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Abstract
While most organs undergo development in utero, the mouse mammary gland orchestrates five
major developmental stages following birth: pre-puberty, puberty, pregnancy, lactation, and
involution. Induced by both local and systemic factors, these five developmental stages transpire
with dramatic alterations in glandular morphology and cellular function. As an experimental
system, the mammary gland provides remarkable accessibility to processes regulating stem cell
function, hormone response, and epithelial-stromal-extracellular matrix interactions. This review
will provide a historical perspective of the unique in vitro and in vivo techniques used to study the
mammary gland and how these methods have provided valuable insight into the biology of this
organ.

I. Introduction
Beginning with its origins in the embryo and throughout adulthood, the growth and
differentiation of the mouse mammary gland is regulated by diverse molecular, cellular and
hormonal pathways [1–2]. These processes maximize the surface area of mammary
epithelium, and establish a glandular network poised for milk production. Importantly, the
gland only becomes fully differentiated during a defined and transient period in the adult
mammal. Rather than persisting in a functionally differentiated, milk-producing state, which
would be energetically disadvantageous, mammary glands synchronize their differentiation
with the onset of pregnancy (Figure 1A). Thus, the morphogenesis and systematized
differentiation of the mammary gland are unique characteristics of this organ.

The mammary gland is a tissue with specialized cell biology. The primary structure of the
mammary duct is an epithelial bilayer consisting of luminal and myoepithelial cells. At first
glance, its cellular organization appears simple in comparison to other epithelial organs such
as skin and intestine. However, its simple organizational facade masks its true cellular
complexity. Each epithelial layer consists of several functionally distinct cell populations,
including stem, progenitor, and differentiated cells; it is only through their closely
orchestrated interactions that mammary development proceeds [3].
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The purpose of this review is to discuss the unique techniques available to mammary gland
researchers, and how these methods have led to significant discoveries in mammary gland
biology. We have purposely left out a discussion of important but broadly used
methodology, such as genetic engineering, to focus on non-standard experimental
approaches that have provided considerable insight into mammary development and
differentiation. First, we will cover mammary transplantation and the role it has played in
our knowledge of epithelial stem cell biology and stromal-epithelial cell interactions. Next,
our focus will turn to how novel cell culturing methods have provided insight to the function
of the extracellular matrix in differentiation and branching morphogenesis. Finally, we will
discuss the use of virus transduction and mammary reconstitution to investigate gene
function during mammary development.

II. Transplantation Techniques Define a Cellular Hierarchy in the Mammary
Gland

The seminal observation that mammary tissue could reconstitute itself upon transplantation
into cleared mammary fat pads of syngeneic hosts led to a transformation in mammary gland
research. Transplantation techniques have been the experimental foundation of some of the
most significant discoveries in mammary gland biology. The success of this technique is
imparted by several distinct developmental characteristics of the organ. First, the mammary
gland develops postnatally in a tissue that is highly accessible to surgical intervention.
Second, the pre-pubertal gland is confined within a small portion of the mammary fat pad
that is easily removed to establish a “cleared fat pad”, which readily accepts exogenous
tissue. Finally, the mammary gland contains a highly regenerative adult stem cell population
that can reconstitute the gland upon transplantation. DeOme and colleagues exploited the
deferred maturation of the mammary gland by surgically removing the rudimentary ducts
prior to puberty and placing a fragment of donor mouse mammary epithelium into the
cleared fat pad of a recipient mouse (Figure 1). In 1959, they published the first successful
mammary gland reconstitution experiment in mice [4]. Variations on their technique remain
one of the most important experimental methods for studying mammary development
(Figure 1B).

