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SUMMARY

Epithelial cells dynamically self-organize in response to extracellular spatial cues relayed by cell-
surface receptors. During convergent extension in Drosgphila, Toll-related receptors direct planar
polarized cell rearrangements that elongate the head-to-tail axis. However, many cells establish
polarity in the absence of Toll receptor activity, indicating the presence of additional spatial cues.
Here we demonstrate that the leucine-rich-repeat receptor Tartan and the teneurin Ten-m provide
critical polarity signals at epithelial compartment boundaries. The Tartan and Ten-m extracellular
domains interact /n vitro, and Tartan promotes Ten-m localization to compartment boundaries

in vivo. We show that Tartan and Ten-m are necessary for the planar polarity and organization

of compartment boundary cells. Moreover, ectopic stripes of Tartan and Ten-m are sufficient to
induce myosin accumulation at stripe boundaries. These results demonstrate that the Tartan/Ten-m
and Toll receptor systems together create a high-resolution network of spatial cues that guides cell
behavior during convergent extension.
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Compartment boundaries are conserved structures that prevent cell mixing in multicellular tissues.
Paré et al. show that a system involving the LRR receptor Tartan and its teneurin ligand Ten-m
position these boundaries by directing the subcellular localization of cytoskeletal regulators.
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INTRODUCTION

Coordinated changes in cell shape and behavior transform epithelial sheets into elaborate
grooves, tubes, branches, and compartments that are necessary for tissue and organ function.
To carry out these choreographed structural changes, cells send, receive, and integrate spatial
information from many sources. In the nervous system, myriad cell-surface interactions
control axon guidance, target selection, and synapse formation to produce functional

neural circuits (Zipursky and Sanes, 2010). A growing body of evidence suggests that a
similarly rich repertoire of cell-surface proteins governs cell interactions in dynamically
remodeling epithelia. Patterned gene expression underlies epithelial reorganization during
development (Irvine and Wieschaus, 1994; Ninomiya et al., 2004; Zallen and Wieschaus,
2004; Paré et al., 2014), and local interactions between epithelial cells that express different
receptors can induce cell polarization and sorting in mature tissues (Major and Irvine,

2005, 2006; Nishimura et al., 2007; Bielmeier et al., 2016). These findings suggest that the
spatially regulated activity of cell-surface proteins is a fundamental strategy for epithelial
self-organization. However, despite substantial progress in elucidating the cell-intrinsic
mechanisms that control cell shape and behavior, it is not well understood how cell
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behaviors are spatially coordinated across many cells to produce robust and reliable changes
in tissue architecture.

A common mechanism for reshaping tissues is convergent extension, which elongates the
head-to-tail body axis in developing embryos of worms, flies, chicks, frogs, and mice
(Huebner and Wallingford, 2018). In Drosophila, elongation of the body axis requires
precise patterns of gene expression and is a paradigm for understanding how planar
polarized cell movements are organized at the tissue scale (Zallen and Blankenship, 2008;
Lye and Sanson, 2011). In particular, striped patterns of pair-rule transcription factor activity
confer distinct transcriptional identities to neighboring cells along the anterior-posterior
(AP) axis, and these differences are required for the cell rearrangements that drive axis
elongation (Irvine and Wieschaus, 1994; Zallen and Wieschaus, 2004). The cell-surface
proteins that translate these gene expression patterns into oriented cell movements are only
beginning to be identified. In the Drosophila embryo, robust cell intercalation requires three
members of the conserved Toll receptor family, which are expressed in transverse stripes
along the AP axis and provide positional cues that orient cell polarity and rearrangement
(Paré et al., 2014). Best known for their roles in innate immunity and dorsal-ventral
patterning (Morisato and Anderson, 1995; Brennan and Anderson, 2004), Toll receptors
have also been shown to regulate cell and tissue morphogenesis (Kleve et al., 2006;
Kolesnikov and Beckendorf, 2007; Mcllroy et al., 2013; Carvalho et al., 2014; Meyer et al.,
2014; Paré et al., 2014; Ward et al., 2015; Benton et al., 2016; Sun et al., 2017a). However,
Drosophila embryos lacking striped Toll receptor expression still display substantial planar
polarity (Paré et al., 2014), indicating that additional spatial cues remain to be discovered in
this system.

Another important function of spatially regulated gene expression is to partition groups of
cells within a continuous epithelium into functionally distinct compartments (Garcia-Bellido
et al., 1973; Vincent and O’Farrell, 1992; Lawrence and Struhl, 1996; Monier et al., 2010).
Epithelial compartments are often separated by actomyosin boundaries that prevent cell
mixing between adjacent domains (Dahmann et al., 2011; Monier et al., 2011; Batlle

and Wilkinson, 2012). However, the mechanisms that generate and position compartment
boundaries are not well understood. In this study, we identify new roles for the leucine-
rich repeat (LRR) receptor Tartan and the teneurin Ten-m in directing cell polarity and
epithelial organization at compartment boundaries. We show that Tartan and Ten-m interact
in trans in cultured cells, and that Tartan restricts Ten-m localization to compartment
boundaries /n vivo-where both proteins are required for planar polarity and boundary

cell organization. This LRR receptor-Teneurin system controls cell polarity at epithelial
compartment boundaries and acts together with patterned Toll receptor activity to create a
high-resolution network of spatial cues that guides cell behavior and tissue organization in
epithelia.

Toll-Independent Mechanisms Contribute to Planar Polarity at Compartment Boundaries

In the Drosophila embryo, convergent extension is driven by the planar polarized
organization of proteins involved in actomyosin contractility and cell adhesion (Zallen
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and Blankenship, 2008; Lye and Sanson, 2011). The nonmuscle myosin Il motor protein
and its upstream activators are concentrated at interfaces between neighboring cells along
the AP axis (referred to as vertical edges), whereas Par-3 and adherens junction proteins

are selectively depleted from these edges, resulting in spatially organized actomyosin
contractility and cell intercalation (Bertet et al., 2004; Zallen and Wieschaus, 2004;
Blankenship et al., 2006; Simdes et al., 2010, 2014). Planar polarity is observed in the

vast majority of cells in the germband epithelium (Zallen and Wieschaus, 2004; Tetley et al.,
2016; Farrell et al., 2017), and requires the striped expression of three members of the Toll
receptor family: Toll-2, Toll-6, and Toll-8 (Figures 1A and S1A-S1D) (Paré et al., 2014).
However, it is not clear if Toll receptors control planar polarity throughout the entire tissue,
or if additional spatial cues are required in specific regions to achieve robust planar polarity.

To distinguish between these possibilities, we analyzed myosin localization in Toll receptor-
deficient embryos generated by injecting 70//-8 null mutants with dsSRNAs targeting 70//-2
and T7o/l-6 (referred to as 70//-2,6,8 KD embryos). Myosin planar polarity was severely
disrupted in 70//-2,6,8 KD embryos (Figures 1B and 1C), consistent with previous results
in Toll receptor mutants (Paré et al., 2014). However, we noticed that myosin was still
present in multicellular cables that repeated approximately every 4 cells (Figures 1B

and 1C). The Drosophila germband consists of 14 compartments (parasegments), each of
which contains 3-4 columns of cells, with even and odd compartments displaying distinct
transcriptional profiles (Figures 1A and S1D) (Garcia-Bellido et al., 1973; Vincent and
O’Farrell, 1992; Monier et al., 2010). The remaining myosin cables largely corresponded
to the posterior borders of the Wingless stripes, which represent the posterior-most cells
of each compartment (Figures 1A-1C). These results indicate that myosin planar polarity
at compartment boundaries is correctly established in embryos deficient for Toll receptor
activity.

To further characterize the spatial pattern of planar polarity in the absence of Toll receptor
activity, we analyzed the distribution of Par-3 protein at single-cell resolution in 70//-2,6,8
triple mutant embryos. Par-3 is specifically depleted from vertical edges and enriched at
horizontal edges in wild-type embryos, providing a strong readout of planar cell polarity
(Zallen and Wieschaus, 2004; Simdes et al., 2010). For these experiments, we generated new
null mutations in all three receptor genes, including introducing a DsRed cassette flanked by
attP sites into the 7o//2 and 70/-6 loci (Figure S2). As the embryonic epithelium consists
of alternating even and odd compartments, we analyzed planar polarity at different positions
within this repeating two-compartment unit (Figure S1D). Wild-type cells that contacted
compartment boundaries (columns 1, 4, 5, and 8) displayed the strongest planar polarity, for
both Par-3 (Figures 1D and 1E) and myosin (Tetley et al., 2016). In 70//-2,6,8 triple mutants,
Par-3 planar polarity was reduced at multiple positions throughout the two-compartment
unit. However, most cells that contacted compartment boundaries still displayed strong
planar polarity (Figures 1D and 1E). To better characterize these defects, we measured the
relative levels of Par-3 at different classes of cell edges (Figures 1E, 1G, and S1E). In
Toll-2,6,8 mutants, the depletion of Par-3 from vertical edges was reduced at compartment
boundaries (boundary edges) and at vertical edges within compartments (non-boundary
edges) (Figures 1E-1G). However, boundary edges were still strongly polarized in the
mutant embryos (2.6 + 0.3-fold depletion of Par-3 from boundary edges in 70//-2,6,8 versus
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3.1 £ 0.4-fold depletion in controls) (Figures 1E-1G). Par-3 levels at horizontal edges were
comparable in control and mutant embryos (Figure S1F). Together, these results demonstrate
that Toll receptors are required for planar polarity throughout the germband epithelium, but
substantial planar polarity is still present at compartment boundaries in the absence of Toll
receptor activity.

