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Abstract

Cell shape remodeling is a principal driver of epithelial tissue morphogenesis. While prog-
ress continues to be made in our understanding of the pathways that control the apical (top)
geometry of epithelial cells, we know comparatively little about those that control cell basal
(bottom) geometry. To examine this, we used the Drosophila ommatidium, which is the
basic visual unit of the compound eye. The ommatidium is shaped as a hexagonal prism,
and generating this 3D structure requires ommatidial cells to adopt specific apical and basal
polygonal geometries. Using this model system, we find that generating cell type—specific
basal geometries starts with patterning of the basal extracellular matrix, whereby Laminin
accumulates at discrete locations across the basal surface of the retina. We find the Dystro-
glycan receptor complex (DGC) is required for this patterning by promoting localized Lami-
nin accumulation at the basal surface of cells. Moreover, our results reveal that localized
accumulation of Laminin and the DGC are required for directing Integrin adhesion. This
induces cell basal geometry remodeling by anchoring the basal surface of cells to the extra-
cellular matrix at specific, Laminin-rich locations. We propose that patterning of a basal
extracellular matrix by generating discrete Laminin domains can direct Integrin adhesion to
induce cell shape remodeling in epithelial morphogenesis.

Introduction

The function of most organs depends on epithelial tissues. In these tissues, cells coordinate
their polarity to generate distinct apical and basal surfaces. This organization underpins epi-
thelial tissue function in polarized transport of macromolecules or gas across compartments.
At the apical surface, cells adhere to one another through apical-lateral junctions, which seal
the epithelial barrier [1]. Basally, cells are attached to the basement membrane, which, among
other functions, provides biomechanical support to tissues [2]. In addition to this apical-basal
organization, epithelia are often organized in 3 dimensions, including folds and curved
regions, which are essential for generating physiological compartments. Generating 3D tissue
organization requires groups of cells to coordinate changes in their position and shape as
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tissues develop. These changes have been mostly studied in 2 dimensions, focusing on the api-
cal surface of tissues. We know comparatively little about how the basal surface of a tissue is
remodeled through development.

Most studies examining cell movement and shape remodeling during epithelial tissue
development tend to make use of embryonic tissues, which consist of a homogenous cell popu-
lation. This approach has proven extremely valuable to reveal fundamental processes in epithe-
lial patterning and morphogenesis. For example, the relative movement of cells in the plane of
a tissue can promote tissue elongation [3-7]. Moreover, changes in cell apical or basal surface
area can contribute to inducing tissue curvature, ranging from fold and tube formation [8-15]
to tissue invagination [16-19]. In principle, any polygonal geometry can be generated at the
apical surface of epithelial cells, depending on the number of adherens junctions (i.e., number
of neighbors) and junction length. As these homogenous tissues mature, cells often adopt a
hexagonal geometry at their apical surface to minimize surface energy [20]. The situation is
likely to be more complex in tissues where cells acquire specific shapes as they undergo differ-
entiation. A good example of this is found in the Drosophila eye. In this sensory epithelium,
each of the 3 epithelial cell types that make up the apical surface (lens) remodel their geometry
to adopt stereotypical shapes. The combination of programed cell death, preferential adhesion
between different cell types, and actomyosin regulation contributes to determining these dif-
ferent apical geometries [21-30].

Alongside these apical regulations, cells can remodel their basal surface [7,31,32]. Basally,
cells are attached to a basement membrane via cell-ECM adhesion molecules such as Integ-
rins. Integrins are heterodimers consisting of an o and B chain, which can bind to extracellular
matrix (ECM) components of the basement membrane. Integrin ligands include Laminins
[33,34] and Collagen IV [35,36], which are both large trimeric proteins. Integrin binding to
these ECM components connects the basement membrane to the cell’s cytoskeleton through
multiple adaptor proteins such as Talin and ILK [37-39]. In Drosophila, Integrin receptors
include 5 possible alpha chains (aPS1/Mew, aPS2/if, aPS3/Scb, ItgaPS4, and ItgaPS5) and 2
beta chains, BPS1/Mys and Itgbn/Bv [40]. In developing epithelia, Integrins have been shown
to regulate the basal area of cells. This is the case in the follicular epithelium of the Drosophila
ovary, where Integrins organize the basal F-actin cytoskeleton [41,42]. In this epithelium,
another basal surface receptor, the Dystroglycan receptor complex (DGC), which consists of
Dystroglycan (Dg), Sarcoglycan subunits o, B, and §, and the adapter protein Dystrophin, also
contributes to organizing the basal F-actin cytoskeleton [43,44]. The DGC can bind to Lami-
nins [45], and its function in organizing basal F-actin in follicular cells depends upon the for-
mation of Laminin fibrils in the underlying basement membrane [43]. Interestingly, work
using cultured mouse embryonic stem cells has also revealed a requirement for DG in organiz-
ing Laminin-1 within the extracellular matrix during embryoid body formation [46]. More-
over, Dg overexpression in the developing Drosophila trachea leads to a precocious
accumulation of Laminin at the basal surface of the tracheal cells [47]. Thus, Laminin organi-
zation and the DGC are intimately linked in basement membrane development, and this rela-
tionship appears to be conserved through evolution. How basement membrane regulation, the
DGC, and Integrins might regulate tissue basal surface remodeling in epithelial morphogenesis
largely remains to be investigated.

To examine this gap in knowledge, we made use of the genetically amenable Drosophila ret-
ina. This sensory epithelium is made of 750 basic visual units called ommatidia. Each omma-
tidium is shaped as a hexagonal prism, and within this 3D structure, different cell types adopt
specific apical and basal polygonal geometries [48]. Using this model system, we show that
coordinating changes in cell basal geometry across groups of cells involves a switch in Integrin
localization, from a basal cluster to polarized localization. We find that this polarized Integrin
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accumulation at the basal surface of cells is directed by Laminin, which accumulates at discrete
locations across the ECM that lines the basal surface of the epithelium. Furthermore, we pres-
ent evidence that the DGC is required to promote this localized Laminin accumulation. We
conclude that during epithelial tissue development, patterning of the ECM through the DGC
and Laminins can coordinate cell shape remodeling by directing the location of Integrin at the
cells’ basal surface.

Results

Retinal cells remodel their basal geometry to shape the ommatidium as a
hexagonal prism

To characterize cell basal geometry remodeling in the retina, we made use of confocal micros-
copy to generate 3D segmentations of the ommatidial cells as they remodel their shape. During
early ommatidial morphogenesis, cells present poorly defined apical and basal geometries (Fig
1A and 1B and S1 and S2 Movies). As ommatidial morphogenesis proceeds, cells progressively
remodel their apical and basal geometries to shape the ommatidium as a hexagonal prism (Fig
1C and 1D and S3 and S4 Movies). Basally, the secondary pigment cells adopt an oblong geom-
etry, and the tertiary pigment cells adopt a triangular geometry [48] (Fig 1E). The bristle cell
complex, which consists of 4 cell types, forms a triangular shape, which alternates with the ter-
tiary pigment cells, in between secondary pigment cells (Fig 1C and 1D). At the tissue level, the
secondary and tertiary pigment cells, which contribute to 2 and 3 neighboring ommatidia,
respectively, generate a supracellular lattice that connects ommatidia across the basal surface
of the epithelium (Figs 1C and S1).

Integrins become polarized during cell basal geometry remodeling

To understand how cell basal geometry remodeling is induced, we sought to identify gene
requirements in this process. The Integrin SPS subunit (Myospheroid (Mys)) is required to
maintain surface integrity late in retinal development, as the tissue surface undergoes basal
contraction [48,49]. Here, we asked whether Integrin adhesion is also required for cell basal
geometry remodeling, which precedes contraction. Monitoring the expression of the BPS/Mys
subunit revealed that before cell basal geometry remodeling begins, Integrins concentrate in
clusters at the basal surface of cells (Fig 2A and 2B). As interommatidial cells remodel their
basal geometry at around 32h after puparium formation (APF), BPS/Mys becomes polarized at
their basal surfaces. This polarization leads to the accumulation of BPS/Mys around the center
of the ommatidium (Fig 2C). This generates what has been referred to before as the grommet,
a supracellular structure anchoring the interommatidial cells around the basal feet of the cone
cells and the afferent photoreceptor axons [48] (Fig 2C and 2D). Distally, BPS/Mys accumu-
lates at the plasma membrane of the interommatidial cells, where they encircle the feet of the
cone cells. BPS/Mys also accumulates at the basal surface of the cone cells (Fig 2D). Proximally,
BPS/Mys continues to accumulate at the plasma membrane of interommatidial cells to form a
supracellular ring of Integrin adhesion around the photoreceptor axons and cone cell feet (Fig
2D). To confirm that the Integrin staining at the grommet is contributed by the interommati-
dial cells, we generated retinas mosaic for talin (rhea) RNAI, an essential component of the
Integrin adhesion complex. In secondary and tertiary pigment cells expressing talin RNAi,
BPS/Mys localization at the grommet was lost, demonstrating that BPS/Mys accumulation at
the grommets results from the polarization of Integrins in the interommatidial cells (S2A and
S2B Fig). Expanding our survey of Integrin expression to the o chains, aPS1 (Multiple edema-
tous wing (Mew)) and a:PS2 (Inflated/If) revealed that the cone cell feet present both these a:PS
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Fig 1. Retinal cells acquire specific basal geometries in morphogenesis. (A) Confocal images of the apical and basal surfaces of an early
pupal retina (24h APF). F-actin (magenta) and Ecadherin::GFP labels the apical Adherens Junction (AJ) (green). (B) 3D segmentation
and rendering of an early ommatidium (24h APF), showing apical and basal side views. The cone cells (CC) at the center of each
ommatidium are labeled in blue. Primary pigment cells (PC) are labeled in light grey. The other cells are labeled with random colors to
help track them along the apical-basal axis. (C) Confocal images of the apical and basal surface of the same patterned pupal retina (32h
APF). F-actin (magenta) and Ecadherin::GFP labels the AJ (green). (D) 3D segmentation and rendering of a patterned ommatidium (32h
APF) showing apical and basal side views. Cone cells (CC, blue), primary pigment cells (PC, grey), secondary pigment cells (SP,
magenta), tertiary pigment cells (TC, yellow), and bristle cell complex, which consist of 4 cells (BC). Scale bars: 5 um. (E) Individual
secondary (magenta) and tertiary (yellow) before (24h APF) and after (32h APF) geometry remodeling. Scale bars: 5 um.

https://doi.org/10.1371/journal.pbio.3002783.9001
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Fig 2. Integrins become polarized as cells remodel their basal geometry. (A) Basal surface of a 24h APF retina, before cell basal
geometry remodeling has occurred. F-actin (magenta) and Mys/@PS (green). (B) Higher magnification of the basal surface of retinal
cells prior to geometry remodeling. (C) Basal surface of a 32h APF retina, as cells have acquired their basal geometry, F-actin
(magenta) and BPS/Mys (green). One secondary (SC, green) and one tertiary (TC, blue) pigment cell is highlighted to show how these
cells connect multiple neighboring ommatidia. The center of the ommatidia that they connect are labeled in red. A bristle cell
complex (BC) is highlighted in yellow. One electron micrograph of a basal section of the retina is shown, centered on one
ommatidium. SC: secondary pigment cells (green), TC: tertiary pigment cells (blue), BC: Bristle cell complex (yellow). Grommet
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structure (G) around the afferent photoreceptor axons (a). (D) Simplified (2D) drawing of a sagittal section of the ommatidium,
showing 2 of the 4 cone cell feet (c.c.f, magenta) and 2 of the 6 interommatidial cell feet (i.c.f, brown). The afferent photoreceptors
axons (green) run at the periphery of the c.c.f and exit the ommatidium in between the i.c.f. The grommet structure is delineated by
the plasma membrane of the pigment cells, which surround the c.c.f and axons. The electron micrographs show a distal cross sections
cutting through the feet of the cone cells (magenta), the axons (green), and the interommatidial cells (brown), and a more proximal
section cutting through the axons only, below the feet of the cone cells. The confocal staining shows optical cross sections at this
location, showing that BPS/Mys accumulates at the feet of the cone cells and at the grommet. (E) Basal surface of a 42h APF retina
oPS2/If::GFP (magenta) and BPS/Mys (green). The oPS2/If::GFP panel shows how this subunit is detected at the c.c.f, and not at the
grommet. (F) Projection of confocal section spanning the c.c.f and grommet focal plans. Note how the cone cells express both oPS1/
mew and aPS2/if, while the pigment cells delineating the grommet only express oPS1/mew. Scale bars (A, C, E, F): 5 um and (B, D):
2 um.

https://doi.org/10.1371/journal.pbio.3002783.9002

chains (Figs 2E and S3). In contrast, within the grommet, the interommatidial cells only pres-
ent aPS1/Mew (Figs 2F and S3). Therefore, different retinal cell types present different combi-
nations of o and B Integrin subunits.

Integrins are required for cell basal geometry remodeling

Next, we examined the requirement of Integrins in retinal cell shape remodeling. To do this,
we expressed a talin RNAi and a dominant negative Mys”" transgene that allows for Integrin
signaling but abolishes binding to ECM components [50]. We also made use of the mys’ loss-
of-function allele. We expressed talin RNAi and Mys"Y transgenes in all retinal cells using the
GMR-Gal4 driver [51]. To examine the basal geometry of the retinal cells in a quantitative
manner, we used automated segmentation with manual correction [52] to quantify multiple
cell shape parameters at the basal surface, including area, perimeter, and circularity. We
focused our analysis on the secondary and tertiary pigment cells, and we used a principal com-
ponent analysis (PCA) to understand the major axes of variation between cells. This analysis
allowed us to distinguish between the secondary and tertiary pigment cells in wild-type retina
(Fig 3A). Using this methodology, we found that inhibiting talin expression leads to a highly
perturbed basal surface compared to wild type. In these retinas, the basal geometry of second-
ary and tertiary pigment cells was undistinguishable from each other (Fig 3B). Similar to talin
RNAI, expressing the Mys”" transgene disrupts basal surface organization, as the basal geome-
try of the secondary and tertiary pigment cells could no longer be distinguished (Fig 3C). Fur-
ther, generating mys' mutant clones leads to a cell-autonomous disruption of cell basal
geometry, like that observed in talin RNAi and Mys"™ retina (Fig 3D).

