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Abstract

In order to understand why cancer develops as well as predict the outcome of pharmacological treatments, we need to model the structure and
function of organs in culture so that our experimental manipulations occur under physiological contexts. This review traces the history of the
development of a prototypic example, the three-dimensional (3D) model of the mammary gland acinus. We briefly describe the considerable
information available on both normal mammary gland function and breast cancer generated by the current model and present future challenges
that will require an increase in its complexity. We propose the need for engineered tissues that faithfully recapitulate their native structures to
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llow a greater understanding of tissue function, dysfunction, and potential therapeutic intervention.
2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Much progress has been made in the developme
therapies to treat breast cancer, as evidenced by a de
in overall deaths during the 1990s[1]. Nevertheless, man
potential drug candidates are lost in the transition from
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drug candidates far exceeds the number of patients in whom to
test them, even if the drugs were found initially to be effective
in mice. Therefore, it is clear that we need alternative models
of human disease to aid in the identification and verifica-
tion of therapeutic targets. Unfortunately, there are almost no
techniques that allow the maintenance of organs ex vivo long
enough to permit the necessary molecular biological inves-
tigations. As such, an enormous potential exists in the use
of three-dimensional (3D) cell culture models as surrogates
for tissues[3]. During the past three decades, investigations
from a number of fields have converged to build simple yet
effective models of the mammary gland, and have identified
key molecular, structural, and mechanical cues important for
maintaining its function and architecture in culture. In doing

so, they have also provided insights into the fundamental
differences between normal and malignant cells, the genetic
and epigenetic changes involved in neoplastic transforma-
tion, and the potential strategies for treating cancer.

In the first half of this review, we provide a historical per-
spective of the design and evolution of the 3D models of the
mammary gland acinus, outlining the key events and relevant
papers that brought us to where we are now. We describe how
these models are being used to understand the signals that reg-
ulate the normal function of mammary epithelial cells, and
what we have learned about how those signals are disrupted
in cancer. In the second half of this review, we describe ques-
tions that continue to be addressed using current models. We
then discuss how these models may fall short of describing the
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ig. 1. Structure and 3D model of mammary gland. (A) Luminal epithelial
eighboring luminal cells, by heterotypic interactions with myoepithelial cells
y a complex BM and a stroma comprised of stromal ECM, fibroblasts, and
tructure is disrupted in tumors. Additionally, myoepithelial cells surroundin
ormal mammary gland acinus, human or mouse mammary epithelial cells c
central lumen. Addition of lactogenic hormones to mouse cells leads to the
y non-malignant human epithelial cells has not yet been achieved). Lumina
nless they receive signals from myoepithelial cells, which synthesize the lam
ells from forming the acinus; these tumorigenic structures can be functional
ed, BM; blue, MEPs; white/grey, LEPs; green, sialomucin.
cells (LEP) forming the acinus are regulated by homotypic interactions with
(MEP), and by interactions with the BM. The bi-layered structure is surrounded
adipocytes, as well as nerves, blood, and lymphatic vessels (not depicted). This
g the tumor have altered function[105,130]. (B) (left) In the 3D model of the
ultured in or on laminin-1-rich, malleable BM will form spherical structures with
synthesis and vectorial secretion of milk proteins into the lumen (milk production
l epithelial cells fail to organize into an acinus when cultured in 3D collagen gels
inin components of BM. (right) Oncogenic insults prevent tumorigenic epithelial

ly reverted by restoring normal signaling pathways[52]. (B) modified from[131].
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physiology of the mammary gland and of breast cancer, and
suggest some possible improvements to address questions of
greater complexity.

