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Abstract

The mammary gland undergoes dynamic changes throughout life. In the mouse, these begin with

initial morphogenesis of the gland in the mid-gestation embryo followed by hormonally regulated

changes during puberty and later in adulthood. The adult mammary gland contains a hierarchy of

cell types with varying potentials for self-maintenance and differentiation. These include cells able

to produce complete, functional mammary glands in vivo and that contain daughter cells with the

same remarkable regenerative potential, as well as cells with more limited clonogenic activity in

vitro. Here we review how applying in vitro and in vivo methods for quantifying these cells in

adult mammary tissue to fetal mammary cells has enabled the first cells fulfilling the functional

criteria of transplantable, isolated mammary stem cells to be identified a few days before birth.

Thereafter, the number of these cells increases rapidly. Populations containing these fetal stem

cells display growth and gene expression programs that differ from their adult counterparts but

share signatures characteristic of certain types of breast cancer. Such observations reinforce

growing evidence of important differences between tissue-specific fetal and adult cells with stem

cell properties and emphasize the merits of investigating their molecular basis.
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Introduction

The mouse mammary gland undergoes extensive cellular remodeling and changes in

morphology throughout life starting from the first emergence of placodes in the embryonic

surface ectoderm. Reciprocal interactions between the developing mammary epithelial cells

and the underlying mesenchyme are thought to regulate the production of diverse cell types

and their organization into a primordial gland via multiple signaling factors including

fibroblast growth factors (FGF), Wnts and others [1]. After birth the gland grows

isometrically until the onset of puberty when ovarian and pituitary hormones initiate

dynamic changes that continue until a complete gland structure is attained in early adulthood

[2]. Subsequent fluctuations in the size and composition of the gland are driven hormonally

by the estrous cycle, pregnancy, and the onset and cessation of lactation [3, 4], as well as by

additional, poorly understood aging-associated mechanisms [5].

Histological studies of the normal adult mammary gland have led to its description as a bi-

layered structure consisting of an inner layer of “luminal” cells, and an outer layer of “basal”

cells encased by a laminin- and collagen-rich basement membrane [3]. The luminal

compartment consists of different subsets of estrogen receptor-positive and -negative

progenitors and cells that secrete milk in response to hormonal stimuli [6, 7]. The

functionally distinct basal layer contains myoepithelial cells with contractile properties, and

most of the cells with demonstrable stem cell activity. These are termed mammary

repopulating units (MRUs) based on their ability as single cells to regenerate complete bi-

layered gland structures containing both myoepithelial and luminal elements [8, 9]. Basal

cells are also thought to play important roles in maintaining tissue integrity and in

controlling ductal growth and differentiation [10].

Luminal and basal cells of the adult mammary epithelium are distinguished from one

another not only by their different locations in the gland, but also by their differential and

variable expression of several proteins. In both mouse and humans cytokeratins (CKs) 8, 18

and 19, MUC1 and prominin-1 (CD133) are markers of luminal cells [11], although CK8/18

expression decreases during lactation [12]. Similarly, CK14, a prominent basal cell marker,

is expressed in some luminal cells from birth until puberty [12, 13]. Other basal cell markers

include CK5, CD10, THY-1 (CD90) and p63 [11].

Surface markers that typify adult basal and luminal cells appear less specific in the

developing mammary gland. For example, many fetal mammary cells express basal (CK14)

and luminal (CK8) CKs simultaneously [13-15]. This suggests that fetal cells exist in a

transcriptionally distinct state. The extensive proliferative and regenerative potential of fetal

mammary cells has been appreciated for decades based on studies involving the

transplantation of intact fetal rudiments into adult mice [16]. More recently, the growth and

differentiation properties of isolated fetal mammary cells and features of their molecular

regulation have been reported [14]. Here, we review the methods that have allowed
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primitive cells in the adult mammary gland to be identified, and the insights gained from

their application to fetal mammary cells.