To understand which parameters explained most of the variance in the PCA, we generated
correlation circle plots (S4 Fig). We found that for wild-type cells, perimeter and circularity
contributed most to the variance between secondary and tertiary pigment cells along the PC1
axis. Eccentricity and minor axis length contributed most to the variance along the PC2 axis
(S4A Fig). For talin RNAi and Mys"N cells, the correlation circle plots were remarkably similar
(S4B and S4C Fig), indicating that these genetic perturbations had similar effects on cell basal
geometry. To confirm this result, we performed PCA comparing secondary and tertiary pig-
ment cells for these 2 genotypes. In both genotypes, cells failed to form discrete clusters (54D
and S4E Fig). For the secondary pigment cells, expressing talin RNAi or Mys"" led to an
increase in cell roundness, while for the tertiary pigment cell, these genotypes lead to an
increase in circularity (S4F and S4G Fig).

Alongside a requirement for Integrins in mediating basal surface adhesion, signaling
through Integrins has been shown to be required for apical-basal polarity in some epithelia
and is known to influence cell-cell adhesion through adherens junctions [53]. Remodeling of
these junctions underpins cell apical geometry remodeling. Examining the apical surface of
talin RNAi and Mys"N retinas revealed defects in cell apical geometry compared to wild-type
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Fig 3. Integrin adhesion is required for cell basal geometry remodeling. (A) From left to right: Confocal section of a wild-type patterned retinal apical
surface at 42h APF (secondary cell in magenta and tertiary cell in yellow). Confocal section of the basal surface from the same retina (secondary cell in magenta
and tertiary cell in yellow). Segmentation of this basal surface using napari and processed through a PCA allowing us to distinguish the basal geometry of the
secondary (magenta) and tertiary (green) pigment cells. (B) Apical section of a GMR-Gal4, talin RNAi retina at 42h APF (secondary cell in magenta and
tertiary cell in yellow). Confocal section of the basal surface from the same retina (secondary cell in magenta and tertiary cell in yellow, undetermined cell in
blue). Segmentation of this basal surface using napari and processed through a PCA allowing us to distinguish the basal geometry of the secondary (magenta)
and tertiary (green) pigment cells. (C) Apical section of a GMR-Gal4, Mys"™ retina at 42h APF (secondary cell in magenta and tertiary cell in yellow). Confocal
section of the basal surface from the same retina (secondary cell in magenta and tertiary cell in yellow, undetermined cell in blue). Segmentation of this basal
surface using napari and processed through a PCA allowing us to distinguish the basal geometry of the secondary (magenta) and tertiary (green) pigment cells.
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(D) Basal optical section of a nys’ mutant clone. Tissue lacking GFP is circled using a yellow dashed line. F-actin (magenta) GFP (green). Scale bars: 10 pum.
Data associated with figure panels (A-C) can be found in S1 Data.

https://doi.org/10.1371/journal.pbio.3002783.g003

retinas. These defects included elongated tertiary pigment cells, mispositioning of cells, and
surnumerous bristle cell complexes. However, most retinal cells could still be identified based
on their position and apical geometry within the ommatidium (Fig 3A-3C). Altogether, we
conclude that Integrin adhesion is required for cell basal geometry remodeling during retinal
morphogenesis. Our results also show that Integrins are required for patterning and cell geom-
etry remodeling at the apical surface of the epithelium.

Cell basal geometry remodeling begins with patterning of the ECM
through localized Laminin accumulation

Basement membrane organization influences morphogenesis through both biochemical and
mechanical regulation [54]. This prompted us to examine the relationship between the base-
ment membrane, Integrin adhesion, and cell basal geometry remodeling. To this end, we
examined the localization and requirement of the Laminin A and B1 subunits (Laminina,
LanA and Lamininf, LanB1), Perlecan/Trol, Collagen-I1V/Viking (Col-1V), the glycoprotein
Nidogen (Entactin/Ndg), and the secreted glycoprotein protein-acidic-cysteine-rich (Sparc),
which are all components of the basement membrane [2]. For Laminin, Ndg, and SPARC, we
used strains generated from a fosmid library that express a functional GFP-tagged transgene
under the control of their own respective promoters [55-57]. For Col-IV and Perlecan, we
used functional GFP exon-trap strains [58]. We examined the retina of these animals and
found that as early as 20h APF, 12 h before the oPS1/Mew-BPS/Mys Integrin receptor is polar-
ized in the interommatidial cells, both the LanA and LanB1 chains accumulate at the center of
the ommatidium in a pattern resembling the grommet structure (Figs 4A, 4B, S5A and S5C).
At this developmental stage, Col-IV, Ndg, and Perlecan are not enriched in the same manner
and instead are distributed at low levels across the basal surface of the retina (Figs 4C,S6A, S6C
and S6E). These results show that Laminin accumulation at the presumptive grommet pre-
cedes Integrin accumulation at this location. This suggests that Laminin patterns at the basal
surface of cells serve as positional cues to control Integrin localization.

Our finding that Laminin accumulates at the presumptive grommet, but Col-IV, Ndg, and
Perlecan do not, raise the question as to whether Laminin assembles into an ECM at this loca-
tion. To examine this, we used electron microscopy (Fig 4D and 4E) and FRAP (Fig 4F). Cross
sections through the presumptive grommet at 20h APF revealed that electron dense material
lines the photoreceptor axon bundle and interommatidial cells (Fig 4D and 4E). This is consis-
tent with Laminin assembling into an ECM. For FRAP, we used LanA:GFP. We found very
little recovery after photobleaching LanA::GFP in defined regions of interest (Fig 4F and 4G).
We therefore conclude that at 20h APF, Laminin accumulates at the presumptive grommet,
where it forms a stable ECM.

Next, we examined the distribution of ECM components at a later stage of retinal develop-
ment, when BPS/Mys is recruited at the grommet. We found that LanA/B, Col-1V, Ndg, and
Perlecan all become enriched in proximal sections of the grommet (Fig 5). These components,
however, accumulate at different locations along the proximal-distal axis of the retina. In distal
sections, LanA and LanB1 localize around the cone cell feet and around axons of the photore-
ceptors (Fig 5A and 5B). Col-IV localizes around the axons but not between the cone cell feet
(Figs 5C and S6B). Perlecan and Nidogen both accumulate around the cone cell feet (Figs 5D,
5E, S6D, S6F, S6G and S6H). Sparc localizes in punctate structures within the photoreceptor
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Fig 4. Laminin accumulation at the presumptive grommet precedes that of Integrins. (A-C) Basal surface of a retina imaged
at 20h APF, before the onset of cell basal geometry remodeling. (A) The B-laminin subunit LanBland LanA accumulate at the
presumptive grommet. F-actin (magenta), LanA and LanB (green), BPS/Mys (magenta). Scale bars: 2 um. (B) Sagittal section
showing accumulation of LanBland LanA at the presumptive grommet. F-actin (yellow), LanB1 and LanA (green). Scale bars:

5 um. (C) Collagen IV, Ndg, and Perlecan show a punctate distribution at the basement membrane, with no enrichment around
the grommet. F-actin (magenta), Col-IV, Ndg, Perlecan (green), Mys (magenta). Scale bars: 2 um. (D, E) Electron micrographs of
a presumptive grommet at 20h APF. (D) is a proximal section through one ommatidium, taken at the level of the photoreceptor
axons (green). The region indicated by a black dashed box is shown at a higher magnification in (E). Pink arrows point to the
electron dense extracellular matrix (ECM) lining the glial cell (blue) that surrounds the axon bundle, and the interommatidial
cells (brown). (F, G) FRAP of LanA::GFP at 20h APF. Stills from a representative movie are shown in (G). Data associated with
panel (F) can be found in S2 Data.

https://doi.org/10.1371/journal.pbio.3002783.9004
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Fig 5. Laminin, Collagen-IV, Perlecan, and Ndg distribute differentially at the basal surface of the ommatidium. (A-E)
Projections of basal sections around the feet of cone cells (c.c.f.) and at the grommet (grom, g), in 42h APF retinas, when cell
basal geometry remodeling is completed. (A, B) Projection of 4 confocal sections for LanA (A) and LanB1 (B), encompassing
the region where the feet of the cone cells contact the ECM, and projection of 4 confocal sections at a more proximal region,
below the feet of the cone cells, showing the grommet structure encircling the photoreceptor axons. LanA/B (green) and F-
actin (magenta). Distally, LanA/B1 localizes around the axons and in between the cone cell feet. Proximally, LanA/B localizes at
the grommet. (A1-B1) Sagittal sections of a LanA::GFP and LanB1::GFP expressing retina. F-actin (yellow), BPS/Mys
(magenta), and LanA/B1 (green). (C) Projection of 4 confocal sections for Collagen IV encompassing the region where the feet
of the cone cells contact the ECM, and projection of 4 confocal sections at a more proximal region, below the feet of the cone
cells, showing the grommet. Col-IV (green) and F-actin (magenta). Distally Col-IV localizes around the axon bundle but is not
enriched in between the cone cell feet. Proximally, Col-IV localizes like LanA/B1, at the grommet. (C1) Sagittal section of a
Col-IV::GFP retina. F-actin (yellow), BPS /Mys (magenta), and Col-IV (green). (D) Projection of 4 confocal sections for
Perlecan encompassing the region where the feet of the cone cells contact the ECM, and projection of 4 confocal sections at a
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more proximal region including, below the feet of the cone cells, showing the grommet. Perlecan (green) and F-actin
(magenta). Distally, Perlecan localizes in punctate structures, around the axons but not in between the cone cell feet.
Proximally, Perlecan localizes at the grommet. (E) Projection of 4 confocal sections for Ndg, encompassing the region where
the feet of the cone cells contact the ECM, and projection of 4 confocal sections at a more proximal region below the feet of the
cone cells, and including the grommet. Distally, Ndg localizes below the cone cell feet. Proximally, Ndg localizes at the
grommet. Sagittal sections of Perlecan::GFP and Ndg::GFP are provided in S6 Fig. (F) Drawing recapitulating the pattern of
expression of LanA/B1, Col IV, Perlecan, and Ndg in the distal part of the ommatidium center. Scale bars (A, B, C, and D, E):
2 um; (A1, B1, and C1): 5 pm.

https://doi.org/10.1371/journal.pbio.3002783.9005

soma and axon (S7 Fig). These patterns of expression for LamininA/B1, Col-1V, Perlecan,
Ndg, and Sparc are summarized in Fig 5F. We conclude that the basement membrane of the
retina is a patterned compartment, showing differential accumulation of ECM components
across its surface.

Laminin is required for the polarized accumulation of Integrins

To test the idea that localized Laminin accumulation induces interommatidial cell basal geom-
etry remodeling by recruiting Integrins, we sought to perturb the expression of this ECM com-
ponent while monitoring BPS/Mys localization. For this, we used both a loss-of-function allele
of LanB1 and RNAI against LanB2. Consistent with our model, we found that in both cases,
BPS/Mys Integrin localization was affected when compared to wild type (Fig 6A-6C). BPS/
Mys failed to accumulate at the grommet and instead was distributed at the basal plasma mem-
brane into punctate domains (Fig 6B and 6C). In addition, these perturbation experiments
affected cell basal geometry remodeling. The strong effect of these perturbations on cell shape
prevented us from assigning cell types from the apical surface and prevented us from analyzing
the data by PCA.

Consistent with basement membrane regulation being important for cell basal geometry
remodeling, we found that degrading the basement membrane by expressing Matrix Metallo-
proteases MMP1 or MMP?2 in retinal cells leads to a failure in BPS/Mys localization at the
grommet and prevents cell basal geometry remodeling (S8 A-S8D Fig). In vitro studies have
shown that recombinant Drosophila MMP1 can degrade Col-IV, but not Laminin, and that
MMP2 can degrade both Col-IV and Laminin [59]. The MMP2 phenotype we observed in
basal surface organization is stronger than that of the MMP1 overexpression. These results,
therefore, suggest that both Col-IV and Laminin play a role in controlling the basal geometry
of retinal cells. This suggestion is consistent with our finding that both these basement mem-
brane proteins are enriched at the grommet once cells have acquired their basal geometry.

The Dystroglycan complex is required for localized Laminin accumulation
in basement membrane development

Our experiments suggest an early role for Laminin in promoting the accumulation of aPS1/
Mew-BPS/Mys Integrin receptor at the grommet. The DGC is required to organize Laminin in
basement membrane maturation in several model systems [43,44,46,60]. These previous find-
ings prompted us to examine the function of DGC components in localizing Laminin within
the retinal basement membrane. Firstly, to examine the expression of Dg, we made use of
endogenously tagged Dg::GFP [61] and the exon trap Dystrophin::GFP (Dys::GFP), which tags
the long isoform of this protein [62]. We found that both Dg::GFP and Dys::GFP accumulated
at the presumptive grommet at 20h APF (Fig 7A-7D), approximately 12 h before Integrins can
be detected at this location. In addition, these proteins localize with Integrin clusters at the
basal surface of retinal cells (Fig 7A and 7C). Examining the basal surface of the retina at 42h
APF, as the basal geometry of cells has been remodeled, showed that Dys::GFP localizes at the
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Fig 6. Laminin is required for cell basal geometry remodeling. (A) From top to bottom: Confocal images showing the apical and
basal surface of a 42h APF wild-type retina F-actin (magenta) and PPS/Mys (green). (B) Confocal images showing the basal surface of
a 42h APF retina within a mutant clone of the LanB1¥<¢%%3%* gllele. F-actin (magenta) and BPS/Mys (green). (C) Confocal images
showing the basal surface of a 42h APF expressing a RNAi under the control of the GMR-Gal4, to target LanB2. F-actin (magenta)
and BPS/Mys (green). Scale bars: 5 um.

https://doi.org/10.1371/journal.pbio.3002783.9006

grommet and also at the cone cell feet (S9 Fig). At these locations, Dys::GFP and BPS/Mys do
not fully overlap, which is consistent with the DGC and Integrins assembling distinct adhesion
sites (Fig 7E).

