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Abstract. The transition of laminin from a monomeric
to a polymerized state is thought to be a crucial step in
the development of basement membranes and in the
case of skeletal muscle, mutations in laminin can result
in severe muscular dystrophies with basement membrane defects. We have evaluated laminin polymer and
receptor interactions to determine the requirements for
laminin assembly on a cell surface and investigated
what cellular responses might be mediated by this transition. We found that on muscle cell surfaces, laminins
preferentially polymerize while bound to receptors that
included dystroglycan and a7b1 integrin. These receptor interactions are mediated through laminin COOHterminal domains that are spatially and functionally distinct from NH2-terminal polymer binding sites. This
receptor-facilitated self-assembly drives rearrange-
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membranes are a subset of extracellular
matrices made unique by their distinct composition and close association with selected cell surfaces. Laminin and type IV collagen polymers are thought
to be key structural elements of the basement membrane
and are usually accompanied by entactin/nidogen, perlecan,
and other glycoproteins (65). The laminins are a family of
large multifunctional molecules thought to be essential for
the development and stability of these specialized matrices. All laminins are heterotrimers composed of individual
a, b, and g subunits. Laminins assemble into trimers by
forming a long coiled-coil interaction in the COOH-terminal half of the protein, designated as the long arm, whereas
the NH2-terminal regions remain independent and make
up the three short arms. There are currently five laminin
alpha chains, three beta chains, and three gamma chains
that were found in at least 11 different heterotrimer combinations in vivo (37). Depending on the tissue or organ,
different laminin subunits appear to be required at crucial
stages of embryogenesis, as well as for normal function in
mature tissues such as muscle and skin (36, 46, 50).

ment of laminin into a cell-associated polygonal network, a process that also requires actin reorganization
and tyrosine phosphorylation. As a result, dystroglycan
and integrin redistribute into a reciprocal network as
do cortical cytoskeleton components vinculin and dystrophin. Cytoskeletal and receptor reorganization is dependent on laminin polymerization and fails in response to receptor occupancy alone (nonpolymerizing
laminin). Preferential polymerization of laminin on cell
surfaces, and the resulting induction of cortical architecture, is a cooperative process requiring laminin–
receptor ligation, receptor-facilitated self-assembly, actin reorganization, and signaling events.
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It is becoming clear that different laminins have both
overlapping and unique functions. To understand the
mechanisms underlying the requirement for so many laminins, it will be important to determine how these different
laminins locally alter the function of basement membranes
and exert effects on adjacent cell layers. For instance, it
was shown that various laminin isoforms differ in their
ability to form polymers. Laminin isoforms 1–4 are capable of forming three-dimensional polymers through interactions among their three NH2-terminal short arms,
whereas laminins 5–7, with one or more truncated short
arms, are not (7, 48). An independent laminin polymer in
conjunction with the collagen IV network provides structure and support for adjacent cells (7, 64). Furthermore,
laminins provide these cells with signals and cues through
multiple cell surface receptor interactions, influencing processes such as cell survival, proliferation, and migration.
However, the relationship and possible interplay between
the structural role of laminin (i.e., its architectural state)
and its many cell interactive functions has remained unexplored.
In vitro laminin polymerization was shown to be a reversible process in which each of the three short arms interacts to form the basic polymer bond (7). This nucleation/propagation assembly process occurs in solution and
has a critical concentration of 70–140 nm (66). Although
laminins and collagens both form polymers in solution,
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laminin polymers are generated through weaker interactions, forming a more plastic polymer better suited to dynamic processes such as tissue remodeling and mechanochemical signaling. Studies using laminin in solution
have been useful for elucidating the domain requirements
and kinetics of laminin polymerization, but alone cannot
describe how the process occurs in a living organism. For
instance, it was observed that basement membranes do not
form in just any empty space between cells, but are found
closely adjacent to particular cell types or even particular
regions of a cell type, such as the basolateral surface of epithelial cells. In fact, basement membrane constituents
may be synthesized by one cell type but end up in the
basement membrane of another, more distal cell type (26).
An earlier study found that as laminin attached to synthetic phospholipid membranes, it polymerized at concentrations well below the solution critical concentration (32).
These results hinted at a mechanism by which laminin–
receptor interactions would generate very high local surface concentrations of laminins, thereby driving it above
its critical concentration on the plasma membrane surface.
Supporting a role for receptor interactions in basement
membrane assembly, several mice with mutations in cell
surface receptors were found to have various basement
membrane defects (17, 19, 29, 47, 58). Although these
basement membrane defects were not characterized at the
level of laminin polymer formation, and none of these receptors (a3 and b1 integrin subunits, and dystroglycan) exclusively binds laminin, together these studies strongly
suggested that cells might use receptors to facilitate and
target laminin polymerization.
Recently, attention has focused on the role of laminin
and its interactions in skeletal muscle. Many severe congenital muscular dystrophies are caused by mutations in
the LAMA2 gene and are marked by basement membrane
defects in both muscle and the nervous system (46). In the
muscle sarcolemmal basement membrane, laminin has
been proposed to provide a linkage between the extracellular matrix and the dystroglycan–glycoprotein complex.
In fact, mutations in virtually any component of the dystroglycan–glycoprotein complex can result in some form
of muscular dystrophy, from Duchenne’s (dystrophin) to
muscular dystrophies of the Limb-Girdle type (sarcoglycans; ref. 14). Another binding partner for laminin in skeletal muscle is the a7b1 integrin, particularly at the myotendinous junction. Mutations in the a7 integrin subunit
can also cause skeletal muscle pathologies, although these
appear to be less severe and are classified as myopathies,
not dystrophies (28, 35). Interestingly, several LAMA2
mutations result in the expression of partially functional
laminin molecules that maintain their basement membrane localization (1, 42, 49, 55, 59). One such mutation
occurs in the dy2J mouse, where the laminin-2 expressed
by these mice has been found to be defective in its ability
to polymerize, even though it remains localized to the
basement membrane (Colognato, H., and P.D. Yurchenco,
manuscript in preparation).
While these disorders have established an important
role for basement membranes, the underlying mechanisms
behind the requirement for laminins have remained unclear. In the case of the dy2J mouse, laminin remains linked
to the cell through receptor interactions and to the base-
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ment membrane through its interaction with entactin/
nidogen. Therefore, it seems likely that laminin is required
not only to provide an anchor to neighboring tissues, but
to somehow alter these tissues, and we should consider
that polymerization may play a role in this process. To address these issues it will be important to understand how
the many and diverse functions of laminin might cooperate to promote matrix assembly and to provide mechanical
and chemical signals to adjacent cells. An emerging paradigm is that the architecture itself transmits information to
cells, through mechanisms such as matrix rigidity, spatial
arrangement of cell receptors, and tension exerted between the matrix and receptor (8, 18, 20, 33, 51). The structural properties and multiple functions of the laminin
molecule would make it well suited to modulate cell interactions through these mechanisms.
In this study, we have evaluated the effects that laminin,
as a monomeric or polymeric ligand, has on surface receptors and cortical cytoskeletal components using a muscle
cell culture system (60). We present evidence that laminin polymerization occurs preferentially on cell surfaces
through specific receptor interactions, providing a targeting mechanism for the assembly of basement membranes.
Furthermore, we show that laminin polymerization, above
and beyond receptor occupancy, is required to induce reorganization of laminin, its receptors, and cytoskeletal
components. This polymer-mediated rearrangement may
represent a general mechanism used wherever basement
membranes are assembling or remodeling. In fact, a specific disruption in this architecture may be the molecular
basis for many congenital muscular dystrophies.

