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Sally Horne-Badovinac

Correspondence
shorne@uchicago.edu

In Brief

Stedden et al. examine how Semaphorin-

5c and Plexin A promote epithelial

migration in the context of the Drosophila

egg chamber. They show that

Semaphorin-5c is planar polarized across

the epithelium at the leading edge of each

cell and that it directs cell motility by

acting within the migrating cohort, not the

surrounding environment.

mailto:shorne@uchicago.edu
https://doi.org/10.1016/j.cub.2019.01.049
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cub.2019.01.049&domain=pdf


Current Biology

Article
Planar-Polarized Semaphorin-5c and Plexin A
Promote the Collective Migration
of Epithelial Cells in Drosophila
Claire G. Stedden,1,2 William Menegas,2,4 Allison L. Zajac,2 Audrey M. Williams,2 Shouqiang Cheng,3 Engin Özkan,3
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SUMMARY

Collective migration of epithelial cells is essential for
morphogenesis, wound repair, and the spread of
many cancers, yet how individual cells signal to one
another to coordinate their movements is largely un-
known.Here,we introducea tissue-autonomouspara-
digm for semaphorin-based regulation of collective
cell migration. Semaphorins typically regulate the
motility of neuronal growth cones and other migrating
cell types by acting as repulsive cueswithin themigra-
toryenvironment.Studying the follicularepithelial cells
ofDrosophila, we discovered that the transmembrane
semaphorin, Sema-5c, promotes collective cellmigra-
tion by acting within the migrating cells themselves,
not the surrounding environment. Sema-5c is planar
polarized at the basal epithelial surface such that it is
enriched at the leading edge of each cell. This location
places it in a prime position to send a repulsive signal
to the trailing edge of the cell ahead to communicate
directional information between neighboring cells.
Our data show that Sema-5c can signal across cell-
cell boundaries to suppress protrusions in neighboring
cells and that Plexin A is the receptor that transduces
this signal. Finally, we present evidence that Sema-5c
antagonizes theactivityofLar,another transmembrane
guidance cue that operates along leading-trailing cell-
cell interfaces in this tissue, via a mechanism that
appears to be independent of Plexin A. Together, our
results suggest thatmultiple transmembraneguidance
cues can be deployed in a planar-polarized manner
across an epitheliumandwork in concert to coordinate
individual cell movements for collective migration.

INTRODUCTION

Collectivemigration of epithelial cells underlies numerous tissue-

remodeling events [1, 2]. In embryos, epithelial migration shapes
908 Current Biology 29, 908–920, March 18, 2019 ª 2019 Elsevier Lt
organs, including the mammary gland, vasculature, kidney, and

eye [3–6]. In adults, it closes wounds in the skin and cornea and

facilitates metastasis [7–9]. For epithelial cells to migrate collec-

tively, each cell must coordinate its movements with those of its

neighbors. It is likely that both mechanical and biochemical

signals are used to achieve this goal [10]. To date, however,

few biochemical signals have been identified.

The Drosophila egg chamber provides a tractable system in

which to identify these coordinating biochemical signals and

the principles underlying their activity [11]. Egg chambers are

organ-like structures that will each develop into one egg (Fig-

ure 1A). They have an inner germ cell cluster surrounded by

follicular epithelial cells (follicle cells), whose basal surfaces con-

tact the basement membrane (BM) extracellular matrix (ECM)

that ensheathes the organ. From the time an egg chamber forms

through stage 8 of oogenesis, the follicle cells collectively

migrate along the BM [12, 13]. Thismotion causes the egg cham-

ber to rotate within the BM (Figure 1B) and helps to create the

ellipsoid shape of the egg. Each migrating follicle cell extends

leading edge protrusions and has a parallel array of stress fibers

along its basal surface that mediates adhesion to the BM. These

actin-based structures all align in the direction of tissue move-

ment, revealing a high degree of coordination among the cells

(Figure 1C).

The migration of the follicular epithelium requires the recep-

tor protein tyrosine phosphatase (RPTP) Lar and the cadherin

Fat2, which are planar polarized at the basal epithelial surface

along leading-trailing cell-cell interfaces [14–17]. Lar localizes

to each cell’s leading edge, and Fat2 localizes to the trailing

edge, allowing them to mediate signaling between the leading

and trailing edges of neighboring cells [14]. Whether other

signaling systems also operate along these critical cell-cell in-

terfaces is unknown.

The semaphorins are a family of both secreted and mem-

brane-associated proteins that activate plexin receptors [18,

19]. Theywere first identified as repulsive cues for axon guidance

but also regulate the motility of other cell types, including collec-

tively migrating neural crest and endothelial cells [20, 21].

Typically, the plexin is expressed by the migrating cells and the

semaphorin is expressed by cells within the migratory environ-

ment. When a plexin-expressing cell encounters a source of
d.
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Figure 1. Sema-5c Is Required for Egg Cham-

ber Elongation

(A) Illustration of a sagittal section through a devel-

opmental array of egg chambers. Arrows indicate

rotation stages.

(B) Illustration of a transverse section through an egg

chamber. Arrow indicates rotation.

(C) Image of the basal epithelial surface highlighting

protrusions and stress fibers in one cell.

(D) Images of eggs from control and Sema-5cK175

females.

(E) Quantification of egg aspect ratio. Eggs from

Sema-5cK175 females are rounder than controls.

Data in (E) represent mean ± SEM. Unpaired

t test. ns, not significant (p > 0.05); ***p < 0.001.

Scale bars, 10 mm (C) and 100 mm (D). See also

Figure S1.
semaphorin, it is repelled and thus confined to a particular migra-

tion path. Drosophila have three classes of semaphorins (Sema-

1a/1b, Sema-2a/2b, and Sema-5c) and two plexins (PlexA and

PlexB) [19]. It is conceivable that a transmembrane semaphorin

and a plexin could be coexpressed within an epithelium, similar

to Lar and Fat2, to allow each cell to influence the migratory

behavior of its neighbors. However, no such signaling system

involving a semaphorin has yet been found.

Here, we show that the transmembrane semaphorin, Sema-

5c, functions within the follicle cells, not the migratory environ-

ment, to promote their collective motility. We further show that

Sema-5c is planar polarized at the basal epithelial surface and

enriched at each cell’s leading edge. This location places it in a

prime position to signal to the trailing edge of the cell ahead,

which could coordinate migration direction between neigh-

boring cells. Indeed, we find that Sema-5c can signal across

cell-cell boundaries to suppress protrusions and that Plexin A

appears to transduce this signal. Finally, we present evidence

that Sema-5c also interacts with Lar. Altogether, these results

show that diverse guidance cues can be deployed within an

epithelium to coordinate cellular movements for collective

motility.

RESULTS

Semaphorin-5c Is Required for Egg Chamber Elongation
We previously performed a genetic screen to identify genes

required in the follicle cells to produce the elongated shape of

the egg [22]. TheK175 allele found in this screen is homozygous

viable. However, in homozygous females, the aspect ratio

(length/width) of egg chambers and eggs is reduced (Figures

1D, 1E, and S1). Using deficiency mapping to identify the

mutated gene, we found that females with K175 in trans to

Df(3L)BSC840 produce rounded eggs similar to those of

K175 homozygotes (Figure 1E). This deficiency contains the

Semphorin-5c (Sema-5c) gene, which is non-essential for

viability [23]. Sequencing Sema-5c coding regions in K175 an-

imals identified a point mutation, T393-to-A, which produces a

premature stop codon near the protein’s N terminus. Together,

these data suggest that K175 is a nonsense mutation in

Sema-5c (Sema-5cK175) and that Sema-5c is required for egg

chamber elongation.
Loss of Semaphorin-5c Slows the Rate and Onset of
Epithelial Migration
Defects in egg chamber elongation are often associated with

impaired follicle cell migration [24], so we investigated whether

Sema-5c is required for this process. Ex vivo live imaging

showed that Sema-5c epithelia appear to be non-migratory (Fig-

ures 2A and 2B; Video S1). However, careful analysis of the actin

cytoskeleton in fixed tissue, as discussed below, indicated that

Sema-5c epithelia might have cryptic migratory ability.

The stress fibers at the basal surfaces of the follicle cells are

aligned globally across the tissue, such that they all run parallel

to the direction of movement [12, 25]. We quantify this global

alignment with an order parameter, where zero represents no

alignment and one represents perfect alignment. Global stress

fiber alignment is high in wild-type epithelia when migration be-

gins and increases until the end of migration at stage 8. By

contrast, when migration is blocked, the alignment starts at the

same high level but then decreases until the order parameter is

near zero at stage 8 [12].

Because ex vivo live imaging revealed no obvious migration in

Sema-5c epithelia, we expected to see a consistent decrease in

global stress fiber alignment, similar to other non-migratory con-

ditions. Instead, the alignment decreases until stage 5 but then

recovers, such that many Sema-5c epithelia are indistinguish-

able from controls at stage 7 (Figures 2C and 2D). This observa-

tion suggested that Sema-5c epithelia might migrate extremely

slowly and that the onset of motility might be delayed to stage

5-6. Given that ex vivo live imaging can only be performed for

hours and follicle cell migration lasts�2 days [11, 12], these sub-

tle tissue dynamics could be missed by live imaging alone.

To test this, we developed an in vivomethod to track epithelial

migration over longer time periods, which leverages the fact that

these cells secrete new matrix proteins into the BM as they

migrate [13, 26]. We induced small clones of cells to express a

monomeric red fluorescent protein (mRFP)-tagged version of

the BM protein type IV collagen (Col IV-mRFP) and identified

them by the fluorescent collagen within the secretory pathway

of the expressing cells (Figure 3A). In a migratory epithelium,

these clones deposit stripes of Col IV-mRFP into the BM behind

them, creating a permanent record that migration occurred (Fig-

ures 3A–3E). By contrast, clones in a non-migratory fat2N103-2

epithelium only deposit spots of Col IV-mRFP into the BM
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Figure 2. Loss of Sema-5c Disrupts Epithelial

Migration and Global Stress Fiber Alignment

(A) Still images from videos of control and Sema-

5cK175 epithelia, stage 7. Dots mark the same cells

over time.

(B) Quantification of migration rates for control and

Sema-5cK175 epithelia.

(C) Images of global stress fiber alignment in control

and Sema-5cK175 epithelia. Yellow lines show the

primary stress fiber direction in each cell. OP, order

parameter.

