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Abstract

The basement membrane (BM) provides a physical barrier to invasion in epithelial tumors, and
alterations in the molecular makeup and structural integrity of the BM have been implicated in
cancer progression. Invadopodia are the invasive protrusions that enable cancer cells to breach the
nanoporous basement membrane, through matrix degradation and generation of force. However,
the impact of covalent cross-linking on invadopodia extension into the BM remains unclear. Here,
we examine the impact of covalent cross-linking of extracellular matrix on invasive protrusions
using biomaterials that present ligands relevant to the basement membrane and provide a
nanoporous, confining microenvironment. We find that increased covalent cross-linking of
reconstituted basement membrane (rBM) matrix diminishes matrix mechanical plasticity, or the
ability of the matrix to permanently retain deformation due to force. Covalently cross-linked rBM
matrices, and rBM-alginate interpenetrating networks (IPNs) with covalent cross-links and low
plasticity, restrict cell spreading and protrusivity. The reduced spreading and reduced protrusivity
in response to low mechanical plasticity occurred independent of proteases. Mechanistically, our
computational model reveals that the reduction in mechanical plasticity due to covalent cross-
linking is sufficient to mechanically prevent cell protrusions from extending, independent of the
impact of covalent cross-linking or matrix mechanical plasticity on cell signaling pathways. These
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findings highlight the biophysical role of covalent cross-linking in regulating basement membrane
plasticity, as well as cancer cell invasion of this confining tissue layer.
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1. Introduction

Cancer progression is accompanied by dramatic changes to the extracellular matrix (ECM)
of the tumor microenvironment, including variations in cross-linking, enzymatic
modification, and proteolytic degradation of the ECM [1-3]. While the amount of covalent
cross-linking mediated by lysyl oxidase (LOX) and tissue transglutaminase (tTg) family
proteins is known to change at multiple stages of cancer, the evidence is mixed as to whether
these changes ultimately promote or suppress cancer [2,4]. Several studies find that covalent
cross-linking suppresses invasion, migration, and metastasis of cancer cells [4-7]. However,
other studies have shown that covalent cross-linking promotes malignant cell phenotypes [8-
11], invasion, and metastasis [10,12], and have implicated its role in increasing stiffness and
intracellular tension [13-15].

There are a number of considerations regarding the complicated influence of covalent cross-
linking on cancer progression. Aside from impacting matrix stiffness, covalent cross-linking
can impact polymer network architecture and fibrillarity [16] as well as mechanical
plasticity [17-19]. Matrix mechanical plasticity, which is distinct from matrix stiffness,
refers to the ability of a material to permanently retain deformation through microstructural
rearrangements in response to mechanical force [17] and is known to regulate cancer cell
invasion [20]. Furthermore, covalent cross-linking not only serves to alter biophysical
properties of the ECM [9]; LOX and tTg are also potent biochemical signaling molecules
[11,12]. Moreover, many prior studies have examined the role of covalent cross-linking in
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collagen-1 matrices. While elevated covalent cross-linking of collagen-1 in the tumor stroma
is a major driver of enhanced tumor stiffness and malignancy [9,15], cancer cells must first
breach basement membranes, which surround carcinoma cells in epithelial tumors, before
they reach the stromal tissue [21]. Basement membranes are thin, yet confining, nanoporous
meshes that owe their biomechanical integrity predominantly to covalently cross-linked
collagen 1V networks and collagen 1VV-nidogen-laminin bridges [22,23]. Although this tens
to hundreds of nanometers-thick tissue layer remains challenging to study, proteomic
evidence suggests that, like the stromal tissue, basement membranes undergo changes in
molecular makeup, proteolytic activity, and cross-linking during cancer progression [24,25].
These changes may compromise the structural integrity of basement membranes. Therefore,
an investigation into the role of covalent cross-linking on cells in basement membrane-like
matrices is highly relevant to elucidating the biophysics of initial invasion out of primary
tumors.

Proteases and, more recently, matrix mechanical plasticity have both been implicated in
facilitating basement membrane invasion. Invadopodia are the actin-rich cellular protrusions
that enable cancer cells to break through confining basement membranes. The established
view has been that invadopodia facilitate this invasion primarily by using proteases to
biochemically degrade BM and thereby open up a path for invasion [21,25-29]. However,
protease inhibitors have not been successful in preventing invasion in clinical trials [30], and
it has been suspected that invadopodia can breach basement membranes without requiring
proteases by exploiting local structural defects or through physical disassembly of the matrix
[22]. Recently, we showed that invadopodia can initiate protease-independent, force-
dependent 3D migration through confining, basement membrane-mimicking matrix, so long
as the matrix exhibits sufficient mechanical plasticity [20] (Fig. 1a). This migration mode
can occur when highly plastic extracellular matrix (ECM) permanently retains deformations
caused by the repeated pushing and pulling of invadopodia, leading to the formation of
permanent channels through which cells can then migrate [20] (Fig 1a). By contrast, low
mechanical plasticity ECM can recover from deformation, and in these matrices, cells are
unable to migrate using this force-dependent migration mode [20].

The impact of ECM cross-linking on invadopodia has been a topic of recent study.
Crosslinking of 2D gelatin substrates regulates the oscillatory speed of invadopodia
formation and retraction, as well as the dynamic mode switching that allows cells to
transition between protrusion extension and migration states [31,32]. Outcomes were mixed,
however, from studies using 3D collagen substrates, showing that ECM cross-linking had
either no effect on invadopodia dynamics [31] or a biphasic relationship with invadopodia
dynamics [32]. Thus, it is not yet understood how covalent cross-linking of basement
membrane impacts the extension of invasive protrusions in 3D, particularly with relevance to
basement membrane invasion.

