mouse were
quantified. Mean and SD values are shown.
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(D): Percentage of CD61+ cells within the Iluminal compartment determined by
immunofluorescence in WT and MMTV-RANK virgin glands. Five ducts per mouse were quantified.
Mean values, SD, and t-test p values are shown. Abbreviations: MMTV-RANK, mouse mammary
tumor virus-receptor activator of NF-kappa B; PR, progesterone receptor; WT, wild type.
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Figure 3
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Figure 3. RANK overexpression results in an expansion of the MaSC and luminal progenitor cell
pool.

(A): Reconstitution efficiencies of wild type (WT) and MMTV-RANK basal CD24lo CD49fhi MECs.
Each circle represents one transplanted fat pad and the percentage of reconstitution as indicated.
Table indicates the ELDA quantification to calculate the frequency of MaSC.

(B): Number of colonies formed in matrigel by WT and MMTV-RANK indicated cell populations
(basal [B], luminal progenitor [LP], and luminal mature [LM]) cultured with or without RANKL (RL
or untreated). Luminal colonies were classified according to morphology as shown in C
(solid/other). Each bar represents mean values for 4—6 independent experiments. In each
experiment, a pool of 3—5 WT or MMTV-RANK mice was used. SD and t-test p values are included.
(C): Representative images showing morphology, and K5 or K14 (green), K8 (red) and DAPI (blue)
staining found in colonies formed by basal (B) and LP cells.

(D): Expression of the indicated genes in MMTV-RANK fluorescence-activated cell sorting-sorted
basal (CD24lo CD49fhi) and luminal (CD24hi CD49flo) cells relative to WT. Each dark bar
represents values of cells isolated from an independent pool of 3-5 MMTV-RANK mice normalized
to the expression found in WT pools (3—4 mice). For each sample measurements were done in
duplicate and SD are shown. Abbreviations: DAPI, 406 Diamino-2-Phenylindole Dihydrochloride;
LP; luminal progenitor; MMTV-RANK, mouse mammary tumor virus-receptor activator of NF-
kappa B; RL, RANK ligand; WT, wild type.
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Figure 4
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Figure 4. MMTV-RANK mice spontaneously develop preneoplastic lesions and tumors that are
histologically heterogeneous and composed by distinct mammary populations. See also
Supporting Information Figures S3, S4, and S5.

(A): Kaplan Meier graph showing the percentage of palpable lesions in multiparous (at least three
pregnancies) wild type (WT) and MMTV-RANK mice.

(B): Left graph shows percentage of aged multiparous (MP) or virgin WT and MMTV-RANK mice
showing preneoplastic lesions or tumors upon histological examination. Right graph shows the
mean number of tumors per mouse. Mice free of lesions younger than 1 year or with less than
three pregnancies for MP were not considered.

(C): Representative histology (hematoxylin and eosin) and K5 or K14 (green), K8 (red), and SMA
(magenta) immunostaining in MMTV-RANK spontaneous tumor lesions. All tumors are
heterogeneous; staining for a representative area is shown.

(D): Frequency of CD24hi/lo, CD49fhi/lo, Scal+, CD61+, and CD49bhi/lo cells in Lin-population
found in MMTV-RANK spontaneous tumors (T1-T5) analyzed by fluorescence activated cell
sorting. Positive/negative and high (hi)/low (lo) populations were set according to populations in
the normal mammary gland. Measurements were performed in triplicate and mean and SD values
are shown. Tumors are significantly different even when only CD24hi, CD49fhi, and Scal+ are
considered (MANOVA; Wilks Lambda: p=2.844e-13). Abbreviations: MMTV-RANK, mouse
mammary tumor virus-receptor activator of NF-kappa B; SMA, smooth muscle actin; WT, wild
type; MANOVA, Multivariate Analysis of Variance.
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Figure 5
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Figure 5. Physiological and pathophysiological upregulation of RANK in wild type (WT) mammary
glands. See also Supporting Information Figure S6.

(A): RANK expression relative to K8 in mammary glands of young virgin, old virgin, and old
multiparous (MP) WT mice. Each dot represents one mouse. Mean, SEM, and t-test p values are
shown. For each sample measurements were performed in triplicate and mean was used.

(B): Representative images of RANK expression as detected by IHC in normal ducts, secretory
hyperplasia, and a low-grade adenoma of aged multiparous WT mouse (adenoma was found in a
90-week-old WT) and ducts from a young mouse.

(C): Representative images of K8 (red) and K14 (green) staining in mammary epithelia from aged
multiparous WT glands. K14+/K8+ are magnified in the insets.

(D): Percentage of K14+/K8+ cells versus total number of cells per duct or hyperplastic structure
(HP) of aged multiparous WT mice. Quantification in ducts from young virgin females is included
for comparison. Five to seven ducts/structures were analyzed per mouse. Data represent the
mean and SD. Abbreviations: HP, hyperplastic, MP, multiparous; WT, wild type; IHC,
immunohistochemistry.
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Figure 6
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Figure 6. Association between RANK gene (also known as TNFRSF11A) expression differences
among human breast tumors and the signatures that characterize mammary epithelial
differentiation hierarchy. Left panel, TCGA tumors were classified into the intrinsic subtypes using
the PAMS50 predictor. The expression profiles of the genes encoding for ER, HER2, and PR (ESR+,
ERBB2, and PGR, respectively) are shown. Middle panel, graphs showing the normalized
expression values of RANK across basal-like and luminal A tumors; the first (low expression) and
third (high expression) tertiles are highlighted. Right panels, GSEA graphical outputs for the
association analysis between RANK tumor expression differences and the mammary epithelial
differentiation signatures in basal-like and luminal A tumors. The signatures were previously
identified as conserved in mice and human models, and specifically corresponding MaSC, luminal
progenitors and luminal mature cells [29]. Each signature was analyzed using the gene subsets
corresponding to over- or underexpression (Supporting Information Table 1). The GSEA
enrichment scores and nominal p values are shown. The ECM-receptor interaction pathway was
found significantly over-represented in the leading edge (false discovery rate <5% relative to rest
of the given set) that defines the association between high RANK expression and the MaSC
signature (overexpressed genes) in luminal A tumors. The rest of GSEA associations did not show
significant over-representation of pathways beyond what was originally described for the
signatures. Abbrevations: ER, estrogen receptor, IHC, immunohistochemistry, ECM, extra-cellular
matrix.
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Figure 7
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Figure 7. Schematic model showing RANK role in the regulation of mammary cell fate and breast
cancer. Top: constitutive activation of RANK in virgin glands expands the luminal and basal
compartment (including mammary stem cell) and disrupts luminal differentiation interfering with
the generation of CD61+ luminal cells and EIf5 expression. Bottom: impaired cell commitment
results in the accumulation of earlier progenitors, including bipotent K14+K8+ cells that during
aging accumulate mutations and can initiate tumorigenesis. MMTV-RANK intertumor
heterogeneity and the abundance of K14+/K8+ cells within the tumors suggest that each tumor
may originate from progenitors that later differentiate into distinct phenotypes. Abbreviations:
MaSC, mammary stem cell; RANK, receptor activator of NF-kappa B; RANKL, RANK ligand.
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SUPPLEMENTAL INFORMATION

Supplemental Figure 1
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Supplemental Figure 1. RANK overexpression under the MMTV promoter impairs alveolar
differentiation and promotes proliferation.

A. Representative image showing RANK expression in a normal duct of MMTV-RANK mice as
measured by IHC.

B. Representative images of mammary whole mounts of virgin and late gestation (G18.5) WT and
MMTV RANK mice.

C. mRNA expression levels of milk protein, Wap relative to B-actin in WT and MMTV-RANK glands
at the indicated time points during gestation. Each bar represents mean values for two or three
mice and SD are shown. Measurements for each sample were performed in triplicate and mean
was used.

D. Frequency of BrdU positive cells in mammary glands of WT and MMTV-RANK mice at the
indicated points. Each bar represents mean values and SD for two mice.

E. Representative images of BrdU immunostaining at G14.5 in WT and MMTV-RANK mammary
glands.

82



Supplemental Figure 2

0,025 -
0,020 Rank/p-actin
0,015 .
5 0010 % Scal+inlL
2 0005 80
;6<. 0,000 ® g
° 8:3 40
= 3,0 - N -
£ 25 K14/B-actin 20
T 20 0,0 o T
= 15 Wt MMTV-RANK
10
05 I
0,0
LP LM B LP LM B
C B&LP inLin-
p<0,0001
2 WT (n=4, 5)
3
2 B vMTV-RANK (n=6, 7)
a
CD24lo CD49fhi CD24hi CD49flo
Scal- Scal-
D CD24hi CD49flo (L) in Lin- % CD61+in L % CD49bhiin L
60 p=0,0008 807 p<0,0001 p=0,005 100, p=0,0006 p=0,0002
50+ ]
40/p=0m7 P=00001 60 I 1
2 =l &0
ERED] a04— WT (n=4 virgin, 4 G10,5, 3 G14,5)
= ! 40 ];
20 I 201 0 B MMTV-RANK (n=7 virgin, 5 G10,5, 4 G14,5)
10— 1 E E |
0 . - . 0 o . .
virgin G10.5 G14.5 virgin G10.5 G14.5 virgin G10.5 G14.5

50 % CD61+inL

40 -

% cells

30 J_]_ J _— WT (n=4 young, 4 old, 3 mp old)
I B MMTV-RANK (n= 7 young, 5 old, 4 mp old)

04+ — —

10 1

young aged aged
virgin  wvirgin MP

Supplemental Figure 2. RANK overexpression disrupts mammary populations in WT and MMTV-
RANK mammary glands.

A. Expression of Rank and K14 mRNA relative to B-actin in FACS sorted populations of virgin WT
and MMTV-RANK mammary glands. Basal (B): CD24lo CD49fhi Sca-1-, Luminal Progenitor (LP):
CD24hi CD49flo Sca-1-, luminal mature (LM): CD24hi CD49fhi Sca-1+. Mammary cell pools from 2
WT and 3 MMTV-RANK mice were analyzed. Quantification was performed in duplicate, mean and
SD values are shown.

B. Frequency of Sca-1+ cells within the luminal population of virgin WT and MMTV-RANK glands.
Each bar represents one mouse.

C. Quantification of the percentage of CD24lo CD49fhi Sca-1- (B:basal) and CD24hi CD49flo Sca-1-
(LP: luminal progenitor) in the Lin- population of virgin WT and MMTV-RANK mammary glands.

D. Quantification of the percentage of CD24+ CD49flo (luminal) in the Lin- population, and of
CD61+ and CD49b+ referred to luminal cells of WT and MMTV-RANK virgin and pregnant
mammary glands at the indicated points in gestation.

E. Quantification of the percentage of CD61+ cells in luminal cells of young virgin (12-15 weeks),
aged virgin or multiparous (32-82 weeks) WT and MMTV-RANK mice.
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Supplemental Figure 3
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Supplemental Figure 3. RANK overexpression results in preneoplasic lesions and tumors that are
heterogeneous and contain K14+K8+ cells.

A. Representative images of H&E sections of aged virgin and multiparous mammary glands of WT
and MMTV-RANK mice.
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B. Percentage of K14+/K8+ cells versus total number of cells per duct of aged multiparous (MP)
MMTV-RANK mice. Quantification in ducts from young females is included for comparison. 5-7
ducts/structures were analyzed per mouse. Mean, SD and t-test p values are shown.

C. FACS histograms showing CD24, CD49f, Sca-1, CD61 and CD49b staining within the Lin-, in four
spontaneous MMTV-RANK tumors. For some markers axis for high/low populations are shown.
Overlay with corresponding negative controls is shown.

D. Summary table of the tumor phenotypes. Most frequent profiles of the tumor cells are shown.
n.a. not analyzed. Two populations were found in T5 with different CD49b and Sca-1 values as
indicated. K14 refers to cells K14+ K8-. K5 refers to cells K5+ K8- and K8 to cells K8+K14-K5-.
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Supplemental Figure 4

SMA

A
00

T1

T2-
T2-

T3

T4

15

T6

50 um

Supplemental Figure 4. Keratin profiles of MMTV-RANK spontaneous tumors reveal
heterogeneity.
Representative images of DAPI, K5, K14, K8 and SMA immunostaining in spontaneous MMTV-
RANK tumors.
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Supplemental Figure 5
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Supplemental Figure 5. Keratin profiles of MMTV-RANK spontaneous tumors reveal
heterogeneity.
Representative images of DAPI, K5, K14, K8 and SMA immunostaining in spontaneous MMTV-
RANK tumors.
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Supplemental Figure 6
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Supplemental Figure 6. Mammary glands of aged multiparous WT mice resemble those of MMTV-

RANK mice.

A. Representative images of whole mounts of multiparous mammary glands of old WT and

MMTV-RANK mice.

B. Quantification of the percentage of CD24lo CD49fhi (basal) and CD24hi CD49flo (luminal) in the
Lin- population, of young virgin (12-15 weeks), aged virgin or multiparous (MP; 32-82 weeks) WT

and MMTV-RANK mice.

C. Sox9 and Slug expression relative to K14, and EIf-5 expression relative to K8 in mammary glands
of young virgin, old virgin and old multiparous (MP) WT mice. Each dot represents one mouse.
Mean, SEM and significant t-test p values are shown. For each sample measurements were
performed in triplicate and mean was used.
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ANNEX 1

“NF-kB signaling in mammary stem cell fate”
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ABSTRACT

RANK signaling pathway plays a key role regulating mammary gland development. RANK
overexpression in virgin glands induces proliferation and impairs mammary stem cell fate,
resulting in accumulation of mammary stem cells and intermediate progenitors. In this
annex we introduce some preliminary results about the contribution of RANK downstream
NF-kB signaling pathway to the mammary stem cell fate. Our results indicate a complex
regulation of NF-kB signaling pathway in RANK overexpressing virgin and midgestant
mammary glands. Colony forming assays from basal and luminal progenitors allowed us to
follow the differentiation process for the basal and luminal compartment. Basal cells give
rise to colonies that contained keratin 5, keratin 8 and cells co-expressing both keratins,
demonstrating that they derive from MaSC or bipotent progenitors. In contrast, colonies
derived from luminal Scal- cells exclusively express keratin 8, evidencing their unipotent
origin.

NF-kB inhibition significantly increases the number of colonies from both basal and
luminal compartment but reduces their size. In the presence of NF-kB inhibitors reduced
K8 expression in basal colonies and enhanced K5 expression in luminal colonies is
observed. A nuclear phosphorylated IkBa. is detected in basal but not in luminal colonies
cultured in the presence of NF-kB inhibitors, suggesting an association between nuclear p-
IKBaw and stemness. No differences between WT and MMTV-RANK derived colonies are
observed. These results support a role for NF-kB signaling in the differentiation of the
basal lineage into luminal lineage and maintenance of luminal lineage within the
mammary epithelium in both WT and MMTV-RANK acini.

Moreover, accumulation of mammary stem cells and luminal progenitors observed in

MMTV-RANK mice is not mediated by enhanced activation of NF-kB signaling pathway.
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INTRODUCTION

RANK/RANKL signaling pathway plays a key role in mammary gland development. We
have recently shown that RANK overexpression in mammary glands increases proliferation
of the mammary epithelium and disrupts mammary stem cell fate, resulting in
accumulation of mammary stem cells (MaSC) and intermediate progenitors (Pellegrini
et al. 2013). Moreover, activation of RANK signaling at midgestation impairs mammary
alveolar differentiation and lactogenesis through inhibition of PrIR/STAT5/EIf5 signaling
pathway (Cordero et.al, under revision).

Previous results demonstrate that RANK overexpression in MCF10A human mammary
epithelial cells leads to constitutive activation of several pathways including NF-kB (Palafox
et al. 2012), a protein complex that plays a crucial role in biological processes such as cell
proliferation, immune response or cancer (Demicco et al. 2005; Liu et al. 2010; Kendellen
et al. 2014). Five NF-kB members exist in mammals including RelA (p65), RelB, c-Rel, p50
and p52-p100, which form different complexes of homo- and heterodimers that are
retained inactive in the cytoplasm by a family of NF-kB inhibitors, IKBs (IKB-a, 3, €) (Bonizziy
Karin 2004; Gilmore 2006). Importantly, two main NF-kB-activating pathways exist in cells:
canonical and non-canonical. The most common mechanism of regulation of NF-kB activity
is through the canonical pathway, where IKK complex (IKKa-3) is activated by diverse stimuli
such as TNF-o, or lipopolysaccharide (LPS). Activated p-IKK phosphorylates IKBa inhibitor
protein resulting in its ubiquitination and degradation, and subsequent release of the p65-
p50 heterodimer for activation and nuclear translocation (Karin 1999). The activation of the
pathway promotes inflammation, cell survival and proliferation (Gerondakis et al. 2014).
Alternatively, NF-kB signaling can also be activated through the non-canonical pathway,
where specific members of the TNF cytokine family, such as CD40 or BAFF promote IKK-a
phosphorylation by NIK. Activated p-IKK-a phosphorylates the p100 precursor of p52 to
generate p52/RelB heterodimers that have affinity for a subset of NF-kB response elements
and generate a distinctive gene expression pattern in the nucleus which favors chemokine
production and lymphoid stroma survival (Perkins 2007; Gerondakis et al. 2014).

Multiple evidences suggest that NF-kB activity is important for mammary gland
development. Indeed, virgin mice lacking the gene encoding for IkBa and therefore
showing constitutive activation of NF-kB display an increased epithelial cell proliferation
and lateral ductal branching (Brantley et al. 2001), a similar phenotype to that observed in
MMTV-RANK mammary glands (Pellegrini etal. 2013). It has been previously
demonstrated an activation of the canonical NF-kB pathway, with increased p65 nuclear
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translocation, in MMTV-RANK MECs under RANKL stimulation in vitro, compared to WT
(Gonzalez-Suarez etal. 2007). Moreover, activation of IKK-oin response to RANK
engagement is required for CyclinD1 induction and proliferation of lobuloalveolar
epithelial cells, evidenced by the defective MECs proliferation, as well as the retarded
growth of the lobuloalveolar tree during pregnancy in IKK-o**A “knockin” mice (Y. Cao
et al. 2001; Yixue Cao, Luo, y Karin 2007).

We therefore aimed to investigate whether RANK overexpression leads to enhanced
activation of NF-kB signaling and its putative contribution to the accumulation of
mammary stem cells and progenitors observed in virgin MMTV-RANK mammary glands
(Pellegrini et al. 2013).
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RESULTS AND DISCUSSION

1. Complex regulation of NF-kB signaling in MMTV-RANK mice

First, we analyzed the expression and activation of NF-kB in the mammary glands of WT
and MMTV-RANK mice.

Analysis by immnunohistochemistry (IHC) in virgin WT and MMTV-RANK mammary glands
showed slightly increased p65 staining in MMTV-RANK compared to WT ductal cells,
where little p65 expression was found (Fig 1). Small alveoli, abundant in MMTV-RANK
virgin glands (Pellegrini et al. 2013), showed higher levels of p65 expression than ductal
cells (Fig 1A), although the staining looks mostly cytoplasmatic. Upon activation of the
pathway p65 is phosphorylated and translocates to the nuclei. Thus, the expression levels
and cellular localization of different NF-kB proteins was analyzed by western blot (Fig 2A).
Cytoplasmatic, nuclear and chromatin protein extracts were obtained from virgin WT and
MMTV-RANK MECs. Preliminary results revealed variable levels of p65, p-lkBa. and
p52/p100 in the cytoplasm of WT and MMTV-RANK virgin glands. No clear differences in
p65 expression in the nuclear or chromatin fraction were observed. Nuclear p-lkBa was
detected in 2 out of 3 MMTV-RANK virgin glands analyzed. IkBa cytoplasmic fraction was
comparable between genotypes; in the chromatin fraction two IkBa bands with different
molecular weights were observed but they were present in both WT and MMTV-RANK
mammary cells. The higher band could correspond to a sumoylation modification that has
been previously described (Desterro, Rodriguez, y Hay 1998; Carbia-Nagashima et al.
2007). Protein post-transcriptional modifications with the ubiquitin-like protein SUMO
causes IkBo resistance to proteasome-mediated degradation (Demicco etal. 2005),
although the function and physiological context for this modification remains to be
addressed. Interestingly, MMTV-RANK mice showed lower p50 levels in the chromatin,
and increased nuclear p-IKKo. compared to WT (Fig 2A). The lack of differences in p65
suggested that this increase in p50 in WT MECs corresponds to p50 homodimers, which
have been previously described to promote anti-inflammatory responses though
transcription of interleukin-10 (IL-10) (S. Cao et al. 2006), suggesting a NF-kB-induced
inflammatory response in RANK overexpressing mice. In addition, nuclear p-IKKo has been
associated with tumor progression in human colorectal and prostate cancer (Margalef et
al. 2012; Ammirante et al. 2013). The specific function of nuclear p-IKKa in mammary
epithelial cells remains unexplored. Given the reduced progestin-driven mammary tumor

onset in mice with deletion of IKKo in the mammary epithelium (Schramek et al. 2010),
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this increase in nuclear p-IKKa levels could be related with pro-tumorigenic signals in
MMTV-RANK mammary glands that would be later activated under hormonal stimuli.
Together, these results suggested that alterations in NF-kB signaling pathway could have
relevance in the RANK-overexpressing MECs phenotype and mammary tumor formation
previously described (Pellegrini et al. 2013).

Previous data showed that mice overexpressing IkBo. (MMTV-1kBa™®) display no defects in
virgin mammary gland but a transient delay in mammary ductal branching development at
early pregnancy (Demicco et al. 2005). However, this delay is recovered at mid-late
gestation due to nuclear CyclinD1 induction and activation of RelB/p52 non-canonical NF-
kB, indicating that NF-kB is essential for mammary gland differentiation although different
NF-kB complexes may be active at different points in development (Demicco et al. 2005;
Pratt et al. 2009). A negative crosstalk between NF-kB and the PrIR/Jak2/Stat5 signaling
pathway, which occurs at the level of Stat5 tyrosine phosphorylation, has been reported
during pregnancy (Geymayer y Doppler 2000). We therefore analyzed the expression of
NF-kB pathway in midgestant (G.14,5) WT and MMTV-RANK MECs. Preliminary results
showed increased p-p65 and p65 cytoplasmic levels in MMTV-RANK MECs, but no
expression of p-IkBo or differences in total IkBow were found between WT and MMTV-
RANK MECs, indicating that canonical NF-kB pathway is not constitutively active in MMTV-
RANK pregnant mice. Thus, our results suggested a complex regulation of NF-kB pathway
at midgestation in RANK overexpressing glands, although further experiments are
required to analyze other members of NF-kB pathway and their contribution to the
MMTV-RANK phenotype.

Next, we aimed to discriminate the population within WT and MMTV-RANK virgin
mammary glands showing NF-kB expression or activation. Using cell surface markers, we
isolated virgin WT and MMTV-RANK CD45- CD31- lineage negative (Lin -) CD24hi CD49flo
Scal- (luminal Scal- or luminal progenitors) and Lin - CD24hi CD49flo Scal+ (luminal Scal+
or luminal differentiated) populations. The Lin - CD24lo CD49fhi basal population was
subdivided in CD24"° CD49f" (MaSC enriched) and CD24"° CD49f° (myoepithelia) as
previously shown (Zhang et al. 2013) (Fig 3A). In agreement with previous data (Beg et al.
1995), WT unsorted cells stimulated with LPS (1,6 pg/mL) showed activation of canonical
NF-kB pathway (Fig. 3B), evidenced by p65 nuclear translocation, demonstrating that NF-
kB pathway could be activated in vitro in our 3D cultures.

Our results confirmed population purity, as luminal cells were cytokeratin 8 positive (K8+)
and negative for cytokeratin 5 (K5-), whereas basal cells were K8-, K5+ (Fig 3C, left panel).
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P65 expression was found exclusively in the cytoplasm of all four WT and MMTV-RANK cell
populations indicating that the pathway is not active (Fig 3C, right panel). Importantly, we
showed that p65 expression was more abundant in luminal Scal- cells compared to
luminal Scal+, MaSC and myoepithelial cells in both WT and MMTV-RANK mice (Fig 3D, E).
No differences in the frequency of p65+ cells, neither in the intensity of the staining were
found between WT and MMTV-RANK populations (Fig 3D, E). Despite of the increase in
p65 positive cells found in MMTV-RANK luminal Scal+ population, very few cells were
quantified, consistent with the disrupted luminal Scal+ population described in MMTV-
RANK mice (Pellegrini etal. 2013). In the basal compartment, the frequency of cells
showing p65 cytoplasmic staining was higher in MaSC enriched population as compared to
myoepithelial cells, but again no differences were detected between WT and MMTV-RANK
cells (Fig 3D). Taken together these results indicate that p65 is expressed in luminal
progenitor cells and, to a lesser extent, in MaSCs from both WT and MMTV-RANK.
However, NF-kB canonical pathway is not active as no nuclear p65 staining was detected.
In contrast to our data, Pratt et.al found p65 activation in 100% of CD24hi CD49flo sorted
luminal cells, and absence of p65 expression in the basal CD24lo CD49fhi cells (Pratt et al.
2009). Differences with our results may be related to the sensitivity of the technique,
estrous cycle, activation during cell isolation or mouse strain, and will be clarified in the

future.

2. NF-kB inhibition interferes with differentiation and maintenance of

the luminal lineage

Next, in order to functionally address the role of NF-kB pathway in mammary cell fate, we
took advantage of in vitro 3D colony forming assays. It has been previously described that
luminal progenitors and stem cells have higher colony forming ability (Shackleton et al.
2006; Stingl et al. 2006; Asselin-Labat et al. 2007). Thus, FACs-isolated basal and luminal
Scal- MECs from virgin WT and MMTV-RANK mice were seeded on 3D cultures, and the
expression levels for p65, IkBa and p-IkBa were analyzed by IF after 24h and 4 days of
culture in the presence of RANKL. Keratin staining (basal K5 and K14, luminal K8) was also
analyzed to follow the cell differentiation process. After 24h of culture, K5+ expression
was detected exclusively in basal cells, while K14+ expression was detected in both basal
and luminal populations as previously reported (Shackleton et al. 2006) (Fig 4), suggesting
that K14 could label bipotent progenitors that differentiate into basal or luminal lineages.
Luminal MECs were K8+ K5- K14+, whereas basal MECs were K5+ K14+ and a faint K8+
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staining was also found, suggesting that basal cells initiated the differentiation process
into luminal cells. Moreover, a faint p65 staining was found mostly in the cytoplasm and
no differences were detected in p65 or IkBa between basal and luminal single cells, nor
between WT and MMTV-RANK cells (Fig 4). A small increase in cytoplasmic p-lkBa. levels
was observed in basal WT and MMTV-RANK MECs, compared to luminal MECs, suggesting
a modest increase in NF-kB signaling in this population.

After 4 days in culture, MECs had already developed colonies. Basal colonies contained
K5+ and K14+ cells as well as K8+ cells, evidencing the MaSC differentiation process into
luminal cells (Fig 5). In contrast, luminal colonies contained K8+ and K14+ cells but no K5+
cells in both WT and MMTV-RANK cultures. P65 and IkBa staining was detected in MMTV-
RANK luminal colonies at higher levels than WT luminal colonies, whereas basal WT and
MMTV-RANK colonies expressed barely detectable p65 levels (Fig 5A), in correlation with
previous results (Figs 3C, 3D). P-IkBa staining was not detected in any condition, whereas
total IkBa was found in basal WT and MMTV-RANK colonies at similar levels. We could not
detect p65 nuclear translocation in any condition. In contrast, nuclear p65 was observed
in WT basal and luminal colonies under LPS treatment (Fig 5B).

As NF-kB activation is a transient and cyclical event (Gilmore 2006), we cannot rule out the
possibility that we missed p65 nuclear translocation in our non-synchronized cultures or
that the expression levels of nuclear p65 were below the limit of detection.

Next, we functionally assayed the impact of NF-kB pathway inhibition in our colony
forming assays. Again, basal and luminal Scal- populations were cultured in vitro in 3D
cultures in the presence of RANKL and NF-kB inhibitors. We selected SN50, a synthetic
peptide that blocks the nuclear translocation of p50/p65 complexes (Torgerson et al.
1998). In addition, we used the BAY family of NF-kB inhibitors. In particular, BAY65 inhibits
IKK-p subunit, preventing I|kBa phosphorylation and subsequent canonical NF-kB
activation (Ziegelbauer et al. 2005; Suzuki etal. 2011), whereas BAY11 inhibits IkBo
phosphorylation (Pierce et al. 1997; Keller et al. 2006). NF-kB inhibitors were added 24h
after plating virgin WT and MMTV-RANK virgin MECs in 3D cultures. SN50 was used at two
different concentrations (18uM and 72uM), as it has been reported that SN50 acts as a
dominant negative and therefore its inhibitory effect increases with concentration (Lin
et al. 1995). Efficiency of SN50 inhibition was corroborated by the decrease of p65 nuclear
staining in LPS-treated MMTV-neu tumor cells pre-incubated with the inhibitor (Fig 6A).
After 6 days in culture, SN50 inhibition at high concentrations (72uM) and BAY 11 (0,2uM)
significantly increased the number of basal and luminal colonies in both WT and MMTV-
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RANK as compared to the corresponding untreated controls (Fig 6B). Inhibition with SN50
at lower concentrations (18uM), BAY65 (5uM) and BAY11l (0,5uM) also generally
increased the number of colonies to a lesser extent. Higher concentrations of BAY
inhibitors completely abolished colony formation, which may be attributed to toxicity or
alternatively that a fine regulation of NF-kB activation defines the phenotype; a minimal
activation of NF-kB pathway is required to allow colony formation. Importantly, colony
size was smaller in the presence of NF-kB inhibitors in basal and especially in luminal
cultures, compared to untreated controls (Fig 6C). These results suggest that NF-kB
inhibition alters mammary epithelial cell colony formation in both basal and luminal
clusters in WT and MMTV-RANK. The increased number of smaller colonies suggests that
inhibition of NF-kB increases the number of progenitor/MaSC but may interfere with
proliferation and/or differentiation. Further experiments using genetic strategies will
further enlighten the role of NF-kB regulating the balance between MECs self-renewal and
differentiation.

In order to address whether inhibition of NF-kB interferes with the mammary
differentiation process, we analyzed the levels of NF-kB (p65, p-lkBa. and IkBoa) and
keratins (K5, K14 and K8) by IF in both basal and luminal progenitor Scal- MECs from WT
and MMTV-RANK treated with NF-kB inhibitors. After 6 days in culture, basal WT and
MMTV-RANK MECs formed K5+/K14+ colonies with some luminal K8+ cells (Fig. 7), as
previously observed (Fig. 4A). We found p65+ staining and low IkBa and p-lkBa. expression
exclusively in the cytoplasm in those colonies. Importantly, a decrease in K8+ cells was
observed in both WT and MMTV-RANK basal colonies with inhibited NF-kB pathway (Fig.
7). These results suggested that inhibition of NF-kB pathway alters the differentiation of
MaSCs (K5+) from the basal compartment into K8+ cells in both WT and MMTV-RANK
under RANKL treatment in vitro. No differences in cytoplasmic p65 or IkBow expression
were observed in WT and MMTV-RANK basal NF-kB inhibited colonies, whereas increased
p-lIkBa nuclear expression were observed (Fig. 7). Although the function of this nuclear p-
IkBow in MECs remains unknown, recent data from Mulero et.al showed that nuclear p-

III

IkBaw has higher molecular weight than “normal” protein, evidencing post-transcriptional
modifications with SUMO proteins (Mulero etal. 2013). Importantly, this nuclear
phosphorylated/sumoylated form of IkBa (PS-1kBa) has implications in skin homeostasis,
as decreased PS-lIkBo. protein levels have been associated with an induction of the
keratinocyte differentiation process (Mulero et al. 2013). Thus, nuclear PS-IkBa. may have

a relevant role inducing stemness in NF-kB-inhibited mammary epithelial cells.
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Consistent with previous observations (Fig 5A), luminal WT and MMTV-RANK MECs
formed K8+ K14+ K5- colonies. These colonies showed higher cytoplasmic p65 expression
levels compared to basal colonies, and extremely low p-lkBa (Fig 8). Luminal colonies
treated with SN50 and, to a lesser extent, BAY65 and BAY11 inhibitors contained basal K5+
cells in contrast to corresponding untreated controls in both WT and MMTV-RANK. These
results suggest that inhibition of NF-kB signaling alters mammary cell fate inducing luminal
cell transdifferentiation into basal lineage. A reduction in cytoplasmic p65 expression but
no changes in IkBow or p-lkBow were observed in WT and MMTV-RANK luminal colonies
under NF-kB inhibition (Fig 8). In contrast to observations in basal cells, nuclear p-
IkBow was not detected in colonies derived from luminal cells treated with any of the
inhibitors. Further experiments and additional markers to differentiate Iuminal
progenitors from luminal differentiated cells are required to clarify whether NF-kB also
participates in the differentiation of luminal progenitor cells into mature luminal cells.

In conclusion, our results indicate that NF-kB is an essential regulator of the mammary cell
fate, regulating the balance between self-renewal, differentiation and luminal cell fate. No
differences between WT and MMTV-RANK acinar cultures were observed, suggesting that
accumulation of MaSCs and luminal progenitors observed in MMTV-RANK mice is not
mediated by enhanced activation of NF-kB pathway. Complementary strategies using
additional specific inhibitors or genetic approaches are required to corroborate that NF-kB
promotes differentiation of basal cells into the luminal lineage. As discussed above there
are many potential intermediates between RANK signaling transduction in mammary
epithelia that could be responsible of the subsequent changes observed in mammary stem
cell fate.

Importantly, our results revealed a key role for NF-kB signaling in mammary cell fate,
regulating the balance between self-renewal and differentiation. Inhibition of NF-kB not
only interferes with differentiation of basal cells into luminal cells, but also induces
transdifferentiation of luminal cells into basal cells. The nuclear phosphorylated form of
IkBo could be involved in retaining the MaSC/basal phenotype preventing differentiation
into the luminal lineage. In summary, activation of NF-kB pathway is essential for
differentiation and maintenance of the mammary epithelial luminal lineage.
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MATERIALS AND METHODS
Mice

All research involving animals was done in IDIBELL animal facility and complied with
protocols approved by the IDIBELL Committee on Animal Care, local animal welfare laws,
guidelines and policies. MMTV-RANK mice in FVB background were obtained through
collaboration with Dr Bill Dougall (Oncology Research-AMGEN).

Mammary cell isolation and flow cytometry

Single cells were isolated from mammary glands as previously described (Smalley MJ et al,
2010, Zhang W et al, 2013). Briefly, fresh tissues were mechanically dissected with
Mcllwain tissue chopper and enzymatically digested with appropriate medium (DMEM F-
12, 0.3% Collagenase A (Roche), 2.5U/mL dispase (GIBCO), 20 mM HEPES, and
Penicilin/Streptomiciyn) 45 minutes at 37°C. Samples were washed with Leibowitz L15
medium 10% fetal bovine serum (FBS) between each step. Erythrocytes were eliminated
by treating samples with hypotonic lysis buffer (Lonza lIberica), and fibroblasts were
excluded by incubation with DMEM F-12 10% FBS 1 hour at 372C (the majority of
fibroblasts attach to tissue culture plastic while most of epithelial organoids do not). Single
epithelial cells were isolated by treating with trypsin 2 minutes at 37°C. Cell aggregates
were removed treating with 2.5U/mL dispase (GIBCO), 20U/ml DNase (Invitrogene) 5
minutes at 379C. Cell suspension was finally filtered with 40 um filter and counted. Single
cells were then labeled with antibodies against CD24-FITC (5 ug/mL, M1/69 BD
Pharmingen, San Diego, CA, http://www.bdbiosciences.com), CD49f-a647 (2,5 pg/mL,
GoH3, BD Pharmingen), and Sca-1-PE (0,5 pug/mL, Ly-6A/E, BD Pharmingen), Lymphocytes
and endothelial cells were excluded in flow cytometry using CD45-PECy7 (0,125 pg/mL,
30-F11 Biolegend) and CD31-PECy7 (0,5 ug/mL, 390 Biolegend) antibodies, respectively.
Cell sorting was performed using MoFlo (Beckman Coulter) at 25psi and using a 100 mm
tip.

Colony forming assays

For Colony forming assays in 3D cultures, 5.000 primary MECs isolated from virgin WT and
MMTV-RANK females were plated in corresponding growth media. Basal CD24hi CD49fhi
cells were plated in Basal medium (DMEM F12, FBS 1%, B27 1X, EGF 10 ng/mL, insulin 5
ug/mL, cholera toxin 100 ng/mL and Penicilin/Streptomiciyn). ROCK inhibitor (10 uM Y-
27632, Sigma-Aldrich) was added to basal cultures. Luminal CD24hi CD49flo Scal- cells
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were plated in Luminal medium containing (DMEM F12, FBS 10%, EGF 10 ng/mL, insulin 5
pg/mL, cholera toxin 100 ng/mL and Penicilin/Streptomiciyn). Rankl-LZ (1 pug/ml; Amgen
Inc) was added to both basal and luminal cultures.

Immunofluorescence

For 2D immunofluorescence, 5000 unsorted or FACS-isolated basal and luminal cells were
resuspended in 10ul of corresponding growth media and left dry in a slide to get them
fixed. Briefly, cells were then fixed in 2% paraformaldehyde (20 min), permeabilized with
PBS containing 0,5% Triton X-100 (30 min), and washed twice with PBS 0.05% Tween-20.
Antigens were blocked with 5%BSA 0.5% Tween-20 in PBS 1h, and primary antibodies
against p65 (D14E12, Cell Signaling), K8 (TROMA, dshl, Developmental Studies Hybridoma
Bank, lowa City, lowa), K5 (AF-138, Covance, Princeton, NJ) were incubated overnight at
42C. Opportune fluorochrome conjugated secondary antibodies (Invitrogen) were added
after primary incubation, diluted 1:500 in PBS and incubated for 40 min. Cell nuclei were
stained with DAPI (Sigma), and cells were mounted with Prolong ® Gold Antifade (Life
Technologies).

3D acinar structures were stained as previously described (Debnath J, 2003). Briefly, acini
were fixed in 2% paraformaldehyde (20 min), permeabilized with PBS containing 2% Triton
X-100 (30 min), and washed with PBS-Glycine 100 mM (three washes of 15 min each).
Antigens were blocked with IF buffer (PBS, 7.7 mM NaNj;, 0.1% bovine serum albumin,
0.2% Triton x-100, 0.05% Tween-20) + 10% goat serum for 1 h and then with IF buffer +
goat serum + 20 pg/mL F(ab’) fragment (Jackson ImmunoResearch) for 30 min. Primary
antibodies for p65 (D14E12, Cell Signaling), p-1kB (532/36, Cell Signaling), IkB (C-21, Santa
Cruz), K8 (TROMA, dshl, Developmental Studies Hybridoma Bank, lowa City, lowa), K5 (AF-
138, Covance, Princeton, NJ) and K14 (AF-64, Covance), were incubated overnight in a
humid chamber. Opportune fluorochrome conjugated secondary antibodies (Invitrogen)
were added after primary incubation, diluted 1:500 in IF buffer + 10% goat serum and
incubated for 40 min. Acini were then washed with IF buffer and cell nuclei were stained
with DAPI (Sigma), and then mounted with Prolong ® Gold Antifade (Life Technologies).
Confocal analysis was carried out using Leica confocal microscope. Images were captured
using LasAF software (Leica).
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Tissue section histology and Immunostaining

For histological analysis, 4% PFA fixed, paraffin embedded mammary glands were cut in 3
pum sections. Antigen heat retrieval with citrate was performed before incubation with a
primary antibody against p65 (D14E12, Cell Signaling). The antibody was incubated
overnight at 4°C, detected with streptavidin horseradish peroxidase (Vector) and revealed
with DAB substrate (DAKO).

Activation and Inhibition assays.

For NF-kB activation assays, cultured cells were incubated with LPS (1.6 pug/mL) for 30
minutes before IF staining.

For inhibition assays, FACS-isolated luminal and basal MECs from virgin WT and MMTV-
RANK mice were plated in 3D cultures in the corresponding basal/luminal medium. 24h
later, 5 uM BAY65 (NF-kB inhibitor; Calbiochem), 0,2 uM or 0,5 uM BAY11l (NF-«B
inhibitor; Calbiochem) and 18 uM or 72 uM SN50 (NF-kB inhibitor; Enzo) were added to
the medium during 24h or 6 days. 2h after addition of the inhibitor, RANKL was added to
the medium. The treatment was refreshed daily for BAY inhibitors or every 48h for SN50
to avoid the degradation of inhibitors. Later, medium was removed and IF was performed,
or protein extracts were collected.

