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The Drosophila insulin pathway controls Profilin expression and
dynamic actin-rich protrusions during collective cell migration

Christian Ghiglione *8, Patrick Jouandin **, Delphine Ce rezo and Ste phane Noselli $

ABSTRACT group of about eight somatic cells composed of two central p
cells and six to eight surrounding outer border cells (Montell et
1992). At stage 9 of oogenesis, border cells form a cohesive cl
that undergoes an epithelial-to-mesenchymal transition, leadi
its delamination from the surrounding epithelium and its poste
ward migration through the egg chamber (Fulga and Rarth, 2
(Fig. 1A).

Genetic as well as genome-wide profiling studies (Borg
et al., 2006; Wang et al., 2006) have identified several signa
pathways controlling distinct processes involved in border
assembly and/or migration: whereas the early specification of
migratory cells requires JAK/STAT signalling and its target g
slow border cel(slbo) (Beccari et al., 2002; Devergne et al., 20(
Ghiglione et al., 2002, 2008; Silver and Montell, 2001; Van de |
et al., 2011), the timing and guiding of cell migration depend
Ecdysone signalling (Jang et al., 2009) and PVR/EGFR path
respectively (Duchek and Rorth, 2001; Duchek et al., 20
McDonald et al., 2006).

Migration of border cells is initiated by the formation of a sing
KEY WORDS: Drosophila, Insulin pathway, FoxO, Cell migration, actin-rich‘long cellular extensiorfLCE) that enables motility throug
Actin, Profilin a‘grapple and pulimechanism (Fulga and Rarth, 2002). Additional

in the course of their migration, latar cells extend and retract acti
INTRODUCTION rich protrusions dynamically througlycles of F-actin assembly a
Motility of different cell types is essential for proper embryogenesiisassembly (Prasad and Montell, 2007). During ‘tngadmilling
Later during development, cell migration plays a crucial role in tpeocess, the dynamic actin cytekkon is regulated by a number
immune response, during inflammation and wound-healing (Montetiplecules, including highly coes/ed actin-monomer-binding
2003; Ridley, 2003). It is well established that cancer cells can pesteins such as Profilin, which promotes actin polymerization,
activate embryonic migratory programs, leading to their escape frGofilin, which enhances filamerdepolymerization. Mutations i
the tumour through metastasis. In all these processes, cellsthase two actin-regulating proteins lead to border cell migration de
migrate either alone or as cohorts; in the latter case, cells can sf\dsvheyen and Cooley, 1994). Membrane ruffing and a
complex organization into mixed populations with specific functiongrotrusions are therefore important for border cell migrat
Cell motility can either be permanent (i.e. immune cells) or oriypwever, how exactly actin dynamics is controlled in border cell
transient, for example during an epithelial-to-mesenchymal transitiiive cell locomotion is still not fully understood.
or when cells re-epithelialize after reaching their target tissue. Celin this study, we identify thédrosophila Insulin/Insulin-like
migration is therefore a highly heterogeneous phenomenon thajrisvth factor signalling (11S) pathway as an important new regul
common to both normal and pathological processes, requiring tfidoorder cell migration. The [IS pathway couples growth
development of genetically amenable models to identify the differentrition (Andersen et al., 2013; Edgar, 2006), and, du
molecules and signalling pathways at work. oogenesis, it has been shown to regulate germline stem

The migration of border cells provides a unique system witlivision, cyst growth, vitellogenesis and epithelial cell cy
which to genetically dissect the mechanisms regulating invasive petigression (Drummond-Barbosa and Spradling, 2001; Joug
migrationin vivo (Montell, 2006; Rorth, 2009). Border cells are &t al., 2014; LaFever, 2005; LaFever et al., 2010). Here, we s

that specific loss of IIS activity in border cells leads to an immo &
Universite Cote d’Azur, CNRS, Inserm, Institut de Biologie Valrose, Nice 06108, _ph_enOtype' Our reS_U|tS show that the function of IIS in border ¢ Z
France. is independent of its role on cell growth control. We reveal {1ff
*Present address: Harvard Medical School, Department of Genetics, Boston, MA activation of theDrosophila Insulin Receptor at the onset ¢ >
912-,3255(9 ‘;ﬁ{;;,,s contributed equally to this work migration relieves the repressive activity of FoxO ortesophila [l5g

Profilin-encoding genehickadedchic), therefore promoting acti 9
SAuthors for correspondence (ghiglion@unice.fr; noselli@unice.fr) polymerization and the formation of protrusions that are essent w |
initiate and support migration. These results demonstrate that tHi=15
pathway controls local cell migration through the regulationf 22

Received 6 November 2017; Accepted 26 June 2018 dynamic, actin-rich protrusions. o

Understanding how different cell types acquire their motile behaviour
is central to many normal and pathological processes. Drosophila
border cells represent a powerful model for addressing this issue and
to specifically decipher the mechanisms controlling collective cell
migration. Here, we identify the Drosophila Insulin/Insulin-like growth
factor signalling (11S) pathway as a key regulator in controlling actin
dynamics in border cells, independently of its function in growth
control. Loss of IS activity blocks the formation of actin-rich long
cellular extensions that are important for the delamination and the
migration of the invasive cluster. We show that IS specifically
activates the expression of the actin regulator chickadee, the
Drosophila homolog of Profilin, which is essential for promoting the
formation of actin extensions and migration through the egg chamber.
In this process, the transcription factor FoxO acts as a repressor of
chickadee expression. Altogether, these results show that local
activation of IS controls collective cell migration through regulation of
actin homeostasis and protrusion dynamics.

