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ABSTRACT

Understanding the biological mechanisms underlying the initiation and progression of
breast cancer is an important step for its prevention and treatment. We used an in vitro
and in vivo model to demonstrate that p100/p52 and RelB are strongly activated in
BRCA1-deficient mouse mammary progenitor cells and human BRCAL-mutation
carriers. We found that NF-«xB activation induces stem and progenitor cell expansion and
inhibits differentiation. Knockdown and pharmacological inhibition showed that the
progesterone-independent growth of BRCAZL-deficient progenitor cells requires the
alternative NF-«xB activation mediated by ATM. Remarkably, treatment of mice with the
NF-kB inhibitor dimethylaminoparthenolide (DMAPT) resulted in prolonged repression
of BRCAL-deficient progenitor cell proliferation, revealing a possible approach to cyclic

chemoprevention.
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INTRODUCTION

Breast cancer: from the Queen of Persia to present day

The word “cancer” was created in 400 BC by the famous Greek physician
Hippocrates. He decided to use karkinos from the Greek word “crab”, because swollen
tumors surrounded by blood vessels reminded him of a crab dug in the sand with its legs
in a circle. However, even before Hippocrates, ancient Egyptians and Greeks had
described this disease. The first evidence that we have comes from a case of breast cancer
illustrated in an ancient Egyptian papyrus. The author, an Egyptian doctor named
Imhotep who lived in 2500 BC, described it as a “bulging mass in the breast, cool, hard,
dense, and spreading insidiously under the breast”. Under the section entitled “Therapy”
the Egyptian physician wrote, “There is none”. It would take more than two thousand
years before breast cancer was written about again. In 440 BC, in the Histories written by
Herodotus, the queen of Persia, Atossa noted a bleeding lump on her breast, which may
have been the consequence of inflammatory breast cancer (Mukharjee, 2010).

Today, breast cancer is the most common cancer in women, with an estimated 1.7
million new cases worldwide in 2012. Women who live in developed countries tend to
have a higher risk compared to those who live in developing countries and, as a
consequence, the United States and Europe have higher rates of breast cancer. Although
the reason for this difference is unclear, a major role is attributed to life-style and
reproductive factors. However, low rates of screening and unreported cases of breast
cancer could be the reason for the lower reported rates observed in developing countries

(Bray et al., 2013).



Several studies have now demonstrated a direct link between lifestyle behaviors
and cancer. In the EPIC-Norfolk study, it was demonstrated that the risk of death
decreases as the number of positive health behaviours increase. They measured four
factors: smoking, physical activity, alcohol consumption, fruit and vegetable intake, and
then looked at the total mortality causes. After 11 years of follow up, they found that
those who scored 4 (showing good behaviors for the 4 factors) had one quarter the
mortality risk for cancer compared to those who scored 0 (Khaw et al., 2008). Another
study published in the New England Journal of Medicine showed that a higher degree of
adherence to Mediterranean diet was associated with reduction in death due to cancer
(Trichopoulou et al., 2003). These findings were also confirmed by another study that
demonstrate that adherence to Mediterranean diet, moderate alcohol consumption,
physical activity, and non-smoking, were associated with lower incidence of mortality
due to cancer (Knoops et al., 2004). All together, these findings demonstrate the
importance of a balanced diet and life style in lowering the risk of cancer incidence.
Overview of mammary gland biology

Structure and physiology

Unlike other organs, which develop to a complete mature state during the
embryonic stage, mammary glands fully develop only during the pregnancy/lactation
status in the adult female (Medina, 1996). In mouse, the mammary epithelium is
composed of blind-ended branched ducts that are embedded in the mammary adipose
tissue (mammary fat pad). In human, every duct ends in the terminal ductal lobular unit
and the mammary epithelium is embedded in collagenous stroma (Stingl, 2011) (Figure |

A). The mammary epithelium is composed of two main cell lineages: luminal cells



surrounding the lumen, and myoepithelial/basal cells between the luminal cells and the
basement membrane (Figure | B).

Mammary glands are under the constant stimulus of ovarian hormones. During
every human menstrual cycle (28 days) and mouse estrous cycle (4 to 5 days), the
hypothalamus induces changes in the ovarian hormone release. Both human and mouse
cycles have a pre-ovulatory, follicular phase characterized by increased level of estrogen,
and a post-ovulatory, luteal phase, characterized by a lower level of estrogen and a high
level of progesterone (P4). The proliferative phase of the breast is during the post-
ovulatory luteal phase, under the progesterone stimulus (Brisken, 2013; Longacre and
Bartow, 1986; Masters et al., 1977; Walmer et al., 1992). If pregnancy is established, the
level of progesterone rises even more to expand the gland followed by a prolactin
stimulus, which induces mammary gland differentiation accompanied by the formation of
milk-producing alveoli (Naylor et al., 2003).

Due to the complexity of hormonal regulation, the role of estrogen and
progesterone in the mammary gland physiology has been controversial. The use of
hormone ablation and replacement in mouse models has been extensively used to
distinguish the effect of these two hormones. It has been demonstrated that the mammary
epithelium ceases to proliferate and becomes atrophic after ovariectomy. However, the
administration of estrogen to young ovariectomized mice induces a rudimentary growth
in the pubertal mammary gland (Daniel et al., 1987). In contrast, in ovariectomized adult
mice, estrogen does not induce proliferation in the mammary gland. Instead, only the
combination of estrogen and progesterone can properly induce the mammary gland to

undergo proliferation (Beleut et al., 2010; Wang et al., 1990). Estrogen has been shown



to be a permissive hormone, increasing the expression of progesterone receptor (PR) in
mammary epithelial cells (Haslam and Shyamala, 1979; Stingl, 2011). Therefore, while
estrogen can drive pubertal development, progesterone is the main stimulus for mammary
epithelial cell proliferation in the adult mammary gland.

While it is well established that estrogen alone has a negligible effect in
increasing breast cancer risk, the role of progesterone in the pathophysiology of the
mammary glands has been controversial and only recently found to increase breast cancer
risk (Brisken, 2014; Muti, 2014). More than a century ago, a case of regression of breast
cancer after ovariectomy was reported (Beatson, 1896) and later in the 1960s inhibitors of
estrogen and progesterone were developed. However, while estrogen inhibitors were
introduced in 1970s and 1980s (such as tamoxifen and aromatase inhibitors),
progesterone inhibitors failed clinical trials because of their elevated toxicity (Brisken,
2013). Dual estrogen and progesterone receptor agonists have also been developed and
are currently used as contraceptive methods or for hormone replacement therapy (HRT);
however, increasing evidence shows that oral contraceptives increase breast cancer risk
(1996). Moreover, it has been demonstrated that estrogen-only HRT does not increase
breast cancer risk or may even have a protective effect (Anderson et al., 2012). However,
women taking combination of estrogen and progesterone for HRT show increased
incidence in breast cancer risk, mainly due to the proliferative effect of progesterone on
the mammary epithelium (Chlebowski et al., 2010; Hofseth et al., 1999). It has also been
demonstrated that progesterone intake is correlated with increased breast density, one of
the strongest risk factors for breast cancer (Boyd et al., 2007; Vachon et al., 2002). Since

30% of women in their forties have been shown to have ductal carcinoma in situ-like



lesions in their breasts (Nielsen et al.,, 1987), it is possible to speculate that the
proliferative effect of progesterone in the mammary glands can promote progression of
these pre-existing lesions to invasive cancer.
The mammary gland contains stem and progenitor cells

The first evidence of the presence of stem cells in the adult mammary gland came
in 1959 when Deome and colleagues found that any portion of a normal mouse mammary
gland transplanted into a cleared fat pad was able to regenerate a fully-developed
mammary gland (Deome et al., 1959). Then in 1998 came the finding that a single cell
was able to regenerate a ductal lobular outgrowth complete with luminal and
myoepithelial cells (Kordon and Smith, 1998). Subsequent studies used flow cytometry
in order to isolate and characterize the single stem cell able to regenerate a mammary
gland in vivo. The differential expression of CD49f (integrin subunit a6) and CD24 (cell
adhesion molecule) or EpCAM (epithelial cell adhesion molecule) was used to isolate
stem cells. Indeed, two groups in the same year found that mammary stem cells express
high levels of CD49f (CD49f") and low levels of CD24 (CD24C), showing the same
immunophenotype of basal and myoepithelial cells (Shackleton et al., 2006; Stingl et al.,
2006).

Progenitor cells have been also identified in human and mouse mammary glands.
In mouse, most of the progenitor cells are found in the luminal compartment. These
progenitor cells express luminal and basal keratins at low levels and transcripts associated
with transcription of milk proteins such as E74-like factor 5 (EIf5) (Asselin-Labat et al.,
2006; Sleeman et al., 2007; Stingl et al., 2006). These progenitor cells can be defined as

undifferentiated cells having an intermediate phenotype between the basal stem cells and



the luminal differentiated cells. Also, the expression of milk transcripts and EIf5 suggest
that this population may be the pool of cells that will generate alveoli during pregnancy
(Stingl, 2011). Indeed, lineage tracking studies found that cells in the luminal
compartment can contribute to multiple lineages, confirming the presence of
bipotent/progenitor cells in this compartment (Boulanger et al., 2005; Molyneux et al.,
2010).

The controversy in the semantic definition of mammary stem, progenitor and
differentiated cells perfectly reflects their nature: stem and progenitor cells are in constant
flux between the basal and luminal compartment within the mammary gland (Figure | B).
The most common technique used today to isolate stem and progenitor cells is through
immunolabeling lineage-specific cell markers followed by cell separation using
fluorescence-activated cell sorting (FACS). This technique allows the separation of basal
and luminal populations based on the level of expression of membrane markers that are
differentially expressed in these two populations. The basal/stem cell population has
CD49f"" CD24"° or EpCAM° immunophenotype while the luminal/progenitor cell
population has CD49f-° CD24"!" or EpCAM"! immunophenotype (Smalley et al., 2012).
Enriched stem cells are found in the highest tip of the basal population, as they express
high levels of CD49f while progenitor cells are in the highest tip of the luminal

population (Stingl et al., 2006) (Figure I1).
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Figure I: Structure of human and mouse mammary glands

A. Left: Haematoxylin staining of a section of human mammary gland lobule and acini
(Scale bar 25 um).The red circle represents a lobule, while the arrow points an acinus.
Right: Haematoxylin staining of a section of mouse mammary gland (Scale bar 15 um).
The arrow points an acinus. B: Graphic representation of cells composing human and
mouse mammary gland ducts, lobules, and acini.
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Figure 11: CD49f CD24 flow-cytometry profile of mouse mammary epithelial cells

Three different populations can be separated based on CD49f and CD24 expression:
Luminal cell population (within CD49f-° CD24°), stem cell population (tip of CD49fH!
CD24°), and progenitor cell population (tip of CD49f-°C CD24).



Steroid hormones regulate the stem and progenitor cell proliferation

Mammary stem and progenitor cells are extremely responsive to steroid hormones
even without expressing the PR or the estrogen receptor (ER). Several studies
demonstrated that this was due to an indirect mechanism of action of estrogen and
progesterone through paracrine signals (Asselin-Labat et al., 2006, 2010; Joshi et al.,
2010; Lim et al., 2009). Indeed, it was shown that estrogen increases the release of
amphiregulin from estrogen receptor a (ERa) positive cells that in turn can induce
stromal cells to release growth factors necessary for stem cell proliferation (Booth et al.,
2010; Mallepell et al., 2006).

As mentioned earlier, estrogen can induce the expression of PR changing the
status of a cell from PR negative to PR positive (Haslam and Shyamala, 1979).
Progesterone can then target PR positive cells and induce proliferation in a cyclin D1-
dependent way (Beleut et al., 2010). However, this estrogen-mediated conversion of PR
status is not necessary for progesterone to induce proliferation in PR negative cells.
Indeed, in PR positive cells progesterone can increase the expression of the receptor
activator for nuclear factor kB ligand (RANK-L), which can function as a progesterone
mediator. RANK-L can then be secreted and bind its receptor RANK expressed on the
PR negative stem and progenitor cells inducing proliferation and side branching during
the mammary gland development (Cao et al., 2001; Mukherjee et al., 2010) (Figure I1I).
A recent study also found that the elevated levels of progesterone during diestrus were
able to induce an expansion of the stem cell compartment in the mouse mammary gland
in a paracrine fashion via RANK-L release from luminal cells (Joshi et al., 2010).

Moreover, Wnt expression is also downstream of progesterone signaling in PR negative



cells. Wnt signaling is important in stem cell differentiation. When Wnt ligands bind the
receptor complex on the cellular membrane, pB-catenin is stabilized and together with the
T-cell factor/lymphoid enhancer factor (TCF/LEF) moves into the nucleus to target genes
such as CCND1 (cyclin D1) and MYC (Myc) (Karamboulas and Ailles, 2013; Komiya
and Habas, 2008). Progesterone can induce the expression of Wnt4, which can in turn
induce proliferation in PR negative cells in a paracrine fashion (Brisken et al., 2000).

Whether alone or through the activation of intermediary pathways, progesterone
is the main hormone in the mammary gland that is able to induce proliferation in
differentiated PR positive cells and PR negative stem and progenitor cells.
Luminal progenitors are the cells of origin for breast cancer

Based on their gene-expression profile, human breast cancers have been
categorized into five subtypes: luminal A, luminal B, receptor tyrosine-protein kinase
erbB-2 (ERBB2) positive, basal-like, normal-like (Perou et al., 2000; Vargo-Gogola and
Rosen, 2007). These five molecular subtypes have prognostic and predictive value: the
basal-like and ERBB2 positive subtypes show the worst prognosis while within the ER
positive subtypes, luminal B has a worse prognosis than luminal A subtype (showing the
most favorable outcome). Among those five subgroups, the basal-like cancers have the
peculiarity in that they lack the expression of ER, PR, and ERBB2; for this reason they
are also defined as triple negative breast cancer (TNBC) (Sarlie et al., 2003).

The concept that cancer might arise from a population of cells with stem cell
properties was first proposed almost 140 years ago (Cohnheim, 1875). This cancer stem
cell hypothesis was then evoked in 1961 when it was postulated that tissue-specific

“primitive” cells might be the cells of origin of cancer (Till and McCulloch, 1961). Over

10



the last 50 years several studies have supported this hypothesis (Foreman et al., 2009;
Tuma, 2012; Wicha et al., 2006). Because of their long life span, adult stem cells can
accumulate mutations required for tumor formation, making them good candidates for the
cells of origin of tumors. Several groups had suggested that the stem cell population was
the target for transformation events that lead to a variety of tumors (Dontu et al., 2003a;
Tu et al., 2002). However, recent studies have shown that different cells of origin might
give rise to the different breast cancer subtypes (Figure 1V). Indeed, while the normal-
like breast cancers show a gene expression signature in alignment with that of stem cells,
the basal-like breast cancers show a gene expression signature that resembles more
closely the luminal progenitor cells (Prat et al.,, 2010; Shehata et al., 2012). The
remaining subtypes (luminal A, luminal B, ERBB2-positive) are more difficult to
categorize. Although the luminal A has a profile resembling mature luminal cells, it is
possible that a subset of this population could represent the target of transformation
(Visvader and Stingl, 2014). The cell of origin for familial breast cancers (i.e. tumors
arising in breast cancer associated 1 gene (BRCA1) mutation carriers) has also been
studied. Genetic profiling of normal versus BRCA1-mutation carriers (Lim et al., 2009),
generation of a p53/BRCA1 mouse model (Molyneux et al., 2010), and two other studies
(Bai et al., 2013; Proia et al., 2011) have demonstrated that the luminal progenitors are
the cells of origin for the basal-like breast cancer originating from BRCAL-mutation
carriers. These observations also suggest that progenitor cells within the luminal linage

can be reprogrammed to a more stem/basal-like phenotype (Guo et al., 2012).
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Figure I11: Progesterone signaling in the mammary gland

Progesterone (P4) targets ER*/PR* luminal cells where induces RANK-L release that in
turn binds RANK on stem and progenitor cells (ER/PR") leading to NF-kB activation and

cell proliferation.
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Figure IV: Breast cancer subtypes

Schematic representation of the cells of origin of the 5 breast cancer subtypes. MaSC
(Mammary stem cell). Red circle: BRCAl-associated breast cancers belong to the basal-
like subtype and it has been demonstrated that they originate from luminal progenitor
cells. Adapted from Visvader and Stingl, 2014.
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Breast cancer associated gene 1
Protein structure and function

The BRCAL gene was originally mapped in 1990 and cloned in 1994 (Hall et al.,
1990; King, 2014; Miki et al., 1994). The human gene has 24 exons, which encode for
1863 amino acids. BRCAL contains multiple functional domains: a highly conserved N-
terminal really interesting new gene (RING) finger, exon 11-13, and a C-terminal
BRCAL C Terminus (BRCT) domains (Clark et al., 2012). The N-terminal RING domain
has an E3-ubiquitin ligase activity and mediates interactions between BRCAL1 and other
proteins, with BRCAL associated RING domain protein 1 (BARD1) being the major
BRCAL binding partner. The BRCA1 E3-ubiquition ligase activity is increased by the
formation of BRCA1/BARD1 heterodimers that are essential for BRCA1 tumor
suppressor activity (Greenberg, 2011). Exons 11-13 cover the majority of the BRCA1
sequence, encoding for two nuclear localization signals (NLS) and binding sites for
different proteins (Myc, Rad51, and more). Many clinically relevant mutations are
associated with this region, however little is known about the structure and function of
this region compared to the RING and BRCT domain (Deng and Brodie, 2000). The
BRCT domain is present as tandem repeats and functions to mediate phosphoprotein
interactions between BRCAL and protein phosphorylated by ataxia telangiectasia mutated
protein (ATM) and ataxia telangiectasia and Rad3 related protein (ATR). It is also been
shown that BRCT plays a role in binding DNA double-strand breaks (DSBs) (Yamane et
al., 2000). Mutations on the BRCT domain inhibits the ability of BRCAL to recognize

phosphoprotein and as such its ability to repair DNA damage (Leung and Glover, 2011).
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BRCAL plays an important role in maintaining global genomic stability (Zhang
and Powell, 2005). Single or double DNA strand breaks (SSBs or DSBs) can occur
during normal cellular replication or during exposure to genotoxic compounds. In
mammalian cells, DSBs can be repaired by two main DNA repair systems: non-
homologous end-joining (NHEJ), which is error-prone and mainly occurs in G1 phase of
the cell cycle when sister chromatids are not available; or by homologous recombination
(HR), which is error-free and occurs in late S and G2 phase of the cell cycle when sister
chromatids are available as a template for repair (Kim et al., 2005). If HR is not
functional, the DSBs cannot be repaired leading to chromosome rearrangement and
genomic instability. BRCAL plays a key role in HR-mediated DSBs repairs, acting as a
scaffold protein to assemble a cohort of other DNA repair proteins into large physical
complexes. After DNA damage, BRCAL is recruited to the site of DSBs together with
Rad50, Rad51, and many other proteins, which leads to repair of the DSBs through HR
(Ciccia and Elledge, 2010). The role of BRCAL in preventing global genomic instability
is also achieved by activation of various checkpoints during normal cell cycle
proliferation. BRCA1/BARD1 complex can activate G1/S, S-phase, and G2/M
checkpoints and induce cell cycle arrest. While the mechanism of S-phase and G2/M
checkpoints activation by BRCAL is less understood, during the G1/S-checkpoint
BRCAL is required for ATM or ATR-mediated phosphorylation of p53 on serine (Ser)
15, which is necessary for the activation of p21 leading to cell cycle arrest to facilitate
DNA repair (Fabbro et al., 2004).

During replication, cells can be subjected to DNA damage by both endogenous

factors (such as by-products of cellular metabolism) and exogenous factors (such as UV
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and chemical mutagens). Nicks, gaps, and stretches in the single strand of DNA can also
be the cause of replication stress that together with DNA damage can impair the
progression of replication forks (Zeman and Cimprich, 2014). BRCA1 has been found to
participate in the protection of stalled replication forks in a HR-dependent and
independent manner (Nagaraju and Scully, 2007). Together with the Fanconi anemia
group D2 protein (FANCD2), BRCA2, and Rad51, BRCA1 can protect stalled forks to
prevent nucleotide degradation during replication. Indeed, BRCAL localizes to the
replication foci containing the proliferating cell nuclear antigen (PCNA) followed by the
co-localization of FANCD2 and Rad51. Moreover, BRCA1-defective mouse embryonic
stem cells show shortened nascent filaments with replication stalling, confirming the
importance of BRCA1 in maintaining stable replication forks (Schlacher et al., 2012).
Together these data show the varied, critical and complex role that BRCA1 has in
maintaining global genomic stability during normal cell replication and under stressed

conditions (Figure V).
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Figure V: BRCAL1 and fork stalling

Role of BRCAL in fork stalling. Replication stress can induce fork stalling. When
BRCAL1 is functional, it can protect and repair DNA damage caused by replication stress.
When BRCAL is mutated or lost, homologous recombination (HR) cannot properly
function leading to single and double strand breaks that can result in genomic instability.
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Role of BRCAL in the mammary gland

The first evidence implicating BRCA1 in regulating mammary gland
development and differentiation came only one year after its discovery. In 1995, Marquis
and colleagues showed that BRCA1 was expressed in rapidly proliferating cells
undergoing differentiation. Indeed, BRCA1 expression was induced during puberty,
pregnancy, and after hormone treatment in ovariectomized animals. They concluded that
BRCA1 was involved in the proliferation and differentiation of the mammary gland,
specifically in response to ovarian hormones (Marquis et al., 1995). Other studies also
confirmed the correlation between high mRNA and protein levels of BRCALl and
mammary gland differentiation (Rajan et al., 1996, 1997), while a BRCAL tissue-specific
conditional knockout mouse model showed impaired development of mammary glands
(smaller mammary glands and abnormal ductal morphogenesis) (Xu et al., 1999).

