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An active role for basement membrane assembly and modification

in tissue sculpting

Meghan A. Morrissey and David R. Sherwood*

ABSTRACT

Basement membranes are a dense, sheet-like form of extracellular
matrix (ECM) that underlie epithelia and endothelia, and surround
muscle, fat and Schwann cells. Basement membranes separate
tissues and protect them from mechanical stress. Although
traditionally thought of as a static support structure, a growing
body of evidence suggests that dynamic basement membrane
deposition and modification instructs coordinated cellular behaviors
and acts mechanically to sculpt tissues. In this Commentary, we
highlight recent studies that support the idea that far from being a
passive matrix, basement membranes play formative roles in
shaping tissues.

Introduction

The basement membrane is an ancient and highly conserved form
of extracellular matrix (ECM) that arose at the dawn of
multicellularity. The evolution of this cell-associated matrix was
likely a crucial innovation required for the emergence of
metazoans (Hynes, 2012; Ozbek et al., 2010). Most basement
membranes are composed of a core set of proteins, including
laminin, type IV collagen, the glycoprotein nidogen and the
heparan sulfate proteoglycan perlecan (Yurchenco, 2011).
Basement membrane assembly is initiated when the laminin
heterotrimer binds to cell surfaces through sulfated glycolipids and
matrix receptors, such as integrin and a-dystroglycan (Fiassler and
Meyer, 1995; Henry and Campbell, 1998; McKee et al., 2007;
Stephens et al., 1995; Yurchenco and Wadsworth, 2004). At a high
local concentration, laminin self assembles into a polymeric
network (Li et al., 2003). This lattice serves as a scaffold for further
elaboration of the basement membrane, including the addition
of a polymeric network of type IV collagen molecules (Poschl
et al., 2004). Type IV collagen has the unique ability to form
intermolecular covalent bonds, which is thought to endow the
basement membrane with its ability to withstand mechanical stress
(Khoshnoodi et al., 2008; Vanacore et al., 2009). Consistent with
this notion, loss of the enzyme peroxidasin, which localizes to
basement membranes and catalyzes a conserved intermolecular
sulfilimine bond between type IV collagen molecules, reduces
tissue integrity in Drosophila, Caenorhabditis elegans and
zebrafish (Bhave et al., 2012; Fidler et al., 2014; Gotenstein
et al., 2010). The biochemical interactions linking the initial
laminin meshwork to the cross-linked collagen lattice are unclear.
Although nidogen has the ability to bind both collagen and laminin,
genetic evidence suggests that it is not essential for basement
membrane assembly (Bader et al., 2005; Fox et al., 1991; Kang and
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Kramer, 2000). Like nidogen, the heparan sulfate proteoglycan
perlecan binds both the laminin and collagen networks, and thus
might redundantly function with nidogen to link these two lattices
(Behrens et al.,, 2012; Costell et al., 1999). Structurally, the
overlaid networks of laminin and collagen are thought to be
arranged with the long axis of individual molecules in parallel to
the cell surface, creating a dense meshwork with a pore size
ranging from ~10-130 nm (Abrams et al., 2003; Abrams et al.,
2000; Yurchenco et al.,, 1992; Yurchenco and Ruben, 1987).
Basement membranes vary in composition in a temporal and
tissue-specific manner (see Matrixome Project http:/www.
matrixome.com/bm/Home/home/home.asp and the human protein
atlas, http://www.proteinatlas.org) (Hynes and Naba, 2012; Pontén
et al., 2011; Uhlen et al., 2010). As proteomic studies of isolated
basement membranes have revealed over 200 core matrix and
matrix-associated proteins, the composition or structure of
basement membranes can likely be modified in many ways to
create specialized or context-specific assemblies (Uechi et al.,
2014).

