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ABSTRACT 

 
Loss of Brca1, loss of p53, AIB1/AIB1∆3 over-expression, and ERα over-expression, are 

risk factors for breast cancer development. These risk factors influence on mammary gland 

development and breast cancer risk were investigated using two techniques: mouse models and 

single cell tracking of primary mammary epithelial cell cultures. Also, the impact of the PPARγ 

agonist CS7017 in a mouse model of loss of Brca1 function was evaluated.  

The impact of combining expression of either AIB1 or AIB1∆3 with ERα overexpression 

in the mammary gland was investigated in vivo. Overexpression of AIB1 or AIB1∆3 with and 

without ERα increased HAN prevalence. Older AIB1/CERM and AIB1∆3/CERM mice 

developed a significant increase in mammary gland collagen content. 17β-estradiol/progesterone 

treatment increased collagen in the AIB1∆3/CERM mice. After hormonal exposure in the AIB∆3 

and AIB1∆3/CERM mice, multilayered epithelial structures and expression levels of PR and 

downstream genes were increased. AIB1∆3 is a more potent inducer of mammary pathological 

and gene expression changes, especially in response to hormonal stimulation.  

The impact of the PPARγ agonist CS7017 on promotion and progression of mammary 

cancer in Brca1f11/f11/MMTV−Cre/p53+/− mice was examined. Mammary tissue from CS7017-treated 

mice had increased PPARγ target genes, and reduced levels of pAkt, cell proliferation and HAN 
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prevalence. Cancer prevalence at 12 months of age was unchanged with CS7017 treatment. 

However, differentiated cancer histologies, papillary and in situ cancers, lobular cancerization, 

and focal squamous metaplasia, appeared only in the CS7017-treated group. Levels of pAkt and 

pErk and Cdk6 were reduced in the cancers that appeared in the CS7017 treatment group. 

CS1707 treatment significantly altered cancer progression in a genetically engineered mouse 

model of BRCA1 mutation. 

  Single cell tracking was performed on primary mammary epithelial cell (PMEC) cultures 

from three different models: Brca1f11/f11/MMTV−Cre, Brca1f11/f11/MMTV−Cre/p53+/- and 

Brca1f11/f11/p53+/−/MMTV−Cre/Tet-op-ER/MMTV-rtTA mice at 10-12 months of age. Mean cell lifetime were 

significantly shorter in primary mammary epithelial cell cultures from Brca1f11/f11/MMTV−Cre and 

Brca1f11/f11/MMTV−Cre/p53+/− mice. A higher percentage of dividing cells were found in cultures 

from all genotypes as compared to wild-type mice. Brca1f11/f11/MMTV−Cre/p53+/− mice showed the 

lowest level of colony formation. Single cell tracking revealed genotype-specific differences in 

primary mammary epithelial cell behavior. 
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Cancer Progression in the Breast 

 Cancer development can be viewed as a linear progression in three stages: initiation, 

promotion and progression. In the model proposed by Wellings and Jensen, ductal carcinoma 

progresses from flat epithelial atypica (FEA) to atypical ductal hyperplasia (ADH) to ductal 

carcinoma in situ (DCIS) then finally invasive ductal carcinoma (1). The lobular subtype starts 

with atypical lobular hyperplasia (ALH) to lobular carcinoma in situ (LCIS) to invasive lobular 

carcinoma.  

 

Subtype Lesion Definition 

Ductal Flat epithelial atypica (FEA) Replacement of normal luminal cells with 
layers of monomorphic epithelial cells 
with cytological atypia. Cells maintain a 
flat pattern along ductal walls.  

 Atypical ductal hyperplasia 
(ADH) 

Proliferation of epithelial cells with <50% 
of the acini filled and distended 

 Ductal carcinoma in situ 
(DCIS) 

Proliferation of malignant epithelial cells 
within the parenchymal structure with no 
evidence of invasion. 

 Invasive ductal carcinoma Proliferation of malignant epithelial cells 
that infiltrate outside of the ductal 
structure. 

Lobular Atypical lobular hyperplasia 
(ALH) 

Lobules that are partially distended by 
neoplastic cells, but fail to meet the criteria 
for LCIS. 

 Lobular carcinoma in situ 
(LCIS) 

Complete involvement of the lobules by 
neoplastic cells, with greater than 50% of a 
lobule completely replaced and distended 
by neoplastic and monomorphic cells. 
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 Invasive lobular carcinoma Lobule completely replaced with 
malignant cells, which infiltrate into the 
surrounding tissue.  

 

Table 1. Lesions in human breast cancer progression.(2–4) 
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Lesion Definition Relevance to Human 

Ductal 
Hyperplasia (DH) 

Abnormal intraductal 
epithelial cellular 
proliferation  

Resembles atypical ductal hyperplasia in 
humans 

Atypical lobular 
hyperplasia 
(ALH) 

Proliferative lobular 
growth that exhibits 
abnormal growth, but 
not to the extent of 
LCIS 

Resembles atypical lobular hyperplasia 
in humans 

Ductal Carcinoma 
In Situ (DCIS) 

Solid mass of 
epithelial cells with 
uniform nuclei filling 
a duct 

Common premalignant lesion in 
humans; Not as common and diverse in 
mouse models as humans. 

Hyperplasic 
alveolar nodule 
(HAN) 

Focus of lobular 
alveolar development 
in surrounding 
mammary ducts 

Similar morphology to hyperplastic 
enlarged lobular units (HELU) in 
humans, an early stage of atypical 
hyperplasia or DCIS 

Table 2. Mouse mammary lesions and their relevance to human mammary preneoplasia and 

cancer (3, 5, 6). 
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Mammary tumor 
histology found 
in mouse  

Appear in 
types of mouse 
models 

Definition Relevance to human breast 
cancer 

Adenocarcinomas MMTV 
containing, 
chemical 
carcinogenesis, 
genetically 
engineered 
mice 

Derived from 
glandular tissues of 
the breast 

Common in humans, 
including the most 
common ductal carcinoma 

Squamous 
carcinomas 

chemical 
carcinogenesis, 
genetically 
engineered 
mice 

Contain squamous 
cell differentiation, 
seen as epithelial 
cells with pale 
round nuclei 

Rare in humans 

Carcinosarcomas 
(Spindle cell 
tumors) 

MMTV 
containing, 
genetically 
engineered 
mice  

Sheets of spindle 
cells that contain 
squamous 
epithelial cell 
patches 

Rare. Human breast 
cancers of this type can 
undergo epithelial-
mesenchymal 
transformation, unlike in 
the mouse 

Papillary tumors Genetically 
engineered 
various 
transgenes 
including 
PyV-MT and 
met-1 

Well-defined 
margins with many 
small projections 
of cells 

Rare in humans as well as 
mice 

Acinar tumors Genetically 
engineered 
with wnt1 
transgene 

Containing 
secretory cells 
forming acinar 
patterns 

Rare in humans 

Table 3. Table of mammary tumor histologies found in mouse models of breast cancer and their 

relevance to human breast cancer (5–7). 
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Two models of the cell of origin of breast cancer are the sporadic clonal evolution model 

and the cancer stem cell (cSC) model. In the sporadic clonal evolution hypothesis, breast 

epithelial cells develop random targeted mutations. The cells that have the most growth 

advantage from genetic alterations will form tumors (8). The other model of the cancer stem cell 

proposes that only stem and progenitor cells can lead to tumor formation, and these cancer stem 

cells have the potential for self-renewal, which drive tumor formation. It is possible that the two 

models could be combined suggesting that stem cells undergo genetic changes and are selected 

to grow into tumors (9). 

 

Risk Factors for Breast Cancer 

 Pharmacological risk factors  

Hormone replacement therapy (HRT) is linked to an increased risk of breast cancer in 

postmenopausal women. The risk is related to the amount of time of exposure and type of HRT. 

Current use of HRT is associated with an increased risk of developing breast cancer and an 

increased risk of death from breast cancer. Breast cancer risk is elevated with all HRT, but there 

is a greater risk in the use of estrogen-progestin combination versus estrogen alone. The risk is 

increased with increasing duration of HRT, and HRT use is associated with an increase in breast 

cancer recurrence in women with a previous breast cancer diagnosis. Once HRT is stopped, 

breast cancer risk from HRT use drops rapidly (10–12).  
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Genetic Risk Factors 

Two different types of genetic mutations can occur in the body: germline and somatic.  

Somatic mutations occur after conception during a lifetime. Somatic mutations are not 

inheritable and occur sporadically. In contrast, germline mutations are found in every cell that 

formed a mutation in a gamete that formed the zygote. These mutations are heritable. Mutations 

in tumor suppressor or DNA repair genes cause an increase in cancer risk. Germline mutations in 

the BRCA1 and BRCA2 genes are inherited and confer a high breast and ovarian cancer risk (13). 

 

Estrogen receptor and estrogen signaling in breast cancer risk 

Estrogen receptor and estrogen signaling play a significant role in the development of 

breast cancer. Estrogen exposure is correlated to breast cancer risk. Breast cancer risk is linked to 

early age at menarche and late age at menopause. Also, the number of children a woman has and 

her age at childbirth affect breast cancer risk (14). Ovarectomy (15) and use of estrogen receptor 

antagonists like tamoxifen reduce the risk of breast cancer (16). Also, obesity in postmenopausal 

women have an increased risk of breast cancer due to elevated estradiol levels produced by 

excess adipose tissue (17). Dietary intake of phytoestrogens can mimic estrogen in the body and 

can act as an agonist or antagonist to the estrogen receptor. Incidence of breast cancer is lower in 

regions where soy and flaxseed intake is high, which are sources of phytoestrogens. Some 

studies link oral contraceptives with an increase in breast cancer risk in women who have 

extensive usage, are currently taking an oral contraceptive or who started using them at an early 

age (18). 
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In mice, overexpression of ERα in mammary epithelial cells in a conditional mouse 

model leads to increased rates of epithelial cell proliferation. Ductal hyperplasia (DH), lobular 

hyperplasia and DCIS develop in this model by 4 months of age. Also, cyclin D1 is upregulated 

in the DH and DCIS lesions (19). 

 

AIB1 as a risk factor for breast cancer 

Amplified in Breast Cancer 1 (AIB1), also known as SRC-3 and NCoA-3, is a steroid 

coactivator that is a member of the p160 steroid coactivator family.(20). AIB1 enhances the 

transcription of ERα and PgR and also transcription factors like E2F-1, AP-1, NFκB and STAT6 

(21–25). At the N-terminus of the protein has a basic-helix-loop helix (bHLH), per-arnt-sim 

(PAS), then receptor interaction domain (RID), and at the C-terminus, a CBP/p300 interaction 

domain (CID), histone acetyltransferase domain (HAT) (26). 

AIB1 mRNA is overexpressed in over 60% of breast cancers; however, overexpression of 

AIB1 protein has been reported in up to 10-16% of breast cancer samples (27). Even though 

AIB1 is a co-activator of ERα and PgR, clinical expression of AIB1 is not correlated with ERα 

and PgR expression (28). However, AIB1 overexpression is correlated with HER2/neu status 

(29). High AIB1 expression is associated with tamoxifen resistance. High AIB1 expression in 

patients receiving tamoxifen was associated with worse disease free surivival. Moreover, patients 

with high AIB1 and HER2 expression had poor outcomes on tamoxifen therapy (30).  

AIB1 has many roles beyond as a coactivator of steroid receptors. Recently, a novel 

target gene of AIB1, macrophage migration inhibitory factor (MIF), was shown to be suppressed 

by AIB1, which leads to suppression of autophagic cell death and increased drug resistance (31). 
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AIB1 has also been shown to repress the tumor suppressor DRO1, which regulates BCLAF1, a 

cell death promoter, and facilitates apoptosis (32). AIB1 is upregulated in tumor stroma and is 

involved in wound healing. AIB1 knockout mice have less efficient wound healing with reduced 

expression of drivers of angiogenesis, FGF10, FGFBP3, FGFR1, FGFR2b, and FGFR3 (33).  

Torres-Arzayus et al. generated an AIB1 over-expression transgenic mouse model with 

high tumor incidence at 76%. The AIB1 transgene is under control of the MMTV-LTR. AIB1 

over expression increased IGF-1 expression through induction at the mRNA and protein level in 

the mammary gland with increased levels also found in the serum. The IGF-IR/PI3K/AKT 

pathway is activated in these mice (34). Font de Mora and lab generated another mouse model of 

AIB1 with moderate overexpression of AIB1, which demonstrated pre-neoplastic changes in the 

mammary epithelium. This mouse model demonstrates enhanced proliferation and increased 

levels of cyclin D1 and E-cadherin. Also, they found that AIB1 was localized to the nucleus after 

S phase (35). These mouse models of AIB1 demonstrate its importance in cell signaling 

modulation and cancer development. 

AIB1Δ3 (or AIB1Δ4) is a splice variant that lacks the exon 3 sequence (nucleotides 267- 

439). The size of the AIB1Δ3 protein is estimated to be 130 kDa. The NH2-terminal basic helix-

loop-helix and part of the PAS (Per-Arnt-Sim homology) dimerization domain is lost in AIB1Δ3. 

The bHLH-PAS domain can serve as DNA-binding, protein-protein interaction surfaces (36). 

AIB1Δ3 is a more potent promoter of transcription mediated by ER, PgR and epidermal 

growth factor (EGF) (36). Also AIB1Δ3 increases the efficacy of 17beta-estradiol at ERα and 

ERβ in breast, ovarian and endometrial cancer cells (37). AIB1Δ3 can traffic in and out of the 

nucleus by coactivators like p300/CBP but is mostly localized to the cytoplasm. Both AIB1 and 
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AIB1Δ3 are recruited at the same efficiency to estrogen-response elements, but is a more potent 

promoter. Since the expression of the N-termainal protein fragment that is not present in 

AIB1Δ3, was shown to potentiate AIB1 coactivation, which suggests this fragment contains an 

inhibitory domain in the N-terminal domain (38).  

Tilli et al. published a study on an AIB1Δ3 over-expression transgenic mouse with the 

transgene under control of the HCMVIE1 promoter. These mice demonstrate an increase in 

mammary epithelial cell proliferation, increased Cyclin D1 expression, increased IGF-R1 protein 

expression, and mammary ductal ectasia. This was not paralleled by either appearance of 

mammary tumors or increases in serum IGF-1 levels (39). 

 

BRCA1 and p53 as risk factors for breast cancer 

Significant risk factors for the development of breast cancer include loss of BRCA1 

function and loss of p53 function in mammary epithelial cells. Losses of BRCA1 or p53 function 

are defined familial genetic risk factors that are also found in a significant proportion of sporadic 

human breast cancers (40, 41). In sporadic breast cancer, BRCA1 is frequently hypermethylated, 

and is associated with decreased expression levels (42–44). Loss of p53 function through 

mutation or deactivation is found in approximately 50% of human breast cancers (41, 45). The 

risk of breast cancer development in BRCA1 mutation carriers is high enough to merit 

prophylactic intervention including bilateral mastectomy and ovariectomy (46–48). 

 Pathogenesis of BRCA1 mutation related breast cancer appears to be linked to a variety of 

cellular and tissue abnormalities that occur when full-length BRCA1 is absent including an 

abnormal growth response to estrogen and progesterone (49, 50), increased mammary epithelial 
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cell proliferation, impaired DNA repair and genetic changes (51, 52), inappropriate response to 

oxidative stress (53), abnormal cell cycle regulation (54), and an expanded luminal progenitor 

mammary stem cell (MaSC) population (55). 

Mouse models are an essential tool for studying disease initiation and progression. 

Human breast cancer due to loss of BRCA1 function can be modeled in mice. Different 

genetically engineered mouse models of BRCA1 deficiency have many similarities in the type of 

mammary cancer that develops (56). The Brca1 deficient mouse model described here has 

conditional loss of the full-length Brca1 gene targeted to mammary epithelial cells using Cre-

Lox technology. Cre-lox technology is used to create a conditional exon 11 deletion of Brca1 

(57). In this model, lox sites are inserted at the beginning and end of exon 11 of the Brca1 gene. 

At the lox sites, Cre recombinase will bind and cause DNA recombination between the two lox 

sites. Cre transgene expression in mammary epithelial cells is due to the fact that the Cre gene is 

under control of the promoter mouse mammary tumor virus (MMTV) (20, 21). Also, in this 

model p53 haploinsufficiency promotes mammary carcinogenesis when combined with loss of 

full-length Brca1 (58). In mice with loss of full-length Brca1 alone, preneoplasia occurs in 20% 

and cancer occurs in 5% of the mice by 12 months of age.  In mice with loss of full-length Brca1 

in combination with p53 haploinsufficiency, preneoplasia occurs in 50% and cancer occurs in 

90% of the mice by 12 months of age (58). 

BRCA1 mutation carriers have an increased risk of developing basal or triple negative 

breast cancers (ER, PR and HER2 negative).  In this mouse model, about 50% of 

adenocarcinomas that develop have a basal phenotype (59). This aspect of the mouse model 

mimics the breast cancer developed in human BRCA1 mutation carriers (58). Also, human 
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BRCA1 mutation-related breast cancers also have a mutation in p53, which is part of the 

conditional loss of Brca1 mouse model (60). 

Estrogen and estrogen signaling play a role in the progression of BRCA1 mutation-related 

breast cancers, even though most cancers are ERα and PgR negative. BRCA1 can act as a 

repressor for ER-mediated gene transcription, estrogen signaling, and reduces cell proliferation. 

In addition, ovariectomy decreases BRCA1 mutation-related breast cancer risk in humans and 

mice (49, 61). 

In mice that carry a targeted deletion of full-length Brca1 in their mammary epithelial 

cells, mammary gland ductal extension is significantly longer compared to wild-type mice at age 

6 weeks (mid-puberty).  Additionally, pre-pubertal mice were treated with estrogen and 

progesterone for 2 weeks.  As expected, wild-type mice had terminal end buds (TEBs) that 

differentiated to terminal ductal ends; however, this differentiation is impaired in the mice with 

Brca1-deficient mammary epithelial cells When treated with exogenous estrogen post-puberty, 

mice with Brca1-deficient mammary epithelial cells have more epithelial cell proliferation along 

with abnormal growth. Hyperplastic alveolar nodules (HANs), a preneoplastic lesion, is noted to 

be increased in Brca1f11/f11/ MMTV−Cre mice with the addition of germ-line p53 haploinsufficiency 

(Brca1f11/f11/ MMTV−Cre/p53+/−). Estrogen exposure has the same effect, and the combination of 

estrogen exposure with p53 haploinsufficiency (Brca1f11/f11/MMTV−Cre/p53+/−/Tet-op-ER/MMTV-rtTA) 

increases the mean number of HANs at 12 months of age the most (62).   

