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Steroid hormone signaling synchronizes cell migration machinery,
adhesion and polarity to direct collective movement
Mallika Bhattacharya and Michelle Starz-Gaiano*

ABSTRACT
Migratory cells – either individually or in cohesive groups – are critical
for spatiotemporally regulated processes such as embryonic
development and wound healing. Their dysregulation is the
underlying cause of formidable health problems such as congenital
abnormalities and metastatic cancers. Border cell behavior during
Drosophila oogenesis provides an effectivemodel to study temporally
regulated, collective cell migration in vivo. Developmental timing
in flies is primarily controlled by the steroid hormone ecdysone,
which acts through a well-conserved, nuclear hormone receptor
complex. Ecdysone signaling determines the timing of border cell
migration, but the molecular mechanisms governing this remain
obscure. We found that border cell clusters expressing a dominant-
negative form of ecdysone receptor extended ineffective protrusions.
Additionally, these clusters had aberrant spatial distributions of
E-cadherin (E-cad), apical domain markers and activated myosin
that did not overlap. Remediating their expression or activity
individually in clusters mutant for ecdysone signaling did not restore
proper migration. We propose that ecdysone signaling synchronizes
the functional distribution of E-cadherin, atypical protein kinase C
(aPKC), Discs large (Dlg1) and activated myosin post-
transcriptionally to coordinate adhesion, polarity and contractility
and temporally control collective cell migration.
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migration, Steroid hormone

INTRODUCTION
Stereotypic cell migration occurs in normal animal development,
whereas dysregulated migratory cells contribute to diseases such as
metastatic cancer, embryonic malformations and inflammatory
diseases (Blackley et al., 2021; Friedl and Mayor, 2017; Roberto
and Emery, 2022; Shellard and Mayor, 2019; Yamamoto et al.,
2023). Migration in eukaryotes can be classified into individual cell
migration or collective cell migration. Although mechanically
distinct, these modes of movement involve intricate spatiotemporal
coordination of molecules that are often conserved between species
and migratory mechanisms. Typically, the detection of external
stimuli triggers internal, cell-autonomous responses leading to
directional migration. The migratory response can be broadly
divided into two steps – orientation, which primes the cell towards a
particular direction, and translocation, the physical movement of the

cell. Orientation of polarized cells in response to external cues
requires the modulation of existing cell polarities to allow cells to
migrate. Translocation necessitates the extension of dynamic, actin-
rich protrusions and changes in cell–substrate adhesion that allow
the cell to pull itself forward. An added requisite of collective cell
migration is coordination within the group, often through stable
cell–cell adhesion, to establish supracellular polarities such as
leading or lagging edge determination and organized protrusive
behaviors (Etienne-Manneville, 2012; Friedl and Mayor, 2017;
Shellard and Mayor, 2019; Theveneau and Mayor, 2013;
Theveneau et al., 2010, 2013; Veeman et al., 2016). How these
regulatory processes are synchronized to occur correctly in space
and time is an important issue for understanding developmental
biology and disease broadly.

Border cell migration duringDrosophila melanogaster oogenesis
(Fig. 1A–C) provides an excellent platform to study collective cell
migration, due in part to transparent ovarian tissues, a characterized
genome and the availability of robust tools for genetic manipulation
(Aman and Piotrowski, 2010; Giedt and Tootle, 2023; Hudson and
Cooley, 2014; Montell et al., 2012). Moreover, Drosophila has
highly conserved gene networks with fewer family members than in
vertebrates, which narrows the focus to key, conserved genetic
regulators. The border cell cluster arises as six to eight cells within
the anterior follicular epithelium of an egg chamber (Fig. 1A)
(Montell et al., 2012). The cluster consists of two non-motile polar
cells surrounded by motile border cells, the latter being specified at
stage 8 of oogenesis (Montell et al., 2012; King, 1970). After a
coordinated shape change to form a compact and cohesive group, the
border cell cluster detaches from the epithelium andmigrates between
germline cells, called nurse cells, towards the oocyte at stage 9
(Fig. 1B,C). This posterior migration is completed in approximately
4 h by stage 10 (Bianco et al., 2007; Prasad and Montell, 2007;
Tekotte et al., 2007), and timely migration to the oocyte is required to
form a fertilizable egg (King, 1970). Genetic and imaging studies
have uncovered both molecular and biophysical aspects of border cell
migration in vivo. Themigratory cluster retains some characteristics of
epithelial cells, such as apical and basal polarity, while adopting
migratory properties, including dynamic shape changes and leading
or lagging edge polarity, consistent with properties of collective cell
migration (reviewed inMontell et al., 2012; Peercy and Starz-Gaiano,
2020; Veeman et al., 2016).

Border cell translocation occurs via the extension of actin-based
protrusions that adhere to their substrate, i.e. nurse cells. Protrusions
that adhere successfully ‘grapple and pull’ the cluster forward
(Bianco et al., 2007). These protrusions are then retracted as the
lagging edge of the cluster contracts (Aranjuez et al., 2016; Bianco
et al., 2007; Lamb et al., 2020; Plutoni et al., 2019; Poukkula et al.,
2011). Cycles of protrusion extension, adhesion and retraction
repeat to continue forward movement. Chemoattractant signaling
biases protrusions in the appropriate direction towards the oocyte
(Bianco et al., 2007; Prasad and Montell, 2007). This and the
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presence of nurse cells around the cluster limits the directions in
which protrusions are extended (Dai et al., 2020; Fulga and Rørth,
2002; Prasad and Montell, 2007; Stonko et al., 2015). Thus,
stabilized, forward-facing protrusions are important functionally for
promoting forward movement and steering border cell migration,
whereas uncoordinated or ectopic protrusions can severely hinder
migration.

Molecularly, protrusive forces in border cells are generated
through actin polymerization and re-organization of filaments
mediated by Rac regulation (Campanale et al., 2022; Gates et al.,
2009; Kim et al., 2011; Murphy and Montell, 1996; Plutoni et al.,
2019; Wang et al., 2010; Zhang et al., 2011), whereas contraction
forces, needed for protrusion and lagging edge retractions and
cluster shape maintenance, require activation of myosin regulatory

Fig. 1. Reduced ecdysone signaling disrupts border cell migration. (A–C) Normal migration in control egg chambers over stages 9 (A,B) and 10 (C). The
anterior is to the left in all egg chambers. (D–F) Expression of the EcR-DN construct (UAS-EcR-B1-W650A) in border cells delays migration. (D) A late stage
9 egg chamber with an undetached border cell cluster. (E,F) At stage 10, EcR-DN-expressing border cells sometimes migrate but are delayed (E, compare to
C) or not detached (F). In A–F, border cells express membrane-tethered GFP (green) due to slbo-Gal4; Hu-li tai shao (Hts, magenta) immunolabeling marks
cell membranes; and DAPI (cyan) marks nuclei. (G) A control stage 10 egg chamber with wild-type border cell migration. In G–I, E-cadherin (E-cad,
magenta) immunolabeling is enriched in the border cell membranes; DAPI (cyan) marks nuclei. (H,I) Downregulation of usp in follicle cells [GR1-Gal4 and
TRiP. JF02546 (#1) and TRiP. HMS01620 (#2)] leads to detachment defects (H) or delayed migration (I). In A–I, white arrows indicate the border cell clusters
and yellow dashed lines show the oocyte boundary. (J,J′) Quantification of the penetrance of migration defects (J), based on the distance migrated by stage
10, as depicted in J′. (K–L″) Slbo (magenta; grayscale in insets in K″,L″) immunolabeling shows expression in both control (K) and EcR-DN-expressing (L)
border cells along with GFP (green). (M,N) Quantification of the detachment of border cells from the epithelium at stages 9 (M) and 10 (N). For J,M,N,
n=number of egg chambers; *P<0.05, **P<0.01, ***P<0.001 and ****P<0.0001 measured by Fisher’s exact test. All scale bars: 50 μm.
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light chain (MRLC) (Aranjuez et al., 2016; Edwards and Kiehart,
1996; Majumder et al., 2012; Mishra et al., 2019; Zeledon et al.,
2019). In border cell clusters, the homophilic adhesion protein
E-cadherin [E-cad; encoded by shotgun (shg)] maintains the
organization of the cluster while promoting adhesion to nurse
cells (Cai et al., 2014; Chen et al., 2020; Mishra et al., 2019;
Niewiadomska et al., 1999). Migratory border cells redistribute
E-cad and Armadillo (Arm, fly homolog of β-catenin) from their
epithelial distribution in adherens junctions to end up with
widespread high levels between cells of the cluster and lower
levels at the periphery in contact with nurse cells (Bai et al., 2000;
Niewiadomska et al., 1999; Peifer and Wleschaus, 1990). E-cad is
required in border cells, polar cells and nurse cells for collective
migration (Cai et al., 2014; Chen et al., 2020; Niewiadomska et al.,
1999). Cai et al. (2014) suggest that border cell adhesion with
germline cells feeds back on actin re-organization, promoting
protrusion extension. Importantly, cortical myosin distribution is
dependent on E-cad, and clusters expressing a phosphomimetic
form of MRLC are less protrusive and more rounded (Mishra et al.,
2019; Chen et al., 2021). Moreover, E-cad overexpression blocks
migration, suggesting that strict maintenance of E-cad levels occurs
during border cell migration (Schober et al., 2005).
While migrating collectively, border cells also coordinate their