Here, we investigate the biophysical effect of covalent cross-linking on protease-independent
breast cancer cell extension of invasive protrusions. Covalent cross-linking is varied in
reconstituted Basement Membrane (rBM) hydrogels cross-linked with tissue
transglutaminase (tTg), as well as in rBM-alginate hydrogels that exhibit physiologically
relevant stiffness and biochemically inert covalent cross-linking. Both material systems are
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used for 3D culture of highly invasive, triple negative breast cancer cells. We find that in
these materials systems, covalent cross-linking reduces matrix mechanical plasticity, restricts
cell spreading, increases cell circularity, and inhibits the extension of invadopodia. Our
computational model confirms that covalent cross-linking of extracellular matrices lowers
the mechanical plasticity of the matrix and physically restricts the extension of invasive
protrusions.

2. Results

2.1 Covalent cross-linking reduces mechanical plasticity in reconstituted Basement
Membrane matrices

We first investigated the impact of matrix covalent cross-linking on cancer cell invasiveness
in 3D culture using reconstituted Basement Membrane (rBM) matrices. rBM matrices are
derived from the Engelbreth-Holm-Swarm (EHS) mouse tumor and contain biological
signaling proteins found in physiological basement membrane matrix, including laminin,
collagen 1V, and nidogen [33]. Like physiological basement membrane matrix,
commercially available rBM can be covalently cross-linked with tissue transglutaminase
(tTg) for /n vitro studies (Fig. 2a). Mechanical testing of acellular matrices showed that pure
rBM matrices, and those cross-linked with different doses of tTg, exhibited similar Young’s
Moduli (~ 100 Pa), a property related to stiffness (Fig. 2b, Supplementary Figure 1a—c). The
loss tangent of the rBM matrix, an indicator of matrix viscosity or ability to flow, increased
with the maximum covalent cross-linking tested, 500 pg/mL (Supplementary Figure 1d). In
order to quantify the mechanical plasticity of the different rBM matrices, or the degree to
which each hydrogel retained an applied deformation after a defined recovery period, we
performed creep and recovery tests on pure rBM and tTg-cross-linked rBM [17] (Fig. 2c,d).
We observed that the maximum concentration of tTg tested decreased the mechanical
plasticity of rBM by about an order of magnitude (~ 80% vs. ~ 10%), and that the
mechanical plasticity of rBM hydrogels exponentially decayed with increasing tTg
concentration (Fig. 2e,f). These findings show that transglutaminase-mediated covalent
cross-linking can significantly decrease the mechanical plasticity of rBM matrices without
significantly impacting their stiffness.

2.2 Covalent cross-linking restricts cell spread area in reconstituted basement membrane

matrices

We next examined the role of covalent cross-linking on highly invasive breast cancer cells
(MDA-MB-231) in reconstituted basement membrane (rBM) matrices. Cells were
encapsulated in rBM alone or in rBM covalently cross-linked with transglutaminase (rBM
+tTg) and stimulated with EGF to activate invasive signaling pathways (Fig. 3a). Differences
in cellular morphology were quantified after 24 hours. Cells in pure rBM matrices were
spread with elongated protrusions, while cells in rBM+tTg exhibited significantly increased
circularity and significantly reduced spread area (Fig. 3b—d, Supplementary Figure 2).
Notably, the addition of broad spectrum matrix metalloprotease inhibitor GM6001 at a dose
previously shown to inhibit invadopodia-mediated matrix degradation [20], resulted in cell
circularity and spread areas that were similar to those in the vehicle alone conditions (Fig.
3b—d, Supplementary Figure 2). Furthermore, the addition of a strong protease inhibitor
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cocktail previously published [20], which contains not only a broad spectrum matrix
metalloprotease inhibitor (20 uM Marimastat) but also inhibitors for aspartyl, serine, and
cystine proteases (20 uM Pepstatin A, 20 UM E-64, 0.7 uM Aprotinin, 2 uM Leupeptin) also
did not impact cell circularity and spread areas (Fig. 3c,d). These findings indicate that
protease-mediated degradation was not responsible for the morphological differences
observed, and show that covalently cross-linked, low-plasticity matrix physically confines
cancer cells and restricts protrusive activity.

To explore these phenotypic differences in cell spreading and circularity further, we
examined the structure of adhesions and localization of the actin polymerization-related
protein cortactin. Large, f1-integrin rich, adhesive plaques that were reinforced by actin and
that excluded paxillin could be observed in both rBM and rBM + tTg conditions (Fig. 3e).
However, highly spread cells in rBM displayed cortactin uniformly throughout the cell body;,
with some actin-cortactin colocalization at the neck of protrusions (Fig. 3f,g). By contrast,
the confined, circular cells in rBM+tTg displayed some actin and cortactin puncta, but they
did not persistently colocalize.

2.3 Design of matrices that exhibit bio-orthogonal covalent cross-linking and
physiologically relevant stiffness

Next, we built on these studies in reconstituted basement membrane (rBM) matrices using
engineered matrices that provided control over stiffness and employed bio-orthogonal
crosslinking. Our goal was twofold. First, we aimed to design rBM-containing hydrogels
that mimicked the elevated stiffness of breast tumor tissue, with a Young’s Modulus ~ 2 kPa
[34]. Secondly, we aimed to investigate the role of covalent cross-linking in a bio-orthogonal
manner, without varying molecules that could biochemically activate invasion-related
signaling. For these studies, we utilized interpenetrating networks (IPNs) of reconstituted
basement membrane (rBM) and alginate. Alginate, a polymer derived from seaweed which
cannot be degraded by mammalian enzymes, is a biologically inert, mechanically tunable
component of the IPNs [14,35,36]. Alginate can be cross-linked ionically through the
addition of calcium ions [37]. Additionally, by modifying some alginate polymers with
tetrazine and other polymers with norbornene functional groups, a combination of the two
can be covalently cross-linked, in a biorthogonal and cytocompatible manner, using the click
reaction between the functional groups [38]. Here, we combined this click chemistry-
mediated covalent cross-linking with our recently developed hydrogels of tunable
mechanical plasticity [20]. The rBM and alginate were mixed and cross-linked to form IPN
hydrogels with a final concentration of 4.4 mg/mL rBM and 10 mg/mL alginate, with the
IPN containing a combination of norbornene-and tetrazine-conjugated alginate (Fig. 4a,
Supplementary Table 1). Like the high plasticity (HP) IPNs previously shown [20], the new
low plasticity, covalently cross-linked “LP-CC” IPNs exhibited a Young’s modulus of ~ 2
kPa, which is comparable to the stiffness of malignant breast tumor tissue [34] (Fig. 4b,c).
Notably, the covalently cross-linked IPN demonstrated a lower viscosity than the HP IPN, as
indicated by its diminished loss modulus across a range of frequencies tested, and
significantly lower loss tangent (Fig. 4b,d). We quantified the mechanical plasticity of the
covalently cross-linked IPN compared to the HP IPN using creep and recovery tests. We
found that the covalently cross-linked IPNs retained significantly less permanent
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deformation (< 10%) than the HP IPNs (~ 30%) (Fig. 4e,f). These data show that low
plasticity IPN hydrogels can be formed by incorporating covalent cross-linking into our rBM
and alginate IPN system. Using these materials, the impact of covalent cross-linking can be
investigated in hydrogels mimicking tumor stiffness and without using bioactive cross-
linking molecules.