The conditional estrogen receptor α in mammary tissue (CERM) system (63) was crossed 

with Brca1f11/f11/ MMTV−Cre/p53+/− mice, to increase estrogen signaling pathway activity (49). These 

mice develop more HANs per mammary gland and show an increase in HAN prevalence at 12 
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months of age.  In this study, this model also showed a higher percentage of mice with invasive 

cancer and an increased number of cancers per mouse compared to the Brca1f11/f11/ MMTV−Cre/p53+/− 

mice. The preneoplasia and cancers that develop in the Brca1f11/f11/ MMTV−Cre/p53+/− and the 

Brca1f11/f11/MMTV−Cre/p53+/−/Tet-op-ER/MMTV-rtTA mice are ERα negative; however, 50% of the cancers 

in the Brca1f11/f11/MMTV−Cre/p53+/−/Tet-op-ER/MMTV-rtTA mice are ERα positive (64). 

Surprisingly, when Brca1f11/f11/ MMTV−Cre/p53+/− are treated with tamoxifen, a ERα 

antagonist, an increase in mammary hyperplasia at 6 months of age is found, while control wild-

type mice treated with tamoxifen display ductal regression. Tamoxifen treated Brca1f11/f11/ 

MMTV−Cre/p53+/− mice show increased cell proliferation both in normal ductal structures and in 

hyperplasia when compared to placebo treated mice. Additionally, tamoxifen treatment shortens 

the time to appearance of first palpable tumor and increases the prevalence of adenocarcinoma 

development by 12 months of age. MCF-7 cells also show a shift in tamoxifen activity when 

levels of BRCA1 are lowered. When BRCA1 levels are reduced by siRNA, there is an increase 

in levels of estrogen response element (ERE)-mediated luciferase expression following treatment 

with 17β-estradiol. This study demonstrates that loss of Brca1 can increase the agonist activity of 

tamoxifen in mammary epithelial cells that resulted in promotion of adenocarcinoma 

development in a mouse model of mammary epithelial cell targeted loss of full-length Brca1 

(49). 

 

Epithelial versus stromal abnormalities 

 The mammary gland has two compartments: the epithelium and the stroma. In the 

mammary gland, epithelial cells form ducts and alveolar lobules. The mammary epithelium has 
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two layers: the outer layer of basal, myoepithelial cells and the inner layer of luminal cells. The 

stroma is composed of fibrous connective tissue extra cellular matrix proteins (ECM) (laminins 

and collagen), fibroblasts, adipocytes, endothelial cells and immune cells like macrophages and 

mast cells (65). In comparison, the mouse mammary gland has larger amounts of fat with small 

amounts of fibrous tissue surrounding the epithelium, while the premenopausal human mammary 

gland has larger amounts of connective tissue surrounding the epithelium. In humans, the relative 

fat content increases and collagen content decreases post-menopausally. 

 Interaction between the tumor cell and microenvironment is necessary for invasion of a 

tumor cell. Remodeling of the basement membrane and increased protease production occurs at 

invasive sites (66). An increase in collagen and hyluronan are found in tumor cells stroma and 

they can influence breast cancer cell invasion (67). Breast density is linked to an increase in 

breast cancer risk. This could be partially due to an increase in collagen composition and 

stiffness of the stromal matrix (68). 

The microenvironment can promote tumorigenicity in mammary epithelial cells (69). 

Integrin linked kinase can stimulate the Akt pathway via PI3-K, which then increases survival 

through BAD (70). The interactions between mammary epithelial cells and stroma play a critical 

role in the development of breast cancer. 

  

Breast Cancer Prevention 

FDA approved therapeutics for breast cancer prevention 

Tamoxifen is an FDA approved drug for breast cancer prevention. Tamoxifen is a 

selective estrogen receptor modulator (SERM). Tamoxifen is a partial antagonist and not a pure 



 

15 
 

anti-estrogen. Tamoxifen blocks estrogen action in most breast cancer cells but acts as an agonist 

in the uterus, cardiovascular system and bone. The drug acts to change the shape of the receptor 

complex and block the binding of estradiol (71). Tamoxifen treatment inhibits estrogen- 

stimulated MCF-7 tumor growth in vivo and in vitro (72). However, tamoxifen treatment can 

cause growth in MCF-7 cells. MCF-7 cells grown in athymic mice as solid tumors can develop 

tamoxifen stimulated growth when chronically treated with tamoxifen (73). Tamoxifen is 

metabolized to 4-hydroxytamoxifen in the mouse. It was thought that tamoxifen dependent 

growth was because of changes in ligand metabolism and availability (74). However, studies 

from Jordan et al. (71) and Osborne et al. (75) have disproven this theory by determining the 

ability of tamoxifen metabolites, which cannot isomerize, to cause tumor growth. Another theory 

behind tamoxifen-stimulated growth is the possibility that mutated estrogen receptors could alter 

tamoxifen from an antagonist to an agonist (76). 

Tamoxifen has been used to treat breast cancer for decades in both early and advanced 

stage cancers. In 1992, the National Surgical Adjuvant Breast and Bowel Project initiated the 

Breast Cancer Prevention Trial (P-1) to test if tamoxifen plays a role in breast cancer prevention. 

Tamoxifen reduces breast cancer risk by 49% in women with an increased risk for breast cancer 

because of age or had history of lobular carcinoma in situ. Tamoxifen reduced risk by 56% in 

women with a history of lobular carcinoma in situ and 86% in women with a history of atypical 

hyperplasia. Tamoxifen also reduced the risk of noninvasive cancer by 50% (49). 

However, there are serious side effects that hinder the benefit of tamoxifen.  Serious side 

effects include thromboembolic disease and endometrial cancer. An increased rate of 

endometrial cancer was seen in the P-1 trial with a risk ratio of 2.53. Also, rates of stroke, 
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pulmonary embolism and deep-vein thrombosis were increased with tamoxifen treatment, 

especially in women over 50 years old (49). Other less severe side effects of tamoxifen include 

cataracts, hot flashes, sexual dysfunction, and bone loss in pre-menopausal women (16, 77, 78). 

 Tamoxifen is one of the prevention strategies currently offered to women who carry 

BRCA1 mutations (79). However, there is still debate on its utility for prevention in the setting of 

BRCA1 mutation because tamoxifen is a mixed antagonist/agonist on mammary epithelial cells 

and in some settings acts as an agonist. The large clinical trials that examined tamoxifen efficacy 

for prevention of BRCA1 mutation-mediated disease did not have an adequate study size to 

definitively evaluate its impact (79–81).  Preclinical studies have shown that loss of BRCA1 may 

actually promote tamoxifen agonist activity (82, 83), which results in accelerated development of 

mammary cancer in the setting of Brca1 deficiency coupled with p53 haploinsufficiency (49). 

However, these studies do not mirror the early clinical setting where women who carry a BRCA1 

mutation have lost only one functional allele and theoretically could have a fully functional p53 

pathway because they have not yet progressed down the cancer pathway.  

Women who carry BRCA1 mutations have a choice of therapies, and ovariectomy, with 

or without bilateral mastectomy, is an alternative. Ovariectomy has been shown to decrease 

invasive cancer prevalence in mice that have lost Brca1 function in combination with p53 

deficiency (84). 

Loss of Brca1 is associated with increased activation of progesterone signaling (85, 86). 

Tamoxifen loses its anti-tumor effect when progesterone is administered in the 7,12-

dimethylbenzanthracene-induced rat mammary model (87). 
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Raloxifene is a SERM that acts as an agonist on bone but acts as an antagonist in both the 

mammary gland and edometrium. Raloxifene has also been approved by the FDA for breast 

cancer prevention. The National Surgical Adjuvant Breast and Bowel Project Study of 

Tamoxifen and Raloxifene (STAR) was launched in 1999 to compare raloxifene with tamoxifen 

on breast cancer risk and other diseases. Raxolifene was found to be just as effective as 

tamoxifen in reducing risk of invasive breast cancer. Fewer cataracts were found in women 

taking raloxifene. Significantly, women taking raloxifene had a lower risk of thromboembolic 

events as well (16, 77, 78). 

 

Peroxisome Proliferator Activated Receptor Gamma Agonists for Breast Cancer Prevention 

There is a demand for the development of new, safe chemopreventive drugs for 

individuals at high risk for cancer development. Tamoxifen and raxolifene target the estrogen 

receptor, a nuclear receptor, for breast cancer prevention.  Another strategy is to target other 

nuclear receptors like peroxisome proliferator-activated receptor activators (PPARs) (88). 

 PPARγ belongs to a family of PPAR nuclear receptors and is mainly expressed in adipose 

tissue, but is also expressed in the mammary gland. PPARs are dependent on binding of the 

ligand to the receptor to activate target gene transcription. PPARs bind to the receptor as a 

heterodimer with retinoid x receptor (RXR). A ligand of either RXR or PPAR can activate the 

complex, but both ligands causes more potent activation.  

PPARγ is involved in adipocyte differentiation, which induces pre-adipocytes into fat 

cells. PPARγ null mice die as embryos and have no white adipose tissue. PPARγ agonists, such 
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as rosiglitazone and pioglitazone, are used for the treatment of type 2 diabetes to increase insulin 

sensitivity (88–90).  

PPARγ plays a role in many of the pathways that effect cancer development including 

cell proliferation, differentiation and apoptosis. In breast cancer cells and primary breast cancer 

tissue, activation of PPARγ inhibits proliferation, arrest of the cell cycle in G1 phase, and 

apoptosis (91). In cancer cells, PPARγ agonists can promote differentiation. Primary human 

liposarcoma cells were induces to terminal differentiation by pioglitazone (92). In breast cancer 

cells, activation of PPARγ induced lipid accumulation, reduced growth, and changed gene 

expression that correlates with a more differentiated less malignant state (93). 

As chemopreventives, PPARγ agonist studies have yielded contradictory results. In some 

colon carcinogenesis models, PPARγ agonists have been shown to abrogate tumorigenesis, but 

also increase it in other models (94). In DMBA treated mammary glands, troglitazone acts as a 

chemopreventive (95). 

 

Genetically Engineered mouse models as a tool to understand breast cancer development 

Mouse models are valuable tools to understand the progression of breast cancer. 

Transgenic mouse models can be used to study how genetic aberrations and alterations of 

signaling pathways effect mammary gland development and breast cancer progression. They can 

also be used as preclinical models to test preventives and cancer therapeutics.  

There are various ways to model breast cancer in mice. Transgenic mice contain a 

transgene, usually an oncogene or related gene, which is overexpressed in the mouse or 

conditionally expressed in specific tissues of the mouse depending on which under promoter is 
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used in the model. Transgenes under the control of mouse mammary tumor virus long terminal 

repeat (MMTV-LTR) are expressed in the mammary gland (96). Other promoters include: Whey 

acidic protein (WAP), beta lactoglobin (BLG), and metallothionein (MT). Also mice transgenic 

for the Polyomavirus Middle T model (PyV-mT) gene have been used to study mammary cancer 

(97, 98). Another way to model breast cancer in mice is through knockout of a tumor suppressor 

to study the function of a gene (99, 100). Additionally, mammary cancer can be modeled by 

exposure to chemical carcinogens like 7,12-dimethylbenz(a)anthracene (DMBA) (101). 

 

Single cell tracking technology to understand cancer progression 

Single cell tracking is a novel technology to track cell fate and behavior at a single cell 

level. Continuous long term tracking of single cells can provide information that would be 

missed using other techniques. This software can quantify asymmetric division, division patterns, 

apoptosis, migration, and cell lifetime among other characteristics. This technique can determine 

cell fates unequivocally and it has been used to study stem cells. It has been used to study how 

hematopoietic cytokines influence lineage choice (102), the fates of skeletal muscle satellite cells 

with asymmetric divisions (103), and the fates of neural progenitor cells (104). 

  Abnormalities in cell proliferation, apoptosis, and senescence could indicate an increase 

in risk for transformation of a cell. Asymmetric cell divisions are correlated with stem cells and 

cancer stem cells (105, 106). In patients with DCIS, a preneoplastic lesion, a higher proliferation 

rate measured by Ki-67 was correlated with recurrence (107). Also, DCIS that recurred was more 

likely to be Bcl-2 negative than DCIS that did not recur (108). Survivin expression, a survival 
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factor was also linked to DCIS recurrance (109). Observation of these characteristics in normal 

mammary cells could indicate a higher risk for cancer development. 
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II. ALTERED AIB1 OR AIB1∆3 EXPRESSION IMPACTS ERα EFFECTS ON MAMMARY 

GLAND STROMAL AND EPITHELIAL CONTENT 
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Abstract  

Amplified in Breast Cancer 1 (AIB1/SRC-3) is a nuclear receptor coactivator enhancing 

Estrogen Receptor (ER) α and Progesterone Receptor (PR) dependent transcription in breast 

cancer. The splice variant AIB1∆3 demonstrates increased ability to promote ERα and PR 

dependent transcription. Both are implicated in breast cancer risk and anti-hormone resistance. 

Conditional transgenic mice tested the in vivo impact of AIB1∆3 over-expression compared to 

AIB1 on histological features of increased breast cancer risk and growth response to estrogen 

and progesterone in the mammary gland. Combining expression of either AIB1 or AIB1∆3 with 

ERα over-expression investigated in vivo cooperativity. AIB1 and AIB1∆3 over-expression 

equivalently increased the prevalence of hyperplastic alveolar nodules, but not ductal hyperplasia 

or collagen content. When AIB1 or AIB1∆3 over-expression was combined with ERα, both 

stromal collagen content and ductal hyperplasia prevalence were significantly increased and 

adenocarcinomas appeared. Over-expression of AIB1∆3, especially combined with over-

expressed ERα, led to an abnormal response to estrogen and progesterone with significant 

increases in stromal collagen content and development of a multi-layered mammary epithelium. 

AIB1∆3 over-expression was associated with a significant increase in PR expression and PR 

downstream signaling genes. AIB1 over-expression produced less marked growth abnormalities 

and no significant change in PR expression. In summary, AIB1∆3 over-expression was more 

potent than AIB1 over-expression in increasing stromal collagen content, inducing abnormal 

mammary epithelial growth, altering PR expression levels, and mediating the response to 

estrogen and progesterone. Combining ERα over-expression with either AIB1 or AIB1∆3 over-

expression augmented abnormal growth responses in both epithelial and stromal compartments. 
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Introduction 

 AIB1 (Amplified in Breast Cancer 1) (also known as SRC-3, p/CIP, RAC3, ACTR, 

TRAM1 and NCOA3) is expressed in normal mammary gland and Estrogen Receptor alpha 

(ERα) positive and negative human breast cancers (36, 110–116). Over-expression of AIB1 in 

breast cancer frequently occurs with expression of E2F and AAA+ nuclear coregulator cancer 

associated (ANCCA) and these two factors may collaborate with AIB1 in upregulating its 

expression levels (117). Like other p160 nuclear hormone receptor co-activator family members, 

it has 3 structural domains: the N-terminal basic helix-loop-helix-Per/ARNT/Sim (bHLH-PAS) 

domain, the receptor interaction domain (RID) and the CBP/p300 interaction domain (CID), and 

a domain with histone acetyltransferase (HAT) activity is located at the C-terminus (20, 118).  

When AIB1 binds to a transcription factor, CBP/p300 and methyltransferases CARM1 and 

PRMT1 are recruited to stimulate chromatin remodeling and activate transcription (119). 

AIB1∆3 is a splice variant of AIB1 in which exon 3 is deleted whose expression is increased 

relative to the full-length form in human breast cancers as compared to normal mammary tissue 

(36). This N-terminally truncated form of AIB1 is missing the bHLH domain and most of the 

PAS region, which aids in heterodimerization between family members (36). AIB1 was isolated 

during a search on chromosome 20 for genes with amplified expression or copy number in 

human breast cancers (20) and AIB1∆3 was identified in a study looking for naturally occurring 

splice variants of AIB1 that encoded proteins with altered function relative to breast cancer 

progression (36). Both proteins interact with ERα(120) and progesterone receptor (PR) and 

modulate effects of estrogen on ERα and progesterone on PR dependent gene expression (20, 
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120–123). Decreasing AIB1 expression levels in ERα-positive MCF-7 human breast cancer cells 

reduces estrogen-stimulated proliferation and survival in tissue culture and xenografts (22, 121). 

In vitro, AIB1∆3 is a more effective coactivator than full length AIB1 in promoting transcription 

by ERα and PR(36) and can increase the agonist activity of natural estrogens and tamoxifen (37). 

 AIB1 acts in other hormone dependent as well as hormone independent growth factor 

signaling pathways involved in breast cancer cell proliferation and survival (22, 121, 124, 125). 

AIB1∆3 can mediate an interaction between Epidermal Growth Factor Receptor (EGFR) and 

FAK that promotes cancer cell migration (126) and is more effective than AIB1 in promoting 

transcription induced by epidermal growth factor (EGF) (36). AIB1 is rate-limiting for insulin-

like-growth factor 1 (IGF-1), and EGF stimulated breast cancer cell growth and can regulate 

EGFR/HER2 and downstream Akt/mTOR signaling (34, 124, 125, 127). In a mouse model of 

HER2/neu-induced mammary cancers, germ-line deletion of AIB1 abrogated cancer 

development (125). Tamoxifen resistance and reduced disease-free survival have been associated 

with AIB1 in combination with HER2/neu and EGFR over-expression (128, 129). AIB1 has 

been shown to interact with other proteins that regulate cell growth including thyroid receptor 

(130) as well as E2F-1, NFκB, AP-1, STAT6, PPARγ and RXR (22, 24, 131–134).  

 Germ-line deletion of AIB1 in mice results in impaired mammary gland development 

linked to alterations in hormone signaling including both growth hormone and estrogen (135). 

High levels of AIB1 expression targeted to the mammary epithelium in transgenic mice using the 

Mouse Mammary Tumor Virus- Long Terminal Repeat (MMTV-LTR) leads to development of 

mammary cancers associated with IGF-IR/PI3K/AKT pathway activation (34). Modest AIB1 

over-expression levels results in mammary preneoplasia associated with increased proliferation, 
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cyclin D1 and E-cadherin levels (136). When AIB1∆3 is over-expressed in multiple tissues 

including the mammary gland, a mammary specific phenotype emerges with increased mammary 

epithelial cell proliferation coupled with increased cyclin D1 and IGF-R1 levels (39). Signaling 

through ERα was found to be necessary for AIB1-induced mouse mammary tumor development 

(28). 

