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Abstract

AU : Pleaseconfirmthatallheadinglevelsarerepresentedcorrectly:The basement membrane (BM) is a specialized extracellular matrix (ECM), which underlies

or encases developing tissues. Mechanical properties of encasing BMs have been shown to

profoundly influence the shaping of associated tissues. Here, we use the migration of the

border cells (BCs) of the Drosophila egg chamber to unravel a new role of encasing BMs in

cell migration. BCs move between a group of cells, the nurse cells (NCs), that are enclosed

by a monolayer of follicle cells (FCs), which is, in turn, surrounded by a BM, the follicle BM.

We show that increasing or reducing the stiffness of the follicle BM, by altering laminins or

type IV collagen levels, conversely affects BC migration speed and alters migration mode

and dynamics. Follicle BM stiffness also controls pairwise NC and FC cortical tension. We

propose that constraints imposed by the follicle BM influence NC and FC cortical tension,

which, in turn, regulate BC migration. Encasing BMs emerge as key players in the regulation

of collective cell migration during morphogenesis.

Introduction

The basement membrane (BM) is a dense, sheet-like form of an extracellular matrix (ECM)

that underlies the basal side of epithelial and endothelial tissues and enwraps most developing

organs [1,2]. BMs are highly conserved across evolution and are composed of a core set of pro-

teins, including the secreted glycoproteins laminin, type IV collagen (Coll IV), entactin/nido-

gen, and the heparan sulfate proteoglycan Perlecan [3]. Originally viewed as a static support

ECM, BMs have recently been proven to act as active regulators of tissue shape and

homeostasis.

Encasing BMs regulate the morphogenesis of the tissues they enwrap both molecularly, by

modulating signaling to cells through surface receptors, and mechanically, by imposing
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patterned constricting forces. The best studied developmental function attributed to forces

exerted by enwrapping BMs is the regulation of cell and organ shape (reviewed in [4]).

Mechanically, BMs mediate organ shape by transmitting tension through interconnected cells.

Involvement of BMs in organ shaping is well exemplified in the development of the Drosophila
central nervous system, wing, and egg chamber [5–9]. Changes in the levels of several BM

components, such as Col IV or Laminins, affect the shape of these tissues. Similarly, during

mouse mammary gland duct development, BM accumulates at the base of duct buds, thereby

constricting and elongating them (reviewed in [10]). Finally, BMs also play critical roles in

shaping biological tubes, including Drosophila embryonic salivary glands and renal tubes

[11,12] and the Caenorhabditis elegans excretory system [13]. Besides changing in shape, cells

of developing organs encased by BMs also undergo migratory processes. This is the case of the

distal tip cell of the C. elegans somatic gonad (reviewed in [14]), the avian cranial neural crest

cells [15], or some cell populations during vertebrate branching morphogenesis (reviewed in

[16]). However, in contrast to the wealth of information on the role of BMs in cell migration

when acting as a substratum, little is known about their function in cell movement when acting

as a “corset” encasing developing tissues.

The egg chamber (or follicle) of the Drosophila ovary, the structure that will give rise to an

egg, has proven to be an excellent model system for investigating the in vivo roles of the forces

exerted by encasing BMs in organogenesis (reviewed in [17]). Egg chambers are multicellular

structures that consist of 16-germline cell cysts—15 nurse cells (NCs) and 1 oocyte—sur-

rounded by a monolayer of somatic follicle cells (FCs), termed the follicular epithelium (FE)

(Fig 1A and 1B). Each egg chamber progresses through 14 developmental stages (S1–S14) [18].

The apical side of FCs faces the germline, while the basal side contacts a BM produced by the

FCs themselves, the follicle BM. The follicle BM of the Drosophila ovary contains Laminins,

Coll IV, Perlecan, and Nidogen [19–22]. Initially, the egg chamber is spherical but from S5 it

elongates along its anterior-posterior (AP) axis, to acquire the final elliptical shape of the egg.

During elongation, FCs move collectively over the inner surface of the follicle BM, a process

that has been termed “global tissue rotation” [7]. Rotation is accompanied by alignment of

basal actin bundles and polarized secretion of BM components, which become organized in

circumferential fibrils oriented perpendicular to the follicle’s AP axis [7,23]. The circumferen-

tial arrangement of fibrils is thought to act as a “molecular corset” that constrains follicle

growth in the direction of the alignment, thus driving egg chamber elongation. Around S9,

once global tissue rotation has stopped and the circumferential fibrils of the corset are fully

polarized and formed, a group of 6 to 10 anterior FCs, the border cells (BCs), delaminate from

the epithelium and perform another type of directed collective cell migration ([18,24], Fig 1B

and 1C). BCs extend actin-rich protrusions and move between the NCs until they reach the

anterior membrane of the oocyte, following a central path. Although chemical cues produced

by the oocyte were thought to be sufficient to direct BC migration, 3D reconstruction of egg

chambers have recently shown that microtopography is also important [25]. Thus, while

chemo-attractants primarily guide posterior movement, tissue architecture, and more specifi-

cally multicellular junctures, which present a lower energy barrier for movement, steer them

centrally [25]. During BC migration, NCs exert compressive forces over the BCs, influencing

their migration [26]. Additionally, enzymatic removal of the follicle BM, using collagenase, has

been shown to affect NC shape [27]. In this context, one could speculate that forces exerted by

the follicle BM over the NCs could in principle also influence BC migration. However, this has

never been tested.

Here, we show that increasing or reducing the stiffness of the follicle BM, by altering the

levels of the BM components laminins or Coll IV, inversely affect BC migration speed. In addi-

tion, we found that follicle BM stiffness affects protrusion dynamics and migration mode.
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Fig 1. Reducing Laminins or Col IV levels results in increased BC migration speed. (A) Position of ovaries within a Drosophila female

(left) and schematic of Drosophila ovaries showing an ovariole and its egg chambers (right). BC, border cells; Oo, oocyte; NCs, nurse cells;

FCs, follicle cells; StFCs, stretch FCs; BM, basement membrane. (B) Diagram of an ovariole showing stages 8, 9, and 10 egg chambers (S8–

S10). Anterior is left, posterior right. (C) Three-dimensional diagram of a S9 egg chamber showing the migration of the BCs between the

NCs. (D–G’) Stills taken from live imaging of migrating BCs from egg chambers of the indicated genotypes. Discontinuous yellow lines
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Furthermore, our results show that follicle BM stiffness controls pairwise FC and NC cortical

tension. Finally, we show that a direct manipulation of FC tension affects inversely BC migra-

tion speed. Based on these results, we propose that constraints imposed by the follicle BM can

affect FCs and NCs cortical tension, which, in turn, influences BC migration. Our results

unravel a new role for the mechanical properties of the BMs enclosing developing organs, the

regulation of the intercellular forces controlling collective cell migration. In addition, this

work provides new insights towards our understanding of the remarkable and assorted ways

whereby BMs regulate cell migration during morphogenesis.

Results

The stiffness of the follicle BM influences BC migration

To test the role of the follicle BM on BC migration, we reduced the levels of 2 of its main com-

ponents, Laminins or Coll IV. Laminins are large heterotrimeric glycoproteins that contain 1

copy each of an α, β, and γ chain. Drosophila contains 2 different Laminin trimers, each com-

posed of one of the two α chains, encoded by the wing blister (wb) and Laminin A (LanA)

genes, and the shared β and γ chains, encoded by the Laminin B1 (LanB1) and Laminin B2
(LanB2) genes, respectively [28–31]. To reduce Laminin levels in follicles, we either expressed

a LanB1 RNAi in all FCs by means of the traffic jam (tj) Gal4 line (tj>LanB1RNAi) or used a

hypomorphic viable condition for the locus, LanB128a/l(2)K05404 (hereafter referred to as

LanB1hyp, Table 1), as both have been shown to drastically reduce LanB1 levels up to S8

[11,32]. We have previously shown by atomic force microscopy measurements that follicle BM

stiffness was significantly diminished in these mutant conditions, from the germarium up to

S8 [32]. As here we found that LanB1 levels in the mutant follicles were kept constant and sig-

nificantly inferior to controls until the end of oogenesis (S1 Fig), we expected that the reduc-

tion in BM stiffness would sustain up to S9, when BCs are migrating. To confirm this, we

utilized atomic force microscopy and measured the apparent elastic modulus, K, as a proxy for

BM stiffness [32]. Force-distance curves were analyzed for an indentation depth of 200 nm,

because egg chambers are composite materials with several layers, and structures away from

the surface farther than approximately 1/10 of the indentation depth do not contribute to K
[33]. As expected, we found that the K values of laminin-depleted follicles (n = 16 from 7 dif-

ferent egg chambers) were significantly smaller compared with controls (n = 12 from 6 differ-

ent egg chambers, S2A and S2B Fig).

Another key component of BMs is type IV collagen, a unique member of the collagen

superfamily, which is composed of different a1 chains that form distinct heterotrimers. The

Drosophila Coll type IV trimer consists of two α1 chains and one α2 chain, encoded by the

genes Collagen at 25C (Cg25C) and Viking (Vkg), respectively [34–36]. To decrease Coll IV lev-

els, we expressed a Vkg RNAi in all FCs using the tjGal4 driver (tj>Coll IVRNAi, Table 1), an

approach previously shown to efficiently reduce both Coll IV levels and BM stiffness up to S8

[7,37]. In addition, as it was the case for Laminins, we found that the K values of tj>Coll IVRNAi

follicles were kept significantly smaller than those of controls at S9 (S2A and S2B Fig).

These results demonstrated that the approach here used to decrease Laminins and Col IV

levels in follicles caused a reduction in BM stiffness at S9, which is when BCs are migrating.

This allowed us to test the effects of lessening BM stiffness in BC migration.

demarcate the region between the anterior border of the egg chamber and the oocyte anterior membrane. (H–J) Quantification of BC

migration speed during the whole migratory process (H) and during the early (I) and late (J) phases in egg chambers of the indicated

genotypes. The statistical significance of differences was assessed with a t test, ** P value< 0.01. Horizontal and vertical lines indicate mean

and SD, respectively. Scale bars in A’, B’, C’ and D’, 20 μm. The raw data underlying panels H–J are available in S1 Data.

https://doi.org/10.1371/journal.pbio.3002172.g001
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To quantify BC migration in the different conditions in which the BM stiffness was altered,

we performed live imaging of control and Laminin or Coll IV-depleted egg chambers. To visu-

alize BCs, we generated transgenic flies that expressed the green fluorescent protein (GFP)

driven by an enhancer of the torso-like (tsl) gene, which is active in BCs and in a group of pos-

terior FCs (tslGFP, see Materials and methods, [38]). Quantification of BC migration speed

from live imaging analysis revealed that BCs from tslGFP; tj>LanB1RNAi (n = 7), tslGFP;

LanB1hyp (n = 5), or tslGFP; tj>VkgRNAi (n = 5) egg chambers moved faster than BCs from

control follicles (tslGFP; tj>Gal4, n = 8) (Fig 1D–1H, S1 Movie, see Materials and methods).

In all experimental egg chambers, BCs completed their migration and reached the oocyte as in

controls.

BC migration to the oocyte has been divided in 2 phases. In an early phase—from detach-

ment until halfway to the oocyte—movement is more streamlined and sliding. In the late

phase—from midway to contacting the oocyte—movement is slower with clusters rotating in

place [39,40]. We found that reducing Laminins or Col IV levels increased the migration speed

of both phases (Fig 1I and 1J). Since we found that BC migration was similarly increased when

reducing either Laminins or Coll IV levels and as Laminins were required for proper Coll IV

deposition in the ovary [32], we concentrated our analysis on laminin-depleted egg chambers.

These results suggest the existence of a direct correlation between BM stiffness and BC

migration speed. However, the general FC driver tjGal4 directs expression in all FCs, including

BCs. Even though Laminins are not expressed in BCs during their migration [41] (S1A Fig), to

completely rule out the possibility that the faster BC migration phenotype observed in

tj>LanB1RNAi follicles was due to a possible requirement of this BM component in BCs, we

Table 1. Key resources table.

