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SUMMARY

Cells dynamically interact throughout animal development to coordinate growth and deter disease.
For example, cell-cell competition weeds out aberrant cells to enforce homeostasis. In Drosophila,
tumorigenic cells mutant for the cell polarity gene scribble (scrib) are actively eliminated from
epithelia when surrounded by wild-type cells. While scrib cell elimination depends critically on
JNK signaling, JNK-dependent cell death cannot sufficiently explain scrib cell extirpation. Thus,
how JNK executed cell elimination remained elusive. Here, we show that repulsive Slit-Robo2-
Ena signaling exerts an extrusive force downstream of JNK to eliminate scrib cells from epithelia
by disrupting E-cadherin. While loss of Slit-Robo2-Ena in scrib cells potentiates scrib tumor
formation within the epithelium, Robo2-Ena hyperactivation surprisingly triggers luminal scrib
tumor growth following excess extrusion. This extrusive signaling is amplified by a positive
feedback loop between Slit-Robo2-Ena and JNK. Our observations provide a potential causal
mechanism for Slit-Robo dysregulation in numerous human cancers.
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Tumor-suppressive programs remove aberrant cells from developing tissues. Vaughen and Igaki
identify Slit-Robo2-Ena as the extrusive force behind polarity-deficient cell elimination from
Drosophila epithelia. While loss of Slit-Robo2-Ena permits tumor formation within the
epithelium, Slit-Robo2-Ena signaling hyperactivation triggers excess extrusion and luminal tumor
overgrowth.

INTRODUCTION

Cell-cell interactions suppress tumorigenesis by eliminating weak or aberrant cells from
tissues in a conserved process called cell competition (reviewed in Tamori and Deng, 2011;
de Beco et al., 2012; Levayer and Moreno, 2013; Amoyel and Bach, 2014; Morata and
Ballesteros-Arias, 2015). One example of tumor-suppressive cell competition is the active
removal of cells lacking scribble (scrib) or discs large (dlg), evolutionarily conserved
apicobasal polarity genes (Brumby and Richardson, 2003; Igaki et al., 2009). It was
previously reported that c-Jun N-terminal kinase (JNK) signaling has critical autonomous
and non-autonomous roles in scrib cell elimination (Brumby and Richardson, 2003; Igaki et
al., 2009; Ohsawa et al., 2011), with non-autonomous JNK promoting wild-type neighbors
to engulf scrib cells (Ohsawa et al., 2011). However, autonomous JNK’s function in scrib
cell elimination was less clear, as merely blocking cell death does not cause as drastic
tumorigenesis as blocking JNK (Brumby and Richardson, 2003). Thus, key downstream
mechanisms of tumor-suppressive JNK signaling in scrib cell elimination remained
unknown.
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Here we identify novel INK targets crucial for scrib cell elimination: the ligand Slit, its
transmembrane Roundabout receptor Robo2, and the downstream cytoskeletal effector
Enabled/VVASP (Ena). The Slit-Robo system is a conserved axon-guidance module that
controls cell repulsion and migration (Brose and Tessier-Lavigne, 2000; Aradjo and Tear,
2003). Classically, Robo receptors expressed on migrating axons bind to Slit secreted from
midline glia, repelling axons in a dynamic process dependent on Ena (Kidd et al., 1999;
Brose et al., 1999; Bashaw et al., 2000; Simpson et al., 2000a, 2000b; Rajagopalan et al.,
2000). Recent studies, however, have uncovered unconventional Slit-Robo signaling in
muscle-tendon guidance (Ordan and Volk, 2015), intestinal stem cell control (Biteau and
Jasper, 2014), germline stem cell competition (Stine et al., 2014), and foregut separation
(Domyan et al., 2013). Our present study reveals an important role for Slit-Robo in
extruding tumorigenic cells from epithelia through E-cadherin (E-cad) deregulation. While
JNK-activated Slit-Robo2-Ena extrudes scrib cells and thus functions as a tumor suppressor,
signal hyperactivation can also promote tumorigenesis by increased luminal extrusion. Our
data help to explain how Slit-Robo signaling acts as both a tumor suppressor and tumor
promoter in human cancers.