Initially, the transplantation method was used as a way to demonstrate that neoplastic tissues
were the origin of tumors. However, the early transplantation method also allowed
researchers to study the regenerative capacity of the gland, and to eventually hypothesize the
existence of mammary stem cells. To test the regenerative potential of mammary tissue,
Daniel and colleagues performed up to seven serial transplantations over the course of two
years. Published in 1968, this study demonstrated that while mammary epithelial cells have
substantial regenerative potential, as discerned by their ability to reconstitute the gland
following serial transplantations, the robustness of outgrowth decreased with each passage.
The authors concluded that normal mammary epithelial cells have a finite lifespan. They
also observed that individual outgrowths exhibited considerable variation in overall lifespan,
suggesting that “epithelial cells of mammary gland may be heterogeneous with respect to
their proliferative potential.” This was perhaps the first inclination that the mouse mammary
gland exhibits a cellular hierarchy with regard to regenerative potential [5].

In follow up studies published in 1971, factors influencing the regenerative capacity of
mammary epithelial cells were assessed. These studies again utilized the DeOme
transplantation method and revealed that mammary reconstitution capacity was independent
of the donor’s age, reproductive history, and region within the gland from which the tissue
was removed [6–7]. In 1988, Smith and Medina performed an eloquent extension to this
study. They dissected specific ductal fragments, including primary and tertiary branches,
alveoli, and terminal end buds (TEBs), and demonstrated that each structure was capable of

Smith et al. Page 2

Semin Cell Dev Biol. Author manuscript; available in PMC 2013 July 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



establishing mammary outgrowths [8]. These experiments provided the first clues for the
distribution of stem cells within the gland, demonstrating they resided throughout the ductal
network. This work also showed that mammary stem cells were resilient to age or the
influences of mammary development, and exhibited a finite proliferation potential.

An important modification to the transplantation technique was published by DeOme et al.
in 1978. The authors assessed whether normal-appearing mammary epithelial cells derived
from glands known to be prone to pre-neoplastic progression would establish normal or pre-
neoplastic outgrowths. To perform this study, they modified the transplantation technique by
developing a method to transplant dissociated mammary cells rather than tissue fragments.
Their new method not only revealed that apparently non-transformed cells could establish
pre-neoplastic outgrowths, but also demonstrated that preparations of dissociated mammary
cells contained stem cell activity [9]. The latter observation was critical for the subsequent
enrichment of mammary stem cells that occurred over two decades later.

In 1996, Smith took advantage of dissociation techniques and performed limiting dilution
transplantation in order to determine the minimal number of cells required to establish
outgrowths. The results of the study were surprising. Smith observed that limiting dilution
transplantation resulted in three morphologically distinct outgrowths in lactating hosts:
ductal, lobular, and mixed. This study offered evidence for the presence of distinct
mammary progenitor populations with limited developmental potential, and also provided an
estimate of the frequency of multipotent stem cells in the mammary gland [10]. This limiting
dilution transplantation technique has now become the “gold standard” for defining stem
cell activity in enriched mammary cell populations.

An important question, inspired by the limiting dilution experiments, was whether a single
mammary stem cell could generate an entire mammary outgrowth. Kordon and Smith
performed the first experiments to address this question. Their study used endogenous
mouse mammary tumor virus (MMTV) as a tool to assess the heterogeneity of DNA within
a mammary outgrowth. The concept was both novel and simple: MMTV DNA integrates
randomly into the genome of infected cells, creating a unique DNA restriction-site
fragmentation pattern detectable by Southern blot hybridization. They transplanted random
fragments of MMTV-infected mammary tissue into cleared mammary fat pads of uninfected
mice, and examined the MMTV integration pattern in serially transplanted outgrowths. Both
the pattern and intensity of DNA fragmentation suggested that the majority of epithelial
tissue in the outgrowths was derived from a single infected mammary cell. The authors also
provided a compelling discussion with regard to the proliferative capacity of mammary stem
cells and estimated that a single stem cell may possess the capacity to generate 1012–1013

clonal descendants before undergoing proliferative senescence [11]. Taken together, these
studies provided an early basis for our current understanding that the mammary gland is
composed of a cellular hierarchy comprising progenitor and differentiated cells as well as
post-embryonic and organ-specific stem cells.

