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Organization and function of tension-dependent complexes
at adherens junctions
Cordelia Rauskolb, Estelle Cervantes, Ferralita Madere and Kenneth D. Irvine*

ABSTRACT
Adherens junctions provide attachments between neighboring
epithelial cells and a physical link to the cytoskeleton, which enables
them to sense and transmit forces and to initiate biomechanical
signaling. Examination of the Ajuba LIM protein Jub in Drosophila
embryos revealed that it is recruited to adherens junctions in tissues
experiencing high levels of myosin activity, and that the pattern of Jub
recruitment varies depending upon how tension is organized. In cells
with high junctional myosin, Jub is recruited to puncta near intercellular
vertices, which are distinct from Ena-containing puncta, but can
overlap Vinc-containing puncta. We identify roles for Jub in modulating
tension and cellular organization, which are shared with the cytohesin
Step, and the cytohesin adapter Sstn, and show that Jub and Sstn
together recruit Step to adherens junctions under tension. Our
observations establish Jub as a reporter of tension experienced at
adherens junctions, and identify distinct types of tension-dependent
and tension-independent junctional complexes. They also identify a
role for Jub inmediating a feedback loop that modulates the distribution
of tension and cellular organization in epithelia.

KEY WORDS: Mechanotransduction, Tension, Morphogenesis,
Ajuba

INTRODUCTION
Mechanical forces experienced by cells can influence the shapes
of individual cells, and the structures of tissues to which they
contribute (Heer and Martin, 2017). Additionally, through
mechanotransduction, forces perceived by cells can be converted
into biochemical responses that modulate cell behaviors. Adherens
junctions (AJs) are potential sites of mechanotransduction, as they
physically connect epithelial cells to each other and attach to the
actin cytoskeleton, which can exert tension on AJs (Leckband and
de Rooij, 2014; Lecuit and Yap, 2015; Yap et al., 2017). Proteins
have been identified that are recruited to AJs under tension,
including Vinculin (Vinc), Ajuba family proteins and Zyxin family
proteins, but our understanding of the full complement of proteins
recruited to AJs under tension, their relationships and the biological
consequences of their recruitment remain incomplete.
Core AJ proteins include the transmembrane cell adhesion protein

E-cadherin (E-cad; also known as Shg) and the catenins, which are
associated with or linked to the E-cad cytoplasmic domain (Harris
and Tepass, 2010). AJs are directly linked to the cytoskeleton through
the association of α-catenin with F-actin, although they can also be

linked through other AJ-associated proteins, including Vinc.
α-catenin plays a key role in mechanotransduction at AJs, as it can
undergo a tension-dependent conformational change that enables it to
recruit Vinc (Kim et al., 2015; Yao et al., 2014; Yonemura et al.,
2010), which may help to strengthen junctions under tension.

Tension-dependent recruitment of the Drosophila Ajuba LIM
protein (Jub) or its mammalian homolog, LIMD1, to AJs has a key
role in biomechanical regulation of the Hippo signaling network
(Ibar et al., 2018; Rauskolb et al., 2014). Jub or LIMD1 can bind to
and inhibit key kinases involved in Hippo signaling (theDrosophila
Warts or mammalian LATS1 and LATS2 kinases) (Das Thakur
et al., 2010; Rauskolb et al., 2011). Recruitment of these Ajuba
family proteins to AJs requires α-catenin (Ibar et al., 2018; Marie
et al., 2003; Rauskolb et al., 2014). Studies in cultured mammalian
cells revealed that recruitment of Ajuba family proteins occurs at
sites where, based upon binding of the a18 monoclonal antibody,
and colocalization of vinculin, tension-mediated conformational
changes in α-catenin occur (Ibar et al., 2018). Studies inDrosophila
have found, however, that Vinc and Jub actually associate with
distinct domains of α-catenin (Alégot et al., 2019).

Jub and LIMD1 are members of the Ajuba family of LIM domain
proteins, which are characterized structurally by the presence of three
LIM domains in their C-terminal halves (Schimizzi and Longmore,
2015). The Ajuba proteins are structurally related to the Zyxin
proteins, which also contain three C-terminal LIM domains (Koch
et al., 2012). In mammalian cells, zyxin contributes to repair of actin
stress fibers (Smith et al., 2010), and it is recruited to actin stress fibers
experiencing strain (Smith et al., 2013; Uemura et al., 2011), which
might account for a reported tension-dependent localization to AJs
(Oldenburg et al., 2015). Ajuba family proteins have been ascribed
a wide range of functions, possibly reflecting a core role as
scaffolding proteins, including effects on transcription, intercellular
signaling pathways, microRNA processing and the cytoskeleton
(Schimizzi and Longmore, 2015). They have also been ascribed a
correspondingly wide range of cellular locations. However, aside
from their influence on Hippo signaling, most studies have not linked
Ajuba family proteins to mechanotransduction. An exception to this
is the tension-dependent recruitment of the mammalian Ajuba family
protein WTIP in Xenopus, which has been linked to apical
constriction (Chu et al., 2018).

Here, we describe investigations of the recruitment and role of
Jub at AJs under tension. We show that Jub can be recruited to
AJs in a wide range of Drosophila tissues, and that the pattern of
Jub recruitment varies depending on how tension is organized in
different cell types. We compare Jub recruitment to other
proteins recruited to a subset of AJs and thereby identify distinct
AJ-associated complexes in Drosophila cells. We characterize
Hippo-independent Jub phenotypes, and establish a mechanistic
basis for them by showing that Jub is responsible, together with
Stepping stone (Sstn), for a tension-dependent recruitment of the
cytohesin Steppke (Step) to AJs, which then modulates myosinReceived 17 August 2018; Accepted 22 February 2019
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distribution and cellular organization. These observations implicate
Jub as a key component of a negative-feedback loop that stabilizes
and distributes tension at AJs.

RESULTS
Recruitment of Jub to junctions in cellswith elevatedmyosin
activity
Tension-dependent recruitment of Jub to AJs was first identified
in Drosophila wing imaginal discs, where Jub contributes to
regulation of Hippo signaling (Rauskolb et al., 2014). To investigate
the potential tension-dependent recruitment of Jub in other tissues, we
used a Jub:GFP genomic construct (Sabino et al., 2011) to examine
Jub localization in Drosophila embryos. This revealed that Jub is
detected at AJs throughout embryonic development, and that Jub
levels at junctions are elevated in cells known to have high actomyosin
contractility (Heer and Martin, 2017; Martin and Goldstein, 2014;
Tamada and Zallen, 2015), including in ventral furrow and posterior
midgut cells undergoing apical constriction, in cells of the developing
pharynx, and in leading-edge and amnioserosa cells during dorsal
closure (Fig. 1A–C,E; Fig. S1A,B). We also observed that, along
junctions where Jub recruitment is relatively low, it could be increased
by increasing myosin activity (Fig. S1B,C), as in imaginal discs
(Rauskolb et al., 2014) and as for mammalian Ajuba family proteins
(Chu et al., 2018; Ibar et al., 2018). Tension-dependent recruitment of
Jub to AJs in embryonic epithelia was also recently noted by Razzell
et al. (2018). Thus, robust recruitment of Jub to AJs appears to be a
general feature of epithelial cells experiencing high levels of
actomyosin contractility.

