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Abstract
The mammary gland is an ideal “model organism” for studying tissue specificity and gene
expression in mammals: it is one of the few organs that develop after birth and it undergoes
multiple cycles of growth, differentiation and regression during the animal’s lifetime in
preparation for the important function of lactation. The basic “functional differentiation” unit in
the gland is the mammary acinus made up of a layer of polarized epithelial cells specialized for
milk production surrounded by myoepithelial contractile cells, and the two-layered structure is
surrounded by basement membrane. Much knowledge about the regulation of mammary gland
development has been acquired from studying the physiology of the gland and of lactation in
rodents. Culture studies, however, were hampered by the inability to maintain functional
differentiation on conventional tissue culture plastic. We now know that the microenvironment,
including the extracellular matrix and tissue architecture, plays a crucial role in directing
functional differentiation of organs. Thus, in order for culture systems to be effective experimental
models, they need to recapitulate the basic unit of differentiated function in the tissue or organ and
to maintain its three-dimensional (3D) structure. Mouse mammary culture models evolved from
basic monolayers of cells to an array of complex 3D systems that observe the importance of the
microenvironment in dictating proper tissue function and structure. In this chapter, we focus on
how 3D mouse mammary epithelial cultures have enabled investigators to gain a better
understanding of the organization, development and function of the acinus, and to identify key
molecular, structural, and mechanical cues important for maintaining mammary function and
architecture. The accompanying chapter of Vidi et al. describes 3D models developed for human
cells. Here, we describe how mouse primary epithelial cells and cell lines—essentially those we
use in our laboratory—are cultured in relevant 3D microenvironments. We focus on the design of
functional assays that enable us to understand the intricate signaling events underlying mammary
gland biology, and address the advantages and limitations of the different culture settings. Finally
we also discuss how advances in bioengineering tools may help towards the ultimate goal of
building tissues and organs in culture for basic research and clinical studies.
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1. Introduction
1.1. Rationale for Using Rodent Culture Models to Understand Human Disease

Biological research has been hampered by the inability to sustain functional differentiation
in organs and tissues ex vivo for long enough to allow for adequate experimentation. In
addition, tissue samples of human origin are scarce, and the ethical constraints guiding their
use necessitate that we find alternative model organisms for study. Rodents and particularly
mice have emerged as the species of choice in biological research: they are sufficiently
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similar to humans anatomically and physiologically, although the differences need to be kept
in mind at all times. In addition, they are small and easy to handle and breed, and their short
life span and rapid reproductive rate make it possible to study development and disease
processes and to generate statistically significant data sets. Standardization of mouse
research was possible by the generation of inbred lines of laboratory mice. This was
essential initially to circumvent issues of genetic variability among animals, and as such
made it possible to replicate experiments more rigorously. Genetic engineering in mice was
another milestone for biological research. The versatility of engineered mice allows
investigators to probe for the role of specific genes in growth, development, and disease, and
thus, these animals have become important model systems for human diseases and an
essential component for clinical and pharmaceutical research (1).

Nevertheless, research with rodents is not ideal, not only because it is constrained by ethical
guidelines as it should be, but also because of issues of systemic and physiological
differences between humans and rodents and variability among different strains of animals,
as well as among litter mates. Also, the generation of pure laboratory strains, while useful
for genetic analysis, does not encapsulate the heterogeneity of human population. Both
concerns are especially relevant when large numbers of samples are required. Furthermore,
whole animal experiments make it difficult to dissect molecular events at the cellular level.
Thus, the use of cultured cells remains a necessity.

1.2. Structure and Function of the Rodent Mammary Gland
The basic function of the mammary gland is to make milk for the infant. As such the
structural unit of mammary function is the acinus: a bilayered tube of two epithelial cell
types that surround a hollow lumen where milk is secreted vectorially en route to the nipple
via a branched ductal system. Luminal epithelial cells (Leps) are surrounded by contractile
myoepithelial cells (Meps) and both cell layers are encapsulated by a basement membrane
(BM) and surrounded by stroma including the immune cells (see Fig. 1a). Despite
differences between the mouse mammary gland and the human breast, the acinar unit of
function is largely similar in the two species, making it a suitable surrogate for the human
mammary unit of function. Observations from the mouse mammary gland can be transferred
to the human breast, and this exchange of information has been invaluable for the gradual
development of mammary culture systems from monotypic 3D cultures, to multicellular
cocultures, to in vivo xenograft models.

Each of the 3D models may be used independently and represents a physiologically relevant
assay capable of answering a specific question. However, when used as a series and
engineered with common components, these models become invaluable tools for identifying
and testing disease-related mechanisms, and enable the design or the use of effective drug
therapies. Finally, the mouse mammary fat pad may be “humanized” by repopulating it with
human breast cells, and may serve then as a more faithful model to the human
microenvironment to circumvent the problems pertaining to species differences (2–4).

To use the mammary acinus as an experimental model in culture, it is important to
appreciate how the mammary gland develops and attains its function in vivo. In the mouse,
there are five pairs of mammary glands, which reside in the fat pads located just below the
skin. They extend from the thoracic (three pairs) to the inguinal (two pairs) regions of the
animal along the milk line (see Fig. 1b). Each fat pad has an exterior nipple connected to the
primary epithelial duct where milk is released after it is pumped by myoepithelial cells from
the luminal space of the acini (5, 6). Mammary gland development occurs in two phases:
ductal growth and early alveolar development during puberty. In addition, alveolar growth,
expansion and differentiation occur with each pregnancy and lactation, followed by a period
of epithelial remodeling during post-lactational involution. Before birth, a rudimentary

Mroue and Bissell Page 2

Methods Mol Biol. Author manuscript; available in PMC 2014 January 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



ductal structure that originates from the parenchyma extends in the fat pad (5). This
epithelial structure then remains dormant until approximately 3 weeks of age, when it
becomes stimulated by the ovarian hormones (7). At this time, a cluster of epithelial cells
termed the terminal end buds (TEBs) appears at the end of the mammary ducts and the
process of ductal elongation begins (8–10), and continues until approximately 10–12 weeks
of age at which time the TEBs reach the limits of the fat pad and regress. With the onset of
the estrous cycle at puberty, the gland begins to branch and alveolar buds are formed.
During pregnancy, the changes in the hormonal and local environment allow alveolar
development to progress and to establish a gland that is filled densely with alveolar bodies
(11). Concomitantly, mammary epithelial cells within the gland begin to attain their
differential ability to synthesize specific milk constituents, such that by parturition,
functional lactogenesis is realized. At parturition, the alveoli begin abundant milk secretion,
which continues for about 3 weeks (12–16).

At weaning, the gland begins a process of tissue remodeling (involution) which involves
orchestrated apoptosis of mammary epithelial cells and the remodeling back to a state
somewhat similar, but not identical, to the pre-pregnant gland architecture (17–20) (see Fig.
1c). The process of involution takes approximately 2 weeks to complete in rodents, after
which the gland is ready to initiate another cycle of pregnancy, lactation, and involution.