Slit-Robo2-Ena Signaling Is Required for Scrib Cell Elimination

Tumorigenic cell clones mutant for scrib are eliminated from Drosophila eye imaginal
epithelium. To gain insight into factors regulating scrib cell elimination, we conducted a
genetic screen in Drosophila eye discs by introducing a series of heterozygous chromosomal
deficiencies into the scrib mosaic background and screening for aberrant scrib cell
overgrowth (Figure S1A). We recovered many deficiency hits that permitted scrib cell
overgrowth (J.V. and T.1., unpublished data). Two such overlapping deficiencies uncovered
the actin nucleator Enabled/VVASP (Ena), which we identified as essential for scrib cell
elimination (Figures S1B-S1F). While GFP-labeled scrib clones are eliminated and only
contribute to 10% of eye discs compared with 35% for control clones (Figures 1A and 1B),
heterozygosity for an enanull allele, ena?® (Ahern-Djamali et al., 1998), doubled scrib clone
size (Figure 1C, quantified in Figure 11). As Ena acts downstream of Slit-Robo in
Drosophila (Bashaw et al., 2000) and Caenorhabditis elegans (Yu et al., 2002), we next
tested these candidate upstream axon-guidance signals. Intriguingly, heterozygosity for the
ligand s/itor its receptor roboZ2 also caused significant scrib clone overgrowth (Figures 1D,
1E, S1M, and S1N). Heterozygosity for robol and robo3 did not alter scrib clone size
(Figures S1K and S1L), suggesting that Robo2 has a specific role in scrib cell elimination.

To next test whether Slit-Robo2-Ena functions in scrib clones or surrounding wild-type
cells, we depleted each protein in only scrib or wild-type cells using RNAJ While Slit-Robo
knockdown in wild-type cells surrounding scrib mutant cells did not induce overgrowth
(data not shown), knockdown specifically within scrib clones potentiated strong overgrowth
(Figures 1F-1H and S1Q). Knockdown of Slit, Robo2, or Ena alone in clones did not alter
tissue growth (Figures S1G-S1J, quantified in Figure S1S). Neither robo1-RNAinor robo3-
RNAI affected scrib cell elimination (Figures S10 and S1P), whereas total Robo
downregulation via overexpression of Commissureless (Comm) (Keleman et al., 2002)
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phenocopied robo2-RNAJF-induced scrib clone overgrowth (Figure S1R). These results
suggest that Slit-Robo2-Ena signaling is specifically required within scrib cells to eliminate
scrib cells from epithelia.

Slit, Robo2, and Ena Are Upregulated in Scrib Clones

We next examined the expression patterns of Slit, Robo2, and Ena in scrib mosaic tissue. S/it
transcription was markedly increased in scrib clones compared with wild-type eye disc cells
(Figures 2A—-2B’, quantified in Figure 2G; compare with Figures S2A-S2B’, note
endogenous s/ittranscription [asterisk] in the peripodial epithelium). Slit protein also
accumulated in scrib clones (Figures S2G-S2G’’”). To evaluate Robo2 expression, we
employed a hemagglutinin (HA)-tagged Robo2 knockin into the endogenous Robo2 locus
(robo2A-10b02) \which is expressed identically to wild-type Robo2 protein (Spitzweck et al.,
2010). While endogenous Robo?2 expression was scarce in wild-type discs (Figures S2C-
S2D’), scrib clones strongly upregulated Robo?2 (Figures 2C-2D’). In contrast, Robol and
Robo3 were not specifically upregulated within scrib clones (data not shown). In addition,
Ena accumulated cell-autonomously in scrib cells compared with wild-type neighbors
(Figures 2E-2F’, arrowheads; compare with Figures S2E-S2F’). Thus, Slit, Robo2, and Ena
are upregulated in scrib clones.

Further confirming Slit-Robo activation within scrib, removal of surrounding wild-type
tissue through overexpression of a proapoptotic gene (Stowers and Schwarz, 1999) revealed
strong JNK and s/jt-lacZ activation still present in scrib eye discs (Figures S2H-S2J"). Thus,
while Slit-Robo and JNK signaling affect cell competition, autonomous activation of these
pathways is not dependent on the presence of wild-type cells, which instead contribute to
scribengulfment (Ohsawa et al., 2011). Notably, though in the above localization
experiments we overexpressed caspase-inhibitor p35 within scrib clones to increase clone
size, we still observed Slit-Robo2-Ena upregulation within certain plain scrib clones
(Figures S2K-S2L’ and data not shown). This also indicates that Slit-Robo2-Ena
upregulation is not merely the result of apoptosis. Taken together with the RNA/
experiments, these data support that autocrine Slit-Robo2-Ena activation mediates scrib cell
elimination.

