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These studies quantified the relative effects of E-cadherin expression and homophilic ligation on the integrin-
mediated motility of epithelial cells. Micropatterned proteins were used to quantitatively titrate the ligation of
E-cadherin and integrin receptors in order to assess their coordinate influence on the migration velocities of MDA-
MB-231 breast tumor epithelial cells. Fibronectin, E-cadherin, and mixtures of fibronectin and E-cadherin were
covalently patterned on solid surfaces at defined compositions andmass coverages. The migration velocities of parental
epithelial cells and of cells engineered to express E-cadherin under tetracycline control show that E-cadherin expression
reduces cell motility by both adhesion-dependent and adhesion-independent mechanisms. Increasing E-cadherin
expression levels also suppresses the dependence of cell velocity on the fibronectin coverage. On E-cadherin-containing
substrata, the cell velocity decreases both with the E-cadherin expression level and with the immobilized E-cadherin
surface density. These studies thus identified conditions under which E-cadherin preferentially suppresses cell migration
by adhesion-independent versus adhesion-dependent mechanisms.

Introduction

Cancer metastasis involves the disruption of cell-cell contacts,
cell escape from tumors, and reattachment at distal sites in the
body. In normal tissues, epithelial cells strongly adhere via
cadherins, which are calcium-dependent cell-cell adhesion pro-
teins. The destabilization of intercellular junctions, in either
normal tissue remodeling or in the progression of diseases such
as cancer, involves the disruption of cadherin junctions by
mechanisms that include proteolytic shedding, internalization,
or the altered expression of epithelial cadherin (E-cadherin).1-3 In
metastasis, such changes facilitate cell detachment from the
primary tumor site.4,5

E-cadherin is a tumor suppressor that inhibits both cell pro-
liferation and invasiveness.6 The loss or decrease in E-cadherin
expression and/or function in cancer cells typically correlates with

high invasiveness and metastasis.5,7-12 Increased invasive beha-
vior requires the loss of intercellular adhesion, which could arise
from intracellular signaling, loss of adhesive strength, and/or
aberrant interactions with the extracellular matrix (ECM). Sev-
eral studies suggest that E-cadherin impedes cell migration and
invasiveness by homophilic E-cadherin adhesion.9,13-15 At low
cell densities, mouse fibroblasts transfected with E-cadherin
migrated through gels, but confluent cell densities inhibited the
migration.14 The addition of anti-E-cadherin antibodies, which
blocked cadherin-dependent adhesion, restored cell migratory
behavior. Transfecting fibroblasts with E-cadherin similarly
suppressed cell infiltration of collagen gels in an E-cadherin-
dependent manner.9

Other studies indicate that E-cadherin expression alters cell
migration by an adhesion-independent mechanism. The expres-
sion of E-cadherin regulates levels of cytosolic β-catenin.6,16,17

Wong and Gumbiner reported that β-catenin binding to the
cytodomain of E-cadherin attenuated cell motility in an adhe-
sion-independent manner.17 The cytodomain of E-cadherin binds
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p120 catenin (p120ctn), and recent findings suggest that a p120ctn-
dependent pathway may impede motility.18,19

The coordinated interplay between cadherins and integrins also
regulates the structural integrity of tissues. In vivo, cell emigration
from tumors or cell migration into wound sites also results from
the disruption of intercellular contacts and promotion integrin-
mediated cell migration. In myoblasts, cadherins and integrins
coordinate migration cessation by contact inhibition, which
results from synergistic signaling between the R5 integrin and
neural-cadherin.20 Conversely, integrin activation can destabilize
cell-cell junctions. The mechanical stimulation of integrins in
vascular endothelial cells disrupted cell-cell junctions.21 Integrin
signaling and elevated Src activity similarly deregulate E-cadherin
in colon carcinoma cells and are associated with the epithelial-
to-mesenchymal transition.22,23

In many of these examples, it is unclear whether enhanced
cell motility is due to reduced E-cadherin adhesion or whether
E-cadherin down regulation alone confers a motile phenotype. In
the context ofmetastasis, determining the principal mechanism(s)
of migration suppression by E-cadherin is central to establishing
the molecular basis of disease as well as for identifying therapies
for preventing disease progression. The ability to interrogate
mechanisms by which E-cadherin and integrins coordinately
regulate cellmigration is currently limited, in part, by themethods
used to investigate cell motility.

