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The Integrin 

 

a

 

6

 

b

 

4 Functions in Carcinoma Cell
Migration on Laminin-1 by Mediating the Formation and
Stabilization of Actin-containing Motility Structures

 

Isaac Rabinovitz and Arthur M. Mercurio

 

Department of Medicine (GI Division), Beth Israel Deaconess Medical Center and Harvard Medical School, Boston, 
Massachusetts 02215

 

Abstract. 

 

Functional studies on the 

 

a

 

6

 

b

 

4 integrin have 
focused primarily on its role in the organization of 
hemidesmosomes, stable adhesive structures that asso-
ciate with the intermediate filament cytoskeleton. In 

 

this study, we examined the function of the 

 

a

 

6

 

b

 

4

 

 

 

inte-
grin in clone A cells, a colon carcinoma cell line that ex-
presses

 

 

 

a

 

6

 

b

 

4 but no 

 

a

 

6

 

b

 

1 integrin and exhibits dynamic 
adhesion and motility on laminin-1. Time-lapse 
videomicroscopy of clone A cells on laminin-1 revealed 
that their migration is characterized by filopodial ex-
tension and stabilization followed by lamellae that ex-
tend in the direction of stabilized filopodia. A function-
blocking mAb specific for the 

 

a

 

6

 

b

 

4 integrin inhibited 
clone A migration on laminin-1. This mAb also inhib-
ited filopodial formation and stabilization and lamella 
formation. Indirect immunofluorescence microscopy 
revealed that the 

 

a

 

6

 

b

 

4 integrin is localized as discrete 
clusters in filopodia, lamellae, and retraction fibers. Al-
though 

 

b

 

1 integrins were also localized in the same 
structures, a spatial separation of these two integrin 

populations was evident. In filopodia and lamellae, a 
striking colocalization of the 

 

a

 

6

 

b

 

4 integrin and F-actin 
was seen. An association between 

 

a

 

6

 

b

 

4 and F-actin is 
supported by the fact that 

 

a

 

6

 

b

 

4 integrin and actin were 
released from clone A cells by treatment with the F-actin–
severing protein gelsolin and that 

 

a

 

6

 

b

 

4 immunostain-
ing at the marginal edges of clone A cells on laminin-1 
was resistant to solubilization with Triton X-100. Cy-
tokeratins were not observed in filopodia and lamelli-
podia. Moreover, 

 

a

 

6

 

b

 

4 was extracted from these mar-
ginal edges with a Tween-40/deoxycholate buffer that 
solubilizes the actin cytoskeleton but not cytokeratins. 
Three other carcinoma cell lines (MIP-101, CCL-228, 
and MDA-MB-231) exhibited 

 

a

 

6

 

b

 

4

 

 

 

colocalized with 
actin in filopodia and lamellae. Formation of lamellae 
in these cells was inhibited with an 

 

a

 

6-specific antibody. 
Together, these results indicate that the 

 

a

 

6

 

b

 

4 integrin 
functions in carcinoma migration on laminin-1 through 
its ability to promote the formation and stabilization of 
actin-containing motility structures.

 

T

 

he

 

 integrin 

 

a

 

6

 

b

 

4, a receptor for the laminins, is es-
sential for the organization and maintenance of epi-
thelial structure (11, 57). In many epithelia, this in-

 

tegrin mediates the formation of stable adhesive structures
termed hemidesmosomes that link the intermediate fila-
ment cytoskeleton with the extracellular matrix (3, 16). In-
deed, the ability of 

 

a

 

6

 

b

 

4 to associate with intermediate fil-
aments distinguishes it from other integrins that interact
primarily with the actin cytoskeleton (21). The importance
of this integrin in epithelial structure has been reinforced
by the recent generation of 

 

b

 

4-knockout mice that exhibit
gross alterations in epithelial morphology and loss of an-
chorage to the basement membrane (11, 57).

Although the 

 

a

 

6

 

b

 

4

 

 

 

integrin is also expressed in many

carcinomas, its biological functions in these epithelial-
derived tumors have not been well studied (43). We and
others have argued that 

 

a

 

6

 

b

 

4

 

 

 

may be associated with the
process of carcinoma invasion (6, 12, 26, 43, 45). Initially,
this argument was based on immunohistochemical data
that correlated 

 

a

 

6

 

b

 

4 expression and localization with inva-
sive carcinoma (12, 45, 56). More recently, we demon-
strated that ectopic expression of 

 

a

 

6

 

b

 

4

 

 

 

in 

 

b

 

4-deficient co-
lon carcinoma cells significantly increased the rate at
which these cells invaded laminin matrices (6). Such data
that associate 

 

a

 

6

 

b

 

4

 

 

 

with carcinoma invasion, however, are
not consistent with the established role for this integrin in
the formation of stable and rigid adhesive structures and
maintenance of cell polarity in normal epithelial cells be-
cause invasive carcinoma cells are characterized by their
dynamic interactions with extracellular matrices and their
rapid rate of migration, as well as a loss of polarity (24). A
priori, these dynamic functions of carcinoma cells would
be impeded by the presence of 

 

a

 

6

 

b

 

4-containing hemides-

 

Address all correspondence to Arthur M. Mercurio, Beth Israel Deacon-
ess Medical Center-Dana 601, 330 Brookline Ave., Boston, MA 02215.
Tel.: (617) 667-7714. Fax: (617) 975-5071. E-mail: amercuri@bih.harvard.edu

 

 on N
ovem

ber 10, 2010
jcb.rupress.org

D
ow

nloaded from
 

Published December 29, 1997

http://jcb.rupress.org/


 

The Journal of Cell Biology, Volume 139, 1997 1874

 

mosomes. In fact, hemidesmosomes are not commonly ob-
served in invasive carcinoma cells, although 

 

a

 

6

 

b

 

4

 

 

 

expres-
sion often persists (for review see reference 43). The
hypothesis can be derived from these observations that

 

a

 

6

 

b

 

4 is associated with different functions in invasive car-
cinoma cells than in normal epithelial cells. Moreover, this
functional difference may derive from the interaction of

 

a

 

6

 

b

 

4 in carcinoma cells with cytoskeletal proteins and
other molecules that do not interact with this integrin in
normal cells.

In this study, we investigated the function and cytoskele-
tal associations of 

 

a

 

6

 

b

 

4 in invasive colon carcinoma cells
that migrate on laminin-1 matrices. The data obtained im-
plicate 

 

a

 

6

 

b

 

4 in cell migration, and they demonstrate that
this integrin is localized in cell structures associated with
motility, namely filopodia and lamellae. Importantly, we
also show that 

 

a

 

6

 

b

 

4 associates with the actin cytoskeleton
in filopodia and lamellae and that it participates in their
formation and stabilization.

