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Abstract

Basement membranes (BMs) are thin dense sheets of extracellular matrix that surround most
tissues. When the BMs of neighboring tissues come into contact, they usually slide along one
another and act to separate tissues and organs into distinct compartments. However, in certain
specialized regions, the BMs of neighboring tissues link, helping to bring tissues together. These
BM connections can be transient, such as during tissue fusion events in development, or long-
term, as with adult tissues involved with filtration, including the blood brain barrier and kidney
glomerulus. The transitory nature of these connections in development and the complexity of
tissue filtration systems in adults have hindered the understanding of how juxtaposed BMs fasten
together. The recent identification of a BM-BM adhesion system in C. elegans, termed B-LINK
(BM linkage), however, is revealing cellular and extracellular matrix components of a nascent
tissue adhesion system. We discuss insights gained from studying the B-LINK tissue adhesion
system in C. elegans, compare this adhesion with other BM-BM connections in Drosophila and
vertebrates, and outline important future directions towards elucidating this fascinating and poorly
understood mode of adhesion that joins neighboring tissues.

Introduction

Basement membranes (BMs) are conserved specialized extracellular matrices that arose at
the time of animal multicellularity and take the form of thin, but dense sheets that underlie
all epithelia and endothelia, and surround muscle, fat, and glial cells [1, 2]. The major
components of BMs are the large heterotrimeric proteins laminin and type 1V collagen,
which are ~80-160nm long and ~400nm long, respectively [3]. Laminin heterotrimers are
composed of a single a, B, and -y chain. Vertebrates encode 5a., 4B, and 3-y laminin subunits,
forming 16 confirmed heterotrimers [2]. Vertebrates encode six type IV collagen genes (a1-
a6), which assemble into three type IV collagen trimers [4]. Laminin and type 1V collagen
self-associate to form independent polymeric networks, which are linked and further altered
by a host of different molecules such as nidogen, and the heparan sulfate proteoglycans
perlecan and agrin [2, 5]. Since their discovery by Bowman in 1840, our understanding of
BMs’ many functions and dynamic nature has grown significantly [6]. For example, BM
proteins are known to instruct cell polarity, regulate cell fate decisions, direct cell
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migrations, and harbor growth factors that mediate a plethora of cellular activities [1, 7].
BMs also have key structural roles and help shape organs, protect tissues from damaging
mechanical forces, mediate filtration, and compartmentalize tissues [2, 8-10]. Given the
essential roles for BMs in cell and tissue function, the emergence of BM might have been a
prerequisite for animal multicellularity and the formation of diverse tissues [11, 12].

The BMs of neighboring tissues often make contact with one another. In most cases, BMs
keep neighboring tissues separate, allowing them to slide along one another [8]. In specific
sites, however, the BMs of juxtaposed tissues link together. Broadly, these BM-BM
connections can be grouped into two classes. The first are transient associations, which
occur during development and involve a brief connection between BMs. These short-lived
BM-BM unions often align tissues and are then degraded to allow for precise tissue fusion
events. Instances where transient BM-BM associations occur include uterine-vulval
attachment in C. elegans, imaginal disc eversion in Drosophila, and mouth formation in
vertebrates [9, 13, 14]. The second class of BM-BM connections is maintained long-term.
These also form during development, but involve a BM-BM bond that persists and is an
essential aspect of adult organ structure or function. Examples where long-term BM-BM
attachments are found include the glomerular filtration unit of the kidney, the alveoli in the
lung, and the blood brain barrier [15-18].

The molecular mechanisms that direct and maintain BM-BM linkages remain largely
unknown, and even revealing their existence during transient interactions is challenging.
However, recent work in C. elegans has begun to identify the cellular and extracellular
components that mediate the formation and maintenance of these tissue junctions [9].
Understanding the mechanisms of BM-BM associations are important, as many tissues with
BM connections facilitate crucial filtration and exchange roles, such as in the blood brain
barrier, kidney, and lungs [16-19]. BM-BM adhesions are also sites of genetic disorders in
human disease, including renal failure in Alport Syndrome [20]. Here, we review what is
known about a recently identified BM linkage complex (B-LINK) that forms during
transient and long-term BM linkages in C. elegans. We then document the occurrence and
similarities between sites of BM-BM connections in other organisms and outline future
studies to expand our understanding of this newly recognized form of tissue adhesion.

