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A Scribble/Cdep/Rac pathway controls follower cell crawling and
cluster cohesion during collective border cell migration
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2These authors contributed equally

Summary

Collective cell movements drive normal development and metastasis. Drosophila border cells
move as a cluster of 6-10 cells, where the role of the Rac GTPase in migration was first
established. In border cells, as in most migratory cells, Rac stimulates leading edge protrusion.
Upstream Rac regulators in leaders have been identified; however, the regulation and function

of Rac in follower border cells is unknown. Here we show that all border cells require Rac,
which promotes follower cell motility and is important for cluster compactness and movement.
We identify a Rac guanine nucleotide exchange factor, Cdep, that also regulates follower cell
movement and cluster cohesion. Scribble, Discs Large, and Lethal Giant Larva localize Cdep
basolaterally and share phenotypes with Cdep. Relocalization of Cdep::GFP partially rescues
Scribble knockdown, suggesting that Cdep is a major downstream effector of basolateral proteins.
Thus, a Scrib/Cdep/Rac pathway promotes cell crawling and coordinated, collective migration /n
vivo.

eTOC blurb

Collective migrations drive development and metastasis. While leader cells have commanded the
most attention, Campanale and Mondo et al show in Drosophila border cells that followers are also
essential. They find polarity proteins control the Rac-activator Cdep to stimulate F-actin dynamics
to drive follower cell crawling behaviors and cluster cohesion.
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Introduction

Collective cell migrations drive homeostasis, normal development, and tumor metastasis 1-°.
Within collectives, leaders and followers can be distinguished by their positions, and cells

at the front typically steer the group 6-8. Migrating cell collectives are diverse. They can be
composed of sheets of hundreds of cells or clusters of a few cells. Recent work shows that
circulating tumor cell clusters seed new metastases more effectively than single cells 414,
Thus, elucidating the mechanisms by which cell clusters move collectively is of particular
interest.

The border cells in the Drosophila ovary have emerged as a powerful model for elucidating
the cellular and molecular mechanisms regulating collective migration in general and cluster
movement in particular 1517, Drosophila egg chambers consist of 15 nurse cells and

one oocyte surrounded by a monolayer of follicle cells (Fig. 1A). Follicle cells exhibit
classical epithelial polarity with apical microvilli, E-cadherin rich adherens junctions, lateral
membranes, and basal surfaces, which contact a basement membrane that surrounds each
follicle (Fig. 1A). During developmental stage 9, 6-10 anterior follicle cells called border
cells delaminate as a cluster, detach from the basement membrane and their epithelial

Dev Cell. Author manuscript; available in PMC 2023 November 07.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Campanale et al.

Results

Page 3

neighbors, retain apicobasal polarity, and squeeze between the nurse cells to migrate to the
oocyte 17 (Fig. 1A).

The evolutionarily conserved Rho family of small GTPases, Rac, Cdc42 and Rho, regulate
the actin cytoskeleton dynamics that drive single and collective cell migrations /n vivo and
in vitro 18-21_ The Drosophila genome encodes three Rac genes, Racl, Rac2 and Mig-2-like
(Mtl), which in border cells promote lead cell protrusion and migration 22:23. Rac activity
is highest in the lead cell, and photoactivation of Rac in one cell is sufficient to make it the
leader and steer the whole cluster 24,

Decades of research have focused on Rac activity and function in lead cell protrusions
22,2325-28 These large protrusions have at least two functions. First, they steer the cluster
by sensing chemoattractants and small open spaces between nurse cells 2% and second,
they facilitate mechanical communication by inhibiting large, outwardly directed lead-cell-
like protrusions in follower cells 30. However neither the contribution of follower cells

to cluster motility nor the regulation and function of Rac in follower cells has been
addressed. Follower cell behavior is generally a less well understood feature of collective
cell migration, particularly Jin vivo3t.

Here we show that Rac is required in all cells of the border cell cluster and identify a basally
localized Rac GEF, Cdep, that is required for follower cell crawling. We further show

that Cdep membrane localization requires the basolateral proteins Scribble (Scrib), Discs
Large (Dlg) and Lethal Giant Larva (Lgl). Inhibition of any of these components leads to
defective cell motility and reduced cluster cohesion. This work suggests an integrated model
of collective border cell migration in which guidance receptors activate Rac to stimulate
lead cell protrusions that steer the cluster whereas basolaterally localized Cdep regulates
Rac-dependent crawling in all cells to promote coordinated and cohesive movement.

Rac is active and required in follower cells

To investigate the contribution of follower border cells to cluster migration, we performed
timelapse imaging of delaminating clusters using markers for the two cell types that make up
the cluster: a central pair of non-migratory polar cells, surrounded and carried by migratory
cells [reviewed in 17] (Fig. 1B-B"’, Movie 1). Live imaging of border cell F-actin at high
spatial and temporal resolution showed that as the migratory cells round up and encase the
polar cells, multiple cells generate large forward directed protrusions (Fig. 1B, Movie 1) and
appear to compete to lead the cluster. Eventually, one cell “wins” (Fig. 1B’), and both the
leader and followers move away from the epithelium (Fig. 1B’-1B™”).

The dominant negative form of Rac, RacT1’N (RacDN), inhibits all three, functionally
redundant, Racs in Drosgphila. Expressing RacDN in all outer migratory cells blocks lead
cell protrusion, cluster delamination and migration so the cells remain at the anterior tip of
the egg chamber 2223 (Fig. 1C). Using a RacFRET activity reporter, we observed that Rac
activity in the lead cell is on average 15% higher than the rear. Rac is nearly as active in
follower cells as in leader cells (Fig. 1D and E), and much more active in followers than in
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non-motile polar cells (Fig. 1D); however its role in followers, if any, has not been addressed
(Fig. 1F). Similarly, the regulatory network of guanine nucleotide exchange factors (GEFs)
that activate Rac in the lead cell have been described (Fig. 1F), whereas the regulation of
Rac in follower cells remains unexplored.

To test for the requirement for Rac in follower cells, we expressed RacDN clonally in

a varying number of border cells using the FLP-OUT technique. We reasoned that if

every cell contributes to cluster movement, then as more cells within the cluster express
RacDN, we expect a concomitant decrease in cluster motility. So, we compared migration
of clusters with different numbers of cells expressing UAS-MoesinGFP and either a control
(UAS-white RNAI) or UAS-RacDN. All clusters containing cells expressing white RNAI
completed migration by stage 10, regardless of the number of labeled cells (Fig 1G). In
contrast, the more RacDN-expressing cells in a cluster, the more severe the migration defect
(Fig. 1G). None of the clusters with four RacDN-expressing cells completed migration, and
even a single RacDN-expressing cell could prevent completion of migration by stage 10

in 10% of clusters. We conclude that Rac activity in every migratory cell of the cluster
contributes to their collective movement.

In contrast, inhibition of the receptor tyrosine kinases PVR and EGFR, which function
redundantly upstream of Rac in lead cell protrusions 27, were not required in follower cells
(Fig. 1G). Expression of dominant-negative PVR and EGFR (PVRDN and EGFRDN) in
all border cells causes severe migration defects, and over-expression of PVR biases cells
to assume the lead position 32. However we found that PVR and EGFR activities were not
required in follower cells (Fig. 1G). We conclude that there must be different upstream
regulation of Rac in follower cells.