Reagent or resource Source Identifier

Antibodies

Rabbit anti-pSqh Cell Signaling 3671S

Anti-Rabbit Cy3 Jackson ImmunoReseach Laboratories 211-502-171

Anti-Rabbit Cy2 Jackson ImmunoReseach Laboratories 711225152

Anti-LanB1 Abcam EPR3189

Chemicals, peptides, and recombinant proteins

Rhodamine-Phalloidin Molecular Probes R37112

Hoechst Thermo Fisher H21491

Experimental models: Organisms/strains

LanB128a (II) [11] N/A

l(2)K05404 Bloomington Drosophila Stock Center BDSC 13957

KelchED1 Bloomington Drosophila Stock Center 4893

dic1 Bloomington Drosophila Stock Center 4223

UAS-LanB1 RNAi VDRC V23119

UAS-Vkg RNAi Bloomington Drosophila Stock Center BDSC 50895

UAS-Abi RNAi DGRC Kyoto 9749R

UAS-EHBP1mCh Bloomington Drosophila Stock Center BDSC 67145

mirror Gal4 Bloomington Drosophila Stock Center BDSC 63048

slbo Gal4 Bloomington Drosophila Stock Center BDSC 8915

C306 Gal4 Bloomington Drosophila Stock Center BDSC 3743

Tsl Gal4 [38] N/A

nos Gal4 Bloomington Drosophila Stock Center BDSC 4937

ResilleGFP Kindly provided by Prof. Wieschaus N/A

https://doi.org/10.1371/journal.pbio.3002172.t001

PLOS BIOLOGY Constrains from the basement membrane regulate cell migration

PLOS Biology | https://doi.org/10.1371/journal.pbio.3002172 June 28, 2023 5 / 28

https://doi.org/10.1371/journal.pbio.3002172.t001
https://doi.org/10.1371/journal.pbio.3002172


analyzed the effects of expressing a LanB1 RNAi specifically in BCs. To achieve efficient RNAi

knockdown in BCs, we combined the BC Gal4 line slboGal4 [24] with 2 other Gal4 lines,

C306Gal4 and torso-likeGal4 (tslGal4), which are expressed before BCs detach from the FE

([24,38], Table 1). As expected, we could not detect any LanB1 signal in the BCs of these folli-

cles triple>LanB1RNAi (S3A and S3A’ Fig). In addition, live imaging of egg chambers co-

expressing the LanB1RNAi and a GFP, to visualize the BCs, showed that BCs from the tri-
ple>GFP; LanB1RNAi egg chambers (n = 6) moved at similar speed than controls (triple>GFP;
n = 5, S3 Fig and S2 Movie). This result indicated that Laminins do not have an essential func-

tion in BCs, a finding that is consistent with the reported absence of Laminins expression in

BCs during their migration [41].

To further test the idea that the stiffness of the BM affects BC migration, we analyzed the

effect of increasing BM stiffness. To this end, we used the tjGal4 to overexpress an mCherry

tagged version of EHBP1(EHBP1mCh) in all FCs, an approach known to increase Coll IV fibril

deposition and BM stiffness ([8], Table 1). In fact, in agreement with those studies, we found

that the K values of tj>EHBP1mCh follicles obtained by AFM were significantly higher than

those of controls (S2B Fig). Live time-lapse imaging showed that the overexpression of

EHBP1mCh in all FCs delayed BC migration (tslGFP; tj> EHBP1mCh, S4A–S4B’ Fig, S3

Movie, n = 6). However, as mentioned above, the general driver tjGal4 drives expression in all

FCs, including BCs (S4 Fig). In this context, the BC migration defects observed in tslGFP;

tj>EHBP1mCh follicles could also be due to an increase in Coll IV levels in BCs, rather than

just a rise in follicle BM stiffness [37]. Thus, to directly assess the impact of BM stiffness in BC

migration, we used the mirrorGal4 (mirrGal4) driver, whose expression is restricted to a cen-

tral region of the FE [42]. A previous study showed that by S8, the BM at the central region

was stiffer than that at terminal regions [37]. Here, we found that this difference persisted into

S9 egg chambers (S2D Fig). In addition, we found that this difference was higher when

EHBP1mCh was expressed in the central region of the follicle using the mirrGal4 line com-

pared to controls (mirr>EHBP1mCh, S2D and S2E Fig). This result demonstrated, in agree-

ment with previous results [37], that overexpressing EHBP1mCh locally increased BM

stiffness. Next, we analyzed BC migration in these experimental conditions and found that,

while BCs migrated normally anterior to the mirror region in the tslGFP; mirr>EHBP1mCh
egg chambers (Fig 2A–2C, n = 8), migration speed was reduced once BCs reached the mirror
region (Fig 2D, n = 8, S4 Movie). Furthermore, while migration was always completed in con-

trols follicles (n = 6), migration in the mirror region was halted in 20% of the experimental

cases analyzed (Fig 2E, n = 9).

Effect of the BM stiffness on cellular protrusions dynamics and migration

mode

As mentioned in the Introduction, BCs extend actin-rich protrusions while migrating between

the NCs. As these protrusions extend between NCs, it is logical to think that any constraint(s)

could influence the formation and dynamics of these protrusions. Thus, we next analyzed by

live imaging the behavior of BC cellular protrusions in control and experimental clusters

throughout the migratory process. In agreement with previous results [39,43], we found that

BC protrusions in control egg chambers showed an overall front bias and that the protrusion

at the front of the cluster was longer than protrusions from other areas of the cluster (n = 7,

Fig 3A, 3E, and 3K and S1 Movie). This is maintained when manipulating BM stiffness (Fig 3E

and 3F). However, BCs from laminin-depleted egg chambers (tslGFP; tj>LanB1RNAi) showed

a significant increase in the number of protrusions extended laterally (n = 6, Fig 3B and 3E).

Moreover, BCs from tslGFP; mirr>EHBP1mCh egg chambers showed a decrease in the
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number of these lateral protrusions (n = 8) compared with controls (n = 6), specifically in the

mirr region (Fig 3C, 3D, and 3F). Previous studies have shown that reducing E-cadherin (E-

cad) or myosin function reduces directional persistence as a consequence of generating ectopic

long side protrusions, resembling the large leading protrusion that initiate and guide BC

migration [44,45]. In contrast, here we show that BCs from laminin-depleted egg chambers

migrate faster towards the oocyte, despite showing an increase in the number of lateral protru-

sions. However, we found that the length of the ectopic side protrusions and that from the

front and rear of clusters from laminin-depleted egg chambers was similar to that of controls

(Fig 3K). This could explain why BCs from laminin-depleted egg chambers do not loose direc-

tionality besides having increase ectopic lateral protrusions.

As mentioned above, BCs show efficient forward movement during the early phase and

increased tumbling during the late phase [39]. Next, we analyzed whether modifying the BM

would affect the rotation mode. Using manual tracking (see Material and methods), we found

that BC clusters from laminin-depleted egg chambers rotated slower than those from controls

(n = 8, Fig 3G and 3G’, S5 Movie). In addition, we found that while control BC clusters always

rotated (n = 8, Fig 3K), BC clusters in laminin-depleted egg chambers did not rotate in 42.8%

of the cases analyzed (n = 7, Fig 3K). In contrast, the slow-moving BC clusters of EHBP1

Fig 2. Increasing EHBP1 levels in FCs results in reduced BC migration. AU : AbbreviationlistshavebeencompiledforthoseusedinFigs2to7:Pleaseverifythatallentriesarecorrect:(A–B”) Stills taken from live imaging of migrating

BCs from egg chambers of the indicated genotypes. (C, D) Quantification of BC migration speed in egg chambers of the

indicated genotypes in the area anterior to (C) and at the (D) mirr expressing region. (E) Quantification of egg chambers with

complete BC migration. The statistical significance of differences was assessed with a t test, * P value< 0.05. Horizontal and

vertical lines indicate mean and SD, respectively. Scale bars in A” and B”, 20 μm. The raw data underlying panels C–E are

available in S1 Data. BC, border cell; FC, follicle cell.

https://doi.org/10.1371/journal.pbio.3002172.g002
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Fig 3. Modifying BM stiffness affects protrusion orientation and migration mode. (A–D) Stills taken from live imaging of BCs from egg

chambers of the designated genotypes. The blue circles indicate the BC cluster bodies. (E, F) Mean number of protrusions observed per

frame (snapshots) in each direction from BC clusters of egg chambers of the indicated genotypes. (G–J’) Stills taken from live imaging of BC

clusters from egg chambers of the designated genotypes. The pink asterisks mark the BC being followed. White arrows indicate the direction

of the movement. (K–M)AU : Pleasecheckif ðK; LÞshouldbechangedtoðK � MÞinFig3caption:Quantification of BC cluster rotation. The statistical significance of differences was assessed with a t test, * P
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overexpressing follicles were still able to rotate (Fig 3I–3J’ and 3L, n = 10, S6 Movie). This

result demonstrates that the stiffness of the follicle BM could alter the mode of BC migration.

Direct correlation between BM stiffness and NC cortical tension

The current model proposes that NCs exert compressive forces over BCs that are perpendicu-

lar to the migration pathway and that mechanically influence their migration [26]. In this sce-

nario, and since NCs are externally constrained by both the FCs and the follicle BM, the

increase in migration speed we observe upon reduction of BM stiffness may arise from a drop

in NC cortical tension. To test this possibility, we first analyzed to what extent stiffness of the

BM could influence NC cortical tension. In wild-type egg chambers, BM stiffness over the NCs

has been shown to gradually decrease from early S9 to S10 in the anterior region of the egg

chamber, while a group of around 50 anterior FCs, the so-called stretched FCs (StFCs), pro-

gressively flatten in an anterior to posterior wave [46–48]. To test whether these changes in

BM stiffness affected NC cortical tension, we performed laser ablation experiments in NCs

under the StFCs throughout the flattening process of these cells (S5A–S5F Fig, [49]; see Materi-

als and methods, S7 Movie). All cuts were made perpendicular to the AP axis (S5 Fig) and the

behavior of cell membranes, visualized with Resille-GFP [50], was monitored up to 10 s after

ablation (S7 Movie). We found that, although some differences in BM stiffness were reported

for mid and late S9 egg chambers relative to early S9 [46], NC cortical tension did not change

significantly throughout these stages, which is when BCs migrate (n = 16, S5A–S5F Fig). How-

ever, we did detect a significant decrease in NC cortical tension at S10 (n = 15, S5F Fig), when

anterior FCs were totally flattened, BC migration was completed and BM stiffness was much

lower than that found at earlier stages [46]. This result suggested that reducing BM stiffness

below a certain threshold diminished NC cortical tension.

Based on this result, we next tested whether the decrease in BM stiffness detected in the

laminin-depleted egg chambers could affect NC cortical tension. BM stiffness over the NCs

was found to be homogenous along the A/P axis in early S9 control egg chambers [46,51]. In

line with these results, we found, by laser ablation experiments, that NC cortical tension was

also homogenous along the A/P axis at this stage (S5G Fig). Thus, we decided to perform the

next set of laser ablation experiments in NCs located in the central region of early S9 follicles,

ahead of migrating BCs, as this will be the environment BCs will encounter during their

movement towards the oocyte (Fig 4A). We found that the cortical tension of NCs in lami-

nin-depleted follicles (Resille-GFP-tj>LanB1RNAi, n = 16) was lower than in controls

(Resille-GFP-tjGal, n = 15, Fig 4B–4D, S8 Movie). Accordingly, the levels of the phosphory-

lated form of the regulatory chain of non-muscle Myosin II (encoded by the gene spaghetti
squash, pSqh) at the NC cortex were lower in laminin-depleted follicles (n = 10) compared

with controls (n = 10) (S6A, S6B and S6E Fig). An increase in NC contraction was shown to

increase the levels of pSqh at the periphery of the BC cluster [26]. Here, we found that pSqh

levels were reduced in the BCs of laminin-depleted egg chambers (n = 9) compared with

controls (n = 8) (S6G, S6H and S6K Fig).

Altogether, our results support a model in which stiffness of the BM impacts on compres-

sive forces exerted by NCs over the BCs, which is important for their movement. To further

test this idea, we analyzed whether increasing BM stiffness could augment NC cortical tension.

