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ABSTRACT 
 

Deregulation of estrogen pathway has been linked to the pathophysiology of 

breast cancer. CERM (Conditional Estrogen Receptor alpha in Mammary epithelium) 

mice with deregulated ERalpha (ER) in the mammary epithelium develop ductal 

carcinoma in situ (DCIS) with nuclear STAT5A and increased cyclinD1 expression. 

STAT5A, as well as ER and cyclinD1 play an unclear role in breast cancer. Genetic 

studies were carried out to determine their role in the development and progression of 

ER-initiated DCIS. 

STAT5A and ER or PR were in the same nuclei of some human DCIS. 

However, DCIS progressed in neither CERM nor CERM/Stat5a-/- mice. In contrast, 

CERM mice developed hyperplastic alveolar nodules (HANs), which prevalence was 

abrogated by loss of two Stat5a alleles independent of proliferation and apoptosis. 

Upon carcinogenic insult, loss of two Stat5a alleles played a deregulated ER-

dependent dual role on the prevalence of HANs but not of DCIS and mammary 

adenocarcinoma. Indeed, ER(-) and ER(+) adenocarcinomas developed in 
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CERM/Stat5a-/- and Stat5a-/- mice. During normal mammary gland development, 

CERM/Stat5a-/- mice demonstrated delayed differentiation of their terminal end buds, 

which did not correlate with an increased carcinogenic susceptibility. In summary, 

STAT5A played a complex role in ER-initiated tumorigenesis and this is the first 

evidence that STAT5A and ER can interact in vivo in the mammary gland with 

biological significance. 

Whereas multiple HANs development significantly increased only in 

CERM/D1, ER(+) and ER(-) mammary adenocarcinomas developed in CERM and 

CERM/D1 mice. Tamoxifen did not alter the pattern of disease in CERM, CERM/D1, 

D1 and WT mice but significantly increased the prevalence of multiple HANs in 

CERM mice and led to the development of ER(-), cyclinD1(+) mammary cancers in 

the CERM and CERM/D1 mice. Gain of cyclinD1 did not seem to add carcinogenic 

risk to deregulated ER; however, DMBA significantly increased the prevalence of 

multiple HANs in CERM mice. In summary, gain of cyclinD1 did not significantly 

increase the effects of deregulated ER on tumorigenesis supporting the hypothesis that 

cyclinD1 acts downstream of ER. Moreover, we have developed a breast cancer mouse 

model with deregulated ER (CERM) that developed ER(-) and ER(+) and cyclinD1(+) 

cancers and that could be used to study the origins of ER(-) cancers and to test anti-

cyclinD1 therapies. 
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Chapter 1.  Introduction 

The mammary gland is a unique organ, in the sense that it is not fully 

developed at birth and will go through development during the lifetime of woman [1]. 

Unfortunately, it is also an organ that is diagnosed with malignancy at a high frequency 

in the female population [2].  

1. Normal breast development in women 

At birth, the breast forms an anlage that comprises a rudimentary epithelial tree 

which will grow isometrically with the growth of the body until puberty. At puberty, 

under the influence of systemic hormones, the breast will go through a spurt of growth. 

The ducts elongate driven by club-shaped structures called terminal end buds (TEBs) 

and the rudimentary tree will eventually become a gland with lobules. During 

pregnancy and lactation, full development occurs with the production and secretion of 

milk. After weaning, the gland goes through a phase of regression called involution. 

Final involution occurs at menopause. 

The human breast possesses structures called lobules that vary in appearance 

depending on development and the level of differentiation of the breast [3]. At puberty, 

the lobule type 1 structures start appearing and contain alveolar buds around a terminal 

duct, both are lined by a two-layered epithelium. In the adult breast, the lobule type 1 is 

still present in addition to the lobule type 2 which appears by gradual sprouting of new 
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alveolar buds in a lobule type 1. Consequently, lobule type 2 is bigger than lobule 

type 1 and contains more but smaller alveolar buds. After pregnancy, lobule type 3 

structures are present in the breast and follow about the same formation principle as 

type 2 lobules. Lobule type 3 is a more differentiated structure than lobule type 2 and 1 

and is more predominant in parous women than nulliparous women. During pregnancy, 

the peak of breast development, aveolar buds in lobules type 3 differentiate further into 

ductules or acini and generate lobules type 4 extensively. By the end of pregnancy, the 

acini become secreting units that will excrete milk during lactation. Type 1 lobules are 

the least differentiated of the lobules in human breast. The three types of lobules are 

also called terminal ductal lobular units (TDLU) [4]. 

2. Normal mammary gland development in mice 

At puberty, under the influence of estrogen, TEBs form at the tips of the ducts 

and are the site of pubertal proliferation. TEBs drive ductal elongation and bifurcate to 

form new primary and secondary branches until they reach the end of the fat pad where 

they differentiate and disappear, which occurs around 10 weeks of age. After repeated 

estrous cycles and during pregnancy, tertiary branches or alveolar buds and alveolar 

clusters (also termed lobulo-alveolar (LA) units) form from mitotically quiescent cells 

along the ducts. Tertiary branches continue filling the gland under precise regulation to 

avoid growing into each other and eventually stop. During pregnancy, the ends of the 
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tertiary branches develop into alveoli that will further differentiate into acini or site of 

secretory activity and milk excretion during lactation. The mammary gland of the 

mouse is a great comparative organ to study human mammary gland biology and breast 

cancer even though some differences do exist. The architecture of the mouse mammary 

gland does not grow into lobules as human female breast does but rather as a network 

of branching ducts with formation of alveolar buds termed LA units [5]. The “lobules” 

in mice are mainly surrounded by fat and little connective tissue compared to human 

lobules which are embedded in a loose connective tissue surrounded by a denser 

connective tissue [6]. Lobules do not occur in mice so the term LA unit is a misleading 

term used to describe alveolar clusters in mice. Also the mice do not develop type 2 

or 3 lobules as women do. TDLU in women and LA units in mice are the mammary 

functional units, do contain similar epithelial cells, and are hormone responsive. 

Moreover, the fully developed LA unit morphologically resembles the human TDLU. 

In addition, ERα in human is only in epithelial cells whereas in mice it is in the stroma 

and epithelial cells. 

Because the mouse mammary gland is very similar in structure and function to 

the human breast, the mouse has been used as a primary animal model for human 

breast cancer. 
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3. Breast cancer in women 

Breast cancer is believed to originate from TDLUs, the functional portion of the 

human mammary gland. Therefore, using the term ductal is misleading as most breast 

cancers are believed to arise in the lobular alveoli and not in the collecting ducts 

leading to the lobules. In situ breast cancers are heterogeneous morphologically, 

histologically and molecularly. 

Ductal carcinoma in situ (DCIS) is the fourth leading cause of cancer among 

women in the United States, and if left untreated leads to about 30% increase risk of 

developing invasive breast cancer (IBC) [7]. DCIS is believed to be the precursor 

lesion for IBC, however the biology of DCIS is not fully understood and much remains 

to be understood [8].  

Lobular neoplasia is a recent new term encompassing atypical lobular 

hyperplasia and lobular carcinoma in situ. The distinction between those two lesions 

was based on outcome but the criteria for their distinction were never universally 

accepted. Lobular neoplasia is considered a marker for increased IBC risk of ductal or 

lobular type [9].  

Morphologically, other preneoplastic lesions occur in women. The human 

atypical lobule, type A (ALA) is considered a pathological TDLU in women and 

presents striking morphological similarities to the murine hyperplastic alveolar nodule 

(HAN) presented in section 5. ALAs are hypothesized to be the common preneoplastic 
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lesions of the human breast, linking normal TDLUs to DCIS. ALA is a homolog and 

analog of HAN (http://tgmouse.compmed.ucdavis.edu/srwtxt/legend5.htm). 

4. Estrogen and estrogen receptor 

Hormones play a significant role in breast development and cancer. 

Understanding the role of hormones and their pathways in breast development will 

continue giving insights into how breast cancer develops and progress under the 

influence of the hormonal milieu. Even though the breast is influenced by several 

hormones and growth factors, estrogen is believed to be the major player in epithelial 

proliferation and breast tumorigenesis. Estrogen promotes the indispensable 

proliferation of the normal breast epithelium via ERα [10]. Estrogen enters the cell and 

binds its receptors and regulates the expression of specific genes, including the 

progesterone receptor (PR), which mediates the mitogenic effects of progesterone, 

further enhancing proliferation. The receptor-mediated effect of estrogen on 

proliferation is the mostly studied and accepted mode of action of estrogen. There are 

two estrogen receptors ERα and ERβ, which belong to the family of nuclear steroid 

receptors. Lobules types 1 have more ER than type 2 and 3. ERα is the predominant 

ER in the breast. A majority of breast cancers are ER (+). Many ER (+) breast cancers 

become resistant to tamoxifen therapy or do not respond to tamoxifen 

chemoprevention in high risk women. Resistant breast cancers are often still ER (+) 
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but some are ER (-). It is therefore important to understand why breast cancers become 

ER (-) and why ER (+) breast cancers can be resistant to anti-estrogen treatment. 

5. Mammary cancer in mice 

The mouse mammary gland is very similar in structure and function to the 

human breast so for that reason the mouse has been used as a primary animal model for 

human breast cancer. Spontaneous mammary tumors, rare in mice, are usually induced 

by the mouse mammary tumor virus (MMTV) [11]. Other original models of mouse 

mammary tumors include initiation by chemical carcinogens and hormones. Originally, 

mammary tumors were mainly classified biologically as alveolar, ductal or 

myoepithelial. However, with the discoveries made in molecular biology and the 

advancement in molecular technologies, it became possible to genetically engineer 

mice to study the effects of genetic defects in a uniform genetic background and more 

closely mimic human breast development and cancer. Genetically engineered mice 

(GEM) developed similar as well as different types of mammary tumors as non-GEM 

and it is accepted that mouse tumors can be produced by the same genes implicated in 

human breast cancer [12]. Transgenic mice have become very sophisticated allowing 

control over gene expression with spatially and temporally controlled conditional 

systems [13]. Knock-out and knock-in mice have been generated where genes are 

deleted or mutated specifically in the mammary gland [14]. The CERM (Conditional 
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Estrogen Receptor (ER)α in Mammary tissue) mice used in this dissertation and 

described further in this section are transgenic mice using a conditional binary system 

(the tet-on tetracycline-inducible system) to express the ERα transgene in the 

mammary epithelial cells [15]. Briefly, expression of a reverse tetracycline responsive 

transcriptional transactivator (rtTA) is driven by the MMTV-Long Terminal Repeat 

(MMTV-LTR) [16]. Upon binding tetracycline or doxycycline, which is fed to the 

mice, rtTA binds to the tetracycline responsive (tet-op) promoter to drive the ERα 

transgene expression [17;18]. 

Mouse models have given tremendous insights into the mechanisms governing 

normal mammary gland development as well as the process of tumorigenesis.  

In mice, mammary cancer is believed to arise from the functional units, which 

are the LA units, the TEBs and the side buds. The reason for this belief is that the 

functional units contain a proliferative pool of cells containing stem cells which 

become susceptible to mutations.  

Several types of preneoplastic lesions exist in the murine mammary gland [19]. 

HANs are preneoplastic lesions. Dome et al. have shown the first direct evidence that 

HANs are preneoplastic lesions [20]. Upon serial transplantation, HANs display 

increased potential for neoplastic progression and can be induced by hormones, 

chemical carcinogens and MMTV. Histologically, HAN is a focus of alveolar 

hyperplastic epithelium in a non-lactating mammary gland whole mount. They are 
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typically low-grade with increased DNA synthesis and mitotic rate. HANs are rarely 

found in GEM. 

The mammary intraepithelial neoplasia (MIN) includes a spectrum of lesions 

analogous to human hyperplasia with or without atypia and carcinoma in situ. They are 

considered morphological intermediates between normal epithelium and cancer. They 

are thought to be biologically equivalent to the hyperplasia in non-GEM like the HANs 

and are considered preneoplastic lesions.  

The CERM model: 

The CERM model [21] studied here has been shown to demonstrate a 2-fold 

increase in total ERα mRNA expression levels and a 2-fold increase in the mean 

percentage of mammary epithelial cells demonstrating nuclear-localized ERα. Most 

importantly, ERα is deregulated, as demonstrated by a persistent increase in ERα 

expression upon the administration of 17β estradiol. Deregulated ERα leads to the 

development of ductal hyperplasia (DH) and DCIS by 4 months of age with a 

prevalence of 36% and 21%, respectively. Ovariectomized mice or mice with down-

regulation of ERα at 3 weeks of age did not develop DH and DCIS which supports the 

hypothesis that the lesions are hormone-dependent. However, deregulation of ERα 

until 3 weeks of age only or introduction of deregulated ERα at 3 weeks of age 

prevented the development of DH and/or DCIS, which suggests that deregulated ERα 

is important during puberty as well as in-utero and pre-pubertal stages (unpublished 
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data). Deregulated ERα leads to increased rates of proliferation in the mammary 

epithelial ductal cells. Similar to human disease, the DCIS lesions in the CERM mice 

showed a higher percentage of epithelial cells with nuclear-localized ERα, cyclin D1, 

Ki67 and p27 than normal appearing mammary ducts of CERM mice and than ducts of 

control mice. The CERM model recapitulates the pathophysiology of human 

proliferative breast disease and offers the opportunity to study the role of other factors 

on progression of the ERα-initiated breast disease. 

DMBA mammary cancer model: 

The 7,12-dimethylbenz[a]anthracene compound (DMBA) is one of the most 

potent carcinogenic of all polycyclic aromatic hydrocarbons. It is transformed into a 

carcinogenic compound via the P450-cytochrome enzymatic pathway which eventually 

leads to creation of DNA-adducts. It is the gold standard carcinogen used to study 

chemically-induced mammary gland cancer in rats and mice. DMBA-induced 

mammary cancers are usually adenosquamous carcinomas and adenocarcinomas in 

mice and hormone-dependent adenocarcinomas in rats [22].  

6. STAT5A 

6.1. Family of Signal Transducer and Activators of Transcription 
Members of the Signal Transducer and Activator of Transcription (STAT) 

family are activated by cytokines, hormones and growth factors in a variety of cell 
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types. The family includes seven members divided in two groups: STAT2, STAT4, and 

STAT6, which have a distinct role in the immune system upon specific cytokine 

activation, and STAT1, STAT3, STAT5A and STAT5B, which have pleiotropic 

effects upon activation by a variety of extracellular ligands [23]. 

6.2. Molecular mechanisms of activation 
The mechanism of activation of the latent cytoplasmic transcription factor 

STATs is well established. Upon activation by cytokines, hormones and growth factors 

which bind to the extracellular domain of specific transmembrane receptors, the 

receptor dimerizes and recruits protein tyrosine kinases (e.g. Janus-kinases (JAK)1, 2, 

3, or TYK2) which in turn phosphorylates tyrosine residues within the cytoplasmic tail 

of the receptor. The phosphotyrosine residues on the receptor becomes the docking site 

for STAT molecules via their Src-homology 2 (SH2) domain. The receptor-associated 

JAK phosphorylates STAT on a single tyrosine residue. This event triggers STAT 

disassociation from the receptor and STAT dimerization through the reciprocal 

intermolecular interactions between the phosphorylated tyrosine residue of one STAT 

monomer and the SH2 domain of another STAT monomer. STAT dimers translocate to 

the nucleus where they bind specific palindromic DNA sequences (GAS motifs) or 

response elements within the promoter regions of target genes and regulate their 

transcription. Transcriptional regulation is mediated via binding of the transactivation 

domain of STAT with transcriptional coregulators. Growth factor receptors have an 
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intrinsic tyrosine kinase activity and can phosphorylate STATs instead of the receptor-

associated tyrosine kinases [24]. 

6.3. Molecular mechanisms of negative regulation 
Negative regulation of the JAK/STAT pathway occurs on different molecules 

of the pathway and remains globally poorly understood. Nuclear and cytoplasmic 

phosphatases and Proteins that Inhibit Activated STAT (PIAS) can negatively regulate 

STAT molecules. Suppressors Of Cytokine Signaling (SOCS), also named JAK-

Binding proteins (JABs) or STAT-induced STAT Inhibitors (SSI) act on JAKs to 

inhibit JAK/STAT pathway. Finally, naturally occurring short forms of STAT can act 

as dominant-negative proteins [25]. 

6.4. STAT5A and STAT5B in normal mouse mammary gland 
STAT5A was first discovered in lactating mammary gland of mouse, sheep, 

and rat as the mammary gland factor (MGF) implicated in lactation. Since then, 

STAT5B has been discovered in the mouse mammary gland but STAT5A is the 

predominant isoform [26;27]. The term STAT5 is usually used to describe STAT5A 

prior to the discovery of STAT5B or to describe STAT5A/B when STAT5A and 

STAT5B were not or could not be discriminated from each other. In this dissertation, 

the term STAT5 will be used to describe STAT5A/B, and the term STAT5A to 

describe STAT5A. STAT5A is activated by the prolactin (Prl)/JAK2 pathway in the 

mouse mammary gland. Prl-/-, PrlR-/-, and JAK2-/- mice demonstrate defects in 
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lobulo-alveolar development. STAT5A is highly activated during pregnancy and 

lactation and is mandatory for the lobuloalveolar development and terminal 

differentiation during pregnancy and lactation [28;29]. STAT5A is basally activated by 

prolactin in MECs outside of pregnancy and lactation with an unknown role in that 

context [30].  

STAT5B is a very close STAT5A homolog from a recent gene duplication, 

with 96% protein homology [31]. STAT5B is activated by growth hormone in the liver 

and Stat5b-/- mice demonstrate sexual dimorphic body growth [32]. Stat5b-/- mice 

demonstrated decreased lobuloalveolar development but much less severe than 

Stat5a-/- mice. Indeed, STAT5B may be able to rescue impairment of terminal 

differentiation induced by Stat5a loss in the mammary gland [33]. No mammary 

conditional Stat5b-/- mice have been published. Conditional Stat5-/- mice demonstrate 

that STAT5 is required for lobuloalveolar development in the mammary gland and that 

differentiated alveolar cells without STAT5 undergo apoptosis [34].  

6.5. STAT5A and STAT5B and breast cancer 
Several mouse modeling approaches have been employed to study the role of 

STAT5 in mammary tumorigenesis. STAT5A was shown to be a survival factor in the 

normal mammary gland and in tumorigenesis. Complete loss of Stat5a in the Whey 

Acidic Protein-Transforming Growth Factor α (WAP-TGFα) mouse model curtails 

delayed involution and decreases the development of mammary hyperplasia [35]. 
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Reduction of STAT5A in Stat5a+/- WAP-SV40 T antigen (Stat5a+/- WAP-TAg) 

mouse model increases apoptosis in mammary adenocarcinomas and delayed 

mammary cancer progression [36]. Constitutively activated STAT5, expressed from a 

chimeric construct containing the self activating kinase domain for JAK2 and the 

transcriptional activation domain of STAT6 driven by the β-lactoglobulin (BLG)-

regulatory elements, delayed involution and predisposed the multiparous mammary 

gland to tumor formation with a 3-25% incidence and 10-month latency [37]. 

