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ARTICLE INFO ABSTRACT

Keywords: Tissue remodeling and shape changes often rely on force-induced cell rearrangements occurring via cell-cell
E-Cadherin contact dynamics. Epithelial cell-cell contact shape changes are particularly dependent upon E-cadherin adhe-
a-catenin

sion dynamics which are directly influenced by cell-generated and external forces. While both the mobility of E-
cadherin adhesions and their adhesion strength have been reported before, it is not clear how these two aspects
of E-cadherin adhesion dynamics are related. Here, using magnetic pulling cytometry, we applied an accelerated
force ramp on the E-cadherin adhesion between an E-cadherin-coated magnetic microbead and an epithelial cell
to ascertain this relationship. Our approach enables the determination of the adhesion strength and force-
dependent mobility of individual adhesions, which revealed a direct correlation between these key character-
istics. Since a-catenin has previously been reported to play a role in both E-cadherin mobility and adhesion
strength when studied independently, we also probed epithelial cells in which a-catenin has been knocked out.
We found that, in the absence of a-catenin, E-cadherin adhesions not only had lower adhesion strength, as ex-
pected, but were also more mobile. We observed that a-catenin was required for the recovery of strained cell-cell
contacts and propose that the adhesion strength and force-dependent mobility of E-cadherin adhesions act in
tandem to regulate cell-cell contact homeostasis. Our approach introduces a method which relates the force-
dependent adhesion mobility to adhesion strength and highlights the morphological role played by a-catenin
in E-cadherin adhesion dynamics.

Adhesion strength
Drag coefficient
Magnetic pulling cytometry

1. Introduction be used to twist a cell-bound magnetic bead for adhesion specific

rheology [22] or, alternatively, the compliance of the bead in response

Cells possess a mechanical nature which is inherently viscoelastic —
however they display unique nonlinear mechanical properties which
resemble that of glassy polymers and semiflexible networks rather than
classical viscoelastic materials which can be described as simple spring-
dashpot systems [1-7]. There are a range of measurement techniques
which can yield high-resolution localized measurements via contact
methods such as nanoindentation [8] or active/passive microrheology
[2,9-11]. Alternatively, non-contact methods enable unperturbed
spatial mapping of cell mechanical properties via ultrasound elastog-
raphy or optical elastography [12-16]. However, contact methods
permit the study of force-responsive events such as stiffening or fluid-
ization [17-19], as well as the isolation of passive cell mechanics from
the forces generated within the cell itself [20,21]. Magnetic tweezers can

to a pulling force can be used to independently extract the rheological
properties [23,24]. By applying a great enough force to remove the bead
from the cell, the adhesion strength [25] can be assessed, and lower
forces can assess mechanotransduction responses including signaling
and cytoskeletal changes [26,27]. In this study, we introduce a simple
new protocol which enables us to simultaneously probe both the
force-dependent mobility and adhesion strength of cell-cell adhesions by
using a magnetic pulling cytometer to progressively pull on a cell-bound
bead. Specifically, we apply an accelerated force ramp, inspired by the
progressive pulsatile force-generation of the actomyosin network
[28-33], to correlate the active response mechanics of E-cadherin
adhesion with morphological observations of cell-cell contacts.

During morphogenesis and adult tissue remodeling, tissue level

* Corresponding author. Mechanical & Aerospace Engineering, Kaufman 238e, 1 Old Dominion University, Norfolk, VA, 23529, USA.

E-mail address: vmarutha@odu.edu (V. Maruthamuthu).

https://doi.org/10.1016/j.bbrc.2023.09.077

Received 27 July 2023; Received in revised form 15 September 2023; Accepted 25 September 2023

Available online 4 October 2023
0006-291X/© 2023 Elsevier Inc. All rights reserved.


mailto:vmarutha@odu.edu
www.sciencedirect.com/science/journal/0006291X
https://www.elsevier.com/locate/ybbrc
https://doi.org/10.1016/j.bbrc.2023.09.077
https://doi.org/10.1016/j.bbrc.2023.09.077
https://doi.org/10.1016/j.bbrc.2023.09.077
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bbrc.2023.09.077&domain=pdf

