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ABSTRACT 

Breast cancer is the most diagnosed cancer and the most frequent cause of cancer mortality in 

women worldwide. Immunoreactive assays as well as gene expression profiling of breast cancer 

have shown a high degree of heterogeneity resulting in subtypes with prognostic value for treatment 

response. The triple negative breast cancer (TNBC) subtype lacks the expression of hormone 

receptors (ER/PR) and the amplification of HER2 but it expresses basal keratin markers. TNBC 

represents 15-20% of all invasive breast cancer cases in the United States (US). Clinical, molecular, 

and genetic characteristics of TNBC include early-onset, aggressive phenotype, higher histological 

grade, and poor outcome. Attributable risk factors associated with TNBC include reproductive stage 

and age, race, and genetic factors. Disproportional mortality rates in TNBC affect premenopausal 

women of African ancestry compared to women of European ancestry. The nuclear receptor 

coactivator Amplified in Breast Cancer 1 (AIB1) plays a major role in the progression of hormone- 

and HER2-dependent breast cancers. Here, we examined AIB1’s role in TNBC. We determined that 

acute depletion of AIB1 by shRNA significantly reduces cell survival in basal-like (BL) and 

mesenchymal (M) TNBC cell lines. Surviving cells with reduced AIB1 (AIB1LOW) can be 

maintained with stably low mRNA and protein levels of AIB1 in vitro and as xenografts in vivo. 

(BL2) HCC1806 AIB1LOW cells proliferate independent of serum supplementation and show 

delayed adhesion kinetics to cell culture dishes. Also, AIB1LOW cells from (BL2) and (M) subtypes 

of TNBC show a significant reduced tube-formation phenotype when cultured on a basement 
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membrane. Similarly, chemotherapy treatments using (BL2) HCC1806 cell line also resulted in a 

surviving AIB1LOW population with decreased tube-formation capacity. Gene expression analysis of 

(BL2) HCC1806 AIB1LOW cell lines revealed a significant enrichment in pro-inflammatory 

pathways in vitro. Orthotopic injections using limiting dilutions of (BL2) HCC1806 AIB1LOW 

resulted in smaller size tumors and reduced incidence of pulmonary metastases in 

immunocompromised mice. Transcriptomic analysis of xenograft tissues revealed that (BL2) 

HCC1806 AIB1LOW tumor cells had significantly reduced expression in tissue remodeling related 

genes. Overall, our data suggest that therapeutic interventions such as chemotherapy induces 

reduction of AIB1 protein in surviving TNBC cell lines in vitro. Chemotherapy-induced AIB1LOW 

TNBC cells may represent a model of therapy resistance often associated to dormant cells 

contributing to recurrence or metastasis in TNBC.  
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INTRODUCTION 

Breast epithelium: Biology, neoplastic classification, and breast cancer epidemiology.  

 Breast cancer is the manifestation of abnormal cells that originate from the epithelium 

within the ducts or lobules of the mammary gland. The mammary gland develops fully after puberty 

and it is made up of differentiated epithelial cells that are derived from lineage-specific progenitor 

cells during embryogenesis (1–4). Progenitor cells derived from a common mammary stem cell that 

migrate to the milk line during embryonic day 10.5 (E10.5) in the mouse (5) and around week 6 in 

humans (6). The breast epithelium undergoes cyclic series of expansion, differentiation, and 

regression which are tightly regulated by hormone cues, reviewed in (7,8). The branched 

architecture of the mammary gland epithelium is supported by connective tissue which is composed 

of circulatory vessels and the adipocyte-rich stroma which have important role during development 

and for homeostasis and maintenance of the mammary gland (9). This cellular complexity provides 

an undetermined number of cellular interactions driven by a multitude of biochemical and 

molecular signaling pathways some of which become dysregulated during carcinogenesis. Figuring 

out whether specific populations of mammary epithelial cells have different susceptibilities that lead 

to the different subtypes of breast cancer or whether temporal transitions of cell differentiation drive 

the disease subtypes are open and provocative questions in the area of breast cancer research. 

 Abnormal epithelial cells lead to the formation of tumors along the branched lobular-ductal 

architecture of the mammary gland. Breast tumors can be classified as benign, in situ carcinomas, or 

invasive carcinomas (10). Breast cancer is diagnosed and staged by microscopic examination of 

tumor biopsies with the purpose of subtyping the cancer and assessing the extent of the disease. 

According to the Surveillance, Epidemiology, and End Results (SEER) summary stage system, 

breast cancer staging refers to local, regional, or distant disease based on the confinement of cancer 
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cells to the breast, nearby lymph nodes, or distant organs, respectively (11). In situ carcinomas 

classification corresponds to non-invasive carcinomas which are proliferating epithelial cells that 

are confined to the ducts or the lobules of the mammary gland. On the other hand, invasive breast 

cancer is the most aggressive form characterized by the insidious growth and invasion of cancer 

cells into the surrounding stroma causing local tissue damage and inflammation leading to regional 

and eventually distant-organ spreading of the cancer cells. Overall, breast cancer is the combined 

definition for multiple neoplastic diseases with diverse and heterogenous biology, response to 

treatment, and outcomes (10). These conditions include histopathological (12–14) and molecular 

(15–20) defined classifications (Table 1) often used to determine modes of treatment. 

 In 2018, breast cancer was the most diagnosed cancer and the most frequent cause of cancer 

mortality in women worldwide (21). The International Agency for Research on Cancer (IARC), 

through its interactive website GLOBOCAN (http://gco.iarc.fr/), provides incidence and mortality 

rates associated with 36 different types of cancer derived from population-based registries of 185 

countries (21–24). The methodology for the analysis of the registries within this database goes 

beyond the reporting of numbers and allows for the estimation of a global cancer burden providing 

a snapshot that facilitates policy-making officials and scientists prioritize efficiently resources to 

help reduce the cancer public hazard (24,25). The estimated global burden of breast cancer for 

2018, includes 2,088,035 new cases and 626,537 breast cancer deaths in women age 20 or older 

(Figures 1A and 1B). These numbers represent 24.6% of all new cancer cases and 15.2% of all 

cancer related deaths affecting women globally and highlights a global breast cancer burden. While, 

both, incidence and mortality numbers have increased overtime, expectedly because of improved 

registries, screening methods, surveillance, and increased life expectancy; the ratios of breast cancer 

mortality compared to other sites had remained relatively stable since 2000 (Table 2). It is 
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understood that the risk for developing breast cancer increases with age being an important risk 

factor (10). The estimated mortality rate in pre- (age 20-49) compared to post-menopausal (age 50+) 

women within the World Health Organization (WHO) designated geographical regions show that 

pre-menopausal African women are more likely to die of breast cancer compared to post-

menopausal African women or to women of any other WHO-designated geographical region 

(Figure 1C). By contrast, the breast cancer mortality rate in European and North American women 

is higher in post-menopausal compared to premenopausal women or to women from other regions 

(Figure 1C). These figures highlight of biological differences in breast cancer etiology contributing 

to mortality rates associated with differences in breast cancer susceptibilities between women with 

African and European ancestry (26–28). Additional risk factors between these groups have been 

attributed to biological and non-biological factors that are under intense study but are not yet fully 

understood (28).  
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Table 1. Classification of epithelial tumors of the female breast. 

WHO histological classification (refs. 12, 13) 

Invasive ductal carcinoma, NOS Metaplastic carcinomas 

Invasive lobular carcinoma Lipid-rich carcinoma 

Tubular carcinoma Secretory carcinoma 

Invasive cribriform carcinoma Oncocytic carcinoma 

Medullary carcinoma Adenoid cystic carcinoma 

Apocrine carcinoma Acinic cell carcinoma 

Neuroendocrine tumors Glycogen-rich clear cell carcinoma 

Invasive papillary carcinoma Sebaceous carcinoma 

Invasive micropapillary carcinoma Inflammatory carcinoma 

Mucinous carcinoma and other tumors with 

abundant mucin 
 

 
ASCO/CAP histopathology (ref. 14) 

Estrogen receptor (ER), Progesterone receptor (PR) 

Human epidermal growth factor 2 (HER2) amplified 

Triple negative breast cancer (TNBC) 

 
Intrinsic molecular classification: Tumor epithelial cells 

PAM50, 2000 (ref. 15) Luminal A, Luminal B, HER2, Basal-like, and Normal-like 

Claudin low, 2007 (ref. 16) PAM50 + Claudin low 

TNBCtypes6*, 2011 (ref. 17) 

TNBCtypes4, 2016 (ref. 18) 

Basal-like 1, Basal-like 2, Mesenchymal, Luminal Androgen Receptor 

(AR), *Immunomodulatory, *Mesenchymal stem cell, and *Unstable 

eQTLs, 2014 (ref. 19) 
intClust1, intClust2, intClust3, intClust4, intClust5, intClust6, 

intClust7, intClust8, intClust9, and intClust10 

NFM, 2015 (ref. 20) 
Luminal AR, Mesenchymal, Basal-like immune suppressed, and 

Basal-like immune activated 

WHO, World Health Organization; ref., reference; NOS, not otherwise especified; ASCO/CAP, The 
American Society of Clinical Oncology and the College of American Pathologists; TNBCtypes, 
subtypes within TNBC tumors; eQTL, expression quantitative trait loci; NMF, non-negative matrix 
factorization. 
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Figure 1. Global cancer estimates affecting females in 2018. 

Pie chart showing distribution of cancer (A) incidence and (B) mortality rates in females adjusted 

by age. (C) Estimated percentage of breast cancer deaths throughout WHO-designated geographical 

areas in females by ages 20-49 versus 50+. 

Source: GLOBOCAN 2018.  
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Table 2. GLOBOCAN: Cancer estimated incidence and mortality rates (2002-2018). 

  All sites BRCA BRCA (%) ASR (World) 

2002 Statistics (ref. 22) New cases 5,061 1,151 22.7 37.4 

Deaths 2,928 411 14.0 13.2 

 

2008 Statistics (ref. 23) New cases 6,038 1,383 22.9 39.0 

Deaths 3,346 458 13.7 12.5 

 

2012 Statistics (ref. 24) New cases 6,663 1,677 25.2 43.3 

Deaths 3,548 522 14.7 12.9 

 

2018 Statistics (ref. 21) New cases 8,623 2,089 24.2 46.3 

Deaths 4,169 627 15.0 13.0 

BRCA, breast cancer; ASR, age-adjusted standardized rate. 

 

In the United States (US), breast cancer is the most diagnosed cancer and the second leading 

cause of cancer mortality among women (10). Generally, women living in the US have a 12.4% 

lifetime risk to develop invasive breast cancer throughout their lives. This is comparable to 1 in 

every 8 women within a 10-year probability model (SEER 2018). The risk for developing invasive 

breast cancer is lowest in younger women and increases significantly with age (10). American 

women’s lifetime risk probability starts at 0.1% by age 20, increasing 15-fold (1.5%) by age 40, and 

34-fold (3.4%) by age 60 (SEER 2018). However, differences by age and race show 

disproportionate higher mortality rates affecting younger Black women compared to White women 

(Table 3). Additionally, the lifetime probability of Black women to die from breast cancer is 20% 

higher compared to White women (28). Furthermore, survival data adjusted by age and stage at 

diagnosis show significant lower 3-year survival rate in Black women compared to White women 

when metastasis was found at the time of diagnosis (Table 4). 
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Table 3. Recent trends in U.S. mortality rates, 2000-2015, breast cancer, female, by race, age 

20-49 vs. 50+. 

Age 
Log 

(Blacks) 
SEM 

Log 

(Whites) 
SEM Difference Ratio 95% CI P value 

20-49 1.15 0.01 0.87 0.01 0.28 1.90 1.86 - 1.95 <0.0001 

50+ 1.96 0.01 1.84 0.01 0.11 1.30 1.28 - 1.32 <0.0001 

SEM, standard error of the mean; CI, confidence interval. Estimate rates were log-transformed, and 
non-linear regression determined ratio paired t-test. 
Source: SEER*Explorer. Rates are per 100,000 and are age-adjusted to the 2000 US Census. 
 

Table 4. Recent trends in SEER relative survival rates, 2000-2015, breast cancer, female, by 

race, age 20-49 vs. 50+, stage at diagnosis. 

Stage Age Log 
(Blacks) 

SEM Log 
(Whites) 

SEM Difference Ratio 95% CI P value 

L
oc

al
iz

ed
 

20-49 1.98 0.001 1.99 0.000 -0.01 0.98 0.97 - 0.98 <0.0001 

50+ 1.99 0.001 2.00 0.000 -0.01 0.97 0.97 -0.98 <0.0001 

R
eg

io
na

l 20-49 1.92 0.004 1.97 0.002 -0.04 0.90 0.89 - 0.92 <0.0001 

50+ 1.92 0.003 1.96 0.001 -0.04 0.91 0.90 - 0.93 <0.0001 

D
is

ta
nt

 

20-49 1.52 0.033 1.72 0.012 -0.20 0.64 0.56 - 0.73 <0.0001 

50+ 1.45 0.014 1.57 0.012 -0.13 0.75 0.69 - 0.82 <0.0001 

SEM, standard error of the mean; CI, confidence interval. Estimate rates were log-transformed, and 
non-linear regression determined ratio paired t-test. 
Source: SEER*Explorer. Rates are per 100,000 and are age-adjusted to the 2000 US Census. 

 

Prevalence of breast cancer disparities affecting Black women have been observed for 

nearly 40 years in the literature (29). The early publications with SEER data points described 

disparities in breast cancer survival rates between Black and White women (30) to be associated 

with significant differences in aggressive histopathology of breast tumors between these groups. 
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The observed disparities include early onset disease, shorten survival, and increased frequency of 

ER negative breast cancer subtype (31–33). Biological and non-biological factors have been 

proposed to explain breast cancer disparities including early age of onset, advanced stage and 

aggressive disease at time of diagnosis, and worse survival, reviewed in (34,35); however, these 

persist to-date. Conceptually, non-biological factors influence the activity of biological processes 

promoting disease. Factors influencing early onset of breast cancer, a defined clinical marker 

observed in Black women, include socioeconomic status, access to healthcare and screening, 

reproductive stage, comorbidities, as well as, psychological, behavioral, and cultural norms, among 

others have attempted to explain these disparities (33,36,37). The contribution of these factors to an 

early diagnosis of breast cancer have been under intense study for decades but, because of their 

inherent complexity, are yet fully to explain the disparities observed in breast cancer. 

 

Triple negative breast cancer (TNBC) subtype: Histological characteristics, prevalence, 

treatment. 

The ASCO/CAP histopathological classification define three subtypes of breast cancer that 

include ER/PR positive, HER2 amplified, and TNBC (Table 1) (38,39). TNBC subtype tumors do 

not express ER, PR, and do not have amplification in HER2. Breast cancer subtyping by 

histological and molecular features has been useful in clinical diagnosis and treatment of the disease 

facilitating physicians and patients make better informed decisions (40) and it is the most widely 

used classification in the literature. More current methods include the clustering of genes that 

provide a profile pattern that identify groups by functional similarities (Table 1). Gene expression 

profiling classifies breast cancer into four intrinsic subtypes (PAM50) that includes, luminal A and 

B, HER2, and basal-like (41). Similarities between histopathological and molecular subtypes have 
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observed that nearly 75% of TNBC tumors share similar gene expression with the basal-like 

PAM50 subtype and these two terms are used interchangeably to some extent (42,43). This overlap 

is mainly characterized by the, almost exclusive, expression of basal keratins 5, 6, 14, and 17 in 

breast tumors (44) and cell lines (45). Further gene expression profiling studies of breast tumors 

have resolved a high degree of tumor cell heterogeneity, especially in the TNBC subtype (Table 1). 

In fact, TNBC represents an aggressive and heterogeneous form of breast cancer that has been 

further classified by gene expression into four subtypes including, basal-like (BL) 1 and 2, 

mesenchymal (M), and luminal-androgen receptor (LAR) (46). Despite the refinement of TNBC 

classification, it is not clear whether different subtypes of TNBC are driven by diverse signaling 

pathways during malignant initiation. Similarly, it is not yet clear whether patients assigned to these 

novel subtypes of TNBC present different therapeutic opportunities or whether each subtype has 

different levels of resistance to therapy; although results using small cohorts are encouraging 

(47,48).  

 Breast cancer outcomes have improved with the introduction of early risk assessment and 

screening methods that aim at diagnosing early stage disease, when targeted therapies and systemic 

treatment have shown to have the greatest effect. However, the challenge remains in treating 

residual, metastatic, and therapy-resistant breast cancer. TNBC represents 15-20% of all breast 

cancer cases in the US (33). Clinical, molecular, and genetic characteristics of TNBC include 

aggressive phenotype, higher mortality rate, increased proliferation rate of tumor cells, poor cellular 

differentiation, recurrent copy number alterations, and mutations of tumor suppressor genes. 

Attributable risk factors associated with TNBC include, reproductive stage and age, race, and 

genetic factors. These characteristics reflect on the mortality rates of TNBC which are the highest in 

premenopausal women of African ancestry compared to other groups (32,49,50). 
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 Women diagnosed with TNBC do not benefit from current targeted therapies and 

approximately two thirds will relapse after their initial round of systemic therapy within 3 years and 

patients diagnosed with TNBC have significantly worse clinical outcome than patients diagnosed 

with luminal disease (51,52). Although clinical trials using EGFR (53), Src (54), and MEK (55) 

inhibitors have been tested in TNBC patients, their modest results have not significantly improved 

the treatment of TNBC. The current standard of care for TNBC patients consists of anthracycline 

and taxane-based chemotherapy regimens (56) in the neoadjuvant, adjuvant, and metastatic setting 

(57,58). Paradoxically, and despite a high response rate of TNBC to single-agent chemotherapy 

treatment, fewer than 30% of those that progress to metastatic TNBC survive 5 years after diagnosis 

(59,60). In addition, it is not yet clear whether drivers of de novo mutations that lead to therapeutic 

resistance, in some cancers, associate with specific subtypes of TNBC (61,62). Furthermore, it 

remains unclear how these oncogenic drivers may influence TNBC etiology in Black women 

compared to White women. While few treatment options other than chemotherapy exist for TNBC 

patients, promising results using immune checkpoint inhibitors, anti-androgen receptor therapy, and 

drugs that inhibit DNA repair pathways are paving the way for more targeted approaches to the 

treatment of this breast cancer subtype with reduced side effects compared to chemotherapy 

regimens. 

 Management and treatment of breast cancer has improved with the increasing availability of 

compounds such as antibodies and small molecules as targeted therapies. However, redundancy in 

molecular pathways associated with tumor heterogeneity and evolution that lead to recurrence, 

metastasis, and development of resistance to therapy (63) have all hampered the finding of a cure. 

Cellular, molecular, and genetic diversity of tumor cells are manifested through a myriad of cellular 

features that include cell surface markers, intra- and extra-cellular proteins, and genetic alterations 
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that can be present as one or in combination in one or many cells. The concept of intra-tumor 

heterogeneity has become of great interest because carcinogenesis occurs following the 

accumulation of genomic instability that silence tumor suppressors or activate oncogenes that 

regulate proliferation or apoptotic pathways and this process may originate in one or multiple cells 

at a single occurrence or at different times, reviewed and refined by Douglas Hanahan and Robert 

A. Weinberg (64,65). 

 DNA damage repair (DDR) is a cellular mechanism that allows cells to stall in the cell cycle 

allowing DNA sensors such as poly(ADP-ribose) polymerase (PARP) enzymes to recruit effector 

molecules to the site of DNA damage and by this way help maintain DNA integrity (66). Cancer 

cells exploit this mechanism introducing additional mutations that drive tumor growth or therapy 

resistance (64,65). Therapies targeting PARP effectively inhibit DNA repair pathways in breast 

cancer patients carrying BRCA1 or BRCA2 germline mutations leading to increase in cell death of 

the cancer cells. BRCA1 and BRCA2 are tumor suppressor genes that become mutated during 

tumorigenesis (67,68). The products of these genes are involved in the repair mechanisms of 

double-strand DNA breaks (DSBs) through a highly conserved and efficient mechanism called 

homologous recombination repair (HRR). Inheritable BRCA1 or BRCA2 germline mutations have 

been associated with 5%-10% of breast cancers and about 15% of ovarian cancers (67–69). 

