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Abstract

Metastasis begins with the escape, or dissemination, of cancer cells from the primary tumor. We
recently demonstrated that tumors preferentially disseminate into collagen | and not into basement
membrane protein gels (Matrigel). In this study, we used synthetic polymer systems to define
material properties that could induce dissemination into Matrigel. We first specifically varied
rigidity by varying the crosslinking density of poly(ethylene glycol) (PEG) networks within
Matrigel scaffolds. Increased microenvironmental rigidity limited epithelial growth but did not
promote dissemination. We next incorporated adhesive signals into the PEG network using
peptide-conjugated cyclodextrin (a-CDYRGDS) rings. The a-CDYRGDS rings threaded along
the PEG polymers, enabling independent control of matrix mechanics, adhesive peptide
composition, and adhesive density. Adhesive PEG networks induced dissemination of normal and
malignant mammary epithelial cells at intermediate values of adhesion and rigidity. Our data
reveal that microenvironmental signals can induce dissemination of normal and malignant
epithelial cells without requiring the fibrillar structure of collagen I or containing collagen I-
specific adhesion sequences. Finally, the nanobiomaterials and assays developed in this study are
generally useful both in 3D culture of primary mammalian tissues and in the systematic evaluation
of the specific role of mechanical and adhesive inputs on 3D tumor growth, invasion, and
dissemination.
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Introduction

Normal mammary epithelial ducts consist of a bilayered tube with a single layer of luminal
epithelial cells surrounded by a basally positioned myoepithelial cell layer and a basement
membrane [1]. When epithelial cancer cells escape, or disseminate, past the basement
membrane to colonize distant sites in the body, patient prognosis is greatly reduced [2].
Dissemination involves a profound change in the structure and function of the epithelial
cancer cell and requires an exchange of specialized cell-cell adhesions for adhesive
interactions with the extracellular matrix (ECM) [3-5]. However, the molecular triggers for
dissemination remain incompletely understood. During metastatic progression the cancer
cells acquire additional genetic mutations and the microenvironment around the tumor
changes in parallel [6-10]. Carcinoma cells therefore experience a very different
microenvironment than cells in a normal duct and these microenvironmental alterations
could play a critical role in regulation of both invasion and dissemination [6, 7, 11, 12]. Our
goal in this study was to understand the contribution of specific microenvironmental factors
to the disseminative phenotype. Our approach was to isolate primary murine epithelial
tissues and present them with microenvironments that differ in features known to vary
during malignant progression. Work from multiple laboratories has revealed that the density
and alignment of the stromal collagen I changes characteristically during breast cancer
progression [7, 13, 14], that a higher density of collagen | at the tumor-stromal interface
correlates with invasion [15, 16], and that the alignment of collagen I at the stromal border
provides independent prognostic information regarding patient outcomes [17, 18].

We previously used gels composed of natural ECM proteins to expose tumors to a
microenvironment with proteins characteristic of the basement membrane (Matrigel) or of
the stromal ECM surrounding breast tumors (fibrillar collagen I). In each comparison the
starting point was freshly isolated primary epithelial tissues that were explanted into 3D
culture as coherent groups of 100-500 cells. Tissues from the same animal were explanted
into multiple different ECM microenvironments and cell behavior correlated with the
current, local ECM environment. We found that simply varying the composition of the ECM
in this way induced rapid and profound changes in tissue architecture and epithelial cell
behavior. Metastatic human breast tumors preferentially disseminated into collagen | rich
microenvironments and not into basement membrane protein gels (Figure 1A and [19]).
Importantly, normal epithelia also disseminated cells into collagen I, while exhibiting an
organotypic program of branching morphogenesis in basement membrane gels (Fig 1B and
[19]). The major difference we observed was that dissemination of normal cells into
collagen 1 is transient and they rapidly reestablished epithelial organization inside a
basement membrane, while tumors persistently disseminated [19].

