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Abstract

Breast cancer is no longer considered a single disease, but instead is made up of multiple subtypes 

with genetically and most likely epigenetically heterogeneous tumors composed of numerous 

clones. Both the hierarchical cancer stem cell and clonal evolution models have been invoked to 

help explain this intratumoral heterogeneity. Several recent studies have helped define the 

functional interactions among the different cellular subpopulations necessary for the evolution of 

this complex ecosystem. These interactions involve paracrine interactions that include locally 

acting Wnt family members, reminiscent of the signaling pathways important for normal 

mammary gland development and stem cell self-renewal. In this review, we discuss the 

interactions among various cell populations in both normal and tumor tissues. A better 

understanding of these interactions, especially in the metastatic setting, will be important for the 

development of improved combinatorial therapies designed to prevent relapse and to ultimately 

decrease mortality.

Understanding tumorigenesis: lessons from the normal gland development

Over the past decade and a half, our concepts of tumor heterogeneity have evolved, driven in 

part by major conceptual advances that invoked a cancer stem cell (CSC) hierarchy, as well 

as technical advances in DNA sequencing. Rather than mutually exclusive CSC and clonal 

evolution models, it is generally accepted that branched Darwinian evolution integrated with 

a CSC hierarchy, which may include more than a single CSC population, may help explain 

intratumoral heterogeneity (ITH) [1]. With the advent of deep sequencing and recent single 

cell DNA and RNA sequencing applications, the enormous clonal heterogeneity and 

complexity of many solid cancers, including breast cancer, has become apparent [2, 3]. In 

fact, in a seminal paper by Nik-Sainal and colleagues on “The Life History of 21 Breast 

Cancers,” the authors concluded, “The cancer genome is like a palimpsest, an ancient 
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parchment that was frequently reused, each time retaining traces of what had previously 

been written…Our model has an obvious similitude with the concept of CSCs-infrequent, 

self-renewing, metabolically quiescent cells capable of reconstituting a tumor” [4]. Cancers 

are now starting to be viewed as complex ecosystems that evolve due to both mutational and 

epigenetic mechanisms [5, 6]. With thousands of mutations and epigenetic changes, many of 

which occur at low frequencies, an understanding of their functional importance is a 

daunting task. Furthermore, recent studies suggest that selection of major and minor alleles 

is not a stochastic process, but may be dependent upon cell-cell and paracrine interactions 

[7]. An understanding of these interactions in normal development can provide the 

foundation for deciphering their enormous complexity in cancer. The following review will 

highlight some of the concepts that have emerged from studying these interactions in normal 

mammary gland development and how insights about signaling pathways have provided the 

groundwork for understanding the heterogeneity in breast cancer, one of the future 

challenges for cancer therapeutics.

Mammary gland architecture

The mammary gland is particularly amenable to studies defining paracrine and cell-cell 

interactions, because the majority of development occurs postnatally. Postnatal development 

is regulated by the systemic hormones estrogen, progesterone and prolactin, which relay 

local cues via growth factors. Like many epithelial tissues, the mammary gland is comprised 

of luminal and basal epithelial cell populations, with the basal compartment composed 

primarily of contractile myoepithelial cells. These epithelial cell populations are able to self-

organize into duct-like structures when grown in matrigel or collagen. Furthermore, 

mammary gland reconstitution experiments can be performed in vivo by transplantation of 

isolated cells into the cleared mammary fad pad [8]. Transplanted cells respond 

appropriately to the hormonal environment and undergo ductal morphogenesis during 

puberty and estrous cycling, and alveologenesis during pregnancy.

Surprisingly, only a subset of the luminal cells express estrogen, progesterone and prolactin 

receptors, and a precise patterning of these receptors established after the onset of puberty is 

necessary for proper development [9, 10]. In fact, contrary to expectation, based upon 

studies in breast cancer cell lines, the vast majority of the estrogen receptor alpha (ERα)- 

and progesterone receptor (PR)-positive cells do not proliferate in mature ducts [11, 12]. 

