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Basementmembranes arewidely distributed extracellular matrices that coat the basal aspect
of epithelial and endothelial cells and surroundmuscle, fat, and Schwann cells. These extra-
cellular matrices, first expressed in early embryogenesis, are self-assembled on competent
cell surfaces through binding interactions among laminins, type IV collagens, nidogens,
and proteoglycans. They form stabilizing extensions of the plasma membrane that provide
cell adhesion and that act as solid-phase agonists. Basement membranes play a role in
tissue and organ morphogenesis and help maintain function in the adult. Mutations ad-
versely affecting expression of the different structural components are associated with devel-
opmental arrest at different stages as well as postnatal diseases of muscle, nerve, brain, eye,
skin, vasculature, and kidney.

T
he basement membrane (basal lamina) was
first described in muscle as a “membran-

aceous sheath of the most exquisite delicacy”

(Bowman 1840). Microscopists subsequently
identified basement membranes in nearly all

tissues. In the late 1970s, the discovery of the

basement membrane-rich EHS tumor led to
the isolation of abundant quantities of laminin,

type IV collagen, nidogen (entactin), and perle-

can, enabling elucidation of their biochemi-
cal and cell-interactive properties and opening

a door to an understanding of structure and

function of basement membranes at a molecu-
lar level.

Basement membranes are layered cell-ad-

herent extracellular matrices (ECMs) that form
part of tissue architecture, contributing both

to embryonic differentiation and the mainte-

nance of adult functions. They are evolutionarily

ancient structures, likely appearing when or-
ganized communities of animal cells first

emerged. These matrices serve as an extension

of the plasma membrane, protecting tissues
from disruptive physical stresses, and provide

an interactive interface between cell and sur-

rounding environment that can mediate local
and distant signals within and between these

compartments. Such signals appear to be largely

processed through integrins, growth factor
interactions, and dystroglycan. Basement mem-

brane-dependent functions include the promo-

tion of strong epidermal/dermal attachment,
stabilization of the skeletal muscle sarcolemma,

selectivity of glomerular filtration, and estab-

lishment of epithelial and glial cell polarization.
Assembly of a functionally active basement

membrane depends on the binding interac-

tions among the large carbohydrate-modified
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proteins, each consisting of an array of dis-

tinct domains with unique binding properties.

These components, in turn, are organized into
higher ordered supramolecular assemblies that

engage cell surface receptors in a developmen-

tally and tissue-specific manner. In this review
models of structure will be related to those of

function based on a consideration of morpho-

logical, biochemical, cell biological, develop-
mental, and genetic information.

SUPRAMOLECULAR ARCHITECTURE

Each basement membrane contains at least one
member of the heterotrimeric laminin family,

one or two nidogens, the heparan sulfate pro-

teoglycans (HSPGs) perlecan and/or agrin, and
one or more of the variants of type IV collagens

(Fig. 1). We recognize these components as ma-

jor contributors to the formation of the basic
architectural scaffolding and array of interactive

ligands. The laminin and collagen isoforms

possess differences in their assembly, receptor-
binding, and/or subsequent cross-linking, al-
lowing variations in final structure, signaling,

and stability. Laminins, type IV collagens, perle-
can, and agrin are large macromolecules rang-

ing from ≏75 nm to ≏400 nm in greatest

length. In typical thin basement membranes
(50–100 nm thick), the basic components are

likely organized into a single molecular layer

with the long axes of laminin and collagen par-
allel to the surface. In thicker basement mem-

branes, such as those of Reichert’s membrane,

the renal glomerulus, lens capsule, and EHS
tumor matrix, the interior basement mem-

brane molecules reside beyond the reach of

receptors and interact only through intercom-
ponent architectural bonds. Collagens type

XVIII, XV, and VI are found at the basement

membrane/stromal interface and are thought
to mediate their attachment. Additionally, fi-

bronectin, usherin, bamacan, nephronectin,

papilin, netrins, and other components can be
found within basement membranes, adding

additional receptor-binding activities (e.g.,

nephronectin) and/or modulating structure
(e.g., netrin-4). All of the components show

differential developmental and tissue-specific

expression patterns.1

By electron microscopy of glutaraldehyde-
fixed and heavy-metal-impregnated thin sec-

tions, the basement membrane is typically

seen as consisting of an electron-dense layer
(lamina densa) separated from the plasma

membrane by an electron-lucent layer (lamina

lucida). However, the significance of this dis-
tinct morphology was brought into question

by the technique of rapid freeze-substitution

in which a homogenous ultrastructure was
observed (Chan et al. 1993; Chan and Inoue

1994; Miosge 2001). A detailed study of Reich-

ert’s membrane revealed a three-dimensional
branching network of fine filaments and cords

(Inoue et al. 1983). By ultrathin high-angle plat-

inum/carbon shadowing, the supramolecular
organization was seen to consist of a branching

network of type IV collagen containing end-

to-end and lateral associations and a mesh of
short interconnecting struts corresponding to

the laminin polymer in which the combined

laminin/collagen network “pore” size was on
the order of 10 nm (Yurchenco and Ruben

1987; Yurchenco et al. 1992).

BASEMENT MEMBRANE SELF-ASSEMBLY
AND RECEPTOR INTERACTIONS

Basement membranes have been deduced to

assemble (Fig. 2) through a multistep process
that is substantially mass action-driven (self-

assembly) and that is initiated by the binding

of laminins to competent (i.e., laminin-bind-
ing) cell surfaces (Smyth et al. 1998; Li et al.

2002; Li et al. 2005b; McKee et al. 2007; McKee

et al. 2009). The intercomponent binding inter-
actions and polymerizations of laminins and

type IV collagen that create a relevant scaffold

matrix were first identified and characterized
by a study of purified components in vitro. As-

sembly on cells, however, has been found to be

1The reader should be aware of a comprehensive mouse
E16.5 expression reference map of the different basement
membrane components, generated by K. Sekiguchi and col-
leagues, to be found at the website http://www.matrixome.
com/bm.
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facilitated by anchorage to select cell surfaces

that serves to increase the local surface concen-

tration of components, promoting the interac-
tions (Kalb and Engel 1991; Li et al. 2005b;

McKee et al. 2007). This initial anchoring inter-

action appears to occur primarily through the
laminin LG domains (Figs. 1–3) that can bind

to sulfated glycolipids, integrins, dystroglycan,

and heparan sulfates. Cell surface anchorage
then enables the accumulation of nidogen,

type IV collagen, perlecan, and agrin to the nas-

cent laminin scaffold. Although nonlaminin
components have the potential to bind directly

to cell surface integrins and/or dystroglycan,

they appear to be unable to accumulate on the
cell surface to any appreciable degree in the ab-

sence of laminins. Cell control of assembly, bio-

logical activity, and subsequent state can occur
through the regulation of component expres-

sion, receptor expression, receptor activation,

site-specific cleavage of laminin domains to
alter their interactions, enzymatic cross-linking,

and turnover/degradation by matrix metallo-

proteinases (MMPs) and other proteolytic en-
zymes. In addition, there is evidence to suggest

that the organization of the basement mem-

brane, such as its density and surface patterning,
can be modulated by the cytoskeleton in a dy-

namic fashion through its receptor connections

(Colognato et al. 1999).

Laminin Family

Each laminin (≏400–800 kDa) is a heterotri-

mer consisting of one each of five a, four b,

and three g subunits joined through a long
coiled-coil domain (Parsons et al. 2002;Aumail-

ley et al. 2005) (Figs. 1 and 2). Charged residues

within the heptad repeats of the coiled-coil
restrict the number of allowed heterotrimers

(Beck et al. 1993; Macdonald et al. 2010) to

generate the following (confirmed) vertebrate
heterotrimers: laminins-111 (i.e. a1b1g1),

121, 211, 213, 221, 311, 312, 321, 332, 411,

421, 422, 423, 511, 521, and 523 (Aumailley
et al. 2005; Macdonald et al. 2010). The a3A

subunit, which lacks the amino-terminal

domains of the short arm, also exists as a longer
(a3B) splice-variant with a full short arm. In

general, the laminins differ from each other

on the basis of short arm domain composition,

a-subunit LG integrin- and dystroglycan-
binding affinities/specificities, and posttrans-

lational proteolytic processing of amino- and

carboxy-terminal globular domains. The a-
subunits are largely responsible for cell surface

adhesion and receptor interactions but also

contribute to self-assembly. The b- and g- sub-
units primarily play a structural role, mediating

polymerization and nidogen-binding but also

serve to modulate receptor-binding. Laminins-
111 and 511 (a5b1g1), the first to be expressed

in mammalian embryos, are essential for base-

ment membrane assembly and early embryonic
morphogenesis (Smyth et al. 1999; Huang et al.

2003;Miner et al. 2004; Urbano et al. 2009). The

laminina1 subunit was found to be required for
assembly of the extraembryonic Reichert’s

membrane whereas formation of the basement

membrane of the embryonic plate required
either the Lma1 or Lma5 subunit (Miner

et al. 2004). Inactivation of the laminin-a5

gene (Lama5) coding for the most widely ex-
pressed laminin subunit resulted in multiple

embryonic defects including syndactyly, failure

of neural tube closure, renal agenesis/failure of
glomerulogenesis, and placental vessel malfor-

mations (Miner et al. 1998). Inactivation of

the genes coding for the laminin b2, a2, and
a4 subunits, which are expressed later in a

more tissue-restricted manner caused defects

of the neuromuscular junction/glomerulus,
skeletal muscle/peripheral nerve, and micro-

vasculature/peripheral nerve, respectively, with
survival into the post-natal period (Noakes
et al. 1995a; Noakes et al. 1995b; Miyagoe et al.

1997; Thyboll et al. 2002; Wallquist et al. 2005).