To do this, we expressed EHBP1mCh in the central region of the FE and measured cortical ten-

sion by laser ablation and pSqh levels. Indeed, we found that the cortical tension and pSqh

value< 0.05. Horizontal and vertical lines indicate mean and SD, respectively. Scale bars in A–D and G–J, 10 μm. The raw data underlying

panels E, F and K–M are available in S1 Data. BC, border cell; BM, basement membrane.

https://doi.org/10.1371/journal.pbio.3002172.g003

PLOS BIOLOGY Constrains from the basement membrane regulate cell migration

PLOS Biology | https://doi.org/10.1371/journal.pbio.3002172 June 28, 2023 9 / 28

https://doi.org/10.1371/journal.pbio.3002172.g003
https://doi.org/10.1371/journal.pbio.3002172


Fig 4. Direct correlation between BM stiffness and NC cortical tension. (A) Schematic drawings of an S9 egg chamber

illustrating the point of ablation (blue bar). NCs are in gray, BCs in yellow, FCs in purple, and BM in blue. (B) Images of life S9

control (tjGal4) and tj>LanB1RNAi egg chambers expressing Resille-GFP before and after NC bonds are ablated. Blue bars

indicate points of ablation. (C) Quantification of initial velocity of vertex displacement and (D) vertex displacement over time of

the indicated ablated bonds. (E) Schematic drawing of an S9 egg chamber, similar to the one shown in A, illustrating the

mirrorGal4 pattern of expression (mirrGal4, pink). (F, I) Life images of NCs located in the area anterior to (F) and at the (I) the
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levels at the cortex of NCs located under the mirror region in mirr>EHBP1mCh egg chambers

(n = 14 and n = 7) was higher than that found in control (n = 13 and n = 7, Figs 4F–4H, S6C,

S6D and S6F), while no statistically significant difference was observed between experimental

(n = 14 and n = 7) and control (n = 13 and n = 7) NCs located anterior to the mirror region

(Figs 4I–4K and S6F). Furthermore, we found that the levels of pSqh were higher in BCs from

mirr>EHBP1mCh (n = 8, S6I, S6J, and S6L Fig), being specifically significant at the lateral clus-

ter periphery, where contraction forces from NCs could be higher in this experimental

situation.

Finally, to further test our hypothesis that BM stiffness could influence BC migration via

regulating NC cortical tension, we analyzed whether a direct reduction of NC cortical tension

would speed up BC migration. In order to do this, we expressed an RNAi against the Abelson

interacting protein (Abi) in NCs, as its expression in FCs has been shown to cause a reduction

in their cortical tension [52]. We found that the expression of an AbiRNAi RNAi in NCs (n = 5,

nos>AbiRNAi) increased BC migration speed compared with controls (n = 5) (S7 Fig and S9

Movie). In addition, we found that rotation of the BC cluster was affected. Thus, while BCs

rotated in 100% of control nosGal4 egg chambers (n = 5), rotation was hampered in 20% of

nos>AbiRNAi egg chambers analyzed (n = 5, S7D Fig). This result supports our idea that less

tension in NCs can prevent BC migratory rotation, which we propose contributes to increase

speed.

Contribution of cytoplasmic pressure to BC migration

Cell mechanical properties are not only dictated by cortical tension but also by cytoplasmic

pressure. Collagenase treatment decreases NC cytoplasmic pressure, leading to suggest that

BM stiffness could influence NC cytoplasmic pressure [51]. In this scenario, the effects on BC

migration we observed when reducing laminin levels could also be due to alterations in NC

cytoplasmic pressure. To test this possibility, we measured NC cytoplasmic pressure in early

S9 control and tj>LanB1RNAi egg chambers. The extent of curvature of the posterior-facing

NC membrane (the radius of the circle fitting this membrane) has been proposed to reflect dif-

ferences in the cytoplasmic pressure of adjacent NCs [51]. Using this method, a gradient of

cytoplasmic pressure along the A/P axis, with pressure decreasing from anterior to posterior,

was reported. Using this approach, we found that this gradient was maintained in both lami-

nin-depleted and EHBP1mCh overexpressing follicles, as we did not detect any significant dif-

ference between the curvature of NCs from tj>LanB1RNAi or mirr>EHBP1mCh follicles and

that of controls (S8A–S8F Fig, n> 10 per position). This is consistent with previous results

showing that altering the BM stiffness, by collagenase treatment, did not affect the gradient of

NC cytoplasmic pressure [51]. However, even though absolute values of pressure were found

lower in collagenase-treated follicles compared to untreated follicles (Lamire and colleagues)

[51], we did not detect any significant difference between the curvature of NCs from

tj>LanB1RNAi or mirr>EHBP1mCh follicles and that of controls (S8E and S8F Fig). In any

case, to more directly address a possible role of NC cytoplasmic pressure on BC migration, we

analyzed BC migration in dicephalic (dic1) and kelch (KelED1) mutant egg chambers, as they

were shown to display reduced and increased NC cytoplasmic pressure, respectively [51]. Our

mirr expressing region of S9 control (mirrGal4) and mirr>EHBP1mCh egg chambers expressing Resille-GFP before and after NC

bonds are ablated. Blue bars indicate points of ablation. (G, J) Quantification over time of initial velocity of vertex displacement

and (H, K) vertex displacement over time of the indicated ablated bonds. The statistical significance of differences was assessed

with a t test, * P value< 0.05 and *** P value< 0.001. Horizontal and vertical lines indicate mean and SD, respectively. Scale bars

in B, F, and I, 10 μm. The raw data underlying panels C, D, G, H, J, and K are available in S1 Data. BC, border cell; BM, basement

membrane; FC, follicle cell; GFP, green fluorescent protein; NC, nurse cell.

https://doi.org/10.1371/journal.pbio.3002172.g004
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in vivo analysis showed that the speed at which BCs moved in dic1 and KelED1 follicles was sim-

ilar to that found in controls (S8G–S8J Fig and S10 Movie). All together, these results suggest

that NC cytoplasmic pressure on its own does not seem to strongly contribute to the forces

regulating BC migration.

Direct correlation between BM stiffness and apical and basal FC cortical

tension

As variations in BM mechanics were shown to impact on FC shape [46], we wished to deter-

mine if follicle BM stiffness affected FC cortical tension. We first checked whether reducing

BM stiffness altered basal FC tension by measuring cortical tension on the basal side of FCs in

S9 control and laminin-depleted FCs. Laser cuts were made in main body cuboidal FCs con-

tacting NCs just ahead of migrating BCs and perpendicular to the dorso/ventral axis (Fig 5A

and 5A’). We observed that the tension at cell–cell contacts on the basal side of FCs in lami-

nin-depleted egg chambers (tj-Resille-GFP>LanB1RNAi, n = 15, S11 Movie) was reduced com-

pared to controls (tj-ResilleGFP, n = 15, Fig 5B–5D, S11 Movie). These results demonstrated

the existence of a direct correlation between follicle BM stiffness and FC basal cortical tension.

To further test this hypothesis, we assessed whether increasing BM stiffness could cause the

opposite effect, a rise in basal FC tension. Indeed, we found that FCs expressing EHBP1mCh
(Resille-GFP; mirr>EHBP1mCh, n = 17) showed increased tension at basal FC-FC contacts

compared to controls (Resille-GFP; mirr, n = 16, Fig 5E–5G).

We next tested whether manipulating BM stiffness could also affect tension at cell–cell con-

tacts on the apical side of FCs (S12 Movie). Recent studies have shown that decreasing Col IV

levels reduced apical FC surface and caused defects in adherent junctions remodeling [46],

suggesting a link between BM stiffness and FC apical tension. Similar to what happened on the

basal side, our results showed that decreasing ((tj-Resille-GFP>LanB1RNAi, n = 15) or increas-

ing (mirr>EHBP1mCh, n = 15) BM stiffness respectively reduced or augmented tension at api-

cal FC-FC contacts (Fig 5H–5M and S12 Movie).

All together, these results suggested that the mechanical properties of the BM could also

influence FC cortical tension. Because FCs are in direct contact with NCs, FC tissue mechanics

could affect BC migration. To further test this hypothesis, we analyzed whether a direct manip-

ulation of FC tension would affect BC migration. Expression of an Abi RNAi in all FCs led to

elimination of actin-containing networks [23,53]. Furthermore, we recently showed that a

reduction in Abi levels rescued the increase in FC cortical tension due to integrin elimination,

suggesting that Abi might regulate cortical tension [52]. We thus analyzed BC migration in fol-

licles expressing an Abi RNAi in all FCs (tslGFP; tj>AbiRNAi). We found that BCs moved

faster in tslGFP; tj>AbiRNAi follicles (n = 6) compared to controls (tslGFP; tj, S9 Fig and S13

Movie, n = 8). While these results supported the idea that FC tension could influence BC

migration, the fact that tjGal4 drives gene expression in all FCs, including BCs, and that Abi
depletion can block other collective migratory processes such as egg chamber rotation [23],

the defects observed in tj>AbiRNAi follicles could be, in part or totally, due to a specific role of

Abi in BCs, rather than an effect on FC tension. Thus, we used mirrGal4 to deplete Abi only in

central FCs (mirr>AbiRNAi). We first tested whether this approach altered FC tension of cell–

cell contacts on the basal side of FCs. To this end, we performed laser ablation on the basal

side of FCs located in the mirror area (Fig 6A). Indeed, we found that tension at FC-FC basal

contacts was reduced in the Resille-GFP; mirr>AbiRNAi follicles (n = 10) compared to controls

(Resille-GFP; mirr, Fig 6B and 6C, n = 13). Furthermore, laser ablation in NCs (Fig 6D)

revealed that NC cortical tension was also reduced in the experimental egg chambers (Resille-

GFP; mirr>AbiRNAi, n = 15) compared to controls (Fig 6D–6F, n = 14). Finally, in vivo analysis
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Fig 5. Direct correlation between BM stiffness and FC cortical tension. (A–A”) Schematic drawings of an S9 egg

chamber illustrating the point of ablation (blue bar) on the basal (A’) and apical (A”) side of a FC. NCs are in gray, BCs

in yellow, FCs in purple, and BM in blue. (B, E, H, K) Images of the basal (B, E) and apical (H, K) sides of life S9 egg

chambers of the indicated genotypes before and after FC bonds are ablated. Blue bars indicate points of ablation. (C, F,

I, L) Quantification over time of initial velocity of vertex displacement and (D, G, J, M) vertex displacement of the

PLOS BIOLOGY Constrains from the basement membrane regulate cell migration

PLOS Biology | https://doi.org/10.1371/journal.pbio.3002172 June 28, 2023 13 / 28

https://doi.org/10.1371/journal.pbio.3002172


of BC migration showed that BCs migrated faster in the mirror region (n = 6) of experimental

follicles compared to controls (n = 6) (Fig 6G–6I and S14 Movie).

Discussion

BMs are thin, dense sheet-like types of ECM that underlie or surround virtually all animal tis-

sues. By a combination of molecular and mechanical activities, BMs play multiple roles during

tissue morphogenesis, maintenance, and remodeling [3]. One of the most prominent develop-

mental functions attributed to BMs is cell migration. The conventional role of BMs during

developmental migration is to provide an underlying substratum for moving cells. However,

there are examples during morphogenesis where cells do not use BMs as a direct substratum,

yet, the 3D environment through which they move is itself encased by a BM. Here, our results

show that the stiffness of these encasing BMs can also influence collective cell migration,

unraveling a new mechanical role for BMs during development.

The Drosophila egg chamber has served as a paradigm to study the role of encasing BMs in

morphogenesis. Studies so far have revealed that the mechanical properties of the BM sur-

rounding the egg chamber influence the behavior of cells in direct contact with it, the FCs.

