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Abstract

Tissue morphogenesis and homeostasis are dependent on a complex dialogue between multiple cell

types and chemical and physical cues in the surrounding microenvironment. The emergence of

engineered three-dimensional (3D) tissue constructs and the development of tractable methods to

recapitulate the native tissue microenvironment ex vivo has led to a deeper understanding of tissue-

specific behavior. However, much remains unclear about how the microenvironment and aberrations

therein directly affect tissue morphogenesis and behavior. Elucidating the role of the

microenvironment in directing tissue-specific behavior will aid in the development of surrogate

tissues and tractable approaches to diagnose and treat chronic-debilitating diseases such as cancer

and atherosclerosis. Toward this goal, 3D organotypic models have been developed to clarify the

mechanisms of epithelial morphogenesis and the subsequent maintenance of tissue homeostasis. Here

we describe the application of these 3D culture models to illustrate how the microenvironment plays

a critical role in regulating mammary tissue function and signaling, and discuss the rationale for

applying precisely defined organotypic culture assays to study epithelial cell behavior. Experimental

methods are provided to generate and manipulate 3D organotypic cultures to study the effect of matrix

stiffness and matrix dimensionality on epithelial tissue morphology and signaling. We end by

discussing technical limitations of currently available systems and by presenting opportunities for

improvement.

I. Introduction

Tissue development depends on coordinated cycles of transcriptionally regulated cell growth,

death, and migration that are controlled by exogenous soluble and physical stimuli and spatially

dependent cell–matrix and cell–cell adhesion (Barros et al., 1995; Ingber, 2006; Jacobson et
al., 1997; Locascio and Nieto, 2001). Regardless of length scale, understanding the molecular

basis of tissue-specific differentiation and homeostasis requires an appreciation of adhesion-

dependent cell behavior in the context of a three-dimensional (3D) extracellular

microenvironment and a complex adhesion-dependent multicellular tissue. Through genetic

and biochemical analysis, we have learned much about cell adhesion, including details of

adhesion molecule structure and function, and about how various cell adhesion molecules

likely mediate cell–extracellular matrix (ECM) interactions and facilitate cell–cell junctional

complexes (Fuchs et al., 1997; Huttenlocher et al., 1998; Springer and Wang, 2004). We have

also learned much about how exogenous growth, death, migration, and even mechanical cues

activate signaling cascades to influence the fate of individual cells and undifferentiated 2D cell

monolayers (Huttenlocher et al., 1995; McBeath et al., 2004; Stegemann et al., 2005;

Thornberry and Lazebnik, 1998; Wang et al., 2001). Yet, all too often, experimental
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conclusions reached from observations of single cells and simplified 2D monolayer cell sheets

do not accurately represent how cells behave within 3D tissues in vivo (Green et al., 1999;

Sethi et al., 1999). Indeed, developmental models and transgenic animals consistently

underscore the importance of studying cell behavior in the correct tissue context. However,

live animal experimentation is so inherently complex that systematic assessment of the effect

of individual variables, such as cell shape and matrix compliance, on cell behavior is extremely

challenging and impractical (Sethi et al., 1999; Wang et al., 2005). At the interface between

in vivo studies and 2D culture models are the organotypic culture systems that can faithfully

recapitulate various aspects of tissue organization and function ex vivo. These organotypic 3D

models have been employed with varying degrees of success to clarify some of the mechanisms,

whereby biological processes such as adhesion-dependent survival (Weaver et al., 2002; Zahir

and Weaver, 2004), polarity (O’Brien et al., 2002; Wang et al., 1998), proliferation (Zink et
al., 2004), and even epigenetics (Bissell et al., 1999; Zink et al., 2004) regulate cell behavior

as well as novel feedback/regulatory mechanisms (Bissell et al., 2002). Organotypic culture

models have been effectively applied to study tissue-specific differentiation (Bissell et al.,
2002), to understand factors controlling stem cell behavior (Hendrix et al., 2001), and even

microenvironmental control of malignant transformation and tumor dormancy (Margulis et
al., 2005; Weaver et al., 1997). Through the prudent use of organotypic 3D models, critical

disparities between the molecular determinants of cell polarity (reviewed in O’Brien et al.,
2002), apoptosis resistance (Weaver et al., 2002), and growth factor responsiveness (Wang et
al., 1998) in cells incorporated into a 3D tissue and those propagated as 2D monolayers have

been revealed (reviewed in O’Brien et al., 2002). Yet, while 3D organotypic models can

faithfully recapitulate some aspects of tissue behavior ex vivo, many of the systems routinely

used to study tissue-like behaviors employ crudely defined natural ECM molecules that

contribute to considerable experimental variance. In addition, many of the approaches used to

assemble 3D tissue-like structures in culture operate by simultaneously modifying multiple

variables, including restrictions on cell shape, matrix compliance, biochemical cues and

metabolites, and even the spatial orientation of the ECM, thereby obscuring definitive

experimental conclusions regarding individual experimental parameters (Kleinman et al.,
1986; Paszek et al., 2005; Wozniak et al., 2003). Indeed, the engineering of surrogate tissues

and the development of tractable approaches to diagnose and treat chronic-debilitating diseases

such as cancer and atherosclerosis require both a comprehensive understanding of tissue-

specific behavior at the molecular level and highly reproducible systems. Accordingly,

considerable effort has been expended toward developing synthetic biomaterials in which

individual material properties such as cell shape, matrix presentation (2D vs 3D), ligand

density, and elastic modulus can be precisely modulated (Chen et al., 1998; Engler et al.,
2004; Tan et al., 2003; Yamada et al., 2003). By applying one of the defined systems in which

matrix compliance and ligand density could be rigorously controlled, the critical role of matrix

stiffness and integrin adhesions as a key regulator of multicellular mammary epithelial cell

(MEC) tissue morphogenesis and malignant transformation has been highlighted (Paszek and

Weaver, 2004; Paszek et al., 2005). In this chapter, we discuss the rationale for applying well-

defined 3D organotypic culture assays to study adhesion-dependent cell behavior. We describe

the use of 3D MEC organotypic cultures to illustrate how matrix compliance plays a critical

role in regulating mammary tissue function and signaling. Finally, we outline experimental

methods to generate, manipulate, and study the effect of matrix stiffness and matrix

dimensionality on epithelial tissue morphology and signaling, and discuss technical limitations

of currently available systems and future opportunities for improvement.
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II. Rationale

A. Stromal–Epithelial Interactions

During embryogenesis, the epithelium originates from the endoderm and ectoderm and

develops into a specialized tissue whose primary functions in the organism are to protect and

to control permeation or transport. Unlike skin and esophagus, which are stratified epithelia

that provide a critical barrier, the secretory epithelium is composed of a simple layer of

epithelial cells lining tubes and ducts, whose principal function is to facilitate secretion and

transport of biological materials. In vivo, the secretory epithelium abuts on and is surrounded

by a stroma, which consists of cellular and noncellular components, including ECM molecules,

soluble factors, and various stromal cells such as fibroblasts, adipocytes, and endothelial cells.

Directly interacting with the epithelium is the basement membrane (BM), which is a

specialized, highly organized ECM composed primarily of laminins 1, 5, and 10, collagen IV,

entactin, and heparin sulfate proteoglycans. The BM in turn intersects with the interstitial

matrix, which consists of collagens I and III, fibronectin, tenascin, elastins, and various

proteoglycans including lumican, biglycan, and decorin (Kleinman et al., 1986). Collectively,

the various components of the ECM and stroma provide biochemical (composition) and

biophysical (structural modification and organization) cues to the epithelium and operate in

concert with soluble factors released from the resident stromal cells to maintain the

epithelium’s organ-specific function. Perturbations in stromal–epithelial interactions and

altered epithelial organization are hallmarks of cancer and many chronic degenerative diseases.

Moreover, disrupting tissue organization or altering ECM integrity precipitates disease, and

restoring tissue structure or proper ECM interactions normalizes tissue behavior (reviewed in

Hagios et al., 1998; Jeffery, 2001). Accordingly, the goal of 3D organotypic culture models is

to recreate tissue-specific interactions, organizations, functions, and behavior ex vivo through

prudent control of the biochemical and biophysical properties of the ECM, in order to

understand the role of stromal–epithelial interactions and tissue structures in tissue-specific

functions.

Mammary gland organotypic culture models have been used effectively to study the role of

stromal–epithelial and ECM interactions in tissue-specific differentiation (Debnath et al.,
2003; Petersen et al., 1992; Weaver et al., 1996; Wozniak et al., 2003). Unlike other tissues,

the mammary gland undergoes unique developmental cycles in the adult organism and the

gland can be readily accessed and manipulated in vivo and in culture. Additionally, reasonable

quantities of breast tissue can be isolated and propagated ex vivo for culture experiments. As

such, much of what we know regarding ECM-dependent epithelial differentiation has been

derived from organotypic cultures of primary and immortalized MECs. Early studies

demonstrated that MECs grown as 2D monolayers on rigid tissue culture substrates or within

a physically constrained collagen I gel fail to assemble tissue-like structures (acini) and

differentiate [no detectable expression of differentiated proteins such as whey acidic protein

(WAP) or β-casein], despite the availability of appropriate growth factors and lactogenic

hormones (reviewed in Roskelley et al., 1995). Yet, when the same MECs are grown within

unconstrained collagen I gels and allowed to deposit and organize their own endogenous BM,

or are embedded within a compliant reconstituted BM (rBM), they are able to assemble

multicellular tissue-like structures (acini; reminiscent of terminal ductal lobular units in tissues

in vivo) and differentiate in response to hormonal cues (expressed β-casein and WAP; reviewed

in Roskelley et al., 1995; Fig. 1). Further studies using murine and human MECs have also

consistently shown that the composition and spatial context of the ECM profoundly influence

the responsiveness of an epithelium to exogenous growth, migration, and death stimuli (Wang

et al., 1998, 2005; Weaver et al., 2002). For example, some human luminal epithelial breast

tissues in vivo express the estrogen receptor (ER) and proliferate in response to hormonal

fluctuations in estrogen. When these MECs are isolated and cultured on tissue culture plastic,
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they spread to form raised ER-negative, 2D cobblestone monolayer colonies that lack

estrogenic responsiveness. However, if the isolated MECs are instead grown in the context of

a compliant rBM, they retain their ER expression and maintain their estrogenic responsiveness

(Novaro et al., 2003). Likewise, undifferentiated MECs grown on tissue culture plastic are

highly sensitive to exogenous death cues, whereas their rBM-differentiated counterparts

exhibit extremely high resistance to multiple apoptotic stimuli (Weaver et al., 2002).