 Increased ERα expression is a risk factor for human breast cancer (18). This is modeled 

in CERM (Conditional ERα in Mammary) mice in which ERα over expression in mammary 

epithelial cells results in increased mammary epithelial cell proliferation, ductal hyperplasia 

(DH), lobular hyperplasia, and DCIS that is abrogated by loss of cyclin D1 and modified by loss 

of Stat5a (137–139). In this model ERα is over-expressed approximately two-fold and not down-

regulated by estrogen exposure. This deregulated and over-expressed ERα collaborates with loss 

of p53 and loss of Brca1 in development of mammary hyperplasia and adenocarcinomas (140, 

141).  

 Breast density is a factor for human breast cancer development. Short AIB1 alleles with 

less than 26 glutamine repeats are linked to increased breast density in postmenopausal women 

(142) and loss of AIB1 has been associated with decreased pathological collagenous fibrosis in 

the liver (143). Women with 75% dense breast tissue have a 4 to 6 fold greater risk for breast 

cancer (144). Ductal carcinoma in situ (DCIS) occurs more frequently in areas of the breast that 

are mammographically dense (145). Mammographic density is determined by breast tissue 

composition with collagen responsible for 29% of variance in percentage density (68). Collagen 

influences the microenvironment through epithelial-stromal interaction that contributes to 

epithelial cell transformation, cancer and metastasis (146). Increased mammary stromal collagen 
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has been shown to increase tumor formation and metastasis in mice (67). Breast density 

percentage is reduced by tamoxifen and increased by combined estrogen-progesterone 

menopausal hormone therapy (147, 148).  

 Hormone replacement therapy is a risk factor for breast cancer development (12, 149, 

150). Mice exposed to exogenous estrogen and progesterone are used to assess hormone induced 

mammary epithelial cell growth and to model the impact of hormone replacement therapy (151, 

152).  Progesterone and progesterone receptor play a vital role in mouse mammary 

morphogenesis and tumorigenesis. Areg (the gene encoding Amphiregulin), calcitonin, receptor 

activator of nuclear factor kappa B ligand (RANKL), wingless-related mouse mammary tumor 

virus integration site (Wnt4), cyclin D1, and c-Myc have been identified as downstream 

signaling genes (153–159). Cyclin D1, c-Myc and amphiregulin also are considered as ERα 

downstream signaling genes (160). 

Here a conditional gene expression system was used to investigate the impact of 

increasing AIB1 and AIB1∆3 expression levels in the absence and presence of coincidentally up-

regulated ERα on mammary epithelial and stromal structure, development of ductal hyperplasia 

and cancer, and hormonal response. The MMTV-reverse tetracycline TransActivator (rtTA) 

transgene system (161) was employed to target tet-op (tetracycline-operator) regulated AIB1 and 

AIB1∆3 as reported previously for ERα (137). The in vivo impact of AIB1 as compared to 

AIB1∆3 was investigated because in vitro AIB1∆3 is a more potent transcriptional activator than 

AIB1. Changes in coactivator expression levels combined with increased ERα expression were 

examined because AIB1 and AIB1∆3 are known to influence ERα driven transcription, increased 

activation of estrogen pathways is implicated in breast cancer risk, and there are human breast 
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cancers that demonstrate coincident AIB1 and ERα expression. The specific response to 

hormonal stimulation by estrogen alone or combination estrogen and progesterone was tested to 

determine if increased expression of AIB1 or AIB1∆3 increased hormonal responsiveness of 

mammary epithelial cells in vivo and if this resulted in any pathologic changes.
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Materials and Methods 

Mouse model studies 

AIB1 or AIB1Δ3 coding sequences was inserted into pUHC13-3 expression vector 

downstream of the tet-op promoter (162). The insert was removed by digestion with Pm1I, 

purified and used for founder transgenic mouse generation. MMTV-LTR-rtTA/tet-op-AIB1 and 

MMTV-LTR-rtTA/tet-op AIB1∆3 double transgenic mice were generated by breeding the tet-

op-AIB1 and tet-op-AIB1∆3 transgenic mice with mammary tumor virus-long terminal repeat 

(MMTV-LTR) linked to tetracycline responsive reverse transactivator (rtTA: tet-on gene 

regulation) (MMTV-LTR-rtTA) transgenic mice (161). Mice were maintained on a diet with 

doxycycline 200 mg per kg food (Bio-Serv, Frenchtown, NJ) to maintain expression of the tet-op 

transgenes. MMTV-rtTA/AIB1 and AIB1∆3 were bred with MMTV-rtTA/tetop-ERα 

(Conditional Estrogen Receptor in Mammary tissue or CERM) mice to obtain MMTV-

rtTA/AIB1/CERM and MMTV-rtTA/AIB1∆3/CERM mice. MMTV-rtTA, tetop-ERα, tetop-

AIB1 and tetop-AIB1 Δ3 transgenes were identified from tail samples (Transnetyx, Cordova, 

TN). Mammary gland and mammary cancer tissue were removed and taken for whole mount, 

formalin fixed histology, or snap-frozen in liquid nitrogen and stored at -80°C for gene and 

protein analysis. Time Course Study: Wild-type (n=25), CERM (n=24), AIB1 (n=21), AIB1∆3 

(n=31), AIB1/CERM (n=27) and AIB1∆3/CERM (n=20) mice were aged and necropsied 

between 11 and 27 months of age.  Mice were monitored for palpable tumor development and 

euthanized when the tumor reached 1 cm3 or they reached their designated timepoint. 17β-

estradiol or 17β-estradiol/progesterone exposure: 4 month old female wild-type (n=5), CERM 
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(n=5), AIB1 (n=6), AIB1∆3 (n=5), AIB1/CERM (n=5), and CERM/ AIB1∆3 (n=5) mice were 

anesthetized and ovariectomized.  After 2 weeks rest, a 60-day constant release 17β-estradiol 

(0.72 mg) or 17β-estradiol (0.5 mg) and progesterone (10.0 mg) pellets was subcutaneously 

implanted (Innovative Research of America, Sarasota, FL, USA) and one number four mammary 

gland was biopsied. Mice were necropsied 5 weeks later, and mammary tissue was harvested. 

Ovariectomized untreated mice were necropsied as controls (n=2 per genotype). Animal 

procedures were done in accordance with federal guidelines and approved by the Georgetown 

University Institutional Animal Care and Use Committee. 

 

RNA isolation and Real-time RT-PCR  

Total RNA was isolated by using TRIzol reagent (Invitrogen) from thoracic mammary 

gland tissue snap frozen at the time of necropsy, quantified on a spectrophotometer, and 2 µg of 

total RNA were used to prepare cDNA by a reverse-transcriptase (RT) reaction. Taqman Gene 

Expression Assays were used to detect the AIB1 transgene (Hs01105258_m1), ERα transgene 

(forward: CCCCGGGAGATCTGTGAAC, reverse: TGTGAAGGGTCATGGTCATATGTTT, 

reporter: CCATGGACTACAAAGACG), endogenous AIB1 (Mm00500775_m1), RANKL 

[TNF ligand superfamily member 11 (Tnfsf11)] (Mm01313944_g1), wingless-related MMTV 

integration site 4 (wnt4) (Mm01194003_m1), amphiregulin (Areg) (Mm00437583_m1), 

calcitonin (Calca) (Mm00801463_g1), PR (Pgr) (Mn00435625_m1), c-myc (myelocytomatosis 

oncogene) (Mm00487804_m1), and cyclin D1 (Mm00432360_m1) and eukaryotic 18s rRNA 

(Hs99999901_s1). Reactions were performed according to manufacturer’s instructions with the 

ABI Prism 7700 sequence detector and ABI Software (Applied Biosystems) was used for data 
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analysis. Data is presented as the relative mRNA gene expression Δ(Ct). The Δ(Ct) = Ct (target 

gene) - Ct (18s rRNA). Fold change in mRNA expression was calculated using the comparative 

CT method (2-∆∆CT method) (163). Three to five independent samples were randomly selected 

from each group for RNA analysis. 

 

Western blot 

Total protein (90 µg/lane) were electrophoresed on a 4-13% SDS-polyacrylamide 

gradient gel, transferred to PVDF membranes (Millipore) and blotted using primary antibody 

against AIB1 (SRC-3 2126, rabbit monoclonal, Cell Signaling Technology, Inc., Danvers, MA, 

1:1,000 or AIB1 611105, mouse monoclonal, BD Transduction Laboratories, San Jose, CA, 

1:1,000) and actin (MAB1501R, mouse monoclonal, Chemicon, 1:3000).  The blot was 

incubated with Amersham horseradish peroxidase-conjugated secondary antibody as appropriate 

(GE Healthcare, 1:10,000), and visualized using the SuperSignal West Pico Chemiluminescent 

Substrate (Thermo Scientific, Rockford, IL) and Amersham hyperfilm (GE Healthcare) with 

colored protein markers (BioRad, Hercules, CA) as molecular standards. A minimum of 5 

independent samples was randomly selected from each group for protein analysis. Quantification 

of western blots was performed using Image J Version 1.43, National Institutes of Health, 

Bethesda, MD). Relative expression levels of AIB1 were normalized to beta-actin (n=8). 

Relative expression levels of AIB1∆3 were calculated as a percentage of the expression level of 

full-length AIB1 per mouse (n=5). 
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Whole mount analysis, Histology, and Immunohistochemistry  

  One number four mammary gland was whole mounted by fixing in Carnoy’s solution and 

staining in carmine alum as previously published (164). Whole mounts were examined for 

normal ductal structure and hyperplastic alveolar nodules. Photographs were taken using the 

Nikon Eclipse E800M microscope with Nikon DXM1200 camera (Nikon Instruments Inc., 

Melville, NY). One number four mammary gland was fixed in 10% buffered formalin overnight 

at 4°C and embedded in paraffin using standard techniques.  Five µm sections were H&E stained 

and examined for ductal hyperplasia (greater than four mammary epithelial cell layers and/or 

complete filling of a mammary epithelial structure). Detection of protein expression by 

immunohistochemistry was done with the Vectastain ABC kit (Vector Laboratories, Burlingame, 

CA) or Mouse on Mouse (M.O.M.) peroxidase kit (PK-2200; Vector Laboratories, Inc., 

Burlingame, CA) using a 1:750 dilution of the ERα antibody (SC-542, Santa Cruz 

Biotechnology, Inc., Santa Cruz, CA), a 1:250 dilution of PR (SC-538, Santa Cruz), a 1:100 

dilution of Ki67 (NCL-L-Ki67-MM1, Nova Castra, Newcastle upon Tyne, UK), a 1:50 dilution 

of Neu (SC-284, Santa Cruz), a 1:50 dilution of Cyclin D1(SP4) (RM-9104-S, Neomarkers, 

ThermoScientific, Fremont, CA), a 1:50 dilution of c-Myc (1472-1, Epitomics, Burlingame, 

CA), or a 1:80 dilution of SRC-3 (AIB1) (2126, Cell Signaling) following either manufacturers’ 

instructions or as previously published.(137–139, 141) The percentage of mammary epithelial 

cells demonstrating nuclear-localized ERα, PR, and AIB1 were calculated by counting at least 

500 cells per mouse. 
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Sirius Red Staining 

Types I and III collagen were quantified on mammary gland sections stained with Sirius 

red using a modification of techniques previously published (165, 166). The slides were washed 

with 2 changes of acidified water, dehydrated with butanol, cleared in xylene and mounted using 

VectaMount (Vector Laboratories, Inc., Burlingame, CA). Three slides were examined from 

each genotype/age group under polarized light using a Nikon E600 microscope (Nikon 

Instruments Inc., Melville, NY) and 8-bit grayscale TIFF images were taken of area distal from 

the lymph node to the mammary fat pad edge with a 10x objective using a Nikon DXM1200 

camera (Nikon Instruments Inc.).  Analysis was performed using the Scion Image for Windows 

program (Scion Corporation, Frederick, MD) and mean stain intensity (0 = black and 255 = 

white) calculated. Collagen can be deposited both around the ducts (peri-ductally) and through 

the fatty stroma. Relative amounts of peri-ductal versus stromal collagen content were assigned a 

score of 0 (no stain), 1 (light), 2 (intermediate) or 3 (intense) separately to the peri-ductal and 

stromal collagenous staining from all genotypes at 4- & 6-month-old (n = 3-10 per genotype) and 

11-27 months (n = 20-31 per genotype) under polarized light using a 4x, 10x and 40x objective 

on a Nikon E600 microscope. Representative 24-bit RGB images were captured for 

documentation using a 10x objective. 

 

Statistical Analysis 

Statistically significant differences were evaluated using GraphPad Prism version 4.03 

for Windows (GraphPad Software, San Diego, CA).  Significance was assigned at p ≤ 0.05. 

Student’s t tests were used to compare quantification of total collagen using Sirius red and 
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percentages of PR expressing mammary epithelial cells. Mann Whitney U tests were used to 

compare quantification of peri-ductal and stromal Sirius red, and to compare real-time RT-PCR 

data. Fisher’s Exact was used to compare prevalence of DH and HANs. Group sizes were 

determined to have at least 80% power to detect statistically significant differences reported. 
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Results  

Comparison of AIB1 and AIB1∆3 expression levels in the mouse models  

Transgene expression levels relative to endogenous AIB1 expression, relative expression 

levels of the AIB1, AIB1∆3 and ERα transgenes and endogenous AIB1 were measured by real-

time RT-PCR and protein expression detected by immuno-histochemistry (IHC) and western blot 

(Figure 1). Mean expression levels of the AIB1 and AIB1∆3 transgenes were equivalent in the 

AIB1, AIB1/CERM and AIB1∆3 transgenic mice (Figure 1, A). Expression of the AIB1∆3 

transgene was detected at a higher cycle number in the AIB1∆3/CERM mice; however, these 

mice did not show reproducible evidence of significantly decreased protein expression as 

compared to AIB1∆3 mice by IHC (Figure 1, E). Western blotting revealed variable but 

reproducible detection of increased AIB1 expression in the AIB1 and AIB1∆3 genotypes (Figure 

1, C, D). Relative protein expression levels of AIB1 and AIB1∆3 were increased by 

approximately two-fold in the AIB1 and AIB1∆3 genotypes compared to wild-type (Figure 1, 

C). ERα transgene expression was verified by RT-PCR and expression levels of endogenous 

AIB1 shown (Figure 1, A). IHC demonstrated predominantly nuclear-localized AIB1 expression 

in the mammary epithelial cells, with higher intensity staining in the AIB1 and AIB1∆3 

genotypes (Figure 1, E). The cellular expression patterns of AIB1 in both the AIB1 and AIB1∆3 

genotypes were predominantly nuclear-localized in the normal appearing mammary epithelial 

cells (Figure 1, E) and remained nuclear-localized in the mammary adenocarcinoma cells from 

the AIB1 genotypes. However, both cytoplasmic and nuclear-localized expression were detected 

in the cancers from the AIB1∆3 genotypes (Figure 2, D) evocative of the differential patterns of 
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AIB1 and AIB1∆3 cellular expression described by Long et al (126). Overall expression of AIB1 

and AIB1∆3 RNA and protein were increased within an average of a two-fold range as compared 

to endogenous, similar to what has been previously reported for the ERα transgene using the 

same conditional system (137). 

Both AIB1 and AIB1Δ3 over-expression increased prevalence of mammary hyperplasia 

with highest impact from the combination of increased AIB1∆3 with increased ERα   

Ductal hyperplasia (DH) and hyperplastic alveolar nodules (HANs) are murine lesions 

identifiable on hematoxylin and eosin (H&E) stained sections and mammary gland whole 

mounts, respectively, that pathologically correspond to lesions found in women that signify an 

increased risk of breast cancer development (5). DH prevalence was higher in all four AIB1 or 

AIB1Δ3 containing genotypes as compared to wild-type but the difference was statistically 

significant only in AIB1/CERM and AIB1Δ3/CERM mice with the highest prevalence found in 

AIB1Δ3/CERM mice (p<0.05) (Figure 2A). All four AIB1 or AIB1Δ3 containing genotypes 

(AIB1, AIB1Δ3, AIB1/CERM and AIB1Δ3/CERM) demonstrated significantly higher HAN 

prevalence as compared to wild-type mice, and HAN prevalence in AIB1/CERM and 

AIB1Δ3/CERM was significantly higher than CERM mice at 11-27 months of age (p<0.05) 

(Figure 2B). None of the mice in the wild-type, CERM, AIB1 and AIB1Δ3 cohorts developed 

mammary adenocarcinomas. Ninety percent of the AIB1/CERM and 93% of the AIB1Δ3/CERM 

mice were free of adenocarcinoma development (Figure 2C). The two mammary 

adenocarcinomas that developed in the AIB1/CERM mice appeared at 16 and 18 months of age 

and were ERα/PR negative by IHC. One cancer showed focal areas of increased HER2 

expression and both cancers demonstrated expression of AIB1, Cyclin D1 and c-Myc. The two 
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mammary adenocarcinomas that developed in the AIB1Δ3/CERM mice appeared at 19 and 26 

months of age and were ERα/PR positive and ERα/PR negative, respectively. Both expressed 

AIB1, Cyclin D1 and c-Myc and showed focal areas of increased HER2 expression (Figure 2D). 

AIB1 expression was predominantly nuclear-localized in the cancers from the AIB1/CERM mice 

and both nuclear- and cytoplasmically localized in the cancers from the AIB1Δ3/CERM mice 

(Figure 2D, 60X panels). 
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FIG. 1. AIB1, AIB1∆3 and ERα  transgene and endogenous AIB1 expression. A, Graphs 

showing relative mRNA expression levels of transgene-derived AIB1, AIB1∆3 and Erα and 

endogenous murine Aib1 in mammary tissue from WT, CERM, AIB1, AIB1/CERM, AIB1∆3, 

and AIB1∆3/CERM mice. Data is presented as the relative mRNA gene expression Δ(Ct). The 

Δ(Ct) = Ct (target gene) - Ct (18s rRNA). UD signifies undeterminable. *, p< 0.05 in transgenic 

AIB1 and AIB1∆3 for AIB1, AIB1/CERM, AIB1∆3 and AIB1∆3/CERM compared to wild-type 

and CERM. *, p< 0.05 in transgenic ERα for CERM and AIB1/CERM compared to AIB1. B, 

Graphs showing the mean fold increases in AIB1and AIB1∆3 mRNA expression levels in AIB1 

and AIB1∆3 mice without doxycycline treatment as compared to AIB1 and AIB1∆3 mice with 

doxycycline treatment. Fold change in mRNA expression was calculated using the comparative 

CT method (2-∆∆C
T method).  C, Graphs showing the mean fold increases in protein expression 

levels of AIB1 and the combination of AIB1/ AIB1∆3 in AIB1 and AIB1∆3 mice, respectively. 