In our model of cell basal geometry remodeling, the DGC patterns the basal tissue surface
by generating Laminin-rich sites, and these sites direct Integrin adhesion. To test this, we gen-
erated Dg-deficient retinal tissue using the eyflp-FRT system and the Dg°*° allele, which
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Fig 7. Dg and Dys accumulate at the presumptive grommet. (A) Confocal images showing a retinal basal surface at 20h APF and a close-up view
(B) of the presumptive grommet for one ommatidium. F-actin (magenta), Dg::GFP (green), and pPS/Mys (red). (C) Confocal images showing a
basal retinal surface at 20h APF and a close-up view (D) of the presumptive grommet for one ommatidium. F-actin (magenta), Dys::GFP (green),
and BPS/Mys (red). (E) Sagittal section of a 32h APF grommet showing the relative distribution of BPS/Mys (green) and Dys::GFP (magenta). Scale
bars: (A, C) 5 um; (B, D, E) 2 um.

https://doi.org/10.1371/journal.pbio.3002783.9007

encodes for a truncated Dg protein lacking the ECM-binding of the C-terminal aDg and B-Dg
domains [63]. In these experiments, only few, sparse mutant cells could be recovered (S10
Fig). However, large wild-type twinspots were readily visible [64]. This suggests that Dg is
required for cell proliferation or survival (510 Fig). To gain further insight into Dg function in
retinal morphogenesis, we used RNAi to decrease the expression of Dg. Firstly, we used RNAi
against GFP to target endogenously tagged Dg (Fig 8). Examining the basal surface of the tis-
sue, we found the basal geometry of Dg::GFP RNAi cells was affected compared to wild type
(Fig 8A and 8B). PCA revealed that cell type-specific basal geometry was lost, as the secondary
and tertiary pigment cells no longer clustered together (Fig 8B). We note here that we could
still detect GFP signal at the grommet, indicating that the RNAi did not completely inhibit Dg
expression (S11A Fig). Secondly, we made use of 2 RNAi lines that directly target independent
regions of Dg. Expressing either of these RNAI interfered with basal cell geometry remodeling
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Fig 8. Dg is required for Integrin polarization in cell basal geometry remodeling. (A) From left to right: Confocal section of a
wild-type patterned retinal basal surface at 42h APF stained for F-actin and PPS/Mys (integrins). Segmentation of the basal surface
using the F-actin channel and napari. PCA distinguishing basal geometry of the secondary (magenta) and tertiary (green) pigment
cells. (B) From left to right: Confocal section of a 42h APF retina expressing a GFP-tagged version of Dg and an RNAI to target GFP,
expressed using the GMR-Gal4 driver. F-actin and BPS/Mys (integrins). Segmentation of the basal surface using the F-actin channel
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and napari. PCA distinguishing basal geometry of the secondary (magenta) and tertiary (green) pigment cells. (C) From left to right:
Confocal section of a 42h APF retina expressing an RNAi under the control of GMR-Gal4, to target Dg. F-actin and BPS/Mys
(integrins). Segmentation of the basal surface using the F-actin channel and napari. PCA distinguishing basal geometry of the
secondary (magenta) and tertiary (green) pigment cells. (D) Quantification of the amount of Integrin (BPS/Mys) detected at the
grommet and at the basal surface of wild-type 42h APF retinas, Dg-GFP expressing RNAi against GFP, retinas expressing Dg RNAi
(IR), Dys-GFP expressing RNAi against GFP, retinas expressing Dys RNAi (IR), and retinas expressing Sarcoglycand (Scgd) RNAi
(IR). Scale bars: 10 pm. Data associated with panels (A-C) and panel (D) can be found in S3 and S4 Data, respectively.

https://doi.org/10.1371/journal.pbio.3002783.9008

(Figs 8C and S12A-S12C). In addition, we observed a significant reduction in Integrin accu-
mulation at the grommet compared to the wild type (Fig 8C and 8D).

In addition, we targeted Dys using the same methodology, inhibiting the expression of
Dys::GFP using the GFP RNAi line (Fig 9A), and 2 RNAi lines targeting independent regions
of the gene (Figs 9B and S12D-S12F). In all 3 cases, the genetic manipulation impaired basal
geometry remodeling. In addition, these manipulations also led to a significant reduction of
Integrin accumulation at the grommet (Fig 8D). As observed for Dg::GFP, we could still detect
residual Dys::GFP at the grommet in the GFP RNAI experiment, indicating partial knockdown
only (S11B Fig). Finally, we used RNAI to target Sarcoglycand (Scgd,), which is a component of
the DGC (Fig 9C). This led to a complete failure in basal geometry remodeling, consistent with
this factor playing a role in the DGC pathway.

To better describe how our RNAi-based manipulations of the DGC affect basal cell shape,
we performed PCA on pairwise combinations. We first compared the secondary and tertiary
cells where GFP RNAi was used to inhibit expression of Dg::GFP and Dys::GFP (S13 Fig).
Consistent with Dg and Dys functioning together as part of the DGC, we found the PCA anal-
yses and correlation circle plots for the secondary and tertiary pigment cells to be remarkably
similar for these 2 genotypes (S13A and S13B Fig). Thus, these genetic perturbations have sim-
ilar effects on cell basal geometry. For the secondary pigment cells, inhibiting Dg::GFP and
Dys::GFP led to an increase in cell roundness (S13C Fig). The geometry of the tertiary also
became more variable (S13D Fig).

We then extended our PCA comparisons to include the following pairs: GFP RNAi against
Dg::GFP and Dg RNAI (S14 Fig), GFP RNAi against Dys::GFP and Dys RNAi (S15 Fig), Dg
RNAi and Dys RNAI (516 Fig). For each pair, we first compared all interommatidial cells of
each genotype to wild type. For all these genotype comparisons, the correlation circle plots dif-
fered from wild type in a similar manner (S14A-S14C, S15A-S15C and S16A-S16C Figs),
indicating that they had similar effects on cell basal geometry. We then performed a compari-
son of either the secondary or tertiary cells of each paired genotype to each other and gener-
ated correlation circle plots to understand which parameters explain most of the variance in
the PCA. In all comparisons, cells failed to form discrete clusters (S14D, S14E, S15D, S15E,
S16D and S16E Figs). In all cases, cell roundness contributed to variability along the PC1 axis,
with our RNAi manipulations leading to an increase in roundness of the secondary cells and
more variability in the roundness of the tertiary cells (S14F, S14G, S15F, S15G, S16F and S16G
Figs).

Finally, we compared the Scgd and Dg RNAi conditions (517 Fig). We found that these phe-
notypes differed from wild type in a similar manner (S14A-S14C Fig). When comparing either
the secondary or tertiary cells of each paired genotype, there was significant overlap between
the cell populations (S17D and S17E Fig). In this comparison, Scgd RNAi led to an increase in
circularity of both the secondary and tertiary cells when compared to wild type (S17F and
S17G Fig). Altogether, this part of our work indicates that the DGC is required for polarized
accumulation of Integrin at the basal surface of retinal cells during basal geometry remodeling.

Our quantification of the Dg, Dys, and Scgd RNAi phenotypes, together with the early accu-
mulation of both Laminin and Dg-Dys at the presumptive grommet, suggest that Laminin and
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Fig 9. Dg in required for local Laminin accumulation and Integrin polarization. (A) From left to right: Confocal section of a 42h APF retina expressing
a GFP-tagged version of Dys and an RNAi to target GFP, expressed using the GMR-Gal4 driver. F-actin and PPS/Mys (integrins). Segmentation of the
basal surface using the F-actin channel and napari. PCA distinguishing basal geometry of the secondary (magenta) and tertiary (green) pigment cells. (B)
From left to right: confocal section of a 42h APF retina expressing an RNAi under the control of GMR-Gal4, to target Dys. F-actin and pPS/Mys
(integrins). Segmentation of the basal surface using the F-actin channel and napari. PCA distinguishing basal geometry of the secondary (magenta) and
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tertiary (green) pigment cells. (C) From left to right: confocal section of the apical surface and basal surface of a 42h APF retina expressing an RNAi under
the control of GMR-Gal4, to target Scgd. F-actin and BPS/Mys (Integrins). Segmentation of the basal surface using the F-actin channel and napari. PCA
distinguishing basal geometry of the secondary (magenta) and tertiary (green) pigment cells. Scale bars in A-C: 10 pm. (D) Basal surface of a 24h APF
retina expressing Dg-RNAI using the coinFLP system. Cells expressing RNAi are marked in green and outlined using a dashed line. Wild-type grommets
are circled using a dashed line. Scale bar: 5 um. (E) Quantification of the Laminin signal in the wild-type and Dg-RNAi. P = < 0.0001, using an unpaired ¢
test with Welch’s correction.

https://doi.org/10.1371/journal.pbio.3002783.9g009

DGC function in cell basal geometry remodeling are linked and that the DGC might promote
the accumulation of Laminin in the retinal ECM. To test this idea, we inhibited the expression
of DGC using RNAi against Dg and Scgd and asked whether this affected early Laminin accu-
mulation at the presumptive grommet. Both these knockdowns led to a decrease in Laminin
accumulation at the presumptive grommet (Figs 9D, 9E and S18). These results show that the
DGC is required for patterning the developing retinal basement membrane by promoting
local Laminin accumulation.

Discussion

We have used the Drosophila retina as a model system to study the pathways that regulate
remodeling of a tissue basal surface during epithelial morphogenesis. In retinal development,
cells remodel their basal geometry, and our work shows that this remodeling begins with estab-
lishing a pattern of Laminin-rich domains, distributed across the developing basement mem-
brane. We find that establishing this Laminin pattern depends upon the DGC. Once
established, this pattern of Laminin sites directs the recruitment of Integrins, and this recruit-
ment coordinates basal geometry remodeling across groups of cells. Thus, we propose that pat-
terning of a basement membrane through local Laminin accumulation can determine the
basal polygonal geometry of epithelial cells by controlling the localization of Integrin adhesion.
In the retina, failure to establish specific cell basal geometries will compromise eye function, as
cell shape and function are intimately linked in this sensory epithelium.

The DGC promotes localized Laminin accumulation to pattern the retinal
ECM

Dg is required for basement membrane formation in several tissues. For example, Dg knock-
out mice fail to develop beyond 5.5 embryonic days due to a failure in assembling the extraem-
bryonic basement membrane, called the Reichert’s membrane [60]. Examining Dg function
during mouse embryoid body formation revealed that this cell surface receptor is required to
organize Laminin-1 into fibrils [46]. The authors proposed that Dg and Integrins cooperate to
rearrange Laminin-1 into specific structures—fibrils and plaques [65]. Dg can also potentiate
Integrin adhesion to Laminin in Caco-2 intestinal epithelial cells [66]. Interestingly, when Dg
is overexpressed in the developing fly trachea, it leads to precocious Laminin accumulation in
the ECM lining these epithelial cells [47]. Dg is also required for organizing Laminin at the
basal surface of the fly follicular epithelium [43]. Altogether, these studies suggest that base-
ment membrane assembly depends upon the DGC and Integrin, which might play different,
yet overlapping roles in the BM assembly process. Our results in the retinal epithelium show
that the DGC is required in the interommatidial cells to organize their basal ECM. Based on
our inhibition of Dg and Scgd, which led to a reduction in Laminin accumulation at the pre-
sumptive grommet, we propose that the DGC is required to promote Laminin accumulation
at this location. We envisage that this is achieved through DGC binding to Laminin. Alterna-
tively, it is possible that the DGC regulates the expression or secretion of Laminin. Further
work will be required to distinguish between these possibilities.
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We note that a previous study showed that early in retinal development, Dg localizes at the
apical membrane of the photoreceptors. This study proposed a role for Dg in promoting elon-
gation of these sensory neurons, independently to any potential role this surface receptor
might play in basement membrane organization [67]. This conclusion was based on Df(2R)
Dg**® mutant clones and trans-heterozygous retinas, where Dg function was impaired in all
retinal cell types. Moreover, the basement membrane was not examined in this study. Our
work, making use of multiple, independent RNAI lines to inhibit the expression of Dg and
Dys, adds to this function by showing that the Dg receptor and its interactor Dys are required
to organize the basement membrane and the basal cell shape of retinal cells. We find that Lam-
inin and the DGC accumulate at the presumptive grommet before retinal cells undergo basal
geometry remodeling. Electron microscopy at this early stage of retinal development shows
that Laminin is part of an ECM around the photoreceptor axons and an ECM that lines the
feet of the interommatidial cells that surrounds them. We do observe a space between these 2
ECMs, which might be an artifact of sample preparation—perhaps a weak spot that tends to
rupture upon dissection and fixation of the sample. Alternatively, it is possible that these are 2
independent Laminin deposits, separated by a gap of interstitial milieu. Nevertheless, our
RNAi approach using the eye-specific GMR-Gal4 driver line indicates that Laminin, Dg, and
Dys are produced by retinal cells. Whether all retinal cells express these components or differ-
ent cell types express either Laminin and/or Dg remains to be tested.

The idea that different cell types in a tissue can express different ECM components to
induce patterning of a basement membrane is well supported by recent work in the mouse
hair follicle. In this sensory organ, the architecture and composition of the basement mem-
brane is highly specialized depending on the cell-cell and cell-tissue interface considered [68-
70]. Moreover, different cell populations, including epithelial stem cells and fibroblasts,
express different ECM components in the hair follicle [71], supporting the notion that specific
basement membrane organization contributes to cell-cell communication and overall 3D tis-
sue architecture. Our time course experiments indicate that Col-IV, Perlecan, and Ndg are dis-
tributed across the basal surface of the retina. These factors incorporate into the grommet after
Laminin and Dg. Such a temporal sequence, whereby Laminin is localized before Collagen-IV
is also seen in the fly embryo [72] and in the developing trachea [47]. Therefore, in various
instances of basement membrane assembly, Laminin deposition appears to precede that of
Collagen-IV.