III. Flow-Cytometry and Transplantation: The Methods that Identified
Mammary Stem Cells

The concepts and functional assays necessary for identifying mammary stem cells
converged in the late-1990s and early 2000s. At this time, the existence of mammary stem
cells was well supported by forty years of transplantation studies, but prospective
identification of this cell population remained elusive. Capitalizing on successful
identification of distinguishing cell surface markers for hematopoietic stem cells [12–14],
several groups performed fluorescence activated cell sorting (FACS) to isolate mammary
epithelial cell populations and utilized limiting-dilution transplantation as a functional assay
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for stem cell activity [15–17]. However, there were significant technical hurdles to using
flow cytometry to sort cells derived from the mammary gland. Mammary epithelial cells
form tight interactions, forcing the use of vigorous mechanical and enzymatic methods to
dissociate the tissue. In addition, mammary epithelial cells undergo anoikis upon detachment
from extracellular matrix (ECM). It was not known if such harsh treatments would alter
expression of cell surface markers or affect the viability of stem cells. In 2006, two studies
were published that demonstrated the effectiveness of using FACS and limiting-dilution
transplantation to functionally identify mammary stem cells. Using these techniques, the
authors showed that stem cell function (as assessed by outgrowth capacity) was highly
enriched in flow-sorted CD29hi/CD24low and CD49Fhi/CD24low cells, and further
demonstrated these sorted cell populations could give rise to all mammary cell types [18].
These experiments also answered an important question that remained following Kordon
and Smith’s publication: could a single sorted cell and its progeny generate an entire
mammary outgrowth? Indeed, this was true. Shackleton and colleagues purified CD29hi/
CD24low cells from the mammary glands of β-galactosidase (LacZ)-expressing mice and
transplanted single, labeled cells into cleared mammary fat pads of wild type mice. They
found that a single CD29hi/CD24low cell possessed the ability to generate an entire LacZ
positive outgrowth, and demonstrated self-renewal capacity by doing serial transplantations
[19]. Thus, the merging of two major techniques, FACS and mammary reconstitution, were
critical for the prospective isolation of mammary stem cells. These studies were the crux of
nearly fifty years of both speculation and experimental evidence on the existence of
mammary stem cells, and have provided the basis for many subsequent studies on the
biology of this unique cell population.

While the existence of a multi-potent mammary stem cell is now well acknowledged, many
questions remain about how stem and progenitor cells contribute to mammary growth and
tissue homeostasis. Recently, Van Keymeulen and Rocha et al. [20] published studies of
lineage tracing and mammary reconstitution to delineate antecedents of the luminal,
myoepithelial, and alveolar cellular compartments during ductal morphogenesis and
lactation. Using a Cre-reporter strategy to permanently mark and trace cells within the
luminal and myoepithelial lineages, they identified that each tissue compartment was
derived from a lineage-committed progenitor, rather than a stem cell during normal
development of the mammary gland. In contrast, when cells were transplanted at limiting-
dilution only a mammary stem cell, derived from the basal lineage, was capable of
generating both the luminal and myoepithelial cell compartments [20]. These findings
provide new insight to the biology of the cellular hierarchy in the mammary gland, and
support the idea that lineage-specific progenitors are the major contributors to growth and
maintenance of the postnatal gland. Taken together, the original findings by DeOme and
others not only seeded the concept of mammary stem cells, but also provided the technical
advances essential to both identify and elucidate the biological function of the gland’s
cellular hierarchy.

IV. Defining Epithelial and Stromal Interactions Through Tissue
Recombination

In 1953, a series of papers published by Clifford Grobstein implicated epithelial-
mesenchymal interaction as a key effector of organ morphogenesis [21]. Since mammary
reconstitution separates stromal and epithelial components between host and recipient, this
method can be used to investigate tissue-tissue interactions during mammary development.
Two different techniques are typically employed in recombination experiments. The first
method uses the standard mammary reconstitution technique where mammary tissue
fragments or dissociated cells are transplanted into cleared fat pads of recipient mice. The
second method involves dissecting epithelium from one animal, recombining it with stroma
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from another, and placing the tissue recombinant under the kidney capsule of recipient mice.
Early studies by Kratochwil using tissue recombination demonstrated the importance of
mammary stroma on morphogenesis of the mammary gland. His experiments showed that
mammary tissue, dissected from the embryonic anlagen and recombined with submandibular
mesenchyme, developed salivary morphology in organ culture [22]. Subsequent studies by
Sakakura and Nishizuka using kidney capsule transplants supported this observation, but
further demonstrated that functional differentiation of mammary epithelium was not entirely
lost; recombinants of mammary epithelium and submandibular mesenchyme were capable
of producing milk in pregnant recipients [23]. These studies presented some of the first
evidence that epithelial-mesenchymal interactions were important for dictating glandular
morphology.

