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Introduction

Basement membranes (BMs) are thin sheets of self-assembled 
extracellular matrix (ECM). They are found in nearly all tis-
sues and have a wide range of functions. They provide structural 
and adhesion support to cells, coating the basal side of epithelial 
and endothelial cells and surrounding muscles, adipocytes, and 
peripheral nerve axons. They also serve as a reservoir for growth 
factors, such as transforming growth factor β (TGFβ), fibro-
blast growth factor (bFGF), vascular endothelial growth fac-
tor (VEGF), and heparin epidermal growth factor (HB-EGF), 
which play a role in cell survival, migration, and proliferation.1 
BMs protect tissues from disruptive mechanical stresses and play 
a role in compartmentalizing different cell types. More specifi-
cally, BMs promote the attachment of epidermis to dermis, estab-
lish epithelial cell polarization, control the selectivity of glomeral 
filtration, stabilize the sarcomeres in skeletal muscle, and prevent 

the spread of cancer cells to adjacent stroma.2 Nevertheless, some 
cells possess or gain the ability to breach BMs in many physiolog-
ical and pathological conditions, such as development, immune 
response, and metastasis. It is therefore crucial to understand if 
there is a link between the diversity of BMs, their functions and 
mechanisms for their breaching.

Molecular Composition of BMs

Transmission electron microscopy has shown that BMs are 
typically between 50–100 nm thick. However, the thickness of 
BMs measured by atomic force microscopy appears on average 
four-times greater. The difference could be due to loss of water 
during the preparation of samples for electron microscopy result-
ing in decreased thickness of BM.3 BMs are composed of two 
interconnected polymer networks made of collagen IV and lam-
inin that have combined pore size in the order of 10 nm.4 Besides 
collagen IV and laminins, the other major components of BMs 
are glycoproteins: nidogens and the heparan sulfate proteogly-
cans such as perlecan and/or agrin.5

Not all basement membranes are the same, however. They 
have heterogeneous molecular compositions in different organs, 
which reflect their unique biological functions. Minor compo-
nents, such as fibulin, collagen type XV, XVIII, VI, SPARC, 
BM90, and others contribute to BM tissue specificity.5 Additional 
variations in the final structure, signaling, and stability of BMs 
arise from differences in the assembly, receptor binding, and 
cross-linking of laminin and collagen isoforms.2 Here, we pro-
vide a brief overview of major components of BMs. For more 
details, refer to references 6 and 7.

Laminin

Laminin is the most abundant non-collagenous protein in 
the BM. Each laminin is a heterotrimer consisting of α, β, and 
γ-chains (Fig. 1A). The α-chain is the biggest, averaging 160 nm 
in length. The β- and γ-chains are smaller, with short 60 and 
40 nm length arms, respectively. In general, laminins are com-
prised of an N-terminal LN domain (exceptions are α4 and γ2), 
which plays a role in laminin polymerization. The coiled-coil 
region is responsible for the assembly of the heterodimers. In the 
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Basement membranes are thin sheets of self-assembled 
extracellular matrices that are essential for embryonic devel-
opment and for the homeostasis of adult tissues. They play a 
role in structuring, protecting, polarizing, and compartmental-
izing cells, as well as in supplying them with growth factors. 
All basement membranes are built from laminin and collagen 
IV networks stabilized by nidogen/perlecan bridges. The pre-
cise composition of basement membranes, however, varies 
between different tissues. Even though basement membranes 
represent physical barriers that delimit different tissues, they 
are breached in many physiological or pathological processes, 
including development, the immune response, and tumor 
invasion. Here, we provide a brief overview of the molecu-
lar composition of basement membranes and the process of 
their assembly. We will then illustrate the heterogeneity of 
basement membranes using two examples, the epithelial 
basement membrane in the gut and the vascular basement 
membrane. Finally, we examine the different strategies cells 
use to breach the basement membrane.
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case of α chains, a C-terminal LG domain is responsible for cell 
surface adhesion and receptor interactions.

