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Abstract

The mechanical properties (e.g. stiffness) of the extracellular matrix (ECM) influence cell fate and
tissue morphogenesis and contribute to disease progression. Nevertheless, our understanding of
the mechanisms by which ECM rigidity modulates cell behavior and fate remains rudimentary. To
address this issue, a number of two and three dimensional (3D) hydrogel systems have been used
to explore the effects of mechanical properties of the ECM on cell behavior. Unfortunately, many
of these systems have limited application because fiber architecture, adhesiveness and/or pore size
often change in parallel when gel elasticity is varied. Here we describe the use of ECM-adsorbed,
synthetic, self-assembling peptide gels (SAPs) that are able to recapitulate normal epithelial acini
morphogenesis and gene expression in a 3D context. By exploiting the range of visco-elasticity
attainable with these SAP gels, and their ability to recreate native-like ECM fibril topology with
minimal variability in ligand density and pore size, we were able to reconstitute normal versus
tumor-like phenotype and gene expression patterns in nonmalignant mammary epithelial cells
(MECs). Accordingly, this SAP hydrogel system presents the first tunable system capable of
independently assessing the interplay between ECM stiffness and multi-cellular epithelial
phenotype in a 3D context.
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Introduction

Cells jn vivo are constantly exposed to an array of biophysical forces such as hydrostatic
pressure, shear stress, compression loading, and tensional forces. Cells rely on these
physical cues to maintain homeostasis and adapt to them by altering cell signaling and gene
expression and by remodeling their local microenvironment [1-2]. From an organismal
point of view, ECM compliance directs the development of tissues [1, 3] and influences the
onset of many pathological conditions, including cardiovascular disease [4], arthritis [5] ,
and neural degenerative diseases [6—7]. The ECM also progressively stiffens in tumors and
recent work suggests this phenotype has functional significance because increasing ECM
rigidity promotes malignant transformation, while inhibiting ECM stiffening reduces tumor
incidence [8-10]. Accordingly, clarifying the role by which ECM compliance influences
diverse cellular and tissue level functions is central to understanding the molecular basis for
development and organ homeostasis. Nevertheless, the molecular mechanisms whereby
ECM compliance regulates cellular behavior and tissue phenotype remain poorly
understood.

One frequently employed simplified model system used to study the effect of ECM stiffness
on cell behavior is protein-conjugated polyacrylamide gels (PA gels) [11-15]. These nearly
elastic 2D gels permit the systematic and predictable modulation of ECM compliance by
changing cross-linker concentration while maintaining ligand density and growth factor
milieu constant. PA gels have proved quite useful in exploring fundamental links between
ECM stiffness and cell behavior, and when used in conjunction with a matrix overlay assay,
they have illustrated a role for ECM tension in epithelial morphogenesis [3, 6, 10, 16-20].
These PA gels have also been used to identify molecular mechanisms by which ECM
stiffness modulates cell phenotype including highlighting how ECM compliance can
regulate cell behavior by influencing integrin adhesions and growth factor receptor signaling
[10, 21-24]. Indeed, studies using PA gels have proved instrumental in illustrating how
physical cues from the ECM are sensed and propagated and how ECM tension can alter
membrane receptor function and nuclear morphology to modify gene expression [25-27].
Yet, most cells exist within the context of a three dimensional (3D) tissue and it is now
recognized that dimensionality per se is a profound regulator of cell and tissue phenotype
[28-36]. In this regard, PA gels represent a pseudo 3D rigidity assay system because only
the basal domain of the cell remains in contact with, and therefore responds to, the elasticity
of the protein-laminated PA gel. Moreover, while animal studies have yielded important
insight regarding the interplay between ECM topology, and rigidity within a 3D context [10,
35, 37-38] in vivotissues are inherently complex and hence do not lend themselves as
readily to rigorous mechanistic manipulations and quantitative analysis. Accordingly,
tractable /n vitro systems are needed with which to study the molecular basis by which ECM
stiffness influences cellular fate in the context of a 3D ECM.

A variety of natural matrices, such as Matrigel (rBM), collagen I (col 1), and fibrin gels have
been exploited with varying degrees of success to explore the effect of ECM stiffness and
topology /n vitro on cellular behavior and fate in a 3D context [39-43]. Using these
hydrogel systems gel stiffness has been routinely modulated by altering the concentration or
composition of the gel constituents or by varying cross-link density. Such approaches as
these however, simultaneously alter gel pore size, fiber architecture, and/or the number or
availability of adhesion sites [44-45]. Further, these natural ECM systems frequently display
inconsistencies and batch to batch variation. By contrast, synthetic biomaterials promise
greater control of mechanical and adhesive properties. In this regard, a variety of approaches
have been undertaken to design 3D scaffolds that combine biological functionality and the
architecture of natural ECM materials with the robust controllability of synthetic materials.
These scaffolds include agarose-stiffened collagen I gels [46], polyethylene glycol (PEG)
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gels with tethered adhesion and degradation sites [47-50], as well as a variety of systems
with dynamic biophysical and biochemical properties [51-52]. Unfortunately however,
many of these gel systems lack the appropriate ECM-like fiber architecture and display
limited pore size with increased ECM stiffness.

