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SUMMARY

The goal of this work is to better understand the mechanisms by which FoxM1 promotes tumor
development and progression. FoxM1 is overexpressed in nearly every tumor type examined. While it
was believed that the functions of FoxM1 were limited to promoting proliferation, this view is
incomplete. Comparing early grade tumors to late aggressive metastatic tumors shows no difference in
rate of proliferation (Hanahan and Weinberg, 2011). Therefore, it seems unlikely that the levels of FoxM1
would be need to be elevated in tumors as they progress. While it is possible that the FoxM1 expression
increases indirectly, in response to upstream signaling, we believed this increase is specific and necessary
for tumor progression. In breast cancers, FoxM1 is correlated with an undifferentiated tumor type and
poor patient prognosis. I worked to identify a mechanism by which FoxM1 promotes the growth and
development of high-grade tumors. In this process, we identified FoxM1 as a regulator of GATA-3, a
factor highly correlated with estrogen expression. Previous studies showed that GATA-3 is silenced by
methylation as tumors advance. We demonstrate that FoxM1 can promote the methylation of the GATA-3
promoter by an Rb dependent mechanism. In addition, this work assigned a novel function to FoxM1, the
ability to function as a transcriptional repressor. I was also interested in the ability of FoxM1 to promote
resistance to breast cancer treatments, specifically the HER2 targeting antibody Herceptin and the
microtubule stabilizer Paclitaxel. From this work we identified FoxM1 as a target in resistant tumors. In
addition, we demonstrated that targeting FoxM1 functioned to sensitize cells to treatments. This study
indicates that perhaps through targeting FoxM1 it would be possible to administer lower doses of
chemotherapeutic agents resulting in less toxicity. The lab has worked to develop a small peptide inhibitor
of FoxM1. Using this peptide, we were able to demonstrate that targeting FoxM1 does in fact lead to
sensitization of both parental and resistant cell lines to treatment. This work assigns novel functions to

FoxM1 and provides rationale for establishing it as a target in aggressive breast tumors.

xi



1. Introduction

The work presented here focuses on the role of FoxM1 in regulating two different aspects of
mammary tumor biology. The first being the ability of FoxM1 to promote a drug resistant phenotype and
the second, to negatively regulate mammary luminal differentiation. These two seemingly unrelated
processes share a common ground, the breast cancer stem cell. Both drug response and differentiation are
intricately related to stem cell biology. Therefore, an introduction of mammary gland biology followed by
a detailed discussion of breast cancer and the breast cancer stem cell will follow. In addition to FoxM1,
proteins that were discovered to be key coactivators or targets, GATA-3, DNMT3, and Rb will be

discussed in detail below.

A. Mammary Gland Differentiation

A.1. Developmental Regulation

The mammary gland is derived from ecotodermal tissue. Organogenesis begins at embryonic day
10 in the mouse with the formation of a thickened region of surface epithelium termed the mammary line.
Lef-1, a transcription factor in the WNT/B-Catenin pathway is the earliest marker of mammary epithelium
and appears at embryonic day 11-12. At this time, the primordial mammary strucutures, or mammary
placodes appear (Mailleux et al., 2002). Epithelial cells migrate into the region and undergo early
differentiation to produce a mammary bud. Late in embryogenesis, in response to parathyroid hormone
related protein (PTHrP) signaling through parathyroid hormone receptor (PTHR1), mammary buds
become the primary branched epithelial structure present in the postnatal mouse (Wysolmerski et al.,

1998; Dunbar et al., 1999).

During puberty (5-6 weeks of age), the rudimentary mammary gland forms terminal end bud
structures and begins to invade the surrounding fat pad. The terminal end bud structure is of particular

significance because cap cells, or those found in the invading front make up the stem cell population.
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Progeny of these cells expand and differentiate as they move down the structure to form the mature cell
types of the duct. Cells in the center undergo apoptosis to generate a functional lumen (Williams and
Daniel, 1983; Smalley and Ashworth, 2003). This period of extensive growth and ductal expansion is
dependent on estrogen receptor a signaling in both the epithelium and stroma (Bocchinfuso et al., 2000;
Mueller et al., 2002; Mallepell et al., 2006). Ductal expansion is in part mediated by estrogen regulation
of progesterone and prolactin expression. Hormone receptors are generally expressed in non-proliferating
epithelial cells and signal through paracrine mechanisms. Through paracrine pathways involving growth
factor signaling, these cells promote the proliferation of receptor negative cells resulting in a mature

branched mammary structure (LaMarca and Rosen, 2008).

While estrogen receptor o is crucial to ductal expansion during puberty, it is not required for
epithelial growth and branching during pregnancy (Hennighausen and Robinson, 2005). Prolactin and
progesterone are the key hormones mediating alveolar differentiation. Prolactin is the key upstream
initiator. Prolactin signals through prolactin receptor (PRLR) to induce pathways involved in epithelial
proliferation, differentiation, and survival. Upon binding to prolactin, PRLR dimerizes and Janus Kinase
2 (JAK2) phosphorylates the receptors, which results in activation of the transcription factor STATS5
(signal transducer and activator of transcription 5). STATS is the key transcriptional activator of the
pregnancy differentiation program. Targets include the milk proteins whey acidic protein (WAP) and -
Casein. Additionally, PRLR activates MAPK, Akt, and progesterone signaling to promote cellular
proliferation independent of STATS activation (Hennighausen and Robinson, 2005; Wagner and Rui,
2008). This combination of proliferation and differentiation leads to the gland undergoing further growth

and tertiary branching to create alveoli or bud-like structures to support milk production.

After weaning, the process of involution begins to return the gland to the pre-pregnancy state.
Involution involves two phases that are characterized by their reversibility. The first phase is reversible
and involves widespread caspase-3 and PARP mediated apoptosis of the secretory epithelium (Baxter et

al., 2007). This is marked by a decrease in the expression of pro-survival genes STATS and Akt that are
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crucial to maintaining the epithelium during pregnancy and an increase in p-STAT3 (Sutherland et al.,
2007). Activated STAT3 functions in several ways to mediate apoptosis. STAT3 targets C/EBPO which
activates pro-apoptotic genes including BAK and p53 while repressing the pro-survival gene Bfll and the
cell cycle regulator Cyclin D1 (Baxter et al., 2007). Additionally, STAT3 activates the NFkB subunits,
pS0a and p55a, that function to decrease pro-survival signaling through the Akt pathway. STAT3
functions to mediate the switch to the second phase of involution, the irreversible macrophage and
protease mediated remodeling process. Through activation of Oncostatin M, a member of the IL-6 family,
STATS3 helps to promote macrophage activity and in effect, the removal of apoptotic cells. This second
phase relies heavily of the matrixmetalloproteinase (MMP) family of proteins. Specifically, MMP2 and

MMP3, which function to remodel the extracellular matrix and stroma (Sutherland et al., 2007).

A .2. Stem and Progenitor Compartment

The cellular plasticity of the mammary gland that is evident throughout development can be
attributed to a stem cell population (Kordon and Smith, 1998). The three mature cell types of the
mammary gland can be produced from a single progenitor (Stingl et al., 2006; Shackleton et al., 2006). A
pool of pluripotent stem cells in the mammary gland gives rise to lineage restricted progenitor cells that
can be further differentiated into mature luminal (alveolar or ductal) or myoepithelial cells (Visvader et

al., 2009).

While it was hypothesized that a mammary stem cell must exist, it was not proven until 1959.
DeOme and colleagues showed that if you clear the endogenous epithelium from a prepubescent mouse
and place a fragment of a mammary gland from a mature mouse in the cleared fat pad, an entire
mammary structure would form (DeOme et al., 1959). It was decades later when the mammary stem cell
was conclusively identified. Kordon and Smith used retroviral tagging to show that the entire mammary
gland was likely generated from one cell and not a pool of cells (Kordon and Smith, 1998). Small
numbers of cells were infected, implanted into the cleared fat pad, allowed to regenerate, and the mice

were analyzed after the first pregnancy. It was observed by southern blot that approximately 88% of the
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cells harbored the same viral insertion, indicating that they were likely the progeny of one cell.
Additionally, they noted that this cell resided in the basal compartment (Kordon and Smith, 1998).
Several years after this, flow cytometry markers that could be used to enrich stem cells were identified
(Stingl et al., 2006). Using these markers, it was shown that a single “stem cell” was capable of

regenerating the entire mammary gland (Shackleton et al., 2006).

After the identification of the mammary stem cell population numerous studies aimed at
understanding the regulation of this compartment have been performed. As a result, several common
pathways have been implicated in stem progenitor regulation such as Wnt, Notch, and p53. Wnt signaling
is required for the embryonic development of the mammary gland. Transplantation studies demonstrated
that Wnt signaling is required for the maintenance of the stem cell population in the gland. Epithelial cells
from LrpS (Wnt coreceptor) knockout mice were not able to regenerate the ductal structure in recipient
mice (Lindvall et al., 2006). Several studies had demonstrated that Notch signaling was needed for stem
cell maintenance but the cell type targeted by Notch was unclear (Dontu et al., 2004; Buono et al., 2006).
The Visvader group showed that Notch functions in the luminal progenitor (CD61+) population to

increase progenitor cell self-renewal (Bouras et al., 2008).

One key feature of stem cells is asymmetric cell division. Each time a stem cell divides it should
generate an identical stem cell as well as a cell committed to differentiate. In mammary stem cells it was
unclear what regulates asymmetric division. In an elegant study by Cicalese and colleagues it was shown
that p53 is a key regulator of stem cell of this process (Cicalese et al., 2009). In the absence of p53, cells
divide symmetrically and one stem cell gives rise to two identical stem cells, which leads to an expansion

of the stem cell pool at the expense of differentiation (Cicalese et al., 2009).

Recently, it was shown that steroid hormones are responsible for regulating the stem cell
population. While the number of stem cells in the gland was not altered by ovectomy in mice, the ability
of the stem cells to repopulate in recipient mice was impaired indicating that hormones are important in

maintaining the “stemness” of these cells. Specifically progesterone and prolactin were responsible for
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expanding the stem cell pool during pregnancy. This finding is interesting because stem cells are
progesterone and estrogen receptor negative. Two groups simultaneously showed that hormones signal
through the RANK pathway in differentiated cells to signal to stem cell pools that express RANK ligand
(RANKL). This pathway is needed to keep stem cells from becoming quiescent and keeping them in a
replication competent state (Joshi et al., 2010, Asselin-Labat et al., 2010). These studies demonstrate a
role for hormones in regulating the stem cell compartment and suggest a mechanism for maintaining a

balance between stem and differentiated populations.

B. Breast Cancer

B.1. Tumor Grade and Differentiation

Breast cancer is the mostly commonly diagnosed tumor type in women of the western
hemisphere. In the United States alone, breast cancer accounts for 40,000 deaths each year, second only to
lung cancer (Jemal et al., 2010). In breast cancer, there is a clear correlation between tumor grade and
patient survival, making analysis and understanding of grade particularly important (Elston and Ellis,
1991). Mammary tumor grade is a measure of the level of differentiation. Assigning tumor grade depends
on several factors according to the Nottingham Grading System (NGS): (1) gland histology or degree of
tubule formation, (2) nuclear pleomorphism, and (3) mitotic index. There are three grades. Grade 1
tumors are well differentiated and more than 75% of the gland has recognizable tubule formation. Grade 2
tumors are moderately differentiated while grade 3 tumors are poorly differentiated, contain less than
10% tubules and have a high mitotic index (Elston and Ellis, 1991; Rakha et al., 2010). This scale is
commonly used and recommended by several professional agencies because it has prognostic
significance. Patients with low-grade tumors have high survival rates that have been attributed to a high
rate of response to endrocrine and chemotherapy regimens and low rates of metastasis. The inverse is true
as well. Grade three tumors have high rates of relapse and metastasis and poor patient survival. While this
system has clear clinical and prognostic value, additional markers are needed. In particular, grade 2

tumors create a prognostic “gray area.” Over the past several years, molecular classification of tumors is
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moving to the forefront of breast cancer research. This shift is slower clinically because of cost and time
constraints and the prognostic value of molecular classification is not as clear as that of tumor grade
(Rakha et al., 2010).

Molecular breast cancer classification includes five main subtypes; luminal A, luminal B, triple
negative or basal type, HER2 positive, and more recently, claudin-low (Perou et al., 2000; Sorlie et al.,
2001; Creighton et al., 2009). Luminal A and B are estrogen receptor (ER) and progesterone receptor
(PR) positive and HER2/ErbB2 negative. These tumors are well differentiated in comparison to the other
subtypes. They differ in the amount of steroid hormone receptors, luminal B tumors are “less positive” for
ER and PR receptors and therefore carry a slightly lower prognosis than type A. HER2 positive tumors
can be ER or PR positive as well but are classified by amplification of the oncogene HER2/ErbB2, a
member of the growth factor signaling pathway. Triple negative tumors are as the name indicates, ER,
PR, and HER?2 negative. These tumors have a molecular signature similar to the myoepithelial or basal
cells of the mammary gland. Given that mammary stem cells are found in the myoepithelial compartment
it is not surprising that triple negative tumors have a “stem-like” signature. These tumors are generally
highly aggressive and poorly differentiated. More recently, the claudin-low subtype was characterized.
These tumors have a “stem-like” signature and in addition have high levels of genes associated with
epithelial to mesenchymal transition (Ginestier et al., 2007; Creighton et al., 2009). Analysis of patient
prognosis by tumor grade or molecular subtype leads to the same conclusion, tumors that histologically

appear more differentiated or display markers of differentiation have a better patient outcome.

B.2. Breast Cancer Stem Cell

Over the past several years, there has been a surge in the amount of work that has focused on
understanding the regulation and development of mammary stem and progenitor cells. This is in part due
to the identification of the breast cancer stem cell. Within a solid breast tumor, only a small portion of
cells are capable of forming a tumor upon secondary passage, indicating that only a small number of cells

have tumorigenic abilities (Al-Hajj et al., 2003). Therefore, an operational definition of a cancer stem cell
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is a cell that is able to give rise to a heterogenous tumor upon implantation or arrival at a metastatic site.
Additionally, these cells have surface markers and molecular profiles similar to stem cells. The cell of
origin for breast cancer is not known, yet increasing evidence points to a progenitor or stem cell as the
culprit. Given that breast cancer may originate from an undifferentiated cell, recurrence is associated with
a cancer stem cell, and that there is a clear relationship between differentiation and patient outcome, an

understanding of mammary stem and progenitor cells is key to understanding breast cancer.

B.2A. Identification. The concept of a cancer stem cell comes from studies in neoplasms of

hematopoietic origin. It was first shown that among tumor cells isolated from mouse models of leukemia
or multiple myeloma only 1 in approximately 10,000 were able to form colonies in vitro (Park et al.,
1971). Additionally, only 1-4% of tumor cells were able to grow in the spleen of recipient mice (Reya et
al., 2001). Evidence for stem cells in solid tumors came later. Small numbers of cells would grow in soft
agar assay after isolation from lung tumors. This was also true in solid tumors of the reproductive and
neurological systems (Fidler et al., 1977; Fidler et al., 1982; Heppner, et al., 1984). Conclusive evidence
for human breast cancer stem cells came from the Clarke group in 2003. By using the cell surface
markers, CD44 and CD24, this group identified the CD44+,CD24lo population as a tumor stem cell. They
showed that as few as 100 of these cells were able to regenerate a tumor in NOD/SCID mice as compared
to 50,000 bulk tumor cells. Tumors regenerated from this subpopulation were able to give rise to the

phenotypical heterogeneity visible in the primary tumor (Al-Hajj et al., 2003).

B.2B. In Vitro Culture of Mammary Stem Cells. While, the importance of rigorously analyzing
the breast cancer stem cell population was evident, early attempts to grow mammary stem/progenitor cells
on a solid substrate in vitro failed because cells would go on to terminally differentiate (Reynolds and
Weiss, 1996; Romanov et al., 2001). In 2003 Dontu and colleagues developed an in vitro system of

growing mammary stem and progenitor cells as “mammospheres.” The mammosphere model was based
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on previous work that demonstrated that a population of neural cells could be grown in suspension and 5-
20% of these cells were undifferentiated (Dontu et al., 2003; Reynolds and Weiss, 2006).