Rac is required for follower cell crawling behaviors

Since all cells contribute to cluster movement and require Rac, we carried out live imaging
to assess what features of follower cell morphology and behavior Rac regulates. Live
imaging of control clusters expressing MoesinGFP to label cortical F-actin revealed dynamic
changes in follower cell shapes and significant movement toward the oocyte (Movie 2 and
Fig. 2A). In contrast, clusters expressing RacDN were immobile over many hours (Movie

2 and Fig. 2B). Further imaging of control clusters (Fig. 2C) showed that when a follower
cell trailed behind, it crawled forward to catch up to the rest of the cluster (Movie 3), and
this behavior promoted cluster compactness (Fig. 2C’—C””). Careful examination of control
movies revealed evidence for follower cell crawling throughout migration. For example,
clusters move forward even during and after retraction of a lead cell protrusion (Movie 3,
and Supplementary Fig. 1A), driven by follower cell motility. Near the end of migration, all
cells often extend small basal protrusions and crawl simultaneously as the cluster advances
(Movie 3 and Supplementary Fig. 1B). All such dynamic cell behaviors were absent from
Rac inhibited clusters (Movie 2 and Fig. 2B).

While lead cell protrusions are obvious when the entire border cell cluster is labeled,

follower cell morphology and dynamics are more challenging to discern due to the normally
compact morphology of the cluster. Therefore we expressed MoesinGFP in subsets of border
cells and made time lapse movies. Using the FLP-OUT technique, control clones expressing
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MoesinGFP and RNAI against the white gene showed that follower cells typically extend
dynamic protrusions and actively crawl over other cells of the cluster (Movie 4 and Fig.
2D-D"). In contrast, RacDN-expressing cells exhibit virtually no actin dynamics (Movie

4 and Fig. 2E-E””). In fixed imaging, we observed that labeled control follower cells
typically exhibit a relatively compact morphology while extending lateral protrusions around
E-cadherin boundaries with neighboring cells, enwrapping one another (Fig 2F, F* and
additional example in Movie 5).

In contrast, RacDN-expressing follower cells, which were most commonly in the rearmost
position, failed to move (Fig. 2E-E””) and often developed an elongated morphology such
that the majority of the cell lacked contact with and was not integrated into the cluster (Fig
2G, G’ and another example in Movie 5). This elongated morphology was only observed
in mixed clusters that include migratory wild type cells. We never observed elongated
morphology in clusters in which all cells express RacDN (Fig. 2B). We conclude that the
wild type cells drag the immobile, RacDN-expressing cell(s), which are unable to move
forward and catch up the way that wild type cells do if they fall behind (Fig. 2C*-C™”).

Quantitative fluorescence microscopy revealed reduced levels of cortical F-actin in Rac
inhibited follower cells relative to controls (Fig. 2H). Moreover, even when only one or two
cells lacked Rac activity, the velocity of the whole cluster was reduced ~2-fold (Fig. 2I),
providing further evidence that each cell requires Rac to contribute to cluster movement
(Fig. 1G). These results demonstrate that Rac promotes F-actin dynamics and follower cell
motility, which is required for cluster movement.

Clonal labeling of cells with MoesinGFP also revealed that follower cells normally change
shape over time (Fig. 2J-J"") whereas RacDN-expressing cells exhibit little or no change
in shape over long periods, whether they had a compact or elongated shape (Fig. 2K-K”
and Supplementary Fig. 2). In contrast, follower cells expressing PVRDN and EGFRDN
were indistinguishable from wild type: they changed shape dynamically and were not
elongated (Fig. 2L). We conclude that follower cells require Rac for F-actin polymerization
and dynamics, cell shape changes, and motility which promote cluster compactness and
movement, independent of EGFR and PVR.

The basally localized RacGEF, Cdep, is required for follower cell crawling and cluster

cohesion

The Rac GEFs Sponge (Spg), myoblast city (Mbc), and Vav are required downstream of
EGFR and PVR in the lead cell for protrusion 25:26:33_ To determine which GEF(s) might
be required in follower cells, we carried out an RNAI screen of 26 putative Rho family
GEFs and identified one, Cdep, that is required for the crawling behavior of follower border
cells. In contrast to control clusters, which move as a compact and cohesive unit (Movie

6, Fig. 3A), Cdep RNAi-expressing border cell clusters do not (Movie 6, Fig. 3B and
Supplementary Fig. 3). Two different RNA. lines effectively knocked down Cdep protein
(Supplementary Fig. 3A-B’) and caused similar defects. Cadep is the predicted Drosophila
ortholog of human FARP1 (FERM, ARH/RhoGEF And Pleckstrin Domain Protein 1) (29%
identical and 42% similar) and FARPZ (27% identical and 40% similar).
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Wild type border cells initiate migration with a single, large, lead cell protrusion, and when
individual frames taken at ~30 minute intervals from a time lapse movie are displayed

in different colors in a single figure, the spatial separation between border cell clusters

at different time points reflects cohesive, coordinated, and efficient cluster movement

(Fig. 3A). The crawling defect in Cdep knockdown clusters (Movie 6) causes abnormally
elongated clusters (Fig. 3B and Supplementary Fig. 3D-L). Similar to RacDN clones, some
cells of the cluster do not crawl forward (Movie 6). The white color in Fig. 3B indicates
overlap of multiple time points and thus failure to move. Cluster cohesion was reduced and
some cells protruded ectopically (Fig. 3B, arrows).

In fixed imaging, we also observed trailing cells and split clusters consistent with an
inability of the follower cells to crawl on one another to maintain cluster cohesion (Fig.
3C-G). In some cases a single cell showed a trailing phenotype similar to clonal expression
of RacDN in a single cell (Fig. 3C, C’), while in other cases a single cell detached from

the cluster (Fig. 3E). Interestingly, such cells could make a lead-cell-like protrusion (Fig.
3E). The trailing phenotype and separation of follower cells caused an increase in the cluster
aspect ratio in Cdep knockdown clusters (Fig. 3H).

Cdep, FARP1 and FARP2 contain DH (Dbl homology) and PH (pleckstrin homology)
domains that define the Dbl family of Rho family GEFs 34. FARP1 and FARP2 are bona
fide Rac GEFs 3435 and can activate Cdc42 in some cell types 36. To determine whether
Cdepis a RacGEF in border cells, we expressed Cdep or control RNA. for the yellow () or
wgene in combination with a validated RacFRET activity probe 24, Indeed, knockdown of
Cdep with two independent RNAI constructs modestly but significantly lowered RacFRET
but not Cdc42FRET compared to the controls, indicating Cdep is a bona fide RacGEF in
border cells (Fig. 31). The effect of Cdep is impressive considering that at least four Rac
GEFs function redundantly in lead cell protrusions. Interestingly, while overall levels of
RacFRET were reduced in Cdep knockdown clusters, the front-back bias of Rac activity was
unchanged (Fig. 3J and K), supporting the hypothesis that Cdep functions predominantly
outside of the lead cell protrusion.

To gain further insight into Cdep function, we examined its localization. We found that

an endogenously GFP-tagged Cdep (Cdep::GFP) is expressed in all follicle cells, including
border cells (Fig. 3L—P). Co-staining with the cell adhesion molecule E-cadherin, which

is enriched in subapical adherens junctions, showed that Cdep localizes to basolateral
membranes in the follicular epithelium (Fig. 3M) and in border cell clusters (Fig 3N-P).
Cdep::GFP is enriched at cell-cell contacts but not in lead cell protrusions (3N). High
resolution imaging of migrating clusters showed that Cdep is particularly enriched basally at
polar/border cell contacts (Fig. 30) and at border/border cell membranes (Fig. 3P).

