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Background:Lu/B-CAM is a specific receptor for laminin�5, a subunit of laminin-511 (LM-511) that is amajor component
of basement membranes.
Results: Expression of Lu/B-CAM promotes tumor cell migration on LM-511 rather than cell attachment.
Conclusion: Tumor cell migration on LM-511 requires that Lu/B-CAM competitively weakens cell attachment through
integrins.
Significance: The competitive interaction of the laminin receptors may provide a balance between static and migratory cell
behaviors.

Cell-matrix interactions are critical for tumor cell migration.
Lutheran (Lu), also known as basal cell adhesion molecule
(B-CAM), competes with integrins for binding to laminin �5, a
subunit of LM-511, a major component of basement mem-
branes. Here we show that the preferential binding of Lu/B-
CAM to laminin�5 promotes tumor cell migration. The attach-
ment of Lu/B-CAMtransfectants to LM-511was slightlyweaker
than that of control cells, and this was because Lu/B-CAM dis-
turbed integrin binding to laminin �5. Lu/B-CAM induced a
spindle cell shape with pseudopods and promoted cell migra-
tion on LM-511. In addition, blocking with an anti-Lu/B-CAM
antibody led to a flat cell shape and inhibited migration on
LM-511, similar to the effects of an activating integrin �1 anti-
body. We conclude that tumor cell migration on LM-511
requires that Lu/B-CAM competitively modulates cell attach-
ment through integrins.We suggest that this competitive inter-
action is involved in a balance between static andmigratory cell
behaviors.

The invasion of tumor cells through the basement mem-
brane is a critical step in many forms of metastasis. To invade,
tumor cells require different functions, such asmatrix degrada-
tion, cell migration, and cell adhesion. So far, the reconstituted
basement membrane Matrigel has been used to investigate
tumor invasion in vitro (1). Matrigel, an extract derived from
mouse Engelbreth-Holm-Swarm sarcoma, is composed of type
IV collagen, laminin, nidogen, and perlecan, which are the
major components of the basement membrane. Of these com-
ponents, laminin has been thought to be a key molecule medi-

ating cell adhesion and cell migration during tumor invasion.
Laminins are a family of heterotrimeric glycoproteins com-
posed of �, �, and � chains. There are five � chains, three �
chains, and three � chains known at present (2). To date, 19
different laminin heterotrimers have been identified in various
cultured cells and tissues (3). The laminin heterotrimer in
Matrigel is composed of �1, �1, and �1 chains (laminin-111,
LM-111) and is mainly expressed in fetal but not adult tissues.
Hence, despite a wealth of accumulated studies, tumor cells
only rarely interact with LM-111 in the process of tumor inva-
sion. In contrast, laminin-511 (�5, �1, �1; LM-511) has been
found to be a major isoform in many adult basement mem-
branes (4, 5). However, the nature of the interactions between
tumor cells and LM-511 in invasion processes is still unclear.
Many of the biological functions of LM-511 are mediated

through the�5 subunit.Mice lacking laminin�5 die during late
embryogenesis with several developmental defects, including
defects in neural tube closure, digit separation, placentation,
glomerulogenesis, lung lobe separation, intestinal smoothmus-
cle development, toothmorphogenesis, salivary glandmorpho-
genesis, and bile duct maturation (6, 7). Experiments that
bypass embryonic lethality have shown that laminin �5 is
required for hair follicle development and lung maturation.
Moreover, a hypomorphic Lama5 mutation causes polycystic
kidney disease (8). These results suggest that laminin �5 plays
multiple functional roles in development and establishment of
tissue architecture. In addition, many studies have shown that
the expression of laminin �5 is often maintained or even
increased in advanced tumors (9).We also showed that laminin
�5 was ectopically deposited in well and poorly differentiated
hepatocellular carcinomas (10). However, the role of laminin
�5 in tumor progression is unclear.

The studies of developing organs in laminin �5-deficient
mice have shown that laminin �5 modulates the Sonic hedge-
hog pathway, theWnt pathway, and the PI3K/Akt pathway (11,
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12). In vitro studies have shown that LM-511 triggers the phos-
phorylation of p130cas, leading to the activation of Rac1 and
PI3K/Akt, which are involved in cell migration and survival (13,
14). The interaction of cells with LM-511 ismediated by various
receptors, including integrin �3�1, �6�1, and �6�4 (15, 16);
�-dystroglycan (17); and Lutheran/basal cell adhesion mole-
cule (Lu/B-CAM)2 (18–20). Lu/B-CAM is an Ig superfamily
transmembrane protein inwhich the extracellular domain con-
tains one variable, one constant-1, and three intermediate Ig-
like domains, V-C1-I-I-I (21–23). A splice variant of Lu known
as B-CAM (24) has the same extracellular and transmembrane
domains as Lu, but it lacks the COOH-terminal 40 amino acids
of the cytoplasmic tail. Lu has been studied mainly as the anti-
gen of the Lutheran blood group system and in the context of
sickle cell disease. On the other hand, B-CAMwas identified as
an up-regulated antigen in ovarian carcinoma, suggesting its
involvement in tumor progression (24). However, although the
interaction between laminin �5 and Lu/B-CAM is expected to
be involved in tumor invasion and metastasis, it is still
unproven.
Here we established a human fibrosarcoma cell line with a

Flp recombination site integrated into the genome and gener-
ated stable cell lines expressing Lu or B-CAM using Flp recom-
binase. The cell lines allowed us to examine the functions of
Lu/B-CAM in tumor cells adhering to LM-511.AlthoughLu/B-
CAM slightly suppressed cell adhesion to LM-511, both mole-
cules promoted cellmigrationwith pseudopods.We also exam-
ined whether the expression of Lu/B-CAM in tumor cells
affected cell migration on LM-511 using function-blocking
antibodies. We found that competition between Lu/B-CAM
and integrins for binding to laminin �5 modulated cell migra-
tion. We provide a possible mechanism that explains in part
how tumor cells invade into bona fide basement membranes
containing laminin �5.