Different combinations of α, β, and γ-chains lead to the 
generation of 15 different heterotrimers such as laminin-111 
(α1β1γ1), 211(α2β1γ1), that have different roles in tissue 
structure and cell behavior.8 Chains are joined together via a tri-
ple α-helical coiled-coil domain, from which the N termini of 
each of the three chains emerge as three arms. Mutations in the 
laminin LN domains result in defects in laminin polymeriza-
tion and contribute to numerous developmental abnormalities.2 
Deletion of laminin γ1, for example, leads to early embry-
onic lethality due to a failure to assemble BM.9 Furthermore, 

fragments of laminin that are unable to polymerize are still 
deposited into the ECM, where they act as metastasis-promot-
ing factors.10

Type IV Collagen

Type IV collagen is a non-fibrillar collagen whose abundance 
increases with age comprising more than 50% of adult BMs.3 It 
is a heterotrimer of approximately 400 nm long. Collagen IV dif-
fers from fibrillar collagens (such as types I, II, and III) due to its 
distinct capacity to self-assemble into networks.

Figure 1. Major components and the assembly of basement membranes. (A) Schematic representation of α, β, and γ laminin chains. The domains on 
each chain are indicated: LN domain is important for laminin polymerization; coil-coil domain—for the assembly of the heterodimers; and C-terminal LG 
domain of α chains—for cell surface adhesion. (B) Schematic representation of collagen type IV. The domains of collagen IV are indicated: N-terminal 7S 
domain, important for collagen network formation, a triple helical domain—for formation of heterotrimers (protomers) and a C-terminal NC1 domain—
for formation of dimers. (C) BM assembly. Laminin and collagen type IV are secreted in the extracellular milieu. Laminin binds to cell surface receptors, 
such as integrins, via the LG domain of the α-chain. Intermolecular binding between LN domains of α, β, and γ-chains of the adjacent laminins results in 
the formation of a distinct network. Type IV collagen protomers also self-assemble and form a depicted network. Nidogen and perlecan come and serve 
as binding bridges between the two networks to form a dense mesh. Minor components are not illustrated.
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There are six genetically different α-chains (α1–α6), which 
can assemble into three different heterotrimers (protomers). 
The most common variant, found in almost all BMs, consists 
of two α1 subunits and one α2 subunit. Each α chain contains 
an N-terminal 7S domain that is important for the formation of 
collagen networks; a middle, triple helical collagenous domain; 
and a C-terminal globular domain (NC1), which plays a role in 
the assembly of the trimeric structure (Fig. 1B).

The assembly of collagen starts with the interaction between 
the NC1 domains of all three α-chains, followed by zippering of 
the middle triple helical domains resulting in a fully assembled 
protomer. In the next step, two protomers associate via their NC1 
domains to form dimers. Finally, four protomers interact via their 

7S domains to form a tetramer, a complex that is considered to be 
the nucleus of the collagen IV scaffold.

This nucleus further evolves into a collagen IV suprastruc-
ture as a result of end-to-end interactions and lateral connec-
tions between collagen IV protomers.11 Although the BM can be 
assembled in collagen IV α1/α2-knockout mice, it is unstable 
and leads to prenatal lethality.12 Collagen IV is also important 
for the stability of the microvasculature.13-15 Bioactive fragments 
released by the proteolytic cleavage of type IV collagen are 
involved in the regulation of several physiological and pathologi-
cal processes such as development, angiogenesis, tumor growth, 
and metastasis. These fragments are called matricryptins and 
have antiangiogenic and antitumoral activity.16

Figure 2. Examples of different basement membranes. (A) Intestinal epithelial BM. The differences in composition within the same type of BM, in one 
particular tissue, is shown with the crypt BM vs. the villus BM, suggesting different functions for these BMs. (B) Endothelial basement membrane. In 
between endothelial cells and pericytes, the vascular BM assures the integrity of the blood vessel and also the contact between stroma and circulatory 
cells.
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Nidogens

Nidogens (or entactins) are glycoproteins that consist of 
three globular domains. They bind to type IV collagen, lam-
inin, and perlecan. The two isoforms are ubiquitously expressed 
in all BMs with nidogen2 being predominant in vascular 
BMs.5 The BM can be assembled in the absence of nidogens.17 
However, the early lethality of nidogen 1/2 double knockout 
mice suggests that nidogens are essential for the stabilization of 
the BM during late embryogenesis and for its proper function 
in adult tissues when mechanical stresses increase.5 Nidogens 
are mainly produced by fibroblasts.