Many platforms commonly used to study cell migration and
invasion are end-point assays that do not directly observe cells or
control the cell environment. For example, studies of cell migra-
tion and invasion often use wound healing assays or filter-based
platforms such as Boyden chambers. Wound healing assays
inherently include (uncontrolled) cell-cell interactions, cell mi-
gration, and cell proliferation.24,25 Cell proliferation and migra-
tion into the wound are not uniform during the experiment, and
they depend on the proximity of cells to the wound.25 Boyden
chambers and similar filter-based assays determine cell migration
rates from the redistribution of a cell population as cells migrate
through a filter.26 This end-point analysis does not allow direct
observations of cell movement. Quantitative determinations of
cell velocity, directionality, and persistence therefore require
model fits to empirical data.27These assays also use large numbers
of cells, but only a small percentage of themmigrate. This renders
the data difficult to interpret.24

Additional substrata consist of uncoated filters or filters
coated with Matrigel, collagen, fibrin, and other matrix pro-
teins.9,13,14,17,28-30 These materials contain ligands for integrins

but not cadherins. Furthermore, the ligand surface density is not
easily amendable. Alternatively, surface chemical approaches,
which afford better control of the ligand identity and surface
coverage on two-dimensional substrata, have been used exten-
sively to investigate adhesion-dependent cell behavior.27,31-38

These platforms also enable the direct visualization of individual
cells as they migrate over ligand fields and were used to demon-
strate the dependence of integrin-mediated cell migration on
ligand density.31-33 Surface chemical approaches also enabled
quantitative investigations of the synergistic effects of two differ-
ent adhesion receptors on cell rolling.35,36

This study used immobilized protein patterns to investigate
cross-talk between cadherins and integrins in the regulation of
cell migration. Specifically, we used defined, fabricated pat-
terns of integrin and E-cadherin ligands to quantify the impact
of E-cadherin expression and homophilic ligation on epithelial
cell migration. These studies also used the highly motile, meta-
static MDA-MB-231 human breast cancer cell line (231 cells). A
second MDA-MB-231 cell line engineered to express E-cadherin
under tetracycline control (231-Tet cells) enabled the mani-
pulation of E-cadherin expression levels. Protein patterning
and automated cell tracking enabled rapid titrations of the
influence of E-cadherin expression and ligation on cell move-
ment on a variety of quantitatively defined substrata consis-
ting of fibronectin, E-cadherin, or fibronectin/E-cadherin mix-
tures. These findings confirm that E-cadherin expression alone
substantially attenuates cell motility. They also demonstrate
conditions under which homophilic E-cadherin ligation is the
predominant mechanism suppressing cell migration.

Materials and Methods

Reagents. The Fc-tagged canine E-cadherin ectodomain was
purified as described by Chappuis-Flament et al.1 Fibronectin
from bovine plasma and bovine serum albumin (BSA) were
from Sigma Aldrich. 16-Mercaptohexadecanoic acid (MHD)
[purity >98.5%] and 11-mercaptoundecan-1-ol (MUD) [purity
>98%] were purchased from Aldrich Chemical Co. The linkers
1-ethyl-3-(3-dimethylaminopropyl) carbodiimideHCl (EDC)and
N-hydroxysuccinimide (NHS) were from Pierce. Borosilicate
glass substrata were from Fisher Scientific.

Cell Culture. MDA-MB-231 human breast tumor cells, pur-
chased from ATCC, and MDA-MB-231Tet cells (a gift from
Dr.Gottardi,Northwestern, IL)were cultured inLeibovitz’s L-15
medium supplemented with 10% fetal bovine serum (FBS, Hy-
clone) and penicillin-streptomycin (HyQ).Cells weremaintained
at 37 �C in a humidified incubator. Transfected cells were selected
as described by Wong and Gumbiner.17 Briefly, 400 μg/mL of
G418 (Calbiochem) and 800 μg/mL of hygromycin b (Invitrogen)
were added to the subculture after each passage. Cell monolayers
were dissociated by incubation with 0.01% (w/v) trypsin (Gibco)
with 2 mM Ca2þ for 5 min at 37 �C. It is well established that
cadherin is not degraded by trypsin in 2 mM calcium. Similarly,
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integrins are not degraded by this mild trypsinization.39,40 The
cells were resuspended in 10 mL of supplemented L-15 medium
and pelleted by centrifugation for 5min at 1000 rpmusing an IEC
Centra 4B centrifuge equippedwith a 215 rotor (IEC). Cell pellets
were resuspended in serum-free L-15 medium with 2 mM Ca2þ,
and the cell density was determined with a hemocytometer.
Cells were seeded at a density of 2�104 cells/mL in the migration
assays.

Western Blots. For Western blot analyses, cells were grown
to confluence, harvested using a cell scraper, and lysed with 1%
NP-40 lysis buffer (1% NP-40, 10 mM HEPES, 150 mM NaCl,
1.5mMEDTA,pH7.4) supplementedwithprotease inhibitors, as
described.41 Samples containing equal amounts of total protein,
as determinedwith a colorimetric protein assay,were separatedby
SDS-PAGE. They were then transferred to nitrocellulose with
a Trans-Blot-Semidry-Electrophoresis transfer cell (BioRad) for
30min at 13V.The transfer paperwas incubated overnight at 4 �C
with the primary mouse monoclonal antihuman E-cadherin anti-
body (36 clone, BDBiosciences),washedwithPBSwith 0.2%(v/v)
Tween 20 (HyClone, Sigma), and then incubated with goat
antimouse peroxidase conjugate for 1 h at room temperature.
After antibody treatment, the bandswere visualizedwith theECL
Western Blot detection kit (Pierce). After the autoradiography
film (Denville Scientific) was developed (Futura 2000K, Fischer
Scientific), the bands were analyzed with a Quantity One 4.6.3
densitometer (Bio-Rad). The E-cadherin expression was normal-
ized to the total actin in the lysate. To compare expression levels in
the different cells, the expression levels were also normalized
against the E-cadherin expression in 231-Tet cells induced with
100 μg/mL doxycycline.

