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The multipotential cytokine transforming growth factor-b (TGF-b) is secreted in a latent
form. Latency results from the noncovalent association of TGF-b with its processed
propeptide dimer, called the latency-associated peptide (LAP); the complex of the two
proteins is termed the small latent complex. Disulfide bonding between LAP and latent
TGF-b–binding protein (LTBP) produces the most common form of latent TGF-b, the
large latent complex. The extracellular matrix (ECM) modulates the activity of TGF-b.
LTBP and the LAP propeptides of TGF-b (isoforms 1 and 3), like many ECM proteins,
contain the common integrin-binding sequence RGD. To increase our understanding of
latent TGF-b function in the ECM, we determined whether latent TGF-b1 interacts with
integrins. A549 cells adhered and spread on plastic coated with LAP, small latent
complex, and large latent complex but not on LTBP-coated plastic. Adhesion was blocked
by an RGD peptide, and cells were unable to attach to a mutant form of recombinant LAP
lacking the RGD sequence. Adhesion was also blocked by mAbs to integrin subunits av
and b1. We purified LAP-binding integrins from extracts of A549 cells using LAP bound
to Sepharose. avb1 eluted with EDTA. After purification in the presence of Mn21, a small
amount of avb5 was also detected. A549 cells migrated equally on fibronectin- and
LAP-coated surfaces; migration on LAP was avb1 dependent. These results establish
avb1 as a LAP-b1 receptor. Interactions between latent TGF-b and avb1 may localize
latent TGF-b to the surface of specific cells and may allow the TGF-b1 gene product to
initiate signals by both TGF-b receptor and integrin pathways.

INTRODUCTION

The transforming growth factor-bs (TGF-bs)1 are a
family of cytokines that affect cell proliferation, ex-
tracellular matrix (ECM) synthesis, integrin expres-

sion, immune function, and development (Mas-
sague, 1990). In mammals, three closely related
TGF-b isoforms exist: b1, 2, and 3. Each isoform is a
25-kDa homodimer derived from a precursor pro-
tein. TGF-b is usually released from cells in a latent
form that results from the continued extracellular
noncovalent association of TGF-b with latency-asso-
ciated peptide (LAP), which is a homodimer of the
processed TGF-b propeptide. TGF-b bound to LAP
is called the small latent complex (SLC). LAP can
disulfide bond to members of another protein fam-
ily, the latent TGF-b– binding proteins (LTBPs); the
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latent form of TGF-b thus formed is called the large
latent complex (LLC).

TGF-b is secreted predominantly in the LLC form,
and it is well established that the LLC can be co-
valently incorporated into the ECM (Taipale et al.,
1994). In cell culture, this can occur by transglutami-
nase-mediated cross-linking of LTBP-1 to proteins in
the ECM (Nunes et al., 1997). Moreover, LTBP-1, either
by itself or as part of the LLC, associates specifically
with matrix fibrils (Dallas et al., 1995), and LTBP-1 can
associate directly with fibronectin (FN) (Taipale et al.,
1996). Human LTBP-1 and the b1 and b3 LAP iso-
forms contain the common integrin recognition se-
quence RGD, suggesting that LLC is one of a number
of ECM proteins recognized by integrins.

The constitutive secretion of latent TGF-b by many
cell types in culture suggests that there are extracellu-
lar mechanisms to control the activity of this potent
cytokine. One such control mechanism is the regu-
lated activation of the latent complex (reviewed by
Munger et al., 1997). The ECM and its components
participate in the activation process. For example,
there is evidence suggesting that the LLC must be
incorporated into the ECM before free TGF-b can be
formed: in a latent TGF-b activation system consisting
of cocultures of endothelial and vascular smooth-mus-
cle cells, activation is dependent on transglutaminase
and LTBP-1 (Flaumenhaft et al., 1993; Kojima et al.,
1993). Also, several ECM proteins can bind active
TGF-b and either enhance or neutralize its activity
(Yamaguchi, 1990; Hildebrand et al., 1994; McCaffrey
et al., 1994; Takeuchi, 1994). The extracellular adhesive
protein thrombospondin-1 is unique in that it both
activates latent TGF-b and binds TGF-b in an active
form (Schultz-Cherry and Murphy-Ullrich, 1993).

Integrins are heterodimeric cell surface proteins con-
sisting of a and b subunits (Hynes, 1992). The 22
known a/b dimers (at least 15 of which recognize
ECM proteins) have distinct and often partially over-
lapping ligand specificities, and many recognize the
tripeptide sequence RGD (Pierschbacher and Ruo-
slahti, 1984). Activation of integrins can result in sig-
naling events that affect cell growth, differentiation,
and survival (Giancotti, 1997). TGF-b is a potent reg-
ulator of integrin–substrate interactions. For example,
treatment of cells with TGF-b results in up-regulation
of several integrin subunits and a more adhesive phe-
notype (Ignotz and Massague, 1987). Also, TGF-b up-
regulates the expression of ECM proteins that are
recognized by integrins (e.g., collagens, FN, and lami-
nin) (Ignotz and Massague, 1986). The combined effect
of these changes probably accounts for the early ob-
servation that TGF-b–treated fibroblasts acquire the
ability to form colonies in soft agar (Todaro et al.,
1980).

Because latent TGF-b contains RGD sequences and
is a constituent of the ECM, we hypothesized that

latent TGF-b is an integrin ligand. In this paper we
present evidence that some, but not all, cell types
adhere and spread on LAP in an RGD-dependent
manner, and that the major integrin mediating bind-
ing in the cells studied is avb1.