When used in conjunction with genetically engineered mouse models, tissue recombination
studies provide a powerful method to investigate specific genetic modulators of stromal-
epithelial interactions during mammary development. An additional benefit of mammary
reconstitution is the ability to rescue mammary tissue from genetically engineered mice
exhibiting late embryonic or perinatal lethality. Both of these applications have contributed
to understanding the role of many signaling pathways in mammary development [24–25];
we will use epidermal growth factor receptor (EGFR) signaling as an example to illustrate
this point.

The EGFR ligand, epidermal growth factor (EGF), had long been known to influence the
growth of mammary glands [26–27], but it was unknown whether EGF elicited a direct or
indirect effect on epithelium. In 1999, a paper by Wiesen et al. provided insight on the
stromal requirement of this signaling pathway on mammary development. Since most
EGFR−/− mice die soon after birth as a result of intestinal and pulmonary defects, the
authors performed mammary gland rescue experiments by recombining immature EGFR−/−

or EGFR+/+ mammary tissue with EGFR−/− or EGFR+/+ fat pads. While neither the
EGFR−/− nor EGFR+/+ epithelial cells could generate outgrowths when recombined with
EGFR−/− stroma, either EGFR+/+ or EGFR−/− cells established outgrowths when
recombined with EGFR+/+ stroma [28]. This study demonstrated the importance of EGFR
signaling in the stroma, and not in the epithelium, for ductal morphogenesis.

Building on this research, Sternlicht and colleagues published a study that further elaborated
on the EGFR crosstalk between epithelial and stromal cells in mammary development.
Knowing that ductal development was impaired in mice carrying knockout alleles of an
EGFR ligand, amphiregulin (Areg) [29], the authors investigated whether proteolytic
shedding of Areg by ADAM metallopeptidase domain 17 (Adam17) was also required for
mammary development. Similar to EGFR knockout mice, Adam17−/− mice exhibited
perinatal lethality, requiring rescue of mammary epithelium by transplantation. Using tissue
recombination and mammary reconstitution, the authors demonstrated a requirement for
Adam17 expression in mammary epithelium, but not stroma [30]. Put together, the studies
by Wiesen and Sternlicht support a model where Areg is shed from epithelial cells by
ADAM17, which activates EGFR on stromal cells. EGFR activation then induces stromally-
derived effectors of branching morphogenesis that then act on the epithelium (reviewed in
Sternlicht 2008 [31]). These data not only established a model for EGFR signaling in
epithelial-stromal crosstalk, but also illustrated the effectiveness of tissue transplantation as
an investigative tool in mammary gland biology.
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V. Complex Cell Culture Systems for Studying Mammary Growth and
Differentiation

Cell culture on plastic is a highly artificial and foreign environment to mammary epithelial
cells. When cultured on plastic or glass substratums, primary mammary epithelial cells
rapidly lose differentiation markers and respond only partially to stimulation with lactogenic
hormones. As a result, early attempts to study the induction of mammary differentiation in
culture were largely unsuccessful. In contrast, studies by Elias and others in the late 1950s
and 1960s showed that whole organ culture of mammary glands derived from pregnant mice
and maintained in media containing lactogenic hormones were able to undergo alveolar
differentiation[32–33]. These early studies suggested that mammary epithelium did not have
an intrinsic capacity to undergo differentiation when cultured directly on dishes, but stromal
or matrix components were required for lactation.