Materials and Methods
Cell Culture
C2C12 myoblasts (American Type Culture Collection) were maintained
in DME (Gibco Laboratories) containing 10% FBS in a 378C incubator
with 5% CO2. Subconfluent myoblasts were trypsinized, transferred to
35 3 10 mm tissue culture dishes, and switched to fusion medium upon
confluency (DME, 5% horse serum). Myotubes were analyzed 3–5 d after
fusion. Cytochalasin D (Sigma Chemical Co.) was used at 0.4 mM and
genistein (Calbiochem-Novabiochem Corp.) was used at 25 mM; both inhibitors were added to cultures 2 h before the addition of ligand.

Immunocytochemistry
Fused myotubes were incubated at 378C with laminins or other proteins
suspended in DME containing 0.5% BSA. Unattached protein was removed by washing four times with PBS containing 1 mM CaCl2. Cells
were fixed with 3% paraformaldehyde for 10 min at room temperature
and, when using antibodies against intracellular epitopes, permeabilized
with PBS containing 0.5% Triton X-100 at 08C. Cells were blocked for 30
min in PBS containing 0.5% BSA and 5% normal goat serum and incubated with primary antibodies diluted in wash buffer (PBS, 0.5% BSA,
0.5% normal goat serum) for 1 h at room temperature. After several
washes, cells were incubated with FITC- or rhodamine-conjugated secondary antibodies for 1 h at room temperature. Cells were washed, coverslipped in 1,4 diazabicyclo[2.2.2]octane (Sigma Chemical Co.), and imaged
using an Olympus IX-70 inverted fluorescent microscope and a cooled
CCD camera (Princeton Instruments Micromax).

Antibodies
Rabbit polyclonal antibodies against mouse laminin-1, human laminin-2,
laminin-1 proteolytic fragments E4, E8, and E3, and recombinant laminin
a2-G domain were generated as described previously (13). Anti-E4, antiE8, anti-E3, and anti-a2(G) were found to be highly specific to these re-
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gions of laminins after affinity purification and extensive cross-absorption.
CY8 mouse monoclonal IgG ascites fluid raised against the a7 integrin
subunit was provided by Dr. Randy Kramer (University of California, San
Francisco, CA) and was diluted 1:500 for both blocking experiments and
indirect immunofluorescence. IIH6 mouse monoclonal IgM raised against
rabbit dystroglycan, and used at a 1:2 dilution of hybridoma medium, was
provided by Drs. Hiroki Yamada and Kevin Campbell (Howard Hughes
Medical Institute, University of Iowa, Iowa City, IA). The following antibodies were obtained commercially. A mouse mAb specific for the
COOH-terminal region of b-dystroglycan was used at 1:25 (Novocastra
Laboratories). A hamster monoclonal IgM specific for the b1 integrin
subunit was used at 10–20 mg/ml for blocking experiments, and at 5 mg/ml
for indirect immunofluorescence (PharMingen). Mouse monoclonal IgM
specific for the central domain of dystrophin was used at 1:50 dilution
(Upstate Biotechnology). Mouse monoclonal IgG specific for sarcomeric
a-actinin was used at 1:800 dilution (Sigma Chemical Co.). Rabbit polyclonal IgG specific for human fibronectin was used at 1:400 dilution
(Sigma Chemical Co.). Mouse monoclonal IgG specific for vinculin was
used at 1:100 dilution (Sigma Chemical Co.). Rhodamine- and fluoresceinconjugated secondary antibodies specific for mouse IgG, mouse IgM,
hamster IgM, and rabbit IgG were used at the recommended dilutions
(Jackson Immunochemicals and Sigma Chemical Co.).

Proteins
Mouse laminin-1 was extracted from lathyritic EHS tumor and purified as
described (63). A preparation of laminin-2 and -4 (both containing the a2
chain subunit) was prepared from human placenta as described (7), using
a modification of a procedure developed previously (4). Defined fragments of laminin were prepared after digestion of laminin-1 with elastase
or cathepsin G (63). Elastase fragments include: E19, a partial complex of
all three NH2-terminal short arms associated with a nidogen fragment; E4,
b-chain short arm domains V and VI; E8, distal long arm coiled-coil region and proximal G domain (G repeats 1–3); and E3, distal G domain (G
repeats 4 and 5). The cathepsin G fragment C8-9 is similar to the elastase
fragment E8 but is larger, including most of the coiled coil. Recombinant
laminin a-chain proteins a1(VI-IVb), a2(VI-IVb), and a2(G) were generated and purified as described previously (12, 13, 45). Human fibronectin
was purchased from Sigma Chemical Co.