1.3. Modeling Mammary Gland Functional Differentiation and Morphogenesis in Culture
The mammary acinus exists in the context of a rich stromal and extracellular matrix (ECM)
milieu that is constantly changing and is subject to signaling cues from a variety of
hormones and growth factors. It has been known for decades that whereas cells in
monolayers lose functional differentiation even in the presence of lactogenic hormones, the
same cells transplanted into the gland-free fat pads of mice form tubular structures and are
able to respond to the correct hormonal cues (21, 22). It is obvious that either the cellular
microenvironment surrounding mammary epithelial cells exerts an essential role in driving
their functional differentiation, or systemic factors not present in culture are operating in
vivo. The work of Michalopoulos and Pitot (1976), who used floating collagen gels for
hepatocytes, was followed by studies from Emerman and Pitelka in the 70s and
subsequently in our laboratory where both floating collagen-I (Col-I) gels and laminin-rich
ECM gels (lrECM) were used to grow mouse primary mammary epithelial cells (23–26). In
contrast to cells cultured on attached Col-I gels, mammary epithelial cells grown on floated
collagen gels reorganized and formed secretory structures capable of de novo expression of
milk proteins (14, 26–28). On floating collagen (but not flat) gels, primary mammary
epithelial cells (MECs) clustered with basoapical polarity and junctions, expressed the milk
protein β-casein but not whey acidic protein (WAP) and did not form luminal alveolar
structures. When cultured in lrECM, primary mouse Leps assumed an in vivo-like structural
organization, secreted milk proteins into the lumen and under these conditions, they were
capable of expressing WAP (13), not expressed even when Col-I gels were floated (29).
Expression of WAP was possible because tight junctions were formed and were necessary to
keep TGFα, an inhibitor of WAP, away from its receptor (EGFR). In later studies,
laminin-111 (LN1) was shown to be the main component of the ECM that drives milk
protein expression (30). Cultures of single mouse cells within the collagen gels required
LN1 to express β-casein. It was later shown that LN1 modulates β-casein expression
partially by allowing cells to polarize, thus exposing the basolaterally localized prolactin
receptor (PrlR) to its ligand (Prl) which signals for β-casein synthesis (30, 31). Interestingly,
a study done in collaboration with the Petersen laboratory, using primary human Leps
revealed that Leps cultured inside collagen gels form clusters of similar size and quiescence
to those formed inside lrECM but were “inside out,” i.e., had reverse polarity. Correct
polarity could be established if LN1 was added to collagen gels (32) confirming the role of
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LN1 in inducing acinar polarity. Whether or not purified mouse Leps also form inside out
clusters in collagen has not been reported. In the experiments performed by Streuli et al. (30)
with unfractionated epithelial cells (i.e., containing both Leps and Meps) in collagen gels,
mouse cells were able to make endogenous LN1 providing the needed ligand for β1 integrin
and signaling for milk production.

The structural scaffold that surrounds the cells in their native 3D environment is the
basement membrane (BM), a specialized and heterogeneous entity within the ECM (33, 34).
In fact, the ECM is not a static standalone entity: its composition is under the control of
physiological effectors such as growth factors, cytokines, and hormones and thus is
continuously changing during developmental stages, aging, tissue repair, as well as during
tumor progression (33, 35). In turn, the ECM structure and its constituents regulate growth,
differentiation and survival of cells within tissues. For example in the mammary gland, the
specialized BM containing collagen IV and laminin-1 yields better expression of genes
encoding milk proteins (36–39), but a Col-I rich ECM would favor tubular growth under the
right hormonal stimulation (40–42) For further description of these assays please refer to the
upcoming Subheadings 1.3.1 and 1.3.2.

Signals from the ECM are relayed to the cells via surface receptors that translate the
biochemical and mechanical stimuli into a cellular and nuclear response (30, 43). ECM
receptors are formed largely by the integrin family of proteins although for milk proteins,
dystroglycan has been shown to be involved as well (44). As mentioned earlier, the prolactin
receptor is also required for milk proteins to be expressed, and in order for these receptors to
receive the signal from their ligands, they need to be present in the correct mechanical and
structural platform (31, 45).

In addition to ECM and hormone signaling, the role of neighboring cells and intercellular
interactions within the tissue are important for functional differentiation (46–48). Currently,
mammary culture systems range from monotypic cell culture models grown in the
appropriate 3D microenvironment to cocultures of Leps and Meps (32, 49) and cocultures of
epithelial and endothelial cells as well as Leps and stromal fibroblasts (50–53), in addition to
culturing pieces of the epithelial tissue in different gels referred to as organoid cultures (54,
55). More models still need to be developed to include the entire spectrum of cell–cell
interactions found within the mammary gland. Equipped with this growing array of culture
systems, it would be easier for investigators to probe for a variety of molecular signaling
events that otherwise would be difficult in the whole organism, and artifactual on monolayer
cultures (56) (see Subheadings 1.3.1 and 1.3.2).

1.3.1. Differentiation—The mammary acinus in culture provides a reliable functional
readout, namely, the expression of milk proteins and vectorial secretion of milk into the
lumen (13). The concept was extended to the human cells and used as an assay for
distinguishing normal and malignant phenotypes rapidly and reproducibly (57) (for further
details please refer to the accompanying chapter by Vidi et al.). Despite our inability to
recapitulate the whole organ structure in culture as yet, 3D models of the mammary acinus
have provided ample information on the molecular events that contribute to differentiation.
These assays have allowed investigators to dissect the hierarchy of the processes that
establish tissue function (58). Functional differentiation in the mammary acinus comprises
two components: architectural reorganization that allows the formation of a polarized
structure, which ultimately enables synthesis and vectorial secretion of milk.

Using the floating Col-I gel methodology developed by Michalopoulos and Pitot (25),
Emerman and Pitelka first demonstrated that mammary epithelial cells (MECs) cultured on
top of collagen gels which subsequently were allowed to float assumed a cuboidal
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morphology and expressed some milk proteins (26). In a follow up study, we showed that
MECs cultured in floating Col-I gels, were able to become polar and functional by
depositing Collagen-IV and LN1 vectorially to the basal surface of the floating gels, which
once assembled into a BM would allow the de novo expression of some of the milk proteins
the most prominent being β-casein (59). To determine the minimum requirement for
expression of β-casein and whether or not single mammary cells could produce this milk
protein without cell–cell interactions, we cultured primary mouse Leps inside collagen gels.
We then added different BM molecules and showed that LN-1—but not other BM proteins
—could induce expression of β-casein (30). Cell–cell interactions however, are essential to
allow β-casein expression in the absence of exogenously provided LN1-rich BM (30). This
conclusion correlated with the previous findings from floating Col-I gel where cells were
able to deposit a BM and make some of the milk proteins (26, 27). When grown on top or
inside lrECM, however, primary mouse cells (see Fig. 2a) can express abundant milk
proteins including WAP, indicating the importance of the acinar morphology and tight
junctions in formation of WAP and presumably other milk-specific molecules not measured
in those studies.

Signals from the BM and specifically from LN1 were found to be relayed mainly through
the integrin family of heterodimeric proteins and specifically through β1- and β4-integrins
(60–62). Dystroglycan (DG), another LN1 binding partner, was found to be required along
with integrin to induce polarization and β-casein expression associated with LN1 signaling,
and functions by helping laminin anchoring at the cell surface (63). Whereas cultures on
floating Col-I gels and lrECM gels enabled copious expression of β-casein, WAP, another
major milk protein, was poorly expressed even in primary cultures. This is because unlike β-
casein which can be expressed even in single cells as long as LN1 and prolactin are present,
WAP is not expressed until cells form complete acini with tight junctions, allowing
separation of WAP’s inhibitor, TGF-α from its receptor, EGFR (29, 64). This temporally
regulated event whereby tight junction sealing separates the distinct apical and basal sides of
MEC’s is an important step in the completion of functional differentiation in the tissue. In
fact, polarization of cells and tissues is paramount for modulating the reception and
transmission of cues within and between cells and is a major contributor to tissue-specific
functions. In the mammary acinus, correct polarization of Leps ensures that the basal side of
the cells receives the appropriate signaling cues from the surrounding BM, ECM, Meps, and
from circulating hormones, and that the apical side of the cell, delivers milk vectorially into
the lumen for further transport into the ductal system towards the nipple. Tissue polarity is
important for proper presentation of surface molecules and receptors to their ligands. Indeed
even in the case of β-casein, we showed this principle again recently: mammary epithelial
cells on 2D culture plastic, under differentiation-permissive conditions were unable to
sustain activation of transcription factor STAT5 by its upstream regulator, prolactin (Prl).
The study revealed that the Prl receptor was localized basally under these conditions and
thus it is not available to the ligand, Prl, which is usually placed in the culture medium.
However, when cells were grown either on a nonadhesive substratum with LN1 or on top of
3D lrECM gels, Prl was able to bind to the exposed receptor and could activate STAT5
transiently. Nevertheless, continuous exposure to LN1 was further essential to allow
reorganization of the chromatin and to sustain activation of STAT5 permitting continued
milk protein expression (31).

