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The progression of several human cancers correlates with the

loss of cytoplasmic protein �-catenin from E-cadherin-rich

intercellular junctions and loss of adhesion. However, the

potential role of �-catenin in directly modulating the adhesive

function of individual E-cadherin molecules in human cancer is

unknown. Here we use single-molecule force spectroscopy to

probe the tensile strength, unstressed bond lifetime, and inter-

action energy between E-cadherins expressed on the surface of

live human parental breast cancer cells lacking �-catenin and

these cells where �-catenin is re-expressed. We find that the

tensile strength and the lifetime of single E-cadherin/E-cad-

herin bonds between parental cells are significantly lower over a

wide range of loading rates. Statistical analysis of the force dis-

placement spectra reveals that single cadherin bonds between

cancer cells feature an exceedingly low energy barrier against

tensile forces and low molecular stiffness. Disassembly of fila-

mentous actin using latrunculin B has no significant effect on

the strength of single intercellular E-cadherin bonds. The

absence of �-catenin causes a dominant negative effect on both

global cell-cell adhesion and single E-cadherin bond strength.

These results suggest that the loss of �-catenin alone drastically

reduces the adhesive force between individual cadherin pairs on

adjoining cells, explain the global loss of cell adhesion in human

breast cancer cells, and show that the forced expression of

�-catenin in cancer cells can restore both higher intercellular

avidity and intercellular E-cadherin bond strength.

The reduction of intercellular adhesion in a solid tumor is a
critical step in the progression of tumor cells to metastasis (1).
How normal cells lose their ability to form strong adhesions
within a tissue is notwell understood (2, 3). The loss of adhesion
between adjoining epithelial cells and the ensuing onset of
metastasis occur through an epithelial-to-mesenchymal transi-
tion that often correlates with the loss of cytoplasmic protein
�-catenin and a poor prognosis in a wide range of cancers,
including breast (4), esophageal (5), gastric (6, 7), cervical (8),
and colorectal cancer (9). In normal epithelial tissues,�-catenin

localizes to junctions that organize at the interface between
adjacent epithelial cells through clustering of cell surface adhe-
sion transmembrane molecule cadherin and its association to
the cytoskeleton (10, 11). On the extracellular side, structural
studies suggest that cadherin molecules form molecular pairs
that interact with cadherin pairs on an adjacent cell through
their distal Ca2�-binding domains (12). On the intracellular
side, cadherin pairs are connected to the cytoskeleton network
through specific linker proteins. Until recently it was believed
that one critical linker protein between the cytoplasmic domain
of cadherin and the actin cytoskeletonwas�-catenin, because it
can both bind filamentous actin (F-actin) and E-cadherin
through �-catenin (13, 14). However, a recent study indicates
that �-catenin can either bind the E-cadherin-�-catenin com-
plex as monomer or cross-link actin filaments as homodimer
but cannot bind both E-cadherin-�-catenin and F-actin simul-
taneously (15). Therefore, whether the loss of �-catenin plays a
direct role in the loss of adhesion in human cancer cells is
unclear.
Our recent data using engineered Chinese hamster ovarian

cells suggest that�-cateninmediates the rapid strengthening of
individual intercellular E-cadherin/E-cadherin bonds following
initial molecular recognition between cells bearing E-cadherin
molecules (16). Furthermore, �-catenin mediates the forma-
tion of additional E-cadherin/E-cadherin bonds once a first
bond is formed between adjoining cells to form a nascent inter-
cellular junction (16). Herewe hypothesize that the loss of cyto-
plasmic protein �-catenin in human cancer cells greatly affects
the ability of E-cadherin molecules on the surface of these cells
to form firm adhesion by reducing the strength of individual
intercellular E-cadherin/E-cadherin bonds.
Our strategy is to compare parental breast cancer cells that

lack �-catenin (MDA-MB-468 cells; denoted here MDA468)
with these cells when �-catenin is introduced and exploit high
resolution live cell single-molecule force spectroscopy (17) to
probe the strength of individual E-cadherin/E-cadherin bonds
between adjacent cells (18). The cells are juxtaposed for a con-
trolled time of contact, the probability of successful interac-
tions is subsequently measured, and the mechanical properties
(tensile strength, molecular stiffness, and reactive compliance)
and biochemical properties (interaction energy, dissociation
rate, and bond lifetime) of single intercellular E-cadherin/E-
cadherin bonds are analyzed.
Our main hypothesis cannot be readily tested using purified

proteins. Our ability to measure molecular interactions
between live cells (17) rather than recombinant proteins

* This work was supported, in whole or in part, by National Institutes of Health
Grants GM080673 (to G. D. L.) and CA137891 (to D. W.). This work was also
supported by Grant-in-aid 0855319E from the American Heart Association
(to D. W.).

