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ABSTRACT

Metastasis is one of the most important factors responsible for the
pathogenesis of smaH cell lung carcinoma (SCLC). SCLC cells express
cadherins, which are homophile cell-cell adhesion molecules that play an
important role in the regulation of metastasis. We present the first evi
dence that altering the activity of the small GTP-bindlng protein Rho
induces cadherin-medlated adhesion. ADP-ribosylation of Rho upon in
cubation or electroporation with recombinant C3 exoenzyme induces
rapid aggregation and compaction of SCLC cells. Aggregation and corn

paction Induced by C3 exoenzyme are diminished by removal of extracel
lular Ca2@ and by the HECD blocking antibody to E-cadherin but not by
antibodies to other adhesion molecules. Altering the activity of Rho by
ADP-rlbosylatlon does not alter surface expression of E-cadherin, but it
alters G actin content, as indicated by the binding of DNase I. Treatment
with cytochalasin D also alters G actin content and increases aggregation
and compaction of SCLC cells. These findings implicate Rho in the
regulation of cadherin-mediated adhesion and identify Rho as a potential
therapeutic target for the control of SCLC metastasis.

INTRODUCTION

Lung cancer is the current leading cause of cancer mortality in the
United States, resulting in over 140,000 deaths per year (I). Among
the various types of lung cancer, SCLC3 is the most clinically aggres
sive. Patients with SCLC have the poorest prognosis of all lung cancer
patients; less than 8% survive for 5 years after initial diagnosis (2).

SCLC cells are unpolarized cells that possess a neuroendocrine
phenotype, a factor that distinguishes them from non-SCLC forms of
lung cancer (reviewed in Ref. 1). The distinguishing clinical feature of
SCLC is its highly metastatic nature. The multistep process of me
tastasis includes dissociation of tumor cells from the primary tumor
mass, invasion and dissemination of these cells through the circulatory

system, and, ultimately, invasion and proliferation of the metastatic
cells in a distant organ (3). Each of these steps is influenced by the
activity of adhesion molecules that regulate intercellular adhesion.
Molecules belonging to the cadherin family of homophilic cell-cell
adhesion molecules have been shown to play a crucial role in the first
step of the metastatic process by inhibiting dissociation of the primary
tumor mass (reviewed in Refs. 4 and 5).

SCLC cells express several types of cadherins, including E-cad
hem (6, 7). Several studies demonstrated that adhesion mediated by
E-cadherin restricts invasiveness of cells and correlates with reduced
metastatic potential (reviewed in Refs. 4 and 5). On the basis of these
findings, it was suggested that drugs that increase cell adhesion by
inducing E-cadherin expression or activity may provide a new therapy

for invasive and metastatic carcinomas (8). We previously demon
strated that SCLC cell lines have a fairly low level of E-cadherin
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mediated adhesion, which is rapidly increased by activation of
mAChRs (7). This increased E-cadherin activity is manifested by
aggregation and compaction of SCLC cells. Because only a proportion
of SCLC cells express functional mAChRs (7), this receptor is of
somewhat limited use as a therapeutic target to increase cadherin
mediated adhesion. An alternative general mechanism for cadherin
activation that does not depend on the expression of mAChRs is
needed.

The binding activity of cadherins depends upon their interaction
with the cortical actin cytoskeleton (reviewed in Refs. 9 and 10). The
interaction of cadherins with the actin cytoskeleton is indirect and is
mediated by catenins (1 1â€”16).Complexes of cadherinfl3-catenin or
cadherin/plakoglobin associate with a-catenin, which interacts di

rectly with proteins in the actin cytoskeleton (15, 16). Changes in the
actin cytoskeleton will modulate the adhesive activity of cadherins
due to the cytoskeletal association of cadherin complexes.

The organization of the actin cytoskeleton is regulated by members
of the Rho family of small GTP-binding proteins that control actin
polymerization (reviewed in Refs. 17 and 18). Previous studies dem
onstrate that changes in Rho activity induced by extracellular signals
cause rapid redistribution and reorganization of the actin cytoskeleton
(17, 18). Changes in Rho activity induced by Clostridium botulinum
C3 exoenzyme also cause reorganization of the actin cytoskeleton (17,
18). C3 exoenzyme specifically ADP-ribosylates Rho on Asn-4l,
which alters the interaction of Rho with downstream targets, leading
to changes in the actin cytoskeleton (17, 19). The ability of Rho to
reorganize the actin cytoskeleton indicates that Rho proteins are prime
candidates to participate in the regulation of cadherin activity.

Previous studies investigated the role of Rho proteins in maintain
ing the stability of preformed cadherin adhesion complexes, such as
those found in polarized columnar epithelial cells (20). Altering Rho
activity by treating these cells with C3 exoenzyme results in loss of

F-actin in the perijunctional ring, redistribution of the peripheral
membrane protein ZO-l, and increased permeability of tight junctions
(20). Treatment with C3 exoenzyme does not alter the expression or
distribution of E-cadherin in these cells (20). This suggests that
E-cadherin molecules in preformed cadherin adhesion complexes are
not affected by altering Rho activity with C3 exoenzyme (20). The
participation of Rho proteins in the formation of new cadherin adhe

sion complexes and the induction of cadherin-mediated adhesion has
not been previously characterized.

The main objective of this study is to investigate the effects of a
Rho-mediated reorganization of the actin cytoskeleton on E-cadherin

activity of SCLC cells. We hypothesize that altering the activity of
Rho, through its effects on the cytoskeleton, will increase E-cadherin
mediated adhesion of SCLC cells. This may inhibit dissociation of the
primary tumor mass, reducing SCLC metastasis. We demonstrate that
SCLC cells express RhoA. Treatment of SCLC cells with C3 exoen
zyme causes ADP-ribosylation of Rho and rapid aggregation and
compaction of the cells. This aggregation and compaction is suscep
tible to trypsin digestion only in the presence of EGTA (a classic test
for cadherin activity) and is diminished by antibodies that block
E-cadherin. We also show that treatment with C3 exoenzyme in
creases the amount of G actin in the cells, indicating reorganization of
the actin cytoskeleton. These results support the hypothesis that mi
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crofilament reorganization mediated by Rho increases the binding
activity of E-cadherin. This hypothesis is further supported by our
finding that compaction of SCLC cells is induced by cytochalasin D,
which causes microfilament reorganization. This is the first demon
stration of the involvement of Rho in cadherin regulation. Our studies
identify Rho as a potential therapeutic target to decrease metastasis of
SCLC cells.

