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Abbreviations
AR Amphiregulin
DLLC Differentiating large light cells

ER Estrogen receptor

MMTV  Mouse mammary tumor virus promoter
MRU Mammary repopulating unit

PI-MEC Parity-identified mammary epithelial cells
PR Progesterone receptor

SLC Small light cells

TDLU Terminal ductal lobule unit

ULLC Undifferentiated large light cells

WAP Whey acidic protein promoter

Experimental Evidence Supporting
the Existence of Mammary Stem/
Progenitor Cells

The experiments that originally demonstrated the existence of
stem cells in the mammary gland were based on the pioneer-
ing studies of DeOme and his students, Les Faulkin and
Charles Daniel. They developed and optimized serial trans-
plantation of normal mammary gland into the cleared mam-
mary fat pad of syngeneic mice [1, 2]. They demonstrated that
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the normal mammary gland contains cells that will grow and
fill the fat pad with a normal ductal mammary tree and respond
to hormones with a normal differentiation program [3]. The
progeny of the transplanted cells could be serially transplanted
into the appropriate recipients for multiple times; however,
unlike preneoplastic or neoplastic cells, the normal cells
always senesced after multiple serial transplants, generally
5-8 transplant generations [3]. This was interpreted as indi-
cating mammary stem cells possessed a finite proliferative
activity (i.e., life span). This finite life span is a fundamental
difference between normal and preneoplastic/neoplastic
mammary cells. Cells with an indefinite in vivo life span (i.e.,
immortalized) have been identified in numerous mammary
model systems, including MMT V-induced alveolar hyperpla-
sias [4], chemical carcinogen-induced ductal and alveolar
hyperplasias [5, 6], hormonally induced alveolar hyperplasia,
spontaneously immortalized ductal hyperplasias [7, 8], and
cells containing specific genetic alterations (i.e., pS3 deletion,
polyoma mT antigen) [9, 10]. These immortalized popula-
tions can be non-tumorigenic, weakly tumorigenic, or highly
tumorigenic [10-12]. One might speculate that the ability to
proliferate over 8—12 serial transplant generations before
exhibiting a decrease and loss of proliferation activity would
indicate an increase of stem cell number or activity as a con-
sequence of some treatment. As of the end of 2011, this assay
has not yet been applied in any stem cell study.

Subsequent studies demonstrated that stem cells were
located along the entire mammary ductal tree and represented
in all the different developmental states of the mammary
gland. Host age and reproductive history had little influence
on the frequency of stem cells as measured by percent suc-
cessful takes and life span assay [13, 14]. Mammary cells
taken from 26-month-old virgin mice had the same transplant
potential as cells taken from 3-week-old mice. Both cell pop-
ulations senesced after five transplant generations. Similarly,
mammary cells in 12-month-old multiparous mice had the
same serial transplant potential as cells from 3-week-old vir-
gin mice [13]. Finally, continuous hormone stimulation did
not induce additional loss of ductal growth potential. These
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results have important implications for understanding the
role of mammary stem cells in normal mammary develop-
ment because they emphasize that the mammary stem cell is
a relatively quiescent cell that is only activated under condi-
tions of gland repopulation (i.e., fetal growth stage, pubertal
growth phase). Under other conditions, such as pregnancy, it
is likely that ductal and alveolar progenitor cells form the
bulk of the increased mammary epithelial cell population
[15] (see discussion in next section).

These early studies emphasized that stem cell life span is
intricately linked to proliferation activity. For example, life
span was correlated with the interval of serial transplantation.
Thus, transplanting at 12-month intervals instead of 3-month
intervals prolonged the ultimate life span of normal cells [13,
16]. Similarly, transplanting from the periphery of the ductal
outgrowth (i.e., such cells would have undergone more cell
divisions) resulted in earlier senescence than transplanting
cells from the center (i.e., the original transplant site) of the
outgrowth. In summary, these early studies suggested the
presence of a mammary cell that could repopulate the mam-
mary gland and undergo a normal and complete morphoge-
netic program (i.e., a stem cell). Such cells are spaced
throughout the mammary tree, are quiescent, and have a finite
life span. A commonly stated assumption that normal mam-
mary stem cells are an ideal target for oncogenic transforma-
tion because they, like cancer cells, share a long life span (i.e.,
replicative potential) is not supported by the transplantation
results. At least for the mammary gland, the evidence to date
suggests that mammary stem cells have a finite life span.