Disruptions in genes encoding basement membrane
components have long revealed the importance of basement
membranes in normal tissue morphogenesis and resistance to
mechanical stress (Ekblom, 1989; Hynes and Naba, 2012; Miner
et al., 2004; Poschl et al., 2004; Urbano et al., 2009). However,
elucidating specific functions of basement membrane in tissue
structure has been experimentally difficult to establish owing to
embryonic lethal phenotypes of basement membrane-encoding
genes and lack of visual accessibility. Recently, advances in
imaging basement membranes in vivo and more sophisticated
genetic tools in Drosophila and C. elegans, have begun to reveal
how basement membranes dynamically shape organs. Here, we
focus on three recent developments in our understanding of how
basement membranes actively shape tissue architecture. First, we
discuss basement membrane deposition as a mechanism for
instructing polarity during epithelial tube formation. Second, we
examine how basement membranes, and in particular type IV
collagen, dynamically constricts tissues and shapes tissue
structure. Finally, we highlight recent work showing how
basement membranes are remodeled through a newly identified
adhesion system that links developing tissues. These studies
suggest that far from being a static support structure, the
basement membrane is, in fact, an active regulator of tissue
shape.

Basement membrane deposition instructs cell polarization
and tissue shape

One emerging role for basement membranes in regulating tissue
shape is through directing alterations in cellular behavior. For
example, local deposition of the matrix protein fibronectin
plays an instructive role during cleft formation in branching
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morphogenesis (Daley and Yamada, 2013; Onodera et al., 2010;
Sakai et al., 2003). Fibronectin induces the expression of the
transcription factor Snail2 and suppresses E-cadherin, leading to
cell separation at the cleft (Onodera et al., 2010). Another
example of basement membranes altering cell behavior is the role
of laminin deposition in coordinating epithelial cell polarity.
Coordinated cell polarity is crucial in forming and shaping
tissues (Bryant and Mostov, 2008; Niessen et al., 2012). When
embedded in a laminin-rich matrix, a single Madin—Darby canine
kidney (MDCK) cell gives rise to a cyst-like monolayer of
epithelial cells surrounding a central lumen (McAteer et al.,
1988). This process requires coordinated polarity, with all cells
establishing an apical luminal membrane domain, separate
from the basolateral domain. Prior to establishing apical-basal
polarity, MDCK cysts secrete laminin through a Racl-dependent
mechanism (Fig. 1A; O’Brien et al., 2001). Secreted laminin
accumulates on the basal side of the cysts, and blocking laminin
secretion inhibits the ability of cysts to properly orient polarity
(O’Brien et al., 2001). This polarity defect can be rescued by
providing the cells with high levels of extracellular laminin
(O’Brien et al., 2001). Supporting these findings, histological
sectioning has revealed that function-blocking antibodies
specific for laminin disrupt the development of polarized
kidney tubules in kidney organ cultures and that blocking
laminin polymerization in lung organotypic cultures inhibits the
formation of polarized epithelial cysts. (Ekblom, 1989; Klein
et al.,, 1988; Schuger et al., 1998). Furthermore, work on
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Fig. 1. Basement membrane deposition instructs cell polarization and
tissue shape. (A) MDCK cells (left) secrete laminin (green) in a Rac1-
dependent manner. Laminin accumulates on the basal surface of the cells
and directs coordinated apical-basal polarization, which results in formation
of a cyst with an apical lumen (right). (B) In the C. elegans embryo (top left),
the pharyngeal precursors (blue) organize into two plates of cells (bottom left;
perspective indicated by transverse plane in top left). Laminin (green)
accumulates on the basal surface of the pharyngeal precursors (middle left).
Laminin assembly on the basal cell surface precedes the apical localization
of polarity proteins PAR-6 and PAR-3 (red; middle right), as well as apical
lumen formation (bottom right). Lumen formation is necessary to shape a
functional pharynx in the larva and adult C. elegans (top right). Data are from
O'Brien et al. and Rasmussen et al. (O'Brien et al., 2001; Rasmussen et al.,
2012) and have been adapted with permission.

embryoid bodies derived from mouse stem cells that lack the
laminin y1 subunit suggests that, in the absence of laminin, the
epiblast (an epidermal layer that gives rise to the future embryo)
is unable to form a polarized columnar epithelium (Murray and
Edgar, 2000). Taken together, these studies suggest that
deposition of laminin is required for the coordinated polarity of
developing epithelial tissues.