Proliferative cells instead are in close proximity to steroid receptor-positive cells, suggestive 

of possible paracrine mediators, rather than the textbook model where steroid receptors 

translocate into the nucleus and directly regulate transcription of cyclin D1 and other genes 

involved in cell autonomous proliferation. Formal proof required the development of genetic 

knockout mice lacking ER and PR together with elegant chimeric transplantation 

experiments, where ERα– and PR–null cells were mixed together with wild-type cells. PR 

wild-type cells rescued PR-null cells, defective in alveologenesis [13], and ERα wild-type 

cells restored ductal morphogenesis of ERα-null epithelium [14]. These genetic chimera 

approaches are analogous to classical experiments in the Drosophila eye used to define non-

cell autonomous effects [15].
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Ovarian hormones also play a major role in guiding mammary stem cell (MaSC) 

homeostasis within the basal compartment and can result in major changes in the stem cell 

pool during the reproductive cycle [16]. Evidence has suggested that in the mammary gland, 

as in the skin [17], there are multiple populations of stem cells [18–21] (see a detailed 

description in Review [22]) located in different sites and with different features, possibly 

due to cell plasticity induced by developmental cues, hormones and the environment [23, 

24]. Isolation and characterization of MaSCs using cell surface markers and fluorescence-

activated cell sorting (FACS) revealed that MaSCs lack ERα and PR, suggesting that they 

must respond to systemic hormones through the action of paracrine mediators [16, 25]. 

Furthermore, this implied that MaSCs must divide asymmetrically to ultimately give rise to 

steroid-receptor positive cells.

Independent of ovarian hormonal input and the expression of ER and PR, the embryonic 

mammary gland instead relies on local paracrine interactions between the mammary 

epithelial bud and underlying mesenchyme. Classic reconstitution experiments between 

epithelium and mesenchyme using specific mouse mutants have revealed the importance of 

key signaling nodes between these two compartments [26]. Several notable examples are the 

expression of fibroblast growth factor (FGF) 10 in the mesenchyme and its receptor 

FGFR2b in the epithelium [14] and reciprocally, parathyroid hormone related protein 

(PTHrP) in the epithelium and its receptor, PTHR1 in the mesenchyme. In the latter case, a 

mesenchymal, canonical Wnt pathway appears to mediate the PTHrP specification of the 

mesenchyme [27]. The signaling between the mesenchyme and epithelium in embryonic 

development is in many ways analogous to the stromal-epithelial crosstalk that occurs 

postnatally. Thus, every facet of mammary gland development requires an intricate spectrum 

of cellular interactions guided by both systemic and local cues.

Paracrine mediators of normal development

Gene expression studies performed first in PR-null and later in ERα-null mammary 

epithelial cells (MECs) in comparison to wild-type MECs identified several putative 

paracrine mediators involved in both MaSC self-renewal [16, 25] and hormone-induced 

proliferation [28]. These factors included amphiregulin (AREG) and epidermal growth 

factor ligand [29], the TNF-α family member RANKL, IGF-II and Wnt4 [30]. Several 

genetic studies have helped establish the functional importance of these mediators. For 

example, Wnt signaling plays a critical role in MaSC self-renewal [31]. Both Wnt4 and 

RANKL are induced by progesterone in luminal cells and regulate MaSC self-renewal [32]. 

R-spondin1 (Rspo1, see Glossary), a modifier of Wnt signaling, is also hormonally regulated 

in luminal epithelial cells by estrogen and progesterone, and acts in concert with Wnt4 to 

expand MaSCs [33, 34] (Figure 1a). Furthermore, RANK signaling amplifies Wnt-

responsive mammary progenitors and stem cells through Rspo1 [32]. Thus, there appears to 

be a combined progesterone-regulated RANKL/Wnt signaling axis that is instrumental for 

the regulation of both proliferation and self-renewal within the mammary epithelium [35]. 

