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Sidekick dynamically rebalances contractile and
protrusive forces to control tissue morphogenesis
Jacob Malin1, Christian Rosa Birriel1, Sergio Astigarraga2,3, Jessica E. Treisman2,3, and Victor Hatini1

Contractile actomyosin and protrusive branched F-actin networks interact in a dynamic balance, repeatedly contracting and
expanding apical cell contacts to organize the epithelium of the developing fly retina. Previously we showed that the
immunoglobulin superfamily protein Sidekick (Sdk) contributes to contraction by recruiting the actin binding protein
Polychaetoid (Pyd) to vertices. Here we show that as tension increases during contraction, Sdk progressively accumulates at
vertices, where it toggles to recruit the WAVE regulatory complex (WRC) to promote actin branching and protrusion. Sdk
alternately interacts with the WRC and Pyd using the same C-terminal motif. With increasing protrusion, levels of Sdk and
the WRC decrease at vertices while levels of Pyd increase paving the way for another round of contraction. Thus, by virtue of
dynamic association with vertices and interchangeable associations with contractile and protrusive effectors, Sdk is central to
controlling the balance between contraction and expansion that shapes this epithelium.

Introduction
Epithelial cells coordinately move, change shape, exchange
neighbors, proliferate, and die to reshape epithelial layers dur-
ing development (Pinheiro and Bellaiche, 2018). Tensile forces
generated by actomyosin networks drive many of these cell
behaviors (Levayer and Lecuit, 2012). By coupling mechanically
to the cell cortex through linker proteins, the contraction of
actomyosin networks can deform the cell surface, alter cell
shape and influence the shape of neighboring cells (Charras and
Yap, 2018). Isometric activation of actomyosin networks can
uniformly decrease the apical cell perimeter to drive processes
such as apical constriction and tissue bending, while polarized
activation can promote the polarized cell shape changes that
drive processes such as cell intercalation and tissue elongation
(Lecuit et al., 2011).

In addition to tensile forces, cells can generate protrusive
forces that can push on and expand the cell surface to direct
epithelial remodeling (Pollard and Cooper, 1986). Protrusive
forces are generated by branching F-actin networks and control
a range of fundamental morphogenetic processes (Pollitt and
Insall, 2009; Tajiri et al., 2011; Takenawa and Suetsugu, 2007).
Protrusive forces are primarily regulated by the assembly and
activation of the pentameric WAVE regulatory complex (WRC)
at the cell surface (Chen et al., 2014b; Chen et al., 2010; Eden
et al., 2002; Ismail et al., 2009; Koronakis et al., 2011; Lebensohn
and Kirschner, 2009; Mendoza, 2013; Oikawa et al., 2004). The

WRC is targeted to the cell surface, at least in part, by binding to
a short sequence motif known as the WRC interacting receptor
sequence (WIRS), which is found in functionally diverse trans-
membrane proteins (Chen et al., 2014a).

In some developmental processes, one force, either tensile or
protrusive, will dominate. In others, it is likely that they exist in
a dynamic balance. One such process is the development of the
Drosophila compound eye, which elaborates 800 nearly identical
ommatidia (Cagan, 2009; Carthew, 2007; Johnson, 2021). After
cell specification and rearrangement generate the initial ar-
rangement of cell types in ommatidia, the asymmetric distri-
bution of tensile and protrusive mechanical forces in the
epithelium directs cell shape changes that produce the final
ordered structure (Fig. 1 A; Blackie et al., 2020; Chan et al., 2017;
Del Signore et al., 2018; Galy et al., 2011; Hayashi and Carthew,
2004; Letizia et al., 2019; Zallen et al., 2002). Actomyosin net-
works are cyclically activated at specific contacts by accumula-
tion of nonmuscle MyoII. The WRC and branched F-actin also
cyclically accumulate at the same contacts, but with inverse
temporal dynamics. If F-actin branching is inhibited, the am-
plitude of contact lengthening is reduced and the coordination of
contractile with protrusive dynamics is impaired. Consequently,
the ommatidia fail to develop correctly. Thus, in this system,
F-actin branching and actomyosin contractility are working
together to repeatedly push and pull on cell contacts. This
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balancing act reorders and regularizes the packing geometries of
ommatidial cells (Del Signore et al., 2018).

While mechanisms that regulate actomyosin contractility
have been extensively studied in several systems, the mecha-
nisms that regulate protrusive F-actin branching during the
remodeling of adherens junctions (AJs) remain poorly under-
stood. It is unclear how the WRC localizes to specific cell–cell
contacts, how it is cyclically activated at these contacts, and how
the assembly of branched F-actin networks and contractile ac-
tomyosin networks are coordinated. Here we test the hypothesis
that a protein containing a WIRS motif is involved in this pro-
cess, and we identify a key role for the Sidekick (Sdk) protein.
Previously we showed that Sdk promotes actomyosin contrac-
tion by binding to Polychaetoid (Pyd; Letizia et al., 2019). Here
we show that Sdk uses the same cytoplasmic C-terminal motif
to recruit the WRC and thus promote expansion. Our findings
highlight the role of Sdk in coordinating competing forces
to regulate cell contact length and consequently epithelial
morphogenesis.

Results
Sdk contains a putative WIRS motif
Ommatidia in the Drosophila eye are composed of lattice cells
(LCs) surrounding central primary (1°) and cone cells (Fig. 1 A).
During lattice remodeling, the WRC accumulates dynamically
along LC–LC contacts at the plane of AJs (Del Signore et al.,
2018). We hypothesized that a protein containing a WIRS mo-
tif would recruit and preferentially localize the WRC to the
LC–LC contacts. The WIRS is a weak five- to six-residue con-
sensus motif (Chen et al., 2014a). We therefore searched for
proteins predicted to contain a WIRS motif that had been pre-
viously implicated in eye epithelial remodeling. The immuno-
globulin superfamily protein Sdk fulfilled these two criteria
(Fig. 1 B). Sdk is a homophilic adhesion protein expressed widely
in nervous and epithelial tissues (Nguyen et al., 1997; Yamagata
et al., 2002). Sdk’s five C-terminal amino acids, FSSFV, are
conserved and were selected computationally as a possibleWIRS
motif (Chen et al., 2014a; Yamagata et al., 2002). Moreover, the
missing LCs and irregularly shaped ommatidia in sdk mutants
implicate sdk in the mechanics of lattice remodeling (Letizia
et al., 2019; Nguyen et al., 1997). We therefore investigated
whether Sdk could localize the WRC.

sdk controls cell behavior and contact dynamics during
epithelial remodeling
Mutations in the WRC subunits SCAR or abi or the Arp2/3
complex subunit arpc2 cause strong defects in cell intercalation,
cell number, and connectivity between LCs (Del Signore et al.,
2018). To determine whether sdk mutants cause similar defects,
we stained developing sdkmutant eyes for E-cadherin (E-cad) to
examine epithelial structure. In WT, three secondary (2°) LCs
connect to each mechanosensory bristle and tertiary (3°) LC
(Fig. 1 C). In sdk mutants, a subset of mechanosensory bristles
connected with four or more 2° LCs, forming cellular rosettes, a
phenotype that can arise from defects in cell intercalation
(Fig. 1 D; Letizia et al., 2019). The formation of rosettes reduced

the number of edges in ommatidia from six to five or four and
increased the number of LCs along some edges. However, at
other edges, LCs were missing and a subset of the LC–LC con-
tacts were short (Figs. 1, D and G, and S1; and Table S1). Likewise,
analysis of sdkmutant clones revealed defects in cell intercalation
and connectivity between LCs (Fig. 1, E and H). Some cell clusters
that failed to intercalate consisted of both mutant and WT cells. A
small subset of rosettes that formed adjacent to patches of sdk
mutant cells comprised only WT cells. These cell-autonomous and
nonautonomous defects are consistent with a role for sdk in
transmitting forces between cells that are necessary to resolve T1
transitions and reorder the epithelium (Finegan et al., 2019; Letizia
et al., 2019; Uechi and Kuranaga, 2019).

After cell intercalation, the LC–LC contacts expand and
contract dynamically, and new contacts form between LCs
immediately after pruning. To test how sdk affects epithelial
organization in this later stage, we live imaged sdkmutant eyes
with an α-Catenin::GFP (α-Cat::GFP) protein trap to examine ep-
ithelial cell dynamics (Fig. 1, I and J and Video 1). In sdk mutants,
the amplitudes of contact expansion decreased, and the formation
of new LC–LC contacts after pruning was delayed. This resulted in
transient separation of LC–LC contacts and formation of aberrant
contacts between 1° cells of adjacent ommatidia (Fig. 1, J and L and
Video 1). While the amplitude of contact pulsing decreased, the
frequency was not affected (Fig. 1 L).