J. Bush et al.

shape changes are ubiquitous. Such changes often involve smaller scale
cell shape changes that occur in the presence of cell-cell contacts. For
instance, apical constriction of cells underlies tissue invagination during
gastrulation [34]. Cell-cell contacts in epithelia are mediated by multi-
ple adhesion systems, including tight junctions, desmosomal junctions
and adherens junctions. In particular, E-cadherin is a major constituent
of adherens junctions which help organize other junctions and actively
respond to mechanical forces. E-cadherin adhesions are defined as
micron-scale collectives of trans E-cadherin bonds formed by the binding
of the extra-cellular regions of E-cadherin from neighboring cells, and
couple to the cytoskeleton [35] via a host of intermediaries recruited at
their cytoplasmic ends. They thereby bind neighboring cells at the
cell-cell contact and are subject to both internally cell-generated and
externally applied forces. Individual micron-scale E-cadherin adhesions
have been shown to displace while still maintaining adhesion [36]. Such
displacement can thus be expected due to cell-generated forces due to
actomyosin contractility as well as external forces exerted by neigh-
boring cells, that also ultimately arise from actomyosin contractility.
How E-cadherin adhesions resist and otherwise displace in response to
forces, and at what force levels they rupture, determines how cell-cell
contacts evolve with time and thereby effect tissue-level shape changes.

E-cadherin adhesions primarily experience tension [37-40] via their
coupling to the actin cytoskeleton through the catenins [41-43]. Spe-
cifically, E-cadherin binds to f-catenin which in turn binds to a-catenin
[44]. a-catenin couples both directly to F-actin and via a host of po-
tential intermediaries [45,46], including vinculin [47], ZO-1 [48], afa-
din [49], a-actinin [50], Fmnl [51] and EPLIN [52]. As a
mechanotransducer, a-catenin unfolds in response to force and recruits
vinculin [53,54] and displays independent mechanotransducing be-
haviors such as opposing slip and catch bond behaviors [54,55] as well
as force-induced dimerization [43]. Specifically, a-catenin has been
shown to be required for the high adhesion strength of single E-cad-
herin-E-cadherin linkages [56] as well as the cell-cell interface between
cells expressing E-cadherin [57,58], with the o-catenin-actin link
essential for strengthening of the cell-cell contact. The mobility of
E-cadherin adhesions within the cell-cell contact has also been shown to
be dependent upon a-catenin [59]. However, whether there is an
a-catenin-dependent relation between E-cadherin adhesion strength and
force-dependent mobility remains unclear.

Adhesion strength measurements of E-cadherin have typically been
performed either at the single molecule level [56,60] or whole cell level
[57,61]. There is a relative lack of approaches that determine E-cadherin
adhesion strength at the micron-scale adhesion level. Measurements at
the adhesion-scale contain information on functional adhesive units that
are not present in molecular measurements. For instance, localized
lateral contractions between E-cadherin adhesions within the same cell
have been shown to play a role in E-cadherin-coated substrate rigidity
sensing [32]. Adhesion-scale measurements also avoid confounding
factors such as specific overall geometry and the spatiotemporal expe-
rience of force which differs from that of native cell-cell contacts in some
cell-scale measurements [61]. While the response of E-cadherin-coated
beads adherent to cells and subject to oscillatory forces [62,63], such as
stiffening via mechanotransduction, has been reported [64], adhesion
between cells often experience sustained pulling forces. Furthermore,
how adhesion mobility is altered under force before rupture is less clear.
We therefore sought the force response of an E-cadherin adhesion, along
with the adhesion strength of the same adhesion, by exerting an accel-
erated force ramp on an E-cadherin coated microbead bound to an
epithelial cell. We found that E-cadherin adhesion strength is correlated
with the adhesion’s mobility in response to force, as quantified by the
effective drag coefficient before rupture. We also found that, in the
absence of a-catenin both the effective drag coefficient and adhesion
strength decreased, along with the diminished potential for cell-cell
contacts to recover from a fibrous state when strained.

