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Synthetic matrices reveal contributions of ECM
biophysical and biochemical properties to
epithelial morphogenesis

Nduka O. Enemchukwu,'2 Ricardo Cruz-Acufia,23 Tom Bongiorno,'2 Christopher T. Johnson,23 José R. Garcia,'2
Todd Sulchek,’2 and Andrés J. Garcia'-2

"Woodruff School of Mechanical Engineering, 2Petit Institute for Bioengineering and Bioscience, and *Coulter Department of Biomedical Engineering, Georgia Institute of
Technology, Atlanta, GA 30332

Epithelial cells cultured within collagen and laminin gels proliferate to form hollow and polarized spherical structures,
recapitulating the formation of a rudimentary epithelial organ. However, the contributions of extracellular matrix (ECM)
biochemical and biophysical properties to morphogenesis are poorly understood because of uncontrolled presentation
of multiple adhesive ligands, limited control over mechanical properties, and lot-to-lot compositional variability in these
natural ECMs. We engineered synthetic ECM-mimetic hydrogels with independent control over adhesive ligand density,
mechanical properties, and proteolytic degradation to study the impact of ECM properties on epithelial morphogenesis.
Normal cyst growth, polarization, and lumen formation were restricted to a narrow range of ECM elasticity, whereas
abnormal morphogenesis was observed at lower and higher elastic moduli. Adhesive ligand density dramatically regu-
lated apicobasal polarity and lumenogenesis independently of cell proliferation. Finally, a threshold level of ECM prote-
ase degradability was required for apicobasal polarity and lumen formation. This synthetic ECM technology provides

new insights into how cells transduce ECM properties into complex morphogenetic behaviors.

Introduction

Cell-ECM adhesion transduces mechanical and biochemical
signals that regulate epithelial morphogenesis (Klinowska et
al., 1999; Lubarsky and Krasnow, 2003; Wozniak et al., 2003;
Paszek et al., 2005; Yu et al., 2005; Nelson et al., 2006; Bryant
and Mostov, 2008; Zhang et al., 2009, 2011). Bissell, Mostov,
and others have pioneered the use of 3D collagen and laminin
(i.e., Matrigel) gels in organotypic cultures that recreate the
epithelial morphogenetic developmental program (O’Brien et
al., 2002; Mroue and Bissell, 2013). In these natural matrices,
epithelial cells, such as MDCK cells, proliferate from single
cells to form multicellular, hollow spherical monolayer struc-
tures (cysts) within 10 d that bear the hallmarks of epithelial
polarity, recapitulating the morphogenetic program for the for-
mation of a rudimentary epithelial organ (McAteer et al., 1986).
These 3D cultures have revealed that interactions between in-
tegrin adhesion receptors and secreted laminin and the density
of ECM, which impacts the gel mechanical properties, regulate
the establishment of cell polarity and morphogenesis as well
as tumorigenesis (Barcellos-Hoff et al., 1989; O’Brien et al.,
2001; Wozniak et al., 2003; Levental et al., 2009; Provenzano
et al., 2009). Nevertheless, these natural matrices are inherently

limited by the inability to decouple mechanical properties
from matrix and ligand density and lot-to-lot compositional
and structural variability (Yu et al., 2005; Hughes et al., 2010).
Additionally, tumor-derived matrices such as Matrigel have
limited clinical translational potential in regenerative medicine
applications. In the work presented here, we describe a modu-
lar, synthetic ECM-mimetic hydrogel platform with controlled
presentation of cell-adhesive ligands, tunable mechanical prop-
erties, and protease-dependent degradation to direct epithelial
morphogenesis. Whereas previous work has established syn-
thetic polymer hydrogels as engineered ECMs to investigate
single cell behaviors (Lutolf et al., 2003; Kloxin et al., 2009;
Huebsch et al., 2010; Khetan et al., 2013) and multicellular
assemblies of cancer cell lines with a focus on tumorigenesis
(Gill et al., 2012; Weiss et al., 2012; Beck et al., 2013; Raza
et al., 2013), we analyze the contributions of ECM mechanical
and biochemical properties to the coordinated multicellular ep-
ithelial morphogenesis developmental program. Understanding
how cells transduce ECM properties into complex morphoge-
netic behaviors is paramount to developmental biology, patho-
genesis, and materials-based regenerative medicine. Finally,
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this platform technology is straightforward to implement and
uses commercially available reagents, allowing for facile and
broad adoption by the community.

Results

Synthetic PEG hydrogels as ECM mimics
with tunable biophysical and biochemical
properties