Using the stem-like mouse mammary epithelial cell line HC11 as a model, it has
been demonstrated that BRCA1 levels are increased when this cell line is induced to
differentiate in the presence of lactogenic hormones (Kubista et al., 2002). Furuta and
colleagues demonstrated that BRCA1 loss is responsible for impaired differentiation and
increased proliferation in the non-tumorigenic human mammary epithelial cell line MCF-
10A. They were also able to demonstrate that the C-terminal BRCT domain, but not the
N-terminal RING domain, was crucial for normal differentiation. Gene expression
profiling experiments also showed that depletion of BRCAL up-regulates proliferative
genes but down-regulates those involved in differentiation (Furuta et al., 2005). BRCA1

has also been shown to regulate the expression of ERa through the direct binding of its
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promoter: when BRCAL is lost or mutated, ERa expression is repressed (Hosey et al.,
2007).

BRCAL has also been found to regulate the stem and progenitor cell fate of
mammary glands. Loss of BRCA1 function results in aberrant luminal differentiation and
accumulation of stem and progenitor cells (Liu et al., 2008). BRCAL has been reported to
regulate Notch, a signaling pathway involved in proliferation and differentiation of stem
and progenitor cells. The Notch pathway is composed of four receptors (Notchl, Notch2,
Notch3, Notch4) and five ligands (three delta-like protein DLL1, DLL2, DLL3 and two
Jagged proteins JAG1 and JAG2). When a ligand binds the Notch receptor, two proteases
induce a cleavage of Notch receptor leading to the release of an active intracellular
domain (NICD) that translocates into the nucleus to activate gene expression
(Karamboulas and Ailles, 2013). Notch activation in mammary epithelial cells is known
to be associated with the transition from a bipotent/progenitor to a more differentiated
luminal cell, with Notch 3 expression being essential (Raouf et al., 2008). BRCAL can
increase the expression of the Notch ligand JAGL1 in the basal/stem cell compartment, and
this can in turn signal to the surrounding cells. Notch inhibition was also associated with
an increase in the stem and progenitor cells and loss of terminal differentiation markers
(Buckley et al., 2011). Moreover, BRCA1 can interact with and co-regulate target genes
with trans-acting T-cell-specific transcription factor 3 (GATAZ3), a transcription factor
known to be up-regulated by Notch and have a key role in maintaining the luminal
lineage. This finding provides another mechanism through which BRCA1 can regulate
the luminal commitment (Kouros-Mehr et al., 2006; Tkocz et al., 2012). While the up-

regulation of the JAG1 gene in the basal compartment enforces a basal-cell commitment,
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the activation of Notch in the surrounding luminal cells leads to the adoption of a
luminal-cell fate. Taken together these data demonstrate that BRCAL1 is a key regulator of
the stem and progenitor cell fate, able to orchestrate proliferation, differentiation and cell
lineage commitment in the mammary gland.

BRCAL also plays a key role in breast cancer; indeed, mutations in one copy of
the BRCAL gene in the germ line lead to the hereditary breast and ovarian cancer
syndrome, which is inherited in an autosomal-dominant fashion. This syndrome is
characterized by early onset of breast and ovarian cancer (before the age of 50), and
increased risk of pancreatic, stomach, and prostate cancer. It has been estimated that the
mutation rate for BRCA1 carriers is around 1/800 (Mann et al., 2006). BRCA1-
associated breast cancer account for 5-7 % of all breast cancers and BRCA1-mutation
carriers have up to 80 % risk of developing breast cancer by the age of 70 (Easton et al.,
1995; Roy et al., 2012). Approximately 15 % of all breast cancer belongs to the basal-like
subtype and more than 90 % of these are BRCA1-associated breast cancers (Foulkes et
al., 2003; Garber, 2009). In a study conducted in 2010, 57 unique BRCA1 variants were
classified as deleterious (based on the presence of premature stop codons or missense
alterations at critical residues in functional domains), the majority of which affect the
BRCT domain. Moreover, another 110 mutations were found and classified as variants
with unknown clinical significance. Unfortunately, classifying these unknown variants
remains a great challenge, because they outnumber the known deleterious mutations and
may include both unidentified deleterious mutations and neutral variants with no clinical

importance (Borg et al., 2010).

20



NF-xB
NF-xB protein family and function

Originally discovered as a B-cell nuclear factor that binds the DNA sequence of
immune globulin nearly 30 years ago (Sen and Baltimore, 1986; Singh et al., 1986), the
nuclear factor (NF)-xB has been shown to have a key role in the immune system. Indeed,
pro-inflammatory stimuli and byproducts of microbial and viral infection can activate
NF-xB, which in turn regulates the transcription of genes involved in apoptosis,
proliferation, and secondary immune response (Karin and Lin, 2002).

NF-kB can operate through two different signaling pathways: the canonical
pathway and the alternative pathway. The activation of both pathways consists of series
of phosphorylation, ubiquitination, and degradation reactions involving inhibitor of kB
(IxB) proteins, which release NF-kB hetero- or homo-dimers. Once in the nucleus, NF-
kB dimers bind the kB elements in the promoters and/or enhancers of target genes and
regulate transcription through recruitment of coactivators or corepressors. The NF-kB
transcription factor family is composed of five members: p105/p50 (NFKB1), p100/p52
(NFKB2), p65 (RelA), c-Rel, and RelB, which all share the N-terminal Rel homology
domain (RHD) responsible for DNA binding and dimerization. RelA, RelB, and c-Rel are
the only members of the family to have a transcription activation domain (TAD), which
positively regulate gene transcription. Due to the lack of TAD, p52 and p50 repress
transcription unless they hetero-dimerize with the Rel proteins or other coactivators.
When inactive in the cytoplasm, NF-«xB proteins are associated with one of the three 1B
proteins (IxBa, IxBp, IkBe) and the precursor proteins pl00 and pl05. These IkB

proteins contain nuclear export sequences (NES) and multiple ankyrin repeat domains
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that bind the RHD of NF-xB dimers to prevent their nuclear translocation (Hayden and
Ghosh, 2008a) (Figure V1).

Activation of the canonical NF-kB pathway begins with the activation of
inhibitors of xB kinase (IKK) proteins. The IKK complex contains IKKa and IKKf(
kinases, mostly found as hetero-dimeric complexes, and a regulatory subunit IKKy, also
known as NF-kB essential modulator (NEMO). IKK is the main kinase activated by
pro-inflammatory stimuli and it is normally sufficient to phosphorylate IxBa at Ser 32
and Ser 36 and IxBp at Ser 19 and Ser 23. These phosphorylations result in the poly-
ubiquitination of IkB by E3 ubiquitin ligase and its proteasome degradation (Karin and
Ben-Neriah, 2000). Following the degradation of IkB, the NF-«B dimer (mainly p65/p50)
moves into the nucleus where it can activate or repress gene transcription (Hayden and
Ghosh, 2004). Conversely, the activation of the alternative NF-xB pathway depends only
on IKKa kinase and does not require IKKp or NEMO (Claudio et al., 2002). However,
another study demonstrated that NEMO and IKKa can form a functional IKK complex
that can activate the alternative NF-xB pathway (Solt et al., 2007). The p100 precursor
acts as an IkB-like protein that inhibits RelB nuclear localization (Solan et al., 2002).
Thus, IKKa can phosphorylate p100 inducing its ubiquitin-dependent partial proteolytic
processing that results in p52 generation and p52/RelB nuclear localization (Ghosh and
Karin, 2002; Senftleben et al., 2001) (Figure VII).

NF-kB has been shown to respond to various stresses mainly through induction of
cell proliferation and survival (Ak and Levine, 2010). While the activation of NF-xB
followed by extracellular stimuli is well characterized, little is known about its activation

induced by intracellular genotoxic stresses. Recent studies have revealed a novel role of
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NF-xB during DNA damage or replication stress (Wu and Miyamoto, 2008; Wu et al.,
2010). After DNA damage, cells are able to activate an orchestrated response termed
DNA damage response (DDR). The DDR is involved in the detection of the specific
DNA damage, activation of the repair mechanisms, cell cycle checkpoints, and
transcriptional responses. The result of the DDR may be the lesion repair and cell
survival or the activation of apoptotic cell death if the DNA damage is too excessive
(Ciccia and Elledge, 2010).

During DNA damage, the main kinase activated after DSBs is ATM, which
phosphorylates H2AX leading to the recruitment of several other proteins involved in
DDR. Several studies have demonstrated the activation of NF-kB following DSBs
(Janssens and Tschopp, 2006; Wu and Miyamoto, 2007), but the first that showed an
ATM-dependent NF-«kB activation came in 1999, when a group found that cells from
patients with ataxia telangiectasia had defective NF-kB activation in response to the DNA
damaging agent camptothecin (Piret et al., 1999). Two years later another group showed
that wild type but not ATM-null mice were able to activate IKKs after whole body
radiation. They concluded that ATM is essential for NF-xB activation in response to
DSBs but not pro-inflammatory stimuli (Li et al., 2001). More recently, it has been
demonstrated that ATM is necessary but not sufficient in DNA damage induced NF-«xB
activation, with NEMO taking a central stage in the ATM-mediated NF-kB activation.

After DNA damage, NEMO is retained in the nucleus through ATM-independent
SUMOylation (small ubiquitin-like modifier). This nuclear localization results in ATM-
dependent phosphorylation followed by monoubiquitination of NEMO that ultimately

leads to IKK activation (Huang et al., 2003) (Figure VIII). The ATM-dependent NEMO
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phosphorylation seems to be essential for nuclear export. Indeed, the NEMO-Ser85Ala
mutant that can not be phosphorylated by ATM, can be SUMOylated efficiently but fails

to be monoubiquitinated and exported into the cytoplasm (Wu et al., 2006).
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Schematic representation of NF-«xB protein family members. RHD: Rel Homology
Domain; TAD: Transactivation Domain; NBD: NEMO Binding Domain.
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Figure VII: The canonical and alternative NF-kB pathways

Schematic representation of the canonical (left) and alternative (right) NF-xB pathways.
In the canonical NF-xB pathway, IKK-dependent IkB phosphorylation induces the
release of p50/RelA heterodimer that can move into the nucleus and activate gene
transcription. In the alternative NF-xB pathway, IKKo homodimers induce the partial
proteolytic degradation of p100 that results in p52/RelB nuclear translocation.
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Figure VII11: Induction of NF-kB activation by DNA damage

Schematic representation of DNA damage-induced NF-«kB activation. As a consequence
of DNA strand breaks, ATM is activated and induces the nuclear export of NEMO. Once
in the cytoplasm, the ATM/NEMO complex can induce IKK-mediated NF-xB activation.
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NF-xB and breast cancer

Even before the discovery of NF-kB, a link between inflammation and cancer was
suggested by Virchow in the nineteen century (David, 1988). However, only recently we
have developed a better understanding of the role played by NF-xB in cancer initiation
and progression (Coussens and Werb, 2002; Karin, 2006). Tumorigenesis requires six
essential alterations: self-sufficiency in growth signal, insensitivity to growth inhibition,
evasion to apoptosis, immortalization, sustained angiogenesis, and tissue invasion and
metastasis (Hanahan and Weinberg, 2011). NF-kB has been shown to regulate many of
these key features. For instance, NF-kB can control cell proliferation (Cao et al., 2001),
increase apoptotic inhibition (Karin and Lin, 2002), and also increase metastasis and
angiogenesis (Huang et al., 2000).

Several studies have shown that NF-«B is activated in breast cancers and this
activation is increased with hormone independence. NF-xB was found to be
constitutively active in the nucleus of human breast cancer cells, while no detectable
levels were found in normal cells (Sovak et al., 1997). The canonical NF-xB pathway has
been found mostly active specifically in ER positive breast cancers (Biswas et al., 2004;
Nakshatri et al., 1997; Pratt et al., 2003, 2009). More studies followed these original
findings, trying to address the role of NF-«xB in breast cancer initiation and progression in
vivo. Indeed, it has been found that NF-«B inhibition in transgenic mouse models
increases the breast cancer latency and decrease the breast tumor burden (Connelly et al.,
2011; Pratt et al., 2009). NF-xB can also regulate epithelial-to-mesenchymal transition
(EMT), a key process in breast cancer progression (Huber et al., 2004). It has been found

that the MCF-10A cell line undergoes EMT when p65 is overexpressed. This
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phenomenon was linked to the suppression of E-cadherin and induction of mesenchymal
markers such as vimentin (Chua et al., 2007). More recently it was demonstrated that
both the canonical and alternative NF-kB pathways are required for the self-renewal and
proliferation of tumor-initiating cells, as a consequence of NF-kB-directed stimulation of
genes involved in EMT (Kendellen et al., 2014).

Not only the canonical, but also the alternative NF-xB pathway has a role in
breast cancer. It was demonstrated that p100/p52 and p52/Bcl-3 hetero-dimers were both
highly expressed in breast cancer cell lines and human breast cancers (Cogswell et al.,
2000; Dejardin et al., 1995). Moreover, p52/RelB expression was also found increased in
breast tumors induced by 7,12-dimethylbenz(a)anthracene (DMBA) (Demicco et al.,
2005). A direct link between the alternative NF-«xB activation and breast cancer initiation
came from a mouse model in which p100 was overexpressed in the mammary gland. This
mouse model showed a delay in the mammary gland development but also reduction in
ductal branching during pregnancy. These mice had thickening of primary ducts, loss of
epithelial cell organization and hyperplasia. Most importantly, no change in the p65
nuclear localization was detected in this mouse model, demonstrating that these
phenotypic changes were only due to the alternative NF-xB deregulation (Connelly et al.,
2007). Elevated levels of RelB have also been found increased in ERa-negative breast
cancer. Indeed, RelB is necessary to maintain the mesenchymal phenotype of ERa-
negative breast cancer cells (Wang et al., 2007).

The link between the alternative NF-xB pathway and BRCA1-mutated tumors has
only recently been proposed. A microarray gene expression analysis experiment

performed on 249 human breast tumors revealed that the pl100/p52 and RelB genes
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(components of the alternative NF-xB pathway) were mostly expressed in TNBC, the
same subtype to which the BRCA1-associated breast cancers belong (Pratt et al., 2009).
Moreover, the same year another study showed that p100/p52 and RelB gene expression
was higher in BRCALl-mutated tumors compared to other subtypes (Ferndndez-Ramires
et al., 2009).

NF-xB and mammary gland development

The unique development of the mammary gland reflects its special function to
synthesize and deliver milk for the newborn offspring. This gland completes its
development after birth, during the pregnancy/lactation phase (Medina, 1996). During
puberty, under hormonal stimuli the mammary epithelium proliferates and branches
extending through the entire stroma. Each round of pregnancy induces a more extensive
growth and differentiation. After nursing, the majority of the epithelium undergoes
apoptosis in a process called involution (Furth, 1999).

Since its discovery, NF-kB has been found to induce proliferation, differentiation,
and apoptosis in several tissues (lymphocytes, lung, liver, skin, and bone) (Bendall et al.,
1999; Hu et al., 1999; Tanaka et al., 1999). NF-kB has been also found to regulate the
normal post-natal morphogenesis of the mammary gland as well. Indeed, NF-xB activity
is high during pregnancy, decreases during lactation and increases again during
involution. This pattern demonstrates the regulatory role that NF-xB has during the
proliferative and apoptotic phases of the mammary gland (Brantley et al., 2000; Clarkson
et al., 2000). The link between progesterone-mediated proliferation in the mammary
gland and NF-xB came only recently to light. As stated earlier, progesterone can activate

NF-xB in autocrine and paracrine fashion through RANK (Schramek et al., 2010). In a
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previous study it was found that deletion of RANK or RANK-L resulted in a normal
mammary gland development after birth. However, mammary glands showed increased
apoptosis and failed to form lobulo-alveolar mammary structures during pregnancy (Fata
et al., 2000). As in p100 transgenic mice, mice that overexpress RANK fail to develop a
functional mammary gland, showing increased proliferation during pregnancy, impaired
differentiation and decreased expression of the milk protein [-casein. Moreover, due to
this constitutive overexpression of RANK, these mice developed mammary gland
hyperplasia at advanced age (Gonzalez-Suarez et al., 2007). This lactation defect of
RANK-null mice most closely resembled the lactation defect found in progesterone
receptor B (PRB)-null mice. Indeed, PRB-null mice failed to form lobulo-alveolar
structures during pregnancy and also showed decreased level of RANK-L expression
(Mulac-Jericevic et al., 2003). Moreover, the knock-in IKKa”* mice, in which the kinase
function of IKKo has been deactivated, also show the same lactation defect as RANK-
null mice (Cao et al., 2001).

A recent study proposed a mechanism through which a mammary gland responds
to hormonal stimuli as follows: progesterone-induced proliferation occurs in two phases,
an immediate phase that mostly relies on cyclin D1, and a second phase that mostly relies
on RANK-L. PR positive cells quickly respond to progesterone stimulus by increasing
the level of cyclin D1 and RANK-L. While cyclin D1 elicits proliferation in the small
portion of PR positive cells (approximately 20%), RANK-L induces proliferation in a
paracrine fashion targeting the PR negative cells (approximately 80%) (Beleut et al.,
2010). All together these data demonstrate that the RANK/NF-«xB axis is a key regulator

of mammary epithelial cell proliferation.
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Previous observations
NF-xB is known to be important during normal mammary development;

however whether or not the canonical or non-canonical pathways play distinct roles in
this process is unclear. Our laboratory performed a bioinformatic analysis of microarray
data derived from human bipotent progenitor, early luminal progenitor, and differentiated
luminal cell populations for NF-xB family proteins [Gene Expression Omnibus (GEO)
accession number GSE11395] (Raouf et al., 2008). This analysis demonstrated that the
gene expression of pl00/p52 was higher in the bipotent and early progenitor cells
compared to the more differentiated luminal cells (Figure 34 in the Appendix). This
observation led to the hypothesis that the alternative NF-xB pathway has a major role in
the early phase of the mammary epithelial cell commitment wherein it is necessary for
the proliferation and differentiation of early progenitor cells.
Statement of the problem

The activation of the alternative NF-xB pathway has been demonstrated to play a
role in the initiation and progression of breast cancer (Pratt et al., 2009; Schramek et al.,
2010). Since NF-«xB induces proliferation and differentiation of mammary epithelial cells,
it has been proposed that its altered expression in breast cancer may be a consequence of
its deregulated role in mammary gland development. NF-xB can be activated by a variety
of extracellular stimuli and intracellular genotoxic stimuli (such as DNA damage)
(Hayden and Ghosh, 2008b; Miyamoto, 2011). However, little is known about the DNA
damage-directed NF-kB activation in breast cancer.

BRCAL is a protein that has a key role in maintaining the global genomic stability

and in regulating mammary gland development (Xu et al., 1999; Zhang and Powell,
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2005). BRCAZ1 loss or mutation is associated with high risk of developing breast and
ovarian cancer. BRCA1-associated breast cancers have a basal-like phenotype and are
hormone independent (Garber, 2009; Mann et al., 2006). While the role of BRCAL in
DNA damage is well studied (Deng, 2006), little is known about its role in the initiation
and progression of breast cancers. Moreover, there are no studies that link BRCA1 loss,
DNA damage and proliferative signaling through NF-«B activation.
Hypothesis

Based on these previous observations, we propose that BRCAL loss or mutation
will activate the alternative NF-xB pathway in response to the increase in DNA damage.
Moreover, the alternative NF-«xB activation plays a role in the proliferation of progenitor
cells leading to an expansion of this genetically unstable cell population in the mammary
gland (Figure 1X).
Objectives

1. To determine if BRCA1 loss or mutation induces the NF-xB pathway

activation and if this activation is mediated by DNA damage.