Our findings together highlight aspects of cell tensional homeostasis
— the observed tendency of cells to maintain tension around a set point
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[65]. It has been recently shown that tensional homeostasis is promoted
by the number of cell-cell contacts [66], although it is cell-type depen-
dent [67]. Tensional homeostasis has been shown to be affected by
juxta-membrane mutations in E-cadherin [68] which are implicated in
gastric cancers. Tensional homeostasis at cell-cell contacts requires the
maintenance of the cell-cell contact itself and therefore necessitates that
cell-cell contacts, primarily mediated by E-cadherin adhesions, respond
appropriately to changes in tension. Thus, by considering the role of
a-catenin in E-cadherin adhesion dynamics concomitant with the
diminished potential for cell-cell contact recovery, we propose a nega-
tive feedback mechanism resulting from a coupling of the measured
effective drag coefficient and adhesion strength to maintain tensional
homeostasis at the localized adhesion level. Given the potential impli-
cations of tensional homeostasis within cell-cell contacts for patholog-
ical conditions like cancer [68,69], further investigation is warranted.

2. Materials and Methods
2.1. Cell culture

Madin-Darby Canine Kidney (MDCK II) cells were grown in DMEM
(Dulbecco’s modified Eagle’s medium, Corning Inc., Corning, NY) mixed
with 1-Glutamine, sodium pyruvate, 1% Penicillin/Streptomycin and
10% Fetal Bovine Serum (FBS) (Corning Inc., Corning, NY), at 37 °C
under 5% COz. To generate MDCK a-catenin knockout (KO) cells,
CRISPR/Cas9 was used with the gRNA sequence TCTGGCAGTTGAAA-
GACTGT as employed previously [70]. Cells were transiently transfected
with the Sigma All-in-One U6-gRNA/CMV-Cas9-tGFP Vector (with the
gRNA), followed by clonal expansion. Cells were plated on No.1.5 glass
coverslips coated with Collagen-1 (Dow Corning). The coverslip was
prepared by a 5 min exposure to deep UV light (Novascan Technologies,
Boone, IA) and a subsequent 30 min incubation with 0.1 mg/mL
Collagen-1 in a Phosphate Buffered Saline (PBS) solution. The prepared
coverslips were stored at 4 °C in PBS for up to 24 h. Approximately 10*
cells were plated onto the Col-1 coated coverslip and incubated in cell
culture media at 37 °C overnight.

2.2. Imaging and Immunofluorescence

A DMi8 epifluorescence microscope (Leica Microsystems, Buffalo
Grove, IL) equipped with a Clara cooled CCD camera (Andor Technol-
ogy, Belfast, Ulster, UK) was used to obtain phase and fluorescence
images. Immunofluorescence of cell islands plated on glass coverslips
coated with 10 ug/mL fibronectin was performed by fixing in 4%
paraformaldehyde (Electron Microscopy Sciences, Hatfield, PA), along
with 1.5% BSA and 0.5% Triton.