Stem Cell Concepts

The concept of a molecularly defined “stem cell state” in adult tissues has been largely

fuelled by studies of the blood-forming system where, more than 50 years ago, it was

demonstrated that single cells could generate multiple mature myeloid blood cell types as

well as daughter cells with the same latent multi-lineage differentiation capability [17, 18].

Subsequent experiments showed that single cells with an even broader range of potentialities

could regenerate and sustain the entire blood-forming system through a multi-step,

hierarchical process [19]. Embryonic stem cell differentiation involves an analogously

ordered process of lineage restriction wherein cells successively lose the ability to activate

particular programs [20]. An important aspect of the mechanism that determines such

ordered changes appears to be mediated by chromatin modifying factors that place

epigenetic marks at specific sites in the genome. These serve in some cases to prime, but not

activate, specific genes for transcription and to make other differentiation-associated genes

inaccessible [21]. As a result, an undifferentiated, but poised state can be created and

transmitted through successive divisions, providing a possible explanation for how stem cell

self-renewal divisions might be achieved [22].

Until recently, such sequential patterns of lineage restriction that stem cells undergo have

been assumed to reflect the operation of essentially irreversible events that regulate co-

ordinated changes in patterns of gene expression. However, while this concept may prove to

be the physiologic norm, notable exceptions have been described. Examples include the de-

differentiation achieved through nuclear cloning [23], the generation of induced pluripotent

stem cells from relatively mature cells [24], and the direct reprogramming of cells across

tissue types [25]. These findings raise the possibility that, even in vivo, cells might display

more plastic behavior than implicit in hierarchical models of differentiation, particularly in

the face of unusual in vivo stimuli or as a result of mutations.

Evidence of Mammary Cells with Multi-Lineage and Self-Renewal Potential

Following the initial demonstration of the gland-generating activity of cells in mouse

mammary tissue fragments transplanted into “cleared” pre-pubertal mammary gland fat pads

[26], it was shown that this result could also be obtained with transplants of tissue fragments

taken from many parts of the adult gland, from various developmental stages, and in some

cases could support 9 serial transplant generations [27-29]. Even intact mammary buds from

day 13 embryos could produce glands when transplanted into the cleared fat pad of adults

[16]. The first evidence that this activity could be attributed to a single cell came from

experiments using mouse mammary tumor virus insertion sites as endogenous clonal

markers [30]. In humans, the existence of analogous cells was inferred from the

demonstration of the same X-chromosome inactivation pattern in adjacent ducts and lobules

in normal adult tissue, implying their clonal derivation and maintenance [31].

Another technique that allows the origin of cells generated in vivo to be tracked without

transplantation is lineage-tracing. This technique relies on the use of an inserted reporter
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gene to “mark” cells irreversibly at some specified time in development. This then allows

their progeny to be subsequently traced without requiring that they be removed or physically

manipulated. Typically, permanently activated expression of a fluorescent protein is elicited

using a presumed cell-type specific promoter, or a specific signaling pathway response gene,

to direct the expression of Cre-recombinase (CRE). Modifications of this technology allow

the timing of the CRE expression to be further controlled, thus enabling the onset and

duration of the marking to be more finely regulated; e.g., using a tetracycline/doxycyline

regulated (r)tTA-tetO system [32]. However, the physiologically relevant lineage-tracing

power afforded by this methodology is necessarily constrained by several caveats. One is the

potentially promiscuous or unanticipated expression of the gene promoter used to activate

CRE due to the fact that even a low level of promoter activity may activate sufficient CRE

to enable expression of the marker protein. A second is the inability of lineage-tracing per se

to identify clonal outputs of the marked cells.

Experiments that have used lineage-tracing to understand the embryonic origin of the

different types of cells present in the adult mammary gland illustrate these points. For

example, CK14 activation of CRE in the late-stage, embryonic day 17.5 (E17.5) mammary

rudiment has confirmed that the targeted cells generate both basal and luminal cells present

in the adult. However, initiating the same trace soon after birth marks cells that subsequently

give rise primarily to basal cells [15]. These results imply that programs responsible for

multi-potency are present in the embryonic mammary gland, but that after birth, they are

either not used or are rapidly lost. However, our understanding of the mammary lineage

specificity or consistency of CK14 expression during development may also be incomplete.