The LRR Receptor Tartan Directs Planar Polarity at Compartment Boundaries

To identify the spatial cues that control Toll-independent planar polarity at compartment
boundaries, we investigated other cell-surface proteins that are expressed during convergent
extension. Toll receptors belong to a large superfamily of proteins that contain extracellular
leucine-rich repeats (LRRS), which includes 66 proteins in Drosophila, 135 proteins in
mouse, 139 proteins in humans, and hundreds of proteins in plants, the majority of which
are uncharacterized (Dolan et al., 2007; Ng et al., 2011; de Wit et al., 2011; Sun et al.,
2017b). We hypothesized that the missing planar polarity signal at compartment boundaries
could be an LRR receptor. In addition, it was predicted that a polarity cue expressed in
alternating compartments is necessary for robust planar polarity in this tissue (Tetley et al.,
2016). Based on these criteria, we decided to analyze Tartan—a transmembrane protein with
13 extracellular LRRs that is expressed in even compartments of the Drosophila embryo—
as a candidate polarity signal (Chang et al., 1993). Tartan is required for epithelial cell
sorting (Milan et al., 2001, 2005; Krause et al., 2006; Sakurai et al., 2007; Mao et al.,
2008) and for axon and dendrite targeting in neurons (Kurusu et al., 2008; Hong et al.,
2009), but the extracellular ligands and downstream effectors of Tartan are not known. We
confirmed the striped expression of farfan using multiplex /in situ hybridization and found
that zartan is strongly expressed in columns 1-3 and weakly expressed in column 4 of

even compartments (Figures 2A and 2B). To analyze Tartan function during convergent
extension, we used CRISPR mutagenesis to generate a null allele that removes the entire
tartan open reading frame and portions of the 5” and 3” UTRs (Figures S2D and S2G).

In contrast to Toll-deficient embryos, fartan mutants displayed a selective loss of myosin
cables at compartment boundaries, whereas myosin cables at non-boundary edges were
maintained (Figures 2C and 2D). In addition, Par-3 depletion at compartment boundaries
was significantly reduced in zartan mutants, with no change at non-boundary edges (Figures
2E-2G). These results demonstrate that Tartan is specifically required for planar polarity at
compartment boundaries.

Tartan Interacts in trans with the Teneurin Ten-m

The extended array of LRRs in the Tartan extracellular domain suggests that Tartan interacts
with extracellular proteins to carry out its functions. Despite numerous studies, no ligand
for Tartan has been identified (Milan et al., 2001; Krause et al., 2006; Sakurai et al., 2007;
Kurusu et al., 2008; Mao et al., 2008; Hong et al., 2009; Ozkan et al., 2013). We used an 7
vitro assay for extracellular protein interactions (Ozkan et al., 2013) to identify proteins that
interact with Tartan. Drosophila S2R* cells expressing candidate proteins were incubated
with a soluble form of the Tartan extracellular domain (ECD) (Figure 3A). We found that
the Tartan ECD selectively bound to cells expressing Ten-m (also known as 7enascin-major
or odz), a member of the highly conserved teneurin protein family (Figures 3B and 3E).

In the reciprocal experiment, the Ten-m ECD also bound to cells expressing full-length
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Tartan (Figures 3B and 3F). Teneurins are dimeric type Il transmembrane proteins with
extracellular EGF-like, NHL (NCL-1, HT2A, and LIN-41), and YD (tyrosine and aspartic
acid) repeats (Baumgartner et al., 1994; Levine et al., 1994; Oohashi et al., 1999) that are
required for nervous system development in Drosophila (Hong et al., 2012; Mosca et al.,
2012; Mosca, 2015; Baumgartner and Wides, 2019) and vertebrates (Leamey et al., 2007;
Dharmaratne et al., 2012; Antinucci et al., 2013; Berns et al., 2018). Neither Tartan nor
Ten-m displayed homotypic interactions (Figures 3B, 3E, and 3F) or heterotypic interactions
with Toll receptors (Figures S3A-S3D) in this assay. These results demonstrate that the
Tartan and Ten-m ECDs can interact /n vitro, although it is unknown whether this interaction
is direct or if it requires other cofactors present at the cell surface.

To investigate whether the Tartan/Ten-m interaction occurs /n cis or trans, we mixed

S2R* cells expressing Tartan-HA with untransfected cells and analyzed the localization of
endogenous Ten-m protein using a monoclonal antibody to Ten-m (Levine et al., 1994) (see
Figures S4E and S4F for antibody validation). Strikingly, Ten-m was strongly enriched at
sites of contact between untransfected cells and Tartan-positive cells, but rarely accumulated
at contacts between untransfected cells and cells expressing Toll receptors (Figure 3C).

To determine whether Ten-m accumulates on the surface of Tartan-positive cells (/7 ¢is)

or Tartan-negative cells (in trans), we used dsRNA to reduce Ten-m expression separately

in each population (see Figure S4F for validation of 7en-m KD in S2R* cells). Reducing
Ten-m expression in the Tartan-positive cell had no effect on Ten-m accumulation at sites

of contact between Tartan-positive and Tartan-negative cells (Figures 3D and 3G). By
contrast, reducing Ten-m expression in the Tartan-negative cell essentially eliminated Ten-m
accumulation at cell-cell contacts. Furthermore, the addition of exogenous soluble Tartan
ECD to the medium of untransfected cells induced the formation of Ten-m aggregates at

the plasma membrane, which often colocalized with the soluble Tartan ECD (Figures S3E-
S3G). These results demonstrate that Tartan and Ten-m can interact /7 frans in culture and
that this interaction results in the accumulation of Ten-m at sites of cell-cell contact.

Ten-m Regulates Planar Polarity at Compartment Boundaries

These /n vitro results reveal the teneurin Ten-m to be a previously unrecognized ligand

for the LRR receptor Tartan. Teneurins are widely expressed in epithelia (Tucker et al.,
2007), but few functions for this protein family have been identified outside of the nervous
system (Drabikowski et al., 2005; Lossie et al., 2005; Kinel-Tahan et al., 2007; Zhang
etal., 2018). 7en-mzygotic mutants were initially reported to have defects in embryonic
patterning (Baumgartner et al., 1994; Levine et al., 1994), but this effect was later shown
to be caused by an unrelated mutation (Zheng et al., 2011). Consequently, the effects

of Ten-m on embryonic development are unknown. To characterize the role of Ten-m
during convergent extension, we visualized Ten-m localization using the Ten-m antibody
and a Ten-m— GFP fusion expressed from the endogenous locus (Lye et al., 2014). Ten-m
protein was strongly enriched at the 8/1 compartment boundary and weakly enriched at
the 4/5 compartment boundary (Figures 4A, 4B, and S4A). Ten-m protein at compartment
boundaries was present throughout the apicolateral cell membrane (Figures S4A and S4B)
and was detected both prior to and during convergent extension (stages 6-8, data not shown).
Ten-m also localized to apical cell contacts in the vicinity of the adherens junctions in odd
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compartments, but was largely absent from the membrane in even compartments, where

it was instead present in cytoplasmic puncta (Figures 4A, 4B, and S4A). These results
demonstrate that Ten-m subcellular localization is spatially patterned across the tissue, with
a pronounced accumulation at compartment boundaries.

To ask if Ten-m has important functions at boundaries, we injected 7en-m dsRNA into early
syncytial embryos prior to cellularization, in order to reduce maternal and zygotic Ten-m
expression (referred to as 7en-m KD embryos). Although little maternal Ten-m protein

was detected in wild-type embryo lysates from very young (0-2 h) embryos (Figure S4D),
Ten-m protein was readily detectable at compartment boundaries in 7en-m zygotic mutants
during convergent extension (~3—4 h, data not shown), indicating that Ten-m protein at

this stage is generated, at least in part, from maternally supplied transcripts. 7en-m dsRNA
injection reduced Ten-m protein levels during convergent extension by ~90% (Figure S4E)
and resulted in a complete loss of Ten-m protein from compartment boundaries (data not
shown). Par-3 edge polarity was significantly disrupted at compartment boundaries in 7en-m
KD embryos, with no defects in Par-3 localization at non-boundary edges (Figures 4E-4G),
similar to fartan mutants. In addition, 7en-m KD resulted in a significant reduction of
myosin cables at compartment boundaries compared with water-injected controls (Figures
4C and 4D). Comparable defects were observed in embryos injected with a second dsSRNA
targeting a different exon of 7en-m (Figure S5). 7en-m KD embryos also displayed subtle
defects in myosin localization at non-boundary edges (Figures 4D and S5D), which we
also observed in embryos injected with fartan dsRNA (not shown), but not in zartan null
mutants (Figures 2C and 2D), suggesting that myosin localization at non-boundary edges
may be susceptible to nonspecific mechanical perturbations caused by embryo injection.
Together, these results demonstrate that Tartan and Ten-m are required for planar polarity at
compartment boundaries.

Tartan Restricts Ten-m Localization to Compartment Boundaries

As Ten-mis predicted to be an extremely large gene (>100 kb), there is unlikely

to be sufficient time to transcribe zygotic 7en-m mRNA in a striped pattern during
convergent extension. Therefore, we speculated that Ten-m could be regulated by Tartan
post-transcriptionally. Consistent with this hypothesis, simultaneous detection of both
proteins using available antibodies (Chang et al., 1993; Levine et al., 1994) revealed

that Ten-m cables correlated with the edges of Tartan stripes (Figure 5A). Ten-m protein
accumulated strongly at the anterior boundary and more weakly at the posterior boundary of
each Tartan stripe, and Tartan and Ten-m frequently colocalized at compartment boundaries
and in cytoplasmic puncta in even compartments (Figures 5A and 5B). To test whether
Tartan is required for Ten-m localization, we analyzed Ten-m localization in farfan mutants.
Ten-m was no longer recruited to compartment boundaries in fartan mutants, and instead
localized to all cell contacts, reminiscent of odd compartment cells in wild type (Figures
5C, 5D, 5G, and 5H). These results suggest that all germband cells have the capacity to
produce Ten-m protein, but Ten-m membrane localization is inhibited in even compartments
and enhanced at compartment boundaries in response to striped Tartan expression.
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To further examine the effect of Tartan on Ten-m localization, we misexpressed Tartan
throughout the embryo using a maternal Gal4 driver. Ubiquitous Tartan expression resulted
in a complete loss of Ten-m from the plasma membrane, and Ten-m was instead distributed
in cytoplasmic puncta in all cells (Figures 5E, 5G, and 5H). Ten-m protein levels were
reduced by approximately half in Tartan-overexpressing embryos, indicating that Tartan
negatively regulates Ten-m levels (Figure S4C). By contrast, Ten-m localization occurred
normally in embryos defective for Toll receptor activity (Figures 5F and 5G). These /in
vitro and in vivo results suggest that Tartan shapes the distribution of Ten-m in two

ways: by downregulating Ten-m membrane localization /n c¢is in even compartments, and
by promoting Ten-m accumulation at compartment boundaries, potentially through trans
interactions at Tartan stripe borders.

