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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 a
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 challeng
that will require an increase in its complexity. We propose the need for engineered tissues that faithfully recapitulate their native structures tc
allow a greater understanding of tissue function, dysfunction, and potential therapeutic intervention.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction
Abbreviations: BM, basement membrane; ECM, extracellular matrix; Much progress has been made in the development of

LEP, luminal epithelial cell; MEP, myoepithelial cell; TDLU, terminal ductal therapies to treat breast cancer. as evidenced by a decrease
lobular unit; TGFg, transforming growth factog; 2D, two-dimensional; . . !
3D. three-dimensional in overall deaths during the 1990k]. Nevertheless, many
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drug candidates far exceeds the number of patients inwhomtoso, they have also provided insights into the fundamental
testthem, even if the drugs were found initially to be effective differences between normal and malignant cells, the genetic
in mice. Therefore, itis clear that we need alternative models and epigenetic changes involved in neoplastic transforma-
of human disease to aid in the identification and verifica- tion, and the potential strategies for treating cancer.

tion of therapeutic targets. Unfortunately, there are almostno  In the first half of this review, we provide a historical per-
techniques that allow the maintenance of organs ex vivo long spective of the design and evolution of the 3D models of the
enough to permit the necessary molecular biological inves- mammary gland acinus, outlining the key events and relevant
tigations. As such, an enormous potential exists in the usepapers that brought us to where we are now. We describe how
of three-dimensional (3D) cell culture models as surrogates these models are being used to understand the signals that reg-
for tissueqd3]. During the past three decades, investigations ulate the normal function of mammary epithelial cells, and
from a number of fields have converged to build simple yet what we have learned about how those signals are disrupted
effective models of the mammary gland, and have identified in cancer. In the second half of this review, we describe ques-
key molecular, structural, and mechanical cues important for tions that continue to be addressed using current models. We
maintaining its function and architecture in culture. In doing thendiscuss how these models may fall short of describing the
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Fig. 1. Structure and 3D model of mammary gland. (A) Luminal epithelial cells (LEP) forming the acinus are regulated by homotypic interactions with
neighboring luminal cells, by heterotypic interactions with myoepithelial cells (MEP), and by interactions with the BM. The bi-layered s¢raatuoended

by a complex BM and a stroma comprised of stromal ECM, fibroblasts, and adipocytes, as well as nerves, blood, and lymphatic vessels (not depicted). This
structure is disrupted in tumors. Additionally, myoepithelial cells surrounding the tumor have altered fyh66¢t30] (B) (left) In the 3D model of the

normal mammary gland acinus, human or mouse mammary epithelial cells cultured in or on laminin-1-rich, malleable BM will form spherical stitictures w

a central lumen. Addition of lactogenic hormones to mouse cells leads to the synthesis and vectorial secretion of milk proteins into the lunuetutidi pr

by non-malignant human epithelial cells has not yet been achieved). Luminal epithelial cells fail to organize into an acinus when cultured ge8Qeslla

unless they receive signals from myoepithelial cells, which synthesize the laminin components of BM. (right) Oncogenic insults prevent tuepdithgéal

cells from forming the acinus; these tumorigenic structures can be functionally reverted by restoring normal signaling fe2hvBysnodified from[131].