The use of another gene, Axin2, to drive expression of CRE has produced an even more

complex picture. Axin2-expressing mammary rudiment cells present at either an earlier time

(E12.5), or at E17.5, were found to contribute primarily to the adult luminal compartment,

whereas cells marked at a pre-pubescent stage (postnatal days 14 to 16) generated primarily

basal cells [33]. These results exemplify the difficulties in interpreting data based

exclusively on promoter-driven expression of a marker in cells whose numbers or biological

and molecular properties are not yet clearly established.

Quantitative In Vivo Assays for Mammary Stem Cells in the Adult Mammary

Gland

Alternative approaches that enable the robust identification, isolation and quantitation of

mammary epithelial cells with stem cell properties rely on methods that detect the extensive

growth and differentiation properties of individual starting cells either in vivo or in vitro.

These methods have certain advantages but, like lineage-tracing, also rely on certain

assumptions that impact data interpretation. Examples include the assumption that the

generation of a single cell suspension does not alter the growth, survival or differentiation

properties of the cells subsequently evaluated, or that the assay conditions are neither

grossly suboptimal nor physiologically irrelevant.

Advances in the development of reagents that allow mammary glands to be dissociated into

viable single-cell suspensions was an important step in making it possible to perform cleared

fat pad transplants with isolated mammary cells. This, in turn, enabled the application of
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Poisson statistics to quantify MRUs based on their ability to form a complete tree-like

structure within 7–10 weeks in recipients of limiting numbers of cells (Fig. 1) [8, 9].

Importantly, these studies also demonstrated the ability of the original MRUs to generate

daughter MRUs with the same individual regenerative potential detectable in secondary

transplants. Thus, MRUs exhibit properties expected of mammary stem cells.

This methodology has now been widely used, although the MRU frequencies reported are

varied (Table 1). This is likely due in part to mouse strain differences as well as the variable

inclusion of non-epithelial cells in different test cell suspensions, which could be overcome

by use of EpCAM as a marker of input epithelial cell content [7, 34], or the measurement of

absolute numbers of MRUs per gland. Other factors, such as the inclusion of Matrigel in the

transplant inoculum, the presence of macrophages in the cleared fat pad [35], or the extent to

which the host is hormonally activated (Fig. 1) can also have large effects on MRU

detection frequencies (Table 1). Coupling cell fractionation strategies with a subsequent

MRU assay has shown that most adult mouse MRU activity resides in basal cells expressing

high levels of CD49f and CD29 with reduced or absent expression of luminal cell markers

(MUC1, EpCAM, CD24, CD14 and, in certain mouse strains, CD117/c-kit). These

properties have allowed the isolation of adult MRUs at a purity of ~1–2 % [7-9, 36-39].

A similar approach to detect and quantify human “MRUs” in highly immunodeficient

recipients as hosts has also been devised. This involves either suspending the test cells in

fibroblast-containing collagen gels that are then placed under the kidney capsule, or

injecting the test cells with fibroblasts into pre-cleared mammary fat pads [40, 41]. Human

MRU activity is then identified in the subrenal capsule assay by harvesting the cells 4 weeks

later and determining whether mammary cells with colony-forming cell (CFC) activity in a

secondary in vitro assay can be detected, based on the assumption that their presence would

reflect their derivation from a more primitive mammary cell. In the cleared fat pad assay,

human MRU activity is indicated by the appearance after 7 weeks of a branched gland-like

structure. In either case, the original MRUs thus defined, like their mouse counterparts,

share markers of basal cells (low levels of EpCAM and high levels of CD49f) and are found

in this subset at a frequency of ~0.01–0.1 %.