Local Differences in Tartan and Ten-m Induce Cell Polarity and Alignment

A critical function of compartment boundaries is to create barriers that inhibit cell mixing
between compartments. This boundary function requires a local increase in actomyosin
contractility (Major and Irvine, 2005, 2006; Landsberg et al., 2009; Monier et al., 2010;
Tetley et al., 2016). A hallmark of planar polarized myosin activity is the alignment

of multiple consecutive cell contacts to create straight borders between adjacent tissue
domains (Landsberg et al., 2009; Monier et al., 2010). To determine whether Tartan and
Ten-m are required for this property of boundary cells, we measured the degree of cell
alignment by calculating the ratio of the measured boundary length to the theoretical shortest
path (the length ratio) (Figures 6A and 6B). In tartan mutant and 7en-m KD embryos,

the compartment boundary length ratio was significantly increased, indicating a defect in
actomyosin contractility at boundaries (Figure 6B, top). By contrast, the non-boundary
length ratio at the column 7/8 boundary was unaffected (Figure 6B, bottom). These results
demonstrate that Tartan and Ten-m are necessary for proper boundary cell morphology.

If compartment boundaries are generated in response to sharp differences in receptor levels
or activity, then eliminating these differences should prevent Tartan and Ten-m from acting
as polarity cues. To investigate this possibility, we expressed Tartan or Ten-m ubiquitously
throughout the embryo to swamp out their endogenous expression patterns. Indeed, uniform
expression of Tartan or Ten-m disrupted cell alignment at compartment boundaries, similar
to the defects caused by loss of either protein (Figure 6B). We next asked whether

sharp differences in Tartan or Ten-m expression are sufficient to induce ectopic myosin
accumulation. To test this, we used the engrailed-Gal4 driver to ectopically express Tartan
and Ten-m in stripes in the late embryonic epidermis, a tissue that does not normally show
strong myosin polarity. Ectopic stripes of Ten-m or Tartan both induced strong myosin
accumulation at the anterior border of the engrailed expression domain, reminiscent of
myosin cables at compartment boundaries (Figures 6C and 6D). Together, these results
demonstrate that local differences in Tartan and Ten-m activity are necessary for myosin
planar polarity and boundary morphology and are sufficient to induce myosin planar polarity
in other tissues.
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Tartan and Toll Receptors Act in Parallel during Convergent Extension

If the Tartan/Ten-m and Toll receptor systems are the two major mechanisms that generate
planar polarity during convergent extension—Toll receptors acting within compartments and
Tartan/Ten-m receptors acting at compartment boundaries— then removing both systems
should disrupt planar polarity throughout the tissue. To test this, we generated quadruple-
mutant embryos that completely lack zygotic fartan, Toll-2, Toll-6, and Tol/-8 expression
using CRISPR engineering (Figure S2) (Port et al., 2015). Quadruple-mutant embryos lack
patterned spatial cues from both the Toll receptor and Tartan/Ten-m systems, as the loss of
tartan disrupts patterned Ten-m localization (Figures 5D and 5G). Indeed, embryos lacking
all four LRR receptors displayed a profound loss of Par-3 planar polarity in all cell columns
(Figures 7A-7C and S6A). Residual Par-3 planar polarity was still detected in the vicinity
of column 5 in quadruple-mutant embryos (Figure 7A), suggesting that additional signals
contribute to planar polarity in this region. These results demonstrate that Tartan and the Toll
receptors act in parallel in distinct regions of the tissue to generate robust planar polarity
during convergent extension.

To determine how the loss of both Tartan/Ten-m and Toll receptor systems affects cell
behavior, we analyzed cell intercalation in time-lapse movies of embryos during convergent
extension (Figures 7D-7F; Video S1). Whereas 1.92 + 0.05 edges contracted/cell in wild-
type embryos, the loss of tartanalone led to a slight increase in cell intercalation (2.21

+ 0.06 edges contracted/cell in fartan mutants, mean £ SEM, p < 0.02) (Figure 7E). By
contrast, cell intercalation was severely disrupted in quadruple mutants lacking all four
LRR receptors (Figure 7D). The number of intercalation events was reduced by nearly

half in quadruple mutants compared with wild type (1.08 £+ 0.10 edges contracted/cell, p

< 0.0001 versus wild type), and was significantly more defective than in 70//-2,6,8triple
mutants (1.40 £ 0.08 edges contracted/cell, p < 0.0001 versus wild type and p < 0.01 versus
the quadruple mutant) (Figure 7E). We speculate that some classes of cell rearrangement
may normally be inhibited at compartment boundaries and the loss of tartan could lead to
increased cell movement in these regions. By contrast, the loss of fartan in Toll-defective
embryos that already have compromised myosin activity could lead to decreased intercalary
behavior throughout the tissue—potentially explaining why fartan exacerbates the defects in
70ll-2,6,8 mutant embryos (Figures 7E and 7F). As a result of the overall loss of spatial
information in quadruple-mutant embryos, errors occurred at some step of intercalation

in 54 + 3% of intercalation attempts, a more than 2.5-fold increase over wild-type levels
(21 + 3%) (p < 0.0001) (Figure S6B). In addition, axis elongation was reduced by nearly
half in embryos lacking all four LRR receptors, compared with approximately one-third

for 7ol/-2,6,8triple mutants (Figure 7F). Together, these results demonstrate that the Tartan/
Ten-m and Toll receptor systems act in parallel to regulate planar polarity and cell behavior
during convergent extension.

DISCUSSION

Diverse ligand and receptor molecules promote selective cell interactions to mediate cell-
pathogen and axon-target recognition in the immune and nervous systems. Our results
provide evidence that a similar diversity is present in epithelial tissues, in which two distinct
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polarity systems act in parallel to encode spatial information during epithelial remodeling in
the Drosophilaembryo. In particular, we show that the LRR receptor Tartan and the teneurin
Ten-m work together to direct planar polarity and actomyosin contractility at compartment
boundaries during convergent extension. These results demonstrate an essential role for
teneurins in epithelial organization and show that Tartan is necessary for compartment
boundary formation in the elongating germband, extending previous findings that Tartan is
sufficient to induce boundary formation in the Drosophilawing (Milén et al., 2001; Mao et
al., 2008). We provide evidence for a molecular connection between the LRR and teneurin
protein families—identifying the first known ligand for Tartan and expanding the range of
ligands for teneurins beyond their previously described binding partners (Rubin et al., 2002;
Hong et al., 2009; Silva et al., 2011; Boucard et al., 2014; Mosca, 2015; Berns et al.,

2018). Tartan restricts Ten-m localization to compartment boundaries /n vivo, and local
differences in Tartan and Ten-m activity are necessary and sufficient for planar polarity and
compartment boundary structure. Together, the Tartan/Ten-m and Toll receptor systems act
in parallel to generate dense, high-resolution networks of spatial cues that direct cell polarity
and behavior during epithelial remodeling.

Patterned receptors provide critical spatial inputs that promote planar polarity in epithelial
tissues, indicating that cells are exquisitely sensitive to local differences in the level

or activity of cell-surface proteins (Irvine and Wieschaus, 1994; Zallen and Wieschaus,
2004; Zallen, 2007; Paré et al., 2014). Teneurins are expressed in complex patterns in

the nervous system and participate in homotypic and heterotypic interactions that control
proper neural connectivity (Rubin et al., 2002; Hong et al., 2009; Mosca, 2015; Berns et al.,
2018). However, we believe that the spatial pattern of Ten-m during convergent extension

is unlikely to result from patterned transcriptional regulation, for several reasons. These
include the large size of the 7en-mgene (>100 kb), the short time between the onset

of zygotic gene expression and patterned Ten-m localization, and the distinct subcellular
distributions of Ten-m protein in even and odd compartments. Instead, we favor a model

in which Tartan regulates Ten-m localization post-transcriptionally. Our /n vitroand in vivo
results suggest that Tartan influences the distribution of Ten-m in two ways. First, Tartan
inhibits Ten-m localization to the membrane /n cisin even compartments. In support of this
model, Ten-m protein normally only localizes to the membrane of cells in odd compartments
that lack Tartan, and Ten-m localizes to the membrane of all cells in fartan mutants. These
results suggest that Tartan inhibits Ten-m membrane localization when these proteins are
expressed in the same cell, perhaps by altering Ten-m trafficking, destabilizing the Ten-m
protein, or competing for factors required for Ten-m membrane localization. Second, our

in vitroresults indicate that Tartan can stabilize Ten-m localization at the membrane of
neighboring cells, raising the possibility that frans interactions between these proteins recruit
Ten-m to the borders of Tartan stripes /n vivo, establishing compartment boundaries. Tartan
and Ten-m are both required for the localized recruitment of myosin and exclusion of Par-3,
two proteins that are important for boundary structure (Landsberg et al., 2009; Monier
etal., 2010; Urbano et al., 2018). It remains to be determined whether Tartan or Ten-m

is the ligand or receptor in this interaction, or if their interaction triggers bidirectional
signaling downstream of both receptors. This dual mechanism of Ten-m regulation by
Tartan is reminiscent of Notch signaling, in which the Notch receptor is activated by
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ligands expressed in neighboring cells, but inhibited by ligands expressed in the same

cell (del Alamo et al., 2011), and the core Frizzled/\an Gogh planar cell polarity (PCP)
pathway, in which frans-acting positive interactions and c/s-acting inhibitory interactions
sort proteins into distinct membrane domains (Peng and Axelrod, 2012; Yang and Mlodzik,
2015). Combined cis-inhibition and #rans-activation may be a general strategy for mobilizing
ubiquitously expressed proteins in spatially restricted patterns to provide localized positional
Cues.