nous laminin, so added laminin was monitored easily. We
incubated fused myotubes with laminin-1 (a1b1g1) and
found that laminin bound to the dorsal myotube surface
(Fig. 1). Initially (15 min), laminin binding was diffuse
(Fig. 1, a and a9), but later (1 h) appeared aggregated into
a reticular pattern on the surface (Fig. 1, b and b9). By 4 h,
laminin organization on the cell surface appeared predominantly in a repeating, polygonal network with dimensions
generally between 1 and 3 mm (see higher magnification in
c9 for greater detail). In addition, these longer incubations
revealed a transition from widespread coverage of laminin
networks to more focal regions of laminin (d shows another myotube at 4 h). This transition was accompanied by
the appearance of compact networks of laminin surrounded by zones with little or no laminin. These regions
maintained the repeating substructure seen in more widespread laminin networks, but the entire architecture was
somewhat more densely packed. Constant replenishment
of the incubation medium with fresh laminin did not alter
this progression from ubiquitous to more focal laminin
coverage, suggesting that a change was occurring in the accessibility, composition, or activation state of laminin receptors. In addition, myotubes incubated in the presence
of laminin for up to 24 h remained healthy and maintained
focal laminin networks.

Laminin Uses Its COOH-terminal Long Arm to Bind to
the Myotube Surface

1. Abbreviations used in this paper: AEBSF, p-aminoethylbenzenesulfonyl
fluoride; CMD, congenital muscular dystrophy.

First, we sought to determine which regions of the large
multisubunit laminin molecule interacted directly with the
myotube cell surface (Fig. 2). A battery of laminin proteolytic fragments and recombinant laminin domains was
evaluated to determine which domains bound directly to
myotube cell surface receptors. Here we considered the
binding properties of both a1- and a2-chain–containing
laminins, shown together in a composite model (Fig. 2 A).
This model depicts the boundaries of laminin fragments
and some of the sites known to interact with receptors and
extracellular matrix molecules.
We found that laminin proteins composed of distal
COOH-terminal domains, but not those from NH2-terminal domains, were detected on the cell surface using indirect immunofluorescence (Fig. 2 B). The NH2-terminal
short arm region from both the a1 and a2 laminin subunits
(a1[VI-IVb] and a2[VI-IVb]) have been shown previously
to possess active a1b1 and a2b1 integrin binding sites using PC12, HT1080, and primary rat Schwann cells (12). In
contrast, we did not detect any significant level of binding
between C2C12 myotubes and the a1 and a2 laminin short
arms, indicating that fused muscle cells do not directly interact with these NH2-terminal domains. Also, we did not
detect binding of short arm proteolytic fragments E19 and
E4 (data not shown). Proteolytic fragments E8 and E3, derived from the COOH-terminal long arm of mouse laminin-1 (34), bound to the cell surface, remained diffusely
distributed, and had a punctate staining appearance. A recombinant laminin protein consisting of the entire a2 subunit G-domain (45) also bound to the surface and had a
staining pattern similar to that of E3 and E8. Fragment E8
has been shown to mediate laminin binding to the a7b1 integrin (57), whereas fragment E3 has been shown to medi-

Colognato et al. Laminin Polymer Induces Receptor–Cytoskeleton Network

621

Protein Analysis
100 mM serine protease inhibitor p-aminoethylbenzenesulfonyl fluoride
(AEBSF,1 HCl) was incubated overnight on ice with laminin and used to
inactivate laminin self-assembly (see Fig. 4). AEBSF-treated laminin was
dialyzed to remove free AEBSF and taken through two rounds of polymerization conditions (378C, 3 h) to remove any potentially active laminins. [14C]AEBSF (American Radiolabeled Chemicals Inc.) had a specific
activity of 55 mCi/mmol. For binding studies, [14C]AEBSF was incubated
overnight on ice with laminin and dialysis was performed to remove unbound material. Laminin was digested with elastase (Boehringer Mannheim) using an enzyme/substrate ratio of 1:100 for 24 h at 258C. Bound
[14C]AEBSF was determined using PhosphoImaging (Bio-Rad GS-250;
Bio-Rad Laboratories) on fragments separated by SDS-PAGE. Assays to
evaluate laminin polymer formation and laminin cell adhesion were performed as previously described (7, 12).

Results
Laminin Binds to the Myotube Surface and
Forms a Network
To understand how laminin interacts with muscle cells, we
evaluated laminins on C2C12 cells, a mouse myogenic cell
line (60). When deprived of mitogens, these cells fuse and
form long, multinucleated myotubes that spontaneously
beat in culture (Fig. 1 f, phase micrograph). Fortunately,
these cells appear to produce only low levels of endoge-

Figure 1. Laminin binds to the myotube surface
and forms a network. Laminin attached to the
surface of C2C12 myotubes was visualized using
polyclonal antibodies against specific laminin
subunits followed by rhodamine-conjugated secondary antibodies. After incubation with 1 mg/ml
laminin-1 for 15 min, laminin was seen on the
dorsal myotube surface in a diffuse punctate pattern (a and a9). In 1 h, laminin was organized in a
more aggregated, reticular pattern (b and b9).
Myotubes incubated with 10 mg/ml laminin-1 (c,
c9, and d) for 4 h showed an extensive repeating
polygonal network of laminin on their surface
(see c9 for a higher magnification view of this
network, arrow depicts polygonal unit). At 4 h,
many myotubes also contain regions cleared of
laminin, with surface networks appearing in
more compact clusters (d). Control myotubes incubated with BSA show little laminin staining
(e). Fibronectin (10 mg/ml for 4 h) forms fibrillar
structures primarily in regions containing myoblasts, not myotubes (f, phase micrograph, f9, antifibronectin). Bar, 5 mm.

ate binding to a-dystroglycan (22). Although both fragments bound to the cell surface, neither formed the large
aggregates and networks seen with intact laminin-1 or
laminin-2. One explanation for this difference could be

that integrin and dystroglycan binding need to occur simultaneously, acting as coreceptors to stimulate surface
aggregation. To test this possibility, we incubated cells
with a mixture of E3 and E8. However, the staining pat-