MATERIALS AND METHODS

Antibodies and Reagents
Recombinant SLC and LLC (both containing human TGF-b1, LLC
also containing human LTBP-1) and human LTBP-1, purified from
transfected CHO cells, were gifts of Drs. H. Ohashi and H. Tsumara
(Kirin Brewery, Pharmaceutical Division, Gunma, Japan). The SLC
is homogeneous as judged by Coomassie brilliant blue stains of
SDS-PAGE gels. In the LLC material, there are some proteolytic
fragments of LTBP. GRGDSP and GRGESP peptides were from
Calbiochem (San Diego, CA). The following mAbs against extracel-
lular integrin domains were used: TS2/7 (anti-a1) from American
Type Culture Collection (Rockville, MD); P1E6 (anti-a2), P1B5 (anti-
a3), P1D6 (anti-a5), and P1F6 (anti-avb5) from Life Technologies
(Gaithersburg, MD); GoH3 (anti-a6) from Immunotech (Westbrook,
ME); 4B4 (anti-b1) from Coulter (Miami, FL); and LM609 (anti-
avb3) from D. Cheresh (Scripps Research Institute, La Jolla, CA). All
of these mAbs have been characterized as capable of blocking
adhesion mediated by the corresponding integrin or integrin sub-
unit and are routinely used and active in our laboratories in immu-
noprecipitation and blocking experiments. The control mAb MOPC
21 (mouse IgG1, k) was from Sigma (St. Louis, MO). Rabbit antisera
raised against synthetic peptide sequences contained within cyto-
plasmic domains of av, a3, a5, b1, b3, and b5 (Klein et al., 1993)
were used for immunoprecipitations. Polyclonal rabbit antibody
LT-2 against latent TGF-b1, which recognizes LAP, was a gift of
C.-H. Heldin (Ludwig Institute for Cancer Research, Uppsala, Swe-
den). mAb VB3A9 (IgG1) was prepared in our laboratory after
immunization of mice with recombinant LAP (TGF-b isoform 1)
that was purified to homogeneity after production in a baculovirus
system as described below; it binds human and simian LAP (TGF-b
isoform 1) in reduced and nonreduced immunoblots, ELISAs, and
immunoprecipitations. FN and vitronectin (VN) were purchased
from Collaborative Biomedical Products (Bedford, MA) and stored
frozen as 1-mg/ml aliquots in PBS. The simian LAP (TGF-b isoform
1) cDNA with a C33S mutation was a gift of R. Derynck (University
of California at San Francisco, San Francisco, CA).

Cells and Cell Culture Conditions
A549 cells are derived from a human lung adenocarcinoma and
were provided by R. Higgins (New York University, New York,
NY). HT-1080 (human fibrosarcoma), MG-63 (human osteosarco-
ma), CHO K1, and 293 (human embryonic kidney epithelium) cells
were from American Type Culture Collection. These cells were
cultured in DMEM containing 10% heat-inactivated FCS. Hybrid-
oma cell lines L230 (a gift of H. Chapman, Harvard Medical School,
Boston, MA) and 9E10 (a gift of P. Cowen, New York University,
New York, NY) were cultured in RPMI-1640 with 10% FCS. Bovine
capillary endothelial cells were a gift of S. Klein (New York Univer-
sity, New York, NY) and were isolated and cultured as described
(Klein et al., 1993). L230 is a mAb that recognizes av and blocks
av-integrin–dependent binding (Weinacker et al., 1994); 9E10 is an
anti-myc mAb used as a control. To produce hybridoma-condi-
tioned medium, cells were washed two times and suspended in
RPMI-1640 with 0.1% BSA and 20 mM HEPES at 106 cells/ml and
cultured for 24 h. All media contained penicillin, streptomycin, and
glutamine. Cells were cultured at 37°C in a humidified atmosphere
of 95% air and 5% CO2.
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Production of Recombinant LAP Using Insect Cells
The cDNA encoding simian LAP, with a mutation changing cys-
teine 33 to serine to prevent disulfide bonding to other peptides,
was modified by PCR to add a sequence encoding a Factor Xa
cleavage site (IEGR/N) to the 39 end. A cDNA encoding a protein
A–derived purification tag (from the pEZZ 18 vector; Pharmacia,
Uppsala, Sweden) was then ligated in-frame to the new 39 end. The
resulting construct encodes a protein consisting of the entire LAP
sequence, a Factor Xa cleavage site, and a C-terminal protein A tag.
The fusion protein can be purified with IgG-Sepharose, and LAP
can be released by treatment with Factor Xa. This construct was
further modified by PCR mutagenesis to alter the codon encoding
Asp-246 of LAP (GAC) to one encoding Glu (GAA). This allows
expression of a LAP mutant in which the RGD site is changed to
RGE. Both sequences were verified by sequencing. The full se-
quences and details of synthesis are available from the authors. Each
construct was cloned into the baculovirus transfer vector pVL1392
(PharMingen, San Diego, CA). Sf9 insect cells were cotransfected
with the plasmid and linearized AcNPV baculoviral DNA (PharM-
ingen). The resulting viruses were plaque purified. Viral clones
were screened by infecting Sf9 cells for 48 h and immunoblotting
conditioned medium with anti-LAP mAb VB3A9. Clones were ex-
panded by two rounds of Sf9 infection.