Overexpression of WT STAT5A and interestingly a dominant-negative STAT5 

construct in the mammary gland under the BLG regulatory sequences led to mammary 

tumor formation and suggests that STAT5 can contribute to mammary tumor formation 

by different processes [38]. In a T47D-derived tumor xenograft model in mice, a 

STAT5 dominant negative construct led to apoptosis and a decrease in tumor size [39]. 

In normal human breast, STAT5 is basally activated outside of pregnancy and 

lactation [40]. Its role in that context is unknown. In human breast cancer, most studies 

have investigated expression and/or phosphorylation of STAT5 in IBC, that is at an 

advanced stage compared to preneoplastic lesions or cancer initiation. Expression, 

cellular localization and phosphorylation status of STAT5A in human breast cancer 

varies with cancer subtypes. In a very small study [41], STAT5A was found nuclear 

localized in human breast ductal carcinomas (48%), lobular carcinomas (33%), and 

DCIS (40%) and correlated with PCNA nuclear labeling index. Nuclear STAT5A is 
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expressed in 76% of breast carcinomas and is associated with higher level of 

differentiation [42]. Tavassoli’s group states that cytoplasmic and nuclear STAT5A is 

mainly expressed in normal MECs, usual ductal hyperplasia, benign lesions [43] and 

secretory breast carcinomas [44] with only occasional low expression in lobular 

intraepithelial neoplasias and IBCs [45]. In a human breast cell model of preinvasive to 

invasive transition with metaplastic phenotype, STAT5A gene expression was 

increased [46]. Furthermore, STAT5 is found highly activated in human breast cancers 

[47] and associated with a better prognosis [48]. Therefore, STAT5 could be present to 

reverse epithelial-mesenchymal transition and inhibit invasion as Sultan et al. 

demonstrated in human breast cancer cells [49;50].  

6.6. STAT5A and ERα 
Potential cross-talk between ERα and STAT5A has been previously shown in 

vitro [51-53]. Reporter functional assays and coimmunoprecipitation assays 

demonstrated variable effects of the cross-talk on estrogen and prolactin downstream 

signaling in HEK293 cells, COS cells and MCF-7 and T47D breast cancer cells. For 

example, STAT5A was shown to repress transcriptional activity of ERα. This is 

supported during normal physiology, more specifically during lactation, by the fact that 

STAT5A activity is high when ERα activity is blocked (ERα expression is high but 

estrogen levels are low). Furthermore, in lactating gland, exogenous 17β-estradiol 



 

15 

inhibits ERα expression and STAT5 phosphorylation, suggesting a possible crosstalk 

between ERα and STAT5A in the mammary gland [54]. 

6.7. STAT5A and STAT5B in the hematopoietic system 
STAT5 is constitutively activated in acute and chronic myeloid leukemia and 

lymphoma and contributes to their development [55-58]. STAT5 is recognized as a 

survival factor in hematopoietic cells [59]. Hematopoietic-specific conditional Stat5-/- 

mice develop anemia [60]. STAT5 has been shown to be necessary for lymphoid 

transformation and leukemia progression [61]. Kinase inhibitors are currently being 

developed to negatively regulate STAT5 [62]. 

6.8. STAT3 
STAT3 induces genes involved in apoptosis during involution of the mammary 

gland. However, deregulated STAT3 is found in many solid cancers including breast 

cancer and is considered an oncogene. Activation state of both STAT3 and STAT5 

may provide prognostic information in breast cancer [63]. 

6.9. STAT5A and DMBA 
In rat, DMBA-induced carcinomas were positive for nuclear STAT5A with a 

labeling index from 18 to 77% and the higher nuclear STAT5A staining correlated 

with higher grade carcinomas; however nuclear STAT5A was also present in DCIS 

and intraductal proliferative lesions [64]. 
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7. Cyclin D1 

7.1. Cyclin D1 and breast cancer 
Three D-type cyclins are known to exist but only cyclin D1 is frequently 

overexpressed in cancer. Cyclin D1 gene, also called PRAD1, CCND1 or D11S287E, is 

located on the 11q13 locus and has been found to be amplified in 15-20% breast 

cancer [65;66]. Cyclin D1 mRNA [67] and protein [68] are overexpressed in about 30-

50% of primary breast ductal carcinomas [69]. A higher percentage of breast cancers 

with cyclin D1 protein expression than with cyclin D1 gene amplification have been 

observed. Moreover, cyclin D1 protein overexpression does not always correlate with 

11q13 amplification [70]. This suggests that cyclin D1 deregulation can occur via other 

mechanisms than increased transcription and many studies have indeed confirmed 

those observations [71]. 

7.2. Cyclin D1 and CDK-dependent mechanism 
For decades, cyclin D1 was only known to regulate progression through G1 

phase of the cell cycle. Cyclin D1 has an established function as a regulator of cyclin-

dependent kinases (CDKs). Briefly, upon extracellular mitogen stimulation, cyclin D1 

expression increases and assembles with its partner CDK4/6 to form an activated 

holoenzyme. This dimeric holoenzyme phosphorylates and inactivates the pocket 

proteins (retinoblastoma (pRb), p107 and p130), releasing the E2F transcription 

factors, which subsequently leads to transcription of E-type cyclins promoting cell 
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cycle progression from G1 to S phase and eventually DNA replication and cell 

proliferation [72]. In addition, cyclin D1 also has a role in sequestration of p27 (and 

p21) which indirectly activates cyclin E/CDK2 and leads to complete inactivation of 

pRb. This cyclin D1 CDK-dependent role in proliferation was based on cell culture 

assays and was assumed to be the mechanism that drives its oncogenic activity. 

7.3. Cyclin D1 and CDK-independent mechanism 
More recently, over the last decade, CDK-dependent functions of cyclin D1 

started to be considered not the only mechanism driving its oncogenic effects. First, 

overexpression of cyclin D1 and DNA synthesis or Ki67 (marker of proliferation) did 

not correlate in tumors [73;74]. Now it is known that cyclin D1 associates with more 

than 30 transcription factors or transcriptional coregulators independent of CDK4/6 

and that this association plays a role in cellular growth, mitochondrial metabolism, 

cellular differentiation and cellular migration (tumor progression and 

metastasis) [75;76]. This emphasizes the importance and challenges in understanding 

cyclin D1 mechanisms of action before cyclin D1 aberrant activity could be used as a 

drug target. 

7.4. Cyclin D1 and mammary gland development 
Cyclin D1-deficient mice demonstrate a defect in mammary gland development 

during pregnancy [77;78]. Mammary glands of these mice fail to undergo lobulo-

alveolar development, similar to Stat5a-deficient mice. However, Landis et al. recently 
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presented a knock-in mouse model with mutated cyclin D1 such that it binds to but 

cannot activate CDK4/6. These mice developed normal mammary glands [79;80]. This 

suggests that cyclin D1 may have a role in hormonal response of the mammary gland 

via a CDK-independent mechanism. However, these observations do not explain how 

overexpression of cyclin D1 contributes to tumorigenesis. 

7.5. Cyclin D1 and its oncogenic function in the mammary gland 
Deregulation of cyclin D1 has dramatic effects on the breast. Mice that 

overexpress cyclin D1 in their mammary epithelium were the first in vivo evidence that 

cyclin D1 is an oncogene [81]. Because cyclin D1 overexpression in these mice results 

in development of mammary adenocarcinomas after a long-latency, cyclin D1 is 

considered a weak oncogene. An additional oncogenic hit most likely contributes to 

tumorigenesis [82]. In vivo studies have investigated the tumorigenic effects of gain of 

cyclin D1 with cortactin [83], and loss of one p53 allele [84] but did not demonstrate 

an additional contribution to mammary tumorigenesis. Another study showed that the 

oncoprotein kinase chaperone CDC37 combined with gain of cyclin D1 contributed to 

an earlier onset of mammary adenocarcinomas [85]. CDC37 is chaperone to HSP90, 

which is clinically inhibited to treat traztuzumab-refractory ErbB2 (+) breast 

cancers [86]. Furthermore, cyclin D1 knock out and mutant knock-in mice (described 

in section 7.4) are resistant to carcinomas induced by ErbB2 [87;88], which 

demonstrates that fully functional cyclin D1 is required for development of a subset of 
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mammary cancers. This validates cyclin D1 and cyclin D1-dependent kinases as 

possible therapeutic targets, notably since the mutant knock-in mice do not affect 

normal mammary gland development. However, translation significance is unclear 

because it assumed that ErbB2 positive breast cancers are cyclin D1 (-) because they 

usually are ER (+), and it is known that cyclin D1 overexpressing breast cancers 

correlates with ER positivity [89].  

7.6. Cyclin D1 and ERα 
The cdk-independent role of cyclin D1 is mediated by binding to transcription 

factors and has first been demonstrated with ERα. Cyclin D1 has been shown to 

directly bind and regulate ERα transcriptional activities in vitro [90;91]. These findings 

are of translational significance in cancer because it is known that cyclin D1 

overexpression correlates with ERα positivity in breast cancer [92;93] and DCIS [94]. 

In addition, global gene expression analysis of human breast tumors grouped ER with 

luminal markers but not with proliferation markers [95]. So it is possible that cyclin D1 

CDK-dependent role in cell proliferation is independent of ERα and that cyclin D1 

CDK-independent role when associated with ERα is to promote other hallmarks of 

tumorigenesis.  

However, loss of cyclin D1 in the CERM mice leads to altered DNA damage 

response and apoptosis, which demonstrates that these two factors can interact in vivo 
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and that the presence of cyclin D1 is necessary for survival of cells with deregulated 

ERα [96]. 

7.7. Cyclin D1 and tamoxifen 
Overexpression of cyclin D1 has been linked to poor prognosis in ER (+) breast 

cancer [97] as well as better prognosis and more differentiated ER (+) breast cancers 

[98-100]. Cyclin D1 activation of ER has been shown to be both estrogen-dependent 

and –independent and has been shown to be both inhibited and not inhibited by 

tamoxifen [101;102]. In vitro studies in ER (+) breast cancer cells have shown an 

attenuation of tamoxifen-induced growth inhibitory effects by overexpression of 

cyclin D1 [103;104], whereas another study in human ER (+) breast cancer patients 

shows the opposite [105]. Therefore, tamoxifen responsiveness in cyclin D1 

overexpressing breast cancer remains unclear. 

7.8. Cyclin D1 and STAT5 
Cyclin D1-/- mice [106] and Stat5a-/- mice [107] have similar phenotypes in 

the mammary gland, i.e. the mice fail to develop normal lobuloalveolar structures 

during pregnancy. Cyclin D1 promoter contains two consensus GAS sites. It has been 

shown that cyclin D1 expression in vitro can be regulated by prolactin via 

JAK2/STAT5a in MECs; however this regulation in the mammary gland may not be 

via a direct effect but rather via binding of other transcriptional regulators [108-110]. 

STAT5A activation of cyclin D1 promoter has also been shown in other systems [111-
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113]. Nevertheless, cyclin D1 transcription regulation is extremely complex and can be 

driven by many other factors [114].  

In summary, the exact mechanisms whereby cyclin D1 overexpression 

contributes to breast tumorigenesis as well as the effects of cyclin D1 overexpression 

on current therapies remain unanswered. Genetic studies combining deregulation of 

ERα and gain of cyclin D1 may contribute to further understanding of their 

collaborative role in mammary tumorigenesis. In addition, therapeutic interventions 

may clarify the role that cyclin D1 overexpression plays on the prognosis of ER (+) 

breast cancers. 
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Chapter 2.  Materials and Methods 

1. Double immunofluorescence labeling in human DCIS 

Human breast ERα (+) and ERα (-) DCIS tissue with all identifiers removed 

was obtained from the Lombardi Comprehensive Cancer Center Histopathology and 

Tissue Shared Resource under Institutional Review Board approval. Double 

immunofluorescence labeling using different fluorophores (FITC and TRIC) was used 

to identify STAT5A and ERα or PR. DAPI staining was used to identify nuclei. 

Negative control labeling using species- and isotype-matched immunoglobulin and 

cross-species negative control labeling were performed (mouse IgG1 and rabbit IgG). 

Briefly, the human DCIS sections on silanized glass slides were deparaffinized at 60°C 

for 1 hour in oven followed by incubations in xylene and rehydrated in ethanol. 

Antigen retrieval was performed in decloaker in BORG Retrieval Solution (Biocare 

Medica). The sections were blocked in 3% bovine serum albumin. Endogenous biotin 

was blocked using avidin biotin kit following manufacturer’s instructions (Vector 

Laboratories). ERα and PR were labeled with ERα antibody (1:30, clone ID5, Dako 

M7047) and PR antibody (1:50, 696 clone, Dako M3569), respectively, for 1 hour, 

followed by 1:100 biotinylated anti-mouse secondary antibody (Amersham) for 

30 minutes. STAT5A was labeled with Stat5a antibody (1:150, clone L20, Santa Cruz 

1081) for 1 hour followed by 1:500 TRITC-conjugated anti-rabbit secondary antibody 

for 30 minutes. Secondary antibodies were prepared with 1:2,000 DAPI stain to label 
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nuclei. All slides were incubated with 1:100 FITC-streptavidin conjugate (Dako) for 

30 minutes. Sections were mounted using Prolong Antifade mounting media 

(Molecular Probes) following manufacturer’s instructions. Confocal microscopy was 

used to capture the images. Images obtained within the laser intensity threshold were 

recorded separately for each fluorophore and subsequently merged to generate dual 

labeling images. 

2. Generating the mice  

2.1. MMTV-rtTA, tet-op-ERα double transgenic mice with two, one 

or no Stat5a alleles 
MMTV-rtTA, tet-op-ERα double transgenic mice or Conditional Estrogen 

Receptor α in Mammary tissue (CERM) mice were previously published [115]. 

Briefly, mice carried a transgene composed of the MMTV-LTR linked to sequences 

encoding the reverse tetracycline responsive transactivator (rtTA) [116] and a 

transgene composed of the tetracycline responsive promoter (tet-op) linked to 

sequences encoding murine FLAG-tagged ERα (MMTV-rtTA/tet-op-ERα double 

transgenic). Therefore, upon induction, rtTA binds tetracycline or its derivative 

doxycycline and changes its conformation such that it binds the tet-op promoter and 

drives expression of ERα transgene specifically in the MECs.  

Stat5a deficient (Stat5a-/-) mice were previously published [117]. Briefly, 

Stat5a locus disruption was targeted in mouse embryonic stem cells with a vector 
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designed to replace the first two protein coding exons of the Stat5a gene together with 

a non-coding exon and promoter sequences. Homozygous mice were indistinguishable 

from the heterozygous and wild type mice in term of size, activity and fertility.  

CERM mice were crossed with Stat5a-/- mice to generate CERM, 

CERM/Stat5a+/-, CERM/Stat5a-/-, WT, Stat5a+/-, and Stat5a-/- mice.  

1.2. MMTV-rtTA, tet-op-, MMTV-cyclin D1 triple transgenic mice 
MMTV-cyclin D1 transgenic mice were previously published [118]. 

Expression of the cyclin D1 transgene is driven by the MMTV-LTR.  

CERM mice were crossed with MMTV-cyclin D1 mice to generate 

CERM/MMTV-cyclin D1 (CERM/D1), MMTV-cyclin D1 (D1) and WT mice.  

3. Animal Care 

Animals were housed in the Association for Assessment and Accreditation of 

Laboratory Animal Care (AAALAC)-accredited Animal Facility of Georgetown 

University Division of Comparative Medicine. Animals were on a 12 hour-light 

12 hour-dark cycle and were provided food and water ad libitum. 

Throughout their life, all mice regardless of genotype were maintained on 

doxycycline diet (Bio-Serv, Frenchtown, New Jersey) ad libitum, which consisted of 

200 mg doxycycline/kg food containing the following ingredients: ground wheat, 

soybean meal, wheat germ meal, fish meal, brewers dried yeast, animal fat, dried 
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whey, casein, soybean oil, corn gluten meal, vitamin mix, mineral mix and coloring 

agent. Its caloric value was 3.65 kcal/gram and its nutritional content was 19% protein, 

3.8% fiber, 8.6% fat and 52.5% carbohydrate. 

At 3 weeks of age, pups were weaned, separated by sex, ear tagged and a punch 

of ear tissue or a 1cm-tail piece was collected and stored at -20°C for future genotype 

analysis. 

The animal protocols were reviewed and approved by Georgetown University 

Animal Care and Use Committee (GUACUC) and by Institutional Biosafety 

Committee (IBC). 

4. Genotype Analysis 

During the first half of the dissertation work, the mice were genotyped in the 

laboratory. DNA was extracted from the ear tissue by incubation in 3 μg/ul Proteinase 

K (Qiagen) for 1 hour room temperature followed by 3 minutes at 100°C to inactivate 

the enzyme [119]. DNA amplification was performed using Polymerase Chain 

Reaction (PCR). Two microliters of extracted DNA was incubated with 20 μl PCR 

reaction solution (1 X PCR buffer (Sigma), 0.2 mM dNTPs (Invitrogen), 0.38 μM 

Forward and Reverse primers for tet-op-ERα, MMTV-rtTA, MMTV-cyclin D1 or 

0.612 μM for Stat5aKO or 0.55 μM for Stat5aWT, 1 U/μl RedTaq polymerase 

(Sigma)) and amplified in a thermocycler as indicated next: 35 cycles for tet-op-ERα 
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94°C 1’ - 57°C 1’30” - 72°C 2’, MMTV-rtTA 94°C 1‘ - 55°C 1’30” - 72°C 2’, and 

MMTV-cyclin D1 94°C 30'‘ - 60°C 45'‘ - 72°C 45'‘ , 40 cycles for Stat5a 94°C 30s 

pre-step-98°C 35” - 58°C 1’ - 72°C 1’45”. The primer sequences used were 

5’ CGAGCTCGGTACCCGGGTCG 3’ for tet-op-ERα F, 

5’ GAACACAGTGGGCTTGCTGTTG 3’ for tet-op-ERα R, 

5’ ACTAAGTCATCGCGATGGAGCA 3’ for MMTV-rtTA-F, 

5’ CTCGATGGTAGACCCGTAATTG 3’ for MMTV-rtTA-R, 

5’ GAACAAACAGATCATCCGCAA 3’ for MMTV-cyclin D1-F, 

5’ CCCTTCTGGTATCAAAATGC 3’ for MMTV-cyclin D1-R, 

5’ AGAGGCTATTCGGCTATGACTG 3’ for Stat5aKO-F, 

5’ TTCGTCCAGATCATCCTGATC 3’ for Stat5aKO-R, 

5’ CTGGATTGACGTTTCTTACCTG 3’ for Stat5aWT-F, 

5’ TGGAGTCAACTAGTCTGTCTCT 3’ for Stat5aWT-R. The PCR products were 

separated on a 2% agarose gel and visualized after staining the gel with ethidium 

bromide. The presence of one Stat5a wild-type gene fragment and one Stat5a knock-

out gene fragment indicate Stat5a gene heterozygosity (Stat5a+/-).  