Cell Fractionation and Western blot

For cytoplasm/nuclear/chromatin separations, WT and MMTV-RANK MECs were lysed in
10mM HEPES, 1.5mM MgCl2, 10mM KCI, 0.05%NP40 at pH 7.9, 10 min on ice and
centrifuged at 13.000 rpm. Supernatants were recovered as cytoplasmic fraction and the
pellets lysed in 5mM HEPES, 1.5mM MgCI2, 0.2 mM EDTA, 0.5mM DTT and 26% glycerol
and sonicated 5 min three times to recover the soluble nuclear fractions. Pellet included
the chromatin fraction. Western blotting with cell lysates was performed with standard
protocols. Briefly, blots were blocked for 1 h at room temperature with 5% milk in 10 mM
Tris-HCl pH 7.5, 150 mM NaCl containing 0.1% Tween 20 (TBST) and incubated overnight
at 42C with primary antibodies reactive to p-P65 (#3033, Cell Signaling), p65 (D14E12, Cell
Signaling), p-1kBa. (S32/36, Cell Signaling), IkBaw (C-21, Santa Cruz), p-IKK-a. (sc-23470-R,
Santa Cruz), p50 (sc-7178, Santa Cruz), p52-p100 (05-361, Upstate), Tubulin (T9026,
Sigma-Aldrich) and p-actin (AC-74, Sigma.Aldrich). After washing, blots were incubated
with horseradish peroxidase-conjugated secondary antibodies (1:2000, Promega) for 1 h
at 20-25 °C, and revealed with enhanced chemiluminescence.
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Statistical analysis

Statistical analyses were performed using GraphPad Prism software. Analysis of the
differences between two mouse cohorts or conditions was performed with a two-tailed
Student’s t-test. Variability was calculated using standard error of measurement (SEM).
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FIGURES

Figure 1

A

Figure 1. Higher levels of p65 cytoplasmic staining in MMTV-RANK mammary glands.
Representative images of p65 protein expression detected by IHC in virgin WT and MMTV-RANK
mammary glands. P65 positive cells in the cytoplasm are magnified in the insets.
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Figure 2
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Figure 2. Complex regulation of NF-kB signaling in RANK overexpressing mammary glands.

A,B. Western blot analyses of the indicated genes in cytoplasmic, nuclear and chromatin protein
extracts from virgin (A) and midgestant (B) WT and MMTV-RANK MECs. Tubulin and b-actin are
shown as loading controls. Cytoplasmic, Cyt; Nuclear, N; Chromatin, Chr.
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Figure 3
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Figure 3. Enhanced p65 cytoplasmic staining in luminal progenitors and MaSC enriched
populations in WT and MMTV-RANK.

A.

Dot blots representing the mammary population identified by flow cytometry based on
expression of CD24, CD49f and Scal surface markers.

Representative images showing p65 (green) and DAPI (blue) staining found in WT unsorted
mammary epithelial cells. Cells were stimulated with LPS (1.6 pg/mL) during 30 minutes to
induce p65 nuclear translocation.

Representative images showing K5 (green), K8 (red) and DAPI (blue) (left panel) or p65 (green)
and DAPI (blue) (right panel) staining found in the indicated FACS-sorted populations in WT and
MMTV-RANK.

Percentage of p65 positive cells in the indicated FACS-sorted populations in WT and MMTV-
RANK. Mean and SD are shown.

P65 relative intensity in the indicated FACS-sorted populations in WT and MMTV-RANK. Mean
and SD are shown.
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Figure 4
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Figure 4. NF-kB canonical pathway in WT and MMTV-RANK basal and luminal progenitor
populations after 24h in culture with RANKL.

Representative images showing p65, p-lkBa, 1kBa, K8, K5 and K14 staining in WT and MMTV-RANK
basal and luminal Scal- FACS-sorted mammary epithelial cells after 24h in culture under RANKL
stimuli.
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Figure 5. NF-kB canonical pathway in WT and MMTV-RANK basal and luminal colonies after 4 days

in culture with RANKL.

A. Representative images showing p65, p-IkBa, IkBo, K8, K5 and K14 staining in WT and MMTV-
RANK basal and luminal Scal- colonies after 4 days in culture under RANKL stimuli.

B. Representative images showing p65 nuclear staining in WT basal and luminal Scal- colonies
under LPS (1.6 pg/mL) treatment during 30 minutes.
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Figure 6
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Figure 6. NF-kB inhibition enhanced colony formation ability but decreased colony size in basal

and luminal WT and MMTV-RANK MECs.

A. Representative images showing p65 staining upon SN50 inhibition in LPS-treated MMTV-neu
tumor cells preincubated with SN50 18uM and 72uM. P65 (green) and DAPI (blue) staining is
shown. Cells were treated with LPS (1.6 pg/mL) during 30 minutes to induce p65 nuclear

translocation.
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B. Total number of colonies formed by WT and MMTV-RANK basal and luminal progenitor cells
treated with SN50 (18uM and 72uM), BAY65 (5uM) or BAY1l (0,2uM and 0,5uM). Colony
quantification relative to untreated colonies is represented. Results for one representative
experiment out of 3 are shown. Experiment was performed in triplicates and mean, SEM and t-
test p value are shown.

C. Representative images showing colony size from WT basal and luminal untreated or SN50 (18uM
and 72uM), BAY65 (5uM) or BAY11 (0,2uM and 0,51M) inhibited cultures. Nuclear DAPI (grey)
staining is shown. Results for one representative experiment out of 3 are shown.
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Figure 7. Nuclear p-IkBa translocation and reduced K8+ luminal expression is observed in WT and
MMTV-RANK basal colonies upon NF-kB-inhibition.

Representative images showing p65, p-lkBa, 1kBa, K8, K5 and K14 staining (grey) in WT and
MMTV-RANK basal colonies inhibited with SN50 (18uM and 72uM), BAY65 (5uM) or BAY11
(0,2uM and 0,5uM) during 6 days. Results for one representative experiment out of 3 are shown.
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Figure 8
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Figure 8. Acquisition of K5 expression and reduction in p65 levels is observed in WT and
MMTV-RANK luminal colonies upon NF-kB inhibition.

Representative images showing p65, p-lkBa, IkBo, K8, K5 and K14 staining (grey) in WT and
MMTV-RANK luminal colonies inhibited with SN50 (18uM and 72uM), BAY65 (5uM) or

BAY11 (0,2uM and 0,5uM) during 6 days. Results for one representative experiment out of
3 are shown.
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ABSTRACT

Prolactin and progesterone both orchestrate the proliferation and differentiation of
the mammary gland during gestation. Differentiation of milk secreting alveoli depends
on the presence of Prolactin receptor (PrIR), the downstream Jak2-Stat5 pathway and
the transcription factor EIf5. A strict regulation of Rank signaling is essential for the
differentiation of the mammary gland and in particular for alveolar commitment.
Impaired alveologenesis and lactation failure are observed in both, knockout and Rank
overexpressing mice; however, the underlying molecular mechanism responsible for
these phenotypes remains largely unknown. Using genome-wide expression analyses
we show here that Rankl exposure leads to impaired secretory differentiation of
alveolar cells not only in MMTV-RANK, but also in WT mammary acini. Conversely,
pharmacological blockage of Rank signaling at midgestation in WT mice leads to
precocious and exacerbated lactogenesis. Mechanistically, Rankl negatively regulates
Stat5 phosphorylation and EIf5 expression at the onset of lactogenesis. Overall, we
demonstrate that enhanced Rank signaling impairs secretory differentiation during
pregnancy by inhibition of the prolactin/p-Stat5 pathway.
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INTRODUCTION

The mammary gland undergoes profound tissue remodeling in response to
progesterone and prolactin during pregnancy. In early gestation epithelial cells
undergo extensive proliferation and form alveoli (alveologenesis), while in late
pregnancy alveolar cells synthesize and secrete milk proteins (lactogenesis) (Cathrin
Brisken 2002; Neville, McFadden, and Forsyth 2002). Progesterone is required for
proliferation and ductal side-branching of the mammary epithelium in the cycling adult
animal and for epithelial expansion and alveolar morphogenesis during pregnancy (C.
Brisken et al. 1998; Mulac-Jericevic et al. 2003), whereas prolactin controls
alveologenesis and lactogenesis. In fact, progesterone- and prolactin-receptor-
deficient mice lack lobulo-alveoli (Lydon et al. 1995; Ormandy et al. 1997). The
prolactin receptor (PrIR)/Jak2/p-Stat5 axis is responsible for mediating the biological
responses initiated by prolactin (Oakes et al. 2008; Yamaji et al. 2009). Upon
phosphorylation, activated Stat5 translocates to the nucleus and induces expression of
its target genes including milk proteins (Gouilleux et al. 1994). The transcription factor
EIf5, is expressed in luminal progenitor cells and specifies alveolar cell fate (Oakes et al.
2008). Lactation failure is observed in mice deficient in prolactin, its receptor (PrIR),
Jak2, both isoforms of Stat5 (Stat5a, Stat5b) and EIf5 supporting a key role of this axis
in lactogenesis (Ormandy et al. 1997; Horseman et al. 1997; Teglund et al. 1998;
Wagner et al. 2004; Zhou et al. 2005).

The receptor activator of NF-kB (Rank) signaling pathway mediates the major
proliferative response of mouse mammary epithelium to progesterone (Asselin-Labat
et al. 2010; Beleut et al. 2010; Joshi et al. 2010). Mammary glands from Rank and Rankl
knockout mice show impaired side-branching and alveolar development during
pregnancy due to decreased proliferation and survival of mammary epithelial cells
(MECs) (Fata et al. 2000). Conversely, forced expression of Rankl enhanced ductal side-
branching and alveolar bud formation during puberty and epithelial cell proliferation in
adult virgin animals (Fernandez-Valdivia et al. 2009). In contrast, Rank overexpression
in the mammary epithelia impairs alveolar differentiation and lactation while it
enhances proliferation in virgin and pregnant mammary epithelia (Gonzalez-Suarez et
al. 2007; Pellegrini et al. 2013). Together these results point to an intriguing positive
and negative dual regulation of alveolar differentiation by Rank signaling.

Studies of the regulation of Rankl by prolactin have also revealed contrasting data. It
was initially shown that prolactin induced Rankl expression (Fata et al. 2000; Srivastava
et al. 2003), but recent results using promoter ChIP analyses indicate that Rankl, at
least in adult virgin MECs, is primarily a target of progesterone and not prolactin
(Cathrin Brisken 2002, 200; Obr et al. 2013).
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The molecular mechanism underlying the ambivalent role of Rankl signaling in
alveologenesis and lactation remains unknown. Here, by using complementary
strategies to activate or pharmacologically inhibit the pathway during pregnancy we

demonstrate that Rank signaling prevents lactogenesis through inhibition of the
Prolactin/p-Stat5 pathway.
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RESULTS

Activation of Rank signaling at midgestation interferes with secretory
alveologenesis

In order to investigate the mechanism underlying the defective alveologenesis in
MMTV-RANK mice (Gonzalez-Suarez et al. 2007; Pellegrini et al. 2013), global gene
expression profiles from primary acinar cultures of mammary epithelial cells from
gestation day 16.5 (G16.5) WT and MMTV-RANK females at 8, 24 and 72 hours (h)
were obtained. Cultures were established in the presence of prolactin, which induces
differentiation into milk secreting acini (Barcellos-Hoff et al. 1989), and with or without
Rankl (RL) to precisely determine the role of Rank signaling at midgestation (Fig. 1a).
The number of differentially expressed genes increased from 8 h to 72 h in each
comparison: WT/WT + RL; MMTV-RANK/MMTV-RANK + RL; WT/MMTV-RANK (Fig. 1b,
Supplemental Table 1). Several genes were shared by all comparisons, including the
WT/WT + RL (Fig. 1c). In all settings significantly associated biological processes of the
up-regulated gene sets include those related to cell cycle/proliferation and
programmed cell death, whereas the down regulated gene sets consist of processes
related to lipid metabolism, cytokine production and inflammatory response (Fig. 1d).
We focused on the WT/WT + RL signature given its physiological significance
(Supplemental Table 1). Notably, exposure to RL in WT acini also correlated with a
decreasing expression trend of differentiation-related genes, such as Wap, while
proliferation-related genes, such as Ccnd1, show a higher expression with RL relative to
non-treated WT acini (Fig. 2a). Other genes significantly down-regulated in WT acini
exposed to Rankl include: prolactin receptor (Prir), Laol, milk protein genes (prolactin
induced protein —Pip-, caseins- Csna, Csnb, Csnd, Csng, Csnk- or lactalbumin, Lalba) and
milk lipid genes (Fasn, Aldoc or Glutl) (Supplemental Table 1). Ordering all genes
according to their expression trend in this setting identified as significantly over-
expressed pathways those known to be involved in cell proliferation, and also NF-kB
and Wnt signaling among others (Fig. 2b, top panel). Conversely, under-expressed
pathways were those linked to oxidative phosphorylation, and Ppar signaling (Fig. 2b,
top panel). Consistent with these observations, the Rank signaling pathway gene set
was also found significantly over-expressed with exposure to Rankl (Fig. 2b, bottom
panel). Next, to assess if the observed gene expression changes are biologically
relevant in vivo, data from mouse mammary gland development was analyzed
(Anderson et al. 2007). Unsupervised analysis revealed that overexpressed genes with
acini exposure to Rankl tend to be downregulated in normal late pregnancy (Fig. 2c,
top panel), while under-expressed genes are mostly upregulated in normal late
pregnancy and lactation (Fig. 2c, bottom panel). That is, exposure to Rankl caused gene
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expression changes that are consistent with increased proliferation in early pregnancy
but impaired lactogenesis in vivo. An enrichment analysis of predicted transcription
binding sites at the promoters of the genes that were found to be over-expressed in
Rankl-treated cultures identified NF-kB as a potential initial driver followed by E2Fs,
commonly associated with proliferative signatures (Nevins 1992) and Stat5/6, well
known regulators of mammary gland differentiation (Haricharan and Li 2014) (Fig. 2d).
Together, these results support a negative role for Rank signaling in prolactin signaling
and lactogenesis not only in MMTV-RANK, but also in WT acini.

RANKL treatment inhibits Stat5 phosphorylation in WT mammary acini

The microarray results suggested a negative regulation of milk production and
lactogenesis by Rankl. Thus, we next evaluated key genes which are modulated during
alveolar differentiation in acini from additional G14.5 WT and MMTV-RANK mice
cultured in the presence of prolactin for 24 h +/- Rankl (Fig. 3a). Consistent with the
lactation failure observed in MMTV-RANK mice and the enhanced proliferation, a
decrease in Wap, Csnb and PrIR expression and an increase in Ccnd1 were found in
MMTV-RANK acini when compared to WT with or without Rankl (Fig. 3a). Some of the
differences in gene expression did not reach significance probably due to
heterogeneity between individuals as not even significant differences were found in
Rank expression between WT and MMTV-RANK mice (Fig. 3a). No changes were
observed in EIf5 or Stat5 mRNA expression between WT and MMTV-RANK in the
absence of Rankl; however, after exposure to Rankl MMTV-RANK acini showed a
significant decrease in EIf5 expression (Fig. 3a).

Next, we specifically addressed the impact of Rankl treatment in each WT and MMTV-
RANK culture. A decrease in Rank expression was observed upon Rankl stimulation in
WT and MMTV-RANK cultures confirming previous results (Gonzalez-Suarez et al.
2007). In accordance with the attenuated lactogenic signature already described
addition of Rankl led to a decrease in milk protein gene expression (Wap and Csnb) in
both WT and MMTV-RANK acini (Fig. 3b). The mRNA levels for Prir, EIf5 and Stat5 in
MMTV-RANK acini and Prir and Stat5 in WT, decreased significantly in the presence of
Rankl (Fig. 3b), confirming array results and supporting that Rankl negatively regulates
secretory differentiation and lactogenesis.

Given their critical role in the prolactin signaling pathway (Oakes et al. 2008; Gouilleux
et al. 1994), activation of Stat5 and expression of EIf5 in acinar cultures was evaluated
by western blot. Prolactin stimulation for 24 h (compared to growth media, GM)
induced Stat5 phosphorylation and EIf5 expression in WT and MMTV-RANK acini (Fig.
3c). In contrast, Rankl activation impaired Stat5 phosphorylation and EIf5 expression in
MMTV-RANK acini and, importantly, reduced p-Stat5 also in WT acini (Fig. 3c). In order
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to understand whether Stat5 phosphorylation is directly regulated by Rankl, shorter
time points were analyzed. A p-Stat5 increase was observed only 10 minutes after
prolactin exposure in WT acini, and this induction was sustained after 30 and 60
minutes (Fig. 3d). Strikingly, Rankl also interfered with Stat5 phosphorylation in WT
acini at these early time points supporting a non-transcriptional mechanism. A minimal
induction of Stat5 phosphorylation was found in MMTV-RANK acini at 10 minutes but
it is lost after 30 and 60 minutes of prolactin addition, independently of the presence
of Rankl (Fig. 3d).

Rankl is known to activate Nf-kB consistent with the gene expression changes
observed after 8-24 h (Fig. 2d). Enhanced |kB and p65 phosphorylation was observed
24 h after addition of prolactin while significantly higher levels of p-lkb were found
when Rankl was added to prolactin in WT acini (Fig. 3c). P-IkB and p-p65 levels were
higher in MMTV-RANK than in the corresponding WT acini. A negative crosstalk
between NF-kB and the PrIR/Jak2/Stat5 activation pathway, which occurs at the level
of Stat5 tyrosine phosphorylation, has been reported (Geymayer and Doppler 2000).
Thus, this exacerbated activation of the NF-kB pathway may contribute to reduce p-
Stat5 in WT acini leading to impaired lactogenesis. However, p-1kB levels in WT acini at
shorter time points did not increase in the presence of prolactin + Rankl (Fig. 3d), thus,
additional mechanisms might contribute to the decreased Stat5 phosphorylation
induced by Rankl. Overall, our results demonstrate that Rankl stimulation directly
inhibits prolactin-induced Stat5 phosphorylation in MECs.

Defective Stat5 phosphorylation at midgestation underlies lactation
failure in MMTV-RANK mice

Next, we sought to corroborate the significance of our findings in vivo. A reduction in
Csnb, EIf5 and Prir mRNA expression, but not Stat5, was observed in MMTV-RANK mice
as compared to WT when the same gestation time points were compared (Fig. 4a).
Lower levels of milk, EIf5 and p-Stat5 protein expression were found in MMTV-RANK
compared to WT glands at midgestation as revealed by IHC at G16.5 (Fig. 4b) and
western blot at G14.5 (Fig. 4c) in correlation with the lack of secretory differentiation.
These observations suggest that over-activation of Rank signaling at mid-gestation
disrupts alveolar cell fate through negative regulation of p-Stat5/EIf5.

Interestingly, virgin MMTV-RANK mammary glands show slightly enhanced levels of p-
Stat5, p-1kB and p-p65 than WT (Fig. 4c) which could explain the precocious alveolar
formation observed in these glands. However, no clear differences in p-lIkB and p-p65
were found between WT and MMTV-RANK G14.5 glands (Fig. 4c), suggesting that
additional mechanisms contribute to the impaired Stat5 activation and lactogenesis in
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MMTV-RANK such as the reduction in CD61 luminal cells and EIf5 expression we
previously reported (Pellegrini et al. 2013). Our findings demonstrate that constitutive
activation of the Rank pathway interferes with p-Stat5/EIf5 signaling at midgestation
preventing lactogenesis.

Pharmacologic inhibition of Rankl at midgestation induces premature
alveologenesis through activation of p-Stat5/EIf5 signaling

The reduced milk protein gene expression and increased proliferation observed upon
Rankl stimulation in WT acini suggests that activation of Rank signaling plays a negative
role in secretory alveologenesis. To interrogate the role of Rank pathway in the
alveolar switch under physiological conditions in vivo, we inhibited Rank signaling at
specific time points of gestation in WT females using the pharmacologic Rankl
inhibitor, Rank-Fc (Gonzalez-Suarez et al. 2010). Rank -Fc was injected at G9.5 and
G13.5 and mammary glands were harvested and analyzed 24 h later (Fig. 5a). Rankl
mRNA levels were lower at G14.5 than at G10.5 as previously reported (Gonzalez-
Suarez et al. 2007), but were not altered by Rank-Fc (Fig. 5e). Histological analysis
showed that inhibition of Rankl induced precocious and enhanced secretory alveolar
differentiation at G10.5 and G14.5, respectively, as compared to mock-injected
animals (Fig. 5b). Reduced colony-forming ability and proliferation were observed in
mammary cells from Rank-Fc-injected animals as compared to controls, suggesting
that inhibition of Rankl induced differentiation (Fig. 5c-d). Blockage of Rankl led to
premature (G10.5) or enhanced (G14.5) expression of Wap consistent with the
morphological changes observed (Fig. 5e). Increased mRNA levels of Elf5 (G10.5 and
G14.5) and Stat5 (G14.5) were observed 24 h after Rank-Fc-treatment (Fig. 5e).
Although not significant, the increase in Csnb (G10.5) and Prir and the decrease in Pr
MRNA expression levels also supported that RANK-Fc treatment fostered secretory
differentiation of alveolar cells. Western blot and immunohistochemistry analysis (Fig.
5f-g) confirmed increased milk and EIf5 protein expression and Stat5 phosphorylation
in the mammary glands from Rank-Fc-injected mice than in control glands (Fig. 5f);
however, no changes in IkB or p65 phosphorylation were observed 24h after Rank-Fc
treatment (Fig. 5f).

Together, these results indicate that inhibition of Rank signaling at midgestation is
required for the activation of p-Stat5 and induction of EIf5 that initiates alveolar
secretory differentiation and milk production (Fig. 6).
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DISCUSSION

Our study demonstrates that enhanced RANK/Rankl signaling affects lactogenic
differentiation in mammary epithelial cells by inhibiting the prolactin-induced
activation of STAT5 and expression of EIf5, required for lactation. Moreover we have
found that the inhibition of Rankl at midpregnancy, resulted in increased EIf5
expression and activation of the STAT5 pathway leading to a premature secretory
differentiation. In contrast to these data, an earlier study (H. J. Lee et al. 2013, 201)
revealed that in virgin mice, RANKL is a mediator of progesterone-induced EIf5
expression favoring the differentiation of luminal cells and promoting alveologenesis.
In fact, premature alveologenesis is observed in virgin MMTV-RANK glands.
Collectively, these results provide a rationale for a dual role of Rank signaling during
alveolar differentiation. Whilst the progesterone-Rankl-Rank axis is essential during
early steps of alveolar development, later in pregnancy, it rather serves to inhibit
prolactin-controlled events associated with lactogenic differentiation.

Indeed progesterone, similar to our data with Rankl, plays both a positive and negative
role in mammary alveolar differentiation. Progesterone is required in early pregnancy
for mammary epithelial cell expansion and proliferation, side-branching and alveolar
morphogenesis. However, during mid-late pregnancy, progesterone suppresses
lactogenesis mediated in part by the crosstalk between PR and Stat5 (Buser et al.
2007) consistent with our observations with Rankl herein. In fact, progesterone can
suppress PrIR expression in late pregnancy mammary glands (Nishikawa et al. 1994).
Our data demonstrate that Rankl inhibition of p-Stat5 contribute to the progesterone-
mediated repression of milk protein gene expression during pregnancy (Neville,
McFadden, and Forsyth 2002).

NF-kB plays an essential role in mammary gland proliferation and side-branching
during pregnancy (Cao et al. 2001) but a negative crosstalk between NF-kB and the
PrIR/Jak2/Stat5 activation pathway, which occurs at the level of Stat5 tyrosine
phosphorylation, has also been reported (Geymayer and Doppler 2000). Rank is a well-
known activator of NF-kB signaling, suggesting that an exacerbated activation of the
NF-kB pathway, may contribute to reduce p-Stat5 in WT acini leading to impaired
lactogenesis. Enhanced NF-kB activation was observed in MMTV-RANK and WT acini
cultured in the presence of Rankl for 24h. However, whereas Rankl interferes with
Stat5 phosphorylation as early as after 10, 30 or 60 minutes, no increased activation of
NF-kB was detected in Rankl treated WT acini in these early time points. These results
suggest that additional mechanisms contribute to the decreased Stat5 phosphorylation
induced by Rankl.
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Stat5 is phosphorylated by a variety of cytokine receptors depending on the cell type.
In the mammary gland prolactin receptor recruits Jak2 which phosphorylates Stat5
(Oakes et al. 2008; Yamaiji et al. 2009). It has also been shown that ErbB4 interacts with
Stat5 leading to Stat5 phosphorylation in a Jak2 independent manner (Jones et al.
1999; Kabotyanski and Rosen 2003; Long et al. 2003). Other tyrosine kinases, such as c-
Src can directly phosphorylate the activation site of Stat5 (Jones et al. 1999;
Kabotyanski and Rosen 2003; Long et al. 2003). Further studies will be needed to
address the putative role of these pathways in the Rankl- driven attenuation of Stat5
phosphorylation and activation.

Together, our results shed further light on the role of Rank signaling in mammary
alveolar differentiation and provide a rationale for the apparently paradoxical
phenotypes of impaired alveolar differentiation and lactation failure in Rank KO and
MMTV-RANK mice (Fata et al. 2000; Gonzalez-Suarez et al. 2007). Rankl mediates
positive and negative signals downstream of progesterone at discrete stages of
alveologenesis and lactogenesis. Rank signaling, although essential during early
pregnancy, must be shut down at midgestation to allow activation of Stat5, EIf5
induction and lactogenesis.
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MATERIALS AND METHODS
Mice

All research involving animals was done in IDIBELL animal facility and complied with
protocols approved by the IDIBELL Committee on Animal Care, local animal welfare
laws, guidelines and policies. MMTV-RANK mice in FVB background were obtained
through collaboration with Dr Bill Dougall (Oncology Research-AMGEN). For cell
proliferation analysis, 5-bromo-2'-deoxyuridine (BrdU, 30 mg/kg of mouse) was
injected intraperitoneally 2 h before sacrifice. RANK-Fc (10 mg/kg of mouse) was
injected subcutaneously in G9.5 and G13.5 females 24 h before sacrifice.

Mammary gland cell isolation

Single cells were isolated from mammary glands as previously described (Smalley
2010). Briefly, fresh tissues were mechanically dissected with Mcllwain tissue chopper
and enzymatically digested with appropriate medium (DMEM F-12, 0.3% Collagenase
A, 2.5U/mL dispase, 20 mM HEPES, and Penicilin/Streptomiciyn) 45 minutes at 37°C.
Samples were washed with Leibowitz L15 medium 10% fetal bovine serum (FBS)
between each step. Erythrocytes were eliminated by treating samples with hypotonic
lysis buffer, and fibroblasts were excluded by incubation with DMEM F-12 10% FBS 1
hour at 372C (the majority of fibroblasts attach to tissue culture plastic while most of
epithelial organoids do not). Single epithelial cells were isolated by treating with
trypsin 2 minutes at 37°C. Cell aggregates were removed treating with 2.5 U/mL
dispase (GIBCO), 20U/ml DNase (Invitrogene) 5 minutes at 372C. Cell suspension was
finally filtered with 40 um filter and counted.

3D cultures

For differentiation assays in 3D cultures, 600,000 primary MECs isolated from pregnant
(G14.5 or G16.5) WT and MMTV-RANK females were plated in 6 well plates on top of
growth factor reduced GFR-matrigel in growth medium (GM: DMEM F12, FBS 5%, EGF
10 ng/mL, hydrocortisone 0.5 pg/mL, insulin 5 pg/mL, cholera toxin 100 ng/mL and
penicilin/streptomiciyn) for 24 h and then changed to MECs differentiation medium
(DMEM F-12, prolactin 3 pug/mL, hydrocortisone 1 pg/mL, ITS (Insulin, transferring,
selenium), cholera toxin 100 ng/mL, penicilin/streptomiciyn as previously described
(de la Cruz et al. 2004) and Rankl-LZ (1 pg/ml; Amgen Inc) for the indicated time points
(10, 30, 60 minutes, 8, 24 and 72h). Medium was replenished every two/three days.
For cell isolation matrigel was dissolved with cold PBS-EDTA (5mM). Matrigel-free cell
suspensions were then pelleted for RNA or protein isolation (G. Y. Lee et al. 2007).
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Colony forming assays

For colony-forming assays 5000 cells were plated in GFR-matrigel cultures as
previously described (Stingl et al. 2006) in growth medium that contains B27, 5% FBS,
EGF (10 ng/mL), hydrocortisone 0,5 pug/mL, insulin 5 pug/mL, cholera toxin 100 ng/mL,
Penicilin/Streptomiciyn and Rankl (1 pg/ml; Amgen Inc) as indicated and were
quantified after 2 weeks.

Tissue section histology and Immunostaining

For histological analysis, 3 um sections from 4% PFA fixed, paraffin embedded
mammary glands were cut and stained with hematoxylin and eosin (H&E). Antigen
heat retrieval with citrate or Tris-EDTA for EIf5 and p-Stat5 antibodies, was performed
before incubation with antibodies against EIf5 (N-20, sc-9645, Santa Cruz), BrdU
(G3G4, University of lllinois), p-Stat5 (9359S, Cell Signaling), or anti-milk serum
(generously provided by Dr Nancy Hynes). All antibodies were incubated overnight at
4°C. The antigen-antibody complexes were detected with streptavidin horseradish
peroxidase (Vector Laboratories) for EIf5, p-Stat5 and anti-milk immunostainings.
Peroxidase was revealed with DAB (DAKO).

Western blot

Western blotting was performed with standard protocols. Primary antibodies reactive
to mouse p-Stat5 (C11C5, Cell Signaling), Stat5 (C-17, Santa Cruz), EIf5 (N-20, Santa
Cruz), p-p65 (5536, Cell Signaling), p65 (D14E12, Cell Signaling), p-1kB (S32/36, Cell
Signaling), IkB (C-21, Santa Cruz), and B-actin (AC-74, Sigma) were used. Samples run in
the same gel are shown in the same box. A divided box indicates that lanes of the gel
have been removed.

Gene Expression Analysis Microarray Labeling and Hybridizations

RNA isolated with the RNAeasy Kit (Qiagen) was collected from WT and MMTV-RANK
(C57BI6) MECs grown in 3D cultures in differentiation media with or without Rankl.
Each RL-treated sample was hybridized against its corresponding untreated sample in a
fluor-reversed (Cy3/Cy5) pair of arrays. 200 ng of total RNA from each sample was
amplified and labeled using Agilent Low RNA Input Linear Amplification labeling kit
(Agilent Technologies, Palo Alto, CA). Labeled cRNA was generated by the
incorporation of Cy3-CTP or Cy5-CTP (Perkin Elmer, Waltham, MA) during in vitro
transcription and purified using the RNeasy mini kit (Qiagen, Valencia, CA) This cRNA
was then hybridized to the 44K Whole Mouse Genome Oligo microarrays (G4122A
Agilent Technologies, Palo Alto, CA) using the Agilent Gene Expression Hybridization kit
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and washed using Agilent Gene Expression Wash Buffers following the provided
protocols. Microarrays were scanned using the Agilent DNA Microarray Scanner, and
data were extracted from images using the Agilent Feature Extraction (version 9.1)
software.

Gene expression data analysis

The feature extracted files were imported into Rosetta Resolver 6.0 (Rosetta
Biosoftware, Seattle, WA) for data analysis. The data from three replicate mice were
combined using the Experiment Definition wizard in Resolver, and combined ratios
were generated for each group using the default Agilent Ratio builder algorithm. A
Resolver calculated P value of < 0.0001 was applied to determine statistically
significant differentially expressed genes between each group.

Venn diagrams to represent gene overlaps were generated using Venny interactive
online software http://bioinfogp.cnb.csic.es/tools/venny/index.html. Genes up- and
downregulated more than two-fold were selected. GO enrichment analysis was
performed with the over-representation analysis tool from the ConsensusPathDB
software developed in the Max Planck Institute for Molecular Genetics (Germany).
Functional annotation was carried out choosing level 2-4 gene ontology categories of
“biological processes” with the default P value cutoff (p<0.01). The expression trend
(slope and Pearson’s correlation coefficient (PCC) values) with exposure to RL were
computed for each microarray probe across the 8 to 72 h time points and for each
paired sample (e.g. each mice acini WT versus WT + RL). The PCCs were used in the
pre-ranked Gene Set Expression Analysis (GSEA) tool with default parameters. The
predicted transcription factor binding sites were analyzed using the Transfac GSEA sets
and significantly associated sites were those with FDR < 5%. The Rank signaling
pathway annotation was downloaded from WikiPathways. Preprocessed and
normalized data from mouse normal mammary gland development was downloaded
from the Gene Expression Omnibus (GEO) reference GSE8191 (Anderson et al. 2007).
Unsupervised data clustering was performed using all microarray probes
corresponding to the genes with the highest over-expression and under-expression
lineal slope values (> 0.20 and < 0.20, respectively) with exposure to RL in WT acini.

RNA preparation and Quantitative RT-PCR

Total RNA of mammary glands and cell cultures was prepared with Tripure Isolation
Reagent (Roche) in accordance with the manufacturer’s instructions. Tissue was
dissociated using glass beads, (Sigma) and the PreCellys machine (2 cycles 30s 5500
rpm, pause 30 s). 20 ng/ml of MRNA were pretreated with DNase | (Ambion). Single-
stranded cDNA was produced by reverse transcription using 1 ug of RNA DNA-free in a
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20-uL reaction (Applied Biosystems). Quantitative PCR was performed using the
TagMan probe-based system: AB assays on demand (mouse RANK, Rankl, Wap, Csnb,
Cend1, EIf5, Stat5, PR and PrlR) on the ABI 7900HT in accordance with the
manufacturer’s instructions (Applied Biosystems).

Statistical analysis

Statistical analyses were performed using GraphPad Prism. Analysis of the differences
between two mouse cohorts or conditions was performed with a two-tailed unpaired
Student’s t-test. A t test against reference was used to test significance of fold
changes. Statistical significant differences are indicated as (*p< 0.05; **p<0.01;
**%p<0.001; ****p<0.0001).

136



ACKNOWLEDGEMENTS

This work was supported by grants to E Gonzdlez Sudrez by MICINN (SAF2011-22893),
AECC (Catalunya), FMM, Concern Foundation and a Ramon y Cajal contract. PP is
recipient of a FPI grant from the MICINN. We thank A Bigas, L Espinosa, MA Glukhova,
A Pietersen, M Bentires-Alj and N Hynes for sharing protocols and reagents.

CONFLICT OF INTEREST

C. Deshpande & W.C. Dougall are employees and shareholders of Amgen Inc. All other
authors declare no conflict of interest.

AUTHOR CONTRIBUTIONS

AC, PP, ASM, EMT: Collection and/or assembly of data, data analysis and
interpretation; final approval of manuscript. JSM, CD’ data analyses, final approval of
manuscript. WCD: Reagents, data analysis and interpretation; final approval of
manuscript. MAP: data analysis and interpretation; final approval of manuscript, EGS:
Conception and design, financial support, collection and/or assembly of data, data
analysis and interpretation, manuscript writing and final approval of manuscript.

137



REFERENCES

Anderson, Steven M., Michael C. Rudolph, James L. McManaman, and Margaret C. Neville.
2007. “Key Stages in Mammary Gland Development. Secretory Activation in the Mammary
Gland: It's Not Just about Milk Protein Synthesis!” Breast Cancer Research: BCR 9 (1): 204.
doi:10.1186/bcr1653.

Asselin-Labat, Marie-Liesse, Frangois Vaillant, Julie M. Sheridan, Bhupinder Pal, Di Wu, Evan R.
Simpson, Hisataka Yasuda, et al. 2010. “Control of Mammary Stem Cell Function by Steroid
Hormone Signalling.” Nature 465 (7299): 798-802. doi:10.1038/nature09027.

Barcellos-Hoff, M. H., J. Aggeler, T. G. Ram, and M. J. Bissell. 1989. “Functional Differentiation
and Alveolar Morphogenesis of Primary Mammary Cultures on Reconstituted Basement
Membrane.” Development (Cambridge, England) 105 (2): 223-35.

Beleut, Manfred, Renuga Devi Rajaram, Marian Caikovski, Ayyakkannu Ayyanan, Davide
Germano, Yongwon Choi, Pascal Schneider, and Cathrin Brisken. 2010. “Two Distinct
Mechanisms Underlie Progesterone-Induced Proliferation in the Mammary Gland.”
Proceedings of the National Academy of Sciences of the United States of America 107 (7):
2989-94. d0i:10.1073/pnas.0915148107.

Brisken, Cathrin. 2002. “Hormonal Control of Alveolar Development and Its Implications for
Breast Carcinogenesis.” Journal of Mammary Gland Biology and Neoplasia 7 (1): 39-48.

Brisken, C., S. Park, T. Vass, J. P. Lydon, B. W. O’Malley, and R. A. Weinberg. 1998. “A Paracrine
Role for the Epithelial Progesterone Receptor in Mammary Gland Development.” Proceedings
of the National Academy of Sciences of the United States of America 95 (9): 5076-81.

Buser, Adam C., Elizabeth K. Gass-Handel, Shannon L. Wyszomierski, Wolfgang Doppler, Susan
A. Leonhardt, Jerome Schaack, Jeffrey M. Rosen, Harriet Watkin, Steven M. Anderson, and
Dean P. Edwards. 2007. “Progesterone Receptor Repression of Prolactin/signal Transducer and
Activator of Transcription 5-Mediated Transcription of the Beta-Casein Gene in Mammary
Epithelial Cells.” Molecular Endocrinology (Baltimore, Md.) 21 (1): 106-25.
doi:10.1210/me.2006-0297.

Cao, Y., G. Bonizzi, T. N. Seagroves, F. R. Greten, R. Johnson, E. V. Schmidt, and M. Karin. 2001.
“IKKalpha Provides an Essential Link between RANK Signaling and Cyclin D1 Expression during
Mammary Gland Development.” Cell 107 (6): 763—75.

de la Cruz, Laura, Kristin Steffgen, Andrea Martin, Carli McGee, and Helen Hathaway. 2004.
“Apoptosis and Involution in the Mammary Gland Are Altered in Mice Lacking a Novel
Receptor, betal,4-Galactosyltransferase |.” Developmental Biology 272 (2): 286-309.
doi:10.1016/j.ydbio.2004.03.041.

Fata, J. E., Y. Y. Kong, J. Li, T. Sasaki, J. Irie-Sasaki, R. A. Moorehead, R. Elliott, et al. 2000. “The

Osteoclast Differentiation Factor Osteoprotegerin-Ligand Is Essential for Mammary Gland
Development.” Cell 103 (1): 41-50.

138



Fernandez-Valdivia, Rodrigo, Atish Mukherjee, Yan Ying, Jie Li, Marilene Paquet, Francesco J.
DeMayo, and John P. Lydon. 2009. “The RANKL Signaling Axis Is Sufficient to Elicit Ductal Side-
Branching and Alveologenesis in the Mammary Gland of the Virgin Mouse.” Developmental
Biology 328 (1): 127-39. d0i:10.1016/j.ydbio.2009.01.019.

Geymayer, Sibylle, and Wolfgang Doppler. 2000. “Activation of NF-kB p50/p65 Is Regulated in
the Developing Mammary Gland and Inhibits STAT5-Mediated B-Casein Gene Expression.” The
FASEB Journal 14 (9): 1159-70.

Gonzalez-Suarez, Eva, Daniel Branstetter, Allison Armstrong, Huyen Dinh, Hal Blumberg, and
William C. Dougall. 2007. “RANK Overexpression in Transgenic Mice with Mouse Mammary
Tumor Virus Promoter-Controlled RANK Increases Proliferation and Impairs Alveolar
Differentiation in the Mammary Epithelia and Disrupts Lumen Formation in Cultured Epithelial
Acini.” Molecular and Cellular Biology 27 (4): 1442-54. doi:10.1128/MCB.01298-06.

Gonzalez-Suarez, Eva, Allison P. Jacob, Jon Jones, Robert Miller, Martine P. Roudier-Meyer,
Ryan Erwert, Jan Pinkas, Dan Branstetter, and William C. Dougall. 2010. “RANK Ligand
Mediates Progestin-Induced Mammary Epithelial Proliferation and Carcinogenesis.” Nature
468 (7320): 103-7. doi:10.1038/nature09495.