Analogous observations regarding the importance of biochemical and biophysical ECM cues

for epithelial morphogenesis and tissue-specific differentiation have also been reported for

thyroid, salivary gland, and kidney epithelia studies (Kadoya and Yamashina, 2005; O’Brien

et al., 2001; Yap et al., 1995).

B. ECM Mechanics and Epithelial Behavior

Many important discoveries have been made concerning the molecular mechanisms by which

the ECM influences epithelial behavior, including the requirement of signaling through

laminin-dependent ligation of α3β1 and α6β4 integrins. In addition, cooperative ERK-PI3

kinase and RacGTPase-NFκB signaling through epidermal and insulin growth factor receptors

and prolactin-dependent activation of Stat3 have been identified as key biochemical events

involved in directing MEC growth, survival, and differentiation (Akhtar and Streuli, 2006;

Muschler et al., 1999; Paszek et al., 2005; Zahir et al., 2003). The ECM not only influences

epithelial behavior through biochemical signaling but also through the mechanical properties

of the microenivornment.

Early studies with constrained versus released collagen gels revealed the importance of ECM

mechanics in directing the cell shape of MECs to promote differentiation (Emerman and

Pitelka, 1977). MECs plated on constrained collagen gels or gluteraldehyde-crosslinked rBM

fail to differentiate in response to lactogenic stimuli and instead spread to form a 2D cell

monolayer despite appropriate integrin-ECM ligation and growth factor signaling (reviewed

in Roskelley et al., 1995; Weaver and Bissell, 1999). Furthermore, laminin- and proteoglycan-

mediated ligation of dystroglycan (DG) has been strongly implicated as the primary mediator

of ECM-directed cell shape fate determination in MECs and as a critical component in

establishing a continuous BM (Muschler et al., 1999). The hypothesized mechanism seems to

depend only on DG’s extracellular domain and to involve DG binding to laminin, which then

polymerizes on the cell surface and onto adjacent DG-expressing cells, ultimately establishing

a continuous BM. This process of ligation-driven BM assembly is almost certainly in

competition with integrin-based and other adhesive processes. The latter seem more

mechanosensitive and might dominate on rigid substrates versus soft substrates.

Although the detailed molecular mechanisms of the mechanosensitivity of MEC differentiation

remain to be delineated, recent studies using both nontransformed and transformed human

MECs suggest that Rho GTPase-dependent cell contractility regulates adhesion-directed, cell

shape-dependent, epithelial tissue-specific functions (Paszek et al., 2005). Transformed human

mammary epithelial tumor cells propagated on top of constrained collagen I gels assembled

aberrant invasive structures with high Rho and ROCK activity, whereas they could form cell

aggregates reminiscent of nontransformed tubules when grown in unconstrained collagen I

gels (Keely et al., 1995). In concert with these in vitro observations, transformed mammary

tumors were recently shown to exhibit enhanced Rho GTPase activity and exert elevated

myosin-dependent cell contractility and aberrant integrin adhesions when compared to

nontransformed MECs. Normalizing tumor cell contractility through application of

pharmacological inhibitors of Rho, ERK signaling, or myosin could phenotypically revert the

malignant phenotype (Paszek et al., 2005). Consistent with a critical role for matrix compliance

in epithelial behavior, nontransformed MECs grown within highly compliant rBM gels or

nonconstrained and compliant collagen I/rBM gels competently assemble polarized, growth-

Johnson et al. Page 4

Methods Cell Biol. Author manuscript; available in PMC 2009 March 19.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



arrested acini-like structures. However, when grown within constrained collagen I/rBM gels

or collagen I/rBM gels of higher concentration and stiffness, they form progressively disrupted,

disorganized, and continuously proliferating colonies (Paszek et al., 2005; see also Sections

III.A.1 and III.A.2).

Through the application of defined, synthetic, rBM-crosslinked polyacrylamide gels, it was

concluded that matrix stiffness and not matrix density or physical presentation constitutes a

critical regulator of multicellular epithelial morphogenesis (Paszek et al., 2005; Fig. 2). These

studies clearly emphasize the importance of myosin contractility and integrin adhesion

maturation as matrix-regulated cell shape and force regulators. They have also identified

altered ERK-dependent cell growth and survival, destabilization of cell–cell adhesions, and

perturbed matrix assembly, as central mechanisms for further study. Indeed, the proper

assembly of an endogenous cell-derived matrix plays a key role in epithelial differentiation,

as has been illustrated by the necessity of proper laminin–nidogen interactions for mammary

tissue differentiation and gene expression in culture (Pujuguet et al., 2000) and for multiple

epithelial tissues including the kidney in vivo (Willem et al., 2002). Indeed, in lung

development, increasing the compliance of the chest wall or decreasing the skeletal muscle

fibers that aid in breathing modifies the biophysical properties of the tissue microenvironment

by decreasing the applied force to the developing lung, leading to a decrease in lung growth,

which further perturbs the tissue ECM and compromises tissue function (reviewed in Liu et
al., 1999).

C. 3D Organotypic Model Systems

Key to engineering tissue-specific function is the application of an appropriate ECM in which

the biochemical, biophysical, and spatial cues can be defined and controlled. An array of natural

ECMs and a growing list of synthetic biomaterials, each with advantages and disadvantages,

are available to the experimentalist. Ideally, a comprehensive assessment of what constitutes

normal ECM composition, mechanical properties, and organization should be taken into

consideration. Unfortunately, our comprehension of these variables has lagged behind, due to

the complexity, lack of homogeneity, and anisotropy of biological materials.

rBMs isolated from Engelbreth–Holm–Swarm (EHS) mouse sarcomas have been routinely

used to assemble tissue-like structures in culture and have been successfully applied to study

mammary, thryoid, salivary gland, lung, and kidney epithelial cell morphogenesis and

differentiation, and to distinguish between normal and transformed epithelial cells (Azuma and

Sato, 1994; Debnath et al., 2003; Nogawa and Ito, 1995; O’Brien et al., 2001; Petersen et al.,
1992; Yap et al., 1995). Similarly, fibrin gels have also been successfully used to assemble 3D

normal and transformed tissue-like structures in culture (Alford et al., 1998). However, given

that rBM is directly isolated from tissues, the matrix is inherently complex, poorly defined,

and subject to complications with lot to lot variability and limitations due to the specific nature

of the biochemical and biophysical environment associated with sarcomas. Fibrin gels, while

attractive, also suffer from preparation variance. Additionally, fibrin gels are easily proteolyzed

by cell-derived MMPs and consequently are not viable for long-term culture experiments.

While alternative fibronectin sources that are less proteolytically sensitive have proven useful,

these matrices have yet to be routinely applied to epithelial organ culture models.

As an alternative, collagen I gels have been extensively used as a 3D tissue matrix. The

application of defined collagen gels to replace the more complex and biologically accurate

rBM and fibrin gels has several advantages, including the fact that collagen I is a more

biologically defined substrate, is relatively inexpensive to prepare or purchase, and is much

more readily available. Because collagen I is the most common protein found in vertebrate

animals and is structurally highly conserved, it is generally well tolerated for in vivo studies,

and multiple cell types readily adhere to this substrate. In addition, the elastic moduli of a
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collagen I gel can be readily manipulated by varying collagen orientation, fibril crosslinking,

concentration, or even biochemical modification or mutation (Christner et al., 2006; Girton et
al., 1999; Martin et al., 1996; Roeder et al., 2002), thereby increasing its biological versatility

(Elbjeirami et al., 2003; Grinnell, 2003). The magnitude and directional orientation of

externally imposed tension can also be easily manipulated with collagen preparations. For

example, through the release of collagen gels from the culture vessel, the isometric tension

within the gel can be dramatically reduced (Rosenfeldt and Grinnell, 2000). Collagen gels can

also be biochemically modified to facilitate epithelial functionality, as for example through the

addition of either rBM, purified laminin, or derivatized peptides (Gudjonsson et al., 2002).

Purified, biologically derived materials, such as rBM and collagen I, have an intrinsic amount

of biochemical and biophysical variability due to the inherent variability between animals and

preparations. This variability leads to inconsistencies between experiments, as well as a high

degree of heterogeneity within single gels. Additionally, the dynamic range of elastic moduli

that can be reasonably achieved with these systems is limited by biochemical and biophysical

constraints of these unique macromolecules. Therefore, although these materials have proven

to be useful for clarifying the general influence of matrix on cell and tissue phenotypes, they

are not as tractable for defining precise molecular mechanisms mediating

mechanotransduction.