A growing number of receptors have been shown to induce localized myosin activity at
sites where receptor levels or activity differ between neighboring cells (Major and Irving,
2005, 2006; Nishimura et al., 2007; Bielmeier et al., 2016). Our findings demonstrate that
molecularly distinct receptors—Toll receptors, the LRR receptor Tartan, and the teneurin
Ten-m-all contribute to planar polarized myosin activity during convergent extension (Paré
et al., 2014 and this study). The mechanisms by which these diverse receptor families
communicate to the actomyosin contractile machinery are not known. As the Tartan/
Capricious, Teneurin, and Toll receptor families have unrelated intracellular domains, an
intriguing possibility is that the receptors acting at compartment boundaries could have
distinct cell biological outputs. Cells that border compartment boundaries display unique
behaviors that prohibit crossing into neighboring domains (Landsberg et al., 2009; Monier
et al., 2010; Umetsu et al., 2014; Scarpa et al., 2018). Tartan and Ten-m may impart distinct
molecular properties to boundary cells which, together with Wingless signaling (Vincent and
O’Farrell, 1992; Larsen et al., 2008), could prime them to serve as long-term barriers to
cell movement. Actomyosin networks are present at compartment boundaries in Xenopus
(Fagotto et al., 2013), zebrafish (Calzolari et al., 2014), and mice (Galea et al., 2017), and
are critical for the establishment and maintenance of tissue structure. Given the widespread
expression of teneurins and members of the extremely diverse LRR receptor family in
epithelia, the spatially localized activities of these receptors could be a general mechanism
for regulating multicellular organization during epithelial morphogenesis.

STARXMETHODS
LEAD CONTACT AND MATERIALS AVAILABILITY

Fly lines and plasmids generated in this study are available upon request. Further
information and requests for resources and reagents should be directed to and will be
fulfilled by the Lead Contact, Jennifer Zallen (zallenj@mskcc.org).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Drosophila Stocks and Genetics—Wild-type embryos were Oregon R and control
genotypes are indicated for each experiment. Drosophila adults were reared on molasses/
cornmeal/yeast food and embryos were collected on apple juice agar plates at 25°C.
Embryo stages are indicated in the figure legends. The sex of the embryos was not
considered relevant to this study and was not determined. Mutant chromosomes generated
by CRISPR-mediated genome engineering in this study were: 7o//-2 (7o//-2 ORF
replaced with attP-3XP3-DsRed-attP); 7o//-68P ( 7o//-6 ORF replaced with attP-3xP3-
DsRed-attP); 7o/l-8*68, To//-68P (deletion of 70//-8 ORF on the To//-6™ chromosome);
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tartar®C (deletion of tartan ORF); tartarPR, Toll-8*%B, Toll-6"P (deletion of tartan ORF

on the 70//-8*%B, Toll-6"™ chromosome). The following recombinant chromosomes were
generated in this study: myosin-GFP, 70//-8°%; Toll-8*%8, Toll-6F, spider-GFP: tartan®C,
spider-GFP; and tartarPP, Toll-8*%B, Toll-6 | spider-GFP. New transgenes were UASp-
tartan-HA (VK37) and UASp-HA-Ten-m (attP2). Other stocks and alleles were 70//-2276
(used in Figure 5G only) (deletion of 450 bp in the 7o0//-2 ORF and 2.3 kb upstream
sequence) (Kleve et al., 2006), 7o//-6°°, Toll-6'B (used in Figure 5G only) (early frameshift
mutation in 70//-6 and a deletion of the entire 70//-8 open reading frame) (Paré et al.,
2014), Toll-8°° (Yagi et al., 2010) and 70//-6814> (Kolesnikov and Beckendorf, 2007) (used in
Figures 1B and 1C), the 7en-mcFT! ~001175 endogenous GFP tag (Lye et al., 2014), Spider—
GFPand Resille-GFP (gifts of Alain Debec), myosin-GFP (GFP fused to the myosin
regulatory light chain sg/ expressed from the sg/ promoter) (Royou et al., 2004), and
engrailed-Gal4 recombined with UASp-mCherry—Moesin (mCherry fused to the F-actin-
binding domain of Moesin) (Millard and Martin, 2008).

To genotype mutant embryos for Par-3 polarity analysis in 70//-2,6,8triple mutants, tartan
single mutants, and zartan, Toll-2,6,8 quadruple mutants, males and females heterozygous
for the desired mutations (without balancers) were crossed together, and homozygous
mutant embryos were identified by /n situ hybridization based on lack of appropriate mRNA
signal. For myosin analysis in fartan mutants, homozygous mutant embryos were identified
by the absence of staining with a guinea-pig anti-Tartan antibody. The mutant genotypes
and the corresponding controls in Figures 6A and 6B were: tartan (myosin-GFPI+; trrPC),
control for tartan (myosin-GFPI+; trrPC/+ or +/+), Ten-m KD (myosin-GFP injected with
Ten-m dsRNA), control for 7en-m KD (myosin—-GFP injected with water), Tartan OE
(progeny of females heterozygous for maternal a-tubulin67 and maternal a-tubulinl5 Gal4
drivers and UASp-Tartan-HA), Ten-m OE (progeny of females heterozygous for maternal
a-tubulin67 and maternal a-tubulin15 Gal4 drivers and UASp-HA-Ten-m), controls for
Tartan OE and Ten-m OE (progeny of females heterozygous for maternal a-tubulin67

and maternal a-tubulin15 Gal4 drivers processed in parallel). The genotypes in Figures

6C and 6D were: control (en-Gal4, UASp-mCherry—Moesin/+; myosin-GFF/+), en>Tartan
(en-Gal4, UASp-mCherry—Moesin/UASp-tartan-HA, myosin— GFPI+), en>Ten-m (en-Gal4,
UASp-mCherry—Moesin/; myosin-GFP/UASp-HA-Ten-m).

To genotype mutant embryos in live-imaging experiments, males and females heterozygous
for the desired mutations over a CyO, twist-Gal4, UAS-GFP balancer (I1) and/or an eve—
YFPBAC insertion (in attP2 on I11) (Ludwig et al., 2011) were crossed, and embryos
homozygous for second- and third-chromosome mutations were selected based on the
absence of GFP and/or YFP expression.

Cell Culture Conditions—S2R* cells were maintained at 25°C in Schneider’s medium
supplemented with 10% fetal calf serum (Sigma).

METHOD DETAILS

Fluorescence In Situ Hybridization and Immunofluorescence in Embryos—
Primary antibodies for immunohistochemistry were guinea pig anti-Par-3 (1:250 for
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simultaneous mMRNA/protein detection and 1:500 for immunofluorescence) (Blankenship

et al., 2006), mouse anti-Ten-m (mAb20 generated to a region overlapping the last 4
EGF-like repeats, 1:300-1:500) (Levine et al., 1994), mouse anti-wingless (1:25-1:50;
Developmental Studies Hybridoma Bank, 4D4) (Brook and Cohen, 1996), rabbit anti-GFP
(1:125-1:150, Torrey Pines), rabbit anti-Tartan (1:400) (Chang et al., 1993) (used in Figures
5A and 5B), and guinea pig anti-Tartan (1:100) (Mao et al., 2008) (used to genotype

tartan mutant embryos in Figures 2C and 2D). The UASp-mCherry—Moesin marker (Millard
and Martin, 2008) was used to label engrailed-Gal4-expressing cells and was visualized
with a mouse Living Colors mCherry antibody (1:50; Takara). Primary antibodies were
detected with Alexa Fluor-labeled secondary antibodies (1:500; Molecular Probes). Embryos
were mounted in ProLong Gold (Molecular Probes) and imaged on a Zeiss LSM700 laser-
scanning confocal microscope with a PlanNeofluor 40x1.3 NA oil-immersion objective;
z-slices (1.0-um thick) were acquired in steps of 0.45-0.5 pum.

To analyze Par-3 localization in 70//-2,6,8triple-mutant, farfan single-mutant, and

tartan, Toll-2,6,8 quadruple-mutant embryos, simultaneous mMRNA/protein detection was
performed using the acetone permeabilization method, as previously described (Paré et al.,
2009). Embryos were fixed for 25 min a 1:1 solution of heptane:9% formaldehyde (Sigma)
and 50 mM EGTA in PBS and devitellinized in a 1:1 solution of heptane:methanol. To
detect 7o//-2, Toll-6, and Toll-8, antisense RNA probes were transcribed with T7 polymerase
from pEntr-Toll-2, pEntr-Toll-6, and pEntr-Toll-8 plasmids containing the full-length open
reading frames (Paré et al., 2014) linearized with Notl. To detect fartan, antisense RNA
probes were transcribed with SP6 polymerase from the GH10871 plasmid (Drosophila
Genomics Resouce Center) containing the fartan cDNA linearized with EcoRV. To detect
wyg, antisense RNA probes were transcribed from a PCR-amplified template and transcribed
with T7. See Table S1 for primer sequences. Probes were labeled with digoxigenin-UTP

or dinitrophenyl-UTP, and bound probes were detected with mouse anti-digoxigenin

(1:250; Jackson ImmunoResearch) or rabbit anti-dinitrophenyl (1:250; Molecular Probes)
antibodies. To analyze Par-3 localization in 7en-m KD embryos, 7en-m—-GFPembryos were
injected with water (control) or 2 pg/ul 7en-m KD dsRNA, fixed for 25 min in a 1:1 solution
of heptane and 9% formaldehyde (Sigma) in PBS, manually devitellinized, and stained in
the same tube. 7en-m KD embryos were selected by the absence of Ten-m—-GFP signal.

To analyze Par-3 localization in 7en-m KD2 embryos, Oregon-R (wild-type) embryos were
injected with water (control) or 2 ug/ul 7en-m KD2 dsRNA, fixed for 25 minina 1:1
solution of heptane and 9% formaldehyde (Sigma) in PBS, manually devitellinized, and
stained in the same tube after prestaining the control embryos with Alexa 488-conjugated
phalloidin (1:1,000; Molecular Probes). For Par-3 cell and edge polarity analyses, embryos
were compared to internal controls (including heterozygotes) processed in the same tube to
minimize experimental variability. Each result is representative of at least two independent
experiments.