EXPERIMENTAL PROCEDURES

Antibodies and Reagents—Monoclonal antibodies against
Lu/B-CAM (clones 87207 and BRIC221) were purchased from
R&D Systems (Minneapolis, MN) and Serotec (Oxford, UK),
respectively. Polyclonal antisera against the intercellular or
extracellular domain of Lu/B-CAM have been described (10,
25). IgG purified from the antiserum was labeled with a bio-
tinylation kit (GE Healthcare, Piscataway, NJ). Monoclonal
antibodies to human integrin �3 (clone P1B5), �1 (clone 6S6),
and�4 (cloneASC-3) and a polyclonal antiserum to integrin�3
were purchased fromMillipore (Temecula, CA). Rat monoclo-
nal antibodies to human integrin �6 (clone GoH3) and �1
(clone mAb13) were from BD Biosciences. Anti-human integ-
rin �1 (clone TS2/16) was purified on a Protein-G-Sepharose
4B column from the conditioned medium of hybridoma cells
purchased from the ATCC. Recombinant LM-511 was pro-
duced in HEK293 cells triple-transfected with mouse laminin
�5, �1, and �1 chains and purified as described previously (26).
Human laminin-3A32 (LM-332) was purchased from Oriental

Yeast (Tokyo, Japan). Human fibronectin was purchased from
BD Biosciences. Trypsin (sequencing grade) was purchased
from Roche (Mannheim, Germany). Recombinant proteins
containing the Lu/B-CAM extracellular domain fused with a
6� His tag (Sol-Lu) or a Fc-Tag (Lu-Fc) were produced and
characterized as described previously (20, 26). Cell dissociation
buffer (CDB), which is protease-free Hanks’ balanced salt solu-
tion containing EDTA, was purchased from Invitrogen.
Trypsin or CDB Treatment of Sol-Lu and Binding Assays on

Tissue Sections—Following the protocol of the manufacturer,
1.0�g of Sol-Luwasmixedwith 0.5 or 5 ng of trypsin in 20�l of
100 mM Tris-HCl (pH � 8.5) buffer. 1.0 �g of Sol-Lu was also
mixed with half-diluted CDB. The mixtures were incubated at
37 °C for 1 h. The trypsin reaction was stopped by addition of
aprotinin. Sol-Lu treated with trypsin or CDB was used for
SDS-PAGE and binding assays. Mouse kidney sections were
prepared as described in our previous study (27). Animal stud-
ies were permitted by the Animal Research Committee of
Tokyo University of Pharmacy and Life Sciences. The sections
were incubated with a mixture of Lu-Fc and the trypsin- or
CDB-treated Sol-Lu. Lu-Fc bound to endogenous laminin �5
was detected with anti-human IgG antibody conjugated with
Alexa Fluor 488. Quantitation of the recombinant proteins
bound to laminin �5 was performed as described in our previ-
ous study (27).
Cell Culture—A549 and HT1080 cells were purchased from

the Health Science Research Resources Bank (Osaka, Japan).
Both cell lines were maintained in DMEM containing 10% FBS
and gentamycin (Invitrogen). For subculturing, the cells were
removed with CDB and plated in culture dishes.
Construction of Expression Vectors—The DNA fragment

encoding Lu or B-CAM was amplified with 5�-GGGGTAC-
CGCCACCATGGAGCCCCCGGACGCACCG-3� (sense) and
5�-CGGGATCCTCAGCACTCGTCTCCGAAGCCCCC-3�
(antisense) or 5�-CGGGATCCTCACGGAGCCCCCTTCTC-
CCGC-3� and digested with KpnI and BamHI. Each DNA fra-
gment was inserted into the KpnI and BamHI sites of
pcDNA5/Flp recombination target for a stable high-expression
Flp-In system (Invitrogen). For PCR, KOD plus DNA
polymerase (TOYOBO, Osaka, Japan) was used according to
the instructions of the manufacturer.
Generation of Stable Expression Cell Lines—The Flp-In sys-

tem (Invitrogen) was used for the generation of a stable Lu or
B-CAM expression cell line. To generate a HT1080 cell line
containing an integrated Flp recombination target site, the cells
were transfected with the pFRT/lacZeo vector using Lipo-
fectamine 2000 (Invitrogen), and a stable clone was selected
using 100 �g/ml zeocin (Invitrogen). A selected clone,
HT1080F, was cotransfectedwith the expression vector and the
FLP-recombinase vector (pOG44), resulting in a stable integra-
tion of the gene of interest at the FLP recombination target site
in the genome (38). Isogenic stable cell lines expressing Lu or
B-CAM were selected using 100 �g/ml hygromycin (Invitro-
gen). Hygromycin-resistant and zeocin-sensitive cells were fur-
ther assayed for lack of �-galactosidase activity.
FlowCytometry—The cells were removedwith CDB and sus-

pended in PBS(-) containing 0.1% BSA and 1 mM EDTA. The
suspended cells were incubated with antibodies for 1 h at 4 °C.