Importantly, 80% of basal-like breast cancers correlate with women carrying BRCA mutation 

(43,70,71). In 2005, Farmers and colleagues showed that BRCA-mutant tumor cells were more 

sensitive to PARP inhibitors (PARPi) than BRCA-wild type (72). In a BRCA1/2 mutant context, 

PARPi exploit the concept of synthetic lethality (72,73) by targeting PARP and blocking the 

replication fork progression required for homologous recombinant repair (HRR). 
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 Results from the EMBRACA phase III trial published in August 2018, showed significant 

improved progression-free survival and overall response in HER2-negative advanced breast cancer 

patients carrying a BRCA1/2 mutation treated with talazoparib, a second generation PARPi (74), 

compared to physician's choice of chemotherapy treatment that included capecitabine, eribulin, 

gemcitabine, or vinorelbine (SABCS 2018). These encouraging results and the high percentage of 

BRCA mutant cases in basal-like/TNBC have sparked a number of clinical trials using PARPi in 

patients diagnosed with TNBC disease. Other methods that disrupt BRCA activity, such as 

inhibition of PI3K, are being tested in combination with PARPi to assess improved susceptibility 

(75). Similarly, research of mutations or loss of function in DNA associated repair genes including 

PALB2, ATM and CHEK2 are being tested in combination with PARPi, reviewed in (76). 

 

Nuclear coactivators in breast cancer: Amplified in breast cancer 1 (AIB1). 

 The nuclear coactivator Amplified in Breast cancer 1 (AIB1/SRC3/NCOA3) is a member of 

the steroid receptor coactivator family. The sequencing of AIB1 followed the identification of an 

amplified chromosomal region at 20q11-13 in breast cancer cell lines (77). Subsequently, amplified 

mRNA and overexpressed protein levels were observed in breast cancer cell lines and primary 

tumor samples (78). Torres-Arzayus and colleagues demonstrated that AIB1 overexpression 

increased the incidence of spontaneous mammary tumors in transgenic mice (79). Interestingly, 

16.7% of these spontaneous tumors were ER-negative which is similar to what it is observed in 

human breast cancer subtype ratios suggesting a possible role for AIB1 in generating different 

subtypes of breast cancer. Furthermore, spontaneous tumors were observed in other organs 

including pituitary gland (42%), uterus (18%) and lung (18%) (79). In contrast to overexpression of 
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AIB1 in genetically engineered mouse models (GEMMs), the AIB1 knockout models showed 

reduced incidence of spontaneous or chemically-induced mammary gland tumors (80–83). 

 Nuclear coactivators modulate the expression regulating the activity of nuclear receptors as 

well as transcription factors. Reviews about AIB1’s functions have been published previously 

(84,85). The molecular mechanisms associated with these observations include potentiation of  ER, 

HER2, and IGF1 signaling (80). Because overexpression of AIB1 is associated with high grade and 

invasive tumors, it has been argued that AIB1 may also be a master regulator of cell growth (86).  

Several cell line models have shown that regulating the expression of AIB1 affects cell growth by 

reducing the percentage of S-phase cycling breast cancer (86,87) or by affecting the ratios in G1/G0 

or G2/M cycling mammary tumor cells (82). Molecular targets of AIB1 include transcription factors 

such as E2F1 (87), AP-1 (88), NF-κB (89), STAT6 (90), and PEA3 (88). Additionally, AIB1 

regulates immune response by regulating the translation of cytokines responsible for inflammation 

(91). These functional experiments highlight a pervasive role of high AIB1 expression during 

mammary gland tumorigenesis. However, it is not clear whether different levels of AIB1 correlate 

with the initiation or the maintenance of specific breast cancer subtypes. If increased AIB1 

expression plays a role during the initiation of breast cancer, it will be useful to establish a range of 

AIB1 levels during different stages of mammary gland development to select the most appropriate 

temporal window for the peak expression of the nuclear coactivator to investigate its role in tumor 

initiation. Clinical data have shown that high levels of AIB1 correlates with worse outcomes in 

hormone receptor (HR) positive breast cancer (92) and it also contributes to anti-estrogen tamoxifen 

resistance (93,94). AIB1 also plays a role in the signaling and in the progression of HER2 amplified 

breast cancers (81,95). However, a role for AIB1 in TNBC is a developing area of research with 
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only one report finding association between higher mRNA levels of AIB1 and decreased overall 

survival of TNBC patients (96).  

 In this study we sought to determine the role of AIB1 in three cell lines derived from Black 

women (97–99) that represent different TNBC subtypes. We have previously reported that AIB1 

regulates the proliferation of MDA-MB-231, a mesenchymal (M) TNBC subtype, in vitro (81,84). 

Here, we show that TNBC cells have a discrete dependence on AIB1 expression for survival under 

serum-supplemented growth conditions because reduced expression of AIB1 in these cell lines 

results in a significant loss of cell viability following shRNA infection. However, surviving cells 

that adapt to the acute depletion of AIB1 (designated AIB1LOW cells) can be maintained in serial 

passage with low-to-undetectable AIB1 mRNA expression and protein levels and these cells are the 

focus of our study. AIB1LOW cells do not have properties of classical cancer stem cells, they show 

reduced adhesion, impaired tube-formation properties, and at low cell numbers are not able to 

produce primary tumors or metastasize as efficiently as the shRNA control cells. Interestingly, we 

found that chemotherapy treatment of parental cells also results in a subset of surviving cells with 

reduced AIB1 protein levels similar to AIB1LOW cells and these chemotherapy surviving cells 

phenocopy AIB1LOW cells with impaired tube-formation on basement membrane compared to 

control. Differential gene expression from tube-forming cells and between AIB1LOW and control 

shRNA cell lines in vitro, as well as, from in vivo experiments implicate genes that regulate cell 

plasticity, asymmetric division, and tumor microenvironment (TME) remodeling. Overall, our data 

indicate that molecular and pharmacological depletion of AIB1 in TNBC subtypes results in an 

enrichment of a subset of indolent cancer cells in vitro. In agreement with knock-out animal models, 

loss of AIB1 reduces tumor formation and pulmonary metastasis independent of ER expression and 

activity. We show that a pool of AIB1LOW TNBC tumor cells have different phenotypic response 
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depending on exogenous growth factors or mechanical stimuli. The differences in phenotype are 

accentuated following functional assays which gene expression correspond with in vitro and in vivo 

assays describing a greater influence of AIB1 to genes involved in tumor-stroma crosstalk.  
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METHODS 

Cell lines and reagents. 

HCC1806 cell lines were purchased from ATCC® (#CRL-233, Manassas, VA, USA). MDA-MB-

468 (#HTB-132), MDA-MB-157 (#HTB-24), and HEK293T (#CRL-3216) cells were obtained 

from the Georgetown University (GU) Tissue Culture Share Resource (TCSR) in Lombardi 

Comprehensive Cancer Center (LCCC). HUVEC cell lines were purchased from Lonza (#CC-

2517A, Walkersville, MD, USA). Cell lines were authenticated using short tandem repeat (STR) 

analysis by the TCSR upon request and prior to use. Cell lines were maintained under sub-

confluent conditions (70-80%) and media was replenished every three days. A material 

transfer agreement (MTA) was created and PDX-HCI010 grafts was procured. These samples 

were expanded in NOD/scid/gamma (NSG) mice as previously described (100). Cell lines and PDX 

tissues were mycoplasma negative by RADIL-IMPACT testing results and through TCSR periodic 

screening. 

 
Table 5. List of cell lines used for this project.  

Cell line name Company Catalog # Subtype of TNBC 

HCC1806 ATCC® CRL-2335™ Basal-like 2 (BL2) 

MDA-MB-468 ATCC® HTB-132™ Basal-like 1 (BL1) 

MDA-MB-157 ATCC® HTB-24™ Mesenchymal (M) 

HEK293T ATCC®  CRL-3216™ Not applicable 

HUVECs Lonza C-2517A Not applicable 

TM, trademark. 
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Table 6. Basal growth media and tissue culture supplements. 

Reagent name Abbreviation Company Catalog # 

Phosphate balanced salt 

(1X), pH 7.4 

(10X), pH 7.4 

PBS GibcoTM 

 

10010-023 

70011-044 

Fetal bovine serum FBS 
Millipore – 

Sigma 

F0926-

500ML 

Roswell Park Memorial Institute 1640 RPMI 1640 GibcoTM 11875-093 

Dulbecco's Modified Eagle's Medium DMEM GibcoTM 11995-065 

Dulbecco's Modified Eagle Medium/Nutrient 

Mixture F-12 
DMEM/F12 GibcoTM 11039-021 

TrypLETM Express Enzyme (1X)  GibcoTM 12604-013 

Recovery™ Cell Culture Freezing Medium  GibcoTM 12648-010 

Endothelial Cell Growth Medium-2 Bullet 

Kit™ 
EGM2 Lonza CC-3162 

Growth Factor Reduced (GFR) MatrigelTM 
MatrigelTM 

GFR 

BD 

Biosciences 
354230 

TM, trademark. 
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Table 7. Cell media and reagents recipes. 

Media name Product name Concentration 
Volume 

[mL] 

Inactivating buffer 1X PBS 

FBS 

- 

10% 

450.0 

50.0 

HCC1806 media RPMI 1640 

FBS 

- 

10% 

450.0 

50.0 

MDA-MB-468, MDA-MB-157, 

and HEK293T media 

DMEM 

FBS 

- 

10% 

450.0 

50.0 

HUVEC media Basal Medium 

FBS 

Hydrocortisone 

hFGF-B 

VEGF 

R3-IGF-1 

Ascorbic Acid 

hEGF 

GA-1000 

Heparin 

- 

^ 

^ 

^ 

^ 

^ 

^ 

^ 

^ 

^ 

500.0 

10.0 

0.2 

2.0 

0.5 

0.5 

0.5 

0.5 

0.5 

0.5 

HBEC media DMEM/F12 

HEPES 

FBS 

BSA 

ITS-X100 

Hydrocortisone 

Gentamycin 

Fungizone 

- 

10 mM 

2% 

1 mg*mL-1 

1 ug*mL-1 

0.5 ug*mL-1 

50 ug*mL-1 

2.5 ug*mL-1 

500.0 

^ Concentration not provided by manufacturer. 
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Table 8. Cell densities for performed assays. 

Assay 
Culture vessel 

format 

Cells per 

unit vessel 

Volume 

[mL] 
 

• Virus production 150x20 mm dish 20 x 106 20.0  

• Virus titer 6-well plate 1 x 105 2.0  

• Lentiviral infection 

• Cell cycle assay 

• Apoptosis assay 

• Cell trace assay 

60x15 mm dish 1 – 2 x 105 4.0 

 

• Proliferation assay 

• Viability assay 
96-well plate 5 x 103 0.2 

 

• Proliferation assay ECIS 16-well 

array 
5 x 103 0.2 

 

• Cytotoxicity assay 
60x15 mm dish 

1.4 - 2.0 x 

105 
4.0 

 

• Tumorsphere – ultra low 

attachment (ULA) 
96-well plate 

1 – 10 x 

103 
0.2 

 

• Tube formation 96-well plate 25 x 103 
− 0.04 

− 0.2 

Matrigel coating 

Cell suspension 

• Tumorsphere – Matrigel 

embedded 
96-well plate 5 x 103 

− 0.04 

− 0.1 

− 0.05 

Matrigel coating 

Embedding 

Media (top) 
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AIB1 mRNA interference. 

RNAi targeting sequences in AIB1 exon 6 and exon 14 were described previously (101,102). 

Scramble (#1864) (103) and AIB1 short-hairpin RNAs (shRNAs) were purchased from Addgene 

(Cambridge, MA, USA). AIB1 shRNAs and Scramble control were inserted in pLKO.1 puro 

(#8453; Addgene) lentiviral vector (104). Methods for shRNA plasmids and lentiviral production 

protocols were modified from (102). High titer virus (HTV) was produced by transfecting shRNA 

plasmids into 293T cells (20 x 106) seeded in 150 x 20 mm dish (BD Biosciences) in 10 mL 

DMEM. Lentiviral complex consisted of 12 µg of shRNA, 6 µg of packaging (pCMV-dR8.2), 0.7 

µg of envelope (pCMV-VSV-G) vectors, 29 µL of FuGENE 6 transfection reagent (Roche 

Biochemicals) added to 500 µl RPMI-1640 or DMEM. Packaging and envelop vectors were 

synthesized by Robert Weinberg and obtained through Addgene. Transfected 293T cells were 

incubated overnight at which point the lentiviral-containing medium was replaced with fresh 

complete media and the cells were incubated for an additional 24-hours to obtain HTV. The 

medium containing lentiviral particles was then collected, centrifuged at 1,000 rpm for 5 min, and 

aliquots were stored at -80°C. TNBC cell lines were infected with 10 viral particles per cell 

(MOI=10) in media containing 8 µg/mL of polybrene overnight. Lentiviral-containing media was 

replaced with fresh complete media for an additional 24-hours. Cell lines were selected in 5 µg/mL 

puromycin containing media 48-hours post lentiviral infection. Viral titration was performed as 

previously described (105). Briefly, 10 x 105 cells/well were seeded in 6-well plates and treated 

with 5 dilutions (1x10-2 – 1x10-6) from HTV stock. An untreated well was used for infection 

control. Cells from wells were stained with Crystal Violet following 5-7 days puromycin selection 

prior to quantification of colonies.  The viral titer was calculated using the formula (# 

colonies/volume stock virus added to cells) x (dilution factor). Custom sequences for RNA 
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interfering oligonucleotides targeting AIB1 mRNA at exon 6 (RNAi#1) and Exon 14 (RNAi#2) 

were purchased from Bioneer, Inc. (Alameda, CA, USA). TNBC cell lines were transfected with 

200 nmol/L of siRNAs diluted in RPMI-1640 or DMEM with Lipofectamine 2000 (#11668027; 

Invitrogen, Carlsbad, CA, USA).  

 

Cellular phenotype. 

Cell proliferation, serum-free cell survival, and viability assays. 

Cell proliferation was measured by the percent of adherent cells attached to the culture vessels at 

indicated time points or following treatments using a modified protocol from Kramer and Carver 

(106). Briefly, plates were rinsed with PBS, fixed with 4%-PFA at room temperature for 10-

minutes, rinse once more, then incubated with 0.1% Crystal Violet staining solution for 10-minutes 

at room temperature, and finally rinsed with tap water to remove excess dye before allowing the 

wells to air-dry. Upon drying, plates were incubated with 10% Acetic acid in distilled H2O for 20-

minutes with vigorous shaking to reconstitute the dye into solution. Solution from empty wells and 

from Acetic acid, water and the mixture were used to subtract background from OD595 readings 

(107). Proliferation assays were normalized to 24-hours post seeding. Viability assays were 

normalized to time of treatment. Doxorubicin (#S1208), Paclitaxel (#S1150), and Fluorouracil 

(5FU) (#S1209) were purchased from Selleckchem (Houston, TX, USA). Cytotoxic reagents were 

reconstituted in DMSO (#D8418; Sigma-Aldrich, St Louis, MO, USA). We followed already 

described parameters for drug screening (108). 
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Cell trace assay. 

Cells were labeled using the CellTrace Violet (CTV, Invitrogen) dye. Briefly, cells (1x106) were 

incubated with 1 - 2 µM dye in 1 mL PBS for 20-minutes at 37°C. Excess dye was rinsed off by 

adding 9 mL of serum-supplemented media, centrifuged at 1,000 rpm for 5-minutes, after removal 

of the supernatant the cell pellet was resuspended in fresh media. Resuspended cells (1x105) were 

seeded in 60x15 mm dishes to monitor mitotic index for 3 or 5 days (T3, T5) after seeding. Cell lines 

were trypsinized, counted, and fixed in 1%PFA prior to flow cytometry analysis. An aliquot of 

unlabeled and labeled cells at time zero (T0) were used as reference for the highest signal of the dye. 

 

Indirect intracellular staining. 

To detect intracellular AIB1, was used the Nuclear Factor Fixation and Permeabilization kit 

(#422601; BioLegend, San Diego, USA) following manufacturer’s recommendations. Briefly, cells 

(1x106) were fixed, permeabilized, then incubated with 1.2 µg/mL of anti-rabbit human AIB1 

(#2126; Cell Signaling Technology, Danvers, MA, USA) primary antibody in suspension for 30-60 

minutes. Upon incubation cells were rinse then incubated with 2.5 µg/mL of secondary isotype-

specific fluorescent antibody, AlexaFluor488 goat anti–rabbit (#A11008; Invitrogen) for 30 minutes 

prior to submission for analysis. Samples were analyzed using a BD FACS Aria Cell Sorter (BD 

Biosciences, San Jose, CA, USA).  

 

Matrigel coating for tube-formation and tumorsphere assays. 

Tube-formation and Matrigel-embedded tumorspheres were performed using MatrigelTM growth 

factor reduced basement membrane matrix (#354230; BD Biosciences) and analyzed as previously 

described (109,110) and reviewed in (111). Briefly, Matrigel was stored and handled as per 
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manufacturer’s recommendations and kept at -20 °C prior to use. Aliquots were thawed overnight at 

4 °C and were kept in ice prior to the coating of 96-well plates. Plates were chilled in a -20 °C 

freezer overnight. Alternatively, the plate was placed on ice 10 minutes prior to the transfer of 

Matrigel to each well. A uniform layer of basement matrix was achieved by adding 40 µL of 

Matrigel per well to the required number of wells for the experiment. Then, the plate was removed 

from the ice keeping it leveled and tapped lightly at the corners of the plate to make sure the 

Matrigel completely covers the bottom surface of the well. The plate was then place in a 37 °C 

incubator, for at least 30 minutes prior to adding cells on top. 

 

Tube-formation assay. 

Trypsinized cells were resuspend to a density of 2.5x105 cells per mL. 100 µL of cell suspension for 

each condition was transferred to each well and the plates were incubated for the desired time points 

(112). Separating cells from basement matrix was adapted from Lee and colleagues (113). Briefly, 

media was removing from each well followed by a rinse with 200 µL of PBS per well. A volume of 

200 µL of cold 5 mM EDTA-PBS was added to each well and the basement matrix with attached 

cells was scratched using a 1000 low-retention tip and transferred to a 15 mL conical tube. This was 

repeated for each well in each condition. The conical tube was then vortexed briefly and the volume 

of cold EDTA-PBS was doubled. The mix was incubated in ice for 5 minutes follow by a quick 

vortex prior to centrifugation at 1000 rpm at 4 °C for 10 minutes. Digestion of Matrigel required an 

approximate 1:10 ratio (i.e. 450 µL of EDTA-PBS to 50 µL of 100% Matrigel) at the time of 

incubation but this reference is dependent on the integrity of the Matrigel (length of culture and 

accumulation of proteases by cells) and the type of cells utilized. If Matrigel is not completely 

digested, removed liquid part and add 1X the volume of the remaining polymerized Matrigel. 
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Incubate in ice for 5 minutes, vortex briefly, then centrifuge. The resulting pellet was lysed for RNA 

or protein extraction. 

 

Tumorsphere formation. 