In AIB1 mice protein expression levels were increased slightly over two-fold as compared to WT 

mice (p<0.05). In AIB1∆3 mice protein expression levels of AIB1∆3 averaged 73% of 

endogenous AIB1 protein and total combined AIB1/AIB1∆3 protein expression levels were 

increased slightly under two-fold as compared to WT mice. D, Representative Western blots 

showing AIB1 and AIB1∆3 protein in mammary tissue from WT, AIB1, and AIB1∆3 mice. The 

upper band is the full-length AIB1 protein (156 kDa) and the lower band is AIB1∆3 protein (130 

kDa). Western blot image for AIB1∆3 with dividing line was taken from different parts of the 

same gel. E, Representative panels showing immunohistochemistry using an antibody that 

recognizes both endogenous AIB1 and transgenic AIB1 and AIB1∆3 in mammary tissue from 
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WT, CERM, AIB1, AIB1/CERM, AIB1∆3, and AIB1∆3/CERM mice. Arrows point to 

representative mammary epithelial cells demonstrating staining for AIB1. Digital photographs 

taken at 40x. Bar = 25 µm. 
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FIG. 2. AIB1 and AIB1Δ3 over-expression increased prevalence of mammary hyperplasia 

both in the absence and presence of augmented ERα expression levels but 

adenocarcinomas developed only when the coactivators were co-expressed with ERα. A, 

Graph comparing percentage of mice with Ductal Hyperplasia (DH) prevalence. *, p< 0.05 for 

AIB1/CERM and AIB1Δ3/CERM compared to wild-type, and AIB1Δ3/CERM compared to 

AIB1Δ3. B, Graph comparing percentage of mice with HANs. *, p< 0.05 for all AIB1 genotypes 

compared to wild-type and AIB1/CERM or AIB1Δ3/CERM compared to CERM mice. C, Graph 

comparing percentage of mice with adenocarcinomas. D, Representative images of mammary 

adenocarcinoma sections stained with hematoxylin and eosin (H&E) and immunohistochemical 

analyses of ERα, Progesterone Receptor (PR), HER2, AIB1, Cyclin D1, and c-Myc protein 

expression. Arrows indicate representative cells demonstrating nuclear localized staining. 

Arrowheads indicate representative cells demonstrating cytoplasmic staining. Stars indicate areas 

of increased HER2 immunoreactivity. Digital photographs taken at 40x unless specified as 60x. 

Bar = 25 µm. 
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The combination of increased AIB1∆3 with increased ERα resulted in a significant increase in 

stromal collagen 

Older AIB1/CERM and AIB1Δ3/CERM mice aged 11-27 months demonstrated a 

significant increase in total collagen as compared to younger mice aged 4-6 months of the same 

genotype (p< 0.05) (Figure 3A, “1” indicates ages 4 & 6 months. “2” indicates ages 11-27 

months). Sections from the older mice were then scored to determine if the increased collagen 

was in the stromal compartment or localized peri-ductally. Peri-ductal staining intensities ranged 

from light to intermediate without any significant differences between genotypes (Figure 3B). In 

contrast, stromal staining intensities were higher in all of the AIB1 or AIB1Δ3 containing 

genotypes as compared to wild-type and CERM mice, although only AIB1Δ3/CERM mice 

showed a statistically significant difference as compared to wild-type mice (p<0.05) (Figure 3C). 

Stromal staining intensities were light in both wild-type and CERM, closer to intermediate in the 

AIB1, AIB1Δ3 and AIB1/CERM mice, and approached intense in the AIB1Δ3/CERM mice. 

Representative images of peri-ductal and stromal staining illustrate these differences with 

corresponding H&E stained sections to demonstrate cellular content (Figure 3 D). Taken 

together, the results indicate that increased expression levels of AIB1 and AIB1Δ3 were 

associated with increased levels of collagen primarily localized to the stroma. The most 

pronounced and significant difference in stromal collagen levels was found in mice expressing 

AIB1Δ3 in combination with ERα. 
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FIG. 3. The combination of increased AIB1∆3 with increased ERα resulted in a significant 

increase in stromal collagen. A, Graph comparing mean Sirius red stain intensity measured by 

image analysis using Scion Image program at different ages in the different mouse models. “1” 

indicates ages 4 & 6 months. “2” indicates ages 11-27 months. *, p< 0.05 for AIB1/CERM (4 & 

6 months) compared to AIB1/CERM (11-27 months) and AIB∆3/CERM (4 & 6 months) 

compared to AIB1∆3/CERM (11-27 months). B, Graph comparing mean Sirius red stain score 

for peri-ductal collagen content measured by a score of 0 (no stain), 1 (light stain), 2 

(intermediate stain) or 3 (intense stain). C, Graph comparing mean Sirius red stain score for 

stromal collagen content measured by a score of 0, 1, 2 or 3. *, p< 0.05 for AIB1∆3/CERM 

compared to wild-type. D, Representative images of Sirius red staining of mammary tissue 

sections. Arrows indicate representative areas of stromal collagen and arrowheads indicate 

representative areas of peri-ductal collagen demonstrating Sirius red staining.  Digital 

photographs taken at 20x. Bar = 100 µm.
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Mammary stromal and epithelial structural abnormalities in the AIB1∆3/CERM mice were 

induced by hormone exposure   

To test if estrogen and progesterone signaling was involved in the abnormal collagen 

deposition and epithelial growth response, four-month-old mice were ovariectomized, rested for 

2 weeks to allow dissipation of endogenous hormones, and then were left untreated or were 

exposed to17β-estradiol or 17β-estradiol/progesterone for 5 weeks. Mammary glands were 

harvested and analyzed at 6 months of age. Endpoints included total collagen content, 

appearance of lobular-type structures, and DH and HAN prevalence. Normally, significant 

structural changes in the mammary gland are not induced by 17β-estradiol exposure alone in 

ovariectomized wild-type C57Bl/6 mice. However, lobular structures with a normal double-

layered epithelium appear after combined 17β-estradiol/progesterone treatment (85). In this 

study, all ovariectomized mice showed comparable histology with no significant differences in 

stromal collagen content and the majority of sections showing normal ductal structures with one 

layer of luminal epithelium surrounded by a basket-like layer of myoepithelial cells (Figure 4, B 

and Figure 5, A-F). AIB1∆3/CERM mice demonstrated a significant increase in mammary 

collagen content (p<0.05) following combined 17β-estradiol/progesterone treatment, with 

smaller, non-statistically significant increases following hormone exposure measured in all other 

transgenic genotypes (Figure 4A). The increased collagen in the AIB1∆3/CERM mice was 

localized primarily to the stromal rather than peri-ductal regions (Figure 4B, compare Ovex to 

E+P, arrow indicating stromal collagen and arrow head indicating peri-ductal collagen). 

Consistent with previous observations, wild-type mice showed no significant structural changes 
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after either 17β-estradiol or combined 17β-estradiol/progesterone treatment (Figure 5, G, M, S, 

T). Similarly, no changes were found in CERM mice (Figure 5, H, N, S, T). Multi-layered 

structures were found in the AIB1 and AIB1/CERM mice following 17β-estradiol/progesterone 

treatment but they were infrequent and not found in all mice (Figure 5, O, P, S, T). In contrast, 

both the number and prevalence of multi-layered epithelial structures were significantly 

increased in both AIB1Δ3 and AIB1Δ3/CERM mice following 17β-estradiol/progesterone 

treatment (p<0.05) (Figure 5, Q, R, S, T).  This result suggested that there may be a role for 

enhanced progesterone signaling in the AIB1Δ3 and AIB1Δ3/CERM mice.  
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FIG 4. Hormonal exposure significantly increased stromal collagen content in the 

AIB1∆3/CERM mice. A, Graph of mean Sirius red stain intensity measured by image analysis 

using Scion Image program. *, p< 0.05 for AIB1Δ3/CERM- Ovariectomy compared to 

AIB1Δ3/CERM- E+P treatment. B, Representative images of Sirius red staining of mammary 

tissue from ovariectomized or ovariectomized and treated with 17β-estradiol or 17β-

estradiol/progesterone. Arrows indicate representative areas of stromal collagen and arrowheads 

indicate representative areas of peri-ductal collagen demonstrating Sirius red staining. Digital 

photographs taken at 10x. Bar = 100 µm. 
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FIG 5.  Hormonal exposure significantly increased the number and prevalence of 

multilayered ductal structures in the AIB1∆3 and AIB1∆3/CERM mice.  Representative 

images of mammary tissues stained with H&E from ovariectomized untreated (A-F), 

ovariectomized 17β-estradiol-treated (G-L) and ovariectomized 17β-estradiol/progesterone-

treated mice (M-R). Arrows indicate normal double-layered ductal structures, and arrowheads 

indicate abnormal multilayered structures. Digital photographs taken at 40x. Bar = 50 µm. S, 

Graph comparing number of multilayered structures observed per mammary gland after 17β-
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estradiol/progesterone treatment. *, p< 0.05 for AIB1∆3 and AIB1∆3/CERM compared to wild-

type. T, Graph comparing percentage of mice with multilayered structures. *, p< 0.05 for 

AIB1∆3 and AIB1∆3/CERM compared to wild-type. 
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Progesterone signaling was enhanced in AIB1∆3 and AIB1∆3/CERM mice following hormone 

exposure   

PR is an established downstream target gene of ERα (167) and AIB1Δ3 has been reported 

to be a more potent co-activator for ERα and PR than AIB1 (36). Percentages of mammary 

epithelial cells expressing PR were compared as a measure of ERα signaling in the different 

genotypes in intact mice (Figure 6, A-F), ovariectomized mice exposed to17β-estradiol (Figure 

6, G-L) and ovariectomized mice exposed to 17β-estradiol/progesterone (Figure 6, M-R) for 5 

weeks. In estrogen exposed mice, the percentages of mammary epithelial cells expressing 

nuclear-localized PR in the AIB1/CERM (13.2 ± 4.7 (S.E.M.) and the AIB1∆3/CERM (11.7 ± 

3.1 (S.E.M.) mice were statistically significantly higher than WT (4.4 ± 0.7) (p≤ 0.05). The 

percentages in all other genotypes were higher than WT but not statistically significantly 

different (CERM: 9.2 ± 2.7; AIB1: 6.2 ± 1.7; AIB1∆3: 6.2 ± 3.3). In estrogen and progesterone 

exposed AIB1∆3 mice, the percentage of mammary epithelial cells expressing nuclear-localized 

PR (23.0 ± 5.2 (S.E.M.) was also significantly higher than WT (9.6 ± 3.5) (p<0.05). Estrogen 

and progesterone exposed AIB1∆3/CERM mice showed a similar increase (21.0 ± 5.5). The 

percentages in all other genotypes were comparable to WT (CERM: 9.2 ± 3.1; AIB1: 13.7 ± 2.1; 

AIB1/CERM: 9.5 ± 1.9) (Figure 6, S). In addition to higher PR protein levels, AIB1∆3 and 

AIB1∆3/CERM mice exposed to estrogen and progesterone demonstrated relatively significantly 

higher steady state levels of PR mRNA (Figure 6, W). To test if PR downstream signaling 

pathways were increased in these mice, real time RT-PCR was used to examine the relative 

steady state mRNA expression levels of defined PR downstream signaling genes (Calcitonin, 

RANKL, Wnt4) and genes reported to be up-regulated by both ERα and PR (Amphiregulin, 
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Cyclin D1, c-Myc) (153–156, 160) in the estrogen and progesterone exposed mice. Expression of 

Areg (amphiregulin), calcitonin, cyclin D1, RANKL, and wnt4, were all detected at significantly 

lower cycle numbers in estrogen and progesterone treated AIB1∆3 and AIB1∆3/CERM mice as 

compared to wild-type mice (Figure 6, T-V, Y, Z). No significant differences in the level of c-

myc expression were observed between the different genotypes following exposure to estrogen 

and progesterone (Figure 6, X). In summary, the results demonstrated evidence of enhanced ERα 

signaling by both AIB1 and AIB1∆3 with significantly greater stimulation of progesterone 

signaling by AIB1∆3. 
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FIG. 6.  Percentages of mammary epithelial cells expressing Progesterone Receptor (PR) 

and relative mRNA steady state expression levels of PR and PR downstream genes were 

increased in the AIB1∆3 and AIB1∆3/CERM 17β-estradiol/progesterone-treated mice. 

Representative panels illustrating immunohistochemistry for PR in mammary tissue from WT, 

CERM, AIB1, AIB1/CERM, AIB1∆3, and AIB1∆3/CERM mice ovariectomized untreated (A-

F), ovariectomized 17β-estradiol-treated (G-L) and ovariectomized 17β-estradiol/progesterone-

treated mice (M-R). Arrows indicate representative mammary epithelial cells demonstrating 

nuclear staining for PR. Digital photographs taken at 40x. Bar = 25 µm. S, Graph comparing the 

percentage of PR positive cells observed after 17β-estradiol/progesterone treatment. *, p< 0.05 

for AIB1∆3 and AIB1∆3/CERM compared to wild-type. W-Z, Graphs showing relative mRNA 

expression levels of PR and PR downstream signaling genes (Amphiregulin, Calcitonin, Cyclin 

D1, c-Myc, RANKL, and Wnt4) in mammary tissue from WT, CERM, AIB1, AIB1/CERM, 

AIB1∆3, and AIB1∆3/CERM ovariectomized 17β-estradiol/progesterone-treated mice. Data is 

presented as the relative mRNA gene expression Δ(Ct). The Δ(Ct) = Ct (target gene) - Ct (18s 

rRNA). *, p< 0.05 for AIB1∆3 and AIB1∆3/CERM compared to wild-type.
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The presence of mammary hyperplasia was associated with significant increases in Cyclin D1 

and c-myc expression 

Previous investigations using mouse models of ERα over-expression demonstrated that 

the percentages of mammary epithelial cells expressing nuclear-localized Cyclin D1 

progressively increases in the mammary hyperplasias and cancers as compared to normal 

appearing mammary epithelial cells (137, 139). Expression levels of cyclin D1 and c-myc as well 

as other estrogen and progesterone signaling pathway genes were evaluated in the older mice 

demonstrating hyperplasia and compared to WT mice. Cyclin D1 and c-myc were detected at 

significantly lower cycle numbers in the CERM, AIB1, CERM/AIB1, AIB1∆3 and 

AIB1∆3/CERM mice as compared to WT (Figure 7, V, X). Cyclin D1 and c-Myc protein 

expression were detected by IHC in the hyperplasias (Figure 7, H-L, N-R). Both Cyclin D1 and 

c-Myc were also expressed in the mammary adenocarcinomas that developed in the 

AIB1/CERM and AIB1∆3/CERM mice (Figure 2, D). Older CERM, AIB1, AIB1/CERM, 

AIB1∆3 and AIB1∆3/CERM mice all showed significantly increased levels of PR mRNA 

expression as compared to wild-type mice (Figure 7, W) although only AIB1∆3 mice 

demonstrated a significantly higher percentage of mammary epithelial cells with nuclear-

localized PR protein (Figure 7, A-F, S). Areg (encoding amphiregulin) was detected at higher 

cycle numbers in the CERM and AIB1/CERM mice compared to wild-type (Figure 7, T). Taken 

together, the findings are consistent with roles for the estrogen and progesterone signaling 

pathway downstream genes Cyclin D1 and c-Myc in mammary carcinogenesis and implicate 

altered ERα and PR signaling by either AIB1 or AIB1∆3 in the process. 
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FIG. 7. Percentages of mammary epithelial cells expressing Progesterone Receptor (PR) 

were increased in older (11-27 month old) AIB1∆3 mice, and relative mRNA levels of PR, 

Cyclin D1, and c-Myc were increased in all older transgenic mice. Representative panels 

illustrating immunohistochemistry for PR (A-F), Cyclin D1 (G-L) and c-Myc (M-R) in 

mammary tissue from older WT, CERM, AIB1, AIB1/CERM, AIB1∆3, and AIB1∆3/CERM . 

Arrows indicate representative mammary epithelial cells demonstrating nuclear staining. Digital 

photographs taken at 40x. Bar = 25 µm. S, Graph comparing the percentage of PR positive cells 

observed in older mice. *, p< 0.05 for AIB1∆3 compared to wild-type. T-Z, Graphs showing 

relative mRNA expression levels of PR and PR downstream signaling genes (Amphiregulin, 

Calcitonin, Cyclin D1, Myc, RANKL, and Wnt4) in mammary tissue from older WT, CERM, 

AIB1, AIB1/CERM, AIB1∆3, and AIB1∆3/CERM mice. Data is presented as the relative 

mRNA gene expression Δ(Ct). The Δ(Ct) = Ct (target gene) - Ct (18s rRNA). *, p< 0.05 for 

CERM, AIB1, AIB1/CERM, AIB1∆3, and AIB1∆3/CERM compared to wild-type. 
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Discussion 

This in vivo study compared the effects of AIB1 and AIB1∆3 over-expression with and 

without ERα over-expression on development of histological features of breast cancer risk in 

both epithelial and stromal compartments and response to estrogen and progesterone. Results 

showed that on several measures AIB1∆3 was a more potent inducer of mammary pathological 

changes and gene expression changes in response to hormonal stimulation as compared to AIB1, 

especially when expressed in combination with over-expressed ERα, consistent with previous 

reports of more potent agonist activity in combination with nuclear receptors in vitro (36). In 

human breast cancers expression of AIB1 is well documented (112). In contrast, the numbers of 

breast cancers expressing the AIB1∆3 isoform has been more difficult to determine due to the 

absence of an antibody that can distinguish between the two forms, and the challenge in utilizing 

PCR-based assays. However, this remains an important goal (115, 168). Newer techniques for 

distinguishing between different RNA forms of the same gene should allow investigators to 

approach this question in large enough cohorts to establish the clinical significance of the 

AIB1∆3 isoform in breast cancer. 

A significant difference between the two coactivators was the higher levels of stromal 

collagen found when AIB1∆3 was over-expressed coincidently with ERα instead of AIB1. 

Ovariectomized mice were used to show that exposure to combined estrogen and progesterone 

was sufficient to increase collagen content in the AIB1∆3/ERα mice associated with increased 

expression levels of progesterone receptor, amphiregulin, calcitonin, cyclin D1, RANKL and 

wnt4. These results are provocatively consistent with previous reports that loss of AIB1 is 
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associated with decreased fibrosis in liver through the TGFβ1/Smad pathway (143) and short 

AIB1 alleles are associated with increased breast density in women (142). Wnt4 has been 

associated with a fibrotic response in the peritoneal cavity (169) and kidney (170, 171).  

