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1. INTRODUCTION 

Cell-cell and cell-extracellular matrix (ECM) contacts are central determinants of 
cell and tissue morphology (Hay, 1981; Takeichi, 1991). These interactions of the 
cell with its environment are mediated by numerous transmembrane receptors of 
the integrin and cadherin families of receptors (Takeichi, 199 1; Hynes, 1992). In 
the cytoplasmic domain, many of these adhesive interactions are linked to the 
microfilament system by plaque proteins which are especially prominent in adher- 
ens type junctions (AJ) (Burridge et al., 1988; Geiger and Ginsberg, 1991; Tsukita 
et al., 1992), thus forming a structural link between the extracellular and the 
intracellular domain of the plasma membrane. Earlier observations have demon- 
strated effects on gene expression, cell growth, motility, and differentiation in 
response to altered cell-cell and cell-ECM interactions (Ben-Ze’ev, 1991; 1992). 
In the last decade, the number of components that have been shown to localize in  
AJ has steadily increased (Burridge et al., 1988; Geiger and Ginsberg, 1991; Tsukita 
et al., 1992; Sadler et al., 1992; Ben-Ze’ev, 1992). In addition to proteins which are 
involved in establishing the structural and thus more mechanical interaction be- 
tween the outside and inside of the cell, AJ contain a considerable number of 
regulatory molecules including tyrosine kinases, protein kinase C, and various 
oncogene products and proteases, which reside in the cytoplasmic side of the plaque 
area(Burridgeet a]., 1988; GeigerandGinsberg, 1991;LunaandHitt, 1992).These 
findings suggested that the junctional areas of cell-cell and cell-ECM interaction 
are directly involved in signal transduction and thereby elicit long range effects on 
cells. 

Tyrosine phosphorylation of AJ proteins has been proposed to be a major 
mechanism in this signal transduction, based’on studies showing abundant tyrosine 
phosphorylation-dephosphorylation activity in AJ of both normal and transformed 
cells (Rohrschneider, 1980; Comoglio et al., 1984; Maher et al., 1985; Volberg et 
al., 1992). The recently characterized adhesion plaque tyrosine kinase pl  25FAK 
(Schalleret al., 1992) has raised wide interest since this protein is rapidly phospho- 
rylated on tyrosine by both cytokine stimulation and by adhesion. It proceeds 
through activation of integrins in fibroblasts adhering to the ECM (Guan et al., 
1991; Bumdge et al., 1992) and in platelet activation by soluble factors (Lipfert et 
al., 1992), but it.is also apparent in the transformation of fibroblasts by RSV (Guan 
and Shalloway, 1992), and after stimulation of neuropeptide receptors by various 
soluble components (Zachary and Rozengurt, 1992). This tyrosine phosphoryla- 
tion, in turn, enhances the kinase activity of pl 25FAK. These studies therefore 
suggest that signal transduction by cell-ECM interaction and by different cytokines 
may converge at an early stage, in adhesion plaques. They also imply that there is 
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a common mechanism for the effects on cell shape, motility, growth and differen- 
tiation resulting from either cell adhesion and/or soluble factor action on cells. 

The assembly of AJ apparently proceeds through an initial binding of the 
transmembrane contact receptor to its extracellular ligand (an ECM protein se- 
quence, or a homologous cell adhesion (CAM) receptor (Geiger et al., 1990, 
1992a)). However, recent studies have clearly demonstrated that following this 
initial step, the recruitment and binding of the plaque and cytoskeletal components 
to the clustered receptor constitutes an important maturation step in  the formation 
of stable AJ (La Flamme et al., 1992; Geiger et al., 1992a,b). The binding of 
cytoskeletal components to the transmembrane contact receptor may be required 
for the long range effects on cells (Geiger et al., 1992a). This maturation andor 
stabilization step in AJ formation can be controlled both by post-transcriptional 
mechanisms (i.e., phosphorylation-dephosphorylation), or by regulating the 
amount of a particular junctional protein. 