Transient BM-to-BM associations in developmental morphogenesis

A BM-BM adhesion facilitating cell invasion in C. elegans: the discovery of the B-LINK

A specialized adhesion coupling adjacent BMs, named B-LINK for BM linkage, was first
discovered at the site of anchor cell invasion in C. efegans (Fig. LA)[9]. The anchor cell is a
specialized invasive uterine cell, which breaches the juxtaposed uterine and vulval BMs to
initiate uterine-vulval connection—a tissue fusion event required for mating and egg-laying
[21]. The first evidence of a BM-BM connection came from tissue shifting experiments. By
manually moving the uterine tissue in relation to the vulval tissue it was discovered that
several hours prior to invasion the uterine and vulval BMs are not attached and slide freely
along each other. However, approximately two hours before invasion, the uterine and vulval
BMs no longer slide and instead link together under the anchor cell (Fig. LA)[9]. These
observations suggested that the anchor cell directs a BM-BM attachment prior to invasion.
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A screen for matrix components that the anchor cell secretes revealed that the anchor cell
deposits the large extracellular matrix protein hemicentin into large aggregates between the
uterine and vulval BMs just prior to invasion (Morrissey et al., 2014). Hemicentin is an
atypical member of the fibulin family of matrix proteins that has a single Von Willebrand A
(VWA) domain at the amino terminus, followed by 48 tandem immunoglobulin domains,
three epidermal growth factor (EGF) repeats, and a single fibulin-like carboxyl-terminal
module (Fig. 1B and 1C) [22-24]. Notably, in the absence of hemicentin, the BMs under the
anchor cell no longer link together (Morrissey et al., 2014). How hemicentin connects
neighboring BMs has not yet been established. As hemicentin’s VWA domain binds other
matrix proteins [25], and the epidermal growth factor and fibulin-like domains can mediate
self-assembly [26], it is possible that hemicentin bridges neighboring BMs directly (Fig.
1B). Hemicentin-mediated linkage of the uterine and vulval BMs helps align the proper site
for invasion and facilitates more rapid invasion by allowing the anchor cell to cross both
BMs simultaneously[9].

Additional screening for defects in BM-BM adhesion identified an integrin heterodimer
most similar to laminin binding integrins (INA-1/PAT-3), and the C. elegans ortholog of
vertebrate plakin (VAB-10A), an integrin binding cytolinker, as components of this adhesion
system (Fig. 1B) [9, 27-29]. Integrin organizes hemicentin into adhesive puncta under the
anchor cell, while plakin might link integrin to the intermediate filament cytoskeleton and
stabilize the connection of the cell to the hemicentin punctae [9, 30]. It is not yet known if
hemicentin is an integrin ligand, or if their interaction might be indirect. Together these
findings indicate that a single cell, the anchor cell, coordinates the precise spatial and
temporal linkage of two neighboring BMs by forming a specialized BM-BM adhesion or B-
LINK [9].

The invading anchor cell removes the tethered BMs shortly after their connection in part
through secretion of the matrix metalloproteinase protein ZMP-1. Expression of both the
zmp-1 gene and hemicentin is regulated by FOS-1, the C. elegans ortholog of the vertebrate
Fos family of transcription factors [31]. Thus, the formation of the B-LINK and its removal
is controlled through a coordinated transcriptional program that facilitates tissue fusion in C.
elegans.

Imaginal Discs: BM-BM interactions in Drosophila wing disc morphogenesis

Most tissues in the adult fruit fly Drosophila melonogaster, such as the wing, head, thorax,
limbs, and genitalia are formed from imaginal discs, sac-like epithelial structures found
inside the larva [32]. When the larva pupates and undergoes metamorphosis, larval tissue
degenerates and the imaginal discs rapidly expand giving rise to adult structures. During the
third instar stage of larval development, the wing discs evert, moving from the inside of the
larva to the outside through the larval epithelium. Disc eversion allows the larval wing
tissues to unfold and extend so that wing development progresses normally [33]. In order for
wing discs to evert properly, the peripodial epithelium and stalk cells of the disc invade and
fuse with the larval epithelium (Fig. 2)[13]. Similar to anchor cell invasion in C. elegans,
both tissues are encased by BM. These BMs become juxtaposed, and then are breached and
cleared in order for the fusion of the tissues and wing development to proceed normally.
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Sectioning of fixed tissues revealed that the peripodial epithelium and stalk cells appear to
affix to the larval epidermis prior to BM removal, suggesting a BM-BM linkage (Fig. 2)[13].
While matrix proteins that may mediate this connection have not been identified, the Jun N-
terminal kinase (JNK) signaling pathway is required for the BM-BM association between
the wing disc and larval epidermis [13]. The JNK signaling cascade acts upstream of Fos,
the key transcription factor that controls hemicentin secretion and promotes B-LINK
formation under the AC in C. elegans (Morrissey et a., 2014). Additionally, Drosophila Fos
and JNK signaling regulate expression of the two Drosophila matrix metalloproteinases,
MMP1 and MMP2, which are secreted by the peripodial epithelium and stalk cells to help
remove the attached BMs [34, 35]. Together these observations suggest that aspects of a
conserved tissue fusion program might be shared between C. elegans and Drosophila,
however, the possible mechanisms mediating BM-BM adhesion during Drosophila wing
eversion remain unknown.