Figure 2. Laminin uses its COOH-terminal long arm to bind to the myotube surface. (A) Structure/function map of laminin proteolytic
fragments and recombinant proteins, shown as a composite of features common to laminin-1 (a1b1g1) and laminin-2 (a2b1g1). Proteolytic fragments include: E19, E4, E8, and E3. Recombinant proteins include: a1(VI-IVb), a2(VI-IVb), and a2(G). Receptor binding
sites are: a1b1, a2b1, a7b1 integrin, and a-dystroglycan (aDG). Binding sites for extracellular matrix molecules: laminin polymer–
forming regions (domains V and VI of a-, b-, and g-short arms), entactin/nidogen (En/Nd), and agrin. Mutations used include the following: 57–amino acid region deleted in a2 chain of dystrophic dy2J mouse (Ddy2J). (B) Direct binding of laminin COOH-terminal long
arm proteins to the myotube surface. Laminin-1 and laminin-2 bound myotubes and formed a reticular pattern after 1 h (insets). Recombinant laminin a-subunit proteins from the NH2-terminal short arm region (a1- and a2[VI-IVb]9) showed no detectable binding.
COOH-terminal proteins, including proteolytic fragments E8 and E3, and recombinant a2-G domain protein showed widespread attachment to the myotube surface, but remained in a diffuse, punctate distribution. Insets show regions at two times the magnification.
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tern remained similar to that seen with individual fragments (not shown), indicating that occupancy of both receptor types was not sufficient to produce larger surface
aggregates.
Next, we tested the ability of surface binding proteins or
antibodies to block or alter the organized pattern of intact
laminin on myotube surfaces (Fig. 3). First, cells were incubated for 1 h with COOH-terminal long arm fragments
E3 or E8, or a combination of E3 and E8, or with blocking
antibodies to each of the two principal receptors for laminin in mature muscle fibers, integrin and dystroglycan.
Treatment with these reagents was followed by addition of
intact laminin for 1 h. The cells were probed with antibodies specific for the NH2-terminal region of laminin,
thereby only detecting intact laminin bound to the surface
(i.e., not fragments E3 or E8). Surprisingly, functionblocking antibodies against the b1 integrin subunit or the
a7 integrin subunit (not shown) had almost no effect on
the ability of laminin to bind to and aggregate on myotube
surfaces. These same antibodies completely blocked fragments E8 and C8-9 (larger than E8, fragment C8-9 also
contains the agrin binding site) from binding to the myotube surface, demonstrating that these antibodies prevent
a7b1 integrin binding interactions (not shown). In contrast, treatment with antibody that interferes with laminin–
dystroglycan interactions (mAb IIH6) had a clear effect on
laminin surface aggregation and network formation. Furthermore, fragment E3, which contains the dystroglycan
binding site, significantly reduced laminin binding and aggregation on the myotube surface. Fragment E3 consistently had a greater blocking effect than antidystroglycan.
One explanation may be that the E3 fragment contains additional, less prominent receptor binding sites. It is also
possible that a partial or weak blocking effect exerted by
this monoclonal IgM may be responsible for the difference. Nevertheless, a more prominent role in both direct
binding and subsequent aggregation can be attributed to
the E3-mediated interaction(s), compared with those mediated by E8. Finally, incubations combining fragment E3
with fragment E8 now completely blocked laminin from
binding to the myotube surface. The extent of inhibition
seen with single or multiple reagents persisted during

longer laminin incubations: after treatment with laminin
for 4 h, laminin network and cluster formation was significantly blocked by E3, very little by E8, and completely by
a combination of the two (not shown).

Laminin Polymerization Is Necessary for Surface
Networks to Form
To determine whether laminin–laminin polymer bonds
were required to mediate laminin network formation on a
cell surface, we used several methods to selectively analyze polymer formation. A nonpolymerizing laminin was
generated by treating laminin with AEBSF, a serine protease inhibitor that we fortuitously found has the ability to
bind covalently to laminin (Fig. 4). Binding specificity was
determined by incubating laminin with [14C]AEBSF, followed by the standard elastase proteolysis conditions used
to generate laminin fragments (34). Fig. 4 A shows the relative amount of isotope bound to various laminin elastase
proteolytic fragments. We found that nearly all of the label
was associated with E19, a fragment consisting mostly of
the a– and g–NH2-terminal short arms and containing
sites essential for laminin polymer formation (48, 63). In
contrast, the COOH-terminal long arm fragments E3 and
E8 bound little, if any, [14C]AEBSF. Although treatment
with AEBSF abolished laminin’s ability to form a polymer
in solution (Fig. 4 B), its ability to interact with surface receptors (including a1b1, a2b1, a3b1, a6b1, and a7b1 integrins) in the cell types we have tested so far (HT1080,
C2C12, 1072Sk fibroblasts, and primary Schwann cells) remained unchanged. Adhesion of C2C12 myoblasts to both
untreated and AEBSF-treated laminin-1 is shown in Fig. 4
C. In addition, we found that the dystroglycan-binding
fragment E3 retained its ability to interact with the muscle
cell surface after treatment with AEBSF (not shown) and
that the affinity of laminin for dystroglycan remained unchanged after AEBSF treatment (Combs, A., and J. Ervasti, personal communication). Essentially, this reagent
produced a nonpolymerizing but otherwise functional
laminin molecule, and allowed us to test directly the role
of laminin polymer formation independent of its cell adhesive functions.