Flow Cytometry. Flow cytometry was performed on a BD
FACSCanto (BD Biosciences). Cells were harvested from tissue
culture flasks using 0.01% (w/v) trypsin with 2mMCa2þ, washed
with Leibovitz’s L-15 medium supplemented with 10% fetal
bovine serum, and resuspended in phosphate buffered saline
(PBS). Cells were incubated with goat polyclonal antibody direc-
ted against the extracellular domain of E-cadherin (k-20 clone,
Santa Cruz Biotechnology) for 30 min at 4 �C at a concentration
of 3 μg/mL. Unbound primary antibodies were removed by
washing three times with PBS. The cells were then resuspended
in PBS containing 2 mM calcium and incubated in the dark with
3 μg/mL PE-Cy5-conjugated mouse antigoat IgG (Santa Cruz
Biotechnology) for 30 min at 4 �C. Cells were analyzed using
FACS Express 3.0 (De Novo). As a negative control, cells were
incubated with secondary antibody only. E-cadherin surface
densities were quantified from the amount of bound PE-Cy5
antibody. The fluorescencewas calibratedwithQuantumPE-Cy5
MESF fluorescent calibrationmicrospheres (BangsLaboratories,
Inc.). A standard calibration curve was used to convert the
fluorescence intensity to protein surface coverage on the cells.

Preparation of Uniform Protein Patterns with Microflui-
dic Devices. The protein was covalently immobilized on self-
assembled monolayers (SAMs) of carboxylic acid-terminated
alkanethiols. SAMs were assembled on thermally evaporated
gold films deposited on glass microscope slides, as described
previously.42,43 The gold-coated slides were immediately im-
mersed in an ethanolic solution of 3:1 molar ratio of mercapto
hexadecanoic acid:mercaptoundecanol for 24 h, rinsed with
ethanol, and dried with filtered N2. A PDMS mold containing
themicrofluidic networkwas thenbrought into conformal contact

with the slide. The microchannels were then flushed with ethanol,
followed by PBS containing 2 mM Ca2þ. The carboxylic acid
terminated alkanethiols were activated with EDC/NHS at con-
centrations of 3.8 and 7.6 mg/mL, respectively. Protein solutions
were then injected through the microchannels at a flow rate of
0.1 mL/h, with a total volume of 0.2 mL infused. Following the
protein injection, the microchannels were rinsed with 0.2 mL of
PBS buffer with Ca2þ. After removing the PDMS mold, the chip
was immersed in 10% (w/v) BSA in PBS for 30 min, to prevent
nonspecific cell adhesion.

Cell Migration on Patterned Substrata. Cells were seeded
on uniform, protein-coated substrata in a 35 mm Petri dish (BD
Falcon) at a density of 2�104 cells/mL in serum-freeL-15medium
supplemented with 2 mM Ca2þ. The cell medium was then
covered with 5 mL of sterile mineral oil (Sigma) to minimize heat
loss and water evaporation during the measurements. The Petri
dish was placed on a machined metal holder used to maintain the
temperature at 37 �C by circulating water through the metal
holder. The holder was fastened to the stage of an inverted Zeiss
Axiovert 200 microscope equipped with a 10� objective. Cells
were allowed to attach to the substrata for 3 h before tracking cell
movement. The cell movements on the substrata were monitored
with an Axiocam high performance monochrome digital camera
and recorded every 15 min for 12 h, using Axiovision software
version 4.6.

A high resolution, a programmable scanning stage enabled us
to track multiple cells in at least three regions per substratum
composition investigated. Regions near the edges of the patterns
were avoided to minimize contributions from anomalous migra-
tion at boundaries. Duplicate experiments were conducted for all
experimental conditions. For each set of conditions, 20-40
individual cells were tracked. Cell locations were defined by the
cell centroid and were manually tracked using the Manual
Tracking plugin for ImageJ (Fabrice Cordelieres, Institut Curie,
NIH).Cell positionanddistance traveledwere recorded frame-to-
frame. The effective cell velocity was calculated according to:44

Veff=S/t, whereS is the total cellmigration path length and t is the
recording time. Taking into account intervals where the cell did
not move, the real velocity is Vreal=S/(t-N), where N is the
number of time intervals during which the cell did not move,
expressed inminutes.44Data are presented as themean(SD.The
Unpaired Student’s t-test was used to determine the statistical
significance of differences between individual measurements, and
differences between groups were determined with the ANOVA
(Excel, Microsoft). P values <0.05 were considered to be statis-
tically significant.