To determine if an excess of Sdk can affect epithelial devel-
opment, we overexpressed a full-length HA-tagged Sdk trans-
gene (HA::Sdk) and examined phenotypes in fixed and live
tissue using the approach described above. HA::Sdk over-
expression induced similar but stronger phenotypes compared
with sdk mutants including defects in cell intercalation and loss
of LCs and LC–LC contacts (Fig. 1, F, G, and K; and Video 1). Cells
that formed rosettes at earlier stages were subsequently pruned
from the lattice. Analysis of time-lapse videos showed decreased
amplitudes of LC–LC contact expansion in HA::Sdk eyes com-
pared with WT (Fig. 1, K and L). HA::Sdk also caused prolonged
association of enlarged endocytic vesicles and tubular structures
with the cell surface, a phenotype not observed in sdk mutants
(Fig. 1, M and N; and Video 2). These types of endocytic defects are
typically observed in mutants affecting the Arp2/3 complex and
F-actin branching, suggesting that Sdk affects F-actin branching,
possibly by regulating the WRC (Georgiou et al., 2008; Harris and
Tepass, 2008; Leibfried et al., 2008). While endogenous Sdk lo-
calized preferentially to vertices at 36 h after puparium formation
(APF) as previously described (Letizia et al., 2019), the overex-
pressed HA::Sdk protein localized broadly to the cell surface and
was excluded from vertices (Fig. 1 O). This mislocalization of Sdk
protein may result in defects in epithelial remodeling. The sdk and
HA::Sdk phenotypes were similar to those in mutants for WRC
and Arp2/3 complex subunits (Del Signore et al., 2018), consistent
with a functional interaction between Sdk and these effectors that
controls epithelial remodeling.

Sdk affects F-actin and Rho kinase (Rok) dynamics at LC–LC
contacts
The above results suggested that Sdk affects the contractile-
protrusive force dynamics at LC–LC contacts. In WT, an increase
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Figure 1. Sdk controls epithelial remodeling and fluctuations of cell contact length. (Refers to Videos 1 and 2 and Table S1.) (A) Left: Schematics of major
steps in lattice remodeling. Right: Types of LCs, periods of expansion and contraction of LC–LC contacts, and contracted or expanded cell–cell contacts in this
and subsequent figures. (B) Sdk consists of 6 immunoglobulin (Ig) domains, 13 Fibronectin type III domains (FN3), a transmembrane (TM) domain and a
predicted WIRS motif. (C–H) Cellular defects in sdkmutants and HA::Sdk-expressing eyes compared with WT. (C)WT; each bristle cell, and 3° LC, connects to
three 2° LCs as in colored overlay. (D) sdk mutant; common defects include cellular rosettes (magenta), missing LCs (blue), and extra LCs (brown; Fig. S1).
(E) sdkmutant clones; cellular rosettes can consist of mutant and/or WT cells, see quantification in H. (F) GMR>HA::Sdk; LC–LC contacts are lost and replaced
with 1°–1° contacts (white arrowheads) and large elongated vesicles persist at the cell surface (yellow arrowhead). (G) Quantification of the frequency of
ommatidia vertices associated with intercalation defects and the frequency of edges associated with extra cells or missing cells and misplaced bristles in sdk
mutants and GMR>HA::Sdk eyes compared with WT. χ2 test; ***, P < 0.001. (H) Quantification of the mutant and WT cell composition in 39 rosettes in 5 eyes
containing sdk MARCM clones. (I–L) Cellular and contact dynamics in sdk mutant and GMR>HA::Sdk eyes compared with WT, 26–28 h APF (Video 1). (I) WT;
contacts expand and contract cyclically. (J) sdk mutants; a subset of contacts transiently separate. (K) GMR>HA::Sdk; contacts separate either transiently or
permanently. (L) Quantification of the amplitude of contact expansion and frequency of contact pulsing along horizontal edges. WT, n = 20 contacts in two
retinas; sdkMB05054, n = 20 contacts in two retinas; sdkΔ15, n = 30 contacts in three retinas; GMR>HA::Sdk, n = 20 contacts in two retinas. Kruskal–Wallis test
with Dunn’s multiple comparison test for pulse amplitudes, overall P < 0.0001; sdkΔ15 versus WT, P = 0.0189; sdkMB05054 versus WT, P = 0.0037; GMR>Sdk::HA
versus WT, P < 0.0001, for pulse frequencies, overall P = .0923, sdkΔ15 vs. WT P > .9999, sdkMB05054 vs. WT P = .3918, GMR>HA::Sdk vs. WT P = .1341. (M)WT;
vesicles bud from cone–1° contacts and move to 1°–LC contacts. Arrowheads trace vesicle movement. (N) GMR>HA::Sdk causes a delay of vesicle budding and
their enlargement to form tubules. Arrowhead traces a vesicle arrested at budding (Video 2). (O) GMR>HA::Sdk expression in Sdk::GFP eyes. 36 h APF; HA::Sdk
is broadly distributed along cell contacts and is excluded from vertices at this and earlier stages. Scale bar, 5 μm.
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in F-actin levels correlates with contact lengthening, while
increased MyoII and Rok, which phosphorylates and activates
MyoII, correlates with contact shortening (Del Signore et al.,
2018). To determine whether sdk affects F-actin and Rok dy-
namics, we live imaged F-actin and Rok in WT, sdkmutant, and
HA::Sdk-expressing eyes (Fig. 2, A–C). We used the actin-
binding protein Lifeact tagged with Ruby (Lifeact::Ruby) and
Rok tagged with GFP (Rok::GFP) to follow F-actin and Rok dy-
namics, respectively (Video 3). We then measured the length of
the LC–LC contacts and the signal intensities of F-actin and Rok
along these contacts over time. Finally, we computed the
temporal cross-correlation between either F-actin or Rok and
contact length to determine whether sdk loss or HA::Sdk ex-
pression disrupted the temporal relationships between actin,
Rok, and contact length.

In WT, F-actin levels correlated with contact length, peaking
before the maximal increase of contact length. In sdk mutant
eyes, this correlation decreased but not significantly. However,
in HA::Sdk eyes, changes in contact length and F-actin were both
reduced, and as a result, this correlation was completely lost
(Fig. 2, D–F; and Table S2). Rok levels in WT peaked before the
maximal decrease of contact length. In sdkmutants, the negative
correlation between Rok and contact length decreased signifi-
cantly, while in HA::Sdk eyes it was completely lost (Fig. 2, G–I;
and Table S2). These results provide evidence that Sdk affects
the assembly and/or dynamics of protrusive branched F-actin,
contractile actomyosin or both networks, with Sdk over-
expression having stronger effects on network behavior than
sdk loss.

To determine whether Sdk influences the pulse amplitude of
F-actin and Rok accumulation, we generated kymographs of
individual cell contacts in the time-lapse videos. We then mea-
sured the signal intensities of F-actin and Rok at maximal ex-
pansion relative to maximal contraction. We found that F-actin
accumulation during contact expansion was less intense in both
sdk mutants and HA::Sdk eyes compared with WT (Fig. 2 J).
Additionally, the increase in Rok levels during contraction was
comparable to WT in sdk mutants but significantly less intense
in HA::Sdk (Fig. 2 K). Taken together, these data provide evi-
dence that Sdk influences the pulsed assembly of branched
F-actin networks and Rok-regulated contractile actomyosin
networks, either directly or indirectly.

Sdk accumulates preferentially with F-actin and the WRC at
LC–LC contacts
To test how Sdk could affect these dynamics, we examined Sdk
protein localization relative to protrusive F-actin and contractile
actomyosin networks. We used both a Sdk::GFP protein trap
(Venken et al., 2011) and antibodies to detect Sdk. In fixed tissue,
Sdk colocalized strongly with actin and weakly with the active
phosphorylated form of MyoII (p-MyoII) that flanked the LC–LC
contacts (Fig. 3, A, B, and G). To test whether Sdk could physi-
cally target the WRC to vertices and LC–LC contacts, we exam-
ined Sdk subcellular distribution relative to the WRC subunits
SCAR and Abi. We used antibodies to detect SCAR and an
mCherry::Abi (mC::Abi) reporter to detect Abi. We found that
Sdk localized to the AJs and preferentially to vertices throughout

development. Interestingly, Sdk distribution evolved over time.
During lattice remodeling and the fluctuations of LC–LC contact
length (24–32 h APF), Sdk accumulated strongly both at vertices
and along the LC–LC contacts (Fig. 3 C), while at later stages,
32–40 h APF, as the cells assumed their stable shapes, Sdk be-
came progressively restricted to vertices (Fig. 3, D and E). Co-
localization analysis revealed that part of the SCAR pool strongly
colocalized with Sdk at LC–LC contacts and vertices at earlier
stages (Fig. 3, C, D, and G, 28–32 h APF) and colocalization de-
creased at later stages (Fig. 3, E and G; 40 h APF). Inspection of
Sdk relative to mC::Abi by live imaging and colocalization
analysis confirmed that the two proteins strongly colocalize
during contact remodeling (Fig. 3, F and G). Taken together, the
colocalization of Sdk and SCAR/Abi at vertices and LC–LC con-
tacts, the assembly of F-actin at sites of Sdk accumulation, and
the decrease in F-actin dynamics in sdk mutant and HA::Sdk-
expressing eyes during pulsing reinforce the idea that sdk
interacts with the WRC to affect protrusive F-actin dynamics
and the contractile-protrusive force balance affecting tissue
remodeling.