Self-assembling peptides (SAPs) are a family of 8-32 amino acid peptides that, when
exposed to physiological salt solutions, self-assemble into fibrils [53-54]. SAPs are
chemically defined and biologically compatible biomaterials that mimic the architectural
features observed in some natural matrices such as type I collagen gels [55]. Moreover, SAP
family members support cell adhesion and can direct the differentiated behavior of neural
stem cells [56], osteoblasts [57], hepatocytes [58-59], and endothelial cells [55]. Motivated
by these results we decided to explore the applicability of PuraMatrix, one type of
commercially available SAP, to study the interplay between ECM stiffness and MEC
morphogenesis in 3D. We determined that laminin-adsorbed (ligation of laminin receptors
promotes MEC tissue polarity and differentiation) PuraMatrix SAPs not only support MEC
acinar morphogenesis but that stiff SAPs promote an invasive epithelial tumor-like
phenotype and do so without significantly changing pore size or gel architecture.
Accordingly, we contend that these studies represent the first demonstration of a tractable,
well defined hydrogel system that is able to recapitulate the biochemical and micro
architectural features of the native normal tissue ECM so that the interplay between ECM
compliance and multi-cellular tissue behavior can be studied in a 3D “tissue-like” context.

1.1. Chemicals and antibodies

We used commercial EHS matrix (Matrigel™; Collaborative Research) for the rBM assays,
telopeptide intact type | rat tail collagen (1%; Sigma) for the collagen type | hydrogels and
aqueous RAD16-1 (1 %; AcN-(RADA)4-CNH2; BD PuraMatrix, Becton Dickinson) for the
self assembling peptide gels. Primary antibodies used in these studies included: mouse
monoclonal anti-human cleaved caspases-3 (clone E83- 77; Epitomics), E cadherin (clone
36; BD Transduction Laboratories), B4 integrin (clone 3E1; Chemicon) and Ki-67 (clone
7B11; Invitrogen); rat monoclonal anti human B1 integrin (clone AllB2), and rabbit
polyclonal anti human fibronectin I (Millipore) and p-catenin (Sigma). Secondary antibodies
used were: Alexa Fluor 488- and 555- and 633-conjugated - anti-mouse, anti rat and anti
rabbit 1gGs (Molecular Probes). Additional reagents included TRITC-conjugated Phalloidin
(Molecular Probes), diaminophenylindole (DAPI; Sigma), laminin (L2020, Sigma), and fetal
bovine serum (Invitrogen).

1.2. Cell culture

Human nonmalignant MEC MCF10As were propagated as monolayers on tissue culture
plastic and assembled into 3D colonies in either rBM or Collagen/rBM gels, as described [8,
60].

1.3. Cell death stimulation and analysis

MECs grown in rBM for 10-12 days (3D multi-cellular spheroid) were assayed for
endogenous cell death via apoptosis through immuno-detection of activated caspase 3 or
using a modified Live/Dead assay (Invitrogen). Percent death was quantified as the number
of cells stained positive for activated caspase 3 or scored positive for death divided by the
total number of cells, as described [34, 61]. The minimum number of cells scored was 200—
300 per experimental condition. Cells were visualized using a fluorescence microscope
(Nikon Inverted Eclipse TE300 microscope).
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1.4. Immunofluorescence analysis

Cells were either triton extracted (0.1% Triton X-100; 5 min) and then fixed or directly fixed
using paraformaldehyde (4%; Electron Microscopy Sciences). Specimens were thereafter
incubated with primary antibody, followed by either Alexa Fluor 488 or 568—conjugated
secondary antibody. Nuclei were counterstained with DAPI or Hoechst 33342. Cells were
visualized using a Zeiss Laser Scanning Confocal microscope attached to a Nikon Diaphot
200 microscope. Images were recorded at 600X magnification.

1.5. Three dimensional culture within self-assembling peptides

To assay for growth within a 3D SAPs gel, trypsinized MECs (0.05%; trypsin/EDTA,;
Invitrogen) were washed and re-suspended in sterile 20% sucrose containing either laminin
(100 pg/mL; Sigma L2020) or rBM (Matrigel; 2 mg/mL protein; Becton Dickinson). The
cell suspension (2X final desired cell concentration) was then combined 1:1 with a 2X
solution of self-assembling peptide (from 1% wi/v sonicated peptide stock) to attain a final
cell concentration of 1X10° cells/mL. 200 pl of the cellular-ECM mixture was thereafter
aliquoted into inserts (PICM-012-50, Millipore) and gelation was induced by exposure to
cell culture medium (DMEM F-12, 10% FBS, pH 7.4; Invitrogen). After 1 hour, the gelation
medium was decanted and replaced with MEC growth medium. Cultures were typically fed
every other day and maintained for 18 days.

