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Abstract
Basement membranes (BMs) are sheetlike extracellular matrices found at the basal surfaces of epithelial tissues. The structural and functional diversity of these matrices within
the body endows them with the ability to affect multiple aspects of cell behavior and
communication; for this reason, BMs are integral to many developmental processes.
The power of Drosophila genetics, as applied to the BM, has yielded substantial insight
into how these matrices inﬂuence development. Here, we explore three facets of BM
biology to which Drosophila research has made particularly important contributions.
First, we discuss how newly synthesized BM proteins are secreted to and assembled
exclusively on basal epithelial surfaces. Next, we examine how regulation of the structural properties of the BM mechanically supports and guides tissue morphogenesis.
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Finally, we explore how BMs inﬂuence development through the modulation of several
major signaling pathways.

1. INTRODUCTION
Extracellular matrices (ECMs) are proteinaceous networks that
accumulate nearly ubiquitously in the spaces between cells. ECMs link
and coordinate cells both within and between tissues; their existence therefore likely contributed greatly to the rise and success of multicellular life,
especially in the metazoan lineage (Ozbek, Balasubramanian, ChiquetEhrismann, Tucker, & Adams, 2010). Among the most ancient ECMs,
the basement membrane (BM) is a specialized matrix that associates with
the basal surfaces of epithelial tissues, as well as endothelial, fat, muscle,
and Schwann cells. This chapter will focus predominantly on epithelial
BMs. By electron microscopy, BMs appear as thin sheets (generally
w100 nm thick). They are composed primarily of two independent weblike
networks of laminin and type IV collagen (collagen IV), which are heavily
interlinked by proteins such as nidogen and the heparan sulfate proteoglycan
(HSPG) perlecan (Yurchenco, 2011) (Figure 1). Adhesion of the BM to cells
is achieved via interactions with transmembrane receptors, such as integrins
and dystroglycan. Beyond the four core BM constituents, a large number of

Figure 1 Overview of the core basement membrane proteins in Drosophila. (See color
plate)
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accessory proteins have been found to contribute to the network (Hynes &
Naba, 2012). Differential incorporation of minor components, as well as
varying isoforms and posttranslational modiﬁcations of the core proteins,
lends great structural and functional diversity to the many BMs found
throughout the body.
Several major roles for BMs have emerged, which will be discussed
brieﬂy here and in greater depth throughout this chapter. First, the mechanical properties of the network establish it as a physical scaffold. This property
allows BMs to maintain tissue shape and integrity in the face of deformation
forces and act as a substrate against which forces can be generated for cellular
contraction and migration. Because of their small pore size, BMs can also
provide a barrier function that helps to limit the movement of cells and large
macromolecular complexes between body compartments. The ability to
bind several secreted signaling molecules further allows these matrices to
facilitate cellecell communication both within and between tissues.
The functional capabilities of the BM described above make it well
suited to facilitate the speciﬁcation, compartmentalization, growth, and
morphogenesis of distinct tissue and organ systems. Thus, it is not surprising
that BMs are essential for embryonic development. The fruit ﬂy Drosophila
melanogaster has provided a particularly powerful system in which to dissect
the speciﬁc contributions that BMs make to these processes. Nearly all
developing tissue and organ systems have been well characterized and are
visually and experimentally accessible. The powerful genetic techniques
available, especially the ability to precisely manipulate gene expression in
time and space, are also advantageous, particularly when studying a structure
that plays such diverse roles in development. Moreover, the creation of
functional GFP protein trap alleles of the collagen IV a2 gene viking and
the perlecan gene terribly reduced optic lobes (trol) have transformed BM
research in Drosophila by allowing unprecedented visual resolution of the
native proteins in both ﬁxed and living tissues (Buszczak et al., 2007; Morin,
Daneman, Zavortink, & Chia, 2001).
While the core BM proteins and their receptors are well conserved between ﬂies and humans, the ﬂy BM can be viewed as a simpliﬁed version of
its mammalian counterpart. Flies produce only two distinct laminin trimers
compared to sixteen in humans, one collagen IV trimer versus three in
humans, and two b and ﬁve a integrin subunits versus eight b and eighteen
a subunits in humans. Although this simplicity means that ﬂies cannot recapitulate the diversity of human BMs and ECM receptors, it increases the power
to dissect protein function by limiting problems associated with redundancy.
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In this chapter, we highlight important contributions that Drosophila
research has made to our understanding of BM assembly and function during
development. Because the literature on this topic is extensive, we have not
attempted to provide a comprehensive summary of the data. Instead, we
focus on three topic areas that exemplify the breadth and depth of BM
research in this organism. First, we address the longstanding question of
how BM proteins are precisely targeted to basal epithelial surfaces. We
discuss how proteins produced from a variety of cellular sources achieve
this goal, with a special focus on the intracellular trafﬁcking pathway that
operates within epithelial cells to transport newly synthesized BM proteins
to basal regions of the plasma membrane for secretion. Second, we address
the process of morphogenesis during development. We explore mechanical
contributions of BMs to this process, speciﬁcally how regulated remodeling
of BM structure can help to shape a tissue. In this section, we offer an
in-depth discussion of the complex contributions of the BM to egg chamber
elongation. Third, we address molecular signals that mediate cellecell
communication during development. We discuss contributions that BMs
make to this process through the modulation of several major signaling
pathways.

2. SYNTHESIS, SECRETION, AND ASSEMBLY OF BMS
ON BASAL CELL SURFACES
Epithelial cells exhibit a highly polarized architecture with four
distinct membrane domainsdapical, junctional, lateral, and basal. To
build and maintain a BM, newly synthesized components must be assembled exclusively on the basal epithelial surface. Here, we explore several
ways in which BM proteins are targeted to this membrane domain,
including a mechanism for the polarized secretion of BM proteins by
an epithelium.