Apicobasal polarity proteins regulate Cdep localization

Epithelial follicle cells exhibit classical apicobasal polarity with apically localized atypical
protein kinase C (aPKC), lateral Scrib, and a basal basement membrane (Fig 4A and B).
Border cells retain some apicobasal polarity as they migrate 3738, However, polarity is
clearest in contacts between polar cells and between border cells and polar cells (Fig. 4C).
As border cells delaminate, they undergo a 90° turn, which causes the apical domain to
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orient roughly perpendicular to the direction of migration (Fig. 4D-F”"). At the end of
migration, they turn again to dock their apical surfaces to the oocyte (Fig. 4G-G”). The
basolateral protein Scrib is found on basal and lateral membranes between border cells and
polar cells and the apical polarity determinant, aPKC, is enriched in apical junctions (Fig.
4B, C). Crumbs, Par, and Scrib modules are required for border cell migration 33:38-41 put
the mechanism by which they act is not yet clear.

To interrogate the relationship between Cdep and the polarity modules, we compared Cdep
localization to that of aPKC, the Scrib module, and the basal kinase Par-1. Cdep::GFP
membrane localization partially overlapped with Par-1 (Fig. 4H, Supplementary Fig. 4A—
A’"’), although Cdep was concentrated even more basally than Par-1 in these cells. Cdep
was undetectable in apical membranes and thus did not colocalize with aPKC at the polar
cell/border cell boundary. Cdep overlaps with Scribble in lateral membranes though Cdep is
concentrated more basally, while Scrib is most enriched just basal to the adherens junction
(Fig. 41 and Supplementary Fig. 4B-B™’).

To test if Cdep membrane localization and polarization depends on apicobasal polarity
proteins, we examined Cdep::GFP in cells expressing RNAI lines against Par-1, aPKC, and
scrib. Par-1 knockdown did not detectably change the localization of GFP::Cdep (Fig. 4K).
In contrast, knockdown of either Scrib or aPKC caused a general reduction in Cdep::GFP
membrane association and a more diffuse cytoplasmic signal (Fig. 4L and M). Line scans
of border cell-polar cell contacts from basal to apical showed that Par-1 knockdown did
not change Cdep asymmetry whereas Scrib and aPKC did (Fig. 4N and O). DIg and Lgl
knockdowns phenocopied Scrib (Fig. 40).

Analysis of posterior epithelial follicle cells from the same egg chambers also showed a
difference in Cdep membrane localization. Knockdown of either Scrib or aPKC causes
multiple layers of follicle cells to form, characteristic of epithelial polarity defects (Fig.
4P-R). Whereas Cdep::GFP is normally excluded from apical domains (Fig. 4P, P”), Cdep
was present on all cell surfaces within the layering event and was enriched between layers
(Fig. 4Q, Q’). Conversely, knockdown of Scrib led to reduced membrane accumulation

of Cdep::GFP on lateral membranes and more diffuse cytoplasmic signal (Fig. 4R-R”).
The data from both border cells and posterior follicle cells suggest that the Scrib module
promotes Cdep membrane association whereas aPKC antagonizes it.

A prediction then is that expression of a constitutively active form of aPKC would reduce
Cdep membrane association. As expected, when we overexpressed a constitutively active
form of aPKC lacking its NH,-terminus (aPKCAN) 42, Cdep::GFP failed to associate with
basal membranes and appeared more diffusely cytoplasmic in both border cells (Fig. 4S and
T) and epithelial cells (Supplementary Fig 4C and D). We conclude that the Scrib module
promotes membrane association while aPKC excludes Cdep from the apical domain.

The Scrib module promotes cluster integrity independent of tumor suppression.

To investigate the mechanism by which Scrib, Dlg, and Lgl regulate border cell migration,
we used validated RNA. lines to knock down their expression. However these proteins are
tumor suppressors, loss of which causes hyperproliferation and multilayering of follicle
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cells that at best complicate and at worst preclude analysis of border cell migration

4344 To circumvent this issue, we conditionally expressed RNAI lines targeting scrib, dlg
or Jg/using c306Gal4 4> combined with the temperature-sensitive repressor tubGal80.
RNAI against the white gene was used as a control. Incubating c306Gal4, tb6Gal80's,
UAS-RNA. flies at 30°C (to inactivate Gal80%) for 72 hours was long enough to achieve
knockdown of Scrib, DIg and Lgl (Supplementary Fig. 5A-F) without causing multilayering
or proliferative tumors. Compared to control clusters, knockdown of the Scrib module
reduced the percentage of border cells that complete migration (Supplementary Fig. 5G-H).
Multiple RNAI lines against each gene caused similar effects (Supplementary Fig. 5H).
Longer incubation times resulted in multilayering, as expected (Supplementary Fig. 51-K).

To gain insight into what the Scribble module regulates in border cells we evaluated clusters
expressing RNAI in combination with LifeActGFP. These analyses revealed that the Scribble
module is required for cluster cohesion (Fig. 5), similar to Cdep. Live imaging showed that
in contrast to controls (Fig. 5A, Movie 7), Scrib, DIg or Lgl knockdown caused clusters to
elongate as they migrated (Fig. 5B-D, Movie 7), and increased overall cluster aspect ratios
by ~50% (Fig. 5E).

High resolution snapshots of fixed cluster morphology showed that in contrast to cohesive
control border cell clusters at stage 9 with a single lead cell protrusion (Fig. 5F), knockdown
of Scrib, Dlg or Lgl caused individual cells to split off (Fig. 5G, H, red arrows), and
abnormally large, leader-like protrusions from follower cells (Fig. 5G-I, orange arrows). In
the most extreme cases of cluster cohesion loss, individual cells separated from the cluster
(Supplementary Fig. 5L-S). To quantify this phenotype, we clonally knocked down Scrib

in cells of the cluster and observed that ~40% of scrib RNAI containing clusters had cells
that completely detached from their neighboring wild type counterparts compared to ~5% in
white RNAI (Fig 5L). These results indicate that Scrib knockdown impedes migration and
reduces cluster cohesion.

Since Scrib module proteins are required for Cdep localization and Cdep is a RacGEF Rac,
we might expect Scrib knockdown to cause a similar reduction in Rac activity. However,
Scrib knockdown also causes a more severe cluster cohesion phenotype and more frequent
and larger, lead cell-like protrusions, which could reflect increased Rac activity in follower
cells. To determine the effect of Scrib on Rac, we measured Rac activity in Scrib or Dlg
knockdown cells, we found a loss of asymmetry in Rac activity but no change in total
FRET (Fig. 5K—M). Thus the basolateral complex has multiple functions in border cells,
one of which is to localize Cdep to basolateral membranes and another is to suppress lead
cell protrusions in follower cells, similar to Cdc42 46, the moesin kinase misshapen 47, and
moesin itself 28 (see discussion).