Controlling Integrin adhesion contributes to determining the basal
geometry of cells

What role could a Laminin ECM play in tissue morphogenesis? Part of the answer to this ques-
tion may be found when examining the relationship between the DGC, Laminin, and Integrins
in basement membrane formation in the developing Drosophila oocyte [43,44,73]. In this tis-
sue, Dg is required to generate Laminin fibrils that line the basal surface of the follicular epithe-
lium, which surrounds the oocyte. In addition, Dg promotes formation of basal F-actin fibers
in the follicular cells, which align with the Laminin fibrils. In addition, Integrin adhesion is
required to organize the basal F-actin cytoskeleton, and cells deficient in Integrins present a
reduced basal surface area when compared to their wild-type counterparts [42,74]. In this tis-
sue, alignment of Laminin fibrils and basal F-actin is thought to generate a corset, which
mechanically constrains the oocyte to control its axis of elongation. Thus, a combination of
the DGC, Laminin, and Integrin adhesion regulates basal surface area of the follicular epithe-
lial cells and the overall shape of the egg. In the fish optic cup, BPS Integrin and Laminin C1
are required for cell basal contraction, which promotes tissue curvature, essential for
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generating a cup-like structure [11,14,75]. In all these epithelia, Integrins organize the basal
actomyosin cytoskeleton and provide anchoring points against which this contractile machin-
ery can pull to generate traction.

Integrins have also been implicated in cell basal contraction in the Drosophila retina; how-
ever, earlier work using a thermosensitive loss-of-function allele of BPS/Mys had ruled out a
role for this adhesion receptor in cell basal geometry remodeling [48]. Our work using both
talin RNAi and the strong mys’ loss-of-function allele [76] shows a clear requirement for
Integrin adhesion in cell basal geometry remodeling. We found that prior to cell basal geome-
try remodeling, retinal cells present 1 cluster enriched in BPS/Mys Integrin. This type of orga-
nization for Integrin adhesion sites were previously missed [48]. As the interommatidial cells
remodel their basal geometry, the Integrin clusters is no longer detected. Integrin localization
becomes polarized such that this surface receptor concentrates at the grommet. Therefore, cell
basal geometry remodeling correlates with a switch in Integrin localization, from a cluster to
polarized in the plane of the basal retinal surface. We propose that localized accumulation of
the DGC and Laminin can direct Integrin polarization to coordinate cell shape remodeling in
epithelial morphogenesis. Our experiments show that MMP2 overexpression leads to a stron-
ger phenotype than MMP1. In vitro, MMP2 can catalyze proteolysis of both Col-IV and Lami-
nin, while MMP1 has been shown to catalyze proteolysis of only Col-IV [59]. Therefore, our
results suggest that in addition to Laminin, Col-IV is also required for cell basal geometry
remodeling.

We also note that, as well as regulating cell basal geometry remodeling in the retina, our
results indicate that interfering with Integrins and DGC expression leads to defects in cell posi-
tioning, number, and apical geometry remodeling. It will be interesting to establish how these
basal surface receptors regulate apical surface morphogenesis.

Cone cells express 2 Integrin receptors, aPS1/Mew-BPS/Mys and aPS2/if-
BPS/Mys

We found that while the interommatidial cells express aPS1/Mew-BPS/Mys, the cone cells
express both oPS1/Mew-BPS/Mys and oPS2/if-BPS/Mys. Thus, different cell types express dif-
ferent oPS subunits. It is not clear why the cone cells express 2 a-subunits. In the developing
follicular epithelium of the fly oocyte, cells switch from expressing aPS1/Mew-BPS/Mys, to
expressing oPS2/if-BPS/Mys [41]. In this tissue, the developmental switch between oPS1 and
oPS2 expression was shown to correlate with a change in stress fiber orientation. In addition,
oPS1-BPS/Mys was shown to be required to control F-actin levels basally. «PSI mutant cells
presented elevated levels of F-actin, a phenotype not seen in @PS2 mutant cells. Remarkably, in
this tissue, aPS2-BPS/Mys, but not aPS1/Mew-BPS/Mys, was able to recruit the integrin
adapter Tensin. The authors envisaged that the «PS2 Tensin interaction might confer robust-
ness in basal surface remodeling. With analogy to the follicular epithelium, we speculate that
in the cone cells, aPS1-pPS/Mys and oPS2/Mew-BPS/Mys synergize in mediating robust
attachment to the basement membrane to ensure these cells do not detach as the retina length-
ens along the apical-basal axis [48].

Material and methods
Fly strains and genetics

Flies were raised on standard food. The following fly strains were used:
Ubi-Ecadherin::GFP [77]
vkg::GFP (BL98343) [58]
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LanA::GFP (v318155), LanB1::GFP (v318180), Ndg::GFP (v318629) and SPARC::GFP
(v318015) [55]

Ubi-Myspheroid::GFP 78]

UAS-Torso::MysDN [50]

Dystroglycan::GFP [61]

Dystrophin::GFP (BL59782) [62]

Mew-YFP (Kyoto 115524) if-YFP (Kyoto 115467) and perlecan::GFP (Kyoto 110836) [79]

GMR- Gal4 [51]. This Gal4 driver is expressed in all retinal cells, in the wake of the morpho-
genetic furrow, before the animal enters pupation. It remains expressed in retinal cells
throughout pupal development.

UAS-talin RNAi VDRC 40339 and BL 33913, UAS-LanB1 RNAi VDRC 23119 [80], UAS-Dys
RNAi BL55641 [81] and V19230 [44]; Mysl FRT19A/Fm7C (BL23862), UAS-Dg RNAi BL34895
and V107029 [61], UAS-Sarcoglycané RNAi BL55325, UAS-LanB2 RNAi BL62002 [82,83];
UAS-Mmp1 BL58700 and UAS-Mmp2 BL58704 [84]; UAS-GFP RNAi BL9330 and BL9331;
FRT42D, Dg°%° BL63049 [63].

RNAi and Mmp1/2 experiments were performed at a range of temperatures, from 25°C to
29°C, to modulate the strength of expression through the Gal4/UAS system [85].

Antibody staining

Retinas of appropriately staged animals were dissected in PBS on ice and fixed in 4% parafor-
maldehyde for 20 min at room temperature (RT) [86]. Retinas were washed in PBS-Triton
0.3% (PBS-T) then stained with primary antibody in PBS-T for 2 h at RT or overnight at 4°C.
Retinas were washed in PBS-T and then stained with secondary antibodies for 2 h at RT or
overnight at 4°C. Retinas were mounted in Vectashield (Vectorlabs). The following antibodies
were used: rat DCAD?2 anti-ECadherin (1:50), deposited to the DSHB by T. Uemura (DSHB
Hybridoma Product DCAD2) [87], rabbit PA1-16730 anti-Laminin (1:20, Invitrogen), mouse
CF.6G11 anti-Mys (1:20), deposited to the DSHB by D. Brower [88], combined with mouse or
rat secondary antibodies conjugated to Dy405, Alexa488, Cy3, or Alexa647 (Jackson Immu-
noResearch) as appropriate, used at 1:200, and phalloidin-TRITC (Sigma), to visualize F-actin.
A minimum of 4 different retinas were imaged for each genotype.

Confocal imaging and image processing

Images of fixed retinas were acquired on a Zeiss 900 confocal microscope with Airyscan2. Air-
yscan images were processed using the default settings offered by Zeiss. All images presented
were processed using FIJI [89] and AdobePhotoshop CS4 (Adobe). Graphs were produced in
GraphPadPrism 7 (GraphPad) or Python (seaborn and matplotlib). Figures were mounted in
Adobe Illustrator CS4 (Adobe). In preparation for segmentation, Fiji was used to improve the
cell membrane fluorescence signal with background subtraction (Rolling ball radius 50 pixels)
and by applying a 3D Gaussian blur filter (Sigma 1.5). 3D segmentation was performed on
samples stained with Ecadherin and phalloidin to segment cell membranes. Using Imaris
9.1.2, cells were manually segmented. 2D contours were drawn around each cell every 2 Z
slices, and surfaces were created to render individual cells in 3D.

Quantification of Integrins at the grommet and at the basal surface was performed using
Fiji. ROIs were manually defined using the hand drawing tool. To measure integrin fluores-
cence intensity at the grommet, ROIs were drawn around the outer and inner periphery of the
grommet region. For integrin measurements at the basal surface, ROIs were drawn at random
locations in confocal sections more proximal to the grommet. Grommet and basal surface

PLOS Biology | https://doi.org/10.1371/journal.pbio.3002783 September 3, 2024 20/31


https://doi.org/10.1371/journal.pbio.3002783

PLOS BIOLOGY

A dystroglycan—laminin—integrin axis coordinates cell shape remodeling in the Drosophila retina

mean pixel intensity values were then divided by the respective area to express the mean pixel
intensity per area unit for each measurement.

FRAP experiments

LanA::GFP and GMR-Gal4, UAS-Secreted-GFP white pupae were selected and incubated at
25°C for 20 h. Animals were prepared for imaging by manually removing a portion of the
pupal case covering the head of the animal and then positioned on a cushion of BluTac that
was fixed in place on a glass slide with double-sided tape. A coverslip containing a small drop
of Voltalef oil was placed in contact with 1 retina [90]. n = 11 Lan::GFP FRAP experiments
from 5 retinas were performed using a Leica DIVE microscope, and the results were analyzed
using easy-FRAP and PRISM as previously described [91].

2D segmentation

Segmentation was performed on samples stained with phalloidin and Ecadherin to segment
cell membranes and to assign cell types, respectively. Airyscan confocal images were processed
with default Zeiss Airyscan processing parameters. Images were then processed with Napari
[52] using the background subtraction filter (Rolling ball radius 50 pixels) and a Gaussian blur
filter (Sigma/Radius 1.5) to enhance cell membrane signal for 2D segmentation. Segmentation,
manual correction, and quantification were performed using Napari. Cells were automatically
segmented in 2D using the Cellpose plugin with the cytol model. The masks generated from
the automatic segmentation were then manually corrected in Napari. Cell parameters were cal-
culated from the segmented masks using regionprops from scikit-image. All cell types, includ-
ing the secondary and tertiary pigment cells, were identified based on their apical geometry
and positioning within the ommatidia. If the cell type could not be identified based on its api-
cal geometry, this cell was removed from the analysis.

Principal component analysis

PCA was carried out using the Scikit-learn library in Python. The Standard scaler package was
used to standardize the data across all metrics before calculating the principal components.
The PCA package was then used to perform the PCA. Metrics included in the PCA were as fol-
lows: extent, major axis length, minor axis length, eccentricity, roundness, circularity, area, cell
shape index, and perimeter.

The cell types, secondary and tertiary pigment cells, were assigned by following the cells in
3D to the apical surface where the cell types could be identified. Cells that could not be clearly
assigned as either secondary or tertiary pigment cells were excluded from the PCA.

Extent is the area of an object divided by the area or the smallest rectangle (bounding box)
that can fit around the object.

object area

Extent =
bounding box area

Major axis length is the longest line that can be drawn through an object.

Minor axis length is the line that can be drawn through an object which is perpendicular to
the major axis.

Eccentricity is the ratio of the length of the short (minor) axis to the length of the long
(major) axis.

length(minor axis)

Eccentricity =
4 length(major axis)
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Roundness is a comparison of an object to the best fit circle of an object. The closer the
object is to a perfect circle, the more round it will be.

4(area)

Roundness = —————
n(major axis)

Circularity is a measure of the smoothness of an object.

47 (area)

Circularity = : 3
convex perimeter)

Cell shape index is a dimensionless parameter to describe cell shape. When cells have
smaller contacts with their neighbors the cell shape index is small.

perimeter

v area

Correlation circle plots were generated using the mlxtend plotting package in python using
the plot PCA correlation graph function. PCA was performed on at least 3 retinas per geno-
type. Archived code generated to perform all PCA in this study can be found at https://doi.
org/10.5281/zenodo.12942865

cell shape index =

Electron microscopy

Retinas were prepared for electron microscopy as in [92] but embedded in Epon 812 resin.
Serial ultrathin sections were collected on ITO coated coverslips and imaged using a Sense
backscattered electron detector in a Gemini 300 SEM with Atlas 5 for array tomography acqui-
sition (Zeiss)—operating at 4.5 kV accelerating voltage, with 3 kV stage bias.

Data associated with panel (E) can be found in S5 Data.

Supporting information

S1 Movie. 3D rendering of a 20h APF ommatidium obtained after airyscan confocal imaging.
(MP4)

$2 Movie. 3D rendering of a 20h APF ommatidium obtained after airyscan confocal imaging.
(MP4)

$3 Movie. 3D rendering of a 32h APF ommatidium obtained after airyscan confocal imag-
ing.
(MP4)

S4 Movie. 3D rendering of a 32h APF ommatidium obtained after airyscan confocal imaging.
(MP4)

S1 Fig. Retinal basal surface organization. F-actin staining revealing cell basal outlines in a
42h APF retina. Scale bar: 75 ym.
(EPS)

S2 Fig. Integrin attachment is polarized in the interommatidial cells. (A) 42h APF second-
ary pigment cell expressing talin RNAi (magenta), surrounded by wild-type cells. BPS/Mys
(green). Mosaic expression of talin RNAi is induced using the coin-FLP system [93]. In the
close-up view, an arrow points to the lack of BPS/Mys corresponding to where the talin-defi-
cient cell should contribute Integrins to the grommet. (B) 42h APF tertiary pigment cell
expressing talin RNAi (magenta), surrounded by wild-type cells. GFP (magenta) marks the cell
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expressing the RNAI. In the close-up view an arrow, points to the lack of BPS/Mys at the loca-
tion where the cell joins the grommet.
(EPS)

$3 Fig. The interommatidial and cone cells express aPS1/Mew. (A) Basal surface of a 42h
APF retina stained for oPS1/Mew::GFP (green) and F-actin (magenta). Cone cell feet (c.c.f.).
The higher magnification shows the oPS1/Mew::GFP localization pattern at the grommet.
(EPS)

$4 Fig. PCA and correlation circle plots. (A-C) Correlation circle plots for wild-type, talin
RNAi, and Mys"" retinas for both secondary and tertiary pigment cells. (D) PCA of secondary
and (E) tertiary pigment cells comparing talin RNAi and Mys”" retinas. Correlation circle
plots to analyze the correlation between each variable and the principal components and how
well the variables explain the variance of the data (bottom panels). (F, G) Parameter compari-
sons extracted from the original data. The 2 parameters that contribute most to principal com-
ponent 1 are analyzed. Data associated with panels (A-G) are in S1 Data.