S.N., 0000-0002-7296-324X
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RESULTS signals through PI3K during border cell migration. In additi
The Drosophila  Insulin Receptor controls border cell expression of either P60 (a PI3K regulatory subunit wh
migration overexpression dominantly blocks PI3K; Weinkove et al., 19
To identify new genes involved in border cell migration, wer the inhibitory phosphatase PTEN led to severe migrs
performed an RNAi-based screen using available collectionspbenotypes (Fig. 2A,B). Finally, generation of mutant mos
UAS-RNAiransgenic flies (see Materials and Methods; C.G., D.€lusters for thelp113* amorphic allele or for thekt allele and
and S.N. unpublished). RNAI lines were individually crossed toexpression ofakt-RNAiled to impaired border cell migratio
composite Gal4-expressing strain (U9Gcarrying both theipd  (Fig. 2A,C,D). These results therefore indicate that PI3K is invol
Gal4 (UPD>; polar cell driver) andslbo-Gal4 (SLBO> outer in border cell migration. The discrepancy with previous res
border cell driver) drivers, therefore targeting the expression(Bluchek and Rorth, 2001; Fulga and Rgrth, 2002) is likely due
UAS-RNAtonstructs in both polar and outer border cells (Fig).1Apoor efficiency of thedp113°45* construct in blocking PI3K
This combination of Gal4 lines allows the targeting of all cell typestivity when driven bySLBO> Consistently, we observed weg
that make up the border cell cluster. but significant migration defects wheip11®°*>Awas expressea

Among the candidate lines identified by this screen, the RNAsing a stronger Gal4 driver (C306data not shown).
construct targeting the uniqi@osophilalnsulin Receptor (INR)  To further assess the role of the IIS pathway in border cell migra
(Fernandez-Almonacid and Rosen, 1987; Petruzzelli et al., 198@)monitored the intracellular localization of tBé&Hreporter gene (
led to strong defects in border cell migration. Border cell clustés$P fused to the PH domain, binding to phosphoinositides) (Br
from USG>inr-RNAistage 10 egg chambers were not migratingt al., 2002). In wild-type egg chambers, GPH is localized to
(about 75%) or migrated only partially (about 15%) (Fig. 1B,C). imembranes of all the germ and follicle cells, with a stro
addition, we found that the frequency and the severity of border @gtumulation in germ cells (Fig. 2E) (Fulga and Rarth, 2002).
migration defects were aggravated inine®™° (an amorphic noticed a clear increase in GPH membrane localization in borde
allele forinr) heterozygous mutant background (USG>inr-RNAgompared with other follicle cellstarting at around stage 8-9 a
inr®19+), with the proportion of clusters not migrating rising fronpersisting during cell migration, irwditing higher activation of the 119
75% to 95% (Fig. 1C). pathway in border cells (Fig. 2E-B.

These results were confirmed by generating mosaic clones forhis GPH expression pattern suggested that the IIS path
inre15(see Materials and Methods) (Xu and Rubin, 1993), whicaquired in border cells both to initiate the detachment from
led to mutant clusters failing to migrate (Fig. 1E, compare with Didllicular epithelium and also during their migration. To test t
Detailed analysis showed that migration was blocked when outgpothesis further, we took advantage of the temperature-indu
border cells were mutant forr (Fig. 1G), while clusters with only tub-Gal8®/Gal4 TARGET system (McGuire, 2003) (see Materi
mutant polar cells migrated normally (Fig. 1H). This suggests thatd Methods) to turn on the expression of P60 in border cells
inr does not play a role in polar cells for border cell migration. Thedey initiated their migration. Time-controlled conditio
results were further confirmed by selectively expresginBNAiin  expression of P60 led to 47% of stage 10 egg chambers sha
either outer border cells (usiSg.BO>) or polar cells (usingyPD>)  partial border cell migration compared with 7% in the absenc
(Fig. 1C). induction (Fig. 2F). Altogether, these results indicate that

To rule out any indirect effect ofir depletion on border cell canonical InR/Chico/PI3K/dAKT signalling pathway is requir
differentiation, we stained mosanr®*Sclusters with the two well- both for the detachment of the border cell cluster and throug
established border cell fate markers SIbo and Singed, and foundittigtation.
mutant border cells were specified normally (Fig. 1D-F; Fig. S1).

Altogether, these results indicate that InR is required specificallyrie 11S pathway controls F-actin levels and dynamics of cell

outer border cells for normal migration of the cluster. protrusions

Border cells initiate their migration through the formation of a si
The canonical I1S pathway is required for border cell long cellular extension (LCE) that promotes movement throug
migration ‘grapple and pullmechanism (Fulga and Rarth, 2002). Beca

Signalling downstream of tHgrosophilalnsulin Receptor involves border cells mutant for the IS pathway stall before they init
Chico (the Drosophila homolog of vertebrate insulin receptomigration, we tested a possible role of IS in LCE formation on fi
substrate), PI3K and AKT, which lead to the phosphorylation atigsues, using lacZreporter whose expression is under the contrc
subsequent repression, through cytoplasmic retention, of theslbo regulatory regionglbo-lacZ (Fulga and Rearth, 2002). A
Forkhead transcription factor FoxO (Puig et al., 2003). early stage 9, we observed cytoplasmic extensions in about 65

Expression othico-RNAiin BCs using theJSG>driver led to the control clusters (Fig. 3A,E), with an average size of 11.
impaired border cell migration (Fig. 2A), consistent with our InfFig. 3F), as previously reported (Colombié et al., 20
genetic analysis (see above). However, it has been reported lititatestingly, inhibiting IS through overexpression of P60 led t
targeted expression of a dominant-negative form of the PI8&duction in the number and size of cytoplasmic extensions:
catalytic subunit (dp1H54%4 using theSLBO>driver has no effect about 20% of early stage 9 clusters had an LCE (Fig. 3B,E), the
on border cell migration (Duchek and Rorth, 2001; Fulga and Rgrtiti, which was much shorter with an average length of 3.9
2002). We repeated this experiment udif§G>and obtained the (Fig. 3F). Furthermore, among the occasional P60-expressing cl
same result (data not shown). Thus, our identification of InR aable to partially migrate, we observed that the protrusions
chicorequirement was surprising and suggested that InR may acthiorter and less frequent when compared with control (Fig. 3C
a non-canonical pathway to control migration. To test thisTo better assess the function of the IIS pathway in protru
hypothesis further, we first analysed whether a constitutivelynamics during border cell migration, we performed live ti
activated form of PI3K (PI3K*dp11GA*Y could suppresir-  lapse imaging of egg chambers in culture, with border cell clus
RNAi border cell migration defects. Expression of PI3K* rescuexpressing mCD8::GFP, as previously described (Prasad
the inr-RNAi migration phenotype (Fig. 2A), indicating that InRMontell, 2007). In most live control egg chambers (71%), bo
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Fig. 1. The Drosophila Insulin Receptor is required for border cell migration. (A) Schematic representation of egg chambers (stage 8 to stage 10) showing

