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Abstract

During mesenchymal development, the microenvironment gradually transitions from one that is 

rich in cell-cell interactions to one that is dominated by cell-extracellular-matrix (ECM) 

interactions. Because these cues cannot readily be decoupled in vitro or in vivo, how they converge 

to regulate mesenchymal stem cell (MSC) mechanosensing is not fully understood. Here, we show 

that a hyaluronic acid hydrogel system enables, across a physiological range of ECM stiffness, the 

independent co-presentation of the HAVDI adhesive motif from the EC1 domain of N-Cadherin 

and the RGD adhesive motif from fibronectin. Decoupled presentation of these cues revealed that 

HAVDI ligation (at constant RGD ligation) reduced the contractile state and thereby nuclear 

YAP/TAZ localization in MSCs, resulting in altered interpretation of ECM stiffness and 

subsequent changes in downstream cell proliferation and differentiation. Our findings reveal that, 

in an evolving developmental context, HAVDI/N-Cadherin interactions can alter stem cell 

perception of the stiffening extracellular microenvironment.
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Main

It is well established that, in addition to soluble factors and extracellular matrix (ECM) 

ligands, the mechanical properties of the microenvironment can direct stem cell behavior1–6. 

Interpretation of mechanical inputs (including substrate stiffness) requires the generation of 

contractile forces in the cytoskeleton through which the cell actively interrogates its 

surroundings7. Above a certain threshold, this interaction induces mechanically-activated 

signaling to regulate cell spreading, traction8, and RhoA activity9 to modulate progenitor 

cell proliferation, migration, and differentiation2. The YAP/TAZ complex (Yes-associated 

protein/Transcriptional co-activator) has recently been implicated as an important factor in 

the transduction of mechanical signals10, 11. Two primary YAP/TAZ signaling branches are 

operative: 1) the Hippo pathway, in which cadherin-cadherin trans-interactions result in 

sequestration of YAP in the cytosol12, and 2) a mechanosensitive pathway wherein 

cytoskeletal tension promotes YAP nuclear translocation and downstream transcriptional 

activity11. This mechanosensitive pathway governs YAP/TAZ such that on soft hydrogels or 

deformable fibrous materials, YAP remains cytosolic, while on stiff hydrogels and in 

response to stretch, YAP localizes to the nucleus13. Given that YAP/TAZ is responsible for 

mediating most of the downstream functional outcomes of substrate stiffness sensing6, it is 

commonly thought of as a mechanical rheostat6, 14, providing a readout of how a cell is 

currently processing mechanical inputs from the microenvironment.

In addition to physical cues in the microenvironment, the interactions that cells make with 

each other also regulate mesenchymal progenitor cell differentiation. For example, in 

developing limb buds, blockade of cadherin expression limits chondrogenesis, while 

cadherin overexpression promotes chondrogenesis15. Additionally, in mesenchymal stem 

cells (MSCs) cultured in monolayer, adipogenesis is promoted by cell-cell contact (through 

high densities), whereas osteogenesis is inhibited by cell-cell contact due to the subsequent 

decrease in cell-ECM contact area16. In mesenchymal cells, cell-cell contact is mediated 

through the homotypic interaction of N-Cadherin on adjacent cells. N-Cadherin contains 

both an extracellular domain that mediates this adhesion as well as a cytosolic domain that 

acts as both a signaling hub and anchor that couples to the actin cytoskeleton17.

To date, most cadherin mechanobiology has been studied through examination of E-

Cadherin and VE-Cadherin in situations where strong adherens junctions form between cells 

(i.e. early cancer progression, and at epithelial/endothelial cell junctions)18, 19. However, 

despite their strong sequence homology, E-Cadherin and N-Cadherin can show greatly 

different downstream signaling responses to various stimuli20. During mesenchymal 

development, most of the initial mechanical interactions arise from the formation of 

adherens junctions within the cell-rich mesenchymal condensation. However, as 

development progresses, cell-cell interactions are increasingly restricted as progenitor cells 

differentiate, and subsequently deposit and interact with increasing levels of ECM in the 

microenvironment21. N-Cadherin interactions then become less predominant due to the 

dense surrounding matrix (Fig. 1a). In accordance with this, the response to the most 

extracellular N-Cadherin domain (EC1) appears to mediate a large degree of specificity in 

N-Cadherin adhesion and control over cellular behavior during development22, 23. While N-

Cadherin has multiple adhesive domains, the addition of short peptide sequences containing 
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the ‘HAVDI’ adhesive sequence from EC1 inhibits >90% of the N-Cadherin specific 

response in 3T3 fibroblasts24, identifying this domain as operative in mediating 

mesenchymal cell-cell signaling.

Adhesive crosstalk between cadherin-based and integrin-based signaling has previously been 

found to influence the mechanical state of the cell25. This crosstalk can arise at multiple 

points; N-Cadherin is linked to actin through monomeric α-catenin26, shares intermediary 

scaffolding proteins with integrin-based adhesions (e.g. vinculin)27, 28, and can also control 

Rho GTPase activity29. To query these interactions, several groups have developed platforms 

to study cell-cell and cell-ECM signaling using micropatterning and other techniques. This 

includes examining cell doublets on soft hydrogels30, micropatterning stripes or domains of 

collagen/fibronectin and cadherin under cells31, 32, and micropatterning ECM islands that 

promote cellular interaction33, 34. However, these presentation systems are not able to fully 

decouple adhesive inputs; that is, increased presentation of one signal through increasing 

domain area (e.g. additional cadherin-patterned culture area) necessitates the reduction in the 

area of another signal (e.g. cell-ECM patterned area). Additionally, in scenarios where 

adherens junctions form, additional cell-cell interactions occur (e.g. Nectin and Notch/Delta 

interactions, as well as paracrine signaling), making interpretation of downstream signaling 

somewhat convoluted.