Slit-Robo2-Ena Signaling Acts Downstream of JNK Signaling in Scrib Cell Elimination

We next investigated how Slit-Robo2-Ena signaling was upregulated in scrib clones. As INK
signaling is critical for scrib cell elimination, we reasoned that JNK may also be essential for
Slit-Robo2-Ena upregulation. Strikingly, in scrib clones with impaired JNK signaling (by a
dominant-negative form of the Drosophila INK Basket, bskPM), slittranscription and
Robo2-Ena upregulation were completely abrogated (Figures 3A-3F’, compare with Figures
2A-2F"). Moreover, JNK activation by over-expression of a constitutively active form of the
INK kinase Hemipterous (/ep0“A) was sufficient to upregulate Robo2 (Figures 3G-3H",
MMP1 is a INK-target gene), Ena (Figures 31 and 3J), and s/ittranscription (Figures 31'—
3J”). Supporting JNK-dependent activation of Slit-Robo2-Ena, we found multiple AP1
consensus sequences (TGA(G/C)TCA,; Angel et al., 1987) within introns of all three genes
(Figure S3). Slit contains six AP1 consensus sequences, two of which precede a
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transcriptional start site (Figure S3A); Robo2 only contains three AP1 consensus sequences
(Figure S3B), which may explain its weaker upregulation by JNK.

If Slit-Robo2-Ena functionally act downstream of INK during scrib cell elimination, Slit-
Robo2-Ena overexpression in JINK-deficient scrib clones should prevent overgrowth. Indeed,
although scrib + bskPN clones massively overgrow (Figure 3K), co-expression of Slit,
Robo2, or Ena (Figures 3L—3N) significantly reduced scrib + bskPN overgrowth by ~50%
(Figure 30). These data place Slit-Robo2-Ena downstream of JNK signaling in scrib cell
elimination.

Slit-Robo2-Ena Signaling Mediates Scrib Cell Extrusion

We next sought to understand how Slit-Robo2-Ena signaling eliminates scrib cells. In the
course of the above experiments, we observed that scrib cells were often not located in the
main epithelium (disc proper, DP) but instead were extruding basally (orange asterisks,
Figures 4A and 4B) or into the lumen (blue asterisks, Figures 4A and 4B). While cell
extrusion is a central mechanism for enforcing cell competition in mammalian cell culture
systems (Hogan et al., 2009), certain in vivo studies have suggested that extrusion passively
follows cell death (Lolo et al., 2012; Levayer et al., 2016). We therefore tested the effect of
caspase inhibition on scrib cell extrusion and found that extrusion still occurred: large
masses of basally extruding scrib cells were displaced away from the DP (Figure 4C,
quantified in Figure 4M). This suggests that basal scrib cell extrusion occurs prior to cell
death, which is consistent with prior findings using scrib-RNAJ7and caspase inhibition
(Nakajima et al., 2013). Moreover, we infer that basal extrusion is rapidly followed by cell
death, as the number of observed extruding cells nearly doubled upon caspase inhibition
(Figure 4M).

Because Slit-Robo signaling is canonically repulsive, we hypothesized that Slit-Robo2-Ena
could regulate the extrusion of scrib cells. Indeed, knockdown of Slit, Robo2, or Ena
abrogated apical/basal extrusion of scrib cells, with resultant scribtumors accumulating in
the DP (Figures 4D-4F, quantified in Figure 4M). A similar result was obtained for
heterozygous alleles of s/it, roboZ, or ena (Figures S4A-S4C, quantified in Figure S4H).
Moreover, JNK inhibition also strongly suppressed scrib cell extrusion (Figure S4D).
Conversely, Slit-Robo2-Ena overexpression dramatically evicted nearly all scrib cells from
the DP, with the vast majority of surviving scrib clones located in the lumen (Figures 4G4,
blue asterisks). However, blocking cell death in Slit-Robo2-Ena-overexpressing scrib cells
again revealed many basally extruding populations (Figures 4J-4L, orange asterisks). Slit-
Robo2-Ena therefore extrudes scrib cells from the DP in a directionally unbiased manner
(basally or luminally), and the apparent bias toward lumen clones upon Slit-Robo2-Ena
hyperactivation derives from the rapid death of basally extruded cells. Importantly, we
observed cases of Slit-Robo pathway activation prior to cell extrusion (arrows in Figures
S2L-S2L’ and data not shown), suggesting that pathway activation precedes extrusion.