In the late 1970s, studies by Emerman, Pitelka, and others attempted to isolate the extrinsic
tissue constituents necessary for differentiation of mammary epithelial cells. Their studies
demonstrated that culturing methods had a significant influence on morphological and
functional differentiation of mammary epithelial cells. They showed that primary mammary
epithelial cells grown on different substrates, including plastic, glass and collagen I gels,
were not able to differentiate in the presence of lactogenic hormones. However, when cells
were cultured on collagen I gels that were detached from plates and floating in medium, the
cells exhibited dramatic changes: they showed secretory morphology, exited the cell cycle,
and secreted casein into the media [34–35]. Interestingly, later studies would show that this
effect was not observed when floating gels were made rigid by glutaraldehyde fixation [36].
Thus, mammary epithelial cells were able to functionally differentiate when grown on a
flexible (floating) substratum of collagen I. The question remained, however, whether the
critical factor(s) for differentiation was direct epithelial interactions with collagen I, an
interstitial stromal protein that is not abundant around mammary epithelial cells, or an effect
of the reduced rigidity of the floating gel. Answers to these questions would come in the
subsequent decade.

Directly surrounding the myoepithelium is a complex proteinaceous matrix called the
basement membrane (BM), which contains collagen IV, laminin proteins, heparin sulfate
proetoglycans, nidogens and perlecan [37]. Interactions between the epithelium and BM are
dynamic during different stages of mammary growth and differentiation. In non-pregnant
mice, luminal epithelial cells are nearly completely sheathed by myoepithelial cells,
resulting in sparse interactions between luminal cells and BM. In contrast, during lactation,
alveolar cells have significantly more exposure to BM [38]. The importance of BM
interactions on alveolar differentiation was not fully realized until the 1980s when Wicha
and colleagues directly linked the presence of BM with milk production. They developed an
acellular biomatrix consisting of extracellular matrix derived from rat mammary glands, and
assessed alveolar differentiation of rat mammary epithelial cells cultured on this matrix.
Their study showed that mammary epithelial cells cultured on floating biomatrix in the
presence of insulin, prolactin, and hydrocortisone produced 10-times more α-lactalbumin
after ten days in culture than cells cultured on floating collagen gels. Moreover, cells
cultured on biomatrix that was attached to the plate produced 50-times more α-lactalbumin
than cells cultured directly on plastic [39–40]. These data demonstrated that ECM derived
from the mammary gland was superior to collagen I for alveolar differentiation.

Engelbreth-Holm-Swarm tumor (EHS) is a transplantable mouse tumor that produces
copious amounts of BM protein - an attribute that has been widely exploited and has
contributed to important discoveries in mammary growth and differentiation. EHS tumors
became a valuable resource for isolating BM proteins and investigating their
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macromolecular complexes. In the late 1970s, Timpl and colleagues isolated a non-
collagenous protein constituent of the BM from EHS tumors and named the protein laminin
[41]. This protein would later become known as a critical effector of alveolar differentiation.
In 1986, a paper by Kleinman et al. showed that protein fractions of EHS matrix formed a
resilient gel containing a defined proportion of laminin, collagen IV, heparin sulfate
proteoglycan, nidogen and entactin. They further demonstrated the biological activity of the
gel by showing it affected the morphology and pigmentation of B16C3 melanoma cells
cultured on the gel [42]. An important technical advance attributed to this study was the
development of a convenient, durable gel to assess the effects of BM on cell growth and
differentiation. This gel, which would later be commercialized as Matrigel™, was
instrumental for studies that would identify the molecular association between BM and
lactation.