Red, BM; blue, MEPSs; white/grey, LEPs; green, sialomucin.
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physiology of the mammary gland and of breast cancer, andlar network when subsequently transplanted into the cleared
suggest some possible improvements to address questions ahammary fat pads of mid&]. Culture conditions were there-
greater complexity. fore developed to encourage the differentiation of these cells.
Inspired by studies showing rat liver differentiation on float-
ing collagen geld9], Emerman and Pitelka demonstrated
2. The mammary gland that mouse mammary epithelial cells would functionally dif-
ferentiate under similar conditiorj40]. The cells became
The functional secretory unit of the mammary gland is polar and resumed their native shape, assembled a BM vis-
a highly organized branched ductal network of epithelial ible by electron microscopy, and arranged themselves such
cells surrounded by myoepithelium and basement membranethat myoepithelial cells were located on the basal side of the
(BM) embedded in a complex stronfag. 1A). Inthe human, epithelial cells but on the luminal side of the BM, as they
10-15 ducts arise from the nipple, course through the mam-are in vivo; importantly, culturing the cells on thick float-
mary fat pad, and terminate in clusters of alveoli that are ing collagen | gels in the presence of lactogenic hormones
referred to as terminal ductal lobular units (TDLU). Each duct enabled production of some milk proteifisl]. Our labo-
serves one specific lobule of the breast. Lobules are separatedatory showed that floating these gels could indeed lead to
by thick connective tissue septae that contain nerves, blooddramatic de novo synthesis and secretion of many milk pro-
vessels, and lymphatics. Although the mammary epithelium teins[12,13]. The induction of milk protein was later shown
(anlage) is specified in the embryo, the mammary gland is to be due to the formation of an endogenous BMI.
unigue amongst organs in that most of the branching morpho-  Around the same time, investigators trying to understand
genesis required to develop the ductal tree occurs postnatallythe biochemistry of the extracellular matrix (ECM) itself were
during puberty. Full functional differentiation of the gland making their own breakthroughs. Non-collagenous ECM
occurs during pregnancy and lactation, leading to further proteins, including fibronectin and laminin, were purified,
branching of the ductal network to create a system of ducts allowing subsequent analysis of their effects on cellular func-
that collect the milk produced by alveoli. After weaning, the tions[15—-17] Several studies suggested that these molecules,
entire gland undergoes involution, wherein mammary epithe- as well as the collagens, were important for embryonic induc-
lial cells die and are replaced by large amounts of adiposetion and morphogenesis in many tissyi#8—20] Early on,
tissue and mesenchyme that support the lobules in the nondit was postulated21] and then shown experimentally that
pregnant adulf4,5]. Greater than 90% of human mammary specific cell surface ECM receptors were required to convey
carcinomas arise from the ductal epitheli{éh. It is, there- the biochemical and mechanical stimuli into a cellular and
fore, of great interest to understand (1) how the many signalsnuclear respong@2—25] It was later realized that many of
involved in the intricate architectural regulation of the breast the ECM receptors formed a large, well-conserved family,
come together to control the organization and function of nor- renamed integrin§26], which are now understood to play
mal mammary epithelial cells, and (2) how these regulatory an important role in the regulation of nearly all tissues (for
cues are disrupted and circumvented in cancer. review, seqd27]). Additional evidence began to accumulate
that the ECM was more than simply an architectural scaffold.
Changesin cell shape that were shown to be causal in the regu-

3. Historical perspective: what has been done so far? lation of proliferation and other functiofi@8—30]were found

to be affected by, or due to, the ECM in a number of cellular
3.1. Creation of 3D models of the mammary gland lineageq22,31-34] The concept that the ECM might regu-
acinus late chromatin structure and thus the final expression of some