The authors took tissue from human reduction mammoplasty, digested it using a series of
enzymes, and grew the cells in serum free media supplemented with stem cell and growth factors. It was
determined that these cells lacked markers of luminal differentiation, including Mucin 1 (MUC1) and
cytokeratin 18 while expressing markers of bipotential cells including epithelial-specific antigen (ESA),
and a6 integrin. In addition, once plated on collagen or matrigel, sphere derived cells differentiated into
both luminal and basal cells indicating the presence of bipotential stem cells. The mammosphere system
provides a system for culturing stem and progenitor cells and measuring their ability to differentiate. In
addition, the mammosphere assay allows for quantification of stem cell renewal activity. By serial
passaging of equal numbers of cells and counting, the percentage of cells with “self-renewal” capabilites
can be determined (Dontu et al., 2003). Later, it was demonstrated that mammospheres could be
generated using breast cancer cell lines or mammary tumors and used as a measure of relative stem cell
number. In addition, it allows for manipulation of the cells by retrovirus expressing shRNA or expressing
a gene thereby allowing for careful examination of signaling pathways (Grimshaw et al., 2008; Korkaya
et al., 2008). This system has been used as a screen for drugs that target the stem cell population and as a
model to understand the mechanisms of resistance of the stem cell pool (O’Brien et al., 2008; Kakarala et

al., 2008).

B.2C. Regulation. While the relationship between the normal mammary stem cell and the breast
cancer stem cell is not known, there is a clear overlap in the regulatory mechanisms. Specifically, Wnt,
Notch and HER?2 signaling have been implicated in breast cancer stem cell self-renewal (Visvader et al.,
2009). As previously mentioned, Wnt signaling regulates self-renewal of the bipotential stem cell (Reya
and Clevers, 2005). Expression of Wnt from the mammary specific MMTV (mouse mammary tumor
virus) promoter leads to tumor formation and Wnt signaling is able to promote dysregulated stem cell

self-renewal in the mammary gland. In MMTV-Wnt tumors, there is an increase in the number of
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progenitor cells and in the ability of these cells to regenerate in vivo (Li et al., 2003; Shackleton et al.,
2006; Vaillant et al., 2008).

Notch signaling helps to limit the bipotential stem cell pool and promote progenitor cell
expansion in the normal mammary environment. In the context of tumor formation dysregulated Notch
expression can have detrimental effects. Addition of Notch family members leads to an expansion of
cancer stem cells while reduction of Notch signaling using an inhibitor or antibody leads to a reduction of
cancer stem cells (Farnie et al., 2007).

HER2 is a member of the EGF family of growth factor receptors. Amplification or
overexpression of HER2 occurs in 25-30% of human breast cancers. Korkaya and colleagues
demonstrated that addition of HER2 leads to an expansion of the progenitor colonies in culture and
showed that when these progenitor colonies were grown in matrigel they formed ducts with hyperplastic

features (Korkaya et al., 2008).

B.3. Drug Resistance and Metastasis

In the treatment of breast cancer, there are two closely related major clinical challenges, that of
drug resistance and metastasis. The mammary gland is not an essential organ to the maintenance of life
therefore, patients rarely succumb to primary tumors. Patients die of metastasis to essential organs,
namely bone, lung, and brain. Generally, primary tumors are resected and chemotherapy and/or endocrine
therapies are given. While this therapy is curative for some patients, others go on to develop metastasis or
have tumors that recur and are resistant to therapies. The known mechanisms of drug resistance and
metastasis are numerable and beyond the scope of this work. For this reason, the focus will be on
resistance to a commonly used chemotherapeutic, Paclitaxel and the targeted monoclonal antibody
Herceptin (or Trastuzumab). Additionally, a brief overview of metastasis will be discussed in the context

of the relationship to breast cancer stem cells.
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B.3A. Mechanisms of Drug Resistance. The receptor typrosine kinase ErbB2/HER?2 is a member
of the epidermal growth factor (EGF) family of receptors. HER2 has no known ligand, but functions by
forming heterodimers with other family members to promote intracellular signaling (Le et al., 2005).
Pathways downstream of HER?2 include phosphatidylinositol 3-kinase (PI3K), RasGAP, and signal
transducer and activator of transcription 5 (STATS5) (Yarden et al., 2001). Amplification of HER2 is a
sign of a highly aggressive tumor type with few treatment options. Several therapies aimed at inhibiting
HER?2 signaling are in use, including the monoclonal antibody Herceptin (Trastuzumab) that functions to
disrupt the interaction between HER2 and its preferred binding partner HER3 (Junttila et al., 2009).
Treatment with Herceptin results in accumulation of the Cdk inhibitor p27 and subsequent G1/S cell cycle
arrest. Unfortunately, the efficacy of Herceptin as a monotherapy is thought to be less than 30% and in
combination with microtubule stabilizing drugs approximately 60% (Burris et al., 2000). Resistance to
Herceptin develops quickly and is thought to stem from compensated signaling by other EGF family
members or dysregulation of downstream pathways such as PI3K/Akt (Nagata et al., 2004; Nahta et al.,
2004; Pohlmann et al., 2009).

Herceptin is commonly used in conjunction with other therapies, including Paclitaxel. The
primary mechanism of action of Paclitaxel is to bind B-tubulin and prevent dissociation of a/f§ tubulin
dimers, resulting in mitotic failure and consequent apoptosis (Xiao et al., 2006). Paclitaxel is used in the
treatment of multiple tumor types and has shown particular success in treatment of metastatic breast
cancer. Yet, resistance does occur. Insensitivity to Taxol has been shown in cells that overexpress HER2.
On average, cells with HER2 amplification require a 100-fold higher dose of Taxol to produce the same
effect (Azambuja et al., 2008). Resistance to Taxol has been attributed to additional mechanisms
including increased expression of multi-drug resistant 1 (MDR1), a protein that can pump toxins out of
cells. Other commonly documented mechanisms of resistance include changes in microtubule stability or
mutations in the tubulin proteins (Orr et al., 2003). In studies of human samples, Stathmin, a regulator of

microtuble dynamics, has been shown to promote Taxol resistance (Balachandran et al., 2003).
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B.3B. Metastatic Cascade. The process of metastasis is complex and requires multiple steps. First,

a cell must intravasate into the bloodstream, survive the harsh environment, extravasate out of the blood
and into the distant tissue, survive and grow there. Focusing on breast cancers of epithelial origin, in order
for a cell to enter the bloodstream, it generally undergoes epithelial to mesenchymal transition (EMT).
This step is important because mesenchymal cells have increased motility due to decreased attachment to
surrounding cells (Hanahan and Weinberg, 2011). Additionally, the surrounding stroma has to be
remodeled in order for the cell to reach the blood supply. In order for this to happen, tumor cells secrete
proteins capable of breaking down stroma factors such as matrixmetalloproteinases (Nguyen et al., 2009).

Once a cell detaches from the basement membrane and enters the bloodstream, it generally
undergoes a specialized form of cell death termed anoikis (Nguyen et al., 2009). In order for a cell to
metastasize it must be resistant to anoikis and be able to survive the harsh environment of the
bloodstream. Once a cell arrives at a distant site, it must leave the bloodstream and begin to proliferate in
the new tissue. Breast cancers preferentially metastasize to lung, brain, and bone while other tumor types
show preferences for other organs (Nguyen et al., 2009). This provides evidence that the process of
metastasis is not completely random and that there are qualities inherent to the tumor and tumor cells that
dictate the metastatic process. One such process is the formation of a metastatic niche. The location of
metastases in the distant organ are not random, they are localized to specific areas. Within these areas
there are bone marrow derived cells such as myeloid VEGF+ cells that generate a “niche” that mimics the
bone marrow stem cell niche and supports growth of tumor cells in distant organs (Psaila and Lyden,

20009).

B.3C. Breast Cancer Stem Cells, Metastasis, and Drug Resistance. Over the past decade, a strong

case has been built towards stem cells being at the root of tumor recurrence after therapy. Given that stem
cells must persist through the life of the organism, they are inherently resistance to apoptosis. One generic
assay of stem cell identification includes Hoescht staining. Stem cells contain high numbers of non-

specific pumps (MDR family) that function to exclude environmental toxins (Dean et al., 2005). Also,
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stem cells are resistant to apoptotic stimuli including the pathways induced by radiation therapy and
chemotherapy (Dave et al., 2009). It is thought that this resistance is mediated by developmental pathway
signaling including Wnt, Hedgehog, and Notch (Woodward et al., 2007; Li et al., 2008). Perhaps the
clearest evidence for stem cell involvement in resistance comes from studies showing that after treatment,
the amount of CD44 positive stem cells was increased significantly, implying that treatment leads to an
enrichment of breast cancer stem cells (Li et al., 2008; Creighton et al., 2009).

Additionally, stem cells have been implicated in every step of the metastatic cascade. The
Weinberg lab and now many others have shown that once a cell undergoes EMT it takes on markers of
stem cells. Also, that tumor stem cells have mesenchymal markers (Mani et al., 2008). Given the inherent
resistance to apoptosis and that stem cells can grow independent of a basement membrane it is not
surprising that stem cells are resistant to anoikis and therefore more likely to survive in the bloodstream
(Dontu et al., 2003). The metastatic niche recapitulates the bone marrow niche and is designed to support
the growth of undifferentiated cells (Nguyen et al., 2009). Taken together, studies indicate that stem cells

are better equipped to metastasize as compared to more differentiated tumor cell counterparts.

B.4. DNA Methylation and Breast Cancer

The addition of methylation marks to DNA occurs at CpG dinucleotides. In the human genome
there approximately 28 million CpG sites and 10% of these are located in CpG islands, or high density
regions, that are typically in the promoter region of genes (Jones and Baylin, 2007). DNA methylation
generally results in the recruitment of additional epigenetic modifiers including histone deacetylases and
the result is long term silencing of gene expression (Huang and Esteller, 2010).

DNA hypermethylation has been correlated with several critical events in breast cancer
development and progression including tumorigenesis, invasion, metastasis, and drug resistance. In breast
tumors, more than 150 genes have been shown to be hypermethylated including hormone receptors
(estrogen receptor o and estrogen receptor f3), cell cycle proteins (pl6Ink4a and p14ARF), classic tumor
supressors (BRCA1 and GATA-3), and genes important in epithelial maintenance such as E-Cadherin

(Yan et al., 2000; Lujambio et al., 2007; Huang and Esteller, 2010). The understanding that tumor
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suppressor genes are regulated epigenetically adds another layer of complexity to the understanding of
breast cancer. While it was traditionally believed that certain genes would be mutated and therefore non
functional in breast cancer, the understanding of epigenetics helped to explain why intact genes did not
result in protein expression. Hypermethylation of many of these genes is thought to be correlated with a
more malignant phenotype. For example DNA methylation of pl6Ink4a is thought to contribute to the
cell cycle dysregulation present in breast cancer (Herman et al., 1995).

DNA methylation is regulated by the DNA methyltransferase family of proteins. While there are
many DNA methyltransferases, generally, three are considered to make up the core set of proteins.
DNMT1 is a replication-associated protein responsible for placing methyl marks on newly synthesized
DNA (Jones and Baylin, 2002). DNMT3a and DNMT3b are responsible for the majority of non-
replication related methylation. Specifically, overexpression or dysregulation of DNMT3b is thought to

contribute to the hypermethylated phenotype in breast cancer (Girault et al., 2003; Roll et al., 2008).

C.GATA-3, Regulator of Mammary Luminal Differentiation

C.1. Identification

GATA-3 belongs to the GATA family of zinc finger transcription factors. This family is involved
in differentiation of various tissue types, specifically, GATA-1 is important in lymphocyte differentiation
and GATA-3 is important in neuronal differentiation as well as T-cell maturation (Weiss and Orkin,
1995). A role for GATA-3 in the mammary gland was originally identified in a screen comparing
estrogen receptor positive (MCF-7 and T47D) and negative cell lines (MDA-MB-231 and HBL-100). By
cDNA array it was the most differentially expressed gene (Hoch et al., 1999). Based on this, several

groups sought to understand the relationship of GATA-3 to mammary tumor biology.

C.2. GATA-3 and Differentiation

Two groups have shown that the GATA-3 transcription factor is expressed specifically in luminal
cells and is required for differentiation (Asselin-Labat et al., 2007; Kouros-Mehr et al., 2006). Using the

cre-lox system, it was shown that mice with mammary specific loss of GATA-3 showed gross defects.
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When GATA-3 was deleted early in development using Keratinl4-cre, mice failed to form mammary
glands. Using MMTV-cre mammary glands showed decreased number of ductal trees and a decrease in
markers of luminal differentiation such as estrogen receptor alpha and Keratin 18. These studies showed
that GATA-3 is important for specifying cell fate in the mammary gland and for the branching and
elongation stage that occurs during puberty. During pregnancy, there is extensive proliferation and
outgrowth of mammary structures as well as the production of milk. Using the pregnancy specific WAP-
cre it was shown that loss of GATA-3 led to a severe defect in milk production and less development of
lobular alveolar units. Essentially, as shown in Figure 1.1, GATA-3 is necessary for the differentiation of
luminal progenitors into CD61- ductal and alveolar cells and loss of GATA-3 led to an increase in CD61+
mammary progenitor cells. Additionally, it was shown that the forkhead box family member FoxAl is a

downstream target of GATA-3 (Asselin-Labat et al., 2007, Kouros-Mehr et al., 2006).

C.3. GATA-3 and Breast Cancer

Interestingly, one group went on to examine GATA-3 expression in a mouse model of
adenocarcinomas. The MMTV-PyMT mouse (polyoma middle T-antigen under control of a mammary
specific promoter) develops tumors that show a stepwise progression from hyperplasia to a highly
metastatic undifferentiated adenocarcinoma (Lin et al., 2003). These mice develop hundreds of tumors
making it difficult to follow the progression of a single tumor. Kouros-Mehr et al mated these mice to
mice expressing GFP and then transplanted tumors to recipient mice, which allowed them to follow a
single tumor over time. They showed that at 5 weeks when tumors were hyperplastic, GATA-3
expression was high. At 8 weeks tumors were at early carcinoma stage and showed a partial loss of
GATA-3 while at 18 weeks tumors were GATA-3 negative. Also, cells that had metastasized to the lung
were all GATA-3 negative showing that GATA-3 is a marker of tumor development in this model
(Kouros-Mehr et al., 2008). Infecting transplanted tumors with a retrovirus containing GATA-3 led to an
increase in tumor size but an increase in markers of differentiation and a 27 fold reduction in numbers of

metastatic cells. Importantly, all metastatic cells were again GATA-3 negative indicating that GATA-3
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must be lost for cells to metastasize (Kouros-Mehr et al, 2008). Yan and colleagues attributed the ability
of GATA-3 to inhibit metastasis to a key tumor suppressor function, the inhibition of EMT. Knockdown
of GATA-3 in MCF-7 cells led to the cells becoming more mesenchymal as shown by the expression of
vimentin and N-cadherin at the expense of E-cadherin (Yan et al., 2010).

In studies of human mammary tumors, it was observed that as tumors progressed and became
more metastatic, GATA-3 expression was extinguished. One group showed that GATA-3 is often the
target of DNA methylation in high-grade tumors (Yoon et al., 2000). This loss of GATA-3 has been
associated with poor patient survival and a failure to respond to endocrine therapies (Albergaria et al.,

2009; Yan et al., 2010; Yoon et al., 2010).

D. Retinoblastoma 1 (Rb) and Mammary Biology

The Rb1 protein was the first tumor suppressor identified. Loss of Rb leads to formation of the
pediatric tumor retinoblastoma. Osteosarcoma, small cell lung carcinoma, and other tumor types have
mutations or functional inactivation of Rb expression as well. Rb is a key regulator of the cell cycle. The
E2F family of transcription factors are required for entry into S-phase. Rb binds to E2F, keeping the
protein inactive and unable to transcriptionally upregulate genes required for S-phase entry. At the G1-S
transition, Rb is phosphorylated by cyclin dependent kinases (CDK), which disrupts the Rb/E2F
interaction and allows cell cycle progression (Classon and Harlow, 2002).

In a 2001 study by Robinson and colleagues, Rb null primordial mammary glands were removed
from embryos and transplanted into recipient mice. This transplantation was necessary because Rb null
mice die during embyrogenesis. Using this model, huge deficits in mammary development were not
observed. Of note, this study did not examine pregnancy. The gland formed normally and major signaling
pathways were not altered (Robinson et al., 2001).

A later study by Jiang et al sought to investigate the functional consequences of an inactivatable
version of Rb in vivo. These mice had a delay in terminal end bud formation and a concomitant reduction
in PCNA expression indicating a proliferation defect. These mice displayed another unique phenotype.

Adult mice had signs of precocious pregnancy differentiation, the glands looked similar to mice that were
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in the early stages of pregnancy. Perhaps most interesting, these mice developed hyperplasia and some
mice when on to develop adenocarcinomas. This is a surprising phenotype for a tumor suppressor gene.
The authors attributed this to the ability of Rb to promote cell survival. Mammary cells with

unphosphorylatable Rb were resistant to apoptosis (Jiang et al., 2010).