EHS matrix provided an appropriate substratum to characterize the effects of BM on
differentiation of mammary epithelial cells. In 1986, a publication by Li et al. demonstrated
that mammary epithelial cells cultured on EHS matrix exhibited several morphological
features consistent with alveolar differentiation, including apical located microvilli,
extensive rough endoplasmic reticulum, and evidence of secretory activity. Using β-casein
as a measure of functional differentiation, they observed that cells cultured on attached or
floating EHS gels produced 6-fold and 20-fold more protein, respectively, than cells
cultured on floating collagen gels. They also demonstrated that over 90% of mammary
epithelial cells grown on EHS gels produced β-casein, while only 30–40% of cells grown on
released collagen I gels were immune-reactive for milk protein [43]. These studies
demonstrated that functional differences in mammary differentiation could arise due to the
influence of various extracellular matrix components (collagen I versus EHS) and/or distinct
culturing methods (floating versus attached gels). A series of papers published by Streuli et
al. in the early 1990s provided a mechanism that unified these observations. The first paper,
published in 1990, revealed that floating collagen I cultures were not inherently permissive
for mammary differentiation. Rather, floating gels enabled cells to deposit BM, which was
necessary for their differentiation. The authors demonstrated that cells grown on plastic or
attached collagen I gels failed to produce substantial laminin or collagen IV, and
subsequently produced only a limited quantity of milk protein. In contrast, cells cultured on
floating collagen I gels generated an extensive BM substrata and produced an abundance of
caseins [44]. A follow up study further defined the cell-cell and cell-BM interactions critical
for mammary differentiation. Streuli and colleagues demonstrated that β-casein expression
occurred independent of both cell-cell contact and cell polarity. They further showed that
β1-integrin, a co-receptor for laminin, was required for differentiation by demonstrating that
culturing cells with a pan-specific β1-integrin antibody effectively blocked β-casein
expression [45]. This was the first of many studies that established the importance of
integrin-mediated interactions between mammary epithelial cells and BM proteins for
functional differentiation [46–47].

In addition to its application in differentiation studies, EHS matrix has been used as an in
vitro means to investigate the molecular mechanisms of branching morphogenesis. While
several key effectors of mammary ductal development have been identified, many of the
molecular pathways regulating ductal morphogenesis are poorly understood. An “organoid”
system, originally described by Simian et al. and later modified by Fata et al., provides a
method to study branching and lateral budding in vitro [48–49]. Organoids are defined as
large, multi-cellular fragments of mammary ducts that maintain the cellular composition and
organization of the ductal epithelium. When embedded in EHS matrix and cultured in
defined media with growth factors, organoids undergo morphological changes that replicate
the nascent budding of ducts in vivo, including maintenance of ductal polarity (Figure 2 A–
J). Using this 3-dimensional (3D) culturing method in combination with time-lapse imaging,
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Ewald and colleagues imaged organoids to investigate the cellular processes of branching
morphogenesis. They defined several distinct phases of growth in the 3D cultures, including
complex cyst formation, and pre-invasive and invasive stages of branching, each of which
exhibited a unique cellular organization. Using soluble kinase inhibitors, they identified Rac
and myosin light-chain kinase as key regulators of branching morphogenesis, and further
proposed a model that luminal epithelial cells use collective migration to invade through
EHS matrix [50]. Taken together, these studies reveal the utility of EHS matrix and complex
3D culture systems to investigate the molecular mechanisms of mammary differentiation
and branching morphogenesis in vitro.

VI. Advances in Viral-Based Systems for Establishing Genetically-Modified
Mammary Outgrowths

The ability to maintain primary mammary cells in short-term culture without loss of stem
cell activity permits viral-mediated transduction prior to transplantation, in order to establish
transgenic mammary outgrowths. Early studies that took advantage of this method were
primarily focused on oncogenic transformation of the gland [51–53]. In 1991, Smith and
colleagues introduced a non-oncogenic gene, LacZ, into primary mammary epithelial
cultures by retroviral-transduction, and used flow cytometry to select LacZ expressing cells
prior to transplantation. The resulting outgrowths exhibited LacZ expression in ducts and
lobulo-alveoli, demonstrating the feasibility of using retroviruses combined with mammary
reconstitution to establish genetically-modified glands [54]. However, the technique was
inefficient, particularly with early generation retroviruses and, until recently, few studies
used viral-mediated methods to investigate normal mammary development.

