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Abstract

Collective migration of epithelial cells is an integral part of embryonic development, wound 

healing, tissue renewal and carcinoma invasion. While previous studies have focused on cell-

extracellular matrix adhesion as a site of migration-driving, traction force-transmission, cadherin 

mediated cell-cell adhesion is also capable of force-transmission. Using a soft elastomer coated 

with purified N-cadherin as a substrate and a Hepatocyte Growth Factor-treated, transformed 

MDCK epithelial cell line as a model system, we quantified traction transmitted by N-cadherin-

mediated contacts. On a substrate coated with purified extracellular domain of N-cadherin, cell 

surface N-cadherin proteins arranged into puncta. N-cadherin mutants (either the cytoplasmic 

deletion or actin-binding domain chimera), however, failed to assemble into puncta, suggesting the 

assembly of focal adhesion like puncta requires the cytoplasmic domain of N-cadherin. 

Furthermore, the cytoplasmic domain deleted N-cadherin expressing cells exerted lower traction 

stress than the full-length or the actin binding domain chimeric N-cadherin. Our data demonstrate 

that N-cadherin junctions exert significant traction stress that requires the cytoplasmic domain of 

N-cadherin, but the loss of the cytoplasmic domain does not completely eliminate traction force 

transmission.
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Introduction

A unique feature of epithelial cell migration is their ability to move together as a cohesive 

unit. Collective cell migration is an essential feature in both physiological and pathological 

processes [1, 2]. Previous studies have focused on migration-driving, force-transmission 

through cell-extracellular matrix adhesion, yet, physical contacts between neighboring cells 
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can also serve as a site of traction force-transmission. Recent studies uncovered an important 

role of molecular linkers between the cadherin complex and the actin cytoskeleton. Similar 

to the integrin complex at focal adhesions, the cadherin complex is regulated by force-

sensitive proteins thought to control traction force necessary for collective cell migration [3].

Collective cell migration depends on adhesive properties at the sites of cell-extracellular 

matrix and cell-cell adhesion. For example, Madin-Darby canine kidney (MDCK) epithelial 

cells with abundant junctional proteins migrate as collective units on a 2D surface [4–16]. 

The addition of Hepatocyte Growth Factor (HGF), however, induces MDCK cells to rapidly 

adapt a mesenchymal phenotype and migrate as single cells on a 2D surface [6, 17–20]. 

These data suggest that traction force onto cell-extracellular matrix is sufficient to move 

away from neighboring cells and disrupt cell-cell contacts. In contrast, HGF-treated MDCK 

cells collectively migrate while maintaining cell-cell contacts in a 3D matrix [17, 21–23]. 

This is in part due to the soft 3D matrix preventing efficient traction force transmission to 

the matrix, thus limiting cells from moving away from each other. Instead, HGF-treated 

MDCK cells maintain cell-cell contacts while invading a 3D matrix.

Interestingly, HGF-treated MDCK cells migrate more efficiently as a cell cluster, which 

requires N-cadherin adhesion proteins [17, 24]. Unlike brief exposure of HGF to MDCK 

cells, prolonged exposure of HGF to MDCK cells induces complete Epithelial-to-

Mesenchymal Transition (EMT), which decreases the level of epithelial markers (e.g., E-

cadherin) and increases the level of mesenchymal markers (e.g., N-cadherin) [24]. In the 

absence of the full-length N-cadherin, the transformed MDCK cells do not migrate and 

remain single cells in a 3D matrix, while in the absence of the extracellular domain of N-

cadherin, the cells migrate but as single cells [24]. Therefore, the adhesive activity of the N-

cadherin extracellular domain is required for 3D collective migration of the transformed 

MDCK cells. One possible explanation for the efficient collective cell migration in the 

presence of N-cadherin is N-cadherin’s ability to transmit traction forces along neighboring 

cells which propels individual cells along the cell cluster. Using the transformed MDCK 

cells and traction force sensing substrates, we sought to analyze traction forces transmitted 

via N-cadherin junctions.