MATERIALS AND METHODS

Reagents. Mouse monoclonal antibody to RhoA and rabbit polyclonal

antibody to RhoB were purchased from Santa Cruz Biotechnology (Santa
Cruz, CA). The Leu-54 blocking antibody to ICAM-l was obtained from
Becton Dickinson (San Jose, CA). Antibodies to a-catenin, @3-catenin,and
plakoglobin were from Transduction Laboratories (Lexington, KY), and anti
body to the cadherin COOH-terminal sequence was purchased from Sigma
Chemical Co. (St. Louis, MO). Horseradish peroxidase-labeled antibodies to
mouse and rabbit immunoglobulins and ECL reagents were obtained from
Amersham Corp. (Arlington Heights, IL). Fluorescein-labeled goat antimouse
IgG was obtained from Fisher Scientific (Pittsburgh, PA), fluorescein-labeled
DNase I was from Molecular Probes (Eugene, OR), and [32P]NAD(specific
activity, 30 Ci/mmol) was purchased from NEN Research Products (Boston,
MA). Glutathione-Sepharose 4B was from Pharmacia/Biotech (Piscataway,

NJ), isopropyl-l-thio-13-D-galactopyranoside was from from Boehringer
Mannheim (Indianapolis, IN), and PVDF membranes were from Micron Sep
arations, Inc. (Westboro, MA). Other reagents were obtained from Sigma
unless otherwise noted in the text.

Cell Lines. The SCLC SCC-9 cell line was originally isolated from a
biopsy specimen and has been extensively characterized (7, 21, 22). The SCLC
cell lines NCI-H69, NCI-Hl46, and NCI-H345 were obtained from the Amer
ican Type Culture Collection (Rockville, MD). Cells were cultured in complete
medium consisting of RPM! 1640 (Fisher Scientific), 10% heat-inactivated

CBS (HycloneLaboratories,Logan,UT), glutamine(0.3 mg/ml),penicillin(20
units/mI), and streptomycin sulfate (20 @g/ml).Cells were maintained at 37Â°C
in a humidified atmosphere of 5% CO@/95% air at densities that promoted
exponential proliferation.

Isolation of Recombinant C3 Exoenzyrne. The NM522 Escherichia coli
strain was purchased from Stratagene (La Jolla, CA) and transformed with the

pGEX2T-C3 exoenzyme expression vector, which was kindly provided by Dr.

Larry Feig (Tufts University, Boston, MA). After induction with isopropyl-l

thio-@-D-galactopyranoside (1 mM for 3 h at 37Â°C),the bacteria were sonicated
in lysis buffer (50 nmi Tris-HC1, 50 mist NaCl, 5 mi@iMgCl2, 1 mM Dli', and

1 miti phenylmethylsulfonyl fluoride, pH 7.5) and centrifuged (10,000 X g for
10 mm at 4Â°C).The resulting supernatants were incubated (30 mm at 4Â°C)with

glutathione-Sepharose 4B, which was equilibrated with lysis buffer. The
glutathione-Sepharose 4B was washed three times in lysis buffer and incubated

(18 h at 4Â°C)in resuspension buffer (50 mr@iTris, 150 mi@iNaCI, 5 m@iMgCl2,
2.5 mt@iCaC12, and 1 nmi Dli', pH 8.0) containing bovine plasma thrombin
(1 .5 units/ml) to cleave the C3 exoenzyme from glutathione S-transferase.

After centrifuging the glutathione-Sepharose 4B/thrombin solution (1500 X g
for 2 mm at 4Â°C),the resulting supernatants were incubated with p-aminoben
zamidine-agarose (10 @.dJmifor 30 mm at 4Â°C)to remove residual thrombin.
The p-aminobenzamidine-agarose solution was centrifuged (2000 X g for 2
mm), and the resulting supernatants containing purified C3 exoenzyme were
dialyzed against RPM! 1640.

For control experiments, untransformed E. coli were subjected to exactly the
same isolationprocedureused to purify recombinantC3 exoenzymefrom
transformed E. coil. The final supernatants from the isolation protocol using
untransformed E. coil were dialyzed against RPM! 1640 and tested in assays
using the purified recombinant C3 exoenzyme. The supernatants from the

untransformed E. coil had no detectable effects on any of the parameters

measured in the assays. This indicates that the responses of the cells to the
purified recombinant C3 exoenzyme are due to the C3 exoenzyme and not
caused by proteins from E. coil or proteins added during the isolation proce
dure.

Electroporation. Cells were suspended in 500 @.tlof RPM! 1640 contain
ing 1% heat-inactivated CBS in the presence or absence of recombinant C3
exoenzyme (15 @Wml)and transferred to a pulser cuvette. The cells were

subjected to three electric pulses (capacitance, 0.25 @.tF;voltage, 0.5 kV;
duration, 100 @s)using a Bio-Rad Gene Pulser (Hercules, CA). Following
electroporation, the cells remained in the cuvenes for 15 mm at 37Â°Cto allow
resealing of the cell membranes (23, 24) before being resuspended in the

appropriate medium for different assays.
Cell viability following electroporation was determined by exclusion of

trypan blue from the cells. The viability of electroporated cells was not
significantly different from the viability of nonelectroporated cells. Similarly,
cells electroporated with C3 exoenzyme had the same viability as cells dcc
troporated in the absence of C3 exoenzyme. Uptake of [3Hjthymidine by the
cells (21, 22) for 8 h after electroporation was also similar for electroporated
versus nonelectroporated cells and for cells electroporated in the absence
versuspresenceofC3exoenzyme.