Matrigel-embedded tumorspheres were set up on top of a coating of 100% Matrigel in 96-well 

plates. A suspension density of 2x104 cells/mL was mixed with 2% Matrigel in serum-free, 2%, or 

20% serum-supplemented media at a 1:1 ratio. A final density of 5 x 103 cells/well in culture media 

(SF, 1%, 10%) containing 1% Matrigel were seeded in each experiment and tumorspheres were 

monitored over 7 days incubation. 40 µL of culture media was added on top of polymerized matrix 

every 3 days. 

In-suspension tumorspheres were set up in ultra-low attachment (ULA) 96-well plates. A final 

density of 5 x 103 cells/well was seeded in 100 µL serum-free, 1%, or 10% serum-supplemented 

media and monitored over 7 days incubation. An additional 100 µL of media was added at day 4. 

Serum-free media represents basal RPMI tumorsphere cultures independent of exogenous growth 

stimulation (64,114). Tumorspheres count and size were determined using imaging software 

 

RNA extraction and gene expression. 

Real-time qPCR. 

Total RNA was extracted from samples using the RNeasy Mini Kit (#74106; Qiagen, Valencia, CA, 

USA) following manufacturer’s recommendations. RNA extraction from end-point cell cultures, 

snap-frozen cell pellets, and snap-frozen xenograft tissues. Briefly, RLT buffer was added directly 

to snap frozen cell pellets stored briefly at -80°C. Cell cultures were rinse with PBS and lysis buffer 

was added after removal of PBS. Xenograft tissue fragments were transferred to MagNA Lyser 
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Green Beads tubes (#03358941001; Roche Molecular System, Inc., Pleasanton, CA, USA) and 

briefly homogenized in 15-second pulses using a tissue-tearor homogenizer (MagNA Lyser; Roche) 

at approximately 15,000 rpm in RLT buffer. Lysed cells and homogenized tissue were transferred to 

a new microcentrifuge to continue with RNAeasy Mini Kit protocol. cDNA was synthesized from 1 

µg of total RNA using the iScript cDNA synthesis kit (#1708891; Bio-Rad Laboratories, Hercules, 

CA, USA) following the manufacturer's protocol. RT-qPCR reactions were carried out using 50 

ng/µL of cDNA, 10 nM of sense and anti-sense primers, and SYBR Green master mix (#43-091-55; 

Applied Biosystems, Foster City, CA, USA) in total volume of 25 µL (115). 

RNA quantity and integrity were determined using the NanoDrop 1000 spectrophotometer (Thermo 

Fisher Scientific, Waltham, MA, USA) and the Agilent 2100 Bioanlyzer (Agilent Technologies, 

Santa Clara, CA, USA), respectively. Reverse transcription real-time quantitative polymerase chain 

reaction (RT-qPCR) was performed using the Eppendorf Mastercycler RealPlex2 (Hamburg, 

Germany). Gene expression of target genes was normalized (Δ Ct) to the average expression of 

three housekeeping genes (HKGs: ACTB, B2M, and GAPDH). Gene expression relative to control 

shRNA was calculated using 2-ΔΔC
T as previously described (116). 

  



26 
 

Table 9. Primer sequences for RT-qPCR expression data reported. 

Gene name Accession 
number 5'-3' Target sequence Length Ref. 

Actin beta, ACTB  NM_001101.4 
F: 

R: 

CCTGGCACCCAGCACAAT 

GCCGATCCACACGGAGTACT 
70 (117) 

Beta-2-microglobulin, 

B2M 
NM_004048.3 

F: 

R: 

CTTAGCTGTGCTCGCGCTACTCT 

CCATTCTCTGCTGGATGACGTGAGT 
96 (118) 

Cadherin 2, CDH2 NM_001792.4 
F: 

R: 

GCCACTGTGCTTACTGAATTG 

CCCAAGACAAAGAGACCCAG 
140 (119) 

Cadherin 6, CDH6 NM_004932.3 
F: 

R: 

TTCAGACCCTGCATGCTGTT 

GTTTGAGCCACTGGCTGCTTC 
92 - 

Carcinoembryonic 

antigen related cell 

adhesion molecule 6, 

CEACAM6 

NM_002483.6 
F: 

R: 

GGAGGTTCTTCTACTCGCCC 

TCTCTCGACCACTGTATGCG 
152 - 

Catenin beta 1, 

CTNNB1 
NM_001904.3 

F: 

R: 

CCATCAGCTTTCTAAAAAGG 

GCCAGTAAGCCCTCACGATGA 
165 - 

C-X-C motif 

chemokine ligand 10, 

CXCL10 

NM_001565.3 
F: 

R: 

GTGGCATTCAAGGAGTACCTC 

TGATGGCCTTCGATTCTGGATT 
198 (120) 

Epidermal growth 

factor receptor, EGFR 
NM_005228.4 

F: 

R: 

ATAGTCGCCCAAAGTTCCGTGAGT 

ACCACGTCGTCCATGTCTTCTTCA 
166 (121) 

Erb-b2 receptor 

tyrosine kinase 2, 

ERBB2 

NM_004448.3 
F: 

R: 

AAAGGCCCAAGACTCTCTCC 

CAAGTACTCGGGGTTCTCCA 
89 (122) 

Estrogen receptor 1, 

ESR1 
NM_000125.3 

F: 

R: 

CGACTATATGTGTCCAGCCAC 

CCTCTTCGGTCTTTTCGTATCC 
132 (123) 

Fatty acid binding 

protein 4, FABP4 
NM_001442.2 

F: 

R: 

CATGTGCAGAAATGGGATGG 

AACTTCAGTCCAGGTCAACG 
149 (124) 

Fibronectin 1, FN1 NM_212482.2 
F: 

R: 

CAGTGGGAGACCTCGAGAAG 

TCCCTCGGAACATCAGAAAC 
168 (125) 

Forkhead box A2, 

FOXA2 
NM_021784.4 

F: 

R: 

CTTCAAGCACCTGCAGATTC 

AGACCTGGATTTCACCGTGT 
255 (126) 

Glyceraldehyde-3-

phosphate 

dehydrogenase, 

GAPDH 

NM_002046.6 
F: 

R: 

CCCACATGGCCTCCAAGGAGTA 

GTCTACATGGCAACTGTGAGGAGG 
150 (101,127) 
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Gene name Accession 
number 5'-3' Target sequence Length Ref. 

Hes related family bhlh 

transcription factor with 

YRPW motif 1, HEY1 

NM_00104070

8.1 

F: 

R: 

GGTAATGGAGCAAGGATCTGC 

CCTTTCCCTCCTGCCGTATG 
96 - 

Matrix 

metallopeptidase 2, 

MMP2 

NM_004530.5 
F: 

R: 

GCCCCAGACAGGTGATCTTG 

GCTTGCGAGGGAAGAAGTTGT 
110 (128) 

Amplified in breast 

cancer 1, AIB1 
NM_181659.2 

F: 

R: 

GCGGCGAGTTTCCGATTTA 

GCTCCCGTCTCCGTTTTTCA 
267 (110) 

Progesterone receptor, 

PGR 

NM_00120247

4.3 

F: 

R: 

CCTGTGGGAGCTGTAAGGTCTT 

GCAGTCATTTCTTCCAGCACATA 
80 (121) 

SRY-box 9, SOX9 NM_000346.3 
F: 

R: 

AGCGAACGCACATCAAGAC 

GCTGTAGTGTGGGAGGTTGAA 
110 (129) 

(-) not previously reported. F, forward; R, reverse. 
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Genome-wide microarray analysis. 

For genome-wide gene expression analysis, total RNA samples with RNA integrity number (RIN) 

>8.0 were submitted to the UCLA Neuroscience Genomics Core (UNGC). The HumanHT-12 v4.0 

Expression BeadChip (GRCh38/hg38) (Illumina, San Diego, CA, USA) covering more than 47,000 

transcripts was utilized and direct hybridization was performed following manufacturer’s 

recommendations. Average signal intensity data was normalized and log-transformed using 

GenePattern v3.9.10 suite (Broad Institute of MIT and Harvard, Cambridge, MA, USA) as 

described previously (130). Gene set enrichment analysis (GSEA) was carried out to identify 

common pathways affected by AIB1 silencing.  

NanoString (Seattle, WA, USA) gene expression of AIB1LOW (n=2) and control shRNA (n=4) 

HCC1806 xenografts, total RNA and protein were extracted from snap frozen xenograft tissues 

(LDA50 experimental group) following manufacturer’s recommendations (131). nCounter® 

PanCancer Progression Panel (XT-CSO-PROG1-12; NanoString Technologies) was acquired 

through the GU Genomics and Epigenomics Shared Resources (GESR) in LCCC. Samples were 

hybridized and processed using the nCounter® SPRINT Profiler. Data tables were analyzed using 

nSolver v4.0 software (NanoString Technologies). 

 

Protein detection and Immuno-blot (Western blot). 

Total protein lysates were extracted from end-point cell cultures following a rinse with cold PBS or 

from snap frozen cell pellets stored briefly at -80°C as previously described (101). Briefly, cells 

were rinsed with cold PBS, aspirated immediately, lysis buffer was added directly to cells and 

collected by scrapping the monolayer, the solution was transferred to a micro centrifuge, and 

incubated on ice for 20-minutes. The lysate was centrifuged at 10,000 x g at 4°C for 20-minutes. 
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The supernatant was transferred to another micro centrifuge. Protein concentration was determined 

using the Bradford BCA Method (132). Lysate aliquots were stored at -80°C. Protein samples (15-

20 µg) for gel electrophoresis were prepared using the NuPAGE(R) system (Invitrogen) and 

described previously (133). Briefly, the lysates were boiled in SDS-PAGE buffer with reducing 

agents, proteins were resolved by electrophoresis on a 4-20% Tris-glycine gel, transferred to a 

polyvinylidene difluoride membrane, and the membrane was incubated for 1-hour at room 

temperature with 5% milk in 1% BSA in PBST (PBS, 0.2% Tween 20). Primary and secondary 

antibodies were diluted in BSA/PBST, and incubations were done at room temperature for 1-hour. 

Relative band intensities were assessed with densitometry and corrected for beta-actin loading 

control. Antibodies expression were verified with manufacture’s control cell lines. 

 

Table 10. List of antibodies used for detection of endogenous proteins. 

Target 

protein 
Clone Host Company Catalog Application 

AIB1/SRC-3 5E11 Rabbit mAb CST #2126 WB 

E-Cadherin 24E10 Rabbit mAb CST #3195 WB, IHC 

β-Catenin D10A8 
XP® Rabbit 

mAb 

CST 
#8480 

WB 

NF-κB p65 D14E12 
XP® Rabbit 

mAb 

CST 
#8242 

WB 

Actin C4 Mouse mAb Millipore MAB1501 WB 

α/β-Tubulin - Rabbit mAb CST #2148 WB 

Cytokeratin 14 LL002 Mouse Abcam ab7800 IHC 

mAb, monoclonal antibody; CST, Cell Signaling Technologies; WB, Western blot; IHC, 
immunohistochemistry. 
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Tumor transplantation experiments: Xenografts. 

Experiments involving animals were approved by the Georgetown University IACUC and were 

conducted according to the NIH guidelines for the care and use of laboratory animals (Public Health 

Service: Assurance # A-3282-01). Immunocompromised 3-week old female mice were purchased 

from Envigo (Athymic Nude-Foxn1nu, #6901F, Indianapolis, IN, USA) and from Jackson 

Laboratory (NSG (NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ), #005557, Bar Harbor, ME, USA). A week 

after acclimation, female mice underwent bilateral removal of the endogenous epithelium from the 

inguinal mammary fat pad (MFP) prior to injection of tumor cells in MatrigelTM suspension (20 µL) 

or tumor fragments as described previously (134–136). Orthotopic injections into the cleared MFP 

were monitored three times a week. Hematoxylin and eosin (H&E) and immunohistochemistry 

(IHC) staining were performed on 5-µm sections formalin-fixed, paraffin embedded (FFPE) tissue 

sections by GU Histopathology and Tissue Shared Resource (HTSR). Histopathology analysis was 

conducted by a board-certified pathologist at GU. 

 

Statistical method and image analysis. 

Statistical analysis. 

Statistical differences and linear regression analysis were performed using the GraphPad Prism 

software v7.04 (Graph-Pad Software Inc., San Diego, CA, USA). Phenotypic and gene expression 

differences were measured by unpaired student t-Test and One-way ANOVA. Non-linear regression 

determined results in viability assays and data from population-based registries. Median overall 

survival (OS) was calculated using Kaplan-Meier estimates and compared using log-rank tests. The 

significance of change reflects P<0.05, P<0.01, and P<0.001 and were considered statistically 

significant, unless stated otherwise. 
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Image analysis. 

Quantification of AIB1LOW cells. Microphotographs for HCC1806, MDA-MB-468 and MDA-MB-

157 were taken following selection pressure (day 5 and day 8, respectively) at low resolution (10X) 

using an Olympus IX-71 inverted epifluorescence microscope. Brightfield images were visualized 

and saved using Olympus digital camera and software (Olympus corporation, Tokyo, Japan). 

Grayscale images were standardized for DPI (600) and dimension (7.62 cm width x 5.74 cm height) 

using Adobe Photoshop CC 19.1.6 (Adobe Systems, San Jose, CA, USA). Number of cells per field 

(n=5) for each cell line in each condition was obtained using the count tool in Photoshop. Total cell 

count for each cell line was normalized to control to calculate the percent of cell survival of 

AIB1LOW compared to control shRNA. 

Quantification of Western blot bands. Signal ratios were obtained by dividing normalized values of 

experimental conditions over experimental controls (i.e. shRNA#1/control shRNA, treated/control). 

Tube-formation analysis. Images were processed as described above. Then, uploaded into the 

Angiogenesis Analyzer toolset v 1.0 (03 Dec 2013) interface in ImageJ (NIH) for the acquisition of 

measurements as previously described (137). The total length of primary branching is reported. 
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RESULTS 

Identification of an uncharacterized subpopulation within Triple negative breast cancer 

(TNBC) cell lines following selective enrichment. 

Selectively enrichment of a subpopulation of Triple negative breast cancer (TNBC) following 

acute AIB1 knock-down.  

Preclinical research has advanced our understanding in the mechanisms of cancer biology. 

However, we do not fully understand why Black women are more likely to be diagnosed with 

TNBC compared to other subtypes (31–33) or why pre-menopausal Black women have higher 

breast cancer mortality rate compared to White women (32) of the same age group. In vitro models 

that represent breast cancer that developed in Black women are limited (11 of 122 cell lines) in the 

ATCC repository (www.atcc.org) and this represent a great challenge in our continuous efforts to 

studying the disease. In this project, we selected three available TNBC cell lines derived from Black 

women available in our institution for this study. These cell lines represented three subtypes of 

TNBC: basal-like 2 (BL2), HCC1806; basal-like 1 (BL1), MDA-MB-468; and mesenchymal (M), 

MDA-MB-157. In vitro and in vivo studies have shown that AIB1 expression affects the 

tumorigenicity of breast tumors and cancer cell lines as well as mammary tumors of different 

histopathological subtypes (77,79,81,82,138,139). Incidentally, Torres-Arzayus and colleagues 

reported findings of the first AIB1 transgenic mouse model and showed a 15% incidence of ER 

negative mammary gland tumors in this animal model and defined the function of AIB1 as an 

oncogene (140). This percentage of hormone-receptor (HR) negative tumors in transgenic animals 

is similar to HR negative tumors incidences observed in human breast cancer (33). Additionally, 

Bouras and colleagues reported that high expression of AIB1 correlated with ER-negative and with 

patients 50-years old or younger by in situ hybridization in a set of tissue arrays (141). Similarly; it 

http://www.atcc.org/
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was reported previously that AIB1 overexpression could promote the formation of pituitary, lung, 

skin, and bone tumors through estrogen-independent mechanism (142) suggesting that AIB1 

oncogenic role is influenced in a tissue-dependent context. Thus, with the most refined 

classification for TNBC, we wondered whether AIB1 expression could be correlated with different 

subtypes of TNBC and whether AIB1 expression affected the tumorigenicity of these subtypes. Our 

lab has previously shown that changes in the expression of the nuclear coactivator AIB1 affects the 

proliferation rate and the phenotype of MDA-MB-231 cells, a mesenchymal (M) subtype of TNBC, 

in vitro (102). To determine if reduced AIB1 expression affects other subtypes of TNBC, we 

knocked-down AIB1 expression using two shRNAs targeting different sites of the AIB1 mRNA 

(shAIB1#1 and shAIB1#2) and compared them to Scrambled (control shRNA) in three TNBC cell 

lines (Figures 2A and 2B). We observed, a significant reduction in cell survival (25%-60%) in the 

AIB1 shRNAs relative to their controls across the three subtypes of TNBC cell lines (Figure 2C) 

suggesting an underlying role of AIB1 expression in the survival of TNBC cells in vitro. Next, we 

determined the mRNA expression and protein levels of AIB1 in puromycin selected cells and found 

significant reduction of AIB1 mRNA expression and protein levels in the AIB1 depleted cells 

relative to control shRNA (Figures 2D and 2E). We also determined the expression of known AIB1-

regulated genes relevant in breast cancer molecular subtypes. The gene expression of ESR1, PGR, 

and HER2 remained low or unchanged in AIB1 shRNAs relative to their controls in basal-like 

subtypes of TNBC cell lines (Figure 2F). Additionally, we evaluated the gene expression of EGFR 

and found slight changes in AIB1 shRNAs relative to their respective controls in (BL2) HCC1806 

and (BL1) MDA-MB-468 (Figure 2F). Previous studies have reported that AIB1 enhances the 

signal of growth factors. Furthermore, EGFR changes in (BL1) MDA-MB-468 might be related to 

the fact that EGFR is amplified in this cell line (143).  
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Figure 2. Acute depletion of AIB1 reduces the survival of Triple negative breast cancer 

(TNBC) cells. 

(A) Schematic timeline for shRNA control or AIB1 (shRNA #1, and #2) lentiviral infection 

(MOI=10) and selection. (B) Representative images of TNBC cell lines following shRNA infection 

and selection (insets 10x). (C) Cell count per field (n=5) (left axis) relative to control (right axis). 

Western blot (D) and mRNA expression (E) of surviving TNBC cells following shRNA infection 

and selection. (F) mRNA expression of nuclear receptors (ESR1 and PGR) and epidermal growth 

factor receptors (EGFR and HER2) in BL-TNBC subtype shRNA infected cells. Graphs are 

representative of three independent experiments. Mean ±SEM. Scale bar: 500 μm (B). Two-tailed t-

test. *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001. 
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Correlation of a proliferative AIB1-independent subpopulation of breast cancer cells. 