Interestingly, based upon elegant studies in embryonic stem cells, Wnt proteins appear to act 

locally to orient asymmetric stem cell division [36] (see Glossary). By inference these 

studies in normal development suggest that localized Wnt signaling might also play a critical 

role in the self-renewal of breast cancer stem cells (BCSCs).
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Several ErbB family ligands also play a role in paracrine signaling. For example, neuregulin 

1 (NRG1) has been shown to signal from basal p63 positive cells to luminal ErbB4 positive 

cells (Figure 1b). Genetic deletion of p63 leads to dramatic defects in luminal cell 

proliferation and differentiation, ultimately resulting in lactation failure [37]. Furthermore, 

an additional ErbB receptor, ErbB3, is necessary for luminal epithelial differentiation and to 

maintain the balance between luminal and basal epithelium [38]. AREG has been shown to 

be an essential mediator of ERα function in pubertal mice for ductal morphogenesis, 

including epithelial proliferation and terminal end bud formation [29]. Intriguingly, earlier 

studies suggested that the epidermal growth factor receptor (EGFR) in the stroma was 

required to mediate the effects of AREG on ductal morphogenesis, perhaps via induction of 

reciprocal FGF10 signaling from the stroma back to the epithelium [39, 40] (Figure 1c). 

These reconstitution experiments do not rule out, however, possible direct effects of EGFR 

on epithelial cells [29]. FGFR1 has also been shown to induce AREG expression in luminal 

epithelial cells, suggesting the possibility of a positive feedback loop [41]. This may help 

explain the rescue of FGFR1 and FGFR2 null cells by surrounding wild-type cells in 

chimeric mammary outgrowths, presumably due to AREG acting through EGFR [42]. These 

studies in normal mammary gland development have been informative for designing 

therapeutic interventions in breast cancer, as combinatorial targeting of FGF and ErbB 

receptors has been shown to inhibit both growth and metastasis in some breast cancer 

models [43]. In addition, they highlight the importance of critical paracrine signaling 

pathways that when disrupted in breast cancer progression due presumably to loss of critical 

feedback mechanisms may lead to uncontrolled growth, invasion and metastasis. A number 

of these pathways, e.g. those driven by Wnt, Il-6R, RANKL, FGFR etc. are now active 

therapeutic targets of ongoing and presumably future clinical trials [44].

Heterogeneity in breast cancer: inter- and intratumoral heterogeneity

More than a decade ago, Perou and colleagues performed groundbreaking studies of gene 

expression profiling using cDNA microarrays, representing 8,102 human genes on 65 

human breast tumor samples [45]. An intrinsic gene subset of 496 genes demonstrating 

significantly greater variation between individual tumors than between paired samples from 

the same tumor was further used to cluster tumors into different subtypes with distinct 

molecular features. These subtypes include luminal-like, basal-like, ErbB2/HER2+ and 

normal breast. Similar hierarchical clustering studies with a more extended sample size 

confirmed the original studies and were able to further separate luminal tumors into luminal 

A and B based upon the expression of ER-regulated genes and prognostic factors [46–48]. 

More recent studies suggest the existence of even a greater diversity of subtypes with as 

many as 10 integrative clusters each associated with distinct clinical outcomes [49, 50].

Such intertumoral heterogeneity can be correlated with specific genetic alterations within 

individual tumor subtypes. For example, selected somatic mutations have been observed to 

drive the tumor heterogeneity of luminal tumors defined by prediction analysis of 

microarray 50 (PAM50), a 50 gene set used to classify breast cancer subtypes [51]. 

Similarly, TP53 mutations were associated with high-grade histology and high proliferation 

rates of the luminal B subtype, whereas loss-of-function mutations in MAP3K1 were 

associated with luminal A status of low proliferation rates and low-grade histology [52].
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Although ITH has been observed by breast cancer pathologists for years, only recently has 

this been examined in primary breast cancers by next-generation sequencing (NGS)-analysis 

[53] (see Glossary). Cancer-derived DNAs extracted from many tumor cells of each of 21 

individual breast cancers were assessed to identify copy number variations and gene 

mutations using NGS [4, 54]. Both clonal mutations (e.g. mutations in TP53 and PIK3CA), 

which occurred in all tumor cells, and subclonal mutations, which only occurred in a subset 

of tumor cells, were observed. The number of subclonal mutations was much greater than 

the number of clonal mutations, suggestive of an early complex subclone expansion process 

within this collection of breast cancers. A dominant clone was found in 50 to 95% of the 

tumor cells in all tumors studied, and expansion of this dominant clone presumably triggered 

the diagnosis. Shah et al [55] also investigated the clonal heterogeneity of basal-like triple 

negative breast cancer (TNBC) using similar NGS mutation profiling methods. They 

demonstrated that these tumors showed a wide variation in their clonal frequencies. 