border cell migration. Outer border cells (green) are recruited from the follicular cell epithelium (grey) by the two anterior polar cells (brown) at stage 8, to
form the border cell cluster undergoing migration through the nurse cells (white) during stage 9, reaching the oocyte (orange) at stage 10. (A Schematic
representation of a border cell cluster, composed of two central polar cells (brown) and outer border cells (green)upd-Gal4 (UPD>) and slbo-Gal4 (SLBO>) are
polar cell and outer border cell drivers, respectively. USG> is a combination of these two drivers, which allows the targeting of all cells making the border cell
cluster. (B) USG>inr-RNAi stage 10B egg chamber showing an absence of border cell migration (border cells indicated by a white arrow)inr-RNAi-expressing
cells were identified by the presence of GFP (green). (C) Quantification of stage 10 border cell migration defects for each indicated genotype (classified as
quartiles: 25%, clusters that have migrated to up to 25% of the distance; 50%, clusters that have migrated between 26 and 50% of the distance; 75%,
clusters that have migrated between 51 and 75% of the distance; 95%, clusters that have migrated between 76 and 95% of the distance; wt, clusters that hee
reached the oocyte). (D-D ) Expression of Slbo (red) in a control border cell cluster (stage 10B). White box in D outlines the border cells that are shown in DD .
(E-E ) Detail of a mosaic inr®**® border cell cluster showing normal Slbo expression (red) in mutant cells (stage 10A). White box in E outlines the border cells
that are shown in E -E . (F) Quantification of the Slbo signal in control andinr®*> mutant border cells. Error bars indicate s.e.m. n.s., not significant.

(G-G ) A mosaic cluster made ofinr®**> mutant outer border cells and wild-type polar cells (indicated by Fas Il, in red) remained attached to the anterior tip of the
late stage 9-early stage 10 egg chamber. White box in G outlines the border cells that are shown in G-G . (H-H ) A mosaic cluster made of inr®*® mutant polar
cells (indicated by Fas Ill, in red) and wild-type outer border cells migrated normally (stage 10B). White box in H outlines the border cells that are sowninH -H .
(D-H) inr***® mutant cells were identified by the absence of GFP and are outlined with white dotted lines. (B-H) Nuclei are labelled using DAPI (grey). GFP (green)
is used as a clonal marker. Slbo (D-E ) and FaslIl (G-H ) are shown in red. Scale bars: 20 ym in B-H; 10 um in D-H .

cells extended protrusions in the direction of migration, delaminatddster formation was normal, 83% of P60 and 80% of Fo
from the follicular epithelium around late stage 8/early stage 9, angbressing clusters had not yet delaminated at stage 10 (Mo
migrated towards the oocyte over the course of 4-6 h (Movie 1).dnd 3). Notably, some occasional P60- or FoxO-expressing cl
contrast, expression of P60 (Movie 2) or FoxO (Movie 3) stronglyere able to delaminate, allowing us to determine their migra
inhibited border cell delamination and migration. Indeed, althougheed. Whereas control clusters migrated at an average spe
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A Fig. 2. The canonical IS pathway is required for border

. cell migration. (A) Quantification of stage 10 border cell
£ o m25% migration defects for each indicated genotype (classified as
g Zz 500: quartiles: 25%, clusters that have migrated to up to 25% of
g iy i the distance; 50%, clusters that have migrated between 26
& 4 95% and 50% of the distance; 75%, clusters that have migrated
f 30 it between 51 and 75% of the distance; 95%, clusters that
§’ 20 have migrated between 76 and 95% of the distance; wt,
® I peerevce,,, clusters that have reached the oocyte). (B)USG>P60 stage

10A egg chambers showing an absence of border cell

:: migration (border cells indicated by a white arrow). P60-
expressing cells were identified by the presence of GFP.
(C-C ) Mosaic cluster with dp110*“* mutant border cells,
which remain attached to the anterior tip of a stage 10A egg
chamber. White box in C outlines the border cells that are
shown in C -C . (D-D ) Mosaic cluster for akt! initiated the
migration but remained attached to the anterior tip of an
early stage 10A egg chamber. White box in D outlines the
border cells that are shown in D and D .
(E-E ) Visualisation of 11IS/PI3K signalling by membrane
localization of the tGPH reporter gene (green) in wild-type
egg chambers. GPH is expressed in nurse cells, oocytes
and follicle cells. GPH membrane accumulation is stronger
e ‘ in anterior follicle cells before border cell migration when
t' clones 1] GFP compared with the adjacent follicle cells. (E-E ) High-
magnification views of boxed region in E, indicating border
cells expressing GPH during their migration.
(F) Quantification of stage 10 border cell migration defects
for tubGal80';SLBO>P60 flies raised at 18°C (restrictive
temperature) or after a 3-4 h shift at 30°C (permissive
temperature). (B-D) Nuclei were labelled using DAPI (grey).

