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Abstract

Basement membrane plays a foundational role in the structure and maintenance of many tissues 

throughout the animal kingdom. In addition to signaling to cells through cell-surface receptors, 

basement membrane directly influences the development and maintenance of organ shape via its 

mechanical properties. The mechanical properties of basement membrane are dictated by its 

composition, geometry, and crosslinking. Distinguishing between the ways the basement 

membrane influences morphology in vivo poses a major challenge. Drosophila melanogaster, 
already established as a powerful model for the analysis of cell signaling, has in recent years 

emerged as a tractable model for understanding the roles of basement membrane stiffness in vivo, 

in shaping and maintaining the morphology of tissues and organs. In addition to the plethora of 

genetic tools available in flies, the major proteins found in vertebrate basement membranes are all 

present in Drosophila. Furthermore, Drosophila has fewer copies of the genes encoding these 

proteins, making flies more amenable to genetic manipulation than vertebrate models. Because the 

development of Drosophila organs has been well-characterized, these different organ systems offer 

a variety of contexts for analyzing the role of basement membrane in development. The 

developing egg chamber and central nervous system, for example, have been important models for 

assessing the role of basement membrane stiffness in influencing organ shape. Studies in the 

nervous system have also shown how basement membrane stiffness can influence cellular 

migration in vivo. Finally, work in the imaginal wing disc has illuminated a distinct mechanism by 

which basement membrane can alter organ shape and size, by sequestering signaling ligands. This 

mini-review highlights the recent discoveries pertaining to basement membrane mechanics during 

Drosophila development.

Introduction

The basement membrane is a sheet-like extracellular matrix that underlies epithelial cells 

and endothelial cells and ensheaths muscles, fat and nerves [1]. Ranging from less than 

100nm to as much as 10µm thick [2], basement membrane is assembled from core 

components conserved throughout the animal kingdom: laminin, collagen IV, nidogen, and 
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perlecan [3]. Collagen IV is primarily responsible for bestowing stiffness upon the basement 

membrane, and the importance of this stiffness is supported by its presence in all metazoans, 

except some primitive sponges [4]. Notably, collagen IV is present in ctenophores, which is 

thought to be one of the earliest branching extant animal phyla [5]. In addition to providing 

structural support to epithelial cells, basement membrane helps direct cellular differentiation 

and function by signaling via integrin and dystroglycan receptors and by binding to and 

modulating the diffusion of secreted growth factors [1]. In cultured cells, matrix stiffness 

affects cellular differentiation [6] and behavior [7]. In vivo, because basement membranes 

are assembled prior to the completion of embryogenesis [8–10], basement membranes must 

constantly be modified to accommodate changes within a given tissue as the organism grows 

and develops over time. Such changes can come in the form of increased deposition or 

degradation of basement membrane-associated proteins or adjusting the composition of 

proteins within the basement membrane. All of these possible alterations affect the 

mechanical stiffness of basement membrane [11]. Understanding the ways in which the 

mechanical properties of basement membrane affect the development of associated tissues in 
vivo requires a model organism that provides tools to easily manipulate basement membrane 

stiffness. One such model organism that has been used successfully for this topic is 

Drosophila melanogaster.

Drosophila is an excellent model for the study of basement membrane dynamics for several 

reasons: all of the major basement membrane components are conserved [12], the number of 

genes coding for each protein are significantly fewer than in mammals (see Table 1), and 

sophisticated tools have been developed for genetic studies in flies allowing temporal and 

spatial control of any gene in virtually any cell or tissue. Additionally, there are functional 

GFP-fusion proteins, expressed by endogenous regulatory sequences, for each of the four 

major basement membrane proteins in Drosophila, identified either as endogenous gene 

traps or generated as genomic fragments in BAC transgenes. Finally, the contribution of 

basement membrane to development can be analyzed at many different stages.