Given the central importance of dissemination to the metastatic process, we sought to
understand the nature of the dissemination promoting signals in collagen I rich
microenvironments. However, Matrigel and collagen | gels differ in protein composition,
supramolecular organization of the protein components, and in the material and mechanical
properties of the resulting gel [20-22]. We hypothesized that collagen | induced
dissemination might reflect a response to collagen | dependent changes in the mechanical
properties of the microenvironment [20]. In support of this hypothesis matrix rigidity has
been shown to be a powerful regulator of cell behavior [13, 14, 23-27]. Furthermore, both
the rigidity of the tumor microenvironment and the abundance of collagen | increase during
breast cancer progression in vivo [13-17].

A major challenge to studying the role of mechanical factors in tumor progression is that
epithelial tumors exist as multicellular tissues whose architecture is not recapitulated in
conventional 2D cultures [6, 11, 28]. In contrast, techniques for systematically varying the
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mechanical properties of a cell’s microenvironment were typically developed for cells
cultured on top of a thin gel [24, 29]. The most frequently utilized technique relies on
varying the crosslinking of acrylamide and then plating cells on top of the resulting thin
gels. This approach is not easily generalizable to a 3D embedded culture format, as
acrylamide is highly toxic to cells prior to polymerization. Alternate approaches that are
suited to 3D culture have frequently relied on enzymatic crosslinking of native ECM
proteins, such as collagen I [13]. The challenge in that context is that crosslinking can alter
biologically important properties of the matrix other than rigidity. For example, crosslinking
of collagen I can lead to recruitment of signaling molecules or to increased PI3K signaling
[13]. We therefore developed tunable, poly(ethylene glycol) (PEG) based synthetic scaffolds
to vary the rigidity of the non-permissive microenvironment (Matrigel), to test the
hypothesis that increased microenvironmental rigidity would induce epithelial
dissemination. We then combined our PEG scaffolds with cyclodextrin (CD) conjugated
adhesive peptides to enable systematic variation of rigidity, protein composition, and the
average concentration of adhesive sites in 3D formats.

Materials and Methods

Isolation of primary murine mammary organoids

All mouse work was done in accordance with protocols approved by the Johns Hopkins
University Institutional Animal Care and Use Committee (IACUC). Mouse mammary
organoids from MMTV-PyMT tumor mice and their normal FVB counterparts (JAX Mice
002374, 001800) were harvested using previously described techniques [19, 30]. We
removed the #3 and #4 mammary glands from FVB mice age 8-12 weeks, digested the
tissue in a collagenase/trypsin (Sigma C2139/Gibco 27250-018) solution, which also
contained Insulin (Sigma 19278) and Gentamicin (Gibco 15750060). The collagenase treated
epithelial tissue was then treated with DNase (Sigma D4527) and isolated from single cells
using a series of differential centrifugation steps. The resulting pellet contained small
epithelial clusters consisting of a few hundred cells each, which have been termed
“organoids.” Tumors were collected from 12-16 week old MMTV-PyMT mice. The largest
tumor was harvested and prepared similarly to the FVB mammary glands. The tumor
organoids were separated from undigested pieces after the collagenase digestion step. All
solutions were made in DMEM/F-12, GlutaMAX (Gibco 10565). All tubes and pipets were
coated with 2.46% BSA-DPBS solution to avoid tissue adhering to the plastic (Sigma
A9576 and Gibco 14040182 or Sigma D8662).