The role of laminin in polarizing newly formed epithelial tissues
in vivo, however, has remained challenging to experimentally
examine because its loss leads to widespread pleiotropic effects in
embryos. For example, genetically eliminating any subunit of the
most abundant laminin heterotrimer during mouse embryogenesis
(a1B1y1) results in endoderm differentiation defects, widespread
apoptosis and embryonic lethality (Alpy et al., 2005; Miner et al.,
2004; Smyth et al., 1999). In addition, mice lacking the o5 laminin
subunit do not survive until birth, and have prenatal defects in digit
separation, glomerulogenesis and neural tube closure (Kikkawa
etal., 2003; Miner et al., 1998; Nguyen et al., 2002). Notably, in C.
elegans partial loss-of-function alleles for the epi-1 laminin o chain
result in disrupted polarity in the muscles, pharynx and epithelia,
and laminin is required to establish polarity in the Drosophila
endoderm (Huang et al., 2003; Urbano et al., 2009). Because
laminin regulates diverse processes, however, it has been difficult
to determine whether the absence of polarity is a direct
consequence of eliminating laminin in these cases or indirectly
caused by a lack of tissue organization due to defects in cell-matrix
adhesion, cell proliferation or mechanical stability.

To elucidate the mechanism for coordinating tissue polarity in
vivo, a recent study examined the role of laminin in generating the
tubular epithelial C. elegans pharynx (Rasmussen et al., 2012).
Initially, the mesenchymal pharyngeal precursor cells arrange
into two opposing sheets (Fig. 1B). Live imaging of pharyngeal
development revealed that prior to polarization, laminin begins to
accumulate at the basal surface of pharyngeal precursor cells. The
localization of laminin at the basal surface is required for the
polarity proteins PAR-3 and PAR-6 to enrich at the opposing
apical surface, which occurs ~15 minutes after the appearance of
laminin. In the absence of laminin, PAR-3 and PAR-6 localize
randomly, accumulating at the apical surface of the pharynx in
some animals and the basal surface in others. Importantly, these
polarity cues are specific to laminin. Other basement membrane
components, such as type IV collagen and perlecan, are not
localized to the pharynx until an hour after laminin, when PAR-6
and PAR-3 are already polarized. Furthermore, genetic reduction
or loss of collagen or perlecan does not alter pharyngeal polarity
(Graham et al., 1997; Mullen et al., 1999; Rasmussen et al.,
2012). Laminin-binding integrins likely recognize laminin as a
polarity cue. In MDCK cysts, laminin-binding 1 integrin plays a
role in orienting apical-basal polarity in response to ECM cues
(Bryant et al., 2014). Consistent with a similar mechanism in the
pharynx, PAT-3, the sole C. elegans B-integrin, is localized to the
basal surface of the pharyngeal epithelial cells (Baum and
Garriga, 1997). Taken together, these data suggest a conserved
role for laminin deposition in shaping tissues through instructing
coordinated epithelial polarization during development.

Collagen within basement membranes constricts and
contours tissues

In addition to coordinating cell behavior, basement membranes
also directly regulate tissue shape through patterned physical
constrictions. One of the most dramatic examples occurs during
tissue elongation in the Drosophila egg chamber (Haigo and
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Bilder, 2011). The Drosophila egg chamber is composed of two
cell types — the germ cells and a surrounding somatic follicular
epithelium. The egg chamber undergoes a 2.5-fold increase in
aspect ratio and changes from a sphere to an ellipsoid shape along
the anterior—posterior axis of the egg during a 20-hour period of
oogenesis (Haigo and Bilder, 2011). Strikingly, during the time of
elongation, the Drosophila egg chamber rotates within the
surrounding basement membrane, which remains static. As the
egg chamber rotates, the follicular epithelium deposits strips of
matrix containing type IV collagen perpendicular to the axis of
elongation (Fig. 2A; Haigo and Bilder, 2011). The oriented fibers
act as a molecular ‘corset’ for the growing egg, restricting growth
along the dorsal-ventral axis and allowing expansion along the
anterior—posterior axis. Accordingly, genetically eliminating type
IV collagen expression in the follicular epithelium, by treatment
with collagenase, or preventing follicle rotation by clonally
eliminating myosin expression, all abrogate egg chamber
elongation (Haigo and Bilder, 2011). Taken together, these data
show that deposition of oriented collagen fibers can drive tissue
elongation by constricting the circumference of a developing
tissue, forcing elongation along the perpendicular axis.