Materials and Methods

Cell culture and reagents

MDCK epithelial cells were treated with HGF to induce EMT [24]. As a result, these 

transformed cells down-regulated E-cadherin and up-regulated N-cadherin as the primary 

cell-cell adhesion protein. The cells expressing mutant cadherins were generated by 

transfecting both shRNA against canine N-cadherin and tandem dimer Tomato tagged, 

shRNA resistant mouse N-cadherin. The detail characterization of these N-cadherin mutant 

expressing cells were described previously [24]. The actin filaments were stained with Alexa 

488 phalloidin (Invitrogen) after 3 % formaldehyde fixation in PBS. Purification of the N-

cadherin extracellular domain tagged with Fc domain was described previously [25].
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Preparation of traction force-detecting substrate

The substrate for traction force analysis is based on CY52-276A/B elastomer (Dow 

Chemicals) [26, 27]. Briefly, the A and B parts were mixed at 1:1 ratio and degassed in a 

vacuum to remove trapped bubbles. The coverslip was thinly coated (~ 20 μm) with the 

mixed elastomer using a coverslip spinner. Using a P35 dish with the bottom cutout, the 

elastomer-coated coverslip was then attached to the P35 dish with the elastomer-coated side 

facing inside of the dish, and cured for ~ 1 hour at 50 °C. The surface of elastomer was 

derivatized with 3-aminopropyltriethoxysilane (Pierce) using vapor deposition for overnight, 

then UV sterilized for 1 hour. The elastomer-coated substrates were used within a few 

weeks. Prior to plating cells, either purified N-cadherin extracellular domain or fibronectin 

and tracer particles (0.1 micron carboxylated Alexa 488 beads, Invitrogen) were crosslinked 

to the surface using hetero-bi-functional cross linker: 1-ethyl-3-(3-dimethylaminopropyl) 

carbodiimide hydrochloride, EDC (Pierce).

Rheological analysis of substrate

The rheological properties of CY52-276 elastomer were characterized using a stain-

controlled Discovery HR2 Hybrid Rheometer (TA Instruments). Briefly, CY52-276 

elastomer was cured on the rheometer plates while the temperature was set to 50 °C and 

minimal strain (1% at 10 rad/s) was applied to monitor the gelation process (Figure 2B). 

Then, the sample was tested for frequency dependence at 1% strain at 37 °C (Figure 2B).

Microscopy

For traction force analysis, cells were briefly trypsinized using a standard trypsin solution 

containing EDTA, followed by longer incubation with trypsin solution containing 1.8 mM 

calcium. This minimizes the digestion of cadherin proteins on cell surface. Cells were then 

plated on the protein-coated elastomer substrate. The cells were imaged within a few hours 

of plating to minimize the non-specific adhesion of cells to the substrate. All images were 

collected using a Zeiss AxioObserver equipped with a Yokogawa CSU-10 spinning disk 

confocal system, 40x or 10x objectives, 488 and 561 nm solid-state lasers, and a 

Photometrics CoolSNAP HQ camera. The microscope system was controlled by Slidebook 

software (Intelligent Imaging Innovations). For live-cell imaging, the temperature was set to 

37 °C by a custom microscope heating chamber. For traction force experiments, first, images 

of live cells and underlying particles were taken, followed by the addition of a small volume 

of 2 % SDS to release cell traction, then images traction-free cells and particles were taken.

Traction force analysis

Traction force was calculated based on the tracer particle displacement and substrate 

material properties using ImageJ plugins by Dr. Qingzong Tseng (https://sites.google.com/

site/qingzongtseng/) [28]. Briefly, the live and fixed images were aligned based on the static 

particles, then particle displacements were calculated using Particle Image Velocimetry 

plugin, and finally, traction stress was calculated using Traction Force FTTC plugin. Cell 

boundary was defined using either bright field or fluorescence (DsRed) image, and used to 

calculate traction stress within the cell boundary.
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Results

Cell spreading on a purified N-cadherin coated surface

Traction force generated by the actin-myosin network is transmitted via adhesion receptors. 

Transformed MDCK epithelial cells express both N-cadherin and fibronectin receptors [24]. 

To specify the adhesion molecules responsible for traction force transmission, we coated an 

elastomer surface with fibronectin or the extracellular domain of N-cadherin, and plated the 

transformed epithelial cells in the presence or absence of calcium. Homophilic, trans-

interactions of cadherins strongly depend on calcium concentration in the media. On the 

fibronectin coated surface, the transformed cells bound to the fibronectin coating and spread 

out on the surface regardless of calcium concentration (Figure 1A), while no cells were 

bound to the outside of fibronectin coated regions (marked by the presence of surface bound 

particles, Figure 1A).