[32PJADP-Ribosylation Assays. Cells were electroporated in the absence

or presence of recombinant C3 exoenzyme (15 @.tg/ml),transferred to Petri
dishes, and incubated in complete medium for 1 h at 37Â°C.Cells were washed
twice by centrifugation (300 X g for 3 mm) in complete medium and lysed by
periodic agitation for 15 mm in ice-cold lysis buffer (50 mMTris-HCI, 120mM
NaCl, 2.5 mMEDTA, 1 mMDli', and 0.5% Nonidet P-40, pH 7.4) containing
protease inhibitors (200 @Mphenylmethylsulfonyl fluoride and 5 @g/mlleu
peptin) and phosphatase inhibitors (10 mt@isodium fluoride, 1 mM sodium
orthovanadate, 0.2 mM sodium PP1. and 10 mM @3-glycerophosphate). After

centrifugation (16,000 X g for 10 mm), 20 ,.d of the resulting supematant

(corresponding to 5 x 106 lysed cells) was incubated (30 mm at 37Â°C)with 80
@.tlof ribosylation buffer (100 mM Tris-HC1, 20 mM nicotinamide, 10 ms@i

thymidine, 10 mM DTT, 10 @aM[32P]NAD, and 5 mM MgCl2, pH 8.0) in the
presence or absence of 5 ng of recombinant C3 exoenzyme. The samples were
mixed with 100 @tlof 2X sample buffer (125 nmi Tris, 4% SDS, 20% glycerol,
10% 2-mercaptoethanol, and 0.01% bromophenacyl blue, pH 6.8), boiled for
5 mm, and subjectedto SDS-PAGEusinga 5% stackinggel and 15%
separating gel. The proteins were electrophoretically transferred to PVDF

membranes and subjected to Western blotting and autoradiography.
Western Blotting. Cells were lysed in ice-cold lysis buffer containing

protease and phosphatase inhibitors, as described above. The lysates were
centrifuged (16,000 x g for 10 mm at 4Â°C),and the resulting supernatants
were diluted with lysis buffer to equal protein concentrations. The samples
were boiled for 5 mm with sample buffer and subjected to SDS-PAGE using
a 5% stacking gel and a 15% separating gel. Proteins in the gels were
electrophoretically transferred to PVDF membranes. The PVDF membranes

were incubated overnight in blocking buffer (10 mMTris, 150 mMNaCl, 0.1%
Tween-20, and 10% dry milk powder, pH 7.6), placed in a 25-channel
miniblotter (Immunetics Inc., Cambridge, MA), and incubated (1.5 h at 4Â°C)
with antibodies diluted in blocking buffer. After being washed twice in wash
buffer (10 mM Tris, 150 mM NaCl, and 0.1% Tween-20, pH 7.6), the PVDF

membranes were incubated (1 h at 4Â°C)with horseradish peroxidase-labeled
antimouse or antirabbit immunoglobulins diluted 1:4000 in wash buffer. The
PVDF membranes were washed three times in wash buffer, and bound anti
body was visualized by ECL. When [32PJADP-ribosylated samples were
subjected to both Western blotting and autoradiography, the PVDF membranes
were held overnight to degrade the chemiluminescence reaction before auto
radiography of the PVDF membranes.

Aggregation Assays. Cells subjected to experimental protocols (e.g., treat
ment with C3 exoenzyme or cytochalasin D) were plated in 96-well microtiter
plates at a density of 4 X l0@ cells per 100 pi of complete medium per well.

After being incubated for 60 mm at 37Â°Cin a humidified atmosphere of 5%
CO2. 100 @tlof RPMI 1640 containingtest reagents(e.g., antibodies,trypsin,
and/or EGTA) were added to each well. Following a 1-h incubation at 37Â°C
and 5% CO2. the cells were gently triturated, and the contents of duplicate
wells were transferred to sample vials (Fisher Scientific) containing 1ml of 5%
glutaraldehyde. After fixation for 30 mm at 4Â°C, 15 ml of Hematall isotonic

diluent (Fisher Scientific) were added to the beakers. The number of particles
(i.e.,cellaggregates)ineachcellsuspensionwasdeterminedusingaCoulter
Counter (Coulter Electronics, Hialeah, FL) with a 100-pm aperture. Aggre
gation is defined by the following formula: [(Nconroi@ X 100,
where Nconroi@5the number of particles in the control sample, and Nexp @5the
number of particles in the experimental sample.

Photomicroscopy. Cells were subjected to experimental protocols and
allowed to settle on uncoated glass coverslips (Eppendorf, Hamburg, Ger
many) in cell chambers designed for use with an Olympus IMT2 inverted
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microscope (Hitech Instruments, Edgemont, PA). The coverslips were etched
in a numbered grid pattern to aid in localizing specific fields on the coverslip.

A photograph of the cells was taken, and test reagents (e.g., antibodies, trypsin,
and/or EGTA) were added to the cell chamber. After incubation at 37Â°C in a

humidified atmosphere of 5% C02, the same field of cells was photographed
again.

Immunofluorescence Assays. Cells were incubated (30 mm at 4Â°C)with
the HECD mouse monoclonal antibody to E-cadherin diluted to a concentra
tion of 10 ,.@g/mlin ice-cold PBS containing 1% BSA. The cells were washed
twice in ice-cold PBS/l% BSA and incubated (30 mm at 4Â°C)with a 1:100
dilution of fluorescein-labeled goat antimouse IgG in PBS/l% BSA. After
being washed, the cells were fixed in paraformaldehyde (1% in PBS) and
analyzed using a fluorescence-activated cell sorter (Coulter Corp.).