Tissue rotation accompanied by patterned basement membrane
deposition might not be an isolated mechanism for shaping
tissues. Mammary acini growing in 3D culture also rotate while
assembling basement membrane (Tanner et al., 2012; Wang et al.,
2013). In addition, a corset of ECM might also be used to
facilitate the anisotropic cell growth required for hypocotyl
elongation in Arabidopsis (Paredez et al., 2006). In this case,
instead of a rotating epithelia depositing matrix, the cells remain
static while cellulose synthase rotates around the cell cortex in a
microtubule-dependent manner. The rotating cellulose synthase
deposits cellulose fibrils perpendicular to the axis of elongation.
This constrains cell expansion, forcing hypocotyl elongation
(Paredez et al., 2006).

A collagen corset has also been hypothesized to regulate
directional outgrowth and tissue shape in the vertebrate salivary
gland (Harunaga et al., 2014). Immunostaining for type IV
collagen, laminin and perlecan showed that the basement
membrane at the tips of rapidly growing salivary gland end
buds contains hundreds of microperforations (Fig. 2B). Time-
lapse analysis of cultured salivary glands revealed that cells at the
bud tip extend myosin-dependent blebs through the basement
membrane, dynamically distending the matrix by enlarging
existing microperforations and likely creating additional holes
(Harunaga et al., 2014). Photobleaching of landmarks within
fluorescently labeled basement membrane in living salivary gland
explants revealed that the basement membrane translocates away
from the tip towards the duct, where it accumulates in dense
aggregates with significantly fewer and smaller perforations. This
combination of cell blebbing and movement of the entire basement
membrane results in a perforated and highly distensible matrix at
the bud tip and in the accumulation of a collagen-rich basement
membrane corset around the duct. Reducing the number of
microperforations by broadly inhibiting protease activity resulted
in less branching, suggesting that the basement membrane
dynamics at the bud tip promote branch outgrowth (Harunaga
et al., 2014). Microperforation in the basement membrane also
occurs at the bud tip of developing lung and kidney branches,
suggesting that a similar mechanism regulates tissue architecture in
these organs (Harunaga et al., 2014). Further supporting this idea,
static localization of matrix components during mammary gland
branching has revealed that the mammary duct, but not the bud tip,
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Fig. 2. Collagen within basement membranes constricts and contours
tissues. (A) Prior to tissue elongation, the Drosophila egg chamber initiates
global tissue revolutions, directing the deposition of oriented collagen fibrils
(green) as it rotates (left). The collagen fibrils constrict egg chamber growth in
the dorsal-ventral (D-V) tissue axis (red arrows), forcing elongation along the
anterior-posterior (A-P) axis (right). (B) Inset shows a developing salivary
gland, with a single bud (red box in inset) highlighted on the right. Imaging of
basement membrane (green) dynamics during salivary gland branching
morphogenesis revealed a perforated, distensible matrix at the bud tip, which
facilitates tissue growth. During bud tip growth, the basement membrane
translocates from the bud tip to the stalk, where basement membrane
movement slows and collagen accumulates. This results in a constrictive
basement membrane corset around the stalk (red arrows), which stabilizes
and likely restricts growth at the stalk. (C) A tissue-specific RNAi strategy
revealed that collagen is required to shape the imaginal wing disc in
Drosophila (inset). Cross sections (position indicated by red line in inset)
through a wild-type (left) and collagen-knockdown (right) wing disc show that
the wild-type wing disc is more compact than the collagen-knockdown wing
disc. A magnified view (below) illustrates the highly ordered columnar
epithelium in wild type compared to a flattened epithelium following collagen
knockdown. Data are from Haigo and Bilder, 2011, Harunaga et al. and
Pastor-Pareja and Xu (Haigo and Bilder, 2011; Harunaga et al., 2014; Pastor-
Pareja and Xu, 2011) and have been adapted with permission.

is surrounded by a thickened layer of collagen which might
stabilize the duct and constrain expansion (Hinck and Silberstein,
2005; Silberstein and Daniel, 1982). The observations in the
Drosophila egg chamber and the mammalian salivary gland
support the idea that selectively modifying the basement
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membrane to create regions with high or low distensibility can
shape organs by constricting and directing tissue growth.