2 The abbreviations used are: Lu, Lutheran; B-CAM, basal cell adhesion mole-
cule; Sol-Lu, soluble Lutheran; CDB, cell dissociation buffer; Lu-Fc,
Fc-tagged Lu/B-CAM extracellular domain.
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After washing with PBS(-) containing 0.1% BSA and 1 mM

EDTA, the cells were incubated with Alexa Fluor 488-labeled
secondary antibody for 1 h at 4 °C. The cells were then analyzed
on a FACSCalibur flow cytometer (BD Biosciences).
Quantification of Cell Morphology with Pseudopods—The

ratio of square area surrounding the cell body without or with
pseudopods reflects cell morphology with pseudopods. To
obtain the area of cells, we drew a square surrounding the cell
body without (a) or with (b) pseudopods. The square area was
calculated using ImageJ. The ratio of b/a was dotted, and statis-
tical significance was determined using KaleidaGraph.
Cell Migration Assay—The cells were removed with CDB

and suspended in serum-free DMEM. The cells were plated on
35-mm dishes (Nunc, Roskilde, Denmark) coated with 0.8 nM
LM-511,0.8nMLM-332,or40nMfibronectinandblockedwith1%
BSA. Two hours post-plating, cell migrationwasmonitored using
Biozero (Keyence, Osaka, Japan). Video images were collected
with a charge-coupled device camera at 4- or 10-min intervals
using BZ-Viewer and BZ-Analyzer (Keyence, Osaka, Japan). The
positionsofnucleiwere tracked toquantify cellmotility.Velocities
were calculated inmicrometers per 4 or 8 h using ImageJ.
Cell Adhesion and Inhibition Assays—Cell adhesion assays

using LM-511, LM-332, and fibronectin were performed as
described previously (26). Briefly, 96-well plates (Nunc) were
incubated with proteins at 4 °C overnight and then blocked
with PBS(-) containing 1% BSA for 1 h at 37 °C. The cells were
removed with CDB, plated on the coated dishes, and incubated
at 37 °C for 1 h.Adherent cellswere fixedwith 4% formaldehyde
and stained with Diff-Quik (International Regents Corp., Kobe,
Japan). The stained cells were counted under amicroscope. For
inhibition assays, 96-well microtiter plates were incubated with
0.8 nM of LM-511 or LM-332 at 37 °C for 1 h and then blocked
with PBS(-) containing 1%BSA for another hour. The cells were
suspended in serum-freeDMEMat a density of 4� 105 cells/ml
and preincubated with 1 �g/ml of antibody at room tempera-
ture for 10 min. 50 �l of cell suspension was added to wells
coated with the recombinant proteins. After incubation at
37 °C for 30 min, the attached cells were stained as described
above.
Deglycosylation and Immunoblotting—For preparation of

cell lysates, cells were removed from culture dishes with CDB
and lysed with lysis buffer (10 mM Tris-HCl (pH 7.5), 10 mM

EDTA, 150 mM NaCl, and 1% Nonidet P-40) containing a pro-
tease inhibitormixture (Sigma). Lysates were clarified at 10,000
rpmandpreclearedwith proteinG-Sepharose (GEHealthcare).
After preclearing, protein G-Sepharose and anti-Lu/B-CAM
monoclonal antibody (clone BRIC221) were added to the sam-
ples. After incubation for 1 h at 4 °C, immune complexes were
washed twice with the lysis buffer and dissolved with SDS-
PAGE sample buffer. The immune complexes were separated
on SDS-PAGE under reducing condition and transferred to a
PVDFmembrane. Proteins on themembranewere probedwith
a biotin-labeled polyclonal antibody to the extracellular domain
of Lu/B-CAM. Bound antibodies were visualized with strepta-
vidin-horseradish peroxidase (GE Healthcare).
For deglycosylation of Lu/B-CAM, the immune complexes

were suspended in deglycosylation buffer (100 mM Tris-HCl
(pH 8.6), 0.1% SDS, 1% Nonidet P-40, and 200 mM 2-mercap-

toethanol) with 40 milliunits/ml glycopeptidase F. After incu-
bation for 20 h at 37 °C, the deglycosylated proteins were used
for immunoblotting.
Generation of Lu/B-CAM Knockout Mice and Immuno-

histochemistry—Production of Lu/B-CAM-null mice was
described in our previous study (28). For immunohistochemis-
try, epidermal tissues of embryonic day 17.5 embryos were fro-
zen in optimum cutting temperature compound. Sections were
cut at 7�m in a cryostat and air-dried. For staining, the sections
were blocked in 10% normal goat serum and then incubated
with the anti-cytoplasmic tail of Lu or integrin �3 polyclonal
antisera. Secondaryantibodieswereconjugated toAlexaFluor488
(Invitrogen). After several washes, sections were mounted in
90% glycerol containing 0.1� PBS and 1 mg/ml p-phe-
nylenediamine. Images were captured using a Spot 2 charge-
coupled device camera (Diagnostic Instruments, Sterling
Heights, MI) and imported into Adobe Photoshop Elements
10 Editor for processing.