Perlecan

Perlecan is a 200 nm long heparan sulfate proteoglycan 
whose structure resembles a string of pearls. It accumulates in 
tissue borders, where it plays a role in separating tissue layers. 
It is also involved in stocking growth factors, via the heparan 
sulfate chains.18 Perlecan is important in angiogenesis, neuro-
genesis, and chondrogenesis and may play a critical role dur-
ing vascular BM remodeling. Upon proteolytic degradation, its 
fragments can interact with pro- and anti-angiogenic regula-
tors, promoting angiogenesis and potentially tumor growth.5

BM Assembly

The primary sequences of collagen IV and laminin contain 
the information that promotes intermolecular self-assembly.2 In 
vitro experiments reveal that collagen IV and laminin can self-
assemble into lattice-like networks.19 Additional links are then 
established: nidogens bridge laminin and collagen IV networks, 
while perlecan connects nidogen to laminin.20 Although these 
interactions are crucial for BM assembly in vitro, they do not 
explain how these processes occur in vivo.

In vivo, cells secrete laminins, which diffuse into the extra-
cellular space. Given that the correct self-assembly of a BM 
depends upon the relative concentrations of its components, 
BM-assembling cells must possess a mechanism for regulating 
the local concentration of the laminin they secrete. Studies of 
aggregates of pluripotent stem cells show that cell-surface recep-
tors, such as β1 integrin or dystrogly, can assist the formation of 
laminin polymers on the cell surfaces. Compared with wild-type 
cells, cells lacking β1 integrin or dystroglycan deposit reduced 
amounts of laminin.21,22 Similarly, mice carrying mutations in 
certain cell surface receptors, like β1 integrins, show various 
defects in their BMs.22-24 Thus, the assembly of a BM starts with 
laminin–cell receptor interactions (Fig. 1C).

In the first step on BM formation, the LG domains of lam-
inin molecules anchor to the selected cell surface via sulfate gly-
colipids, integrins, and α-dystroglycan. This increases the local 

concentration of laminin beyond the level necessary for polymer-
ization to take place.25-28 Once sufficiently close together, the LN 
domains of α, β, and γ-chains of adjacent laminins bind to each 

Figure  3. Breaching the BMs in several processes. (A) BM breaching in 
development. The anchor cell invades the BM during hermaphrodite 
development in Caenorhabditis elegans. This process requires invado-
podia-like structures to initiate BM breaching. (B) Vascular BM invasion. 
Immune cells can pass through the BM, a process called trans-endothelial 
migration. For example, lymphocytes breach the BM in order to access a 
tissue during the inflammatory response. (C) BM invasion during cancer 
metastasis. Cancer cells breach the BM in order to reach the blood circula-
tion. They might form invadopodia, which have been shown in vitro assays 
to be required for BM proteolytic degradation. 
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other, leading to the formation of ter-
nary complexes.29,30 The LN domain 
of the laminin α-subunit can also bind 
to sulfatides and integrins, generating 
a second cell–matrix attachment point 
that forces laminin polymers to orient 
themselves parallel to the cell surface 
they are outlining.