2.3. Magnetic bead coating

Carboxylate functionalized 2.8 pm superparamagnetic beads (M —
280 Dynabeads, Thermo Fisher Scientific, Waltham, MA) were coated
with protein A (Prospec, East Brunswick, NJ) and then with E-cadherin-
Fc (Sino Biological, Beijing, China). To obtain the first coating with
protein A, 10 pL of the bead solution was added to a 1 mL PBS solution
containing 5-10 mg EDC and 5-10 mg sulfo-NHS (s-NHS), and 0.2 mg/
mL protein A (Fig. 1Di). The solution was allowed to incubate for 30 min
at room temperature in a 1 mL microcentrifuge tube on a shaker plate on
a slow tilt to prevent sedimentation of the beads. The beads were then
collected by using a pair of strong magnets (K&J Magnetics, Pipersville,
PA) to pull the beads to the bottom of the tube and the supernatant
solution was aspirated (Fig. 1Dii). Protein A functionalized beads were
then resuspended in 400 pL of PBS with calcium, washed twice more,
and then resuspended in 360 pL of PBS with calcium. Then, 40 pL of E-
cadherin-Fc at 0.2 mg/mL was added (Fig. 1Di). The solution was vor-
texed and incubated overnight at 4 °C. The beads were then washed
(Fig. 1Dii) with PBS with calcium three times and resuspended in 1 mL
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Fig. 1. (A) Schematic depiction of calibration via the motion of microbeads through a viscous medium towards the magnetic probe. (B) Force versus distance
calibration plot for the magnetic pulling cytometer (MPC). Error bars indicate the standard deviation around the mean of data points within 10-pm intervals. (C)
Sample chamber used for experiments with beads on cells: (i) Stainless steel chamber with square shaped region to hold coverslip. (ii) Silicone grease was applied on
the periphery of the square-shaped region. (iii) Glass coverslip (with plated cells and beads attached to the cells) was then affixed. (iv) Buffered cell culture media was
then added. MPC probe was then made to approach from the left to apply forces on a chosen bead on a cell. (D) Schematic depiction of (i) the coupling of
superparamagnetic beads with protein A (pA) and E-cadherin-Fc (E-cad-Fc) and (ii) the physical steps used in the coupling procedure as detailed in Materials and
Methods. (E) Schematic depiction of the exertion of sub-nanonewton forces on micron-scale E-cadherin adhesions between an E-cadherin coated 2.8 pm super-
paramagnetic bead and an epithelial cell using the magnetic pulling cytometer (MPC). The consistent incremental steps of the probe towards the bead implies a non-
linear increase in loading rate due to the shape of the calibration curve in (A). The force applied at each step is obtained from the bead to probe tip distance and the
non-linear increase in force is schematically depicted to the right of the cell. Tracking of the bead motion yields bead displacement and velocity as a function of time
while the force applied at rupture gives the adhesion strength. Note that bead displacements are non-linear in time. At steps i-iii the bead displaces linearly, with a
sudden rapid displacement between steps iii-iv, followed by bead deceleration between steps iv-v, and the bead detaches during the intermittent static hold of
duration 1 s, between steps v-vi.

of PBS with calcium. The E-cadherin functionalized bead solution was 2.5. Probe force calibration and bead tracking
stored at 4 °C until further use.
A silicone fluid (Sigma-Aldrich, St. Louis, MO) with a viscosity of 1

2.4. Magnetic pulling cytometer setup Pa s was added to the lid of a 60 mm cell culture dish and 10 pL of bead
solution was added close to the base of the lid, manually stirred into the

For force application we used a magnetic pulling cytometer fabri- solution, and then placed in a vacuum chamber to degas for 30 min. The
cated with 2 strong neodymium magnets (1.25" diameter x 0.0625” thick chamber, filled with the bead loaded silicone solution, was then setup
from K&J Magnetics, Pipersville, PA, with a surface field of 662 Gauss) onto the microscope stage and the magnetic pulling cytometer probe tip
and an electrochemically sharpened and magnetically permeable 416 was immersed in this viscous medium with suspended magnetic beads.
stainless steel probe positioned perpendicular to the magnets face, as Magnetic beads were located and approached at a relative imaging plane
described in our previous publication [71]. The magnets and probe were similar to the setup when forces were applied to the cells, approximately
affixed by a 3D printed apparatus and attached to a 3-axis microma- 15 pm above the bead to prevent the probe tip from touching the
nipulator (ThorLabs) with a single motorized x-axis to move the probe coverslip. Images were captured every 0.33 s until the moving magnetic
towards or away from the bead. beads reached the probe. The beads were then tracked to calculate the

instantaneous bead velocity at various distances from the probe which
can be used to calculate the applied force using Stokes Law, F = 6xryv
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[71,72] where v is the instantaneous bead velocity, r is the magnetic
bead radius and n is the medium viscosity (Fig. 1A). Bead motion was
tracked using a custom MATLAB algorithm which located the bead using
a reference image and normalized cross correlation of the images. For
subpixel localization, images were scaled up 20-fold using the imresize
function in MATLAB, which utilizes a bicubic interpolation.

2.6. Accelerated force ramp application

Forces in the range of 100-800 pN were applied when the distance
between the bead and probe tip was in the range of 315-40 pm (Fig. 1B).
The force increases at an increasing rate with respect to the distance
between the bead and the probe. The probe was set to approach at 5 pm
intervals with a 1 s pause at each step. By approaching the bead at a
constant rate, the magnitude of increase in force between steps, thus the
loading rate itself increases such that an accelerated force ramp is
applied.