RESULTS

The Impact of Trypsin or CDB Treatment on the Binding of
Lu/B-CAM to Laminin �5—Richard et al. (29) showed that the
immunoreactivity of Lu/B-CAM is reduced by trypsin, �-che-
motrypsin, and ficain. Cultured cells are usually removed from
dishes using trypsin. We therefore examined whether trypsin
treatment influenced the binding of Lu/B-CAM to laminin �5.
Consistent with the previous report, flow cytometric analysis
showed that trypsinization decreased the immunoreactivity of
Lu/B-CAM at the cell surface (Fig. 1A). Treatment of recombi-
nant Sol-Lu with trypsin generated two fragments of 56 and 24
kDa, whereas Sol-Lu was not damaged in CDB (Fig. 1B). As
shown in Fig. 1C, trypsin-treated Sol-Lu did not disturb the
binding of Lu-Fc to laminin �5, indicating that trypsinization
influenced Lu/B-CAM binding activity. This result suggests
that a trypsin cleavage site is localized in the hinge region of
Lu/B-CAM that is necessary for binding to laminin �5. There-
fore, a CDB without trypsin was used for removing cells from
culture dishes.
Overexpression of Lu/B-CAM in Human Fibrosarcoma—To

characterize the functions of Lu/B-CAM in cell adhesion to
LM-511, each gene was transfected into human fibrosarcoma
HT1080 cells, which donot express eithermolecule. To exclude
clonal variation, Lu or B-CAM was stably expressed in
HT1080F cells using the Flp recombination system. A combi-
nation of immunoprecipitation and immunoblotting indicated
that Lu and B-CAMmigrated at the predicted relative molecu-
lar masses (Fig. 2A). Flow cytometric analysis also showed that
both were expressed at comparable levels on the cell surface
(Fig. 2B). Although overexpression of CD146, which shares a
similar structure with Lu/B-CAM, down-regulates cell surface
expression of integrins (30), Lu/B-CAM expression did not
influence the levels of integrin �3, �6, �1, and �4, the major
receptors for laminin �5 (Fig. 2B).
The Adhesion of Transfectants Expressing Lu/B-CAM to

LM-511—To investigate the roles of Lu and B-CAM, cell adhe-
sion assays were performed using both transfectants. The cells
were plated on dishes coated with LM-511, LM-332, or
fibronectin. As shown in Fig. 3A, although the ability of cells to
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FIGURE 1. The binding of trypsin-treated Lu/B-CAM to laminin �5. A, flow cytometric analyses of Lu/B-CAM expression on A549 cells prepared with either
CDB or trypsin-EDTA. The expression of Lu/B-CAM is shown as a solid line (CDB) and a dotted line (trypsin-EDTA). The gray area indicates the negative control.
B, SDS-PAGE of trypsin- or CDB- treated Sol-Lu. Sol-Lu was incubated with trypsin or CDB at 37 °C for 1 h, separated on a 12.5% gel under non-reducing
conditions, and stained with Coomassie Brilliant Blue. Molecular weight standards are indicated. C, the binding of Lu-Fc to laminin �5 in the presence of Sol-Lu
or trypsin- or CDB-treated Sol-Lu. Binding assays on tissue sections were performed, and Lu-Fc bound to laminin �5 was quantified as described under
“Experimental Procedures.” The binding of Lu-Fc was set to 100 in the absence of Sol-Lu or trypsin- or CDB-treated Sol-Lu. Each bar represents the mean of
triplicate assays. Error bars indicate S.D. *, p � 0.05 by Student’s t test.

FIGURE 2. Analysis of expression of Lu and B-CAM in HT1080F control cells and transfectants. A, immunoblot analysis of Lu/B-CAM in control/HT1080F
(lane 1), Lu/HT1080F (lane 2), and B-CAM/HT1080F (lane 3) cells. Cell lysates were immunoprecipitated with anti Lu/B-CAM mAb (BRIC221). Immunoprecipitates
were separated on a 10% gel under reducing conditions and immunoblotted with anti-Lu/B-CAM polyclonal antiserum. Lu and B-CAM migrated at 80 kDa and
76 kDa, respectively. Molecular weight standards are indicated. B, flow cytometric analyses of Lu/B-CAM and integrin �3/�6/�1/�4 expression. The cells were
incubated with the indicated primary antibodies and then with Alexa Fluor 488-conjugated secondary antibody for flow cytometric analysis. The expression of
Lu/B-CAM and integrin �3/�6/�1/�4 is shown as a solid line. The gray area indicates the negative control. Overexpression of Lu or B-CAM did not influence the
expression of laminin �5-binding integrins �3�1, �6�1, or �6�4.
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attach to LM-332 and fibronectin was similar between control
and transfected cells, the transfected cells attached to LM-511
less than control cells did. These results suggest that the bind-
ing of Lu/B-CAM to LM-511, its only known ligand, suppresses
cell adhesion to it.
To investigate the mechanism of adhesion of the transfec-

tants to LM-511, we assayed the binding of receptors using
function-blocking antibodies to Lu/B-CAM and to the relevant
integrins. We made use of a recently discovered anti-Lu/B-
CAM mAb (mAb 87207) that can inhibit the binding of Lu/B-
CAM to laminin �5 (27). As we showed previously (16), the
adhesion of control cells to LM-511 was significantly (but not
totally) inhibited by the combination of anti-integrin�3 and�6
monoclonal antibodies or anti-integrin �1 monoclonal anti-
body (Fig. 3B, top panel). On the other hand, the adhesion of the

transfectants to LM-511 was completely inhibited by the combi-
nationofanti-integrin�3and�6mAbsandby theanti-integrin�1
mAb (Fig. 3B, center and bottom panels). Interestingly, the inhibi-
tory effects of these antibodies were significantly reduced in the
presence of the mAb 87207. These results show that, although
Lu/B-CAMcan bind to laminin�5, the binding affinity is not suf-
ficient for robust cell adhesion. Moreover, the binding of Lu/B-
CAMto laminin�5 seems to disturb the robust cell adhesion nor-
mally mediated by integrins. This is consistent with our previous
study showing that Lu/B-CAMbinds to laminin�5 competitively
with integrin �3�1/�6�1 (26).
The Morphology of Transfectants Expressing Lu/B-CAM on