Embedding organoids in hybrid PEG-Matrigel hydrogels

Organoids from either FVB or MMTV-PyMT mice were embedded in Growth Factor
Reduced BD Matrigel Matrix (BD 354230). PEG-Matrigel composite hydrogels were
synthesized as described in the following example: PEGDA (Mw ~ 3400 Da, pdi 1.1,
SunBio) was dissolved in PBS (pH 7.4) to make a final concentration of 15% (w/v). This
solution was added directly to either a-CD or a-CDpeptide with a final concentration of
1.25% (w/v). If needed, varying concentrations of PEGMA (PEGMA, Laysan Bio MW
5000 Da) were added to the above PEGDA solution. The solution was mixed on a shaker
overnight and UV sterilized for 10-15 min. To this solution, Matrigel was added for a final
PEGDA concentration of 3% (w/v) and a-CD concentration to 0.25% (wi/v). Cultures were
set up in 24-well non-TC treated plates (Nunc 144530) or 24-well non-TC treated movie
plates (Greiner #662892). Transwell inserts (BD Falcon 353095) were used to help maintain
the gel integrity. Before embedding the organoids, a photoinitiator, Irgacure® 2959 (Ciba®)
(1.0 %, wiv) in 70 % (v/v) ethanol was dissolved and added to the PEGDA/Matrigel solution
with a final concentration of (0.05 %, w/v). To this solution, organoids were mixed to give a
final concentration of 2-3 orgs/uL, plated (100 pL) into the 24-well plate and immediately
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brought under a UV lamp (365 nm, 5 mW/cm2) and kept on a heating block (at 37 °C) for
polymerization. After 20-30 min, growth media with DMEM/F12 GlutaMAX, Insulin-
Transferrin-Selenium-X Supplement (100X) (Gibco 51500-056), Penicillin-Streptomycin
(Sigma P4333), and FGF2 (2.5 nM, Sigma F0291) were added to the constructs. The media
was changed on day 1 to remove any unthreaded a-CD or a-CDpeptide. The samples were
cultured for 7 days and then analyzed.

Synthesis of a-CDYRGDS and a-CDYRDGS

The peptides conjugated to a-CD were synthesized according to the method as described in
the published results [31].

Mechanical properties of the hydrogels

The storage and loss shear moduli of the PEGDA/PEGMA hydrogels were measured using a
parallel-plate method of RFS-3 rheometer (Rheometric Scientific Inc.). The experiment was

conducted using an 8 mm diameter plate within the linear viscoelastic region of the samples

(n=3) at a frequency of 1 rad/s.

Bright field microscopy

Images were taken of these samples at 7 days using a Zeiss Primo Vert Inverted microscope
with 5 Megapixel CMOS camera. Pictures were taken post fixation of 4% PFA.

Differential interference contrast (DIC) microscopy

Images of the samples were taken at 7 days using a Zeiss Cell Observer system with a Zeiss
AxioObserver Z1 and an AxioCam MRM camera. Images were taken post fixation with 4%
PFA. Movie images were taken using the microscope chamber for 7 days and then fixed in
4% PFA.

Confocal microscopy

Confocal images were collected using a Solamere Technology Group spinning-disk confocal
microscope with a Zeiss 40x C-Apochromat objective lens (details in [32, 33]).

Antibody staining

Post 4% PFA fixation, the samples were permeabilized with 0.2% Triton X-100 for 20 min,
blocked with PBS+1%BSA for 1-2 h and stained with DAPI (Molecular Probes D3571),
phalloidin (Molecular Probes A22287), rat anti-cytokeratin 8 (Developmental Studies
Hybridoma Bank TROMA-I-c), and goat anti-rat Alexa Fluor 568 (Molecular Probes
A11077). After incubating overnight at 4°C, the samples were washed with PBS and kept at
4 °C until imaging. Images were taken from a Zeiss 710 confocal microscope within one
week after staining.

Results

3D Microenvironments with Defined Rigidity

We sought to isolate the specific consequences of altering the rigidity of the 3D
microenvironment on epithelial cell behavior. To ensure that the crosslinking strategy did
not also send specific molecular signals to the cells we selected a bioinert synthetic polymer,
poly(ethylene glycol) (PEG). PEG hydrogel systems have been successfully employed for a
wide range of tissue engineering and therapeutic purposes [31, 34-39]. We utilized
photopolymerization to crosslink PEG hydrogels and varied the elastic modulus of the
hydrogel through systematic manipulation of the relative concentration of PEG-Diacrylate
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(DA) to PEG-Monoacrylate (MA) (Fig. 2A). PEG-DA polymerizes through acrylate bonds
on both sides of the PEG chain. This allows PEG-DA to form a net-like structure when
cross-linked. However, PEG-MA only has an acrylate bond on one side of the PEG chain.
Because of this feature, it only forms strands when cross-linked. Normal or tumor organoids
embedded in hydrogels composed of 3-10% PEG-DA alone or in combinations of PEG-DA
and PEG-MA did not undergo epithelial morphogenesis. The epithelial tissue in these pure
PEG gels appeared disorganized, with extensive cell death. We therefore chose to vary the
crosslinking of PEG networks within Matrigel scaffolds, as Matrigel is known to provide a
ligand environment sufficient for epithelial growth and branching of both normal and tumor
tissue [19, 30, 40]. When Matrigel is combined with pure PEG-MA, the resulting strands
cannot increase the stiffness of the Matrigel. Therefore, by varying the ratio of PEG-DA to
PEG-MA, the crosslinking density can be changed proportionally to the rigidity of the
hydrogel.