Basement membranes are detected on some
but not all cell surfaces. For example, basement

membranes are found on developing Schwann

cells but not on adjacent naked axons, and sim-
ilarly they are found on the basal aspect of epi-

thelia but not on adjacent fibroblasts. Because it

appears that laminins are unable to accumulate
on cells in the absence of the cell-adhesive LG

domains, because basement membranes do

not assemble on cell surfaces in the absence
of laminins, and because the components can
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Figure 1. Basementmembraneproteins anddomains. The large glycosylatedproteins of the basementmembrane
consist of tandemrepeats of various proteinmotifs and likelyevolved throughgeneduplication.The laminin sub-
units consist of arrays that can contain amino-terminal globules (LN domain), laminin-type epidermal growth
factor-like repeats that form rodlike regions (each an LE domain that contains four cystine pairs), L4 domains
(globule interrupting two half-LE domains such that the second and fourth cysteines bridge across the base of
the globule), LF (unique globule ofb-subunits), a modified LF domain (here designated LFx), a long coiled-coil
domain (a knoblike Lb subdomain interrupts the heptad-repeats of the b subunits), and terminal LG domains
(carboxy-terminal laminin globular domains, each a b-sandwich found in a-subunits). Each laminin consists
of an a, b, and g subunit joined in parallel at the coiled-coil domain and stabilized by disulfide pairs between
each subunit at the LE/coiled-coil junction and between the b and g subunits near the carboxyl terminus. The
domain nomenclature shown is as recently revised (Aumailley et al. 2005). (Legend continued on following page.)
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diffuse in the extracellular space, it is likely that

the selective competency to assemble a base-

ment membrane is regulated by cell surface
expression of laminin LG-binding molecules.

In cultured Schwann cells this selectivity has

been found to be dependent on the presence of
galactosyl-sulfatide, a laminin-binding sulfated

glycolipid found on outer leaflet of Schwann

cell plasma membranes (Li et al. 2005b).
Embryonic fibroblasts, which normally do not

assemble basement membranes, will do so if

sulfatides are intercalated into their plasma
membranes and if incubated in the presence of

laminin.

Integrin Interactions

Integrins are transmembrane heterodimeric

receptors that mediate signaling initiated by
ligand binding. They act in a bidirectional fash-

ion and are modulated by the mechanical prop-

erties of the cell-ECM interface (reviewed in
Berrier and Yamada 2007; Takagi 2007). Follow-

ing ligand binding to ECM macromolecules,

integrins undergo clustering that concentrates
intracellular components involved in signaling.

Integrins affect actin organization throughmod-

ulation of small GTPase activities and can pro-
vide firm anchorage to the cell through linkages

formed with recruited cytoplasmic proteins to

F-actin. Integrin signaling affects gene regula-
tion, and can alter cell polarity and shape,

cell migration, proliferation, differentiation, and

survival. Basement membrane components, es-
pecially the laminins, interact with a number of

related b1-integrins (a1b1, a2b1, a3b1, a6b1,

and a7b1). Exclusive signaling pathways have

not been clearly identified for these integrins
compared with other b1 integrins; however,

the combination of receptors engaged with

their specific and different ligand affinities
and/or the mechanical attributes of the base-

ment membrane scaffold may determine the

uniqueness of information-transfer to the cell.
The interaction between Laminin-332 and the

a6b4 integrin in hemidesmosome (HD) assem-

bly merits special note and is discussed ahead.
The LG1-3 domain cluster, located at the

end of the long arm of different laminins, pro-

vide what is thought as the principal integrin-
interaction sites, binding to a6b1, a6b4, a7b1,

and a3b1 (Nishiuchi et al. 2006). Genetic anal-

ysis with laminin-class integrin subunit-de-
ficient mice has revealed the importance of the

LG domain integrin subunits for tissue and

organ morphogenesis, including epidermal/
dermal attachment, brain development, and

glomerular and lung development (Georges-

Labouesse et al. 1996; Kreidberg et al. 1996; Di
Persio et al. 1997; Mayer et al. 1997; Georges-

Labouesse et al. 1998). Binding of these integ-

rins depends on contributions arising from g1
and b1 subunit coiled-coil domain sequences

located in the vicinity of the LG domains (Ido

et al. 2007; Taniguchi et al. 2009). A g1-subunit
glutamic acid residue (E1607) important for

integrin-binding is absent in the g3 laminin

subunit (Ido et al. 2008). Although little is
known about this subunit that is otherwise

quite homologous to g1, this new finding may

Figure 1. (Continued) Nidogens are laminin-binding proteins that possess their own globular domains (G1-G3)
separated by EGF-like domains (generally six cysteines each), thyroglobulin type I repeats (Ty), and a
G1-adjacent unique rodlike segment. Netrins possess a laminin-type LN domain, LE repeats, and a unique
carboxy-terminal netrin domain. Perlecan consists of five regions consisting of an amino-terminal domain
from which project heparan sulfates (HS), SEA domains (sea urchin enterokinase and agrin domain), LDL-
receptor repeats, laminin short-arm region consisting of duplicated L4 and LE domains, immunoglobulin
(Ig) repeats, and laminin-type LG domains separated by EGF-type repeats. Agrins consist of an amino-terminal
laminin binding-domain (NtA), follistatin-like repeats (FS), LEdomains, serine/threonine-rich (S/T) domains,
and LG domains flanked by EGF-like repeats. Splice variations at two sites impart heparin-binding (A/y insert)
and acetylcholine-clustering activity (B/z insert) found in neural agrin. A domain map of the most common
type IV collagen heterotrimer (a12a2[IV]) is shown. The triple helical domain, containing multiple inter-
ruptions of the gly-x-y repeat (vertical bars), imparts flexibility and is thought to facilitate branching during
assembly.
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Figure 2. Basement membrane components, receptors, and intermolecular binding. Basement membranes con-
tain laminins, nidogens (Nd), type IV collagens, perlecan (perl), and agrins (Ag). Receptors and other cell sur-
face binding molecules include integrins, dystroglycan (DG), the Lutheran glycoprotein (Lu), and sulfated
glycolipids such as sulfatides (SGL). Laminin-3A32 is involved in hemidesmosome (HD) assembly, interacting
with the a6b4 integrin and BP180. Laminins differ based on their complement of domains, ability to polymer-
ize, proteolytic processing, receptor-binding repertoire, and receptor affinities. Relative strong (heavy solid and
dashed lines) andweak (thin dashed lines) interactions are indicated with heavy and thin lines with approximate
dissociation constants are indicated where known (small numbers in nM values) (Denzer et al. 1998; Gesemann
et al. 1998; Hopf et al. 1999; Talts et al. 1999; Talts et al. 2000; Hopf et al. 2001; Nielsen and Yamada 2001; Ries
et al. 2001; Garbe et al. 2002; Smirnov et al. 2002; Nishiuchi et al. 2006; Harrison et al. 2007).
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represent one of the functional modifications

that makes this class of laminins unique.

The amino-terminal LN domain of lami-
nin a-subunits provides a second cell-adhe-

sive locus that binds to sulfatides, heparin, and

(depending on the laminin a-subunit) a1b1,
a2b1 anda3b1 integrins (Colognato-Pyke et al.

1995; Colognato et al. 1997; Nielsen andYamada

2001; Garbe et al. 2002). Although the develop-
mental and physiological significance of the LN-

integrin interactions remain to be established,

the combination of different cell surface binding
activities within close proximity within the LN

domain may reflect a need for a coordination

of integrin activity with the cell adhesiveness
provided through sulfated glycolipids and cell

surface heparan sulfates. A prediction is that the

laminin would be forced to orient itself paral-
lel to the cell surface through its LGandLNinter-

actions during basement membrane assembly

(Fig. 2).

Dystroglycan Interactions

Dystroglycan is part of a complex (dystrophin-

glycoprotein complex, or DGC) that forms a

link in a chain of boundproteins extending from
laminins, agrins, and perlecan to a-dystrogly-

can to b-dystroglycan to dystrophin/utrophin
to F-actin (reviewed in Barresi and Campbell
2006). In skeletal muscle the complex consists

of a- and b-dystroglycan (two proteins arising

from one gene product through proteolysis,
the latter transmembrane), sarcoglycans (four

transmembrane subunits),a-dystrobrevin, dys-

trophin (a spectrin-like protein), nitric oxide
synthase, and syntrophins. In other tissues, b-

dystroglycan is found bound to homologs of

dystrophin that include utrophin (also found
in muscle), Dp160 and Dp116. Dystrophin and

utrophin bind in a noncompetitive manner to

F-actin with similar affinities (Rybakova et al.
2006). Dystroglycan plays a crucial role in pre-

serving the sarcolemma in the face of muscle

contraction/relaxation and is important for de-
velopment of the Schwann cell nodes of Ran-

vier, brain cortex laminations, and formation

and/or survival of the parietal endoderm
(Ervasti and Campbell 1993; Williamson et al.

1997; Cohn et al. 2002; Moore et al. 2002;

Nodari et al. 2008). Binding occurs among the

mucinous O-linked carbohydrate chains lo-
cated in the mid-neck region of a-dystroglycan

with the laminin, perlecan, and agrin LG

domains. The LG domains bind to sulfatides
and heparin in addition to dystroglycan through

clusters of lysine and arginine residues present

in overlapping surface patches of the b-sand-
wich globular domains (Wizemann et al. 2003;

Harrison et al. 2007). In some tissues such as

Reichert’s membrane, breast epithelium, and
skeletal muscle, a-dystroglycan may provide

the primary anchorage needed for laminin ac-

cumulation and basement membrane assembly
(Williamson et al. 1997; Henry and Campbell

1998; Weir et al. 2006). In others (e.g., embry-

onic plate, peripheral nerve, and kidney) this
role seems unlikely (Sunada et al. 1995b; Li

et al. 2002; Saito et al. 2003; Li et al. 2005b).