(D) Quantification of global stress fiber alignment in

control and Sema-5cK175 epithelia. Grey asterisks

compare control to Sema-5c K175. Red asterisks

compare Sema-5cK175 stage 5 to stage 7. n R 8 for

all conditions.

Data represent mean ± SEM in (B) and mean ± SD in

(D). Unpaired t test; *p < 0.05, **p < 0.01, ****p <

0.0001. Scale bars, 10 mm. See also Video S1.
directly adjacent to the expressing cells (Figures 3F and 3G). We

call the BM stripes COMETtails (clonal overexpression of matrix

proteins for epithelial cell tracking). A similar method was

recently published [27].

Using COMETtails, we found that Sema-5c epithelia display a

phenotype that is intermediate between control and fat2N103-2

epithelia. At stage 7, when global stress fiber alignment has

largely recovered, all egg chambers have COMETtails (Figures

3I and 3J), which indicates that these Sema-5c epithelia do

migrate. However, because Sema-5c COMETails are shorter

than controls and ex vivo live imaging reveals almost no move-

ment (Figure 2B), the migration must be extremely slow. At stage

5, when stress fibers are maximally mis-aligned, only 25% of

Sema-5c epithelia have COMETtails (Figures 3H and 3J). This

observation is consistent with migration initiating in the majority

of Sema-5c epithelia around stage 5-6. Altogether, these data

show that loss of Sema-5c slows the rate of epithelial migration

and often delays its onset.

Semaphorin-5c Localizes to Each Cell’s Leading Edge
To explore how Sema-5c promotes epithelial migration, we

determined its localization in the egg chamber. We used the

CRISPR-Cas9 system to insert three copies of GFP into the

Sema-5c locus (Sema-5c-3xGFP). The resulting C-terminal

protein fusion appears to be functional, as eggs from Sema-

5c-3xGFP females elongate normally (Figure S2A). Sema-5c-

3xGFP is expressed strongly in the follicle cells through stage

7, with little signal in the germ cells (Figure 4A). Optical sections
910 Current Biology 29, 908–920, March 18, 2019
through the epithelium reveal that Sema-

5c-3xGFP is on apical and lateral cell

membranes and intracellular puncta that

may represent endosomes (Figure 4B).

Because the migration machinery is at

the tissue’s basal surface, we were partic-

ularly interested in Sema-5c’s localization

along this plane. We found that Sema-

5c-3xGFP is both punctate and planar

polarized along leading-trailing cell-cell in-

terfaces (Figures 4C–4F). To determine
whether this localization corresponds to the leading edge, trail-

ing edge, or both, we generated mosaic epithelia wherein

some cells express Sema-5c-3xGFP and the remainder express

untagged Sema-5c. Using leading edge protrusions to indicate

migration direction, we found that Sema-5c-3xGFP-expressing

cells migrating directly behind unmarked cells have GFP at their

leading edges, whereas Sema-5c-3xGFP-expressing cells

migrating directly ahead of unmarked cells largely lack GFP at

their trailing edges (Figures 4G–4I, S2B, and S2C). Hence,

Sema-5c is enriched at each cell’s leading edge.

Semaphorin-5c Can Suppress Protrusions in
Neighboring Cells
One way that semaphorins regulate cell motility is by signaling

non-cell-autonomously to suppress protrusions [28]. This activ-

ity was first identified in axon guidance, where semaphorins

‘‘collapse’’ the protrusive growth cone that pioneers the migra-

tion of an axon toward its target, but it also applies to other

migratory cell types [29–31]. Although the level and location of

protrusions appear normal in Sema-5c clones at stage 7 (Fig-

ure S2D), there is an abundance of mis-oriented protrusions in

Sema-5c epithelia at stage 6 (Figures S2E–S2L). Moreover, the

presence of short COMETtails in Sema-5c epithelia at this stage

indicates that themis-oriented protrusions can occur in conjunc-

tion with the early stages of epithelial motility. Together with the

localization data above, these observations suggest that Sema-

5c might signal from each cell’s leading edge to regulate the site

of protrusion formation in the cell ahead.



Figure 3. Loss of Sema-5c Slows the Onset and Rate of Epithelial Migration
(A–C) The COMETtail method. (A) Clones expressing Col IV-mRFP are detected by the intracellular signal. Clones deposit stripes of Col IV-mRFP into the BM as

they migrate (false-colored green). (B) Overlay of Col IV-mRFP images in (A). (C) Image from (B) in grayscale.

(D–I) Images of COMETtails from control (D and E), non-migratory fat2N103-2 (F and G), and Sema-5cK175 (H and I) epithelia.

(J) Quantification of COMETtail data. n, number of egg chambers examined.

Scale bars, 10 mm.
To examine whether Same-5c can suppress protrusions in

neighboring cells, we overexpressed Sema-5c (UAS-Sema-

5c-GFP) in follicle cell clones, which causes Sema-5c’s localiza-

tion to expand to the trailing edge (Figure S3A). In this

overexpression condition, Sema-5c signals non-cell-autono-

mously to suppress leading edge protrusions in the cells directly

behind the overexpressing cells (Figures 4J and 4K). The leading

edge localization of the actin assembly factor SCAR is also

reduced (Figures S3B and S3C). These phenotypes are only

seen along cellular interfaces that directly contact the overex-

pressing cell, denoting an extremely short-range signal.

Although Sema-5c is not normally localized to the trailing edge,

this overexpression system demonstrates that Sema-5c can

suppress protrusions and that it does so by signaling across

cell-cell boundaries.

Plexin A Mediates Semaphorin-5c Signaling
Our data suggest that Sema-5c promotes epithelial migration via

intercellular signaling. To identify Sema-5c’s receptor, we ex-

pressed RNAi against the Drosophila plexins. Two PlexB RNAi

transgenes, previously validated in other tissues, do not affect

egg elongation (Figure S4A). By contrast, two independent PlexA

RNAi transgenes strongly deplete PlexA from the follicle cells

and produce round eggs (Figures 5A, S4B, and S4C). Moreover,
global stress fiber alignment in PlexA-RNAi epithelia decreases

until stage 5 but then recovers through stage 7, and we detected

no obviousmigration in PlexA RNAi epithelia by ex vivo live imag-

ing (Figures 5B–5D; Video S2). Thus, depletion of PlexA causes

migration-associated phenotypes that are strikingly similar to

those caused by loss of Sema-5c.

We then mapped PlexA’s localization pattern. Using both a

bacterial artificial chromosome (BAC) transgene wherein PlexA

is tagged with myc (BAC-PlexA-myc) and a PlexA antibody, we

found that PlexA is punctate at the basal epithelial surface and

planar polarized along leading-trailing cell-cell interfaces (Fig-

ures 5E and S4D). To determine PlexA’s subcellular localization,

we then used a mosaic method similar to that described for

Sema-5c above (STAR Methods). This experiment revealed

that, although some PlexA is at the leading edge, most PlexA

is at the trailing edge (Figures 5F–5H and S4E–S4G). Thus, PlexA

is in the right position to receive a Sema-5c signal from the lead-

ing edge of the cell behind.

To determine whether PlexA binds to Sema-5c, we probed

their interaction in vitro and in vivo. First, we employed an

ELISA-type assay using the ectodomains of PlexA and the five

Drosophila semaphorins (Figures S5A and S5B). This assay re-

vealed robust binding between PlexA and Sema-5c. Addition-

ally, PlexA binds to its known ligands, Sema-1a and 1b [32],
Current Biology 29, 908–920, March 18, 2019 911



Figure 4. Sema-5c Localizes to the Leading Edge and Can Suppress Protrusions in Neighboring Cells

(A) Images of a sagittal section through an ovariole expressing Sema-5c-3xGFP. Asterisks mark migratory stages. Heatmap index applies to (A)–(F).

(B) Image of a sagittal section through an egg chamber, stage 6. Sema-5c-3xGFP is on apical and lateral cell membranes and intracellular puncta.

(C–F) Images of the basal epithelial surface at stages 3 (C and D), 5 (E), and 7 (F). Sema-5c-3xGFP is punctate along leading-trailing cell-cell interfaces. (D) shows

a zoom of the boxed region in (C).

(G–I) Images of the basal surface of a Sema-5c-3xGFP mosaic epithelium, stage 7.

(legend continued on next page)
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Figure 5. Loss of PlexA Phenocopies Loss of Sema-5c, and PlexA Is Enriched at the Trailing Edge

(A) Images of eggs from a control female and a female expressing PlexA RNAi in the follicular epithelium.

(B) Quantification of migration rates from control and PlexA RNAi epithelia.

(C) Quantification of global stress fiber alignment in control and PlexA RNAi epithelia. n R 8 for all conditions.

(D) Images of global stress fiber alignment in control and PlexA RNAi epithelia. Yellow lines show the primary stress fiber direction in each cell. OP, order

parameter.

(E) Images of the basal surface of a BAC-PlexA-myc epithelium, myc immunostaining, stage 7. PlexA is punctate along leading-trailing cell-cell interfaces.

(F–H) Images of the basal surface of a mosaic epithelium with BAC-PlexA-myc clones in a PlexA-null background, PlexA and myc immunostaining, stage 7.

Asterisksmark cells expressingBAC-PlexA-myc at the clone boundary. (F) Control cells are marked in cyan. (G) Zoom of the blue boxed region in (F).BAC-PlexA-

myc-expressing cells primarily have PlexA enriched at their trailing edge (solid triangles). (H) Zoom of the yellow boxed region in (F). BAC-PlexA-myc-expressing

cells also have some PlexA at their leading edge (open triangles).

Data represent mean ± SEM in (B) and mean ± SD in (C). Unpaired t test; **p < 0.01, ***p < 0.001, ****p < 0.0001. Scale bars, 100 mm (A), 10 mm (D–F), and 3 mm

(G and H). See also Figure S4 and Video S2.
but not to Sema-2a and 2b, which are PlexB ligands [33, 34].

Second, we asked whether Sema-5c and PlexA are required

for each other’s localization. Although PlexA levels appear

normal in Sema-5c epithelia (Figure S5C), Sema-5c-3xGFP is

reduced at the basal surface of PlexA-RNAi epithelia (Figures
(G) Cells expressing Sema-5c-3xGFP are pseudocolored cyan. Asterisks mark S

boxed region in (G). Sema-5c-3xGFP-expressing cells have GFP at their leading e

expressing cells lack GFP at their trailing edge (open triangles).