Surface Plasmon Resonance (SPR) Measurements. The
surface densities of fibronectin and E-cadherin covalently bound
to SAMs were determined with a home-built surface plasmon
resonance (SPR) instrument.45 The SPR flow cell containing the
SAM-modified gold substrate was initially rinsed with water and
PBS buffer with Ca2þ for 15 min. The carboxylic acid terminated
alkanethiols were then activated with EDC/NHS coupling
agents42 for 15 min at a flow rate of 4 mL/h, followed by rinsing
with PBS buffer with Ca2þ for 5 min. The protein was then
introduced at a flow rate of 0.1 mL/h. After the adsorbed amount
stabilized, the SPR cell was rinsed with PBS buffer with Ca2þ for
10 min at a flow rate of 4 mL/min. The surface density of the
bound protein was determined by fitting the Fresnel reflectivity
equations to the change in the plasmon resonance angle following
the protein adsorption.

The measured plasmon resonance angle was recorded over
the time-course of the experiment. The shift in the resonance angle
was then determined from Δθ=θt - θt0 where θt0 is the initial
plasmon resonance angle prior to protein binding and θt is the
final plasmon resonance angle after protein deposition.
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A theoretical angle was determined with the IGOR-based
(Wavemetrics) four-phase Fresnel reflectivity equation (Corn
laboratory, UC Irvine). The change in angle recorded by SPR
was added to the theoretical angle, and the effective refractive
index of the protein layer (neff) was calculated using a five-phase
Fresnel reflectivity equation (Corn laboratory, UC Irvine). The
volume fraction of the protein (xp) was calculated from χP=(neff-
nH2O

)/(np-nH2O
) where np and nH2O

are the refractive indices of
protein and water, respectively.We used a refractive index of 1.46
for fibronectin and E-cadherin.46 The protein coverage was
determined from the volume fraction as described previously.42

Results

E-Cadherin Expression in Epithelial Cells. The relative
expression levels of E-cadherin in the parental 231 and engi-
neered 231-Tet cells were first assessed by Western blot analysis.
Western blots (Figure 1A) confirmed that parental 231 cells do
not express E-cadherin, in agreement with published data.47 The
uninduced 231-Tet cells do exhibit some E-cadherin expression,
indicating that this inducible expression system is somewhat
“leaky”. However, the densitometry scans of the immunoblots
do show that doxycycline treatment 24 h prior to the assays
increases the E-cadherin expression in a doxycycline-concentra-
tion-dependent manner. The relative E-cadherin expression was
normalized to total actin in the cell lysate. Figure 1B shows the
relative increase in E-cadherin expression with doxycycline con-
centration.

FACSmeasurements then estimated the E-cadherin expression
levels on the MDA-MB-231 (231) and on the tetracycline in-
ducibleMDA-MB-231 (231-Tet) cells. Induced 231-Tet cells were
cultured in the presence of doxycycline for 24 h prior to flow
cytometry assays. The E-cadherin surface densities, estimated by
FACS and the use of Quantum PE-Cy5 MESF fluorescent
calibration beads, were 20(1 and 46(2 molecules/μm2 for cells
treated with 1 and 100 μg/mL doxycycline, respectively. The

uninduced 231-Tet cells expressed 18( 1 cadherins/μm2, based on
these FACS measurements.
Protein Surface Densities on Patterned Substrata.Micro-

fluidic platforms were used to generate protein patterns with
defined composition and mass coverage. These substrata allow
the direct visualization of cells, and therefore the use of time-lapse
microscopy for direct measurements of random cell motility. This
patterning also enables assessments of the effect of the protein
density and composition on cell migration velocities.

The amount of bound protein was determined from a surface
plasmon resonance calibration curve obtained by determining the
amount of adsorbed cadherin or fibronectin at a given bulk
concentration and adsorption time. The adsorbed protein den-
sities obtained at each bulk protein concentration were plotted
against the solution concentration to generate an “adsorption
isotherm” such as in Figure 2. The adsorbed amount was also
validated with isotopically labeled protein.
Cell Migration on “One-Component” Uniform Substrata.

Fibronectin Substrata (BSA Backfill). To determine the
relative effect of E-cadherin expression on integrin-dependent
cell migration on the extracellular matrix protein fibronectin, we
quantified the random migration velocities of 231 and 231-Tet
cells on fibronectin substrata. Fibronectin engages the Rvβ1 and
R3β1 integrins expressed by 231 cells.

30,40,48 Bartsch et al. reported
that as little as 1 μg/mL of physisorbed fibronectin promoted the
adhesion and migration of MDA-MB-231 and MDA-MB-435
cells.30 However, physisorbed fibronectin can desorb over the
course of the measurement. These studies instead used covalently
bound fibronectin to provide a more robust substratum for cell
migration studies. Any differences between the migratory beha-
vior of parental 231 cells and the transformed 231 cells could
therefore be attributed to E-cadherin expression.