In the second step, collagen IV, 
nidogen, perlecan, and agrin coalesce 
on the nascent laminin scaffold. 
Although all these molecules are able 
to bind to the cell surface, they seem 
unable to assemble into BM in the 
absence of laminins.25 Collagen IV 
polymerizes and forms a second net-
work. Unlike the laminin network, 
it is covalently stabilized. Nidogen 
binds to the laminin γ-subunit and 
to collagen IV, forming a non-cova-
lent high-affinity stabilizing bridge. 
Finally, agrin and perlecan bind to 
both the laminin coiled-coil domain 
and to nidogen, as well as to cell sur-
face molecules, thus creating collat-
eral linkages to additional receptors.

In conclusion, two different classes 
of interactions drive the assembly of 
the BM components. On one hand, 
BM components interact with each 
other and self-assemble, and on the 
other, they interact with cell surface receptors.25 These two dif-
ferent types of interactions are coordinated to generate a BM on 
competent cell surfaces.

The cells that are competent to assemble BM do not neces-
sarily secrete all its components. Neighboring cells of a different 
type to the BM-forming cells often play a role in generation of 
BM components. For example, epithelial BMs form specifically 
beneath epithelial cells but their constituent proteins are partly 
synthesized by mesenchymal cells that do not bind to the BM.31,32 
The reason why some cells are able to assemble BM while others 
are not is probably related to the cell surface molecules they carry. 
It is likely, for example, that mesenchymal cells lack the surface 
molecules that anchor the laminin LG domain, meaning that 
they do not favor the accumulation and self-assembly of laminin 
molecules. If laminin-binding molecules, such as sulfatides, are 
experimentally added to the plasma membrane of fibroblasts and 
these cells are then supplied with high concentrations of laminin, 
they assemble BMs on their surfaces.

Diversity of BMs

The composition of BMs is extremely diverse and dynamic. 
It varies between tissues and also changes with the tissue’s physi-
ological and pathophysiological state and age.3 It remains unclear, 

however, whether and how these compositional differences trans-
late into specific BM functions. Here, we illustrate the heteroge-
neity of BMs with two examples, the epithelial BM in the gut and 
the vascular BM. For detailed analyses of the specificity of BM in 
different tissues, we refer the reader to the comprehensive reviews 
of Yurchenko,2 Kalluri,11 and Halfter3 and Liliensiek.33

Epithelial BM in the Gut

The epithelium of the small intestine is composed of a single 
layer of cells. It lines the villi, which project into the lumen of the 
gut, and the crypts, which descend into the underlying connective 
tissue (Fig. 2A). As with all epithelia, the gut BM lies under the 
basal surface of the epithelium. Interestingly, the composition of 
the BM changes during gut development and along the crypt–vil-
lus axis.34 For example, the β1γ1 chains are homogenously local-
ized in both crypts and villi, but the α1 and α2 chains are restricted 
to the crypts, with α1 being present from early development and 
α2 appearing only around birth when crypt growth occurs.

The expression of laminin-332 is concomitant with the forma-
tion of villi. Its highest level of expression occurs and at the villi’s 
tips, which correlates with its localization in the BM undelaying 
epithelial cells at the tips of the villi. Although the physiologi-
cal significance of laminin variants is not clear, the presence of 
laminin-322 specifically in the villi, where active cell migration 

Figure 4. Native mesentery basement membrane assay as a model to study BM invasion. (A) Untreated
mouse mesentery. Collagen fibers revealed by reflectance (white), laminin revealed by immunostain-
ing (green), DNA and actin cytoskeleton of mesothelial cells revealed by DAPI (cyan), and phalloidin-
Cy3 labeling (red). (B) Isolated mesentery is washed and treated with ammonium hydroxide to remove 
mesothelial cells. The treatment of the mesentery with ammonium hydroxide removes efficiently all 
mesothelial cells while preserving the integrity of the BM structure, thus making it suitable for invasion 
studies. Color code as in (A). Scale bar, 200 µm. 



www.landesbioscience.com	 Cell Adeshion & Migration	 241

occurs, suggests that this laminin variant could have a role in cell 
migration. Since ternary interactions between the LN domains of 
α-β-γ chains is strictly required for the self-assembly of laminin 
polymers and BM in general,29,35 it is likely that laminin-332, 
whose γ chain lack the LN domain, is assembled through an 
alternative mechanism. Deletion of the LN domain, for exam-
ple, from the α chain, results in laminin-poor, collagen IV-rich 
ECM.2 This suggests that BMs containing laminin-322 could 
also have special properties.