(J and K) Images of the basal surface of UAS-Sema-5c-GFPmosaic epithelia, sta

front of the clone (closed triangles) but are lost from cells directly behind the clo

Scale bars, 100 mm (A), 10 mm (B, C, E–G, J, and K), and 3 mm (D, H, and I). See
6A, 6B, and S5D). Despite this stabilizing effect of PlexA on

Sema-5c, PlexA puncta are sparser and only sometimes coloc-

alize with Sema-5c puncta (Figures 6C–6G) Altogether, these

data indicate that PlexA and Sema-5c do interact but that their

interaction in vivo may be transient.
ema-5c-3xGFP-expressing cells at the clone boundary. (H) Zoom of the yellow

dge (solid triangles). (I) Zoom of the blue boxed region in (G). Sema-5c-3xGFP-

ge 7. (J) Protrusions are reduced in the clone. (K) Protrusions are present at the

ne (open triangles). Asterisks mark the clone.

also Figures S2 and S3.
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Figure 6. PlexA Is the Likely Receptor for Sema-5c

(A) Images of the basal epithelial surface, stage 7. PlexA RNAi reduces Sema-5c-3xGFP levels.

(B) Quantification of Sema-5c-3xGFP levels at cell-cell interfaces in control and PlexA RNAi epithelia, stage 7.

(C–E) Images of the basal surface of an epithelium expressing Sema-5c-3xGFP and BAC-PlexA-myc, myc immunostaining, stage 7 (C). (D and E) Zoom of boxed

region in (C). White triangles indicate colocalization between Sema-5c and PlexA.

(F) Quantification of fluorescence intensities of Sema-5c-3xGFP and BAC-PlexA-myc along the cell-cell interfaces marked by the yellow line in (E).

(G) Pearson correlation coefficient for Sema-5c-3xGFP and BAC-PlexA-myc fluorescence intensities along leading-trailing cell-cell interfaces, stage 7. Each

point is one epithelium in which a line scan was performed along 5–8 cell-cell interfaces.

(legend continued on next page)
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Finally, we revisited our Sema-5c overexpression condition to

ask whether PlexA mediates Sema-5c’s ability to suppress pro-

trusions. Because there is some PlexA at each cell’s leading

edge, overexpressed Sema-5c may inhibit protrusions in the

cell behind by signaling through this population of the receptor.

Indeed, depleting PlexA from UAS-Sema-5c-GFP clones abro-

gates Sema-5c’s ability to suppress protrusions (Figures S5E–

S5H), which shows that PlexA is required for Sema-5c activity.

We further found that expressing either UAS-HA-PlexA or a

low level of UAS-Sema-5c-GFP in the entire epithelium has

only a minor effect on protrusions, whereas expressing both

transgenes together strongly suppresses protrusions (Figures

6H–6K). Thus, overexpressed PlexA can also enhance Sema-

5c’s ability to signal. Altogether, these data suggest that PlexA

acts as a receptor for Sema-5c in the follicular epithelium.

Semaphorin-5c Interacts with Lar
The localization patterns of Sema-5c and PlexA resemble those of

Lar and Fat2, which suggests that these four proteins might work

together to promote epithelial motility. However, neither Sema-5c

clones (Figure S2D) nor PlexA RNAi clones (Figure S5F) show the

defects in leading edge protrusions and/or trailing edge retraction

caused by loss of Lar or Fat2 [14]. This observation argues against

Sema-5c and PlexA being part of the Lar/Fat2 signaling system,

yet there may still be crosstalk between the two pathways.

We therefore explored whether Sema-5c/PlexA and Lar/Fat2

interact at the genetic level. Removing one copy of Lar substan-

tially rescues the egg shape defect in Sema-5c females (Figures

7A, S6A, and S6B). Reduced Lar dosage may allow migration to

begin earlier in Sema-5c epithelia, as global stress fiber align-

ment is higher in the rescued epithelia than in Sema-5c epithelia

(Figures 7B–7D and S6C). Reduced Lar dosage does not rescue

the migration rate, however, as we detected no directional

motility in rescued epithelia by ex vivo live imaging (Figure S6D).

Removing one copy of fat2 does not rescue the egg shape defect

in Sema-5c females (Figure S6E), nor does removing one copy of

Lar in PlexA-RNAi females (Figure S6F). Altogether, these data

suggest that Sema-5c antagonizes Lar activity and that this

interaction may be independent of Fat2 and PlexA.

Because Sema-5c and Lar both localize to the leading edge,

we next asked whether they colocalize. The density of Sema-

5c and Lar puncta is similar along the leading-trailing cell-cell

interfaces, and they consistently overlap (Figures 7E–7I). More-

over, although Lar levels appear normal in Sema-5c and PlexA

RNAi clones, Sema-5c levels are reduced in Lar clones (Figures

7J, S6G, and S6H). This reduction is not due to an effect on

PlexA, as PlexA levels are normal in Lar clones (Figure S6I). Alto-

gether, these data suggest that Sema-5c has a second function

that involves a cis interaction with Lar.

DISCUSSION

Here, we introduce a tissue-autonomous model for semaphorin

signaling in collective cell migration (Figure 7K). Our data show
(H–J) Coexpression of PlexA enhances the Sema-5c overexpression phenotype. I

5c-GFP mildly reduces protrusions. (I) UAS-HA-PlexA has little effect on protrus

(K) Quantification of data in (H)–(J).

Data in (B) represent mean ± SEM. Unpaired t test; ****p < 0.0001. Scale bars, 1
that Sema-5c acts as a migratory cue within the collectively

migrating epithelial cells themselves instead of acting in the

migratory environment. Sema-5c is planar polarized at the basal

epithelial surface, localizing to each cell’s leading edge. We envi-

sion that this placement allows Sema-5c to activate PlexA on the

trailing edge of the cell ahead and thus communicate directional

information between neighboring cells. We further identify an

interaction between Sema-5c and Lar, which suggests that

Sema-5c may play a second role in the Lar/Fat2 signaling

pathway. Together, these results highlight how multiple guid-

ance cues work in concert within an epithelium to coordinate

cell movements for collective motility.

Semaphorin-5c May Promote Collective Motility by
Acting as a Repulsive Cue for Neighboring Cells
Given that overexpressing Sema-5c collapses protrusions in

neighboring cells, we propose that Sema-5cmaypromote collec-

tive motility via contact inhibition of locomotion (CIL). CIL de-

scribes a set of behaviors exhibited by a migrating cell when it

collideswith another cell [35]. Specifically, the cell retracts its pro-

trusions from the point of contact and repolarizes tomigrate away

in a new direction. CIL is mediated by signaling proteins on the

cells’ surfaces, including semaphorins and plexins [28, 36].

Although CIL is often used to disperse cells, cases exist where

CIL appears to organize cells for collective movement [35]. We

propose that the Sema-5c at each cell’s leading edge could

signal to suppress protrusions at the trailing edge of the cell

ahead and thus direct the signal-receiving cell to polarize away

from this point of contact such that both cells then migrate in

the same direction. In this scenario, the semaphorin is a repulsive

cue, similar to themost common function of semaphorins in axon

guidance. Supporting this notion, we see an abundance of mis-

oriented protrusions in Sema-5c epithelia at stage 6. Determining

whether semaphorin-based CIL is operating in the follicular

epithelium will be an important area for future work.

The role we have identified for Sema-5c in promoting collec-

tivemigrationmay be conserved. Sema-5c is the onlyDrosophila

semaphorin with direct orthologs in vertebrates (Sema5A and

Sema5B). Moreover, similar to Sema-5c, the vertebrate class

5 semaphorins promote the migration of multiple cell types

[30, 37–39] and can collapse protrusions non-cell-autonomously

[30, 37]. Given that three of the five classes of vertebrate sema-

phorins are integral membrane proteins (classes 4–6), any one of

these family members could promote collective migration simi-

larly to Sema-5c, which opens the possibility that Sema-5c’s

mechanism of action could be widely used.

Semaphorin-5c Most Likely Signals through Plexin A
Four pieces of evidence suggest that PlexA is a Sema-5c recep-

tor. First, the follicle cells require PlexA to migrate normally. Sec-

ond, the dynamics of the global stress fiber pattern inPlexARNAi

epithelia is similar to that of Sema-5c epithelia. Third, PlexA and

Sema-5c interact both in vitro and in vivo. Fourth, PlexA primarily

localizes to each cell’s trailing edge, placing it in the right position
mages are of the basal epithelial surface, stage 8. (H) A low level of UAS-Sema-

ions. (J) Coexpressing both transgenes strongly reduces protrusions.

0 mm (A, C, and H–J) and 3 mm (D and E). See also Figure S5.
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Figure 7. Sema-5c Interacts with Lar

(A) Quantification of egg aspect ratios. Removing one copy of Lar rescues the Sema-5cK175 egg shape defect.

(B and C) Quantification of global stress fiber alignment at stages 5 (B) and 7 (C). Removing one copy of Lar partially rescues the defect in Sema-5cK175 epithelia.

(D) Images of global stress fiber alignment for some conditions analyzed in (B) and (C). Yellow lines show the primary stress fiber direction in each cell. OP, order

parameter.

(E–G) Images of the basal surface of a Sema-5c-3xGFP epithelium with Lar immunostaining, stage 7 (E). Sema-5c and Lar colocalize. (F) and (G) show a zoom of

the boxed region in (E).

(H) Quantification of fluorescence intensities of Sema-5c-3xGFP and Lar along the cell-cell interfaces marked by the yellow line in (G).

(I) Pearson correlation coefficient for Sema-5c-3xGFP and Lar along leading-trailing cell-cell interfaces, stage 7. Each point represents one epithelium, in which a

line scan was performed along 5–8 cell-cell interfaces.

(legend continued on next page)
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to receive a Sema-5c signal from the leading edge of the cell

behind. This observation is particularly intriguing, as a vertebrate

homolog of PlexA, Plexin A1, functions at the trailing edge of

migrating dendritic cells [40].

Given that PlexA is required for Sema-5c’s localization, we

were surprised to find that they only rarely colocalize. We are

not aware of other studies that report colocalization of a sema-

phorin-plexin pair at the subcellular level, so the dynamics of

the ligand-receptor interaction in vivo are mysterious. It is inter-

esting to speculate that the repulsive nature of the semaphorin

signal may necessitate a transient interaction with its receptor.