 

Materials and Methods

 

Cells and Antibodies

 

The clone A cell line was originally isolated from a human, poorly differ-
entiated colon adenocarcinoma (10), and its in vitro properties and reper-
toire of integrin receptors have been described previously (8, 32, 34, 54).
The CCL-228 colon carcinoma and the MDA-MB-231 breast carcinoma
cell lines were obtained from American Type Culture Collection (Rock-
ville, MD). The MIP-101 colon carcinoma cell line has been described pre-
viously (8). Cells were grown in RPMI 1640 medium containing 10 mM
Hepes, penicillin (50 U/

 

m

 

l), streptomycin (50 

 

m

 

g/ml), and 10% FBS.
The following mAbs were used in this study: mouse mAb 2B7 (integrin

 

a

 

6) prepared in our laboratory (46); rat mAb GoH3 (integrin 

 

a

 

6) from
Immunotech (Westbrook, ME); mouse mAb K20 (integrin 

 

b

 

1); mouse
mAb MC-13 (integrin 

 

b

 

1) provided by Steven Akiyama (National Insti-
tutes of Health, Bethesda MD) (1); mouse mAb A9 (integrin 

 

b

 

4) pro-
vided by Thomas Carey (University of Michigan, Ann Arbor, MI); mouse
anti–pan-cytokeratin (a mixture of antibodies that recognizes cytokeratins
1, 4, 5, 6, 8, 10, 13, and 19) from Sigma Chemical Co. (St. Louis, MO).

 

Cell Migration Assays

 

To assay the migration of clone A cells, bacteriological dishes were coated
with 10–100 

 

m

 

g of laminin-1 prepared from the EHS sarcoma as described
(27) or collagen type I (Collaborative Research, Waltham, MA) for 2 h at
room temperature and then blocked with PBS containing 1% BSA for 1 h.
Clone A cells in exponential growth were removed from culture dishes
and resuspended in serum-free RPMI 1640 medium containing 10 mM
Hepes and 0.1% BSA. The cells were then plated at low density (1

 

 3 

 

10

 

4

 

/
cm

 

2

 

) on the matrix-coated dishes and allowed to adhere for 30 min in a hu-
midified atmosphere with 5% CO

 

2

 

 at 37

 

8

 

C. In some experiments, integrin-
specific antibodies (2B7 or MC-13, 10 

 

m

 

g/ml) or a nonspecific mouse IgG
control (10 

 

m

 

g/ml) were added to the cells either before the cells were
plated or after the cells had adhered for the 30 min. The dishes were then
sealed with parafilm and placed on a microscope stage heated to 37

 

8

 

C. For
image analysis, an inverted microscope (model Diaphot 300; Nikon, Inc.,
Melville, NY) with phase contrast optics was used. This microscope was
connected to a CCD camera (Dage-MTI, Michigan City, IN), a frame-
grabber (Scion, Frederick, MD), and a 7600 Power Macintosh computer
(Cupertino, CA) to capture the images. Images were collected for 1 h and
analyzed with IPlab Spectrum image analysis software. 

Migration speed was determined by following cell centroid displace-
ments as a function of time for 1 h at intervals of 15 min. For each individ-
ual experiment, 30–40 cells were analyzed. A frame-by-frame analysis of
filopodia at intervals of 1 min for 1 h was used to differentiate filopodia
from retraction fibers and to monitor the formation and stabilization of
filopodia. Lamellar area was determined by tracing their contour and
quantifying the area digitally.

 

Indirect Immunofluorescence Microscopy

 

Clone A cells were plated on matrix-coated dishes as described above and
incubated for 1 h in a humidified atmosphere with 5% CO

 

2

 

 at 37

 

8

 

C. The
cells were then fixed for 20 min at room temperature with a buffer con-
taining 4% paraformaldehyde, 100 mM KCl, 300 mM sucrose, 2 mM
EGTA , 2 mM MgCl

 

2

 

, and 10 mM Pipes at pH 6.8. Based on a previously
described extraction protocol (4, 13), the cells in some experiments were
extracted for 1 min at 4

 

8

 

C before fixation with either a “membrane”
buffer containing 0.5% Triton X-100, 100 mM KCl, 300 mM sucrose, 10
mM EGTA, 2 mM MgCl

 

2

 

, 1 mM PMSF, and 10 mM Pipes at pH 6.8 or for
5 min at room temperature with a “cytoskeletal” buffer containing 1%
Tween-40, 0.5% sodium deoxycholate, 10 mM NaCl, 2 mM MgCl

 

2

 

, 1 mM
PMSF, and 20 mM Tris-HCl, pH 7.4, and then fixed for 20 min in the
paraformaldehyde buffer. Subsequently, the fixed cells were rinsed with
PBS and incubated with a blocking solution that contained 1% albumin
and 5% donkey serum in PBS for 30 min. Primary antibodies (GoH3, 1:50;
K20, 1:50; pan-cytokeratin, 1:200) and/or FITC phalloidin (20 

 

m

 

g/ml) in
blocking solution were immunoreacted separately or in combination with
the cells for 30 min. The cells were rinsed three times and either a fluores-
cein-conjugated donkey anti–mouse or a rhodamine-conjugated donkey
anti–rat IgG (Jackson ImmunoResearch Labs, West Grove, PA) in block-
ing buffer (1:150) were used separately or in combination to stain the cells
for 30 min. Cells were rinsed with PBS and mounted in a mixture (9:1) of
glycerol and PBS, pH 8.5, containing 0.1% propylgallate. The dishes were
cut into slides and examined by confocal microscopy (model LSM; Carl
Zeiss, Inc., Thornwood, NY).

 

Actin-severing Experiments

 

Clone A cells (2 

 

3 

 

10

 

6

 

) suspended in RPMI-H with 0.1% albumin were
plated on laminin-1–coated dishes and incubated for 1 h at 37

 

8

 

C. The fol-
lowing steps were done at 4

 

8

 

C. The medium was removed and a mem-
brane buffer (see above) was added for 30 s and removed by aspiration. A
“low calcium” buffer (25 

 

m

 

m CaCl

 

2

 

, 100 mM KCl, 300 mM sucrose, 10
mM EGTA, 2 mM MgCl

 

2 

 

, leupeptin [10 

 

m

 

g/ml], aprotinin [1 

 

m

 

g/ml], pep-
statin [5 

 

m

 

g/ml], and 10 mM Pipes, pH 6.8) was used to remove the mem-
brane buffer by washing the cells four times with gentle rocking. Subse-
quently, the low calcium buffer containing 200 nM gelsolin (kindly
provided by Dr. Paul Janmey, Harvard Medical School, Boston, MA) and
50 

 

m

 

g/ml of GC-globulin (Calbiochem, La Jolla, CA) was added to the
cells and incubated for 30 min. Control cells were treated with the low cal-
cium buffer alone. An equal volume of membrane buffer was added to the
cells for 30 s to terminate the reaction. The buffer was removed and col-
lected in microfuge tubes, centrifuged at 12,000 rpm for 10 min, and im-
munoprecipitated with the 2B7 antibody. The immune complexes were re-
solved by SDS-PAGE and immunoblotted with an anti–

 

b

 

4 integrin
polyclonal antibody elicited against the last 20 amino acids of the 

 

b

 

4 cyto-
plasmic tail.