On the purified N-cadherin coated surface, the transformed cells adhered to the extent 

indistinguishable from those cells on the fibronectin coated surface in the presence of 

calcium, but no cell adhesion or spreading was observed in the absence of calcium (Figure 

1A). These results suggest that the surface bound, purified N-cadherins promote cell 

adhesion of N-cadherin expressing transformed cells. Cell adhesion to the purified N-

cadherin coated surface recruited cell surface N-cadherins to focal adhesion like puncta 

(Figure 1B). Similar to focal adhesions, these cadherin puncta co-localized with the tips of 

actin bundles (see Figure 4A), suggesting that N-cadherin junctions are likely force-bearing.

Traction force analysis using a soft elastomer

To analyze traction force generated by N-cadherin expressing transformed epithelial cells, 

these cells were plated on a CY52-276 elastomer film. With elastic modulus of ~1000 Pa at 

low frequencies (Figure 2B), the surface deformation by adhered cells was easily detectable. 

The surface deformation was detected by the difference in the positions of fiducially particle 

markers between live cells and SDS detergent treated dead cells (Figure 2A). Using the 

particle displacements (Figure 2A) and the elastomer elastic modulus (Figure 2B), traction 

stress generated by the cells was calculated (Figure 2C and D – see also Materials and 

Methods). On fibronectin coated elastomer substrate, the transformed cells exerted greater 

average traction stress than on N-cadherin coated substrate (Figure 2C and D).

N-cadherin mutants expressing transformed MDCK cells

The cytoplasmic domain of N-cadherin is thought to be indispensable for the cytoskeletal 

linkage necessary for traction force transmission. To test the roles of the cytoplasmic domain 

of N-cadherin in generation of traction force, transformed epithelial cells expressing mutant 

N-cadherins: the full-length (Ncad), the cytoplasmic deleted (NcadΔ746), and the α-catenin 

actin binding domain fused (NcadΔ746α509) N-cadherins (Figure 3A) [24] were analyzed. 

Transfected cells also expressed a canine specific N-cadherin shRNA to reduce the 

endogenous level of N-cadherin (Figure 3B) [24]. All N-cadherin constructs were tagged 

with a tandem dimer tomato at the C-terminus (red circle, Figure 3A). In Western blots using 

the N-cadherin cytoplasmic domain specific antibody (Ncad) and DsRed antibody (DsR), 

the level of full-length N-cadherin were significantly higher than that of the endogenous 
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level of N-cadherin (Figure 3B, Ncad blot). Furthermore, the levels of the full-length, the 

cytoplasmic deleted and the chimeric N-cadherins were comparable, suggesting that all 

exogenous N-cadherins were expressed at higher levels than endogenous N-cadherin. All N-

cadherin mutant expressing cells were able to adhere to the N-cadherin coated elastomer, but 

not on non-coated elastomer surface (Figure 3C), suggesting that the extracellular domain of 

N-cadherin was sufficient for adhesion to the purified N-cadherin coated surface.

The actin cytoskeletal network is a critical requirement of traction force generation. On the 

N-cadherin coated surface, the full-length N-cadherin clustered around the tips of actin 

bundles similar to focal adhesion like structures (Figure 1B and 3D). In the absence of the 

cytoplasmic domain of N-cadherin, the NcadΔ746 mutant appeared uniformly on the plasma 

membrane of adhered cells, and the actin cytoskeleton emanated from the center of cells 

without distinct focus and bundling (Figure 3D). Interestingly, the chimeric NcadΔ746α509 

mutant localized to the edge of lamellipodia where intense actin accumulation was also 

observed (Figure 3D). These observations were particularly pronounced for the highest 

expressers of the chimeric N-cadherin. Both the cytoplasmic domain mutants accumulated in 

the Golgi (Figure 3D), suggesting that these mutants are inefficiently trasported through the 

secretion pathway. Despite the mutations, these cells adhered to a similar extent to the 

wildtype cells (Figure 3C), suggesting that minimal dependency of the N-cadherin 

cytoplasmic sequence for the N-cadherin mediated adhesion. However, the cytoplasmic 

sequence had a significant impact in the organization of actin network while adhering to the 

N-cadherin-coated substrates.