2. To determine if the alternative NF-xB pathway activation is responsible for

luminal progenitor cell expansion in the mouse mammary glands.
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Figure IX: Schematic representation of the hypothesis

After BRCA1 loss or mutation, DNA damage-induced NF-«xB activation would result in
luminal progenitor cell expansion in the human and mouse mammary glands.
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MATERIALS AND METHODS

Reagents
BMS-345541 and progesterone were purchased from Sigma. Dimethylaminoparthenolide
(DMAPT) was a kind gift from Dr. Peter Crooks (Department of Pharmaceutical
Sciences, College of Pharmacy, University of Arkansas).
Cell culture

MCF-10A, MCF-7, MDA-MB-231, HCC1937, HC11, 293T and PT67 were
purchased from the American Type Culture Collection. MCF-10A human mammary
epithelial cells were maintained in Ham’s FI12:DMEM (1:1) (GIBCO), 20 ng/mL
epidermal growth factor (EGF) (Sigma), 10 pg/mL insulin (Sigma), 500 ng/mL
hydrocortisone (Sigma), 100 ug/mL cholera toxin (Sigma), and 5% horse serum
(GIBCO). MCF-7 cells were maintained in DMEM high glucose (HyClone)
supplemented with 5% foetal bovine serum (FBS) (GIBCO). MDA-MB-231 cells were
maintained in DMEM low glucose supplemented with 5% FBS. HCC1937 cells were
maintained in RPMI (HyClone) supplemented with 10% FBS. HC11 mouse mammary
epithelial cells were maintained in RPMI supplemented with 5 pg/mL insulin, 10 ng/ml
EGF and 10% FBS. 293T and PT67 were grown in DMEM high glucose supplemented
with 10% FBS.
Lentivirus and retrovirus preparation

Lentiviruses were prepared in 293T cells transfected using polyethyleneimine (4
pg/ml) with lentiviral vector and packaging plasmids psPax2 and pMD2G. After 48 and
72 hours media containing virus was collected and filtered through 0.45 um filter and the

virus concentrated using Lenti-X Concentrator (Clonotech #631231). Lenti-X
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Concentrator was mixed with the filtered supernatant at a ratio 1:3 and left on ice for 1
hour. After this incubation, the supernatant was centrifuged at 1 500 x g for 1 hour at 4
°C. The white pellet obtained after centrifugation was resuspended in 400 pL of filtered
1% BSA and stored at -80 °C. 15 pL of concentrated virus was used to infect 60 to 100
mm plates. For reconstitution experiments, pPBABE-puro HA-BRCAL (Addgene #14999)
was transfected into PT67 cells and media containing retrovirus collected after 72 hours,
filtered through 0.45 pm filter and used for cell infection. In Table 1 are shown all

plasmids used for lentiviral packaging.
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Table 1: List of primers and shRNA sequences used for lentiviral packaging

1 Clone ID: V2LHS_254648

2 F: GCTGCTAAATGCTGCTCAGAA
R: TTCTGAGCAGCATTTAGCAGC

3 Clone ID: V3LMM_485472

4 (Pratt et al., 2009)

5 F: GTGGAAAGGACGAAACACCGCTTGAGGCTGATCCATATCTTCAAGAGAGAATAT
R: GTGGAAAGGACGAAACACCGCTTGAGGCTGATCCATATTCTTCAAGAGAGAATAT

6 F: GTGGAAAGGACGAAACACCGGTTCGATGTCCCAATTCTGTTCAAGAGACAGAAT
R: TCCAGCTCGAGAAAAAGGTTCGATGTCCCAATTCTGTCTCTTGAACAGAAT

7 F: TGGAGATGATGACCGAGTTA
R: TAACTCGGTCATCATCTCCTTTTTTC

8 F: TGAATTTCTATCACCAGCAA
R: TTGCTGGTGATAGAAATTCTTTTTTC

9 Clone ID: V3LMM_514338

10 | F: ATCTCGCTTGGGCGAGAGTAAG
R: CTTACTCTCGCCCAAGCGAGAG

11 | F: CAACAAGATGAAGAGCACCAA
R: TTGGTGCTCTTCATCTTGTTG

[1] human/mouse pGIPZ shBRCAL (Thermo Scientific). [2] Human/mouse pLKO3.G
shp100 (TRC#0000006512). [3] Mouse pGIPZ shp100 (Thermo Scientific). [4] Mouse
pLenti-GFP-S32/36A IxBa®R. [5] Mouse pFLRU-shATM and [6] pFLRU shNT (kind
gift of Dr. B. Sleckman) (Gapud et al., 2011). [7] and [8] Mouse LentiLox Puro shMyc
(Kind gift of Dr. B. Amati) (Smith et al., 2009). [9] Mouse pGIPZ shCyclin D2 (Thermo

Scientific). [10] pGIPZ shNT (Thermo Scientific). [11] pLKO.1 shNT (Sigma).
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Transfection

SIRNA transfections were performed in 60 mm dishes. One mL of serum free
media was added to the dish and mixed with 5 nM siRNA and 7.5 pL of Dharmafect |
(Dharmacon) and then incubated for 15 minutes. Cells were seeded in the dish and after 6
hours an equal amount of media was added. After 24 hours, media was changed and cells
were harvested after 72 hour of transfection. The following siRNAs were used: BRCA1
(SMARTpool #M-003461-02—-0005), ATM (SMARTpool #M-003201-04-0005), non-
targeting sSiRNA #1 (SiGENOME #D-001210-01-05) (Dharmacon).

For the differentiation assay, HC11 cells were transfected with pcDNA3 empty
vector and p52 cFlag pcDNA3 (Addgene #20019) using Geneluice transfection reagent
(EMD Millipore) according to the manufacturer’s instructions. HC11 were then selected
in media containing Gentamicin (GIBCO) at a final concentration of 400 pg/ml. After
antibiotic selection, cells were induced to differentiate.

Differentiation assay

Differentiation assays were performed with HC11 by plating 150 000 cells in a
six well plate in the above medium for 3 days. Once cells reached confluency, EGF was
removed for 24 hours and then the lactogenic hormones dexamethasone (10 puM, Sigma)
and ovine-prolactin (5 ug/ml, Sigma) were added to the media without EGF. After 4 days
in this differentiation media, cells were photographed for dome formation and protein
collected for immunoblotting analysis.

Alamar Blue viability assay
MCF-10A and HCC1937 were plated in 96 well plates at a density of 4 000 cells

per well. When cells were 80 % confluent BMS-345541 (Sigma) and DMAPT were
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added at a final concentration of 10 uM for 48 and 72 hours. At each time point, Alamar
Blue (Invitrogen) was added to the media as per manufacturer’s instructions. After 1 hour
of incubation, fluorescence was read using Synergy H1 microplate reader using the
following settings: excitation 560 nm and emission 590 nm.
Immunoblotting analysis

Whole-cell extracts were prepared in radioimmunoprecipitation assay (RIPA)
buffer (1% Nonidet P-40[NP-40], 0.5% deoxycholate, 0.1% sodium dodecyl sulfate
[SDS], Complete Protease Inhibitor Cocktail tablets [Roche] and PhosSTOP Phosphatase
Inhibitor Cocktail tablet [Roche]). Cells in RIPA were incubated on ice for 10 minutes,
vortexed, and centrifuged for 15 minutes at 15 000 x g at 4 °C. Protein concentrations
were determined using the Biorad D Protein Assay kit (Biorad). Between 20 to 40 ug of
protein were denaturated in sample buffer (50 mM Tris-HCI pH 6.8, 100 mM
dithiothreiotol [DTT], 2% SDS, 0.1% bromophenol blue, 10% glycerol) heated at 100 °C
for 5 minutes. Protein were loaded on SDS polyacrylamide gels (ranging from 6-15%) by
electrophoresis (Laemmli, 1970). Gels were transferred to polyvinylidene fluoride
(PVDF) membranes (Millipore) at 100 V for 1.5 hours (with the exception of ATM and
BRCA1, where gels were transferred to PVDF membrane at 12 V overnight at 4 °C).
Membranes were then blocked for 1 hour with 5% non-fat skim milk powder dissolved in
Tris-buffered saline (20 mM Trsi-HCI pH 7.6, 137 mM NaCl) containing 0.1% Tween-20
(TBS-T) and then incubated with primary antibody following the manufacturer’s
instructions. Membranes were then incubated for 1 hour with horseradish peroxidase

(HRP)-conjugated secondary antibody (Jackson ImmunoResearch). The membranes were
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then washed with TBS-T and protein detected with Immobilon Western
Chemiluminescent HRP Substrate (Millipore) using radiography film.
Antibodies

The following primary antibodies were used for immunoblot analysis: anti-actin
#A-2066 (Sigma); anti-NF-xB p52 #06-413 (Millipore); anti-BRCA1 (1-20) #sc-646,
anti-phospho-ATM (10H11.E12) (S1981) #sc-47739, anti-RelB (C-19) #sc-226, B-casein
(H-7) #sc-166520, anti-Ki67 (H-300) #sc-15402 (Santa Cruz); anti-IKKo #2682,
phospho-IKKa/B (Ser176/180) #2697, anti-phospho-H2AX (S139) #2577, anti-E-caderin
#3195, anti-cyclin D2 #3741 (Cell Signaling); anti-Myc #ab32072 (Abcam).
Quantification of immunoreactive bands on immunoblots was performed using ImageJ
software (www.rsh.info.nih.gov/ij/). The area under the curve (AUC) of the specific
signal was corrected for the AUC of the loading control.
Co-immunoprecipitation experiments

MCEF-7 cells (infected with lentivirus expressing either BRCA1 shRNA or non-
targeting shRNA for 72 hours) and HCC1937 cells were harvested in co-
immunoprecipitation (co-IP) buffer (25 mM Tris-HCI pH 7.5, 150 mM NaCl, 50 mM
NaF, 0.5 mM EDTA pH8, 0.5% Triton-X, 5 mM p-glycerophosphate, 5% glycerol, 1
mM DTT, 1 mM PMSF, and 1 mM NaVOg). Cells were then left rotating for 30 minutes
at 4 °C, and then spun 15 minutes at 14,000 x g at 4 °C. The supernatant was collected
and protein quantified as described in the immunoblotting section. 200 to 300 pg of
protein were used for each immunoprecipitation reaction and incubated with antibody
overnight with rotation at 4 °C. To immunoprecipitate ATM, two different antibodies

were used in a 1:1 ratio at a final concentration of 2 pg (1 pg of mouse monoclonal ATM
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[Clone MAT3-4G10/8 Sigma #A1106] and 1 pg of rabbit polyclonal ATM [Clone Ab-3
819-844 Calbiochem #PC-116]). Anti-mouse and rabbit IgG (Immunoglobulin G)
(Jackson ImmunoResearch) were used as negative controls. The following day 20 pL of
protein A/G PLUS-Agarose (Santa Cruz #2003) were added and incubated for 3 hours at
4 °C with rotation. All tubes were then centrifuged. Next, protein A/G agarose bound to
immunoreactive complexes were washed 4 times with co-IP buffer, each time rotating for
5 minutes at 4 °C followed by centrifugation at 200 x g for 2 minutes. After the final
wash, immunoprecipitated complexes were eluted in 50 pL of 2X sample buffer and
boiled for 5 minutes. 40 uL of each sample was analyzed using SDS-PAGE as described
above with 20 pg of input protein.
Mice

Brcal'o®1o® [FVB;129-Brcaltm2Brn] mice, bearing loxP sites in introns 4 and
13 of the Brcal gene (obtained from the NCI-Frederick National Laboratories Mouse
Repository) were bred to MMTV-Cre mice (kind gift from Dr. W.J. Muller, McGill
University, Montreal, Canada) (Andrechek et al., 2000; Clark-Knowles et al., 2007). Nine
to 12 week-old MMTV-Cre";BRCAL'P*® and MMTV-Cre”;BRCAL®1XP or
MMTV-Cre”;BRCAIW™T [ittermates were used for isolation of CD24/CD49f cells.
DMAPT injections were administrated intra-peritoneum (i.p.) at 40 mg/Kg every other
day for 15 days (total of 6 injections). Progesterone injections were administrated
subcutaneous (s.c.) at 10 mg/Kg for 3 consecutive days. Mammary glands were collected

the day after the last injections for DMAPT and progesterone.
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C57/Bl6 IKKa VA and C57/B16 TIKKa W™™WT mice were obtained from Dr M. Karin
(University of California, San Diego, USA). Serine 176 and serine 180 of IKKa were
replaced with alanines (A), blocking IKKa kinase activity (Cao et al., 2001).
Mouse genotypes were determined by PCR. Animal husbandry was conducted in
accordance with Policy 31 of the University of Ottawa and the Canadian Council on
Animal Care guidelines.
Stem/progenitor cell isolation

Isolation of mammary epithelial subpopulations was performed on the 4™ inguinal
mammary glands of 8 to 12 week-old MMTV-Cre*"; BRCA1'>"1o® or MMTV-Cre™;
BRCA1'>®1® mjce. Mammary glands were subjected to overnight enzymatic digestion
using gentle collagenase/hyaluronidase (1:10 dilution in EpiCult™-B Mouse media)
(Stem Cell technology #07919). The day after, a single cell suspension was generated
using 0.25% trypsin (GIBCO) and 5mg/ml dispase (Stem Cell technology #07913). For
the mammosphere and Matrigel assay, a lineage negative (Lin neg.) cell population was
isolated using EasySep™ kit (Stem Cell Technology #19757) according to the
manufacturer’s instructions. Lin neg. is a cell population depleted of non-epithelial cells
(such as endothelial and hematopoietic cells) found within the freshly dissociated
mammary glands. For the immunostaining of stem and progenitor cell populations,
luminal progenitor cells (CD49f-° CD24"") and stem cells (CD49f"' CD24'°) were
isolated from dissociated mammary glands using CD24 antibody, clone M1/69, PE-
conjugated (Stem Cell technology #19757) and CD49f antibody, clone GoH3, Alexa647-

conjugated (AbD Serotec). Luminal progenitor and stem cells were sorted using a
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BeckmanCoulter MoFlo instrument (Ottawa Hospital Sprott Centre for Stem Cell
research) and then cytospun onto slides followed by immunostaining.
Mammosphere assay

Single cell suspensions of Lin neg. cells were plated in 96 well low-attachment
plate (Corning #3474). Cells were cultured in EpiCult™-B Mouse media containing 10
ng/mL basic fibroblast growth factor (bFGF) (Stem Cell technology #02634), 10 ng/mL
EGF (Stem Cell technology #02633), 4 ug/mL heparin (Stem Cell technology #07980),
and 1:50 B27 (BD Biosciences). Primary mammosphere formation was scored after 7
days, counted under microscope and then collected, dissociated using trypsin and re-
plated again. After another week, secondary mammosphere formation was scored and
spheres were counted again.
Matrigel assay

Lin neg. cells were seeded at a density of 2 000 cell per well mixed in 20 pl of
Matrigel (BD Biosciences) and acini formation was scored after 15 days. For Matrigel
assay DMEM:F12 (1:1) media containing 5 pg/ml insulin, 0.5 pg/ml hydrocortisone, 20
ng/ml EGF, 20 ng/ml cholera toxin (Sigma) and 1:50 B27 supplement (BD Bioscience)
was added to the culture. The diameter of at least 30 of the largest acini in each well was
measured under a Zeiss microscope using Northern Eclipse software. In order to confirm
lentiviral infection, all acini were scored to detect GFP positivity under the microscope
before size was calculated.
Immunofluorescence analysis

Cells were directly plated on coverslips while primary cells from mouse

mammary glands were plated after sort (see section above: Stem/progenitor cell

43



isolation). Cells were then fixed with 4% paraformaldehyde for 15 minutes at room
temperature, permeabilized with 0.5% TritonX-100 for 5 minutes at room temperature,
and blocked 1 hour at room temperature with 1% bovine serum albumin (BSA). Primary
and secondary antibodies were diluted in Antibody dilution buffer (DAKO #S0809) and
incubated as per manufacturer’s instructions. Cy3-AffiniPure donkey secondary anti-
rabbit (Jackson Immunoresearch # 711-165-152) was incubated 1 hour at room
temperature, protected from light. Cells were then covered with VECTASHIELD®
Mounting Media with DAPI (Vector H-1200) and images were taken using a Zeiss
Axioskop 2 mot plus microscope.
Human and mouse mammary gland paraffin-embedded sections

Mouse paraffin-embedded sections, were prepared by the University of Ottawa
Department of Pathology and Laboratory Medicine. Human paraffin blocks were
obtained from the Queensway Carleton Hospital in compliance with the University of
Ottawa Research Ethics Board. Slides were hydrated in toluene, 100% ethanol, 95%
ethanol, 70% ethanol, and water 10 minutes each. Antigen retrieval was done in the
presence of 10 mM sodium citrate pH 6. Slides were then blocked for 1 hour at room
temperature in blocking solution containing 2% normal goat serum (NGS), 1% BSA,
0.3% Triton X-100. Primary, secondary antibody, and image acquisition were performed
as described above. Patients’ information is provided in Table 2. All samples were
sectioned from histologically normal breast tissue from paraffin blocks. For those patients
with diagnosed contralateral cancers, tissue was confirmed normal from the other breast

by pathology.
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Table 2: Medical information corresponding to patient samples

BRCAL wild type carriers

#1 | 52years | contralateral invasive ductal cancer ER+/PR+ (SERM neoadjuvant)
#2 | 53years | contralateral infiltrating ductal cancer ER+/PR- (SERM neoadjuvant)
#3 | 66 years | contralateral infiltrating ductal cancer ER+/PR- (SERM neoadjuvant)
BRCA1-mutation carriers

#1 | 49years | contralateral ER-/PR-/HER2- invasive ductal carcinoma

(medullary features). (neoadjuvant chemotherapy)
#2 | 35years | prophylactic mastectomy
#3 | 38year | prophylactic mastectomy

SERM: Selective Estrogen Receptor Modulator

45



Immunohistochemistry analysis

Human and mouse paraffin-embedded sections were subjected to the same
protocol as the immunofluorescence experiment described above with the following
differences. After the primary antibody was added, slides were incubated 1 hour at room
temperature with DAKO Envision + Peroxidase (DAKO K4002), then developed for 5 to
30 minutes using 1 drop of DAB Chromogen per mL of substrate buffer (DAKO K3467).
Slides were then rinsed in distilled water. Counterstaining was performed by dipping the
slides for 10 seconds in filtered hematoxylin (Fisher), followed by 2 minutes in distilled
water. Dehydration was performed in 70, 95, and 100% ethanol followed by toluene.
Slides were finally covered with permanent mounting media (Permount™, Fisher).
Quantitative PCR analysis

Cells were seeded in triplicate in 6 well plates. Total RNA extraction was
performed using Trizol (Invitrogen) according to the manufacturer’s instructions. RNA
concentration was measured using H1 Multi mode plate reader using optical density at
260 nm. Reverse transcription-quantitative PCR (qPCR) reactions were performed using
the QuantiTect SYBR Green RT-PCR kit (Qiagen) with 100 ng of RNA and 0.5 uM of
the respective primers, according to manufacturer's protocol. Reverse transcription was
performed at 50 °C for 30 minutes followed by 15 minutes at 95 °C for initial PCR
activation. A total of 40 cycles (each cycle composed of denaturating step at 94 °C for 30
seconds, annealing step at 55 °C for 30 seconds, extension step at 72 °C for 30 seconds)

were performed.
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Forward and reverse primers for BRCA1, ATM, ABCBL, Cyclin D2, CD44 and
B-Actin were designed using the Roche website (Universal ProbeLibrary Assay Design
Center) and showed in Table 3.

Statistical Analyses

Experimental results obtained in vivo and in vitro represent a minimum of three
independent trials. Values presented are means = S.E. Student’s t-test was used for
statistical analysis with two levels of significance: (*) p<0.05 and (**) p<0.01.
Comparisons between multiple groups were performed by two-way analysis of variance
(ANOVA). Tukey tests were used to determine the differences between groups. A p

value < 0.05 was considered significant.
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Table 3: List of primers used for g°PCR

Forward 5’ to 3’

Reverse 5’ to 3°

BRCA1 (Human) | GCGTCCCCTCACAAATAAAT CTTGACCATTCTGCTCCGTT
BRCA1 (Mouse) | TGACAGTGCCAAAGAACTCG GATACGCTGGTGCTCTCCTC
ATM (Mouse) AGGATCTCCCTGGAAACGAG CGGTGCAGAGAACACACAAG
ATM (Human) TTTCTTACAGTAATTGGAGCATTTTG | GGCAATTTACTAGGGCCATTC
B-Actin (Mouse) CTAAGGCCAACCGTGAAAAG ACCAGAGGCATACAGGGACA
B-Actin (Human) | CCAACCGCGAGAAGATGA CCAGAGGCGTACAGGGATAG
CyclinD2 (Mouse) | AAGCCTGCCAGGAGCAAA ATCCGGCGTTATGCTGCTCT
CD44 (Mouse) GGCTCATCATCTTGGCATCT GCTTTTTCTTCTGCCCACAC
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RESULTS

BRCAL knockdown activates the alternative NF-xB pathway in vitro

BRCAL1 plays a key role in maintaining the global genomic stability and in DNA
damage repair through HR (Deng, 2006). It has also been shown that NF-xB can be
activated after DNA damage induced by ionizing radiation and chemotherapeutic drugs
as a result of ATM/NEMO-mediated signaling to IKK (Hadian and Krappmann, 2011;
Miyamoto, 2011). We therefore hypothesized that NF-kB would be activated in BRCAL-
deficient cells as a consequence of increased DNA damage. To test this, BRCAL was
knocked down using both siRNA and shRNA on three different cell lines: MCF-10A
(human non-tumorigenic mammary epithelial cell line), MCF-7 (human breast
adenocarcinoma cell line, luminal subtype), and MDA-MB-231 (human breast
adenocarcinoma cell line, basal subtype). Since activation of the alternative NF-xB
pathway is detected by nuclear localization of p52 and RelB, after BRCA1 knockdown
with either siRNA or lentiviral infection with shRNA, immunofluorescence analysis was
performed in order to detect the subcellular localization of the NF-«xB components
p100/p52 and RelB. BRCA1 knockdown in MCF-7 and MCF-10A resulted in a high
level of nuclear p52 and RelB (Figure 1). Confirmation of BRCA1 knockdown in both
cell lines was performed by immunofluorescence and showed in Figure 2.
Phosphorylation of p100 induces its partial proteasome-mediated degradation that can be
visualized on SDS-page as a series of fragments with a size range from 100 KDa
(uncleaved p100) to 52 KDa (active p52). After BRCAL knockdown, proteins were
collected from MCF-10A, MCF-7, and MDA-MB-231 and western blot analysis

performed. Increased pl00 processing, resulting in two to six-fold increases in p52
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formation, was detected in all the cell lines after BRCA1 knockdown, demonstrating
alternative NF-xB pathway activation (Figure 3). To confirm the efficacy of siRNA and
lentiviral SARNA BRCA1 knockdown, gPCR was performed on all the three cell lines
and more than 60 % reduction in BRCA1 mRNA levels was detected after 72 hours of
transfection with siRNA and infection with lentiviral ShRNA (Figure 3).