 

Results

 

The Integrin 

 

a

 

6

 

b

 

4 Functions in the Migration of Clone 
A Cells on Laminin-1 Matrices

 

Clone A cells were chosen to investigate the possible func-
tion of the 

 

a

 

6

 

b

 

4 integrin in the migration of carcinoma
cells for several reasons. These cells, which were derived
from a poorly differentiated colon carcinoma, are invasive
both in vitro (8) and in vivo (53). They adhere avidly to
laminin-1 (34) and, in fact, can mediate dynamic adhesion
on laminin-1 under laminar flow conditions (54). Clone A
cells are also advantageous because they express the 

 

a

 

6

 

b

 

4
but not the 

 

a6b1 integrin laminin receptor (32, 34), en-
abling the study of the a6b4 integrin in the absence of
a6b1 function and the use of a6-specific reagents to target
the a6b4 integrin specifically. Clone A cells also employ a
b1 integrin (a2b1) as a laminin-1 receptor and for this rea-
son are useful for studying functional differences between
b1 and b4 integrin laminin receptors (32, 34).

The migration of clone A cells was examined by time-
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lapse videomicroscopy in serum-free conditions. Clone A
cells exhibit random migration (mean rate 5 25 mM/h)
when plated on laminin-1. As shown in Fig. 1, this rate of
migration on laminin-1 is approximately threefold greater
than on an equivalent concentration of collagen type I,
even though these cells adhere equally well to both matri-
ces (34). Varying the concentration of collagen type I in
these assays did not induce migration, suggesting a specific
role for laminin in stimulating clone A migration (data not
shown).

The a6b4 integrin functions in migration on laminin-1
based on the finding that treatment of clone A cells with
an a6-specific mAb (2B7) (46) inhibited this migration sig-
nificantly (66%) (Fig. 1), but it did not detach the cells
from laminin-1 (Fig. 2). In contrast, the cells “rounded up”

and detached after exposure to mAb 13, a b1-specific
mAb (1) (data not shown). These mAb inhibition data
suggest different functions for the a6b4 integrin and b1 in-
tegrins in mediating the dynamic interactions of clone A
cells with laminin-1.

Photomicrographs of clone A cells on laminin-1 demon-
strate the morphological changes induced by inhibiting the
a6b4 integrin. Clone A cells exhibited a fan-shaped ap-
pearance on laminin-1 with prominent lamellae and nu-
merous filopodia (Fig. 2, A and B). Treatment of these
cells with 2B7 antibody either before or after plating on
laminin-1 had a modest effect on inhibiting cell spreading,
but it markedly inhibited the formation of lamellae (Fig. 2
C). In contrast to laminin-1, clone A cells plated on col-
lagen type I were well spread but did not exhibit promi-
nent lamellae (Fig. 2 D).

The Integrin a6b4 Participates in the Dynamic 
Formation of Actin-based Motility Structures: Filopodia 
and Lamellae

We analyzed the sequence of events by which filopodia
and lamellae lead to cell translation on laminin-1 using
time-lapse videomicroscopy to understand how the a6b4
integrin contributes to migration. Subsequent to attach-
ment and spreading on laminin-1, numerous filopodia pro-
truded from clone A cells, as evidenced by the sequence of
three cells shown in Fig. 3. Only characteristic threadlike
structures that actively protruded from the cells were con-
sidered to be filopodia. At later times, filopodia also pro-
truded from the lamellae that had formed in these cells.
Video analysis revealed that nascent filopodia exhibited a
wide range of motion until they either retracted or were
stabilized by anchoring to the laminin-1 substratum. Stabi-
lization was detected when the filopodia anchored to lami-

Figure 1. Random migration
of clone A cells on laminin-1
is dependent on the integrin
a6b4. Clone A cells were
plated on laminin-1 or col-
lagen I-coated dishes (10 mg/
ml) and incubated at 378C for
30 min before the addition of
either a control mouse IgG
(10 mg/ml) or the a6 inte-
grin–specific mAb 2B7 (10
mg/ml). Migration was ana-
lyzed by time-lapse videomi-
croscopy as described in the
Materials and Methods sec-
tion. The mean cell speed

(i.e., displacement of the cell centroid as a function of time) ob-
tained from the analysis of 30–40 cells for each experimental con-
dition is reported in this bar graph. Error bars represent SEM.

Figure 2. The motile mor-
phology of clone A cells on
laminin-1 is dependent on
the integrin a6b4. Cells were
plated on either laminin-
1–coated (A and C) or col-
lagen I–coated (D) dishes
and incubated at 378C for 30
min before the addition of ei-
ther (A) control mouse IgG
(10 mg/ml) or (C) 2B7 mAb
(10 mg/ml). After 30 min, the
cells were photographed us-
ing phase contrast optics.
Note the presence of promi-
nent fan-shaped lamellae in
cells on laminin-1 (A) and
their digitally traced area in
B. The a6-specific mAb 2B7
inhibits formation of these
lamellae (C). Prominent
lamellae are not seen when
clone A cells are plated on col-
lagen I (D). Bar, 20 mm.
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nin-1 at one or more points along their length, a process
that restricted their movement and prevented their retrac-
tion. When stabilization occurred at a point proximal to
the tip of the filopodium, the filopodium usually continued
to extend or move freely distal to the attachment point
forming a conspicuous angle, the vertex being the anchor-
ing point (Fig. 3, A–C). The formation of such angles was
observed in 80% of the stabilized filopodia examined.

The extension of a lamella occurred frequently after the
stabilization of a filopodium (Fig. 3, A–C). Such lamellae
extruded from the roots of stabilized filopodia and fol-

lowed the direction of these filopodia (Fig. 3, A–C). Subse-
quently, the cell bodies translocated in the direction of
well-developed lamellae, as described previously (2).
Thus, the stabilization of filopodia appeared to be a major
determinant of the direction of cell migration. The time
that clone A cells moved in a specific direction on laminin-1
was relatively brief (,1 h) because of more active lamellae
at other sites on the cell and the collapse of the initial
lamellae. This frequent change in direction gave the ap-
pearance of a random walk.