Fig.1 Electron micrographs taken of a secretory acinus in a fully lac-
tating female mouse showing (a) large (ULLC) light cell juxtaposed
(but undifferentiated) to differentiated secretory dark epithelial cells
and (b) a small light (SLC) cell depicted in a secretory acinus. SLC are

Morphologic Evidence of Stem Cells Among
Mammary Epithelium

Distinguishing mammary cells was first based on their ultra-
structural appearance [14]. Undifferentiated (pale) cells were
found which exhibited the expected behavior of stem cells in
mammary explants induced in vitro to differentiate toward
secretory cell fates. It was discovered that mouse mammary
explants, like mammary epithelium in situ, contained pale-
or light-staining cells and that it was only these cells that
entered mitosis when mammary explants were cultured.

Light cells were analyzed in mouse and rat mammary
glands in the electron microscope utilizing their ultrastruc-
tural features to distinguish them from other mammary epi-
thelial cells (Fig. 1) [17]. Both small light cells (SLC) and
undifferentiated large light cells (ULLC) (Fig. 1) were
observed with condensed mitotic chromosomes indicative of
their replicative competence in mouse mammary explants,
pregnant and lactating mouse mammary glands, and rat
mammary gland from 17 stages of development beginning
with nulliparity through pregnancy, lactation, and involution
[17-20]. Partially differentiated ULLC or differentiating
large light cells (DLLC) were observed in rapidly proliferat-
ing mammary epithelium during pregnancy and probably
represent transient-amplifying epithelial cells committed to a
secretory fate. Using all of the above features, a more detailed
description of the epithelial subtypes that comprise the mam-
mary epithelium was established.
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found exclusively located near the basement membrane and never are
found in contact with the lumen (shown here at the bottom of the figure
characterized by the presence of microvilli on the surface of the secre-
tory cells and the presence of dark casein micelles)
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Evaluation of the 17 stages of mammary gland develop-
ment showed that the population density (number of cells/
mm?) of SLC among mammary epithelium did not change
from puberty through post-lactation involution. The propor-
tion of SLC in the epithelial population remained unchanged.
This means that although the number of mammary epithelial
cells increased by 27-fold during pregnancy in the mouse,
the percent of SLC in the population did not change [21, 22].
Therefore SLC increase and decrease in absolute number at
the same relative rate as the expanding epithelial cell popula-
tion, suggesting that they have a capacity for self-renewal. In
contrast, ULLC numbers were much more variable, perhaps
indicative of their transitional nature.

Absence of SLC and ULLC in Growth
Senescent Mammary Tissues

Mammary epithelial cells bearing the morphological charac-
teristics of undifferentiated stem cells (i.e., SLC and ULLC)
likewise disappear from senescent populations simultaneous
with growth cessation [23]. In premalignant mammary epi-
thelial populations, which exhibit indefinitely prolonged
growth potential, both of these cell types (SLC and ULLC)
are maintained.

A study of human breast epithelium demonstrated the
presence of mammary epithelial cells possessing the ability
to regenerate elaborate branching structures resembling
mammary terminal ductal lobular units both by morphology
and marker expression, in vivo and in vitro [24]. The experi-
mental approach was based upon ultrastructural studies in
the mouse mammary gland, which described SLC and ULLC
as putative epithelial stem cells. SLC and ULLC do not com-
monly contact the duct or lobule lumen [25]. Indeed supra-
basal breast epithelial cells were found with these properties
and demonstrated that these cells possessed stem cell proper-
ties. This discovery lends strong experimental support for the
conclusion that the undifferentiated SLC and ULLC repre-
sent a multipotent epithelial cell population in the mouse and
that a similar epithelial subset exists in the human breast.