To determine whether BM components originate from epi-
thelial or mesenchymal cells, Kedinger, et al.34 generated hybrid 
intestines composed of mice endoderm and chick mesenchyme, 
and vice versa. These were then grafted for different periods of 
time and analyzed immunocytochemically using species-specific 
antibodies. This technique showed that while perlecan is pro-
duced by the epithelium, nidogen and collagen IV are mostly 
mesenchymal products.

In the case of laminin, the situation is more complex: different 
laminin chains are produced by different cells. In general, during 
embryonic development, laminin α5, β1, and γ1 chains have a 
dual, epithelial, and mesenchymal origin; α2 and β3 originate 
from the mesenchyme; and α1 is mostly produced by the epi-
thelium. Interestingly, γ2 shows a shift in its cellular expression: 
at early stages, it is expressed by epithelial cells and then at later 
stages by mesenchymal cells. Thus, the epithelial BM in the gut is 
produced by the coordinated action of epithelial cells and stromal 
fibroblasts.

The intestine is characterized by rapid cell renewal of the epi-
thelium, as cells differentiate and migrate from the crypts toward 
the villus tips, while remaining attached to the BM.36 There is 
evidence that fibroblasts, present on the other side of the BM, 
migrate along with the epithelial cells toward the villus tips.37 
This observation led to the speculation that the epithelium, the 
BM and the fibroblasts migrate synchronously as a unit along 
the villus-crypt axis. Because the entire epithelium is renewed 
every three days in mice, this would suggest that the BM is also 
renewed every three days. This hypothesis has been challenged 
by the observation that the BM turns over focally over a period of 
weeks after being labeled with fluorescent antibodies.38 Dynamic 
studies are needed to solve this discrepancy.

Transmission electron microscopy studies have shown that 
the intestinal BM have distinctive morphological features during 
gut development in rodents.39 A week before birth, a continuous 
BM separates the epithelium from the underlying mesenchyme. 
Several days before birth, when villi start to form, gaps in the BM 
are observed. In those regions where BM is discontinuous, epi-
thelial cells and fibroblasts sit opposite one another and epithelial 
cells project pseudopod-like protrusions through the gaps in the 
BM, making contact with the fibroblasts. Those cellular protru-
sions and BM gaps persist until 10 d post-birth, when the BM 
becomes again continuous. Besides being a place of communica-
tion between epithelial and mesenchymal cells, these scattered 
BM defects could also be associated with leukocyte trafficking.38 
Through these pores, immune cells can migrate from the lamina 
propria into the epithelium and can directly contact the entero-
cytes or sample antigens.40-42

Vascular BMs

The vascular BM assures integrity and robustness of blood 
vessels throughout different tissues. It also plays a crucial role in 
the trans-BM migration of different cell types during develop-
ment, the immune response, and cancer.

Capillaries are formed of two cell types: endothelial cells, 
which line the lumen, and pericytes, which dot the exterior. 
The BM is sandwiched between these two cell types, which are 
tightly connected to each other via a large number of long pro-
trusions.43,44 Unlike endothelial cells, which form a continuous, 
well-organized monolayer, pericytes form a discontinuous layer 
on the BM (Fig. 2B). Both cell types produce the components 
of the vascular BM, so the discontinuous nature of the pericyte 
coverage results in the formation of regions in the BM that have 
patchy expression of collagen IV and laminins.45-47 Those regions, 
termed low expression regions, often serve as gates for migrating 
leukocytes during inflammation.