Measurement of Monomeric Actin (G Actin). Measurements of 0 actin
were performed using a procedure described by Elemer and Edgington (25)
using DNase I, which binds to G actin with high affinity (26). Cells were
suspended in RPM! 1640 containing 1% heat-inactivated CBS and electropo

rated as described above in the absence or presence of recombinant C3
exoenzyme (15 @g/ml)or cytochalasin D (1 wi). For serum-free conditions,
cells were electroporated after washing and resuspension in RPM! 1640.
Fluorescein-labeled DNase I at a final concentration of 75 @ig/ml was added to

the cell suspension in the pulser cuvettes. The cells were incubated in the
cuvettes at 37Â°Cto allow binding of the fluorescein-labeled DNase I to G actin
in the permeabilized cells (25) and resealing of the cell membranes (23, 24).

The cells were washed three times by centrifugation in RPM! 1640/1%
heat-inactivated CBS and resuspended in 1% paraformaldehyde in PBS. The
fluorescence of fluorescein-labeled DNase I bound to G actin in the cells was

determined using a fluorescence-activated cell sorter (Coulter Corp.).

RESULTS

Altering Rho Activity Increases Cell-Cell Adhesion in SCLC
Cell Lines. We determined the effects of altering Rho activity on
cell-cell adhesion of different SCLC cell lines (Fig. 1). All SCLC cells
lines we examined exhibit the classic SCLC morphology in tissue
culture: they proliferate as floating aggregates of cells, which do not
adhere to the substratum. Some cell lines normally have greater
cell-cell adhesion than other cell lines; this is reflected by compaction
of the cells around each other. For example, the NCI-Hl46 and
NCI-H345 cell lines exhibit greater compaction than the SCC-9 and
NCI-H69 cell lines under normal culture conditions (Fig. I). To alter
Rho activity, the cells were incubated with C3 exoenzyme, which
specifically ADP-ribosylates Rho (19). Incubation with C3 exoen
zyme (15 @.ag/ml)for 2 days dramatically increases cell-cell adhesion
in all cell lines, resulting in compaction of the cells (Fig. 1). Similar
increases in compaction occur within 30 mm of electroporating C3
exoenzyme in the cells.

The increase in cell-cell adhesion induced by C3 exoenzyme mor
phologically resembles E-cadhenn-mediated compaction of SCLC
cells (7). This suggests that cadherins mediate cell-cell adhesion
induced by C3 exoenzyme. Consistent with this, all SCLC cells tested
express cadherins and a-catenin, (3-catenin, and plakoglobin (Fig.
2A). All SCLC cell lines also express RhoA (Fig. 2B). Higher levels

of RhoA than RhoB are detected in all cell lines. This suggests that
RhoA, rather than RhoB, regulates adhesion of the cells.

C3 Exoenzyme Specifically ADP-Ribosylates Rho in SCC-9
Cells. The SCC-9 SCLC cell line was used to further characterize the
effects of altered Rho activity on cell-cell adhesion. Previous studies
demonstrate that C3 exoenzyme specifically ADP-ribosylates Rho
and exhibits negligible ribosylating activity toward Ras or other
members of the Rho subfamily, such as Rac and Cdc42 (27, 28). We
found that C3 exoenzyme specifically ADP-ribosylates Rho in sub
cellular fractions of SCC-9 cells (Fig. 3). The Mr 25,000 protein,
which is ADP-ribosylated by C3 exoenzyme in these fractions, is
recognized by RhoA antibody. In agreement with previous studies,

(@@
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Fig. 1. Effects of C3 exoenzyme on compaction in different SCLC cell lines. A and B,
SCC-9; C and D, NC!-H69; E and F, NCI-Hl46; G and H, NCI-H345. The SCLC cell
lines exhibit various levels of compaction when cultured in RPMI 1640 containing 10%
heat-inactivated CBS (A, C, E, and G). Compaction increases when the cells are incubated
for2 daysin RPM!1640containing10%heat-inactivatedCBSplus IS @.tg/mlrecombi
nant C3 exoenzyme (B, D. F, and H). Bar, 20 jim. Results shown are representative of
four independent experiments.

Rho is present in varying amounts in different subcellular fractions
(29). No other protein is ADP-ribosylated by C3 exoenzyme in these
fractions. A Mr 120,000, ADP-ribosylated protein is present in frac
tions that were not exposed to C3 exoenzyme (Fig. 3). This Mr
120,000 protein comigrates with poly[ADP]ribose polymerase, which
is capable of autoribosylation and is overexpressed in SCLC cells
(30).

The ability of C3 exoenzyme to ADP-ribosylate Rho in situ in
SCC-9 cells was also tested (Fig. 4). Electroporation with C3 exoen
zyme causes ADP-ribosylation of RhoA in SCC-9 cells (Fig. 4). A
slower migrating form of RhoA is detected in Western blots when C3

exoenzyme is electroporated into cells in vivo or when C3 exoenzyme

is added to cell lysates in vitro (Fig. 4, Western blot). This indicates
that exposure of SCC-9 cells to C3 exoenzyme in vivo or in vitro
causes ADP-ribosylation of RhoA. This is supported by autoradiog
raphy of the Western blot shown in Fig. 4. Addition of C3 exoenzyme
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Fig. 2. Expression of cadherins, catenins, and Rho proteins by different SCLC cell lines. A, lysates of different SCLC cell lines were probed by Western blotting using antibodies
to the COOH-terminal sequence of cadherins (Lane 1), human E-cadherin (Lane 2), a-catenin (Lane 3), @-catenin(Lane 4), and plakoglobin (Lane 5). Right, molecular weights
determined from migration of standards. B, lysates of different SCLC cell lines were probed by Western blotting using antibodies to RhoA (Lanes 1â€”3)and RhoB (Lanes 4â€”6).
Concentrations of the antibodies used were I @sg/ml(Lanes I and 4), 0.5 @sg/nil(Lanes 2 and 5), and 0.25 @sg/mI(Lanes 3 and 6). Proteins with molecular weights of 20,000â€”30,000
are shown. Results shown are representative of four independent experiments.

to SCC-9 cell lysates in the presence of [32P]NAD causes [32P]ADP
ribosylation of a protein (Fig. 4, Autoradiograph, Lane 1) that comi
grates with the slower migrating form of RhoA (Fig. 4, Western blot,
Lane 1). In contrast, [32PIADP-ribosylation is greatly diminished if
the cells are electroporated with C3 exoenzyme prior to adding C3
exoenzyme and [32P]NAD to the cell lysates (Fig. 4, Autoradiograph,

Lane 2). These results indicate that RhoA is ADP-ribosylated in situ
upon electroporation of C3 exoenzyme in SCC-9 cells and subse
quently cannot be [32P]ADP-ribosylated by C3 exoenzyme in vitro.