E. The Transcription Factor FoxM1

FoxM1 was first identified using an antibody, MPM2, that specifically targets proteins that are
phosphorylated during the cell cycle. Originally, FoxM1 was named MPP2 (MPM2 reactive
phosphoprotein 2) later, Trident/ WIN (winged helix identified in INS-1 cells), and HNF-3/HFH-11
(hepatocyte nuclear factor-3/forkhead homolog-11). The gene was cloned later using degenerate primers
for the forkhead box DNA binding domain (Westendorf et al., 1994; Korver et al., 1997a, 1997b; Yao et
al., 1997; Ye et al., 1997; Costa et al., 2003). While FoxM1 is expressed ubiquitously in the developing
embryo, expression in adult mice is restricted to proliferating cells including those of the small intestine,
colon, thymus, and testis (Korver et al., 1997; Ye et al., 1997).

Studies in yeast and mice have shown that FoxM1 is not essential for the early stages of
embryogenesis but is required for organogenesis (Korver et al., 1998). Approximately half of FoxM1
knockout mice die between pregnancy day 19 and birth, late in embryonic development. The knockout
animals that are born tend to gasp for air and suffocate shortly after birth. Careful examination of these
mice led to the observation that FoxM1 knockout animals have a defect in their cardiomyocytes. The
heart is hypertrophic and cardiomyocyte nuclei are enlarged, indicative of polyploidy. Polyploidy in both
heart and lung tissue of knockout animals was confirmed. This phenotype of nuclear polyploidy mirrored
that of p21 deficient mice providing the first hint that FoxM1 is a critical regulator of S-phase and a
potential regulator of p21 (Korver et al., 1998).

Later studies demonstrated that FoxM1 knockout mice showed defects in liver as well as lung
development. Mice show defects in liver organization. They do not develop bile ducts and have a
reduction in the number of hepatocytes and large hepatic veins (Krupczak-Hollis et al., 2004). The lungs

of embryonic FoxM1 knockout mice have significant vascular defects including a reduction in the number
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of vessels and a hypertrophy of the vascular smooth muscle (Kim et al., 2005). From the early studies
showing that FoxM1 was phosphorylated by the cell cycle and that cardiomyoctes displayed a polyploidy
phenotype, it was hypothesized that FoxM1 played a role in regulating the cell cycle. Several groups later
proved this when transcriptional targets of FoxM1 were identified. It was also demonstrated that FoxM1
has roles outside of cell cycle regulation and functions as a potent oncogene, pushing FoxM1 to the

forefront of cancer research and identifying it as a potential therapeutic target.

E.1. FoxM1 Domains and Splice Variants

FoxMI1 is part of the forkhead box family of transcription factors that contains more than 50
members that play a role in a wide spectrum of biological processes including proliferation,
differentiation, and apoptosis. Members of this family all contain a homologous forkhead box DNA
binding domain while the additional motifs bear little homology (Myatt and Lam, 2007). FoxM1 contains
a centrally located DNA binding domain and a C-terminal transcriptional activation domain.
Additionally, FoxM1 contains an N-terminal autorepressive domain and a central inhibitory domain that
will be discussed in greater depth later (Wierstra and Alves, 2007).

There are three FoxM1 isoforms, FoxM1la, FoxM1b, and FoxM1c that have been cloned from
human cells. The proteins are a result of alternative splicing from the same gene transcript present on
chromosome 12p. FoxM1la contains two additional in frame exons while FoxM1c contains only one of
these and FoxM1b does not contain any additional exons. While all of the proteins bind to the same DNA
sequence, FoxMla is not capable of transcriptional activation. Only FoxM1b and FoxMlc are
evolutionarily conserved and transcriptionally active therefore, they will be collectively referred to as

FoxM1 (Ye et al., 1997).

E.2. Cell Cycle Regulation

FoxM1 expression, activation, and degradation are all controlled by the cell cycle. In response to

proliferative signaling, FoxM1 expression and phosphorylation is induced during G1/S and levels peak at
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G2/M (Major 2004). In order for FoxM1 to transactivate target genes, it must be phosphorylated. While
all of the regulative phosphorylation sites are not known and characterized, it has been demonstrated that
FoxMI1 is targeted for phosphorylation by several cell cycle regulated kinases. These include, Cyclin-Cdk
complexes and Polo-like kinase 1 (PLK1) (Fu et al., 2008; Chen et al., 2009). These phosphorylation
events are required for FoxM1 to recruit additional transcriptional activators such as p300/CREB-binding
protein (CBP) histone acetyltransferase proteins (Major et al., 2004).

During the G1/S transition, FoxM1 transcriptionally upregulates Cks1 and Skp2, part of the SCF
(Skp1-Cullin1-F-box) ubiquitin ligase complex that targets the cyclin-cdk inhibitors p27 and p21 for
degradation (Wang et al, 2005; Petrovic et al., 2008). Additional G1/S phase targets include the direct
target, Cyclin D1 and potentially Cyclin D2, Cyclin E, and Cdc25A indirectly through a transcriptional
activation of c-myc (Wierstra and Alves, 2007).

FoxMI1 is required for the successful entry and completion of mitosis. FoxM1 deficient cells fail
to properly exit mitosis and undergo mitotic catastrophe, a specific type of cell death (Wonsey and
Follettie, 2005). Mitotic transcriptional targets include genes important in spindle integrity such as Aurora
B Kinase, Survivin, CENP-A, KIF20A, Nek-2, and PLK1 (Laoukili et al., 2005; Wang et al., 2005;
Wierstra and Alves, 2007). At the end of mitosis, FoxM1 is degraded in a proteasome dependent manner.
FoxMI1 is targeted by the APC/Cdh1 ubiquitin ligase complex for degradation (Park et al., 2008; Laoukili
et al., 2008). Additional negative regulators of FoxM1 include the tumor supressors pl9ARF and p53

(Costa 2005a; Gusarova et al., 2007; Barsotti et al., 2009; Pandit et al., 2009).

E.3. FoxM1 as an Oncogene

Given the role of FoxM1 in regulation cell cycle, it is perhaps unsurprising that FoxMI1 is
overexpressed in every tumor type examined including those of reproductive, neurological, and
hematological origin (Pilarsky et al., 2004; Myatt and Lam, 2007). FoxM1 deletion has significant effects
on tumor growth. Mice with a liver specific deletion of FoxM1 are resistant to carcinogen induced tumor
formation (Kalinichenko et al., 2004). In a later study, liver tumors were allowed to form and then FoxM1

was deleted using conditionally expressed cre and analyzed 10 weeks later. Livers lacking FoxM1 had
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fewer numbers of tumors and these tumors were smaller in size further confirming the role of FoxM1 as
an oncogene (Gusarova et al., 2007). As previously mentioned, FoxM1 is negative regulated by p19 ARF.
This protein sequesters FoxM1 in the nucleolus where it is kept inactive. Interestingly, a short ARF
peptide that contains amino acids 26-44 are sufficient to sequester FoxM1 and inhibit growth of tumor
cells in vitro. Additionally, ARF peptide treatment in vivo led to an inhibition of liver tumor growth
(Gusarova et al., 2007). Of note, overexpression of FoxM1 and deletion of ARF in a mouse model of liver
cancer led to cells metastasizing to the lung further emphasizing the relationship between FoxM1 and
ARF (Park et al., 2010).

Deletion of FoxM1 in pancreatic cancer cell lines led to an inhibition of cell invasion presumably
due to a reduction in matrix metalloproteases, MMP-2 and MMP-9, transcriptional targets of FoxM1 and
stromal remodeling proteins. Additionally, loss of FoxM1 led to a reduction in the regulators of
angiogenic factors including VEGF (Wang et al., 2007). In lung cancer this effect could also be observed.
Deletion of FoxM1 led to a failure of the mice to form carcinogen-induced tumors and interestingly,
conditional deletion of FoxM1 in established tumors led to a drastic reduction in tumor size and animal
survival (Wang et al., 2009).

Studies in tumor models including the prostate (LADY and TRAMP mice), glioblastoma, and
lung cancers demonstrate that FoxM1 expression leads to accelerated proliferation and as a result,
increased tumor growth. Additionally, FoxM1 protects from apoptosis, which leads to an increase in
tumorgenecity (Kalin et al., 2006; Kim et al., 2006; Liu et al., 2000).

Elevated FoxM1 has continuously emerged as a marker of poor patient outcome further
emphasizing the role of FoxM1 as an onocogene. In a study of colorectal cancer patients, FoxM1 was
significantly upregulated and correlated with a lack of tumor differentiation and high rates of proliferation
(Uddin et al., 2011). In malignant peripheral nerve sheath tumors (MPNST’s), FoxM1 was shown to be
the target of gene amplification. This alteration in the copy number of FoxM1 served as a predictor of
poor patient outcome (Yu et al., 2011). This trend is continued in squamous cell lung tumors where

FoxM1 was associated with high tumor grade and lower survival (Yang et al., 2009).
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In a recent study, FoxM1 was identified as an early marker of breast cell transformation. In
microarray data comparing ductal carcinoma in situ (DCIS) samples to normal tissue in mice, FoxM1
emerged as one of the seven markers of transformation in mammary epithelial cells (Kretschmer et al.,
2011). Another study of human tumors provided additional insight into the pattern of FoxM1 expression.
Bektas and colleagues demonstrated that FoxM1 is correlated with expression of HER2/ErbB2, a marker
of an aggressive tumor type. Additionally, high FoxM1 expression was predictive of poor patient survival

and metastatic relapse (Bektas et al., 2008; Yau et al., 2011).

E3A. FoxMI1 and ROS. Given the widespread expression of FoxM1 across various tumor types

it was generally thought that this was directly related to the ability of FoxM1 to regulate the cell cycle.
Yet, it is becoming increasing apparent that FoxM1 can direct additional cellular processes important in
tumor progression such as regulation of reactive oxygen species.

Reactive oxygen species are generated as products of intracellular metabolic processes and are
thought to be generally harmful to cells. While it has been shown that another forkhead box transcription
factor, FoxO can function to protect cells from oxidative stress, this pathway is inactivated by Akt
signaling in proliferating cells. In tumor cells, where FoxO is commonly inactive, high amounts of ROS
are produced and a balance between production and breakdown must still be maintained. It was
demonstrated that FoxM1 can active the transcription of key ROS scavenger genes including manganese
superoxide dismutase (MnSOD) and catalase, thereby protecting tumor cells from harmful ROS.
Additionally, in this study, it was shown that tumor cells that have activated Akt signaling are “addicated”
to FoxM1 for survival, which establishes FoxM1 as a therapeutic target in various tumor types (Park et

al., 2009).

E.3B. FoxMI and Metastasis. In a recent study by Park and colleagues it was shown that FoxM1

is able to regulate processes important in metastasis. As previously mentioned, FoxM1 overexpressing,

ARF deleted HCC cells were metastatic when compared to control cell lines. Interestingly, it was
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observed that hepatocellular carcinoma cells expressing FoxM1 in the absence of ARF had a
mesenchymal appearance compared to ARF knockout. Additionally, these cells lacked expression of E-
Cadherin, an epithelial marker and had increased expression of vimentin and o-SMA, markers of
mesenchymal cell types. This phenotype was attributed to an increase in Akt signaling observed in these
cells (Park et al., 2011). Additionally, this study showed that these cells expressed high amounts of lysyl
oxidase (LOX) genes that are involved in the formation of a metastatic niche. Cells that metastasize are
generally restricted to certain organs and regions according to the initial tumor type. Primary tumors
establish the “soil” for metastasis by releasing factors that regulate distant sites and LOX genes fall into
this category. This study showed that FoxM1 promotes the formation of the pre-metastatic niche, which

can account for the ability of FoxM1 to increase metastatic growth (Park et al., 2011).



2. FoxM1 Inhibits Mammary Luminal Differentiation Through
Transcriptional Repression of GATA-3

A. Overview

Elevated expression of FoxM1 in breast cancer correlates with an undifferentiated tumor
phenotype and a poor clinical outcome. A role of FoxMl1 in regulating mammary differentiation,
however, was unknown. Here, we show that regeneration of mouse mammary glands with elevated levels
of FoxM1 leads to aberrant ductal morphology and expansion of the luminal progenitor pool. Conversely,
in vivo knockdown of FoxM1 results in a shift towards the differentiated state. FoxM1 inhibits luminal
differentiation via a novel mechanism, transcriptional repression of GATA-3. FoxM1 associates with
DNMTS3 and promotes DNA methylation of the GATA-3 promoter in an Rb-dependent manner, revealing
a new role of the FoxM1/Rb interaction. This study identifies FoxM1 as a critical regulator of GATA-3

expression and mammary luminal differentiation.

B. Characterization of FoxM1 Expression in Breast Cancer and Mammary Development

Tumor grade is inversely correlated with patient outcome. Well-differentiated or low-grade
tumors maintain the structure of the gland of origin, have a low mitotic index, and are highly responsive
to therapy. High-grade or poorly differentiated tumors show the converse pattern. Tumors display
irregular nuclei, atypical tubular structure, and are associated with high rates of metastasis and poor
patient survival (Elston and Ellis, 1991). Analysis of publicly available microarray data (Oncomine)
demonstrates that the expression of FoxM1 increases with tumor grade in human breast cancers (Figure
2.1).

From human tumor analysis we hypothesize that FoxM1 may negatively regulate mammary
differentiation. To investigate this, we examined the normal pattern of expression throughout the key
stages of postnatal mammary development. Pregnancy, a period of ductal growth and expansion, showed
high levels that steadily decreased through days 1, 5 and 10 of lactation; while involution, characterized

by apoptosis and remodeling, exhibited the lowest expression. This pattern was also reflected at the
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Figure 2.1. FoxM1 is inversely correlated with breast cancer tumor grade. (A
Oncomine, a publicly available microarray database was used to analyze FoxM1 expression
in 200 samples of invasive ductal carcinoma. Samples were organized by grade and fold-
change of FoxM1 RNA from normal was graphed using a box plot *p<10°. (B)
Representative immunohistochemistry of FoxM1 in normal mammary tissue as well as
grade 1, grade2, and grade 3 breast carcinomas are shown. Scale bar represents 10um.
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protein level by immunohistochemistry (Figure 2.2). Mammary terminal end buds, present during puberty
are of particular significance because the cap cells or those found in the invading front compose the
progenitor cell population. Strong nuclear staining for FoxM1 was observed in the cap and progenitor
cells (Figure 2.2, top left). At all stages of development, FoxM1 expression was primarily found in cells
of luminal lineage. To confirm this observation, we used in situ hybridization to identify FoxM! mRNA
followed by immunostaining for luminal and myoepithelial cell types. There was a clear overlap of
antisense probe hybridization and cytokeratin 18 staining indicating FoxM1 is expressed mainly in
luminal cells (Figure 2.3).

The timing and pattern of expression suggests that FoxM levels are higher in cells that are less
differentiated. Previously defined flow cytometry markers were used to separate mammary stem cells
(CD26hi), luminal progenitors (CD29lo, CD61+), and differentiated luminal cells (CD29lo, CD61-)
(Stingl et al., 2006; Shackleton et al., 2006; Asselin-Labat et al., 2007). Sorted RNA from C57BL/6 mice
was analyzed for FoxM1 expression using quantitative RT-PCR. The level of FoxM1 in stem cells was
ten-fold higher than differentiated cells, while luminal progenitors showed a nearly 50-fold increase.
Expression of cytokeratin 18, c-kit, and smooth muscle actin were used to determine the purity of
luminal, luminal progenitors and myoepithelial populations respectively (Figure 2.4; Lim et al., 2009).
Taken together, these results demonstrate that FoxM1 expression is highest in luminal progenitor cells

and decreases upon differentiation.