To overcome the inability to tune the mechanical, structural,
and biochemical characteristics and lot-to-lot compositional
variability of natural ECMs, we engineered synthetic ECM-mi-
metic hydrogels with independent control over the presentation
of cell-adhesive ligand type/density, mechanical and structural
properties, and protease-dependent degradation to study the
impact of ECM biophysical and biochemical properties on
epithelial morphogenesis. These polyethylene glycol (PEG)
hydrogels are based on a four-arm PEG macromer with ma-
leimide groups at each terminus (PEG-4MAL; Fig. 1 A). The
PEG-4MAL platform outperforms other synthetic chemistries
in generating structurally defined hydrogels with stoichiometric
incorporation of ligands and improved cross-linking efficiency
(Phelps et al., 2012), providing an ideal material platform for
the systematic and rigorous evaluation of the effects of ECM
biochemical and biophysical properties on cell functions.
Furthermore, these hydrogels exhibit superior in vitro and in
vivo biocompatibility for several cell types including mesen-
chymal stem cells, skeletal myoblasts, and pancreatic islets
(Phelps et al., 2012, 2013; Salimath et al., 2012). In a rapid re-
action with quantitative yields, thiol-containing ligands such as
cysteine-containing peptides can be conjugated to the PEG-
4MAL macromer via reaction with the maleimide group to yield
a functionalized macromer (Fig. 1 A). In this fashion, PEG-
4MAL macromers presenting GRGDSPC (RGD) peptide that
binds to integrin adhesion receptors were prepared (Fig. 1 A).
RGD peptides were tethered onto the PEG-4MAL macromer
with high yield (Fig. 1 B), demonstrating precise control over
adhesive ligand density. Cysteine-flanked, protease-degradable
peptide was then reacted with RGD-functionalized PEG-4MAL
macromers in the presence of cells to cross-link macromers
into a hydrogel network encapsulating the cells (Fig. 1 A). Im-
portantly, in this synthetic platform, macromer size, polymer
density, adhesive ligand type and density, and cross-linker type
and density can be independently controlled to tune hydrogel
structure (mesh size), mechanical properties, ECM ligand pre-
sentation, and protease-dependent degradation. For example,
for a given macromer size (e.g., 20 kD PEG-4MAL), hydrogel
elastic modulus increases, whereas equilibrium swelling (which
is related to hydrogel structure) decreases as a function of poly-
mer density as a tighter network is formed (Fig. 1 C), in ex-
cellent agreement with Flory-Rehner theory (Flory and Rehner,
1943; Canal and Peppas, 1989).

A major limitation for natural matrices such as collagen
gels and Matrigel is that changes in protein concentration to
vary mechanical properties invariably alter adhesive site local
density and organization through changes to fiber structure and
density. In contrast, for this modular synthetic system, mechan-
ics, degradation, and adhesive ligand presentation can be inde-
pendently tuned (Fig. 1 D). Because the PEG-4MAL macromers
are symmetric and, when cross-linked into a hydrogel, form a
regular mesh structure that is fully swollen, the adhesive peptide
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is uniformly distributed throughout the hydrogel network within
the “statistical mean” of the mesh size. For the 20-kD macromer
hydrogel system described here, the mesh size is 30-40 nm.
Because of the small size of the PEG macromer arms and the
swollen state of the gel, the mobility of the adhesive peptide
is very limited. FRAP experiments with fluorescently labeled
RGD peptide within hydrogels showed negligible fluorescence
recovery, indicating very limited mobility of the adhesive pep-
tide and uniform distribution throughout the hydrogel (Fig. S1
A). We also examined whether the spatial distribution of RGD
peptide changes at the cell-hydrogel interface because of cell
contractility. Using hydrogels presenting labeled RGD peptide
and confocal microscopy, we monitored signal intensity at the
cell-hydrogel interface as a function of time for cell cysts (Fig.
S1 B). We observed no differences in signal intensity over time
for either Y-27632—treated (10 uM) or control cysts, indicating
no changes in local ligand density (i.e., clustering) with cell
contractility. Taken together, these results demonstrate uniform
spatial presentation of the adhesive peptide in a length scale
relevant to the cell. Using this modular and well-controlled hy-
drogel platform, we analyzed the effects of ECM biochemical
and biophysical properties on epithelial morphogenesis.

Normal epithelial morphogenesis requires
an optimal range of ECM elasticity
We first investigated the influence of hydrogel polymer den-
sity, which is analogous to ECM concentration, on epithelial
morphogenesis. Single MDCK cells were embedded in PEG-
4MAL hydrogels formulated over a range of polymer densities
(3.5%-5.0%, wt/vol). This range of polymer densities results
in hydrogels with varying mechanical properties (0.85-8.0 kPa
elastic modulus) and swelling behavior (Fig. 1 C). All these hy-
drogels were engineered to present the same density of RGD
peptide (2,000 uM) and cross-linked by a fast-degrading, colla-
gen-derived peptide (GPQ-W). This RGD density was chosen
based on pilot experiments demonstrating cell attachment and
robust spreading on top of such gels (unpublished data). Type I
collagen gels (2.0 mg/ml) were used as a reference, because this
natural ECM supports epithelial morphogenesis. Single cells
embedded in hydrogels formulated at 3.5%, 4.0%, and 4.5%
PEG-4MAL remained rounded and maintained high viability
at 24 h and, after 48 h, formed multicellular clusters (Fig. 2, A
and B; and Fig. S2 A). Formation of these cell clusters did not
result from individual cells migrating toward each other, and
5-ethynyl-2’-deoxyuridine (EdU) incorporation confirmed that
clusters arose from robust cell proliferation (Fig. 2, A and C).
In contrast, cells encapsulated in 5.0% and higher-density PEG-
4MAL gels had high viability at 24 h but remained as single
and rounded cells at 48 h, with dramatically diminished viabil-
ity and a complete abrogation of proliferation and formation of
multicellular clusters (Fig. 2, A and C). These results demon-
strate polymer density—dependent effects on epithelial cell
survival and proliferation within PEG-4MAL hydrogels with a
nonpermissive barrier at polymer densities of 5.0% and higher.
Columnar epithelia are characterized by polarized dis-
tribution of membrane complexes and morphological features
between an apical domain facing a lumen/free space and a con-
tinuous basolateral domain interfacing with ECM and neigh-
boring cells. This apicobasal polarity is critical for transport,
secretion, and barrier functions in several organ systems (Roi-
gnot et al., 2013). Furthermore, in morphogenesis of 3D epi-
thelial tissues such as ducts and sacs, establishment of a central
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Fixed polymer/crosslink density
Increasing degradability