Sdk affects the subcellular distribution of the WRC
subunit SCAR
To test if Sdk and the WRC interact functionally, we examined
SCAR accumulation at LC–LC contacts in genetically marked sdk
mutant clones compared with nearby WT cells. We found a
statistically significant decrease of SCAR levels in patches of sdk
mutant cells compared with the adjacent WT cells (Fig. 4, A and
B). Our prior work showed that WRC levels increase in ex-
panding contacts and decrease in contracting contacts (Del
Signore et al., 2018). Therefore, these measurements in fixed
tissue are likely to underestimate the effect of sdk because they
cannot distinguish between expanding and contracting contacts.
That said, the observation that SCAR levels are not lost but just
reduced suggests that other proteins in addition to Sdk localize
the WRC to cell contacts. Likewise, the clonal expression of HA::
Sdk decreased SCAR accumulation cell-autonomously in the
retina and in the developing wing epithelium (Fig. 4, C and D).
Additionally, broad expression of HA::Sdk in the retina using
GMR-GAL4 decreased SCAR accumulation in all epithelial cells
but not in the mechanosensory bristles that do not express this
driver (Fig. 4, E and F). These results support the idea that Sdk
targets theWRC to LC–LC contacts either directly or indirectly to
control actin dynamics and lattice remodeling. They further
suggest that HA::Sdk overexpression promotes dispersion of
WRC subunits from cell contacts.

Sdk physically interacts with SCAR via its cytoplasmic
C-terminal motif
Next, we asked if Sdk targets the WRC to the cell surface via its
conserved cytoplasmic C-terminal motif. We used the Sdk in-
tracellular domain (ICD) and a deletion mutant lacking this
motif (SdkΔCT), each fused to GST (Astigarraga et al., 2018;
Letizia et al., 2019), to pull down endogenous SCAR from
Schneider 2 (S2) cell lysates. We found strong SCAR binding to
the Sdk ICD. However, removing the Sdk C-terminal motif
abolished this binding (Fig. 4 H). We next compared the
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dominant-negative effects induced by full-length HA::Sdk
transgene to those of a deletion mutant lacking the C-terminal
motif. We used upstream activating sequence (UAS) transgenes
that were inserted at the same genomic locus by site-specific
recombination (Astigarraga et al., 2018). We found that deleting
the C-terminal motif from HA::Sdk nearly abolished its strong
dominant-negative effects (Fig. 4 I) and its ability to disperse
SCAR from cell contacts (Fig. 4 G). These results indicate that
the C-terminal motif of Sdk functions in part as a WIRS motif
that targets the WRC to cell contacts.

Cytoskeletal dynamics regulate pulsed Sdk dynamics
at vertices
To determine whether the mechanical forces that alter contact
length influence Sdk distribution, we examined Sdk dynamics
by live imaging Sdk::GFP relative to F-actin and separately rel-
ative to MyoII using Utr::mCherry and Sqh::mCherry reporters,
respectively. We found that Sdk was enriched at vertices but

redistributed dynamically between vertices and LC–LC contacts
during the fluctuations in contact length (Fig. 5, A–B’; and Video
4). During contractions, Sdk::GFP levels increased at vertices.
During expansions, Sdk levels were high during the early and
mid-phase of expansion. However, during the late phase of ex-
pansion and at maximal expansion, Sdk levels decreased at
vertices and Sdk dispersed along the LC–LC contacts (Fig. 5,
A–B’). Traces of Sdk::GFP levels relative to contact length and
correlation plots between Sdk::GFP levels and contact length
illustrate this relationship (Fig. 5, C and D).

To refine the analysis, we measured Sdk::GFP levels in time-
lapse videos at vertices of fully contracted and fully expanded
contacts. We also measured Sdk::GFP levels before and after
peak contraction and before and after peak expansion (Fig. 5 E).
We then quantified the relative levels of Sdk between the dif-
ferent phases (Fig. 5, F–J). During contraction, Sdk levels were
lower at the onset of contraction and were significantly enriched
near peak contraction. During expansion, Sdk levels were higher

Figure 2. Sdk affects F-actin and Rok dynamics at LC–LC contacts. (Refers to Table S2 and Video 3.) (A–C) Actin and Rok dynamics in WT (A), sdkΔ15

mutant (B), and GMR>HA::Sdk eyes (C). Top: Snapshots from a time-lapse video. Bottom: Kymographs of a cell contact. Boxes correspond to time points shown
in top panel. (D–F) Time-shifted Pearson correlation plots for contact length versus F-actin. In this and subsequent plots, black line is the mean correlation,
gray band the SD. Length positively correlates with F-actin in WT (D) at a shift of −4 min, and in sdkΔ15 (E) at a shift of −3 min, but no correlation is detected in
GMR>HA::Sdk (F). (G–I) Pearson correlation plots for contact length versus Rok. Length negatively correlates with Rok in WT (G) at a shift of −2 min and in
sdkΔ15 (H) at a shift of −1 min. (I) GMR>HA::Sdk: length has a weak negative correlation with Rok at a shift of −1 min. (J and K) Levels of F-actin (J) and Rok (K) in
contacts with maximal length relative to contacts with minimal length in WT, sdk mutants, and GMR>HA::Sdk eyes. Kruskal–Wallis test of F-actin ratios, P =
0.0090. Dunn’s multiple comparisons test: WT versus sdkΔ15, P = 0.0327; WT versus GMR>HA::Sdk, P = 0.0146. Rok ratios, P = 0.0435; WT versus GMR>HA::
Sdk, P = 0.0293; WT versus sdkΔ15, P > 0.9999. Scale bar, 5 μm.
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Figure 3. Sdk protein colocalizes with F-actin and theWRC at vertices and LC–LC contacts. (A–F) Sdk::GFP localization relative to F-actin (A–A9), p-MyoII
(B), SCAR (C–E), and mC::Abi (F). Sdk::GFP protein trap (green), SCAR (red), and E-cad (blue). (G) Cross-correlation analysis of pixels between Sdk::GFP and
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at the onset of expansion and decreased near peak expansion.
Finally, we quantified the temporal cross-correlation between
Sdk::GFP signal intensity and LC–LC contact length. We found
that Sdk::GFP levels peaked on average 2–4 min before the
maximal contraction of the LC–LC contacts (Fig. 6, E–E’; and
Table S2). The high Sdk levels at vertices at the onset of ex-
pansion are consistent with a role for Sdk in controlling F-actin
branching that lengthens the LC–LC contacts and decreases bond
tension.

The increase in Sdk levels during contraction provides evi-
dence that Sdk is recruited to vertices in response to tension
(Letizia et al., 2019). To further test this model, we asked if the

assembly of actin filaments is required.We found that treatment
of dissected eyes with latrunculin A, a toxin that inhibits actin
polymerization, decreased the abundance of F-actin and dis-
rupted the continuity of AJs. In these eyes, Sdk was detected in
elongated and string-like structures and not in spots as in WT
(Fig. S2, A and B). We then asked if decreasing tension directly
with the Rok inhibitor Y-27632 affected Sdk enrichment at
vertices. The treatment led to the dispersion of Sdk from ver-
tices to cell edges (Fig. S2, C and D). This dispersal was most
striking in the wing peripodial epithelium.

We then examined the effects of cytoskeletal mechanics
on Sdk::GFP dynamics. First, we generated eyes expressing

putative interacting proteins. Sdk::GFP shows the highest degree of colocalization with Actin, Abi, and SCAR at both 26 and 32 h APF. The lowest colocali-
zations are with SCAR at 40 h APF and with p-MyoII. The relative magnitudes of the Manders’ colocalization coefficients M1 and M2 show that Actin, Abi, and
SCAR are more widely distributed relative to Sdk. n = 30 ommatidia in three eyes per experiment. Error bars represent SD. Scale bar, 10 μm.

Figure 4. Sdk binds and regulates WRC localization and activity via its conserved C-terminal motif. (A) sdk mutant MARCM clones stained for SCAR,
26 h APF. (B) SCAR levels decrease cell-autonomously in the clones. SCAR levels at contacts: Mann-Whitney U test, P = .0356; SCAR levels at vertices/full
contacts: Mann-Whitney U test, P = .1753; n = 30 WT contacts and 40 sdkΔ15contacts across three retinas each. (C and D) HA::Sdk expressing clones in retina,
26 h APF (C) and third instar wing imaginal disc (D). SCAR levels decrease cell-autonomously in the clones. (E–G) GMR-GAL4 (E), GMR>HA::Sdk (F), and
GMR>HA::SdkΔCT (G) retinas stained for SCAR, 32 h APF. SCAR levels decrease broadly in the GMR>HA::Sdk eyes but are normal in HA::SdkΔCT eyes. Me-
chanosensory bristles do not express GMR-GAL4 (arrowheads). (H) Detection of Sdk–SCAR interaction using a GST pulldown assay. Left: Expression of GST
alone, GST fused to the Sdk ICD (GST-SdkICD), and GST fused to the Sdk ICDwith a deleted C-terminal motif (GST-SdkICDΔCT) were assessed using Coomassie-
stained gels. Right: Equal levels of GST, GST-SdkICD, and GST-SdkICDΔCT were used to pull down SCAR from S2 cell lysates. SCAR formed a complex with
SdkICD but not with the SdkICDΔCT deletion mutant. The experiment was repeated three times, and one representative result is shown. (I) Quantification of
eye phenotypes induced by HA::Sdk and HA::SdkICDΔCT. Deletion of the Sdk C-terminal sequence motif reversed HA::Sdk induced phenotypes. χ2 test; **, P <
0.01; ***, P = 0.0001; ****, P < 0.0001. Scale bar, 10 μm. Source data are available for this figure: SourceData F4.
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Figure 5. Sdk localization to vertices and cell contacts is dynamic. (Refers to Video 4.) (A–B9) Dynamics of Sdk::GFP localization relative to MyoII (A and
A9) and F-actin (B and B9). (A and B) Upper panels: Snapshots from a video at 28 h APF. (A9 and B9) Lower panels: Kymographs of the contacts shown above.
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dominant-negative Rac1.N17, which was shown to likely disrupt
both Rac and Rho signaling by sequestering upstream guanine
nucleotide exchange factors and thereby decrease F-actin po-
lymerization and decouple actomyosin fluctuations from con-
tact length pulsing (Del Signore et al., 2018; Warner and