C. Loss of FoxM1 Leads to a Delay in Lobuloalveolar Development During Pregnancy

In order to examine the role of FoxM1 at key stages of mammary development, we utilized the
previously established WAP-Cre system (Wagner et al., 1997). Mice expressing WAP-Cre were crossed
with mice harboring the FoxM1 gene flanked by LoxP sites (FoxM1 FL/FL). This system allows deletion
of FoxM1 in epithelial cells as they differentiate during pregnancy. During the second pregnancy, we

examined mammary glands at the following time points: 8 weeks (virgin), pregnancy day 6 (early
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Figure 2.2. Characterization of FoxM1 expression during postnatal development.
Levels of FoxM1 RNA were determined by semi-quantitative RT-PCR and protein was
analyzed using western blotting. All samples were collected from inguinal mammary glands
at various developmental stages: 5 weeks (puberty), 8 weeks (virgin adult), P6, P18 (early
and late pregnancy), L1, L5, L10 (lactation), and 16 (involution). 4-7 mice were used for
each stage. Glands from each stage were sectioned and stained for FoxM1 expression using
DAB and hemetoxylin counterstain.
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Figure 2.3
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Figure 2.3. FoxM1 expression is limited to luminal cells. In situ hybridization using a
FoxM1 sense or antisense probe was used to stain wildtype tissue. After, samples were
immunostained with smooth muscle actin or cytokeratin 18 antibody as indicated. Scale bar

represents SOuM.
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Figure 2.4
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Figure 2.4. FoxM1 is expressed in undifferentiated luminal cells. Mammary
glands from 8-week-old C57BL/6 mice were digested and stained for CD24, CD29,
and CD61. Stem cells, luminal progenitors, and luminal cells were sorted.
Cytokeratin 18, smooth muscle actin, and c-kit were used to assess the purity of the

populations. RT-PCR shows relative expression of CK18, SMA, and FoxM1. Data is
normalized to the stem cell population *p<10-4 **p<0.05.
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pregnancy), pregnancy day 18 (late pregnancy), lactation days 1,5, 10, and involution day 6 (Figure 2.5).
During early stages of pregnancy, the mammary epithelium expands and begins to form lobuloalveolar
units (Hennighausen and Robinson, 2005). These structures were clearly seen in wild-type mice at
pregnancy day 6 but, none of the FoxM1 FL/FL mice developed lobuloalveolar structures. The pregnancy
day 6 glands in the FoxMI FL/FL mice appeared similar to those of 8-week virgin controls (Figure
2.5).These glands failed to form appreciable alveoli as evidenced in whole mount analysis (Figures 2.5).
At pregnancy day 18 however, alveoli were clearly visible, albeit in reduced number, indicating a delay in
aleveolar differentiation in the FoxMI FL/FL mice.

Lactating glands in FoxM! FL/FL mice were histologically different from those of wild-type
mice. FoxM1 FL/FL glands appeared flattened and the number of milk globules in the alveoli was
reduced compared to those of wildtype (Figure 2.6). Pups from the FoxMI FL/FL mice survived and did
not differ in weight in comparison to pups born to control mice indicating FL/FL mice were able to
produce sufficient milk to support their litters (data not shown). Western blot of key milk proteins showed
a delay in accumulation of both a and (3-casein in FL/FL mice during pregnancy. Yet, on lactation day 1,
FoxM1 FL/FL mice and WT mice showed equivalent expression of milk proteins (Figure 2.7). This
observation was supported by immunohistochemical staining for the milk proteins (Figure 2.7). Taken

together, these data suggest that the loss of FoxM1 leads to a delay in lobuloalveolar differentiation.

D. Acute Loss of FoxM1 Results in an Increase in Differentiated Luminal Cells

To determine whether FoxM1 acts as a regulator of luminal cell differentiation in virgin mice, we
analyzed the consequences of FoxM1 deletion in mammary tissue using the WAP-rtTA-Cre deletion
system. Unlike the WAP-Cre system, the WAP-rtTA system allows for deletion in non-pregnant mice
(Kouros-Mehr et al., 2006). FoxM1 FL/+ and FL/FL littermates, expressing the inducible Cre, were given
doxycycline in their drinking water for 5 or 15 days. After 5 days of treatment, we observed an 80%
reduction of FoxM! in luminal progenitors and 90% in differentiated luminal cells while stem cells did

not show a significant reduction (Figure 2.8).



Figure 2.5
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Figure 2.5. FoxM1 loss results in defects in mammary development during pregnancy.
H&E staining of mammary gland sections from each time-point is shown. Control glands
expressing only WAP-Cre are shown on right and glands lacking FoxM1 are shown in
adjacent panels. A lower magnification of pregnancy day 6 glands is shown to better
demonstrate details. Scale bar represents 10uM. .
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Figure 2.6
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Figure 2.6. FoxM1 loss effects alveolar structure development in early pregnancy.
Representative carmine alum whole mount analysis of mice expressing WAP-Cre and either
wildtype FoxM1 or FoxM1 FL/FL. Pictures taken at 3x magnification are shown in black
and white to increase the clarity. 4-8 mice from both genotypes were analyzed at every

stage.
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Figure 2.7
A
Virgin P6 P18 L1
FoxM1 | -
a-Casein :
21
B-Casein : 4

a-Tubulin El i e

WT,WAP-Cre

FL/FL, WAP-Cre

Figure 2.7 FoxM1 loss leads to decreased expression of milk proteins. (A) Western blot
of FoxM1, a-Casein, and B-Casein are shown. a-tubulin is provided as a loading control.
(B) Immunohistochemistry using an antibody against mouse milk is shown in the lower
panel. Staining is done using DAB with a hematoxylin counterstain.
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FoxM1 expression was analyzed by RT-PCR *p<0.01 **p<10-3. (B) Whole mount of

inguinal mammary glands 15 days after doxycycline treatment were visualized with carmine
alum stain. Higher magnification (3X) is shown with lower magnification in the inset (1X).

Images are shown in black and white in order to increase the clarity.
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After 15 days of doxycycline, FoxM1 protein was undetectable by immunostaining. Whole mount
staining using carmine alum showed that FoxMI FL/FL, WAP-rtTA-Cre mice had narrow ductal
branching, whereas the FoxMI FL/+ mice appeared identical to wildtype mice (Figure 2.8).
Quantification of the number of branches showed no difference between FL/+ and FL/FL glands (Figure
2.9). On closer examination of the recombinant glands by sectioning, FoxM! FL/FL mice exhibited
abnormal histological staining by H&E. Glands were not composed of a single layer of epithelial cells
and lumens were filled with cells that expanded beyond the myoepithelial layer (Figure 2.10). The rates of
proliferation and apoptosis were similar between both genotypes (Figure 2.9). Staining of cytokeratin 18
and estrogen receptor alpha indicated that the cells were mature luminal epithelium, suggesting an
expansion of the differentiated pool (Figure 2.10).

Stem, progenitor, and differentiated pools were analyzed after 15 days of treatment to examine
the effects of FoxM1 deletion on mammary cell subtypes. There was an approximate 20% increase in
differentiated luminal cells with a concomitant loss in stem and progenitor populations demonstrating that
loss of FoxM1 in the mammary gland resulted in a shift towards the differentiated state (Figure 2.11).
Interestingly, the stem cell population was affected by the loss of FoxMI, yet FoxM1 was not deleted in
this population. The effect on the stem cell pool was likely secondary to changes in the differentiated cell
population as it has been shown that the stem cell pool is regulated through hormonally mediated
paracrine signaling by differentiated luminal cells (Asselin-Labat et al., 2010; Joshi et al., 2010).
Consistent with the observation that FoxMI loss leads to a shift towards the differentiated state, deletion
resulted in an increase in markers of luminal differentiation, including estrogen receptor alpha,
amphiregulin, cytokeratin 18, and cadherin 11 (Figure 2.12). Taken together, these data demonstrate that

loss of FoxM1 in the adult gland leads to an increase in differentiated cells and a loss of progenitor pools.

E. Increased Expression of FoxM1 Inhibits Luminal Differentiation

In order to explore the consequences of high levels of FoxM1 on mammary differentiation, we
regenerated the mouse mammary gland with elevated expression of FoxMI. We took advantage of

previous work involving mammospheres, an ex-vivo system of culturing mammary stem and progenitor
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Figure 2.9. Additional Analysis of In Vivo Models. (A) Quantification of whole mount
branching is shown. The number of branches in ten high power fields (HPF) from four
glands were counted. (B) PCNA staining of both control and FL/FL glands was performed.
Ten high power fields from four mice of each genotype were used for quantification. The
number of positive cells over the total cell number was determined and the percentage was
graphed. (C) TUNEL assay of paraffin sections was performed. DAPI was used to determine
total cell number. Quantification from 10 high power fields in four mice of each genotype is
shown.
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Figure 2.11
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Figure 2.11. FoxM1 deletion leads to an expansion of differentiated luminal cells.
Flow cytometry analysis of stem cells, luminal progenitors, and differentiated luminal
cells. The plots show CD29 and CD61 expression of cells that stained positive for CD24.
Percentage of each cell type for both genotypes is shown below *p<0.04 **p<0.05

#4450 <0.03.
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Figure 2.12
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Figure 2.12. FoxM1 deletion leads to an increase of differentiated luminal cell markers.
RT-PCR of estrogen receptor alpha, amphiregulin, cytokeratin 18, and cadherin 11 are
shown normalized to 18s RNA *p<10-3, **p<0.05, ***p<0.01.
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cells (Dontu et al., 2003). These mammospheres can be genetically manipulated by viruses and
subsequently implanted into the cleared fat pad of 3-4 week old prepubescent mice. After 7-8 weeks,
manipulated cells repopulate the entire gland (Deome et al., 1959; Liao et al., 2007).

Mammary epithelial cells were obtained from 6-8 week old mice, infected with retrovirus
expressing either GFP or GFP-FoxM1, then allowed to form spheres. GFP positive mammosphere cells
were identified by sorting and injected into the cleared fat pads of 3-4 week old mice. GFP and GFP-
FoxM1 positive cells were placed on contralateral sides of the same animal, allowing each animal to
function as their own control (Figure 2.13). On whole mount analysis, GFP-FoxMI glands showed
narrowing in comparison to their GFP counterparts (Figure 2.13). Regenerated glands were sectioned and
stained to analyze the architecture of individual ducts. GFP glands showed the expected staining pattern
while FoxM1 expressing glands showed distinct hyperplastic regions of excessive cell infiltration,
epithelial cells were filling the lumen or spreading beyond the basal layer (Figure 2.14).

To further investigate the altered architecture of FoxMI expressing glands, sections were
analyzed using immunohistochemistry. Staining with the basal marker, smooth muscle actin (SMA)
revealed a startling phenotype. As expected, GFP glands contained a layer of SMA positive cells
surrounding luminal cells while FoxM [ expressing glands contained the expected pattern as well as SMA
positive cells surrounded by luminal cells (Figure 2.14). This phenotype was previously observed in
glands expressing shRNA to Cbf-1, a notch cofactor and was correlated with an expansion of
undifferentiated mammary cells (Bouras et al., 2008). Of note, these cells did not stain positive with the
basal marker p63, indicating that they were not misplaced myoepithelial cells (Figure 2.15). Additionally,
these changes could not be attributed to the ability of FoxM1 to regulate proliferation or apoptosis as
there were no differences in markers for either (Figure 2.15).

Cytokeratin 18 staining shows a uniform luminal restricted staining pattern (Henninghausen and
Robinson 2005). The GFP glands exhibited this typical staining pattern, while the FoxM1 glands showed

a punctate pattern distinct from differentiated luminal cells. The expanded cells did not stain positive for
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Figure 2.13
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Figure 2.13. Regeneration of mouse mammary glands with FoxM1. (A) Schematic
representation of experimental design. (B) GFP whole mount imaging of mammary glands.
Boxed areas are shown in the inset at lower magnification.
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Figure 2.14

Figure 2.14. Histology of regenerated glands. Hematoxylin and eosin and
immunohistochemistry of GFP and FoxM1-GFP glands. Smooth muscle actin,
cytokeratin 18, and estrogen receptor alpha immunostaining is shown. Arrows in
SMA section are showing displaced SMA+ cells surrounded by luminal cells.
Representative sections from six mice are shown. Scale bar represents 10um.
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Figure 2.15
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Figure 2.15. Additional Analysis of Regeneration Model. (A) Immunohistochemistry of
p63 was performed using DAB and hematoxylin counterstain. Scale bar represents 10uM.
(B) PCNA quantification was performed as described in panel B. (C) TUNEL assay of GFP

and FoxM1 expressing glands quantification is shown.
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Figure 2.16

Figure 2.16. Expansion of luminal progenitor population in FoxM1 overexpressing
glands. CD61 immunohistochemistry is shown. Enlarged images of GFP and GFP-FoxM1
mice are displayed in the right panel. Arrowhead shows a cluster of CD61+ cells. .
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estrogen receptor alpha, indicating the expansion of an undifferentiated cell of luminal origin. This notion
is further supported by staining for CD61, a marker of luminal progenitors. Glands expressing FoxM1
exhibited an increased number and intensity of CD61 positive cells as compared to control glands (Figure
2.16).

To confirm the expansion of an undifferentiated cell type in FoxMI expressing glands, we
analyzed cell populations using flow cytometry. Comparing FoxMI to paired GFP controls showed a
distinct shift away from the differentiated state. The luminal progenitor pool expanded considerably,
approximately 20%, with a similar reduction in the percentage of differentiated cells, suggesting that
addition of FoxM1I resulted in a failure of cells to properly exit the luminal progenitor pool and
differentiate fully (Figure 2.17). Consistent with this notion, RT-PCR data showed a reduction in estrogen
receptor alpha, amphiregulin, cytokeratin 18, and cadherin 11, markers of luminal differentiation (Figure

2.18).

F. FoxM1 is a Negative Regulator of GATA-3 In Vivo

The hyperplastic phenotype has been previously observed after acute loss of GATA-3 in the
mammary gland (Kouros-Mehr 2006). GATA-3 has been shown to be a key regulator of luminal
differentiation and a tumor suppressor (Asselin-Labat 2007, Dydensborg 2009, Yoon 2010). We
hypothesize that FoxM1 functions as a negative regulator of GATA-3. Glands in which FoxM1 was
deleted showed a considerable increase in GATA-3 RNA and protein levels by western blot and RT-PCR
respectively. Conversely, the RNA and protein level of GATA-3 was significantly decreased in GFP-
FoxM1 expressing glands compared to GFP counterparts (Figure 2.19). Sorted luminal progenitors from
both overexpression and knockdown mice also exhibited evidence that FoxM1 regulates GATA-3 in the
progenitor population (Figure 2.20). GATA-3 immunostaining generally shows a pattern of strong
nuclear staining in luminal cells that was evident in control glands. FoxM1 deletion resulted in an
increased staining intensity while overexpression resulted in a decreased and diffuse staining pattern for

GATA-3 (Figure 2.21).



Figure 2.17

Figure 2.17. FoxM1 overexpression results in an expansion of undifferentiated
mammary cells. Analysis of mammary stem cells, luminal progenitor, and luminal cell
pools was performed in GFP or FoxM1-GFP expressing mice. Glands were digested to
generate single cell suspensions, stained, and examined by flow cytometry. Representative
dot plots of CD24+ cells are shown with percentages listed in each box. The bottom panel
provides quantification from four mice. The percentage of each population is shown relative
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Figure 2.18
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Figure 2.18. FoM1 overexpression in vivo results in a loss of differentiation markers.
RT-PCR analysis of GFP and GFP-FoxM1 glands for expression of estrogen receptor alpha,
cytokeratin 18, amphiregulin, and cadherin 11 *p<10* **p<0.001 ***p<0.05.
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Figure 2.19. FoxM1 is a negative regulator of GATA-3 in vivo. Western blot analysis of
FoxM1 and GATA-3 protein levels in WAP-rtTA-Cre, FoxM1 FL/+ (control) and WAP-
tTA-Cre, FoxM1 FL/FL as well as GFP (control) and GFP-FoxM1 expressing animals are
shown in the top panel. Alpha tubulin is shown as a loading control. RT-PCR expression of
glands is shown below, GATA-3 expression is normalized to 18S RNA. *p<0.05, **p<10-°
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Figure 2.20
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Figure 2.20. FoxM1 and GATA-3 expression are inversely correlated in luminal
progenitors. Luminal progenitors (CD24+,CD61+) cells were sorted from control, FoxM1
knockdown and FoxM1 overexpressing glands. RNA was extracted from sorted cells and

GATA-3 expression was determined by RT-PCR. Samples are normalized to 18S RNA.
*p<0.001, **p<0.05
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Figure 2.21
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Figure 2.21. Expression of GATA-3 in FoxM1 in vivo models. Immunohistochemical
staining of GATA-3 expression using DAB and hematoxylin counterstain
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Figure 2.22. FoxM1 effects are mediated by direct regulation of GATA-3. Binding of
FoxM1 to the promoter of GATA-3 was analyzed using an in vivo ChIP experiment. FoxM 1
antibody was used to immunoprecipitate FoxM1 in glands of C57BL/6 mice. RT-PCR was
used for three different regions of the GATA-3 promoter that have putative FoxM1 binding
sites. Graph displays relative binding over an IgG control *p<10- **p<0.003 ***p<0.001.
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The mouse promoter of GATA-3 contains three FoxM1 consensus sequences within 2kb of the
transcriptional start site. In vivo chromatin immunoprecipitation (ChIP) assay showed that endogenous
FoxM1 was bound to all of these sites in the mammary gland (Figure 2.22). Taken together, the data
indicates that FoxM1 is able to bind and repress transcription of GATA4-3 in vivo.