2.4 Interpenetrating network (IPN) hydrogels that exhibit bio-orthogonal covalent cross-
linking and low mechanical plasticity restrict cellular protrusivity

We next used these interpenetrating network (IPN) hydrogels as substrates for 3D culture to
determine how covalent cross-linking impacted cancer cell phenotype in matrices exhibiting
stiffness comparable to tumors. MDA-MB-231 cells were encapsulated in the high plasticity
(HP) and low plasticity, covalently cross-linked (LP-CC) IPNs and stimulated with EGF to
activate invasive signaling pathways. After 24 hours in culture, clear differences in cellular
protrusivity emerged: while cells in HP IPNs extended protrusions, those in LP-CC IPNs
adopted highly circular morphologies (Fig. 5a,b, Supplementary Fig. 3a). While spread area
was somewhat reduced in LP-CC compared to HP IPNSs, the reduction was not statistically
significant (Fig. 5¢, Supplementary Figure 3b). By contrast, cell circularity was significantly
greater in LP-CC than in the HP IPNs, in both the vehicle alone and protease inhibitor
conditions (Fig. 5b, Supplementary Fig. 3a). We note that cells in HP and LP IPNs occupied
spread areas that were both smaller than those in pure rBM, yet cells in the HP IPN
exhibited the lowest median circularity, and those in the LP-CC IPN exhibited the highest
median circularity, of cells in any biomaterial tested here (Supplementary Figure 4a,b).
Analysis of prior data on invasion and migration in a similar IPN materials system [20]
shows that lower circularity trends with extension of oscillatory, invasive protrusions and
migration, while no clear trend is observed between spread area and these outcomes
(Supplementary Figure 5). Overall, these findings reinforce the notion that stiff, low
plasticity matrix with covalent cross-linking physically confines cells and restricts the
extension of invasive protrusions.

We next examined the localization of adhesion and actin polymerization-related proteins in
these LP-CC IPNs compared to the HP IPNs. Notably, MDA-MB-231 cells in both HP and
LP-CC IPNs assembled B1-integrin rich plagues that were reinforced by actin and excluded
paxillin (Fig. 5d). However, only cells in HP IPNs displayed robust cortactin puncta
colocalized with actin puncta (Fig. 5¢). By contrast, cells in LP-CC IPNs exhibited spatial
decoupling of actin and cortactin. These data suggest that low plasticity matrices with
covalent cross-links interfere with the localization of actin polymerization-related proteins.

2.5 A computational model reveals that reduced matrix mechanical plasticity is sufficient
to block invasive protrusions

Finally, we used a computational model to determine whether cell behaviors in covalently
crosslinked matrices were mediated by an active cellular response, such as via biochemical
signaling pathways involving mechanotransduction of matrix plasticity [39], or whether
these behaviors could be explained as a consequence of mechanical phenomena alone. For
these modeling studies, a cell membrane was simplified into a series of interconnected
elements, and the extracellular matrix consisted of randomly oriented polymers that were
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cross-linked together (Fig. 6a, Supplementary Table 2). In this model, cross-linkers unbind
from fibers following Bell’s law (Eg. 1), in which an unbinding rate exponentially increases
from its base rate (or zero-force unbinding rate constant, 4g ) as a force applied to the cross-
linkers increases. Dependence of the unbinding rate on forces is stronger if force sensitivity
(M) is higher. We emulated effects of enhanced covalent cross-linking using two different
approaches. First, Ay , was lowered because increased covalent cross-linking is expected to
reduce the average rate of spontaneous cross-linker unbinding even in the absence of stress.
Secondly, we reduced A, because covalent cross-linking should be less sensitive to applied
forces, given that these permanent cross-links can bear and support substantial forces, unlike
weak, protein-protein interactions that behave as slip bonds, unbinding at higher rates under
force [40]. To understand how these two parameters, kg, and A, impact matrix mechanical
plasticity and initial matrix stiffness, a series of creep and recovery tests were simulated on
the polymer matrix in the absence of a cell (Fig. 6b). A constant shear stress of 100 Pa was
applied for the first hour to induce creep, and then the stress was removed to allow the
matrix to recover. Strain in the matrix was quantified during the creep and recovery periods.
As expected, smaller kg, and A, resulted in a matrix with lower mechanical plasticity (Fig.
6¢—f, Supplementary Figure 6a—b). On the other hand, higher values of 4y , and A, resulted
in a matrix with higher mechanical plasticity. Notably, the initial elastic moduli, related to
the stiffness of the polymer matrix on short time scales, were similar for the different
networks (Fig. 6d,f). This is expected, given that it takes time for cross-linkers to unbind,
even in high plasticity matrices. The magnitude of permanent strain in these matrices was
also dependent on the magnitude of the stress applied to the matrices (Supplementary Fig
6¢,d).