Using β-casein as the functional readout, it was possible to develop assays to probe the
relationship between the extracellular environment and the nucleus and how the cross-talk
between the two is essential for tissue-specific functions (31, 65–67). We discovered the
first ECM-response element in the promoter of the β-casein gene and later established that
the chromatin context and histone acetylation/deacetylation played essential roles in ECM-
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mediated nuclear changes that in turn lead to the establishment of tissue-specific gene
expression supporting the postulated model of “Dynamic Reciprocity” (65, 68–70).

1.3.2. Branching Morphogenesis and Pattern Formation—Branching
morphogenesis in the nulliparous mouse results from an intricate interplay between the cells
and the extrinsic factors. Earlier studies from our laboratory and others established the
importance of ECM remodeling enzymes (metalloproteinases: MMPs) in driving invasion
into the fat pad and branching of the mammary epithelium (71–73). The process could be
simulated in culture by embedding mammary epithelial cells in collagen-I gels and
stimulating them with growth factors that favor branch formation (42, 55, 74).

In the assay described above, it is not easy to investigate the role of positional control in the
process of branching. To separate positional control from simple growth and invasion, we
developed a micropatterned assay where cells were placed between a collagen “sandwich”
and where the results of 50 or more wells could be imaged and binarized, allowing a rapid
read out and meaningful statistics to study how positional cues dictate the initiation of
branching points (75). Using different geometric contexts to place the cells into, the assay
allowed us to discover that geometry influenced the secretion and activation of endogenous
TGF-β, which then would inhibit branching depending on the shape of the micropatterns
(75).

Morphogenesis in the gland of pregnant mice takes the form of alveologenesis, a process by
which lobules of the milk-producing acini are formed. This process can be modeled by
replacing the composition of the ECM gel from Col-I to lrECM (see Fig. 2b, c). This is yet
another example of how the nature of the ECM molecules allows unique aspects of growth
and functional differentiation to be studied. In this latter assay, MECs (primary or
established lines that are clustered as described later, or organoids from the mammary gland)
are embedded in an lrECM gel and stimulated with growth factors such as TGF-α (76).
Under these conditions, mammary epithelial cells undergo a growth and remodeling process
that resembles the structure of the “alveoli” in the mammary gland (see Fig. 2c) during
pregnancy and lactation, rather than branching ducts (see Fig. 2b). The use of the
alveologenesis assay enabled our laboratory to uncover a critical role for MAPK signaling
and its downstream molecules in promoting alveolar growth (76).

These studies clearly demonstrate that one can create “designer microenvironments” (77) in
3D to answer questions that are otherwise too difficult to address in the organism. This is
made possible by modulating the type and organization of the culture substrata to model
different aspects of mammary growth and development. Nevertheless, many challenges
remain in making physiologically relevant culture systems and we refer to these in the
section below.

1.4. Current Limitations and Future Perspectives
3D mammary epithelial culture systems have greatly evolved since their early inception and
are still undergoing refinements aimed ultimately at recreating the entire organ in culture.
This will however require concerted efforts from many fields of science. The advent of tools
such as bio-engineered materials and nanotechnology has been a driving force in improving
available culture systems by allowing investigators to manipulate and control the cellular
microenvironment at multiple levels and scales. That is, they have provided means to control
the chemistry, geometry, and mechanics of culture settings with increasing precision. These
tools will ultimately allow us to replicate the gland in culture, and with rigorous controls it
will be possible to answer questions pertaining to particular developmental stages and
environmental constraints in vivo.
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There are still, however, many challenges ahead and many questions to answer. We still lack
a profound knowledge of the complex array of signals generated from the ECM. Signaling
from laminin-1 through both integrin and non-integrin (e.g., dystroglycan) receptors is
required for BM and acinus formation and differentiation (62, 63). With a few exceptions,
currently we have limited knowledge of the functional roles of other BM components.
Moreover, it is not yet clear why it is that cells on 2D culture plastic are able to synthesize
BM molecules, but why they do not deposit a structurally intact BM that would eventually
drive reorganization of cells into their correct conformation in the tissue. However, it is now
possible to start to tackle these questions with the use of synthetic inert gels where purified
components of the BM are added. Ultimately, different components can be recombined
together to study the hierarchy of signaling events from the BM to the epithelium (78).

Unfortunately, simply adding different ECM and BM membrane components is not
sufficient to model the complexity of the microenvironment in vivo, especially given the
temporal regulation of signaling within a tissue. Our inability to model such complexity
confounds our interpretation of data derived from culture studies. One particular example of
this complexity is observed with the alveologenesis assay. Even though we are able to model
a process that phenotypically resembles alveolar growth in culture, we still do not know if
our alveologenesis assay is a true surrogate for alveolar growth and expansion that happens
during pregnancy, ultimately leading to lactation. However, it is evident that in the advances
we have made in building mammary epithelial culture systems, we have answered a number
of questions but also opened a whole array of new questions. It is important to recognize that
in order to obtain pertinent knowledge from culture systems, we should ask the relevant
questions and admit to the limitations of the models available. In the end the organ itself
remains the unit of function, and the integration of signals within the organ is what
ultimately provides tissue specificity (79).

2. Materials
The sources listed for the reagents are the current materials used in the Bissell laboratory.
We are not advocating their use. Other sources can be substituted, and we do that from time
to time depending on the availability, price, and purity.

2.1. Culture Medium for Primary Cells, Organoids, and EpH4 Cells
1. Dulbecco’s modified Eagle’s medium/Ham’s F-12 1:1 Mix Medium (DMEM/F12):

3.15 g/L Glucose, 0.365 g/L L-Glutamine, 3.754 g/L HEPES, 1.2 g/L NaHCO3 pH
7.3 (DMEM/F12, Life Technologies™).

2. Fetal Bovine Serum (FBS).

3. Prolactin (Sigma-Aldrich®): 1 mg/mL (30.3 IU/mL) in 26 mM (2.22 mg/mL)
sodium bicarbonate, filter-sterilized (0.22 µm filter), aliquoted, fast-frozen on dry
ice, and stored at −80°C. Prolactin is stable for 1 year at −80°C and 1 month at 4°C.

4. Insulin (Sigma-Aldrich®): dissolved as a 2 mg/mL concentrated stock in 5 mM
HCl. The stock solution is filter-sterilized, diluted to 100 µg/mL in filter-sterilized
MilliQ (ddH2O) water, aliquoted, fast-frozen on dry ice, and stored at −80°C.
Insulin solution is stable for 6 months at −80°C and 1 month at 4°C.

5. Hydrocortisone (Sigma-Aldrich®): Prepare a 5 mg/mL concentrated stock solution
in ethanol. The stock is further diluted to 0.5 mg/mL (1.4 10−3 M) in ethanol and
kept at −80°C. Hydrocortisone solution is stable for 1 year at −80°C and 1 month at
4°C.
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6. Insulin-Transferrin-Sodium Selenite media supplement (Sigma-Aldrich®):
lyophilized powder, diluted in MilliQ (ddH2O) water and filter-sterilized to a stock
of 1,000×. Stock solutions are aliquoted and stored for 6 months at −20°C or 1
month at 4°C.