Although our data strongly suggest that Sema-5c signals

through PlexA,more complexmodels are possible. For example,

vertebrate class 5 semaphorins signal through both A- and

B-type plexins [30, 37, 41, 42]. Thus, Sema-5c could also signal

through PlexB. There may also be reverse signaling through

Sema-5c’s intracellular domain [43]. Future work will determine

whether these alternate modes of Sema-5c signaling also

contribute to epithelial motility.

Multiple Guidance Cues Work in Concert to Promote
Epithelial Migration
The Sema-5c/PlexA and Lar/Fat2 signaling systems both oper-

ate along leading-trailing cell-cell interfaces to promote collec-

tive motility. Although phenotypic differences argue against all

four proteins acting in one pathway, three pieces of evidence

indicate that Sema-5c interacts with Lar. First, Sema-5c and

Lar colocalize at the basal epithelial surface. Second, Lar is

required for Sema-5c’s localization. Third, reducing Lar dosage

rescues the global stress fiber alignment and egg shape pheno-

types caused by loss of Sema-5c. These data suggest that

Sema-5c antagonizes Lar activity and further imply that Lar

may inhibit cell migration under some circumstances. It is

possible that Sema-5c plays two roles in the follicle cells—one

with PlexA and one with Lar. Alternatively, the interaction be-

tween Sema-5c and Lar may represent a point of convergence

between two otherwise separate signaling pathways.

Given that Sema-5c and Lar both localize to the leading edge,

they most likely interact in cis. We envision two non-mutually

exclusive models by which this could occur. Class 5 semaphorins

and Lar both bind heparin sulfate proteoglycans [44, 45],making it

possible that glycan chains could bridge an interaction between

their ectodomains.Alternatively, the interactioncouldoccurdown-

stream of their intracellular domains [43]. A recent study showed

that semaphorins interact with Lar family RPTPs in the nervous

systems of C. elegans and mice [46]. However, the mechanism

described therein is different, with Lar functioning in cis with the

plexin to amplify a secreted semaphorin signal. Thus, there may

be crosstalk between Lar and semaphorins in multiple contexts.

The protein families to which Sema-5c, PlexA, Lar, and Fat2

belong are all known for their roles in nervous system develop-

ment. Semaphorins and plexins are one of the canonical families

of axon guidance cues [47], and Lar family RPTPs function in

both axon guidance and synapse formation [48]. Although less
(J) Images of the basal surface of a Lar13.2 mosaic epithelium, stage 7. Sema-5c

(K) Illustration of our working model for Sema-5c’s role in follicle cell migration.

Data in (A) represent mean ± SEM. Unpaired t test; ns, not significant (p > 0.05)

Figure S6.
studied, Fat-like cadherins also help to wire the nervous system

[49]. The steering of a growth cone toward its target represents a

system in which a guidance cue from the cellular environment

modulates the behavior of amigrating cell.We have now identified

a situationwherein these sameguidancecuesare planar polarized

across an epithelium to allow each cell within the tissue to modu-

late themigratory behavior of their neighbors for collectivemotility.

A recent study noted that the appearance of the semaphorin and

plexin families predates the evolution of the nervous system in

metazoans [50]. The same is true for Fat-like cadherins [51].

Thus, theancestral role for theseguidancecuesmaybe to regulate

epithelial dynamics, with their role in guiding axons arising later.

Collective Migration of the Follicle Cells Can Begin Late
in Development from a Disordered State
Finally, this work elucidates the cellular parameters required for

the follicular epithelium to migrate. The follicle cells typically

begin migrating shortly after an egg chamber forms, and their

stress fibers always show a high degree of global alignment

[12]. We have discovered that neither of these features is strictly

required for epithelial motility. Moreover, our observations that

epithelial migration can begin later in development and can do

so after the stress fiber pattern has become disordered, show

that the ability of this epithelium to break symmetry and polarize

is more robust than previously appreciated.

There is a fat2 partial-loss-of-function condition that is pheno-

typically similar to Sema-5c [27, 52]. In this condition, epithelial

migration is so slow that it cannot be detected by ex vivo live im-

aging. Moreover, migration is most likely delayed, as the global

stress fiber pattern is disordered at stage 6 but recovers by stage

8. Future work will determine the extent to which these two

mutant conditions phenocopy and whether these similarities

indicate yet more points of convergence between the Sema-

5c/PlexA and Lar/Fat2 signaling systems.

The observation that somemutant epithelia polarize and begin

migrating at stage 5-6 suggests that there may be developmen-

tally programmed changes in the egg chamber that create a

more favorable environment for epithelial motility. We previously

noted that global stress fiber alignment and migration rate both

increase in wild-type epithelia around this time [12]. This

improved migratory ability could be due to higher BM stiffness,

as stiffer matrices promote cell migration [53] and the stiffness

of the follicular BM increases over time [54, 55]. Determining

whether the cells are responding to mechanical changes in the

BM, and how they do so, will be fertile areas for future research.

Conclusions
This work introduces a tissue-autonomous role for semaphorins

in guiding the collective migration of epithelial cells. Moreover,

our observation that Sema-5c and PlexA act alongside Lar and

Fat2 to promote epithelial motility highlights the complex

signaling interactions that occur along leading-trailing cell-cell

interfaces to allow these cells to coordinate their individual

movements for collective motility.
-3xGFP is reduced in mutant cells.

; ****p < 0.0001. Scale bars, 10 mm (D, E, and J) and 3 mm (F and G). See also
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10. Ladoux, B., and Mège, R.-M. (2017). Mechanobiology of collective cell

behaviours. Nat. Rev. Mol. Cell Biol. 18, 743–757.

11. Horne-Badovinac, S., and Bilder, D. (2005). Mass transit: epithelial

morphogenesis in the Drosophila egg chamber. Dev. Dyn. 232, 559–574.

12. Cetera, M., Ramirez-San Juan, G.R., Oakes, P.W., Lewellyn, L., Fairchild,

M.J., Tanentzapf, G., Gardel, M.L., and Horne-Badovinac, S. (2014).

Epithelial rotation promotes the global alignment of contractile actin bun-

dles during Drosophila egg chamber elongation. Nat. Commun. 5, 5511.

13. Haigo, S.L., and Bilder, D. (2011). Global tissue revolutions in a morphoge-

netic movement controlling elongation. Science 331, 1071–1074.

14. Barlan, K., Cetera, M., and Horne-Badovinac, S. (2017). Fat2 and Lar

define a basally localized planar signaling system controlling collective

cell migration. Dev. Cell 40, 467–477.e5.

15. Bateman, J., Reddy, R.S., Saito, H., and Van Vactor, D. (2001). The recep-

tor tyrosine phosphatase Dlar and integrins organize actin filaments in the

Drosophila follicular epithelium. Curr. Biol. 11, 1317–1327.
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Rabbit polyclonal anti-PlexA Laboratory of Takaki Komiyama [56] N/A

Mouse monoclonal anti-b-Galactosiadase Promega #Z378A; RRID: AB_430877

Rabbit polyclonal anti-HA Rockland Inc. #600-401-384; RRID: AB_218007

AlexaFluor-647, donkey anti-rabbit secondary Invitrogen #A31573; RRID: AB_2536183

AlexaFluor-647, donkey anti-mouse secondary Invitrogen #A31571; RRID: AB_162542

AlexaFluor-555, donkey anti-mouse secondary Invitrogen #A31570; RRID: AB_2536180

Chemicals, Peptides, and Recombinant Proteins

Recombinant human insulin Sigma #I2643

CellMask Deep Red Plasma Membrane Stain ThermoFisher #C1006

Schneider’s Drosophila medium ThermoFisher #21720-024

Fetal bovine serum GIBCO #10438-018

16% EM grade formaldehyde Polysciences Inc #18814-10

Slowfade antifade kit ThermoFisher #S2828

Fisherbrand cover glass 22 mm x 50 mm, No 1.5 Fisher #12-544-D

Fisherbrand cover glass 22 mm x 22 mm, No 1.5 Fisher #12-541-B

Premium microscope slides, frosted Fisher #12-544-3

Nail polish Electron Microscopy Sciences 72180

Phalloidin-TRITC Sigma P1951

AlexaFluor-647 phalloidin ThermoFisher #A22287

Soda lime glass beads, 48-51 mm Cospheric LLC S-SLGMS-2.5

DAPI Sigma D9542

Experimental Models: Organisms/Strains

D. melanogaster. Standard control strain: w[1118] Bloomington Drosophila Stock Center BDSC: 3605; FlyBase ID: FBst0003605

D. melanogaster. traffic jam-Gal4: y* w*;

P{w+mW.hs = GawB}NP1624/CyO,

P{w- = UAS-lacZ.UW14}UW14

Kyoto Stock Center DGRC: 104055

D. melanogaster. w; Sema-5c[K175], FRT80B Laboratory of Sally Horne-

Badovinac [22]

N/A

D. melanogaster. w[*]; P{ry[+t7.2] = neoFRT}80B ry[506] Bloomington Drosophila Stock Center BDSC: 1988; FlyBase ID: FBst0001988

D. melanogaster. w[1118]; Df(3L)BSC840,

P+PBac{w[+mC] = XP3.RB5}BSC840/TM6C, Sb [1] cu [1]

Bloomington Drosophila Stock Center BDSC: 29024; FlyBase ID: FBst0029024

D. melanogaster. P{UAS-Col4a1.RFP} [previously

called UAS-CG25C-RFP]

Laboratory of Jose Pastor-Pareja [57] FlyBase ID: FBtp0110407

D. melanogaster. w[*]; P{w[+mC] = AyGAL4}25,

P{w[+mC] = UAS-EGFP}5a.2;

P{w[+mC] = UAS-bnl.S}A1-1/TM6B, Tb [1]

Bloomington Drosophila Stock Center BDSC: 64213; FlyBase ID: FBst0064231

D. melanogaster. y[1] w[*]; P{w[+mC] = AyGAL4}25

P{w[+mC] = UAS-lacZ.NZ}20b/CyO, y[+]

Bloomington Drosophila Stock Center BDSC: 4410; FlyBase ID: FBst0004410

D. melanogaster. w[1118]; P{w[+mC] = AyGAL4}25/CyO Bloomington Drosophila Stock Center BDSC: 3953; FlyBase ID: FBst0003953

D. melanogaster. w[1118]; P{w[+mC] = UAS-Dcr-2.D}10 Bloomington Drosophila Stock Center BDSC: 24651; FlyBase ID: FBst0024651