LM-511—Control cells and transfectants were spread on a
LM-511-coated surface (Fig. 4A). Although the control cells
displayed a well spreadmorphology with a greater cell-substra-

FIGURE 3. Analysis of cell adhesion. A, adhesion of cells expressing Lu or B-CAM to LM-511 (top panel), LM-332 (center panel), and fibronectin (bottom panel).
96-well plates were coated with increasing concentrations of the proteins and incubated with control/HT1080F (●), Lu/HT1080F (Œ) or B-CAM/HT1080F (f) at
37 °C for 1 h. Adherent cells were stained with Diff-Quik and counted. The control/HT1080F cells attached to LM-511 more readily than the Lu/HT1080F and
B-CAM/HT1080F cells. Each point represents the mean of triplicate assays. Bars show S.D. *, p � 0.05 by Student’s t test. B, inhibitory effects of mAb 87207 on
adhesion of transfectants to LM-511. Cells preincubated with mAb 87207 and function-blocking antibodies against the indicated integrin subunits were added
to LM-511-coated wells. After incubation for 30 min, the attached cells were stained and counted. Values are expressed as percentages of the number of cells
adhering in the absence of antibody. Each column represents the mean of triplicate assays. Bars show S.D. *, p � 0.05 by Student’s t test. mAb 87207 restored
the adhesion of Lu/HT1080F and B-CAM/HT1080F cells to LM-511 in the presence of anti-integrin mAbs.
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tum contact area, the transfectants assumed a spindle-shaped
morphology with several pseudopods. The reduced adhesion of
the transfectants to LM-511 seemed to be due to their spindle-
shaped morphology. In the presence of mAb 87207, the mor-
phology of transfectants was similar to that of control cells. To
quantify the cellmorphology, wemeasured the ratio (b/a) of the
square area surrounding the cell body without (a) or with (b)
pseudopods (Fig. 4B). As shown in Fig. 4C, although many
transfectants with pseudopods were observed on LM-511, not
all cells had them. Importantly, the pseudopods of transfectants
disappeared in the presence of mAb 87207. These results show
that Lu/B-CAM promotes elongation of pseudopods on
LM-511, an activity inhibited by mAb 87207.

The Involvement of Lu/B-CAM in Cell Migration Promoted
by LM-511—We compared the migration of the transfectants
with that of the control cells using time-lapse videomicroscopy.
The tracks of cells on LM-511, LM-332, or fibronectin were
traced for 4 h (Fig. 5A). Cell velocities were calculated from the
distances of tracks. The transfectants migrated faster on
LM-511 than the control cells, but there was no difference on
LM-332 and fibronectin (Fig. 5B).We also examined the effects
of mAb 87207 on the migration of transfectants. The antibody
significantly inhibited the migration of transfectants on
LM-511 but showed no effect on control cells (Fig. 5C and sup-
plemental movies 1 and 2 and their legends), indicating that the
binding of Lu/B-CAM to laminin �5 promotes cell migration.
The Involvement of Lu/B-CAM in Tumor Cell Adhesion and

Migration onto LM-511—We also examined whether Lu/B-
CAM is involved in tumor cell adhesion and migration using
human lung adenocarcinomaA549 cells. Flow cytometric anal-
ysis showed that A549 cells expressed Lu/B-CAM on the cell
surface (Fig. 6A). The monoclonal antibody to the extracellular
domain of Lu/B-CAM used here cannot distinguish between
the two variants. To determine which of the two isoforms was
expressed inA549 cells, the cell lysates were analyzed by a com-
bination of immunoprecipitation and immunoblotting (Fig.
6B). Proteins precipitated with a monoclonal antibody to the
extracellular domain of Lu/B-CAM were treated with or with-
out N-glycopeptidase F and then separated by SDS-PAGE for
immunoblotting. The separated proteins were detected with a
polyclonal antiserum to the extracellular domain of Lu/B-
CAM. Two bands migrating at 60 and 64 kDa were detected,
indicating that A549 cells express both Lu and B-CAM. As
shown in Fig. 3, LM-511 is a potent cell-adhesive protein capa-
ble of being recognized by both �3�1 and �6�1 integrins as
major surface receptors. Consistent with our previous studies,
inhibition assays using function-blocking antibodies showed
that the adhesion of A549 cells to LM-511 and LM-332
depended predominantly on integrin �3�1 and was inhibited
significantly by anti-integrin �3 and �1 mAbs (Fig. 6C). The
inhibitory effects of both antibodies on cell adhesion to LM-511
were also attenuated significantly in the presence ofmAb87207
to Lu/B-CAM. Meanwhile, mAb 87207 did not impact the
inhibitory effects of both antibodies on cell adhesion to
LM-332.
Consistentwith a previous report (13), themigration ofA549

cells was significantly faster on LM-511 than on fibronectin
(Fig. 6D). Although LM-332 also promoted cell migration, it
was less effective than LM-511. The velocity of A549 cells on
LM-511 was also comparable with the results in the previous
report (13).However, the antibody against integrin�3 inhibited
the migration of A549 cells on LM-511, but the integrin �1
antibody did not. We next examined whether Lu/B-CAM was
involved in A549 cell migration on LM-511 using mAb 87207.
As shown in Fig. 6D, the antibody significantly inhibited cell
migration on LM-511. However, the inhibitory effects of mAb
87207 were reduced by the integrin �1 antibody. These results
suggest that Lu/B-CAMand integrin�3�1 coordinately bind to
laminin �5 and promote cell migration.