Similar results were obtained when the cells were incubated with C3
exoenzyme (15 @tg/ml)for 2 days instead of being electroporated with
C3 exoenzyme.

C3 Exoenzyme Induces Cadherin-mediated Compaction and
Aggregation of SCC-9 Cells. We next investigated the involvement
of cadherins in SCC-9 cell-cell adhesion induced by C3 exoenzyme.
Electroporation of SCC-9 cells with medium alone does not alter cell

morphology (Fig. 5A), whereas electroporation with C3 exoenzyme
induces compaction (Fig. 5 Bâ€”F).Compaction induced by C3 exoen
zyme is reversed if electroporated cells are subsequently incubated
with trypsin plus EGTA (Fig. 5E) or the HECD blocking antibody to
E-cadherin (Fig. 5fl. In contrast, cells electroporated with C3 exoen
zyme remain compacted upon incubation with trypsin alone (Fig. SB),
normal mouse IgG (Fig. 5C), or the Leu-54 blocking antibody to
ICAM-l (Fig. SD). Similar results were obtained when C3 exoenzyme
was introduced into the cells by preincubation (15 @tg/ml,2 days)
instead of electroporation. The ability of trypsin to diminish compac
tion in the absence of Ca2@ (Fig. SE) but not in the presence of Ca2@
(Fig. SB) indicates that Ca2tdependent adhesion molecules, such as
cadherins, mediate compaction of the cells. Reversal of C3 exoen

zyme-induced compaction by the HECD E-cadherin blocking anti

body indicates that E-cadherin participates in this process (Fig. SF).
Quantitative measurements of cell aggregation provide additional

evidence that treatment with C3 exoenzyme increases cadherin-me
diated cell-cell adhesion. Aggregation of SCC-9 cells is increased by
electroporation with C3 exoenzyme (Fig. 6, A and B) or by incubation
with C3 exoenzyme (Fig. 6, C and D). Aggregation induced by C3
exoenzyme is significantly diminished if C3 exoenzyme-treated cells

are subsequently incubated with trypsin plus EGTA (Fig. 6, A and C).
This indicates that Ca2@-dependent cadherins participate in aggrega
tion induced by C3 exoenzyme. Incubation with trypsinlEGTA does

Triton-X100

Sol. Insol.

1234

Sothcatad

Supnt. Pellet

5678

l2OkDa- wâ€”
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C3 present : + - + - + - + -

Fig. 3. Specific ADP-ribosylation of RhoA by C3 exoenzyme in SCC-9 cells. SCC-9
cells were lysed with 1% Triton X-lOO to generate a soluble (Lanes I and 2) and an
insoluble (Lanes 3 and 4) fraction or were sonicated to produce a supernatant (Lanes 5 and
6) and a pellet (Lanes 7 and 8). Fractionswere incubated with [32P]NADin the presence
(Lanes 1, 3, 5. and 7) or absence (Lanes 2. 4. 6, and 8) of 0.5 @tg/mlC3 exoenzyme and
subjected to SDS-PAGE and autoradiography. The Mr 25.000 protein is recognized by
Rho-specific antibodies in ECL-Western blotting. The M, 120,000 protein comigrates
with poly(ADP)ribose polymerase.
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fluorescein-labeled DNase I, which binds to 0 actin (26). Electropo

ration with C3 exoenzyme results in an increased proportion of cells
having high levels of G actin, as indicated by the greaterfluorescenceintensity

of these cells after incubation withfluorescein-labeled,

@ EJDNase
I (Fig. 8). This is similar to increased G actin levels in SCC-9

cells treated with cytochalasin D, which promotes actin depolymer
ization (Fig. 8; Ref. 31). These results indicate that reorganizationof+the

actin cytoskeleton in SCC-9 cells is induced by C3 exoenzyme,
similar to the effects of cytochalasinD.â€”Reorganization

of the actin cytoskeleton induced by altering Rho
activity may increase the binding activity of E-cadherin complexes,

resulting in compaction and aggregation of the cells. If this hypothesis
is true, then actin reorganization induced by other agents, suchasâ€”cytochalasin

D, should also result in compaction and aggregation of
SCC-9 cells. Incubation with cytochalasin D increases both compac
tion (Fig. 9) and aggregation (Fig. 10) of SCC-9 cells. In contrasttothe

effects of treatment with C3 exoenzyme, compaction and aggre
gation induced by cytochalasin D is not diminished by incubation with
trypsin/EGTA, nor by incubation with the HECD blocking antibody to
E-cadherin (Figs. 9 and 10). A previous study provides evidence that
cadherins in cytochalasin-treated cells are less sensitive to the macti

â€”vating effects of removing extracellular Ca2@ (32). On the basisofFig.