behaviors by maintaining apicobasal polarity and cell–cell adhesion
within the cluster. Initial compaction, detachment and migration of
border cell clusters results in relocalization but not complete loss of
epithelial polarity proteins (Bastock and Strutt, 2007; Felix et al.,
2015; Pinheiro and Montell, 2004; Woods et al., 1996). Reducing
the function of core apicobasal polarity components, such as Discs
large (Dlg1), Scribble (Scrib) and atypical protein kinase C (aPKC),
or other Par complex proteins, results in border cell migration
defects, as does ectopic localization of polarized proteins (Anllo and
Schüpbach, 2016; Bastock and Strutt, 2007; Campanale et al., 2022;
Felix et al., 2015; Goode and Perrimon, 1997; Pinheiro andMontell,
2004; Stephens et al., 2018; Wang et al., 2018; Woods et al., 1996).
These results indicate that the migratory cluster requires the
proper localization of apicobasal polarity complexes, although
their spatial organization is dynamic throughout migration. Thus,
tight regulation is required between cell polarity, adhesion and
actomyosin network remodeling for optimal migration, but how
events are coordinated temporally is unclear.
The initial movement of border cells is triggered by steroid

hormone signaling (Bai et al., 2000; Cherbas et al., 2003; Hackney
et al., 2007), but the mechanism for this is unknown. Flies have
a single steroid hormone called ecdysone, which temporally
regulates many developmental processes, including most changes
during metamorphosis (Riddiford, 1993). Ecdysone binds to a
heterodimeric receptor containing Ecdysone receptor (EcR) and
Ultraspiracle (Usp), which translocates to the nucleus and acts
in conjunction with co-activators or co-repressors to regulate
transcription. Both EcR and Usp have conserved mammalian
homologs (Dawson and Xia, 2012; Hu et al., 2003; Thomas et al.,
1993; Yao et al., 1993; Zhao et al., 2014). Ecdysone is required for
oogenesis and is produced autonomously in each egg chamber
(Domanitskaya et al., 2014). Hormone titers rise in late stage 8 egg
chambers as border cells are specified (Buszczak et al., 1999;
Riddiford, 1993), and loss of EcR signaling in border cells blocks
migration (Bai et al., 2000; Cherbas et al., 2003; Hackney et al.,
2007). Increasing ecdysone signaling through the administration
of active hormone or the expression of a constitutively active
coactivator of EcR, Taiman (Tai), along with premature border cell
specification, results in precocious migration (Bai et al., 2000;

Jang et al., 2009). Thus, ecdysone signaling appears to be necessary
and sufficient for the temporal regulation of border cell migration.
Although some transcriptional targets of EcR signaling have been
identified in migratory cells (Jang et al., 2009; Manning et al.,
2017), the critical targets that trigger collective border cell migration
are not known.

Here, we explicate the role of steroid hormone signaling in border
cell migration. When ecdysone signaling was blocked in border cells,
most clusters did not move, but we found that they still maintained
border cell identity. These cells extended protrusions with reduced
functionality. Additionally, in the absence of ecdysone signaling,
border cells had aberrant localization of E-cad, aPKC and Dlg1,
indicating defective cell adhesion and apicobasal polarity, and
irregular phospho-myosin distribution, leading to abnormal cluster
shape and contractility. The changed localization domains of E-cad,
Dlg1, aPKC and phospho-myosin distribution did not overlap or
complement each other, suggesting that they are not interdependent.
Additionally, genetically changing the levels of these proteins did not
mimic the distribution patterns that arose due to disruptions of
ecdysone signaling, and compensatory changes in E-cad and phospho-
myosin levels were not sufficient to remediate the incomplete
migration of mutant clusters or induce proper protein localization
patterns. These data suggest that hormone signaling is critical for the
precise, dynamic spatiotemporal regulation of key adhesion and
polarity proteins and it acts throughmultiple target mechanisms. Thus,
we propose a model wherein ecdysone signaling acts at a specific time
to promote collective movement by coordinating the two steps of
migration – orientation and translocation – by synchronizing cell
polarity and adhesion, which localizes remodeling of the actomyosin
network to enable directional, effective protrusions and coordinated,
timely collective cell movement.

RESULTS
Ecdysone signaling promotes border cell detachment and
migration
To elucidate the role of ecdysone signaling in border cell migration,
we used three different genetic tools to reduce signaling. First, we
expressed a dominant-negative form of the receptor that prevents
transcriptional activation (EcR-B1-W650A, also referred to EcR-
DN; Cherbas et al., 2003) specifically in the border cells. At stage 9,
control clusters rounded up, detached from the anterior of the egg
chamber and migrated towards the oocyte (Fig. 1A–C). When using
a border cell-specific Gal4, slbo-Gal4, to express EcR-DN, most
clusters did not migrate at stage 9 (Fig. 1D). As previously observed
with this and other dominant-negative transgenes (Cherbas et al.,
2003; Hackney et al., 2007; Jang et al., 2009; Manning et al., 2017),
stage 10 EcR-DN-expressing clusters either failed to migrate or
migrated partially, but almost never exhibited complete migration,
in contrast to the behavior of controls (compare Fig. 1C with
Fig. 1E,F). Over 90% of EcR-DN-expressing clusters migrated less
than 50% of the normal distance (Fig. 1J). We found similar results
by reducing ecdysone signaling through expression of an RNAi
construct (EcR RNAi, Ni et al., 2011) (Fig. 1J; Fig. S1A–C).
Consistent with previous reports, this also resulted in migration
defects, albeit weaker ones (Fig. 1J; Fig. S1A–C) (Wang et al.,
2020). We confirmed that the EcR protein level was reduced in EcR
RNAi-expressing border cells (Fig. S1B–D). We suspect that
expression of the dominant-negative receptor results in a stronger
phenotype than that of RNAi because it occludes transcription-
mediated signaling by EcR more completely. Second, we expressed
and validated two separate RNAi constructs that target usp (Ni et al.,
2011) (Fig. S1E), which encodes the heterodimerization partner of
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EcR. Expressing a usp RNAi construct using a pan-follicle cell-
specific Gal4 active from stage 4 of oogenesis, GR1-Gal4 (Gupta
and Schüpbach, 2003; Tran and Berg, 2003), resulted in some
migration defects compared to controls (Fig. 1G–J; Fig. S1A). Over
50% of stage 9 uspRNAi-expressing clusters were delayed, whereas
over 70% of clusters did not complete migration in stage 10.
Notably, this cross yielded low numbers of viable offspring,
suggesting that the reduction of usp is partially lethal and that viable
adults were ‘escapees’ that partially suppressed the RNAi effect.
Last, we expressed EcR-DN in border cells at an earlier stage using
c306-Gal4, in combination with a temperature-sensitive repressor
of Gal4 activity, ts-Gal80, to overcome lethality (Fig. S1H–K;
Materials and Methods). Post border cell specification, when c306-
Gal4 is active, we saw strong migration defects (Fig. S1H,I). Given
the failure of border cell migration when ecdysone signaling was
blocked, we wondered whether border cell identity was disrupted.
Notably, we found normal expression of the key regulator and
indicator of border cell fate, the Slow border cells (Slbo) protein
(Montell et al., 1992), in border cells expressing EcR-DN (Fig. 1K,
L; Fig. S1F,G). This indicates that the border cells remain specified
correctly and the migration defects observed were specific to
ecdysone signaling and separate from defects in cell identity.
We next assessed whether ecdysone signaling regulates the

timing of migration solely by regulating the time of detachment of
the cluster from the anterior epithelium. We quantified the
frequency of undetached clusters at stages 9 and 10 when
ecdysone signaling was reduced. Detachment occurred during
early stage 9 and, at this stage, about half of the control border cell
clusters were detached (Fig. 1M). In contrast, 100% of EcR-DN-
expressing clusters were undetached at stage 9 with slbo-Gal4
(Fig. 1M), and 90% with c306-Gal4 (Fig. S1J). We observed milder
but notable defects in clusters expressing EcR or usp RNAi
(Fig. 1M). By stage 10, at least 98% of control clusters were
detached (Fig. 1N). However, 50.7% of EcR-DN-expressing
clusters remained undetached at stage 10 when controlled with
slbo-Gal4 (Fig. 1N), and 84% with c306-Gal4 (Fig. S1K). Clusters
expressing EcR or usp RNAi also had increases in detachment
defects (Fig. 1N). Importantly, EcR-DN-expressing clusters that did
detach still did not complete migration (Fig. 1J).