Surprisingly, basement membrane is assembled from different sources at different times 

during Drosophila development (Figure 1). Here is a brief summary of the dynamics of 

basement membrane deposition and degradation in Drosophila throughout its life cycle: (1) 

During oogenesis, each Drosophila egg develops from germ cells surrounded by basement 

membrane secreted from migratory hemocytes (Drosophila blood cells) and the distant fat 

body organ [13]. These develop into egg chambers surrounded by a basement membrane 

secreted from epithelial follicle cells [13–15]. As the egg develops, additional basement 

membrane is deposited in parallel alignment by neighboring follicle cells, generating 

patterns in the basement membrane that allow egg shape elongation [16,17]. (2) During 

embryogenesis, hemocytes secrete basement membrane onto the developing organs in the 

late embryo, and this matrix deposition is necessary for completion of embryogenesis 

[18,19]. (3) Once the embryo hatches into a larva, basement membrane proteins are secreted 

into the hemolymph of the larval open circulatory system, primarily from the fat body, an 

adipose tissue that functions to regulate metabolism and immunity. These secreted proteins 

are then incorporated into the basement membranes of growing tissues and organs, such as 

the central nervous system and the wing disc, as the larva develops from 1st to 3rd instar 

[20]. (4) When the larva undergoes metamorphosis to take on its adult form, the larval 
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tissues must be broken down as the adult tissues develop from the imaginal tissues. At this 

time, basement membranes are also broken down, both around the histolyzing larval tissues 

and around the imaginal discs that are undergoing rapid growth and eversion to create the 

structures of an adult fly [21,22]. These adult structures will themselves be associated with 

newly formed basement membrane, though little is known about how this new basement 

membrane is deposited. These developmental stages offer many opportunities for 

investigating the assembly and function of basement membranes in shaping and maintaining 

the organs they encase, as described below.

Egg chamber basement membrane: stiffness determines organ shape

Drosophila eggs develop within an egg chamber, consisting of 16 germline cells surrounded 

by a monolayer of epithelial (follicle) cells [23]. Each egg chamber forms within a smooth 

sheet-like basement membrane that envelops it [14]. As the egg chamber develops, its 

volume increases ~5000-fold, and its shape changes from a sphere with an aspect ratio of ~1, 

to an ellipsoid with an aspect ratio of ~2 [24]. As the egg chamber grows, the basement 

membrane must expand and remodel to accommodate such a dramatic transformation. 

However, in recent years it has become apparent that basement membrane remodeling does 

not merely take place to accommodate egg chamber elongation; rather basement membrane 

actually drives the process.

Live imaging reveals that the entire Drosophila egg chamber rotates inside its basement 

membrane covering, around the anterior-posterior axis (A-P axis), until stage 9 of egg 

development [16]. Rotation results from the follicle epithelial cells collectively crawling on 

the basement membrane, aligning contractile actin bundles across the tissue so that they are 

parallel to their migration path [16,25]. During rotation, elongated aggregates of 

extracellular matrix are deposited beneath the follicle cells, appearing as basement 

membrane fibrils parallel to the actin bundles [17]. Because egg chamber elongation is co-

incident with both rotation and matrix deposition, several labs have used genetic 

manipulations to investigate the causality among these three phenomena – rotation, 

basement membrane, and elongation. The existence of a fat2 hypomorphic condition with 

egg chambers that did not appear to rotate ex vivo but nevertheless elongated suggested that 

rotation and elongation were independent [26]. However, it was recently determined that egg 

chambers of the same mutant condition do indeed rotate in vivo, albeit more slowly; this 

result was enabled by a new tool that identifies the path of a migrating cell by its secreted 

extracellular matrix [27]. Thus, elongation and rotation remain inseparable, and any 

perturbation that halts rotation also inhibits elongation.

As the egg chamber rotates, aggregates of collagen IV and other matrix proteins are 

deposited from follicle cells into the basement membrane, forming aligned fibrils in the 

direction of cellular migration [14,16,28]. A recent study has shown that these fibrils are 

secreted from cells basal-laterally into the pericellular space between follicle epithelial cells 

before being deposited onto the underlying basement membrane [17]. When the integrin βPS 

subunit myospheroid (mys) or the collagen IV α2 viking (vkg) were mutated, both egg 

chamber rotation and elongation were disrupted, providing the first evidence that the 

deposition of this basement membrane influences the elongation of the egg chambers [16], 
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although it was not possible to distinguish whether basement membrane was acting directly 

by constraining shape or indirectly by promoting rotation. Basement membrane was shown 

to be the driving force behind egg chamber elongation in an experiment in which the 

expression of Secreted Protein Acidic and Rich in Cysteine (SPARC) was prolonged into the 

timeframe when collagen IV fibrils are being deposited [30]. SPARC is thought to solubilize 

collagen IV, and therefore decrease how much is deposited into the basement membrane 