To analyze myosin localization in 70//-2,6,8 KD embryos, the progeny of myosin-GFF,
Toll-82°/Toll-8445 males and females were injected with dsRNAs targeting 7o//-2and Tol/-6
(1 pg/ul each); control embryos were the heterozygous progeny of 70//-8°°, myosin-GFPI+
males and females injected with water. To analyze myosin localization in 7en-m KD and
Ten-m KD2 embryos, myosin—-GFP embryos were injected with 2 pg/ul 7en-m KD dsRNA,
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Ten-m KD2 dsRNA, or water (control). Embryos were fixed in a 1:1 solution of heptane and
37% formaldehyde (Sigma) for 5 min and then manually devitellinized (Figures 1B, 1C, 2C,
2D, 4C, 4D, 6A and the loss of function conditions in 6B). For the analysis of boundary

and non-boundary length ratios in the overexpression conditions in Figure 6B, embryos were
fixed 30 min in a 1:1 solution of heptane and 4% paraformaldehyde (Electron Microscopy
Sciences) in PBS and devitellinized in 1:1 heptane:methanol. For the analysis of myosin—
GFP localization in stage 15 embryos, embryos were fixed 30 min in a 1:1 solution of
heptane and 3.7% formaldehyde (Sigma) in PBS and devitellinized in 1:1 heptane:methanol.

To analyze Ten-m localization in wild-type, tartan mutant, and Tartan-overexpressing
embryos, embryos were fixed for 30 min in a 1:1 solution of heptane and 4%
paraformaldehyde (Electron Microscopy Sciences) in PBS and devitellinized in 1:1
heptane:methanol. To analyze Ten-m localization in 70//-2,6,8 mutants and internal controls,
embryos were fixed using the acetone permeabilization method (Paré et al., 2009). To
visualize Ten-m—GFP, embryos were fixed for 25 min in a 1:1 solution of 9% formaldehyde
(Sigma) in PBS and manually devitellinized. Staining for endogenous Ten-m using the
Ten-m antibody and the 4% paraformaldehyde fixation protocol, or staining for Ten-m-
GFP using the GFP antibody and 9% formaldehyde fixation protocol, revealed all three
characteristics of Ten-m localization depicted in Figure 4B: Ten-m cables at compartment
boundaries starting at the adherens junctions and continuing sporadically throughout

the lateral membrane, apical Ten-m membrane localization in odd compartments, and
basolateral Ten-m puncta in even compartments. By contrast, staining for endogenous
Ten-m using the acetone permeabilization method detected Ten-m cables at compartment
boundaries, but only in more apical regions (within a few microns of the apical surface). In
addition, this method detected apical Ten-m membrane localization in odd compartments,
but did not detect strong Ten-m signal at compartment boundaries in more basolateral
positions or the basolateral Ten-m puncta in even compartments.

dsRNA Injection—For RNA interference, dsSRNAs were designed using the E-RNA/
website (Horn and Boutros, 2010) to minimize off-target effects. 7o//-2and 7o//-6 dSRNAs
were generated as described (Paré et al., 2014). 7en-m KD and 7en-m KD2 embryos were
injected with dsRNAs targeting nonoverlapping regions of the 7en-mgene. DNA templates
containing T7 promoters at their 5” and 3’ ends were generated using the odz_dsRNA _f
and odz_dsRNA _r primers (for 7en-m KD, targeting the last exon) or the Ten-m_KD2_f
and Ten-m_KD2_r primers (for 7en-m KD2, targeting the second-to-last exon). The dSRNAs
were transcribed using the T7 MEGAscript Kit (Ambion) and diluted in H,O as described
(Paré et al., 2014). Embryos were collected for 1 h at 25°C and injected dorsally as
described (Paré et al., 2014). After aging for ~2 h at 25°C, stage 7 embryos were washed
with heptane, fixed in formaldehyde, and manually devitellinized for staining.

Cloning—See Table S1 for all primer sequences. The pUASp-Toll-2-HA, pUASp-Toll-6-
HA, and pUASp-Toll-8-HA plasmids were previously described (Paré et al., 2014). All
tartanand Ten-m constructs were generated by Gibson assembly with gel purified fragments
(IMustra GFX Kit, GE) and ligated using NEBuilder HiFi DNA Assembly Master Mix
(NEB). The pUASp-tartan-HA plasmid (containing a C-terminal 3x HA tag) was generated
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by 2-part Gibson assembly. The fartan ORF was amplified from the GH10871 cDNA
plasmid (Berkeley Drosophila Genome Project) with the primers tartan:HA Fwd and trn;:HA
Rev. The linearized backbone was generated by digesting pUASp-W-CmR-ccdB-3xHA,
which contains a C-terminal 3xHA tag, with BamHI. The pUASp-tartan-HA transgene was
inserted into the VK37 landing site on chromosome Il. The pUASp-HA—-Ten-m plasmid
(containing an N-terminal 3x HA tag) was generated by 3-part Gibson assembly. The 7en-m
ORF (RB isoform) was amplified in two parts from genomic DNA obtained from flies
bearing a UAS-Ten-mtransgene (Hong et al., 2012). The 5’ end of the Ten-m open reading
frame was amplified with primers Fwd N-3xHA:Tenm PB and Ten-m Rev_2. The 3’ end

of the 7en-mopen reading frame was amplified using the primers Ten-m Fwd_2 and Rev
N-3xHA:Ten-m PB. The linearized backbone was generated by digesting pUASp-3xHA-
W-CmR-ccdB with Mlul. The Ten-m open reading frame in this construct contains four
polymorphisms that produce non-conservative amino acid changes at nucleotides 1513,
2108, 2978, and 6022 and a 109 nt microintron between the last two exons compared to the
sequence on Flybase. The pUASp-HA-Ten-m transgene was inserted into the attP2 landing
site on chromosome I11.

The pMT-tartan-AP5 and pMT-AP5-Ten-m plasmids expressing the Tartan ECD (amino
acids 1-434) or the Ten-m ECD (amino acids 250-2,731) fused to alkaline phosphatase were
cloned into the pECIA14 expression vector (Ozkan et al., 2013) using Gibson assembly.
The pMT-Toll-2-AP5, pMT-Toll-6-AP5, and pMT-Toll-8-AP5 plasmids were generated
previously (Paré et al., 2014). The pMT-tartan-AP5 plasmid was cloned by 2-part Gibson
assembly. The tartan extracellular domain was amplified with Phusion polymerase from

the GH10871 cDNA plasmid with the Fwd_Tartan_AP5 and Rev_Tartan_AP5 primers

and cloned into the pECIA14backbone. The pMT-AP5-Ten-m plasmid was cloned by
3-part Gibson assembly. The Ten-m extracellular domain was amplified in two parts from
PUASp-HA-Ten-m. The 5" end of the Ten-m extracellular domain was amplified with

the Fwd N-AP5_Ten-m and Ten-m Rev_2 primers. The 3’ end of the Ten-m extracellular
domain was amplified with the Ten-m Fwd_2 and Rev N-AP5_Ten-m primers. A variant of
PECIA14that contains an N-terminal AP5 tag was amplified with the Fwd N-AP5 PCR and
Rev N-AP5 PCR primers.

Cell Culture Experiments and Analysis—The coding regions for the Tartan and
Ten-m extracellular domains were cloned into the p£CIA14 expression vector (Addgene),
which contains an inducible CuSO,4 promoter and a C-terminal human placental alkaline
phosphatase gene Ozkan et al., 2013). Constructs were transfected into Drosophila S2R*
cells using FuGene HD Transfection Reagent (Promega, Southampton, UK), and protein
expression was induced with 1 mM CuSOy4 12 h post-transfection. Conditioned media was
collected 2 days post-induction, concentrated for 30 min at 4,000 g using Amicon Ultra-4
Centrifugal Filter Units (100-kDa cutoff; Millipore), and stored at 4°C for use within 48 h.
The same batch of concentrated media containing Tartan—AP5 or AP5—Ten-m was used for
all conditions in each experiment.

Cells were transfected with pActin5.1-Gal4 alone or in combination with pUASp-Toll-2-
HA, pUASp-Toll-6-HA, or pUASp-Toll-8-HA (Paré et al., 2014), or pUASp-tartan-HA
or pUASp-HA-Ten-m (this study). Plasmids were transfected at 300 ng/pl. Two days post-
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transfection, cells were adhered to polylysine-coated coverslips for 2 h and washed with

1x PBS. Cells were then incubated 2 h with concentrated media from cells expressing
pentameric alkaline phosphatase fusions diluted in Schneider’s complete medium. Cells
were washed once with 1x PBS, fixed 15 min in 4% formaldehyde/PBS, washed 3 times
with 1x PBS, and blocked for 15 min in blocking buffer (1% BSA, 0.1% Triton, and 10 mM
glycine). Cells were stained with rat anti-HA (1:500; Roche) and rabbit anti-human placental
alkaline phosphatase (1:50; Thermo Fisher Scientific) primary antibodies and Alexa 488-
and Alexa 647-conjugated secondary antibodies (1:500; Molecular Probes), mounted in
ProLong Gold (Molecular Probes), and imaged using a Zeiss LSM700 confocal with a
Plan-Apo 40x/1.3 NA oil-immersion objective. AP5 intensity at the plasma membrane of
transfected and untransfected cells was quantified using the Freehand line tool in ImageJ
(Figures 3B, 3E, 3F, and S3A-S3D). The multipoint tool in ImageJ was used to count cells
with Ten-m or AP5 puncta (Figures 3C, 3D, 3G, and S3E-S3G).