We studied the influence of the a6b4 integrin on clone
A cells by inhibiting the action of this integrin with the
2B7 mAb and assessing the qualitative and quantitative ef-
fects of this inhibition on lamellar dynamics. The forma-
tion of lamellae was markedly inhibited (80%) within 60
min of adding the 2B7 mAb to motile cells (Fig. 4). How-
ever, the cells inhibited with 2B7 remained well spread
(Fig. 2), suggesting a specific function for the a6b4 inte-
grin in the formation of lamellae and not in cell attach-
ment or spreading. Similarly, quantification of higher
magnification video images revealed that 2B7 inhibited
filopodial formation significantly and that the filopodia

Figure 3. Dynamics of filopodia and lamellae in clone A cells on
laminin-1. Cells plated on laminin-1 were analyzed by time-lapse
videomicroscopy. Each column shown (A–C) represents a se-
quence of frames recorded at the specified times from different
cells migrating on laminin-1. Arrowheads indicate points at which
the filopodia stabilize on the laminin-1 matrix. Asterisks denote
the protruding lamella. In A, the filopodium shown stabilized at 2
min and formed an angle at the point indicated by the arrowhead.
Note that only the anchoring point is attached because both prox-
imal and distal segments shift positions at later times, during
which the lamella extended following the direction of the filopo-
dium. In B and C, the filopodia shown stabilized at 4 and 2 min,
respectively. In contrast to the filopodium shown in A, the entire
segment of these filopodia proximal to the vertex of the angle be-
came immobilized and the lamellae extended in the direction of
these stabilized filopodia. Bar, 5 mm.

Figure 4. Formation of lamel-
lae in clone A cells on lami-
nin-1 requires the a6b4 in-
tegrin. Clone A cells were
plated on laminin-1–coated
dishes and incubated for 30
min at 378C before the addi-
tion of 2B7 (10 mg/ml) or a
control IgG. The cells were
photographed after 1 h, and
their lamellar area (mm2/cell)
was determined by digital

image analysis (see example in Fig. 2 B). 50 cells were analyzed
for each condition. Error bar represents SEM.

Figure 5. Inhibition of the integrin a6b4 reduces the formation
and stabilization of filopodia in clone A cells on laminin-1. Clone
A cells were plated on laminin-1–coated dishes and incubated for
30 min at 378C before the addition of either 2B7 (10 mg/ml) or a
control IgG (10 mg/ml) and analysis by time-lapse videomicros-
copy. For each condition, five cells were monitored for 1 h at a
frequency of one frame per minute and each frame was analyzed
for the active formation of filopodia. A filopodium was consid-
ered stabilized if it remained immobile for several frames. The
data shown represent the number of filopodia that either formed
or stabilized/cell/hour. Error bar represents SEM.
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that did form in the presence of this inhibitory antibody
stabilized much less frequently. Specifically, 48% of filo-
podia stabilized in control cells compared with 3% in 2B7-
treated cells (Fig. 5). In contrast to these effects of 2B7 on
clone A cells, the addition of mAb 13, a b1 integrin–spe-
cific mAb, caused the cells to round-up and subsequently
detach as mentioned above.

The Integrin a6b4 Is Localized in Filopodia and 
Lamellae in Areas Distinct from b1 Integrins

To gain insight into how the a6b4 integrin influences the
formation of filopodia and lamellae, we analyzed the spa-
tial distribution of this integrin by indirect immunofluores-
cence microscopy using GoH3, an a6-specific mAb (48).
Identical immunostaining results were obtained with A9, a
b4-specific mAb (data not shown).

The a6b4 integrin was distributed throughout the cell
body, as well as in the lamellae and filopodia of clone A
cells plated on laminin-1. In the lamellae, it exhibited a
fine grainy pattern of staining (Fig. 6, A and B). In the
filopodia themselves, a6b4 staining was localized in dis-
crete clusters that were distributed throughout the shaft

(Fig. 6 B). At points of filopodial angling, a concentration
of a6b4 staining was usually observed (Figs. 6 B and 7, C
and D). In contrast to cells plated on laminin-1, clone A
cells plated on collagen type I displayed a diffuse distribu-
tion of a6b4 staining with few cluster formations evident
on the ventral surface of the cells (Fig. 6 C).

The a6b4 integrin was expressed intensely in character-
istic retraction fibers of clone A cells on laminin-1 (Figs. 6
A and 8 A). Retraction fibers were identified by their
unique appearance at the trailing edges of fan-shaped cells
(Fig. 2). In these fan-shaped cells, there was a clear gradi-
ent of a6b4 towards the rear that peaked in intensity in re-
traction fibers (Fig. 6 A). In addition, some retraction fi-
bers that were enriched in a6b4 expression were observed
detached from cells, most likely remnants of migrating
cells (Fig. 6 D).

Because b1 integrin function is also critical in the inter-
action of clone A cells with laminin-1 (32, 34, 54), we com-
pared the distribution of b1 integrin with that of the a6b4
integrin by double immunostaining using GoH3 and a b1-
specific mAb, K20. Although b1 integrin was also local-
ized in filopodia and lamellae, a striking difference in the
localization of b4 and b1 integrin staining was evident in
these structures (Fig. 7, A–D). In filopodia, discrete clus-
ters or patches of b1 and a6b4 integrin staining were ap-
parent. As noted above, a6b4 staining was observed fre-
quently at points of filopodial angling (Fig. 7, C and D).
There were also some regions of overlapping staining,
most consistently at the tips of filopodia (Fig. 7, C and D).
The staining pattern of the a6b4 and b1 integrins was seg-
regated in the lamellae as well, except at those points
where the root of a filopodium projected into the lamella
(Fig. 7 B). In the characteristic retraction fibers of clone A
cells on laminin-1, the double immunostaining revealed
that a6b4 expression predominated over b1 integrin ex-
pression (Fig. 8, A and B).

Association of a6b4 with the Actin Cytoskeleton in 
Motile Structures

Our observations that the a6b4 integrin functions in cell
migration and that it is localized in actin-containing struc-
tures such as filopodia and lamellae suggest that it does in-
teract with the actin cytoskeleton in clone A cells. How-
ever, the majority of studies on the a6b4 integrin and the
cytoskeleton have focused on its association with interme-
diate filaments, especially in hemidesmosomes (5, 11, 15,
22, 49, 51). Very little is known, in fact, about possible in-
teractions of a6b4 with the actin cytoskeleton. For this
reason, we assessed the association of the a6b4 integrin
with both the actin cytoskeleton and cytokeratins in clone
A cells plated on laminin-1 by indirect immunofluores-
cence microscopy using the GoH3 mAb and either phal-
loidin or a pan-cytokeratin antibody.