To address the issues listed above, especially control over matrix compliance, we and many

others use a system first developed by Pelham and Wang (1997) that involves functionalizing

synthetic polyacrylamide gels for cell culture (by cross-linking them with precise

concentrations of ECM ligands) as 2D model systems for cell spreading, adhesion, and

migration. Polyacrylamide gels represent tractable materials to allow studies of molecular

pathways and signaling events of cells grown in various mechanical environments. The

mechanical properties of these gels, which have been defined using rheology and atomic force

microscopy (Engler et al., 2004; Guo et al., 2006; Yeung et al., 2005; Chapter 22 by Engler

et al., this volume), can be manipulated by changing the relative concentration of acrylamide

and the crosslinker, bis-acrylamide, yielding a system with precisely controlled biochemical

and biophysical properties. Polyacrylamide is an exemplary material for studying cell behavior,

as it is nonreactive, resistant to nonspecific binding and protein adhesion, and optically clear.

The most significant downside to the polyacrylamide gel system is that acrylamide is cytotoxic

in its monomeric form, which precludes the extension of its use to 3D cultures in which cells

are embedded before polymerization. To overcome this limitation, we have used these

polyacrylamide gels to reconstitute 3D conditions by overlaying MECs plated on top of rBM-

crosslinked polyacrylamide gels with a blanket layer of rBM. Although the cells undergo

normal morphogenesis under these conditions, there are some limitations inherent in this

unique technique. Namely, and most importantly, this is neither a true 2D nor a complete 3D

system, and the cells behave differently than they do in full 3D cultures (Leight et al.,
unpublished observations). Although this drawback leads to difficulty in interpretation and

definition of these experiments, this system is suitable for approximating the physiological

mechanical conditions under which epithelial cells grow and thrive. Alternatively,

polyethylene glycol gels combined with bioactive peptides, such as fibronection- and laminin-

binding sites, are also attractive biomaterials. However, their 3D organization is significantly

different from that found in naturally occurring matrices and in vivo in that they typically have

a greater matrix density and altered spatial orientation (reviewed in Zhang, 2004). Furthermore,

because matrix remodeling is a critical aspect of epithelial morphogenesis, expensive bioactive

peptides that can be proteolytically remodeled need to be incorporated into these synthetic

biomaterials to permit proper tissue morphogenesis, migration, and to support long-term cell

and tissue viability (reviewed in Lutolf and Hubbell, 2005). As an attractive new strategy in

the arsenal of synthetic materials, novel matrices that incorporate recombinant natural and
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synthetic proteins and biopeptides are currently being developed and offer new hope for future

applications.

Progress has been made in recapitulating tissue-specific morphology ex vivo either for tissue

transplantation or for the study of tissue-specific function, but the application of these

organotypic model systems to dissect the molecular basis of tissue homeostasis and disease

has lagged behind significantly. The failure to exploit current 3D model systems for the study

of cell behavior and signaling in the context of a tissue-like microenvironment and structure

resides primarily in the lack of appropriate, cost-effective, easy, and reproducible strategies to

manipulate, analyze, and assess cell function, signaling, and gene expression in these model

systems. We have been studying the effect of cell shape, matrix compliance, adhesion, and

dimensionality on cell behavior at the molecular levels, and here we provide a detailed

description of the methods we have successfully used to do so.

III. Methods

A. Engineered Cell/Tissue Explants

1. Natural matrices: rBM

a. On ice, evenly coat the bottom of a tissue culture plastic dish with ice-cold

rBM and incubate the dishes at 37 °C for 10–20 min to permit gel

polymerization (see Table I for volume).

b. Prepare a single-cell suspension of trypsinized/washed cells in log-phase

growth, and adjust the final cell concentration to 1 × 106 cells/ml media.

c. Aliquot cell suspension into individual tubes, adjusting cell number to

desired total gel volume [see step (g)].

d. Centrifuge individual tubes to pellet cells (5 min, 180 × g rcf).

e. Aspirate the supernatant from the cell pellet, leaving 5% of the media behind.

f. Resuspend the cells in the remaining media by vigorously tapping the side

of the tube, and place the tube on ice (note: do not vortex).

g. Add desired volume (Table I) plus an additional 10% of ice-cold rBM, and

resuspend cells by gentle pipetting, taking care to avoid bubbles and keep

the tube cold.

h. Transfer the cell/gel solution to the precoated tissue culture chambers,

ensuring that the surface is covered with a uniform layer of cell/gel solution.

Incubate at 37 °C for 20–30 min to permit gel polymerization.

i. Gently add complete growth media to the cultures until the gels are fully

covered, taking care not to disrupt the gels. Incubate cultures in humidified

chambers (37 °C) for desired length of time with media changes every 2–3

days.

2. Natural matrices: collagen I

a. Prepare collagen/rBM solution following an adapted version of the protocol

published by BD (BD Biosciences—Discovery Labware, Catalog No.

354236 Product Specification Sheet).

i. Place the following on ice: acid-solubilized rat tail collagen I,

sterile 10× phosphate-buffered saline (PBS), sterile deionized,

distilled water (ddH2O), sterile 1-N sodium hydroxide
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(NaOH), and an empty sterile tube marked “Final Collagen

Solution.”

ii. Calculate the desired volumes required for the experiment.

(Note: Prepare 20% extra volume to account for material loss

during experimental manipulations. See Table I for suggested

total volumes.):

iii. To the tube marked ‘‘Final Collagen Solution,’’ add the desired

volumes of sterile ice-cold 10× PBS, 1-N NaOH, and ddH2O,

then mix.

iv. To the tube marked ‘‘Final Collagen Solution,’’ add the acid-

solubilized collagen [from step (ii)], and mix gently by

pipetting several times, taking care to keep the solution ice cold

and to minimize air bubble formation. (Note: Do not over mix

the gel solution, or the materials properties of the final gel will

be altered.)

v. Neutralize the pH to 7.2–7.6 by titrating, drop-wise with 1-N

NaOH until the solution turns a slight shade of reddish-purple

indicated by the phenol red dye. Mix gently after the addition

of each drop.

vi. If desired, add an appropriate amount of rBM to the gel solution

and leave on ice until required. The collagen solution can be

used immediately or held on ice for 2–3 h.

b. Place the desired tissue culture dish on ice, and coat the bottom of each well

with a thin layer of the collagen/rBM gel solution. Incubate the plate at 37 °

C for 10–20 min to permit gel polymerization (see Table I for volume).

c. Prepare a single-cell suspension of trypsinized/washed cells in log-phase

growth, and adjust the final cell concentration to 1 × 106 cells/ml media.

d. Aliquot cell suspension into individual tubes, adjusting cell number to the

desired gel volume [see step (h)].

e. Centrifuge individual tubes to pellet cells (5 min, 180 × g rcf).

f. Aspirate the supernatant from the cell pellet, leaving 5% of the media behind.
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g. Resuspend the cells in the remaining media by vigorously tapping the side

of the tube and place the tube on ice (note: do not vortex).

h. Add desired volume plus an additional 10% of ice-cold collagen/rBM

solution, and resuspend cells by gentle pipetting, taking care to avoid bubbles

and to maintain the tube cold.

i. Transfer the cell/gel solution to the precoated tissue culture chambers

ensuring that the surface is covered with a uniform layer of cell/gel solution.

Incubate at 37 °C for 20–30 min to permit gel polymerization.

j. After polymerization, release the gel from the sides of the dish by running a

small sterile spatula around the edge.

k. Gently add complete growth media to the cultures until the gels are fully

covered, taking care not to disrupt the gels. Incubate cultures in humidified

chambers (37 °C) for desired length of time with media changes every 2–3

days.

Anticipated results: Because the cells are seeded as single entities, it is possible to

monitor the various stages of morphogenesis. Within 24 h all of the cells should be

actively dividing, and by 48 h cell doublets should have formed with detectable

polarized deposition of laminin-5 ECM protein and E-cadherin and β-catenin

localized at cell–cell junctions. By 72–96 h cell proliferation should approach 60–

85% [assessed by 5-bromo-2-deoxyuridine (BrdU) incorporation] and basal/apical

tissue polarity should be established (determined by basal localization of β4 integrin

and basal deposition of laminin-5). Within 10 days, fully embedded MECs within a

compliant 3D rBM or collagen/rBM gel should have assembled small, essentially

uniform, growth-arrested, polarized acini (Petersen et al., 1992; Weaver et al.,
2002). Tissue morphology can be easily assessed by monitoring morphogenesis using

immunofluoresence and morphometric assessment markers (Sections III.E.1 and

III.E.2; Debnath et al., 2003; Paszek et al., 2005; Weaver et al., 1997). [Note: Cells

grown on top of rBM as opposed to those completely embedded tend to form larger

and more heterogeneous spheroids and exhibit slightly delayed lumenal clearance and

growth arrest dynamics (Leight et al., unpublished observations). In addition, cells

embedded within collagen/rBM gels of increasing elastic modulus (E > 675 Pa) form

larger nonpolarized structures that lack a central lumen (Paszek et al., 2005)].