For imaging endogenous Ten-m localization in S2R* cells, cells were transfected using
FuGene HD Transfection Reagent (Promega) with pActin5.1-Gal4 and pUASp-tartan-HA
and mixed with untransfected cells two days post transfection. For cell aggregation
experiments in cells transfected with 7er7-m or control dsRNAs, S2R* cells were transfected
with a cocktail of either (1) pActins.1-Gal4, pUASp-tartan—-HA, and 7o//-3 dsRNA,

(2) pActins.1-Gal4, pUASp-tartan-HA, and Ten-m dsRNA, (3) pUASp-sqgh—-GFP, empty
PUASp, and 7o0//-3dsRNA, or (4) pUASpP-sgh-GFP, empty pUASpP, and Ten-m dsRNA.
Plasmids and dsRNAs were transfected at 300 ng/pl. Cells were mixed in pairwise
combinations two days post transfection. For both experiments, mixing was performed at
60 rpm for 30 min at room temperature, and cells were then adhered to polylysine-coated
coverslips for 2 h and washed with 1x PBS. Cells were fixed in 4% formaldehyde/PBS for
15 min, washed 3 times with 1x PBS, blocked 30 min in blocking buffer as above, and
stained with mouse anti-Ten-m (1:500) (Levine et al., 1994), rabbit anti-HA (1:500) (Cell
Signaling), chicken anti-GFP (1:500) (Abcam) primary antibodies and Alexa 488-, Alexa
546-, and Alexa 647-conjugated secondary antibodies (1:500; Molecular Probes), mounted
in ProLong Gold (Molecular Probes), and imaged on a Zeiss LSM700 confocal with a
Plan-Apo 403/1.3 NA oil-immersion objective.

Time-Lapse Imaging—Movies were acquired as described (Paré et al., 2014). Embryos
expressing Spider—GFP were imaged on a PerkinElmer Ultraview VOX spinning-disk
confocal microscope with a Plan-Neo40x/1.3 NA oil-immersion objective (Zeiss) using
Volocity acquisition software. Image stacks were acquired at 1.0-um z-steps and 15-s
intervals. Apical planes in the region of the adherens junctions were projected using tools for
semi-automated image segmentation using SEGGA software (Farrell et al., 2017).

Western Blots—Western blots were performed on ~100 pl S2R* cells/lane or 10 embryos/
lane (hand-selected by stage, punctured with a glass needle, and boiled in 20 ul 1x SDS
buffer) run on a bis-Tris 4%-12% acrylamide NuPage gel (Invitrogen), transferred to a
PVDF membrane (Millipore), and immunoblotted with mouse anti-Ten-m (1:1000) (Levine
et al., 1994) or mouse anti-p-catenin (1:500) (Riggleman et al., 1990). Bands were detected
using HRP-conjugated secondary antibodies (Jackson Laboratory) and chemiluminescence
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with the Amersham ECL prime reagent (GE Healthcare). Bands were imaged on a Fujifilm
LAS-3000 imager.

Toll-23ttP Allele—The 7o//-2% null mutation was generated by injection of in vitro
synthesized guide RNAs (gRNAs) targeting the 5" and 3’ UTRs of 7o//-2with a donor
containing 7o//-2homology arms and an attP-DsRed-attP insert. gRNAs were generated
using the T7 Megascript kit (Ambion) from PCR templates (Bassett et al., 2013) amplified
with primers ZKM100 for the 5’ cut or ZKM101 for the 3" cut and the universal reverse
primer ZKMOO02. The 7o//-2attP donor construct was cloned according to Zhang et al.
(Zhang et al., 2014). Homology arms of 1.2 kb (left) and 1 kb (right) were amplified

using primers ZKM102/ZKM103 (left) and ZKM104/ZKM105 (right) and cloned into the
PJET vector. The two gRNAS were co-injected with the donor construct into act-Cas9,
DNAIig4+%° embryos (65 ng/ul each gRNA and 500 ng/ul donor in H,0). Injections were
carried out as described (Paré et al., 2014). Injected embryos were aged for 48 h at 18°C
and the larvae were transferred to food vials at room temperature. Adults with mosaic
DsRed eyes were crossed to Sp/CyO flies, and the larval progeny were screened for DsRed
expression in the nervous system. DsRed expression was confirmed by fluorescence in the
adult eye and by PCR with primers ZKM027 and ZKM028. Candidate male flies were
crossed to Sp/CyO females and then processed for genomic DNA isolation. The landing site
was confirmed by PCR by pairing primers outside of the homology arms with primers inside
the STOP-DsRed cassette (ZKMO059 with ZKM028 for the left side and ZKMO060 with
ZKMO027 for the right side). We confirmed the absence of the pBS backbone from the gDNA
using primers ZKMO013 and ZKMO014. The absence of 7o//-2 expression was confirmed by
in situ hybridization.

Toll-63%P Allele—The 7o//-6A™ null mutation was generated by crossing flies harboring
a transgenic plasmid expressing two gRNAs targeting the 5 UTR and the intergenic region
downstream of 7o//-6 (pCFD4-Toll-6) to nanos-Cas9flies and injecting their progeny

with a donor attP construct containing 70//-6 left and right homology arms flanking an
attP-DsRed-attP insert (Port et al., 2015). The pCFD4Tol/-6 gRNA plasmid was cloned
according to crisprflydesign.org and (Port et al., 2015) by 2-part Gibson assembly of
Bbsl-digested pCFD4 with a gel-purified PCR product amplified from pCFD4 with the
ZKM147 and ZKM149 primers (NEBuilder HiFi 23 Master Mix, NEB) and inserted into
attP40. The 7ol/-6-attP donor construct was cloned according to Zhang et al. (Zhang et al.,
2014). Homology arms of ~1 kb were amplified using primers ZKM128/ZKM130 (left)
and ZKM135/ZKM138 (right), cloned into the pJET vector, and assembled using Golden
Gate assembly. Injections were carried out as described above. Donor insertion was screened
by DsRed fluorescence in the adult eye and larval nervous system and verified by PCR
with pairing primers outside of the homology arms and primers within the attP-DsRed-attP
cassette (ZKM139 with ZKMO028 for the left side and ZKMO027 with ZKM140 for the right
side). The absence of 70//-6 expression was confirmed by /n situ hybridization.

Toll-826B Deletion Allele—The pCFD4-Toll-8 gRNA plasmid was cloned according to
the crisprflydesign.org protocol by 2-part Gibson assembly of Bbsl-digested pCFD4 with a
gel-purified PCR product amplified from pCFD4 with the ZKM203 and ZKM205 primers
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(NEBuilder HiFi 23 Master Mix, NEB). This plasmid was injected (250 ng/ul) into the
embryos of nanos-Cas9/+/Y; Toll-6"/+ parents. Progeny were confirmed after crossing
using primers spanning the 7o//-8locus. The absence of 7o//-8 expression was confirmed by
in situ hybridization.

tartan Deletion Alleles—The pCFD4-tartan gRNA plasmid was cloned according to the
crisprflydesign.org protocol by 2-part Gibson assembly of Bbsl-digested pCFD4 with a
gel-purified PCR product amplified from pCFD4 with the ZKM272 and ZKM273 primers.
This plasmid was injected (250 ng/l) into nanos-Cas9/+/Y; Toll-8*%8, Toll-6P/+ embryos
and resulting adults were crossed to Dr/TM3females. The male progeny of injected flies
that were w/Y; &l TM3 or w/Y: trn, Toll-8°5B, Toll-6"™| TAM3 were genotyped by PCR
after crossing to Dr/TM3 females. Stable lines were generated, the absence of pCFD4-trn
was determined by PCR, and the presence of 7 deletions in both single and triple mutants
was confirmed by PCR using primers spanning the deletion. The presence of the 7o//-6tP
mutation in the triple mutant was confirmed by the presence of DsRed fluorescence in the
eye and by PCR (above), and the absence of tartanand Tol/l-8 expression in the triple mutant
was confirmed by /n situ hybridization. The absence of fartan expression in the tartan single
mutant was confirmed by /n situ hybridization and by the absence of staining with the
guinea pig anti-Tartan antibody (Mao et al., 2008).

QUANTIFICATION AND STATISTICAL ANALYSIS

Specific n values and statistical analyses can be found in the Figure legends. Statistical
analyses were performed in Prism 7 (GraphPad). For all early embryo analyses, ventrolateral
cells in parasegments 3—-6 were analyzed. To score myosin cables during convergent
extension, five compartment boundaries per embryo were scored for the presence of myosin
cables (defined as strong myosin accumulation at three or more consecutive vertical edges).
We found that dorsal injection resulted in an additional, subtle defect in myosin cable
formation at non-boundary edges in 7en-m KD (Figures 4C and 4D), 7en-m KD2 (Figures
S5C and S5D), and tartan dsRNA-injected embryos (not shown). As myosin defects at
non-boundary edges were not observed in fartan null mutants (Figures 2C and 2D), we
speculate that these defects are due to effects of the injection protocol and may not reflect a
true non-boundary role for Tartan or Ten-m. For the analysis of myosin recruitment in stage
15 embryos, the average intensity of myosin-GFP at the anterior boundary of 2-5 engrailed
stripes per embryo was measured in ImageJ and normalized to the average intensity of the
smooth cell region between the engrailed stripes.

Par-3 images were maximum intensity projections of z-planes encompassing the region

of the adherens junctions in early stage 7 embryos. For Par-3 planar cell polarity
measurements, cell boundaries were segmented and manually corrected using SEGGA
software (Farrell et al., 2017). Background signal was subtracted based on the cytoplasmic
intensities of the 20 closest cells as described (Farrell et al., 2017), and the log, ratio of
Par-3 intensity at vertical edges (edges oriented 60-90° to the AP axis) relative to horizontal
edges (0-30°) was calculated for individual cells. Cells without at least one edge in each
category were not analyzed. Cells were assigned to columns based on costaining with

a wg mRNA probe or Wg antibody (columns 4 and 8). Cells immediately posterior to
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Wgexpressing cells were assigned as columns 5 and 1. Columns 2/3 and 6/7 were combined
for analysis; some parasegments contained only three cells (Tetley et al., 2016). Even and
odd parasegments were assigned based on proximity to the cephalic furrow (parasegment 1).
A single mean log, ratio was calculated for each column in each embryo, the mean values
were converted to absolute ratios, and the mean+SEM between embryos was plotted.

