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Abstract

Breast cancer initiation and progression are often observed as the result of dysregulation of normal 

developmental processes and pathways. Studies focused on normal mammary stem/progenitor cell 

activity have led to an understanding of how breast cancer cells acquire stemness-associated 

properties including tumor initiation, survival and multi-lineage differentiation into heterogeneous 

tumors that become difficult to target therapeutically. Importantly, more recent investigations have 

provided valuable insight into how key developmental regulators can impact multiple phases of 

metastasis, where they are repurposed to not only promote metastatic phenotypes such as 

migration, invasion and EMT at the primary site, but also to regulate the survival, initiation and 

maintenance of metastatic lesions at secondary organs. Herein, we discuss findings that have led to 

a better understanding of how embryonic and pluripotency factors contribute not only to normal 

mammary development, but also to metastatic progression. We further examine the therapeutic 

potential of targeting these developmental pathways, and discuss how a better understanding of 

compensatory mechanisms, crosstalk between pathways, and novel experimental models could 

provide critical insight into how we might exploit embryonic and pluripotency regulators to inhibit 

tumor progression and metastasis.
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Introduction

Embryonic development involves the intricate and dynamic coordination of cellular and 

molecular processes under strict spatial and temporal control. For example, a unicellular 

zygote gives rise to progeny cells that not only multiply in number, but also migrate and 

differentiate at specific times and places in the embryo. This ultimately results in a mature, 

multicellular organism at the time of birth. The mammary gland is one of a few tissues, 

along with the uterus, ovary, brain and testis, that develops predominately after birth. A 

diverse set of cell types drive the formation of this highly complex organ through interaction 

with, and regulation by, local and systemic hormones and growth factors. Because of the 

highly structured order of events and substantial availability of mouse models to study 

mammary gland development, we have gained vital knowledge of the molecular 

underpinnings that regulate this process.

Mammary gland development in mice can be described in three distinct stages: embryonic, 

pubertal and adult [1]. During the embryonic stage, there are three key events: establishment 

of the bilateral milk lines (ventral epidermal ridges from which the mammary gland and 

nipples originate), placode development, primitive mammary bud formation and branching 

[2]. Birth to the onset of puberty is considered a relatively quiescent state where the growth 

of the ductal tree within the mammary gland is isometric with body growth [1]. With the 

onset of puberty, ovarian, and pituitary-derived hormones (primarily) mediate branching 

morphogenesis, resulting in the ductal tree filling the mammary fat pad. In the case of mice, 

lobules do not appear until the onset of pregnancy. Of note, although there is significant 

expansion of the ductal tree network into the fat pad, space remains in order to support 

additional branching during diestrus and/or pregnancy [1]. The mammary gland continues to 

respond to secretion of ovarian hormones during each estrous cycle, which allows for the 

formation of alveolar and lateral buds. Pregnancy ushers in a dynamic and extensive 

remodeling of the mammary gland mainly involving proliferation and differentiation of the 

alveolar buds into cells capable of producing and secreting milk [1].

Human mammary gland development shares many common features with mouse 

mammogenesis, although there are also some clear differences. For instance, humans only 

have one pair of mammary placodes, versus the five pairs in mice, and have multiple ductal 

trees in each mammary gland that concentrate at the nipple, versus a single ductal tree 

connected to the teat as seen in mice [2]. Another major difference is that lobules are present 

in the human mammary gland prior to pregnancy, whereas the formation of lobules for most 

laboratory strains of mice does not occur until pregnancy [1].

Two main cell lineages make up the hierarchal organization of the mammary gland, where 

the major function of the basal population is contraction, whereas the luminal population is 

critical for milk production [3]. Over the years, many studies have identified a critical 

population of mammary stem cells (MaSCs) that sits atop of this hierarchy and can give rise 

to the progenitors and differentiated cells of both lineages. The first evidence of the 

existence of MaSCs was obtained through transplantation studies, where small segments of 

mammary epithelium (~0.5–1 mm in length) implanted into the epithelium-free “cleared” 

mammary fat pads of recipient mice were able to reconstitute the entire mammary gland [4–
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6]. These data were an early indication that parts of the mammary gland had regenerative 

capacity, and begged the question of whether a specialized population of cells within the 

mammary gland are responsible for its regenerative capacity [4]. Subsequent studies further 

supported the theory of a specialized population of MaSCs by using flow cytometry to 

isolate rare populations of cells based largely on surface marker expression of CD24, CD29 

and CD49f, which could repopulate an entire, functional, mammary gland. For instance, 

Visvader and colleagues found that CD24med/CD49fhigh expressing cells represented adult 

MaSCs, referred to as mammary repopulating units (MRUs), that could reliably regenerate 

entire functioning mammary glands via repeated transplantations [7]. Around the same time, 

Eaves and colleagues used cell sorting and limiting dilution transplant assays to purify a 

single population of adult mouse mammary cells that had the ability to regenerate an entire 

mammary gland [8]. Importantly, these cells, identified as mammary stem cells, were shown 

to give rise to, and be distinct from, mammary epithelial progenitor cells, with gene 

expression patterns similar to basal cells [8]. Taken together, these two studies established 

that a single cell had the capacity to regenerate a complete mammary ductal tree. Since these 

seminal studies, controversies have arisen as to the origin, timing and designations of 

multipotent MaSCs [9–11]. Nonetheless, along with subsequent studies discussed in this 

review, these data support the supposition that rare populations exist within the mammary 

gland that are critical for proper mammary gland development.

More recent studies using lineage-tracing and single-cell RNA sequencing analyses have 

been used to better understand the hierarchal organization of mammary stem cells within the 

mammary gland. For example, lineage-tracing and single-cell RNA-seq studies have 

presented evidence of a hierarchy that places the basal population as the progenitors for 

luminal cell lineages [12,13]. However, it is important to note that although single-cell RNA-

seq has significantly increased the ability to dissect the heterogeneity of precursors and 

progenitors involved in mammary gland development, the identification of a distinct stem 

cell population in the normal mouse or human mammary gland using this technology 

remains a challenge. Nevertheless, these studies did reinforce previous reports by Visvader 

and colleagues that suggested the regenerative capacity of the mammary gland originates 

from the basal population [7,12]. Importantly, during this time other lineage-tracing studies 

challenged this model by proposing that rather than one bipotent basal cell population, there 

are unipotent basal and luminal cells that are responsible for the maintenance of the 

mammary gland [14]. Specifically, multipotent, MaSCs (associated with embryonic 

mammary development) are mainly present during embryonic development where they are 

critical for the expansion of basal and luminal progenitor cells ([14] and references therein). 

After birth, these more differentiated progenitor cells (also known as lineage-restricted stem 

cells [15–17]) serve to produce all of the necessary cell types needed throughout postnatal 

development, puberty, pregnancy, lactation and involution [14]. Building on this work, 

reports from Blanpain and colleagues combined lineage-tracing with scRNAseq analyses to 

study the dynamics of differentiation within the embryonic multipotent progenitor (EMP) 

population during mammary gland development [15]. Initially, they found that lineage 

commitment of EMPs occurs early on in mammary development, with basal cells becoming 

completely unipotent by 1 day postnatal [15]. Additionally, flow cytometry and scRNAseq 

analyses demonstrated that EMPs express both basal and luminal-associated gene signatures, 
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suggesting that multipotency is associated with a hybrid basal-luminal cell state [15]. 

Further, Scheele and Lloyd-Lewis and colleagues used neutral, low-density lineage tracing 

(to reduce the chances of clonal convergence) to better understand the contributions of 

proliferative stem/progenitor cells during mammary gland development [16,17]. Similar to 

Blanpain and colleagues, these reports suggest that lineage commitment of stem/progenitor 

cells occurs in the postnatal mammary gland, with a significant level of redundancy and 

heterogeneity within the stem/progenitor pool [16,17]. Together, these reports provide 

critical insights into the temporal contributions of lineage-restriction and the molecular 

profiles of stem/progenitor populations during mammary gland development. Moreover, 

these findings support a more complex hierarchal model where instead of one MaSC 

population that gives rise to all cell types in the ducts, multipotent MaSCs can differentiate 

into more specialized progenitor cell types (basal and/or luminal) that function to properly 

develop and maintain the mammary epithelium.