We then sought to determine whether the inhibition of mammary luminal differentiation by
FoxM1 was linked to the repression of GATA-3. To investigate this, we coexpressed GATA-3 along with
FoxM1I in mammary stem cells using retroviruses. The reconstituted glands were harvested and the cell
populations were analyzed by sorting. Coexpression of GATA-3 reversed the defects observed in FoxM1
expressing mammary glands (Figure 2.23). Immunohistochemistry showed that glands expressing both
FoxM1 and GATA-3 had visible lumens and no extensive cellular hyperplasia. In addition, expression of
markers of differentiated cells was also corrected (Figure 2.24). While GATA-3 expression reversed the
effects of FoxMI on luminal differentiation, it alone had no detectable effect on increasing the luminal
differentiation, suggesting that the level of GATA-3 overexpression, in our experiments was insufficient to
drive luminal differentiation. GATA-3 expression had little effect on the stem cell population. We suspect
that FoxM1 increases stem cells independently of GATA-3 because, in other systems, FoxM1 has been
shown to stimulate expression of the “stemness genes” (Wang 2011).

In order to confirm the role of GATA-3-regulation in FoxM1-mediated inhibition of luminal
differentiation, we analyzed the effect of GATA-3 depletion in FoxMI-depleted glands. Infection of
mammospheres formed from FoxM1 FL/FL and WT WAP-rtTA-Cre mice with either control or GATA-3
targeting shRNA allowed for regeneration of glands that lacked both FoxMI and GATA-3. Analysis of
these glands by flow cytometry demonstrated that knockdown of GATA-3 was sufficient to reverse the
loss of luminal progenitors and expansion of differentiated cells observed in mice after loss of FoxMI
(Figure 2.25). Histologically, the FoxM1 knockdown phenotype was reversed by knockdown of GATA4-3
(Figure 2.26). These observations suggest that repression of GATA-3 is the dominant mechanism by

which FoxM1 inhibits differentiation of mammary progenitors.
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Figure 2.24

dsRed
GFP-FoxM1

GFP

dsRed-GATA-3
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GFP, dsRed

Figure 2.24. Immunostaining of glands coexpressing FoxM1 and GATA-3 in vivo.
Glands regenerated with retroviruses expressing GFP, dsRed, GFP-FoxM1, and dsRed-
GATA-3 were fixed, paraffin embedded, and sectioned. Sections were stained with H&E,
cytokeratin 18 (CK18), estrogen receptor alpha (ERa), and CD61. Immunostaining was
performed with DAB and hematoxylin counterstain.
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Figure 2.26
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shGATA-3

Figure 2.26. Analysis of glands lacking both FoxM1 and GATA-3. Glands regenerated
with retroviruses expressing WT or FoxM1 FL/FL. WAP along with control or GATA-3
targeting sShRNA were fixed, paraffin embedded, and sectioned. A total of four mice were
analyzed for each genotype. All sections were stained with H&E, cytokeratin 18 (CK18),
estrogen receptor alpha (ERa), and CD61. Immunostaining was performed with DAB and
hematoxylin counterstain.
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G. FoxM1 Promotes GATA-3 Methylation in an Rb-Dependent Manner

Given the observations in mouse studies that FoxM1 inhibits GATA-3, we expect to see an
inverse correlation between GATA-3 and FoxM1 expression in human breast tumor samples. Consistent
with that, analyses of publicly available database reveals an opposite expression pattern of FoxM1 and
GATA-3 (Figure 2.27). FoxM1 binding sites are conserved across the mammalian genome (Figure 2.28).
The mouse and human GATA-3 promoters contain three FoxM1 consensus sites within 2kb of the start
site. We confirmed the direct binding of FoxM1 to the human GATA-3 promoter, indicating that FoxM1
can regulate GATA-3 transcriptional levels in human breast cancer cells. Additionally, treatment of MDA -
MB-453 cells with siRNA to FoxM1 resulted in a reduction in binding, demonstrating the specificity of
the assay (Figure 2.29). Previous studies showed that the promoter of GATA-3 could be targeted for DNA
methylation during tumor progression (Yan 2000). We hypothesized that the repression by FoxM1 may
be methylation dependent therefore, we measured the ability of FoxM1 to inhibit GATA-3 in the presence
of the methyltransferase inhibitor, 5’azacytidine (5°’AZA). Addition of 5’AZA ablated the repression of
GATA-3 after FoxM1 over-expression, demonstrating that repression is methylation dependent (Figure
2.29). DNMT3b has been specifically implicated in mammary tumor biology. It was shown to be
responsible for the hypermethylated phenotype and subsequent decrease in expression of tumor
suppressor genes in breast cancer (Roll 2008). We explored the possibility that FoxM1 could function in a
complex with DNMT3b and target the GATA-3 promoter for methylation. We observed that FoxM1 co-
immunoprecipitated with DNMT3b (Figure 2.29). Moreover, in the presence of control siRNA, binding
of DNMT3b was detected by ChIP in the regions of the GATA-3 promoter that contained FoxM1 binding
sites. The binding was significantly decreased when cells were treated with siRNA to FoxM1, indicating
that DNMT3b binds to the GATA-3 promoter in a FoxM1 dependent manner (Figure 2.29).

Previous studies have shown that the tumor suppressor Rb could bind FoxM1 (Major 2004,
Wierstra and Alves 2006). We confirmed this binding in breast cancer cells. In addition, we demonstrate
that DNMT3b and Rb are present in a complex (Figure 2.30). Therefore, we investigated whether FoxM1

requires Rb for inhibition of GATA-3 transcription. We utilized a doxycycline inducible shRNA system to
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Figure 2.27
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Figure 2.27. FoxM1 and GATA-3 are inversely correlated in breast cancer samples.
FoxM1 and GATA-3 expression in human breast cancers. Fold change from normal is
graphed. Heat map of individual samples is shown above the graphs *p<10- **p<10-
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Figure 2.28
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Figure 2.28 Consensus FoxM1 Binding Sites Across Species. FoxM1 consensus binding
sites were determined using Macvector software in humans, rhesus monkey, rat, and mouse
genomes. 2kb upstream of the transcriptional start was analyzed. The location of these sites
in the genome are shown above.
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Figure 2.29
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Figure 2.29. FoxM1 transcriptional repression of GATA-3 is methylation dependent.
(A) MDA-MB-453 ells were treated with either control or FoxMI targeting siRNA.
Chromatin immunopreciptation assay of FoxMI1 binding to the GATA-3 promoter was
performed. Quantitative PCR results are shown *p<0.01. (B) FoxM1 was transfected into
MDA-MB-453 cells and 4 hours later, either vehicle (PBS) or 1uM of 5’azacytidine was
added to each plate. Samples were collected 48 hours later and RT-PCR of GATA-3
expression is shown as normalized to GAPDH *p<0.01. (C) Cells were collected and
immunopreciption was performed using DNMT3b antibody, western blot of FoxMI1 is
shown. (D) 72 hours after transfection with control siRNA or FoxM1 targeting siRNA cells
were fixed and chromatin immunoprecipitated (ChIP) with DNMT3b antibody or IgG was
performed. Relative binding of DNMT3b to the GATA-3 promoter sites are graphed.
Samples have been normalized to IgG and relative binding is shown *p<0.01, **p<0.05.
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Figure 2.30
A 5 B
=) X
i 5 X o X
T = £ 23888 :*°%
- ' + T E o
'Zé Ss =65
IP: FoxM1 Rbl E 2R EE
Western: Rb1 el .
pRE RS e s =
IP: DNMT3b o—tubulin — e
C
+Dox

EA (K
- &)
Z 2
N 2
B
% o
SR

Figure 2.30. The Inducible Knockdown System and FoxM1/Rb/DNMT3b Complex. (A)
Top panel: western blot demonstrating binding of endogenous FoxM1 to Rbl in MDA-
MB-453 cells. Bottom panel: western blot of endogenous binding of Rb to DNMT3b.
Lysates were incubated with FoxM1 or IgG, complexes were collected by protein A/G beads
and western blot was done for Rbl protein. Input is 5% of total. (B) The level of pRB
knockdown with RB670 was analyzed by immunoblot analysis of protein lysates from cells
grown in media with (+Dox) and without the addition of doxycycline (-Dox). We observed
at least 95% pRB knock down in —Dox condition. (C) The inducibility of GFP expression,
indicative of the tight control of Rb shRNA production. Phase contrast and fluorescent
microscopy of cells grown in the presence or absence of doxycycline is shown.
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silence Rb (Figure 2.30). In the absence of Rb, expression of FoxM1 failed to repress GATA-3 and in fact
led to a considerable increase (Figure 2.31). It is likely that FoxM1 binds the GATA-3 promoter and in
the absence of Rb, the repressor complex cannot form and FoxMI1 functions as an activator. ChIP
experiments using control siRNA or siRNA specific to FoxMI showed that Rb could not bind to the
GATA-3 promoter in the absence of FoxM1 (Figure 2.31).

In order to functionally test this model, we analyzed the methylation status of the GATA-3
promoter using methylation-specific PCR. Expression of FoxMI led to a considerable increase in
methylation of GATA-3 compared to control. Interestingly, the increase was ablated in the absence of Rb
(Figures 2.32, 2.33, 2.34), demonstrating that the methylation and subsequent repression of GATA-3 was
Rb-dependent. We investigated whether knockdown of Rb in vivo could ablate the FoxM1 mediated
inhibition of differentiation. Therefore, we regenerated mouse mammary glands expressing scrambled
shRNA or shRNA targeting Rb in the presence and absence of FoxMI. Sorting experiments demonstrated
that expression of FoxMI led to an inhibition of differentiation that was alleviated by the knockdown of
Rb (Figure 2.35). Taken together, the data support a model in which FoxM1 functions in a complex with

DNMT3b and Rb to inhibit GATA-3 expression and in effect, mammary luminal differentiation.

H. FoxM1 Expression Leads to an Undifferentiated Tumor Phenotype

Our data indicates that FoxM1 inhibits GATA-3 and this repression leads to the expansion of an
undifferentiated cell type. We hypothesize that this regulation also exists in tumors and that increased
levels of FoxM1 in tumors will lead to a tumor of higher grade. In order to test this, we used the MMTV-
PyMT tumor model. Mice expressing this transgnene develop mammary tumors at a young age that go on
to metastasize in less than six months due to mammary specific expression of the polyoma middle T
antigen (Kouros-Mehr 2008). We generated cell lines from mice expressing this oncogene and then
infected cells with either a control vector or FoxM1 expressing vector. These cells were then implanted
into the cleared fat pad of recipient mice. Eight weeks later, tumors were sectioned and analyzed. FoxM1

expression led to the formation of an aggressive, grade 3 tumor while the control vector led to grade 2
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Figure 2.31. GATA-3 repression by FoxM1 is Rb-dependent. (A) Tet-off shRNA cell
lines were either treated with doxycycline or vehicle for 14 days. Control or FoxMl
constructs were transfected into lines expressing Rb or where Rb was silenced by shRNA.
RT-PCR of GATA-3 expression is shown normalized to GAPDH *p<0.05 **p<0.001. (B)
Cells were transfected with control or FoxM1 targeting siRNA. After 72 hours, cells were
collected and fixed for ChIP assay. IgG or Rb antibody was used for immunoprecipitation.
RT-PCR of Rb binding to the GATA-3 promoter is shown *p<0.05 **p<10-.
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Figure 2.32
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Figure 2.32. Methylation of GATA-3 promoter requires Rb. Tet-off shRNA cell
lines were used for methylation specific PCR analysis of the GATA-3 promoter in

the presence and absence of FoxM1 expression.
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Figure 2.33. Validation of in vitro methylation assay. MCF-7 cells were treated with
either vehicle or 1uM 5’azacytidine for 48 hours. Cells were collected and genomic DNA
was purified and treated with bisulfite. Methylation specific PCR was performed. Data is
normalized to B-Actin. *p<0.01, **p<0.05.
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Figure 2.36

Vector

ERa

Figure 2.36 FoxM1 Induces Undifferentiated Tumors (A) MMTV-PyMT tumor
cells were infected with wither empty vector or FoxMI1 expressing vector.
Infected cells were implanted into the cleared mammary fat pad of recipient mice.
After 8 weeks, tumors were removed and stained using hematoxylin and eosin.
Higher magnification images are shown in the bottom panel. (B) GATA-3 and
ERo immunostaining of tumor samples are shown. Vector expression is shown in
the left panel and FoxM1 expressing in the right. Samples are stained using DAB
and a hematoxylin counterstain.
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tumors. FoxM1 expressing tumors displayed no tubule formation, a high degree of nuclear pleomorphism
and a high mitotic index (Figure 2.36) In line with the observation that FoxM1 tumors are less
differentiated, these tumors had considerably lower levels of estrogen receptor alpha and GATA-3

expression (Figure 2.36).



3. FoxM1 Mediates Resistance to Herceptin and Paclitaxel

A. Overview

Inherent and acquired therapeutic resistance in breast cancer remains a major clinical challenge.
In human breast cancer samples, overexpression of the oncogenic transcription factor FoxM1 has been
suggested to be a marker of poor prognosis. One factor closely associated with poor prognosis is a failure
to respond to therapy. We sought to determine if the elevated levels of FoxM1 in tumors could protect
cells from drug therapies. In this study, we report that FoxM1 overexpression confers resistance to the
HER?2 monoclonal antibody Herceptin and microtubule-stabilizing drug paclitaxel, both as single agents
and in combination. FoxM1 altered microtubule dynamics in order to protect tumor cells from paclitaxel-
induced apoptosis. Mechanistic investigations revealed that the tubulin destabilizing protein Stathmin,
whose expression also confers resistance to paclitaxel, is a direct transcriptional target of FoxMI.
Significantly, attenuating FoxM1 expression by siRNA or an ARF-derived peptide inhibitor increased
therapeutic sensitivity. Our findings indicate that targeting FoxM1 could relieve therapeutic resistance in

breast cancer.

B. FoxM1 Overexpression Confers Herceptin Resistance

To investigate the hypothesis that increased FoxM1 is sufficient to induce resistance to Herceptin,
we stably introduced FoxM1 expression cDNA in SKBR3, BT474, and MDA-MB-453. All cell lines
have HER2 amplification and BT474 is estrogen receptor positive. Drug sensitivity was tested by colony
formation assay. Cells were plated at low density and treated continuously with 10ug/ml of Herceptin for
14 days. As shown by quantification of the colony formation assay, FoxM1 overexpression resulted in a
three to seven-fold increase in colony number as compared to pBabe expressing cells (Figure 3.1),
providing evidence that FoxM1 confers resistance to Herceptin.

The magnitude of the G1/S arrest induced by Herceptin was measured by propidium iodide
staining followed by flow cytometry (FACS) analysis. Cells were treated in 10ug/ml of Herceptin for 72

hours and cell cycle profiles were examined. The control pBabe lines showed a statistically significant
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Figure 3.1
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Figure 3.1. Multiple FoxM1 expressing lines are resistant to Herceptin. The
response of SKBR3, MDA-MB-453, and BT474 stable cell lines to Herceptin was
tested by colony forming assay. Cell lines were treated continuously with either 0 or
10ug/ml Herceptin for 14 days, media was changed every 3 days. Cells were plated in
triplicate and the experiment was repeated three times. Representative wells for
SKBR3 cells are shown. Graphs provide average quantification as a percentage of the
untreated wells *p<10-, **p<107, ***p<10-8.
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increase in the number of cells in G1, but the FoxM1 expressing cells did not exhibit any significant
enrichment of the G1 population (Figure 3.2A). Herceptin alone does not induce apoptosis (Nahta et al.,
2004). Consistent with that, none of the cell lines showed an increase in the sub-G1 population. To further
investigate resistance in FoxM1-expressing cells, we measured the ability to incorporate BrdU (Figure
3.2B). Upon treatment, SKBR3-pBabe showed a substantial (35%) reduction in the number of BrdU-
positive cells. FoxM1 expressing cells did not show any significant decrease in BrdU-incorporation.
Taken together, these results indicate that FoxM1 overcomes the G1/S arrest and proliferation defect

caused by Herceptin, allowing cells to continue to grow in the presence of the drug.

C.FoxM1 Prevents Herceptin Induced Accumulation of p27

While multiple mechanisms of resistance exist, previous reports indicated that low levels of p27
could contribute to Herceptin insensitivity (Nahta et al., 2004). FoxM1 functions as a negative regulator
of p27 by increasing proteolysis. We hypothesized that the resistance observed in FoxM1 overexpressing
cells could be due to a failure to accumulate p27. To test that possibility, SKBR3-pBabe or FoxM1
expressing lines were treated with 10ug/ml of Herceptin for 0, 24, 48, or 72 hours or with increasing
doses. Western blot of FoxM1 and p27 levels showed that in control SKBR3 cells, the levels of FoxM1
decreased with treatment and the p27 levels accumulate as expected. Interestingly, in SKBR3-FoxM1 cell
lines, the basal expression of p27 is lower and levels remained low even after a high-dose of Herceptin
(Figure 3.3A and B). These results show that the likely mechanism by which FoxM1 confers resistance is
by preventing the accumulation of p27 that is required for Herceptin induced G1/S arrest. Treatment with
IgG did not cause changes in FoxM1 or p27, therefore these effects are specific to inhibition of the HER2

pathway and not a general antibody induced response (Figure 3.3B).