Vascular BMs differ significantly in their thickness, pore size, 
and fiber diameter depending on the location and physical prop-
erties of the vessel. For the extensive review about specificity of 
vascular BMs, see Kalluri.11 In tumors, the blood vessel BM is 
often described as incomplete or absent.48 However, other stud-
ies suggest that it is present but morphologically abnormal.49,50 
For example, although the vascular BM in pancreatic tumors, as 
identified by collagen IV, laminin, and nidogen immunostain-
ing, outlines blood vessels in a similar fashion to normal tissue, 
it still shows numerous structural abnormalities. Its association 
with endothelial cells and pericytes is much looser than in normal 
vessels. Electron microscopy studies have revealed the presence of 
multiple BM layers.49

During angiogenesis, the BM is either degraded, to enable 
sprout formation and endothelial cell migration,51 or remodeled 
continuously as endothelial sprouts form and new vessels grow.52 
Migrating endothelial cells can degrade collagen IV in vitro.51 
In more recent studies, collagen IV-positive sheets were detected 
on endothelial sprouts, suggesting that BM is deposited where 
sprouts grow and regress.49 Altogether, these results indicate that 
in angiogenesis, both mechanisms of degradation and continuous 
remodeling of the BM might occur. Further studies are required to 
determine whether these two mechanisms operate simultaneously.

Overcoming the BM Barrier

The BM acts as a formidable barrier to diffusing macromol-
ecules and migrating cells because of its lateral organization 
and intrinsic biomechanical properties. However, the existence 
of small pores in BMs suggests that different cell types could 
communicate by exchanging diffusible factors53,54 During  
postnatal gut development, epithelial cells make numer-
ous physical contacts with mesenchymal cells through the 
larger gaps in the BMs.40 However, those gaps in the BMs and  
protrusions of the epithelial cells are only rarely observed in 
the adult mice. Although different cells contact each other by 
poking long cellular protrusions through BM gaps, the density 
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of the covalently cross-linked BM mesh means it is unlikely 
that entire cells could squeeze through the existing gaps (see  
review by Weiss55). Several cell types, however, are able to cross 
BMs. These include trophoblasts, neural crest cells, leuko-
cytes, and cancer cells. Breaching of the BM in those cases is 
regulated in a cell-specific manner by a mechanism that com-
prises proteolytic capacity and cellular deformability.46 Local  
degradation of the BM components is achieved by special-
ized cellular protrusions, termed invadopodia. Those finger-
like, F-actin-rich structures form at the ventral side of the cell 
and serve as a localized source of matrix degrading proteases  
including matrix metalloproteinases (MMPs). However, it 
has been also proposed that BM transmigration can occur, in 
addition, through mechanisms independent of proteolytic 
digestion.55,56

Breaching the BM During Development

During mammalian gastrulation, embryonic epithelial 
cells breach the BM, acquire mesenchymal characteristics, and 
populate the intervening space to form the mesoderm. Similar 
BM invasion processes are conserved in development and are 
observed in different organisms. These include imaginal disk 
eversion in Drosophila melanogaster or invasion of anchor cell 
during Caenorhabditis elegans morphogenesis.57,58

Sherwood and colleagues have used anchor cell invasion in 
Caenorhabditis elegans as an in vivo model of BM transmigra-
tion. This model provides visual evidence of the interaction 
between the invading cell and the BM59 (Fig. 3A). Sherwood, 
et al. demonstrated anchor cells use invadopodia-like struc-
tures to breach the BM and so connect the uterine and vulval 
epithelia.60 Other studies, performed in the zebrafish, showed 
that intestinal epithelial cells also form invadopodia-like pro-
trusions and invade the stroma in response to a physical signal 
arising from smooth muscle contractility in the larval intes-
tine.61 Thus, invadopodia-like protrusions are conserved sub-
cellular structures used for BM breaching during development. 
Using chick embryo as a model system to study epithelial-to-
mesenchymal transition (EMT) in gastrulation, Nakaya and 
colleagues showed that destabilization of microtubules at the 
epiblast’s basal cell cortex weaken the interactions between epi-
blasts and BMs, which leads to BM breakdown.62,63 Thus, dur-
ing EMT, cells lose connections with the BM while they are 
still connected to the rest of the epiblasts as a continuous sheet. 
Whether invadopodia are involved in BM breakdown during 
gastrulation still needs to be investigated.