Wind-rose plots indicate that cells on these substrata exhibited
random, persistent walks. The standard observation time was
12 h, but the cell migration velocities were statistically similar for
8 and 16 h observation times. The migration velocities of the
parental 231 cells exhibited the biphasic dependence on the
fibronectin surface density that is typical of migrating cells on
extracellular matrix (Figure 3A).31 At the fibronectin surface
densities of 960 and 1100 molecules/μm2, the migration velocities
were highest at 29(5 and 28(5 μm/h (Figure 3A). A Student’s
t-test (Excel, Microsoft) showed that the highest migration

Figure 1. (A) Western blots of equivalent micrograms of lysates
from parental 231 cells and 231-Tet cells treated with different
concentrations of doxycyline. The lysates were analyzed using a
mouse antihuman E-cadherin mAb (BD Bioscience). The total
actin was used as an internal standard. (B) Plot of the E-cadherin
expression levels in the different cells in (A) relative to the
E-cadherin expressed in cells treated with 100 μg/mL doxycycline.
The E-cadherin expression in the different cells was normalized to
total actin in the lysate.

Figure 2. Surface densities of E-cadherin (circles) and fibronectin
(squares) as a function of the bulk protein concentration. The
protein was covalently bound to carboxy-terminated alkanethiol
monolayers, as described in the text. The immobilized protein
density (molecules/μm2) was determined as a function of the bulk
protein concentration (μg/mL) by SPR.

(46) Guemouri, L.; Ogier, J.; Ramsden, J. J. Chem. Phys. 1998, 109, 3265–3268.
(47) Pierceall, W. E.; Woodard, A. S.; Morrow, J. S.; Rimm, D.; Fearon, E. R.

Oncogene 1995, 11(7), 1319–1326.
(48) Lichtner, R. B.; Howlett, A. R.; Lerch, M.; Xuan, J. A.; Brink, J.;

Langton-Webster, B.; Schneider, M. R. Exp. Cell Res. 1998, 240(2), 368–376.
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velocity of 29 μm/h was statistically greater than the migration
velocities observed at the lowest and highest fibronectin densities
( p<0.05).

E-cadherin expression had two effects on random cell migra-
tion on fibronectin. First, the expression alone attenuated the cell
migration velocity. Second, themigration velocities of the 231-Tet
cells appeared to be independent of the fibronectin density, within
experimental error. Themagnitude of the change depended on the
E-cadherin expression level. At low E-cadherin expression levels,
the migration velocity on substrata containing 40( 8 or 790( 40
fibronectin/μm2was indistinguishable from the parental 231 cells.
A student’s t-test confirmed that the migration velocities of the
induced (1 μg/mL), and uninduced 231-Tet cells were statistically
similar to the parental cells ( p > 0.05).

The velocities of the 231-Tet cells were statistically lower
on fibronectin at 960( 50 molecules/μm2 ( p<0.05). At>790
fibronectin/μm2, the cell migration rates clearly decreased with
the E-cadherin expression (Figure 3B) ( p<0.05). On films sup-
porting the highest cell migration velocities (960 and 1100
fibronectin/μm2), the motility of the uninduced 231-Tet cells
was ∼20% lower than the parental 231 cells ( p<0.05). Treating
231-Tet cells with 1 μg/mL doxycycline decreased motility by
∼30% ( p<0.05). Further increasing the E-cadherin expression to
∼46 molecules/μm2 with 100 μg/mL doxycycline reduced the
migration velocity by ∼60% ( p<0.05).

Interestingly, the E-cadherin expression alone affected the
dependence of the migration velocity on the fibronectin density.
The 231-Tet cells, which express low levels of E-cadherin (cf.
Figure 1), exhibited a weaker dependence on the fibronectin
surface density than the parental 231 cells (Figure 3B). Namely,
themaximumwas less pronounced and the velocities at the higher
fibronectin densities were lower. With the 231-Tet cells treated

with 1 and 100 μg/mL, the velocities were constant at 19(1 and
10( 2 μm/h, respectively, regardless of the fibronectin coverage
(Figure 3B).

We do note that the transformed 231 Tet cell line is a single
subclone of the original parentalMDA-MB-231 cell line. Because
cancer cell lines tend to be genetically unstable, differences
between the uninduced 231 Tet cells and the parental cells could
be due differences in addition to transfection with the E-cadherin
expression vector. For this reason, we place more emphasis on
differences in the behavior of tetracycline induced versus unin-
duced 231 Tet cells.

E-Cadherin Substrata (BSABackfill). In previous studies of
the effects of E-cadherin on cell migration, the substrata did not
contain the E-cadherin ligand. The cell migratory behavior was
determined on filters or in Matrigel, which contains specific
ligands for integrins but not for E-cadherin.9,13,14,17,28-30 There-
fore, E-cadherin ligation could only contribute to migration
velocities through uncontrolled cell-cell contacts. To quantita-
tively control E-cadherin ligation, these studies used immobilized
E-cadherin to titrate cadherin adhesion.

Theparental 231cellsmigrateonE-cadherin substrata (Figure 4).
The velocity may increase slightly with E-cadherin coverage, but
the migration rates appear to be relatively insensitive to the
amount present (p<0.05). The 231-Tet cells treated with 1 μg/mL
doxycycline express E-cadherin (∼20 molecules/μm2) and exhibit
an inverse dependence on the E-cadherin surface density: the cell
velocity decreased with increasing E-cadherin coverage. An
ANOVA test confirmed that the means in the migration rates
were statistically different. At 160(10 E-cadherin/μm2, the mig-
ration velocities of the 231-Tet cells were statistically similar to
those of parental 231 cells on similar substrata ( p>0.05). How-
ever, at higher E-cadherin densities, the migration velocities of
the 231-Tet cells decreased monotonically with E-cadherin and
were statistically lower than the parental 231 cells on identical
substrata ( p<0.05). Increasing the E-cadherin expression level to
∼46 molecules/μm2 with 100 μg/mL doxycycline completely
halted migration.