In the 1990s, the explosion of gene therapy research spawned the development of potent
vectors for gene delivery. Emerging during this period were replication-incompetent
adenovirus-based vectors that enabled efficient, transient expression of exogenous genes in
targeted cells. At the same time, Cre/loxP recombination became a major technical advance
for establishing conditional genetic knockouts. In 2001, Rijnkels and Rosen et al. combined
these methodologies to establish mammary outgrowths with conditional knockout of a gene
flanked by loxP sites (floxed). They infected primary mammary cells isolated from ROSA
26 LacZ reporter mice (which express LacZ only following Cre-mediated recombination)
with an adenovirus containing Cre recominase, and transplanted the cells into cleared
mammary fat pads. Primary and secondary outgrowths derived from infected cells exhibited
LacZ expression, indicating that adenovirus could effectively target mammary stem or
progenitor cells and could therefore be used to genetically modify the mammary gland [55].

Depending on the efficiency of viral transduction, transplantation of infected populations of
cells can lead to a mosaic outgrowth. While often an undesirable outcome, the mosaic nature
of virally-modified outgrowths can be advantageous for some studies. Experimental somatic
mosaicism is commonly employed in model organisms such as Drosophila, in order to
investigate both the cell autonomy of genetic events and mutations that would otherwise be
embryonic lethal in a germline null background [56]. Taking advantage of this experimental
approach, Lu and colleagues used genetic mosaicism to study the competitive advantage of
fibroblast growth factor receptor 2 (FGFR2) expression during ductal morphogenesis. They
relied on conditional FGFR2 knockout experiments for their study due to the embryonic
lethality of FGFR2 null mice. Mammary epithelial cells derived from floxed FGFR2 mice,
which also contained the ROSA 26 LacZ reporter allele, were infected with Cre-expressing
adenovirus, resulting in infection of 50–70% of cells. They transplanted the mixed pool of
infected and uninfected cells and stained outgrowths with X-gal to detect LacZ activity as a
marker for FGFR2 null cells. Outgrowths exhibited FGFR2 deletion only in ducts proximal
to the injection site, while more distal ductal outgrowths were almost exclusively composed
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of wild type (WT) cells. In a complementary experiment, whereby mice carrying the floxed
FGFR2 gene were crossed to MMTV-Cre transgenic mice to allow for conditional deletion
in intact mammary glands, FGFR2 loss was again observed predominantly in ducts located
proximal to the nipple, while distal ducts were largely FGFR2 WT. The authors further
determined that FGFR2 deletion was associated with reduced proliferation specifically
within FGFR2-null cells located in TEBs, but not FGFR2-null cells in mature ducts [57].
These data demonstrated the cell-autonomous effects of FGFR2 loss specifically on
proliferating cells during ductal morphogenesis, and highlight the utility of using
experimental somatic mosaicism for studying mechanisms of mammary development.

Competition between cells during ductal morphogenesis and mammary outgrowth poses a
significant challenge when using viral transduction and transplantation to study genetic
inhibitors of mammary development. Unless the vast majority of stem and progenitor cells
contain the genetic modification, outgrowths will preferentially develop from uninfected
WT cells. Significant enhancements to viral vector systems and recent optimization of
infection methods have improved the effectiveness of this technique (Figure 2 K–L). Several
groups have now demonstrated the effectiveness of viral-mediated transduction and
mammary reconstitution to study signaling pathways important for mammary development
and alveolar differentiation [58–59]. Recently, Bouras and Pal et al. used retrovirus-
mediated shRNA knockdown of Cbf1, a transcriptional co-regulator of Notch signaling, to
investigate effectors of mammary stem cell differentiation. They showed that mammary
outgrowths transduced with retroviruses expressing an shRNA against Cbf1 exhibited an
increase in stem cell activity, as measured by both limiting dilution transplantation and
FACS analysis of CD29hi/CD24+ cells, and an expansion of the myoepithelial cell
compartment within TEBs [60]. This study demonstrated that Notch signaling imparts a
negative effect on stem cells and promotes the expansion of luminal cells during ductal
development. Virus-mediated shRNA knockdown has also been used to investigate
transcriptional effectors of alveolar differentiation. Vafaizadeh et al. reported a modified
infection method and used this technique to infect mammary epithelial cells with a lentivirus
expressing an shRNA against Stat5a/b. They showed that knockdown of Stat5 did not affect
ductal development, but impaired both side branching and alveolar differentiation, and
reduced the CD24+/CD29low/CD61+ luminal cell population [61]. These studies
demonstrate the utility of combining mammary transplantation with viral transduction to
establish genetically modified mammary outgrowths for functionally dissecting molecular
pathways of growth and differentiation.