4. ADP-ribosylation in situ of RhoA by C3 exoenzyme in SCC-9 cells. SCC-9
cells were electroporated in the absence (Lanes 1 and 3) or presence (Lanes 2 and 4) of
recombinant C3 exoenzyme (15 @g/ml).Cells were lysed, and the supematant proteins
were incubated with [32PJNADin the presence (Lanes I and 2) or absence (Lanes 3 andthis

observation, it is possible that cadherins participate in cytochala
. . .

sininduced aggregation and compaction of SCC-9 cells, although
trypsin/EGTA does not reverse adhesion induced bycytochalasin.4)

of recombinant C3 exoenzyme (50 ng/ml). Reaction mixtures were subjectedtoSDS-PAGE
andtransferredto PVDF membranes,followed sequentiallybyECL-Westernblotting

with RhoA antibody (Western Blot) and autoradiography(Autoradiograph).ADP-nbosylation
of Rho proteins in situ upon electroporation of cells with C3 exoenzyme

converts RhoA to a slower migrating form (Western Blot. Lanes 2 and 4) and reduces
[32PJADP-ribosylationof Rho proteins in vitro (Autoradiograph, Lane 2).@ and 0.In

the present study, we investigated the effects of modifying Rho
. . . . .

activity on cadhenn-mediated adhesion of SCLC cells. Ourresultspositions
of RhoA that migrated slower and faster, respectively. Proteins with molecular

weights o120,000â€”30,000 are shown. No other proteins reacted with RhoA antibody or
became [ P]ADP-nbosylated by C3 exoenzyme. The Western blot has smaller lane
widths than the autoradiograph because the channels in which the antibodies were appliedindicate

that altering Rho activity increases cadherin-mediated adhe

sion of SCLC cells. Aggregation and compaction of SCLC cells is
induced by C3 exoenzyme, which specifically ADP-ribosylatesRhoin

the Western blot were a smaller width than the wells in which proteins were appliedtothe
polyacrylamidegel.not

completely reverse the aggregation of C3 exoenzyme-treated cells
(Fig. 6, A and C). This suggests that Ca2tmndependent cadherins or
adhesion molecules other than cadherins may additionally participate
in aggregation induced by C3 exoenzyme. Incubation with the HECD
blocking antibody to E-cadherin significantly diminishes aggregation,..@

.@@
(.1Aof

SCC-9 cells treated with C3 exoenzyme, indicating the participa
tion of E-cadherin in this adhesion event (Fig. 6, B and D). The
inability of the HECD antibody to completely reverse aggregationÃ§@i@ .@provides

further evidence that other adhesion molecules in addition to
E-cadherin may be affected by ADP-ribosylation of Rho. Aggregation
induced by C3 exoenzyme is unaffected by incubation with trypsin
alone (Fig. 6, A and C), normal mouse IgG, or the Leu-54 blocking
antibody to ICAM-l (Fig. 6, B and D).

The Increase in E-Cadherin Binding Activity May Be Due to.

@ B

,.@

@.@

@ â€˜-Reorganization

of the Actin Cytoskeleton. Compaction of SCC-9
cells is detectable within 30 mm after electroporation with C3 exoen oCzyme.

This suggests that activation of E-cadherin complexes,ratherthan
increased expression of E-cadherin, is responsible for therapidcompaction

induced by C3 exoenzyme. Consistent with this,thesurface
expression of E-cadherin in SCC-9 cells is unaffectedbytreatment

with C3 exoenzyme (Fig. 7). This indicates thattreatmentwith
C3 exoenzyme induces compaction by increasing the activityofE-cadherin

complexes.Previous
studies indicate that treatment with C3 exoenzyme in

duces a Rho-mediated reorganization of the actin cytoskeleton involv
ing actin depolymerization (28). We found that similar events occurinSCC-9

cells. Levels of 0 actin in SCC-9 cells were measured using

4)
D

E

F

(@@

&@ ,.@Â°.s,,'c.@

e@

r.

Fig. 5. Compaction of SCC-9 cells electroporated with C3 exoenzyme. SCC-9 cells do
not compact under normal culture conditions (A, left) nor when they are electroporated in
the absence of C3 exoenzyme (A, right). Electroporation with C3 exoenzyme induces
compaction (Bâ€”F.left), and the cells remain compacted upon the addition of 0.0001%
trypsin (B, right), 100 @g/mlnormal mouse IgG (C. right). or 100 @sg/mlLeu-54 antibody
to ICAM- I (D. right). in contrast. cells electroporated with C3 exoenzyme decompact in
the presence of 0.0001% trypsin plus 2.5 msi EGTA (E. right) or 100 @g/mlHECD
antibody to E-cadherin (F. right). Cells were photographed 60 mm after being electra
porated in the absence (A. right) or presence (Bâ€”F.left) of recombinant C3 exoenzyme (15
@sWml).The cells were photographed again after incubation for an additional 60 mm in the
presence of test reagents (Bâ€”F.right). The same field of cells is shown on the left and
right, except in A. Bar, 20 @sm.Results shown are representative of four independent
experiments.
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Fig. 6. Aggregation of SCC-9 cells electropo
rated or incubated with C3 exoenzyme. Aggrega
tion of SCC-9 cells was measured using a Coulter
counter 2 h after electroporating the cells with
recombinant C3 exoenzyme (15 hg/ad; A and B)
or after the cells were incubated for 2 days in the
presence of recombinant C3 exoenzyme (15 @.&g/
ml; C and D). Control cells were electroporated (A
and B) or incubated (C and D) with medium
alone. Aggregation induced by C3 exoenzyme is
significantly diminished by treatment with
0.0001% trypsin plus 2.5 mu EGTA or with the
HECD blocking antibody to E-cadherin. In con
trast, aggregation is not significantly affected by
0.0001% trypsin alone, normal mouse IgG
(mJgG), or the Leu-54 blocking antibody to
ICAM-l. Results shown are the means Â±I SE of
duplicate samples from three independent exper
iments. Electroporation of SCC-9 cells with me
dium alone changed aggregation by â€”3.8Â±5.8%
(n 4) compared to nonelectroporatedcells. This
indicates that electroporation itself does not in
duce aggregation of SCC-9 cells.

Control C3 C3 C3 C3
+ + +

mIgG Leu54 HECD

Control C3 C3 C3 C3
+ + +

mIgG Leu54 HECD

(19, 27, 28). Aggregation and compaction induced by C3 exoenzyme
is diminished by incubating the cells with the HECD E-cadherin

blocking antibody or with trypsin/EGTA, indicating the participation
of E-cadherin in these adhesion events. This is the first system
described in which altering Rho activity increases cadherin-mediated
adhesion.