Immune Cells Passing Through the BM

During inflammation, leukocytes adhere to the vascular 
lumen, roll, and then migrate through the endothelium. Once 
underneath the endothelial cells, they extend cellular protrusions 
to search for “low expression regions” in the vascular BM and 
permissive sites in the pericyte monolayer. This allows them to 

exit vessels and to migrate through the extravascular tissue. This 
process is termed trans-endothelial migration (Fig. 3B).

How leukocytes breach the BM and whether proteolytic 
invadopodia-like structures are involved remains unclear. Both 
neutrophils and monocytes use “low expression regions” on the 
BM as preferred sites for penetration. While neutrophils enlarge 
those regions using proteases, monocytes squeeze through the 
BM without remodeling it.64-66

The migration of leukocytes through the vascular BM could 
also occur through biochemically permissive sites. For example, 
BM rich in laminin-511 (α5β1γ1) is considered to be anti-migra-
tory, whereas BM composed of laminin-411 (α4β1γ1) promotes 
migration.67 Mice engineered to lack the laminin α-4 chain are 
not only deficient in laminin-411, but also show compensatory 
upregulation of the laminin α-5 chain.68,69 Trans-endothelial 
migration is reduced in these mice. Because the laminin α-4 
chain lacks an LN domain, its assembly into polymers is defec-
tive and probably results in sparser BMs that are easier to pen-
etrate. In contrast to these findings, in vitro studies have shown 
that laminin-511 is more potent as a stimulator of lymphocyte 
migration than other laminin isoforms, including laminin-411.70 
Further efforts are needed to understand those discrepancies.

Breaching the BM in Cancer Invasion

During epithelial tumor formation, cancer cells, like normal 
epithelial cells, are retained within the boundaries of BM and are 
therefore separated from the adjacent stroma. The BM therefore 
serves as a barrier for cell invasion. As the tumor progresses, the 
stroma undergoes changes in both ECM and cell type composi-
tion. There is an increase in the stiffness of the stroma and an 
increase in the numbers of several cell types such as fibroblasts, 
macrophages, and pericytes.71 It is not known whether the com-
position or structural stability of the BM changes by this point.

Eventually, a combination of events, involving cancer and 
stromal cell interaction and communication through the BM, 
leads to tumor invasion. At this point, the BM is breached and 
the cancer cells invade and migrate through the tumor stroma 
until they reach the blood or lymphatic vessels. To disseminate 
and metastasize, cancer cells also need to overcome two vascular 
BMs. First, they must breach the BM to enter the blood vessel 
(intravasation). Then, they must breach a second BM to exit the 
blood vessel (extravasation) and seed a specific organ to form 
a secondary tumor.72 Overcoming the different BM barriers is 
therefore crucial for cancer metastasis (Fig. 3C).

Breaching the BM by cancer and/or stromal cells might 
involve three distinct and possibly complementary mechanisms: 
proteolytic degradation of the BM, local displacement of the BM 
by mechanical forces, and abnormal BM synthesis. Evidence 
exists to support the existence of all three mechanisms.

Degradation of the BM involves the formation of invadopodia, 
which provide a localized source of matrix-degrading proteases. 
These include matrix metalloproteinases (MMPs) such as MT1-
MMP (MMP14) and the serine protease seprase (FAP).73,74 The 
role of invadopodia in matrix degradation has been extensively 



www.landesbioscience.com	 Cell Adeshion & Migration	 243

studied in cell culture models but their role in cell invasion still 
remains to be determined in vivo.75

Non-proteolytic means for the invasion of cancer cells 
through BM-like matrices have been also suggested, involving 
amoeboid movement of the cells through the mesh of collagen 
fibers.76 Similarly, other studies showed that cancer cells can 
adopt a rounded bleb-associated mode of motility through 3D 
BM-like matrices, via a Rho signaling depending pathway, with-
out proteolysis.77