We sought additional evidence that AIB1 expression may be critical for the survival of breast cancer 

cells and accessed The Project Achilles database (https://portals.broadinstitute.org/achilles). The 

database is a publicly available resource that provides loss of function screening data on proliferating 

cancer cell lines determining genes essential in cancer. As reported, genes were ranked following a 

library shRNA screening in multiple cell lines that determine a dependency score (DepMap; 

https://depmap.org/portal/) based on the impaired or reduced proliferation of a given cancer cell line  

(144). We obtained DEMETER2 (D2) dependency scores for breast cancer cell lines (n=82) analyzed 

by the Broad Institute and selected the subtype of basal-like cell lines (n=18); as previously described 

(121). Tsherniak and colleagues reported that knock-down of cancer essential genes resulted lack of 

cell proliferation following shRNA treatment. By contrast, (BL1) MDA-MB-468, (BL2) HCC1806, 

and (M) MDA-MB-157 were maintained in cultured for several passages following AIB1 shRNA 

transfection (145). The proliferation of these cells resulted in a D2 score greater than the median (-1) 

of common cancer essential genes for all basal-like breast cancer cell lines suggesting a low 

dependency of AIB1 expression for proliferation. However, an assessment on cell viability following 

shRNA infection was not explicitly reported. Thus, the in-silico results show that compared to the 

loss of two essential genes associated with proteasomal degradation or spliceosome function (PSMA4, 

SNRPD1; respectively), the loss of AIB1 was not sufficient to stop the proliferation of breast cancer 

cell lines (Figure 3A). So, in line with our results, data from the Broad Institute suggests that a subset 

of (BL1) MDA-MB-468, (BL2) HCC1806, and (M) MDA-MB-157 cells survives and proliferates 

following AIB1 silencing. We then asked if TNBC cell lines had a pre-existing subpopulation of cells 

expressing reduced levels of AIB1 and performed intracellular staining for AIB1 followed by flow 

cytometry analysis in naïve-treated cell lines. We found that BL subtypes of TNBC cells expressed 

https://portals.broadinstitute.org/achilles
https://depmap.org/portal/
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high (>96% positive) and homogeneous levels of AIB1 (Figures 3B and 3C) suggesting that the 

surviving AIB1 shRNA experiments do not represent a pre-existing subpopulation of low expressing 

AIB1 cells. By contrast, data from the (M) MDA-MB-157 may suggest differences in expression of 

AIB1 in different subtypes of TNBC (Figures 3B and 3C) and this correlates with protein levels 

(Figure 2D). Because (BL2) HCC1806 was the most homogeneous cell line with higher AIB1 protein 

expression compared to other cell lines (Figure 2D), we evaluated whether their reduced viability was 

an effect of increased cellular stress caused by the lentiviral infection and puromycin selection and 

set up a transient knock-down experiment targeting AIB1 mRNA by small interfering RNA (siRNA) 

(Figure 3D). We observed reduced proliferation which correlates with reduced levels of AIB1 protein 

at 72- and 96-hours post transfection in (BL2) HCC1806 AIB1 siRNA compared to negative control 

siRNA (Figures 3E and 3F). These results suggest that the reduced survival observed with the shRNA 

lentivirus is not due to the selection process but rather an intrinsic biological effect caused by the 

knocked-down expression of AIB1. From this initial data, we concluded that AIB1 silencing resulted 

in a selected enrichment of, not previously described, breast cancer cells that adapt to the reduced 

expression of AIB1 in a subset of cell lines representing different subtypes of TNBC in vitro. 
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Figure 3. AIB1 silencing enriches for a population of AIB1-independent Triple negative breast 

cancer (TNBC) cell lines. 

(A) In silico analysis using publicly available data (Project Achilles: DepMap) showing the 

dependency score (DEMETER2) for AIB1, PSMA4, and SNRPD1 genes in TNBC cell lines (n=18). 

Red dotted line represents the median of all essential genes (-1). TNBC cell lines are highlighted in 

the legend. (B) Quantitative analysis of AIB1 positive cells in naïve-treated TNBC cell lines using 

indirect, intracellular labeling of an anti-human AIB1 monoclonal antibody. (C) Mean fluorescence 

intensity (MFI) for IgG and AIB1 signal. (D) Schematic timeline for siRNA experiments targeting 

two different sequences of the AIB1 mRNA or negative siRNA control in (BL2) HCC1806 cell lines. 

(E) Proliferation of (BL2) HCC1806 cells following transient siRNA AIB1 and negative control 

transfection measured over time. (F) Western blot of (BL2) HCC1806 following siRNA transfection. 

Graphs are representative of three independent experiments. Mean ±SEM. Two-tailed t-test. *P ≤ 

0.05, **P ≤ 0.01, ***P ≤ 0.001. 
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Chemotherapy treatment of HCC1806 cells reduces AIB1 expression in surviving cells in vitro. 

Therapeutic intervention such as neoadjuvant chemotherapy (NACT) is recommended to reduced 

tumor size prior to surgery (146) and can be used a prognostic marker in TNBC patients (59). 

Importantly, patients diagnosed with TNBC that receive NACT and achieving pathologic complete 

response (pCR) have long-term favorable outcomes compared to those that do not respond and 

develop residual disease (58). Thus, we wondered whether AIB1 expression could be an indicator of 

outcome following NACT. We accessed the web-tool database (www.kmplot.com) (147) and 

determined survival outcomes based on AIB1 (Affymetrix ID: 209061_at) gene expression  by basal-

like intrinsic molecular subtype among patients that were not systemically treated (Figure 4A) 

compared to those that received neo-adjuvant and adjuvant chemotherapy (ACT) (Figure 4B). The 

log2 gene expression range for the cohorts was 7.29–10.95 and 7.28–10.14, respectively. Findings 

from the in-silico analysis showed a positive correlation between AIB1LOW expressing tumors and 

increased overall survival (OS) compared to those that expressed high levels of AIB1 in a cohort of 

systemically untreated basal-like patients (Figure 4A). By contrast, the cohort of basal-like patients 

that received either NACT or ACT did not show significant differences in OS between AIB1LOW and 

AIB1HIGH expressing tumors (Figure 4A). These results suggested that AIB1 expression is regulated 

during therapeutic interventions, but it was not clear whether the gene expression of tumor cells was 

directly affected by the cytotoxic reagents or whether it was related to the ratio of AIB1 

overexpressing cells within the tumor bulk. We then examined the expression of AIB1 at different 

disease stages in basal-like breast cancer subtype within “The Cancer Genome Atlas” (TCGA) 

database (http://cancergenome.nih.gov/) and found no differential expression of AIB1 mRNA (mean 

= 10.36) throughout all stages (Figure 4B). It worth nothing that all basal-like samples within the 

http://www.kmplot.com/
http://cancergenome.nih.gov/


39 
 

TCGA database report not to have had NACT prior to sample collection (https://xenabrowser.net/) 

(148). 

 

 

Figure 4. Correlative in silico analysis of AIB1 expression and survival outcome in basal-like 

patients. 

(A) Kaplan-Meier survival plots for basal-like breast cancer patients separated by AIB1 mRNA 

expression in systemically untreated and NACT or ACT. (B) AIB1 mRNA expression in basal-like 

tumors separated by disease stage. Data were obtained from TCGA database. Mean ±SEM. Log-rank 

test. Two-tailed t-test. *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001. 

  

https://xenabrowser.net/
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Then, we tested the impact of commonly used chemotherapy in TNBC cell lines to determine 

whether AIB1 expression was affected by cytotoxic drugs to establish a resistance model. Short-term, 

single-agent IC50 treatment (72-hours) of (BL2) HCC1806 cells with either 90 nM Doxorubicin 

(DXR), 2 nM Paclitaxel (PTX), or 4.9 μM  Fluorouracil (5FU) resulted in a surviving population of 

cells, as measured by Trypan exclusion dye, with reduced protein levels of AIB1 phenocopying the 

results observed following AIB1 silencing by shRNA (Figure 5A). However, no changes in mRNA 

were detected (Figure 5B) indicating differences in post-transcriptional regulation of AIB1 in (BL2) 

HCC1806 cells treated with chemotherapy compared to shRNA transfections. To determine the cell 

viability of treated cells, we used a cell labeling approach. Cell trace is a more sensitive method that 

evaluates cell proliferation at a single cell level. Live cells are labeled using a non-toxic fluorescent 

dye at the time of seeding. Then, similar density cells are dispensed to plates corresponding to each 

treatment condition. The highest intensity of the dye is recorded at time of seeding (T0) and serves as 

references for mitotic index because the dye will dilute out as the cells divide until the final time point. 

Using cell trace analysis, we observe reduced proliferation of chemotherapy treated (BL2) HCC1806 

AIB1LOW surviving cells compared to DMSO-treated control (Figure 5C). Interestingly, a larger 

percentage (up to 60%) of the chemotherapy surviving AIB1LOW cells were found in early generations 

(Gen1-3) indicative of a lag in proliferation compared to DMSO-treated control. We, next wondered 

if known downstream targets of AIB1 were affected by shRNA or chemotherapy treatment. We 

evaluated the protein expression of AIB1 downstream targets that have been reported to contribute to 

TNBC chemotherapy resistance, such as E-cadherin (149), NF-κB (150) or β-catenin (151) in the 

surviving chemotherapy treated TNBC cell lines and the (BL2) HCC1806 AIB1 shRNA transfected 

cell lines (Figures 5D and 5E). Neither shRNA selected TNBC, nor chemotherapy-treated (BL2) 

HCC1806 showed differences in E-cadherin protein levels which suggested that surviving AIB1LOW 
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cells were not undergoing epithelial-to-mesenchymal transition (EMT), a phenotype that has been 

associated with a more aggressive cancer phenotype (152). In contrast, the (M) MDA-MB-157 did 

not express E-cadherin which was expected because of their mesenchymal nature. Consistent with 

this, Qin and colleagues had reported unchanged levels of E-cadherin expression in mammary gland 

tumors from AIB1-/- PyMT mice analyzed by IHC and immunofluorescence staining (149). 

Additionally, we detected reduced protein levels of β-catenin in surviving (BL2) HCC1806 AIB1LOW 

cells from chemotherapy treated experiments compared to DMSO controls. However, no changes in 

β-catenin protein levels were observed in shRNA surviving AIB1LOW cells of this particular subtype. 

Similarly, we detected reduced levels of NF-κB protein levels in PTX- and 5FU- surviving AIB1LOW 

cells compared to DMSO controls but no change was observed; neither, in the surviving AIB1LOW 

cells from DXR treatment, nor in the shRNA surviving AIB1LOW cells. Overall, the RNAi surviving 

(BL2) HCC1806 AIB1LOW exhibited molecular and phenotypic hallmarks similar to those seen in 

chemotherapy surviving cells and thus provide and interesting physiological relevant model for the 

study of chemoresistance in TNBC. 
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Figure 5. Chemotherapy treatment induces downregulation of AIB1 protein and reduces cell 

proliferation in basal-lie 2 (BL2) HCC1806 surviving breast cancer cells. 

(A) Schematic 72-hours timeline of single-agent chemotherapy treatment (IC50) (top panel) of (BL2) 

HCC1806 and AIB1 protein levels (bottom panel) measured by Western blot. (B) mRNA expression 

at 72-hours chemotherapy treated parental (BL2) HCC1806. (C) Quantification of dividing cells by 

cell trace analysis. Western blot of (D) (BL2) HCC1806 after 72-hours chemotherapy treatment and 

of (E) TNBC cell lines after shRNA transfection. Graphs are representative of three independent 

experiments. Mean ±SEM. Scale bar: 500 μm (B). Two-tailed t-test. *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 

0.001. 
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Characterization of basal-like 2 (BL2) HCC1806 AIB1LOW properties following serial passage 

in vitro. 

 Proliferation phenotype of basal-like 2 (BL2) HCC1806 AIB1LOW cell lines in vitro. 

To further investigate the correlation of low expressing AIB1 following chemotherapy treatment and 

because patients with BL2-TNBC subtype were the least likely to achieve pCR (47), we moved to 

characterize (BL2) HCC1806 AIB1LOW cells by using different phenotypic analysis. Serial passaging 

resulted in stable cells that retained the low levels of AIB1 mRNA and protein (Figures 6A and 6B) 

compared to their respective passage control shRNAs. Proliferation of stable (BL2) HCC1806 

AIB1LOW compared to control shRNA cells was similar in 10% serum-supplemented media (Figure 

6C). However, AIB1LOW cells proliferated significantly better under reduced-serum conditions (1% 

and 0.1%) (Figures 6D and 6E). Additionally, AIB1LOW cells also had an increased survival capacity 

when cultured in serum-free media over a 5-day period compared to control shRNA (BL2) HCC1806 

cells (Figure 6F) suggesting that these cells represent a subpopulation of highly adaptive breast cancer. 

Using cell trace analysis, we found four subpopulations (generations 6-9) dividing at different 

frequencies but with similar ratios between AIB1LOW and shRNA controls cultured under 10% serum-

supplemented media (Figure 6G, left). However, under 1% serum conditions the ratios of generation 

7 and 8 were higher in AIB1LOW compared to shRNA controls (Figure 6G, right) corroborating 

differences observed in Crystal Violet assays (Figures 6C and 6D) suggestive that an exogenous-

independent signal supports the proliferation of this subpopulation of breast cancer cells under serum 

free conditions. Having determined that chemotherapy treatment could also result in surviving cells 

with reduced AIB1 protein levels, we asked whether AIB1LOW cells’ response to chemotherapy was 

different to controls. Our results show a >20% increased IC50 for DXR and 5FU treated cells under 

1% serum conditions in AIB1LOW compared to control shRNA (Table 11) although in 10% serum, 
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changes in IC50 were less robust (Table 11). This suggests that AIB1LOW cells may represent a sub-

population of cells that adapt to poorly vascularized and nutrient deprived tumor regions (153). 

Similar shifts in IC50 have been observed in Doxorubicin treated (BL1) MDA-MB-468 cells in vitro 

(152). Thus, (BL2) HCC1806 AIB1LOW cells have an increased responsiveness to limiting amounts 

of serum and exhibit increase resistance to at least one chemotherapeutic agent used in the treatment 

of TNBC. 

 
Table 11. Chemotherapy sensitivity of AIB1LOW cells in 1% and 10% serum-supplemented 

media. 

(BL2) HCC1806 IC50 ± SEM [μM], 1% FBS 
 DXR p value 5FU p value 

Scrambled 0.094 ± 0.011 
0.073 ± 0.012 - 1.572 ± 0.010 

1.867 ± 0.013 - 

shAIB1 #1 0.112 ± 0.008 
0.129 ± 0.011 *** 1.744 ± 0.012 

2.744 ± 0.016 *** 

shAIB1 #2 0.128 ± 0.016 
0.134 ± 0.007 *** 1.908 ± 0.020 

2.399 ± 0.015 *** 

 
 IC50 ± SEM [μM], 10% FBS 
 DXR p value 5FU p value 

Scrambled 0.005 ± 0.048 
0.003 ± 0.027 - 2.06 ± 0.03 

1.93 ± 0.02 - 

shAIB1 #1 0.007 ± 0.064 
0.003 ± 0.040 ns 1.85 ± 0.04 

1.78 ± 0.02 ns 

shAIB1 #2 0.008 ± 0.078 
0.004 ± 0.043 ns 2.97 ± 0.07 

2.68 ± 0.02 ns 
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Figure 6. Basal-like 2 (BL2) HCC1806 AIB1LOW cells have an increased proliferation under 

limited serum. 

(A) AIB1 protein levels and (B) fold-change mRNA expression of serial passaged AIB1LOW 

compared to control shRNA measured by Western blot and RT-qPCR, respectively. (C-F) 

Proliferation assay measured by Crystal Violet (OD595). Data normalized to 24h and represented as 

fold-change for (BL2) HCC1806 AIB1LOW compared to control shRNA cells cultured in (C) 10%, 

(D) 1%, (E) 0.1% serum-supplemented and (F) serum-free conditions as indicated. (G) Cell trace 

analysis of (BL2) HCC1806 AIB1LOW compared to control shRNA cells cultured in (left) 10% or 

(right) 1% serum-supplemented conditions. Black arrow indicates increased percentage of generation 

7 in dividing (BL2) HCC1806 AIB1LOW compared to control shRNA cells cultured in 1% serum-

supplemented conditions. Graphs are representative of at least two independent experiments. Mean 

±SEM. Two-tailed t-test. *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001. 
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Properties of AIB1LOW cells in non-adherent conditions and on basement membrane. 

It has been proposed that chemotherapeutic agents de-bulk tumors by targeting the highly 

proliferating population of cancer cells while leaving behind a relatively resistant tumor initiating 

(TIC), slow-proliferating stem-like cell population that can be identified by the expression of cell 

surface makers such as CD24 and CD44 (151,154–156). One property of potential TICs in vitro is 

their ability to form spheres in non-adherent conditions (157). We determined that (BL2) HCC1806 

cells had a high percentage (>88%) of CD44+/CD24- subpopulation by flow cytometry (Figure 7A) 

suggesting a high TIC potential in this particular cell line which may explain the resilience of these 

cells to proliferate independent of exogenous growth factor stimulation. Flow cytometry  analysis for 

CD44 and CD24 of (BL2) HCC1806 AIB1LOW showed no changes in the ratio of CD44+/CD24- cells 

(Figure 7B). Additionally, we had also observed differences in attachment kinetics of (BL2) 

HCC1806 AIB1LOW compared to control shRNA cells when seeded on uncoated culture dishes in 

vitro (Figure 7C). Thus, we conjectured that the AIB1LOW cells might be related to a cancer stem-like 

population and examined this phenotype using tumorspheres assays: 1) Matrigel-embedded (158) and 

2) non-adherent conditions in ultra-low attachment (ULA) dishes. Matrigel embedded tumorspheres 

did not show significant differences in size or count between groups (Figure 7D). Similarly, no 

significant changes in size were observed in 10% serum-supplemented ULA-tumorsphere assays 

(Figure 7E). However, we observed an increased number of tumorspheres with >30 µm diameter in 

length under serum-free conditions in (BL2) HCC1806 AIB1LOW compared to controls cells (Figure 

7F) suggesting an increased adaptability of AIB1LOW to serum-free conditions in suspension. 

Furthermore, cell surface marker expression and tumorsphere formation assays did not yield 

conclusive evidence for the enrichment of TICs. 
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Figure 7. Tumor initiating cell (TIC) phenotype is unchanged in (BL2) HCC1806 AIB1LOW 

cells. 

(A) Quantification of CD44+/CD24- subpopulations in (A) naïve treated and (B) AIB1LOW (BL2) 

HCC1806 cell lines analyzed by flow cytometry. (C) Quantification of adherent (BL2) HCC1806 

AIB1LOW compared to control shRNA cells seeded at similar densities and measured over time. 

Adhered cells were counted per well (n=6) at the given time points following decanting of the 

supernatant after seeding, rinsed, fixed and stained with Crystal Violet. (D-F) Representative images 

of tumorspheres derived from (D) Matrigel-embedded, in suspension ULA (E) 1%-FBS 

supplemented, and (F) serum-free (BL2) HCC1806 AIB1LOW compared to control shRNA cells. 

Quantification for tumorsphere size and count reported for each condition. Tumorsphere count using 

diameter (ᴓ) of the longest axis. Graphs are representative of at least two independent experiments. 

Mean ±SEM. Scale bar = 0.5 mm (D), 1 mm (E, F). Two-tailed t-test. *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 

0.001.  
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Reduced AIB1 correlates with impaired tube formation phenotype in BL2-TNBC cell line. 

An additional property of TIC is related to tube-formation which correlates with aggressive behavior 

and has been correlated with the phenomenon of vascular mimicry in where cancer cells form leaky 

channels that connect to blood vessels (159). We set up tube-formation assays to evaluate this 

characteristic in AIB1LOW, controls shRNA, and HUVEC cells as control model for tube-formation. 

Control shRNA (BL2) HCC1806 cells have an inherent capacity to form tube-like networks on 

basement membranes which is similar to tube-formation assays performed using HUVEC endothelial 

cells (160) (Figures 8A). On the other hand, we observed reduced tube-formation capacity in (BL2) 

HCC1806 AIB1LOW cells (Figure 8A). We measured the length of the tubes formed in each well to 

quantify differences in tube formation and show significant reduction in the total length of networks 

formed by the (BL2) HCC1806 AIB1LOW compared to control shRNA cells by 48 hours (Figure 8B). 

We separated the cells from the matrix substrate to perform further analysis. Importantly, AIB1 

mRNA expression from (BL2) HCC1806 AIB1LOW cells that failed to form tubes on Matrigel 

remained significantly low compared to shRNA control cells that formed tubes (Figure 8C). The 

reduced mRNA expression was comparable to the (BL2) HCC1806 AIB1LOW cell lines cultured in 

plastic. We speculated that tube formation correlated with AIB1 expression in this particular cell line. 