In addition to proteolysis and deposition of oriented collagen,
altering the composition of the basement membrane can modify its
pliability and regulate tissue shape. A recent study in Drosophila
clegantly illustrates how collagen and perlecan might act in
opposition to alter the amount of constrictive force imposed by the
basement membrane on tissues (Pastor-Pareja and Xu, 2011).
Using a temporal and tissue-specific RNA interference (RNAi)
approach, these authors selectively inhibited post-embryonic
collagen expression. In animals in which post-embryonic
collagen levels were reduced, several organs adopted highly
aberrant shapes: the imaginal discs, usually consisting of highly
ordered columnar epithelia, were expanded laterally or flattened
(Fig. 2C); the ventral nerve cord was highly elongated, suggesting
a failure to condense; and ducts within the salivary gland were
dilated and contained an expanded lumen (Pastor-Pareja and Xu,
2011). These phenotypes further suggest that type IV collagen
within basement membrane provides a constricting force on
tissues. Notably, the basement membrane component perlecan was
found to play an opposing role to collagen in regulating tissue
constriction. Overexpressing perlecan resulted in phenotypes that
are reminiscent of collagen knockdown, with flattened imaginal
discs and an uncondensed ventral nerve cord. Furthermore,
reducing the levels of perlecan caused a compaction of the
imaginal disc and ventral nerve cord (Pastor-Pareja and Xu, 2011).
Importantly, perlecan does not affect collagen incorporation or
levels in basement membrane, suggesting it directly counteracts
the constricting properties of collagen (Pastor-Pareja and Xu,
2011). Taken together, these data suggest that the addition of
collagen into basement membranes shapes organs by providing
mechanical constriction while perlecan opposes this tightening.

Collagen maintenance in basement membranes also appears to
be regulated and important in retaining tissue architecture.
Recent work in C. elegans has shown that the conserved matrix
component fibulin is required to preserve collagen in both
the gonadal and intestinal tissues — loss of fibulin does not
affect collagen function during embryogenesis or early larval
development, but does result in the loss of collagen during the
end of larval development (Kubota et al., 2012). This loss of
collagen is thought to underlie the shortened and widened gonad
seen in fibulin mutants, as this phenotype can be recapitulated by
shifting a temperature-sensitive collagen mutant to the restrictive
temperature following embryogenesis (Kawano et al., 2009; Kubota
et al., 2012). Taken together, these data indicate that there are
numerous mechanisms that have evolved to regulate collagen
incorporation, function and maintenance in basement membranes.
These diverse modes of regulation likely reflect the key importance
of collagen in shaping and maintaining tissue structure.

Basement membrane linkages connect tissues
Basement membranes encapsulate tissues and are usually
bordered by a loose fibrillar interstitial matrix that provides
tissues with further mechanical support (Halfter et al., 2013). In
some situations, the basement membranes of adjacent tissues
contact one another. In these cases, neighboring basement
membranes are often remodeled to form stable connections
between basement membranes. Alternatively, contact between
two basement membranes might precede their removal and direct
cell—cell interaction.

Illustrating the importance of basement membrane linkage,
basement membrane connections occur at the interface of the