Although the structural role as a basement
membrane-to-cytoskeletal anchor is well estab-

lished, there is also evidence to suggest that dys-

troglycan acts as a signaling receptor (Bozzi
et al. 2009). In one study, laminin-111 binding

to Schwann cells was reported to activate Src

family members in a dystroglycan- and sulfa-
tide-dependent manner, affecting cell survival

(Li et al. 2005b). In other studies, Src kinase-de-

pendent syntrophin tyrosine phosphorylation
leading to Rac1 activation, heterotrimeric G

protein binding syntrophin, and calciummobi-

lization was detected following the binding of
laminins (and laminin terminal LG fragments)

to muscle sarcolemmal-rich microsomes (Zhou

et al. 2005; Zhou et al. 2006; Zhou et al. 2007;
Xiong et al. 2009). Similar effects seen with

muscle contraction/stretching led to the pro-

posal that dystroglycan acts as a mechanorecep-
tor. b2Dystroglycan, in response to proteolytic

cleavage from the extracellular a-subunit, has

been reported to traffic in an autonomous fash-
ion to the nucleus (Oppizzi et al. 2008). The

cytoplasmic tail of b-dystroglycan was found

to be phosphorylated (Y892) by Src tyrosine
kinase, apparently in an adhesion-dependent

manner, resulting in dystroglycan redistribu-

tion to an internal membrane compartment
(Sotgia et al. 2003). However, this process may
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Figure 3. Basementmembrane assembly. (A) Steps in the assembly of a basementmembrane initiated by a poly-
merizing laminin. The laminin LG domains bind to a competent cell surface through sulfated glycolipids (SGL),
available integrins and a-dystroglycan, promoting laminin polymerization through its LN domains. The a-LN
domain also binds to sulfatides and integrins, forcing the laminin onto its side and enabling activation of a new
subset of integrins. Nidogens bind to the coiled-coil domain of laminin and to type IV collagen, forming a stabi-
lizing bridge (the collagen also binds to the developing basementmembrane through other poorly characterized
interactions). Type IV collagen polymerizes to form a second covalently stabilized network. Agrin and perlecan
bind to the laminin coiled-coil and tonidogen respectivelyandalsobind todystroglycan(DG), integrins, and sul-
fated glycolipids, establishing collateral linkages to additional receptors. (Legend continued on following page.)
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be one of the regulation of dystroglycan turn-

over rather than laminin/matrix-induced sig-

naling. In mammary gland epithelial cells,
dystroglycan, even in the absence of the cyto-

plasmic tail, was found to mediate laminin

accumulation and polarity-induction, suggest-
ing that the function is one more of increased

attachment to the cell surface with the role in

epithelial polarization mediated through an
indirect mechanism (Weir et al. 2006).

Laminin Polymerization and
LN-Domain Binding

The a1-, a2-, a3B-, and a5-laminins, each

bearing a, b, and g subunit LN domains, can

self-assemble into polymers (Yurchenco et al.
1985; Yurchenco et al. 1992; Cheng et al. 1997;

Garbe et al. 2002). The LN domains appear to

require their adjacent LE repeats to fold prop-
erly because of an unusual interdomain pattern

of disulfide-binding (Kalkhof et al. 2008). Stud-

ies with laminin-111 have revealed that self-
assembly is calcium-dependent and mediated

by cooperative binding among a, b, and g sub-

unit LN domains to form ternary complexes
among adjacent laminins (Yurchenco and

Cheng 1993; McKee et al. 2007) (see Fig. 3A).

Examination of binding among recombinant
LN/LEa fragment pairs confirmed the pre-

dicted pairing of a1LN-b1LN, a1LN-g1LN,

and b1LN-g1LN and absence of b1LN and
g1LN self-binding (Odenthal et al. 2004). The

analysis also revealed self-aLN binding, inter-

aLN binding, inter-b2LN binding, an absence
of g3LN interactions with LN/LE domains

other than those of b2 and b3, an absence of

a2LN-g1LN binding, and a range of LN-LN
affinities, all implying greater complexityof self-

assembly, particularly among the laminin iso-

forms. However, one also needs to consider
modifying interactions arising from sites distal

to the LEa domain as well as spatial con-

straints that may affect the rules of self-assembly

for intact heterotrimers. Recent studies with
recombinant laminin-111 heterotrimers bear-

ing domain modifications favored a strict a-

b-g LN ternary interaction as a requirement
for self-assembly and basement membrane for-

mation (McKee et al. 2007; McKee et al. 2009).

These studies also revealed that deletion of the
aLN domain (preventing polymerization) re-

sulted in assembly of a laminin-poor, collagen-

rich ECM and suggested that laminins lacking
an a-short arm such as laminin-411 would

assemble in this alternative manner (Fig. 3B).

Polymerization defects are implicated in a
number of developmental abnormalities. The

dy2J dystrophic mouse, possessing an in-frame

deletion within the laminin a2LN domain, is
characterized by attenuated muscle sarcolem-

mal and Schwann cell endoneurial basement

membranes, muscle degeneration/regeneration
and peripheral nerve amyelination (Sunada

et al. 1995a; Colognato and Yurchenco 1999).

Missense-mutations of the a2 and a1 LN do-
mains have been found to cause a mild neuro-

muscular and retinal defects respectively, the

latter associated with a partial reduction in the
ability of the LN domain to bind to its bLN

and gLN partners (Patton et al. 2008; Edwards

et al. 2010).Missensemutations clustered within
the laminin b2LN domain are a cause of Pierson

disease, a syndrome characterized by congenital

nephrotic syndrome, ocular abnormalities, and
neurologic deficits (Matejas et al. 2010).

Laminin-Nidogen Complex and Linkage
to Type IV Collagen

Nidogens-1 and -2 (entactins) are glycoproteins

that possess three globular domains with two

intervening rodlike domains and that bind to
a number of ECM components (Mayer and

Figure 3. (Continued) Heparin-binding growth factors (GF) bind to the heparan sulfate chains and to their
receptor tyrosine kinases (RTK), activating signaling pathways in concert with integrin activation. (B) Steps
in the assembly of a basement membrane initiated by a nonpolymerizing laminin. In the case of a4-laminin
with weak LG interactions and no a-LN domain, anchorage may depend heavily on collateral linkage through
agrin and perlecan. The laminin establishes links to type IV collagen through nidogen; however, in the absence of
polymerization, the resulting scaffold has a lower laminin density.
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Timpl 1994). One important interaction is the

binding of nidogen to the short arm of the

laminin g subunit, mediated by sequences
within a laminin LE domain and the nidogen

carboxy-terminal globule (Fox et al. 1991;

Poschl et al. 1994; Poschl et al. 1996; Gohring
et al. 1998; Ries et al. 2001; Sasaki et al. 2001;

Takagi et al. 2003;Gersdorff et al. 2005). The sec-

ond and thirdglobular domains of nidogenhave
been found to bind to type IV collagen at one or

more sites to form a bridge composed of high

affinity noncovalent interactions among the
two polymer-forming proteins of the basement

membrane. Knockout of either the nidogen-

binding site in the laminin g1 subunit or both
nidogens inmicewas found to be lethal by birth

(and often at earlier stages) associated with

defects of lung, heart, kidney, and limb (Willem
et al. 2002; Bader et al. 2005; Bose et al. 2006).

However, type IV collagen and, if present, nido-

gens were still found to accumulate in most
basement membranes. Thus there appear to be

laminin-dependent binding interactions that

exist outside of the bonds of the laminin-nido-
gen type-IV collagen central axis. These, how-

ever, are likely to be of much lower affinity

(Willem et al. 2002). The early lethality suggests
that nidogen and its binding to laminin

becomes more particularly important for base-

ment membrane stabilization during late
embryogenesis and adult life when increased

mechanical stresses arise.

Agrin and Perlecan Provide Collateral
Linkage to Cell Surfaces

A high-affinity binding interaction was discov-

ered among the upper coiled-coil segment of

the g1 subunit with the amino-terminal NtA
domain of agrin (Denzer et al. 1998; Kammerer

et al. 1999). The LG domains of agrin were also

found to bind strongly toa-dystroglycan and to
sulfatides (Gesemann et al. 1998). In the case of

the neural agrin splice variant released by the

peripheral nerve terminus, the interaction likely
helps retain agrin within the basement mem-

brane, enhancing its activity in neuromuscular

junction assembly and/or stabilization (Meier
et al. 1997; Lin et al. 2008). In the case of the

more widely expressed nonneural (“muscle”)

agrin splice variants, the interactions appear

to allow agrin to serve as a stabilizing collateral
link among laminin and the cell surface and

underlying cytoskeleton (Moll et al. 2001;

McKee et al. 2009). Collateral linkage may be
particularly important for adhesion of laminins

(notably Lm-411) that bind poorly to integrins

and dystroglycan. The binding provided by
agrin has been exploited to substantially repair

the sarcolemmal basement membrane and dys-

trophic muscle phenotype in an a2 laminin-
deficiency state (Moll et al. 2001). Perlecan

can likely play a related role as agrin. It binds

to nidogen (that in turn binds to laminin)
through an interaction among domain IV and

the nidogen G2 domain, and binds to the cell

surface through interactions among the LG
domains and a-dystroglycan, sulfatides, and

the a2b1 integrin (Friedrich et al. 1999; Hopf

et al. 1999; Hopf et al. 2001; Bix et al. 2004).

Type IV Collagen Forms a Covalently
Cross-Linked Polymer That Stabilizes the
Basement Membrane

There are three type IV collagen heterotrimers,
each a long (≏400 nm) triple-helical molecule

with kinks along its length and terminating in

a globular (NC1) domain (Fig.1). The most
common variant, found in nearly all basement

membranes, consists of two a1 subunits and

one a2 subunit (a12a2[IV]). Type IV collagen
trimers have been found to self-assemble to

form a branching network one to several chains

thick consisting of NC1-dimers, amino-ter-
minal tetramers (7S domain), and lateral asso-

ciations (Timpl et al. 1981; Yurchenco and

Furthmayr 1984; Siebold et al. 1987; Yurchenco
and Ruben 1987) (Fig. 3). The structure of the

NC1 domain is such that it presents a flat face

to its partner for dimerization and becomes sta-
bilized through an unusual covalent linkage

between a1 Met93 and Hyl211 (Sundaramoor-

thy et al. 2002; Than et al. 2002). Although
knockout of the genes coding for the a1 and

a2 subunits was not found to prevent basement

membrane assembly in most tissues, it led to
lethality in mice at E10.5–11.5 because of an
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apparent loss of basement membrane stability

in different tissues including Reichert’s mem-

brane (Poschl et al. 2004). Analysis of point
mutations leading to reductions of type IV

collagen because of faulty chain assembly (hy-

pomorph) have been associated with develop-
ment of porencephaly and hemorrhagic stroke,

suggesting a critical role of type IV collagen in

the stabilization of themicrovasculature (Gould
et al. 2005; Breedveld et al. 2006; Gould et al.

2006; Gould et al. 2007).

The other type IV collagen variants, found
in the glomerular basement membrane (GBM),

Bowman’s capsule, neuromuscular junction,

and other locations are assembled as a3a4a5
[IV] and a52a6[IV] heterotrimers respectively.