Intriguingly, the molecular mechanisms and signaling pathways that regulate the functions 

of the embryonic MaSCs and more differentiated, unipotent progenitor populations are 

almost universally shared with malignant cells. Like normal MaSCs, tumor-initiating cells 

(TICs) from the breast are defined by their unique ability to self-renew and give rise to more 

differentiated tumor cell progeny. One of the first studies to identify a TIC population 

isolated CD24−/CD44+ cells from human breast tumors and demonstrated that this cell 

population could initiate tumors with heterogeneous progeny over multiple transplantations 

in vivo [18]. Such studies demonstrated that a rare population of cells within a tumor could 

hijack normal stem cell functions to promote tumor initiation. Additionally, mouse models 

of spontaneous mammary carcinoma, such as the MMTV-PyMT model, have been used to 

show that during hyperplasia, the mouse MaSC population (isolated by Lin−CD24+CD29hi 

and/or Lin−CD24+CD49fhi expression [7,19]) is expanded and, when isolated, has increased 

tumorigenicity in vivo [20]. Other studies have also identified additional markers to isolate 

and study functions of breast TICs that are similar to those used to identify normal 

mammary stem cells, including ALDH, WNT (active signaling and target genes) and STAT3 

[21–27]. More recently, studies have also established that populations outside of the 

embryonic MaSC population have the ability to induce tumorigenesis. For example, Nebreda 

and colleagues found that the protein kinase p38α regulates the transcription factor Runx1 to 

control the luminal progenitor cell fate in mice [28]. Intriguingly, downregulation of p38α in 

a mouse model of breast cancer derived from differentiated luminal cells decreases TICs and 

overall tumor burden [28]. Another example of additional cell populations that contribute to 

the initiation of tumorigenesis came from Visvader and colleagues, who reported that 

constitutive Notch signaling regulates the conversion of a MaSC-enriched population, based 

on flow cytometry analysis, down a luminal lineage. Interestingly, sustained Notch signaling 

in this context resulted in expansion of luminal progenitor cells and increased tumorigenesis 

[29]. Lastly, a recent report by Li and colleagues used mouse models to demonstrate that 

subsets of precancerous cells can give rise to distinct cancer phenotypes, with keratine 6a+ 

(stem) and WAP+ (more differentiated) cells leading to adenocarcinoma and metaplastic 

carcinoma, respectively [30]. These data suggest that a MaSC-enriched population, along 

with progenitor and differentiated populations, could serve as drivers for tumor initiation and 

determine tumor subtypes during oncogenic transformation.
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It has recently been proposed that disseminated tumor cells (DTCs), in addition to 

circulating tumor cells (CTCs), contain a unique population of metastasis-initiating cells 

(MICs) that possess the ability to generate detectable metastases at secondary sites [14]. 

Importantly, recent studies have suggested that the MIC population specifically regulates 

stemness and differentiation properties that allow for better survival and establishment of 

newly arriving tumor cells at secondary sites, and thus share many properties with TICs 

[14]. In addition, given the role of tissue-specific cell-fate regulators in mediating breast 

cancer metastasis [22,31], recent studies have begun to examine whether more global 

embryonic cell-fate regulators, such as pluripotency factors, function in the MIC population 

to promote metastatic outgrowth [32–34]. Although it remains difficult to isolate, study and 

characterize MICs [14], recent advances in genomic sequencing, imaging and animal 

modeling have begun to provide insights into the molecular mechanisms that regulate MICs. 

Through these studies, MICs have been shown to display a diverse set of properties 

including the ability to evade the immune system, to exit from dormancy, to regulate 

secondary niches (both pre and post arrival at the secondary site), and to survive the harsh 

conditions they encounter as they first inhabit the microenvironment at the metastatic site 

[14]. It is proposed that central to all of these abilities is the fact that MICs have an 

extraordinary level of plasticity, allowing them to adjust to a plethora of different stimuli and 

microenvironments [14]. Thus, current studies examining MICs have mainly focused on the 

role of pluripotency and altered differentiation states as a way to better understand how we 

might target this population to inhibit metastasis. In this review, we discuss the impact of 

HH, WNT and NOTCH developmental pathways, which are among a handful of highly 

conserved signaling nodes that control numerous developmental processes such as 

patterning, morphogenesis and cell-fate determination, on normal, multipotent MaSCs 

during mammary gland development. Importantly, we will also examine how their roles in 

mammary gland development have provided critical insight into how stemness properties 

can influence metastasis. Additionally, we will summarize the emerging roles of 

pluripotency factors in metastatic progression and colonization. Lastly, we discuss how this 

knowledge has led to the identification of potential novel therapeutic approaches to combat 

breast cancer progression.

Developmental Signaling Pathways in Mammary Stem Cells and Breast 

Cancer Metastasis

The Hedgehog (HH) Pathway

The HH Pathway in Mammary Stem Cells—Initiation of the canonical Hedgehog 

(HH) signaling cascade relies on the presence of the HH ligands. In mammals, the ligands 

include Sonic Hedgehog (SHH), Desert Hedgehog (DHH) and Indian Hedgehog (IHH) 

[35,36]. In the absence of HH ligands, the Patched family of transmembrane ligand-binding 

receptors [PATCHED-1 (PTCH1), and to a lesser extent PATCHED-2 (PTCH2)] inhibits the 

G-protein-coupled receptor SMOOTHENED (SMO) by keeping it sequestered in vesicle 

membranes. Sequestration of SMO to vesicles results in phosphorylation [via Protein Kinase 

A (PKA), Glycogen Synthase Kinase 3 Beta (GSK-3β) or Casein Kinase 1 (CK1)] of 

members of the GLI transcription factor family (GLI1, GLI2 and GLI3). These 

phosphorylation events lead to the production of proteolytically cleaved truncated forms of 
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GLI2 and/or GLI3 that translocate to the nucleus and act as transcriptional repressors of HH 

target genes to suppress the pathway. GLI1 lacks the cleavage site and thus functions 

exclusively as a transcriptional activator as a full-length protein (Fig. 1A).

When HH ligand is present, it binds to PTCH receptors, resulting in a conformational 

change to PTCH that results in the release of SMO from vesicles to primary cilia. Cilia 

associated SMO inhibits the phosphorylation (and cleavage in the case of GLI2 and GLI3) 

of one or more of the GLI proteins, allowing GLI family members to translocate away from 

the cilium and accumulate in the nucleus, where they act as transcription factors to activate 

Hh target genes that are important for cellular survival, proliferation, migration, invasion and 

for the induction of stem cell properties [35] (Fig. 1A).

Studies have suggested that certain components of the Hh pathway could regulate stemness 

in the mammary gland [35,37], although they remain controversial. For example, 

CD24+CD29hi mammary stem cell enriched populations isolated from heterozygous Ptch1 
mice showed decreased long-term label retention compared to the same cells isolated from 

their wildtype counterparts [38], suggestive of role for Hh signaling in mammary stemness. 

However, conclusions regarding stemness in this study were drawn primarily from cell 

surface marker expression, and not from functional experiments. Others have attempted to 

focus on functional studies of Hh signaling, albeit with somewhat confounding results, to 

determine whether pathway activity is important for mammary stem/progenitor cell 

populations. For example, limiting dilution transplantation experiments using primary 

mammary epithelial cells isolated from dissected mammary glands from an activated human 

SMO mouse mammary gland model (MMTV-SmoM2) demonstrated that SMO activation 

decreased stem cell frequency [39]. Despite this observed decrease in stemness in vivo, 

SMO activation increased the ability of these cells to form mammospheres in vitro [39]. 

These data suggest that while SMO can promote increases in progenitor populations, it does 

so at the expense of loss of regenerative stem cells. However, it is important to note that the 

MMTV-SmoM2 model results in constitutively active Hh signaling, and therefore represents 

artificial activation of the pathway. Nevertheless, in line with this finding, DiRenzo and 

colleagues demonstrated that Ptch1+/− mice have an increased Lin−/CD24+/CD29low 

mammary progenitor cell population [38]. These mice exhibit constitutively active Hh 

signaling in MaSC-enriched populations based on flow cytometry analysis, releasing them 

from quiescence and leading to an expansion of the mammary progenitor pool [38]. Still, 

caveats must be considered for these data as well, as the models consist of constitutively 

active components of the pathway, and thus artificially represent Hh pathway signaling.