vasculature and neighboring tissues in many vital organs (Fig. 3).
For example, during glomerular development in the kidney, the
epithelial podocyte and endothelial vasculature each synthesize
and assemble basement membrane on their extracellular surface
(Abrahamson et al., 2009). As development progresses, the
two basement membranes first meet as a bi-layered basement
membrane, and subsequently fuse into a single basement
membrane sheet (Fig. 3A; Abrahamson, 1985). The resulting
glomerular basement membrane is shared by both cell types, and
defects in the composition and structure of this basement
membrane are associated with nephropathies such as Alport
Syndrome, where kidney filtration is severely impaired
(Hudson et al., 2003). A similar process occurs during alveolar
development in the lung, where the basement membrane of the
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Fig. 3. Basement-membrane-basement-membrane interactions. (A) As
the kidney develops, the epithelial podocyte (blue) and the vascular
endothelium (purple) each synthesize basement membrane (left). These
individual basement membranes fuse to form the glomerular basement
membrane (right). (B) During development of the alveolus (left; a magnified
view is shown on the right), the capillary (purple) basement membrane and
the alveolar (gray) basement membrane fuse to form a single sheet of
basement membrane (C) The optic cup initiates as an epithelial bud called
the optic vesicle (left). Shown in cross section (bottom), the center of the
optic vesicle invaginates and the sides of the optic vesicle grow
circumferentially until they meet to close the optic fissure and form a
continuous circular cup (right). When the basement membrane-encased
sides of the optic cup meet (middle right), the basement membrane is
remodeled to allow direct cell-cell contract (right). Data are from Vaccaro and
Brody (©1981 Vaccaro and Brody. Journal of Cell Biology. 91:427-437. doi:
10.1083/jcb.91.2.427) and St John and Abrahamson (St John and
Abrahamson, 2001) and have been adapted with permission.
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developing vasculature fuses with the basement membrane that is
synthesized by the alveolus (Fig. 3B; Vaccaro and Brody, 1981).
This creates a tight connection between the vasculature and the
alveolus, which is thought to be important for efficient gas
exchange. Apparent fusion between basement membranes is also
observed in the central nervous system at the blood—brain barrier,
where the basement membrane of the endothelial cells merges
with the parenchymal basement membrane deposited by the
surrounding astrocytes. The fused basement membrane is
important for the structure and proper functioning of the blood—
brain barrier (Obermeier et al., 2013).

In addition to fusing into a single sheet of matrix, juxtaposed
basement membranes can also be remodeled to allow tissue
fusion through direct cell—cell contact. For example, during optic
cup formation in vertebrates, the optic bud is initially surrounded
by basement membrane. The epithelia of the optic bud flattens
and curves such that the two sides of the optic bud meet and fuse
to form the optic cup (Fig. 3C; Lamb et al., 2007). Prior to tissue
fusion, the basement membrane covering each side of the optic
bud is removed, facilitating the formation of a continuous
epithelium (Tsuji et al., 2012). Basement membrane contact and
removal also occurs during Drosophila imaginal disc eversion
(Pastor-Pareja et al., 2004). Imaginal discs are sacs of epithelial
cells initially located within the larval body that are then everted
and fuse with the larval epidermis to form the adult exoskeleton.
Prior to eversion, the basement membrane of the wing disc (the
peripodial and stalk cells or PS cells) contacts the larval
epidermal basement membrane. Following contact, both
basement membranes are removed and the PS cells invade the

A C. elegans anchor cell invasion

Basement
membranes adhere

Basement
membranes fuse

—>

D Zebrafish somites

C Zebrafish fin

B C. elegans uterine—seam attachment

—

larval epidermis, fusing the imaginal disc epithelium with the
larval epithelium (Pastor-Pareja et al., 2004). Taken together,
these studies indicate that interactions between juxtaposed
basement membranes occur during the formation of many
different tissues and organ systems.

Studies on uterine—vulval attachment in C. elegans have begun
to reveal mechanisms that regulate temporal and tissue-specific
interactions between basement membranes. Prior to attachment,
the uterine and vulval tissues are separated by their respective
basement membranes. Similar to Drosophila disc eversion and
vertebrate eye formation, the juxtaposed basement membranes
that separate the uterine and vulval tissues are removed to
facilitate direct tissue fusion. This removal is initiated by a single
invasive cell in the uterine tissue, the anchor cell, which breaches
the basement membranes (Fig. 4A; Hagedorn et al., 2014;
Hagedorn et al., 2013; Thara et al., 2011; Matus et al., 2014;
Sherwood et al., 2005; Sherwood and Sternberg, 2003). Live-cell
imaging and electron microscopy of the juxtaposed basement
membranes showed a precise attachment between the basement
membranes immediately preceding anchor cell invasion. This
adhesion is required for rapid and coordinated basement
membrane removal (Morrissey et al, 2014). Basement
membrane attachment is mediated by the conserved
extracellular matrix component hemicentin, which is secreted
by the anchor cell prior to invasion (Morrissey et al., 2014;
Sherwood et al., 2005; Vogel and Hedgecock, 2001). Hemicentin
assembles into punctate aggregates that are associated with the
basement membranes under the anchor cell. These hemicentin
aggregates might form the physical link between the uterine and