During the second part of the dissertation work, genotyping was outsourced to 

TransnetYX, Memphis, TN (www.transnetyx.com). Their technology was validated for 

tail samples. Fluorescently-labeled DNA probes were designed by TransnetYX 

specifically for each genetically engineered gene (transgenic and knock-out). The 
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sequences were as follows: tTA probe to detect MMTV-rtTA transgene 

5’ GCACTCAGCGCTGTGG 3’ and the primers: Forward-

5’ TGCCAACAAGGTTTTTCACTAGAGA 3’ and Reverse 

5’ CTCTTGATCTTCCAATACGCAACCTA 3’, Esr1 Tg probe to detect tet-op-ERα 

transgene 5’ CTTAATTCCGGAGTGT 3’ and the primers: Forward-

5’ GGAGAAGAGTTTGTGTGCCTCAA 3’ and Reverse-

5’ AAGGTGCTGGACAGAAACGT 3’, neomycin probe and Stat5aKO WT probe to 

detect Stat5aWT, Stat5aHet and Stat5aKO mice: neomycin probe 

5’ ACCTGTCCGGTGCCC 3’ and the primers Forward-5’ GGGCGCCCGGTTCTT 3’ 

and Reverse-5’ CCTCGTCCTGCAGTTCATTCA 3’, Stat5aKO WT probe 

5’ CCCCTCTGATAGCTCC 3’ and the primers Forward-

5’ GGTGGTGTCTCTGGGAAAGG 3’ and Reverse-

5’ ACCACAGCTGTATAAGCATCAAAGT 3’, HuCcnd1 Tg probe to detect tet-op-

cyclin D1 transgene 5’ ACCGCCTCACACGCTT 3’ and the primers Forward-

5’ CCCAACAACTTCCTGTCCTACT 3’ and Reverse-

5’ CGGGTCACACTTGATCACTCT 3’. 

5. Euthanasia, necropsy and tissue processing 

To be euthanized, mice were either narcotized by carbon dioxide inhalation 

followed by cervical dislocation or alternatively mice were anesthetized with 
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isoflurane (AErrane, Baxter) followed by blood collection as terminal procedure. 

Blood was collected via cardiac puncture using a 1 ml syringe and a 25 gauge needle 

and stored at -20°C. Anesthetized mice were subsequently sacrificed by cervical 

dislocation. Mice whole body weight was recorded. Unless specified otherwise, tissues 

were harvested as indicated next. One abdominal mammary gland and pathological 

growths were fixed in 10% buffered formalin phosphate solution for 24 hours at 4°C, 

dehydrated through graded alcohol series, cleared in clearite and infiltrated with and 

embedded in paraffin wax. Five μm sections were cut and stained with H&E or stained 

by immunohistochemistry as indicated in section 9. The other abdominal mammary 

gland was processed for whole-mount analysis as indicated in section 5. Both 

abdominal mammary glands were weighed before processing. Thoracic mammary 

glands were snap-frozen in liquid nitrogen immediately after harvest and stored at 

-80°C for protein and RNA analysis. In addition, liver samples were snap-frozen for 

verification of genotype if needed. 

6. Whole mount 

Whole mammary glands were spread on 25 x 75 x 0.1 mm glass slides and 

fixed in Carnoy’s fixative solution (60% ethanol, 30% chloroform, 10% glacial acetic 

acid) for 1-4 hours at room temperature or overnight at 4°C. Mammary glands were 

then rehydrated in successive incubation steps of 70%, 50%, and 30% ethanol for 
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15 minutes each and dH2O for 5 minutes and stained with Carmine Alum at 4°C for 

1 to 14 days (1 gram carmine (Sigma C1022) and 2.5 grams aluminum potassium 

sulfate (Sigma A7167) in 500 mL dH2O boiled for 20 minutes, sterile filtered and kept 

sterile with a crystal of thymol at 4°C). Stained mammary glands were then dehydrated 

in successive incubation steps of 70% and 95% ethanol for 30 minutes each and 100% 

ethanol for 1 hour and were defatted in xylene for 1 hour followed if necessary by a 

fresh xylene incubation until complete defatting. Whole stained and defatted mammary 

gland tissues were mounted with 0.13 to 0.17 mm thick cover glass slips using 

Permount mounting medium. Whole mount images were captured using a digital 

camera and visualized with ACT-1 Version 2.7 program (Nikon Corporation). 

7. Pathology reading 

A HAN is defined as a focus of abnormal growth in a non-pregnant mammary 

gland [120] read on a whole mount at 1 X magnification. In addition, each HAN was 

observed at 10 X magnification to rule out a possible superposition of ducts or an 

accumulation of immune cells that could at a lower magnification look like a HAN. 

Ductal hyperplasia (DH) and DCIS were defined as ducts with more than two epithelial 

cell layers, with disorganized epithelial cell layers, with partial or complete loss of 

epithelial cell polarity and with increased nuclear size. DH and DCIS were grouped in 

the same category. 
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8. RNA isolation and cDNA synthesis 

Total RNA was prepared from frozen mammary gland tissue using Trizol 

extraction following manufacturer’s instructions (Invitrogen). Total RNA 

concentration and purity were obtained by spectrophotometry. In addition, the integrity 

of an aliquot of total RNA was verified on RNA Integrity gel (1% agarose, 1 X MOPS 

buffer, 5% formalin in DEPC dH2O). Complementary DNA was synthesized as 

follows. One microgram of RNA was heated at 70°C for 10 minutes with 1 µl of 

500 ng/µl random Primers (Invitrogen) and was subsequently mixed with 1 X First 

Strand Buffer, 1 mM DTT, 0.5 mM dNTP, and 10 unit/µl of SuperScriptTM Reverse 

Transcriptase (Invitrogen) and incubated at 37°C for 90 minutes followed by 70°C for 

10 minutes to inhibit the reverse transcriptase. 

9. Real-time RT-PCR 

TaqMan® Gene Expression Assays-On-Demand (Applied Biosystems) were 

used to detect 18S (Hs99999901_s1), total ERα (transgene and endogenous) 

(Mm00433149_m1), Stat5a (Mm00839861_m1), Stat5b (Mm00839889_m1), and 

Stat3 (Mm00456961_m1) gene expression. TaqMan® Gene Expression Assays-by-

DesignSM (Applied Biosystems) was used to detect the transgene FLAG-tagged ERα. 

The forward primer sequence was 5’ CCCCGGGAGATCTGTGAAC 3’. The reverse 

primer sequence was 5’ TGTGAAGGGTCATGGTCATATGTTT 3’. The reporter 
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sequence was 5’ CCATGGACTACAAAGACG 3’. Briefly, complementary DNA was 

mixed with 1 X Target Assay Mix (Applied Biosystems) and 1 X TaqMan Universal 

Master Mix (Applied Biosystems) in RNase-free dH2O, and gene amplification was 

performed on a 7900 HT Fast Real-Time PCR System (Applied Biosystems). Gene 

amplification was analyzed on ABI Prism SDS Version 2.1 program (Applied 

Biosystems). 

10. Immunohistochemistry 

Paraffin-embedded mammary gland sections were deparaffinized in three 

successive xylene incubation for 5 minutes each, and rehydrated in two successive 

incubation steps of 100%, 95% and 75% for 3 minutes each and of 50% ethanol for 

2 minutes. Endogenous peroxidase was quenched with 3% hydrogen peroxide for 

10 minutes and the sections were washed twice in dH2O for 2 minutes. Antigen 

retrieval was performed in a decloaker using antigen retrieval buffer as indicated next. 

Citrate pH 6 solution (Zymed) was used for cleaved caspase 3, e-cadherin, and BORG 

retrieval solution (Biocare Medical) was used for Stat5a, Stat5b, p63, Ki67, cyclin D1, 

ERα. For ERα, PR, cyclin D1, Stat5a, and Stat5b, antigen retrieval has also been done 

by immersing the tissue sections at 98oC for 20 minutes in 10 mM citrate buffer 

(pH 6.0) with 0.05% Tween. Primary antibodies were used as follows: Cleaved 

caspase 3 (Cell Signaling, 9661) (1:100 1 hr RT), Stat5a (L20 clone, Santa Cruz, 
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sc-1081) (1:125-1:175 1 hr RT), p63 (Neomarkers, MS-1081) (1:200 30 min RT), Ki67 

(Novacastra, NCL-Ki67-MM1) (1:25-1:100 1 hr RT), e-cadherin (BD Biosciences, 

610181) (1:200 1 hr RT), cyclin D1 (Neomarkers, RM-9104) (1:50-100 O/N 4C or 1 hr 

RT), Stat5b (Santa Cruz, sc-1656)  (1:20-1:100 O/N 4C or 1 hr RT), ERα (human 

study: clone ID5, Dako M7047, mouse study: Santa Cruz, sc-542) (1:25 1 hr RT, 1:750 

1 hr RT), PR (human study: 696 clone, Dako M3569, mouse study: Santa Cruz sc-538) 

(1:250 1 hr RT). Immunohistochemical staining was performed using the rabbit 

VectaStain Kit or the Mouse-On-Mouse kit (Vector Labs) according to manufacturer’s 

instructions. Slides were exposed to biotin-conjugated anti-rabbit or anti-mouse 

secondary antibodies (Vector Labs), Vectastain ABC reagent and DAB chromagen 

(Dako) to detect horseradish peroxidase. Slides were counterstained with Hematoxylin 

(Vector Labs), dehydrated, and mounted with VectaMount or Acrymount (Vector 

Labs).  

For Apoptag assay, detection of apoptosis by terminal deoxytransferase-

mediated deoxyuridine nick end-labeling (TUNEL) assay was carried out utilizing the 

apoptag®peroxidase in situ apoptosis detection kit (Chemicon International) following 

manufacturer’s instructions. Briefly, the sections were pretreated with proteinase K 

(20 μg/ml) and then incubated with terminal transferase and digoxigenin dUTP at 37°C 

for 1 hour. After washing, the sections were incubated with horseradish peroxidase 

conjugated-antidigoxigenin antibody for 30 minutes at room temperature. The slides 
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were then incubated with diaminobenzidine for 6 minutes, and counterstained with 

methyl green. The number of MECs showing positive nuclear immunoreactivity was 

counted and apoptotic indexes were expressed as the number of apoptotic cells per 

100 cells. 

11. Western Blot 

Protein lysate was prepared from frozen mammary gland. Mammary gland 

tissue was homogenized in lysis buffer (50 mM Tris-HCl pH 8.0, 150 mM NaCl, 

1 mM EGTA, 1% IGEPAL, 40 mM β glycerophosphate Na, 50 mM NaF, 20 mM 

Na pyrophosphate, 2 mM sodium orthovanadate, 1 complete Protease Inhibitor 

Cocktail tablet (Roche) and centrifuged. Protein concentration was measured using 

BCATM Protein Assay Kit (Pierce). Protein lysate was boiled for 3 minutes. Full Range 

RainbowTM protein molecular weight markers were used (Amersham Biosciences). 

Proteins were separated on 8% or 10% Tris-Glycine gels (Novex) at 85 V for 90 to 

190 minutes and then transferred onto Immobilon-P PVDF transfer membrane 

(Millipore) at 35 V for 1 hour. Blots were stained with Ponceau (5% acetic acid, 0.1% 

Ponceau) for 1 minute to verify equal loading. Membranes were blocked in 3-5% 

bovine serum albumin (Sigma) followed by incubation with Stat5b (1:100 Santa Cruz 

sc-1656), Stat3 (1:1,000 Cell Signaling #9132), phospho-Stat3 (Tyr705) (1:1,000 Cell 

Signaling #9145) primary antibodies, and then by incubation with the appropriate 
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secondary antibody (1:50,000 mouse monoclonal antibody (Jackson Laboratories), or 

1:50,000 anti-rabbit antibody (Jacskon Laboratories). Positive controls were used as 

follows: interferon α-treated Hela cell protein lysate (Cell Signaling #9132) for Stat3 

molecular weight size, lactating day 1 mammary gland protein lysate (prepared as 

above) for Stat5b and P-stat5. Proteins were detected using the SuperSignal® West 

Dura Extended Duration Substrate (Pierce). Blots were stripped 30 minutes at 60°C 

(0.2% SDS, 0.0625 M Tris pH 6.7, 0.7% β-mercaptoethanol), reprobed with 

appropriate secondary antibodies to verify stripping of proteins, and reprobed with 

actin (1:500, Santa Cruz s-1616).  

12. Immunoprecipitation 

Protein lysate was prepared as in section 2.1.10 with addition of 0.25% 

Na Deoxycholate and 0.1% SDS to the protein lysate to prevent dimer formation, and 

mixed 50 minutes at 4oC. Protein lysate was precleared by incubation with control 

isotype antibody mouse IgG1 (Dako X0931) and protein A/G PLUS-Agarose beads 

(Santa Cruz sc-2003) for 30 minutes at 4oC. Five hundred micrograms of protein from 

the precleared supernatant was incubated with 2 μg of Stat5b antibody (Santa Cruz 

sc-1656) for 1 hour at 4oC, followed by incubation with 20 μl protein A/G PLUS-

Agarose beads (Santa Cruz sc-2003) for 1 hour at 4oC. Supernatants were collected 

and ran on gel to verify that Stat5b was not depleted after immunoprecipitation so that 
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agarose beads from all permutations could bind Stat5b equally. Proteins were separated 

on 8-10% gels (Novex) as in section 2.1.10. Membranes were blocked in 3-5% bovine 

serum albumin (Sigma) followed by incubation with AX1 anti-phosphoStat5a/b 

(1 μg/ml Advantex BioReagents) primary antibody, and then by incubation with anti-

mouse secondary antibody (1:50,000 Jackson Laboratories). Proteins were detected 

using the SuperSignal® West Dura Extended Duration Substrate (Pierce). Blots were 

stripped 30 minutes at 60°C (0.2% SDS, 0.0625 M Tris pH 6.7, 0.7% 

β-mercaptoethanol), reprobed with anti-mouse secondary antibody (1:50,000 Jackson 

Laboratories) to confirm stripping of proteins, and reprobed with Stat5b (1:100 Santa 

Cruz sc-1656), followed by incubation with anti-mouse secondary antibody (1:50,000 

Jackson Laboratories). 

13. Analysis of vaginal opening 

At three weeks of age, the vagina of female pups was observed until complete 

canalization of the vagina as a marker of vaginal opening [121] in CERM/Stat5a-/- 

(n=5), CERM/Stat5+/- (n=7), CERM (n=15), Stat5a-/- (n=7), Stat5a+/- (n=7) and WT 

(n=30) mice 

14. Terminal end buds 

TEBs were defined as bulbous shaped terminal ends greater than 10,000 μm2 

measured by Metamorph Image Analysis version 6.3r2. The percentage of mice with 
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presence of TEBs as defined above, the number of TEBs and their size distribution 

were analyzed at 2, 4 and 12 months of age. The percentage of mice was analyzed for 

the presence of one or more TEBs as well as of three or more TEBs.  

15. Measurement of duct length 

The length of ducts was measured using Metamorph Image Analysis version 

6.3r2 by tracing along the longest primary ducts from the nipple to their end close to 

the end of the fat pad. The length of the two or three longest ducts per mammary gland 

was measured per mammary gland and their sum averaged.  Measurements were made 

at 2, 4 and 12 months in CERM/Stat5a-/- (n=6, 11, 9, respectively), CERM/Stat5a+/- 

(n=9, 12, 9, respectively), CERM (n=4, 7, 9, respectively), and WT (n=3, 11, 9, 

respectively) mice. 

16. cDNA microarray 

RNA was prepared as indicated in section 2.7 from thoracic mammary glands 

of WT (n=4), CERM (n=4), and CERM/Stat5a-/- (n=4) mice at 12 months of age. 

Microarrays were performed by Mogene using whole mouse genome 4x44K (41,534 

genes) Agilent gene expression microarrays (http://www.mogene.com/). Cycle treshold 

(Ct) value reflects the cycle number at which the fluorescence generated within a 

reaction crosses the threshold and reflects the point during the reaction at which a 
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sufficient number of amplicons have accumulated to be at a statistically significant 

point above the baseline. 

17. 7,12-dimethylbenz[a]anthracene (DMBA) 

One gram of DMBA was stirred in 100ml corn oil overnight at RT and 

aliquoted and stored in amber glass bottles at RT. Using a ball-tip and bent 24 gauge 

needle, mice were treated with a single intragastric (ig) dose of 1 mg DMBA/mouse for 

the experimental groups or were shamed dosed with 100 μl corn oil (vehicle) for the 

control groups. Treated mice were palpated weekly starting one month after treatment 

to assess for the presence of palpable tumors. Pathological growths were defined 

during necropsy as protruding masses or pulmonary white patches or hypertrophic 

organs and were recorded. Necropsy was performed when the mice were 12 months 

old or when their tumor reached 1cm3 whichever came first or when other health issues 

arose that could not be treated within the official guidelines. 

17. STAT5A project 
A cohort of mice was treated with DMBA (Sigma, D3254) or with corn oil as 

vehicle at 4 months of age and another cohort of mice was treated with DMBA or with 

vehicle at 2 months of age. 
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17. Cyclin D1 project 
A cohort of mice was treated with DMBA or with corn oil as vehicle at 

4 months of age. 

18. Tamoxifen implant and biopsy 

18.1. STAT5A project 
One abdominal mammary gland was removed during survival surgery 

procedure at 10 months of age. Mice were operated under anesthesia using isoflurane. 

A small L-shaped incision was performed by cutting the abdominal skin between the 

two abdominal mammary glands and along the mouse right leg. The skin was pulled to 

give access to the mouse right abdominal mammary gland, which was removed from 

the mouse followed by cauterization of the mammary arteries to prevent blood loss. 

Immediately after biopsy, the mammary gland was cut in three pieces (Figure 1) 

including the internal end which was whole-mounted as indicated in section 2.5, the 

central piece which was fixed in 10% buffered formalin phosphate solution for H&E 

analysis as indicated in section 2.4, and the external/nipple end piece which was snap-

frozen as indicated in section 2.4. After surgery, each mouse of a cohort of mice was 

implanted a 60-day release tamoxifen 25 mg/pellet (Innovative Research of America) 

whereas each mouse of the other cohort of mice did not. Both cohorts were sacrificed 

at 12 months of age (one mouse was sacrificed at 10 months and 3 weeks once 

mammary gland tumor reached 1 cm3). The remaining abdominal mammary gland was 
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processed identically to the biopsied mammary gland. The thoracic mammary glands 

were snap frozen as indicated in section 2.4. 

 

 

Figure 1. Tamoxifen experimental design. 

Top panel. Diagram representing the experimental design for the tamoxifen experiment. Bottom panel. 