Collectively, these observations indicate that MRU assays identify mammary cells with

features of basal cells that display extensive regenerative potential in a transplanted host.

However, their detection is also dependent on numerous, and still poorly characterized,

microenvironmental/niche parameters as well as the genetics and epigenetics of the cells

being assayed.

Quantitative In Vitro Assays for Primitive Mammary Cells in the Adult

Mammary Gland

In vivo mammary repopulation assays are relatively costly, time consuming and may under-

(or over-) estimate the frequency of cells that exist in a “stem cell state” in vivo due to

technical difficulties or other biological requirements/limitations of the assays used to detect

them. Such considerations have driven the development of in vitro 2D or 3D assays for

quantifying and investigating many aspects of primitive mammary cell behavior, particularly
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for those of human origin. In vitro methods to detect the clonogenic potential of mammary

epithelial cells were first described for rat and human cells [42-45] and later found to be also

applicable to mouse cells. Originally, these methods relied on plating cells at low density

under conditions that support the growth of mammary cells adhering to plastic (2D cultures)

using media containing epidermal growth factor (EGF) and added irradiated fibroblasts to

achieve maximal cloning efficiencies [8, 9, 46]. In the adult mouse, robust colony growth in

these 2D assays is restricted to cells with a luminal phenotype unless the O2 concentration is

reduced from 20 % to ~5 % and a Rho-kinase inhibitor is added [46, 47]. The addition of a

Rho-kinase inhibitor also enhances the detection of human basal and luminal CFCs in 2D

assays, but lower O2 conditions can reduce colony yields (N. Kannan and C. Eaves,

unpublished observations).

In the adult mouse, the luminal CFCs detected in these 2D assays make up ~5–10 % of the

epithelial (EpCAM+) cells and are CD24/EpCAM++CD49f+. With the recent addition of

antibodies to CD61, CD49b, Sca-1, and c-kit, luminal CFC enrichments to purities of 40–50

% are achieved [6, 7, 38]. However, the progeny they generate in the CFC assay express

CKs associated with both luminal and basal cells in vivo [6]. Thus, 2D CFC assay cultures

of mouse cells appear to elicit an abnormal gene expression profile; thus serving to

emphasize the principle that expression of the genes considered as “lineage markers” in the

mammary gland may not be as rigidly controlled as predicted from in vivo analyses. The

basal CFCs account for an additional 5–10 % of the total adult mouse mammary epithelial

compartment with CFC activity. It is not yet known how strictly the phenotype of the basal

CFC progeny resembles the cells they generate in vivo. Thus, overall, cells detectable as

CFCs in 2D assays are at least 100-fold more numerous than cells detected as MRUs (Fig. 2)

[47], with the possibility of some overlap, particularly in the basal cell population since this

is the subset that contains most of the MRUs.

Isolated mouse and human mammary cells can also be stimulated to proliferate under non-

adherent conditions in liquid cultures. However, because of the very strong tendency of

mammary epithelial cells to adhere to one another, the resultant clusters obtained (usually

referred to as mammospheres [48]) represent a variable mixture of aggregation and

proliferation. Thus, unless such cultures are initiated with a single isolated cell or the cells

are immobilized in suspension using a permissive semi-solid medium such as Matrigel [8,

49], the number of structures obtained cannot be used to quantify clonogenic cells.

Numerical and Phenotypic Characterization of Primitive Cells in the Fetal

Mammary Gland

Diverse experimental strategies indicate the presence of cells with innate stem cell

properties in the fetal mammary gland. The precise timing and molecular regulation of their

emergence, however, remain poorly understood, as do the mechanisms and extent of the

phenotypic changes of these cells later during post-natal mammary gland development. In

contrast to the ability of intact embryonic mammary rudiments obtained as early as E12.5 to

produce gland-like structures when transplanted into the cleared fat pad [14, 16, 50],

dissociated cells with this activity (MRUs) are barely measurable at E15.5, after which their