Ecdysone signaling enables functional protrusions
As about half of all EcR-DN-expressing clusters detached and
migrated some distance by stage 10, they were clearly motile. But
these clusters did not complete migration, so they likely had
additional defects in migratory behaviors. To characterize the EcR-
DN clusters more closely, we used live imaging using membrane-
tethered GFP to visualize the cluster and membrane protrusions
(mCD8–GFP and/or PLCδ-PH–EGFP) (Fig. 2A–C) (Sawant et al.,
2018; Verstreken et al., 2009). Detached EcR-DN-expressing
clusters migrated significantly more slowly than control clusters
(Fig. 2D, Movies 1–4). As cluster shape and perimeter reflect
migratory behavior, we analyzed border cell cluster shape by fitting
it to an ellipse and calculating the aspect ratio of the major and
minor axes (see Materials and Methods). Control migratory
clusters at stage 9 tended to be rounded up instead of elongated
(Aranjuez et al., 2016), giving them a mean aspect ratio near 1.34,
whereas stage 10 clusters that had completed migration adopted
a more flattened/elongated shape, with a ratio of 1.85 (Fig. 2E;
Fig. S2A–B⁗). As EcR-DN-expressing clusters did not detach at
stage 9, making it hard to assess morphology, we restricted our
analysis to detached EcR-DN-expressing clusters at stage 10. These
had a significantly lower mean aspect ratio than typical for this stage

(1.44; Fig. 2E; Fig. S2C–C⁗) and resembled the rounded shapes of
control clusters in a similar migratory position at stage 9. Migratory
EcR-DN-expressing clusters also had highly irregular peripheral
membranes at stage 10 with many small protrusions along their
perimeter (Fig. 2F; Fig. S2C‴,C⁗). These protrusions resembled
those observed at stage 9 in controls, although they were smaller and
less organized. In contrast, control stage 10 clusters tended to have a
smoother peripheral surface (Fig. 2F; Fig. S2B‴,B⁗). To quantify
this difference and to control for the size of the cluster, we measured
the perimeter of the cluster normalized to its area. EcR-DN-
expressing stage 10 clusters had a higher mean perimeter-to-area
ratio than that of control clusters at the same stage (0.32 compared to
0.25) (Fig. 2F) and were more similar to stage 9 controls (0.29). This
supports the idea that EcR-DN-expressing migratory stage 10
clusters have delayed migratory behaviors, consistent with the idea
that ecdysone temporally regulates both detachment and migration.

The defects in motility and shape of EcR-DN-expressing clusters
could be explained by inefficient cytoskeletal protrusion dynamics,
so we examined the protrusions more closely. Control clusters
extended protrusions primarily in the direction of migration
(Fig. 2A–A‴), and forward protrusions were typically longer in
length and lived longer (Fig. 2H,I) (Bianco et al., 2007; Fulga and
Rørth, 2002; Poukkula et al., 2011; Prasad and Montell, 2007).
Clusters expressing PLCδ-PH–EGFP along with EcR-DN had
enhanced detachment defects, so were usually undetached at late
stage 9 but did extend protrusions (Fig. 2B–B‴). Stage 10 control
clusters were at the oocyte border, whereas EcR-DN, PLCδ-
PH–EGFP-expressing clusters extended few or no protrusions
(Fig. 2C–C‴) and barely translocated. We quantified differences in
the average number of protrusions extended (Fig. 2G), the maximal
length of protrusions (Fig. 2H) and the lifetime of each protrusion
(Fig. 2I) at stage 9. The direction of protrusion extension was
classified by dividing the cluster into four quadrants, based on the
position in the image: forward, lateral – top, lateral – bottom, and
rear (Fig. 2J). The average number of protrusions extended by
controls and EcR-DN, PLCδ-PH–EGFP-expressing clusters were
comparable (Fig. 2G), indicating that ecdysone signaling is not
required generally to form protrusions. However, the forward-facing
protrusions – those likely to be the most functional and productive
for migration – extended by EcR-DN-expressing clusters were on
average shorter than those extended by control clusters (Fig. 2H)
and were retracted faster, as evidenced by shorter lifetimes (Fig. 2I).
In contrast, protrusions extended laterally by EcR-DN-expressing
clusters were more stable: they were longer on average, with longer
lifetimes than those of lateral protrusions in controls (Fig. 2H,I). As
EcR-DN, PLCδ-PH–EGFP-expressing clusters rarely moved from
the anterior, we could not quantify rear-facing protrusions. These
data suggest that although EcR-DN-expressing clusters actively
extended protrusions at stage 9, they were less functionally efficient
and contributed less to forward translocation. This indicates that the
migration defects of clusters with reduced ecdysone signaling are
due to delayed or unsuccessful detachment from the epithelium and
to defects in protrusions.

Ecdysone signaling regulates polarized distribution of the
adhesion complex component E-cad
Migration and structural integrity of the border cell cluster
require maintenance of optimal levels of E-cad (Cai et al., 2014;
Niewiadomska et al., 1999; Schober et al., 2005). E-cad must
be frequently remodeled at the cluster periphery to allow protrusion
extension, adhesion and retraction. Given the aberrant protrusion
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dynamics in EcR-DN-expressing clusters, we reasoned that changes
in E-cad localization or levels might contribute to these defects.
We examined E-cad localization in control, EcR-DN-expressing

and E-cad (shg) RNAi-expressing clusters (Fig. 3A–D). In

migratory control clusters (stage 9), E-cad intensity was the
highest at the apical face of the cluster in polar cells and at border
cell–polar cell interfaces and was enriched along basolateral
locations between border cells (Fig. 3A–A⁗). Most border cell

Fig. 2. EcR-DN-expressing border cells have protrusion defects. (A–C‴) Screenshots from sum-intensity projection timelapse videos of a control egg
chamber exhibiting wild-type border cell migration (A–A‴) and of egg chambers expressing EcR-DN in the border cells with incomplete migration at stages 9
(B–B‴) and 10 (C–C‴). GFP (green) marks the border cells and differential interference contrast (DIC) shows egg chambers; time is in minutes. Insets show
border cell protrusions (arrowheads). Scale bars: 50 μm. (D) Quantification of migration speeds of control and detached EcR-DN-expressing clusters. Each
data point represents an individual cluster. ***P<0.001 from a two-tailed unpaired t-test. (E) Aspect ratio analysis of clusters of the genotypes and stages
indicated. (F) Perimeter normalized to area analysis of clusters from the genotypes and developmental stages indicated. Statistical significance for E,F was
measured by one-way ANOVA with Tukey’s multiple comparison test: ns, not significant; *P<0.05; **P<0.01. Red lines on violin plots represent mean±s.e.m.;
outlines display the spread of data. Each data point is an individual cluster. (G) Quantification of protrusions extended during timelapse imaging in stage 9
egg chambers. (H,I) Quantification of maximal lengths (H) and lifetimes (I) of protrusions extended classified by direction. Each data point represents a
protrusion. n≥5 stage 9 egg chambers. **P<0.01 or precise P-value is given from a two-tailed unpaired t-test. Graphs show the mean±s.e.m. (J) Quadrants of
a border cell cluster used for protrusion analysis in H,I.
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membranes at the outer periphery of the cluster had lower signal
intensity. In control stage 10 clusters that had completed migration,
there was increased signal intensity at membranes where border
cells met the oocyte, and at the apical region of border cell–polar cell

membranes (Fig. 3B–B⁗). Because slbo-Gal4 is expressed in
outer border cells only, expression of EcR-DN with this line did
not autonomously affect apical E-cad enrichment in the central
polar cells. However, E-cad was irregularly distributed at border

Fig. 3. EcR-DN-expressing clusters have irregular E-cad distribution. (A,B) Control egg chambers stained with antibodies recognizing E-cad (magenta)
and GFP (green), with fluorescent phalloidin labeling F-actin (cyan). (A′,B′) Enlarged image of border cell cluster. (A″,B″) Maximum-intensity projections of
border cells. E-cad expression is pseudocolored with an intensity-based LUT. Orange arrows mark the highest concentrations of E-cad in the apical domain
of polar cells. (A‴–B⁗) Schematic of the border cell cluster and its E-cad distribution in magenta. Bold lines represent high E-cad intensity. (C–D″) Egg
chambers showing E-cad distribution in EcR-DN-expressing clusters (boxed), enlarged in C′,D′, for detached (C) or undetached (D) cases, shown as a
maximum-intensity projections in C″,D″. The intensity-based LUT shows E-cad levels. Orange arrows mark domains of high E-cad at polar cells. Arrowheads
and the bracket mark irregular, high E-cad distribution along cluster peripheral membranes. (C‴–D⁗) Schematic of border cells and E-cad distribution
(magenta). (E–E⁗) E-cad distribution in a detached cluster expressing shg (E-cad) RNAi in the egg chamber (E), with the maximum-intensity projection (E′),
intensity levels (E″) and schematics (E‴,E⁗). (F) Quantification of average E-cad levels normalized to GFP, by antibody staining, on the forward-facing face.
Measurements from each egg chamber are plotted; bars show the mean±s.e.m. *P<0.05 or exact P-value is shown from one-way ANOVA with Tukey’s
multiple comparison test. (G–H″) Egg chambers expressing E-cad–tdTomato stained with antibodies recognizing RFP (magenta, for E-cad–tdTomato, G′,H′),
Hts (green, G″,H″), and labeled with DAPI (cyan) for control (G) and EcR-DN-expressing (H) border cells. Images are representative of more than eight
similar egg chambers imaged in detail from each of three experiments.
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cell–nurse cell edges of both detached and undetached EcR-DN-
expressing clusters (Fig. 3C–D⁗). Some peripheral edges had
scattered areas of E-cad enrichment, whereas a subset had
noticeably lower E-cad localization (forward cell in Fig. 3C″ and
rear cell in Fig. 3D″). Additionally, instead of a single region of high
intensity at the apical face, we sometimes detected two regions
along the border cell–polar cell membranes enriched for E-cad
(Fig. 3C″) and lower localization at a subset of the peripheral edges,
even when the border cell cluster had not completely detached
(Fig. 3D–D‴). These data suggest that ecdysone signaling regulates
the distribution of E-cad at border cell membranes. Alternatively,
loss of ecdysone signaling might reduce the expression of E-cad,
indirectly leading to its irregular distributions. However, when we
knocked down E-cad (shg RNAi) in border cell clusters, we saw a
distinct effect from EcR-DN: very low levels of E-cad expression
generally with very restricted signal at border cell–polar cell
membranes (Fig. 3E–E⁗).
We next assayed E-cad distribution further. Using an anti-E-cad