The migration of parental MDA-MB-231 cells on E-cadherin
was unexpected. To test whether this is specific to E-cadherin, we
treated the substrata with a blocking anti-E-cadherin antibody.
The antibodies prevented most cell attachment, and those few
cells that attached did not migrate. This suggests that cell surface
proteins might bind to the immobilized E-cadherin.

Figure 3. Cell migration velocity on fibronectin substrata (BSA
backfill). (A) The velocity of parental 231 cells (filled squares) was
determinedas a functionof the fibronectin density. (B)Thevelocity
of 231-Tet cells induced with 1 μg/mL and 100 μg/mL doxycycline
(filled triangles and filled circles, respectively), and uninduced 231-
Tet cells (empty triangles) were determined as a function of the
fibronectin density.

Figure 4. Cell migration velocities on E-cadherin substrata (BSA
backfill). The velocities of parental 231 cells (filled squares) and
231-Tet cells induced with 1 and 100 μg/mL doxycycline (filled
triangles and filled circles, respectively) were determined as a
function of the E-cadherin surface density. As a control, 1 μg/mL
induced 231-Tet cells were incubated with E-cadherin antibodies
for 30 min prior to seeding (open triangles).
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Although MDA-MB-231 epithelial cells do not express other
classical cadherins, they do express mesenchymal cadherin-11,
which is not expected to bind classical E-cadherin specifically. To
test for possible protein interactions that might account for the
observed behavior, we used an MDA-MB-231 cell line in which
cadherin-11 is stably knocked down (gift of P. Anastasiadis,
Mayo Clinic, Jacksonville, FL). In contrast to the parental cells,
the cadherin-11 knockdown cells did not readily attach to
E-cadherin substrata and therefore did not migrate. Although
this is not proof of binding between E-cadherin and cadherin-11,
the inhibition of cell attachment by E-cadherin antibodies and by
cadherin-11 knockdown suggests that both proteins are needed
for 231 cells to migrate on E-cadherin.

CellMigration onMixed Substrata. These studies quantified
the suppression of cell migration on controlled substrata contain-
ing defined amounts of both fibronectin and E-cadherin. To
assess the coordinated regulation of cell movement by integrin
and cadherin, mixed fibronectin-E-cadherin substrata were
generated such that one protein density was fixed while the
surface density of the second protein was varied. This enabled
quantification of critical thresholds for “switching” from amotile
to a nonmotile phenotype. We also quantified the impact of
cadherin expression and adhesion on cellmigration on the protein
matrix.

In one set of studies, mixed substrata containing fibronectin
and E-cadherin were generated such that E-cadherin was fixed at
210 ( 10 molecules/μm2 but the fibronectin density was varied.
The substrata contained E-cadherin, fibronectin, and BSA in
different proportions. On these patterns, E-cadherin expression
by 231-Tet cells both attenuated cell migration and altered the
dependence of the migration velocity on the fibronectin density
(Figure 5).

The doxycycline-treated 231-Tet cells migrated significantly
slower than the parental 231 cells (p<0.05) on all of these mixed
protein patterns. Treating 231-Tet cells with 1 μg/mL reduced the
motility by ∼60% when compared to 231 cells on fibronectin
substrata at the identical fibronectin density. Increasing the
E-cadherin expression with 100 μg/mL doxycycline attenuated
the cell velocity by ∼80% on average. In the latter case, the
velocities were within the noise levels.

As a control, 231-Tet cells treated with 1 μg/mL doxycycline
were preincubated with anti-E-cadherin antibodies for 30 min

prior to seeding. This increased the cell migration velocity
(Figure 5). The migration rates were statistically similar ( p>
0.05) to the velocities of the same cells on fibronectin substrata at
the identical fibronectin densities.

The velocities of 231-Tet cells also appear to be insensitive to
the fibronectin surface density. The possible exception might be
the cells treated with 1 μg/mL doxycycline (∼20 molecules/μm2).
Their velocity appears to increase with increasing fibronectin. An
ANOVA test demonstrated that the 231-Tet migration rates were
statistically different ( p<0.05). However, this trend was not seen
in any of the other measurements with these substrata, including
those with the same cells treated with anti-E-cadherin antibodies
(Figure 5).

The second series of studies usedmixed fibronectin-E-cadher-
in substrata in which the fibronectin was fixed at 40 ( 8 and
1100 ( 40 molecules/μm2 but the E-cadherin density varied
(Figure 6). The 231-Tet cells expressing ∼20 E-cadherin/μm2

were nearly immobile and exhibited a velocity of 13 ( 3 μm/h
on 40 fibronectin/μm2matrices. Increasing the E-cadherin surface
density reduced the motility to 7 ( 2 μm/h.