2. The mammary gland

The functional secretory unit of the mammary gland is
a highly organized branched ductal network of epithelial
cells surrounded by myoepithelium and basement membrane
(BM) embedded in a complex stroma (Fig. 1A). In the human,
10–15 ducts arise from the nipple, course through the mam-
mary fat pad, and terminate in clusters of alveoli that are
referred to as terminal ductal lobular units (TDLU). Each duct
serves one specific lobule of the breast. Lobules are separated
by thick connective tissue septae that contain nerves, blood
vessels, and lymphatics. Although the mammary epithelium
(anlage) is specified in the embryo, the mammary gland is
unique amongst organs in that most of the branching morpho-
genesis required to develop the ductal tree occurs postnatally
during puberty. Full functional differentiation of the gland
occurs during pregnancy and lactation, leading to further
branching of the ductal network to create a system of ducts
that collect the milk produced by alveoli. After weaning, the
entire gland undergoes involution, wherein mammary epithe-
lial cells die and are replaced by large amounts of adipose
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lar network when subsequently transplanted into the cleared
mammary fat pads of mice[8]. Culture conditions were there-
fore developed to encourage the differentiation of these cells.
Inspired by studies showing rat liver differentiation on float-
ing collagen gels[9], Emerman and Pitelka demonstrated
that mouse mammary epithelial cells would functionally dif-
ferentiate under similar conditions[10]. The cells became
polar and resumed their native shape, assembled a BM vis-
ible by electron microscopy, and arranged themselves such
that myoepithelial cells were located on the basal side of the
epithelial cells but on the luminal side of the BM, as they
are in vivo; importantly, culturing the cells on thick float-
ing collagen I gels in the presence of lactogenic hormones
enabled production of some milk proteins[11]. Our labo-
ratory showed that floating these gels could indeed lead to
dramatic de novo synthesis and secretion of many milk pro-
teins[12,13]. The induction of milk protein was later shown
to be due to the formation of an endogenous BM[14].

Around the same time, investigators trying to understand
the biochemistry of the extracellular matrix (ECM) itself were
making their own breakthroughs. Non-collagenous ECM
proteins, including fibronectin and laminin, were purified,
allowing subsequent analysis of their effects on cellular func-
tions[15–17]. Several studies suggested that these molecules,
as well as the collagens, were important for embryonic induc-
tion and morphogenesis in many tissues[18–20]. Early on,
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issue and mesenchyme that support the lobules in the
regnant adult[4,5]. Greater than 90% of human mamm
arcinomas arise from the ductal epithelium[6]. It is, there-
ore, of great interest to understand (1) how the many sig
nvolved in the intricate architectural regulation of the br
ome together to control the organization and function of
al mammary epithelial cells, and (2) how these regula

ues are disrupted and circumvented in cancer.

. Historical perspective: what has been done so far?

.1. Creation of 3D models of the mammary gland
cinus

Development of current 3D models of the mammary g
cinus began almost 30 years ago as a matter of nec
nd proceeded stepwise from the careful observation
lever experimental manipulations of a number of inves
ors. As with epithelia from many tissues, early attemp
ulture and maintain rodent mammary epithelial cells cap
f generating physiologically relevant behaviors in resp

o differentiating cues were met with failure. The cells co
e grown and propagated on tissue culture plastic, bu
tandard method of cell culture failed to maintain mamm
pithelial cells that could form acini and produce milk
esponse to lactogenic hormones[7]. Cultivation of mam
ary cells in monolayer cultures did not irreversibly dam

heir potential for differentiation, however, since the c
ere able to differentiate into an apparently normal tu
,

t was postulated[21] and then shown experimentally th
pecific cell surface ECM receptors were required to co
he biochemical and mechanical stimuli into a cellular
uclear response[22–25]. It was later realized that many

he ECM receptors formed a large, well-conserved fam
enamed integrins[26], which are now understood to pl
n important role in the regulation of nearly all tissues
eview, see[27]). Additional evidence began to accumul
hat the ECM was more than simply an architectural scaf
hanges in cell shape that were shown to be causal in the

ation of proliferation and other functions[28–30]were found
o be affected by, or due to, the ECM in a number of cell
ineages[22,31–34]. The concept that the ECM might reg
ate chromatin structure and thus the final expression of
enetic information[21] began to gain support; it was th
ealized that the cellular (micro)environment was impor
or regulating tissue-specific gene expression[7,20].