numbers increase dramatically to E18.5 (Fig. 3a) [14, 47]. These findings suggest that
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critical properties required for the growth of primitive fetal mammary cells following their

dissociation and transplantation into a cleared fat pad are not acquired until a few days

before birth. Expression of this activity by fetal mammary cells is also promoted by the

addition of Matrigel to the transplant inoculum allowing MRU frequencies of 1 % of

unseparated cells and up to ~10 % of purified populations to be achieved (Table 1) [14]. 2D

and 3D in vitro assays also allow the detection of CFCs in suspensions of the E18.5 fetal

mammary rudiment. Interestingly, these analyses show that the ratio of CFCs to MRUs is

somewhat higher in the fetal rudiment than in the adult gland (Fig. 2).

Fetal MRUs and CFCs detected in vitro express the same CD49f/CD29 basal markers as

adult MRUs and basal CFCs, but differ in their higher expression of CD24 [14] and EpCAM

[47]. Thus, new surface markers will be needed to separate basal CFCs from MRUs in the

fetal as well as the adult mammary gland. Also colonies produced in vitro from fetal

populations enriched in MRU activity frequently co-express luminal and basal markers and

only occasionally express markers of a single lineage [14]. In addition, the fetal mammary

gland lacks a distinct CD24++/EpCAM++CD49f+/CD29+ population that, in the adult,

contains cells with luminal progenitor activity. Thus, the same multi-step differentiation

process apparent in the adult mammary gland does not fit the cell types detected in the

developing mammary rudiment.

Characterization of the Transcriptome of Primitive Cells in the Fetal

Mammary Gland

The development of protocols to obtain mammary subpopulations that are highly enriched in

MRUs and/or CFCs has provided an important opportunity to identify genes whose

expression may be relevant to the functional state and developmentally-determined unique

biological properties of these cells. Similar analysis of the separately purified stromal

elements has enabled candidate “niche” regulators to be identified and tested functionally

(Fig. 3b) [14].

Unsupervised analysis of array data generated from the MRU/CFC-enriched fraction of

E18.5 fetal mammary cells has detected the expression of genes associated with diverse

aspects of normal cell biology and cancer [14]. For instance, Brca1 and Brca2, which are

implicated in the etiology of breast cancers [51] and have multiple roles, including DNA

repair [52], are both expressed in the fetal MRU/CFC-enriched fraction. Transcripts

encoding important metabolic regulators such as Pkm2 and Aldh1a3 are also present. Pkm2

contributes to balancing cellular glucose usage under hypoxic conditions [53] and Aldh1a3

is most highly expressed in the luminal progenitor subset of the adult mammary gland of

both mice and humans [7, 54].

Candidate autocrine/paracrine mammary stem cell regulators include ligands that activate

ErbB or FGF receptors. Expression profiling showed all 4 FGF receptors (most prominently

FGFR2 and FGFR3) and all 4 ErbB family receptors to be expressed in the fetal mammary

rudiment with specifically elevated expression of ErbB2-4 in the stem cell-enriched

population [14], The finding that recombinant basic FGF and the ErbB ligands, EGF and

Neuregulin 1, stimulate proliferation of E18.5 fetal mammary cells, while ErbB inhibition
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blocks their growth in vitro [14], extends previous studies implicating both FGF and ErbB

receptor families in regulating the development of the fetal mammary rudiment [55-58].

Array analysis of the gene expression profile of the stromal cells that are closely associated

with the developing E18.5 fetal rudiment also showed that they contain Fgf7 and Fgf10

transcripts. The fetal mammary rudiment thus shows features of the developing hair follicle,

where FGF7/10 released from the mesenchymal dermal papilla has been found to act on

stem cells in the bulge [59]. We also found Fgf7 and Fgf10 to be more highly expressed in

the E18.5 fetal mammary stroma than in the stroma co-isolated with adult mammary tissue

or earlier stages of the developing fetal mammary gland, raising questions as to their

possibly distinct versus overlapping roles in stimulating primitive mammary epithelial cells

at E18.5.