Constrictive forces applied by the egg chamber BM regulate changes in the shape of FCs that

underlie tissue elongation [7,8]. BM stiffness was also shown to affect the onset and speed of

the collective movement of all FCs over the inner surface of the BM, during the process of

“global tissue rotation” [32]. Here, we show that the mechanical properties of the egg chamber

BM can also regulate the behavior of cells that are not in direct contact with it, the BCs. BCs

move using as a substratum NCs that are surrounded by FCs, encased, in turn, by a BM. Previ-

ous studies have shown that reciprocal mechanical interactions between the migrating BCs

and the NCs substratum facilitate the movement of BCs [26,27]. Our results reveal that con-

straints exerted by the BM also influence BC migration, as stiffness of the BM evenly affects

NC cortical tension. Recent studies have shown that BCs migrate along the center of the egg

chamber, between the junctures where several NCs meet, as the energy cost of unzipping these

junctures is most favorable [25]. In this context, we could speculate that the reduction in NC

cortical tension detected when reducing BM stiffness could weaken NC-NC junctures, allow-

ing for faster migration. In this scenario, we also propose that, in contrast to what happens in

controls where the number of side protrusions is low compared to the front one, the reduced

NC cortical tension we observed in laminin-depleted follicles could lead to a lessening of cellu-

lar junctions, thus explaining the increased number of side protrusions we observe in this

experimental situation. However, our results also show that even though NC cortical tension is

reduced in laminin-depleted egg chambers, it seems to be maintained above the threshold nec-

essary to preserve migration along the central path. Several studies in the field have led to pro-

pose a grapple and pull model for BC migration, by forward-directed protrusions. In this

scenario, BCs extend a long protrusion at the front, grip the substrate at the tip and the cell

body pulls itself toward the tip, absorbing the protrusion into the cell body [54]. Furthermore,

the ectopic formation of long protrusions in BCs in different experimental conditions slows

BC migration [26,55]. Here, we show that BCs from laminin-depleted egg chambers show

increased number of side protrusions, yet they migrate faster. However, we show that these

ectopic side protrusions are not long. In fact, they have the same length as side protrusions

indicated ablated bonds. The statistical significance of differences was assessed with a t test, * P value< 0.05, ** P
value< 0.01, and *** P value< 0.001. Horizontal and vertical lines indicate mean and SD, respectively. Scale bars in B,

E, H, and K, 5 μm. The raw data underlying panels C, D, F, G, I, J, L, and M are available in S1 Data. BC, border cell;

BM, basement membrane; FC, follicle cell; NC, nurse cell.

https://doi.org/10.1371/journal.pbio.3002172.g005
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from controls. This could explain why BCs from laminin-depleted egg chambers do not loose

directionality besides having increase ectopic lateral protrusions. Finally, even though the

grapple and pull model is a well-accepted general model for BC motility, an alternative model

Fig 6. Reducing the cortical tension of FCs results in reduced NCs cortical tension and increased BC migration. (A) Schematic drawings of an S9 egg

chamber illustrating the mirrorGal4 pattern of expression (mirrGal4, pink) and the point of ablation in the basal side of FCs (blue bar). NCs are in gray,

BCs in yellow, FCs in purple, and BM in blue. (B) Images of life S9 control mirrGal4 and mirr>AbiRNAi egg chambers expressing Resille-GFP before and

after FCs bonds are ablated. Blue bars indicate points of ablation. (C) Quantification of initial velocity of vertex displacement of the indicated ablated

bonds. (D) Schematic drawing of an S9 egg chamber illustrating the mirrGal4 pattern of expression (pink) and the point of ablation in the NCs (blue bar).

(E) Images of life S9 egg chambers of the indicated genotypes before and after NC bonds are ablated. Blue bars indicate points of ablation. (F)

Quantification of initial velocity of vertex displacement of the indicated ablated bonds. (G–H’) Stills taken from live imaging of migrating BCs from egg

chambers of the indicated genotypes. Discontinuous yellow lines demarcate the region between the anterior border of the egg chamber and the oocyte

anterior membrane. (I, J) Quantification of BC migration speed in the area anterior to (I) and at the (J) mirr expressing region. The statistical significance

of differences was assessed with a t test, * P value< 0.05, ** P value< 0.01, and *** P value< 0.001. Horizontal and vertical lines indicate mean and SD,

respectively. Scale bar in B, E, and G–H’, 5 μm, 10 μm, and 20 μm, respectively. The raw data underlying panels C, F, I, and J are available in S1 Data. BC,

border cell; BM, basement membrane; FC, follicle cell; GFP, green fluorescent protein; NC, nurse cell.

https://doi.org/10.1371/journal.pbio.3002172.g006
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was proposed [45], in which rather than functioning as effective grapples or attachment sites,

the tip of the protrusion functions as sensory organs. This was based on 3 key observations: (1)

80% of protrusions retract; (2) protruding and retracting clusters move with similar speed; and

(3) BCs retract the great majority of protrusions before crawling into the space vacated by

them [45]. Furthermore, BCs continue to crawl forward even though the protrusion retracts

[45]. Then, they propose that “cryptic” lamellipodia observed between BCs [56] might serve a

crawling function. In this context, orientation and number of protrusions do not necessarily

have to correlate with migration speed, sustaining our results showing that BCs can migrate

faster in laminin-depleted egg chambers, despite the increase in lateral protrusions.

Besides cortical tension, cell mechanical properties are also dictated by cytoplasmic pres-

sure. A gradient of cytoplasmic pressure within a defined group of NCs induces TGFβ signal-

ing in the surrounding epithelial cells. This, in turn, has been proposed to induce local

softening of the BM and cell shape changes that promote elongation of the follicle, thus sup-

porting a role for cytoplasmic pressure in shaping cells and organs [51]. However, here we

show that cytoplasmic pressure on its own does not seem to compellingly influence BC migra-

tion. These results suggest that even though the different mechanical properties of cells are

interconnected, each of these properties on their own might impact the diverse cell biological

processes in distinct ways. In fact, cytoplasmic pressure, and not cortical tension, has been pro-

posed to regulate Drosophila nurse cell shape [51]. Similarly, during the process of mitotic

rounding in the columnar epithelium of the Drosophila wing disc, cell area expansion was

shown to be largely driven by cytoplasmic pressure, while roundness was primarily driven by

cell–cell adhesion and cortical stiffness [57]. In the future, it will be interesting to understand

the specific contribution of the different mechanical properties to the diverse morphogenetic

processes.

Altogether, we would like to propose a model of the forces regulating BC migration in

which, in addition to the already described forces that NCs apply directly over BCs and vice

versa, more distant compressive forces exerted by the egg chamber BM emerge as another key

regulator of this migratory process, by adjusting the mechanical properties of NCs and FCs

(Fig 7). Although it would be interesting to test in the future if the stiffness of the follicle BM

could influence BC migration in other ways, like regulating the diffusion of chemo-attractants

cues coming from the oocyte, our results prove that the 3D environment mechanically affect-

ing developmental cell migration goes beyond adjacent cells or tissues and suggest that forces

exerted by all components of this complex 3D environment are most likely coordinated to

allow proper cell migration.

We believe that the new mechanical role of the BM in cell migration proposed in this work

is not just restricted to BCs, as, often, during morphogenesis, migrating cells move through tis-

sues encased by a BM. During avian cranial neural crest cell migration, the BMs from the ecto-

derm and neural tube separate, yet remain in close proximity forming a laminin-lined

“channel” through which the cranial neural crest cells migrate [15]. Defective formation of this

channel affects cranial neural crest migration [15]. We foresee that changes in the stiffness of

the laminin-containing matrix lining the channel may also affect cranial neural crest migra-

tion. In the mouse cerebral cortex, BMs are found in the pia and around blood vessels [58].

Radial glia cells located near the ventricle extend long processes that attach to the pial BM.

These cellular extensions serve as scaffold for the migration of Cajal–Retzius cells and neuro-

blasts, from the ventricular layer to the pial surface [59]. A major function of the pial BM is to

provide an attachment site for the radial glia cell endfeet [59]. Damage to the pial BM results in

defects in radial glial cell extension and consequently neuronal migration [59]. In this context,

we believe that changes in the mechanical properties of the pial BM could also affect radial

glial cell extension, which would result in neuronal migration defects.
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The mechanical cues from the BMs have also been shown to contribute to the progression

of several diseases including cancer. Epithelial cancer cells are bound within a BM and sur-

rounded by a healthy stroma composed of collagen fibers and stromal cells. During the evolu-

tion of epithelial cancer invasion, cancer cells signal to the stromal cells to remodel the ECM at

the tumor-stroma interface, loosen their cell–cell adhesion, and breach the BM around the

tumor and invade (reviewed in [60]). Experiments over the last years have focused on the

impact of the stiffness of the ECM present at the tumor-stromal interface in tumor invasion.

Thus, cell culture experiments have demonstrated that the rigidity of this ECM strongly affects

the migration of glioma cells [61]. Based on the results here presented, we would like to pro-

pose that the stiffness of the BM enclosing the tumor could also play an important role on the

initiation of tumor invasion.

Physical constraints imposed by BMs dictate many cellular events during tissue develop-

ment. This is the case of branching morphogenesis in many mammalian organs where direct

cell–matrix interactions, mainly mediated by integrins, orchestrate cellular rearrangements

Fig 7. Proposed model of the constrictions exerted by the BM, FCs and NCs on BCs, and their effect on BC migration. (A)

Proposed model for the forces exerted over BCs as they migrate. (B–D) Schematic drawing showing the consequences of altering

the forces exerted over BCs on their migration. BC, border cell; BM, basement membrane; FC, follicle cell; NC, nurse cell.

https://doi.org/10.1371/journal.pbio.3002172.g007
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that sculpt the emerging tissue architecture [62]. However, not all cells undergoing develop-

mental cellular rearrangements are in direct contact with a BM. Instead, there are many exam-

ples in which a proportion of these cells contact other cells, which themselves are enclosed by a

BM. This happens during the process of budding of the mammary gland, where the BM covers

multilayered terminal ends growing dynamically by cellular rearrangements [63]. Similarly, in

the stratified tip of pancreas and salivary glands, both outer, in contact with the BM, and inner

tip cells rearrange and change position during the process of clefting [64,65]. Based on the

results we present in this work, we foresee that the mechanical properties of the BM would also

influence the rearrangement of cells located in the inner layers. Investigating this will help

understanding the complexity of morphogenesis in the context of multicellular developing

tissues.

The results of this work unravel that, besides acting as a substratum, BMs can also regulate

developmental cell migration by imposing constriction forces over the 3D environment

through which cells move. A recent study, mining the Cancer Genome Atlas, has found that

copy number alterations and mutations are more frequent in matrisome genes than in the rest

of the genome, and that these mutations are statistically likely to have a functional impact [66].

Thus, identifying new roles for BMs in cell migration is helpful to understand not only mor-

phogenesis but also cancer progression.
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should be addressed to and will be fulfilled by the lead contact Marı́a D Martı́n Bermudo

(mdmarber@upo.es).

Materials availability. All reagents generated in this study are available upon request to

the lead contact.

Experimental model and subject details

Drosophila husbandry. Drosophila melanogaster strains were raised at 25˚C on standard

medium. Laminin hypomorphs were trans-heterozygous for lanB128a [11] and l(2)k05404

[67], neither of which affect the coding region. To knock down laminin, Coll IV or Abi levels

or to increase EHBP1 expression in the FE, the traffic jam (tj) [68] and the mirror (mirr) [42]

Gal4 drivers were used in combination with the following lines: UAS-LanB1 RNAi (VDRC

23119), UAS-Vkg RNAi (BDSC 50895), UAS-Abi RNAi (DGRC-Kyoto 9749R), and

UAS-EHBP1mch (BDSC 67145). To visualize cell membranes in vivo, using the membrane

marker Resille-GFP, and, at the same time, use the tj Gal4 driver to express a desired UAS con-

struct in all FCs, we generated flies with a recombinant second chromosome carrying both

transgenes, Resille-GFP-tj. Stocks used in this study are described in Table 1.

Generation of Drosophila transgenic lines expressing GFP in border cells. To generate

the tslGFP construct, an EcoR1/BamH1 fragment from C4PLZ-tsl(G), previously shown to

drive expression in BCs [38], was subcloned into the pCasper-GFP-PH vector [69]. The plas-

mid was introduced into the germ line of w1118 flies by the company BestGene following stan-

dard methods and several independent transgenic lines were isolated.

Methods details

Immunohistochemistry. Flies were grown at 25˚C and yeasted for 2 days prior to dissec-

tion. Ovaries were dissected at room temperature in Schneider’s medium (Sigma Aldrich).

PLOS BIOLOGY Constrains from the basement membrane regulate cell migration

PLOS Biology | https://doi.org/10.1371/journal.pbio.3002172 June 28, 2023 18 / 28

https://doi.org/10.1371/journal.pbio.3002172


After that, fixation was performed incubating egg chambers for 20 min in 4% paraformalde-

hyde in PBS (ChemCruz). Samples were then permeabilized with a phosphate-buffered saline

+1% Tween20 solution (PBT) and incubated in a blocking solution (PBT10) for 1 h. Ovarioles

were then incubated with the primary antibodies, rabbit anti-phosphomyosin (Cell Signalling)

or anti-LanB1 antibody (Abcam, EPR3189) overnight, followed by a washing step and incuba-

tion with secondary antibodyies Cy3 and Cy2 (Jackson ImmunoReseach Laboratories). To

visualize F-acting and DNA, ovarioles were incubated for 30 min with Rhodamine Phalloidin

(Molecular Probes, 1:40) and 10 min with Hoechst (Molecular Probes, 1:100), respectively.

Experimental and control ovarioles were always mixed and stained together. Samples were

mounted in Vectashield (Vector Laboratories) and imaged on a Leica SPE confocal micro-

scope (DM 2500).

Time-lapse imaging. For time-lapse imaging, 1 to 2 days old flies were fattened on yeast

for 24 to 48 h before dissection. Ovaries were dissected in Schneider’s medium. Culture condi-

tions were performed as described in [43]. Movies were acquired on a Leica SP5 MP-AOBS

confocal microscope with a 40 × 1, 3 PL APO objective and a Nikon confocal microscope with

a 40× oil objective. Z stacks of 30 to 40 slices (0.75 to 1.5 mm interval) were taken every 3 to 4

min.