Gouilleux, F., H. Wakao, M. Mundt, and B. Groner. 1994. “Prolactin Induces Phosphorylation of
Tyr694 of Stat5 (MGF), a Prerequisite for DNA Binding and Induction of Transcription.” The
EMBO Journal 13 (18): 4361-69.

Haricharan, S., and Y. Li. 2014. “STAT Signaling in Mammary Gland Differentiation, Cell Survival
and Tumorigenesis.” Molecular and Cellular Endocrinology 382 (1): 560-69.
doi:10.1016/j.mce.2013.03.014.

Horseman, N. D., W. Zhao, E. Montecino-Rodriguez, M. Tanaka, K. Nakashima, S. J. Engle, F.
Smith, E. Markoff, and K. Dorshkind. 1997. “Defective Mammopoiesis, but Normal
Hematopoiesis, in Mice with a Targeted Disruption of the Prolactin Gene.” The EMBO Journal
16 (23): 6926-35. doi:10.1093/emboj/16.23.6926.

Jones, Frank E., Thomas Welte, Xin-Yuan Fu, and David F. Stern. 1999. “Erbb4 Signaling in the
Mammary Gland Is Required for Lobuloalveolar Development and Stat5 Activation during
Lactation.” The Journal of Cell Biology 147 (1): 77—-88.

Joshi, Purna A., Hartland W. Jackson, Alexander G. Beristain, Marco A. Di Grappa, Patricia A.
Mote, Christine L. Clarke, John Stingl, Paul D. Waterhouse, and Rama Khokha. 2010.
“Progesterone Induces Adult Mammary Stem Cell Expansion.” Nature 465 (7299): 803-7.
doi:10.1038/nature09091.

Kabotyanski, Elena B., and Jeffrey M. Rosen. 2003. “Signal Transduction Pathways Regulated by
Prolactin and Src Result in Different Conformations of Activated Stat5b.” The Journal of
Biological Chemistry 278 (19): 17218-27. doi:10.1074/jbc.M301578200.

Lee, Genee Y., Paraic A. Kenny, Eva H. Lee, and Mina J. Bissell. 2007. “Three-Dimensional
Culture Models of Normal and Malignant Breast Epithelial Cells.” Nature Methods 4 (4): 359—
65. doi:10.1038/nmeth1015.

139



Lee, Heather J., David Gallego-Ortega, Anita Ledger, Daniel Schramek, Purna Joshi, Maria M.
Szwarc, Christina Cho, et al. 2013. “Progesterone Drives Mammary Secretory Differentiation
via RankL-Mediated Induction of EIf5 in Luminal Progenitor Cells.” Development 140 (7): 1397—-
1401. doi:10.1242/dev.088948.

Long, Weiwen, Kay-Uwe Wagner, K. C. Kent Lloyd, Nadine Binart, Jonathan M. Shillingford,
Lothar Hennighausen, and Frank E. Jones. 2003. “Impaired Differentiation and Lactational
Failure of Erbb4-Deficient Mammary Glands Identify ERBB4 as an Obligate Mediator of STAT5.”
Development (Cambridge, England) 130 (21): 5257-68. doi:10.1242/dev.00715.

Lydon, J. P., F. J. DeMayo, C. R. Funk, S. K. Mani, A. R. Hughes, C. A. Montgomery, G. Shyamala,
O. M. Conneely, and B. W. O’Malley. 1995. “Mice Lacking Progesterone Receptor Exhibit
Pleiotropic Reproductive Abnormalities.” Genes & Development 9 (18): 2266-78.

Mulac-Jericevic, Biserka, John P. Lydon, Francesco J. DeMayo, and Orla M. Conneely. 2003.
“Defective Mammary Gland Morphogenesis in Mice Lacking the Progesterone Receptor B
Isoform.” Proceedings of the National Academy of Sciences of the United States of America 100
(17): 9744-49. d0i:10.1073/pnas.1732707100.

Neville, Margaret C., Thomas B. McFadden, and Isabel Forsyth. 2002. “Hormonal Regulation of
Mammary Differentiation and Milk Secretion.” Journal of Mammary Gland Biology and
Neoplasia 7 (1): 49-66.

Nevins, J. R. 1992. “E2F: A Link between the Rb Tumor Suppressor Protein and Viral
Oncoproteins.” Science (New York, N.Y.) 258 (5081): 424-29.

Nishikawa, S., R. C. Moore, N. Nonomura, and T. Oka. 1994. “Progesterone and EGF Inhibit
Mouse Mammary Gland Prolactin Receptor and Beta-Casein Gene Expression.” The American
Journal of Physiology 267 (5 Pt 1): C1467-72.

Oakes, Samantha R., Matthew J. Naylor, Marie-Liesse Asselin-Labat, Katrina D. Blazek,
Margaret Gardiner-Garden, Heidi N. Hilton, Michael Kazlauskas, et al. 2008. “The Ets
Transcription Factor EIf5 Specifies Mammary Alveolar Cell Fate.” Genes & Development 22 (5):
581-86. doi:10.1101/gad.1614608.

Obr, Alison E., Sandra L. Grimm, Kathleen A. Bishop, J. Wesley Pike, John P. Lydon, and Dean P.
Edwards. 2013. “Progesterone Receptor and Stat5 Signaling Cross Talk Through RANKL in
Mammary Epithelial Cells.” Molecular Endocrinology 27 (11): 1808—24. doi:10.1210/me.2013-
1077.

Ormandy, C. J., A. Camus, J. Barra, D. Damotte, B. Lucas, H. Buteau, M. Edery, et al. 1997. “Null
Mutation of the Prolactin Receptor Gene Produces Multiple Reproductive Defects in the
Mouse.” Genes & Development 11 (2): 167-78.

Pellegrini, Pasquale, Alex Cordero, Marta | Gallego, William C. Dougall, Purificacion Mufioz,
Miguel Angel Pujana, and Eva Gonzalez Suarez. 2013. “Constitutive Activation of RANK Disrupts
Mammary Cell Fate Leading to Tumorigenesis.” Stem Cells 31 (9): 1954-65.

Smalley, Matthew J. 2010. “Isolation, Culture and Analysis of Mouse Mammary Epithelial

Cells.” Methods in Molecular Biology (Clifton, N.J.) 633: 139-70. doi:10.1007/978-1-59745-019-
5_11.

140



Srivastava, Sunil, Manabu Matsuda, Zhaoyuan Hou, Jason P. Bailey, Riko Kitazawa, Matthew P.
Herbst, and Nelson D. Horseman. 2003. “Receptor Activator of NF-kappaB Ligand Induction via
Jak2 and Stat5a in Mammary Epithelial Cells.” The Journal of Biological Chemistry 278 (46):
46171-78. doi:10.1074/jbc.M308545200.

Stingl, John, Peter Eirew, lan Ricketson, Mark Shackleton, Francgois Vaillant, David Choi, Haiyan
I. Li, and Connie J. Eaves. 2006. “Purification and Unique Properties of Mammary Epithelial
Stem Cells.” Nature 439 (7079): 993-97. doi:10.1038/nature04496.

Teglund, S., C. McKay, E. Schuetz, J. M. van Deursen, D. Stravopodis, D. Wang, M. Brown, S.
Bodner, G. Grosveld, and J. N. lhle. 1998. “Stat5a and Stat5b Proteins Have Essential and
Nonessential, or Redundant, Roles in Cytokine Responses.” Cell 93 (5): 841-50.

Wagner, Kay-Uwe, Andrea Krempler, Aleata A. Triplett, Yongyue Qi, Nicholas M. George,
Jiangiong Zhu, and Hallgeir Rui. 2004. “Impaired Alveologenesis and Maintenance of Secretory
Mammary Epithelial Cells in Jak2 Conditional Knockout Mice.” Molecular and Cellular Biology
24 (12): 5510-20. d0i:10.1128/MCB.24.12.5510-5520.2004.

Yamaji, Daisuke, Risu Na, Yonatan Feuermann, Susanne Pechhold, Weiping Chen, Gertraud W.
Robinson, and Lothar Hennighausen. 2009. “Development of Mammary Luminal Progenitor
Cells Is Controlled by the Transcription Factor STATS5A.” Genes & Development 23 (20): 2382—-
87.d0i:10.1101/gad.1840109.

Zhou, Jiong, Renee Chehab, Josephine Tkalcevic, Matthew J. Naylor, Jessica Harris, Trevor J.
Wilson, Sue Tsao, et al. 2005. “EIf5 Is Essential for Early Embryogenesis and Mammary Gland
Development during Pregnancy and Lactation.” The EMBO Journal 24 (3): 635-44.
doi:10.1038/sj.embo0j.7600538.

141



FIGURES

Figure 1
a b
MECs
Growth media E";E:"”a""" +LRL Differentially expressed
wT MMTV-Rank wT
v ! Hours | \wriRL |MMTV-Rank +RL| MMTV-Rank
Hours -24 0 8 24 48 T2
L L1 [l 1 | 8 o/ T3M1 93/91
Expression  Expression Expression 24 20/54 182177 83n77
profiling  profiling profiling
72 1711341 607/341 3791572
c
24 hours 72 hours
220 @ W s WT+Rankl
MMTV-RANK vs MMTV-RANK+Rankl
61 @ WT vs MMTV-RANK
141
d

GO TERMS FROM GENES UPREGULATED IN ALL GROUPS (FC>2)

Gene ontology term Category, Set Candidates p-value q-value
level size contained

GO:0007049 cell cycle BP 3 1175 40 (3.4%) 2.26e-31 2.76e-29
G0:0006996 organelle organization BP3 2205 30 (1.4%) 9.4e-12 2.87e-10
GO:DQDO?ZB microtubule cytoskeletan BP 4 286 12 (4.2%) 3.07e-10 1.026-08
organization

GO:0006259 DNA metabolic process BP 4 825 17 (2.1%) 2.64e-09 7.34e-08
GO:0033554 cellular response to stress BP3 1032 16 (1.6%) 4.37e-07 7.62e-06
G0:0036211 protein modification process BP 4 2149 20 (0.9%) 3.46e-05 0.000304
GO:0_022614 membrane to membrane BP 4 5 2 (40.0%) | 0.000124 | 0.000798
docking

G0:0012501 programmed cell death BP 4 1320 13 (1.0%) | 0.000627 0.00326

GO TERMS FROM GENES DOWNREGULATED IN ALL GROUPS (FC>2)

Gene ontology term Category, Set Candidates p-value g-value
level size contained
GQ:007OBS? cellular response to chemical BP 3 1268 15 (1.2%) 2 376-05 0.001
stimulus
GO:0006629 lipid metabolic process BP 3 959 12 (1.3%) 0.000103 0.0026
00717 i

GO:0071706 tumor necrosis factor BP 4 78 | 4(.1%) |ooo0162 | o0.00521
superfamily cytokine production
GO:0001816 cytokine production BP 3 412 7(1.7%) 0.000556 0.00784
GO:0006810 transport BP 2 2901 21(0.7%) 0.000578 0.00763
GO:0009611 response to wounding BP 3 693 9 (1.3%) 0.000619 0.00786
G0O:0006954 inflammatory response BP 4 427 7(1.7%) 0.000651 0.0159
GO:0006631 fatty acid metabolic process BP 4 273 5(1.9%) 0.00257 0.0298

Figure 1. Gene expression analyses reveals overlapping genes and biological processes

between MMTV-RANK and Rankl treatment in WT acini.

A. Scheme of microarray assay. Mammary epithelial cells from 3 WT and 3 MMTV-RANK G16,5
females were seeded in 3D cultures with growth media. After 24 h differentiation media
(containing prolactin) with or without Rankl (RL) was added. RNA was collected 8, 24 and 72h

later.
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B. Differentially expressed genes (fold change higher than two-fold; red: up-regulated, blue:
down-regulated) at the indicated time points for each signature.

C. Venn diagrams showing overlap between groups of genes up- and downregulated more
than two-fold after 24 or 72 h of acinar Rankl (RL) treatment.

D. GO (Gene Ontology) enrichment analysis of genes up- or downregulated more than two-fold
in all groups after 72 h of Rankl treatment. The most statistically significant and non-redundant
GO terms for biological processes are represented.
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Figure 2. WT Acini gene expression changes with exposure to Rankl are consistent with
increased proliferation and impaired alveolar differentiation.

A. Expression profiles of Wap and Ccnd1 in WT acini exposed to RL. The results for two and
one existing microarray probes of Wap and Ccnd1, respectively, are shown.

B. Top panel, GSEA graphical output for the association between over-expression of the KEGG
Cell Cycle pathway and acini exposure to Rankl. Other significantly associated pathways are
shown at the bottom, for KEGG and Biocarta annotations: red (top), over-expressed pathways;
blue (bottom), under-expressed pathways, with WT acini exposure to RL. Bottom panel, GSEA
graphical output for the association between over-expression of the Rank WikiPathway and
acini exposure to Rankl. The top genes contributing to the over-expression association are
listed.

C. Unsupervised heatmap clusters using the genes with the highest overexpression (top panel)
and underexpression (bottom panel) slope values with acini exposure to Rankl. The
developmental stages of the corresponding normal mice mammary gland samples are shown
at the bottom of each cluster.

D. Profiles of predicted transcription factor binding sites significantly over-represented at 8, 24
and/or 72 h in acini exposed to Rankl. Coloured heatmap labels correspond to significant
associations (false discovery rate (FDR) < 5%) and the scale is proportional to the enrichment
score in the GSEA.
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Figure 3: RANK signaling prevents alveolar secretory differentiation by negative regulation of
p-Stat5 at midgestation.

A. mRNA expression levels of the indicated genes relative to beta-actin in WT and MMTV-
RANK acini after 24 h of culture in differentiation media (prolactin, prl), with or without Rankl
as determined by RT-PCR. Each dot represents mammary acini derived from one mouse at
G14.5. Measurements were done in triplicate and means were used in the calculations.
Significant differences are indicated by *.

B. Fold changes in the mRNA expression levels of the indicated genes in Rankl-treated relative
to untreated mammary acinar cultures from WT and MMTV-RANK mice. Fold changes between
paired treated and untreated samples were calculated, mean and SEM values are shown and t-
test against reference was calculated for each gene. Cells derived from 4-8 different G14.5
mice were analyzed. Statistically significant differences are indicated.
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C,D. Western blot analyses of the indicated proteins in WT and MMTV-RANK (G14.5) acinar
cultures growing in GM and stimulated with prolactin (prl) with or without Rankl (RL) for 10,
30, 60 min or 24 h. Arrow in 3b indicates the EIf5 band. Results for one representative
experiment out of 3 are shown. Spaces between sets of lanes indicate samples run on separate
gels.
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Figure 4
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Figure 4: RANK overexpression during pregnancy interferes with p-Stat5 activation and EIf5
expression.

A. mRNA expression levels of indicated genes relative to beta-actin in WT and MMTV-RANK
glands at the indicated time points during gestation. Each bar represents mean values for 2-3
mice and SD are indicated. For each sample measurements were done in triplicate and mean
values were used in the calculations.

B. Representative H&E, EIf5, p-Stat5 and milk immunostainings at G16.5 of WT and MMTV-
RANK mammary glands.

C. Western blot analyses of the indicated proteins in virgin and G14.5 mammary glands of WT
and MMTV-RANK mice. Actin is shown as loading control. Spaces between sets of lanes
indicate samples run on separate gels; thin black lines between lanes indicate splicing together
of lanes run on the same gel.
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Figure 5
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Figure 5: Pharmacological inhibition of Rankl during pregnancy induces precocious and
exacerbated lactogenesis.

A. Schematic representation of Rank-Fc experiment. Pregnant WT females were injected with
Rank-Fc (10 mg/kg) at midgestation and mammary glands were analyzed after 24 h.

B. Representative images of H&E at G10.5; G14.5 of WT mice 24 h after treatment with Rank -
Fc or mock (veh).

C. Number of colonies (solid and non-solid) in matrigel formed by G10.5 MECs 24 h after Rank-
Fc or mock treatment. The colony forming assay was done in triplicates and mean, SD values
and t test probabilities for total number of colonies are shown. For solid colonies p= 0.0003,
for non-solid p= 0.02. Results are representative of two independent experiments.
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D. Percentage of proliferative cells measured by BrdU incorporation in Rank-Fc treated mice
and controls. Each bar represents mean values for 3 mice and SD and p values are shown.

E. mRNA expression of indicated genes relative to beta-actin in G10.5; G14.5 mammary glands,
24 h after Rank-Fc or mock treatment. Each bar represents mean values for three mice; SEM
and significant t test probabilities for significant differences are shown. Measurements for
each sample were done in triplicates and mean values were used in the calculations.

F. Western blot analyses of the indicated proteins in WT G10.5, G14.5 mammary glands, 24 h
after treatment with mock or Rank -Fc. Actin is shown as loading control.

Spaces between sets of lanes indicate samples run on separate gels; thin black lines between
lanes indicate splicing together of lanes run on the same gel.

G. Representative images of EIf5, p-Stat5 and milk immunostainings at G10.5 in Rank -Fc
treated WT mice and controls (veh).
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Figure 6
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Figure 6: Rank signaling impairs lactogenesis through inhibition of prolactin/Stat5 pathway.
Schematic representation of the negative role of Rankl in the PrIR/Stat5/EIf5 axis.
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ANNEX 2

“Contribution of RANK downstream signaling

pathways to the impaired STAT5 activation
induced by RANKL at midgestation”
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ABSTRACT

RANK signaling impairs mammary secretory differentiation during pregnancy through
inhibition of the prolactin/STAT5/EIf5 pathway. In this annex we introduce some
preliminary results investigating the mechanism by which RANKL stimulation interferes
with prolactin induced-Stat5 phosphorylation. Our data suggest that NF-kB, PI3K-Akt, p38
and ERK pathways are not directly responsible of the impaired p-STATS5/EIf5 signaling
induced by RANKL. Moreover, regulators of STAT5 phosphorylation such as STAT3, SOCS
family and ErbB4 are not involved in RANKL-induced p-STAT5 impairment.

Overall, further investigations are required to elucidate the molecular mechanism that
contributes to the impaired STAT5/EIf5 activation induced by RANKL at midgestation.
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RESULTS AND DISCUSSION

RANK and its ligand, RANKL, are key regulators of mammary gland development (Fata et
al. 2000; Gonzalez-Suarez et al. 2007). We have shown that RANKL inhibits mammary
alveolar differentiation and lactogenesis at midgestation through inhibition of STAT5/EIf5
signaling (Cordero et.al, under revision). However, the molecular mechanism by which
RANKL interferes with STATS/EIf5 activation remains unknown.

We have previously shown that RANK overexpression in MCF10A human MECs leads to
constitutive activation of several downstream pathways that play a role in mammary
gland development, including NF-kB, PI3K-Akt, p38 and ERK (Palafox et al. 2012). NF-kB
promotes mammary gland proliferation and side-branching during pregnancy (Cao et al.
2001), but a negative crosstalk between NF-kB and the PrIR/STATS activation in the
mammary gland has been reported (Geymayer and Doppler 2000). PI3K-Akt signaling
pathway regulates multiple biological processes including cell proliferation, and modulates
PrIR/STATS activity through upregulation of 1d2, a positive regulator of the pathway, and
downregulation of negative modulators Caveolin-1 and Socs2 (Chen et al. 2010). The
mitogen activated protein kinases (MAPK) ERK and p38 pathways are active in MECs and
regulate cell proliferation, differentiation and survival (Pearson et al. 2001; Hui et al.
2007).

Our previous results showed activation of NF-kB pathway, evidenced by enhanced p-p65
and p-lkB levels, in WT and MMTV-RANK acini 24h after addition of prolactin (Cordero et.
al, under revision). Higher levels of p-IkB were observed in WT acini under prolactin (DM)
+ RANKL treatment, compared to prolactin-treated acini. Moreover, p-1kB and p-p65 levels
were higher in MMTV-RANK than in corresponding WT acini, suggesting that NF-kB
activation could interfere with STATS phosphorylation observed at 24h, in agreement with
previous observations (Geymayer and Doppler 2000). However, p-lkB levels did not
increase in WT and MMTV-RANK acini treated with DM + RANKL at shorter time points,
indicating that NF-kB is not responsible of the decreased STAT5 phosphorylation observed
as early as after 10 minutes of prolactin + RANKL exposure (Cordero et. al, under revision),
suggesting that additional mechanisms contribute to p-STATS5 inhibition.

Hence we tried to address the contribution of PI3K-Akt, p38 and ERK pathways to the
PrIR/STATS/EIf5 impairment induced by RANKL (Cordero et. al, under revision). Again,
isolated MECs from WT and MMTV-RANK mice at midgestation (G.14,5) were seeded in
3D cultures in matrigel matrix, and treated with DM +/- RANKL stimuli. The protein levels
for activated ERK, PI3K-Akt and p38 pathways were analyzed by WB. Our results showed a
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severe reduction in p-ERK levels in WT MECs treated with DM during 24h, which was
attenuated in the presence of RANKL, compared to corresponding controls in growth
medium (GM, without prolactin) (Fig 1A). Moreover, p-ERK levels were higher in MMTV-
RANK acini under prolactin +/- RANKL treatment, compared to corresponding WT acini.
These results suggest that p-ERK signaling needs to be downregulated at midgestation to
allow mammary alveolar differentiation, and the increased levels in MMTV-RANK acini
and WT acini under DM + RANKL treatment could interfere with p-STAT5 activation.
However, no differences in p-ERK were detected at shorter time points (10 min - 60 min),
suggesting that additional mechanisms interfere with the impaired STAT5 phosphorylation
observed in prolactin/RANKL treated cultures.

No clear differences in p-AKT or p-p38 levels were observed in both WT and MMTV-RANK
MECs at any time point, irrespectively of RANKL (Fig. 1A,B). The slightly increased p-Akt
levels observed in GM-treated MMTV-RANK MECs was probably related to the higher
protein loading (actin) observed. Thus, ERK, PI3K-Akt and p38 signaling pathways are not
involved in the inhibition of STAT5 phosphorylation driven by RANKL in differentiation
media.

Next, we tried to functionally address the contribution of NF-kB, PI3K-Akt, p38 and ERK to
the impaired mammary epithelial cell differentiation induced by RANKL using inhibitors.
First, isolated MECs from midgestant (G.14,5) WT mice were cultured in vitro in GM and
DM +/- RANKL, and the efficiency of NF-kB (Bay65), PI3K-Akt (LY294002), p38 (SB203580)
and ERK (UO126) inhibitors was tested at protein level (Fig 2A). Reduced activation of the
corresponding pathways was observed in the presence of the inhibitors (Fig 2A). In
addition, the efficiency of NF-kB inhibitor peptide SN50 was tested in vitro (Fig 2B).
Indeed, G.14,5 WT and MMTV-RANK acini were treated with GM or DM +/- RANKL and/or
SN50 inhibitor. Lipopolysaccharide (LPS) was added to GM-treated cultures as a positive
regulator of NF-kB signaling activation (Beg et al. 1995). As expected, increased nuclear
p65 levels were observed in WT and MMTV-RANK acini treated with LPS during 30
minutes. However, SN50 inhibitor was not able to reduce p65 nuclear staining in WT and
MMTV-RANK-treated acini. According to previous data (Gonzalez-Suarez et al. 2007),
MMTV-RANK MECs under prolactin + RANKL treatment showed increased p65 nuclear
translocation compared to WT. Moreover, SN50 not only was not able to reduce p65
nuclear translocation but it promoted this nuclear p65 signaling. These results reflect the
complexity of NF-kB signaling regulation and feedback mechanisms. Further experiments
and dose curve response need to be performed to demonstrate the efficiency of SN50
inhibitor in WT and MMTV-RANK midgestant acini in vitro.
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WT and MMTV-RANK G.16,5 acini were treated in vitro with DM +/- RANKL +/- inhibitors
for NF-kB (Bay65, Bayl1, SN50), ERK (UO126), PI3K-AKT (LY294002) or p38 (SB203580).
After 24h, the milk protein WAP mRNA expression levels were analyzed by RT-PCR as an
indicator of lactogenic differentiation (Fig 2C). As previously shown, a clear increase in
WAP levels were observed in WT MECs under prolactin treatment, which were
significantly reduced in the presence of RANKL (Cordero et. al, under revision). Our results
showed that WAP expression levels were not rescued in WT MECs treated with DM +
RANKL + any of the inhibitors, suggesting that RANK downstream signaling pathways are
not directly responsible of the impaired p-STAT5/EIf5 signaling and subsequent alveolar
differentiation failure induced by RANKL. Moreover, WAP expression levels decreased in
the presence of these inhibitors, except for the NF-kB peptide inhibitor SN50 (Fig 2C),
suggesting that NF-kB, PI3K-Akt, p38 and ERK signaling pathways play a positive role in
mammary alveologenesis. Consistent with previous observations, MMTV-RANK MECs
showed impaired WAP levels under prolactin treatment that further decreased in the
presence of RANKL (Cordero et. al, under revision). Again, WAP levels were not rescued in
the presence of DM + RANKL + any of the inhibitors. Moreover, our results showed
unexpected increased WAP levels in MMTV-RANK MECs treated with prolactin + BAY65
and SN50 inhibitors, compared to prolactin-treated MECs. These results suggest a complex
role for RANK downstream signaling pathways in the regulation of the alveolar cell
differentiation process. Moreover, the specific inhibition of NF-kB, PI3K-Akt, p38 and ERK
does not rescue the impaired mammary epithelial differentiation induced by RANKL. Thus,
additional mechanisms may contribute to the decreased STAT5 phosphorylation under
RANK signaling overactivation.

Next, we addressed the contribution of the negative regulators of PrIR/JAK2/STATS
signaling. Suppressor of cytokine signaling (SOCS) proteins and Caveolin-1 have been
described as part of the negative feedback loop, attenuating STATS phosphorylation and
activation, keeping the signaling pathway under a strict regulatory control (Jasmin et al.
2006). The SOCS protein family comprises eight members, although the most well-known
are SOCS1, SOCS2 and SOCS3. In particular, SOCS1 binds to JAK2 and inhibits its kinase
activity, targeting it for proteasomal degradation (Jasmin et al. 2006). SOCS2 mechanism
of action remains poorly understood, although the deletion of both alleles of SOCS2 can
rescue the lactation defect observed in PRLR"" heterozygous mice (Harris et al. 2006).
SOCS3 is a critical repressor of STAT3-mediated mammary gland apoptosis during
involution, although its concrete role in lactation has not been elucidated (Sutherland et
al. 2006). Caveolin-1 is a membrane-bound protein that prevents the PrIR-JAK2 binding,
thus negatively regulating STAT5 phosphorylation and a proper mammary gland
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differentiation during pregnancy (Hennighausen and Robinson 2008). Our results
indicated that the mRNA expression levels of SOCS1, SOCS2, SOCS3 and caveolin-1
decreased in G.14,5 WT MECs treated with GM + RANKL for 24h, compared to GM (Fig 3).
Moreover, we found an increase in SOCS1, SOCS3 and caveolin-1 in MECs under prolactin
treatment, compared to GM. SOCS1, 2, 3 expression levels were not increased after
prolactin + RANKL treatment. A modest increase in caveolin-1 levels were observed under
DM + RANKL treatment and will be investigated in the future.

We have also interrogated the levels of ErbB4, a tyrosine kinase receptor that mediates
STATS phosphorylation at late-stages of pregnancy and lactation (Jones et al. 1999). A
clear increase in ErbB4 mRNA levels was observed during gestation in WT and MMTV-
RANK glands compared to virgin glands (Fig. 4). Moreover, a slight increase in ErbB4 levels
was observed in prolactin-treated WT MECs during 24h, which was further enhanced in
the presence of RANKL, compared to corresponding GM-treated controls (Fig 4B). These
results suggest that impaired lactogenic differentiation observed upon RANK signaling
activation is not due to a reduction in ErbB4 expression.

Moreover, we asked the role of STAT3, which antagonizes with STAT5 lactogenic and
survival activities, determining the end of lactation and apoptosis induction of mammary
secretory cells (Bertucci et al. 2010; Humphreys et al. 2002). Moreover, STAT5 directly
protects cells from the STAT3-mediated death signals (Clarkson et al. 2006). Thus, we
analyzed if an increase in p-STAT3 levels could explain the lower p-STATS5 protein
expression levels observed in midgestant MMTV-RANK mammary glands (Cordero et.al.
under revision). Our preliminary results showed no differences in p-STAT3 expression
levels in WT and MMTV-RANK mammary glands at midgestation (G.14,5-16,5) (Fig 5A).
More experiments need to be performed to analyze if STAT3 is competing with STATS5
phosphorylation throughout gestation.

In conclusion, our results indicate that all the transcriptional changes observed in
midgestant WT MECs under prolactin and RANKL treatment (and consequently in MMTV-
RANK mice at midgestation) seem to be the consequence and not the cause of the
impaired mammary alveolar differentiation phenotype, and cannot explain the RANKL
short-term inhibitory effects in p-STAT5 levels previously reported (Cordero et.al, under
revision). Further experiments are needed to elucidate other possible candidates that
could contribute to this inhibitory effects such as c-Src, a tyrosine kinase that can directly
phosphorylate the activation site of STAT5 (Okutani et al. 2001). Moreover, c-Src binds to
activated RANK via its Src homology 2 (SH2) domain in the osteoclast cytoskeleton (lzawa
et al. 2012).
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MATHERIALS AND METHODS
Mice

All research involving animals was done in IDIBELL animal facility and complied with
protocols approved by the IDIBELL Committee on Animal Care, local animal welfare laws,
guidelines and policies. MMTV-RANK mice in FVB background were obtained through
collaboration with Dr. Bill Dougall (Oncology Research-AMGEN).

3D cultures

For differentiation assays in 3D cultures, 600.000 primary mammary epithelial cells
isolated from pregnant (G.14,5 or G.16,5) WT and MMTV-RANK females were plated in
growth media that contains DMEM-F12, 5% FBS, EGF 10 ng/ml (E9644, Sigma-Aldrich),
hydrocortinose 0,5 pug/ml (H-0888, Sigma-Aldrich), insulin 5 pug/ml (1-1882, Sigma-Aldrich),
cholera toxin 100 ng/ml (C-8052, Sigma-Aldrich) and penicillin-strepromycin (15070-063,
Invitrogen). After 24h the medium was changed to differentiation media containing
DMEM-F12, prolactin 3 pg/ml (L6520, Sigma-Aldrich), hydrocortinose 1 ug/ml (H-0888,
Sigma-Aldrich), ITS (insulin, transferrin, selenium; 13146, Sigma-Aldrich), cholera toxin 100
ng/ml (C-8052, Sigma-Aldrich) and penicillin-strepromycin (15070-063, Invitrogen)
with/without Rankl-LZ (1 pg/ml; Amgen Inc). After 24h in culture MECs were isolated
dissolving matrigel with cold PBS-EDTA (5 mM) for 30 minutes.

Inhibition assays

For inhibition assays, isolated MECs from WT and MMTV-RANK mice at midgestation
(G.14,5 or G.16,5) were plated in 3D cultures in GM for 24h. WT and MMTV-RANK acini
were then treated during 24h with 5 pM BAY65 (NF-kB inhibitor; Calbiochem), 10 uM
BAY11 (NF-kB inhibitor; Calbiochem), 72 uM SN50 (NF-kB inhibitor; Enzo), 10uM
SB203580 (p38 inhibitor: Calbiochem), 10 uM U0O126 (ERK inhibitor; Calbiochem) or 10uM
LY294002 (Pi3K-Akt inhibitor; Selleckchem). Inhibitors were added 2h before stimulation
with prolactin (DM) +/- RANKL. After 24h in culture, the medium was removed and protein
or RNA extracts were collected.

Inhibition assays for p65 quantification were performed in G.14,5 WT and MMTV-RANK
MECs in 3D cultures. Again, MECs were plated in GM. After 24h, 72 uM SN50 (NF-kB
inhibitor; Enzo) was added to the medium during 6 days. 2h after inhibitor addition,
prolactin (DM) +/- RANKL were added to the medium. The treatment was refreshed every
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48h to avoid degradation of the inhibitor. 6 days later the medium was removed and IF
was performed.

RNA extraction and RT-PCR

Total RNA of acinar cultures was prepared with Tripure Isolation Reagent (11667165001
Roche). 20 ng/ml of mRNA were pretreated with DNase | (Ambion). cDNA was produced
by reverse transcription using 1 ug of RNA in a 35-uL (Applied Biosystems). 20 ng/well of
RNA/cDNA were used and analyses were performed in triplicate. Quantitative PCR was
performed using LightCycIer® 480 SYBR green. Primer sequences are indicated below.

mWAP Fwd - 5" TGCCTCATCAGCCTAGTTCTTG 3’
mWAPRev - 5" CTGGAGCATTCTATCTTCATTGGG 3’
mErbB4 Fwd - 5" AATGCTGATGGTGGCAAGA 3’
mErbB4 Rev > 5" CATCACTTTGATGTGTGAATTTCC 3’
mSOCS1 Fwd - 5 GTGGTTGTGGAGGGTGAGAT 3’
mSOCS1 Rev > 5’ CCTGAGAGGTGGGATGAGG 3’
mSOCS2 Fwd > 5" CGCGAGCTCAGTCAAACAG 3’
mSOCS2 Rev > 5" AGTTCCTTCTGGAGCCTCTTTT 3’
mSOCS3 Fwd > 5" ATTTCGCTTCGGGACTAGC 3’
mSOCS3 Rev > 5" AACTTGCTGTGGGTGACCAT 3’
mCav-1 Fwd - 5" CCAGGGAAACCTCCTCAGA 3’
mCav-1Rev - 5" CCGGATGGGAACAGTGTAGA 3’

HK PP1A Fwd - 5" CAAATGCTGGACCAAACACAAACG 3’
HK PP1ARev - 5" GTTCATGCCTTCTTTCACCTTCCC 3’

Western blot

Western blotting was performed with standard protocols. Briefly, cells were lysed with
RIPA buffer (50 mM Tris-HCl at pH 7.6, 150mM NaCl, 1% NP-40, 0,5% Sodium
deoxycholate, 0,1% SDS, 5mM EDTA). Proteases and phosphatases inhibitors (Roche) were
added freshly to the lysis buffer. Blots were blocked for 1 h at room temperature with 5%
milk in 10 mM Tris-HCl pH 7.5, 150 mM NaCl containing 0.1% Tween 20 (TBST) and
incubated overnight at 42C with Primary antibodies reactive to mouse p-P65 (3033, , Cell
Signaling), p-1kBot (S32/36, Cell Signaling), p-ERK (E7028, Sigma-Aldrich), p-AKT (4051, Cell
Signaling), p-p38 (9211, Cell Signaling), p-STAT3 (9131, Cell Signaling) Tubulin (T9026,
Sigma-Aldrich) and B-actin (AC-74, Sigma) were used. After washing, blots were incubated
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with horseradish peroxidase-conjugated secondary antibodies (1:2000, Promega) for 1 h
at 20-25 °C, and revealed with enhanced chemiluminescence.

Immunofluorescence

Acinar structures were stained as previously described (Debnath J, 2003). Briefly, acini
were fixed in 2% paraformaldehyde (20 min), permeabilized with PBS containing 2% Triton
X-100 (30 min), and washed with PBS-Glycine 100 mM (three washes of 15 min each).
Antigens were blocked with IF buffer (PBS, 7.7 mM NaN3s, 0.1% bovine serum albumin,
0.2% Triton x-100, 0.05% Tween-20) + 10% goat serum for 1 h and then with IF buffer +
goat serum + 20 pg/mL F(ab’) fragment (Jackson ImmunoResearch) for 30 min. Primary
antibodies against p65 (D14E12, Cell Signaling) and K8 (TROMA, dshl, Developmental
Studies Hybridoma Bank, lowa City, lowa) were incubated overnight in a humid chamber.
Opportune fluorochrome conjugated secondary antibodies (Invitrogen) were added after
primary incubation, diluted 1:500 in IF buffer + 10% goat serum and incubated for 40 min.
Acini were then washed with IF buffer and cell nuclei were stained with DAPI (Sigma), and
then mounted with Prolong ® Gold Antifade (Life Technologies). Confocal analysis was
carried out using Leica confocal microscope. Images were captured using LasAF software
(Leica).
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Figure 1. ERK, PI3K-Akt and p38 signaling pathways are not responsible of p-STAT5 inhibition

induced by RANKL at short time points.

A,B. Western blot analyses of the indicated genes in WT and MMTV-RANK (G14.5) acinar cultures
growing in GM and stimulated with prolactin (DM) with or without RANKL (RL) for 10, 30, 60 min
or 24h. Actin is shown as loading control. Results for one representative experiment out of 2-3 are

shown.
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Figure 2. RANK downstream NF-kB, ERK, PI3K-Akt and p38 pathways play a positive role on
lactogenesis.

A. Western blot analyses of the indicated genes in WT (G14.5) acinar cultures growing in GM or DM
+/- RANKL +/- specific inhibitors for NF-kB (51M BAY65), ERK (10 UM UO126), PI3K-AKT (10uM
LY294002) or p38 (10uM SB203580) pathways for 24h. Results for 1 or 2 experiments are shown.

B. Percentage of cells with positive (nuclear, perinuclear, cytoplasmic) or negative p65 staining in
G.14,5 WT acini after 6 days in culture in GM +/- SN50 (72 uM) or DM +/- RANKL +/- SN50 (72
uM). GM treated cultures were stimulated with LPS (1.6 pug/mL) for 30 minutes to induce p65
nuclear translocation. Quantification, mean and SEM for 1 experiment is shown.

C. WAP mRNA expression levels, relative to PP1A, of acini isolated from WT and MMTV-RANK at
G.16,5, and incubated in GM or DM +/- RANKL in the presence of the indicated specific inhibitors
for 24 hours. Measurements for each sample were performed in triplicate and mean and SEM
are shown. Note different scale used in WT and MMTV-RANK acinar cultures, as WT cultures
express 100-fold higher levels of WAP than MMTV-RANK cultures.
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Figure 3. Expression levels of SOCS protein family members and caveolin-1 in WT acini treated
with RANKL.

MRNA expression levels of the indicated genes relative to PP1A in WT acini cultured in GM or DM
+/- RANKL. Each dot represents mammary acini derived from one mouse at G.14,5. Lines
connecting dots represent different treatments in the same sample. Measurements were done in
triplicate and means were used in the calculations.
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Figure 4
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Figure 4. ErbB4 expression levels in WT and MMTV-RANK mammary epithelial cells.

A. ErbB4 mRNA expression levels relative to PP1A in WT and MMTV-RANK glands at the indicated
time points during gestation. For each sample measurements were done in triplicate and mean
and SD values were used in the calculations.

B. ErbB4 mRNA expression levels relative to PP1A in WT acini after 24h of culture in GM and DM +/-
RANKL. Each dot represents mammary acini derived from one mouse at G.14,5. Lines connecting
dots represent different treatments in the same sample. Measurements were done in triplicate
and means were used in the calculations.
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Figure 5
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Figure 5. STAT3 activation in WT and MMTV-RANK mammary glands.
Western blot analysis of p-STAT3 levels in mammary glands from WT and MMTV-RANK at
midgestation (G14,5-16,5). Arrow indicates p-STAT3 protein band. Tubulin is shown as loading

control.

168



ARTICLE 3

“RANK overexpression delays mammary
tumor formation in oncogene-driven NEU
and PYMT mouse models but in turn
contributes to tumor aggressiveness through
Cancer Stem Cell enrichment”

169



170



RANK overexpression delays mammary tumor formation in
oncogene-driven NEU and PYMT mouse models but in turn
contributes to tumor aggressiveness through Cancer Stem Cell
enrichment

Cordero A', Sanz-Moreno A?, Yoldi G* and Gonzélez-Suérez E**

! Cancer Epigenetics and Biology Program, Bellvitge Biomedical Research Institute,

IDIBELL. Barcelona, Spain
* Corresponding author: Eva Gonzélez-Sudrez

Cancer Epigenetics and Biology Program, Bellvitge Biomedical Research Institute, IDIBELL.

Barcelona, Spain
Av. Gran Via de I'Hospitalet, 199. 08908 L'Hospitalet de Llobregat. Barcelona. Spain
egsuarez@idibell.cat Phone: +34 932607139 Fax: +34 932607119

www.pebc.cat

KEY WORDS: RANK, MMTV-PYMT, MMTV-NEU, Cancer stem cell (CSC), tumor cell of

origin, metastasis.