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

D. melanogaster. W[1118];

P{w[+mC] = GAL4-Act5c(FRT.CD2).P)S,

P{w[+mC] = UAS-RFP.W}3/TM3, Sb [1]

Bloomington Drosophila Stock Center BDSC: 30558; FlyBase ID: FBst0030558

D. melanogaster. w;; Sema-5c-3xGFP This paper N/A

D. melanogaster. w;; Sema-5c-3xGFP, FRT80 This paper N/A

D. melanogaster. w;; UAS-Sema-5c-GFP This paper N/A

D. melanogaster. w; UAS-Sema-5c-GFP This paper N/A

D. melanogaster. y[1] w[*]; P{w[+mW.hs] =

en2.4-GAL4}e22c P{w[+mC] = UAS-FLP.D}JD1/CyO

Bloomington Drosophila Stock Center BDSC: 5083; FlyBase ID: FBst0005083

D. melanogaster. y[1] w[1118];

P{w[+mC] = Ubi-mRFP.nls}2L

P{ry[+t7.2] = neoFRT}40A/CyO

Bloomington Drosophila Stock Center BDSC: 34500; FlyBase ID: FBst0034500

D. melanogaster. y[1] w[*]; P{w[+mW.hs] = GawB}T155

P{w[+mC] = UAS-FLP.D}JD2

Bloomington Drosophila Stock Center BDSC: 5082; FlyBase ID: FBst0005082

D. melanogaster. w[*]; P{w[+mC] = Ubi- GFP.D}61EF

P{ry[+t7.2] = neoFRT}80B

Bloomington Drosophila Stock Center BDSC: 1620; FlyBase ID FBst0001620

D. melanogaster. RNAi of PlexA: w[1118];

P{GD14483}v27240/CyO

Vienna Drosophila Resource Center VDRC ID: 27240

D. melanogaster. RNAi of PlexA: y[1] sc[*] v[1];

P{y[+t7.7] v[+t1.8] = TRiP.HM05221}attP2

Bloomington Drosophila Stock Center BDSC: 30483; FlyBase ID: FBst0030483

D. melanogaster. RNAi of PlexB: w[1118];

P{GD14473}v27220

Vienna Drosophila Resource Center VDRC ID: 27220

D. melanogaster. RNAi of PlexB: w[1118];

P{GD3150}v12167

Vienna Drosophila Resource Center VDRC ID: 12167

D. melanogaster. BAC:PlexA-myc Laboratory of Alex Kolodkin [50] N/A

D. melanogaster. w[*]; Df(4)C3/In(4)ci[D], ci[D]

pan[ciD] sv[spa-pol]

Bloomington Drosophila Stock Center BDSC: 7083; FlyBase ID: FBst0007083

D. melanogaster. RNAi of RFP: y[1] sc[*] v[1];

P{y[+t7.7] v[+t1.8] = TRiP.HMS05713}attP40

Bloomington Drosophila Stock Center BDSC: 67852; FlyBase ID: FBst0067852

D. melanogaster. UAS-HA-PlexA Laboratory of Johnathan

Terman [58]

N/A

D. melanogaster. w;; BAC-PlexA-myc, ubiGFP,

h, FRT80B/TM6; Df(4)C3/ciD

Laboratory of Trudi Schüpach N/A

D. melanogaster. yw hsFlp;; FRT80B, e ca/TM6;

Df(4)C3/PlexA[MB09499]/ciD

Laboratory of Trudi Schüpach N/A

D. melanogaster. Lar[Bola1] Laboratory of Allan Spradling [59] FlyBase ID: FBal0095667

D. melanogaster. Lar[Bola2] Laboratory of Allan Spradling [59] Flybase ID: Fbal0095666

D. melanogaster. w; Lar[13.2], FRT0A Laboratory of David Van Vactor [15] Flybase ID: FBst0008774

D. melanogaster. w;; fat2[N103-2], FRT80B Laboratory of Sally

Horne-Badovinac [22]

FlyBase ID: Fbal0267777

D. melanogaster. P{ry[+t7.2] = hsFLP}22, w[*] Bloomington Drosophila Stock Center BDSC: 8862; FlyBase ID: FBst0008862

Oligonucleotides

Primer for Sema-5c gRNA: 50-GTTGCCTAGCGGGT

CACGACCGG-30
This paper N/A

Recombinant DNA

Plasmid: Sema-5c-3xGFP floxDsRed, See Methods S1 This paper N/A

Plasmid: p:U6:2 Sema-5c chiRNA, See Methods S1 This paper N/A

Plasmid: pU6-BbsI-chiRNA [60] N/A

Plasmid - 3xP3-RFP source: pHD-DsRed-attP [61] N/A

Plasmid – 3xGFP source: pmEGFP-13 Addgene 36410

Vector: pENTR/D-TOPO Invitrogen #K240020

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Drosophila Gateway Collection vector pTWG Carnegie Institution for Science https://emb.carnegiescience.edu/

Drosophila-gateway-vector-collection

Sema-5c full length cDNA, Berkeley Drosophila

Genome Project Gold Collection

Drosophila Genomics Resource

Center

Clone ID: RE68041

Software and Algorithms

ImageJ version 2.0.0 [62, 63] https://fiji.sc/

ScientiFig Plugin for ImageJ [64] https://grr.gred-clermont.fr/

labmirouse/software/

OrientationJ Plugin for ImageJ [65] http://bigwww.epfl.ch/demo/

orientation/#soft

Prism Version 6.07 for Windows GraphPad N/A

Custom Python Script [66] N/A
CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Sally

Horne-Badovinac (shorne@uchicago.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Drosophila genetics
D. melanogasterwas cultured on cornmeal molasses agar food using standard techniques. All experiments were performed on adult

females. For most experiments, crosses were raised at 25BC and experimental females were aged on yeast with males for 2-3 days

at the same temperature. Experimental genotypes for each figure panel are in Table S1. The culturing conditions for the females in

each experiment are detailed in Table S2.

Clones of either Sema-5cK175 mutant cells or Sema-5c-3xGFP expressing cells were produced using FRT80B with e22c-Gal4

driving FLP recombinase expression [67]. For Flp out clones, UAS lines were crossed to flies with FLP recombinase under a heat

shock promoter and an Act5c>>Gal4 Flp out cassette with or withoutUAS-GFP orUAS-RFP. Heat shock was induced by incubating

pupae and adults at 37BC for 1 h, followed by 1 h of recovery at 25BC, and then another hour at 37BC. This heat shock procedure

was performed 3 times over the course of 2 days. Females that eclosed during the period were placed on yeast with males overnight

and dissected the next day.

For the studies of the Plexin receptors, the following RNAi lines were used: UAS-PlexA-RNAi 1 (v27240, GD14483), UAS-PlexA-

RNAi 2 (TRiP.HM05221), UAS-PlexB-RNAi 1 (v27220, GD14473), and UAS-PlexB-RNAi 2 (v12167, GD3150) [68].

Stocks are from Bloomington Drosophila Stock Center with the following exceptions. UAS-PlexA-RNAiGD14483, UAS-PlexB-

RNAiGD14473, and UAS-PlexB-RNAiGD3150 are from the Vienna Drosophila Resource Center. Traffic jam-Gal4 (104055) is from the

Drosophila Genetic Resource Center in Kyoto. LarBola1 and LarBola2 are a gift from Allan Spradling [59]. UAS-Col4a1-mRFP is a

gift from Jose Pastor-Pareja [57]. Lar13.2, FRT40A is a gift from David Van Vactor [15]. The BAC-PlexA-myc strain is a gift from

Alex Kolodkin [50, 69]. UAS-HA-PlexA is a gift from Johnathan Terman [58]. Both w;; BAC-PlexA-myc, ubi-GFP, h, FRT80B/TM6;

Df(4)C3/CiD and yw, hsFLP;; FRT80B, e, ca/TM6; PlexAMB/CiD are gifts from Trudi Schüpbach. Sema-5cK175 and fat2N103-2 are

from [22] and Fat2-3xGFP is from [14].

METHOD DETAILS

Time lapse video acquisition and microscopy
Ex vivo live imaging of egg chambers was performed largely as described [70, 71], with the exact procedure outlined below. Exper-

imental females were collected 1-2 days after eclosion and aged on yeast for 2 days. Ovaries were dissected in live imaging media

(Schneider’s Drosophila medium containing 15% FBS and 200 mg/mL insulin) containing CellMask Deep Red Plasma Membrane

Stain (Thermo-Fisher; 1:1000). After carefully removing the muscle sheathes with forceps, individual ovarioles were transferred to

fresh live imaging media to wash out excess CellMask. The ovarioles and media were transferred to a glass slide; 51 mm Soda

Lime Glass beads (Cospheric LLC) were added to support a 22 3 22 mm No. 1.5 coverslip. The edges of the coverslip were sealed

with Vaseline to prevent evaporation. Each slide was used for nomore than 2 h. All egg chambers were examined for damage prior to

imaging, using CellMask to highlight damaged areas, as damaged egg chambers do not rotate. Egg chambers were imaged with one

of two laser-scanning confocal microscopes running Zen 2.3 acquisition software, either a Zeiss LSM 800with a 40x/1.3 NA ECPlan-

NEOFLUAR objective, or a Zeiss LSM 880 with 40x/1.3 Plan-APOCHROMAT objective. Time-lapse movies were performed by

capturing single confocal slices near the basal epithelial surface every 60 s. To calculate epithelial migration rates, kymographs
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were generated from the time-lapse image stacks in Fiji (ImageJ) [62, 63] by drawing a single line across several cell diameters in the

direction of migration. The migration rate for each epithelium was then determined by measuring the slope of 3-4 kymograph lines

and averaging the values. Please see [14] for an illustration of this technique.