1.6. Scanning Electron Microscopy

Cell-free collagen and self-assembling peptide gels were fixed in Jonson’s reagent (24
hours; 4C; Electron Microscopy Sciences) and cut into 4-5 smaller gels prior to further
processing and staining to increase the number of exposed surfaces. After fixation samples
were rinsed (3X; 10 minutes; RT; 0.1M sodium cacodylate buffer, pH 7.2;Tousimis), stained
with 1% osmium tetroxide (1 hour; RT), and rinsed with 0.1M sodium cacodylate buffer (3
X; 5 minutes; RT). Samples were then subjected to ascending alcohol dehydration, followed
by critical point drying procedure with a AutoSamdri 815 CPD critical point dryer
(Tousimis). Samples were then transferred onto carbon-taped SEM stubs, sputter coated
(Tousimis) with gold palladium and imaged with a Hitachi S-500 scanning electron
microscope operated at 30 kV (resolution 3-5nm).

1.7. Rheometry

Cell-free self-assembling peptides, and collagen/rBM gels of varying concentration were
gelled in cylindrical molds (~7.5 mm ID), attached to 10% FBS/PBS-wetted parchment
paper, polymerized at physiological conditions (48 hours; 37C), released from molds, and
transferred to a rheometer with an 8mm plate (AR 2000ex ,TA Instruments)[55]. The shear
modulus (Gg) was recorded at a constant frequency of 1 rad/sec for all samples; TA
Instruments software accompanying the rheometer was used to fit all data and extract shear
moduli from raw data (n=5 gels for all conditions).

1.8. Extracellular Matrix fibril quantification and Data Analysis

Projected fiber diameter and pore size were measured from the SEM images (five
representative 60,000X images/each concentration of collagen and SAP) using Image J.
Projected pore size was quantified via averaging two diagonals of every pore with clear
edges on the SEM images. Projected fiber diameter was quantified by averaging
measurements of at least 100 fibers/SEM image. Colony area was traced and analyzed in
ImageJ (n=50 acini/condition).
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1.9. Statistical analysis

Statistical significance was assessed by performing 1/2-tailed student t-tests. P values of less
than 0.05 were considered to be significant as indicated by a * symbol in text and graphs,
unless otherwise specified.

1.10. Quantitative PCR

Results

RNA was isolated using phenol-choroform extraction and total RNA for each sample was
reverse transcribed using random primers (Amersham Biosciences). 18S rRNA primers run
in parallel were used as controls. Quantitative PCR reactions (10 p.l) were conducted using a
LightCycler (Roche Diagnostics) with a LightCycler Fast Start DNA Master SYBR Mix
(Roche) and a 1 pmol primer mixture.

Increasing Collagen Concentration and Rigidity Stimulate Epithelial Growth and Survival
and Compromise Tissue Morphogenesis and Integrity

Primary and immortalized MECs have been used to study the role of the ECM and its
receptors in tissue morphogenesis and differentiation. When incorporated into a 3D rBM
(Matrigel) human and murine MECs assemble into growth-arrested, polarized multi-cellular
structures that resemble terminal ductal lobular units of the /n vivo mammary gland [31, 39].
MECs will also assemble into non-polarized 3D organoids when grown within type |
collagen gels and can be induced to polarize if either purified laminin or rBM (2 mg/ml) is
added [62].

The viscoelasticity of collagen I gels is proportional to their concentration. As such collagen
gels provide an attractive system with which to study the effect of modulating ECM stiffness
in a 3D context on tissue behavior. Accordingly, to study the effect of modulating ECM
rigidity on epithelial behavior we generated type I collagen gels ranging from 1.2 to 3.2 mg/
ml incorporating rBM (Col/rBM cultures; 2 mg/ml) as a polarity cue. We showed previously
that these concentrations of collagen achieve gel stiffness that recapitulates the visco-
elasticity typically found in a normal, pre malignant and early invasive tumorigenic human
and mouse breast [8, 10] [63]. We then assayed for the effect of varying ECM stiffness in a
3D context on the growth and survival and morphogenesis of the nonmalignant human MEC
line MCF10A, an immortalized human MEC line that undergoes multi-cellular epithelial
morphogenesis in response to compliant 3D rBM cues [10].