Mammary Stem/Progenitor Cell Hierarchy

Evidence for lobule-limited and duct-limited pluripotent
mammary epithelial cell activities has been established for
both rats and mice by transplantation of limiting dilutions
of dispersed mammary epithelial cells into hosts that were
subsequently impregnated and/or treated with hormone com-
binations to produce alveologenesis [15, 22, 26, 27]. Studies
with retroviral-marked clonal mammary populations demon-
strated that both of these lineage-limited activities were
present within clonal populations through repeated trans-
plant generations indicating their derivation from a single
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pluripotent antecedent [22, 28]. In addition, serial passage of
the retroviral-marked mammary epithelial clones in pregnant
hosts showed that the capacity of individual outgrowths to
produce lobulogenesis or ductal elongation was indepen-
dently lost during the acquisition of growth senescence
among individual transplants [28]. With the development of
the WAP-Cre model used in combination with the
Rosa26LacZ reporter mice (R26R), evidence for a LacZ-
marked lobule-limited progenitor observable in parous
mouse mammary epithelium surfaced [29]. These LacZ-
positive, parity-identified mammary cells (PI-MEC) were
found to be pluripotent, self-renewing, and capable of main-
taining their lobule-limited progenitor activities following
serial transplantation in epithelium-free mammary fat pads
when the hosts were subsequently impregnated (Fig. 2) [30].
During pregnancy in these hosts, the PI-MEC proliferated
and gave rise to luminal progeny that were PR- or ERa-
positive and luminal progeny that were bereft of these steroid
receptors. Further, in the developing secretory acini, they
contributed not only secretory progeny but also myoepithe-
lial cells. Further study indicated that these cells were pres-
ent in the mammary tissue of nulliparous females and that
they could be detected in explant cultures after treatment of
the fragments with growth factors that do not induce lacto-
genic differentiation [31]. Additional evidence demonstrates
that PI-MEC are found to be virtually 100 % present in the
CD49f" population [32]. This population was shown earlier
to possess essentially all of the mammary repopulating activ-
ity [33]. Subsequent transplantation of CD49f"-positive
PI-MEC and the CD49f" epithelial cells into epithelium-
divested mammary fat pads indicated that all the repopulat-
ing activity was associated with the PI-MEC fraction [32].

Functional Assays for Monitoring Mammary
Stem and Progenitor Cells (Limitations)

The accepted standard of functional mammary stem cell
assays remains the repopulation of a cleared mammary fat
pad and subsequent secondary transplantation of any ensu-
ing mammary outgrowth first reported in 1959 [1]. The main
deterrent to these experiments is that they are expensive,
time-consuming, and not amenable to high-throughput
assays. While these assays work well for the detection of
murine stem cells and other rodent sources, no equivalent
model has yet been established for the study of human mam-
mary stem cells. Human tissue nonresponsiveness and the
murine host mammary stroma are the main causes for
experimental failure [34-37].

One alternative method for testing engraftment capacity
of human mammary stem/progenitor cells involves the injec-
tion of human mammary fibroblasts into the cleared murine
fat pad prior to the transplantation of the human mammary
epithelial cells [38, 39]. This assay allows for the establishment
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Fig. 2 (a—d) Parity-identified multipotent mammary epithelial cells
(PI-MEC) marked by lacZ expression (blue) are capable of producing
both myoepithelial (a) progeny characterized by the simultaneous
expression of lacZ and smooth muscle actin (brown) and luminal epi-
thelial progeny during lobulogenesis (b—d). Luminal epithelial progeny

of human mammary stroma or “humanization” creating a
basement structure allowing for the engraftment and expan-
sion of the human mammary epithelial cells. In this system
the epithelial cells are able to expand and differentiate into
histologically normal-appearing human mammary structures
comprised of luminal and myoepithelial cells.