For Par-3 edge polarity measurements, cell edges within or between columns were manually
selected and intensity values were measured using SIESTA software (Fernandez-Gonzalez
and Zallen, 2011). Lines were manually drawn along cell interfaces, avoiding vertices.
Vertical edges were defined as interfaces oriented 70-90° relative to the AP axis and were
assigned as boundary or non-boundary edges based on position. Horizontal edges were
defined as all edges located within columns, regardless of angle. Background signal was first
subtracted based on the average cytoplasmic intensity of 20 randomly selected cells, and
edge polarity was calculated as the inverse value of Par-3 fluorescence intensity at vertical
edges relative to all horizontal edges. A single average value was calculated for all boundary
edges and all non-boundary edges in each embryo, and the mean+SEM between embryos
was plotted.

For the analysis of edge contraction events and tissue elongation, images were segmented
using SEGGA software (Farrell et al., 2017). All cells that could be tracked for at least 50
time points (12.5 min) after t=0 were included in the edge contraction analysis, and all cells
that could be tracked for 30 min after t=0 were used for the tissue elongation analysis, as
described previously (Farrell et al., 2017). For the analysis of intercalation errors, edges that
were close to vertical in early stage 7 were manually tracked for 30 min or until the time

of edge disappearance (100 edges/embryo). Errors were scored as ‘no contraction’ (edge
was still present after 30 min), ‘no vertex resolution’ (edge contracted to a vertex that did
not resolve after 10 min), ‘unstable new edge’ (edge contracted to a vertex and formed a
new horizontal edge, but this edge subsequently contracted back to a vertex), and ‘incorrect
orientation of new edge’ (edge contracted to a vertex that resolved to reform the original
vertical edge).

DATA AND CODE AVAILABILITY

No large-scale datasets or new code were generated in this study.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
. Tartan and Ten-m receptors direct planar polarity at compartment boundaries
. Striped Tartan expression sets the position of compartment boundaries
. Tartan recruits Ten-m /n trans and inhibits its membrane localization /n cis
. Differences in Tartan and Ten-m levels are essential for boundary structure
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Figure 1. Compartment Boundaries Display Planar Polarity in the Absence of Toll-2, Toll-6, and
Toll-8

(A) Toll-2, Toll-6, and To/l-8 are expressed in repeating two-compartment units along the
anterior-posterior axis. Compartment boundaries, dashed lines.

(B) Myosin—-GFP and Wg proteins in control and 70//-2,6,8 KD embryos. Arrows, myosin
cables. Compartment boundaries, orange. Non-boundary interfaces, cyan.

(C) Percentage of boundaries and non-boundary interfaces with myosin cables in control and
70/l-2,6,8 KD embryos.

(D) Par-3 planar cell polarity was reduced in some columns in 7o//-2,6,8 mutant embryos
compared with controls.

(E) Par-3 protein and wg mRNA in control and 70//-2,6,8 mutants.

(F) Close-up of Par-3 at the 8/1 compartment boundary (orange) and the 7/8 non-boundary
interface (cyan) in the 7o//-2,6,8 mutant in (E).

(G) Par-3 edge polarity (the inverse ratio of Par-3 intensity at vertical boundary or non-
boundary edges relative to horizontal edges) in control and 70//-2,6,8 mutants.

A single average was calculated for each embryo and the mean + SEM between embryos

is shown. *p < 0.02, **p < 0.005, ***p < 0.0001, two-tailed Student’s t test. n = 8-10 late
stage 7 embryos per genotype in (C) (3-5 boundaries and 4-13 non-boundaries per embryo),
7 early stage 7 embryos per genotype in (D) (10-44 cells per column in each embryo), and
7 early stage 7 embryos in (G) (33-59 boundary edges and 68-122 non-boundary edges per
embryo). Genotypes: control in (B) and (C) (myosin-GFP, 7o//-8%* injected with water),
70/1-2,6,8 KD (myosin-GFP, To//-89145 injected with 7o//-2and Tol/-6 dsRNAs), control
in (D)- (G) (Toll-2P/+ or +/+; Toll-8*8, Toll-6/+ or +/+); Toll-2,6,8 mutant ( To//-21P;
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Toll-8*B . To//-68P). Embryos are late stage 7 in (B) and early stage 7 in (E) and (F).
Anterior left, dorsal up. Bars, 10 pm. See also Figures S1 and S2.
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Figure 2. The Striped Receptor Tartan Regulates Planar Polarity at Compartment Boundaries
(A and B) fartan mRNA expression prior to (A) and during (B) convergent extension. Even

compartments are indicated.

(C) Myosin—GFP and W(g proteins in control and Zartan mutant embryos. Arrows, myosin
cables. Compartment boundaries, orange. Non-boundary interfaces, cyan.

(D) Percentage of boundaries and non-boundary interfaces with myosin cables in control and
tartan mutant embryos.

(E) Par-3 protein and wg mRNA in control and Zartan mutant embryos.

(F) Close-up of Par-3 at the 4/5 compartment boundaries in (E).

(G) Par-3 edge polarity at boundary and non-boundary edges in control and Zartan mutant
embryos.

A single average was calculated for each embryo and the mean + SEM between embryos

is shown. ***p < 0.0001, two-tailed Student’s t test. n = 9-11 late stage 7 embryos per
genotype in (D) (3-5 boundaries and 5-12 non-boundaries per embryo) and 7 early stage

7 embryos per genotype in (G) (33-55 boundary edges and 64-108 non-boundary edges

per embryo). Genotypes: control in (C) and (D) (myosin-GFP/+; trrPC/+ or +/+), tartanin
(C) and (D) (myosin-GFP/+; trPC), control in (E)~(G) (#rC/+ or +/+); tartanin (E)-(G)
(trrPC). Embryos are stage 6 in (A), early stage 7 in (B), (E), and (F), and late stage 7 in (C).
Anterior left, dorsal up. Bars, 10 pm. See also Figure S2.
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Figure 3. Tartan Interacts with the Teneurin Ten-m in vitro
(A) Drosaphila S2R™ cells expressing full-length HA-tagged receptors were tested for

binding to the extracellular domains (ECDs) of Tartan and Ten-m.

(B) Tartan ECD (left panels) binds to S2R* cells expressing HA-Ten-m but not Tartan-HA.
Ten-m ECD (right panels) binds to S2R* cells expressing Tartan—HA but not HA-Ten-m.
ECDs were visualized with antibodies to alkaline phosphatase (AP), receptor-expressing
cells were labeled with antibodies to HA.
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(C) Endogenous Ten-m protein in S2R* cells is recruited to sites of contact with cells that
express Tartan—-HA (68.4% of cells, n = 291) (top), but not cells that express Toll-2-HA
(7.1%, n = 126) (bottom) or Toll-8—HA (8.3%, n = 180) (not shown) (p < 0.0001 for Tartan—
HA versus Toll-2-HA or Toll-8-HA, x? test).

(D) Ten-m accumulation at interfaces between Tartan—-HA-expressing and non-expressing
cells was not affected by 7en-m KD (=) in the Tartan—-HA-expressing (Tartan+) cells
(labeled with antibodies to HA), but was eliminated by 7en-m KD in Tartan—-HA-non-
expressing cells (visualized by transfection with myosin—-GFP). Cells were transfected with
Ten-m dsRNA ( 7en-nr) or control 7o//-3dsRNA ( Ten-m+).

(E and F) Tartan ECD or Ten-m ECD intensity at the surface of cells expressing the
indicated receptors (+) versus untransfected controls (-). Boxes, 25175t percentile;
whiskers, 595t percentile; horizontal line, median; +, mean. ***p < 0.0001, one-way
ANOVA with Sidak’s multiple comparisons test including additional conditions (see Figure
S3). n = 50-95 untransfected cells and 120-241 transfected cells in 2—4 independent
experiments.

(G) Percentage of interfaces with Ten-m accumulation in (D). ***p < 0.0001 versus ++, XZ
test. n = 31-40-cell pairs analyzed for each combination. Bars, 10 um.

See also Figures S3 and S4.
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Figure 4. Ten-m Localizes to Compartment Boundaries and Is Required for Boundary Polarity
(A) Ten-m—GFP localization (apical plane) relative to Wingless (Wg). Ten-m-GFP

localizes strongly to the 8/1 compartment boundary (black arrowheads), weakly to the

4/5 compartment boundary (gray arrowhead), and to the apical membrane of cells in odd
compartments.

(B) Schematic of Ten-m localization.

(C) Myosin—-GFP and Wg proteins in control (water-injected) and 7en-m KD ( 7en-m
dsRNA-injected) embryos. Arrows, myosin cables. Compartment boundaries, orange. Non-
boundary interfaces, cyan.

(D) Percentage of boundaries and non-boundary interfaces with myosin cables in control and
Ten-m KD embryos.

(E) Par-3 and Wg proteins in control and 7en-m KD embryos.

(F) Close-up of Par-3 at the 8/1 compartment boundaries in (E).

(G) Par-3 edge polarity at boundary and non-boundary edges in control and 7en-m KD
embryos.

A single average was calculated for each embryo and the mean + SEM between embryos

is shown. **p = 0.002, two-tailed Student’s t test. n = 7 late stage 7 embryos per genotype
in (D) (4-5 boundaries and 8-12 non-boundaries per embryo) and 7 early stage 7 embryos
per genotype in (G) (33-67 boundary edges and 60-119 non-boundary edges per embryo).
Embryos are early stage 7 in (A), (E), and (F) and late stage 7 in (C). Anterior left, dorsal
up. Bars, 10 um. See also Figures S4 and S5.
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Figure 5. Ten-m Localization to Compartment Boundaries Requires Striped Tartan Expression
(A) Ten-m and Tartan protein localization (lateral plane).

(B) Close-up of a 15-um-wide region flanking the 4/5 compartment boundary in (A).

(C-E) Ten-m localization in wild-type (C), tartan mutant (D), and Tartan-overexpressing (E)
embryos. (F) Ten-m localization in a 70//-2,6,8 mutant.

(G) Ten-m localization in the indicated genotypes (n = number of embryos analyzed).