7. Penicillin-Streptomycin Solution (Penicillin: 6,370 mg/mL; Streptomycin: 10,000
mg/mL): 100×.

8. Gentamicin solution (50 mg/mL): 100×.

9. Poly (2–hydroxyethyl methacrylate), polyHEMA (Sigma-Aldrich®): dissolved in
95% ethanol at 6 mg/mL.

10. Growth medium for organoids and primary cells (100 mL): 94 mL of DMEM/F12,
100 µL of ITS (1,000× dilution), 5 mL of FBS, 100 µL of gentamycin for a final
concentration of 50 µg/mL, 1 mL of Pen/Strep (100× dilution) (see Note 1).

11. Growth medium for cell lines (100 mL): 95 mL of DMEM/F12, 100 µL insulin for
a final concentration of 5 µg/mL, 2 mL of FBS, 100 µL of gentamycin for a final
concentration of 50 µg/mL.

12. Differentiation medium for organoids and primary cells (100 mL): 99 mL of
DMEM/F12, 100 µL of ITS (1,000× dilution), 100 µL of gentamycin for a final
concentration of 50 µg/mL, 1 mL of Pen/Strep (100× dilution), 100 µL of prolactin
for a final concentration of 3 µg/mL, 100 µL of hydrocortisone for a final
concentration of 1 µg/mL (see Note 1).

13. Differentiation medium for cell lines (100 mL): 100 mL DMEM/F12, 100 µL of
gentamycin for a final concentration of 50 µg/mL, 100 µL of insulin for a final
concentration of 5 µg/mL, 100 µL of prolactin for a final concentration of 3 µg/mL,
100 µL of hydrocortisone for a final concentration of 1 µg/mL.

2.2. Propagation of Primary Organoids, Cells, or EpH4 Cell Lines in 2D
1. 10 cm Cell culture plates.

2. Solution of trypsin (0.25%) and ethylenediamine tetraacetic acid (EDTA, 1 mM)
(Life Technologies™).

3. Purecol® (Advanced BioMatrix) diluted to a concentration of 1 mL in 44 mL of
phosphate buffered saline (PBS).

4. Cell Freeze solution: 10% Dimethyl Sulfoxide (DMSO) in 90% FBS.

2.3. Monoculture of Primary Cells, Organoids, or EpH4 Cells in 3D
1. 4-Well chamber slides (LabTek, Nunc) are used for immunostaining experiments.

2. 35-mm Tissue culture dishes are used for biochemical assays (protein, RNA, and
DNA extracts).

3. Multiwell plates (6, 12, 24, 48, and 96) are used depending on the type of assay and
the amount of cells needed.

1Fungizone (Amphotericin B) 100× can be used in primary organoid preparations to reduce the risk of contamination with mold but is
not necessary. It is suggested because primary preparations are messy and are easily contaminated, especially if you dissect in the
open air. If you do not want to use Fungizone in the medium, the mouse should originally be dissected in the hood and dipped in 70%
ethanol including the tail before dissection. In addition, the tools should be sterilized before the preparation. It is necessary to avoid
mouse hair and/or any other contamination in the preparation.
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4. DMEM (powder, Sigma-Aldrich®): to prepare 10× solution, dissolve DMEM
powder into 0.1 volume of H2O. Filtersterilize and store at −20°C in working
aliquots.

5. Basement membrane matrix from EHS extracts (Matrigel™, BD Biosciences).
Matrigel™ is kept at −80°C and thawed on ice 24 h before use. If rigorously kept at
0°C, Matrigel™ is stable for 1 month after thawing and can only be thawed twice.
Thus, usually a 10 mL bottle is thawed to prepare 1–2 mL aliquots that will be
frozen and kept at −80°C until use. For the optimal culture of human breast cell
lines currently available, it was observed that Matrigel™ should have low levels of
endotoxins (less than 4 U/mL) and a protein concentration below 13 mg/mL. In
addition, certain research teams prefer to use growth-factor depleted lrECM.

6. Collagen-I/acid-soluble collagen: 7.5 volume of a 0.5% solution mixed gently on
ice with 1 volume of 10× DMEM/F12, followed by 1 volume of 0.1 N NaOH.
(Cellagen™ AC-5, ICN). Collagen 1 can also be purchased from Cosmo Bio Co.,
as Native Collagen, Bovine Dermis, 5 mg/mL or 3 mg/mL or from BD Biosciences
as acid-extracted rat tail tendon collagen.

2.4. Branching Assay and Alveologenesis Assay
1. TGFα: 9 nM (Sigma-Aldrich®). The TGFα working solution is prepared by

diluting the supplied powder in a balanced salt solution such as PBS under sterile
conditions. The working solution is then diluted to desired concentration of 9 nM in
desired medium.

2. FGF2: 9 nM (Sigma-Aldrich®). The FGF2 working solution is prepared by
reconstituting the powder in sterile water to 100 µg/mL.

3. FGF7: 9 nM (Sigma-Aldrich®). The FGF7 working solution is prepared by
reconstituting the contents of the vial using sterile PBS. The working solution is
then diluted to desired concentration of 9 nM in desired medium.

4. FGF10: 9 nM (Life Technologies™). The FGF10 working solution is prepared by
reconstituting the contents of the vial using sterile PBS. The working solution is
then diluted to desired concentration of 9 nM in desired medium.

5. 5. 2% Agarose in 2% DMEM solution: Add 2 g of Agarose to 100 mL of 2%
DMEM/F12.

6. Branching morphogenesis medium for organoids and primary cells (100 mL): 99
mL of DMEM/F12, 100 µL of ITS (1,000× dilution), 100 µL of gentamycin for a
final concentration of 50 µg/mL, 1 mL of Pen/Strep (100× dilution), choice of
growth factor (see steps 1–4) at designated concentration.

7. Branching morphogenesis medium for cell lines (100 mL): 100 mL of DMEM/F12,
100 µL insulin for a final concentration of 5 µg/mL, 100 µL of gentamycin for a
final concentration of 50 µg/mL, choice of growth factor (see steps 1–4) at
designated concentration.

8. Alveologenesis medium for organoids and primary cells (100 mL): 99 mL of
DMEM/F12, 100 µL of ITS (1,000× dilution), 100 µL of gentamycin for a final
concentration of 50 µg/mL, 1 mL of Pen/Strep (100× dilution), choice of growth
factor (see steps 1–4) at designated concentration.

9. Alveologenesis medium for cell lines (100 mL): 100 mL of DMEM/F12, 100 µL
insulin for a final concentration of 5 µg/mL, 100 µL of gentamycin for a final
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concentration of 50 µg/mL, choice of growth factor (see steps 1–4) at designated
concentration.

2.5. Isolation of Primary Organoids and Fractionation of Mammary Epithelial Cell Types
1. VWR® Razor Blades (VWR®).

2. Collagenase Type IV (GIBCO®): 0.2% (w/v), dilute 0.1 g of collagenase in 47.5
mL of DMEM/F12 mixed with 2.5 mL of FBS.

3. Trypsin 1:250 powder: 0.2% (w/v), dilute 0.1 g of trypsin in 47.5 mL of DMEM/
F12 mixed with 2.5 mL of FBS.

4. DNase-I (Sigma-Aldrich®): Dilute DNase-I powder in DMEM/F12 for a 2 U/mL
working solution.

5. 50 mL Conical tube.

6. Collagenase solution for organoid extraction (50 mL): 0.2% collagenase Type IV
(see step 2), 0.2% trypsin (see step 3), 5% FBS, 5 µg/mL gentamycin, 47.5 mL
DMEM/F12. Prewarm at 37°C (shake occasionally). Filter-sterilize after the
collagenase has gone into solution through a 0.2-µm filter (see Note 2).