2.7. Force application on cells

A 316 stainless steel chamber was machined to replicate a 60 mm cell
culture dish with a lower side wall height to increase the range of motion
which could be achieved by the probe within the dish while avoiding
contact with side wall. The chamber contained an 18 mm x 18 mm
square opening with a lip (Fig. 1C) to affix the cell-plated coverslip with
vacuum grease (Dow Corning, Midland, MI). Cell culture media with 10
mM HEPES buffer was then added for imaging and force application. At
30 min prior to the experiment, 10 pL of the prepared E-cadherin coated
bead solution was pipetted onto the coverslip with the cells. The
chamber and the magnetic pulling cytometer were then set up on the
microscope stage and a cell-bound magnetic bead was located. The
magnetic probe tip was positioned at a distance of 315 pm away from the
magnetic bead, along a horizontal direction defined as the x-axis, and
phase images of the cell and bead were acquired at 0.5s intervals until
the bead-to-cell E-cadherin adhesion ruptured, which was observed by
either the bead accelerating without ensuing deceleration or being
immediately removed from the cell.

2.8. Statistics

Pair-wise comparison of group means was performed with a t-test.
One-way ANOVA was used to compare cell-cell contact phases amongst
each other for WT as well as a-catenin KO cases. The symbols *, ** and
*** were used to indicate p values < 0.05, <0.01 and < 0.001 respec-
tively and n.s stands for not significant (p > 0.05).

3. Results and Discussion

To study the force response of E-cadherin adhesions, we used a
custom-built magnetic pulling cytometer (MPC) set-up described pre-
viously [71]. We used the MPC to apply sub-nN scale forces on an
E-cadherin-coated 2.8 pm superparamagnetic bead that was adherent
upon an MDCK epithelial cell. We first calibrated the MPC by assessing
the force exerted by the MPC probe tip on the superparamagnetic beads
embedded in a silicone solution of known viscosity (Fig. 1A), as a
function of distance as shown by the resulting force-distance calibration
plot (Fig. 1B). As depicted in Fig. 1B, for probe tip to bead distances
greater than 40 pm, the force exerted stays below 1 nN. To enable use of
the 40x oil immersion objective and expand the functional range of the
probe tip within the sample, we designed a simple chamber machined of
316 Stainless Steel with a 60 mm diameter (Fig. 1C) for use in the
standard microscope housing. The overall measurement approach is
schematically depicted in Fig. 1E-as the MPC probe tip approaches at a
constant rate, the E-cad-Fc coupled bead (Fig. 1D) attached to the cell
via an E-cadherin adhesion experiences an applied force that increases at
an accelerated rate and bead displacement is observed until adhesion
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failure. This protocol results not only in a non-linear increase in force,
but also a non-linear increase in loading rate, the time derivative of the
applied loading force. The applied force was determined from the
probe-tip to bead distance and the calibration curve. The bead
displacement was determined by tracking the E-cadherin bound bead as
it moved along the cell resulting in the recording of force-dependent
mobility of the E-cadherin adhesion. Finally, the adhesion strength
was determined as the applied force when the E-cadherin bound bead
detached from the actin cortex.

The non-linear increase in force and loading rate with time enables
us to both observe the response of the bead, and therefore E-cadherin
adhesion, to force as well as reach high enough forces to reach the
adhesion strength and therefore observe the bead coming off the cell.
Fig. 2 shows phase images of a bead bound to a cell via an E-cadherin
adhesion which is subject to increasing forces as the MPC probe tip
approaches. Using the phase images, we tracked the paths taken by the
E-cadherin-coated beads over time (Fig. 3A). There are some minor
deviations in bead paths from the direction of force application pre-
sumably due to thermal motion as well as local obstructions on the cell
surface along the bead path. After the last point on each path, the beads
detached from the cell surface or began to accelerate and/or move at an
increased linear rate until they detached. Since E-cadherin connects to
the actin cytoskeleton via the catenins [73], and due to the previously
reported role of a-catenin in modulating E-cadherin adhesion strength at
the single molecule level [56] and in suspended cell doublets [58], we
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Fig. 2. (A, B) Phase images of E-cadherin-coated beads attached to MDCK (A)
or MDCK a-catenin KO (B) cells at five time points while increasing forces are
applied via the MPC until adhesion rupture. Arrows in the bottommost panels

indicate qualitative difference in force at time point before rupture. Scale bar is
5 pm.
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Fig. 3. (A) Bead displacement tracks of E-cadherin-coated beads attached to MDCK (i) or MDCK a-catenin KO cells (ii) when subject to force. (B) Bead motion path
length (when subject to force) as a function of time for MDCK (i) or MDCK a-catenin KO cells (ii). (C) Plot of the total bead path lengths of E-cadherin-coated beads

attached to MDCK or MDCK a-catenin KO cells before adhesion rupture.

