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Abstract The remarkable molecular diversity of breast

cancers affects therapeutic options and clinical outcome for

patients. Understanding the cell of origin and the factors

that impact stem cell differentiation and proliferation are

crucial aspects for the development of effective breast

cancer prevention, diagnostic, and therapeutic strategies.

Evidence suggests that molecular subtypes, such as luminal

and basal breast cancers, may originate from cells in dif-

ferent stages of epithelial differentiation. Here we review

studies that suggest basal breast cancer may have a stem or

progenitor cell origin. This work has been augmented by

the availability of BRCA1 mutant tissues and mouse

models of basal breast cancer. We also discuss environ-

mental factors that have been shown to affect luminal

breast cancer initiation and progression. Further studies are

needed to obtain comprehensive answers to many of these

questions, yet the results underscore the importance of

breast stem cells in tumorigenesis.
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Introduction

Breast cancer is an extremely diverse disease with sub-

stantial intertumoral heterogeneity and molecular com-

plexity. Clinically, breast cancers are currently classified

on the basis of tumor grade and hormone receptor status,

including estrogen receptor (ER), progesterone receptor

(PR), and HER2/NEU receptor expression. By using gene-

expression profiles we have begun to comprehend breast

cancer at the molecular level and currently classify breast

cancers into six molecular subtypes: luminal A, luminal B,

HER2?, normal-like, basal, and claudin-low. Luminal

subtypes commonly express ER and/or PR and have the

best clinical outcome. One clinical challenge is identifying

and treating luminal breast cancers that do not respond to

hormone-based therapy and are driven by other signaling

mechanisms. In addition, there are many questions about

environmental factors that may promote the development

and progression of ER? luminal breast cancers. The basal

or triple-negative (ER-, PR-, HER2-) and claudin-low

subtypes have the worst clinical outcome despite treatment

with chemotherapy. Effective targeted therapy for these

subtypes has yet to be identified. Currently, breast cancers

clinically defined as triple-negative are treated with cyto-

toxic combination chemotherapy, with platinum-based

therapies having the highest response rates.

Results from several studies have implied some breast

cancer subtypes have a stem cell origin. In addition to

explaining the intertumoral heterogeneity observed among

breast cancer subtypes, identifying the cell of origin for each

subtype will facilitate the development of effective detec-

tion, prevention, and therapeutic strategies. Currently, most

breast cancers are treated with cytotoxic chemotherapeutics

that target highly proliferating cells. Cancer stem cells

comprise a small subpopulation of quiescent cells within the
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tumor. Therefore, cancer stem cells are unaffected by cyto-

toxic chemotherapeutics and are often driven to a more

resistant phenotype by current treatments [1, 2]. By distin-

guishing the cell of origin for each subtype, we will be able to

develop successful therapeutic strategies that target the

subpopulation of cells that are responsible for tumor pro-

gression, resistance, and metastasis. Physiological and

developmental factors make breast cancer an ideal model for

interrogating the cell of origin. Because the mammary gland

primarily develops postnatally and numerous mouse models

with altered mammary development exist, we have a pro-

found understanding of the hierarchical organization of the

mammary epithelium and the critical points of stem and

progenitor cell differentiation. Studies examining normal

epithelial differentiation have also identified several distinct

markers that can be used to enrich different epithelial cell

populations. Epithelial cells that differentiate into luminal

cells express ‘‘luminal’’ markers, for example cytokeratins

8/18, ERa, and GATA3-binding protein. Basal cells express

‘‘basal’’ markers, for example cytokeratins 5/6, 14, and

vimentin. Because luminal breast cancers often express

luminal markers and basal breast cancer express basal

markers, it has been suggested that luminal breast cancers

arise from transformed luminal progenitor cells and basal

breast cancers arise from transformed basal progenitors.

However, several studies performed in recent years have

both clarified the origin of luminal and basal breast cancers

and resulted in further confusion. Here we review the

involvement of stem cells in the initiation and promotion of

several breast cancer subtypes.

Stem Cell Origin in Basal Breast Cancer

BRCA1 is a tumor suppressor gene that is mutated in the

germline of approximately 10 % of breast cancer patients.