BM-BM interactions during tissue fusions in vertebrates

Anchor cell invasion and imaginal disc eversion are both examples of tissue fusion events
where tissues fuse through BM-mediated contacts. Such tissue fusion events are also
common during vertebrate development, including primary mouth formation, optic fissure
closure, and nephrogenesis [36—38]. Examining these complex and transient tissue fusions is
experimentally challenging, and thus very little is known about molecular aspects of the
BM-BM interactions. JNK signaling promotes both primary mouth opening and wing disc
eversion, however, the mechanisms regulating BM-BM associations and attachment are
unknown [39-41],

One promising avenue for insight into mechanisms regulating BM-BM interactions are
human disease genes associated with tissues requiring BM-BM connections. For example,
defects in optic fissure closure leave an opening in the iris, retina or optic nerve, known as a
coloboma [42, 43]. Mutations in approximately 50 genes are associated with human
coloboma disease [38]. Interestingly, one of these is the BM protein SMOC-1 (SPARC-
related modular calcium binding 1)[44, 45], which is related to the C. elegans gene ost-1/
SPARC, a matricellular protein whose overexpression can remodel the BM during anchor
cell invasion [46]. Characterization of the function of SMOC-1 as well as other genes
implicated in coloboma may reveal aspects of BM-BM interactions during optic fissure
closure as well as other BM-BM adhesions.

Short-term BM-BM adhesions that hold tissues in place: Fin folds and somites in zebrafish

In addition to tissue fusion events, transient BM-BM interactions briefly hold tissues
together during morphogenesis. One example involves development of the fin folds in
zebrafish. Fin folds are epidermal structures that develop from an apical ectodermal ridge
and are composed of two juxtaposed epithelial sheets that grow and extend away from the
body of the animal [47]. During the outgrowth of fin folds, extracellular matrix is deposited
into the space between the layered epithelial sheets, which align into two sheets of back-to-
back BM (Fig. 3A and 3B)[47-49]. Strands of electron dense extracellular matrix, termed
cross fibers composed of unknown extracellular matrix molecules, spans the space between
the BMs and penetrates through the BMs to attach onto the epidermal cells. These cross
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fibers have been proposed to maintain the structure of the early fin fold (Fig. 3B). Later, the
cross fibers disappear as actinotricia, collagenous extracellular matrix fibers that run along
the length of the fin folds, form and stabilize the fin fold structure [47, 50].

Most vertebrates harbor two paralogues of hemicentin-hemicentin 1 and hemicentin 2. In
zebrafish, the hemicentin 1 gene is expressed in the apical median fin fold at the time
extracellular matrix is deposited into the space between the epithelial sheets when the BM
and cross fibers are being established [14]. Strikingly, Aemicentin 1 mutants display specific
blistering of the developing fins, suggesting a role in BM-BM linkage [14]. Consistent with
this notion, transmission electron microscopy indicated that although BMs form normally in
hemicentin 1 mutants, the extracellular matrix between the BMs is disorganized (Fig. 3B).
Hemicentin might help anchor the cross fibers to the BM [50], however, the specific
localization of the hemicentin 1 protein is unknown and thus its precise function is unclear.
The hemicentin 1 blistering phenotype is only temporary--emerging 48 hours post
fertilization, but disappearing and recovering by 120 hours. Thus, the functional requirement
of hemicentin 1 protein in linking the BMs in fin folds seems to be early and short-lived,
perhaps reflecting a role for some other mechanism stabilizing the fin folds later in their
development.