In this essay we summarize studies demonstrating AJ modulation through 
changes in the level of expression of junctional components, and show that this 
modulation has a dramatic effect not only on cell structure, but also on cell motility 
and the tumorigenic ability of cells. 

I I .  GROWTH STIMULATION AND AJ PROTEIN 
EXPRESSION 

Previous studies have shown that those changes in cell adhesion to the ECM, or to 
neighboring cells, which are common to growth activation, differentiation, and 
transformation, are associated with alterations in  both cytoskeletal protein assembly 
and expression (Ben-Ze’ev. 1984, 1986, 1991; Ungar et al., 1986; Bendori et al., 
1987). For example, growth-activation of quiescent 3T3 cells by serum or purified 
growth factors is followed by a rapid assembly of microfilaments into stress fibers 
terminating in large vinculin-containing AJ (Ridley and Hall, 1992). In addition to 
microfilament and vinculin assembly, the expression of vinculin, which is consid- 
ered a constitutive cellular protein, is also increased in  quiescent 3T3 cells treated 
with serum factors (Ben-Ze’ev et al., 1990 Bellas et a]., 1991). Vinculin transcrip- 
tion is undetectable in quiescent 3T3 cells, but its transcription is extensively, yet 
transiently, induced within 15 to 30 min after growth-factor stimulation (Ben-Ze’ev 
et al., 1990; Bellas et a]., 1991), and is followed by an increase in vinculin RNA 
level (Figure 1A)andprotein synthesis (Ben-Ze’evet al., 1990; Bellas et al., 1991). 
This transient increase in vinculin expression is independent of new protein 
synthesis (Ben-Ze’ev et al., 1990). 

The relevance of this change in vinculin expression to growth-stimulation of cells 
is supported by results showing a similar transient increase in vinculin RNA level 
in regenerating adult liver following partial hepatectomy (Figure 2A). 
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Figure 1. Transient increase in vinculin RNA in serum-stimulated quiescent cells. 
Quiescent (Q) 3T3 cells were stimulated with serum and after 30 min, 1, 2, 4, 8, 18, 
and 24 h total RNA was extracted, separated on agarose gel and transferred to 
nitrocellulose. The blots were stained with methylene blue (C) and hybridized to 
32P-mousevinculincDNA(A), and rat P-tubulin cDNA(B).The largearrowhead points 
to a putative precursor for vinculin mRNA. Note the transient increase in vinculin RNA 
levels (A), but not in P-tubulin RNA levels. (Reproduced from Ben-Ze‘ev et al., 1990). 

Vinculin organization and expression are also modulated during the differentia- 
tion of granulosa cells (Ben-Ze’ev and Amsterdam, 1987), adipocytes (Rodriguez 
Fernhdez and Ben-Ze’ev, 1989), smooth muscle cells (Belkin et al., 1988), and in 
migrating corneal epithelial cells (Zieske et a]., 1989). Additional studies have 
demonstrated a transient induction in the expression of genes coding for other 
proteins which are involved in the formation of the ECM-microfilament complex 
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Figure 2. Induction of vinculin expression in regenerating liver. RNA was prepared 
from rat livers at various times (0-48 hours) after partial hepatectomy, after sham 
operation (4s), and from intact rats (0). Twenty micrograms of total RNA, per lane, 
were separated and analyzed by Northern blotting, followed by staining of the blot 
with Methylene blue to reveal the osition of 18s and 28s rRNAs (D). The same blot 
was sequentially hybridized with P-labeled cDNAs to vinculin (A), albumin (B), and 
histone H4 (C). The times after partial hepatectomy are labeled under each lane. The 
transient increase in vinculin RNA level (A) was not observed in tissue specific RNAs 
such as albumin (B), and was different from the increase in the S-phase marker histone 
RNA (0. (Reproduced from Cluck et al., 1992). 
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i n  both growth-factor stimulated fibroblasts (Rysek et al., 1989; Bellas et al., 199 I ;  
Cluck et al., 1992), in growth-stimulated hepatocytes in culture (Ben-Ze’ev et al., 
1988; Mooney et al., 1992), and in regenerating liver (Gliick et al., 1992). These 
include ECM components such as fibronectin, the transmembrane receptor 
PI-integrin, and components of adhesion plaques and actin-binding proteins 
such as a-actinin, talin, and tropomyosin. The correlation between the regulation 
of AJ protein expression, i n  both cultured cells and in vivo, suggests that this 
modulation of cytoskeletal gene expression may have a physiologically relevant 
function. 