Mutations in TP53 and PIK3CA identified in all samples from the study of 21 individual 

breast cancers [4, 54] were only present in most samples in the largest clone of TNBC, but 

not present in all tumor cells, indicating that a more complex early clonal expansion 

occurred in some of the TNBC.

Definition of the luminal ER subtype of breast tumors requires that only 1% of the tumor 

cells need to be classified as ERα-positive, and furthermore ER mutations need not be 

present in all cells of endocrine-resistant tumors. In addition, variations in DNA copy 

number from distinct cell populations in close proximity within a tumor may be more 

significant than copy numbers detected among different tumors [56]. Therefore, analyzing 

the genomic feature of single cells, if possible without amplification, may provide more 

detailed insights into ITH.

With the advancement of the isolation methods and analytical techniques to analyze both 

RNA and DNA at the single cell level, genomic, epigenetic, and transcriptomic 

heterogeneity within an organism can be investigated to decipher the full extent of ITH [57]. 

For example, three distinct clonal subpopulations were identified when 100 single cells from 

a polygenomic breast tumor were analyzed following FACS, whole genome amplification 

and NGS. Analysis of 100 single cells from another monogenomic primary tumor and its 

liver metastasis revealed that a single clonal expansion in the primary tumor appeared to be 

responsible for liver metastasis [58]. Furthermore, studies using a barcoding system to track 

individual clones showed that the majority of resistant clones after cancer therapies were 

pre-existing, indicating that a combinational therapeutic pre-treatment targeting non-

overlapping resistance may be an effective approach [59]. Various barcoding systems to 

label and trace individual subpopulations of cells are also ideal tools for studying the earliest 

stages of tumorigenesis and the clonal contribution to tumor progression[60, 61].

Polyak and colleagues analyzed the copy number variations in both stem-like cells and more 

differentiated cells based on the expression of cell surface markers (CD24, CD44, HER2, 

etc.) and uncovered a high level of genetic heterogeneity and dynamic conversion between 

different cancer cell populations [62]. Additional studies also revealed that the extent of 

diversity was correlated with breast tumor subtypes, and the individual populations of cells 

with different invasive potential were observed [62]. These observations supported not only 

Zhang and Rosen Page 5

Trends Cancer. Author manuscript; available in PMC 2016 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



the existence of ITH, but also its importance as a factor to be considered in a tumor’s initial 

response to treatment and for selecting drug regimens for effective treatment.

The origins of ITH: clonal evolution vs. CSC models

Tumorigenesis is a multistep process involving acquired genetic and epigenetic alterations 

that generate individual cell populations with aberrant differentiation and proliferation 

potential, leading to ITH [6, 63, 64]. It is generally accepted that a branched Darwinian 

evolution integrated with a CSC hierarchy that may include more than a single CSC 

population may help explain ITH [1, 65, 66] (see Glossary).

The clonal evolution model suggests that a single clone with accumulated malignant genetic 

and epigenetic hereditary changes may outcompete other clones with different mutations and 

initiate carcinogenesis [5]. The co-existence of multiple clones of different genotypes, 

phenotypes, therapeutic sensitivities, as well as the potential to metastasize, all contribute to 

ITH. Readers are referred to several recent reviews by Swanton and colleagues [67, 68] for a 

more in depth discussion of tumor evolution and its impact on ITH.

In normal tissues, multipotent stem cells are capable of self-renewal and give rise to 

hierarchical cell populations through sequential cell divisions, consisting of daughter stem 

cells and other cells with varying differentiation potential. When a tissue stem cell or 

progenitor undergoes oncogenic mutations or loss of tumor suppressors, it can give rise to a 

tumor initiating CSC, which further produces the heterogeneity of cells that also bear these 

genetic alterations [69–72]. The CSC hierarchical model has been validated in a number of 

specific solid cancers in addition to acute myelogenous leukemia [73], and may account at 

least in part for the observed ITH that appears to be a property of many cancers, including 

breast cancer [74]. The clonal evolution and CSC models are not mutually exclusive. 