Next, to determine the impact of enhanced matrix covalent cross-linking on cellular
extension of invasive protrusions, we used a computational model with a cell membrane
surrounded by a matrix under two matrix conditions. A matrix with “high plasticity” was
modeled using high 4p ,, whereas a matrix with “low plasticity” was modeled using low 4
(Fig. 7a,b). In these studies, force sensitivity, A, of cross-linker unbinding in both matrices
was identical. In order to simulate a 3D invadopodium, which can extend to lengths on the
order of tens of microns and exhibit lifetimes on the order of hours [26,41,42], a constant
force of 1 nanonewton was applied to a portion of the cell membrane in radially outward
directions for the first hour of computational simulations. For direct comparison of results
between simulations, it was assumed that there is only one invadopodium toward the right.
Note that the model is able to induce more than one invasive protrusion to simulate various
cell shapes observed in experiments (Supplementary Fig. 7a). Repulsive forces acting
between the membrane and the matrix enable the membrane with protrusion forces to push
and deform the surrounding matrix. The portion of the membrane experiencing the forces
can spontaneously change dynamically in size and shape in response to the evolving matrix
deformation. Strikingly, enforcing these physical conditions alone, cells exhibited long and
thin protrusions in the high plasticity matrix, whereas cells were more rounded with thicker,
blunter protrusions in the low plasticity matrix (Fig. 7a,b, Supplementary Figure 7a). These
morphologies qualitatively match the experimental observations. Cells in high plasticity
matrices achieved substantial matrix deformation, as forces exerted on individual network
cross-links were sufficient to break cross-linking points and reduce connectivity of the
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matrix (Fig. 7a, Supplementary Fig. 7b). Matrix deformation in the high plasticity matrix
appeared to remain after the applied stress was removed, whereas little to no matrix
deformation was achieved or retained in the low plasticity matrix (Fig. 7a,b). Matrix strain
quantified over the duration of the simulations supported these observations; higher
plasticity matrices experience more creep, greater maximum strain (~ 40%), and greater
permanent strain (~ 30%) than those in lower plasticity matrices, which exhibited ~10%
maximum strain and ~ 0% permanent strain (Fig. 7c¢,d). A change in A, led to less dramatic
effects on the maximum and permanent strains (Fig. 7e,f). However, there is a tendency that
higher A, results in larger maximum and permanent strains in matrices.

3. Discussion

Using two different material systems and a computational model, we show that covalent
crosslinking reduces mechanical plasticity in basement membrane-like matrices, and
diminished matrix mechanical plasticity in turn physically restricts extension of invasive
protrusions. The high plasticity of pure reconstituted Basement Membrane (rBM), which has
been noted previously [17], likely arises out of the weak binding interactions between matrix
proteins [43]. While rBM is rich in native, bioactive signaling molecules, this loosely
connected, solubilized network does not capture the structure or stiffness of basement
membrane /n vivo [43-46]. The monotonic dose-response relationship we obtained between
transglutaminase (tTg) concentration and rBM mechanical plasticity supports the
explanation that tTg-mediated covalent cross-linking lowers mechanical plasticity by
reducing molecular rearrangements available to retain permanent deformation through
unbinding and rebinding [17]. This dose-response relationship also revealed that a
surprisingly high degree of covalent cross-linking (500 pg/mL) of tTg is required to use rBM
as a model for an elastic extracellular matrix. We observed that concentrations of tTg that
appeared to saturate rBM cross-linking did not significantly alter the stiffness of the rBM
hydrogels compared to the pure rBM control. Indeed, all rBM formulations remained an
order of magnitude less stiff than tumor tissue [34]. While the precise molecular interactions
within rBM underlying this change in plasticity but not stiffness are unclear, our
computational model supported these results, showing that extensive covalent cross-linking
diminishes matrix plasticity but only moderately affects stiffness. This may be because
stiffness relates to the instantaneous resistance of a material, whereas the effects of altered
cross-linking kinetics impact material response to, and recovery from, deformation over
time. Therefore, as a complement to studies in rBM and rBM+tTg, we designed a
biomaterials system that would allow us to mimic the stiffness of tumor tissue and tune
covalent cross-linking without altering biochemical signaling. To achieve the latter, our
biomaterial formulations kept ligand density constant and incorporated biorthogonal cross-
linkers.

In both kinds of basement membrane-like matrices studied here, we find that covalent cross-
linking and low matrix mechanical plasticity inhibit cell protrusivity. However, the decrease
in cell circularity is most pronounced in the IPN materials system. Our recent findings
indicate that in confining IPNSs, cells can extend long, thin invadopodia if the matrix exhibits
sufficient plasticity [20]. While these protrusions may not add substantially to projected
area, they add substantially to cell perimeter, and therefore cell circularity is highly
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penalized for long, thin protrusions. By contrast, broad changes in spread area that are seen
in the rBM system can take place in otherwise highly round cells, meaning this spreading
need not severely penalize circularity. Because physiological basement membranes are tens
to hundreds of nanometers thick, a cellular protrusion on the order of ten microns is
sufficient to puncture this thin, yet confining, tissue layer. While no migration studies were
included here, data from prior experiments supports the association between cell circularity
and the likelihood that a cell will extend invadopodia cyclically and subsequently migrate
(Supplementary Figure 5) [47].

In all matrices investigated, large adhesion plaques resembling invadopodia precursors, with
B1 integrin-rich plagues that excluded paxillin, were present [26,48]. However, across both
systems, cells in covalently cross-linked matrices exhibited less actin-cortactin
colocalization, suggesting reduced actin polymerization, diminished cell shape change, and
decreased invasion in rBM+tTg and LP-CC matrices. Interestingly, differences in cortactin
localization between the matrices that were not covalently cross-linked, the rBM and HP
IPNs, support the idea that mechanisms of cell spreading may be different within the pure
rBM and rBM-alginate IPN materials systems. In rBM matrices, cortactin is expressed
uniformly throughout the cell body, indicating cells may spread using broad protrusions
reminiscent of lobopodia, and that covalent cross-linking inhibits this mechanism [49]. By
contrast, in HP IPNs, cortactin is expressed in colocalized actin-cortactin puncta, an
indicator that invadopodia are the structures enabling cell protrusivity in these matrices
[26,48]. Evidence showing that cells can use larger, actin-mediated structures to spread in
rBM matrices, other than the invadopodia that are generally required to invade through
basement membranes /n vivo, supports the differences in morphological changes observed
across two different materials systems, and reinforces the idea that rBM matrices do not
necessarily impose the kind of structural or physical constraints that cells face when
invading physiological basement membranes [21,33]. Furthermore, differences in
localization of actin-related proteins indicate that cellular mechanotransduction may enable
cells to sense and respond to differences in matrix mechanical plasticity. In response to
varied degrees of matrix plasticity, it is also conceivable that cells could secrete and sense
their own nascent matrix differently, potentially contributing to differential activation
biochemical signaling pathways [50]. However, our computational model shows that active
signaling feedback is not required to recapitulate cell morphologies observed, and that the
use of mechanical constraints alone is sufficient to induce reductions in cell spreading and
protrusivity that arise in covalently cross-linked matrices.