Visualization of clone A cells that had been stained with
the GoH3 mAb and phalloidin revealed a striking colocal-
ization of the a6b4 integrin and F-actin in filopodia and at
the edges of the lamellae (Fig. 9, A–D). In contrast, cyto-
keratins were excluded from filopodia and the edges of
lamellae in clone A cells plated on laminin-1 based on the
staining pattern observed with the pan-cytokeratin anti-
body (Fig. 10 A). Cytokeratin staining was concentrated

Figure 6. The integrin a6b4 is localized in lamellae and filopodia
in clone A cells on laminin-1. Cells plated on laminin-1 (A, B, and
D) or collagen I (C) were fixed and processed for immunofluo-
rescence using the rat GoH3 (anti-a6) mAb followed by a
rhodamine-conjugated anti–rat antibody as described in the Ma-
terials and Methods section. The confocal images shown repre-
sent optical sections of the ventral surface. (A) Note the presence
of a6b4 staining on the lamellae and in the filopodia at the lead-
ing edge (right side of the cell), as well as in retraction fibers at
the trailing edge (left side of cell). (B) A higher magnification
demonstrates the clustered appearance of a6b4 integrin in the
filopodia and its presence at points of filopodial angling. (D) Fi-
bers that are positive for a6b4 staining (arrowheads) are appar-
ently left behind by the advancing cell on the left. (C) Clone A
cells plated on collagen I exhibit only a diffuse pattern of a6b4
staining on their ventral surface. Bars, 10 mm.
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largely in the cell body and proximal portions of lamellae.
Costaining with GoH3 did not indicate any significant as-
sociation of the a6b4 integrin and cytokeratins in filopodia
or at the edges of lamellae (Fig. 10 A).

To study the interaction of the a6b4 integrin with the
cytoskeleton in more detail, we used an in situ extraction
scheme that solubilizes proteins to an extent that corre-
lates with their cytoskeletal associations (4, 13). Clone A
cells adherent to laminin-1 were extracted with either a
0.5% Triton X-100 buffer that removes most of the soluble
protein and phospholipid but not the actin and intermedi-
ate filament cytoskeletons, or a two-detergent buffer
(1.0% Tween-40/0.5% deoxycholate) that removes the
bulk of the actin cytoskeleton but not intermediate fila-
ments and associated proteins (4, 13). Subsequent to ex-
traction, the cells were fixed and costained with integrin-
specific mAbs (GoH3 or K20) and cytoskeletal-specific
reagents (phalloidin or pan-cytokeratin mAbs). Extraction
of clone A cells with the Triton X-100 buffer revealed that
the a6b4 and F-actin colocalization observed in unex-
tracted cells is preserved in clusters at proximal sites in
filopodia, as well as at the roots of filopodia that project
into the lamellae (Fig. 11, A and B). Several of these colo-
calization sites were also the origins of actin filament bun-
dles (Fig. 11, A and B). In contrast, a6b4 did not colocalize
with cytokeratins in filopodia and distal sites of many of
the lamellae either in unextracted cells (Fig. 10 A) or after
the Triton X-100 buffer extraction (Fig. 10 B). These re-

sults suggest that a6b4 is retained at the cell edges because
of its association with actin and not with cytokeratins. In
agreement with this possibility, these marginal areas of ac-
tin-associated a6b4 integrin were removed by the Tween/
deoxycholate buffer. As shown in Fig. 10 C, the only
GoH3-positive staining that remained after this buffer was
the staining that colocalized with cytokeratins at the base
of lamellae, the lamellae themselves having been largely
removed by the Tween/deoxycholate buffer. F-actin was
extracted by the Tween/deoxycholate buffer, as indicated
by a lack of phalloidin staining (Fig. 11 D). Interestingly,
most of the b1 integrin staining was removed from cells on
laminin-1 by the Triton X-100 buffer, suggesting a weaker
interaction of b1 integrins with the cytoskeleton than with
the a6b4 integrin in these cells (Fig. 11 C). Also, most of
the a6b4 staining was extracted by the Triton X-100 buffer
in cells plated on collagen I, indicating that the association
of a6b4 with actin is dependent on laminin-1 (data not
shown). Together, these results reinforce the hypothesis
that the retention of a6b4 in filopodia and edges of lamel-
lae of clone A cells on laminin-1 is mediated by the actin
cytoskeleton. In these motile structures, the only apparent
association of a6b4 with cytokeratins occurs at the base of
the lamellae.

The presence of a6b4 at the origin sites of actin filament
bundles described above prompted us to examine the pos-
sibility of a functional relationship. The actin bundles were
usually organized as multiple cables that ran parallel to the

Figure 7. Distinct localization
of a6b4 and b1 integrins in
the filopodia and lamellae of
clone A cells on laminin-1.
Clone A cells were plated on
laminin-1 for 1 h at 378C and
processed for double immuno-
fluorescence as described
using rat GoH3 mAb and
the mouse K-20 mAb fol-
lowed by a combination of a
TRITC-conjugated anti–rat
antibody and an FITC-conju-
gated anti–mouse antibody
that do not cross-react. The
ventral surface of the cells
was analyzed by confocal mi-
croscopy. Red, GoH3 mAb;
green, K-20 mAb; yellow,
colocalization. (A) Several
filopodia and retraction fi-
bers show a segregated distri-
bution of a6b4 and b1 stain-
ing. (B) In lamellae, a6b4
staining is largely segregated
from b1 staining except in
the streak-shaped areas where
filopodia project into the
lamella. (C and D) Higher
magnification images of filopo-
dia showing the spatial segre-
gation of a6b4 and b1 stain-
ing and the presence of a6b4
in the angles of filopodia (ar-
rowheads). Bar, 5 mm.
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margins of lamellae and were most commonly observed in
fan-shaped cells (Fig. 9 D). The a6b4 integrin colocalized
with F-actin at the termini of several of these parallel actin
bundles, which were in continuity with filopodia, but it was
not localized along the bundles themselves (Fig. 9, C and
D; Fig. 11). These actin bundles were not organized into
polygonal arrays traversing the nuclear area, such as those
that are characteristic of fibroblasts. Interestingly, how-
ever, clone A cells on collagen type I did exhibit such a po-
lygonal array of filament bundles (Fig. 9 E). The parallel
actin bundles were no longer evident when cells plated on
laminin-1 were treated with the 2B7 antibody, suggesting
that the a6b4 integrin is critical for their formation (Fig. 9 F).

Biochemical Evidence for an Association of the a6b4 
Integrin with Actin Filaments

The data presented above strongly support an association
of the a6b4 integrin with actin filaments in clone A cells.
To obtain biochemical evidence for this association, we
used the actin-severing protein gelsolin to assess whether
severing actin filaments would liberate a6b4. Clone A
cells adherent to laminin-1 were extracted with the 0.5%
Triton X-100 buffer to remove soluble proteins and then
treated with gelsolin. The proteins liberated from ex-
tracted cells treated with gelsolin, as well as from extracted
cells treated with the buffer alone, were analyzed for the
presence of a6b4 by immunoprecipitation with 2B7 and
subsequent immunoblotting with a polyclonal antibody
specific for the b4 cytoplasmic domain. As shown in Fig.
12, the 200-kD b4 subunit was liberated from gelsolin-
treated cells but not from cells treated with buffer alone.
Moreover, the material obtained from the gelsolin-treated
cells but not the control cells was enriched in actin (Fig. 12).