Finally, reports indicate that BM components are synthesized 
in lower amounts around invasive tumors.78,79 For example, the 
stage and grade of many tumors correlate positively with a loss 
of the laminin-332 γ2 chain from the BM and its retention in 
the cell cytoplasm.78 Other studies show that in carcinomas, col-
lagen VII and laminin-511 are almost absent from the BM while 
laminin-322 accumulates along the invading edges of carcino-
mas.79 It is therefore possible that the spreading of the cancer 
cells to adjacent tissues is achieved at least in part by reduced 
BM deposition, rather than as result of its proteolytic degradation 
or physical disruption. BM imperfections arising from abnormal 
manufacture could represent “hot spots” for cancer cell invasion.

Model Systems for Cancer Cells BM Invasion

Isolating such a thin and highly dense matrix as the BM for 
ex vivo studies is extremely difficult. This limitation, coupled 
with the problem of imaging BM invasion in vivo, has led to 
alternative solutions, which use matrices that closely resemble 
the BM. The one most commonly used is Matrigel, a protein 
mixture secreted Engelbreth-Holm-Swarm (EHS) mouse sar-
coma cells. Although its exact composition is unknown, it 
consists of approximately 60% laminin, 30% collagen IV, and 
8% nidogen. Matrigel is often used in invasion assays, such as 
Boyden chambers, where cells are plated on top of a thin layer 
of Matrigel, which itself lies on top of a plastic membrane perfo-
rated by small pores.80 It can also be used as a matrix for embed-
ding cells to study cell migration and invasion in 3D, or even as 
a structural support for cells that will subsequently be injected 
in the animals.

Although the molecular composition of Matrigel closely 
resembles that of the BM, a key limitation that is frequently over-
looked is that the physical properties of the extracellular proteins 
are altered during the procedure used to separate the gel from 

the EHS cells that produce it. Matrigel lacks the complex mix 
of covalent cross-links characteristic of collagen IV networks 
in vivo, which could explain why migrating cells penetrate it 
more easily than native BM.55 In addition, Matrigel is comprised 
mainly of a laminin isoform found rarely in adult tissues.81

Since Matrigel does not recapitulate the structural properties 
of physiological BMs, it is questionable whether it can be used 
to define the proteolytic mechanisms involved in invasion. To 
overcome those caveats, Weiss and colleagues used mesentery 
explants as a model system to study cancer cell invasion ex vivo55 
(Fig. 4). The mesentery is the double layer of peritoneum that 
connects the intestine to the abdominal wall. It is composed of 
two BMs, and fulfills the basic requirements for cancer cell inva-
sion analysis: (1) it is produced and assembled in vivo, thus its 
molecular composition and structural barrier effectiveness are 
preserved; and (2) it can be easily explanted to allow ex vivo 
experimentation.82

Using this assay, we have shown that the invasive human 
colon cancer cell line HCT116 needs more than a week to invade 
native mouse mesenteric BM,83 while the same cell line, in oth-
erwise identical culture conditions, invades Matrigel overnight.84 
The technical details of how to use mesenteric BM for invasion 
studies are described by Schoumacher, et al.85

Conclusions

Scientific interest in the mechanisms cells employ to escape 
their tissue of origin to reach distant sites is growing rapidly. It 
is therefore essential to develop a better understanding of BM 
biology and its role as a barrier to cell migration. While it has 
long been demonstrated that cells can squeeze through the dif-
ferent extracellular spaces during their journey, how they escape 
their primary site remains largely mysterious. In cancer biology, 
it is now clear that escaping the primary site involves breach-
ing the BM, either by protelolytic degradation or by alterna-
tive, non-proteolytic means. Finding parallels between tumor 
cell behavior and the mechanisms normal cells use to cross the 
BM physiological processes such as development is one possible 
approach for determining the machinery implicated in tumor 
dissemination.
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