111. OVEREXPRESSION AND ANTISENSE TRANSFECTION 
OF VlNCULlN AFFECT CELL MOTILITY 

To determine the role of changes in the expression of AJ proteins in cell function, 
3T3 cells were transfected with a full length chicken vinculin cDNA construct and 
clones expressing stably different levels of the transgene were isolated (Rodriguez 
Fernindez et al., 1992a). 3T3 cells expressing the transgene at 20% of the endo- 
genous vinculin level displayed major changes in cell structure (Figure 3). 

Actin stress fibers and vinculin containing plaques were significantly more 
abundant in such cells (Figure 3C, D) than in neOr control clones (Figure 3A, B). 
Moreover, the motility of individual cells overexpressing vinculin measured by 
their ability to form phagokinetic tracks was dramatically reduced (Figure 3F 
compared to 3E). Furthermore, the rate at which such cells migrate and close an 
artificial wound introduced in a confluent monolayer is also reduced several fold 
(Figure 4). 

To test the effect of reduced vinculin expression on cell motility, in contrast to 
the effect of vinculin overexpression described above, the antisense transfection 
method was used. An antisense expression-vector construct containing a I -kb 
mouse vinculin cDNA, corresponding to the amino terminal of the protein (Ben- 
Ze’ev et a]., 1990), was co-transfected into 3T3 cells with the neo‘gene, and G418 
resistant clones expressing decreased vinculin levels were isolated (Figure 5 I ,  lanes 
2.5, and 12-14). 

Cells with low levels of vinculin had a round phenotype (Figure 5 11, C, E, and 
F), poorly organized microfilaments, and small vinculin positive plaques (Figure 5 
11, B). Moreover, individual cells with reduced vinculin content displayed an 
increase in their ability to locomote on colloidal gold, and a higher capability to 
form colonies in soft agar (Table 1). 

These studies show that the movement of fibroblasts can be either enhanced or 
suppressed by decreasing or elevating, respectively, the expression of a single 
adhesion plaque protein vinculin. In addition, cells which display decreased vincu- 
lin have a rounded morphology, increased motility, a decrease in the assembly of 
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Figure 3. Increased stress fiber and vinculin assembly and decreased motility in 3T3 
cells overexpressing vinculin. Double fluorescent labeling for vinculin (A, C) and actin 
(B, D) and dark field visualization of phagokinetic tracks (E, F )  of 3T3 cells transfected 
with chicken vinculin (C, D, F), or with the neor selective marker (A, B, E). The level 
of chicken vinculin in the transfected cells is about 20% relative to the endogenous 
protein. The bar in D indicates 10 pm. (Reproduced from Geiger et al., 1992a). 

actin filaments, and an increase in  their ability togrow in suspension culture in agar. 
These properties are characteristic of transformed fibroblasts (Shin et al., 1975). 