Spatial organization of myosin influences Jub recruitment
to junctions
In wing discs, the Jub distribution includes both a low-level, relatively
uniform accumulation along cell–cell junctions and a discrete high-
level accumulation in puncta that occur preferentially near
intercellular vertices (Figs 1D and 2A; Fig. S1D,E) (Rauskolb
et al., 2014). The precise location of Jub puncta varies, however, such
that when Jub intensities along many junctions are averaged, its
distribution is only slightly different from that of E-cad (Fig. S1E).
Jub puncta are more numerous along compartment boundaries, where
myosin accumulation and junctional tension are higher (Rauskolb
et al., 2014). In embryos, distinct Jub distributions are visible in
different cell types. Most epidermal cells exhibit a Jub distribution
similar to that in wing discs – a low-level junctional accumulation,
plus brighter puncta that are often near vertices (Fig. 1; Fig. S1). In
contrast, cells with high levels of apical-medial myosin and
undergoing apical constriction have relatively high levels of Jub at
junctions around the entire cell circumference. Cells exhibiting this
circumferential distribution of elevated Jub include ventral furrow
and posterior midgut cells (Fig. 1A; Fig. S1A), which undergo apical
constriction that contributes to their invagination, and amnioserosa
cells (Figs 1B,E and 2C), which undergo a constriction that pulls
lateral epidermal cells dorsally, thus driving dorsal closure (Heer and
Martin, 2017; Martin and Goldstein, 2014).
A particularly informative Jub distribution is observed near the

dorsal side of the leading-edge cells (where dorsal epidermal cells
contact the amnioserosa). A multicellular actomyosin cable here
establishes tension that surrounds the amnioserosa and contributes
to efficient dorsal closure (Franke et al., 2005). In the leading-edge
cells, bright puncta of Jub accumulation are observed near the
junctions between leading-edge cells, in line with the actomyosin
cable and adjacent to the peak myosin levels that occur between the
junctions (Figs 1B,E and 2C; Fig. S1B,F). These accumulations

could sometimes be resolved into two nearby puncta, one on each
side of the cell–cell junction (Fig. 2C; Fig. S1F). Jub puncta often
appear to have a diameter close to the diffraction limit (∼250 nm;
Fig. 2C). The distinct Jub localization in different cell types
indicates that Jub distribution is influenced both by the amount of
tension in a cell, and also by how that tension is organized.

Distinct AJ complexes in Drosophila epithelia
The conclusion that α-catenin undergoes a tension-dependent
conformational change was based, in part, on investigations of
binding between α-catenin and vinculin in mammalian cells (Kim
et al., 2015; Yao et al., 2014; Yonemura et al., 2010). InDrosophila,
Vinc localization can be detected using genomic GFP- or RFP-
tagged transgenes (Klapholz et al., 2015). In wing disc cells, we
observed extensive colocalization between Jub and Vinc, as – in
most cases – bright puncta of localization at junctions coincide
(Fig. 2A,B; Fig. S1E,F), consistent with the suggestion that they are
recruited to junctions through a shared process. Quantification of
colocalization, by calculation of Pearson’s colocalization co-
efficient, identified partial colocalization between Jub and Vinc in
wing discs (Fig. S2D). Moreover, we confirmed that junctional
localization of Vinc in wing discs is tension dependent, as it was
reduced by RNA interference (RNAi) targeting the myosin activator
Rho kinase (Rok) and enhanced by expression of an activated form
of myosin light chain (Sqh.EE) (Fig. 2G; Fig. S2A,B). It has also
been reported that Vinc localization to junctions within embryos can
be promoted by increased tension (Jurado et al., 2016; Kale et al.,
2018). We also compared Vinc to Jub localization in leading-edge
cells during dorsal closure, but observed only partial overlap
between Jub and Vinc (Fig. S2C,D), suggesting that additional
mechanisms contribute to Vinc recruitment in these cells.

The punctate localization of Jub and Vinc in wing discs marks a
distinct type of AJ that is promoted by cytoskeletal tension. Several
other proteins have been reported to exhibit a punctate distribution
along AJs; hence, we examined whether they colocalize with Jub, or
instead identify different protein complexes. Enabled (Ena) is an
actin regulator homologous to mammalian VASP proteins and
accumulates in puncta near intercellular vertices, both in wing discs
and in leading-edge cells (Gates et al., 2007; Major and Irvine,
2005). However, Ena puncta, examined using anti-Ena antibodies,
are usually adjacent to, rather than overlapping, Jub puncta
(Fig. 2B–D; Fig. S2E). Quantification of colocalization in wing
discs confirms significantly less overlap of Ena with Jub, compared
to Vinc (Fig. S2D). Quantification of the mean distribution along
junctions revealed that Ena puncta tend to be closer to tricellular
vertices than Jub puncta in wing discs, and that Ena is less evenly
distributed along junctions, i.e. peaks associated with Ena puncta
are more prominent when junctional distributions are averaged
(Fig. S2I,J). Along the leading edge, where the rectangular
organization of cell–cell junctions facilitates direct comparisons,
Jub puncta are consistently closer to cell–cell junctions than Ena
puncta (Fig. 2C; Figs S1F and S2E). Vinc puncta were also clearly
distinct from Ena puncta in wing discs (Fig. 2B; Fig. S2G), but
partially overlapping in leading-edge cells (Fig. S2F), consistent
with the observed relationship between Jub and Vinc.

Drosophila Zyxin (Zyx) also exhibits a punctate distribution in
disc epithelial cells (Rauskolb et al., 2011). Zyx can interact with
Ena/VASP proteins (Drees et al., 2000; Gaspar et al., 2015).
Comparisons of the Zyx distribution to that of Ena, using a UAS-
YPet:Zyx transgene, revealed extensive colocalization (Fig. 2E;
Fig. S2G,H). Certain antibodies that recognize phosphorylated
tyrosine, including the anti-p-Tyr monoclonal PY20, and antisera
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recognizing a phosphorylated tyrosine on β-catenin (Y654), can
also generate a punctate staining pattern in Drosophila epithelia
(Brunet et al., 2013; Major and Irvine, 2005). Although β-cat-
pY654 staining exhibits a broader distribution than YPet:Zyx or Ena

staining, the most intense puncta of β-cat-pY654 overlap with YPet:
Zyx and Ena (Fig. S2G,H).