2.1 Sources of BM proteins and implications for polarized
assembly
In Drosophila, the sources of BM proteins are complex and, in many cases, are
still not clear. Some epithelia synthesize all of their own BM components,
while others rely on production by other tissues. Some epithelia combine
these approaches, producing a subset of their own proteins and relying on
external sources for others (Figure 2). The major nonepithelial source of
BM proteins also varies by developmental stage. In the embryo, BM proteins
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Figure 2 Cellular sources of basement membrane proteins in Drosophila. BM proteins
are synthesized and secreted by three primary cell types. 1: Synthesis and local deposition
by hemocytes. 2: Synthesis by and long range diffusion from the fat body. 3: Synthesis and
secretion by the epithelium itself. (See color plate)

are primarily produced by hemocytesdcirculating immune cells that
migrate throughout the body. Hemocytes display the primary signal for
transcripts encoding collagen IV and laminin by in situ hybridization
(Kusche-Gullberg, Garrison, MacKrell, Fessler, & Fessler, 1992; Le Parco,
Knibiehler, Cecchini, & Mirre, 1986; Mirre, Cecchini, Parco, & Knibiehler,
1988; Yasothornsrikul, Davis, Cramer, Kimbrell, & Dearolf, 1997) and,
when cultured, produce large volumes of BM proteins (Fessler, Nelson, &
Fessler, 1994). It should be noted, however, that some embryonic and larval
epithelia appear to produce their own laminin and/or perlecan (Denef,
Chen, Weeks, Barcelo, & Sch€
upbach, 2008; Martin et al., 1999; Sorrosal,
Pérez, Herranz, & Milan, 2010).
How do proteins secreted by hemocytes assemble speciﬁcally on basal
epithelial surfaces? This process must require establishment of the basal
epithelial membrane as a competent surface to bind soluble BM proteins,
likely by expression of cell surface BM receptors. Hemocytes also tend to
cluster around BM-containing tissues, probably for the purpose of BM
deposition (Kusche-Gullberg et al., 1992). This phenomenon is analogous
to ECM deposition by ﬁbroblasts in vertebrates. In this case, epithelia likely
recruit hemocytes to their basal surfaces.
While hemocytes continue to produce BM proteins throughout development, during late embryogenesis and larval stages collagen IV and laminin
production is also observed strongly in the fat bodyda major metabolic organ in insects (Kusche-Gullberg et al., 1992; Le Parco et al., 1986; Mirre
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et al., 1988; Yasothornsrikul et al., 1997). The fat body appears to take over
as the major production center, at least for collagen IV, in larvae. Blocking
collagen IV production in the fat body results in drastic loss of this protein
from BMs throughout the body, including full loss from the BM surrounding the imaginal wing disc epitheliumdthe pouchlike precursor to the adult
wing (Pastor-Pareja & Xu, 2011).
Because the fat body is ﬁxed in place, proteins secreted from this organ
must diffuse long distances through the extracellular space to their target tissues. Yet they are still incorporated efﬁciently into distant BMs. As was discussed with hemocytes, this is most likely achieved by ensuring that basal
epithelial surfaces have the necessary adhesive properties to capture diffusing
proteins. In this case, it is equally important to prevent premature protein
aggregation and promiscuous adhesion to the wrong tissues. The task of
escaping the fat body is particularly onerous, as this tissue is itself surrounded
by a BM through which secreted proteins bound for other tissues must pass
without adhering. SPARC (secreted protein acidic and rich in cysteine)
appears to promote collagen IV diffusion away from the fat body to distant
epithelia, as loss of SPARC from this tissue leads to an aberrant accumulation
of collagen IV between fat body cells (Pastor-Pareja & Xu, 2011; Shahab
et al., 2015).
Although it is likely that the hemocytes and fat body continue to produce BM proteins throughout the life of the ﬂy, there is one epithelium,
found in adult females, that is known to synthesize and secrete all of its
own major BM proteinsdthe follicular epithelium that surrounds the developing germ cells within the ovary. For the rest of this section, we will
describe recent studies, primarily performed within this tissue, that have
begun to elucidate how BM proteins synthesized within the epithelium itself
are targeted exclusively to basal regions of the plasma membrane for secretion (Figure 3).

2.2 Basal localization of BM protein synthesis
In the follicular epithelium, newly synthesized BM proteins exhibit a polarized localization within the cell from the moment of translation. The
mRNAs encoding both collagen IV chains (viking and Cg25c) and the laminin b chain (LanB1) show a 70% enrichment in the basal half of the cell
(Lerner et al., 2013). Because the endoplasmic reticulum (ER) stretches
throughout the cytoplasmic volume, this observation suggests that these
transcripts are primarily translated into a speciﬁc subregion of this organelle.
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Figure 3 Local synthesis and polarized secretion of collagen IV in the follicular epithelium. Within the follicular epithelium, collagen IV transcripts accumulate basally and
are translated and Translocated into a basal region of the endoplasmic reticulum
(ER). ER-resident proteins assist in the folding and packaging of collagen IV for transport
to the Golgi. After collagen IV transits through the Golgi, Crag and Rab10 promote delivery of collagen IV-containing exocytic vesicles to basal regions of the plasma membrane and prevent Rab11-dependent targeting of collagen IV-containing vesicles to the
apical surface. Inset: blow-up of indicated region. (See color plate)