Polymers of type IV collagen consisting of the

a3a4a5[IV] subunits appear to form particu-
larly stable networks by virtue of the formation

of additional reducible cross-links among the

collagen chains (Gunwar et al. 1998). This stabi-
lization is likely important forGBMarchitecture

and function. In addition, the a3NC1 domain

has been found to be a ligand for av and a3
integrins (Maeshima et al. 2000; Petitclerc

et al. 2000; Borza et al. 2006). When mutations

develop in the genes coding for these subunits,
leading to development of a GBM containing

only a12a2 [IV] collagen, the GBM is thought

to be destabilized leading to development of
Alport syndrome (Hudson et al. 2003). The dis-

ease is seen as progressive renal failurewith hem-

aturia and proteinuria, reflecting a breakdown
of the GBM filter barrier in which the GBM

develops splits and laminations.

Proteoglycans and Growth Factor Tethering

The heparan sulfate proteoglycans agrin, perle-
can, and type XVIII collagen have the potential

to tether and accumulate growth factors (Iozzo

et al. 2009). Such heparin-binding factors in-
clude fibroblast growth factors (FGF, especially

FGF-2), transforming growth factor-b (TGFb-

1,2), bone morphogenic proteins (BMPs-2,4,7),
glial-derived neurotrophic factor (GDNF), vas-

cular endothelial growth factors (VEGF), hepa-

rin-binding epidermal growth factor (HB-EGF),
and neuregulin (Plotnikov et al. 1999; Li and

Loeb 2001; Rider 2006). In addition, the core

protein of perlecan (domains III - IV) binds di-

rectly to FGF7 and platelet-derived growth fac-
tor (PDGF) (Gohring et al. 1998; Mongiat et al.

2001). In genetic studies, basement membrane-

dependent growth factor interactions have been
implicated in limb morphogenesis and prob-

ably play similarly important roles in the devel-

opment of many tissues (Bose et al. 2006).
A model for the activation of growth factor

receptor tyrosine kinases (RTKs) is that the

ligand, or ligand pair, binds to its RTK to induce
receptor dimerization that enables autophos-

phorylation of the receptor cytoplasmic tail

and that results in downstream signaling. In
the case of the FGF receptors that bind FGF2

and that have been crystallized as a complex,

formation of an active complex has been found
to be greatly facilitated by heparin and heparan

sulfates that interact with both FGF and recep-

tor (Schlessinger et al. 2000). Heparin analogs
have been shown to block the mitogenic effect

and ligand-receptor binding for PDGF, TGFb,

and VEGF, implicating a similar role for hep-
aran sulfates (Hamma-Kourbali et al. 2001).

Integrins have been found to act in concert

with growth factor receptors (EGFR, PDGFR,
and FGFR), inducing the accumulation of the

RTKs to clustered ligand-occupied integrins

and enhancing the phosphorylation of both
RTK and the common downstream MAP ki-

nase pathway (Miyamoto et al. 1996). Basement

membranes may be particularly well suited to
mediate such synergism through the presence

of macromolecules that possess both heparan

sulfate chains and integrin ligands. The latter
effect may furthermore be enhanced by the

length of the heparan sulfate chains (Paulsson

et al. 1987) given the finding that long chains
have the potential to engage multiple FGF/re-
ceptor complexes to enhance signaling (Pauls-

son et al. 1987; Harmer et al. 2006).

Basement Membrane-Stromal Interface
Collagens

Type XVIII collagen is a heparan sulfate proteo-

glycan that is concentrated at or near the inter-
face of the basement membrane and stroma
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(reviewed in Marneros and Olsen 2005). Enzy-

matic cleavage of its NC1 domain releases the

endostatin fragment that has been found to
inhibit angiogenesis in various culture systems

and that has been considered a reagent for re-

duction of tumor size. Mutations of the gene
for type XVIII collagen are a cause of Kno-

bloch syndrome, characterized by vitreoretinal

degeneration and occipital encephalocele. Type
XV collagen is a nonfibrillar collagen with mul-

tiple interruptions of the gly-x-y sequence and

with attachments to both heparan sulfate and
chondroitin sulfate chains (Myers et al. 1996;

Myers et al. 2003). Found at the basement

membrane/stromal interface, it is also thought
to serve as a link to the stroma (Myers et al.

1997). Type VI collagen is a widely expressed

component that is particularly important for
skeletal muscle function (reviewed in Lampe

and Bushby 2005). The collagen, composed of

three different subunits, was found to self-
assemble through a staggered disulfide-stabi-

lized tetramer intermediate to microfibrils

(Furthmayr et al. 1983; Zhang et al. 2002). Type
VI collagen binds under in vitro conditions to

type IV collagen and type I collagen, linking

the basement membrane to the adjacent stroma
(Bonaldo et al. 1990; Kuo et al. 1997). It also

binds to perlecan. Mutations in the genes coding

for the three collagen chains cause Bethemmyo-
pathyandUllrichcongenitalmusculardystrophy.

Other Basement Membrane Components

Netrins (discovered as Unc6 in Caenorhabditis

elegans) represent a family of secreted ECMpro-
teins found both within and outside the central

nervous system, affecting axonal guidance,

interneuronal migration, vasculogenesis, and
branching morphogenesis (reviewed in Yurch-

enco and Wadsworth 2004; Cirulli and Yebra

2007). Each netrin molecule is composed of a
laminin-type LN domain followed by three LE

repeats and a carboxy-terminal domain unre-

lated to laminin. Vertebrate netrin-1 is a chemo-
tropic factor that guides axons during spinal

cord development (Kennedy et al. 1994). Axonal

guidance of netrins is mediated by receptors of
theUNC5 family andDCC(deleted in colorectal

cancer) and neogenin family. Netrin-1 also was

found to be a ligand for integrin a3b1 with the

interaction implicated in neuronal migration
(Stanco et al. 2009). Netrin-4, a more distantly

related member with greatest homology with

the b-laminin short arm (Yin et al. 2000) and
widely expressed in basement membranes of

developing tissues, has been found to inhibit

laminin-111 polymerization, evidence for a
binding interaction with the laminin LN do-

mains (Schneiders et al. 2007).

Nephronectin, a specific ligand for the a8b1
integrin, was identified in developing kidney in

the basement membrane zone of the ureteric

bud epithelium (Brandenberger et al. 2001).
Specificity and affinity of binding has been

found to depend on a primary RGD sequence

and an auxiliary carboxy-terminal LFEIFEIER
sequence (Sato et al. 2009). Analysis of the renal

agenesis and hypoplasia that develops in neph-

ronectin-deficient mice supported a critical
morphogenic role of the ligand-receptor inter-

action with evidence that nephronectin ligation

to the mesenchymal integrin stimulates tran-
sient secretion of mesenchymal GDNF (glial

derived neurotrophic factor) that recruits the

bud to the mesenchyme and promotes its
branching (Linton et al. 2007). Nephronectin

is also expressed in other embryonic and adult

tissues that include skin, eye, heart and lung
where it may play related instructive roles (Hu-

ang and Lee 2005).

Usherin (type a and b) refers to two proteins
obtained by alternative splicing of the USH2A

gene. The shorter (a) version consists of a tan-

dem array of laminin LG, laminin LN, ten LE
repeats, and four fibronectin type 3 repeats.

The longer version contains additional fibro-

nectin repeats with distal transmembrane and
cytoplasmic domains (reviewed in Reiners

et al. 2006). Its absence is a cause of Usher syn-

drome type 2A characterized by hearing impair-
ment and retinitis pigmentosa. The protein has

been detected in basement membranes of the

cochlea, retina, and other tissues (Bhattacharya
et al. 2002). It has been found to bind to type IV

collagen and fibronectin through its LE do-

mains (Bhattacharya et al. 2004; Bhattacharya
and Cosgrove 2005).
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Papilin, an alternatively spliced glycopro-

tein, was first identified in Drosophila (Cam-

pbell et al. 1987). It has an amino-terminal
cassette of domains similar to the carboxy-

terminal ADAMTS subgroup of secreted, ma-

trix-associated metalloproteinases (Kramerova
et al. 2000). Papilins are primarily found in

basement membranes and are essential for fruit

fly and nematode development.

EXTRACELLULAR MATRICES AS
SOLID-PHASE AGONISTS

Basement membranes, like other ECMs, are

solid-phase agonists. Evidence has emerged
that ligand-bearing polymers transmit infor-

mation to cells not simply on the basis of ligand

composition and their bound-receptors, but on
the basis of the mechanical (viscoelastic) prop-

erties of the polymer itself. Cell-interactive

materials range from soft gels (such as those
formed by laminins) to rigid substrates such

as bone and ECM-coated glass and plastic.

Polymer contributions are mediated through
integrins with substrate stiffness stimulating

integrin expression and activation (Katsumi

et al. 2004; Katsumi et al. 2005).
Elucidation of the mechanical contribu-

tions of polymers, using ligand-modified ac-

rylamide and alginate gels, has been used to
evaluate the effects of polymer viscosity distinct

from ligand density. Using this approach, the

organization of actin and myosin in C2C12
myotubes to create striated myofibrils was

found to depend on substrate stiffness in which

an intermediate gel viscosity was optimal for
differentiation (Engler et al. 2004). Further-

more, gel stiffness was found to drive alternate

differentiation pathways in mesenchymal stem
cells such that soft gels favored a neurogenic

path, semi-stiff gels favored a myogenic path,

and very stiff gels favored an osteogenic path.
In a study of mesenchymal cell behavior using

RGD-coupled alginates, it was found that

matrix stiffness regulated integrin binding,
again optimal at intermediate levels of stiffness

(Huebsch et al. 2010).

Basementmembranes contain gel-like poly-
mers in which viscosity increases as a function

of laminin and/or type IV collagen concentra-

tion (Yurchenco and Furthmayr 1984; Yur-

chenco et al. 1990). Laminin-111 gels have
been found to promote glandular differentia-

tion and milk production in cultured mam-

mary gland epithelial acini (Streuli et al. 1991;
Streuli et al. 1995). Using atomic force micro-

scopy to measure laminin-111 and laminin/
collagen I substrata resistance to deformation,
it was recently found that mammary cell pro-

duction of casein depended both on the pres-

ence of a soft gel as well as on laminin
signaling (Alcaraz et al. 2008).

EARLY MORPHOGENESIS

In mammals, the first basement membranes

to appear are those of the pre-implantation
embryonic plate and Reichert’s membrane.