Our studies point toward protease-independent invasion mechanisms, mediated by
generation of forces and matrix plasticity, rather than protease-dependent mechanisms as
playing a key role in breaching basement membranes. We find that in both materials
systems, protease inhibition by a broad spectrum protease inhibitor or a protease inhibitor
cocktail failed to significantly impact cell morphology in high plasticity matrices, and failed
to persistently alter the impact of covalent cross-linking on cell spreading. Prior studies,
which validated that this dose of protease inhibitor (10 uM GM®6001) significantly decreases
matrix degradation by invasive protrusions, simultaneously showed that this treatment had
no effect on the formation of the protrusions themselves [20]. However, the actin-mediated
protrusions observed here could be physically inhibited by covalent cross-linking and
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decreased matrix mechanical plasticity. Together, these results indicate that in these
basement membrane ligand-containing material systems, cancer cells are using actin-
mediated protrusions to generate force in order to spread, rather than using them primarily to
degrade the extracellular matrix. Indeed, there is strong support for the /n vivo importance of
protease-independent, force-dependent basement membrane invasion in a C. elegans
developmental model of invasion. In this model, even in the absence of proteases, it is Arp
2/3, localized ATP production, and F-actin polymerization-driven force that can facilitate
robust basement membrane breaching [51,52]. Such data point toward the therapeutic
potential of physically reinforcing the structural integrity of basement membrane in order to
physically inhibit invasion.

4. Conclusion

Here, we investigated the effect of covalent cross-linking on the extension of invasive
protrusions in 3D, basement membrane ligand-containing extracellular matrices (ECM). In
rBM matrices, tissue transglutaminase-mediated covalent cross-linking lowers matrix
mechanical plasticity and inhibits cell spreading and protrusivity. In rBM-alginate IPNs that
mimic the elevated stiffness of tumor tissue, incorporate bio-orthogonal covalent cross-links,
and exhibit low mechanical plasticity, cells were also physically constrained and protein
localization required for the extension of invadopodia was disrupted. Notably, protease
inhibition did not alter cell spreading in matrices of high or low mechanical plasticity. Our
computational model of extracellular matrix provided mechanistic insight into these
findings, revealing that lower rates of cross-linker unbinding and lower cross-link force
sensitivity, both aspects of covalent cross-linking, decrease matrix mechanical plasticity.
Computer simulations also showed that cellular morphologies in high and low plasticity
matrix could be recapitulated in large part by considering mechanical phenomena, without
requiring incorporation of mechanotransduction or biochemical signaling. Altogether, these
studies show that in combination with biochemical strategies inhibiting protease-mediated
degradation, physical inhibition of cell spreading and protrusivity, perhaps through
mechanical reinforcement of basement membrane matrix, may help to prevent cancer cell
invasion.

Experimental Procedures and Computational Methods

Alginate preparation.—Sodium alginate rich in guluronic acid blocks and with a high
molecular weight (FMC Biopolymer, Protanal LF 20/40, High-MW, 280 kDa) was prepared
as described previously [53]. High-MW was irradiated 8 Mrad (3 or 8x106 rad) by a cobalt
source to produce low-MW (35 kDa) alginates [35]. Alginate was dialyzed against deionized
water for 3—4 days (molecular weight cutoff of 3500 Da), treated with activated charcoal,
sterile filtered, lyophilized, and then reconstituted in serum-free DMEM (Life
Technologies). Click alginate, consisting of alginate conjugated to tetrazine or norbornene,
was prepared as described previously [38]. Briefly, high molecular weight alginate (FMC
Biopolymer, Protanal LF 20/40, High-MW, 265 kDa) was dissolved in stirred buffer
containing 0.1 M MES, 0.3 M NaCl, pH 6.5 at 0.5% wi/v. Then, N-hydroxysuccinimide
(NHS) and 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide hydrochloride were (EDC)
added in 5x molar excess of the carboxylic acid groups of alginate. Next, 1 mM was added
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of either tetrazine (3-(p-benzyla-mino)-1,2,4,5-tetrazine, synthesized according to
established protocols [54] or norbornene (1-bicyclo[2.2.1]hept-5-en-2-ylmethanamineg,
Norbornene; Matrix Scientific) per gram of alginate. The coupling reaction was stirred
overnight and then quenched, dialyzed, charcoal-filtered, sterile-filtered, and lyophilized.

Formation of reconstituted Basement Membrane (rBM) matrices.—For rBM
matrices, high concentration growth factor reduced Matrigel (Corning) was diluted to 8
mg/ml using transglutaminase from guinea pig liver (Sigma-Aldrich; 2.2 UN/mg) or vehicle-
alone control. In brief, transglutaminase powder was dissolved in 50 mM Tris Buffer (pH
7.4) to make a stock solution of 1 mg/ml. Prior to mixing with Matrigel, 1 mg/ml
transglutaminase solution was treated for 10 min at room temperature with a small quantity
of 500 mM dithiothreitol (DTT) solution such that the final concentration of DTT was 2
mM. Then, 50 mM calcium chloride (CaCl,) was added to achieve a final concentration of 5
mM CacCl,, to activate the transglutaminase. An appropriate volume of this mix was added to
Matrigel on ice and mixed thoroughly while avoiding air bubbles to achieve the desired
concentration of transglutaminase. The final concentration of Matrigel was fixed at 8 mg/ml
for all concentrations of transglutaminase by adding the appropriate volume of DMEM (Life
Technologies).