7. Joklik’s Modification of Minimal Essential Medium (Sigma-Aldrich®).

8. Hanks’ Balanced Salt Solution (HBSS).

9. L-15 medium (Sigma-Aldrich®).

10. Alexa Fluor® 647 anti-mouse CD326 (Ep-CAM) Antibody (Biolegend®).

11. FITC anti-mouse CD104 Antibody (Biolegend®).

12. Unconjugated anti-mouse Ep-CAM antibody (Abcam®).

13. Unconjugated anti-mouse CD104/β4 Integrin antibody (R&D systems).

14. MACS® micro-beads (Miltenyi Biotec).

15. MACS® Pre-separation filter (Miltenyi Biotec).

16. MACS® Separation Filter (Miltenyi Biotec).

17. MACS® Magnet (Miltenyi Biotec).

18. MACS® Columns (Miltenyi Biotec).

19. Bovine Serum Albumin (BSA, Sigma-Aldrich®).

20. Ca2+/Mg2+-free PBS 10×.

21. MACS Buffer: 0.5% (w/v), BSA in 1× Ca2+/Mg2+-free PBS.

22. FACS Buffer: 1% BSA in 1× Ca2+/Mg2+-free PBS.

2.6. Biochemical Assays
1. EDTA (GIBCO®): 0.5 M Stock.

2. Dispase 100 mL solution (BD Biosciences): recommended concentration is 10 U/
cm2 of BD Matrigel™ Matrix (for example: 100 U for a 35 mm culture dish).

2The collagenase solution must be made fresh right before the extraction procedure as it will inactivate at room temperature if kept for
a long time.
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3. Phosphatase inhibitor cocktail 1 (100×) (Sigma-Aldrich®).

4. Phosphatase inhibitor cocktail 2 (100×) (Sigma-Aldrich®).

5. 100× Protease Inhibitor Cocktail (EMD-Calbiochem Merck®).

6. PBS–EDTA buffer: 50 mL of cold 1× PBS buffer, 500 µL of 0.5 M EDTA for a
final concentration at 5 mM, 500 µL of 100× phosphatase inhibitor cocktail 1 (1×),
500 µL of 100× phsophatase inhibitor cocktail 2 (1×), 500 µL of 100× protease
inhibitor cocktail to 1×.

7. Polyethylene cell lifter.

8. RLT RNA lysis Buffer (Qiagen).

9. Ripa Buffer (Sigma-Aldrich®): supplement with 1× protease inhibitor and 1×
phosphatase inhibitors (cocktail 1 and 2).

10. Microcentrifuge tube shaker.

11. 18–21 Gauge syringe.

12. Sonic Dismembrator Model 100.

2.7. High-Resolution Imaging
1. Triton™-X 100 (Sigma-Aldrich®): 0.5% (v/v). Add 500 L of Triton™-X 100 to

100 mL of 1× PBS.

2. 16% Paraformaldehyde (Electron microscopy sciences): Dilute 25 mL of 16%
paraformaldehyde into 75 mL of PBS to make 4% paraformaldehyde solution.

3. Superfrost Plus Micro Slides.

4. Spot RT camera attached to an upright epifluorescence microscope (Carl Zeiss,
Inc.).

5. Zeiss LSM 710 Meta confocal microscope (Carl Zeiss, Inc.).

3. Methods
3.1. Isolation of Primary Organoids and Epithelial Cells

To isolate primary epithelial cells or primary organoids from the mouse mammary gland we
use either the third thoracic or the fourth inguinal mammary glands from the mouse. The age
of the animal is critical since some assays cannot be performed with older mice (see
Subheading 3.5.4). But in general, mammary glands could be removed at different ages, and
the choice of age depends on the stage of mammary gland growth desired to answer a
specific question (see Notes 3 and 4).

1. Mince glands with two razor blades on sterile surface (see Subheading 2.5, item 1).
For optimal mincing, hold two razor blades and make 10–15 cuts (based on
mammary gland size) in two perpendicular directions across the entire gland.

2. Shake minced tissue in collagenase solution (see Subheading 2.5, item 6) at 100
rpm/37°C for 30 min.

3The size and yield of epithelial structures/organoids from the mammary glands is affected by the strain of the mouse used for the
preparation.
4When performing an organoid/epithelial extraction from the mammary gland it is essential to pre-coat all pipettes and conical
(Falcon™ or other) tubes with 5% BSA-PBS to prevent epithelial structures from adhering to the surface of the tubes or pipettes
which would decrease the final yield.
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3. Spin at 405×g for 10 min at room temperature.

4. The top layer is going to be the fatty layer, but it will often contain uncollected
organoids, so collect 10 mL of the top layer in a 15 mL conical tube. Pipette it up
and down to break it up and free organoids prior to another round of spinning and
add another 5 mL of fresh serum-free medium on top (see Note 5).

5. The pellet at the bottom will contain epithelial cells, fibroblasts, and debris.
Remove all the rest of the medium. Resuspend the pellet at the bottom in 10 mL of
serum-free DMEM/F12.

6. Take the two 15 mL conical tubes, the one that contains the pellet (see step 5) and
the one that contains the fatty top layer (see step 4) and spin at 405×g for 10 min at
room temperature.

7. Remove the medium from the two conical tubes and combine the two pellets by
resuspending one then the other in the same 4 mL of 0% DMEM/F12. Now there is
one 15 mL conical tube of organoids with 4 mL of 0% DMEM/F12. Add 40 µL of
DNase, (see Subheading 2.5, item 4) and shake by hand for 2–5 min at room
temperature (until clumps are broken up), then add 6 mL of 0% DMEM/F12 to
obtain a final volume of 10 mL.

8. Spin at 405×g for 10 min at room temperature.

9. Discard supernatant and resuspend the pellet in 10 mL of 0% DMEM/F12.

10. Spin at 405×g for a brief pulse then cut the machine and hit the brakes as the
centrifugation speed reaches 405 × g. This step is done to separate the fibroblasts
from the epithelial cells/organoids. Fibroblasts are lighter and will float in the
supernatant while the epithelial organoids will pellet down (see Notes 6 and 7).

11. Resuspend the pellet at the desired concentration into Growth medium (see
Subheading 2.1, items 10 and 11, see Note 8).

3.2. Fractionation of Cell Types
1. To fractionate the epithelial subtypes from each other (i.e., the Leps and Meps from

each other) the primary step is the isolation of mammary epithelial organoids as
described in Subheading 3.1. Then proceed as follows: Resuspend organoids in
JokliK’s Ca-free medium at 37°C for 15 min.

2. Spin down the cells at 405 × g for 10 min at room temperature and resuspend them
in 2 mL of Hank’s Balanced Salt Solution at 37°C for 5 min.

3. Vigorously flush organoids up and down with Pasteur pipette and incubate for 2
min.

5After the first round of centrifugation, most organoids will settle in the bottom of the conical tube, but some will remain trapped in
the fatty layer floating on top of the supernatant. To extract the organoids from this layer, gently remove about 10 mL of medium from
the top layer of the supernatant (with the fatty layer) and transfer to another conical tube, then, add 5 mL of fresh, serum-free medium
and flush up and down before spinning.
6If you want a fibroblast culture, they are in the supernatant at this step, thus, you can put them into a dish and culture them.
7You must clean up the epithelial organoids by repeating the pulse 4–10 times. Each time, monitor the composition of the pellet by
examining 10 µL of the resuspended pellet under the microscope. Look for mainly organoids and a few single cells. Single cells are
mainly the fibroblasts, so you want to get rid of them. Some epithelial cells are in the single cell form, so you do not have to
completely remove all single cells. Ten pulses are generally more than sufficient to get a clean epithelial culture.
8If primary cells are to be plated as a monolayer on tissue culture plastic, then it is necessary to plate the cells at a high density
(20,000 cells/cm2). Low-density cultures do not do well or maintain proper culture morphology. It is possible to coat the plate before
plating with a thin layer of Collagen-I. Our lab uses Purecol® which is diluted as 1 mL in 44 mL of PBS. We add 3 mL of this mixture
for every 25-cm2 surface area of culture dish. It must gel over night in an airtight case at 4°C. Before use, it is necessary to aspirate off
the excess collagen.
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4. Add 5 mL of serum-free DMEM/F12 supplemented with 50 µL type-I DNase (see
Subheading 2.5, item 4) to remove clumps. Incubate for 5 min.