generated and employed MDCK cells in which a-catenin had been
knocked out [74]. Phase images of E-cadherin-coated beads bound to
MDCK o-catenin KO cells subject to increasing forces as the MPC probe
approaches, are shown in Fig. 2B. The tracked E-cadherin bead paths on
MDCK a-catenin KO cells are plotted in Fig. 3Aii.

Comparison of E-cadherin bead paths on MDCK (Fig. 3Ai) and MDCK
a-catenin KO cells (Fig. 3Aii) shows that the beads generally travelled
farther on MDCK a-catenin KO cells than MDCK WT cells. Interestingly,
comparison of the pathlength versus time for MDCK (Fig. 3Bi) and
MDCK a-catenin KO cells (Fig. 3Bii) showed that the E-cadherin beads
on MDCK a-catenin KO cells also travelled faster on average and had a
larger mean pathlength (Fig. 3C). Careful examination of the plots of the
pathlengths versus time (Fig. 3B) also showed that there are many in-
stances of a relatively large displacement followed by the rate of in-
crease in the pathlength, or velocity, reaching a local minimum. The
deceleration during these sudden events indicates that the E-cadherin
adhesion between the bead and the cell strengthens to resist force-
induced motion, before continuing to slide at a relatively steady rate
in response to increasing force until another such large displacement or
rupture. Interestingly, these events appear to occur independently of any
specific force level, or loading rate, suggesting this response may be the
result of spontaneous ruptures within the local actin network, as
opposed to force-dependent unbinding within the E-cadherin adhesion
complex. The E-cadherin beads on the MDCK a-catenin KO cells also
appeared to involve more sudden rapid displacements, which may be a
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result of a lower potential for intermittent adhesion strengthening,
differing dynamics within the E-cadherin-to-actin complex, or the
altered actin network structure as a-catenin dimers have been shown to
compete with Arp2/3 for actin organization [46,51,75].

The adhesion strength i.e., the force required to rupture the adhesion
and release the E-cadherin bead from its anchoring to the cell, was
significantly lesser for beads on MDCK a-catenin KO cells than MDCK
WT (Fig. 4A). Our measurement of adhesion strength at the micron-scale
adhesion level is qualitatively consistent with previous results [56,57]
validating the importance of a-catenin for E-cadherin adhesion strength.
We next wanted to assess if the force-dependent mobility of the E-cad-
herin adhesion between the bead and the cell had any correlation to the
adhesion strength. To first assess the resistance to motion of the
bead-cell E-cadherin adhesion, we computed the ratio of the instanta-
neous force and the instantaneous bead velocity and averaged this ratio
over the duration of bead motion to compute the effective drag coeffi-
cient. We found that the effective drag coefficient for the E-cadherin
beads on MDCK a-catenin KO cells was significantly lesser than that on
MDCK WT cells (Fig. 4B). A plot of the adhesion strength, from bead-cell
E-cadherin adhesions, versus the effective drag coefficient of both MDCK
and MDCK a-catenin KO cells taken together showed that these char-
acteristics are positively correlated (Fig. 4C). This finding is consistent
with the conceptualization that an adhesion with greater strength is
more likely to couple strongly to the underlying actin cytoskeleton
before rupture and thus this stronger coupling will result in greater
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for all E-cadherin adhesions (MDCK and MDCK «-catenin KO cells), where the
dotted line represents the linear trend with a coefficient of determination, R?,
of 0.47.

resistance to adhesion motion in response to force.