In other studies, another microfilament-associated protein gelsolin, which severs 
actin filaments, was overexpressed in  3T3 cells. This overexpression resulted in 
increased cell motility (Cunningham et al., 1991). In contrast, increasing the 
expression of actin binding protein (ABP-280) which enhances actin polymeriza- 
tion, was shown to decrease cell locomotion (Cunningham et al., 1992). These 
results are consistent with the view that modulations in the expression of individual 
proteins which are involved in the stabilization of microfilament-membrane com- 
plexes can regulate cell morphology and motility. 
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Figure 4. Reduced ability to migrate into a "wound" of vinculin-transfected cells. 
3T3 cells, transfected cells with the neo' gene alone (N87), and cells transfected with 
chicken vinculin (V1 O l ) ,  werecultured to confluence in 24-well dishes. Awound was 
introduced in the monolayers with a sharp plastic scriber and the cultures were 
incubated in fresh medium. At various times after the wounding, the cultures were 
fixed and stained with Giemsa. The number of cells migrating into an area of 1 mm2 
was determined randomly in 10 different areas along the wound for each cell type at 
each time point. The decrease in the motile ability of the vinculin-overexpressing 
clone V101 i s  not apparent in neither untransfected 3T3 cells, nor in the neor N87 
3T3 clone. (Reproduced from Rodriguez Fernandez et al., 1992a). 

Figure5. Antisense vinculin transfection confers a decrease in 3T3 cell size. 3T3 cells 
were co-transfected with a 1 kb antisense mouse vinculin cDNA (Ben-Ze'ev et al., 
1990) inserted in antisense orientation in an expression vector and with the neor gene. 
G418 resistant colonies were screened for reduced vinculin expression (I) and 
organization (11) by immunoblotting and immunofluorescence with anti vinculin 
antibody. The cells of clones expressing decreased vinculin levels ( I ,  lanes 1, 2, and 
12-14) had a round shape (11, C, E, F), and small peripheral vinculin-positive plaques 
(11, B), in contrast to neo'control clones which had a flat phenotype with largevinculin 
plaques (11, A, D). Lanes 1-5 and 10-15 are independent clones transfected with 
antisense vinculin; lane 7, 3T3 control; lane 8, 3T3 one third the amount of protein 
loaded; lane 9, SV40-transformed 3T3 (SVT2) cells. 
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Table 7. Phenotypic and Motile Properties of Antisense-Vinculin 
Transfected 3T3 Clones 

Wnculin Levels 9i Morphology on No. of Colonies iri 
Cell Line of 3T3 Plastic Agar/lO Cells Motility Hm/day 

3T3 
A1 
A4 
A5 
B5 
B6 
CI 
c 4  
c5 
C6 
D3 
D4 
D5 

100 
69.6 

106.7 
31.6 
16.6 
11.0 

102.7 
98.8 
43.4 
10.3 

108.3 
58.4 
78.9 

flat 
flat 
flat 

round 
round 
round 

flat 
flat 
flat 

round 
flat 
flat 
flat 

ND 
ND 

4 
188 
575 
143 
ND 
20 

ND 
113 
ND 

6 
ND 

476f240 
ND 
ND 

741k2.288 
9 w 3 4 4  
873t362 
418f185 

ND 
ND 

926k423 
ND 
ND 
ND 

Nore: Neo‘ colonies expressing different levels of vinculin after antisense-vinculin transfection were analyzed for 
cell morphology on plastic, ability to form colonies in soft agar, and motility on colloidal gold-coated 
coverslips. Note that clones which express vinculin at 30% and lower of thecontrol 3T3 vinculin level have 
a round morphology, increased ability to grow in agar, and increased motility. 

IV. SUPPRESSION OF TUMORlGENlClTY IN CELLS 
TRANSFECTED WITH VlNCULlN cDNA 

Transformation of cells is accompanied by changes in both cell growth and cell 
morphology. The structural changes are characterized by altered adhesive and 
motile properties, as well as by deterioration of the microfilament system (Pollack 
et al., 1975; Ben-Ze’ev, 1985; Raz and Ben-Ze’ev, 1987). The changes in cell 
morphology and cytostructure often correlate with an increase in the ability of 
tumorigenic cells to grow in semisolid medium in suspension, a phenomenon 
known as anchorage independence (Stoker et al., 1968; Shin et al., 1975). Further- 
more, the loss of microfilament bundles in  tumorigenic cells is associated with a 
decreased expression of several microfilament-associated proteins including tro- 
pomyosin (Matsumura and Yamashiro-Matsumura, 1986), gelsolin (Vandekerk- 
hove et al., 1990), and vinculin (Raz et al., 1986). 