Another distinct type of junctional complex was identified by
localization of the Sidekick (Sdk) protein. Sdk is an immunoglobulin

Fig. 1. Jub localization at different stages of development. (A–E) Localization of Jub:GFP (green/white) in ventral furrow, compared to DNA (blue) and
Armadillo (Arm, β-catenin, red/white) (A); dorsal closure, compared to Arm (blue/white) and Sqh:Cherry (red/white) (B); pharynx, compared to Arm (red) (C); wing
disc, compared to Sqh:Cherry (red) and E-cad (blue) (D); and dorsal closure, compared to Arm (blue/white) and Sqh:Cherry (red/white) (E). Scale bars are shown
at the top left of images in figures. Insets show higher-magnification views of the boxed region in A.
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Fig. 2. See next page for legend.
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superfamily protein that has been studied for its role in the nervous
system (Nguyen et al., 1997), but has also been reported to exhibit a
punctate distribution in epithelia (Lye et al., 2014). Examination of
Sdk localization using an Sdk:GFP protein trap revealed that it
consistently localizes directly at intercellular vertices (Fig. 2F;
Fig. S2J), which distinguishes it from the more variable near-vertices
localization of Ena or Jub. Sdk is also distinct from the previously
described Drosophila tricellular vertices proteins Bark beetle and
Gliotactin (Byri et al., 2015; Schulte et al., 2003), as they overlapwith
septate junctions proteins, whereas Sdk overlapswith E-cad (Fig. 2F).
Altogether, our localization studies suggest that a single wing disc
cell has at least four different types of AJ complexes: Jub-associated,
Ena-associated, Sdk-associated, and AJs lacking Jub, Ena and Sdk
complexes.
The Jub complex is regulated by tension (Rauskolb et al., 2014).

To investigate whether Ena localization is influenced by tension, we
examined the consequences of either decreasing or increasing
tension. Tension was decreased in posterior wing disc cells by en-
Gal4-driven RNAi of Rok or increased by expression of activated
Rok (Rok.CA). Ena levels at junctions are normally slightly lower in
posterior wing disc cells than in anterior wing disc cells (Fig. 2H;
Fig. S3C) (Gaspar et al., 2015). Decreasing tension in posterior cells
mildly decreased Ena localization at junctions in posterior cells, but
the decrease was not significant (Fig. 2H; Fig. S3A). Moreover,
increasing tension did not increase Ena localization at junctions, in
contrast to the increase in Jub recruitment (Fig. 2H; Fig. S3B).
These observations suggest that Ena does not directly respond to
tension on junctions.

Independent recruitment of proteins to AJ complexes
To investigate functional relationships among proteins in the Jub-
and Ena-containing complexes, we used RNAi to knock down the
expression of complex components, and then examined whether the
localization of other proteins was affected. RNAi lines were
expressed in posterior cells under an en-Gal4 driver, such that
anterior cells could be used as an internal control for protein
localization and staining. The effectiveness of the RNAi lines was
confirmed by fluorescence imaging (Fig. S4). This analysis
suggested that Jub and Vinc are each independently recruited to
AJs in wing disc cells, as Vinc was still recruited to AJs in jubRNAi
cells, and Jub was still recruited to AJs in Vinc RNAi cells (Figs 2G
and 3A,B,F).
We also assayed for potential interactions between complexes by

examining Ena localization in cells subject to RNAi for jub or Vinc,

and Jub localization in cells subject to RNAi for ena or Zyx. Ena
localization was not visibly affected by knockdown of jub or Vinc,
or knockdown of Zyx (Fig. 3C,E,G,H; Fig. S3D), consistent with
the detection of junctional Ena in Zyxmutants (Gaspar et al., 2015).
Jub localization was similarly unaffected by knockdown of ena
(Fig. 3D,F), although, unexpectedly, Jub levels at junctions were
reduced by knockdown of Zyx (Fig. 3E,F). Zyx localization was
not obviously affected by knockdown of ena or jub (Fig. 3I;
Fig. S3F–H). Thus, with the exception of an influence of Zyx on Jub
localization, it appears, based on the level of knockdown achieved
using RNAi, that each of these proteins localizes to AJ complexes
independently.

Influence of Jub on cellular organization
The widespread accumulation of Jub at AJs throughout
embryogenesis, often in cell types in which Hippo signaling has
no known role, raised the question of whether Jub might have other
functions at AJs. Indeed, mammalian homologs of Jub have been
ascribed a range of activities in addition to their influence on
Hippo signaling, including effects on transcriptional repression,
centrosome integrity, microRNA processing and cell adhesion
(Schimizzi and Longmore, 2015). To begin to investigate potential
functions in Drosophila embryos, we examined jub mutant
embryos, using a previously described null allele (Das Thakur
et al., 2010), but observed no evident defects. As jub might also be
maternally contributed, we then created and examined jub mutant
embryos derived from jub mutant germline clones (henceforth, jub
embryos). Less than 10% of jub embryos die during embryogenesis
(Fig. S5B); most die during larval stages and none survive to
adulthood. Examination of larval cuticles did not reveal any
consistent defects associated with jub embryos. To further
investigate potential developmental defects in jub embryos, we
focused on dorsal closure, because of the prominent elevation of Jub
at junctions in cells known to contribute to dorsal closure, and
because dorsal closure is a key morphogenetic event during
embryogenesis that depends upon actomyosin contractility
(Franke et al., 2005; Martin and Goldstein, 2014).

Both examination of fixed embryos and time-lapse imaging of
live embryos revealed that dorsal closure still occurs in jub embryos,
which is consistent with the absence of defects in the dorsal cuticle
of jub embryos and larvae. However, examination of individual
cells using anti-E-cad staining, or an E-cad:GFP transgene, revealed
differences in cellular organization in the dorsal and lateral
epidermis. In wild-type embryos, these cells become elongated
and organized into rows perpendicular to the leading edge as they
are stretched by the contracting amnioserosa (Fig. 4A; Movie 1).
Most of these wild-type cells have a similar size, and a similar,
nearly rectangular, shape. In jub embryos, by contrast, there is
greater heterogeneity in cell sizes, shapes and arrangements
(Fig. 4B,C; Movie 2). One notable aspect of the altered cellular
shapes and arrangements is an increase in multicellular rosettes,
defined as five or more cells sharing a common intercellular vertex.
Rosettes contribute to cellular rearrangements that drive germband
extension (Blankenship et al., 2006). They can also occur during
dorsal closure, but, during this process, are normally rare and
transient (West et al., 2017). However, both the frequency and
duration of rosettes was substantially increased in jub embryos
compared to wild-type embryos (Fig. 4A–E). In addition to altered
cellular organization, in a fraction of embryos (<20%), gaps occur
within the amnioserosa, particularly at the junction between the
amnioserosa and leading-edge cells (Fig. 4F), or within the actin
cable along the leading edge (Fig. S5A). The defects observed in jub