D. Targeting FoxM1 in Tumor Cells with Inherent Herceptin Resistance Increases Sensitivity

In order to generate cell lines that have inherent resistance to Herceptin, we cultured parental

SKBR3, MDA-MB-453, and BT474 lines continuously in Sug/ml of Herceptin. At the end of six months,
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Figure 3.2. FoxM1 expressing lines do not undergo cell cycle arrest in response to
Herceptin. (A) Stable cell lines expressing either pBabe or FoxM1 were treated with
10ug/ml of Herceptin for 48 hours, stained with propidium iodide, and subjected to
FACS analysis. Percentage change in G1 phase is shown. Inset shows relative protein
expression in FoxM1 versus pBabe stable cell lines *p<0.03, **p<0.001,***p<0.01.
(B) SKBR3-pBabe and FoxMI1 lines were either untreated or treated for 72 hours with
Herceptin followed by a pulse of BrdU for 2 hours. Percentage of BrdU positive
compared to DAPI positive cells are shown for each group, 500 cells in each
experiment were counted *p<0.001. Average values are shown above error bars and

representative pictures are shown below the graph.
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Figure 3.3
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Figure II1.3. SKBR3-FoxM1 cell lines fail to accumulate p27 after treatment with
Herceptin. (A) SKBR3-pBabe and FoxM1 expressing cell lines were treated with increasing
doses of Herceptin for 48 hours. Representative western blots of FoxM1 and p27 levels are
shown. Cdk2 was used as a loading control. (B) SKBR3 stable cell lines were treated with
10ug/ml of Herceptin for 24, 48, and 72 hours. FoxM1 and p27 levels are shown by western
blot. (Far Right Panel) SKBR3-pBabe cell lines were treated with 10ug/ml of IgG for
indicated periods of time. FoxM1 and p27 were assayed by western blot and Cdk2 was used
as a loading control.
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the lines grew at the same rate in the presence or absence of Herceptin. The source of resistance in these
ines is not uniform as we observed an increase in phosphorylated Akt in only SKBR3 (data not shown).
FoxMI1 levels in parental and resistant lines were assayed by western blot. Interestingly, levels of FoxM1
were higher in all resistant lines (Figure 3.4). This increase was reflected at the RNA level. To confirm a
higher activity of FoxM1, we assayed the RNA levels of the known FoxM1 target genes. As shown in the
SKBR3 resistant line, FoxM1 RNA levels were significantly increased (15-fold) as well as the levels of
the p27 ubiquitin ligase components Skp2 (2.5-fold) and Cks1 (5.6-fold). Additionally, levels of the cell
cycle regulators, Polo Like Kinase 1 (1.5-fold) and Cyclin B1 (16.6-fold) were amplified in the resistant
line as compared to the parental control line (Figure 3.5).

FoxMI1 levels are elevated in resistant lines and we observed that overexpression of FoxM1 could
confer acquired resistance to Herceptin, we wanted to determine whether targeting FoxM1 could
resensitize lines with inherent resistance. Knockdown of FoxM1 by siRNA in SKBR3 resistant cells led
to a more than 75% percent reduction in cell number when used in conjunction with Herceptin. This
effect was also observed in MDA-MB-453 cells (Figure 3.6). Collectively, these results indicate that
FoxM1 is upregulated in resistant lines and that targeting FoxM1 provides a method of sensitizing

resistant cells to Herceptin treatment.

E. FoxM1 Induces Expression of Stathmin to Confer Resistance to Paclitaxel

It has been previously reported that cells that overexpress HER2 display decreased sensitivity to
apoptosis caused by Paclitaxel (Yu et al., 1998; Azambuja et al., 2008). While microtubule-stabilizing
agents such as Taxol induce mitotic arrest and consequent apoptosis, some patients fail to respond to this
drug. We were curious to determine whether FoxM1, which is downstream of HER2, could protect from
Taxol induced apoptosis.

We noted that after seven days of treatment in a low dose of Taxol (0.1uM), only 25% of
SKBR3-pBabe cells survived, while nearly 50% of SKBR3-FoxM1 cells were still viable (Figure 3.7A,

upper panel). Moreover, knockdown of FoxM1 by siRNA in SKBR3 cells was able to sensitize to Taxol



75

Figure 3.4
Parental Resistant
Herceptin: = + - +
10 08 16 1.1
. FoxM1
SKBR3
B-Actin
10 04 18 24
ww e | FoxM1
BT474
—— — | (-Actin
10 08 14 14
‘e FoxM1
MDA-MB-453
A B Ay WENET B-Actin

Figure 3.4. Herceptin resistant lines express higher levels of FoxM1 protein. Western
blot showing FoxM1 protein levels in SKBR3, BT474, and MDA-MB-453 parental and
resistant lines. Lines were continuously cultured in Sug/ml of Herceptin for six months.
Cells were placed in drug free media for 7 days prior to treatment and lysates were collected
72 hours after treatment with 10ug/ml of Herceptin. Quantification of FoxM1 bands by
Image J is shown, using untreated parental lines for normalization.
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Figure 3.5
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Figure 3.5. Herceptin resistant lines have higher FoxM1 activity. Semi-quantitative RT-
PCR using ¢cDNA from either parental or resistant SKBR3 cells was used to analyze target
gene expression. Representative gel pictures are shown and quantification values normalized
to GAPDH are shown above.
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Figure 3.6
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Figure 3.6. Resistant lines can be sensitized to Herceptin treatment by targeting
FoxM1. Parental and resistant SKBR3 and MDA-MB-453 cells were transfected with
control or FoxM1 specific siRNA. 48 hours later, 3 x 103 cells were plated in each well or a
24-well plate and left untreated or treated with 10ug/ml Herceptin. Media was changed
every 3-4 days. After 14 days, colonies were stained with crystal violet and quantified by
photoshop *p<10-9, **p<10-.



78

as evidenced by a comparison of IC50 values between siRNA control and siRNA FoxM1 treated cells,
0.06uM vs. 0.01uM (Figure 3.7A, lower panel). This data indicates that FoxM1 can protect cells from
Taxol induced cell death.

Several mechanisms to combat Taxol induced apoptosis have been reported. Namely, up-
regulation of MDR1 (multi-drug resistant protein 1) a P-Glycoprotein family member that can shuttle
toxins out of cells, up-regulation of the CIAP (inhibitors of apoptosis) family members including
Survivin, and altered microtuble dynamics (Orr et al., 2003). We sought to investigate the mechanism by
which FoxM1 could prevent Taxol induced apoptosis. We did not detect any effect of FoxM1 on the
levels of MDR1 (data not shown). FoxM1 is known to positively regulate the CIAP family member
Survivin and increased expression is known to protect cells from Taxol. However, in the mammary tumor
cells, we did not observe increased expression of Survivin (data not shown). We went on to examine the
possibility of altered microtubule dynamics induced by FoxM1. As Taxol is known to stabilize tubulin,
we compared the ratio of polymerized to soluble microtubule fractions. We fractionated cell lysates to
obtain polymerized and soluble tubulin fractions in SKBR3-pBabe and SKBR3-FoxM1 expressing lines
that were left untreated or treated with Taxol. Without treatment, cells show similar tubulin ratios and
nearly all detectable tublins were in the soluble form. Upon treatment with Taxol, SKBR3-pBabe cells
show a dramatic shift towards the polymerized fraction. The FoxM1 expressing cells did show a shift
towards the polymerized fraction but the ratio was considerably lower (0.56:1 FoxM1 vs. 3.76:1 pBabe
(Figure 3.7B).

It has been previously established that increased expression and activity of the microtubule
destabilizing protein Stathmin can confer resistance to Taxol induced apoptosis both in patient and cell
culture samples (Alli et al., 2002; Balachandran et al., 2003). The hallmark of increased activity is a low
ratio of polymerized to soluble tubulin as we observed in FoxM1 expressing cells (Giannakakou et al.,
1997). Therefore, we compared Stathmin RNA expression in pBabe and FoxM1 expressing cell lines, and
observed that FoxM1 cells express 2-fold more Stathmin compared to the pBabe control cells. This

difference was also noted at the protein level (Figure 3.8A). In addition, chromatin immunoprecipitation
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Figure 3.7. FoxM1 confers resistance to taxol by altering microtubule dynamics. (A)
Top Panel: SKBR3-pBabe and FoxM1 expressing lines were treated continuously with 0.1
uM of Taxol for 7 days and viable cell numbers were determined by luminescent
measurement of ATP. Bottom Panel: SKBR3 parental cells were treated with control siRNA
or siRNA specific to FoxM1 for 72 hours then treated with indicated doses of Taxol for 24
hours. CellTiter Glo, a luminescence assay was used to measure cell viability *p<0.05. (B)
Polymerized and soluble tubulin fractions from untreated and treated SKBR3-pBabe and
FoxML1 cell lines were generated by centrifugation. Western blot was used to assay o-tubulin

and P-tubulin ratios in polymerized and soluble fractions. Relative percentages are shown
above western blot.
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(ChIP) using SKBR3 cells with FoxM1 antibody showed enrichment of the Stathmin promoter region
indicating that the RNA and subsequent protein increase in FoxM1 expressing lines is likely due to a
direct interaction of FoxM1 with the Stathmin gene promoter (Figure 3.8B). Together, these studies
demonstrate that SKBR3-FoxM1 cell lines are resistant to Taxol induced apoptosis by directly targeting

and upregulating the microtubule destabilizing protein Stathmin.

F. FoxM1 Overexpression Protects From Herceptin and Paclitaxel in Combination

While the success of Herceptin as a single agent is significant, the best therapeutic response is
seen when Herceptin is used in conjunction with other chemotherapeutic agents such as Taxol. We were
interested in determining the role of FoxM1 in resistance towards combination therapy.

Pretreatment for 72 hours with Herceptin followed by Taxol treatment of both SKBR3- pBabe
and FoxM1 cell lines revealed significant differences. The FoxM1-expressing cells exhibited resistance to
killing. For example, seven days after Taxol treatment, only 10-12% of the pBabe cells survived, whereas
the survival of the FoxM1-expressing cells was greater than 40% (Figure 3.9A). Knockdown of FoxM1
in SKBR3 sensitized the cells to combination treatment as evidenced by IC50 calculations, 0.097uM
(siRNA Control) vs. 0.028uM (siRNA FoxM1) (Figure 3.9B).

Long-term combination treatment was also investigated by colony forming assay. Quantification
of colony numbers show that approximately 55% of FoxM1-expressing cells survived after combination
therapy, whereas only 26% of pBabe lines survived the treatment in SKBR3 cells (Figure 3.10). The
ability of FoxM1 to mediate resistance to combination therapy was observed also in a comparison of
pBabe vs. FoxM1 expressing MDA-MB-453 (4.5 vs. 39.6%) and BT474 (2.3 vs. 31%) cell lines (Figure
3.10). These data clearly indicate that FoxM1 can protect breast cancer cells from treatment with

Herceptin and Paclitaxel in combination.
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Figure 3.8. Stathmin is a transcriptional target of FoxM1. (A) RNA from SKBR3 pBabe
and FoxM1 lines were collected and RT-PCR was used to measure stathmin. Values were
normalized against cyclophilin. Inset shows relative protein expression by western blot
*p<0.05. (B) Chromatin immunoprecipitation assay (ChIP) was performed in SKBR3 cells
using an antibody specific to FoxM1 or IgG as a control. PCR was used to amplify the
region surrounding the putative FoxM1 binding site at -5793 upstream of the transcriptional
start site and the region surrounding —1371 as a non-specific control. Representative PCR
results are shown.
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Figure 3.9. FoxM1 protects cells from combination therapy. (A) RNA from SKBR3
pBabe and FoxM1 lines were collected and RT-PCR was used to measure stathmin. Values
were normalized against cyclophilin. Inset shows relative protein expression by western blot
*p<0.05. (B) Chromatin immunoprecipitation assay (ChIP) was performed in SKBR3 cells
using an antibody specific to FoxM1 or IgG as a control. PCR was used to amplify the
region surrounding the putative FoxM1 binding site at -5793 upstream of the transcriptional
start site and the region surrounding —1371 as a non-specific control. Representative PCR
results are shown.
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Figure 3.10. FoxM1 is protective during long term combination treatment. 3-5 x103
SKBR3, MDA-MB-453, or BT474 cells were seeded in each well in triplicate. Cells were
either left untreated or pre-treated in 10ug/ml Herceptin for 72 hours then pulsed in 0.1uM
Taxol for 4 hours. Wells that received Herceptin were continuously cultured in 10ug/ml for
the duration of the experiment. Media was changed every 3 days. Cells were stained after a
total of 17 days in crystal violet and representative wells are shown in the left panel. Graph
shows quantification of triplicates from three separate experiments. Representative wells of
SKBR3-pBabe and FoxM1 cells are shown in upper left *p<0.05, **p<0.001.
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G.An ARF-Derived Peptide Inhibitor of FoxM1 is Sufficient to Sensitize Mammary Tumor Cells

Studies in our lab have shown that FoxM1 is inhibited by a small peptide that contains an 18-AA
region of the pl9ARF protein (residues between 26 and 44). This peptide has been shown to reduce
proliferation and induce apoptosis of hepatocellular carcinoma cells in vivo (Gusarova et al., 2007).
Treatment with the ARF-derived peptide and Herceptin led to a staggering 90% reduction in both SKBR3
and MDA-MB-453 resistant cell number as measured by colony forming assay, similar to parental lines
treated with both (Figure 3.11). As expected, treatment with a mutant peptide did not show a difference in
colony number as compared to parental lines and therefore was used as a control.

We went on to test the ability of the ARF-peptide to sensitize the FoxM1 expressing cells to
treatment. Addition of the ARF-peptide to Herceptin, Taxol, or combination treatment showed a dramatic
reduction in cell number as compared to mutant peptide. In pBabe-expressing lines, the ARF peptide was
able to sensitize cells to all treatments, resulting in a greater effect from the same dosage. Most notably,
addition of ARF-peptide had a significant effect in FoxM1 lines with less than 3% of cells surviving
combination treatment (Figure 3.12). This data reveals that the use of ARF peptide in chemotherapeutic

regimens could have great clinical promise.
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Figure 3.11
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Figure 3.11. ARF-peptide sensitizes resistant lines to Herceptin. ARF-peptide or
mutant peptide (2uM) was used to treat either parental or resistant SKBR3 and
MDA-MB-453 cells. Cells were pretreated with peptide for 3 days then treated with
both 10ug/ml Herceptin and peptide. Media was changed daily and cells were
stained with crystal violet after 17 total days. Graph shows quantification of colony
forming assay by Photoshop *p<0.01, **p<10-4, ***p<10-6,
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Figure 3.12
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Figure 3.12. FoxM1 expressing cells can be sensitized to combination therapy by ARF-
peptide treatment. SKBR3-pBabe and FoxM1 cell lines were treated with either mutant or
ARF-peptide for three days. Wells receiving both Herceptin and Taxol were pre-treated for
72 hours with Herceptin before receiving indicated doses of Taxol. Quantification of
triplicates is shown in the graph with representative images below p<0.001, p<0.05, p<10-+.



4. DISCUSSION

A.Mechanisms of FoxM1 Upregulation in Tumor Cells

Previous studies identified several mechanisms for the elevation of FoxM1 expression in tumors.
Commonly activated oncogenic pathways, such as Ras signaling are upstream regulators of FoxM1
expression and activity (Behren et al., 2010; Park et al., 2009). Additionally, downregulation of p19AREF,
a tumor suppressor and negative regulator of FoxMI1, can result in increased FoxM1 activity
(Kalinichenko et al., 2004). Several events that have been implicated in breast tumor development also
are involved in the elevated expression of FoxM1. Recent studies indicate that FoxM1 expression is
negatively regulated by p53, a frequently mutated gene in breast cancer (Barsotti et al., 2009; Pandit et al.,
2009). In mammary tumors, Bektas and colleagues demonstrated that increased expression of FoxM1 is
correlated with HER2/ErbB2 expression (Bektas et al., 2008). Subsequently, Francis et al showed that
FoxMI is a target of HER2 signaling, providing a mechanism for FoxM1 upregulation in HER2+
mammary tumors (Francis et al., 2009). The majority of mammary tumors are of luminal type that
express estrogen and progesterone receptor without HER2 amplification (Dimri et al., 2005). FoxM1 was
recently validated as a transcriptional target of estrogen receptor signaling in mammary cell lines by ChIP
and gel shift assays. RNA levels were elevated in response to estrogen and inhibited by estrogen
antagonists (Millour et al., 2010). This indicates that increased expression of FoxM1 in mammary tumors

could be a consequence of alterations in estrogen signaling.