Fig. 4. Hemicentin regulates basement membrane-
basement membrane adhesion. (A) The C. elegans
uterine anchor cell (blue) breaches the juxtaposed
gonadal and ventral basement membranes (green)
and contacts the underlying vulval epithelium (purple).
Just prior to basement membrane breach (left), the
individual basement membranes are connected by a
B-LINK adhesion structure with its molecular
regulators shown in the inset. Extracellular hemicentin
(red) localizes between the basement membranes.
Intracellular plakin (magenta) and integrin (dark
purple) are required to form a functional B-LINK and
might stabilize the adhesion by connecting the B-LINK
to the anchor cell cytoskeleton. (B) The hemicentin,
plakin and integrin-dependent B-LINK is also required
to attach the C. elegans seam cell (purple) to the
uterine utse cell (blue). A transverse plane through an
adult worm (top) indicates the location of the uterine—
seam attachment. (C) The zebrafish fin originates as
two abutting sheets of epithelia (top). During fin
development, these sheets separate but remain
attached through extracellular cross-fibers (bottom).
Hemicentin is required to organize the cross fibers that

Hemicentin

> attach the epithelial sheets. (D) A cross section

= &=

through a zebrafish larva shows the juxtaposed
basement membranes surrounding the somite (purple)

Hemicentin is required to
organize cross fibers
that attatch epithelial sheets

Wild type hmen2 + fbl1 KD
(=

Blisters form between
basement membrane of

and the epithelia (blue). Following knockdown of the
hemicentin ortholog hmcn2 and the fibulin family
member fbl1, blisters develop between the somite
basement membrane and the epithelial basement
membrane (right). Data from Morrissey et al. and
Feitosa et al. (Morrissey et al., 2014; Feitosa et al.,
2012) and have been adapted with permission.

epithelia and somite
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vulval basement membranes, as hemicentin has a number of
potential selfassociation domains, including a long stretch of
tandem immunoglobulin repeats, three EGF-like domains, and a
fibulin-like C-terminus. Furthermore, hemicentin contains a von
Willebrand A (VWA) domain that might bind to collagen
(Fig. 4A; Dong et al., 2006). In addition to hemicentin, VAB-
10A, a vertebrate plakin ortholog (Bosher et al., 2003), functions
within the anchor cell and is required to connect the uterine and
vulval basement membranes. Plakins are cytolinker proteins that
connect cytoskeletal elements to one another and to adhesion
complexes (Jefferson et al., 2004). The C. elegans integrin
heterodimer INA-1/PAT-3, which is most similar to vertebrate
laminin-binding integrins (Baum and Garriga, 1997), is also
required for basement membrane-basement membrane adhesion.
Both VAB-10A and INA-1/PAT-3 localize to the basal cell
membrane of the anchor cell, which contacts the basement
membrane. Because integrin binds directly to plakin in
vertebrates, INA-1/PAT-3 (integrin) might provide the link
between VAB-10A and hemicentin (Fig. 4A; Gregory and
Brown, 1998; Rezniczek et al.,, 1998; Seifert et al., 1992).
Together, hemicentin, plakin and integrin, form a cell-specific
temporally and spatially localized basement-membrane-to-
basement-membrane linkage system, which we term a B-LINK
(for ‘Basement membrane LINKage’).

Although the B-LINK functions transiently to connect the
uterine and vulval basement membranes during anchor cell
invasion, it also mediates a long-term tissue connection in C.
elegans. A stable attachment involving the B-LINK components
hemicentin, plakin and integrin links the C. elegans uterine tissue
to the hypodermal seam cell in the adult (Fig. 4B; Morrissey
et al., 2014; Vogel and Hedgecock, 2001). Disrupting any of the
three B-LINK components results in uterine vulval prolapse,
where the uterus detaches from the body cavity and spills out of
the worm during egg laying (Morrissey et al., 2014). Thus, B-
LINKSs are used transiently prior to basement membrane removal
and during longer, more stable, basement membrane linkages.
These data suggest that the B-LINK system might be used in
other cellular contexts to connect neighboring basement
membranes.