Localizing Cdep to basal membranes partially suppresses Scrib phenotypes

Scrib knockdown causes diverse phenotypic effects and Scrib interacts with dozens of
binding partners 48, raising the question as to which effectors mediate Scrib function. Since
Scrib knockdown disrupts Cdep membrane localization, we wondered which, if any, Scrib
functions Cdep might mediate. So we used the GrabFP system to relocalize Cdep::GFP to
basal membranes in Scrib knockdown cells. GrabFP is an anti-GFP nanobody-based trap
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that was developed to concentrate GFP tagged proteins in specific subcellular locations

49 We used GrabFP-Basal, in which Nrv1 is fused to the anti-GFP nanobody to target it

to basolateral membranes. As a negative control we used ExGrabFP-Basal, in which the
anti-GFP nanobody is expressed on the exterior of the cell and so should not interact with
intracellular Cdep. We expressed either GrabFP-Basal or ExGrabFP-Basal with Cdep::GFP
and UAS-scrib RNAI with c306Gal4 in the absence of tubGal80t. Without tubGal80' to
attenuate the Scrib knockdown phenotype, egg chambers had extensive anterior follicle cell
layering (Fig 6A and D, white arrows) in addition to border cell migration phenotypes (Fig
6B and E) and elongation of the border cell cluster (Fig 6C and F). Under these conditions,
most egg chambers eventually became necrotic (Fig. 6D), hampering our ability to quantify
border cell motility. However, expression of GrabFP-Basal efficiently restored basolateral
localization of Cdep::GFP in scrib RNAi-expressing follicle cells (Fig. 6A-C). Basolateral
localization of Cdep::GFP also ameliorated multiple Scrib knockdown phenotypes including
egg chamber death (Fig 6A and D) and follicle cell layering frequency and severity

(Fig. 6G and H) compared to the ExGrabFP-Basal control. In the healthy stage 10 egg
chambers, we observed a significant reduction in the number of anterior layering events
with GrabFP-Basal vs ExGrabFP-Basal (Fig. 61). Cluster cohesion was also significantly
improved in GrabFP-Basal vs ExGrabFP-Basal (Fig. 6J). We conclude that basolateral
membrane targeting of Cdep is sufficient to improve egg chamber viability, restore follicle
cell epithelial polarity, and promote border cell cluster cohesion.

To test whether basolateral localization of Cdep is essential for its function in border cells,
we combined Cdep::GFP with GrabFP-Apical in otherwise wild type border cells. Apical
targeting of Cdep caused incomplete border cell migration in 50% of clusters compared to
less than 5% of control clusters expressing GrabFP-Basal (Fig. 6K—M). These data support
the conclusion that Cdep localization to basolateral membranes is essential for its normal
function in border cell migration.

In further support of the sufficiency of basolateral Cdep to rescue epithelial follicle cell
defects, we found that basolaterally localized Cdep also reduced the frequency of ovariole
strands containing even a single egg chamber of any stage with any epithelial layering

(Fig. 6G). In addition, even in those egg chambers that did have multiple layers, basolateral
re-localization of Cdep significantly reduced the number of cell layers (Fig. 6H) (p<.0001).
These findings suggest that a major function of the Scrib module during egg chamber
development is to localize Cdep to basolateral membranes.

Discussion

Collective cell migration is a widespread phenomenon that drives much of embryonic
development, wound healing, and tumor metastasis. In migrating collectives, there are
typically leader cells that extend protrusions outward from the group to steer it 78:5051 The
functions of follower cells are less clear 31, especially /n vivo. Follower cell contributions
have primarily been studied in collective sheet migration /n vitro, rather than in small
clusters. But clusters are emerging as major contributors to metastasis 4-11:5253 sg it is of
interest to understand the mechanisms by which clusters maintain cohesion as they move.
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Cohesion of collectively migrating cell sheets has been attributed to cadherin-mediated
adhesion between cells 7. In border cells, as in collective sheet migration, Ecadherin
mechanically couples leaders to followers 30, inhibiting followers from generating large
outward protrusions between nurse cells. However, E-cadherin knockdown in outer border
cells does not cause a loss of cluster cohesion; rather the clusters lack a leader and tumble in
random directions 30,

Based on the data presented here, we propose that border cell cluster cohesion is mediated

at least in part by follower cells enwrapping one another and crawling over one another as
the cluster moves, a behavior with some resemblance to a “rolling swarm” of caterpillars

54, Followers maintain cohesion of the swarm by crawling on each other while forward
movement is achieved by a combination of crawling on the substrate and over one another.
Similarly, we propose that border cells maintain cohesion by crawling on each other,
movements that likely drive reported leader exchanges ®° and cluster tumbling °6. We further
propose that the cluster moves forward by a combination of crawling on nurse cells and over
one another.

In many ways the E-cadherin knockdown phenotype and the Scrib/Cdep knockdown
phenotypes are complementary to one another. In E-cadherin knockdowns, cluster cohesion
is maintained and follower cells are active, while lead cell protrusions are lost (Fig 7 of this
work and Cai et al., 2014, Figure 1F, Movie S2). Conversely, in Scrib or Cdep knockdowns,
leading protrusions are present, but follower cells are impaired in motility, so that the cluster
becomes elongated, and some cells completely detach.

In border cells, the lead cell protrusion was initially proposed to function as a grapple

that would pull the rest of the cluster forward 57:58, This idea implied that the follower
cells might be passive passengers, thus much work focused on elucidating the molecular
pathways regulating Rac in the lead cell protrusion. However the grapple model was based
on fixed tissue imaging.

Live imaging has revealed that 90% of lead protrusions retract and that cluster speed is
uncorrelated with extension or retraction of lead protrusions 9. These observations lead
to a model in which the large forward-directed protrusion is primarily a sensory structure,
probing for chemoattractants, traction, and physical spaces, rather than a grapple 2°.

If the lead protrusion does not function as a grapple, then how does the cluster actually
move? Here we show that all cells contribute to cluster movement. Previous work noted
that non-leader cells produce small protrusions between nurse cells, three times smaller
on average than lead cell protrusions 4; however neither the origin nor function of these
protrusions has been addressed. We show that Rac is required in each cell for all F-actin
dynamics including small outward protrusions on the nurse cell substrate and dynamic
protrusions of one border cell over another.

Eukaryotic cell crawling typically requires cycles of protrusion at the front, adhesion to
a substrate, and actomyosin-mediated contraction to pull up the rear 69-65 although the
relative importance and sequence of these events can vary 56:67. RacDN-expressing border
cells are excluded from lead positions, exhibit reduced cortical F-actin, and are essentially
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immobile. Interestingly, a single RacDN-expressing cell frequently exhibits an elongated
morphology, which appears to result from their inability to crawl forward to keep up with
the rest of the cluster. Since the overall levels of cortical F-actin are reduced, this phenotype
may be due to impaired protrusion, cortical contractility, or both.

In contrast to Rac, the chemoattractant receptors are only required in the lead cell, so

the molecular pathway regulating Rac-mediated follower cell crawling differs from the
regulators of lead cell protrusion. Here we show that the basolateral proteins Scrib, Dlg
and Lgl localize Cdep to promote Rac-dependent follower cell matility. Scrib, Dlg, and Lgl
have additional functions in addition to the pathway described here, so their knockdown
causes additional phenotypes including disinhibition of lead cell protrusions in follower
cells. This phenotype resembles that caused by knockdown of a number of other proteins
including Cdc42 46, the moesin kinase misshapen 47, and moesin itself 28, which supports
the cell cortex by binding cortical F-actin to the plasma membrane. One possibility is that
the basolateral complex functions in a common pathway with these proteins to restrict leader
cell protrusions.