171



ABSTRACT

RANK signaling regulates mammary epithelial differentiation and mediates mammary
tumorigenesis induced by progesterone and carcinogens. RANK overexpression leads to
spontaneous mammary tumor formation with long latency in multiparous old mice,
suggesting that RANK cooperates with oncogenic mutations to induce tumorigenesis.
Thus, we directly addressed the impact of RANK overexpression in the oncogene-driven
MMTV-NEU and MMTV-PYMT mouse models. Unexpectedly, we found a significant longer
latency to tumor formation and reduced tumor incidence in transgenic mice
overexpressing both RANK and NEU or RANK and PYMT as compared to the single
mutants. RANK overexpression enhanced both basal and luminal mammary populations,
and disrupted luminal subpopulations distribution, which could reduce the tumor cell of
origin and delay tumorigenesis. However, both luminal and basal populations from NEU
and PYMT overexpressing mice were able to form tumors and RANK overexpression in
MMTV-NEU*" mice prevented tumor initiation irrespectively of the population of origin.
These results suggest that RANK overexpression attenuates tumorigenesis by alternative
mechanisms.

Once tumors develop, RANK overxpression did not alter the MMTV-neu tumor phenotype
but in the MMTV-PYMT background it increased tumor aggressiveness, with increased
tumor growth and enhanced metastasis formation ability. MMTV—PYMT”’; RANK*/
palpable lesions were enriched in K14+/K8+ coexpressing cells. Moreover, functional
assays revealed an enrichment in the cancer stem cell (CSC) pool within MMTV-PYMT+/';
RANK™®tumors.

Collectively, our results indicate that RANK signaling plays a complex role in
tumorigenesis, affecting tumor initiation and/or aggressiveness in NEU- and PYMT-driven
mammary tumors.
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INTRODUCTION

RANK and its ligand, RANKL, are key regulators of mammary gland development,
controlling proliferation and differentiation of the mammary epithelia during pregnancy
(Fata et al. 2000; Gonzalez-Suarez et al. 2007). RANKL is expressed in progesterone
receptor positive (PR+) mammary epithelial cells (MECs), and mediates the proliferative
effects of progesterone in mouse (Fata et al. 2000; Beleut et al. 2010) and human
mammary epithelium (Tanos et al. 2013). RANK deletion or overexpression results in
disrupted mammary gland development during pregnancy and impaired lactation (Fata et
al. 2000; Gonzalez-Suarez et al. 2007).

We have recently demonstrated that constitutive activation of RANK in the mammary
gland, under the mouse mammary tumor virus (MMTV) promoter, disrupts mammary
stem cell fate resulting in the accumulation of MaSC and intermediate progenitors
(Pellegrini et al. 2013). Thus, RANK overexpression not only expands both basal CD24"°
cD29" CcD49f" and luminal CD24"™ CD29"° CD49f° mammary populations, but also
decreases the expression of Sca-1 and CD61, described as markers of Iuminal
differentiated cells and alveolar progenitors, respectively, and increases CD49b
expression, a marker of luminal progenitor cells, within the luminal population (Sleeman
et al. 2007; Asselin-Labat et al. 2007; W. Li et al. 2009; Shehata et al. 2012). Functional
assays indicate that MMTV-RANK mice have more MaSC contained in the basal
population, as they are more able to reconstitute an entire mammary gland when injected
in limiting dilution assay (LDA) in vivo into a cleared fad pad FvB mammary gland,
compared to wild type (WT) mice. Luminal progenitor cells are also expanded within
luminal population in MMTV-RANK, as they are more able to form colonies in vitro in
matrigel 3D cultures under RANKL stimuli, compared to WTcontrols.

MMTV-RANK mice spontaneously develop mammary adenocarcinomas after multiple
gestations with a long latency. Consistent with the expansion of mammary progenitors
observed in MMTV-RANK mice, each MMTV-RANK tumor is morphologically distinct and
heterogeneous in terms of keratin staining, containing basal cells K5/K14+, luminal cells
K8+, and abundant cells coexpressing K14+/K8+.

Moreover, MMTV-RANK mice show a shorter tumor latency compared to WT after a
carcinogenic protocol that includes DMBA (dimethylbenz(a)anthracene) and MPA
(medroxiprogesterone) (Gonzalez-Suarez et al. 2010; Schramek et al. 2010). Conversely,
pharmacological inhibition of RANK with RANK-Fc, which binds to RANKL and blocks the
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pathway, completely prevents MPA/DMBA-induced mammary tumor formation in WT
mice.

MMTV-neu mice constitutively express the neu gene, the rat orthologue of human Her2
(ErbB2), resulting in mammary tumor and lung metastasis formation at 8-11 months of
age (Muller et al. 1988a). Her2 is amplified in 30% of human breast cancers and it is a
marker of poor prognosis (Slamon et al. 1987; Fantozzi and Christofori 2006). We have
previously shown that preventive treatment with RANK-Fc before tumors arise leads to a
significantly decreased number of tumoral foci per mouse and lung metastasis in MMTV-
neu mice (Gonzalez-Suarez et al. 2010).

MMTV-PYMT mice express the middle T protein of the polyomavirus, which activates
several pathways that regulate cell cycle and survival, resulting in aggressive multifocal
adenocarcinoma formation at only 3-5 weeks of age, and high incidence of lung metastasis
(Guy, Cardiff, and Muller 1992). Moreover, this model particularly resembles the different
stages of progression in human mammary tumorigenesis, from hyperplasias to adenoma
and advanced carcinomas, as well as loss of the expression of sex hormone receptors (ER,
PR) and gain of Her2 and Cyclin D1 expression (Maglione et al. 2001; Herschkowitz et al.
2007).

RANK protein is expressed focally in MMTV-NEU normal mammary glands similarly to WT.
Furthermore, a focal expression of RANK is observed in MMTV-PYMT residual non
transformed mammary epithelium (Pellegrini P et.al, under revision), as this model show
extensive hyperplasias before 4 weeks of age (Guy, Cardiff, and Muller 1992).

Mammary hyperplasias and invasive adenocarcinomas of both MMTV-NEU and MMTV-
PYMT mice express high levels of RANK (Pellegrini P et.al, under revision). However, very
low or undetectable levels of RANKL are detected in preneoplastic lesions and
adenocarcinomas in MMTV-NEU and MMTV-PYMT mouse models (Gonzalez-Suarez et al.
2010; Schramek et al. 2010) (Pellegrini P et.al, under revision), in accordance with the loss
of estrogen and progesterone receptors (ER, PR) during tumor progression of MMTV-NEU
and MMTV-PYMT models (Lin et al. 2003), and the described RANKL expression in PR+
cells (Fernandez-Valdivia et al. 2009).

Recent publications highlight the importance of Cancer Stem Cells (CSC) in tumorigenesis
(Reya et al. 2001; Yu et al. 2012). CSCs are a subpopulation of cells within tumors
endowed with self-renewal and multilineage differentiation capacity which can cause
relapse and metastasis (Sampieri and Fodde 2012; Merlos-Suarez et al. 2011; Overdevest
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et al. 2011). These cells have been termed cancer stem cells to reflect their “stem like”
properties and ability to continually sustain tumorigenesis, although they are not
necessarily derived from stem cells (Owens and Naylor 2013; McDermott and Wicha
2010). CSCs are particularly difficult to isolate as there are no specific surface markers
described for all tumors (Asselin-Labat et al. 2011; Lo et al. 2012, 49), although they can
be functionally assayed by their enhanced ability to form non-adherent mammospheres,
and to initiate novel tumors and metastasis when injected in vivo in limiting dilution
assays (LDA) (Schramek et al. 2010; Pece et al. 2010; O’Brien, Kreso, and Jamieson 2010).
Cancer stem cells are not necessarily related with the tumor cell of origin, the cell that
acquires the first cancer-promoting mutation (Visvader 2011). Understanding the tumor
cells of origin and how they contribute to breast cancer tumor phenotypes is one of the
key challenges to the development of personalized medicine for breast cancer.

Given the long tumor latency previously observed in MMTV-RANK mice, we hypothesize
that RANK cooperates with other oncogenic mutations to induce tumorigenesis.
Unexpectedly our results indicate that RANK overexpression delays tumor initiation in
oncogene-driven NEU and PYMT mouse models but promotes tumor aggressiveness
through cancer stem cell enrichment.
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RESULTS

RANK overexpression in an oncogenic MMTV-NEU and MMTV-PYMT
background significantly delays mammary tumor onset

In order to investigate whether RANK overexpression cooperates with MMTV-NEU
(Andrechek et al. 2000) and MMTV-PYMT (Guy, Cardiff, and Muller 2015) oncogene-driven
mouse models, double transgenic mice were generated by crossing MMTV-RANK"® with
MMTV-NEU** or MMTV-PYMT"" mice, and their impact on tumor formation was
analyzed.

Unexpectedly, MMTV-NEU*"; RANK"® mice showed a reduced tumor incidence (58% mice
with tumors), compared to MMTV-NEU", where 100% mice developed tumors (Fig. 1A).
Moreover, overexpression of RANK and NEU in the mammary gland resulted in a
significantly delayed tumor latency (414 £ 115 days), compared to MMTV-NEU" mice (261
+ 87 days) (Fig. 1B). Once tumors developed, no clear changes in tumor growth or in their
capacity to metastasize to lung were observed between both genotypes (Fig 1 C,D).

In the MMTV—PYMT”’; RANK**® mouse model all mice developed mammary tumors (Fig.
1A), and MMTV—PYMT+/'; RANK*'® mice presented significantly longer tumor latency (67 +
16 days), compared to single transgenic MMTV-PYMT " mice (41 + 7 days) (Fig.1B).
However, MMTV-PYMT""; RANK"* tumors grew significantly faster than MMTV-PYMT""
(Fig. 1C), and displayed 100% lung metastasis incidence, with 30-90 metastatic foci per
lung; by contrast, 70% MMTV-PYMT*" mice presented lung metastasis, and several mice
showed less than 10 metastatic foci per lung (Fig. 1D).

Thus, RANK overexpression non intuitively attenuates mammary tumorigenesis in MMTV-
NEU and MMTV-PYMT mouse models.

RANK overexpression does not modify the tumor cell phenotype in MMTV-
NEU background

Based on previous data showing that constitutive activation of RANK signaling in the
mammary gland promotes heterogeneous mammary tumor formation (Pellegrini et al.
2013) we asked whether RANK overexpression altered the MMTV-NEU tumor phenotype.

Histological analysis revealed that both MMTV-NEU"" and MMTV-NEU™"; RANK™® mice
developed late stage carcinomas (data not shown). It has been shown that MMTV-NEU"
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tumors were positive for RANK (Gonzalez-Suarez et al. 2010)(Schramek et al.
2010)(Pellegrini P et.al, under revision). Quantitative expression analysis (RT-qPCR)
demonstrated that mRNA RANK levels were significantly higher in MMTV-NEU”"; RANK'
mammary glands and tumors compared with MMTV-NEU* (Fig. 2A). Both genotypes
formed luminal-like tumors that expressed high mRNA levels of luminal K8, and low levels
of basal K14 (Fig. 2B). Moreover, all MMTV-NEU*" and MMTV-NEU*"; RANK"® tumors
were homogeneous in terms of keratin staining, with a generalized expression of luminal
K8 in almost all tumoral cells and an extremely low expression of basal markers K5 and
K14 (Fig. 2C). Additionally, freshly isolated tumor cells were analyzed by FACS
(Supplemental Fig S1A), revealing that both genotypes developed CD24hi CD49flo tumors
with high expression of CD61+ and low levels of Sca-1 and CD49b (Fig. 2D). These results
indicated that RANK overexpression did not modify tumor cell phenotype in MMTV-NEU
background, in accordance with no differences in tumor growth or metastasis ability
found in this background.

RANK overexpression in MMTV-PYMT background increases CSC pool
resulting in aggressive tumor formation and enhanced metastatic ability

In contrast to the MMTV-neu, RANK overexpression in MMTV-PYMT background resulted
in a faster tumor growth and enhanced metastasis formation ability. We aimed to address
what was the mechanism underlying this more aggressive phenotype in MMTV—PYMT”’;
RANK™® tumors.

Previous data revealed that MMTV-PYMT adenocarcinomas express high levels of RANK
compared with non-tumorigenic mammary epithelia (Pellegrini P et.al, under revision).
Expression analysis demonstrated that double transgenic mice for RANK*'® and PYMT""
showed even higher levels of RANK, a 100-fold increase in mRNA RANK levels, compared
to MMTV-PYMT" tumors (Fig 3A).

Tumor progression in MMTV-PYMT mice is characterized by loss of Progesterone Receptor
(PR), alterations of the Smooth muscle Actin-1 (SMA-1) positive basal layer, and increased
cytological atypia (Lin et al. 2003). Palpable lesions of MMTV-PYMT"" and MMTV-PYMT";
RANK'®® were morphologically analyzed. Our results indicated that MMTV-PYMT"
palpable lesions mostly contained late carcinoma poorly differentiated areas, while
MMTV—PYMT”‘; RANK'/ palpable lesions contained extensive regions of MINs and early
carcinomas (Supplemental Fig S2A). Analysis of keratin expression in tumors derived from
both genotypes showed that they all express high levels of K8, but there was a
significantly higher expression of K14 in RANK"*® and PYMT"" overexpressing mice (Fig
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3B). Immunofluorescence analysis revealed that both MMTV—PYMT”’; RANK™
carcinomas and MINs contained a greater number of K14+ cells compared to MMTV-
PYMT* (Fig. 3C, Supplemental Fig S2B). Furthermore, double transgenic mice displayed an
increase in K8+/K14+ coexpressing cells within preneoplastic lesions and adenocarcinomas
(Fig. 3C right panel, Supplemental Fig S2B), as previously observed in MMTV-RANK tumors
(Pellegrini et al. 2013). In contrast, K5+ cells were scarce in MMTV-PYMT"" and MMTV-
PYMT""; RANK"®® |ate carcinomas (Fig. 3D). No differences in K5 expression, which was
restricted to the basal membrane, were found in MMTV-PYMT"" and MMTV—PYMT”’;
RANK'/ preneoplastic lesions (Supplemental Fig S2C). Taken together, these results
indicate that RANK overexpression affects tumor cell characteristics in MMTV-PYMT
tumor-prone model, leading to accumulation of bipotent K14+/K8+ cells.

Moreover, FACS analysis revealed a significant increase in CD61+ and CD49b+ cells within
the CD45- CD31- (Lin -) CD24+ epithelial cells in MMTV-PYMT""; RANK"® tumors,
compared to MMTV-PYMT* (Fig. 3E). As CD61+ and CD49b+ cells are described to identify
luminal progenitors in untransformed mammary glands (Shehata et al. 2012; Oakes et al.
2008), their increase in MMTV—PYMT”’; RANK** tumors could suggest an enhanced
stemness in these tumors, compared to MMTV-PYMT"". These results prompted us to
functionally test whether RANK overexpression leads to an increase in the cancer stem cell
(CSC) population within tumors. Thus, MMTV-PYMT"" and MMTV-PYMT""; RANK""€ tumor
cells were isolated and cultured in suspension as tumorspheres, as it has been described
that CSCs grow under anchorage-independent conditions (Dontu and Wicha 2005). The
ability of MMTV-PYMT"/';RANKVtg tumor cells to form secondary tumorspheres was
significantly higher in number and size compared to MMTV-PYMT (Fig. 3F), confirming
an enrichment in CSC in mice overexpressing both RAN K*/*® and PYMT"".

Next, the ability of MMTV-PYMT"" and MMTV-PYMT""; RANK"® tumor cells to initiate
novel tumors in the mammary gland of a WT host was evaluated by in vivo Limiting
Dilution Assay (LDA). Our preliminary results revealed that the frequency of cancer stem
cellsis 1in 918 in MMTV-PYMT”’; RANK"®€ tumor cells, significantly higher than in MMTV-
PYMT'", where this frequency is reduced to 1 in 2462 (p= 0,0155) (Supplemental Fig S2D).
This may indicate that RANK overexpression plays an important role in tumor
aggressiveness and relapse in MMTV-PYMT" background.

It has been extensively reported the relevance of RANK signaling in metastasis (Palafox et
al. 2012). Thus, we directly test the metastatic ability of MMTV-PYMT"" and MMTV-
PYMT""; RANK™'® tumor cells by injecting them into the tail vein of Foxn1™ recipient mice
in LDA. MMTV-PYMT+/'; RANK*®® tumor cells showed a significant higher virtual frequency

178



of metastatic cells (1 in 1064 cells), compared to MMTV-PYMT (1 in 6264 cells) (Fig 3G).
Moreover the number of metastatic foci per lung was tendentially higher in Foxn1™ mice
injected with MMTV-PYMT""; RANK**€ tumor cells, compared to MMTV-PYMT" (Fig 3H).

Taken together, these results indicate that RANK overexpression in the MMTV-PYMT"
mouse model promotes accumulation of K14+/K8+ coexpressing cells, increase CD49b+
and CD61+ population and an expansion of the CSC pool, resulting in aggressive tumor
formation with higher metastatic-initiation potential, compared to MMTV-PYMT" mice.

RANK overexpression impairs NEU-induced tumor initiation from both
luminal and basal mammary compartments

Next, we aimed to elucidate the mechanism underlying the delayed tumor latency
observed in mice that constitutively express RANK and NEU in the mammary gland. One
possible explanation is that RANK overexpression may reduce a specific population
containing the tumor cell of origin, the cell that acquires the first cancer-promoting
mutation, thus delaying the tumor initiation in those mice.

We have previously shown that RANK overexpression decreases the luminal Sca-1/CD61
positive population (Pellegrini et al. 2013), so we next analyzed if this phenotype was
maintained in double transgenic mice for RANK and NEU. Histological analysis revealed
that 25 week-old MMTV-NEU+/'; RANK™® virgin glands had a hyperplastic mammary
epithelium, with more precocious small alveoli, compared to MMTV-NEU*" (Fig. 4A).
Analysis by FACS (schematized in Supplemental Fig S1B) revealed that MECs from MMTV-
NEU+/'; RANK"*® mice had the same alterations in mammary populations previously
described for MMTV-RANK™® (Pellegrini et al. 2013), with increased basal (CD24lo
CD49fhi) and luminal (CD24hi CD49flo) populations, and decreased Sca-1 and CD61 within
the luminal population, compared to MMTV-NEU*" (Fig 4B). Moreover, MMTV-NEU";
RANK'/ glands contained more CD49b+ cells than MMTV-NEU*" glands. These findings
confirmed that RANK overexpression in the MMTV-NEU*" mouse model disrupts the
distribution of mammary populations in virgin glands similarly than in MMTV-RANK"/®
mice. Moreover, MMTV—NEU+/'; RANK"'® mice resembled the phenotype observed in
MMTV-RANK"® mice during gestation, with an impaired secretory differentiation of the
mammary gland and lactation failure (Supplemental Fig S3)

Next, histological analyses in older virgin mice (30-55 week old) were performed. Our
results indicated that I\/IMTV—NEU+/’; RANK' mammary glands had higher incidence and
number of hyperplasic lesions compared to MMTV-NEU*" mice but no mammary
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intraepithelial neoplasias (MINs) were detected (Fig 4C, D). In contrast, 30% of MMTV-
NEU* mammary glands showed MINs (Fig 4C). This result suggests that constitutive
activation of RANK in the mammary gland resulted in accumulation of hyperplastic lesions
that do not progress into preneoplasic lesions and advanced carcinomas, leading to a
significant delay in tumor formation in MMTV-NEU*"; RANK"*€ mice.

The identity of the tumor cell of origin for NEU and PYMT overexpressing mouse models
remains controversial (Vaillant et al. 2008; Lo et al. 2012). We hypothesize that luminal
Sca-1+ and/or CD61+ are the cell of origin in MMTV-NEU tumors, and therefore their
decrease in MMTV—NEU”’; RANK™® mice could delay tumor formation. To investigate this
hypothesis, basal (Lin- CD24lo CD49fhi), and luminal (Lin- CD24hi CD49flo) MECs isolated
from non-transformed MMTV-NEU"" and MMTV-NEU*"; RANK**® mammary glands (23-25
week old mice), were orthotopically implanted into the #2 mammary fad pad of
immunocompromised SCID-BEIGE females (50.000 cells/MG). Importantly, our results
showed that all mice injected with basal and luminal MECs from MMTV-NEU"" animals
developed palpable lesions with similar latency (Fig. 4E). Tumors derived from MMTV-
NEU"" basal and luminal MECs injections were analyzed, confirming that they all gave rise
to highly homogeneous CD24+CD49f° CD61™ CD49b'"° Scal- tumors (Fig. 4F).

Strikingly, none of the mice injected with MMTV-NEU""; RANK"*® MECs developed tumors
6 months after the injection, suggesting that RANK overexpression alters the tumor
formation capacity in the MMTV-NEU*" mouse model irrespectively of the population

implanted.

Altogether, these data indicates that both luminal and basal mammary populations can
give rise to tumors that resemble the phenotype of primary tumors, suggesting that NEU
oncogene target cells from both compartments and indistinctly leads to K8+ luminal
tumor formation, and that RANK overexpression impairs NEU-induced tumor initiation

irrespectively of the population of origin.

PYMT overexpression leads to luminal tumor formation regardless of the
cell of origin and RANK expression levels

Next, we focused on MMTV-PYMT+/'; RANK"®® mice. Histological analysis of adult MMTV-
PYMT"" normal non-tumorigenic mammary glands could not be performed, as this model
showed preneoplastic lesions at 4 weeks of age (Fig 5A), consistent with previous data
(Guy, Cardiff, and Muller 1992). Thus, to elucidate the functional role for RANK signaling in
PYMT-driven tumor initiation, we performed analysis of 2,2 - 2,6 week old pre-pubertal
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glands, where only non-transformed mammary epithelium was observed (Fig 5B). Analysis
by FACS showed an increase in CD24lo CD49fhi basal population, as well as enhanced
CD49b+ population in MMTV-PYMT""; RANK**¢ glands, compared to MMTV-PYMT" (Fig.
5C). Moreover, a significant decrease in CD61 expression within the luminal population
was observed in MMTV—PYMT”’; RANK'/® mice. Sca-1 was not detected neither in MMTV-
PYMT" nor in MMTV-PYMT" mice, in accordance with the low expression of Sca-1 in pre-
pubertal glands previously described (Bai and Rohrschneider 2010).

Next, the residual non-transformed mammary epithelium from 9-10 week-old MMTV-
PYMT” and MMTV-PYMT"; RANK"*® mice was analyzed. In accordance with their
multifocal origin (Lin et al. 2003), both genotypes had multiple stages of tumor
progression, but preliminary results showed that double transgenic mice for RANK*®€ and
PYMT showed less MINs compared to MMTV-PYMT* control mammary glands (Fig. 5D),
as previously observed in MMTV-NEU*" background.

In order to investigate the identity of the tumor cell of origin, MECs from 2,2 - 2,6 week
old MMTV-PYMT”" and MMTV-PYMT""; RANK”*® mice were isolated, before clonal
populations were observed. Basal (Lin- CD24lo CD49fhi) and luminal CD61+ and CD61-
(Lin- CD24hi CD49flo CD61+/-) cells were orthotopically implanted into the #2 mammary
fad pad of immunocompromised SCID-BEIGE females (2.000 cells/MG). Again, MMTV-
PYMT" basal and luminal CD61+/- populations gave rise to tumors with similar latency
(Fig 5E). Contrary to what was observed in MMTV-NEU""; RANK"®, MMTV-PYMT";
RANK*'€ MECs developed palpable lesions, although with lower frequency than single
mutants MMTV-PyMT+/'. No clear differences in tumor latency were observed between
both genotypes (Fig. 5E, right panel). FACS analysis revealed that these tumors resemble
the phenotype observed in primary tumors, with increased CD49b and CD61 levels in
MMTV—PYMT+/'; RANK'/ irrespectively of the population of origin, mimicking the
phenotype of primary tumors in this genotype (Fig 5F).

These results showed that both NEU and PYMT oncogenes overexpression lead to luminal
tumor formation, regardless of the origin of the cell that acts as a target of
transformation. In contrast to previous observations in MMTV—NEUJ'/';RANKJ'/tg mice, RANK
overexpression in MECs from either basal and luminal CD61+/- populations did not
prevent tumor initiation driven by PYMT, althouth it decreased the frequency, thus ruling
out the hypothesis that the disrupted luminal populations in RANK overexpressing mice
could be directly responsible of the delayed tumor initiation in those mice.
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DISCUSSION

Our data reveals a complex role of RANK signaling in mammary tumorigenesis. MMTV-
NEU*" and MMTV-PYMT"" oncogene-driven mouse models, when combined with MMTV-
RANK™ mice, provide unexpected insights into the role of RANK in tumorigenesis.

Previous results support a positive role for RANK signaling in mammary tumor initiation.
RANK overexpression leads to spontaneous mammary tumor formation with long latency
in multiparous old mice (Pellegrini et al. 2013). Moreover, both MMTV-NEU**
RANK-Fc preventive treatment (Gonzalez-Suarez et al. 2010) and MMTV-PYMT"" mice
with genetic deletion of RANK (MMTV-PYMT+/'; RANK'/') (Pellegrini P et.al, under revision)
show increased tumor latency and decreased tumor and metastasis incidence.

mice upon

Unexpectedly, our results show that double transgenic mice for RANK and NEU or PYMT
have a significant delay in tumor onset. In addition, MMTV-NEU*"; RANK"* mice show a
decrease in tumor incidence, compared to MMTV-NEU*". These results indicate that high
levels of RANK interfere with tumor initiation in both RANK and NEU or PYMT
overexpressing mouse models.

Constitutive activation of RANK and NEU or PYMT in virgin mammary glands led to a
similar phenotype to that observed in virgin MMTV-RANK mice (Pellegrini et al. 2013),
with enhanced basal and luminal populations, and dramatic effects on the distribution of
luminal subpopulations, leading to disrupted secretory differentiation and impaired
lactation. These alterations could reduce the tumor cell of origin that acts as a target of
transformation in Neu and PyMT driven tumors and explain their delayed latency to tumor
formation. Many efforts are currently focused on finding the tumor cell of origin of
different cancer subtypes (Visvader 2011), although its identity in NEU and PYMT
overexpressing mouse models remains controversial (Vaillant et al. 2008; Lo et al. 2012; Lo
and Chen 2013). We demonstrate that both luminal and basal populations in MMTV-
NEU*" and MMTV-PYMT"" mammary glands are able to form tumors with similar latency
and frequency, in accordance with previous data reported by Zhang et al. (Zhang et al.
2013). These results support an oncogene-dominant model where NEU and PYMT
oncogenes target cells from both basal and luminal mammary populations and lead to
formation of tumors that resemble MMTV-NEU"" and MMTV-PYMT"" primary tumors
phenotype, ruling out our initial hypothesis.

Our results paradoxically show that MMTV—PYMT+/'; RANK*®€ basal and luminal MECs are
able to form tumors, whereas RANK overexpression prevents tumor formation in MMTV-
NEU*" MECs, irrespectively of the population of origin. One intriguing explanation for
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these contradictory results could be that RANK overexpression in MMTV-NEU" leads to
alterations in any of the downstream signaling pathways responsible for MECs
proliferation and/or survival, such as NF-kB, MAPK or PI3K-AKT (Palafox et al. 2012). Thus,
these alterations could interfere with RANK and NEU-induced tumor initiation in both
basal and luminal populations. By contrast, the aggressive and multifocal PYMT-induced
tumor formation would provide sufficient tumorigenic stimuli to initiate tumors,
irrespectively of RANK overexpression (Fluck and Schaffhausen 2009). Further
experiments will clarify the putative contribution of alterations in downstream signaling
pathways to the observed phenotypes. Lineage tracing experiments (Kretzschmar and
Watt 2012) should be performed to elucidate not only the progeny of the cell that
originates tumors in physiological conditions (without transplantation), but also the
specific contribution of RANK signaling in NEU and PYMT oncogene-driven mouse models.

The accumulation of hyperplasic lesions that do not progress into preneoplasic lesions and
advanced carcinomas in MMTV-NEU""; RANK"*® mammary glands, and the decrease in
early MINs observed in non-transformed adult MMTV-PYMT""; RANK"*® mammary glands
are in line with the delayed tumor latency in RANK and NEU or PYMT overexpressing mice,
and suggest that the blockage occurs in the transition from hyperplasias to MINs and
adenocarcinomas. Importantly, these results suggest that RANK could be acting as a
potent oncogene, as it has been shown that certain oncogenes can induce premature cell
senescence or apoptosis (Serrano et al. 1997; Xu et al. 2014; Wajapeyee et al. 2008;
Fearnhead et al. 1998). These biological processes constitute two major cell intrinsic
mechanisms against tumor initiation and progression, and can be activated by multiple
stimuli (Lowe, Cepero, and Evan 2004). Thus, the oncogene-induced senescence or
apoptosis are tumor-suppressing defense mechanisms that occur in multiple human
tumor types and tumor mouse models, and serve as the initial barrier to cancer
development in vivo (Koumenis and Giaccia 1997; Courtois-Cox, Jones, and Cichowski
2008). To test this hypothesis, ongoing experiments aim to analyze senescence (e.g. -
galactosidase activity, P16 or P21 expression) and apoptosis (cleaved caspase-3 or TUNEL)
in normal mammary glands, hyperplasias and preneoplasic lesions, in order to explain the
delay in tumor formation observed in double transgenic mice for RANK and NEU or PYMT.

Our results show that MMTV-NEU™" and MMTV-NEU*"; RANK"* mice form luminal K8+
tumors with low expression for basal markers K5 and K14. In contrast, we showed an
accumulation of K14+/K8+ cells, but not K5+K8+ cells, in MMTV-PYMT""; RANK'®
preneoplastic lesions and adenocarcinomas as previously observed in MMTV-RANK"/

mice (Pellegrini et al. 2013). Consistent with previous data, K14 and K5 are organized in
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different gene clusters within tumors, and K14 is expressed not only in basal K5+ tumor
cells, but also in luminal K8+, supporting that K14 and K5 mark different population of cells
within mammary tumors (Z. Li et al. 2007; Herschkowitz et al. 2007). Expression of K5+ is
restricted to basal populations in non-tumorigenic mammary glands, whereas K14 has
been detected in both basal and luminal populations (Shackleton et al. 2006; Pellegrini et
al. 2013). Cells coexpressing K14+/K8+ have been identified as intermediate progenitors
blocked in differentiation in normal mammary glands, in contrast to K5+/K8+ that are only
found in cells from the basal population (Chakrabarti et al. 2012).

In addition to K14+/K8+ cells, MMTV—PYMT”’; RANK** tumors show an increase in CD61+
and CD49b+ cells, previously described to identify luminal progenitors in untransformed
mammary glands (Shehata et al. 2012; Oakes et al. 2008). In accordance with the
increased stemness induced by RANK activation in mouse and human mammary
epithelium (Pellegrini et al. 2013; Palafox et al. 2012), these results suggest an enrichment
in the CSC population in MMTV-PYMT""; RANK*® tumors. CSC, important for their ability
to self-renew, resistance to therapies and capacity to metastasize (Sampieri and Fodde
2012; Merlos-Suarez et al. 2011; Overdevest et al. 2011), become a promising target for
the development of more reliable cancer therapies in the future. We show an enhanced
tumor growth and metastasis ability in MMTV-PYMT+/'; RANK'/ tumors, compared to
MMTV-PYMT". Moreover, tumorsphere and limiting dilution assays to test tumor and
metastasis initiating ability demonstrate an enrichment in CSC population in MMTV-
PYMT+/'; RANK** tumors. Conversely, we have recently shown a significant reduction in
tumorsphere formation (in vitro) and tumor initiating (in vivo) ability in MMTV-PYMT;
RANK”" tumors and MMTV-PYMT"" tumor cells after neoadjuvant RANK-Fc treatment
(Pellegrini P et.al, under revision), supporting RANK as a key regulator of the CSC
population in PYMT-driven tumors.

In accordance with their multifocal origin (Lin et al. 2003), PYMT overexpressing mice
show multiple tumoral foci per mammary gland, and different stages of tumor
progression. Interestingly we show that MMTV-PYMT+/'; RANK'® palpable lesions contain
less areas of late carcinoma and more MINs than MMTV-PYMT*". Conversely, extensive
early and/or late carcinomas areas were previously observed in MMTV—PYMT+/'; RANK”
palpable lesions (Pellegrini P et.al, under revision), leading to the contra-intuitive
hypothesis that RANK attenuates tumor progression. As it has been reported that
dissemination of metastatic cells is an early event in MMTV-PYMT"" tumor progression
(Husemann et al. 2008), our results suggest that this increase in preneoplasic regions
could also be responsible of the faster tumor growth and increased metastasis observed in
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MMTV-PYMT+/'; RANK™® mice. Further in vivo functional characterization of preneoplasic
lesions and advanced carcinomas will help to elucidate their specific contribution to tumor
growth and metastasis formation in MMTV-PYMT""and MMTV-PYMT""; RANK"*€ mice.

In conclusion, this study demonstrates that high levels of RANK interfere with tumor
initiation in both RANK and NEU or PYMT tumor-prone mouse models, but in turn RANK
signaling expands CSC population and increases tumor aggressiveness in PYMT-driven
tumors, and consequently it could represent a useful therapeutic target for breast cancer

treatment.
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MATERIALS AND METHODS

Animals

All research involving animals was performed at the IDIBELL animal facility in compliance
with protocols approved by the IDIBELL Committee on Animal Care and following nation
and European Union regulations. MMTV-neu mice (N202 Mul; FvB background) and
MMTV-PyMT (FVB/N-Tg(MMTV-PyVT)634Mul) were obtained from Jackson laboratory
and have been described previously (Guy, Cardiff, and Muller 2015). MMTV-PYMT+/';
RANK™* and MMTV-NEU*"; RANK"* mice were obtained by crossing MMTV-PyMT”* (FvB)
strain and MMTV-NEU** (FvB) with MMTV-RANK*® (FvB) mice. Animals bearing tumors
bigger than 1cm diameter were considered as endpoint criteria for sacrifice.

Mammary and tumor cell isolation

Single cells were isolated from mammary glands and tumors as previously described
(Smalley MJ et al, 2010). Briefly, fresh tissues were mechanically dissected with Mcllwain
tissue chopper and enzymatically digested with appropriate medium (DMEM F-12, 0.3%
Collagenase A, 2.5U/mL dispase, 20 mM HEPES, and Penicilin/Streptomiciyn) 45 minutes
at 37°C. Samples were washed with Leibowitz L15 medium 10% fetal bovine serum (FBS)
between each step. Erythrocytes were eliminated by treating samples with hypotonic lysis
buffer (Lonza Iberica), and fibroblasts were excluded by incubation with DMEM F-12 10%
FBS 1 hour at 372C (the majority of fibroblasts attach to tissue culture plastic while most
of epithelial organoids do not). Single epithelial cells were isolated by treating with trypsin
2 minutes at 37°C. Cell aggregates were removed treating with 2.5U/mL dispase (GIBCO),
20U/ml DNase (Invitrogene) 5 minutes at 372C. Cell suspension was finally filtered with 40
um filter and counted.

Flow Cytometry

Single cells were labeled with antibodies against CD24-PE or CD24-FITC (5 pug/mL, M1/69
BD Pharmingen, San Diego, CA, http://www.bdbiosciences.com), CD29-FITC (1,25 pg/mL,
HMb1-1, BD Pharmingen), CD49f-a647 (2,5 ug/mL, GoH3, BD Pharmingen), CD61-PE or
CD61-FITC (2,5 pg/mL, 2C9.G2, BD Pharmingen), Sca-1-APC or Sca-1-PE (0,5 ug/mL, Ly-
6A/E, BD Pharmingen), and CD49b-a647 (1,25 ug/mL, HMa2 Biolegend, San Diego, CA,
http://www.biolegend.com). Lymphocytes and endothelial cells were excluded in flow
cytometry using CD45-PECy7 (0,125 pg/mlL, 30-F11 Biolegend) and CD31-PECy7 (0,5
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pg/mL, 390 Biolegend) antibodies, respectively. FACS analysis was performed using FACS
Canto (Becton Dickinson, San Jose, CA) and Diva software package. Cell sorting was
performed using MoFlo (Beckman Coulter) at 25psi and using a 100 mm tip.

Gene expression analysis

Total RNA of frozen tumor pieces was prepared with Tripure Isolation Reagent
(11667165001 Roche) in accordance with the manufacturer’s instructions. Frozen tumors
tissues were fractionated using glass beads (G1152-100G, Sigma-Aldrich) and PreCellys®
tissue homogenizer (Berting Technologies). cDNA was produced by reverse transcription
using 1 ug of RNA following kit instructions (N8080234, Applied Biosystems). Quantitative
PCR was performed using LightCycler® 480 SYBR green MasterMix (04707516001, Roche).
Primer sequences are indicated in supplemental methods.

Tissue histology and immunostaining

Tissue samples were fixed in formalin and embedded in paraffin. 3 um sections were cut
for histological analysis and stained with hematoxylin and eosin. For characterization of
MMTV-PYMT""; RANK”® and MMTV-PyMT”* tumors stage, hematoxilin-eosin stained
tumor sections were classified as previously described (Lin EY et al., 2003). Histological
areas were quantified with Imagel) and normalized to the whole section excluding non-
epithelial areas.

Lung metastasis were detected and counted based on nuclear morphology and similarity
with primary tumors. 15-16 cuts per lung were quantified in primary MMTV—PYI\/IT”';
RANK** and MMTV-PyMT 7* tumors.

Immunostaining was performed on 3 um tumor sections. Antigen heat retrieval with
citrate was used for K8 (TROMA, dshl, Developmental Studies Hybridoma Bank, lowa City,
lowa), K5 (AF-138, Covance, Princeton, NJ) and K14 (AF-64, Covance). Opportune
fluorochrome conjugated secondary antibodies were added after primary incubation. Cell
nuclei were stained with DAPI (Sigma), and then mounted with Prolong ® Gold Antifade
(Life Technologies). Confocal analysis was carried out using Leica confocal microscope.
Images were captured using LasAF software (Leica).

Tumor and metastasis limiting dilution assays

For tumor limiting dilution assays, mammary tumor cells were isolated as described,
diluted 1:1 in matrigel matrix (254234, BD Biosciences) and injected in a final volume of 40
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pL in the inguinal mammary fat pad. Cells isolated from three primary tumors of two
MMTV-PYMT™; RANK”® and two MMTV-PyMT”* mice were pooled and injected in
limiting dilution (1.000.000, 10.000, 1.000, 100 and 10 cells) in mammary fad pad of 8
week old WT mice (Fvb background).

For metastasis limiting dilution assay, mammary tumor cells were isolated as described
Cells isolated from three primary tumors of two MMTV—PYMT”’; RANK*' and two MMTV-
Pyl\/IT'/+ mice were pooled, resuspended in 200 plL of cold PBS and injected intravenously
(tail vein) in limiting dilution (100.000, 10.000, 1.000, 100 and 10 cells) in 5-week old
Foxn1™mice (4 mice per dilution). Mice were sacrificed 8 week after cell injection and
lungs were recovered for histological analysis.

Tumorsphere culture

MMTV-PYMT""; RANK”* and MMTV-PyMT”* tumors were digested and filtered to obtain
single cells, as previously described. Single cells were resuspended in serum-free DMEM
F12 mammosphere medium containing 20 ng/mL EFG, 1x B27 and 4 pg/mL heparin
(H3149, Sigma-Aldrich) as previously described (11). Briefly, primary tumorspheres were
derived by plating 20.000 cells/ mL in 2mL of medium in triplicate into cell-suspension
culture plates. After two weeks, tumorspheres were isolated by 5 min treatment with PBS-
EDTA 5 mM + 5 min of trypsin at 37C° and plated for secondary tumorsphere at a
concentration of 10.000 cells/mL in triplicate. Individual spheres were counted under a
microscope and t-tests with SEM were calculated.

Statistical analysis

Statistical analyses were performed using GraphPad Prism software. Analysis of the
differences between two mouse cohorts or conditions was performed with a two-tailed
Student’s t-test. Two-way analysis of variance (ANOVA) was used to analyze tumor growth
curves. Estimation of tumor initiating cells in limiting dilutions was calculated using the
extreme limiting dilution assay (ELDA) (Hu and Smyth 2009).
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Figure 1. RANK overexpression in an oncogenic MMTV-NEU and MMTV-PYMT background
significantly delays mammary tumor onset

A.

Pie charts representing frequency of MMTV-NEU"", MMTV-NEU*"; RANK"*€, MMTV-PYMT" and
MMTV-PYMT"*; RANK™* mice with tumors.