genetic informatiorj21] began to gain support; it was thus

Development of current 3D models of the mammary gland realized that the cellular (micro)environment was important
acinus began almost 30 years ago as a matter of necessityfor regulating tissue-specific gene expresgiaa0].
and proceeded stepwise from the careful observations and But ECM is not a single entity: the nature and composi-
clever experimental manipulations of a number of investiga- tion of the ECM molecules used as substrata were found to
tors. As with epithelia from many tissues, early attempts to be important in determining growth, differentiation, and sur-
culture and maintain rodent mammary epithelial cells capable vival of mammary epithelial cells. BM containing collagen IV
of generating physiologically relevant behaviors in response and laminin yielded better expression of mammary-specific
to differentiating cues were met with failure. The cells could functions in epithelial cells than those containing collagen
be grown and propagated on tissue culture plastic, but thisl or fibronectin[33,35] BM-like gels were isolated, char-
standard method of cell culture failed to maintain mammary acterized, and found to stimulate functional differentiation
epithelial cells that could form acini and produce milk in in a number of organ§36], exemplified by up-regulation
response to lactogenic hormon@$. Cultivation of mam- of both transcription and secretion of milk proteins in pri-
mary cells in monolayer cultures did not irreversibly damage mary mammary epithelial cells and cell lingkt,35,37,38]
their potential for differentiation, however, since the cells It was determined that laminin-1 was the important molecule
were able to differentiate into an apparently normal tubu- in BM for inducing expression g8-casein39], and that the
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BM exerted part of its effects by causing the cells to round differences in morphology are found when we compare the
up [22,34] In understanding the requirement for laminin-1, behavior of normal and spontaneously tumorigenic clones
it was then understood that the differentiation of mammary derived from a human breast cancer progression sgrlgs
epithelial cells cultured in floating collagen gels was a sec- Although it can be difficult to distinguish normal and cancer-
ondary response to cell shape changes which allowed cells taderived cells in two-dimensional (2D) cultures, placing the
deposit their own laminin-rich BMILO,14]. cells in 3D BM reveals not only these gross differences in
The discovery of the first ECM-response element in the their morphology, but also differences in their growth rates
promoter of the-casein geng40,41] paved the way for  [50], and in the identity, quantity, and pattern of the proteins
studies of the relationship between the ECM and nuclear andthey express (for review, s¢g2]).
chromatin structure. Initial studies suggested that chromatin  The ability of normal cells to differentiate into acini
context and histone acetylation/deacetylation were altered byrequires signaling through specific integrins, which were
addition of ECM[42,43] The effects of laminin-1 described  shown to play a role not only in growth regulation but also in
above were shown to be transmitted through changes in cellapoptosig53,54] Tumorigenic cells were found to express
shape to alterations in supramolecular structure of the nucleusabnormally high levels of a number of integrins, including
[44], and through genome-wide changes in methylgdéi. B1-integrin, compared to normal epithelial cells when cul-
Clearly, many milk protein genes respond transcriptionally tured in 3D BM; remarkably, inhibitin@1-integrin signaling
to the presence of correct ECM molecules but some, such ago the level present in normal tissue with a function-blocking
whey acidic protein, have more stringent requirements not antibody caused the tumor cells to functionally “revert” to a
only for a polarized structure, but also for a closed acinar normal phenotypg5] (Fig. 1B). Reverted cells were essen-
structure[46,47]. It should be noted that ECM impacts gene tially indistinguishable from normal cells: they formed func-
expression both positively and negatively: whergasasein tionally polarized acini, reorganized their actin cytoskele-

is induced by BM, transforming growth factor (TGB)is tal networks, reformed cell-cell adhesions, down-regulated
suppressed by BM in mammary epithelial c@i8], and there cyclin D1, up-regulated pZP1, and stopped growinfp5].
are other examplgg9]. Pretreatmentwith the function-blocking antibody agafist

The current model of the mammary gland acinus is integrin also dramatically reduced the formation of tumors by
depicted inFig. 1B. Functionally normal mouse or human the malignant cells when injected into mice. Additional work
mammary epithelial cells embedded in laminin-rich BM will  from our group and others has demonstrated that antagoniz-
form a polarized structure that resembles the normal mam-ing one or two of the many pathways that are de-regulated
mary gland acinus; this polarized “tissue” responds to lac- or up-regulated in the tumorigenic cells will not only cause
togenic hormones by producing and secreting milk proteins them to rever{56-59,133] but in some cases will also “nor-
vectorially into the apical lumef88]. In this way, cells are  malize” the expression and activation levels of a number of
receiving cues from neighboring cells andthe ECM that allow the other signaling pathways. Importantly, these pathways
them to replicate functions seen in the mammary gland. What are regulated reciprocally only in 3D and not in 2D cultures
has thus emerged over the past three decades is not simply §2].
cell culture model, butrather a paradigm—that tissue-specific ~ Just as tissue structure and function are connected recip-
functions can be recapitulated in the laboratory by providing rocally and dynamically, restoring normal tisssteuctureto
cells with appropriate microenvironmental cues that allow the tumor cells can restore normal tisduection even when the
rebuilding of tissue-specific form. Further, because they are cells contain considerable underlying genomic aberrations
easily amenable to experimental manipulations, these phys-(reviewed in[52,60). Therefore, phenotype could dominate
iologically relevant 3D models allow us to study molecular genotype in malignant cells as it does in normal tissues

mechanisms underlying tissue specificity. (the genes in different tissues and organs are identical, yet
the phenotypes are totally distinct). This paradigm has been

