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tissues arises in part as a consequence of reduced cell cohesiveness,
cell aggregates of invasive cell lines should cohere more weakly than
those composed of noninvasive cells. We here apply a method for the
measurement of intercellular cohesive intensities to aggregates of

invasive LLC3 cells and of their derivatives transfected to express
either E- or P-cadherin. We then correlate these surface tensions with
the ability of cells and cell aggregates of the several lines to spread on
or invade through Matrigel.

Materials and Methods

Generation of Cadherin-expressing LLC Cell Lines. LLC cells were
maintained in DMEM containing 10% FCS, penicillin, streptomycin, and
neomycin. Cells (4 X l0@)in 400 @.dof complete medium were transfected by
electroporation with either 40 @gof pBATEM2 mouse E-cadherin expression
vector or p@actPcadmouse P-cadherin expression vector, along with 4 ,.@gof
pZeoSV (Invitrogen, Carlsbad, CA) for Zeocin selection. Transfected cells
were diluted 1:100 and placed in medium containing 300 @.&g/mlZeocin.
Resistant cells were grown to confluence, detached by trypsin-Ca2@treatment,
and stained with the appropriate primary antibody (ECD1 for E-cadherin and
PCD1 for P-cadherin; Zymed, San Francisco, CA) on ice for 45 mm. After
several washes in HBSS, cells were mixed with a FITC-conjugated secondary
antibody and placed on ice for 30 mm. Cadherin-expressing cells (LLC-Ecad
or LLC-Pcad) were bulk sorted by flow cytometry and grown to confluence.
Positive populations were subjected to at least three rounds of bulk sorting
prior to use. Each resulting cadherin-expressing cell population was thus a
polyclonal subline of the original LLC cell population.

Immunohistochemlstry. Cells grown in chamber slides (Fisher, Malvern,
PA) for 36 h werefixed in 2%paraformaldehydein Tris-bufferedsaline-Ca2@
and blocked in 5% BSA. Slides were first incubated in the appropriate primary
antibody at a concentration of 10 @.tg/mIfor 4 h at 4Â°Cand then in FITC
conjugated secondary antibody for 30 mm at room temperature. Results were
analyzed with a Bio-Rad MRC600 scanning laser confocal microscope system.

Aggregate Formation. Cells were dissociated with TB. Dispersed cells
were washed once in complete medium and then centrifuged at setting 1 of an
International clinical tabletop centrifuge for 1 mm to pellet clumps. The
supernatant containing single cells was adjusted to a concentration of l0@
cells/mi, and 3 ml were transferred to 10 ml flasks (Bellco, Vineland, NJ).
Flasks were placed in a gyratory water bath/shaker (New Brunswick Scientific,
Edison, NJ) at 37Â°C,5% CO2 for 2â€”4h at 120 rpm to allow recovery from
trypsinization. Cells (3â€”4X l0@per tube) were then transferred to round
bottomedglasstubes15mm in diameter,centrifugedfor 4 mm at setting4 of
the clinical centrifuge, and cultured until they formed a firm, thin pellet
(usually 24 h). These pellets were then cut into fragments about 1 mm in
diameter and incubated at 37Â°C on the gyratory shaker at 120 rpm under 5%

CO2for 1 to 2 days or until fragmentsroundedup.
AggregationAssays. Cells weredetachedby TE treatmentandstained

with PKH2 red fluorescent membrane-intercalating dye (Sigma Chemical Co.,
St. Louis, MO) as suggested by the manufacturer. Cells were resuspended at a
concentration of l0@ cells/mI in 3 ml of DMEM containing either 2 mi@i
calcium chloride or 2 mMEGTA, transferred to 10-mi flasks, and incubated

3 The abbreviations used are: LLC, Lewis lung carcinoma LLC-Ecad, E-cadherin

transfected LLC; LLC-Pcad, P-cadberin-transfected LLC; TE, trypsin-EDTA; DMEM.
Dulbecco'sminimalessentialmedium.