Similarly, Wicha and colleagues observed increased expression of several HH signaling 

components including SMO, PTCH1, GLI1 and GLI2 by comparing gene expression of 

mammosphere-derived cells grown in suspension to enrich for mammary stem/progenitor 

cells versus mammosphere-derived cells cultured on a collagen substratum to induce 

differentiation [40]. Moreover, treatment with SHH increased primary and secondary 

mammosphere formation. This effect was shown to be dependent on SMO because treatment 

with cyclopamine, a direct antagonist of SMO, blocked SHH-mediated increases in 

mammosphere formation [40]. Nevertheless, although these studies suggest HH signaling 

proteins may promote progenitor-associated properties in the normal mammary gland, they 
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do so with artificial, rather than endogenous, signaling activation. Given these data, it is not 

surprising that in vivo transplantation of Shh or Ihh deleted mammary epithelium into 

cleared mammary fat pads resulted in completely normal mammary gland development [37]. 

Similarly, whole body homozygous Gli1 KO mice (which are viable) display no overt 

mammary gland phenotypes, and normal mammary development was also observed when 

embryonic mammary glands derived from whole body Gli2 KO mice (which are perinatal 

lethal) were transplanted into cleared fat pads. However, the lack of mammary phenotypes 

does not rule out a role for Hh signaling in mammary stem/progenitor cells, as functional 

redundancy between the protein family members may mask effects. Furthermore, the lesser 

studied ligand Dhh and receptor Ptch2, were not examined in this context, and it is thus 

possible that the pathway could potentially play key roles in mammary stem cells.

Studies attempting to identify the underlying mechanisms by which the downstream 

effectors of the Hh pathway, the Gli transcription factors, regulate mammary gland 

development remain difficult, likely in part due to perinatal lethality of Gli2 and Gli3, and 

partly due to issues of potential redundancy (similar to the ligands) [41]. Joyner and 

colleagues provided evidence for functional redundancy of Gli transcription factors by 

replacing Gli2 with Gli1 in Gli2-null KO mice, which was sufficient to restore activation of 

the Hh signaling pathway and organismal viability in the Gli2 KO context [42]. Further, 

although Gli1 KO mice are viable with no mammary phenotypes detected, heterozygous KO 

of Gli2 in conjunction with homozygous Gli1 KO results in severe developmental defects 

that are lethal perinatally, suggesting dose-dependent compensation of the Gli transcription 

factors [42]. Interestingly, Cowin and colleagues showed that despite Gli2 and Gli3 being 

expressed during embryonic mammary gland development, Hh signaling could not be 

detected in this context when using Gli1 or Ptch-lacZ reporters [43]. However, mice carrying 

an intragenic deletion in Gli3, resulting in loss of Gli3 expression (null alleles), displayed 

abnormal early mammary marker expression and loss of mammary bud pairs. Importantly, 

this effect was attributed to Gli3 loss of function in the somite underlying the mammary 

gland. Thus, further studies are needed to shed light on potential roles for Gli3 in the 

mammary epithelium. In further support of the presence of active Hh signaling in the 

mammary gland, it was shown that Gli3 loss results in an increase in mammary 

mesenchyme Gli1 expression, suggesting that role of Gli3 is to repress otherwise active 

Hedgehog/Gli1-mediated activity during embryonic mammary gland development. Studies 

from Veltmaat and colleagues support this model, as they observed, through characterization 

of Gli3-null mice, that Gli3-mediated activation of Fgf10 expression was necessary to 

induce mammary cell fate in the ectoderm [44]. Taken together, these data suggest that Gli3, 

rather than Gli1 or Gli2, is the predominant mediator of embryonic mammary gland 

development. Still, as outlined above, some studies remain contradictory and thus further 

investigations are warranted. Because most studies focus on the study of Hh pathway 

components in isolation, there remain unanswered questions around redundancy. Therefore, 

studies focusing on compensatory mechanisms of Gli transcription factors and Hh ligands 

may shed more light on their functional roles in mammary stem cell activity and 

development overall.
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Role of HH Pathway During Breast Cancer Metastasis

While the role of Hh signaling during normal mammary gland development and in MaSC-

associated populations remains debated, a key role for the HH signaling network in 

transformation and primary breast tumor growth has been clearly elucidated [37,45]. In this 

review, we focus our attention on how active HH signaling influences breast cancer stemness 

and metastasis. A study by Wei and colleagues recently linked GLI signaling to stemness 

and metastatic properties. Using an inducible Gli1 knockdown (KD) model, the authors 

demonstrated that Gli1 is critical downstream of estrogen stimulation to promote both the 

expansion of the TIC population and the enhancement of metastatic phenotypes such as 

invasion and EMT in vitro, suggesting a link between stemness properties and metastatic 

capabilities [46].

However, it should be noted that the role of Hh/Gli signaling in tumor progression is 

complex, and does not only involve autocrine functions even within the tumors. We recently 

demonstrated that breast tumor cells can be induced to activate GLI-mediated transcription 

in response to paracrine signals emanating from breast tumor cells that had undergone an 

epithelial to mesenchymal transition (EMT) [47]. Activation of GLI in the more epithelial 

breast cancer cells results in increased migration, invasion, and anoikis resistance in vitro 
[47]. Intriguingly, treatment of carcinoma cells with the GLI inhibitor, GANT61, inhibits 

paracrine mediated, EMT-induced metastasis-associated phenotypes in vitro and paracrine-

mediated metastasis of the epithelial breast cancer cells in vivo. Of importance, the paracrine 

mechanism of GLI activation in heterogenous populations containing EMT and non-EMT 

cells is not always driven by HH ligands, and instead non-canonical paracrine activation of 

the pathways is often observed. In line with this finding, PDX tumor growth could be 

inhibited more effectively with GANT61, than with a SMO inhibitor, suggesting that GLI 

can act in a SMO-independent manner to promote breast tumor progression [47].

While the study above demonstrates a role for Hh/Gli mediated cross talk between tumor 

cells in heterogeneous breast tumors, Hh/Gli signaling also functions to mediate crosstalk 

with peritumoral cells within the tumor microenvironment. For instance, using several breast 

cancer xenograft models, it was shown that GLI1 activity in tumor cells can promote the 

expression of critical osteolytic factors, Rank ligand (RANKL) and osteopontin (OPN), in 

neighboring osteoblasts to facilitate aberrant osteoblast differentiation. This signaling event 

leads to overstimulation of osteoblast differentiation and subsequent increases in osteoclast 

differentiation [48], and ultimately culminates in enhanced osteolysis, releasing growth and 

survival factors that provide a more favorable environment for metastatic outgrowth in bone 

tissue. In addition, Bianco and colleagues reported that activated HH signaling in TNBC 

cells leads to Smo-dependent secretion of the pro-angiogenic factor VEGF-A, leading to 

enhanced tumor vascularization [49]. Importantly, treatment with the selective SMO 

antagonist NVP-LDE225 could significantly inhibit endothelial cell organization and 

vascularization in vivo. Similarly, Shevde and colleagues demonstrated that SHH/GLI1 

upregulation in tumor cells promotes secretion of cysteine-rich angiogenic inducer 61 

(CYR61) into the tumor microenvironment to promote vascularization and easier access to 

the blood stream for metastasis [50]. Collectively, these data suggest that HH signaling can 

promote metastasis by multiple mechanisms.
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Overall, these studies and others support the hypothesis that Hh/Gli signaling is important in 

mediating metastatic progression, and that blockade of critical components of the pathway 

may be able to block multiple aspects of metastatic disease [51–55]. However, despite some 

clinical success with the use of Hh-targeted therapies (SMO inhibtors: vismodegib, 

sonidegib and glasdegib) in multiple tumor types such as basal cell carcinoma (BCC), acute 

myeloid leukemia (AML) and medulloblastoma, results from Hh pathway inhibitor 

treatment in breast cancer have been largely disappointing [56]. For example, clinical trials 

using the SMO antagonist, Vismodegib, in combination with the NOTCH pathway inhibitor, 

RO4929097 for treatment of advanced breast cancer (defined as metastatic or unresectable) 

have been conducted. The rationale for this therapeutic strategy came from preclinical 

studies demonstrating that both the HH and NOTCH pathways play critical roles in cancer 

stemness (trial ID NCT01071564). However, the clinical trial had to be terminated due to 

life-threatening complications arising from arrythmia (Available from: http://

clinicaltrials.gov/show/NCT01071564). Additional clinical trials using SMO inhibitors in 

combination with other targeted therapies or chemotherapy are ongoing or have been 

completed, with too small numbers to report conclusive results [56]. Moreover, recently it 

has also been shown that BCC patients can develop resistance to SMO inhibitors and relapse 

through acquired mutations in SMO [57]. This has led to a shift towards therapeutics that 

target downstream mediators of the pathway, such as GLI1 and GLI2, as means to bypass 

SMO inhibitor resistance and address non-canonical mechanisms of pathway activation. 