These experiments confirmed the activation of the alternative NF-xB pathway
after BRCAL1 knockdown; however, it was interesting to examine the effect of a
deleterious BRCA1 mutation in modulating the activation of NF-xB. The BRCAL-
mutated breast cancer cell line HCC1937 has a cytosine (C) insertion at the nucleotide
5382 on the BRCA1 gene that causes a truncation of 34 amino acids at the C-terminus of
the BRCA1 protein, making it non-functional (Scully et al., 1999). Reconstitution
experiments were performed by infecting the HCC1937 cells with a retrovirus carrying
wild type BRCAL. After infection, proteins were collected and western blot analysis
showed an 80 % decrease in p52 processing (Figure 4 A). Immunofluorescence analysis
also showed the same decrease in RelB and p52 nuclear localization after BRCAL wild
type reconstitution (Figure 4 B). Confirmation of the reconstitution showing the increased
level of BRCA1 was done by western blot and immunofluorescence (Figure 5). All
together these results show that the alternative NF-xB pathway is activated after BRCA1

is knocked down or mutated.
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Figure 1: The alternative NF-kB pathway is activated after BRCA1 knockdown

MCF-7 and MCF-10A cells infected for 72 hours with lentivirus carrying non-targeting (NT) or
BRCAL shRNA. MCF-7 were immunostained for A. p100/p52 and B. RelB. MCF-10A were
immunostained for C. pl00/p52. The graph underneath each image represents fluorescence
intensity calculated with ImageJ normalized to shNT levels (mean £ S.E). (**) refers to p<0.01
by Student’s t-test. Scale bar 10 um. Immunofluorescence images are representative of a
minimum of three independent experiments.
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Figure 2: Confirmation of BRCA1 knockdown

MCF10-A and MCF-7 cells infected for 72 hours with lentivirus carrying non-targeting (NT) or
BRCAL shRNA. A. MCF-10A and B. MCF-7 were immunostained for BRCA1. The graph
underneath each image shows BRCAL intensity calculated with ImageJ normalized to shNT
levels and expressed as percentage (mean £ S.E). (**) refers to p<0.01 and (*) refers to p<0.05 by
Student’s t-test. Scale bar 10 um. Immunofluorescence images are representative of a minimum
of three independent experiments.
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Figure 3: BRCA1 knockdown increases p52 formation

MCF-10A cells were infected for 72 hours with lentivirus carrying non-targeting (NT) or BRCA1
shRNA, MDA-MB-231, and MCF-7 were transfected for 72 hours with non-targeting (NT) or
BRCAL siRNA. Whole cell lysates from A. MCF7, B. MDA-MB-231, and C. MCF-10A were
immunoblotted for p100/p52. Actin was used as loading control. Numbers underneath actin
represent p52 protein level quantification with ImageJ normalized to non-targeting (ShNT or
SiNT) levels. The graph underneath each blot represents confirmation of BRCA1 knockdown by
gRT-PCR. mRNA levels were quantified using primers specific for BRCAL and beta-actin (the
endogenous control). Data in the graphs are normalized to non-targeting (ShNT or siNT) levels
(mean = S.E). Immunoblot images are representative of a minimum of three independent
experiments.
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Figure 4: BRCAL reconstitution reduces p100 processing

RelB

EV

Nuclear Intensity %

BRCA1 WT

HCC1937 cells were infected for 72 hours with retrovirus carrying BRCA1 wild type (WT)
expression vector or empty vector (EV). A. Whole cell lysates were immunoblotted for p100/p52.
Actin was used as loading control. Numbers underneath actin represent p52 protein level
guantification by ImageJ software normalized to empty vector (EV). HCC1937 cells were
immunostained for B. pl00/p52 and C. RelB. The graph on right to each image represents
fluorescence intensity calculated with ImageJ normalized to empty vector (EV) levels and
expressed as percentage (mean + S.E). Scale bar 10 pm. (**) refers to p<0.01 by Student’s t-test.

Immunoblot and immunofluorescence images are representative of a minimum of three
independent experiments.
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Figure 5: Confirmation of BRCA1 reconstitution

HCC1937 were infected with retrovirus expressing empty vector (EV) or BRCA1 wild type (WT)
vector for 24, 48, and 72 hours. A. HCC1937 whole cell lysates were immunoblotted for BRCAL.
Actin was used as loading control. Numbers underneath actin represent BRCAL protein level
quantification calculated with ImageJ normalized to empty vector. B. HCC1937 were
immunostained for BRCAL after 72 hours of infection. Graph on right represents quantification
of BRCAL nuclear intensity calculated with ImageJ normalized to retrovirus empty vector (EV)
levels and expressed as percentage (mean + S.E). Scale bar 10 um. (*) refers to p<0.05 by
Student’s t-test. Immunoblot and immunofluorescence images are representative of a minimum of
three independent experiments.
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BRCAZ1 loss or mutation induces the alternative NF-xB pathway activation in vivo
To test if the alternative NF-xB pathway was also activated in primary mammary
epithelial cells, stem and progenitor cells were collected from MMTV-Cre/;
BRCA1!>®1ox® (BRCA1 WT) and MMTV-Cre*"; BRCA1'>®1®* (BRCA1 KO) mice
mammary glands. Mammary glands were digested overnight as described in materials
and methods, and then the single cell suspension obtained was sorted using FACS.
Progenitor-enriched (CD49f° CD24") and stem-enriched (CD49f"" CD24-°) cell
populations were pooled after sorting and plated on coverslips. The following day
immunofluorescence was performed. Stem- and progenitor-enriched cell populations
collected from BRCA1 KO mice showed increased phospho-IKKo, p52, and RelB
nuclear localization compared to those collected from BRCA1 WT (Figure 6 A-C).
Moreover, a lineage negative (lin neg.) cell population was isolated from mouse
mammary glands for protein extraction. Lin neg. is a mammary epithelial cell population
depleted of non-epithelial cells (such as endothelial and hematopoietic cells) and its
isolation is described in material and methods. After three days in culture, lin neg. cells
are sub-confluent and proteins and/or RNA can be extracted. Western blot analysis
showed 6-fold increase in IKKo/p phosphorylation and p52 formation in lin neg. cells
obtained from BRCA1 KO mouse mammary glands compared to those obtained from the
BRCA1 WT (Figure 7 A,B). In a cell, IKKf is mostly found in hetero-dimeric complex
with IKKoa and it has been shown that IKKa phosphorylation induces IKKf
phosphorylation as well (Hayden and Ghosh, 2008b). Since IKKJ is the main kinase of
the canonical NF-xB pathway, p65 (RelA) protein levels were analyzed in the stem- and

progenitor-enriched cell populations. When the canonical NF-kB pathway is inactive, p65
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is kept into the cytoplasm bound to p50; however, after activation, p50/p65 hetero-dimers
move to the nucleus. An increased level of nuclear p65 is a sign of increased activation of
canonical NF-«xB. When immunofluorescence was performed, low level of p65 were
detected in the nuclei of stem- and progenitor-enriched cells isolated from BRCA1 KO
and BRCA1 WT mouse mammary glands (Figure 7 C). BRCA1 knockout was confirmed
in the enriched stem and progenitor cell compartment by immunofluorescence (Figure 7
D).

In order to confirm that the alternative NF-xB pathway was activated also in the
whole mouse mammary gland, immunofluorescence was performed on paraffin-
embedded mouse mammary glands obtained from BRCA1 KO and WT mice. When
inactive, the alternative NF-xB pathway shows cytoplasmic localization of p100/RelB
hetero-dimers; once activated, p52/RelB complexes are found in the nucleus. As
expected, BRCA1 WT mouse mammary glands showed a normal pattern of p100 and
RelB expression, mostly localized in the cytoplasm of basal and luminal mammary
epithelial cells, with low or no level of p52 and RelB in their nuclei. However, in the
basal and luminal cells of BRCA1 KO mouse mammary glands an overall increase was
found in the expression of p52 and RelB, with higher level of nuclear localization
compared to the BRCA1 WT (Figure 8 A,B). To exclude the canonical NF-«B activation,
paraffin-embedded mouse mammary glands were also subjected to immunofluorescence
to determine the level of p65 in the whole mammary gland. Both BRCA1 KO and
BRCA1 WT mammary glands showed only cytoplasmic localization of p65 in the basal

and luminal cells, with no differences in the level of expression (Figure 8C). This data
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confirms that BRCA1 knockout in the mouse mammary gland can specifically induce the
alternative NF-«xB pathway without affecting the activation of the canonical pathway.

In order to determine if alternative NF-xB pathway was also activated in human
mammary tissue with BRCA1 mutation, immunofluorescence was performed on paraffin-
embedded sections obtained from three BRCAL1-mutation carriers and compared them to
three BRCAL wild type carriers (patients’ information is described in Table 2). Two out
of three BRCAL-mutation carriers showed strong expression of p100/p52 and RelB in
their lobules, while low or no-expression was found in all BRCA1 wild type carriers
(Figure 9 A,B). Interestingly, in the BRCAL1-mutation carriers the intensity of p100/p52
and RelB was lobule specific, some of them showing higher levels than others and some
being negative (Figure 10). Overall, more than 50% of the lobules stained positive for
p100/p52 and RelB in two out of three BRCA1-mutation carriers.

These findings demonstrate that BRCA1 loss or mutation induces the alternative
NF-kB pathway activation in the mouse stem- and progenitor-enriched cell populations
and that this NF-kB activity can also be differentially detected in the mouse and human

mammary tissues.
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Figure 6: The alternative NF-kB pathway is activated in BRCAL-deficient stem and
progenitor cells
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Stem-enriched (CD49f"" CD24°) and progenitor-enriched (CD49f-° CD24"") cell populations
were isolated from BRCAL wild type (+/+) and BRCAL1 knockout (-/-) mouse mammary glands
(as described in materials and methods), sorted by FACS, and cytospun on slides for
immunofluorescence. Stem and progenitor cells were immunostained with A. p100/p52, B. RelB,
and C. phospho IKKa. The graph underneath each image represents quantification of nuclear
fluorescence by ImageJ normalized to BRCA1 +/+ (mean £ S.E.). Scale bar 10 um. (**) refers to
p<0.01 and (*) refers to p<0.05 by Student’s t-test. Immunofluorescence images are
representative of a minimum of three independent experiments.
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Figure 7: Lin neg. cells from BRCA1 knockout mammary glands show alternative NF-xB
activation
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(A and B) Lin neg. cells were isolated from BRCAL1 wild type (+/+) or BRCAL knockout (-/-)
mouse mammary glands using EasySep™ and cultured until they reached 80 % confluence.
Whole cell lysates from lin neg. cells were immunoblotted for A. phospho IKKa/p (serines
176/180) and B. p100/p52. Actin was used as loading control. Numbers underneath the actin
represent protein quantification calculated with ImageJ and normalized to BRCA1 +/+. (C and
D) Stem-enriched (CD49f"" CD24°) and progenitor-enriched (CD49f-°© CD24™) cell populations
were isolated from BRCAL wild type (+/+) and BRCAL knockout (-/-) mouse mammary glands,
sorted by FACS, and cytospun on slides for immunofluorescence. Stem and progenitor cells were
immunostained for C. p65 and D. BRCAL. The graph below each image represents fluorescence
guantification calculated with ImageJ normalized to BRCAL +/+ (mean = S.E.). (**) refers to
p<0.01 by Student’s t-test. Scale bar 10 um. Immunoblot and immunofluorescence images are
representative of a minimum of three independent experiments.
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Figure 8: The alternative but not the canonical NF-B pathway is activated in BRCAl
knockout mouse mammary glands

Paraffin-embedded sections of whole mouse mammary glands isolated from BRCAL wild type
(+/+) and BRCAL knockout (+/+) mice. Sections were immunostained for A. RelB, B. p100/p52,
and C. p65. The graph underneath each image represents fluorescence intensity calculated with
ImageJ normalized to BRCAL +/+ (mean £ S.E.). Scale bar 5 um. (**) refers to p<0.01 by
Student’s t-test. Immunofluorescence images are representative of a minimum of three
independent experiments.
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Figure 9: Increased expression of p100/p52 and RelB in BRCAl-mutated human mammary
glands

Paraffin-embedded sections of human mastectomies from BRCAL wild type (WT) or BRCA1-
mutation (MUT) carriers. Sections were immunostained for A. RelB and B. p100/p52. The graph
to the right of each image represents fluorescence intensity of each stain calculated with ImagelJ
normalized to BRCA1 WT (mean + S.E.). (**) refers to p<0.01 by Student’s t-test. Scale bar 25
um. Images are representative of the three BRCA1-mutation carriers and BRCA1 wild type.
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Figure 10: Lobule-restricted expression of RelB and p100/p52 in BRCA1-mutated human
mammary glands

Paraffin-embedded sections of human mastectomies from BRCAZL1-mutation (MUT) carriers.
Sections were immunostained for A. RelB and B. p100/p52. Scale bar 50 um. The dotted line in
the image divides positive areas from negative areas.
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NF-kB over-activation increases stemness and blocks differentiation

BRCA1 plays an important role in the differentiation process of stem and
progenitor cell populations in the mammary gland. It has been demonstrated that BRCA1
inhibition is responsible for a block in the differentiation and the accumulation of luminal
progenitor cells in the human and mouse mammary glands (Furuta et al., 2005; Lim et al.,
2009; Liu et al., 2008) . It has also been previously shown that the alternative NF-xB
pathway plays a critical role in the normal progenitor cell expansion and differentiation
(Connelly et al., 2007; Demicco et al., 2005).

To confirm the presence of a skewed population of progenitor cells in the BRCA1
KO versus BRCA1 WT mouse mammary glands, cell sorting was performed in order to
determine the percentage of stem- and progenitor-enriched cell populations. The
differential expression of CD24 and CD49f was used to distinguish stem- and progenitor-
enriched cell population. Cells that express high level of CD49f and medium or low level
of CD24 have been functionally characterized as bipotent/stem cells, while cells that
express medium or low level of CD49f and high level of CD24 have been characterized
as progenitor/early committed luminal cells. FACS analysis revealed that BRCA1 KO
mice had higher percentage of CD24° CD49f"! (stem/bipotent cells) compared to the
BRCAL1 WT mice, while the percentage of CD24"' CD49f-° (luminal progenitor cells)
was not changed (Figure 11 A). To further confirm this finding, the protein and mRNA
levels of CD44 were analyzed in the cell lysate obtained from the cultured lin neg. cells
obtained from mouse mammary glands. Indeed, the expression of CD44 has been found
increased in the mammary epithelial stem cells while it is down-regulated during

differentiation, having a role in the regulation of stem cell proliferation during pregnancy,
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lactation and involution (Fillmore and Kuperwasser, 2007; Hebbard et al., 2000).
BRCA1-deficient cells (lin neg. cells isolated from BRCA1 KO mammary glands)
showed 14-fold increase in CD44 mRNA level accompanied by 2-fold increase in its
protein levels compared to the BRCA1-competent ones (Figure 11 B,C). To test if the
increase in CD44 levels was a consequence of BRCAL1 loss of function, the HC11 mouse
mammary epithelial cell line was infected with lentivirus carrying ShBRCA1 and CD44
MRNA levels were examined. After BRCAL knockdown, HC11 showed 5-fold increase
in CD44 mRNA levels, confirming that BRCAL inhibition was inducing an increase in
cell stemness (Figure 11 D). BRCAL knockdown in HC11 was confirmed by g-PCR
showed in Figure 11 E.

Another technique commonly used to determine the stemness of a cell population
is the mammaosphere assay. Lin neg. cells isolated from the mouse mammary gland were
plated on low-adherent plates, allowing the growth of stem cells, the only cells able to
form spheres (mammosphere) in suspension. The higher the number of primary and
secondary mammaospheres, the higher the proliferative capacity of a stem cell population
(Dontu et al., 2003b). In order to understand the role of NF-xB in the mouse mammary
stem cell population, the IKK-o/f inhibitor BMS-345541 was used. Lin neg. cells
isolated from mouse mammary glands were plated in low-adherent conditions in the
presence or absence of 10 uM of BMS-345541. After a week primary spheres were
counted, then collected, dissociated to a single cell suspension, and re-plated for
secondary sphere formation in the presence or absence of 10 uM BMS-345541. BRCA1-
deficient cells formed more secondary mammospheres compared to BRCA1-competent

cells. Moreover, BMS-345541 blocked primary and secondary sphere formation of both
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BRCAL1-deficient and BRCAL-competent cells (Figure 12 A). This data suggests that
BRCA1 KO mice have stem cells with higher self-renewal capacity and that NF-«xB is an
important mediator of stem cell proliferation in either the presence or absence of a
functional BRCA1.

The presence of expanded stem and progenitor cell populations from the
mammary tissue of human BRCAZ1-mutation carriers was previously described (Lim et
al., 2009; Liu et al., 2008; Proia et al., 2011). Moreover, it was demonstrated that a subset
of mammary gland sections from patients with a BRCAL1 mutation contained whole
histologically normal lobular units that over express the stem/progenitor cell marker
ALDHL1. This group surmised that these ALDH1 positive cells represent the expanded
progenitor cell population within these glands (Liu et al., 2008). To detect ALDH1,
immunofluorescence was performed in the three BRCALl-mutation carriers and BRCA1
wild type carriers. One of the three BRCAL1-mutation carriers was positive for ALDH1,
while none of the BRCALl wild type carriers expressed ALDH1 (Figure 12 B).
Interestingly, when the ALDHL1 staining was compared with the previous pl00/p52
staining, it was found that the same lobules of the same BRCAL1-mutation carrier stained
positively for both. Moreover, when the images of the same lobule stained with p100/p52
and ALDH1 were overlapped, it was found that the same acini within the lobule that were
positive for ALDH1 were also positive for p100/p52 (Figure 13). This finding indicates
that NF-xB is active in the ALDH1-positive expanded stem/progenitor cell populations
found in BRCAZ1-mutation carriers.

NF-xB has been implicated in proliferation as well as differentiation of

stem/progenitor cells (Connelly et al., 2007; Demicco et al., 2005). To test the effect of
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NF-kB activation on mammary epithelial cell differentiation, the HC11 mouse mammary
epithelial cell line was used. This cell line is able to undergo differentiation and
synthesize the B-casein milk protein in response to treatment with lactogenic hormones
(Perotti et al., 2009). HC11 cell line was stably transfected with pcDNA3 empty vector or
pcDNA3 p52-expressing vector and then induced to differentiate using prolactin and
dexamethasone (as described in materials and methods). After 4 days in differentiation
media, dome formation (indicative of differentiation) was assessed by microscopy and
proteins were collected from cell lysate. Overexpression of p52 blocked dome formation
(Figure 14 A) and strongly reduced the expression of B-casein, which is produced
following prolactin-mediated differentiation (Figure 14 B). p52 overexpression was
confirmed by western blot analysis (Figure 14 C). This demonstrates that when NF-«B is
overexpressed, stem and progenitor cells are not able to fully differentiate.

All together these findings suggest that BRCAL plays an important role in the
stem and progenitor cell compartment, and that BRCA1-mediated NF-xB activation
induces an expansion of mammary epithelial stem cells in the human and mouse

mammary glands, while repressing differentiation.
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Figure 11: BRCAL1 loss increases stemness

A. Stem-enriched (CD49f"!, CD24'°) and progenitor-enriched (CD49f°, CD24"") cell
populations isolated from BRCAL wild type (+/+) and BRCAL knockout (-/-) mouse mammary
glands. The graph represents the percentage of stem- and progenitor-enriched cell population in
BRCAL +/+ versus BRCA1 -/- mouse mammary glands calculated by FACS and normalized to
BRCAL +/+ (means % S.E.). Data was collected from 5 BRCAL +/+ and 5 BRCAL -/- mice. B.
Lin neg. cells were isolated from BRCAL1 wild type (+/+) and BRCA1 knockout (-/-) mouse
mammary glands. Whole cell lysates were isolated and immunoblotted for CD44. Actin was used
as loading control. Numbers underneath actin represent CD44 protein level quantification
calculated with ImageJ normalized to BRCAL +/+ levels. C. mRNA was extracted from the same
lin neg. cells used for immunoblot analyses and gRT-PCR was performed for CD44 mRNA
levels. mMRNA levels were quantified using primers specific for CD44 and beta-actin (the
endogenous control). The graph represents CD44 mRNA levels compared to BRCAL +/+ levels
(mean £ S.E.). D. HC11 cells were infected with lentivirus carrying non-targeting (NT) or
BRCAL shRNA for 72 hours and then mRNA was collected for gRT-PCR analysis. mRNA levels
were quantified using primers specific for CD44 and beta-actin (the endogenous control). The
graph represents CD44 mRNA levels compared to BRCALl +/+ levels (mean + S.E.). E.
Confirmation of BRCAL1 knockdown in HC11 cells. mRNA levels were quantified using primers
specific for BRCA1 and beta-actin (the endogenous control). The graph represents BRCA1
MRNA levels compared to shNT levels. Images are representative of a minimum of three
independent experiments.