A second human into mouse implantation model has been
investigated. In this model human mammary epithelial cells
are mixed with irradiated fibroblast, embedded within colla-
gen gels, and implanted into highly vascularized areas such
as underneath the kidney capsule [40]. After 4 weeks the his-
tologically sectioned tissue resembles normal human breast
tissue with both luminal and myoepithelial cells. These out-
growths have fully differentiated luminal cells that express
ER and PR and form functional secretory epithelial cells that
synthesize milk proteins if the host becomes pregnant.

Phenotypic Analysis of Mammary Stem and
Progenitor Cells

The most common technique used to identify and isolate
mammary stem and progenitor cells is based on cell surface
markers using magnetic and/or fluorescent sorting methods.
By sorting for combinations of cell surface markers,
researchers have been able to establish a rough idea of what
markers are expressed by different classes of mammary
progenitor cells.

may be positive for progesterone receptor (brown nuclear stain in b and
¢) or estrogen receptor (brown nuclear stain in d) or luminal progeny
negative for either progesterone or estrogen receptor. This evidence
indicates that PI-MEC represent the lobule-limited multipotent epithe-
lial progenitor cells in the mouse. Scale bars=15 mm

Mouse

The cell surface markers used currently to establish mam-
mary progenitor populations include CD14, CD24 (a pan-
epithelial marker used to discriminate against stromal cells),
Bl-integrin (CD29), ab-integrin (CD49f), P3-integrin
(CD61), and Sca-1. Cells bearing these markers can be sorted
based on the intensity of the fluorescent activity that corre-
lates to the expression levels of each of the markers. The
populations are sorted into high, med, and low populations
(e.g., CD24™mdSca-1"CD29""CD49fie). A CD24™Sca-
[1ovCD294eCD49fhieh cell is referred to as a mammary
repopulating unit (MRU). It is estimated that 1 MRU can be
isolated from every 60-90 mammary epithelial cells [33,
41]. The MRU designation is based on its ability to form a
mammary colony in vitro; its in vivo regenerative capacity is
yet to be determined. Based on the expression levels of
CD24, CD29, and CDA49f, it is believed that MRUs occupy
basal positions in the mammary epithelium. These cells
express basal keratin 5 further evidence of the basal position
in situ [42].

These markers have been useful but only to a limited
extent. Recently the Cre-Lox recombination system was used
in the mouse, and the results indicate that many mammary
cell types, as characterized by keratin expression, contribute
progeny to outgrowths generated by injection of dispersed
cells [43]. In addition, it has been shown in human breast
cancer cell lines that the markers for tumor-initiating cells
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and for luminal non-tumor-initiating cells do not indicate the
exclusivity of these markers to tumorigenesis per se [44].
There are conflicting reports regarding the importance of
these surface markers and their relevance to the prospective
isolation of populations of epithelial cells enriched for their
ability to produce competent mammary epithelial reconstitu-
tion in transplanted mammary fat pads. Two groups have
claimed that CD49f"/CD24r* or CD29"/CD24** cells consti-
tute populations highly enriched for mammary stem cell activ-
ities competent for regeneration of a complete and functional
mammary gland and capable of self-renewal [33, 41]. Reports
from another group indicate that the bulk of in vivo reconsti-
tuting activity resides in the CD24" population, and practi-
cally none is associated with CD24" in cells isolated from
mammary tissue using this single-cell surface marker [45].
Removal of CD24 from the genome has little to no effect on
mammary gland development or function in the mouse [46].