Thus, mRNA localization may help to establish a distinct ER compartment
specialized for BM protein production.
Why might such a distinct ER compartment exist? Collagen IV places a
notorious burden on the ER’s protein production and transport machinery.
Each collagen IV protomer is assembled from three polypeptides that wind
into a triple helical structure nearly 400 nm long (Khoshnoodi, Pedchenko,
& Hudson, 2008). This complex folding reaction requires a suite of ERresident chaperones, several of which are collagen-speciﬁc. For instance,
procollagen lysyl hydroxylase (Plod) and prolyl-4-hydroxylase-alpha EFB
(PH4aEFB) catalyze hydroxylation of lysines and prolines, respectively, primarily within the triple helical domain; and both enzymes are required for
trimer assembly and stability (Myllyharju & Kivirikko, 2004). Collagen IV’s
large size also prevents it from being packaged into standard CopII-coated
vesicles for transport to the Golgi. The transmembrane protein Tango1 is
required at ER exit sites (ERESs) to help load collagens into enlarged
Golgi-bound vesicles (Pastor-Pareja & Xu, 2011; Saito et al., 2009; Venditti
et al., 2012; Wilson et al., 2011). Compartmentalization of collagen IV
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production could, therefore, increase biosynthetic efﬁciency while limiting
any potential negative impact on other ER processes.
In support of this idea, the mRNAs encoding Plod, PH4aEFB, and
Tango1 all display enrichment in the basal cytoplasm, similar to the
collagen IV-encoding mRNAs, and the Tango1 protein primarily localizes
to basal ERESs (Lerner et al., 2013). Importantly, knocking down expression of any of these three proteins causes collagen IV to become trapped in
a discrete region of the ER near the basal cell surface. When this happens,
collagen IV does not diffuse from this location, even over long time periods
(Lerner et al., 2013). This observation suggests that a mechanism exists to
prohibit diffusion of BM proteins away from their site of synthesis. Localized production of ECM proteins within subregions of the ER has also
been observed in vertebrates, which suggests that this may be a conserved
biosynthetic strategy (Vertel, Velasco, LaFrance, Walters, & KaczmanDaniel, 1989).
Because the ER compartment where BM proteins are synthesized is in
the basal region of the cell, it is intriguing to speculate that this localization
may also act as an initial step to bias secretion to the basal plasma membrane.
While the Golgi typically takes the form of a singular organelle in mammalian cells, called the Golgi ribbon, Drosophila cells contain many dispersed
Golgi stacks that each associate with a single ERES (Kondylis, Pizette, &
Rabouille, 2009; Kondylis & Rabouille, 2009). This organization has led
to the hypothesis that individual ERES-Golgi units could function independently of one another to facilitate polarized protein secretion. Synthesis
within a basal region of the ER could, therefore, promote protein transport
through basally localized ERES-Golgi units and subsequent delivery to the
adjacent basal plasma membrane. However, there are several reasons to
question this assertion. First, mRNA localization does not appear to be an
absolute requirement for high-ﬁdelity polarized secretiondperlecan (trol)
mRNA does not display a basal bias, but the protein is still faithfully secreted
to the basal surface (Lerner et al., 2013). Nor is it sufﬁcient, as disruption of
post-Golgi BM protein trafﬁcking causes aberrant secretion to the apical surface (see next subsection). Additionally, whether such a mechanism could
function in mammalian cells is unclear. Trafﬁcking through a centralized
Golgi ribbon would erase the polarity induced by mRNA localization.
However, not all mammalian cells have a Golgi ribbon. Golgi outpostsd
analogous to the independent Golgi units in Drosophiladhave been shown
to promote polarized protein secretion, possibly in conjunction with localized mRNAs, in vertebrate neurons (Bramham & Wells, 2007; Hanus &
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Ehlers, 2008; Horton et al., 2005; Lowenstein et al., 1994; Pierce, Mayer, &
McCarthy, 2001; Ramírez & Couve, 2011). A distributed Golgi system has
also been described in gastric parietal cells (Gunn et al., 2011).
It is important to note that the two hypotheses as to why the BM proteins are preferentially produced in a basal region of the ER are not mutually
exclusive and could simultaneously promote BM formation. These observations offer interesting insight into potential mechanisms regulating BM protein production and secretion, but further study is required to understand
the implications of local BM protein production. Experimentally disturbing
the basal bias of BM protein production in these cells will be especially useful
in discerning the veracity of these hypotheses.