A mammary whole mount as it is physically manipulated during biopsies. The mammary gland is cut in 

three pieces, one to be whole-mounted, one to be paraffin-embedded, and one to be frozen. 
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18.2. Cyclin D1 project 
Each mouse of a cohort of mice was implanted a 60-day release tamoxifen 

25 mg/pellet (Innovative Research of America) whereas each mouse of the other cohort 

of mice did not. Both cohorts were sacrificed at 12 months of age. Tissues were 

harvested as indicated in section 2.4. 

19. Parity 

Table 1 summarizes the age at first parturition, the number of full pregnancies, 

and the number of litters alive at weaning. Mice were necropsied at 12 months of age. 

One CERM/Stat5a+/- mouse was aged and necropsied at 18 months of age. 

 

Table 1. Summary of the reproductive history of parous mice necropsied at 12 months of age. 

20. Statistical analysis 

Statistical analysis was performed with GraphPad Prism version 4 for Windows 

using Student t-test and Anova for parametric data and Fisher’s Exact test for non-

parametric data. Statistical significance was reached when P<0.05 (* and ** denotes 

P<0.05 and P<0.01, respectively). 
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Chapter 3.  STAT5A and ERα in human DCIS 

1. Introduction 

CERM mice develop DH and DCIS [122] with expression of nuclear STAT5A 

(Chapter 4, Figure 17). Only one study has reported data on expression of STAT5A in 

human DCIS [123]. Shan et al. showed that STAT5A nuclear expression by 

immunohistochemistry was detected in DCIS at a frequency of 40% (2/5). No studies 

have assessed the presence of STAT5A and ERα in human DCIS. STAT5A and ERα 

have been shown to interact in vitro in human breast cancer cells [124;125]. Therefore, 

we hypothesized that STAT5A and ERα would localize to the same nucleus of ERα (+) 

human DCIS cells. To test that hypothesis, ERα (+) human DCIS lesions were 

immunolabeled for STAT5A and ERα in single and dual staining methods. In addition, 

we wanted to determine whether PR, an ERα-downstream target gene product, and 

STAT5A could localize to the same nuclei of human DCIS lesions. Therefore, human 

DCIS lesions were immunolabeled also for STAT5A and PR. 

2. Results 

2.1. Nuclear ERα, PR and STAT5A were present individually in 

human DCIS lesions 
Single immunolabeling using antibody against human ERα, STAT5A or PR 

was performed to determine the presence of nuclear localized ERα, STAT5A or PR, 
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respectively, in ERα (+) human breast DCIS tissue that included DCIS lesions and 

normal ducts (Figure 2A). This step was also performed as a control experiment where 

the confocal microscope laser threshold in one channel (for example FITC, Figure 2A 

left panels) was set up such that no excitation signal could be observed in the other 

channel (for example TRITC, Figure 2A middle panels) when double labeling would 

be performed. This control step was performed for all labeling. In addition, DAPI 

staining was performed to label all nuclei (right panels). The results demonstrated the 

presence of ERα (Figure 2A), STAT5A (Figure 2B), and PR (Figure 2C) individually 

in normal ducts and DCIS lesions.  

 

Figure 2. Single immunolabeling demonstrated presence of nuclear ERα, STAT5A and PR 

individually in human breast DCIS. 

A. Nuclear ERα was visualized in normal ducts (top left panel) and DCIS lesion (bottom left panel) with 

FITC chromophore in the FITC channel (left panels) whereas the same labeled normal ducts (middle 

top panel) and DCIS lesion (bottom middle panel) did not excite in the TRITC channel using identical 

setting (middle panels). B. Nuclear STAT5A was visualized in normal ducts (middle top panel) and 

DCIS (middle bottom panel) with TRITC chromophore in the TRITC channel (middle panels) whereas 

the same labeled normal ducts (top left panel) and DCIS (bottom left panel) did not excite in the FITC 
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channel using identical setting (left panels). C. Nuclear PR was visualized in normal ducts (bottom left 

panel) and DCIS (top and bottom left panels) with FITC chromophore in the FITC channel (left panels) 

whereas the same labeled normal ducts (middle bottom panel) and DCIS (middle top and bottom panels) 

did not excite into the TRITC channel using identical setting (middle panels). A, B, C. DAPI staining 

labeled nuclei (right panels). 

2.2. ERα and STAT5A as well as PR and STAT5A were present in 

the same nuclei of human ERα-positive DCIS lesions 
Next, since each factor was present individually in the nuclei of DCIS lesions, 

we wanted to determine whether they could be present in the same nuclei. Double 

immunolabeling was performed on human breast DCIS that were ERα (+) (n=3). 

Antibodies for ERα and STAT5A were used together to determine if ERα and 

STAT5A could be found in the same nuclei in human DCIS, and antibodies for PR and 

STAT5A were used together to determine if PR, a downstream target of ERα, could 

also be found in the same nuclei as STAT5A in human DCIS. The results show that 

while the majority of ERα (+) DCIS lesions presented with ERα and STAT5A nuclear 

co-localization (Figure 3) as well as PR and STAT5A nuclear co-localization 

(Figure 4), in some cases ERα and PR nuclear localization was present without 

STAT5A (Figure 5). There was no evidence that co-localization of ERα and STAT5A 

altered expression of PR. In the normal-appearing MECs from ERα (+) DCIS lesions, 
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MECs with all permutations of STAT5A, ERα and PR nuclear localization were found 

(Figures 4, 6).  

 
Figure 3. Double immunolabeling demonstrated co-localization of nuclear ERα and STAT5A in 

human breast DCIS.  

A, E, I. Nuclear ERα was visualized in DCIS lesion with FITC chromophore. B, F, J. Nuclear STAT5A 

was in DCIS with TRITC chromophore. C, G, K. Merge images of A, E, I with B, F, J respectively 

demonstrating presence of nuclear ERa and STAT5A in the same nuclei. D, H, L. DAPI was visualized 

in DCIS lesions. 
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Figure 4. Double immunolabeling demonstrated co-localization of nuclear PR and STAT5A in 

human breast DCIS.  

A, E, I, M. Nuclear PR was found in DCIS lesions (A, E, I) and in normal ducts (I, M) with FITC 

chromophore. B, F, J, N. Nuclear STAT5A was found in DCIS lesions (B, F, J) and normal ducts (J, N) 

with TRITC chromophore. C, G, K, O. Merge images of A, E, I, M with B, F, J, N respectively 

demonstrating presence of nuclear PR and STAT5A in the same nuclei. D, H, L, P. DAPI was visualized 

in DCIS lesions (D, H, L) and normal ducts (L, P). 
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Figure 5. STAT5A may be absent from ERα (+) and PR (+) human breast DCIS lesions.  

A. Nuclear ERα was found in DCIS lesions with FITC chromophore. B. STAT5A was absent in DCIS 

lesions using TRITC chromophore D. Nuclear PR was found in DCIS lesions using FITC chromophore. 

C, F. DAPI was visualized in DCIS lesions. 
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Figure 6. Normal-appearing mammary epithelial cells were found with all permutations of 

STAT5A, ERα and PR nuclear localization.  

A, E, I. Nuclear ERα was visualized in normal ducts with FITC chromophore. B, F, J. Nuclear STAT5A 

was in normal ducts with TRITC chromophore. C, G, K. Merge images of A, E, I with B, F, J 

respectively demonstrating presence of nuclear ERα and STAT5A in the same nuclei. D, H, L. DAPI 

was visualized in normal ducts. 

2.3. Nuclear STAT5A was mostly absent in human ERα (-) DCIS 

lesions 
Next, immunolabeling was performed on human breast DCIS that were ERα (-) 

(n=4) to determine whether nuclear STAT5A would be present even though ERα and 
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PR were absent. Immunolabeling was performed with STAT5A antibody to determine 

if nuclear STAT5A was present when ERα and PR were absent. The results show that 

only 1/4 of the ERα (-) DCIS cases demonstrated nuclear localized STAT5A (Table 2). 

3. Discussion and future directions 

The results demonstrate that nuclear STAT5A can be found localized in the 

same nuclei of epithelial cells of 2/3 of the ERα (+) human DCIS lesions and that the 

presence of nuclear PR, a downstream target of ERα, was present with and without 

nuclear STAT5A (Table 2). This data suggests that the presence of nuclear STAT5A 

does not alter ERα transcriptional activity in the ERα (+) DCIS lesions. It is possible 

that ERα plays a role on STAT5A transcriptional activity in ERα (+) DCIS lesions. 

However, at this time, there is no known STAT5A-specific target gene in the breast. 

On the other hand, it is interesting to note that 3/4 of the ERα (-) DCIS lesions were 

STAT5A (-) (Table 2). If a subset of ERα (-) DCIS is often associated with lack of 

STAT5A, it is possible that loss of STAT5A contributes to a worse prognosis. The 

caveat of this study is that it includes a small number of cases. A study with 

significantly higher number of cases with follow-up history of the patients may provide 

stronger data to further support that interpretation. Moreover, it is unclear if the DCIS 

exhibiting a specific expression pattern arise from MECs exhibiting that expression 

pattern or if the pattern evolves in the DCIS lesion. It is not known if STAT5A nuclear 
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localization in DCIS lesions has prognostic significance for response to therapy or 

progression. A genetic study utilizing mouse models will determine if loss of STAT5A 

alters development of ERα (+) DCIS (Chapter 4). In summary, this study demonstrates 

that STAT5A and ERα can be in the nuclei of the same cells and supports the concept 

that STAT5A and ERα might interact in vivo as previously published in vitro. 

Table 2. Double immunofluorescence staining for STAT5A and ERα or PR was performed on 

human cases of ERα (+) PR (+) DCIS. Immunofluorescence staining for STAT5A was performed 

on cases of ERα (-) and PR (-) DCIS. 
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Chapter 4.  Loss of Stat5a in CERM mice 

1. Introduction 

It is well known that deregulation of estrogen signaling is implicated in breast 

tumorigenesis. The CERM mice demonstrate deregulation of ERα in the mammary 

epithelium and develop hormone-dependent proliferative lesions by 4 months of age, 

including DH and DCIS [126]. The CERM mouse model has been validated as a model 

that mimics human DCIS as described in chapter 1. STAT5A has a role in breast 

cancer that is not clearly determined. In mouse models of breast cancer, the presence of 

STAT5A led to more adverse phenotype [127;128], whereas in human, nuclear STAT5 

is associated with better differentiated mammary cancers [129], phospho-STAT5 with 

a better prognosis [130] and prevention of invasion [131]. 

Potential cross-talk between ERα and STAT5A has been previously shown 

in vitro [132-134]. Reporter functional assays and coimmunoprecipitation assays 

demonstrated variable effects of the cross-talk on estrogen downstream signaling and 

prolactin downstream signaling in HEK293 cells, COS cells and MCF-7 and T47D 

breast cancer cells. For example, STAT5A was shown to repress transcriptional 

activity of ERα. This is supported during normal physiology, more specifically during 

lactation, by the fact that STAT5A activity is high when ERα activity is blocked (ERα 

expression is high but estrogen levels are low). Furthermore, in lactating mice, 

exogenous 17β-estradiol inhibits ERα expression and STAT5 phosphorylation in the 
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mammary gland, suggesting a possible crosstalk between ERα and STAT5A in this 

organ [135]. Stat5 mediates significant biological effects of cytokines and hormones 

but its specific downstream targets in the mammary gland are unknown. 

We therefore hypothesized that deregulated ERα in combination with STAT5A 

would alter the breast epithelial cells’ response to tumorigenesis via proliferation, 

differentiation or survival.  

2. Results 

2.1. Characterization of the mouse models 

2.1.1. Loss of Stat5a alleles did not alter ERα transgene mRNA 

expression 

ERα transgene expression in the mammary gland was analyzed to rule out any 

possible effects on its level of expression from crossing different genetically 

engineered mouse models together. Real-time RT-PCR confirmed FLAG- ERα mRNA 

expression in the mammary glands of CERM (n=7), CERM/Stat5a+/- (n=7) and 

CERM/Stat5a-/- (n=11) mice compared to those of WT (n=2) mice at 12 months of age 

(Figure 7) and in the mammary glands of CERM (n=1), CERM/Stat5+/- (n=1) and 

CERM/Stat5a-/- (n=1) mice compared to those of WT (n=3), and Stat5a+/- (n=2) mice 

at 4 months of age (Figure 7).  
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Figure 7. Loss of Stat5a alleles did not alter ERα transgene mRNA expression.  

FLAG-ERα mRNA expression in mammary glands from CERM, CERM/Stat5+/-, CERM/Stat5a-/-, WT, 

Stat5a+/-, and Stat5a-/- mice at 4 and 12 months of age by real-time RT PCR.  

2.1.2. Loss of Stat5a alleles did not alter nuclear localization of 

ERα protein  

Analysis of ERα cellular localization by immunohistochemistry confirmed the 

persistent increased presence of cells with nuclear ERα in the mammary glands of 

CERM mice (n=10) (Figure 8) compared to those of WT (n=6) mice at 12 months of 

age (Figure 8). Most importantly, the increased presence of cells with nuclear ERα was 

maintained with loss of one or two Stat5a alleles (n=7) (Figure 8). 
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Figure 8. Loss of Stat5a alleles did not change the increased number of cells with nuclear ERα.  

ERα immunohistochemistry of mammary glands of CERM/Stat5a-/-, CERM and WT mice.  

2.1.3. STAT5B did not compensate for loss of Stat5a alleles 

The defect in lobuloalveolar development observed during pregnancy in 

Stat5a-/- mice [136] may be rescued by STAT5B increased protein expression and 

activity [137]. In order to determine if STAT5B compensated for loss of Stat5a in our 

nulliparous knock-out mice, Stat5b protein expression and STAT5B activation 

(phosphorylation status and nuclear localization) were analyzed in nulliparous mice. 

STAT5B protein expression levels measured by western blot analysis were not 

increased in the mammary glands of CERM/Stat5a-/- (n=5) and CERM/Stat5a+/- (n=6) 

mice compared to the mammary glands of CERM mice (n= 6) (Figure 9). 
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Figure 9. Loss of Stat5a alleles did not increase STAT5B protein expression.  

Western blot analysis of STAT5B expression (92kD) in the mammary glands of CERM/Stat5a-/-(n=5), 

CERM/Stat5a+/- (n=6) and CERM mice (n=6). 

STAT5A and STAT5B are closely related proteins and the consensus sequence 

around their activating tyrosine residue is identical. Therefore, there is no tool 

available at this time to directly measure activated STAT5B and discriminate activated 

STAT5B from activated STAT5A. Therefore an indirect method was used to 

determine if STAT5B activation was higher with loss of Stat5a. Because STAT5A and 

STAT5B can form homo- and hetero-dimers, stringent conditions that completely 

separate protein complexes were used to prepare protein lysates. Immunoprecipitation 

of STAT5B protein followed by detection of tyrosine phosphorylated STAT5 by 

western blot demonstrated no increase in tyrosine phosphorylated STAT5B in the 

mammary glands of CERM/Stat5a-/- mice (n=3) and CERM/Stat5a+/- (n=2) compared 

to those of CERM mice (n=3) (Figure 10). 
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Figure 10. Loss of Stat5a alleles did not increase STAT5B tyrosine phosphorylation status.  

A. Immunoprecipitation of STAT5B from mammary glands of CERM/Stat5a-/-, CERM/Stat5a+/-, CERM 

and WT mice was followed by western blot with P-STAT5, followed by western blot with STAT5B after 

complete stripping of proteins. B. Whole gel showing antibody and A/G beads non specific labeling. 

In addition, immunohistochemical labeling of STAT5B confirmed the above 

data by demonstrating no evidence of differences between the mammary glands of 

CERM/Stat5a+/- (n=3) and CERM/Stat5a-/- (n=3) mice compared to CERM (n=3), 

WT (n=4), Stat5a+/- (n=1), and Sta5a-/- (n=1) mice at 4 months of age (Figure 11). 

Labeling specificity was confirmed with control isotype labeling for CERM/Stat5a-/- 

mice (n=1). 
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Figure 11. STAT5B cellular localization was not altered with loss of Stat5a in CERM mice.  

STAT5B immunohistochemistry of mammary glands from CERM/Stat5a-/- (left panels) and CERM mice 

(right panels) (top panels were taken at 10 X, bottom panels were taken at 40 X). . 

2.1.4. Loss of Stat5a did not increase STAT3 expression and 

activity 

STAT3 is another Stat family member implicated in breast cancer. Because 

members of the Stat family can possibly compensate for lack of one another, STAT3 

expression and tyrosine phosphorylation were analyzed. The levels of STAT3 protein 

expression and phosphorylation were measured by Western Blot. No increase in 

STAT3 protein expression levels were observed in the mammary glands of 

CERM/Stat5a-/- (n=3) and CERM/Stat5a+/- (n=3) compared to CERM (n=3) mice 

(Figure 12A). Interestingly, STAT3 protein expression and activity was increased in 
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CERM (n=3) compared to WT mice (n=3) (Figure 12B). Interferon-treated Hela cell 

protein lysate was used as positive control for molecular weight size. 

 
Figure 12. Loss of Stat5a did not increase Stat3 expression and activity.  

A. Loss of Stat5a alleles did not lead to an increase in Stat3 protein expression or activity in CERM 

mice. Western blot analysis of STAT3 and P-STAT3 expression in mammary glands of CERM/Stat5a-/-, 

CERM/Stat5a+/- and CERM mice. B. STAT3 and P-STAT3 were increased with deregulated ERα. 

Western blot analysis of STAT3 and P- STAT3 expression in mammary glands of CERM and WT mice. 

Phosphorylation of STAT3 was analyzed by Western Blot using STAT3 

tyrosine phosphorylation specific antibodies. No increase in STAT3 tyrosine 

phosphorylation was observed in the mammary glands of CERM/Stat5-/- (n=3) and 

CERM/Stat5a+/- (n= 3) compared to CERM (n=3) (Figure 12A). Interestingly, STAT3 

expression and activity was increased in CERM (n=3) compared to WT mice (n=3) 

(Figure 12B). 



 

58 

2.2. Mammary gland development: Loss of Stat5a alleles led to 

delayed differentiation of TEBs in CERM mice 

2.2.1. Onset of puberty was not changed 

Mammary gland development is under the influence of ovarian hormones 

which start to be produced at the onset of puberty upon hypothalamus-pituitary axis 

signal. Determining whether the age of onset of puberty was changed in our different 

cohorts of mice was important to determine whether the hypothalamus-pituitary-

ovarian axis functions properly and whether mammary gland development starts at the 

same age in our different cohorts of mice. Therefore, we investigated whether loss of 

Stat5a led to a normal puberty onset in our models by analyzing the age at vaginal 

opening. Vaginal opening was chosen because it is conventionally used as a reliable 

external marker of puberty [138]. No differences in the onset of vaginal opening were 

observed among CERM/Stat5a-/- (n=5), CERM/Stat5+/- (n=7), CERM (n=15), WT 

(n=30), Stat5a-/- (n=7), and Stat5a+/- (n=7) mice (P>0.05, Anova) (Figure 13). 
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Figure 13. Vaginal opening was unchanged with loss of Stat5a.  