Longmore, 2009a, 2009b). In these eyes, although Sdk still
accumulated at vertices, it frequently spread away from ver-
tices (Fig. 6, A–A’; and Video 5). Temporal cross-correlation
analyses showed that the negative correlation between Sdk::
GFP levels and contact length observed in WT was lost in

Note increased Sdk::GFP accumulation at vertices during contraction and decreased accumulation and dispersal along LC–LC contacts during expansion.
(C) Trace of Sdk::GFP signal intensity at vertices relative to contact length in a single LC–LC contact. Sdk::GFP intensity increases as length decreases and vice
versa. (D) Correlation between Sdk::GFP intensity and contact length. r = −0.68, P < 0.0001. (E) Schematics of contact length fluctuations and measurement
scheme of Sdk::GFP levels relative to the fluctuations in contact length. A, amplitude. (F–J) The intensity values of Sdk::GFP between the different phases of
contact length fluctuations were compared using Wilcoxon tests. Sdk::GFP is higher in shorter contacts with the largest difference in intensities when
comparing late expansion versus late contraction. *, P < 0.05; **, P < 0.01; ***, P < 0.001. Scale bar, 5 μm.

Figure 6. Tension affects Sdk dynamic localization to vertices. (Refers to Table S2 and Video 5.) (A–D) Sdk::GFP dynamics relative to actin and contact
length in eyes expressing dominant-negative Rac1.N17 (A and B) and constitutively active MLCK.ct (C and D) compared with WT (E and E9) at 28 h APF. (A and
C) Snapshots of a dynamic contact from a time-lapse video. (A9 and C9) Kymographs of the LC–LC contacts shown above. The regular patterns of expansion
and contraction seen in WT are disrupted. (B and D–E9) Pearson correlation plots between Sdk levels at vertices and contact length in Rac1.N17 (B), MLCK.ct
(D) and WT (E and E9) from four eyes (E) or a single eye (E9). (F) The mean peak correlation for WT contacts is significantly stronger than the correlation at the
same time-shift for Rac1.N17 and MLCK.ct contacts (ANOVA, P = 0.0018; Dunn’s multiple comparisons test; *, P < 0.05; **, P < 0.01). Scale bar, 5 μm.
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Rac1.N17 eyes (Fig. 6, A, B, and F; and Table S2). The disruption
of Sdk::GFP dynamics was also observed in traces of Sdk::GFP
levels relative to contact length, in correlation plots between
Sdk::GFP levels and contact length, and in the comparative
analysis of Sdk::GFP levels during the different phases of con-
tact pulsing (Fig. S3, A, B, and F). Second, we generated eyes
that overexpress an activated form of myosin light chain kinase
(MLCK), MLCK.ct, to increase tension (Jordan and Karess, 1997;
Kim et al., 2002). In these eyes, Sdk levels were high and in
abnormal aggregates along LC–LC contacts, and contact length
fluctuations were not accompanied by the predictable changes
in Sdk levels, as shown by cross-correlation analyses carried
out using the approaches described above (Figs. 6, C, D, and F;
and Fig. S3, C, D, and G; Video 5; and Table S2).

Overall, we provide evidence that Sdk dynamics at vertices is
mechanosensitive and is regulated by actin assembly and acto-
myosin contractility. Thus, Sdk affects both the assembly of
F-actin networks and their coupling to the cell surface and is
itself regulated by these networks. This feedbackmay contribute
to the pulsing of contractile and protrusive F-actin networks and
the pulsatile changes in cell contact length that underlie lattice
remodeling.

Sdk controls the timing of pulsatile Pyd accumulation
at vertices
Pyd links surface proteins to actin filaments to transmit tensile
forces (Choi et al., 2011; Letizia et al., 2019; Manning et al., 2019).
Pyd binds the C-terminal motif of Sdk and accumulates at ver-
tices in the wing imaginal disc epithelium in a Sdk-dependent
manner (Letizia et al., 2019), and Pyd depletion mimics the sdk
mutant eye phenotype (Seppa et al., 2008). To investigate how
Sdk can control both protrusive and contractile forces, we
characterized the dynamics of a Pyd::GFP protein trap relative to
F-actin and mC::Abi (Figs. 7, A–H; and S4). In time-lapse videos,
Pyd was enriched at vertices of highly expanded LC–LC contacts.
However, unlike Abi and F-actin levels, which peaked before
maximal contact expansion Fig. 7, B and F; Video 6; Del Signore
et al., 2018), Pyd levels peaked 2–3 min after maximal expansion
(Fig. 7, C and G). Within individual contacts, contact length,
F-actin levels, and Abi levels all peaked 1–3 min before Pyd levels
peaked (Table S2). These dynamics suggest that Pyd accumu-
lates in response to contact expansion and the corresponding
drop in bond tension to promote bond tension and contact
contraction.

To determine if Pyd localization depends on Sdk, we stained
eyes with sdkmutant clones for Pyd (Fig. 7 I). At ∼26 h APF, Pyd
levels were lower at vertices in the absence of sdk. However, at
later stages, Pyd levels at vertices were similar between mutant
andWT cells (Fig. 7 J), indicating that additional mechanisms can
target Pyd to cell contacts. To determine if Sdk affects Pyd dy-
namics at the later stage, we live-imaged Pyd::GFP in eyes fully
mutant for sdk and measured the temporal cross-correlation
between Pyd levels at vertices and contact length (Fig. 7, K–M;
Video 6; and Table S2). This correlation was slightly reduced
from WT but still present. However, the time shift of the peak
correlation increased from an average of 2 min after maximal
contact expansion in WT to an average of 5 min in sdk mutants.

This result provides evidence that Sdk controls the timing of
Pyd recruitment to vertices and thus Pyd’s participation in
contact pulsing during the switching between expansion and
contraction.

Since Pyd and the WRC both bind to the C-terminus of Sdk,
we tested whether the presence of Pyd affects the Sdk-
dependent accumulation of SCAR at cell contacts by examining
SCAR localization in pyd-null mutant clones. We found that
SCAR levels increased significantly at vertices in pyd mutant
clones comparedwithWT (Fig. 8). This finding supports the idea
that the same region of Sdk can bind to either the WRC or Pyd to
control contact pulsing.

Discussion
Tensile forces contract cell contacts and lead to recruitment of
Sdk, which promotes contraction by interacting with Pyd via its
C-terminal motif. However, at a critical point in the contraction
phase, Sdk function shifts to promoting protrusion by targeting
the WRC to apical junctions via the same sequence motif, which
also functions as a WIRS. With increased protrusion counter-
balancing contraction, Sdk levels ebb and Pyd levels increase,
paving the way for the next contraction (Fig. 9). Thus, Sdk is
central to coordinating the interplay between protrusive and
contractile forces that control lattice remodeling. Sdk proteins,
the WRC, and Pyd are evolutionarily conserved, suggesting that
their interaction here may be prototypical.

Regulation of WRC function at LC–LC contacts
F-actin branching counterbalances and regulates contractile
forces at the level of AJs to remodel the epithelium of the fly
retina. Branched F-actin accumulates during contact expansion
and inversely correlates with contact contraction. Indeed, pro-
trusive forces dynamically balance contractile forces, as per-
turbing F-actin branching severely disrupts the pulsed dynamics
of both protrusive and contractile networks (Del Signore et al.,
2018). Despite the key role of protrusive forces, the mechanism
that targets the WRC to the appropriate membranes to promote
actin branching was unknown. Here we provide evidence that
Sdk plays a key role in targeting the WRC to the appropriate
membrane domains to control contact pulsing. sdk mutant
phenotypes are weaker than in mutants for the WRC subunit
SCAR, consistent with the finding that in sdk mutants the lo-
calization of the WRC to LC–LC contacts is reduced but not
fully abolished. Thus, Sdk may not be the sole protein that
controls F-actin branching at LC–LC contacts. Sdk over-
expression induces stronger defects in epithelial remodeling
and a strong decrease in SCAR localization and F-actin dy-
namics at LC–LC contacts. Overexpressed HA::Sdk localizes
broadly and is excluded from vertices, likely leading to WRC
mislocalization.