Human

In vitro and in situ studies indicate that the mammary stem
cells reside in the intralobular ducts of the human mammary
gland and not the terminal ductal lobule units (TDLUs) [47].
The markers used to isolate human mammary stem cells
include epithelial cell adhesion molecule (EpCAM; also
known as epithelial cell antigen (ESA) and CD326), CD49f,
and luminal-specific glyco-mucin protein MUCI1 [40, 47-50].
CD49f is expressed at higher levels on basal epithelial cells
and lower levels on luminal cells, while EpCAM is expressed
at higher levels on luminal cells and lower levels on basal
cells. Human MRUs have an EpCAMPCD49f"s"MUC]1
phenotype indicating a basal position similar to those of the
mouse [48, 51].

The lack of a species specific in vivo model has hampered
the characterization of the human mammary stem cells as all
of these results are based on in vitro experiment or transplan-
tation studies utilizing immune-deficient mice.

Functional Assays for Monitoring Mammary
Stem and Progenitor Cells (Limitations)

The early serial transplantation studies did not provide precise
data on stem cell frequency as the experiments utilized frag-
ments of mammary cells instead of cell suspensions. One
study provided an upper estimate of stem cell frequency in
different portions of the mammary fat pad [14]. This study
calculated the total number of mammary epithelial cells in a
mammary fat pad and then divided the fat pad into 80-100
fragments for transplantation. Using this approach, the authors
calculated the upper frequency of stem cells in virgin duct and
end buds from 6-week-old virgin mice as 1/7,200 and 1/2,200,
respectively. Studies done with semi-purified cell suspensions
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prepared by enzymatic digestion and using a limiting dilution
approach provided more definite results, although the fre-
quency was very dependent upon the procedure used for prep-
aration of the cells. For example, using cells prepared from
10- to 12-week-old virgin BALB/c female mice a 3-h diges-
tion with collagenase-hyaluronidase yielded a repopulating
frequency of 1/2,200 when cells were injected in PBS solu-
tion. However, when cells were digested overnight and fol-
lowed by a short exposure to trypsin and implanted with
Matrigel (in a 1:1 volume ratio), the repopulating frequency
was 1/250. These results were evaluated using Poisson distri-
bution statistics, which required five dilutions, thus imposing
very stringent criteria. Using other less demanding approaches
can only provide estimates, which are less reliable. The
improved protocol was developed by Moraes et al. [52]. In
their study, they provided estimates of repopulating frequency
of 1:100 for cells taken from FVB strain normal adult virgin
mammary gland. These studies have implications for any
study on mammary stem cells [53]. Recent approaches using
sorted cell populations estimate stem cell frequency at least an
order of magnitude greater than the above studies. One has to
consider the factors that might contribute to the underestimate
of stem cell frequency in studies using flow-cytometry-guided
cell sorting. What is the impact of cell damage and cell loss on
the interpretation of the results?

Is there a fundamental difference between implanting a
cell suspension and a fragment of mammary cells?
Surprisingly, this question has not been addressed in any
recent study that focuses on the identification of mammary
stem cells. In the older published literature, there is limited
data and discussion of the events occurring within 72 h after
implantation of a mammary fragment. An early study demon-
strated that transplanted fragments of normal ductal tissue
dissociate into small aggregates within 24 h after transplanta-
tion [54]. By 72 h, ductal tubular organization is established
with an intact basement membrane and significant mitotic
activity. A similar pattern of histogenesis is observed upon
the transplantation of hyperplastic alveolar nodules [55]. It is
unknown (although highly likely) if this initial cell dispersion
and reaggregation represents the interaction of different sub-
sets of mammary cells. If this early histogenic activity is criti-
cal for subsequent cell proliferation, how does one interpret
the results where cell suspensions of sorted populations rep-
resenting one subset of mammary cells are cited as evidence
for the existence of the “stem” cell? The current assays do not
distinguish between engraftment capability and stemness.