3. Synthetic matrices: functionalized polyacrylamide gels [Note: For

immunofluorescence techniques, small (18–25 mm) coverslips can be used. For total

RNA and protein isolation, larger (50 mm) coverslips should be used. The cell number

should be optimized for the experiment performed, based on the degree of cell

spreading and proliferation anticipated. For example, at least 750,000 cells are needed

for total RNA and protein isolation, while significantly less is required for

immunofluorescence visualization.]

a. Flame coverslip quickly and let cool.

b. Using a cotton swab, evenly and thoroughly coat the coverslip with 0.1-N

NaOH. Air dry the coverslips until a filmy coat appears.

c. Using a p100 pipette tip, spread an even but thin coat of silane onto the

surface of the coverslip (refer to Table II for amount). Allow the silane

coating to dry (room temperature, 5–10 min), and place the coated cover-

slips silane-side up in a Petri dish. (Note: Do not incubate longer than 20

min.)
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d. Wash the coverslips thoroughly with ddH2O (minimum 3×; 10 min each),

tapping the dish vigorously to remove excess liquid.

e. Incubate the coverslips in 70% glutaraldehyde (1:140; v:v in PBS) at room

temperature for 30 min.

f. Wash the coverslips thoroughly with ddH2O (minimum 3×; 5–10 min each).

g. Arrange the coverslips face-up to dry.

h. After fully drying, the activated coverslips can be used immediately or stored

for several weeks in a dry place. (Note: If the coverslips turn a rust-brown

color, they should not be used as this is indicative of excess silane reacting

with glutaraldehyde.)

i. In a microcentrifuge tube, mix the solutions required for gel preparation (see

Table III for recipe).

j. In another microcentrifuge tube, weigh 5.6 mg of N-succinimidyl ester of

acrylamidohexanoic acid (N6 crosslinker) per 1 ml of final desired solution.

This compound can incorporate into the polyacrylamide gel, rendering it

reactive with amine groups of proteins.

k. Add 70 μl of 200 proof ethanol and 80 μl ddH2O (per 1 ml of final solution)

to the N6 cross-linker. Briefly, sonicate in a sonicating water bath (average

peak power = 45 W), or vortex at highest setting until fully dissolved.

l. Add 844.4 μl of gel solution to the cross-linker/ethanol solution, and vortex.

m. Degas the gel solution using a vacuum flask or chamber for at least 30 min.

n. While the solutions are being degassed, evenly coat an additional set of

equivalent-sized coverslips with Rain-x. Allow the Rain-x coating to dry at

room temperature for 5–10 min, then gently buff the coverslip using a

Kimwipe.

o. Place the activated coverslips face-up on a secured piece of paraffin.

p. Add 10 μl of freshly made 5% ammonium persulphate (w:v in ddH2O) per

1 ml of fully degassed acrylamide solution, mix well, and quickly dispense

the desired volume of solution onto each activated coverslip (refer to Table

III for volumes). Carefully place the Rain-x treated coverslip on top without

trapping air bubbles and allow the gel solution to polymerize at room

temperature for 25–60 min. (Note: Gel polymerization is indicated by

retraction of the gel from the edge of the coverslip. Do not allow them to set

for longer than 60 min, or the gel will dehydrate.)

q. While the gels are polymerizing, prepare a surface amenable to placing the

gels on ice by covering the top surface of polystyrene tissue culture dishes

with parafilm. (Note: The size is dependent on the size of the coverslips.)

r. Place the parafilm-affixed dishes on ice, and prepare the rBM solution for

coating the coverslips. In a prechilled conical tube, prepare a solution of 140-

μg/ml rBM, 5-mM EDTA, in 50-mM HEPES buffer, pH 8.0. (Note: Be sure

to keep on ice to prevent polymerization of rBM.)

s. After the polyacrylamide gels have fully polymerized, carefully remove the

top Rain-x-coated coverslip using a razorblade, taking care not to scratch the

gel surface. Rinse each gel with ice-cold ddH2O. If using 18-and 25 mm

coverslips, place the coverslips gel-side up on the parafilm-affixed dishes
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on ice. Immediately dispense the appropriate amount of rBM solution onto

the gel (Table III). For 50 mm coverslips, pipette the appropriate amount of

rBM solution (Table III) directly onto the paraffin-affixed dishes, and place

the rinsed gels face down on top of the solution. Avoid trapping air bubbles

under the coverslip. Incubate cover-slips on ice for 2 h.

t. While the coverslips are incubating, prepare the ethanolamine solution

(1:100 v:v; 50-mM HEPES, pH 8.0) and chill the solution on ice.

u. Following incubation, individually rinse each gel in ice-cold ddH2O and

wipe the parafilm-affixed dishes dry. Following the method in step (s),

incubate the coverslips with ethanolamine on ice for 30 min to quench the

unreacted N6 crosslinker (refer to Table III for volumes).

v. Soak the prepared gels in ice-cold PBS. In a sterile tissue culture hood, move

the gels to sterile tissue culture dishes and store for up to 3 days in sterile 2-

mM sodium azide/PBS at 4 °C.

w. Prior to cell plating, rinse each gel thoroughly in sterile PBS (minimum 3×),

and leave the gels fully immersed in sterile PBS while preparing single-cell

suspensions.

x. Prepare a single-cell suspension of trypsinized/washed cells in log-phase

growth, and adjust the final cell concentration to 1 × 106 cells/ml media.

y. Aliquot cell suspension into individual tubes, adjusting cell number to

desired concentration.

z. Centrifuge individual tubes to pellet cells (5 min, 180 × g rcf).

aa. Aspirate the supernatant from the cell pellet, leaving 5% of the media behind.

ab. Resuspend the cells in the remaining media by vigorously tapping the side

of the tube and place the tube on ice (note: do not vortex).

ac. Resuspend the cell suspension in cold growth medium, supplemented with

500-ng/ml fungizone, 50-μg/ml gentamicin sulfate, and 1:100 penicillin/

streptomycin (stock concentration: 10,000 units penicillin/ml and 10,000-

μg streptomycin/ml).

ad. Pipette the desired cell number onto each gel taking care to ensure an even

distribution of cells acrossthe gel surface, and allow the cells to adhere.(Note:

The length of time for cells to adhere to the gel surface varies between cell

types and needs to be optimized for each experiment.)

ae. To facilitate 3D morphogenesis, after complete cell adhesion (minimum 6–

8 h), cover cells in media containing 0.2-mg/ml rBM, and incubate cells for

desired number of days. Change the culture media including 0.2-mg/ml rBM,

fungizone, gentamicin, and penicillin/streptomycin, the following day and

then every other day until termination of experiment.

Anticipated results: After 14 days in culture, MECs plated on top of functionalized

polyacrylamide gels with a rBM blanket layer, similar to cells overlaid on rBM gels (Debnath

et al., 2003), form larger acini than their counterparts embedded within natural matrices.

Analogous to cells grown within a natural matrix or grown on top of rBM with an overlay of

rBM, by day 4, cells grown on the rBM PA gels should have acquired detectable cell–cell E-

cadherin/β-catenin junctions as well as basal and apical polarity. Thus, by day 4, the cells should

be highly proliferative but have acquired basal polarity, detectable by basally localized β4
integrin and deposition of a laminin-5- and collagen IV-rich endogneous BM as well as apically
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localized cortical actin. Studies have revealed that while the growth rate of MCF10As plated

on soft (E = 140 Pa) and stiff (E = 5000 Pa) rBM-functionalized polyacrylamide gels are similar,

cells interacting with a matrix stiffer than 1000 Pa fail to fully growth arrest. We have

previously shown that MECs plated with a 3D rBM blanket layer on soft rBM-functionalized

polyacrylamide gels undergo normal morphogenesis, while morphogenesis is perturbed in

those plated on a stiff gel under the same conditions (Paszek et al., 2005; Fig. 2). A protocol

outlining basic immunofluorescence techniques for each cell culture method is described in

the Section III.E, for the visualization of characteristics indicative of morphogenesis. A

comparison detailing morphogenetic characteristics of all of the described methods is currently

in progress (Leight et al., unpublished observations).

B. Isolation of Bulk Proteins

1. Natural matrices: rBM (Note: This protocol is for isolating proteins from 1-ml rBM

gels. Adjust volumes stated if necessary.)

a. Prepare 25 ml of ice-cold Dulbecco’s PBS solution (DPBS) containing 5-

mM EDTA (EDTA/DPBS).

b. Supplement 25% of the EDTA/DPBS solution as prepared above with a

cocktail of serine and cysteine protease and tyrosine phosphatase inhibitors.

(Note: See Section IV for specific reagents and concentrations.)

c. Place culture on ice and gently aspirate off the medium.

d. Add 3 ml of the protease inhibitor/EDTA/DPBS solution prepared in step

(b) to the culture dish, and pipette up and down using a p1000 pipette until

a uniform suspension is obtained, avoiding the formation of insoluble foam.

e. Transfer the solubilized rBM gel solution to a 15-ml conical tube on ice.

f. Repeat steps (d) to (f) once, collecting all of the solubilized rBM into the

conical tube.

g. Angle the conical tubes in a box of ice. Secure the tube and box of ice on a

rocker and rock at 4 °C for 45–60 min.

h. Place 24 nonstick microcentrifuge tubes on ice, and aliquot the cell/rBM

solution evenly among the tubes.

i. Centrifuge tubes at 4 °C for 10 min (3200 × g rcf).

j. Aspirate the supernatant, leaving 5% of the media behind.

k. Add 500 μl of the EDTA/DPBS solution to one tube, scraping the pellet

against the side of the tube to resuspend the pellet. Mix well, and transfer to

the next tube. Continue to scrape, mix, and transfer the solution to combine

a total of four tubes into one.

l. Repeat steps (i) to (k) until the original 24 tubes are combined into one.

m. Centrifuge final tube at 4 °C for 15 min (21,000 × g rcf).

n. Prepare the lysis buffer, supplementing it with a cocktail of serine and

cysteine protease and tyrosine phosphatase inhibitors.

o. Carefully aspirate the supernatant, and resuspend the pellet in 100–300 μl of

lysis buffer (see note in Section IV), depending on the size of the pellet and

the amount of protein expected.

p. Incubate on ice for 30 min.
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q. Sonicate the lysis solution on ice with three pulses of 10 sec each, at an output

power of 8 W, pausing for 30 sec between each pulse for the sample to cool

down.

r. Centrifuge final tube at 4 °C for 10 min (10,500 × g rcf).

s. Transfer the supernatant to a clean microcentrifuge tube and fast freeze on

dry ice. Store at −80 °C.