68



Mammospheres
200
= 180 il
5]
2 140
£ 120
é %
=) 100 $%
= 80
g 60
= 40
z
[] B
o ] .
+/+ ‘ +/+ ‘ +H+ ‘ +/+ ‘ -I- ‘ /- ‘ /- ‘ -/-
Veh ‘ Veh ‘ 10 pM ‘ 10 yM ‘ Veh ‘ Veh ‘ 10 pM ‘ 10 M
Primary ‘Secondal'y Primary ‘Secondal'y Primary ‘Secondary‘ Primary ‘Secondal'y

ALDH1

Figure 12: BRCAL1 loss or mutation increases stemness in mouse and human mammary
glands
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A. Lin neg. cells were isolated from BRCAL wild type (+/+) and BRCA1 knockout (-/-) mouse
mammary glands and plated in 96 well low-adherent plates (2,000 cell per well). Spheres
(mammospheres) were counted under a light microscope after one week (Primary), collected,
dissociated and re-plated. After another week, mammosphere formation was counted again
(Secondary). Cells were cultivated in the presence of vehicle (Veh) or 10 uM of BMS-345541.
The graph represents the total number of spheres per well counted under a light microscope
(mean £ S.E.). (**) refers to p<0.01 in primary spheres and ($$) refers to p<0.01 in secondary
spheres by two-way ANOVA analysis, followed by Tukey test. B. Paraffin-embedded sections
from human mastectomies of BRCA1 wild type (WT) and BRCAL1-mutation carriers (MUT) were
immunostained for ALDH1. Scale bar 25 um. The graph and the image are representative of a
minimum of three independent experiments
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Figure 13: pl100/p52 and ALDH1 expression co-localize in BRCA1l mutated human
mammary glands

Two representative images from serial sections of a BRCAZI1-mutation carrier (MUT)
immunostained for p100/p52 and ALDH1. Squares represent the same area positive for both
ALDH1 and p100/p52 while ovals represent the same area positive for p100/p52 but negative for
ALDH1. Scale bar 50 pm.
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Figure 14: p52 overexpression blocks differentiation in the HC11 mouse cell line

HC11 cells were stably transfected with pcDNA3 empty vector or pcDNA3-p52 expressing
vector and induced to differentiate as described in materials and methods. A. Images of HC11
undifferentiated (UND) or differentiated (DIF). Arrows indicate dome formation (indication of
differentiation). Whole cell lysates from HC11 cells were immunoblotted for B. -casein and C.
p100/p52. Actin was used as loading control. Numbers underneath actin represent quantification
of protein levels calculated with ImageJ normalized to pcDNAS3 transfected HC11 DIF levels.
Images are representative of at least three independent experiments.
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The alternative NF-kB pathway induces the expansion of mouse mammary luminal
progenitor cells

BRCALl-associated breast cancers are believed to originate from luminal
progenitor cells (Lim et al., 2009; Visvader and Stingl, 2014). To better understand the
role of NF-xB in the mammary progenitor cell population, the Matrigel acini assay was
employed, in which progenitor cells grow and form acini in a 3D-collagen matrix. It has
previously been shown that luminal progenitor cells obtained from BRCA1 wild type
human carriers did not form acini in Matrigel in the absence of B27 (a supplement rich in
progesterone). Conversely, luminal progenitor cells isolated from human BRCAI1-
mutation carriers had the ability to grow in Matrigel and form acini even in absence of
B27, showing a progesterone-independent growth. Based on their ability to overcome the
necessity of progesterone to grow, this population has been defined “aberrant” luminal
progenitor cell population (Lim et al., 2009). When lin neg. cells isolated from the mouse
mammary gland are plated in Matrigel, only the luminal progenitor cells are able to form
acini.

First, confirmation of the progesterone-independent growth of progenitor cells
obtained from BRCA1 KO mouse mammary glands was performed. After isolation from
the mouse mammary glands, lin neg. cells were plated in a thick layer of Matrigel
covered by media supplemented with or without B27. As previously reported, BRCAL1-
deficient progenitor cells were able to form acini in absence of B27 while the BRCA1-
competent ones failed to do so (Lim et al., 2009). In order to understand the role of NF-
kB in the luminal progenitor cells, the IKK-o/f inhibitor BMS-345541 was used. When

progenitor cells were cultivated in Matrigel in the presence of two different
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concentrations of BMS-345541 (10 uM and 20 uM), acini formation was blocked at both
concentrations, demonstrating the necessity of the NF-«xB activity for the progenitor cells
in order to proliferate (Figure 15 A and Figure 35). Moreover, p52 levels were reduced in
the BRCAl-mutated HCC1937 cell line treated with 10 uM BMS-345541 (Figure 15 B).
Confirmation of NF-kB inhibition by BMS-345541 in lin neg. cells is shown in Figure 15
C.

A second NF-xB inhibitor, the IKK-a/p inhibitor dimethylamino-parthenolide
(DMAPT), was then tested (Neelakantan et al., 2009). This compound has been shown to
selectively target cancer stem cells, through its activation of p53 while inhibiting NF-«B.
Moreover, DMAPT can also inhibit the mitogen activated protein kinase (MAPK)
pathway, JAK/STAT, phosphatidylinositol-3-kinase (PI3K), reducing tumor formation
and progression in vivo (Ghantous et al., 2013). To compare the efficacy of DMAPT
versus BMS-345541 in causing cell death, the BRCAL wild type MCF-10A and the
BRCA1 mutated HCC1937 cell lines were used. Both cell lines were plated at the same
density and then treated with either 10 uM of DMAPT, 10 uM BMS-345541, or vehicle.
After 48 hours of treatment, cell viability was assessed using the colorimetric Alamar
Blue assay. While MCF-10A viability was not affected by either BMS-345541 or
DMAPT treatment, after only 48 hours of treatment HCC1937 showed a 40 % decrease
in viability with 10 uM BMS-345541 and 80 % decrease with 10 uM DMAPT (Figure 16
A). Western blot analysis confirmed p100/p52 inhibition after DMAPT treatment on
HCC1937 (Figure 16 B). This result demonstrates that even if both BMS-345541 and
DMAPT target the IKK complex, they show different effects on cell viability, likely due

to the fact that DMAPT inhibits several pathways in addition to NF-«B.
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Based on this previous data, the effect of DMAPT was next assessed on acini
formation. BRCA1-deficient and BRCAL-competent progenitor cells obtained from
mouse mammary glands were cultivated in Matrigel in the presence or absence of 1 uM
and 2.5 uM of DMAPT. At both concentrations, DMAPT resulted in a decrease in acini
sizes formed by BRCA1-deficient and competent progenitor cells. However, the strongest
effect was achieved on BRCA1-deficient progenitor cells grown in absence of B27 (with
no progesterone) treated with 2.5 uM of DMAPT (Figure 17 A and Figure 36). Western
blot analysis also confirmed the efficacy of DMAPT in the NF-xB inhibition, showing a
decrease in p100 levels in lin neg. cells treated with 1 uM and 2.5 uM of DMAPT (Figure
17 B).

Inhibition of progenitor cell proliferation in vivo would be predicted to reduce
acini formation in Matrigel. To test this, mice were injected intra peritoneum (i.p.) with
DMAPT at 40 mg/Kg every other day for 2 weeks. The day after the last injection, lin
neg. cells were collected and plated in Matrigel. Remarkably, cells from DMAPT i.p.
injected mice had strongly reduced the acini sizes (Figure 18 A and Figure 37).
Moreover, a partial rescue was observed in the acini sizes formed by the recovered cells
after the mice were left untreated for 15 days after the last injection (Figure 18 B and
Figure 37). Confirmation of NF-xB inhibition in the lin neg. cells obtained from mice
injected with DMAPT is shown in the western blot in Figure 18 C.

Since both NF-«B inhibitors (BMS-345541 and DMAPT) are able to block the
alternative and canonical NF-xB pathways, the effect of a specific alternative NF-xB
pathway inhibitor was examined. Therefore, a lentivirus carrying p100/p52 shRNA (lenti-

shp100) was produced. After progenitor cells were plated in Matrigel and infected with
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lenti-shp100 or lenti-shNT, a strong reduction in acini formation from BRCAL-deficient
progenitor cells grown in the absence of B27 was observed. A much smaller reduction
was still observed in the presence of B27, while BRCAl-competent progenitor cells
infected with lenti-shp100 were still able to form acini of sizes comparable to those
infected with lenti-shNT (Figure 19 A and Figure 38). Confirmation of p100/p52
knockdown in lin neg. cells was assessed by western blot and shown in Figure 19 B.

To further test the role of the alternative NF-xB pathway in the luminal progenitor
cell proliferation in Matrigel, a knock-in mouse model that lacks IKKa catalytic activity
was used. These mice express IKKo™ knock-in allele containing alanines instead of
serines in the activation loop (Ser176Ala and Ser180Ala). Homozygous IKKo* females
have been shown to have defect in the lobuloalvealor proliferation and differentiation that
prevents them from lactation (Cao et al., 2001). Lin neg. cells were isolated from IKKo™
and IKKo wild type (IKKo™T) mouse mammary glands and plated in Matrigel for acini
assay. Progenitor cells from IKKa"VT were able to form acini, and as expected required
the progesterone-enriched B27 supplement (as the BRCAL1 WT). However, acini size was
reduced when progenitor cells from IKKa”* were plated in the presence or in the absence
of B27 (Figure 20 A and Figure 39). We also confirmed by western blot that IKKa™* lin
neg. cells had lover levels of p52 formation compared to IKKa'VT lin. neg cells (Figure 20
B).

To exclude any involvement of the canonical NF-xB pathway in the proliferation
of luminal progenitor cells, p65/p50 activation was inhibited using lentivirus expressing
the Inhibitor of kB super repressor (IxBaSR) or empty vector. Progenitor cells were plated

in Matrigel and after infection no changes were detected in the acini size in any condition
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(Figure 21 A). Expression of IxkBa®® in the lin neg. cells as well as HC11 cells was
confirmed by western blot (Figure 21 B).

Taken together this set of data demonstrates that the alternative NF-kB pathway,
but not the canonical, is essential for the progesterone-independent expansion of the
aberrant luminal progenitor cell population found in the BRCA1 KO mouse mammary

glands.
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Figure 15: BMS-345541 reduces acini size in Matrigel

A. Lin neg. cells were isolated from BRCAL wild type (+/+) or BRCAL knockout (-/-) mouse
mammary glands and plated on a thick layer of Matrigel (2,000 cells in 20 uL of Matrigel). Cells
were then grown in media containing vehicle (Veh), 10 uM, or 20 uM of BMS-345541 in the
presence (+) or absence (-) of B27 supplement. After 15 days acini size was measured using
Northern Eclipse. The graph shows the average of the thirty largest acini in the microscopy field
(mean £ S.E.). B. Whole cell lysates from HCC1937 treated with vehicle (-), 10 uM BMS-
345541 (+) were immunoblotted for pl00/p52. Actin was used as loading control. Numbers
underneath the actin represent quantification of p100/p52 protein levels calculated with ImageJ
compared to vehicle-treated (-) levels. C. Whole cell lysates from lin neg. cells were
immunoblotted for p100/p52. Actin was used as loading control. Numbers underneath the actin
represent quantification of p52 protein levels calculated with ImageJ normalized to BRCA1 +/+
vehicle-treated levels. (**) refers to p<0.01 calculated by two-way ANOVA analysis, followed by
Tukey test. The graph and immunoblots are representative of at least three independent
experiments.
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Figure 16: DMAPT blocks p52 formation and reduces cell viability in HCC1937

HCC1937 and MCF-10A cells treated with BMS-345541 or DMAPT for 48 hours. A. MCF-10A
and HCC1937 were plated at the density of 4.000 cells in 96 well-plate, treated with vehicle
(Veh), 10 uM BMS-345541, or 10 uM DMAPT for 48 hours and Alamar Blue assay performed
as described in materials and methods. The graph represents cell viability expressed as percentage
and normalized to vehicle-treated (Veh) cells (mean + S.E.). B. Whole cell lysates from
HCC1937 treated with vehicle (Veh), 5 uM, or 10 uM DMAPT were immunoblotted for
p1l00/p52. Actin was used as loading control. Numbers underneath the actin represent
guantification of p100/p52 protein levels calculated with ImageJ normalized to vehicle-treated
levels. (**) refers to p<0.01 calculated by two-way ANOVA analysis, followed by Tukey test.
The graph and immunoblot are representative of at least three independent experiments.
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Figure 17: DMAPT blocks luminal progenitor cells from forming acini in vitro

Lin neg. cells were isolated from BRCAL wild type (+/+) and BRCAL knockout (-/-) mouse
mammary glands and plated in Matrigel A. Lin neg. cells were plated on a thick layer of Matrigel
(2,000 cells in 20 pL Matrigel). Cells were grown in media containing vehicle (Veh), 1 uM
DMAPT, or 2.5 uM DMAPT in the presence (+) or absence (-) of B27 supplement. After 15 days
acini size was measured using Northern Eclipse. The graph shows the average of the thirty largest
acini in the microscopy field (mean + S.E.). B. Whole cell lysates from lin neg. cells were
immunoblotted for p100. Actin was used as loading control. Numbers underneath actin represent
p100 protein level quantification calculated with ImageJ and normalized to vehicle-treated levels.
(**) refers to p<0.01 calculated by two-way ANOVA analysis, followed by Tukey test. The graph
and immunoblot are representative of at least three independent experiments.
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Figure 18: DMAPT injections prevents BRCA1-deficient luminal progenitor cells from
forming acini in Matrigel

BRCA1 wild type (+/+) and BRCA1 knockout (-/-) mice were injected i.p. with saline or
DMAPT at 40 mg/Kg. A. The day after the last injection and B. two weeks after the last injection
lin neg. cells were isolated from mouse mammary glands and plated on a thick layer of Matrigel
(2,000 cells in 20 pL of Matrigel). Cells were grown in media with (+) or without (-) B27
supplement. After 15 days acini size was measured using Northern Eclipse. The graphs show the
average of the thirty largest acini in the microscopy field (mean = S.E.). C. lin neg. cells from
DMAPT injected mice were immunoblotted for p100/p52. Actin was used as loading control.
Numbers underneath actin represent p52 protein level quantification calculated with ImagelJ.
Values were normalized to saline-treated (-). N.S. (non-specific band). (**) refers to p<0.01
calculated by two-way ANOVA analysis, followed by Tukey test. The graphs are representative
of at least three independent experiments.

80



200

180 e v
160
— 140
E. 120 -
S
& 100 -
g
>
60
40 -
20 - I '
0 A
+H +H +H+ +H a -k~ va -/~ BRCA1
shNT shp100 shINT shp100 shNT shp100 shNT shp100
+ + - - + + - - B27

B Lin neg.
shRNA NT  pl00

p100

p52
p100 1 0.26
p52 1 0.16

Figure 19: The alternative NF-kB pathway inhibition blocks the progesterone-independent
growth of BRCAL-deficient luminal progenitor cells

Lin neg. cells isolated from BRCAL wild type (+/+) and BRCAL knockout (-/-) mouse mammary
glands and plated in Matrigel A. Lin neg. cells were plated on a thick layer of Matrigel (2,000
cells in 20 pL of Matrigel). Cells were infected with lentivirus carrying non-targeting (NT) or
p100 shRNA and grown in the presence (+) or absence (-) of B27 supplement. After 15 days acini
size was measured using Northern Eclipse. The graph shows the average of the thirty largest acini
in the microscopy field (mean + S.E.). B. Whole cell lysates from BRCAL deficient lin neg. cells
infected with lentivirus carrying shNT or shp100 were immunoblotted for p100/p52. Actin was
used as loading control. Numbers underneath actin represent p100/p52 protein levels
guantification calculated with ImageJ. Values were normalized to shNT levels. (**) refers to
p<0.01 calculated by two-way ANOVA analysis, followed by Tukey test. The graph and
immunoblot are representative of at least three independent experiments
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Figure 20: IKKa inhibition prevents luminal progenitor cells to form acini in Matrigel

Lin neg. cells were isolated from IKKa wild type (WT) and IKKa knock-in (AA) mouse
mammary glands and plated in Matrigel. A. Lin neg. cells were plated on a thick layer of Matrigel
(2,000 cells in 20 pL of Matrigel) and grown in the presence (+) or absence (-) of B27
supplement. After 15 days acini size was measured using Northern Eclipse. The graph shows the
average of the thirty largest acini in the microscopy field (mean £ S.E.). B. Whole cell lysates
from lin neg. cells were immunoblotted for p100/p52. Actin was used as loading control.
Numbers underneath actin represent p52 protein levels quantification calculated with ImageJ and
normalized to WT levels. (**) refers to p<0.01 calculated by two-way ANOVA analysis,
followed by Tukey test. The graph and immunoblot are representative of at least three
independent experiments.
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Figure 21: The canonical NF-kB pathway inhibition does not affect acini formation in
Matrigel

Lin neg. cells were isolated from BRCAL wild type (+/+) and BRCAL knockout (-/-) mouse
mammary glands and plated in Matrigel A. Lin neg. cells were plated on a thick layer of Matrigel
(2.000 cells in 20 pL of Matrigel). Cells were infected with lentivirus expressing empty vector
(EV) or IxBo*® and grown in the presence (+) or absence (-) of B27 supplement. After 15 days
acini size was measured using Northern Eclipse software. The graph shows the average of the
thirty largest acini in the microscopy field (mean £ S.E.). B. Whole cell lysates from lin neg. cells
and HC11 cells were immunoblotted for IxBa. Actin was used as loading control. Numbers
underneath actin represent IkBo protein levels quantification calculated with ImageJ and
normalized to EV levels. The graph and immunoblot are representative of at least three
independent experiments
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DNA damage induces NF-kB activation in the absence of BRCAl

BRCAL is a key protein for the maintenance of genomic stability and DNA repair,
playing an important role during G1 and S phase to prevent stalling at the replication
forks (Deng, 2006; Jasin, 2002; Willis et al., 2014). The induction of the DNA damage
response pathway following BRCAL1 knockdown was first assayed in MCF-7 cells.
Immunofluorescence analysis performed on MCF-7 cells infected with lenti-shBRCA1
for 72 hours showed high levels of phosphorylated ATM and H2AX while being
undetectable in MCF-7 cells infected with lenti-shNT (Figure 22 A,B). BRCAl
knockdown was confirmed by immunofluorescence and showed in Figure 22 C. The
DNA damage pathway activity was also examined in the stem- and progenitor-enriched
cell populations isolated from mouse mammary glands. Stem- and progenitor-enriched
cell populations obtained from BRCA1 KO mouse mammary glands showed elevated
levels of phosphorylated ATM and H2AX foci while those obtained from BRCAL1 WT
mice did not (Figure 23 A,B). To translate this finding in human tissue,
immunofluorescence for phosphorylated ATM was also performed on the sections from
human BRCAZ1-mutation carriers. Two out of three BRCA1-mutation carriers showed
high level of phosphorylated ATM in the lobules while all three wild type stained
negatively (Figure 24 A). Interestingly, these two BRCAL1-mutation carrier sections were
also positive for RelB and strongly positive for p100/p52. Indeed, the pattern of ATM
phosphorylation was the same for ALDH1, p100/p52, and RelB, where not all lobules
stained positive (Figure 24 B). One possible explanation for this finding is that in

BRCA1-mutation carriers, the elevated DNA damage may be responsible for NF-xB
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activation (showed by strong pl00/p52 and RelB staining) that in turn induces
proliferation and expansion of progenitor cells (showed by elevated ALDH1 expression).

To test this hypothesis, the link between DNA damage and NF-kB activation was
reviewed in the literature. It has been previously shown that NF-xB can be activated after
DNA damage. DSBs induce ATM phosphorylation that in turns phosphorylates NEMO
in the nucleus. Once phosphorylated, NEMO can be ubiquitylated and exported into the
cytoplasm together with ATM. This ATM/NEMO complex can induce phosphorylation
of IKKa and so activates alternative NF-kB pathway (Gapud et al., 2011; Hadian and
Krappmann, 2011; Miyamoto, 2011). The role of ATM in the activation of alternative
NF-xB pathway was first dissected using the BRCAl-mutated HCC1937 cell line. After
72 hours of transfection with siATM, western blot analysis showed that ATM inhibition
in HCC1937 cells resulted in a 60% reduction in mature p52 (Figure 25 A). While this
result confirmed a direct involvement of ATM in the alternative NF-xB induction,
information on ATM/NEMO complex formation followed by BRCAL loss or mutation
were still missing. To test this, co-immunoprecipitation was performed to compare the
level of NEMO/ATM complex in the BRCAL-wild type cell line MCF-7 versus the
BRCA1-mutated cell line HCC1937. ATM was immunoprecipitated from lysate from
both cell lines using two ATM antibodies followed by a western blot for NEMO. While
MCEF-7 cells contained a low level of NEMO associated with ATM, the BRCA1-mutated
HCC1937 cells contained a much higher level of the NEMO/ATM complex (Figure 25
B). To confirm that the increase in the ATM/NEMO complex was a consequence of
BRCAL1 loss of function, BRCA1 was knocked down in MCF-7 cells using lenti-

shBRCAL. Co-immunoprecipitation analysis was then performed and showed that after
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BRCAL knockdown the level of NEMO/ATM complex was increased (Figure 25 C).
BRCAL1 knockdown as well as ATM and IgG non-specific immunoprecipitates are shown
in Figure 25 D and E respectively. This data confirms that BRCA1 loss or mutation
results in increased ATM/NEMO complexes.