For production of recombinant LAP for adhesion assays, subcon-
fluent Sf9 cells were infected with recombinant baculovirus and
cultured for 3 d in normal growth medium (Hink’s TNM-FH with
10% heat-inactivated FCS). Medium was centrifuged to remove cells
and incubated with IgG-Sepharose (Pharmacia) at 4°C while rotat-
ing overnight. Three to 5 ml of washed beads were used per liter of
medium. The beads were washed with 10 vol of PBS, 20 vol of PBS
with 1% Triton X-100, 20 vol of PBS, and 5 vol of Factor Xa buffer (20
mM Tris, pH 8, 100 mM NaCl, 2 mM CaCl2). The beads were
suspended in 0.6 vol of Factor Xa buffer and treated with Factor Xa
(60 mg/l of starting material; Boerhinger Mannheim, Indianapolis,
IN) for 4 h at room temperature. The beads were removed by
centrifugation, and factor Xa was removed by incubation with soy-
bean trypsin inhibitor agarose beads (Sigma; 5-ml beads/mg of
Factor Xa) at room temperature for 1 h.

To produce 20 mg of recombinant LAP for preparation of an
affinity column, we used High Five insect cells (Invitrogen, Carls-
bad, CA) because yields of LAP were two- to fivefold higher than
from Sf9 cells. The procedure was identical, except that cells were
cultured in EX-CELL 405 serum-free medium (JRH Biosciences,
Lenexa, KS). Yields were 2–4 and 5–10 mg of LAP/l of medium for
Sf9 and High Five cells, respectively. The insect cell–derived LAP
consists of the entire modified simian LAP sequence and an addi-
tional four amino acids at the C terminus (IEGR, single-letter amino
acid code) derived from the Factor Xa site.

Adhesion Assays
Ninety-six–well plates (Immulon plates; Dynatech Laboratories,
Chantilly, VA) were coated with solutions of test proteins at con-
centrations up to 100 mg/ml in PBS for 1 h at 37°C and blocked with
PBS and 1% BSA for at least 30 min at 37°C. In some experiments,
anti-LAP mAb or control mAb was added at concentrations up to
100 mg/ml of solution in PBS for 1 h at 37°C after the coating and
blocking steps. The wells were washed once with PBS just before
addition of cells. Each experimental condition was tested in tripli-
cate.

The cells to be tested were split 1:5 the day before assay. One hour
before detaching the cells the medium was supplemented with 15
mg/ml cycloheximide. All subsequent buffers contained cyclohexi-
mide at the same concentration and 1 mM monensin. The cells were
detached with PBS and 10 mM EDTA, washed three times in
DMEM and 0.1% BSA, and suspended at 5.0–7.5 3 105 cells/ml in
the same medium. One hundred microliters of cell suspension were
added to each well. In experiments using antibodies or peptides,
cells were incubated with the reagents for 5 min at room tempera-

ture before addition to the wells. Plates were incubated at 37°C for
1.5 h and washed twice with PBS to remove nonadherent cells. Cells
were fixed with 3.7% paraformaldehyde in PBS for at least 30 min,
permeabilized with 20% methanol for 20 min, and stained with 0.5%
crystal violet in 20% methanol for 20 min. Excess stain was removed
by rinsing with water. To quantitate cell binding, stain was eluted
with 100 mM sodium citrate, pH 4, in 50% ethanol (60 ml/well), and
the absorbance at 600 nm was measured. The absorbance of wells
coated only with BSA before addition of cells was subtracted from
each measurement. The results are expressed as the net absorbance
multiplied by 1000 or as a ratio of the net absorbance to that of a
control condition. For photomicrographs of adherent cells, cells
were fixed as above and stained with Diff-Quik stain (Baxter Health-
care, Miami, FL).

ELISA
Ninety-six–well ELISA plates (Nunc Immunoplates; Nunc, Ros-
kilde, Denmark) were coated with test proteins (LAP, FN, and VN)
at 10 mg/ml in PBS at 37°C for 3 h. Wells were washed with PBS
with 0.05% Tween (PBS/Tween) thrice. Dilutions of antibody
(VB3A9 or MOPC 21) were added in 100 ml of PBS/Tween and
incubated at 37°C for 1 h. Wells were washed with PBS/Tween
thrice and incubated with secondary antibody (rabbit anti-mouse
IgG conjugated with alkaline phosphatase, 1:5000) for 1 h at 37°C.
Wells were washed three times with PBS/Tween and incubated
with 1 mg/ml p-nitrophenyl phosphate in substrate buffer (Sigma)
for 30 min at room temperature. Absorbances at 410 nm were
measured in an ELISA plate reader. For each mAb concentration,
the result for MOPC 21 was used as a blank. All antibody dilutions
were tested with both VB3A9 and MOPC 21 in triplicate.

Affinity Purification of LAP-binding Integrins
An affinity column was prepared by coupling 20 mg of recombinant
LAP (produced by High Five insect cells) to 3 ml of CNBr-activated
Sepharose 4B (Pharmacia) according to the manufacturer’s instruc-
tions. The purification procedure was a modification of the method
for the purification of the FN receptor (Pytela et al., 1987). Ten to 24
10-cm dishes of confluent A549 cells were washed with PBS. Cells
were detached with PBS and 10 mM EDTA and washed twice in
DMEM and 0.1% BSA, twice in Tris-buffered saline (TBS) with 1 mM
CaCl2 (TBS/Ca). The cell pellet was suspended in an equal volume
of TBS/Ca. Cell surface proteins were labeled with 1 mCi of Na125I
and lactoperoxidase-H2O2 as described (Klein et al., 1993). Cells
were washed five times in TBS/Ca with 0.02% sodium azide and
lysed with 2 vol of 50 mM octyl-b-d-thioglucopyranoside (OSGP;
Calbiochem) and 3 mM PMSF in TBS containing 1 mM each CaCl2,
MgCl2, and (in one experiment) MnCl2 for 10 min at room temper-
ature. Lysates were clarified by centrifugation at 16,000 3 g for 15
min.