Synthetic ECMs with tunable biophysical and biochemical properties. (A) Schematic of cell-encapsulating hydrogel. Adhesive ligand-

functionalized 4-arm PEG (PEG-4MAL) is reacted with a thiolflanked protease-degradable peptide in the presence of cells to form a hydrogel network.
Hydrogels support epithelial morphogenesis program. Bar, 50 pm. (B) Tethered RGD density (mean + SEM) in hydrogel as a function of input RGD concen-
tration. Linear regression: y = 1.02x + 0.55, P < 0.0001. (C) Relationship between polymer density (wt%) and hydrogel equilibrium mass swelling ratio
(Qn; left axis, mean + SEM) and elastic modulus (right axis, mean = SEM). (D) Cartoon illustrating independent control of polymer density, adhesive ligand
density, and cross-link density/network degradation rate in PEG-4MAL hydrogels.

lumen is a critical phase in sculpting tissue architecture (Bryant
and Mostov, 2008). For cell proliferation—permissive hydrogel
polymer densities, hollowing of the multicellular clusters was
visible after 4 d in culture (Fig. S2, A and B). Cleaved caspase-3
labeling indicated the presence of apoptotic cells in developing
cysts (Fig. 3, A and B), demonstrating a mode of lumen clear-
ance in permissive hydrogels similar to that observed in col-
lagen gels (Martin-Belmonte et al., 2008). Moreover, MDCK
cells in permissive PEG-4MAL hydrogels formed differentiated

epithelial cysts after 10 d in culture consisting of spherical (50-
to 100-um diameter, Fig. 3 C) cellular assemblies with lumens
and apicobasal polarity (Fig. 2 D). These well-defined spher-
ical cell structures exhibited canonical markers of apicobasal
polarity, including podocalyxin/gp135, actin, ZO-1, GM130,
and f-catenin (O’Brien et al., 2006; Fig. S3 A). Cysts in dif-
ferent hydrogel formulations were analyzed for apicobasal po-
larity and lumen formation using a scoring system (Fig. S3 B).
Remarkably, hydrogel polymer density modulated apicobasal
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Figure 2. PEG-4MAL polymer density regulates epithelial morphogenesis. (A) Transmitted light and fluorescence microscopy images of single MDCK cells
cultured in PEG-4MAL hydrogels of different polymer weight percentages over 10 d. At day 2, newly synthesized DNA was labeled by EdU incorporation.
Bar, 50 pm. (B) Cell viability (mean = range in two independent experiments) assessed by calcein-AM (live) and TOTO-3 iodide (dead) labeling at day 1
(>500 cells counted per condition). (C) Proliferation (mean + range in two independent experiments) as determined by EdU labeling (>590 nuclei counted
per condition). (D) Transmitted light and fluorescence microscopy images for MDCK cultures at day 10 and labeled for apical polarity marker gp135/
podocalyxin (podxl) and filamentous actin. No cysts were detected in 5.0% PEG-4MAL gels. Bar, 50 pm. (E) Distribution of apical polarity phenotypes at
day 10 (>90 cysts analyzed per condition). y? test with Bonferroni’s correction; *, P < 0.014, 3.5% versus collagen. (F) Distribution of lumen phenotypes
at day 10 (>90 cysts scored per condition). %2 test with Bonferroni’s correction; *, P < 3 x 10-¢, 3.5% versus collage; P < 0.02, 4.0% versus collagen.

polarity (Fig. 2 E) and lumen formation (Fig. 2 F). Epithelial
cysts grown in 4.0% and 4.5% PEG-4MAL gels exhibited
normal, internal apical polarity and partial or fully formed
single lumens. The frequencies of internal apical polarity and
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single lumen formation in 4.0% and 4.5% PEG-4MAL gels
were equivalent to those for cysts formed in collagen gels
(Fig. 2 D-F). In contrast, epithelial cysts grown in 3.5% PEG-
4MAL gels exhibited aberrant polarity, with >20% of the cysts
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Day 10: *, P < 0.05, collagen versus PEG-4MAL groups.

exhibiting mixed or exclusively external (or inverted) polarity
(Fig. 2, D and E). Furthermore, only 17% of cysts grown in
3.5% PEG-4MAL exhibited a well-defined single lumen ver-
sus 31% and 35% for 4.0% and 4.5% PEG-4MAL gels, respec-
tively (Fig. 2, D and F). Although polymer density regulated
polarization and lumen formation, there were no differences in
cyst diameter among these permissive hydrogel formulations
(Fig. 3 C). No epithelial cysts formed in PEG-4MAL hydrogels
with polymer densities of 5.0% and higher.

Normal cyst development, polarization and lumen for-
mation were restricted to a narrow range of hydrogel polymer
density, whereas abnormal epithelial morphogenesis and com-
plete abrogation of this developmental program were observed