But ECM is not a single entity: the nature and comp
ion of the ECM molecules used as substrata were fou
e important in determining growth, differentiation, and
ival of mammary epithelial cells. BM containing collagen
nd laminin yielded better expression of mammary-spe

unctions in epithelial cells than those containing colla
or fibronectin[33,35]. BM-like gels were isolated, cha
cterized, and found to stimulate functional differentia

n a number of organs[36], exemplified by up-regulatio
f both transcription and secretion of milk proteins in
ary mammary epithelial cells and cell lines[34,35,37,38].

t was determined that laminin-1 was the important mole
n BM for inducing expression of�-casein[39], and that th
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BM exerted part of its effects by causing the cells to round
up [22,34]. In understanding the requirement for laminin-1,
it was then understood that the differentiation of mammary
epithelial cells cultured in floating collagen gels was a sec-
ondary response to cell shape changes which allowed cells to
deposit their own laminin-rich BM[10,14].

The discovery of the first ECM-response element in the
promoter of the�-casein gene[40,41] paved the way for
studies of the relationship between the ECM and nuclear and
chromatin structure. Initial studies suggested that chromatin
context and histone acetylation/deacetylation were altered by
addition of ECM[42,43]. The effects of laminin-1 described
above were shown to be transmitted through changes in cell
shape to alterations in supramolecular structure of the nucleus
[44], and through genome-wide changes in methylation[45].
Clearly, many milk protein genes respond transcriptionally
to the presence of correct ECM molecules but some, such as
whey acidic protein, have more stringent requirements not
only for a polarized structure, but also for a closed acinar
structure[46,47]. It should be noted that ECM impacts gene
expression both positively and negatively: whereas�-casein
is induced by BM, transforming growth factor (TGF)-� is
suppressed by BM in mammary epithelial cells[48], and there
are other examples[49].

The current model of the mammary gland acinus is
depicted inFig. 1B. Functionally normal mouse or human
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differences in morphology are found when we compare the
behavior of normal and spontaneously tumorigenic clones
derived from a human breast cancer progression series[51].
Although it can be difficult to distinguish normal and cancer-
derived cells in two-dimensional (2D) cultures, placing the
cells in 3D BM reveals not only these gross differences in
their morphology, but also differences in their growth rates
[50], and in the identity, quantity, and pattern of the proteins
they express (for review, see[52]).

The ability of normal cells to differentiate into acini
requires signaling through specific integrins, which were
shown to play a role not only in growth regulation but also in
apoptosis[53,54]. Tumorigenic cells were found to express
abnormally high levels of a number of integrins, including
�1-integrin, compared to normal epithelial cells when cul-
tured in 3D BM; remarkably, inhibiting�1-integrin signaling
to the level present in normal tissue with a function-blocking
antibody caused the tumor cells to functionally “revert” to a
normal phenotype[55] (Fig. 1B). Reverted cells were essen-
tially indistinguishable from normal cells: they formed func-
tionally polarized acini, reorganized their actin cytoskele-
tal networks, reformed cell–cell adhesions, down-regulated
cyclin D1, up-regulated p21cip1, and stopped growing[55].
Pretreatment with the function-blocking antibody against�1-
integrin also dramatically reduced the formation of tumors by
the malignant cells when injected into mice. Additional work
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ammary epithelial cells embedded in laminin-rich BM w
orm a polarized structure that resembles the normal m
ary gland acinus; this polarized “tissue” responds to

ogenic hormones by producing and secreting milk prot
ectorially into the apical lumen[38]. In this way, cells ar
eceiving cues from neighboring cells and the ECM that a
hem to replicate functions seen in the mammary gland. W
as thus emerged over the past three decades is not sim
ell culture model, but rather a paradigm—that tissue-spe
unctions can be recapitulated in the laboratory by provi
ells with appropriate microenvironmental cues that allow
ebuilding of tissue-specific form. Further, because they
asily amenable to experimental manipulations, these

ologically relevant 3D models allow us to study molecu
echanisms underlying tissue specificity.