We used a parallel plate rheometer to determine the shear storage modulus (G’), which
represents the elastic properties of the gel, and the shear loss modulus (G"), which represents
the viscous properties of the gel, of the resulting PEG-Matrigel composite hydrogels (Fig.
2B). Matrigel, Matrigel + (6% MA), and Matrigel + (3% DA / 3% MA) all formed highly
compliant gels with G" and G"” under 100 Pa (Fig. 2B). As the ratio of DA to MA increased
we observed increases in both G’ and G” (Fig. 2B). Our main analysis set was limited to
DA/MA ratios that constituted total PEG concentrations of 6%, as 6% was the minimum
concentration of PEG-MA that resulted in a stable gel when combined with Matrigel. We
also determined the elastic modulus of combinations of Matrigel with either 7.5% or 10%
PEG-DA (Fig. 2B). Our PEG-Matrigel composite hydrogel approach was sufficient to
enable specific variation of elastic modulus over two orders of magnitude in a 3D
environment.

Microenvironmental Rigidity and Epithelial Morphogenesis

We next tested the effect of increased shear elastic modulus on the behavior of epithelial
organoids derived from either normal mammary glands or from advanced mammary
carcinomas. We isolated carcinomas from a genetically engineered mouse tumor model
(MMTV-PyMT [41]) that has been validated to recapitulate the cellular and molecular
events in human breast cancer [42]. Briefly, we isolated the epithelial organoids through a
combination of mechanical disruption and enzymatic digestion [43]. Each organoid initially
consists of approximately 200-500 cells and we acquire 2—5,000 per normal mouse and 10—
50,000 per mammary tumor. Due to the high number of organoids available we explanted
tissue from the same mouse into a series of gels and therefore were able to test the impact of
the rigidity of the microenvironment on organoids with the same genetic background (Fig.
2C).

We evaluated epithelial response to the hybrid gels using a four point scale: 0 = no growth
and rough, disorganized tissue edges, 1 = smooth epithelial edges but no branching, 2 =
smooth edges and initiation of new epithelial buds, 3 = initiation and elongation of a
minimum of three new epithelial buds (Fig. 2D). Consistent with their similar mechanical
properties, organoids embedded in pure Matrigel, Matrigel + 6% MA, and Matrigel + (3%
DA / 3% MA) exhibited robust branching morphogenesis and were indistinguishable from
each other (Fig. 2E). These data enable us to conclude that the presence of PEG does not
interfere with epithelial morphogenesis. However, as the ratio of DA to MA increased we
observed a strong decrease in the extent of branching morphogenesis. Matrigel + 6% DA
was the highest rigidity environment in which we regularly observed organoids with
rounded, epithelial organization. Organoids embedded within Matrigel + 7.5% DA or
Matrigel + 10% DA did not survive. The clear trend was of decreased epithelial
morphogenesis with increased microenvironmental rigidity, with no evidence of branching

Biomaterials. Author manuscript; available in PMC 2014 December 01.



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

1duasnuey Joyiny vd-HIN

Beck et al. Page 6

morphogenesis in microenvironments with a shear storage modulus above 1500 Pa. We did
not observe a difference in mechanical responsiveness between normal and tumor organoids
(Fig. 2E).