(EPS)

S5 Fig. Laminin localization at the presumptive grommet precedes that of Integrins. (A, B)
Basal surface of a 20h APF and 42h APF retina showing LanA::GFP accumulation at the grom-
met. (C, D) Basal surface of a 20h APF and 42h APF retina showing LanB1::GFP accumulation
at the grommet. F-actin (magenta), LanA/B1 (green), Mys (magenta). Scale bars: 5 um.

(EPS)

S6 Fig. Localization of ECM factors in basal surface morphogenesis. (A-F) Projection of a
few contiguous basal sections of retinas at 24h and 42h APF (A, B) Col-IV::GFP (green), F-
actin (magenta), Mys (magenta). (C, D) Perlecan::GFP (green), F-actin (magenta), BPS/Mys
(magenta). (E, F) Ndg::GFP (green), F-actin (magenta), BPS/Mys (magenta). (G, H) Sagittal
sections of a Perlecan::GFP retina (G) and Ndg::GFP retina (H) at 42h APF. F-actin (yellow),
BPS/Mys (magenta), and Perlecan/Ndg (green). Scale bars: 5 pm.

(EPS)

S7 Fig. SPARC localizes in the photoreceptor cytosol and axon. (A) Projection of contigu-
ous confocal sections taken in the plane of the photoreceptors’ cell body in a 24h APF retina.
(B) Projection of contiguous confocal sections at the basal surface of a 42h APF retina. (C)
Close-up view on photoreceptors soma in a 42h APF retina. (D) Close-up view of the basal
surface of a 42h APF retina showing the photoreceptor’s axon bundles running across the tis-
sue surface. F-actin (magenta), SPARC (green), and BPS/Mys (magenta). Scale bars: 5 pm.
(EPS)

S8 Fig. Degrading the ECM by expressing MMPs prevents basal geometry remodeling. (A)
Retina expressing MMP1 and (C) MMP2 under the control of the GMR-Gal4 driver, and
close-up views of the center of an ommatidium, where the grommet is located, for retina
expressing MMP1 (B) and MMP2 (D). F-actin (magenta) and BPS/Mys (green).

(EPS)

S9 Fig. Dys localizes at the grommet. (A, B) Basal retinal surface at 42h APF and a close-up
view (B) of a grommet. F-actin (magenta), Dys::GFP (green), BPS (red). Scale bar (A): 5 pm,
(B): 2 pm.

(EPS)

$10 Fig. Dg is required for retinal cell proliferation or survival. (A) Confocal projection of a
42h APF retina of the following genotype: eyFLP; ubiGFP, FRT42D / Dg°%, FRT42D; An
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OrangeHot lookup table was used to distinguish Dg-mutant cells (lacking GFP) from twin-
spots (expressing 2 copies of GFP) and unrecombined heterozygous tissue (expressing 1 copy
of GFP). One area of contiguous twinspot tissue is outlined with a solid blue line, while several
much smaller Dg?®° clones are outlined by blue dashed lines and also indicated with a blue
arrow. Scale bar = 50 um.

(EPS)

S11 Fig. GFP RNAi against Dg-GFP and Dys-GFP lead to partial knockdowns. (A) Confo-
cal section showing the basal surface of a 42h APF retina expressing Dg::GFP and the RNAi
targeting GFP. Note the residual GFP signal localized to a subset of grommets (white arrows).
(B) Confocal section showing the basal surface of a 42h APF retina expressing Dys::GFP and
the RNAi targeting GFP. Note the residual GFP signal localized at the grommets (white
arrows). Scale bars: 10 um.

(EPS)

$12 Fig. The Dg-Dystrophin pathway is required for polarized accumulation of Integrins.
(A) Apical and basal surface of a 42h APF retina expressing Dg RNAi under the control of the
GMR-Gal4 driver. The basal surface has been segmented and cell basal geometry analyzed
using PCA. (B) Basal surface of a 42h APF retina expressing Dg RNAi under the control of the
GMR-Gal4 driver F-actin (magenta), BPS/Mys (green). (C) Close-up view of a grommet. (D)
Apical and basal surface of a 42h APF retina expressing Dys RNAi under the control of the
GMR-Gal4 driver. The basal surface has been segmented and cell basal geometry analyzed
using PCA. (E) Basal surface of a 42h APF retina expressing Dys RNAi under the control of
the GMR-Gal4 driver F-actin (magenta), BPS/Mys (green). (F) Close-up view of a grommet.
Scale bars (A, D): 10 um; (B, E): 5 pm; (C, F): 5 um. Data associated with panels (A, D) can be
found in S1 Data.

(EPS)

$13 Fig. Comparing Dg::GFP; GFP RNAi and Dys::GFP; GFP RNAI. (A) PCA of secondary
and (B) tertiary pigment cells comparing GFP RNAi against Dys::GFP and GFP RNAi against
Dg::GFP retinas. Correlation circle plots to analyze the correlation between each variable and
the principal components and how well the variables explain the variance of the data (bottom
panels). (C, D) Parameter comparisons extracted from the original data. The 2 parameters that
contribute most to principal component 1 are analyzed. Data associated with (A-D) are in S3
Data.

(EPS)

S14 Fig. Comparing Dg RNAi and Dg::GFP; GFP RNAi. (A-C) Correlation circle plots for
wild type, Dg RNAi, and GFP RNAi against Dg::GFP retinas for both secondary and tertiary
pigment cells. (D) PCA of secondary and (E) tertiary pigment cells comparing Dg RNAi and
GFP RNAi against Dg::GFP retinas. Correlation circle plots to analyze the correlation between
each variable and the principal components and how well the variables explain the variance of
the data (bottom panels). (F, G) Parameter comparisons extracted from the original data. The
2 parameters that contribute most to principal component 1 are analyzed. Data associated
with (A-G) are in S3 Data.

(EPS)

S15 Fig. Comparing Dys RNAi and Dys::GFP; GFP RNAi. (A-C) Correlation circle plots for
wild type, Dys RNAi, and GFP RNAi against Dys::GFP retinas for both secondary and tertiary
pigment cells. (D) PCA of secondary and (E) tertiary pigment cells comparing Dys RNAi and
GFP RNAi against Dys::GFP retinas. Correlation circle plots to analyze the correlation between
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each variable and the principal components and how well the variables explain the variance of
the data (bottom panels). (F, G) Parameter comparisons extracted from the original data. The
2 parameters that contribute most to principal component 1 are analyzed. Data associated
with (A-G) are in S3 Data.

(EPS)

$16 Fig. Comparing Dys RNAi and Dg RNAi. (A-C) Correlation circle plots for wild type,
Dys RNAi, and Dg RNAi retinas for both secondary and tertiary pigment cells. (D) PCA of sec-
ondary and (E) tertiary pigment cells comparing Dys RNAi and Dg RNAi retinas. Correlation
circle plots to analyze the correlation between each variable and the principal components and
how well the variables explain the variance of the data (bottom panels). (F, G) Parameter com-
parisons extracted from the original data. The 2 parameters that contribute most to principal
component 1 are analyzed. Data associated with (A-G) are in S3 Data.

(EPS)

$17 Fig. Comparing Dg RNAi and Scgd RNAi. (A-C) Correlation circle plots for wild type,
Dg RNAi, and Scgd RNAi retinas for both secondary and tertiary pigment cells. (D) PCA of sec-
ondary and (E) tertiary pigment cells comparing Dg RNAi and Scgé RNA retinas. Correlation
circle plots to analyze the correlation between each variable and the principal components and
how well the variables explain the variance of the data (bottom panels). (F, G) Parameter com-
parisons extracted from the original data. The 2 parameters that contribute most to principal
component 1 are analyzed. Data associated with (A-G) are in S3 Data.

(EPS)

$18 Fig. Local Laminin accumulation is reduced upon expression of Sarcoglycané RNAi.
(A) Basal surface of a 20h APF wild type LanA::GFP, and of a Scgd RNAi LanA::GFP retina.
Scale bar: 10 um (B) Quantification of the LanA::GFP signal for these 2 genotypes. Data associ-
ated with panel (B) are in S3 Data.

(EPS)

S1 Data. Excel file for graphs in Figs 3, S4 and S12. All measured shape parameters are given
for each genotype, with each sheet labeled with the relevant genotype. These data were used to
perform the PCA presented in Figs 3A-3C, S4D, S4E, S12A and S12D. These data were also
used to generate the circle plots in S4A-S4E Figs and the box plots in S4F and S4G Fig.
(XLSX)

S2 Data. Excel file for graph in Fig 4. Double normalized data for FRAP plotted in graph
(4F). Normalized mean fluorescence intensity values for each indicated replicate (y axis) were
calculated using the easyFRAP web application [91] averaged and then plotted against time (x
axis). Raw fluorescence values for each replicate are included on a separate sheet.

(XLSX)

S3 Data. Excel file for graphs in Figs 8, S13, S14, S15, S16 and S17. All measured shape
parameters are given for each genotype, with each sheet labeled with the relevant genotype.
These data were used to perform the PCA presented in Figs 8A-8C, 9A-9C, S13A, S13B,
§14D, S14E, S15D, S15E, S16D, S16E, S17D and S17E. These data were used to generate the
circle plots in S13A, S13B, S14A-S14E, SI5A-S15E, SI6A-S16E and S17A-S17E Figs, and also
the box plots in S13C, S13D, S14F, S14G, S15F, S15G, S16F, S16G, S17F and S17G Figs.
(XLSX)

$4 Data. Excel file for graph in Fig 8. Data for graph (D) is given in a sheet containing an
image identifier, area and fluorescence intensity measurements, and the calculations used to
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determine the values for integrin enrichment (y axis) at the grommet in each genotype (x
axis).
(XLSX)

S5 Data. Excel file for graph in Fig 9. Data for graph (E) is given in a sheet containing an
image identifier and fluorescence intensity measurements of Laminin antibody staining (y
axis) in each genotype (x axis).

(XLSX)

S6 Data. Excel file for graph in S18 Fig. Data for graph (B) is given in a sheet containing an
image identifier and fluorescence intensity measurements of LanA::GFP levels (y axis) in each
genotype (x axis).

(XLSX)

Acknowledgments

The authors would like to thank Andrew Vaughan and Ki Hng, who run the LMCB imaging
platform and provided training and assistance to RFW and CL for confocal imaging. Stocks
obtained from the Bloomington Drosophila Stock Center (NIH P400D018537) were used in
this study, from KYOTO Drosophila Stock Center, in Kyoto Institute of Technology and from
the Vienna Drosophila Resource Center (VDRC, www.vdrc.at).

Author Contributions

Conceptualization: Rhian F. Walther, Courtney Lancaster, Franck Pichaud.
Data curation: Rhian F. Walther, Courtney Lancaster, Franck Pichaud.
Formal analysis: Rhian F. Walther, Courtney Lancaster.

Funding acquisition: Franck Pichaud.

Investigation: Rhian F. Walther, Courtney Lancaster, Jemima J. Burden.
Methodology: Rhian F. Walther, Courtney Lancaster, Jemima J. Burden, Franck Pichaud.
Project administration: Franck Pichaud.

Resources: Franck Pichaud.

Supervision: Rhian F. Walther, Franck Pichaud.

Writing - original draft: Rhian F. Walther, Franck Pichaud.

Writing - review & editing: Rhian F. Walther, Courtney Lancaster, Franck Pichaud.

References

1. Pichaud F, Walther RF, Nunes de Aimeida F. Regulation of Cdc42 and its effectors in epithelial morpho-
genesis. J Cell Sci. 2019; 132(10). Epub 2019/05/283. https://doi.org/10.1242/jcs.217869 PMID:
31113848.

2. WalmaDAC, Yamada KM. The extracellular matrix in development. Development. 2020; 147(10). Epub
2020/05/30. https://doi.org/10.1242/dev.175596 PMID: 32467294; PubMed Central PMCID:
PMC7272360.

3. Bertet C, Sulak L, Lecuit T. Myosin-dependent junction remodelling controls planar cell intercalation
and axis elongation. Nature. 2004; 429(6992):667-671. https://doi.org/10.1038/nature02590 PMID:
15190355.

PLOS Biology | https://doi.org/10.1371/journal.pbio.3002783 September 3, 2024 26/31


http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.3002783.s027
http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.3002783.s028
http://www.vdrc.at/
https://doi.org/10.1242/jcs.217869
http://www.ncbi.nlm.nih.gov/pubmed/31113848
https://doi.org/10.1242/dev.175596
http://www.ncbi.nlm.nih.gov/pubmed/32467294
https://doi.org/10.1038/nature02590
http://www.ncbi.nlm.nih.gov/pubmed/15190355
https://doi.org/10.1371/journal.pbio.3002783

PLOS BIOLOGY

A dystroglycan—laminin—integrin axis coordinates cell shape remodeling in the Drosophila retina

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

Blankenship JT, Backovic ST, Sanny JS, Weitz O, Zallen JA. Multicellular rosette formation links planar
cell polarity to tissue morphogenesis. Dev Cell. 2006; 11(4):459—470. https://doi.org/10.1016/j.devcel.
2006.09.007 PMID: 17011486.

Walck-Shannon E, Reiner D, Hardin J. Polarized Rac-dependent protrusions drive epithelial intercala-
tion in the embryonic epidermis of C. elegans. Development. 2015; 142(20):3549-3560. Epub 2015/09/
24. hitps://doi.org/10.1242/dev.127597 PMID: 26395474; PubMed Central PMCID: PMC4631769.