.2. The 3D model of the mammary gland acinus as
pplied to cancer

Having a model of normal tissue form and function ena
ne to study how that tissue is disrupted in disease. We
ther investigators have found that normal and cancer-de
ammary epithelial cells can be distinguished from e
ther using the 3D assay described above for rodent

38,50]. When cultured within a laminin-rich BM, norm
ammary epithelial cells from reduction mammoplasty
ell as cell lines, form polarized acini with central lum
s they growth arrest, whereas carcinoma-derived mam
pithelial cells are unable to organize and instead form d
ered colonies that continue to grow[50] (Fig. 1B). The sam
rom our group and others has demonstrated that antag
ng one or two of the many pathways that are de-regu
r up-regulated in the tumorigenic cells will not only ca

hem to revert[56–59,133], but in some cases will also “no
alize” the expression and activation levels of a numbe

he other signaling pathways. Importantly, these pathw
re regulated reciprocally only in 3D and not in 2D cultu

52].
Just as tissue structure and function are connected

ocally and dynamically, restoring normal tissuestructureto
umor cells can restore normal tissuefunction, even when th
ells contain considerable underlying genomic aberra
reviewed in[52,60]). Therefore, phenotype could domin
enotype in malignant cells as it does in normal tiss
the genes in different tissues and organs are identica
he phenotypes are totally distinct). This paradigm has
sed successfully in the clinic to treat leukemia[61], and

he elucidation of the microenvironmental cues that regu
xpression of genetic lesions in other types of tumors
ctive area of investigation.

Conversely, the structure of the normal acinus can be
upted by over-expression of known oncogenes[62–67]. For
xample, the exogenous expression of an activated fo
he epidermal growth factor receptor ErbB2 was foun
e-initiate proliferation in the acini, causing the norma
ollow lumina to fill up with cells, a phenotype reminisc
f the early stages of breast cancer[64]. And active ErbB2

n conjunction with TGF-� increased the invasiveness o
ammary epithelial cell line, mirroring changes occurrin
dvanced neoplastic disease and metastasis[66]. Therefore
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oncogenic assaults in appropriate experimental contexts will
recapitulate the phenotypic consequences of similar assaults
in the breast. Although these data are not surprising, they
do allow us to begin to “connect the dots” between known
genetic and epigenetic aberrations and the structural changes
that occur during the progression to cancer.

4. What to do now?

The 3D model of the mammary gland acinus has evolved
over the past three decades. Accordingly, our view of the
“unit of function” of the mammary gland has evolved as well.
In the early stages of the model, we considered the unit of
function to be the cell plus its surrounding ECM[21]. As our
understanding of the model advanced, it became clear that the
synthesis of most milk proteins required cell–cell interactions
and closure of the acinus around a central lumen. Thus, the
unit of function (in this case, milk production) is greater than
the cell plus its ECM environment. We proposed in 1987 that
the unit was the gland itself[68,69]. Indeed, it is the forma-
tion of this differentiated structure that allows one to study
the differences between normal and cancerous phenotypes.
We now consider the unit of differentiated function to be the
entire organ. It is important to recognize that the evolution
of this model and the philosophy behind it were influenced
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tion to regulate these hormonal receptors (and vice versa),
and how those pathways are disrupted in malignancy. The
ECM itself is under hormonal control in the mammary gland
[78,79], and further work is required also to understand this
reciprocal relationship in mammary gland development and
breast cancer.