[20,29]. The continued expression of SPARC did not disrupt rotation of the follicle 

epithelium but did result in a substantial decrease in egg chamber elongation, firmly 

establishing the role of basement membrane in driving elongation independently of rotation 

[30].

Recently, two studies made a giant leap forward by analyzing the stiffness of this basement 

membrane at a quantitative level using atomic force microscopy (AFM) [31,32]. AFM 

measures the compressive modulus, or stiffness, of a material. Here, AFM was used to 

measure the stiffness of basement membrane when compressed radially from outside the egg 

chamber toward the center (along the apical-basal axis of the follicle cells). When measured 

this way, basement membrane stiffness varies along the long (anterior-posterior) axis of a 

stage 7–8 egg chamber, with stiffness greatest at the center and decreasing towards the poles. 

Importantly, the basement membrane itself is responsible for creating the tissue stiffness 

gradient along the anterior-posterior axis, as stiffness is reduced upon collagenase treatment 

but not upon actin depolymerization with latrunculin A. This anisotropy or difference in 

stiffness along the anterior-posterior axis is an important driver of elongation, as 

demonstrated in experiments that separate the anisotropy from absolute stiffness. When 

overall basement membrane stiffness was decreased by 20% but the anisotropy remained, 

egg chamber elongation was unchanged. Complementary experiments eliminated the 

anisotropy by evening out the stiffness along the axis, in one case depleting collagen IV 

specifically in the middle region of the follicle epithelium, resulting in a 30% decrease in 

egg chamber elongation. Conversely, when collagen IV deposition was increased, and the 

anisotropic gradient increased by 20%, the egg chamber became hyper-elongated [31]. 

These results suggest that as the egg chamber increases in volume, the regions nearer the 

poles expand radially (along the apical/basal axis of the follicle cells) because of the 

decreased polar matrix stiffness, whereas the central region is constrained by stiffer matrix. 

Yet this stiffness anisotropy along the anterior-posterior axis does not appear to account for 

all the elongation, as egg chambers still elongate 70% of their normal length when stiffness 

is made constant.

A possible second mechanism is suggested by measurements of the stiffness of individual 

matrix fibrils deposited by the rotating follicle epithelium. As expected, these fibrils are 

stiffer than surrounding fibril-free regions [32]. The alignment of these long parallel fibrils 

would create another kind of stiffness anisotropy in the 2D plane of the basement 

membrane: resistance to stretching in one direction (circumferential expansion) but not the 

other (anterior-posterior elongation). This anisotropy would represent a difference in tensile 

stiffness in the planar dimensions of the basement membrane, which unfortunately cannot be 

measured by AFM as it measures compressive stiffness (i.e., resistance to pushing rather 

than pulling forces); and measures it along a different axis, from the outside in (apical/basal 

axis) rather than in the basement membrane plane [31,32]. A quantitative analysis of the X-
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Y stiffness anisotropy generated by the aligned fibers awaits the development of an assay to 

measure tensile stiffness in the basement membrane plane, one that would likely utilize a 

sheet of decellularized follicular basement membrane [32].

In addition to its direct role in constraining egg chamber shape, basement membrane also 

plays an indirect role in increasing egg chamber volume, which is necessary for elongation. 

Egg chambers develop inside a peristaltic muscle sheath, which rhythmically contracts and 

propels the egg chambers posteriorly toward the oviduct for laying. Surprisingly, muscle 

sheath contractions are also important for oocyte yolk uptake from the surrounding 

hemolymph fluid, and when this muscle function is compromised, the oocyte does not 

increase in volume as much as wild-type, and egg elongation is reduced [33]. Muscular 

dystrophy research has illustrated the importance of muscle basement membranes for muscle 

function, as they distribute actomyosin contractile forces across the muscle surface and thus 

protect against muscles shredding themselves under the force of contraction [34]. Similarly, 

egg chamber muscle sheath function requires basement membrane integrity. Thus, when 

laminin or integrins are depleted from muscle sheaths, muscle contractions are 

compromised. Without the muscle contractions, egg chambers are smaller in volume and 

less elongated [33].