at lower and higher polymer densities, respectively. Because
polymer density strongly dictates the mechanical properties of
the hydrogel (Fig. 1 C), these results suggest that normal epi-
thelial morphogenesis requires an optimal range of ECM elas-
ticity (E, ~4 kPa). This conclusion is consistent with previous
studies reporting changes in epithelial morphogenesis with col-
lagen concentration (Wozniak et al., 2003; Paszek et al., 2005).
However, polymer density (as well as collagen concentration)
also controls hydrogel structure, as evidenced by changes in
swelling behavior (Fig. 1 C), which impacts other important
hydrogel properties such as permeability that can influence cell
behaviors (Ghajar et al., 2008). To assess whether the polymer
density—dependent effects on epithelial morphogenesis were
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caused by changes in hydrogel elasticity, we compared cyst po-
larization and lumen formation in RGD-functionalized hydro-
gels generated from different macromer sizes (20 vs. 40 kD) but
different polymer densities (4.0% vs. 8.0%) engineered to have
equivalent mean cross-link densities. Measurements for diffu-
sion of labeled protein (a-bungarotoxin, 8 kD) through these
hydrogels demonstrated differences in permeability caused by
the differences in macromer arm length (Fig. S4 A). Never-
theless, as expected for gels with equivalent mean cross-link
densities, these two gel formulations had equivalent mechanical
properties (Fig. S4 B). MDCK cell cyst development proceeded
normally in both hydrogel formulations, and there were no dif-
ferences in polarization or lumen formation between these two
formulations (Fig. S4, C and D). This result demonstrates that
the effects of polymer density on epithelial morphogenesis are
related to hydrogel mechanical properties. Taken together, these
results show that normal epithelial morphogenesis requires an
optimal range of ECM elasticity.

Adhesive ligand density regulates
polarization and lumen formation
independently of cell proliferation

We next examined the effects of RGD adhesive ligand density
on epithelial morphogenesis within synthetic ECM hydrogels.
A constant total density (2,000 uM) of a mixture of cell-ad-
hesive RGD peptide and scrambled inactive RDG peptide was
used to vary RGD density (0-2,000 uM) while maintaining
identical structures among hydrogel formulations of 4.0% poly-
mer density and constant GPQ-W cross-linking peptide density.
Cell proliferation and assembly into multicellular structures
was insensitive to RGD peptide density (Fig. 4, A and B). How-
ever, epithelial cyst polarity and lumen phenotypes showed a
dramatic dependence on RGD density (Fig. 4 C). Hydrogels
presenting low (<100 uM) RGD densities supported the forma-
tion of very few cysts with internal apical polarity (<14%), in
striking contrast to hydrogels presenting high (>250 uM) RGD
density in which >60% of cysts had internal apical polarity
(Fig. 4, C and D). A similarly dramatic shift in the distribution
of lumen phenotypes occurred at 250 uM RGD density. Nearly
all (>90%) cysts in hydrogels presenting high densities of RGD
peptide contained lumens, whereas the majority of cysts in
low-density RGD gels lacked lumens (Fig. 4, C and E). The
extent of cyst polarization and lumen formation was not differ-
ent between PEG-4MAL hydrogels presenting 2,000 uM RGD
peptide and collagen gels. These results show that although
RGD peptide is not required for initial proliferation and gener-
ation of cell aggregates, differentiation of polarized cysts with
lumens requires a threshold density of RGD in the matrix.

To explore the role of integrins in the RGD density—
dependent effects on cyst phenotype within the synthetic hydro-
gel system, we cultured MDCK cells in PEG-4MAL hydrogels
presenting 2,000 uM RGD peptide in the presence of LM609,
an antibody that blocks binding of the aVB3 integrin to RGD
peptides, or AIIB2, an antibody that blocks the function of the
B1 integrin that binds and assembles secreted laminin during
cyst morphogenesis (Yu et al., 2005). Nearly all (>98%) cysts
that developed in the presence AIIB2 or control isotype anti-
bodies had normal, interior apical polarity (Fig. 4, F-H). In
contrast, only 80% of epithelial cysts grown in the presence
of LM609 exhibited interior apical polarity. Similarly, ~18%
of cysts grown with AIIB2 or control antibodies exhibited a
well-developed single lumen, whereas none of the cysts grown
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in the presence of LM609 had well-formed, single lumens.
These results demonstrate that the RGD-dependent effects on
epithelial morphogenesis within PEG-4MAL are mediated by
the aVP3 integrin. Although statistically significant, the cyst
phenotype shifts observed in RGD-presenting PEG-4MAL hy-
drogels in the presence of LM609 were considerably less than
those seen in the absence of RGD. We attribute this discrepancy
to the presence of other integrin heterodimers that bind RGD
and provide significant signaling in the presence of LM609
(Terdvdinen et al., 2013). The absence of a cyst phenotype shift
in the presence of AIIB2 suggests that f1 integrin function is
dispensable for polarized cyst morphogenesis in the RGD-
functionalized synthetic hydrogel.

To demonstrate the versatility of the synthetic platform to
study different adhesive ligands, we performed additional ex-
periments for apicobasal polarization and lumen formation with
other cysteine-terminated cell-adhesive peptides: laminin ol
chain—derived AG73 peptide (CGGRKRLQVQLSIRT; Hoff-
man et al., 1998), EF1zz peptide (CGGATLQLQEGRLHFXFD
LGKGR, X: Nle; Suzuki et al., 2003), and collagen IV—derived
peptide (CGGGEFYFDLRLKGDKY; Miles et al., 1994). This
study showed peptide-specific differences in epithelial morpho-
genesis for MDCK cells (Fig. S5, A and B). We note that syn-
thetic hydrogels presenting full-length proteins such as laminin
and collagen can be prepared by blending the matrix protein
with the PEG components during cross-linking, and these hy-
drogels also support lumen formation and polarization (Fig. S5
C). However, this approach has limitations, as these full-length
proteins are considerable larger than the PEG macromer and will
disrupt the local structure and cross-linking of the hydrogel, po-
tentially resulting in ill-defined local mechanical and biochem-
ical properties. At high concentrations of protein, these effects
may be large enough such that performing dose-dependent
studies as shown here for RGD peptide will be difficult.