Malignant transformation may occur in both normal multipotent stem cells as well as more 

differentiated progenitors through clonal evolution, which then results in the existence of 

multiple cell lineages [5, 72, 75]. Accumulating evidence, both in experimental models and 

in the clinic, suggests that CSCs with intrinsic resistance to radiation and chemotherapy may 

be responsible for tumor recurrence and metastasis [76–80]. A better understanding of the 

functional interactions among such a diverse network of tumor cells, especially in the 

metastatic setting, will be important for the development of improved combinatorial 

therapies designed to prevent relapse and to ultimately decrease mortality.

Signaling and potential interactions among various subclones in tumors

The genetic and epigenetic mechanisms for subclonal diversity and functional interactions 

among various tumor cell clones remain unclear. There are a few examples of non-cell 

autonomous interactions in normal mammary gland development, many of which are 

involved in the breast cancer. Mice that expressed a constitutively activated Smoothened 

(SMO), the primary effector of Hedgehog (Hh) signaling, showed paracrine stimulation of 

mammary epithelial proliferation [81]. While the nature of the paracrine effectors has not 

been elucidated, SMO signaling appears to be mediated through G proteins, specifically the 

pertussis toxin sensitive Gαi class [82]. Furthermore, although some of these interactions 
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may involve diffusible morphogens, others may be dependent on short-range local 

interactions.

The lessons learned from the studies in normal development have helped provide a 

foundation for deciphering the complex interactions that exist in the breast cancer 

ecosystem. Like those required for normal development, the effects of estrogen on BCSCs 

also appear to be regulated by paracrine mediators and local interactions. For example, the 

Notch ligands Jagged and Delta in the mouse mammary gland can signal from basal cells to 

the Notch receptors on luminal cells, and these local interactions play an important role in 

mammary gland development [83]. Accordingly, estrogen can increase the activity of ERα-

negative BCSCs through both paracrine EGFR and Notch signaling [84] (Figure 2). 

Analogous to studies in embryonic mammary gland development, estrogen has also been 

shown to regulate BCSCs through paracrine FGF/TBX3 signaling [85]. The NF-κB 

signaling in the non-CSC population of cells was shown to regulate self-renewal of the CSC 

through jagged-1 mediated Notch signaling activation in CSCs in TNBC cell lines [86]. In 

addition, Hh signaling is required for stem cell maintenance and tissue homeostasis and 

aberrant expression has been observed in breast cancer. A model of progesterone and Wnt4, 

downstream of PR signaling, in promoting tumorigenesis by expanding both the mutated 

luminal progenitor and stem cell compartments has also been proposed (Figure 2).

Only a few studies to date have been reported that demonstrate the importance of functional 

ITH. Gunther and colleagues [87] reported that both the basal and luminal cells were 

required for efficient tumor formation in their mouse mammary tumor virus (MMTV)-

driven Wnt1 transgenic mouse model, which was dependent on Wnt1 expression in luminal 

cells. Polyak and colleagues [7] recently demonstrated that competition triggered clonal 

expansion within tumors derived from transplanting various artificially engineered clones of 

weakly tumorigenic MDA-MB-468 cells. These clonal populations were engineered to 

individually overexpress secreted factors that have been implicated in tumor progression, 

such as CCL5, IL11, and VEGFB. Interestingly, a minor cell population was capable of 

facilitating tumor growth by overpowering environmental constraints to allow the rapid 

proliferation of all tumor cells in a non-cell autonomous manner. During tumor 

development, heterogeneous clones of tumor cells remain dynamic and are highly 

competitive. Cross-talk between subpopulations of tumor cells has also been reported in 

metastasis [88]. Similarly, a minor subclone within glioblastomas was able to drive 

tumorigenesis and maintain tumor heterogeneity by accelerating tumor growth [89].