An alternative to coated domains of adhesive proteins is the utilization of biomaterials that 

enable controlled presentation of functional adhesive domains in the form of small peptides 

ligated to a polymer backbone. The first such example was the short peptide sequence RGD 

from fibronectin, which enabled cell adhesion to hydrogel surfaces to mimic cell-ECM 

interactions35–37. Building on this approach, our group has recently incorporated ‘HAVDI’ 

peptides (from N-Cadherin extracellular domain 1, EC1) onto a methacrylated hyaluronic 

acid (MeHA) backbone. In 3D culture, this modification mimics cell-cell interactions that 

are important for early chondrogenesis, overcoming a limitation of encapsulation strategies 

that isolate cells from one another 38. These MeHA hydrogels also serve as an ideal 

biomaterial to probe mesenchymal microenvironments, given that the hyaluronic acid 

backbone itself can promote MSC lineage commitment when compared to purely synthetic 

hydrogels (e.g., poly(ethylene glycol), PEG)39.

In this study, we took advantage of the flexibility of the MeHA system to generate a new 

platform to query how multiple adhesive interactions interact to regulate the functional 

behavior of MSCs across a range of mechanical microenvironments. To accomplish this, we 

generated 2D hydrogels that enabled independent co-presentation of both the ‘HAVDI’ 

adhesive sequence from N-Cadherin (mimicking cell-cell interactions) and the ‘RGD’ 

adhesive sequence from fibronectin (mimicking cell-ECM interactions), while independently 

tuning matrix stiffness. Decoupled presentation of these cues demonstrated that HAVDI (in 

the context of constant RGD) reduced the contractile state and nuclear YAP/TAZ 

localization in MSCs, resulting in altered interpretation of ECM stiffness and consequent 

changes in downstream cell proliferation and differentiation. These findings indicate that, in 

an evolving developmental context, N-Cadherin can alter progenitor cell perception of 

exogenous biophysical inputs, such as increased ECM stiffness, thereby regulating cell 

lineage commitment.
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Tunable Hydrogels Presenting Cell-Cell and Cell-ECM Ligands

To determine the impact of N-Cadherin adhesive domain presentation on traditional cell-

ECM interactions and mechanosensing, we utilized a photopolymerizable methacrylated 

hyaluronic acid (MeHA) hydrogel system. MeHA hydrogels provide a biologically-active 

and flexible platform for controlling multiple cellular inputs, such as ligand presentation and 

hydrogel stiffness. Here, the base MeHA backbone was modified with RGD (from 

fibronectin) and HAVDI (from N-Cadherin) peptides via a Michael addition reaction of 

thiols on peptides and methacrylates on MeHA (Fig. 1b). MeHA was modified to levels that 

formed hydrogels with 1 mM RGD and 1 mM HAVDI included (‘HAVDI/RGD’), enabling 

both integrin and cadherin mediated interactions by mesenchymal stem cells (MSCs). 

Additional hydrogels were modified with 1 mM RGD and 1 mM of a non-functional 

scrambled HAVDI sequence (‘scram/RGD’) to stimulate integrin-only interactions, while 

preserving the same level of HA modification and resulting hydrogel mechanical properties. 

Peptides coupled to the MeHA backbone are present in even amounts throughout the entire 

hydrogel (Supp. Fig. 1), with peptide surface density of ~1 mM HAVDI, which is on the 

order of previous measures of E-Cadherin density in developing drosophila embryos and 

monolayer epithelial cells40. Peptide loading at 2 mM (combination of HAVDI and RGD 

peptides) consumed a very small fraction of available methacrylate groups (~8%). Moreover, 

the peptide coupling efficiency in this MeHA system (utilizing a cysteine-methacrylate 

coupling) is quite high, with ~88% of the loaded peptide conjugated to the backbone38.

Thin MeHA films (thickness ~100 μm) were cast and polymerized onto methacrylated glass 

coverslips to promote hydrogel adherence. Homogenous peptide loading and localization in 

MeHA hydrogels was verified through fluorescent peptide tagging and confocal imaging 

(Supp. Fig. 1). The Young’s moduli of hydrogels were determined by AFM, and hydrogels 

with stiffness values spanning a physiologic range (1–20 kPa) were obtained by increasing 

the UV exposure time/energy during polymerization (Fig. 1c). Moduli of hydrogels loaded 

with HAVDI and RGD or with scrambled HAVDI and RGD were not significantly different 

from one another across the range of exposure times used (Fig. 1c, inset). To query 

preliminary MSC responses to these peptide-coupled substrates, bovine MSCs were seeded 

onto the hydrogel films for 18 hours. Initial attachment studies with MeHA hydrogels 

coupled with 1 mM of one peptide (RGD, scrambled HAVDI, HAVDI, or no peptide) were 

performed to assess the adhesivity of MSCs to hydrogels modified with each single peptide. 

Non-modified gels or gels loaded with scrambled HAVDI did not support cell attachment. 

Conversely, when gels were modified with HAVDI alone, cell attachment and spreading was 

observed (Supp. Fig. 2), albeit at levels much reduced when compared to RGD-conjugated 

gels (HAVDI attachment ~10% of RGD attachment). This is consistent with previous reports 

showing that the first two extracellular domains of N-Cadherin (in which the HAVDI 

sequence resides) allow for weak adhesive interactions when compared to the full 

ectodomain41. Next, we examined 1 mM: 1 mM peptide combinations of HAVDI and RGD 

across a physiologic range of substrate stiffness, and noted no significant difference in 

spread area between HAVDI/RGD and scram/RGD groups (Fig. 1c). We additionally 

observed no differences in cell attachment and spreading between these two material 

formulations. These observations highlight that cell spreading in this system appears to be 
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driven by RGD and is not altered by the additional presentation of HAVDI. Additionally, the 

lack of change in cell spread area with HAVDI presentation shows that the dual-ligand 

MeHA hydrogel platform permits changes in the presentation of one signal (HAVDI 

presentation) without changing the availability of the other (RGD presentation and resultant 

cell spread area).