Age at vaginal opening was measured in WT, CERM, CERM/Stat5a+/-, CERM/Stat5a-/-, Stat5a+/- and 

Stat5a-/- mice.  

2.2.3. Loss of Stat5a delayed differentiation of terminal end 

buds in CERM mice 

STAT5A is involved in terminal differentiation of MECs during pregnancy and 

lactation. Stat5a-/- mice show a lack of lobulo-alveolar development [139]. Therefore, 

we hypothesized that loss of Stat5a with deregulated ERα would alter differentiation of 

MECs. We were interested in this effect in the context of breast cancer development 

independent of pregnancy and lactation and therefore we focused on conditions outside 

of pregnancy and lactation. TEBs are mammary ductal structures that are highly 

proliferative and drive ductal elongation and mammary gland development during 

puberty. When TEBs reach the end of the fat pad, they stop proliferating and 

differentiate into terminal ducts. It is therefore possible to determine whether 

differentiation is altered by analyzing TEB development. We first analyzed the 

presence, number and size of TEBs toward the end of puberty, that is at 2 months of 

age, in CERM/Stat5a-/- (n=8), CERM/Stat5a+/- (n=11), CERM (n=5), WT (n=5), 

Stat5a+/- (n=5), and Stat5a-/- (n=8). The percentage of mice with one or more TEBs 

(Figure 14A) or with three or more TEBs (Figure 14B) was increased in 

CERM/Stat5a-/- mice compared to CERM mice but these results were not statistically 
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significant (p>0.5, Fisher’s exact test). However, the number of TEBs was statistically 

increased in CERM/Stat5a-/- and CERM/Stat5a+/- mice compared to WT mice 

(P=0.01 and P=0.04 respectively, t-test two-sample assuming unequal variances, two-

tail). (Figure 14C). The size distribution of TEBs did not seem changed (Figure 15A). 

To determine if this data persisted after the end of puberty, the presence, 

number and size of TEBs were analyzed at 4 months of age in CERM/Stat5a-/- (n=18), 

CERM/Stat5a+/- (n=13), CERM (n=7), WT (n=19), Stat5a+/- (n=17), and Stat5a-/- 

(n=3). The percentage of mice with one or more TEBs in CERM/Stat5a-/- was not 

increased (Figure 14D), however the percentage of mice with three or more TEBs was 

significantly increased in CERM/Stat5a-/- mice compared to WT mice (p<0.05, 

Fisher’s exact test) (Figure 14E). In addition, the number of TEBs was significantly 

increased in CERM/Stat5a-/- mice compared to CERM and to Stat5a-/- mice (p=0.035 

and 0.045 respectively, t-test two-sample assuming unequal variances, two-tail). 

(Figure 14F). The size distribution of TEBs did not seem changed (Figure 15B).  

The analysis was performed at a later end point, 12 months of age, in 

CERM/Stat5a-/- (n=21), CERM/Stat5a+/- (n=25), CERM (n=18), WT (n=10), 

Stat5a+/- (n=8), and Stat5a-/- (n=7) to determine if TEB differentiation was delayed or 

irreversibly impaired. The percentage of mice with one or more TEBs (Figure 14G) or 

with three or more TEBs (Figure 14H) was not increased in CERM/Stat5a-/- mice. The 
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number of TEBs was no longer increased in CERM/Stat5a-/- mice (Figure 14I). The 

size distribution of TEBs did not seem changed (Figure 15C). 

The results indicate that loss of Stat5a alleles in combination with deregulated 

ERα led to a post-pubertal delayed differentiation of TEBs.  

 

Figure 14. Loss of Stat5a alleles in combination with deregulated ERα led to a delayed TEB 

differentiation.  

The number of mice with TEBs (left and middle panels) and the number of TEBs (right panels) were 

analyzed in WT, CERM, CERM/Stat5a+/-, CERM/Stat5a-/-, Stat5a+/- and Stat5a-/- mice at A. B. C. 

2 months, D. E. F. 4 months, and G. H. I. 12 months of age. 
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Figure 15. The size distribution of TEBs was not significantly altered with loss of Stat5a alleles.  

Analysis was performed at A. 2 months, B. 4 months, and C. 12 months of age in CERM/Stat5a-/-, 

CERM/Stat5a+/-, CERM, Stat5a-/-, Stat5a+/-, and WT mice. 

2.2.2. Mammary ductal length was not changed 

Mammary ductal length was measured at 2, 4 and 12 months of age using 

Metamorph image analysis program. In contrast to the effects of loss of Stat5a with 

deregulated ERα on TEBs, mammary ductal length was not changed at 2 (Figure 16A), 

4 (Figure 16B) and 12  (Figure 16C) months of age between CERM/Stat5a-/- (n=6, 

n=11, n=9), CERM/Stat5a+/- (n=9, n=12, n=9), CERM (n=4, n=7, n=9), WT (n=3, 

n=11, n=9), Stat5a-/- (n=0, n=0, n=6), and Stat5a+/- (n=0, n=0, n=5), respectively 

(P>0.05 at 2, 4, and 12 months of age, Anova).  
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Figure 16. Ductal length was not altered.  

Length of primary ducts was measured in WT, CERM, CERM/Stat5a+/-, CERM/Stat5a-/- , Stat5a+/- 

and Stat5a-/- mice at A. 2 months, B. 4 months, and C. 12 months of age using Metamorph Analysis. 

2.3. Tumorigenesis study from genetic manipulations alone 
Next, we studied the role of loss of Stat5a in progression of ERα-initiated 

mammary DH and DCIS. The hypothesis is that loss of Stat5a alleles will alter the 

progression of ERα-initiated DH and DCIS via proliferation, survival and/or 

differentiation. The endpoints analyzed were the prevalence of early ductal mammary 

cancer lesions, lobular alveolar types of early mammary cancer lesions, and mammary 

adenocarcinomas. When the word disease is used in this section, it includes all three 

endpoints. 

2.3.1. Loss of Stat5a alleles did not alter the prevalence of 

DH/DCIS in CERM mice at 4 months of age 

With evidence that STAT5A and ERα can possibly interact in vivo in human 

DCIS lesions (Chapter 3) and data demonstrating the presence of nuclear STAT5A in 
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ERα-initiated DCIS at 4 months of age in the CERM mice (Figure 17), we analyzed 

the prevalence of DH/DCIS in CERM without Stat5a alleles at 4 months of age to test 

the hypothesis that STAT5A contributes to ERα-initiated DCIS development and 

progression. We have not observed a difference in the prevalence of DH/DCIS with 

loss of Stat5a in CERM mice at 4 months of age (P>0.05, Fisher’s Exact test) 

(Figure 18). 

 

Figure 17. Nuclear STAT5A was present in ERα-initiated DCIS at 4 months of age in CERM 

mice.  

Immunohistochemistry for STAT5A was performed on paraffin embedded sections of a CERM mammary 

gland at 4 months of age. 
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Figure 18. Loss of Stat5a alleles did not change the prevalence of DH/DCIS in CERM mice at 

4 months of age.  

H&E sections of mammary glands were analyzed at 4 months of age for the presence of DH/DCIS in 

CERM (n=) and CERM/Stat5a+/- (n=), (P>0.05, Fisher’s exact test). 

2.3.2. Deregulated ERα led to the development of HANs at 

12 months of age 

Interestingly, the prevalence of HANs at 12 months of age was significantly 

increased in CERM mice (36.8%, 7/19) compared to WT mice (5.5%, 1/18) (P<0.05, 

Fisher’s exact test) (Figure 20). 

2.3.3. HANs expressed nuclear STAT5A 

Labeling of STAT5A by immunohistochemistry showed expression of nuclear 

STAT5A in HANs in CERM mice (Figure 19). The HAN lesions were proliferative as 

indicated by Ki67 immunohistochemistry (Figure 19). 

 

Figure 19. Nuclear STAT5A was expressed in HANs in CERM mice at 12 months of age.  
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Immunohistochemistry was performed using Stat5a antibody to detect nuclear STAT5A (right middle 

panel) and using Ki67 to detect proliferation (right bottom panel) on a HAN lesion (left panel, H&E 

right top panel) in the CERM mammary gland (Right panels taken at 40 X). 

2.3.4. Loss of Stat5a alleles with deregulated ERα led to the 

abrogation of ERα-associated HAN development 

Loss of two Stat5a alleles in CERM mice led to a statistically significant 

decrease in the prevalence of HANs at 12 months of age (36.8%, 1/19 to 0%, 0/22, 

P<0.01, Fisher’s exact test) (Figure 20). The size of HANs was not changed between 

WT (1,622 ± 330 µm2), CERM (2,206 ± 571 µm2) and CERM/Stat5a+/- 

(1,104 ± 276 µm2) mice (P>0.05, Student t-test) (Figure 21). 
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Figure 20. Deregulated ERα led to an increase in HAN prevalence, which was abrogated with loss 

of Stat5a alleles.  

Mammary gland whole mounts were analyzed at 12 months of age for the presence of HANs in WT 

(n=18), CERM (n=19), CERM/Stat5a+/- (n=25), CERM/Stat5a-/- (n=22), Stat5a+/- (n=8), and Stat5a-

/- (n=6) mice. (P<0.01, Fisher’s exact test). 
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Figure 21. Size of HAN was not altered.  

HAN area was measured with Metamorph Image Analysis program for WT, CERM and 

CERM/stat5a+/- mice. (P>0.05, Student t-test). CERM/Stat5a-/- mice did not develop HAN. 

2.3.5. Loss of Stat5a alleles did not change the prevalence of 

DH/DCIS in CERM mice at 12 months of age. DH/DCIS did 

not progress further in CERM mice and loss of Stat5a 

alleles did not alter that 

Analysis of H&E sections of mammary glands at 12 months of age revealed no 

statistically significant differences in the prevalence of DH/DCIS between WT (0%, 

0/11), CERM (6%, 1/18), CERM/Stat5a+/- (28%, 7/25), and CERM/Stat5a-/- (20%, 

3/15) mice (P<0.05, Fisher’s exact test) (Figure 22). No microinvasive cancers and 

fully-blown cancers developed in this cohort of 12 months old CERM, 

CERM/Stat5a+/- and CERM/Stat5a-/- mice. Therefore, no macroscopic evidence 
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suggested that the DH/DCIS lesions in CERM mice as well as in CERM without 

Stat5a had progressed at 12 months of age.  
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Figure 22. Loss of Stat5a alleles did not significantly change the prevalence of DH/DCIS in CERM 

mice at 12 months of age.  

H&E sections of mammary glands were analyzed at 12 months of age for the presence of DH/DCIS in 

WT (n=11), CERM (n=18), CERM/Stat5a+/- (n=25), and CERM/Stat5a-/- (n=15) mice (P<0.05, 

Fisher’s exact test). 

The next step was to look at molecular markers that could indicate that loss of 

Stat5a altered the mammary gland at a molecular level. 

2.3.6. Loss of Stat5a alleles did not alter myoepithelial layer 

integrity 

It has been shown that STAT5 may prevent invasion [140]. We investigated 

whether loss of Stat5a in the CERM mice promoted invasion of MECs from DCIS 

lesions at a very early stage by using immunohistochemistry for p63. It is becoming 
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clear that interactions between luminal cells, myoepithelial cells and the stromal 

compartment are an important part of the tumorigenic process. Myoepithelial cells may 

have a role in facilitating/suppressing invasion by cancer cells [141;142]. Pathologists 

differentiate in-situ lesions from invasive lesions by looking at the integrity of the 

myoepithelium, by morphology and by immunolabeling including p63. This marker 

was chosen because it is the most specific of all current myoepithelial cell 

markers [143]. Since myoepithelial cells are also believed to be the potential cells of 

origins of some basal-like cancers [144], this assay would identify whether a more 

basal-like phenotype was present. The results indicated no evidence of alteration of the 

myoepithelial layer integrity and of basal-like phenotype in the mammary glands of 

CERM/Stat5a-/- (n=1), CERM/Stat5a+/- (n=1), and CERM (n=1) (Figure 23). 

 

Figure 23. Normal myoepithelial cell layer in CERM, CERM/Stat5a+/-, and CERM/Stat5a-/- 

mammary glands.  
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Immunohistochemistry for p63 was performed on the mammary glands of CERM/Stat5a-/- (n=1), 

CERM/Stat5a+/- (n=1) and CERM (n=1) mice at 12 months of age. 

2.3.7. No evidence of epithelial to mesenchymal transition or 

loss of cell polarity with loss of Stat5a 

STAT5 has been shown to prevent loss of adhesion and inhibit characteristics 

of invasion, and possibly be involved in preventing epithelial to mesenchymal 

transition (EMT) [145;146]. Cadherins mediate cell-cell adhesion and e-cadherin is a 

hallmark of EMT [147], which is believed to be recapitulated by cancer invasion. 

E-cadherin expression is localized normally in Stat5-/- mammary epithelium [148]. 

However, we looked at e-cadherin expression and localization to determine if loss of 

Stat5a alleles in the CERM mice could lead to a change of e-cadherin expression and 

possibly EMT. Immunohistochemistry for e-cadherin revealed no differential 

expression of e-cadherin upon loss of Stat5a in combination with deregulated ERα, 

within different mammary structures (Figure 24).  
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Figure 24. No changes in e-cadherin cellular expression.  

Immunohistochemistry using e-cadherin antibody was performed on mammary glands of A. WT (n=3), 

B. CERM (n=3), C. CERM/Stat5a+/- (n=3), D. CERM/Stat5a-/- (n=3) mice. 

2.3.8. Deregulated ERα led to increased proliferation in 

nulliparous at 12 months of age independent of Stat5a  

The CERM mice demonstrate increased proliferation in normal ducts at 

4 months of age [149]. Immunohistochemistry for Ki67 was performed to determine 

whether proliferation rates of MECs were still increased at 12 months of age in the 

mammary glands of CERM compared to WT mice.  

The percentage of Ki67-positive MECs was statistically significantly increased 

in CERM mice (13.3 ± 2.1%, n=11) compared to WT mice (4.1 ± 0.9%, n=6), (P<0.05, 

Student t-test) (Figure 25). Then, we investigated whether loss of Stat5a alleles altered 
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that increase. Interestingly, loss of one or two Stat5a alleles (CERM/Stat5a+/-, 

16.1 ± 2.7%, n=9; CERM/Stat5a-/-, 10.2 ± 2.2%, n=8, P>0.05, Student t-test) did not 

alter ERα-associated increased proliferation (Figure 25). This demonstrates that the 

overall proliferation driven by the deregulation of ERα in the mammary epithelium is 

independent of STAT5A. 
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Figure 25. Proliferation was increased in luminal epithelial cells in CERM mice and was 

independent of STAT5A.  

Top panel. The number of Ki67-positive MECs was counted per 1,000 cells in WT (n=6), CERM 

(n=11), CERM/Stat5a+/- (n=9) and CERM/Stat5a-/- (n=8). Bottom panel. Representative images of 

Ki67-positive ducts in CERM/Stat5a-/-, CERM/stat5a+/-, CERM, and WT mammary glands (* and ** 

denotes P<0.05 and P<0.01, respectively). 
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2.3.9. Apoptosis was not altered in CERM with or without loss 

of Stat5a alleles at 12 months of age 

To determine whether deregulated ERα with or without loss of Stat5a alleles 

altered apoptosis at 12 months of age, apoptotic index was analyzed in 12 month old 

mammary glands by two separate measures including Apoptag assay and 

immunohistochemistry using cleaved caspase 3 antibody. The apoptotic index 

measured by Apoptag assay in the mammary glands of WT (n=3), CERM (n=3), 

CERM/Stat5a+/- (n=3), and CERM/Stat5a-/- (n=3) mice was unchanged (Figure 26).  
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Figure 26. Apoptotic index was not changed in mammary glands of WT, CERM, CERM/Stat5a+/-, 

and CERM/Stat5a-/- mice.  
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Top Panel. Number of positive MECs per 1,000 cells were counted in WT (n=3), CERM (n=3), 

CERM/Stat5a+/- (n=3), and CERM/Stat5a-/- (n=3) mammary glands. Bottom panels. Representative 

pictures depicting positive apoptotic epithelial cells detected by Apoptag assay in A. CERM/Stat5a-/- , 

B. CERM/Stat5a+/-, C. CERM, and D. WT mammary glands. 

This was confirmed by cleaved caspase 3 immunohistochemistry (Figure 27). 

 

Figure 27. Apoptotic index was not changed in mammary glands of WT, CERM, CERM/Stat5a+/-, 

and CERM/Stat5a-/- mice.  

Immunohistochemistry for cleaved caspase 3 was performed in A. CERM/Stat5a-/- (n=3), B. 

CERM/Stat5a+/- (n=3), C. CERM (n=3), D. and WT (n=3) mammary glands. 

2.3.10. Microarray: No genes coordinately regulated by 

ERα and STAT5A 

Since STAT5A and ERα are transcription factors, we wanted to determine the 

combined effects of deregulated ERα and loss of STAT5A on general gene 

transcription in the mammary gland. cDNA microarray analysis was performed on 
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whole thoracic mammary glands of WT (n=4), CERM (n=4) and CERM/Stat5a-/- 

(n=4) mice. The expression of β-casein, a known STAT5A target gene [150;151], was 

reduced in CERM/Stat5a-/- microarray data and was validated by real-time RT-PCR 

(21.7 ± 1.2 Ct to 29.4 ± 1.6 Ct) (P<0.01, Student t test) (Figure 28). In addition, genes 

were found coordinately regulated by deregulated ERα and STAT5A that could 

possibly explain the difference in HAN prevalence. However, statistical analysis did 

not reveal significant differences. 

 

Figure 28. β-casein mRNA expression was decreased with loss of Stat5a in CERM mice. 

Real-time RT-PCR for β-casein measured in mammary glands of CERM (n=4) and CERM/Stat5a-/- 

(n=4) mice (P<0.01 Student t test. ). 

2.4. Carcinogenesis study using DMBA 
The polycyclic hydrocarbon 7,12-dimethylbenz[a]anthracene (DMBA) is a 

potent chemical carcinogen and acts by creating DNA-adducts, which generates 

mutated genes, and leads to carcinogenesis. It is the gold standard carcinogen used to 
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study chemically-induced mammary gland cancer. Because CERM mice develop 

mammary DCIS by 4 months of age [152], we hypothesized that CERM mice would 

have an increased susceptibility to carcinogenesis, and that loss of Stat5a alleles would 

alter that susceptibility. Standard DMBA protocols include several weekly oral 

administrations starting at puberty and are usually used to generate a high carcinogenic 

response. It has been shown that C57BL/6 non-transgenic WT mice treated with a 

single DMBA dose of 0.5 mg at 56 days of age do not develop mammary gland 

cancer [153]. Therefore, a protocol that was going to minimize carcinogenesis in our 

C57BL/6 WT control group was applied using a single 1 mg DMBA dose. Puberty is a 

well-established time point of carcinogenic susceptibility in mice. It is believed that 

TEBs, which drive mammary ductal elongation during puberty, are the sites of origin 

of carcinogenesis [154]. Therefore, mice were treated with DMBA at 2 months of age 

as a standard time point for chemically-induced carcinogenesis. In addition, we 

hypothesized that increased susceptibility to chemically-induced carcinogenesis may 

be more significant outside of the typical window of susceptibility during puberty 

because TEBs were persistent in CERM/Stat5a-/- mice at 4 months of age (Figure 14). 