While the changes in cell morphology and cell growth are both characteristics of 
tumor cells, the causal relationships between the alterations in cytostructure and 
malignant transformation are still unknown. To assess whether changes in cy- 
toskeletal organization and cell adhesion are responsible for the loss of adhesion- 
dependent growth control and tumorigenicity, the expression of AJ proteins was 
modulated in tumorigenic epithelial and fibroblast cell lines, and their effect on the 
transformed cell phenotype was examined. 

We have used SV40-transformed 3T3 cells (SVT2) which express several fold 
less vinculin, a-actinin and actin (Figure 6A compared to 6E), and a highly 



Figure 6. Levels of vinculin and a-actinin expression in 3T3, SVT2, and ASML cells. 
Cells were labeled for 20 hours with 100 pCi/ml of 35S-methionine and equal amounts 
of radioactive total cell protein were separated by 2-D gel electrophoresis and 
transferred to nitrocellulose. The pattern of total cell proteins was visualized by 
exposing the blots to X-ray film (A, C, E). The blots were incubated with a broad-range 
anti vinculin antibody followed by alkaline phosphatase-bound anti mouse IgG (B, D, 
F). Total RNAwas extracted from 3T3 and ASML cells and equal amounts of RNA were 
separated on agarose gel, blotted onto nitrocellulose and hybridized sequentially with 
mouse vinculin, human a-actinin, and mouse talin cDNAs (G) .  3T3 (A, B); ASML (C, 
D); SVT2 (E, F); a, actin; v, vinculin. The brackets in A, C, and E mark the position of 
a-actinin. Note the decrease in vinculin, a-actinin and actin expression in SVT2 cells 
(E) compared to 3T3 (A), while ASML cells show a decreased vinculin (C), but not 
a-actinin or talin RNA levels compared to 3T3 cells (GI. (Reproduced from Rodriguez 
Fernhndez et al., 1992b). 
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Figure 7. Levels of vinculin expressed in transfected SVTZ and ASML cells. Non- 
transfected 3T3 cells (B, G ) ,  chicken vinculin transfected ASML cells (C, H), chicken 
vinculin transfected SVT2 cells (D, I), and neor control SVT2 cells (E, J) were labeled 
for 20 hours with 35S-methionine, total cell protein lysates were separated by 2-D gel 
electrophoresis and blotted onto nitrocellulose. Autoradiography of the blots (B-El. 
lmrnunodetection of vinculin on the same blots with a broad range anti vinculin 
antibody (C-J). Individual chicken vinculin transfected clones of ASML (A, lanes 1-5) 
and SVT2 (F, lanes 1-6) were labeled for 3 hours with 200 pCi/ml of 35S-methionine, 
and 5 x 1 O6 c.p.m. of total cell protein were used for immuno-precipitation with an 
antibody specific for chicken vinculin from each clone. Clone B 12 (A, lane 1, C and 
H); clone B 42 (A, lane 2); clone C 62 (A, lane 3); clone B 31 (A, lane 4); control, 
untransfected ASML (A, lane 5); control, untransfected SVTZ (F, lane 1); neor SVTZ 
control (F, lane 2, E and J); clone D 34 (F, lane 3); clone D 41 (F, lane 4); clone D 43 
(F, lane 5); clone D 44 (F, lane 6, D and I).  cv, chicken vinculin; rnv, mouse vinculin. 
(Reproduced from Rodriguez Fernandez et al., 1992b). 
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malignant ASML adenocarcinoma (Matzku et al., 1983) which expresses no detectable 
vinculin at either the RNA (Figure 6G) or protein level (Figure 6C and D). 