A threshold level of ECM protease
degradability is required for apicobasal
polarity and lumen formation without
alterations in cyst size

Epithelial morphogenesis requires local, cell-mediated matrix
degradation to create space for expansion of cellular aggre-
gates or extension of cellular processes (Weaver et al., 2014).
We used two different experimental approaches to examine the
effects of cross-link degradation on epithelial cyst development
in PEG-4MAL hydrogels. First, we directly tuned the degrad-
ability of the hydrogel matrix by titrating a slower-degrading
variant peptide (GPQ-A; Patterson and Hubbell, 2010) of the
GPQ-W cross-linker in hydrogel formulations (4% polymer
density, 2,000 uM RGD) that typically support high prolifer-
ation and formation of cell aggregates. Whereas 5% and 10%
substitution of GPQ-A had no effect on cyst morphogenesis,
GPQ-A content of 20% increased the incidence of abnormal
polarity and altered lumen phenotypes (Fig. 5, A-C). GPQ-A
content of >20% resulted in complete abrogation of cell prolif-
eration and multicellular cyst precursor formation (Fig. 5 A).
This result is consistent with the observation that cells did not
proliferate or form cysts in PEG-4MAL gels of >5.0% polymer
density with GPQ-W (Fig. 2).

We also incubated MDCK cells embedded in 4.0% PEG-
4MAL hydrogels functionalized with RGD (2,000 uM) and
cross-linked with GPQ-W in the broad-range matrix metallopro-
teinase (MMP) inhibitors GM6001 and MMPII. Interestingly,
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Figure 4. Adhesive ligand density in PEG-4MAL hydrogel modulates cyst phenotype and apical polarity. (A) Transmitted light and fluorescence microscopy
images for MDCK cells cultured for 2 d in 4.0% PEG-4MAL hydrogels incorporating different amounts of RGD. Newly synthesized DNA was labeled by
EdU. Bar, 20 pm. (B) Cell proliferation (mean + SEM) at day 2 as assessed by EdU incorporation (>374 nuclei counted per condition). (C) Transmitted light
and fluorescence microscopy images for MDCK cells cultured in 4.0% PEG-4MAL for 10 d and labeled for apical polarity marker gp135/podocalyxin
(podxl). Inverted apical polarity indicated by 2. Bar, 50 pm. F-actin, filamentous actin. (D) Distribution of apical polarity phenotypes at day 10 (>78 cysts
counted per condition). %2 test with Bonferroni’s correction; *, P < 0.0001, O pM RGD versus every other condition except 10 yM RGD; **, P < 0.0001,
collagen versus every other condition except 2,000 yM RGD. (E) Distribution of lumen phenotypes at day 10 (>78 cysts counted per condition). 2 test with
Bonferroni’s correction; *, P < 0.0001, O pM RGD versus every other condition except 10 pM RGD; **, P < 0.0001, collagen versus every other group.
(F) MDCK cultured for 10 d in 4.0% PEG-4MAL gels with 2,000 yM RGD in the presence of function-blocking antibodies against integrin aV3 (LM609)
or integrin B1 (AlIB2) or isotype control antibodies (mouse [ms] or rat [rt] IgG). Cysts were labeled with antibodies against gp135/podocalyxin (podxl).
Bar, 50 pm. (G) Distribution of lumen phenotypes in F at day 10 (>100 cysts counted per condition). y? test; *, P < 0.0001, mouse IgG versus LM609.
(H) Distribution of apical polarity phenotypes in F at day 10 (>100 cysts counted per condition). 2 test; *, P < 0.0001, mouse IgG versus LM609.
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Figure 5. Hydrogel cross-link degradation rate regulates cyst growth, lumen formation, and polarity. (A) Transmitted light microscope images of MDCK
cells cultures for 10 d in 4.0% PEG-4MAL hydrogels with 2,000 pM RGD cross-linked with either fastdegrading (GPQ-W) or slow-degrading (GPQ-A)
crosslinking peptides titrated from 0% GPQ-W (100% GPQ-A) to 100% GPQ-W (0% GPQ-A). Bar, 50 pm. (B) Distribution of apical polarity phenotypes
at day 10 (>135 cysts counted per condition). x2 test with Bonferroni’s correction; *, P < 0.0001, 80% GPQ-W versus 100% GPQ-W. (C) Distribution
of lumen phenotypes at day 10 (>135 cysts counted per condition). 2 test with Bonferroni’s correction; *, P < 0.005, 100% GPQ-W versus all other
conditions. (D) MDCK cells cultured for 10 d in PEG-4MAL hydrogels with 2,000 yM RGD and incubated with MMP inhibitors MMPII or GM6001 or
control. Cysts were labeled with rhodamine phalloidin (filamentous actin), Hoechst 3342 (DNA), and an antibody against apical polarity marker gp135/
podocalyxin (podxl; green). Bar, 50 pm. (E) Cyst size at day 10 (>44 cysts counted per condition). 2 test with Bonferroni’s correction; *, P < 0.05, MMPII
versus all other conditions. (F) Distribution of apical polarity phenotypes at day 10 (>108 cysts counted per condition). (G) Distribution of lumen phenotypes
at day 10 (>108 cysts counted per condition). 2 test with Bonferroni’s correction; *, P < 0.0001, GM6001 versus DMSO and MMPII versus DMSO.

these MMP inhibitors had modest effects on cyst size at day 10
(Fig. 5, D and E). However, both MMP inhibitors reduced the
proportion of cysts with internal apical polarity and well-de-
fined single lumen compared with the vehicle-only (DMSO)
control (Fig. 5, D, F, and G). These alterations in cyst polar-
ization and lumen formation mirror the effects of incorporating
20% of the slower-degrading GPQ-A cross-linking peptide in
the permissive hydrogel formulation (Fig. 5 B). Taken together,
these results show that MMP-dependent degradation of the
PEG-4MAL hydrogel network is essential for normal epithelial
morphogenesis within these synthetic ECM.