1 To whom correspondence should be addressed: Depts. of Chemical and
Biomolecular Engineering, The Johns Hopkins University, 3400 N.
Charles St., Baltimore, MD 21218. Fax: 410-516-5510; E-mail: wirtz@
jhu.edu.

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 284, NO. 27, pp. 18252–18259, July 3, 2009
© 2009 by The American Society for Biochemistry and Molecular Biology, Inc. Printed in the U.S.A.

18252 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 284 • NUMBER 27 • JULY 3, 2009

This is an Open Access article under the CC BY license.



ensures that the proper orientation of cadherin on the cell sur-
faces and its post-translational modifications are physiological.
Moreover, using living cells ensures that the cytoplasmic
domain of transmembrane receptors (here human E-cadherin)
can interact with cytoplasmic proteins (in particular �-catenin
and �-catenin), thereby allowing cell signaling pathways that
can influence cell adhesion to function normally.

EXPERIMENTAL PROCEDURES

Cell Culture and Western Blot Analysis—MDA-MB-468 is a
human breast carcinoma cell line derived from a 51-year-old
black female (19). MDA468 cells show no measurable expres-
sion of �-catenin (see Fig. 1). MDA468 cells where �-catenin
was stably transfected are those described in Ref. 20. Parental
MDA468 and MDA468 cells engineered to stably express
�-catenin were cultured in Dulbecco’s modified Eagle’s
medium (Invitrogen), supplemented with 10% bovine calf
serum (ATCC,Manassas, VA) and 1% penicillin/streptomycin.
These cells were cultured in DMEM-10 (Dulbecco’s modified
Eagle’smedium supplementedwith 10% fetal bovine serum and
penicillin/streptomycin). A 70% confluent T-25 flask, incu-
bated at 37 °C and 5% CO2, was harvested for loading cells on
molecular force probe cantilevers, as well as plated on a bottom
culture dish. The cells were washed in Hanks’ balanced salt
solution (Invitrogen) and incubated with 1ml of trypsin-EDTA
(Invitrogen) for 5 min, resuspended in 5 ml of cell culture
medium. The cells were then plated for normal passing into a
newT-25 flask,mixing 1ml of resuspended cells in 4ml of fresh
culturemedium. Prior tomolecular force probemeasurements,
the cells were passed into a 50-mmCorning dish and incubated
overnight. For all procedures that had to be conducted outside
of the incubator, the culture medium was supplemented with
2% HEPES (Invitrogen) to control pH.
For the preparation of cell lysates, subconfluent cultures of

the cells in p100 cell culture dishes were washed twice with
ice-cold 1� phosphate-buffered saline, 300 �l of ice-cold lysis
buffer (50 mM Tris-HCl, pH 7.6, 150 mM NaCl, 1 mM EDTA, 5
mM NaF, 1 mM sodium orthovanadate, 0.5% Nonidet P-40,
0.25% sodium deoxycholate, 1 mM dithiothreitol, and protease
mixture freshly added) were added to the plates and collected
with cell lifter, vortexed in Eppendoff tubes, andmaintained on
ice for 10 min with vortex every 2 min to obtain the cell lysates.
Protein concentrations were determined using a protein assay
reagent (Cytoskeleton Inc., Denver, CO). For Western blot
analysis, 20 �g of cell lysate were mixed equal volume of 2�

SDS protein loading buffer, boiled, and loaded to each lane.
After electrophoresis, the proteins were transferred to polyvi-
nylidene difluoride membrane, and each panel was immuno-
blotted with antibodies as described in the figure.
Surface Expression of E-cadherin—Standard flow cytometry

was used to quantify possible changes in cell surface expression
of E-cadherin (see Fig. 2c). Briefly, single cells were suspended
in staining buffer (phosphate-buffered saline, 2% fetal calf
serum) and incubatedwith primaryHECD1 anti-humanE-cad-
herinmonoclonal antibody (ZymedLab, San Francisco, CA) for
30 min on ice. The cells were washed twice in staining buffer
and incubated with goat anti-mouse Alexa Fluor secondary
antibody for 30 min in the dark and washed thoroughly. The

stained cells were immediately used for measurements of cell
surface expression using flow cytometry. IgG1 type anti-mouse
antibody was used as isotype control (Sigma).
Immunofluorescence microscopy confirmed these results

(Fig. 2b). For immunofluorescencemicroscopy studies, the cells
were plated on glass-bottomed dishes and fixed according to
the standard protocol. Mouse anti-human �-catenin mono-
clonal antibody (Novus Biologicals, Littleton, CO) was used for
staining the fixed samples for �-catenin.
Preparation of AFM2 Cantilevers—The softest available

AFM cantilevers, with nominal force constant around 10
pN/nm, were used (modelMLCT-AUHW;Veeco Instruments,
Plainview, NY). Cantilevers were cleaned thoroughly with 70%
EtOH, 10% HCl solution, ultrapure water, and 95% EtOH for 1
min each, followed by 5minwashingwith acetone. The cleaned
cantilever was immediately used for loading cells or incubated
at room temperature in phosphate-buffered saline for later use.
Loading Live Cells on AFM Cantilever Tips—A flame-blown

borosilicatemicroneedle (Sutter Instruments, Novato, CA)was
used to deposit four or five cells on the tip of the AFM cantile-
ver. The procedure was carried out using a temperature-con-
trolled TE-2000 Nikon microscope, using a 10� Plan Fluor
objective (N.A. 0.3) and an Eppendorf Transjector 5246 (Brink-
mann Instruments, Riverview, FL). pH in the medium was
maintained using 2%HEPES. Cells deposited on the cantilevers
were allowed to spread overnight.
Single-molecule Force Spectroscopy—Single-molecule force

spectroscopic measurements were made using a piconewton
sensitive molecular force probe (MFP-1D; Asylum Research,
Santa Barbara, CA). The cantilever carrying cells was brought
in contact for 1 ms with a bottom layer of cells (plated on a
50-mmdish) and retracted. Prior to single-molecule force spec-
troscopic measurements, the 50-mm Corning dish with plated
cells was washed thoroughly with Hanks’ balanced salt solution
(Invitrogen) and was filled with 5 ml of serum-free medium
supplementedwith 2%HEPES, preheated to 37 °C. The rupture
of intercellular bonds could be visualized as sharp peaks in the
force-distance curves (see Fig. 1). The cantilevers were cali-
brated for their rigidity and optical lever sensitivity. The
method of thermal resonance was used for calibrating the force
constant, whereas the inverse of optical sensitivitywas obtained
by lowering the cantilever on a hard surface by a known dis-
tance and measuring the corresponding voltage signal (17, 18).
Because calibration of the cantilever involves large impinge-
ment forces leading to rupture of cell and/or detachment of the
cell from the cantilever, calibration was done at the end of the
experiments, as per themanufacturers’ protocol. Depending on
the calibration, the height of the peak yielded the force required
to break a bond.
Single-molecule Data Acquisition and Analysis—Using the

built-in digital camera in the molecular force probe body, the
cantileverwas lowered at a specified velocity. Approximately 30
force-distance curves for a given retraction velocity were col-
lected per cell. The cantilever was then moved to another loca-
tion in the dish to ensure proper sampling. To move the canti-