Calcitonin has been reported to both increase collagen synthesis and inhibit collagen degradation 

in cartilage (172–175). Normally, collagen is produced by stromal fibroblasts, and activated 

myofibroblasts, which may be induced even in early cancer stages (175), and have been 

described to mediate increased collagen deposition and to modify degradation (176). In other 

systems, epithelial cells that have undergone epithelial-mesenchymal transition (EMT) are 

reported to acquire the ability to produce collagen (177). In the models presented here, 

expression of AIB1, AIB1∆3 and ERα was targeted to the mammary epithelium and not to the 

stroma. This suggests that the increased collagen deposition observed may be due to a possible 

mammary epithelial cell mediated change in fibroblast function, which then induced an 

imbalance in collagen deposition and/or degradation. Finally it is known that AIB1 can activate 

the IGF-1 pathway (39, 124, 168, 178), which has been implicated as factor in increased breast 

density (179, 180). Collagen cross-linking stiffens the extracellular matrix (ECM) and increases 

in mammary stromal collagen have been linked to cancer progression (67, 181). 

Mammary hyperplasia, defined as a multilayered epithelium in the human breast, is 

associated with increased risk of invasive breast cancer development (182–184). Combination 

estrogen and progesterone replacement therapy is associated with increased breast cancer risk 

(185). Our investigations identified AIB1∆3 as a more potent factor than AIB1 in increasing the 

probability of developing multi-layered mammary hyperplasia in combination with 

estrogen/progesterone treatment. This was associated with increased expression levels of 
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progesterone receptor and downstream genes cyclin D1 and RANKL that are mediators of 

progesterone-induced mammary epithelial cell proliferation (157). Another growth factor for 

mammary epithelial cells that was significantly elevated was amphiregulin, which is an 

epidermal growth factor (EGF)-like ligand reported to be regulated by both estrogen and 

progesterone receptors (186, 187). Significantly, multi-layered structures were only observed 

with estrogen and progesterone treatment and not with estrogen treatment alone. This suggests 

that activation of the progesterone signaling pathway was a significant determinant of the 

observed pathology, and that the previously reported more potent activation of the progesterone 

pathway by AIB1∆3 as compared to AIB1 (36), was a factor that influenced the extent of 

pathological change after hormonal stimulation. HAN prevalence, another measure of mammary 

cancer risk in mouse models, was significantly increased by both AIB1 and AIB1∆3 over-

expression. HAN structure is reminiscent of the alveolar structures that develop coincident with 

the progesterone stimulation of pregnancy. In normal mouse mammary epithelium, progesterone 

stimulates proliferation and development (153, 157, 188, 189). Since AIB1 is a co-activator of 

PR (122), and AIB1∆3 has an increased ability to promote PR signaling over AIB1 (36), it is 

possible that increased activation of PR signaling contributed to the higher HAN prevalence in 

the AIB1 and AIB1∆3-containing genotypes. At the same time, it should be recognized that both 

AIB1 and AIB1∆3 are co-activators for ERα and also can increase ERα signaling. Cyclin D1 and 

c-myc lie down-stream of both ERα and PR (158–160). In this study, as in previously published 

studies, ERα overexpression in the CERM mice was sufficient to increase prevalence of ductal 

hyperplasia and HANs in association with increased cyclin D1 expression (137, 139). As 

mammary epithelial cells progress from normal-appearing through ductal hyperplasia to cancer, 
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the percentages of mammary epithelial cells demonstrating nuclear-localized cyclin D1 

increases. Here we showed that c-myc expression also is significantly increased in the same 

pattern as cyclin D1 in the CERM mice as well as in all the AIB1 and AIB1∆3 containing 

genotypes. An interesting point was that the relative RNA expression levels of AIB1∆3 were 

reproducibly lower in the AIB1∆3/CERM mice even though this was the cohort that showed the 

most marked pathophysiological changes. It is known that AIB1 expression is regulated both on 

RNA and protein levels (117). It is possible that post-translational processing influenced 

expression levels of both AIB1 and AIB1∆3 in the transgenic mice (168). The more potent 

activity of AIB1∆3 as compared to AIB1 may have compensated for any reduction in protein 

expression levels. 

 Notably, the invasive cancers that developed were not uniformly ERα/PR positive 

although all expressed AIB1, reflective of the fact that in women AIB1 over-expression is found 

in both ERα positive and negative breast cancers (36, 110–115). It is known that AIB1 can 

influence both hormonal and non-hormonal growth factors (22, 121, 124, 125) and it was not 

unexpected to find ERα/PR positive and negative cancers.  

 In summary, our data show that AIB1∆3 can be more potent than AIB1 in provoking 

pathological changes in the mammary gland in vivo. Overall, the results support a role for AIB1 

and AIB1∆3 in conjunction with ERα towards increasing breast cancer risk through changes in 

both the stromal and epithelial mammary gland compartments and suggest a model in which 

enhanced progesterone signaling contributes to the pathophysiology.  
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III. IMPACT OF CS7017 ON DEVELOPMENT OF MAMMARY PRENEOPLASIA AND 

CANCER WITH LOSS OF BRCA1
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Abstract 

There is a need for preventative agents for women who carry a BRCA1 mutation. 

Peroxisome proliferator-activated receptor gamma (PPARγ) agonists can promote differentiation 

of cancer cells, cause inhibition of proliferation, arrest of the cell cycle, and apoptosis in breast 

cancer cells. The purpose of this experiment was to examine the impact of the PPARγ agonist 

CS7017 on promotion and progression of mammary cancer in mice with conditional loss of 

Brca1 accompanied by loss of one p53 allele. Brca1f11/f11/MMTV−Cre/p53+/− mice were treated with 

CS7017 through the diet starting at 4 months of age and were euthanized at 12 months of age or 

when palpable tumor reached 1cm3 in size, whichever came first. In mammary tissue, CS7017 

treatment significantly increased expression levels of PPARγ target genes Pdhk4, Adfp and 

Fabp4, downgraded levels of phosphorylated Akt, increased the percentage of mammary 

epithelial cells with nuclear-localized Progesterone Receptor (PgR), reduced cell proliferation 

index and decreased Hyperplastic Alveolar Nodule (HAN) prevalence. Cancer prevalence at 12 

months of age was unchanged between the two groups; however, the distribution of cancer 

histology was significantly different. Differentiated cancer histologies appeared only in the 

CS7017-treated group. These included papillary and in situ cancers, lobular cancerization, and 

focal squamous metaplasia. Four of the six differentiated cancers were ERa positive. Overall, 

levels of phosphorylated Akt and Erk were reduced in the cancers that appeared in the CS7017 

treatment group and this was associated with decreased Cdk6 expression. In summary, CS1707 

treatment significantly altered cancer progression in a genetically engineered mouse model of 
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BRCA1 mutation that was coupled with activation of PPARγ downstream genes, decreased 

phosphorylation of Akt and reduced expression levels of CDK6 and pErk.  
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Introduction 

PPARγ agonists have been proposed as possible cancer chemopreventives for breast 

cancer due to their known activities in inhibiting cell proliferation (190), (91) inflammation 

(191), and angiogenesis (192) and promoting differentiation (93) and apoptosis (91). 

Troglitazone, a peroxisome proliferator-activated receptor gamma (PPARγ) agonist, is reported 

to reduce cancer development in 7,12-Dimethylbenz(a)anthracene (DMBA) treated mammary 

glands with a more potent effect when combined with a retinoid X receptor (RXR) selective 

retinoid (95). 

The drug studied here, CS7017, is a PPARγ agonist in the thiazolidinedione (TZD) class. 

It has a high potency of inducing PPARγ mediated transcription and is highly selective for 

PPARγ compared to other PPAR family members (193). CS7017 has been shown to inhibit 

growth in human anaplastic thyroid tumor cells and xenograft models via upregulation of RhoB 

and subsequent activation of p21 (194, 195). Similarly, CS7017 inhibited the growth of human 

colorectal cells grown as xenografts in a dose dependent manner (193) and inhibited both 

initiation and progression of colon carcinogenesis in azoxymethane-treated mice (196).  

PPARs are a family of nuclear receptors. PPARα is involved in the catabolism of fatty 

acids in the liver. PPARδ/β is involved in basic lipid metabolism and activation increases lipid 

catabolism. PPARγ signals the storage of fatty acids in adipose tissue. PPARs are dependent on 

the binding of the ligand to the receptor, which activates target gene transcription. PPARs and 

RXR bind as a heterodimer to the receptor, and a ligand of either receptor can activate the 

complex although the binding of both ligands is more potent (195). Thiazolidinediones such as 

rosiglitazone and pioglitazone are approved by the FDA for the treatment of diabetes to increase 
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insulin sensitivity (197). PPARγ activation has been shown to regulate key players in the cell 

cycle. In vascular smooth muscle, PPARγ activation abrogates the G1 to S phase of the cell cycle 

by inhibiting Rb phosphorylation (198). In adipocytes and pancreatic cancer cells, cyclin 

dependent kinase inhibitors (CDKIs) p18 and p21 are upregulated by PPARγ activation resulting 

in G1 phase arrest (199, 200). Cyclin D1 expression was reported to be reduced by PPARγ 

activation in K-Ras transformed epithelial cells (201). 

The potential to induce cell differentiation of cancer cells is perhaps the most attractive 

feature of PPARγ agonists. PPARγ agonists stimulate differentiation of 3T3-L1 pre-adipocytes to 

adipocytes (89) and human liposcarcoma cells can be induced to undergo terminal differentiation 

by treatment with pioglitazone (92). Also, in breast cancer cells, PPARγ agonists cause lipid 

accumulation and changes in gene expression associated with a more differentiated, less 

malignant phenotype (93). 

Women with mutations in Breast cancer associated gene 1 (BRCA1) have a high risk for 

developing breast cancer and would benefit from new preventive therapeutics (40). BRCA1 

mutation carriers have a 50-80% risk to develop breast cancer by the age of 70. Currently the 

best preventive is ovariectomy at age 35 before breast cancer develops (202). Additionally, loss 

of BRCA1 function is associated with an increase in triple negative or basal-type 

adenocarcinomas (Estrogen Receptor alpha (ERα), Progesterone Receptor (PgR), and HER2 

negative) in humans and mice (203–205).  

Here a mouse model of BRCA1 mutation with conditional Mouse Mammary Tumor 

Virus (MMTV)-Cre transgene-mediated Brca1 floxed exon 11 (f11) deletion targeted to 

mammary epithelial cells accompanied by loss of one germ-line copy of p53 
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(Brca1f11/f11/MMTV−Cre /p53+/−) (206) was used to investigate if a PPARγ agonist, CS7017, could 

impact development of either mammary preneoplasia or cancer. Results indicate that 

administration of CS7017 initiated as an intervention in the mature post pubertal gland reduced 

development of hyperplasia and was associated with a more differentiated phenotype in 

mammary adenocarcinomas. This was associated with activation of PPARγ downstream genes, 

decreased phosphorylation of Akt and reduced expression levels of CDK6 and pErk. 
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Materials and Methods 

Mouse model, CS7017 administration, and necropsy 

Brca1f11/f11/MMTV−Cre /p53+/− mice carrying the Line D MMTV-Cre transgene were 

maintained on a C57Bl/6 genetic background (206, 207). DNA from tail samples was used to 

identify presence of floxed exon 11 and absence of wild-type exon 11 Brca1 alleles and presence 

of the MMTV-Cre transgene in experimental mice (Transnetyx, Cordova, TN). CS7017 was 

administered through the diet (F3028, Rodent Diet, Grain-Based, ½” pellets, Bio-Serv, 

Frenchtown, NJ) at 30 mg/kg concentration (manufacturer’s recommendation) (Daichii Sankyo, 

Tokyo, Japan). Control mice were placed on the same diet but without CS7017. CS7017 or 

control diet was started at 4 months of age. Mice were observed at least twice per week for 

health status and visible tumor appearance. Study endpoints were necropsy at 12 months of age 

or earlier if tumor size reached 1 cm3. The age at necropsy was recorded for each mouse. Mice 

were necropsied when tumors reached 1 cm3. Control untreated Brca1f11/f11/p53+/−/MMTV−Cre  (n=13) 

and CS7017-treated Brca1f11/f11/p53+/−/MMTV−Cre  (n=13) were entered into the study. Two mice in 

the control group and 5 mice in the CS7017-treated group were excluded from the final analyses 

because they failed to meet either of the study endpoints. In the control group, one mouse was 

sacrificed due to an unrelated health issue (untreatable skin condition) and one was found dead in 

the control group. In the CS7017-treated group, 3 mice were found dead, one developed 

lymphoma, and one was sacrificed early due to an unrelated health issue (untreatable skin 

condition). Prior to necropsy, mice were weighed. At the time of necropsy, invasive palpable 

cancers (if present) were isolated from surrounding mammary gland and divided in two portions: 
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one portion was fixed in formalin for histologic studies and one portion snap-frozen in liquid 

nitrogen and stored at -80°C for gene and protein analysis. One inguinal mammary gland without 

palpable tumor development was fixed in Carnoy’s solution for whole mount preparation (208) 

Remaining mammary glands without palpable tumor were divided: one formalin fixed for 

histology and one snap-frozen in liquid nitrogen and stored at -80°C. Animal procedures were 

done in accordance with federal guidelines and approved by the Georgetown University 

Institutional Animal Care and Use Committee. 

 

Whole mount analysis, immunohistochemistry and pathological evaluation.  

 Mammary gland whole mounts fixed in Carnoy’s solution, stained in carmine alum, and 

mounted were evaluated at 4X and 10X (Nikon Eclipse E800M microscope) for the presence or 

absence of dense lobular growth and number of hyperplastic alveolar nodules (HANs)/gland 

counted (208). Photographs were taken using the with Nikon DXM1200 camera (Nikon 

Instruments Inc., Melville, NY). One number four mammary gland (or one number two 

mammary gland if tumor was present in number four mammary gland) was fixed in 10% 

buffered formalin overnight at 4°C and embedded in paraffin (209). Five µm sections were 

H&E. Detection of protein expression by immunohistochemistry was done with the Vectastain 

ABC kit (Vector Laboratories, Burlingame, CA) or Mouse on Mouse (M.O.M.) peroxidase kit 

(PK-2200; Vector Laboratories, Inc., Burlingame, CA) as appropriate using the following 

antibodies: Erα  (1:750, SC-542, Santa Cruz Biotechnology, Inc., Santa Cruz, CA), PgR (1:250, 

SC-538, Santa Cruz), Ki67 (1:100, NCL-L-Ki67-MM1, Nova Castra, Newcastle upon Tyne, 

UK), Neu (1:50, SC-284, Santa Cruz), Cyclin D1(1:50, SP4, RM-9104-S, Neomarkers, 
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ThermoScientific, Fremont, CA), Phospho-ERK (1:125, E10, Cell Signaling), Phospho-Akt 

(Ser473) (1:35, D9E, Cell Signaling), Akt (pan) (1:600, C67E7, Cell Signaling), pRB (1:25, sc-

50, Santa Cruz), pRb (Ser807/811) (1:100, 93083s, Cell Signaling), CDK4 (1:2,000, sc-260, 

Santa Cruz), CDK6 (1:750, SAB4300596, Sigma), PPARγ (1:60, sc-7196, Santa Cruz), RXRα 

(1:300, sc-553, Santa Cruz), CK5 (1:1,000, PRB-160P, Covance), p63 (1:1,000, MS-107-P0, 

Neomarkers) following either manufacturers’ instructions or as previously published (137). The 

proliferative index (PI) was calculated as the percentage of Ki-67 positive cells in at least 500 

cells per section. The percentages of mammary epithelial cells demonstrating nuclear-localized 

Erα, and PgR were calculated as the percentage of Erα and PgR nuclear-positive cells in at least 

500 cells per section. Qualitative scoring of IHC of pAkt (Ser473), Akt (pan), pRB, RB, Cyclin 

D1, Cyclin E, Cdk4, Cdk6, pErk was as follows: 0 (no stain), 1 (light), 2 (intermediate) and 3 

(intense). The score was based on both the proportion of positive cells and intensity of the 

staining.  The proportion of cells with staining was scored 1 (1/3 or less positive cells), 2 

(between 1/3 and 2/3 positive cells) and 3 (2/3 or greater positive cells). The intensity of staining 

was scored 1 (weak), 2 (intermediate) or 3 (strong). The average of both the proportion score and 

the intensity score was used to determine a final IHC score. Mammary cancer pathology was 

read by Bhaskar V.S. Kallakury, MD, academic board-certified pathologist who was blinded to 

treatment group. Pathology was classified as poorly differentiated, papillary, ductal carcinoma in 

situ, lobule cancerization or squamous metaplasia. 
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RNA isolation and Real-time RT-PCR  

 Total RNA was isolated by using TRIzol reagent (Life Technologies, Grand Island, NY) 

from thoracic mammary gland tissue snap frozen at the time of necropsy, quantified on a 

spectrophotometer, and cDNA prepared from 2 µg of total RNA by a reverse-transcriptase (RT) 

reaction. Taqman Gene Expression Assays (Life Technologies) were used to detect Pyruvate 

dehydrogenase kinase isozyme 4 (Pdhk4) (Mm01166879_m1), Adipose differentiation related 

protein (Adfp) (Mm00475794_m1), and Fatty acid binding protein 4 (Fabp4). 

(Mm00445878_m1), Progesterone receptor (Pgr) (Mm00435624_m1), Calcitonin (Calca) 

(Mm00801463_g1), Wingless-related MMTV integration site 4 (Wnt4) (Mm01194003_m1) and 

tumor necrosis factor (ligand) superfamily, member 11 (Tnfsf11) (Mm01313944_g1), and 

eukaryotic 18s rRNA (Hs99999901_s1). Reactions were performed according to manufacturer’s 

instructions with the ABI Prism 7700 sequence detector and ABI Software (Life Technologies) 

was used for data analysis. Data presented as the relative mRNA gene expression Δ(Ct). The 

Δ(Ct) = Ct (target gene) - Ct (18s rRNA). Three independent samples were randomly selected 

from each group for RNA analysis. 