Kinetics of palpable tumor onset with age in the indicated genotypes. 20 MMTV-NEU", 19
MMTV-NEU*"; RANK"* (upper graph), 13 MMTV-PYMT" and 8 MMTV-PYMT"*; RANK"*€ (lower
graph) mice were analyzed. Statistical difference between groups was evaluated by Log-rank
test.

Growth curves of MMTV-NEU"", MMTV-NEU""; RANK"'€, MMTV-PYMT"" and MMTV-PYMT"";
RANK"* tumors relative to initial volume. Mean tumor volume +/- SEM for each mouse model
is represented at each time point and values were normalized to their volume on the first day
of detection. Statistical t-test is shown.

. Percentage of MMTV-NEU”", MMTV-NEU"; RANK"®, MMTV-PYMT”" and MMTV-PYMT"";

RANK"'€ females with lung metastasis. Entire lungs were step-sectioned at 75 Bm and individual
metastases identified histologically. Total number of metastasis foci per mouse is indicated.
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Figure 2
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Figure 2. RANK overexpression does not modify tumor cell phenotype in MMTV-NEU background

A. mRNA expression of RANK relative to PP1A measured by RT-PCR in WT mammary gland and
MMTV-NEU*" and MMTV-NEU""; RANK"® mammary glands and tumors. Mean, SEM and t-test
p value for 4-5 independent mammary glands and tumors are shown. Quantifications were
performed in triplicate and mean values were used in the calculations.

B. mRNA expression of indicated genes relative to PP1A measured by RT-PCR in MMTV-NEU" and
MMTV-NEU*"; RANK"® tumors. Mean, SEM and t-test p value for 5 independent mammary
glands and tumors are shown. Quantifications were performed in triplicate and mean values
were used in the calculations.

C. Representative K8 (red) and K14/K5 (green) immunostaining in MMTV-NEU"" and MMTV-
NEU*"; RANK** spontaneous tumor lesions.

D. Frequency of CD24""°, cD49f"/°, Scal+, CD49b+ and CD61+ cells in lineage negative CD45-
CD31- population found in MMTV-NEU"" and MMTV-NEU""; RANK"* spontaneous tumors
analyzed by FACS. Positive/negative and high (hi)/low (lo) populations were set according to
populations in the normal mammary gland. Mean and SEM for 7-8 independent tumors for
each genotype are shown.
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Figure 3. RANK overexpression in MMTV-PYMT background increases the CSC pool resulting in
aggressive tumor formation and enhanced metastatic ability

A.

MRNA expression of RANK relative to PP1A measured by RT-PCR in WT mammary gland and
MMTV-PYMT"" and MMTV-PYMT"; RANK** tumors. Mean, SEM and t-test p value for 4
independent mammary glands and tumors are shown. Quantifications were performed in
triplicate and mean values were used in the calculations.

. MRNA expression of indicated genes relative to PP1A measured by RT-PCR in MMTV-PYMT"

and MMTV-PYMT”’; RANK*® tumors. Mean, SEM and t-test p value for 4 independent
mammary glands and tumors are shown. Quantifications were performed in triplicate and
mean values were used in the calculations.

. Representative K14 (green) and K8 (red) immunostaining in MMTV-PYMT"" and MMTV-PYMT*"

; RANK™' spontaneous adenocarcinomas. Asterisks indicate double positive K14+K8+ cells that
are magnified (2x) in the insets.

. Representative K5 (green) and K8 (red) immunostaining in MMTV-PYMT"" and MMTV-PYMT";

RANK"'¢ spontaneous adenocarcinomas. Asterisks indicate K5+ cells that are magnified (2x) in
the insets. Note that no K5+K8+ cells were found.

. Frequency of CD24""° cD49f""°, Sca1l+, CD49b+and CD61+ cells in lineage negative population

found in MMTV-PYMT"" and MMTV-PYMT""; RANK"® spontaneous tumors analyzed by FACS.
Positive/negative and high (hi)/low (lo) populations were set according to populations in the
normal mammary gland. Mean, SEM and t-test p values for 5-7 independent tumors for each
genotype are shown. Significance for each population in MMTV-PYMT""; RANK" tumors was
calculated comparing to the corresponding MMTV-PYMT".

Number of secondary tumorspheres formed by MMTV-PYMT"" and MMTV-PYMT"; RANK"*
tumors. Each bar is representative of a pool of 3 independent tumors. 5.000 cells/ml from
primary mammospheres were plated in triplicate in anchorage-independent conditions, and
tumorspheres were quantified after 2 weeks. Mean, SEM and t-test p value are shown.
Representative pictures of secondary tumorspheres derived from each genotype are also
shown.

. Table showing limiting dilution assay to test the metastasis-initiating ability of MMTV-PYMT""

and MMTV-PYMT"; RANK"* tumor cells. Cells from two independent tumors per genotype
were pooled for injections in limiting dilution in the tail vein of Foxn1™ females. Presence of
lung metastasis was scored 8 weeks after injection. Entire lungs were step-sectioned at 100
mm and individual metastases identified histologically. The metastasis-initiating cell
frequencies (with confidence intervals) for each group were calculated by ELDA; p- and chi-
square values are shown.

. Quantification of the absolute number of lung metastasis in Foxn1™ mice that received an

intravenous injection of 100.000, 10.000, 1.000 or 100 MMTV-PYMT"" and MMTV-PYMT";
RANK™* tumor cells. Each dot represents the lung of one mouse, and 3-4 lungs per condition
were quantified. Mean values for each condition are shown.
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Figure 4
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Figure 4. RANK overexpression impairs NEU-induced tumor initiation from both luminal and basal
mammary compartments

A.

Representative images of H&E of MMTV-NEU*" and MMTV-NEU*"; RANK"®® mammary glands
(20-25 weeks old mice), before palpable lesions were detected.

. FACS quantification of the percentage of CD24lo CD49fhi (basal) and CD24hi CD49flo (luminal)

in the CD45- CD31- Lineage negative (Lin -) population (top panel), and the frequency of Scal+,
CD61+ and CD49b+ within the basal and luminal populations of virgin MMTV-NEU"" and
MMTV-NEU*; RANK"® mice (bottom panel). Mean, SEM and t-test p values for 3 mice per
genotype are shown.

. Representative images of H&E showing hyperplasic lesions (top panel), mammary

intraepithelial neoplasia (MIN) (bottom panel)

. Incidence of hyperplasic lesions and MINs detected in 30-55 week old MMTV-NEU" (n=7)

and/or MMTV-NEU"; RANK"* (n=6) mammary glands. Only mammary glands without palpable
lesions were considered. Each dot represents one mammary gland.

. Quantification of total number of hyperplasic lesions detected in 30-55 week old MMTV-NEU"

(n=7) and/or MMTV-NEU*"; RANK"* (n=6). Each dot represents one mammary gland. Mean
and SEM are shown.

Left panel: pie charts representing tumor incidence in mice injected with Lin- basal CD24lo
CD49fhi or luminal CD24hi CD49flo MECs from virgin MMTV-NEU”" and MMTV-NEU*"; RANK™®
mice. Right panel: tumor latency for tumors derived from MMTV-NEU* basal and luminal MECs
injection is also shown.

. Frequency of CD24""°, cD49f""*°, Sca1+, CD49b+ and CD61+ cells in the Lin- population found in

tumors derived from MMTV-NEU" Basal/Luminal MECs injection. Positive/negative and high
(hi)/low (lo) populations were set according to populations in the normal mammary gland (Sup
Fig S1). Mean and SEM for 4 independent tumors per group are shown.
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Figure 5
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Figure 5. PYMT overexpression leads to luminal tumor formation regardless of the cell of origin.

A.

Representative image of H&E of MMTV-PYMT"" pre-pubertal mammary gland (4 week old
mice) (n=1).

. Representative image of H&E of MMTV-PYMT"" (n=1) and MMTV-PYMT""; RANK"® (n=1) pre-

pubertal mammary glands (2,6 weeks old mice).

FACS quantification of the percentage of CD24lo CD49fhi (basal) and CD24hi CD49flo (luminal)
in the Lin- population, and the frequency of Scal+, CD61+ and CD49b+ within the basal and
luminal populations of virgin MMTV-PYMT"" and MMTV-PYMT""; RANK"* mice of 2.2-2.6
weeks old glands. Note low frequency of mammary epithelial cells and Scal+ population.
Mean, SEM and t-test p values for 2 mice per genotype are shown.

. Representative image of H&E showing early preneoplasic lesions detected in 9-10 week old

MMTV-PYMT"" (n=2) and MMTV-PYMT""; RANK"* (n=2) residual mammary epithelia.

Left panel: pie charts representing tumor incidence in mice injected with basal CD24lo CD49fhi,
luminal CD24hi CD49flo CD61- and luminal CD24hi CD49flo CD61+ MECs from virgin MMTV-
PYMT"" and MMTV-PYMT""; RANK** mice. Right panel: Tumor latency for these tumors is also
shown.

Frequency of CD24W'°, CD49fhi/'°, Scal+, CD49b+ and CD61+ cells in the Lin- population found in
tumors derived from MMTV-PYMT"" and MMTV-PYMT""; RANK"* Basal, Luminal CD61- and
Luminal CD61+ MECs injection. Positive/negative and high (hi)/low (lo) populations were set
according to populations in the normal mammary gland. Mean, SEM, t-test p value and number
of tumors analyzed are shown. Significance for each marker in MMTV-PYMT""; RANK"* tumors
was calculated comparing to the corresponding MMTV-PYMT",

203



SUPPLEMENTAL INFORMATION

Supplemental Figure 1
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Figure S1. (Related to Figure 2,3,4,5). FACS gating scheme

A. Dot blots and histograms representing the hierarchy identified by flow cytometry analysis for
MMTV-NEU™", MMTV-NEU""; RANK"'®, MMTV-PYMT"" and MMTV-PYMT"*; RANK"'® tumor
cells. Positive/negative and high (hi)/ low (lo) populations were set according to populations in
the normal mammary gland.

B. Dot blots and histograms representing the hierarchy identified by flow cytometry analysis for
MMTV-NEU*", MMTV-NEU""; RANK*®, MMTV-PYMT"" and MMTV-PYMT"*; RANK**® mammary
epithelial cells. Positive populations are defined based on single positive controls.
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Supplemental Figure 2
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Figure S2. (Related to Figure 3). MMTV-PYMT""; RANK** tumors show more preneoplasic regions

and an increase in K14+/K8+ cells in preneoplasic lesions and tumor initiating ability compared to

MMTV-PYMT

A. Pie charts representing quantification of histological areas of MMTV-PYMT”" and MMTV-
PYMT+/'; RANK8 tumors, as defined in Lin EY et.al. (2003). Tumor size at sacrifice was
comparable for both genotypes.
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B. Representative K14 (green) and K8 (red) immunostaining in MMTV-PYMT"" and MMTV-PYMT""
; RANK*® preneoplasic lesions. Asterisks indicate double positive K14+/K8+ cells which are
magnified (2x) in the insets.

C. Representative K5 (green) and K8 (red) immunostaining in MMTV-PYMT"" and MMTV-PYMT";
RANK* spontaneous tumor lesions. Asterisks indicate K5+ cells that are magnified (2x) in the
insets.

D. Table showing limiting dilution assay to test the tumor initiating ability of MMTV-PYMT"" and
MMTV-PYMT"; RANK”* tumor cells. 2 independent MMTV-PYMT"" and MMTV-PYMT";
RANK"* tumors were pooled and indicated number of cells were injected into #4 (inguinal) WT
(FvB) mammary gland. The TIC frequencies (with confidence intervals) for each group were
calculated by ELDA; p- and chi-square values are shown.
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Supplemental Figure 3

WT
MMTV-NEU*/-

MMTV-RANK*/tg
MMTV-NEU*-

Figure S3. (Related to Figure 4). RANK overexpression in MMTV-NEU background impairs
mammary alveolar secretory differentiation and lactation during pregnancy

Representative images of H&E of MMTV-NEU" and MMTV-NEU*"; RANK"® mammary glands at
the indicated days during gestation.
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SUPPLEMENTAL METHODS

Primers for genotyping

RANK Fwd 5" CAGATGCGAACCAGGAAAG 3’
RANK Rev 5" CAGATGCGAACCAGGAAAG ¥’
NEU Fwd 5" TTTCCTGCAGCAGCCTACGC 3’
NEU Rev 5" CGGAACCCACATCAGGCC ¥

HK B965S Fwd 5" CCTAGCTGTCACCAACCCTTT 3
HK N1227AS Rev 5" GACGAAGAGCATCACAAGGAG ¥
PYMT Fwd 5 GGAAGCAAGTACTTCACAAGGG 3’
PYMT Rev 5" GGAAAGTCACTAGGAGCAGGG 3’
HK PYMT Fwd 5" TTTCCTGCAGCAGCCTACGC 3’

HK PYMT Rev 5" CGGAACCCACATCAGGCC 3’

Primers for SYBR GREEN qRT-PCR

RANK Fwd 5" CAGATGCGAACCAGGAAAG 3’
RANK Rev 5" CAGATGCGAACCAGGAAAG ¥’

CK14 Fwd 5 TGAGAGCCTCAAGGAGGAGC 3’
CK14 Rev 5" TCTCCACATTGACGTCTCCAC 3’

CK8 Fwd 5" ATTGACAAGGTGCGCTTCCT 3’

CK8 Rev 5’ CTCCACTTGGTCTCCAGCATC 3’

HK PP1A Fwd 5" CAAATGCTGGACCAAACACAAACG 3
HK PP1A Rev 5" GTTCATGCCTTCTTTCACCTTCCC 3’
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“Therapeutic inhibition of RANK signaling
reduces breast cancer recurrence by
inducing tumor cell differentiation”
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ABSTRACT

RANK expression is associated with poor prognosis in breast cancer but its therapeutic
potential remains unknown. RANK is mostly expressed in hormone receptor negative
adenocarcinomas. In contrast to RANK, RANKL is rarely found on tumor cells, suggesting
additional roles for RANK signaling beyond its action as a paracrine mediator of
progesterone.

Here, using complementary genetic and pharmacological approaches we demonstrate
that therapeutic inhibition of RANK signaling drastically reduces the cancer stem cell pool
as revealed by a reduction in tumor and metastasis initiation ability and increased
sensitivity to chemotherapy. Mechanistically, neoadjuvant RANKL inhibition induces the
transcription factor Tfap2b and a luminal differentiation program, reducing the Scal-
population, enriched in tumor initiating ability. Our results suggest that RANKL inhibition
could decrease recurrence and metastasis in breast cancer patients based on its ability to
induce tumor cell differentiation.
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INTRODUCTION

Multiple evidences support the existence of tumor initiating cells also called, cancer stem
cells (CSCs) in breast cancer. CSC are able to self-renew but also to differentiate and
recapitulate the molecular heterogeneity of initial tumor, being responsible of disease
recurrence and metastasis, and resistance to conventional therapies such as radiation or
chemotherapy (Li et al. 2008). The CSC hypothesis has attracted much attention due to
the potential for discovery and development of CSC-related therapies aiming to eliminate
the CSC population. Another way to control tumor progression is to induce differentiation
of CSCs. Differentiation therapy could force CSCs to differentiate terminally and lose their
self-renewal property. The first differentiation agent successfully used in the clinic was all-
trans retinoic acid in the treatment of acute promyelocytic leukemia (Tallman et al. 1997).
Retinoid signaling has also been shown to regulate breast CSC self-renewal and
differentiation (Ginestier et al. 2009).

Altered regulation of developmental pathways has been proposed to play an important
role in tumorigenesis and to contribute to the observed heterogeneity in breast cancer
(Dontu et al. 2003). Several transcription factors such as: GATA3, FOXA1, ESR1, and more
recently TFAP2, PDEF, have shown to promote luminal differentiation, by inducing
expression of luminal genes and repressing basal genes, in mammary development and in
breast cancer (Asselin-Labat et al. 2007; Bogachek et al. 2014; Buchwalter et al. 2013; Cyr
et al. 2015; Ross-Innes et al. 2012). Characterization of the factors that regulate mammary
gland differentiation is important for understanding the mechanisms of breast cancer
initiation and progression and for developing targeted treatments for each tumor subtype.

RANKL is expressed in progesterone receptor-positive (PR+) mammary epithelial cells and
acts as a paracrine mediator of the mitogenic effects of progesterone in mouse (Beleut et
al. 2010; Fata et al. 2000) and human mammary epithelium (Tanos et al. 2013).
Overexpression of RANK in mammary epithelial cells enhances proliferation, impairs
alveolar differentiation and disrupts mammary epithelial cell fate, resulting in the
accumulation of mammary stem cells (MaSC) and progenitors (Gonzalez-Suarez et al.
2007; Palafox et al. 2012; Pellegrini et al. 2013; Schramek et al. 2010). Moreover, we and
others have shown that RANKL mediates the early steps of progesterone-driven mammary
tumorigenesis in mice (Schramek et al. 2010; Gonzalez-Suarez et al. 2010; Gonzélez-Suarez
2011). However, in human adenocarcinomas RANK is predominantly expressed in
hormone receptor-negative (HR-) tumors, supporting progesterone-independent roles for
RANK signaling in human breast cancer. In contrast to RANK, RANKL is rarely expressed on
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tumor cells, but it is expressed in tumor-infiltrating lymphocytes (Palafox et al. 2012;
Gonzalez-Sudrez 2011; Pfitzner et al. 2014). Hormone receptor-negative tumors are linked
to a poor prognosis based on the high rates of recurrence and metastasis and the lack of
targeted therapies. RANK expression in human adenocarcinomas is associated with
reduced overall survival, accelerated bone metastasis formation and aggressive tumor
phenotypes (Pfitzner et al. 2014; Santini et al. 2011), but the mechanism underlying these
effects and the therapeutic potential of RANKL inhibition once tumors are established
remains unexplored.

The MMTV-PyMT breast cancer mouse model shows a widespread transformation of the
mammary gland with multifocal adenocarcinoma at an early age and a high incidence of
lung metastasis (Guy, Cardiff, and Muller 1992; Maglione et al. 2001). Tumor cells of
invasive PyMT adenocarcinomas do not express hormone receptors (HR) or RANKL, but do
express high levels of RANK (Schramek et al. 2010; Gonzalez-Suarez et al. 2010), similar to
what is seen in human breast tumors.

RANKL inhibitors are currently used for the treatment of bone related pathologies,
osteoporosis and bone metastasis. Here we demonstrate that therapeutic inhibition of
RANK signaling reduces recurrence and metastasis by inducing tumor cell differentiation.
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RESULTS

RANK deletion increases tumor latency, decreases tumor incidence and
impairs lung metastasis in MMTV-PyMT mice

MMTV-PyMT preneoplasic lesions and adenocarcinomas expressed high levels of RANK
compared with non-tumorigenic mammary epithelia (Fig. 1A, B) suggesting a functional
role for this pathway in PyMT-driven tumors. RANKL expression was found in non-
tumorigenic ducts and hyperplasias (Fig. 1A) but was lost in MMTV-PyMT
adenocarcinomas, consistent with the loss of PR positivity (Fig. 1A, Supplemental Fig. S-1)
(Lin et al. 2003). RANKL expression was found in draining lymph nodes and tumor
infiltrating leucocytes of MMTV-PyMT tumor-bearing mice (Fig. 1A, B). Analyses of FACS-
sorted MMTV-PyMT tumor populations (Supplemental Fig. S2) revealed that Rank/ mRNA
was predominantly found in tumor-infiltrating CD4+ and CD8+ T lymphocytes (CD45+
CD11b- CD4+ and CD45+ CD11b- CD8+) (Fig. 1C). This profile was consistent with the
expression pattern of RANK and RANKL in human breast adenocarcinomas (Palafox et al.
2012; Gonzalez-Suarez et al. 2010; Pfitzner et al. 2014), highlighting the relevance of the
MMTV-PyMT tumor model to the study of human pathology.

Then, the impact of RANKL stimulation on RANK expressing tumor cells using 3D cultures
derived from late stage carcinomas was addressed. These cultures have been extensively
used as they mimic physiological conditions in normal and tumoral mammary gland
(Barcellos-Hoff et al. 1989; Lee et al. 2007). RANKL stimulation resulted in increased acinar
size in MMTV-PyMT tumor acini (Fig. 1D). No significant changes in proliferation
(measured as the percentage of Ki67 positive cells) were found, but decreased apoptosis
(percentage of cleaved caspase-3-positive cells) was observed in RANKL-treated tumor
cultures which may be responsible of their larger size (Fig. 1E). MMTV-PyMT RANKL-
treated acinar cultures showed an “invasive-like” phenotype, revealed by isolated cells
surrounding the acini (Fig. 1D). To test the impact of these changes in vivo, 10° tumor cells
from RANKL-treated and control MMTV-PYMT acini were injected into the mammary
gland of Foxn1™ mice. Remarkably, a significantly higher growth rate was detected in
tumors arising from 2-week RANKL-treated acini compared with that of controls (Fig. 1F).
Moreover, an increase in the number of lung metastatic foci was observed in mice
injected with 10° tumor cells derived from RANKL-treated acini compared with those
injected with control cells (Fig. 1G). These results demonstrate that activation of RANK
signaling in could promote tumor growth and metastasis in MMTV-PyMT primary tumor
cells.
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Neoadjuvant inhibition of RANKL signaling decreases the frequency of
tumor-initiating cells

Next, we induced RANK signaling in vivo in tumor bearing MMTV-PyMT mice using RANKL
(Fig. 2A) at doses previously demonstrated to activate the pathway (Gonzalez-Suarez et al.
2007). After 2 weeks of RANKL treatment no significant changes in tumor growth, tumor
cell proliferation (Ki67) or apoptosis (cleaved caspase 3) were observed (Fig. 2B-C).
However, palpable lesions from control mice contained extensive areas of dilated ducts
and hyperplasias full of secretory material, in contrast to those of RANKL treated MMTV-
PyMT mice which showed a higher cell density (Fig. 2D-E). Secretions contained milk
proteins as revealed by immunostaining with an anti-milk antibody (Fig 2E). These results
indicate that short-term in vivo activation of RANK signaling is not sufficient to change the
growth of established tumors, but may influence tumor cell differentiation and therefore
the CSC population and tumor initiating ability.

Aiming to mimic the clinical procedure in breast cancer patients, the putative benefit of
neoadjuvant and adjuvant treatment with RANKL inhibitors in tumor recurrence was
interrogated. As shown in Fig. 3A, cells isolated from one single MMTV-PyMT carcinoma
were orthotopically injected in syngeneic WT mice, which were randomized 1:1 for
neoadjuvant RANK-Fc or mock treatment (passage 1) for 4 weeks, using doses and
schedule treatments previously shown to inhibit RANK signaling (Gonzalez-Suarez et al.
2010). Using cells derived from a single tumor we avoid confounding effects due to
primary tumor heterogeneity. Cells isolated from both treatment arms were injected into
the fat pad of syngeneic WT recipients (passage 2) in limiting dilutions (mimicking occult
disease) and again randomized 1:1 for additional RANK-Fc (adjuvant) or mock treatment
to determine whether pharmacological inhibition of RANK signaling could alter the
population of CSCs and their tumor-initiating ability. No significant differences in tumor
growth or the frequency of apoptotic cells were observed after RANK-Fc treatments (Fig.
3B, C). However, tumor cells that were pre-treated with RANK-Fc showed a 10-fold
decrease in tumor-initiating ability (p=2.99E®) (Fig. 3D). The estimated number of tumor-
initiating cells in the control group was 1 in 206, whereas in the RANK-Fc pretreated pool
(neoadjuvant) it was only 1 in 1,929. Two additional weeks of RANK-Fc treatment (pre&
post-RANK-Fc) reduced the tumor-initiating cell frequency to 1 in 2,353 (p=7.48E"),
whereas adjuvant RANK-Fc alone (post-RANK-Fc) decreased the virtual tumor-initiating
cell frequency from 1 in 206 to 1 in 466 (Fig. 3D). Concomitantly, the ability to form
secondary tumorspheres was significantly impaired in cells derived from the RANK-Fc-
pretreated pool (Fig. 3E), consistent with a reduction in CSC population (Dontu and Wicha
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2005). These results demonstrated that pretreatment with RANK-Fc reduced tumor-
initiation ability, and suggested that neoadjuvant treatment with RANKL inhibitors may
reduce the risk of relapse by depleting the population of CSCs.

Pharmacological inhibition of RANK signaling induces lactogenic
differentiation of tumor cells

To investigate the molecular mechanism underlying the reduction in tumor initiation
ability, global gene expression profiles from all RANK-Fc treatment arms were carried out.
GSEA revealed as significantly associated gene sets to RANKL inhibition, protein export,
exopeptidase activity, extracellular matrix, fatty acid metabolism or PPAR signaling (Fig
4A). We noticed that several of RANK-Fc regulated genes are normally expressed during
alveologenesis and lactogenesis, this is, during differentiation of mammary epithelial cells
into milk-secreting alveoli (Anderson et al. 2007): Pip (prolactin-induced protein), caseins
(Csn2, Csnilsl1, Csnls2a Csnls2b), Wap (whey acidic protein), Glycam1 (glycosylation-
dependent adhesion molecule), Lpl (lipoprotein lipase) (Supplemental Table 1 and Fig. 4B).
In addition multiple members of the secretoglobin family were induced in the RANK-Fc
treated tumors (Scgblb27, Scgblb30, Scgb2b2, Scgb2b20, Scgb2b26, Scgb2b27)
(Supplemental Table 1). In fact, the genes significantly up-regulated with mammary
lactation (Anderson et al. 2007) were found to be significantly over-expressed in the
tumors treated with RANK-Fc (Fig. 4B, C).

Quantitative RT-PCR analyses confirmed mRNA up-regulation of Csn2, Pip, Scgb1b27 and
Scgb2b27 in the RANK-Fc pre- and post-treated tumors (Fig. 4D). Immunostaining with
anti-milk antibody confirmed that RANKL inhibition induced differentiation of late-
adenocarcinoma cells into milk secreting cells (Fig. 4E). Conversely, RANKL treatment in
MMTV-PyMT tumor acinar cultures induced a significant downregulation of Csn2, Pip and
Scgb2b27 (Fig. 4F), in correlation with the reduction of milk protein secretion found in
palpable lesions from RANKL-treated MMTV-PyMT mice (Fig. 2E).

These results demonstrate that pharmacological inhibition of RANK signaling in PyMT
tumor-bearing mice promoted tumor cells differentiation into an apocrine, milk-secreting
phenotype that mimics mammary lactogenesis, which can contribute to the reduction in

tumor initiating ability.
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RANK deletion increases tumor latency, decreases tumor incidence and
impairs lung metastasis in MMTV-PyMT mice

In order to further understand the relevance of RANK pathway in HR- mammary
adenocarcinomas MMTV-PyMT+/';RANK'/' mice were obtained. Genetic deletion of RANK
in the MMTV-PyMT background significantly delayed tumor onset (Fig. 5A) and reduced
tumor incidence (Fig. 5B, C). In accordance with their multifocal origin (Lin et al. 2003),
MMTV-PyMT";RANK"* (PyMT;RANK"") palpable lesions showed multiple stages of tumor
progression: areas of early and/or late carcinomas surrounded by adenomas and
hyperplastic epithelia. MMTV-PyMT;RANK'/' (PyMT;RANK'/') lesions also contained
extensive areas of early and/or late carcinoma indicating that tumors can progress to the
invasive stage in the absence of RANK. For most PyMT;RANK'/' lesions one predominant
stages was found throughout the whole PyMT;RANK'/' palpable mass indicating that
palpable lesions arise from a single tumor focus (Fig. 5D). In fact, a lower diversity index
was found in the PyMT;RANK'/'paIpabIe lesions (Fig 5E) and the number of preneoplasic
lesions quantified in mammary gland whole mounts was also significantly reduced in
PyMT;RANK'/' compared with control mice (Fig. 5F). Lung metastases were found in 100%
of PyMT;RANK"* mice with early/late carcinomas, and several mice showed extensive
areas of metastasis with 30-200 metastatic foci per lung; by contrast, almost all
PyMT;RANK'/' were devoid of lung metastasis, even those bearing late carcinomas (Fig.
5G). Thus, RANK deletion severely impairs epithelial cell increases tumor latency,
decreases tumor incidence and impairs lung metastasis in the MMTV-PyMT tumor-prone
model.

RANK loss in tumor cells depletes the tumor and metastasis-initiating cell
pools and increases apoptosis and sensitivity to docetaxel

To rule out the progesterone/RANKL-mediated effects acting in early tumorigenesis
(Gonzalez-Suarez et al. 2010) and the influence of the RANK-null microenvironment
(Dougall et al. 1999), PyMT;RANK” and PyMT;RANK"* tumors cells, isolated from
established carcinomas were orthotopically implanted in the mammary fat pads of
syngeneic WT females. PyMT;RANK'/' tumor cells had a significantly longer latency to

+/+

tumor formation when implanted in WT mice than did PyMT;RANK™" tumor cells,

indicating a tumor cell autonomous defect (Fig. 6A). Longer latency to tumor formation

*/* tumor cells were orthotopically implanted in RANK

was also observed when PyMT;RANK
null hosts compared with WT, but no synergic effect was observed after implantation of

PyMT;RANK” in RANK null hosts (Fig. 6A).
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PyMT;RANK'/' tumors growing in WT hosts contained more apoptotic cells as revealed by
cleaved caspase 3 quantification (Fig. 6B, 7C, right panel) and extensive non-viable areas
relative to PyMT;RANK™* tumors (Fig. 6C, left panel). This demonstrates that tumor cell
survival is impaired in the absence of RANK which may contribute to the delayed tumor
formation observed. Next, we examined whether the absence of RANK sensitized tumors
to docetaxel, one of the most common chemotherapies used in breast cancer.
PYMT;RANK"* and PyMT;RANK”" tumor cells were transplanted in the fat pad of WT mice
and docetaxel treatment was started when tumors reached a diameter of 6 mm. As shown
in Fig. 6D, PyMT/RANK'/' tumors were more sensitive to docetaxel than control tumors.

Next, we aimed to determine whether loss of RANK signaling exclusively on tumor cells
also reduced the cancer stem cell pool as observed after pharmacological treatment with
RANKL inhibitors. PyMT,'RANK'/' tumor cells were significantly less able to give rise to

+/+

tumorspheres after two passages than PyMT;RANK™™ tumor cells, independently of the
initial host (Fig. 6E), highlighting an extenuation of a self-renewal capability that is tumor
cell-autonomus (Dontu and Wicha 2005). Limiting dilution assays (LDA) in WT hosts using
PyMT;RANK'/' tumor cells and corresponding controls isolated from Ilate-stage
adenocarcinomas revealed that the frequency of tumor-initiating cells (TICs) in
PYMT;RANK"* tumors was 1 in 285, whereas in PyMT;RANK”" tumors it was reduced to 1
in 1,078 (p=0.05) (Fig. 6F). To clarify whether the impaired metastasis observed in the
PyMT;RAN K’ mice (Fig. 6F) is a consequence of the attenuated tumorigenesis observed in
these mice or an intrinsic tumor cell defect, PyMT;RANKJ'/+ and PyMT;RANK'/' tumor cells
were injected into the tail vein of Foxn1™ recipients in LDA. PyMT;RANK+/+ tumor cells
efficiently colonized the lung: virtual frequency of metastatic cells was 1 in 2,952 cells (Fig.
7G). Strikingly, in the PyMT;RANK'/' pool a 10-fold (1 in 29,420) decrease in the frequency
of metastasis-initiating cells (MICs) was observed (Fig. 6G). Moreover, mice injected with
10° PyMT;RANK™* cells showed 18-133 metastatic foci, whereas in mice injected with the
same number of PyMT/RANK'/' cells, only 09 metastatic foci were found (Fig. 6H),
implying that RANK expression in tumor cells is a key mediator of metastasis.

Taken together, our results demonstrate that tumor cell autonomous mechanisms are
sufficient to reduce the CSC population. RANK loss in advanced adenocarcinomas depleted
the pool of tumor and metastasis-initiating cells, decreased survival and sensitized tumors
to docetaxel, highlighting RANK as a new therapeutic target for breast cancer patients.
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RANK loss or inhibition induces the expression of AP2 transcription factors
drivers of the luminal differentiation in mammary epithelial cells.

To understand further the molecular mechanism underlying tumor cell differentiation and
reduction in CSC observed after neoadjuvant RANKL inhibition we focused on genes
specifically induced in tumors that received neoadjuvant RANK-Fc treatment as opposed
to untreated or adjuvant treatments (Supplementary Table 1).

Neoadjuvant RANKL inhibition significantly induced the expression of activator protein 2
transcription factor: Tfap2b (Supplementary Table 1). The AP2 transcription factor family
is a set of developmentally regulated, retinoic acid (RA) inducible genes; loss of expression
of the AP2 genes is associated with poor survival and metastasis (Bar-Eli 1999; Gee et al.
1999). RANKL treatment for 24h significantly reduced the Tfap2a, Tfap2b and Tfap2c
mMRNA expression in tumor cultures of PyMT cells (Fig 7A). Moreover, overexpression of
Tfap2a and Tfap2c in the mammary gland and RANK genetic loss lead to a strikingly similar
phenotype (Fata et al. 2000; Jager et al. 2003; Zhang et al. 2003, 200), therefore we
analyze Tfap2 expression levels in the mammary glands of RANK null mice. A significant
increase in the expression levels of Tfap2a and Tfap2b mRNA was observed in the RANK
null mammary epithelia (Fig 7B). Together these results demonstrate than RANK signaling
negatively regulates Tfap2 expression.

Recent studies demonstrate that Tfap2 govern the luminal epithelial phenotype in
mammary development and carcinogenesis (Bogachek et al. 2014; Cyr et al. 2015).
Consistent with a tumor cell- luminal differentiation phenotype GSEA analyses of the
genes that characterize mammary differentiation hierarchy in mice and humans (Lim et al.
2010), revealed that the mature luminal up-regulated set and the mammary stem cell
down-regulated set, were over-expressed on the RANK-Fc treated tumors (Fig. 7C).
Importantly, Spdef, which also promotes luminal differentiation and inhibits prostate
carcinogenesis (Buchwalter et al. 2013; Cheng et al. 2014) was the top gene in these
associations (Fig 7C). In addition, the genes up-regulated by TFAP2C in human breast
cancer cells (Woodfield et al. 2010) were found to be significantly overexpressed in the
tumors that received neoadjuvant RANK-Fc treatment (Fig 7D). mRNA expression analyses
confirmed upregulation of Tfap2b, and the luminal genes Spdef and Fbpl (regulated by
Tfap2) (Cyr et al. 2015) and downregulation of the basal genes p63, krt14 in the pre-RANK-
Fc treated tumors (Fig. 7E). Higher levels of cdknla/p21, also known to be regulated by
Tfap2 (Scibetta et al. 2010), were observed in pre-RANK-Fc treated groups (Fig 7E). No
significant changes in krt8, other luminal transcription factors such, foxal, gata3, esrl,
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elf5 and Rspol, axin2, recently shown to amplify mammary progenitors in the healthy
gland (Joshi et al. 2015), were observed between groups (Fig 7E). Concomitantly, higher
levels of Tfap2b, Tfap2c and p21 and lower levels of krtl14 were also found in
PyMT RANK-/- tumor cells isolated from PyMT RANK-/- tumors transplanted into WT
hosts as compared to control PyMT; RANK+/+ (Fig 7F). Together these results indicate that
RANK signaling inhibition leads to the induction of a luminal differentiation program
driven by Tfap2.

To investigate the clinical relevance of our findings we analyzed an expression dataset
from lymph-node negative breast cancer patients that developed distant metastasis
(Wang et al. 2005). Thus, the expression of TFAP2B was found to be significantly
associated with good prognosis, as measured by the absence of distant metastasis: probe
215686_x_at Cox regression hazard ratio (HR) = 0.25, 95% confidence interval (Cl) = 0.11 —
0.57, p=0.001 (Fig 7G). A similar estimation was revealed when considering only those
tumors with a luminal phenotype (ER+): HR = 0.24, 95% Cl = 0.09 — 0.63, p=0.004 (Fig 7G).
Consistent with these observations, and with the proposed cancer-promoting role for
enhanced RANK signaling, associations with relapse free were also observed for
TNFRSF11B (also called OPG), the canonical negative regulator of the RANK pathway:
204933 s at probe HR = 0.49, 95% confidence interval (Cl) = 0.31 — 0.78, p=0.002; in
luminal tumors (ER+): HR =0.33, 95% Cl =0.17 — 0.62, p=0.0006. Accordingly, TFAP2B and
TNFRSF11B were found significantly co-expressed: Pearson’s correlation coefficient = 0.14,
p=0.018. Together these data indicate that defined AP2 transcription factors mediate the
response to RANKL inhibition and, thus, metastasis impairment and good prognosis.

RANK signaling inhibition depletes the pool of Scal- tumor initiating cells

Next, we aimed to identify the CSC population regulated by RANK in our models. Despite
multiple efforts the identity of the surface markers that identify CSCs in MMTV-PyMT
remains controversial (Malanchi et al. 2012; Vaillant et al. 2008). Thus, we analyzed
epithelial surface markers previously shown to be enriched in MaSC, progenitors or tumor
and metastasis initiation ability (Malanchi et al. 2012; Vaillant et al. 2008; Sleeman et al.
2007) in all RANK-Fc treated groups (Supplemental Fig. S2). The levels of CD49f, CD49b,
CD61 and CD90 within the epithelial CD45- CD31- CD24+ cells were comparable for all
treatment arms; in contrast, Scal+/hi cells were more abundant in tumors pretreated with
RANK-Fc, which show a lower tumor initiating ability (Fig. 8A, B). In the normal mammary
gland Scal identifies a population of luminal mature cells, enriched in ER+/PR+ associated
genes, in accordance with the observed increase in AP2 transcription factors and their role

221



inducing luminal differentiation. Despite the increase in Scal+, we could not detect an
increase in PR+ cells after RANK-Fc treatment as revealed by immunohistochemistry (Fig
8C). Similarly, no differences in the frequency of CD49f, CD49b, CD61 and CD90 were
found between PyMT;RANK'/' orthotopic tumors and controls (Fig 8D) but an increase in
the Scal+/hi population was found in PyMT;RANK'/' orthotopic tumors as compared to the
corresponding controls (Fig 8D).

As surface markers may vary in different tumor subtypes, models and stage of
progression, functional assays were performed to evaluate whether Scal expression
discriminates CSC population in the MMTV-PyMT tumors. Secondary tumorspheres of
Scal-/lo tumor cells were larger and five times as numerous as those of Scal+/hi cells (Fig.
8E-F). Strikingly, LDA assays revealed the TIC frequency is significantly enhanced by 200-
fold in Scal-/lo compared with Scal+/hi tumor cells (Fig. 8G), indicating that the Scal-/lo
population is enriched in CSCs. Altogether these results demonstrated that RANK loss or
RANKL inhibition reduced the frequency of CSCs, which is enriched in a Scal-/lo
population.
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DISCUSSION

Our results reveal a central role of RANK signaling enhancing recurrence and metastasis in
aggressive breast tumors that can be therapeutically exploited. The MMTV-PyMT model is
ideal for investigating the role of RANK signaling in HR- late-stage carcinomas, as the
expression profile of RANK and RANKL resembles that found in human breast
adenocarcinomas, with RANK being expressed in tumor cells and RANKL in infiltrating
lymphocytes (Palafox et al. 2012; Gonzalez-Suarez et al. 2010; Pfitzner et al. 2014).

Constitutive deletion of RANK in MMTV-PyMT increases tumor latency and decreases
tumor incidence, in agreement with the lower incidence of preneoplasic lesions and
tumors found in MMTV-neu mice upon RANK-Fc preventive treatment (Gonzalez-Suarez
et al. 2010), further supporting the role of RANK signaling in early stages of tumorigenesis
18 It has been reported that dissemination of metastatic cells is an early event in MMTV-
neu and MMTV-PyMT tumor progression (Hiisemann et al. 2008). However, the significant
reduction in tumors and metastasis-initiating ability of RANK null carcinoma cells
demonstrates that RANK is essential for their intrinsic metastatic potential, and not a
consequence of the reduced incidence of preneoplastic lesions and tumors in PyMT,;
RANK-/- mice.