Microenvironmental Rigidity and Epithelial Dissemination

We next sought to determine the effect of high microenvironmental rigidity on protrusive
and disseminative cell behaviors. Normal and tumor organoids rapidly induce ECM-
directed, actin-based protrusions and disseminate viable epithelial cells when explanted into
gels of collagen I [19]. We therefore used both differential interference contrast (DIC) and
spinning disk confocal microscopy to evaluate the organization of epithelial organoids in
microenvironments with varying rigidity. Consistent with the reduction in epithelial
morphogenesis (Fig. 2E), organoids in more rigid microenvironments (Matrigel + (4.5%
DA /1.5% MA), Matrigel + (5% DA / 1% MA), and Matrigel + 6% DA) were both smaller
and rounder than those cultured in the less rigid microenvironments (Matrigel alone,
Matrigel + 6% MA, and Matrigel + (3% DA / 3% MA) (Fig. 3A,B). DIC imaging did not
reveal protrusions into the ECM or disseminated cells in any of the microenvironments (Fig.
3A). Similarly, spinning disk confocal micrographs of F-actin organization did not reveal
ECM-directed actin-based protrusions in any microenvironment (Fig. 3B). We therefore
conclude that the rigidity of the microenvironment functions as a permissive and not an
instructive signal. Within an acceptable range of rigidity values, we observed a similar
degree of branching morphogenesis. As the rigidity increased we observed a progressive
reduction in the extent of epithelial morphogenesis. However, we did not observe a
transition to protrusive or disseminative epithelial cell behaviors as a function of increasing
microenvironmental rigidity.

Biomaterials Strategy to Control Rigidity and Adhesion

PEG-Matrigel composite hydrogels enabled independent control over the elastic modulus of
the microenvironment while holding both the concentration of PEG and ECM proteins
constant. However, PEG is an bioinert polymer and does not provide specific molecular sites
for receptor-mediated interaction with embedded cells. Accordingly, while the epithelial
cells can sense the increased resistance against displacement of the Matrigel-PEGDA gels
they cannot directly transduce these signals through integrins. Therefore, it was possible that
high rigidity would induce protrusive or disseminative behaviors if we provided adhesive
signals within the PEG network. To test this hypothesis, we relied on recent innovations in
cyclodextrin (a-CD) PEG hydrogel systems. Cyclodextrins are cyclic oligosaccharides that
can be conjugated with adhesive signals and incorporated into PEG networks (Fig. 4A) [44,
45]. To enable specific adhesion, RGD adhesion peptides were covalently incorporated onto
one of the hydroxyl groups of the a-CD ring structure (a-CDYRGDS) [31]. The mechanics
of the microenvironment were controlled by varying the concentration of PEG-DA and the
average number of adhesive groups was controlled by varying the ratio of a-CD-YRGDS in
the PEG-DA threading solution. Increasing the PEG-DA concentration from 3% to 6%
resulted in an approximately 10 fold increase in G' (Fig. 4B).

Regulation of Dissemination by Microenvironmental Adhesion and Rigidity

As a surrogate for dissemination, we first assayed for single cells surrounding epithelial
organoids in hybrid hydrogels on day 7 of culture. We used Matrigel as the base
environment and tested all combinations of: 3% PEGDA, 4% PEGDA and 6% PEGDA and
0, 0.25, and 0.5% a-CDYRGDS (Fig. 4C). The appearance of single cells correlated
negatively with microenvironmental rigidity, with the greatest frequency of single cells
observed in the 3% DA gels (red arrowheads, Fig. 4C). We also varied the concentration of
a-CDYRGDS in the threading solution and observed a maximum level of dissemination at
an intermediate a-CDYRGDS concentration (0.25%, Fig. 4C). Consistent with our
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experience with the DA/MA ratio experiments we observed a negative correlation between
microenvironmental rigidity and the extent of epithelial morphogenesis (Fig. 4C).

We next quantified the frequency with which individual cells were observed adjacent to
epithelial organoids in the Matrigel + 3% DA, 0.25% a-CDYRGDS condition (experimental
condition, orange, Fig. 5A). As controls we utilized pure Matrigel (blue), Matrigel + 3% DA
(red), Matrigel + 3%DA,0.25% a-CD (green), and Matrigel + 3%DA,0.25% a-CDYRDGS
(scrambled peptide, purple). Tumor organoids displayed background levels of single cell
accumulation in the Matrigel and Matrigel + 3% DA control. Tumors organoids exhibited a
progressively increasing frequency of single cells in the Matrigel + 3% DA,0.25% a-CD
control, Matrigel + 3% DA,0.25% a-CDYRDGS scrambled peptide control, and the
Matrigel + 3%DA,0.25% a-CDYRGDS experimental conditions. Each of these conditions
was statistically significantly different from the Matrigel and Matrigel + 3%DA controls
(Mixed Model, p<0.05, Fig. 5A). The accumulation of single cells near tumor organoids in
the Matrigel + 3%DA,0.25% a-CD, Matrigel + 3%DA,0.25% a-CDYRDGS may be
attributed to adhesion associated with non-specific protein adsorption to the CD ring and to
the adhesive properties of the RDG peptide motif, as has been previously observed [46].