Nonetheless, because of the various roles of HH signaling in the crosstalk between tumor 

cells and the surrounding microenvironment, therapeutic strategies should be tailored to a 

specific patient. The tailoring of therapy will be critical, as recent reports suggest stromal-

derived HH signaling can both promote and suppress tumor growth and metastasis, and that 

this is tumor type and stage dependent [36]. Also, since it is thought that only a small 

number of cells within a tumor respond to and/or utilize Hh signaling, bulk tumor size may 

not be the most useful way to evaluate efficacy. Further, as with all of the signaling pathways 

discussed in this review, tumor heterogeneity and subtype must be considered when 

determining the role activated signaling plays in tumor progression, and whether targeting of 

the pathway will be helpful to the patient. Therefore, continued investigation into the roles 

of Hh signaling both in cancer cells, as well as in the microenvironment, are needed to better 

understand and more effectively inhibit its tumor promotional functions.

The WNT Pathway

Role of WNT Signaling in Mammary Stem cells—WNT signaling plays a 

fundamental role in embryonic development. Genetic mouse models examining multiple 

Wnt signaling components such as Wnt ligands, and downstream transcriptional complexes 

made up of Cadherin-associated protein beta 1 (β-catenin), Lymphoid enhancer-binding 

factor (Lef1) and T-cell factor (Tcf), have demonstrated that the Wnt pathway is critical for 

the morphogenesis of multiple organ systems such as the intestine, bone, lungs, kidneys, 

hematopoietic system and mammary gland [58]. From a molecular standpoint, the WNT 

pathway can be further divided into two distinct intracellular pathways: canonical and non-

canonical [58,59]. The canonical WNT pathway is defined by the involvement of β-

CATENIN as the main mediator of downstream pathway activation. In the context of 

canonical signaling, absence of WNT ligands results in β-CATENIN being readily bound by 
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the destruction complex (DC) mainly consisting of Adenomatous Polyposis Coli (APC), 

Axis inhibitor (AXIN), and Glycogen Synthase Kinase 3 Beta (GSK3β). This complex 

formation results in β-CATENIN phosphorylation and subsequent proteasome-mediated 

degradation. Upon binding of WNT ligands to the FZD receptor, DISHEVELLED (DVL) is 

recruited to the membrane, where it binds AXIN and GSK3β, leading to phosphorylation of 

Transmembrane Low-density Lipoprotein Receptor-related Protein 5/6 (LRP5/6) and 

stabilization of β-CATENIN. β-CATENIN is then free to translocate to the nucleus, where it 

forms complexes with members of the TCF/LEF family to activate transcription of target 

genes involved in self-renewal, EMT and cell proliferation [58,59] (Fig. 1B).

Non-canonical WNT signaling, which can be further subdivided into planar cell polarity and 

calcium WNT pathways, functions independent of β-CATENIN [60,61]. Although both non-

canonical pathways still largely involve WNT ligand-mediated activation of FZD, the 

downstream signaling events are distinct. The non-canonical planar cell polarity pathway 

involves activation of RHO family GTPases such as RHO, RAC and CDC42 and subsequent 

phosphorylation and activation of downstream effectors by JUN N-terminal kinase (JNK) or 

RHO kinase [58,59]. This pathway ultimately results in downstream target gene activation 

that promotes cytoskeleton reorganization and polarized cell movements [58,59]. Activation 

of the non-canonical calcium WNT pathway results in a different cascade of protein activity, 

with a significant dependence on heterotrimeric G proteins [58,59]. Briefly, interaction of 

FZD with trimeric G-proteins leads to activation of either Phospholipase C (PLC) or 

Phosphodiesterase (PDE) [58,59]. PLC activation results in calcium release from the 

endoplasmic reticulum, whereas PDE inhibits calcium release. The release of intracellular 

calcium leads to calcineurin- and CaMKII-mediated activation of the transcription factor 

NFAT, and expression of genes involved in various cellular processes such as migration and 

adhesion [58,59].

The WNT pathway influences stemness in multiple tissues, including the mammary gland, 

through both autocrine and paracrine mechanisms [62,63]. Mouse models of multiple Wnt 

pathway components such as Lrp5, β-catenin and Wnt4 have demonstrated that the pathway 

is essential for mammary stem cell maintenance and function during mammogenesis [64]. A 

relatively novel Wnt target gene, protein C receptor (Procr) has been used as a marker for 

multipotent mouse MaSCs [22]. Importantly, Procr+ cells isolated from the basal population 

(the population presumed to be enriched for MaSCs) possess higher colony forming abilities 

in vitro and mammary gland reconstitution capacity in vivo compared to either Procr- or the 

total basal cell populations [22]. Further evidence for an association of Wnt and mammary 

stemness comes from expression studies, which demonstrate that Limb Bud and Heart 

Development Homolog (LBH), a transcriptional co-factor in the WNT pathway, is 

associated with Lin−CD29highCD24+ basal MaSC population [65]. In addition, loss of Lbh 
in purified basal MaSCs leads to increased differentiation into luminal epithelial cells (as 

compared to control cells) after growth in differentiation medium. Overall, the data support a 

role for the Wnt-pathway as an essential signaling cascade to promote mammary stem cell 

maintenance and activity.

In addition to autocrine Wnt actions, paracrine roles for the molecule have been described in 

mammary stem cell biology. For example, IHC and gene expression studies of the mouse 
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estrous cycle suggest that progesterone-expressing luminal cells can drive expansion of adult 

MaSCs from the basal population during the luteal diestrus phase, through a mechanism that 

relies on Wnt-mediated paracrine signaling [66]. In particular, gene expression analysis from 

isolated luminal and basal cells from mouse mammary glands showed that luminal-derived 

Wnt4 ligand downstream of progesterone signaling was met with corresponding 

upregulation of Lrp5 on basal cells and increased stem cell activity [66]. These data suggest 

that Wnt4 could act as a critical downstream paracrine effector of progesterone-induced 

adult MaSC expansion. However, more functional studies are needed to confirm these 

observations. Additionally, future studies examining Wnt singaling in the context of 

mammary stem/progenitor cell function should consider the diversity of ligands and their 

interactions during signal transduction. For example, while Zeng and Nusse showed that 

Wnt3a is sufficient to promote long-term culture of adult MaSCs [62], Werb and colleagues 

demonstrated that although Wnt5a promotes the growth of mammary stem/progenitor cells, 

its close ligand relative Wnt5b is capable of inhibiting mammary stem/progenitor cell 

growth capacity [67]. Despite these opposing phenotypes within the same pathway, a focus 

on the spatial and temporal heterogeneity, signal potency and cell-context dependent 

signaling could help decipher the effects of the pathway on mammary stem/progenitor 

function overall. Thus, continued development of technologies such as live-cell imaging, 

multiplex staining and 3D organoid culture models will become even more critical in order 

address these complex questions.

Role of WNT Signaling During Breast Cancer Metastasis—Altered activity of the 

Wnt pathway is implicated in numerous cancer types such as colon, melanoma, 

hepatocellular and of course, breast [68]. In the context of breast cancer, canonical WNT 

signaling is activated (as measured by β-CATENIN nuclear accumulation) in approximately 

50% of all breast cancers and correlates with poor survival [69]. Of note, only a small 

percentage of breast tumors contain somatic mutations of WNT signaling components [70]. 

Instead, many studies have identified aberrant expression of pathway components as a 

prominent mechanism of oncogenic function [63]. Additionally, WNT signaling components 

such as CTNNB1, LEF1 and AXIN2 are often amplified or more highly expressed in breast 

cancer cell lines and breast tumors when compared to their normal counterparts, and play a 

critical role in multiple aspects of tumor progression and metastasis.