Abstract

Invasiveness of carcinomas was connected early to decreased cohesive
ness and has more recently been associated with loss or decreased activity
of E-cadherln. In the first thermodynamic measurements of cohesive
intensities among m@lig@nt cells, we here find the cohesive intensifies of
Lewis lung carcinoma cells to fall within the range measured previously
for cells from a series of noninvasiveembryonictissues.Thus, too-low
cohesiveness Is itself an insufficient explanation for invasivenes& Never
theless, transfection-medlated cadherin expression sufficient to Increase
cohesiveness by as little as 26% suffices to greatly reduce Invasion of
a@egates of Lewis lung carcinoma cells into Matrigel. This property is
not restricted to E-cadherln but is shared by P-cadherln The same
eadherin-frandected cells do not display this Invasion suppression when
plated sparsely, Indicating that Invasion-suppression activity of cadherins
requires call-cell contact. These facts are consistent with the Invasion
suppression activity of cadherins resulting either from the physical re
straint of Increased cohesion per se or from another cadherin activity
mediated through cell-cell contact

Introduction

An association of the invasiveness of carcinomas with decreased
cell cohesion was first made by Coman (1). He and his coworkers
showed that cells from certain carcinomas could be pulled apart quite
easily, whereas their normal counterparts were â€œpulledapart only after
considerable effortâ€• (2). They also noted that the absence of calcium

weakened cell cohesion (2) and that in comparison with their normal
counterparts, many carcinomas have a decreased calcium content, a
fact to which they attributed at least partial responsibility for the
decreased mutual adhesiveness of the cancer cells (3).

Much effort has recently been directed toward elucidating the
molecular basis of tumor progression. E-cadherin, a calcium-depen
dent, homophilic cell adhesion molecule, has been identified as a key
player in the progression of a carcinoma toward the invasive state (4).
Malignancy-associated parameters such as loss of differentiation,
invasiveness, and metastatic potential of a broad range of carcinomas
are often associated with down-regulation of E-cadherin expression or
function (5). Moreover, antagonizing constitutive E-cadherin activity
by function-inhibitingantibodieshas produceda more invasive phe
notype in Madin-Darby canine kidney cells (6), whereas transfection
of E-cadherincDNA into Invasive cells deficient in E-cadherinhas
inhibited their invasion (7). These and other studies have led to the
characterization of the E-cadherin gene as a tumor (invasion) sup
pressor gene (8).

if the tendency of a cancer to disperse and to invade neighboring
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Table1 Su,facetensionmeasurementsof aggregatesof theLewislungcarcinomaparent
cell line and of its E- and P-cadherin-expressingsubline?U1

Â± SE u2 Â± SE u1@2 Â±SE(dyne/cm)

(dyne/cm)(dyne/cm)Cell
line (n 6) (n = 6) (n12)LLC

8.6 Â±0.6 8.2 Â±0.5 8.4 Â±0.4LLC-Ecad
11.9 Â±1.0 12.7 Â±1.1 12.3 Â±0.7LLC-Pcad
10.7Â±1.0 10.4Â±0.8 10.6Â±0.6
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TUMOR CELL COHESIVENESS AND INVASION

under gyration for 18 h as described above. The degree of aggregation was

assessed by confocal microscopy.
Determination of Cohesiveness as Aggregate Surface Tension. We used

the parallel plate compression method for measurement of aggregate cohesive
ness, expressed as surface tension (9, 10). In short, the force exerted by an

originally spherical LLC cell aggregate on parallel plates between which it was
compressed was monitored under tissue culture conditions by a recording
electrobalance as it decreased, following initial compression, to a constant
value. The profile of the aggregate was continuously recorded with a time
lapse videocasseue recorder connected to a video camera coupled to a hori
zontal stereomicroscope. Achievement of shape equilibrium was marked by
the leveling off of the force reading and the cessation of aggregate shape
change. Video-recorded aggregate profile images, representing equilibrium
shapes, were analyzed with NIH Image software. Application of the Young
Laplace equation produced numerical values of apparent tissue surface ten
sions. The process was then repeated on the same aggregate with a second,
greater compression, and a second apparent surface tension was calculated.
Aggregate â€œliquidityâ€•is demonstrated when these two values do not differ
significantly. Such values, characteristic of the cell line and independent of the
applied force, represent true aggregate surface tensions reflective of intercel
lular adhesive intensities (9, 10). Only cell aggregates displaying such force
independent surface tension values were used.

Matrigel Invasion Assays. Three separate invasion assays were per
formed. In the first assay, LLC, LLC-Ecad, and LLC-Pcad cell aggregates
measuring approximately 200 @imin diameter were placed on Matrigel-coated
tissue culture dishes. In the second assay, such aggregates were placed into
Matrigel invasion chambers (Becton Dickinson, Bedford, MA) containing
complete medium, and the chambers were transferred to 24-well plates con
mining fibroblast-conditioned medium. In the third assay, dilute LLC, LLC
Ecad, and LLC-Pcad cell suspensions were pipeued into Matrigel invasion
chambers. The degree to which cells spread on or invaded through the Matrigel
was assessed by phase-contrast microscopy after 24 h in culture. For invasion
through Matrigel, the most densely populated area of each well was photo

graphed.