Dispersed Cell Implantation Compared
to Fragment: Clonal or Combinatorial

It has been shown, both directly by retroviral-tagging in seri-
ally transplanted MMT V-infected mammary outgrowths and
more recently by implantation of “visually confirmed” single
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cells, that an entire functional mammary gland may be devel-
oped from the progeny of a single cell [22]. On the other
hand, considerable evidence exists that transplantation of
dispersed mammary epithelial cells comprised of unsorted
heterogeneously marked epithelial cells produces complete
outgrowths that are frequently (in some cases invariably)
mixtures of the progeny derived from the variously marked
donor cells [28, 30, 32, 56, 57]. In the absence of ERa
expression, duct elongation and development fails both in
pubertal and in parous females [56]. The amphiregulin null
(AR™!") mouse mammary gland phenocopies this deficiency
indicating that AR is a major duct-specific growth signal
mediated through ERa-positive mammary epithelial cells,
Despite this, both ERo™!! and AR™! mammary epithelial cells
are capable of contributing progeny to all mammary epithe-
lial subtypes when dispersed and mixed with wild-type
mammary epithelium before injection into cleared mammary
fat pads [56, 57]. The evidence from progesterone receptor
(PR) null models reveals that alveologenesis cannot proceed
in the absence of paracrine signals from PR* epithelial cells
[58]; nevertheless dispersed PR™! cells marked by LacZ
expression contribute alveolar progeny when mixed together
with wild-type epithelial cells in pregnant hosts. This clearly
demonstrates that a complete mammary epithelial outgrowth
cannot be formed without ERa* and PR* epithelial cell sub-
types. These findings argue that a single mammary cell
injected into an empty mammary fat pad must at a minimum
divide asymmetrically (and remain a stem/progenitor cell) to
produce an ERa* daughter and later again to produce cap cell
progeny in order to begin ductal growth and still later to pro-
duce a PR* cell to support side branching and, subsequently,
alveologenesis. The clear existence of lineage-limited, plu-
ripotent duct and lobule progenitors within the nulliparous
mouse’s mammary epithelium raises the strong probability
that these cells might combine to produce mammary out-
growths comprising both ductal and lobular development
when inoculated in dispersed cell populations. PI-MEC (i.e.,
lobule-limited stem/progenitor cells) produce PR* and ERa*
as well as progeny negative for these receptors when contrib-
uting to mammary outgrowths in pregnant host [30]. Similar
findings were obtained when duct-limited outgrowths were
tested for the presence of these steroid nuclear receptors.
These results indicate that each of these lineage-limited
stem/progenitors is capable of producing cell progeny shown
above to be indispensable for complete mammary develop-
ment. Thus the lines between the primary antecedent and the
downstream stem/progenitors become blurred regarding
their relative importance in producing complete mammary
outgrowths in transplanted fat pads. Serial transplantation of
clonal populations by fragment implantation into subse-
quently impregnated hosts showed that the capacity of any
given fragment to produce alveologenesis and/or duct elon-
gation was lost independently during the onset of growth
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senescence [28]. Earlier, serially transplanted growth senes-
cent duct fragments were shown to be able to generate
lobulo-alveolar growth upon impregnation of the transplant
host [59]. More recently, it has been shown that fragment
versus dispersed cell implantation demonstrates that no
change in the ability to produce regenerated glandular struc-
tures (hence no change in stem cell function) results from
either age or reproductive longevity [60]. The conclusion
drawn from these observations postulates that either each
lineage-limited stem/progenitor activity decays indepen-
dently from the other during outgrowth development or that
the primary mammary stem cell loses the capacity to pro-
duce one or the other lineage-limited downstream stem/pro-
genitor during its own self-renewal during its expansion in
the previous generation.

To summarize, both dispersed cell and fragment implan-
tation led to mammary epithelial outgrowths comprised of
progeny produced by independently self-renewing stem/pro-
genitor populations. These facts do not in any way dispute
the existence of a primary mammary stem cell antecedent.
However, they do indicate the persistence of multiple plu-
ripotent stem/progenitor cell activities within the mammary
epithelial population that is capable of independently con-
tributing diverse epithelial progeny during mammary gland
growth and regeneration. The current understanding of the
mouse mammary stem/progenitor cell hierarchy is summa-
rized in Fig. 3.