MR S G>P60

Ao

F o Mutant cells were identified by the absence of GFP and
%0 outlined with white dotted lines. Scale bars: 20 pm in B-E;

g 10 umin C -E
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0.53 pum/min, P60- and FoxO-expressing clusters showed reduegtliction of F-actin levels when compared with control (Fig. 4C
velocity with an average speed of 0.22 um/min and 0.32 um/mirhese findings suggest that the [IS pathway is important for
respectively (Fig. 3J). polymerization of the actin cytoskeleton and for the formatio
We next quantified protrusion features and dynamics from live edignamic protrusions that are essential for driving border
chambers (Fig. 3G-M; Movies 4-6). Fig. 3G-lI show still imagedelamination and migration.
extracted from 1 h movies from control (Movie 4), P60 (Movie 5) or
FoxO-expressing (Movie 6) border cells. Results show that tfte IS pathway controls the levels of Profilin in follicle and
number, length and lifetime of protrusions are all reduced horder cells
conditions of reduced IIS signalling. The average number Atin polymerization largely relies on the Profilin protein
protrusions/h is 11.8 in control border cells, which is reduced to @rintain pools of monomeric actidrosophilaProfilin is encoded
and 7.6 in P60- and FoxO-expressing clusters, respectively (Fig. 3K)thechickadedchic) gene, whose loss of function leads to bor
These limited protrusions also show a reduction in their averagdl migration defects (Verheyen and Cooley, 1994).
length, which is 5.56 um for P60 and 4.74 um for FoxO-expressinginterestingly, we found that Profilin is ubiquitously expressec
clusters, compared with 9.74 um in control border cells (Fig. 3l8gg chambers with a stronger accumulation in border
Finally, although the average lifetime of protrusions reaches 6.05 thiroughout their migration (Fig. 5A,B; Fig. S2). Clonal analy »==
in control border cells, it is reduced to 4.32 min and 4.38 min in P&8ing thechic®>?°3 mutation confirmed the importance of Profil{ 14!
and FoxO-expressing clusters, respectively (Fig. 3M). for the formation of F-actin structures and for border cell migrat >=
The actin cytoskeleton plays a crucial role for membrane rufflimghich are both absent in mutant cells (Fig. 5C,D) (Verheyen
and protrusion dynamics during border cell migration (Prasad dbabley, 1994).
Montell, 2007). Interestingly, we observed that lossofunction To test for a possible functional interaction betwet@n/Profilin
in follicle or border cells disrupted the polymerization of the actand IS, we performed genetic, molecular and rescue experi
cytoskeleton as shown by a strong reduction of F-actin structur@st, we observed that removing one functional copy afthgene
(Fig. 4A-B ). Similarly, P60-expressing clusters also show lad to a strong enhancement ofchic border cell migration

DEVELOP

4


http://dev.biologists.org/lookup/doi/10.1242/dev.161117.supplemental
http://movie.biologists.com/video/10.1242/dev.161117/video-4
http://movie.biologists.com/video/10.1242/dev.161117/video-5
http://movie.biologists.com/video/10.1242/dev.161117/video-6
http://dev.biologists.org/lookup/doi/10.1242/dev.161117.supplemental

RESEARCH ARTICLE Development (2018) 145, dev161117. doi:10.1242/dev.161117

Fig. 3. The Insulin pathway controls the

formation and dynamics of cell protrusions.

(A-D) Late stage 9 egg chambers of control (A,C)
and P60-expressing (B,D) border cells showing
slbo-lacZ expression to reveal long cellular
extensions (LCESs). In control, protrusions are
visible before (A) and during (C) migration, whereas
they are rarer and shorter in border cells
overexpressing P60 (B,D). The boxed areas in A-D
are shown in more detail in A-D , with only the -
galactosidase channel (red). White arrows indicate
the protrusions. (E) Quantification of clusters with
protrusions from control or P60-expressing stage 9
egg chambers. (F) Quantification of the length of
protrusions from control or P60-expressing stage 9
egg chambers. Whisker plots with medians of
11.5 pm (control) and 3.9 um (P60-expressing).
(G-1) Single frames from Movies 4-6 showing
migration and membrane protrusions from control
(G), P60-expressing (H) and FoxO-expressing (1)
border cells. (J) Quantification of migration speed
from control (Slbo>+), Slbo>P60 and Slbo>FoxO
border cells. Whisker plots with medians of

0.53 pm/min (control), 0.22 pm/min (P60-
expressing) and 0.32 pm/min (FoxO-expressing).
Mann—-Whitney test, ***P<0.001. (K) Quantification
of protrusion numbers from control Slbo>+),
Slbo>P60 and Slbo>FoxO border cells. Whisker
plots with medians of 11.8 (control), 6.8 (P60-
expressing) and 7.6 (FoxO-expressing). Mann—
Whitney test, ***P<0.001, **P<0.01. (L)
Quantification of protrusion length from control
(SIbo>+), SIbo>P60 and Slbo>FoxO border cells
(***P<0.001). (M) Quantification of protrusion
lifetime from control (SIbo>+), SIbo>P60 and
Slbo>FoxO border cells (***P<0.001). Scale bars:
20 um in A-D; 10 pm in

A-D ,G-l.

phenotype. Although flies harbouring a heteroallelic combinaticontrols other processes that are necessary for full borde
for chic mutations ¢hict®29chic®>2°9) had weak migration migration, in addition to controlling Profilin accumulation. Taki
defects (13% of mutant egg chambers not migrating normalliggether, these results show that IIS controls the levethiof
the phenotype was greater than 50% when the flies wé&mfilin expression, which in turn is important for specific a
heterozygous for thiar®*®mutation (chi¢®?9chic®>?%3 inr®19+) dynamic F-actin structures that are essential for the migratio
(Fig. 5E,F). border cells.

Second, we found that IS contralsicexpression autonomously
in both follicle and border cells, as shown by the strong reductionrokO is a repressor of ~ chickadee  expression downstream of
Profilin protein accumulation imr**®mutant cells (Fig. 5G-I). In the lIS pathway
addition, these mutant cells showed a strong reductioctoédacZ To further characterize the molecular mechanism contrathing |55
reporter line (Fig. 5J,K), indicating that the IS pathway controéxpression, we looked at the role of the FoxO transcription fa¢»=
chic expression transcriptionally. the activity of which is inhibited by AKT downstream of IIHEE