Figure 3. Blocking receptor interactions disrupts
laminin surface networks. Laminin COOH-terminal proteins and/or receptor-blocking antibodies were used to compete for laminin binding
sites. Myotubes were preincubated with the following proteins for 1 h: BSA (control), fragment
E3, fragment E8, anti–b1 integrin blocking antibody, antidystroglycan (anti-DG), or a combination of fragments E3 and E8. Laminin incubated
thereafter (5 mg/ml for 1 h) was visualized using
an antibody specific for the NH2-terminal region
of the laminin b1 subunit (anti-E4, which does
not recognize COOH-terminal fragments E3 and
E8). Blockade using fragment E3 alone resulted
in a large decrease of laminin binding and network formation on the cell surface, whereas blockade of the long arm integrin binding sites using E8 or integrin blocking antibodies had
minimal effect. Treatment with antibodies against a-dystroglycan disrupted laminin surface networks, to a lesser degree than blockade
with fragment E3. Blockade of both E3- and E8-mediated cell recognition domains completely inhibited laminin binding to the surface.
Bar, 10 mm.
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Laminin Polymerization Is Required for Induction
of a Cortical Network of Receptors and
Cytoskeletal Components

Figure 4. Generation of nonpolymerizing laminin using AEBSF.
(A) Binding of [14C]AEBSF to laminin proteolytic fragments.
Laminin incubated with [14C]AEBSF was treated with elastase to
generate standard laminin elastase fragments (Fig. 2 A, fragment
map of laminin). Total laminin digest was separated using SDSPAGE and carbon-14 incorporation was determined by phosphoanalysis, shown here relative to fragment migration positions.
Most [14C]AEBSF bound to E19, a fragment shown to contain
sites essential for polymerization. (B) AEBSF-treated laminin
(open circles) and untreated laminin (closed circles) were evaluated for their ability to form a polymer in solution. Laminin was
incubated for 3 h at 378C and the polymer fraction was separated
by centrifugation (see Materials and Methods). Untreated laminin showed concentration-dependent polymerization, whereas
AEBSF-treated laminin remained in solution. (C) AEBSFtreated laminin (open circles) and untreated laminin (closed circles) were compared for their ability to support adhesion of
C2C12 myoblasts. Both treated and untreated laminin supported
adhesion and showed a similar dependence on substrate concentration. In addition, laminin fragments (E3, E8, and C8 and 9)
treated with AEBSF bound to fused myotubes (not shown).

The organization of receptors and cortical cytoskeleton in
the presence or absence of laminin was evaluated. Treatment of myotubes for 4 h with polymer-competent laminin
resulted in the rearrangement of a7b1 integrin, dystroglycan, dystrophin, and cortical vinculin, but not a-actinin
(Fig. 6). Laminin-treated myotubes were double-labeled
to visualize the laminin network, sarcolemmal proteins (a7
and b1 integrin subunits, dystroglycan, vinculin, dystrophin, and a-actinin) and their overlapping distributions
(Fig. 6, merge shown on left). Integrin (a7 and b1 subunits), dystroglycan, vinculin, and dystrophin formed repeating polygonal structures similar in appearance and location to those formed by laminin. Beneath the laminin
network, both receptor types also codistributed (Fig. 6,
dystroglycan and integrin double labeling). Myotubes incubated with BSA and those incubated with nonpolymerizing laminin are shown in the bottom two rows of Fig. 6.
The organization of b1 integrin, dystroglycan, vinculin,
and dystrophin was very different in these myotubes, appearing diffusely distributed with regions of small clusters.
Therefore, laminin that could engage receptors, but could
not form surface polymers, was insufficient to induce receptor and cytoskeleton rearrangements.

Actin Reorganization and Tyrosine Phosphorylation
Are Required for the Formation of Laminin Cell
Surface Networks

We found that nonpolymerizing AEBSF–laminin was
unable to form aggregates and networks on the cell surface (Fig. 5, AEBSF-Lm). Conditions used to disrupt laminin polymer bonds selectively in solution (48) also were
found to disrupt laminin cell surface organization, but had
no effect on the binding of surface receptors (Fig. 5). Specifically, molar excess of either laminin short arm proteolytic fragments E19or E4 prevented formation of laminin surface aggregates that appear after 1 h. Inhibition of
polymerization also prevented development of laminin
networks and clusters seen after longer incubations. After
4 h, polymerization-competent laminin appeared in both
widespread networks and more compact clusters. However, AEBSF-treated laminin, or laminin blocked with
fragment E19 did not form these structures.

The architecture of the laminin polymer, with its z35-nm
strut meshwork, can be appreciated only at the level of
electron microscopy. While triggered by polymerization,
the organized semi-regular appearance of the laminin surface network suggested that creation of this architecture
might be an active process perhaps requiring remodeling
of the cortical actin network, or even signaling events. We
investigated the role of actin by comparing the organization of laminin on myotubes incubated in the presence or
absence of cytochalasin, an agent that prevents assembly
and disassembly of filamentous actin (Fig. 7). In contrast
to control myotubes, cytochalasin-treated myotubes did
not show prominent rearrangement of surface laminin into
complex networks, even after 4 h. On cytochalasin-treated
myotubes, laminin coverage remained widespread and had
a near continuous, almost mattelike quality. Inspection at
higher magnification (Fig. 7, insets) revealed a delicate
substructure to regions of this laminin covering, one that
was very different from the larger, more sharply delineated polygonal units seen in control cultures. In addition,
the clearance of laminin from large regions of the myotube
surface was inhibited.
Next, we evaluated whether energy-dependent signaling
cascades might be required to promote laminin network
formation on the cell surface. We found that genistein, a
general inhibitor of protein tyrosine kinases, had a large
effect on laminin’s ability to form a surface network (Fig.
7). On genistein-treated myotubes, laminin coverage appeared ubiquitous and without much complexity, similar
to that seen on cytochalasin-treated cells. In contrast, several other inhibitors of signaling molecules had virtually
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Figure 5. Laminin polymer bonds are required
for network formation on the cell surface. Laminins were treated with reagents that block laminin polymerization, but not cell adhesion activities. Myotubes were incubated with these
polymer-deficient laminins for 1 h at 1 mg/ml
(top) or for 4 h at 10 mg/ml (bottom) then evaluated for the presence of laminin aggregates. In
the presence of short arm fragments E19 and E4,
laminin was unable to organize into reticular
clusters in 1 h (untreated laminin shown at left).
Similarly, AEBSF-treated laminin (Fig. 4) did
not reorganize on the cell surface into aggregates. Formation of ordered laminin networks
(at 4 h) was also blocked by polymer-disrupting
reagents E19 and AEBSF. Bar, 5 mm.