Influence of the Mammary
Microenvironment over Stem Cells

To highlight the influence of diverse mammary epithelial cell
types in bringing about the successful regeneration, near-
limiting dilutions of dispersed mammary epithelial cells
were comingled with testicular cells isolated from adult
WAP-Cre/Rosa26R mice [61]. The resulting mixtures were
inoculated into cleared fat pads, and mammary ductal mor-
phogenesis was allowed to proceed. Subsequently, a fraction
of the transplant hosts were maintained as virgins, and the
rest were mated and permitted to complete a full pregnancy,
lactation, and involution cycle. Only male cells possess the
WAP-Cre and Rosa26 LacZ reporter gene. Thus, LacZ-
positive cells among the regenerated mammary epithelium
indicate the presence of testicular cell progeny. The mam-
mary nature of these LacZ-positive cells was confirmed by
staining for mammary-specific markers for milk protein syn-
thesis, cytokeratins K5/K 14, and smooth muscle actin. FISH
analysis confirmed that these cells were male and indicated
the absence of fusion between male and female cells. LacZ-
positive cells were found in all second-generation transplants
from the male/female chimeric outgrowths, indicating their
capacity for self-renewal. These experiments demonstrate
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Fig.3 Schematic illustration
depicting classical hierarchy of
mammary stem and progenitor
cells where one stem cell results
in two lineage-restricted
progenitors (upper panel). The
current understanding of the
mouse mammary stem cell
hierarchy where bi-potent
progenitors participate in
embryonic development or
during regeneration following
transplantation of basal
progenitors while unipotent
progenitors maintain luminal and
basal lineages in adult mice
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the overarching importance of the signals provided by
mammary epithelial cells for the development of
microenvironment(s) capable of sustaining stem cell activity
and differentiation. Experiments have also demonstrated that
neural stem cells and lineage-negative bone marrow cells
isolated from WAP-Cre/Rosa26 LacZ reporter mice
responded in the same manner as the testicular cells in this
mammary niche assay (Fig. 4) [62, 63]. Not only is the nor-
mal mammary microenvironment able to direct stem cells
derived from non-mammary tissues but also directs tumor-
derived cells, mouse mammary tumor, or human testicular
carcinoma to adopt a normal mammary phenotype [64, 65].
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In both cases differentiation of the tumor-derived cells
required the presence of ERa* and PR* cells in the surround-
ing environment. Without the cues provided by these cells,
tumors formed.

In the human breast, little transplantation biology is avail-
able due to technical difficulties in establishing mammary
outgrowths in vivo. Recently, progress has been made in this
area through humanization of the mouse mammary fat pad
with human-derived stromal cells [38]. The results of suc-
cessful implantations of normal human organoids indicate
that independent ductal, lobular and acinar structures may be
generated within humanized mouse mammary fat pads by
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Fig.4 A neural stem cell/
mammary epithelial cell chimeric
outgrowth from a lactating host is
shown. Casein protein expression
is indicated by the red
fluorescence and beta-
galactosidase by the green
fluorescence, Yellow indicates the
overlapping of the two stains. In
the inset, an electron micrograph
of a lactating acinus is depicted.
The arrows indicate the presence
of casein micelles in the
secretory cells at their luminal
surface. The black arrows in the
fluorograph show that casein and
beta-galactosidase staining is
present (yellow) at the luminal
surface of the beta-galactosidase-
positive (neural-derived) cells

human mammary epithelial cells. This result and those
demonstrating the association of bi-potency with individual
mammary epithelial cells (of the mouse mammary fat pad
with human-derived stromal cells suggests that a similar
stem/progenitor cell hierarchy exists in human breast epithe-
lium) [38, 39].