2. Natural matrices: collagen I (Note: This protocol is for isolating proteins from 1-ml

collagen/rBM gels. Adjust volumes stated if necessary.)

a. Prepare 10 ml of ice-cold collagen release solution: 2-mg/ml collagenase, 2-

mg/ml trypsin, and 5% fetal bovine serum in DMEM:F12. Keep on ice until

needed and warm the amount needed just prior to experimentation. (Note:

The trypsin should be EDTA-free or cell cadherin junctions will be

disrupted.)

b. Gently aspirate medium from the 3D culture.

c. Add 2.5 ml of the collagen release solution and 500 μl of full-strength dispase

and incubate at 37 °C for 10–15 min. (Note: The dispase should be

prewarmed to 37 °C.)

d. Pipette up and down vigorously using a p1000 pipette to disrupt the gel.

Incubate at 37 °C for 10–15 min.

e. Repeat step (d) until pipetting is easy and the colonies fall freely.

f. Transfer the solubilized gel solution to a 15-ml conical tube.

g. Centrifuge tubes for 5 min at 180 × g rcf.

h. Aspirate the supernatant, leaving 5% of the media behind.

i. Resuspend the pellet in 5 ml DMEM:F12 with 10% fetal bovine serum. Pellet

by centrifugation for 5 min at 180 × g rcf.

j. Repeat steps (h) and (i) three times to thoroughly wash the pellet.

k. Aspirate the supernatant, leaving 5% of the media behind.

l. Resuspend the pellet in 5 ml ice-cold DMEM:F12. Pellet by centrifugation

(4 °C, 5 min; 180 rcf).

m. Repeat steps (k) and (l) three times to thoroughly wash the pellet.

n. Aspirate the supernatant.

o. Prepare lysis buffer, supplementing it with a cocktail of serine and cysteine

protease and tyrosine phosphatase inhibitors. (Note: See Section IV for

specific reagents and concentrations.)

p. Carefully aspirate the supernatant, and resuspend the pellet in 100–300 μl of

lysis buffer, depending on the size of the pellet and the amount of protein

expected.

q. Incubate on ice for 30 min.

r. Sonicate the lysis solution on ice with three pulses of 10 sec each at an output

power of 8 W, pausing for 30 sec between each pulse for the sample to cool

down.

s. Centrifuge final tube at 4 °C for 10 min (10,500 × g rcf).
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t. Transfer the supernatant to a clean microcentrifuge tube, and fast freeze on

dry ice. Store at −80 °C.

3. Synthetic matrices: functionalized polyacrylamide gels (Note: This protocol is for 50-

mm polyacrylamide gels.)

a. Prepare the lysis buffer, supplementing it with a cocktail of serine and

cysteine protease and tyrosine phosphatase inhibitors. (Note: See Section IV

for specific reagents and concentrations.)

b. Aspirate the medium from the gels and rinse with ice-cold DPBS.

c. Aspirate the DPBS from each plate and invert the lids of 60-mm tissue culture

dishes onto ice.

d. Remove the coverslip from the plate, and very carefully wipe the edges clean

with a cotton swab and/or Kimwipe to remove any cells adhered to the glass

or edges of the gel to eliminate cell variability.

e. Pipette 250 μl of lysis buffer into the lid of the tissue culture plate.

f. Place the coverslip gel-side down onto the lysis buffer and incubate on ice

for 5 min.

g. With a cell scraper, push the coverslip down and carefully scrape the

coverslip against the lid of the culture plate for at least 5 min.

h. Squeeze the excess buffer from underneath the glass and remove the

coverslip from the lid.

i. Transfer the solution into a microcentrifuge tube.

j. Incubate on ice for 30 min.

k. Sonicate the lysis solution on ice with three pulses of 10 sec each at an output

power of 8 W, pausing for 30 sec between each pulse for the sample to cool

down.

l. Centrifuge final tube at 4 °C for 10 min (10,500 × g rcf).

m. Transfer the supernatant to a clean microcentrifuge tube and fast freeze on

dry ice. Store at −80 °C.

C. Isolation of Bulk mRNA

1. Natural matrices: rBM

a. Prepare a 3-ml solution/ml of rBM of 4-M guanidine thiocyanate; 25-mM

sodium citrate–citric acid, pH 7.0; 0.5% (w:v) N-laurylsarcosine, sodium

salt; 100-mM 2-mercaptoethanol. (Note: The 2-mercaptoethanol should be

added fresh each time.)

b. Aspirate culture media and add 3 ml guanidine thiocyanate/mercaptoethanol

solution as prepared above for each milliliter of rBM.

c. Using a p1000 pipette, pipette the solution up and down to solubilize the

rBM.

d. Transfer the solubilized solution to an RNase-free polypropylene tube.

e. Add 1/10 volume {note: for steps (e) through (g), 1 volume refers to the sum

of the residual culture volume [from step (b)] and the guanidine thiocyanate/

mercaptoethanol volume} of DEPC-treated 2-M acetic acid–sodium acetate,
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pH 4.0, and mix thoroughly by vortexing at the highest setting. (Note: Be

sure to obtain a completely homogeneous solution before proceeding to the

next step.)

f. In a fume hood, add 1 volume of 0.1-M citrate, pH 4.3 buffered/saturated

phenol, and mix thoroughly by vortexing at the highest setting. (Note:

Protective safety attire should be worn. Be sure to obtain a completely

homogeneous solution before proceeding to the next step.)

g. In a fume hood, add 2/10 volume of 49:1 (v:v) chloroform:isoamyl alcohol.

Incubate at room temperature for 5–10 min. Then, briskly shake the tube by

hand 8–10 times. Do not vortex here. (Note: A milky solution should form.)

h. Place the tube on ice for at least 15 min. The emulsion should break into two

phases at this point, with a clear aqueous layer forming on top of a milky

organic layer.

i. Centrifuge at 4 °C for 30 min (3200 × g rcf) to clarify the upper aqueous

phase.

j. Transfer the upper aqueous phase to a clean RNase-free tube, taking care to

avoid disturbing the interface, and add equal volume (the volume of the

aqueous phase) of isopropanol, prechilled to −20 °C. Mix well and incubate

at −20 °C for 2 h to overnight to precipitate the RNA.

k. Pellet RNA by centrifugation at 4 °C for 30 min (21,000 × g rcf).

l. Carefully aspirate the supernatant, being careful not to disturb the loosely

adherent pellet.

m. Add 500 μl of very cold (−20 °C) 75% (v:v) ethanol in DEPC-treated

ddH2O, and immediately pellet the total RNA by centrifugation at 4 °C for

15 min (21,000 × g rcf).

n. Repeat steps (l) and (m) six times to thoroughly wash the pellet and incubate

the last wash in −20 °C 75% ethanol overnight.

o. Pellet total RNA by centrifugation at 4 °C for 15 min (21,000 × g rcf), and

carefully aspirate the supernatant.

p. Air dry the pellet at room temperature until the pellet appears glassy (usually

10–15 min, depending on the volume of residual ethanol).

q. Dissolve the RNA pellet in DEPC-treated ddH2O. The volume depends on

the expected amount of total RNA. (Note: When starting with 250,000

preformed spheroids, the expected RNA yield usually ranges between 10

and 15 μg.) Incubate on ice for 30 min to 1 h to thoroughly solubilize RNA.

r. Store at −80 °C until required.

2. Natural matrices: collagen I

a. Aspirate culture medium. Use a flamed RNase-free razor blade to cut the

collagen gel into small pieces for easier RNA extraction, taking care to

remove residual medium released prior to gel solubilization.

b. Add 3 ml of the prepared guanidine thiocyanate/mercaptoethanol solution

(as described in C.1) per 1 ml of collagen, and allow to solubilize for 5 min

at room temperature on a rocking platform.

c. Follow steps (C.1.e) to (C.1.r) to extract the total RNA.
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3. Synthetic matrices: functionalized polyacrylamide gels

a. Prepare a solution of 4-M guanidine thiocyanate; 25-mM sodium citrate–

citric acid, pH 7.0; 0.5% (w:v) N-laurylsarcosine, sodium salt; 100-mM 2-

mercaptoethanol. (Note: The 2-mercaptoethanol should be added fresh each

time.)

b. Invert the lids of 60-mm tissue culture dishes on the bench top. Add 600 μl
of the prepared guanidine thiocyanate/mercaptoethanol solution for each 50

mm polyacrylamide gel to each lid.

c. Remove the coverslip from the culture dish, and very carefully wipe the

edges clean with a cotton swab and/or Kimwipe to remove any cells adhered

to the glass or edges of the gel to eliminate cell variability.

d. Place the coverslip gel-side down onto the guanidine thiocyanate/

mercaptoethanol solution, and incubate on ice for 5 min.

e. With a cell scraper, push the coverslip down and carefully scrape the

coverslip against the lid of the culture plate for at least 5 min.

f. Squeeze excess buffer from underneath the glass and remove the coverslip

from the lid.

g. Transfer the solution to an RNase-free polypropylene tube and follow steps

outlined in (C.1.e) to (C.1.r) to extract the total RNA.

D. Rapid Protein Isolation Techniques

1. Synthetic matrices: functionalized polyacrylamide gels (Note: This protocol is for

isolating Rac-GTP. For rapid isolation of other proteins, the assay will be similar, but

may need to be modified and/or optimized. At least 600 μg of total protein is needed.