5. To stop the reaction: add 10% FBS in 5 mL of L-15 medium or in calcium-free
DMEM/F12 with DNase (50 µL, 2 U/mL), then spin down the cells at 405 × g for
10 min at room temperature and wash cells 2× in medium to clean.

6. Remove large multicellular clumps with filtration through preseparation filter (see
Subheading 2.5, item 15).

7. Resuspend cells in 500 µL MACS or 500 µL FACS buffer (see Subheading 2.5,
items 21 and 22) depending on the method used (see Subheadings 3.2.1 and 3.2.2).

3.2.1. Fractionation Using MACS Protocol
1. Pre-wet separation filter (see Subheading 2.5, item 16) with 500 µL MACS buffer

(see Subheading 2.5, item 21).

2. Apply cell suspension to filter.

3. Wash 3× with MACS buffer.

4. Count cells.

5. Label cells by adding 0.25 µg Ab/10,000,000 cells EpCAM (labels Leps) or β4
integrin (labels Meps).

6. Incubate cells with primary antibody for 30 min in the cold room.

7. Wash/spin 2× with 10× volume MACS buffer.

8. Incubate cells with MACS® micro-beads at 1:10 dilution 15 min in the cold room.

9. Wash/spin 2× with 10× volume MACS buffer.

10. Resuspend in 500 µL MACS buffer.

11. Pre-wet MACS columns.

12. Apply the cell suspension.

13. Wash columns 3× with 500 µL MACS buffer.

14. Freeze negative fraction in cell freeze solution (see Subheading 2.2, item 4).

15. Remove column from magnet (see Subheading 2.5, item 17) to elute positive
fraction with 1 mL MACS buffer.

16. Spin down the positive fraction at 405 × g for 10 min at room temperature and
resuspend in 500 µL MACS buffer.

17. Repeat steps 11–16 with a new column for double purification.

18. Count the cells in the positive fraction.

3.2.2. Fractionation Using FACS Protocol
1. Count cells.

2. Label cells: 0.25 µg Ab/10,000,000 cells EpCAm (luminal epithelial) or β4 integrin
(myoepithelial).

3. Incubate cells with primary antibody for 30 min in the cold room.

4. Wash/spin 2× with 10× volume FACS buffer (see Subheading 2.5, item 22).
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5. Resuspend in 500 µL FACs buffer.

6. Run on FACS sorter.

3.3. Maintaining Primary Mouse Mammary Epithelial Cells
Primary mammary epithelial cells are not easy to maintain in culture. To do that, it is
preferable first to change the medium the next day and every 2 days after that. Passage the
cells at 1:1 or 1:2 split ratio for the first two passages, because the cells are not easy to grow
and they have been stressed by the isolation procedure. With time it is possible to increase
the split to a 1:5 ratio. They should survive 5–7 passages before reaching senescence.

1. To passage cells use dispase (see Subheading 2.6, item 2).

2. Incubate for 20–30 min at 37°C.

3. Tap culture or pipette up and down to release cells from plate.

3.4. Mouse Mammary Epithelial Cell Lines: EpH4 as a Cell Line Model and as a Surrogate
for Primary Cultures

EpH4 cells were originally isolated from the mammary tissue of a mid-pregnant Balb/c
mouse yielding a spontaneously immortalized, non-tumorigenic mouse mammary cell line,
designated IM-2 (80, 81). They provide a powerful tool for the identification of factors that
modulate epithelial architecture. EpH4 cells exhibit a polarized epithelial phenotype (as
revealed by their high transepithelial electrical resistance and appropriate localization of
apical and basolateral marker proteins), and form branching tubular structures when grown
in collagen gels (see Notes 9 and 10).

1. EpH4 cells are thawed and initially maintained in growth medium (see Subheading
2.1, items 10 and 11).

2. Cells are plated at a density of 10,000 cells/cm2, and initially allowed to attach for
16–24 h.

3. Cells are propagated by trypsinization (see Subheading 2.2, item 2) and splitting in
1:4 ratio at around 70% confluency.

3.5. Design of Functional Assays in 3D
The ultimate goal of cell culture models is to allow us to ask biological questions that are
either not possible in the organism or that are too costly or inhumane to perform. Useful
culture models should recreate at least some aspects of the tissue and organ
microenvironment to ask relevant questions, and to provide a functional readout. Mammary
epithelial cells (primary and cell lines) provide a variety of functional outputs we can
recreate in culture such as recapitulation of formation of acini, milk synthesis, invasion, and
branching, etc. We, and others, have taken advantage of this ability and in this next section
we try to provide investigators with detailed protocols for culturing these cells under
relevant conditions and describe assays that can be used to probe molecular signals.

9All protocols can be performed with primary organoids with slight modifications that relate to medium composition. Base medium
for primary organoids is DMEM/F12 with ITS-PS with 5% FBS (see Subheading 2.1, item 10) while base medium for EpH4 is
DMEM/F12 with GI (gentamycin-insulin) with 2% FBS (see Subheading 2.1, item 11).
10Primary cells are more difficult to handle than cell lines, mostly due to the inherent variability across different isolations and
possible variations in the amount of epithelial cells in each extraction. Thus, it is essential to perform the extraction techniques as
rigorously as possible and it is paramount to seed primary cells/organoids at similar numbers when starting the experiment.
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3.5.1. 3D Laminin-Rich ECM Embedded Assay—In this culture set up, (Barcellos-
Hoff et al. (13), mammary epithelial cells are cultured inside lrECM (Matrigel™) such that
they are fully surrounded by an lrECM thick coat (see Note 11, Fig. 2a).

1. Coat tissue culture plates with lrECM and leave them at room temperature for 30
min (see Subheading 2.3, item 5). The desired amount of coating is 100 µL per 0.75
cm2 (48- well plate). In this case, smaller size culture dishes are used because the
amount of lrECM needed is larger than in the on top assay.

2. After obtaining a pellet of EpH4 cells, put cells on ice and add on top of them 200
µL of lrECM and keep on ice while you suspend the cells in lrECM by mixing with
a p1000 pipette until the cells are evenly distributed in lrECM. Take the entire
volume of cells/lrECM and add it on top of the coated plates and allow cells to
attach, then add medium (see Subheading 2.1, items 10 and 11) on top of cells (see
Note 12).

3. Add fresh growth medium (see Subheading 2.1, items 10 and 11) and incubate for
24 h at 37°C, 5% CO2.

4. The next day, change growth medium into differentiation medium (see Subheading
2.1, items 12 and 13). Make sure to wash the cells from residual growth medium
with 1× PBS.

5. Harvest cells for analysis after 24 h or 48 h from treatment with lactogenic
hormones (see Subheading 3.6.).

3.5.2. 3D Laminin-Rich ECM On-Top Assay—In this culture assay, mammary
epithelial cells are cultured on top of a thin layer of lrECM and dripped with lrECM (see
Note 12, Fig. 2a).