In support of Slit-Robo2-Ena executing cell extrusion downstream of JNK, Slit-Robo2-Ena
co-expression in INK-deficient scrib cells partially rescued extrusion (Figures S4E-S4G,
compare with Figure S4D, quantified in Figure S4H), consistent with Slit-Robo2-Ena co-
expression partially reducing JNK-deficient scrib tumor size (Figures 3K-30).
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Robo2-Ena Hyperactivation Triggers Scrib Tumorigenesis in the Lumen

While basally extruded scrib cells seemed to be removed rapidly via apoptosis (Figures S41
and S4J), luminal scrib cells were not universally dying (Figures S4K and S4L). Instead,
upon Robo2 or Ena overexpression in scrib clones, luminal scrib clones over-grew into
significant tumors (Figures 4N-4Q, quantified in Figure 4R). This is not trivially due to
Robo2 or Ena overexpression alone, as Robo2- or Ena-overexpressing clones were actually
smaller than wild-type clones (Figures S4AM-S4Q, quantified in Figure S4R) and frequently
underwent basal apoptosis (Figures S4S-S4T”). Although lumen tumor overgrowth was also
observed in Slit-overexpressing scrib clones (Figures S4U and S4V), luminal tumors were
rarer than in Robo2- or Ena-overexpression conditions. Notably, Slit overexpression in scrib
cells caused a weaker increase in luminal extrusion compared with Robo2 or Ena
overexpression in scrib (Figure 4M), suggesting a functional link between extrusion strength
and luminal tumors. The differences between Slit and Robo2/Ena overexpression likely
reflect a difference in the strength of signal activation between ligand overexpression and
downstream component (Robo2-Ena) overexpression. Importantly, the Slit-overexpression
transgene yielded stronger Slit upregulation than Robo2 overexpression (Figures S4W-
SA4W”, compare with Figures S4X-S4X"), suggesting that the different outcomes between
Slit and Robo2 overexpression in scrib cells cannot be attributed to differences in transgene
strength at the level of the Slit ligand. These data show that Robo2-Ena hyperactivation in
scrib clones triggers tumorigenesis in the lumen following excess extrusion.

Slit-Robo2-Ena and JNK Form a Positive Feedback Loop

Given the dramatic effect of Slit-Robo2-Ena hyperactivation on the tumorigenic fate of scrib
cells, we next investigated the effect of Slit-Robo2-Ena overexpression in normal cells.
While plain Slit-overexpressing clones appeared normal (Figures 5A and S4M), Robo2- or
Ena-overexpressing cells blocked from dying were extruded basally and accumulated F-actin
(Figures 5B and 5C, quantified in Figure 5D). Without inhibiting cell death we could not
observe these extruding cells (Figures SSA-S5D). As F-actin is linked to JNK activation
(Uhlirova and Bohmann, 2006), we tested whether INK was activated by Robo2-Ena
overexpression. Indeed, cell-autonomous upregulation of the JNK-target MMP1 occurred in
certain Robo2- or Ena-overexpressing cells (Figures 5E-5H’, quantified in Figure S5Q),
whereas Slit overexpression did not upregulate MMP1 (Figures SSE-S5F’). These data
suggest that Robo2-Ena upregulation initiates a positive feedback loop between JNK and the
Slit-Robo2-Ena module. Accordingly, s/ittranscription was also upregulated upon Robo2
overexpression (Figures 51-5J") or Ena overexpression (Figures 5K-5L") in a INK-
dependent manner (Figures S5G-S5H"). Consistent with JNK upregulating the entire Slit-
Robo2-Ena signaling module, Robo2 overexpression was sufficient to upregulate Ena
(Figures S51-S5J’, quantified in Figure S5R), and Ena overexpression likewise upregulated
Robo2 (Figures SSK-S5L7, quantified in Figure S5R). Thus, activation of JINK or Robo2-
Ena is sufficient to amplify and execute a cell-extrusion program. In contrast, Slit
hyperactivation did not upregulate Robo2 or Ena (Figures SSM-S5P”). Slit’s inability to
initiate the positive feedback loop and amplify extrusive signaling may contribute to the
infrequency of scrib luminal tumors upon Slit overexpression.
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We further confirmed the positive feedback loop between JNK and Slit-Robo2-Ena by
analyzing JNK-dependent cell death triggered by overexpression of the Drosophila tumor
necrosis factor Eiger (Egr) in the eye (Igaki et al., 2002; Moreno et al., 2002). Significantly,
JNK-dependent eye ablation was strongly suppressed by knockdown of Slit, Robo2, or Ena
(Figures 5M-5Q, quantified in Figure 5R). Thus, JNK signaling is reinforced by a positive
feedback loop with Slit-Robo2-Ena in a different cellular context.