Fig. 2. Colocalization of AJ complex proteins. (A–F) Examination of
colocalization amongst proteins in AJ complexes, with AJs marked by E-cad
(blue). Portions of wing discs are shown in A, B and D–F; C shows the leading
edge during dorsal closure. (A) Jub:GFP (green/white) overlaps Vinc:RFP
(red/white). (B) Jub:GFP (green) and Vinc:RFP (red) overlap each other, but
do not overlap Ena (blue). (C) Ena (red) puncta are adjacent to Jub (green)
puncta in leading-edge cells; Jub puncta are closer to leading-edge cell–cell
junctions. Insets show higher-magnification views of the boxed regions.
(D) Jub (green/white) puncta do not overlap Ena (red/white) puncta. (E) Ena
(red/white) puncta overlap YPet:Zyx (green/white) puncta. (F) Sdk:GFP
(green) overlaps E-cad (blue) but not Ena (red). (G) Quantification of the
relative junctional intensity of Vinc, normalized to E-cad intensity, in posterior
(P) versus anterior (A) cells in wing discs expressing control UAS line (n=14),
UAS-Rok RNAi (n=5), UAS-sqh.EE (n=8) or UAS-jub RNAi (n=13) under en-
Gal4 control. (H) Quantification of the relative junctional intensity of Jub and
Ena, as indicated, in P versus A cells in wing discs expressing control UAS line
(n=7),UAS-RokRNAi (n=14) orUAS-Rok.CA (n=6) under en-Gal4 control. For
G and H, significant differences from control are indicated. ns, not significant;
P>0.05; *P≤0.05, ***P≤0.001, ****P≤0.0001. Error bars indicate 95% c.i.
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Fig. 3. See next page for legend.
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embryos during dorsal closure have some similarities to defects
observed in ena, canoe (cno) or polychaetoid ( pyd) mutant embryos
(Choi et al., 2011; Gates et al., 2007). However, those mutants have
reduced embryonic viability compared to jub embryos and also
exhibit additional defects, including failures in head involution and
retraction of segmental grooves, which were not observed in jub
embryos.

jub and step exhibit similar phenotypes
The defects in cellular organization observed during dorsal closure,
particularly the increased number and duration of multicellular
rosettes, are reminiscent of the phenotype of step mutant embryos
(West et al., 2017). Step is the Drosophila cytohesin, a guanine-
nucleotide exchange factor (GEF) for Arf family G proteins (Jackson
and Bouvet, 2014). Step has been implicated in several different
biological processes, including receptor tyrosine kinase signaling,
endocytic regulation and cytoskeletal regulation (Donaldson and
Jackson, 2011; Jackson and Bouvet, 2014). Recently, Step was
implicated in a negative-feedback loop that reduces tension within
dorsal epidermal cells, thus facilitating their stretching and elongation
in response to external tension provided by constriction of the
amnioserosa (West et al., 2017). This suggestion was based, in part,
on observations that Step localization to cell junctions is promoted by
cytoskeletal tension and experiments suggesting that tissue tension is
higher in step mutant embryos.
To begin to investigate the possibility that Jub and Step activities

are connected, we compared their localization, using a UAS-step:
Cherry transgene (Lee and Harris, 2013). This revealed
colocalization between Jub and Step at multiple sites, including
puncta along the leading edge during dorsal closure, puncta near
vertices in dorsal epidermal cells and puncta in wing imaginal disc
cells (Fig. 4G,H; Fig. S2D).
To assess the potential significance of their colocalization in wing

imaginal discs, we compared the phenotypes of wing discs in which
jub or step were knocked down in posterior cells by en-Gal4 driven
RNAi. This revealed defects in both cellular organization and
myosin accumulation (Fig. 5A–C; Fig. S6A–C). Examination of
E-cad staining revealed increased heterogeneity of cell shapes and
sizes. The myosin distribution in wing discs was also strikingly

abnormal. Normally, most cell–cell junctions in the wing disc have
similar levels of myosin accumulation. Conversely, in regions
depleted of jub or step, prominent multicellular cables with elevated
myosin were detected, but, at the same time, myosin levels were
greatly reduced or even undetectable on other cell junctions (Fig. 5;
Fig. S6). The influence of jub and step on myosin was similar, but,
in contrast to jub RNAi, step RNAi did not significantly reduce the
size of the posterior compartment, suggesting that, unlike Jub, Step
does not promote Yki activity. To confirm this, we also examined
the influence of step RNAi on expression of a Yki target gene,
expanded (ex), and on wing size. Overall wing size is only modestly
reduced by step RNAi (Fig. S5E,G), and expression of an ex
reporter gene, ex-lacZ, was not visibly affected (Fig. S5J). Further
evidence that the reorganization of myosin in jub or step knockdown
cells is unrelated to Hippo signaling was provided by comparisons
to Zyx, which has effects similar to jub on Hippo signaling
(Rauskolb et al., 2011), but not on myosin distribution (Fig. 5E;
Fig. S6E).

Jub and Sstn cooperate to promote Step localization to AJs
To investigate the possibility that the shared phenotypes and
colocalization of Jub and Step stem from a direct connection
between them, we asked whether knockdown of either protein
influenced the localization of the other. As Step localization was
assessed using UAS transgenes, we used nub-Gal4 to drive UAS-
step:Cherry and RNAi line expression throughout the wing pouch
to assay for effects on Step localization (UAS-step is lethal in
combination with en-Gal4). As we lack antisera against Step
protein, the effectiveness of step RNAi was confirmed by its
ability to knock down levels of Step:Cherry (Fig. S4I,J). We
observed an apparent hierarchical relationship between Jub and
Step: Jub knockdown was sufficient to remove Step from AJs
(Fig. 6A,B,F), but Step knockdownwas not sufficient to remove Jub
from AJs (Fig. 3F; Fig. S7A). As a control, we confirmed that Step
localization to AJs is still detected in Zyx RNAi wings discs
(Fig. 6F; Fig. S7C). Jub localization is slightly altered in step RNAi
wing discs, as lines of elevated Jub puncta are detected (Fig. S7A),
which is consistent with the reorganization of myosin induced by
loss of Step (Fig. 5C; Fig. S6C).

Sstn was identified as an adapter protein that contributes to Step
localization at membranes during cellularization of Drosophila
embryos (Liu et al., 2015). We thus extended our analysis to Sstn
using UAS-sstn:Cherry or UAS-sstn:GFP transgenes, and sstn
RNAi (Fig. S4K,L). Sstn also colocalizes with Jub at AJs in wing
disc cells (Fig. 4I; Fig. S2D). The colocalization of Step and Sstn
with Jub suggested that their junctional localization might also be
promoted by tension. To examine this, we reduced tension in wing
discs expressing GFP-tagged Step or Sstn by RNAi of Rok. This
resulted in a strong and consistent decrease in junctional recruitment
of Step (Fig. 6G; Fig. S7D,E), but a weaker and more variable
decrease in Sstn recruitment, which was not statistically significant
(Fig. 6H; Fig. S7F,G).

