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ABSTRACT

Chemotaxis of the M27 variant of Lewis lung carcinoma to VGVAPG,
an elastin-derived chemoattractant, is restricted by the basement mem

brane glycoprotein laminin. Laminin does not inhibit random migration
of M27 tumor cells, nor does it inhibit M27 cell Chemotaxis to a second
chemotactic peptide, fMLF. The laminin sensitivity of VGVAPG chemo-

taxis appears to be independent of adhesion lo laminin, and it is not due
to competitive inhibition of VGVAPG receptor binding. Preincubation of
M27 cells with laminin reduces the affinity of VGVAPG-specific binding

without altering the number of available VGVAPG receptors. Reduced
VGVAPG receptor affinity was previously observed: (a) a nonresponsive
Lewis lung carcinoma variant, H59, expresses low-affinity VGVAPG bind
ing and (ft) maintenance of high-affinity VGVAPG receptors on M27

tumor cells is correlated with elevated protein kinase C activity in the
particulate cell fraction (C. H. Blood and B. R. Zetter, J. Biol. Chem., 264:
10614-10620, 1989). The negative regulation of VGVAPG chemolaxis by

laminin is consistent with these observations: laminin coordinately inhib
its VGVAPG Chemotaxis, reduces VGVAPG receptor affinity, and de
creases protein kinase C activity in the particulate fraction of M27 cells.
These parameters are not affected by a second glycoprotein, fibronectin.
Ynli-iv,, antibodies neutralize the laminin inhibition of both VGVAPG

Chemotaxis and protein kinase C activity. The results demonstrate that
laminin can modulate cell behavior by regulating cell surface receptors for
biologically active ligands.

INTRODUCTION

Migration and proliferation of nonleukocytic cells are processes
that are under strict control for proper tissue reorganization during
development and tissue repair, and deviations in these controls lead to
disease processes. The biochemical nature of these controls are un
certain, but the profound effects of extracellular matrix components on
cellular behavior implicate matrix proteins as important effectors in
such fundamental control mechanisms ( 1-3). Extracellular matrix pro

teins, such as laminin. fibronectin, and collagens, that act as adhesion
proteins may exert regulatory functions through the cytoskeleton,
which subsequently affects cell shape and the distribution of cell
surface cytokine receptors (4. 5). Alternatively, cell surface receptors
that bind extracellular matrix components may themselves transmit
signals that modify the function of specific receptors for cytokines or
migration factors. In this case, regulation of biological responses by an
extracellular matrix molecule may be distinct from its ability to sup
port adhesion (6). The potential for direct signaling by extracellular
matrix receptors has been demonstrated by Saffell et al. (7), who
showed that CAM'-induced differentiation involves a second-messen

ger pathway after CAM binding that appears to be more critical than
CAM-dependent adhesion for neurite outgrowth.

Identification of the biochemical events subsequent to extracellular
matrix proteinireceptor binding is confused by the fact that several
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binding proteins for each specific extracellular matrix protein may be
expressed simultaneously on the cell surface. For example, cell sur
face receptors for the basement membrane glycoprotein laminin in
clude several integrins, various non-integrin proteins, lectins, and

sulfated polysaccharides (8, 9). Laminin is a very large molecule with
multiple functional domains; therefore, interaction with multiple
classes of cell surface laminin-binding proteins is not surprising.

Whereas the cell adhesion function of laminin is well established,
laminin also has domains with nonadhesive functions. Interestingly,
this molecule has the potential to simultaneously exhibit both adhe
sion-dependent and adhesion-independent controls on cellular behav

ior.
Defective signaling of growth factor receptors is frequently asso

ciated with increased proliferation of tumors. Like growth factor-

induced proliferation, tumor cell chemotaxis is mediated by cell sur
face receptors that bind the effector (10-12). Despite the fact that

invasive, highly malignant tumor cells are excessively chemotactic to
diverse molecules that do not normally serve as chemoattractants (13),
very little is known about tumor cell-signaling mechanisms for

chemoattractants. The diversity of malignant cell chemoattractants
implicates defective chemotactic signaling as a potential malignancy-

associated trait.
Many tumor cell chemoattractants simultaneously promote at least

two distinct types of cellular migration, which may be differentiated in
vitro by checkerboard analysis of the induced migration (14): (a)
random cell motility (chemokinesis) and (b) directional cell migration
toward a positive concentration gradient of the chemoattractant
(chemotaxis). The dual effect indicates multiple consequences upon
binding of a single chemoattractant to its receptor, perhaps through
distinct signaling mechanisms. Differences in the G-protein sensitivity

of tumor cell signaling for chemotaxis versus haptotaxis (migration in
response to positive gradients of adhesion protein) have been de
scribed (15).