 

Western blot 

Total protein samples (15 µg/lane) isolated from either cancer or mammary gland tissue 

were electrophoresed on a 4-12% gradient Bis-Tris gels (NP0335; Life Technologies), 

transferred to PVDF membranes (EMD Millipore, Billerica, MA) and blotted using primary 

antibody against Cyclin D1 (1:2000, DCS6, Cell Signaling Technology, Inc., Danvers, MA), 

Cyclin E (1:1,000, HE12, Cell Signaling), CDK4 (1:1,000, DCS156, Cell Signaling), CDK 6 
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(1:1,000, DCS83 Cell Signaling), Phospho-Akt (Ser473) (1:1,000 D9E Cell Signaling),  

Phospho-Akt (Thr308) (1:1,000, C31E5, Cell Signaling), and Akt (pan) (1:1,000, C67E7, Cell 

Signaling), pRB (1:1,000, 5807/811, Cell Signaling), P-p44/42 MAPK (1:1,000, 20E11, Cell 

Signaling), RB (1:500, sc-50, Santa Cruz Biotechnology, Santa Cruz, CA), PR (1:500, sc-538, 

Santa Cruz) and actin (1:3,000, MAB1501R, EMD Millipore).  The blot was incubated with 

Amersham (GE Healthcare, Piscataway, NJ) horseradish peroxidase-conjugated secondary 

antibody (1:10,000) as appropriate (GE Healthcare), and visualized using the SuperSignal West 

Pico Chemiluminescent Substrate (Thermo Scientific, Rockford, IL) and Amersham hyperfilm 

(GE Healthcare) or blot was incubated with Odyssey IRDye 680LT or 800CW as appropriate 

(LI-COR Biosciences, Lincoln, NE) and visualized using LI-COR Odyssey Infrared Imager (LI-

COR Biosciences). Colored protein markers (BioRad, Hercules, CA) were used as molecular 

standards. Quantification of western blots was performed by measuring mean relative densities 

and standard error of the mean (SEM) (Adobe Photoshop CS5, San Jose, CA or Odyssey Image 

Studio software, LI-COR Biosciences). Relative expression levels of pAkt were normalized to 

Akt and pRB were normalized to RB (n=3). Relative expression levels of Akt, Cyclin D1, Cyclin 

E, Cdk4, and Cdk6, pErk were normalized to actin. A minimum of 3 independent samples were 

randomly selected from each group for protein analysis. 

 

Statistical Analysis 

Statistically significant differences were evaluated using two-tailed Student’s t test or 

Mann-Whitney as appropriate (GraphPad Prism version 4.03 for Windows, San Diego, CA).  

Significance was assigned at p ≤ 0.05. Student’s t tests were used to compare percentages of 
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Ki67, Erα or PgR expressing mammary epithelial cells, body weight, HANs, and age at 

necropsy. Mann Whitney U tests were used to compare IHC scores and real-time RT-PCR data. 

Fisher’s Exact was used to compare prevalence of whole mounts with dense lobular growth and 

mammary cancer (total and differentiated), in treated and control mice.  
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Results  

CS7017 treatment increased expression levels of PPARγ downstream genes and reduced 

mammary epithelial cell proliferation, dense lobular growth, and HANs in the mammary glands 

of Brca1f11/f11/MMTV−Cre /p53+/− mice. 

The impact of CS7017 treatment on downstream PPARγ target genes, mammary gland 

histology and mouse body weight at the time of necropsy was assessed (Fig. 1). CS7017 

treatment significantly increased expression levels of Adfp, Fabp4 and Pdhk4 in mammary tissue 

(p < 0.05; Student’s t-test; Fig. 1A-1C). Prevalence of dense lobular growth was significantly 

lower in CS7017-treated mice as compared to control group (11% CS7017 vs. 58% control, p < 

0.05; Fisher’s exact; Fig. 1D,E). CS7017 treatment significantly reduced mammary epithelial 

cell proliferation as compared to controls (3.9 ± 0.6% CS7017 vs. 21.9 ± 4.5%; control; p < 0.05; 

Student’s t-test; Fig. 1F, G). Both HAN number and prevalence were significantly reduced by 

CS7017 treatment (1.2 ± 0.6 CS7017 vs.6.0 ± 1.2 control; p < 0.05; Fig. 1H,I and 44.4% vs. 

91.7%, respectively; p < 0.05; Student’s t-test). As has been reported previously for PPARγ 

agonist treatment (210), mouse body weight was significantly increased with CS7017 treatment 

(38.2 ± 2.1 g) as compared to controls (31.5 ± 2.7 g; p < 0.05; Student’s t-test; Fig. 1A).  
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Figure 1. CS7017 treatment increased expression of PPARγ downstream genes and 

reduced lobular growth, cell proliferation and preneoplasia in the mammary tissue from 

Brca1f11/f11/MMTV−Cre /p53+/− mice. Boxplots comparing relative RNA expression levels of PPARγ-

downstream genes: (A) adipose differentiation-related protein (ADRP), (B) fatty acid binding 

protein 4 (FABP4), and (C) pyruvate dehydrogenase kinase isozyme 4 (PDK4) in mammary 

tissue from control and CS7017-treated mice. RNA expression levels were determined by 

quantitative real-time PCR and the Δ(Ct) calculated after normalization to 18S RNA . A lower 

Δ(Ct) indicates a higher expression level. (D) Bar graphs comparing the percentage of mammary 

gland whole mounts with dense lobular growth in control and CS7017-treated mice. (E) 

Representative whole mounts of control and CS7017-treated mice. Arrow indicates area of dense 

lobular growth. (F) Bar graphs demonstrating the relative proliferative indices in control and 

CS7017-treated mice. The proliferative index was calculated by measuring the percentage of 

Ki67-nuclear positive mammary epithelial cells in mammary tissue sections following Ki67 IHC. 

(G) Representative Ki67 IHC of mammary gland tissue from control as compared to CS7017-

treated mice. Arrows indicate representative mammary epithelial cells with nuclear Ki67 

staining. (H) Bar graphs comparing the average number of HANs per whole mount in control 

and CS7017-treated mice. I, representative mammary gland whole mounts of control and 

CS7017-treated mice. Arrows indicates HANs. Magnification, x4 for whole mount in E, x10 for 

whole mount in I and x40 for IHC. * p < 0.05 mean ± SEM. Two-tailed Student’s t-test.
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The percentage of mammary epithelial cells demonstrating nuclear-localized Progesterone 

Receptor was significantly increased in CS7017-treated mice.  

Because estrogen and progesterone signaling play a role in development of mammary 

cancer in Brca1f11/f11/MMTV−Cre /p53+/− mice (49, 82, 211, 212), the percentage of mammary 

epithelial cells with nuclear-localized Erα  and PgR was compared in CS7017 treated and control 

mice (86). No difference was seen in the percentage of epithelial cells with nuclear-localized Erα 

in mammary glands of treated and untreated mice (7.6 ± 1.4% CS7017 vs. 5.4 ± 1.5% control 

group; Fig. 2A). However, CS7017-treated mammary glands showed a significant increase in the 

percentage of Pgr positive cells (56 ± 2.7% CS7017 vs.16 ± 2.5% control, p < 0.05; Student’s t-

test; Figure 2B). Relative levels of Pgr-A and Pgr-B were evaluated by western blot. No change 

in levels of Pgr-A were noted although a slight but not significant increase in Pgr-B was 

observed (1.7 ± 0.5 CS7017 vs. 1.0 ± 0.2 control; Fig. 2C). Quantitative real-time RT-PCR was 

used to evaluate if the increased percentage of mammary epithelial cells with nuclear-localized 

Pgr was correlated with increased Pgr expression and/or Pgr downstream genes, Calca, Wnt4 

and Tnfs11 (Fig. 2D-2G). No significant changes RNA levels of Pgr, Wnt4 and Tnfs11 were 

found (Fig 2D, 2F and 2G) while expression levels of Calca were significantly decreased in 

CS7017-treated mammary glands (18.4 ± 0.3 CS7017 v. 15.5 ± 0.5 control; Mann Whitney test; 

p < 0.05; Fig. 2E). 
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Figure 2. The percentage of mammary epithelial cells demonstrating nuclear-localized 

Progesterone Receptor was significantly increased in CS7017-treated Brca1f11/f11/MMTV−Cre 

/p53+/− mice.  Bar graphs comparing percentages of mammary epithelial cells demonstrating 

nuclear-localized ERα (A) and Pgr (B) in mammary glands from control and CS7017-treated 

Brca1f11/f11/MMTV−Cre /p53+/− mice. Representative IHC images shown below bar graphs. Arrows 

indicate representative positive cells. C, Western blot analysis of relative expression levels of Pgr 

A and Pgr B in mammary glands of control and CS7017-treated mice. Bar graphs comparing 

mean relative density of Pgr A and Pgr B in control and CS7017-treated mice. Representative 

lanes shown are from the same blot. D-G, Boxplots comparing relative RNA expression levels of 

Pgr (D), Calca (E), Wnt4 (F), Tnfsf11 (G) in mammary glands from control and CS7017-treated 

mice. A lower ∆(Ct) indicates a higher expression level. * p < 0.05 mean ± SEM. Mann Whitney 

Test. 
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CS7017-treatment did not reduce cancer prevalence but resulted in the appearance of more 

differentiated cancer histology  

CS7017 treatment did not change either cancer prevalence (100% CS7017 vs. 80% 

control), mean number of cancers/mouse (1.6 ± 0.3 CS7017 vs. 1.2 ± 0.3 control) or mean age 

when tumors reach 1 cm3 (10.0 ± 0.3 m CS7017 vs. 10.1 ± 0.3 m control; Table 1). However, 

while 90% of the adenocarcinomas that developed in the control group demonstrated uniform 

poorly differentiated histology; only 45% of the cancers that developed in the CS7017-treated 

group were uniformly poorly differentiated (Fisher’s exact test; p < 0.05). The appearance of 

differentiated histology (papillary cancer, carcinoma in situ, cancerization of lobules and 

squamous metaplasia) was found only in CS7017 treated mice (Table 2, Figure 3B). Of the 

differentiated histologies, only the squamous metaplasia was Erα negative (Table 2). The 

majority of the Erα positive cancers were also Pgr positive. One moderately differentiated cancer 

found in the control group expressed Pgr but not Erα (Table 1 and Fig. 3A). Overall, cancers that 

developed in the CS7017 treated mice were more likely to contain cells expressing the 

myoepithelial cells markers CK5 and p63 (Table 1 and Fig. 3A and 3B). Two patterns of 

expression were observed. In the undifferentiated cancers, p63 expression was diffusely located 

in the cancer cells, and expression in the differentiated cancers was more likely localized to cells 

peripheral to the Erα positive cancer cells. 
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Table 1. CS7017 treatment did not prevent development of cancers in 

Brca1f11/f11/p53+/−/MMTV−Cre mice.  
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Table 2. CS7017 treated Brca1f11/f11/p53+/−/MMTV−Cre mice developed more differentiated 

cancers.
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Figure 3. Differentiated cancer histologies were found only in CS7017-treated 

Brca1f11/f11/MMTV−Cre /p53+/− mice. (A) Representative hematoxylin and eosin (H&E) sections of 

undifferentiated adenocarcinoma, undifferentiated spindloid cancer, and moderately 

differentiated adenocarcinoma from control and CS7017-treated mice. (B) Representative H&E 

sections of papillary carcinoma, carcinoma in situ, cancerization of lobules, and squamous 

metaplasia found in CS7017-treated mice. Insets show representative immunohistochemistry (top 

to bottom) for Estrogen Receptor alpha (ER), Progesterone Receptor (PgR), p63 and Cytokeratin 

5. Magnification 60x. Scale bar, 25 µm. Arrows indicate representative cells with positive 

staining.  
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Levels of Akt phosphorylation were reduced in mammary gland tissue and cancers from CS7017 

treated mice.  

PPARγ agonists are reported to increase expression of PTEN (213), which could reduce 

downstream Akt phosphorylation. In mammary gland tissue, CS7017 treatment selectively 

reduced levels of threonine 308 Akt phosphorylation (0.4 ± 0.1 CS7017 vs. 1.0 ± 0.3 control, 

p<0.05) but not serine 473 phosphorylation or total Akt levels (Fig. 4A-F). In mammary cancers, 

CS7017 treatment significantly reduced levels of both threonine 308 and serine 473 

phosphorylation (0.1 ± 0.1 CS7017 vs. 1.0 ± 0.4 control and 0.04 ± 0.1 CS7017 vs. 1.0 ± 0.3 

control, respectively, Student’s t-test, p<0.05), but not total Akt levels (Fig. 4G-J). 

Immunohistochemistry revealed the same trend towards decreased serine 473 phosphorylation 

but similar total Akt expression levels (Fig. 4K,L). 
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Figure 4. Levels of Akt phosphorylation were reduced in mammary gland tissue and 

cancers from CS7017 treated Brca1f11/f11/MMTV−Cre /p53+/− mice. (A) Representative western blots 

demonstrating expression of pAkt Ser473, pAkt Thr308 and total Akt in mammary glands from 

control and CS7017-treated mice.  Mean fold changes in protein expression levels shown below 

blots.  Bar graphs of relative protein expression levels of pAkt Thr308 (B), pAkt Ser473 (C) and 

Akt (pan) (D) measured in western blots of mammary glands from control and CS7017-treated 

mice. Bar graphs summarizing IHC scores of pAkt Ser473 (E) and Akt (pan) (F) in mammary 

glands from control and CS7017-treated mice. Representative IHC images shown below graphs. 

(G) Representative western blots demonstrating expression of pAkt Ser473, pAkt Thr308 and 

total Akt in cancers from control and CS7017-treated mice.  Mean fold changes in protein 

expression levels shown under blots.  Bar graphs of relative protein expression levels of pAkt 

Thr308 (H), pAkt Ser473 (I) and Akt (pan) (J) measured in western blots of cancers from control 

and CS7017-treated mice. Bar graphs summarizing the IHC scores of pAkt Ser473 (K) and Akt 

(pan) (L) in cancers from control and CS7017-treated mice. Below graphs are representative IHC 

images from cancers of untreated and CS7017-treated. For western blots, actin is shown as 

loading control. Phosphorylated Akt protein levels were normalized to total Akt. Total Akt levels 

were normalized to actin. Representative lanes shown isolated from the same blot. IHC scores 

represented by different shades: 0 = none (white), 1 = light (light gray), 2 = intermediate (dark 

gray), 3 = intense (black). Magnification x40 for IHC. Scale bar, 10 µm (E,F,L) and 20 µm (K). 

Arrows indicate representative positive cells. * p < 0.05 mean ± SEM, two-tailed student’s t-test. 
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Levels of Cdk6 and phosphorylated Erk were reduced in cancers from CS7017 treated mice.  

Because PPARγ agonists act as cell cycle modulators (214), expression levels of cell 

cycle regulatory proteins pRb, Rb, Cyclin D1, Cyclin E, Cdk4, Cdk6 and pErk were evaluated by 

western blot and IHC to determine if they were reduced by CS7017 treatment. In mammary 

gland tissue, there were no detectable changes in expression levels of pRb, Rb, Cyclin D1, 

Cyclin E, Cdk4, Cdk6 and phosphorylated Erk (Fig. 5A-H). In cancer tissue there was no 

significant differences noted in the distribution of expression levels of pRb, Rb, Cyclin D1, 

Cyclin E and Cdk4 in the various cancers from the CS7017 treated as compared to control mice 

(Fig. 5K-M). In contrast, consistent reductions in Cdk6 and pErk were found in cancers from the 

CS7017 treated as compared to control mice by both IHC (0.6 ± 0.2 CS7017 vs. 1.5 ± 0.3 control 

and 1.3 ± 0.2 CS7017 vs. 2.4 ± 0.2 control group, respectively, Mann Whitney test; p<0.05) and 

western blot (0.4 ± 0.2 CS7017 vs. 1.0 ± 0.2 control and 0.5 ± 0.1 CS7017 vs. 1.0 ± 0.2 control, 

respectively, Student’s t-test, p<0.05) analyses (Fig. 5 N-P).  
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Figure 5. Levels of Cdk6 and phosphorylated Erk were reduced in cancers from CS7017 

treated Brca1f11/f11/MMTV−Cre /p53+/− mice. Bar graphs summarizing IHC scores of pRB (A), RB 

(B), Cyclin D1 (C), Cyclin E (D), Cdk4 (E), Cdk6 (F), pErk (G) in mammary glands from 

control and CS7017-treated mice. Representative IHC images shown below each graph. (H) 

Representative western blots of pRB, RB, Cyclin D1, Cyclin E, Cdk4, Cdk6 and pErk in 

mammary glands of control and CS7017-treated mice. Mean fold changes in protein expression 

levels (normalized to actin) shown below blots. Bar graphs summarizing the IHC scores of pRB 

(I), RB (J), Cyclin D1 (K), Cyclin E (L), Cdk4 (M), Cdk6 (N), pErk (O) in cancers from control 

untreated and CS7017-treated mice. Representative IHC images shown below each graph. (P) 

Representative western blots of pRB, RB, Cyclin D1, Cyclin E, Cdk4, Cdk6 and pErk in cancers 

from control and CS7017-treated mice. Mean fold changes in protein expression levels 

(normalized to actin) shown below blots. For western blots, actin is shown as loading control. 

Representative bands are taken from different lanes of the same blot. IHC scores represented by 

different shades: 0 = none (white), 1 = light (light gray), 2 = intermediate (dark gray), 3 = intense 

(black). Magnification x40 for IHC. Scale bar, 10 µm (A-G) and 20 µm (I-0), Arrows indicate 

representative positive cells. * p < 0.05 mean ± SEM. Mann Whitney test for IHC, Student’s t-

test for western blot. 
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Discussion 

This study investigated the impact of an intervention treatment with the PPARgamma 

agonist CS7017 on mammary gland preneoplasia and cancer development in a well-

characterized mouse model of BRCA1 mutation related breast cancer (49, 82, 206, 211, 215). 

Although the impact of PPARγ agonists (rosiglitazone, troglitazone, and GW7845) as preventive 

agents has been previously investigated in mouse models of breast cancer (95, 216–218), this 

investigation uniquely tested the role of a highly potent and specific PPARγ agonist, CS7017, as 

a chemopreventive in the setting of mammary cancer initiated by loss of Brca1 function. 

Some of the findings in the study were consistent with previous information on the 

impact of PPARγ agonists. For example, CS7017 treatment upregulated PgR in the mammary 

gland, but PgR downstream signaling was not increased; instead one potential target gene was 

down-regulated.  These results are consistent with a previous study in which the PPARγ agonist 

rosiglitazone was reported to inhibit PR-B activity (219). The lack of change in ERα is also 

consistent with results seen with rosiglitazone in breast cancer cell lines, although other TZDs 

have enhanced ERα degradation (220). The decrease in cell proliferation measured in mammary 

tissue and decreased Cdk6 and phosphorylated Erk in cancer tissue is consistent with other 

studies that found growth inhibition in tumor cells and nontransformed cells by PPARγ agonists 

(214, 221, 222). Although no change in cell cycle proteins were noted in the mammary gland, 

perhaps cyclin dependent kinase inhibitors (CDKI) were upregulated as seen in other studies to 

reduce cell proliferation in the mammary gland (199, 223). 