2 The abbreviation used is: AFM; atomic force microscope.
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lever to a new location on the plated cells, the cantilever was
manually raised, and the plated cells were shifted using side
screws.Data collection and analysiswere conducted using Igor-
Pro 4.09 software (Wavemetrics, Inc., Lake Oswego, OR). The
loading rate applied on an intercellular bond was calculated as
the product of the retraction velocity and the slope of the force
curve immediately before bond rupture (see Fig. 1). Only the
last rupture in a force-distance curve was analyzed, because the
strength of the last bond could bemodulated by the presence of
earlier bonds. The noise in measurements was �10 pN; subse-
quently, all ruptures smaller than the noise were disregarded.
The measured ruptures were binned, using 5-pN-wide bins.
The force distribution for a given velocity was fitted using
Hummer and Szabo’s model, and corresponding fitting param-
eters were obtained by the random search method (21). To
evaluate the loading rate dependence of bond strengths, 100
pN/swide binswere used below 1000 pN/s, and 1000-pN/s bins
were used between 1000 pN/s and 10,000 pN/s.
Global Intercellular Adhesion Assay—A 96-well plate was

used to grow cells to confluence. It was ensured that the entire
well was covered with a monolayer of cells. Just prior to the
assay, each well was washed thoroughly to ensure that all
rounded/floating cells were removed. Cells tagged with car-
boxyfluorescein diacetate succinimidyl ester (Invitrogen) as per
manufacturer’s protocol were introduced into each well at 104

cells/well. The tagged cells were allowed to adhere to themono-
layer of cells in each well for 1 h, followed by inversion of the
96-well plate for 6min, using a static adhesion chamber (Glyco-
Tech, Gaithersburg, MD). The cells that fell off were allowed to
settle down at the base of the inverted chamber. The base plate
was then removed. Pre- and post-inversion readings of the flu-
orescence intensity in each well was measured using a fluores-
cence plate reader. The ratio of the fluorescence reading in each
well after inversion to that before inversion related to the
degree of cell-cell adhesion; the higher the ratio, the greater the
extent of cell-cell adhesion.
Specificity of Single-molecule Force Spectroscopy Measure-

ments—For E-cadherin function-blocking controls, plated
cells were treated with HECD1 anti-human E-cadherin
monoclonal antibody (Zymed Lab) at a concentration of 200
�g/ml for 30 min at 37 °C and 5% CO2. Postincubation, 4 ml
of serum-free medium was added, and the cells were imme-
diately used for measurements.

RESULTS AND DISCUSSION

Themain hypothesis of this study is that the loss of�-catenin
in certain human breast cancer cells causes a failure of E-cad-
herin molecules on the surface of these cells to form strong
individual intercellular bonds. Using live cell single-molecule
force spectroscopy, we probed the biomechanical and bio-
chemical properties of individual cadherin bonds formed
between two juxtaposed living parental MDA468 breast cancer
cells, which lack�-catenin, orMDA468 cells where�-catenin is
expressed (Fig. 1a).

Single cells were delicately placed and allowed to spread on
the surface of soft triangular cantilevers using weakly adhesive
microneedles under a light microscope (Fig. 1b). The rigidity of
the cantilever (5–20 pN/nm) was measured prior to each exper-

iment to measure adhesion forces between cadherin molecules
forming individual bonds on opposing cells with piconewton
force resolution. The cell on the cantilever was gently brought
into contact with a cell on a bottom culture dish (Fig. 1b). The
repeated approach and retraction of the top cell to and from the
bottom cell set at a controlled retraction velocity (either 5 or 30
�m/s) produced force displacement spectra, which were
recorded with high temporal resolution (Fig. 1c). The presence
of an abrupt drop in the spectrum indicated the rupture of an
intercellular bond between the top and bottom cells (Fig. 1c,
arrows). Fig. 1c shows typical features exhibited by force dis-
placement curves, including the rupture of no intercellular
bond, one bond, andmore than one bond during the retraction
of the top cell from the bottom cell. The height of the force drop
is the tensile strength of the bond that was formed upon cell
contact, and the product of the retraction velocity by the slope
of the force spectrum just prior to bond rupture is the loading
rate applied to that bond (Fig. 1c).