FIGURE 4. Extension of pseudopods by the transfectants on LM-511. A,
morphology of cells on LM-511. The control/HT1080F (left panels) and
Lu/HT1080F (right panels) cells were plated on dishes coated with LM-511 (0.8
nM). After culturing for 1 h, the cells were incubated in the absence (top pan-
els) or presence (bottom panels) of mAb 87207. The cells were stained with
Diff-Quik after another hour, and the images of cells were captured by charge-
coupled device camera. The expression of Lu promoted elongation of pseu-
dopods by HT1080F cells, and this was partly inhibited by mAb 87207. B,
schematic to measure cell area ratio. The cell area with (b) or without (a)
pseudopods was measured as drawn. The ratio of b/a reflects the extent of
cell area with pseudopods. C, quantification of cell morphology. The images
of cells in 0.05 mm2 were captured and used to measure cell area. Bars indi-
cate means. *, p � 0.05 by Dunnett’s multiple comparison test. mAb 87207
inhibited pseudopod elongation for Lu/HT1080F cells adhering to LM-511.
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The Involvement of Integrins in Lu/B-CAM-mediated Cell
Migration—We also examined whether another function-
blocking antibody against integrin �1 (6S6) inhibited cell
migration on LM-511. However, as with the former antibody
(mAb 13), 6S6 inhibited cell adhesion to LM-511 (data not

shown) but not cell migration (Fig. 7A). The 6S6 antibody also
abrogated the inhibitory effects of mAb 87207 on LM-511-me-
diated cell migration (Fig. 7A), indicating that Lu/B-CAM pro-
motes cell migration indirectly. These results suggest that cell
migration requires a reduction in the strength of integrin bind-

FIGURE 5. Pattern and velocity of cell migration. The indicated cells were plated on dishes coated with LM-511 (0.8 nM, top panels), LM-332 (0.8 nM, center
panels), or fibronectin (40 nM, bottom panels). Cell movements were monitored by time-lapse video microscopy. A, representative paths of cell movements on
each proteins tracked at 10-min intervals over a span of 4 h. B, quantification of cell motility as evaluated by velocity (micrometers/hour) and determined using
ImageJ software as described under “Experimental procedures.” *, p � 0.01 by Dunnett’s multiple comparison test. C, mAb 87207 inhibited migration of
Lu/HT1080F cells on LM-511. After cell adhesion to substratum, mAb 87207 was added to culture medium. After another hour, cell movements were monitored
for 4 h. Cell motility was evaluated by velocity as described above.

FIGURE 6. Adhesion and migration of A549 lung adenocarcinoma cells expressing Lu/B-CAM on LM-511. A, expression levels of Lu/B-CAM (solid lines) in
A549 cells. The gray area indicates the negative control. B, immunoblot analysis of Lu/B-CAM. A549 cell lysate was precipitated with anti Lu/B-CAM mAb
(BRIC221). Precipitates were treated with (right lane) or without (left lane) glycopeptidase F (GPF), separated on a 10% gel under reducing conditions, and
immunoblotted with an anti-Lu/B-CAM polyclonal antiserum. Lu and B-CAM migrated at 64 kDa and 60 kDa, respectively. Molecular mass standards are
indicated. C, effects of mAb 87207 on adhesion of A549 cells to LM-511 and LM-332. A549 cells preincubated with mAb 87207 or/and function-blocking
antibodies against the indicated integrin were added to LM-511 or LM-332-coated wells. After 30 min, the attached cells were stained and counted. Values are
expressed as percentages of the number of cells adhering in the absence of antibody. Each column represents the mean of triplicate assays. Bars show S.D.
*, p � 0.05 by Student’s t test. D, migration of A549 cells on LM-511. A549 cells were plated on dishes coated with LM-511 (0.8 nM), LM-332 (0.8 nM) or fibronectin
(40 nM). The cells were incubated with the indicated antibodies. Cell movements were tracked at 10-min intervals over a span of 8 h. Cell motility on LM-511 (left
panel), LM-332 (center panel), and fibronectin (right panel) was evaluated by velocity (micrometers/hour) as described above. *, p � 0.01 by Dunnett’s multiple
comparison test.
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ing to laminin �5. Therefore, we hypothesized that the prefer-
ential binding of integrin �3�1 to laminin �5 causes a flattened
cell shape with stable adhesion and impaired cell migration. To
investigate this, we used an antibody against integrin �1 (TS2/
16) that stimulates cell adhesion to extracellular matrix pro-
teins (26). TS2/16-stimulated A549 cells exhibited a decreased
cell migration velocity on LM-511 (Fig. 7A) and had a flat cell
shape similar to mAb 87207-treated cells (B and C). These
results indicate that weakened binding of integrin �3�1 to

laminin �5 induced a spindle cell shape with pseudopods and
promoted cell migration.
In Fig. 7D, we summarized the binding pattern of Lu/B-CAM

and integrin �3�1 to laminin �5 in the presence of antibodies.
The adhesion of A549 cells to the substrate is the first step
leading tomigration. Because integrin �3�1 is a primary recep-
tor for adhesion of A549 cells to LM-511, the integrin �3 inhib-
itory mAb P1B5 also leads to cell detachment and inhibits cell
migration. In addition, the stable cell adhesion in the presence