Staining of external N-Cadherin organization on the basal plane of MSCs on intermediate 

stiffness MeHA substrates (10 kPa) showed no indication of cadherin clustering as is seen in 

densely cultured cells (Supp. Fig. 3). Likewise, immunostaining for β-catenin on the basilar 

plane of the cell showed no distinct structure formation that would indicate clustering with 

HAVDI presentation (Supp. Fig. 4). Western blotting revealed that HAVDI presentation (in 

the context of a constant RGD) did not significantly alter N-Cadherin levels after 18h of 

culture (Supp. Fig. 3). These observations highlight that, on substrates of physiologic 

stiffness, ligation of 1 mM HAVDI domain does not activate canonical N-Cadherin signaling 

responses that are seen in dense culture conditions where strong adherens junctions form 

between cells. Despite this, the EC1 domain containing the HAVDI adhesive sequence has 

previously been shown to play a critical role in cell sorting and adhesivity in development42. 

Additionally, the HAVDI domain can potently inhibit N-Cadherin responses in fibroblasts in 
vitro24. Given that MSCs were able to weakly attach to gels modified with HAVDI peptide 

alone, we next explored how this domain might regulate MSC mechanosensing within 

developmental mesenchymal environments with multiple adhesive ligands across a 

physiologic range of substrate stiffness.

HAVDI Ligation Attenuates YAP/TAZ Mechanosensing

Having established this biomaterial-mediated HAVDI and RGD culture system, we next 

determined whether downstream mechanosensitive signaling pathways were altered in 

response to HAVDI ligation with a constant background of RGD ligation. As YAP/TAZ 

signaling is responsible for many downstream transcriptional outcomes of substrate stiffness 

sensing, we performed immunostaining for YAP/TAZ (with an antibody that detects both 

YAP and TAZ in western blotting), and then quantified this staining. YAP/TAZ nuclear-to-

cytoplasmic ratios (Fig. 2a) were significantly reduced with HAVDI presentation on 

intermediate stiffness substrates (10 and 15 kPa) (Fig. 2b). Surprisingly, HAVDI presentation 

did not significantly alter YAP/TAZ ratios at either the upper or the lower bounds of 

substrate stiffness investigated (5 or 20 kPa). Sigmoidal curve fits showed “YAP/TAZ50” 

(LD50 value of curve fit, representing the stiffness at which MSCs had YAP/TAZ ratios of 

1.65) values of 6.2 kPa for MSCs on scram/RGD control substrates, which increased to 15.3 

kPa on HAVDI/RGD substrates (Fig. 2b). While there was donor-to-donor variability in 

baseline YAP/TAZ values in these primary cell isolates (likely due to differences in inherent 

contractility across donors), a similar HAVDI-mediated reduction in nuclear YAP/TAZ was 

observed across all 12 donors used in this study. Likewise, parallel studies performed with 

human MSCs showed a similar response, where HAVDI presentation markedly decreased 

YAP/TAZ nuclear localization at intermediate substrate stiffness (Supp. Fig. 5). Importantly, 

blocking cellular N-Cadherin with a neutralizing blocking antibody prior to seeding cells on 

the substrates confirmed that these differences in YAP/TAZ were specific to N-Cadherin 

driven responses (Fig. 2c).
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Given that this MeHA hydrogel system allows for the precise addition of multiple peptides 

to the HA backbone, we next established the dose-dependence of HAVDI presentation on 

this mechanosensing response. For this, the standard 1:1 ratio of RGD to HAVDI peptide 

was titrated with increasing levels of functional HAVDI peptide (Fig. 2d). Visualization and 

quantification of YAP/TAZ ratios showed a strong dose dependence with HAVDI peptide 

presentation, such that for a given substrate stiffness, increasing amounts of functional 

HAVDI resulted in lower YAP/TAZ nuclear-to-cytoplasmic ratios (Fig. 2e–f).

Next, a competition study was performed to determine if adding soluble HAVDI peptide to 

the culture media would abrogate this YAP/TAZ response. Addition of 1 mM of scrambled 

peptide did not significantly alter the YAP/TAZ response from control values in either 

material group, whereas addition of 1mM soluble HAVDI peptide completely abrogated the 

response to HAVDI/RGD presentation (Fig. 2g). Importantly, adding this soluble HAVDI to 

MSCs on control scram/RGD substrates did not lower YAP/TAZ ratios (Fig. 2g), indicating 

that HAVDI peptides need to be tethered in order to elicit reductions in YAP/TAZ nuclear 

localization. This is in accordance with recent studies showing the importance of force 

acting through cadherin-cadherin adhesion in regulating certain regimes of cytosolic 

cadherin signaling, such as modulating β-catenin to actin binding43, opening α-catenin 

cryptic binding domains44, and activating RhoGAPs45.

Noting that differences in nuclear YAP/TAZ accumulation can lead to alterations in 

functional behavior, we next determined whether HAVDI presentation altered important 

stem cell behaviors such as differentiation and proliferation. To examine MSC 

differentiation in this developmental context, we assayed early osteogenic lineage 

commitment in individual cells through via RUNX2 nuclear localization (which activates 

ALP expression and regulates osteogenesis) following osteoinduction. After one day of 

culture in growth media there were low levels of nuclear RUNX2 in MSCs cultured on either 

substrate (Fig. 2g–h, Supp. Fig. 6). However, after two days of osteogenic induction, MSCs 

on HAVDI/RGD hydrogels showed greatly reduced nuclear RUNX2 levels compared to 

MSCs on scram/RGD hydrogels, indicating less osteogenic commitment following HAVDI 

ligation. Other functional outcomes of nuclear YAP/TAZ localization were also altered; 

MSC proliferation was reduced by ~35% of baseline values following 48 hours of culture on 

HAVDI-modified hydrogels (Fig. 2i).