Mechanical characterization of rBM matrices and IPNs.—Rheology measurements
were made with an AR2000EX stress-controlled rheometer (TA Instruments). 8 mg/mL
reconstituted Basement Membrane (rBM) matrices were formed as described previously,
either with the addition of transglutaminase or vehicle alone. IPNs were made for
mechanical testing as described previously [14]. rBM or IPN hydrogels were deposited
directly onto the bottom plate of the rheometer immediately after mixing with cross-linker.
A 25 mm flat plate was then immediately brought down, forming a 25 mm disk of gel.
Mineral oil (Sigma) was applied to the edges of the gel disk to prevent dry-out. The
mechanical properties were then measured over time until the storage modulus reached an
equilibrium value. The storage and loss moduli at 0.15 Hz and 1% strain, a frequency and
amplitude which were both within linear regimes, were recorded periodically for at least 2
hours. Elastic moduli (i.e. Young’s moduli) were calculated assuming a Poisson’s ratio of
0.5 and using the equation E = 2(1 + v)G*, where G” is the complex modulus found using the
storage and loss moduli measured and using the relationship G* = (G2 + G“2)1/2, For
plasticity experiments, this time sweep was followed by a creep-recovery test. This involved
first applying a constant shear stress (10 Pa for rBM studies, or 100 Pa for IPN studies) for 1
hour while strain was recorded as a function of time. Then, the sample was unloaded (0 Pa)
and strain was recorded as a function of time as the sample “recovered” from the absence of
load for about 2 hours. This recovery time period was sufficient to minimize transient effects
due to stress unloading, and was on the same time scale as the periodic structures and
migration events observed in this study.

Cell culture.—Human breast adenocarcinoma cells MDA-MB-231 (ATCC) were cultured
in high glucose Dulbecco’s Modified Eagles Medium (Hyclone) with 10% Fetal Bovine
Serum (Hyclone) and 1% Penicillin/Streptomycin (Pen/Strep, Life Technologies). Cells
were authenticated by the ATCC and tested to be mycoplasma negative.
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3D Cell Encapsulation in rBM and IPNs.—For analysis of invasive morphology, cells
were starved overnight in serum-free medium and encapsulated in rBM matrices or IPNs as
follows. The 8 mg/mL rBM matrices were formed as described previously, except that the
diluent of the rBM, DTT, CaCl, mixture was a cell suspension in serum-free DMEM. For
IPN studies, cells were encapsulated similarly to what has been described previously
[14,36]. In brief, cells were resuspended in serum-free medium. After rBM was mixed with
alginate, cells were added into this polymers mixture and deposited into a cooled syringe.
The solution was then vigorously mixed with a solution containing calcium sulfate (CaSOy)
and deposited into wells of a chambered coverglass (LabTek). For both rBM and IPN
studies, the final concentration of cells was 0.5x108 cells/mL of IPN. The cell-laden
hydrogels gelled in an incubator at 37°C and 5% CO,, for 35-45 minutes, and then
stimulated with medium containing 10% FBS, 50 ng/mL EGF, and either DMSO as a
vehicle-alone control or 10 uM GM6001 (Millipore) [46,55] to inhibit proteases. For studies
utilizing a protease inhibitor cocktail previously published [20], either protease inhibitor
cocktail (20 UM Marimastat, 20 uM Pepstatin A, 20 M E-64, 0.7 pM Aprotinin, and 2 uM
Leupeptin) or DMSO as vehicle alone control was added to the media. After one day, bright
field microscopy was used to capture cell morphologies.

Immunohistochemistry

Preparation of gels.—For immunohistochemical staining, media was first removed from
the gels. The gels were washed once with serum free DMEM, and then fixed with 4%
paraformaldehyde in serum-free DMEM at room temperature for 45 — 60 minutes. The gels
were then washed 3 times in PBS containing calcium (cPBS), and then incubated in 30%
sucrose in cPBS at 4°C. The gels were then placed in a mix, which contained 50% of a 30%
sucrose in cPBS solution, and the other 50% was OCT (Tissue-Tek), for at least 1 day. The
media was then removed, the gels were embedded in OCT, and the gels were frozen. The
frozen gels were sectioned and stained following standard immunohistochemistry protocols.

Staining sections.—The following antibodies and reagents were used for
immunohistochemistry: Anti-Paxillin antibody (1:300; Abcam, Y113), Anti-p1 Integrin
(1:300; Abcam, P5D2), and Anti-Cortactin (1:300; Abcam, ab33333). Negative controls,
where the secondary antibody was added but the primary antibody was not, were conducted
to ensure specificity of all stains. Matching secondary antibodies were purchased from Life
Technologies. Alexa Fluor 488 phalloidin (Life Technologies, dilutions of 1:50 for p1
Integrin / Paxillin co-stain and 1:60 for Cortactin co-stain) was used to label the actin
cytoskeleton, and DAPI was used to label the nucleus. ProLong Gold antifade reagent (Life
Technologies) was used to minimize photobleaching. Images were acquired using a Leica
HC PL APO 63X/1.4 NA oil immersion objective.

Image Analysis.: To quantify morphology of cancer cells, ImageJ was used to manually
segment images and to calculate cell circularity, 47 * area /(perimeter?), whereby 1 indicates
a perfect circle, for regions of interest. To evaluate cortactin expression in rBM matrices,
cortactin intensity was measured from the tip of a protrusion toward the nucleus. For cells
with multiple protrusions, cortactin intensity was measured for each protrusion. Mean
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cortactin intensity was then plotted by averaging intensity data of 12 cells, where at least 3
measurements (without overlapping pixels) were made per protrusion.