Because most BRCA1 mutant breast cancers are classified

as the basal subtype [3, 4], BRCA1 mutant tissues have

been a valuable model for investigation of the cell of origin

of basal breast cancers. The availability of several Brca1

mouse models and access to both normal and neoplastic

tissue from individuals with BRCA1 mutations have facil-

itated examination of cancer stem cells within basal breast

cancers. Several studies that have used a variety of models

and approaches to investigate epithelial differentiation in

basal breast cancers have yielded interesting and divergent

results. Using cell surface protein markers (CD49f, Ep-

CAM) originally characterized in mouse models [5], Lim

et al. [6••] were able to isolate functional stem, luminal

progenitor, and differentiated mammary cells from normal

mammary tissue and preneoplastic tissue from BRCA1

heterozygous mutant individuals. Interestingly, an expan-

ded luminal progenitor population was detected among

women who carry germline BRCA1 mutations. Comparison

of mammary gene signatures with breast cancer subtypes

revealed that luminal subtypes were associated with mature

luminal signatures, the claudin-low subtype was associated

with a MaSC (mammary stem cell)-associated signature,

and the basal subtype was associated with a luminal pro-

genitor signature. On the basis of these results, Lim et al.

proposed that BRCA1-associated basal breast cancers

originate from an aberrant luminal progenitor population.

These results seemed to conflict with those of Liu et al.,

who observed that BRCA1 is required for differentiation of

ER- stem and/or progenitor cells into ER? luminal cells

[7•]. In this study, Liu et al. used a siRNA lentivirus to

achieve knockdown of BRCA1 in normal human mammary

cells. Their results showed that BRCA1 knockdown

resulted in an increased population of cells expressing the

stem cell marker aldehyde dehydrogenase 1 (ALDH1).

ALDH1 was first characterized as a breast cancer stem cell

marker by Ginestier et al., by use of the ALDEFLOUR

assay [8]. Liu et al. also discovered that histologically

normal lobules from women with germline BRCA1 muta-

tions were positive for ALDH1 expression but negative for

ER, compared with lobules from normal (wild type)

BRCA1 controls that were ALDH1- and ER?. Further

examination determined that the ALDH1?/ER- lobules

had loss of heterozygosity (LOH) for BRCA1 compared

with adjacent lobules that were ALDH1-/ER? and main-

tained a wildtype BRCA1 allele. Together these findings

suggest that gene dosage of BRCA1 is critical for normal

mammary epithelial differentiation. The results from Lim

et al. were based on women with BRCA1 germline muta-

tions that retained a wildtype BRCA1 allele, whereas the

siRNA BRCA1 knockdown in Liu et al. is likely to have

resulted in a more substantial BRCA1 knockdown. There-

fore, cells that maintain a BRCA1 wildtype allele may have

altered differentiation that results in luminal progenitor

expansion, whereas loss of both functional BRCA1 alleles

results in altered stem/progenitor cell differentiation and

expansion of ALDH1? cells. This is supported by evidence

of increased ALDH1 expression in mammary epithelial

cells with BRCA1 LOH. In addition, differentiation of

stem and progenitor cells may be affected by accumulat-

ing genetic lesions that are maintained by BRCA1

deficiency.

A more recent study by Molyneux et al. [9] used mouse

models in which Brca1 loss of function was directed to

either a predominantly basal (K14-Cre) or luminal (Blg-

Cre) epithelial cell. This promoted the origin of cell

transformation in a basal or luminal progenitor. Molyneux

et al. observed that tumors originating in luminal pro-

genitors histologically resembled human BRCA1 tumors

and human basal breast cancers. However, tumors origi-

nating from the basal cell origin (K14-Cre) were
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characterized as metaplastic carcinomas or malignant ad-

enomyoepitheliomas. Molyneux et al. also demonstrated

that luminal ER- populations were able to produce mul-

tilineage epithelial outgrowths containing myoepithelial,

luminal ER-, and luminal ER? cells in a cleared mam-

mary fat pad transplantation assay. The Kuperwasser

laboratory performed a complimentary study using dis-

ease-free tissue from BRCA1 heterozygous mutant and

wildtype women [10]. Organoids isolated from these

women were lentiviral-infected with a combination of

oncogenes and transplanted into humanized fat pads to

examine lineage differentiation. Proia et al. observed that

luminal progenitors from BRCA1 heterozygous mutant

tissue had defects in luminal differentiation and developed

basal-like differentiation phenotypes.

The discrepancies in these studies may be a result of

slight differences in the mouse models (i.e. p53 heterozy-

gous mice vs. p53 floxed mice, different background

strains, and different K14-Cre models) and the different

cell surface markers (i.e. CD49, CD29, CD24, Sca1 vs.

ALDH1) used for cell isolation. It should also be consid-

ered that, when isolating cell populations with cell surface

markers, the isolates are at best an enrichment of the

desired cells and not pure populations. Most importantly, a

recent finding by Van Keymeulen et al. [11] suggests that

the mammary fat pad transplantation assay, regarded as the

standard for determination of cell differentiation potential,

may not reflect the differentiation potential of stem cells

under normal physiological conditions. Therefore, the use

of this assay in determining the differential potential of

luminal progenitors into basal cells should be interpreted

with caution.