The time of contact (typically 1 ms) and impingement force
(200–500 pN) were adjusted to allow for only very few success-
ful binding interactions to occur betweenE-cadherinmolecules
on the surfaces of adjacent cells. These conditions allowed us to
target �28% of force-distance spectra displaying at least one
bond rupture event (Fig. 1d). In these conditions, the probabil-
ities of forming a single adhesive bond, two bonds, and three
bonds upon cell-cell contact are 85, 12, and �2%, respectively
(22).
MDA468 cancer cells express a wide range of adhesion mol-

ecules on their surface, including integrin, epithelial cell adhe-
sion molecule (C-CAM), and E-cadherin. To ensure that our
measurements of intercellular adhesion are mainly due to
Ca2�-activated E-cadherin, cells were either treated with che-
lating molecule EDTA or treated with a specific anti-E-cad-
herin function-blocking monoclonal antibody. In both cases,
the probability of interactions between cancer cells was
reduced to background levels (Fig. 1d). These levels of interac-
tions are comparable with those between a bare cantilever (no
cell present) and cells on the bottom dish (data not shown).
These results indicate that our single-molecule force spectros-
copy measurements are specific and that binding interactions
between individual cancer cells are dominated by homotypic
E-cadherin interactions.
Wedeveloped a cell line stably expressing�-catenin based on

the parental MDA468 cell line (Fig. 2). Notably, immunopre-
cipitation and Western blot analysis (Fig. 2a), immunofluores-
cence microscopy (Fig. 2b), and flow cytometry (Fig. 2c) sug-
gested thatMDA468 parental cells and �-catenin-positive cells
showed the same levels of expression of E-cadherin. A simple
global cell adhesion assay (see “Experimental Procedures”)
showed that global intercellular adhesion (as opposed to single-
molecule level adhesion) was significantly increased in �-cate-
nin-expressing MDA468 cells compared with �-catenin-lack-
ingMDA468 cells (Fig. 1e). Because levels of surface expression
of E-cadherin were similar (Fig. 2), this result suggests that that
the lower cell-cell adhesion for MDA468 cells is caused by the
absence of �-catenin.

We sought to determine whether this loss of global intercel-
lular adhesion was due to an increased adhesion strength of
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individual intercellular E-cadherin/E-cadherin bonds. Using
single-molecule force spectroscopy (17), we characterized the
force required to rupture individual E-cadherin/E-cadherin
bonds (also called the tensile strength or de-adhesion force of
the bond) as a function of the loading rate on the bonds (Fig.
3a). We found that the mean tensile strengths of homotypic
E-cadherin/E-cadherin bonds between parental cells and
between �-catenin-expressing cells increased both logarithmi-
cally with loading rate. Such a micromechanical response is
observed for a wide range of ligand-receptor pairs, including
P-selectin-CD44 (23), selectin-PSGL-1 (24), N-cadherin/N-
cadherin (18), and VE-cadherin/VE-cadherin bonds (25).
Importantly, the mean tensile strength of E-cadherin/E-

cadherin bonds between parental cells was significantly
lower than the tensile strength of E-cadherin/E-cadherin
bonds between �-catenin-expressing cells over a wide range
of loading rates (Fig. 3, a and b). Because rupture forces are
distributed (see Fig. 5), we also compared the most probable

bond rupture forces at given loading rates and found similar
trends (Fig. 3, b and c) (26). Therefore, forced expression of
�-catenin greatly increases the strength of single E-cadherin
adhesion bonds.
From fits of the mean bond strength versus loading rate using

Bell model analysis (24, 27), we extracted the unstressed dissocia-
tion rate, koff

o , and the reactive compliance, x�, of single E-cad-
herin/E-cadherin bonds between parental breast cancer cells and
E-cadherin/E-cadherinbondsbetween�-catenin-expressingcells,
respectively (Fig. 4, a and b). The unstressed dissociation rate
describes the rate at which spontaneous unbinding between cad-
herinmolecules on opposing cells occurs; the reactive compliance
describes the effective molecule length over which cadherin mol-
ecules on opposing cells disengage from each other upon unbind-
ing. We found that the absence of �-catenin in parental cells
caused a significant increase in the unstressed dissociation rate
(Fig. 4b). Accordingly, the unstressed bond lifetime, 1/koff