The LAP affinity column was equilibrated in the same buffer used
for lysis, with the exception that the OSGP concentration was 25
mM (wash buffer). Lysate was loaded onto the column over a 1-h
period. The column was washed until eluted radioactivity reached
a minimum (requiring 15–40 ml of wash buffer), eluted with 8 ml of
PBS with 25 mM OSGP and 10 mM EDTA for 1 h (collected in 1-ml
fractions), and further eluted with 6 M urea. Fifty-microliter aliquots
of each fraction were analyzed by SDS-PAGE and autoradiography.
In the purification done in the presence of MnCl2, the remainder of
selected pooled fractions was made 1% Triton X-100, 0.01% BSA and
dialyzed against TBS/Ca before immunoprecipitation.

Immunoprecipitation of Affinity-purified Integrins
Five microliters of antiserum or nonimmune serum were added to
;800 ml of sample and incubated at 4°C for 1 h. Fifty microliters of
protein A-agarose (Boerhinger Mannheim) were added to each sam-
ple and incubated with rotation for 1 h at 4°C. Pellets were washed
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four times with TBS/Ca and 1% Triton X-100 and boiled in sample
buffer. Samples were separated by nonreducing SDS-PAGE and
visualized by autoradiography.

Cell Motility Assay
Cell motility was assessed by substrate-specific migration through a
filter in a Boyden chamber. Filters (Nucleopore polycarbonate fil-
ters, 13-mm diameter, 8-mm pores; Costar, Cambridge, MA) were
coated with 50-mg/ml solutions of LAP or FN in PBS on one or both
sides, or 1% BSA in PBS on one side, for 2 h at 37°C. Filters were
washed briefly in DMEM and 0.1% BSA and placed in Boyden
chambers, shiny side up and (where relevant) protein-coated side
down. DMEM and 0.1% BSA were used in top and bottom cham-
bers. A549 cells were detached and washed as in adhesion assays.
Cells (105) in 150 ml of medium were added to the top chamber.
After 6 or 16 h, filters were removed. Cells on the top of each filter
were removed by rubbing with a cotton swab. Filters were rinsed
briefly in PBS, fixed for 10 s in methanol, rinsed in PBS, and stained
for 30 min with 0.5% toluidine blue and 3.7% paraformaldehyde in
PBS. Filters were washed extensively with water and examined
under the microscope. Migration was quantitated by eluting the
retained dye with 300 ml of 10% acetic acid, measuring the absor-
bance at 600 nm of the resulting solution, and subtracting the
absorbance at 600 nm obtained from the same procedure done with
filters coated with BSA. The values displayed are the net absor-
bances multiplied by 1000.

RESULTS

A549, MG-63, and BCE Cells Attach and Spread on
LAP, SLC, and LLC in an RGD-dependent Manner
To test the hypothesis that one or more integrins can
bind to latent TGF-b, we did cell adhesion assays in
which cells are allowed to attach to proteins immo-
bilized on plastic. In preliminary experiments we
found that A549 cells adhered strongly and repro-
ducibly to latent forms of TGF-b and therefore se-
lected this cell type for detailed characterization. As
shown in Figure 1, A549 cells adhered to LAP and
SLC approximately as well as they adhered to FN.
Binding to LLC was less avid. Because there is some
degradation of the LTBP in the LLC preparation, we
considered the possibility that a constituent of the
sample had a toxic or antiadhesive effect. However,
coating plastic with both SLC and LLC did not
reduce the adhesion seen with the same amount of
SLC coated alone (our unpublished results). In mul-
tiple experiments, we found no binding to immobi-
lized LTBP-1 (our unpublished results). Adherence
to LAP, SLC, and LLC was associated with cell
spreading (Figure 2). Spreading was also seen in
cells attached to FN but not in cells attached to
poly-d-lysine (Figure 2).

To show that adhesion to immobilized LAP and
SLC is specifically attributable to LAP (and not to
TGF-b1 or an impurity), we performed adhesion
assays in which immobilized SLC was treated with
a mAb against LAP before addition of the cells.
Preincubation with the anti-LAP mAb VB3A9, but
not with a control mAb, abolished A549 cell adhe-

sion to LAP and SLC (Figure 3A), as well as to LLC
(our unpublished results). We observed the same
blocking effect using the polyclonal anti-LAP anti-
body LT-2 with immobilized SLC (our unpublished
results). We did the same type of experiment using
immobilized FN and VN. A549 adherence to FN and
VN was not affected by preincubation with VB3A9
(Figure 3A), indicating that the blocking effect ob-
served with immobilized LAP is not due to a non-
specific effect of VB3A9 on adhesion to RGD-con-
taining proteins. The blocking effect of VB3A9 is
dose dependent (Figure 3B).

These results suggest that VB3A9 recognizes an
epitope specific to LAP and not an RGD-related
epitope present in other RGD-containing proteins. To
further demonstrate the specificity of the VB3A9 mAb,
we did ELISAs to measure the interaction of soluble
VB3A9 with immobilized LAP, FN, and VN. Concen-
trations of VB3A9 as low as 62 ng/ml gave an easily
discernable signal with immobilized LAP, but VB3A9
concentrations as high as 2 mg/ml resulted in no mea-
surable signal using immobilized VN and FN (our
unpublished results).

If the observed adhesion was due to integrin bind-
ing to the RGD sequence in LAP, adhesion should be
blocked by competing concentrations of soluble RGD
peptide. Indeed, an RGD-containing peptide
(GRGDSP) blocked adhesion of A549 cells to LAP
(Figure 4A) and SLC (Figure 4B), whereas a control
peptide (GRGESP) had no effect.