The repeating elastin sequence VGVAPG is unusual in that it stim
ulates only chemotaxis without apparent alteration of random cell
motility (16, 17). This property of VGVAPG permits targeted evalu
ation of signaling mechanisms for chemically induced directional
migration, in the absence of signals which may enhance random
migration. VGVAPG is a potent chemotaxin for a variety of cell types
including elastin-producing fibroblasts and for monocytes. endothelial

cells, and certain tumor cells (18, 19). We have previously identified
an M, 59,(X)0 tumor cell surface-binding protein for VGVAPG on a

metastatic subline of Lewis lung carcinoma, M27, which is highly
responsive to the peptide ( 16). A second subline, H59. which does not
respond to the elastin peptide, expresses VGVAPG-binding sites but

with lower affinities for VGVAPG. The affinity of VGVAPG receptors
and chemotactic responsiveness of both tumor cell lines can be coor
dinately modulated by altering protein kinase C activity in the partic
ulate fraction of cells by treatment with phorbol esters or the protein
kinase C inhibitor staurosporine (20).

We now report that both VGVAPG-induced chemotaxis and

VGVAPG receptor affinity of M27 tumor cells are regulated by sol
uble laminin. Evidence is provided in support of a mechanism
whereby laminin modifies VGVAPG sensitivity in these tumor cells
through reduction of the constitutively elevated levels of protein ki-
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nase C activity in the paniculate fraction. This information extends a
previously described mechanism for VGVAPG chemotactic regulation
to include laminin, an endogenous physiological regulator. By using
neutralizing antibodies, we demonstrate that laminin exerts this trans
negative regulation of the VGVAPG chemotaxis receptor through the
luminin-binding Â¡ntegrina,, subunit. The results of the study support

a direct role for an extracellular matrix protein and an integrin in
modifying the response of tumor cells to chemotactic signals.

MATERIALS AND METHODS

Tumor Cell Culture. The M27 subline of murine Lewis lung carcinoma,
selected in vivo from a metastatic lung colony after s.c. inoculation of 3LL
Lewis lung carcinoma, was provided by Dr. Pnina Brodi. McGill University,
Montreal. Canada, and tumor cells were cultured as prescribed (21 ). M27 cells
were periodically cultured from s.c. tumors formed subsequent to s.c. injection
of 5 X 10' M27 cells in C57BL/6 mice. All studies were performed on M27

cells that had been subcultured < 10 times with 0.05% trypsin-0.53 mvi EDTA.
Synthetic Peptides and Antibodies. The elastin-derived chemoattractant

VGVAPG and the chemotactic peptide fLMF were purchased from Sigma
Chemical Co. The purity of the VGVAPG peptide exceeded 95% by reversed
phase chromatography on a C8 column (Rainin Instrumenls. Woburn. MA).
The tyrosinated analogue of VGVAPG. Y-VGVAPG. which was used for

radioiodination. was custom synthesized (OCS Laboratories. DentÃ³n,TX). The
laminin peptides YIGSR and IKVAV were kindly provided by Dr. Hynda

Kleinman. National Institutes of Health.
Anli-p59 polyclonal antibodies were raised in New Zealand rabbits, which

were immuni/.ed and boosted with gel slices containing the Mr 59,000
VGVAPG-binding protein from M27 cells. The IgG fraction was purified from

immune serum for the studies presented here. Polyclonal antibodies against the
bovine M, 67,(XX) laminin/elastin receptor were provided by Dr. Robert Me-
cham. Washington University Medical Center. St. Louis. MO. and rat anti-a6

monoclonal antibodies were purchased from Chemicon Corp. (Temecula, CA).
Migration Assays. Tumor cell migration was evaluated by a modification

(16) of the method of Boyden (22). using 48-multiwell chemotaxis chambers

(Neuroprobe. Inc.. Cabin John. MD). Dilutions of chemotactic peptide were
placed in lower compartments of the chamber and covered with an 8-pm
porosity, 25- X 80-mm polycarbonate membrane filter (Nucleopore Corp..