E-Cadherin Disruption Extrudes Scrib Cells Downstream of Slit-Robo2-Ena

We next investigated the downstream mechanism of scrib cell extrusion. One attractive
hypothesis is extrusion by deregulated E-cad (Drosophila homolog shotgun), especially as
scrib cells were reported to have disrupted/downregulated E-cad (Pagliarini and Xu, 2003;
Nakajima et al., 2013). Intriguingly, Slit-Robo hyperactivation disrupted E-cad-based
adhesion in the Drosophila heart (Santiago-Martinez et al., 2008), and robo2 mutant stem
cell loss was partially rescued by E-cad overexpression (Stine et al., 2014). Moreover, Ena
directly associates with adherens junctions in epithelia (Grevengoed et al., 2001), raising the
possibility that Slit-Robo2-Ena extrudes cells through E-cad deregulation. Indeed, Robo2 or
Ena overexpression triggered downregulation of junctional E-cad in extruding cells (Figures
6A-A" and S6A-A") and also caused sporadic ectopic E-cad in other cells. Consistent with
a model in which disrupted E-cad triggers epithelial cell extrusion, £-cad-RNAJ alone
sufficed to extrude cells and activate JINK (Figures 6B—6C"). These data suggest that
Robo2-Ena upregulation disrupts E-cad and cell adhesion to trigger extrusion.

We therefore hypothesized that £-cad disruption was required for scrib cell extrusion and
death. Strikingly, E-cad overexpression in scrib cells strongly blocked extrusion and caused
epithelial tumor overgrowth (Figures 6D-6G), phenocopying loss of Slit-Robo2-Ena in scrib
clones. Notably, plain E-cad-overex-pressing clones were actually smaller than control
clones (Figures S6B-S6D), perhaps from B-catenin titration and altered Wingless signaling
(Sanson et al., 1996). These data are consistent with Slit-Robo2-Ena activation disrupting
cadherin-based adhesion to execute extrusion in scrib cells. A non-mutually exclusive
hypothesis is that Ena-activated actomyosin generates an expulsive contractile force. Indeed,
actomyosin strongly accumulated in scrib-overexpressing cells (Figures SGE-S6F”) as well
as Robo2-overexpressing cells (Figures S6G-S6H"). Thus, both cadherin dysregulation and
actomyosin changes may occur downstream of Slit-Robo2-Ena in evicting tumorigenic scrib
cells by extrusion.

DISCUSSION

Here we show that INK-activated Slit-Robo2-Ena signaling disrupts E-cad to extrude
aberrant cells from epithelia. Slit-Robo2-Ena inactivation or E-cad overexpression in scrib
clones caused epithelial tumors, while Robo2-Ena hyperactivation caused excess cell
extrusion and luminal tumors (Figure 7A). Moreover, a positive feedback loop between JINK
and Slit-Robo2-Ena likely ensures rapid commitment to cell extrusion and subsequent basal
cell death (Figure 7B).

Slit-Robo and Ena signal through diverse mechanisms to affect cell mobility and adhesion
(Reinhard et al., 2001; Krause et al., 2003; Ballard and Hinck, 2012). We found that Robo2
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or Ena overexpression disrupted E-cad and extruded cells basally (Figures 5A-5D and 6A—
6A"), consistent with Slit-Robo regulation of E-cad in different developmental and
tumorigenic contexts (Santiago-Martinez et al., 2008; Zhou et al., 2011; Stine et al., 2014).
An additional ramification of E-cad deregulation is increased cell scattering, as observed
following Robo2 or Ena overexpression (Figures S4N and S40; data not shown).
Interestingly, increased cell mixing enhanced cell competition and elimination in the
Drosophila pupal notum (Levayer et al., 2015). Thus, Slit-Robo’s disruption of E-cad may
further facilitate scrib cell elimination by increased cell dispersion and exposure to wild-type
cells. Alternatively, perturbation of adherens junctions could affect tumor growth by altering
Hippo signaling (Yang et al., 2015).

Of the three Robo receptors, we found that only Robo2 is required for scrib cell elimination,
which is intriguing given recent reports of non-canonical Slit-Robo2 signaling (e.g., Biteau
and Jasper, 2014; Stine et al., 2014; Ordan and Volk, 2015; Evans et al., 2015). As Ena does
not directly bind Robo2 (Bashaw et al., 2000) but can suppress Robo2-overexpression
pheno-types (Bashaw et al., 2000; Simpson et al., 2000b), it is likely that the Robo2-Ena
interaction is indirect, mediated perhaps by Abelson kinase (Abl; Bashaw et al., 2000).