Normal organoids exhibited background levels of single cell accumulation for the Matrigel
+ 3% DA, Matrigel + 3% DA,0.25% a-CD control, and Matrigel + 3% DA,0.25% a-
CDYRDGS scrambled peptide controls. We observed a statistically significant increase in
single cell accumulation adjacent to normal organoids only in the experimental condition
with Matrigel + 3% DA,0.25% a-CDYRGDS (Mixed Model P<0.05, Fig. 5A). Taken
together these data demonstrate both that extracellular signals in the synthetic polymer
networks are able to induce single cell accumulation and that tumor organoids display both a
higher frequency of single cell accumulation and accumulate single cells under a broader
range of experimental conditions than normal organoids.

Organoids are freshly isolated from intact organs, which themselves contain a mixture of
epithelial and stromal cell populations. We therefore next used epithelial specific molecular
markers to determine the cellular identity of the single cells that accumulate in the Matrigel
+ 3% DA, 0.25% a-CDYRGDS gels. The single cells accumulating in the Matrigel + 3%
DA, 0.25% a-CDYRGDS condition stained positive for the epithelial-specific cell marker
cytokeratin 8, leading us to conclude that they represent isolated epithelial cells in the ECM.
We next used time-lapse differential interference contrast microscopy to visualize cell and
tissue dynamics in the hybrid PEG-Matrigel hydrogels. We specifically observed
dissemination of cells from both tumor (Fig. 5C) and normal organoids (Fig. 5D). There
were typically a larger number of cells disseminating from tumor organoids and
disseminated tumor cells typically migrated a greater distance through the ECM (Fig. 5C,D).
We therefore conclude that epithelial cells disseminate in response to the adhesive PEG
polymer networks and that dissemination is dependent on the presence of adhesive signals
within those networks.

Discussion

We previously demonstrated that breast tumor cells are highly invasive and disseminative in
collagen I and not in Matrigel [19]. These data motivated our hypothesis that increased
microenvironmental rigidity could induce protrusive migration and dissemination in
epithelial cells. To test this hypothesis we first utilized PEG-Matrigel composite hydrogels
and varied the extent of crosslinking of the PEG network by varying the ratio of PEG-DA
and PEG-MA. This approach enabled us to vary the rigidity of the microenvironment while
holding the concentration of both ECM ligands and PEG constant. Organoids explanted into
a series of PEG-Matrigel composite hydrogels with progressively increasing rigidity
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exhibited a strong negative correlation between microenvironmental rigidity and the extent
of epithelial morphogenesis in both normal and tumor tissue. We observed only minimal
epithelial growth in microenvironments with a shear elastic modulus above 1.0 kPa.
Furthermore, we did not observe protrusive migration or local dissemination of normal or
neoplastic epithelial cells in PEG-Matrigel composite hydrogels through the range from 50 —
4,000 Pa. However, PEG is a bioinert polymer and cells lack receptors through which to
interact with PEG in a molecularly-specific fashion. Accordingly, we developed a second
series of materials in which we non-covalently incorporated adhesive peptides into the PEG
network in varying concentration. We observed frequent epithelial dissemination into
adhesive PEG-a-CDYRGDS-Matrigel composite hydrogels, demonstrating that chemically
defined extracellular signals can induce dissemination of cancer cells despite the presence of
differentiating signals from Matrigel.