Similar to what we and others observed previously, although the nonmalignant MECs
incorporated into highly compliant Col/rBM gel (156 Pa + 42 Pa) grew rapidly for the first
six days, by day 10 they assembled growth-arrested acini as indicated by colonies with
persistent diameters of 60.2 + 5.4 um, (Fig 1A; DIC image; Fig 1C). After 10 days of
culture mammary acini in the compliant gels (1.2 mg/mL) also showed evidence of cleared
lumens (see arrow figure 1A DIC, top and immunofluoresence, bottom) and achieved
apical-basal polarity as demonstrated by basal deposition of laminin and apical-basal
localization of B1 integrin (Fig 1A; lower left hand panel). By contrast, even moderate
stiffening (2.2 mg/mL) of the Col/rBM (457 = 67.3 Pa) significantly increased colony size
suggestive of elevated cell proliferation (116.5 + 24.2 um; Fig 1A DIC top middle panel ,
Fig 1C). Yet, when gel stiffness approached that quantified in the stroma surrounding a pre-
malignant breast epithelium [10], luminal clearing was compromised, indicative of enhanced
cell survival (Fig 1B). Furthermore, a collagen stiffness approaching 800-1000 Pascals,
similar to that measured in the ECM surrounding early invasive breast lesions, significantly
disrupted apical-basal polarity, as revealed by diffuse localization of laminin V and
relocalization of B1 integrin along the basal domain of the colony (Fig 1, bottom middle
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panel). Intriguingly, not only did MECs embedded within Col/rBM gels with ECM stiffness
approaching that measured in breast tumors (1411 + 350.3 Pa) grow quite large (161.3 =
21.1 pum; Fig 1C) and form highly disorganized, nonpolar colonies that lacked lumens (Fig
1A; lower panel right and Fig 1B) but these colonies also showed a propensity to form
membrane protrusions that projected into the surrounding ECM, consistent with the notion
that ECM stiffness promotes a tumor-like phenotype. Importantly however, despite these
provocative findings, none of the nonmalignant MECs from the mammary colonies
assembled within the rigid rBM/collagen | gels invaded into the gels (Fig 1A DIC top right).

Thus far our findings were consistent with the notion that ECM stiffness compromises
epithelial morphogenesis and tissue integrity and induces a "tumor-like™ phenotype even in
nontransformed epithelial cells. Nevertheless, we noted that interpretation of data obtained
with these gels was complicated by the fact that collagen ligand available to bind to cell
surface receptors including integrins and discoidin receptors also significantly increased
when the gel concentration was increased to stiffen the ECM. Moreover, SEM analysis
revealed that the projected pore size and fiber thickness also changed dramatically as the
concentration of the collagen gel was progressively increased (Fig 2A). Because ligand
binding and pore size can significantly modify cell invasion, these findings indicate that
studies aimed at assessing the interplay between ECM stiffness and cell invasion may be
compromised using this approach. Furthermore, matrix topology per se can significantly
modulate cellular phenotype further complicating the interpretation of experiments
conducted using this gel system [46, 64] [65—67]. Thus, these results emphasize that it is still
not clear if ECM stiffness per se can induce invasion of non-transformed epithelial tissues.
Indeed, the data imply that although collagen gels offer an attractive model system with
which to rapidly assess the effect of modulating ECM stiffness on cellular behavior in a 3D
context, several confounding variables seriously compromise any ability to rigorously
isolate and interpret the effect of matrix stiffness per se on cellular behavior using this
hydrogel model.

Self Assembling Peptides (SAP): Flexible, Protein-absorbing, Synthetic Matrix that Mimic
Collagen Architecture

A number of materials are readily available whose elasticity can be dynamically modulated
by maintaining ligand binding constant. Materials such as hyaluronic acid, poly(ethylene)
glycol, and polyglycolic acid can be modified to provide rigorously controlled biochemical
cues [46, 68-74]. Unfortunately, the architecture of these materials is strikingly different
from that of natural ECMs such as type | collagen, thereby compromising their utility as
natural ECM substrates. By contrast, self assembling peptide hydrogels (SAPs) are
biocompatible synthetic substrates that not only mimic the micro-architecture of natural
collagen gels (Fig 2C) but lend themselves to chemical modification. SAPs are composed of
16 repeating amino acid residues (alternating hydrophilic and hydrophobic chains) that self-
assemble to form nano fibers under physiological salt conditions due to hydrophobic
(between alanines) and ionic bonding (between arginine and aspartic acid residues) between
the amino acids [55]. Although SAPs can be mechanically tethered with ligand [59, 75],
these peptides are also protein-adsorbing [76]. Thus, although they do not contain integrin-
binding sites, and therefore they cannot mediate ligand-dependent ECM receptor signaling,
they can be readily conjugated, tethered, or adsorbed with quantifiable concentrations of
ligand via direct peptide conjugation or through ECM protein adsorption. Moreover, by
varying the concentration of the SAP, the stiffness of the gel can be modulated over a
physiologically appropriate range to achieve a visco elasticity similar to soft tissues such as
a healthy breast on the one hand and a cancerous breast on the other hand [8, 77-79].