Functional Association of the a6b4 Integrin with 
Filopodia and Lamellae in Other Carcinoma Cells

We explored the possibility that the functional and topo-
graphical properties of the a6b4 integrin observed in clone

A cells could be extended to other carcinoma cells that ex-
press a6b4. The CCL-228 and MIP-101 colon carcinoma
cells have been shown previously to express the a6 inte-
grin subunit exclusively associated with b4 (19), while the
MDA-MB-231 breast carcinoma cells express primarily
the a6b4 heterodimer (data not shown). These carcinoma
cells were analyzed by indirect immunofluorescence using
an anti-b4 antibody (A9) and FITC-phalloidin. Although
these carcinoma cells differed markedly in their morphol-
ogy on laminin-1, all of them exhibited a fine grainy pat-
tern of b4 staining on their ventral surfaces (Fig. 13, A–E).
More specifically, b4 was localized in discrete clusters in
filopodia, retraction fibers, and lamellae. A striking colo-

Figure 9. a6b4 integrin colocalizes with F-actin in filopodia of
clone A cells on laminin-1. Cells plated on either laminin-1 (A–D
and F) or collagen I (E) at 378C for 1 h were processed for double
immunofluorescence as described using the rat GoH3 mAb fol-
lowed by a rhodamine-conjugated anti–rat antibody and FITC-
conjugated phalloidin. The confocal images shown represent op-
tical sections of the ventral surface of the cells. (A and C) GoH3.
(B, D, E, and F) Phalloidin. A and B demonstrate colocalization
of a6b4 and F-actin in a group of filopodia. D shows the forma-
tion of actin cables on the top lamella that project into filopodia.
These filopodia are enriched in a6b4 (C). E shows the presence
of polygonal actin cables in clone A cells plated on collagen I. In
F, the cells were incubated with 2B7 antibody for 30 min before
fixation. Note the disappearance of actin cables (remaining pro-
trusions are presumably retraction fibers, see text). Bars, 10 mm.

Figure 8. Enhanced localization of the a6b4 integrin in retraction
fibers of clone A cells on laminin-1. Cells plated on laminin-1 for
1 h at 378C were processed for double immunofluorescence as de-
scribed using the rat GoH3 mAb and mouse K-20 mAb followed
by a combination of a TRITC-conjugated anti–rat antibody and
an FITC-conjugated anti–mouse antibody that do not cross-react.
The ventral surface of the cells was analyzed by confocal micros-
copy. (A) GoH3 mAb. (B) K-20 mAb. Note the presence of a6b4
staining in retraction fibers (A, arrowheads) at the trailing edge
of the cells. Staining of b1 integrin is absent in these fibers (B).
Bar, 10 mm.
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calization of b4 and actin was seen in these structures sim-
ilar to the results obtained with clone A cells. Interest-
ingly, MIP-101 cells exhibited long filopodia with distinct
“actin nodes” that were enriched in b4 staining. (Fig. 13, A
and B).

We also explored the function of the a6b4 integrin in
the dynamic behavior of CCL-228 cells on laminin-1 using
the function-blocking 2B7 antibody. As shown in Fig. 13 F,
2B7 markedly inhibited the formation of lamellae, but it
did not affect cell attachment. Similar results were ob-
tained with MIP-101 and MDA-MB-231 cells (data not
shown). These data indicate that the interaction of a6b4
with actin-containing motility structures is a frequent phe-
nomenon in carcinoma cells.

Discussion
Functional studies on the a6b4 integrin have focused pri-
marily on its role in the organization of hemidesmosomes,
stable adhesive structures that associate with the interme-
diate filament cytoskeleton (5, 15, 22, 49, 51). We report
here that the a6b4 integrin can also function in the dy-
namic process of cell migration on laminin-1 based on data
obtained from the analysis of clone A colon carcinoma
and other carcinoma cells. Interestingly, our results dem-
onstrate that this integrin participates in a specific aspect
of the migration process, the formation and stabilization of

filopodia and lamellae. The functional involvement of the
a6b4 integrin in the dynamics of these actin-containing
motility structures is supported by our findings that a6b4
is localized in filopodia and edges of the lamellae and that
it associates with actin and not with cytokeratins in these
structures. These specific functions of a6b4 in the migra-
tion process of clone A cells are in contrast to a more gen-
eral function for b1 integrins, which are required for the
adhesion and spreading of clone A cells on laminin-1.

The premise for this study was our interest in under-
standing how the a6b4 integrin contributes to carcinoma
progression. Although several studies have linked this in-
tegrin to the invasive behavior of various carcinomas,
mechanistic data to support a function for a6b4 in a dy-
namic process such as invasion have been lacking (43 and
references therein). Our finding that a6b4 can participate
in the formation and function of actin-containing motility
structures in colon carcinoma cells clearly suggests an im-
portant role for this integrin in cell migration, a process
that is critical for tumor invasion and metastasis. Indeed, it
will be extremely informative to study the localization and
cytoskeletal dynamics of a6b4 in other carcinoma cells in
which it has been linked to invasion, such as thyroid and
gastric carcinomas (45, 52). In this direction, it is worth
mentioning that many aspects of epithelial wound healing,
including a loss of cell polarity and an induction of cell mi-
gration, resemble the behavior of invasive carcinoma cells

Figure 10. The integrin a6b4
localized at the marginal ar-
eas of clone A cells on lami-
nin-1 does not colocalize
with cytokeratins. Cells were

plated on laminin and incubated for 1 h at 378C . In A, the cells were fixed immedi-
ately after the incubation period in paraformaldehyde and then permeabilized
with Triton X-100. In B, cells were extracted first with a Triton X-100 buffer be-
fore fixation. In C, the cells were extracted with a Tween-40/deoxycholate buffer
before fixation. After fixation, the cells in A–C were stained by a double immuno-
fluorescence protocol using rat GoH3 mAb and a mouse pan-cytokeratin mAb an-
tibody followed by a combination of a TRITC-conjugated anti–rat antibody and a
FITC-conjugated anti–mouse antibody that do not cross-react. The ventral sur-
face of the cells was analyzed by confocal microscopy. Red, GoH3; green, cytoker-
atin; yellow, colocalization. In A and B, the marginal areas (edges of lamellae,
filopodia, and retraction fibers) exhibit positive a6b4 staining but no cytokeratin
staining. Note in B the persistence of a6b4 staining in marginal clusters arranged
in streaks that are likely portions of filopodia. In C, the Tween-40/deoxycholate
buffer extracted most of the a6b4 staining in filopodia and lamellae. However,
a6b4 staining persisted at the base of lamellae where it colocalized with cytoker-
atins. The cytokeratin staining was digitally “overexposed” to detect any possible
cytokeratin expression. Bar, 10 mm.
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exemplified by the fibroblast-like morphology and active
motility seen in clone A cells (37). There is some evidence
in fact that a6b4 may participate in epithelial wound heal-
ing (9, 23, 29, 30, 35, 37), although the nature of this in-
volvement has not been explored. In addition, EGF has
been shown to increase the migration of 804G bladder
cells by disrupting hemidesmosomes and possibly enabling
a6b4 to participate in migration (36). Collectively, these
findings raise the possibility of a general function for the
a6b4 integrin in epithelial cell migration.