antibody (Oda et al., 1994), we quantified staining intensity at the
peripheral border cell faces of stage 10 clusters: forward-facing,
rear-facing and lateral (Fig. 3F; Fig. S3A–D). We measured the
average intensity at each face and normalized it to that of membrane-
tethered GFP at the same location. In this quantification, E-cad
RNAi (shg RNAi) resulted in lower E-cad intensities than those
of wild-type controls. Although EcR-DN-expressing clusters
also sometimes had visibly lower staining, we did not measure
statistically significant differences in average intensity at any face or
in overall corrected total cell fluorescence when comparing
detached, partially migrated, stage 10 EcR-DN-expressing clusters
to control clusters at the same stage or at a similar migratory position
(stage 9) (Fig. S3E). We also examined protein distribution using a
transgenic line expressing E-cad fused to the fluorescent protein
tdTomato (Huang et al., 2009). Although the E-cad antibody
detects the extracellular domain only, E-cad–tdTomato can reveal
cytoplasmic E-cad. We did not see a notable change in the
distribution of cytoplasmic E-cad in EcR-DN-expressing clusters
(Fig. 3G,G′ versus Fig. 3H,H′), although these clusters did not
coalesce or migrate well and membrane-localized E-cad levels
appeared low in this genotype. As these clusters rarely detached and
control clusters abutted the high E-cad expression at the oocyte, it
precluded measurement of equivalent peripheral faces of the cluster
between the mutant and controls. Overall, we conclude that
although EcR-DN-expressing clusters did not have dramatic
differences in E-cad levels, they had abnormal E-cad distribution
at peripheral membranes.
Homophilic cadherin adhesions bridge the actin cytoskeleton

across neighboring cells, coupling them mechanically (Cai et al.,
2014; Me  ge and Ishiyama, 2017; Wang et al., 2020). As we
observed changes in E-cad distribution as well as protrusion and
migration defects in EcR-DN-expressing clusters, we next
examined actin levels. We stained egg chambers and separately
quantified intensity levels of an actin-binding protein, Hu-li tai shao
(Hts), and those of an F-actin marker, fluorescently labeled
phalloidin (Fig. S3F–I). Hts highly localized to the border cell
cluster and other follicle cells but not to nurse cell membranes.
Average Hts and phalloidin staining intensity levels, normalized to
those of GFP, were comparable in control and EcR-DN-expressing
clusters across migratory stages (Fig. S3H,I), suggesting that
loss of ecdysone signaling does not dramatically change the levels
of F-actin.
Given the changed E-cad distribution, we wondered whether the

distribution and/or expression of other cadherins was also perturbed

in response to blocking ecdysone signaling. Cells can upregulate
N-cadherin (N-cad or CadN) expression in response to E-cad
downregulation (Oda et al., 1998; Schäfer et al., 2014). In egg
chambers, N-cad expression is widespread in follicle cell membranes
but decreases from stage 7 onwards and is undetectable at stage 10
(Grammont, 2007). We did not find changes in the pattern of N-cad
distribution in EcR-DN-expressing clusters (Fig. S3J–M). Taken
together, these data suggest that ecdysone signaling specifically
promotes the even peripheral distribution of E-cad in the border
cell cluster.

Ecdysone signaling restricts localization of the apical
proteins aPKC and Dlg1
Epithelial cells establish apicobasal polarity through the asymmetric
distribution of polarity complexes and junctional proteins, which in
turn modulate cytoskeletal elements. The irregular phenotypes of
EcR-DN-expressing clusters suggested that these mutant border
cells have defects in polarity. To test this, we examined two markers
of apical polarity, aPKC and Dlg1. aPKC is an integral member
of protein complexes that define the apical domain of cells
(Buckley and St Johnston, 2022). Although remodeled at the
start of migration, the proper positioning of aPKC is important
for directional protrusion dynamics and efficient border cell
migration (Pinheiro and Montell, 2004; Wang et al., 2018).
Immunofluorescence analysis on maximum-intensity projections
of control stage 10 clusters showed higher aPKC levels at apical
border cell–polar cell membranes in contact with the oocyte
(Fig. 4A–A⁗), whereas border cell–border cell membranes had
lower signal (Fig. 4A–A″). EcR-DN-expressing clusters had an
expanded domain of aPKC distribution at most cell membranes
compared to controls (Fig. 4C–C⁗). To quantify differences in
aPKC localization, we drew a line around the circumference of the
border cell cluster, starting and ending at the high apical region of
polar cell expression, and measured staining intensities in control
and EcR-DN-expressing clusters (Fig. 4B,D; Fig. S4). Although
this varied by cluster, in aggregate, the normalized distributions
showed a dramatic expansion of aPKC localization such that it was
abnormally higher in lateral and basal domains in EcR-DN-
expressing stage 10 clusters (Fig. 4D) compared to that in control
clusters of the same stage (Fig. 4B) or in similar migratory positions
(stage 9, Fig. S4K).

Dlg1 is also involved in the establishment and maintenance of
apicobasal polarity in the follicular epithelia and is present at
contacts between border cells (Goode and Perrimon, 1997; Woods
and Bryant, 1991; Woods et al., 1996). Hackney et al. (2007)
observed increased Dlg1 accumulation in follicle cell clones
expressing EcR-DN in older-stage egg chambers and in egg
chambers mutant for ecdysone production. Thus, we expected
a similar upregulation in the mutant border cells.
Immunofluorescence analysis of control stage 10 clusters showed
higher Dlg1 at apical border cell–polar cell membranes in contact
with the oocyte (Fig. 4E–E⁗), whereas border cell–border cell
membranes had very low signal (Fig. 4E–E⁗). EcR-DN-expressing
clusters had an expanded domain of Dlg1 signal at border cell–
border cell membranes compared to stage 9 and 10 controls
(Fig. S4A; Fig. 4G–G⁗). The intensely stained Dlg1 region at the
border cell–polar cell membranes appeared to be largely unaffected
in EcR-DN-expressing clusters (Fig. 4G″). Quantification of the
normalized signal intensity at the circumference of the border cell
clusters showed a slight expansion of the apical localization of Dlg1
in EcR-DN-expressing clusters and a larger range of expression
intensities (Fig. 4H) compared to that in control clusters at the same
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stage (Fig. 4F) or at similar migratory positions (stage 9, Fig. S4L).
We saw similar, aberrant localization of Dlg1 and aPKC, respectively,
using EcR RNAi (Fig. S4A–C″) or expression of another dominant-
negative construct (EcR-B1-F645A, Fig. S4D–E″). The expanded
Dlg1 distribution did not appear to be due to a general increase in
expression, as it differed from the pattern observed in dlg1
overexpression experiments, which showed higher cytoplasmic
and membrane intensities of Dlg1 (Fig. 4G versus Fig. S4G,H).

However, we observed ectopic protrusions in stage 10 clusters
overexpressing dlg1 (Fig. S4G′,G″), and similar ectopic protrusions
have been observed when aPKC is overactivated (Wang et al.,
2018), suggesting that an expanded Dlg1 domain could contribute
to the ectopic protrusions in EcR-DN-expressing clusters
(Fig. S2C). Overall, the data indicate that ecdysone signaling is
needed to maintain proper aPKC and Dlg1 localization in the border
cell cluster.

Fig. 4. EcR-DN-expressing clusters mislocalize apical polarity proteins. (A–A″,C–C″) Normal control (A) or EcR-DN-expressing (C) egg chambers
stained for aPKC (magenta) and GFP (green) expression, and with DAPI (cyan). White dashed boxes show the area enlarged as maximum-intensity
projections in insets. (A″,C″) Arrowheads indicate high aPKC intensity in apical domains near polar cells, which expands baso-laterally in mutant clusters
(C″). (A‴,A⁗,C‴,C⁗) Schematics of border cell clusters with high levels of aPKC in magenta. (B,D) Intensity measurements of peripheral aPKC expression
measured around the cluster circumference. Graphs show levels for six to seven egg chambers for control or EcR-DN-expressing clusters at stage 10 (see
also Materials and Methods and Fig. S4). Apical regions are shaded in pink and basal regions are shaded in blue. (E–E″,G–G″) Control (E) or EcR-DN-
expressing (G) egg chambers stained with antibodies against Dlg1 (magenta) and GFP (green), and with DAPI (cyan). Boxed regions are magnified in
insets. (E″) The arrowhead indicates high Dlg1 intensity in polar cell apical domains; arrows point to membranes with faint Dlg1 signal. (G) EcR-DN-
expressing border cells show basally expanded Dlg1 expression (arrows in G″; arrowheads indicate apical polar cell domain). (E‴–G⁗) Schematics of border
cell clusters with high levels of Dlg1 in magenta. (F,H) Intensity measurements of peripheral Dlg1 expression plotted for five to eight egg chambers for control
or EcR-DN-expressing clusters at stage 10.
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The mislocalization of apical proteins in EcR-DN-expressing
clusters suggested that the distribution of other polarity proteins could
also be affected. Dlg1 colocalizes with septate junction proteins
although it is not required for the establishment or maintenance of
septate junctions (Oshima and Fehon, 2011; Rice et al., 2021; Woods
and Bryant, 1991). Core septate junction proteins, remodeled in
migrating border cells, are required for movement (Alhadyian et al.,
2021). We assayed a core component, Coracle (Cora), as ecdysone
signaling regulates its localization in the wing disc epithelium
(DaCrema et al., 2021). In both control and EcR-DN-expressing
clusters, Cora showed the same pattern of distribution (Fig. S4I–J″)
(Felix et al., 2015). This suggests that ecdysone signaling does not
generally regulate the localization of all proteins associated with
polarity, nor does it merely delay their localization, but instead is
specifically needed for proper Dlg1 and aPKC distribution.

