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ABSTRACT

The synthetic glucocorticoid dexamethasone markedly decreases the
invasiveness of HT-1080 human fibrosarcoma cells. We show here that
dexamethasone treatment of HT-1080 cell aggregates more than doubles

their cohesivity from 3.9 to 9.7 dyne/cm. Western blot analysis shows a
corresponding increase in cadherin expression. This was accompanied by
an increase in the rate of calcium-dependent aggregation. Dexamethasone-

treated aggregates spread to form a monolayer in Matrigel spreading
assays, but the cells remained much more contiguous than their untreated
counterparts. Invasion-suppression by dexamethasone may therefore be
due, at least in part, to a previously unsuspected increase in cadherin-

mediated cohesion.

INTRODUCTION

The invasiveness of the human fibrosarcoma cell line HT-1080 ( 1)

is correlated with its ability to degrade extracellular matrix through
the activation of a proteolytic cascade involving the urokinase-type

plasminogen activator. The synthetic glucocorticoid dexamethasone
down-regulates the urokinase-type plasminogen activator activity of
HT-1080 cells (2, 3). Dexamethasone also has other effects on these
cells: (a) it increases type-1 plasminogen activator inhibitor activity
(4) and down-regulates the number of plasmin receptors on HT-1080
cell surfaces (3); (b) it up-regulates FN3 biosynthesis (2) by selec

tively stabili/.ing the FN message (5); (c) it enhances the binding of
exogenous FN and increases its incorporation into a detergent-insol

uble extracellular matrix (6); (i/) it markedly increases collagen syn
thesis and decreases collagen type IV degrading activity (7): (e) it
alters HT-1080 cell morphology from spindle-shaped to larger, flatter

cells, suggesting increased adhesivity to the substratum (2); and (/) it
inhibits the growth of HT-1080 cells both HI vivo and in vitro (8).

We noticed a marked effect of dexamethasone on the compactness
of HT-1080 cell aggregates, an indication of increased cell-cell cohe

sivity. We have developed a method for quantifying the steady state
cohesive intensities of cells within cell aggregates which spontane
ously round up to adopt a spherical shape. The intensity of intercel
lular cohesion generates in such an aggregate a surface tensionâ€”a
thermodynamic parameterâ€”whose magnitude linearly reflects the
underlying intercellular cohesive intensity.4 We have correlated pre

viously the surface tensions of both embryonic (9, 10) and malignant
(11) cell populations with their tendencies to spread and to invade.
Invasion can be viewed as reflecting, at least in part, the adverse
outcome of a "tug of war" between the physical restraint to emigration

produced by cell-cell cohesion and the increased adhesivity of the
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tumor cells to surrounding surfaces. Overall, dexamethasone both
increases the synthesis and deposition of matrix components and
alters the metalloproteinase-metalloproteinase inhibitor balance (12)

in favor of excess inhibitor, discouraging matrix digestion. We here
explore whether, in addition to these activities, dexamethasone also
increases cell-cell cohesion, thus further contributing to invasion-

suppression by inhibiting the detachment of cells from the tumor
mass. We set out to measure the cohesivity of aggregates of HT-1080

cells, to determine whether dexamethasone increases their cohesivity,
and, if so, to explore the molecular basis of such an increase.

MATERIALS AND METHODS

Cell Line. HT-1080 human fibrosarcoma cells were maintained in MEM
containing 10% FCS. 2 mM L-glutamine. 0.01 mM MEM nonessential amino

acids, and 50 /ig/ml gentamidn sulfate. Aggregate compressions were con
ducted in CO2-independent medium (Life Technologies, Inc.), 10% FCS. and

gentamicin sulfate.
Dexamethasone Treatment. Confluent cultures in 10-cm plates were split

1:10 in complete medium. Replated cells were grown to 70% confluence.
Dexamethasone (Sigma. St. Louis. MO) was added from a IO"4Methanol stock
to a final concentration of IO"7 M. Cells were grown in the presence of

dexamethasone for 24 h before use.
Aggregate Preparation. Near-confluent monolayers of HT-1080 cells

were dissociated with trypsin/EDTA. Dispersed cells were washed in complete
medium to inhibit the trypsin. then centrifuged for 1 min to pellet clumps. The
supernatant containing single cells was adjusted to a concentration of IO6

cells/ml and 3 ml were transferred to 10-ml flasks (BÃ©lico,Vineland. NJ).