A possible explanation of these different observations is

the substantial heterogeneity within the basal and ‘‘triple-

negative’’ subtypes. Cluster analysis of 587 triple-negative

breast cancers (TNBCs) revealed there are six to seven

TNBC subtypes and the subtypes have differential

responses to neoadjuvant chemotherapy [12••, 13]. This

high level of molecular heterogeneity may be indicative of

divergent starting points of transformation along the path

of differentiation from an MaSC to a luminal progenitor. In

this situation, tumors with a more stem-like, undifferenti-

ated phenotype would arise from a stem cell, whereas other

basal-like tumors would arise from a luminal progenitor or

a stem/progenitor cell. Proia et al. [10] demonstrated that

BRCA1 directly affects mammary epithelial differentiation

and that loss of BRCA1 alters progenitor cell lineage

commitment through regulation of Slug. Therefore, human

tissue and mouse models with BRCA1 deficiency may

represent an altered mammary differentiation profile that is

similar to but not identical with that of other sporadic basal

breast cancers. Additional studies of basal breast cancers

and diverse mouse models are required to clearly elucidate

the cell of origin in the diverse subtype of basal breast

cancers.

Effects of Environmental Exposures on Breast Stem

Cells

Since genetically inherited breast cancers account for fewer

than 10 % of all cases, there is a need to elucidate how

environmental exposure promotes expansion of breast stem

cells and tumorigenesis. Several epidemiological studies

have demonstrated that hormone receptor-positive (lumi-

nal) breast cancer risk is increased by lifetime estrogen

exposure, including exposure to hormone replacement

therapy, oral contraceptives, and nulliparity [14]. Given

that luminal breast cancers account for most breast cancers,

we must understand the mechanisms by which environ-

mental factors promote luminal breast cancer to improve

prevention. For example, diethylstilbestrol, an estrogenic

compound given to pregnant women to prevent miscar-

riages, has been correlated with an increased incidence of

breast cancer among women older than 40 years and

increased mammary tumorigenesis in adult rodents [15].

Environmental estrogenic compounds also include bi-

sphenol A (BPA), which is found in many plastics and

circulating currency, and phthalates, which are present in

agricultural fertilizer and pesticides. Exposure of humans

to BPA has been shown to induce gene expression changes

similar to those caused by estradiol treatment [16]. Geni-

stein, curcumin, and resveratrol are examples of dietary

phytoestrogens which can bind to ER and activate estro-

genic signaling, albeit with much weaker affinity than

endogenous estrogen. Genistein is an isoflavone found in

soybeans, curcumin is a polyphenol found in the spice

turmeric, and resveratrol is a polyphenol found in grapes

and wine. By using endometrial cancer cells and luminal

breast cancer cell lines, Gertz et al. [17•] investigated the

transcriptional effect of BPA, genistein, and 17b-estradiol

(E2). ChIP-Seq demonstrated that BPA and genistein

induced estrogen receptor 1 (ESR1) binding to thousands

of sites on the genome. There was significant overlap of

genistein and BPA binding with E2 binding sites (geni-

stein = 93.6 %, BPA = 95.2 % overlap). Quantitative

strength of downstream effects was tested by use of ChIP-

Seq to calculate number of sequence reads in a binding site

per million aligned reads (RPM). The signal strength for

estradiol, genistein, BPA, and DMSO vehicle control was

21.5, 13.2, 4.1, and 0.15 RPM, respectively. BPA has also

been found to induce changes in such breast stem cell

regulatory genes as FOXA1 and GATA3, and in CXCL12,

a chemokine which can increase metastatic potential [17•].

These studies confirm the effect of BPA and genistein on

genome-wide gene expression.
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The impact of BPA dose and route of exposure has been

scrutinized both in rodent models and human tissues. BPA

has been found in the circulating serum of pregnant women

at 0.3–18.9 ng/mL concentrations [18]. In utero exposure

to BPA has been observed to induce early onset of puberty

in rodent models [19] and increase the risk of breast cancer

[20]. It has been hypothesized that the number of breast

stem cells is established in embryogenesis and expanded

during thelarche, suggesting that these are particularly

vulnerable times during which exposure may have more

effect on adult breast cancer risk [1]. Therefore, the timing

of exposure to environmental factors during breast devel-

opment is likely to have a significant effect on breast stem

cell proliferation and differentiation. Betancourt et al. [21]

examined altered carcinogenesis in mammary glands of

rats after prepubertal exposure to BPA and genistein and

found that genistein significantly decreased tumor burden

whereas BPA treatment significantly increased tumor

multiplicity in a DMBA rodent model of carcinogenesis.