3.2. The 3D model of the mammary gland acinus as used successfully in the clinic to treat leukenfd], and

applied to cancer the elucidation of the microenvironmental cues that regulate

expression of genetic lesions in other types of tumors is an
Having a model of normaltissue form and function enables active area of investigation.

one to study how that tissue is disrupted in disease. We and Conversely, the structure of the normal acinus can be dis-
other investigators have found that normal and cancer-derivedrupted by over-expression of known oncogefts-67] For
mammary epithelial cells can be distinguished from each example, the exogenous expression of an activated form of
other using the 3D assay described above for rodent cellsthe epidermal growth factor receptor ErbB2 was found to
[38,50] When cultured within a laminin-rich BM, normal re-initiate proliferation in the acini, causing the normally
mammary epithelial cells from reduction mammoplasty, as hollow lumina to fill up with cells, a phenotype reminiscent
well as cell lines, form polarized acini with central lumina of the early stages of breast can{@]. And active ErbB2
as they growth arrest, whereas carcinoma-derived mammaryin conjunction with TGFg increased the invasiveness of a
epithelial cells are unable to organize and instead form disor- mammary epithelial cell line, mirroring changes occurring in
dered colonies that continue to gr{g0] (Fig. 1B). The same advanced neoplastic disease and metasi@8jsTherefore,
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oncogenic assaults in appropriate experimental contexts will tion to regulate these hormonal receptors (and vice versa),
recapitulate the phenotypic consequences of similar assaultend how those pathways are disrupted in malignancy. The
in the breast. Although these data are not surprising, they ECM itself is under hormonal control in the mammary gland
do allow us to begin to “connect the dots” between known [78,79], and further work is required also to understand this
genetic and epigenetic aberrations and the structural changeseciprocal relationship in mammary gland development and
that occur during the progression to cancetr. breast cancer.
Aside from inducing signals through integrins, we also
know that BM affects the structure of the nucleus, but again,
4. What to do now? we do not fully understand how. The laminin-dependent acti-
vation of theB-casein gene requires its stable integration
The 3D model of the mammary gland acinus has evolved into the genom42,80] This suggests that ECM-dependent
over the past three decades. Accordingly, our view of the genes are regulated in the context of chromatin organiza-
“unit of function” of the mammary gland has evolved as well. tion. The expression of th@-casein gene can be modu-
In the early stages of the model, we considered the unit of lated by altering the organization of histones, since agents
function to be the cell plus its surrounding EGRAL]. As our that deacetylate histones activate flxeasein response ele-
understanding of the model advanced, it became clear that thanent but suppress the endogenous expressigirazsein
synthesis of most milk proteins required cell-cell interactions [42]; ECM also induces histone deacetylatipt8]. How
and closure of the acinus around a central lumen. Thus, thedoes laminin cause these structural changes in the nucleus?
unit of function (in this case, milk production) is greater than We hypothesize that some of the signals linking laminin to
the cell plus its ECM environment. We proposed in 1987 that the nucleus arise through bi-directional connections between
the unit was the gland itsel68,69] Indeed, it is the forma-  the cytoskeleton and the nuclear matrix, a model known
tion of this differentiated structure that allows one to study as dynamic reciprocity21,80] Linkages between the cell-
the differences between normal and cancerous phenotypessurface plasma membrane and the nucleus have been demon-
We now consider the unit of differentiated function to be the strated to occur through the actin and intermediate filament
entire organ. It is important to recognize that the evolution cytoskeletal networks in other systerf&l—83] Laminin-
of this model and the philosophy behind it were influenced induced cell rounding is required but not sufficient for
not only by advances in developmental biology, but also by casein expressidB4,84] nevertheless, changes in cell shape
the remarkable technological advances in cell and molecu-are known to lead directly to changes in the expression of
lar biology occurring at the time. In this light—and in light some milk proteing29] as well as alterations in nuclear
of recent progress in genomics, proteomics, bioinformatics, structure[85]. Thus, laminin induces part of its effects on
nanotechnology, and engineering—we believe it is time for the nucleus indirectly by rounding up the cells. Many unan-
the model to evolve yet again. In this section of the review, swered questions remain: How does laminin induce cell
we highlight gaps in our knowledge amenable to study using rounding? How are the resulting changes in nuclear archi-
the current model. We then propose several ways to build tecture translated into changes in gene expression? And does
upon the model to address even more complex questions incell rounding affect differentiation by mechanisms other than