After confirming the role of ATM in the NF-xB activation, the role of ATM-
mediated NF-kB activation was also studied in the formation of B27-independent acini
from BRCAZ1-deficient luminal progenitor cells. Progenitor cells obtained from BRCA1
WT and BRCA1 KO mouse mammary glands were infected with lenti-shATM or lenti-
shNT and Matrigel acini assay performed. Similar to the effect of shp100, the inhibition
of ATM only reduced the acini size of BRCAL1-deficient progenitor cells plated in the
absence of B27 (Figure 26 A and Figure 40). Contrary to what was observed with the
alternative NF-xB pathway inhibition by shp100, ATM inhibition did not affect the
growth of either BRCA1-deficient or BRCA1-competent progenitor cells in the presence
of B27. ATM knockdown in the progenitor cells was confirmed by gPCR and shown in
Figure 26 B. Moreover, ATM knockdown in lin neg. cells obtained from BRCA1 KO
mouse mammary glands resulted in a 80 % reduction in mature p52 (Figure 26 C),
demonstrating that alternative NF-xB activation is mediated by ATM in BRCAL1-
deficient cells. Similar results were obtained when cells were treated with 5 uM of
KU55933, a pharmacological ATM inhibitor (Figure 27 A and Figure 41), demonstrating
that ATM-mediated NF-xB activation is important for progesterone-independent
BRCA1-deficient progenitor cell expansion. KU-55933 was also tested on HCC1937
where it was able to reduce to 50% the level of p52 formation (Figure 27 B), confirming

that ATM is necessary for the alternative NF-«B activation.
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Figure 22: BRCAL knockdown induces DNA damage in MCF-7 cells

MCF-7 were infected with lentivirus carrying non-targeting (NT) or BRCA1 shRNA for 72
hours, fixed, and immunofluorescence performed for A. phospho ATM (serine1981), B. phospho
H2AX (serine 139), and C. BRCAL. The graph underneath each image represents the intensity of
each staining calculated with ImageJ and normalized to shNT levels (mean = S.E.). Scale bar 10

pum.(*) refers to p<0.005 and (**) refers to p<0.01. Images are representative of at least three
independent experiments.
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Figure 23: BRCA1-deficient stem and progenitor cells show high levels of DNA damage

Stem-enriched (CD49f" CD24°) and progenitor-enriched (CD49f-° and CD24") cell
populations were isolated from BRCAL wild type (+/+) and BRCA1 knockout (-/-) mouse
mammary glands, sorted by FACS, and cytospun onto slides. Immunostaining for A. phospho
ATM (serine1981) B. phospho H2AX (serine 139). The graph on right to each image represents
the intensity of each staining calculated using ImageJ and normalized to BRCA1 +/+ levels
(mean + S.E.). Scale bar 10 pum. (*) refers to p<0.05 and (**) refers to p<0.01. Images are
representative of at least three independent experiments.
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Figure 24: BRCA1-mutation carriers show sign of DNA damage in the mammary glands

Sections from BRCA1 wild type (WT) and BRCALl-mutation carriers (MUT) were
immunostained for A. phospho ATM (serine 1981). The graph on right represents the intensity of
staining calculated with ImageJ normalized to BRCAL1 WT levels (mean + S.E.). Scale bar 25
um. B. Immunofluorescence for phospho ATM in BRCAL1-mutation carrier sections. The dotted
white line separates two areas with different staining of phospho ATM (positive versus negative).
Scale bar 50 um. (**) refers to p<0.01.
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Figure 25: BRCAL loss or mutation increases NEMO/ATM complex formation

A. HCC1937 cells were transfected with non-targeting (NT) or ATM siRNA for 72 hours. Whole
cell lysates were collected and immunoblotted for p100/p52. Actin was used as loading control.
Numbers underneath actin represent p52 protein levels quantification calculated with ImageJ and
normalized to siNT levels. The graph underneath shows ATM knockdown by gRT-PCR. mRNA
levels were quantified using primers specific for ATM and beta-actin (the endogenous control) B.
Co-immunoprecipitation on MCF-7 and HCC1937 cell lines. Whole cell lysates were incubated
with two ATM antibodies and immunoblotted for NEMO. IgG were used as negative control. C.
Co-immunoprecipitation on MCF-7 infected for 72 hours with lentivirus carrying non-targeting
(NT) or BRCA1 shRNA. Whole cell lysates were incubated with two ATM antibodies and
immunoblotted for NEMO. IgG were used as negative control D. Confirmation of BRCA1
knockdown in MCF-7. E-cadherin was used as loading control. Numbers underneath E-cadherin
represent BRCAL protein levels calculated with ImageJ and normalized to shNT levels. E.
Confirmation of ATM immunoprecipitation in MCF-7 cells. Inputs represent the ATM protein
levels in the whole cell lysates before ATM antibodies were incubated overnight. IP represent the
level of ATM immunoprecipitated after incubation of whole cell lysates over night with ATM
antibodies. 1gG were used as negative control.
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Figure 26: ATM inhibition blocks the progesterone-independent growth of BRCAL-
deficient luminal progenitor cells in Matrigel

Lin neg. cells isolated from BRCAL wild type (+/+) and BRCA1 knockout (-/-) mouse mammary
glands were plated in Matrigel (2,000 cell in 20uL. of Matrigel). A. Lin neg. cells were infected
with lentivirus carrying non-targeting (NT) or ATM shRNA and grown in the presence (+) or
absence (-) of B27. After 15 days acini size was measured using Northern Eclipse. The graph
represents the average of the thirty largest acini in the microscopy field (mean £ S.E.). B. mMRNA
was isolated from lin neg. cells infected with shNT and shATM and gRT-PCR performed to
confirm ATM knockdown. mRNA levels were quantified using primers specific for ATM and
beta-actin (the endogenous control) C. Whole cell lysates from lin neg. cells infected with lenti
SshNT or shATM were immunoblotted for p100/p52. Actin was used as loading control. Numbers
underneath the actin represent p52 protein quantification by ImageJ normalized to shNT levels.
(**) refers to p<0.01 calculated by two-way ANOVA analysis, followed by Tukey test. Graph,
immunoblot, and gPCR are representative of at least three independent experiments.
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Figure 27: ATM pharmacological inhibition blocks the progesterone-independent growth of
BRCAZ1-deficient luminal progenitor cells in Matrigel

Lin neg. cells were isolated from BRCAL wild type (+/+) and BRCAL knockout (-/-) mouse
mammary glands and plated in Matrigel (2,000 cell in 20uL of Matrigel). A. Cells were treated
with vehicle (Veh) or 10 uM KU-55933 and grown in the presence (+) or absence (-) of B27.
After 15 days acini size was measured using Northern Eclipse. The graph represents the average
of the thirty largest acini in the microscopy field (mean + S.E.). B. Whole cell lysates from
HCC1937 treated with vehicle (Veh) or 10 uM KU-55933 were immunoblotted for p100/p52.
Actin was used as loading control. Numbers underneath actin represent p52 protein levels
quantification calculated with ImageJ and normalized to veh levels. (**) refers to p<0.01
calculated by two-way ANOVA analysis, followed by Tukey test. Immunoblots are
representative of at least three independent experiments.
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Progesterone increases proliferation-mediated DNA damage in BRCA1-deficient
progenitor cells

As previously mentioned, progesterone has a proliferative role in the human and
mouse mammary glands, inducing proliferation not only in the PR-positive mammary
epithelial cells, but also to PR-negative stem and progenitor cells (Beleut et al., 2010;
Joshi et al., 2010). Moreover, it has recently brought back to light the key role of
progesterone in the initiation and progression of breast cancer (Brisken, 2013).

To test if progesterone treatment was inducing increased proliferation in the
mouse mammary epithelial cells, mice were injected with progesterone at a concentration
of 10 mg/Kg or with vehicle for 3 consecutive days and then Ki-67
immunohistochemistry was performed on mouse mammary glands. Progesterone
treatment increased the numbers of Ki67-positive cells across most ductal sections
relative to vehicle (Figure 28 A). Interestingly, a marked difference between BRCA1 KO
and BRCA1 WT mammary glands was also noted, wherein numerous mitotic cells were
differentially detected in the basal regions of the BRCA1 KO glands as shown by the
arrows in picture 28 A.

During normal cellular replication, a lesion in one of the single strand may cause
the DNA polymerase to stall inducing the collapsing of replication forks that could result
in DSBs (Nagaraju and Scully, 2007). While these breaks are normally repaired by the
BRCA1-mediated error-free mechanism HR, in the absence of functional BRCAL, the
error-prone mechanism NHEJ takes place instead, leading to genomic instability
(Schlacher et al., 2012). To test if the elevated proliferation signal induced by

progesterone could result in increased fork stalling and DSBs, immunohistochemistry on
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progesterone and vehicle-treated mouse mammary glands was performed for the DNA
damage marker phospho-H2AX. An overall increase in the levels of phosphorylated
H2AX was found in the progesterone-treated mouse mammary glands of both BRCA1
KO and BRCA1 WT mice (Figure 28 B). However, the level and intensity of
phosphorylated H2AX were higher in the BRCA1 KO mouse mammary glands, as shown
by the arrows in Figure 28 B.

In order to quantify the level of H2AX phosphorylation, a western blot using
protein collected from lin neg. cells from progesterone- or vehicle-treated mice was
performed. Lin neg. cells obtained from vehicle-treated BRCA1 KO mouse mammary
glands showed a 2 fold-increase in phosphorylated H2AX compared to the cells from
vehicle-treated BRCA1 WT mice (Figure 29 A). This was in agreement with the previous
finding of BRCALl-deficient mammary progenitor cells that showed presence of
phosphorylated H2AX (Figure 23 B). Moreover, lin neg. cells from progesterone-treated
BRCA1 WT mouse mammary glands showed a 5-fold increase in phosphorylated H2AX
compared to the vehicle-treated cells. Interestingly, lin neg. cells from progesterone-
treated BRCA1 KO mouse mammary glands had a 9 fold-increase in phosphorylated
H2AX compared to cells from the vehicle-treated BRCA1 KO mice. This confirmed that
progesterone exposure induces an overall increase in DNA damage, and that given the
key role of BRCAL in repairing DSBs caused by replication stress, BRCA1 KO mice
were more susceptible to progesterone-induced DNA damage.

Based on our finding that the elevated NF-«xB activity increased BRCA1-deficient
luminal progenitor cell proliferation, it was tested whether inhibition of NF-«xB could

reduce the proliferation-mediated DNA damage found in BRCA1 KO mammary glands.
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Indeed, DMAPT i.p injection reduced the level of phosphorylated H2AX in the BRCA1l
KO mouse mammary glands (Figure 29 B). The reason behind this reduction in DNA
damage could be explain by either a reduction in the proliferation of aberrant luminal
progenitor cells or by an increase in their cell death due to DMAPT treatment. More
experiments need to be performed in order to clarify this mechanism.

Increased DNA damage can induce cell death if lesions are not repaired (Ciccia
and Elledge, 2010). PARP-1 is an important protein involved in the DNA damage repair
machinery and cell death, known to be a hallmark of apoptosis. Indeed, when cell death is
initiated, caspase-3 and caspase-7 can block PARP-1 activity by inducing its cleavage
that results in the production of PARP-1 89 KDa fragment (Chaitanya et al., 2010). To
see iIf DNA damage resulted in caspase activation, PARP-1 expression/cleavage was
examined in lin neg. cells from progesterone- or vehicle-treated mouse mammary glands.
Lin neg. cells from progesterone-treated BRCA1 WT mouse mammary glands showed
increased level of PARP-1 89 KDa fragment (Figure 29 C), confirming that the high level
of DNA damage resulted in caspase activation. Interestingly, lin neg. cells obtained from
progesterone-treated BRCA1 KO mouse mammary glands contained a lower level of the
89 KDa fragment compared to the BRCA1 WT progesterone-treated, despite their higher
level of DNA damage.

All together these findings demonstrate that progesterone induces an increase in
proliferation that results in increased DNA damage in the mouse mammary glands.
However, after progesterone treatment, BRCAL1-deficient cells appear to block caspase
activation, evade apoptosis and proliferate despite their higher level of DNA damage

compared to BRCA-competent cells.
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Figure 28: Progesterone treatment increases proliferation and DNA damage in mouse
mammary glands

BRCA1 wild type (+/+) and BRCA1 knockout (-/-) mice were injected s.c. with 10 mg/Kg of
progesterone (P4) or saline for 3 consecutive days. On the fourth day mammary glands were
collected for paraffin-embedded sections. Immunohistochemistry on mouse mammary gland
paraffin-embedded sections with A. Ki67 and B. phospho-H2AX (serine 139). Arrows indicate
basal cells positive for Ki67 in A. and foci of high level of phosphorylated H2AX in B. Scale bar
25 um. Images are representative of at least three independent experiments.
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Figure 29: BRCAL-deficient lin neg. cells show high levels of DNA damage but low levels of
caspase activation

BRCAL wild type (+/+) and BRCAL1 knockout (-/-) mice were injected s.c. with 10 mg/Kg of
progesterone (P4) (+) or saline (-) for 3 consecutive days. The fourth day mammary glands were
collected for lin neg. isolation. A. Whole cell lysates of lin neg. cells from mice injected with P4
or saline were immunoblotted for phospho-H2AX (serine 139). Actin was used as loading
control. Numbers underneath actin represent phospho-H2AX protein levels calculated with
ImageJ normalized to BRCA1 +/+ saline-treated levels. B. Whole cell lysates of lin neg. cells
from mice treated with saline or 40 mg/Kg DMAPT were immunoblotted for phospho-H2AX
(serine 139). Actin was used as loading control. Numbers underneath actin represent phospho-
H2AX protein levels quantification calculated with ImageJ normalized to BRCA1 +/+ saline-
treated levels. C. Whole cell lysates of lin neg. cells from mice treated with saline or P4 were
immunoblotted for PARP-1. Actin was used as loading control. Numbers underneath actin
represent PARP-1 89 KDa fragment quantification levels calculated with ImageJ normalized to
BRCAL +/+ saline-treated levels. Immunoblots are representative of at least three independent
experiments.
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Myc and cyclin D2 expression is increased and regulated by NF-kB in BRCA1-
deficient cells

The MYC oncogene can be amplified in BRCALl-associated breast cancer
(Grushko et al., 2004). It has also been reported that NF-xB can induce Myc transcription
through p52/RelB complex (Demicco et al., 2005) and NEMO/IKKa complex can also
directly interact with Myc and promote phosphorylation at serine 62 that stabilizes Myc
protein (Duyao et al., 1990; Kim et al., 2010; Yeh et al., 2011). Therefore, Myc
expression levels were examined in lin neg. cells from BRCA1 KO and BRCA1 WT
mouse mammary glands. Western blot analysis of proteins collected from lin neg. cells
revealed increased level of Myc in BRCA1 KO mice compared to BRCA1 WT (Figure
30 A). To assess whether Myc protein levels were also increased in the breast tissue from
human BRCAZ1-mutation carriers, immunohistochemistry analysis was performed. Two
out of the three BRCAL1-mutation carriers had increased levels of Myc in their lobules,
while low levels of Myc were found in the three BRCA1 wild type carriers (Figure 30 B).

To confirm that Myc was regulated by NF-«B, lin neg. cells isolated from
BRCA1 WT and BRCA1 KO mouse mammary glands were plated and treated with 10
uM of BMS-345541 or vehicle and proteins collected for western blot analysis. BMS-
345541-mediated NF-kB inhibition reduced Myc protein levels in lin neg. cells from
BRCA1 KO mouse mammary glands while no effect was detected in those from BRCA1
WT (Figure 30 C). Since BMS-345541 can inhibit both the canonical and alternative NF-
kB pathways, lenti-shp100 was used to specifically target the alternative NF-xB pathway.
After infecting lin neg. cells from BRCA1 KO mouse mammary glands with lenti-

shp100, Myc protein levels were found strongly reduced as a consequence of alternative
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NF-xB inhibition (Figure 30 D). The same result was obtained when HCC1937 cells were
infected with lenti-shp100 (Figure 30 E). This data confirms that the alternative NF-xB
pathway induces the increased levels of Myc in BRCA1 KO mammary glands.

Myc has a well-known function in regulating cell proliferation, and it has been
demonstrated that deregulated expression of Myc leads to uncontrolled proliferation and
cancer (Bernard and Eilers, 2006). We therefore tested if Myc expression was playing a
role in the BRCA1-deficient progenitor cell proliferation. Lin neg. cells isolated from
BRCA1 KO and BRCA1 WT mouse mammary glands were plated in Matrigel and
infected with lenti-shMyc or lenti-shNT. Myc knock-down induced an overall reduction
of acini sizes of progenitor cells obtained from BRCA1 WT and BRCA1 KO mouse
mammary glands in the presence and absence of B27. However, a slightly stronger effect
was observed in progenitor cells obtained from BRCA1 KO mouse mammary glands
plated in absence of B27 (Figure 31A). Confirmation of Myc knockdown is shown in
Figure 31 B. This result demonstrates that, although Myc inhibition induces a delay in the
proliferation of normal progenitor cells, BRCA1-deficient progenitor cells seem to rely
more on Myc for their progesterone-independent growth in Matrigel.

A previous work published a list of genes differentially regulated in stem and
luminal progenitor cells from patients with wild type BRCA1 and BRCA1 mutations
(Lim et al., 2009). After cross-referencing this list of genes with known Myc targets,
cyclin D2, which is strongly regulated by Myc, was found to be one of the most
differentially expressed genes in BRCALl-mutated progenitor cells (6-fold induction).
Cyclin D2 expression has been linked to stem and progenitor cell expansion and cell

cycle progression (Becker et al., 2010; Bouchard et al., 1999; Sasaki et al., 2004).
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To confirm the increased level of cyclin D2 in BRCAL KO versus BRCAL1 WT
mice, western blot and qPCR analyses were performed. Cyclin D2 mRNA and protein
levels were found to be 2-fold increase in the lin neg. cells obtained from BRCA1 KO
compared to BRCA1 WT mouse mammary glands (Figure 32 A,B). To demonstrate NF-
kB-mediated cyclin D2 regulation, proteins from HCC1937 cells infected with lenti-
shp100 or lenti-shNT were immunoblot for cyclin D2. NF-xB alternative pathway
inhibition strongly reduced the level of cyclin D2 by 80 % (Figure 32 C). Cyclin D2
protein levels were also examined on lin neg. cells obtained from BRCA1 KO mice
injected i.p. with DMAPT. A 40 % reduction in cyclin D2 levels was observed after
DMAPT injections (Figure 32 D), confirming the NF-kB-mediated regulation of cyclin
D2 in vivo.

All together these findings demonstrate that NF-kB-directed Myc activation
induces expansion of the mammary progenitor cell population and at the same time

increases cyclin D2 expression levels.
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Figure 30: Myc expression is increased in BRCAL-deficient lin neg. cells and BRCAL-
mutated human mammary glands

A. Whole cell lysates were immunoblotted for Myc in lin neg. cells from BRCAL wild type (+/+)
and BRCA1 knockout (-/-) mouse mammary glands. Actin was used as loading control. B.
Paraffin-embedded sections of human mastectomies from BRCA1 wild type (WT) and BRCAL-
mutation (MUT) carriers. Sections were immunostained for Myc. Scale bar 25 um. Whole cell
lysates were immunoblotted for Myc in C. lin neg. cells treated for 72 hours with 10 uM BMS-
345541 (+) or vehicle (-), D. in lin neg. cells infected with lentivirus carrying non-targeting (NT)
or p100 shRNA, E. HCC1937 cells infected with lentivirus carrying non-targeting (NT) or p100
shRNA. Actin was used as loading control. Numbers underneath actin represent Myc protein
levels quantification calculated with ImageJ. In lin neg. values were normalized to BRCAL +/+
protein levels. In HCC1937 values were normalized to shNT protein levels. Immunoblots and
immunohistochemistry images are representative of at least three independent experiments.
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Figure 31: Myc inhibition blocks luminal progenitor cell proliferation in Matrigel

A. Lin neg. cells obtained from BRCA1 WT (+/+) and BRCA1 KO (-/-) mouse mammary gland
were plated in Matrigel (2,000 cell in 20uL of Matrigel). Cells were infected with lentivirus
carrying non-targeting (NT) or Myc shRNA and grown in the presence (+) or absence (-) of B27.
After 15 days acini size was measured using Northern Eclipse. The graph represents the average
of the thirty largest acini in the microscopy field (mean + S.E.). B. Confirmation of Myc
knockdown in lin neg. cells by immunoblot. Actin was used as loading control. Numbers
underneath actin represent Myc protein levels quantification calculated with ImageJ normalized
to shNT levels. (**) refers to p<0.01 calculated by two-way ANOVA analysis, followed by

Tukey test. The graph and immunoblot are representative of at least three independent
experiments.
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Figure 32: Cyclin D2 expression is increased in BRCA1-deficient lin neg. cells and regulated
by NF-kB

Cylcin D2 levels in lin neg and. HCC1937cells. A. Whole cell lysates of lin neg cells from
BRCA1 wild type (+/+) and BRCA1 knockout (-/-) mouse mammary glands were immunoblotted
for cyclin D2. Actin was used as loading control. Numbers underneath actin represent cyclin D2
protein levels quantification calculated with ImageJ normalized to BRCAL +/+ levels. B. qRT-
PCR on mRNA extracted from lin neg. cells from BRCA1 +/+ and BRCA1-/- mouse mammary
glands. mRNA levels were quantified using primers specific for cyclin D2 and beta-actin (the
endogenous control). Cyclin D2 mRNA levels were normalized to the levels of BRCAL +/+. C.
Whole cell lysates from HCC1937 cells infected with lentivirus carrying non-targeting (NT) or
p100 shRNA were immunoblotted for cycling D2. Actin was used as loading control. Numbers
underneath actin represent cyclin D2 protein levels quantification calculated with ImageJ
normalized to shNT levels. D. Whole cell lysates of lin neg. cells from BRCA1 +/+ and BRCAL1 -
/- mice treated with DMAPT at 40 mg/Kg (+) or saline (-) were immunoblotted for cyclin D2.
Actin was used as loading control. Numbers underneath actin represent cyclin D2 protein levels
guantification calculated with ImageJ normalized to BRCALl +/+ saline-treated (-) levels.
Immunoblots and gPCR are representative of at least three independent experiments.
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DiscussiON

Summary

This study shows for the first time a central role for autologous activation of the
alternative NF-xB pathway in the expansion of BRCA1-deficient mammary progenitor
cells. Down-regulation of BRCAL1 using either sSiRNA or shRNA consistently resulted in
activation of the alternative NF-xB pathway. Consistent with its role in DNA damage
repair, BRCAL loss or mutation resulted in increased DNA damage shown by increased
phosphorylation of H2AX foci and ATM. Moreover, an elevated level of ATM/NEMO
complexes and IKK-mediated p100 processing was observed in cells lacking BRCAL.