Phase imaging of the cell-cell contacts of MDCK cells and MDCK
a-catenin KO cells showed that the cell-cell contacts vary in morphology
from smooth to fibrous when cells are pulling away, shown as phases (i-
iv) in Fig. 5A. We observed that the transition between these phases
varied for WT cells and a-catenin KO cells. Specifically, WT cells showed
arecovery of the cell-cell contact from the fibrous state (Video S1) while
in a-catenin KO cells a fibrous state was maintained, or the contact
separated (Video S2). By counting the frequency of each contact phase
within cell islands, we observed that WT cells are most often smoother in
morphology and rarely display a fibrous appearance (Fig. 5B). In
contrast, cell-cell contacts for MDCK a-catenin KO cells showed a greater
frequency of fibrous contacts and no significant difference in the fre-
quency of each phase (Fig. 5B), demonstrating that a-catenin supports
the maintenance of smooth cell-cell contacts in MDCK cells. Our
observation that bead-cell E-cadherin adhesions lacking o-catenin
exhibited more abrupt increases in bead motion under force, as well as
the larger displacements, is consistent with the greater frequency of
fibrous contacts. This suggests that these sudden internal rupture events
enable the membrane bound E-cadherin adhesion to separate from the
underlying actin cytoskeleton, whether at the adhesion complex-to-actin
linkage or a deeper point within the network itself, and produce the
observed fibrous contacts.
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Fig. 5. (A) Cartoon depiction of cell-cell contact transition from smooth to
fibrous in different phases, (i) through (iv) (B) Plot of the frequency of cell-cell
contacts in each phase (i-iv) between smooth and fibrous, for MDCK (WT) (from
7 cell islands and a total of 80 contacts) and MDCK «-catenin KO cells (from 7
cell islands and a total of 86 contacts). The cell islands were obtained after
overnight plating of cells on collagen I-coated glass coverslips. Cell-cell contact
morphologies were manually classified based on the image of the islands at a
single time point at the beginning of the magnetic pulling cytometry experi-
ments. Cell-cell contact morphologies were qualitatively classified into four
classes from smooth to fibrous. (C) Phase images of cell-cell contacts showing
different fibrous contact morphologies for MDCK (WT) and MDCK a-catenin KO
cells. Contacts indicated by white dashed boundary. Scale bar is 5 pm. (D) Actin
staining of MDCK WT and a -catenin KO cells depicting contiguous versus
fibrous contacts. Scale bar is 10 pm. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of
this article.)

While fibrous cell-cell contacts in WT cells are still mostly contig-
uous, the fibrous contacts in the a-catenin KO cells display points of
adhesion interspersed with gaps where the contact has intermittently
ruptured (Fig. 5C). However, these gaps are not explained by the rapid
displacement events of adhesions we observed in our bead-cell experi-
ments. Namely because the adhesions can be preserved and reinforced
after such events, as evidenced by the subsequent deceleration of ad-
hesions. Notably, these rapid displacements often happened before
bead-cell E-cadherin adhesion rupture in our experiments during which
the applied magnetic force levels are maintained. However, within a
true cell-cell adhesion, the applied force may be concomitantly dimin-
ished by deformation, contingent upon the force-dependent mobility of
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the adhesion. Thus, the lower effective drag coefficient observed in the
a-catenin KO cells may permit the adhesions to more readily alleviate
tension at the adhesion via an increased deformation rate acting as a
negative feedback mechanism to preserve the adhesion in light of the
lower adhesion strength. Without this negative feedback, the cell-cell
contact would be more likely to rupture completely rather than pro-
ducing a fibrous morphology. However, the lower adhesion strength
may still cause strained adhesions to rupture more frequently and thus
produce the observed gaps along the cell-cell contact. In sum, we pro-
pose that the spontaneous sliding events, in coordination with a
decreased effective drag coefficient, enable the formation of sustained
contact regions while the lower adhesion strength yields a lesser number
of sustained contact regions creating the dynamic equilibrium state
within the cell-cell contact. The unique nature of our force application
protocol enabled us to observe adhesion motion in response to force in
coordination with the eventual adhesion rupture while revealing sudden
events of rapid displacement and reinforcement. The progressive in-
crease in the force applied over time also implied a loading rate that was
itself increasing with time. Therefore, the quantitative adhesion
strengths and effective drag coefficients reported here are specific to our
force application protocol which was used to compare the bead-cell E-
cadherin adhesions on both MDCK and MDCK a-catenin KO cells.