Assemblyof these ECMs requires laminin heter-

otrimers secreted by the visceral (laminins-111
and -511) and parietal endoderm (laminin-

111) that have subsequent profound effects

on the adjacent inner cell mass composed of
embryonic stem (ES) cells (Miner and Yur-

chenco 2004). These effects have been examined

in cultured ES cells allowed to differentiate into
embryoid bodies (EBs) in suspension culture.

Laminins are required for epiblast polarization,

EB cavitation, and protection of adhered cells
from apoptosis (Murray and Edgar 2000).

Laminin-111, in a process dependent on poly-

merization and adhesive activities that map to
the LNand LG domains, respectively, was found

to induce polarization of laminin g1-null ES

cells (Li et al. 2002). b1-integrins, dystroglycan,
integrin adaptor proteins, and utrophin were

noted to be recruited to the basal side (where

the basementmembrane assembles) of develop-
ing epithelia, possibly representing the basis of

the polarization induction (Li et al. 2003b).

Cell polarizationwas not found to have an abso-
lute requirement for either b1-integrins or for

dystroglycan; however, efficiency of the process

was diminished by loss of either. Furthermore,
absence of either b1-integrin or dystroglycan

was associated with increased epiblast apo-

ptosis. Dystroglycan expression was increased
in the absence of integrin, whereas integrin
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expression remained constant in the absence of

dystroglycan. Expression of basement mem-

brane components was elevated in the absence
of dystroglycan (producing a thick basement

membrane) or laminin through what appears

to be loss of laminin LG-integrin mediated reg-
ulation. These findings suggested the existence

of compensatory integrin/dystroglycan/ECM
mechanisms for epiblast development (Li
et al. 2002). Mediators of polarization down-

stream of the basement membrane were found

to include integrin-linked kinase, PINCH-1,
Rac1 and Cdc42 and kindlin-2 (Sakai et al.

2003; Li et al. 2005a; Wu et al. 2007; Montanez

et al. 2008; He et al. 2010).

GLOMERULAR DEVELOPMENT
AND FILTRATION

Kidneys are organs enriched in epithelial and

vascular basement membranes in which a
wide variety of laminins and type IV collagens

are expressed in a developmentally- and site-

specific manner (Miner and Sanes 1994; Miner
et al. 1997). The glomerulus contains ECMs

associated with epithelial (podocyte, cells of

Bowman’s capsule), vascular (capillary tuft),
and mesangial cells. The thick GBM was found

to be fused fromdeveloping capillary and podo-

cyte precursor structures (Abrahamson 1985;
Abrahamson 1987). During early glomerular

organization (S-phase) laminin a5, a4, a1,

and b1 subunits and type IV collagen a1 and
a2 chains are present. By maturity, the laminin

b2 subunit replaced b1 with a5 now the major

a-subunit, and type IV collagen a3, a4, and a5
chains, produced by the podocytes, largely

supplanting the embryonic a1 and a2 chains

(Miner and Sanes 1994; Miner et al. 1997; Abra-
hamson et al. 2009). Failure of the lamininb1 to

b2 transition was found to result in a normal-

appearing GBM associated with proteinuria
whereas failure of replacement of laminin a1

by a5 was found to result in a failure of the glo-

merular tuft to develop within Bowman’s space
and a failure of normal organization of the

glomerular cell types, effects likely caused by

absence of a5-laminin receptor interactions
(Noakes et al. 1995b; Miner and Li 2000;

Moulson et al. 2001). The unique receptor-

binding activities within the laminin a5 subu-

nit, not found in the laminin a1 compensating
subunit and required for glomerular vasculari-

zation, were localized to the LG1-3 domains

thatmediate integrina3b1 and Lutheran recep-
tor binding (Kikkawa et al. 2002; Kikkawa and

Miner 2006).

The mature glomerular capillary wall pro-
vides a filtration function in which large and

negatively charged blood macromolecules are

selectively prevented from entering the urinary
space (“permselectivity”). At the ultrastructural

level, the capillary endothelium adjacent to the

GBM is fenestrated whereas the epithelium on
the urinary side is composed of interdigitating

foot processes separated by thin diaphragmatic

slits. Thus, at least two extracellular barriers
exist that may affect the passage of proteins

from the vascular space to the urinary space,

i.e., the GBM and the slit diaphragms. In the
nephrotic syndrome, resulting from a variety

of diseases that include diabetic nephropathy,

massive amounts of protein accumulate in the
urine. Proteinuria is commonly accompanied

by foot process effacement, altering filtration

barrier architecture. Studies of GBM penetra-
tion by different-sized dextrans in rats provided

early evidence that the basement membrane,

rather than the slit, acts as the primary filtration
barrier (Caulfield and Farquhar 1974). This was

seemingly supported by the observation of the

proteinuria that occurred following inactivation
of either the gene (Lamb2) coding for the lam-

inin b2 unit (a subunit found in kidney almost

exclusively in the GBM) or podocyte-specific
inactivation of the Lama5 gene (Noakes et al.

1995b; Goldberg et al. 2010). In humans, muta-

tions of the Lamb2 gene cause Pierson syn-
drome, a disorder of congenital nephrosis and

mesangial sclerosis associated with eye and

(sometimes) neuromuscular junction abnor-
malities (Zenker et al. 2004; Wuhl et al.

2007). The GBM filtration model, however,

was challenged by the discovery that absence
of nephrin, a structural component of the slit

diaphragm, also causes the nephrotic syndrome

(Kestila et al. 1998; Wartiovaara et al. 2004). It
was suggested that the slit diaphragm serves as
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the primary permselective barrier with the

GBM mutations affecting filtration alterations

through an indirect effect (e.g., podocyte efface-
ment) (Deen 2004; Wartiovaara et al. 2004).

However, subsequent evidence that the protei-

nuria induced by absence of the laminin-b2
subunit of the murine GBM precedes podocyte

effacement argued against this interpretation

(Jarad et al. 2006). Although it seems likely
that the architectures of the GBM and the slit

diaphragmboth contribute to glomerular filtra-

tion, their different roles still remain to be fully
elucidated.

Another aspect of permselectivity is macro-

molecular net charge. The polyanionic heparan
sulfate chains have been thought to be respon-

sible for the charge-sieving properties of the

glomerulus in which acidic macromolecules
are preferentially excluded from urine (Groggel

et al. 1987; Groggel et al. 1988). However, recent

genetic evidence in which the principal GBM
HSPG agrin was selectively knocked out in

mouse podocytes revealed that reduction of

GBM heparan sulfates did not alter charge-
selectivity (Harvey et al. 2007). One possibility

is that the glycocalyx of either the endothelium

or podocytes is responsible for charge-sieving.

EPIDERMAL-DERMAL JUNCTION: STABLE
ADHESION AND CELL MIGRATION

The proteins of the epidermal-dermal junction

illustrate one of the key roles of basement mem-
branes that lie among epithelium and stroma,

i.e., the formation of stable linkages through

hemidesmosomes (HDs) that protect the tissue
from disruptive shear forces and prevent blis-

tering. Laminin-332, enriched in keratinocyte

basement membranes, is the predominant lam-
inin that binds to the a6b4 integrin and (less

strongly) to BP180. The laminin-specific a6b4

integrin has an unusually long b-subunit tail
that allows it to bind to HD plectin that links

keratin. In the basement membrane zone, a

bond is formed among laminin-332 and type
VII collagen of the stromal anchoring fibrils

(Rousselle et al. 1997; Litjens et al. 2006; Ni-

shiuchi et al. 2006). Thus laminin 332 forms a
crucial link among the cell HD and the stromal

anchoring fibrils. Knockout of the Lama3 gene

was lethal at the neonatal stage and resulted in

loss of a6b4-mediated adhesion (Ryan et al.
1999). Loss of this laminin linkage throughmu-

tations in any of the three subunits results in

blistering diseases of skin in which a split devel-
ops through the basement membrane itself

(reviewed in Mitsuhashi and Hashimoto 2003).

Following wounding, keratinocytes detach
from anchoring HDs and migrate to reestablish

epithelial continuity. This process is thought to

involve HD structural disassembly and to de-
pend on proteolytic enzymes that remove the

a3LG4-5 globules and proximal g2 short arm,

promoting switching among stable anchorage
and migration (Carter et al. 1991; Rousselle

et al. 1991; Marinkovich et al. 1992a; Marinko-

vich et al. 1992b; Giannelli et al. 1997; Koshi-
kawa et al. 2005). All of the laminins, with the

exception of a1-laminins, undergo proteolytic

cleavage of the LG domains and/or short arm.
Laminin-3A32, the most heavily processed of

all of the known laminins, can be cleaved by

MT1-MMP and MMP-2 in the g2LEb domain,
by plasmin, BMP-1, MT1-MMP and other en-

zymes in the g2LEa domain, by plasmin, MT1-

MMP and other enzymes among a3LG3 and 4,
and by MT1-MMP in the b3LE domain

(reviewed in Sugawara et al. 2008). Cleavage

of the g2 short arm by MT1-MMP or MMP-2
appears to expose a cryptic site that promotes

migration, possibly by releasing an EGF-con-

taining fragment that binds to the EGF receptor
(Giannelli et al. 1997; Schenket al. 2003). On the

other hand, cleavage of the a3LG domains has

been proposed to change laminin-3A32 from
one in an anchorage-promoting mode to one

in a migration-mode (Goldfinger et al. 1998).

Although laminin-511 has been shown to be
crucial for hair follicle development, its role in

cutaneous morphogenesis and maintenance is

less clear (Li et al. 2003a). The predominant
integrin that interacts with this laminin is

thought to be a3b1; however, the laminin also

interacts with a6b1 and a6b4. Despite the
potential for interactions with a6b4, the prin-

cipal hemidesmosomal interaction is with

laminin-332. Laminin-511 instead appears to
provide much of the interaction among
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keratinocyte and basement membrane out-

side of the hemidesmosomes. One property of

laminin-511 might be one of modulating cell
adhesion strength following short arm cleavage

(Bair et al. 2005).

STABILIZATION OF THE SARCOLEMMA

The principal laminin of the skeletal muscle

sarcolemmal basement membrane is Lm-211,
with lesser amounts of a4, a5, and b2 laminins.