The hemicentin 2 protein has an important, yet distinct role in transiently holding two tissues
together through a BM-BM adhesion. Hemicentin 2 is expressed in the somites and helps
mediate the attachment of the somite BM with the epidermal BM to stabilize an association
between these two tissues. Knockdown of hemicentin 2 by itself does not cause a phenotype.
However, loss of Aemicentin 2in combination with the absence of fibulin 1, disrupts the
BM-BM adhesion between the somite and epidermis, and results a blistering phenotype
along the trunk of the embryo (Fig. 3C)[50]. Similar to the fin fold, this blistering is
temporary and the animals recover, suggesting a transient function for hemicentin 2. Fibulin
1 is a member of the fibulin class of matrix proteins, of which hemicentin (sometimes called
fibulin 6) is an atypical member [23, 24]. In C. elegans, the hemicentin and fibulin-1
proteins directly interact, and hemicentin is required for fibulin-1 localization to build a
long-term BM-BM adhesion (discussed in the next section). Together, these observations in
zebrafish indicate that BM-BM adhesions can also be used for transient associations
between tissues, and that hemicentin and fibulin 1 are possible components of a shared
tissue adhesion system that joins neighboring BMs.

Transient BM-BM interactions: Summary and Outlook

Dynamic tissue fusion events involving short-lived BM-BM contact occur routinely in
development. Transient BM-BM tissue stabilization processes, as have been observed during
zebrafish development, might also be common, but overlooked, as their functions are only
manifest in mutant backgrounds. In this section only four instances of transient BM-BM
contacts are summarized, though additional instances do exist and more likely remain to be
identified (Table 1). Because of the difficulty of imaging, manipulating, and genetically
dissecting these transient interactions, our understanding of the nature of most BM-BM
contacts is limited. In the future, it will be important to develop more effective experimental
models, especially in vertebrates, that combine live-cell imaging with the ability to
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molecularly and physically perturb the tissues to examine the properties of the BM-BM
contact. /n vitro culture models will be particularly helpful with imaging, manipulation, and
testing the function of genes that might be involved with BM-BM associations. In addition,
the generation of transgenic animals with GFP-tagged BM components, as has been
developed in C. elegans and Drosophila[51, 52], will allow precise examination of BM
attachment events. Finally, it will be useful to broadly examine the localization and function
of hemicentin and fibulin family members in other tissues and animals to determine if they
mediate other BM-BM tissue connections.

Long-term BM-BM adhesions in organ structure and filtration

A uterine-seam cell BM-BM attachment in C. elegans supports the uterus during egg-

laying

In contrast to transient BM-BM interactions, long-term BM-BM adhesions have roles in
proper tissue formation and function. Although not commonly recognized, these connections
are found in many adult tissues. One example of a long-term BM-BM linkage occurs in C.
elegans at the junction between the seam cells of the hypodermis (skin) and an H-shaped
uterine cell, the utse (Fig. 4)[9]. C. elegans has two rows of seam cells, one positioned along
the lateral midline on each side of the hypodermis. The utse functions like a hammock for
the uterus--the sides of the H attach to the left and right rows of hypodermal seam cells
through a BM-BM contact, while the cross bar of the utse spans the center of the uterine
tissue (Fig. 4A-4C)[53, 54]. The utse and its BM-BM connection to the seam cells is
essential for resisting the forces from the uterine and vulval muscles that contract during
egg-laying [54, 55].

Molecular characterization has revealed that this BM-BM linkage is another B-LINK,
composed of the matrix protein hemicentin, the integrin heterodimer INA-1/PAT-3, and the
cytolinker plakin (VAB-10A) (Fig. 4D) [9, 22]. These observations strongly support the idea
of a conserved tissue adhesion system. A notable difference between the uterine-vulval and
utse-seam B-LINKS, however, is that once formed, the utse-seam B-LINK is maintained
throughout the life of the animal. There are apparent molecular distinctions as well, as the
two isoforms of the C. elegans fibulin-1 ortholog, fibulin-1C and fibulin-1D, localize to the
utse-seam B-LINK, but do not appear to localize to the anchor cell B-LINK [9, 56].
Localization of fibulin-1 to the utse-seam B-LINK is dependent on hemicentin, and in turn
fibulin-1 organizes the dense assembly of hemicentin at the B-LINK (Muriel et al., 2005).
Thus, there is an association between these related fibulin family member matrix molecules
in both C. elegans and zebrafish during BM-BM adhesion. Loss of utse-seam cell B-LINK
components results in prolapse of the worm’s internal organs through the vulval opening
during egg-laying, a phenotype known as ruptured vulva (Rup) (Fig. 4E). Genome-wide
RNAI screens have identified over 200 genes that cause a Rup phenotype [57-59],
suggesting that many additional proteins contribute to BM-BM adhesion and might function
at the B-LINK.
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The glomerular BM: A BM-BM filtration barrier within the kidney