Synthetic ECM platform is applicable to
study other epithelial cell models

We performed additional experiments with Caco-2 colon ep-
ithelial cells to demonstrate that the synthetic ECM platform
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can be used to study epithelial morphogenesis with other cell
systems. This study demonstrated that specific hydrogel formu-
lations supported multicellular cyst assembly, lumen formation,
and polarization with this epithelial cell line (Fig. 6). Interest-
ingly, for Caco-2 cells, RGD adhesive peptide was required for
multicellular cyst formation, as scrambled RDG-presenting
gels supported poorly organized cell clusters with fewer cells.
In addition, the range of permissive formulations for cyst for-
mation occurred at higher polymer densities (6.0-8.0%) for
Caco-2 cells compared with MDCK cells. Even though the
hydrogel of 8.0% polymer density supported lumen formation
and polarization, the resulting cysts were smaller than those de-
veloped in the formulation with 6.0% polymer density. These
results show differences on the effects of ECM biochemical and
biophysical cues on the morphogenetic program for different
epithelial cell lines.



2000 \M RGD

6.0% PEG-4MAL

8.0% PEG-4MAL

Figure 6. Hydrogel polymer density and RGD adhesive ligand regulate
epithelial morphogenesis in Caco-2 cells. Fluorescence microscopy images
of Caco-2 cells grown within PEG-4MAL hydrogels for 10 d. Bar, 100 pm.
Cysts were labeled with rhodamine phalloidin (filamentous actin) and
Hoechst 3342 (DNA). Cyst formation, lumen formation, and polarization
required RGD adhesive peptide. Hydrogel polymer density influences the
size of the resulting epithelial cyst.

This study establishes a modular synthetic ECM-mimetic hy-
drogel platform with controlled presentation of cell-adhesive
ligands, tunable mechanical properties, and protease-dependent
degradation that can be precisely engineered to study the con-
tributions of ECM biophysical and biochemical properties on
the epithelial morphogenetic program. Systematic changes in
hydrogel formulation to independently tune hydrogel polymer
density, elasticity, adhesive ligand density, and protease-de-
pendent degradation revealed that each of these properties has
profound effects on specific stages of this coordinated mor-
phogenetic process, including proliferation, multicellular cyst
development, polarization, and lumen formation. Importantly,
these effects occur via mechanisms that parallel development
in natural matrices. Because of their inherent complexity, these
new insights into the contributions of ECM biochemical and
mechanical properties to the regulation of epithelial morpho-
genesis are simply not tractable using natural collagen and lami-
nin ECMs. Remarkably, a spectrum of developmental outcomes
including cell apoptosis, normal cyst development comprising
a spherical polarized cell monolayer enclosing a single lumen,
and abnormal cellular assemblies consisting of solid spheres
with no lumen or structures with inverted polarity and multiple
lumens reminiscent of pathological states could be engineered
within the same synthetic hydrogel platform.

We identified synthetic hydrogel formulations that sup-
ported the epithelial morphogenesis program to the same ex-
tent as type I collagen matrices. Interestingly, the collagen gels
used as a reference in the experiments presented here have a
fibrillar architecture with micrometer-sized pores, whereas the
PEG-4MAL gels have an amorphous structure with a nanoscale
mesh size. Our results suggest that the epithelial morphogenesis
program is insensitive to these differences in matrix architec-
ture. However, because of the complex nature of the collagen
gels, it is difficult to determine whether other important pa-
rameters (e.g., adhesive ligand density) regulating epithelial

morphogenesis are equivalent between the optimal synthetic
analog and the natural ECM.

Our results for the effects of ECM properties on the nor-
mal epithelial morphogenetic program are fundamentally dif-
ferent from those reported for cancer cells in synthetic gels,
most likely reflecting central differences between developmen-
tal morphogenesis and tumorigenesis. For instance, MDCK
cell proliferation and assembly into multicellular structures
was insensitive to RGD peptide density, whereas cyst polarity
and lumen phenotypes showed a dramatic dependence on RGD
density. Additionally, the literature has major inconsistencies
regarding the effects of polymer density (equated in these pa-
pers to stiffness) on the organization of cancer cells into ag-
gregates of varying size (Gill et al., 2012; Beck et al., 2013;
Raza et al., 2013). We observe different responses for normal
epithelial cells. Multicellular cysts formed at polymer densities
below a threshold that supported cell proliferation; above this
threshold, no cell aggregates were formed owing to inhibited
proliferation and apoptosis. Moreover, for permissive formula-
tions, we report polymer density-dependent differences in the
establishment of apicobasal polarity and the formation of cysts
with no lumen, a single lumen, and multiple lumens, which
are hallmarks of normal epithelial morphogenesis and forma-
tion of a rudimentary epithelial organ. Yet all these cysts had
equivalent size. Raza et al. reported that hydrogels that were
not protease-degradable did not support formation of larger cell
aggregates (Raza et al., 2013). This result is the expected con-
sequence of a tight hydrogel network encapsulating the cells.
In the present study, we show this effect for a hydrogel with
100% nondegradable cross-links. However, we also find that in-
termediate levels of protease-degradability regulate apicobasal
polarity and lumen phenotypes without alterations in cyst size,
demonstrating that protease-degradability of the ECM regulates
these critical epithelial characteristics independently of simply
constraining cells from forming cell aggregates.