Results

Cohesiveness of LLC Cell Aggregates. LLC cells express very
low levels of E-cadherin, as demonstrated by immunohistochemistry
(Fig. 1A), and have a low level of calcium-dependent aggregation
(Fig. 2, A and B). On the basis of the low level of E-cadhenn
expression, low aggregation rate, and high invasiveness of this cell
line, aggregates of its cells might be expected to have very low
cohesiveness. However, we found them to have a surface tension of
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Fig. 2. Calcium-dependent aggregation of LLC and cadherin-expressing sublines. A,
LLCcellsdetachedbyTEtreatmentandculturedin thepresenceof 2 msiEGTAdo not
aggregateandremainassinglecells.B,a lowlevelof aggregationisobservedwhenLLC
cells are cultured in the presence of 2 mm@tcalcium chloride. LLC-Ecad (C) and Pcad
transfectants (E) fail to aggregate in the presence of 2 msi EGTA but aggregate very well
in the presence of 2 mss calcium (D and F).

a@ and tJ2@ the mean values of apparent surface tensions measured in lesser and

greater compressions. respectively. of the same group of aggregates. Because these two
sets of values are statistically equivalent in each case, their mean (o@2)represents a true
surfacetension,reflectingthecohesivenessof thatset of cellaggregates.

8.4 dyne/cm (Table 1): six times that of chick embryonic neural retina
cell aggregates, twice that of liver cell aggregates, and equal to that of
heart ventricle cell aggregates (10). For both the parent LLC cell line
and each of its cadherin-transfected sublines, statistical analysis by
ANOVA and various multiple comparisons tests, including Fisher's
Protected Least Squares Difference (PLSD), SchÃ©ffÃ©,and Bonferroni/
Dunn, all showed no significant difference at the 5% level between
surface tension values determined at two different values of applied

force. Thus, the measured values conform to the criterion of true,
liquid surface tensions. Unlike the values of tensions in elastic solid
bodies, these values are independent of the force applied to measure
them and reflect the intrinsic cohesiveness of the aggregates. This
demonstration that some noninvasive tissues are much less cohesive

than a highly metastatic and invasive one clearly means that low
cohesiveness in itself is insufficient to cause cells either to metastasize
or to become invasive. Illustrating a point made above, the relatively
high equilibrium cohesiveness of these cells is not reflected in their
low rate of aggregation.

Invasiveness versus Cohesiveness of Cadherin-transfected LLC
Cells. We next asked whether increasing the LLC cells' expression of
E-cadherin, the major cohesion molecule of lung and other epithelial
cells, would both increase their cohesiveness and decrease their ability
to invade. We transfected LLC cells to express full-length mouse

Fig. I. Expression of E- and P-cadherin by LLC cells and transfected sublines. A, LLC
cells stained for E-cadherin expression using ECD1 rat monoclonal antibody against
mouse E-cadherin. Note low but positive staining at areas of cell-cell contact. B. LLC
Ecad transfectants stained for E-cadherin expression. Note increased expression of
E-cadherin, particularly in areas of mutual cell contact. C and D, P-cadherin expression is
undetectable in LLC cells (C) but is present in the LLC-Pcad-transfected subline (D).

5034

. . ! â€¢. .@ ;@@

.@

..4_.

.-@

@ .1

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/57/22/5033/2465063/cr0570225033.pdf by guest on 19 M

ay 2023



TUMOR CELL COHESNENESS AND INVASION

property), or is it caused by some other, molecular property shared by
E- and P-cadherin, such as a capacity to influence a particular signal
ing cascade? To gain evidence bearing on this question, we conducted
Matrigel invasion assays with sparsely plated LLC, LLC-Ecad, and
LLC-Pcad cells. The rationale for this experiment was that invasion
suppression due to increased cohesion would require intercellular
contacts, which are reduced greatly between sparsely plated cells. By
contrast, invasion suppression due to a property expressed by mdi
vidual cadherin molecules should not be cell contact dependent. We
found that transfilter invasion through Matrigel of sparsely plated
cells, unlike that of aggregates of identical cells, was unaffected by
cadherin expression (Fig. 3, Gâ€”I).This indicates that suppression of
invasiveness by cadherins into Matrigel requires cell-cell contact.