JNK signaling drives dynamic cell movements during morpho-genesis, including dorsal
closure in Drosophila and neural tube and optic fissure in mice (Riesgo-Escovar et al., 1996;
Xia and Karin, 2004). We identified a positive feedback loop between JNK and Slit-Robo2-
Ena: JNK activation suffices to upregulate Slit-Robo2-Ena, and upregulation of Robo2 or
Ena can activate INK. Cadherin loss further solidifies this loop by activating INK (Figure
6B). Future studies should determine whether Slit-Robo2-Ena signaling more broadly
mediates cell movements downstream of JNK. Notably, Slit’s highly conserved human
homolog (Slit2) and human Robo2 both possess human AP1 binding sites (ATGAGTCAT;
three in Slit2 and nine in Robo2, data not shown), supporting that JNK-activated Slit-Robo
could occur in mammals. Interestingly, in scrib + RasV?2 tumors, JNK upregulates the actin
crosslinker Filamin/Cheerio to mediate metastasis (Kulshammer and Uhlirova, 2013).
Different JNK-activated actin regulators may therefore prevent or promote tumorigenesis
depending on the tumor’s genetic context. Intriguingly, a recent study further connected
JNK-dependent cell movement with axon-guidance genes: repulsive Semaphorin-Plexin
signaling mediated epithelial wound repair, which is a dynamic and JNK-dependent process
(Yoo et al., 2016). Thus, canonical “axon-guidance” signals may mediate manifold forms of
cell-cell communication and movement.

Cell extrusion and cell competition are intimately linked to tissue homeostasis and tumor
progression (Gu and Rosenblatt, 2012; Ballesteros-Arias et al., 2013; Enomoto et al., 2015),
and the direction of cell extrusion can dictate whether a cancer is initiated or suppressed
(Hogan et al., 2009; Slattum and Rosenblatt, 2014; Tamori et al., 2016). We also found that
modulating extrusive signaling either promoted or suppressed scrib tumorigenesis (Figure
7): while plain Robo2 or Ena hyperactivation triggered basal epithelial cell extrusion
followed by cell death (Figures 5B, 5C, and S4S-S4T"), Robo2-Ena activation in scrib
mutant cells unexpectedly accelerated both basal and apical extrusion into the lumen
(Figures 4G-4L). We speculate that the aberrant polarity of scrib cells permits a tumor-
suppressive, basal cell-extrusion mechanism to deleteriously promote randomized cell
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extrusion and luminal tumorigenesis. Indeed, luminal extrusion was recently identified as a
causal mechanism of scrib tumorigenesis in the Drosophila wing disc (Tamori et al., 2016).

Notably, multiple human cancers are associated with dysregulated Slit-Robo signaling
(reviewed in Ballard and Hinck, 2012). For example, human s/it2 was frequently silenced by
promoter hypermethylation in breast and lung cancer cell lines (Dallol et al., 2002) as well
as in 58% of breast cancer biopsies (Sharma et al., 2007). In addition, Robo2 and Slit were
disrupted in human pancreatic cancers, with lower Robo2 associated with poor prognosis
(Biankin et al., 2012). Importantly, however, Slit-Robo hyperactivation is also associated
with human cancers. In a striking parallel to our findings, autocrine Slit-Robo over-
expression degraded E-cadherin to promote epithelial-mesenchymal transition and tumor
growth in human colorectal carcinoma lines (Zhou et al., 2011). Robo2 was also upregulated
in various human hepatocellular carcinoma (HCC) lines (Avci et al., 2008), as was Ena (Hu
et al., 2014); notably, HCC can invade the lumen of the bile duct (Carella et al., 1981).
Moreover, upregulated Robo2 was linked to aggressive inflamma-tory breast cancer (Bieche
et al., 2004), and Slit overexpression in pancreatic tumors triggered metastasis into
lymphatic vessel lumens (Yang et al., 2010). The above findings are consistent with a model
whereby gain of Slit-Robo2-Ena signaling exacerbates lumen tumorigenesis, but loss of Slit-
Robo signaling prevents tumor cell elimination. Because scrib cell elimination also occurs in
mammalian cell cultures (Norman et al., 2012), and given the conservation of Slit-Robo
signaling in vertebrates (Aradjo and Tear, 2003; Chisholm and Tessier-Lavigne, 1999), it
may be fruitful to test whether dysregulated cell extrusion contributes to Slit-Robo’s role in
human tumorigenesis.