2.3 Post-Golgi trafﬁcking of BM proteins to the basal surface
Apicobasal polarity depends on the polarized trafﬁcking of newly synthesized transmembrane proteins to either the apical or combined basal and
lateral (basolateral) membrane domains. Several sorting mechanisms have
been identiﬁed that direct individual proteins to each of these locations
(Rodriguez-Boulan, Kreitzer, & M€
usch, 2005; Stoops & Caplan, 2014).
Knowledge of these pathways, however, has failed to provide insight into
the polarized trafﬁcking pathway that transports BM proteins exclusively
to the basal surface. Indeed, several classic studies performed in cultured
mammalian epithelial cells have indicated that distinct pathways exist for
polarized trafﬁcking of BM versus transmembrane proteins. Treatment
with NH4Cl or colchicine, which perturbs the acidiﬁcation of intracellular
compartments and microtubule dynamics, respectively, disrupts the polarized secretion of BM proteins without affecting basolateral transmembrane
proteins. Under these conditions, BM proteins are secreted from both the
apical and basal epithelial surfaces (Boll, Partin, Katz, Caplan, & Jamieson,
1991; Caplan, Stow, & Newman, 1987; De Almeida & Stow, 1991; Natori
et al., 1992). Conversely, disruption of Cdc42 function disrupts polarized
secretion of basolateral transmembrane proteins but has no effect on BM
proteins (Cohen, M€
usch, & Rodriguez-Boulan, 2001). In fact, even integrins appear to move through a different trafﬁcking pathway than BM proteins (Boll et al., 1991). These studies revealed that a speciﬁc pathway for
polarized BM secretion exists, but offered little insight into its molecular
details.
Recent genetic studies in Drosophila have begun to identify the major
molecular players that control polarized BM secretion in this system. The
DENN domain-containing protein Crag (calmodulin-binding protein
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related to a Rab3 GDPeGTP exchange protein) was discovered in a forward genetic screen for novel regulators of apicobasal polarity in the follicular epithelium (Denef et al., 2008). Similar to the early observations in
mammalian cells, BM proteins accumulate on both the apical and basal surfaces of Crag mutant follicle cells, whereas apical and basolateral transmembrane proteins localize normally. Apical accumulation of perlecan was also
observed in the epidermis of Crag mutant embryos. Importantly, this paper
conﬁrmed that the apical deposition of BM proteins is not due to transcytosis
of protein from the existing BM, but rather due to the aberrant secretion of
newly synthesized proteins. Crag was initially observed to localize to apical
and lateral cell membranes and to Rab5- and Rab11-positive endosomes,
although an important population near the basal surface has since been
described (see below).
DENN domain-containing proteins commonly function as guanine nucleotide exchange factors (GEFs) for Rab-family GTPases (Marat, Dokainish, &
McPherson, 2011), which are molecular switches that cycle between an active
GTP-bound state and an inactive GDP-bound state. GEFs transition Rabs to
the GTP-bound state, whereas GTPase activating proteins (GAPs) induce
transition to the GDP-bound state. The presence of speciﬁc active Rab proteins confers identity to membrane-bound compartments within the cell,
such as organelles and trafﬁcking vesicles (Barr, 2013). Rabs are also master
regulators of vesicle activity, controlling their formation, sorting, targeting,
ﬁssion, and fusion (Hutagalung & Novick, 2011). It was therefore speculated
that Crag might activate a Rab that plays one or more roles in the polarized
secretion of BM proteins.
Crag was later found to be a GEF for a known exocytic Rab, Rab10, ﬁrst in
mammals and then in ﬂies (Lerner et al., 2013; Xiong et al., 2012; Yoshimura,
Gerondopoulos, Linford, Rigden, & Barr, 2010). Consistent with this result,
Rab10 depletion also causes BM proteins to accumulate on both the apical
and basal surfaces of the follicular epithelium (Lerner et al., 2013). One
key function of a GEF is to recruit its cognate Rab to the correct intracellular
membranes (Bl€
umer et al., 2013). Interestingly, Rab10 and Crag colocalize
on membrane-bound compartments that are tightly associated with the basal
surfaces in the follicle cells, proximal to the ER compartment where BM
proteins are synthesized. This basally localized population of Rab10 is lost
in Crag mutant cells, which suggests that BM proteins likely pass through
these compartments on their way to the basal surface.
Although Rab10’s exact role(s) in polarized BM secretion remains to be
determined, one appealing hypothesis is that this protein functions in an
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endosomal recycling compartment (ERC) to help sort BM cargos into a
basally directed trafﬁcking pathway. Biosynthetic cargo sorting commonly
occurs in the trans-Golgi network (Anitei & Hoﬂack, 2011; SantiagoTirado & Bretscher, 2011). However, in polarized epithelial cells most exocytic trafﬁc also passes through ERCs, where additional sorting occurs
(F€
olsch, Mattila, & Weisz, 2009; Gonzalez & Rodriguez-Boulan, 2009).
Rab10 localizes to endocytic compartments in both Caenorhabditis elegans
and mammalian cells (Babbey et al., 2006; Chen et al., 2006; Shi et al.,
2010). Moreover, although Rab11 (another Rab that localizes to ERCs)
is not normally required for BM trafﬁc, when Rab10 or Crag are depleted,
the BM proteins that travel to the apical surface do so through a Rab11dependent mechanism (Lerner et al., 2013). This observation suggests that
Crag and Rab10 promote the sorting of BM proteins away from a
Rab11-dependent pathway.
Crag and Rab10 have been established as the core components of a BMspeciﬁc trafﬁcking pathway, though how this pathway recognizes, sorts, and
targets BM proteins to the basal surface remains to be discovered, as do additional components involved in this process. Two additional proteins have
been identiﬁed that are required for polarized BM secretion, although the
mechanisms by which they do so are less well understood. These are phosphatidylinositol synthase (Pis), an enzyme involved in the production of
phosphoinositides (Devergne, Tsung, Barcelo, & Schupbach, 2014), and
Scarface, a secreted serine protease-like protein that lacks catalytic activity
(Sorrosal et al., 2010).
The phosphoinositides are a family of phospholipids that regulate a stunning array of cellular processes (Balla, 2013). Various phosphoinositide isoforms are created by kinase- and phosphatase-mediated interconversion
between different phosphorylation states of a common phospholipid backbone, phosphatidylinositol. Pis synthesizes phosphatidylinositol and is therefore required for formation of all phosphoinositides; however, the authors
focused their analyses on the role of phosphatidylinositol 4,5-bisphosphate
(PIP2) in polarized BM secretion (Devergne et al., 2014). PIP2 functions
as an apical determinant in the regulation of epithelial polarity (MartinBelmonte et al., 2007). It also regulates multiple steps of polarized vesicle
trafﬁcking, including cargo sorting and membrane fusion (Balla, 2013). In
the follicular epithelium, PIP2 is enriched on apical and lateral membranes.
Loss of Pis or other PIP2 biosynthetic enzymes decreased PIP2 levels and
caused a loss of Crag from apical and lateral membranes (Devergne et al.,
2014). How the lateral and apical Crag populations would feed into basal
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protein secretion is difﬁcult to say. It is also unclear whether loss of these
populations upon Pis depletion is speciﬁc, or is an indirect effect of a general
reduction in Crag protein levels throughout the cell.
In scarface mutant embryos, laminin accumulates on the apical surface of
the lateral epidermis and an adjacent extraembryonic epithelium called the
amnioserosa; this phenotype is also seen in Crag mutant embryos (Sorrosal
et al., 2010). Interestingly, expression of Scarface exclusively in the lateral
epidermis is sufﬁcient to rescue the BM secretion defect in the amnioserosa
of scarface mutants, which suggests that this protein can act at a distance.
Consistent with this ﬁnding, expression of a tagged version of Scarface in
a speciﬁc region of the wing disc epithelium caused the protein to accumulate on the apical surface and within the endosomal system of nonexpressing
cells. Three hypotheses have been proposed for Scarface’s function in polarized BM secretion (Eastburn & Mostov, 2010; Sorrosal et al., 2010). Scarface could function within an endosomal compartment to help sort BM
proteins into a basally directed trafﬁcking pathway. This possibility is
appealing as it aligns well with the likely function of Rab10. Alternatively,
Scarface could function at the apical plasma membrane to prevent targeting
of BM-containing vesicles to this domain, a function that has also been proposed for Crag (Denef et al., 2008; Devergne et al., 2014). Finally, Scarface
could remove BM proteins from the apical surface either by stimulating a
proteolytic cascade or via endocytosis. Study of Scarface in the betterunderstood follicular epithelium may help to build a coherent model for
how Crag, Rab10, and Scarface function together to control polarized
BM secretion.
Finally, while the Crag/Rab10 pathway has not yet been shown to control polarized BM trafﬁcking in vertebrates, the utilization of distinct secretory pathways for BM and basolateral transmembrane proteins in both
Drosophila and mammalian cells is intriguing. Such a condition could arise
based on special accommodations that certain BM proteins require to
move through the secretory pathway (i.e. an acidic environment, enlarged
vesicles, etc.), or due to differences in recognizing transmembrane and soluble proteins by the sorting machinery. Where, precisely, these proteins
leave the cell could also play a role. Basolateral transmembrane proteins
appear to exit the cell though an apical region of the lateral plasma membrane, just basal to the adherens junctions (Grindstaff et al., 1998). In
contrast, BM proteins are more likely to exit at or very near the basal surface;
indeed, Rab10 has been found on secretory vesicles bound for a basal region
of the lateral plasma membrane in mammalian cells (Cao et al., 2008).
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Further characterization of the proteins already known to be involved in
basal targeting of BM proteins and the identiﬁcation of other key players
will provide a rich area for future research.