To explore the utility of SAPs as biocompatible materials for exploring the effect of ECM
stiffness on epithelial morphogenesis and homeostasis we characterized the physical
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topology and mechanical properties of one of these commercially available SAPs gels,
PuraMatrix, over the range of visco elasticity deemed useful for the study of normal and
transformed epithelial behavior. We found that varying SAP concentration from 1.2-3.2 mg/
mL generated a Young’s modulus that ranged from 120-1,200 Pa, analogous to what we
were able to achieve by varying collagen concentration from 1.2-3.2 mg/mL (Fig 2B and
2D). Importantly, SEM analysis revealed that unlike collagen I gels, SAPs gel micro-
architecture did not substantially change within this stiffness range and gel concentration.
Indeed, we noted that pore size only varied by approximately 10% and fibril topology
remained within the range of 45-75 nm even when gel contraction was varied from 1.2-3.2
mg/mL (Fig 2E-F). By contrast the pore size of the collagen gels varied by over 30% and
fibril topology ranged from 50 to 170 wm when collagen concentration was modified across
this same range (Fig 2E-F). Curiously, although we detected no statistically-significant
differences in the overall fiber organization and matrix topology as a function of SAPs gel
concentration and stiffness, we did quantify a modest, but consistent increase in peptide
mass per volume (data not shown). The fact that the observed difference was only a 10%
increase in the fraction of soluble peptide at the highest gel concentration indicates that the
elevated gel stiffness likely reflects a subtle increase in either the fiber diameter, length, or
absolute number. In this respect, we determined that the projected pore size and overall fiber
mesh did not change drastically, suggesting that SAP gel stiffness was more than likely due
to an increase in fiber diameter and/or enhanced fiber density. Indeed, there was a positive
but-insignificant trend between SAP stiffness and decreased projected pore size and
increased fiber thickness. The fact that we could not accurately document changes in these
variables is more than likely due to the resolution limitation of our detection method which
is unable to detect such subtle nano-scale differences in fiber diameter and pore size
variability. Consistently, the stiffness of a fibrous material can be largely attributed to the
sum of the bending moments of all the fibers. Second moment of inertia is a shape property
that can be used to predict deflections and stresses in the beams/fibers, which would be
representative of its bulk stiffness. Assuming a circular cross-section of the fibers, the
moment of inertia, 1o, would be proportional to the radius raised to the 41 power (1, =
ntr2/4), such that incredibly small changes in the radius would be reflected by an increased
capacity to dramatically alter the bendability or stiffness of the material. In these studies we
observed an approximate six fold increase in gel stiffness between the soft and the stiff
SAPs gels which can easily be accounted for by a mere a 2 nm change in fiber thickness. As
such, the theoretical differences between soft and stiff SAP gels are well beyond the 3-5 nm
resolution capacity of SEM imaging. Moreover and importantly, despite the fact that it is
obvious that SAP morphology must vary to some degree as a function of gel concentration/
stiffness, the magnitude of such a modest nanometer-scale variation would exert a negligible
effect on cellular functions, such as migration and invasion, because cells operate on a
length scale of 10-50 pm. Instead, variations in pore and fiber diameter within the tens to
hundreds of nanometers, which is comparable to what we quantified for collagen gels of
increasing concentration/ stiffness, are likely to significantly alter cellular invasion and
migration. These findings suggest that SAPs gels could provide a viable alternative ECM for
studying the effect of ECM rigidity on epithelial invasive phenotype in a 3D context.

SAP Gels Support Epithelial Morphogenesis and Direct Apical-Basal Tissue Polarity

To explore the utility of SAP gels as a tractable matrix system for studying the interplay
between ECM stiffness and epithelial cell behavior in 3D, we grew MECs within un-
conjugated, compliant, SAP gels in the absence of adsorbed ECM protein. We noted that
MECs embedded within SAP gels survived and grew to assemble epithelial colonies.
However, colony size was non-uniform and immuno-fluorescence analysis revealed that the
colonies lacked polarity (data not shown). We therefore supplemented the SAP gels with
laminin (100 pg/mL) or rBM (2 mg/mL; 10%) and assayed for effects on MEC growth,
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survival, and multi-cellular morphogenesis. Analogous to MECs embedded within rBM or a
mixture of collagen | and rBM, MECs embedded within the laminin- or rBM-supplemented
SAP gels proliferated rapidly for the first 5-6 days after which they growth-arrested, as
revealed by loss of Ki-67 immuno-staining and the maintenance of a stable colony diameter,
and initiated tissue morphogenesis, as indicated by elevated numbers of cells in the center of
the colonies positive for activated caspase 3 (Fig 3B, Fig 4C and 4D). Consistently, MEC
colonies generated in the laminin-supplemented SAPs gels assembled acini with cleared
lumens that had similar diameters to those generated in rBM and collagen 1/rBM gels (Fig
3A and 3C, quantified in 3B). Moreover, acini generated in the laminin-supplemented SAP
gels achieved apical-basal polarity, as revealed by basally localized p4 integrin (Fig 3D, left
panel, see arrow), basal-lateral f1 integrin, and cell-cell localized p-catenin (Fig 3D, middle
and right panels, see arrows). These phenotypes are analogous to those observed in rBM or
in 1.2 mg/mL collagen I gels supplemented with laminin or rBM (Fig 1A). Moreover, and
importantly, similar to what we and others have routinely observed using rBM gels, SAP
gels were able to support stable acini development as revealed by uniform colony
differentiation and repression of genes that compromise acini stability and differentiation,
such as fibronectin (Fig 3D, right panel; Fig 4E-F). These findings indicate that compliant
SAP gels, when supplemented with the appropriate biochemical ECM cues, can support
normal MEC growth and viability and direct multi-cellular tissue morphogenesis.