Increased Akt phosphorylation is correlated with loss of Brca1 function in human breast 

cancers and primary mouse embryonic fibroblasts (224, 225). The decreases in levels of 
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phosphorylated Akt, in mammary tissue and cancer shown here were consistent with previous 

publications where the rosiglitazone treatment is correlated with decreased levels of 

phosphorylated Akt in MCF-7 cells (226). Additionally, when PPARγ activity is inhibited in a 

transgenic mouse model, an increase in Erk and Akt activation is seen (227). PPARγ agonists are 

reported to increase expression of PTEN (213), which could in turn reduce levels of Akt 

phosphorylation.  

In this study, PPARγ showed a different impact on preneoplasia as compared to cancer. 

Although preneoplasia was significantly reduced with CS7017 treatment, the incidence and age 

at tumor development was not altered. There are a few possible explanations for this observation. 

In this study, CS7017 was introduced as an intervention treatment in mice aged to 4 months of 

age. Perhaps either cancer stem cells (228) or subclinical cancers were already established by 

that age and CS7017 was not sufficiently potent to alter their growth. In contrast, CS7017 may 

have been able to reduce growth of cells contributing to hyperplasia because these cells still 

maintained responsiveness to the drug. One possible experiment that could help determine if this 

were the case would be to perform a similar experiment but initiate treatment at an age before 

subclinical cancers form. Administration of a drug at different ages can impact the biological 

drug response. In MMTV-Aromatase mice, a difference in response of drug treatment with age is 

seen in a study of CYP1B1 inhibitor, TMS, where it acted to reduce ductal structures in mice of 

6 months of age, but in older mice it acted as an estrogen agonist stimulating ductal growth 

(229). To discriminate between these two possibilities, the experiment could be repeated but 

starting CS7017 treatment at a time when invasive cancers are already developed and an impact 

on differentiation can be directly tested. Previously, PPARγ agonists have been able to induce 
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differentiation in invasive cancer cells. Troglitazone induced lipid accumulation and changes in 

gene expression towards a more differentiated state in breast cancer cell lines (93). In a clinical 

trial of patients with advanced liposarcoma, troglitazone was shown to induce differentiation in 

vivo, indicating that troglizatone was able to induce terminal adipocytic differentiation of cancer 

cells (230). Another possibility is that the dose administered was insufficient to have an 

antitumor effect. The dosage used in this experiment was recommended by the manufacturer 

based on the maximum dose for its toxicity profile.  

Although cancers developed, CS7017 treatment resulted in the appearance of more 

differentiated cancers with hormone receptor expression. It is not known if this is the result of an 

impact on the function of a possible cancer stem cell population versus an impact on 

proliferating cancer cells to promote their differentiation. BRCA1 expression is required for ER- 

stem cells to differentiate into ER+ luminal cells in in vitro and mouse model studies (231). In 

primary breast epithelial cells, knockdown of BRCA1 lead to an increase in ALDH1, a stem cell 

marker and a decrease in ER expression (232). Here CS7017 induced differentiation that was 

associated with ER expression. One can speculate that CS7017 administration and activation of 

PPARγ may have partially compensated for the loss of Brca1 in the differentiation pathway. This 

could be further examined by comparisons of gene expression patterns in the absence and 

presence of CS7017. 

Whether or not the hormone receptors expressed in the cancers were functional and either 

support hormone induced growth or would represent targets for anti-hormonal therapy is not 

known. The higher levels of PgR expressed in the mammary glands of the CS7017 treated mice 

was not correlated with increased gene expression of PgR target genes so it would be necessary 



 

92 
 

to test function of these hormone receptors in the cancer tissue before making any assumptions 

about their role in cancer growth or differentiation. 

In conclusion, the PPARγ agonist CS7017 significantly modified cancer development in 

Brca1f11/f11/MMTV−Cre /p53+/− mice. The most significant finding was the fact that a PPARγ agonist 

could shift cancer histology from a triple negative type of presentation towards a differentiated 

hormone receptor positive histology.  
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IV. CHARACTERIZATION OF PRIMARY MAMMARY EPITHELIAL CELLS WITH LOSS OF 

BRCA1 AT A SINGLE CELL LEVEL 
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Abstract 

 

Rational: Decreased expression levels of BRCA1 have been linked to increased cell 

proliferation in immortalized human mammary epithelial cells, both malignant and non-

malignant. To determine if this phenotype is recapitulated in the normal-appearing mammary 

epithelial cells from genetically engineered mouse models of BRCA1 deficiency, single cell 

tracking was performed on primary mammary epithelial cell cultures from three different models 

Brca1f11/f11/MMTV−Cre, Brca1f11/f11/MMTV−Cre/p53+/- and Brca1f11/f11/MMTV−Cre/p53+/−/Tet-op-ER/MMTV-rtTA mice 

and compared to that measured in wild-type mice.  Three distinct genetic models were tested to 

evaluate the role of p53 haploinsufficiency and the combination of p53 haploinsufficiency in the 

background of exposure to ERα over-expression to altered cell proliferation.  Moreover, because 

the different models show different rates of mammary cancer generation at 12 months of age 

(<5% for Brca1f11/f11/MMTV−Cre mice and >90% for Brca1f11/f11/MMTV−Cre/p53+/- and 

Brca1f11/f11/MMTV−Cre/p53+/−/Tet-op-ER/MMTV-rtTA mice), the data can be used to determine if there is a 

direct correlation with rates of proliferation in normal appearing cells and risk of cancer 

generation. Methods: Single cell tracking is a digital imaging technique linked to tracking 

software that, for this study, was used to measure rates of mammary epithelial cell proliferation 

in primary cell cultures derived from the three different mouse models. Rates of cell proliferation 

were as compared to wild-type mice. Primary mammary epithelial cell (PMEC) cultures were 

generated from 10 to 12 month old wild-type, Brca1f11/f11/MMTV−Cre, Brca1f11/f11/MMTV−Cre/p53+/- and 

Brca1f11/f11/MMTV−Cre/p53+/−/Tet-op-ER/MMTV-rtTA mice without palpable tumor and time-lapse imaging 

performed immediately after plating. At least 16 fields in a 4x4 square area of the culture were 
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imaged every 5-15 min for 5 to 7 days. Timm’s Tracking Tool software (http://www.helmholtz-

muenchen.de/isf/haematopoese/software-download/index.html) was used to measure the duration 

of individual cell lifetimes (time between cell divisions) in primary cells from each of the three 

different models over four generations. Additional endpoints included the number of cell 

colonies that formed 24 hours after plating the cells, rates of apoptosis, number of asymmetric 

divisions, and percentage of dividing cells. 

Results: Mean cell lifetimes in generations 1-4 were significantly shorter in primary mammary 

epithelial cell cultures from Brca1f11/f11/MMTV−Cre and Brca1f11/f11/MMTV−Cre/p53+/− mice as compared 

to Brca1f11/f11/MMTV−Cre/p53+/−/Tet-op-ER/MMTV-rtTA and wild-type mice. A higher percentage of dividing 

cells were found in cultures from Brca1f11/f11/MMTV−Cre, Brca1f11/f11/MMTV−Cre/p53+/− and 

Brca1f11/f11/MMTV−Cre/p53+/−/Tet-op-ER/MMTV-rtTA mice as compared to wild-type mice. 

Brca1f11/f11/MMTV−Cre/p53+/−/Tet-op-ER/MMTV-rtTA mice showed the highest level of colony formation and 

lowest numbers of apoptotic cells. Brca1f11/f11/MMTV−Cre/p53+/− mice showed the lowest level of 

colony formation and highest number of apoptotic cells. There was no difference in the 

frequency of assymetric divisions between genotypes.  

Summary: Loss of Brca1 by itself was sufficient to decrease cell lifetime however this was 

modifiable by exposure to ERα overexpression. There was no direct correlation between 

decreased cell lifetimes and propensity for cancer development. An inverse relationship between 

colony formation and numbers of apoptotic cells was found. In summary, genotype-specific 

differences in primary mammary epithelial cell behavior were revealed by single cell tracking. 
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Introduction 

Significant risk factors for the later development of breast cancer include loss of BRCA1 

function, loss of p53 function and abnormal estrogen pathway signaling in mammary epithelial 

cells (MECs). Loss of BRCA1 and p53 function are found in a significant proportion of sporadic 

human breast cancers and are defined familial genetic risk factors.(233, 234) In sporadic breast 

cancer, BRCA1 is hypermethylated, and associated with decreased expression and haplo-

insufficiency (42–44, 235–240). Loss of p53 function through mutation or deactivation is found 

in approximately 50% of human breast cancers (233, 241–243). Finally, aberrations in estrogen 

signaling contributes to the cascade of molecular events inherent to breast carcinogenesis (18, 

244). Approximately two-thirds of human breast cancers express ERα and anti-estrogen agents 

such as tamoxifen, other SERMs and aromatase inhibitors are critical components of current 

therapies (245). Human preneoplastic breast lesions demonstrate altered expression of ERα with 

evidence of both increased expression levels and absence of normal regulation (246–257). There 

is evidence that regulation of ERα expression changes as MECs progress to cancer. In normal 

breast, ERα expressing cells do not proliferate and are largely negative for proliferation markers 

(258). In normal MECs, ERα expression is down regulated after estrogen exposure (259). 

However, in breast preneoplasia there is an increase in the percentage of ERα and proliferation 

marker positive cells (247). 

Loss of BRCA1 is linked to increased rates of cell proliferation. In mammary epithelial 

cells, reduction of BRCA1 enhanced proliferation but downregulated differentiation (260).  In 

breast cancer cell lines, BRCA1 knock down resulted in increased proliferation, cell migration 

and invasion, which was linked to upregulation of survivin (261). BRCA1 and RHAMM regulate 
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epithelial cell polarization through regulation of cytoskeletal reorganization (262). In primary 

mammary epithelial cells from BRCA1 mutation carriers had an increased ability for clonal 

growth (263). 

Genetically engineered mouse models are critical tools to study and understand breast 

cancer development. Studies in mouse models of human breast cancer have shown that the 

combination of three factors, loss of Brca1 function, compromised p53 function and deregulated 

ERα expression, results in the development of mammary cancer in >90% of mice by 12 months 

of age (264). Brca1f11/f11/MMTV−Cre/p53+/- mice also show development of cancer in >80% of mice 

by 12 months of age. In contrast, less than 5% of Brca1f11/f11/MMTV−Cre mice develop cancer by 12 

months of age. Mouse models of breast cancer carrying a different number of genetic changes 

show different rates of mammary cancer generation by 12 months of age. 

All of these mouse models previously have been shown to demonstrate impaired 

mammary epithelial cell differentiation (264). Similarly, a recent study in human mammary 

epithelial cells carrying BRCA1 mutations demonstrated that loss of BRCA1 function resulted in 

impaired differentiation in a 3-D culture system (263). Significantly, the 

Brca1f11/f11/p53+/−/MMTV−Cre mouse model develops predominantly triple negative mammary 

cancers that lack expression of ERα, Progesterone Receptor (PR), and ErbB2 similar to what is 

found in humans (265). In contrast, Brca1f11/f11/p53+/−/MMTV−Cre/Tet-op-ER/MMTV-rtTA
α mice develop both 

ERα positive and negative cancers.  

Single cell tracking is a digital imaging technique linked to tracking software that can 

determine the fate of one single cell (266). Single cell tracking has been successfully used to 

track the fates of normal hematopoietic stem cells (267, 268). Cell fate maps are generated by 
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single cell tracking that follow how a single cell generates daughter cells and measures cell 

lifetime durations. The fate maps show the different combinations of cell division and apoptosis 

that could be followed to generate the daughter cells. Tracking maps can be further annotated to 

follow cell senescence, motility, aggregation, the presence or absence of normal and abnormal 

mitoses and the presence or absence of invadopodia. After capturing a continuous video of the 

primary cell culture over 7 days, the individual behavior of the cells can be quantified using 

Timm’s Tracking Tool software (266).  

Single cell tracking follows cell behavior in a 2-D culture system. The 3-D systems in 

which mammary epithelial cells are cultured in Matrigel to form mammospheres are a well 

established alternative system that is frequently used to study differentiation and stem cell 

behavior (263, 269–271). By using a 2-D system, the imaging system and software can 

unequivocally follow single cell behavior, a feat that has not yet been accomplished in a 3-D 

mammary system. Single cell tracking is comparable to some of the 2-D culture systems 

currently being investigated for their utility in assessing the sensitivity of primary cancer cells to 

specific chemotherapeutic agents (272–278). These 2-D systems used to individualize cancer 

therapies are being marketed by commercial industries (274). 

In the Schroeder lab, single cell tracking has been used to track the fates of normal 

hematopoietic stem cells. Continuous long-term single cell tracking, mouse mesodermal cells 

were observed generating endothelial and blood colonies and haemogenic endothelial cells 

giving rise to blood cells (279). Also, single cell tracking was used to study the cyokine 

regulation of hematopoietic progenitor cells (102, 280). Single cell tracking has been used to 
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study progenitor cells from the cerebral cortex, which demonstrate that Pax6 deficient progenitor 

cells generate daughter cells with asymmetric division more frequently (281). 

In this study, this novel technique was used to determine if loss of Brca1 by itself was 

sufficient to alter cell lifetime duration, and whether rates of mammary epithelial cell 

proliferation in primary cells in vitro was correlated with propensity to develop mammary 

cancer. 
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Methods 

Mouse model studies 

Ten- to 12-month-old Brca1f11/f11/MMTV−Cre (n=4), Brca1f11/f11/ MMTV−Cre/ p53+/−,(58) (n=3),  

Brca1f11/f11/p53+/−/MMTV−Cre/Tet-op/-ER/MMTV-rtTA,(264) (n=3) and wild-type (n=3) mice without 

palpable tumors were used for the studies of primary mammary epithelial cell behavior. All mice 

were maintained on a C57Bl/6 genetic background. The presence of the floxed Brca1 alleles, the 

absence of wild-type Brca1 alleles and the presence of MMTV-Cre, MMTV-rtTA, or tet-op-ER 

transgenes in the genetically engineered mice were determined using DNA isolated from tail 

samples (Transnetyx, Cordova, TN). Mice were aged to 10-12 months of age. At the time of 

necropsy, both number four (inguinal) mammary glands were taken for primary mammary 

culture. Number two (thoracic) mammary glands were taken for whole mount, formalin fixed 

histology, or snap-frozen in liquid nitrogen and stored at -80°C. Animal procedures were 

performed in accordance with federal guidelines and approved by the Georgetown University 

Institutional Animal Care and Use Committee. 

 

Generation of primary mammary epithelial cell (MEC) cultures 

Primary MEC cultures were prepared using Epicult-B Medium for mouse mammary 

epithelial cell culture (StemCell Technologies, Vancouver, BC, Canada). Preparation of media, 

dissociation of mammary tissue and generation of single cell suspension were performed 

following manufacturers’ instructions. Primary epithelial cells were plated in a 6 well plate for 

imaging in a 37°C CO2 incubator at a density of 1.5 x 105 cells per well. An identical control 6 

well plate was kept in a standard 37°C CO2 incubator. 
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Image acquisition, file conversion and single-cell tracking 

Primary MEC cultures were continuously imaged at 5-15 minute intervals for 5-7 days. 

The video was imaged using the Nikon TE300 live imaging workstation (Nikon, Tokyo, Japan) 

and the accompanying software, Volocity 3D Image Analysis software (PerkinElmer, Waltham, 

MA). An overlapping block of at least 4 x 4 frames (at least 16 frames per mouse) were imaged 

every 5-15 min. The Velocity image files were converted into JPEG image files and renamed 

according to Timm’s Tracking Tool requirements.  

Timm’s Tracking Tool (TTT) tracking software (developed and provided by Timm 

Schroeder, PhD, http://www.helmholtz-muenchen.de/isf/haematopoese/software-

download/index.html) was used to track individual mammary epithelial cells. Converted and 

renamed image files from each experiment were loaded into TTT software. Cells were tracked 

through the time lapse images and marked for cell division, cell death, or if a cell was lost. 

Timm’s Tracking Tool (TTT) was used to quantify the cell fate outcomes, cell lifetime, 

apoptosis, and colony formation. Asymmetric division was defined as two daughter cells with 

different cell fate outcomes. Epithelial and stromal cells were identified by cell morphology. 

Statistically significant differences were evaluated using GraphPad Prism version 4.03 for 

Windows (GraphPad Software, San Diego, CA).  Significance was assigned at p ≤ 0.05. Two-

tailed Student’s t tests were used to compare cell lifetime and number of colonies. 
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Results 

Cell fate trees were generated for each genotype and no significant difference in asymmetrical 

division was observed between mammary epithelial cells from Brca1f11/f11/MMTV−Cre, 

Brca1f11/f11/MMTV−Cre/p53+/- and Brca1f11/f11/p53+/−/MMTV−Cre/Tet-op-ER/MMTV-rtTA as compared to wild-type 

mice. 

 Single mammary epithelial cells were tracked using Timm’s Tracking Tool software. 

Each single cell and its progeny were tracked by following the time lapse images and tracking 

movement, cell division, cell death or until a cell was lost (Fig. 1A-F). A cell fate map was 

created for each single cell, its daughter cells and all progeny that maps out the cell division 

patterns over time (Fig. 2A-D). A total of 66 cells were tracked for wild-type, 100 for 

Brca1f11/f11/MMTV−Cre, 44 for Brca1f11/f11/MMTV−Cre/p53+/- and 52 for Brca1f11/f11/p53+/−/MMTV−Cre/Tet-op-

ER/MMTV-rtTA and wild type mice. Division patterns were analyzed, and the number of asymmetric 

divisions in each genotype counted (Fig. 2A-D). Examples of asymmetric division are shown in 

Fig. 2B-D. No significant difference in asymmetric division was seen between the different 

genotypes.  
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Figure 1. Methods for single cell tracking. First a movie is created by taking a picture every 5-

10 min for 5-7 days (Fig. 1A). Then the picture files are renamed, formatted, and uploaded into 

TTT program (Fig. 1B). Cells are tracked manually by following each cell using the cursor (Fig. 

1C), and cell division, cell death and lost cells are marked by using the TTT program (Fig. 1D). 