***p < 0.0001 for tarfan mutant embryos versus wild type (WT) and Tartan overexpressing
(Tartan OE) embryos versus OE control, XZ test.

(H) Schematics of fartan expression and Ten-m localization. Genotypes: WT (Oregon

R), tartan (trPC), Toll-2 (Toll-2278), Toll-6,8 (Toll-82°, Toll-6'B), Toll-2,6,8 ( Toll-21P;
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Toll-8*88, To//-6P), OE control (maternal Gal4 alone), Tartan OE (embryos overexpressing
Tartan—HA with a maternal Gal4 driver). All embryos are stages 7-8.
Anterior left, dorsal up. Bars, 10 pm. See also Figure S4.
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Figure 6. Tartan and Ten-m Regulate Myosin Localization and Cell Morphology at
Compartment Boundaries

(A) Left, myosin Il (myosin—-GFP) and Wg protein in control, fartanmutant, and 7en-m KD
embryos. Compartment boundaries, orange. Non-boundary interfaces, cyan. Right panels,
length ratio is the measured length (orange) divided by shortest path (dashed line). Anterior
left, dorsal up.

(B) The boundary length ratio (at the interfaces between columns 8 and 1 and between
columns 4 and 5) and the non-boundary length ratio (at the interface between columns 7
and 8) are plotted for the indicated genotypes. Left plots, farfan mutant and 7en-m KD
embryos. Right plots, Tartan-overexpressing (Tartan OE) and Ten-m-overexpressing (Ten-m
OE) embryos. Appropriate controls were analyzed for each genotype (see STAR Methods).
(C) Myosin—GFP localization in stage 15 embryos expressing mCherry—Moesin alone
(control) or mCherry—Moesin with Tartan—-HA or HA-Ten-m under the control of the
engrailed-Gal4 driver. Arrowheads, anterior boundary of the engrailed (en) domain. Anterior
left, ventral views.

A
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(D) Quantification of myosin-GFP enrichment at the anterior boundary of en stripes.

A single mean value was obtained for each embryo and the distribution of mean values
between embryos is shown in (B) and (D) (boxes, 2575t percentile; whiskers, 5t-95th
percentile; horizontal line, median; +, mean). *p < 0.02, **p < 0.005, ***p < 0.0001,
two-tailed Student’s t test. n = 7-10 embryos per genotype in (B) (four boundaries and

two 7/8 non-boundaries per embryo) and 7-15 embryos per genotype in (D) (2-5 engrailed
stripes per embryo). Bars, 10 pm in (A), 5 umin (C).
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Figure 7. Tartan and Toll Receptors Independently Control Planar Polarity and Cell

Intercalation

(A) Top, schematic of the relationship between Tartan and Ten-m at compartment
boundaries. Bottom, fartan and Toll receptor expression and Ten-m localization in each
double-compartment unit (bottom). Middle panels, Par-3 planar cell polarity was reduced in
tartan, Toll-2,6,8 quadruple mutants versus controls (p < 0.005 for all columns except 6/7, p
=0.02, two-tailed Student’s t test).

(B) Par-3 edge polarity at boundary and non-boundary edges in control and quadruple-
mutant embryos (*p < 0.01, **p = 0.001, two-tailed Student’s t test).
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(C) Par-3 protein and wg mRNA in control and quadruple-mutant embryos.

(D) Images from time-lapse movies of wild-type (WT) and quadruple-mutant embryos
expressing Spider—GFP.

(E) Cumulative intercalation events per cell over time in WT, tartan single-mutant, 70//-2,6,8
triple-mutant, and fartan, Toll-2,6,8 quadruple-mutant embryos. p < 0.02 in fartan versus
WT, p <0.0001 in 7o//-2,6,8versus WT, p <0.0001 in tartan, Toll-2,6,8versus WT, p <0.01
in 70/l-2,6,8versus tartan, Toll-2,6,8.

(F) Tissue length normalized to the length at t = 0 in WT, tartan single-mutant, 70//-2,6,8
triple-mutant, and fartan, Toll-2,6,8 quadruple-mutant embryos. p = 0.41 in fartan versus
WT, p <0.008 in 7o//-2,6,8versus WT, p = 0.0003 in tartan, Toll-2,6,8versus WT, p=0.11
in 7oll-2,6,8versus tartan, Toll-2,6,8 Uncorrected Fisher’s LSD tests were performed using
the final values at t = 30 min. t = 0 is the start of convergent extension in early stage 7. Mean
+ SEM between embryos is shown, n = 7 early stage 7 embryos per genotype in (A) and (B)
(10-62 cells in each category per embryo in A and 39-55 boundary edges and 77-115 non-
boundary edges per embryo in B) and 3—-7 embryos per genotype in (E) and (F) (194-406
cells tracked at least 12.5 min per embryo). Control in (A)—~(C) ( 7o//-2%P/+ or +/+; trrPA,
TollI-8*B . Toll-6P |+ or +/+): tartan, Toll-2,6,8in (A)—(C) (Toll-2; trA, Toll-8%B,
Toll-6"), wild type in (D)—(F) (Spider-GFP and Spider— GFP/+), tartanin (E) and (F)
(trrPC, Spider-GFP), To//-2,6,8in (E) and (F) (Toll-Z2; Toll-8*68, To/l-68P Spider-GFP),
tartan, Toll-2,6,8in (D)—(F) (Toll-2%P; trrPA, Toll-8*%B, Toll-6"™P, Spider-GFP). Embryos
are early stage 7 in (C) and early stage 7 (0 min) or stage 8 (15 min) in (D). Anterior left,
dorsal up. Bars, 10 um. See also Figure S6.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

mouse monoclonal anti-digoxigenin Jackson ImmunoResearch 200-002-156

mouse Living Colors mCherry antibody Takara 632543
Developmental Studies Hybridoma Bank 4D4

mouse monoclonal anti-Wingless (Brook and Cohen, 1996)

mouse monoclonal anti-Ten-m Levine et al., 1994 N/A

rabbit polyclonal anti-human placental alkaline PA1-29125

phosphatase ThermoFisher Scientific

rabbit polyclonal anti-GFP Torrey Pines NC9589665

rabbit monoclonal anti-HA Cell Signaling C29F4

rabbit polyclonal anti-dinitrophenyl ThermoFisher Scientific A-6430

rabbit polyclonal anti-Tartan Chang et al., 1993 N/A

guinea pig polyclonal anti-Par-3 (Baz) Blankenship et al., 2006 N/A

guinea pig polyclonal anti-Tartan Mao et al., 2008 N/A

rat monoclonal anti-HA Sigma-Aldrich 3F10

Chicken polyclonal anti-GFP Abcam ab13970

AlexaFluor-488 Goat anti-mouse Secondary Molecular Probes A11001

AlexaFluor-488 Goat anti-rabbit Secondary Molecular Probes A11008

AlexaFluor-488 Goat anti-guinea pig Secondary Molecular Probes A11073

AlexaFluor-546 Goat anti-mouse Secondary Molecular Probes A11030

AlexaFluor-546 Goat anti-rabbit Secondary Molecular Probes A11035

AlexaFluor-647 Goat anti-guinea pig Secondary Molecular Probes A21450

Bacterial and Virus Strains

Biological Samples

Chemicals, Peptides, and Recombinant Proteins

Critical Commercial Assays

Deposited Data

Experimental Models: Cell Lines

D. melanogaster S2R+ cells

Drosophila Genomics Resource Center

Stock number 150

Experimental Models: Organisms/Strains

D. melanogaster. Wild-type Oregon R strain Bloomington Drosophila Stock Center N/A
D. melanogaster. Toll-23%® This paper N/A
D. melanogaster. Toll-63% This paper N/A
D. melanogaster. Toll-8%° Yagi et al., 2010 N/A
D. melanogaster. Toll-8%° , sqgh-sqh-GFP This paper N/A
D. melanogaster. Toll-8%° Kolesnikov and Beckendorf, 2007 N/A
D. melanogaster. Toll-8*%8, Toll-¢ This paper N/A
D. melanogaster. Toll-82%8 | Toll-63 | spider-GFP This paper N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER
D. melanogaster. tartan 3¢ This paper N/A
D. melanogaster. tartar?®, spider-GFP This paper N/A
D. melanogaster. tartar®?, Toll-8*8, Toll-6P This paper N/A
D. melanogaster. tartarP?, Toll-8*8, Toll-6P, spider-GFP | This paper N/A
D. melanogaster. UASp-tartan-HA (VK37) (I1) This paper N/A
D. melanogaster. UASp-HA-Ten-m (attP2) (111) This paper N/A
D. melanogaster. Ten-m-GFp CPTI-001175 Lye etal., 2014 N/A
D. melanogaster. sqh-sgh-GFP (1) Royou et al., 2004 N/A
D. melanogaster. engrailed-Gal4, UASp-mCherry- Moesin N/A
(D] Millard and Martin, 2008

D. melanogaster. eve-YFP BAC (attP2) (111) Ludwig et al., 2011 N/A
D. melanogaster. spider-GFP (111) gift of Alain Debec N/A
Oligonucleotides

See Table S1

Recombinant DNA

Plasmid. pECIA14 Ozkan et al., 2013 N/A
Plasmid. pUASp-tartan-HA This paper N/A
Plasmid. pUASp-HA-Ten-m This paper N/A
Plasmid. pMT-Tartan-AP5 This paper N/A
Plasmid. pMT-AP5-Ten-m This paper N/A
Plasmid. pENTR-Toll-2 Paré et al. 2014 N/A
Plasmid. pENTR-Toll-6 Paré et al. 2014 N/A
Plasmid. pENTR-Toll-8 Paré et al. 2014 N/A

Plasmid. GH10871 (pOT2-tartan)

BDGP Gold Collection

Drosophila Genomics Resource
Center

Software and Algorithms

SEGGA

Farrell et al., 2017

N/A

SIESTA

Fernandez-Gonzalez and Zallen, 2011

N/A

ImageJ and Fiji

Schneider et al., 2012

https://imagej.nih.gov/ij/

Prism 7

Graphpad

N/A

Matlab

Mathworks

N/A
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