Pleasanton. CA). which had been previously coated with the adhesion protein
fibronectin. unless otherwise indicated. Membrane filters were coated by sub
merging filters in 15 ml Dulbecco's phosphale-buffered saline containing 100

ug human fibronectin (Cooper BiomÃ©dical.Inc.. Malvem, PA), murine laminin
(Advanced Biotechnologies, Inc., Columbia. MD). or murine type IV collagen
(Collaborative Research. Bedford, MA) for 30 min at room temperature. Sub-

confluent (2 days postpassage) M27 cells were harvested with 0.2% EDTA in
phosphate-buffered saline without calcium and magnesium, washed with se
rum-free medium, and resuspended in serum-free medium for the chemotaxis

assay; aliquots of 50 ul containing 5000 cells were placed in the upper wells
of the chamber, and the apparatus was incubated at 37Â°Cfor 3 h. Chambers

were disassembled after incubation, and cells adhering to the upper surface of
the filter were removed with a rubber squeegee. Cells that had migrated to the
lower surface of the filter were fixed in neutral buffered 10% formalin and
stained overnight with nuclear fast red. Tumor cells that had migrated across
the filter in each microwell were counted at x 100 magnification under bright-

field illumination. Chemotactic response was defined as the number of cells
which traversed the filter in response to VGVAPG minus the number of cells
migrating in the absence of the chemoattractant.

Radioligand-binding Analysis. The preparation of radiolabeled YVG-

VAPG and description of the method for measurement of chemotactic
peptide binding to M27 cells have been described in detail (16, 20).
Briefly. YVGVAPG was iodinated using the Chloramine-T method and
i:Ãi-YVGVAPG was separated from unincorporated iodine by aniÃ³nexchange

chromatography and subsequent reversed phase high-performance liquid chro

matography. This procedure yielded a radioiodinated ligand with specific ac
tivity of approximately 110 Ci/mmol. Chemotactic activities of YVGVAPG
before and after iodination of the tyrosine residue are comparable to VGVAPG
in effective dose and in the magnitude of the M27 cell response elicited, and
VGVAPG effectively competes for radioligand binding (16). Specific binding

of 125I-YVGVAPG to viable M27 cells was determined in the presence or

absence of 5 ng VGVAPG.
Protein Kinase C Assays. Cells were removed from culture flasks with

0.2% EDTA in Dulbecco's phosphate-buffered saline without calcium and

magnesium, centrifuged at 800 X g, resuspended at 10'' cells/ml in Hanks'

balanced salt solution containing the indicated concentrations of test protein,
and incubated for 30 min at 37Â°C.After centrifugation, the cell pellets were

resuspended in 5 ml of a solution containing 20 HIMTris (pH 7.51-0.25 M
sucrose-2 ITIMEDTA-2 HIMethyleneglycol bis(ÃŸ-aminoethyl ether1-N,N,N',N'-

tetraacetic acid-2 ITIMdithiothreitol-1 HIM phenylmethylsulfonyl fluoride-0.
01% soybean trypsin inhibitor-().()l% leupeptin. The cell suspensions were

transferred to a Dounce homogenizer, and cells were disrupted with 20 strokes
with a B pestel. The homogenate was collected and the Dounce was washed
two times with 5 ml extraction buffer, resulting in a total homogenate volume
of 15 ml. The homogenate was separated into cytosolic and paniculate frac
tions by centrifugation at 100,000 X g for 1 h. The paniculate fraction was
extracted with 0.5% (w/v) Triton X-100. Protein concentrations of cytosolic

and extracted paniculate fractions were estimated using the bicinchoninic acid
protein assay reagent (Pierce Chemical Co.. Rockville, IL), with titration
against a standard curve determined using bovine serum albumin.

Protein kinase C activity was measured using a previously described pro
cedure (23) as the increase in incorporation of *2P from [y-l:P]ATP into

histone III-S with the addition of phosphatidylserine and diolein to the assay
butter. Calcium-independent 12P incorporation was measured in the presence
of 2 imi ethyleneglycol bis(ÃŸ-aminoethyl ether)-Af.A',/V'.A/'-tetraacetic acid in

the assay buffer. Detergem-solubilized paniculate fractions were assayed in
10-ul (10-20 |jg) aliquots, and protein kinase C activity was expressed as
units/mg protein ( I unit = I pmol radioactive phosphate transferred to histone/

min).