Ecdysone signaling promotes proper spatiotemporal
phospho-myosin distribution
Border cell clusters dynamically regulate activated, phosphorylated
non-muscle myosin II (p-MyoII) to maintain cell shape, resist
compression, detach from the anterior epithelium and retract
protrusions during migration (Aranjuez et al., 2016; Edwards and
Kiehart, 1996; Majumder et al., 2012; Mishra et al., 2019; Plutoni
et al., 2019; Zeledon et al., 2019; Chen et al., 2021). Additionally,
non-phosphorylated, cortical myosin distribution is dependent in
part on E-cad (Mishra et al., 2019). The aberrant E-cad, aPKC and
Dlg1 distribution domains coupled with the extension of fewer long
and stable forward-directed protrusions by EcR-DN-expressing
clusters suggested that the adhesion-mediated feedback loop
between nurse cells and border cells could be impeded. If true,
this would affect actomyosin organization at border cell membranes.
Thus, we examined p-MyoII distribution in EcR-DN-expressing

clusters using an antibody directed against human phospho-Myosin
Regulatory Light Chain (pMRLC), which recognizes the fly
homolog encoded by spaghetti squash (sqh) (Karess et al., 1991;
Lamb et al., 2021; Majumder et al., 2012). At stage 9, control
clusters showed intense pMRLC puncta localized to the base of
protrusions, at border cell–border cell contacts, and at the rear of the
migrating cluster (Fig. 5A–A″) (Majumder et al., 2012; Mishra
et al., 2019). pMRLC co-localized with strong phalloidin staining,
consistent with the idea that the actomyosin network contributes
actively to migration or cluster integrity at these regions (Fig. 5A–A″).
At stage 10, faint pMRLC signals were visible throughout the cluster
(Fig. 5D–D″). In the example in Fig. 5D, a stronger pMRLC-stained
region is visible at the rear. EcR-DN-expressing clusters had some
pMRLC puncta at stage 9 (Fig. 5B–B″) but, strikingly at stage 10,
strong pMRLC signals were visible along peripheral border cell
membranes (Fig. 5E–E″) and sometimes appeared as discrete puncta.
Phalloidin staining of EcR-DN-expressing clusters matched the
pattern of pMRLC distribution.
We quantified pMRLC foci and their distribution at stages 9 and

10, eliminating foci below a minimum size threshold (0.1 μm2)
(Fig. 5C,F; Fig. S5A–D). We did not observe any significant
differences in the total number or average size of individual pMRLC
foci between controls and EcR-DN-expressing clusters across stages
(Fig. S5C,D). However, we observed distinct temporal patterns of
pMRLC localization in EcR-DN-expressing clusters compared to
that in controls. Stage 9 control clusters that had migrated less than
halfway to the oocyte had polarized pMRLC distribution, with more
foci in the forward quadrant, compared to that in stage 10 clusters
(Fig. 5C). In contrast, EcR-DN-expressing clusters had a
significantly lower proportion of forward foci at stage 9 than at

stage 10. These mutant clusters also had a lower proportion of
forward foci compared to those in control clusters in a similar
migratory position (stage 9, ≤50% migrated, Fig. 5C). In the lateral
top quadrant, control stage 9 clusters (≤50% or >50%migrated) had
comparable or fewer foci compared to stage 10 clusters, but this
trend was reversed in EcR-DN-expressing clusters, which had a
significantly higher proportion of lateral foci at stage 9 relative to
that at stage 10 (Fig. 5F). A similar but milder trend was observed in
the lateral bottom quadrant (Fig. S5A). In the rear quadrant, control
stage 9 and 10 clusters had comparable proportions, but EcR-DN
stage 9 clusters tended to have slightly fewer foci than older clusters
(Fig. S5B). Thus, relative to controls, the temporal patterns of EcR-
DN-expressing clusters in the four compartments were reversed.
This suggests that the main difference in the mutant clusters is
uncoordinated distribution of phospho-myosin within the migratory
axis over the migratory timeframe.

Irregular distribution of pMRLC might occur due to
mislocalization of the myosin protein or its activation. To study
the distribution of myosin, we used a sqh-GFP insertion line (Royou
et al., 2004). As previously shown, Sqh–GFP was visible in control
clusters at cell cortices (Fig. 5G–H⁗). Additionally, we observed
Sqh–GFP-enriched foci that reflect the location of activated myosin
(Fig. 5G″,H″) (Majumder et al., 2012; Royou et al., 2004). Sqh–
GFP distribution matched the pattern of enriched phalloidin staining
(Fig. 5G″,G⁗,H″,H⁗). Cortical Sqh–GFP was also visible in stage
9 and 10 EcR-DN-expressing clusters (Fig. 5I–J⁗). This suggests
that Sqh itself is not mislocalized, but that some other aspect of
myosin activation must be altered. Live imaging of EcR-DN-
expressing clusters expressing sqh-GFP showed periodic Sqh–GFP
flashes similar to those in control clusters (Movies 5–7). Thus, it is
possible that the rate of phosphorylation and dephosphorylation of
myosin is similar in EcR-DN-expressing clusters and controls, but
the location of coalescing activated myosin, and thus force
transduction, is altered. Taken together, our data indicate that
border cell clusters require ecdysone signaling for optimal phospho-
myosin distribution and actomyosin network dynamics.

Altering E-cad and activated myosin levels does not
remediate migration defects due to reduced ecdysone
signaling
EcR-DN-expressing clusters have abnormal distributions of E-cad,
aPKC, Dlg1 and phospho-myosin. We wondered whether there
were consistent, potentially overlapping, patterns in these altered
distributions. To compare patterns, we stained egg chambers
expressing sqh-GFP with antibodies directed against GFP and
E-cad (Fig. 5G–J). In both control and EcR-DN-expressing clusters,
Sqh–GFP foci or enriched regions did not consistently overlap with
enriched E-cad regions (Fig. 5G,H versus Fig. 5I,J). Next, we
immunostained for Dlg1 and phospho-myosin (Fig. S5E–F″) or
Dlg1 and E-cad (Fig. S5G–H″) distributions. Again, we did not
observe consistent patterns linking ectopic distributions of Dlg1
with phospho-myosin or E-cad. We attempted to rescue the
expanded Dlg1 localization domain in EcR-DN-expressing
clusters to see whether this suppressed the mutant phenotype, but
were unsuccessful in generating the right genotype. As the
mislocalized patterns of E-cad, Dlg1 and pMRLC do not change
cooperatively, we postulate that ecdysone signaling regulates the
distribution of each of these independently.

Finally, we tested whether changing the distribution of E-cad or
activated myosin in EcR-DN-expressing clusters alleviated the
migration defects. We overexpressed E-cad (shg) fused to GFP and
found that it enriched at border cell membranes along with some
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signal at the cell cortex facing nurse cells (Fig. S6A–A″). Border
cell migration is disrupted when E-cad is overexpressed (Schober
et al., 2005). Interestingly, co-expression of EcR-DN and shg-GFP
led to suppression of E-cad levels (Fig. S6C–C″ versus Fig. S6A)
but poor border cell migration – resembling EcR-DN expression
alone – compared to those in sibling controls (Fig. S6B–B″). Next,
to counteract irregular phospho-myosin distribution, we lowered
overall myosin levels in EcR-DN-expressing clusters using an
RNAi targeting sqh (Fig. S6D–E‴) or co-expression of an activated
form of the regulatory phosphatase, Myosin-binding subunit (Mbs

N300, Lee and Treisman, 2004) (Fig. S6F–G‴). Lowering myosin
levels or altering its activation also did not rescue the migration
defect caused by lack of ecdysone signaling (Fig. S6E,G). These
results reinforce the idea that ecdysone signaling separately
regulates the distribution of E-cad and activated myosin and that it
acts through multiple effectors to promote migration.