mammary gland biology and breast cancer. those that occur through changes in nuclear structure? The
answers to these questions are currently being pursued in

4.1. Breaking it down. . (or milking the acinus for all both mammary epithelial cells and a number of other cell

its worth!) types[86,87] What is clear from these studies is that the

cytoskeleton indeed plays a crucial role in connecting the

What questions remain to be answered by 3D models of ECM and other signals to the regulation of gene expression
the mammary gland acinus? We know that both a laminin- in the nucleug21,132]
rich BM and lactogenic hormones are required for functional =~ The mammary gland model described here appears to be
differentiation, but how do the cells coordinately regulate the useful for examining the processes that are involved in the
information from these ECM and hormonal cues? Signaling formation of a tissue. In this regard, we are beginning to
from laminin throughB 1-integrin regulates phosphorylation understand how the acinus forms in 3D cultures. Cell—cell
of the prolactin receptd0], thus allowing prolactintoregu-  and cell-ECM interactions lead to apical-basal polarity fol-
late the DNA binding activity of the Stat5 transcription factor lowed by apoptosig88]. Cell death clearly plays animportant
[71]. Stat5 activity is required for the expression of many milk role (for review, sed89]). In the absence of stimuli from
proteins[41,72—74] and its activation by prolactin requires integrin-mediated adhesion to the ECM, mammary epithe-
cytoskeletal integrityf75]. Recent studies have also demon- lial cells undergo apoptosif4,90,91] in the 3D model,
strated that the collagen IV and laminin components of the cells in the center of the forming acinus are isolated from the
BM signal througha?2-, a6-, andp1-integrins to alter the  BM and subsequently die through caspase-mediated apopto-
expression of the estrogen receptor &IRF6]. This regula- sis and autophagy to allow cavitation of the lunjea—94]
tion may be disrupted in cancer ce|l&7]. Further work is Understanding the signaling pathways leading to lumen for-
needed to identify the pathways activated by integrin liga- mation and the establishment of apical-basal polarity in the
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acinus are active areas of study in many laboratories andspecifying the eventual architecture and differentiated func-
many systems. However, interesting as these data are, it mustion of the implanted epithelial cel[402,103] More recent

be remembered that the mammary gland does not create itselexperiments by Runswick et dl104] and Gudjonsson et
from single cellsisolated in a 3D gelatinous space, butinsteadal. [105] have shown that the epithelial bilayer (the aci-
grows out from a pre-existing rudimentary ductal tree. As nus) can be rebuilt by co-culturing purified luminal epithe-
such, it is unclear whether the same processes that create thial cells with myoepithelial cells in 3D culture$ig. 1B).
lumen in culture are important in the breast, and therefore, Myoepithelial cells derived from normal glands could direct
any pathway implicated by the model needs to be verified in normal luminal epithelial polarity but those derived from

the appropriate contextual setting in vivo. 75% of breast cancers could ndi05]. Understanding the
cell-cell interactions that regulate the function of the mam-
4.2. Cancer models: a reality check mary gland is important for understanding tissue-specificity,

especially since the myoepithelium is now considered to pos-
Finally, we needto critically interrogate our 3D cell culture  sess tumor-suppressive properti#85,106] Having incor-