One other aspect important to N-Cadherin action during development is its temporal 

presentation and activity, which is regulated both by cell-cell interaction and the expression 

of proteases that cleave the N-Cadherin ectodomain. ADAM10 (A Disintegrin and 

Metalloproteinase 10) is expressed during development of mesenchymal tissues, and its 

action (in part) is to cleave external type-1 cadherin domains. Indeed, several studies have 

specifically highlighted how ADAM10 cleavage of the extracellular domain of N-Cadherin 

is essential for early limb development and chondrogenesis (Nakazora+, BBRC, 2010). To 

investigate how HAVDI-attenuated ECM mechanosensing may be regulated throughout 

development, we performed an experiment wherein recombinant ADAM10 was added to 

MSCs that had been cultured on 10 kPa scram/RGD and HAVDI/RGD substrates. Treatment 

with recombinant ADAM10 had no effect on MSCs cultured on control scram/RGD 

substrates (Supp. Fig. 7). Conversely, addition of ADAM10 completely abrogated the 
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response of MSCs to HAVDI/RGD substrates, returning YAP/TAZ ratios back to baseline 

levels. This illustrates that HAVDI-altered mechanosensing may be countermanded by 

increased expression of ADAM10 during development, allowing for downstream lineage 

commitment to proceed. Taken together, this data suggests that HAVDI/N-Cadherin ligation, 

and its temporal regulation, may be an important determinant of MSC fate commitment 

during mesenchymal development.

Given that YAP/TAZ governs many downstream outcomes of substrate stiffness sensing, our 

data suggests that HAVDI ligation leads to an altered interpretation of substrate stiffness. 

Across an intermediate stiffness range, MSCs cultured on HAVDI/RGD substrates showed 

lowered YAP/TAZ nuclear localization on a given stiffness compared to cells on scram/RGD 

substrates. For example, MSCs on softer scram/RGD substrates (E=5 kPa) promoting only 

cell-ECM interactions exhibited the same YAP/TAZ ratios as the same cell population on a 

much stiffer (E=15 kPa) substrate promoting both cell-cell and cell-ECM interactions. As 

such, signaling from HAVDI appears to “override” the mechanosensitive YAP/TAZ 

signaling that results from RGD-integrin (cell-ECM) stiffness sensing. Interestingly, cells on 

HAVDI/RGD hydrogels do eventually increase in YAP/TAZ nuclear localization, but they do 

so at a higher substrate stiffness, suggesting that HAVDI ligation acts as a signaling offset 

while preserving the ability of MSCs to eventually sense increases in ECM stiffness. At both 

the upper and lower bounds of substrate stiffness probed, there was no difference in 

YAP/TAZ signaling with HAVDI, indicating that the mechanism driving this altered 

interpretation is not functional at these boundaries. Finally, these alterations in YAP/TAZ 

localization through HAVDI ligation were sufficient to shift functional behavior of stem 

cells at a given substrate stiffness, promoting lineage pathway commitment and proliferation 

regimes that would otherwise preferentially occur in a different mechanical niche. Taken 

together, these data show that N-Cadherin/HAVDI signals act to offset ECM-driven 

YAP/TAZ signaling in MSCs.

HAVDI Ligation Reduces MSC Contractility

Based on the aforementioned alterations in downstream mechanosensitive signaling, we next 

set out to determine if N-Cadherin ligation of the HAVDI adhesive sequence alters 

YAP/TAZ signaling through altering the contractile state of the cell. To accomplish this, we 

examined how multiple components of the actin cytoskeleton changed in response to 

simultaneous presentation of HAVDI and RGD on 10 kPa substrates. Confocal z-stacks of F-

actin showed that cells plated on intermediate stiffness (10 kPa) scram/RGD substrates 

exhibited prominent F-actin organization and alignment, with highly organized apical stress 

fibers and a more aligned basilar plane (Fig. 3a, Supp. Fig. 8). Conversely, cells on 

HAVDI/RGD substrates had significantly reduced organization of F-actin structures 

(quantified as the F-actin anisotropy ratio) in both the apical and basilar planes. Paxillin 

immunostaining was also performed to visualize focal adhesions (FAs) in cells on 

scram/RGD and HAVDI/RGD substrates. Analysis of the number of FA showed no 

difference between substrates; however, FA area, aspect ratio, and length all decreased on 

HAVDI/RGD compared to control hydrogels (Fig. 3b, Supp. Fig. 9). Further analysis of the 

FA populations showed that HAVDI/RGD interaction led to a significant depletion of the 

large FA fraction (Supp. Fig. 10). To determine how these changes in the cytoskeleton 
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altered how cells were mechanically probing and deforming their extracellular environment, 

traction force microscopy was performed. Results from this assay showed that presentation 

of HAVDI (along with RGD) on 10 kPa substrates resulted in a ~50% decrease in traction 

stress generation (Fig. 3c).

Taken together, these data suggest that the ligation of the HAVDI domain from N-Cadherin 

alters the ability of MSCs to mechanically probe their microenvironment. Reduced actin 

organization and reduced FA size when cell-cell and cell-ECM ligands were simultaneously 

presented at a 1:1 ratio are both indicative of the reduced contractility in cell-ECM 

interactions8. Of note, these changes in contractility occurred independently of canonical 

relationships between traction and spreading, as the reduced traction force occurred without 

significant differences in the spread cell area. As such, HAVDI ligation is able to reduce the 

contractile state of the cell and can perturb the ability of an MSC to generate contractile 

forces and deform the underlying substrate, altering the interpretation of substrate stiffness 

cues via the mechanosensitive YAP/TAZ pathway.

HAVDI Ligation alters MSC Mechanosensing via Rac1/MyosinIIA

Based on the above, we next sought to determine the mechanism by which HAVDI peptide 

presentation alters the mechanical state of cells on these intermediate stiffness hydrogels. 

Given that N-Cadherin serves as a signaling hub for multiple Rho GTPases (RhoA, Rac1), 

we tested these pathways in terms of their regulation of the YAP/TAZ response to 10 kPa 

HAVDI/RGD hydrogels. First, NSC-23766 was used to inhibit Rac1 activity and Y-27632 

was used to inhibit downstream Rho kinase activity (ROCK). Both inhibitors were added for 

1 hour before analysis. Blocking Rac1 with NSC-23766 completely abrogated any 

differences in YAP/TAZ nuclear localization between groups. Conversely, blocking ROCK 

activity with Y-27632 lowered the overall YAP/TAZ signal in both groups, while 

maintaining the significant differences in localization with HAVDI presentation (Fig. 4a). 