3. MECHANICAL CONTRIBUTIONS OF THE BM TO
MORPHOGENESIS
Morphogenesis is the process by which cells and tissues change their
shapes to create the complex form of adult tissues and organs. BM sheets
are well designed to physically assist and regulate morphogenetic processesdby modifying the movement of cells via adhesive interactions, by
resisting the contractile forces exerted by cells, or by restricting the expansion of growing tissues. Furthermore, a large number of studies, primarily
in in vitro cell culture systems, have found that changing the physical properties of ECMs can modulate the dynamic activities of cells. For instance,
changes in matrix stiffness or cell-matrix adhesion affect cellular contractile
dynamics and downstream signals within the cell (Charras & Sahai, 2014).
Matrix stiffness also appears to regulate cell migration, as many cells tend
to migrate from softer to stiffer ECM substrates or toward ECM that is under
deformation forces (Lo, Wang, Dembo, & Wang, 2000; Reinhart-King,
Dembo, & Hammer, 2008; Roca-Cusachs, Sunyer, & Trepat, 2013).
A softer matrix, meanwhile, can promote cellular invasion through the
network (Gu et al., 2014). The organization of the matrix also inﬂuences
migration dynamics (Kim, Provenzano, Smith, & Levchenko, 2012); directionally aligned matrices have been found to orient cellular migration in the
direction of alignment and to increase migration speed (Diehl, Foley,
Nealey, & Murphy, 2005; Provenzano et al., 2006; Provenzano, Inman,
Eliceiri, Trier, & Keely, 2008; Tan & Saltzman, 2002). Conﬁrmation of
these observations in vivo remains an important task; Drosophila offers an
enticing opportunity to explore these concepts within a developing animal.
In vivo, the BMs of developing tissues undergo heavy remodeling
(Bernﬁeld, Banerjee, Koda, & Rapraeger, 1984; Daley, Peters, & Larsen,
2008). Moreover, it is clear that different BMs, and even the same BMs
over time, exhibit vastly different compositions and, therefore, physical
properties. It is likely that the characteristics of these matrices are tuned
to appropriately contribute to morphogenesis, although the changes in
physical properties, their mechanisms, and their effects on morphogenesis
are largely unclear.
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3.1 Contributions of the BM to egg chamber elongation
The development of the egg chamber is perhaps the best understood example
of how a coordinated progression of changes to BM structure and cellular activity interact to drive tissue morphogenesis (Horne-Badovinac, 2014). Egg
chambers, which number in the hundreds within the adult ovary, are each
responsible for the maturation of a single oocyte. They are composed of a
central cluster of germ cellsdone posteriorly localized oocyte and 15 supporting nurse cellsdthat are surrounded by the follicular epithelium that
was discussed in section 2. This somatic tissue is made up of roughly
800e1000 cells, and the BM it produces ensheathes the entire organlike
structure (Figure 4(A)). Initially small and spherical, egg chambers proceed
through 14 distinct morphological stages, during which they grow to nearly
1000 times their initial volume (Cummings & King, 1969). Between stages 5
and 10, growth is channeled anisotropically to induce elongation along the
anterioreposterior (AeP) axis, a process that creates the elliptical shape of
the egg (Figure 4(C)).
BM structure has been examined across egg chamber development and
found to shift dramatically with the onset of elongation. The BM surrounding early egg chambers does not show any obvious structure by light microscopy. However, concurrent with the onset of elongation at stage 5, dense,
linear ﬁbril-like aggregates of collagen IV, laminin, and perlecan begin to be
incorporated into the existing planar matrix (Cetera et al., 2014; Gutzeit,
Eberhardt, & Gratwohl, 1991; Haigo & Bilder, 2011; Schneider et al.,
2006) (Figure 4(C)). These structures all align perpendicular to the AeP
axis, effectively polarizing the BM. Arrays of linear actin bundles in the adjacent basal cortex of each follicle cell, which are physically coupled to the BM
via integrin-based focal adhesions, align in the same direction as the BM
ﬁbrils (Bateman, Reddy, Saito, & Van Vactor, 2001; Delon & Brown,
2009; Gutzeit, 1990). Together, the BM ﬁbrils and basal actin bundles are
thought to act as a “molecular corset” that directionally constrains egg
chamber growth, thereby providing the anisotropic force that drives elongation (Gutzeit et al., 1991) (Figure 4(B)). This hypothesis is supported by the
observation that disruption of the tissue-level organization of these structures
leads to the production of rounded eggs (Bateman et al., 2001; Cetera et al.,
2014; Conder, Yu, Zahedi, & Harden, 2007; Frydman & Spradling, 2001;
Gutzeit et al., 1991; Haigo & Bilder, 2011; Horne-Badovinac, Hill, Gerlach,
Menegas, & Bilder, 2012; Lewellyn, Cetera, & Horne-Badovinac, 2013;
Viktorinova, K€
onig, Schlichting, & Dahmann, 2009).
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Figure 4 Basement membrane (BM) function in egg chamber elongation. (A) Illustration of a transverse section through an egg chamber. Central germ cells are surrounded
by a somatic epithelium of follicle cells, which assemble a BM on their basal surfaces.
(B) Model of the molecular corset. Polarized linear ﬁbril-like structures in the BM are
hypothesized to constrain egg chamber growth in the direction of polarization, biasing
growth to occur along the AeP axis. Arrows indicate direction and magnitude of
growth. (C) BM structural dynamics during elongation. Top: a developmental array of
egg chambers showing cell outlines (actin) and the BM (Viking-GFP). Bottom: ﬂuorescent micrographs of collagen IV (Viking-GFP) in the BM. Young, round egg chambers
exhibit no obvious BM structure, while older, elongating egg chambers display polarized ﬁbrils within the BM. (D) Overview of egg chamber rotation. In this illustration,
the BM is partially transparent to reveal the cells underneath. The dark row of cells in
each image represents the same cells at two different time points. The egg chamber
rotates within a stationary BM, in the direction of BM ﬁbrils. Curved arrows indicate
direction of egg chamber rotation. (See color plate)
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Formation of the molecular corset depends on a dramatic rotational
motion of the egg chamber. Between stages 1 and 8, the basal surfaces of
the follicle cells migrate along the BM, orthogonal to the AeP axis (Cetera
et al., 2014; Haigo & Bilder, 2011). Because the apical surfaces of the follicle cells are physically attached to the germ cell cluster, this collective motion causes the entire egg chamber to rotate within the surrounding BM,
which remains largely stationary throughout the process (Figure 4(D)).
Failure of the follicle cells to migrate disrupts the polarity of the actin
and BM networks and prevents egg chamber elongation (Cetera et al.,
2014; Haigo & Bilder, 2011; Lerner et al., 2013; Viktorinova &
Dahmann, 2013).
The presence of linear, ﬁbril-like aggregates in the follicular BM is surprising, as a BM architecture of this type has not been described in other systems. Because ﬂies do not produce ﬁbril-forming collagens or ﬁbronectin, it
is intriguing to speculate as to whether these unusual BM structures might
perform some of the same functions as the true ﬁbrillar matrices found in
other organisms. Future work will be required to understand the molecular
organization of the BM ﬁbrils, as well as the mechanism by which they form.
Although egg chamber rotation is required for their formation (Haigo &
Bilder, 2011), it is clearly not sufﬁcient, as rotation begins at stage 1 and
BM ﬁbrils do not begin to form until stage 5 (Cetera et al., 2014). Fibril formation does, however, happen at a time when collagen IV levels are
increasing in the matrix (Haigo & Bilder, 2011), which could indicate a
role for new protein secretion in this process. Further, because ﬁbrils appear
to play an important functional role in this BM, it will be intriguing to
explore to what extent BM superstructural elements are used in other systems to regulate tissue dynamics.
In addition to polarized ﬁbril formation, other structural changes in the
BM likely also contribute to its proposed corset function. As mentioned in
the previous paragraph, collagen IV levels drastically increase in the BM between stages 5 and 8 (Haigo & Bilder, 2011). Precise control of collagen IV
cross-linking also appears to inﬂuence elongation, as increasing peroxidasindependent collagen IV cross-linking enhances elongation while decreasing
peroxidasin activity inhibits elongation without grossly affecting BM superstructure (McCall et al., 2014). In the future, it will be important to determine whether the levels or properties of other BM components are also
dynamically regulated as part of the elongation program. It will also be interesting to explore whether the complex interplay that occurs between
different BM components in other tissues similarly affects the physical
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properties of the follicular BM (Pastor-Pareja & Xu, 2011). Finally, methods
will need to be developed to directly measure how each of these changes in
matrix architecture alter BM strength and stiffness.
The BM also may inﬂuence the tissue-level alignment and activity of the
basal actin bundles during elongation. Global actin bundle alignment depends
on the rotational motion of the egg chamber at early developmental stages, but
this organization becomes rotation-independent concurrent with the establishment of matrix polarity (Cetera et al., 2014). Although rotation ceases
at stage 8, maintenance of basal actin bundle alignment is likely to be important for the ﬁnal phase of elongation, which begins at stage 9. At this stage,
periodic myosin-based contraction of the basal actin bundles contributes to
elongation (He, Wang, Tang, & Montell, 2010). Proper basal actin alignment is likely required for directionality of this force. Interaction with the
BM also directly inﬂuences contractile activity of the cells. Decreasing
expression of the focal adhesion protein talin shortens the period of myosin
contraction, while overexpressing paxillin, another focal adhesion protein,
prolongs the period (He et al., 2010). Surprisingly, treatment of egg chambers
with collagenase, which might be expected to mimic a decrease in cell-BM
adhesion, has also been observed to prolong the period of myosin contraction
(Koride et al., 2014). Myosin-based contractions, therefore, are likely regulated by complex inputs from BM structure and cell-BM adhesion.
Once growth has stopped and the elongation program is complete, the
BM now plays an important role in maintaining the egg chamber’s elliptical
shape. When stage 13 egg chambers are treated with collagenase to disrupt
the BM, they rapidly become rounder, shortening along the AeP axis, and
expanding along the orthogonal axis (Haigo & Bilder, 2011). Thus the BM
is required, in varying capacities, to support morphogenesis of the egg chamber for the entirety of its development.
As a ﬁnal note, studies of egg chamber elongation have also revealed
interesting potential effects of BM architecture and cell-BM adhesion on
cell migration speed. Although the collective migration of the follicle cells
that causes the egg chamber to rotate begins at stage 1, the speed of this
migration increases sharply at stage 6, just after the BM ﬁbrils begin to
form and collagen IV levels begin to rise (Cetera et al., 2014). However,
further investigation will be required to determine whether changes in
BM architecture play a causal role in this acceleration. Altering integrin
levels in the follicle cells also modiﬁes their migration speed, such that
decreasing integrins increases speed and increasing integrins decreases speed
(Lewellyn et al., 2013).
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3.2 Contributions of the BM to the morphogenesis of other
tissues
Loss of function studies have revealed that, in addition to the egg chamber,
BMs also appear to play critical roles in the morphogenesis of many other ﬂy
tissues and organs. To date, however, few of these initial observations have
been followed up with mechanistic studies. Two tissues that have been
examined more intensely in this regard are the wing imaginal disc epithelium and migrating glial cells in the imaginal eye disc. These studies are
detailed below.
In the wing disc epithelium, local matrix degradation is required for two
developmental processes. During larval development, adjacent tracheal tissue
must invade through the wing disc BM and contact the underlying epithelium to form the air sac primordium. This process requires local BM degradation by matrix metalloprotease 2 (Mmp2) (Guha, Lin, & Kornberg, 2009).
In the pupa, the internal wing disc protrudes through the body wall to form
the external wing in a process known as disc eversion. This morphogenesis
also requires Mmp2-mediated BM degradation (Srivastava, Pastor-Pareja,
Igaki, Pagliarini, & Xu, 2007). A unique pattern of collagen IV cleavage is
seen during disc eversion, suggesting precise, context-speciﬁc modiﬁcations
of BM structure during morphogenesis (Fessler, Condic, Nelson, Fessler, &
Fristrom, 1993).
Maintenance of proper cell shape in the larval wing disc epithelium also
depends on interaction with an appropriately structured BM. Integrin-based
adhesion to the BM is crucial for maintaining proper cell shape (DomínguezGiménez, Brown, & Martín-Bermudo, 2007). Maintenance of cell shape
also depends on balanced and opposing forces contributed by collagen IV
and perlecan. Loss of collagen IV causes ﬂattening of wing disc epithelial
cells and the entire tissue, while loss of perlecan causes disc compaction
and elongation of cells along their apicobasal axes (Pastor-Pareja & Xu,
2011). A similar antagonistic role for collagen IV and perlecan has been
observed in the C. elegans neuromuscular junction, where the two molecules
differentially regulate growth of presynaptic boutons (Qin, Liang, & Ding,
2014).
Finally, regulation of BM structure, speciﬁcally its stiffness, impacts the
migration of glial cells within the eye disc. A stiffer matrix is known to promote cell migration in vitro (Lo et al., 2000; Roca-Cusachs et al., 2013). It
was recently demonstrated that increasing the activity of the collagen crosslinking enzyme lysyl oxidase (Lox) or integrins increases BM stiffness in vivo
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in this system (Kim et al., 2014). This study further found that migrating glial
cells upregulate Lox and integrin expression to promote their own migration. This is superﬁcially similar to the observation, discussed above, that
altering integrin levels affects cell migration in the egg chamber. However,
during glial migration upregulation of integrins promotes migration, while
in the egg chamber integrin upregulation slows migration or, when severe
enough, inhibits it completely (Lewellyn et al., 2013). Integrin levels therefore appear to play a complex and context-speciﬁc role in migration
dynamics.