The most well documented long-term BM-BM adhesions in vertebrates occur at organ-blood
barriers, where the endothelium of blood vessels links to specialized epithelia through
adjoining BMs. One of the best-characterized examples of this is the glomerular BM in the
vertebrate kidney. The glomerulus is a network of capillaries located within the Bowman’s
capsule of the kidney that filters solutes out of the blood while excluding large plasma
proteins such as albumin [60, 61]. The glomerulus is composed of a three-part glomerular
filtration unit made up of the fused glomerular BM that sits between a layer of fenestrated
glomerular endothelial cells on one side and a layer of highly specialized epithelial cells
called podocytes on the other (Fig. 5A). The podocytes are octopus like cells that extend
multiple processes from the cell body that branch into foot processes and wrap around the
capillaries. Between these foot processes are spaces, known as slit diaphragms, where the
fluid passes during filtration (Fig. 5A) [62].

During early glomerular development, both the endothelial cells and podocytes secrete their
own independent BMs. Shortly after their formation, these independent BMs initiate fusion,
which continues during glomerulogenesis. Interestingly, the glomerular BM undergoes
changes in its composition as the glomerulus matures. Notably, the laminin and type IV
collagen isoforms are replaced. Initially when the BMs are formed they contain the laminin
heterotrimer, a1p1y1 (LN111), and laminin a5p1y1 (LN511) as well as the collagen
alala2(lV) trimer. However, during glomerular development the laminin isoforms are first
replaced with laminin-521 and then the collagen isoform is exchanged for the a3a4ab
trimer (Fig. 5A) [17, 63, 64]. It has been suggested that this change in composition may
make the glomerular BM more resistant to mechanical forces and proteolytic degradation
[65, 66]. This alteration in BM constitution might also promote differentiation of the
glomerular endothelial cells and podocytes [64, 67].

How the endothelial and podocyte BMs are linked is unresolved. Super-resolution imaging
of mature mouse glomerular BM using stochastic optical reconstruction microscopy
(STORM) with antibodies near the N- and C- termini of the major BM components agrin,
laminin-521, and collagen a3a4a5(1V) revealed that agrin and laminin each form into
layers adjacent to the podocyte and endothelial cells, a position consistent with roles in
unlinked BMs (Fig. 5A). In contrast, collagen a3a4a5(1V) localizes near the center of the
mature glomerular BM, suggesting a possible function in stabilizing the connection of the
two BMs (Fig. 5A). Consistent with this possibility, the expression of collagen a3a4a5(1V)
correlates with fusion of the BMs in development [16, 17]. Furthermore, Alport Syndrome, a
genetically heterogenous human disease arising from mutations that perturb collagen
a3ada5(1V), results in thin glomerular BMs that often split into separate endothelial and
podocyte BMs [68, 69]. A role for fibulin family members in endothelial cell and podocyte
BMs has not been explored but is possible, as hemicentin 1 and fibulin 1 have been detected
within the glomerular BM by proteomic analysis [70, 71].

Studies observing fluorescent tracer molecules in mouse knockouts of BM genes have
suggested that the glomerular BM directly contributes to glomerular filtration through its
negative charge and size selectivity [17, 72]. Consistent with this notion, mutations in
laminin and type IV collagen, which cause Pierson and Alport syndrome respectively, result
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in glomerular barrier defects and proteinuria, the leakage of protein into the urine [72, 73].
Although the glomerular BM has an apparent role in filtration [72, 74], all layers of the
glomerular capillary-- the endothelia, the podocytes and the BM--function as an integrated
and highly interactive unit. Loss or defects in one component lead to alteration or decline of
others [17], complicating analysis of specific functions for molecules and tissues. For
example, Lamb2 mutant mice that lack the laminin-521 heterotrimer exhibit altered matrix
composition due to ectopic expression of other laminin subunits, and loss of specialized
cellular morphology as evidenced by effacement of podocyte foot processes, which result in
compromised barrier function and defective kidney filtration (Suh and Miner 2013). The
dynamic interconnection between cell matrix, cell morphology, and tissue function makes it
challenging to gain a clear understanding of the specific roles of matrix molecules in linking
the neighboring podocyte and endothelial BMs. Complex interactions between tissues and
matrix have also hindered our understanding of mechanisms mediating the formation of
another long-term BM-BM adhesion, the blood brain barrier, which we discuss next.