Fixed image acquisition and microscopy
Ovaries were dissected in live imaging media, as described above. To isolate individual ovarioles, the muscle sheaths were either

removed with forceps during dissection or by gentle pipetting post-fixation. In all cases, egg chambers at stage 10 or older were

discarded. Egg chambers were fixed for 15 min in 4% EM grade formaldehyde (Polysciences) in PBT (PBS + 0.1% Triton X-100),

the one exception is the use of 4% formaldehyde in Schneider’s medium when immunostaining for Lar. To stain F-actin, egg cham-

bers were washed 3x in PBT, incubated in TRITC Phalloidin (1:200 for 25 min, Sigma) or AlexaFluor-647 phalloidin (1:50 overnight or

1:30 for 3 h, Invitrogen), then washed 3x in PBT and mounted with one drop of SlowFade Antifade (Invitrogen) onto a slide with a

22 3 50mm No. 1.5 coverslip. For antibody staining, egg chambers were fixed as above, washed 4x in either PBT, PBT2 or PBT3

(PBS + 0.1%, 0.2% or 0.3% Triton X-100, respectively), and incubated at 4BC overnight with the primary antibody. Then egg cham-

bers were washed 4x, incubated with secondary antibodies conjugated to AlexaFluor-555, or �647 (Invitrogen, 1:200) for 2-3 h at

room temperature, washed 4X and mounted as above. Anti-Lar (9D82B3, 1:200 concentrate) and anti-SCAR (P1C1, 1:200 concen-

trate) are from the Developmental Studies Hybridoma Bank, anti-b-Galactosidase is from Promega (Z378A, 1:200), anti-myc is from

Cell Signaling Technologies (71D10, 1:200) and anti-HA is from Rockland Inc. (600-401-384, 1:250). Anti-PlexA is a gift from Takaki

Komiyama [56], and was pre-absorbed overnight on egg chambers expressing UAS-PlexA-RNAi to reduce background signal prior

to tissue staining and used at 1:1000. Tissue was imaged with one of the two scanning confocal microscopes described above, using

the same objectives or a 63x/1.4 NA Plan-APOCHROMAT objective. For all images a single confocal slice is shown. All image

processing was done in Fiji (ImageJ) [62, 63] and utilized the ScientiFig Plugin [64] for image overlays.

Quantification of egg aspect ratio
Ovaries were dissected in freshlymadeRobb’sminimal saline and fixed in Robb’s containing 8%EMgrade formaldehyde (Polyscien-

ces) for 5 min. The tissue was washed 3x in PBT, then disrupted with pipetting to remove the muscle sheath. Tissue was stained with

phalloidin (1:200) and DAPI (1 mg/mL, Sigma) for 20min. Stage 14 egg chambers andmature eggs were mounted and imaged on one

of the two scanning confocal microscopes described above, using a 20x/0.8 NA Plan-APOCHROMAT objective. Aspect ratios were

calculated by dividing the length of each egg by its width, which were both measured in Fiji (ImageJ) [62, 63]; dorsal appendages

were not included in the measurements. To obtain brightfield images of eggs, ovaries were dissected as described above, and

eggs were imaged in Robb’s media on a Leica MZ FLIII microscope with a Canon Rebel Camera. Image processing was done in

Fiji (ImageJ) [62, 63].

Measurements of global stress fiber alignment
Egg chambers were fixed, stainedwith phalloidin, and imaged as described above. The orientation of stress fibers in an individual cell

was determined by using the Measure function of the OrientationJ plugin [65] for Fiji (ImageJ) [62, 63] after manually selecting a

circular region of interest at the basal surface of each cell, excluding cell boundaries. To determine the tissue-level stress fiber align-

ment (the order parameter) for a given egg chamber, a single imaging plane was used and the orientation of the stress fibers in each

cell was compared to all neighboring cells using a custom Python script as previously described [12, 66].

COMETtail analysis
Flp out clones, as described above, were used to expressUAS-Col4a1-mRFP in either control or mutant backgrounds. For COMET-

tail analysis, however, only adult flies were heat shocked (incubated on yeast at 37BC for 1 h, followed by a 1 h recovery period at

25BC followed by another hour at 37BC) and dissected 12 h after the start of the incubation period. Clones were identified by intra-

cellular accumulation of UAS-Col4a1-mRFP within the secretory pathway of expressing cells. A COMETtail was scored as being

‘‘present’’ in the BM if it extended more than one cell length away from the clone. Some diffusion can occur even when there is

no migration, as was occasionally seen in the fat2N103-2 condition, which is non-migratory [14].

in vitro binding assay
To test binding between Plexin A and the five Drosophila semaphorins, we applied the Extracellular Interactome Assay (ECIA) [72],

which is an avidity-based high-throughput interaction detection assay. The ectodomains of PlexA and the five semaphorins were

cloned into expression plasmids that produce soluble bait and prey, with an Fc tag for capture on Protein A-coated plates and

with a pentamerized Alkaline Phosphatase (AP5) tag for detection of binding, respectively. For higher expression levels, the original

metallothionein promoter in the ECIA expression plasmids [72, 73] were replaced with the highly active, constitutive Actin5c pro-

moter. The bait and prey were expressed in and secreted from Drosophila S2 cells, and the binding of the prey to bait was detected

using the BluePhos colorigenic substrate (KPL) for Alkaline Phosphatase with absorbance at 650 nm.

Quantification of protein localization
Relative levels of Sema-5c-3xGFP and BAC-PlexA-myc at the leading versus trailing edges of cells were quantified in Fiji (ImageJ)

[62, 63]. A 10-pixel wide line was drawn along leading-trailing cell-cell interfaces at the basal surface of epithelia that were mosaic for
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the tagged protein. The Measure function was then used to obtain an average fluorescence intensity over each line. The leading

versus trailing edge of each clone was determined using leading-edge protrusions, which were marked by Phalloidin. Lines were

drawn over 3 categories of cell-cell interfaces: leading edges of the clones, trailing edges of the clones, and cell-cell interfaces

outside of the clone (background staining). For each epithelium, the intensities from all the measurements within a single category

were averaged together to obtain a single value for each epithelium in each category (leading edge, trailing edge, and background);

the background level was used to normalize the data. In an individual epithelium, the same number of cell-cell interfaces was quan-

tified across all categories.

BAC-PlexA-mycmosaic epithelia were generated by creating Flp FRT clones of BAC-PlexA-myc in an epithelium that was null for

PlexA. It is necessary to use a PlexA null background when examining clones ofBAC-PlexA-myc in order to maintain the endogenous

level of PlexA in the cells being analyzed (when extra copies of PlexA are expressed, its planar polarity is lost). The mosaic tissue was

then simultaneously immunostained with anti-PlexA and anti-myc to boost the signal.

Quantification of protein colocalization
Line scans were generated by manually drawing a 10-pixel wide line over leading-trailing cell-cell interfaces at the basal epithelial

surface using Fiji (ImageJ) [62, 63]. Each line scan spanned 5-8 cells. The PlotProfile function was used to obtain fluorescence inten-

sities for each point along the line, and the data were normalized. Prism (GraphPad) was used to plot them against each other and

calculate a Pearson correlation coefficient. BAC-PlexA-myc was always used with a PlexA deficiency in the background to maintain

endogenous levels of PlexA, for the reason described above.

Quantification of protein levels
Levels of Sema-5c-3xGFP in PlexA RNAi epithelia were quantified at cell-cell interfaces at the basal surface of stage 7 epithelia within

a region of uniform size across all samples. Each cell wasmanually outlinedwith a 10-pixel wide line in Fiji (ImageJ) [62, 63]; Phalloidin

was used to mark cell outlines. The Convert to Mask function was used to create a mask from these outlines. The Multiply function

within Image Calculator was then used on the mask and the original image. This creates a new image in which only the pixels con-

tained within the mask are present. The Measure function was used to obtain average fluorescence intensity across the multiplied

image and data were normalized.

Quantification of protrusions
For quantification of protrusion levels, analysis was performed on stage 8 epithelia stained with Phalloidin, as described above. Pro-

trusions were scored by eye and binned into one of three categories based on comparison to controls: normal, weak, or severely

depleted. Protrusions were scored as weak if they were reduced in either number or intensity.

For quantification of protrusion orientation, analysis was performed on stage 6 epithelia stained for Phalloidin. A 48 X 38 mm region

of the basal surface (approximately 70 cells) was chosen for each sample, and a 10-pixel wide line was manually drawn over all lead-

ing-trailing cell-cell interfaces in that region using FIJI (ImageJ) [62, 63]. The average fluorescence intensity along each line was then

calculated using the Measure function. For a single epithelium, the measurements from all leading-trailing interfaces were averaged

together to generate a single value. Keeping the lines along the leading-trailing interfaces as a guide, a 10-pixel wide line was then

manually drawn over all intervening, lateral interfaces. The average fluorescence intensity of these lines wasmeasured and averaged

in the same way as the leading-trailing interfaces to produce a single value for a given epithelium. Epithelia whose protrusions were

not well preserved though dissection and fixation protocols were excluded from the analysis.

The analysis of protrusion orientation was performed at stage 6 because most Sema-5c epithelial are migrating at this stage as

shown by COMETtail analysis, which allows a leading-trailing cell interface to be defined by tissue movement. An egg chamber

had to have a COMETtail to be included in the analysis. It is important to realize, however, that our quantification method underes-

timates the extent to which protrusions are mis-oriented in the mutant condition; the measurements along leading-trailing cell-cell

interfaces cannot distinguish between a normally oriented protrusion emanating from the leading edge and amis-oriented protrusion

emanating from the trailing edge.

Generation of Sema-5c-3xGFP transgenic line
The Sema-5c-3xGFP line was generated by using CRISPR-Cas9 mediated homologous recombination following the general design

strategies described by [60, 61]. The target sequence selected for gRNA production was 50-GTTGCCTAGCGGGTCACGACCGG-30,
where the underlined sequence represents the region that was cloned into the pU6-Bbsl-chiRNA plasmid, which contains the

Drosophila snRNA:U6:96Ab promoter for in vivo transcription, and the bold sequence represents the adjacent PAM motif.

For homologous recombination, the donor plasmid contained three tandem copies of GFP coding sequence followed by a floxed

3xP3-DsRed module [61] for screening insertion events. This entire cassette was flanked by approximately 2 kb homology arms that

contained sequence that matched either side of the target locus. The insertion was made after position 13,696 in the Sema-5c gene,

immediately before the stop codon, which corresponds to amino acid 1093 of the Sema-5c protein (according to isoform A

sequence).

Injections were performed by Genetivision Inc. into transgenic embryos expressing Cas9 under the nanos promoter. Resulting

adults were mated to balancer flies and progeny were screened for founders using DsRed expression in the adult eye with a Leica
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MZ FL III microscope. Founders were used to establish stocks and crossed to Cre-expressing flies to excise the DsRed module.

Insertions were verified by sequencing. Two independent lines were derived and no differences were observed between them.