The insight that Sdk is involved in regulating protrusive
forces modifies our understanding of how Sdk functions more
broadly in shaping epithelia. We recently reported that Sdk
promotes the accumulation of Pyd and its partner Canoe (Cno) to
vertices (Letizia et al., 2019). Pyd and Cno have been proposed to
link Sdk to the actin cytoskeleton to enable vertices to transmit
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tensile forces during epithelial remodeling (Choi et al., 2011;
Letizia et al., 2019; Manning et al., 2019; Sawyer et al., 2011;
Sawyer et al., 2009; Yu and Zallen, 2020). Supporting this idea,
Sdk binds Pyd and promotes accumulation of Pyd, Cno, and
F-actin at vertices (Letizia et al., 2019). Here we examined Pyd
dynamics in WT and sdk mutant eyes. We found that Pyd ac-
cumulates in expanding contacts and peaks on average 2 min
after maximal contact expansion. In sdk mutants, peak Pyd ac-
cumulation is delayed, providing evidence that Sdk targets Pyd
to expanding contacts to initiate the next cycle of contraction.
The same C-terminal motif of Sdk can interact with either Pyd to

transmit tensile forces or theWRC to generate protrusive forces.
However, the temporal characteristics of the binding argue
against a simple competitive mechanism and suggest the pos-
sible involvement of other factors such as tension-regulated
conformational changes or clustering. By repeatedly engaging
and disengaging these opposing actin regulators, Sdk fine-tunes
the levels of tensile and protrusive forces that pull and push
vertices and the transition between these two mechanical states.
Sdk thus toggles the system between expansion and contraction
to dynamically reorder the epithelium while preventing the
separation of cell contacts.

Figure 7. Sdk controls the timing of Pyd localization to vertices. (Refers to Fig. S4 and Video 6.) (A–H) Pyd::GFP dynamics relative to F-actin (A–D) and
mC::Abi (E–H) at 28 h APF. (A and E) Snapshots of a dynamic cell contact. (A9 and C9) Kymographs of the LC–LC contacts shown above. Pyd::GFP at vertices
increases during expansion and decreases during contraction. (B–D) Pearson correlation charts for contact length, F-actin, and Pyd in WT. Contact length
correlates positively with F-actin at a shift of −1 min (B) and with Pyd at a shift of +2 min (C). (D) Actin correlates positively with Pyd at a shift of +1 min. (F–H)
Pearson correlation charts for contact length, Abi, and Pyd in WT eyes. (F and G) Contact length correlates positively with Abi at a shift of −3 min and with Pyd
at a shift of +3 min. (H) Abi correlates positively with Pyd at a shift of +2 min. (I) 26 h APF; a sdk mutant MARCM clone stained for Pyd and E-cad. Pyd levels
decrease at vertices in the sdk clone. Representative vertices are marked with arrowheads. (J) Pyd accumulation at vertices is reduced in sdk clones at 26 h APF
(unpaired t test, n = 77 sdk and 73 WT contacts in 2 eyes, P = 0.0001; left) but not at 28 h APF (unpaired t test, n = 30 sdk and 30 WT contacts in 2 eyes, P =
0.8824; right). (K) Snapshots of Pyd::GFP localization in a sdkmutant eyes. (K9) Kymograph of the above contact. Pyd accumulation during expansion is delayed
compared withWT. (L) Pearson correlation for contact length versus Pyd in sdk eyes shows peak correlation at a shift of +5 min. (M) The time shift of the peak
r values for individual contacts is significantly higher in sdk mutants compared with WT (Mann–Whitney U test, P < 0.0001, n = 24 WT and 15 sdk contacts
across 3 retinas each). Scale bars, 5 μm.
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Moreover, we show that the level of tension impacts Sdk
accumulation. Thus, Sdk functions as a tension sensor. When
tension is high and Sdk becomes enriched, it recruits the
WRC, and when tension is lower, Sdk levels ebb as it func-
tionally shifts to recruiting Pyd. Thus, Sdk also functions as a
tension transducer, alternately interacting with different
effectors depending on the level of tension. Finally, the
ability of Sdk to recruit either contractile or protrusive force
effectors reveals the role for Sdk in dynamic feedback reg-
ulation of the level of tension itself. Thus, with respect to
tension, Sdk has three distinct roles. It is a sensor, trans-
ducer, and feedback regulator. The enriched localization
of Sdk at vertices, the geometric points that define the

epithelial structure, enables Sdk to efficiently remodel this
structure.

Regulation of WRC function in epithelial remodeling
The WRC is regulated not only by its selective targeting to a
particular location at the cell surface, but also through its acti-
vation and inhibition. When activated, the WRC binds and ac-
tivates the Arp2/3 complex to generate branched F-actin
networks that can expand the cell surface (Chen et al., 2014b; Del
Signore et al., 2018; Eden et al., 2002; Ismail et al., 2009;
Koronakis et al., 2011; Lebensohn and Kirschner, 2009;Mendoza,
2013; Oikawa et al., 2004). We previously showed that the dy-
namics of the Rac1 RhoGTPase and the phosphoinositide PIP3

Figure 8. pyd affects SCAR localization to vertices. (A and B) pydmutant clones stained for SCAR (A) during 26 h APF and after pruning (32 h APF; B). SCAR
levels increase in pyd clones compared with WT cells. (C) Paired comparisons of relative levels of SCAR at vertices of LCs in mutant compared with WT cells in
multiple clones (left) and within a single clone (right). Wilcoxon test, n = 8 clones and adjacent WT regions from 3 eyes, 10–30 vertices per region, P = 0.0078.
Single clone: unpaired t test, n = 30 vertices per region, P < 0.0001.
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coincide with the cyclical activation of F-actin branching. Con-
versely, the dynamics of the Rho1 RhoGTPase and Rok correlate
with the cyclical activation of contractile networks (Del Signore
et al., 2018). The identification of Sdk as a WRC receptor
therefore suggests that the assembly of branched F-actin
networks at AJs is regulated in a two-step process. In the
first step, Sdk directly recruits the WRC to vertices and LC–LC
contacts by binding to the Sdk intracellular WIRS motif. In the
second step, multiple coincidental signals, including Rac1 and
PIP3, activate the WRC to promote F-actin branching (Chen
et al., 2017; Lebensohn and Kirschner, 2009; Schaks et al.,
2018). Branched F-actin network assembly is followed by
disassembly, suggesting the involvement of a delayed negative
feedback loop that terminates the cycle and enables the next

round of contraction, and Sdk itself could regulate this phase
as discussed above.

Sdk and the WRC in other systems
The Sdk–WRC interaction identified here may be broadly used.
In the epithelium of the renal glomerulus, inappropriate up-
regulation of Sdk-1 expression by podocytes has been linked to
their dedifferentiation and loss of proper foot-process archi-
tecture, leading to collapsed glomeruli and glomerulosclerosis
(Kaufman et al., 2007). Our results raise the possibility that the
Sdk–WRC interaction could be relevant to this phenomenon, as
the WRC and the Arp2/3 complex play critical roles in podocyte
protrusion and adhesion (Schell et al., 2018). Likewise, the
Sdk–WRC interactions may be relevant to synapse formation,

Figure 9. Sdk interacts alternately with Pyd and the WRC to control contact length pulsing. By virtue of tension-dependent localization to vertices and
interchangeable interactions with the WRC and Pyd, through the same C-terminal motif, Sdk controls the balance between contraction and expansion of cell
contacts that shapes the epithelium of the fly retina. (A)With increasing contraction and tension, Sdk progressively accumulates at vertices. (B) In contracted
contacts, actomyosin networks disassemble and Sdk recruits the WRC to promote actin branching and protrusion. (C)With increasing protrusion and contact
expansion, levels of Sdk and the WRC decrease at vertices. (D) In expanded contacts, Sdk toggles to interact with Pyd to promote the next contraction. (A) In
contracted contacts, Pyd levels decrease again, paving the way for the next expansion. Thus, owing to a dynamic association with vertices and alternating
associations with contractile and protrusive effectors, Sdk acts as a tension sensor, transducer, and feedback regulator to modulate cell contact length that
shapes the epithelium.
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both in the Drosophila visual system, where the single sdk gene
controls the sorting of photoreceptor axons into synaptic mod-
ules (Astigarraga et al., 2018), and in the vertebrate visual sys-
tem, where both Sdk-1 and -2 determine the specificity of
synapse formation (Krishnaswamy et al., 2015; Yamagata and
Sanes, 2010; Yamagata et al., 2002). In addition, previous
work has identified the role of sdk in resolving T1 transitions
occurring during intercalation of epidermal and tracheal cells in
embryos and LCs in the fly retina (Finegan et al., 2019; Letizia
et al., 2019; Uechi and Kuranaga, 2019). While one proposed
mechanism is through a nonautonomous role in recruiting
MyoII to junctions of neighboring cells to pull on and lengthen
contacts (Uechi and Kuranaga, 2019), our current findings sug-
gest that the Sdk-WRC interactions may also contribute auton-
omously to contact lengthening. The effect of Sdk on WRC
targeting may be restricted to specific locations. In vertebrate
epithelial cells, the immunoglobulin superfamily protein Neo-
genin utilizes its WIRS motif to target the WRC to AJs. However,
Neogenin is localized uniformly at AJs (Lee et al., 2016). In
contrast, the preferential localization of Sdk to vertices and
LC–LC contacts is consistent with a specialized role in regulating
localized forces.