Discussion

The original rationale for an association between invasiveness and
decreased cohesion was that of Coman (1 , 2), who wrote: â€œitseems
safe to conclude that the invasiveness of cancer cells depends largely
on a loss of adhesiveness that is associated with, if not due to, local
calcium deficiency. Most cell physiologists agree that calcium is
located principally at the cell surface, but how it is combined there and
why the cancer cell is unable to bind the normal amount of calcium is
as yet unknown. Reduced adhesiveness, however, is what permits the
cells to become free-living, detached units that thereafter progress by
their own ameboid motilityâ€•(12). Subsequently, cadhenns have been
identified as integral cell surface membrane adhesion molecules, the
activity of which requires the binding of calcium (13). Many carci
nomas, with which Coman (1 , 2) was largely concerned, have been
shown to be deficient in the expression or function of E-cadherin,
expressed normally in epitheial cells; and functional studies have
implicated this deficiency in the acquisition of the invasive phenotype
(see â€œIntroductionâ€•).Concomitantly, focus has shifted from the phys

ical to the molecular level: from â€œdecreasedmutual adhesivenessâ€• to
â€œdecreasedE-cadherin function.â€•E-cadherin has thus acquired the
ascription of an â€œinvasionsuppressor moleculeâ€•(8).

E-cadherin might suppress malignant invasion in either of two
ways. It might form part of a signal transduction pathway that leads to
decreased activities, such as cell locomotion. In that case, this effect
might be dependent on molecular interactions limited to E-cadherin.
Alternatively, by increasing cell-cell cohesiveness, E-cadherin might
act physically to restrain cell emigration. Invasion in this instance

could be envisioned as the adverse outcome of a â€œtug-of-warâ€•be
tween forces that promote cell cohesion and those which favor emi
gration from the parent tissue. If that were the case, any other cell
adhesion molecule that could produce a similar level of cohesion
should suppress invasion to a similar extent. One approach to distin
guishing between these alternatives is to express E-cadherin versus
other adhesion molecules in malignant cells and to measure the effects
on both cell cohesiveness and invasiveness. Accomplishing this re
quires the ability to measure the intensities of intercellular adhesions.

Assays used in the past to quantify cell cohesiveness have used
measurements such as the force required to separate cohering cells or
the rate at which dissociated cells reaggregate. However, neither
parameter need reflect the intensities of cell-cell adhesion. For exam
plc, in measurements of the force required to separate cohering cells
(see, e.g., Refs. 1 and 14), both the area over which the force is

applied and the distance over which it is exerted are generally Un
known (15). Moreover, actual molecular failure may occur at the
original binding site, at another location; or the adhesion receptors
may actually be extracted from the cell membrane (16). Also, factors
that alter such cell surface properties as rigidity or plasticity will alter
the force of distraction (17). In cell aggregation rate assays, cells must
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Fig. 3. Spreading on and invasion through Matrigel ofcontrol and cadherin-transfected
LLC cells. Aâ€”C,Matrigel spreading assay using aggregates of LLC cells and their
cadherin-transfectedsublines.A, spreadingof LLCaggregatesculturedon tissueculture
plastic coated with Matrigelwas substantial.Transfectionwith E-cadherin(B) or
P-cadherin (C) markedly decreased the ability of the aggregates to spread on Matrigel.
Dâ€”F,Matrigel transfilter invasion assay, in which aggregates of the LLC cell line and its
E- andP-cadherin-transfectedsublineswereplacedintoMatrigelinvasionchambers.D.
LLCcellswereableto detachfromtheaggregate,invadethroughtheMatrigelfilter,and
deposit onto tissue culture plastic. Relatively few cells from aggregates of LLC-Ecad (F)
and LLC-Pcad (F) were able to invade through the Matrigel matrix. Gâ€”I.Matrigel
invasion assay in which invasion chambers were seeded sparsely with LLC (G) or their
E-cadherin (H)- and P-cadherin (I)-transfected subclones. Transfilter invasion through
Matrigel of such sparsely plated cells, unlike that of aggregates of identical cells, was
similar in all three cases.

.:.