Scrib, DIg and Lgl are best known as tumor suppressors 8870 mutation of which causes
tissue overgrowth. Scrib loss of function causes epithelial to mesenchymal transition and
increased single cell invasion in cells expressing oncogenic Ras 7173, Paradoxically though,
Scrib, Dlg, and Lgl are infrequently mutated in human cancers 747, The results here
provide a possible explanation. We show that Scrib loss of function impedes collective
motility of border cell clusters. If tumors spread collectively and Scrib is similarly required
for cluster cohesion and coordinated migration, then the function identified here could
provide a selective pressure against Scrib loss-of-function mutations.

Polarity signaling complexes and Rho GTPase activities appear to be well-conserved
between border cells and mammalian cells that migrate collectively, and a basal Rac GEF
dependent upon Scribble has even been predicted but not yet identified 0. The results
presented here suggest that FARP1 and FARP2 would be excellent candidates to mediate
cluster cohesion in collectively migrating mammalian cell clusters downstream of Scribble.
Neither has been extensively studied, however the little that has been reported is intriguing.
FARPI is required for migration of lung adenocarcinoma cells 34, and FARP2 promotes
collective invasion of colorectal carcinoma 78. Colorectal carcinomas invade and spread as
small groups of cells with apicobasal polarity. It will be interesting to determine whether it
serves a similar function in that context.

Limitations of the Study

One limitation of the study is that, while Rac is clearly required for follower cell protrusion
and motility, it may have additional functions such as supporting the F-actin cortex that
contribute to the observed phenotypes. This Study identifies a single RacGEF required in
follower cells. It is likely that additional GEFs and GAPs are required. The Gal4 used in
this study is expressed in both border and polar cells. It is an open question if polarity
module proteins have both cell autonomous and non-autonomous functions. Whether the
mechanisms described here are general to other cell types remains to be determined.
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STAR Methods
RESOURCE AVAILABILITY

Lead Contact—Further information and requests for resources and reagents should be
directed to and will be fulfilled by the Lead Contact, Denise Montell (dmontell@ucsb.edu).

Materials Availability—Drosophila lines and other reagents generated in this study will
be available upon request.

Data and Code Availability—Data including all raw image files in this study will be
made available upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Drosophila husbandry and genetics—Standard cornmeal-yeast food (https://
bdsc.indiana.edu/information/recipes/molassesfood.html) was used to grow all fly strains
used in this study. All vials of flies contained at least 5mL fly food. Flies were kept in
incubators at 25°C, 80% humidity and on a 12 hr light/dark cycle unless otherwise noted.

A detailed list of all fly strains used in this study and their source can be found in key
resources table. Genotypes for every figure panel can be found in supplementary table 1.
Most crosses were grown at 25°C and flies were fattened by yeast addition on an ad /ibitum
basis for three days at 29°C before dissection. The exceptions were for crosses containing
the conditional expression construct, tubGal80ts, in which flies were grown at 18°C and
transitioned to 30°C for fattening. tubGal80ts is a temperature dependent repressor of Gal4
activity, thus at restrictive temperature (18°C) Gal4 remains inactive and at permissive
temperature (30°C), Gal80ts is inactive therefore allowing Gal4 to be active. Experiments
that required clonal border cells expressing RNAI and a fluorescent clonal marker were
generated using the FLP/FRT clonal marking system /7. RNAI stocks were crossed to either
hsp70-FLP; Actyl17bGal4, UAS-moesin-GFP or hsp70-FLP; Tub[FRT]CD2[FRT]Gal4,
UAS-GFP/SMb5a were heat-shocked two times at 37°C with at least 6 hours between each
heat shock. Flies were fattened for 48 hr and dissected as stated below for fixed staining or
live imaging.

METHOD DETAILS

Immunohistochemistry

5-7 fattened adult female flies were dissected in Schneider’s Medium (ThermoFisher,
catalog #21720001) supplemented with 20% fetal bovine serum and 1x antimycotic/
antibiotic (VWR, catalog #45000-616). Ovarioles were separated from the muscle sheath
using Dumont style 5 stainless steel forceps (Electron Microscopy Sciences) before fixation.
Egg chambers were fixed in 4% paraformaldehyde in phosphate buffered saline (PBS) for

a total of 15 min at room temperature before washing three times 15 min with PBS+0.2%
TritonX-100 (PBST). Primary antibodies were diluted in PBST and ovarioles were incubated
overnight at 4°C. Egg chambers were then washed with PBST three times at room
temperature, incubated in fluorescently conjugated secondary antibodies (Invitrogen, all
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AlexaFluor conjugated goat antibodies) in PBST for 2 hr, and washed three times more with
PBST. Samples were then mounted in VectaShield (Mector Laboratories, catalog #H-1000)
mounting medium and stored at 4°C until imaging. Egg chambers were mounted on a #1.5
coverglass and imaged with either a Zeiss LSM780 or LSM800 confocal microscope using
either a PlanAPO 20x 1.2NA, PlanAPO 40x 1.4NA or a LD LCI Plan-Apochromat 63xW
1.2NA. All image settings were kept exactly the same within each experiment.

Antibodies used in this study include: rabbit anti-Scrib (kind gift from Dr. Chris Doe,
1:2000), guinea pig anti-Scrib (kind gift from Dr. David Bilder, 1:500), Rabbit anti-Par-1

(a kind gift from Dr. Jocelyn McDonald, 1:500), mouse anti-PKCC (sc-216) and rabbit
anti-PKCC( (sc-17781), and rabbit anti-LGL (sc-9826) were from Santa Cruz Biotechnology
and used at 1:500, mouse anti-Dlg (4F3, 1:25), mouse anti-Cut (2B10, 1:100) and rat
anti-Ecad (DEcad, 1:20) were from the Developmental Studies Hybridoma Bank, rabbit
anti-GFP ( A11122, 1:1000) from ThermoFisher, chicken anti-GFP (ab13970, 1:1000) from
Abcam. Lectin PNA Alexa 647 was purchased from Thermo Fisher Scientific (L32460).

Live imaging

Egg chambers were dissected from 5-7 fattened adult female flies in Schneider’s Medium
supplemented with 20% fetal bovine serum and 1x antimycotic/antibiotic. Egg chambers
were washed two times with dissecting medium and mounted on Lumox imaging dishes in
medium containing 0.4 mg/mL bovine insulin and 1% low melt agarose. Egg chambers were
imaged by confocal as above.

QUANTIFICATION AND STATISTICAL ANALYSIS

Generation of Imaris reconstructions (Movie 5):

Images first had gaussian smoothing applied to all channels. The Imaris Surface function
was then used to segment the individual channels.