DISCUSSION
Here, we elucidate regulatory mechanisms of cell migration
controlled by steroid hormone signaling. In border cell migration,

Fig. 5. EcR-DN-expressing clusters have aberrant activated myosin localization. (A–B″,D–E″) Egg chambers stained with antibodies recognizing
phospho-myosin regulatory light chain (pMRLC, magenta) and GFP (green), and fluorescent phalloidin (F-actin, cyan). Dashed boxes are enlarged in
maximum-intensity projection insets. (A′) In a stage 9 control egg chamber, the arrow points to a pMRLC focus at the base of a protrusion (bracket).
Asterisks label pMRLC foci at the rear of the cluster. (B′) EcR-DN-expressing stage 9 border cell cluster. Asterisks mark faint lateral pMRLC foci. (D′) In the
stage 10 control, one intensely stained pMRLC region is visible at the rear (anterior) side of the cluster. (E′) In EcR-DN-expressing border cells, pMRLC
staining is observed along many membranes. (C,F) Quantification of pMRLC foci in forward (C) and lateral top (F) border cell cluster quadrants (mean
±s.e.m.; *P<0.05 and **P<0.01 from one-way ANOVA with Tukey’s multiple comparison test). (G–J⁗) Egg chambers stained for antibodies recognizing E-cad
(magenta) and GFP (Sqh–GFP, myosin, green), and with fluorescent phalloidin (F-actin, cyan). (G,H) Control Sqh–GFP egg chambers at stages 9 (G) and
10 (H). (I,J) Sqh–GFP egg chambers expressing EcR-DN in the border cells. Images are representative of more than ten egg chambers per genotype
imaged in detail.
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ecdysone signaling was known to be necessary and sufficient for the
initial movement of specified cells (Bai et al., 2000; Cherbas et al.,
2003; Domanitskaya et al., 2014; Hackney et al., 2007; Jang et al.,
2009) but its precise roles in border cell migration were unclear.
Putting together our data, we propose a model wherein ecdysone
signaling permits migration by restricting the distributions of
E-cad, aPKC, Dlg1 and phospho-myosin soon after border cell
specification (Fig. 6). This signaling appears to be independent of
other signaling pathways, as border cell identity is not affected, and
EcR-DN-expressing clusters have distinct morphologies compared
to those of other mutants (e.g. overactivation of myosin, Fig. S6H).
The successful coordination of cell adhesion, polarity and cluster
contractility by EcR in wild-type migratory clusters results in
the extension of functional protrusions, facilitating directional
migration at the proper developmental time.
Optimal protrusion dynamics are important for directionality and

force generation in cell migration (Blackley et al., 2021; Roberto and
Emery, 2022). We found that border cell clusters lacking ecdysone
signaling extended shorter and shorter-lived forward protrusions
while extending longer, more stable protrusions laterally. This
suggests that mutant clusters are not just temporally delayed, as they
can regulate F-actin to make extensions at the right stage, but they are
not able to differentiate the leading and lagging edges to stabilize

forward, functional protrusions preferentially. Although our live
imaging might miss some short-lived protrusions, such as those
observed in fixed clusters (Fig. S2C‴), these protrusions are unlikely
to aid in ‘grapple and pull’ mechanics and thus are probably less
productive.

Protrusion stability depends on regulation of cell adhesion and
retraction mechanisms, which determine how strongly a protrusion
adheres to a substrate and for how long. This prompted us to examine
E-cad. Previously, Hackney et al. (2007) noted an increased E-cad
intensity in EcR-DN-expressing clusters. In contrast, we observed
irregular distributions of E-cad and variable decreases in intensity
levels at the cluster periphery. The irregular patterns, orientations and
abnormal shapes of mutant clusters made this expression change
challenging to quantify. Romani et al. (2009) also observed reduced
E-cad levels upon EcR-B1 knockdown in the follicular epithelium. It
has been suggested that the organization of E-cad in aggregates, rather
than its overall expression levels, impacts local adhesive and tensile
forces (Cavey et al., 2008; Hong et al., 2013; Truong Quang
et al., 2013). The irregular E-cad distributions that we observed in
EcR-DN-expressing border cells might reflect a change in E-cad
aggregation dynamics, although our images are not at a resolution that
can resolve this. We conclude that ecdysone signaling is required
for the appropriate localization of E-cad and that this contributes to

Fig. 6. Ecdysone signaling coordinates
adhesion, polarity and local membrane
contractility to enable detachment and
migration. Schematic depicting E-cad, the
apical domain containing aPKC and Dlg1,
and pMyosin distribution in border cell
clusters in different stages, positions and
orientations to show polarity and
developmental changes. When ecdysone
receptor signaling is blocked, border cell
clusters that detach and are migratory at
stage 10 have altered localization patterns
of the adhesion protein E-cad, poor forward
orientation, expanded apical markers and
abnormal distribution of activated phospho-
myosin compared to those of wild type
migratory clusters (stage 9) or wild-type
clusters at the same developmental stage.
Often, mutant clusters never detach.

11

RESEARCH ARTICLE Journal of Cell Science (2024) 137, jcs261164. doi:10.1242/jcs.261164

Jo
u
rn
al

o
f
Ce

ll
Sc
ie
n
ce

https://journals.biologists.com/jcs/article-lookup/DOI/10.1242/jcs.261164
https://journals.biologists.com/jcs/article-lookup/DOI/10.1242/jcs.261164


stabilizing productive protrusions. Intriguingly, steroid hormone
signaling-mediated maintenance of E-cad expression is commonly
observed in mammalian systems. In mouse mammary epithelial cells,
estrogen receptor β increases E-cad expression, and loss of this
receptor leads to increased internalization and a change in localization
of E-cad (Helguero et al., 2008). Similarly, the lactating mammary
gland and uterine epithelia show reduced E-cad levels in estrogen
receptor β knockout mice (Förster et al., 2002; Wada-Hiraike et al.,
2006).
Our results show that ecdysone signaling in border cell migration

confines the apical domain of the cells. This aligns with a prior
report that EcR-B1 knockdown in the follicular epithelium altered
aPKC and Dlg1 distribution domains (Romani et al., 2009). Dlg1
regulates the core septate junction component Cora in some tissues
(Bilder et al., 2002; Khadilkar and Tanentzapf, 2019; Tanentzapf
and Tepass, 2002), but Dlg1 dynamics are separable from core
junction component dynamics (Oshima and Fehon, 2011). Some
experiments suggest septate junction proteins are required for
border cell migration and are enriched in polar cells (Alhadyian
et al., 2021; Felix et al., 2015). However, as we did not see changes
in Cora distribution when ecdysone signaling was blocked, we do
not believe that the loss of EcR signaling results in a larger area of
septate junctions. Instead, we think this reveals a less refined
apicobasal polarity in mutant clusters, as seen by aPKC expansion.
Our experiments relied on blocking ecdysone signaling in outer
border cells because other genetic combinations led to lethality, so
residual ecdysone signaling in polar cells likely maintains some
polarity and cohesion in the cluster. Nevertheless, our data indicate
that disruption of the apicobasal domains in border cells contributes
to disrupted migration behaviors. Multiple lines of evidence suggest
that migrating collectives maintain and integrate multiple modalities
of polarity (e.g. planar polarity or apicobasal polarity), which
inform the supracellular front–back polarity changes to the
cytoskeletal network and cell–cell adhesions (Ann Mack and
Georgiou, 2014; Bazellie  res et al., 2018; Campanale et al., 2022;
Gandalovic ̌ová et al., 2016; McDonald et al., 2008; Niewiadomska
et al., 1999; Pinheiro andMontell, 2004; Veeman et al., 2016;Wang
et al., 2018). Misdistribution of polarity proteins can severely hinder
the directionality of protrusion extension and migration. Recently,
polarity switching has been shown to be a mechanism of migration
and invasion in ovarian cancer and colorectal cancer organoids
(Kawata et al., 2022; Okuyama et al., 2016). These cell clusters have
an apical-in and basal-out conformation that resembles apicobasal
polarity in border cell clusters. Thus, the restriction of polarity
proteins to specific domains by steroid hormone signaling might be
important in a variety of contexts.
Interestingly, we found that ecdysone signaling also confines the

distribution of activated phospho-myosin. In border cell clusters,
asymmetrical activated myosin distribution is critical for protrusion
retraction in the front of the cluster and the retraction at the cluster
rear. Phosphorylation of myosin is tightly regulated in migratory
border cells by Rho kinase (Rok) and myosin phosphatase. The
broader distribution of pMRLC staining in EcR-DN-expressing
clusters resembles that of overexpression of Rok or knockdown of a
regulatory subunit of myosin phosphatase, Mbs (Majumder et al.,
2012). Thus, the defects in EcR-DN expressing clusters might arise
from mislocalization of Rok or myosin phosphatase, although we
were unable to rescue the defects by activating the phosphatase. Rok
andMbs function complementarily to coordinate the contractions in
the front and rear of the cluster (Aranjuez et al., 2016; Majumder
et al., 2012; Mishra et al., 2019; Chen et al., 2021). The changes in
the proportion of activated myosin foci in the front and lateral

compartments when ecdysone signaling is reduced compared to
control clusters could help to explain the migratory defects we
observed. Abnormal distribution of activated myosin in EcR-DN-
expressing clusters likely contributes to their defective shapes due to
changes in local contractility. Prior work shows that genetic
manipulations to increase activation of myosin result in increased
detachment defects (Majumder et al., 2012), which is similar to
what we saw when EcR signaling was disrupted. Thus, the
misdistribution of activated myosin in border cells with reduced
ecdysone signaling might partially explain the detachment defects.
Interestingly, computational modeling of the effect of actomyosin
force on E-cad aggregation shows that fewer but larger aggregates
are more probable in the presence of high actomyosin forces (Chen
et al., 2021). The increased proportion of pMRLC foci laterally at
stage 9 and in the forward compartment at stage 10 might mimic the
higher actomyosin forces modeled and could potentially contribute
to irregular E-cad distribution. We did not see consistent overlap
between cortical myosin aggregations and E-cad in EcR-DN-
expressing clusters, but the pMRLC antibody staining protocol did
not allow for simultaneous detection of E-cad. Overall, it appears
that ecdysone signaling synchronizes the contributions of E-cad,
apicobasal polarity, forward–rear polarity and the distribution of
activated myosin to promote migration, which suggests that
changing any individual component in clusters with reduced
ecdysone signaling is not likely to rescue the mutant phenotype.
The combinatorial coordination by ecdysone signaling is also
reflected in the much stronger phenotype when ecdysone receptor
signaling is disrupted, compared to the incompletely penetrant
phenotypes of failure to detach or incomplete migration when E-cad
or myosin activity regulators are knocked down individually (Chen
et al., 2020; Majumder et al., 2012).