E-cadherin cDNA (11) under the control of the powerful f3-actin
promoter and isolated by bulk fluorescence-activated cell sorting of a
polyclonal, transfected cell subpopulation, LLC-Ecad, expressing a
high level of E-cadherin.We then measuredthe surfacetensionsof
aggregates of these cells and performed two types of invasion assays.
Cell aggregates of the LLC parent line and of the LLC-Ecad subline
were placed both on Matrigel-coated tissue culture dishes and into
Matrigel transfilter invasion chambers. Cell aggregates of the LLC
parent line readily spread on and invaded through Matrigel (Fig. 3, A
and D). Transfection significantly increased both the level of E
cadherin expression in LLC cells (Fig. lB) and their aggregation rate,
indicating an increase in E-cadherin function (Fig. 2, C and D). The

surface tension of aggregates of these cells was increased by 46% to
12.3 dyne/cm (Table 1). Concomitantly, the ability of the aggregates
to spread on (Fig. 3B) or invade through Matrigel (Fig. 3E) was
reduced markedly.

To distinguish whether the above suppression of invasiveness is
specific to E-cadherin or might be a property shared with other
cadherins, we produced a polyclonal sublime of P-cadherin-expressing
cells, LLC-Pcad, by the same methods used above to produce the
LLC-Ecad subline (1 1). LLC-Pcad cells expressed high levels of
P-cadherin, undetectable in untransfected LLC cells (Fig. 1D), and

aggregated in a calcium-dependent manner, an indication of increased
cadherin function (Fig. 2, E and F). The surface tension of LLC-Pcad
cell aggregates was increased to 10.6 dyne/cm, 26% over that of the
untransfected parent line (Table 1). As was the case with E-cadherin,
P-cadherin expression at this level markedly decreased the ability of
the aggregates to spread on or invade through Matrigel (Fig. 3, C and
F). Invasion suppression here is therefore not E-cadherin specific but

is due to a property shared by E- and P-cadherin.
Effect of Cell-Cell Contact on Invasion Suppression by Cad

henna. Does suppression of invasiveness into Matrigel by cadherins
result from the increase in cohesiveness they engender (a physical
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overcome shear forces in a stirred system to cohere. They must
establish, in the brief instant of their collision, sufficient adhesion
energy to resist reseparation by the shear forces that, in the next
instant, will act to pull them apart. In effect, shear forces applied to
mutually adhesive cells in suspension impose on the aggregation
process an â€œactivationenergy,â€•the magnitude of which is a direct
function of the shear rate. Aggregation rate need not parallel adhesive
intensity, not only because forward reaction rates are limited by
activation energies that play no role in the intensities of the estab
lished adhesions, but also because cell adhesions continue to be
strengthened after they are initiated (10, 18). In short, cell aggregation
rates need not reflect steady-state intercellular cohesive intensities.

A method has been developed for measuring the steady-state co
hesive intensities of mobile, cohesive cells within rounded-up cell
aggregates, as reflected in the surface tension of the aggregate, a
thermodynamic parameter (9, 10, 19â€”21).It is based on the fact that,
at shape:force equilibrium, a multicellular aggregate that rounds up as
it maximizes cohering area behaves in many respects as a Newtonian
liquid, exerting on restraining parallel plates a force proportional to
the intensity of cohesion among its component subunits (cells). Ap
plying this method to aggregates of the parental line of LLC cells,
widely used as a model for invasion and metastasis, we here report
that, whereas the cohesiveness of these aggregates falls within the
range displayed by a panel of noninvasive tissues freshly isolated
from chick embryos, increasing their cohesiveness by a moderate
amount through the engineered expression of either E- or P-cadherin
significantly suppresses their invasiveness through Matrigel. This
invasion-suppressing effect is lost, however, when the same cells are
plated sparsely. We draw four conclusions from these findings: (a)
invasive cells may be more cohesive than many noninvasive, cohesive
cell types, eliminating too-low cohesiveness as a sufficient explana
tion for invasiveness; (b) nevertheless, moderately increasing the
cohesiveness of an invasive cell line by forced cadherin expression
markedly reduced its invasiveness; (c) P-cadherin is as effective as
E-cadherin in suppressing malignant invasion; and (d) the invasion
suppression activity of cadherins requires cell-cell contact. These facts
are consistent with either of two possibilities: either invasion suppres
sion here results directly from the physical restraint to emigration
produced by increased cell cohesiveness (â€œtug-of-warâ€•),or cadherins
suppress invasion through a signaling mechanism that requires acti
vation by cell-cell or cadherin-cadherin interaction. Additional trans
fections using cell-cell adhesion molecules outside the cadherin su
perfamily should distinguish between these alternatives.
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