To assess the functional significance of Sstn colocalization, we
examined sstn RNAi in wing discs. This results in a phenotype
similar to jub or step knockdown, including intercellular cables with
elevated myosin along some junctions and absent myosin along
other junctions, as well as irregular cell shapes and sizes (Fig. 5D;
Fig. S6D). Sstn was not required for wing growth or Yki activity
(Fig. S5F,G,K). Knockdown of sstn also revealed that it is required
for Step localization to AJs in wing disc cells (Fig. 6C,F), which
could thus account for the sstn wing disc phenotype. Conversely,
knockdown of Sstn did not prevent Jub localization to AJ (Fig. 3F;

Fig. 3. Independent junctional localization of AJ proteins. (A–E) Leftmost
column: wing imaginal discs in which UAS-RNAi lines were expressed in
posterior cells (red) under en-Gal4 control to assess potential requirements for
localization of AJ complex proteins, with AJs marked by E-cad staining (blue/
white). Columns to the right show higher-magnification views of the anterior (a)
or posterior (p) boxes. (A) RNAi of jub does not affect Vinc (green/white)
localization. (B) RNAi of Vinc does not affect Jub (green/white) localization.
(C) RNAi of jub does not affect Ena (green/white) localization. (D) RNAi of ena
does not affect Jub (green/white) localization. (E) RNAi of Zyx slightly
decreases Jub (green/white) localization and does not affect Ena (blue/white).
(F) Quantification of the relative junctional intensity of Jub, normalized to E-cad
intensity, in P versus A cells in wing discs expressing control UAS line (n=12),
UAS-VincRNAi (n=8),UAS-stepRNAi (n=9),UAS-sstnRNAi (n=7), UAS-ena
RNAi (n=6) or UAS-zyx RNAi (n=6) under en-Gal4 control. (G) Quantification
of the relative junctional intensity of Ena, normalized to E-cad intensity, in P
versus A cells in wing discs expressing control UAS line (n=8),UAS-VincRNAi
(n=5) or UAS-jub RNAi (n=10) under en-Gal4 control. (H) Quantification of the
relative junctional intensity of Ena, normalized to E-cad intensity, in wing discs
expressing control UAS line (n=21), UAS-Zyx RNAi (n=12) or UAS-sstn RNAi
(n=14) under nub-Gal4 control, normalized to themean intensity ratio in control
discs. (I) Quantification of the relative junctional intensity of Zyx in wing discs
expressingUAS-YPet:Zyx and control UAS line (n=7), UAS-jubRNAi (n=6), or
UAS-ena RNAi (n=8) under en-Gal4 control, normalized to the mean intensity
in control discs. Significant differences from control are indicated; ns, not
significant; P>0.05; **P≤0.01, ***P≤0.001. Error bars indicate 95% c.i.
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Fig. 4. Embryonic phenotypes of jub and colocalization with Step. (A–C) Dorsal epidermal cells of wild-type (A) and jub germ line clone (B,C) embryos.
Examples of rosettes are marked by yellow circles. (D,E) Quantification of average rosette number per half embryo at each time point (D) and duration of rosettes
(E) from live embryos imaged every 10 min during the last 2 h of dorsal closure displayed as a Tukey box plot, with X marking the mean. (F) Example of jub
embryo with detachment of amnioserosa from the leading edge (arrow). (G) Colocalization of Jub (green/white) with Step (red/white) in the dorsal epidermis and
leading-edge cells of embryos expressing UAS-step:Cherry under da-Gal4 and act-Gal4 control. Arrows highlight examples of Jub and Step colocalization in
the dorsal epidermis. (H) Colocalization of Jub (green) with Step (red) in wing disc cells expressingUAS-step:Cherry under nub-Gal4 control. (I) Colocalization of
Jub (green) with Sstn (red) in wing disc cells expressing UAS-sstn:Cherry under nub-Gal4 control.
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Fig. S7B), nor did knockdown of Jub prevent Sstn localization to AJ
(Fig. 6D,E,H). Thus, based on the levels of knockdown that could
be achieved by RNAi, it appears that Sstn and Jub are each
independently recruited to AJs, and Sstn and Jub are then both
required for normal Step recruitment to AJs.

DISCUSSION
Jub levels at junctions are elevated in a wide range of cell types with
elevated actomyosin contractility during embryogenesis. Together
with prior studies demonstrating that myosin activity promotes
junctional localization of Jub in wing disc cells (Rauskolb et al.,

Fig. 5. Influence of jub, step and sstn on wing disc epithelia. (A–E) Close-ups of wing discs expressing RNAi lines in posterior cells (marked by UAS-RFP,
blue) under en-Gal4 control, stained for E-cad (red/white) and also expressing Zip:GFP (green/white) and control (A), UAS-jub RNAi (B), UAS-step RNAi (C),
UAS-sstn RNAi (D) or UAS-Zyx RNAi (E). Arrows point to examples of myosin cables that extend across multiple cells.
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Fig. 6. See next page for legend.
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2014), and junctional localization of mammalian Ajuba family
proteins in cultured cells (Chu et al., 2018; Ibar et al., 2018), our
observations establish Jub and its homologs as exhibiting a
generalized recruitment to AJs under tension. Jub could thus be
considered to act as a reporter or ‘sensor’ of junctional tension – a
protein whose localization identifies sites at which AJs are under
tension.
A hypothesis for the distinct Jub distributions observed in

different cell types is suggested by the relationship between myosin
and Jub localization, together with the model that Jub, like Vinc, is
recruited to an ‘open’ form of α-catenin that occurs when α-catenin
at molecules experience a pulling force from the actin cytoskeleton.
This relationship between Jub and α-catenin conformation is
supported by the overlap in localization between Jub and Vinc in
both Drosophila and mammalian cells, as well as the overlap
between Ajuba family protein localization and binding of the a18
monoclonal antibody (Ibar et al., 2018), which specifically
recognizes an open form of α-catenin (Yonemura et al., 2010),
and by the recent identification of mutant α-catenin constructs that
constitutively recruit Jub to AJs (Alégot et al., 2019). We propose
that, in cells with high levels of medial actomyosin contractility,
α-catenin molecules around the entire cell circumference could
experience a pulling force toward the center of the cell, generating
the open form of α-catenin that binds Jub (Fig. 7A). This would
explain the circumferential recruitment of Jub observed in ventral
furrow cells, posterior midgut cells and amnioserosa cells. In
contrast, in cells with high levels of junctional tension, we propose
that generation of the open form of α-catenin depends upon their
location and orientation relative to junctional actomyosin cables. At
cell–cell junctions that intersect actomyosin cables, α-catenin
molecules could be pulled into the open conformation by
unidirectional tension from end-on attachment of these cables to
AJs (Fig. 7A). This would be consistent with observations of actin
cables in MDCK cells with elevated tension, which identified actin
cables attached end-on to AJ complexes near tricellular junctions
(Choi et al., 2016). One could thus expect rows of Jub puncta along
actomyosin cables that mechanically connect multiple cells.
Consistent with this, at high resolution, Jub puncta along the
leading edge during dorsal closure could be resolved into two
adjacent spots at each junction between leading-edge dorsal
epidermal cells. Conversely, along cell membranes that run
parallel to actomyosin cables, pulling forces experienced by α-

cateninmolecules from their attachment to F-actin could be balanced,
such that there is no net pull on α-catenin away from the junctions,
and α-catenin remains in a closed conformation that exhibits
relatively little Jub association (Fig. 7A). Thus, our observations
imply that Jub localization at junctions reflects not only the amount of
cytoskeletal tension, but also its spatial organization.