Flasks were placed in a gyratory water bath/shaker (New Brunswick Scientific.
Edison. NJ) at 37Â°C,5% CO, for 24 h at 120 rpm. Under these conditions, a

thin ribbon of cells aggregated around the walls of the flask at the air-medium

interface. The ribbon was gently detached from the sides of the flask by light
agitation. Micro scalpels were used to cut the ribbon into 1-mm2 fragments.
Fragments were incubated at 37Â°Con the gyratory shaker at 120 rpm under 5%

CO, for 2 to 3 days or until they became spherical.
Aggregation Assays. Untreated HT-1080 cells or cells treated with dexa

methasone were detached by trypsin/EDTA treatment and resuspended at a
concentration of IO6 cells/ml in 3 ml of HBSS containing either 2 mM calcium

chloride or 2 mM EGTA. Cell suspensions were transferred to 10-ml flasks and

incubated under gyration for 4 h as described above. The degree of aggregation
was assessed by phase contrast microscopy.

Measurement of Cohesiveness as Aggregate Surface Tension. We used
the previously described parallel plate compression method for measurement
of aggregate cohesiveness. expressed as surface tension (9-11). Spherical
aggregates of HT-1080 cells that were either untreated or treated and main
tained in IO"7Mdexamethasone were compressed between parallel plates under

tissue culture conditions. The force exerted by an originally spherical HT-1080
cell aggregate on the parallel plates was monitored by a recording electrobal-

ance as it decreased, after initial compression, to a constant value. The profile
of the aggregate was continuously recorded by time lapse videomicroscopy.
The achievement of shape equilibrium was marked by the cessation of aggre
gate shape change and the leveling-off of the force reading. Videorecorded

aggregate profiles representing equilibrium shapes were digitized and analyzed
with NIH Image software, producing numerical values of "apparent" tissue

surface tensions. The process was then repeated on the same aggregate with a
second, greater compression and a second apparent surface tension was cal
culated. Aggregate "liquidity" 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
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Table 1 Siu-ftict' tension im-usnreinenis of ttnlretili'ii ami ilexunielhustme-lrealeii HT-

1080 cell aggregates

Dcxamelhasone treatment increases the surface tension of aggregates 2.5-fold from 3.9
to 9.7 dyne/cm. O"jand IT-,arc the mean values of apparent surface tensions measured in

lesser and greater compressions. Because surface tension values are equivalent in each
case, the mean (tr, 2) represents a true surface tension, reflecting the eohesiveness of that
set of cell aggregates.

10 ' M Dex"
ir, Â±SE

(dyne/cm) n = 4
<T2Â±SE

(dyne/cm) n = 4
"1.2 - SE

(dyne/cm) n â€”¿�

3.9 Â±0.8
9.9 Â±0.9

4.0 Â±1.0
9.6 Â±1.1

3.9 Â±0.8
9.7 Â±0.7

' Dex. dexamethasone.

Cadherin

Actin

Fig. 1. Western blot of HT-1080 cell lysates probed with anti-pan-cadherin and
anti-actin antibodies. Untreated HT-1080 cells show a single band of approximately 130
kDa representing eadherin (.lane /). Densitometric analysis reveals a 2.1-fold increase in
expression after treatment wilh dexamethasone (Lane 2).

intercellular adhesive intensities.4 Only cell aggregates displaying such force-

independent surface tension values were used.
Western Blotting. Thirty jug of untreated or dexamethasone-treated HT-

1080 cell lysates were separated on a 7% SDS-PAGE gel and blotted to

polyvinylidene difluoride using standard protocols. Blots were blocked in
Blotto for l h and then incubated at room temperature for l h in a solution
consisting of 10 /xg/ml mouse monoclonal anti-pan-cadherin antibody and 10
/ng/ml rabbit polyclonal anti-actin antibody (used here as an internal standard).
Blots were rinsed three times in Tris-buffered saline-0.2% Tween, then incu

bated at room temperature for l h in the appropriate secondary antibodies
conjugated to horseradish peroxidase. After three more rinses, blots were
"developed" using enhanced chemiluminescence (Amersham ECL). X-ray

films were scanned into Adobe Photoshop with a Microtek Scanmaker II
digital scanner and quantified by Sigma-Gel scanning software (Jandel Scien

tific Corp.).
Micro-aggregate Matrigel Dispersal Assays. Aggregates were formed by

the method of Redfield et til. (13). with some modifications. Briefly. HT-1080
cells either untreated or treated with 10 7 M dexamethasone for 24 h were
harvested and resuspended at 6 X 10* cells per ml in DMEM + 10%