To confirm that the observed binding requires the
RGD site in LAP, we prepared a modified form of

Figure 1. A549 cell adhesion to LAP, SLC, LLC, and FN. (A) Wells
were coated with solutions of LAP, SLC, LLC, and FN, at various
concentrations as shown, and blocked with BSA. A549 cells were
allowed to adhere to the coated wells for 90 min, and nonadherent
cells were washed off. Absorption at 600 nm indicates the amount of
stain associated with adherent cells and is proportional to cells
bound.
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LAP in which the RGD sequence is mutated to RGE.
The two forms of purified recombinant LAP are
homogeneous and appear identical on SDS-PAGE
(Figure 5A). When run nonreduced, most of the
protein migrates as ;60-kDa dimers, with a small
amount of monomer migrating at ;30 kDa. There
are two species of slightly different mass (29 and 30
kDa) seen in the reduced lanes. These likely repre-
sent nonglycosylated and glycosylated forms of the
monomer; the predicted mass of the monomer (in-
cluding the four–amino acid extension at the C ter-
minus derived from the Factor Xa cleavage site) is
29 kDa. Both forms are functional in that they neu-
tralize TGF-b1 activity in a bioassay (McMahon et
al., 1996; our unpublished results). However, in cell
adhesion assays the RGE mutant form is unable to
support A549 cell adhesion (Figure 5B).

We performed similar adhesion assays using addi-
tional cell types. Bovine capillary endothelial cells and

MG-63 osteosarcoma cells adhered to LAP in an RGD-
dependent manner (our unpublished results). How-
ever, HT-1080 fibrosarcoma cells and human lung fi-
broblasts (explanted from a normal adult lung)
adhered poorly or not at all to LAP and SLC (our
unpublished results). Several other cell types (bovine
aortic endothelial cells, bovine smooth-muscle cells,
UMR-106 osteosarcoma cells, and H441 lung adeno-
carcinoma cells) also adhered to SLC but were not
tested further.

Figure 2. A549 cells adhere and spread on plastic coated with LAP
(A), SLC (B), LLC (C), and FN (D) but not on plastic coated with
poly-d-lysine (E). Bar, 100 mm. Figure 3. A mAb to LAP blocks adhesion of A549 cells to LAP and

SLC. Adhesion assays were done as described in Figure 1 using
wells coated with 50-mg/ml solutions of LAP, SLC, FN, and VN.
After being coated with a specific protein and blocked with BSA,
wells were incubated with 0.1- to 100-mg/ml solutions of the mAbs
VB3A9 (anti-LAP) and MOPC 21 (irrelevant control) and then
washed with PBS and used for measuring cell adhesion. In A, mAbs
were used at 100 mg/ml. (Binding to SLC was measured in a
separate experiment; the greater binding to SLC than to LAP in the
absence of mAb likely represents a difference in the number of cells
added.) (B) The ability of VB3A9 preincubation to block adhesion to
LAP is dose dependent.
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A549 Cell Attachment Is Blocked by Antibodies to
av- and b1-Integrin Subunits
We tested the ability of several anti-integrin blocking
mAbs to interfere with A549 cell adherence to LAP.
A549 cells have been shown to express the avb3,
avb5, and a3b1 integrins (Falcioni et al., 1994) and
may express others. Anti-av mAb L230 completely
blocked adhesion to LAP (Figure 6A) and SLC (our
unpublished results). Anti-b1 mAb 4B4 blocked 75%
of the adhesion to SLC (Figure 6B). In contrast, mAbs
recognizing avb3 and a subunits 1, 2, 3, 5, and 6
(Figure 6C) had no effect on A549 cell adhesion to SLC.
These results suggest that the integrin avb1 is the

predominant integrin in A549 cells that mediates
binding to LAP. Because the 293 human kidney epi-
thelial cell line has been shown to express the avb1
integrin (Bodary and McLean, 1990), we tested the
binding of these cells to LAP. 293 cells adhered and
spread on plastic coated with a 25-mg/ml solution of
LAP, and adhesion was blocked completely by mAbs
against av and b1 but not by mAbs against avb3 or
avb5 (our unpublished results).

Integrins avb1 and avb5 Bind to a LAP Affinity
Column
To isolate the integrins that bind to LAP, we used a
LAP affinity column to purify LAP-binding proteins

Figure 4. An RGD-containing peptide blocks adhesion of A549
cells to LAP and SLC. Adhesion of A549 cells to wells coated with
33 mg/ml LAP (A) or SLC (B) was measured as described in Figure
1. Cells were incubated with the indicated concentrations of an
RGD-containing peptide or control (RGE) peptide during the adhe-
sion period. Adhesion is normalized to cells bound to poly-d-lysine
in the absence of peptide.

Figure 5. A549 cells do not bind to a mutant form of recombinant
LAP lacking the RGD site. (A) Recombinant LAP is homogeneous
by SDS-PAGE. LAP was produced in insect cells and purified by
affinity chromatography as described in MATERIALS AND METH-
ODS. One form consists of the simian LAP sequence with a C33S
mutation (lanes 2 and 4); the other form is identical except that the
RGD sequence is changed to RGE (lanes 1 and 3). Three micrograms
were loaded per lane. Samples were run reduced (R) or nonreduced
(NR) and stained with Coomassie brilliant blue. (B) The two forms
of recombinant LAP were coated on plastic microtiter wells and
used for adhesion assays with A549 cells, as described in Figure 1.

J.S. Munger et al.