Proteomic analysis of the signaling pathways demonstrated

that BPA induced increases in annexin A2, vascular

endothelial growth factor receptor (VEGFR2), and phos-

pho-AKT, whereas genistein reduced levels of all three

proteins. These results may explain the different effects of

BPA and genistein on cell proliferation and mammary

tumorigenesis.

Epidemiologic evidence indicates that soy consumption

reduces risk of breast cancer. Reduced risk of breast cancer

has been observed in Asian women with high soy con-

sumption in their diets, and this protective effect is

diminished in daughters who adopt a diet more character-

istic of Caucasian women that is low in soybeans [22].

Currently, the mechanism by which soybeans provide

protection against breast cancer is poorly understood.

Genistein has been observed to alter DNA methylation

throughout the mouse genome and to negate the effect of

BPA exposure of DNA hypomethylation [23, 24]. It is

reasonable to speculate that genistein may provide pro-

tection against breast cancer because of epigenetic effects

established during childhood; however, it is not clear which

genistein target genes are involved in breast cancer

prevention.

The hypothesis that breast stem cell number is pro-

grammed in utero raises the tantalizing question of whether

breast cancer risk in offspring may be modulated by

environmental exposure during prenatal development. To

test this, Soto et al. [25] administered BPA to pregnant

mice from day 8 to 18 through subcutaneous pumps at

0.25 lg/kg maternal body weight/day, a dose 1,000 fold

lower than concentrations in human plasma. BPA treatment

altered the mammary gland tissue in embryos, by way of

altered extracellular matrix organization, reduced tenascin

C in the periductal stroma, and altered adipogenesis

regulatory signaling. BPA-exposed mice also had an

increased number of terminal end buds (TEBs) in the

mammary gland, and increased TEB area and density, and

ductal extension. Similarly, circulating xenoestrogens

including phthalates, parabens, and BPA have been asso-

ciated with increased mammographic breast density, a risk

factor for breast cancer, in adult postmenopausal women

[26]. To examine specifically whether in utero exposure to

BPA increases adult risk of mammary carcinogenesis, a rat

model was used with in utero BPA concentrations ranging

from 2.5 to 1,000 lg/kg body weight. Carcinoma in situ

was found in 33 % of rats exposed to 250–1,000 lg BPA/

kg/day whereas no unexposed rats had such lesions [27].

Hilakivi-Clarke et al. [28], in a similar design, examined

whether there may be a protective benefit of genistein

exposure in utero among pregnant dams and found that

breast tumorigenesis decreased significantly in the off-

spring. These studies indicate that prenatal exposure to

estrogenic compounds may have a significant effect on

stem cells and breast development.

The relationship between adult human breast tissue

concentrations of BPA and breast stem cell biology is

currently under investigation by using explanted cells from

reduction mammoplasty tissue. Whether treatment of adult

humans with phytoestrogens reduces risk of hormone

receptor-positive breast cancer remains controversial, lar-

gely due to variances in the dose and form of administra-

tion of these compounds in controlled human clinical trials

and the lack of mechanistic biomarkers to demonstrate

efficacy. Further investigation of dietary phytoestrogens

and their effect on breast stem cell proliferation and dif-

ferentiation is essential to reducing the rate of breast cancer

worldwide.

Conclusion

For cancer treatments to be effective, it is imperative that

we delineate which cancers originate from stems cells and

are unlikely to respond to chemotherapeutic agents that

target highly proliferating cells. This is particularly

important for breast cancer, for which there is a large

discrepancy in outcomes for molecular subtypes (i.e.

luminal vs. basal). To interrogate the origin of basal breast

cancer, several laboratories have taken advantage of nor-

mal and neoplastic tissue from BRCA1 mutant individuals

and mouse models of basal breast cancer. These resources

have facilitated numerous studies that demonstrate basal

breast cancers emanate from a stem or progenitor cell.

Most of these studies suggest that basal breast cancers arise

from luminal progenitor cells defective in luminal differ-

entiation, whereas other studies infer that MaSCs are the

cell of origin. The discrepancies in these results may be
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because of the significant heterogeneity within the basal

breast cancer subtype and the variability in the approaches

and models utilized. Overall, it is clear that basal breast

cancers originate from a non-differentiated progenitor or

stem cell and therapeutic strategies need to be tailored to

target these cells.

Luminal breast cancers account for the majority of

breast cancers and several epidemiological studies have

demonstrated that estrogenic compounds increase breast

cancer risk. In particular, environmental exposure to such

compounds as BPA and genistein may significantly alter

genome-wide gene expression and proteomic signaling at

critical points in mammary development. More studies are

necessary to understand the effects of dosage and timing

during prenatal and postnatal development on the initiation

and promotion of luminal breast cancers. The results are

expected to have a significant impact on breast cancer

prevention.
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