EXPERIMENTAL PROCEDURES

Fly Genetics

The following fly strains were used: scrib! (Bilder and Perrimon, 2000), UAS-bskPN
(Adachi-Yamada et al., 1999b), UAS-hep“A (Adachi-Yamada et al., 1999a), UAS-eiger
(Igaki etal., 2002), s/iZ (Drosophila Genomics andGenetic Resources [DGGR] #106948),
robo1A285 (gift of Dietmar Schmucker), s/itYC (gift of Talila Volk), slit-lacZ (Bloomington
#12189), robo2? (DGGR #106843), robo2! (Bloomington #34046), robo3” (gift of Talila
Volk), UAS-Robo2.HA (gift of Talila Volk), robo2tA-10b02 (gift of Barry Dickson), UAS-Slit
(gift of Tom Kidd), UAS-comm (gift of Tom Kidd), UAS-sqgfr..mcherryl CyO (Rauzi et al.,
2010; gift of Kaoru Sugimura), UAS-ena (Bloomington #9139), ena?’ (Bloomington
#8571), DR2R) Exel6069 (Bloomington #7551), DR 2R) BSC349 (Bloomington #24373),
ena-RNAJ (Vienna Drosophila Resource Center [VDRC] #106484), ena-RNAi™ (VDRC
#43056), s/it-RNAI (VDRC #20210), slit-RNA/* (Bloomington #31468), robo2-RNAi
(Bloomington #9286), robo2-RNAi* (Bloomington #27317), robol-RNAi (VDRC #42441),
robo3-RNAI (VDRC #44702), shg-RNAi (VDRC #27081), and UAS-shg. DEFL (DGGR
#109004).

UAS-ena, UAS-slit, UAS-robo2.HA, and UAS-robo2-RNAJ transgenes were recombined
with scrib!, FRT82B flies using neomycin to select for FRT82B and eye color to select for
potential transgene-containing recombinants. The presence of both transgenes and scrit?
was verified by complementation testing with scrit! and antibody counterstaining (i.e., anti-
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Ena for UAS-ena recombinants). To monitor the stability of scrib? in subsequent
experiments using these recombinants, we used phalloidin to label F-actin, which is
drastically upregulated in scrib clones and thus permits unambiguous identification of scrib
mutant cells. For UAS-robo2. HA and UAS-robo2-RNAi recombinations, multiple
recombinant lines were isolated that phenocopied each other when expressed in scrib cells.
eyFLP5, Act>y+>GAL4, UAS-GFP, FRT82B, tub-GALS0 generated MARCM, GFP*
clones mutant for scrib and/or driving RN/ (Lee and Luo, 1999). For all crosses, ten virgin
females were mated to three males; all experiments were conducted at 25°C unless
otherwise stated in the figure legends.

Immunohistochemistry

Wandering L3 larvae were dissected in 1% PBS and kept on ice until fixation in 4%
paraformaldehyde (PFA) for 16 min. Following two washes in PBS and one in blocking
agent (normal donkey serum), primary antibodies were applied overnight (8-12 hr, no
rocking) in blocker + PBS + 1% Triton to allow tissue permeabilization. Following three
washes in PBS, secondary antibodies were applied for 2.5 hr while rocking and covered
(1:200). Samples were mounted with DAPI and 70% glycerol to provide volume. The
following antibodies were used: rabbit anti-B-galactosidase for s/it-lacZ (Sigma, 1:500),
rabbit anti-cleaved Drosophila DCP1 (1:50, Cell Signaling Technology), mouse anti-Slit
(Drosophila Studies Hybridoma Bank [DSHB], 1:500), mouse anti-Ena (DSHB, 1:500), rat
anti-HA for robo2/*A-RoboZ (Roche, 1:50), mouse anti-MMP1 (DSHB, 1:50), and Alexa647
phalloidin (1:25, Molecular Probes).

Data Acquisition and Analysis

For quantification of scrib clone size, representative cross-sections were analyzed in ImageJ,
with total eye disc GFP clone area (selected by thresholding for GFP, with parameters kept
consistent across all genetic backgrounds) divided by total eye disc area (selected by hand).
We excluded the antennal disc from analysis as scrib cells are less robustly eliminated in
antennal discs. For antibody quantification within clones or wild-type cells, a minimum of
three eye discs was analyzed in ImageJ for the mean signal intensity of GFP clones versus
neighboring wild-type cells. For quantifying localization of scrib clones, z-stack data from a
minimum of five eye discs stained with phalloidin and/or DAPI was acquired at 1-um
intervals on an SP8-upright Leica confocal microscope and then analyzed by eye using
Leica software and ImageJ. For quantification of Eiger-induced eye ablation, the eye area of
female flies was measured manually in ImageJ and then normalized to GMR-GAL4 eye
area. Data were plotted in R (version 3.2.2). Excel was used to conduct two-tailed Student’s
t tests for statistical analyses (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
Autocrine Slit-Robo2-Ena signaling eliminates tumorigenic epithelial cells
Slit-Robo2-Ena extrudes polarity-deficient cells by disrupting E-cadherin