Surprisingly, our transcription analyses did not reveal evidence of Wnt signaling as driving

fetal mammary stem cell activity, contrary to what might be anticipated from a recent report

that Wnt signaling can promote the extensive proliferation of adult mammary MRUs in vitro

[49]. In fact, the most prominent Wnt-related genes expressed in the fetal mammary gland at

E18.5, when MRU frequencies reach a peak, are the negative regulators Sfrp1 and Sfrp5 in

the MRU-enriched subset, and the non-canonical Wnt5a in the accompanying stromal cells.

Additional studies have failed to detect significant effects of canonical Wnt ligands or

activators on the growth of primitive fetal mammary cells in vitro [47] (B. Spike and G.

Wahl, unpublished observations).

Discoidin domain receptor tyrosine kinase 1 (Ddr1) is another gene whose expression is up-

regulated in the fetal mammary MRU-enriched fraction [14, 60], in agreement with previous

experiments [61]. These showed Ddr1 to be a critical regulator of mammary development—

its absence causing delayed and abnormal ductal branches with abnormal differentiation.

Ddr1 is a unique tyrosine kinase receptor that recognizes collagen as a ligand, and

expression of collagens, (Col1a1 and Col9a1) and laminins (α1, α2, and α4) are also all

elevated in E18.5 fetal mammary tissue relative to the stem cell-poor E15.5 rudiment or the

adult mammary gland (where expression of laminin α3 is greater) [14]. Taken together,

these findings suggest that interactions of primitive fetal mammary cells with the basement

membrane or other sites of extracellular matrix protein deposition may be of particular

importance to their development and/or expansion.

Functional Properties of Primitive Mammary Cells During Development

Our more recent observations reveal that fetal mammary cells may possess greater self-

renewal capacity and more robust production of progenitors than adult cells. This conclusion

is based on in vitro experiments indicating a ~3-fold greater expansion of MRUs by fetal as

compared to adult mammary epithelial cells over a 7-day period [47]. These observations

are reminiscent of the changing self-renewal activity displayed by stem cells in other tissues

[62-65], and related evidence for their regulation by common pathways; e.g., involving

Bmi-1 and Hmga2 [64, 66–68]. Interestingly, expression of Hmga2 is higher in fetal

mammary cells relative to the adult gland, with maximal levels at E15.5. However, the

decreasing expression of Hmga2 that occurs between E15.5 and E18.5 is accompanied by an

increased expression of Hmga1 [14], another epigenetic regulator with reprogramming
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activity and able to promote embryonic stem cell self-renewal [69]. Expression of Bmi-1

declines slightly during the latter stage of embryogenesis, but expression of Ezh2 and Eed,

additional polycomb complex genes important for the maintenance of fetal and adult

mammary cells, remains elevated in a few cells [14] (C. Dravis, B. Spike and G. Wahl,

unpublished observations). Both the Let7-HMGA2 pathway [70] and Ezh2 [71] have also

been associated with the poorly differentiated basal-like breast cancer subtype. Thus, it is

inviting to speculate that these regulators may contribute to the augmented growth and

potency of primitive fetal as compared to adult mammary cells. Hence when activated in the

adult, they may contribute to the perturbed growth characteristic of mammary gland

neoplasia.

P63 is an important transcription factor implicated in mammary development as p63 null

mice lack mammary glands [72] and a role of p63 in maintaining many types of stem cells,

is well established [73, 74]. However, p63 expression is reduced in the fetal relative to the

adult mammary epithelium, in both of which it marks a large fraction of the basal

compartment, including the MRU-enriched subset [14, 75]. In contrast, the luminal

transcription factor, Gata-3, which plays a major role in controlling the size of the adult

luminal compartment [76, 77] and is highly expressed by the fetal stem cell enriched

population at E18.5 [14], is required for the formation of the embryonic mammary primordia

[76] and has also been implicated in adult-derived MRU regulation [76].