Quantification of apical-basal polarization of proteins along the border cell-polar cell
boundary (Figure 4J-0):

When possible the apical cap of the polar cells was identified by either E-cadherin,
Phalloidin/F-actin or aPKC staining. Using ImageJ a line scan with a thickness of .75

pum was drawn tracing the border cell-polar cell boundary using the F-actin channel as a
guide. Measurements were then taken in the Cdep channel and averaged over 0.50 pm to
smooth the signal and then normalized to the peak value within an individual border cell
cluster. Representative line scans were chosen for the line graphs. To compare population
differences we took the average of the 25% most basal signal divided by the 25% most
apical signal for each sample. This ratiometric measurement of basal asymmetry was used
for statistics and population level plotting. In a subset of polarity complex knockdown
samples the apical cap could not be easily distinguished and an arbitrary pole was chosen as
basal. In this condition, there was no bias seen in Cdep asymmetry regardless of orientation
or start point chosen.
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Quantification cluster aspect ratio (Figures 3H and 5E): A bounding box was manually
drawn in FIJI around the border cell cluster in an anterior-posterior orientation. The aspect
ratio of the bounding rectangle was then measured and plotted for each condition.

Quantification of cluster speed (Figure 2I):

The center of mass of the border cell cluster was manually identified in each time point. The
MTrackJ plugin was then used to calculate the velocity of the border cell cluster.

Quantification of Rac FRET (Figure 3I):

FRET images were obtained during live cell imaging on a Zeiss LSM 780. A 458-nm laser
was used for excitation of the sample. CFP and YFP images were collected simultaneously
using channel 1 (464-502 nm) and channel 2 (517-570 nm) under a 40x/1.1 numerical
aperture (NA) water immersion objective LD C-Apo lens. Images were taken at 16-bits with
a frame size of 512 x 512 in the center of mass of the border cell cluster. CFP and YFP
images were then processed using Fiji image analysis software as described before 8. The
final FRET image of the YFP/CFP ratio image was generated in ImageJ. The average FRET
signal of the entire cluster was measured. All samples were observed after detachment and
prior to docking. FRET index was measured by splitting the cluster into thirds along the
anterior-posterior axis and dividing the posterior third by the anterior most third.

Quantification of layering (Figure 6H-I):

Images were taken of whole ovariale strands at a low zoom-level on a 20x objective using
a Zeiss LSM 800 or Zeiss LSM 780. Images were 30-36 microns in thickness with a
z-step of 2.5-3 microns. Images were then manually quantified in ImageJ by observing any
location within the follicular epithelium that showed layering in any stage egg chamber.
Quantification of layering was done only on anterior layering events in stage eight and nine
egg chambers. The distance from the anterior tip of the egg chamber to the posterior-most
cell within the layering event was measured to quantify the size of the layering event.

Quantification of cluster length (Fig 6J):

Cluster length was measured in Fiji. A line scan was drawn to the longest axis of the border
cell cluster in the anterior to posterior orientation. If measuring a cluster that had split apart,
measurements went from the anterior tip of the fallen off cell to the posterior tip of the lead
cell of the cluster.

ADDITIONAL RESOURCES

All data were analyzed in Excel (Microsoft). Graphs and statistics were generated in

Prism 9 (GraphPad). For statistical analysis by one-way ANOVA, Bartlett’s Test was

run to determine if significant differences in sample deviations warranted non-parametric
analysis. In cases where deviations were not significantly different, parametric ANOVA was
performed with Tukey post-hoc tests of significance. In cases where deviations were found
to be significantly different, non-parametric ANOVA was run with Kruskal-Wallace post-hoc
tests of significance. All bar graphs contain the N for that experiment over the respective bar.
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Highlights
. Follower border cells require Rac activity for actin dynamics and crawling
behaviors
. Rac-dependent follower cell matility promotes cluster compactness and
movement

. Basolateral Scrib, DLG, and LGL localize the GEF Cdep to activate Rac in

followers

. The Scrib/Cdep/Rac pathway promotes follower cell crawling and cluster

cohesion

Dev Cell. Author manuscript; available in PMC 2023 November 07.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Campanale et al.

Page 21

. Some authors self-identify as a member of an underrepresented group.

. We acknowledge the exclusions and erasures of many Indigenous peoples,

. Efforts for balanced, equitable, and gender-unbiased citing were made

Inclusion and diversity statement

including those on whose lands the University of California, Santa Barbara

is located, the villages and unceded territories of the Chumash people. We
acknowledge the Chumash People, their Elders, both past and present, as well
as their future generations.

throughout the development of this manuscript.

Dev Cell. Author manuscript; available in PMC 2023 November 07.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Campanale et al.

Page 22

nurse cells

/ A

border cell

Clusterems,  00°Vt®

stage 4 \
germarium 4 apical
follicular Ve
basal :

slbo>LifeActGFP epithelium

~15% __
increase

o
Y

o
o

FRET intensity (AFU)
»
®o

Y
o
Migration index (%)

234 123 1234
control RacDN PVRIEGFR-DN
Clonal border cells in cluster (#)
Bl Complete migration =3 Incomplete

Figure 1: Rac is required in follower cells.
(A) Projected Drosophila ovariole from the ovary with DNA (blue), Ecad (magenta),

and s/bo>LifeActinGFP (green). (B-B™”) Stills from a time-lapse of delaminating border
cells expressing s/bo>Life ActGFP (white) and polar cell nuclei expressing ypaGal4>UAS-
RFPnls (green). Lead cell protrusions and follower cells are marked by red and orange
arrows, respectively. (C) Inhibition of Rac in all border cells blocks protrusion and
migration. (D) Intensity coded RacFRET signal co-expressing control UAS-uRNAI. (E)
Line plot of RacFRET intensity for cluster in (D). (F) Border cell cluster schematic
overlayed with known Rac signaling in lead cell protrusions. (G) Frequency distribution

for complete border cell migration of clusters containing variable numbers of clonal cells
expressing the indicated UAS transgene. Number of clusters counted are indicated on top of
the histogram. All scale bars are 20 pm.
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Figure 2: Rac is required in follower cells for actin dynamics, shape changes, and motility.
(A, B) Time color-coded images from movies for (A) wild type and (B) Rac-inhibited

border cells (see Movie 2). (C) Time color-coded still images (C’-C””) from a time lapse
movie (Movie 3) of a wild type cluster showing that follower cell motility promotes cluster
compactness. (D-E) Intensity color-coded live imaging of AyFLPout clones at time zero
expressing UAS-moesinGFP and co-expressing either (D) UAS-uRNAI showing a follower
cell crawling over another border cell (* in D) or (E) UAS-RacDN, showing that Rac

is required for follower cell crawling. D’-D”” and E’-E™” zooms of the boxed regions

in D and E, respectively. Arrows mark protrusions from crawling follower cells on an
unmarked cell (*= unmarked cell, dashed line= approximate cell boundary). (F-G) Single
border cell clones expressing UAS-moesinGFP (green) and either (F) UAS-uRNAI or (G)
UAS-RacDN, marked with Singed (magenta). GFP in (F) and (G) and (F” and G”) show
quantitative GFP fluorescence. (H) Quantitation of moesinGFP from (F and G). Each dot is
one clone. (1) Quantification of border cell cluster migration velocity containing clonal cells.
Each dot is one cluster. (J-L) Time color-coded images from movies for follower cell clones
expressing (J) UAS-wRNAI, (K) UAS-RacDN, or (L), UAS-PVR/EGFR-DNSs. Arrows
indicate dynamic protrusions changing between timepoints. (3’-L*). Masks showing shape
changes of clones in (J-L) over time. All scale bars= 20 um except D’-D”” and E’-E”” which
are 10 um. Statistical significance tested using unpaired t-test.
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Figure 3: The basally localized RacGEF, Cdep, is required for follower cell crawling behavior
and cluster cohesion.
(A-B) 30 min interval color coded images from 3.5 hr time lapse movies for RNAI indicated.