Several lines of evidence indicate that Rho is responsible for the
observed effects of C3 exoenzyme on SCLC cells. This exoenzyme
ADP-ribosylates Rho at Asn-4l and thus alters the interaction of Rho
with its protein partners (19, 27, 28). It is unlikely that other related
small GTPases, such as Cdc42 and Rac, participate in events induced
by C3 exoenzyme, because ADP-ribosylation of these other small
GTPases by C3 exoenzyme is negligible (27, 28). It is also unlikely
that Cdc42 and Rac are affected by altering Rho activity in SCLC
cells, because Cdc42 and Rac are generally believed to be upstream of
Rho in signaling pathways involving these small GTPases (33).

All SCLC cell lines tested respond to C3 exoenzyme with increased
compaction, indicating that this response may be a common charac
teristic of SCLC cells. Treatment with C3 exoenzyme induces similar
levels of compaction in the different SCLC cell lines, although these
cell lines express dissimilar amounts of cadherins. Several types of
adhesion molecules, including other cadherins in addition to E-cad
herin, may participate in compaction of SCLC cells treated with C3
exoenzyme. This is supported by our finding that NCI-H69 cells
compact after treatment with C3 exoenzyme, although these cells
express low levels of intracellular E-cadherin (Fig. 2A) and undetect
able levels of surface E-cadherin (7). Different types of cadherins may
also participate in compaction of SCLC cell lines under normal
conditions. The NCI-Hl46 and NCI-H345 cell lines, which have high
basal levels of compaction, also have increased expression of cad
hems recognized by an antibody specific for the cadherin COOH
terminal sequence (Fig. 2.4). The cadherins recognized by this anti
body may contribute to the increased compaction of the NCI-H146
and NCI-H345 cell lines under normal culture conditions.

The induction of E-cadherin-mediated adhesion often initiates a
cascade of adhesive events, including the activation of other adhesion
molecules and the formation of tight junctions (34, 35). Thus, it is
possible that E-cadherin-mediated adhesion induced by C3 exoen
zyme leads to the activation of other types of adhesion molecules in
SCLC cells. Alternatively, other types of adhesion molecules may be

activated independently of E-cadherin upon treatment with C3 exoen
zyme. These possibilities may explain why incubation with the HECD
E-cadherin blocking antibody or trypsin/EGTA does not completely
reverse compaction and aggregation induced by C3 exoenzyme.

It is well established that altering the activity of Rho induces
reorganization of the actin cytoskeleton (17, 18, 20, 27, 28, 33, 36).
Rho proteins may preferentially regulate microfilament populations
located in different regions of the cell. For example, constitutively
active RhoA (V14RhoA) increases F-actin in the interior, but not the
cortical region of mast cells (36). Similarly, ADP-ribosylation of Rho
by C3 exoenzyme causes loss of F-actin in the apical, but not the basal
region of polarized columnar epithelial cells (20). Interestingly, mi

crofilament populations in specific regions of cells are also preferen

tially susceptible to the effects of cytochalasins (32). This suggests
that the differential susceptibility of regional microfilament popula
tions to regulation by Rho proteins (and cytochalasins) may depend on
properties inherent in the microfilament populations. It is also possible
that loss of microfilaments in one region of the cell promotes micro
filament formation in another region, due to an increase in the total
amount of G actin in the cell.

We found that treatment with C3 exoenzyme increases the number
of SCLC cells with high levels of G actin. This indicates that ADP
ribosylation of Rho alters actin polymerization dynamics in these
cells. The subcellular location of the microfilament population(s)
affected by altering Rho activity in SCLC cells is unknown. Modify
ing Rho activity may affect the cortical actin cytoskeleton, directly or
indirectly due to increased levels of G actin arising from a Rho
mediated loss of microfilaments elsewhere in the cell.

A Rho-mediated reorganization of the cortical actin cytoskeleton
may increase cadherin adhesive activity in several ways. Reorganiza
tion of the actin cytoskeleton may increase interactions between
cadherins, catemns, and cytoskeletal proteins. Catenins sometimes
associate with cytoskeletal proteins in the absence of cadherins (16,
37, 38), suggesting that the actin cytoskeleton can sequester catenins
from cadherin complexes. Reorganization of the actin cytoskeleton
may release these sequestered catenins, allowing them to participate in
the formation of cadherin adhesion complexes. Similarly, reorganiza
tion of the actin cytoskeleton may increase the availability of cy

toskeletal proteins, such as actin, a-actinin, or spectrmn, to participate
in linking cadhenn complexes to the actin cytoskeleton or to panic
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reports that showed altered cytoskeletal interactions increase the lat
eral mobility of integrmns in the plasma membrane (39) and stimulate

50 integrin-mediatedadhesion(25,39,40).
The compaction and aggregation of SCLC cells treated with cy

tochalasin D is consistent with our hypothesis that cytoskeletal reor
ganization can induce cadherin-mediated adhesion. Compaction in

duced by cytochalasin D morphologically resembles compaction
involving E-cadherin-mediated adhesion. However, neither trypsin/
EGTA nor the HECD blocking antibody to E-cadherin diminishes
compaction or aggregation induced by cytochalasin D. This might
suggest that cadherins are not involved in this process. However,

0 basedontheeffectsof cytochalasinsontightjunctions(32),our
50 resultsareactuallyconsistentwiththepossibilitythatcadherins

participate in compaction and aggregation induced by cytochalasin D.