Using a p53-null mouse model, our group described a novel feedback loop in which the 

breast CSC functions through the action of paracrine mediators secreted by the CSC progeny 

[90], similar to what is observed in the normal mammary gland [16, 25–27]. We 

demonstrated the existence of cross-talk between tumor cells via Wnt2, Cxcl12 and IL6 

signaling, indicating the non-cell-autonomous properties and importance of cooperativity 

between tumor subpopulations in tumor initiation and progression. The progeny of CSCs 

that display mesenchymal features produced through the asymmetric division of CSCs were 

both less proliferative and tumorigenic as compared to the CSCs. However, the functional 

interactions between CSCs and this subset of CSCs with mesenchymal features may provide 

an improved niche microenvironment, especially for those tumors initiated from extremely 
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low numbers of the CSCs. These studies indicate that similar regulatory mechanisms may 

exist for the maintenance of both normal and tumor stem cells with respect to their 

symmetric and asymmetric division. However, unique mutations within the CSCs may cause 

them to increase the percentage of symmetric divisions to alter both their frequency and 

population dynamics. Other studies have shown that the CSCs may dynamically switch from 

differentiated tumor cells [44, 91].

Due to limitations on studies of tumor initiation and progression in humans, findings from 

mouse tumors and human patient derived xenograft (PDX) models have a high relevance for 

human breast cancer. PDX models developed by serial transplantation into the orthotopic 

site, the mammary fat pad, in immunodeficient mice have been shown to closely recapitulate 

the molecular features of human tumors. Using whole genome sequencing and reverse phase 

protein arrays, Li et al [92] thoroughly characterized 13 PDX lines along with their 

advanced primary breast tumors. These studies showed that while PDXs have relatively 

stable genomes without a significant accumulation of DNA structural rearrangements, minor 

mutant clones are retained in PDXs during multiple transplants, indicating the possibility of 

cooperation of clones during tumor evolution.

Using deep-genome and single-cell sequencing methods, Eirew and colleagues [93] 

analyzed DNAs from PDX lines as well as their matched patient samples to identify any 

variations in clonal dynamics between patients samples, and initial as well as subsequent 

engraftments at the single-cell level. Varying degrees of clonal selection on engraftment 

were observed in all 10 primary and 5 metastatic breast tumors, ranging from rare clone 

(<5% of starting population) to moderate, polyclonal engraftment. This clonal heterogeneity 

was conserved in PDX models with some drift. These investigators suggested that the 

reproducible clonal dynamics were due to both selective pre-existing clones and variations 

in clonal fitness.

Concluding Remarks

Tremendous technical advances have helped decipher the biological impact of ITH in cancer 

evolution, treatment response and resistance, and metastasis. These advances, especially the 

utilization of genomic analyses at the single cell level, should provide both biologically and 

clinically relevant information in the near future. Of particular importance will be the 

comparison of primary tumors and paired metastases, since more than 90% of patients 

succumb to metastatic disease. Future progress involving combinatorial therapies will 

require a better understanding of ITH. For example, whether the cells that display 

mesenchymal features and CSCs represent cells of different states as well as their relative 

spatial distribution remains to be determined. Similarly, the likely epigenetic determinants 

that regulate the equilibrium between multiple clones remain largely unknown. Monitoring 

multiple clone dynamics in PDX models would be a valuable tool in deciphering both their 

drug response and cancer biology [93]. However, whether functional studies can be 

performed in PDX models in both the primary and metastatic settings in the absence of the 

innate immune system needs to be carefully characterized (see Outstanding Questions Box).
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Trends Box

• Mammary gland stem cell self-renewal is regulated by paracrine signaling 

involving Wnt4 and RSPO1 secreted by differentiated mammary luminal cells 

under the influence of systemic steroid hormones.

• Members of the Wnt signaling pathway as well as a number of other secreted 

cytokines are involved in the communication between CSCs and their progeny 

and influence their tumorigenicity.

• Intratumoral genetic and epigenetic heterogeneity and cooperativity between 

tumor subpopulations have important biological and clinical implications.

• While PDXs have relatively stable genomes during tumor evolution, minor 

mutant clones are retained, indicating the possibility of cooperation of clones 

during serial transplantation.
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Outstanding Questions Box

• What are the most likely epigenetic determinants that regulate the equilibrium 

between CSCs and their progeny?

• What is the extent of plasticity among tumor subpopulations and how does this 

influence treatment response?

• What is the spatial distribution of different clonal subpopulations in breast 

cancer?

• What new combinatorial approaches and treatment paradigms will be required 

to inhibit cooperativity among tumor subpopulations?