FIGURE 7. Inhibitory effects of an activating integrin �1 mAb on cell migration and pseudopod elongation. A, migration of A549 cells on LM-511 in the
presence of anti-integrin �1 (6S6 (inhibitory) and TS2/16 (activating)) and/or Lu/B-CAM (87207) mAbs. A549 cells were plated on dishes coated with LM-511 (0.8
nM). After cells adhered, the antibodies were added to the medium. Cell motility was evaluated by velocity (micrometers/hour) as described above. mAbs 87207
and TS2/16 slowed migration. B, morphology of A549 cells on LM-511. The cells were plated on dishes coated with LM-511 (0.8 nM). After cells adhered, they
were incubated in the absence (top panel) or presence of mAb 87207 (center panel), and TS2/16 (bottom panel) mAbs. After another hour, the images of the
stained cells were captured by charge-coupled device camera. C, quantification of cell morphology. The square area with (b) or without (a) pseudopods was
measured as described above. Bars indicate means. *, p � 0.05 by Dunnett’s multiple comparison test. Like mAb 87207, integrin-activating mAb TS2/16
inhibited not only pseudopod elongation but also migration on LM-511. D, summary of the adhesion and migration of A549 cells on LM-511 in the presence
of the different antibodies. Cell adhesions are shown as follows: ����, robust adhesion; ���, stable adhesion; ��, weakened stable adhesion; �, weak
adhesion; �, weak or no adhesion. Cell migrations are shown as follows: �, promoted velocity of cells more than that on fibronectin; �, comparable with
velocity of cells on fibronectin. U, competitive binding of Lu/B-CAM and integrin �3�1 to laminin �5.
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of mAbs 87207 or TS2/16 also inhibits cell migration. These
results suggest thatweakened cell adhesion is required forA549
cell migration on LM-511. The negative effect of mAb P1B5 is
partially cancelled in the presence of mAb 87207, indicating
that Lu/B-CAM competitively inhibits the binding of integrin
�3�1. On the basis of all of these results, we conclude that the
preferential binding of Lu/B-CAM to laminin �5 leads to only
modulate cell adhesion, thus allowing cell migration.
A Possible Compensation in Lu/B-CAM-deficient Mice—Be-

cause Lu/B-CAM is a specific receptor for laminin �5, any
defects in mice lacking Lu/B-CAM could phenocopy those in
Lama5-null mice, or, on the basis of the results presented here,
might result from enhanced binding of integrin �3�1 to
laminin�5. However, althoughmice lacking Lu/B-CAMexhib-
ited minor defects in kidney and intestine, they were healthy
and developed normally (31). We also produced mice lacking
Lu/B-CAM (28) and examined the expression of integrin �3�1
in embryos. As shown in Fig. 8, in wild-type epidermis, integrin
�3�1 was concentrated along with Lu/B-CAM at the basal cell
surface adjacent to the epidermal basement membrane. In
Lu/B-CAM knockout mice, integrin �3�1 exhibited a more
basolateral localization. Therefore, the lack of Lu/B-CAMfunc-
tionmay be compensated by a shift of integrin �3�1 away from
the basal cell surface.

DISCUSSION

In our previous study we showed that Lu/B-CAM and integ-
rin �3�1 competitively bind to the LG domain of laminin �5
(Fig. 9A). On the basis of these results, we investigated the
mechanisms of cell adhesion and migration on LM-511. Using
an activating antibody to integrin �1, we determined that the
high-affinity formof integrin�3�1 occupied the binding site on
laminin �5 (Fig. 9B). In addition, Lu/B-CAM competed with a
low-affinity form of integrin �3�1 for binding laminin �5.
Overexpression of Lu/B-CAM in human fibrosarcoma cells led
them to adopt a spindle cell shape with elongated pseudopods
whenplated onLM-511.On the other hand, control cells exhib-
ited a flattened cell shape with lamellipodia. Consistent with
these morphological distinctions, Lu/B-CAM suppressed cell
adhesion to LM-511. It is unlikely that the binding of Lu/B-
CAMto laminin�5 triggers an intercellular cascade to promote

cell adhesion. Therefore, we conclude that the binding of Lu/B-
CAM acts to disturb integrin-mediated cell attachment to
laminin �5 rather than to promote cell anchoring.
The attachment of control HT1080 cells to LM-511 was

inhibited by the combination of anti-�3 and -�6 integrin anti-
bodies or anti-�1 integrin antibody, as described in our previ-
ous study (16). However, here the inhibition was incomplete,
perhaps because we used a trypsin-free detachment method
that prevented integrin damage. On the other hand, the com-
bination of anti-integrin �3 and �6 or �1 mAb(s) completely
inhibited the attachment of Lu/B-CAM transfectants to
LM-511. This result shows that the binding of Lu/B-CAMaddi-
tionally inhibits cell adhesion to LM-511 in the presence of
integrin antibodies. Therefore, becausemAb87207 blocked the
additional inhibition of Lu/B-CAM binding, the cell adhesion
to LM-511 was partially restored in the presence of integrin-
blocking antibodies. This indicates that when Lu/B-CAMbinds
to laminin �5, it inhibits cell adhesion through integrins. In
addition, the attachment of A549 cells to LM-511 was inhibited
bymAbs to integrin�3 and�1 but not to�6, as described in our
previous study (15). The inhibitory effect of anti-integrin �3
mAb was slightly impaired by mAb 87207. Overexpression of
Lu/B-CAM led to weak attachment to LM-511 and a spindle
cell shape. Because Lu/B-CAMand integrins compete for bind-

FIGURE 8. The localization of integrin �3 in Lu/B-CAM-deficient mice. Fro-
zen sections of embryonic skin were stained with antibodies to Lu/B-CAM (A
and B) and integrin �3 (C and D). Lu/B-CAM and integrin �3 were localized
mainly to the basal cell surface in wild-type tissue (arrows). Integrin �3 was
also observed at the basolateral region in Lu/B-CAM deficient cells
(arrowheads).