Finally, we asked whether this activation affic expression activation (Junger et al., 2003; Puig et al., 2003). We first gener>=
represents a major response to Insulin signalling during migratiomgsaic border cells for tHexo % amorphic allele and found the e
by testing the ability ofchic to rescue a loss of IIS activity. mutant clusters migrated normally (Fig. 6AjAthus indicating thati
Interestingly, chic overexpression was able to resdneRNAi foxois dispensable for migration. However, overexpression of eif Tl
border cell migration defects by a factor of 6.25 (frequency afwild-type or a constitutively active nuclear form of FOXTAGS- [
normal border cell migration raising from 4% to greater than 25%fpx03a Junger et al., 2003) in border cells led to severe migraflis
Fig. 5F). The partial phenotypic rescue suggests that IIS likelgfects, with about 60% to 100% of clusters not migrati
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Fig. 4. The Insulin pathway controls the levels of F-actin. (A-A ) High-magnification view of ainr®**> mosaic stage 9 egg chamber showing a reduction of
F-actin in mutant follicle cells. White box in A outlines the border cells that are shown in A-A . (B ) High-magpnification views of stage 10inr®*®> mosaic
cluster showing a reduction of F-actin in a mutant border cell. White box in B outlines the border cells that are shownin BB . (C,C ) slbo>+ control egg chamber
(late stage 9/early stage 10) stained with phalloidin (red). White box in C outlines the border cells that are shown in C (D,D ) SLBO>P60 egg chamber (late stage
9/early stage 10) stained with phalloidin (red) shows delayed border cell migration and a reduction of F-actin in the cluster. White box in D outlines the
border cells that are shown in D . (E) Quantification of F-actin levels in control and P60-expressing clusters (**P<0.001). Data are mean+s.e.m. Egg chambers
were stained for nuclei (A,B) (DAPI, grey), F-actin (A-D) (rhodamine-phalloidin, red), Slbo (B) (blue) and GFP (A,B) (green)inr®1® mutant cells were identified by
the absence of GFP (A,B) and are outlined with white dotted lines. Scale bars: 20 pm in A-D; 10 pm in A-D .

respectively (Fig. 6B,C). These results clearly indicate that Fol&els of chic transcripts were also strongly reduced (Fig. 6
activity suppresses border cell migration. Altogether, these results show that 11S-mediated inhibition of F¢
To further assess whether FoxO controls cluster migratianthe onset of migration is essential to alloic expression in
downstream of IIS, we generated clones of border cells thatder cells, thereby promoting the assembly of dynamic actin
overexpressed the P60 subunit and that were also mutdoéor protrusions necessary for cluster delamination and migre
(see Materials and Methods). The P60-induced border dglig. 60).
migration phenotype was suppressed in the absenctoxof
(Fig. 6D), indicating that 1S downregulation prevents border c®ISCUSSION
migration through FoxO. In this study, we identify the Insulin/IGF-Signalling (IIS) pathway
We next analysed FoxO protein expression and found that thkey regulator of border cell migration duriDgosophilacogenesis.
protein is present in both germline and follicle cells during/le demonstrate that activation of InR at the onset of migra
oogenesis (Fig. 6E-I). Interestingly, detailed analysis revealegramotes actin dynamics in the outer border cells, the subpopul
dynamic expression pattern of FoxO in border cells, as folloves:cells known to drive migration. In this process, the canonical
(1) before or at early stage 8, FoxO expression is similar pathway is shown to act through the inhibition of the transcrip
presumptive border cells and surrounding follicle cells; (2) startifagtor FoxO, which leads to the de-repressioarad/profilin. High
at the time of cluster formation (stage 8-9), during (late stage 9) d&xkls of Profilin in turn facilitate actin polymerization and t
until the end of migration, FoxO levels decrease constantly doedmation of dynamic protrusions and of specific, long actin cell
become visibly undetectable (Fig. 6F-1). Quantification of Foxéxtensions that are required for delamination and proper migrati
signal intensity (ratio between border and neighbouring follidee invasive cell cluster (Fig. 60).
cells) at these four different stages reveal a gradual reduction ofhe conserved IIS pathway couples nutritional cues with cell
FoxO protein during cell migration (Fig. 6E). When the border cefietabolism, which in turn is essential for coordinating develop
cluster reaches the oocyte (stage 10), the relative amount of Fawth growth conditions. The systemic action of the IIS pathway t
has dropped by about 70% of that of stage 8 levels (Fig. 6E). @ékes it difficult to discriminate between chronic versus more a
note, the dynamic pattern of FoxO expression well mirrors the specific roles in particular cellular processes and du
pattern of 1S activity, as revealed by tGPH staining (Fig. 2B:-E morphogenesis. In this context, border cells provide a powe
The decrease of FoxO and the concomitant increase of Profilimndel with which to specifically address the role of the IIS path
border cells suggest that FoxO could negatively comtto€ on cellular motility. Duringdrosophilaoogenesis, the 1S pathwa
expression to promote migration. To test this hypothesis further, asts both in the germline and somatic cells to adjust egg cha
analysed the levels afhic-lacZin border cells following FoxO maturation rates to protein availability (Drummond-Barbosa [T
overexpression and found that the levels of this reporter line w8gradling, 2001, 2004; Ikeya et al., 2002; Jouandin et al., 2
strongly reduced (Fig. 6J-M). Additionally, we analyselic LaFever, 2005). We show, using the FLP/FRT system, that chrt 24
MRNA expression followinépxooverexpression and found that thelownregulation of 11S in border cells impairs their migration a)
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Fig. 5. The Insulin pathway controls the levels of Profilin in
follicle and border cells.  (A,B) Wild-type early stage 9 (A) and
stage 10A (B) egg chambers stained using anti-Profilin
antibodies. Profilin (green) is ubiquitously expressed but shows
strong accumulation in border cells (indicated by white arrows)
before and during their migration. (C-C ) Stage 9 chicP52%3
mosaic egg chamber stained with rhodamine-phalloidin (red)
showed a reduction of F-actin in mutant follicle cells.