o , was
increased 7-fold for cells expressing �-catenin (Fig. 4c). These

FIGURE 1. Single-molecule force spectroscopy reveals the micromechanical and biochemical properties of individual E-cadherin/E-cadherin bonds
between live human cancer cells. a, schematic of homotypic interactions of E-cadherin (E-cadh) pairs on either juxtaposed MDA468 cells that lacked
�-catenin (�-cat) or juxtaposed MDA468 cells where �-catenin was expressed. b, schematic of the instrument used to probe E-cadherin-mediated interactions
between a cell placed on a soft calibrated cantilever and a cell adherent to a bottom culture dish. Inset, a bond is formed between cadherin pairs on adjacent
cells. c, when the cantilever is retracted at a controlled velocity, force displacement spectra are recorded with high force and temporal resolutions. The arrows
indicate abrupt drops in force corresponding to the rupture of intercellular cadherin bonds that had been formed upon controlled contact between the two
cells. d, probability of successful bond formation between parental MDA468 cells (first bar), �-catenin-expressing MDA468 cells (second bar), �-catenin-
expressing MDA468 cells in the presence of the actin depolymerizing drug latrunculin B (third bar), MDA468 cells and �-catenin-expressing MDA468 cells
(fourth bar), MDA468 cells in the presence of EDTA (fifth bar), and MDA468 cells in the presence of anti-E-cadherin antibody (sixth bar). e, global intercellular
adhesion between MDA468 cells (first bar), �-catenin-expressing MDA468 cells (second bar), �-catenin-expressing MDA468 cells in the presence of latrunculin
B (third bar), MDA468 cells and �-catenin-expressing MDA468 cells (fourth bar), MDA468 cells in the absence of EDTA (fifth bar), and �-catenin-expressing
MDA468 cells in the presence of EDTA (sixth bar).
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results suggest that the loss of�-catenin in cancer cells resulted in
much shorter lived cadherin bonds between cells.
The reactive compliance of individual E-cadherin/E-cad-

herin bonds was also different: 0.76 nm versus 0.51 nm for
MDA468 cells and �-catenin-expressing MDA468 cells,
respectively (Fig. 4d). A higher reactive compliance indicates
E-cadherin/E-cadherin bonds between cancer cells that lack
�-catenin are more prone to rupture than the same cells where
�-catenin is expressed.
Wenote that bond lifetimes determined by fitting force spec-

tra to Bell’s model have values that can be at variance with
values obtained by direct measurements of bond lifetimes (28).
Although this discrepancy can be attributed to the difference in
model systems used (live cell in our case compared with puri-
fied proteins), this difference in absolute values does not alter
our main conclusions regarding the role played by �-catenin in
cell-cell adhesion.
The forces required to rupture individual E-cadherin/E-cad-

herin bondswere distributed (Fig. 5,a and b). For a given retrac-
tion velocity, the distribution of bond forces can be fitted using
the Bell model (24, 27).We found excellent agreement between
measured and theoretical force distributions for both parental
cells and �-catenin-expressing cells (Fig. 5, a and b). Because
the Evans-Ritchie model assumes a single dissociation rate and
a single reactive compliance, this agreement indicates that
indeed one type of adhesive bonds dominates intercellular
interactions between MDA468 cells and �-catenin MDA468
cells (confirming results in Fig. 1d) and that other adhesion
molecules, such as integrin and C-CAM, contribute little to
intercellular adhesion at least at short contact times.
Using the recent analysis of single-molecule force spectros-

copy data byDudko et al. (21), we extracted the effective energy
of interaction, Ea, of individual intercellular E-cadherin/E-cad-
herin bonds from the theoretical fits of force distributions (Fig.
5, a and b). We found that the relative depth of the energy
barrier for the rupture of individual E-cadherin/E-cadherin
bonds between �-catenin-expressing cells was significantly
deeper than for E-cadherin/E-cadherin bonds between paren-

tal cells, which lack �-catenin (Fig. 5, c and d). This result indi-
cates that intracellular protein �-catenin greatly stabilizes
extracellular E-cadherin/E-cadherin bonds against tensile
forces. The energy profile of single intercellular E-cadherin/E-
cadherin bond can be approximated by the harmonic energy
potential Ea � (kmx