Williams M, Yen W, Lu X, Sutherland A. Distinct apical and basolateral mechanisms drive planar cell
polarity-dependent convergent extension of the mouse neural plate. Dev Cell. 2014; 29(1):34—46. Epub
2014/04/08. https://doi.org/10.1016/j.devcel.2014.02.007 PMID: 24703875; PubMed Central PMCID:
PMC4120093.

Sun Z, Amourda C, Shagirov M, Hara Y, Saunders TE, Toyama Y. Basolateral protrusion and apical
contraction cooperatively drive Drosophila germ-band extension. Nat Cell Biol. 2017; 19(4):375-383.
Epub 2017/03/28. https://doi.org/10.1038/ncb3497 PMID: 28346438.

Corrigall D, Walther RF, Rodriguez L, Fichelson P, Pichaud F. Hedgehog signaling is a principal inducer
of Myosin-lI-driven cell ingression in Drosophila epithelia. Dev Cell. 2007; 13(5):730-742. Epub 2007/
11/06. https://doi.org/10.1016/j.devcel.2007.09.015 PMID: 17981140.

Escudero LM, Bischoff M, Freeman M. Myosin Il regulates complex cellular arrangement and epithelial
architecture in Drosophila. Dev Cell. 2007; 13(5):717-729. Epub 2007/11/06. https://doi.org/10.1016/j.
devcel.2007.09.002 [pii] PMID: 17981139.

Schlichting K, Dahmann C. Hedgehog and Dpp signaling induce cadherin Cad86C expression in the
morphogenetic furrow during Drosophila eye development. Mech Dev. 2008; 125(8):712-728. https://
doi.org/10.1016/j.mod.2008.04.005 PMID: 18539010.

Martinez-Morales JR, Rembold M, Greger K, Simpson JC, Brown KE, Quiring R, et al. ojoplano-medi-
ated basal constriction is essential for optic cup morphogenesis. Development. 2009; 136(13):2165—
2175. Epub 2009/06/09. https://doi.org/10.1242/dev.033563 PMID: 19502481.

Sanchez-Corrales YE, Blanchard GB, Roper K. Radially patterned cell behaviours during tube budding
from an epithelium. Elife. 2018;7. Epub 2018/07/18. https://doi.org/10.7554/eLife.35717 PMID:
30015616; PubMed Central PMCID: PMC6089598.

SuiL, Alt S, Weigert M, Dye N, Eaton S, Jug F, et al. Differential lateral and basal tension drive folding of
Drosophila wing discs through two distinct mechanisms. Nat Commun. 2018; 9(1):4620. Epub 2018/11/07.
https://doi.org/10.1038/s41467-018-06497-3 PMID: 30397306; PubMed Central PMCID: PMC6218478.

Nicolas-Perez M, Kuchling F, Letelier J, Polvillo R, Wittbrodt J, Martinez-Morales JR. Analysis of cellular
behavior and cytoskeletal dynamics reveal a constriction mechanism driving optic cup morphogenesis.
Elife. 2016; 5. Epub 2016/11/01. https://doi.org/10.7554/eLife.15797 PMID: 27797321; PubMed Central
PMCID: PMC5110244.

Sidhaye J, Norden C. Concerted action of neuroepithelial basal shrinkage and active epithelial migration
ensures efficient optic cup morphogenesis. Elife. 2017; 6. Epub 2017/04/05. https://doi.org/10.7554/
eLife.22689 PMID: 28372636; PubMed Central PMCID: PMC5380436.

Leptin M, Grunewald B. Cell shape changes during gastrulation in Drosophila. Development. 1990; 110
(1):73-84. https://doi.org/10.1242/dev.110.1.73 PMID: 2081472.

Sweeton D, Parks S, Costa M, Wieschaus E. Gastrulation in Drosophila: the formation of the ventral fur-
row and posterior midgut invaginations. Development. 1991; 112(3):775-789. https://doi.org/10.1242/
dev.112.3.775 PMID: 1935689.

Martin AC, Kaschube M, Wieschaus EF. Pulsed contractions of an actin-myosin network drive apical
constriction. Nature. 2009; 457(7228):495-499. https://doi.org/10.1038/nature07522 PMID: 19029882;
PubMed Central PMCID: PMC2822715.

Rauzi M, Krzic U, Saunders TE, Krajnc M, Ziherl P, Hufnagel L, et al. Embryo-scale tissue mechanics
during Drosophila gastrulation movements. Nat Commun. 2015; 6:8677. https://doi.org/10.1038/
ncomms9677 PMID: 26497898; PubMed Central PMCID: PMC4846315.

Kokic M, lannini A, Villa-Fombuena G, Casares F, Iber D. Minimisation of surface energy drives apical
epithelial organisation and gives rise to Lewis’ law. bioRxiv [Preprint]. 2019.

Brachmann CB, Cagan RL. Patterning the fly eye: the role of apoptosis. Trends Genet. 2003; 19(2):91-
96. Epub 2003/01/28. https://doi.org/10.1016/S0168-9525(02)00041-0 PMID: 12547518.

Hayashi T, Carthew RW. Surface mechanics mediate pattern formation in the developing retina. Nature.
2004; 431(7009):647-652. Epub 2004/10/08. nature02952 [pii]. https://doi.org/10.1038/nature02952
PMID: 15470418.

Chan EH, Chavadimane Shivakumar P, Clement R, Laugier E, Lenne PF. Patterned cortical tension
mediated by N-cadherin controls cell geometric order in the Drosophila eye. Elife. 2017; 6. Epub 2017/
05/26. https://doi.org/10.7554/eLife.22796 PMID: 28537220; PubMed Central PMCID: PMC5443664.

PLOS Biology | https://doi.org/10.1371/journal.pbio.3002783 September 3, 2024 27 /31


https://doi.org/10.1016/j.devcel.2006.09.007
https://doi.org/10.1016/j.devcel.2006.09.007
http://www.ncbi.nlm.nih.gov/pubmed/17011486
https://doi.org/10.1242/dev.127597
http://www.ncbi.nlm.nih.gov/pubmed/26395474
https://doi.org/10.1016/j.devcel.2014.02.007
http://www.ncbi.nlm.nih.gov/pubmed/24703875
https://doi.org/10.1038/ncb3497
http://www.ncbi.nlm.nih.gov/pubmed/28346438
https://doi.org/10.1016/j.devcel.2007.09.015
http://www.ncbi.nlm.nih.gov/pubmed/17981140
https://doi.org/10.1016/j.devcel.2007.09.002
https://doi.org/10.1016/j.devcel.2007.09.002
http://www.ncbi.nlm.nih.gov/pubmed/17981139
https://doi.org/10.1016/j.mod.2008.04.005
https://doi.org/10.1016/j.mod.2008.04.005
http://www.ncbi.nlm.nih.gov/pubmed/18539010
https://doi.org/10.1242/dev.033563
http://www.ncbi.nlm.nih.gov/pubmed/19502481
https://doi.org/10.7554/eLife.35717
http://www.ncbi.nlm.nih.gov/pubmed/30015616
https://doi.org/10.1038/s41467-018-06497-3
http://www.ncbi.nlm.nih.gov/pubmed/30397306
https://doi.org/10.7554/eLife.15797
http://www.ncbi.nlm.nih.gov/pubmed/27797321
https://doi.org/10.7554/eLife.22689
https://doi.org/10.7554/eLife.22689
http://www.ncbi.nlm.nih.gov/pubmed/28372636
https://doi.org/10.1242/dev.110.1.73
http://www.ncbi.nlm.nih.gov/pubmed/2081472
https://doi.org/10.1242/dev.112.3.775
https://doi.org/10.1242/dev.112.3.775
http://www.ncbi.nlm.nih.gov/pubmed/1935689
https://doi.org/10.1038/nature07522
http://www.ncbi.nlm.nih.gov/pubmed/19029882
https://doi.org/10.1038/ncomms9677
https://doi.org/10.1038/ncomms9677
http://www.ncbi.nlm.nih.gov/pubmed/26497898
https://doi.org/10.1016/S0168-9525%2802%2900041-0
http://www.ncbi.nlm.nih.gov/pubmed/12547518
https://doi.org/10.1038/nature02952
http://www.ncbi.nlm.nih.gov/pubmed/15470418
https://doi.org/10.7554/eLife.22796
http://www.ncbi.nlm.nih.gov/pubmed/28537220
https://doi.org/10.1371/journal.pbio.3002783

PLOS BIOLOGY

A dystroglycan—laminin—integrin axis coordinates cell shape remodeling in the Drosophila retina

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

Bao S, Cagan R. Preferential adhesion mediated by Hibris and Roughest regulates morphogenesis and
patterning in the Drosophila eye. Dev Cell. 2005; 8(6):925-935. Epub 2005/06/07. https://doi.org/10.
1016/j.devcel.2005.03.011 PMID: 15935781.

Hellerman MB, Choe RH, Johnson RI. Live-imaging of the Drosophila pupal eye. J Vis Exp. 2015;
(95):52120. Epub 2015/02/05. https://doi.org/10.3791/52120 PMID: 25651413; PubMed Central
PMCID: PMC4354525.

Del Signore SJ, Cilla R, Hatini V. The WAVE Regulatory Complex and Branched F-Actin Counterbal-
ance Contractile Force to Control Cell Shape and Packing in the Drosophila Eye. Dev Cell. 2018; 44
(4):471-483 e4. https://doi.org/10.1016/j.devcel.2017.12.025 PMID: 293961 16; PubMed Central
PMCID: PMC5856465.

Letizia A, He D, Astigarraga S, Colombelli J, Hatini V, Llimargas M, et al. Sidekick Is a Key Component
of Tricellular Adherens Junctions that Acts to Resolve Cell Rearrangements. Dev Cell. 2019; 50
(3):313-326 e5. Epub 2019/07/30. https://doi.org/10.1016/j.devcel.2019.07.007 PMID: 31353315;
PubMed Central PMCID: PMC6748646.

Malin J, Rosa Birriel C, Astigarraga S, Treisman JE, Hatini V. Sidekick dynamically rebalances contrac-
tile and protrusive forces to control tissue morphogenesis. J Cell Biol. 2022; 221(5). Epub 2022/03/09.
https://doi.org/10.1083/jcb.202107035 PMID: 35258563; PubMed Central PMCID: PMC8908789.

Blackie L, Tozluoglu M, Trylinski M, Walther RF, Schweisguth F, Mao Y, et al. A combination of Notch signal-
ing, preferential adhesion and endocytosis induces a slow mode of cell intercalation in the Drosophila retina.
Development. 2021; 148(10). Epub 2021/05/18. https://doi.org/10.1242/dev.197301 PMID: 33999996.

Blackie L, Walther RF, Staddon MF, Banerjee S, Pichaud F. Cell-type-specific mechanical response
and myosin dynamics during retinal lens development in Drosophila. Mol Biol Cell. 2020; 31(13):1355—
1369. Epub 2020/04/23. https://doi.org/10.1091/mbc.E19-09-0523 PMID: 32320320; PubMed Central
PMCID: PMC7353141.

Gomez HF, Dumond MS, Hodel L, Vetter R, Iber D. 3D cell neighbour dynamics in growing pseudostra-
tified epithelia. Elife. 2021; 10. Epub 2021/10/06. https://doi.org/10.7554/eLife.68135 PMID: 34609280;
PubMed Central PMCID: PMC8570695.

Gomez-Galvez P, Vicente-Munuera P, Tagua A, Forja C, Castro AM, Letran M, et al. Scutoids are a geomet-
rical solution to three-dimensional packing of epithelia. Nat Commun. 2018; 9(1):2960. Epub 2018/07/29.
https://doi.org/10.1038/s41467-018-05376-1 PMID: 30054479; PubMed Central PMCID: PMC6063940.

Yamada M, Sekiguchi K. Molecular Basis of Laminin-Integrin Interactions. Curr Top Membr. 2015;
76:197-229. Epub 2015/11/28. https://doi.org/10.1016/bs.ctm.2015.07.002 PMID: 26610915.

Yurchenco PD. Basement membranes: cell scaffoldings and signaling platforms. Cold Spring Harb Per-
spect Biol. 2011; 3(2). Epub 2011/03/23. https://doi.org/10.1101/cshperspect.a004911 PMID:
21421915; PubMed Central PMCID: PMC3039528.

Kefalides NA. A collagen of unusual composition and a glycoprotein isolated from canine glomerular
basement membrane. Biochem Biophys Res Commun. 1966; 22(1):26—32. Epub 1966/01/04. https:/
doi.org/10.1016/0006-291x(66)90597-3 PMID: 5937334.

Leitinger B. Transmembrane collagen receptors. Annu Rev Cell Dev Biol. 2011; 27:265-290. Epub
2011/05/17. https://doi.org/10.1146/annurev-cellbio-092910-154013 PMID: 21568710.

Kanchanawong P, Calderwood DA Organization, dynamics and mechanoregulation of integrin-medi-
ated cell-ECM adhesions. Nat Rev Mol Cell Biol. 2023;24(2)142—161. https://doi.org/10.1038/s41580-
022-00531-5 PMID: 36168065

Geiger B, Bershadsky A, Pankov R, Yamada KM. Transmembrane crosstalk between the extracellular
matrix—cytoskeleton crosstalk. Nat Rev Mol Cell Biol. 2001; 2(11):793-805. Epub 2001/11/21. https://
doi.org/10.1038/35099066 PMID: 11715046.

Green HJ, Brown NH. Integrin intracellular machinery in action. Exp Cell Res. 2019; 378(2):226-231.
Epub 2019/03/12. https://doi.org/10.1016/j.yexcr.2019.03.011 PMID: 30853446.

Brown NH, Gregory SL, Martin-Bermudo MD. Integrins as mediators of morphogenesis in Drosophila.
Dev Biol. 2000; 223(1):1—16. https://doi.org/10.1006/dbio.2000.9711 PMID: 10864456.