We expect that this biomaterial platform will find wide-
spread adoption in developmental cell and tumor biology fields
to study ECM-regulated morphogenetic processes. Further-
more, this technology enables the engineering of instructive
epithelial synthetic niches for cell expansion and controlled
differentiation as well as delivery vehicles for regenerative
medicine applications that overcome the limitations of nat-
ural matrices such as lot-to-lot variability and regulatory and
translational constraints.

Antibodies and labeling reagents

Primary antibodies used were mouse anti-gp135/podocalyxin (clone
3F21D8; provided by G. Ojakian, SUNY Downstate Medical Center,
Brooklyn, NY), rabbit anti-laminin (Sigma-Aldrich), mouse anti-avf3
integrin (LM609; EMD Millipore), rat anti—f1 integrin (AIIB2; De-
velopmental Studies Hybridoma Bank), mouse anti-GM130 (BD
Transduction Laboratories), mouse anti-ZO-1 (Life Technologies),
and rabbit anti—p-catenin (H-102; Santa Cruz Biotechnology). The fol-
lowing secondary antibodies were used: goat anti-mouse IgG Alexa
Fluor 488, goat anti—rat IgG Alexa Fluor 555, goat anti-rabbit IgG
Alexa Fluor 488 (Life Technologies), and donkey anti-rabbit IgG
Dylight649 (Thermo Fisher Scientific). Nuclei were stained with
Hoechst 33342, and filamentous actin was stained with rhodamine
phalloidin (Life Technologies).
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Cell culture and hydrogel formation
MDCK strain II epithelial cells (Sigma-Aldrich) were maintained in
Eagle’s minimal essential media (EMEM; ATCC) supplemented with
fetal bovine serum (Life Technologies) at 10% (vol/vol), penicillin
(100 IU/ml) and streptomycin (100 pg/ml), and fungizone.

To prepare PEG hydrogels, PEG-4MAL (MW 22,000; Laysan
Bio) was dissolved in a triethanolamine (TEA) buffer (4 mM in DPBS,
pH 7.4). Adhesive and cross-linking peptides were custom-synthesized
by AAPPTec. Adhesive peptide (GRGDSPC) or nonadhesive peptide
(GRDGSPC) or combination was dissolved in TEA to generate func-
tionalized PEG-4MAL precursor. Bis-cysteine cross-linking peptide
GCRDGPQG|IWGQDRCG (GPQ-W; | denotes enzymatic cleavage
site) or GCRDGPQG|IAGQDRCG (GPQ-A) was dissolved in TEA at
1:1 maleimide/cysteine ratio after accounting for maleimide groups re-
acted with adhesive peptide. MDCK cells were resuspended at 5x final
cell density in ice-cold serum-free EMEM and kept on ice. To form
gels, adhesive peptide-functionalized PEG-4MAL macromer, cells,
and cross-linking peptides were polymerized under serum-free condi-
tions for 20 min before addition of complete medium. For studies with
integrin-blocking antibodies, cells were preincubated (30 min, gentle
rocking, at 22°C) in 0.1% bovine serum albumin in serum-free EMEM
containing antibodies. For collagen gels, type I collagen from bovine
tendon (3 mg/ml; Sigma-Aldrich) was mixed with cell suspension in
serum-free media to achieve a 2.0 mg/ml type I collagen gels cast onto
polyester permeable supports (0.4-um pore; Corning) in a 24-well plate.

Hydrogel characterization

Hydrogel elastic modulus measurements were obtained by atomic force
microscopy as described previously (Phelps et al., 2012) with canti-
lever spring constants of 10 mN/m, indentation speed of ~2.0 um/s,
and force trigger set point of 1.25 nN. Using an MFP-3D-BIO atomic
force microscope (Asylum Research), samples were probed under fluid
conditions (ultrapure H,0) using a pyramidal-tipped silicon nitride
cantilever (Bruker). The force—indentation curve was obtained for each
measurement and then analyzed with a Hertzian model for a pyramidal
tip (Wavemetrics; IgorPro software routines), from which the Young’s
modulus values were calculated. The sample Poisson’s ratio was as-
sumed as 0.33, and a power law of 2.0 for the sample indentation dis-
tance was used to model tip geometry. Hydrogel mass swelling ratio
and ligand tethering were measured as described previously (Phelps
et al., 2012). The storage and loss moduli of hydrogels were assessed
by dynamic oscillatory strain and frequency sweeps performed on a
MCR 302 stress-controlled rheometer (Anton Paar) with a 9-mm diam-
eter, 2° cone, and plate geometry. Oscillatory frequency sweeps were
used to examine the storage and loss moduli (w = 0.5-100 rad s~!) at a
strain of 1%. For permeability experiments, hydrogels were incubated
in FITC-labeled a-bungarotoxin (500 pug/ml), and signal intensity at the
center of the gel sample was measured over time via confocal micros-
copy. Intensity profiles were fit to Fick’s second law to obtain diffusion
coefficients (Koutsopoulos et al., 2009). For ligand mobility studies, a
Ti-E inverted microscope (Nikon) with Perfect Focus System and C2-
Plus Confocal System with a Plan Fluor 40x (NA 0.75) objective was
used for FRAP. Hydrogels were prepared with Alexa Fluor 594—labeled
RGD peptide and allowed to equilibrate. Initial fluorescence intensity
was measured using low laser power followed by photobleaching of a
0.20-mm-diameter circle within the hydrogel at 38 mW with 561-nm
laser for 10 s. The recovery of fluorescence was monitored for up to
5.8 h. Image series were imported into MATLAB, where background
subtraction and correction for incidental bleaching during image ac-
quisition were applied to data extracted from the bleached region. For
analysis of cell-dependent RGD peptide clustering, MDCK cells were
cultured within hydrogels presenting a mixture of Alexa Fluor 594—

JCB » VOLUME 212 « NUMBER 1 » 2016

labeled and control RGD peptide for 8 d. Fluorescence signal intensity
was measured for 35 min at different radial positions from the cell-hy-
drogel interface in the presence or absence of 10 uM Y-27632.