Treatment with both inhibitors had an additive effect, with overall levels of YAP/TAZ 

signaling decreasing and no differences observed in YAP/TAZ nuclear localization. These 

Rho and Rac pathway perturbations did not significantly alter the spread cell area between 

MSCs on scram/RGD hydrogels and on HAVDI/RGD hydrogels (Supp. Fig. 11).

When Rac1 activity was inhibited, we noted that the average YAP/TAZ localization on the 

HAVDI/RGD hydrogels did not significantly change, but rather that the YAP/TAZ ratios 

dropped significantly in MSCs on the control scram/RGD substrates. This suggested that the 

this HAVDI motif from N-Cadherin might already be acting to block Rac1 activity in MSCs 

prior to pharmacological inhibition with NSC-23766. This would be consistent with other 

findings of lowered Rac1 activation levels after N-Cadherin contact46, 47. To confirm that 

this was the case, we transduced MSCs with adenoviral constructs containing a 

constitutively active (CA) version of Rac133 and monitored YAP/TAZ signaling. Compared 

to untreated and LacZ transduced controls, CA Rac1 rescued YAP/TAZ signaling in MSCs 

on HAVDI/RGD hydrogels, restoring levels to that observed on control hydrogels (Fig. 4b). 

Overall, these findings support the notion that HAVDI presentation acts to inhibit Rac1 

activation, which thereby leads to altered MSC YAP/TAZ mechanosensing through 

alterations in the mechanical state of the cell.
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Next, we sought to understand what pathways Rac1 was controlling in order to alter the 

mechanical state of the cell, and why this mechanism was only operative at intermediate 

matrix elasticities. It is unlikely that canonical mechanosensitive N-Cadherin signaling is 

responsible for these reductions on intermediate stiffness substrates, as treatment with Y27 

(which inhibits ROCK and lowers contractility) lowered overall YAP/TAZ levels while 

preserving the HAVDI mediated reductions in nucear YAP/TAZ (Fig. 4a). In previous work, 

we showed that mechanosensitive mediators of substrate stiffness sensing in focal adhesions 

(FAK, p130Cas) could interact with and control Rac1 activation, altering cellular stiffening 

and controlling N-Cadherin expression34, 48. Western blotting showed that mechanosensitive 

focal adhesion proteins that normally have increased expression or activation with increased 

substrate stiffness (pFAK, p130Cas) were not differentially activated/expressed in MSCs 

cultured on 10 kPa scram/RGD or HAVDI/RGD hydrogels (Supp. Fig. 12). Additionally, it 

has been shown that actin-bundling proteins downstream of Rac1, such as cofilin, can 

control YAP/TAZ localization10. Consistent with these reports, pCofilin levels decreased 

with HAVDI presentation, though this response was of a small magnitude and it is unclear if 

this expression is upstream or downstream of actin organizational cues (Supp. Fig. 12).

Another possible mechanism through which Rac1 could alter the mechanical state of the cell 

was recently elucidated in a study which showed that Rac1-GTP can increase the 

accumulation of Myosin-IIA in focal adhesions, therein modulating their size and 

maturation, as well as downstream functional consequences of FA assembly such as cell 

migration49. In this mechanism, active Rac1 was found to control the phosphorylation of a 

specific residue on Myosin-IIA (S1916), promoting Myosin-IIA’s capture in focal adhesions 

and increasing their maturation and growth. Importantly for our work, p1916 residue 

phosphorylation (that regulates the capture) was found to be highest in cells on intermediate 

stiffness substrates (8.6 kPa), with p1916 phosphorylation being similarly low on both 

upper/lower bounds of ECM stiffness (55 kPa and 0.7 kPa, respectively).

To determine if this mechanism was operative in the HAVDI-mediated attenuation of 

mechanosensing that we observed, we quantified the amount of Myosin-IIA in focal 

adhesions utilizing the same computational methods as originally described in this work49. 

MSCs cultured on 10 kPa HAVDI/RGD hydrogels had lower levels of Myosin-IIA in focal 

adhesions, with a ~35% reduction in the percentage of focal adhesion area positive for 

myosin-IIA compared to scram/RGD controls, a reduction that is consistent with previously 

reported myosin-IIA incorporation levels between cells transduced with constitutively active 

(CA) and dominant negative (DN) Rac1 vectors (Fig. 4c–d). Additionally, the original 

description of this mechanism showed that myosin-IIA phosphorylation and FA 

incorporation was mediated by PKCβII activity. To that end, we treated MSCs on 10 kPa 

hydrogels with LY-333531, a highly specific isozyme-selective pharmacological inhibitor of 

PKCβII (reported IC50= 6 nM). Consistent with this Rac1/MIIA mechanism being active, 

treatment with this inhibitor resulted in the complete abrogation of any differences in 

YAP/TAZ localization with HAVDI presentation, in a dose-dependent manner (Fig. 4e). 

These changes occurred in MSCs cultured on scram/RGD substrates but did not significantly 

alter YAP/TAZ ratios of MSCs cultured on HAVDI/RGD substrates, likely due to the fact 

that the Rac1 activity that governs this mechanism is already low in MSCs on these 
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HAVDI/RGD substrates. Taken together, these findings indicate that this Rac1 mechanism 

likely controls the HAVDI-mediated attenuation of ECM mechanosensing by MSCs.

Importantly, the implication of this Rac1-MyosinIIA mechanism in HAVDI-mediated 

attenuation of ECM mechanosensing helps to explicate why this phenomenon only occurred 

at an intermediate stiffness (Fig. 2b). Rac1 has previously been found to play a role in 

establishing the contractile state of the cell, with cellular elastic moduli decreasing similarly 

when treated with Y27 (-ROCK) or NSC (-Rac1 activation) on intermediate stiffness 

substrates34. This data mirrors our YAP/TAZ data after blocking with Y27 or NSC (Fig. 