In sum, we show that Sdk accumulation depends on tension.
At contracted contacts, it binds and targets the WRC to regulate
protrusive branched F-actin dynamics and contact expansion.
This enables the system to switch from contraction to expan-
sion. With decreasing tension, Sdk then interacts with Pyd in
expanding contacts through the same C-terminal motif. This
enables transmission of tensile forces and promotes the switch
between expansion and contraction (Fig. 9). By localizing dy-
namically to vertices and interacting interchangeably with
regulators of contractile and protrusive networks, Sdk acts as a
tension sensor, transducer, and feedback regulator. Thus, Sdk is
central to dynamically tuning the tensile and protrusive forces
that remodel the retinal epithelium.

Materials and methods
Contact for reagent and resource sharing
Further information and requests for reagents should be di-
rected to and will be fulfilled by the lead contact, Victor Hatini
(victor.hatini@tufts.edu).

Experimental model and subject detail
Fly strains
To examine the sdk loss-of-function phenotypes, we used
sdkMB05054, a Minos transposable insertion in a coding exon of sdk
(Bellen et al., 2004), and sdkΔ15, containing a deletion of 1,240 bp
at the 59 end of sdk (Astigarraga et al., 2018). Sdk protein was not
detected in sdkMB05054 or sdkΔ15 mutant clones, confirming that
the mutants are null. To examine the Sdk overexpression phe-
notypes and the requirement of the Sdk C-terminal motif, we
expressed UAS-HA::Sdk and a variant, respectively, with a de-
leted C-terminal motif, UAS-HA::SdkΔCT. These lines were pre-
viously inserted in the same landing site using site-specific
recombination (Astigarraga et al., 2018). We used a Sdk::GFP
protein trap line, sdkMI01498-GFSTF.1, to examine Sdk protein

distribution, dynamics, and interaction with SCAR, sdkMB05059

FRT19A; UAS-lacZ to generate genetically marked mutant
clones, sdkMB05045 and sdkΔ15 for live imaging, 82BFRT pydex147 to
generate genetically marked mutant clones (Djiane et al., 2011),
and a Pyd::GFP protein trap line, pydMI01205-GFSTF.1, to examine
Pyd distribution and dynamics.

Fly lines from the Bloomington Drosophila Stock Center: (1)
sdkMB05054, (2) sdkMI01498-GFSTF.1, (3) UAS-Lifeact::Ruby, (4) Ubi-
Abi::mCherry, (5) sqh-GFP::Rok, (6) sqhAX3/FM7c; sqh-Sqh::GFP,
(7) GMR-GAL4, (8) Actin>y+>GAL4, UAS-GFP, (9) α-Cat::GFP, (10)
Ubi-mRFP, hsFLP, FRT19A, (11) sqhax3 FRT19A (Karess et al., 1991),
(12) SCARΔ37 FRT40A (Zallen et al., 2002), (13) y w hsFLP, UAS-
GFPnls, tub-GAL4; FRT82B tub-GAL80, (14) w; FRT82B Ubi-GFP,
(15) UAS-MLCK.ct, and (16) UAS-Rac.N17. α-Cat::VenusCPTI002596

was obtained from the Kyoto stock center. Fly lines previously
described by Del Signore et al. (2018): (1) GMR-GAL4, α-Cat::Ve-
nus, (2) UAS-Lifeact::Ruby; GMR-GAL4, (3) UAS-Lifeact::GFP; sqh-
Sqh::mCherry, GMR-GAL4, (4) UAS-Lifeact::Ruby; sqh-Rok::GFP,
GMR-GAL4, (5) sqh-UtrABD::GFP; ubi-Abi::mCherry, and (9)
GMR-GAL4, UAS-α-Cat::GFP; Abi::mCherry. Additional stocks
used: (1) sqh-Sqh::mCherry and (2) sqh-UtrABD::GFP, sqh-Sqh::
mCherry (gift of A. Martin); and (3) GMR-GAL4, UAS-α-Cat::GFP
(gift of R. Cagan). The following stocks were generated in this
study: (1) sdkMI01498-GFSTF.1; mCherry::Abi, (2) sdkMI01498-GFSTF.1; sqh-
Sqh::mCherry, (3) sdkMI01498-GFSTF.1; sqh-UtrABD::mCherry, (4)
sdkMI01498-GFSTF.1; UAS-Rac.N17, and (5) sdkMI01498-GFSTF.1; UAS-
MLCK.ct.

Genetic analysis
GMR-GAL4 lines were used to broadly express UAS transgenes
in the eye (Wernet et al., 2003). The FLP/FRT (Xu and Rubin,
1993) and MARCM techniques (Lee and Luo, 2001) were used to
generate genetically marked clones by FLP-mediated mitotic
recombination. Ubi-mRFP, hsFLP, FRT19A was used to generate
sdkMB05049 mutant FLP/FRT clones; y w hsFLP; FRT82B Ubi-GFP/
TM6b, Tb to generate pydex147 mutant FLP/FRT clones; eyFLP,
tub-GAL80, FRT19A; tub-GAL4, UAS-GFP/CyO, P(Tb, Ubi-RFP)
to generate sdkMB05049 MARCM clones. y w hsFLP, UAS-GFPnls,
tub-GAL4; FRT82B tub-GAL80 (gift of G. Struhl) was crossed to
FRT82B UAS-HA::Sdk to generate MARCM clones expressing
the UAS-HA::Sdk transgene. Mitotic clones were induced by
heat shock for 30min at 34°C. There are no known differences in
eye morphogenesis between males and females; therefore, sex
has not been factored in as a biological variable into the
experiments.

Quantitative assessment of eye phenotypes
Images were processed and features were counted using Fiji. We
created a region of interest (ROI) in the center of retinas in
which to count cellular defects and used the Cell Counter tool to
count defects within the area. In addition, we counted the total
number of edges, vertices, and ommatidia within the ROI. The
following defects were normalized to the number of edges: (1) a
missing LC, defined as any edge with only one bristle and one
LC, or two LCs and no bristles; (2) a separation, defined as any
edge along which 1° cells from two different ommatidia were in
direct contact; and (3) an extra LC, defined as any edge with
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more than three LCs, or two bristles and more than two LCs. The
following defects were normalized to the number of vertices: (1)
a rosette, defined as a bristle with four LCs contacting it instead
of the normal three; (2) a missing 3° LC, defined as a vertex at
which a 3° LC was missing and where a contact between mul-
tiple secondary cells was formed; and (3) a misplaced bristle,
defined as an edge with a bristle in the middle. Statistical dif-
ferences between conditions were examined using χ2 test. To
determine the autonomy of sdk function, we selected rosettes for
analysis. Each rosette was scored for how many of the four or
more LCs contacting the bristle were sdk mutant and how many
were WT.

Drug inhibition
Latrunculin A, a toxin that binds actin monomers and inhibits
F-actin polymerization, was dissolved in DMSO and used at a
concentration of 2 and 10 μM for 30 min at 25°C in M3 insect
medium to treat dissected pupal eyes. Control eyes were treated
with DMSO only. A 2-μM Latrunculin A treatment was suffi-
cient to disassemble the medioapical F-actin network, while a
10-μM treatment was sufficient to disassemble both the medi-
oapical and the junctional networks. The Rok inhibitor Y-27632
was dissolved in deionized water and used to treat wing imag-
inal discs and pupal eyes at a concentration of 10 μM for 1 h at
25°C in M3 insect medium. Control eyes were treated with de-
ionized water only.

Method detail
Immunofluorescence
White prepupae (0 h APF) were selected and aged on glass slides
in a humidifying chamber at 25°C. Pupal eyes were dissected in
PBS, fixed for 35 min in 4% PFA in PBS, and stained with anti-
bodies in PBS with 3% BSA, 0.3% Triton X-100, and 0.01%
sodium azide. Primary antibodies used were rat anti-E-cad
(DSHB #DCAD2, 1:100), mouse anti-SCAR (DSHB #P1C1, 1:100),
guinea pig anti-Sqh1P (gift of R. Ward; 1:100), guinea pig
anti-Sdk (Astigarraga et al., 2018; 1:300), and mouse anti-Pyd
(DSHB, PYD2, 1:200). Secondary antibodies conjugated with
Alexa Fluor 405 (Calbiochem), Alexa Fluor 488, Alexa Fluor 647
(Molecular Probes), and Cy3 and Cy5 (Jackson Immuno-
Research) were used at 1:150. Actin was stained with Actin-
stain 488 and Actin-stain 555 (Cytoskeleton, #PHDG1 and
#PHDR1) at 1:150.