An expression vector containing the full length chicken vinculin cDNA was 
introduced into these cells together with the neo' gene, and (3418 resistant colonies 
expressing different levels o f  the transgene were isolated (Figure 7). 

Figure 8. Organization of vinculin and actin in 3T3, SVT2, and vinculin-transfected 
SVT2 cells. Cells grown on coverslips were fixed with paraformaldehyde, perme- 
abilized with Triton X-100 and immuno-stained with a broad range (A), or with a 
chicken vinculin specific (B and C) anti-vinculin antibody followed by rhodamine-la- 
beled anti-mouse IgG. Actin filaments were visualized with FITC-labeled phalloidin 
(D-F). SVT2 cells (A, D); chicken vinculin transfected SVT2 cells, clone D 44 (B, E); 
3T3 cells (C, F). (Modified from Rodriguez Fernandez et al., 1992b). 
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Table 2. Tumorinenicitv of SVT2 Clones Expressing Different Vinculin Levels 

3T3 0 750 016 (0) < 0.01 
neo 1 0 ND 6/6 (100) 11.039.8 
neo 3 0 I40 6/6 (100) 13.3+1.0 
SVT2 0 135 6/6 (100) 12.3fo.5 
D 34 344 170 1/6 (16) 5.7f1.0 
D 43 135 ND 5/6 (83) ND 
D 41 80 ND 5/6 (83) ND 
D44 670 160 0/6 (0) 3.6k1.5 

Notes: Balb/c mice were injected with 5x106 SVTZ cells per animal. The table shows the tumor incidence 46 days 
following injection. At this time. all the animals injected with the neo' control and non-transfected SVT2 
cells died with very large tumors (>S cm in diameter), while i n  animals injected with clone D 44 which 
expresses the highest level of vinculin no palpable tumors were formed. 
'Arbitrary O.D. units of the chicken vinculin levels were obtained by deiisitomeler scanning of the 
immunoprecipitates separated as shown i n  Figure 7F. The level of mouse vinculin in  the SVTZ clones is 
about 4 times lower than in 3T3 cells (see Figure 6A and E). 
'Crlls were seeded in duplicates at 250and 10' cells per 35 mm dish in soft agar and the number of colonies 
(percent) formed per plate was determined. ND. nor done. (Reproduced from Rodriguez Fernhdez et al.. 
1992b). 

The chicken vinculin expressed in the SVT2 clones was integrated into adhesion 
plaques, and by immunofluorescence its distribution was indistinguishable from 
that of the endogenous protein. SVT2 and ASMLcells expressing the highest levels 
of the transgene (Figure 7H and I, respectively) had a flatter phenotype with more 
abundant adhesion plaques when compared to nee'-transfected control SVT2 
clones (Figure 8E compared to 8D). The ASML adenocarcinoma expressing high 
levels of chicken vinculin showed an about 2-fold increase in the cross section 
length of cell substrate contact sites (Rodriguez Fernindez et al., 1992b). 

The tumorigenic and malignant metastatic capabilities of clones expressing 
different levels of vinculin was determined in both syngeneic animals and in  nude 
mice. The tumorigenic ability of SVT2 clones expressing vinculin at a level similar 
to, or higher than, 3T3 cells was completely suppressed in syngeneic animals (Table 
2), and was dramatically reduced in nude mice (Rodriguez Fernindez et al., 1992b). 
In addition, the ability of these cells to form colonies in soft agar was also reduced 
several fold (Table 2). 

Syngeneic rats injected in the foot pad with ASMLadenocarcinomacells express- 
ing the highest levels of vinculin showed a significantly extended life span (Figure 
9). suggesting that the malignant metastatic ability of these cells was markedly 
inhibited. 