4A), and suggests that there is a baseline decline in contractile state that arises from reduced 

Rac1 activity, which likely stems from Rac1-GTP’s ability to control actin organization and 

dynamics through mediators such as Arp2/3 and cofilin50. While the precise molecular 

mediator between HAVDI/N-Cadherin and subsequent Rac1 activation is unclear, previous 

studies have demonstrated numerous potential pathways though which cadherins can 

coordinate Rho-GTPase activation, including the suppression of Rac1 activity46, 47, 51, 52. 

Our data examining the involvement of Rac1 activity and Myosin-IIA localization suggests 

that there is enough contractile energy in MSCs on scram/RGD substrates at the 

intermediate stiffness to initiate the Rac1-controlled Myosin-IIA recruitment into the FA 

(Fig. 4c–e), thereby increasing the contractile state of the cell. However, when HAVDI 

interactions are introduced, the subsequent reduction of Rac1-GTP lowers the contractile 

state of the cell (Fig. 4a–b) and thereby necessitates additional contractile energy (initiated 

by increased matrix elasticity) before initiate downstream signaling is initiated. To further 

determine the importance of this Rac1 mechanism in driving the mechanical response to 

HAVDI ligation, we cultured MSCs on HAVDI/RGD and scram/RGD substrates of varying 

stiffness and inhibited Rac1 activity with NSC-23766. Consistent with the inability of this 

Rac1 mechanism to operate at lower/higher boundaries of substrate stiffness, we found no 

significant differences in YAP/TAZ nuclear localization with HAVDI presentation on 5 or 20 

kPa stiffness substrates following NSC treatment (Supp. Fig. 13). Taken together, these 

studies show that the HAVDI-mediated alterations in the contractile state of the actin 

cytoskeleton at an intermediate stiffness is the result of reduced Rac1 activation and the 

subsequent reduction of Myosin-IIA localization into focal adhesions. More broadly, these 

data suggest an important role for Rac1 in regulating context-specific changes in 

mechanosensing of progenitor cells residing within complex developmental 

microenvironments.

Outlook

This work developed a hyaluronic acid hydrogel platform to enable fully decoupled and 

modular presentation of cell-cell and cell-ECM adhesive interactions in order to provide new 

insight into how these inputs summate to regulate stem cell mechanosensing in complex 

developmental mesenchymal microenvironments. Using this platform, we elucidated a novel 

mechanobiological mechanism that emerges as a consequence of diverse adhesive 

interactions (Fig. 5). Specifically, we found that biologically-meaningful epitopes present 

during mesenchymal development can alter intrinsic force sensing mechanisms and set 

points to regulate progenitor cell perception of the microenvironment. In this mechanism, 

ligation of the HAVDI adhesive domain from N-Cadherin EC1 (in the context of constant 
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RGD ligand) led to Rac1-GTP dependent reductions in the capture of Myosin-IIA into focal 

adhesions. This lack of Myosin-IIA incorporated into focal adhesions hindered the 

maturation of these adhesions with increasing substrate stiffness, and thereby decreased 

traction force generation on the underlying substrate. These alterations in the mechanical 

state of the cell reduced mechanosensitive YAP/TAZ translocation to the nucleus, thereby 

attenuating stem cell behaviors important for mesenchymal development, including 

proliferation and osteogenic differentiation. Collectively, these data establish that, in some 

physiologic environments, N-Cadherin ligation can “shield” the cell from the interpretation 

of exogenous ECM stiffness cues by limiting the contractile state of the cell.

More generally, this work highlights how the MSC response to biophysical inputs can be 

confounded by other signals present in the complex and time-evolving microenvironments in 

which they reside. To date, most of the literature on cadherin mechanobiology has focused 

on E-Cadherin/VE-Cadherin within niches where there is strong adherens junction 

formation between cells. However, during mesenchymal development, cadherin based cell-

cell interactions are increasingly restricted and reduced as progenitor cells deposit ECM and 

interact with their microenvironment21. Given this, during the dynamic process of limb 

development, HAVDI/N-Cadherin mediated alteration in ECM mechanosensing likely 

represents an important regulator of tissue maturation, where it would function to prevent 

ECM signals from initiating or altering lineage specification too early in development. 

Mechanistically, this could be important in tissue patterning, where matrix accumulation and 

maturation could occur until such time as the “shielding” mediated by HAVDI is overcome, 

culminating in commitment to the fully-differentiated phenotype. HAVDI-mediated 

regulation of ECM mechanosensing may also be relevant in pathologies that disrupt the 

balance of cell-ECM and cell-cell signaling, such as fibrosis and wound healing. While this 

data illustrates that HAVDI and N-Cadherin adhesion contribute to mechanosensing, the role 

of this mechanism in the complex and time evolving in vivo microenvironment remains to be 

determined. However, just as the RGD adhesive domain from fibronectin has proven to be a 

valuable tool for studying many aspects of cell-ECM adhesion and signaling, so too might 

the incorporation of the HAVDI adhesive domain of N-Cadherin be a useful tool in studying 

the influence of cell-cell adhesion and signaling in engineered microenvironments. These 

results suggest that HAVDI presentation may be further harnessed towards novel biomaterial 

design to direct mesenchymal stem cell behavior and for tuning of the cellular response to 

substrate stiffness in regenerative medicine applications.