How ecdysone signaling molecularly coordinates migration
machinery is not yet clear. Although disruptions of this signaling
cause migration delays, the phenotypic differences between the wild
type and mutant suggest that it is not simply acting as a timer. Other
than cluster shape and position, stage 10 EcR-DN-expressing
clusters have unique protein distribution phenotypes that do not
resemble wild-type clusters at the same stage or in a similar
migratory position. We speculate that following an initial migration
delay, potentially due to an onset of problems with multiple protein
distributions in EcR-DN-expressing clusters, the high level of
disorganization within the cluster precludes any recovery that could
lead to resumption of normal migration. It is possible that apicobasal
polarity distortion in EcR-DN-expressing clusters could cause the
other defects we saw, such as miscoordinated protrusions and
adhesion defects. However, we do not think this is likely as some
polarized protein distributions remained unaffected (Hts, N-cad and
Cora) in the mutants; thus, poor apicobasal polarity probably only
partially contributes to the phenotypes. As ecdysone receptor is a
transcription factor, it is conceivable that it could regulate E-cad,
aPKC, Dlg1 and myosin expression transcriptionally. However, a
microarray analysis did not reveal these or any canonical migration-
regulatory proteins as downstream targets in border cells (Manning
et al., 2017). Thus, we anticipate that EcR regulates migration
indirectly by controlling protein localization domains via currently
unknown transcriptional targets. Alternatively, EcR might post-
transcriptionally regulate E-cad, apical components and myosin
and/or regulators of these proteins, for example, through microRNA
expression or changes in post-translational modifications to affect
their localization and/or turnover. An interesting recent study shows
that ecdysone signaling alters lipid regulation (Li et al., 2023),
providing an intriguing possibility that ecdysone signaling mutants
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could alter membrane composition and protein localization at
the cell surface. Lastly, as signaling pathways do not function
in isolation, the permissive cue from ecdysone signaling must
work in cooperation with other motility-instructing signaling
pathways (e.g. Janus kinase/Signal transducer and activator of
transcription guidance factors and Hippo signaling) to tailor border
cell migration (Montell et al., 2012; Saadin and Starz-Gaiano,
2016), so more work is needed to understand these interactions.
Overall, we show a previously unreported regulatory mechanism
of collective cell migration kinetics by a nuclear hormone
receptor. Many nuclear hormone receptors are associated with
diseases, so fully understanding their actions might be a useful tool
for targeting therapeutics in the future (Kittler et al., 2013; Polvani
et al., 2014).

MATERIALS AND METHODS
Fly stocks and husbandry
Flies were raised on standard cornmeal-molasses food and were cultured
under standard conditions (25°C) unless otherwise noted. For genetic
crosses, virgin females of the appropriate genotype were collected at 18°C
for 2–7 days before crossing with males. Most crosses were established and
maintained at 25°C except for crosses containing the temperature-sensitive
expression construct tsGal80. tsGal80 suppresses Gal4 activity in a
temperature-dependent manner. Crosses with this construct were
established and maintained at 18°C to repress Gal4 activity because
continuous expression of EcR-DN with c306 is lethal. Flies of the
appropriate genotypes were then shifted to 29°C overnight to suppress
Gal80, permit Gal4 activity and induce expression of the EcR dominant-
negative construct. We observed poor survival when usp RNAi was
expressed with GR1-Gal4 compared to outcrossed controls, worse with
P{TRiP. JF02546} compared to P{TRiP. HMS01620}. Detailed genotypes
are listed in Table S1.

Ovary dissection
Prior to dissection, 2- to 7-day-old flies were transferred to yeast-supplemented
food at 25°C or 29°C andmaintained at the temperature for different periods of
time depending on their genotype, as follows. Unless otherwise noted,
experiments that includedGal4 transgenic lines were incubated at 29°C for 15–
17 h to maximize stage 8–10 egg chamber yield and Gal4 function. Other
genotypes were incubated at 25°C for 18–20 h. Ovaries were extracted from
female flies anesthetized under CO2 into dissection medium [1× Schneider’s
Drosophilamedium (Thermo Fisher Scientific, 21720-001), 10% fetal bovine
serum (Thermo Fisher Scientific/Gibco, 16000) and 0.6% penicillin/
streptomycin (Thermo Fisher Scientific/Gibco, 15140148)] and dissected
further into ovarioles. When dissecting multiple genotypes, ovarioles to be
used for immunofluorescencewere stored on ice prior to fixation. Ovarioles to
be used for live imaging were dissected in insulin-supplemented dissection
medium (see below) and were stored at room temperature (RT).

Immunostaining and live imaging of egg chambers
Following dissection, ovarioles were washed once with dissection medium
before using them for either immunofluorescence or live imaging. For a
detailed list of antibodies and dyes used, refer to Table S2. Immunostaining
was performed as per the following protocol for all antibodies except the one
directed against phospho-myosin (see below). Briefly, dissected samples
were fixed in 4% paraformaldehyde (ElectronMicroscopy Sciences, 15710)
diluted in 1× PBS for 10 min at RT. Fixed ovarioles were rinsed once and
washed two times with NP40 buffer [0.05 M Tris-HCl, pH 7.4, 0.15 M
NaCl, 0.5% Nonidet P-40 (Igepal CA-630, Sigma-Aldrich) and 1 mg/ml
bovine serum albumin (BSA)]. Samples were then incubated with the
respective primary antibody and/or phalloidin diluted in NP40 buffer for
one or two overnight incubations at 4°C. Following primary antibody
incubation, samples were washed two to three times and incubated with
secondary antibody (1:400) and phalloidin if indicated (1:50) overnight at
4°C or for 2–3 h at RT. Samples were washed once more before incubation
with DAPI (1:1000 diluted in NP40 buffer) for 10 min at RT to stain DNA to

visualize the nuclei. This was followed by another wash prior to mounting in
50% glycerol. Images were acquired using a Carl Zeiss AxioImager Z1
microscope and Apotome 2 optical sectioning or a Zeiss LSM 900 confocal
microscope with Airyscan 2. Both systems run Zen acquisition software
(Carl Zeiss Microscopy, Thornwood, NY, USA). Post acquisition, images
were analyzed or further processed using FIJI (see below).
The p-Myosin/p-MRLC staining protocol was based on previously

established protocols (Aranjuez et al., 2016; Lamb et al., 2021; Majumder
et al., 2012). Briefly, ovarioles were fixed in 8% paraformaldehyde in 1×
PBS and 0.5% Triton X-100 for 25 min at RT. Following fixation, samples
were blocked in Triton antibody wash buffer (1× PBS, 0.5% Triton X-100
and 5% BSA) for 1–3 h. Ovarioles were incubated with primary antibodies
for a minimum of 48 h at 4°C. Rabbit anti-phospho-myosin light chain 2
(Ser 19) antibody (3671T, Cell Signaling Technology, Danvers, MA, USA)
was diluted 1:100 in Triton antibody wash buffer along with other
antibodies and/or phalloidin as noted. This was followed by two to three 10-
min washes in Triton antibody wash buffer and secondary antibody
incubation overnight at 4°C (diluted 1:400 in Triton antibody wash buffer
with or without phalloidin). Samples were washed once with Triton
antibody wash buffer and incubated with DAPI as indicated (1:1000 diluted
in 1× PBS), followed by mounting in 50% glycerol. Images were acquired
using the Zeiss LSM 900 confocal microscope with Airyscan 2.
Live-imaging experiments were conducted similar to established

protocols (Prasad et al., 2007) using genotypes as indicated in the figure
legends. Egg chambers were dissected in dissection medium supplemented
with 200 µg/ml insulin (Cell Applications, 128-100). Post dissection,
egg chambers were transferred to fresh dissection medium, with or without
5 µg/ml FM4-64 (Thermo Fisher Scientific, T13320), a lipophilic dye to
stain cell membranes. For analysis of border cell migration speed, egg
chambers were imaged using the Carl Zeiss AxioImager Z1 microscope
with a 20× objective every 3 min. For protrusion analysis, egg chambers
were imaged using the Zeiss LSM 900 confocal microscope using a Plan-
Apochromat 40×/1.20 N/A objective. Five to six z-planes spanning the
border cell cluster were captured every 3 min using laser percentages <1.5%
to reduce phototoxicity.

Quantificationofmigrationdefects at stage9andstage10ofegg
chamber development
Migration defects at stage 9 were scored by comparing the position of the
border cell cluster with that of follicle cells that surrounded the egg chamber.
Clusters were considered delayed if they were more than one nurse cell
nucleus length away from the anteroposterior position where nurse cell-
associated outer stretch cells meet with the columnar follicle cell line
(Fig. S1A).

Migration defects at stage 10 were scored by comparing the position of
the cluster with the oocyte border. Any cluster that had not reached the
oocyte border by stage 10 was considered delayed. The approximate
position of delayed clusters was estimated along the total migratory path
(Fig. 1J′). Egg chambers were staged based on the position of the centripetal
cells – at stage 10, the centripetal cells migrate inward and are aligned with
the oocyte. In some cases, expression of GFP by the Gal4 line slbo-Gal4,
UAS-mCD8-GFP was used to identify stage 10 egg chambers.

Quantification of border cell migration speeds
Migration speeds were quantified from timelapse videos of live-imaged egg
chambers. A line was drawn from the anterior tip of the egg chamber to the
middle of the cluster at the first and last frames of the videos. The difference
in line lengths between the first and last frames was considered equal to the
distance migrated. This was divided by the duration of the video in minutes
to calculate speed of migration. For genotypes with detachment defects,
undetached clusters were not included; only detached clusters were used for
migration speed calculations.