Molecular Biology of the Cell2632



from A549 cells. We chose binding conditions origi-
nally defined for isolation of the FN receptor (Pytela et
al., 1985). Under these conditions (which include 1
mM concentrations of Ca21 and Mg21), two bands
were eluted from the column by EDTA (Figure 7A).
The bands migrated at the expected positions for av
(top band) and b1 (bottom band). Immunoprecipita-
tion of the eluate with antisera against the cytoplasmic
domains of av and b1 in each case recovered the
respective bands, whereas nonimmune serum did not
(Figure 7B). This result indicates that avb1 bound to
the column and was eluted with EDTA. However, the
yield of eluted integrin in this experiment was poor,
and some integrin apparently was released from the
column in the wash before EDTA elution (Figure 7A,
lane 1).

Because manganese can increase the affinity of inte-
grin binding (Gailit and Ruoslahti, 1988), we per-
formed an experiment in which Mn21 was added to
the lysis and wash buffers. Under these conditions,
there was no detectable protein in the last wash frac-
tion (Figure 8A, lane 1), and more iodinated protein of
the same molecular weights observed previously was
eluted with EDTA. However, we observed a faint
third iodinated band in the EDTA elution fractions,
migrating below the av and b1 positions at the ex-
pected position for b3 or b5 (Figure 8A). Because some
integrin subunits are disulfide linked, we compared
the migration of the eluted integrins under reducing
and nonreducing conditions (Figure 8B). The av and
b1 bands comigrated under reducing conditions, a
result reported by others (Pytela et al., 1985; Nesbitt et
al., 1993). After dialysis against CaCl2-containing
buffer to promote heterodimer formation and stability,
we immunoprecipitated the eluted proteins with an-
tisera against a and b subunits as indicated in Figure
8C. Antisera against av and b1 precipitated the top
two bands; anti-av serum also precipitated the bottom
band. The antiserum against b5 precipitated the top
and bottom bands. Thus, in the presence of Ca21,
Mg21, and Mn21, avb1 and avb5 bound to LAP.

Antibodies to b1-Integrins and avb5 Have an
Additive Effect on Inhibition of A549 Cell Binding
to LAP
The affinity purification experiments indicated that
both avb1 and avb5 can bind to LAP. To clarify the
relative contribution of these two integrins in the

Figure 6 (cont.). evant hybridoma 9E10 was used as a control.
MOPC 21 served as a control for the anti-b1 mAb 4B4. (C) Blocking
mAbs against other integrins or integrin subunits had no significant
effect on A549 cell adhesion to SLC. Anti-avb3 was used at 20
mg/ml; all other mAbs were used at 25 mg/ml. Control attachment
levels for the different conditions were similar. The mAbs used are
listed in MATERIALS AND METHODS.

Figure 6. mAbs against integrin subunits av and b1 block adhe-
sion of A549 cells to LAP. Adhesion of A549 cells to wells coated
with 50 mg/ml LAP or SLC was determined as described in Figure
1, in the presence of the indicated concentrations of mAbs against
integrins av (A) and b1 (B). L230 (anti-av) was used as dilutions of
hybridoma-conditioned medium; medium conditioned by the irrel-
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adhesion of A549 cells to LAP, we performed adhe-
sion experiments with blocking antibodies against
b1 and avb5, singly or combined. Compared with
control adhesion of A549 cells to LAP (Figure 9, bar
1), anti-avb5 mAb did not block adhesion, whereas
anti-b1 blocked most, but not all, adhesion (Figure
9, bars 2 and 3, respectively). However, the two
antibodies combined eliminated the residual bind-
ing seen with anti-b1 alone (Figure 9, bar 4). The
results of these adhesion assays suggest that weak

adhesion attributable to avb5 is revealed only when
avb1 adhesion is eliminated. The same pattern of
changes in adherence was seen when the cells ad-
hered in the presence of Mn21 (Figure 9, bars 5– 8).
However, the b1-independent adherence was in-
creased slightly by Mn21 (Figure 9, bar 3 compared
with bar 7), suggesting that Mn21 increased the
affinity of the LAP–avb5 interaction. The same rel-
ative amounts of binding, including the small in-
crease in b1-independent adherence in the presence

Figure 7. Affinity purification of LAP-binding integrins. Recombinant LAP was coupled to Sepharose 4B beads as described in MATERIALS
AND METHODS. A549 cells were surface labeled with 125I and extracted with OSGP. Extracts were loaded on the LAP column and washed
in buffer containing 1 mM Ca21 and Mg21. Retained proteins were eluted with 10 mM EDTA and collected in 1-ml fractions. (A) EDTA-eluted
integrins. Aliquots of each fraction were separated by SDS-PAGE and autoradiographed. Lane 1, last wash fraction; lanes 2–6, elution with
EDTA. (B) Immunoprecipitation with polyclonal Abs against cytoplasmic domains of av and b1. Fractions 2–6 were pooled; equal volumes
were immunoprecipitated with antisera to av and b1 or with nonimmune serum (NI). Immunoprecipitates were separated by SDS-PAGE and
autoradiographed. Gels were 8% and nonreducing. The positions of protein standards are shown to the side of each gel (masses in
kilodaltons).

Figure 8. Affinity purification of LAP-binding integrins in the presence of Mn21. LAP-Sepharose affinity chromatography was done as
described in Figure 8, except that buffers contained 1 mM Ca21, Mg21, and Mn21. (A) Autoradiograph of fractions from the LAP affinity
column, run nonreduced on a 7% gel. Lane 1: last wash fraction; lanes 2–8, elution with EDTA; lanes 9–11, elution with 6 M urea. (B) The
EDTA-eluted fractions shown in B were pooled. Aliquots were electrophoresed under reducing (R) and nonreducing (NR) conditions on 7%
gels and autoradiographed. (C) The same sample was divided into equal aliquots and immunoprecipitated with polyclonal antisera to
cytoplasmic domains of the indicated integrin subunits or with nonimmune rabbit serum (NI). Immunoprecipitates were separated
nonreduced on 7% gels and autoradiographed.
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of Mn21, was seen in each of the three independent
experiments we performed.