RESULTS

M27 Cell Chemotaxis to VGVAPG Is Sensitive to Laminin.
Tumor cells vary widely in their abilities to adhere to extracellular
matrix proteins, and this parameter may influence the motility of the
tumor cell on the respective substrate. Because M27 tumor cells
adhere to several purified extracellular matrix proteins, we tested the
effects of the cell adhesion proteins fibronectin, laminin. and collagen
IV on chemotaxis of M27 cells to VGVAPG. Random migration of
M27 cells in wells with no chemoattractant was. in fact, dependent on
the protein used to coat the filter barriers (Fig. 1). The lowest random
migration was observed on uncoated filters, while the laminin-coated

substrate provided maximal random migration of these cells. In con
trast, the chemotactic response to VGVAPG (the difference between
cell migration in VGVAPG-stimulaled and unstimulated wells) was
maximal on fibronectin-coated filters. Despite the increase in random
cell motility on laminin-coated filters, no chemotactic response of

M27 cells to VGVAPG was observed on the laminin substrate.

1000

Fibronectin EZ Collagen Laminin

Fig. I. Effect of various adhesion proteins on M27 cell chemotaxis to VGVAPG.
Migration assays were performed using uncoated polycarbonate membrane filters or filters
coated with 100 ug fibronectin. type IV collagen, or laminin. Migration is expressed as the
total number of M27 cells that migrated across ine filter during a 3-h incubation period in
response to medium alone (open columns} or to medium containing IO~HM VGVAPG

(closed columns). Data are representative of 3 independent assays (columns, means; bars.
Â±SD;n = 6).
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To determine whether the loss of VGVAPG chemotaxis on laminin
substrates was due to a cell adhesion-dependent mechanism,
VGVAPG chemotaxis was evaluated on fibronectin-coated filters with

low concentrations of soluble laminin included in the cell compart
ment. As shown in Fig. 2. the effects of the laminin substrate on
random migration and VGVAPG-induced chemotaxis were duplicated
on fibronectin-coated filters with the inclusion of 10 nMsoluble lami

nin. The solubilized laminin increased M27 cell random migration but
abolished the strong VGVAPG chemotaxis normally observed for
these cells on fibronectin substrates. The difference between unstim-
ulated migration (open column} and the VGVAPG-stimulated migra

tion (stippled column} was not significant in the presence of laminin,
resulting in no measurable chemotaxis. Moreover, soluble laminin
specifically inhibited VGVAPG-induced chemotaxis, rather than gen

eral chemotactic or motility mechanisms, since the M27 cells retained
their chemotactic response to a second chemoattractant. fMLF. in the
presence of laminin. Inhibition of chemotaxis to VGVAPG was de
pendent on the dose of soluble laminin included in the cell compart
ment (Fig. 3). Appreciable reduction of the M27 chemotactic response
to VGVAPG was observed at extremely low concentrations of lami
nin, in the lO^'-lO"1" M range, and the 50% inhibition dose was
calculated from the dose-response curve to be 8 X 10~12 M laminin.
Complete inhibition of VGVAPG chemotaxis was achieved with IO"9

Mlaminin. Addition of 0.5% bovine serum albumin to the system did
not reverse the laminin effect, suggesting that laminin inhibition of
VGVAPG chemotaxis was not dependent on M27 cell adhesion to
soluble laminin coating the chemotaxis filter during the migration
assay.

Laminin Modulates VGVAPG Receptor Affinity. The amino
acid sequence VGVAPG is repetitive in the elastin molecule but is not
contained in the laminin primary sequence. Laminin does, however,
contain some hydrophobic stretches in its primary structure (24) that
might compete directly with the chemoattractant VGVAPG for bind
ing to its receptor on M27 tumor cells. Ligand competition for binding
to VGVAPG receptors could account for the observed laminin inhi
bition of VGVAPG chemotaxis. To test this possibility, excess con
centrations of laminin, fibronectin, and bovine serum albumin were
included in radioligand-binding assays, and the abilities of these pro
teins to effectively compete for binding of I25I-YVGVAPG to M27

cells were determined. Table 1 shows that approximately 46% of the
total 125I-YVGVAPG bound to M27 cells was bound specifically at

Laminin
Fig. 2. Soluble laminili inhibits M27 cell chemolaxis to VGVAPG bu! noi lo fMLF.

Control M27 cells or M27 cells plus IO~MM luminin were added to upper wells of

chemotaxis chambers containing fibroneclin-coated filters. Lower compartments of the
chambers contained either medium alone (open columns). IO"* M VGVAPG (slippleil
column*), or 10~* M fMLF (closed columns). Columns (bars, Â±SD), mean numbers of

cells that traversed the filter during a 3-h incubation; n = 8.