Delon I, Brown NH. The integrin adhesion complex changes its composition and function during mor-
phogenesis of an epithelium. J Cell Sci. 2009; 122(Pt 23):4363—-4374. Epub 2009/11/12. https://doi.org/
10.1242/jcs.055996 PMID: 19903692; PubMed Central PMCID: PMC2779134.

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.

PLOS Biology | https://doi.org/10.1371/journal.pbio.3002783 September 3, 2024 28/31


https://doi.org/10.1016/j.devcel.2005.03.011
https://doi.org/10.1016/j.devcel.2005.03.011
http://www.ncbi.nlm.nih.gov/pubmed/15935781
https://doi.org/10.3791/52120
http://www.ncbi.nlm.nih.gov/pubmed/25651413
https://doi.org/10.1016/j.devcel.2017.12.025
http://www.ncbi.nlm.nih.gov/pubmed/29396116
https://doi.org/10.1016/j.devcel.2019.07.007
http://www.ncbi.nlm.nih.gov/pubmed/31353315
https://doi.org/10.1083/jcb.202107035
http://www.ncbi.nlm.nih.gov/pubmed/35258563
https://doi.org/10.1242/dev.197301
http://www.ncbi.nlm.nih.gov/pubmed/33999996
https://doi.org/10.1091/mbc.E19-09-0523
http://www.ncbi.nlm.nih.gov/pubmed/32320320
https://doi.org/10.7554/eLife.68135
http://www.ncbi.nlm.nih.gov/pubmed/34609280
https://doi.org/10.1038/s41467-018-05376-1
http://www.ncbi.nlm.nih.gov/pubmed/30054479
https://doi.org/10.1016/bs.ctm.2015.07.002
http://www.ncbi.nlm.nih.gov/pubmed/26610915
https://doi.org/10.1101/cshperspect.a004911
http://www.ncbi.nlm.nih.gov/pubmed/21421915
https://doi.org/10.1016/0006-291x%2866%2990597-3
https://doi.org/10.1016/0006-291x%2866%2990597-3
http://www.ncbi.nlm.nih.gov/pubmed/5937334
https://doi.org/10.1146/annurev-cellbio-092910-154013
http://www.ncbi.nlm.nih.gov/pubmed/21568710
https://doi.org/10.1038/s41580-022-00531-5
https://doi.org/10.1038/s41580-022-00531-5
http://www.ncbi.nlm.nih.gov/pubmed/36168065
https://doi.org/10.1038/35099066
https://doi.org/10.1038/35099066
http://www.ncbi.nlm.nih.gov/pubmed/11715046
https://doi.org/10.1016/j.yexcr.2019.03.011
http://www.ncbi.nlm.nih.gov/pubmed/30853446
https://doi.org/10.1006/dbio.2000.9711
http://www.ncbi.nlm.nih.gov/pubmed/10864456
https://doi.org/10.1242/jcs.055996
https://doi.org/10.1242/jcs.055996
http://www.ncbi.nlm.nih.gov/pubmed/19903692
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/10.1371/journal.pbio.3002783

PLOS BIOLOGY

A dystroglycan—laminin—integrin axis coordinates cell shape remodeling in the Drosophila retina

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Deng WM, Schneider M, Frock R, Castillejo-Lopez C, Gaman EA, Baumgartner S, et al. Dystroglycan
is required for polarizing the epithelial cells and the oocyte in Drosophila. Development. 2003; 130
(1):173—184. Epub 2002/11/21. https://doi.org/10.1242/dev.00199 PMID: 12441301.

Cerqueira Campos F, Dennis C, Alegot H, Fritsch C, Isabella A, Pouchin P, et al. Oriented basement
membrane fibrils provide a memory for F-actin planar polarization via the Dystrophin-Dystroglycan com-
plex during tissue elongation. Development. 2020; 147(7). Epub 2020/03/12. https://doi.org/10.1242/
dev.186957 PMID: 32156755; PubMed Central PMCID: PMC7157587.

Ibraghimov-Beskrovnaya O, Ervasti JM, Leveille CJ, Slaughter CA, Sernett SW, Campbell KP. Primary
structure of dystrophin-associated glycoproteins linking dystrophin to the extracellular matrix. Nature.
1992; 355(6362):696—702. Epub 1992/02/20. https://doi.org/10.1038/355696a0 PMID: 1741056.

Henry MD, Campbell KP. A role for dystroglycan in basement membrane assembly. Cell. 1998; 95
(6):859-870. Epub 1998/12/29. https://doi.org/10.1016/s0092-8674(00)81708-0 PMID: 9865703.

Klussmann-Fricke BJ, Martin-Bermudo MD, Llimargas M. The basement membrane controls size and
integrity of the Drosophila tracheal tubes. Cell Rep. 2022; 39(4):110734. Epub 2022/04/28. https://doi.
org/10.1016/j.celrep.2022.110734 PMID: 35476979.

Longley RL Jr., Ready DF. Integrins and the development of three-dimensional structure in the Dro-
sophila compound eye. Dev Biol. 1995; 171(2):415-433. https://doi.org/10.1006/dbio.1995.1292 PMID:
7556924.

Zusman S, Grinblat Y, Yee G, Kafatos FC, Hynes RO. Analyses of PS integrin functions during Dro-
sophila development. Development. 1993; 118(3):737-750. Epub 1993/07/01. https://doi.org/10.1242/
dev.118.3.737 PMID: 8076515.

Martin-Bermudo MD, Brown NH. Uncoupling integrin adhesion and signaling: the betaPS cytoplasmic
domain is sufficient to regulate gene expression in the Drosophila embryo. Genes Dev. 1999; 13
(6):729-739. Epub 1999/03/25. https://doi.org/10.1101/gad.13.6.729 PMID: 10090729; PubMed Cen-
tral PMCID: PMC316550.

Freeman M. Reiterative use of the EGF receptor triggers differentiation of all cell types in the Drosophila
eye. Cell. 1996; 87(4):651-660. Epub 1996/11/15. https://doi.org/10.1016/s0092-8674(00)81385-9
[pii]. PMID: 8929534.

napari c. napari: a multi-dimensional image viewer for python. 2019. https://doi.org/10.5281/zenodo.
3555620

Mui KL, Chen CS, Assoian RK. The mechanical regulation of integrin-cadherin crosstalk organizes
cells, signaling and forces. J Cell Sci. 2016; 129(6):1093—1100. Epub 2016/02/28. https://doi.org/10.
1242/jcs.183699 PMID: 26919980; PubMed Central PMCID: PMC4813297.

Sherwood DR. Basement membrane remodeling guides cell migration and cell morphogenesis during
development. Curr Opin Cell Biol. 2021; 72:19-27. Epub 2021/05/21. https://doi.org/10.1016/j.ceb.
2021.04.003 PMID: 34015751; PubMed Central PMCID: PMC8530833.

Sarov M, Barz C, Jambor H, Hein MY, Schmied C, Suchold D, et al. A genome-wide resource for the
analysis of protein localisation in Drosophila. Elife. 2016; 5:e12068. Epub 2016/02/21. https://doi.org/
10.7554/eLife. 12068 PMID: 26896675; PubMed Central PMCID: PMC4805545.

Matsubayashi Y, Louani A, Dragu A, Sanchez-Sanchez BJ, Serna-Morales E, Yolland L, et al. A Moving
Source of Matrix Components Is Essential for De Novo Basement Membrane Formation. Curr Biol.
2017; 27(22):3526—-3534 e4. Epub 2017/11/14. https://doi.org/10.1016/j.cub.2017.10.001 PMID:
29129537; PubMed Central PMCID: PMC5714436.

Dai J, Estrada B, Jacobs S, Sanchez-Sanchez BJ, Tang J, Ma M, et al. Dissection of Nidogen function
in Drosophila reveals tissue-specific mechanisms of basement membrane assembly. PLoS Genet.
2018; 14(9):e1007483. Epub 2018/09/28. https://doi.org/10.1371/journal.pgen.1007483 PMID:
30260959; PubMed Central PMCID: PMC6177204.

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. Epub 2001/12/14. hitps://doi.org/10.1073/pnas.261408198 PMID: 11742088; PubMed Central
PMCID: PMC64981.

Wen D, Chen Z, Zhang Z, Jia Q. The expression, purification, and substrate analysis of matrix metallo-
proteinases in Drosophila melanogaster. Protein Expr Purif. 2020; 171:105629. Epub 2020/03/24.
https://doi.org/10.1016/j.pep.2020.105629 PMID: 32201229.

Williamson RA, Henry MD, Daniels KJ, Hrstka RF, Lee JC, Sunada Y, et al. Dystroglycan is essential
for early embryonic development: disruption of Reichert's membrane in Dag1-null mice. Hum Mol
Genet. 1997; 6(6):831-841. Epub 1997/06/01. https://doi.org/10.1093/hmg/6.6.831 PMID: 9175728.

Villedieu A, Alpar L, Gaugue |, Joudat A, Graner F, Bosveld F, et al. Homeotic compartment curvature
and tension control spatiotemporal folding dynamics. Nat Commun. 2023; 14(1):594. Epub 2023/02/04.

PLOS Biology | https://doi.org/10.1371/journal.pbio.3002783 September 3, 2024 29/31


https://doi.org/10.1242/dev.00199
http://www.ncbi.nlm.nih.gov/pubmed/12441301
https://doi.org/10.1242/dev.186957
https://doi.org/10.1242/dev.186957
http://www.ncbi.nlm.nih.gov/pubmed/32156755
https://doi.org/10.1038/355696a0
http://www.ncbi.nlm.nih.gov/pubmed/1741056
https://doi.org/10.1016/s0092-8674%2800%2981708-0
http://www.ncbi.nlm.nih.gov/pubmed/9865703
https://doi.org/10.1016/j.celrep.2022.110734
https://doi.org/10.1016/j.celrep.2022.110734
http://www.ncbi.nlm.nih.gov/pubmed/35476979
https://doi.org/10.1006/dbio.1995.1292
http://www.ncbi.nlm.nih.gov/pubmed/7556924
https://doi.org/10.1242/dev.118.3.737
https://doi.org/10.1242/dev.118.3.737
http://www.ncbi.nlm.nih.gov/pubmed/8076515
https://doi.org/10.1101/gad.13.6.729
http://www.ncbi.nlm.nih.gov/pubmed/10090729
https://doi.org/10.1016/s0092-8674%2800%2981385-9
http://www.ncbi.nlm.nih.gov/pubmed/8929534
https://doi.org/10.5281/zenodo.3555620
https://doi.org/10.5281/zenodo.3555620
https://doi.org/10.1242/jcs.183699
https://doi.org/10.1242/jcs.183699
http://www.ncbi.nlm.nih.gov/pubmed/26919980
https://doi.org/10.1016/j.ceb.2021.04.003
https://doi.org/10.1016/j.ceb.2021.04.003
http://www.ncbi.nlm.nih.gov/pubmed/34015751
https://doi.org/10.7554/eLife.12068
https://doi.org/10.7554/eLife.12068
http://www.ncbi.nlm.nih.gov/pubmed/26896675
https://doi.org/10.1016/j.cub.2017.10.001
http://www.ncbi.nlm.nih.gov/pubmed/29129537
https://doi.org/10.1371/journal.pgen.1007483
http://www.ncbi.nlm.nih.gov/pubmed/30260959
https://doi.org/10.1073/pnas.261408198
http://www.ncbi.nlm.nih.gov/pubmed/11742088
https://doi.org/10.1016/j.pep.2020.105629
http://www.ncbi.nlm.nih.gov/pubmed/32201229
https://doi.org/10.1093/hmg/6.6.831
http://www.ncbi.nlm.nih.gov/pubmed/9175728
https://doi.org/10.1371/journal.pbio.3002783

PLOS BIOLOGY

A dystroglycan—laminin—integrin axis coordinates cell shape remodeling in the Drosophila retina

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

https://doi.org/10.1038/s41467-023-36305-6 PMID: 36737611; PubMed Central PMCID:
PMC9898526.

Li-Kroeger D, Kanca O, Lee PT, Cowan S, Lee MT, Jaiswal M, et al. An expanded toolkit for gene tag-
ging based on MiMIC and scarless CRISPR tagging in Drosophila. Elife. 2018;7. Epub 2018/08/10.
https://doi.org/10.7554/eLife.38709 PMID: 30091705; PubMed Central PMCID: PMC6095692.

Christoforou CP, Greer CE, Challoner BR, Charizanos D, Ray RP. The detached locus encodes Dro-
sophila Dystrophin, which acts with other components of the Dystrophin Associated Protein Complex to
influence intercellular signalling in developing wing veins. Dev Biol. 2008; 313(2):519-532. Epub 2007/
12/21. https://doi.org/10.1016/j.ydbio.2007.09.044 PMID: 18093579.

Golic KG, Lindquist S. The FLP recombinase of yeast catalyzes site-specific recombination in the Dro-
sophila genome. Cell. 1989; 59(3):499-509. https://doi.org/10.1016/0092-8674(89)90033-0 PMID:
2509077.

Henry MD, Satz JS, Brakebusch C, Costell M, Gustafsson E, Fassler R, et al. Distinct roles for dystro-
glycan, beta1 integrin and perlecan in cell surface laminin organization. J Cell Sci. 2001;114(Pt
6):1137—-1144. Epub 2001/03/03. https://doi.org/10.1242/jcs.114.6.1137 PMID: 11228157.

Driss A, CharrierL, Yan Y, Nduati V, Sitaraman S, Merlin D. Dystroglycan receptor is involved in integrin
activation in intestinal epithelia. Am J Physiol Gastrointest Liver Physiol. 2006; 290(6):G1228-G1242.
Epub 2005/12/17. https://doi.org/10.1152/ajpgi.00378.2005 PMID: 16357060; PubMed Central PMCID:
PMC2738938.

Zhan 'Y, Melian NY, Pantoja M, Haines N, Ruohola-Baker H, Bourque CW, et al. Dystroglycan and mito-
chondrial ribosomal protein L34 regulate differentiation in the Drosophila eye. PLoS ONE. 2010; 5(5):
€10488. Epub 2010/05/14. https://doi.org/10.1371/journal.pone.0010488 PMID: 20463973; PubMed
Central PMCID: PMC2864756.