Many studies have uncovered roles for the critical WNT downstream regulator, β-

CATENIN, in cancer stemness and EMT, and these effects of β-CATENIN impinge on both 

tumor initiation and metastasis [68]. Here, we focus on the role of β-CATENIN in regulating 

stemness to promote metastatic progression and its potential as a therapeutic target for 

inhibiting MIC-mediated metastasis [71].

Some years ago, Nam and colleagues observed that β-CATENIN activity was significantly 

increased in breast cancer stem cells compared to the bulk tumor, suggesting that, consistent 

with its association and role within normal mammary stem cells, WNT signaling could also 

play a role within the breast cancer stem cell, or tumor-initiating, population [72]. Indeed, 

this group demonstrated that Wnt/β-catenin signaling was not only necessary and sufficient 

for expansion of the breast cancer stem cell population, but that it also promoted the 

aggressive, migratory nature of breast cancer stem cells, which was important for increased 
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metastasis in vivo [71]. Moreover, using a highly metastatic mouse mammary carcinoma cell 

model (4T1), they demonstrated that both specific KD of Wnt1 and treatment with the Wnt/

β-Catenin signaling inhibitor, FH535, led to suppression of tumorsphere formation and 

decreased the breast CD44+/CD24- CSC population. Intriguingly, using both experimental 

and spontaneous in vivo models of metastasis, their data suggested that decreases in tumor 

growth and metastasis were, in part, due to a dramatic reduction in the breast CSC 

population, as measured by a marked reduction in ALDH1 expression, which is a critical 

factor required for maintaining the pluripotency and tumor initiation properties of breast 

CSCs in vivo [73]. Overall, these studies indicate that Wnt signaling is involved in multiple 

aspects of cancer stem cell function and activity that drive tumor progression. Thus, 

continued research into the mechanisms of the pathway in this context could be crucial for 

how we might target tumor progression through inhibition of cancer stemness-associated 

phenotypes.

The same group also demonstrated that treatment of breast cancer cells with the small 

molecular inhibitor, CWP232228, which prevents β-catenin from binding to Tcf in the 

nucleus, inhibited the growth of breast cancer stem cells and reduced breast cancer stem cell 

activity, as measured by tumorsphere formation [72]. Consequently, treatment with 

CWP232228 after tail vein injection of 4T1 cells led to decreased metastatic burden and 

increased overall survival [72]. These data suggest that therapies targeting β-catenin could 

be effective at inhibiting metastasis in patients where Wnt signaling is active [71], in part 

through inhibiting the ability of β-catenin to activate stem cell programs as well as other pro-

metastatic genes. However, since the WNT signaling axis plays such a prominent role in 

normal tissue homeostasis, toxicity may limit the efficacy of pathway inhibitors. For 

example, orally administered Tankyrase inhibitors, which target APC-mutated tumors (80% 

of which are colorectal cancers), cause significant gastrointestinal toxicity [74,75]. Notably, 

Phase I clinical trials involving the Frizzled inhibitory antibodies vantictumab and ipafricept 

had to be temporarily halted due to bone loss in treated patients [74]. Still, this effect could 

be alleviated by limiting doses and mitigating side effects (i.e. simultaneous administration 

of an anti-resportive, such as alendronate, to reduce bone loss). Nevertheless, reports have 

shown that WNT pathway inhibitors including those targeting Porcupine, which prevent 

palmitoylation and transport of WNT ligands, as well as antibodies targeting Frizzled, have 

resulted in inhibition of cancer cell proliferation with reduced toxicity (intestine and skin) in 

mouse models [75–78].

While many studies have established the WNT pathway as a critical mediator of tumor 

progression in terms of stemness, survival and EMT [69,70], more recent studies have 

identified microenvironmental roles for WNT signaling specifically at the secondary site, 

where aberrant activation has been implicated in the acquisition of stemness properties by 

tumor cells to enable the survival of metastatic cells and initiation of metastatic outgrowth. 

For example, Wang and Ouyang demonstrated that the ECM protein, Periostin, produced by 

stromal fibroblasts, promotes Wnt signaling in the lung microenvironment to mediate 

crosstalk with newly arriving tumor cells [79]. This pathway results in high concentrations 

of Wnt ligands within the metastatic niche, thereby increasing survival and proliferation of 

MIC/TICs [79]. Similarly, Massagué and colleagues demonstrated that the cancer cell-

derived lung metastasis associated protein, Tenascin-C (TNC), participates in an autocrine 
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feedback loop that is critical for newly arriving tumor cells to initially survive and outgrow 

within the lung parenchyma. Mechanistically, TNC leads to enhanced WNT and NOTCH 

signaling in breast cancer cells, increasing their stemness associated properties and fitness to 

survive the harsh lung microenvironment. Interestingly, their data also suggest that stroma-

derived TNC, specifically from infiltrating myofibroblasts and other stromal sources, 

becomes critical for the continued growth of micrometastases to develop large metastatic 

nodules [80]. Lastly, Clarke and colleagues demonstrated that bone marrow-derived IL1β 
promotes colonization of the bone through activation of NFkB and CREB signaling within 

tumor cells, leading to tumor cell Wnt signaling and CSC colony formation [81]. 

Importantly then, advances in the modeling of non-cell autonomous (in this case originating 

from stromal sources) interactions will be critical for developing therapeutics to effectively 

inhibit Wnt-mediated tumor progression, specifically in the case of metastatic initiation and 

maintenance.

The Notch Pathway

Role of NOTCH Signaling in Mammary Stem Cells—The NOTCH signaling 

pathway is involved in the development of multiple organ systems including heart, pancreas, 

blood vessels, nervous system and the mammary gland [82]. In general, the pathway consists 

of NOTCH receptors (NOTCH1–4) interacting with surface bound or secreted ligands 

(known collectively as DSL ligands: Delta, Serrate and Lag-2). In mammals, the two main 

sets of Notch ligands are Delta-Like (DELTA-LIKE-1, DELTA-LIKE-2, DELTA-LIKE-3 

and DELTA-LIKE-4) and Serrate-Like (JAGGED1 and JAGGED2) [83]. Activation of 

NOTCH signaling occurs when NOTCH receptors on one cell bind to ligand receptors on 

another cell. Following binding, the NOTCH receptor is cleaved by the protease complex, γ-

SECRETASE, leading to release of the NOTCH Intracellular Domain (NOTCH-ICD). 

NOTCH-ICD is then translocated to the nucleus where it interacts with cofactors such as 

Recombination Signal Binding Protein for Immunoglobulin Kappa J Region (RBP-JK) and 

E1A binding protein p300 (P300) to activate transcription of target genes involved in 

numerous cellular processes including proliferation, differentiation and self-renewal [82] 

(Fig 1C).

NOTCH receptors have been identified as critical mediators of stemness properties in 

mammary epithelial cells, where Notch1 and 4 have been the most extensively studied. The 

NOTCH1 receptor specifically regulates asymmetric cell division in human breast epithelial 

stem cells [84]. Additionally, the Notch1 receptor marks the ER- luminal progenitor 

population [84]. Interestingly, although these cells are unipotent in mice, they become highly 

plastic when conducting transplantation experiments, suggesting that Notch1 receptor 

expression, likely in conjunction with transplantation itself, is associated with plasticity in 

mammary epithelial cells in vivo [84]. Further, using Notch1-GFP based lineage tracing to 

track Notch1 receptor-expressing cells and their progeny during embryonic mammary gland 

development in vivo, the authors demonstrated that Notch1-GFP-marked progeny were 

represented in all mammary lineages, suggesting that Notch1 expression could be linked to a 

pool of embryonic mammary stem cells [84]. A more recent study used two mouse models, 

one containing Confetti reporters to mark Notch receptor+ cells, and another that contained 

a gain-of-function Notch1 receptor expressed specifically in mammary epithelial cells, to 
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demonstrate that Notch1 was critical for inhibiting the transdifferentiation of multipotent 

mammary stem cells to basal progenitors [85]. Further, late in luminal differentiation, 

Notch1 receptors also inhibit conversion of ER- cells to ER+ cells. Similarly, Notch4 
receptor overexpression is sufficient to inhibit differentiation of murine mammary epithelial 

cells in vitro [86]. Lastly, Egan and colleagues demonstrated through conditional mouse 

models that loss of the N-acetylglucosamine transferase, Lfng, which prevents ligand-

mediated activation of Notch receptors, results in a significant increase in mammary stem 

cell associated CD24+CD49fhi population. Intriguingly, further analysis of the bulk 

population revealed that the majority of the cells within this population were CD61+Sca1−, a 

profile associated with pubertal MaSCs and luminal progenitors [87,88]. Lfng loss also 

resulted in some decreases in the number of CD24hiC49f+ CD61+ luminal progenitor cells. 