4. CONTRIBUTIONS OF THE BM TO CELLeCELL
SIGNALING DURING DEVELOPMENT
Cell-to-cell signaling, primarily through several major secreted molecules and their receptors, is crucial to regulate and coordinate tissue development. Although the predominant view of the BM tends to be
structure-centric, it also serves as a major extracellular signaling platform.
By interacting directly with secreted signaling proteins, the BM can act to
limit their diffusion or modify their interactions with cell surface receptors.
Genetic and biochemical evidence from ﬂies and vertebrates indicates that
the BM regulates most, if not all, major developmental signaling pathways,
including TGF-b/BMP (Paralkar, Vukicevic, & Reddi, 1991; Wang, Harris,
Bayston, & Ashe, 2008), FGF (Folkman et al., 1988; Klagsbrun, 1990; Lin,
Buff, Perrimon, & Michelson, 1999; Park et al., 2003), Wingless/Wnt (Binari
et al., 1997; Perrimon & Bernﬁeld, 2000), and Hedgehog (Datta et al., 2006;
Park et al., 2003; Rubin, Choi, & Segal, 2002; The, Bellaiche, & Perrimon,
1999). An advantage of the developmental focus of Drosophila research is that
the early studies performed in this system offered not only evidence for these
interactions, but also immediate indications of their developmental relevance.
Since the connection was made between the BM and signaling, a diverse set
of examples have emerged in Drosophila of the roles these interactions play in
guiding speciﬁc developmental processes. Three such processes will be discussed here: axonal pathﬁnding, Malpighian tubule morphogenesis, and
regulation of stem cell activity.