Barrier: A BM-BM linkage that regulates and protects the brain

The blood brain barrier (BBB) is a highly selective semipermeable barrier that forms around
the vasculature within the central nervous system. The BBB regulates nutrient and ion
exchange for proper brain physiology and restricts the movement of toxins and pathogens to
protect the brain [75-77]. Specialized vascular endothelial cells, which form a key
component of the BBB, have low transcytosis activity and are interconnected with tight
junctions that restrict paracellular diffusion (Fig. 5B). The BBB is also composed of the
endothelial BM with its embedded pericyte cells. Both the endothelia and pericytes secrete
laminin-111 and -112. The last component of the BBB is a neighboring BM containing
laminin-411 and -511, called the parenchymal BM, which is secreted by astrocytes (Fig. 5B)
[15]. Much like the podocytes in the glomerulus, the astrocytes contact the underlying BM
with foot processes called end feet, but astrocyte end feet form a continuous layer without
slits called the glia limitans (Fig. 5B) [77, 78]. The juxtaposed parenchymal and endothelial
BMs specifically link within the capillaries of the central nervous system, but are separated
by a perivascular space at the post-capillary venules (Fig. 5B) [15, 76, 79, 80]. The BM-BM-
linked capillary region of the BBB has unique properties as it is the site of nutrient transport,
and is also a location that specifically excludes T-cell trafficking [15, 76].

Despite the apparent importance of BM-BM adhesion to the BBB structure in the capillaries,
it is not known what controls endothelial and parenchymal BM fusion. Similar to the
glomerular BM, a challenging factor in discovering these mechanisms is the complex
interactions between cell types, BM components, and tissue function (see Daneman and Prat
2015 for a complete review). For example, type 1V collagen and laminin strengthen tight
junctions in cultured endothelial cells. Mouse knockouts of endothelial or astrocyte derived
laminin increase endothelial permeability and cause cerebral hemorrhaging, destroying the
tissue and thus obfuscating other possible functions [81-87]. Both fibu/in-1 and
hemicentin-1 are expressed by endothelial cells of mice [88, 89], where they could function
in linking these BMs. However, no knockout studies have been conducted to date to test
their potential roles. Collagen a3a4a5(1V) is not present at the BBB, suggesting that
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distinct mechanisms may mediate or modify BM-BM connections in different tissue
settings.

Vertebrates have numerous tissues with BM-BM linkages

Ultrastructural studies in vertebrates have revealed that many tissues harbor BM-BM
linkages (Table 2). Other documented vascular BM-BM linkages include: (1) the choroid
plexus within the ventricles of the brain that mediates the exchange of solutes and nutrients
between the blood and cerebrospinal fluid [90-92]; (2) Bruch’s membrane, a thickened and
highly specialized BM-BM attachment located between the retinal pigment epithelium and
the choroid capillaries of the eye that regulates the exchange of nutrients, oxygen, and waste
between the retina and blood [93, 94]; and (3) the alveolar BM-capillary BM linkage in the
lung, which facilitates efficient gas exchange between the blood and airways [95-97].
Additional non-vascular sites of putative BM-BM linkage occur in the inner ear [98]. One
example is Reissner’s membrane (vestibular membrane), which connects the cochlear duct
and vestibular duct through their respective BMs. Reissner’s membrane appears to function
as a selective diffusion barrier between the perilymph and endolymph fluids in the cochlea,
which each have unique ionic compositions important for their functions [99].

Similar to other long-term BM-BM linkages in vertebrates, very little is known about the
mechanisms that mediate these diverse connections. There are, however, intriguing
correlations in extracellular matrix gene expression and dysfunction in human diseases. For
example, collagen a3a4a5(1V), which might help link the juxtaposed BMs in the
glomerulus, is also expressed in the BMs of the choroid plexus, Bruch’s membrane in the
eye, the inner ear BMs, and the alveolar BM [63, 100-103]. Alport syndrome, a defect in
collagen a3a4a5(1V), which leads to the loss of linkage of the podocyte and endothelial
BMs in the kidney glomerulus, causes hearing loss and eye abnormalities [68, 69, 101, 104—
106]. Antibodies thought to recognize both forms of vertebrate hemicentin localize to
Bruch’s membrane in the retina of mice [24]. Notably, several studies have implicated
hemicentin 1 as a potential age related macular degeneration gene [107-109], a disease that
can be associated with the decline of Bruch’s membrane.