These data suggested that posttranslational modifications of Notch receptors by Lfng in the 

mouse mammary gland promotes expansion of the pubertal-associated MaSCs and bipotent 

progenitor cells, at the cost of luminal progenitor cells.

Similarly, Notch ligands have been implicated in the function and maintenance of mammary 

stem cell populations. The expression of Notch pathway ligands is diverse; mammary stem 

cell-enriched populations mainly express Delta1, luminal cell populations mainly express 

Jagged1, and all subsets express varying levels of Jagged2, Delta3 or Delta4 [29]. This 

complex expression pattern largely defines the ligand functions throughout mammary gland 

development, where the ligands can both promote and inhibit various aspects of mammary 

stem cell function. For example, a recent study by Kang and colleagues showed that Delta-

Like-1 (Dll1) is enriched in mammary stem cells and is required for mammary stem cell 

survival and ductal morphogenesis [89]. In addition, the authors found that bipotent MaSC-

derived Dll1 is a critical mediator of crosstalk between mammary epithelial cells and 

macrophages in the stem cell niche to promote stem cell activity [89]. Further association 

with Notch ligand and stemness was identified by Wicha and colleagues who demonstrated 

that activated Notch signaling results in mammary stem cell self-renewal and branching 

morphogenesis [86]. These effects could be reversed through treatment with antibodies 

targeting Notch4 receptor or inhibitors against y-Secretase activity. Intriguingly, NOTCH 

pathway ligands are also involved in inhibiting the expansion of mammary stem cells 

through non-cell autonomous means, underscoring a complex role for Notch signaling in 

mammary stem cell function. For example, Ostrowski and colleagues demonstrated that 

stromal-derived JAGGED1 is critical for NOTCH3 receptor-mediated inhibition of stem cell 

proliferation and activity, and that this effect was downstream of PTEN activity [90]. 

Collectively, these data emphasize the importance of stromal-epithelial cell crosstalk for 

bipotent MaSC function, where Notch signaling plays a key role in ensuring the proper 

control of the mammary stem cell population.

Role of NOTCH Signaling in Breast Cancer Metastasis—Numerous reports have 

associated NOTCH-ICD activity with stemness, self-renewal and differentiation during 

development, with subsequent research providing critical insight into how NOTCH signaling 

is dysregulated to promote transformation and primary tumor growth [91–93]. For the 

purposes of this review, we will summarize some of the seminal findings related to NOTCH 

signaling and its roles in promoting stemness and metastasis. Notch receptor activity within 
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tumor cells has been shown to promote EMT, which is linked to stem cell characteristics and 

metastasis. Specifically, studies have identified the EMT-inducing transcription factor, Snail 

Family Transcriptional Repressor 2 (SLUG), as a direct transcriptional target of NOTCH1, 

leading to downregulation of the epithelial cell-associated protein E-cadherin and initiation 

of EMT [94,95]. Similarly, a signaling axis involving STAT5, FYN and NOTCH2, where 

STAT5 and FYN form a positive feedback loop to increase DLL4/JAGGED1 expression and 

NOTCH2-mediated pathway activation, has been shown to be critical for maintaining the 

mesenchymal phenotype in basal type breast cancer cells. This mesenchymal phenotype is 

dependent on NOTCH2, as knockdown of NOTCH2 results in a decrease in multiple 

markers associated with EMT including TWIST, SNAI1, SNAI2 (SLUG), VIM and ZEB1 

[96]. Additional studies demonstrate that NOTCH4 promotes tumor progression through 

regulating TIC activity in ER+ breast cancer cells leading to resistance to endocrine 

therapies [97]. However, the role of NOTCH3 in cancer stemness and tumor progression is 

more complicated, as reports have demonstrated both tumor suppressive and tumor 

promotional activities of the protein. For example, exome sequencing of human tumors have 

identified nonsense and missense mutations in NOTCH3 in multiple cancers, including 

breast cancer [98]. Further, reintroduction of NOTCH3 through ectopic overexpression in 

TNBC cells results in inhibition of EMT, decreased tumor growth and cellular senescence, 

suggesting that NOTCH3 acts as an inhibitor of tumor progression [99,100]. In contrast, 

more recent studies have shown that NOTCH3 expression is associated with metastatic 

colonization, where it promotes invasive properties, cell seeding and secondary site growth 

through increased self-renewal and inhibition of differentiation in metastatic ER+ and TNBC 

cells [101]. These data suggest, similar to the pathways discussed above, that context and 

timing will be of important consideration when developing targeted therapies to modulate 

NOTCH signaling and inhibit tumor progression and metastasis.

NOTCH ligands and receptors also function within the primary and metastatic niches to 

regulate stemness phenotypes and promote metastasis. For example, JAGGED1-expressing 

astrocytes promote NOTCH signaling in metastatic breast cancer cells in the brain to 

promote the self-renewal of TICs and metastatic colonization in the brain [102]. Crucially, 

treatment with a blood-brain barrier permeable Notch inhibitor, Compound E, has been 

shown to be effective at inhibiting brain metastasis in vivo [102]. In addition, within the 

hypoxic niche, Jagged-2 is upregulated in bone marrow stroma to promote self-renewal and 

EMT in neighboring breast TICs [103]. Further, NOTCH3 has been shown to regulate the 

secretion of IL-6 from osteoblasts to promote outgrowth of tumor cells in the bone [97], 

demonstrating another critical niche function for NOTCH signaling in metastasis.

Given these data, it is not surprising that overexpression of multiple NOTCH signaling 

components are found to be associated with poor prognosis. For example, several studies 

have shown that high levels of JAGGED1 and NOTCH1 ligands correlate with poorer 

prognosis in breast cancer patients, and JAGGED1 is also associated with a more aggressive, 

basal breast cancer phenotype and with increased recurrence [104,105]. However, because 

different NOTCH signaling proteins play roles in multiple aspects of tumor progression and 

metastasis, targeting one component of the Notch pathway therapeutically will likely not be 

effective. Because Notch receptors/transcriptional regulators have high sequence homology 

and can be activated by the same sets of ligands, compensation for loss of other family 
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members may frequently occur. In addition, crosstalk between Notch signaling and other 

developmental pathways can allow for activation of the Notch pathway independent of 

Notch ligands [74]. Thus, therapeutic strategies should consider inhibition of multiple 

developmental pathways that crosstalk with Notch signaling to allow for more effective 

suppression of metastatic phenotypes.

Pluripotency Factors in Mammary Stem Cells and Breast Cancer Metastasis

Pluripotency Factors as Regulators of Mammary Stem Cells—The above sections 

underscore the role of critical developmental stem cell pathways in metastasis and suggest 

that key pluripotency factors could also be important contributors to these processes, due to 

their roles as master regulators of stemness and plasticity during normal development. The 

transcription factors SRY-box 2 (SOX2), POU Class 5 Homeobox 1 (OCT4), Nanog 

Homeobox (NANOG), Kruppel Like Factor 4 (KLF4) and cellular MYC Proto-Oncogene 

(cMYC) are known as master regulators of pluripotency and stemness due to their critical 

roles in regulating target genes that are important for self-renewal, differentiation and 

survival [106]. Similar to embryonic development, where these core factors are essential for 

the function and maintenance of embryonic stem cells, studies have also identified important 

roles for pluripotency factors in regulating mammary stem cells over the course of mammary 

gland development and differentiation, with an especially strong association with the 

expansion of breast tissue during pregnancy and lactation [107]. For instance, multiple 

master pluripotency factors including SOX2, NANOG, OCT4 and KLF4 are expressed in 

both luminal progenitors and bipotent MaSCs, are associated with the expansion of the 

MaSC-enriched populations during pregnancy and lactation, and decrease in expression as 

cells begin to differentiate [108,109] (Fig. 2). Studies from Hartmann and colleagues 

examined the expression of pluripotency factors during lactation and found that SOX2, 

NANOG, OCT4 and KLF4 were highly expressed in isolated breast milk-derived stem cells 

when compared to non-lactating, non-pregnant breast cells [110]. Interestingly, these 

specialized cells were able to self-renew in anchorage-independent conditions, had multiple 

lineage potential and were also capable of differentiating into all three germ layers. 