The analysis of several independent vinculin-transfected ASML clones revealed 
effects on both tumorigenicity (development of tumors at the site of injection of 
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Figure 9. Rat survival after injection with ASML cells expressing different chicken- 
vinculin levels. Groups of 6 rats were injected in the footpad with 5 x lo5 cells of 
ASML clones expressing different levels of chicken vinculin. The survival time of 
individual rats, in days, was determined. A----A, untransfected ASML cells; x----x, 
clone B 12 r; e-r, clone B 12; 0---a, clone B 31 ; 0----0, clone C 62. For levels of 
vinculin in theseclones see Figure 7. Note that clone B 1 2  which expresses the highest 
level of vinculin (Figure 7) is the least malignant, while a revertant obtained from this 
clone, B 12 r, which has lost vinculin expression regained its highly malignant 
phenotype. (Reproduced from Rodriguez Ferndndez et al., 1992b). 

cells), as well as on the number of lung metastases formed, in correlation with the 
level of vinculin expressed by the different clones (Rodriguez Fernandez et a]., 
1992b). Revertants which were obtained from such clones after prolonged passage 
in culture, and which have lost the expression of vinculin, regained the highly 
malignant phenotype (Figure 9 clone B 12 r). These results strongly suggest that 
the restoration of vinculin content to that found in non-transformed cells was 
effectively suppressing the tumorigenic and malignant metastatic ability of both 
mesenchymal and epithelial cells. 

V. SUPPRESSION OF TUMORlGENlClTY IN MALIGNANT 
CELLS TRANSFECTED WITH ALPHA-ACTININ cDNA 

The analysis by 2-D gel electrophoresis of major cytoskeletal proteins expressed 
in SVT2 cells revealed that in  addition to decreased vinculin expression, SVT2 cells 
also show a reduction in the level of a-actinin (Figure 6E compared to 6A). This 
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Figure 10. Levels of a-actinin expressed by different SVT2 clones transfected with 
human a-actinin cDNA. SVT2 cells were co-transfected with the neo' gene and with 
a full length human a-actinin cDNA. Neor control and clones expressing high levels 
of a-actinin were labeled with 35S-methionine and analyzed by 2-D gel electropho- 
resis followed by autoradiography. a, actin; the bracket marks the position ofa-actinin. 
A, SVT2 neor control; B-D, a-actinin transfected clones: I?, Sal; C, Sa8; D, Sa29. 
Note the high levels of a-actinin expressed by the a-actinin transfected clones (B-D) 
as compared to a control neor clone (A). (Reproduced from Cluck et al., 1993). 

decrease results from a comparable decrease in a-actinin RNAcontent of these cells 
(Gliick et al., 1993). 

Alpha-actinin is an abundant actin-crosslinking protein which is also found in 
AJ (Burridge et al., 1988; Geiger and Ginsberg, 1991; Luna and Hitt, 1992). 
Recently, a-actinin was shown to have an ability to form acomplex with PI-integrin 
(Otey et al., 1990), and with the LIM domain-containing protein zyxin which may 
have a role in transcription regulation (Sadler et al., 1992). It was of interest, 
therefore, to elevate its expression in SVT2 cells and study the effect of a-actinin 
overexpression on the transformed phenotype. 

A ful l  length human cytoskeletal a-actinin cDNAinserted in an expression vector 
was co-transfected with the neo'gene into SVT2 cells, and (3418 resistant colonies 
were screened by Western blotting for higher levels of a-actinin. Representative 
clones expressing different levels of a-actinin were analyzed by 2-D gel electro- 
phoresis (Figure 10) and Northern blotting (Gliick et al., 1993). The endogenous 
mouse protein and the transfected human a-actinin are 99% homologous (Yous- 
soufian et al., 1990), and therefore were indistinguishable by 2-D gel analysis 
(Figure 10). 
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Table 3. Tumorigenicity of SVTZ Clones Expressing Different a-actinin Levels 