Atomic force microscopy measurements. Atomic force microscopy measurements were

performed as in [32]. Ovarioles were dissected out of the muscle sheath to make sure that the

AFM cantilever was in direct contact with the BM. Stiffness of ex vivo ovarian tissues immobi-

lized on Petri dishes using Cell-Tak (BD Biosciences, Oxford, United Kingdom) and contain-

ing Drosophila culture media was tested by AFM within 30 min of dissection. Monodisperse

polystyrene beads (diameter 5.46 ± 0.12 μm, microParticles GmbH, Berlin, Germany) were

glued to a silicon cantilever with a nominal spring constant of 0.03 N/m (Arrow TL1, Nano-

World, Neuchatel, Switzerland). Cantilevers were mounted on a JPK CellHesion 200 (Bruker

Nano, Berlin, Germany) set up on an inverted optical microscope. Exact cantilever spring con-

stant was determined using the thermal noise method included in the AFM software. The can-

tilever was positioned at the desired position by brightfield microscopy. Force-distance-curves

were taken at an approach speed of 10 μm/s and a maximum force F = 5 nN. Force–distance

curves were analyzed using the JPK Data Processing software, which fits the Hertz model to

the data. The apparent elastic modulus, K = E/1-ν2, which is a measure of elastic stiffness, was

determined using F = 4/3 K
p

Rδ3/2, where R is the radius of the indenter, δ the indentation

depth, and F the applied force, with E being the Young’s modulus and ν the Poisson’s ratio.

Normal distribution of AFM measurements was confirmed using the Kolmogorov–Smirnov

test. The statistical significance of the differences between experimental and control values was

evaluated using two-tailed t tests, with p value thresh-holds of *p< 0.05, **p< 0.01, and

***p< 0.001.14 measurements from 6 control egg chambers, 16 from 8 laminin-depleted, 15

from 7 Col IV-depleted, and 14 from 7 EHPB1mCh overexpressing ovarioles were collected.

In addition, between 4 to 6 measurements in both the anterior and mirror region from 4 mirr
and mirr> EHPB1mCh different ovarioles were collected.

Laser ablation. Laser ablation experiments were performed in an Olympus IX-81 inverted

microscope equipped with a spinning disk confocal unit (Yokogawa CSU-X1), a 100× oil

objective, a 355 nm pulsed laser, third-harmonic, solid-state UV laser, and an Evolve 512

EMCCD digital camera (Photometrics). To analyze tension in NCs and FCs, a pulse of 1,000

mJ energy and 20 msec. and 75 mJ energy and 4 msec. duration, respectively, was applied to

sever plasma membranes of cells. In all cases, cell surfaces were visualized with the membrane

marker Resille-GFP and a Cobolt Calypso state laser (l = 491 nm 50 mW) was used for excita-

tion of the GFP. To minimize potential effects due to anisotropic distribution of forces in NCs

and FCs, cuts were made perpendicular to the AP axis and to the dorsal ventral axis of the egg
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chamber, respectively. Images were taken 3 s before and 10 s after laser pulse, every 0,5 s. To

analyze the vertex displacements of ablated cell bonds, the vertex distance increase from differ-

ent ablation experiments (DL) was averaged using as L0 the average of distance of the vertexes

3 s before ablation. The initial velocity was estimated as the velocity at the first time point

(t1 = 0,5 sec). Standard deviation (SD) was determined.

Image processing and data analysis. Measurements of cluster velocity, cluster rotation,

and protrusion dynamics were done manually as described in [70]. Briefly, once the body of

the cluster was defined according to [40], forward directed speed was calculated using the dis-

tance between the center of the cluster at 1 time point and the next in the X axis only. When

needed, drift of egg chambers was corrected using the plugin StackReg from FIJI-Image J [71].

To study BC cluster rotation, the position of an individual BC was manually tracked in z stacks

of GFP confocal sections time point by time point for an interval of 20 min during the late

phase of migration. To analyze protrusion orientation, a line was drawn from the center of the

cluster to the tip of the extension. The angle of this line relative to the x-axis was calculated.

Extensions were classified as front (45˚ to 315˚), side (255˚ to 315˚ and 45˚ to 135˚), and back

(135˚ to 225˚). In all cases, an average of 150 protrusions was analyzed.

Analysis of the radius of curvature of NCs was carried out by measuring the radius of man-

ually drawn circles that fit the curvature of the posterior facing membranes of NCs. This quan-

tification was done only on 1 NC per row (anterior, central anterior, central posterior, and

posterior) in at least 10 independent follicles.

For the quantification of pSqh fluorescent intensities in NCs, square regions of interest

(ROIs) of 28.94 μm2 (20 × 20 pixels) were applied to the membranes of central-posterior and

posterior NCs. The mean gray value was then measured using the FIJI-Image J measure tool.

This analysis was performed in individual Z-confocal sections corresponding to focal planes in

which BCs were visible. For the quantification of pSqh fluorescence intensity in BCs, maxi-

mum projections of 5 Z-confocal sections were taken every 0.75 μm. Then, 28.94 μm2 square

ROIs were applied to the front, rear, and both sides of BCs and the mean gray value was then

measured with the FIJI-Image J measure tool.

Statistical analysis of significant differences between control and experimental samples was

done using Student’s t test, * P value < 0.05, ** P value < 0.01, and *** P value < 0.001. Outli-

ers from data sets were identified by the ROUT method with Q = 1% and were not included in

the analysis and graphs.

Supporting information

S1 Movie. In vivo BC migration in control and laminin- and Col IV-depleted egg cham-

bers. BC migration in control (tslGFP; tjGal4) and laminin (tslGFP; tj>LanB1RNAi, tslGFP;

Lanb1hyp) or Col IV (tslGFP;tj>Col IV RNAi)-depleted egg chambers, related to Fig 1. Scale

bar, 20 μm.

(AVI)

S2 Movie. In vivo migration of control and LanB1RNAi expressing BCs. Migration of control

(C306; slbo; tslGFPGal4) and LanB1RNAi expressing BCs (C306;slbo;tsl;GFP>LanB1 RNAi),
related to S3 Fig. Scale bar, 20 μm.

(AVI)

S3 Movie. In vivo BC migration in control and tj>EHBP1mCh egg chambers. BC migration

in tslGFP; tjGal4 and tslGFP; tj>EHBP1mCh egg chambers, related to S3 Fig. tslGFP is in

green and EHBP1mCh in red, related to S4 Fig. Scale bar, 20 μm.

(AVI)
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S4 Movie. In vivo BC migration in control and mirr>EHBP1mCh egg chambers. BC migra-

tion in tslGFP; mirrGal4 and tslGFP; mirr>EHBP1mCh egg chambers. tslGFP is in green and

EHBP1mCh in red, related to Fig 2. Scale bar, 20 μm.

(AVI)

S5 Movie. BC cluster rotation in control and laminin-depleted egg chambers. BC cluster

rotation in control (tslGFP; tjGal4) and laminin-depleted (tslGFP; tj>LanB1RNAi) egg cham-

bers, related to Fig 3. Scale bar, 10 μm.

(AVI)

S6 Movie. BC cluster rotation in control and EHBP1mCh overexpressing egg chambers.

BC cluster rotation in control (tslGFP; mirrGal4) and EHBP1mCh overexpressing (tslGFP;

mirr>EHBP1mCh) egg chambers, related to Fig 3. Scale bar, 10 μm.

(AVI)

S7 Movie. Laser ablation of cell bonds between NCs of control egg chambers. Movies corre-

spond to the ablation experiment shown in S5 Fig NCs membranes are visualized with Resille-

GFP. A cell bond between 2 control NCs is ablated. GFP fluorescent is lost in the middle of the

ablated bond upon laser ablation. The movie continues 10 s after the cut and shows displace-

ment of the vertexes. Images are taken every 0.5 s. Scale bar, 10 μm.

(AVI)

S8 Movie. Laser ablation of cell bonds between NCs of control and laminin-depleted egg

chambers. Movies correspond to the ablation experiment shown in Fig 4. NCs membranes are

visualized with Resille-GFP. A cell bond between 2 control NCs is ablated. Upon laser ablation,

GFP fluorescent is lost in the middle of the ablated bond. The movie continues 10 s after the

cut and shows displacement of the vertexes. Images are taken every 0.5 s. Scale bar, 10 μm.

(AVI)

S9 Movie. In vivo BC migration in control and nos>abiRNAi chambers. BC migration in

nos;hisYFP and nos>AbiRNAi;hisYFP egg chambers, related to S7 Fig. Scale bar, 20 μm.

(AVI)

S10 Movie. In vivo BC migration in control and in dic1 and KelED1 mutant egg chambers.

BCs were directly visualized using bright field, related to S8 Fig. Scale bar, 20 μm.

(AVI)

S11 Movie. Laser ablation on the basal side of cell bonds between FCs of control and lami-

nin-depleted egg chambers. Movies correspond to the ablation experiment shown in Fig 5.

The membranes on the basal side of FCs are visualized with Resille-GFP. A cell bond between

2 control FCs is ablated. GFP fluorescent is lost in the middle of the ablated bond upon laser

ablation. The movie continues 10 s after the cut and shows displacement of the vertexes.

Images are taken every 0.5 s. Scale bar, 5 μm.

(AVI)

S12 Movie. Laser ablation on the apical side of cell bonds between FCs of control and lami-

nin-depleted egg chambers. Movies correspond to the ablation experiment shown in Fig 5.

The membranes on the apical side of FCs are visualized with Resille-GFP. A cell bond between

2 control FCs is ablated. GFP fluorescent is lost in the middle of the ablated bond upon laser

ablation. The movie continues 10 s after the cut and shows displacement of the vertexes.

Movie length and frame rate are as described for Movie S11. Scale bar, 5 μm.

(AVI)
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S13 Movie. In vivo BC migration in control and tj>AbiRNAi chambers. BC migration in

tslGFP; tjGal4 and tslGFP; tj>AbiRNAi egg chambers. Scale bar, 20 μm.

(AVI)

S14 Movie. In vivo BC migration in control and mirr>abiRNAi chambers. BC migration in

tslGFP; mirrGal4 and tslGFP; mirr> AbiRNAi egg chambers, related to Fig 6. Scale bar, 20 μm.

(AVI)

S1 Fig. Quantification of laminin levels in S9/S10 laminin-depleted ovaries. (A) S10 control

tjGal4 and (B) tj>LanB1RNAi (B) egg chambers stained with anti-LanB1 antibody (green), the

DNA marker Hoechst (blue) and the F-actin marker Rhodamine-Phalloidin (F-actin, red). (C)

Quantification of the LanB1 levels in egg chambers of the specified genotypes. The statistical

significance of differences was assessed with a t test, *** P value < 0.001. Horizontal and verti-

cal lines indicate mean and SD, respectively. Scale bars in A and B, 20 μm. The raw data under-

lying panel C are available in S1 Data.

(JPG)

S2 Fig. Reducing laminin levels in FCS results in a decrease in BM stiffness. (A) Schematic

drawing of an early S9 egg chamber illustrating the BCs (yellow), NCs (gray), FCs (purple),

BM (green), and the position where AFM measurements were taken (arrow). (B) Comparison

of the apparent elastic modulus K in egg chambers of the designated genotypes. (C) Schematic

drawing of a middle S9 egg chamber illustrating the BCs (yellow), NCs (gray), FCs (purple),

BM (green), the mirror region (pink square) and the positions where AFM measurements

were taken, anterior to the mirr region (A, black arrow) and in the mirr region (C, pink

arrow). (D, E) Comparison of the apparent elastic modulus K in the mirr region (C) and ante-

rior to the mirr region (E), in 4 control mirrGal4 (D) and mirr>EHBP1mCh egg chambers. A

minimum of 4 different readings (circles)/egg chamber were taken. Horizontal lines in B, D,

and E represent mean values. The statistical significance of differences was assessed with a t
test, * P value < 0.05, ** P value < 0.01, and *** P value< 0.001. Horizontal and vertical lines

indicate mean and SD, respectively. The raw data underlying panels B, D, and E are available

in S1 Data.

(JPG)

S3 Fig. Decreasing laminin levels in BCs does not affect their migration. (A, A’) S9 tri-
ple>LanB1RNAi (B) egg chambers stained with anti-LanB1 antibody (green), the DNA

marker Hoechst (blue) and the PC marker Fasciclin III (FasIII, red). (B–C’) Stills taken from

live imaging of BCs from control (C306Gal4; slboGal4; tslGal4) and C306; slbo; tsl>LanB1RNAi

egg chambers. (D) Quantification of the migration defects in egg chambers of the indicated

genotypes. The statistical significance of differences was assessed with a t test. Horizontal and

vertical lines indicate mean and SD, respectively. Scale bars in A” and B”, 20 μm. The raw data

underlying panel D are available in S1 Data.