Additionally, these cells could transport through the bloodstream to different organs, where 

they were shown to integrate and differentiate into functional cells of multiple target organs 

[111].

Additional functional studies have indicated that pluripotency factors play a key role in 

mammary stem cell biology. For example, Liu and colleagues demonstrated that Sox2 is 

critical downstream of Lgr to activate Wnt signaling and promote mammary stem cell 

activity [112]. Importantly, they identified Sox2 as a transcriptional target of the Lgr4/Wnt/

β-catenin/Lef1 pathway and demonstrated that Sox2 overexpression could rescue the 

decrease in mammary stem cell repopulation capacity found in Lgr−/− mice [112]. Another 

pluripotency factor, cMyc, has been shown to be essential for mammary stem cell activity 

(Fig. 2). Faraldo and colleagues showed, using limiting-dilution and serial transplantation 

assays, that deletion of cMyc from mammary basal epithelial cells decreases self-renewal. 

Interestingly, stimulation with Estrogen and Progesterone downstream of cMyc loss could 

partially rescue repopulation defects in vivo, in part due to compensation by N-Myc. 

However, when cMyc-KO glands were transplanted a second time, the resulting mammary 
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epithelium completely lacked stem and progenitor cells and failed to repopulate cleared fat 

pads, suggesting that cMyc regulates both the maintenance and self-renewal of mammary 

stem cells, and that N-Myc does not compensate for all activities of cMyc [113]. A report 

from Wahl and colleagues identified Sox10, which has been shown to be important for the 

pluripotency of neural crest cells [114–116], as not only being highly expressed in fetal 

MaSCs (fMaSCs), but also being functionally critical for fMaSCs function and self-renewal 

[117]. Specifically, the authors showed that Cre-mediated deletion of Sox10 in fMaSCs 

results in a decrease in 3D mammary organoid formation, with the structures that did form 

being smaller and failing to develop multi-lineage organoids compared to their wildtype 

counterparts [117]. Further, Sox10-null fMaSCs failed to outgrow after transplantation into 

cleared mammary fat pads, whereas Sox10 wildtype fMaSCs were successful in 

reconstituting the mammary gland after transplantation. Together, these data indicate that 

Sox10 is a critical mediator of fMaSC activity and is required for proper stem/progenitor cell 

function (Fig. 2). Overall, these reports have provided critical insight into the molecular 

mechanisms that underlie normal mammary stem cell functions and have been instructive 

into how this specialized population becomes susceptible to transformation (Fig. 2).

Pluripotency Factors as Regulators of Breast Cancer Metastasis—Although 

pluripotency factors have a well-established role in the activity and function of breast cancer 

stemness including transformation in vitro and tumor initiation in vivo [118–121], more 

recent studies have identified critical roles during tumor progression and metastasis, where 

they have been shown to regulate several critical properties of metastatic tumor cells 

including stemness and plasticity. For example, a study by Weinberg and colleagues 

demonstrated that Sox9, a stem cell-associated transcription factor shown to be important for 

cell-fate in multiple different tissues [122], cooperates with the stemness and EMT-inducing 

transcription factor Slug, to induce and maintain MaSC-enriched basal cells [31]. 

Importantly, Sox9 and Slug expression in MCF7ras cells (which normally can only form 

micrometastases), enabled the formation of macrometastases [31]. Additionally, knockdown 

of either Sox9 or Slug in highly metastatic MDA-MB-231 cells resulted in decreased 

macrometastasis formation after tail vein injection [31].

Numerous additional studies have connected pluripotency factors with metastasis (Fig. 3). 

For example, a recent study by Chun and colleagues demonstrated that degradation of OCT4 

was downregulated in TICs and that restoration of the E3 ubiquitin ligase Carboxy Terminus 

of HSP70-Interacting Protein (CHIP), which is normally downregulated in breast TICs and 

targets Oct4, was sufficient to decrease TIC function. Importantly, tail-vein injection of 

MDA-MB-231 cells with overexpression of CHIP or overexpression of both CHIP and 

OCT4 rarely resulted in lung metastasis, as measured by node number. In comparison, mice 

injected with MDA-MB-231 cells possessing stable KD of CHIP or overexpression of OCT4 

alone had a significant increase in lung metastases [123]. These data suggest that OCT4 

protein stabilization is critical for metastasis of TNBC cells in vivo. Similarly, Xu and 

colleagues have shown in a transgenic mouse model that inducible overexpression of Nanog 
in mammary epithelial cells, in combination with Wnt-1 overexpression, is sufficient to 

induce mammary tumorigenesis and metastasis [124]. Further, studies have shown that 

pluripotency factors can work in concert to promote metastatic phenotypes. For example, 
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Liu and colleagues showed that simultaneous OE of Oct4 and Nanog increased, whereas 

combined KD of Oct4 and Nanog decreased, EMT and invasion of breast cancer cells [125]. 

These data suggest that pluripotency factors do not necessarily function in isolation to 

influence metastatic phenotypes.

In addition to a well-established role as an oncogene and cell cycle regulator, cMYC, 

another pluripotency factor, is also a core regulator of metastatic progression in breast 

cancer, where it is required for migration, invasion and angiogenesis [126,127]. In the brain, 

cMYC is critical for metastatic colonization of breast cancer due to its ability to regulate 

macrophage infiltration, GAP junction formation between tumor cells and astrocytes, and 

invasion [128]. A recent report from Chen and colleagues showed that in vivo growth of 

MYC-driven human breast tumors could be restrained through pharmacological inhibition of 

the RNase activity of inositol-requiring enzyme 1 (IRE1) with the small molecule inhibitor 

8866 [129] (Fig. 3). However, given that more recent studies have also identified metastasis 

inhibitory roles for cMyc [130], any clinical strategy to modulate its function must consider 

how context, timing and tissue type may influence drug responses.

Like cMYC, SOX2 is a key regulator of breast cancer metastasis. Studies have identified 

roles for SOX2 across multiple aspects of the metastatic cascade including EMT, migration, 

invasion, anoikis resistance and angiogenesis [131–134] (Fig. 2). However, its most 

prominent role in tumor progression involves promotion of stemness and inhibition of 

differentiation. This is especially evident in breast cancer, where SOX2 has been widely 

used to distinguish breast cancer stem cells from the bulk tumor population [135], and where 

its overexpression is associated with more aggressive subtypes of breast cancer [136]. 

Consistent with these data, our group demonstrated that the developmental transcription 

factor, Six2, regulates Sox2 to promote a breast cancer stem cell program that enables 

metastatic colonization [136]. Specifically, in several triple-negative breast cancer (TNBC) 

models, Six2 enhances the expression of genes associated with embryonic stem cell 

programs. Six2 directly binds the Sox2 Srr2 enhancer, promoting Sox2 expression and 

downstream expression of Nanog, which are both key pluripotency factors [136]. Regulation 

of Sox2 by Six2 enhances cancer stem cell properties and increases metastatic colonization. 

Six2 and Sox2 expression correlate highly in breast cancers including TNBC, where a Six2 

expression signature was shown to be predictive of metastatic burden and poor clinical 

outcome. Our findings demonstrate that a SIX2/SOX2 axis is required for efficient 

metastatic colonization, underscoring a key role for stemness factors in outgrowth at 

secondary sites [136]. Intriguingly, a report published shortly after this study demonstrated 

that Six1 regulates Sox2 in the context of glioma, suggesting that both family members can 

regulate this key pluripotency factor [137]. Taken together, these data indicate that, similar to 

their established roles in stem/progenitor phenotypes during kidney development, SIX 

family members also function to regulate cancer stemness to promote metastasis in the 

context of breast and other cancers.