no effect on laminin network formation (not shown). These
were wortmannin, an irreversible inhibitor of phophatidylinositol 3-kinase, and ML-7 hydrochloride, a selective
inhibitor of myosin light chain kinase that is often used to
interfere with actin–myosin contractility. The observed requirement for actin remodeling suggested a role for the
Rho family of small GTPases (27). To address this possibility, we used C3 transferase, a selective inhibitor of Rho,
but this treatment was found to disrupt myotube adhesion
and structure grossly. Therefore, it could not be used to
evaluate the role of Rho-mediated signaling in laminin
surface network formation.
2J

2J

Laminin Expressed by dy /dy Mice Is Defective in
Forming Surface Networks
Mice homozygous for the dy2J LAMA2 allele were found
to have a point mutation within the 59 coding region that
causes an abnormal splicing event (55, 59). This genetic
defect causes a severe and progressive muscular dystrophy
thought to be analogous to the many human congenital
muscular dystrophies caused by LAMA2 mutations. Because of irregular splicing, dy2J/dy2J mice express a mutated laminin a2 chain lacking 57 amino acids within domain VI, the most NH2-terminal short arm domain (see
laminin map, Fig. 2 A). Nonetheless, this aberrant laminin
subunit forms a heterotrimer with the b and g chains, is
secreted, and is localized to the sarcolemmal basement
membrane.
Subsequently, it has been found that the a2-chain–containing laminins (a combination of laminins-2 and -4) from
the skeletal muscle of dy2J/dy2J mice is defective in its ability to form a polymer in solution (Colognato, H., and P.D.
Yurchenco, manuscript in preparation). This polymerization defect most likely accounts for the dystrophy seen in
these mice since receptor recognition sites in the laminin
a2 domain VI do not seem to be used in mature skeletal
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muscle. In vivo, this mutant laminin appears to be held
within the basement membrane solely through linkage to
the collagen IV network, since we find that digestion of
muscle tissue with collagenase liberates dy2J-laminin into
solution. Normally, muscle laminin requires an additional
treatment with EDTA to disrupt the calcium-dependent
laminin polymer.

In Addition to Providing Insight into the Mechanism of
LAMA2 Muscular Dystrophies, dy2J-Laminin Provides
an Opportunity to Study a Naturally Occurring,
Polymer-defective Laminin
We purified a2-laminin extracted from wild-type and dy2J/
dy2J muscle and evaluated the ability of these laminins to
attach to muscle cell receptors and organize into a surface
network (Fig. 8 A). Myotubes incubated for 4 h with wildtype mouse a2-laminin showed extensive formation of
laminin surface networks. The inset at higher magnification (33) clearly shows the characteristic laminin network
architecture seen with laminin-1. On average, the spacing
of repeating polygonal units was often more compact
when compared with that of laminin-1, but the unit size
range was similar for both. In contrast, dy2J–a2-laminin
bound to the myotube surface but did not form these organized structures, remaining in a diffusely distributed punctate pattern. This pattern was similar to that seen with
nonpolymerizing laminin-1 (Fig. 5).

Polymer-defective dy2J–a2-Laminin Fails to Induce
Reorganization of Receptors and Cortical
Cytoskeletal Proteins
Myotubes were incubated with either wild-type or dy2J–
a2-laminin and visualized by indirect immunofluorescence. Double staining revealed the location and relationship of laminin and the following sarcolemmal proteins: b1
integrin subunit, dystroglycan, and vinculin (Fig. 8 B). In-
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Figure 6. Laminin polymerization induces a selective reorganization of cell surface receptors and components of the cortical cytoskeleton. Myotubes were incubated with 10 mg/ml laminin-1 for 4 h, followed by double indirect immunofluorescence to visualize sets of
bound laminin and various sarcolemmal proteins: Lm, laminin; a7, a7 integrin subunit; b1, b1 integrin subunit; DG, dystroglycan; vinc,
vinculin; DN, dystrophin; a-act, a-actinin. Merged images of paired sets are shown to the far left in yellow. Sarcolemmal proteins in
myotubes treated with BSA or with nonpolymerizing (AEBSF-treated) laminin are shown in the bottom two rows of images. In the
presence of laminin that can polymerize, receptors and cytoskeletal proteins reorganize into a similar polygonal pattern, colocalizing
with each other and with laminin. Bar, 5 mm; insets are twice the magnification.
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Figure 7. Inhibition of actin reorganization or tyrosine phosphorylation prevents formation of laminin surface networks. Myotubes were preincubated with either cytochalasin, an agent that
interferes with assembly and disassembly of actin filaments, or
genistein, an agent that blocks tyrosine phosphorylation. Treated
and untreated myotubes were incubated with 5 mg/ml laminin
and evaluated for the presence of laminin surface networks after
4 h. Cytochalasin and genistein both prevented characteristic
laminin surface networks from forming and disrupted laminin reorganization and clearance. Bar, 5 mm; insets are twice the magnification.

duction of corresponding integrin, dystroglycan, and vinculin networks was observed in the presence of wild-type
a2-laminin, but dy2J–a2-laminin failed to induce this reorganization. As in the presence of nonpolymerizing laminin-1, laminin receptors remained in a diffusely distrib-