Generation of UAS-Sema-5c-GFP transgenic line
Sema5c full-length cDNAwithout a stop codon was amplified from clone RE68041 and inserted into pENTR/D-TOPO and then trans-

ferred to theDrosophilaGateway Collection vector pTWG for C-terminal GFP tagging.UASt-Sema5c-GFP flies were generated using

P element injection by GenetiVision. Insertions were verified by sequencing. Two independent lines were derived and no differences

were observed between them.

QUANTIFICATION AND STATISTICAL ANALYSIS

All data were obtained from at least two independent experiments, and several females were analyzed each time. All data were highly

reproducible. No statistical method was used to predetermine sample size. The sample size for each experiment can be found in the

figure panel or in the figure legend. A Student’s t test was used to determine if two datasets were significantly different. This analysis

was performed using Prism software, version 6 (GraphPad). These tests are appropriate because all data obtained follow an approx-

imately normal distribution. These experiments were not randomized, nor was the data analysis performed blind. Egg chambers

damaged by the dissection process were not included in the analysis.
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Figure S1. Further analysis of Sema-5c’s role in egg chamber elongation, related to 
Figure 1 
 
Quantification of egg chamber aspect ratios. Egg chambers from Sema-5cK175 females are 
rounder than controls. n ≥ 10 for all conditions. 
 
Data represent mean ± SEM. Unpaired t-test. *p < 0.05; **p < 0.01; ***p < 0.001. 
 
  



 
 

  



Figure S2. Characterization of Sema-5c-3xGFP and effect of Sema-5c loss of function on 
protrusions, related to Figure 4 
 
(A) Quantification of egg aspect ratios. The 3xGFP tag on Sema-5c does not cause a defect in 
egg shape. 
 
(B and C) Quantification of fluorescence intensity of Sema-5c-3xGFP at leading versus trailing 
edges of Sema-5c-3xGFP clones, stage 7. Each data point is one epithelium in which line scans 
were preformed along 3-8 leading or trailing cell-cell interfaces. (B) The first graph shows the 
data for statistical purposes. (C) The second graph links the leading and trailing measurements 
for each egg chamber with a line.  
 
(D) Images of the basal surface of a Sema-5c K175 mosaic epithelium, stage 7. Loss of Sema-5c 
has no obvious effect on cellular protrusions at this stage. 
 
(E and F) Images of the basal surface of a wild-type egg chamber. (E) The COMETtail image 
shows that the epithelium was migrating prior to fixation. (F) The image showing the actin 
cytoskeleton at the basal surface is from the same egg chamber. The protrusions are primarily 
oriented in the direction of migration (closed triangles). 
 
(G and H) Quantification of protrusion orientation along opposing cell-cell interfaces in wild-type 
epithelia (see STAR methods). Because actin levels are particularly high in protrusions, actin 
levels can be used as a proxy for protrusion position. (G) The first graph shows the data for 
statistical purposes. (H) The second graph links the two measurements for each egg chamber 
with a line.   
 
(I and J) Images of the basal surface of a Sema-5c egg chamber. (I) The COMETtail image 
shows that the epithelium was migrating prior to fixation. (J) The image showing the actin 
cytoskeleton at the basal surface is from the same egg chamber. The protrusions are often 
oriented away from the direction of migration (open triangles). 
 
(K and L) Quantification of protrusion orientation along opposing cell-cell interfaces in Sema-5c 
epithelia (see STAR methods). Because actin levels are particularly high in protrusions, actin 
levels can be used as a proxy for protrusion position. (K) The first graph shows the data for 
statistical purposes. (L) The second graph links the two measurements for each egg chamber 
with a line.   
 
Data represent mean ± SEM. Unpaired t-test. ns, not significant (p > 0.05), ** p < 0.01, ****p < 
0.0001. Scale bars, 10 µm (D-F, I and J). 
 
  



 
 
 
Figure S3. Effect of Sema-5c overexpression on protrusions, related to Figure 4 
 
(A) Images of the basal surface of a UAS-Sema-5c-GFP mosaic epithelium, stage 7. Sema-5c 
localizes all around the plasma membrane when overexpressed (blue triangles). 
  
(B and C) Images of the basal surface of UAS-Sema-5c-GFP mosaic epithelia with SCAR 
immunostaining, stage 7. (B) The larger clone shows that SCAR is reduced when Sema-5c is 
overexpressed. Dashed line marks the clone boundary. (C) The smaller clone (asterisks) shows 
that SCAR is lost from the leading edge of cells directly behind Sema-5c overexpressing cells 
(open triangles), but not from the leading edge of the Sema-5c overexpressing cells themselves 
(closed triangles).  
 
Scale bars, 10 µm. 
 
  



 

 
 
  



Figure S4. Analysis of Plexin reagents and PlexA localization, related to Figure 5  
 
(A) Quantification of egg aspect ratios. Expressing either of two previously validated PlexB RNAi 
transgenes in the follicular epithelium fails to affect egg shape.  
 
(B) Quantification of egg aspect ratios. Expressing ether of two independent PlexA RNAi 
transgenes in the follicular epithelium results in eggs that are rounder than controls.  
  
(C) Images of the basal surface of PlexA RNAi mosaic epithelia, stage 7. PlexA immunostaining 
is reduced by two independent PlexA RNAi transgenes.  
 
(D) Image of PlexA immunostaining at the basal epithelial surface, stage 7. PlexA is punctate 
along leading-trailing cell-cell interfaces. 
 
(E and F) Quantification of fluorescence intensity of BAC-PlexA-myc, anti-myc and anti-PlexA 
immunostaining, at leading versus trailing interfaces of BAC-PlexA-myc clones in a PlexA null 
background, stage 7. Each point is one epithelium in which line scans were preformed along 6-
15 leading or trailing cell-cell interfaces. (E) The first graph shows the data for statistical 
purposes. (F) The second graph links the leading and trailing measurements for each egg 
chamber with a line.  
 
(G) Illustration depicting the populations of BAC-PlexA-myc quantified in (E and F). 
 
Data represent mean ± SEM. Unpaired t-test. ns, not significant (p > 0.05), **p < 0.01; ****p < 
0.0001. Scale bars, 10 µm. 
  



 
 

 
  



Figure S5.  Further investigation of Sema-5c – PlexA interactions, related to Figure 6 

(A) Interaction grid for the binding between the PlexA ectodomain and the ectodomains of the 
five Drosophila semaphorins. Binding of prey to bait was detected using the BluePhos 
colorigenic substrate (KPL) for Alkaline Phosphatase (see STAR Methods). Sema-1a and 
Sema-1b are PlexA ligands and thus serve as positive controls. Sema-2a and Sema-2b are 
PlexB ligands and serve as negative controls. The yellow asterisks highlight strong binding 
between PlexA and Sema-5c. The binding seen between some of the Sema ligands was 
unexpected, but may be consistent with a previous report of a possible Sema-1a - Sema-2a 
interaction [S1]. 

(B) Western blot showing the expression levels of the ectodomains used in (A), Roughest (Rst) 
was used as a positive control. 
 
(C) Image of PlexA immunostaining at the basal surface of a Sema-5c K175 mosaic epithelium, 
stage 7. PlexA levels are not affected by loss of Sema-5c.  
 
(D) Image of the basal surface of a PlexA RNAi mosaic epithelium, stage 7. PlexA RNAi cells 
pseudocolored green. Sema-5c-3XGFP levels are reduced by loss of PlexA.  
 
(E-G) Depletion of PlexA abrogates Sema-5c’s ability to suppress protrusions. Images of the 
basal epithelial surface, stage 8. (E) Clones of cells expressing UAS-Sema-5c-GFP have 
strongly reduced protrusions. (F) Clones of cells expressing UAS-PlexA-RNAi have largely 
normal protrusions. (G) Co-expressing UAS-PlexA-RNAi with UAS-Sema-5c-GFP partially 
rescues the protrusion defect induced by Sema-5c overexpression.  
 
(H) Quantification of the data presented in (E-G). n = number of egg chambers examined. 
 
Scale bars, 10 µm. 
 
  



 
 

  



Figure S6. Investigating the interaction between Sema-5c, PlexA, Lar, and Fat2, related to 
Figure 7 
 
(A and B) Quantification of egg aspect ratios. Removing one copy of Lar largely rescues the egg 
shape defect in Sema-5c K175 females. Data are shown for two independent alleles of Lar.  
 
(C) Images of global stress fiber alignment for the control and LarBola/LarBola2 conditions analyzed 
in Figures 6B and 6C. Yellow lines show the primary stress fiber direction in each cell. OP = 
order parameter. 
 
(D) Quantification of migration rates. Removing one copy of Lar in the Sema-5c K175 background 
does not rescue the migration rate, stage 7.  
 
(E and F) Quantification of egg aspect ratios. Elongation is neither rescued by loss of one copy 
of fat2 in a Sema-5c K175 background (E), nor by loss of one copy of Lar in a PlexA RNAi 
background (F).  
 
(G) Image of Lar immunostaining at the basal surface of a Sema-5c K175 mosaic epithelium, 
stage 7. Lar levels are not affected by loss of Sema-5c.  
 
(H) Image of Lar immunostaining at the basal surface of a PlexA RNAi mosaic epithelium, stage 
7. Lar levels are not affected by loss of PlexA.  
 
(I) Image of PlexA immunostaining at the basal surface of a Lar13.2 mosaic epithelium, stage 7. 
PlexA levels are not affected by loss of Lar.  
 
Data represent mean ± SEM.  Unpaired t-test. ns, not significant (p > 0.05), *p < 0.05; **p < 
0.01; ***p < 0.001; ****p < 0.0001. Scale bars, 10 µm. 
 