Sample preparation for live imaging
Pupae were selected and aged as described above. Pupae ex-
pressing UAS-Rac.N17 and UAS-MLCK.ct were aged at 18°C to
maintain epithelial integrity and then shifted to 25°C at the
pupal stage to increase transgene expression. Image data were
collected on an LSM800 laser scanning confocal microscope.
Live imaging of pupal eyes was conducted as previously de-
scribed (Del Signore et al., 2018). Briefly, before imaging, the
operculum and surrounding pupal case were peeled carefully to
expose the eyes. Intact pupae were inserted in a slit created in an
agarose block with eyes facing the coverslip. The agarose block
was fitted with a custom-made rubber gasket and capped with
custom-built humidified chamber.

Confocal imaging
For analysis of epithelial remodeling and protein dynamics, an
image stack was obtained every 1 min unless otherwise noted
with optimal pinhole using a 63×, 1.4-NA, plan Apochromat oil-
immersion objective, 0.7 μm per optical section with a 10–50%
overlap between sections, at a scan speed of 7, averaging of 1,
with an overall pixel dwell time of ∼1 s.

Quantification and statistical analysis
Analysis of contact dynamics
We examined contact dynamics at ∼28-h APF at the end of the
pruning stage, when some, but not all, ommatidia edges had two
or more 2° cells. Individual LC–LC contacts along horizontal
edges were tracedmanually at 1-min intervals for 60min using a
Fiji plugin with a line segment selection producing 40–60 ROIs
per contact. A custom Fiji Junction Analyzer script measured the
length of each ROI. Then, a Python script operating on the ex-
tracted length values calculated the features of the pulsing. The
data were smoothed using a Gaussian filter with σ = 2. Pulse
amplitudes were taken using the absolute value of the difference
between adjacent local maxima and minima. This value was
divided by the average contact length to get the normalized
amplitude. Pulse frequencies were taken using the number of
minutes between maxima. Values for a given contact were av-
eraged to produce an average amplitude or frequency per con-
tact. Statistics were performed on average amplitudes and
frequencies per contact using a Kruskal–Wallis test with Dunn’s
multiple comparison test in Prism (v8.3.1).

Time-shifted Pearson’s correlation analysis
Contact dynamics were analyzed by manual tracing with a line
segment selection (width = 5 pixels). Vertices were automati-
cally placed at both ends of these line segments as circular ROIs
(diameter = 6 pixels). Contact length, pixel mean and total in-
tensity, and background for each channel at each time point
were collected using a custom Junction Analyzer Fiji macro. For
Lifeact::Ruby Rok::GFP eyes, analysis was based on the mean
intensity over the full contact length, and for Lifeact::Ruby Sdk::
GFP, Utr::mCh Sdk::GFP, Pyd::GFP Lifeact::Ruby, and Pyd::GFP
mCh::Abi eyes, it was based on mean intensity at the vertices.
Time-resolved Pearson’s cross-correlations (time windows from
±19 min) were compared between the mean fluorescent marker
intensities and contact length using 40–60-min-long videos and
calculated using a custom Python script along with packages
NumPy and SciPy. Data presented are the average Pearson’s
correlations of individual contacts as noted in figure legends and
are presented as the mean correlation (R) ± SD. To calculate
whether average Pearson r values and time shifts were signifi-
cantly different from 0, a one-sample t test was used. To cal-
culate whether the peak average r value differed from the
average r value at shift of 0, a paired t test was used. For com-
parisons between groups, ANOVA with post hoc Dunnett’s
multiple comparison tests were used to analyze normally dis-
tributed data for pulse amplitude. A Kruskal–Wallis test with
post-hoc Dunn’s test was used to analyze non–normally dis-
tributed data for pulse amplitude, contact length, and cross
correlations. For comparisons of peak shifts of length–Pyd
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correlations between genotypes, the highest local maximum
correlation with a time shift within the range of ±10 min was
selected. Contacts that did not have a local maximumwithin this
range of time shifts were excluded from the analysis.

Analysis of F-actin and Rok dynamics during fluctuations of contact
length
Kymographs of individual contacts were made to verify whether
each contact was pulsing. Each contact judged to be pulsing was
traced with the line segment selection (width = 15 pixels) at its
most expanded and contracted points to measure the mean
signal intensity for F-actin and Rok along the contact. For each
contact, the mean signal intensity at eachmaximumwas divided
by the mean signal intensity at each adjacent minimum to
produce a ratio, for a total of two to four ratios per contact. All
ratios for a given contact were averaged to create an average
ratio for that contact. Average ratios for contacts across different
genotypes were compared using a one-way ANOVA with Dunn’s
multiple comparison test.

Analysis of Sdk::GFP and Pyd::GFP dynamics during fluctuations of
contact length
The Make Montage tool in Fiji was used to generate a kymo-
graph of single contacts that exhibit pulsing behavior. For these
contacts, we identified the time points for each pulse at which
they were longest and shortest. For Sdk::GFP, we collected data
from these time points, as well as from time points 2 min before
and after. In the case of minima, for some contacts we selected
time points >2 min before and after, selecting only time points at
which the tricellular junctions were visibly separated. For Pyd::
GFP, we collected data averaged over three time points immedi-
ately before and immediately after each extremum. At each time
point, we used two circular ROIs (diameter = 5 pixels for Sdk, 9
pixels for Pyd) to measure mean pixel intensity at tricellular
junctions and averaged them to generate a mean tricellular junc-
tion intensity score. Comparisons between Sdk and Pyd intensities
were paired by pulse to avoid effects of pooling eyes with different
measured intensities due to biological variation between samples
and differences in sample preparation and laser intensities.

Comparing signal intensities between WT and mutant cell clones
LC–LC contacts were selected for analysis if all adjacent cells
were mutant or, for the control group, if all adjacent cells were
WT. At each contact, circular ROIs were used to measure the
signal intensity at a tricellular junction and the center of the
bicellular junction between LCs, or the junction between one LC
and an adjacent primary cell in Pyd stains. We also took a
background measurement at the center of an adjacent LC. In
addition, a linear ROI with a width of 5 pixels was used to
measure the signal intensity along the entire contact, including
tricellular junctions. We calculated the ratio between the mea-
sured mean intensity at the tricellular junction and the center of
the contact. We compared the results using a t test for normally
distributed data and a Mann–Whitney U test for non–normally
distributed data. Additionally, we subtracted the background
mean intensity from the full-contact mean intensity and com-
pared the results using a Mann–Whitney U test.

Analysis of protein colocalization
Projections of image stacks were converted to binary images
using the threshold function for each channel. The threshold
levels were initially selected using the JACoP plugin in Fiji, and
in some cases manually adjusted to include labeled objects and
exclude nonspecific background (Bolte and Cordelières, 2006).
Pearson’s coefficient andManders’ colocalization coefficientsM1
and M2 were then calculated using JACoP. To determine the
specificity of the colocalization for each pair, we used Van
Steensel’s cross-correlation function, which plots Pearson’s
correlation coefficient between two channels (on the y axis) as a
function displacement of one image relative to the other images
(on the x axis). For all the comparisons, the correlation de-
creased to <0.1 with image displacement, suggesting that each
correlation reflected a specific colocalization of the proteins. The
cone cells were masked and not included in the analysis.

Protein–protein interaction studies
For GST pulldown assays, WT Sdk ICD (amino acids 2,025–2,224)
and mutant ICD lacking the last 6 C-terminal amino acids (amino
acids 2,025–2,220) were cloned into a pGEX-4T-1 vector in frame
with the GST protein and the thrombin restriction endonuclease
site as previously described (Astigarraga et al., 2018). Expression
of GST proteins was induced in BL21(DE3) bacterial strain
with 0.1 mM IPTG. Bacterial lysates expressing the GST
protein only, GST-Sdk-ICD, and GST-Sdk-ICDΔCT were incu-
bated with glutathione-Sepharose 4B beads (GE Life Science) to
link the bait protein to the beads. To prepare the lysates, S2
cells were lysed on ice in 400 μl NET buffer (400 mM NaCl,
5 mM EDTA, 50 mM Tris buffer, pH 7.5, and 1% NP-40) sup-
plemented with 1× protein inhibitors cocktail (oComplete;
Roche) and 1 mM PMSF for 30 min with vigorous pipetting
every 5 min. Lysates were then incubated with glutathione-
Sepharose 4B beads alone to clear the lysates. Beads contain-
ing equal amounts of GST proteins were then added to the
cleared lysates, and the samples were incubated on a nutator
for 90 min. Bound beads were washed three times with 1 ml
NET buffer, and bound proteins were eluted in 100 μl of 2×
sample buffer and processed for Western blot analysis using
mouse anti-SCAR antibodies.