(JPG)

S4 Fig. Elevating EHBP1 levels in all FCs results in reduced BC migration speed. (A–B’)

Stills taken from live imaging of migrating BCs from egg chambers of the indicated genotypes.

Scale bar in A’ and B’, 20 μm.

(JPG)

S5 Fig. NC cortical tension throughout egg chamber development from early S9 to S10.

(A–D) Schematic drawings of early S9 (A), middle S9 (B), late S9 (C), and S10 egg chamber

illustrating the BCs (yellow), NCs (gray), FCs (purple), BM (green), and the point of ablation

in the NCs (blue bar). (A’–D’) Images of life control egg chambers of the indicated
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developmental stages expressing Resille-GFP before and after NC bonds are ablated. Blue bars

indicate points of ablation. (E) Schematic representation of an egg chamber and the point of

ablation in NCs. (F, G) Quantification of the initial velocity of vertex displacement of the indi-

cated ablated bonds. The statistical significance of differences was assessed with a t test, * P
value < 0.05 and ** P value< 0.01. Horizontal and vertical lines indicate mean and SD,

respectively. Scale bar in A’–D’, 10 μm. The raw data underlying panels F and G are available

in S1 Data.

(JPG)

S6 Fig. Modifying BM stiffness affects pSqh levels at the cortex of NCs and BCs. (A–D, G–

J’) S9 egg chambers of the designated genotypes stained with anti-pSqh (red) and the DNA

marker Hoechst (blue) showing pSqh levels in the NCs (A–D) and the BCs (G–J’). (E, F, K, L)

Quantification of pSqh levels in the NCs (E, F) and in the BCs (K, L) of egg chambers of the

specified genotypes. G’–J’ Magnifications of the white boxes in G–J. The statistical significance

of differences was assessed with a t test, * P value< 0.05, ** P value < 0.01, and *** P
value < 0.001. Horizontal and vertical lines indicate mean and SD, respectively. Scale bar in A,

20 μm. The raw data underlying panels E, F, K, and L are available in S1 Data.

(JPG)

S7 Fig. Decreasing abi RNA levels in NCs results in increased BC migration speed. (A–B’)

Stills taken from live imaging of migrating BCs from egg chambers of the indicated genotypes.

(C) Quantification of the migration defects in egg chambers of the specified genotypes. The

statistical significance of differences was assessed with a t test, *** P value < 0.001. Horizontal

and vertical lines indicate mean and SD, respectively. Scale bars in A’ and B’, 20 μm. The raw

data underlying panel C and D are available in S1 Data.

(JPG)

S8 Fig. Contribution of NC cytoplasmic pressure to BC migration. (A–D) S9 controls

tjGal4, tj>LanB1RNAi, mirrGal4 and mirr>EHBP1mCh egg chambers stained with the F-actin

marker Rhodamine-Phalloidin (F-actin, red) and the DNA marker Hoechst (blue). Arrows in

A indicate the curvature of the membranes between an anterior (A) and an anterior central

NC (Ca); between 2 central NCs -a Ca and a Cp (a posterior central NC); between a Cp and a

posterior (P) NC and between a P NC and the oocyte membrane. (E, F) Quantification of the

radius of curvature of A, Ca, Cp and P NCs in S9 egg chambers of the indicated genotypes. BC

clusters are marked with a red circle. (G–I) Stills taken from live imaging of migrating BCs

from egg chambers of the indicated genotypes. (J) Quantification of BC migration speed in egg

chambers of the indicated genotypes. The statistical significance of differences was assessed

with a t test. Horizontal and vertical lines indicate mean and SD, respectively. Scale bars in A–

D and G–I’, 20 μm. The raw data underlying panels E, F, and J are available in S1 Data.

(JPG)

S9 Fig. Decreasing abi RNA levels in all FCs results in increased BC migration speed. (A–

B’) Stills taken from live imaging of migrating BCs from egg chambers of the indicated geno-

types. (C) Quantification of the migration defects in egg chambers of the specified genotypes.

The statistical significance of differences was assessed with a t test, *** P value < 0.001. Hori-

zontal and vertical lines indicate mean and SD, respectively. Scale bars in A’ and B’, 20 μm.

The raw data underlying panel C are available in S1 Data.

(JPG)

S1 Data. Raw data behind all graphs.

(XLSX)
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Writing – review & editing: Ester Molina López, Anna Kabanova, Isabel M. Palacios, Marı́a

D. Martı́n-Bermudo.

References
1. Hynes RO. The evolution of metazoan extracellular matrix. J Cell Biol. 2012; 196(6):671–679. https://

doi.org/10.1083/jcb.201109041 PMID: 22431747; PubMed Central PMCID: PMC3308698.

2. Ozbek S, Balasubramanian PG, Chiquet-Ehrismann R, Tucker RP, Adams JC. The evolution of extra-

cellular matrix. Mol Biol Cell. 2010; 21(24):4300–4305. https://doi.org/10.1091/mbc.E10-03-0251

PMID: 21160071; PubMed Central PMCID: PMC3002383.

3. Yurchenco PD. Basement membranes: cell scaffoldings and signaling platforms. Cold Spring Harb Per-

spect Biol. 2011; 3(2). https://doi.org/10.1101/cshperspect.a004911 PMID: 21421915; PubMed Central

PMCID: PMC3039528.

4. Sekiguchi R, Yamada KM. Basement Membranes in Development and Disease. Curr Top Dev Biol.

2018; 130:143–191. https://doi.org/10.1016/bs.ctdb.2018.02.005 PMID: 29853176; PubMed Central

PMCID: PMC6701859.

5. Meyer S, Schmidt I, Klambt C. Glia ECM interactions are required to shape the Drosophila nervous sys-

tem. Mech Dev. 2014; 133:105–16. Epub 2014/05/27. https://doi.org/10.1016/j.mod.2014.05.003

PMID: 24859129.

6. Pastor-Pareja JC, Xu T. Shaping cells and organs in Drosophila by opposing roles of fat body-secreted

Collagen IV and perlecan. Dev Cell. 2011; 21(2):245–256. https://doi.org/10.1016/j.devcel.2011.06.026

PMID: 21839919; PubMed Central PMCID: PMC4153364.

7. Haigo SL, Bilder D. Global tissue revolutions in a morphogenetic movement controlling elongation. Sci-

ence. 2011; 331(6020):1071–1074 Epub 2011/01/08. https://doi.org/10.1126/science.1199424 [pii].

PMID: 21212324.

8. Isabella AJ, Horne-Badovinac S. Rab10-Mediated Secretion Synergizes with Tissue Movement to Build

a Polarized Basement Membrane Architecture for Organ Morphogenesis. Dev Cell. 2016; 38(1):47–60.

https://doi.org/10.1016/j.devcel.2016.06.009 PMID: 27404358; PubMed Central PMCID:

PMC4942852.

9. Sanchez-Sanchez BJ, Urbano JM, Comber K, Dragu A, Wood W, Stramer B, et al. Drosophila Embry-

onic Hemocytes Produce Laminins to Strengthen Migratory Response. Cell Rep. 2017; 21(6):1461–

PLOS BIOLOGY Constrains from the basement membrane regulate cell migration

PLOS Biology | https://doi.org/10.1371/journal.pbio.3002172 June 28, 2023 24 / 28

https://doi.org/10.1083/jcb.201109041
https://doi.org/10.1083/jcb.201109041
http://www.ncbi.nlm.nih.gov/pubmed/22431747
https://doi.org/10.1091/mbc.E10-03-0251
http://www.ncbi.nlm.nih.gov/pubmed/21160071
https://doi.org/10.1101/cshperspect.a004911
http://www.ncbi.nlm.nih.gov/pubmed/21421915
https://doi.org/10.1016/bs.ctdb.2018.02.005
http://www.ncbi.nlm.nih.gov/pubmed/29853176
https://doi.org/10.1016/j.mod.2014.05.003
http://www.ncbi.nlm.nih.gov/pubmed/24859129
https://doi.org/10.1016/j.devcel.2011.06.026
http://www.ncbi.nlm.nih.gov/pubmed/21839919
https://doi.org/10.1126/science.1199424
http://www.ncbi.nlm.nih.gov/pubmed/21212324
https://doi.org/10.1016/j.devcel.2016.06.009
http://www.ncbi.nlm.nih.gov/pubmed/27404358
https://doi.org/10.1371/journal.pbio.3002172


1470. https://doi.org/10.1016/j.celrep.2017.10.047 PMID: 29117553; PubMed Central PMCID:

PMC5695906.

10. Muschler J, Streuli CH. Cell-matrix interactions in mammary gland development and breast cancer.

Cold Spring Harb Perspect Biol. 2010; 2(10):a003202. Epub 2010/08/13. https://doi.org/10.1101/

cshperspect.a003202 PMID: 20702598; PubMed Central PMCID: PMC2944360.

11. Urbano JM, Torgler CN, Molnar C, Tepass U, Lopez-Varea A, Brown NH, et al. Drosophila laminins act

as key regulators of basement membrane assembly and morphogenesis. Development. 2009; 136

(24):4165–4176. Epub 2009/11/13. https://doi.org/10.1242/dev.044263 [pii] PMID: 19906841.

12. Bunt S, Hooley C, Hu N, Scahill C, Weavers H, Skaer H. Hemocyte-secreted type IV collagen enhances

BMP signaling to guide renal tubule morphogenesis in Drosophila. Dev Cell. 2010; 19(2):296–306.

Epub 2010/08/17. https://doi.org/10.1016/j.devcel.2010.07.019 PMID: 20708591; PubMed Central

PMCID: PMC2941037.

13. Sundaram MV, Buechner M. The Caenorhabditis elegans Excretory System: A Model for Tubulogen-

esis, Cell Fate Specification, and Plasticity. Genetics. 2016; 203(1):35–63. Epub 2016/05/18. https://

doi.org/10.1534/genetics.116.189357 PMID: 27183565; PubMed Central PMCID: PMC4858784.

14. Sherwood DR, Plastino J. Invading, Leading and Navigating Cells in Caenorhabditis elegans: Insights

into Cell Movement in Vivo. Genetics. 2018; 208(1):53–78. https://doi.org/10.1534/genetics.117.

300082 PMID: 29301948; PubMed Central PMCID: PMC5753875.

15. Hutchins EJ, Bronner ME. Draxin alters laminin organization during basement membrane remodeling to

control cranial neural crest EMT. Dev Biol. 2019; 446(2):151–8. Epub 2018/12/24. https://doi.org/10.

1016/j.ydbio.2018.12.021 PMID: 30579765; PubMed Central PMCID: PMC6368465.

16. Wang S, Sekiguchi R, Daley WP, Yamada KM. Patterned cell and matrix dynamics in branching mor-

phogenesis. J Cell Biol. 2017; 216(3):559–570. https://doi.org/10.1083/jcb.201610048 PMID:

28174204; PubMed Central PMCID: PMC5350520.

17. Montell DJ. Border-cell migration: the race is on. Nat Rev Mol Cell Biol. 2003; 4:13–24. https://doi.org/

10.1038/nrm1006 PMID: 12511865

18. King RC. Ovarian development in Drosophila melanogaster. New York, NY: Academic Press; 1970.

19. Gutzeit HO, Eberhardt W, Gratwohl E. Laminin and basement membrane-associated microfilaments in

wild type and mutant Drosophila ovarian follicles. J Cell Sci. 1991; 100:781–788.

20. Lerner DW, McCoy D, Isabella AJ, Mahowald AP, Gerlach GF, Chaudhry TA, et al. A Rab10-dependent

mechanism for polarized basement membrane secretion during organ morphogenesis. Dev Cell. 2013;

24(2):159–68. Epub 2013/02/02. https://doi.org/10.1016/j.devcel.2012.12.005 PMID: 23369713;

PubMed Central PMCID: PMC3562474.

21. Lunstrum GP, Bachinger HP, Fessler LI, Duncan KG, Nelson RE, Fessler JH. Drosophila basement

membrane procollagen IV. I. Protein characterization and distribution. J Biol Chem. 1988; 263

(34):18318–18327. PMID: 3192536.

22. Schneider M, Khalil AA, Poulton J, Castillejo-Lopez C, Egger-Adam D, Wodarz A, et al. Perlecan and

Dystroglycan act at the basal side of the Drosophila follicular epithelium to maintain epithelial organiza-

tion. Development. 2006; 133(19):3805–3815. Epub 2006/09/01. https://doi.org/10.1242/dev.02549

[pii] PMID: 16943280.