Red arrow indicates a detached border cell, and orange arrow indicates ectopic protrusion.
(C-G) Representative projections of border cell clusters expressing UAS- CadepRNA.i stained
for F-actin (magenta) and slbo>LifeActGFP (green). (C-D) trailing cells, (E) single cells
falling off the cluster, (F-G) loss of cohesion. (H) Dot plot of cluster aspect ratio. Each dot
is one cluster. (1) Analysis of c306Gal4, UAS-RacFRET or UAS-Cdc42FRET intensities
and co-expressing control UAS-uRNAI/UAS-)RNAI or UAS-CdepRNAI. Each dot is one
cluster. (J) Representative images of RacFRET. (K) Front/back RacFRET intensity ratio of
protrusive clusters in (I). (L) Projection of stage 10 egg chamber stained for Cdep::GFP
(green) and Ecadherin (magenta). Dashed box indicates docked border cell cluster. (M)
Zoom of epithelial follicle cells. (N) Delaminating border cells stained for Cdep (green). (O)
Migrating border cell cluster stained as in (L). (P) Medial view of a border cell cluster with
arrows marking border/border cell boundaries and “p” marking polar cell nuclei. All scale
bars= 20 um. Statistical significance tested using one-way ANOVA with Kruskal-Wallace
(H) and Tukey (I and K) post hoc analysis.
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Figure 4: Core polarity modules localize Cdep in border cell clusters.
(A) Projected stage 9 egg chamber with migrating border cells stained for Laminin with

peanut lectin (yellow), aPKC on apical membrane (magenta), and Scribble on lateral
membrane (green). (B) Epithelial follicle cell and (C) border cell zooms of (A) with

DNA (blue). (D-G”) Stages of border cell migration from stage 9-10 egg chambers with
DNA (blue), (D-G) Actin staining from s/bo>LifeActinGFP reporter (green), (D’-G’) aPKC
staining (color coded by intensity) with arrows to denote the apical cap of the polar cells,
and (D”-G”) schematic representations of D-G’. Axis in D” indicates anterior, A, posterior,
P, dorsal, D, and ventral, V. (H) Overlay of a border cell cluster stained for endogenous
Cdep::GFP (green), Par-1 (magenta), and aPKC (yellow). (I) Overlay of a border cell cluster
stained for Cdep::GFP (green), and Scribble (magenta). (J-M) Representative images of
border cell clusters expressing Cdep::GFP in combination with indicated RNAI. Arrow
points toward apical. (N) Representative line scans along the polar/border cell boundary
from basal to apical for genotypes in (J-M). (O) Dot plot of basal to apical asymmetry of
Cdep at polar/border cell membrane for indicated knockdowns. Each dot is an individual
border cell cluster. Statistical significance was tested using one-way ANOVA with Kruskal-
Wallace post hoc. (P-R’) Representative images of DIg (magenta) and Cdep::GFP (green) in
control (P,P"), aPKCRNAI (Q-Q’) and scrib RNAI (R-R’). Layering is outlined. (S) Control
and (T) UAS-aPKCAN expressing border cell clusters during migration. All scale bars= 20
um.
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Figure 5. The Scrib module coordinates cluster cohesion, detachment, and migration dynamics.
(A-D) Representative projections of migrating border cell clusters expressing c306Gal4,

slbo>LifeActGFP, twbGal80%, and indicated UAS-RNAI in 30 min interval color coded
images from 4 hr time lapse movies for RNAI indicated. (E) Dot plot of cluster aspect ratio.
Each dot is one cluster. (F-1) Representative projections of migrating border cell clusters
for indicated UAS-RNA.I. LifeAct (white) and DNA (blue). Cells with ectopic protrusions
or that fell off the cluster marked with orange or red arrows, respectively. (J) Schematic

and proportion of stage 10 egg chambers with clonal border cells on or off the cluster
expressing the indicated UAS-RNAI under the control of HsFIp>AyGal4. Number of egg
chambers counted at top of histogram. (K) Analysis of c306Gal4, UAS-RacFRET intensities
and co-expressing indicated RNAI. Each dot is one cluster. (L) Representative images of
RacFRET. (M) Front/back RacFRET intensity ratio of clusters in (K). All scale bars=
20pm. Statistical significance tested using one-way ANOVA with Kruskal-Wallace post hoc
analysis.
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Figure 6: Re-localizing Cdep to the basal membrane suppresses border cell epithelial layering
and cluster elongation caused by Scrib module knockdown.

(A-F) Egg chambers expressing (A-C) UAS-GrabFP-basal or (D-F) UAS-ExGrabFP-basal
and co-expressing UAS-Scrib RNAI, stained for F-actin (magenta), Cdep::GFP (green),
and DNA (blue). (A and D) Layering throughout the egg chamber (arrow). Bars represent
the length measurement for anterior layering. (B and E) Dotted box indicates the border
cell cluster. (C and F) Bar represents the length measurement for cluster elongation. (G)
Quantification of ovariole strands where either no layering was observed (blue), or any
layering (red) anywhere within a single ovariole strand. Number of ovarioles counted at
top of histogram. (H) Quantification of anterior layering size. Each dot is on cluster. (1)
Frequency distribution of migration defects in stage 10 egg chambers. Number of clusters
counted on top of histogram. (J) Quantification of cluster elongation as the length of the
longest line that can be drawn through the anterior-posterior axis of the border cell cluster.
Each dot is one cluster. (K) Frequency distribution of migration defects in stage 10 egg
chambers. Number of clusters counted on top of histogram. (L-M) Representative stage 10
Cdep::GFP egg chambers expressing (L) UAS-GrabFP-apical or (M) UAS-GrabFP-basal
under the control of C306Gal4. Statistical significance was tested using one-way ANOVA
with Kruskal-Wallace post hoc analysis. All scale bars= 20 um.
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Figure 7: An integrated view of collective border cell migration.
Illustration of wild type border cell cluster migration. Color indicates sequential time points.

Comparison of features of normal border cell leader and follower cell behaviors and cluster
movement to those of Cdep or Scrib knockdown and the complementary defects caused by
Ecadherin knockdown (based on Cai et al., 2014, Movie S2). In wild type, the front cell
extends a large protrusion that senses chemoattractants (Duchek and Rgrth, 2000; Duchek
et al., 2001; McDonald et al., 2004) and small spaces (Dai et al., 2020) and is shaped

and stabilized by E-cadherin-mediated adhesion (Cai et al., 2014) and steers the cluster.
Cluster cohesion and movement also require basal, Rac-dependent follower cell crawling.
Knockdown of Cdep or Scrib disrupts crawling and thus cluster cohesion and coordinated
movement. E-cadherin knockdown causes loss of lead cell protrusion and directional
migration but cells within the cluster remain active and thereby maintain cohesion but
exhibit random movement.
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

Monoclonal rat anti-Ecadherin (1:50 dilution)

Developmental Studies Hybridoma
Bank

Cat#DCAD2; RRID:AB_528120

Monoclonal mouse anti-Singed (Fascin) (1:50 dilution)

Developmental Studies Hybridoma
Bank

Cat#sn 7c; RRID:AB_52823

Polyclonal rabbit anti-GFP (1:1000 dilution)