Elf5 and Slug (Snail2) are 2 functionally antagonistic transcription factors also implicated in

controlling adult mammary stem cell properties; with Elf5 being highly specific to glandular

epithelia, and Slug a transcriptional repressor of the epithelial state. Loss of Elf5 in the

mammary gland results in blocked alveologenesis and an expansion of cells with stem cell

properties, which may be a consequence of its failure to repress Slug, a reported regulator of

the stem cell state in the adult gland [78, 79].

Variable Control and Expression of the Mammary Stem Cell State

Given the extent of control that allows organisms to develop in a reproducible fashion, it

may be useful to conceptualize a distinction between mechanisms that establish and

mechanisms that stabilize stem cell states. Accumulating evidence indicates that the

acquisition of programs that endow cells with capacities for self-renewal and/or altered

differentiation potentialities may be activated under specific conditions but usually involve

an external intervention that causes a major alteration of transcriptome control [24, 25]. In

addition, there are increasing examples where perturbations of homeostatic physiology can

unmask additional cellular potentialities that are not observed in the unperturbed state. In

mice, such examples include the ability of bulge stem cells to regenerate the epidermis when

the skin is wounded [80, 81], or the stem cell activity elicited from intestinal progenitors of

the secretory lineage in sublethally irradiated mice [82], or upon specific ablation of the

usually active Lgr5+ population at the base of the crypt [83].

Recent studies have provided evidence of a similarly increased spectrum of activity of

mammary cells under various conditions of perturbation. Some adult mouse mammary

progenitors assumed to be luminally-restricted, can be stimulated to differentiate into
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multiple lineages after being “passaged” in vivo under the kidney capsule in collagen or in

collagen/Matrigel gels [7]. It has also been found that adult basal and luminal cells exhibit

increased potential to repopulate a mammary gland following constitutive Met activation

[84], or after transient co-expression of Slug and Sox9 [79], or expansion in vitro in the

presence of Matrigel and fibroblast feeders [47]. Interestingly, the frequency of fetal and

adult cells that can produce MRUs in this latter type of Matrigel culture is >20-fold and

>100-fold greater, respectively, than the frequency of MRUs detectable in the cells used to

initiate the cultures. This suggests that Matrigel and fibroblast feeders may rapidly convert

cells with latent MRU potential to an active state. Continuing studies of the specific cell

types in the mammary gland throughout its development, including comparison of their

molecular profiles, single-cell analyses and functional tests of stem cell properties, should

facilitate the identification of relevant signaling networks that underlie the genesis of the

stem cell state during embryogenesis.

Conclusions and Future Directions

It is becoming clear that the mammary stem cell state is dynamic and subject to both cell

intrinsic expression programs and to a myriad of cell non-autonomous signals unique to

different stages of mammary gland development. The application of assays developed for

adult mammary stem cells (MRUs) to single-cell suspensions prepared from fetal mammary

tissue has elucidated the time at which cells with overt MRU activity first become

detectable. The isolation and initial molecular characterization of these cells is beginning to

illuminate factors that contribute to their regulation and regeneration. Thus, the stage is set

for exciting investigations that should elucidate the genes and pathways involved in

establishing and modulating the expression of stem cell properties by normal mammary

cells. These will benefit from a combination of lineage-tracing, transplantation in vivo, and

assessment of responses in vitro, following manipulations of candidate genes and their

products now identifiable by high through-put screening methods.