Aside from inducing signals through integrins, we also
know that BM affects the structure of the nucleus, but again,
we do not fully understand how. The laminin-dependent acti-
vation of the�-casein gene requires its stable integration
into the genome[42,80]. This suggests that ECM-dependent
genes are regulated in the context of chromatin organiza-
tion. The expression of the�-casein gene can be modu-
lated by altering the organization of histones, since agents
that deacetylate histones activate the�-casein response ele-
ment but suppress the endogenous expression of�-casein
[42]; ECM also induces histone deacetylation[43]. How
does laminin cause these structural changes in the nucleus?
We hypothesize that some of the signals linking laminin to
the nucleus arise through bi-directional connections between
the cytoskeleton and the nuclear matrix, a model known
as dynamic reciprocity[21,80]. Linkages between the cell-
surface plasma membrane and the nucleus have been demon-
strated to occur through the actin and intermediate filament
cytoskeletal networks in other systems[81–83]. Laminin-
induced cell rounding is required but not sufficient for�-
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he remarkable technological advances in cell and mo
ar biology occurring at the time. In this light—and in lig
f recent progress in genomics, proteomics, bioinforma
anotechnology, and engineering—we believe it is time

he model to evolve yet again. In this section of the rev
e highlight gaps in our knowledge amenable to study u

he current model. We then propose several ways to
pon the model to address even more complex questio
ammary gland biology and breast cancer.

.1. Breaking it down. . . (or milking the acinus for all
ts worth!)

What questions remain to be answered by 3D mode
he mammary gland acinus? We know that both a lam
ich BM and lactogenic hormones are required for functi
ifferentiation, but how do the cells coordinately regulate

nformation from these ECM and hormonal cues? Signa
rom laminin through�1-integrin regulates phosphorylati
f the prolactin receptor[70], thus allowing prolactin to regu

ate the DNA binding activity of the Stat5 transcription fac
71]. Stat5 activity is required for the expression of many m
roteins[41,72–74], and its activation by prolactin requir
ytoskeletal integrity[75]. Recent studies have also dem
trated that the collagen IV and laminin components o
M signal through�2-, �6-, and�1-integrins to alter th
xpression of the estrogen receptor ER-� [76]. This regula
ion may be disrupted in cancer cells[77]. Further work is
eeded to identify the pathways activated by integrin
asein expression[34,84]; nevertheless, changes in cell sh
re known to lead directly to changes in the expressio
ome milk proteins[29] as well as alterations in nucle
tructure[85]. Thus, laminin induces part of its effects
he nucleus indirectly by rounding up the cells. Many un
wered questions remain: How does laminin induce
ounding? How are the resulting changes in nuclear a
ecture translated into changes in gene expression? And
ell rounding affect differentiation by mechanisms other
hose that occur through changes in nuclear structure?
nswers to these questions are currently being pursu
oth mammary epithelial cells and a number of other

ypes[86,87]. What is clear from these studies is that
ytoskeleton indeed plays a crucial role in connecting
CM and other signals to the regulation of gene expres

n the nucleus[21,132].
The mammary gland model described here appears

seful for examining the processes that are involved in
ormation of a tissue. In this regard, we are beginnin
nderstand how the acinus forms in 3D cultures. Cell–
nd cell–ECM interactions lead to apical–basal polarity

owed by apoptosis[88]. Cell death clearly plays an importa
ole (for review, see[89]). In the absence of stimuli fro
ntegrin-mediated adhesion to the ECM, mammary ep
ial cells undergo apoptosis[54,90,91]; in the 3D model
ells in the center of the forming acinus are isolated from
M and subsequently die through caspase-mediated ap
is and autophagy to allow cavitation of the lumen[92–94].
nderstanding the signaling pathways leading to lumen
ation and the establishment of apical–basal polarity in
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acinus are active areas of study in many laboratories and
many systems. However, interesting as these data are, it must
be remembered that the mammary gland does not create itself
from single cells isolated in a 3D gelatinous space, but instead
grows out from a pre-existing rudimentary ductal tree. As
such, it is unclear whether the same processes that create the
lumen in culture are important in the breast, and therefore,
any pathway implicated by the model needs to be verified in
the appropriate contextual setting in vivo.