Computational Model

Creep Test.—To mimic a creep test in experiments, we simulated a cross-linked fiber
matrix without a cell using an agent-based computational model based on Brownian
dynamics (Fig. 1a). More details of the model are described in the supplementary material,
and parameter values are listed in Table S2. In the model, fibers and cross-linkers are coarse-
grained by cylindrical elements. Motions of the cylindrical elements are regulated by the
Langevin equation. Bending and extensional forces maintain equilibrium angles and
distances formed by the cylindrical elements, respectively. Formation of fibers is initiated by
appearance of one cylindrical element whose length is 1.4 um. The element is elongated by
addition of identical cylindrical elements. To keep fibers short, the maximum number of
cylindrical elements that can be added to the first element is limited to two, resulting in the
average fiber length of ~4 um.

Cross-linkers bind to binding sites located every 140 nm on fibers and also unbind from

fibers in a force-dependent manner following Bell’s law [56]

—>
Aqu,xl .

ko, uexp kgl | ifr=rox

k, = (1)

ko,us If r<roxi

where kp, is the zero-force unbinding rate, A, represents sensitivity to applied force, and
kg T is thermal energy. Fs,xl is a vector for a spring force acting on a cross-linker element,

and 7p x1 is an equilibrium length of the cross-linker element. only when the spring force is
tensile force, the unbinding rate, &, increases beyond its base rate, ;. The references
values of ko, and 4, are k , = 3x 10™%~ " and 43 = 1.0 x 10~ ' respectively.

We first preassemble a matrix to perform the creep test. A cross-linked polymeric network is
assembled via dynamic events of fibers and cross-linkers within a three-dimensional
rectangular (3D) domain (40x40x1 pm) with a periodic boundary condition in x and y
directions. Then, the preassembled matrix is loaded at the beginning of simulations for creep
tests. All chains crossing the boundaries of the computational domain in the y direction are
severed and clamped to the boundaries. The top boundary is displaced in the +x direction
while the bottom boundary is fixed. Actual stress on the top boundary is calculated by
summing all forces exerted on chains clamped to the boundary and then dividing the sum by
the area of the top boundary. Position of the top boundary is continuously adjusted via
feedbacks to match the actual stress with goal stress level. It is assumed that the goal stress
is non-zero for the first hour to induce a creep behavior, and then becomes zero after that to
evaluate recovery and plastic deformation. Initial modulus and permanent strain of the
matrix are calculated in the same manner as experiments.
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Cell invasion.—To investigate cell invasion, we simulated a cell membrane with
protrusion surrounded by a matrix within a computational domain (100x60x1 pm) (Fig. 1A).
The cell membrane is drastically simplified into serially connected rectangular solid
elements whose height is the same as the domain width in the z direction (1 pm). Thus, the
interconnected rectangular solid elements form a wall dividing a space in the domain into
intracellular and extracellular spaces. In each simulation, a circular membrane with a radius
of 10 um is initially located at the center of the domain. Then, a matrix is assembled around
the membrane as explained above. Under this condition, the number and initial length of
membrane elements are 158 and 400 nm, respectively. Motions of the membrane elements
are also regulated by the Langevin equation. Bending forces are exerted on membrane
elements, and extensional forces prevent membrane elements from being too long (> 800
nm) or too short (< 4 nm). In most simulations, we applied 25 pN in radially outward
directions to 40 membrane nodes initially located on the right side of the membrane for the
first hour. Because membrane elements become much shorter, those membrane nodes with
small protrusive forces can converge toward a specific location to exert stronger protrusive
forces together. Repulsive forces acting between membrane elements and the matrix enable
the membrane to push and deform the surrounding matrix. After one hour, protrusive forces
are not applied anymore, and then the recovery and plastic deformation of the matrix are
evaluated.

The matrix strain is quantified as follows. First, the closest nodes of fibers to the
instantaneous center of a membrane are identified in each angular direction with resolution
of 3°. These 120 fiber nodes delineate the boundary shape of a matrix around the cell
membrane. Then, a distance between the membrane center and the farthest fiber node among
120, 4, is used for calculating the matrix strain, e.

d—rg,m

5:m (@)

where ry, mis the initial radius of the membrane.

Statistics.: Statistical analyses were performed using GraphPad Prism. P values provided in
figure legends have been corrected for multiple comparisons, where relevant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

ECM extracellular matrix

LOX lysyl oxidase

tTg Tissue Transglutaminase

IPN Hydrogel Interpenetrating Network Hydrogel
HP high plasticity

LP-CC low plasticity with covalent cross-links
BM basement membrane

rBM reconstituted Basement Membrane
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Fig. 1. Protease-dependent and -independent cancer cell invasion of covalently cross-linked
basement membranes.

Schematic depicting basement membrane invasion, including (top) protease-dependent
modes and (bottom) a protease-independent mode, recently shown, that is mediated by
extracellular matrix mechanical plasticity combined with cell-generated forces [20]. The role
of covalent cross-linking in mediating the second mode of invasion remains unclear.
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Fig. 2. Covalent cross-linking of reconstituted Basement Membrane (rBM) matrices decreases
their mechanical plasticity.

a, Schematic of rBM matrix without or with covalent cross-linking by tissue
Transglutaminase (tTg). b, Young’s moduli of 8 mg/mL rBM alone or with 500 pg/mL tTg,
quantified at 1% strain and 0.15 Hz. ¢, Cartoon depicting the elastic, viscoelastic, and plastic
(permanent) portions of a material’s strain response during a creep and recovery test, during
which time a mechanical stress is applied and then released. d, Normalized strain throughout
creep and recovery tests on rBM and rBM with 500 pg/mL tTg. e, Permanent strain
remaining in rBM or rBM with 500 pg/mL tTg, as indicated by the intersections of the
dashed lines in d. Difference is significantly different (**** P < 0.0001, t-test). f, Permanent
strain remaining after creep and recovery tests for rBM matrices cross-linked with the
amount of tTg as indicated. Statistically significant differences are indicated (***P < 0.001,
****p < 0.0001, ANOVA,; #### P < 0.0001, Spearman’s Rank Correlation). Red line
indicates exponential decay fit line (R? = 0.95). In b, e, and f, bars or markers indicate
means and error bars indicate 95% confidence intervals.