Mutations adversely affecting the amount or

functionof the laminina2 subunit result in con-
genitalmuscular dystrophy inmice and humans

(type MDC1A). The sarcolemma is rich in dys-
troglycan, a glycoprotein whose a-subunit binds

to the LGdomains of laminins, agrin, and perle-

can and whose b-subunit is a transmembrane
protein that binds to dystrophin and utrophin.

Mutations of the glycosyl-transferases thought

to mediate the O-mannosyl glycosylation of
a-dystroglycan, required for LG domain bind-

ing, result in a form of congenital muscular

dystrophy collectively referred to as the “a-dys-
troglycanopathies.” These include Walker-War-

burg syndrome and muscle-eye-brain disease.

O-mannosyl carbohydrates have been found
only in a-dystroglycan and are unusual in that

the mannose is added to dystroglycan in the

endoplasmic reticulum from a dolichol-phos-
phate intermediate (Maeda andKinoshita 2008;

Lefeber et al. 2009). The principal O-mannosyl

oligosaccharide of dystroglycan is a linear tetra-
saccharide (NeuNAc-a-2,3-Gal-b-1,4-GlcNAc-

b-1,2-Man) attached to serine or threonine

residues within the central neck domain. A sur-
prising recent set of findings is that themannose

residue can possess an internal phosphoryl

linkage insensitive to alkaline phosphatase di-
gestion, that formation of the modified man-

nose requires the putative glycosyl-transferase

LARGE, and that LG-domain binding requires
the presence of the phosphoryl group (Yoshida-

Moriguchi et al. 2010). This carbohydrate mod-

ification may help explain why dystroglycan,
which does not require the terminal sialic acid

for binding, interacts with many of the charged

lysine and arginine residues in the LG4/5
domains of the laminin a1 and a2 subunits

involved in heparin and sulfatide binding

(Wizemann et al. 2003; Harrison et al. 2007).

Dystroglycan and integrin connect the
sarcolemmal basement membrane to the un-

derlying actin cytoskeleton. In muscle, the

dystroglycan-dystrophin linkage appears to be
particularly important for muscle contraction

that exerts strong shear forces to the sarco-

lemma and the connections among muscle
fibers. Thus the degree of sarcolemmal damage

resulting from loss of dystroglycan binding

during muscle contraction/relaxation is much
greater compared with integrin, causing detach-

ment of the basementmembrane from the adja-

cent plasma membrane (Han et al. 2009). The
basement membrane is also attached to the

adjacent interstitial collagenous stroma. This

role (discussed earlier) is provided by type VI
collagen that binds to both basement mem-

brane components and to interstitial collagens.

Overall one can trace a continuous set of
linkages extending from the cytoskeleton to

dystroglycan to basement membrane to the

stromal collagen that is required to stabilize
the sarcolemma. Mutations affecting any of the

key links (dystrophin, dystroglycan-binding to

basement membrane, laminin-211, type VI col-
lagen) result in a muscular dystrophy. One sus-

pects that a mutation affecting type IV collagen

or nidogen expression, if it were not embry-
onic/neonatal lethal, would similarly result in

a dystrophic state.

PERIPHERAL NERVE AXONAL
ENVELOPMENT AND MYELINATION

During morphogenesis of the peripheral nerve,

neural crest-derived Schwann cell precursors

assemble basement membranes, proliferate and
extend cytoplasmic processes that sequester,

envelop and myelinate single axons in a process

called “radial sorting” (Webster et al. 1973;
Jessen and Mirsky 2005). During this process,

immature Schwann cells assemble basement

membranes on their abaxonal surfaces. Muta-
tions that prevent expression of the laminin g1,

a2, and a4 subunits, or that remove the laminin

a2-LN domain (dy2J), result in radial sorting
defects (Sunada et al. 1995a; Miyagoe et al.
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1997;Wallquist et al. 2005; Yang et al. 2005). The

Lma2 deficient mice provide models of the

nerve pathology seen in human MDC1A con-
genital muscular dystrophy. The deficiency state

phenotype was found to be corrected by trans-

genic expression of the homologous laminin
a1 subunit, a genetic rescue that was only parti-

ally dependent on the presence of the LG4-5

domains (Gawlik et al. 2006; Gawlik et al. 2010).
The Lma4 deficiency state is more difficult

to understand. Laminin 411 binds poorly to

its integrins (a6b1, a7b1), poorly to dystrogly-
can, and lacks an aLN domain with its associ-

ated activities. It is possible that laminin-411

partially disrupts the laminin-211 polymer
through interfering interaction of its two LN

domains, altering the viscoelastic state and

signaling potential. Alternatively, the weak re-
ceptor binding may mediate a unique set of sig-

nals. Finally, laminin-411 may interact with a

novel receptor.
Schwann cell-specific inactivation of the

genes coding for b1-integrin, Rac1, and integ-

rin-linked kinase (ILK) were similarly found
to cause radial sorting defects whereas inactiva-

tion of the genes coding for b4-integrin and

dystroglycan (both proteins are expressed late
in nerve development) were found to be impor-

tant for myelin stability and nodal morphogen-

esis (Feltri et al. 2002; Benninger et al. 2007;
Nodari et al. 2008; Pereira et al. 2009). An evolv-

ing but incomplete model holds that laminin

(or basement membrane) ligation of b1 integ-
rins promotes lammellipodial extension and

axonal interdigitation through alterations of

the activated state of Rac1, Cdc42 and Rho/
Rho kinase. Laminins can affect both Schwann

cell proliferation and process extension and

proliferation whereas b1-integrins affect only
the former (Yu et al. 2005; Yu et al. 2009).

BASEMENT MEMBRANES IN
THE DEVELOPING BRAIN

In the embryonic mammalian brain, neuro-
ectodermally derived glia become elongated

bipolar cells that extend from the ventricular

(apical) to the pial (basal) surface, the latter
contacting the pial basement membrane

through glial endfeet. These cells can give rise

to neurons and affect their fate. Of note, the

basal cell processes of these radial glial cells
appear to act as a guide for the migration of

newly formed neurons in the ventricular zone

to the pia, leading to the formation of cell layers
(reviewed in Kosodo and Huttner 2009). Muta-

tions affecting expression of laminins, the

nidogen-binding site in the laminin g1 subunit
(Lmg1DLEb3), perlecan, a6 and b1-integrins,

dystroglycan, focal adhesion kinase, and integ-

rin-linked kinase have been found to result in
separation of glial cells from the basementmem-

brane because of apparent loss of ECM integrity,

and defects of neuronal cell migration and cell
layer formation leading to cobblestone-type lis-

sencephaly (Georges-Labouesse et al. 1998;

Costell et al. 1999; Graus-Porta et al. 2001; Half-
ter et al. 2002; Moore et al. 2002; Beggs et al.

2003; Niewmierzycka et al. 2005). Further anal-

ysis of the Lmg1DLEb3 null, integrin a6-null
and perlecan-null mice revealed that radial glial

contact was important for neuronal migration

and cortical layer formation but not for prolif-
eration or neurogenic capacity (Haubst et al.

2006). The phenotypic similarity resulting

from loss of structural proteins and receptors
raises an interesting question concerning the

relationship among structural integrity of

the basement membrane, stable anchorage to
the cell and signaling in the maintenance of the

brain function.

VASCULAR BASEMENT MEMBRANES

Vascular endothelial cells rest on a basement
membrane enriched in a4- and a5 laminins. In

the pancreas, microvessels are recruited by islet

cell release of VEGF-A. It is reported that the
microvascular basement membranes enable

insulin gene expression and promote b-islet

cell proliferation, exerting their effect through
laminin and b1 integrin (Nikolova et al. 2006).

In the central nervous system, the postcapillary

venule is a site of lymphocyte extravasation. It
has been found that T-lymphocyte emigration

is promoted by laminin a4 and prevented by

laminin a5, an effect deduced to depend on
the binding of a4 laminin to the a6b1 integrin
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(Wu et al. 2009). The integrin specificity is some-

what surprising given that a5-laminins, unlike

a4-laminins, are strong substrates for a6b1.
Basement membranes of the microvascula-

ture present a barrier to the transmigration

(diapedesis) of leukocytes during immune sur-
veillance and inflammation. Cancer cells must

cross vascular and nonvascular basement mem-

branes during metastases. Transmigration is
also seen during embryogenesis, for example

gonadal anchor cell invasion in the developing

nematode that serves as a model system to study
the mechanisms underlying the process (Sher-

wood et al. 2005). The basement membrane

scaffold is a tight covalently cross-linked mesh
formed by laminin and type IV collagen poly-

mers that is bridged by nidogens and to which

are bound other components and it is unlikely
that a cell could squeeze through interstices of

the order of 50 nm or less. Nonetheless, cells

constantly migrate across basement membranes
(reviewed in Rowe andWeiss 2008). The process

has long been thought to require local cell

degradation of the basement membrane with
matrix metalloproteinases (especially MT-

MMPs) and other enzymes. However, transmi-

gration might also occur through mechanisms
independent of proteolytic digestion (Huber

and Weiss 1989). Cellular invadopodia may

either transiently disrupt covalent and nonco-
valent linkages with local matrix disassembly

or somehow breach small structural imperfec-

tions in the barrier.

CONCLUDING REMARKS

Many of the basement membrane-relevant dis-

coveries made in the past few decades have

depended on the convergence of diverse disci-
plines ranging from biochemistry to genetics

to bioengineering and on technological innova-

tions such as the manipulation of recombinant
glycoproteins, the development of physiologi-

cally relevant in vitro models, and mammalian

and invertebrate/fish genetics. New contribu-
tions of approaches and techniques are likely

to continue as the field matures. In looking

toward the future, one can identify several pos-
sible directions.

1. Basement membrane proteins are composed

of multiple domains, many of which are gly-

cosylated. Functional activities have been
assigned only to a small fraction of these

domains. Although some of the domains,

particularly those in repeats, likely act as
structural spacers (e.g., to separate the lami-

nin polymerization domains), one suspects

that others have as-yet-undiscovered roles.
A more exhaustive search for domain-spe-

cific interactions, especially those of rela-

tively high affinity, may be accomplished by
using high-throughput analyses such as

those of proteomics and glycomics.