4.2. Cancer models: a reality check

Finally, we need to critically interrogate our 3D cell culture
models with pathologists’ views of cancer progression. That
is, invasive human breast cancers are derived from existing
premalignant lesions[95], but the majority of our current cul-
ture models of cancer at best compare normal cells to geneti-
cally unrelated cells that have been isolated from tumors and
propagated for numerous generations on tissue culture plas-
tic. Do we see the same changes in 3D cultures? How do we
model the intervening steps? The breast cancer progression
series derived from HMT-3522 cells by Briand et al.[96] and
Petersen and co-workers[51], and used as described above
is the first human breast cancer model to examine prema-
lignancy in a genetically relevant context without the use of
dominant oncogenes. While it has already answered a few
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specifying the eventual architecture and differentiated func-
tion of the implanted epithelial cells[102,103]. More recent
experiments by Runswick et al.[104] and Gudjonsson et
al. [105] have shown that the epithelial bilayer (the aci-
nus) can be rebuilt by co-culturing purified luminal epithe-
lial cells with myoepithelial cells in 3D cultures (Fig. 1B).
Myoepithelial cells derived from normal glands could direct
normal luminal epithelial polarity but those derived from
75% of breast cancers could not[105]. Understanding the
cell–cell interactions that regulate the function of the mam-
mary gland is important for understanding tissue-specificity,
especially since the myoepithelium is now considered to pos-
sess tumor-suppressive properties[105,106]. Having incor-
porated myoepithelial cells into the 3D model, we can begin
to introduce the other cell types and observe their effects on
epithelial cell function. In addition to myoepithelial cells, we
need to investigate the roles of the stromal components and
blood vessels in the normal gland and in cancer since interac-
tions with the stroma regulate not only the normal phenotype,
but also the malignant behavior[98,107–111]. Finally, the
mammary gland undergoes repeated cycles of remodeling
in the adult during the pregnancy cycles. To understand how
this impacts the probability for developing cancer, we need to
define and investigate the role of the stem cell compartment
and the ECM remodeling enzymes expressed in the breast
[112].
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ccur and appear to predispose the affected tissues to c
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odel the context as well as the cancer cells.

.3. Building it up. . .

What refinements and additions do we need to m
o the existing 3D model of the mammary gland acin
unctional differentiation is dictated by the complexity

he tissue architecture achieved in culture[52]. Although
he luminal epithelial cell is the main component of
reast and is responsible for the majority of mammary
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ell types likely involved in regulating both normal fun
ion and progression to malignancy (seeFig. 1). In this
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ional complexity. Early tissue recombination experime
evealed the importance of the stromal compartmen
r

How do the repeated cycles of remodeling in the br
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er bear children at a young age, and that increase in p
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ach additional birth conferring an additional decreas
isk [113]. Why are the epithelial cells of young multiparo
omen less prone to neoplastic alterations? Does rep

emodeling of the stromal microenvironment play a rol
his phenomenon, and if so, how? We lack appropriate
ure models to begin to investigate these changes. We
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.4. Towards an engineered breast. . .