ThermoFisher Scientific

Cat#A-11122;
RRID:AB_221569

Monoclonal mouse anti-aPKCzeta (1:500)

Santa Cruz Biotechnology

Cat#sc-17781 RRID:AB_628148

Polyclonal rabbit anti-Scribble

See Albertson and Doe, 2003 (79)

N/A

Polyclonal rabbit anti-Par-1

See McDonald et al., 2008 (80)

N/A

Monoclonal mouse anti-discs large (1:100)

Developmental Studies Hybridoma
Bank

Cat#4F3; RRID:AB_528203

Polyclonal rabbit anti-Lgl (1:500)

Santa Cruz Biotechnology

Cat#sc-98260
RRID:AB_1564606

Monoclonal mouse anti-Cut (1:100 dilution)

Developmental Studies Hybridoma
Bank

Cat#2b10; RRID:AB_528186

Chemicals, peptides, and recombinant proteins

Hoechst 33342 Sigma-Aldrich Cat#14533
Phalloidin Atto647N Sigma-Aldrich Cat#65906
Lectin PNA From Arachis hypogaea (peanut), Alexa Fluor™ ThermoFisher Scientific Cat#l.32460
647 Conjugate

TritonX-100 Sigmal-Aldrich Cat#T8787
Schneider’s Drosophila Medium Gibco Cat#21720

Phosphate Buffered Saline (10x, pH 7.4)

Quality Biological

Cat#119-069-131

Paraformaldehyde, 16% solution Electron Microscopy Sciences Cat#15710
Vectasheild antifade mounting medium Vector Laboratories Cat#H-1000
Antibiotic-Antimycotic (100X) ThermoFisher Scientific Cat#15240062
Insulin (bovine pancreas) Sigma-Aldrich Cat#11882
SeaPlaque Agarose Lonza Cat#50101
Experimental models: Organisms/strains

D. melanogaster: w[1118] Denise Montell Lab Stock, University N/A

of California Santa Barbara

D. melanogaster: w[*]; P{w[+mC]=tubP-GALB80[ts]}10; TM2/
TM6B, Tb[1]

Bloomington Drosophila Stock Center

Cat#BDSC_7108, FBti0027799

D. melanogaster: w[*]; P{w[+mC]=slbo-Lifeact-GFP}2M/
CyO; MKRS/TM6B, Tb[1]

See Cai et al., 2014 (30)

Cat#BDSC_58364, FBti0163120

D. melanogaster: upd-Gal4

See Cai et al., 2014 (30); gift
from Douglas Harrison, University of
Kentucky

N/A

D. melanogaster: P{w[+mC]=UAS-RedStinger}3, w[1118]

Bloomington Drosophila Stock Center

Cat#BDSC_8545 FBgn0044485

D. melanogaster: w[*1; sna[Sco]/CyO; P{w[+mC]=UAS-YPet-
PAK-RAC-CFP.FRET}3

Bloomington Drosophila Stock Center

Cat#BDSC_31431 FBti0130032

D. melanogaster: w[*]; P{w[+mC]=UAS-YPet-PAK-RAC-
CFP.FRET}2; MKRS/TM6B, Th[1]

Bloomington Drosophila Stock Center

Cat#BDSC_32050 FBti0130028
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

D. melanogaster: hsp70-FLP; Ay17bGal4, UAS-moesin-GFP

Choetal., 2016 (81)

NA

D. melanogaster: P{w[+mW.hs]=GawB}c306, w[1118]

Bloomington Drosophila Stock Center

Cat#BDSC_3743 FBti0003935

D. melanogaster: y[1] w[*]; P{w[+mC]=UAS-Rac1.N17}1

Bloomington Drosophila Stock Center

Cat#BDSC_6292 FBti0017573

D. melanogaster RNAI of white: y[1] v[1]; P{y[+t7.7]
V[+t1.8]=TRiP.HMS00017}attP2

Bloomington Drosophila Stock Center

Cat#BDSC_33623 FBti0140096

D. melanogaster RNAI of Cdep: y[1] v[1]; P{y[+t7.7]
v[+t1.8]=TRiP.JF01661}attP2

Bloomington Drosophila Stock Center

Cat#BDSC_31168 FBti0131039

D. melanogaster RNAI of Cdep: P(KK 108821)

Vienna Drosophila Resource Center

Cat#VDRC_ID_104438

D. melanogaster: w[*]; P{w[+mC]=UAS-YPet-PAK-Cdc42-
CFP.FRET}2; MKRS/TM6B, Th[1]

Denise Montell Lab Stock, University
of California Santa Barbara

N/A

D. melanogaster: y[1] w[*]; Mi{PT-GFSTF.1}Cdep[MI106830-
GFSTF.1]

Bloomington Drosophila Stock Center

Cat#BDSC_61789 FBti0178623

D. melanogaster RNAI of Par-1: P(GD 14836)

Vienna Drosophila Resource Center

Cat#VDRC_ID_52556

D. melanogaster RNAI of scrib: w[*]; P{w+mC]=UAS-
scrib.RNAI}7L

Bloomington Drosophila Stock Center

Cat#BDSC_59080 FBti0166976

D. melanogaster RNAI of aPKC. P(KK 100874)

Vienna Drosophila Resource Center

Cat#VDRC_ID_105624

D. melanogaster: w[*]; P{w[+mC]=UAS-aPKC.DeltaN}3

Bloomington Drosophila Stock Center

Cat#BDSC_51673 FBti0154819

D. melanogaster RNAI of scrib: y[1] v[1]; P{y[+t7.7]
v[+t1.8]=TRIiP.JF03229}attP2

Bloomington Drosophila Stock Center

Cat#BDSC_29552 FBti0128927

D. melanogaster RNAI of dlg: P(GD 4689)

Vienna Drosophila Resource Center

Cat#VDRC_ID_41136

D. melanogaster RNAI of dlg: y[1] sc[*] v[1] sev[21];
P{y[+t7.7] v[+t1.8]=TRiP.JF01694}attP2

Bloomington Drosophila Stock Center

Cat#BDSC_31181 FBti0131052

D. melanogaster RNAI of Igl: P(GD 4047)

Vienna Drosophila Resource Center

Cat#VDRC_ID_51249

D. melanogaster RNAI of Igl: y[1] sc[*] v[1] sev[21];
P{y[+t7.7] v[+t1.8]=TRiP.HMS01522}attP2

Bloomington Drosophila Stock Center

Cat#BDSC_35773 FBti0145041

D. melanogaster GrabFP: w[*]; Kr[If-1]/CyO;
M{w[+mC]=lexAop-UAS-GrabFP.B.Int. nCh}ZH-86Fb

Bloomington Drosophila Stock Center

Cat#BDSC_68175 FBti0187202

D. melanogaster GrabFP: w[*]; M{w[+mC]=lexAop-UAS-
GrabFP.B.Ext.TagBFP}ZH-35B/CyO; TM3, Sb[1]/TM6B,
Th[1]

Bloomington Drosophila Stock Center

Cat#BDSC_68173 FBti0187199

Software and algorithms

ImageJ2 (FIJI) See Schindelin et al., 2012 (82) N/A
(https://fiji.sc)

Adobe Illustrator 2022 Adobe (https://www.adobe.com) N/A

Imaris 9 Bitplane (https://imaris.oxinst.com) N/A

Prism 9 Graph Pad N/A
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