10
Laminin, M

10

Fig. 3. Concentration dependence of soluble laminin inhibition of VGVAPG-induced
M27 cell chemotaxis. The indicated concentrations of soluble laminin were included with
M27 cells in upper compartments of migration chambers; lower wells contained medium
alone or I0~* MVGVAPG. The membrane filter was coated with 100 ug fihroneclin as the

adhesion substrate. Chemotaxis was defined as the mean number of cells that traversed the
filter in VGVAPG wells minus the number of cells in control wells for each laminin
concentration. Data are expressed as percentages of M27 cell chemolaxis observed in the
absence of soluble laminin. Point, mean; bar. Â±SD;n = 10-12.

Table I Competitive inhibition of I25I-YVGVAPG binding lo M27 cells

125I-YVGVAPG (3(X).(XX)cpnVml) was incubated at 4Â°Cwith 500.000 M27 cells for

45 min in the presence of the indicated concentration of competitors. Values are the means
Â±SD of triplicate determinations.

Competitor(concentration)0

VGVAPG (5 ug/ml)
Laminin ( 10 ug/ml)
Fibronectin (10 ug/m!)
Bovine serum albumin (10 ug/ml)
Elastin digest (10 ug/ml)
fMLF(10~5M)'25I-YVGVAPGBound

(cpm)19,430

Â±1,527
10.590 Â±q851
18.781 Â±1.076
17.395 Â±1.293
17.442 Â±1.192
12.070 Â±154
I9,077Â±1,958

the radioligand concentration used, as determined by the radioactivity
displaced by excess unlabeled VGVAPG. This value is comparable to
the percentage of specific binding previously reported for VGVAPG-
binding assays to M27 cells (16). The total '"I-YVGVAPG bound to

M27 cells was not reduced by excess laminin. fibronectin. or bovine
serum albumin, indicating that these proteins do not competitively
block the VGVAPG-binding site on M27 cell VGVAPG receptors.

VGVAPG binding to M27 cells was, however, blocked by an elastase
digest of insoluble elastin. In addition, the chemotactic peptide fMLF
did not compete for radioligand binding, which indicates distinct cell
surface-binding sites for fMLF and VGVAPG on M27 cells.

An alternative mechanism for laminin inhibition of VGVAPG
chemotaxis would be through modulation of VGVAPG receptors on
the tumor cell surface. We previously showed that VGVAPG chemo
taxis of the two Lewis lung carcinoma sublines M27 and H59 is
dependent on a high affinity, or activated. VGVAPG receptor state
(20). Nonresponsive H59 cells, for example, retain the ability to
specifically bind I25I-YVGVAPG in radioligand assays but at a re

duced binding affinity. In consideration of this relationship, we deter
mined whether or not laminin might interfere with VGVAPG respon
siveness of M27 cells by affecting the affinity state of the receptor.
Radioligand-binding assays were performed on M27 cells that had
been preincubated with 10~KMlaminin. Scatchard plots of the binding

of I2SI-YVGVAPG to laminin-treated and control M27 cells are

shown in Fig. 4. Incubation of M27 cells with soluble laminin effec
tively reduced the affinity of l25I-YVGVAPG-specific binding from

2.7 (range, 1.22-3.2 nM) to 39 nM (range. 19-54 nM). However, the
number of cell surface-binding sites was unchanged by laminin incu
bation (control = 57,209; laminin-treated = 55,486; SD < 5%).
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S 0.01

0123
I '"ij â€¢¿�YVGVAPG. ng/ml

Fig. 4. Binding of '"I-YVGVAPG to M27 cells and laminin-trealed M27 cells. M27
cells (â€¢)or M27 cells treated with IO"* Mlaminin (O) were incubated for 45 min at 4Â°C

with the indicated concentration of radioligand in the presence or absence of 5 ug
unlabeled VGVAPG. In A. each point represents the mean specific binding of radiolabeled
peptide (SD < 10%, n = 4). In B. the ratio of specifically bound to unbound ligand was

calculated and plotted as a function of specific binding. The plot is representative of the
results of 4 independent experiments for each cell type.