Matrix Biol. Author manuscript; available in PMC 2021 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wisdom et al.

rBM

rBM + tTg

EGF-containing
medium

Page 21

c d

Circularity

" ®® g
CICRCIRL N

Serum-starved cells
encapsulated in
30 hydrogel

Projected Area (um?)

f g

= 3

[57] &
£ 150
EIDO"
£

2 §

v 8

= 0

@

Fig. 3. Covalent cross-linking mediated by tissue transglutaminase physically restricts cancer cell
spreading in reconstituted basement membrane matrices.

a, Schematic depicting the 3D encapsulation of MDA-MB-231 cancer cells in 8 mg/mL
reconstituted basement membrane (rBM) hydrogels, without or with 500 pg/mL tissue
Transglutaminase (tTg). b, After ~ 24 hours in 3D culture, cells were imaged using bright
field microscopy and cell outlines were traced. Example MDA-MB-231 cells and cell
outlines shown. Scale bars are 50 um. ¢, MDA-MB-231 cell circularity and d, 2D-projected
spread area in the different rBM matrices, in the presence of vehicle alone control, broad-
spectrum matrix metalloprotease inhibitor (10 uM GM6001) or a protease inhibitor cocktail
(20 uM Marimastat, 20 UM Pepstatin A, 20 uM E-64, 0.7 uM Aprotinin, and 2 uM
Leupeptin). In ¢ and d, bars indicate medians and error bars indicate interquartile ranges.
Differences in morphological characteristics indicated are statistically significant (* P <
0.05, ** P < 0.01, **** P < 0.0001, Kruskal-Wallis Test). Data shown are from one
representative biological replicate experiment, and additional biological replicates are shown
in Supplementary Figure 2. e,f, Localization of indicated proteins on stained cryosections of
MDA-MB-231 cells encapsulated for ~ 24 hours, imaged using confocal
immunofluorescence. Main panel scale bar is 10 pm, and inset is 3x zoom. g, Cortactin
intensity, measured from the tip of cellular protrusions toward the nucleus, averaged over
protrusions from 12 cells in rBM alone matrices. Line plots mean intensity and error bars
indicate 95% confidence interval.
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Fig. 4. rBM-alginate IPNs with bio-orthogonal covalent cross-linking exhibit low plasticity and
physiologically relevant stiffness.

a, Approach to forming IPNs of high and low mechanical plasticity using alginate (blue) and
reconstituted basement membrane (rBM) matrix (green), without or with sparse covalent
cross-links in addition to ionic cross-linking (red). High plasticity (HP) IPNs were formed
with low molecular weight alginate, and low plasticity, covalently cross-linked (LP-CC)
IPNs were formed using high molecular weight alginate. b, Storage (G’) and loss (G”)
moduli by frequency for HP and LP-CC IPNs. ¢, Young’s modulus and d, loss tangent of
these formulations, measured at 1% strain and 0.15 Hz. e, Normalized strain throughout
creep and recovery tests on HP and LP-CC IPNs. f, Permanent strain remaining in the IPNs
after a recovery time, indicated by the intersecting dashed lines in e. Inc, d, and f, bars
indicate means and error bars indicate 95% confidence intervals. Differences indicated are
significantly different (**** P < 0.0001, Student’s t-test). HP IPN mechanical testing data
shown in c-f reprinted with permission from ref. [20].
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Figure 5. Low plasticity IPN matrix with covalent cross-links physically restricts cancer cell
protrusivity, independent of proteases.

a, After ~ 24 hours in 3D culture, cells were imaged using bright field microscopy and cell
outlines were traced. Example MDA-MB-231 cells and cell outlines shown. Scale bars are
50 pm. b, MDA-MB-231 cell circularity and ¢, 2D-projected spread area in the presence of
broad-spectrum protease inhibitor (10 uM GM®6001) or vehicle alone control. In b and c,
bars indicate medians and error bars indicate interquartile ranges. Differences in
morphological characteristics indicated are statistically significant (**** P < 0.0001, ** P <
0.01, Kruskal-Wallis Test). Data shown is from one representative biological replicate
experiment, and an additional biological replicate is shown in Supplementary Figure 3. d
and e, Localization of indicated proteins on stained cryosections of MDA-MB-231 cells
encapsulated for ~ 24 hours, imaged using confocal immunofluorescence. Main panel scale
bar is 10 pm and inset is 3x zoom.
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Figure 6. A computational model of the extracellular matrix shows that changes in kinetics of
cross-link unbinding modulate matrix mechanical plasticity.

a, Schematic diagram showing elements in the model. A cell membrane is simplified into
serially connected elements. A matrix is comprised of fibers (cyan) and cross-linkers
(yellow). Cross-linkers can unbind from fibers in a force-dependent manner, following
Bell’s law, &, = ko y exp(FAy/Ag 7). There is a volume-exclusion effect between the
membrane elements and the matrix, so they do not cross over each other. A fraction of
membrane nodes undergo protrusive forces in radially outward directions, resulting in local
deformation of the matrix. b-f, Creep test of the matrix without a cell. b, Snapshot of a
matrix undergoing a creep response. ¢ and e, Normalized strain of matrices in response to
constant stress of 100 Pa at = 0-1 hour with various values of c, the zero-force unbinding
rate constant (ko ), and e, the force sensitivity (Ay). A%y =3 x107® s™Land A", = 100 pm
are reference values. d and f, Permanent strain and initial modulus depending on variations
ind, Ay and f, A.
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Figure 7. Changes in kinetics of cross-link unbinding modulate cell shapes and degree of
permanent matrix deformation.

a and b, Snapshots of cell membranes making invasive protrusions into a matrix with a, high
and b, low plasticity. Scale bars indicate 10 pm. Spheres indicate cross-linkers bearing
forces higher than 60 pN. Color scaling represents level of forces acting on fibers and cross-
linkers. ¢ and e, Strain in a matrix during cell protrusions with a total force of 1 nN at £=0-
1 hour, and during an unloaded recovery phase of £= 1-1.3 hours, with different values of c,
the zero-force unbinding rate constant (kg ) and e, the force sensitivity (1,). d and f,
Maximum and permanent strains depending on d, Ay , and f, Ay. A*p, =3 x108s 1 and
A*, =100 pm are reference values.
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