Figure 8. Polymer-defective laminin from dy2J/dy2J mice does not
form surface networks and does not induce sarcolemmal reorganization. (A) The top frame shows an SDS-PAGE of laminin
from skeletal muscle of 1/1 and dy2J/dy2J mice. Proteins extracted from mouse skeletal muscle were separated by SDSPAGE under reducing conditions and visualized with Coomassie
blue. The arrow depicts dy2J laminin a2 subunit, roughly 25 kD
smaller than native a2. Bottom frame: dy2J–a2-laminin binds to
the myotube surface but fails to form networks. On myotubes incubated for 4 h, a2-laminin from wild-type mice formed networks
(1/1), whereas dy2J–a2-laminin remained in a punctate, diffusely distributed pattern (dy2J/dy2J). Bar, 5 mm; insets, three
times the magnification. (B) dy2J–a2-laminin does not induce reorganization of sarcolemmal proteins into a cortical network.
Myotubes were incubated for 4 h with laminin from either wildtype (wt-lm2) or dy2J/dy2J mice (dy2j-lm2) and costained to visualize laminin a2 subunit and b1 integrin subunit (b1), dystroglycan (DG), or vinculin (vin). a2-Laminin induces a reorganization
of integrin, dystroglycan, and vinculin, whereas dy2J–a2-laminin
does not. Bar, 10 mm.
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dystroglycan, integrin a7b1, and possibly other receptors
for the laminin long arm. The concentration of receptorengaged laminin is thereby selectively increased, now
exceeding the critical concentration for laminin selfassembly and driving polymerization preferentially on cell
surfaces (receptor-facilitated self-assembly). Furthermore,
through cooperative polymer and receptor interactions,
laminin organizes into complex polygonal arrays on the
cell surface. This appears to be an active process that requires remodeling of actin filaments and tyrosine kinase
signaling. Laminin polymerization induces reorganization
of laminin receptors, both integrin and dystroglycan, and
elements of the cortical cytoskeleton, vinculin and dystrophin. Moreover, we find that a mutated laminin causing
muscular dystrophy and dysmyelination in the dy2J/dy2J
mouse is defective in its ability to form a surface network
and to induce these specific changes in the sarcolemmal
architecture.
Figure 9. A model for receptor-facilitated laminin polymerization on the sarcolemmal plasma membrane. Receptor-facilitated
self-assembly of laminin occurs through synergistic laminin–laminin polymer interactions and laminin–receptor interactions. On
the muscle sarcolemmal membrane, the three NH 2-terminal
short arms of laminin mediate polymer interactions, whereas the
COOH-terminal long arm of laminin mediates receptor binding.
This basement membrane assembly process in turn mediates an
organizational signaling, rearranging the cortical cellular architecture and assembling matrix, receptor, and cytoskeletal elements into a polygonal meshwork. We find that formation of this
organized network is an actively driven cooperative process that
requires laminin receptor–facilitated self-assembly, actin reorganization, and tyrosine phosphorylation.

Laminin at the Muscle Sarcolemma: Receptor Ligation
Is Not Sufficient for Induction

The extracellular matrix molecule laminin has been described previously as having two major, though independent, functions: (1) a ligand for cell surface receptors,
mediating such processes as neurite outgrowth and prevention of apoptosis, and (2) a structural molecule that
forms a polymer and is required for basement membrane
architecture, providing mechanical support to adjacent
cells. In this study, we have presented evidence that these
two types of functions are in fact integrated, acting synergistically to reorganize the cell surface and adjacent cortical cytoskeleton (Fig. 9). It seems likely that this laminininduced process represents a specific mechanism for the
transmission of complex cellular signals. For these cells,
this mechanism appears to be laminin-specific, not induced by the addition of fibronectin, collagen IV, or even
by the addition of divalent antibodies to artificially cluster
nonpolymerizing laminin (not shown). We have shown
that laminin attaches to the cell surface while bound to

In the past few years, numerous mutations in the LAMA2
gene have been identified as the cause of congenital muscular dystrophy (CMD, ref. 53). Furthermore, the hallmark
of this emerging class of disorders is the accompaniment of
peripheral and central nervous system abnormalities, indicating a requirement for this laminin beyond the skeletal
musculature. Although the isolation of these laminin
mutations offers a significant breakthrough in the understanding of these congenital disease processes, insight into
the molecular mechanism has been elusive. Many identified mutations result in absence of the laminin a2 protein
altogether, but may be accompanied to varying degrees by
upregulation of additional laminin chains such as a4 and
a5, whose degree of overlapping function remains unclear
(43). Mutations resulting in expressed protein with specific
functional deletions, a smaller group, may lead to a more
selective analysis of the contributions of specific laminin
functions. Since laminin isoforms have many overlapping
functions, structure/function correlation may permit identification of laminin candidates that could be upregulated
or expressed to correct a2-deficient CMDs, similar to the
rescue of dystrophin-negative dystrophic mdx mice using
the dystrophin homologue, utrophin (44, 56).
The dystrophic dy2J mouse has an abnormally spliced
laminin a2 transcript resulting from a point mutation in a
splice donor site (55, 59). The resulting a2 protein is expressed, incorporated into a laminin heterotrimer, and
localized to the sarcolemmal basement membrane. This
a2-chain short arm defect in domain VI is analogous to
several human CMDs that express partially functional a2
proteins with defects in the NH2-terminal short arm (1, 11,
42). In this study, we find that fused muscle cells bind to
laminin through receptor-binding sites in the COOH-terminal long arm, z110 nm away from the short arm region
that is defective in polymer formation (Colognato, H., and
P.D. Yurchenco, manuscript in preparation). This laminin
remains within the basement membrane through interactions with cell surface receptors and through linkage to the
type IV collagen network, the latter mediated by entactin/
nidogen. In this context, it seemed unlikely that the prime
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uted, punctate pattern, as did vinculin. In addition, the
intensity of vinculin staining at the cortical region appeared to be greater in myotubes incubated with polymerizing laminin-1 or -2, suggesting that vinculin was being recruited into the cortex and reorganized.

Discussion

role of laminin polymerization is simply to dock laminin
into the basement membrane and provide a mechanical
tether. Therefore, we sought to understand how laminin
polymerization might alter the muscle sarcolemma in such
a way that could promote muscle function and, ultimately,
survival. The novel laminin function that we report here
seems a likely candidate: the induction of dramatic changes
in organization of matrix, receptors, and cortical cytoskeletal components in response to laminin polymerization. This induction may underlie a key requirement for
laminin polymerization in maintenance of proper cellular
architecture and function.

A Role for Ligand Architecture above and beyond
Receptor Occupancy

lar responses (5, 25). In these studies, the modified laminin
domains were completely distinct from those regions interacting with the cell receptor(s) in question. In a study
done by Giannelli and colleagues, it was found that proteolytic cleavage in the short arm of the g2 subunit transformed cell interactions mediated by the G-domain of
laminin-5, converting a static adhesion activity to an invasive, migratory activity used by cancer cells. The mechanism for this functional switching remains unclear, but
information transmitted through the architectural arrangement of these ligands may very well contribute.