FIGURE 9. Schematic of the role of Lu/B-CAM in cell adhesion to and
migration on LM-511. A, competitive binding between Lu/B-CAM and integ-
rin �3�1 (low affinity) for laminin �5. Our previous study showed that the
binding sites for Lu/B-CAM and integrin �3�1 are within the LG1–3 module of
laminin �5 (26). B, preferential binding of integrin �3�1 (high affinity) to
laminin �5. When integrin �3�1 occupies the binding site on laminin �5,
Lu/B-CAM cannot bind to it. C, preferential binding of integrins to laminin �5
stimulates cascades to promote cell adhesion and maintains the non-migra-
tory state with a flattered cell shape (left). The binding of Lu/B-CAM to laminin
�5 leads to a cell morphology with pseudopods and promotes cell migration
(center left and center right). Preferential binding of Lu/B-CAM to laminin �5
leads to weak cell adhesion or detachment (right). Cell adhesion is indicated
as follows: ���, stable adhesion; ��, weakened stable adhesion; �, weak
adhesion; �, weak or no adhesion. Cell migration is indicated as follows: �,
promoted cell migration; �, reduced cell migration. U, competitive binding of
Lu/B-CAM and integrin �3�1 to laminin �5.
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ing to laminin �5, we conclude that the binding of Lu/B-CAM
to laminin �5 disturbs cell adhesion through integrins.
Gu et al. (13) showed that LM-511 promotes migration of

A549 cells via integrin �3�1. As in that study, we found that
migration of A549 cells on LM-511 was inhibited by anti-integ-
rin�3mAb.However, although anti-integrin�1mAb inhibited
cell adhesion to LM-511, the antibody had no inhibitory effects
on cellmigration. Because anti-integrin�1mAb reactswith not
only integrin�3�1 but also all integrins containing�1, the anti-
body may be less effective on cell migration through integrin
�3�1. mAb 87207 also inhibited migration of A549 cells on
LM-511, but it did not cancel the inhibitory effect of anti-integ-
rin �3 mAb on the migration of A549 cells. This indicates that
integrin �3�1, rather than Lu/B-CAM, plays a pivotal role in
the migration of A549 cells on LM-511. Meanwhile an activat-
ing antibody against integrin �1, TS2/16, promoted cell adhe-
sion and a flattened cell shape on LM-511 and suppressed cell
migration, similar tomAb 87207. These results suggest that the
binding of integrin �3�1 to laminin �5 suppresses cell migra-
tion, and we conclude that weakened binding of integrin �3�1
is required for active cellmigration on LM-511. As summarized
in Fig. 9C, Lu/B-CAM is a receptor that modulates the binding
of integrin �3�1 to laminin �5 and indirectly promotes cell
migration.
Lu and B-CAM promote cell migration on LM-511 at com-

parable levels. The Arg573Lys574 motif in the shared cytoplas-
mic tail of Lu and B-CAM attaches to the spectrin cytoskeleton
and regulates cell adhesive activity (32, 33). A recent study
showed that a Lu/B-CAM-�II spectrin interaction impacts
actin organization in epithelial cells (34). This motif in Lu/B-
CAM may be involved in intracellular signaling that mediates
cell migration on LM-511. Because the cytoplasmic tail of Lu
carries an SH3 binding motif, a dileucine motif, and potential
phosphorylation sites, Lu has been investigated as a signaling
molecule (21). Protein kinase A phosphorylates Ser621 in the
cytoplasmic tail and stimulates adhesion of sickled red blood
cells to laminin under flow conditions (35). A constitutively
active JAK2 promotes Lu-mediated red cell adhesion through
the Rap1/Akt pathway (36). The abnormal adhesion of red
blood cells to laminin�5 is due to the Ser621 phosphorylation of
Lu/BCAM by the JAK2/Rap1/Akt pathway. These motifs may
regulate cell migration on LM-511 through the inside-out sig-
naling induced by mediators.
In Lu/B-CAM-deficient mice, the lack of Lu/B-CAM func-

tion seems to be compensated by a shift of integrin�3�1 from a
primarily basal location to the basolateral region. Of relevance
to this, a dileucine motif at 608–609 in the cytoplasmic tail
of Lu mediates basolateral sorting of Lu in epithelial cells
(37). Thus, in addition to the competitive binding of Lu/B-
CAM and integrins to laminin �5, the basolateral sorting of
the receptors is a possible mechanism for modulating cell-
matrix interactions.
Inmultiple steps of invasion andmetastasis, tumor cellsmust

adhere to andmigrate through basement membranes. Laminin
�5 is a major component of basement membranes and stably
anchors normal epithelial cells in vivo. In contrast, several stud-
ies have shown that laminin�5 promotes not only cell adhesion
but also tumor cell migration. Thus, laminin �5 can be viewed

as a double-edged molecule in normal and tumor cells. This is
because tumor cells that arise from sequential genetic muta-
tions could have an altered pattern of cell surface molecule
expression, including laminin receptors. In this study we
showed that the preferential binding of Lu/B-CAM to laminin
�5 plays a crucial role in tumor cell migration. Therefore, in the
future it will be necessary to clarify themechanismsmodulating
expression of Lu/B-CAM in tumor cells.We also showed that a
function-blocking antibody against Lu/B-CAM effectively
inhibits cell migration of lung carcinoma cells on LM-511. The
antibody could be useful for developing biological drugs to
inhibit tumor invasion and metastasis.
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