1. Coat tissue culture plates with lrECM and leave them at room temperature for 30
min. The desired amount of coating is 500 µL/9.62 cm2 (35 mm dish).

2. Add EpH4 cells on the coated plates at a density of 500 × 103/9.62 cm2 (35 mm
dish).

3. Add fresh growth medium (see Subheading 2.1, items 10 and 11) and drip 2%
lrECM (vol/vol) (Matrigel™) on top of cells and incubated for 24 h at 37°C and
5% CO2.

4. The next day, change growth medium into differentiation medium (with lactogenic
hormones) (see Subheading 2.1, items 12 and 13). Make sure to wash the cells from
residual growth medium with 1× PBS.

5. Harvest cells for analysis after 24 h or 48 h from treatment with lactogenic
hormones.

3.5.3. Suspension Culture Assay—In this assay cells are allowed to cluster on top of a
nonadhesive substratum, polyHEMA.

1. Dissolve polyHEMA in 95% ethanol at 6 mg/mL to make the working solution.

11Due to variability inherent to biological materials, Matrigel™ lots need to be tested in order to ensure reproducibility between
experiments using different lots of Matrigel™. A typical test procedure consists of culturing EpH4 cells using new as well as currently
used Matrigel™ lots. After 2 days in culture, cells are extracted from Matrigel™ and their ability to produce milk proteins such as β-
casein is assessed by RT-PCR or western analysis. Assessment of morphological characteristics of cell clusters can also be used to
infer if the Matrigel™ used is conducive to optimal differentiation or if the batch should be discarded.
12LrECM available as Matrigel™ is difficult to handle at room temperature as it gels when removed from 4°C. As it gels, it might
create bubbles at the bottom of the culture dish. To avoid that, make sure to keep Matrigel™ on ice inside the cell culture hood.
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2. Coat plates with polyHEMA at 0.25 mg/cm2 as previously described (60) by
adding 4 mL of the working solution in a 10 cm plate and drying overnight in an
incubator at 55°C.

3. Plate EpH4 cells on polyHEMA-coated plates at 30,000 cells/cm2.

4. 24–48 h after plating, collect cells by centrifugation (either at 1,154 × g for primary
organoids, or at 405 × g for cell lines) and resuspend them in DMEM/F12 either for
growth conditions (see Subheading 2.1, items 10 and 11) or for differentiation
conditions (see Subheading 2.1, items 12 and 13).

3.5.4. Branching Morphogenesis Assay—Branching assays are divided into two
types in concordance with two distinct types of branching that occur in the mammary gland
in vivo. The first assay is used to model morphogenesis in the early mammary gland or the
phase of tubular growth. Accordingly, the cells in the assay are embedded in a Collagen-I
rich matrix to simulate the early status of the epithelium in the mammary gland where cells
that are invading the fat pad are constantly remodeling and invading through a layer of
collagenous ECM. The second assay (see Subheading 3.5.5) is used to model the alveolar
growth in the mammary gland and as such cells are embedded in an lrECM rich matrix
similarly to the differentiation assay, but hormones that induce branching are used instead of
the lactogenic hormones. The latter assay is referred to from here on as “alveologenesis”
(see Subheading 3.5.5).

For the branching morphogenesis assay, EpH4 cells are preclustered before embedding in
collagen gels. Pre-clustering can be done on top of polyHEMA (see Subheading 3.5.3) or on
top of Agarose coated plates. In both cases a differential centrifugation step is required to
remove the single cells and only keep the clustered EpH4 for embedding in Collagen-I (see
Note 13 and Fig. 2b).

1. Day 1: Make 2% Agarose (see Subheading 2.4, item 6) and with a 10 mL pipette
drop 1 mL into 4 center wells of a 24-well plate and put medium in surrounding
wells.

2. Let it gel as needed and then add 1.5 mL of 2% medium in the well and incubate at
37°C for ~30 min to 1 h.

3. Trypsinize cells (90% confluent EpH4).

4. Spin for 5 min at 115 × g and aspirate the medium and leave 100 µL of medium on
top of cell pellet.

5. Add 5 µL of DNase I (2 U/µL) to the cells. Finger tap for 2 min.

6. Add 2 mL of 2% medium to the cells.

7. Aspirate the medium from the four wells. Leave half the amount of medium in the
surrounding wells.

8. Add 500 µL of the 2 mL medium in each of the four wells and incubate in a shaker
overnight at 37°C, 100 rpm.

9. Day 2: differential centrifugation, take 2 mL out of the four wells in the plate and
transfer them to 15 mL conical tube, top off to 10 mL with DMEM/F12.

13When using primary organoids for morphogenesis assay, it is crucial that cells be isolated from young animals (less than 14 weeks)
to be able to recapitulate the phenotype in culture.
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10. The tube will contain various sizes of clusters and you want to pull out the larger
clusters via centrifugation. Centrifuge the sample at 405 × g. When it reaches this
speed, stop the centrifugation.

11. Discard supernatant and resuspend pellet each time in 5–10 mL of DMEM/F12.
This step may have to be repeated three times until you get rid of the single cells.

12. Count and check the number of clusters using a hemocytometer. Calculate how
much volume required to get the number of clusters needed (see Note 14). Make
Collagen-I (see Subheading 2.3, item 6): 800 µL collagen (take 840 µL because it is
viscous to account for loss of volume on the pipette edges) and add: 100 µL 10×
DMEM (see Subheading 2.3, item 4) to 100 µL 0.1 N NaOH. Adjust pH to 7.4.
Mix well and put 100 µL in each well of 48-well plate and incubate at 37°C to
allow Collagen to gel.

13. Resuspend cells in Collagen-I at concentrations of either 1 mg/mL or 3 mg/mL
depending on the experiment (see Note 15). Similarly allow to gel by incubation at
37°C.

14. Add the branching medium (see Subheading 2.4, items 7 and 8) on top of the cells.

3.5.5. Alveologenesis Assay—lrECM assay (basement membrane mix) is performed in
96-well plates, due to the need for large amounts of Matrigel™. Cells are pre-clustered as
per the Collagen-I assay on polyHEMA (see Subheading 3.5.3) or on top of Agarose coated
plates (see Subheading 3.5.4, steps 1–12), and then embedded in 50 µL of Matrigel™ in the
wells (see Fig. 2c).

1. Overlay 50 µL of Matrigel™ on the bottom of the well in a 96-well plate.

2. Decant off the medium from clusters. It is desired that the cells are diluted in
Matrigel™ to get 50 clusters per 50 µL of Matrigel™. Mix quickly and swirl but
minimize the bubbles when mixing and put 50 µL in each well of the 96-well plate
(that was pre-coated with Matrigel™).

3. Incubate the cells at 37°C for 30 min until the Matrigel™ solidifies.

4. Add 150–200 µL growth medium (see Subheading 2.1, items 10 and 11) to each
96-well plate.

5. Change growth medium the next day to alveologenesis medium (see Subheading
2.4, items 9 and 10) and then every other day, and probably after 2–3 days
branching will start.

3.6. Biochemical Assays for Isolations of Cells from LrECM (Matrigel™)
Biochemical analysis, including RNA profiling and quantitation and protein analysis, is
possible with cells in 3D cultures. However, it is better to isolate the 3D multicellular cell
clusters from the surrounding matrix whether it is collagen or Matrigel™. This is usually

14Counting cells: After centrifugation, dilute the cellular pellet in 1 mL of medium. Take 10 µL of the 1 mL cell suspension and add
to an Eppendorf tube with 990 µL of medium such that your cell suspension is diluted at 1:100. Each square of the hemocytometer has
a total volume of 0.1 mm3 or 10−4 cm3. 1 cm3=1 mL. So to calculate the number of cells per milliliter of your suspension:

Cells/mL = the average count per square (count 10 squares) × the dilution factor × 104

Example: If the average count per square is 45 cells × 100 × 104 = 45,000,000 or 45 × 106 cells/mL.