Cooperativity between Laminin Polymerization and
Laminin–Receptor Interactions

Signaling pathways mediated by some growth factors not
only have been found to be dependent on ligand occupancy of receptors, but also on dimerization of these receptors (3, 9, 62). In a related concept, receptor aggregation, mediated by fibronectin fibrils, is thought to recruit a
large collection of cytoskeletal components and signaling
molecules to these sites (38, 61). For this process, it has
been shown that ligand occupancy alone (provided by
RGD peptide) activates only a small subset of the responses mediated by a fibrillar fibronectin network. Similar or related mechanisms might play a role in laminin
signaling, although laminin differs significantly from fibronectin in its distribution, receptor partners, and mode
of supramolecular assembly. For instance, fibronectin
forms a fibrillar rather than a meshlike polymer and its assembly process does not occur in the absence of receptor
interactions. This difference turned out to be helpful to
our study, as we were able to evaluate laminin’s polymerization process independent of receptor occupancy and assess the extent to which laminin-induced changes were
polymer-induced.
Traditionally, basement membranes have been thought
of as supportive substrates for adjacent cells that enable
cell adhesion or migration. The data presented here suggest a more dynamic, instructive role for the supramolecular organization of laminin in the basement membrane.
Evidence has been building in recent years for the idea
that cellular architecture has the ability to transmit information. At the forefront of this paradigm has been the
concept of tensegrity, a model for mechanotransduction in
which cells respond to mechanical stresses and changes in
the physical environment through a matrix receptor–cytoskeleton nuclear continuum (30). In support of this model,
spatial arrangement of matrix molecules has been shown
to mediate processes such as proliferation, apoptosis, and
arrangement of cytoskeletal architecture (6, 31, 33, 40). In
this study we have shown that a change in laminin architecture is able to instruct muscle cells, leading to changes
in receptor and cytoskeletal architecture. Interestingly,
preliminary data suggest that laminin polymerization may
activate tyrosine phosphorylation above and beyond that
seen with nonpolymerizing laminin (Hanus, C., and P.D.
Yurchenco, unpublished observations).
Studies in which certain laminin domains have been
masked or proteolytically altered also support the notion
that laminin architecture has the ability to influence cellu-

The relationship between laminin–receptor interactions
and basement membrane formation has been examined in
recent years. Targeted gene disruptions of the b1 integrin
subunit and dystroglycan, both lethal to embryonic development, have indicated a requirement for receptors in the
proper assembly and subsequent function of embryonic
basement membranes (19, 52, 58). Furthermore, mutations in the a3, a6, and b4 integrin subunits cause defects
in the epidermal basement membrane of the skin, often
leading to epidermolysis bullosa (17, 24, 41). Teratomas
formed by b1-null embryonic stem cells injected into normal mice formed aberrant basement membranes that appeared to develop and slough off of adjacent cells, often in
multiple and abnormally thickened layers (2, 47). Dystroglycan-null embryos die after implantation after failing to
develop a functional extraembryonic Reichert’s membrane, allowing maternal blood into the yolk sac cavity.
Examination of this specialized basement membrane revealed only occasional patchy regions of laminin and collagen IV staining instead of the continuous staining observed normally. Furthermore, recent work has shown that
dystroglycan 2/2 embryonic stem cells grown in culture to
form embryoid bodies also have defects in basement membrane assembly (29).
How does the removal of dystroglycan, or other laminin
receptors, lead to such profoundly defective basement
membranes? Other molecular bonds, such as laminin–integrin or laminin–nidogen-collagen IV, could presumably be
sufficient to retain laminin within the basement membrane
of dystroglycan-null cells. This suggests that the laminin–
dystroglycan interaction may provide an inductive role to
cells in addition to providing a simple mechanical linkage.
The ability of dystroglycan binding fragment E3 to disrupt
markedly not only laminin surface binding but also its surface assembly is consistent with this hypothesis. The large
effect seen by inhibiting dystroglycan, versus integrin, interaction sites may be due to a larger reduction in laminin
accumulation on the surface, or a greater mobility of dystroglycan through the lipid bilayer compared with integrin,
but it could also indicate an inductive role specific to the
laminin–dystroglycan interaction.
The laminin–dystroglycan relationship also has been examined in the context of neuromuscular junction formation. It has been found that AChR receptor clustering is
mediated in part by neural agrin through a mechanism dependent on the tyrosine kinase receptor MuSK (15, 21).
Agrin, which has laminin-G domainlike repeats, has been
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shown to bind to both laminin and dystroglycan (16, 23). It
has been suggested that laminin and dystroglycan may
each serve as reservoirs for agrin at the neuromuscular
endplate, perhaps facilitating agrin’s ability to induce
AChR clustering. Moreover, recent work has illustrated a
MuSK-independent AChR clustering activity that is activated by the addition of exogenous laminin (54). In fact,
the laminin–dystroglycan interaction specifically was required for this laminin-induced AChR clustering to occur
(39). However, an earlier study by Cohen and colleagues
found that by adding laminin to Xenopus muscle cultures,
small dystroglycan clusters are converted to larger more
focal clusters but that these laminin-induced clusters were
not accompanied by accumulation of AChR (10). Using
the C2C12 muscle culture system, we do observe an increase in AChR clusters upon addition of laminin, but
only a subset of these clusters colocalizes with laminin (micrographs not shown). It should be interesting to learn
whether the receptor and cytoskeletal rearrangements induced by laminin polymerization play a role in signaling
this MuSK-independent pathway for AChR clustering.
In summary, we present evidence that laminin polymerization induces a cortical cellular architecture comprised
of matrix, receptor, and cytoskeletal elements. This process requires a unique synergism between laminin architecture–forming and receptor–ligating functions, mediated
by distal NH2-terminal and COOH-terminal epitopes, respectively. Furthermore, we demonstrate that a mutant
laminin responsible for CMD and nervous system defects
is defective in its ability to form surface networks and subsequently induce receptor–cytoskeleton rearrangement.
This organizational signaling induced by laminin introduces a novel mechanism by which the supramolecular
configuration of basement membranes instructs adjacent
cells and tissues.
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