Thus, we asked if the surviving (BL2) HCC1806 treated with DXR, PTX, or 5FU which have reduced 

levels of AIB1 protein (Figure 5A), also have a decreased capacity in tube-formation. Chemotherapy 

treated cells were counted using Trypan exclusion dye to determine viable cells after 72h treatment 

(Figure 8D). Then, 25x103 of the surviving cells were seeded onto a coating of growth factor reduced 

substrate (Matrigel) and we found that chemotherapy treated (BL2) HCC1806 cells were unable to 

form tube-like networks compared to the DMSO-treated group (Figures 8E). As an independent 

approach, we treated (BL2) HCC1806 with MCB613 (161), a small molecule stimulator, that 
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hyperactivates AIB1 leading to its ubiquitination and consequently reduction of AIB1 protein levels, 

and observed decreased tube-formation in MCB613-treated compared to control DMSO-treated 

(BL2) HCC1806 cells (Figures 8F and 8G) also indicative of a role for AIB1 expression in tube-

formation in (BL2) HCC1806. Additionally, we observed reduced tube-formation in MDA-MB-157 

(M) AIB1LOW compared to control shRNA cells cultured on a basement membrane matrix (Figures 

8H and 8I), suggesting a broader role of AIB1 in mechano-transduction signaling that facilitates tube-

formation in vitro. Furthermore, our lab had previously reported that AIB1 silencing in HUVEC cells 

reduces tube-formation in vitro (109). Taken together, the data suggest that AIB1LOW cells do not 

represent a population of classical TIC stem-like cells but these cells have altered mechano-

responsive and adherent properties that can affect their contribution to tumor phenotype (162).  
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Figure 8. Basal-like 2 (BL2) HCC1806 AIB1LOW cells have reduced tube-formation capacity in 

substrate matrix. 

(A) Representative images of 48-hours tube-formation assays showing (BL2) HCC1806 AIB1LOW 

compared to control shRNA cells and (top) and network mask (bottom) used to measure length of 

tube networks per field (n=8). HUVECs are used as positive control. (B) Representative bar graphs 

showing average of tube network length as described in A. (C) mRNA expression from 48-hours 

tube-formation assay AIB1LOW compared to shRNA control (BL2) HCC1806 cells. (D) Trypan-

exclusion count measuring cell viability of 72-hours chemotherapy treated compared to DMSO-

treated parental (BL2) HCC1806 before seeding onto Matrigel. (E) Representative micrographs of 

48-hours tube-formation assay of viable cells surviving chemo- compared to DMSO-treated parental 

(BL2) HCC1806 cells. (F) Tube-formation assay of parental (BL2) HCC1806 treated with increasing 

concentrations of MCB613 and DMSO for 12-hours, trypsinized, then seeded onto Matrigel for 72-

hours. (G) AIB1 protein levels of MCB613 treated (BL2) HCC1806 cells cultured onto Matrigel after 

72h. (H) Representative micrographs of tube-formation assays showing AIB1LOW compared to 

control shRNA MDA-MB-157 (M) cells at indicated time points. (I) Average tube network length 

measured per image (n=6) of tube-formation as described in G. Graphs are representative of three 

independent experiments. Mean ±SEM. Scale bar = 1 mm. Two-tailed t-test. *P ≤ 0.05, **P ≤ 0.01, 

***P ≤ 0.001. 

  



52 
 

Differential gene expression of basal-like 2 (BL2) HCC1806 AIB1LOW cells with reduced tube-

formation. 

To understand the mechanisms by which AIB1 expression regulates tube-formation phenotype in 

(BL2) HCC1806 TNBC cell lines, we extracted RNA from (BL2) HCC1806 AIB1LOW cells that failed 

to form tubes and control shRNA cells that form tubes on substrate matrix 48 hours post seeding in 

10% serum-supplemented. We performed microarray analysis and compared the transcription profiles 

for the observed phenotype. The top 50 differentially expressed genes (DEGs) with >1.5 fold-change 

and p<0.05 were visualized by heatmap (Figure 9A) using the GenePattern bioinformatic suite 

(http://software.broadinstitute.org/cancer/software/genepattern/). Functional enrichment of the top 50 

DEGs revealed the involvement of biological processes such as organ development q<0.007 

(GO.0048513) and the negative regulation of muscle cell differentiation q<0.03 (GO.0051148). 

Interestingly, six of the top ten downregulated genes (HEY2, PCSK5, CEACAM6, OLFM4, TRIM31, 

and PRR5L) in (BL2) HCC1806 AIB1LOW cells that failed to form tubes were associated with integrin 

activity that affected cell adhesion which may explain the reduced tube-formation phenotypes 

(Figures 8A, 8E, and 8F) and in part also explained the effects in delayed cell adhesion (Figure 7C). 

Additionally, we performed gene set enrichment analysis (GSEA) using the gene expression tables 

of nearly 10,000 genes demonstrated that the control shRNA group was enriched in downstream 

targets of activated KRAS as well as enrichment of WNT-β-Catenin pathways (Figure 9B). We 

independently validated gene expression changes for CDH6, HEY1, and CTNNB1 mRNA expression 

(Figure 9C). Conversely, we observed enrichment of MYC targets and inflammatory pathways in the 

(BL2) HCC1806 AIB1LOW cells that had decreased tube-formation capacity (Figure 9D). 

Examination of overlapping genes within the leading-edge from the inflammatory pathways showed 

http://software.broadinstitute.org/cancer/software/genepattern/
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that CXCL10 was the common overlapping gene in the inflammatory pathways (Figure 9E) and this 

result was validated by PCR (Figure 9F).  



54 
 

 

 
  



55 
 

Figure 9. Upregulated inflammatory pathways correlate with angiostatic phenotype of  basal-

like 2 (BL2) HCC1806 AIB1LOW cells cultured on substrate matrix. 

(A) Heatmap showing differentially expressed genes from (BL2) HCC1806 AIB1LOW compared to 

control shRNA cells undergoing tube-formation (48-hours). Bold = overlapping genes with cell 

lines, arrow heads = PCR validated. (B) Gene enrichment plots showing downregulated pathways in 

AIB1LOW (BL2) HCC1806 compared to control shRNA cells. Normalized gene expression and 

Normalized Enrichment Score were calculated by the Comparative Marker Selection for A and 

Gene Set Enrichment Analysis (GSEA) for B using bioinformatic tools within the GenePattern suite 

hosted online by the Broad Institute. Gene expression fold change and NES FDR as indicated. (C) 

Independent gene expression validation of downregulated genes during tube-formation in AIB1LOW 

(BL2) HCC1806 cells. (D) Gene enrichment plots showing upregulated pathways in AIB1LOW 

(BL2) HCC1806 compared to control shRNA cells. (E) Venn Diagram showing genes from leading 

edge lists from inflammatory pathways in D. (F) Independent gene expression validation of 

upregulated genes during tube-formation in (BL2) HCC1806 AIB1LOW cells. Two biological 

samples from each condition were submitted for microarray analysis. Graphs are representative of 

at least two independent experiments. Mean ±SEM. Two-tailed t-test. *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 

0.001. 
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Gene-set comparisons between AIB1LOW (BL2) HCC1806 cell lines and from tube-formation 

conditions in vitro (Figures 9 and 10) demonstrated that the reduced RAS signaling pathway was 

associated with low levels of AIB1 expression independent of culture conditions. However, changes 

in WNT signaling were unique to AIB1LOW and their impaired capacity of tube formation. We also 

observed an increased inflammatory signal in the AIB1LOW cells (Figures 9D and 10B) that is a direct 

effect to AIB1 silencing. Notably, the IL6-JAK-STAT3 gene set, an inflammation signal pathway, 

was enriched in the (BL2) HCC1806 AIB1LOW cells irrespective of culture conditions (Figures 9D 

and 10B). These results suggest that (BL2) HCC1806 cells rely on an AIB1-WNT pathway axis that 

may regulate tube formation, but we couldn't validate a member of the Wnt family of genes. 

Additionally, the results showing increased expression of pro-inflammation pathways, in particular 

of chemokine CXCL10, are interesting. It has been shown previously that interferons regulate the 

formation of microcapillary networks in HUVECs (163) and our lab has shown dysregulation of tube 

formation when AIB1 is silenced in HUVECs (164). Overall, these observations highlight 

inflammation-driven cytokines overexpression in (BL2) HCC1806 AIB1LOW cells possibly related to  

reduced tube-formation, a surrogate angiostatic effects, when these cells are in contact with an 

extracellular matrix (165).   
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Figure 10. Gene expression of AIB1LOW basal-like 2 (BL2) HCC1806 Triple negative breast 

cancer (TNBC) cell lines. 

(A) Heatmap showing differentially expressed genes from serial passaged (BL2) HCC1806 AIB1LOW 

compared to control shRNA cell lines. Bold = overlapping genes with cell lines undergoing tube-

formation. (B) Gene enrichment plots showing upregulated pathways in (BL2) HCC1806 AIB1LOW 

cell lines. Data analysis and normalization as described in Figure 7. Two biological samples from 

each condition were submitted for microarray analysis. 
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Basal-like 2 (BL2) HCC1806 AIB1LOW cells have reduced proteolytic activity of tissue 

microenvironment in vivo.  

Tumorigenicity of AIB1LOW cells using high-density orthotopic cell injections into the cleared 

mammary fat pad of immunocompromised mice. 

Having determined that the AIB1LOW have altered phenotypes compared to control shRNA (BL2) 

HCC1806 cells; both on plastic, in low serum, and on Matrigel, we next sought to determine the 

ability of AIB1LOW cells to form tumors and metastasis in vivo. We found no significant differences 

in tumorigenicity when we injected 1x106 AIB1LOW or control shRNA (BL2) HCC1806 cells into the 

cleared mammary fat pad of 4-week old nude female mice. Under these conditions these cells 

developed comparable tumor size with similar histology by 3-weeks post injection (Figures 11A and 

11B). Histological analysis showed highly invasive and aggressive tumors with high degree of 

necrosis comparable in both groups (Figure 11C). Additionally, these tumors retained the low 

expression of AIB1 protein evidenced by IHC (Figure 11C). Moreover, stromal accumulation of 

collagen and glycoprotein did not show significant differences between AIB1LOW and control shRNA 

tumors processed with periodic-acid shift (PAS) and Masson’s trichome staining (MTS). However, 

we observed increased nodular enclosing in the AIB1LOW tumors compared to the control shRNA 

tumors (Figures 11D and 11E) indicative of a reduced proteolytic activity of nearby stroma. 
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Figure 11. High-density orthotopic injections of basal-like 2 (BL2) HCC1806 AIB1LOW cells 

revealed no changes in tumorigenicity in immunocompromised mice. 

(A) Average end-point tumor size and weight of 1x106 (BL2) HCC1806 AIB1LOW compared to 

control shRNA cells injected into the cleared mammary fat pad of 4-week old nude mice; n=10. (B) 

Line graphs of (BL2) HCC1806 AIB1LOW cells compared to control shRNA cells showing tumor 

development over time. (C) Representative images of H&E and IHC staining from primary tumor 

graft sections of the 1x106 (BL2) HCC1806 AIB1LOW compared to control shRNA xenografts. 

Quantification of stromal glycoprotein (D) stained with periodic-acid shift (PAS) stromal collagen 

(E) stained with Masson’s trichome staining (MTS). Mean ±SEM. Two-tailed t-test. *P ≤ 0.05, **P 

≤ 0.01, ***P ≤ 0.001. 
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Tumorigenicity of AIB1LOW cells using limiting dilution orthotopic cell injections into the cleared 

mammary fat pad of immunocompromised mice. 

(BL2) HCC1806 cells have been reported to be very aggressive and invasive in vivo (166); thus, we 

conjectured that injecting fewer cells more likely would reveal differences between (BL2) HCC1806 

AIB1LOW versus control shRNA cells. We set up limiting dilution assays (LDA) by injecting either 

50, 500 or 5000 (BL2) HCC1806 AIB1LOW or control shRNA cells into the clear mammary fat pads 

of 4-week old NSG female mice (Figure 12A). We monitored the group average size of tumors to 

reach ~50 mm2 (Figure 12B). We performed survival surgery, removed grafted tumors, and monitored 

the mice for three additional weeks to examine metastasis. Tumor size after 3-weeks was not 

statistically different in LDA5000 or LDA500 tumors (Figure 12B). However, most of the LDA50-

AIB1LOW tumors were smaller compared to LDA50-control shRNA tumors, suggesting a reduced 

tumorigenicity of (BL2) HCC1806 AIB1LOW cells which can only be determined by lower cell 

densities in where pathway deficiencies are accentuated. Intriguingly, serum-depleted proliferation 

of (BL2) HCC1806 AIB1LOW cells suggested an increased autocrine response in vitro which is 

hampered in vivo; perhaps, by the stroma crosstalk.  Next, we show that LDA50-AIB1LOW tumors 

also maintained reduced levels of AIB1 by IHC (Figure 12C), comparable to what we observed in 

Figure 9C; indicative of a long-lasting and stable shRNA transfection silencing AIB1. Additionally, 

the outlier #135R tumor in the LDA50 group also had reduced AIB1 expression by IHC compared to 

LDA50 control shRNA; thus, refuting the possibility for the re-expression of AIB1 in this tumor. The 

overall histology for both LDA50-AIB1LOW
 and LDA50-control shRNA was similar to that seen when 

grafting higher densities of cells. Analysis of human gene expression of the LDA50 tumors using the 

NanoString platform indicated that the AIB1LOW tumors showed >1.5 fold down-regulation of several 

genes associated with tissue remodeling (i.e. matrix metalloproteases MMPs 2, 9 & 10, pentraxin 3 



61 
 

(PTX3), metallo-protease inhibitor TIMP4 and cathepsin CTSH) (167), as well as genes that predict 

chemotherapeutic response (Serpine1, A-kinase anchoring protein 12 (AKAP12)) (168), genes in the 

inflammatory pathways (interleukin 11 (IL11), podoplanin (PDPN)) (169,170) or adhesion (Cadherin 

2 (CDH2)) (171). Additionally, we detect several genes involved in the clotting cascade and 

regulation of the vascular system (e.g. Serpine1, Fibronectin (FN1), FOXC2 and PTX3) to be 

downregulated in LDA50-AIB1LOW tumors compared to LDA50-control shRNA tumors (Figure 

12D) which may be related to the impaired tube-formation phenotype in vitro. Taken together, our 

results demonstrate that the reduced tumor size in (BL2) HCC1806 LDA50 AIB1LOW is strongly 

correlated with the tumor-stroma crosstalk and a small number of persistent tumor cells that may be 

responsible for tumor recurrence or metastasis. We further validated some of these genes by qPCR 

(Figure 12E). Moreover, we also observed a single mouse (#135) affected with pulmonary metastasis 

in the LDA50 AIB1LOW compared to three mice in the LDA50-control shRNA group (Figure 12F). 

KRT14 and E-cadherin staining confirmed metastasis in lung sections. The IHC staining also showed 

that metastases from #135 were smaller compared to control group  (Figure 12G). 
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Figure 12. Limiting dilution orthotopic injections of basal-like 2 (BL2) HCC1806 AIB1LOW 

cells correlates reduced stromal remodeling to delayed tumorigenicity and metastatic spread 

in immunocompromised mice. 

(A) Schematic timeline for limiting dilution assay. (B) Bar graphs represent growth of individual 

tumors from, left to right, (BL2) HCC1806 LDA50, 500, and 5000 AIB1LOW or control shRNA cells 

injected into the cleared mammary fat pad of 4-week old NSG mice; n=10. (C) Representative images 

of H&E and IHC staining of primary tumor grafts sections. (D) Gene expression data of primary 

tumors from LDA50-AIB1LOW (n=4) compared to control shRNA (n=2). Volcano plot represents 

down- and up-regulated genes (green and red, respectively); q < 0.05. (E) Independent gene 

expression validation of selected genes from flash frozen xenograft tissue. (F) Number of mice with 

confirmed pulmonary metastasis by H&E in the LDA50 group. (G) Representative images of H&E 

and IHC staining from lungs sections of the (BL2) HCC1806 LDA50-AIB1LOW compared to control 

shRNA xenografts. Graphs are representative of at least two independent experiments. Mean ±SEM. 

Two-tailed t-test. *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001. 
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Establishing cell lines from Triple negative breast cancer (TNBC) Patient-derived xenografts 

(PDX) models to further characterize the phenotype of AIB1LOW Triple negative breast cancer 

(TNBC) cells. 

Patient-derived xenografts (PDXs) are preclinical models of transplantable human tumors reviewed 

in (172) that were developed to overcome the availability of better reproducible in vivo models for 

breast cancer (173) because these represent the cellular heterogeneity with the tumor epithelial cells 

and stroma components (174). Fragments of tumors biopsies were derived directly from breast cancer 

patients prior to or after treatment. Protocols for the serial passage of these fragments as orthotopic 

engraftment into the clear inguinal mammary fat pads of 3-4 weeks old immunocompromised mice 

as fresh or from viable-frozen repositories or from derived organoids or cell suspension have been 

optimized since the conception of PDXs (100). To further validate these observations using other 

TNBC models, our lab purchased TNBC patient derived xenografts (PDXs: HCI001 and HCI010) 

developed by DeRose et al. (173). These tissues represent with high fidelity human tumor progression 

in immunocompromised mice. The fragments were implanted in the cleared mammary fat pad of 4-

week old NSG mice and tumors were monitored twice weekly (Figure 13A). Tumor growth and 

phenotype recapitulated the observations of DeRose et al. (Figures 13A and 13B). We determined 

that tumor cells within both PDXs express AIB1 by IHC staining (Figure 13C). Additionally, we 

observed that HCI001 tumors were reactive for KRT14 but HCI010 tumors were not (Figure 13C). 

While incidences of lung metastasis were reported for both PDXs, we only detected lung metastasis 

in HCI001 (Figure 13D). Additionally, we detected that lung nodules had KRT14 positive expression 

similar to the primary tumor (Figure 13D). To study the properties of the PDX we then mechanically 

and enzymatically dissociate tumor epithelial and stroma cells and isolated tumor cells from the PDXs 

to established cell lines for molecular studies in vitro. These cells can be passaged under normal 
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conditions until they senesce although we are currently developing conditionally reprogrammed PDX 

lines using a technology that I reported during the first project in my thesis laboratory (see 

APPENDIX A) . Additionally, challenges have been reported when trying to establish cell lines 

derived from tumor including cell lines derived from PDXs. Intracellular heterogeneity represents 

one of these challenges which results in mixed populations of adherent and in-suspension cells (100) 

ex vivo. Thus, in order to transfect PDX-derived cell lines with AIB1 shRNA we tested cells cultured 

as monolayer, facilitated by poly-D lysine (PDL) coated plates, as well as in suspension, in ultra-low-

attachment (ULA) dishes. Chemotherapy treatment of PDX-derived cell lines grown as monolayer 

showed a surviving subpopulation with reduces AIB1 protein levels compared to DMSO treated 

control (Figures 13E and 13F). Similarly, when we infect these cell lines with shRNA AIB1 or shRNA 

control, we observed reduced protein levels of AIB1 in both culture conditions (Figure 13F).  Thus, 

in these initial confirmatory experiments with human PDX TNBC lines, chemotherapy treatment 

produces a surviving  AIB1LOW population similar to that observed with established cell lines. 
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Figure 13. AIB1 silencing in Triple negative breast cancer (TNBC) Patient-derived xenograft 

(PDX)-derived cell lines selects for a subpopulation of AIB1-independent cells. 