Traction force analysis of N-cadherin mutant expressing cells

While all the full-length N-cadherin and N-cadherin mutant expressing cells adhered to the 

N-cadherin coated substrate (Figure 3C and 3D), their traction force generation was not the 

same. On purified N-cadherin coated substrates, traction stress of the full-length N-cadherin 

expressing cells (Figure 4A Ncad) was greater than that of wildtype transformed cells (only 

expresses endogenous N-cadherin) on N-cadherin coated surfaces (Figure 1C). The lower 

traction stress generated by the wildtype cells relative to the full-length N-cadherin 

expressing cells may be due to the lower level of total N-cadherin expressed in the wildtype 

cells (Figure 3B).

On purified N-cadherin coated substrate, the NcadΔ746 mutant expressing cells exerted a 

lower level of traction stress than the full-length N-cadherin expressing cells (Figure 4A), 

but traction stress exerted by the NcadΔ746 mutant expressing cells was not insignificant. In 

contrast, the chimeric NcadΔ746α509 mutant expressing cells exerted a similar level of 

traction stress as the full-length N-cadherin expressing cells (Figure 4A). The distinct actin 

organization of the full-length from the chimeric N-cadherin expressing cells (Figure 3D) 

suggest that, while the full-length and chimeric N-cadherin expressing cells both exerted 

similar magnitude of traction forces, the underlying mechanism of force-generation may be 

different.

The difference in the magnitudes of traction stress may be due to the difference in the 

intrinsic ability of cells to generate contractile force. To test this hypothesis, the elastomer 

substrate was coated with fibronectin to analyze traction force generation via the integrin 
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complex. On fibronectin-coated substrates, the full-length or the NcadΔ746 mutant 

expressing cells exerted the similar levels of traction stress, whereas the chimeric N-cadherin 

expressing cells exerted a slightly higher level of traction stress than others (Figure 4B). 

These data suggest that the NcadΔ746 mutant expressing cells do have an ability to generate 

traction force, and that the reduced traction stress on the N-cadherin-coated surface is likely 

due to the absence of the N-cadherin cytoplasmic domain.

Discussion

N-cadherin is often up-regulated in aggressive cancers, and N-cadherin mediated cell-cell 

adhesion may play a role in the progression of cancers [29, 30]. Therefore, the regulation of 

N-cadherin-mediated cell-cell adhesion and traction force transmission is likely to be critical 

for understanding how cancer cells invade and metastasize. In our study, N-cadherin 

mediated junctions exert traction stress in the order of 100 Pa (Figure 2D and 4A). This is 

consistent with previous studies using normal, E-cadherin expressing MDCK cells and 

polyacrylamide gel substrate coated with purified E-cadherin [31–33]. While these studies 

(including this study) measured forces exerted to the artificial cadherin coated substrates, 

these data serve as a first estimate of forces between cadherins junctions to promote 3D 

collective cell migration.

The mechanism by which the cytoplasmic domain deleted N-cadherin expressing cells exert 

significant traction stress remains unresolved. One possibility is that other cadherins 

expressed in these cells (e.g. K-cadherin or cadherin 11, but not E-cadherin as a minimal 

level of E-cadherins is expressed in these cells) [24] are interacting with purified N-

cadherins on the substrate. However, this is unlikely as the removal of endogenous N-

cadherin completely eliminated cell-cell adhesion [24], suggesting that N-cadherin as the 

predominant cadherin for cell-cell adhesion in these cells. Alternatively, the cytoplasmic 

domain deleted N-cadherin may be interacting with other trans-membrane proteins that 

indirectly link the mutant N-cadherin to the actin cytoskeleton. Our attempts to isolate such 

binding partners using immuno-precipitation analysis has not be successful, suggesting that 

such interactions, if they exist, are likely to be weak or transient interactions that are not 

preserved in the assay.

Interestingly, on the purified N-cadherin-coated substrate, the actin cytoskeleton of the 

cytoplasmic domain deleted N-cadherin expressing cells are more dispersed than well-

defined actin bundles formed in the full-length N-cadherin expressing cells (Figure 3D). 

While it is unclear as to how this dispersed actin network is generating forces, this unique 

actin organization may be the source of the lower traction stress observed (Figure 4A). 

Further analysis is needed to resolve the mechanism by which these actin networks transmit 

traction force via N-cadherin junctions. Our analysis demonstrates that the cytoplasmic 

domain deleted N-cadherin expressing cells exert significant traction forces, and this could 

represent an alternative mode of force-transmission without the cytoplasmic domain of N-

cadherin.
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Supplementary Material

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

• N-cadherin mediated traction force analysis of HGF-transformed 

MDCK cells.