The videomicroscopy data presented indicate that filo-
podial formation and stabilization play a key role in the
migration of clone A cells on laminin-1, reminiscent of
earlier studies on cell locomotion by Albrecht-Buehler
that ascribed exploratory and sensory capabilities to filo-
podia (2). Using fibroblasts plated on surfaces coated with
gold, he observed that lamellipodia form when filopodia
find and contact a gold-coated area and that these lamelli-
podia follow the direction of the stabilized filopodia. The
importance of filopodial contacts in directing cell migra-
tion is underscored by the pioneer growth cone model in
grasshoppers where a single filopodial contact can re-orient
an entire growth cone (41). This sequence of events is con-
sistent with the more recent transport-track model of mi-

gration (39). This model implies that stabilized filopodia
or any other polarized, actin filament bundle fixed onto a
substrate provides the cell with a structure that can be
used as a one-way transport track by myosin II motors.
Such motors pull other cytoplasmic components bound to
substratum-free actin filaments forward (39). This model
has also been supported by the respreading of cells after
mitosis. Such cells use retraction fibers to guide the
spreading edge, and these retraction fibers contain polar-
ized bundles of actin filaments anchored to the substrate
at their tips. If the retraction fibers are mechanically de-
tached from the substrate, a spreading edge is not ex-
tended (7, 38). These observations are mentioned because
we observed a related sequence of events during the mi-
gration of clone A cells on laminin-1. The nascent lamellae
formed in the direction of filopodia that had stabilized on
laminin-1. Moreover, this stabilization is mediated by the
a6b4 integrin because function-blocking antibodies sub-
stantially reduced the number of stabilized filopodia. Sta-
bilization is probably a direct interaction of a6b4 with
laminin-1 at the anchorage point, based on the observation
that a6b4 is enriched at the angles of filopodia, sites that
are clearly the anchoring points detected by videomicros-
copy. This scenario implies that the stabilizing function of
the a6b4 integrin is an early event in clone A motility on
laminin-1.

One question that arises from our data is whether the
role of the a6b4 integrin in filopodial formation and stabi-
lization is unique. Clearly, many cell types that do not ex-
press this integrin can form filopodia and migrate on lami-
nin-1. We propose that the a6b4 integrin enhances the
process of filopodial extension and stabilization because of
its distinctive adhesive properties on laminin-1. Previ-
ously, we demonstrated that the a6b4 integrin expressed
by clone A cells has an extremely high adhesive strength
for laminin-1 (50). Specifically, laminin-1 adhesion medi-
ated by this integrin was able to resist shear forces up to
100 dynes/cm2. The high adhesive strength of this integrin
for laminin-1 supports its involvement in filopodial stabili-
zation. Moreover, the fact that we observed a6b4 prefer-
entially expressed in retraction fibers at the trailing edge
of migrating cells, as well as in retraction fibers detached
from migrating cells, supports the notion that a6b4 inter-
acts avidly with laminin-1 and that this interaction, once
formed, is not disrupted easily. A mechanism for releasing
the adhesive strength of a6b4 at the rear of the cell must
exist, however, because the bulk of this integrin remains

Figure 11. The integrin a6b4 is associated with F-actin. Cells
were plated on laminin and incubated for 1 h at 378C . In A–C,
the cells were extracted first with a Triton X-100 buffer before
fixation with paraformaldehyde. In D, the cells were extracted
with a Tween-40/deoxycholate buffer before fixation. After fixa-
tion, the cells in A and B were double immunostained using rat
GoH3 mAb followed by a rhodamine-conjugated anti–rat anti-
body (A) and FITC-conjugated phalloidin (B). In C, the cells
were stained with mouse K-20 mAb antibody followed by an
FITC-conjugated anti–mouse antibody. In D, the cells were
stained with phalloidin. The ventral area of the cells was analyzed
by confocal microscopy. Note in A and B the colocalization of
a6b4 (A) and F-actin (B) at the roots of filopodia (arrowheads).
Several of these colocalization areas are in continuity with actin
cables (B). Bar, 10 mm.

Figure 12. The actin-severing
protein gelsolin releases a6b4
integrin from permeabilized
clone A cells. Cells were plated
on laminin-1 and incubated for 1 h
at 378C. After permeablization
with a Triton X-100 buffer, the
cells were incubated with either

gelsolin (G) or control buffer (C) for 30 min. The gelsolin-liber-
ated fraction was immunoprecipitated with an a6-specific anti-
body (2B7), subjected to SDS-PAGE, and immunoblotted with a
b4-specific polyclonal antibody. An aliquot of the gelsolin-liberated
fraction was subjected to SDS-PAGE and stained with Coomassie
blue to detect the 43-kD actin band that was evident in the gelsolin-
treated but not the control cells.
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with the migrating cell. Indeed, the dynamics of integrins
at the rear of migrating cells have been linked to the regu-
lation of cell motility (31, 42).

The data provided here suggest an association of the
a6b4 integrin with actin filaments and that this association
is dependent on the adhesion of these cells to laminin-1.
Specifically, the actin-severing protein gelsolin was able to
liberate a6b4 from clone A cells along with actin. Also,
the immunostaining studies revealed that both filopodia
and the edges of lamellae contain a6b4 distributed in the
form of discrete clusters that colocalized with F-actin.
Filopodia and many of the margins of lamellae did not
contain any cytokeratins detectable by immunofluores-
cence microscopy using a pan-cytokeratin antibody. An
association between a6b4 and F-actin is also supported by

the fact that a6b4 immunostaining at the marginal edges
of the cell was resistant to solubilization with Triton
X-100. Moreover, a6b4 was extracted from these marginal
edges with a Tween-40/deoxycholate buffer that has been
shown to solubilize most of the actin cytoskeleton but not
intermediate filaments (4, 13), providing additional evi-
dence that a6b4 does not associate with cytokeratins in
filopodia and the distal areas of lamellae. However, a6b4
appears to associate with cytokeratins at the base of the
lamellae based on the colocalization data and the fact that
the a6b4 immunostaining in these regions was resistant to
the Tween-40/deoxycholate buffer. These observations
suggest that a more stable a6b4-mediated adhesion may
occur at the base of the lamellae than in filopodia and the
margins of the lamellae.