(A) Tumor growth of orthotopic implants of HCI001 and HCI010 PDXs in the cleared mammary fat 

pad of 4-week-old female mice. (B) Representative images showing differences in gross phenotype 

between HCI001 and HCI010. Representative images for H&E and IHC staining of AIB1 and KRT14 

from (C) primary PDX sections and (D) lung sections from described PDXs. (E) Cell viability of 

HCI010-derived cell lines after 72h chemo- compared to DMSO-treated. (F) AIB1 expression from 

chemotherapy treated and shRNA transfected HCI010-derived cell lines as monolayer or in 

suspension. Graphs are representative of at least two independent experiments. Mean ±SEM. Two-

tailed t-test. *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001.  
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DISCUSSION 

Breast cancer represents diverse biological diseases with differences in clinical, molecular, 

and genetically features. Nearly 2,000,000 women worldwide and approximately 266,000 women in 

the US were diagnosed with breast cancer in 2018 (GLOBOCAN 2018; SEER 2018). The 

classification of breast tumors that share similar features assists in the management of the disease. 

Early classification of breast cancer distinguished hormone receptor (HR) negative from ER/PR 

expressing (HR positive) tumors (52,175,176). Nearly 30% of invasive breast cancer cases are HR 

negative (177). Subsequent classification by histopathology and molecular analysis of breast tumors 

identifies three and four breast cancer subtypes; respectively. A subtype that lacks ER, PR, and HER2 

expression is classified as TNBC histologically (38,178) or basal-like molecularly (41). Further 

molecular analysis has recognized a greater complexity in the TNBC/basal-like subtype leading to a 

second classification by gene expression patterns that includes basal-like 1, basal-like 2, 

mesenchymal, and luminal androgen receptor (18,46). The additional subtyping of TNBC also 

identified almost exclusive canonical pathways associated with each subtype of TNBC (46,179) and 

current studies are attempting to elucidate molecular mechanisms associated to these subtypes for 

therapeutic purposes that could improve survival outcomes in TNBC patients (18,47,180). Currently, 

women diagnosed with TNBC have the worse prognosis compared to other breast cancer subtypes 

(52,175,176). Differences in survival outcome are in part related to the treatment options, with most 

TNBC patients receiving systematic chemotherapy (56). In contrast, Luminal and HER2 breast cancer 

subtypes have more specific and targeted therapies (181–183). 

In the US, significant breast cancer disparities have been reported to affect disproportionally 

Black women compared to White women (33). Disparities associated with biological differences may 

directly or indirectly influence the etiology of breast cancer between these groups. In fact, Black 
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women are more likely to be diagnosed with ER-negative, aggressive histological grade, advanced 

stage, and early onset breast cancer than other women (31–33,184). Incidentally, breast cancer 

mortality rates are higher in young premenopausal women of African ancestry compared to women 

of European ancestry (26,32,49,50). Reported non-modifiable biological associations include 

differences in expression of hormone levels and growth factor abundance in plasma (i.e. SHBG, 

IGFBP-3) (36), frequency of mutations in cell cycle regulators (i.e. p16, Cyclin D/E) (185), and  

chromosomal abnormalities that affect tumor suppressor genes (i.e. p53, BRCA1/2) (186). Currently, 

it is not clear whether differences in race can be identify within the subtypes of TNBC. 

Generally, a cancer cell has lost the ability to regulate its proliferation rate, in large part 

because of accruing genomic instability (187). The nuclear coactivator AIB1 was identified within an 

amplified chromosomal region at 20q11-13 in breast cancer cell lines (77,188) and later confirmed to 

be overexpressed in breast and ovarian cancer cells (78). Furthermore, overexpression of AIB1 have 

been associated with worse prognosis in different breast cancer subtypes including luminal (78) and 

in triple negative breast cancers (96). The oncogenic properties of the nuclear coactivator AIB1 have 

been implicated in growth factor receptor signaling, enhanced growth factor receptor signal 

(81,105,189), cell growth and proliferation (82), and p53 function (190) of several cancer cells 

including pancreas (191), prostate (192), endometrial (127), bladder (193), and others. 

In this study, we found that AIB1 mRNA and protein are expressed at detectable levels in 

TNBC cell lines, TNBC-PDX tumors, and TNBC-PDX derived cell lines: MDA-MB-468 (BL1), 

(BL2) HCC1806, MDA-MB157 (M), and PDX-HCI010. These cell lines show a discrete dependency 

on AIB1 for survival because of the significant reduction in cell survival following AIB1 silencing. 

However, roughly 20% of shAIB1 cells across the different subtypes of TNBC survive the acute 

depletion of AIB1 suggesting that these breast cancer cells adapt by utilizing compensatory 
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mechanisms independent of AIB1 for survival and proliferation. Previous in vivo studies in transgenic 

animals that lack AIB1 (AIB1-/-) have reported delayed frequency of spontaneous; as well as, 

chemically-induced mammary tumorigenesis (139,194). Importantly, intracellular flow cytometry 

analysis for AIB1 expression in naïve-treated HCC1806 cells shows that cells within the BL-TNBC 

subtype have positive and uniform AIB1 expression. Therefore, in the context of AIB1 expression, 

our data suggest that the survival of TNBC cells is, in part, attributed to adaptation to the reduction 

of AIB1 , rather than a pre-existing subpopulation. 

Notably, this surviving population of cells can be maintained with stable low levels of AIB1 

mRNA and protein suggesting that these AIB1LOW cells bypass the need for AIB1 signaling for cell 

proliferation via an unknown mechanism. This result highlights a functional heterogeneity, based on 

the downstream target, rather than population heterogeneity as compensation for the acute depletion 

of AIB1. Furthermore, our data suggest that AIB1LOW cells may well have relevance to what is 

observed following therapy intervention in TNBC because chemotherapy treatment of (BL2) 

HCC1806 cell line also resulted in a surviving population of cells with sustained, reduced AIB1 

protein levels. Interestingly, these chemotherapy-surviving (BL2) HCC1806 cells also mimic the 

shRNA surviving (BL2) HCC1806 AIB1LOW cells having reduced tube-formation capacity when 

cultured on a basement substrate. Breast cancer cells have been reported to express high levels of 

CD44 and low levels of CD24 cell surface marker receptors (195) following chemotherapy and are 

thought to have enhanced tumorsphere-forming efficiency contributing to resistance-to-treatment, 

disease recurrence, and metastasis (156,196). However, phenotypic markers to identify these rare 

populations continue to be a topic of intense research. 

Taken together, we identified phenotypic similarities between chemotherapy-treated and 

AIB1-silenced BL-TNBC. However, we did not observe differences in classical tumor initiating cells  
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by cell surface markers (CD24, CD44, and others); nor, by tumorsphere formation  with AIB1LOW 

cells in vitro. In contrast, the reduced tube-formation properties of AIB1LOW cells in vitro, their slower 

tumor growth and reduced pulmonary metastasis in vivo – using limiting dilutions, suggests that these 

tumor cells require additional factors to overcome their surrounding stroma and this affects their 

phenotype (Figure 14). Because the robust differential gene expression was observed in AIB1LOW 

cells cultured on Matrigel we conjectured that the effects of AIB1 reduction were correlated to non-

canonical pathways or compensatory mechanisms that circumvent the dependence on the AIB1 in 

this specific context. So, we evaluated the list of differentially expressed genes and performed gene 

enrichment analysis using the Hallmark gene set (63) to identify which compensatory pathways 

contributing to the in vitro tube-formation phenotypic differences in (BL2) HCC1806 AIB1LOW cells. 

Differences in gene expression for tube-formation properties show reduced expression of genes 

associated with transcriptional repressor, integrin processing, and adhesion signaling: HEY2, PCSK5, 

CEACAM6, OLFM4, and TRIM31; which correlates with the inability of AIB1LOW cells to properly 

form tubes on a matrix substrate. 

Additionally, the enrichment analysis highlighted reduced KRAS and WNT signaling 

pathways. The tight junction molecule claudin 8 (CLDN8), part of the leading edge within the KRAS 

gene set, was downregulated in AIB1LOW cells with reduced tube formation and we corroborated this 

finding by qPCR. Two family members from the Hes Related Family BHLH Transcription Factor 

with YRPW Motif 1 and 2 (HEY1 and HEY2) were part of the leading edge in WNT-b catenin pathway 

in AIB1LOW cells that failed to form tubes on Matrigel. This is important because these transcription 

factors share high degree of homology and regulate embryonic development and differentiation (197) 

suggestive of a supporting role for AIB1 to affect differentiation of mammary epithelial cells. We 

validated the reduced expression of HEY1 by qPCR from AIB1LOW with impaired tube-formation 
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properties. We conjectured that AIB1 may regulate the polarity of breast cancer cells via interaction 

with the Wnt/β-catenin pathway and this may cause the reduced tube-formation observed in AIB1LOW 

cells. However, we did not find additional differences in EMT nor polarity genes associated to the 

Wnt/b-catenin pathway. By contrast, we found inflammatory pathways upregulated in AIB1LOW cell 

lines but downregulated in cancer cells of xenograft tissues. Several genes within these pathways 

have been shown to play a role in tumor progression and stromal response in vivo such as the secreted 

inflammatory cytokines CXCL10 and IL11 (198). In fact, it has been previously reported that 

CXCL10, and its cognate receptor CXCR3, have anti-angiogenic effects through the trafficking of 

immune cells or by activating endothelial cells; therefore, increasing vascular perfusion to sites of 

injury and inflammation caused by injury or by cancer cells, reviewed in (198). Certainly, efforts to 

identify the expression of chemokines and their receptors with the components of the tumor cells-

resident stroma-immune trafficking triad axis could help elucidate key components in the TME which 

can be potential targets in the treatment of malignant tumors (199,200). 

The reduced tube formation for AIB1LOW cells on Matrigel is mainly correlated to disruption 

of WNT signaling and this is consistent with the observation that the WNT pathway is known to play 

a role in tube formation and vascular development in vitro and in vivo, reviewed in (201). Although 

changes in the WNT pathway were not one of the top downregulated pathways in AIB1LOW tumors 

in vivo, this may be related to the stage of tumor progression examined. The gene expression analysis 

from the xenograft tumors in vivo was performed after tumors were fully developed whereas the 

Matrigel tube formation probably represents an early stage of angiogenesis in tumors. In this regard 

it is worth noting that genes involved in vascular development and lymphangiogenic were 

significantly down-regulated in the AIB1LOW tumors in vivo. 
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The reduced tumorigenicity of LDA50 (BL2) HCC1806 AIB1LOW cells in vivo suggests that 

these cells are an indolent tumor population and they may reflect the surviving tumor cells following 

chemotherapy treatment. Indolent cancer cells are slow growing but carry the potential for recurrence 

and metastasizing. The activity of indolent cancer cells may be limited by the integrity of the stroma 

that surround these cells. In fact, tumor progression and metastasis are correlated with increased 

signature of proteases that degrade components within the extracellular matrix; reviewed in (202). 

Our results indicate that in low densities of AIB1LOW cells tumors have reduced size, in large part, 

because they have reduced expression of ECM remodeling proteins. However, this effect is negligible 

by increments of tumor cells by 10 and 100 folds (Figure 14B). Gene expression from LDA50-

AIB1LOW xenograft shows significant reduction in  matrix metalloproteinases (MMPs). Specifically, 

reduced expression in gelatinases MMP2 and MMP9. In combination, these proteases target the 

degradation of 7 common  (Gelatin, Collagen IV, Collagen V, Elastin, Laminin, Proteoglycan, 

Glycoprotein) and 9 exclusive (Collagen I, Collagen II, Collagen III, Collagen VII, Collagen X, 

Collagen XI, Fibronectin, Collagen VI, Collagen XIV) substrates (Figure 14A). However; the main 

proteolytic activity of gelatinases is on gelatin or fibrillar collagens. It is not clear whether the 

increased CXCL10 expression in AIB1LOW cells play a role in the regulation of stroma cells (i.e. 

fibroblasts, adipocytes, immune cells) and whether these cells contribute to the attenuated ECM 

remodeling. After all, higher densities of AIB1LOW do overcome this deficiency. It would be of 

interest to ascertain the contribution of immune cells; however, we were limited in our study by the 

use immune compromised model because of the nature of the cell lines utilized. One way to ascertain 

whether the increased in cytokine expression has an effect in the recruitment of immune cells would 

be by utilizing humanized-mouse models. 
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Because AIB1LOW cells have delayed adhesion kinetics, are more resistant to chemotherapy, 

in vitro, and, in low densities, have reduced metastatic spread in vivo compared to control shRNA 

cells, led us to hypothesize that these cells shared hallmarks of a dormant phenotype (203,204). We 

conjecture that AIB1LOW cells have delayed tumorigenicity and metastatic spread and this observation 

is similar to the penetrance of spontaneous and chemically-induced mammary tumors in AIB1 

transgenic animals (139,194). Therefore; we analyzed the gene expression comparisons of AIB1LOW 

versus control shRNA cells in vitro or in vivo to find genes associated with dormancy phenotype but 

did not observed major changes in known dormancy gene signatures (205,206). It is worth nothing 

the limitation of the gene expression performed using the NanoString platform which is a selection 

of nearly 800 genes and did not covered all genes associated with dormancy profiles. Additionally, a 

follow up study should include differences in pulmonary seeding by tail-vein injection to truly 

examine the dormant phenotype. Overall, we propose that AIB1 is a major driver in the progression 

of invasive TNBC. Disruption of AIB1 signal, induces cellular stress that is survived by a fraction of 

cells from different subtypes of TNBC in vitro. Therapeutic interventions such as chemotherapy 

induce cellular stress an these reduce levels of AIB1 in vitro. TNBC cells that adapt to reduced levels 

of AIB1 will proliferate in vitro and form tumors in vivo with some similarities. However, these cells 

have distinct gene expression profiles that correlate with specific phenotypes which may be useful as 

gene signatures of yet-to-be described dormancy models.  
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CONCLUSION 

Women diagnosed with TNBC disease remain vulnerable to the disease and are limited to 

treatment options. Women that share African ancestry are the most affected by this subtype of 

breast cancer and understating the biological mechanisms of this difference remain an area of 

intense research. Advances in molecular profiling are helping us elucidate the complex signaling 

pathways associated with TNBC disease with the potential of identifying more specific pathways 

with more refined gene-expression profiles. However, cancer cells remain resilient and most of the 

time find compensatory mechanism to overcome cytotoxic stress. 

Overexpressed or amplified biomarkers are the ideal models to begin exploring these 

mechanisms that overcome current vulnerabilities of breast cancer cells. Additionally, 

representative models that include the diversity of the population (i.e. race, age, etc) would be key 

to address subtle biological functions that may be masked because of underrepresented sampling. It 

is within this context that we have analyzed the role of nuclear coactivator amplified in breast 

cancer different subtypes of TNBC. We observed that AIB1 is a key oncogenic protein in TNBC 

because reduction of the levels of AIB1 in TNBC cells affects tumor growth and metastasis spread. 

These results are in agreement with observed phenotypes in AIB1-knockout animal models in 

where tumors have a higher distribution of ER-negative mammary tumors compared to ER+ or 

HER2 amplified subtypes. Additionally, the growth of tumors in AIB1-knockout models is 

significantly delayed.  

One physiological barrier for tumor to growth is their surrounding stroma which undergoes a 

higher remodeling and turn over and this facilitates biomolecular and mechanosignal transduction 

eliciting a cascade of events including inflammation, recruitment of innate and adaptive immune 

cells, and tissue remodeling. Proteases are important components of the stroma and their expression 
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are often deregulated in cancer. While further mechanistic studies are required to fully elucidate the 

interaction between AIB1 and MMPs, we have some evidence to suggest that reduction of AIB1 

activity in TNBC cells reduces the expression of gelatinases and this, in turns, delays tumor growth 

and metastasis. 

 

 

Figure 14. Tentative model for the invasive progression of AIB1LOW Triple negative breast 

cancer (TNBC) cells. 

(A) List of proteases by classification and relationship to their substrate. (B) Scheme model for the 

phenotype of AIB1LOW TNBC cells and their invasive phenotype. Model. (a) Faster progression of 

AIB1HIGH TNBC cells in large tumors results in sustained oncogenic signal that supports 

proliferation of tumor cells, eliciting stroma activation and remodeling, facilitating cancer cell 

invasion, and metastasis. (b) Progression of AIB1HIGH TNBC cells in small tumors results in 

sustained oncogenic signal that supports proliferation of tumor cells, eliciting stroma activation with 

reduced remodeling, delaying cancer cell invasion, and metastasis. (c) Progression of AIB1LOW 

TNBC cells in large tumors results in sustained oncogenic signal that supports tumor proliferation, 
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stroma remodeling, invasion, and metastasis. (d) The progression of AIB1LOW TNBC cells in 

smaller tumors is significantly reduced affecting cancer cell proliferation, stroma remodeling, 

invasion, and metastasis resulting in delayed disease burden. 
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APPENDIX A: Methods for the expansion of representative progenitor epithelial cells 

CITATION: 

Saenz, Francisco R., et al. “Conditionally Reprogrammed Normal and Transformed Mouse 

Mammary Epithelial Cells Display a Progenitor-Cell–Like Phenotype.” PLoS ONE, edited by 

Nanette H. Bishopric, vol. 9, no. 5, May 2014, p. e97666, doi:10.1371/journal.pone.0097666. 
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ABSTRACT 

Methods for the immortalization of epithelial, and other, cells for their propagation 

in vitro had required the introduction of oncogenic fragments such as the telomerase 

reverse transcriptase (1). Genetic manipulation of primary cells often carried off 

target effects that may influence the maintenance or differentiation of the cells in 

culture. In their seminal work, Schlegel and colleagues provide an alternative 

method that allows for the indefinitely in vitro culture or immortalization of 

epithelial cells without the introduction of oncogenic vectors. In essence, the 

conditionally reprogrammed cells (CRC) methods support the proliferation of 

primary epithelial cells on a layer of irradiated fibroblast feeders in basal media 

supplemented with serum and the Rho kinase inhibitor Y-27632 (2). Since it first 

publication, the CRC method has been adopted by different laboratories to derive 

and expand human epithelial cells from a growing list of tissues including lung (3), 

prostate (4), bronchus (5), salivary glands (6), as well as, from murine tissues (7,8). 

The ability to establish cell lines from a small fragment of tissue have enormous 

implications in basic and translational research (9). Thus, the CRC system has 

potential for studying normal and tumor cells from primary sources in culture 

without utilizing overexpression of oncogenes and cell cycle inhibitory factors. 

Further analysis of human CRCs revealed that induction of the CRC phenotype is 

rapid and involves reprogramming of most of the cell population (10). However, 

the CRC phenotype in keratinocytes can be reversed by the removal of the Rho 

kinase inhibitor and cells can then differentiate normally, as demonstrated by the 

ability of tracheal epithelium to form a stratified epithelium in a three-dimensional 
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culture system (10). Of note is that human CRCs share many properties of adult 

stem cells but do not express markers of pluripotent progenitors (10). Thus, human 

CRCs can be used for in vitro and in vivo studies of normal and tumor cells and 

may offer a system where drug therapies can be tested on cells expanded from 

individual patients. 
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INTRODUCTION 

The breast is a glandular structure that in women produces milk following 

pregnancy. The development, differentiation, and regeneration stages of the 

epithelium within the breast follows a tightly regulated hormonal signaling 

spanning a woman’s lifetime. Following the formation of the mammary bud during 

embryogenesis, the mammary epithelium remains quiescent until puberty, 

reviewed in (11). Upon maturity the mammary epithelium fully develops into 

branched-lobular ductal architecture. Expansion of lobular units during pregnancy 

and involution after nursing complete a functional cycle of the mammary gland. 

Ducts and lobes are surrounded by adipose and connective tissue giving 

morphological support and providing an interdependent and complex cross-talk 

that influences mammary gland anatomy, physiology, and pathology. 

 

In vivo model for mammary gland development & composition. 