Because of its role as a master pluripotency factor during embryonic development, SOX2 is 

controlled at the transcriptional, translational and post-translational levels to ensure proper 

expression and function. Since these mechanisms of SOX2 regulation are also used by tumor 

cells to promote metastasis, it provides multiple avenues to target and inhibit SOX2 function 
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to inhibit tumor progression. For example, recent examination of human breast cancer 

patient data has led to the hypothesis that targeting the kinase that is responsible for 

phosphorylation of the threonine 116 phosphorylation (T116) site of SOX2 may be an 

attractive means to inhibit SOX2 function [138] (Fig. 3). Specifically, Lai and colleagues 

showed that not only was increased phosphorylated-Sox2T116 associated with increased 

tumorigenicity in multiple breast cancer cell lines, but that it was also predominantly found 

within breast cancer stem cells, suggesting that this phosphorylation state of SOX2 is 

important for breast cancer stem cell identity [138]. Consequently, when examining a breast 

cancer cohort, they found that phosphorylated-Sox2T116 levels correlated with increased 

histological tumor grade and vascular invasion [138]. Interestingly, a recent report has 

shown that phosphorylation of threonine 116 by AKT stabilizes SOX2 in esopheageal 

cancer cells [139]. Further, treatment with the AKT inhibitor, MK2206, resulted in 

decreased SOX2 protein, cell proliferation and stemness properties, as measured by 

tumorsphere formation. These data suggest that targeting AKT could provide a means to 

inhibit SOX2-positive CSCs (Fig. 3).

Many studies have examined how increased levels of pluripotency factors influence 

prognostic indicators such as disease-free survival, resistance and overall survival [140]. 

Studies examining either expression of OCT4, SOX2, NANOG, KLF4, or cMYC singly, or 

combined expression of OCT4 and NANOG, showed that higher levels of mRNA expression 

in breast cancer patient samples across multiple subtypes is significantly correlated with 

decreased overall survival [140]. Additionally, higher levels of SOX2 mRNA are particularly 

predictive of decreased resistance- and disease-free survival [140]. Intriguingly, in addition 

to being associated with multiple prognostic markers including decreased overall survival, 

cMYC is also more highly expressed in patients that present with metastatic disease at 

diagnosis [141]. However, several studies have also shown that pluripotency factors can be 

associated with improved prognosis [140]. These confounding data could be due to tumor 

heterogeneity, as TIC-associated factors such as Sox2 may exist in a small minority of cells 

within the bulk tumor, and therefore their level of expression could be masked. Thus, the use 

of single-cell sequencing technologies may provide significant insight into our 

understanding of how small populations of cells, like TICs/MICS, function to influence the 

metastatic outcomes. When used in combination with continued refinement of appropriate 

markers to identify the TIC population, substantial progress can be made towards 

understanding the molecular underpinnings of developmental pathway networks and how 

they function to ensure proper mammary gland development, as well as how their 

dysregulation promotes tumorigenesis and metastasis. Because modulation of these 

programs is associated with drug response and clinical prognosis, it is imperative that we 

continue to examine the underlying biology behind the relationship between stemness, 

pluripotency and metastasis to develop more effective therapeutic strategies to improve 

patient outcomes.

Concluding Remarks

Advances in imaging technologies, genomic sequencing, mouse models of metastasis and, 

more recently, single-cell RNA-seq analysis have greatly improved our understanding of 

how metastatic tumor cells colonize secondary sites. Such advances have led to substantial 
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progress in the development of novel therapeutic strategies, such as Mechanistic Target of 

Rapamycin Kinase (mTOR) and Cyclin Dependent Kinase (CDK4/6) inhibitors, to 

specifically treat advanced/metastatic breast cancer [142]. However, survival of patients with 

metastatic disease remains poor. The poor prognosis associated with metastasis is largely 

due to established metastases being inherently more resistant to current treatments compared 

to primary tumor cells. Given the clinical implications of metastatic outgrowth, it is 

unfortunate that most current studies mainly focus on preventing the earlier steps of 

metastasis, such as migration and invasion. It is well known that cancer cells enter the 

circulation long before a patient is diagnosed, and that many patients relapse at distant sites 

long after the primary tumor is eradicated. It is also becoming clear that tumor cell behavior 

and signaling at the primary site can differ dramatically from tumor cell behavior and 

signaling at different metastatic sites [143]. Therefore, a better understanding of the 

molecular underpinnings of metastatic establishment, maintenance, outgrowth at the 

metastatic site are needed to develop more effective therapeutics to target metastasis 

specifically. As discussed in this review, continued insight into the regulation and function of 

the TIC/MIC population may lead to major breakthroughs in our understanding of how 

tumor cells can successfully colonize secondary sites. Indeed, TICs/MICs appear to acquire 

their core properties of plasticity, stemness and survival, which are needed to complete the 

metastatic process, by hijacking developmental pathways. Future studies focused on 

crosstalk between multiple developmental pathways could lead to more effective therapies to 

target plasticity and stemness in MICs. Additionally, combining MIC-targeted therapies with 

existing treatment may not only target residual disease, but may also inhibit the development 

of new metastatic lesions, thereby increasing patient survival.
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Figure 1: Means to inhibit canonical HH, WNT and NOTCH pathways.
A. HH Pathway. Binding of HH ligands (SHH, DHH or IHH) to PTCH receptors relieves 

PTCH-mediated inhibition of SMO. SMO inhibits PKA, GSK3β, and SUFU from binding to 

GLI, allowing for stabilization of the activator confirmation, translocation to the nucleus and 

activation of HH target genes. The monoclonal antibody, 5E1, binds to SHH and prevents its 

binding to PTCH receptors. Cyclopamine binds to, and prevents, SMO-mediated activation 

of GLI transcription factors. GANT61 reduces GLI transcription factor DNA binding to 

block GLI-mediated HH target gene expression. B. WNT pathway. Binding of WNT ligands 

to the receptor FZD results in translocation of DVL to the membrane. DVL binds to the 

APC/GSK3β/AXIN complex, leading to its dissociation from β-CATENIN. β-CATENIN is 

released and stabilized, allowing for translocation to the nucleus, where it activates 

transcription of target genes. The antibody Vantictumab binds to FZD and prevents WNT 

ligand binding. LGK974, ETC159, C59 and IWP inhibit PORCN-mediated processing and 

secretion of WNT ligands that activate the canonical pathway. C. Notch pathway. During 

canonical signaling, NOTCH receptors on one cell bind to ligand receptors on another cell, 

after which the NOTCH receptor is cleaved by the protease complex, γ-SECRETASE, 

leading to release of the NOTCH Intracellular Domain (NOTCH-ICD). NOTCH-ICD 

translocates to the nucleus to activate transcription of target genes. Compound E functions to 

block the cleavage of both γ-secretase and NOTCH-ICD, preventing NOTCH-ICD 

translocation to the nucleus.

Oliphant et al. Page 29

J Mammary Gland Biol Neoplasia. Author manuscript; available in PMC 2021 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2: The role of pluripotency factors during normal mammary gland development, tumor 
initiation and breast cancer metastasis.
Expression of pluripotency factors including SOX2, NANOG, OCT4 and KLF4, as well as 

cell-fate regulators such as SOX9 and SOX10 are associated with, and promote the 

maintenance of, putative multipotent MaSC populations. As mammary gland development 

progresses, multipotent MaSCs further differentiate into bipotent progenitors that can give 

rise to more specialized unipotent basal and/or luminal progenitors that function to properly 

develop and maintain the mammary epithelium. Studies suggest that breast cancer stem cells 

(CSCs) can arise from either multipotent MaSCs or progenitor populations. Often breast 

CSCs express similar pluripotency and cell-fate regulators as normal mammary multipotent 

stem and progenitor populations. These critical developmental factors remain important as 

primary breast tumors become metastatic, where it has been shown that pluripotency factors 

such as cMYC, SOX2, OCT4 and NANOG promote dedifferentiation (EMT), escape from 

the primary site and establishment/colonization of secondary sites. Long-Term Repopulating 

Stem Cells, LT-RCs. Short-Term Repopulating Cells, ST-RCs. The red lightning symbol 

represents oncogenic events that lead to the transformation of normal stem/progenitor 

populations to CSCs.
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Figure 3: Targeting pluripotency factors to inhibit breast cancer progression.
The small molecule inhibitor 8866 inhibits MYC-driven human breast tumors via blockade 

of IRE1-mediated activation of the cMYC/XBP1 transcriptional complex. Targeting 

activation of E3 ubiquitin ligase Carboxy Terminus of HSP70-Interacting Protein (CHIP) 

could lead to increased degradation of the breast CSC-associated factor OCT4. Inhibiting 

phosphorylation of threonine 116 on SOX2 could prevent SOX2-mediated transcription and 

promotion of CSC-related genes. The AKT inhibitor, MK2206 prevents phosphorylation-

mediated translocation of SOX2 to the nucleus to activate target genes involved in breast 

cancer proliferation and stemness.
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