800

not reverse the laminin block on VGVAPG chemotaxis. The antibod
ies generated against the M27 cell M, 59,000 VGVAPG receptor
inhibited VGVAPG chemotaxis, while neither anti-a6 nor anti-Af,

67,000 antibodies neutralized the chemotactic response of these cells
to VGVAPG. The inability of anti-A/r 67,000 IgG to affect laminin

inhibition of VGVAPG chemotaxis also demonstrated that the reversal
by anti-a6 antibodies was not a general effect of immunoglobulins in
the test system. The anti-a6 reagent did not appear to affect M27 cell
adhesion to the fibronectin-coated chemotaxis filters, because M27
cell migration in anti-a,,-containing wells was identical with migration

in control wells.
Expression of the integrin a,, subunit by M27 cells and its recog

nition by the anti-a,, antibody used for the chemotaxis studies were

confirmed by a Western blot of M27 cell extracts (Fig. 6). A single
protein of approximately M,. 120,000 was recognized in M27 cell
extracts, and this band corresponded to the a,, band observed in
human platelet extracts. Anti-a6 antibodies ( 1:250 dilution) incubated
with suspended M27 cells block only 29% of ['H]laminin binding, at

1 nin laminin concentrations (data not shown). This is suggestive that
other laminin-binding proteins on these cells may retain laminin in
teractions in the presence of anti-a(v The combined results from Figs.

5 and 6 indicate that laminin regulation of VGVAPG chemotaxis is
mediated by specific molecular interactions between a distinct laminin
epitope and the a6 expressed on the surface of M27 tumor cells.

Effect of I auiitiiiKd,, on Protein Kinase C Activity. Laminin
treatment of M27 cells reduces VGVAPG receptor affinity and inhibits
VGVAPG chemotaxis. This laminin effect is similar to a previously
described VGVAPG regulatory mechanism observed for M27 cells
treated with protein kinase modulators (20). Protein kinase C activity
in the paniculate fraction of M27 cells is associated with the active,
high-affinity state of VGVAPG receptors, and M27 VGVAPG recep

tors could be inactivated by treatment with staurosporine, a protein
kinase C inhibitor. To test the potential involvement of protein kinase
C in laminin-induced desensitization of M27 cell VGVAPG receptors,

the levels of protein kinase C activity in paniculate fractions of M27
cells treated with laminin or fibronectin were determined. As shown in
Fig. 7, preincubation of M27 cells with exogenous laminin decreased
membrane-bound protein kinase C activity in a dose-dependent man

ner. No such reduction was observed for cells treated with fibronectin.
Maximal reduction in protein kinase C activity was obtained with

Fig. 5. Effects of neutralizing antibodies to laminin-binding proteins and VGVAPG
receptors on VGVAPG chemotaxis. Control M27 cells (open columna) or M27 cells plus
IO~KM laminin (closed columns) were added to upper wells of chemotaxis chambers, in

the presence of (A) no antibodies, (ÃŸ)anti-Mr 59.000 VGVAPG receptor IgG (25 ug/ml).
(C) anti-M, 67.Ã•XK)laminin/elastin receptor IgG (10 ug/ml), or (D) anti-integrin Â«(,

subunit IgG ( I ug/ml. 1:250 dilution). Migration filters were fibronectin coated, and the
lower compartments of the chambers contained 5 X 10~y M VGVAPG. Column, mean

number of cells that traversed the filter during a 3-h incubation; har. Â±SD;n = 6. The

number of cells that migrated in the absence of VGVAPG stimulation have been subtracted
for each condition.

Luminili:Â«,, Interaction in VGVAPG Chemotaxis Regulation.
M27 tumor cells express several laminin-binding proteins on their
surfaces, including the non-integrin M, 67,000 laminin receptor, as
demonstrated by laminin-Sepharose affinity chromatography (data not
shown). The laminin:laminin-binding protein interactions involved in
laminin-induced desensitization of VGVAPG chemotaxis receptors

were probed by evaluating the effects of biologically active laminin
peptides and specific antibodies to selected laminin-binding proteins

on M27 cells. Neither laminin peptide YIGSR nor IKVAV could
substitute for laminin as inhibitors of VGVAPG chemotaxis. Laminin
inhibition of chemotaxis to VGVAPG was, however, neutralized by a
monoclonal antibody to the laminin-binding integrin a6 subunit (Fig.