To further assess the underlying differences in cell-cell contact
morphologies, we performed immunofluorescence staining of F-actin
(Fig. 5D) for WT and a-catenin KO cell islands. Fig. 5D shows that WT
cell-cell contacts present a relatively uniform contact between each
cell’s actin cortex whereas in a-catenin KO islands, cell-cell contacts
show spacing on the order of a few microns between adjacent cells’ actin
cortex. Within this spacing we observe the aforementioned fibrous
morphology of the cell-cell contacts as perpendicular actin bundles
indicating the interspersed fibrous contact points within cell-cell con-
tacts. The intact actin cortex for each cell within a fibrous contact in the
a-catenin KO islands may suggest that the actin cortex itself is yielding
during the sudden displacements we observed in the aforementioned
bead experiments. To illustrate, the actin bundles proximal to the E-
cadherin contact may be sustained as the contact is displaced and this
local ‘patch’ of actin may then peel off from the cell’s cortex itself and
generate the observed fibers. In contrast, one might expect that cortex in
fibrous morphologies could be uniform as opposed to the perpendicular
contact points observed within fibrous cell-cell contacts in a-catenin KO
cells. This observation draws into question the extent to which the role
of a-catenin in E-cadherin adhesion dynamics is dependent upon either
an altered E-cadherin-actin linkage or the loss of a-catenin-dependent
actin bundling.

Considering the role of E-cadherin adhesions in maintaining
tensional homeostasis of cell-cell contacts, the mechanism by which
these adhesions respond to fluctuations in tension is of interest. The
effect of changes in tension can be envisaged using the previously dis-
cussed effective drag coefficient which enables the adhesion structure to
deform at a relatively constant rate under stress and thus regulates the
rate of stress dissipation, prior to the ascent beyond the adhesion
strength force levels. In our work, perturbations to this homeostasis, due
to transient contractile events, are reflected by MDCK cell-cell contacts
becoming more fibrous in appearance. Wild type cells, with both higher
drag coefficient at adhesions and higher adhesion strength, are able to
tide over these perturbations, and recover to the contiguous cell-cell
contact with presumably homeostatic inter-cellular tension. However,
while a-catenin KO cells have been recently shown to exert significant
tension at cell-cell contacts similar to wild type cells [74], they appear to
respond differently. Concomitant with the observed lesser drag coeffi-
cient at adhesions as well as lower adhesion strength, a-catenin KO
contacts are more likely to become fibrous. This prelusion to exiting
tensional homeostasis can then lead to full contact rupture once a
fibrous morphology is reached, at which point, the potential for
contiguous contact recovery is presumably diminished.
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4. Conclusion

We have introduced a unique approach which we use to relate two
key features of an adhesion - its force-dependent mobility before failure
and its adhesion strength. We have demonstrated this approach here for
individual E-cadherin adhesions between a micron-scale bead and an
epithelial cell. We found that the resistance of the E-cadherin adhesion
to force induced motion, captured by the effective drag coefficient, is
positively correlated to its adhesion strength. This finding has important
implications for understanding morphogenetic events at the cellular and
adhesion scales, such as sustained cell-cell contact maintenance during
multi-cellular rearrangements and migration. For instance, our results
imply that weaker adhesions not only rupture at lower force levels but
also displace at a faster rate in response to force. The correlation of these
two properties implies that remodeling of cell-cell contacts can occur by
adhesion sliding even if it does not eventually involve adhesion rupture.
For example, by considering only adhesion strength, the default inter-
pretation for contact remodeling is that more adhesions will be
ruptured, but as a result of the correlation we observe, the weaker ad-
hesions are also able to yield to a greater extent in response to lower
force levels and thus reveals a negative feedback mechanism to preserve
the adhesion longer, in opposition to the diminished adhesion strength,
regulating cell-cell contact homeostasis. In addition to confirming the
essential role of a-catenin in maintaining E-cadherin adhesion strength
at the adhesion level, we also found that a-catenin specifically is also
essential for sustaining a high effective drag coefficient displayed by the
E-cadherin adhesion in response to force. It is tempting to speculate that
this effect is due to a-catenin’s ability to couple to the actin cytoskeleton
directly and through a plethora of linker molecules, however a-catenin’s
concurrent role in actin organization warrants further study.
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