Alternative NF-xB pathway activation has been associated with increased cell
proliferation but at the same time delayed differentiation (Connelly et al., 2007). Indeed,
when p52 was overexpressed in the non-tumorigenic mouse mammary epithelial cell line
HC11, a block in lactogenic differentiation was observed. DNA damage-mediated NF-xB
activation in BRCA1 KO mouse mammary glands induced expansion of stem and
progenitor cell compartments. When examined, these BRCA1-deficient mouse mammary
progenitor cells exhibited high levels of nuclear p52 and RelB and had the ability to form
acini in Matrigel in the absence of progesterone. Consequently, the use of NF-xB
inhibitors such as BMS-345541, DMAPT, and shp100 inhibited the proliferation of these
“aberrant” progenitor cells in acini formation assays in the absence of progesterone.

Progesterone induces proliferation of mammary epithelial stem and progenitor
cells and it has recently been proposed to play a role in the initiation of breast cancer
(Brisken, 2013; Joshi et al., 2010). Progesterone treatment increased proliferation and

DNA damage in BRCA1 KO mouse mammary glands, suggesting a role for this hormone

104



in the DNA damage-mediated activation of NF-xB and aberrant progenitor cell expansion
in the mammary glands. The findings of this study are summarized as model in Figure
33.

BRCAL loss or mutation induces the alternative NF-kB pathway activation in vitro
and in vivo

BRCA1 and NF-xB have both been found to regulate normal mammary gland
development from the early embryonic stage to pregnancy and lactation (Connelly et al.,
2007; Demicco et al., 2005; Furuta et al., 2005; Marquis et al., 1995). Gain and loss of
function of NF-xB and BRCAL respectively have been associated with breast cancer
initiation and progression (Ginestier et al., 2009; Pratt et al., 2009). For the first time, the
mechanism through which BRCA1 loss or mutation induces the alternative NF-xB
activation has been dissected in progenitor cells, which may predispose them to breast
cancer initiation.

Confirmation of NF-xB activation in BRCA1-deficient cells was first assayed by
knockdown experiments in three different cell lines: the non-tumorigenic mammary
epithelial cell line MCF-10A, the luminal breast cancer cell line MCF-7, and basal breast
cancer cell line MDA-MB-231. BRCA1l knockdown resulted in increased p100
processing and p52/RelB nuclear localization, demonstrating the activation of the
alternative NF-kB pathway following BRCAL loss. To prove that this NF-xB activation
was not simply a consequence of BRCA1 knockdown, the BRCA1-mutated breast cancer
cell line HCC1937 was used. This cell line was originally established from a primary
breast carcinoma from a 24 year-old patient with a germ-line BRCA1 mutation

(homozygous BRCA1 5832insC mutation) (Tomlinson et al., 1998). Reconstitution of
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wild type BRCA1 in HCC1937 caused a decrease in p100 processing and in p52/RelB
nuclear localization, demonstrating that not only BRCAL loss but also BRCA1 mutation
induces activation of alternative NF-kB in vitro. To confirm that BRCA1-mediated NF-
kB activation was also induced in vivo, the MMTV-Cre transgenic mouse model with
BRCAL deletion restricted to mammary glands was used. Immunofluorescence analysis
on the whole mouse mammary gland revealed a uniform pattern of p100 and RelB
expression mostly localized in the cytoplasm of basal and luminal cells in BRCA1 WT
mammary glands while in BRCA1 KO mammary glands, nuclear localization of
p52/RelB confirmed alternative NF-«B activation.

In the last decade, several studies have tried to determine the cells of origin for
different subtypes of breast cancers. BRCAl-mutated cancer belongs to the basal-like
subtype, and several studies have shown that this tumor type originates from mammary
luminal progenitor cells (Lim et al., 2009; Molyneux et al., 2010; Visvader and Stingl,
2014). Immunofluorescence analysis on luminal progenitor cells isolated from BRCA1
WT and BRCA1 KO mouse mammary glands showed elevated p52/RelB nuclear
localization only in the BRCAl-deficient and not in the BRCALl-wild type luminal
progenitor cells. Moreover, western blot analysis showed an increased level of
phosphorylated IKKa/f in the BRCAIl-deficient compared to BRCA1l wild type
progenitor cells, confirming the activation of alternative NF-xB pathway in this
population. The IKK complex is normally localized in the cytoplasm of a cell; however,
IKKa can also been found in the nucleus, where it phosphorylates histone H3 and induce
survival and cell proliferation (Anest et al., 2003; Park et al., 2005). When examined, the

presence of phosphorylated IKKa was found in the nucleus of BRCA1-deficient luminal
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progenitor cell, while BRCAL wild type progenitor cells did not show any detectable
levels.

While IKK o phosphorylation can mediate the activation of the alternative NF-xB
pathway through p100 processing, phosphorylated IKKf can induce IkB degradation
followed by the release of the canonical NF-«B components p65/p50 (Hayden and
Ghosh, 2004). The IKKp phosphorylation observed was not surprising since IKKa
phosphorylation can in turn induce IKKp phosphorylation as well (Hayden and Ghosh,
2008b). To exclude the activation of the canonical NF-xB pathway, the nuclear
localization of p65 (the main components of the canonical NF-kB pathway) was analyzed
in the luminal progenitor cells and in whole mouse mammary gland sections. Almost no
nuclear p65 was found in the nuclei of BRCAZ1-deficient and competent luminal
progenitor cells. Moreover, BRCA1 KO and BRCA1 WT mouse mammary glands
showed similar levels of p65 in the cytoplasm of basal and luminal cells, without any
presence in their nuclei. These data confirmed that the canonical NF-xB proteins were
poorly expressed and not activated after loss of BRCAL and thus, only the alternative
NF-xB pathway is induced following BRCAL ablation.

To confirm these immunofluorescence findings from the mouse model in human
patient samples, histological sections from prophylactic mastectomies of BRCAL-
mutation carriers and BRCA1 wild type carriers were analyzed. When stained with
p100/p52 and RelB, two out of three BRCA1-mutation carriers showed strong expression
of p100/p52 and RelB in the lobules, while all BRCA1 wild type carriers were negative
for p100/p52 and RelB expression. Unfortunately, information about the specific BRCA1

mutational status in these patients was unavailable. One possible reason why one of the
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three BRCA1-mutation carriers did not express high level of p100/p52 and RelB could be
that a non-deleterious mutation allowed BRCAL to function as wild type in the mammary
gland of that patient. Moreover, the absence of NF-kB expression might also be a
consequence of the neoadjuvant chemotherapy that was administered to this particular
patient (see patient information in materials and methods).

Interestingly, not all lobules of the two BRCA1-mutation carriers were positive
for RelB or p100/p52. Indeed, some areas showed lobules with strong expression of NF-
kB while others were completely negative. Moreover, within the same lobule, some acini
were positive while others were negative. This might be explained by the previous
finding of BRCA1 loss of heterozygosity (LOH) only in some lobules of BRCA1-
mutation carriers (Liu et al., 2008). Hence, it might be possible that only in the
lobules/acini where BRCA1 LOH occurred is the NF-xB pathway strongly activated.
However, BRCAL is not the only protein responsible for the global genomic stability, and
several other proteins collaborate with BRCAL in the DNA damage repair system.
Indeed, it has been shown that mutations in some of these proteins (such as RAD51,
BARD1, p53, etc.) can increase DNA damage resulting in a similar risk of breast cancer
as that found in BRCA1-mutation carriers (Ralhan et al., 2007). Based on these findings,
the lobules and acini that showed high expression of NF-kB might have undergone de-
novo mutation in one of those genes involved in DNA damage repair, increasing DNA
damage thus activating IKK/NEMO resulting in p100/p52 and RelB activation (the link
between DNA damage and alternative NF-xB pathway activation will be discussed in the

following sections).
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Although the expression of these NF-kB components was elevated in the BRCA1-
mutation carriers, it was not possible to correlate a nuclear versus cytoplasmic
localization within the lobules as clearly as that observed in BRCA1 KO mouse
mammary glands. A possible explanation for the difference in the nuclear localization of
p52/RelB in the BRCA1 KO mouse mammary glands versus the more broad overall
increase in BRCAl-mutated human mammary glands could be attributed to several
factors: i) the transgenic mouse model versus the human BRCA1 mutated mammary
gland; ii) the age (mice were studied after puberty, between 9 and 12 weeks old, while the
human sections were from women spanning 35 years old to menopause); iii) the number
of mouse estrous versus human menstrual cycles; iv) the number of pregnancies (all mice
used were virgin while BRCA1-mutation carriers may have gone through pregnancy). So
far, our findings demonstrate that deleterious BRCA1 mutations are able to increase the
alternative NF-kB proteins in human mammary tissue.

The alternative NF-kB pathway activation induces stem/progenitor cell proliferation
and blocks their differentiation

Both the alternative and canonical NF-xB pathways have been found to regulate
proliferation and differentiation in the mammary gland. It has been reported that
p52/RelB can rescue a delay in mammary gland development in transgenic mice with
targeted super repressor IkBa expression (Demicco et al.,, 2005) while pl100
overexpression can reduce branching formation during pregnancy (Connelly et al., 2007).
Moreover, p65/p50 canonical NF-«kB activity increases gradually during pregnancy then
decreases at parturition at the onset of lactation. Notably, p65/p50 inhibits the prolactin

receptor pathway thereby preventing lactogenic differentiation (Geymayer and Doppler,
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2000) and mice lacking the catalytic function of IKKa cannot lactate due to a block in
mammary epithelial proliferation (Cao et al., 2001). These data demonstrate that the
expression of the alternative and canonical NF-«xB activity is spatially and temporally
regulated to induce proliferation and differentiation in the mammary gland. Indeed, our
bioinformatics analysis performed on microarray data derived from human bipotent,
progenitor, and differentiated mammary epithelial cell populations (Raouf et al., 2008)
revealed that pl00/p52 expression was significantly higher in the early progenitor
compared to differentiated cells, suggesting an important role for the alternative NF-xB
pathway in the proliferation and differentiation of these cell populations.

BRCAL1 has also been shown to regulate the fate of mammary stem cells, and its
loss has been associated with decreased number of ER-positive luminal cells and
increased number of cells expressing the stem-cell marker ALDH1 (Liu et al., 2008).
Taken together, these data demonstrate that BRCAL loss-induced alternative NF-xB
activation can affect stem and progenitor cell differentiation and proliferation.

FACS analysis of mammary epithelial-enriched stem and progenitor cell
populations demonstrated that BRCA1 KO mice had higher numbers of the enriched-
stem cell population in their mammary glands compared to those of BRCA1 WT.
Previous groups also reported similar findings, where BRCA1 mutation carriers showed
enlarged stem and progenitor cell populations, demonstrating a defect in the
differentiation process due to BRCA1 loss of function (Lim et al., 2009; Liu et al., 2008;
Proia et al., 2011). However, the mechanism behind this event has not yet been
characterized. Therefore, it can be hypothesized that the elevated alternative NF-xB

activity could be the defect providing these stem and progenitor cells the proliferative
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signal necessary for their expansion and blocks their further differentiation. Indeed, not
only did BRCALl-deficient mammary epithelial cells form more secondary
mammospheres (a sign of increased stem cell self-renewal), but the use of the IKK
inhibitor BMS-345541 blocked primary mammosphere formation, demonstrating that
NF-«B activation blocks progenitor cell proliferation. The increased number of secondary
mammospheres in BRCA1-deficient cells was also followed by elevated mRNA and
protein levels of the stem cell marker CD44, which is regulated by growth factors
involved in proliferation and differentiation (Hebbard et al., 2000). This increase in CD44
levels could be due to two phenomena: the increase in the stem cell number (more stem
cells expressing CD44 in BRCAL1 KO mice compared to BRCA1 WT mice) or the
increase in the CD44 expression (BRCAL-deficient cells express higher level of CD44
MRNA compared to BRCAL-competent cells). Moreover, it was noticed that after
BRCAZ1-knockdown in the stem-like HC11 cell line, CD44 mRNA levels increased.
Therefore, all these scenarios could be possible: the elevated number of stem cells, the
increased protein expression, and the BRCAl-mediated increase of CD44 mRNA levels
(as shown in HC11 cells) might be the mediators of this effect.

A previous study found that BRCA1-mutant carriers had expanded stem and
progenitor cell populations with increased expression of the stem-cell marker ALDHL1 in
some acini. It was also found that the ALDHZ1-positive acini correlated with LOH at the
BRCA1 locus, while ALDHI1-negative acini did not (Liu et al, 2008).
Immunofluorescence analysis of ALDH1 in the BRCA1-mutation carriers showed that in
one of the three sections most lobules were positive showing various levels of ALDH1

expression in the acini, while none of the BRCAL-wild type carriers were positive for
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ALDH1. More interestingly, this section positive for ALDH1 was the same section that
was also positive for p100/p52. When serial sections were examined, ALDH1-positive
lobules correlated with those also positive for p100/p52, suggesting that the activation of
the alternative NF-xB pathway may also be involved for the expansion of the ALDH1-
positive cell population found in BRCAL1-mutation carriers.

While these data demonstrated the role of NF-xB in the regulation of stem and
progenitor cell proliferation, confirmation that the alternative NF-xB pathway activation
in BRCA1-deficient cells could prevent differentiation was still required. To accomplish
this goal, the stem-like HC11 cell line, a well-known culture model to study mammary
epithelial cell differentiation, was used. After lactogenic stimuli, these cells form dome-
like structures and produce milk proteins including B-casein (Perotti et al., 2009).
Overexpression of p52 in the HC11 cell line blocked dome formation and [-casein
production, demonstrating that the alternative NF-xB pathway activation blocks
lactogenic mammary epithelial cell differentiation. All together, these findings provide
novel insights into the role played by BRCA1l and NF-«B in mammary glands
development. BRCAL inactivation is followed by the alternative NF-xB pathway
activation that in turn induces proliferation in the stem cells but at the same time blocks
progenitor cell differentiation.

The alternative NF-kB pathway activation is necessary for BRCAL-deficient
progenitor cell proliferation in a three-dimensional acini assay

The link between progesterone, NF-xB, and stem/progenitor cell proliferation has
been extensively studied in recent years. Previous findings showed that progesterone is

able to induce stem and progenitor cell proliferation through the RANK-L/RANK axis.
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Once inside PR-positive cells, progesterone induces the expression of RANK-L, which
can signal in a paracrine fashion by binding its receptor RANK on the cellular membrane
of PR-negative stem and progenitor cells, thus activating the IKK complex which leads to
cell proliferation (Joshi et al., 2010; Schramek et al., 2010).

A common method used to study the link between progesterone and mammary
progenitor cell proliferation is the three-dimensional acini assay. When epithelial cells are
isolated from a mammary gland and plated in a thick layer of Matrigel, only progenitor
cells are able to grow and form acini. The size of the acini is a reflection of the
proliferative potential of luminal progenitor cells. Acini formation is B27-dependent, as
acini cannot form in the absence of B27 (a media supplement composed by progesterone,
fatty acids, insulin, BSA, etc.). It was demonstrated that, when progesterone is added to
the media, luminal progenitor cells can form acini even in absence of B27. Therefore,
progesterone has been considered the main component able to induce acini formation
from luminal progenitor cells in vitro. The same group also found that BRCA1-mutation
carriers possess a population of luminal progenitor cells able to grow and form acini even
in absence of B27 (progesterone-independent growth). This ability to grow in the absence
of progesterone is maintained also when progesterone inhibitors are added to the media,
demonstrating that these BRCA1-deficient luminal progenitor cells have an intrinsic
defect in one or more signaling pathways rather than a ligand-independent activation of
progesterone receptor (Lim et al., 2009). However, the mechanism behind this
progesterone-independent growth of BRCA1-deficient cells is not yet understood. Hence,
autologous constitutive NF-xB activation could be the intrinsic defect that allows

progenitor cells to grow in a progesterone-independent manner.
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When primary cells obtained from BRCA1 KO and WT mouse mammary glands
were treated with the IKK inhibitor BMS-345541, luminal progenitor cells no longer
formed acini in Matrigel, demonstrating the reliance of this cell population on NF-«xB
activity to proliferate. This complete block in acini formation can be explained by the
ability of BMS-345541 to inhibit IKKo/fB, thus blocking both the canonical and
alternative NF-xB pathways. Therefore, a different NF-xB inhibitor that had already been
shown to be selective and for which more extensive in vivo testing had been done was
used. DMAPT is an IKK inhibitor that also represses pathways important for stem cell
proliferation such as MAPK and PI3K. Moreover, DMAPT has been approved for
clinical trials in patients with leukemia (Ghantous et al., 2013; Neelakantan et al., 2009).
DMAPT treatment in vitro had a stronger effect compared to BMS-345541 in reducing
the cell viability of the BRCA1-mutated HCC1937 cell line. When tested in the Matrigel
acini assay, DMAPT completely blocked the formation of acini of BRCA1-deficient
luminal progenitor cells growing in absence of progesterone; however, BRCA1-deficient
luminal progenitor cells were still able to form acini in the presence of progesterone
showing only a slight but significant reduction in their size. While BMS-345541 was able
to completely block acini formation in all culture conditions, DMAPT showed a stronger
and more targeted effect on BRCA1-deficient progenitor cells growing in absence of
progesterone. This may be due to the higher selectivity of DMAPT in inhibiting other
cellular pathways important for the proliferation of BRCAL1-deficient cells.

Since these pharmacological inhibitors (DMAPT and BMS-345541) block both
the canonical and alternative NF-xB pathways, to understand which one was more

important for progenitor cell proliferation, a selective inhibition of one or the other

114



pathway was performed. When the canonical NF-xB pathway was specifically inhibited
by the over expression of IxkBoR, acini size was not reduced in any conditions,
demonstrating that neither BRCA1-deficient nor wild type luminal progenitor cells
require the canonical NF-xB activity to proliferate. On the other hand, when the
alternative NF-xB pathway was specifically targeted using p100 shRNA, acini formation
of BRCAL1-deficient progenitor cells was almost completely blocked in absence of
progesterone. However, BRCA1-deficient progenitor cells were still able to form acini in
the presence of progesterone. It is possible that progesterone/RANK-L axis might
amplify the proliferative signal in BRCAL-deficient luminal progenitor cells through the
canonical NF-xB pathway or other pathways, partially bypassing the inhibition of the
alternative NF-xB pathway and inducing a partial rescue of proliferation. A possible way
to confirm this phenomenon might be the sequential inhibition of the alternative and
canonical NF-xB pathways, where first the alternative NF-xB pathway is blocked using
p100 shRNA and then the canonical NF-xB pathway is inhibited using the IxBaS®. If
progesterone can amplify the proliferative signal through the canonical NF-xB pathway
after the inhibition of the alternative NF-«xB pathway in BRCAl-deficient luminal
progenitor cells, then a block in acini formation after the canonical NF-xB pathway
inhibition could be expected.

As mentioned previously, the activation of the alternative NF-xB pathway is
mediated by IKKoa homodimers. To study the effect of IKKa inhibition on luminal
progenitor cell proliferation in Matrigel, primary cells were isolated from mouse
mammary glands expressing the IKKa™ Kknock-in mutation that inactivates IKKa

catalytic activity. Differently from what was observed with p100 inhibition, luminal
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progenitor cells lacking IKKa activity were not able to form acini in either the presence
or absence of progesterone. One explanation for the inability of IKKa”* luminal
progenitor cells to proliferate in the presence of progesterone might be due to the
important role of nuclear IKKa. Indeed, as showed here, phospho-IKKa is found in the
nucleus of BRCAZ1-deficient luminal progenitor cells, and a previous study showed that
nuclear IKKa mediates cyclin D1 and Myc-dependent proliferation (Park et al., 2005).
Moreover, IKKa has also been shown to activate NF-xB target genes in a p52/RelB-
independent manner through directed histone H3 phosphorylation (Anest et al., 2003;
Park et al., 2006). Hence, inhibition of IKKo not only blocks the activation of the
alternative NF-kB pathway but can also result in the alteration of other cellular processes.