Materials and Methods

Methacrylated Hyaluronic Acid (MeHA) Hydrogel Synthesis and Casting

MeHA was synthesized as previously reported53, where methacrylic anhydride was reacted 

with 1% w/v sodium hyaluronate (70 kDa, Lifecore Biosciences) in dH2O with pH 

maintained at 8 ± 0.5. After reacting for 6h, the macromer solution was purified via dialysis 

(MW cutoff of 6–8 kDa) and then lyophilized for storage. Methacrylation level was 

confirmed to be ~31% by 1H NMR (Supp. Fig. 14). Small peptide sequences (Genscript) 

from adhesive domains for fibronectin (GCGYGRGDSPG), N-cadherin (Ac-

HAVDIGGGC), or a scrambled N-Cadherin control (Ac-AGVGDHIGC) were covalently 
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conjugated to the HA backbone via Michael-type addition reactions of the cysteine residues 

on these peptides with the methacrylate on the HA backbone. Peptide coupling occurred 

overnight at 37°C in TEA buffer (pH 8, Sigma). For these studies, all peptides were added 

for final hydrogel concentrations of 1 mM. Thin hydrogel films (thickness = 100 μm) of 3% 

w/v MeHA were cast and polymerized on methacrylated glass coverslips (as in [54]) that 

allowed for covalent attachment of the MeHA hydrogel to the coverslip hydrogel during UV 

polymerization. Irgacure-2959 was added to this MeHA precursor solution at a final 

concertation of 0.05% v/v and then polymerized using a UV polymerization box with an 

output of 4.5 mW/cm2 at a wavelength of 365nm. Varied polymerization times were used to 

alter hydrogel mechanics.

Cell Isolation, Culture, and Pharmacologic Inhibition

Juvenile bovine MSCs were harvested from tibio-femoral bone marrow as previously 

described by Huang et al55. All MSCs were cultured in standard growth media (HG-DMEM, 

10% fetal bovine serum (FBS), and 1% penicillin, streptomycin, Fungizone (PSF)) for all 

experiments, and were cultured on tissue culture plastic (TCP) for one passage prior to re-

plating on the MeHA substrates. Osteogenic induction media (growth media with 0.1 μM 

dexamethasone, 50 mg/mL ascorbate-2-phosphate, and 10 mM β-glycerophosphate) was 

used for assaying the MSC osteogenic differentiation capability. For substrate studies, cells 

were seeded at a density of 3,000 cells/cm2 to prevent cell-cell interactions. Once seeded, 

MSCs were cultured on MeHA hydrogels for 18 hrs before subsequent fixation. 

Pharmacologic inhibition of Rac1 activity was achieved using 50 μM NSC-23766 (Tocris 

Bioscience #2161), inhibition of ROCK was achieved using 10 μM Y-27632 (Calbiochem 

#688000), and inhibition of was achieved using 50/200 nM LY-333531 (Tocris Bioscience 

#4738). Inhibitors were added into the culture media for one hour prior to fixation and 

subsequent analyses. N-Cadherin blocking was accomplished by adding a neutralizing N-

Cadherin antibody (50 μg/mL, Sigma #GC4) to trypsinized cells in growth media for 45 min 

at 4°C before 2X PBS rinses, spin down, and reseeding onto culture substrates. Soluble 

peptide competition studies were performed by adding 1 mM of peptide (either scrambled or 

HAVDI) to the growth media directly following seeding. For ADAM10 studies, mouse 

recombinant ADAM10 (R&D Systems #946-AD-020) was added to culture media at 100 

ng/mL for 4 hours prior to fixation and subsequent analysis.

Immunostaining and Quantification of YAP/TAZ Localization

For normal immunostaining, MSCs were fixed in room temperature 4% PFA for 18 min, and 

then washed three times with PBS, followed by 10 min permeabilization at 4°C with 0.05% 

Triton X-100 in PBS supplemented with 320 mM sucrose and 6 mM magnesium chloride. 

To enable analysis of focal adhesions, soluble intracellular components were removed via 

fixation in a microtubule stabilization buffer for 10 min at 37°C. Primary antibodies were 

diluted in 1% BSA in PBS and added overnight at 4°C. Antibodies and dilutions used in this 

study included anti-YAP (1:200; Santa Cruz #sc-101199), anti-β-catenin (1:500; Cell 

Signaling #8480), anti-N-cadherin (1:400; Santa Cruz #9379, #59987), anti-RUNX2 (1:250; 

Abcam #76956), anti-paxillin (1:500, BD #610052), anti-myosin-IIA (1:400, Abcam 

#24762). After three PBS rinses, AlexaFluor-488/546 [H+L] secondary antibodies 

(Molecular Probes) were added for 1hr at room temperature. F-Actin staining was performed 
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using AlexaFluor-conjugated phallodiin (1:1000; Molecular Probes #A22283) added in with 

the secondary antibodies and incubated for 1hr at room temperature. Following this 

incubation, three additional PBS rinses were followed by DAPI staining and mounting using 

ProLong Gold AntiFade (Life Technologies #P36935). Images were taken on a Nikon A1R 

Confocal Microscope at 60x 1.4 NA (0.41 μm/px). Proliferation was assayed through the 

Click-IT EdU Immunostaining kit (Invitrogen). YAP/TAZ ratios were quantified through 

imaging of YAP/TAZ staining with a pinhole diameter of 51.09 μm (1.6 AU). Nuclear 

images were utilized to delineate the nuclear area from the cytoplasmic region of the cell, 

and the average fluorescent intensity over each region was calculated using ImageJ as in13.

Statistical Analysis

All experiments were performed using 2–3 MSC donors and at least 3 replicate hydrogels 

per condition. Statistical comparisons were performed using an independent sample t-test 

when only two groups were being compared, and one- or two-way analysis of variance 

(ANOVA) with Bonferroni’s post hoc testing used to make pairwise comparisons between 

multiple groups. Statistical significance was set to p < 0.05.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Decoupled presentation of N-Cadherin and Fibronectin adhesive domains to study 
ECM mechanosensing
(a) Schematic representation of the evolution of the mechanical microenvironment during 

mesenchymal development. (b) Schematic of methacrylated hyaluronic acid (MeHA) 

modified with N-Cadherin and Fibronectin adhesive domains and formation into hydrogels 

via UV-light initiated crosslinking. ‘scram/RGD’ substrates allow for only integrin-material 

interactions, while ‘HAVDI/RGD’ substrates allow for material integrin and cadherin 

interactions. (c) Control of substrate mechanical properties was achieved by altering UV 

crosslinking time, as verified by AFM measurements of Young’s Modulus (mean ± SD), and 

normalized comparisons of scram/RGD and HAVDI/RGD moduli across three UV times 

(inset). (d) MSC spread area on increasingly stiff substrates (n>102 cells/group, p>0.6145, 

mean ± SEM). Scale bars = 10μm.
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Figure 2. HAVDI ligation reduces the mechanical threshold for YAP/TAZ signaling, altering 
MSC interpretation of substrate stiffness
(a) Representative quantifications of high and low YAP/TAZ ratios, which were obtained by 

taking the average intensity in the nucleus and divided by the average intensity of the 

cytoplasm. (b) YAP/TAZ nuclear to cytoplasmic ratios across a range of substrate stiffness 