Protrusion analysis
Protrusions were identified manually using PLCδ-PH–EGFP expression in
sum-intensity z-projections of timelapse videos of live-imaged egg
chambers. This construct fuses just the pleckstrin-homology (PH) domain
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of PLCδ to enhanced GFP, which recruits GFP to membranes by binding to
phosphoinositides (Verstreken et al., 2009); thus, it has been used
previously for protrusion analysis (Sawant et al., 2018). Both control and
EcR-DN-expressing clusters were analyzed in the same way. Lengths of
protrusions were measured using theMeasure feature in FIJI. The length of a
protrusion was calculated using a line drawn from the tip of the protrusion to
the closest point along the periphery of the compact border cell cluster.
Lifetimewas defined as the duration between the first and the last time frame
in which the protrusion was visible. If a protrusion was visible for a single
frame only, the time interval of imaging was used as its lifetime. The
direction of protrusion extension was identified by diving the cluster into
four quadrants – forward, lateral top and bottom, and rear, as schematized in
Fig. 2J. We did not track the dorsal or ventral orientations of the egg
chambers, so ‘top’ and ‘bottom’ refer simply to the orientation in the images
that we acquired.

Aspect ratio and perimeter analyses
For both aspect ratio and perimeter analyses, slbo-Gal4, UAS-mCD8-GFP
flies were crossed to either w1118 (used as controls) or EcR-DN flies.
Aspect ratio analysis was performed in FIJI. Sum-intensity z-projections
of border cell clusters were duplicated and thresholded by adjusting the
slider in default mode. Next, the thresholded image was converted to a
binary image, followed by a single round of close operation and open
operation (in the Process→Binary menu). These operations smoothen
objects, fill in small holes and remove isolated pixels. The resulting image
was converted to a mask, selected using the wand tool and added to
the region-of-interest (ROI) manager. The ROI was measured with the
following options selected in Analyze→Set Measurements: Area, Perimeter
and Shape Descriptors. Use of sum-intensity z-projections ensured that
protrusions extended by the cluster did not interfere with aspect ratio
measurements.
Perimeter analysis was performed in a similar manner except that

maximum-intensity projections were used. The perimeter of each cluster
was normalized to its area for comparison across genotypes and stages of
development. Use of maximum-intensity projections ensured that any
protrusions that extended were taken into account.

Fluorescence signal distribution and intensity analysis
For E-cad distribution of antibody-stained egg chambers (Fig. 3A–D‴), the
mean nurse cell cytoplasmic background was calculated in FIJI by drawing
an ROI in the nurse cell cytoplasm and using Analyze→Histogram.
Mean+(3×standard deviation) was subtracted from the image using
Process→Math→Subtract. Following this, the ‘16 colors’ lookup table
(LUT) was applied to the background-subtracted image to generate a
heatmap of distribution. The samples used were all stained under the same
conditions and images were acquired under the same settings.
For aPKC and Dlg1 distributions of antibody-stained egg chambers, we

conducted comparisons and acquired measurements for some genotypes. As
a positive control and comparison to EcR-DN-mutant clusters, we examined
Dlg1 distribution upon its overexpression using two different lines:
EY05003 and dlg1-S48S, which should express the full-length coding
regions of the protein under Gal4 activation (see Fig. S4 and Table S1). For
measuring intensity and distribution of aPKC and Dlg1 expression using
antibody staining in control and EcR-DN-mutant clusters (Fig. 4B,D,F,H),
we used a freehand selection ROI with a 5 pt width line to outline the cluster
in a z-plane containing the polar cells in FIJI. The outline started and ended
at the middle of the apical side of the cluster as this was clearly detectable
from the polar cells. This outline was then applied to a maximum-intensity
projection of the cluster to measure fluorescence intensity along the
circumference of the cluster using theMulti Plot tool. The resulting intensity
measurements were scaled using minimum–maximum normalization.
The scaled values (0–1) were plotted on the y-axis against normalized
distance around the circumference and on the x-axis as a 0–1 range, where
0 marks the start of the freehand selection and 1 marks the end, as shown in
Fig. 4 and Fig. S4.
Fluorescence intensities were measured using two separate methods.

Images used in quantitative comparisons were all stained and acquired under
the same conditions and settings.

EcR, E-cad, Hts and phalloidin levels (Fig. S1B–D; Fig. 3F; Fig. S3E-I)
were quantified by adapting the corrected total cell fluorescence (CTCF)
protocol described by McCloy et al. (2014) and obtained from The Open
Lab Book. Briefly, for EcR (Fig. S3E), a freehand selection ROI was drawn
outlining nuclei based on DAPI signal in FIJI. For phalloidin and Hts
(Fig. S3H,I, respectively), a freehand selection ROI was drawn outlining the
cluster. These ROIs were used to calculate area, mean, integrated density
and raw integrated density (Analyze→Set Measurements: Area, integrated
density, mean gray value). Separately, a circle ROI was drawn in the nurse
cell cytoplasmic area to calculate background intensity. CTCF was
calculated as the integrated density of freehand/line ROI–(area of
freehand/line ROI×mean gray value of background ROI). The resulting
CTCF values were normalized to DAPI or GFP CTCF values at the same
locations for each nucleus or cluster, respectively, before plotting. For
phalloidin and Hts, the normalized mean intensity of the control genotype
was set to 1 to plot the data in GraphPad Prism.
E-cad antibody staining intensities (Fig. 3F; Fig. S3B–D) were calculated

for each face of the cluster. A 5 pt width line ROI was drawn at the face being
measured. Separately, a line ROI of the same length was drawn in the nurse
cell cytoplasmic area to measure background intensity. Average intensities
were calculated by subtracting average background intensities from average
intensities at each face. For clusters where the background intensities were
higher than the signal intensities (such as for clusters expressing E-cad
RNAi), the average intensity after background subtraction was transformed
by the lowest value+1 to make all values positive. This was repeated for the
GFP expression. Finally, normalized mean intensity of the control genotype
was set to 1 to plot the data.

Myosin, pMRLC foci counts and average foci area quantification
To examine myosin protein distribution, we used a sqh-GFP insertion line
that expresses the sqh coding region with a GFP tag using the endogenous
sqh promoter (Royou et al., 2004). For pMRLC foci analysis, maximum-
intensity z-projections were analyzed in FIJI. A rectangular ROI was drawn
in nurse cell cytoplasmic area and used to calculate background intensity
using the Analyze→Histogram function. After background subtraction, the
difference of Gaussian method was employed to create a mask of the image.
Briefly, two duplicate images were created with a Gaussian blur filter of 1.00
sigma (radius) and 2.00 sigma (radius), respectively. The image with 2.00
sigma (radius) was subtracted from 1.00 sigma (radius) using the Image
Calculator function. The resulting image with more discrete foci was
thresholded using the default mode (the slider was adjusted where necessary
by manual comparison with the original image). The thresholded image
was converted to a mask. A bounding rectangle ROI was drawn around
the cluster. The following options were selected in Analyze→Set
Measurements: limit to threshold, bounding rectangle, area, area fraction.
Finally, the Analyze particles function was used with a size range of
0.1 µm2–∞ with the Show outlines option selected. The resulting outlines
of foci were manually classified into quadrants – forward, lateral top
and bottom, and rear. Quadrants were drawn on the cluster using
the ‘drawCirclesAndQuadrants.ijm’ macro by Olivier Burri (https://gist.
github.com/lacan/8acb3bfe51eb1b1ba6c60fba75e085a8).

Quantitative real-time PCR analysis
GR1-Gal4 virgin female flies were crossed with mCherry RNAi or w1118

(controls) or usp RNAi lines at 25°C. F1 progeny were fattened at 29°C
overnight and ovaries were pooled from approximately five female flies.
RNAwas extracted using the RNeasy mini kit (Qiagen, 74104) with DNase
I digestion (Thermo Fisher Scientific, EN0521). Following RNA extraction,
cDNA was synthesized using 1 µg of RNA (Bio-Rad iScript cDNA
synthesis kit, 1708841). Quantitative real-time PCR reactions were
performed in triplicate with iTaq Universal SYBR Green Supermix (Bio-
Rad, 1725122) and primers targeting usp and RpL32 (also known as rp49);
the latter was used as the reference gene. usp primers were designed
according to the fly primer bank (Hu et al., 2013). The primer sequences
were: usp forward 1, 5′-CAGCATCGTTTCGCTGGATG-3′; usp reverse 1,
5′-TGCGATGGTACGAGAAGCTC-3′; usp forward 2, 5′-CAGCAGCTT-
TTCGCCCAAG-3′; usp reverse 2, 5′-CGATCCCCGCAAATAGAGCA-
3′, RpL32 forward, 5′-TATTCCGACCACGTTACAAG-3′; and RpL32
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reverse, 5′-AGCATACAGGCCCAAGATC-3′. A Bio-Rad CFX96 qPCR
instrument was used to detect differences in RNA levels. Three biological
replicates were performed.

Software
Zen acquisition software (v3.6, Carl Zeiss Microscopy) was used to view
and acquire images. FIJI (v1.54b and v1.54f) was used for image analysis,
post image processing and movie generation. GraphPad Prism (v9.5.1 and
v10.1.0 for Windows, GraphPad Software, San Diego, CA, USA) was used
for statistical analysis and graph production. Statistical tests used are
indicated in figure legends.
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