Much of basement membrane’s mechanical strength is derived from the significant cross-

linking that takes place between collagen IV trimers [35,36]. Since egg chamber elongation 

is driven by basement membrane stiffness, elongation was used to probe the mechanism of 

collagen IV crosslinking, resulting in the identification of bromine as a new essential 

element. Bromine is a required cofactor for the enzyme peroxidasin in the reaction that 

generates sulfilimine bonds crosslinking collagen IV. This in vitro requirement suggested 

that bromine is an element essential in animals. To test the bromine requirement in vivo, 

flies were fed a bromine-free diet. Flies could not survive without bromine, confirming that 

bromine is an essential element. Interestingly, before they died, female flies laid eggs that 

were rounder than those that consumed bromine-supplemented food. In addition to 

decreased aspect ratios, eggs depleted of bromine or with peroxidasin inhibited had 

significantly smaller volumes than control eggs [37]. These results indicate that bromine-

dependent sulfilimine crosslinking is critical for basement membrane function, especially in 

the sheath muscles required for increases in oocyte volume. Interestingly, when food was 

supplemented with bromine above physiological levels, elongation was increased above 

control levels, and this bromine-induced hyper-elongation was dependent on peroxidasin, 

which catalyzes the collagen IV sulfilimine crosslink. These chemico-genetic experiments 

provide important in vivo confirmation of the in vitro mechanism of bromide-dependent 

collagen IV crosslinking; they also illustrate the role of basement membrane stiffness in 

muscle function and egg chamber elongation [37].

The above studies demonstrate how Drosophila egg chamber development is proving to be a 

powerful in vivo model for analyzing the role of basement membrane in shaping organs. It is 

becoming an exceptional model when the mechanical properties of basement membrane are 

at the center of these questions.
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Central nervous system basement membrane: stiffness alters migration

As Drosophila larvae grow from first to third instars, the central nervous system grows along 

with it. The central nervous system is comprised of two brain lobes and an elongated ventral 

nerve cord, and it is encased by a basement membrane called the neural lamella, which is 

important for separating the developing nervous system from the nearby epidermis during 

embryonic development [38]. This neural lamella is deposited by migrating hemocytes 

(Drosophila inflammatory cells), and interestingly, the laminin secreted by the hemocytes 

aids in their migration, as they seem to assemble autonomously a substrate for their 

migration [18,38]. The relationship between basement membrane composition, stiffness, and 

organ shape in the ventral nerve cord has been explored in several studies. Changes in matrix 

composition alter the shape of the ventral nerve cord: specifically, a shorter ventral nerve 

cord is observed upon the loss of perlecan [20]. This result indicates that matrix stiffness 

constrains nerve cord elongation, because several studies have determined that perlecan 

counters basement membrane stiffness. The role of perlecan in softening basement 

membrane is supported by direct AFM measurement of egg chamber basement membrane 

stiffness: when perlecan is overexpressed, the basement membrane becomes less stiff [31]. 

This role of perlecan is also supported by the observation that the same manipulation makes 

eggs rounder and by several other qualitative phenotypes in which perlecan opposes the 

action of collagen IV [20,30,39,40]. When perlecan levels are reduced by RNAi in the egg 

chamber basement membrane, electron microscopy shows that the resulting basement 

membrane is visibly damaged, and this damage is accompanied by reduction in stiffness 

measured by AFM [32]. We speculate that perlecan’s role in opposing basement membrane 

stiffness may be essential for rapid basement membrane expansion without damage.