Our observations also enhance appreciation of the in vivo
complexity of AJs. Around the circumference of a single wing disc
epithelial cell, we observed three different types of protein complexes
overlapping E-cad (Fig. 7B). Jub-containing complexes, established
by tension on AJs, are characterized by tension-dependent
recruitment of Jub. They also include Warts and Step, recruited in a
Jub-dependent fashion, andVinc and Sstn, recruited independently of
Jub. Ena-containing complexes are characterized by recruitment
of Ena and Zyx, and also by elevated tyrosine phosphorylation of
β-catenin. Jub- and Ena-containing complexes are adjacent rather
than overlapping. Studies in mammalian cells have identified zyxin
and vinculin as proteins that can associate with Ena/VASP proteins
(Drees et al., 2000; Reinhard et al., 1999), and Drosophila Ena and
Zyx can physically associate (Gaspar et al., 2015); but, how Ena is
recruited to a complex in Drosophila epithelia that, at the level of
confocal microscopy, overlaps or is adjacent to AJs, remains unclear.
We also identified Sdk as a protein that localizes specifically to
intercellular vertices. Its role there remains unknown, but we note that
strong sdkmutants are viable (Astigarraga et al., 2018), implying that
it is not essential for epithelial integrity.

Our examination of jub embryos led to identification of a role for
Jub in controlling the organization of epithelial cells and the
distribution of junctional myosin. In both dorsal epidermal cells and
wing imaginal disc cells, loss of jub leads to changes in cellular
organization. A distinctive feature of the jub phenotype in dorsal
epidermal cells – an increased number and persistence of
multicellular rosettes during dorsal closure – led us to discover a
relationship between the requirement for Jub and the requirement
for Step. Further analysis revealed that Jub and Step colocalize at
tension-dependent puncta along AJs, that Jub is required for
localization of Step at AJs, and that loss of jub or loss of step results
in similar phenotypes in both embryos and wing imaginal discs. The
role of Jub in recruiting Step to AJs establishes a molecular basis for
this class of jub phenotypes.

Step is a cytohesin, a class of GEFs for Arf family G proteins.
Cytohesins have been implicated in a range of different activities,
including regulation of signal transduction, endocytosis and the
cytoskeleton (Donaldson and Jackson, 2011; Jackson and Bouvet,
2014). Examination of an influence of Step on Drosophila
cellularization led to the suggestion that Step reduced actin
polymerization and myosin activity by decreasing levels of Rho1
through promotion of endocytic activity (Lee and Harris, 2013).
Step has also been implicated in downregulating actomyosin
activity to allow stretching of the dorsal epidermis during dorsal
closure, and zebrafish cytohesins appear to play a similar role during
epiboly (West et al., 2017). Prior to dorsal closure, during germband
retraction, step mutants were observed to have myosin cables that
appear more intense and continuous than in wild-type embryos
(West et al., 2017). We did not observe obvious differences in
myosin accumulation in jub embryos, but, even in step embryos, the
differences in myosin were not dramatic. In imaginal discs, by
contrast, clear differences in myosin accumulation, including
abnormal and prominent myosin cables, were evident. Studies of
Step during dorsal closure also revealed that its recruitment to cell
junctions depends upon cytoskeletal tension, but the basis for this
was unknown (West et al., 2017). Our observations have now

Fig. 6. Regulation of Step localization by Jub and Sstn in wing discs.
(A–E) Close-ups of control wing discs expressing UAS-step:Cherry or UAS-
sstn:GFP, or wing discs also expressing UAS-RNAi lines under nub-Gal4
control, and stained for Ena (green/red/white) and E-cad (blue/white). (A)
Control disc showing localization of Step:Cherry (red/white). (B) RNAi of jub
leads to loss of Step:Cherry (red/white) from junctions. (C) RNAi of sstn leads
to loss of Step:Cherry (red/white) from junctions. (D) Control disc showing
localization of Sstn:GFP (green/white). (E) RNAi of jub does not influence
junctional localization of Sstn:GFP (green/white). (F) Quantification of the
relative junctional intensity of Step:Cherry, normalized to E-cad intensity, in
wing discs expressing control UAS line (n=20), UAS-sstn RNAi (n=13), UAS-
jubRNAi (n=28) orUAS-zyxRNAi (n=9) under nub-Gal4 control, normalized to
the mean intensity ratio in control discs. (G) Quantification of the relative
junctional intensity of Step:GFP, normalized to E-cad intensity, in wing discs
expressing control UAS line (n=11) or UAS-Rok RNAi (n=13) under nub-Gal4
control, normalized to the mean intensity ratio in control discs. (H)
Quantification of the relative junctional intensity of Sstn:GFP, normalized to
E-cad intensity, in wing discs expressing control UAS line (n=19), UAS-jub
RNAi (n=10) or UAS-Rok RNAi (n=8) under nub-Gal4 control, normalized to
the mean intensity ratio in control discs. Significant differences from control are
indicated; ns, not significant;P>0.05;****P≤0.0001. Error bars indicate 95%c.i.
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established a molecular mechanism for the tension-dependent
recruitment of Step to AJs, by establishing that it depends upon Jub,
which is recruited to AJs in a tension-dependent manner.
While this paper was in preparation, Razzell et al. (2018) described

an analysis of jub embryos, with a focus on Jub localization and
phenotypes during germband extension. Notably, they observed a
significant increase in the formation and duration of multicellular
rosettes during germband extension, consistent with the increased
rosette formation we observed during dorsal closure. Also consistent
with our observations, they observed tears between the dorsal
epidermis and the amnioserosa. However, they interpreted jub
phenotypes as evidence for a role of Jub in maintaining cell–cell
adhesion during morphogenesis. Our linkage of Jub to Step suggests
an alternative explanation, in which loss of Jub, and consequently
loss of Step, leads to accumulation of excess tension at some cellular
interfaces, which then may dissociate cell–cell junctions.