The association of the a6b4 integrin and actin filament
bundles is intriguing and it could relate to the mechanism
of clone A migration. A parallel arrangement of actin fila-
ment bundles was consistently found in fan-shaped lamel-
lae of cells that moved at a higher rate and that persisted
in one direction for longer times than cells that did not ex-
press such bundles. These parallel actin bundles are proba-
bly related to those described earlier as actin arcs that are
preferentially seen in very motile cells, in contrast to stress
fibers that organize orthogonally and are frequently seen
in stationary cells (18, 25, 50). These arcs originate on the
ventral margins of the cell and then traverse in parallel
across the dorsal surface of the lamella. The integrin a6b4
appears to have a critical role in the formation of these ac-
tin filament bundles because they were disrupted by a6-
blocking antibodies. Moreover, a6b4 was associated with
actin at the origins of these actin filament bundles based
on the results obtained with the detergent extraction pro-
tocol. Additional studies on the involvement of these actin
bundles in cell migration and the role of a6b4 in their
function should be insightful.

The a6b4 integrin can participate in filopodial forma-
tion on laminin-1 based on the findings that function-
blocking antibodies inhibited their formation. Although
the mechanism by which a6b4 contributes to filopodial
growth remains to be elucidated, an area that should be
explored is the involvement of a6b4 in actin dynamics.
One model of filopodial growth suggests that substrate-
anchored proteins coupled with molecular motors at the
base of filopodia regulate the rearward flow of actin, while
those at the tip may regulate the polymerization of actin
(47). Based on this model and our finding that a6b4 was
found in clusters at the roots of filopodia in association
with actin, one possibility is that a6b4 functions as a sub-
strate-anchoring molecule that is involved in reducing the
rearward flow of actin at the roots of filopodia. Interest-
ingly, reduction of the rearward flow of actin has been
shown to induce cell protrusions (33). Another likely pos-
sibility is that a signaling cascade initiated by ligation of
a6b4 is linked to the mechanism of actin polymerization
and filopodial growth. For example, the GTPase cdc42
(28, 40) has been implicated in filopodial formation in fi-
broblasts, and the possibility that a6b4 regulates the activ-
ity of such molecules is attractive.

An interesting aspect of this study is the apparent divi-
sion of labor between the a6b4 and b1 integrins in mediat-
ing clone A interactions with laminin-1. Previously, we

Figure 13. The a6b4 integrin is localized in actin-containing mo-
tility structures in other carcinoma cells. MIP-101 (A and B),
MDA-MB-231 (C and D), and CCL-228 (E) carcinoma cells were
analyzed by double immunostaining with the b4-specific A9 anti-
body (A, C, and E) and FITC-phalloidin (B and D). Note the
concentration of a6b4 in the actin nodes present in the filopodia
of MIP-101 cells (A and B, arrowheads) and the distribution of
a6b4 in filopodia, retraction fibers, and lamellae of MDA-MB-231
and CCL-228 cells. (F) An a6-specific antibody inhibits forma-
tion of lamellae in CCL-228 cells. Cells were plated on laminin-1
in the presence or absence of 2B7 for 1 h. The cells were photo-
graphed, and their lamellar area (mm2/cell) was determined by
digital image analysis. 50 cells were analyzed for each condition.
Error bar represents SEM. Bar, 20 mm.
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demonstrated that clone A cells use the a6b4 and a2b1 in-
tegrins to interact with laminin-1 (32, 34). The mAb inhibi-
tion data presented here extend these observations by
demonstrating that a b1 integrin, presumably a2b1, is es-
sential for the adhesion and spreading of clone A cells on
laminin-1 but that a6b4 is not required for these processes.
As shown, the a6b4 integrin appears to be involved in a
much more specific function in clone A cells, the forma-
tion and stabilization of filopodia and lamellae. Although
it is difficult to assess the role of b1 integrins in these
events directly because function-blocking mAbs cause the
cells to detach from laminin-1, it is likely that they are es-
sential. This possibility is supported by our finding that
both a6b4 and b1 integrins are localized in filopodia and
lamellae. A reasonable hypothesis based on these observa-
tions is that the a6b4 and a2b1 integrins mediate distinct
signaling pathways in response to their ligation by laminin-1
and that both signaling pathways are required for the mi-
gration of clone A cells on laminin-1.

The cytoskeletal associations of the a6b4 integrin that
we have characterized in clone A cells should be com-
pared with recent studies on the molecular interactions be-
tween a6b4 and cytokeratins (16). There is now evidence
that the hemidesmosomal proteins BPAG-2 (bullous pem-
phigoid antigen) and HD-1 interact with a6b4 (20, 44),
and that HD-1 can provide the link between a6b4 and cy-
tokeratins (55). Another hemidesmosomal protein, BPAG-1,
has been shown to be essential in the attachment of cyto-
keratins to the hemidesmosome, although an interaction
with a6b4 has not been demonstrated (17). Clone A cells
express HD-1 but they do not express either of the BPAG
proteins (data not shown), and they do not contain classi-
cal hemidesmosomes (32). In this regard, however, an-
other type of hemidesmosome (type II), has been de-
scribed in a mammary epithelial cell line that contains only
a6b4 in association with HD-1 (55). Type II hemidesmo-
somes have also been observed in HT29-Fu cells, a colon
carcinoma cell line that was reverted to a differentiated
phenotype by fluorouracil treatment (14). An important
difference, however, between these cells and clone A cells
is that the distribution pattern of a6b4 in the mammary
epithelial and HT29-Fu cells did not suggest an association
with actin (14, 55). Although the molecular basis for these
differences in the cytoskeletal associations of a6b4 are not
known, an invasive carcinoma cell such as clone A may be
an extremely useful cell type to define the molecules that
link a6b4 to the actin cytoskeleton and the factors that
promote this association. In clone A cells, HD-1 is proba-
bly not involved in a6b4 linkage with actin because pre-
liminary studies indicate that HD-1 is not present in the
filopodia and edges of the lamellae of these cells (Rabinovitz,
I., unpublished results). Regardless of the mechanism,
however, a shift from a stable interaction of a6b4 with cy-
tokeratins to a more dynamic interaction with the actin cy-
toskeleton could have important implications for epithe-
lial cell migration and tumor progression.
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Note Added in Proof. Since submission of this manuscript, we have shown
that the mechanism by which the a6b4 integrin mediates the formation of
lamellae involves activation of phosphoinositide 3-OH kinase (Shaw,
L.M., I. Rabinovitz, H. Wang, A. Toker, and A.M. Mercurio. 1997. Cell. In
press).
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