(D-D ) Mosaic cluster with chic®52°% mutant outer border cells
and wild-type polar cells (indicated by Fas Ill staining, red)
remained attached to the anterior tip of the egg chamber (stage
10A). (E) chict32%chicP5203; inr®*15 /+ stage 10A egg chamber
showing an absence of border cell migration, indicating a genetic
interaction between inr and chic. Slbo (blue) labelled the border
cells (white arrow). (F) Quantification of stage 10 border cell
migration defects in chic and inr genetic combinations, showing
dose-sensitive interaction between chic and inr, and a rescue of
inr-RNAI migration defects by overexpression of Profilin in border
cells (classified as quartiles: 25%, clusters that have migrated to
up to 25% of the distance; 50%, clusters that have migrated
between 26 and 50% of the distance; 75%, clusters that have
migrated between 51 and 75% of the distance; 95%, clusters that
have migrated between 76 and 95% of the distance; wt, clusters
that have reached the oocyte). (G-G ) inr®*® mosaic egg
chamber (stage 10A) showing a reduction in the level of Profilin
(blue) in mutant follicle cells when compared with wild-type
neighbouring cells. (H-H ) High-magnification view of inre*1%
mosaic stage 10A egg chamber showing a reduction of Profilin (in
blue) in mutant border cells. (1) Quantification of the Profilin signal
in control and inr®**® mutant cells (***P<0.001). Data are mean
+s.e.m. (J-K ) Mosaic egg chambers (stage 10) with follicle cells
(J-J ) or border cells (K-K ) mutant for inr®5, Mutant cells
showed a strong reduction of chic-lacZ expression (red) when
compared with neighbouring wild-type cells.chic®52°% and inre*t>
mutant cells were identified by the absence of the GFP clonal
marker (C,D,G,H,J,K) and are outlined with white dotted lines
(C,D,G,H,J,K). DAPI (grey) labelled nuclei (C-E,G-K). Scale
bars: 20 pm in A-C ,E,G-G ; 10 umin D-D ,H-K .

process that can be associated with metabolic defects. Interestinglkctin dynamics are essential to a multitude of cellular &
our acute manipulation of IS in border cells, using the Gal4/Gal8torphogenetic processes; therefore, understanding the di
system, shows that 1IS downregulation can also block clusteodes of actin regulation is of prime interest. Members of the
migration specifically, a phenotype that can be rescued partly gathway have been linked to actin regulation in a number of no
restoring Profilin expression (Fig. 5). These data argue for an acwel pathological processes (Xue and Hemmings, 2013).
control of cell migration by IIS, independently of cellular fithesgxample, 1IS plays an important role in neuronal guidance
This view is consistent with previous work showing thagxnvivo et al., 2014; Song, 2003) or wound healing (Kakanj et al., 20
experiments, Insulin-containing culture medium is necessaryAwditionally, PI3K has been shown to couple glycolytic flux wif&
support egg chamber development and border cell migratestin dynamics (Hu et al., 2016), whereas AKT participates inf»=
(Bianco et al., 2007; Prasad and Montell, 2007). epithelial-to-mesenchymal transition required to drive mesog L2
Border cells migrate towards the oocyte to make the micropylermation during gastrulation (Montero et al., 2003; Yang et [>=
an opening that allows oocyte fertilization through the chorion. 2008). Accumulating evidence also indicates that PI3K/ANS
this process, border cell migration needs to be synchronized vaitimtrols the migratory phenotype of metastatic cells (Xue [
oocyte growth. We propose that the dual role of IIS for both egemmings, 2013). In breast cancer cells, AKT enhances [T
chamber growth and border cell migration could help to coordinatégration and invasion through increased filopodia formati =
migratory events with organ maturation, thereby ensuring the robwkich can be blocked with a specific AKT inhibitor (Yang et alis
morphogenesis that is important for fertility. 2004). These observations suggest a model in which A 0
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Fig. 6. FoxO is a repressor of chickadee/ Profilin expression downstream of the Insulin pathway. (A) Mosaic foxo °4 egg chamber (stage 10A) showing a
mutant cluster migrating normally.foxo %4 mutant cells were identified by the absence of the GFP clonal marker (green) and are outlined with white dotted lines.
White box showing border cells in A is enlarged in A,A . (B) Overexpression in a stage 10A egg chamber of a wild-type form of FoxO impaired border cell
migration (border cells are indicated by a white arrow). FoxO-overexpressing cells were identified by the presence of GFP. (C) Quantification of border cell
migration defects from stage 10 egg chambers overexpressing FoxO or an activated form of FoxO (hFoxO3a). (D) Quantification of border cell migration defects
from stage 10 egg chambers expressing P60, in absence or in presence offoxo. 25%, clusters that have migrated to up to 25% of the distance; 50%, clusters that
have migrated between 26 and 50% of the distance; 75%, clusters that have migrated between 51 and 75% of the distance; 95%, clusters that have

migrated between 76 and 95% of the distance; wt, clusters that have reached the oocyte. (E) Quantification, from stage 8 to stage 10, of FoxO protein levels in
border cells of wild-type egg chambers, shown as normalized intensity with respect to neighbouring follicle cells. Error bars represent s.e.m. (F-1) Decreasing
expression of FoxO (stained with anti-FoxO antibodies; red) in wild-type egg chambers from stage 8 to stage 10. (FF ,G ,G ,H ,H,I ,I) Enlargements

of the border cells boxed in F-1. (J-K) Expression of chic-lacZ in control (J,J ) and FoxO-expressing (K-K) border cell clusters. Images show a high-magnification
view of border cells from stage 10A egg chambers. (L,L) Expression of chic-lacZ in a mosaic border cell cluster overexpressing FoxO (GFP-positive cells).
(M) Quantification of chic-lacZ expression from control (€306>) and c306>FoxO border cell clusters (***P<0.001). Representative samples are shown in J-K.
(N) chic expression is repressed following FoxO expression. Quantification ofchic expression (qRT-PCR from total ovaries) from control SLBO>GFP),
SLBO>foxo and SLBO>hfoxo3a flies. Fold changes are relative to the control condition. Data represent the mean of triplicate experiments+s.d. (**P<0.005).
(O) Model for the role of the 1IS pathway in regulating actin dynamics, protrusion formation and border cell migration. At early stages, IIS is low in the outer border
cells and Profilin is expressed at basal levels. Starting at early stage 9, the high IIS activation leads to strong Profilin expression, allowing LCE formation and
protrusion dynamics required for delamination and subsequent migration of the cluster. Scale bars: 20 pm in A,B,F-I; 10 um in AA ,F -L .