models with pathologists’ views of cancer progression. That porated myoepithelial cells into the 3D model, we can begin
is, invasive human breast cancers are derived from existingto introduce the other cell types and observe their effects on
premalignant lesion®5], but the majority of our current cul-  epithelial cell function. In addition to myoepithelial cells, we
ture models of cancer at best compare normal cells to geneti-need to investigate the roles of the stromal components and
cally unrelated cells that have been isolated from tumors andblood vessels in the normal gland and in cancer since interac-
propagated for numerous generations on tissue culture plastions with the stroma regulate not only the normal phenotype,
tic. Do we see the same changes in 3D cultures? How do webut also the malignant behavif®8,107-111] Finally, the
model the intervening steps? The breast cancer progressiomammary gland undergoes repeated cycles of remodeling
series derived from HMT-3522 cells by Briand et[86] and in the adult during the pregnancy cycles. To understand how
Petersen and co-workefsl], and used as described above thisimpacts the probability for developing cancer, we need to
is the first human breast cancer model to examine prema-define and investigate the role of the stem cell compartment
lignancy in a genetically relevant context without the use of and the ECM remodeling enzymes expressed in the breast
dominant oncogenes. While it has already answered a few[112].
questions and has the potential to answer a large number of How do the repeated cycles of remodeling in the breast
questions, it only describes one set of genomic changes possiehange the biology of the tissue? Epidemiological findings
ble in progression to breast cancer. In addition to developing indicate that nulliparous women have a higher incidence of
more cell lines relevant for the study of cancer progression, breast cancer than multiparous women, especially if the lat-
we need to develop models where the rest of the microenvi- ter bear children at a young age, and that increase in parity
ronment surrounding the cancer cells can be recreated. Therés associated with a decreased risk for breast cancer, with
are significant changes in the composition of the ECM in each additional birth conferring an additional decrease in
premalignant lesions leading to cancer. For example, desmo-isk [113]. Why are the epithelial cells of young multiparous
plasia and fibrosis are some of the early stromal reactions thatwomen less prone to neoplastic alterations? Does repeated
occur and appear to predispose the affected tissues to cancaemodeling of the stromal microenvironment play a role in
[97-101] How are these changes brought about and how canthis phenomenon, and if so, how? We lack appropriate cul-
we study them? To do the latter, we believe it is important to ture models to begin to investigate these changes. We could

model the context as well as the cancer cells. build models of the branched ductal tree that respond to hor-
monal cues by stimulating the bursts of acinar growth and
4.3. Buildingitup... milk secretion during pregnancy and lactation, followed by

the apoptotic cell death and remodeling during involution

What refinements and additions do we need to make [114]. This will require us to functionally link our model of
to the existing 3D model of the mammary gland acinus? the mammary gland acinus with models of mammary gland
Functional differentiation is dictated by the complexity of branching morphogenes[815-117]in such a way as to
the tissue architecture achieved in cultfs2]. Although recreate both the structure and the temporal differentiation
the luminal epithelial cell is the main component of the of the gland. Finally, we need to include the stem cells and
breast and is responsible for the majority of mammary car- the mammary fat pad and the function of adipocytes in the
cinomas, the organ is comprised of a number of additional gland’s development and remodelifid.1,118,119]
cell types likely involved in regulating both normal func-
tion and progression to malignancy (se@. 1). In this 4.4. Towards an engineered breast
regard, we will not fully understand how the mammary
gland maintains tissue-specificity until we develop culture  Future strategies to recreate the mammary gland (and,
models that faithfully recapitulate its full structural and func- indeed, other tissues and organs) in culture will likely be
tional complexity. Early tissue recombination experiments driven by interdisciplinary collaborations. Recent advances
revealed the importance of the stromal compartment for in nanotechnology, materials science, and biomedical
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mammary epithelial cellgL20]; but the effects of nidogen-
1 require the presence of its collagen IV-binding domain,
suggesting that cells can sense the differences between indi-