VII. Conclusion
The impact of the mouse mammary gland as an experimental tool for investigating diverse
mechanisms of organ development has been argued to parallel the Drosophila eye for
invertebrate genetics [62]. This analogy may be debatable but it is clear that, through the
pioneering efforts of many creative investigators over the last fifty years, we have a deep
understanding of the highly coordinated cellular and molecular mechanisms that regulate
mammary development, differentiation, and transformation in vivo and in vitro. Future
studies on mammary gland biology will surely benefit from the innovative technical
advances that are achievable in the context of this unique organ.

Highlights

• Diverse molecular, cellular and hormonal pathways regulate the growth and
differentiation of the mouse mammary gland.
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• These developmental processes are uniquely accessible to investigation through
a variety of powerful experimental techniques that developed from over fifty
years of research.

• The experimental methods discussed here include mammary gland
transplantation, tissue reconstitution, complex cell culture systems, and viral-
mediated establishment of genetically-modified mammary outgrowths.
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Figure 1. Schematic representation of postnatal mammary gland development and sources for
transplantable tissue
A) Four stages of postnatal mammary gland development in the mouse are depicted. In pre-
puberty, the ducts are small and located proximal to the nipple. At three weeks of age
puberty commences, marking the beginning of ductal morphogenesis. Highly proliferative
terminal end buds, which invade the mammary fat pad, form at the distal tip of ducts.
Puberty completes when the ductal network reaches the end of the fat pad. During late
pregnancy and lactation, lobulo-alveoli develop along ducts and fill the interductal space of
the fat pad. After weaning, the gland remodels back to the mature state during involution.
The “mammary cycle“ occurs with each round of pregnancy and involution. FP= fat pad,
LN= lymph node, TEB= terminal end bud
B) Prior to puberty, the rudimentary gland can be surgically removed and mammary tissue
or dissociated cells can be transplanted into the cleared fat pad. A variety of different cells
and tissues can be transplanted into the mammary gland or grown in complex culture
systems.
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Figure 2. Organoid 3D culture and mammary reconstitution
Primary MECs grown in EHS matrix develop into organoids that retain the cellular
organization, polarity and differentiation capacity of the mammary gland. A-D) Aggregated
primary MECs were embedded in EHS matrix and cultured for 140 hours. A and B)
Organoids organize into hollow cysts by 24-48 hours. C) Cysts collapse and begin branching
around 72 hours in culture. D) By 140 hours the cyst is fully branched. E-G)
Immunofluorescence of organoids that show the cellular organization of myoepithelial cells
(Keratin 14, red) and luminal cells (Keratin 18, green). E) Top F) middle and G) bottom of
cyst. H) Mouse mammary gland immunofluorescence of myoepithelial cells (smooth-muscle
α-actin, red) and luminal cells (mucin, green). I) High magnification of Keratin 14 (red) and
Keratin 18 (green) cells in a cyst growing in EHS matrix showing the distinct myoepithelial
and luminal cell layers. J) Magnified image of a cyst growing in EHS matrix demonstrating
polarity of luminal cells with smooth-muscle α-actin in red and the apical marker ZO1 in
green. K-L) Viral-mediated genetic modification of MEC's in culture and a mammary
outgrowth. K) A cyst grown in EHS matrix derived from a MEC transduced with a GFP
expressing lentivirus. L) Mammary outgrowth derived from MECs transduced with a GFP
expressing lentivirus. A-D) Scale bar=50um E-G) Scale bar=20um H) Scale bar=25um K-L)
Scale bar=1mm
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