2. Although the discovery of genetic disorders
has taught us much in recent years, it is evi-

dent that basement membranes are involved

in the pathogenesis of more common disor-
ders such as diabetes mellitus, hypertension,

and cancer progression. Insights into the

mechanistic role played by the extracellular
matrices in these diseases will help us to

better understand disease progression and

possible treatments. One such disorder is
diabetes mellitus, in which basement mem-

branes of the kidney, retina, and peripheral

nerves become thickened as part of the evolu-
tion of the microvascular sequelae of chronic

hyperglycemia. The thickening, which has

long been suspected to be associated with a
paradoxical alteration of permselectivity,

may be a consequence of increased expres-

sion of laminin and other components.

3. Cancer invasion and metastasis is another

relevant clinical area. Not only must malig-
nant cells cross basementmembrane barriers

to spread, but tumors that seed at new sites

must recruit a basement membrane-con-
taining vascular supply to expand. There

has been a strong clinical interest in identify-

ing inhibitors of angiogenesis to prevent
tumor growth (Folkman 2004). Potentially

useful inhibitors are the NC1 domains of

type XVIII collagen (endostatin) and type
IV collagen (Nyberg et al. 2005; Folkman

2006; Borza et al. 2006). These proteins

may act, at least in part, through their integ-
rin-binding activity. It may also be possible
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to express enzymes or other factors that

accumulate in targeted basement mem-

branes such as those of the microvasculature
through specific binding sites in laminins or

other components such that they impart

desired activities such as the degradation of
heparan sulfate chains to prevent growth

factor binding and receptor activation. At a

more general level, research into the role of
basement membranes in vascular develop-

ment and functions has been fairly limited

and represents a clinically relevant area in
need of more intensive study.

4. Stem cells, both embryonic and adult, are

under investigation for their potential use
in the generation of regenerative tissues.

Basement membranes have been found to

affect stem cell as well as tissue behavior
and may play useful roles in driving stem

cells down differentiation pathways and in

the maintenance of biological activity and
stability of engineered tissues. It has recently

been discovered, for example, that recombi-

nant laminin-511 is an outstanding substrate
to maintain mouse and human stem cells

in a pluripotent state, whereas the laminin

in a more complex environment has been
reported to drive pancreatic differentiation

(Domogatskaya et al. 2008; Higuchi et al.

2010; Rodin et al. 2010). Basement mem-
brane components are also being used to

modify the surface properties of biomimetic

materials for use in tissue engineering, e.g.,
nerve conduits (reviewed in von der Mark

et al. 2010).

In conclusion, we have learned some of the

properties and functions of basement mem-

branes and their components. Future advances
seem likely to depend on an increasingly in-

depth understanding of structure-function

relationships in the context of cellular and
organismal biology.
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Fässler R, Timpl R. 2001. Short arm region of laminin-5
g2 chain: Structure, mechanism of processing and bind-
ing to heparin and proteins. J Mol Biol 314: 751–763.

Sato Y, Uemura T, Morimitsu K, Sato-Nishiuchi R, Manabe
R, Takagi J, Yamada M, Sekiguchi K. 2009. Molecular
basis of the recognition of nephronectin by integrin
alpha8beta1. J Biol Chem 284: 14524–14536.

Schenk S,Hintermann E, BilbanM, KoshikawaN,Hojilla C,
Khokha R, Quaranta V. 2003. Binding to EGF receptor of

a laminin-5 EGF-like fragment liberated during MMP-
dependent mammary gland involution. J Cell Biol
161: 197–209.

Schlessinger J, Plotnikov AN, Ibrahimi OA, Eliseenkova AV,
Yeh BK, Yayon A, Linhardt RJ, Mohammadi M. 2000.
Crystal structure of a ternary FGF-FGFR-heparin com-
plex reveals a dual role for heparin in FGFR binding
and dimerization. Mol Cell 6: 743–750.

Schneiders FI, Maertens B, Bose K, Li Y, BrunkenWJ, Pauls-
son M, Smyth N, Koch M. 2007. Binding of netrin-4 to
laminin short arms regulates basement membrane
assembly. J Biol Chem 282: 23750–23758.

Sherwood DR, Butler JA, Kramer JM, Sternberg PW. 2005.
FOS-1 promotes basement-membrane removal during
anchor-cell invasion in C. elegans. Cell 121: 951–962.

Siebold B,Qian RA, Glanville RW,HofmannH,Deutzmann
R, Kuhn K. 1987. Construction of a model for the aggre-
gation and cross-linking region (7S domain) of type IV
collagen based upon an evaluation of the primary struc-
ture of the a1 and a2 chains in this region. Eur J Biochem
168: 569–575.

Smirnov SP, McDearmon EL, Li S, Ervasti JM, Tryggvason
K, Yurchenco PD. 2002. Contributions of the LG mod-
ules and furin processing to laminin-2 functions. J Biol
Chem 277: 18928–18937.

Smyth N, Vatansever HS, Meyer M, Frie C, Paulsson M,
Edgar D. 1998. The targeted deletion of the LAMC1
gene. Ann N YAcad Sci 857: 283–286.

Smyth N, Vatansever HS, Murray P, Meyer M, Frie C, Pauls-
son M, Edgar D. 1999. Absence of basement membranes
after targeting the LAMC1 gene results in embryonic
lethality due to failure of endoderm differentiation.
J Cell Biol 144: 151–160.

Sotgia F, Bonuccelli G, Bedford M, Brancaccio A, Mayer U,
Wilson MT, Campos-Gonzalez R, Brooks JW, Sudol M,
Lisanti MP. 2003. Localization of phospho-b-dystrogly-
can (pY892) to an intracellular vesicular compartment
in cultured cells and skeletal muscle fibers in vivo.
Biochemistry 42: 7110–7123.

Stanco A, Szekeres C, Patel N, Rao S, Campbell K, Kreidberg
JA, Polleux F, Anton ES. 2009. Netrin-1-a3b1 integrin
interactions regulate the migration of interneurons
through the cortical marginal zone. Proc Natl Acad Sci
106: 7595–7600.

Streuli CH, Bailey N, Bissell MJ. 1991. Control of mammary
epithelial differentiation: basement membrane induces
tissue-specific gene expression in the absence of cell-cell
interaction and morphological polarity. J Cell Biol 115:
1383–1395.

Streuli CH, Schmidhauser C, Bailey N, Yurchenco P,
Skubitz AP, Roskelley C, Bissell MJ. 1995. Laminin medi-
ates tissue-specific gene expression in mammary epithe-
lia. J Cell Biol 129: 591–603.

Sugawara K, Tsuruta D, Ishii M, Jones JC, Kobayashi H.
2008. Laminin-332 and -511 in skin. Exp Dermatol 17:
473–480.

Sunada Y, Bernier SM, Utani A, Yamada Y, Campbell KP.
1995a. Identification of a novel mutant transcript of lam-
inin a2 chain gene responsible for muscular dystrophy
and dysmyelination in dy2J mice. Hum Mol Genet 4:
1055–1061.

Basement Membranes

Cite this article as Cold Spring Harb Perspect Biol 2011;3:a004911 25

 on August 22, 2022 - Published by Cold Spring Harbor Laboratory Press http://cshperspectives.cshlp.org/Downloaded from 

http://cshperspectives.cshlp.org/


Sunada Y, Edgar TS, Lotz BP, Rust RS, Campbell KP. 1995b.
Merosin-negative congenital muscular dystrophy associ-
ated with extensive brain abnormalities. Neurology 45:

2084–2089.

Sundaramoorthy M, Meiyappan M, Todd P, Hudson BG.
2002. Crystal structure of NC1 domains: Structural basis
for type IV collagen assembly in basement membranes.
J Biol Chem 277: 31142–31153.

Takagi J. 2007. Structural basis for ligand recognition by
integrins. Curr Opin Cell Biol 19: 557–564.

Takagi J, Yang Y, Liu JH,Wang JH, Springer TA. 2003. Com-
plex among nidogen and laminin fragments reveals a
paradigmatic b-propeller interface. Nature 424: 969–
974.

Talts JF, Andac Z, Gorhing W, Brancaccio A, Timpl R. 1999.
Binding of the G domains of laminin a1 and a2 chains
and perlecan to heparin, sulfatides, a-dystroglycan and
several extracellularmatrix proteins.Embo J 18: 863–870.

Talts JF, Sasaki T, Miosge N, Gohring W, Mann K, Mayne R,
Timpl R. 2000. Structural and functional analysis of the
recombinant G domain of the laminin fag 4 chain and
its proteolytic processing in tissues. J Biol Chem 275:

35192–35199.

Taniguchi Y, IdoH, SanzenN,HayashiM, Sato-Nishiuchi R,
Futaki S, Sekiguchi K. 2009. The C-terminal region of
laminin beta chainsmodulates the integrin binding affin-
ities of laminins. J Biol Chem 284: 7820–7831.

Than ME, Henrich S, Huber R, Ries A, Mann K, Kuhn K,
Timpl R, Bourenkov GP, Bartunik HD, Bode W. 2002.
The 1.9-A crystal structure of the noncollagenous
(NC1) domain of human placenta collagen IV shows sta-
bilization via a novel type of covalent Met-Lys cross-link.
Proc Natl Acad Sci 99: 6607–6612.

Thyboll J, Kortesmaa J, Cao R, Soininen R, Wang L, Iivanai-
nen A, Sorokin L, Risling M, Cao Y, Tryggvason K. 2002.
Deletion of the laminin a4 chain leads to impaired
microvessel maturation. Mol Cell Biol 22: 1194–1202.

Timpl R, Wiedemann H, van Delden V, Furthmayr H,
Kuhn K. 1981. A network model for the organization
of type IV collagen molecules in basement membranes.
Eur J Biochem 120: 203–211.

Urbano JM, Torgler CN, Molnar C, Tepass U, Lopez-Varea
A, Brown NH, de Celis JF, Martin-Bermudo MD. 2009.
Drosophila laminins act as key regulators of basement
membrane assembly and morphogenesis. Development
136: 4165–4176.

von dermark K, Park J, Bauer S, Schmuki P. 2010. Nanoscale
engineering of biomimetic surfaces: Cues from the
extracellular matrix. Cell Tissue Res 339: 131–153.

Wallquist W, Plantman S, Thams S, Thyboll J, Kortesmaa J,
Lannergren J, Domogatskaya A, Ogren SO, Risling M,
Hammarberg H, et al. 2005. Impeded interaction among
Schwann cells and axons in the absence of laminin
alpha4. J Neurosci 25: 3692–3700.