Based on our previous finding that DMAPT blocks progesterone-independent
luminal progenitor cell proliferation in vitro, an experiment was performed in order to
test whether the same effect could be achieved in vivo. DMAPT was injected i.p. in
BRCA1 KO and BRCA1 WT mice, and then the ability of luminal progenitor cells to
form acini was assessed. DMAPT was more effective in vivo than in vitro in blocking
acini formation of both BRCA1-deficient and wild type progenitor cells in the presence
or absence of progesterone. This strongest inhibition observed in vivo could be a result of
achieving higher DMAPT concentration in the luminal progenitor cells or affecting
surrounding cells in the mammary gland.

As mentioned in the introduction, human and mouse mammary glands are
subjected to cyclic stimulation of progesterone levels, which peak after ovulation (every
5 days in mice and 28 days in human). Progesterone has been implicated in breast cancer

initiation (Brisken, 2013); indeed, several studies have demonstrated that bilateral

116



ovariectomy reduces the risk of BRCAZ1-associated breast cancers (Kauff et al., 2008;
Rebbeck, 2000), while the progesterone antagonist, mifepristone, blocks tumor formation
in BRCAL1/p53-deficient mice (Poole et al., 2006). Hence, the effect of the physiological
progesterone in recovering proliferation in the luminal progenitor cells was analyzed.
Interestingly, when mice were left to recover for 2 weeks after the last injection of
DMAPT, the acini formation was completely rescued in all conditions with the exception
of BRCA1-deficient progenitor cells growing in absence of progesterone. One possible
explanation for this result could be that when DMAPT injections were stopped, the
BRCA1-deficient luminal progenitor cells were able to expand again due to the
progesterone stimuli.

This finding could open the possibility for therapeutic intervention in patients
with BRCA1 mutations. Indeed, the 2 week interval between DMAPT injection and assay
for progesterone-independent progenitor cells corresponds to approximately 3 human
menstrual cycles. Hence, cyclic DMAPT treatments (for example once every three
months) may be sufficient to reduce the risk of breast cancer associated with proliferating
pools of BRCA1-deficient luminal progenitor cells.

Taken together all these data demonstrate the key role of the alternative NF-xB
activity in the luminal progenitor cells. Using pharmacological agents that inhibit both
the canonical and alternative NF-xB pathways, BRCA1-deficient luminal progenitor cells
are not able to form acini in Matrigel. However, the canonical NF-xB pathway appears to
play a minor role in the proliferation of both BRCA1-competent and deficient luminal

progenitor cells, while the alternative NF-xB pathway is fundamental for the BRCA1-
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deficient luminal progenitor cells, providing the advantage of proliferating even in
absence of progesterone stimulation.
DNA damage activates the alternative NF-kB pathway

BRCAL1 plays a central role in maintaining genomic stability and its inactivation
leads to replication fork stalling, DNA double strand breaks, genomic instability, and
ultimately to cancer (Deng, 2006; Jasin, 2002; Konishi et al., 2011; Schlacher et al.,
2012; Venkitaraman, 2014). When a DSB occurs, ATM is recruited, phosphorylated and
in turn phosphorylates H2AX (necessary for the recruitment of several additional factors
to the site of damage). For this reason ATM and H2AX are used as DNA damage
markers (Harper and Elledge, 2007). As expected, BRCA1 knockdown in the MCF-7 cell
line induced an elevated level of phosphorylated ATM and H2AX. When
immunofluorescence was performed on cells isolated from mouse mammary glands,
BRCAU1-deficient stem and progenitor cells also showed a high level of phosphorylated
ATM and H2AX, confirming that loss of BRCAL function resulted in increased DNA
damage in vivo. The same induction of DNA damage was also observed in BRCA1-
mutation carriers. Indeed, two out of three BRCA1-mutation carriers showed high levels
of phosphorylated ATM, while all BRCA1-wild type carriers were negative.
Interestingly, if lobules were positive for p100/p52, RelB, and ALDH1, they were also
positive for phosphorylated ATM. As discussed before, it is most likely that the lobules
that show activation of ATM and NF-xB have undergone LOH for BRCAL or de-novo
mutation in those genes involved in DNA damage repair causing increased DNA damage.

The activation of NF-kB by DNA damage has been known since the late 90s

(Piret et al., 1999) but only recently the molecular mechanism behind this has been
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addressed. Indeed, it has been recently shown that after DNA damage, phosphorylated
ATM can induce the nuclear export of NEMO, which in turn activates NF-xB (Gapud et
al., 2011; Hadian and Krappmann, 2011; Miyamoto, 2011). Hence, ATM activation
might be the link between BRCAL1 loss of function, abnormal NF-kB activation, and the
expansion of genetically unstable progenitor cells in the mammary gland. Co-
immunoprecipitation analysis showed higher level of NEMO binding ATM in the
BRCA1-mutated HCC1937 cells compared to BRCALl-wild type MCF-7 cells. When
BRCAZ1 was knocked down in MCF-7 cells, an increase in ATM/NEMO complexes was
also detected. However, this still did not prove that ATM-mediated NEMO nuclear
export was leading to increased NF-xB activity. When ATM was knocked down in
HCC1937 and lin neg. cells from BRCA1 KO mouse mammary glands, a strong decrease
in p52 formation was observed, indicating that NF-xB activation is mediated by ATM in
a BRCAL-deficient cells. Moreover, when ATM was blocked by either ShRNA or the
chemical inhibitor KU-55933, acini formation was only blocked in BRCA1-deficient
progenitor cells in absence of progesterone (the same effect observed with shp100), but
no effect was noticed in the presence of progesterone (differently from what was
observed with shp100). As discussed previously, progesterone is able to activate NF-kB.
Hence, even if ATM is knocked down, progesterone/RANK-L signaling can still activate
the alternative NF-kB pathway and maintain luminal progenitor cell proliferation yielding
acini formation in the presence of progesterone. However, without progesterone, acini
formation depends on ATM-mediated NF-kB activation. These findings demonstrate how
the DNA damage that follows BRCAL inactivation is responsible for NF-kB activation,

which promotes aberrant luminal progenitor cell proliferation.
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Progesterone increases replication-mediated DNA damage in mouse mammary
glands

Progesterone is a key hormone in the physiology of the mammary glands: after
every ovulatory phase, human and mouse mammary glands are subjected to high levels of
progesterone driving proliferation (Beleut et al., 2010; Joshi et al., 2010). Indeed, after
injecting mice with progesterone, it was noticed an overall increase in the Ki-67 positive
cells, demonstrating an increase in cell proliferation. Interestingly, while all Ki-67
positive cells in progesterone-treated BRCA1 WT mammary glands were localized to the
luminal compartment, in progesterone and vehicle-treated BRCA1 KO mammary glands
Ki-67 positive cells were mostly present in the basal compartment. The reason for this
differential Ki-67 compartmental localization can be explained by our and others’
findings (Lim et al., 2009; Liu et al., 2008; Proia et al., 2011) showing that BRCA1 loss
or mutation induces expansion of progenitor cell population (that localize in the basal
compartment) in the mammary glands. Hence, it is possible that the expanded aberrant
luminal progenitor cell population found within the basal cell compartment in the
BRCA1 KO mouse mammary glands also shows higher proliferation rates compared to
that in the BRCA1 WT mouse mammary glands.

Recent evidence demonstrated that BRCAL plays a key role during normal
cellular replication, protecting stalled replication forks. Moreover, in cases where a DSB
occurs, BRCAL can activate HR and repair the lesion without any further damage.
However, when BRCAL function is lost, cells are more sensitive to stalled replication
forks that lead to DSBs and genomic instability (Schlacher et al., 2012; Zhang and

Powell, 2005). Hence, replication for a BRCAZ1-deficient cell can represent a big
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challenge. All our previous findings demonstrated how BRCAZL-deficient luminal
progenitor cells have acquired the ability to proliferate in a progesterone-independent
manner, even with more DNA damage than normal cells.

During normal replication, DNA breaks can occur and are normally repaired by
BRCAI1-directed HR (Nagaraju and Scully, 2007). Thus, in BRCA1-deficient cell, the
progesterone-induced proliferation could lead to increased DNA damage. Indeed, when
signs of replication-induced DNA damage were examined, progesterone differentially
increased the level of phosphorylated H2AX in the lobules of mouse mammary glands.
Moreover, while BRCA1 WT mice injected with progesterone showed a slight increase
in phosphorylated H2AX, BRCA1 KO mice injected with progesterone showed a
stronger increase in phosphorylated H2AX in the lobules of their mammary glands. This
was probably a consequence of the progesterone-increased proliferation in BRCAL-
deficient cells lacking the ability to repair DNA. Interestingly, the levels of
phosphorylated H2AX were higher in vehicle-treated BRCA1 KO mouse mammary
glands compared to those of vehicle-treated BRCA1 WT mice (in agreement with the
role of BRCA1l in repairing DNA damage). When DMAPT was injected i.p,
phosphorylated H2AX levels were strongly reduced in BRCA1-deficient cells. Two
mechanisms can be proposed to explain this result: 1) DMAPT-mediated NF-xB
inhibition could reduce luminal progenitor cell proliferation and as a consequence also
reduce proliferation-related DNA damage. 2) DMAPT-mediated NF-xB inhibition could
reduce the survival of these aberrant progenitor cells, inducing apoptosis and as a
consequence reducing the cell number of this population. It is possible that either one or

both mechanisms are induced by DMAPT in the BRCA1 KO mouse mammary glands.
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However, more experiments need to be performed in order to clarify this effect of
DMAPT in mouse mammary glands.

The elevated level of proliferation and DNA damage found in the BRCAL1-
deficient cells poses the question of how these cells persist since DNA damage often
activates apoptosis. Two main options are available after DNA damage is encountered in
a cell: repair it or, if the lesion is irreparable, apoptosis is the most common outcome
(Roos and Kaina, 2006). The cleavage of the 116 kDa protein PARP-1 by activated
caspase 3 and 7 results in the formation of the 89 kDa PARP-1 fragment, a well-known
hallmark of apoptosis (Chaitanya et al., 2010; Herceg and Wang, 1999). BRCA1 WT
mice injected with progesterone (under super physiological level of this hormone)
showed an increase in the amount of the 89 kDa PARP-1 fragment, demonstrating that
proliferation-induced DNA damage was activating the apoptotic pathway. However,
BRCA1 KO mice injected with progesterone did not show any difference in the cleaved
PARP-1 levels compared to BRCAL KO mice vehicle-injected. Despite the higher level
of DNA damage, BRCAL1-deficient cells were able to block the apoptotic pathway and
survive. It has recently been found that the 53BP1 protein is down-regulated in BRCA1-
mutated breast cancer and its inhibition can promote viability of BRCAZ1-deficient cells
through the rescue of HR function (Bouwman et al., 2010). It was also demonstrated that
BRCAL1 loss activates cathepsin L-mediated degradation of 53BP1 (Grotsky et al., 2013).
Since cathepsin L has a kB site in its promoter (Seth et al., 2003), it might be possible
that the increased activity of NF-xB found in BRCAL-deficient cells can induce cathepsin

L-mediated 53BP1 degradation and rescue HR function, allowing the survival of this cell
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population. However, more experimental evidence needs to be collected in order to
confirm this hypothesis.
NF-kB activates Myc and cyclin D2

All the experiments performed so far focused on alternative NF-xB pathway
activation and its function in luminal progenitor cells. However, since NF-xB is a
transcription factor, NF-xB target genes that might explain the expanded BRCA1-
deficient cell population were also considered. One of the potential candidates NF-xB
target genes was the proto-oncogene Myc. Indeed, it has been demonstrated that Myc can
be regulated by NF-«xB and IKK at both the transcriptional and post transcriptional levels
(Duyao et al., 1990; Kim et al., 2010; Yeh et al., 2011). Myc has long been linked to
cellular growth (Dang, 2013), and its expression has been found elevated in BRCA1-
associated cancers (Grushko et al., 2004). Hence, the possibility that NF-xB might be
inducing the expansion of luminal progenitor cells through Myc activation was
considered. Indeed, Myc levels were increased in BRCA1 KO mouse mammary gland
and in BRCA1-mutation carriers. Moreover, Myc expression was regulated by NF-«xB
activity since both BMS-345541 and shp100 notably reduced Myc levels in HCC1937
and in BRCAL1-deficient mouse progenitor cells. The use of shp100 confirmed that Myc
expression was mostly regulated by the alternative NF-xB activation. However,
confirmation that this NF-kB-directed Myc expression was inducing luminal progenitor
cell proliferation had still to be proved. When mouse luminal progenitor cells were plated
on Matrigel and Myc expression inhibited with Myc shRNA, an overall reduction of acini
size was observed (reflecting the same trend found with shp100). Moreover, the strongest

reduction was noticed in the acini size from BRCAL1-deficient cells grown in absence of
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progesterone, demonstrating that these cells rely in part on NF-xB-mediated Myc
activation in order to proliferate.

Examination of gene signature of stem and luminal progenitor cells from patients
with wild type BRCA1 and BRCA1 mutations (Liu et al., 2008) showed 6-fold increased
expression in cyclin D2 in BRCA1-mutation carriers. Cyclin D2 is a protein with a key
role in stem cell proliferation (Becker et al., 2010; Sasaki et al., 2004), and it has also
been found to regulate mammary gland development. Indeed, cyclin D2 overexpression
during pregnancy blocks lobuloalveolar proliferation and differentiation (Kong et al.,
2002) having the same effect as p100 overexpression (Connelly et al., 2007). Currently,
there is no evidence that NF-xB can regulate cyclin D2 at the transcriptional or protein
levels; however, Myc is also a transcription factor and can regulate cyclin D2 expression
(Bouchard et al., 1999). BRCAL-deficient primary cells isolated from mouse mammary
glands showed increased cyclin D2 mRNA and protein levels compared to BRCA1-wild
type cells. Moreover, cyclin D2 levels were regulated by NF-kB; indeed, when BMS-
345541 was added to BRCAL-deficient primary cells, cyclin D2 mRNA levels were
reduced. An even stronger reduction in cyclin D2 protein levels was achieved by
blocking the alternative NF-kB pathway in HCC1937 cells using shp100. When DMAPT
was used in vivo, a strong reduction in cyclin D2 protein levels was observed, confirming
that the alternative NF-xB pathway was mediating the cyclin D2 expression in BRCA1
KO mouse mammary glands. Taken together these results demonstrate that the alternative
NF-kB pathway activation is associated with increased Myc and cyclin D2 expression in

BRCA1-deficient cells.
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Conclusion and implication for diagnosis and treatment

In this work it was showed for the first time how the alternative NF-xB pathway
is activated by DNA damage. After BRCAL loss or mutation, the increased level in DNA
damage causes NEMO-dependent IKK activation, that in turns leads to the nuclear
RelB/p52 localization. The activation of the alternative NF-xB pathway increases the
proliferation of the mouse mammary luminal progenitor cell population and blocks
differentiation, allowing the expansion of the stem and progenitor cell compartments in
the mammary glands. NF-xB induces the proliferation of these luminal progenitor cells
even in absence of proliferative stimuli, such as progesterone. In the absence of
functional BRCA1, these luminal progenitor cells acquire genomic instability but
continue to expand as a consequence of the constitutive NF-xB activation.

Currently screening for mutation in the complete BRCA1 sequence is used as a
standard method for breast cancer risk assessment. However, not all BRCA1 mutations
are deleterious and assigning risk to the numerous mutations found in the gene is difficult
(Borg et al., 2010). Moreover, several studies have demonstrated that inactivation of
other proteins involved in the DNA damage repair machinery can contribute to or modify
BRCA1-mutational cancer risk (Ralhan et al., 2007). Today, our understanding of breast
cancer is moving from the concept of a single-gene disease to a multigenic disorder,
where the combined effect of different altered pathways can drive breast cancer initiation.
More efficient markers that could be used to predict breast cancer risk are needed. As
such, alternative NF-xB activation in the presence of various BRCA1 or other DNA
damage gene mutations could represent a promising assay for increased DNA damage

and aberrant cell proliferation within a standardized mammary epithelial cell assay.

125



Finally, it was found that DMAPT treatment in vivo blocked the expansion of
BRCAZ1-deficient luminal progenitor cells, suggesting an exciting new approach for the
prevention of breast cancer initiation. Indeed, intermittent or cyclic therapy using
DMAPT has the potential to mitigate breast cancer risk in BRCAL-mutation carriers
through acute reduction of aberrant progenitor cell activity. As such, NF-kB-directed
chemopreventive therapies may provide promising alternatives to prophylactic

mastectomy in this high-risk patient population.
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APPENDIX — SUPPLEMENTARY DATA

Paired t-tests

Gene Affy ID p-value Overexpressed in:

Bipotent enriched vs Early/Commited Luminal progenitor

[Alternative NFKB2 24505382 3p x at 0.04868619 Early/ Com Luminal
pl00/p52]

Early/Com Luminal vs Mature Luminal Progenitor
[Alternative NFKB2 24505382 3p x at 0.03715145  Early/Com Luminal
pl00/p52]

Figure 34: Analysis of expression of the NFKB2 gene in microarrays derived from
Raouf et al., 2008 (GEO accession number GSE11395)

Expression levels derived from Affymetrix array analysis of 3 samples of human bipotent
and committed luminal progenitor cells. Log2 expression values for the indicated probe
sets were subjected to a paired t-test. Luminal progenitor enriched fraction expresses
higher levels of p100/p52 than the bipotent cells and maintained a higher expression level
than the mature luminal progenitor cells.
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Figure 35: BMS-345541-treated lin neg. cells plated for acini assay

Lin neg. cells plated in Matrigel (2,000 cell in 20uL of Matrigel) were grown in the
presence or absence of B27 for 15 days. Acini size was measured using Northern Eclipse.
Obijective 2.5X.
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Figure 36: DMAPT-treated lin neg. cells plated for acini assay

Lin neg. cells plated in Matrigel (2,000 cell in 20uL of Matrigel) were grown in the
presence or absence of B27 for 15 days. Acini size was measured using Northern Eclipse.
Obijective 2.5X.
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Figure 37: Lin neg. cells from mouse mammary glands DMAPT-injected plated for
acini assay

Lin neg. cells plated in Matrigel (2,000 cell in 20uL of Matrigel) were grown in the
presence or absence of B27 for 15 days. Lin neg. cells were collected A. the day after the
last injection and B. two weeks after the last injection. Acini size was measured using
Northern Eclipse. Objective 2.5X.
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BRCAL1 +/+

BRCAL -/-

Figure 38: The effect of p100 inhibition on lin neg. cells plated for acini assay

Lin neg. cells plated in Matrigel (2,000 cell in 20uL of Matrigel) were grown in the
presence or absence of B27 for 15 days. Acini size was measured using Northern Eclipse.
Obijective 2.5X.
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Figure 39: Lin neg. cells from IKKao”* and IKKa"'" mouse mammary glands plated
for acini assay

Lin neg. cells plated in Matrigel (2,000 cell in 20ul of Matrigel) were grown in the
presence or absence of B27 for 15 days. Acini size was measured using Northern Eclipse.
Objective 2.5X.
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shNT shATM

BRCAL +/+

BRCAL -/-

Figure 40: Effect of ATM inhibition on lin neg. cells plated for acini assay

Lin neg. cells plated in Matrigel (2,000 cell in 20uL of Matrigel) were grown in the
presence or absence of B27 for 15 days. Acini size was measured using Northern Eclipse.
Objective 2.5X.
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Figure 41: KU-55933-treated lin neg. cells plated for acini assay

Lin neg. cells plated in Matrigel (2,000 cell in 20uL of Matrigel) were grown in the
presence or absence of B27 for 15 days. Acini size was measured using Northern Eclipse.
Objective 2.5X.
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Figure 42: Effect of Myc inhibition on lin neg. cells plated for acini assay

Lin neg. cells plated in Matrigel (2,000 cell in 20uL of Matrigel) were grown in the
presence or absence of B27 for 15 days. Acini size was measured using Northern Eclipse.
Obijective 2.5X.
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Figure 43: Slug protein levels and ABCB1 mRNA levels are increased in BRCAL-
deficient cells

A. Whole cell lysates from lin neg. cells were immunoblotted for slug. BRCAZ1-deficient
mouse mammary epithelial cells showed an increase in slug protein levels. B. Whole cell
lysates from HC11 cells infected with lentivirus carrying non-targeting (NT) or BRCA1
shRNA were immunoblotted for slug. Actin was used as loading control. Numbers
underneath actin represent slug protein levels quantification by ImageJ normalized to
SshNT levels. C. Whole cell lysates from HCC1937 cells infected with lentivirus carrying
non-targeting (NT) or p100 shRNA were immunoblotted for slug. Actin was used as
loading control. Numbers underneath actin represent slug protein levels quantification by
ImageJ normalized to shNT levels. D. and E. mRNA was extracted from lin neg. cells
treated with vehicle (Veh) or 10 uM BMS-345541 and gPCR performed for ABCB1.
Actin was used as the housekeeping gene control. Immunoblots and graphs are
representative of at least three independent experiments.
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