(A)
Synthetic BM

= vidual molecules and an intact BM. Indeed, cells cultured
EGM roceptor 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
Fibroblast glycoproteins, each of which contains many cellular binding
®) Synthetic stromal domains; thus, unraveling the roles of the different molecules
ECM is not a trivial problem. However, we can begin to understand
1-10x10% m MEP the BM/ECM requirement in more detail by taking advan-
LEP tage of recently developed synthetic scaffolds in which the
Synthetic BM adhesive moieties, proteolytic sites, and mechanical proper-

ties are defined precise]$21,122] and by using gels made
of purified ECM molecules with inserted or deleted domains

Bilayered ducts/acini (Fig. 2A) [123]. These strategies have been used to study
neurite outgrowth and angiogenesis for tissue engineering
Stroma applicationg124,125] 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-
Engineered construct 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,
including photolithographic- and CAD-based techniques that
allow rapid prototyping and freeform design (reviewed in
Fig. 2. The tissue-engineered breast. New strategies should enable the con[lzel)' The;e stratggles a,'re qurrently being pursued to engi-
trol of the microenvironment at the nano-, micro-, and macro-scales with N€€rmany tissues, mCIUdmg liver, pancreas, andbone. Proper
temporal precision. (A) Synthetic and recombinant ECM polymers impart rebuilding of the breast will require the ability to control or
cues sensed directly by cell-surface receptors. (B-C) Microfabricated con- direct the position of many types of cells with respect to
structs control th_e po;itions of multiplg cell types with respect to e_ach other agch otherFig. 2B and C); recent innovations in laser- and
End_the ECM with micrometer precision across large areas of tissue. (D) Flectrophoretic—guided cell deposition offer a few possible
ngineered breast tissues that can be visualized and manipulated in rea . .
time. approachefl27,128] The ability to control the positions of
cells a priori in 3D culture opens up a tantalizing array of
guestions to pursue: What is the relationship between the
engineering are unleashing the potential to directly control vascular network and the ductal tree? Do adipocytes within
the microenvironment at multiple levels and scaleig(2). the mammary fat pad influence morphogenesis or develop-
That is, we should have the capability to construct designer ment of cancer? Does a tumor that forms in one lobule of
tissues in which the chemistry, geometry, and mechanics atthe mammary gland influence the behaviors of the cells in
every scale—from the nanometer to the centimeter—are con-adjacent or distant lobules?
trolled precisely. Not only will these strategies allow us to In addition to the ability to recreate the structure of the
replicate the gland in culture, but such control also gives us mammary gland on the nano-, micro-, and macro-scales,
the ability to answer questions not amenable to study in vivo recent advances in imaging, nanotechnology, and synthetic
using traditional approaches and materials. We still have achemistry will enable us to expand the 3D models into the
very limited understanding of the nature of the ECM signals fourth dimensionig. 2D). Not only will we be able toimage
sensed by mammary epithelial cells. Signaling from laminin- our engineered tissues in real time using two-photon and
1 through both integrin and non-integrin (e.g., dystroglycan) spinning disk confocal setups, but we will also be able to con-
receptors is required for acinus formation and differentiation trol the chemical and mechanical makeup of the tissues with
[14,22,39,84]but the role of other BM molecules in the dif- spatial and temporal precision by incorporating caged fluo-
ferentiation process is unclear. For example, it is not clear rophores and “smart polymers”into the cells and surrounding
why laminin-1 can replace myoepithelial cells in conferring ECM. Using biosynthetic polymers that incorporate moieties
polarity to luminal epithelial cells, but laminin-5 and -10/11 that respond to light, we can activate the polymerization,
cannot[105]. Some studies suggested that nidogen-1 aug- degradation, and controlled release of molecules including
ments the effects of laminin-1 on functional differentiation of growth factors and morphogens contained within the poly-

Real-time imaging and
manipulation
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meric network. Light can similarly be used to control the  [2] Hortobagyi GN. Opportunities and challenges in the development
activity of single molecules both intra- and extracellularly of targeted therapies. Semin Oncol 2004;31:21—7.

using chromophore-assisted laser inactivation (CAL29]. (3] /2882?22?'87562" culture:  biology's new  dimension. Nature
Cf”lged fluorophores _and_ quantlflm dots will allgw us to YISU- [4] Osboyrne .MP. B;reast development and anatomy. Philadelphia:
alize changes occurring in real time as our engineered tissues | ippincott-Raven Publishers; 1996.