Tumor Size in 
a-Acrinin Tumor Incidence in Balb/C Growrk in Nude Mice 

Cell Line level* Mice (8) Agar(%)' (cm')$ 

3T3 
SVTZ 
Snro 
Sa16 
Sat 
Sa8 
Sa29 

658.0 016 (0)  <0.01 0 
108.8 616 (100) 12.3fo.9 ND 
135.9 414 (100) 13.3k1.0 0.4739.13 
250.1 415 (80) 1 1  Sfo .8  ND 
491.3 214 (50) ND 0.15M.02 
693.0 115 (20) 5.lM.7 ND 

1297.6 or5 (0) 1.8M. I 0. I 1M.01 

Norm 'Arbitrary O.D.  units obtained by computerized densitometer scanning of 2-Dgels as shown in Figures 7 and 
10. 
' 7c  numkrofcoloniesformed inagarcomparedtothenumkrofcoloniesformedonplasticpersamenum~ 
of  cells seeded. 
'The size of tumors was determined 12 days after subcutaneous injection of 5x10' cells. 
N.D.. not done. 
Note that cells overexpressing a-actinin at the highest level (clone Sa29)  are completely suppressed in their 
ability to form tumors in syngeneic animals. (Reproduced from Gluck et al.. 1993). 

The human a-actinin cDNA had a shorter 5' non-coding region and served as the 
diagnostic marker for the expression of human a-actinin in the SVT2 mouse cells 
by Northern analysis (Gluck et al., 1993). Cells expressing the transgene at a level 
close to or higher than 3T3 cells, showed a flatter phenotype than control SVT2 
cells, but were less well spread on the substratum than 3T3 cells (Gluck et al., 1993). 
This is not unexpected, as the expression of vinculin and actin in such cells remained 
decreased as in control SVT2 cells (Figure 10). 

SVT2 clones expressing different levels of the transgene were analyzed for their 
tumongenic ability in syngeneic animals and nude mice (Table 3). Clones showing 
increased levels of a-actinin displayed a dramatically suppressed ability to form 
tumors in  both types of experimental animals. 

SVT2 cells overexpressing a-actinin about 2 fold higher than 3T3 cells (clone 
Sa29, Table 3) were completely suppressed in  their ability to form tumors in  
syngeneic animals, and had a several fold reduced potential to grow in soft agar. 

VI. CONCLUSIONS AND PERSPECTIVES 

The studies summarized in this essay provide evidence for a role of the submem- 
branal plaque proteins of AJ in eliciting long-range effects on cells. These include 
both changes in cell structure, cell motility, and the tumorigenic ability of the cells. 
The mechanisms whereby changes in the expression of these junctional proteins 
affect cell behavior are most probably involving the cooperative feature of the 
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interactions between these proteins in the process of AJ assembly, and the binding 
of microfilament bundles to these structures (Kreis et al., 1984; Geiger et al., 1990, 
1992). According to this model, an increase in vinculin or a-actinin levels will lead 
to an increase in their level in the AJ of the transfected cells, which will then lead 
to the formation of more stable microfilament-membrane interactions, increased 
adhesion, and decreased motility. In contrast, a decrease in the level of an AJ 
component such as vinculin, obtained by antisense transfection, will lead to less 
actin-membrane assembly, a round cell shape, and will impose less restriction on 
motility. This could result in increased motility, and may influence the ability of 
cells to grow in soft agar. 

The recruitment and immobilization of transmembrane adhesion receptors by AJ 
plaque components most probably constitute an important mechanism for regulat- 
ing cell adhesion and motility by an “inside out” mechanism, as suggested by recent 
studies with chimeric cell adhesion receptors of both the integrin and cadherin 
family of receptors (La Flamme et al., 1992; Geiger et al., 1992b). 

The observations showing that growth-activation, differentiation, and cell trans- 
formation are associated with modulations in both the organization and the expres- 
sion of AJ proteins, may therefore point to important changes in AJ protein function 
during these vital cellular processes. Further studies involving gene targeting in 
somatic cells and in transgenic animals are needed for addressing the role of such 
changes in AJ levels during animal development and physiology. 
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