However, when the surface density of fibronectin was main-
tained at 1100 molecules/μm2, the decrease in the motility of 231-
Tet cells treated with 1 μg/mL doxycycline (∼20 cadherin/μm2)
with the E-cadherin surface density was more obvious. At the low
cadherin densities of 110 and 220 molecules/μm2, the cell velocity
was highest at 21( 5 and 19( 4 μm/h, respectively. At 320, 400,
and 420 cadherin/μm2, the cell velocity decreased to 12( 3, 13(
4, and 10 ( 4 μm/h, respectively (Figure 6).

Discussion and Conclusions

Themicrofabricated protein patterns with controlled composi-
tion described here enabled the quantitative demonstration that
E-cadherin expression by MDA-MB-231 cells suppresses cell
migration by both adhesion-independent and adhesion-depen-
dent mechanisms. These findings further show that the relative
contribution of either mechanism depends on the composition of
the migratory substratum and on the E-cadherin expression
levels.

There are apparent differences between the absolute E-cadher-
in surface expression determined by FACS and the relative
expression levels detected byWestern blot. Specifically, the FACS
data suggest that the cell surface E-cadherin in uninduced 231-Tet
cells and cells treated with 1 μg/mL doxycycline are very similar
despite clear differences in cell behavior (cf. Figure 4). The low

Figure 5. Cell velocity vs fibronectin density on mixed E-cadher-
in-fibronectin substrata. On these substrata, cadherin was fixed
at 210 molecules/μm2 and the fibronectin density varied. Data are
for parental 231 (filled squares) and231Tet cells inducedwith 1 and
100 μg/mL doxycycline (filled triangles and filled circles, respec-
tively). As a control, 1 μg/mL doxycycline induced 231Tet cells
were incubated with E-cadherin antibodies for 30 min prior to
seeding (open triangles).

Figure 6. Cell velocity vs E-cadherin density on mixed E-cadher-
in-fibronectin substrata. In these protein films, the fibronectin
was fixed at 40 molecules/μm2 (filled circles) and 1100 molecules/
μm2 (open triangles) and the E-cadherin varied. The data are for
231-Tet cells treated with 1 μg/mL doxycycline.
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expression levels could be near the detection threshold of the
antibody used or the differences may be within the standard error
of these FACSmeasurements. Additionally, Western blots detect
both cytosolic and cell surface E-cadherin. Cells could contain
different amounts of cytosolic cadherin but have similar surface
expression. The latter is unlikely, however, because of the clear
differences in the adhesion-dependent motility reduction with
induced and uninduced cells (Figure 4). The most likely explana-
tion is that the differences between lowest expression levels are
within the error of the FACSmeasurement. The lower expression
levels are therefore considered to be semiquantitative estimates of
the absolute amounts of E-cadherin on the cell surface.

The impact of changes in E-cadherin expression on epithelial
cell migration on fibronectin (BSA backfill), which lacks specific
E-cadherin ligands, demonstrated that E-cadherin expression
alone suppresses cell motility. Cell velocity decreases with increas-
ing E-cadherin expression. At 960-1100 fibronectin/μm2, which
supports the greatest motility, the velocity decreased by ∼20%,
∼30%, and ∼60% at E-cadherin expression levels of roughly
∼18, ∼20, and ∼46 molecules/μm2.

A second observation is that E-cadherin expression altered the
dependence of cell velocity on the fibronectin density. This
influence is already apparent with the uninduced 231-Tet cells
(Figure 3B), which express low levels of E-cadherin (cf. Figure 1).
In contrast to the bell-shaped dependence of cell velocity on
fibronectin density exhibited by the parental cells, the velocities of
231-Tet cells treated with 100 μg/mL doxycycline were constant.
This effect was robust and was observed on both fibronectin
alone and on mixed fibronectin/E-cadherin films. The impact of
E-cadherin expression on cell motility is most pronounced at
fibronectin densities supporting the highest velocity of the epithe-
lial cells.

This adhesion-independent suppression of cell motility agrees
with earlier studies.β-catenin associates with both cell surface and
cytosolic cadherin. Wong and Gumbiner used different cadherin
constructs to show that E-cadherin expression alters cell motility
via a β-catenin-dependent pathway that is independent of cadher-
in ligation.17 Onder et al.49 similarly reported that β-catenin
regulates cell metastasis but concluded that the loss of β-catenin
is not sufficient to promote cell invasiveness. Other recent findings
suggested thatE-cadherin also influences cellmigration through a
p120ctn dependent pathway that up-regulates mesenchymal cad-
herin expression and inhibits RhoA.18,19

Additional studies demonstrated thatE-cadherin adhesion also
impedes cell motility and that this can dominate the suppression
of cell migration under some conditions. Our use of controlled
protein immobilization for the explicit, quantitative titration of
homophilic E-cadherin adhesion demonstrated this. With the
exception of the lowest immobilized E-cadherin density used,
parental 231 cells migrate faster than 231-Tet cells on all E-
cadherin substrata (BSA backfill). This motility may be due to a
(presumably) nonspecific cadherin-11-dependent mechanism.
However, E-cadherin expression switches on specific, E-cadher-
in-mediated adhesion and impedes the cell migration. The relative
impact of the adhesion-dependent attenuation depends on both
the cadherin expression level and on the immobilized E-cadherin
density.