Cheng CC, Tsutsui K, Taguchi T, Sanzen N, Nakagawa A, Kakiguchi K, et al. Hair follicle epidermal
stem cells define a niche for tactile sensation. Elife 2018; 7. Epub 2018/10/26. https://doi.org/10.7554/
elLife.38883 PMID: 30355452; PubMed Central PMCID: PMC6226291.

Fujiwara H, Ferreira M, Donati G, Marciano DK, Linton JM, Sato Y, et al. The basement membrane of
hair follicle stem cells is a muscle cell niche. Cell. 2011; 144(4):577-589. Epub 2011/02/22. https://doi.
org/10.1016/j.cell.2011.01.014 PMID: 21335239; PubMed Central PMCID: PMC3056115.

Joost S, Zeisel A, Jacob T, Sun X, La Manno G, Lonnerberg P, et al. Single-Cell Transcriptomics
Reveals that Differentiation and Spatial Signatures Shape Epidermal and Hair Follicle Heterogeneity.
Cell Syst. 2016; 3(3):221-237 €9. Epub 2016/09/20. https://doi.org/10.1016/j.cels.2016.08.010 PMID:
27641957; PubMed Central PMCID: PMC5052454.

Tsutsui K, Machida H, Nakagawa A, Ahn K, Morita R, Sekiguchi K, et al. Mapping the molecular and
structural specialization of the skin basement membrane for inter-tissue interactions. Nat Commun.
2021; 12(1):2577. Epub 2021/05/12. https://doi.org/10.1038/s41467-021-22881-y PMID: 33972551;
PubMed Central PMCID: PMC8110968.

Matsubayashi Y, Sanchez-Sanchez BJ, Marcotti S, Serna-Morales E, Dragu A, Diaz-de-la-Loza MD,
et al. Rapid Homeostatic Turnover of Embryonic ECM during Tissue Morphogenesis. Dev Cell. 2020;
54(1):33—-42 €9. Epub 2020/06/26. https://doi.org/10.1016/j.devcel.2020.06.005 PMID: 32585131;
PubMed Central PMCID: PMC7332994.

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 PMID:
21212324; PubMed Central PMCID: PMC3153412.

Lovegrove HE, Bergstralh DT, St Johnston D. The role of integrins in Drosophila egg chamber morpho-
genesis. Development. 2019;146(23). Epub 2019/12/01. https://doi.org/10.1242/dev.182774 PMID:
31784458; PubMed Central PMCID: PMC6918751.

Bogdanovic O, Delfino-Machin M, Nicolas-Perez M, Gavilan MP, Gago-Rodrigues |, Fernandez-Minan
A, et al. Numb/Numbl-Opo antagonism controls retinal epithelium morphogenesis by regulating integrin
endocytosis. Dev Cell. 2012; 23(4):782—795. Epub 2012/10/09. https://doi.org/10.1016/j.devcel.2012.
09.004 PMID: 23041384.

Bunch TA, Salatino R, Engelsgjerd MC, Mukai L, West RF, Brower DL. Characterization of mutant
alleles of myospheroid, the gene encoding the beta subunit of the Drosophila PS integrins. Genetics.
1992; 132(2):519-528. Epub 1992/10/01. https://doi.org/10.1093/genetics/132.2.519 PMID: 1427041;
PubMed Central PMCID: PMC1205153.

Oda H, Tsukita S. Real-time imaging of cell-cell adherens junctions reveals that Drosophila mesoderm
invagination begins with two phases of apical constriction of cells. J Cell Sci. 2001; 114(Pt 3):493-501.
https://doi.org/10.1242/jcs.114.3.493 PMID: 11171319.

PLOS Biology | https://doi.org/10.1371/journal.pbio.3002783 September 3, 2024 30/31


https://doi.org/10.1038/s41467-023-36305-6
http://www.ncbi.nlm.nih.gov/pubmed/36737611
https://doi.org/10.7554/eLife.38709
http://www.ncbi.nlm.nih.gov/pubmed/30091705
https://doi.org/10.1016/j.ydbio.2007.09.044
http://www.ncbi.nlm.nih.gov/pubmed/18093579
https://doi.org/10.1016/0092-8674%2889%2990033-0
http://www.ncbi.nlm.nih.gov/pubmed/2509077
https://doi.org/10.1242/jcs.114.6.1137
http://www.ncbi.nlm.nih.gov/pubmed/11228157
https://doi.org/10.1152/ajpgi.00378.2005
http://www.ncbi.nlm.nih.gov/pubmed/16357060
https://doi.org/10.1371/journal.pone.0010488
http://www.ncbi.nlm.nih.gov/pubmed/20463973
https://doi.org/10.7554/eLife.38883
https://doi.org/10.7554/eLife.38883
http://www.ncbi.nlm.nih.gov/pubmed/30355452
https://doi.org/10.1016/j.cell.2011.01.014
https://doi.org/10.1016/j.cell.2011.01.014
http://www.ncbi.nlm.nih.gov/pubmed/21335239
https://doi.org/10.1016/j.cels.2016.08.010
http://www.ncbi.nlm.nih.gov/pubmed/27641957
https://doi.org/10.1038/s41467-021-22881-y
http://www.ncbi.nlm.nih.gov/pubmed/33972551
https://doi.org/10.1016/j.devcel.2020.06.005
http://www.ncbi.nlm.nih.gov/pubmed/32585131
https://doi.org/10.1126/science.1199424
http://www.ncbi.nlm.nih.gov/pubmed/21212324
https://doi.org/10.1242/dev.182774
http://www.ncbi.nlm.nih.gov/pubmed/31784458
https://doi.org/10.1016/j.devcel.2012.09.004
https://doi.org/10.1016/j.devcel.2012.09.004
http://www.ncbi.nlm.nih.gov/pubmed/23041384
https://doi.org/10.1093/genetics/132.2.519
http://www.ncbi.nlm.nih.gov/pubmed/1427041
https://doi.org/10.1242/jcs.114.3.493
http://www.ncbi.nlm.nih.gov/pubmed/11171319
https://doi.org/10.1371/journal.pbio.3002783

PLOS BIOLOGY

A dystroglycan—laminin—integrin axis coordinates cell shape remodeling in the Drosophila retina

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92,

93.

Yuan L, Fairchild MJ, Perkins AD, Tanentzapf G. Analysis of integrin turnover in fly myotendinous junc-
tions. J Cell Sci. 2010; 123(Pt 6):939-946. Epub 2010/02/25. https://doi.org/10.1242/jcs.063040 PMID:
20179102.

Lowe N, Rees JS, Roote J, Ryder E, Armean IM, Johnson G, et al. Analysis of the expression patterns,
subcellular localisations and interaction partners of Drosophila proteins using a pigP protein trap library.
Development. 2014; 141(20):3994-4005. Epub 2014/10/09. https://doi.org/10.1242/dev.111054 PMID:
25294943; PubMed Central PMCID: PMC4197710.

Petley-Ragan LM, Ardiel EL, Rankin CH, Auld VJ. Accumulation of Laminin Monomers in Drosophila
Glia Leads to Glial Endoplasmic Reticulum Stress and Disrupted Larval Locomotion. J Neurosci. 2016;
36(4):1151-1164. https://doi.org/10.1523/JNEUROSCI.1797-15.2016 PMID: 26818504; PubMed Cen-
tral PMCID: PMC6604820.

Dietzl G, Chen D, Schnorrer F, Su KC, Barinova Y, Fellner M, et al. A genome-wide transgenic RNAI
library for conditional gene inactivation in Drosophila. Nature. 2007; 448(7150):151-156. Epub 2007/
07/13. https://doi.org/10.1038/nature05954 PMID: 17625558.

Perkins LA, Holderbaum L, Tao R, Hu Y, Sopko R, McCall K, et al. The Transgenic RNAi Project at Har-
vard Medical School: Resources and Validation. Genetics. 2015; 201(3):843-852. Epub 2015/09/01.
https://doi.org/10.1534/genetics.115.180208 PMID: 26320097; PubMed Central PMCID:
PMC4649654.

Ni JQ, Zhou R, Czech B, Liu LP, Holderbaum L, Yang-Zhou D, et al. A genome-scale shRNA resource
for transgenic RNAi in Drosophila. Nat Methods. 2011; 8(5):405—407. Epub 2011/04/05. https://doi.org/
10.1038/nmeth.1592 PMID: 21460824; PubMed Central PMCID: PMC3489273.

Page-McCaw A, Serano J, Sante JM, Rubin GM. Drosophila matrix metalloproteinases are required for
tissue remodeling, but not embryonic development. Dev Cell. 2003; 4(1):95—-106. Epub 2003/01/18.
https://doi.org/10.1016/s1534-5807(02)00400-8 PMID: 12530966.

Brand AH, Perrimon N. Targeted gene expression as a means of altering cell fates and generating dom-
inant phenotypes. Development. 1993; 118(2):401—415. Epub 1993/06/01. https://doi.org/10.1242/dev.
118.2.401 PMID: 8223268.

Walther RF, Pichaud F. Immunofluorescent staining and imaging of the pupal and adult Drosophila
visual system. Nat Protoc. 2006; 1(6):2635—2642. Epub 2007/04/05. https://doi.org/10.1038/nprot.
2006.379 PMID: 17406519.

Yoshida-Noro C, Suzuki N, Takeichi M. Molecular nature of the calcium-dependent cell-cell adhesion
system in mouse teratocarcinoma and embryonic cells studied with a monoclonal antibody. Dev Biol.
1984; 101(1):19-27. https://doi.org/10.1016/0012-1606(84)90112-x PMID: 6692973.

Brower DL, Wilcox M, Piovant M, Smith RJ, Reger LA. Related cell-surface antigens expressed with
positional specificity in Drosophila imaginal discs. Proc Natl Acad Sci U S A. 1984; 81(23):7485-7489.
Epub 1984/12/01. https://doi.org/10.1073/pnas.81.23.7485 PMID: 6390440; PubMed Central PMCID:
PMC392171.

Schindelin J, Arganda-Carreras |, Frise E, Kaynig V, Longair M, Pietzsch T, et al. Fiji: an open-source
platform for biological-image analysis. Nat Methods. 2012; 9(7):676—682. Epub 2012/06/30. https://doi.
org/10.1038/nmeth.2019 PMID: 22743772; PubMed Central PMCID: PMC3855844.

Fichelson P, Brigui A, Pichaud F. Orthodenticle and Kruppel homolog 1 regulate Drosophila photore-
ceptor maturation. Proc Natl Acad Sci U S A. 2012; 109(20):7893-7898. Epub 2012/05/02. https://doi.
org/10.1073/pnas.1120276109 PMID: 22547825; PubMed Central PMCID: PMC3356647.

Nunes de Almeida F, Walther RF, Presse MT, Vlassaks E, Pichaud F. Cdc42 defines apical identity and
regulates epithelial morphogenesis by promoting apical recruitment of Par6-aPKC and Crumbs. Devel-
opment. 2019; 146(15). Epub 2019/08/14. https://doi.org/10.1242/dev.175497 PMID: 31405903.

Deerinck TJ, Bushong EA, Ellisman MH, Thor A. Preparation of bio-logical tissues for serial block face
scanning electron microscopy. protocols.io. 2022. https://doi.org/10.17504/protocols.io.36wgq7je5vk5/
v2

Bosch JA, Tran NH, Hariharan IK. CoinFLP: a system for efficient mosaic screening and for visualizing
clonal boundaries in Drosophila. Development. 2015; 142(3):597-606. Epub 2015/01/22. https://doi.
org/10.1242/dev.114603 PMID: 25605786; PubMed Central PMCID: PMC4302991.

PLOS Biology | https://doi.org/10.1371/journal.pbio.3002783 September 3, 2024 31/31


https://doi.org/10.1242/jcs.063040
http://www.ncbi.nlm.nih.gov/pubmed/20179102
https://doi.org/10.1242/dev.111054
http://www.ncbi.nlm.nih.gov/pubmed/25294943
https://doi.org/10.1523/JNEUROSCI.1797-15.2016
http://www.ncbi.nlm.nih.gov/pubmed/26818504
https://doi.org/10.1038/nature05954
http://www.ncbi.nlm.nih.gov/pubmed/17625558
https://doi.org/10.1534/genetics.115.180208
http://www.ncbi.nlm.nih.gov/pubmed/26320097
https://doi.org/10.1038/nmeth.1592
https://doi.org/10.1038/nmeth.1592
http://www.ncbi.nlm.nih.gov/pubmed/21460824
https://doi.org/10.1016/s1534-5807%2802%2900400-8
http://www.ncbi.nlm.nih.gov/pubmed/12530966
https://doi.org/10.1242/dev.118.2.401
https://doi.org/10.1242/dev.118.2.401
http://www.ncbi.nlm.nih.gov/pubmed/8223268
https://doi.org/10.1038/nprot.2006.379
https://doi.org/10.1038/nprot.2006.379
http://www.ncbi.nlm.nih.gov/pubmed/17406519
https://doi.org/10.1016/0012-1606%2884%2990112-x
http://www.ncbi.nlm.nih.gov/pubmed/6692973
https://doi.org/10.1073/pnas.81.23.7485
http://www.ncbi.nlm.nih.gov/pubmed/6390440
https://doi.org/10.1038/nmeth.2019
https://doi.org/10.1038/nmeth.2019
http://www.ncbi.nlm.nih.gov/pubmed/22743772
https://doi.org/10.1073/pnas.1120276109
https://doi.org/10.1073/pnas.1120276109
http://www.ncbi.nlm.nih.gov/pubmed/22547825
https://doi.org/10.1242/dev.175497
http://www.ncbi.nlm.nih.gov/pubmed/31405903
https://doi.org/10.17504/protocols.io.36wgq7je5vk5/v2
https://doi.org/10.17504/protocols.io.36wgq7je5vk5/v2
https://doi.org/10.1242/dev.114603
https://doi.org/10.1242/dev.114603
http://www.ncbi.nlm.nih.gov/pubmed/25605786
https://doi.org/10.1371/journal.pbio.3002783