B. Consequences of FoxM1 Overexpression

Tumor development and progression is a multi-step process. FoxM1 expression is elevated in all
tumor types examined (Pilarsky et al., 2004). A considerable amount of work has gone into understanding
the selective advantage FoxM1 provides tumor cells at the various steps of the cancer progression. FoxM1
stimulates expression of several cell cycle genes, and thus, supports the highly proliferative nature of
tumor cells (Costa et al., 2005b). Recently, we showed that FoxM1 is a critical regulator of reactive

oxygen species (ROS) in cancer cell lines (Park et al., 2009). Tumor cells expressing ROS-inducing
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oncogenes, such as activated Ras or Akt, require FoxM1 for their survival. FoxM1 attenuates the levels of
ROS by increasing expression of antioxidant genes. Additional studies have shown that elevated FoxM1
promotes tumor metastasis, cell survival, and a drug resistant phenotype (Kwok et al., 2008; Kwok et al.,

2010; Carr et al., 2010; Park et al., 2011).

C. FoxM1 Promotes the Expansion of Undifferentiated Cells

As shown in Figure 4.1, we have created a model in which FoxM1 can function in a complex
with the DNA methyltransferase, DNMT3b and in conjunction with Rb1 protein promote the promoter
methylation and subsequent silencing of GATA-3 expression and the consequent inhibition of luminal
differentiation. The observation that FoxM1 increases the pool of mammary luminal progenitors is of
particular interest because the most common forms of breast cancers are of luminal origin (Sorlie et al.,
2001). Additionally, recent work showed that deletion of tumor suppressor genes, specifically in luminal
progenitors, led to the development of aggressive and poorly differentiated tumors (Jiang et al., 2010). It
is possible that overexpression of FoxM1 in the luminal progenitors, in association with other changes,
promotes the development of poorly differentiated mammary tumors.

Low-grade tumors that maintain markers of differentiation are associated with a positive patient
outcome and are responsive to endocrine targeting therapies. Recently, one such marker, GATA-3 was
shown to be a positive predictor of patient survival (Yoon et al., 2010). In a mouse model of luminal
tumors, expression of GATA-3 is sufficient to promote tumor differentiation and inhibit metastasis
(Kouros-Mehr et al., 2006). An understanding of the regulation of GATA-3 expression is key to
understanding tumor progression, preventing metastasis, and improving patient survival. Our study
indicates that FoxM1 inhibits differentiation through GATA-3 suppression, and as a result, promotes the
expansion of tumor progenitor and stem cells. Breast cancers contain a small subset of cells that have
tumorigenic potential (Al-Hajj et al., 2003). These cells have a stem like gene profile and increased
numbers of these cells in tumors is associated with an aggressive tumor phenotype and high rates of

relapse (Sorlie et al., 2001). Our data indicates that FoxM1 overexpression, a common event in breast
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tumors, functions as a catalyst for aggressive tumor growth and points to FoxM1 as a potential target in
differentiation therapy.

In this study, we observe that FoxM1 can regulate the expression of estrogen receptor alpha. The
relationship between FoxM1 and the estrogen receptor is not straightforward. An early report by
Madureira and colleagues demonstrated that FoxM1 and ERo were correlated in breast cancer cell lines.
They went on to demonstrate that either overexpression or knockdown of FoxM1 led to the increased or
decreased expression of ERa respectively. Also, that FoxM1 was bound to the estrogen recpetor promoter
by ChIP (Madureira et al., 2006). More recently, it was shown that the regulation was reciprocal, that in
fact, FoxM1 was a transcriptional target of ERa (Millour et al., 2010). It is possible that FoxM1 and ERa
exist in a positive feedback loop, yet, both of these studies were independent and the reciprocal regulation
and the existence of a loop is only implied and not rigorously tested. We have seen that FoxM1 functions
as a negative regulator of ERa but it is likely that this is an indirect effect of GATA-3. The FoxM1
induced mammary defect does not phenocopy that of estrogen receptor deletion, supporting the idea that
the regulation between FoxM1 and estrogen in this system may not be direct.

An additional and unexpected finding in this study is that the repression of GATA-3 transcription
by FoxM1 relies on the retinoblastoma (Rb) protein. While previous reports showed that Rb and FoxM1
are interacting partners (Major et al., 2005; Wierstra and Alves 2006), a functional effect of this binding
has not been reported. Here, we show that this interaction is required for the repression of GATA-3 in the
mammary gland. The involvement of Rb in this process is of particular interest because Rb is generally
thought to promote tissue differentiation (Sherr and McCormick 2002). Here, we show that the converse
is true with regard to mammary luminal differentiation. Inhibition of differentiation by Rb is not
unfounded. Previous studies indicate a repressive role of Rb in adipogenic differentiation (Fajas et al.,
2002a). The inhibition of adipogenesis by Rb was further confirmed by in vivo experiments with mice
harboring conditional knockout alleles of Rb (Calo et al., 2010). Authors of that study also showed that

shRNA-mediated depletion of Rb relieved a block in differentiation in p53-/- osteosarcoma cells. Rb
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binds to E2F4 to inhibit expression of PPAR-y, a master regulator of adipogenic differentiation (Fajas et
al., 2002a; Fajas et al., 2002b). This is similar to our observation in that Rb binds to FoxM1 to inhibit
expression of GATA-3, a master regulator of mammary luminal differentiation. At this time, we cannot
exclude the possibility that repression of GATA-3 by Rb may promote differentiation of another cell type.
In that regard, it is noteworthy that mice expressing a constitutively active form of Rb in the mammary
gland undergo premature differentiation. Virgin mice show positive staining for pregnancy markers
indicating the cells had undergone alveolar differentiation (Jiang et al., 2002). EIf-5 has been identified as
a key regulator of alveologenesis and increased expression of Elf-5 results in precocious differentiation.
While pregnancy specific deletion of GATA-3 shows a defect in milk production, the expression patterns
of Elf-5 and GATA-3 are distinct (Oakes et al., 2008; Siegel et al., 2010). One intriguing possibility is
that Rb may promote alveolar differentiation through repression of GATA-3, yet this remains to be
shown.

Deletion or mutation of Rb is a common event in basal-like subtypes of mammary tumors
(Herschkowitz et al., 2008). There is evidence that basal type tumors overexpress FoxM1 and under
express GATA-3 (Oncomine). We speculate that the Rb-related proteins pl07 or p130 participate in
GATA-3 repression in tumors harboring mutations in the Rb gene. Deletion of Rb using MMTV-Cre in
pl07 -/- mice resulted in development of basal mammary tumors (Jiang et al., 2010). Yet, Jiang and
colleagues paradoxically observed tumors in mice by expressing constitutively active Rb. During
involution, mice with active Rb show a deficiency in apoptosis, suggesting that Rb promotes cell survival
(Jiang et al., 2002). The ability of Rb to protect cells from apoptosis provides a potential mechanism for
tumor development in these mice. Therefore, it remains possible that the FoxM1/DNMT3b/Rb complex
promotes the maintenance and survival of the progenitor pool through repression of GATA-3, and the

reduced level of GATA-3, consequently, delays differentiation.
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D. FoxM1 Confers a Drug Resistant Phenotype

Drug resistance, either inherent or acquired poses significant clinical challenges. The mechanisms
by which cells acquire resistance are multiple and complex and our understanding will be important in
order to create better therapeutic options. FoxM1 expression is elevated in a variety of tumors and several
studies have pointed to the possibility that FoxM1 can promote a drug resistant phenotype. Gefitinib is an
antibody inhibitor of epidermal growth factor receptor (EGFR) signaling. In a comparison of sensitive
and resistant lines, after treatment, it was observed that FoxM1 was specifically repressed in cell lines that
are sensitive to Gefitinib. From this observation, it was determined that FoxM1 is a downstream target of
Gefitinib treatment. Importantly, when sensitive cell lines were transfected with a wildtype or
constitutively active form of FoxM1, they became resistant to treatment indicating that FoxM1 can confer
a resistant phenotype to Gefitinib treatment (McGovern et al., 2009).

Similar observations were made with Cisplatin treatment. Cisplatin is a platinum based
chemotherapy that functions by inducing formation of DNA adducts that results in cell cycle arrest or
apoptosis. Kwok and colleagues made a cisplatin resistant line by continuous exposure of MCF-7 cells to
increasing concentrations of the drug. They noted that levels of FoxM1 mRNA and protein were
considerably higher in resistant lines as compared to parental lines. Additionally, overexpression of
FoxMI1 in parental lines led to an upregulation of DNA repair pathways and protected cells from drug
treatment. Also, a potential FoxM1 targeting therapeutic, Thiostrepton, was able to sensitize resistant
lines to treatment (Kwok et al., 2010).

Given that the majority of breast cancers are estrogen and progesterone receptor positive,
endocrine therapies are a cornerstone of breast cancer treatment. FoxM1 is a transcriptional target of
estrogen receptor alpha and is responsive to both estrogen agonist or antagonist treatment, including
tamoxifen. Knockdown of FoxM1 by siRNA sensitized cells to tamoxifen treatment and abrogated the
mitogenic effects of estrogen on MCF-7 cells (Millour et al., 2010). Our studies have indicated that

FoxM1 expression leads to an expansion of undifferentiated mammary cells. Given the strong
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relationship between drug resistance and stem cells, our data suggests that in breast tumors FoxM1 may
be an important target in the breast cancer stem cell pool.

The work presented here is the first report that high levels of FoxM1, commonly seen in tumors,
offer mammary tumor cells an additional growth advantage, protection against Herceptin and Paclitaxel
both alone and in combination by mechanisms illustrated in Figure 4.2. Previous reports from our lab
have shown that FoxM1 can regulate p27 degradation and localization to allow cell cycle progression
(Wang et al., 2002; Petrovic et al., 2008). The work presented here shows that this ability of FoxM1 to
keep basal levels of p27 low and prevent p27 accumulation in response to Herceptin treatment is
mediating a resistant phenotype in FoxM1 overexpressing cell lines. Yet, it is likely that FoxM1 can
mediate resistance by other mechanisms. This is evident in cells harboring inherent resistance to
Herceptin. The basal levels of p27 in BT474 and MDA-MB-453 are higher in resistant lines than in
parental (data not shown), indicating dysregulation. In a pooled resistant cell line, it is feasible that the
mechanisms by which cells evade therapy are heterogeneous yet, the result, as we observed, is increased
FoxM1 expression and activity. These findings are significant because, regardless of p27 or p-Akt status,
inhibition of FoxMI1 induces resensitization. This data indicates that FoxM1 is likely a downstream
mediator of resistance caused by multiple mechanisms and therefore a valuable therapeutic target.

Several studies have reported alterations in microtubules as a source of resistance to Taxol and
some have implicated increased expression of Stathmin (Alli et al, 2002; Balachandran et al., 2003). Yet,
upstream transcriptional regulators of Stathmin have not been reported. Not only do we demonstrate that
FoxM1 directly increases expression of stathmin, but that microtubules in FoxM1 overexpressing lines
fail to polymerize in response to Taxol treatment, an indicator that the Stathmin activity is high in these
cells. The implications of this finding spread past breast cancer. As mentioned, FoxM1 expression is
elevated in all tumor types examined to date and paclitaxel is a commonly used chemotherapeutic agent.
It is likely that FoxM1 inhibition could be a successful tool to sensitize various tumor types to treatment.
Therapeutically, Taxol has significant and limiting side effects including a decrease in blood cells

(neutropenia, anemia, leukopenia) and chemotherapy-induced neuropathy (Lee et al., 2006). The addition
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of a FoxM1 inhibitor to a chemotherapeutic regimen could result in lower effective doses and a potential
reduction in side effects for patients.

In the past several years, the ability of FoxM1 to promote tumorigenesis and tumor growth has
become apparent. As a result, several groups have been working to develop FoxM1 inhibitors. In addition
to the ARF-derived peptide inhibitor of FoxM1, it has been shown that the antibiotics Siomycin A and
Thiostrepton could inhibit FoxM1 (Gusarova et al., 2007; Bhat et al., 2009a). In addition, proteasome
inhibitors, a number of which are in use clinically can downregulate FoxM1 levels (Bhat et al., 2009b).
Several studies have shown that FoxM1 functions to promote proliferation, inhibit apoptosis, evade
senescence and promote angiogenesis (Park et al., 2009; Zhang et al., 2008; Myatt et al., 2007). Our
studies also implicate that FoxM1 can promote a drug resistant phenotype in breast tumors and could be
targeted, perhaps by the ARF-peptide, in sensitization therapy. Notably, previous in vivo studies using
ARF peptide did not show toxicity in other organ systems, one important factor in choosing therapies
(Gusarova et al., 2007).

Interestingly, several FoxM1 target genes have been implicated in resistance including Survivin,
Polo Like Kinase 1 (PLK1), and Cksl. Survivin was shown to induce resistance to Taxol, VEGF
inhibitors, and radiation therapy (Zaffaroni et al., 2002). Knockdown of PLK1 could sensitize cells to
Cisplatin, Herceptin, and Taxol while Cksl is implicated in Taxol resistance as well (Krishnan et al.,
2008; Spankuch et al., 2006). As these factors are downstream targets of FoxM1 it is likely that therapies
aimed at reducing FoxM1 also will serve as a method of sensitizing tumor cells to other therapies. The
ability of FoxM1 to induce resensitization could be applicable in a variety of tumor types and therapies.
Our study shows that FoxM1 is a valid target in drug resistant tumors and inhibitors of FoxM1 should be

considered in future therapeutic trials.



5. Materials and Methods

A. Animal Studies

All animal experiments were preapproved by the UIC institutional animal care and use
committee. WAP-rtTA-Cre mice were obtained from the Mouse Repository, NCI-Frederick. FoxM1
FL/FL mice have been previously characterized (Wang et al., 2005). C57BL/6 mice were purchased from
Charles River laboratories. For deletion studies, mice were given 2mg/mL of doxycyline (Sigma)
dissolved in 5% sucrose (Sigma) solution in water bottles. A detailed description of the in vivo

overexpression system and flow cytometry analysis is provided in supplemental methods.

B. Bioinformatics and Statistical Analysis

Oncomine™ (Compendia Bioscience, Ann Arbor, MI) was used for analysis and visualization.
To analyze the expression of FoxM1 and GATA-3 in human tumor arrays, breast cancer datasets were
exported from Oncomine. Box plots are used to show fold-change of FoxM1 expression in each tumor
grade subset. Human tissue arrays were scored by two independent pathologists. All p-values were
calculated using the student’s T-test. Standard deviation of each experiment is shown using error bars in

column graphs.

C. Cell Culture, Constructs and Chemotherapeutic Agents

MDA-MB-453, SKBR3, BT474 and MCF-7 cell lines were obtained from American Type
Culture Collection (ATCC). Cells were cultured in RPMI 1640 (Invitrogen) with 10% fetal bovine serum
(Hyclone) and penicillin/streptomycin (Cellgro). Stable cell lines were generated by transfection of pBabe
or pBabe-FoxM1 retroviral constructs followed by selection in puromycin. FoxM1-pcDNA3.1 was
generated by PCR amplification and cloned into pcDNA3.1 followed by sequencing. Myc tagged
DNMT3a and 3b were a kind gift of Frederic Chedin. Retroviral scrambled shRNA and Rb shRNA
constructs were purchased from Origene. Plasmid transfection was done using Fugene 6 (Roche). Control

siRNA as well as siRNA specific to FoxM1 (Dharmacon) was transfected using Lipofectamine

96



97

(Invitrogen). For Rb knockdown studies, a doxycycline inducible shRNA system in MCF-7 cells was
used and described in detail below. Cell synchronization of MDA-MB-453 for cell cycle analysis was
done using serum starvation (0.2%FBS) for 24 hours, followed by 10% FBS for 6 hours, and addition of
Sug/ml of aphidicolin (Calbiochem) for 16 hours. Mutant and ARF peptide have been described
previously (Gusarova et al., 2007). Paclitaxel (Sigma) was dissolved in DMSO. Herceptin, a gift from

Genentech (San Francisco, CA) was dissolved in sterile water.