OnmixedE-cadherin/fibronectin films, homophilicE-cadherin
adhesion similarly impedes cell migration. Low E-cadherin ex-
pression levels (∼20/μm2) decreased the cell velocity by∼30% on
substrata containing 1100 fibronectin/μm2 and BSA. However,

low expression plus adhesion on films with 1100 fibronectin/μm2

and 460 cadherin/μm2 reduced cell motility by ∼67%. Homo-
philic adhesion on mixed films with high E-cadherin densities
(>500 cadherin/μm2) completely blocked cell movement. Con-
versely, at high E-cadherin expression levels, the adhesion-inde-
pendent mechanism nearly abrogates motility on fibronectin
substrata but the concerted effects of high expression (∼46
E-cadherin/μm2) and adhesive ligation completely abrogated cell
movement.

That homophilic E-cadherin adhesion also suppresses motility
agrees with observations that the migration of E-cadherin-
expressing cells through filters depended on the cell density.14

The reduced motility was attributed to homophilic cadherin
ligation between contacting cells. Treatment with anti-E-cadherin
antibodies, which block intercellular adhesion while maintaining
cadherin expression levels, restored migration. In contrast to the
latter study, we explicitly titrated the adhesive ligation. This
enabled the unambiguous demonstration that E-cadherin adhe-
sion impedesmigration and that thismechanism can predominate
under certain conditions.

This adhesion-dependent reduction in cellmotility could bedue
to strong cell attachment, which also accounts for the reduced
fibroblast motility at high fibronectin densities.31 It could also
arise from ligation-stimulated intracellular signaling that im-
pinges on the motility machinery by an as yet undetermined
mechanism. Determining the underlying mechanism is beyond
the scope of this work. However, recent studies with microdo-
mains of fibronectin in an E-cadherin background showed that
focal adhesion formation on the fibronectin correlates with the
reduction in the number of cadherin adhesions on the cadherin
domains under the same cell.50 The competing effects of cadherin
and integrins in this study may similarly reflect biochemical
cross-talk that affects the organization and stability of either
focal or cadherin adhesions. Future studies in this direction
should begin to reveal how these two receptors mutually regulate
cell motility.

Studies with mixed substrata further illustrate this coordinate
control of cell motility by integrin-dependent and E-cadherin-
dependent adhesion. Although E-cadherin expression and liga-
tion impede integrin-mediated cell motility (cf. Figure 5), Figure 6
shows that increasing the fibronectin density and hence increasing
integrin ligation can somewhat offset the influence of E-cadherin.

It is important to note that there are differences in the absolute
migration velocities measured on mixed substrata at similar
protein coverages (cf. Figures 5 and 6). On E-cadherin-fibro-
nectin substrata, 231-Tet cells migrate faster on substrata in
which fibronectin was immobilized first and then backfilled with
E-cadherin (Figure 6). Conversely, when E-cadherin was immo-
bilized first (Figure 5), the velocity was lower even though the
overall protein densities were the same, within experimental error.
We attribute this quantitative difference to the order in which
proteins were covalently attached to the surface and to nonspe-
cific interactions between the two proteins during patterning.
Both the immobilization chemistry and nonspecific adsorption of
the second protein onto the first protein immobilized could
impact the activity and accessibility of both immobilized species.
It is currently not possible to prevent all nonspecific cross-
adsorption. Despite this, the conclusions of this study are sup-
ported by quantitative trends in data obtainedwithmixed protein
substrata prepared by the same method (order of protein deposi-
tion). Furthermore, the qualitative trends between data sets are
similarly consistent.

(49) Onder, T. T.; Gupta, P. B.; Mani, S. A.; Yang, J.; Lander, E. S.; Weinberg,
R. A. Cancer Res. 2008, 68(10), 3645–3654. (50) Tsai, J.; Kam, L. Biophys. J. 2009, 96(6), L39–L41.
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The densities of E-cadherin and fibronectin that elicit these cell
responses likely differ quantitatively from the physiological en-
vironment. The quantitative control of the absolute amounts of
immobilized proteins was essential for demonstrating the inter-
play between different mechanisms regulating epithelial cell
migration. However, protein adsorption and covalent attachment
will impact the specific activity (activity/mg protein) of immobi-
lized species. Nevertheless, the qualitative trends are expected to
be the same, even though the absolute protein densities in vivo
might differ, if they were quantified.

In summary, fabricated protein patterns with defined composi-
tion enabled the quantitative demonstration that E-cadherin

regulates cell motility by both adhesion-dependent and adhe-
sion-independent mechanisms. Importantly, E-cadherin expres-
sion alone was sufficient to eliminate the dependence of the
cell migration velocity on fibronectin substrata. These results
further show that the predominant mechanism underlying the
E-cadherin-dependent reduction in epithelial cell motility de-
pends both on the E-cadherin expression level and on the
E-cadherin density on the migratory substratum.
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