5). In contrast, antibodies to the Mr 67,000 laminin/elastin receptor did

2664
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Fig. 6. Cross-reactivity of anti-human platelet a<, antibodies with the aft on murine

M27 tumor cells. Freshly isolated human platelets M lanes) or M27 tumor cells (B lanes]
were fractionated by 4-20^ gradient sodium dodecyl sulfate-polyacrylamide gel eleclro-

phoresis and transferred to nitrocellulose membranes. Blots were incubated overnight with
anti-aft antibodies (1:250 dilution) and developed. Lane C, prestained Mr markers:

200.Ã•XX).97,400. 69.000. 46,000. 30.000, 21.500. 14,300.
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IO'" IO'10 10'9

Matrix Protein, M
Fig. 7. Effects of laminin and fibrnnectin on M27 cell protein kinase C activity. M27

cells were exposed to the indicated concentration of laminin or fibronectin for 30 min prior
to disruption and separation into soluble and paniculate fractions. Protein kinase C activity
in Triton-solubili/ed paniculate fractions from latninin-treated (â€¢)or t bronectin-treated
(O) M27 cells and the soluble, cytosolic fraction from laminin-lrea

indicated. Activity of protein kinase C was measured for each condii
incorporation of |y-(2P|ATP into histone lll-S substrate, and the radioact

in the absence of calcium and phospholipid has been subtracted. Ptnnt

ed cells (A) are
on as the rate of
vity incorporated
. mean results of

2 independent protein kinase C assays, in triplicate, on 2 separate cell extraction series <SD
< 5*).

Table 2 Anti-no antihtfJie* hlttck UwiÃ¹linrctluclion t>f[>nilt'in kimue C tiflirity
Protein kinase C activity was measured as described in "Materials and Methods." Data

are expressed as the mean values of ft determinations, and the variation for each condition
is indicated in parentheses.

Treatment
Protein kinase C activity

(Paniculate, units/mg protein) (7(of control

MediumI0~8
MlaminiliAmÂ¡-a6(l:250)I0~*

M Laminin + anii-aft (1:250)11321

34)219<
13)1074(1181897

( 72)100199579

10 l(>-10 9 M laminin, which reduced protein kinase C activity by

61%, to a level similar to that observed previously for the nonrespon
sive Lewis lung carcinoma variant. H59 cells (20). The various con
centrations of laminin did not alter the protein kinase C activity levels
of the cytosolic fractions of M27 cells.

Because anti-ah antibodies reversed the laminin inhibition of

VGVAPG chcmotaxis, we investigated whether these antibodies also
blocked the laminin-induced effect on membrane-bound protein ki
nase C activity. Table 2 shows that anti-a,, antibodies also neutralized

the inhibitory effects of laminin on protein kinase C activity in the
paniculate fraction of M27 cells. Results of the antibody study support
a regulatory mechanism whereby laminin inhibits VGVAPG chemo-

taxis of M27 tumor cells by coordinately inactivating VGVAPG re
ceptors and reducing the constitutively high levels of membrane-

bound protein kinase C activity in M27 tumor cells. Both laminin
effects are blocked by neutralizing anti-aâ€žantibodies.

DISCUSSION

The high-affinity state of VGVAPG receptors expressed on M27

tumor cells is essential for functional chemotaxis to VGVAPG (20).
M27 cell VGVAPG receptors are inactivated, through reduction of
VGVAPG receptor affinity rather than direct competition, by the
basement membrane glycoprotein laminin. The VGVAPG stimulation
of M27 cell migration is lost in the presence of laminin. but neither
M27 cell migration nor M27 cell chemolaxis to another chemoattrac-

tant fMLF is inhibited by laminin. The ability of soluble laminin to
alter the perception of VGVAPG chemotactic signals by M27 cells

supports an adhesion-independent mechanism. Laminin modulates
VGVAPG receptor-mediated chemotaxis cells through interaction
with the laminin-binding integrin subunit c*6.which is expressed by

M27 tumor cells.
Because laminin is a large, multifunctional glycoprotein and several

distinct cell surface laminin-binding proteins have been identified, it

was necessary to clarify the laminin:M27 cell interaction which me
diates the block on VGVAPG-induced chemotaxis. The bioactivities

of various internal sequences in the laminin molecule have been
described, including Y1GSR and IKVAV. which bind to non-integrin

laminin receptors such as the Mr 67.000 laminin receptor (2, 8).
However, synthetic peptides with these laminin sequences did not
substitute for intact laminin as inhibitors of VGVAPG chemotaxis.
The Mr 67.000 laminin receptor was initially suspected as the cell
surface moiety responsible for mediating the laminin inhibition of
VGVAPG chemotaxis. because this receptor can interact with both
laminin and VGVAPG in a competitive manner in melanoma cells and
auricular chondroblasts (24). However, the noncompetilive nature of
laminin and VGVAPG binding in our system, the low concentration of
laminin required to elicit a complete effect, and the lactose insensi-

tivity of both VGVAPG binding and the laminin block on VGVAPG
chemotaxis (data not shown) all indicated binding proteins other than
the M, 67.000 laminin/elastin receptor on M27 cells.