Long term BM-BM interactions: Summary and Outlook

Long-term BM-BM adhesions are a common feature of vertebrate tissue barriers found in
the Kidney, lung, eyes, ears, and brain that regulate the exchange and filtration of diverse
compounds, including pathogens, nutrients, ions, proteins, and gases. In at least some of
these BM-BM linkages the barrier/filtration properties of the tissue appear to be bestowed in
part by the BMs, such as in the glomerular BM in the kidney and at the BBB in the brain
[61, 87]. In all cases, the primary function of the BM-BM connection is to bring two distinct
tissues into tight association to allow exchange of components. As these linkages must resist
tissue shifting and compression forces, as well as hemodynamic forces in the vasculature
[110-112], these BM-BM linkages must be strongly adhesive. The molecular composition
of these BM-BM linkages are, however, largely unknown. Studies on the integrin adhesome,
a cell-matrix adhesion, have revealed approximately 60 core proteins that regulate integrin-
matrix adhesion and signaling [113]. This suggests that many additional components of this
newly identified BM-BM adhesion system await discovery. The matrix is a promising place

Matrix Biol. Author manuscript; available in PMC 2020 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Keeley and Sherwood

Page 10

to begin uncovering molecular details of how BMs are linked. The role of hemicentin and
potentially fibulin in the worm has provided the first molecular insight into extracellular
modifications of linked BMs (Muriel et al. 2005; Vogel and Hedgecock 2001). In
vertebrates, collagen a3a4a5(1V) is present at many sites of BM adhesion and localizes
between the two linked BMs in the glomerulus, making it tempting to speculate that it plays
a broad role in regulating these linkages [2, 22, 56, 66, 114].

One of the challenges in identifying additional components of BM-BM connections is the
complexity of tissues where long-term BM-BM adhesions occur in vertebrates. These
linkages arise at integrated barriers between tissues where matrix composition affects
integrity of both tissues as well as the function of the barriers. Further, these BM-BM
connections are difficult to dynamically visualize and experimentally challenge by applying
force on them to test their integrity. Mutations in collagen a3a4a5(1V) that cause Alport
syndrome have been implicated in linking BMs only in the case of the glomerular BM. Even
in this instance, it is unclear if the BM-BM adhesion defects are a direct result of loss of
collagen a3a4a5(1V), or an indirect effect of progression of glomerular dysfunction [115].

Deepening our understanding of mechanisms that stably connect BMs will require multiple
approaches, as well as a broader awareness of this unique linkage. More thorough
examination of the BMs in human diseases affecting the BBB, retina, and other BM-BM
linked barriers might uncover additional genes regulating BM-BM adhesion. Proteomic
methods in vertebrates combined with super-resolution imaging may also identify additional
matrix proteins localized at the junction of linked BMs [116]. The function of these proteins
could be further examined through mouse knockout studies. The B-LINK structure at the
utse-seam cell connection in C. elegans is a highly promising site for discovering conserved
components. The primary function of the utse-seam cell BM-BM adhesion is to resist the
mechanical forces involved with egg laying. Notably, this linkage is not complicated by
additional barrier functions found in long-term vertebrate BM-BM adhesions. Further, the
ruptured vulval phenotype (Rup) that results from failure of this specific linkage is easy to
detect in genetic and RNAI knockdown screens. With over 200 genes identified that cause
the Rup phenotype in large-scale RNAI screening [57-59], cell biological studies can be
pursued to examine their potential functions in regulating BM-BM adhesion. Extending
these findings to vertebrates will likely advance our understanding of mechanisms mediating
BM-BM adhesions.

Conclusion and Perspective on BM-BM adhesions

Given the similarities and importance of tissue adhesion through neighboring BMs, we
expect that the B-LINK identified in C. efegans is a conserved linkage in animals.
Furthermore, the resemblances in the transient and long-term BM-BM linkages also suggest
that these connections are likely built on shared components that may be modified for
particular functions. As outlined here, a broad strategy involving /n vivo models, live-cell
imaging, proteomics, super-resolution imaging, tissue manipulation, and human disease
database mining will facilitate rapid progress on this highly understudied tissue adhesion
system. Investigation of BM-BM linkage is important as BM-BM adhesions are found at
medically vital tissues such as the blood brain barrier, the lung alveoli, and kidney
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glomerulus, which break down in many human diseases. Furthermore, investigation into
BM-BM linkages will provide insight into a fascinating and poorly understood cell
biological question—how cells build, monitor, and maintain an extracellular structure
outside the reach of the cell surface.
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Fig. 1. Anchor Cell invasion in C. elegansand the B-LINK BM-BM adhesion system
A. A schematic of an L3 stage worm indicating the position of the anchor cell. Top Left -