To confirm that the P1F6 mAb was active in these
experiments, we did control binding experiments with
CHO K1 cells. Although P1F6 was generated using
human avb5 as immunogen, it functions across spe-
cies and is able to block CHO K1 cell adhesion to VN
(Weinacker et al., 1994). Our results show that the P1F6
used in these experiments is active; P1F6 concentra-
tions of 1:1000 dilution or greater blocked 70–90% of
CHO K1 adhesion to VN (our unpublished results).

A549 Cells Are Able to Migrate on LAP
The function of avb1 is not known. avb1 expressed in
CHO cells can bind FN but cannot by itself promote
cell migration on a FN-coated surface (Zhang et al.,
1993). It is not known whether this lack of migration is
due to an intrinsic deficiency of the avb1 integrin in
promoting migration or due to a deficiency in FN as a
ligand for avb1. To clarify this issue, we did similar
motility assays to see whether A549 cells could mi-
grate on LAP using the avb1 integrin. The assay mea-
sures the ability of cells to migrate through a porous
filter; the cells start from a nonadhesive side and pass
to the second side, which is coated with a test protein.
Motility of A549 cells on LAP and FN was similar
(Figure 10A). To confirm that migration on LAP was
due to the avb1 integrin, we did motility assays in the
presence of blocking mAbs. Migration was blocked by
mAbs against av and b1 but not by mAb against avb5
(Figure 10B). Because the 4B4 mAb stock solution
contains sodium azide, we did controls to show that
A549 cell migration on LAP was not affected by either

heat-inactivated 4B4 or by sodium azide alone at the
same final concentration (our unpublished results).

DISCUSSION

Because it affects both integrin expression and matrix
molecule synthesis, TGF-b is a major regulator of cell
attachment. In addition, in both its latent and free
forms TGF-b is itself a matrix-associated molecule
(Taipale and Keski-Oja, 1997). Isoforms 1 and 3 of LAP
contain the RGD sequence, suggesting that latent
TGF-b may be an integrin ligand. In this paper, we
show that LAP isoform 1 is a ligand for the avb1
integrin. This conclusion is based on the observations
that A549 cells bind LAP (or latent TGF-b complexes

Figure 9. Effect of avb5 blocking antibody on A549 cell adhesion
to LAP. Adhesion of A549 cells to immobilized LAP was measured
as described in Figure 1, with the addition of mAbs to b1 (4B4, 10
mg/ml), avb5 (P1F6, 1:1000 dilution of ascites fluid), or both during
the adhesion period. Adhesion was tested with or without addition
of 0.5 mM MnCl2 to the medium. Additions are indicated in the
bottom panel.

Figure 10. A549 cells migrate equally on LAP and FN. (A) Cell
motility assays were performed in Boyden chambers as described in
MATERIALS AND METHODS. The results indicate the number of
cells that migrated from the top to the bottom of a porous filter that
was coated on the bottom or on both sides with a test protein. (B)
Cells were allowed to migrate on LAP as in A for 16 h, in the
presence or absence of mAbs to av (50% L230 hybridoma medium),
b1 (10 mg/ml 4B4), or avb5 (1:500 dilution of P1F6 ascites fluid).
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containing LAP), that adhesion is blocked by anti-LAP
mAb, RGD peptide, and antibodies to integrin sub-
units av and b1, and that avb1 can be purified from
cell extracts with a LAP affinity column. The inability
of cells to adhere to a mutant LAP lacking the RGD
site indicates that the integrin binding is indeed to the
RGD site of LAP and not to another site on LAP or to
an impurity.

The avidity of cell binding to LAP or latent com-
plexes is LAP . SLC . LLC. This order suggests that
the integrin binding site, the RGD sequence located 33
amino acids from the COOH terminus of LAP, is less
exposed for integrin interactions when LAP is com-
plexed with TGF-b and/or LTBP than when LAP is in
the unbound state. A change in the exposure of the
RGD region related to complex formation is consistent
with the fact that LAP undergoes a major conforma-
tional change upon binding TGF-b (McMahon et al.,
1996). We cannot exclude the possibility that LAP-
binding integrins recognize only non-TGF-b–bound
LAP for two reasons. First, ;5–10% of the TGF-b in
the recombinant SLC used in these experiments is
active, so that some free LAP is present. Second, it is
possible that when latent TGF-b binds to plastic, the
latent complex conformation of LAP is altered in a
way that exposes the RGD site.

To our knowledge these are the first data directly
showing a specific integrin–LAP interaction, although
Yang et al. (1997) have found RGD-dependent FET cell
adhesion to recombinant LAP produced in bacteria.
Grainger et al. (1995) reported that human platelets
contain both SLC and LLC and that SLC is specifically
retained within blood clots and can be liberated by
incubation with RGD peptide. One explanation for the
the observations reported by Grainger et al. (1995) is
that LAP is bound by one or more platelet integrins
(e.g., aIIbb3) at the RGD site. If this explanation is
correct, the fact that SLC is bound preferentially is
consistent with our result that SLC is a better integrin
ligand than is LLC.