activation potentially influences cell motility through directole for the full canonical pathway in cytoskeleton plasticity. S
modulation of actin, which is supported by studies showing tharticular, the requirement of IIS transcriptional regulation in FT¥
actin preferentially binds to phosphorylated AKT at pseudopodgieocess remained elusive. In this report, we reveal that canonici»=
sites (Amiri et al., 2007; Cenni et al., 2003). Despite this evideneets through inhibition of the transcription factor FoxO to conflis
the view is fragmented and data are lacking that demonstrate a @dearajor actin regulator: Profilin. These data reveal a molec 0
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mechanism for FoxO-mediated control of actin remodelling, whi€al4 function, leading to an absencelbAS-P60expression. Flies werg
may be generalized to other processes where actin dynamicéeg raised for 3-4 h at permissive temperature (30°C), leading t0'G¢
partlcularly |mp0rtant For example, dunng Wound heallng ]ﬁactlvatlon and hence a"OW|ngGal4tO aCtIVUi@S-PGOeXpI’eSSIOFI -and
Drosophila larvae, formation of an acto-myosin cable has beéﬂnsequently IIS pathway |nh|b|t!on in border cells. Flies were disse
shown to depend on PI3K activation and redistribution of gigmediately after temperature shifts.
transcription factor FoxO (Kakan;j et al., 2016). :

AaS-RNAl screen

In conclusion, our findings establish the canonical 11S pathway % screen was performed by crossing the NIGLFAS-RNAiransgenic

gene regulatory network important fo_r col_lectlve cell mlgratlcm/ collection with theUSG>driver (a combination dJPD> andSLBO>),
(Sharma et al., 2018). The data also identify a novel mechanighich allows the targeted expressiorUAS constructs in both polar an
by which actin homeostasis and organization is regulat§gter border cells, together with AAS-GFP transgene allowing the
transcriptionally in a dynamic migratory process. By thigsualization of the border cell cluster (De Graeve et al., 20ISXE>UAS-
mechanism, the formation of actin-rich protrusions is constitutivetjlAi females were dissected after 2 days of incubation at 29°C,
and negatively controlled by the transcription factor FoxO, tlendidateUAS-RNAilines were selected when abnormal border ¢
inhibition of which by IS signalling can generate peak levels of acfitigration was observed in more than 20% of stage 10 egg chambers
polymerization required for delamination and migration. It will be

interesting to establish whether the control of Profilin expressijtnunostaining and imaging o o o
through 11S signalling represents a general mechanism that confryiery dissection, fixation and staining with antibodies, phalloidin &

: g . . DAPI were performed as described previously (Devergne et al.,
actin remodeiling in cell and tissue morphogenesis. Ghiglione et al., 2008). The primary antibodies used were: rabbit anti-

(1:1000; De Graeve et al.,, 2012); mouse anti-Singed [1:50, S
MATERIALS AND METHODS Developmental Studies Hybridoma Bank (DSHB), University of lo
Drosophila  strains and genetics USA]; mouse anti-Faslll (1:100, 7G10, DSHB); mouse anti-Profilin (1:
Drosophila culture and crosses were performed following standaBfSHB); rabbit anti-FoxO (1:500; Shin et al., 2011; Slaidina et al., 20
procedures at 25°C, except where indicated. The folloidr@sophila and chicken anti-Galactosidase (1:1000, Gene Tex).
strains were usedhr-RNAI (National Institute of Genetics, NIG-Flygkt- Alexa Fluor-conjugated goat antibodies were used as seco
RNAiandchico-RNAIi(VDRC, Vienna Drosophila Resource Center) (Dietzintibodies (Molecular Probes). Phalloidin conjugates and DAPI (1:1
et al., 2007);UAS-foxoand UAS-dp116°*% (Bloomington); slbo-Gal4 ~ Sigma) were used to outline cells and label DNA, respectively. The sal
(Rerth et al., 1998)ypd-Galdandslbo-Gal4, UAS-mCD8 GFg gift from  were mounted in Mowiol and images were taken on a Zeiss LSM51!
D. Montell, University of California, Santa Barbara, US#Wo-Gal4, tGPH LSM710 confocal microscope. Quantification of protrusion length
andslbo-Gal4, slbo-flagreferred to aslbo-lacZ (Fulga and Rerth, 2002); performed using the ImageJ software.
UAS-hfoxO34Junger et al., 20033hic®>2°FRT40A chic32°andUAS-chic
(agift from L. Cooley, Yale University, New Haven, USR)AS-PE0, UAS-  Time-lapse microscopy
PTEN(a gift from P. Léopold, Institut de Biologie Valrose, Nice, France)naging of live border cell migration was performed using an Olym
inr*>FRT82B(Song, 2003) (a gift from L. Pick, University of Maryland,spinning-disc confocal microscope (20xobjective+1.5xlens) coupled
USA); dp11G“'FRT82B(a gift from H. Stocker, ETH, Zurich, Switzerland;an Andor camera. Acquisition was carried out using Metamorph soft
Willecke etal., 2011pxO **FRT82B(Slack et al., 2011); arakt' FRT82B  Egg chambers were cultured in S2 culture medium with 1 pg/ml Insul
(Rintelen et al., 2001). 22°C and processed as described previously (Prasad and Montell,
For expression induced using the Gal4/UAS system, 2-day-old femal@svies were captured over a period of 1 h (1.30 min. interval) or
with the designated genotypes were incubated for 2 days at 29°C befe®min. interval). Cluster velocity and protrusion length, freque
dissectionw''*®flies were used as control. and dynamics were analysed orSlbo-Gal4>UAS-CD8::GFP
(control) andSlbo-Gal4>UAS-CD8::GFP>UAS-P6&r Slbo-Gal4>UAS-
Generation of mosaic clones CD8::GFP>UAS-FoxOflies. Analysis was carried out using Imag
Mutant follicle cell clones were generated by mitotic recombination usifgftware.
the FLP/FRT technique (Xu and Rubin, 1993). Flies with mutations on
FRT82Bchromosomes were crossed WisFLP;; FRT82B, UbiGFMies. Real-time RT-PCR
chic®>2°FRT40Aflies were crossed withsFLP; FRT40A, UbiGFRlies.  Total RNA extraction from dissected ovaries and real-time RT-PCR
UAS-P60; FRT82B fox8* and UAS-P60; FRT82Blies were crossed chickadeewere performed as previously described (Slaidina et al., 2C
with yw, tubGal4-UAS GFP; FRT82B, tub Gaf8dlies (a gift from Three independent biological experiments each with a triplicate measur
A. Ephrussi, EMBL, Heidelberg, Germany) to generate MARCM clonegre conducted. Primers (left-&gcatgaagacaacacaagcadd right 5
(Lee and Luo, 1999). caagtttctctaccacggaagg-®ere designed using the Primer Express so
Mosaic clones were generated as follows: females with the requit@pplied Biosystems) and tested by standard curve experiments.
genotypes were heat-shocked for 1 h at 37°C, twice a day for 3 days and
dissected 2 days later. Mosaic mutant clones were marked by the abségigewledgements
(FLP/FRT) or by the presence of GFP (MARCM). We thank all members of S.N.’s_ Igboratory for fruitful discussions; memb_ers of
Flip-out clones were made frotdAS-foxOflies crossed to hsFLP;; P. Leopold’s Iaborato.ry for p.rowdlng numerous reagents and helpful advice;
act<CD2>GAL4, UAS-GFP (a gift from D. Montell). The progeny WaA' Popkova for teaching us time-lapse imaging of egg chambers in culture;