Supporting the idea that the B-LINK adhesion system might
function broadly, the two zebrafish hemicentin orthologs, Aimcnl
and hmcen2, appear to mediate basement-membrane—basement-
membrane adhesion in the developing fin fold and trunk (Fig. 4C;
Carney et al., 2010; Feitosa et al., 2012). Mutations in hmcnl
result in a loss of attachment between the epidermal sheets of the
fin fold (Carney et al., 2010). At a later time, hmcn2 in
combination with the fibulin fb/nl organize electron-dense cross
fibers that might represent a more elaborate or altered B-LINK
(Fig. 4C; Feitosa et al., 2012). The Anmc2 gene also regulates a
basement membrane connection in the zebrafish trunk.
Morpholino-mediated reduction in hmnc2 in combination with
reduction of fblnl results in blistering between the juxtaposed
epidermal and somite basement membranes (Fig. 4D; Feitosa
et al., 2012). Furthermore, the Drosophila plakin ortholog short
stop regulates tissue-tissue adhesion at the muscle—tendon
junction, but it is unclear whether this is directly related to the
role of plakin in linking basement membranes (Gregory and
Brown, 1998; Roper et al., 2002). Human genetic studies have
also linked mutations in hemicentin to macular degeneration
(Schultz et al., 2003; Thompson et al., 2007). Macular
degeneration is often caused by defects in Bruch’s membrane, a
structure that originates as two juxtaposed basement membranes
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(Booij et al., 2010), suggesting that a transient or stable B-LINK
might be involved in organizing the complex basement
membrane architecture in the eye. Taken together, these studies
provide evidence that an adhesion complex linking basement
membranes might be a common and conserved strategy to
regulate diverse tissue structures and morphogenetic processes.

It is likely that many more B-LINK components remain to be
discovered. Well-studied adhesion systems, such as focal
adhesions, are associated with numerous proteins (Kuo et al.,
2011). As Hmcenl was identified as a regulator of Fraser
syndrome, a disease that is attributed in part to transient
basement membrane disruptions and blistering below the
basement membrane of the epidermis (Short et al., 2007; Smyth
and Scambler, 2005), other genes associated with Fraser
syndrome might also encode B-LINK components. In addition,
further studies in C. elegans using forward genetic analysis will
likely reveal additional B-LINK proteins.

Conclusions and future directions

Far from just being a static support matrix, recent in vivo studies
have revealed that basement membranes actively shape tissue
morphology. Changes to basement membrane deposition,
structure and composition are thus essential components of the
cellular toolkit used to sculpt diverse tissue architecture. In
particular, type IV collagen deposition and modification play a
pivotal role in shaping tissue structure. Thus, further studies on
how collagen is added, maintained and removed from basement
membranes will be especially important. As previous studies have
shown that collagen and perlecan act in opposition to regulate the
mechanical properties of the basement membrane, determining
what other molecular signals or basement membrane components
regulate basement membrane pliability will be of interest.
Furthermore, recent studies on isolated native basement
membranes from adult human tissues have indicated that
basement membranes have a distinct sidedness, with the
epithelial side of basement membranes having different
physical properties and epitope distribution from the stromal
side (Halfter et al., 2013). The unique characteristics on each side
of the basement membrane appear to be functionally relevant, as
epithelial cells adhere only to the epithelial side of the basement
membrane and not to the stromal side (Halfter et al., 2013). These
studies suggest that there is an intriguing, unexamined complexity
that might organize tissue architecture (Halfter and Yip, 2014).
Given the essential role of basement membranes in tissue form
and function, basement membranes might also play a role in
maintaining tissue structure as an organism ages. Indeed, proteins
such as fibulin might play an ongoing role in shaping and
maintaining tissues (Kubota et al., 2012). In addition, basement
membranes show dramatic changes in structure with age
(Candiello et al., 2010; Danysh et al., 2008; Khalil-Manesh and
Price, 1985; Taylor and Price, 1982). It will be interesting to
determine whether age-dependent alterations to basement
membranes underlie any changes the structure and function of
aged tissues. Overall, the studies highlighted in this Commentary
demonstrate that basement membranes are dynamic structures
that are modified to affect cell and tissue level function.
Furthermore, this work makes clear that the roles and
regulation of this fascinating ancient matrix are just beginning
to be understood.
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