• Can functional studies be performed in PDX models in both the primary and 

metastatic settings in the absence of the innate immune system?
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Glossary Box

• Asymmetric stem cell division, the ability to generate additional stem cells, i.e. 

self-renewal, as well as a more differentiated progeny.

• Cancer stem cell (CSC) model of intratumoral heterogeneity, a tissue stem cell 

or progenitor undergoes oncogenic mutations or loss of tumor suppressors, thus 

giving rise to a tumor initiating CSC, which further produces the heterogeneity 

of cells that also bear these genetic alterations.

• Clonal model of intratumoral heterogeneity, a single clone with accumulated 

malignant genetic and epigenetic hereditary changes may outcompete other 

clones with different mutations, leading to heterogeneity in tumors. The clonal 

and CSC models are not mutually exclusive in cancers that follow a stem cell 

model.

• Intratumoral heterogeneity, the variability among tumor cells within a single 

tumor.

• Next-generation sequencing, is a cheaper and faster sequencing method, as 

compared to first-generation Sanger sequencing, that performs massively 

parallel sequencing on millions of fragments of (c)DNA so that to determine the 

exact order of nucleotides in a given DNA or RNA molecule.

• RSPO1, R-spondin 1, one of a family of small secreted proteins the enhance 

Wnt/ß-catenin signaling through interaction with the Lgr family of seven 

transmembrane receptors.

• Wnt4, one of the families of Wnt ligands regulated by progesterone in luminal 

mammary epithelial cells.
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Figure 1. Paracrine interactions in normal mammary gland development
(a) R-spondin 1 (Rspo1) and Wingless-type MMTV integration site family, member 4 

(Wnt4) secreted by the luminal epithelial cells upon estrogen and progesterone regulation 

are able to expand mammary stem cell (MaSC) and maintain their full developmental 

potential. Despite lacking of expression of estrogen receptor (ER) and progesterone receptor 

(PR), MaSCs respond to hormonal stimulations possibly through receptor activator of 

nuclear factor κB ligand (RANKL) mediated cell signaling. Similarly, the tumor necrosis 

factor (TNF)-α family member, RANKL, has also been shown to amplify Wnt-responsive 

mammary progenitors and stem cells through Rspo1. (b) Erb-B2 receptor tyrosine kinase 3 

(ErbB3) expression is necessary for luminal epithelial differentiation and for maintaining the 

balance between luminal and basal epithelium. Neuregulin 1 (NRG1), one of the ErbB 

family ligands, has been reported to signal from basal p63 positive cells to luminal ErbB3 

positive cells. The expression of basal p63 is critical for the development and lactation 

potential of the luminal epithelial cells. (c) Fibroblast growth factor receptor 1 (FGFR1) has 

been shown to induce the expression of epidermal growth factor receptor (EGFR) ligand 

amphiregulin (AREG) in luminal epithelial cells. In addition, FGFR1/R2-null cells were 

rescued in chimeric outgrowths containing wildtype mammary epithelial cells (MECs), 

indicating the maintaining of basal epithelial stem cell pool was partially depending on the 

paracrine feedback loop among factors of FGF, FGFR, EGFR and AREG. Modified with 

permission from [34].
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Figure 2. Potential tumor cell-cell interactions in mammary tumors
The tumorigenic CSCs are cells that can initiate a tumor through both self-renewal to 

generate more CSCs and differentiation to produce the bulk of tumor cells with less 

tumorigenic potential. More than one single population of CSC may exist within a tumor. 

Both CD44+/CD24− and aldehyde dehydrogenase positive (ALDH+) cells have been shown 

to be more tumorigenic than the non-CD44+CD24− and ALDH – cells, respectively. 

Conversion between the bipotent CD44+CD24−/ALDH+ cells and the CD44+/CD24− cells 

with epithelial-mesenchymal transition (EMT) features, and the ALDH+ cells with 

mesenchymal-epithelial transition (MET) features are illustrated, but at present are 

hypothetical and will need to be validated by lineage tracing. Similar to the signaling 

between the various cell types in the normal mammary gland development, WNT ligands, 

RANKL, Jagged1/Notch signaling and interleukin (IL) family members that are produced 

by the non-CSC tumor cells can act on the receptors of the CSCs, and regulate CSC 

activities through a positive feedback loop. Modified with permission from [34].
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