Mechanotransduction in 3D

Cells cultured on top of thin 2D substrates of varying rigidity can respond to differences in
rigidity from kPa through GPa [14, 23, 24, 26, 27, 29]. In 2D experiments, the cells can
freely migrate over the surface and the increased rigidity does not provide a mechanical
barrier to forward migration. In contrast, in our experiments the multicellular epithelial
organoids were fully embedded within the PEG-Matrigel composite hydrogel and there were
no sites in the PEG network that could be enzymatically degraded. Accordingly, the
epithelial cells can displace, but cannot degrade, the PEG network to make space for
migration and growth. We observed minimal growth or migration of normal or neoplastic
epithelial groups in microenvironments more rigid than approximately 1.0 kPa. Growth in
stiffer environments may require local proteolysis [47]. Since we observed dissemination
specifically into adhesive PEG-Matrigel networks, our data further suggest that cells interact
actively with the PEG network during dissemination.

Implications for tissue engineering

Our previous publications revealed that the protein composition [19] and the 3D
organization [48] of natural ECM gels are each potent regulators of epithelial architecture
and function. Specifically, native ECM signals are capable of inducing dissemination of
normal epithelial cells [19, 48]. The present study reveals that even small changes in the
mechanical or adhesive properties of synthetic polymer networks can also potently regulate
epithelial organization and dissemination. Accordingly, scaffolds intended to support the
growth and differentiation of engineered replacement epithelial tissues will require careful
tuning of mechanics and adhesion to prevent the systemic distribution of epithelial cells
through the body.

Implications for breast cancer dissemination in vivo

Previous publications demonstrated that collagen | accumulated at the interface between
breast tumors and their surrounding stroma [7, 15, 16]. Studies utilizing natural ECM gels
have revealed that collagen | strongly induces epithelial dissemination [7, 19, 49]. However,
the microenvironment surrounding breast tumors is also more rigid than that surrounding
normal ducts and increasing the lysl oxidase-mediated crosslinking of collagen I in the
mammary gland accelerated breast cancer progression [7, 13, 14, 25]. These data raised the
possibility that cancer cells were specifically responding to the rigidity of the 3D
environment. However, while lysl oxidase based crosslinking of collagen I increases the
rigidity of the collagen I network, it can also increase integrin clustering or activate PI3K
signaling [13]. Our work with PEG-Matrigel composite hydrogels demonstrates that
increased microenvironmental rigidity does not necessarily induce dissemination. Even
within adhesive PEG-a-CDYRGDS-Matrigel composite hydrogels the maximal
dissemination was observed at relatively low rigidity (G'~100-200 Pa).
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Conclusions

Our combination of nanobiomaterials and primary organotypic cultures enabled us to study
the cellular response to the decoupled mechanical and adhesive properties of 3D
microenvironments. Both normal and malignant epithelial cells disseminated into adhesive
PEG-a-CDYRGDS-Matrigel composite hydrogels despite the fact that they lack the triple
helical fibrillar organization of collagen I and did not contain collagen I-specific adhesion
sequences. We therefore conclude that there are collagen I-independent extracellular signals
that can induce epithelial dissemination. Our data further suggest that there could be
molecular routes to breast cancer dissemination that do not depend on collagen | and that
dissemination could occur into regions with low or moderate rigidity. The nanobiomaterials
developed for this study enable the independent modulation of microenvironmental
mechanics, ECM protein composition, and density of adhesive sites within the PEG-ECM
scaffolds. Our approaches should be generally useful both in developing optimum 3D
culture conditions for engineered tissues and in the systematic evaluation of the role of
mechanical and adhesive inputs on 3D tissue growth. The nanobiomaterials and 3D
organotypic assays developed in this study can also directly enable the identification of
molecular regulators of epithelial cancer dissemination.
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Fig. 1. Primary epithelial organoids asa model of tumor microenvironment induced
dissemination

(A) Mouse mammary carcinomas were surgically isolated and then epithelial organoids
were derived from the carcinoma through a combination of mechanical disruption and
enzymatic digestion. (B) Normal epithelial organoids were similarly derived from normal
mouse mammary glands. In both cases 1000s of organoids are recovered and so organoids
from the same mouse were embedded in a series of microenvironments. Both normal and
tumor organoids exhibited restrained epithelial growth in Matrigel and protrusive,
disseminative growth in collagen I. DIC images show the organoid morphology in the
different conditions. Black arrows highlight cellular protrusions, red arrowheads mark
disseminated cells, black arcs highlight the rounded epithelial edge of mammary buds.
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Fig. 2. PEG-Matrigel composite hydrogels enable specific control of rigidity in 3D
microenvironments