Therefore, another cohort of mice was treated at 4 months of age (Figure 29). The mice 

were palpated weekly starting one month after DMBA or oil administration and were 

necropsied at 12 months of age unless health conditions required earlier sacrifice. The 

endpoints analyzed were the prevalence of early ductal mammary cancer lesions, 
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lobular alveolar types of early mammary cancer lesions, and mammary 

adenocarcinomas. 

 
Figure 29. Experimental design for the carcinogenic study using DMBA. 

2.4.1. Dual role of STAT5A on the prevalence of HAN following 

DMBA exposure at 4 months of age 

The prevalence of HANs was analyzed from 10.5 to 12 months of age for mice 

treated with DMBA at 4 months of age. CERM mice developed a higher prevalence of 

HAN (40%, 4/10) than WT mice (12.5%, 1/8) (Figure 30), which was observed in 

untreated mice (Figure 20). Interestingly, whereas CERM/Stat5a-/- mice showed a 

reduced HAN prevalence (11%, 1/9) consistent with our previous data (Figure 20), 

Stat5a-/- developed HAN (50%, 4/8) to a level comparable to CERM, CERM/Stat5a+/- 

and Stat5a+/- mice (Figure 30). Therefore, loss of Stat5a with deregulated ERα 
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decreased HAN prevalence while loss of Stat5a without deregulated ERα increased 

HAN prevalence.  

 

Figure 30. Prevalence of HAN, DH/DCIS and mammary adenocarcinoma at 10.5-12 months of age 

following DMBA exposure at 4 months of age. 

H&E sections were analyzed for the presence of A.HANs B. DH/DCIS and C. mammary 

adenocarcinoma. 
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2.4.2. Loss of Stat5a alleles led to a significant decrease in the 

prevalence of HAN following DMBA exposure at 2 months 

of age 

Loss of two Stat5a alleles in the CERM mice led to a statistically significant 

decrease in the prevalence of HANs following DMBA exposure at 2 months of age 

(CERM 67%, 6/9 vs CERM/Stat5a-/-, 12.5%, 1/8) (Figure 31).  
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Figure 31. Decreased prevalence of HAN in CERM/Stat5a-/- mice at 10.5-12 months of age 

following DMBA exposure at 2 months of age. 

Whole mounts  were analyzed for the presence of HANs (* P<0.05, Fisher’s exact test). 

2.4.3. No significant differences in prevalence of DH/DCIS 

following DMBA exposure at 4 months of age 

 The prevalence of DH/DCIS was analyzed from 10.5 to 12 months of 

age for mice treated with DMBA at 4 months of age. Even though the prevalence of 

DH/DCIS increased in CERM/Stat5a+/- (44%, 4/9), CERM/Stat5a-/- (44%, 4/9), 
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Stat5a+/- (57%, 4/7), and Stat5a-/- (57%, 4/7) compared to CERM (22%, 2/9) and WT 

(14%, 1/7), it was not statistically significant (Figure 30). 

2.4.4. No significant differences in prevalence of mammary 

adenocarcinoma with or without deregulated ERα following 

DMBA exposure at 2 months of age. 

 Mammary adenocarcinomas developed from 10.5 to 12 months of age 

following DMBA exposure at 2 months of age. However, the incidence was not 

significantly different among all genotypes. WT and Stat5a+/- mice did show a 22% 

(2/9) and 12.5% (1/8) prevalence of mammary adenocarcinoma, respectively, while 

CERM and CERM/Stat5a+/- demonstrated at 18% (2/11) and 29% (2/7) prevalence of 

mammary adenocarcinoma, respectively. Interestingly, loss of Stat5a with or without 

deregulated ERα showed no mammary adenocarcinoma development (0/8, 0/7, 

respectively) (Table 3 and Figure 32). None of the control mice treated with oil at 

2 months of age developed palpable mammary adenocarcinomas (WT: 0/2, 

CERM: 0/6, CERM/Stat5a+/-: 0/6, CERM/Stat5a-/-: 0/0, Stat5a+/-: 0/0, Stat5a-/-: 0/0).  
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Figure 32. No significant differences in the prevalence of mammary adenocarcinoma at 10.5-

12 months of age following DMBA exposure at 2 months of age. 

Mammary gland tumors were analyzed on H&E sections for the presence of adenocarcinomas.  

 

Table 3. Summary of the prevalence of mammary adenocarcinoma at 10.5-12 months of age 

following DMBA exposure at 2 months of age. 
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2.4.5. No differences in the prevalence of mammary 

adenocarcinoma following DMBA exposure at 4 months of 

age. 

Mammary adenocarcinomas developed from 10.5 to 12 months of age in our 

genotypes following DMBA exposure at 4 months of age. It is interesting to note that 

neither WT (0/8) nor Stat5a+/- (0/9) mice developed mammary adenocarcinoma. 

However, Stat5a-/- mice showed a 12.5% prevalence (1/8) of mammary 

adenocarcinoma. With deregulated ERα, the prevalence was unchanged with or 

without Stat5a alleles. CERM, CERM/Stat5a+/- and CERM/Stat5a-/- mice developed 

10% (1/10), 11% (1/9), and 11% (1/9) mammary adenocarcinomas, respectively 

(Table 4 and figure 30). Control mice treated with oil at 4 months of age did not 

develop palpable mammary adenocarcinomas (WT: 1/9, CERM: 1/10, 

CERM/Stat5a+/-: 0/10, CERM/Stat5a-/-: 0/3, Stat5a+/-: 0/0, Stat5a-/-: 0/0). 

 

Table 4. Summary of the prevalence of mammary adenocarcinoma at 10.5-12 months of age 

following DMBA exposure at 4 months of age. 
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2.4.6. Histology of mammary carcinomas that developed at 

12 months of age following DMBA exposure at 4 months of 

age 

The two mammary adenocarcinomas that developed in CERM/Stat5a+/- and 

Stat5a-/- mice were ERα/PR positive while the two adenosquamous carcinomas 

identified in CERM and CERM/Stat5a-/- mice were ERα/PR negative. Absence of 

Stat5a was found only in the cancers from the CERM/Stat5a-/- and Stat5a-/- mice. 

Nuclear-localized Stat5b and cyclin D1 was expressed in all cancers (Figure 33). 

 

Figure 33. Characterization of mammary adenocarcinomas following DMBA at 4 months.  

Mammary adenocarcinomas observed in CERM/Stat5a+/- and Stat5a-/- mice were ERα/PR-positive, 

whereas mammary adenosquamous carcinomas observed in CERM and CERM/Stat5a-/- mice were 

ERα/PR-negative. Nuclear-localized Stat5a expression was found in CERM and CERM/Stat5+/- 

mammary cancers Adenocarcinomas in all four genotypes expressed nuclear-localized Stat5b and 

cyclin D1. Left panels: H&E of mammary carcinomas (scale bar represents 100 µm). Other panels: 
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Immunohistochemistry was performed for ERα, PR, Stat5a, Stat5b and cyclin D1 (scale bar represents 

50 µm).  

2.4.7. Other pathological findings observed at necropsy 

Pathological growths developed in other organs than the mammary gland and at 

various time points following DMBA or oil exposure at 2 and 4 months of age 

(Tables 5, 6, 7 & 8). Some growths were palpable and required the mice to be 

necropsied at a younger age than 12 months of age whereas other growths were 

observed only during necropsy. However, because DMBA is known to initiate cancer 

in the lung and ovaries [155;156] and because this study remained focused on 

mammary cancer development, the growths from other organs were not studied further. 

On the basis that the growths in the lungs were not correlated with mammary gland 

cancers, mammary cancer metastasis to the lungs was ruled out. 
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Table 5. Summary of the growths that developed in all WT, CERM, CERM/Stat5a+/-, 

CERM/Stat5a-/-, Stat5a+/-, Stat5a-/- mice following DMBA administration at 2 months of age.  

 

Table 6. Summary of the growths that developed in all WT, CERM, CERM/Stat5a+/-

CERM/Stat5a-/-, Stat5a+/-, Stat5a-/- mice following oil administration at 2 months of age. 

 

Table 7. Summary of the growths that developed in all WT, CERM, CERM/Stat5a+/-, 

CERM/Stat5a-/-, Stat5a+/-, Stat5a-/- mice following DMBA administration at 4 months of age.  
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Table 8. Summary of the growths that developed in all WT, CERM, CERM/Stat5a+/-, 

CERM/Stat5a-/-, Stat5a+/-, Stat5a-/- mice following oil administration at 4 months of age.  

2.5. Effects of tamoxifen 

2.5.1. Tamoxifen was active and led to ductal regression 

At 10 months of age, a cohort of CERM (n=4), CERM/Stat5a+/- (n=8), and 

CERM/Stat5a-/- (n=9) mice was implanted a 60-day release tamoxifen pellet. 

Immediately prior to tamoxifen implantation, one abdominal mammary gland was 

collected during survival surgery and cut in three pieces, one of which was processed 

for H&E analysis, one for whole mount analysis and one was frozen. Another cohort of 

CERM (n=2), CERM/Stat5a+/- (n=5), and CERM/Stat5a-/- (n=5) mice went through 

surgery only (controls). One mammary gland was taken prior to tamoxifen implant to 

analyze baseline disease status and to allow prospective study of disease response in 

the other mammary gland after 2 months of tamoxifen treatment. Consequently, mice 

were necropsied at 12 months of age and their remaining abdominal mammary gland 

was analyzed in the same manner as their counterpart collected at 10 months of age. 

Ductal regression was observed for all genotypes following tamoxifen treatment, 

demonstrating that tamoxifen was active (Figure 34).  
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Figure 34. Ductal structures regressed following tamoxifen treatment in all genotypes.  

Top panel. Graph representing percentage of mice with ductal regression. Bottom panels. 

Representative whole mounted mammary biopsies for CERM mice at 10 months (two pictures top left), 
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followed by 2 months tamoxifen treatment (picture top right) or no tamoxifen ((right picture second from 

top), and for CERM/Stat5a-/- mice at 10 months (two pictures bottom left), followed by 2 months 

tamoxifen treatment (right picture second from bottom) or no tamoxifen (picture right top). Pictures 

taken at 4X. 

2.5.2. Effects of tamoxifen on HAN and DH/DCIS 

In the CERM mice, HAN prevalence at 10 months of age (50%), prior to 

tamoxifen treatment, remained the same at 12 months of age without tamoxifen 

treatment (50%, 1/2) (Table 9B); but was decreased to 25% (1/4) at 12 months of age 

following tamoxifen treatment (Table 9A). No HAN developed in CERM/Stat5a+/- 

and CERM/Stat5a-/- mice at 10 and 12 months of age with and without tamoxifen 

treatment. 

In the control group with no tamoxifen treatment (Table 9B), similar DH/DCIS 

prevalence was found at 10 and 12 months of age in CERM (50%, 1/2 and 50%, 1/2, 

respectively), CERM/Stat5a+/- (40%, 2/5 and 60%, 3/5, respectively) and 

CERM/Stat5a-/- (0%, 0/5 and 20%, 1/5, respectively) mice. In the experimental group, 

DH/DCIS were not found in the CERM mice at 10  and at 12 months of age following 

tamoxifen treatment (Table 9A). DH/DCIS found in CERM/Stat5a+/- and 

CERM/Stat5a-/- mice at 10 months of age was not present at 12 months of age 

following tamoxifen treatment (Table 9A). 
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Furthermore and unexpectedly, a mammary adenocarcinoma, which was ERα-

negative (Figure 41), developed in one CERM mouse after 3 weeks of tamoxifen 

treatment (25%, 1/4). 

 

Table 9. Summary for the tamoxifen study in CERM, CERM/Stat5a+/- and CERM/Stat5a-/- mice.  

One mammary gland was sectioned in 3 pieces at necropsy (1 for H&E, 1 for whole mount, 1 

frozen).Prevalence of DH/DCIS and HAN was analyzed from H&E-labeled sections of a piece of 

mammary gland, and from another whole-mounted piece of mammary gland, respectively. A. with 

treatment and B. without treatment at 12 months of age. The tumor prevalence was assessed by 

palpation and H&E analysis. 
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2.6. Effects of parity on the prevalence of HANs 
Our CERM mouse model develops hormone-dependent mammary DCIS which 

mimic human disease [157]. Because pregnancy protects against ERα-positive breast 

cancer in humans, we hypothesized that pregnancy would be protective in the CERM 

model. Stat5a is highly active during pregnancy and has a role in differentiation 

[158;159]. Therefore, we hypothesized that loss of Stat5a alleles in combination with 

deregulated ERα may alter the protective effects of pregnancy in the CERM mice. 

2.6.1. Parity did not protect against HANs development in 

CERM mice and seemed to reverse the protective effect of 

loss of Stat5a 

Parity did not protect from the development of HAN at 12 months of age in 

CERM mice (67%, 4/6) compared to WT mice (0%, 0/3) (Figure 35). The prevalence 

of HAN for the other genotypes is as follows: CERM/Stat5a+/- (11%, 1/9), 

CERM/Stat5a-/- (100%, 1/1), Stat5a+/- (50%, 1/2), Stat5a-/- (50%, 1/2). Parity seemed 

to reverse the protective effects of loss of Stat5a against HAN development observed 

in nulliparous mice. 
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Figure 35. Effect of parity on the prevalence of HAN. 

Mammary gland whole mounts were analyzed at 12 months of age for the presence of HANs in WT 

(n=3), CERM (n=6), CERM/Stat5a+/- (n=9), CERM/Stat5a-/- (n=1), Stat5a+/- (n=2), and Stat5a-/- 

(n=2) mice. 

2.6.2. Parity was not protective against mammary 

adenocarcinoma development in CERM/Stat5a+/- mice 

A well-differentiated mammary adenocarcinoma developed in one 

CERM/Stat5a+/- multiparous mouse at 18 months (Figure 36), which was 

ERα-positive.  
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Figure 36. Parity did not protect from mammary adenocarcinoma in a CERM/Stat5a+/- mouse.  

Top panels: H&E of two areas of a well-differentiated mammary adenocarcinoma in 18 month old 

parous CERM/Stat5a+/- mouse (pictures taken at 20X). Middle panel: H&E of the whole mammary 

gland depicting the mammary adenocarcinoma (taken at 1X). Bottom panels: Immunohistochemistry for 

ERa (pictures taken at 20X). 

3. Discussion 

First, the results of this study showed that during mammary gland development, 

loss of Stat5a in combination with deregulated ERα (CERM/Stat5a-/- mice) lead to an 

increased number of terminal end buds (TEBs) at 4 months of age compared to CERM 

mice and other genotypes (Figure 14). A delay in the onset of puberty in 

CERM/Stat5a-/- mice would lead to the delay of the first appearance of TEBs and 

therefore to their persistent presence at a later time when they would normally have 

already regressed. However, this does not seem to be the case since no differences in 

vaginal opening, used as a well accepted marker of onset of puberty [160], were found 
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(Figure 12). This suggests that the persistent presence of TEBs or TEB-like structures 

at 4 months of age is due to delayed or impaired differentiation of the TEBs. The TEB-

like structures have not been investigated histologically because we do not know if 

they can resemble or also represent some of the DH/DCIS lesions. Stat5a is involved in 

terminal differentiation during pregnancy (Liu et al., 1997) therefore we hypothesized 

that loss of stat5a in combination with deregulated ERa lead to delayed or impaired 

differentiation. During puberty, estrogen drives ductal elongation from TEBs, which 

are highly proliferative structures. Since ducts were not longer at 2, 4 and 12 months of 

age in CERM/Stat5a-/- mice (Figure 16), it suggests that the persistent presence of 

TEBs is not due to a persistent proliferation which would lead to longer ducts. The 

number of TEBs at 12 months of age was no longer increased (Figure 14), therefore 

the TEBs did eventually differentiate and regress. This is consistent with a delayed 

differentiation of TEBs rather than an irreversibly impaired differentiation. PrlR-/- 

mice demonstrate persistent TEB-like structures due to systemic decreased 

progesterone [161]. However, there was no evidence of imbalance in the systemic 

endocrine axis in our CERM/Stat5a-/- mice. First, the onset of puberty was unchanged 

in all genotypes (Figure 13), which suggests that the hypothalamus-pituitary-gonadal 

axis matured properly. Second, the reproductive history of all genotypes was normal, 

with normal age of first pregnancy, normal length of pregnancy and between 

pregnancies, normal litter size. Many genetic studies have lead to persistent and/or 
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increased number of TEBs in the mammary gland [162]. The additional molecular 

players implicated in the phenotype we observed remain to be determined. Our focus 

was on tumorigenesis rather than mammary gland development so we did not pursue 

this phenotype further. However, as explained below, the increased number of TEBs in 

combination with results from our carcinogenic study opens an interesting new area of 

investigation. 

Next, we investigated the role of loss of Stat5a alleles in progression of ERα-

initiated DH and DCIS. We had shown that DCIS lesions in 4 month-old CERM mice 

expressed nuclear Stat5a (Figure 18). Our results demonstrated that loss of Stat5a did 

not lead to a difference in the prevalence of ERα-initiated DH/DCIS at 4 and 

12 months of age (Figure 18 & 22). Stat5 promotes adhesion and inhibits invasive 

characteristics in human breast cancer cells [163]. Labeling of myoepithelial cells with 

p63 demonstrated no evidence of break in the integrity of the myoepithelium, which 

suggests no local invasion of the DCIS lesions in CERM/Stat5a-/- mice compared to 

CERM mice (Figure 23). Stat5a has been shown to promote differentiation of breast 

cancer cells through reversal of epithelial-mesenchymal transition (EMT) [164]. 

Labeling of luminal epithelial cells with e-cadherin demonstrated no sign of EMT or 

altered polarity in CERM/Stat5a-/- mice compared to CERM mice (Figure 24). 

Therefore, Stat5a did not interact significantly with deregulated ERα for the 

development and progression of ductal proliferative disease in CERM mice. It is 
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known that Stat5b may compensate for loss of Stat5a [165]. We have shown that 

Stat5b expression and activity were not increased in the mammary glands of 

CERM/Stat5a-/- mice compared to CERM mice (Figure 9, 10 & 11). Similarly, Stat3 

expression and activity were not increased in the mammary glands of CERM/Stat5a-/- 

compared to CERM mice (Figure 12). Therefore, there was no evidence for a 

compensatory effect by Stat5b and Stat3, which could have had explained the lack of 

effects of loss of Stat5a alleles in ERα-initiated DH/DCIS development. Interestingly, 

Stat3 expression and activity was higher in CERM compared to WT mice (Figure 12). 