23. Cetera M, Ramirez-San Juan GR, Oakes PW, Lewellyn L, Fairchild MJ, Tanentzapf G, et al. Epithelial

rotation promotes the global alignment of contractile actin bundles during Drosophila egg chamber elon-

gation. Nat Commun. 2014; 5:5511. Epub 2014/11/22. https://doi.org/10.1038/ncomms6511 PMID:

25413675; PubMed Central PMCID: PMC4241503.

24. Montell DJ, Rorth P, Spradling AC. slow border cells, a locus required for a developmentally regulated

cell migration during oogenesis, encodes Drosophila C/EBP. Cell. 1992; 71:51–62.

25. Dai W, Guo X, Cao Y, Mondo JA, Campanale JP, Montell BJ, et al. Tissue topography steers migrating

Drosophila border cells. Science. 2020; 370(6519):987–90. Epub 2020/11/21. https://doi.org/10.1126/

science.aaz4741 PMID: 33214282; PubMed Central PMCID: PMC8103818.

26. Aranjuez G, Burtscher A, Sawant K, Majumder P, McDonald JA. Dynamic myosin activation promotes

collective morphology and migration by locally balancing oppositional forces from surrounding tissue.

Mol Biol Cell. 2016; 27(12):1898–1910. https://doi.org/10.1091/mbc.E15-10-0744 PMID: 27122602;

PubMed Central PMCID: PMC4907723.

27. Balaji R, Weichselberger V, Classen AK. Response of Drosophila epithelial cell and tissue shape to

external forces in vivo. Development. 2019; 146(17). Epub 2019/08/11. https://doi.org/10.1242/dev.

171256 PMID: 31399470.

28. Chi HC, Hui CF. Primary structure of the Drosophila laminin B2 chain and comparison with human,

mouse, and Drosophila laminin B1 and B2 chains. J Biol Chem. 1989; 264(3):1543–1550. PMID:

2912972.

PLOS BIOLOGY Constrains from the basement membrane regulate cell migration

PLOS Biology | https://doi.org/10.1371/journal.pbio.3002172 June 28, 2023 25 / 28

https://doi.org/10.1016/j.celrep.2017.10.047
http://www.ncbi.nlm.nih.gov/pubmed/29117553
https://doi.org/10.1101/cshperspect.a003202
https://doi.org/10.1101/cshperspect.a003202
http://www.ncbi.nlm.nih.gov/pubmed/20702598
https://doi.org/10.1242/dev.044263
http://www.ncbi.nlm.nih.gov/pubmed/19906841
https://doi.org/10.1016/j.devcel.2010.07.019
http://www.ncbi.nlm.nih.gov/pubmed/20708591
https://doi.org/10.1534/genetics.116.189357
https://doi.org/10.1534/genetics.116.189357
http://www.ncbi.nlm.nih.gov/pubmed/27183565
https://doi.org/10.1534/genetics.117.300082
https://doi.org/10.1534/genetics.117.300082
http://www.ncbi.nlm.nih.gov/pubmed/29301948
https://doi.org/10.1016/j.ydbio.2018.12.021
https://doi.org/10.1016/j.ydbio.2018.12.021
http://www.ncbi.nlm.nih.gov/pubmed/30579765
https://doi.org/10.1083/jcb.201610048
http://www.ncbi.nlm.nih.gov/pubmed/28174204
https://doi.org/10.1038/nrm1006
https://doi.org/10.1038/nrm1006
http://www.ncbi.nlm.nih.gov/pubmed/12511865
https://doi.org/10.1016/j.devcel.2012.12.005
http://www.ncbi.nlm.nih.gov/pubmed/23369713
http://www.ncbi.nlm.nih.gov/pubmed/3192536
https://doi.org/10.1242/dev.02549
http://www.ncbi.nlm.nih.gov/pubmed/16943280
https://doi.org/10.1038/ncomms6511
http://www.ncbi.nlm.nih.gov/pubmed/25413675
https://doi.org/10.1126/science.aaz4741
https://doi.org/10.1126/science.aaz4741
http://www.ncbi.nlm.nih.gov/pubmed/33214282
https://doi.org/10.1091/mbc.E15-10-0744
http://www.ncbi.nlm.nih.gov/pubmed/27122602
https://doi.org/10.1242/dev.171256
https://doi.org/10.1242/dev.171256
http://www.ncbi.nlm.nih.gov/pubmed/31399470
http://www.ncbi.nlm.nih.gov/pubmed/2912972
https://doi.org/10.1371/journal.pbio.3002172


29. Graner MW, Bunch TA, Baumgartner S, Kerschen A, Brower DL. Splice variants of the Drosophila PS2

integrins differentially interact with RGD-containing fragments of the extracellular proteins tiggrin, ten-

m, and D-laminin 2. J Biol Chem. 1998; 273(29):18235–18241. https://doi.org/10.1074/jbc.273.29.

18235 PMID: 9660786

30. Kusche-Gullberg M, Garrison K, Mackrell AJ, Fessler LI, Fessler JH. Laminin A chain: expression dur-

ing Drosophila development and genomic sequence. EMBO J. 1992; 11:4519–4527.

31. Montell DJ, Goodman CS. Drosophila laminin: sequence of B2 subunit and expression of all three sub-

units during embryogenesis. J Cell Biol. 1989; 109(5):2441–53. Epub 1989/11/01. https://doi.org/10.

1083/jcb.109.5.2441 PMID: 2808533.

32. Diaz de la Loza MC, Diaz-Torres A, Zurita F, Rosales-Nieves AE, Moeendarbary E, Franze K, et al.

Laminin Levels Regulate Tissue Migration and Anterior-Posterior Polarity during Egg Morphogenesis in

Drosophila. Cell Rep. 2017; 20(1):211–223. https://doi.org/10.1016/j.celrep.2017.06.031 PMID:

28683315; PubMed Central PMCID: PMC5507772.

33. Franze K. Atomic force microscopy and its contribution to understanding the development of the ner-

vous system. Curr Opin Genet Dev. 2011; 21(5):530–7. Epub 2011/08/16. https://doi.org/10.1016/j.

gde.2011.07.001 PMID: 21840706.

34. Le Parco Y, Cecchini JP, Knibiehler B, Mirre C. Characterization and expression of collagen-like genes

in Drosophila melanogaster. Biol Cell. 1986; 56(3):217–226. https://doi.org/10.1111/j.1768-322x.1986.

tb00453.x PMID: 3017484.

35. Natzle JE, Monson JM, McCarthy BJ. Cytogenetic location and expression of collagen-like genes in

Drosophila. Nature. 1982; 296:368–371.

36. Yasothornsrikul S, Davis WJ, Cramer G, Kimbrell DA, Dearolf CR. viking:identification and characteriza-

tion of a second type IV collagen in Drosophila. Gene. 1997; 198:17–25. https://doi.org/10.1016/s0378-

1119(97)00274-6 PMID: 9370260

37. Crest J, Diz-Munoz A, Chen DY, Fletcher DA, Bilder D. Organ sculpting by patterned extracellular

matrix stiffness. Elife. 2017:6. https://doi.org/10.7554/eLife.24958 PMID: 28653906; PubMed Central

PMCID: PMC5503509.

38. Furriols M, Ventura G, Casanova J. Two distinct but convergent groups of cells trigger Torso receptor

tyrosine kinase activation by independently expressing torso-like. Proc Natl Acad Sci U S A. 2007; 104

(28):11660–11665. https://doi.org/10.1073/pnas.0700991104 PMID: 17595301; PubMed Central

PMCID: PMC1913882.

39. Bianco A, Poukkula M, Cliffe A, Mathieu J, Luque C, Fulga T, et al. Two distinct modes of guidance sig-

nalling during collective migration of border cells. Nature. 2007; 448:362–365. https://doi.org/10.1038/

nature05965 PMID: 17637670

40. Poukkula M, Cliffe A, Changede R, Rorth P. Cell behaviors regulated by guidance cues in collective

migration of border cells. J Cell Biol. 2011; 192(3):513–524. Epub 2011/02/09. https://doi.org/10.1083/

jcb.201010003 [pii]. PMID: 21300853.

41. Medioni C, Noselli S. Dynamics of the basement membrane in invasive epithelial clusters in Drosophila.

Development. 2005; 132(13):3069–3077. https://doi.org/10.1242/dev.01886 PMID: 15944190.

42. Borensztejn A, Boissoneau E, Fernandez G, Agnes F, Pret AM. JAK/STAT autocontrol of ligand-pro-

ducing cell number through apoptosis. Development. 2013; 140(1):195–204. Epub 2012/12/12. https://

doi.org/10.1242/dev.079046 PMID: 23222440.

43. Prasad M, Montell DJ. Cellular and molecular mechanisms of border cell migration analysed using time-

lapse live-cell imaging. Dev Cell. 2007; 12:997–1005.

44. Cai D, Chen SC, Prasad M, He L, Wang X, Choesmel-Cadamuro V, et al. Mechanical feedback through

E-cadherin promotes direction sensing during collective cell migration. Cell. 2014; 157(5):1146–59.

Epub 2014/05/27. https://doi.org/10.1016/j.cell.2014.03.045 PMID: 24855950; PubMed Central

PMCID: PMC4118667.

45. Mishra AK, Mondo JA, Campanale JP, Montell DJ. Coordination of protrusion dynamics within and

between collectively migrating border cells by myosin II. Mol Biol Cell. 2019; 30(19):2490–502. Epub

2019/08/08. https://doi.org/10.1091/mbc.E19-02-0124 PMID: 31390285; PubMed Central PMCID:

PMC6743363.

46. Chlasta J, Milani P, Runel G, Duteyrat JL, Arias L, Lamire LA, et al. Variations in basement membrane

mechanics are linked to epithelial morphogenesis. Development. 2017; 144(23):4350–4362. https://doi.

org/10.1242/dev.152652 PMID: 29038305.

47. Grammont M. Adherens junction remodeling by the Notch pathway in Drosophila melanogaster oogen-

esis. J Cell Biol. 2007; 177(1):139–50. Epub 2007/04/11. https://doi.org/10.1083/jcb.200609079 PMID:

17420294; PubMed Central PMCID: PMC2064118.

PLOS BIOLOGY Constrains from the basement membrane regulate cell migration

PLOS Biology | https://doi.org/10.1371/journal.pbio.3002172 June 28, 2023 26 / 28

https://doi.org/10.1074/jbc.273.29.18235
https://doi.org/10.1074/jbc.273.29.18235
http://www.ncbi.nlm.nih.gov/pubmed/9660786
https://doi.org/10.1083/jcb.109.5.2441
https://doi.org/10.1083/jcb.109.5.2441
http://www.ncbi.nlm.nih.gov/pubmed/2808533
https://doi.org/10.1016/j.celrep.2017.06.031
http://www.ncbi.nlm.nih.gov/pubmed/28683315
https://doi.org/10.1016/j.gde.2011.07.001
https://doi.org/10.1016/j.gde.2011.07.001
http://www.ncbi.nlm.nih.gov/pubmed/21840706
https://doi.org/10.1111/j.1768-322x.1986.tb00453.x
https://doi.org/10.1111/j.1768-322x.1986.tb00453.x
http://www.ncbi.nlm.nih.gov/pubmed/3017484
https://doi.org/10.1016/s0378-1119%2897%2900274-6
https://doi.org/10.1016/s0378-1119%2897%2900274-6
http://www.ncbi.nlm.nih.gov/pubmed/9370260
https://doi.org/10.7554/eLife.24958
http://www.ncbi.nlm.nih.gov/pubmed/28653906
https://doi.org/10.1073/pnas.0700991104
http://www.ncbi.nlm.nih.gov/pubmed/17595301
https://doi.org/10.1038/nature05965
https://doi.org/10.1038/nature05965
http://www.ncbi.nlm.nih.gov/pubmed/17637670
https://doi.org/10.1083/jcb.201010003
https://doi.org/10.1083/jcb.201010003
http://www.ncbi.nlm.nih.gov/pubmed/21300853
https://doi.org/10.1242/dev.01886
http://www.ncbi.nlm.nih.gov/pubmed/15944190
https://doi.org/10.1242/dev.079046
https://doi.org/10.1242/dev.079046
http://www.ncbi.nlm.nih.gov/pubmed/23222440
https://doi.org/10.1016/j.cell.2014.03.045
http://www.ncbi.nlm.nih.gov/pubmed/24855950
https://doi.org/10.1091/mbc.E19-02-0124
http://www.ncbi.nlm.nih.gov/pubmed/31390285
https://doi.org/10.1242/dev.152652
https://doi.org/10.1242/dev.152652
http://www.ncbi.nlm.nih.gov/pubmed/29038305
https://doi.org/10.1083/jcb.200609079
http://www.ncbi.nlm.nih.gov/pubmed/17420294
https://doi.org/10.1371/journal.pbio.3002172


48. Kolahi KS, White PF, Shreter DM, Classen AK, Bilder D, Mofrad MR. Quantitative analysis of epithelial

morphogenesis in Drosophila oogenesis: New insights based on morphometric analysis and mechani-

cal modeling. Dev Biol. 2009; 331(2):129–139. https://doi.org/10.1016/j.ydbio.2009.04.028 PMID:

19409378; PubMed Central PMCID: PMC3145632.