Adjust the number and size of gels to obtain enough protein.)

a. Prepare glutathione-sepharose beads for glutathione-S-transferase-tagged

p21-binding domain of Pak1 (GST-PBD) binding.

i. Centrifuge 1 ml of 50% glutathione-sepharose slurry at 4 °C

for 30 sec (21,000 × g rcf).

ii. Aspirate the supernatant and add 500 μl MLB (Section IV. D.I).

Pellet by centrifugation at 4 °C for 30 sec (21,000 × g rcf).

iii. Repeat step (ii) three times to wash the beads.

iv. Aspirate the supernatant and resuspend the sepharose beads in

an equal volume of MLB (500 μl) to produce a 50% slurry.

v. Incubate the 20- to 30-μl GST-PBD with 20- to 30-μl sepharose

slurry (4 °C; 20 min).

b. Supplement MLB with a cocktail of serine and cysteine protease and tyrosine

phosphatase inhibitors. (Note: See Section IV for specific reagents and

concentrations.)

c. Aspirate the medium from the gels and rinse with ice cold DPBS.

d. Aspirate the DPBS from each plate and invert the lids of 60-mm tissue culture

plates onto ice.
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e. Remove the coverslip from the plate, and very carefully wipe the edges clean

with a cotton swab and/or Kimwipe to remove any cells adhered to the glass

or edges of the gel to eliminate cell variability.

f. Pipette 350- to 400-μl MLB into the lid of the tissue culture plate.

g. Place the coverslip gel-side down onto the lysis buffer and incubate on ice

for 5 min.

h. With a cell scraper, push the coverslip down and carefully scrape the

coverslip against the lid of the culture plate for at least 5 min.

i. Squeeze the excess buffer from underneath the glass and remove the

coverslip from the lid.

j. Pipette the MLB solution into a microcentrifuge tube, combining like

samples.

k. Centrifuge the tubes at 4 °C for 5 min (10,500 × g rcf).

l. Transfer at least 800 μl of lysate into the tube containing GST-PBD. Leave

at least 50 μl of lysate for determining total Rac separately.

m. Gently rock the solution at 4 °C for 60 min.

n. Collect the GST-PBD-Rac mixture by centrifugation at 4 °C for 30 sec

(21,000 × g rcf).

o. Carefully aspirate the supernatant and resuspend the beads in 500 μl of ice-

cold MLB.

p. Centrifuge at 4 °C for 30 sec (21,000 × g rcf).

q. Repeat steps (o) and (p) three times.

r. Resuspend the beads in 15 μl of sample loading buffer for electrophoresis

and vortex briefly. Heat the samples to 95 °C for 10 min. (Note: Visually

confirm that the sample loading buffer penetrates the beads before heating.)

s. Centrifuge the solution at room temperature for 30 sec (21,000 × g rcf).

t. Fast freeze the samples in a dry ice/ethanol bath and store at −80 °C.

E. Immunofluorescence

1. Natural matrices: rBM

a. Aspirate cell culture medium, and wash in DPBS (containing Ca2+ and

Mg2+), if cultures were grown in serum.

b. Add equal-volume neutralized collagen solution [see step (A.2.a) for

directions, omitting ddH2O] and mix thoroughly. (Note: Collagen is added

to strengthen the matrix and permits easier cryosectioning.)

c. Incubate the gels at 37 °C for 30 min to polymerize.

d. If desired, sections can be triton-extracted prior to fixation to facilitate

cytoskeletal and nuclear visualization.

i. Prepare ice-cold cytoskeletal extraction buffer (see Section IV

for details) containing Triton X-100 (0.005%; v:v) and 5-mM

EGTA, supplemented with protease and phosphatase

inhibitors.
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ii. Add equal-volume extraction buffer and incubate at room

temperature for 30 min.

e. Fix with 2% paraformaldehyde (pH 7.4) at 4 °C overnight.

f. Rinse cultures with PBS/glycine at 4 °C (minimum 3×, 5 min each).

g. Incubate cultures with 18% sucrose-PBS/glycine at 4 °C for 3 h.

h. Incubate cultures with 30% sucrose-PBS/glycine at 4 °C for 3 h.

i. Rinse cultures with PBS/glycine at 4 °C for 5 min.

j. Add OCT Tissue Tek compound for cryosection, and rapidly freeze on a bed

of dry ice and ethanol or in liquid nitrogen. Store culture blocks at −80 °C

until required.

k. Prepare activated gelatin-coated microscope slides:

i. Autoclave (121 °C, 30 min) 0.5 g gelatin in 25 ml ddH2O and

cool to room temperature.

ii. Add 0.05 g chromium potassium sulfate dissolved in 75 ml of

ddH2O to precooled gelatin solution.

iii. Store at 4 °C until required.

l. Prepare microscope slides for tissue culture sections:

i. To minimize antibody solution requirement, generate a

hydrophobic incubation ring on a microscope slide. This can

be done using a hydrophobic (wax) pen to draw small rings

slightly larger than the tissue samples to be stained.

Additionally, this can be achieved by melting paraffin at 95 °

C around the circumference of a microcentrifuge tube or the

lid of a 15 ml conical tube lid, and then gently, but firmly

placing the tube on the slide. Incubate the slide on a heating

block at 58 °C for 1 min. Carefully, remove the tube/lid from

the slide while the slide is on the heating block, and let the

paraffin solidify at room temperature.

ii. Evenly coat the interior of the paraffin ring with activated 0.5%

gelatin, and air dry at room temperature overnight.

m. Using a cryostat, cut frozen sections of 3D tissue blocks (5–20 μm), and

transfer sections to the gelatin-coated paraffin ring. Store the slides at −80 °

C until required.

n. For immunostaining, remove sections from freezer, thaw, and air dry at room

temperature for 5–20 min.

o. Rehydrate sections in IF buffer at room temperature for 20 min.

p. Incubate sections in blocking buffer at room temperature for 1 h or at 4 °C

overnight in a humidified chamber.

q. Incubate sections in primary antibody solution at room temperature for 1–2

h or at 4 °C overnight in a humidified chamber.

r. Wash sections in IF buffer at room temperature, minimum three times for

15 min each.
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s. Incubate in secondary antibody in IF buffer at room temperature for 45 min.

(Note: If the secondary antibody is fluorescent, keep slides under foil.)

t. Wash sections in IF buffer at room temperature, minimum three times for

10 min each.

u. To visualize nuclei, counterstain with 1-μg/ml DAPI in PBS/glycine at room

temperature for 5 min.

v. Rinse each gel in PBS/glycine at room temperature, minimum three times

for 5 min each.

w. Aspirate residual liquid from the gels and mount sections with mounting

media. Leave under foil to dry at room temperature for 15–30 min. Secure

with nail polish when dry.

x. Store at −20 °C until visualization.

2. Natural matrices: collagen I

a. Follow the steps outlined in Section III.E.1, omitting steps (b) and (c).

3. Synthetic matrices: functionalized polyacrylamide gels

a. Aspirate cell culture medium and rinse cells grown in serum with DPBS

(containing Ca2+ and Mg2+).

b. Fix with 2% paraformaldehyde, pH 7.4 at room temperature for 30 min.

c. Rinse with IF buffer at room temperature, minimum three times for 5 min

each.

d. With fine tip forceps, remove the coverslip from the cell culture dish, and

place the coverslips gel-side up on a secured piece of paraffin.

e. Follow protocol outlined in steps (Section III.E.1.p) to (Section III.E.1.v).

f. Aspirate residual liquid from the gels and mount gels onto microscope slides

with mounting media. Leave under foil to air dry at room temperature for

15–30 min. Secure with nail polish when dry.

g. Store at −20 °C until visualization.

IV. Materials

A. Engineering Tissue Explants

1. Natural matrices: rBM

a. Wet ice

b. rBM, BD Biosciences BD Matrigel™ [Note: As there is inherent lot-to-lot

variability, each lot should be tested prior to use. When deciding which lots

to choose, we prefer lots that have endotoxin levels less than 2 units/ml and

protein concentrations ranging from 9 to 12 mg/ml. Additionally, we have

found that MECs behave similarly in Matrigel and Growth Factor Reduced

Matrigel (both from BD), although this should be tested for each cell line.

Each lot should be tested for compatibility with the various cell lines by

looking for changes in morphology in 3D cultures and ensuring low

background nucleic acid and IgG levels that would interfere with RNA

isolation and immunofluorescence procedures. It should be noted also that
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the rheological properties of commercially available rBM preparations can

also vary from E = 50 to 200 Pa (unpublished observations).]

c. Cell culture supplies (medium, trypsin, trypsin-inhibiting agent)

2. Natural matrices: collagen I/rBM

a. Wet ice

b. Acid-solubilized rat tail collagen I [Note: Although this protocol is designed

for acid-solubilized rat tail collagen I, we have previously used acid-

solubilized bovine dermal collagen I (ICN Biomedicals Catalog No.152394)

and acid-solubilized rat tail collagen I (BD Labware Catalog No. 354236)

to embed MECs in 3D ECM gels. As there is inherent lot variability, each

lot should be tested prior to use to determine the appropriate concentration

and gelling time for each system. Additionally, the elastic modulus of the

gels can be manipulated by varying the concentration of collagen I (E = 20–

1800 Pa; Leight et al., unpublished observations). We have found that the

elastic modulus varies between lots, so each lot should be tested prior to

experimentation (unpublished observation).]

c. 10× DPBS containing 1.33-g/ml Ca2+ and 1.0-g/ml Mg2+, supplemented

with phenol red.

d. Deionized, distilled water (ddH2O)

e. 1-N sodium hydroxide (NaOH)

f. rBM

g. Cell culture supplies (medium, trypsin, trypsin-inhibiting agent)

h. Small sterile spatula

3. Synthetic matrices: functionalized polyacrylamide gels (Note: When possible,

presterilized materials should be used.)