Because cross-talk between ERα and Stat3 has been previously shown in vitro 

[166;167], this may be an interesting new area of investigation (see Future Directions).  

Because ERα-initiated DCIS which develops in the CERM mice also did 

develop in CERM/Stat5a-/- mice and because there is a phenotype specifically in the 

CERM/Stat5a-/- mice during mammary gland development (i.e. increased number of 

TEBs), ERα transgene expression is most likely not altered in the new genotype, i.e. in 

CERM/Stat5a-/- mice. We have confirmed that ERα transgene was expressed 

(Figure 7) and that total ERα was nuclear localized (Figure 8) in the mammary glands 

of CERM/Stat5a-/- mice.  

Diseases with malignant potential in the mouse and human include DH, DCIS 

and also HAN in mouse or ALA, their equivalent in woman. Interestingly, at 

12 months of age, CERM mice developed hyperplastic alveolar nodules (HANs) 
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(Figure 20) which were proliferative and expressed strong nuclear Stat5a (Figure 19). 

With loss of Stat5a, the increased prevalence was statistically significantly abrogated 

in the CERM/Stat5a-/- mice (Figure 20). This was not due to a change in general 

proliferation and apoptosis of the epithelial cells in the mammary glands (Figure 25, 

26 & 27). Since Stat5a and ERα are both transcription factors, cDNA microarray 

analysis was performed to determine if significant changes in gene expression 

coordinately regulated by ERα and Stat5a could be found that would explain the 

differences in HAN development. The experimental design used CERM mice that 

demonstrated HAN and CERM/Stat5a-/- and WT mice, which did not demonstrate 

HAN on their whole mounted abdominal gland, and used the corresponding frozen 

thoracic glands. The goal was to pinpoint genes that are coordinately regulated, to 

validate their gene expression and to see whether a differential expression and 

localization by immunohistochemistry was present. Downregulation of β-casein, a 

Stat5a target gene, was confirmed (Figure 28) but no significant gene expression 

changes were found as analyzed with assistance from James Li, biostatistician from the 

Biostatistics and Bioinformatics Shared Facility at Lombardi Comprehensive Cancer 

Center. A possible explanation is that first, a specific genomic signature in the HAN 

lesions may not be detected from whole gland preparations. Second, it is possible that 

the thoracic gland did not demonstrate HAN as its abdominal counterpart did. Last, it 
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is likely that gene expression was altered by deregulated ERα and loss of Stat5a at 

physiological levels that were not detectable by our microarray analysis.  

Interestingly, following carcinogen insult with DMBA at 4 months of age, 

complete loss of Stat5a alleles played a dual role in hyperplastic alveolar nodule 

development at 12 months of age depending on the presence or absence of deregulated 

ERα (Figure 30). With deregulated ERα, complete loss of Stat5a was associated with a 

reduction in HAN prevalence consistent with what we previously observed without 

DMBA insult (Figure 20) or with DMBA administered at 2 months of age (Figure 31), 

whereas without deregulated ERα, loss of Stat5a was associated with an increase in 

HAN prevalence. Again, this supports the hypothesis that there is an interaction 

between Stat5a and ERα that can lead to biologically significant in vivo effects. In 

contrast to the effects on HAN development, a dual role for Stat5a was not observed 

for development of carcinogen-associated DH/DCIS and mammary adenocarcinomas 

(Figure 30) when treated with DMBA at 4 months of age. When treated with DMBA at 

2 months of age, our C56B/l6 WT mice developed mammary adenocarcinomas 

contrary to what is suggested in the published literature for this mouse strain [168] 

(Table 2). One study has shown that Stat5a gene disruption can lead to loss of CYP2B 

activity and protein expression when induced by growth hormone in Stat5a-/- mice 

[169]. Since Stat5a-/- mice have a loss of Stat5a in the whole body including the liver, 

Stat5a loss may contribute to reduced CYP activities and/or expression and decreased 
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DMBA activation, which may render the interpretation of the data difficult. However, 

the tumor prevalence is not decreased in our models with loss of stat5a suggesting that 

DMBA was metabolized and activated in the mice with loss of Stat5a.  

Another interesting aspect of our results is that traditionally, TEBs are thought 

to be the site of susceptibility to carcinogenesis because they contain cells that are 

highly proliferative and at increased risk of leaving a mutation unrepaired that will lead 

to cancer [170]. Interestingly, the increase in the number of TEBs in the CERM/Stat5a-

/-mice at 4 months of age (Figure 14) did not correlate with increased susceptibility to 

DMBA induced carcinogenesis. In addition, our results suggest that deregulated ERα 

(CERM mice) and complete loss of Stat5a (Stat5a-/- mice) increase the susceptibility 

of mammary epithelial cells to DMBA induced carcinogenesis independent of the 

presence or absence of TEBs. At this point, we do not know whether the susceptible 

cell that receives the carcinogenic hit and eventually progresses to cancer is in the 

epithelium or in the preneoplastic lesions DH/DCIS or HAN (see Future studies).  

Another approach to test the role of loss of Stat5a on ERα-initiated disease in 

the CERM mice was to determine whether loss of Stat5a altered tamoxifen response. 

Tamoxifen is an anti-estrogen agent which binds ERα and inhibits its function. We 

demonstrated that the mammary tertiary branching and alveolar budding responded to 

tamoxifen with or without loss of Stat5a (Figure 34). Few mice developed DH/DCIS 

and HAN at 10 months of age which reduced the number of mice that could be 
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prospectively studied for disease response to tamoxifen. However, DH/DCIS in 

CERM/Stat5a+/- and CERM/Stat5a-/- mice was reduced after tamoxifen treatment 

(Table 8). HAN in CERM mice did not fully regress following tamoxifen treatment. 

Interestingly, mammary adenocarcinoma developed in one CERM mice but not in the 

CERM/Stat5a+/- and CERM/Stat5a-/- mice (Table 8). This suggests that at least a 

fraction of the preneoplastic lesions in the CERM mice are resistant to tamoxifen or 

susceptible to an agonist effect of tamoxifen. It is possible that HAN which develop in 

CERM mice but not in CERM/Stat5a-/- mice are those lesions. Or it is possible that the 

DH/DCIS in the CERM mice are different in term of their response to tamoxifen than 

DH/DCIS lesions in CERM/Stat5a+/- and CERM/Stat5a-/- mice. (See Future 

directions). In summary, it is possible that loss of Stat5a lead to a reduction in 

tamoxifen resistance, again supporting the hypothesis that Stat5a and ERα interact in 

vivo.  

Data using parity as an additional approach to determine whether loss of Stat5a 

plays a role in progression of ERα-initiated disease showed that loss of Stat5a may not 

alter the effects of pregnancy hormones on disease in CERM mice. Interestingly, the 

only CERM/Stat5a-/- mouse generated for that study developed HANs. It is known 

that Stat5b can compensate for loss of Stat5a after several pregnancies [171]. It is 

possible that Stat5b compensated for Stat5a after several pregnancies in the 

multiparous CERM/Stat5a-/- mouse, suggesting that Stat5a or Stat5b may play a role 
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in proliferation and/or survival of HAN progenitors. It would be interesting to see if 

prevalence of HAN in multiparous CERM/Stat5a-/- mice would become a significant 

finding with a bigger CERM/Stat5a-/- size group. However, interpretation remains 

difficult knowing that loss of Stat5a leads to impairment of lobulo-alveolar 

development during pregnancy, death of the pups and a shorter lactation period. The 

next study should be designed with removal of pups at birth so all mice are exposed to 

equivalent hormonal stimulus, that is pregnancy hormones but not hormones of 

lactation. 

In summary, we have shown that Stat5a can interact with ERα in vivo with 

significant biological effects. Loss of stat5a combined with deregulated ERα led to 

delayed TEB differentiation, did not significantly impact ERα-initiated DH/DCIS but 

did have an unexpected dual role on HAN development following DMBA exposure at 

4 months of age depending on the presence or absence of deregulated ERα. These 

studies have unveiled the complexity of the Stat5a molecule and caution to be 

exercised if Stat5 were to be inhibited by systemic therapy for other conditions like 

leukemia [172].  
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Chapter 5.  Gain of Cyclin D1 in CERM mice 

1. Introduction 

CERM mice develop DH/DCIS by 4 months of age [173]. Higher proliferative 

rates are found in both normal and abnormal ductal and lobular structures. The 

prevalence and the extent of these phenotypes are not different following exogenous 

17β-estradiol treatment, which suggests that deregulation of ERα is the rate-limiting 

factor in initiation of DH/DCIS [174]. Furthermore, nuclear-localized cyclin D1 is 

expressed in an increased percentage of cells in the ERα-initiated DH/DCIS but not in 

the normal ductal structures [175], which suggests that ERα can regulate cyclin D1 

expression in these types of ductal lesions in our CERM model. Another study 

demonstrates that ERα-expressing mammary epithelial cells are dependent on 

expression of cyclin D1 for their proliferation, which is not the case for normal 

mammary epithelia cells [176]. However, a knock-in mouse model with mutated 

cyclin D1 such that it binds to but cannot activate CDK4/6 develops normal mammary 

glands [177;178] and is resistant to ErbB2-induced carcinoma development [179], 

which suggests that cyclin D1 may have a role in hormonal response of the mammary 

gland and tumorigenesis via a CDK-independent mechanism, which may involve ERα 

[180]. To study the effects of possible in vivo biological interactions between 

deregulated ERα and gain of cyclin D1 and to try to understand their contribution in 

development and progression of ERα-initiated preneoplastic lesions, we performed a 
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genetic study using the CERM mouse model that overexpressed ERα in the mammary 

epithelium and a mouse model that overexpressed cyclin D1 in the mammary 

epithelium (D1) to generate mice that overexpressed ERα and cyclin D1 in the 

mammary epithelium (CERM/D1). We hypothesized that gain of cyclin D1 would lead 

to progression of ERα-initiated preneoplasia. Our genetic study was performed at 

12 months of age to determine if preneoplasia had progressed in CERM mice with gain 

of cyclin D1 compared to CERM mice. The endpoints we analyzed to test the 

hypothesis were the prevalence of early ductal mammary cancer lesions, lobular 

alveolar types of early mammary cancer lesions, and mammary adenocarcinomas. 

When the word disease is used, it includes all three endpoints. 

2. Results 

2.1. Genetic study in nulliparous untreated mice 

2.1.1. Gain of cyclin D1 in combination with deregulated ERα 

increased multiplicity of HANs at 12 months of age 

In chapter 3, we showed that the prevalence of one or more HANs in CERM 

mice was statistically significantly increased compared to WT (Figure 20). Here, 

consistent with this data, we were able to reproduce with different cohorts of mice that 

the prevalence of one or more HANs was increased in CERM (31%, 5/16) compared to 

WT (0%, 0/4) (Figure 37A). Next, we assessed the effects of gain of cyclin D1 in 
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combination with deregulated ERα on HAN development. Interestingly, the prevalence 

of one or more HANs was increased in the CERM/D1 (52%, 13/25) compared to 

CERM (31%, 5/16), D1 (20%, 4/20, P<0.05, Fisher’s exact test) and WT (0%, 0/4) 

mice but the difference was not statistically significant (Figure 37A). Moreover, the 

prevalence of multiple HANs at 12 months of age was statistically significantly 

increased in CERM/D1 (44%, 11/25) compared to CERM (0%, 0/16), D1 (0%, 0/20) 

and WT (0%, 0/4) mice (Figure 37B, P<0.01, Fisher’s exact test).  



 

105 

 

Figure 37. While the DH/DCIS and mammary adenocarcinoma pattern of disease in the CERM, 

CERM/D1 and D1 mice was similar, CERM/D1 did demonstrate a statistically significant increase 

in multiple HANs at 12 months of age.  

A & B. Mammary gland whole mounts were analyzed for presence of HANs at 12 months of age in 

CERM (n=16), CERM/D1 (n=25), D1 (n=20), and WT (n=4) mice. A. Prevalence of one or more HANs 

(P>0.05, Fisher’s exact test). B. Prevalence of multiple HANs (include more than one nodule). (P<0.01, 
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Fisher’s exact test). C & D. Mammary gland hematoxylin and eosin (H&E) sections were analyzed for 

presence of C. ductal hyperplasia and ductal carcinoma in situ (DH/DCIS) at 12 months of age in 

CERM (n=16), CERM/D1 (n=25), D1 (n=20), and WT (n=5) mice (P<0.05, Fisher’s exact test), and of 

D. mammary adenocarcinomas at 12 months of age in CERM (n=16), CERM/D1 (n=25), D1 (n=20), 

and WT (n=5) mice (P<0.05, Fisher’s exact test). 

2.1.2. Gain of cyclin D1 in combination with deregulated ERα 

did not increase the prevalence of DH/DCIS at 12 months of 

age 

Interestingly, the prevalence of DH/DCIS was not increased at 12 months of 

age in CERM/D1 (36%, 9/25) compared to CERM (31%, 5/16) (Figure 37C, P>0.05, 

Fisher’s Exact test). The prevalence of DH/DCIS was statistically significantly 

increased in D1 (60%, 12/20) mice compared to WT (0%, 0/5) (Figure 37C, P<0.05, 

Fisher’s Exact test).  

2.1.3. Gain of cyclin D1 in combination with deregulated ERα 

did not increase the prevalence of mammary 

adenocarcinoma at 12 months of age 

At 12 months of age, mammary adenocarcinomas were observed by palpation 

and/or histological analysis. In this cohort of mice, the prevalence of mammary 

adenocarcinomas was similar in CERM/D1 (8%, 2/25), CERM (6%, 1/16), and D1 

(5%, 1/20) compared to WT (0%, 0/5) mice (Figure 37D, P>0.05, Fisher’s exact test).  
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2.1.4. Characterization of the mammary adenocarcinomas 

The CERM and D1 mice developed a small non-palpable adenosquamous 

carcinoma, and a small non-palpable well differentiated adenocarcinoma with 

desmoplasia, respectively, which were ERα, cyclin D1 and Ki67-positive (Figure 38). 

The CERM/D1 mice developed a small non-palpable pure adenocarcinoma which was 

ERα, cyclin D1 and Ki67-positive, and a large palpable mammary adenocarcinoma that 

featured necrosis, mitotic figures and heterogeneous differentiation levels and was 

ERα-negative, cyclin D1 and Ki67-positive (Figure 38). 

 

Figure 38. Characterization of mammary cancers in the CERM, CERM/D1, and D1 mice.  
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Mammary adenocarcinomas observed in CERM and D1 mice and in one CERM/D1 mouse were 

ERα/cyclin D1/Ki67-positive, whereas the other CERM/D1 mammary adenocarcinoma was 

ERα-negative and cyclin D1/Ki67-positive.Top panels: H&E of mammary cancers (scale bar represents 

100 µm). Other panels: Immunohistochemistry was performed for ERα, cyclin D1 and Ki67 (scale bar 

represents 50 µm).  

2.2. Genetic study in mice and tamoxifen treatment: The overall 

pattern of response to tamoxifen was the same in CERM, 

CERM/D1 and D1 mice 
Next, because overexpression of cyclin D1 has been linked to poor prognosis of 

ERα-positive breast cancer [181-184] and because the effects of overexpression of 

cyclin D1 on tamoxifen response is unclear [185-189], we wanted to determine if the 

disease in the CERM/D1 would respond to tamoxifen to the same level as the disease 

in the CERM mice. We hypothesized that the disease in the CERM/D1 mice would not 

respond as well to tamoxifen as the disease in the CERM mice. The rationale is that if 

cyclin D1 is downstream of ERα and because cyclin D1 is deregulated in the 

CERM/D1 conditional mice, tamoxifen will have an effect on disease in CERM by 

inhibiting ERα but not in CERM/D1 mice. To test this hypothesis, we implanted the 

mice at 10 months of age with a 60-day release tamoxifen pellet (25 mg/pellet) and 

sacrificed the mice at 12 months of age. The endpoints analyzed were the prevalence of 

early ductal mammary cancer lesions, lobular alveolar types of early mammary cancer 
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lesions, and mammary adenocarcinomas. When the word disease is used in the 

remainder of this section, it includes all three endpoints.  

2.1.1. Tamoxifen was active and led to ductal regression 

Ductal regression was observed for all genotypes upon tamoxifen treatment, 

demonstrating that tamoxifen was active (Figure 39).  
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Figure 39. Ductal structures regressed following tamoxifen treatment in all genotypes. 

Mammary whole mounts were analyzed for ductal regression in CERM (n=10), CERM/D1 (n=7), D1 

(n=8) and WT (n=9) mice after implantation of a 60-day release tamoxifen pellet (25 mg/pellet) at 

10 months of age.  

2.2.2. Tamoxifen did not affect HANs development in the 

CERM, CERM/D1 and D1 mice 

The prevalence of one or more HANs was not changed upon tamoxifen 

treatment in CERM/D1 (43%, 3/7) compared to D1 (50%, 4/8) and CERM (40%, 

4/10). However, tamoxifen showed no reduction in HAN prevalence in D1 (50%, 4/8) 
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compared to WT (0%, 0/9) (p<0.05, Fisher’s exact test). The prevalence of multiple 

HANs was not changed upon tamoxifen treatment in CERM/D1 (14%, 1/7) compared 

to D1 (25%, 2/8) and CERM (30%, 3/10) but was higher than WT (0%, 0/9) 

(Figure 40A). Overall, this data suggests that HANs in CERM/D1 mice do not respond 

significantly to tamoxifen treatment.  

 

Figure 40. The overall pattern of response to tamoxifen was the same in CERM, CERM/D1 and 

D1 mice.  

A. Mammary gland whole mounts were analyzed for presence of HANs at 12 months of age in CERM 

(n=10), CERM/D1 (n=7), D1 (n=8), and WT (n=9) mice. Multiple HANs include more than one nodule 

(P>0.05, Fisher’s exact test). B&C. Mammary gland H&E sections were analyzed for presence of B) 
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DH/DCIS and of C) mammary adenocarcinomas at 12 months of age in CERM (n=16), CERM/D1 

(n=25), D1 (n=20), and WT (n=5) mice (P<0.05, Fisher’s exact test). 

2.2.3. Tamoxifen did not affect DH/DCIS development in the 

CERM, CERM/D1 and D1 mice 

Gain of cyclin D1 combined with deregulated ERα did not significantly alter 

the response of DH/DCIS to tamoxifen (CERM/D1: 14%, 1/7) compared to CERM 

(22%, 2/9), D1 (37%, 3/8) and WT (0%, 0/9) (Figure 40B). 

2.2.4. Tamoxifen did not affect mammary adenocarcinoma 

development in the CERM, CERM/D1 and D1 mice 

As described in chapter 3, one CERM mouse developed a mammary 

adenocarcinoma upon tamoxifen treatment at 10 months (25%, 1/4). Additional CERM 

mice (n=7) were generated for this new aim and were treated with tamoxifen at 

10 months of age and sacrificed at 12 months of age. The prevalence of mammary 

adenocarcinoma in CERM was 10% (1/10) compared to 0% in WT mice (0/9) 

(Figure 40C). The prevalence of mammary adenocarcinoma in the CERM/D1 mice 

was slightly increased upon tamoxifen treatment (28%, 2/7) compared to CERM (10%, 

1/10) and D1 (0%, 0/8) mice (Figure 40C) (p>0.05, Fisher’s exact test).  