Jub, Sstn and Step appear to participate together in a negative-
feedback loop: they are recruited to AJs by cytoskeletal tension and
once at junctions they can downregulate cytoskeletal tension.
However, absence of these proteins does not cause a general
increase in myosin. Instead, it appears, at least in wing discs, that
myosin is reorganized, from a relatively even distribution of
junctional myosin to a very uneven distribution that includes
prominent multicellular myosin cables along some junctions, while
other junctions have little or no associated myosin. We propose that
this shift could be explained by counterbalancing roles of positive-
and negative-feedback loops that modulate myosin accumulation
(Fig. 7C). Experimental observations have supported the existence
of tension-dependent recruitment of myosin (Fernandez-Gonzalez
et al., 2009; Pouille et al., 2009), and theoretical modeling of an
active tension network that incorporates tension-dependent myosin
recruitment can generate features of epithelial cell dynamics (Noll

Fig. 7. Models for Jub localization and action at AJs. (A) Illustration of the hypothesis that formation of the high-tension conformation of α-catenin that binds Jub
depends upon both the amount of tension (arrows) in actomyosin filaments (red lines) and its orientation relative to AJs. Jub binding requires tension applied
perpendicular to the membrane. For simplicity, AJs are only shown along one side of the cell (black lines), not on other sides (gray lines). (B) Illustration
of four different types of AJ complexes identified in wing imaginal disc cells at different locations around the cell circumference. (C) Illustration of how myosin
distribution is altered in the absence of jub, step or sstn. Tension-dependent recruitment of myosin creates a positive-feedback loop, which, in the absence of the
negative-feedback loop provided by Jub, Sstn and Step, we hypothesize results in accumulation of myosin inmulticellular cables and depletion from other cell–cell
junctions.
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et al., 2017). Tension-dependent recruitment of myosin generates a
positive-feedback loop. Positive-feedback loops push a system
towards extremes, and we suggest that the myosin distribution
observed in the absence of Jub, Sstn or Step is what could be
expected to occur if myosin localization were dominated by a
positive-feedback loop – most myosin accumulates on a subset of
junctions that experience and generate highest tension, and myosin
becomes depleted from other junctions. The role of Jub–Step
biomechanical signaling could thus be described as establishing a
negative-feedback loop that generates evenly distributed myosin to
counteract the positive-feedback loops that would otherwise
generate uneven tension. Dynamic morphogenetic processes
would require modulation of these feedback loops. For example,
self-reinforcing tension and myosin recruitment could contribute
to the formation of multicellular rosettes, but resolving these
rosettes could require counteracting this tension-dependent myosin
recruitment.
Our observations, together with those of Razzell et al. (2018),

have identified a role for Jub in biomechanical signal transduction
that is distinct from its role in cytoskeletal regulation of Hippo
signaling. The role of Jub in Step recruitment to AJs suggests that it
could be considered to act as a multifunctional adapter protein,
which can recruit a variety of distinct proteins to AJs under tension
to control cell behaviors, including Warts, to modulate Yki activity
and cell proliferation, and Step, to modify cytoskeletal organization.
The conserved role of zebrafish cytohesins in regulating tissue
tension and myosin localization (West et al., 2017), together with
the conservation of tension-dependent localization of vertebrate
Ajuba family proteins to AJs (Chu et al., 2018; Ibar et al., 2018),
raises the possibility that this pathway for biomechanical feedback
could also play a key role in modulating cell behaviors in
vertebrates.

MATERIALS AND METHODS
Drosophila genetics
Unless otherwise indicated, crosses were performed at 25°C. To create jub
embryos, Df(1)jubII FRT19A/FM7,sn twi-Gal4 UAS-GFP females were
crossed to y w hs-FLP ovoD1 sn FRT19Amales. Larvae at 48–72 h after egg
laying were heat-shocked for 1 h at 38°C to induce germline clones. Non-
balancer adult female progeny were collected and crossed to sibling FM7 sn
twi-Gal4 UAS-GFPmales (for fixed imaging), FM7 sn twi-Gal4 UAS-GFP;
E-cad:GFP/+ males (for live imaging) or FM7 Dfd-YFP males (for
embryonic viability analysis).

To drive expression in UAS-Gal4 experiments, we used da-Gal4 Act-
Gal4 in embryos, and da-Gal4 Act-Gal4, nub-Gal4 UAS-dcr2 or en-Gal4 in
wing discs. For RNAi experiments, en-Gal4 UAS-RFP UAS-dcr2, en-Gal4
UAS-GFP UAS-dcr2 or nub-Gal4 UAS-dcr2 flies were crossed to RNAi
lines and maintained at 29°C. RNAi transgenes used were jub [Vienna
Drosophila Resource Center (VDRC) 38442], Zyx [National Institute of
Genetics (NIG) 32018], Vinc (HMS02356), step (HMS00365), step (VDRC
34831), sstn (sstn#2), ena (VDRC 106484) and Rok (VDRC 104675). Both
step RNAi lines gave similar results. jub, sstn and Zyx RNAi lines have been
described and validated previously (Liu et al., 2015; Rauskolb et al., 2011).
To increase myosin activity we used UAS-sqh.EE and UAS-Rok.CA. To
monitor protein localization, we expressed Jub:GFP (Sabino et al., 2011),
Vinc:RFP, Vinc:GFP (Klapholz et al., 2015), Sdk:GFP (FBst0060169),
Zip:GFP (Buszczak et al., 2007), E-cad:GFP, sqh-sqh:mCherry, ex-lacZ
(Hamaratoglu et al., 2006), UAS-YPet:Zyx (Colombelli et al., 2009),
UAS-step:mCherry, UAS-step:GFP, UAS-sstn:mCherry, UAS-sstn:GFP
(Liu et al., 2015).

Histology and imaging
Embryos were collected on apple juice agar plates with yeast, dechorionated
with bleach, rinsed with water and then fixed using 1:1 4%
paraformaldehyde fixative:heptane in a scintillation vial. Embryos were