4.1 Modulation of Slit/Robo and Semaphorin/Plexin
signaling during axonal pathﬁnding
As the nervous system develops, growth of axons away from neuronal cell
bodies is required to appropriately innervate the body and promote
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connections with other neurons or tissues. As discussed above, the BM is an
important permissive substrate for migration of many cell types, including
neurons (Takagi et al., 1996), but it also acts to regulate the response of
extending axons to multiple environmental signals that provide attractive
or repulsive cues to guide their growth. Slit and Robo are a highly
conserved signaling duo that were ﬁrst discovered in forward genetic
screens for developmental defects in Drosophila embryos (N€
usslein-Volhard,
Wieschaus, & Kluding, 1984; Seeger, Tear, Ferres-Marco, & Goodman,
1993). Subsequent work showed that Slit is an extracellular protein that primarily functions as a repellent cue for axons that express the Robo receptor
(Brose et al., 1999; Dickson & Gilestro, 2006). There is evidence that Slit
may bind laminin in vertebrates (Brose et al., 1999), and laminin misexpression causes axon guidance defects in Drosophila (García-Alonso, Fetter, &
Goodman, 1996; Kraut, Menon, & Zinn, 2001). Further, decreasing laminin or integrin expression enhances the axon pathﬁnding defects in a Slit
hypomorphic allele, suggesting that the BM modulates axonal responsiveness to Slit signals (Stevens & Jacobs, 2002). Slit binding to heparin also enhances the SliteRobo interaction (Hussain et al., 2006), and the
transmembrane HSPG syndecan, which can function as a BM receptor
(Carey, 1997), acts with Robo as a Slit coreceptor (Johnson et al., 2004;
Smart et al., 2011; Steigemann, Molitor, Fellert, J€ackle, & Vorbr€
uggen,
2004). Whether this interaction occurs cooperatively with or independently of the BM is unclear, although perlecan, the BM HSPG, does not
appear to exhibit similar activity (Steigemann et al., 2004).
Semaphorin-based axon guidance also relies on interactions with the
BM. Semaphorin-1A is a transmembrane protein expressed at axon guidance decision points that signals to the axonal receptor Plexin A, which mediates repulsion at sites of Semaphorin contact (He, Wang, Koprivica, Ming,
& Song, 2002). Similar to Slit, vertebrate Semaphorin activity is enhanced
by heparin (De Wit, De Winter, Klooster, & Verhaagen, 2005). In this
case, however, the HSPG utilized appears to be perlecan, which is heavily
deposited at axon branch points and is required to augment a Semaphorin1A gain-of-function mutation in Drosophila (Cho, Chak, Andreone,
Wooley, & Kolodkin, 2012). Syndecan showed no genetic interaction
with Semaphorin-1A in this study. It is intriguing that two signaling pathways, Slit/Robo and Semaphorin-1A/Plexin A, which regulate similar
axonal guidance events by different molecular means, exhibit nonoverlapping reliance on two HSPG proteins. The coincidence of HSPG utilization
among these pathways is mysterious, although utilization of different HSPG
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cofactors may enhance signaling diversity while maintaining signal distinction and resolution in the crowded neuronal milieu.

4.2 Modulation of BMP signaling during Malpighian tubule
morphogenesis
Epithelial tubes are organized with their apical surfaces surrounding an internal lumen and their basal surfaces covered by a BM. Tubular outgrowth
and branching are important in the development of several organs,
including lungs, kidney, and salivary and mammary glands (Andrew &
Ewald, 2010). Work in several vertebrate systems has identiﬁed mechanical
roles for the BM and other ECMs in branching morphogenesis (Varner &
Nelson, 2014). In Drosophila, the BM has been implicated in signaling during tubule morphogenesis as well. The Drosophila kidney ortholog, the Malpighian tubules, exhibits stereotyped outgrowth guided by a leading group
of “kink cells” at the anterior of the tissue (Denholm, 2013). Local expression of the BMP homolog decapentaplegic (Dpp) in tissues along the tubule
outgrowth route is necessary and sufﬁcient to guide this morphogenesis
(Bunt et al., 2010). Further, local deposition of collagen IV by hemocytes
on the outgrowing tubules is required to transduce the Dpp signal in kink
cells (Figure 5(A)). Supporting this observation, Dpp directly binds the
C-terminus of collagen IV, which enhances interaction of Dpp with its receptors (Wang et al., 2008). This interaction appears to be conserved in
mammals (Paralkar et al., 1991).
In the case of the Malpighian tubules, collagen IV helps to localize and
concentrate the Dpp signal for its reception by target cells. Two other
examples where Dpp and collagen IV interact in a similar manner will be
discussed in the next section. Interestingly, Dpp is also known to regulate
several developmental processes in Drosophila by formation of precise
morphogen gradients. Because collagen IV appears to restrict diffusion of
Dpp, it has been proposed that the BM may play an important role in these
instances of Dpp signaling as well (Sawala, Sutcliffe, & Ashe, 2012; Umulis,
Shimmi, O’Connor, & Othmer, 2010; Wang et al., 2008). It will therefore
be intriguing to examine the role of the BM during Dpp signaling in other
contexts.