 

112 

2.2.5. Characterization of the mammary adenocarcinomas 

following tamoxifen treatment 

Following tamoxifen treatment, the CERM mouse developed a pure mammary 

adenocarcinoma and the CERM/D1 mice developed adenosquamous carcinomas that 

were all ERα/PR-negative and cyclin D1/Ki67-positive (Figure 41). Interestingly, all 

mammary adenocarcinomas from CERM and CERM/D1 mice were ERα/PR-negative 

by immunohistochemistry, which suggests that they were estrogen-independent.  
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Figure 41. Characterization of the mammary adenocarcinomas following tamoxifen treatment.  

Mammary adenocarcinomas observed in CERM and CERM/D1 mice were ERα/PR-negative and 

cyclin D1/Ki67-positive. Top panels: H&E of mammary cancers (scale bar represents 100 µm). Other 

panels: Immunohistochemistry was performed for ERα, PR, cyclin D1 and Ki67 (scale bar represents 

50 µm).  
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2.3. CERM/D1 mammary gland and risk of DMBA-induced 

carcinogenesis: DMBA did not differentially affect breast 

cancer risk in the CERM and CERM/D1 mice 
Because the nulliparous CERM mice did not develop significant spontaneous 

invasive mammary cancers, as mentioned in detail in chapter 3, the potent chemical 

carcinogenic agent 7,12-dimethylbenz[a]anthracene (DMBA) was used to induce 

carcinogenesis. CERM mice developed mammary adenocarcinoma at 12 months of age 

following DMBA insult at 4 months of age (Figure 30). Our hypothesis was that 

CERM/D1 mice would not change the risk of DMBA-induced breast cancer. The 

rationale is that since cyclin D1 seems to be in the same pathway as ERα, therefore the 

CERM mammary epithelium and the CERM/D1 epithelium should respond the same 

way to DMBA. A separate cohort of CERM mice (n=4) was generated for this aim. 

Mice were treated at 4 months of age with one 1 mg dose of DMBA by oral gavage 

and sacrificed at 12 months of age or if they developed palpable growths or health 

problems whichever came first. The endpoints analyzed were the prevalence of early 

ductal mammary cancer lesions, lobular alveolar types of early mammary cancer 

lesions, and mammary adenocarcinomas. When the word disease is used in the 

remainder of this section, it includes all three endpoints. The expected results are that 

the prevalence of disease will be the same in CERM and CERM/D1 mice upon DMBA 

insult. 
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2.3.1. CERM/D1 mammary gland did not have an increased 

risk of developing HAN compared to CERM mammary 

gland following DMBA insult 

The prevalence of one or more HANs was not significantly changed following 

DMBA insult in CERM/D1 (62%, 3/8) compared CERM (50%, 2/4). The prevalence 

of multiple HANs was not changed following DMBA insult in CERM/D1 (50%, 4/8) 

compared CERM (50%, 2/4) (P>0.05, Fisher’s exact test) (Figure 42A). The results for 

the WT mice from chapter 3 were included for comparison (Figure 42A, right panel). 

This data suggests that gain of cyclin D1 with deregulated ERα (CERM/D1) did not 

alter the risk of developing HANs compared to CERM mice.  

 

Figure 42. Gain of cyclin D1 did not significantly alter the response to DMBA in mice with 

deregulated ERα.  
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A. Mammary gland whole mounts were analyzed for presence of HANs at 12 months of age in CERM 

(n=4) and CERM/D1 (n=8) mice. Multiple HANs include more than one nodule (P>0.05, Fisher’s exact 

test). B&C. Mammary gland H&E sections were analyzed for presence of B) DH/DCIS and of C) 

mammary adenocarcinomas at 12 months of age in CERM (n=4) and CERM/D1 (n=8) mice (P>0.05, 

Fisher’s exact test). Oil-treated animals are in progress. 

2.3.2. CERM/D1 mammary gland did not have an increased 

risk of developing DH/DCIS compared to CERM mammary 

gland following DMBA insult 

Gain of cyclin D1 combined with deregulated ERα did not significantly alter 

the response of DH/DCIS to DMBA (CERM/D1: 50%, 4/8) compared to CERM (75%, 

3/4) (Figure 42B). 

2.3.3. CERM/D1 mammary gland did not have an increased 

risk of developing mammary adenocarcinoma compared to 

CERM mammary gland following DMBA insult 

The prevalence of mammary adenocarcinoma in the CERM/D1 mice was not 

significantly changed following DMBA insult (22%, 2/7) compared to CERM (0%, 

0/4) (Figure 42C) (P>0.05, Fisher’s exact test) 
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2.4.  Tamoxifen and DMBA significantly increased the prevalence 

of multiple HANs in the CERM mice 
The prevalence of multiple HANs was statistically significantly increased in the 

CERM mice at 12 months of age following the 60-day-release tamoxifen 

administration at 10 months of age (0%, 1/16 vs. 30%, 3/10, P<0.05, Fisher’s exact 

test) and at 10.5-12 months of age following DMBA administered at 4 months of age 

(0%, 1/16 vs. 50%, 2/4, P<0.05, Fisher’s exact test) (Figure 43). The prevalence of 

DH/DCIS and mammary adenocarcinomas was not significantly different following 

tamoxifen or DMBA exposure in the CERM mice (Figure 43).  

 

Figure 43. Tamoxifen and DMBA significantly increased the prevalence of multiple HANs in the 

CERM mice. 
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Compilation of figures 38, 41 and 42. * P<0.05, Fisher’s exact test. 

3. Discussion 

Our results in untreated mice show that the prevalence of multiple hyperplastic 

alveolar nodules on mammary whole mount was significantly increased in CERM/D1 

mice compared to CERM and D1 mice (Figure 37B). This demonstrates that gain of 

cyclin D1 and deregulated ERα may collaborate to increase development of alveolar 

preneoplastic lesions. Since progesterone receptor is an ERα target gene and is 

implicated in lobuloalveolar development [190], it is possible that gain of cyclin D1 in 

the CERM mice led to increased PR expression and activity in HAN progenitors, 

which could in turn possibly lead to an aberrant proliferation of HAN progenitors. This 

effect of gain of cyclin D1 could occur via a cdk-independent manner by binding to 

deregulated ERα. How to test whether a cdk-independent mechanism is involved in 

that process is explained in chapter 6. 

Next, we showed that the prevalence of DH/DCIS disease was not significantly 

changed among CERM, CERM/D1 and D1 mice in untreated mice (Figure 37C). This 

suggests that gain of cyclin D1 in the CERM mice did not add a significant 

contributing factor to ERα-initiated DH/DCIS development. In addition, D1 mice did 

develop DH/DCIS as well, which demonstrates that gain of cyclin D1 can lead to 

DH/DCIS development without presence of deregulated ERα, consistent with the 
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concept that gain of cyclin D1 is downstream of ERα for the development of DH/DCIS 

as previous evidence demonstrated [191]. First, we have to consider the fact that the 

development of DH/DCIS was not diffuse even though in all models, the transgenes 

were expressed in utero, i.e. before development of cancerous lesions and theoretically, 

most mammary epithelial cells expressed both gain of cyclin D1 and deregulated ERα 

in the CERM/D1 mice. In that case, development of DH/DCIS happened only if 

subsequent mutation of one or more additional factors downstream of ERα and 

cyclin D1 pathway was altered, events which may also lead to development of 

mammary carcinoma. On the other hand, if not all epithelial cells overexpressed 

cyclin D1 transgene, it is possible that DH/DCIS originated only in cells that did 

overexpress cyclin D1. 

Last, mammary adenocarcinoma developed in 12-month old untreated CERM, 

CERM/D1 and D1 mice (Figure 37D); the carcinoma in the CERM mouse was small 

non palpable, whereas one mammary adenocarcinoma in the CERM/D1 was palpable 

and one was non palpable. In addition, one mouse with gain of cyclin D1 alone 

developed a non palpable mammary adenocarcinoma without deregulated ERα. The 

prevalence in CERM/D1 was not much greater than the CERM prevalence to consider 

that gain of cyclin D1 added to the effects of deregulated ERα, supporting the concept 

that gain of cyclin D1 is under the same pathway as deregulated ERα. It is not clear at 

this point if DH/DCIS lesions led to mammary carcinogenesis or if they were 
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bystander lesions in these mouse models. Importantly, mammary carcinomas were 

ERα-negative and ERα-positive (Figure 38), which demonstrated progression from 

deregulated ERα-expressing epithelium containing preneoplastic lesions to ERα-

negative and ERα-positive disease. The fact that one of the mammary adenocarcinoma 

in the CERM/D1 mice was bigger and seemed more aggressive may be explained if the 

transgenic cyclin D1 system led to higher cyclin D1 expression, therefore the disease 

may have progressed slightly faster. All mammary adenocarcinomas were 

cyclin D1/Ki67-positive (Figure 38). 

In summary, the data reinforces the concept that gain of cyclin D1 acts 

downstream of deregulated ERα for development of DH/DCIS and adenocarcinomas in 

nulliparous untreated mice, whereas gain of cyclin D1 may act in concert with 

deregulated ERα pathway for development of alveolar type of preneoplastic lesions. 

We also determined that tamoxifen, even though active on ductal regression 

(Figure 39), did not lead to a significant change in disease pattern (HAN, DH/DCIS, 

adenocarcinomas), and was associated with the presence of DH/DCIS, multiple HANs 

and mammary adenocarcinomas in CERM and CERM/D1 mice (Figure 40). Because 

the mammary adenocarcinomas following tamoxifen at 10 months of age were ERα-

negative, and because it is believed that ERα-negative cancers that develop following 

tamoxifen treatment do not originate from ERα-positive cells but rather from a 

selective growth advantage of ERα-negative cells [192], our data suggests that the 
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cancer precursors cells for the tamoxifen-associated carcinomas in our model were not 

the mammary epithelial cells with deregulated ERα, and that the mammary epithelial 

cells with deregulated ERα were most likely not or did most likely not become 

tamoxifen-resistant would they have led to ERα-positive tamoxifen-associated breast 

cancers. Since all mammary adenocarcinomas were cyclin D1-positive (Figure 41), it 

is possible that gain of cyclin D1 contributed to the selective growth advantage of 

ERα-negative precursors cells.  

CERM and CERM/D1 mice developed DH/DCIS and mammary 

adenocarcinoma following DMBA (Figure 30, 42), which is consistent with the idea 

that one of the mechanisms by which deregulated ERα increases mammary cancer risk 

is through upregulated cyclin D1. However, there may be a threshold as increasing 

cyclin D1 did not further increase breast cancer risk. This suggests that deregulated 

ERα and gain of cyclin D1 did not collaborate but rather acted under the same pathway 

for development of DMBA-associated DCIS and adenocarcinoma. 

Tamoxifen and DBMA led to a significant increase in the prevalence of 

multiple HANs in the CERM mice as compared to non-treated CERM mice (Figure 

43), which brings up an interesting question as to which preneoplastic lesions the 

mammary adenocarcinomas arose from. Future directions are detailed in chapter 6. 

In summary, we have developed a mouse model with deregulated ERα (CERM) 

that develops ERα-positive and ERα-negative mammary adenocarcinomas and that 
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could be utilized to study the origins of ERα-negative cancers. In addition, our results 

support the hypothesis that cyclin D1 contributes to development of mammary disease 

induced by deregulated ERα and suggests that cyclin D1 could be a potential drug 

because its overexpression was present in ERα-positive and also ERα-negative 

mammary adenocarcinomas. Future studies are detailed in Chapter 6.  
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Chapter 6.  Future directions 

We have shown that Stat3 expression and activity was higher in CERM 

compared to WT mice and cross-talk between ERα and Stat3 has been previously 

shown in vitro [193;194]. Overexpression and activation of Stat3 may be a contributing 

factor in ERα-initiated DCIS development as well as HANs. Future studies would 

include immunohistochemistry for Stat3 and phospho-Stat3 and determine whether 

there was an increased number of cells containing nuclear-localized Stat3 in the CERM 

compared to WT mammary glands. If this was confirmed, a genetic study combining 

CERM mice and Stat3-/- mice to generate CERM/Stat3-/- could help determine the 

impact of loss of Stat3 on ERα-initiated DCIS, HANs, as well as mammary cancers. 

However, Stat3-/- mice are embryonic lethal. Currently, there is a spatially conditional 

system that uses the Cre-Lox system [195]. The milk protein β lactoglobulin (BGL) 

promoter targets expression of Cre recombinase to the mammary epithelium. The 

caveat is that pregnancy is required to drive expression of Cre to subsequently lead to 

Stat3 deletion. This conditional model is appropriate to study the role of Stat3 during 

involution. However, this would not be the ideal model since pregnancy hormones 

influence cancer development and add some confounding factors to the study of 

preneoplasia and cancer development and progression in the CERM mice. This study 

would therefore require the creation of a Stat3 conditional knock-out mice using the 

Cre-Lox system under another conditionally regulated promoter. The conditional 
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system could be the tet-on system or another system, for example the ecdysone system 

[196], which would permit activation of the system at a different timepoint than the tet-

on system. At this time, these conditional Stat3 knock-out mice do not exist. Stat3 

inhibitors are under development [197] and are not a possible alternative to study the 

role of Stat3 in-vivo. Another alternative could be to use a well established 

experimental design [198], i.e. to microdissect young CERM mammary gland and 

disease that occurs later, inhibit or not Stat3 in vitro, for example by using siRNA 

technology. Guggulsterone, a naturally occurring compound known to inhibit STAT3 

activation in vitro and Stat3 decoy oligonucleotides [199] may not be optimal options 

since they may be degraded rapidly in vivo. Dissected samples would be transplanted 

into cleared-mammary fat pad to study the effects of loss of Stat3 on development and 

progression of disease. A normal gland will develop into normal mammary tree 

outgrowth and can be serially transplanted only 3-5 times whereas a hyperplastic 

mammary gland will develop into hyperplastic outgrowths that can be transplanted 

indefinitely. The malignant potential is measured by the number of mammary cancers 

that develop secondarily from the outgrowth. The same experimental design is 

proposed to study the effects of loss of Stat5a on HAN development and determine 

whether Stat5a is absolutely required for HAN development. The young CERM 

mammary gland or its disease which occur later (HAN at 12 months of age) could be 

microdissected, manipulated to inhibit Stat5a or not, and transplanted to follow disease 
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development or progression, respectively. To determine whether mammary epithelial 

cells with deregulated ERα specifically require Stat5a for development of HAN 

following DMBA exposure, contrary to cells with normal ERα, several permutations 

could be designed: - with ERα transgene or not (+/- doxy) to mimic CERM and 

CERM/Stat5a-/- versus WT and Stat5a-/- mice, - with DMBA or not. DMBA-treated 

mice have been shown to develop HAN which upon transplantation led to 100% tumor 

incidence [200]. It would be interesting to determine whether HAN that are inhibited 

for Stat5a change their malignant potential. Another interesting area of investigation 

would be to study the growth pathways implicated in DMBA-induced 

adenocarcinomas observed in all genotypes. Knocking out Stat5a and/or Stat5b or 

cyclin D1 in cell lines generated from DMBA-induced tumors would test whether 

Stat5a, Stat5b, or both, or cyclin D1 contribute to growth of those cancer cells. 

 

Anti-cyclin D1 therapies could be used to inhibit cyclin D1 and determine 

whether cyclin D1 contributed to the growth of mammary adenocarcinoma 

development observed in untreated, tamoxifen-treated, and DMBA-treated mice. For 

example, flavopiridol, a novel cdk inhibitor currently in clinical development has been 

shown to decrease cyclin D1 levels and to be associated with apoptosis and growth 

arrest in cancer cells [201]. Flavopiridol could be used to decrease cyclin D1 levels and 
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to determine if this decrease altered the prevalence of mammary adenocarcinoma in the 

CERM, CERM/D1 and D1 mice. 

Determining whether cdk-dependent or cdk-independent mechanisms of cyclin 

D1 was involved in multiple HAN development, DH/DCIS and mammary 

adenocarcinoma development could be tested by using the knock-in model developed 

by Landis et al., whereby cyclin D1 is mutated in such a way that it binds to but cannot 

activate cdk4/6 [202]. This cyclin D1 knock-in mouse model could be crossed with the 

CERM mouse model. CERM mice with gain of cyclin D1 lacking its cdk-dependent 

function would be generated to determine whether the prevalence of multiple HANs, 

DH/DCIS and mammary adenocarcinoma was changed without the cdk-dependent 

function of cyclin D1 compared to CERM/D1 mice.  

Determination of total cyclin D1 expression in CERM/D1 and CERM mice 

would help determine possible explanations for the presence of one bigger 

adenocarcinoma in untreated CERM/D1 mouse. Cyclin D1 and ERα protein co-

localization studies in normal ducts of young mice as well as in preneoplastic lesions 

using double immunolabeling and confocal microscopy may contribute to the 

understanding of the mechanisms underlying development of ERα-initiated DCIS and 

adenocarcinomas.  

HANs from CERM, CERM/D1 and D1 mice could be transplanted to 

determine whether they have different tumorigenic potential [203]. 



 

127 

Most tamoxifen-resistant breast cancers are ERα-positive [204]. Tamoxifen 

may lead to increased development of ERα-negative cancers which are believed to 

arise due to a selective growth advantage of ERα-negative precursors [205]. 

Interestingly, the CERM and CERM/D1 adenocarcinomas were ERα-negative which 

suggests that most likely tamoxifen acted on ERα-negative cells two months earlier at 

10 months of age. Studies where tamoxifen is administered to the mice earlier than at 

10 months of age, for example at 4 months of age, and the prevalence of mammary 

adenocarcinomas analyzed at 12 months of age would help determine whether the 

precursor cells for ERα-negative cancers were already present at an earlier time point. 

However, it would also be interesting to use an alternative anti-estrogenic compound 

like ICI 182,780 (Fulvestrant), which downregulates and degrades ERα, to test whether 

the CERM and CERM/D1 would still develop ERα-negative cancers, which in that 

case would confirm that the precursor cells are indeed ERα-negative. Determining 

whether the lack of ERα in the mammary adenocarcinomas was due to a lack of protein 

only or to a lack of mRNA would help understanding the origins of ERa-negative 

cancer development. If the lack of ERα was at the mRNA levels and because ERα 

transcription can be regulated by epigenetic events [206], utilizing an inhibitor of 

histone deacetylase or a demethylating agent could help determine if restoring ERα 

would prevent the development of ERα-negative cancers and whether gain of 

cyclin D1 would affect these results. Our models are well suited to study how an 
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epithelium that overexpress deregulated ERα leads to development of ERα-negative 

cyclin D1-positive mammary adenocarcinomas and to test the effects of cyclin D1 

inhibitor drugs. 
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