Prior to invasion, the uterine and vulval BMs are separate and the tissues slide along one
another. Top Right - The B-LINK complex links the basement membranes (BMs) directly
under the anchor cell prior to invasion, aligning the uterine and vulval tissues. Bottom Left
— The anchor cell breaches the linked BMs. Bottom Right — The BMs are cleared and the
uterine and vulval tissues fuse. B. A magnified inset of the B-LINK complex. Intracellularly,
VAB-10A/plakin links the INA-1/PAT-3 integrin heterodimer to the cytoskeleton.
Hemicentin is secreted by the anchor cell and may organize into multimers between the BMs
that could directly link the BMs. Hemicentin organization is dependent on INA-1/PAT-3
integrin, but it is unknown if this interaction is direct or indirect as indicated by the questions
marks. C. Hemicentin is comprised of four major domains: A Von Willebrand Factor type A
(VWA) domain, 48 Immunoglobulin repeats, three Epidermal Growth Factor-like (EGF)
repeats, and a fibulin family domain.
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Tissues separate

Larval - Peripodial tissues fused

Fig. 2. A BM-BM association during Drosophila imaginal disc eversion
From top to bottom: A schematic diagram of a Drosophila larva indicates the position of the

wing imaginal disc. Initially, the peripodial epithelia and stalk cells and the larval epithelial
are not in contact with one another. Just prior to eversion the two tissues connect, linking
through their BMs. The peripodial epithelial cells and stalk cells undergo a pseudo-
epithelial-mesenchymal transition and the BMs are invaded in a JNK and matrix
metalloproteinase dependent manner. After the BMs are cleared, the peripodial and stalk
cells fuse with the larval epidermis, creating a hole that allows the wing disc to evert.

Matrix Biol. Author manuscript; available in PMC 2020 January 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Keeley and Sherwood

A

Lateral View

hi

Page 20

@:/

nd

Cross section

B WT (~26 hpf)

WT (~30 hpf)

hmen1 -/- (~30hpf)

Epithelium
Linked BMs Organized Disorganized
cross fibers cross fibers
C WT hmen2; fbin1 MO

Epithelium HILCIEE

Fig. 3. Temporary BM-BM adhesions in zebrafish development
A. A schematic view of a zebrafish larva ~28 hours post fertilization (hpf) with insets

detailing temporary BM adhesions in the fin fold (B) and somites (C). B. Left — At ~26 hpf
the back-to-back epithelia of the nascent fin fold secrete BMs that becomes fused early in fin
fold development. Middle — Normal development of the fin fold at ~30 hpf with cross fibers
assembled in between BMs. Right — Disorganized cross fibers and blistering exhibited by
hemicentin 1 (hmcnl) —/- mutant fin folds. C. Left — BMs of the somites and epithelia are
linked in normal development. Right — In hemicentin 2 (hmcn2)l fibulin 1 (fb/n) double
morphants the BMs split, resulting in temporary blisters.
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Lateral view Cross section view Ventral view

Fig. 4. The utse-hypodermal BM-BM linkage in C. elegans.
A. A mid-body lateral view of an L4 stage worm where the utse and seam cells have linked

through their BMs. B. A cross sectional view of the mid body showing the utse connecting
to the seam cells on either side of the body. C. A ventral view of the utse-seam cell BM-BM
adhesion demonstrating the H-shaped utse and how it acts as a hammock to support the
uterine tissue and developing embryos (shown as ovals) during muscle contractions. D. An
expanded view of inset in (B) highlighting the B-LINK mediated connection between
tissues. E. Left — A wild type worm showing eggs laid as a result of normal egg laying
muscle contraction. Right — A worm with a disrupted B-LINK exhibiting external intestine
and gonads (arrowhead), which is characteristic of the Rup phenotype as a result of egg
laying muscle contraction.
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Fig. 5. Long-term BM-BM linkages in vertebrates
A. The glomerular BM in the kidney. Top — A cross section view of a glomerular capillary

with fenestrated endothelial cells on the inner surface and podocyte foot processes on the
outer surface. Bottom — A close up view shows the tight linkage of the BMs as well as the
nanoscale localization of the laminin and collagen trimers that make up the glomerular BM.
B. The blood brain barrier (BBB). Top — Transverse view of a BBB capillary shows BMs
covering the non-fenestrated endothelia and astrocyte end feet. BMs are linked in the
capillary, but are not connected in the post capillary venule, where they are separated by a
perivascular space. Bottom— A magnified view shows the distinct make up of the two linked
BMs as well as the tight junctions of the endothelial cells.
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