Our previous data demonstrated that overexpression of RANK under the MMTV promoter,
disrupts mammary cell fate and differentiation resulting in accumulation of MaSC and
luminal progenitors (Pellegrini et al. 2013). In human basal cell lines RANK overexpression
increased the frequency of the CD44+CD24- cells, which are enriched in tumor initiating
potential in HR- breast cancer (Palafox et al. 2012). Here we show that pharmacological
inhibition using RANK-Fc induces tumor cell differentiation and reduces the pool of CSCs in
late-stage tumors. These results demonstrate that RANK signaling regulates the balance
between self-renewal and differentiation, not only during mammary gland development
but also on breast adenocarcinomas. Breast tumors can be easily removed in surgery but
mortality is due to tumor recurrence and metastasis driven by the surviving CSC. RANKL
inhibitors, although unable to reduce tumor growth, can be used as differentiation
therapy of CSC that can then be eliminated with conventional therapies. Moreover, RANK
null tumor cells are more susceptible to taxanes than RANK expressing tumor cells,
supporting the use of neoadjuvant RANKL inhibitors in the clinical setting to reduce the
frequency of tumor relapse and metastasis and to increase sensitivity to chemotherapy.
The impaired tumor and metastasis initiation ability observed in RANK null tumor cells as
compared to controls, demonstrates that tumor cell intrinsic mechanisms mediate the
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observed reduction in CSC. However, we cannot discard that the tumor cell extrinsic
mechanisms induced by RANK signaling inhibition in the microenvironment can also
contribute to reduce recurrence. In fact, longer latency to tumor formation was observed
when RANK positive tumor cells were implanted in RANK null mice, although no synergic
effect was observed when RANK was missing in both tumor cells and hosts.

We found that RANK-Fc treatment in MMTV-PyMT late-carcinomas induces tumor cell
differentiation leading to the expression of genes involved in secretory differentiation and
milk secretion. The best characterized members of the human Scgb family,
mammoglobins, have been successfully used as tumor biomarkers; high levels of
mammoglobin  mRNA expression are associated with favorable clinicopathological
features and low risk of relapse (Span et al. 2004), and are expressed under differentiation
conditions (Dontu et al. 2003).

Mechanistically, we found that RANK signaling negatively regulates the AP2 transcription
factors. The AP2 transcription factor family is a set of developmentally
regulated, retinoic acid (RA) inducible genes, which regulate vertebrate embryogenesis,
proliferation and tumorigenesis. Considerable amino acid identity exists between the
TFAP2A, TFAP2B, and TFAP2C proteins, and indeed these transcription factors can all bind
to essentially the same recognition site (Bosher et al. 1996). TFAP2A has been shown to
function as a tumor suppressor in several solid tumors including breast cancer, which may
be driven by its transcriptional regulation of p53 and p21 (Scibetta et al. 2010; McPherson,
Loktev, and Weigel 2002). It has been suggested that AP2 factors can mediate retinoic acid
responsiveness (McPherson, Woodfield, and Weigel 2007) and TFAP2A transcriptional
activity has been shown to be essential for retinoic acid-induced neuronal differentiation
of mesenchymal stem cells (Bi et al. 2014). Although little is known about TFAP2B in
mammary epithelia our results suggest that, similarly to other members of the family,
TFAP2B promotes differentiation in luminal tumors, and it is associated with good
prognoses. Moreover, the positive correlation between the RANKL inhibitor, OPG, and
TFAP2B expression in human breast tumors and their association with metastasis free
phenotype support the clinical implication of our findings.

Overexpression of TFAP2A and TFAP2C mimics the mammary phenotype of RANK null
mice: a simpler, sparser, ductal network and a dramatic reduction in the frequency of the
alveolar buds and lactation failure, due to a significant increase in apoptosis and reduction
of proliferation (Fata et al. 2000; Jager et al. 2003; Zhang et al. 2003). Furthermore, recent
findings have highlighted a critical role for TFAP2C and TFAP2A in maintaining the luminal
phenotype through the induction of luminal-associated genes and repression of basal-
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associated genes in mammary epithelia and breast cancer cell lines (Bogachek et al. 2014;
Cyr et al. 2015). Sca-1/Ly6A is found in the luminal differentiated cell cluster,
characterized by the expression of ER, PR, and according to our data it is likely to be
regulated by Tfap2 or other transcription factors determinant of the luminal phenotype.
Although RANKL inhibition induced Tfap2, Pdef, Fbpl and Scal, it could not reinstitute
ER/PR expression in PyMT adenocarcinomas.

In human breast cancer cells TFAP2 negatively regulates cancer stem cell markers
(Bogachek et al. 2014). The decrease in Scal- cells upon genetic deletion of RANK or
RANK-Fc neoadjuvant treatment and their enhanced mammosphere-forming and tumor-
initiating potential demonstrate that this population is enriched in CSCs in the PyMT
tumors. Accordingly, RANK overexpression leads to an expansion of the CD24+ Scal-,
luminal progenitor population (Pellegrini et al. 2013) and Joshi et al recently reported a
reduction in the Scal- luminal progenitors in the mammary glands of RANK-deficient mice
(Joshi et al. 2015). Previous results also support that repression of Scal enhances tumor
initiation in MMTV-wnt models (Batts et al. 2011). CSC markers extensively used in breast
cancer are associated with clinical and molecular characteristics in HR- breast cancer but
not in luminal tumors (Ali et al. 2011). Although MMTV-PyMT adenocarcinomas lose the
expression of HR during tumor progression they are luminal tumors. The relevance of
Scal/Ly6éa as a CSC marker in human luminal adenocarcinomas deserves further
investigation.

In summary, we have now demonstrated that inhibition of RANK signaling in breast
adenocarcinomas would target and differentiate the CSC population, decreasing tumor-
and metastasis-initiating ability, and enhancing sensitivity to chemotherapy. Therefore,
RANKL inhibitors could have therapeutic benefits in breast cancer patients beyond its
current use for controlling skeletal-related events, by reducing tumor relapse and
metastasis.
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MATERIALS AND METHODS
Animals

All research involving animals was performed at the IDIBELL animal facility in compliance
with protocols approved by the IDIBELL Committee on Animal Care and following national
and European Union regulations. MMTV-PyMT (FVB/N-Tg(MMTV-PyVT)634Mul) were
obtained from the Jackson Laboratory and have been described previously (Guy, Cardiff,
and Muller 1992). MMTV—PyMT'/+;RANK'/' mice were obtained by crossing the MMTV-
PyMT (FvB/N) strain with RANK*" (C57BL/6) mice (Dougall et al. 1999). Littermates with
the same genetic background were used as controls in all experiments. Mice were
backcrossed for at least five generations with RANK* (C57BL/6) before transplantation
into syngeneic C57BL/6 mice. RANKL-LZ and RANK-Fc reagents and RANK* (C57BL/6) mice
were obtained from Dr. Bill Dougall (Amgen Inc.). Foxn1™, Scid/Beige and Nod/Scid mice
were obtained from Charles River.

Whole-mounts analysis

Preneoplasic lesions were quantified in the mammary glands of mice between 90 and 150
days of age by fixation with Carnoy’s solution (ethanol 95%, chloroform and glacial acetic
acid at 6:3:1) 2 hours at RT. Then, they were washed 15 minutes with ethanol 70% and
rinsed in distilled water. Overnight staining was performed at 49C with carmine alum at
0,002% and then dehydrated at RT.

Tumor cell isolation

Fresh tissues were mechanically dissected with a Mcllwain tissue chopper and
enzymatically digested with appropriate medium (DMEM F-12, 0.3% Collagenase A, 2.5
U/mL dispase, 20 mM HEPES and antibiotics) for 30 min at 37°C. Samples were washed
with Leibowitz L15 medium containing 10% fetal bovine serum (FBS) between each step.
Erythrocytes were eliminated by treating samples with hypotonic lysis buffer (Lonza
Iberica). Single epithelial cells were isolated by treating with trypsin (PAA Laboratories) for
2 min at 37°C. Cell aggregates were removed by filtering the cell suspension with a 40-um
filter and counted as described (Smalley 2010).

Orthotopic transplants, metastasis and limiting dilution assays

For orthotopic transplants and tumor-limiting dilution assays tumor cells isolated from
MMTV-PyMT (FVB), MMTV-PyMT;RANK™* (C57BL/6) or MMTV-PyMT;RANK”" (C57BL/6)
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mice were mixed 1:1 with Matrigel matrix (BD Biosciences) and orthotopically implanted
in the inguinal mammary gland of 6-10-week-old syngeneic females. Mice were monitored
for tumor formation for a maximum of 38 weeks. In all assays, tumor-initiating potential
was defined as the ability to form palpable, growing tumors of 22 mm diameter. For
metastasis assays, the indicated number of tumor cells were resuspended in 200 uL of
cold PBS and injected intravenously in 6-10-week-old Foxn1™ females. Lungs were
recovered 8-10 weeks later for histological analysis. For metastasis scoring entire lungs
were step-sectioned at 100 um and individual metastases identified histologically.

RANKL or RANK-Fc treatments in vivo

For short-term experiments, RANKL (25 pg/mouse, Amgen Inc.) was injected
subcutaneously three times a week for 2 weeks in tumor-bearing MMTV-PyMT FVB (10-14
weeks old) females. Treatment started when tumors were approximately 3 mm of
diameter. For neoadjuvant or adjuvant treatments, RANK-Fc (10 mg/kg; Amgen Inc.) was
injected subcutaneously three times a week (for 4 weeks in passage 1 and for 2 weeks in
passage 2), starting 24 h after orthotopic injection of MMTV-PyMT tumor cells into
syngeneic WT FVB mice.

Docetaxel treatment

500,000 PyMT;RANK+/+ and PyMT;RANK'/' tumor cells were orthotopically implanted in the
inguinal glands of syngeneic WT mice. Docetaxel (Actavis, 20 mg/ml) was administered at
25 mg/kg intraperitoneally twice per week. Treatment started when tumors reached 6
mm of diameter and was interrupted when the residual tumors shrank below 2 mm.

Tumor acinar cultures and growth/metastasis assays from acinar cultures

For 3D acinar cultures, isolated MMTV-PyMT tumor cells were seeded on top of growth
factor reduced matrigel (10,000 cells/well in 8-well chamber slides; 500,000 cells/well in
6-well paltes) in growth medium (DMEM-F12, 5% FBS, 10 ng/ml of EGF, 100 ng/ml
cholerin toxin, 5 pg/ml insulin and 1x Penicillin/Streptomycin with or without RANKL (1
ug/mL). After 24 h cells were collected for RNA analyses or medium was changed to
differentiation medium containing DMEM F-12, prolactin 3 pg/mL (Sigma-Aldrich),
hydrocortisone 1 pg/mL, ITS (Sigma-Aldrich), cholera toxin 100 ng/mL and
penicillin/streptomycin, as previously described (Hathaway and Shur 1996) with or
without RANKL (1 pg/mL). Medium was replenished three times a week and maintained in
culture for 15 days. Acinar diameters were quantified with Imagel software (Wayne
Rasband, NIH). Matrigel was dissolved by treatment with cold PBS-EDTA 5 mM for 25 min
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on ice, washed with PBS, and tumor cells were obtained after digestion with trypsin for 5
min at 37°C.

Tissue histology and immunostaining

Tissue samples were fixed in formalin and embedded in paraffin. 3-um sections were cut
for histological analysis and stained with hematoxylin and eosin. Entire lungs were step-
sectioned at 100 um and individual metastases identified histologically. 15-16 cuts per
lung were quantified unless macroscopic metastases were apparent at necropsy, in which
case only 3 cuts were quantified. For immunostaining, 3-um tissue sections were used.
Antigen heat retrieval with citrate was used for PR (DAKO), SMA-1 (Sigma-Aldrich),
mRANKL (R&D Systems), Ki67 (Thermo Scientific), cleaved caspase-3 (Cell Signaling)
antibodies and rabbit anti-milk serum (kindly provided by Prof. Nancy E. Hynes). mRANK
(R&D Systems) immunostaining was performed, pre-treating sections with Protease XXIV 5
U/mL (Sigma-Aldrich) for 15 min at room temperature. All antibodies were incubated
overnight at 4°C, detected with biotinylated secondary antibodies and streptavidin
horseradish peroxidase (Vector) and revealed with DAB substrate (DAKO).

Immunofluorescence

Immunofluorescence of Ki67 and cleaved caspase-3 in acinar cultures were performed as
previously described (Debnath, Muthuswamy, and Brugge 2003). Briefly, acini were fixed
in 2% paraformaldehyde (20 min), permeabilized with PBS containing 0.5% Triton X-100
(15 min), and washed with PBS-Glycine 100 mM (three washes of 15 min each). Antigens
were blocked with IF buffer (PBS, 7.7 mM NaNs, 0.1% bovine serum albumin, 0.2% Triton
x-100, 0.05% Tween-20) + 10% goat serum for 1 h and then with IF buffer + goat serum +
20 pg/mL F(ab’) fragment (Jackson ImmunoResearch) for 30 min. Primary antibodies were
incubated overnight in a humid chamber. Antibody-antigen complexes were detected
using Alexa-488-conjugated anti-rabbit (Invitrogen) diluted 1:500 in IF buffer + 10% goat
serum and incubated for 40 min. Acini were then washed with IF buffer and the nuclei
stained with DAPI. Confocal analysis was carried out using a Leica confocal microscope.
Images were captured using LasAF software (Leica). The percentage of Ki67 or caspase-3+
cells was calculated with Image) software.

Flow cytometry

Single cells were resuspended and blocked with PBS 2% FBS and IgG blocking reagent for
10 min on ice. For leucocyte analyses cells were incubated with CD45-APC-Cy7 (0.125
ug/mL; 30-F11, Biolegend), CD4-PE-Cy7 (2 pg/mL; RM4-5, Biolegend), CD11b-APC (2.5
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pg/mL; M1/70, Biolegend), CD8-PE or CD8-FITC (1 pug/mL; 53-6.7, Biolegend), Gr1-FITC (2
ug/mL; RB6-8C5, Biolegend), F4/80-PE (1.25 ug/mL, BMS, Biolegend) for 30 min on ice. To
analyze epithelial markers, cells were incubated with the following antibodies: CD24-FITC
(5 pg/mL; M1/69), CD61-FITC (2.5 pg/mL; 2C9.G2), Sca-1-APC (0.5 pug/mL; Ly-6A/E) all from
BD Pharmingen, CD49b-Alexa 647 (1.25 pg/MI; HMa2, Biolegend), CD90-PE (1 ug/Ml;
HIS51, Bioscience) and CD49f-a647 (2.5 pg/mL; GoH3, R&D Systems). Lymphocytes and
endothelial cells were excluded in flow cytometry using CD45-PECy7 (0.125 pg/mL; 30-
F11) or CD45-APC Cy7 (0.125 pg/mL; 30-F11) and CD31-PECy7 (0.5 pg/mL; 390) all from
Biolegend. FACS analysis was performed using FACS Canto, FACS Aria (Becton Dickinson)
and Diva software. Cells were sorted using MoFlo (Beckman Coulter) at 25 psi and a 100-

pm tip.
Tumorsphere culture

Cells isolated from primary tumors were resuspended in serum-free DMEM F12
mammosphere medium containing 20 ng/mL of EFG, 1x B27 and 4 ug/mL heparin (Sigma-
Aldrich), as previously described (Dontu and Wicha 2005) with 2% of growth factor
reduced matrigel. Primary tumorspheres were derived by plating 20,000 cells/mL in 2 mL
of medium onto cell-suspension culture plates. After 14 days, tumorspheres were isolated
by 5 min treatment with PBS-EDTA 1 mM + 5 min of trypsin at 37°C and plated for
secondary tumorsphere formation at a concentration of 5,000 cells/mL in triplicate.
Individual spheres from each replicate well were counted under a microscope.

RNA extraction and RT-PCR

Total RNA of tissue, sorted cells and acinar cultures were prepared with Tripure Isolation
Reagent (Roche); Matrigel cultures were dissolved with cold PBS-EDTA (5 mM) on ice for
30 min. Matrigel-free cell suspensions were then pelleted at maximum speed and
resuspended in TriPure Isolation Reagent for RNA isolation. Frozen tumor tissues were
fractionated using glass beads (Sigma-Aldrich) and the PrecCeIIys® 24 tissue homogenizer
(Berting Technologies). cDNA was produced by reverse transcription using 1 ug of RNA in a
35 ulL reaction following the kit instructions (Applied Biosystems). 20 ng/well of
RNA/cDNA were used for tissue/acinar cultures and 5,000 cells/well for sorted cells.
Analyses were performed in triplicate. Quantitative PCR was performed using TagMan or
LightCycIer® 480 SYBR green.Primer sequences and TagMan probes are indicated below.
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RNA labeling and hybridization to Agilent microarrays

RNA quality was assessed using a TapeStation (Agilent Technologies). RNA concentration
and dye incorporation was measured using a UV-VIS spectrophotometer (Nanodrop 1000,
Agilent Technologies, Wilmington, DE, USA). Hybridization to SurePrint G3 Mouse Gene
Expression Microarray (ID G4852A, Agilent Technologies) was conducted following
manufacturer’s two-color protocol (Two-Color Microarray-Based Gene Expression Analysis
v. 6.5, Agilent Technologies), and dye swaps (Cy3 and Cy5) were performed for RNA
amplified from each sample. Microarray chips were then washed and immediately
scanned using a DNA Microarray Scanner (Model G2505C, Agilent Technologies).

Microarray analysis

Microarray data were feature extracted using Feature Extraction Software (v. 10.7)
available from Agilent, using the default variables. Outlier features on the arrays were
flagged by the same software package. Data analysis was performed using Bioconductor
package, under R environment. Data preprocessing and differential expression analysis
was performed using limma and RankProd package, and latest gene annotations available
was used. Raw feature intensities were background corrected using normexp background
correction algorithm. Within-array normalization was done using spatial and intensity-
dependent loess. Aquantile normalization was used to normalize between arrays. The
expression of each gene is reported as the as the base 2 logarithm of ratio of the value
obtained of each condition relative to control condition. A gene is considered differentially
expressed if it displays a pfp (proportion of false positives) less than 0.05 by non-
parametric test. The GSEA was run using default values for all parameters. Raw microarray
data has been deposited in GEO, access number GSE66085. The mature luminal and stem
cell gene sets were taken from the original publication (Lim et al. 2010). The differentially
expressed genes between lactation and pregnancy were identified using the GEO GSE8191
dataset (Anderson et al. 2007) and the TFAP2C regulated genes in breast cancer cells using
the GEO GSE8640 dataset (Woodfield et al. 2010). Cox proportional hazard regression
analyses were applied to evaluate associations with prognosis (relapse or distant
metastasis) at the level of microarray probes.

Statistical analysis

Statistical analyses were performed using GraphPad Prism. Differences between pairs of
mouse cohorts or conditions were analyzed with a two-tailed Student’s t-test or an F-test.
Fold changes between expression values for RANKL or RANK-Fc treated tumors or tumor
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cells and untreated controls were calculated, and one sample t test against a reference
value of 1 was used. Two-way analysis of variance was used to compare tumor growth
curves. The Mantel-Cox test was used for tumor-free survival studies. Tumor-initiating
cells in limiting dilutions were estimated using the extreme limiting dilution assay (ELDA)
(Hu and Smyth 2009).

Primers
NAME SEQUENCE 5'>3'
MRANK TagMan [Mm00437135_m1
MmRANKL TagMan [Mm00441908_m1
mACTINB8  |TagMan |4352341e-1003012
FWD CAGATGCGAACCAGGAAAGT
Rank REV TCTTCATTCCAGGTGTCCAAG
FWD TCCTGAGACTCCATGAAAACG
Rankl REV CCCACAATGTGTTGCAGTTC
FWD AGGATGCCAAGTCTGTCAAGA
Rpl38 REV TCCTTGTCTGTGATAACCAGGG
FWD TCCACAACATTCCGTTTCTG
Csn2 REV AGCATGATCCAAAGGTGAAAA
FWD TCAGTGCTGTGACACTCTTCT
Pip REV GTGTTTCAACTGTAACTTGCACA
FWD TCTGATAGGACCTTGACCGAG
Scgb1b27  |REV GGCAATTGGTTTCCGTGAGA
FWD AGGGGACACTTCTTCTGCTG
Scgb2b27  |REV TGGGGACTCTTTAATTTGGTGG
FWD CGCGGTGTCAGAGTCTAGG
p21 REV GGACATCACCAGGATTGGAC
FWD TCAGTCAACGGGGGACATAAA
Hprt REV GGGGCTGTACTGCTTAACCAG
FWD CTGAGCTGGACACACATCG
Rspol REV AACAGAGCTCACAGCCCTTG
FWD TGAGAGCCTCAAGGAGGAGC
Krt14 REV TCTCCACATTGACGTCTCCAC
FWD GAGTGGGGAAGGAGTTGGAC
Krt15 REV GCCACTGCCAACACCAAT
FWD GCATGGGAGCCAACATTCC
p63 REV TGTCTCCAGCCATTGGCAT
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FWD TGTGAGATCCACGGAAACA
Axin2 REV GTGGCTGGTGCAAAGACATA
FWD CTTACCTCACGCCATCGAG
Tfap2a REV TTGCTGTTGGACTTGGACAG
FWD GACAGCCTCTCGTTGCAC
Tfap2b REV TGACTGACTGGTCCAATAGGTTC
FWD AGTATGAAGAGGATTGCGAGGA
Tfap2c REV CGCGGGACTGTAGAGATGTT
FWD ATTGACAAGGTGCGCTTCCT
Krt8 REV CTCCACTTGGTCTCCAGCATC
FWD GCAGGCATTGCAAAGGTAGT
Gata3 REV AGCACAGGCAGGGAGTGT
FWD CACGCAGGAGGCCTACTCCT
Foxal REV TGTTGGCGTAGGACATGTTG
FWD GGAAGCTCCTGTTTGCTCCT
Esrl REV CGGAACCGACTTGACGTAG
FWD AGGTGCAATCGATGGTTGTG
Spdef REV AAAAGCCACTTCTGCACGTT
FWD CGCTACCTGTGTTCTTGTGTCT
Fbp1 REV CACAAGGCAGTCAATGTTGG
FWD GGACTCCGTAACCCATAGCA
EIf5 REV TACTGGTCGCAGCAGAATTG

Online supplemental material includes 2 Supplemental Figures and 1 Supplemental Excel
Table summarizing genes regulated by RANK-Fc treatment obtained from microarray
results.
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Figure 1. RANKL treatment decreases apoptosis in MMTV-PyMT-derived tumor cells in vitro.

A.

Representative images of RANK and RANKL protein expression detected by IHC in MMTV-PyMT
preneoplasic lesions (hyperplasia) and adenocarcinomas. Note that RANKL expression in
carcinoma lesions is found not in the tumor cells but in tumor infiltrating lymphocytes. See also
expression patterns in Supplemental Fig. 1.

. mRNA expression of Rank and Rankl in 7 WT, 8 MMTV-PyMT tumors and three draining lymph

nodes of MMTV-PyMT tumor-bearing mice. Expression relative to B-actin is shown. Mean, SEM
and t-test probabilities are shown.

. Rankl mRNA expression relative to Rp/38 measured by RT-PCR in FACS-sorted tumor cells

(CD45-), macrophages (CD45+ CD11b+ F4/80+ Grl-), CD4+ lymphocytes (CD45+ CD11b- CD3+
CD4+) and CD8+ (CD45+ CD11b- CD3+ CD8+). Cells from four independent MMTV-PyMT tumors
were sorted as shown in Supplemental Fig. S2.

. Representative pictures of MMTV-PyMT tumor acini cultured in Matrigel with or without RANKL

(1 pg/mL) for 15 days.

. Diameter (um), percentage of cleaved caspase 3+ and percentage of ki67+ nuclei of MMTV-

PyMT tumor acini cultured in Matrigel, treated or not treated with RANKL for 15 days. Each dot
represents one acinus, and results from three independent tumors (T1, T2 and T3) are shown.
SEM and t-test statistics are shown.

. Tumor growth curves derived from MMTV-PyMT tumor cells cultured for 15 days with or

without RANKL after injection in the fat pads of Scid/Beige mice. Tumor volume is normalized
to the first measurement. 100,000 cells per mammary gland were injected. Each mean and
SEM is representative of six tumors and t-test statistics are shown.

. Quantification of lung metastatic foci derived from tumor cells cultured for 15 days with or

without RANKL after intravenous injection in Nod/Scid mice. 100,000 cells were injected and
mice were sacrificed 9 weeks after tumor-cell injection. Each dot represents one mouse. Entire
lungs were step-sectioned at 100 um and individual metastases identified. The total number of
metastatic foci per mouse is indicated.
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Figure 2
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Figure 2. Short-term RANKL treatment in vivo does not change MMTV-PyMT tumor growth but

modulates tumor cell differentiation.

A. Schematic overview of short-term RANKL (25 ug/mouse) or control (vehicle, PBS) treatment in
MMTV-PyMT tumor-bearing females. Five mice per treatment arm were included. Treatment (3
times per week) started when tumors reached 3 mm of diameter. Mice received 6 doses, and
tumors were excised and analyzed 24 h after the last dose.

B. Tumor volume of MMTV-PyMT mice undergoing RANKL treatment. Mean and SEM of five mice
per treatment are shown. Tumor volume is normalized to the volume on the first day of
treatment (day 1).

C. Percentage of tumor cell proliferation (Ki67) and apoptosis (cleaved caspase-3) after 2 weeks of
RANKL or control of MMTV-PyMT tumor-bearing mice. Each dot represents one independent
tumor from one mouse. Six sections per tumor were quantified. The mean and SEM for each
group is shown.

D. Percentage of secretory areas relative to total tumor area identified in MMTV-PYMT primary
tumors after 2 weeks of RANKL or control. 3-5 mice per treatment arm were considered.

E. Representative images of H&E showing secretory areas identified in MMTV-PYMT primary
tumors and milk protein staining after 2 weeks of RANKL treatment.
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Figure 3
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Figure 3. Neoadjuvant inhibition of RANK signaling depletes the pool of MMTV-PyMT tumor-

initiating cells.

A. Schematic overview of RANK-Fc treatments in orthotopic MMTV-PyMT tumors. One million cells
isolated from one MMTV-PyMT carcinoma were injected into the inguinal fat pads of syngeneic
WT mice (FVB), which were randomized 1:1 for RANK-Fc (10 mg/kg, three times per week) or
mock treatment starting 24 h later. After 4 weeks of treatment, tumors were surgically excised
and cells isolated from at least three RANK-Fc-treated MMTV-PyMT tumors (passage 1,
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neoadjuvant treatment) were pooled and injected into the fat pad of syngeneic WT (Passage 2)

mice in limiting dilutions (mimicking occult disease); again, mice from both groups were

randomized 1:1 for additional RANK-Fc (adjuvant) or mock treatment for 2 weeks. The same

was done for the control arm in passage 1. The total number of tumors was scored after 26

weeks.

. Tumor growth of passage 1 RANK-Fc treated MMTV-PyMT orthotopic tumors. Day 1 is the first

day that palpable and growing tumors were detected.

. Percentage of tumor cell apoptosis (cleaved caspase 3) in passage 2 RANK-Fc-treated and
controls MMTV-PyMT orthotopic tumors.

. Table showing limiting dilution assay to test the tumor-initiating ability of MMTV-PyMT tumor
cells after RANK-Fc treatments. Tumor-initiating cell frequencies (with confidence intervals) for
each group were calculated by ELDA; chi-square values and associated probabilities are shown.

. Number of secondary tumorspheres (n spheres) formed by RANK-Fc-treated MMTV-PyMT

orthotopic tumors from the indicated treatment groups (P2). Each bar represents data from

four tumors. 20,000 cells/mL for primary and 5,000 cells/mL for secondary mammospheres

were plated in triplicate and tumorspheres were quantified after 2 weeks. Mean, SEM and t-

test statistics are shown.
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Figure 4
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Figure 4. RANKL inhibition induces differentiation of tumor cells into milk secreting cells.

A. Top panel: Significantly associated genes sets and pathways for KEGG annotations are shown

B. Heatmap showing the expression profile in mammary gland development of differentially
expressed genes between RANK-Fc treated tumor and controls. Note that genes are up-
regulated during late pregnancy, lactation and involution. Genes further validated by RT-PCR
are shown in red.

C. GSEA graphical output for the association between lactation over-expressed genes and RANK-Fc
treatment. The top genes contributing to this association are listed.

D. mRNA expression levels of Csn2, Pip, Scgb1b27, Scgb2b27 relative to HPRT in RANK-Fc treated
or control MMTV-PyMT orthotopic tumors. Each bar is representative of three independent
tumors. Mean, SEM and t-test statistics are shown.

E. Representative images of milk staining in control and pre&post-RANK-Fc treated tumors.

F. Fold change of mRNA expression levels of indicated genes in RANKL treated 3D acinar cultures
of MMTV-PyMT tumor cells relative to untreated controls. Cultures from three independent
tumors were analyzes. Mean, SEM, and t test p values are shown.
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Figure 5
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Figure 5. Constitutive deletion of RANK increases tumor latency, decreases tumor incidence, and
prevents lung metastasis of MMTV-PyMT tumors.

A.

Kinetics of palpable tumor onset with age in the indicated genotypes. 18 PyMT; RANK** and 10
PyMT;RANK”" (F5) mice were analyzed. All palpable lesions were considered. The difference
between the groups was evaluated by the log-rank test.

. Number of palpable lesions bigger than 0.3 cm of diameter detected at necropsy in 17 PyMT;

RANK"* and 10 PyMT;RANK”" (F5) mice.

. Cumulative number of palpable lesions per mouse in 18 PyMT;RANK”* and 10 PyMT;RANK”

mice with age (in weeks). Tumors were classified by their diameter as indicated. All
PyMT;RANK”+ and PyMT;RANK'/' mice died after week 21 and 31, respectively; for mice dying
before total number of tumors detected at necropsy was considered.

. Pie charts representing quantification of histological areas as defined in Supplemental Fig. S1

and 2 of PyMT;RANK'/' and PyMT,'RANK+/+ tumors. Tumor size at sacrifice was similar for the
two genotypes (1 cm diameter).

246



E. Shannon-Wiener diversity test of palpable PyMT;RANK”" and PyMT;RANK"* lesions. Each bar
represent the mean of 6 tumors and t-test statistics are shown.

F. Number of preneoplasic regions per mammary gland detected in mammary whole mounts of in
PYMT;RANK"* (n=9) and PyMT;RANK”" (n=5) (F5) females 13-22 weeks old. Only mammary
glands without tumors were considered. Each dot represents one mammary gland. Mean, SEM

and t test p value are shown.
G. Percentage of PyMT;RANKJ'/+ (n=6) and PyMT;RANK'/' (n=7) (F5) females with lung metastasis.
Entire lungs were step-sectioned at 100 @m and individual metastases identified histologically.

The total number of metastatic foci per mouse is indicated.
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Figure 6
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Figure 6. RANK-null tumors contain fewer tumor and metastasis-initiating cells, have enhanced
apoptosis and are more sensitive to docetaxel.

A.

. Representative pictures of cleaved caspase 3 staining in transplants from PyMT;RANK

+/+

Latency to tumor formation of PyMT;RANK”* and PyMT;RANK”" tumor cells orthotopically
implanted in WT and RANK”" syngeneic mice (C57BI6). 10° cells were injected per mammary
gland and 22 tumors from each group were quantified. Times in days from injection are shown.
** and
PyMT;RANK” tumor cells in syngeneic WT hosts.

. Quantification of the percentage of non-viable areas versus total tumor area (left panel) and

caspase 3-positive nuclei (right panel) in transplants from PyMT;RANK”* and PyMT;RANK”
tumor cells in syngeneic WT hosts. Each dot represents an independent transplanted primary
tumor and t —test statistic are shown.

. Relative tumor volume of PyMT;RANK™* and PyMT;RANK” tumors treated with docetaxel (25

mg/kg) twice per week. Volume was calculated as length*width/100. Treatment started when
tumors reached a diameter of 6 mm. # indicate docetaxel doses. Probabilities of t test for
docetaxel-treated PyMT;RANK"* and PyMT;RANK” tumors is shown.

. Number (n) of tertiary tumorspheres formed by PyMT;RANK‘“/+ and PyMT;RANK'/' tumor cells.

No differences in mammosphere frequency or size were observed in primary or secondary
passages. Each bar represents four tumors. The mean, SEM and t-test statistics are shown.

F-G. Table showing limiting dilution assay to test the tumor-initiating ability (F) and metastasis-

initiating ability (G) of PyMT;RANK"* and PyMT;RANK”" tumor cells. Cells from two tumors per
genotype were pooled for injections in limiting dilutions in number 4 mammary glands of
syngeneic WT females (F) or in the tail vein of Foxn1™ females (G), respectively. Presence of
lung metastasis was scored 8 weeks after injection. TICs and MICs frequencies (with confidence
intervals) for each group were calculated by ELDA; p- and chi-square values are shown.

. Quantification of the absolute number of lung metastasis in Foxn1™ mice that received an

+/+

intravenous injection of 10° PyMT;RANK"* and PyMT;RANK”" tumor cells. Each dot represents
the lung of one mouse. The mean, SEM and probabilities of significant F-tests are shown.
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Figure 7
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Figure 7. RANK loss or inhibition induces the expression of AP2 transcription factors.

A. Fold changes in mRNA expression of indicated genes in PyMT tumor cultures treated with
RANKL for 24h relative to untreated cultures. Each bar is representative of three cultures
derived from three independent tumors. Mean, SEM and t-test statistics are shown.

B. mRNA expression levels of indicated genes relative to KRT8 in PyMT RANK+/+ and
PyMT;RANK-/- mammary glands. Each bar is representative of three independent mammary
glands. Mean, SEM and t-test statistics are shown.

C. GSEA graphical outputs for the association between mammary mature luminal (up-regulated
genes in mature luminal) and stem (down-regulated genes in stem) cells gene sets and RANK-Fc
treatment. The top genes contributing to the association are listed.

D. GSEA graphical outputs for the association between TFAP2C up-regulated genes sets in human
breast cancer and RANK-Fc treatment. The top genes contributing to the association are listed.
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E. Fold changes in mRNA expression of indicated genes in PyMT tumors that received neoadjuvant
RANK-Fc treatment relative to expression in the other treatment arms. Each bar is
representative of six independent tumors. Mean, SEM and t-test statistics are shown.

F. Fold changes in mRNA expression of indicated genes in PyMT;RANK-/- sorted tumor cells
relative to expression in PyMT;RANK+/+ sorted tumor cells. Each bar is representative of three-
four independent tumors. Mean, SEM and t-test statistics are shown.

G. Association between TFAP2B (left panel) and TNFRSF11B (right panel) tumor expression and
distant metastasis in lymph-node negative breast cancer patients (Gene Expression Omnibus
data GSE2034). Graphs show the proportion of distant metastasis-free patients over time
(months) and stratified according to the first (low expression) or the third (high expression)
tertiles.
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Figure 8
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Figure 8. RANK-Fc neoadjuvant treatment reduces the Scal- tumor cell population.
A. Frequency of the indicated populations within tumor CD45- CD31- CD24+ cells determined by

(@)

flow cytometry in RANK-Fc-treated or control MMTV-PyMT orthotopic tumors. Each bar
represents data from four mice in two independent experiments. Mean, SEM and t-test
statistics are shown.

. Representative histograms of Scal+/hi and Scal-/lo populations in control and pre-RANK-Fc

treated tumors.

. Representative images of PR immunostaining in control and pre&post-RANK-Fc treated tumors.
. Frequency of the indicated populations within tumor cells (CD45- CD31- CD24+), as analyzed by

flow cytometry in PyMT;RANK"* and PyMT;RANK” orthotopic transplants. Each bar represents
the mean and SEM of 3-5 independent tumors. Probabilities of significant t tests are shown.

. Representative images of tumorspheres derived from FACS-sorted Scal+/hi and Scal- tumor

cells from MMTV-PyMT orthotopic tumors.

. Number of secondary tumorspheres (n spheres) of FACS-sorted Scal+/hi and Scal-/lo tumor

cells from MMTV-PyMT orthotopic tumors. Each bar is representative of two tumors quantified
in triplicate. 20,000 cells/mL were plated in triplicate and tumorspheres were quantified after 2
weeks. Mean, SEM and probabilities of significant t tests are shown.

. Table showing limiting dilution assay to test the tumor-initiating ability of Scal+/hi and Scal-/lo

tumor cells in WT (FVB) females. Cells were FACs-sorted from control tumors and injected in
limiting dilutions into number 4 mammary glands. Tumor initiating cell frequencies (with
confidence intervals) for each group were calculated by ELDA; chi-square values and associated
probabilities are shown.
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SUPPLEMENTAL INFORMATION

Supplemental Figure 1

ADENOMA

EARLY
CARCINOMA

LATE
CARCINOMA

Figure S1. RANK and RANKL expression during MMTV-PyMT tumor progession

Representative pictures of hematoxylin eosin (H&E), PR (progesterone receptor), Sma-1, Rank and
Rankl protein expression in MMTV-PyMT palpable lesions by immunostaining. Note the loss of PR
(nuclear staining) and RANKL expression in adenoma and loss of a continuous layer of Sma-1 in the
transition to carcinoma and late carcinoma.
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Supplemental Figure 2
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Figure S2. FACS gating scheme.

Dot-blots and histograms representing the hierarchy identified by flow cytometry analyses for the
selection of tumor infiltrating leucocytes and epithelial cells in MMTV-PyMT tumors. Positive
populations or mean values are defined based on isotope or FMO (“fluorescence minus one”)

controls.
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Abstract

APRIL (a proliferation-inducing ligand) is a cytokine of the tumor necrosis factor family associated mainly with
hematologic malignancies. APRIL is also overexpressed in breast carcinoma tissue lesions, although neither its role in
breast tumorigenesis nor the underlying molecular mechanism is known. Here, we show that several breast cancer cell
lines express APRIL and both its receptors, B cell maturation antigen (BCMA) and transmembrane activator and CAML-
interactor (TACI), independently of luminal or basal tumor cell phenotype, and that the mitogen-activated protein kinases
P38, ERK1/2, and JNK1/2 are activated in response to APRIL. The inflammatory stimulus poly I.C, a toll-like receptor (TLR) 3
ligand, enhanced APRIL secretion. Silencing experiments decreased cell proliferation, demonstrating that APRIL is a critical
autocrine factor for breast tumor growth. Studies of 4T1 orthotopic breast tumors in APRIL transgenic mice showed that
an APRIL-enriched environment increased tumor growth and promoted lung metastasis associated with enhanced tumor
cell proliferation; BCMA and TACI expression suggests that both participate in these processes. We detected APRIL, BCMA
and TACI in human luminal, triple-negative breast carcinomas and HER2 breast carcinomas, with increased levels in more
aggressive basal tumors. APRIL was observed near Ki67+ nuclei and was distributed heterogeneously in the cancer cells, in
the leukocyte infiltrate, and in the myoepithelial layer adjacent to the tumor area; these results imply that APRIL provides
proliferation signals to tumor cells through paracrine and autocrine signaling. Our study identifies participation of APRIL
signaling in breast cancer promotion; we propose impairment of this pathway as a potential therapeutic strategy.

Introduction

Breast cancer is the most commonly diagnosed tumor type, and
its incidence grows annually (1). The last decade has seen much
progress in our understanding of the biology of breast cancer, a
complex and heterogeneous disease (reviewed in ref. 2). Based on
molecular and genetic profiles, breast carcinomas were recently
classified in six major subsets that include luminal A, luminal
B, human epidermal growth factor receptor 2 (HER2)-enriched,

basal-like, normal breast and claudin-low carcinomas (3).
Luminal carcinomas express luminal markers, estrogen recep-
tor and/or progesterone receptor (PR), account for 60-80% of
diagnosed cases, and generally have a good prognosis (4). HER2-
enriched carcinomas are HER2 positive and make up 15-20% of
cases, whereas basal-like carcinomas express basal/myoepithe-
lial markers, are frequently negative for estrogen receptor, PR
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Abbreviations

BCMA B cell maturation antigen

TACI transmembrane activator and CAML-interactor
TLR toll-like receptor

HER2 hurnan epidermal growth factor receptor 2

PR progesterone receptor

HSPG heparan sulfate proteoglycans

MAP mitogen-activated protein

qPCR quantitative real-time polymerase chain reaction
TNBC triple-negative breast carcinomas.

and HER2 (triple negative), and represents 10-20% of all breast
cancers. HERZ-enriched and basal-like are usually more aggres-
sive and have a poorer prognosis than the luminal subtype (5),
although anti-HERZ treatment has substantially improved sur-
vival of HER2-enriched carcinoma patients in the last decade (6).
Even s0, 20-30% of all breast cancer patients develop metastatic
disease that remains incurable, with a median survival between
2 and 4 years depending on subtype (7). Better understanding is
thus needed for the molecular mechanisms and signaling path-
ways that govern the processes of breast carcinoma formation,
maintenance and expansion and this knowledge must be trans-
lated into more effective therapeutic strategies.