The mammary gland represents a unique model for normal and disease related 

research because it develops after birth and it regenerates to its initial state after 

each pregnancy. A complex cellular balance and intricate cellular and molecular 

dynamics govern mammary gland tissue maintenance and regeneration (12). Upon 

development, cells within specialized regions at the end of ducts, precisely named 

terminal end buds (TEBs), proliferate in response to specific control of growth and 

hormonal signal cues (13,14). Proliferation of TEBs extend ducts invading the 

stroma and differentiate into alveolar units (lobes) when maturity is reached. 

During pregnancy epithelial cells within lobes expand contributing to the shape and 
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function of the breast as a mammary gland. A well-orchestrated and tightly 

regulated molecular signaling of surface receptors, adaptor proteins, nuclear 

receptors, and transcription factors have been described for different stages of 

mammary gland (15,16). Identification of transcriptions factors that determine cell 

fate and differentiation in epithelial cells include IGF1, TGFβ1, EGF, ER as well 

as stroma remodeling proteases (MMPs, TIMPs), and other stroma constituents 

such as adipocytes, collagen, and fibronectin (17). 

 

Cellular phenotype and gene expression of the mammary gland. 

Isolation of epithelial cells from murine mammary glands at different stages have 

provided evidence of a hierarchical differentiation responsible for the formation, 

development, maintenance and regeneration of the mammary gland (18,19). Adult 

MaSCs and progenitor cells have been reported to have self-renewal properties thus 

are able to generate a fully functional mammary gland from a single cell (20,21). 

Two distinct mammary epithelial cells (MECs) lineages and few intermediate cell 

states make up the adult mammary gland (22,23). Luminal epithelial (LEP) cells 

form the inner layer of ducts and alveolar units in a basal-apical orientation. A 

subset of LEPs within alveolar units differentiate into alveolar cells which expand 

during pregnancy and produce milk after child birth (24). Myo-epithelial (MEP) 

cells localize at the basal orientation of LEPs and provide insulation from the 

stroma as well as architectural support for the mammary gland. Contemporary 

methods of lineage-tracing are defining the size and frequency of mammary stem 

and progenitor cells as well as their progeny during different stages of the normal 



81 
 

mammary gland using animal models. A most recent example is the work by 

Khaled and colleagues that identified gene expression associated with a dynamic 

ratio of subpopulations along the different stages of the murine mammary gland 

using single-cell RNAseq (scRNAseq) (25). These results reinforce quantitatively 

the hypothesis of MaSCs and further shows the exquisite plasticity of these cells 

responding to higher order and systemic endocrine signaling (14). Additional 

studies of the mammary gland include spatial-temporal analysis that focus on 

preserving the position of MECs along the mammary tree to identify susceptible 

areas to injury and transformation. These studies are helping scientists elucidate 

cellular mechanisms and molecular targets that may be useful as biomarkers for 

diagnostics during cancer initiation or as prognostic indicators of disease 

progression and treatment response (26).  

 

Isolation of mammary epithelial cells for in vitro assays. 

Research of normal and transformed epithelial cells within the mammary gland has 

benefited from available in vivo an in vitro model for almost 50 years. Improved 

techniques for the isolation of mammary epithelial cells from wild type and 

genetically modified mouse models (GEMMs) has increased our knowledge of 

mammary gland biology and tumor etiology. Phenotypic experiments with 

orthotopic transplant experiments using limiting quantities of isolated MECs sorted 

by cell surface markers expression using flow cytometry techniques has provided 

evidence of a hierarchical tree of differentiation and the identification of adult 

mammary stem cells (MaSCs) (27). Further characterization of these populations 



82 
 

has shed light into the complexity of molecular mechanisms that govern normal 

and transformed MECs proliferation, differentiation, and survival. Unfortunately, 

access or maintenance of GEMMs colonies is not available to everyone. 

Additionally, use of primary MECs is limited by the proliferation of these cells in 

vitro associated with senescence or the Hayflick’s limit (28). Furthermore, primary 

cells in vitro often lose their initial phenotype that affects their differentiation 

potential. 
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METHODS 

Cell Culture. 

Normal and tumor mouse ME cells were isolated from mammary glands 3 and 4 of 

6-week-old female FVB or FVB.Cg-Tg(ACTB-EGFP)B5Nagy/J mice (The 

Jackson Laboratory, Bar Harbor, ME, www.jax.org) and from mammary tumors of 

MMTV-Neu mice, respectively, as described previously (29). ME-CRCs were 

maintained on irradiated 3T3-J2 fibroblasts as described previously (30) and 

passaged in Dulbecco’s modified Eagle medium (DMEM)/F12 containing 10 mM 

Y-27632 (Reagents Direct, Encinitas, CA, www.reagentsdirect.com). Co-culture 

flasks were trypsinized in two steps by using 0.05% Trypsin-EDTA. The initial 1-

2 minutes trypsinization to remove feeders was followed by a wash using 

phosphate-buffered saline (PBS) and another 5 minutes to detached epithelial cells 

that were subsequently reseeded at a 1:10 ratio in the CRC system and cultured for 

5–6 days before passaging. Freshly isolated primary cells were defined as P0. 

Subsequent passages of the ME cells (CRCs or non-CRCs) were referred to as P1 

and greater. ME-CRCs early passage was defined as P<10 and late passage as P≥10.  

 

Array Comparative Genomic Hybridization (CGH) Analysis. 

Normal ME-CRCs (P5, P18, and P76) and MMTV-Neu ME-CRCs (P6, P38, and 

P73), as well as normal ME non-CRCs (P2) and MMTV-HER2/neu ME non-CRCs 

(P2) were analyzed for DNA copy number changes using the oligonucleotide-based 

4X180K mouse array CGH platform (Agilent Technologies, Santa Clara, CA, 

www.agilent.com). Genomic DNA from CRC and non-CRC cultures was isolated 
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and enzymatically digested according to the manufacturer’s protocol (Agilent 

Technologies). Normal mouse DNA, isolated from female mouse tail, was used as 

reference DNA. Equal amounts of CRC or non-CRC genomic DNA and reference 

DNA were directly labeled with Cy3 or Cy5, respectively, using the SureTag 

Labeling Kit (Agilent Technologies) and hybridized in the presence of mouse Cot1-

DNA (Life Technologies, Carlsbad, CA, www.lifetechnologies.com) to the arrays 

for 40 hours. The arrays were scanned using an Agilent array scanner and the data 

were analyzed using Feature Extraction (FE) software v10.10 and Genome 

Workbench version 7.0 software (Agilent Technologies). For each sample, FE gave 

a log10 ratio (log of tumor processed signal over reference processed signal for 

each gene) that was imported into Genome Workbench and transformed and viewed 

as a log2-based ratio. Outliers detected by FE were excluded from the analysis. The 

algorithm ADM-2 and a threshold value of 6.0 were applied with the appropriate 

filters to analyze the data. Gene amplifications and deletions were considered when 

the corresponding plotted oligonucleotide probes presented values of log2 >7/6 and 

<5/6, respectively. 

 

Flow Cytometry.  

CRCs were analyzed for expression of individual (monoparametric) or multiple 

(multiparametric) surface proteins using fluorescence-labeled primary antibodies. 

Sca1/FITC anti-mouse (Cat #553335), CD24/PE anti-mouse (Cat #553262), Rat 

IgG-FITC anti-mouse (Cat #553929), and Rat IgG-PE (Cat #553989) were all 

purchased from BD Biosciences (San Jose, CA, www.bdbiosciences.com). 
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Additionally, CD29/APC anti-mouse/rat (Cat #102215), ESA/FITC anti-mouse 

(Cat #118207), CD49f/APC anti-human/mouse (Cat # 313615) and CD44/PE anti-

mouse (Cat #103007) antibodies were purchased from BioLegend (San Diego, CA, 

www.biolegend.com). In short, samples were washed once with 3% bovine serum 

albumin (BSA), a second time with PBS and then incubated with a viability assay 

kit (Life Technologies Cat #L34955) according to manufacturer’s instructions. The 

excess reagent was removed by washing with PBS, then incubated with labeled 

single antibody or antibody cocktail in PBS at 4˚ C for one hour. Excess antibody 

was removed by washing with PBS prior to analysis. Samples were analyzed using 

a BD FACS Aria Cell Sorter (BD Biosciences). Gating was used to restrict analysis 

to cells labeled for single or multiple markers, and graphs were plotted using FCS 

Express 4 software. 

 

Brightfield and Confocal Microscopic Analysis of Cultures Growing in 3D 

Matrigel Matrices. 

ME-CRCs and MCF10A cultures were established in extracellular matrix as 

previously described (31,32). Briefly, 40 µL of cold Matrigel (BD Bioscience Cat 

#354230) was added to the surface of sterile pre-chilled, slide chambers (Lab-Tek 

II Chamber Slide Cat #154534) purchased from ThermoFisher Scientific Inc. 

(Waltham, MA, www.fishersci.com). The slides were then incubated at 37° C for 

15 minutes to allow polymerization of the substratum. Subsequently, 3x104 

cells/mL were added to the slides and resuspended in assay media containing 2% 

FBS, 2% Matrigel, and 20 ng/mL EGF and incubated at 37° C until sphere 
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formation. For confocal microscopy, immunostaining of the acinar structures was 

carried out as described (33). 

 

Western blotting and allograft analysis. 

Whole-cell extracts were prepared from ME-CRCs and immunoblot analysis for 

proteins indicated  was performed as described previously (34). MMTV-Neu ME-

CRCs were implanted in mammary fat pads of nude or syngeneic FVB mice (The 

Jackson Laboratory). Briefly, single-cell suspensions of early (P6) and late (P68) 

passage MMTV-Neu ME-CRCs were injected orthotopically, with Matrigel, into 

mammary gland 4 of 3-month-old MMTV-Neu female mice. Mice were euthanized, 

and tumors were removed 6 weeks later or when the longest axis of the tumor 

reached 1cm as described previously (35). Lung and liver tissue were collected at 

the same time as the primary mammary tumor. Real-time polymerase chain reaction 

(RT qPCR) for β-casein expression in lung and liver tissues was performed as 

previously described (36). 

 

Histological Analysis. 

Hematoxylin and eosin (H&E) staining and immunohistochemical and 

immunofluorescence analyses as indicated were performed on paraffin-embedded 

5-µm sections of mammary gland, lung or liver using standard protocols described 

elsewhere (35). 
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Ethics Statement. 

All procedures using animals were approved by the Georgetown University IACUC 

and were conducted according to the NIH guidelines for the care and use of 

laboratory animals (Public Health Service: Assurance # A-3282-01). Isoflurane was 

used for all animals undergoing surgery. 

 

Statistical and Image Analyses. 

Samples were compared using two-tailed Student’s t-test. P<0.05 was considered 

statistically significant. Phase contrast images of serially passaged CRCs, 

micrographs showing immunohistochemical staining of 3D mammosphere cultures, 

and images of western blots were adjusted for brightness/contrast using Adobe 

Photoshop CS5 software. All images were adjusted to the same level. ImageJ was 

used to quantify colony subtypes. Prism 5 for PC (GraphPad, San Diego, CA, 

www.graphpad.com) was used for all statistical analyses. Figures were assembled 

using Adobe Illustrator CS5 software.  
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RESULTS 

ME-CRCs Maintain a Phenotype Similar to the Parental ME Cells. 

We have reported that human epithelial cells can be propagated indefinitely when 

co- cultured with irradiated fibroblast feeder cells in the presence of the ROCK 

inhibitor Y-27632 (30). To determine if mouse ME cells can be similarly re-

programmed, we prepared ME cells from mammary glands of FVB mice. When 

grown on plastic, these cells senesce after 3–4 passages (Figure A8). However, 

when grown on the irradiated fibroblasts in the presence of Y-27632 as described 

(30), the mouse ME cells maintained a normal cobblestone-like morphology in the 

CRC system for >50 passages after one year in culture (Figure A1). This was also 

demonstrated with a ME preparation from transgenic FVB mice that harbored a 

germ line insertion of the green fluorescent protein (GFP) under the control of the 

actin promoter. This strain assumed similar morphology and could also be grown 

indefinitely in CRC culture (Figure A1). To date we have maintained these cells in 

culture for up to 150 days. Array CGH analysis was carried out for ME-CRCs and 

ME-non-CRCs to determine if the CRC system impacted the genomic profile of the 

cells. This analysis indicated no major changes in the normal genome copy number 

composition of the CRCs at P5 (Figure A9). At later passages, despite the fact the 

morphology of the cells appeared normal (Figure A1), there was an increased level 

of copy number alterations, with gains and losses on chromosomes 6, 11, and 18 at 

P18, and chromosomes 1, 3, 4, 7, 9, 13, 14, and 18 at P76, respectively (Figure A9). 

We next investigated whether the later passage mouse CRCs were able to maintain 

the differentiation properties of normal ME cells when grown in 3D Matrigel 
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culture. In Matrigel, the ME-CRCs formed acinar structures with a well-defined 

cell/Matrigel interface and showed polarized synthesis of laminin around the 

periphery of the colony, similar to that observed with untransformed MCF10A 

human ME cells (Figure A1). Despite the increase in aneuploidy, the number of 

spheres observed in Matrigel cultures in late vs. early passage ME-CRCs was 

unchanged (Figure A1). Thus, with serial passage, the ME-CRCs maintain the 

ability to differentiate into a normal phenotype and regenerate mammary acinar 

structures similar to those formed by normal cells, in 3D Matrigel culture. 

 

Conditionally Reprogramming ME Cells Restores Expression of Progenitor-

Associated Cell Surface Markers. 

Human keratinocytes, when exposed to the CRC system, assume a stem-like state 

(37). We investigated whether this was also true of mouse ME-CRCs. We assessed 

the individual and concomitant expression of the cell surface markers Sca1 (stem 

cell antigen), CD24 (luminal cell adhesion P-selectin), CD29 (β1 integrin), CD49f 

(α6 integrin), ESA (epithelial specific marker EpCam), and CD44 (hyaluronic acid 

receptor), which are differentially expressed in mouse mammary progenitor 

(CD49f, CD44, and Sca1) cells vs. differentiated luminal (CD24 and ESA) and 

myoepithelial (CD29 and CD49f) cells (38,39). To determine whether expression 

levels of these markers changed with conditional programming, we carried out 

FACS analysis of live cells (Figure A8). The expression of each cell surface marker 

in freshly-isolated (non-CRC) ME cells was compared with that in P3–7 ME-CRCs 

(Figure A2). As shown in Figure A2, with exposure to the CRC system, there was 
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an initial rapid rise in the number of cells individually expressing Sca1, CD24, 

CD29, or CD49f, with a less dramatic increase in cells expressing either ESA or 

CD44. For Sca1 and CD49f, there were also initial increases in overall protein 

expression per cell that were sustained in later passages (Figure A8). Also, at later 

passages (>P10) the expression of most cell surface markers remained elevated, 

with a large number of ME-CRCs expressing Sca1+, CD24+, CD29+, and CD49f+ 

(Figure A2). Of note is that the major difference between early and late passage 

ME-CRCs is a greater than 50% decrease in the number of cells expressing ESA 

(Figure A2), returning to levels seen in non-CRC ME cells. To analyze these 

subpopulations further, multiparametric FACS analysis was performed. The 

greatest change was in cells expressing ESA; e.g., the level of CD49f+/ESA+/CD44+ 

cells dropped from approximately 23% to 6% between early and late passage 

(Figure A2). Consistent with this, we observed significant increases in the 

CD49f+/ESA-/CD44+ and CD44+/ESA-/CD49f+ subpopulations in late vs. early 

ME-CRCs (Figures A2 and A10). We also noted that some ME-CRC cells that 

express Sca1, such as the Sca1+/CD24+/CD29+ or Sca1+/CD24+/CD49f+ 

subpopulations are equally expressed at a level greater than 80% at early and late 

passages (Figure A10). The subsets of mouse mammary progenitor cells expressing 

CD29+/Sca1-/CD24+ or CD49f+/Sca1-/CD24+ were unchanged by serial passage 

(Figure A10) but represented less than 1% of the population of ME-CRCs. These 

subsets are of interest because cells expressing similar patterns of markers can 

generate ductal outgrowths upon mammary fat pad transplantation (18,20). Overall, 

the results of FACS analysis suggest that serial passage does not affect some 
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progenitor-like populations, while depleting others. In addition, a substantial 

number of differentiated cells are present in the ME-CRC population at early and 

late passage.   

 

ME-CRCs Do Not Undergo Epithelial to Mesenchymal Transition (EMT). 

EMT induction with TGFβ or overexpression of EMT factors Snail or Twist can 

increase the number of cells with a stem-like profile (40,41). To investigate whether 

the CRC system was inducing changes in progenitor characteristics through 

induction of EMT, we investigated the intracellular expression of various markers 

of differentiation and EMT (42). Protein expression patterns were examined in 

whole cell extracts of early- and late-passage CRCs and compared to the expression 

patterns in P3 cells that had not been exposed to the CRC system. Despite the fact 

that Slug expression increased at later passages (Figure A2), we found that E-

cadherin levels also increased between early (P6) and late (P33 and 58) passage 

(Figure A2), suggesting that EMT is not occurring. β-catenin expression has also 

been associated with mammary stem cells (38). However, β-catenin expression 

level was not changed on exposure to the CRC system or upon serial CRC passage 

(Figure A2) and N-cadherin and vimentin levels were below detection limits in 

normal ME-CRCs (data not shown). Consistent with results in human CRCs (37) 

we found no evidence of reversion of ME-CRCs to pluripotent progenitors, as 

demonstrated by the fact that markers, such as Nanog and Oct 4, were not detected 

by western blotting at any passage (data not shown). Overall, the results of western 

analysis of ME-CRC protein expression are consistent with the preliminary 
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conclusions drawn from the morphological and FACS data (Figures A1, A2, and 

A10), indicating that, as the ME cells are passaged in the CRC system, they 

maintain their epithelial phenotype. However, there is enrichment of cells that 

exhibit progenitor expression patterns (Figures A1, A2, and A10). This cell-type 

distribution does not change dramatically with serial CRC passage, despite 

increases in aneuploidy in the mouse ME-CRCs. There are also clear changes in 

gene expression in the later-passage ME-CRCs, most notably in the cell surface 

luminal differentiation markers Sca1 and ESA.  

 

Rho Kinase Inhibitor Permanently Reprogrammed Mouse Mammary Cells. 

We next examined whether the effects of Rho kinase inhibitor Y-27632 on mouse 

ME cells were reversible by co-culturing early and late passage ME-CRCs with 

feeder cells in the absence of Y-27632 for two passages. Cells cultured in the 

absence of the inhibitor proliferated more slowly, but the overall cobblestone 

morphology was unaltered two weeks after withdrawal of Y-27632 (Figure A3). 

Consistent with the minimal morphological change, expression levels of most ME-

CRC cell surface markers in the absence of Y-27632 were unaltered or minimally 

changed at early or late passage (Figure A3); however, CD44 levels were 

significantly increased in the absence of Y-27632 at late passage (Figure A3). 

Conversely, Sca1 levels were reduced in the early passage cells after Y-27632 

withdrawal (Figure A3). Examination of cellular protein expression after Y-27632 

withdrawal indicated that the cells continued to express E-cadherin, although Slug 

was decreased (Figure A3). Our data indicate that many, but not all, cell surface 
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hallmarks of a progenitor phenotype are maintained in the mouse ME cells with 

culture in the absence of Y-27632 for 2 weeks.  

 

Conditional Reprogramming of Mouse Mammary Tumor Epithelial Cells. 