In contrast to the shorter ventral nerve cord caused by the loss of perlecan, the ventral nerve 

cord elongates upon the overexpression of perlecan, the loss of collagen IV, or the 

overexpression of several matrix-cleaving proteases, including the matrix metalloproteinases 

Mmp2, the ADAM Kuzbanian, and AdamTS-A [20,39,41,42]. Like the perlecan results, 

these protease results suggest that a loss of matrix stiffness leads to a longer ventral nerve 

cord and that the basement membrane constrains the length of this organ. It is 

straightforward to assume that protease cleavage results in a softer matrix, but surprisingly, 

the inactivation of Mmp2 by expression of its inhibitor Timp or a dominant-negative 

construct also results in a longer ventral nerve cord, as does the dominant-negative AdamTS-

A [39,41]. One possibility is that, in addition to cleaving matrix components directly, these 

proteases may also activate matrix turnover indirectly by binding to partners that affect this 

process.

Remarkably, loss-of-function of AdamTS-A or perlecan causes a dramatic cellular 

phenotype in the central nervous system. In perlecan mutants, neural progenitor cells appear 

to bulge out of the CNS [20,39] while the loss of AdamTS-A causes them to migrate out of 

the nervous system and invade other tissues [39]. This aberrant morphology seems to be 

triggered by increases in matrix stiffness, as the invasion phenotype caused by the loss of 

AdamTS-A is suppressed by the overexpression of perlecan or loss of function in collagen 

IV or β-integrin; and when AdamTS-A is reduced, aggregates of basement membrane 

proteins decorate the normally smooth neural lamella. This aberrant migration is consistent 
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with studies of cultured cells showing that increasing ECM stiffness promotes cell migration 

[43].

Further evidence for basement membrane stiffness regulating the migration of cells out of 

the central nervous system comes from a study that used Drosophila eye development as a 

model for glial tumors. Drosophila retinal glial cells originate in the optic stalk and migrate 

along it toward the eye disc. In a Drosophila glioma model, ectopic activation of PVR 

(homolog of PDGF- and VEGF-Receptors) leads to increased glial cell migration in 3rd 

instar larvae. This glial cell migration depends directly on basement membrane stiffness, and 

migration requires glial-cell specific Lysyl oxidase (Lox) activity, which crosslinks lysine 

residues in the ECM and thus increases ECM stiffness. Either chemical inhibition or genetic 

knock-down of Lox leads to a decrease in glial cell migration. The stiffness of the neural 

lamella was directly assessed via AFM, confirming that the stiffness of the neural lamella is 

decreased in the absence of Lox function [44]. Thus in vivo as in cultured cells, matrix 

stiffness can promote cell migration.

Wing disc basement membrane: distinguishing between the roles of 

cellular compression and ligand retention

Studies in the Drosophila wing disc have illustrated that basement membrane can have 

multiple mechanical functions, both altering tissue forces through cellular compression and 

acting as a physical barrier to ligand diffusion. The wing disc is one of the imaginal discs, 

specialized insect tissues that contain precursor cells that will develop into adult tissues and 

organs after metamorphosis. This seemingly simple structure has been studied as a model for 

tissue morphogenesis for decades [45]. More recently, the wing disc has been an excellent 

context for interrogating hypotheses about how basement membrane drives the shape of 

developing tissues, using genetic approaches. Basement membrane surrounds all imaginal 

discs and is important for determining the shape of the wing disc in the larval stage. For 

example, depletion of collagen IV by RNAi or collagenase treatment causes the wing disc to 

expand; conversely depletion of perlecan compresses the wing disc [20]. These observations 

were used to test the hypothesis that basement-membrane based mechanical signaling alters 

cellular proliferation, which would lead to changes in the eventual shape of the later adult 

wing [46]. The depletion of perlecan does appear to increase the compressive forces of the 

basement membrane around the wing disc, as the apical area of cells in the wing disc 

decreases dramatically. Contrary to predictions, however, this increase in compression does 

not affect the size or shape of the later adult wing [40]. The converse experiment, releasing 

basement membrane constriction in the wing disc, was performed by overexpressing the 

matrix metalloproteinase Mmp2, which leads to an expanded wing disc made of cells with 

larger apical area. The mechanical signaling hypothesis predicts that the loss of compression 

would stimulate cells to proliferate, resulting in a larger adult wing. However, the opposite 