A key challenge for the future will be the deployment of molecular methods to investigate

the biological heterogeneity of mammary stem cells and provide a more concrete under-

standing of the mammary stem cell state. Such heterogeneity is already evident at the single-

cell level and appears further compounded by developmentally regulated changes that affect

their properties. Significant differences between mechanisms regulating primitive human

and mouse mammary cells will also warrant continuing attention. However, we anticipate

that the mouse will remain a critical model where unique insights will be gained from

further molecular analyses of the first mammary stem cells to appear in the embryo. Further

elucidation of the role of interactions of fetal mammary cells and the surrounding stroma is

also likely to impact our understanding of normal and transformed adult mammary stem

cells and provide a precedent for analyzing other types of epithelial stem cells.
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Fig. 1.
Schematic representation of the protocol for detecting fetal and adult MRUs. Cells from

mammary glands are dissociated into a single-cell suspension and then transplanted into the

cleared fat pad of a pubertal female mouse. Seven to ten weeks later, glands are removed

and scored for the presence or absence of a large positive tree-structure. Photomicrographs

show carmine-stained examples of positive and negative glands injected with adult cells

(top) and examples of positive and negative glands injected with green fluorescent protein+

fetal cells (bottom). MRU detection can sometimes be increased by inducing pregnancy or

implanting an estrogen and progesterone pellet (E + P pellet) 3 weeks prior to sacrifice
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Fig. 2.
Schematic representation of the relative distribution of epithelial (EpCAM+) cell types

within the smaller E18.5 fetal and virgin female adult mammary gland (i.e., excluding

stromal cells, endothelial cells and blood cells). The smaller fetal gland is artificially

enlarged here by ~5-fold. In both the fetal and adult mammary gland, the MRU content is

smaller than the CFC content, shown here as separate entities, recognizing that they may

overlap to some extent. However, the proportion of all epithelial cells that are detectable as

CFCs (in 2D assays) or MRUs (in transplantation assays) is higher in the fetal gland than in

the adult gland

Makarem et al. Page 17

J Mammary Gland Biol Neoplasia. Author manuscript; available in PMC 2014 September 11.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Fig. 3.
The mammary stem cell state is dynamic and context dependent. a Recent work has revealed

that detectable MRU activity increases dramatically as the context of the fetal mammary

epithelium changes in late gestation. b Candidate molecular regulators of the mammary stem

cell state have been identified from molecular profiling of the late fetal mammary epithelium

and associated stroma, but very few of these (bold) have been functionally and

quantitatively tested for a role in mammary stem cell regulation. An emerging view is that

when cells with intrinsic mammary stem cell potential (yellow cells) encounter appropriate

microenvironmental stimuli (glowing cells) in the late stage embryo, they acquire properties

that confer on them a stem cell state that can be expressed in isolation (ii). This does not

occur at an earlier developmental stage either because critical response components or

extrinsic stimulators are lacking (i), nor later under homeostatic conditions when more

progeny become committed to specific lineages (green and red) (iii). The acquisition of an

active stem state may also involve stimulation of non-stem cells in the niche (blue cells).
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Importantly, such molecular regulators may provide therapeutic targets if cancers achieve

their robust stem like proliferative potential by resurrecting aspects of the fetal context
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Table 1

Examples of different MRU frequencies measured in suspensions of unfractionated fetal and adult mammary

tissue and from different strains of mice and the effect of including Matrigel in the inoculum

Stage Mouse strain Frequency of MRU
(95 % CI) no Matrigel

Frequency of MRU
(95 % CI) +Matrigel

Composition of
inoculum solution

References

Adult FVB 1/1,400 (1/600–1/3,000) HF [8]

Adult FVB 1/106 (1/70–1/160) PBS: Matrigel (1:1) [85]

Adult BALB/c 1/7,800 (1/1,900–1/31,000) 5 μg/ml Matrigel [37]

Adult BL/6J 1/2,000 (1/900–1/4,500) HF [8]

Adult BL/6J × CD-1 1/30,000 (1/11,000–1/80,000) 1/300 (1/150–1/500) HF or HF: Matrigel (1:1) [14]

Fetal
a BL/6J × CD-1 1/800 (1/400–1/1,600) 1/60 (1/40–1/80) HF or HF: Matrigel (1:1) [14]

HF: 2 % FBS in Hanks’ Balanced salt solution

a
Similar frequencies obtained by Makarem et al. unpublished
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