Human LTBP-1 contains an RGD sequence within
the ninth EGF-like domain. However, we found no
evidence that this sequence functions as an integrin
ligand in A549 cells. Purified LTBP-1 did not support
A549 cell adhesion, and adhesion to LLC was com-
pletely blocked by an anti-LAP mAb. These facts, and
the observation that murine LTBP-1 does not contain
an RGD sequence, suggest that the RGD sequence in
human LTBP-1 is not related to integrin binding.

In A549 cells, avb1 is responsible for most of the
adhesion to LAP. Two observations indicate that avb5
interacts only weakly with LAP. First, avb5 was de-
tected after LAP affinity chromatography only in the
presence of Mn21, whereas avb1 was isolated in its
absence. Second, when used alone anti-avb5 mAb did
not inhibit cell binding but inhibited only the small
amount of b1-independent cell binding. However, the

weak avb5 effect in the cells we tested might also be
due simply to low levels of this integrin relative to
avb1. Thus, our results do not rule out a role for avb5
in binding LAP in other systems. Also, it is possible
that other RGD-binding integrins not expressed in
A549 cells may bind LAP or LTBP.

Most known integrin ligands are ECM proteins, cell
surface receptors of the Ig superfamily, or plasma
proteins of the complement or coagulation systems
(Hynes, 1992). Recent reports have described novel
integrin ligands, including matrix metalloproteinase-2
(Brooks et al., 1996) and fibroblast growth factor-2
(Rusnati et al., 1997), both of which interact with avb3,
and insulin-like growth factor–binding protein-1,
which interacts with a5b1 (Jones et al., 1993). Our
results define an additional “atypical” integrin ligand.

avb1 is an unusual integrin in that it is composed of
two “promiscuous” subunits; that is, both av and b1
form dimers with multiple partners. avb1 has been
reported to bind FN, VN, and osteopontin at RGD
sites (Bodary and McLean, 1990; Vogel et al., 1990; Hu
et al., 1995). VN and osteopontin are also ligands of
avb5. The b1 subunit can exist in several isoforms, one
of which (b1B) has a dominant negative effect on cell
adhesion (Balzac et al., 1994). Calcium abrogates the
magnesium-promoted binding of avb1 to FN in cell-
free assays (Kirchhofer et al., 1991); this phenomenon
is consistent with the relatively poor binding of avb1
to the LAP affinity column in the presence of Ca21 and
Mg21.

A specific function for avb1 has not been defined,
and in fact the most detailed studies of its function
suggest that it is nonfunctional in many respects.
Zhang et al. (1993, 1995) reported that in cells trans-
fected to express either avb1 or a5b1 as the sole FN
receptor, only cells expressing a5b1 could migrate on
FN, assemble an FN matrix, and survive serum depri-
vation when plated on FN, whereas both cell types
could adhere to FN. The results of Zhang et al. (1993,
1995) could be due to the lower affinity of avb1 for FN
or the inability of avb1 to localize to focal adhesions in
these cells. In contrast, we found that A549 cells mi-
grated on LAP- and FN-coated surfaces equally. Thus,
although our experiments are not directly analagous
to those of Zhang et al. (1993, 1995), our results show
that there is no intrinsic defect in the ability of avb1 to
mediate migration. The difference in avb1-mediated
migration on LAP and FN may be due to differences in
the cells used but could also be explained by a quali-
tative difference between the ligands: LAP, in contrast
to FN, functions as an activating ligand.

Several possible consequences of avb1–LAP interac-
tions can be envisioned. For example, it is possible that
this interaction is involved in the activation of latent
TGF-b. Work by our laboratory and others has sug-
gested a model of activation in which latent TGF-b
released from matrix is localized to the cell surface for
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activation (Munger et al., 1997); avb1 might serve this
surface localization role, although the mannose-6-
phosphate/insulin-like growth factor-2 receptor has
already been implicated in this regard (Dennis and
Rifkin, 1991). Expression of avb1 may not be sufficient
for TGF-b activation, because media conditioned by
A549 and MG-63 cells contain TGF-b1 only in the
latent form (our unpublished results), but may be
required under certain conditions. Experiments to de-
tect more subtle activation of TGF-b occurring only at
the cell surface, a process that might be influenced by
integrin–LAP interactions, are in progress.

Another possible consequence of avb1–LAP inter-
actions is the modulation of latent TGF-b incorpora-
tion into the ECM. Both LTBP and LLC associate with
the ECM (Taipale et al., 1994; Dallas et al., 1995) and
more recently have been shown to colocalize with FN
and assemble into at least two distinct types of fibrillar
structure (Taipale et al., 1996). Many questions remain
about the assembly of LTBP and LLC into the ECM,
including the relative amounts of LLC and free LTBP
involved, the number of different structures or pro-
teins with which LTBP and LLC can associate, and
what the functional consequences of the various bind-
ing states are. avb1 might influence this poorly un-
derstood process by modulating the amount of LLC
incorporated into the matrix (by analogy to the re-
quirement for FN receptors for FN matrix formation)
(Akiyama et al., 1989) and/or by favoring specific
structural associations over others.

A final possibility is that integrin binding to LAP
creates a signal that acts in addition to classical TGF-b
signaling. The fact that A549 cells spread and migrate
on LAP-coated surfaces implies outside-in signaling
as a result of avb1–LAP binding. Because our data
suggest that free LAP is a better integrin ligand than
latent complexes, one can speculate that such an inte-
grin-derived signal would increase after latent TGF-b
activation. (This might depend on the mechanism of
activation; for example, extracellular proteinases
might degrade the binding site). Others have shown
synergism between integrin and tyrosine kinase
growth factor receptor signaling (reviewed by Gian-
cotti, 1997). The extent of such relationships between
TGF-b receptor and integrin signaling and the role
integrin–LAP interactions in particular might play re-
main to be determined.
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