• The assembly of N-cadherin puncta requires the cytoplasmic domain of 

N-cadherin.

• Loss of N-cadherin cytoplasmic domain reduces, but does not 

eliminate, traction.
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Figure 1. Cell adhesion on fibronectin and N-cadherin coated elastomer surface
(A) Cell adhesion on fibronectin or purified N-cadherin coated elastomer in high calcium 

media (HCM) or low calcium media (LCM). The area of fibronectin or N-cadherin coating 

was marked by the presence of fluorescent particles. The MDCK cells (HGF-treated) adhere 

to the protein-coated surface, except in the absence of calcium, where the cells did not 

adhere on the N-cadherin coated surface. Scale bar 100 μm. (B) Localization of DsRed 

tomato tagged N-cadherins on purified N-cadherin coated surface. N-cadherins accumulate 

as puncta similar to focal adhesions. Scale bar 10 μm.
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Figure 2. Traction force analysis using deformable substrates
(A) Morphology of adhered cell on elastomer substrate before and after the SDS treatment, 

particle displacements and resulting traction stress vectors. (B) Viscoelastic properties of 

elastomer. The elastic (G′) and viscous (G″) moduli during the time sweep (top) and 

frequency sweep (bottom) experiments. (C) Traction stress of MDCK cell (HGF-treated, 

with exogenous full-length N-cadherin) adhered to fibronectin or N-cadherin coated surface. 

The arrows indicate the direction and magnitude of traction stress. (D) Average traction 

stress of MDCK cells (HGF-treated, wildtype cells without exogenous N-cadherin) adhered 

to fibronectin (117.21 ± 48.02 Pa, average ± standard deviation) or N-cadherin (64.32 

± 24.29 Pa) coated surface.
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Figure 3. N-cadherin mutants expressed in HGF-treated, transformed MDCK epithelial cells
(A) Schematic of N-cadherin mutants. Three N-cadherin constructs were used in this study: 

the full-length (Ncad), the cytoplasmic deleted (NcadΔ746), the chimera of the extracellular 

domain of N-cadherin and the C-terminus of α-catenin (NcadΔ746α509). The green 

segment of α-catenin represents the actin-binding domain. All constructs were tagged with 

tandem dimer DsRed tomato (red circle). (B) Western blot of N-cadherin expressing cells 

using the cytoplasmic domain specific N-cadherin antibody (Ncad), DsRed antibody (DsR), 

and tubulin antibody (Tub). (C) Cell adhesion to N-cadherin coated elastomer. All cells 

adhere to N-cadherin coated surface (marked by the fluorescent particles) but not on non-

coated elastomer. (D) N-cadherin (red) and phalloidin (green) distribution of N-cadherin 

expressing cells plated on purified N-cadherin coated surface. The full-length N-cadherin 

formed puncta along cell peripheral and otherwise localized on plasma membrane. The 

cytoplasmic deletion (NcadΔ746) or the addition of actin binding domain of α-catenin 

(NcadΔ746α509) prevented efficient trafficking of the mutant N-cadherins to plasma 
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membrane and the significant portion of proteins accumulated in Golgi. While NcadΔ746 

localized uniformly on the membrane, NcadΔ746α509 accumulated at lamellipodia, most 

evident in the highest expressers. Scale bar 10 μm.
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Figure 4. Traction stress generated by mutant N-cadherin expressing cells
(A) Traction force exerted on purified N-cadherin-coated surface by the full-length (123.48 

± 24.28 Pa, average ± standard deviation), the cytoplasmic deleted (81.07 ± 15.84 Pa), or α-

catenin chimeric (102.50 ± 27.97 Pa) N-cadherin expressing cells. The vector map of 

traction stress (top) and the average traction stresses from individual cells (bottom). Results 

were analyzed using a one-way ANOVA; significance was determined using Dunnett’s post 

hoc test. Results were considered significant with P<0.0001. (B) Traction force exerted on 

fibronectin-coated surface by the full-length (92.97 ± 34.33 Pa, average ± standard 

deviation), the cytoplasmic deleted (78.81 ± 30.15 Pa), or α-catenin chimeric (115.55 

± 40.36 Pa) N-cadherin expressing cells The vector map of traction stress (top) and the 

average traction stresses from individual cells (bottom).
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