*2)/2, which defines an effective molecular
stiffness km for the E-cadherin/E-cadherin bond and the width
of the energy barrier, x* (Figs. 5, d and e, and 6). We found that
the molecular stiffness of E-cadherin intercellular bonds was
much higher, and the energy barrier was much narrower and
deeper in cells expressing �-catenin than in parental cells lack-
ing �-catenin (Figs. 5e and 6). These results suggest that the
conformation of individual E-cadherin/E-cadherin is signifi-
cantly more rigid in cells expressing �-catenin and that �-cate-
nin provides individual E-cadherin/E-cadherin bonds with
additional stability against tensile forces.
To examine the potential role played by the actin cytoskele-

ton on E-cadherin/E-cadherin bond strength, we conducted
single-molecule measurements using �-catenin-expressing
cells treated with F-actin-depolymerizing drug latrunculin B
(concentration, 80 nM) (29). The mean bond strength was
found to be only marginally decreased (p � 0.03) compared
with the same cells in the absence of latrunculin B treatment
(Fig. 2d). This slight difference may be explained by the soften-
ing of the cytoplasmof latrunculinB-treated cells (29, 30).More
importantly, the mean bond strength remained significantly
higher (p� 0.001) than the bond strengthmeasured for�-cate-
nin null cells. The corresponding global adhesion assay for
latrunculin B-treated �-catenin-expressing cells reinforced the
finding from our single-molecule experiments that the actin
cytoskeleton does not affect the binding strength of E-cad-
herins between cells (Fig. 1e).

We further examined the influence of �-catenin on E-cad-
herin/E-cadherin bond strength by conducting single-molecule
measurements between unlike top and bottom cells. Cells
expressing �-catenin were plated as monolayer, and an AFM
cantilever loaded with an �-catenin null cell was brought in
contact for a short duration (�1 ms). The corresponding

FIGURE 2. Western blot, immunofluorescence microscopy, and flow cytometry analysis of E-cadherin expression. a, immunoprecipitation and Western
blot analysis of expression of E-cadherin, �-catenin, and �-catenin in MDA468 and �-catenin-expressing MDA468 cells. b, immunofluorescence microscopy of
�-catenin and E-cadherin in parental MDA468 cells and MDA468 cells expressing �-catenin. a and b show that parental MDA468 cells lack �-catenin and that
the levels of expression of E-cadherin and �-catenin are not significantly changed by the forced expression of �-catenin in MDA468 cells. c, flow cytometry
analysis of the levels of expression of E-cadherin on the surface of MDA468 cells and that of MDA468 cells expressing �-catenin. The location of maxima as well
as the geometric means for the experiments were nearly identical, signifying quantitatively similar surface expression levels of E-cadherin.
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mean E-cadherin/E-cadherin bond
strength was closer to the strength
of a bond between two �-catenin
null cells than the strength of a bond
between two cells expressing
�-catenin (Fig. 3d). The corre-
sponding global adhesion assay con-
firmed this finding (Fig. 1e). These
results suggest that the absence of
�-catenin causes a dominant nega-
tive effect on both global cell-cell
adhesion and E-cadherin-mediated
single intercellular adhesion bond
strength.
The loss of E-cadherin expression

is a common feature of tumor pro-
gression and metastasis in cancers
of epithelial origin (31). This is
presumably because E-cadherin
down-regulation reduces the global

FIGURE 3. Loss of �-catenin decreases the strength of E-cadherin/E-cadherin bonds between cancer cells. a, averaged tensile strength of single intercel-
lular E-cadherin/E-cadherin bonds as a function of loading rate for MDA468 cells that lack �-catenin (lower curve) and �-catenin-expressing MDA468 cells (top
curve). b and c, averaged and most probable bond rupture forces at binned loading rates of 300 pN/s (b) and 1000 pN/s (c) for MDA468 cells and �-catenin-
expressing MDA468 cells. d, averaged tensile strength of single intercellular E-cadherin/E-cadherin bonds between �-catenin-expressing MDA468 cells (first
bar), MDA468 cells (second bar), MDA468 cells and �-catenin-expressing MDA468 cells (third bar), and �-catenin-expressing MDA468 cells in the presence of
latrunculin B (fourth bar).