(n>31 cells/group, *=p<0.05, ***=p<0.001 by 2-way ANOVA, mean ± SEM) with 

corresponding sigmoidal curve-fits. (c) YAP/TAZ ratios after blocking cellular N-Cadherin 

with a neutralizing antibody prior to seeding on 10 kPa substrates (n>23 cells/group, 

***=p<0.001 by 1-Way ANOVA with Bonferroni post-hoc, mean ± SEM). (d) Schematic for 

assaying dose-dependence of HAVDI presentation on 10 kPa substrates and (e) 

representative YAP/TAZ images for each group. (f) Quantification of YAP/TAZ ratios with 

increased presentation of functional HAVDI (n>100 cells/group, **=p<0.01 compared to 

0%, by 1-Way ANOVA with Bonferroni post-hoc, mean ± SEM). (g) YAP/TAZ nuclear-to-

cytoplasmic ratios following competition with either no peptide (CTL) or 1 mM of soluble 

peptide in growth media (n>30 cells/group. ***=p<0.001, ** = p<0.01 by 1-Way ANOVA 

with Bonferroni post-hoc testing, mean ± SEM). (h) (left) Schematic for the early 
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osteoinduction experiments where GM (growth media) or OM (osteoinductive media) were 

added over three days and representative images of RUNX2 localization. (right) 

Quantification of RUNX2 nuclear-to- cytoplasmic ratios. (n>43 cells/group, *** = p<0.001 

by 1-Way ANOVA with Bonferroni’s post-hoc testing, mean ± SEM). (i) MSC proliferation 

rate after 48 hrs of culture on 10 kPa substrates, as assayed by the fraction of EdU+ cells 

(n=3 replicates, measured in 200+ cells per replicate, *=p<0.05, mean ± SEM). Scale bars = 

10 μm.
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Figure 3. HAVDI/RGD co-presentation attenuates the generation of contractile force
(a) Representative images of F-actin immunofluorescence on the apical and basal planes of 

MSCs cultured on 10 kPa substrates. Actin organization and polarization was quantified via 

anisotropy ratios, where more polarized actin yields higher anisotropy ratios (n=14 cells/

group, ** = p<0.01, * = p<0.05 when comparing within planes, mean ± SEM). (b) Paxillin 

immunostaining for focal adhesions in MSCs on 10 kPa substrates (n=18 cells/group for 

adhesion number, n>1275 adhesions/group for adhesion area/aspect ratio/length, box plots 

show 25/50/75th percentile, whiskers show min/max). (c) Representative traction stress 

vector maps for MSCs plated on 10 kPa substrates. Quantification shows average traction 

stress generation per cell (n>26 cells/group, mean ± SEM). Scale bars = 10μm.
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Figure 4. HAVDI ligation alters ECM mechanosensing at intermediate substrate stiffness 
through Rac1 and Myosin-IIA control of focal adhesion maturation
(a) Representative YAP/TAZ staining and quantification of nuclear to cytoplasmic ratios 

with pharmacologic inhibition of Rac1 (50 μM NSC-23766) or ROCK (10 μM Y-27632) in 

MSCs cultured on 10 kPa substrates (n>51 cells/group, ***=p<0.001 by 1-Way ANOVA 

with Bonferroni post-doc, mean ± SEM). (b) YAP/TAZ ratios after adenoviral transduction 

of LacZ controls or constitutively active Rac1 on 10 kPa substrates (n>64 cells/group, 

**=p<0.01, ***=p<0.001 by 1-Way ANOVA with Bonferroni post-hoc, mean ± SEM). (c) 

Representative confocal images of paxillin and myosin-IIA in MSCs cultured on 10 kPa 

substrates. Yellow lines in second column indicate pixel regions used to generate intensity 

profiles. (d) Quantification of focal adhesion area positive for myosin-IIA (n=22 cells/group, 

**=p<0.01, mean ± SEM). (e) YAP/TAZ ratios following pharmacologic inhibition of 

PKCβII with 50/200 nM of LY-333531 for 1 hour (n>55 cells/group, ***=p<0.001 by 1-

Way ANOVA with Bonferroni post-hoc, mean ± SEM). Scale bars = 10 μm.
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Figure 5. A summary of how HAVDI (from N-Cadherin) ligation can alter MSC mechanosensing 
of ECM stiffness cues
In normal cell-ECM mechanosensing (in this case, with fibronectin & RGD), as the stiffness 

of the underlying matrix increases, so does the nuclear-to-cytoplasmic localization of YAP/

TAZ. This nuclear YAP/TAZ is a transcriptional regulator of downstream functional 

outcomes important in progenitor cells. Additional cell-cell contact via N-Cadherin in 

mesenchymal progenitors acts to attenuate ECM mechanosensing of MSCs by regulating the 

contractile sate of the cell. In this scenario, N-Cadherin inhibits Rac1-GTP levels, which 

then results in decreased myosin-IIA incorporation into focal adhesions and reduced 

contractile force generation. This reduced contractility leads to reduced YAP/TAZ nuclear 

localization, which thereby influences cell behavior. This attenuation of cell-ECM 

mechanosensing can lead to progenitor cells behaving as if they were in a different 

biophysical niche, with cells on intermediate stiffness substrates (~15 kPa) with N-Cadherin 

and ECM ligation behaving as if they were on a much softer substrate (~6 kPa) with only 

ECM ligands.
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