a. Bunsen burner

b. Coverslips (No. 1 thickness, hydrolytic class 1 borosilicate coverslips,

Fisher; see note in Section III regarding the size of the coverslip required.)

c. Cotton swabs

d. 0.1-N NaOH

e. 3-Aminopropyltrimethoxysilane, 97%, Sigma Aldrich

f. Glutaraldehyde, 70%, Sigma Aldrich

g. PBS

h. ddH2O

i. 40% Acrylamide

j. 2% Bis-acrylamide

k. 0.5-M N-(2-hydroxyethyl)-piperazine-N′-2-ethanesulfonic acid (HEPES

buffer), pH 4.22

l. N,N,N′,N′-Tetramethylethylenediamine (TEMED)
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m. N-Succinimidyl ester of acrylamidohexanoic acid (N6 cross-linker) [Note:

The N6 cross-linker can be synthesized following the protocol outlined in

Pless et al. (1983).]

n. 200-Proof ethanol

o. Rain-X™ (available at an automobile parts store).

p. Parafilm™

q. Ammonium persulfate (APS)

r. 50-mM HEPES buffer, pH 8.0

s. 0.5-M ethylenediaminetetraacetic acid (EDTA), pH 8.0

t. rBM

u. Ethanolamine, Sigma Aldrich

v. Sterile PBS

w. Sodium azide

x. Cell culture supplies (medium, trypsin, trypsin-inhibiting agent)

y. Cell culture antibiotics and antimycotics [fungizone (amphotericin B, Sigma

Aldrich), gentamicin sulfate (Gibco™, penicillin G/streptomycin sulfate)]

B. Isolation of Bulk Proteins

1. Natural matrices and synthetic matrices

a. DPBS (for rBM and functionalized polyacrylamide gels only)

b. 0.5-M EDTA, pH 8.0 (for rBM and functionalized polyacrylamide gels only)

c. Collagenase, Roche Applied Sciences (for collagen/rBM gels only)

d. Trypsin (for collagen/rBM gels only)

e. Dispase, BD Biosciences (for collagen/rBM gels only)

f. Fetal bovine serum (for collagen/rBM gels only)

g. DMEM:F12 (for collagen/rBM gels only)

h. Wet ice

i. Serine and cysteine protease and tyrosine phosphatase inhibitor cocktail: 2-

μg/ml aprotinin (Roche Applied Sciences), 1-μg/ml leupeptin (Sigma

Aldrich), 1-μg/ml E-64 (Sigma Aldrich), 50-mM sodium fluoride, 10-μg/ml

pepstatin A (Sigma Aldrich), 0.5-mM benzamidine (Sigma Aldrich), 1-mM

sodium orthovanadate, 1-mM Pefabloc SC (Roche Applied Sciences).

[Note: Activate 125-mM sodium orthovanadate with 100-mM hydrogen

peroxide at room temperature for 20 min just prior to use (Zhang et al.,
2005). Add activated sodium orthovanadate and Pefabloc SC to solution just

prior to use.]

j. Appropriate lysis buffer (Note: The choice of lysis buffer is dependent on

the nature of the protein to be studied and should be optimized for each

experiment. Radioimmunoprecipitation assay (RIPA) and Laemmli buffers

are common choices. RIPA buffer enables suitable extraction of cytoplasmic
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proteins, while Laemmli buffer is effective for membrane-bound and nuclear

proteins.)

i. RIPA buffer: 50-mM Tris–HCl pH 8.0, 50-mM sodium

chloride, 0.5% (w:v) sodium deoxycholate, 1% IGEPAL®

CA-630 (Sigma Aldrich), 0.1% (w:v) SDS

ii. Laemmli buffer: 33.3-mM Tris–HCl pH 8.0, 50-mM EDTA,

2% (w:v) SDS

k. Cell scraper, Sigma Aldrich

l. Dry ice

C. Isolation of Bulk mRNA

1. Natural matrices and synthetic matrices

a. Diethyl pyrocarbonate (DEPC)-treated ddH2O (Note: Prepare by adding 1-

ml DEPC (Sigma Aldrich) to 500-ml ddH2O in a glass bottle. Mix

vigorously, and incubate overnight in a fume hood, leaving the cap slightly

loose. Autoclave for 45 min at 121 °C, 20 psig, and store at room

temperature.)

b. 4-M guanidine thiocyanate; 25-mM sodium citrate–citric acid, pH 7.0; 0.5%

(w:v) N-laurylsarcosine (ICN Biomedicals), sodium salt; in DEPC-treated

ddH2O

c. 2-Mercaptoethanol

d. DEPC-treated 2-M acetic acid–sodium acetate, pH 4.0 (Note: Prepare by

adding 4.022-ml glacial acetic acid to 31-ml ddH2O. Adjust the pH to 4.0

with 2-M sodium acetate. Add 2 μl/ml total volume of DEPC. Mix well and

incubate at room temperature overnight. Autoclave for 15 min at 121 °C, 18

psig, and store at room temperature.)

e. 0.1-M citrate, pH 4.3 buffered/saturated phenol, Sigma Aldrich

f. 49:1 (v:v) Chloroform:isoamyl alcohol

g. Wet ice

h. Isopropanol

i. 75% Ethanol in DEPC-treated ddH2O

D. Rapid Protein Isolation Techniques

1. Synthetic matrices: functionalized polyacrylamide gels

a. MLB: 25-mM HEPES, pH 7.5; 150-mM sodium chloride; 1% Igepal

CA-630; 10-mM MgCl2; 1-mM EDTA; 10% glycerol

b. Serine and cysteine protease and tyrosine phosphatase inhibitor cocktail: 2-

μg/ml aprotinin (Roche Applied Sciences), 1-μg/ml leupeptin (Sigma

Aldrich), 1-μg/ml E-64 (Sigma Aldrich), 50-mM sodium fluoride, 10-μg/ml

pepstatin A (Sigma Aldrich), 0.5-mM benzamidine (Sigma Aldrich), 1-mM

sodium orthovanadate, 1-mM Pefabloc SC (Roche Applied Sciences) [Note:

Activate 125-mM sodium orthovanadate with 100-mM hydrogen peroxide

at room temperature for 20 min just prior to use (Zhang et al., 2005). Add
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activated sodium orthovanadate and Pefabloc SC to solution just prior to

use.]

c. Sample loading buffer: 0.25-M Tris, pH 6.8; 50% (v:v) glycerol; 2% (w:v)

sodium dodecyl sulfate (SDS); 50-μl/ml 2-mercaptoethanol in ddH2O,

supplemented with bromophenol blue

d. Wet ice

e. Ice-cold DPBS

f. Glutathione-sepharose slurry, Sigma Aldrich

E. Immunofluorescence

1. Natural matrices and synthetic matrices

a. DPBS (containing 1.33-g/ml Ca2+ and 1.0-g/ml Mg2+)

b. Wet ice

c. Acid-solubilized rat tail collagen I

d. 10× DPBS with Ca2+ and Mg2+, supplemented with phenol red

e. ddH2O

f. 1-N NaOH

g. 1.5× Cytoskeletal extraction buffer: 150-mM sodium chloride; 450-mM

sucrose; 15-mM piperazine-1,4-bis(2-ethanesulfonic acid) (PIPES) buffer,

pH 6.7; 5-mM magnesium chloride in ddH2O

h. Triton X-100

i. Serine and cysteine protease and tyrosine phosphatase inhibitor cocktail: 2-

μg/ml aprotinin, 1-μg/ml leupeptin, 1-μg/ml E-64, 50-mM sodium fluoride,

10-μg/ml pepstatin, 0.5-mM benzamidine, 1-mM sodium orthovanadate, 1-

mM Pefabloc SC (Note: Activate sodium orthovanadate with hydrogen

peroxide just prior to use. Add activated sodium orthovanadate and Pefabloc

SC to solution just prior to use.)

j. 2% (w:v) Paraformaldehyde, pH 7.4

k. PBS/glycine (1× PBS, supplemented with 75-mg/ml glycine)

l. Dry ice

m. 0.5% (w:v) Porcine gelatin (Sigma Aldrich) in ddH2O, supplemented with

0.5-mg/ml chromium potassium sulfate

n. Microscope slides

o. Paraffin

p. IF buffer: 7.6-mg/ml sodium chloride, 1.9-mg/ml sodium phosphate, 0.4-

mg/ml potassium phosphate monobasic, 0.5-mg/ml sodium azide, 1-mg/ml

bovine serum albumin, 0.2% (v:v) Triton X-100, 0.05% (v:v) Tween 20 in

ddH2O

q. Blocking buffer: 10% normal goat serum, 0.13-mg/ml appropriate Fab

fragments, in IF buffer

r. Primary and secondary antibodies
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s. Aluminum foil

t. 4′,6-Diamidino-2-phenylindole (DAPI), Sigma Aldrich

u. Mounting medium (e.g., Vectashield Mounting Medium®, Vector)

v. Nail polish

V. Discussion

Epithelial tissues are highly complex, organized 3D structures that evolve incrementally during

development to generate these specialized functional tissues through spatially and temporally

controlled stromal–epithelial interactions. The tissue microenvironment of the epithelium is

composed of multiple stromal cell types, and these cellular components, together with the

epithelium, are embedded within a proteinaceous ECM. It is the combination of cellular and

ECM interactions, operating through controlled biochemical and physical cues, that ultimately

regulates epithelial cell fate and function. The goal of an epithelial experimentalist is to recreate

at least some of the intricate relationships that exist between the various cell types and the ECM

in vivo, but in a simple format in culture, such that the recreated system is more amenable to

molecular studies without severely compromising the epithelial cell’s normal tissue behavior.