. TS_ Cooley, A. Ephrussi, P. Gallant, E. Hafen, D. Montell, W. J. Lee, L. Partridge,
o
heat-shocked for 1 h at 37°C and dissected 2 days later. L. Pick, P. Rorth and H. Stocker for reagents; the DSHB for antibodies; the

Bloomington Drosophila Stock Center, the National Institute of Genetics Fly (NIG-
TARGET system Fly) and Vienna Drosophila RNAi Center (VDRC) for providingDrosophilafly lines.

i, . . . We thank F. Bondi, D. Chobert, F. De Graeve, M. A. Derieppe, G. Gozzerino,
Conditional expressmn dﬂAS-P_GQwas achieved usmg th? TARGET.L. Parel, M. Pierret, A. Samuel and J. Soltys for their help with the UAS-RNA. screen;
system (McGwre, 2003), _gomblnlng the UAS/Gal4 _b|part|te eXptreSSIQIQj the iBV PRISM platform for providing state of the art imaging resources and
system with a thermosensitive form of the Gal4 negative regulator, ©al8Qiice. Some data are reproduced from P.J:s PhD thesis, defended at Institut de
to switch on and off expression of the UAS-construct at desirggiogie Valrose in 2013.
developmental time points.

Briefly, thetub-Gal8®; slbo-GAL4>P6(flies were obtained and raisedcompeting interests

at 18°C for 1 day. At this restrictive temperature, GAi8@ctive and blocks The authors declare no competing or financial interests.
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Supplemental Figure S1 (related to Figure 1) Singed is expressed normally in dirfit®
mutant border cells

A-A’" |, Expression of Singed in control cells from a stage 10A egg chamber.

B-B’”, C-C’”, Expression of Singed is not affected in dftPmutant border cells (stage 10A)

as compared to wild typ& (A’ ). Mutant clusters did not migrate-8” ) or migrated when

2 border cells were mutan€{C"’"). Mutant cells are identified by the absence of the GFP
clonal marker and outlined with white dotted lines.

D, Quantification of the Singed signal in control and #ffrmutant border cells (n.s., not
significant).

A-C, White boxes showing border cells are enlarged #AA; B’ -B”", C’ -C"".

Nuclei are labelled witlDAPI, grey; GFP, green; Singed, red.

Scale bars, 20 in (A-C), 10 fn in A’-C'™).






SupplementalFigure S2 (related to Figure 3. Specificity of the antiProfilin antibodies.

A-A’” , chic®*2%mosaic egg chamber (stage 10A) stained withRmfilin antibodies showing

a strong reduction of the signal (in red), as compared to wildtype neighboring cells. Mutant
cells are identified by the absence of the GFP clonal marker and outlined with white dotted
lines.

B-B'”, A stage 10A egg chamber overexpressing Proftilbhd-Gal4, UASGFP; UASchic)

shows a strong accumulation of the Profilin signal (in red) in border cells as well as anterior
and polar posterior follicle cells reflecting slbo-Gadpression pattern (in green). Note the
normal migration of border cells despite overexpression of Profilin.

C, Quantification ofthe Profilin signal in control and chR?% mutant border cells
(***p<0.001).

Scale bars, 20m.






Movie 1 (related to Fig. 3) Timelapse movie (8 hours, 10 min. intervals) showing the
migration of control border cellslpo-Gal4, UASNCD8::GFP.

Movie 2 (related to Fig. 3) Timelapse movie (8 hours, 10 min. intervals) showing the
migration of border cells expressing P8b0-Gal4, UASNCD8::GFP, UASP60).



Movie 3 (related to Fig. 3) Timelapse movie (8 hours, 10 min. intervals) showing the
migration of border cells expressing FoxsIbp-Gal4, UASNCDS8::GFP, UASFoxO).

Movie 4 (related to Fig. 3) Time-lapse movie (1 hour, 90 sec. intervals) showing the number,
length and dynamics of protrusions from control border cellt®{Gal4, UASNCD8:.GFP.



Movie 5 (related to Fig. 3) Timelapse movie (1 hour, 90 sec. intervals) showing reduced
number]ength and dynamics of protrusions from border cells expressingPeeGald UAS
mCD8::GFP, UASP60).

Movie 6 (related to Fig. 3) Time-lapse movie (1 hour, 90 sec. intervals) showing reduced
number, length and dynamics of protrusions from border egfisessing FoxOs(bo-Gal4,
UASmMCD8::GFP, UASFoxO).
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