Online supplemental material
Fig. S1 shows exles of common cellular defects in sdk mutant
eyes and HA::Sdk-expressing eyes. Fig. S2 shows the effects of
drug inhibition by Latrunculin A and Y-27632 on Sdk::GFP lo-
calization in fixed tissue. Fig. S3 shows traces of Sdk::GFP levels
at vertices relative to contact length in eyes expressing
dominant-negative Rac1.N17 and constitutively active MLCK.ct,
and paired comparisons of relative levels of Sdk::GFP at the
different phases of contact pulsing compared with WT. Fig. S4
shows a trace of Pyd::GFP levels relative to contact length, a
corresponding Pearson plot, and paired comparisons of Pyd::GFP
levels at the different phases of contact pulsing. Table S1 lists the
quantification of common cellular phenotypes in sdk mutants
and HA::Sdk- and HA::SdkΔCT-expressing eyes compared with
WT. Table S2 lists the time-shifted Pearson correlation analyses
performed in this study. Video 1 shows cellular dynamics in WT
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compared with sdk mutant and HA::Sdk-expressing eyes and
highlights contact pulsing and formation of new cell–cell contact
after cell pruning. Video 2 shows trafficking defects in HA::Sdk-
expressing eyes compared with WT. Video 3 shows F-actin and
Rok dynamics in sdkΔ15 mutant and HA::Sdk-expressing eyes
compared withWT. Video 4 shows Sdk::GFP dynamics relative to
F-actin and MyoII in WT eyes. Video 5 shows Sdk::GFP pulsatile
dynamics in Rac1.N17 and MLCK.ct-expressing eyes. Video 6
shows Pyd::GFP dynamics in a sdk mutant eye compared
with WT.
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Supplemental material

Figure S1. Common phenotypes in sdkmutant and HA::Sdk-expressing eyes. (Corresponds to Figs. 1 and 4.) Representative examples of cellular defects in
sdk mutant eyes and HA::Sdk-expressing eyes that were scored in Figs. 1 G and 4 H and in Fig. 4I. Common defects include missing and extra LCs, misplaced
bristles, rosettes, and other intercalation defects and separation of LC–LC contacts that lead to a cell contact forming between 1° cells of adjacent ommatidia.
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Figure S2. F-actin assembly and tension enhance Sdk localization to vertices. (Corresponds to Figs. 5 and 6.) (A and B) Dissected pupal eyes expressing
Sdk::GFP were incubated in M3 medium and treated with DMSO (A; control) or the actin-monomer-binding toxin Latrunculin A in DMSO (B) and stained for
E-cad (blue) and F-actin (red). (C and D)Dissected wing imaginal discs expressing Sdk::GFP were incubated in M3medium and treated with deionized water (C;
control) or the Rok inhibitor Y-27632 (D) and stained for E-cad (blue). Scale bar, 5 μm in A–D.
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Figure S3. Pulse analysis of Sdk::GFP in Rac1.N17 andMLCK.ct-expressing eyes comparedwithWT (corresponds to Fig. 6). (A and C) A trace of Sdk::GFP
levels relative to contact length at vertices at a developmental stage equivalent to 28 h APF in eyes expressing dominant-negative Rac1.N17 (A) and con-
stitutively active MLCK.ct (C). (B and D) Correlation of Sdk::GFP levels at individual contacts relative to contact lengths in Rac1.N17 (r = −0.01; B) and MLCK.ct
eyes (r = −0.22; D). (E) Paired comparisons of relative levels of Sdk::GFP at the different phases of contact pulsing in WT eyes. All statistics performed are
Wilcoxon tests. Minimal length: P = 0.0929, n = 39 pairs from 17 contacts in 3 eyes; maximal length: P = 0.0229, n = 36 pairs from 17 contacts in 3 eyes;
contraction: P = 0.0063, n = 30 pairs from 17 contacts in 3 eyes; expansion: P = 0.0105, n = 32 pairs from 16 contacts in 3 eyes; expansion and contraction: P =
0.0002, n = 31 pairs from 17 contacts in 3 eyes. (F) Paired comparisons of relative levels of Sdk at different time points in pulses in Rac1.N17-expressing eyes. All
statistics performed are Wilcoxon tests. Minimal length: P = 0.0166, n = 37 pairs from 22 contacts in 5 eyes; maximal length: P = 0.0436, n = 44 pairs from 23
contacts in 5 eyes; contraction: P > 0.9999, n = 25 pairs from 18 contacts in 5 eyes; expansion: P = 0.9193, n = 34 pairs from 23 contacts in 5 eyes; expansion and
contraction: P = 0.3786, n = 24 pairs from 19 contacts in 5 eyes. (G) Paired comparisons of relative levels of Sdk at different time points in pulses in MLCK.ct-
expressing eyes. All statistics performed are Wilcoxon tests. Minimal length: P = 0.2129, n = 30 pairs from 12 contacts in 2 eyes; maximal length: P = 0.3364, n =
34 pairs from 12 contacts in 2 eyes; contraction: P = 0.8368, n = 26 pairs from 11 contacts in 2 eyes; expansion: P = 0.7442, n = 22 pairs from 12 contacts in
2 eyes; expansion and contraction: P = 0.3632, n = 26 pairs from 11 contacts in 2 eyes.
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Video 1. Cellular dynamics inWT compared with sdkmutant and HA::Sdk expressing eyes. (Corresponds to Fig. 1.) Pulsing contacts and pruned cells are
demarcated with yellow and white rectangles, respectively. Left panel: a WT eye showing normal dynamics of repeated contraction and expansion of LC–LC
contacts during lattice remodeling. Contacts between LCs are reestablished immediately following pruning of intervening LCs. Middle panel: sdk mutant eyes
showing abnormal narrowing of LC–LC contacts and transient separation of a subset of these contacts. Right panel: GMR>HA::Sdk expressing eyes showing
abnormal narrowing and separation of LC–LC contacts.

Video 2. Trafficking defects in HA::Sdk-expressing eyes. (Corresponds to Fig. 1.) Left: In WT, AJs are trafficked preferentially from cone cells toward the
LCs. After endocytosis, vesicles bud off from cone–1° cell edges, move toward the LCs in straight lines, and fuse with the 1°–LC edges. In HA::Sdk-expressing
cells, vesicles form on cone–1° cell edges but fail to bud off and move in a timely manner. These vesicles linger and form enlarged tubular structures.

Video 3. Cytoskeletal dynamic defects in sdkmutant and HA::Sdk expressing eyes. (Corresponds to Fig. 2). Time-lapse videos of F-actin (Lifeact::Ruby)
and Rok (Rok::GFP) in WT, sdkΔ15 mutant, and HA::Sdk expressing eyes. Note robust, inversely coordinated pulsing of actin and Rok in WT, reduced amplitude
of contact pulsing in sdkΔ15, and sustained accumulation of Rok and loss of actin dynamics in HA::Sdk eyes.

Video 4. Sdk::GFP dynamics relative to F-actin and MyoII. (Corresponds to Fig. 5.) Time-lapse videos of Sdk::GFP relative to F-actin (left) and MyoII (right).
Note that Sdk::GFP levels at vertices increase during contraction. During expansion, Sdk levels decrease at vertices and disperse along LC–LC contacts.

Video 5. Sdk::GFP pulsatile dynamics in Rac1.N17 andMLCK.ct-expressing eyes. (Corresponds to Fig. 6.) Time-lapse videos of Sdk::GFP relative to F-actin
in Rac1.N17 (left panels) and MLCK.ct (right panel) eyes. Note that the pulsatile Sdk::GFP accumulation is disrupted in these eyes.

Figure S4. Pyd::GFP pulse analyses. (Corresponds to Fig. 7.) (A) Trace of Pyd::GFP levels relative to contact length in a single LC–LC contact at 28 h APF.
(B) Correlation between Pyd::GFP levels and contact length in A. (C) Schematics of contact length fluctuations and the scheme for measuring Pyd::GFP levels
relative to the fluctuations in contact length. (D) Paired comparisons of relative levels of Pyd::GFP at the different phases of contact pulsing in WT eyes.
Maximal length: n = 12, P = 0.2620; minimal length: n = 22, P = 0.0391; contraction: n = 26, P < 0.0001; expansion: n = 22, P = 0.0006. *, P < 0.05; **, P < 0.01;
***, P < 0.001; ****, P < 0.0001. All statistics performed are Wilcoxon tests.
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Video 6. Pyd::GFP dynamics in a sdkmutant eye comparedwithWT. (Corresponds to Fig. 7.) Time-lapse videos of Pyd::GFP relative to F-actin in a WT eye
(left) and Pyd::GFP alone in a sdkmutant eye (right). InWT, Pyd::GFP accumulates during contact expansion, while in sdkmutants. Pyd::GFP accumulates during
contraction.

Provided online are Table S1 and Table S2. Table S1 shows quantification of common phenotypes in sdk mutant and HA::Sdk- and
HA::SdkΔCT-expressing eyes compared withWT. The data shown correspond to the graphs shown in Figs. 1G and 4, H and I. Table S2
shows time-shifted Pearson correlation analyses to determine temporal relationships between cytoskeletal effectors and the
fluctuations in contact length. (Corresponds to Figs. 2, 6, and 7.) Statistics performed on time-shifted Pearson’s correlation data
displayed in Figs. 2, 6, and 7. Each row expresses the mean r value at the time shift nearest to 0 when the correlation between the
two values is strongest, whether this mean differs significantly from a hypothetical mean of 0 (P value of one-sample t test), and
whether the mean peak r value can be statistically determined to be stronger than the r value at a shift of 0 (P value of paired
t tests). Additionally reported are the time shift of this peak and the mean of within-contact differences between the r value at this
shift and the r value at a shift of 0 (paired t test).
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