was observed: adult wings were about 30% smaller. These results suggest that although the 

basement membrane does influence the final organ size, it is not a mechanically-based 

signal. Instead, further experiments found that the basement membrane shapes the adult 

wing by acting as a physical barrier to diffusion of the signaling ligand Dpp, a member of 

the TGFβ family that is known to bind collagen IV in vivo [47]. Dpp is generated by cells 
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within the wing disc and is retained within the disc environment by the surrounding 

basement membrane. When this matrix was removed by the expression of Mmp2, Dpp 

diffused away from the wing disc and was taken up in other distant tissues, with the result 

that wing disc Dpp signaling was reduced. Thus the reduction in final wing size was 

attributed to loss of the Dpp signaling ligand without basement membrane to retain it in the 

wing [40]. In this role, basement membrane acts as a signaling insulator, trapping diffusible 

signaling molecules in the vicinity of their cellular sources.

This study illustrates the detailed investigation of mechanical-based models of basement 

membrane function possible in Drosophila. Although it appears that basement membrane 

stiffness has a profound influence on the associated tissues, great care must be taken to 

unravel the ways in which basement membrane composition affects morphology, as both 

mechanical forces and ligand based signaling can be altered by basement membranes.

Concluding remarks

The studies discussed in this review illustrate how Drosophila offers an in vivo model to 

manipulate basement membrane mechanics and to discern the contributions of basement 

membrane mechanics to development. The contributions of these studies include a greater 

understanding of the mechanism by which basement membrane shapes organs, influences 

cellular migration, and facilitates cell signaling. One important conclusion from these 

collected Drosophila basement membrane studies is that basement membrane stiffness is not 

uniform. Even within one organ system, the egg chamber, stiffness reproducibly varies by 

300% across a region that is only 13 cells and 100 µm wide [31]. This observation leads to 

intriguing questions about how the stiffness is determined and to what extent cells can alter 

it. Clearly altering the ratios of collagen IV and perlecan can affect dramatic changes in 

stiffness. In addition to changing basement membrane composition, another mechanism that 

could alter stiffness is changing basement membrane crosslinking. Indeed, the extent of 

sulfilimine crosslinking of collagen IV molecules varies between tissues in a stereotyped 

manner, with mammalian placental basement membrane about 50% more crosslinked than 

glomerular basement membrane, and sulfilimine crosslinking is essential for organ shape 

and viability [37]. Importantly, Drosophila glial cells migrating over neural lamella use Lox-

based matrix crosslinking to alter the stiffness of that basement membrane about two-fold. 

Expression of lox is under control of an integrin-based signaling system, indicating that the 

cell senses matrix stiffness and then increases it [44]. Thus, in this tumor model, cells 

regulate matrix stiffness in a dynamic manner, a finding that suggests cells may dynamically 

alter stiffness under normal physiological or developmental conditions as well. Indeed, an 

analysis of basement membrane stiffness in mosaic egg chambers where some follicle cells 

have been genetically manipulated to secrete less collagen IV suggests that basement 

membrane stiffness is rapidly altered by follicle cells [32]. It will be interesting to discover 

how relative and absolute levels of basement membrane stiffness are set during development 

and to discover how those set-points are changed in response to developmental and 

environmental cues.

Finally, while this review has focused on the contributions of Drosophila to our 

understanding of basement membrane mechanics, it is important to acknowledge that C. 

Ramos-Lewis and Page-McCaw Page 8

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

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



elegans, the other major invertebrate model organism, is also revolutionizing our 

understanding of basement membrane biology. Notable work in C. elegans has illuminated 

the intricacies of basement membrane invasion [48], identified new structures in basement 

membrane architecture [49], and has added to our knowledge of the basement membrane’s 

role in nervous system development [50]. As the genetic tools in both Drosophila and C. 
elegans continue to evolve, there is no doubt that both model systems will continue play an 

essential role in the field.
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Highlights

• Cellular sources of basement membrane proteins change during Drosophila 

development.

• Anisotropic stiffness of basement membrane drives Drosophila egg chamber 

elongation.