FN-depleted FCS either in the presence or absence of dexamethasone. Twenty

/Â¿Idroplets of the cell suspensions were then pipetted onto the inner surface of
the lid of a 10-cm tissue culture dish. The lid was then inverted on the plate:

thus hanging droplets containing the cell suspensions were formed. Five ml of
sterile PBS were then added to the dish to prevent evaporation of the droplets.
After incubation for 24 h at 37Â°C.droplets were examined to confirm the

formation of cell aggregates. Glass coverslips were coated with 300 ^ig/ml of
Matrigel (Becton Dickinson. Bedford. MA) in serum-free DMEM overnight at
4Â°C.Before use, coverslips were rinsed three times with PBS. Treated or

untreated HT-1080 cell aggregates were then harvested with a pipette and

seeded on Matrigel-coated coverslips in DMEM + 10% FN-depleted FCS in

the presence or absence of dexamethasone. Aggregate dispersal was examined

after overnight incubation by fixing the cells in 70% ethanol for IO min at

room temperature, followed by staining with 0.1% crystal violet for 25 min.
Immunohistochemistry. Untreated or dexamethasone-treated aggregates

were plated on Matrigel-coated coverslips. After overnight incubation, cover-

slips were washed three times with PBS containing 1.5 HIMMgCl and fixed in
3.7% formaldehyde in PBS-Mg+ * for 15 min at room temperature. Cells were
washed with PBS-Mg++ and permeabilized with 0.5% NP-40 for 15 min at

room temperature. After three washes in PBS-Mg+i. coverslips were incu

bated for 30 min at 37Â°Cin the presence or absence of a pan-cadherin antibody
(CHI9. Sigma, St. Louis, MO). Coverslips were washed with PBS-Mg++ and

incubated with a fluorescein-conjugated goat antimouse secondary antibody

(Molecular Probes, Eugene. OR). After a final wash, coverslips were mounted

onto microscope slides with Slowfade (Molecular Probes. Eugene. OR) and
examined using a Bio-Rad MRC600 laser confricai microscope.

D
Fig. 2. Calcium-dependent aggregation of HT-1080 cells after dexamethasone

treatment. Aggregation assays were conducted in either the presence or the absence of
Ca +. Dexamethasone-treated or untreated cells thai are maintained in the absence of
calcium remain as single cells (A, C). Cells placed in Ca2*-containing medium,

however, aggregate at a low leve! if untreated (B) but to a higher degree if treated with
dexamethasone (D).

Fig. 3. Matrigel spreading assay. Microaggregates of untreated HT-1080 cells, when
placed on a thin coating of Matrigel. disperse to form a monolayer in which cells form few
cell-cell contacts (A, C). Aggregates of dexamethasone-treated cells also spread to form a

monolayer but. unlike their untreated counterparts, remain in much closer mutual contact
(B, O). Fixed and permeabilized aggregates were incubated in anti-pan-cadherin antibody
followed by a FITC-conjugated secondary antibody. Images were analy/cd by confocal
microscopy. Cell membranes of both untreated (C) and dexameihasone-lreated (D)
aggregates stained positively for eadherin.
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RESULTS

Measurement of Cohesiveness as Aggregate Surface Tension.
Dexamethasone treatment of HT-1080 cells resulted in an increase in

aggregate cohesivity, as measured by surface tensiometry, of approx
imately 2.5-fold from 3.9 Â±0.6 dyne/cm in untreated aggregates to
9.7 Â±0.7 dyne/cm in dexamethasone-treated aggregates. In both
untreated and dexamethasone-treated aggregates, surface tension

measured after the first compression was similar to that measured
after the second compression, demonstrating the aggregate "liquidity"

required for validation of such measurements (Table 1).
Western Blot Analysis of Dexamethasone-mediated Cadherin

Dp-Regulation. A western blot and densitometric analysis of HT-
1080 cell lysates probed with anti-pan-cadherin antibody shows a
2.1-fold increase in cadherin expression as a result of dexamethasone

treatment (Fig. 1).
Dexamethasone-dependent Increase in Cadherin Function. Up-

regulation of cadherin expression was accompanied by an increase in
the rate of Ca2+-dependent aggregation, indicating an increase in

cadherin activity (Fig. 2). Neither untreated nor dexamethasone-
treated HT-1080 cells, when resuspended in Ca2+-free medium, ag

gregated appreciably after 4 h in culture (Fig. 2, A and C). Untreated
cells that were allowed to aggregate in the presence of Ca2+ aggre

gated to a limited degree (Fig. 2C). Their dexamethasone-treated

counterparts aggregated more rapidly and to a greater extent
(Fig. 20).