15Using 3 mg/mL versus 1 mg/mL of Collagen-I: Type I collagen is used typically at a concentration of 3 mg/mL. However, it has
been observed that in some functional assays, a lower concentration of type-I collagen can be used to induce specific phenotypes. The
optimal concentration of type I collagen is to be determined by the researcher when designing the experiment.
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done by solubilizing the gels using ECM-specific proteases (dispase or PBS–EDTA for
Matrigel™). Gel-extracted cells are then subjected to the typical protocols used for RNA
extraction and isolation or cell lysis for protein extraction.

3.6.1. Extraction Using Dispase
1. Remove the medium and add dispase solution (see Subheading 2.6, item 2) (0.75

mL per mL of Matrigel™).

2. Incubate 30 min at 37°C.

3. Remove proteases by washing three times in DMEM/F12 medium and once with
RNA lysis buffer (see Subheading 2.6, item 8) or protein lysis buffer (see
Subheading 2.6, item 9). Each wash is followed by centrifugation (1,154 × g, 5 min
at room temperature).

4. Cell pellets are further processed for RNA or protein analysis, or subcellular
fractionation using standard protocols.

3.6.2. Extraction Using PBS–EDTA
1. Aspirate medium and rinse culture with 2 mL of cold 1× PBS, for a 35 mm dish,

and leave the dish on ice.

2. Add 2–3 mL PBS–EDTA (see Subheading 2.6, item 6) to the culture and use a
polyethylene cell lifter to gently scrape the cells and Matrigel™ off the bottom of
the dish. Transfer the cell/Matrigel™ mixture with a serological pipet to a 15 mL
conical tube.

3. Repeat 2–3 times and use about 10 mL total PBS–EDTA (depends on amount of
Matrigel™ in culture).

4. Shake the tubes gently in cold room or on ice for 30 min to 1 h to dissolve the
Matrigel™ (also dependent on amount of Matrigel™) (see Note 15).

5. Centrifuge 5 min at 1,154 × g at room temperature.

6. Transfer the cell pellet to a 1.5 mL Eppendorf tube on ice (see Note 16).

7. Wash with PBS and spin at full speed for 5 min and get rid of supernatant, and
keep the cell pellet (see Note 17). Follow protocols for RNA or protein lysis in
Subheading 3.6.2.

3.6.3. Cell Lysis for RNA or Protein Extraction
1. Add RNA lysis buffer (see Subheading 2.6, item 8) or RIPA buffer (see

Subheading 2.6, item 9) (100–150 µL according to pellet size) and keep in mind
that a concentrated protein solution is desired.

2. Sheer cells with an 18–21 gauge syringe (see Subheading 2.6, item 11) or sonicate
with sonic dismembrator (see Subheading 2.6, item 12) on ice about 20 s at power
setting 3 or 4.

3. Microcentrifuge for 10 min at full speed (17,000×g) at 4°C.

4. Transfer supernatant to a new Eppendorf for immediate use or store at −80°C for
later use.

16If Matrigel™ is not all dissolved, add additional PBS–EDTA, pipet gently, and invert the tube a few times before centrifuging (does
not require prolonged shaking this time). If there is still a problem in dissolving the Matrigel™, check your EDTA concentration.
17Cell pellet in 15 mL conical tube can also be lysed directly and then lysate can be transferred to Eppendorf.
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3.7. Biochemical Assays for Isolations of Cells from Collagen Gels
To extract RNA or protein from cells and organoids embedded in collagen gels, detach the
collagen gel from the culture well and add RNA lysis buffer (see Subheading 2.6, item 8) or
Ripa buffer for protein isolation (see Subheading 2.6, item 9).

For collagen gels in 96-well plates:

1. Add 300 µL of the desired buffer (either RNA or protein).

2. Shake for 6 h at room temperature in a microcentrifuge tube shaker (see
Subheading 2.6, item 10).

3. Microcentrifuge for 10 min at full speed (17,000×g) at room temperature: collagen
will pellet and the RNA or protein will be in the supernatant.

4. Discard pellet and keep the supernatant with the RNA or the protein either for
immediate use or store at −80°C for later use.

3.8. High-Resolution Imaging
Imaging is essential for cell biological studies, and thus, it was important to find the best
means to image cells in 3D. Confocal microscopy and live imaging are very important tools
for studying cellular behavior in 3D.

1. Cells grown on tissue culture plastic are fixed with 4% paraformaldehyde (see
Subheading 2.7, item 2) and permeabilized with 0.5% Triton™ X-100 (see
Subheading 2.7, item 1).

2. Cells in lrECM gel are either smeared on slides, dried briefly, and fixed with 4%
paraformaldehyde and permeabilized with 0.5% Triton™ X-100, or smeared after
extraction using PBS–EDTA or dispase solutions (see Subheading 2.6, items 2 and
6). Choice of smearing depends on the strength of the antibody and background
considerations with Matrigel™.

3. Cell clusters on polyHEMA-coated plates are processed for immunofluorescence
analysis as follows: cells are pelleted by centrifugation at 500 × g for 2 min and
resuspended in PBS. The clusters are plated on slides, dried brie fly, and then fixed
with 4% paraformaldehyde.

4. Stained samples are imaged using a Spot RT camera attached to an upright
epifluorescence microscope or viewed and acquired with a digital axiocam camera
attached to an upright Zeiss LSM 710 Meta confocal microscope.

5. Time-lapse movies are collected using a Zeiss LSM 710 Meta confocal
microscope. Images of dimensions, 512 × 512 pixels (lateral dimensions) with a
maximum axial displacement of 75 µm (axial step size, 2 µm) are acquired using a
0.8 NA 20× air objective at digital zoom 0.6 corresponding to an area of 701 × 701
µm2 at desired rate. Samples were maintained at 37°C and 5% CO2.
Immunofluorescence images are exported using Zen 2009 (Zeiss) software.
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Fig. 1.
Representative schematics of the different stages of mammary gland development and of the
mammary acinus. (a) Schematic showing the five mammary buds in the embryo along the
milk line which will later develop into mammary glands. (b) Representative drawings of the
different stages of mammary gland development, starting from birth when the mammary
anlage is present, to puberty where TEB’s extend through the fat pad and the mature
nulliparous gland filled with epithelial ducts. Pregnancy and lactation are modeled where the
gland fills with alveoli which regress in involution such that the gland remodels to a pre-
pregnant like state. (c) Representative drawing of the mammary acinus: Cuboidal luminal
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epithelial cells (light blue) are surrounded by contractile spindle shaped myoepithelial cells
(pink) and facing a lumen on their apical side where milk droplets are deposited during
lactation on their way to the ducts that terminate in the nipple. The entire structure is
surrounded by a basement membrane with stromal cells including fibroblasts (yellow) and
adipose cells (clear round cells).
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Fig. 2.
Primary mammary organoids in 3D. (a) primary mammary organoids isolated from the
mammary glands of 14-week-old nulliparous mice are grown inside/embedded in lrECM
(left) and on top of lrECM (right) and imaged by bright-field light microscopy on day 4 of
culture, size bar, 50 µm. (b) Primary organoids isolated from the mammary glands of 8–12-
week-old mice are embedded in lrECM for 4 days in additive-free medium as control (left),
and stimulated with TGFα to induce alveolar growth (right). (c) Primary organoids isolated
from the mammary glands of 8–12-week-old mice are embedded in collagen I (1 mg/mL)
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for 4 days as control (left), and stimulated with FGF2 to induce branch formation (right),
size bar, 50 µm.
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