Modulating SAP Stiffness Perturbs Epithelial Morphogenesis, Disrupts Apical-Basal
Tissue Polarity, and Induces Pro-tumor Gene Expression

We next asked whether increasing SAPs gel stiffness could perturb MEC morphogenesis
and tissue integrity to induce a tumor-like phenotype. MECs were embedded within 1.2-3.2
mg/mL SAPs gels at concentrations that generated mechanical properties (Young’s
modulus) that recapitulated what we previously measured for normal and early stage breast
tumor tissue, respectively [10] (Fig 2D). Similar to MECs within rBM gels, MEC colonies
embedded within highly compliant laminin-supplemented SAPs assembled growth-arrested
acini that showed negligible Ki-67 staining by day 10 of culture (Fig 4C and 4D). Mammary
acini within soft SAPs also consistently cleared their lumens, likely through induction of
apoptosis in the cells lacking contact with the protein-adsorbed SAPs gels, as revealed by
elevated numbers of cells within the day 10-12 colony lumens with activated caspase 3
staining (Fig 4B). By contrast, MEC colonies embedded within rigid SAP gels continued to
proliferate, as revealed by elevated Ki-67 staining throughout the colony (Fig 4D), showed
negligible death of the cells within the center of the colony, as revealed by reduced activated
caspase 3 positive cells in the center of the colonies (Fig 4C), and consequently failed to
clear their lumens (Fig 4A-B). The colonies assembled within the rigid SAPs also lacked
apical-basal polarity, as revealed by highly diffuse B-catenin and B1 integrin (Fig 4E).
Intriguingly, we noted that the MECs embedded within the stiff SAPs matrix also showed
severely compromised colony integrity, as revealed by gross disorganization of the colony
and individual MECs disseminating away from the colony and invading into the surrounding
matrix (Fig 4E). These findings imply that matrix stiffness “per se” may in fact promote cell
invasion given the appropriate matrix context and cell state. In this regard, by way of a
plausible mechanism, we noted that SAP stiffness induced the expression of two genes
implicated in tumor progression and invasion, fibronectin 1 and EGFR (Fig 4F), and
additionally enhanced fibronectin 1 deposition by the MECs embedded within the gel (Fig
4E-F).

Discussion

We exploited the unique properties of one SAP gel (PuraMatrix) to study the interplay
between ECM stiffness and multi-cellular epithelial morphogenesis and transformation.
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SAPs gels provide a versatile model system with tunable mechanical properties and a native-
like ECM fibril morphology. We were able to show that 3D laminin- or rBM- adsorbed
compliant SAPs gels are able to recapitulate MEC morphogenesis and that a stiff SAPs gel
disrupts tissue architecture, compromises tissue polarity and induces fibronectin and EGFR
expression to promote an invasive, tumor-like phenotype without substantially altering ECM
topology, pore size, and ligand density. Thus, we maintain that this matrix is a defined and
tractable system that could be used to definitively study the effect of ECM tension on
multicellular epithelial cell behavior in a 3D tissue-like context. The availability of such a
versatile system could have profound clinical implications by permitting the execution of
experiments aimed at clarifying the biophysically-driven changes in tissue phenotype and
molecular signature associated with tumor progression. One could imagine using this system
for high throughput drug screening to identify novel therapeutics that would provide
improved, personalized cancer therapeutics designed to not only target tumor cells but also
to treat their phenotypic response to modifications in their surrounding ECM.

Unlike natural gels which exhibit striking changes in architecture, decreased pore size and
altered ligand density as matrix stiffness is increased, SAP gels offer a tractable system with
which to vary ECM stiffness over a dynamic range without significantly affecting any of
these variables. In this regard, while other synthetic systems, including HA gels and PEG
gels, have been adapted to study the effect of ECM rigidity on cell and tissue behavior these
substrates fail to recapitulate the topology of natural matrices, cannot be remodeled without
conjugation of collagenase digestible peptides, and often limit invasion due to minute pore
size features (unpublished findings). Two major approaches for engineering /in vitro systems
with tunable mechanical properties have been the conjugation of cell-compatible adhesion
peptides into synthetic matrices [48, 80-82] or the application of biophysically-modified
natural matrices (e.g. varying collagen gel concentration and/or cross-linking). Synthetic
matrices allow for a robust control of ligand density as a function of stiffness however, they
typically fail to recapitulate the appropriate topological cues programmed in the networks of
natural materials. On the other hand, natural materials offer physiologically-relevant
architectures, but introduce an array of confounding biophysical cues when concentration is
varied or cross-linking status is changed (as means to vary stiffness). This includes profound
effects on ligand density, fiber diameter, pore size, and overall micro-architecture. These
complicating variables are not insignificant in that cells are able to sense and respond to
matrix topology and presentation [83-87]. For instance, tumors show elevated contractility
and enhanced crosstalk with stromal fibroblasts in response to changes in matrix topology
and this perturbed dialogue promotes tension-dependent remodeling and linearization of
collagen fibers that promote an invasive tumor matrix that can foster metastasis [88-89].
Thus, due to a myriad of limitations endemic to current /n vitro systems, the issue as to
whether or not ECM compliance per se can modulate tissue morphology and transformation
(as well as the identification of molecular mechanisms that drive these phenomena) remains
unresolved. In this regard, the SAP system described here has a multitude of positive
features that might overcome many of these limitations, and while mechanical fragility
remains one challenge when manipulating these gels, their net benefit at present far
outweighs this minor experimental difficulty.