Dexamethasone Increases Associations between IIT-1080 Cells.
Aggregates of untreated HT-1080 cells, when placed on a thin layer of

Matrigel, dispersed to form a monolayer in which cells formed few
contacts (Fig. 3/4). Aggregates of dexamethasone-treated cells also

spread to form a monolayer but remained in much closer contact than
their untreated counterparts (Fig. 3ÃŸ).Untreated aggregates, plated on
Matrigel and stained for cadherin expression, show specific cell
membrane staining (Fig. 3C) but formed few mutual contacts. Dex
amethasone-treated aggregates also stained positively for cadherin but

formed a much more contiguous network of interconnected cells
(Fig. 3D).

DISCUSSION

In the present study, we show that dexamethasone increases the
cohesivity of aggregates of HT-1080 cells by 2.5-fold, correlated with

a comparable increase in cadherin expression. We further show that
increased cohesivity is reflected in a change in cell morphology in
culture, with the dexamethasone-treated cells adhering to each other

over a greater fraction of their surfaces. These observations suggest
that a previously unsuspected increase in cadherin-mediated cell-cell

cohesivity contributes to the suppression of invasion brought about by
dexamethasone.

Malignant invasion is a multistep process requiring detachment of
cells from the tumor and their attachment to and penetration through
basement membranes and other extracellular matrices. This process is
greatly facilitated by degradation of extracellular matrix proteins
through activation of matrix metalloproteinases. This invasive behav
ior gives malignant cells access to the circulatory system and ulti
mately leads to metastatic dissemination. Strategies aimed at interfer
ing with any of these steps could potentially be useful in preventing
invasion and subsequent metastasis. Various agents are known to have
anti-invasive properties. For example, insulin-like growth factor-1,
transforming growth factor /3-1, retinoic acid, and citrus flavenoids

such as tangeretin, tamoxifen, and dexamethasone have all been
shown to interfere with invasion by a broad range of malignant
tumors.

Decreased cohesion of tumors has been linked with the down-
regulation of E-cadherin, a calcium-dependent homophilic cell adhe

sion molecule (14). Experimental correlations have suggested an
invasion-suppressor role for E-cadherin in at least 23 cell lines of

human origin (15). Moreover, attempts to induce the noninvasive
phenotype in E-cadherin negative cell lines have been successful via
the introduction of plasmids expressing E-cadherin cDNA. Expression
of this exogenous E-cadherin cDNA at high and stable levels renders
the transfectants of invasive cell lines fully noninvasive (15-17).
These and other studies have led to the characterization of E-cadherin

as a tumor invasion suppressor molecule. We have shown that in
creasing the cohesion of the highly invasive Lewis lung carcinoma
cell line by as little as 26% by transfection with either E- or P-

cadherin cDNA reduces the ability of the cell line to invade through
or spread on Matrigel (11), suggesting that P-cadherin is as effective
as E-cadherin in suppressing malignant invasion. Thus, it is likely that
the dexamethasone-dependent increase in cohesivity observed in the
present study contributes to the suppression by this drug of HT-1080

cell invasion.
We attribute the dexamethasone-dependent increase in cohesivity

of aggregates of HT-1080 cells to an up-regulation of cadherin ex

pression. An antibody (13A9) directed against a highly conserved
region of the cytoplasmic domain of N-cadherin was originally used
to identify the cadherin expressed by HT-1080 cells as N-cadherin
(18). However, we have been unable to detect specific N-cadherin
expression in HT-1080 cells using an antibody (GC4) directed against
the extracellular domain and known to cross-react with human N-
cadherin (19). Nor have we been able to detect a specific N-cadherin
signal on HT-1080 cells using two other cadherin antibodies (NCD-2

and 6B3) directed against the extracellular domain. However, we were
interested in determining whether cadherin expression, in general, was
influenced by dexamethasone treatment. Consequently, we used a
pan-cadherin antibody (CHI9) with high cadherin cross-reactivity and

known to label cadherins in a wide variety of tissues and species (20).
This antibody detected a 130-kDa band by Western blot analysis as
well as specific cadherin expression on HT-1080 cell membranes.
Whatever the precise identity of the cadherin being up-regulated,
dexamethasone clearly functions to increase calcium-dependent ad
hesion and, correspondingly, homotypic cell-cell interactions. Thus,
dexamethasone seems to suppress the invasiveness of HT-1080 cells

in at least two different ways. On the one hand, dexamethasone
inhibits degradation of the extracellular matrix and interferes with the
ability to penetrate the basal lamina, whereas on the other hand it
increases cadherin-mediated cohesion among the tumor's cells and

physically restrains their emigration. Increasing cohesivity of HT-

1080 cells by other means will directly address the contribution of
cohesivity to invasion-suppression.

This application of surface tensiometry to explore the effects of
dexamethasone on HT-1080 cell cohesion illustrates the usefulness of

this technique in assessing the effects of potential therapeutic agents
in suppressing tumor cell invasion and subsequent metastasis.
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