Cell fates are mapped automatically by the TTT program in the cell editor window (Fig. 1E), and 

then quantification of the variables can be completed using the statistics tool (Fig. 1F).
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Figure 2. No significant difference in asymmetrical division patterns between in primary 

mammary epithelial cells derived from Brca1f11/f11/MMTV−Cre, Brca1f11/f11/MMTV−Cre/p53+/- and 

Brca1f11/f11/MMTV−Cre/ p53+/−/Tet-op-ER/MMTV-rtTA and wild-type mice. Representative cell fate maps 

shown: wild-type (Fig. 2A), Brca1f11/f11/MMTV−Cre (Fig. 2B), Brca1f11/f11/MMTV−Cre/p53+/- (Fig. 2C), 

and Brca1f11/f11/MMTV−Cre/ p53+/−/Tet-op-ER/MMTV-rtTA (Fig. 2D). Each circle represents a cell; a “?” 

represents a lost cell; an “X” represents a cell death; each horizontal line is an interval of 12 

hours.  

 

At 24 hours after plating, more colonies per frame were formed in primary mammary epithelial 

cells derived from Brca1f11/f11/MMTV−Cre/ p53+/−/Tet-op-ER/MMTV-rtTA mice and fewer colonies/frame in 

primary mammary epithelial cells were derived from Brca1f11/f11/MMTV−Cre/p53+/- as compared to 

wild-type mice.  

 The number of colonies in each frame in primary mammary epithelial cell cultures from 

wild-type, Brca1f11/f11/MMTV−Cre, Brca1f11/f11/MMTV−Cre/p53+/- and Brca1f11/f11/MMTV−Cre/ p53+/−/Tet-op-

ER/MMTV-rtTA mice were counted 24 hours after plating. The mean number of colonies per frame 

was significantly higher in primary mammary epithelial cell cultures derived from 

Brca1f11/f11/MMTV−Cre/ p53+/−/Tet-op-ER/MMTV-rtTA mice (2.9 ± 0.5) as compared to wild-type mice (1.2 ± 

0.2) and significantly lower in primary epithelial cell cultures from Brca1f11/f11/MMTV−Cre/p53+/ (0.4 

± 0.1) (Fig. 3). The number of colonies for Brca1f11/f11/MMTV−Cre mice is 0.8 ± 0.1.  Representative 

images of cultures from the different genotypes at days 0, 2, and 4 following plating are shown 

in Figure 4. 
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Figure 3. Colony formation was highest in primary mammary epithelial cells from 

Brca1f11/f11/p53+/−/MMTV−Cre/Tet-op-ER/MMTV-rtTA mice and lowest in primary mammary epithelial 

cells derived from Brca1f11/f11/MMTV−Cre/p53+/- mice. Bar Graphs compare the mean number of 

colonies/frame present 24 hours after cell plating. * p < 0.05, two-tailed Student’s t-test. 
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Figure 4. Representative images of primary cell cultures at day 0 (after plating and start of 

imaging), day 2 and day 4. Photos are taken at 10x magnification. Arrows indicate 

representative cell colonies.
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The number of apoptotic cells were highest in Brca1f11/f11/MMTV−Cre/p53+/- mice and lowest in 

Brca1f11/f11/p53+/−/MMTV−Cre/Tet-op-ER/MMTV-rtTA mice.  

 Apoptosis was identified by cell morphology and tracked for quantification using TTT. 

Total numbers of apoptotic cells in each genotype were determined (Table 1). Wild-type and 

Brca1f11/f11/MMTV−Cre mice showed comparable levels, Brca1f11/f11/MMTV−Cre/p53+/- mice showed 

highest numbers and Brca1f11/f11/p53+/−/MMTV−Cre/Tet-op-ER/MMTV-rtTA mice showed the lowest numbers. 

 

 

Table 1. Number of apoptotic cells identified in primary mammary epithelial cell cultures 

from different genotypes. 
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Mean cell lifetimes (time between cell division) were significantly shorter in primary mammary 

epithelial cells from Brca1f11/f11/MMTV−Cre and Brca1f11/f11/ MMTV−Cre/p53+/− mice as compared to 

those derived from Brca1f11/f11/ MMTV−Cre/p53+/−/Tet-op-ER/MMTV-rtTA or wild-type mice. 

The mean cell lifetime or time between cell division was quantified using Timm’s 

Tracking Tool software for each genotype in generations 1-4. Generation 0 was excluded to the 

large variation found due to variability in time due first division following cell plating. Mean cell 

lifetimes was significantly shorter in primary mammary epithelial cells from Brca1f11/f11/MMTV−Cre 

(16.5 ± 1.0 hours) and Brca1f11/f11/p53+/−/MMTV−Cre mice (16.3 ± 1.2 hours) compared to cells from 

Brca1f11/f11/p53+/−/MMTV−Cre/Tet-op-ER/MMTV-rtTA (19.3 ± 2.1 hours) and wild-type mice (22.3 ± 1.6 

hours) (Fig. 5). 
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Figure 5. Mean cell lifetimes (time between cell division) were significantly shorter in 

primary mammary epithelial cells from Brca1f11/f11/MMTV−Cre and Brca1f11/f11/ MMTV−Cre/p53+/- 

mice as compared to those derived from Brca1f11/f11/ MMTV−Cre/p53+/−/Tet-op-ER/MMTV-rtTA or wild-

type mice. Bar graphs illustrating mean cell lifetimes in hours in primary cell cultures from wild-

type, Brca1f11/f11/MMTV−Cre, Brca1f11/f11/ MMTV−Cre/p53+/− and Brca1f11/f11/ MMTV−Cre/p53+/−/Tet-op-ER/MMTV-

rtTA mice. * p < 0.05, two-tailed Student’s t-test.
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Primary mammary epithelial cells with Brca1 loss demonstrated a higher percentage of dividing 

cells than wild-type cells.  

 The percentage of dividing cells was calculated using Timm’s Tracking Tool software. 

This analysis included all generations of cells and excluded cells that had never divided. When 

plotted versus time, the time at which 50 percent of cells are dividing occurs the earliest in the 

Brca1f11/f11/MMTV−Cre/p53+/- (55 hours), then Brca1f11/f11/MMTV−Cre (66 hours), Brca1f11/f11/ 

MMTV−Cre/p53+/−/Tet-op-ER/MMTV-rtTA (70 hours), and finally wild-type (75 hours) (Fig. 6).  
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Figure 6. Primary mammary epithelial cells with loss of Brca1 enter into cell division faster 

than wild-type cells. Graph of the percentage of dividing cells vs. time (hours) for each of the 

four genotypes. Cells included in this calculation were from all generations and had divided at 

least once. Line indicates time at which 50% of the cells are dividing.   
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Discussion 

This is the first time that single cell tracking has been used to compare cell behavior of 

nontransformed primary mammary epithelial cells with different genetic risk factors. A previous 

study correlated human primary mammary epithelial cells from BRCA1 mutation carriers with 

an increase in clonal growth and proliferation in a 3-D culture (263). This investigation directly 

compares primary mammary epithelial cells at a single cell level with different genetic mutations 

in combination with loss of Brca1.    

Here we test for the first time if primary mammary epithelial cells can be cultured and 

tracked using TTT software. Single cell tracking revealed that each genotype showed a unique 

set of behaviors.  

Previous studies correlate loss of BRCA1 in primary human mammary epithelial cell 

cultures with increased colony formation in 3-D culture. This was found only in the Brca1f11/f11/ 

MMTV−Cre/p53+/−/Tet-op-ER/MMTV-rtTA mice in this study. It is possible that this model more closely 

resembles the genetics of human mammary epithelial cells due to its higher levels of ERα 

expression. Also, in this study we used media containing growth factors and phenol red, which is 

reported to have estrogenic activity and this could have enhanced the colony formation in the 

cells from Brca1f11/f11/ MMTV−Cre/p53+/−/Tet-op-ER/MMTV-rtTA. In further studies a defined media with 

specific activators and inhibitors could be tested. 

In this study colony formation was inversely correlated with numbers of observed 

apoptotic cells. The genotype with the lowest numbers of apoptotic cells was the genotype with 

the highest frequency of colony formation (Brca1f11/f11/ MMTV−Cre/p53+/−/Tet-op-ER/MMTV-rtTA) and the 

genotype with the highest numbers of apoptotic cells showed the lowest frequency of colony 
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formation (Brca1f11/f11/MMTV−Cre/p53+/-). Overexpression of ERα has been correlated with increased 

cell survival in breast cancer cell lines previously (282). p53 haploinsufficiency has previously 

been correlated with increased genetic mutation rates in mouse models (283) and it is possible 

this could contribute to the increased numbers of apoptotic cells in cells from 

Brca1f11/f11/MMTV−Cre/p53+/- mice.  

Primary mammary epithelial cells from Brca1f11/f11/MMTV−Cre/p53+/- mice demonstrated the 

shortest cell lifetimes and highest percentage of dividing cells compared to all other genotypes. 

This could be due to loss or reduced expression of two cell cycle regulatory proteins in these 

mice: Brca1 and p53 (284, 285). 

In conclusion, this study demonstrates the feasibility of single cell tracking of primary 

mammary epithelial cells to detect differences in cell behavior in different genetic models of 

breast cancer development.  
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V. SUMMARY AND FUTURE DIRECTION 
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Summary 

Increased estrogen signaling (or ERα overexpression) and mutations in the BRCA1 gene 

are significant risk factors for breast cancer. Here we show the impact of these risk factors for 

breast cancer on mammary gland development and carcinogenesis in combination with each 

other and in combination with other genetic risk factors, AIB1, AIB1Δ3, and p53. Also, the 

impact of a PPARγ agonist on breast cancer risk in the context of loss of BRCA1 and p53 

haploinsufficiency as risk factors. These risk factors for breast cancer were investigated using 

two techniques, mouse models and primary cell culture.  

 AIB1Δ3 was more potent than AIB1 in inducing mammary pathological changes and 

gene expression changes when exposed to estrogen and progesterone and this was additionally 

enhanced with the overexpression of ERα was combined. When AIB1Δ3 was combined with 

ERα overexpression, significant changes in the mammary gland were noted including an 

increase in stromal collagen. Also, ovariectomized and 17β-estradiol/progesterone treated 

AIB1Δ3/CERM mice demonstrated significant increase in collagen content and an increase in 

multi-layered epithelial structures. This was correlated with enhanced progesterone signaling in 

the AIB1Δ3/CERM mice and an increase in Cyclin D1 and c-Myc in mammary hyperplasias. In 

a recent study, AIB1Δ3 was shown to be more potent due to lack of expression of its N-terminal 

domain which acts as an inhibitory domain in the full-length protein (38). 

 Significantly the study demonstrates that overexpression of AIB1Δ3 in mammary 

epithelial cells can increase mammary gland collagen content which is produced by stromal 

fibroblasts. A change in epithelial cell gene expression was linked to a change in behavior of 

another cell, stromal fibroblasts. Recently, mice heterozygous for AIB1 were found to have 
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defective wound healing that is likely due to an altered endothelial cell response and affected the 

fibroblast growth factors (FGF) signaling pathway. Additionally, reduced epithelial proliferation 

was observed in this model and could have indirectly affected the stromal cell function (33). 

Another study linked stromal factors as modulators of ER activity that contribute to tamoxifen 

resistance (286), further investigating the link between epithelial and stromal cells. These studies 

point to the significance of using mouse models of breast cancer to observe epithelial and 

stromal cell interaction in the setting of in vivo mammary gland development and cancer 

progression. 

 The progesterone pathway was a determinant of observed pathology of the mammary 

hyperplasia (multi-layer structures) in the AIB1Δ3 mice as it was only seen with treatment of 

estrogen/progesterone treatment and not estrogen alone. AIB1∆3 has an increased ability to 

promote PgR signaling over AIB1 that possibly contributed to the increase in HAN development 

observed. Consistent with this, in the CS7017 study, PgR signaling was blocked and dense 

lobular growth and HANs were significantly reduced in the CS7017-treated 

Brca1f11/f11/p53+/−/MMTV−Cre mice. In a mouse model of aromatase overexpression, the PgR 

antagonist, mifepristone, caused the reduction of the ductal tree, and significantly reduced HANs 

and ductal hyperplasia. The impact of mifepristone in this model was greater than the effect of 

ICI 182,780, an estrogen receptor antagonist (287). Inhibition of progesterone signaling could be 

an effective target for breast cancer prevention. 

 CS7017, a PPARgamma agonist, significantly changed the mammary gland and cancer 

characteristics in Brca1f11/f11/MMTV−Cre/p53+/- mice. ERα, PgR and HER2 status are important 

predictors of outcome and dictate physician treatment decisions. Investigating these factors in 
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mouse models is clinically relevant. Triple negative breast cancer lack expression of ERα, PgR 

and HER2, making them aggressive and difficult to treat. Triple negative cancers are correlated 

with a lower recurrence free survival (66%) than ERα and PgR positive breast cancers (87%) 

(288). More than 75% of women who have a BRCA1 mutation have a triple negative phenotype 

(289). Mouse models of Brca1 mutation can be used to study triple negative breast cancer (56). 

There is contradicting data about AIB1 overexpression and its correlation with ERα status. Some 

studies have correlated AIB1 overexpression with ERα positivity (114) while others found no 

correlation (29). Here we observed that the mice with overexpression of AIB1 and ERα 

developed ERα/PgR negative tumors and mice with AIB1Δ3 and ERα overexpression developed 

both ERα/PgR negative and ERα/PgR positive tumors. In women, AIB1 overexpression is found 

in both ERα positive and negative tumors. With CS7017 intervention, Brca1f11/f11/MMTV−Cre/p53+/- 

mice developed hormone receptor positive cancers.  This is significant because this the 

pathology of these aggressive cancers to a more differentiated phenotype with an increase in 

hormone positivity. When investigated at a single cell level in precancerous cells, ERα 

expression acted to enhance survival. 

 Here we also investigated the cell cycle and expression of cell cycle proteins in these 

models. CERM, AIB1, CERM/AIB1, AIB1∆3 and AIB1∆3/CERM mice had increased levels of 

cyclin D1 and protein expression of cyclin D1 was localized to hyperplasias in the mammary 

gland, and all tumors that developed in the AIB1/CERM and AIB1∆3/CERM mice were cyclin 

D1 positive.  In Brca1f11/f11/MMTV−Cre/p53+/- mice, CS7017 reduced Cdk6 and phospho-Erk in 

tumors. No changes in cell cycle protein expression were noted in the mammary glands of 

CS7017-treated Brca1f11/f11/MMTV−Cre/p53+/- mice. Significantly, we showed that a PPARγ agnoist 
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was able to change the levels of a cell cycle protein; however, this change was not significant 

enough to prevent cancer development in this model.  CS7017 was able to reduce 

phosphorylated Akt levels in the mammary gland and cancers however this was not able to 

prevent the cancers from developing either. 

 Genetic risk factors, loss of Brca1, loss of p53 and ERα over-expression, were evaluated 

in combination at a single cell level to determine how these risk factors alter epithelial cell 

behavior before development into cancer. This was the first time single cell tracking has been 

used in this context. This study revealed that each combination had different behaviors. Primary 

epithelial cells from mice with all three genetic aberrations (Brca1f11/f11/MMTV−Cre/p53+/-/Tet-op-

ER/MMTV-rtTA mice) had a cell lifetime similar to wild-type, less apoptotic cells, and increased 

colony formation. Primary epithelial cells from mice with two genetic risk factors Brca1 and p53 

(Brca1f11/f11/MMTV−Cre/p53+/- mice) had a shortened cell lifetime, more apoptotic cells and no change 

in colony formation compared to wild-type cells. In cells from Brca1f11/f11/MMTV−Cre mice had less 

colony formation, and no change in apoptosis, but a shorter cell lifetime. Primary mammary 

epithelial cells from all genotypes with loss of Brca1 had a higher percentage of dividing cells 

earlier than wild-type cells. This study demonstrates the value of single cell tracking to elucidate 

individual cell behavior. 
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Future Direction 

 The mouse model of mammary cancer due to Brca1 loss could be used to investigate 

other preventive therapies for women who have inherited BRCA1 mutations. In the case of 

CS7017, investigating the use of CS7017 before puberty in this mouse model might prevent 

cancer development by changing the differentiation of stem cells before they are able develop 

changes necessary for cancer development.  Prepubertal genistein exposure was shown to change 

mammary cancer risk (290). Also, previous studies show that diet changes in utero effect breast 

cancer risk (291). Exposure to CS7017 in utero would clearly define if the drug is able to 

influence cancer stem cells in a setting of Brca1 loss. Also, the question remains if CS7017 

would be able to change the differentiation status and hormone receptor status of tumors due to 

Brca1 loss or if the effect noted was due to the long exposure to the drug starting at 4 months of 

age before cancer development.  It would be interesting to expose the mice to CS7017 once 

tumors have formed to determine if there are any changes in cancer growth, hormone receptor 

status and histological differentiation status. Another provocative study would be to determine if 

the cancers that developed on CS7017 would be more responsive to tamoxifen treatment than 

cancers that developed without CS7017. In this model, tamoxifen has been shown to act as an 

antagonist (82), but it is possible that CS7017 could change this since it modulated the hormone 

status of the tumors.  

 The role of AIB1 and AIB1Δ3 in signaling from epithelial to stromal cells should be 

further investigated. Recently, the influence of AIB1 on wound healing and angiogenesis in 

endothelial cells was investigated, suggesting that AIB1 has a significant role in stromal function 
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(33). To investigate the cross-talk between epithelial cells and stromal cells, further studies could 

be done. If AIB1 has a role in stromal function, it is possible that AIB1Δ3 could play a 

significant role as well. AIB1 and AIB1Δ3 could be overexpressed in cancer associated 

fibroblast cells and co-cultured with epithelial cells with AIB1 intact, loss of one copy of AIB1 

and loss of both copies of AIB1. It would be interesting to see if overexpression of AIB1 or 

AIB1Δ3 in fibroblasts was able to promote epithelial cell growth even with the loss of AIB1 

expression. 

 Single cell tracking has been used to investigate the influence of three genetic risk factors 

in combination. This could be taken a step further and investigated in a 3-D setting. The primary 

cell cultures could be grown in matrigel to model structure formation. It would be interesting to 

compare how loss of Brca1, loss of p53 and ERα over-expression influence mammosphere 

development. Currently, no technology to track single cells in a 3-D setting is available. Since 

the utility of single cell tracking was examined here, it would be useful to use this technology to 

investigate primary human breast cancer cells. Perhaps tracking these cancer cells for colony 

formation, cell lifetime, division properties, and apoptosis would correlate with patient 

outcomes. 
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