49. Farhadifar R, Roper JC, Aigouy B, Eaton S, Julicher F. The influence of cell mechanics, cell-cell interac-

tions, and proliferation on epithelial packing. Curr Biol. 2007; 17(24):2095–2104. Epub 2007/12/18.

https://doi.org/10.1016/j.cub.2007.11.049 [pii] PMID: 18082406.

50. Morin X, Daneman R, Zavortink M, Chia W. A protein trap strategy to detect GFP-tagged proteins

expressed from their endogenous loci in Drosophila. Proc Natl Acad Sci U S A. 2001; 98(26):15050–

15055. https://doi.org/10.1073/pnas.261408198 PMID: 11742088; PubMed Central PMCID:

PMC64981.

51. Lamire LA, Milani P, Runel G, Kiss A, Arias L, Vergier B, et al. Gradient in cytoplasmic pressure in germ-

line cells controls overlying epithelial cell morphogenesis. PLoS Biol. 2020; 18(11):e3000940. Epub

2020/12/01. https://doi.org/10.1371/journal.pbio.3000940 PMID: 33253165; PubMed Central PMCID:

PMC7703951.

52. Santa-Cruz Mateos C, Valencia-Exposito A, Palacios IM, Martin-Bermudo MD. Integrins regulate epi-

thelial cell shape by controlling the architecture and mechanical properties of basal actomyosin net-

works. PLoS Genet. 2020; 16(6):e1008717. Epub 2020/06/02. https://doi.org/10.1371/journal.pgen.

1008717 PMID: 32479493; PubMed Central PMCID: PMC7263567.

53. Squarr AJ, Brinkmann K, Chen B, Steinbacher T, Ebnet K, Rosen MK, et al. Fat2 acts through the

WAVE regulatory complex to drive collective cell migration during tissue rotation. J Cell Biol. 2016; 212

(5):591–603. https://doi.org/10.1083/jcb.201508081 PMID: 26903538; PubMed Central PMCID:

PMC4772498.

54. Fulga TA, Rorth P. Invasive cell migration is inititated by guided growth of long cellular extensions. Nat

Cell Biol. 2002; 4:715–719.

55. Lamb MC, Anliker KK, Tootle TL. Fascin regulates protrusions and delamination to mediate invasive,

collective cell migration in vivo. Dev Dyn. 2020; 249(8):961–82. Epub 2020/05/01. https://doi.org/10.

1002/dvdy.186 PMID: 32352613; PubMed Central PMCID: PMC8900984.

56. Cliffe A, Doupe DP, Sung H, Lim IK, Ong KH, Cheng L, et al. Quantitative 3D analysis of complex single

border cell behaviors in coordinated collective cell migration. Nat Commun. 2017; 8:14905. https://doi.

org/10.1038/ncomms14905 PMID: 28374738; PubMed Central PMCID: PMC5382290.

57. Nematbakhsh A, Sun W, Brodskiy PA, Amiri A, Narciso C, Xu Z, et al. Multi-scale computational study

of the mechanical regulation of cell mitotic rounding in epithelia. PLoS Comput Biol. 2017; 13(5):

e1005533. Epub 2017/05/23. https://doi.org/10.1371/journal.pcbi.1005533 PMID: 28531187; PubMed

Central PMCID: PMC5460904.

58. Sievers J, Pehlemann FW, Gude S, Berry M. Meningeal cells organize the superficial glia limitans of the

cerebellum and produce components of both the interstitial matrix and the basement membrane. J Neu-

rocytol. 1994; 23(2):135–49. Epub 1994/02/01. https://doi.org/10.1007/BF01183867 PMID: 8195812.

59. Halfter W, Dong S, Yip YP, Willem M, Mayer U. A critical function of the pial basement membrane in cor-

tical histogenesis. J Neurosci. 2002; 22(14):6029–40. Epub 2002/07/18. https://doi.org/10.1523/

JNEUROSCI.22-14-06029.2002 PMID: 12122064; PubMed Central PMCID: PMC6757907.

60. Micalet A, Moeendarbary E, Cheema U. 3D In Vitro Models for Investigating the Role of Stiffness in

Cancer Invasion. ACS Biomater Sci Eng. 2021. Epub 2021/06/04. https://doi.org/10.1021/

acsbiomaterials.0c01530 PMID: 34081437.

61. Ulrich TA, de Juan Pardo EM, Kumar S. The mechanical rigidity of the extracellular matrix regulates the

structure, motility, and proliferation of glioma cells. Cancer Res. 2009; 69(10):4167–74. Epub 2009/05/

14. https://doi.org/10.1158/0008-5472.CAN-08-4859 PMID: 19435897; PubMed Central PMCID:

PMC2727355.

62. Nelson DA, Larsen M. Heterotypic control of basement membrane dynamics during branching morpho-

genesis. Dev Biol. 2015; 401(1):103–9. Epub 2014/12/21. https://doi.org/10.1016/j.ydbio.2014.12.011

PMID: 25527075; PubMed Central PMCID: PMC4465071.

63. Ewald AJ, Brenot A, Duong M, Chan BS, Werb Z. Collective epithelial migration and cell rearrange-

ments drive mammary branching morphogenesis. Dev Cell. 2008; 14(4):570–81. Epub 2008/04/16.

https://doi.org/10.1016/j.devcel.2008.03.003 PMID: 18410732; PubMed Central PMCID:

PMC2773823.

64. Hsu JC, Koo H, Harunaga JS, Matsumoto K, Doyle AD, Yamada KM. Region-specific epithelial cell

dynamics during branching morphogenesis. Dev Dyn. 2013; 242(9):1066–77. Epub 2013/06/20. https://

doi.org/10.1002/dvdy.24000 PMID: 23780688; PubMed Central PMCID: PMC4014777.

PLOS BIOLOGY Constrains from the basement membrane regulate cell migration

PLOS Biology | https://doi.org/10.1371/journal.pbio.3002172 June 28, 2023 27 / 28

https://doi.org/10.1016/j.ydbio.2009.04.028
http://www.ncbi.nlm.nih.gov/pubmed/19409378
https://doi.org/10.1016/j.cub.2007.11.049
http://www.ncbi.nlm.nih.gov/pubmed/18082406
https://doi.org/10.1073/pnas.261408198
http://www.ncbi.nlm.nih.gov/pubmed/11742088
https://doi.org/10.1371/journal.pbio.3000940
http://www.ncbi.nlm.nih.gov/pubmed/33253165
https://doi.org/10.1371/journal.pgen.1008717
https://doi.org/10.1371/journal.pgen.1008717
http://www.ncbi.nlm.nih.gov/pubmed/32479493
https://doi.org/10.1083/jcb.201508081
http://www.ncbi.nlm.nih.gov/pubmed/26903538
https://doi.org/10.1002/dvdy.186
https://doi.org/10.1002/dvdy.186
http://www.ncbi.nlm.nih.gov/pubmed/32352613
https://doi.org/10.1038/ncomms14905
https://doi.org/10.1038/ncomms14905
http://www.ncbi.nlm.nih.gov/pubmed/28374738
https://doi.org/10.1371/journal.pcbi.1005533
http://www.ncbi.nlm.nih.gov/pubmed/28531187
https://doi.org/10.1007/BF01183867
http://www.ncbi.nlm.nih.gov/pubmed/8195812
https://doi.org/10.1523/JNEUROSCI.22-14-06029.2002
https://doi.org/10.1523/JNEUROSCI.22-14-06029.2002
http://www.ncbi.nlm.nih.gov/pubmed/12122064
https://doi.org/10.1021/acsbiomaterials.0c01530
https://doi.org/10.1021/acsbiomaterials.0c01530
http://www.ncbi.nlm.nih.gov/pubmed/34081437
https://doi.org/10.1158/0008-5472.CAN-08-4859
http://www.ncbi.nlm.nih.gov/pubmed/19435897
https://doi.org/10.1016/j.ydbio.2014.12.011
http://www.ncbi.nlm.nih.gov/pubmed/25527075
https://doi.org/10.1016/j.devcel.2008.03.003
http://www.ncbi.nlm.nih.gov/pubmed/18410732
https://doi.org/10.1002/dvdy.24000
https://doi.org/10.1002/dvdy.24000
http://www.ncbi.nlm.nih.gov/pubmed/23780688
https://doi.org/10.1371/journal.pbio.3002172


65. Shih HP, Panlasigui D, Cirulli V, Sander M. ECM Signaling Regulates Collective Cellular Dynamics to

Control Pancreas Branching Morphogenesis. Cell Rep. 2016; 14(2):169–79. Epub 2016/01/11. https://

doi.org/10.1016/j.celrep.2015.12.027 PMID: 26748698; PubMed Central PMCID: PMC4715768.

66. Izzi V, Davis MN, Naba A. Pan-Cancer Analysis of the Genomic Alterations and Mutations of the Matri-

some. Cancer. 2020; 12(8). Epub 2020/07/30. https://doi.org/10.3390/cancers12082046 PMID:

32722287; PubMed Central PMCID: PMC7463652.

67. Spradling AC, Stern D, Beaton A, Rhem EJ, Laverty T, Mozden N, et al. The Berkeley Drosophila

Genome Project gene disruption project: Single P-element insertions mutating 25% of vital Drosophila

genes. Genetics. 1999; 153(1):135–77. Epub 1999/09/03. https://doi.org/10.1093/genetics/153.1.135

PMID: 10471706; PubMed Central PMCID: PMC1460730.

68. Li MA, Alls JD, Avancini RM, Koo K, Godt D. The large Maf factor Traffic Jam controls gonad morpho-

genesis in Drosophila. Nat Cell Biol. 2003; 5(11):994–1000. https://doi.org/10.1038/ncb1058 PMID:

14578908.

69. Barolo S, Castro B, Posakony JW. New Drosophila transgenic reporters: insulated P-element vectors

expressing fast-maturing RFP. Biotechniques. 2004; 36(3):436–40, 42. Epub 2004/03/25. https://doi.

org/10.2144/04363ST03 PMID: 15038159.

70. Fernandez-Espartero CH, Ramel D, Farago M, Malartre M, Luque CM, Limanovich S, et al. GTP

exchange factor Vav regulates guided cell migration by coupling guidance receptor signalling to local

Rac activation. J Cell Sci. 2013;126(Pt 10):2285–2293. https://doi.org/10.1242/jcs.124438 PMID:

23525006.

71. Thevenaz P, Ruttimann UE, Unser M. A pyramid approach to subpixel registration based on intensity.

IEEE Trans Image Process. 1998; 7(1):27–41. Epub 2008/02/13. https://doi.org/10.1109/83.650848

PMID: 18267377.

PLOS BIOLOGY Constrains from the basement membrane regulate cell migration

PLOS Biology | https://doi.org/10.1371/journal.pbio.3002172 June 28, 2023 28 / 28

https://doi.org/10.1016/j.celrep.2015.12.027
https://doi.org/10.1016/j.celrep.2015.12.027
http://www.ncbi.nlm.nih.gov/pubmed/26748698
https://doi.org/10.3390/cancers12082046
http://www.ncbi.nlm.nih.gov/pubmed/32722287
https://doi.org/10.1093/genetics/153.1.135
http://www.ncbi.nlm.nih.gov/pubmed/10471706
https://doi.org/10.1038/ncb1058
http://www.ncbi.nlm.nih.gov/pubmed/14578908
https://doi.org/10.2144/04363ST03
https://doi.org/10.2144/04363ST03
http://www.ncbi.nlm.nih.gov/pubmed/15038159
https://doi.org/10.1242/jcs.124438
http://www.ncbi.nlm.nih.gov/pubmed/23525006
https://doi.org/10.1109/83.650848
http://www.ncbi.nlm.nih.gov/pubmed/18267377
https://doi.org/10.1371/journal.pbio.3002172