The integrity of tight junctions is reduced upon removal of extracel
lular Ca2@, due in part to a reduction in cadherin-mediated adhesion
(32, 41). Stevenson and Begg (32) reported that this loss of tight

@ 25 junctionintegrityuponremovalof extracellularCa2@is minimizedif
-@ MDCK cells are treated with cytochalasin D. There are several ways

@ cytochalasin D could protect tight junctions and cadherins from the
z effectsofremovingextracellularCa2@(32).A cytochalasin-induced
:@@ reorganizationof theactincytoskeletonmaygenerateconformational
C.) 50 changesin cadherinsthat maketheminsensitiveto the effectsof
0 trypsin/EGTA or specific blocking antibodies, such as HECD. On the

@ basis of these findings, it is plausible that cytochalasin prevents
.@ trypsin/EGTA from altering cadherin-mediated adhesion of SCLC

@ cells, similar to the effects of cytochalasin on MDCK cells. Thus,
25 cadherinsmayparticipateincompactionandaggregationof SCLC

cells treated with cytochalasin D, although trypsinlEGTA and HECD
do not affect these adhesion events.

The demonstration that modifying the activity of Rho proteins
0 inducescadherin-mediatedadhesionhasseveralbroadimplications.

r n Rho proteins may participate in the activation of cadherins during

@,v morphogenetic events such as blastomere compaction (34). This is

consistent with previous demonstrations that changing the activity of
Rho proteins alters morphogenesis (42). It is also possible that Rho
proteins mediate the changes in cadherin activity that occur upon

25 stimulation of heterotrimeric G protein-coupled receptors (7) and
receptor-protein tyrosine kinases (43â€”46).

Our results identify Rho as a potential therapeutic target to

0
@ 100 200

Fluorescence Intensity
(ChannelNumber)

Fig. 7. Surface expression of E-cadherin by SCC-9 cells. SCC-9 cells were incubated
in the absence (A) or presence (Bâ€”D)of the HECD antibody to E-cadherin, followed by@
incubation with fluorescein-labeled antimouse IgG and FACS analysis. Before immun
ofluorescent staining, the cells were incubated in RPM! 1640 containing 10% heat
inactivated CBS (A and B) or clectroporated in RPM! 1640 containing 1% heat-inactivated
CBS in the absence (C) or presence (D) of recombinant C3 exoenzyme (15 gsg/mI).@
Results shown are representativeof three independentexperiments.

ipate in clustering cadherin complexes. Reorganization of the cortical
actin cytoskeleton may also stimulate the formation of cadherin ad- Fluorescence Intensity (Channel Number)
hesion complexes by increasing the lateral mobility ofcadherins in the
plasma membrane. Interactions with the conical actin cytoskeleton@ 3B@
that increase the lateral mobility of cadherins in the plasma membrane cytochaiasinD (D).Thecellswereexposedat 10mm(AandB)or3 rain(CandD)after
may stimulate cadherin dimerization and clustering and promote electroporationtofluorescein-labeledDNaseI,whichbindsto0 actin.Aproportionofthe

. . . . . cells treated with C3 exoenzyme (B) or cytochalasin D (D) exhibit increased fluorescence

mteractions between cadhenns on opposing cells, leading to increased intensi@@,indicatingincreased0 actinlevels.Resultsshownare representativeof three
cadhenn-mediated adhesion. This model is consistent with previous independentexperiments.
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Fig. 9. Compaction of SCC-9 cells treated with cytochalasin D.
Cells treated with cytochalasin D (A, right, and B-F, left) are more
compacted than cells in normal culture conditions (A, left). Cells
treated with cytochalasin D remain compacted upon the addition of
0.0001% trypsin (B, right), 100 @.&g/mlnormal mouse lgG (C, right),
100 @g/mlLeu-54 antibody to ICAM-l (D, right), 0.0001% trypsin
plus 2.5 mM EGTA (E, right), or 100 @tg/mlHECD antibody to
E-cadherin (F, right). Cells were photographed after incubation for
60 mm in RPMI 1640 with 10% heat-inactivated CBS in the
absence (A, left) or presence (A, right, and Bâ€”F,left) of cytochalasin
D (I ELM).The cells were photographed again after incubation for an
additional 60 mm in the presence of test reagents (Bâ€”F,right). The
same field of cells is shown on the left and right, except in A. Bar,
20 @.un.Results shown are representative of four independent cx
periments.

@1IIA
Control Cytoc. Cytoc. Cytoc.

+ +
Trypsin Trypsin/

EGTA

decrease metastasis. Methods to increase cadherin activity or expression
have attracted interest as possible approaches to decrease metastasis.
Cadherin-mediated adhesion of breast carcinoma cells is increased by
treatment with retinoids (47, 48), tamoxifen (49), or insulin-like growth
factor I (43), suggesting that these treatments may decrease breast carci
noma metastasis. Cadherin-mediated adhesion of SCLC cells is increased
by activation of mAChRs (7). The potential ability of mAChRs to
regulate SCLC metastasis is limited because mAChR activation only
transiently induces cadherin-mediated adhesion (7) and some SCLC cell

lines do not express functional mAChRS (7). A Rho-mediated increase in
cadherin activity does not have these limitations; all SCLC cell lines
tested express high levels ofRhoA and exhibit prolonged compaction and
aggregation following treatment with C3 exoenzyme. Rho was previ
ously identified as an important therapeutic target due to its possible role
in Ras-induced malignancies (SO);our results suggest that Rho may also
have a role in metastasis. Modifying the activity of Rho proteins in
metastatic cells (such as SCLC cells) may restore cadherin-mediated
adhesion in these cells and thus decrease their metastatic potential.
Further investigations are needed to ascertain the direct effects of altered
Rho activity and cytoskeletal reaimngement on metastasis.

0
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Fig. 10. Aggregation of SCC-9 cells treated with cytochalasin D. Aggregation of

SCC-9 cells was measuredusing a Coultercounterafterthe cells were incubatedfor 2 h
in the absence (Control) or presence of I @Mcytochalasin D (Cytoc.). Aggregation of cells
treated with cytochalasin D is not significantly changed by exposing the cells to 0.0001%
trypsin, 0.0001% trypsin plus 2.5 m@.iEGTA, normal mouse IgG (mlgG), the Leu-54
blocking antibody to ICAM-i, or the HECD blocking antibody to E-cadherin. Results
shown are the means Â±I SE of duplicate samples from three independent experiments.
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