respond to externally applied morphogenic, hormonal, and [5] Russo J, Russo IH. Development pattern of human breast and
oncogenic signals and gradients. In short, we should be able susceptibility to carcinogenesis. Eur J Cancer Prev 1993;2(Suppl.

to redefine how the “microenvironment” is studied in culture. 3):85-100. . . .
[6] Silberstein GB. Tumour-stromal interactions. Role of the stroma in

mammary development. Breast Cancer Res 2001;3:218-23.
[7] Bissell MJ. The differentiated state of normal and malignant
5. Conclusions cells or how to define a “normal” cell in culture. Int Rev Cytol
1981;70:27-100.

- . ] [8] Daniel CW, Deome KB. Growth of mouse mammary glands in
We have described the development of relatively simple vivo after monolayer culture. Science 1965;149:634—6.

but “functional” models of the mammary gland acinus that (g} michalopoulos G, Pitot HC. Primary culture of parenchymal liver
have allowed investigators to probe the tissue-specificity and cells on collagen membranes. Morphological and biochemical
the complex differences between normal tissue and breast observations. Exp Cell Res 1975;94:70-8.

cancer. The models take advantage of the principle that if the [10] Emerman JT, Pitelka DR. Maintenance and induction of mor-

. . . . . phological differentiation in dissociated mammary epithelium on
appropriate 3D microenvironmental cues are given, cells will floating collagen membranes. In Vitro 1977:13:316-28.

respond by displaying their appropriate functional pheno- [11] Emerman JT, Enami J, Pitelka DR, Nandi S. Hormonal effects on

types in culture, both by elaborating necessary genes, includ- intracellular and secreted casein in cultures of mouse mammary
ing some crucial myoepithelial and stromal genes, and by epithelial cells on floating collagen membranes. Proc Natl Acad
responding to, and modifying, the surrounding 3D matrix. » fc' UES;(A ;977;334:?66]?%3 Vodulation of ed oroteins of
We have, therefore, proposed that a full understanding of 12 Le€ EY: Parry G, Bissell MJ. Modulation of secreted proteins o
. mouse mammary epithelial cells by the collagenous substrata. J
the complexny (_)f mammary _gland development and breast Cell Biol 1984:98:146-55.
cancer will require us to engineer a model of the mammary [13] Lee EY, Lee WH, Kaetzel CS, Parry G, Bissell MJ. Interaction of
gland that takes into account its architectural and develop- mouse mammary epithelial cells with collagen substrata: regulation
mental complexity and we have described a number of ways of casein gene expression and secretion. Proc Natl Acad Sci USA
: ' . 1985;82:1419-23.

to build upon the current model to achieve that goal. We 9858 9-23 , _

. . ) [14] Streuli CH, Bissell MJ. Expression of extracellular matrix compo-
envision a future model of the breast that will recapitulate nents is regulated by substratum. J Cell Biol 1990;110:1405-15.

its development, regulation, and neoplastic transformation, [15] Yamada KM, Olden K. Fibronectins—adhesive glycoproteins of
and the role of stem cells in these processes in such a way cell surface and blood. Nature 1978;275:179-84.
as to allow both basic studies of tissue biolagyd applied [16] Hynes RO, Destree AT, Perkins ME, Wagner DD. Cell sur-

) : _ ) oynes _ \ IE, Wagn |
analysis of potential targeted therapeutics leading to success- S%_ﬂ%nse_clt&and oncogenic transformation. J Supramol Struct

ful eradication of pain and morbidity associated with breast [17] Timpl R, Rohde H, Robey PG, Rennard SI, Foidart JM, Martin

cancer. GR. Laminin—a glycoprotein from basement membranes. J Biol
Chem 1979;254:9933-7.

[18] Ekblom P, Alitalo K, Vaheri A, Timpl R, Saxen L. Induction of
a basement membrane glycoprotein in embryonic kidney: possi-
ble role of laminin in morphogenesis. Proc Natl Acad Sci USA
1980;77:485-9.
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