D. Production of Inducible Knockdown MCF-7 Cell Lines (Benevolenskya Lab)

To produce an inducible knockdown system in MCF-7 cell lines, cells were first infected with
viral particles carrying the pRetroX-Tet-off Advanced vector (Clontech), for constitutive expression of
the tetracycline-controlled transactivator, tTa-Advanced. Cells with integrated constructs were selected
for using G418 sulfate for two weeks. Isogenic clones were then isolated by plating cells in limiting
dilutions on 10 cm plates, and validated by measuring tTA-Advanced expression by RT-qPCR.
Inducibility was assessed by performing induction assays of cells further infected with pRetroX-Tight-
Pur-Luc, a tTA-inducible luciferase reporter, for three days and performing a luciferase assay (Promega).
Clones showing the highest tTA-Advanced expression and luciferase inducibility were used to produce
second stable lines. In all, ~10 clones were isolated per line, which all showed at least some expression of
tTA-Advanced. The clone showing greater than 20 fold inducibility by luciferase assays was used to
produce second stable lines.

Second stable cell lines carrying vector for expression of miR-30-based shRNA to Rb or the
empty control vector TGM, were made by infecting tTA-Advanced expressing clones with TMP-RB.670
(Dickins et al., 2005) retroviral particles (referred to as RB670 here within) and selecting for integrated
constructs using puromycin dihydrochloride for several days. Individual clones were generated by
limiting dilutions on 10 cm plates and validated by performing induction assays for 6 days. In particular,
clones were evaluated for inducible GFP expression via fluorescent microscopy as well as protein lysates

were prepared for Western blot analysis of pRB protein level.
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E. Tubulin Assay

Separation of polymerized and soluble fractions was done in accordance with previously
published assays (Giannakakou et al., 1997). Cells were seeded at 80% confluency in 24-well plates. The
following day they were treated with O or 1nM Taxol for 24 hours. Cells were collected in hypotonic
buffer (1mM MgCl,, 2mM EGTA, 0.5% Nonidet P-40, 20mM Tris-HCI pH 6.8) and centrifuged for 10
minutes at room temperature (14,000 rpm). The supernatant was used as the soluble fraction while the

pellet made up the polymerized fraction. Samples were analyzed by western blot.

F. Flow Cytometry (Cell Cycle), Proliferation Measurements and Colony Forming Assay

For cell cycle analysis by flow cytometry, cells were trypsinized, pelleted, and then resuspended
in propidium iodide (PI) solution (50ug/ml PI, 0.1mg/ml RNaseA, 0.05% Triton-X). All reagents were
purchased from Sigma. After 40 minutes of incubation at 37° cells were analyzed using a flow cytometer.
10uM of 5-Bromo-2-Deoxyuridine (BrDU) from Sigma was added to culture media. Cells were fixed and
stained with anti-BrdU antibody (1:250, Dako) followed by anti-mouse FITC (Dako) and DAPI
(Molecular Probes). Cell viability was measured using CellTiter-Glo Luminescent assay (Promega),
which measures the amount of oxygenated oxyluciferin that has a direct correlation to ATP present. For
colony forming assay, 3-5 x 10° cells were plated in triplicate in a 24-well plate. 24 hours later, treatment
was initiated. After 14-17 days cells were fixed and stained with crystal violet. Quantification was done
using Adobe Photoshop, a method described elsewhere (Lehr et al., 1997). All p-values were calculated

using the student’s t-test.

G. Semi-Quantitative RT-PCR

RNA was extracted using Trizol (Invitrogen) and cDNA was synthesized using reverse
transcriptase (Bio-Rad). Equal amounts of cDNA were used for all PCR reactions (Promega). PCR

products were analyzed over a series of cycle numbers in order to ensure that data was produced during
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the PCR log-scale amplification. Samples were run on agarose gels, photographed, and quantified using

Image J. Primers are listed in Table 1.

H.RT-PCR and Western Blot

RNA was Trizol extracted (Invitrogen) and cDNA was synthesized by reverse transcriptase (Bio-
Rad). cDNA was amplified using SYBR Green mastermix (Bio-Rad) and analyzed via iCycler software
and the delta-delta C; method. Data from mouse studies was normalized to 18s RNA and human products
to GAPDH. All primer sequences are shown in Table 1. Protein extracts from tissue were homogenized in
lysis buffer containing: 50mM Hepes-KOH, 300mM NaCl, ImM EDTA, 1mM EGTA, 1mM DTT, 0.1%
Tween 20, and 10% glycerol. Extracts from cell lines were prepared in lysis buffer containing: 1mM
EDTA, 0.15M NaCl, 0.05M Tris-HCI1 pH 7.5, and 0.5% Triton-X. Phosphate inhibitor cocktail set II
(Calbiochem) and protease inhibitor (Roche) were added to lysis buffers before each experiment. All
reagents are from Sigma-Aldrich unless otherwise noted. The rabbit polyclonal antibody against FoxM1
has been previously described (Major 2004). Anti kip1/p27 (1:10,000, BD Biosciences), GATA-3 (1:200,
Santa Cruz), Stathmin (1:1000, Cell Signaling) and Cdk?2 (1:200, Santa Cruz) were also used. For tubulin
fractionation, a-tubulin antibody (1:10,000, Sigma) and $-tubulin (1:10,000, Neomarkers) were used for

analysis.

I. Chromatin Immunoprecipitation (ChIP)

Cells were fixed in 1% formaldehyde for 10 minutes to allow crosslinking and then quenched
with 125nM glycine. For in vivo ChIP single cell suspensions were generated using
collagenase/hyaluronidase and then fixed. Cells were collected and lysed in SDS lysis buffer (1% SDS,
10mM EDTA, 50mM Tris pHS, protease and phosphate inhibitors). Lysate was sonicated, pre-cleared,
and incubated with GFP (Clontech, JL-8), GATA-3 (Santa Cruz HG3-31), FoxM1 (developed by our
lab), DNMT3b (Imgenex 52A1018), or Rb (Cell Signaling, 4H1) antibody as indicated followed by

collection with Protein-A and Protein-G sepharose beads with salmon sperm (Upstate). Beads were
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washed and DNA was extracted using a PCR purification kit (Qiagen). PCR products were visualized on
a gel or analyzed using SYBR Green (Bio-Rad) and normalized to the IgG control (Santa Cruz) as

indicated. PCR sequences are provided in Table 1.

J. Immunohistochemistry and In Situ Hybridization

For immunohistochemistry, glands were fixed in modified Davidson’s fixative (30% of 37%
formaldehyde-15% ethanol-5% acetic acid) for 48 hours, rinsed in PBS, left in 10% PBS buffered
formalin overnight and embedded in paraffin. For staining, antigen retrieval was done using sodium
citrate buffer (10mM sodium citrate pH 6.0 and 0.05% Tween) and antibodies were incubated overnight
at the following dilutions: FoxM1 (Santa Cruz, K-19) 1:500, GATA-3 (Santa Cruz, HG3-31) 1:100,
estrogen receptor alpha (Abcam 6F11) 1:40, cytokeratin 18 (Novus E431-1) 1:200, smooth muscle actin
(Sigma, 1A4) 1:50,000, CD61 (Millipore, 04-1060) 1:50, p63 (Millipore, MAB1435) 1:200. Visualization
was done using ABC and DAB and counterstained using Hematoxylin (Polyscientific). For antibodies of
mouse origin, mouse on mouse (MOM) kit was used. All reagents are from Vector Labs unless otherwise
indicated. For in situ hybridization, 322bp mouse FoxM1 probes were amplified from cDNA using the
following primers: 5’-GCTATCCAACTCCTGGGAAGATTC-3’ sense and 5’-
CAATGTCTCCTTGATGGGGGTC-3’ antisense. T7 polymerase (Ambion) and DIG labeled nucleotides
(Roche) were used to make labeled RNA probes. Labeling of paraffin embedded sections was performed
using IsHyb in situ hybridization kit (Biochain). Sections were counterstained in nuclear fast red (Vector
Labs) or fixed briefly in paraformaldehyde and stained using antibodies to smooth muscle actin or

cytokeratin 18 as indicated.

K. Whole Mount Imaging

For carmine alum whole mount staining, glands were removed, spread on glass slides and placed
in Carnoy’s fixative overnight. Glands were hydrated in an alcohol gradient and left in carmine alum

(Sigma) overnight then cleared in xylene. For GFP imaging, glands were removed, spread on a glass
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slide, fixed in 4% paraformaldehyde overnight, cleared in 50% glycerol in PBS for 4 hours, 75% glycerol

for 4 hours, and 100% glycerol overnight. Glands were imaged using a fluorescent dissecting scope.

L. Methylation Analysis

Genomic DNA was isolated using Perfect Pure DNA isolation kit (5 Prime). Bisulfite conversion
was done using EZ DNA Methylation kit (Zymo Research). Conversion efficiency was determined to be
greater than 95% by using primers to converted and unconverted beta actin. Bisulfite converted DNA was
amplified using methylation specific PCR as described (Herman et al., 1996, Liu et al., 2009). Primers did

not amplify non-converted DNA but did amplify SssI methylase treated, bisulfite converted DNA.

M. Mammosphere Culture, Retroviral Infection, Cleared Mammary Fat Pad Transplant

Primary mammary epithelial cells were used to generate mammosphere cultures as previously
described (Dontu et al., 2003). Specifically, #4 inguinal mammary glands were removed from 6-8 week
old C57BL/6 mice. Glands were digested for 6 hours in collagenase/hyaluronidase. Cells were collected
by centrifugation, red blood cells were lysed using ammonium chloride solution, and glands were further
digested using 0.25% Trypsin (Cellgro) and Dispase. DNasel (sigma) was used to remove DNA from
dead cells. Cells were suspended in Hanks’ balanced salt solution and 2%FBS and filtered through 0.4uM
strainer (BD Biosciences). Cells were counted and incubated in retrovirus as described below. All
reagents are from Stem Cell Technologies unless otherwise noted.

pMigR-FoxM1-EGFP was generated by cloning FoxM1 cDNA into pMigR-EGFP. pMigR-dsRed
was made by exchanging dsRed express (Clontech) for EGFP in pMigR and GATA-3-dsRed was made
by PCR amplification of GATA-3 cDNA and cloning into pMigR-dsRed (Refaeli et al., 2002). Scrambled
and shRNA constructs against Rbl and GATA-3 were purchased from Origene. Retrovirus was generated
using 293 Ampho packaging cell line. Cells were plated at 40% confluency and infected with retroviral
constructs using lipofectamine2000 (Invitrogen). After 24 hours, media was changed to 3% FBS and

DMEM and fresh virus was used to infect mammospheres. Low DMEM was used to minimize the FBS
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that stem cells are exposed to. 2ml of fresh virus was added to mammosphere cells from above along with
polybrene. Cells were incubated with virus at 37° for 120 minutes and gently mixed every 20 minutes.
After 2 hours, cells were centrifuged, supernatant was removed, and cells were resuspended in media
containing DMEM/F12 (Invitrogen/Gibco), serum-free B27 (Gibco), 20ng/mL EGF (Peprotech), 20ng/ml
FGF (Peprotech), 4ug/mL Heparin (Sigma), and Penicillin/Streptamycin (Cellgro). Cells were plated at a
density of 5 x 10°/75cm? flask. Spheres were allowed to form for 7 days.

At the end of 7 days spheres were collected, digested in 0.05% trypsin for 10 minutes at 37°,
resuspended in Hanks’ balanced salt solution and 2%FBS, centrifuged, and suspended in fresh media at a
concentration of 1 x 10%ml. GFP, dsRed, or double positive cells were sorted using Beckman Coulter
MoFlo sorter and Summit software. One thousand sorted cells were resuspended in matrigel (BD
Biosciences) and were implanted into the cleared mammary fat pad of 3-4 week old C57BL/6 mice as
previously described (DeOme et al., 1959). All data is shown normalized to the control gland from the
same animal. All analysis was performed after 7-8 weeks of regrowth.

Flow Cytometry. For cell cycle analysis by flow cytometry, cells were trypsinized, pelleted, and then
resuspended in propidium iodide (PI) solution (50ug/ml PI, 0.1mg/ml RNaseA, 0.05% Triton-X). All
reagents were purchased from Sigma. After 40 minutes of incubation at 37 degrees Celsius, cells were
analyzed using a flow cytometer. Analysis of primary mammary glands was done as previously described
(Stingl et al., 2006). Briefly, glands were processed using sequential enzyme digestion (described in
detail in supplemental methods), blocked using an antibody to CD16/CD32 and hematopoietic stem cells
were removed using the epithelial cell enrichment kit (stem cell technologies). Cells were stained using
CD24-PE (BD Biosciences), CD29-APC (e-Biosciences), CD61-biotin and streptavidin PE-Cy7 (BD
Biosciences). Later studies in mammary gland involving two retroviruses (GFP and dsRed expressing)
were stained using CD24-PE-Cy7 (BD Biosciences), CD29-APC, and CD61-biotin and streptavidin
pacific blue (BD Biosciences). Analysis was done using a Beckman-Coulter flow cytometer and Summit

software.
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Table 1: Primer/Probe Information

RT-PCR
Gene Name Sense (5°—3°) Antisense (5°—3’)
FoxM1 GAGGAAAGAGCACCTTCAGC AGGCAATGTCTCCTTGATGG
GATA-3 CCGAAACCGGAAGATGTCTA AGATGTGGCTCAGGGATGAC
18s RNA ACATCGACCTCACCAAGAGG TCCCATCCTTCACATCCTTC
Rb1 TGATAACCTTGAACCTGCTTGTCC GGCTGCTTGTGTCTCTGTATTTGC

Estrogen Receptor a

AAGGCGGCATACGGAAAGAC

ATCCAACAAGGCACTGACCATC

Amphiregulin

ACTCACAGCGAGGATGACAAGG

TAACGATGCCGATGCCAATAG

Cytokeratin 18

TTCAGTCTCAACGATGCCCTGG

ATTAGTCTCGGACACCACTCTGCC

Smooth Muscle Actin ATCATTGCCCCTCCAGAACG GCTTCGTCGTATTCCTGTTTGC
Cadherin 11 AATGTGCCTGAGAGGTCCAATG CGAGAAATAGGGTTGTCCTTCAAG
Human FoxM1 GCAGGCTGCACTATCAACAA TCGAAGGCTCCTCAACCTTA
Human GATA-3 TGTCAGACCACCACAACCAGAC TGGATGCCTTCCTTCTTCATAGTC
Human GAPDH ACACCCACTCCTCCACCTTT TTCCTCTTGTGCTCTTGCTG
In Situ Hybridization Probes
FoxM1 GCTATCCAACTCCTGGGAAGATTC CAATGTCTCCTTGATGGGGGTC

Human GATA-3 Methylation Specific PCR

Set 1 (Site -1431)

TTATCGGTGGGATAGTTTGC

AACCGCTAACCCGAAAATAC

Set 2 (Site -747)

CTTGTAATAGTTGAAGCGTGTTT

ATACCTTTAACTAAAACGTC

Beta-Actin TGGTGATGGACGAGGTTTAGTAAGT AACCAATAAAACCTACTCCTCCCTTA
Mouse GATA-3 ChIP

Site -1686 CTGACGCTGTTCGTTCTGGAGA AAGATTTGCCTCCGAACC

Site -721 ACGCCTCCTCCTCCTCCTCTAC AGCACACCTCCGACAGCCAG

Site -291 GTCACACTCGGATTCCTCTCTCC CCCCAAAAAAAAGCAGCAGACAC
Human GATA-3 ChIP

Site -1730 CAAGTGGGCTCAGGAGAAA GTGTGAGGGTCGTCGTGTT

Site -1431 TTCAGAACTTACTTTCAGGGACGG AATGCTGCCAGGAGAGGGAGTG

Site -747 TCTCATCCCTCACTGTTGCCAC TGTCATTGTCACCTCTTTCCCG

Non-Specific

TTTTACGGGGCAACTACGGC

CAGTGGCATCCATTAGCAGGTC
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Table 2: Antibody Information

Immunohistochemistry
Protein Company/Catalog Number Dilution
FoxM1 Santa Cruz/K-19 1:500
GATA-3 Santa Cruz/HG3-31 1:100
Estrogen Receptor a Abcam/6F11 1:40
Cytokeratin 18 Novus/E431-1 1:200
Smooth Muscle Actin Sigma/lA4 1:50,000
CDhé61 Millipore/04-1060 1:50
p63 Millipore/MAB1435 1:200
Milk Accurate Scientific/ YNRMTM 1:10,000
PCNA Calbiochem/414R 1:250

ChIP

Protein Company/Catalog Number Dilution
FoxM1 Santa Cruz/K-19 1:1,000
GATA-3 Santa Cruz/HG3-31 1:500
DNMT3b Imgenex/52A1018 1:500
Rb Cell Signaling/4H]1 1:250
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