 
 
 



 

Figure Panel Genotype 

1 D w;; FRT80B  

w;; Sema-5cK175, FRT80B 

E w;; FRT80B  

w;; Sema-5cK175, FRT80B 

w;; Df(3L)BSC840/+ 

w;; Df(3L)BSC840/Sema-5cK175, FRT80B 

2 A-D w;; FRT80B  

w;; Sema-5cK175, FRT80B 

3 A-E, J hsFlp/w; UAS-Col4a1-RFP/act5c>>Gal4, UAS-GFP 

F, G, J hsFlp/w; UAS-Col4a1-RFP/act5c>>Gal4, UAS-GFP; fat2N103-2, 
FRT80B 

H-J hsFlp/w; UAS-Col4a1-mRFP/act5c>>Gal4, UAS-GFP; Sema-5cK175, 
FRT80B 

4 A-F w;; Sema-5c-3xGFP 

G-I w/+; e22cc-Gal4, UAS-Flp/+; Sema-5c-3xGFP, FRT80B/FRT80B 

J hsFlp/w; act5c>>gal4/+; UAS-Sema-5c-GFP/+ 

K hsFlp/w;; act5c>>gal4, UAS-RFP/UAS-Sema-5c-GFP 

5 A w; traffic jam-Gal4/+ 

w; traffic jam-Gal4/UAS-PlexA RNAiGD14483 

B-D  w; traffic jam-Gal4/+; UAS-Dicer-2/+ 

w/ y, sc, v1; traffic jam-Gal4/+; UAS-PlexA RNAiTRiP.HM05221/UAS-Dicer-2 

E w;; BAC-PlexA-myc/+; Df(4)C3/+ 

F-H yw hsFlp;; BAC-PlexA-myc, ubiGFP, h, FRT80B/FRT80B, e ca; 
Df(4)C3/PlexAMB09499 

6 A-B w; traffic jam-Gal4/+; Sema-5c-3xGFP/+ 

w; traffic jam-Gal4/ UAS-PlexA RNAiGD14483; Sema-5c-3xGFP/+ 

C-G w;; BAC-PlexA-myc, Sema-5c-3xGFP/+; Df(4)C3/+ 

H-K  w; traffic jam-Gal4/UAS-RFP-RNAi; UAS-Sema-5c-GFP/+ 

w; traffic jam-Gal4/UAS-HA-PlexA 

w; traffic jam-Gal4/UAS-HA-PlexA; UAS-Sema-5c-GFP/+ 

7 A-D w1118 

w/+; LarBola2/+ 

LarBola1/LarBola2 

w;; Sema-5cK175, FRT80B 

w; LarBola2/+; Sema-5cK175, FRT80B 

E-I w;; Sema-5c-3xGFP 



J w; Lar13.2, FRT40A /ubi-mRFP, FRT40A; Sema5c-3xGFP /T155-Gal4, 
UAS-Flp 

S1 
 

w;; FRT80B  

w;; Sema-5cK175, FRT80B 

S2 A w 

w;; Sema-5c-3xGFP 

B-C w/+; e22cc-Gal4, UAS-Flp/+; Sema-5c-3xGFP, FRT80B/FRT80B 

D w/+; e22cc-Gal4, UAS-Flp/+; Sema-5cK175, FRT80B/ubi-eGFP, 
FRT80B 

E-H hsFlp/ w; UAS-Col4a1-mRFP/act5c>>Gal4, UAS-GFP 

I-L hsFlp/ w; UAS-Col4a1-mRFP/act5c>>Gal4, UAS-GFP; Sema-5cK175, 
FRT80B 

S3 A hsFlp/w; UAS-Sema-5c-GFP/+; act5c>>Gal4/+ 

 B-C hsFlp/w; act5c>>Gal4, UAS-GFP/+; UAS-Sema-5c-GFP/+ 

S4 A w; traffic jam-Gal4/+; UAS-Dicer-2/+ 

w; traffic jam-Gal4/+; UAS-Dicer-2/UAS-PlexB RNAiGD14473 

w; traffic jam-Gal4/UAS-PlexB RNAiGD1350; UAS-Dicer-2/+ 

B w; traffic jam-Gal4/+ 

w; traffic jam-Gal4/UAS-PlexA RNAi GD14483 

w; traffic jam-Gal4/+; UAS-Dicer-2/+ 

w/y, sc, v1; traffic jam-Gal4/+; UAS-PlexA RNAiTRiP.HM05221/UAS-Dicer-2 

C hsFlp/w; UAS-PlexA RNAi GD14483/+; act5c>>Gal4, UAS-GFP/+ 

hsFlp/ y, sc, v1; UAS-Dicer-2/+; UAS-PlexA RNAiTRiP.HM05221 
/act5c>>Gal4, UAS-GFP 

D w1118 

E-F yw hsFlp;; BAC-PlexA-myc, ubiGFP, h, FRT80B/FRT80B, e ca; 
Df(4)C3/PlexAMB09499 

S5 C w; e22cc-Gal4, UAS-Flp/+; Sema-5cK175, FRT80B/ubi-eGFP, FRT80B 

D hsFlp/w; UAS-PlexA RNAi GD14483/act5c>>Gal4, UAS-LacZ; Sema-5c-
3xGFP/+ 

E-H hsFlp/w; act5c>>Gal4, UAS-LacZ/+; UAS-Sema-5c-GFP/+ 

hsFlp/w; act5c>>Gal4, UAS-GFP/UAS-PlexA RNAi GD14483 

hsFlp/w; UAS-PlexA RNAi GD14483/+; UAS-Sema-5c-GFP/act5c>>Gal4 

S6 
 

A w1118 

w1118/+; LarBola1/+ 

w;; Sema-5cK175, FRT80B 

w; LarBola1/+; Sema-5cK175, FRT80B 

B w1118 

w1118/+; Lar13.2 FRT40A/+ 



w;; Sema-5cK175, FRT80B 

w; Lar13.2 FRT40A/+; Sema-5cK175, FRT80B 

C w1118 

LarBola1/LarBola2 

D w1118 

w/+; LarBola2/+ 

w;; Sema-5cK175, FRT80B 

w; LarBola2/+; Sema-5cK175, FRT80B 

E w1118 

w;; fat2N103.2, FRT80B/+ 

w;; Sema-5cK175, FRT80B 

w; fat2N103-2, Sema-5cK175/Sema-5cK175, FRT80B 

F w; traffic jam-Gal4/+; UAS-Dicer-2/+ 

w; traffic jam-Gal4/LarBola2; UAS-Dicer-2/+ 

w/ y, sc, v1; traffic jam-Gal4/+; UAS-Dicer-2/UAS-PlexA RNAiTRiP.HM05221 

w; traffic jam-Gal4/LarBola2; UAS-Dicer-2/UAS-PlexA RNAiTRiP.HM05221 

G w; e22cc-Gal4, UAS-Flp/+; Sema-5cK175, FRT80B/Ubi-eGFP, FRT80B 

H hsFlp/w; UAS-PlexA RNAi GD14483/+; act5c>>Gal4, UAS-GFP/+ 

I w; ubi-mRFP, FRT40A/Lar13.2,  FRT40A; T155-Gal4, UAS-Flp/+ 

Video  S1 
 

w;; FRT80B  

w;; Sema-5cK175, FRT80B 

Video S2 
 

w; traffic jam-Gal4/+; UAS-Dicer-2/+ 

w/ y, sc, v1; traffic jam-Gal4/+; UAS-PlexA RNAiTRiP.HM05221/UAS-Dicer-2 

 
Table S1. Experimental Genotypes, Related to STAR Methods 

 
  



Figure Panel Females on yeast 

  Adult age (days) Temp (°C) Duration (days) 

1 D-E 1-2 25 2 

2 A-D 1-2 25 2 

3 A-E 1-2 25 (post heat shock) 0.5 

4 A-F 1-2 25 2 

G-I 1-3 29 3 

J-K’ 1-2 29 (post heat shock) 1 

5 A-D 1-3 29 3 

E 1-2 25 2 

F-H 1-2 25 (post heat shock) 2 

6 A-B 1-2 29 3 

C-G 1-2 25 2 

H-K 1-2 29 2 

7 A-I 1-2 25 2 

J 1-3 25 2 

S1 A 1-2 25 2 

S2 A 1-2 25 2 

B-C 1-3 29 3 

D 1-3 29 3 

E-L 1-2 25 (post heat shock) 0.5 

S3 A 1-2 29 (post heat shock) 2 

B-C 1-2 29 (post heat shock) 1 

S4 A-B 1-3 29 3 

C 1-2 29 (post heat shock) 1 

D 1-2 25  2 

E-F 1-2 25 (post heat shock) 2 

S5 C 1-2 29 3 

D 1-2 29 (post heat shock) 1 

E-H 1-2 29 (post heat shock) 1.5 

S6 A-E 1-2 25 2 

F 1-3 29 3 

G 1-2 29 3 

H 1-2 29 (post heat shock) 1 

I 1-3 29 4 

Video S1 2 25 2 

Video S2 1-3 29 3 

 
Table S2. Conditions for the culturing of experimental females, Related to STAR methods 

 
 
 



SUPPLEMENTAL REFERENCES 
 
S1. Sweeney, L.B., Chou, Y.-H., Wu, Z., Joo, W., Komiyama, T., Potter, C.J., Kolodkin, A.L., 
 Garcia, K.C., and Luo, L. (2011). Secreted Semaphorins from Degenerating Larval ORN
 Axons Direct Adult Projection Neuron Dendrite Targeting. Neuron 72, 734–747. 

 


	Planar-Polarized Semaphorin-5c and Plexin A Promote the Collective Migration of Epithelial Cells in Drosophila
	Introduction
	Results
	Semaphorin-5c Is Required for Egg Chamber Elongation
	Loss of Semaphorin-5c Slows the Rate and Onset of Epithelial Migration
	Semaphorin-5c Localizes to Each Cell’s Leading Edge
	Semaphorin-5c Can Suppress Protrusions in Neighboring Cells
	Plexin A Mediates Semaphorin-5c Signaling
	Semaphorin-5c Interacts with Lar

	Discussion
	Semaphorin-5c May Promote Collective Motility by Acting as a Repulsive Cue for Neighboring Cells
	Semaphorin-5c Most Likely Signals through Plexin A
	Multiple Guidance Cues Work in Concert to Promote Epithelial Migration
	Collective Migration of the Follicle Cells Can Begin Late in Development from a Disordered State
	Conclusions

	Supplemental Information
	Acknowledgments
	Author Contributions
	Declaration of Interests
	References
	STAR★Methods
	Key Resources Table
	Contact for Reagent and Resource Sharing
	Experimental Model and Subject Details
	Drosophila genetics

	Method Details
	Time lapse video acquisition and microscopy
	Fixed image acquisition and microscopy
	Quantification of egg aspect ratio
	Measurements of global stress fiber alignment
	COMETtail analysis
	in vitro binding assay
	Quantification of protein localization
	Quantification of protein colocalization
	Quantification of protein levels
	Quantification of protrusions
	Generation of Sema-5c-3xGFP transgenic line
	Generation of UAS-Sema-5c-GFP transgenic line

	Quantification and Statistical Analysis