(A) Diagram describing the polymer system used to increase the rigidity of Matrigel.
Poly(ethylene glycol) diacrylate (PEGDA) can crosslink PEG and increase the stiffness of
the hydrogel whereas poly(ethylene glycol) monoacrylate (PEGMA) cannot crosslink and so
limits the rigidity of the hydrogel. The total concentration of PEGDA+PEGMA was held
constant at 6% so that the mechanics were varied independently of Matrigel or PEG
concentration. (B) Parallel plate rheometer measurements of the shear storage modulus (G")
and shear loss modulus (G") of a series of PEG-Matrigel composite hydrogels. Matrigel is
the base polymer into which varying amounts of PEGDA and PEGMA were dissolved and
photocrosslinked. Increasing concentrations of PEGDA correlated with increased rigidity of
the hydrogel. (C) Schematic illustrating organoid extraction, isolation and embedding in
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multiple microenvironments of varying rigidity. (D) Phenotypic scores given to quantify
growth of organoids. 0 = no growth, 1 = cyst-like structure, 2 = branching initiated, 3 = fully
branched. Scale bar = 50 ym. (E) Graph of the trend in organoid development in
microenvironments of varying rigidity, scored after 7 days of culture. Both tumor and
normal displayed a negative correlation between rigidity and organoid development. Error
bars = standard error of the mean.
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Fig. 3. Negative correlation between microenvironmental rigidity and epithelial mor phogenesis
(A) DIC (scale bar = 50 ym) and (B) confocal (scale bar = 25 ym) images showing
representative growth of tumor and normal organoids in microenvironments of increasing
rigidity. The concentration of ECM ligands and the concentration of PEG were both held
constant. Normal and tumor organoids were larger and more developed in the less rigid
microenvironments. Blue = DAPI DNA stain, marking nuclei. Green = Phalloidin, marking
F-actin.
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Fig. 4. Adhesive PEG-Matrigel composite hydrogels induce dissemination of epithelial cells
(A) We incorporated cyclodextrin rings with adhesive peptides (a-CDY RGDS) into the
PEG networks to enable independent control over polymer mechanics and adhesivity. (B)
Shear storage modulus (G") and shear loss modulus (G") measurements of PEG-Matrigel
composite hydrogels revealed progressively increased rigidity with increased PEG
concentration. The presence of a-CDYRGDS had a comparatively small effect on matrix
mechanics. (C) Normal and tumor organoids were explanted into a range of
microenvironments with different mechanics and adhesivity. We inferred cellular
dissemination from the presence of single cells adjacent to organoids. Microenvironments
with lower rigidity and intermediate concentrations of adhesive peptides displayed maximal
dissemination (3%DA and 0.25% CDYRGDS) in both tumor and normal conditions. Scale
bar =50 ym
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Fig. 5. Normal and tumor organoids disseminate epithelial cellsin response to synthetic
microenvironmental signals

(A) Quantification of the fraction of organoids with adjacent single cells in each
microenvironmental condition. Normal 7= 862, tumor 1= 1215 organoids counted.
Statistical significance was tested using a generalized linear model to enable us to isolate the
variation in single cell abundance from any possible batch effects in the 3 independent
experiments. Conditions that were significantly different (P<0.05) are indicated. (B)
Confocal images of tumor and normal organoids grown in Matrigel, Matrigel + 3% DA, and
Matrigel + 3% DA,0.25% CDYRGDS. The single cells adjacent to epithelial organoids
stained positive for antibodies targeting epithelial-specific cytokeratin 8, confirming their
epithelial identity. Scale bar = 25 pm. We directly observed single cells disseminating from
both tumor (C) and normal (D) organoids embedded within Matrigel + 3% DA,0.25%
CDYRGDS using time-lapse DIC microscopy. Scale bar = 50 ym and 25 ym. The
magnified portion shows more detail of dissemination as well as proliferation of
disseminated cells.
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