Prior studies using 3D collagen gels with increasing concentration and/or elevated collagen
cross-links (and hence stiffness) indicate that ECM stiffness perturbs multi-cellular
epithelial morphogenesis but fails to induce invasion unless combined with elevated growth
factor or oncogenic signaling [3, 10]. Such findings imply that ECM stiffness collaborates
with oncogenes to drive tumor progression and argue that stiffness is a tumor promoter
rather than initiator. We noted that elevating SAP stiffness was sufficient to drive epithelial
invasion suggesting stiffness alone could promote cell invasion. One plausible explanation
for why prior studies failed to demonstrate invasion causality through ECM stiffness is that
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stiffened collagen gels (mediated through elevated protein concentration or cross-linking)
simultaneously decrease pore size and limit growth factor diffusion, thereby complicating
data interpretation because these variables would themselves impede and delay migration.
Indeed, prior studies suggest that stiffer collagen or fibrin gels can in fact reduce the rate of
cell migration and that migration within such gels relies critically on MMP-dependent
matrix remodeling to permit tumor cell invasion [90-92]. Yet, ECM stiffness promotes
invadopodia [92-94] and modulates integrin adhesion dynamics [23, 64, 95-96].
Furthermore, ECM rigidity enhances cell contractility to enhance cell motility and promotes
invasion through ECM reorganization and alignment, suggesting ECM stiffness should
promote and not impede invasion. These findings indicate that ECM stiffness could be both
a tumor promoter and initiator; a possibility that now needs to be rigorously addressed. In
this regard, SAP gels could prove instrumental in addressing this intriguing possibility.

In conclusion, tumor progression is associated with loss of tissue organization and
disassembly of multicellular tissue structures. We observed that compliant laminin-
supplemented SAPs gels are able to support MEC acini morphogenesis and that a stiff SAPs
gel perturbs tissue polarity, destabilizes cell-cell adhesions and increases the expression of
tumor promoting genes including fibronectin and the EGF receptor. These findings are
consistent with the notion that ECM rigidity per se, in conjunction with appropriate
architecture, could promote tumor progression through destabilization of tissue architecture;
a findings that we now stand prepared to investigate using the SAP system of epithelial
morphogenesis.
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Figure 1. Increasing Collagen Concentration and Rigidity Stimulate Epithelial Growth and
Survival and Compromise Tissue Morphogenesisand Integrity

A) (top) Phase contrast images of multi-cellular mammary epithelial cell (MEC) colonies
embedded within type 1 collagen gels of increasing concentration (1.2-3.2 mg/mL) and
stiffness (150-1400 Pa) for 12 days. Bar equals 30 wm. (bottom) Laser confocal
immunofluorescence images of multi-cellular MEC colonies as above, stained for f1
integrin (red), laminin V (green), and nuclei (DAPI; blue). Bar equals 40 pum. B) Bar graphs
showing quantification of luminal clearance measured in colonies shown in A. C) Bar graph
showing average colony diameter of colonies shown in A. *indicates p < 0.001. Values
shown in B- C represent mean + SEM of multiple measurements from at least 3 independent
experiments.
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Figure 2. Self Assembling Peptides (SAP): Flexible, Protein-absorbing, Synthetic Matrix that
Mimic Collagen Architecture