Because M27 cells also express a high-affinity VGVAPG-binding

protein of approximately Mr 59.000, we raised polyclonal antibodies
to this protein to evaluate its functions. These anti-p59 antibodies
effectively neutralized both I25I-YVGVAPG binding (data not shown)

and VGVAPG chemotaxis by M27 cells. A rat monoclonal antibody to
human platelet integrin subunit ah was very effective in reversing the
laminin effect on VGVAPG chemotaxis. without interfering with
VGVAPG chemotaxis. The species cross-reactivity of the anti-a6 an

tibodies was demonstrated functionally (in migration assays) and by
Western blotting. A role for the integrin Â«6subunit as the laminin-

binding protein responsible for negatively regulating M27 cell chemo
taxis to VGVAPG was also supported by the ability of anti-a6 anti

bodies to neutralize the reduction in paniculate protein kinase C
observed for M27 cells preincubated with laminin.

Inactivation of VGVAPG receptors by reduced binding affinity was
previously observed for staurosporine-treated M27 cells and the non-

responder tumor cell variant H59. both of which contain reduced
levels of protein kinase C in their paniculate fractions in comparison
to M27 cells (20). We have now obtained similar coordinate regulation
of VGVAPG chemotaxis. paniculate fraction protein kinase C activity
level, and VGVAPG receptor affinity by treatment of M27 tumor cells
with the basement membrane glycoprotein laminin. The protein ki
nase C family of isozymes are important and pivotal kinases that
mediate cellular responsiveness to a variety of extracellular signals by
regulating transmembrane signaling mechanisms (25). The role of
constitutively high levels of protein kinase C in the paniculate fraction
of cells is still unclear, but the condition has been noted for several
highly metastatic tumor lines including melanomas and Lewis lung
carcinomas treated with phorbol esters (20, 26. 27). The association of
protein kinase C with intracellular binding proteins has recently been
described (28), but whether protein kinase C binding proteins are
involved in promoting metastasis has not yet been determined.

Protein kinase C-activating phorbol esters are known to enhance the

adhesion of some cell types with laminin (29, 30), but an inverse
control of protein kinase C activity by laminin has not been, to our
knowledge, demonstrated. This relationship is intriguing, because it
may be critical for understanding the diversity of cellular functions
that are regulated by laminin, including growth, differentiation, po
larization, and motility. A link between laminin binding and changes
in intracellular kinase activity was established by Novak-Hofer and
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Thomas (31 ). who demonstrated that preincubation of cells with lami
niti can increase the activity of S6 kinase. This observation and our
data support a regulatory function for laminin, distinct from its adhe
sion protein role, in altering cellular phosphoproteins. There is also
evidence that some integrins may influence intracellular tyrosine ki-

nases (32, 33). Phosphorylation of protein receptors is a common
alteration to (a) modulate the responsiveness of receptors to their
ligands (34) or (b) induce conformational changes in receptors, which
affect binding characteristics for the ligands (35). It would be of
interest to determine the phosphorylation states of the active and
inactive VGVAPG receptors to further define a molecular pathway for
laminin regulation of these tumor cell surface receptors.

Although we have not directly identified the laminin domain re
sponsible for blocking VGVAPG chemotaxis. numerous investigators
(36, 37) have identified the laminin fragment E8 as the primary
laminin binding site for the integrin a6 subunit. Fragment E8, which
has an Mr of 280,000, contains most of the long arm of laminin and
potentially contains several biologically active domains. This laminin
fragment mediates adhesion and spreading of certain cells and pro
motes neunte outgrowth in vitro (38). In addition to a6 binding,
laminin fragment E8 can also interact with a cell surface galactosyl-

transferase (39). The specific interaction of E8 and a6 is required for
epithelial cell polarity during kidney tubule development (37). Our
observation of o^-mediated protein kinase C reduction raises the

possibility that other biological activities associated with laminin frag
ment E8 may share this regulatory mechanism with VGVAPG chemo
taxis.
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