To determine if transformed mouse ME-CRCs could be generated, we isolated 

epithelial cells from mammary tumors of MMTV-Neu mice (35). In this model, 

wild-type Neu is overexpressed in the mammary glands, resulting in an activating 

transmembrane mutation in the Neu transgene that promotes mammary 

tumorigenesis (36). This model closely mimics the progression of human breast 

cancer driven by the amplification and overexpression of the human homologue of 

HER2/neu (ErbB2). At an average age of 9 months, MMTV-Neu mice develop 

highly vascular mammary adenocarcinomas (35). Short-term epithelial cultures can 

be prepared from cells isolated from these tumors but, under our culture conditions, 

a large portion of the cells senesce after several passages (Figure A11). In contrast, 

ME-CRCs generated from MMTV-Neu tumors were serially passaged in the CRC 

system for >50 passages and did not senesce (Figure A4). Unlike the relatively 

stable morphology of normal mouse ME-CRCs, the morphology of the MMTV-

Neu ME-CRCs changed with serial passage, with an increase in multilayer colony-

like structures at later passages (Figure A4). We found also that there were 

chromosomal gains (chromosomes 2 and 12) and losses (chromosome 4) in these 

cells after extended passage (P38–73) but no changes are observed in early non-

CRC (P2) and CRC (P6) passages, as determined by array CGH profiling (Figure 

A12). To further investigate the characteristics of the MMTV-Neu MEC cells at 
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early and late CRC passage, we determined the proportions of progenitor and 

differentiated cells by FACS analysis of cell surface markers known to be expressed 

by tumor-initiating cells in mouse models of mammary cancer (43) or by more 

differentiated tumor cells (38,44). We used monoparametric and multiparametric 

FACS approaches that were used for analysis of normal ME-CRCs (Figure A11). 

An initial increase in the number of cells expressing Sca1, CD24, ESA, and CD44 

(Figure A5), as well as increased expression of each of these proteins per cell 

(Figure A11) compared to non-CRC MMTV-Neu MECs freshly isolated from 

tumors was  observed. Elevated levels of cells expressing these surface markers 

were sustained in late-passage MMTV-Neu ME-CRCs, with the notable exception 

of Sca1, which decreased by greater than 50% (Figure A5). Multiparametric FACS 

analysis indicated that early passage MMTV-Neu ME-CRCs showed no change in 

the ESA/ CD44/ CD49f subpopulation (Figure A13). However, a significant change 

was the decrease in the CD49f+/Sca1+/CD24+ subpopulation which constituted 

<17% of the late passage MMTV-Neu ME-CRCs (Figures A5 and A13). This 

combination of cell surface markers has been described as defining a HER2+ tumor-

initiating population in some studies (45,46). Of note, also, is that a large portion 

of the Sca1+ MMTV-Neu CRCs were also positive for CD24 and CD29 (Figure 

A13) and, despite the overall decrease in Sca1+ cells, the CD24+/CD29+/Sca1+ 

subpopulation still constitutes only approximately 9% of the cell population at later 

passages (Figure A13). Western analysis of lysates of late-passage MMTV-Neu 

ME-CRCs showed that HER2/neu continued to be expressed (Figure A5). 

Interestingly, despite the morphological changes in the MMTV-Neu ME-CRCs, 
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there were no major changes in expression of EMT markers, such as E-cadherin 

and β-catenin, which continued to be expressed at similar levels at early and late 

passage. Similar to the normal ME-CRCs, there was no detectable expression of 

pluripotent progenitor markers at any of the passages examined (data not shown). 

 

Reprogramming of MMTV-Neu ME-CRCs is Partially Reversed by Removal 

of Y-27632. 

We also determined if removal of the inhibitor Y-27632 from the MMTV-Neu ME-

CRC cultures caused changes in the populations of cells at early or late passages. 

The proliferation of early-passage ME-CRCs was reduced by Y-27632 withdrawal, 

but the overall morphology of the cells did not change significantly (Figure A6). 

FACS analysis of cell surface markers revealed that Y-27632 withdrawal from 

early- and late-passage MMTV-Neu ME-CRCs reduced the number of cells 

expressing Sca1, while significantly increasing the number of ESA+ and CD49f+ 

cells in early passage and the CD44+ and CD24+ cells in late passage (Figure A6). 

Western analysis of cell lysates revealed that MMTV-Neu CRCs cultured in the 

presence or absence of Y-27632 maintained expression of HER2/neu, E-cadherin, 

and β-catenin (Figure A6). Overall, these data suggest that there is some permanent 

reprogramming of the MMTV-Neu ME-CRCs with continued passage in the CRC 

system, although other changes in gene expression that are dependent on Y-27632 

are reversible.  
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MMTV-Neu ME-CRCs form Mammary Tumors in vivo. 

To determine their tumorigenic potential, we injected early- and late-passage 

MMTV-Neu ME-CRCs into the mammary fat pads of syngeneic mice. After 

approximately 6 weeks, large tumors had developed, and the mice were sacrificed. 

The histopathology of the early and late passage MMTV-Neu ME-CRC allograft 

tumors was indistinguishable from previous descriptions of tumors that occur in the 

MMTV-Neu parental mice at approximately 7–9 months of age (35) (Figure A7). 

These are highly vascular, largely cribriform adenocarcinomas, with necrotic areas 

and increased mitotic figures that stain uniformly for high expression of the 

oncogene Her2/neu and CK8 (Figure A7). The transgenic MMTV-Neu mice also 

developed metastases at a later stage to the lung and liver (36). We found that a 

similar metastatic pattern, with extensive lymphocyte infiltration, occurred in both 

lung and liver of the mice harboring the transplanted MMTV-Neu ME-CRCs 

(Figure A7). The presence of ME cells in these metastatic lesions was confirmed 

by detection of mammary-specific β-casein mRNA by RT-qPCR (Figure A7). 

Similar results were obtained with MMTV-Neu ME-CRCs implanted in nude mice 

(data not shown). 
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FIGURES 
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Figure A1. Culture of normal mouse mammary epithelial (ME) cells under 

conditions generating conditionally reprogrammed cells (CRCs). 

A) Continuous culture of ME-CRCs generated from mammary glands of FVB or 

FVB-green fluorescent protein (GFP) mice. B) Phase contrast images of ME-CRCs 

and non-CRCs at indicated passages; magnification, 10×; bar, 100 μm. C) Phase 

contrast and immunofluorescence images of mammary acinar-like structures from 

P59 ME-CRCs and immortalized MCF10A cells stained for laminin and 

counterstained with DAPI. L, lumen; arrow, peripheral laminin. Magnification, 10× 

and 63×; bar, 100 μm and 50 μm for phase contrast and fluorescence, respectively. 

D) Average number of spheres per field of early and late ME-CRCs in four 

independent fields from four wells. Data are representative of two independent 

experiments. Values are mean±SEM; ns, not significant. A–D) All data were 

acquired after 5 days of culture. P, passage.  
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Figure A2. Expression of cell surface markers in ME-CRCs. 

Monoparametric FACS analysis of expression of indicated markers in freshly 

isolated ME non-CRCs and early passage ME-CRCs A) and early and late passage 

ME-CRCs B). C) Three-marker profile identified by multiparametric FACS 

analysis in early and late passage cells. D and E) Representative western blots 

showing expression of the indicated markers in non-CRCs (-) and CRCs (+) at the 

indicated passages. Values are mean±SEM of three independent experiments; 

***P<0.001, **P<0.01, *P<0.05.  
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Figure A3: Removal of Y-27632 from the ME-CRCs alters expression of some 

cell surface markers. 

Early and late passage ME-CRCs were seeded on irradiated feeders with (+Y) or 

were cultured under CRC conditions (+Y), followed by the removal of Y-27632 

and culture for two more passages (-Y). A) Phase contrast images of cells at 

indicated passages; magnification 10×; scale, 100 µm. B and C) Monoparametric 

FACS analysis of expression of the indicated markers in (B) early and (C) late 

passage cells. Values are mean±SEM of three independent experiments; 

***P<0.001, **P<0.01, *P<0.05. D) Representative western blots of indicated 

markers expressed in P80 ME-CRCs under conditions of (+Y) and (-Y). 
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Figure A4. Properties of MMTV-Neu ME-CRCs in culture. 

A) Culture of tumor epithelial cells from a spontaneous MMTV-Neu mouse 

mammary gland tumor in the CRC system. B) Phase contrast images of MMTV-

Neu ME-CRCs and non-CRCs at indicated passages on day 5 of culture (10×; scale, 

100 μm). C) Quantification of colony subtypes of early (P2) vs. late (P23) passage 

MMTV-Neu ME-CRCs. Values are mean±SEM of three independent fields. 

*P<0.05.  
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Figure A5. Cell surface marker expression in MMTV-Neu ME-CRCs. 

A) Monoparametric FACS analysis of expression of indicated markers in freshly 

isolated MMTV-Neu ME non-CRCs and early passage MMTV-Neu ME-CRCs and 

B) early and late passage MMTV-Neu ME-CRCs. C) Three-marker profile 

identified by multiparametric FACS analysis in early and late passage cells. D) & 

E) Representative western blots showing expression of the indicated markers in 

non-CRCs (-) and CRCs (+) at the indicated passages. Values are mean±SEM of 

three independent experiments; ***P<0.001, **P<0.01, *P<0.05.  
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Figure A6. Removal of Y-27632 from MMTV-Neu ME-CRCs alters expression 

of some cell surface markers. 

Early and late passage MMTV-Neu ME-CRCs were seeded on irradiated feeders 

with (+Y) or were cultured under CRC conditions (+Y), followed by the removal 

of Y-27632 and culture for two more passages (-Y). A) Phase contrast images of 

cells at indicated passages. A) Phase contrast images (10×; scale, 100 µm). B and 

C) Monoparametric FACS analysis of expression of the indicated markers in early 

(B) and late (C) passage cells. Values are mean±SEM of three independent 

experiments; ***P<0.001, **P<0.01, *P<0.05. D) Representative western blots of 

indicated markers expressed in P62 ME-CRCs under conditions of (+Y) and (-Y). 
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Figure A7. Mammary tumor formation after orthotopic transplantation of 

MMTV-Neu ME-CRCs into syngeneic mice. 

A) H&E and Immunohistochemical staining of CK8 and Her2 in early (P6) and late 

(P68) MMTV-Neu ME-CRC-derived tumors. (20×; scale, 50 µm). B) Metastasis-

like lesions in H&E-stained lung and liver of mice with primary mammary tumors 

derived from early and late CRCs. Blood vessels and bronchi are outlined. (20×; 

scale, 200 µm). C) qRT PCR analysis of β-casein mRNA assessed in extracts of 

normal (FVB) lung or lungs of mice harboring tumors derived from early or late 

passage MMTV-Neu ME-CRCs. 
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DISCUSSION 

Here, we show that the CRC system (2) can be used for indefinite passage of normal 

and transformed mouse ME cells. There are similarities and notable differences 

between human and mouse CRCs. Both human and mouse epithelial CRCs seem 

to assume a progenitor-like phenotype, at least as assessed by changes in cell 

surface markers, such as the integrin family members CD29 and CD49f, and the 

cell adhesion molecules CD24 and CD44.  Neither the human nor the mouse CRCs 

revert to pluripotent progenitor cells, nor do they undergo mesenchymal transition. 

Normal human conditionally reprogrammed keratinocytes maintain tissue-specific 

differentiation potential and have been shown to form a stratified epithelial layer in 

a 3D culture system (37). Likewise, the normal ME-CRCs can assume a mammary 

acinar-like phenotype when grown in a 3D matrix of Matrigel. MMTV-Neu ME-

CRCs are able to form tumors when transplanted into mice, and these tumors are 

histopathologically indistinguishable from the tumors, and the metastases, that 

evolve in the MMTV-Neu transgenic animals. Thus, there is significant overlap in 

the properties of mouse and human CRCs.  

 

A notable difference between the mouse and human CRCs is the response to 

withdrawal of the Rho kinase inhibitor Y-27632. It has been shown that removal of 

this compound from human keratinocyte CRC cultures causes complete reversion 

to the non-CRC phenotype (37). In contrast, withdrawal of Y-27632 did not alter 

the expression of many of the genes associated with mouse mammary progenitor 

cells. We conjecture that the reason for this may lie in fundamental differences in 
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the regulation of the reprogramming phenomenon in mouse and human CRCs in 

vitro. Despite this, the lack of phenotypic reversion in the mouse CRCs does not 

appear to impede the cells from driving the correct differentiated phenotype in vivo. 

This suggests that the ME-CRCs, when exposed to components of the normal 

stromal environment, are capable of undergoing differentiation.  

 

Differences in stem-like markers were observed, however, with increasing passage 

number in both normal and transformed ME-CRCs. In the normal ME- CRCs, 

frequency of expression of the cell surface marker ESA reverts to that of non-CRC 

cells as the cells are serially passaged; in particular, ESA+, CD44+ CD49f+ 

subpopulation is significantly decreased with progressive passage. Although the 

reduction in ESA+ cells does not impede formation of mammary acinar structures 

in Matrigel, it might impede other aspects of normal mammary outgrowth 

development in vivo.  With serial passage of MMTV-Neu ME-CRCs, we observed 

loss of Sca1 expression by the cells. Loss of Sca1+ cells does not appear to impede 

tumor formation in vivo, because tumors formed efficiently with both late and early 

passage MMTV-Neu ME-CRCs. Sca1 has been described as an important marker 

of tumor-initiating cells in luminal breast cancer (47). It may be that the HER2/neu-

driven subtype of breast cancer is less dependent on Sca1+ tumor-initiating cells 

than other breast cancer subtypes. Overall, the properties of early and late passage 

MMTV-Neu ME-CRCs indicate that a population of tumor-initiating cells is 

maintained. Despite the gross phenotypic and morphological differences in the cells 

grown in the CRC system, MMTV-Neu ME-CRCs retain a subpopulation of tumor-
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initiating cells that are capable of tumor formation and metastasis indistinguishable 

from that seen in the parental MMTV-Neu mice. 

 

With increasing passage, an increase in aneuploidy in both normal ME-CRCs and 

MMTV-Neu CRCs was observed. The phenomenon whereby tumor cells show 

increased chromosomal rearrangement and aneuploidy with passage in vitro has 

been described for many cancer cell lines. It is not possible to compare the 

aneuploidy of the same late-passage normal and transformed ME-CRCs with the 

respective non-CRC cultures, because the latter senesce. However, the aneuploidy 

observed could be the result of in vitro changes that occur with increasing passage 

of most cells in culture and may not be specific to the CRC system. That said, 

clearly, the early and late passage CRCs are not populations of genetically identical 

cells and, for any phenotype or response obtained, it will be important to define the 

cell passage number at which it is observed.  

A major question arising from this work is how both normal and transformed ME-

CRCs bypass senescence check points. Previous studies have utilized Rho kinase 

inhibitors for immortalization of stem cells and suggested that this function is 

mediated, in part, through effects on integrin and adhesion signaling (48). Rho 

kinase-dependent EMT has also been described previously in mouse mammary 

cancer cells (49). However, mesenchymal differentiation does not occur in the 

normal mouse CRCs. Of note is that the conditional reprogramming does not occur 

in the ME cells unless both the irradiated fibroblasts and the Y compound are 

present (data not shown) and (35). This suggests that the irradiated fibroblasts in 
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the CRC system likely provide a secreted or adhesion factor that initiates or 

modifies the Rho kinase effect. Consistent with this, recent data indicates that 

conditioned medium from the irradiated fibroblasts can be used in the CRC system 

instead of the irradiated cells (50). 

 

CONCLUSION 

Overall, the ability to conditionally reprogram and indefinitely propagate human 

and mouse epithelial cells could be widely used in experimental systems. The 

ability to carry CRCs from valuable transgenic sources and use them as transplants 

in syngeneic animals increases experimental efficiency and allows interactions with 

the stromal environment to be examined in detail. The utility of normal mouse 

epithelial cells for development studies also holds great promise.  
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Figure A8. Expansion and flow cytometric analysis of normal mouse ME-

CRCs. 

A) Phase contrast images of primary normal mouse MECs cultured up to passage 

four (P4) under CRC conditions (+Y) or (-Y) (see legend to Fig 3). Micrographs 

were taken on day 5 in culture. Magnification, 10×; scale bar, 100 µm. B) 

Schematic diagram of flow of FACS analysis showing the gating criteria for (i) 

live cells, (ii) fluorescence intensity, and (iii) monoparametric and (iv) 

multiparametric analyses of cell surface markers. C) Representative plots of 

fluorescence intensity of cells expressing the indicated markers and the 

corresponding IgG isotypes in P0 (non-CRC), early (P5), and late (P19) passage 

cells. D and E) Representative bar graphs showing the mean fluorescence 

intensity (MFI) of the indicated cell surface markers in D) normal mouse ME 

CRCs and non-CRCs (P0) and E) early and late passage ME-CRCs. Values are 

mean±SEM of three independent experiments, with the exception of ESA and 

CD44, for which values are the mean±SEM of two independent experiments. 

Samples were compared using two-tailed Student’s t-test. *P<0.05. 
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Figure A9. Comparative genomic hybridization of ME-CRCs. 

Array CGH analysis of P2 ME non-CRCs (A) and normal ME-CRCs at P5 (B), 

P18 (C), and P76 (D). The x-axis represents chromosomes 1–19 and X, and the y-

axis represents the log2 ratios of the cells normalized to reference DNA. Gains 

and losses of chromosomal regions are indicated above and below the log2 0 line, 

respectively. 
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Figure A10. Multiparametric FACS analysis of cell surface markers 

expression in normal mouse ME-CRCs. 

Subpopulations were analyzed based on the concomitant expression of A-C) 

Sca1, CD24, and CD29; D-F) Sca1, CD24, and CD49f; and G-H) ESA, CD44, 

CD49f at early and late passage in the CRC system.  The proportion of each 

population in the total population is indicated next to each bubble. Values are the 

mean±SEM of three independent experiments. Samples were compared using 

two-tailed Student’s t-test. ***P<0.0001, **P<0.001, *P<0.05. 
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Figure A11. Expansion and FACS analysis of MMTV-Neu ME-CRCs. 

MMTV-Neu cells from spontaneous mammary gland tumors cultured under CRC 

conditions show A) β-galactosidase staining (arrowheads) after three passages. 

Micrograph was taken using a light microscope after 10 days in culture. B) 

Schematic diagram of flow of FACS analysis showing the gating criteria for (i) 

live cells, (ii) fluorescence intensity and (iii) monoparametric and (iv) 

multiparametric analyses of cell surface markers. C) Representative plots showing 

the fluorescence intensity of cells expressing the indicated markers and the 

corresponding IgG isotypes in P0 (non-CRC), early (P5), and late (P26) passage 

MMTV-Neu ME-CRCs. D) Representative bar graphs showing the mean 

fluorescence intensity (MFI) of the indicated cell surface markers in D) MMTV-

Neu ME CRCs and non-CRCs (P0) and E) early and late MMTV-Neu ME-CRCs. 

Values are the mean±SEM of three independent experiments, with the exception 

of ESA and CD44, for which values are the mean±SEM of two independent 

experiments. Samples were compared using two-tailed Student’s t-test. 
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Figure A12. Comparative genomic hybridization of MMTV-Neu ME-CRCs. 

Array-CGH analysis of P2 MMTV-Neu ME non-CRCs (A) and MMTV-Neu ME 

CRCs at P6 (B), P38 (C), and P73 (D). The x-axis represents chromosomes 1–19 

and X, and the y-axis represents the log2 ratios of the cells normalized to 

reference DNA. Gains and losses of chromosomal regions are indicated above and 

below the log2 0 line, respectively. 
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Figure A13. Multiparametric FACS analysis of cell surface markers 

expression in MMTV-Neu ME-CRCs. 

Subpopulations were analyzed based on the concomitant expression of A-C) ESA, 

CD44, and CD49f; D-F) Sca1, CD24, and CD29; and G-H) Sca1, CD24, and 

CD49f at early and late passage in the CRC system. The proportion of each 

population in the total population is indicated next to each bubble. Values are the 

mean±SEM of triplicate samples in three independent experiments. Samples were 

compared using two-tailed Student’s t-test. ***P<0.0001, **P<0.001, *P<0.05. 
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