FIGURE 4. Loss of �-catenin reduces the bond lifetime and increases the reactive compliance and disso-
ciation rate of E-cadherin intercellular bond. Shown are the reactive compliance, x� (a), unstressed dissoci-
ation rate, koff

o (b), and unstressed bond lifetime, � � 1/koff
o (c) of individual E-cadherin/E-cadherin bonds for

MDA468 cells and �-catenin-expressing MDA468 cells.
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strength of intercellular adhesion within a tissue, therefore
enhancing cellular motility (32). Re-expression of E-cadherin
reduces metastatic potential of cancer cells (31, 32). However,
in many types of cancers, cell detachment from a primary
tumor site and transition to metastasis strongly correlates with
the loss of �-catenin (4–9). Moreover, the loss of �-catenin
seems to be sometimes a better predictor of clinical outcome
than the loss of E-cadherin (5, 9). Here we show that the loss of
�-catenin in human breast cancer cells plays a direct and pro-

found role in reducing individual
cadherin/cadherin binding interac-
tions between adjoining cells. Spe-
cifically, the loss of �-catenin dras-
tically reduces the lifetime, tensile
strength, andmechanical stability of
single cadherin bonds between
human breast cancer cells.
Our data suggest that the

changes in bond strength are
partly caused by a change in the
configuration of E-cadherin/
E-cadherin bonds mediated by the
loss of �-catenin. Indeed, the
absence of �-catenin in MDA468
cells reduces �3-fold the flexural
rigidity of single E-cadherin/E-cad-
herin bonds (measured by km) com-
pared with �-catenin-expressing
MDA468 cells.
A mechanism that could explain

the �-catenin-dependent strength
of individual E-cadherin/E-cad-
herin bonds between adjacent cells
is that the presence of �-catenin in
the adhesion molecular-complex
might induce clustering of E-cad-
herins caused by the dimerization
of �-catenins bound to adjacent E-
cadherin-�-catenin/�-catenin com-
plexes. Although our data cannot

per se test this hypothesis directly,

we must note that such a mechanism seems improbable

based on previously reported binding screen studies. Using

chimeric proteins, it has been shown that the dimerization

site of �-catenin overlaps with its �-catenin-binding site

(33). In other words, �-catenin cannot simultaneously bind

�-catenin and form a dimer with another �-catenin bound to

an adjacent E-cadherin-�-catenin complex. Binding to

�-catenin disrupts the dimerization of �-catenin. In light of

these results, it seems improbable that the observed

enhanced bond strength of E-cadherin/E-cadherin bonds in

�-catenin-expressing cells is due to the dimerization of

�-catenin across the cytoplasmic domains of E-cadherin.

Nevertheless, more studies need to be conducted to further

test this hypothesis.

Together our results suggest the loss of intercellular adhe-

sion commonly observed in solid tumors of epithelial origin (31,

32) may stem not only from the loss of global cell adhesion

through down-regulation of E-cadherin (and ensuing reduced

cadherin-mediated intercellular avidity) but also the reduction

of intercellular cadherin bond strength induced by the loss of

�-catenin. We also show that the forced expression of �-cate-

nin in human breast cancer cells can restore both higher inter-

cellular avidity and intercellular bond strength of E-cadherin,

which suggests an alternative strategy to stop or slow down the

metastatic phenotype.

FIGURE 5. Analysis of bond rupture force distributions. a and b, distributions of E-cadherin/E-cadherin
bond rupture forces for MDA468 cells (a) and �-catenin-expressing MDA468 cells (b). Retraction velocity,
30 �m/s. c and d, relative depth (d) and width (d) of the energy barrier for the dissociation of single
E-cadherin/E-cadherin bonds between MDA468 cells (left bars) and between �-catenin-expressing
MDA468 cells (right bars). e, molecular stiffness, km, of single E-cadherin/E-cadherin bonds between
MDA468 cells (left bar) and between �-catenin-expressing MDA468 cells (right bar).

FIGURE 6. Loss of �-catenin in MDA468 human breast cancer cells
causes destabilization of the E-cadherin/E-cadherin bond against
tensile forces. Schematic of the energy profiles describing E-cadherin/E-
cadherin bonds between parental MDA468 cells, which lack �-catenin,
and MDA468 cells where �-catenin was expressed. Ea is the relative depth
of the energy well, and x* is its width. The molecular stiffness of the bond
is related to Ea and x* by fitting the energy well with a harmonic potential
as Ea � (kmx*2)/2.
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