Future Directions and Challenges for
Mammary Stem Cell Biology

The foregoing discussion supports the concept that the tissue
microenvironment can affect the cellular repertoire of an
adult stem cell. This influence in the murine mammary gland
appears to be manifest in signals emanating from the epithe-
lial cells as well as the stromal elements of the mammary fat
pad. Several questions remain to be answered. For example,
what is the role if any of mammary stem/progenitor cells in
this process? Does the mammary fat pad selectively support
the reprogramming in conjunction with the mammary epi-
thelial cells or can any fat pad in the female mouse demon-
strate this activity? Both testes and neural tissues develop
from ectodermal precursors, will cells developing from
mesoderm or endoderm precursors respond similarly when
mixed with mammary epithelial cells in the context of the
mammary fat pad? In fact cells derived from mesoderm tis-
sue demonstrate this capacity [63]. Finally, what are the cel-
lular, genetic and molecular components that define the
mammary epithelial-specific stem cell niche and how can
these factors be utilized for developing new paradigms for
stem cell control and cancer therapy?

Preliminary experiments have shed a small amount of
light on the questions mentioned above. First, enriching or
depleting the mammary epithelial cells for cells expressing
the currently accepted cell surface markers for mammary

stem/progenitor cells (CD49f, CD29, or CD24) did not affect
the efficiency of reprogramming non-mammary cells [33,
41, 45]. Testing mammary epithelial cell populations from
various gene knockout models has thus far not revealed any
particular gene product that is essential for reprogramming.
However recent findings have delineated at least one essen-
tial epithelial cell characteristic necessary for the process of
reprogramming.

Serial transplantation of the mammary epithelium inevi-
tably leads to growth senescence, which has clearly been
linked to the number of mitotic events required for stem cell
activity to reach the outermost periphery of the regenerated
gland. Studies designed to determine whether growth senes-
cent mammary epithelial cell populations that are unable to
support in vivo mammary epithelial regeneration by them-
selves may be able to reprogram non-mammary stem/pro-
genitor cells have begun. Thus far, those growth-deficient
mammary populations that have been tested were able to
reprogram non-mammary stem cells and in the process were
able to generate full mammary outgrowths in cleared mam-
mary fat pads. These findings have strong implications for
recruitment of transformed cells to growth-deficient niches
and neoplasia. In addition, these studies have led to the
examination of the response of cancer cells in this experi-
mental model, as cancer cells show considerable plasticity
when placed in developing tissue environments [66, 67].
Present work demonstrates that signals from the mammary
microenvironment in the context of the regenerating gland
are capable of redirecting the repertoire of adult somatic
stem cells from at least three non-mammary tissues. Further
efforts to extend these initial findings will elucidate at least
some of the mechanisms involved.

Although untested, another possibility for the appearance
of growth senescence might be due to failure of the microen-
vironment (niche) to provide the signals appropriate for stem
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cell self-renewal. This deficiency would by necessity involve
the epithelial cell population surrounding the stem cell
proper since transplantation always occurs into young mam-
mary fat pad stroma. This possibility is easily tested in cur-
rent model systems where mammary cells carry the fB-gal
marker. A corollary to this possibility would be that signals
emanating from the transformed progeny surrounding the
self-renewing premalignant/tumorigenic cell rather than a
property intrinsic to the premalignant/tumorigenic cell are
responsible for the infinite replicative lifetime of an immor-
talized mammary population. This latter situation would
require that asymmetric divisions from the self-renewing
tumorigenic cell generate these supporting “niche” cells.

Our challenge is not to sort out from this mixture the pri-
mal mammary stem cell but instead to comprehend the inter-
action among these components that allows the long-term
maintenance of mammary stem cell activity. We want to
emphasize that focusing our primary deliberations upon the
primordial mammary stem cell deflects our attention from
the important issue of extending our understanding of how
stem/progenitor cells and their progeny interact to maintain
mammary homeostasis and how this may be disturbed dur-
ing neoplastic transformation.

Acknowledgment Figure 3 was illustrated by Eve E. Kingsley Booth.
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