Future strategies to recreate the mammary gland
ndeed, other tissues and organs) in culture will likely
riven by interdisciplinary collaborations. Recent advan

n nanotechnology, materials science, and biome
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Fig. 2. The tissue-engineered breast. New strategies should enable the con
trol of the microenvironment at the nano-, micro-, and macro-scales with
temporal precision. (A) Synthetic and recombinant ECM polymers impart
cues sensed directly by cell-surface receptors. (B–C) Microfabricated con-
structs control the positions of multiple cell types with respect to each other
and the ECM with micrometer precision across large areas of tissue. (D)
Engineered breast tissues that can be visualized and manipulated in real
time.

engineering are unleashing the potential to directly control
the microenvironment at multiple levels and scales (Fig. 2).
That is, we should have the capability to construct designer
tissues in which the chemistry, geometry, and mechanics at
every scale—from the nanometer to the centimeter—are con-
trolled precisely. Not only will these strategies allow us to
replicate the gland in culture, but such control also gives us
the ability to answer questions not amenable to study in vivo
using traditional approaches and materials. We still have a
very limited understanding of the nature of the ECM signals
sensed by mammary epithelial cells. Signaling from laminin-
1 through both integrin and non-integrin (e.g., dystroglycan)
receptors is required for acinus formation and differentiation
[14,22,39,84], but the role of other BM molecules in the dif-
ferentiation process is unclear. For example, it is not clear
why laminin-1 can replace myoepithelial cells in conferring
polarity to luminal epithelial cells, but laminin-5 and -10/11
cannot[105]. Some studies suggested that nidogen-1 aug-
ments the effects of laminin-1 on functional differentiation of

mammary epithelial cells[120]; but the effects of nidogen-
1 require the presence of its collagen IV-binding domain,
suggesting that cells can sense the differences between indi-
vidual molecules and an intact BM. Indeed, cells cultured
on plastic make copious amounts of BM molecules, but they
appear to need a malleable substratum to deposit an intact
BM [14]. The BM is a complex mixture of large interacting
glycoproteins, each of which contains many cellular binding
domains; thus, unraveling the roles of the different molecules
is not a trivial problem. However, we can begin to understand
the BM/ECM requirement in more detail by taking advan-
tage of recently developed synthetic scaffolds in which the
adhesive moieties, proteolytic sites, and mechanical proper-
ties are defined precisely[121,122], and by using gels made
of purified ECM molecules with inserted or deleted domains
(Fig. 2A) [123]. These strategies have been used to study
neurite outgrowth and angiogenesis for tissue engineering
applications[124,125]. Although they have yet to be applied
to mammary gland or cancer biology in detail, studies using
biosynthetic and recombinant matrices offer us an additional
level of control not available in conventional ECM formats.

Advances in biological microfabrication are enabling
investigators to control the architecture of the microenvi-
ronment and the position of cells in three dimensions with
micrometer precision. Biomedical engineers are developing
a wide variety of techniques to recreate tissue architecture,
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In addition to the ability to recreate the structure of
ammary gland on the nano-, micro-, and macro-sc

ecent advances in imaging, nanotechnology, and syn
hemistry will enable us to expand the 3D models into
ourth dimension (Fig. 2D). Not only will we be able to imag
ur engineered tissues in real time using two-photon
pinning disk confocal setups, but we will also be able to
rol the chemical and mechanical makeup of the tissues
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meric network. Light can similarly be used to control the
activity of single molecules both intra- and extracellularly
using chromophore-assisted laser inactivation (CALI)[129].
Caged fluorophores and quantum dots will allow us to visu-
alize changes occurring in real time as our engineered tissues
respond to externally applied morphogenic, hormonal, and
oncogenic signals and gradients. In short, we should be able
to redefine how the “microenvironment” is studied in culture.

5. Conclusions

We have described the development of relatively simple
but “functional” models of the mammary gland acinus that
have allowed investigators to probe the tissue-specificity and
the complex differences between normal tissue and breast
cancer. The models take advantage of the principle that if the
appropriate 3D microenvironmental cues are given, cells will
respond by displaying their appropriate functional pheno-
types in culture, both by elaborating necessary genes, includ-
ing some crucial myoepithelial and stromal genes, and by
responding to, and modifying, the surrounding 3D matrix.
We have, therefore, proposed that a full understanding of
the complexity of mammary gland development and breast
cancer will require us to engineer a model of the mammary
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