Cytokines and other soluble factors are key molecules in breast
cancer development and progression (8). They can be secreted by
tumor cells and by cells in the tumor environment, and establish
complex communication networks to promote tumor cell prolifer-
ation and survival, epithelial-to-mesenchymal transition, as well
as tumor cell invasion and metastasis. They are also involved in
tumeor lymphocyte recruitment and modulate the type of immune
response generated, which contributes to disease outcome (9).
APRIL (a proliferation-inducing ligand) is a TNF family cytokine
originally named for its ability to stimulate tumor cell prolifera-
tion in vitro (10). Cells of the immune systemn as well as epithelial
and adipose-derived mesenchymal stem cells can secrete APRIL
(11-13), which binds to two known receptors, the transmembrane
activator and calcium-modulator and cyclophilin ligand interac-
tor (TACI) and the B cell maturation antigen (BCMA) {14,15); APRIL
also binds heparan sulfate proteoglycans (HSPG) on the cell sur-
face, which are highly expressed in tumor cells (16).

The association between APRIL and cancer has been studied
mainly for leukemia and lymphoma, due to the initial descrip-
tion of APRIL receptors in B cells (17) and to the observation that
APRIL transgenic mice develop lymphoid tumors (18). In these
hematological malignancies, APRIL overexpression correlates
with disease progression and is a poor prognostic factor for
patient survival (19,20); it protects tumor cells from spontane-
ous and drug-induced apoptosis, promotes cell cycle progres-
sion and enhances cell survival and/or proliferation (21,22). In
human solid tumors, APRIL overexpression has been detected
in many cancer types (23-34). APRIL induces growth arrest in
hepatocellular carcinoma cells (28), and promotes turnor growth
and/or metastasis in glioblastoma (30), pancreatic cell lines (31),
and in in vivo colon carcinoma models (32). Data on APRIL rel-
evance in breast cancer are very limited (23,33,34). APRIL is over-
expressed in breast tissue lesions and is detected in cancer cells,
but is associated mainly with the stroma and non-malignant
structures (23,34). Its involvermnent in breast tumorigenesis and
metastasis, its association with breast carcinoma subtypes, and
the underlying molecular mechanisms are not known.

Here, we show that APRIL as well as BCMA and TACI are
expressed in human luminal and basal-like breast carcinoma
cell lines as well as in primary breast carcinomas. We found
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that APRIL signals through p38, ERK1/2 and JNK1/2 mitogen-
activated protein (MAP) kinases, and show that Toll-like receptor
(TLR)3 activation induces APRIL secretion in breast cancer cells.
Loss-of-function experiments demonstrated that APRIL sus-
tains cell proliferation in an autocrine manner. In vivo studies
using 4T1 orthotopic tumors confirmed that ectopic APRIL pro-
motes breast tumor growth and lung metastasis. Moreover, we
found higher APRIL and TACI expression in human triple-neg-
ative breast carcinomas (TNBC) compared with lurninal breast
carcinomas, which suggests association of this APRIL signaling
pathway with tumor aggressiveness.

Methods

Mouse, cell lines and human tumor samples

B6-Tg(Lck-hAPRIL) mice were previously described by Michael Hahne's
laboratory (17) and backcrossed at least 10 times onto the BALB/c back-
ground to generate the BALB/c-Tg (Lck-hAPRIL) mice used in these experi-
ments and termed APRIL-Tg for short. APRIL-Tg and wild type littermates
were bred in-house under specific pathogen-free conditions. Animal
experiments were supervised by the Centro Nacicnal de Biotecnologia
Ethics Committee, in compliance with national, institutional and EU
guidelines. Human breast carcinoma cell lines MDA-MB231, MDA-MB468,
MCF7, T47D (35) and the murine 4T1 cell line, derived from a spontaneous
mammary tumor in BALE/c mice, were obtained from the American Type
Culture Collection (ATCC, Manassas). ATCC ensures authenticity of these
cell lines using short tandem repeat DNA profiling. Short tandem repeat
authentication of cell lines was conducted by the Genomics Core Facility
at the Instituto de Investigaciones Biomedicas ‘Alberto Sols’ and verified
with the ATCC data base. A certificate of analysis was provided. Cells were
kept in culture and used no longer than 3-4 months after authentication.
Cells were cultured according to supplier’s recommendations; for culture
media, see Supplementary Table 1 is available at Carcinogenesis Online. For
quantitative real-time polymerase chain reaction (qPCR) analysis, samples
from breast cancer patients were collected from the University Hospital
of Bellvitge (Barcelona, Spain), using protocels approved by the IDIBELL
ethics committee and according to Declaration of Helsinki. Samples were
collected immediately after surgery, frozen and stored at -80°C. For immu-
nohistochemical studies, nine IDC tissue samples were cbtained from the
CNIO Tumor Bicbank (Madrid, Spain), with anonymized patient data and
consent (36). Molecular characteristics of human samples are provided
in Supplementary Table 2 is available at Carcinogenesis Online (samples
used for molecular analyses) and $3 (samples for IHC analyses). We used
the hAPRIL ELISA kit (eBioscience) to quantify APRIL protein in 37 human
serum samples from breast carcinoma patients with three carcinoma sub-
types (luminal, n = 20; triple negative breast carcinoma, TNBC, n = 12; HER2-
enriched, n = 5; obtained from Biobank HUB-ICO-IDIBELL, Barcelona, Spain).

RNA isolation and quantitative RT-PCR

Total RNA was isolated from each tumor cell line and from 4T1 tumors
and lungs of 4T1-orthotransplanted WT and APRIL-Tg mice, using TRI
Reagent (Sigma-Aldrich). RNA (1-2 pg) was used for reverse transcription
with the High Capacity cDNA Reverse Transcription Kit (Life Technologies).
qPCR assay was performed on an ABI 7300 Fast Real-time PCR System
using TagMan Fast Universal PCR master mix (Life Technologies). fi-Actin
and Pum1 served as internal housekeeping genes depending on the exper-
iment. RNA extraction and qPCR from human breast tumors were per-
formed as described (37), and mRNA levels were normalized to the PP1A
gene, Primer sequences (Sigma-Aldrich) are shown in Supplementary
Table 4 (available at Carcinogenesis Online).

Immunofluorescence

Breast cell lines were plated on fibronectin-coated slides and incubated
(3-6h, 37°C), then fixed with 2% paraformaldehyde solution, permea-
bilized with 0.1% Triton X-100 (5min, 20°C) and incubated with primary
antibody anti-hAPRIL EDZ (overnight, 4°C; Alexis Biochemicals) that rec-
ognizes both full length and processed APRIL. Then cells were incubated
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with a Cy2-conjugated secondary antibody followed by DAPL Samples
were mounted in Vectashield medium (Vector Laboratories) and images
were recorded in a confocal microscope (Olympus Fluoview 10) with a 20
objective lens, using FV10-ASW 1.6 software (Olympus). Brightness and/
or contrast were adjusted with Image] software (National Institutes of
Health).

Western blot

To evaluate APRIL expression, MCF7, T47D, MDA-MB231 and MDA-MB468
cells were lysed with lysis buffer (Roche), and proteins quantified and ana-
Iyzed by Western blot following standard procedures (38). As positive control,
we used HEK-293T cells transfected with APRIL (293 T-APRIL). To study APRIL
induction by TLR ligands, MDA-MB231 and MDA-MB468 cells were cultured
with ultrapure LPS (2 pg/ml), flagellin (0.5 pg/ml) or poly L.C (20 pg/ml; all
from InvivoGen) and supernatants were collected at 24 and 48h. Blots were
probed with Aprily5 anti-hAPRIL antibody (Alexis Biochemicals), which rec-
ognizes full-length and cleaved APRIL. To analyze APRIL and TLR3 signaling,
cells were starved overnight, and then stimulated with hAPRIL (200ng/ml;
R&D Systems) or poly LC (20 pg/ml) in a time course. We used anti-phos-
pho-ERK1/2 (Thr202/Tyr204), -ERK1/2, -phospho-p38 (Thr180/Tyrl82), -p3s,
-JNK1/2, -IxBa and phospho- IkBa antibodies (Cell Signaling Technology);
anti-phospho-JNK1/2 (Thr183/Tyr185, Invitrogen, Life Technologies), and
appropriate HRP-conjugated secondary antibodies (Dako).

Proliferation assays

We quantified cell proliferation at 48h using a thymidine incorpora-
tion assay. Briefly, cells from each cell line were cultured (10¢ cells/well,
96 flat-well plates), alone or with 100ng/ml hAPRIL (MegaAPRIL, Alexis
Biochemicals). [*H]thymidine (1 CpCifwell) was added to the culture for
the last 8h and thymidine incorporation was measured in a liquid scintil-
lation counter (Wallac Trilux 1450 Microbeta, Perkin Elmer). Three inde-
pendent assays were performed, with at least 15 wells per condition,

To determine proliferation after APRIL silencing, similar experiments
were performed with cells previously transfected with APRIL-specific and
control small interference RNA (ON-TARGETplus SMARTpool, Dharmacon)
following supplier’s protocols for adherent cells. APRIL-reduction effi-
ciency was evaluated by Western blot.

4T1 tumor transplantation model

Basal 4T1 cells (10°) were injected into the 4th mammary gland of &- to
10-week-old female APRIL-Tg and contrel mice (8-15 mice/group). After
detection, tumors were measured weekly with calipers and volume calcu-
lated (length = width?/2). Mice were killed at different time points; tumors
and lungs were excised, weighed and photographed, respectively, and
optimal cutting temperature compound embedded for analysis.

Immunchistochemistry

Mouse 4T1 tumors

To detect hAPRIL and Ki67, a 8-um-thick cryosections were fixed in
neutral-buffered formalin (Sigma-Aldrich), then incubated overnight
with mouse-on-mouse blocking reagent (Vector Laboratories). Sections
were reblocked with 40% goat serum in TBS-Tween (blocking solution,
1h) and incubated with anti-hAPRIL antibody Aprily2 (overnight, 4°C;
Alexis Biochemicals), followed by alkaline phosphatase (AP)-anti-mouse
antibody (Sigma-Aldrich). We subsequently incubated the sections with
anti-Ki67 antibody (overnight, 4°C; Invitrogen), followed by horseradish
peroxidase (HF)-anti-rabbit antibody (Dako). AP was developed with the
Blue AP substrate kit (Vector Laboratories) and HP with 3-amino-9-ethyl-
carbazole (AEC, Sigma-Aldrich). All slides were counterstained in Mayer's
hematoxylin (2060 s; Sigma-Aldrich) and mounted with Faramount
aqueous mounting medium (Sigma-Aldrich).

Human breast carcinoma samples

Slides of S-pm-thick formalin-fixed paraffin-embedded breast tumor
biopsies were prepared and sequentially deparaffinized. Antigen was
heat-retrieved in 10mM sodium citrate buffer (pre-heat steamer, 30min).
Endogenocus peroxidase was blocked with TBS 3% H,0,; sections were
incubated with primary anti-hAPRIL and -Ki67, and antigen-antibody
complexes were detected as above for mouse sections.

Image analysis and statistics

Tumor sections were imaged with a Microdigital Camera (Olympus DP70)
mounted on an axioplan microscope (Leica). We analyzed the percentage
of Ki67 stained area with Image Pro V6.0 software (Media Cybernetics) and
GraphPad Prism 5 (GraphPad Software) to assess statistical significance.
For Ki67 quantification, at least 7 fields per mouse and 5 mice per group
were analyzed. P values indicate comparisons between two groups using
unpaired, two-tailed Student’s t tests; ***P < 0.0005, *P < 0.005 and *P < 0.05.

Results

Breast carcinoma cell lines express APRIL and its
receptors BCMA and TACI. APRIL production is
induced after TLR3 activation

To study the relationship between breast cancer and APRIL, we
first analyzed APRIL expression in four human breast carcinoma
cell lines with different features. MCF7 and T47D cells have a
luminal-like phenotype and are ERa*PR'HERZ-, and MDA-MB468
and MDA-MB231 cells are basal A and B phenotypes, respec-
tively, and all are ERa"PR-HER2- (36). Basal TNBC are generally
more aggressive and invasive than luminal carcinomas (5).
Quantitative expression analysis (QPCR) of April mRNA showed
April transcripts in all four cell lines, with a maximum 19-fold
difference between MCF7 (lowest) and MDA-MB468 (highest)
(Figure 1A).

Unique in its family, APRIL protein is processed at the Golgi
apparatus and secreted through vesicular transport outside the cell
(39). Both full-length APRIL (=30kDa) and processed APRIL (=17kDa)
can be detected intracellularly while only the processed form is
secreted outside the cells. Protein analysis confirmed mRNA
results and showed that luminal and basal breast carcinoma
cells expressed both APRIL forms (Figure 1B and Supplmentary
Figure 7, available at Carcinogenesis Online), with higher levels in
MDA-MB468 and T47D cells compared to MCF7 and MDA-MB231
cells. Multiple bands for full-length APRIL have been previously
described and might be due to post-translational modifications
(40). Confocal analysis for protein visualization and localization
within cells showed APRIL in cytoplasm, with a punctate pattern
typical of the Golgi apparatus (Figure 1C), where this cytokine is
cleaved (39). These data demonstrate that breast carcinoma cells
express APRIL independently of their luminal/basal phenotype.

‘We also analyzed APRIL receptors BCMA and TACI by qPCR
and detected Bema and Taci transcripts in the four cell lines, with
higher levels in MDA-MB231 and MDA-MB468 compared to T47D
and MCF cells (Figure 1D), suggesting a direct correlation between
APRIL receptor expression and cell aggressiveness. Flow cytome-
try analysis confirmed BCMA and TACI expression in the cell lines
(Supplementary Figure 51, available at Carcinogenesis Online).

Given that APRIL is expressed in breast carcinoma cells, we
studied the factors that regulate its expression. As TLR ligands
induce APRIL secretion in hematopoietic and intestinal epithe-
lial cells (12,40), we tested poly I:C (TLR3 ligand), LPS (TLR4),
and flagellin (TLRS). APRIL measurement in MDA-MB468 and
MDA-MB231 supernatants at wvarious times post-stimulation
indicated that poly I.C, but not LPS or flagellin, clearly enhanced
APRIL secretion (Figure 1E and Supplementary Figure 8, avail-
able at Carcinogenesis Online). Poly I:.C is a mimic of viral dou-
ble-stranded RNA,; interest in TLR signaling in breast and other
cancers has increased, given its pro- and antitumor activities
(41,42). TLR3 activation induces apoptosis in some breast can-
cer cell lines (43,44), but also stimulates tumorigenesis (42),
probably by activating molecules associated with tumor cell
survival and apoptosis resistance. Indeed, we found that poly
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Figure 1. APRIL, BCMA and TACI are expressed in breast carcinoma cells. Toll-like receptor ligand 3 induces APRIL secretion. APRIL mRNA and protein expression levels
were analyzed in four breast carcinoma cell lines (MDA-MB468, MDA-MB231, T47D, MCF7). (A) Relative APRIL mRNA expression in each cell line compared to MCF7 cells.
Values are mean + SD (n = 3 independent experiments). (B) Western blot analysis of cell lysates showing bands for full length and processed APRIL forms. (C) Confocal
microscopy images show APRIL expression (green) in cytoplasm of cell lines labeled with anti-hAPRIL antibody and DAPI (blue). (D) Relative BCMA and TACI mRNA
expression in each cell line compared to MCF7 cells. Values are mean + SD (n = 3 independent experiments). (E) MDA-MB468 and MDA-MB231 cells were unstimulated
or stimulated with LPS, flagellin or poly I:C. Western blot analysis shows soluble APRIL in culture supernatants at different times.

I:C activated the NFkB signaling pathway in MDA-MB231 cells
(Supplementary Figures 2 and 9, available at Carcinogenesis
Online). Effects of TLR3 activation on APRIL secretion and NFxB
function might explain its tumorigenic activity.

APRIL activates MAP kinases ERK1/2 and JNK1/2 and
sustains breast carcinoma cell proliferation

The finding that breast carcinoma cells express TACI and BCMA
predicted that signaling through these receptors might pro-
mote tumor growth. We analyzed APRIL-mediated signaling
via the MAP kinases ERK1/2, p38 and JNK1/2, which have been
implicated in breast cancer tumorigenesis (45). Analysis of the
phosphorylation kinetics in MDA-MB231 cells, which have the
highest receptor levels in our cell panel, showed that APRIL

rapidly induced JNK1/2 phosphorylation, followed by that of
ERK1/2 (Figure 2A and Supplementary Figure 10, available at
Carcinogenesis Online). Slight phosphorylation was also observed
for p38, indicating that the three MAP kinases are activated after
APRIL binding in MDA-MB231 cells.

To explore APRIL-mediated biological effects, we studied cell
proliferation in response to exogenous APRIL in a [*H]thymidine
assay. APRIL enhanced proliferation in the four breast carcinoma
cells with a greater effect on MDA-MB231 (149%) and MDA-MB468
(139%) compared to T47D (118%) and MCF7 cells (111%)
(Figure 2B, % relative to untreated cells). We performed silenc-
ing experiments to test whether APRIL promotes tumor growth
through autocrine signaling. APRIL was efficiently depleted by
specific small interference RNA (ON-TARGETplus; Figure 2C for
MDA-MB468 and Supplementary Figures 3 and 11, available at
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Figure 2. APRIL activates ERK1/2, JNK1/2 and p38 MAP kinases and enhances proliferation of breast carcinoma cells. (A) Western blot analysis of lysates from MDA-
MB231 cells activated with APRIL (0, 15, 30 and 60min). Phosphorylation pattern for ERK1/2, JNK1/2 and p38. (B) Proliferation rate ([*H]thymidine incorporation) at 48h
of MDA-MB231, MDA-MB468, MCF7 and T47D cells cultured with recombinant APRIL referred to untreated cells (100%). (C) Western blot shows APRIL expression in
MDA-MBA468 after APRIL silencing at 48h. (D) Proliferation rate ([*H]thymidine incorporation) at 48h of cell lines used in B, after transfection with Ctrl- or APRIL-iRNA
and referred to untreated cells (100%). (B, D) Values are mean + SD (n = 5 independent experiments); *P < 0.05, **P <0.005.

Carcinogenesis Online). At 48 h, cell proliferation was significantly
reduced in all four APRIL-depleted cell lines (Figure 2D). MCF7-
APRIL-KO cell proliferation was reduced by 37% of control val-
ues, whereas that of MDA-MB231-APRIL-KO cells was reduced
by 51% of control values. The greater MDA-MB231 response com-
pared to MCF7 carcinoma cells coincides with increased APRIL
receptor levels. These results show that autocrine APRIL stimu-
lates proliferation of basal and luminal breast cancer cells, con-
firming APRIL signaling is functional in breast carcinoma, with
greater activity in aggressive MDA-MB231 cells.

Ectopic APRIL promotes tumor growth and
metastasis in 4T1 orthotopic tumors through BCMA
and TACI

APRIL is a soluble cytokine detectable in the serum of healthy
donors that is increased in chronic lymphocytic leukemia
patients (19). We hypothesized that in breast carcinoma
patients, circulating APRIL can reach the tumor via the blood-
stream and provide support to malignant cells. To determine

the paracrine effect of APRIL on breast tumor promotion in vivo,
we evaluated tumor growth and metastasis in a mouse model
that overexpresses human APRIL (APRIL-Tg) (17). In these mice,
hAPRIL is expressed under the Ick distal promoter and is found
in the circulation (Supplementary Figure 4A, is available at
Carcinogenesis Online). Mouse basal breast carcinoma 4T1 cells
express preferentially TACI receptor and are APRIL-sensitive
(Supplementary Figure 4B and C, available at Carcinogenesis
Online). After 4T1 cells transplantation into the mammary fat
pad, 4T1 tumors grew more rapidly and were larger in APRIL-Tg
females than in the control littermates (Figure 3A). Significant
differences in tumor volume were detected from day 25
(4T1Control, mean 71.3+30mm? 4T1APRIL, 153.8+38.7 mm?
day 25; P < 0.005) and in tumor weight from day 19 (4T1Control,
0.27+0.03g; 4T1APRIL, 0.39+0.08g; day 19; P < 0.05), until the
end of the experiment.

Based on our in vitro results, we measured cell proliferation
(Ki67) and human APRIL expression in tumor lesions by immu-
nohistochemical analysis. 4T1 tumors from APRIL-Tg mice
showed increased proliferation (measured as % Ki67-positive
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Figure 3. 4T1 tumor growth and lung metastasis are enhanced in an APRIL-enriched environment. 4T1 cells (10°) were transplanted into the mammary fat pad of syn-
geneic WT and APRIL-Tg female mice. (A) Mean tumor volume + SD measured twice weekly (left) and individual tumor weight at different times of killing (right) of 4T1
tumors from WT (white circles) and APRIL-Tg (black circles) mice; n = 6/group. (B) Expression analysis of Ki67 in 4T1 tumors. Representative images of Ki67 staining in
4T1 tumor sections from WT (4T1-WT) and APRIL-Tg (4T1-APRIL-Tg) mice at day 39. Quantification of Ki67-positive area relative to total area (right graph); each point
represents the mean of 10 fields from a 4T1 tumor of a WT mouse (black circle) or APRIL-Tg mouse (black squares); n = 7/group, mean =+ SD is shown. (C) Representative
image of APRIL (blue) and Ki67 (brown) staining in a 4T1-APRIL-Tg tumor at day 39. Inset, magnification of double-positive APRIL'Ki67* cells. *P < 0.05; **P < 0.005. (D)

Representative images of lung macrometastases (day 39) in WT and APRIL-Tg mice. Asterisks mark some One repr ive experiment of three is shown.
nuclei/area) compared to controls (Figure 3B) and stained posi- fat pad. At day 39, inspection of lungs and H&E analysis showed
tively for hAPRIL (Figure 3C). increased pulmonary colonization and larger metastases in

We examined the metastasic potential of 4T1 cells in the APRIL-Tg mice than in wild type littermates (Figure 3D). To
same type of assay, after cell transplantation into the mammary determine the role of APRIL receptors, we used qPCR to analyze
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BCMA and TACI in transplanted 4T1 tumors and lung metasta-
ses, and normalized mRNA levels to Pum1 gene. Results for both
mouse genotypes showed a clear increase in Bcma and Taci tran-
scripts in lung metastases compared to transplanted tumors
(Figure 4), which suggests that both participate in the metastatic
process. Bcma and Taci transcript levels were also significantly
higher in lung metastases from APRIL-Tg compared to control
mice (Figure 4), which was linked to increased endogenous April
(Supplementary Figure 5, available at Carcinogenesis Online) and
larger metastases in the transgenic mice. Transplanted 4T1
tumors showed no differences in Bema, Taci and mApril mRNA
between control and APRIL-Tg mice (Figure 4, Supplementary
Figure 5, available at Carcinogenesis Online), suggesting that the
pathway is active in both mouse groups and that enhanced
tumor growth in APRIL-Tg mice is due to ectopic APRIL pro-
tein, that gives an additional ligand source to the tumors. These
results provide evidence that APRIL contributes to breast car-
cinoma and enhances tumor growth and metastasis through
BCMA and TACI receptors.

APRIL, BCMA and TACI are overexpressed in human
basal-like breast carcinomas

To date, the APRIL pathway has not been analyzed in the dis-
tinct breast carcinoma subtypes. We measured APRIL, BCMA and
TACI by qPCR in a panel of ductal breast carcinomas containing
luminal, TNBC and HER2 samples, the three most frequent sub-
types (for sample information, see Supplementary Table 2, avail-
able at Carcinogenesis Online). We found April transcripts in most
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Figure 4. BCMA and TACI expression profile in 4T1 transplanted tumors and
lung metastases. mRNA expression of Bema (upper) and Taci (lower) in 4T1
tumors and lung metastases from 4T1-transplanted control (n = 8) and APRIL-
Tg mice (n = 9), measured by gPCR and normalized to Pum1. *P <0.05, *P <0.005,
***P =0.0005.

samples (13 of 14), with significantly increased levels in TNBC
(0.037 £0.021) compared with luminal carcinomas (0.017 £0.012)
(Figure 5A). For the receptors, we observed greater incidence of
Bema and Taci transcripts in TNBC and HER2 than in luminal
samples (Figure 5B). Similar to April, Taci receptor levels were
significantly higher in TNBC than in luminal carcinomas, sug-
gesting direct correlation between the APRIL/TACI pathway and
breast carcinoma aggressiveness.

We analyzed APRIL protein expression by IHC in tissue
sections from nine ductal breast carcinomas (sample data in
Supplementary Table 3, available at Carcinogenesis Online). APRIL
staining in luminal, TNBC and HER2 carcinomas (Figure 6A,
Supplementary Figure 6A, available at Carcinogenesis Online)
confirmed our previous results; staining was detected at sev-
eral sites within tumor sections, including epithelial cells of the
basal layer near tumor areas, normal ducts, transformed tumor
cell cytoplasm and the leukocyte infiltrate (Figure 6A, insets).
Measurement of APRIL protein in the serum of breast carcinoma
patients (n = 37; luminal, TNBC and Her2 subtypes) showed a
concentration similar to that of healthy donor control sera
(Supplementary Figure 6B, available at Carcinogenesis Online).

As APRIL stimulated breast carcinoma growth in our experi-
mental models, we analyzed the proliferative status of APRIL-
positive carcinomas and tested for simultaneous expression of
APRIL and Ki67. APRIL-positive areas were also enriched in Ki67*
nuclei (Figure 6B), with cells double positive for both markers
(Figure 6B, inset). These data suggest that APRIL expressed in the
tumor lesions sustains proliferation of the malignant breast car-
cinoma cells; more extensive studies are under way to confirm
this observation.

Discussion

A sustained proliferative signal is one of the signatures of cancer
cells. After cell transformation, several mechanisms promote
proliferation and provide tumors with independence from nor-
mal regulation of cell control (2). We show that APRIL is expressed
by malignant luminal and basal breast carcinoma cells, as well
as by other cells in the tumor environment, to generate auto-
crine and paracrine signaling loops that enhance tumor cell pro-
liferation and promote tumor growth and metastasis.

APRIL was initially described in the late 1990s based on its
ability to induce proliferation of distinct types of cell lines (10).
Initial data showed that APRIL is overexpressed in leukemia and
lymphoma, and promotes tumorigenesis, but newer reports
indicate a role for this cytokine beyond hematopoietic malig-
nancies (23-34). There are currently three descriptive studies
of APRIL in breast cancer (23,33,34). They found overexpressed
APRIL protein (23,33) or RNA (34) in tissue lesions although none
of them analyzed specific histological subtypes or the implica-
tion of APRIL pathway in breast cancer promotion.

BCMA and TACI are expressed mainly and abundantly in
lymphoid cells, with few reports regarding solid tumors. Our
group and others have nonetheless described BCMA and/or
TACI expression in non-lymphoid cell linages such as adipose-
related cells (13), renal carcinoma (25), squamous and basal cell
carcinoma (26), hepatocarcinoma (28), glioma (29) and glioblas-
toma (30). Variation between studies is probably based on the
distinct approaches, tools and sample types used to detect these
receptors.

Here, we show that four breast carcinoma cell lines as well as
primary breast carcinomas express APRIL, BCMA and TACI, and
that their expression is not restricted to the basal/luminal phe-
notype. The mechanisms that induce the APRIL pathway during
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show mean + SD of data grouped by sample subtype (luminal and TNBC samples), *

breast malignant transformation remain undetermined. We
found that TLR3 activation in cell lines promotes APRIL secretion
and activates the NFxB transcription factor, which might also
explain why some breast carcinoma cells such as MDA-MB231
are resistant to poly I.C-induced apoptosis (43,44). NFkB is asso-
ciated with tumor cell survival and apoptosis resistance (46), is

P =0.05.

reported to be more active in basal than in luminal breast car-
cinomas (47), and is crucial in promoting transcription of the
human April gene (48). Further studies are needed to determine
the link between NF«B and other signaling pathways with APRIL
in breast carcinoma and to establish whether TLR3 mediates
APRIL production in vivo. There is evidence that endogenous
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Luminal

B APRIL

Figure 6. Luminal, TNBC and HER2 carcinomas express APRIL protein heterogeneously and near proliferating areas. (A) Immunohistochemistry study of APRIL expres-
sion in paraffin-embedded IDC. Representative images of APRIL staining (brown) are shown. Inset, magnifications of indicated areas showing APRIL at distinct sites, (a)

basal epithelial layer, (b) ‘normal’ ducts, (c, d) tumor cell cytoplasm, and (e) infl

ory infiltrate. (B) Representative images of three IDC showing immunostaining of

APRIL (blue) and Ki67 (brown). Numbers correspond to ple ID (see Suppl

y Table 3, avail

le at Carci is Online)

or damage-associated molecular pattern (DAMP) molecules
released from damaged/necrotic tissues activate TLR and pro-
mote tumor development (49); this could also be the case
for APRIL.

Coexpression of APRIL and its receptors enables autocrine
proliferation of tumor cells, as we confirmed in APRIL silenc-
ing assays. Basal MDA-MB231 and MDA-MB468 cells were more
responsive to APRIL than luminal-like MCF7 and T47D cells,
based on their higher receptor expression pattern; this suggests
that the APRIL pathway is more active in aggressive carcinoma
cells. APRIL also binds HSPG on the tumor cell surface, which is
critical for the proliferation-mediated effect (16). We thus can-
not exclude that HSPG in the breast carcinoma cells might con-
tribute to the differences observed by concentrating the ligand

or by direct signaling. We show that after binding, APRIL induces
phosphorylation of JNK1/2, ERK1/2 and p38 in MDA-MB231 cells.
These three MAP kinases are overexpressed in breast cancer and
their activation enhances cancer cell survival and proliferation
(45). Switching on the APRIL pathway provides malignant cells
a mechanism to sustain activation of their MAP kinase sign-
aling and promote tumor progression. Breast carcinoma cells
expressed BCMA and TACI receptors; it is possible that both
of these as well as HSPG contribute to this effect. We reduced
BCMA and TACI expression in MDA-MB231 cells using small
interference RNA but we did not detect consistent differences
in cell proliferation, attributable to the poor efficiency of recep-
tor silencing. Current experiments using CRISPR technology
(clustered, regularly interspaced, short palindromic repeats) to
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silence receptor genes will provide new data about the specific
function of BCMA and TACI signaling in breast cancer.

In solid tumors, it has been described that APRIL triggers dif-
ferent signaling pathways depending on the cellular and tissue
context inducing pleiotropic functions. APRIL binding to BCMA
activates a JNK2-FOX03-GADD45 pathway in HCC cell lines and
promotes cell growth arrest (28). In addition, APRIL binding to
BCMA in transfected 293 cells (50) and to TACI in B cell lines (15)
activates NFkB and JNK pathways that are related to cell sur-
vival and proliferation. In breast cancer, knock down studies for
BCMA and TACI are needed to clarify their specific function.

In addition to its autocrine role as a tumor-promoting factor,
APRIL paracrine signaling is described in cancers such as leu-
kemia or glioblastoma (reviewed in ref. 11). Our results indicate
that this is probably to be the case in breast carcinoma, as we
and others found APRIL expression in tumor cells, in tumor-
infiltrating leukocytes, and in ‘normal’ epithelial cells near
the tumor area (33). APRIL is detected in serum (17) and could
reach tumor lesions via the circulation. Our data using ortho-
topic 4T1 tumor transplants in APRIL-overexpressing mice indi-
cate that high serum APRIL levels promote tumor growth and
lung metastasis and suggest that both BCMA and TACI have an
important role in the metastatic process, as receptor expression
was higher in the lungs compared to 4T1 transplanted tumors.
In pancreatic cancer patients, serum APRIL levels are proposed
as diagnostic and prognostic references, alone or in combina-
tion with other conventional markers (27). Our results nonethe-
less indicate that breast carcinoma behaves differently, as we
observe no differences in serum APRIL levels.

There are currently no data regarding APRIL, BCMA and
TACI expression in different breast carcinoma subtypes. We
detected expression of all three in luminal, TNBC and HER2
carcinomas, and higher levels of APRIL and TACI mRNA tran-
scripts in TNBC than in luminal samples, indicating that
overexpression of APRIL and TACI in human breast cancer
cells increases their aggressiveness and may result in poorer
clinical outcome. Two reports have evaluated APRIL associa-
tion with tumor grade in breast carcinoma, with contrast-
ing results (33,34). This disparity might reflect the different
experimental approaches used (protein versus mRNA), but
also sample heterogeneity, as no specific subtypes were ana-
lyzed nor were histopathological features provided (hormone
receptor, HER2 or Ki67 expression). We found higher APRIL
expression in grade 3 TNBC than in grade 3 luminal samples
(not shown), which underlines the importance of subtype
analysis. Moreover, we and others found APRIL expression
in normal epithelial structures (33) and in the inflammatory
infiltrate of breast carcinoma tissue lesions, what implies
a role for this cytokine in mammary tissue beyond cancer
pathology and also in the inflammatory response. It would be
interesting to investigate the function of APRIL in mammary
gland development, in which cell proliferation and apoptosis
are key events.

In summary, we identify an APRIL signaling pathway that
functions and participates in human mammary tumorigenesis.
Breast carcinoma cells express APRIL, BCMA and TACI to sus-
tain their proliferation. Studies with human breast carcinoma
samples and with mice indicate that APRIL signaling is linked to
tumor cell aggressiveness, growth and metastasis.

Supplementary Data

Supplementary Tables 1-5 and Supplementary Figures 1-11 can
be found at http://carcin.oxfordjour- nals.org/
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SUPPLEMENTAL INFORMATION

Supplemental Table 1

CELL CULTURE CONDITIONS FOR BREAST CARCINOMA CELL LINES

CELL LINE CULTURE MEDIUM
- - = - .

MDA-MB231 DM‘EM‘hlgh gluuose,‘IOA) FBS, 2mM L-Glutamine, 100U/ml
Penicillin/Streptomycin

MDA-MB468 | Leibovitz's L15, 10% FBS, 100U/ml Penicillin/Streptomycin (no CO2)

MCE7 MEM high glucose, 10% FBS, 2mM L-Glutamine, 1% Non-Essential
Amino Acids, ImM Sodium Pyruvate, 100U/ml Penicillin/Streptomycin
RPMI high glucose, FBS 10%, 2mM L-Glutamine, ImM Sodium

T47D Pyruvate, 1.5gr/l Sodium Bicarbonate, 0.2 U/ml Bovine Insulin, 100U/ml
Penicillin/Streptomycin

4T1 DMEM high glucose, 10% FBS, 2mM L-Glutamine, 100U/ml

Penicillin/Streptomycin

DMEM and RPMI from Lonza

MEM, Leibovitz's, FBS, L-Glutamine Sodium Pyruvate, Sodium Bicarbonate and
Penicillin/Streptomycin from Gibco

Bovine Insulin from Sigma-Aldrich

Supplemental Table 1: Cell culture Media.
Table shows media conditions used to culture breast carcinoma cell lines.
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Supplemental Table 2

Human samples used for molecular analysis

ID | Histology | Grade | ER (%) [ PR(%) | HER2 | Ki67 (%)
1 IDC 3 POS 100 | POS 95 | NEG 15-20
2 IDC 3 100 60 NEG 30
3 IDC 2 100 80 NEG 35
4 IDC 3 90 30 NEG 40
5 IDC 2 85 NEG NEG 65
6 IDC 1 95 100 NEG <5
7 MC 3 NEG 30 NEG 80
8 IDC 3 NEG NEG NEG 70
9 IDC 3 NEG NEG NEG 90
10 [ IDC 3 NEG NEG NEG 70
11 MC NEG NEG NEG 60
12 [ MC 3 NEG NEG NEG 20
13 | IDC 2 NEG NEG POS 15
14 | MC 3 NEG NEG POS 15

IDC: Invasive ductal carcinoma
MC: Metaplastic carcinoma
POS: POSITIVE

NEG: NEGATIVE

Supplemental Table 2. Human samples used for molecular analysis.

Table shows the molecular characteristics of fourteen ductal breast carcinomas used for RNA
analysis. ER, estrogen receptor; PR, progesterone receptor; HER2, Human Epidermal Growth
Factor Receptor 2.
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Supplemental Table 3

Human samples used for IHC analysis

ID | Histology | Grade [ ER PR HER2 | Ki67
1 IDC 1 POS NEG NEG +

2 IDC 2 POS POS NEG ++

3 IDC 2 NEG POS NEG +

4 IDC 1 POS POS NEG -
5 IDC 2 NEG NEG NEG +++
6 IDC 3 NEG NEG NEG +++
7 1IDC 3 NEG NEG NEG -
3 IDC 2 NEG NEG NEG ot
9 IDC 3 POS POS ++ ++

IDC: Invasive ductal carcinoma

POS: POSITIVE

NEG: NEGATIVE
HER2 and Ki67: + low expression, ++ medium expression, +++ high expression

Supplemental Table 3. Human samples used for IHC analysis. Table shows the molecular
breast carcinomas used for immunohistochemical
analysis. ER, estrogen receptor; PR, progesterone receptor; HER2, Human Epidermal Growth

characteristics of nine invasive ductal

Factor Receptor 2.
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Supplemental Table 4

GENES SEQUENCE 5°-3°

hAPRIL Fw AAGGGTATCCCTGGCAGAGT
hAPRIL Rv GCAGGACAGAGTG CTGCTT
hTACI Fw TGCAAAACCATTTGCAACC
hTACI Ry AGAACTTGCCTTGCTCCTTG
hBCMA Fw TTTTCGTGCTAATGTTTTTGCTAA
hBCMA Rv TTCATCACCAGTCCTGCTCTTTTC

hBeta-actin Fw

hBeta-actin Fw

CCCAGCACAATGAAGATCAA

CGATCCACACGGAGTACTTG

hPP1A Fw ATGCTGGACCCAACACAAAT
hPP1A Rv TCTTTCACTTTGCCAAACACC
mAPRIL Fw GGTGGTATCTCGGGAAGGAC
mAPRIL Rv CCCCTTGATGTAAATGAAAGACA
mBCMA Fw TCCCTCATGGCGCAACAGTG
mBCMA Rv ACCAAGGTCAGCCCCAAGAAGAT
mTACI Fw GAGCTCGGGAGACCACAG
mTACI Rv TGGTCGCTACTTAGCCTCAAT
PUMI1 Fw AGCAGCCTTAGCTATTCCTCCTCT
PUMI1 Rv ATCTTCCACTGCCGTTTGTGAGTC

Supplemental Table 4. Primer sequences.
Table shows primer sequences used for gPCR amplification.
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Supplemental Figure 1

MDA-MB231 MDA-MB468 T47-D MCF-7

BCMA -{| | 1 B 1

1A
TACI |/l

Supplemental Figure 1. BCMA and TACI receptors are expressed in breast carcinoma cells.
Expression of APRIL receptors BCMA and TACI in carcinoma cell lines (MDA-MB231, MDA-
MB468, T47D, MCF7). Cells were stained with anti-BCMA (polyclonal goat antibody, R&D) and
—TACI (clone 1A1-K21-M22, BD Bioscience) antibodies; samples were acquired in a LSR Il flow
cytometer (BD Bioscience) and analyzed with FlowJo software. Histogram overlays show
isotype control (shaded) and BCMA and TACI receptors (solid line).
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Supplemental Figure 2

Poly I.C LPS
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Supplemental Figure 2. Poly I:C induces NF-kB activation in MDAMB231 cells.

Western Blot shows IkBa phosphorylation and degradation in MDA-MB231 cells stimulated
with poly I:C in a time course (LPS, positive control). Graph below shows the ratio P-IkBa/IkBa;
relative band intensity was quantified by ImageJ software.
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Supplemental Figure 3
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Supplemental Figure 3. APRIL expression after silencing experiments in breast carcinoma cell
lines.

Western blot show APRIL expression at 48 hours in T47D and MDA-MB231 cells after
transfection with Ctrl- and APRIL-iIRNA. Time Oh represents untransfected cells.
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Supplemental Figure 4
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Supplemental Figure 4. 4T1 orthotopic tumors in APRIL-Tg mice.