• Perlecan counteracts collagen IV in stiffening the basement membrane

• Excessive basement membrane stiffness promotes cellular migration out of 

the Drosophila central nervous system.

• Basement membrane degradation around the wing disc leads to the loss of 

Dpp and smaller adult wings.

• Drosophila is a powerful model for in vivo analysis of basement membrane 

function and stiffness.
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Figure 1. Cellular sources of basement membrane in Drosophila
Basement membrane is synthesized and secreted from several different types of cells during 

Drosophila development.

A) In developing egg chambers, follicle cells (blue) secrete their own basement membrane 

(green) during egg chamber elongation.

B) During embryogenesis, hemocytes (blue) secrete basement membrane (green) onto 

developing organs, such as the ventral nerve cord (purple).
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C) In larvae, the fat body (yellow) secretes basement membrane proteins (green) into the 

open circulatory system, which are then deposited onto tissues throughout the body 

including the central nervous system (purple).
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Figure 2. Basement membrane stiffness alters organ shape
All Drosophila organs are surrounded by a continuous sheet of basement membrane.

A) The basement membrane surrounding wild-type developing egg chambers does not have 

uniform stiffness, but rather is more stiff in the middle and less stiff toward the poles. 

Perturbations that decrease the stiffness lead to rounded egg chambers, whereas those that 

increase the stiffness leads to hyper-elongated egg chambers. See text for details.

B) The larval central nervous system is composed of two brain lobes (top) and an elongated 

ventral nerve cord. Perturbations that soften the basement membrane allow hyper-elongation 

of the ventral nerve cord, whereas those that generate stiffer basement membrane result in 

compaction of the ventral nerve cord and mobilize neural progenitor cells to migrate out of 

the central nervous system, as described in the text.

C) The larval wing disc is the precursor of adult wing and notum tissues, and it has a 

characteristic shape. Softer basement membrane allows the wing disc to expand and flatten, 

whereas stiffer basement membrane compresses it, as described in the text.
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Table 1

Genes encoding basement membrane proteins in mice and flies. Data from Flybase, release FB2017_06 [51]

Basement membrane
protein family

Mouse
genes

Drosophila
genes

Structural proteins

Laminin 11 genes 4 genes

  α-chain Lama1 Laminin A (LanA)

Lama2 wing blister (wb)

Lama3

Lama4

Lama5

  β-chain Lamb1 LanB1

Lamb2

Lamb3

  γ-chain Lamc1 Laminin B2 (LanB2)

Lamc2

Lamc3

Collagen IV 6 genes 2 genes

  Collagen IV α1 Col4a1 Collagen IV alpha 1 (Col4A1)

  Collagen IV α2 Col4a2 Viking (vkg)

  Collagen IV α3 Col4a3 (not present)

  Collagen IV α4 Col4a4 (not present)

  Collagen IV α5 Col4a5 (not present)

  Collagen IV α6 Col4a6 (not present)

Perlecan 1 gene 1 gene

Hspg2 terribly reduced optic lobes (trol)

Nidogen 2 genes 1 gene

Nid1 Nidogen/entactin (Ndg)

Nid2

Extracellular BM Modifying Enzymes

Matrix Metalloproteinase 24 genes 2 genes

Mmp1a, Mmp1b, Mmp2, 
Mmp3, Mmp7, Mmp8, 

Mmp9, Mmp10, Mmp11, 
Mmp12, Mmp13, Mmp14, 
Mmp15, Mmp16, Mmp17, 
Mmp19, Mmp20, Mmp21, 
Mmp23, Mmp24, Mmp25, 
Mmp27, Mmp28, Mmp29

Matrix metalloproteinase 1 (Mmp1)

Matrix metalloproteinase 2 (Mmp2)

Peroxidasin 1 gene 1 gene

Pxdn Peroxidasin (Pxn)

Lysyl Oxidase 5 genes 2 genes

Lox Lysyl oxidase-like 1 (Loxl1)

Loxl1 Lysyl oxidase-like 2 (Loxl2)

Loxl2

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



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Ramos-Lewis and Page-McCaw Page 17

Basement membrane
protein family

Mouse
genes

Drosophila
genes

Loxl3

Loxl4
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