Wartiovaara J, Ofverstedt LG, Khoshnoodi J, Zhang J,
Makela E, Sandin S, Ruotsalainen V, Cheng RH, Jalanko
H, SkoglundU, et al. 2004. Nephrin strands contribute to
a porous slit diaphragm scaffold as revealed by electron
tomography. J Clin Invest 114: 1475–1483.

Webster HD, Martin R, O’Connell MF. 1973. The relation-
ships among interphase Schwann cells and axons before

myelination: A quantitative electron microscopic study.
Dev Biol 32: 401–416.

Weir ML, Oppizzi ML, Henry MD, Onishi A, Campbell
KP, Bissell MJ, Muschler JL. 2006. Dystroglycan loss dis-
rupts polarity and fbg-casein induction in mammary
epithelial cells by perturbing laminin anchoring. J Cell
Sci 119: 4047–4058.

Willem M, Miosge N, Halfter W, Smyth N, Jannetti I,
Burghart E, Timpl R, Mayer U. 2002. Specific ablation
of the nidogen-binding site in the laminin gamma1 chain
interferes with kidney and lung development. Develop-
ment 129: 2711–2722.

Williamson RA, Henry MD, Daniels KJ, Hrstka RF, Lee JC,
Sunada Y, Ibraghimov-Beskrovnaya O, Campbell KP.
1997. Dystroglycan is essential for early embryonic devel-
opment: Disruption of Reichert’s membrane in Dag1-
null mice. Hum Mol Genet 6: 831–841.

Wizemann H, Garbe JH, Friedrich MV, Timpl R, Sasaki T,
Hohenester E. 2003. Distinct requirements for heparin
and a-dystroglycan binding revealed by structure-based
mutagenesis of the laminin a2 LG4-LG5 domain pair.
J Mol Biol 332: 635–642.

Wu C, Ivars F, Anderson P, Hallmann R, Vestweber D, Nils-
son P, Robenek H, Tryggvason K, Song J, Korpos E, et al.
2009. Endothelial basementmembrane laminina5 selec-
tively inhibits T lymphocyte extravasation into the brain.
Nat Med 15: 519–527.

Wu X, Li S, Chrostek-Grashoff A, Czuchra A, Meyer H,
Yurchenco PD, Brakebusch C. 2007. Cdc42 is crucial
for the establishment of epithelial polarity during early
mammalian development. Dev Dyn 236: 2767–2778.

Wuhl E, Kogan J, Zurowska A, Matejas V, Vandevoorde RG,
Aigner T, Wendler O, Lesniewska I, Bouvier R, Reis A,
et al. 2007. Neurodevelopmental deficits in Pierson
(microcoria-congenital nephrosis) syndrome. Am J Med
Genet A 143: 311–319.

Xiong Y, Zhou Y, Jarrett HW. 2009. Dystrophin glycoprotein
complex-associated Gbg subunits activate phosphatidy-
linositol-3-kinase/Akt signaling in skeletal muscle in a
laminin-dependent manner. J Cell Physiol 219: 402–414.

YangD, Bierman J, Tarumi YS, Zhong YP, Rangwala R, Proc-
tor TM,Miyagoe-Suzuki Y, Takeda S,Miner JH, Sherman
LS, et al. 2005. Coordinate control of axon defascicula-
tion and myelination by laminin-2 and -8. J Cell Biol
168: 655–666.

Yin Y, Sanes JR, Miner JH. 2000. Identification and expres-
sion of mouse netrin-4. Mech Dev 96: 115–119.

Yoshida-Moriguchi T, Yu L, Stalnaker SH, Davis S, Kunz S,
Madson M, Oldstone MB, Schachter H, Wells L, Camp-
bell KP. 2010. O-mannosyl phosphorylation of a-dystro-
glycan is required for laminin binding. Science 327:

88–92.

Yu WM, Chen ZL, North AJ, Strickland S. 2009. Laminin is
required for Schwann cell morphogenesis. J Cell Sci 122:
929–936.

YuWM, Feltri ML, Wrabetz L, Strickland S, Chen ZL. 2005.
Schwann cell-specific ablation of laminin gamma1 causes
apoptosis and prevents proliferation. J Neurosci 25:

4463–4472.

Yurchenco PD, Cheng YS. 1993. Self-assembly and calcium-
binding sites in laminin. A three-arm interaction model.
J Biol Chem 268: 17286–17299.

P.D. Yurchenco

26 Cite this article as Cold Spring Harb Perspect Biol 2011;3:a004911

 on August 22, 2022 - Published by Cold Spring Harbor Laboratory Press http://cshperspectives.cshlp.org/Downloaded from 

http://cshperspectives.cshlp.org/


Yurchenco PD, Furthmayr H. 1984. Self-assembly of base-
ment membrane collagen. Biochemistry 23: 1839–1850.

Yurchenco PD, Ruben GC. 1987. Basement membrane
structure in situ: Evidence for lateral associations in the
type IV collagen network. J Cell Biol 105: 2559–2568.

Yurchenco PD, Wadsworth WG. 2004. Assembly and tissue
functions of early embryonic laminins and netrins. Curr
Opin Cell Biol 16: 572–579.

Yurchenco PD, Cheng YS, Colognato H. 1992. Laminin
forms an independent network in basement membranes.
J Cell Biol 117: 1119–1133.

Yurchenco PD, Cheng YS, Schittny JC. 1990. Heparin mod-
ulation of laminin polymerization. J Biol Chem 265:

3981–3991.

Yurchenco PD, Tsilibary EC, Charonis AS, Furthmayr H.
1985. Laminin polymerization in vitro. Evidence for a
two-step assembly with domain specificity. J Biol Chem
260: 7636–7644.

Zenker M, Aigner T, Wendler O, Tralau T, Muntefering H,
Fenski R, Pitz S, Schumacher V, Royer-Pokora B, Wuhl
E, et al. 2004. Human laminin b2 deficiency causes

congenital nephrosis with mesangial sclerosis and
distinct eye abnormalities. Hum Mol Genet 13: 2625–
2632.

Zhang RZ, Sabatelli P, Pan TC, Squarzoni S, Mattioli E,
Bertini E, Pepe G, Chu ML. 2002. Effects on collagen
VI mRNA stability and microfibrillar assembly of three
COL6A2 mutations in two families with Ullrich con-
genital muscular dystrophy. J Biol Chem 277: 43557–
43564.

Zhou Y, JiangD, ThomasonDB, Jarrett HW. 2007. Laminin-
induced activation of Rac1 and JNKp46 is initiated by Src
family kinases and mimics the effects of skeletal muscle
contraction. Biochemistry 46: 14907–14916.

Zhou YW, Oak SA, Senogles SE, Jarrett HW. 2005.
Laminin-fag 1 globular domains three and four induce
heterotrimeric G-protein binding to fag-syntrophin’s
PDZ domain and alter intracellular Ca2þ in muscle.
Am J Physiol Cell Physiol 288: C377–C388.

Zhou YW, Thomason DB, Gullberg D, Jarrett HW.
2006. Binding of laminin a1-chain LG 4–5 domain to
a-dystroglycan causes tyrosine phosphorylation of syn-
trophin to initiate Rac1 signaling. Biochemistry 45:

2042–2052.

Basement Membranes

Cite this article as Cold Spring Harb Perspect Biol 2011;3:a004911 27

 on August 22, 2022 - Published by Cold Spring Harbor Laboratory Press http://cshperspectives.cshlp.org/Downloaded from 

http://cshperspectives.cshlp.org/


December 8, 2010
2011; doi: 10.1101/cshperspect.a004911 originally published onlineCold Spring Harb Perspect Biol 

 
Peter D. Yurchenco
 
Basement Membranes: Cell Scaffoldings and Signaling Platforms

Subject Collection  Extracellular Matrix Biology

and Vertebrates
Mechanisms Conserved between Invertebrates 
Extracellular Matrix in Development: Insights from

Nicholas H. Brown

in Development and Disease
Extracellular Matrix Degradation and Remodeling

Pengfei Lu, Ken Takai, Valerie M. Weaver, et al.

Thrombosis
Extracellular Matrix Proteins in Hemostasis and

Wolfgang Bergmeier and Richard O. Hynes
Extracellular Matrix Constituents and Functions

An Inventory of−−Overview of the Matrisome

Richard O. Hynes and Alexandra Naba

The Thrombospondins
Josephine C. Adams and Jack Lawler

Integrins in Cell Migration
Anna Huttenlocher and Alan Rick Horwitz

Integrins, and the Extracellular Matrix
 Signaling Pathways,βCross Talk among TGF-

John S. Munger and Dean Sheppard
Functions
Fibronectins, Their Fibrillogenesis, and In Vivo

Jean E. Schwarzbauer and Douglas W. DeSimone

Heparan Sulfate Proteoglycans

Jeffrey D. Esko
Stephane Sarrazin, William C. Lamanna and System

Extracellular Matrix: Functions in the Nervous

Müller
Claudia S. Barros, Santos J. Franco and Ulrich

The Collagen Family
Sylvie Ricard-Blum Adhesions

Molecular Architecture and Function of Matrix

Benjamin Geiger and Kenneth M. Yamada

Modulation
Tenascins and the Importance of Adhesion

Ruth Chiquet-Ehrismann and Richard P. Tucker
and Diseased Skin
Cell-Extracellular Matrix Interactions in Normal

Fiona M. Watt and Hironobu Fujiwara

Integrin Structure, Activation, and Interactions
Iain D. Campbell and Martin J. Humphries

Genetic Analyses of Integrin Signaling

Reinhard Fässler
Sara A. Wickström, Korana Radovanac and

http://cshperspectives.cshlp.org/cgi/collection/ For additional articles in this collection, see 

Copyright © 2011 Cold Spring Harbor Laboratory Press; all rights reserved

 on August 22, 2022 - Published by Cold Spring Harbor Laboratory Press http://cshperspectives.cshlp.org/Downloaded from 

http://cshperspectives.cshlp.org/cgi/collection/
http://cshperspectives.cshlp.org/cgi/collection/
http://cshperspectives.cshlp.org/cgi/adclick/?ad=55917&adclick=true&url=http%3A%2F%2Fwww.genelink.com
http://cshperspectives.cshlp.org/