(A) Graph shows quantification of hAPRIL protein in the blood of APRILTg and WT mice
determined by ELISA using a commercial kit (Bender MedSystem). Mean is shown, n = 6/group.
(B) BCMA and TACI expression in 4T1 cells. 4T1 cells were stained with anti-mBCMA (clone
161616, R&D) and mTACI antibodies (clone 8F10, BD) and analyzed by flow cytometry.
Histogram overlays show isotype control (shaded) and BCMA and TACI receptors (solid line).
(C) Graph shows 4T1 proliferation in response to APRIL assessed by MTS assay. Briefly, 4T1
cells (5 x 10* cells/well) were cultured alone or with 200 ng/ml mAPRIL (R&D Systems), 48h
hours later CellTiter AQueous One Solution Cell Proliferation Assay (Promega) was added (20
ul/well) and absorbance was measured in an ELISA reader (OD 492 nm). The experiment was
repeated twice (n = 8). *p <0.05
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Supplemental Figure 5
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Supplemental Figure 5. Endogenous APRIL expression in 4T1 transplanted tumors and lung
metastases.

Upper graph shows mRNA expression of mouse April in 4T1 tumors and lung metastases from
4T1- transplanted Control (n = 8) and APRIL-Tg mice (n = 9), measured by qPCR and normalized
to Pum1. Lower graph shows mRNA expression of Pum1 gene in the same samples normalized
to B-actin. * p <0.05.
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Supplemental Figure 6
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Supplemental Figure 6. APRIL expression in serum and tissue lesions of patients with Luminal,
TNBC and HER2 breast cancer.

(A) Immunohistochemistry study of APRIL expression in paraffin-embedded luminal, TNBC and
HER2 breast carcinoma lesions. Representative images of APRIL staining (brown) are shown.

Numbers correspond to sample ID (Supplementary Table S2).
(B) APRIL concentration in the serum of breast carcinoma patients from luminal, TNBC and

HER2 subtypes, measured by ELISA (eBioscience).
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Supplemental Figure 7
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Supplemental Figure 7. APRIL expression in breast carcinoma cells.
Full-length blots show APRIL and tubulin expression in breast carcinoma cell lines.
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Supplemental Figure 8
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Supplemental Figure 8. Toll-like receptor ligand 3 induces APRIL secretion.
Full-length blots show soluble APRIL in the supernatants of MDA-MB468 (A) and MDA-MB231
(B) cells after TLR ligand stimulation.
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Supplemental Figure 9
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Supplementary Figure S9. Poly I:C induces NFkB activation in MDAMB231 cells.
Full-length blots show IkBa phosphorylation, IkBa degradation and tubulin expression in MDA-
MB231 cells stimulated with poly I:C and LPS.
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Supplemental Figure 10
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Supplemental Figure 10. APRIL activates ERK1/2, JNK1/2 and p38 MAP kinases in breast
carcinoma cells.

Full-length blots show a time course for P-ERK, ERK, P-p38, p38, P-JNK and JNK in MDA-MB231
cells stimulated with APRIL.
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Supplemental Figure 11

APRIL iRNA Ctrl iRNA
0 48 72 9 48 72 96 hours
N 1 =3 !
. m /
d ux 72 4¢ .
Full lenght
APRIL — i — - -———
Soluble
APRIL - -

Tubulin s ——— — — —

Supplemental Figure 11. APRIL expression after silencing experiments in breast carcinoma cell

lines.
Full-length blots show APRIL and tubulin expression in MDA-MB231 cell transfected with

control- or APRIL-interference RNA.
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GENERAL DISCUSSION

RANK/RANKL signaling pathway has emerged as a key pathway in the biology of the
mammary gland. This thesis has been focused on the study of the impact of RANK
overexpression in the development of the mammary gland and its differentiation during
pregnancy, as well as in mammary tumor formation.

1. RANK/RANKL pathway in mammary gland development

1.1 RANK signaling pathway in mammary stem cell fate and
alveolar commitment

The mammary gland is a unique organ, as it undergoes a variety of morphological changes
throughout its development and differentiation during gestation mostly in response to
hormonal stimulus (Hennighausen and Robinson 2001).

RANK/RANKL signaling pathway plays an essential role in the morphogenesis of the
mammary gland. Indeed, RANK loss or overexpression in the mammary gland of
genetically modified mouse models results in impaired lobulo-alveolar development of the
gland during gestation and a subsequent lactation defect (Fata et al. 2000; Gonzalez-
Suarez et al. 2007), suggesting that a tight regulation of RANK signaling is required for a
proper mammary development.

Progesterone drives the epithelial cell expansion, ductal side-branching and alveolar
morphogenesis of the mammary gland during early gestation (Brisken et al. 1998; Mulac-
Jericevic et al. 2003). Previous published data reveals that RANKL signaling mediates the
major proliferative response of mouse mammary epithelium to progesterone during
mammary gland morphogenesis (Asselin-Labat et al. 2010; Joshi et al. 2010; Beleut et al.
2010). We have demonstrated that constitutive activation of RANK in the mammary gland
results in an increased epithelial growth, enhanced ductal side-branching and precocious
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small alveoli in virgin MMTV-RANK, a similar phenotype to that observed in WT virgin
mammary glands under progesterone treatment in vivo (Atwood et al. 2000). The
mimicking of acute progesterone stimuli driven by RANK overexpression supports that
RANK mediates progesterone effects during mammary gland development.

RANK is expressed in basal and luminal mammary epithelial cells, and we found that
MMTV-RANK mice overexpress RANK in both mammary populations. RANKL expression is
restricted to a subset of luminal cells that are ER+PR+ (Beleut et al. 2010). Our results
showed that RANK overexpression resulted in an expansion of both basal and luminal
populations in virgin and pregnant mice. Importantly, previous studies suggested that
RANKL signaling could mediate the expansion of the mammary stem cell population by
paracrine signaling driven by progesterone in mice (Asselin-Labat et al. 2010; Joshi et al.
2010). This hypothesis was further supported by the decreased MaSC self-renewal ability
in vitro in progesterone-treated mice with specific deletion of RANK in the mammary
epithelium (Schramek et al. 2010). Consistent with these data, we showed that
constitutive activation of RANK signaling in the mammary gland resulted in an expansion
of mammary stem cells, as evidenced not only by the increased mammary repopulating
ability in vivo in MMTV-RANK MECs, compared to WT, but also by the higher Sox9 and Slug
expression, both genes that have been described to mediate MaSC function (Guo et al.
2012). These results are in correlation with previous findings in our laboratory, with
increased frequency of breast cancer stem cells in RANK overexpressing human breast cell
lines (Palafox et al. 2012).

In addition to RANK signaling, previous published data reveals that WNT signaling pathway
contributes to the regulation of MaSC self-renewal and differentiation responses in the
mouse mammary gland (Zeng and Nusse 2010; van Amerongen, Bowman, and Nusse
2012). Importantly, it has been recently shown that progesterone-triggered RANKL/RANK
paracrine signaling stimulates the expression of R-spondinl (Rspo1l) protein in luminal ER-
PR- cells (Joshi et al. 2015), which in turn cooperates with Wnt4 promoting basal MaSC-
enriched and luminal progenitor cell expansion (Cai et al. 2014). Consistently, our global
gene expression profiles from WT and MMTV-RANK primary acinar cultures at
midgestation showed a clear up-regulation in Rspol expression not only in MMTV-RANK,
but also in WT RANKL-treated acini, compared to WT. These results suggest that Rspol-
induced Wnt4 signaling mediated by the RANK pathway might contribute to the increased
mammary repopulating ability in RANK overexpressing mice.
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Further characterization of lineage-specific keratins supported an increase in K5+/K8+ and
K14+/K8+ double positive cells, compared to WT glands. These cells have been proposed
as bipotent progenitors blocked in differentiation (Li et al. 2007; Chakrabarti et al. 2012).
In addition, we showed that K14+/K8+ cells were found in vitro in colonies derived from
basal and luminal populations, consistent with previous data (Shackleton et al. 2006),
whereas K5+/K8+ were only found in basal colonies. Previous studies demonstrate that
mammary glands initially develops from multipotent embryonic K5+K14+ progenitors,
which gave rise to both myoepithelial cells and luminal cells (Van Keymeulen et al. 2011).
K5 expression is confined to the mammary basal compartment, whereas K14 is expressed
in both basal and luminal compartments in pre-pubertal mammary glands, supporting that
K5 and K14 mark different populations of cells within the mammary epithelium (Sun et al.
2010). Together, our results indicate that MMTV-RANK mice accumulate intermediate
progenitors at different stages of differentiation within the mammary epithelium
hierarchy.

Despite the increased proliferation of the mammary epithelium and the expansion of both
RANK+ basal MaSC-enriched and luminal populations, our results indicated that MMTV-
RANK mice showed an impaired alveolar differentiation and lactation failure during
pregnancy as previously reported (Gonzalez-Suarez et al. 2007). These results suggest that
the lack of alveologenesis in RANK overexpressing mice is not due to a reduced volume of
luminal cells in favour to basal cells, and point out to a specific defect in the alveolar

commitment.

Moreover, RANK overexpression has dramatic effects on the distribution of luminal
subpopulations within the mammary epithelium. MMTV-RANK glands showed a decrease
in Sca-1 and PR, both markers of luminal differentiation (Sleeman et al. 2007; Chou,
Provot, and Werb 2010), as well as increased CD24+CD49b+ and CD24+Scal- mammary
populations within the luminal compartment. Previous published data have shown that
these populations have higher colony forming ability in vitro, indicating that they are
enriched in luminal progenitor cells (Sleeman et al. 2007; Shehata et al. 2012).

In contrast, a significant decrease in luminal CD61+ alveolar progenitors was shown in
both virgin and early gestant MMTV-RANK mice. Despite this important drop in CD61
levels, luminal cells derived from MMTV-RANK mammary glands did not reduce their
clonogenic ability in vitro, which was enhanced under RANKL treatment. These results
demonstrated the existence of different luminal progenitors within the mammary gland.
EIf5 is a transcription factor highly expressed in luminal CD61+ progenitor population that
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specifies the alveolar-cell fate during pregnancy (Oakes et al. 2008). Our results showed
that luminal cells derived from virgin MMTV-RANK glands have a decreased EIf5
expression, consistent with the decreased luminal CD61+ population, providing a rationale
for the impaired alveolar differentiation observed in these mice. Similar to MMTV-RANK,
previous data reveals that the amount of CD61+ cells is profoundly reduced in mammary
glands from virgin and gestant STAT5 or EIf5 knockout mice, resulting in a deficient
mammary alveologenesis and lactation failure (Zhou et al. 2005; Choi et al. 2009; Yamaji
et al. 2009).

Mammary secretory differentiation at midgestation depends on the binding of prolactin to
its receptor (PrIR), the activation of the downstream JAK2-STATS5 signaling pathway, and
the transcription of EIf5 (Hennighausen and Robinson 2001; Srivastava et al. 2003; Harris
et al. 2006). Importantly, our results showed a severe reduction in PrIR, p-STATS5 and EIf5
levels at midgestation in MMTV-RANK mammary glands, and therefore a subsequent
complete alteration in the transcripts for milk proteins -casein and WAP, compared to
WT mice. These results suggest that constitutive activation of RANK signaling in the
mammary gland at midgestation disrupts alveolar cell fate through negative regulation of
the prolactin-induced STAT5/EIf5 signaling pathway.

Previous data indicate a negative regulation in PrIR and [3-casein expression levels induced
by progesterone in WT mice during gestation (Nishikawa et al. 1994). Our results
demonstrated a disrupted mammary alveolar differentiation under physiological levels of
RANK in midgestant WT acini treated with RANKL in vitro, evidenced by a significant
decrease in WAP, B-casein, PrIR and p-STATS5 levels. Together, these data support that
RANKL signaling repress functional alveologenesis and milk protein gene expression in WT
mice during pregnancy, and therefore that contributes to the negative regulation of
lactogenesis driven by progesterone.

The modest increase in EIf5 levels observed in RANKL-treated WT acini could be explained
by recent published data by Lee et.al, where they demonstrate that progesterone induces
EIf5 expression and precocious mammary gland differentiation in the virgin mammary
gland by paracrine signaling through RANKL. In contrast, we showed that inhibition of
RANKL signaling in vivo with Rank-Fc in WT mammary glands during gestation increased
EIf5 and STATS levels, forcing the differentiation of luminal cells towards a premature
lactating phenotype with significantly increased WAP expression levels. A significant
reduction in the colony forming ability in vitro confirmed a more differentiated phenotype
in RANKL-inhibited WT mice, compared to corresponding non-treated WT controls.
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Collectively, these data support that progesterone-RANKL axis plays both positive and
negative roles in the development of the mammary gland. During early gestation,
progesterone-RANKL signaling is required to induce mammary gland proliferation and
differentiation. At midgestation, progesterone-RANKL interferes with alveolar
differentiation and lactation, mediated in part by a negative crosstalk between
progesterone receptor and STAT5 as previously described (Buser et al. 2007). Moreover,
we have also demonstrated that RANK overexpression signaling expands basal and luminal
mammary compartments and disrupts mammary lineage commitment, preventing the
formation of a functional milk-producing mammary gland by inhibiting the
PrIR/STATS/EIf5 signaling pathway.

1.2 Functional dissection of molecular pathways activated by RANK

Recent findings from our laboratory show that over-activation of RANK signaling pathway
in MCF10A human breast epithelial cell line results in a constitutive activation of several
pathways, including NF-kB, PI3K-Akt, p38 and ERK (Palafox et al. 2012). These signaling
pathways downstream of RANKL/RANK play a positive role in the morphogenesis of the
mammary gland and its differentiation during pregnancy (Madrid et al. 2001; Gonzalez-
Suarez et al. 2007; Whyte et al. 2009; Liu et al. 2010; C.-C. Chen et al. 2012), suggesting
that they can contribute to the disrupted mammary cell fate or the impaired alveolar
secretory differentiation during pregnancy in RANK overexpressing glands.

1.2.1 NF-kB signaling pathway in epithelial cell fate of the virgin mammary gland

Multiple evidences indicate that NF-kB signaling pathway is important for mammary gland
development (Yixue Cao and Karin 2003). Indeed, non-canonical NF-kB signaling pathway
controls mammary epithelial cell proliferation in response to RANK signaling via Cyclin D1
(Y. Cao et al. 2001). Gonzalez-Suarez et.al demonstrated an activation of the canonical NF-
kB pathway, with increased p65 nuclear translocation, in MMTV-RANK MECs under RANKL
stimulation in vitro, compared to WT (Gonzalez-Suarez et al. 2007). These results led to
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the hypothesis that enhanced activation of NF-kB could mediate the expansion in MaSC
and luminal progenitors observed in MMTV-RANK mammary glands. However, in this
thesis we could not detect clear differences neither in nuclear or cytoplasmic p65 levels,
nor in p52-p100 expression between WT and MMTV-RANK virgin mammary glands. These
results suggested that either NF-kB pathway was not constitutively active or we were not
able to see its activation at the protein level in MMTV-RANK mammary epithelial cells in
the absence of acute RANKL stimuli. In agreement, we did not observe activation of NF-kB
signaling, revealed by P-IkB or P-p65, in FACs-isolated basal CD24lo CD49fhi or luminal
CD24hi CD49flo population, contrary to previous published data (Pratt et al. 2009), neither
in WT nor in MMTV-RANK cells. Activation of NF-kB signaling is a transient and cyclical
event due to repeated degradation and re-synthesis of |kB inhibitory members (Gilmore
2006; Hoffmann, Natoli, and Ghosh 2006). Therefore, one possible explanation could be
that we missed p65 nuclear translocation in WT and RANK overexpressing MECs. In fact, a
clear phenotype was observed in the presence of several inhibitors of NF-kB signaling,
suggesting that the pathway is indeed active.

It has been reported that NF-kB signaling pathway regulates cell fate decisions in the
immune system and mammary tumors (Liu et al. 2010; X. Zhang et al. 2013). We
demonstrated that NF-kB is an essential regulator of the mammary stem cell fate,
controlling the balance between MaSC self-renewal and differentiation into the luminal
lineage. According to published data, post-transcriptional kB modifications including
phosphorylation and sumoylation result in alterations in skin homeostasis, as decreased
PS-IkBat is associated with an induction of the keratinocyte differentiation process (Mulero
et al. 2013; Perkins 2013). Therefore, we hypothesize that the increased PS-lkBa form
observed in NF-kB-inhibited WT and MMTV-RANK basal cultures might play a relevant role
inducing stemness in the mammary epithelium. In addition, inhibition of NF-kB signaling in
the luminal compartment promoted luminal cell transdifferentiation into basal lineage,
supporting that NF-kB signaling pathway is also essential for differentiation and
maintenance of the luminal lineage in the mammary epithelium. Importantly, given the
lack of differences between WT and MMTV-RANK basal and luminal colonies, we
demonstrate that the alterations in mammary cell fate previously described in RANK
overexpressing glands cannot be uniquely explained by enhanced activation of NF-kB
signaling pathway.
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1.2.2. NF-kB, MAPK and PI3K/Akt signaling pathways in mammary alveolar
secretory differentiation

According to published data, increased RANK/RANKL signaling throughout gestation
activates canonical NF-kB signaling and consequently mammary epithelial cell
proliferation in WT and MMTV-RANK glands (Gonzalez-Suarez et al. 2007). However, NF-
kB pathway disrupts STAT5 tyrosine phosphorylation and [-casein gene expression at
midgestation (Geymayer and Doppler 2000). PI3K-Akt and MAPK signaling pathways play a
relevant role during gestation modulating the PrIlR/JAK2/STATS signaling and the
mammary epithelial cell differentiation process (C.-C. Chen et al. 2010; Schwertfeger,
Richert, and Anderson 2001; Nyga et al. 2005). We demonstrated that NF-kB, PI3K-Akt,
p38 and ERK play a positive role in mammary gland alveologenesis, evidenced by
decreased WAP mRNA expression levels in midgestant WT MECS treated in vitro with
specific inhibitors for these signaling pathways. However, WAP levels were not rescued in
the presence of prolactin + RANKL + inhibitors, suggesting that none of these pathways
downstream of RANK are directly responsible of the impaired secretory alveologenesis
induced by RANKL. In addition, despite the increased NF-kB and, to a lesser extent, ERK
protein levels found in midgestant WT and MMTV-RANK MECs after 24h prolactin +
RANKL treatments in vitro, we demonstrated that alterations in p-STATS levels in both WT
and MMTV-RANK MECs under short-term treatments could not be explained by increased
levels in any of these signaling pathways downstream of RANK. Together, these data
suggest that additional mechanisms may contribute to the impaired STATS
phosphorylation under RANK signaling overactivation.

The complexity of the JAK2/STATS5 signaling pathway regulation in the mammary gland is
given by the numerous regulatory mechanisms that can attenuate STAT5 phosphorylation
during pregnancy (W. Chen, Daines, and Khurana Hershey 2004). Preliminary results
suggested that expression levels for the family of inducible suppressors of cytokine
signaling (SOCS) proteins, which are induced by activated STAT5 forming a negative
feedback loop that attenuates STAT5 phosphorylation (Alexander and Hilton 2004; Jasmin
et al. 2006), were not increased in midgestant WT MECS under RANKL treatment. In
addition expression levels of ErbB4, a tyrosine kinase receptor that phosphorylates STAT5
in a JAK2 independent manner (Jones et al. 1999; Long et al. 2003), were increased in WT
MECs under prolactin + RANKL treatment, suggesting that lactogenic differentiation

293



impairment observed upon RANK signaling activation may not be due to reduction in
ErbB4 levels.

Another possible mechanism regulating STAT5 lactogenic activity could be STAT3, which
antagonizes with STAT5 and determines the end of lactation (Humphreys et al. 2002;
Desriviéres et al. 2006). Our preliminary results showed no differences in p-STAT3 levels
between midgestant WT and MMTV-RANK mammary glands, although further
experiments need to clarify whether STAT3 is competing with STAT5 activation
throughout gestation.

Given that activation of JAK2/STATS5 signaling is a reversible process, its deactivation can
also be achieved through counteracting enzymes, such as the phosphotyrosine
phosphatases SHP1 and SHP2 (Valentino and Pierre 2006). Interaction of their homology 2
(SH2) domains with STAT5 phosphorylated tyrosine residues triggers their phosphatase
activity disrupting STATS activation (Desrivieres et al. 2006). Other phosphotyrosine
phosphatases involved in the regulation of JAK2/STAT5 pathway include CD45, a
transmembrane molecule active in hematopoietic cells (Irie-Sasaki et al. 2001), and PTP1B
and TC-PTP phosphatases (Aoki and Matsuda 2002). In addition alterations in c-Src, a
tyrosine kinase that binds to activated RANK via its SH2 domain and can directly tyrosine-
phosphorylate the activation site of STAT5 (Okutani et al. 2001; Izawa et al. 2012), can also
play a relevant role in the negative regulation of JAK2/STATS signaling pathway in RANK

overexpressing mammary glands.

Future projects in our laboratory will aim to enquire the molecular mechanisms by which
enhanced RANK/RANKL signaling in the mammary gland at midgestation interferes with
JAK2/STATS activation and subsequent lactation defect.

2. RANK and RANKL in mammary tumorigenesis

2.1. RANK overexpression in spontaneous mammary tumor formation

Progesterone and their synthetic derivatives (progestins), commonly used in combined
hormone replacement therapy in postmenopausal women, have been associated with an
increased risk of breast cancer (Pike et al. 1997). During last years, RANK signaling
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pathway has emerged as a key regulator in mammary gland tumorigenesis, being the main
mediator of the protumorigenic effects of progesterone in the mammary gland (Gonzalez-
Suarez et al. 2010; Schramek et al. 2010).

Aging and reproductive story are two recognized risk factors in human breast
carcinogenesis (Bernstein 2002; Medina 2004). Our results showed that elderly MMTV-
RANK virgin mice show extensive hyperplasias, consistent with previous observations
(Gonzalez-Suarez et al. 2007), but do not form tumors. Previous data showed that MPA
alone was not enough stimuli to give rise to tumors in virgin mice (Gonzalez-Suarez et al.
2010). These results indicate that physiological levels of progesterone were probably not
sufficient to induce mammary tumor formation in virgin MMTV-RANK mice, suggesting
that progesterone peaks accumulated through successive gestational periods could induce
protumorigenic effects in multipregnant MMTV-RANK mammary glands.

The increased mammary epithelial cell proliferation induced by progesterone-RANKL axis,
together with the expansion of both basal and luminal mammary gland populations in
virgin MMTV-RANK mice, resulted in frequent alterations in the mammary epithelium,
such as accumulation of multiple luminal layers or disorganization of both basal and
luminal mammary epithelial cells. These morphological abnormalities in RANK
overexpressing virgin glands could be considered as early preneoplastic lesions, in
agreement with the spontaneous mammary tumor formation in MMTV-RANK mice after
multiple gestations.

It has been previously shown that K14 and K5 are organized in different gene clusters
within tumors (Z. Li et al. 2007). In addition, K14 is expressed not only in basal K5+ tumor
cells, but also in luminal K8+, supporting that K14 and K5 mark different population of cells
within mammary tumors (Li et al. 2007; Herschkowitz et al. 2007). Importantly, each
mammary tumor derived from multiparous MMTV-RANK mice was very heterogeneous in
terms of clinical and molecular features, and contained several K14+/K8+ cells, whereas in
contrast K5+/K8+ cells were scarce in these tumors. This result is in line with the
accumulation of K14+/K8+ bipotent progenitors in virgin MMTV-RANK mammary glands
described above, and suggests a direct link between alterations in mammary stem cell fate
and tumor initiation in RANK overexpressing mice. According to previous data, the
different sporadic and familial breast tumor subtypes in humans may have their origin in
different types of stem or progenitor cells (Melchor and Benitez 2008). Therefore, the high
inter- and intratumor heterogeneity observed in spontaneous MMTV-RANK tumors
suggests that each tumor may originate from stem or progenitors that differentiate into
different tumor cell phenotypes. An alternative cell target of transformation in
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multipregnant MMTV-RANK mice could be the parity-induced mammary epithelial cells
(PI-MEC). These cells originated during pregnancy have stem cell properties and do not
undergo apoptosis during post-lactational remodeling (K.-U. Wagner et al. 2002; Matulka,
Triplett, and Wagner 2007). Moreover, PI-MECs have been proposed to be the
tumorigenic target for some multiparous MMTV-driven oncogenic models such as MMTV-
NEU mice (Henry et al. 2004), and therefore their accumulation along the successive
MMTV-RANK pregnancies could lead to acquisition of mutations and consequently
initiation of mammary tumors in MMTV-RANK mice.

The identity of the cell(s) that originates MMTV-RANK tumors remains unknown. Previous
data indicated that these tumor cells of origin represent one of the key determinants of
the tumor’s histological features (Molyneux et al. 2010). The final resultant tumor
phenotype depends on the reciprocal interaction between the plasticity of tumor cells
along tumor progression, and the differentiating capabilities of the oncogenic event(s)
(Abollo-Jimenez et al. 2011). Thus, characterization of highly heterogeneous advanced
mammary tumors from RANK overexpressing mice does not allow us to determine
whether these tumors derive from multipotent poorly differentiated stem/progenitor
cells, basal and luminal accumulated mammary epithelial populations, or both
hypotheses. These observations suggest that tracing different cell lineages (Kretzschmar
and Watt 2012) during mammary gland development and tumor initiation would elucidate
the cell(s) that acquire the genetic hit(s) resulting in tumor formation in RANK
overexpressing mice.

Analyses in WT mammary glands revealed that the expression levels of RANK increases
with age and parity. Moreover, we showed that mammary ducts, preneoplastic lesions
and tumors from aged multiparous WT females strongly expressed RANK and exhibited an
accumulation of K14+/K8+ cells. These results suggested that RANK-driven phenotypes are
reproduced in elderly WT mammary glands and therefore it could have clinical relevance
in humans. Indeed, similar changes have been reported in aged women breast, with an
age-dependent expansion of multipotent progenitors and luminal cells expressing basal
markers (K14) (Garbe et al. 2012). As women receiving combined estrogen plus
progesterone replacement therapy, but not estrogen alone, have an increased risk of
developing breast cancer (Chlebowski et al. 2013), the association between progesterone-
RANKL signaling with aging and reproductive story highlight RANK as a candidate
biomarker for breast cancer prediction risk.
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2.2. Cooperation of RANK signaling with other oncogenes in
spontaneous tumor-prone mouse models

Mammary gland tumors induced by MPA/DMBA in vivo are PR+, and RANKL is expressed
in PR+ cells, acting as a mediator of progesterone; therefore RANK signaling is associated
with ER+PR+ tumor subtype (Gonzalez-Suarez et al. 2010). However, it has been described
that RANK is mostly expressed in hormone receptor negative human adenocarcinomas.
These tumors lacking ER and PR expression are described to have a poor prognosis based
on a reduced overall survival, aggressive tumor phenotypes, high rates of recurrence and
metastasis, and the lack of targeted therapies (Santini et al. 2011; Pfitzner et al. 2014). We
decided to investigate the cooperation of RANK overexpression in pregnancy-independent
MMTV-NEU or MMTV-PYMT oncogene-driven models which develop ER-PR- tumors. The
expression profile of RANK and RANKL in NEU and PYMT overexpressing mammary
carcinomas resemble that found in human breast ER-PR- adenocarcinomas, and therefore
these mouse models become ideal tools to investigate the role of RANK signaling in
hormone receptor negative late-stage carcinomas.

Importantly, two simultaneous studies published in 2010 showed contradictory results on
the effect of RANK signaling on mammary tumor formation capacity in NEU
overexpressing mice. Schramek et al showed that specific deletion of RANK in mammary
epithelia did not alter both incidence and latency to mammary tumor formation in MMTV-
NeuT mice (Schramek et al. 2010). In contrast, Gonzalez-Suarez et.al showed that blockage
of RANKL/RANK signaling with RANK-Fc in MMTV-NEU"* mice before tumor onset
significantly decreases the incidence of spontaneous preneoplastic lesions, tumors and
lung metastasis (Gonzalez-Suarez et al. 2010). Now we demonstrated that genetic
deletion of RANK in PYMT-overexpressing glands (MMTV-PYMT+/'; RANK'/') resulted in a
significant delay in tumor formation, as well as reduced tumor and metastasis incidence,
supporting a positive role for RANK signaling in early stages of tumorigenesis and
metastatic spread to the lungs. These discrepancies between Schramek results and ours
could be explained because the (MMTV)-Cre rank/o/4 system might not be 100% efficient
(K. U. Wagner et al. 1997; K. U. Wagner et al. 2001). Moreover, although the MMTV
promoter is expressed in most mammary epithelial cells, it is not expressed in the stroma,
which constitutes a critical regulator in mammary tumorigenesis (Wiseman and Werb
2002; Vargo-Gogola and Rosen 2007). By contrast, we genetically delete RANK in both the
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mammary epithelium and the stroma, and RANK-Fc will block RANK signaling in both
compartments.

It has been previously shown that tumor cells can disseminate systemically from earliest
epithelial alterations in MMTV-NEU and MMTV-PYMT mice, being an early event in tumor
progression in these transgenic mouse models (Hisemann et al. 2008). Importantly, the
significant reduction in tumor and metastasis-initiating ability in MMTV-PYMT""; RANK”"
tumor cells compared to MMTV-PYMT""; RANK™*, when injected in limiting dilution,
demonstrates that RANK is essential for the intrinsic metastatic potential of tumor cells,
independently of primary tumor incidence.

According to these data, one can speculate that RANK signaling overexpression would
positively contribute to mammary tumorigenesis in MMTV-NEU and MMTV-PYMT mouse
models. Unexpectedly, we found that RANK overexpression reduced tumor incidence in
MMTV-NEU** mammary glands, and significantly increased tumor latency in both MMTV-
NEU** and MMTV-PYMT"" glands, indicating that high levels of RANK interfere with tumor
initiation in these oncogene-driven mouse models.

Based on these unexpected results we analyzed mammary glands from both MMTV-
NEU**: RANK"® and MMTV-PYMT"; RANK"® mice, and we confirmed the same
alterations in mammary cell fate previously described in virgin MMTV-RANK glands
(discussed above) (Pellegrini et al. 2013). Understanding the relation between normal
epithelial cell types and mammary tumors is essential to gaining insight into cell types
predisposed to tumorigenesis. Despite the efforts made, the cell that originates mammary
tumors in MMTV-NEU and MMTV-PYMT mice remains controversial. Some studies
support that given the high luminal progenitor signature in NEU and PYMT overexpressing
tumors, luminal progenitor-enriched population contains the tumor cell of origin in those
oncogene-driven mouse models (Lim et al. 2010; Visvader 2009; Shackleton et al. 2006). In
contrast, other studies support that NEU and PYMT induced mammary tumors can arise
from both basal and luminal mammary populations (Asselin-Labat et al. 2011; W. Zhang et
al. 2013). In accordance with the latter, our results demonstrated that basal and luminal
CD61+/- mammary populations from MMTV-NEU™* and MMTV-PYMT"" mice were able to
initiate tumors when transplanted into mammary glands from immunocompromised mice
with similar incidence and latency. These results supported a NEU and PYMT oncogene-
dominant model. RANK overexpression prevented tumor initiation from luminal and basal
MMTV-neu cells but not in MMTV-PyMT. Importantly, these studies have some
limitations; perhaps the most important disadvantage of using cell transplantation assays
is that single cells may not behave in the context of a graft as they do during normal tissue
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homeostasis (Watt and Jensen 2009; Kretzschmar and Watt 2012). This is particularly
relevant in the context of the mammary gland, because MECs are normally organized and
connected by intercellular junctions but are disaggregated into single-cell suspensions for
transplantation disrupting paracrine signaling. If we consider that MMTV—PYMT”’;
RANK'/ primary tumors showed a faster growth and enhanced metastatic ability
compared to MMTV-PYMT+/', we hypothesize that transplantation of both basal and
luminal MMTV-PYMT*"; RANK"/®8 MECs could induce a cellular switch that would offset the
differences in both tumor latency and aggressiveness when compared to between MMTV-
PYMT"" MECs. By contrast, as no differences in mammary tumor growth were observed
between MMTV-NEU** and MMTV-NEU**; RANK** mice, the significantly higher tumor
latency observed in MMTV-NEU™*; RANK”® primary tumors might explain the lack for
tumor formation when injecting MMTV-NEU**; RANK"®® MECs, irrespectively of the
population of origin. . Further lineage tracing experiments in physiological conditions
(Kretzschmar and Watt 2012) are required to elucidate not only the tumor cell of origin,
but also the specific contribution of RANK signaling in NEU and PYMT oncogene-driven
mouse models.

RANK overexpression in MMTV-NEU mammary glands resulted in an accumulation of
hyperplastic lesions that do not progress into preneoplastic lesions and advanced
carcinomas. In addition, our results also indicated a decrease in early MINs in non-
transformed adult MMTV-NEU**; RANK"®® mammary glands. These results indicated a
blockage in the transition from hyperplastic epithelium or hyperplastic lesions to MINs
and adenocarcinomas. One possible explanation for this blockage in RANK and NEU or
PYMT overexpressing glands could be that RANK behaves as a potent oncogene, as it has
been shown that certain oncogenes can induce premature cell senescence or apoptosis in
a process called oncogene-induced senescence/apoptosis (OIS/OIA) (Serrano et al. 1997;
Wajapeyee et al. 2008). This hypothesis is supported by recent data from Xu et al, where
they demonstrate a role for the RANK-activated downstream MAPK p38 and
PI3K/AKT/mTOR signaling pathways inducing DNA damage responses, chromatin
remodeling or chronic inflammation, processes leading to oncogene-induced senescence
(Xu et al. 2014; Freund et al. 2010). In addition, OIS/OIA processes can also be induced by

V600E " F2F1, Cdc6, and by inactivation of tumor-suppressor

oncogenes such as ras, BRAF
genes including PTEN, p53, pl6 or p21 (Courtois-Cox, Jones, and Cichowski 2008),
therefore supporting that OIS/OIA are not mediated by a simple and linear pathway, but
by an intricate signaling network (Xu et al. 2014). In our laboratory we are currently
carrying out experiments to identify whether high levels of senescence or apoptosis in

normal glands, hyperplasias and preneoplastic lesions could explain the delayed latency to
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tumor formation in MMTV-NEU"*; RANK"®® and MMTV-PYMT""; RANK** mice, compared

to single mutants.

2.2.1. Contribution of RANK signaling to tumor aggressiveness and
cancer stem cell pool expansion

Molecular characterization of mammary tumors derived from MMTV-NEU™* and MMTV-
NEU"*; RANK"® glands revealed that both genotypes formed homogeneous luminal
tumors highly enriched for CD61+ cells, consistent with previous observations in NEU
overexpressing mice (Vaillant et al. 2008).

We have also demonstrated that MMTV-PYMT™; RANK"* preneoplastic lesions and
adenocarcinomas showed an accumulation of K14+/K8+ cells, as previously observed in
MMTV-RANK® tumors, whereas a scarce presence of K5+/K8+ cells was observed. In
addition, the significant increased tummorsphere formation ability in vitro (Dontu and
Wicha 2005) and metastasis initiation ability in vivo demonstrated an enrichment in
cancer stem cell population in MMTV-PYMT""; RANK™* tumors.

Cancer stem cells are a subpopulation of tumor cells that share some characteristics with
adult stem cells, such as self-renewal, ability to differentiate and quiescence (Jordan,
Guzman, and Noble 2006). CSCs remain mostly in the resting stage of the cell cycle, and
therefore are resistant to chemotherapy that mostly targets proliferating cells (Y. Zhang et
al. 2012). Contrary to MMTV-PYMT""; RANK™®, genetic loss of RANK in MMTV-PYMT""
tumor cells resulted in a significant reduction in tumorsphere and metastasis initiating
ability. In addition, these tumors showed enhanced sensitivity to docetaxel, one of the
most common chemotherapy agents used to treat patients with hormone-receptor
negative tumors (Yagata, Kajiura, and Yamauchi 2011). We have also analyzed the
relevance of pharmacological inhibition of RANKL (RANK-Fc) in MMTV-PYMT tumors, as
it represents a more clinically relevant model than constitutive genetic deletion of RANK.
In vivo and in vitro analyses demonstrated a significant decrease in CSCs in PYMT
overexpressing tumors under RANK-Fc treatment. Moreover, these RANK-Fc-treated
tumor cells were less able to initiate tumors when implanted in a new host as compared
to untreated cells. Together, these results support the use of neoadjuvant treatment with
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RANKL inhibitors to reduce the frequency of tumor relapse and metastasis, and to
increase the sensitivity to docetaxel in the clinical setting.

In addition, these PYMT-overexpressing RANK-Fc-treated tumors showed an up-regulation
of several genes that are normally expressed during mammary alveologenesis and
lactation, such as prolactin-induced protein (Pip), caseins and also multiple members of
the secretoglobin family including mammoglobins (Anderson et al. 2007). Mammoglobins
has been successfully used as breast cancer biomarker since their expression is associated
with favorable clinicopathological features and low risk of relapse (Watson and Fleming
1996; Span et al. 2004). Therefore, this lactogenic tumor cell differentiation can contribute
to the reduction in tumor-initiating ability in RANK-Fc-treated MMTV-PYMT tumors.

Importantly in humans, an increased RANK mRNA expression has been observed in ER-PR-
breast tumors, which are more aggressive than other subtypes of tumors and contain a
higher frequency of human breast cancer stem cells enriched CD44+/CD24- population
(Palafox et al. 2012; Park et al. 2010; Ricardo et al. 2011). In addition, RANK could expand
the CSC population in human cell lines (Palafox et al. 2012) as it does in MMTV-PYMT*
mouse model. In accordance with these data, our Gene Set Enrichment Analysis (GSEA)
results demonstrated that high RANK expression in human breast tumors correlates with
high expression of genes sets that characterize mammary stem cells and luminal
progenitors, and low expression of genes representative for luminal differentiation.

Altogether, we demonstrated that RANK signaling plays a complex role in mammary
tumorigenesis, as it affects not only the bulk of progesterone-induced proliferative cells,
but also the cancer stem cells self-renewal and differentiation ability. Therefore, blocking
RANKL could be a novel therapy to treat both human hormone receptor positive and
negative breast tumor subtypes. These data are clinically relevant, as an inhibitor of
RANKL (Denosumab) is currently being used in the clinics for the treatment of tumor
derived bone metastasis. If the results presented and discussed in this thesis project are
confirmed, patients will effectively benefit from this new therapeutic strategy against
breast cancer.
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CONCLUSIONS

10.

11.

RANK signaling is a positive regulator of mammary stem cells, bipotent K14+K8+
progenitors and luminal progenitor cells.

RANK overexpression disrupts cell fate in virgin mammary glands, decreases CD61-
alveolar progenitors and Scal+ luminal mature cells and increases CD49b luminal
progenitors.

NF-kB signaling pathway regulates the differentiation of the basal lineage into luminal
lineage and maintenance of luminal lineage within the mammary epithelium in both
WT and MMTV-RANK acini.

Accumulation of mammary stem cells and luminal progenitors observed in MMTV-
RANK mice is not mediated by enhanced activation of NF-kB signaling pathway.

RANKL impairs alveolar secretory differentiation by inhibiting PrIR/JAK2/STAT5
signaling and transcription of EIf5 at midgestation not only in MMTV-RANK but also in
WT mice.

Pharmacological inhibition of RANK (Rank-Fc) in physiological conditions induces
precocious (G.10,5) and exacerbated (G.14,5) mammary alveologenesis through
induction of the PrIR/JAK2/STATS signaling pathway.

RANKL downstream signaling pathways NF-kB, PI3K-AKT and MAPK play a positive
role in mammary alveologenesis and are not directly responsible of the alveolar
impairment induced by RANKL.

RANK overexpression results in an aberrant organization of the mammary epithelium
affecting both basal (K14+ and K5+) and luminal (K8+) lineages.

Multiple gestations in aged MMTV-RANK mice lead to spontaneous preneoplastic
lesions and tumors that are highly heterogeneous and composed by distinct
mammary populations.

RANK overexpression in an oncogenic NEU or PYMT background delays mammary
tumor formation.

MMTV—PYMT”‘; RANK'€ well-established tumors are more aggressive, with enhanced
growing ability, expanded K14+K8+ cells, and higher capacity to metastasize,
compared to MMTV-PYMT+/- tumors.
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12.

13.

14.

Basal CD24lo CD49fhi and Luminal CD24hi CD49flo CD61+/- MECs are able to initiate
tumors in MMTV-neu and MMTV-PYMT mice.

Deletion of RANK in MMTV-PYMT mouse model increases tumor latency, decreases
tumor growth and incidence, blocks lung metastasis and increases the sensitivity of

these tumors to docetaxel.

Neoadjuvant RANKL inhibition with RANK-Fc in MMTV-PYMT mice induces tumor cell
differentiation and decreases the cancer stem cell pool resulting in a reduced tumor-
initiating ability.
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