RGD labeling

RGD peptide was labeled using Alexa Fluor 594 NHS-ester dye (Life
Technologies). To quantify labeling efficiency, size-exclusion chromatog-
raphy was performed using a HiPrep Sephacryl S-100 HR gel filtration
column on an AKTA Pure 25 chromatography system (GE Healthcare).
DPBS supplemented with 0.15 M NaCl was used as the elution buffer
to separate conjugated from unconjugated dye at a volumetric rate of
0.5 ml/min. Onboard absorbance readings of the eluted sample at 280/594
nm yielded a set of curves with peaks that corresponded to labeled and
unlabeled peptide. Quantification of the area under the peaks was deter-
mined, and the ratio of the areas was used as the labeling efficiency.

Viability and proliferation assays

PEG-4MAL gels were incubated in 0.5% collagenase I (Worthington
Biochemical), 2 pM calcein-AM (live), and 1 uM TOTO-3 iodide (dead;
Life Technologies) in serum-free EMEM media until hydrogel was com-
pletely dissolved and cells settled at bottom of well. For collagen gels,
gel was incubated in 2 uM calcein-AM and 1 uM TOTO-3 for 30 min and
placed in chambered coverglass for imaging. Proliferation was assayed
using the Click-iT EdU Imaging Kit (Life Technologies). Samples were
imaged with Nikon Plan Fluor 10x (NA 0.30) or Plan Fluor 20x (NA
0.45) objectives in a Nikon Eclipse TE2000 inverted microscope and C1
Confocal System (EZ-C1 acquisition software) or Ti-E inverted micro-
scope with Perfect Focus System and C2-Plus Confocal System (NIS
Elements acquisition software). Cells were counted with ImageJ macros.

Immunofluorescence labeling of cysts

Gels were washed extensively in DPBS and fixed in 4% formaldehyde
in DPBS for 15 min. Gels were incubated for 30 min in blocking buffer
(1% bovine serum albumin, 1% goat serum, 0.1% fish skin gelatin,
0.5% Triton X-100, and 0.05% sodium azide in PBS). Samples were
incubated in primary antibodies diluted in blocking buffer on an orbital
shaker at 4°C overnight. Secondary antibodies and nuclear stain were
diluted in blocking buffer and incubated on an orbital shaker at 4°C
overnight. After immunostaining, cysts were recovered by collagenase
digestion and mounted in 2% low-melt agarose. Fluorescent images for
cyst scoring were captured with Nikon Plan Fluor 20x (NA 0.45) or
Plan Apo 60x (NA 1.40) objectives in a Nikon Eclipse TE2000 inverted
microscope and C1 Confocal System (EZ-C1 acquisition software)
or Ti-E inverted microscope with Perfect Focus System and C2-Plus
Confocal System (NIS Elements acquisition software). Cyst size was
measured from fluorescent images of cyst cross sections using ImageJ
FIJI package. The following scoring system was used for polarity: (1)
interior apical polarity: a cyst cross section in which the interior of one
or more lumens is lined with gp135 staining and the exterior of cyst
lacks gp135 staining; (2) exterior apical polarity: a cyst cross section in
which the interior of one or more lumens lacks gp135 staining and the
exterior of cyst is lined with gp135 staining; (3) mixed apical polarity:
a cyst cross section in which the interior of one or more lumens and the
exterior of cysts show staining for gp135; and (4) no apical polarity:
a cyst cross section with no staining for gp135. The following scor-
ing system was used for lumen phenotypes: (1) single lumen: a cyst
cross section having a single hollow space and outlined by a monolayer
of cells; (2) partial lumen: a cyst cross section having a single hollow
space bounded by multiple layers or groups of cells; (3) multiple lu-
mens: a cyst cross section having multiple hollow spaces; and (4) no
lumen: a cyst cross section having no hollow spaces. Fig. S3 presents
exemplary cysts for each scoring category.



Statistical analyses

Results are presented either as mean + SEM or percentages of pop-
ulation. Statistical analyses were performed using GraphPad Prism
6.0. For normally distributed data with equal variances, one-way anal-
ysis of variance with Tukey’s multiple comparison test was used. For
categorical data such as polarity and lumen phenotypes, x> test with
Bonferroni’s test for multiple comparisons was used. A p-value <0.05
was considered significant.

Online supplemental material

Fig. S1 shows adhesive ligand mobility within PEG hydrogels. Fig. S2
shows epithelial cyst polarization and lumen formation. Fig. S3 shows
that epithelial cysts within PEG-4MAL hydrogels exhibit canonical
markers of apicobasal polarity and lumen phenotypes. Fig. S4 shows
biophysical characterization and epithelial cyst phenotypes for PEG-
4MAL hydrogel formulations generated with different macromer sizes.
Fig. S5 shows epithelial cyst phenotypes for PEG-4MAL hydrogels
presenting different adhesive peptides. Online supplemental material
is available at http://www.jcb.org/cgi/content/full/jcb.201506055/DC1.
Additional data are available in the JCB DataViewer at http://dx.doi
.org/10.1083/jcb.201506055.dv.
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