The idea is that experimental observations made using such contrived but simplified systems

will ultimately be distilled into the critical information that is necessary to systematically

engineer surrogate tissues for replacement therapy or to develop tractable treatments to prevent

and cure various diseases. Toward this lofty goal, considerable research has been successfully

directed at determining how each individual cell variable and microenvironmental component

influences epithelial cell behavior (Mostov et al., 2005; Paszek et al., 2005; Petersen et al.,
1992).

Despite the efforts, our understanding of what controls the epithelial cells’ behavior within the

complex 3D tissue-like structure and how combinations of microenvironmental cues might

cooperate to influence epithelial function remains rudimentary at best. Moreover, although we

and others have been successful in generating functional data using these “crude” systems, it

remains difficult to isolate specific responses to allow the identification of the precise molecular

mechanisms linked to the generation of a given tissue phenotype. For example, MECs grown

within a 3D rBM simultaneously and acutely change their shape, matrix adhesion, cell

contractility, and signaling, as well as growth factor and apoptosis responsiveness, as compared

to MECs interacting with a 2D rigid substrate (Debnath et al., 2003; Wang et al., 1998; Weaver

et al., 2002). To address this difficulty, tractable culture models that reproducibly reconstruct

individual aspects of tissue organization and function and that encompass controllable

homotypic and heterotypic cell–cell interactions and ECM cues are needed. Preferably, these

newly engineered culture systems will be amenable to precise biochemical and physical

manipulation and will be sufficiently robust and versatile for routine experimentation.

Additionally, they should be inexpensive and lend themselves to easy and reproducible

manipulation.

Conventional organotypic systems are often expensive, labor intensive to generate, and suffer

from experimental inconsistencies. It is now feasible to synthesize biocompatible matrices to

study the effect of individual parameters, such as matrix binding and ECM orientation, receptor

expression and activity, cell shape, matrix compliance, and even ECM dimensionality through

a combination of nonreactive hydrogels with cell-adhesive sites. Recombinant synthetic

proteins have also been used to promote specific adhesion and to foster cell-specific

degradation and remodeling of the matrix by incorporating proteolytically degradable peptide

sequences. We and others have applied similar strategies to successfully study the phenotypic

behavior of individual cells in response to various physical, architectural, and biochemical cues

including issues pertaining to the regulation of cell survival (Buckley et al., 1999; Capello et
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al., 2006; Chen et al., 1997; Friedland et al., unpublished observations), migration (Gobin and

West, 2002; Wong et al., 2003), stem cell fate (McBeath et al., 2004), differentiation (Bokhari

et al., 2005; Mauck et al., 2006), and growth regulation (Bokhari et al., 2005; Georges et al.,
2006; Paszek et al., 2005). However, such specialized systems have limited application for

studying cell behavior in multicellular structures and 3D tissues and have only sparingly been

applied to the study of heterotypic cell–cell interactions (Georges et al., 2006). Moreover, many

of the currently available synthetic biomaterials exhibit incompatible material properties such

as high stiffness, elevated matrix density, and random matrix presentation that render them less

than suitable for the study of epithelial tissue morphogenesis (reviewed in Zhang, 2004). To

address these concerns, newer generations of biomaterials are currently being developed,

including highly compliant synthetic matrices generated using combinations of polyethylene

glycol and methylcellulose conjugated with various bioactive peptides and MMP-cleavable

proteins (Leach JB, personal communication), polyethylene glycol gels with functionalized

recombinant proteins (Rizzi and Hubbell, 2005), electrically spun collagen gels with precisely

controlled orientations (Matthews et al., 2002), and synthetic gels with gradients of ECM

compliance that recreate durotactic-directed cell migration during development, wound

closure, and tumor metastasis (Lo et al., 2000; Wong et al., 2003; Zaari et al., 2004). The

application of these novel materials together with the availability of pluripotent and tissue-

specific stem cells provide encouragement that we are at least moving closer to our idealized

model systems, to begin to elucidate the mechanisms regulating multicellular epithelial tissue-

specific structure and function.

In addition to these important considerations, it is recognized that tissues develop progressively

and evolve through reciprocal and dynamic dialogues between the cellular and stromal

components and tissue milieu, and this temporal relationship must also provide the mature

tissue with physiological advantages that need to be identified and assessed. For example,

although bioengineers have been able to successfully reconstruct blood vessels that are

phenotypically and functionally identical to differentiated arteries in vivo, the engineered

vessels rapidly fatigue when transplanted into a host in vivo. One must also consider that our

ultimate goal should be the engineering of complex 3D microenvironments that are amenable

to dynamic physical and biochemical modification. When seeded with pluripotent and tissue-

specific stem cells, they should allow systematic development ex vivo of viable, live tissues to

be used for routine and faithful experimentation and for various clinical applications. Clearly,

we have our work cut out for us.
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Fig. 1.

Biochemical and biophysical cues from the extracellular matrix regulate tissue-specific

epithelial differentiation. Illustration depicting ECM regulation of tissue-specific

differentiation through a progressively complex hierarchy of adhesion-regulated events

functionally linked to changes in cell shape, receptor-initiated biochemical signaling, assembly

of multicellular structures, and reciprocal biochemical and physical modification of the ECM

microenvironment adjacent to the epithelial tissue. Undifferentiated cell (top): an

undifferentiated cell interacting with a highly rigid 2D ECM substratum, such as matrix-coated

tissue culture plastic, will adhere rapidly and, if given sufficient ECM ligand, will spread

appreciably using multiple adhesion receptors, including integrins, and assemble mature focal

adhesions. Epithelial cells grown on a rigid 2D matrix proliferate readily to form viable

polarized cellular monolayers with adherens and tight junctions as well as prominent focal

adhesions. Such cells exhibit robust Rho GTPase activation in response to exogenous stimuli,

and require activated PI3 kinase or ERK signaling to survive. Under these conditions, epithelial

cells do not assemble 3D tissue-like structures or express differentiated proteins in response

to “differentiation cues.” Mechanical cues (second tier): an epithelial cell interacting with a

highly compliant ECM readily adheres using multiple matrix receptors, including integrins,

and assembles small immature focal complexes but fails to spread appreciably. Instead cells
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interacting with a compliant matrix exhibit profound reorganization of their actin cytoskeleton.

MECs grown under these conditions can be induced to express lactoferrin if given the correct

exogenous soluble cues. 3D ECM and biochemical cues (third tier): epithelial cells interacting

with a highly compliant matrix in three dimensions adhere through multiple adhesion receptors

including integrins, syndecans, and DG, and proliferate readily in response to exogenous

growth factors. MECs interacting with a highly compliant 3D ECM can be induced to express

abundant quantities of the differentiation protein β-casein. Multicellular organization,

morphogenesis, and tissue differentiation (fourth to sixth tiers): in response to a 3D compliant

ECM, ductal epithelial cells begin to interact with one another and assemble multicellular

polarized structures with cell–cell junctions including adherens, scribble, and gap junctions.

MECs assembled into multicellular 3D-polarized tissue-like structures begin to deposit and

assemble an endogenous basally polarized basement membrane, show enhanced expression of

milk protein expression such as β-casein, and exhibit enhanced long-term survival and

apoptosis resistance to multiple exogenous stimuli including chemotherapeutics, immune

receptor activators, and gamma irradiation. Long term culture of epithelial cells in the context

of a 3D compliant ECM permits completion of tissue-like morphogenesis characterized by the

assembly of an apically and basally polarized, growth-arrested tissue with a cleared central

lumen and spatial restriction of various membrane associated proteins including growth factor

receptors. Once a fully polarized and growth-arrested structure has formed, mammary acini

can now be induced to express additional milk proteins such as WAP in response to lactogenic

hormones. However, in response to an increase in matrix stiffness as occurs following chronic

inflammation, injury, or tumorigenesis, or following genetic mutations and oncogene

activation, tissue integrity becomes progressively compromised reversing the cell state to a

less differentiated condition. In extreme cases, cells can behave analogous to undifferentiated,

highly contractile single cells.
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Fig. 2.

Matrix stiffness modulates MEC growth and morphogenesis. Phase-contrast and confocal

immunofluorescence images of 3D MEC colonies on 3D rBM-crosslinked PA gels of

increasing elastic moduli (E = 150–5000 Pa) after 20 days, showing progressively disrupted

colony morphology as matrix stiffness increases (top). Cell–cell adherens junctions are

disrupted and luminal clearance is compromised with even a modest increase in the elastic

modulus of the matrix (E = 1050 Pa central panel; β-catenin and actin). Basal polarity is

perturbed (disorganized β4 integrin and absence of basally deposited laminin-5) once the

matrix stiffness stiffens appreciably (E > 5000 Pa; right panel). Scale bar is 20μm. Adapted

from Paszek et al. (2005).

Johnson et al. Page 32

Methods Cell Biol. Author manuscript; available in PMC 2009 March 19.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t

Johnson et al. Page 33

Table I

Matrix Volume (μl) per Well Size

Underlay (μl) Embed (μl)

60 mm 1250 4250

35 mm 450 1400

12-well 200 700

4-well 100 300

24-well 100 300

48-well 50 175

96-well 20 60
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Table II

Amount of Each Solution to Add During Steps (c), (o), (q), and (s) When Using the Stated Coverslip Size

Silane Acrylamide solution rBM solution Ethanolamine

18-mm circle 20 20 300 300

25-mm circle 30 30 450 450

50-mm circle 100 190 900 900

All values listed are in microliters.
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