fixed with vigorous shaking on a flat-bed shaker for 15–20 min,
devitellinized with methanol, rinsed with methanol and then rinsed with
Ringers solution several times. Fixed embryos were either processed
immediately for antibody staining, or stored in phosphate-buffered saline,
pH7.4, plus 0.1% TritonX-100 and 1% BSA (PBT) at 4°C overnight before
proceeding with staining protocols. To analyze F-actin in embryos, embryos
were dechorionated, rinsed and then fixed in 1:1 8% paraformaldehyde
fixative:heptane for 55 min. The fixed embryos were removed with a Pasteur
pipette and transferred to an apple juice agar plate. All traces of fixative/
heptane were removed and then double-stick tape was used to transfer the
embryos to a Petri dish lid. The embryos were covered with PBT and hand-
peeled using a sharp needle. Devitellenized embryos were transferred to an
Eppendorf tube, rinsed with PBT and used for subsequent antibody stains.
Fixation and staining of larval imaginal discs was performed essentially as
described in Rauskolb and Irvine (2019). Wing discs were fixed in 4%
paraformaldehyde for 12–15 min at room temperature. Primary antibodies
used were mouse anti-β-galactosidase [1:200; Developmental Studies
Hybridoma Bank (DSHB)], rat anti-E-cad (1:400; DCAD2, DSHB),
mouse anti-Wg (1:800; DSHB), mouse anti-Ena (1:400; DSHB), rat anti-
α-catenin (1:400; DSHB), rabbit anti-Y654 (1:100; Abcam, ab59430),
mouse anti-Arm (1:200, DSHB) and rabbit anti-Yki (1:400) (Oh and Irvine,
2008). Secondary antibodies were from Jackson ImmunoResearch
Laboratories and Invitrogen. DNA was stained using Hoechst 33342 (Life
Technologies) and F-actin using phalloidin (1:10; Invitrogen Alexa Fluor
647). Confocal images were captured on a Leica SP8 confocal microscope.
Confocal images to be directly compared were acquired under identical
conditions, including tissue treatment, laser power and detector sensitivities,
so that levels of expression would be directly comparable. This includes
nub-Gal4 UAS-Dcr2 UAS-step:Cherry in wild type, jub RNAi, Zyx RNAi
and sstn RNAi; nub-Gal4 UAS-Dcr2 UAS-sstn:GFP in wild type and jub
RNAi; nub-Gal4 UAS-Dcr2 UAS-step:GFP in wild type and Rok RNAi;
nub-Gal4 UAS-Dcr2 UAS-sstn:GFP in wild type and Rok RNAi; en-Gal4
UAS-Dcr2 UAS-YPet:Zyx in wild type, jub RNAi and ena RNAi; en-Gal4
UAS-Dcr2 UAS-YPet:Zyx in wild type and Zyx RNAi; nub-Gal4 UAS-Dcr2
UAS-sstn:GFP in wild type and sstn RNAi; nub-Gal4 UAS-Dcr2 UAS-step:
Cherry in wild type and step RNAi; and nub-Gal4 UAS-Dcr2 Jub:GFP in
wild type and jub RNAi.

For live imaging, embryos were collected on apple juice agar plates with
yeast at 29°C, dechorionated with bleach and rinsed with water. They were
then transferred to an apple juice agar plate and aligned with dorsal sides up.
A coverslip with double-sided tape was used to stick them, and embryos
were immediately covered with halocarbon oil 27 (Sigma-Aldrich). The
coverslip was adhered via double-sided tape to a metal Leica FrameSlide
with the polyethylene terephthalate membrane removed. The embryos in
halocarbon oil were then covered with a YSI permeable membrane. Live
imaging was conducted using an inverted spinning disc microscope, with
images acquired every 5 min during dorsal closure.

For analysis of embryonic viability, eggs laid from GLC jub females were
counted and transferred to an apple juice agar plate. Hatched larvae were
scored for the presence ( jubm-z+; n=197) or absence ( jubm-z−; n=169) of
Dfd-YFP. Expected ratio is 1:1. Less than 10% of the fertilized eggs did not
hatch (n=17), but these could not be scored for Dfd-YFP. For a control,
Oregon-R hatch rates were used (n=197; 14 of which did not hatch).

Image quantification and statistics
Junctional protein intensities were quantified in confocal stacks using
Volocity software (PerkinElmer), using E-cad as a reference to define a
junctional volume. Mean intensities were normalized to the mean E-cad
intensity, and comparisons were made between anterior and posterior
compartments (en-Gal4-driven transgenes), or between control and
experimental discs treated and imaged under identical conditions (nub-
Gal4-driven transgenes). Pearson’s colocalization co-efficient was
quantified using Volocity software, with Costes automatic thresholding.
Line scans were performed using Fiji software (Schindelin et al., 2012) and
averaged using Excel (Microsoft). Statistical tests were performed using
GraphPad software (Prism). For pairwise comparisons of signal intensities,
Student’s t-tests were used, and for multiple comparisons of intensities of
colocalization coefficients, one-way ANOVA was used. Comparisons of
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ratios were performed on the log transform of the ratio. Kolmogorov–
Smirnov tests were used for comparisons of mean junctional distributions.
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Henry, L., Serman, F., Béalle, G., Ménager, C. et al. (2013). Evolutionary
conservation of early mesoderm specification by mechanotransduction in
Bilateria. Nat. Commun. 4, 2821.

Buszczak, M., Paterno, S., Lighthouse, D., Bachman, J., Planck, J., Owen, S.,
Skora, A. D., Nystul, T. G., Ohlstein, B., Allen, A. et al. (2007). The Carnegie
protein trap library: a versatile tool for Drosophila developmental studies.Genetics
175, 1505-1531.

Byri, S., Misra, T., Syed, Z. A., Bätz, T., Shah, J., Boril, L., Glashauser, J.,
Aegerter-Wilmsen, T., Matzat, T., Moussian, B. et al. (2015). The triple-repeat
protein anakonda controls epithelial tricellular junction formation in Drosophila.
Dev. Cell 33, 535-548.

Choi, W., Jung, K.-C., Nelson, K. S., Bhat, M. A., Beitel, G. J., Peifer, M. and
Fanning, A. S. (2011). The single Drosophila ZO-1 protein Polychaetoid regulates
embryonic morphogenesis in coordination with Canoe/afadin and Enabled. Mol.
Biol. Cell 22, 2010-2030.

Choi, W., Acharya, B. R., Peyret, G., Fardin, M.-A., Meg̀e, R.-M., Ladoux, B., Yap,
A. S., Fanning, A. S. and Peifer, M. (2016). Remodeling the zonula adherens in
response to tension and the role of afadin in this response. J. Cell Biol. 213,
243-260.

Chu, C.-W., Xiang, B., Ossipova, O., Ioannou, A. and Sokol, S. Y. (2018). The
Ajuba family protein Wtip regulates actomyosin contractility during vertebrate
neural tube closure. J. Cell Sci. 131, jcs213884.

Colombelli, J., Besser, A., Kress, H., Reynaud, E. G., Girard, P., Caussinus, E.,
Haselmann, U., Small, J. V., Schwarz, U. S. and Stelzer, E. H. K. (2009).
Mechanosensing in actin stress fibers revealed by a close correlation between
force and protein localization. J. Cell Sci. 122, 1665-1679.

Das Thakur, M., Feng, Y., Jagannathan, R., Seppa, M. J., Skeath, J. B. and
Longmore, G. D. (2010). Ajuba LIM proteins are negative regulators of the Hippo
signaling pathway. Curr. Biol. 20, 657-662.

Donaldson, J. G. and Jackson, C. L. (2011). ARF family G proteins and their
regulators: roles in membrane transport, development and disease.Nat. Rev. Mol.
Cell Biol. 12, 362-375.

Drees, B., Friederich, E., Fradelizi, J., Louvard, D., Beckerle, M. C. and
Golsteyn, R. M. (2000). Characterization of the interaction between zyxin and
members of the Ena/vasodilator-stimulated phosphoprotein family of proteins.
J. Biol. Chem. 275, 22503-22511.

Fernandez-Gonzalez, R., Simoes, S. D. M., Röper, J.-C., Eaton, S. and Zallen,
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