A) SEM microscopy images of collagen gels taken at high (top) and low (bottom)
magnification illustrating the structural changes induced in collagen morphology, topology
and pore size when collagen concentration is increased. Bar equals 5 wm. B) Bar graph
quantifying Young’s modulus of collagen gels of varying concentration as measured by
shear rheology. C) SEM microscopy images of SAP gels taken at high (top) and low
(bottom) magnification illustrating minimal structural changes in gel fiber morphology,
topology and pore size when gel concentration is increased. Bar equals 200 nm. SEM
resolution is 3-5nm (according to the manufacturer). D) Bar graphs quantifying SAP gel
stiffness as a function of gel concentration as measured by shear rheology. E) Graphical
depiction of fiber diameter quantified as a function of collagen (filled boxes) and SAP (open
boxes) gel concentration. F) Graphical depiction of pore size measured as projected pore
size in collagen (filled boxes) and SAP (open boxes) gels as a function of gel concentration.
*indicates p < 0.001. Values shown in B and D-F represent mean + SEM of multiple
measurements from at least 3 independent experiments.
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Figure 3. SAP Gels Support Epithelial M orphogenesis and Direct Apical-Basal Tissue Polarity
A) (top) Phase contrast images of representative multi-cellular MEC acini following growth
within reconstituted basement membrane (rBM, Matrigel), type I collagen gels mixed with
10% rBM, or SAPs containing 100 .g/ml laminin for 20 days. (bottom) Laser confocal
immunofluorescence images of cryosections (10 wm) of multi-cellular MEC colonies
stained with DAPI to reveal nuclei (blue) showing presence of cleared lumens in acini
generated in all gel conditions as described above. Bar equals 25 um B) Line graphs
showing growth curves for mammary colonies grown within rBM (green diamond), type 1
collagen gels mixed with 10% rBM (orange box) and SAPs supplemented either with
laminin (red circle) or rBM (blue triangle). C) Bar graphs showing quantification of cleared
lumens in mammary acini grown in rBM, type 1 collagen gels mixed with 10% rBM and
SAPs supplemented either with laminin or rBM (differences in the diameters were not
statistically significant). D) Laser confocal immunofluorescence images of cryosections (10
pwm) of multi-cellular acini generated in SAPs supplemented with laminin stained with (left
image) B4 integrin (green), (middle image) p-catenin (green) and B1 integrin (red) and (right
image) fibronectin (green) and B1 integrin. All colonies were counter stained with DAPI
(blue) to reveal nuclei. Bar equals 30 pum. Values shown in B and C represent mean = SEM
of multiple measurements from at least 3 independent experiments.

Phys Biol. Author manuscript; available in PMC 2012 July 20.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Miroshnikova et al.

Page 18
A S
| ——
£ § 100
T ©
+ £ s
& g 50
U) *
= - 25
&% £ . B
E S Q&
S ) 9 2
-4 & x x
9 Q% Q2
& & X
& &
C o D
——~ — —
2 100, __ - 0 2100
- — *
O o 80 = pn 80 -
o s =]
™5 60 8 g 60
g g 40 %* ~ @ 40
S D 2 ’_T_l 2P =
@ O L. ' X0 =
» »
o o o < <
o‘é x\éo x\'b& o&‘ A
%) @ 2
&S > R
Q 9 &) Q ‘{\% ‘{\6
& ;&(\ o N
9 ) ) 9
E F
) ) . Stiff SAP Induce Upregulation of
rioroneetnl p-catenin Tumor-Associated Genes
3§£§? DAPI og%_:é:g B1 integrin 5 16 .
= © LBy [ISoft SAP + lam
o W stiff SAP + lam
%5 12
8 910
£2 8 x
]
00 6
o = i
52
3" 2 %
12 ) r

Fibronectin 1 EGFR

Figure 4. Modulating SAP Stiffness Perturbs Epithelial M or phogenesis, Disrupts Apical-Basal
Tissue Polarity, and Alters Gene Expression

A) (left) Phase contrast images of representative multi-cellular MEC acini following growth
within rigid SAPs containing 100 pg/ml laminin for 20 days. (right) Laser confocal
immunofluorescence image of a cryosection (10 pm) of a multi-cellular MEC colony,
generated as described above, stained with DAPI to reveal nuclei (blue) showing absence of
cleared lumen in colony generated in a rigid SAP. Note the arrow pointing to the cells
migrating into the stiff SAP gel suggestive of invasive behavior. Bar equals 25 um. B) Bar
graphs showing quantification of cleared lumens in mammary acini grown in rBM as
compared to MEC colonies assembled in the soft and stiff SAPs supplemented with laminin.
Note the high percent of luminal clearance quantified in the acini assembled in either the
rBM gels or the compliant SAP gels and a significant reduction of cleared lumens quantified
in the colonies generated in the stiff SAP gels. C) Bar graphs quantifying the number of
caspase 3 positive lumens in colonies generated in rBM gels versus those assembled within
compliant versus stiff SAP gels supplemented with laminin. Data indicate that SAP stiffness
represses apoptosis in MECs. D) Bar graphs quantifying the number of Ki67 positive
colonies detected in rBM gels versus those assembled within compliant versus stiff SAP gels
supplemented with laminin. Data show that SAP stiffness promotes MEC proliferation. D)
Laser confocal immunofluorescence showing representative image of cryosections (10 pm)

Phys Biol. Author manuscript; available in PMC 2012 July 20.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Miroshnikova et al.

Page 19

of a multi-cellular MEC colony generated in a stiff SAP supplemented with laminin that was
stained with (left) fibronectin (green) and (right) p-catenin (green) and p1 integrin (red) and
counter stained with DAPI (blue) to reveal nuclei. Bar equals 30 um. F) Bar graphs showing
the relative expression (by quantitative PCR) of fibronectin 1 and EGFR in acini isolated
from soft and stiff laminin-supplemented SAP gels. Values shown in B-D and F represent
mean + SEM of multiple measurements from at least 3 independent experiments.
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