4.3 Regulation of stem cell maintenance, differentiation,
and division
Stem cells are multipotent progenitors that provide a key source of new cells
during development. They also play important roles in tissue maintenance
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Figure 5 Basement membrane (BM) regulation of Dpp signaling in three developmental contexts. (A) Embryonic Malpighian tubule morphogenesis. Diffusible Dpp protein attracts the growing Malpighian tubule. Hemocyte-deposited collagen IV around
the Malpighian tubule promotes reception of the Dpp signal by tubule cells. (B) Ovarian
germ line stem cell (GSC) maintenance. GSCs are maintained within the stem cell niche
via interaction with cap cells. Collagen IV in the BM and the HSPG Dally concentrate cap
cell-derived Dpp to promote signal reception by GSCs but not differentiating daughter
cells. (C) Intestinal stem cell (ISC) maintenance. ISCs exhibit basally positioned cell
bodies that adhere to the BM. Dpp is concentrated by collagen IV within the BM to promote a high level of signal reception by ISCs but not the more apically localized, differentiating enteroblasts. (See color plate)

and repair in adults. The deﬁning feature of stem cells is that they divide
asymmetrically to produce two distinct cells: one stem cell to replace the
mother and one cell that will differentiate. In Drosophila, the capacity to
identify and observe stem cells in vivo under different genetic conditions
has revealed distinct roles for the BM in several tissues, three of which are
discussed here.
In Drosophila, the female germ line stem cells (GSCs) sit at the anterior
end of the ovary in a specialized signaling environment deemed the niche
(Losick, Morris, Fox, & Spradling, 2011; Xie & Spradling, 1998). The
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primary cells that make up the niche, the cap cells, bind GSCs through cadherin-based adhesions (Song, Zhu, Doan, & Xie, 2002). When GSCs
divide, one daughter remains attached to the cap cells, while the other is
expelled from this environment and, lacking the niche signals, differentiates.
One key niche signal, secreted by the cap cells, is Dpp (L
opez-Onieva,
Fernandez-Mi~
nan, & Gonzalez-Reyes, 2008; Wang et al., 2008). Collagen
IV in the BM surrounding the niche binds Dpp and restricts its diffusion
(Figure 5(B)); in the absence of collagen IV, the Dpp signaling ﬁeld expands
to reach GSC daughter cells outside of the niche, which prevents them from
differentiating and leads to an overabundance of stem cells (Wang et al.,
2008). The HSPG Dally is also enriched around the niche and appears to
concentrate Dpp and promote its reception by GSCs (Guo & Wang,
2009; Hayashi, Kobayashi, & Nakato, 2009).
A mechanism similar to that seen with the GSCs also regulates adult intestinal stem cells (ISCs). While the ISC niche is not clearly understood,
these cells are scattered throughout the intestinal epithelium and adhere
directly to the BM (Micchelli & Perrimon, 2006; Ohlstein & Spradling,
2006). The BM appears to play a role in deﬁning the niche, as it was recently
discovered that Dpp maintains stem cell identity and that this protein is
conﬁned to the basal surface by collagen IV. This localization allows higher
signal reception by the ISCs than by the differentiating ISC daughter cells,
the enteroblasts, whose cell bodies are located more apically within the
epithelium (Tian & Jiang, 2014) (Figure 5(C)). Dpp has also been proposed
to regulate ISC proliferation, although the role of the BM in this case has not
been elucidated (Guo, Driver, & Ohlstein, 2013; Li, Zhang, Han, Shi, &
Lin, 2013). The BM may therefore play a common role in regulating signals
within stem cell niches.
Asymmetric division of Drosophila neuroblasts, the stem cells that give rise
to the nervous system, occurs via an intrinsic mechanism that can, at least in
part, occur independently of the cells’ external environment (Broadus &
Doe, 1997). This is achieved by uneven segregation of fate-determining factors into one of the two daughter cells (Knoblich, 2008). While the importance of the environment in neuroblast fate is not well understood, the BM
does play a role in determining when and to what extent neuroblasts divide.
Drosophila perlecan was ﬁrst identiﬁed as a factor that promoted activation of
quiescent neuroblasts in larvae by counteracting the antiproliferative activity
of the secreted glycoprotein Anachronismdhence its name, terribly reduced
optic lobes (Datta, 1995; Voigt, Pﬂanz, Sch€afer, & J€ackle, 2002). Perlecan
was also found to promote neuroblast proliferation by binding to and
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enhancing the signaling of Hedgehog and the FGF homolog Branchless
(Park et al., 2003). The BM, therefore, appears to modulate several signaling
pathways to ensure proper stem cell function in many contexts.

5. CONCLUSION
Developing tissues require precise control of their size, shape, activity,
and signaling environment to robustly create the adult organism. The BM has
been found to integrally regulate all of these processes, thereby contributing
an important external input to guide coordinated cellular activity. While
studies of the BM to this point have been informative, they have also revealed
how much we still have to learn. Regarding the polarized deposition and assembly of BM proteins, it will be crucial to continue to identify new factors
that regulate this process. Proteins that are already known to function with
Rab10 in C. elegans and mammalian cells are excellent candidates in this regard, and forward genetic screening strategies in Drosophila are likely to identify even more. In terms of understanding the functional properties of BMs
once they are built, it will be important to better map their structural diversity.
Although evidence from Drosophila and vertebrates suggests that BM architecture can vary from one tissue to the next, the precise structures of individual
matrices are still largely unexplored. It will therefore be interesting to examine
the composition (both of core and accessory proteins) and architecture of a
diverse set of BMs, establish the levels of heterogeneity between them, and
connect the physical characteristics of individual BMs to their functional
properties. Expanding the library of ﬂuorescently tagged BM proteins using
modern genome editing techniques will greatly assist this endeavor. Additionally, recent evidence suggests that a BM may be more than the sum of its
partsdthat individual elements modify and collaborate with other proteins
in the BM, on the cell surface, and within the local environment to create
a complex interactive network. Understanding the nature of such interactions, in synergy with an enhanced understanding of BM structure, will
further reveal the dynamic inputs of these matrices to cellular activity.
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