Robo2-Ena hyperactivation triggers excess extrusion and luminal
tumorigenesis

A positive feedback loop between JNK and Robo2-Ena amplifies extrusive
signaling
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Figure 1. Slit-Robo2-Ena Are Required for scrib Elimination
(A-H) Wild-type (WT) GFP clones (A) contribute significantly more to eye disc tissue than

scrib clones, which are eliminated (B; eye disc is outlined and posterior is to the left in all
images). Heterozygosity for ena (C), slit (D), or roboZ (E) potentiated scrib cell overgrowth,
as did RNA/expressed inside scribagainst ena (F), slit(G), or roboZ2 (H). Scale bar, 100 um.
(1) Quantification of clone size by % GFP area/disc. Statistical significance is assessed
against plain scrib (bar #2) in all graphs unless otherwise indicated. ***p < 0.001, ****p <
0.0001.
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See Experimental Procedures and Supplemental Experimental Procedures for detailed
genotypes and quantification methodology, and Figure S1 for related experiments.
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Figure 2. Slit-Robo2-Ena Are Upregulated Inside scrib Cells
(A-F") scrib clones co-expressing caspase inhibitor p35 were stained for s/jt-lacZ (A-B’;

asterisk marks endogenous expression in all images), Robo2 (C-D’), or Ena (E-F’,
arrowheads point to cell-autonomous accumulation inside scrib clones). Dashed lines
indicate xz or yz sections shown adjacent to cross-sections. Scale bars, 100 um.

(G) Quantification of s/it-lacZ, Robo2, and Ena in scrib cells versus neighboring wild-type
cells.

See Experimental Procedures and Supplemental Information for detailed genotypes and
antibody staining and Figure S2 for related experiments. **p < 0.01, ****p < 0.0001.
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Figure 3. Slit-Robo2-Ena Act Downstream of JNK Signaling in scrib Cell Elimination
(A—F) Blocking JNK signaling in scrib clones (+bskPNy abolished upregulation of s/it-lacZ

(A-B’; asterisk marks endogenous), Robo2 (C-D’), or Ena (E-F’, note lack of cell-
autonomous accumulation as shown in Figures 2E-2F").

(G-J) Conversely, INK activation (#ep“A + p35) triggered cell-autonomous Robo2
accumulation (arrowheads G’'-G”, H'-H”; MMPL is positive control [G, H]), slit-lacZ
upregulation (arrowheads I’-1", J’=J"), and Ena accumulation (I, J).
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(K-0) While INK-impaired scrib clones massively overgrow (K), overexpressing Slit (L),
Robo2 (M), or Ena (N) significantly rescued overgrowth (quantified in O, significance
measured against scrib + bskPN [bar #1]). ****p < 0.0001.

Scale bars, 100 um. See Supplemental Information for detailed genotypes and Figure S3 for
related experiments.
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Figure 4. Slit-Robo2-Ena Extrude scrib Cells, and Robo2-Ena Hyperactivation Promotes scrib
Lumen Tumorigenesis

(A—M) Schematic (A) of an eye disc harboring scrib cells (green): the main epithelium (disc
proper, DP) is encased by a thin peripodial epithelium (PE), forming a lumen that contacts
apical cell surfaces. scrib cells are either within the DP (“Disc, “magenta asterisk), extruding
basally (“Extruding,” orange asterisk), or in the lumen (“Lumen,” blue asterisk), as shown in
(B) with F-actin labeled in white. Blocking death in scrib cells (+p35) revealed many basally
extruding cells (C, orange asterisk). Impairing s/it (D), roboZ (E), or ena (F) within scrib by
RNAiblocked cell extrusion (magenta asterisk). Strikingly, overexpressing Slit (G), Robo2
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(H), or Ena () in scrib cleared most scrib cells from the DP, with remaining cells mainly
located in the lumen (blue asterisk). Blocking cell death in Slit-Robo2-Ena over-expression
scrib clones again revealed many basally extruding cells (J-L, orange asterisk). (M)
Quantification of scrib clone location (Extruding, Disc, or Lumen) as percentage of total
scribarea (n = minimum of 5 discs/genotype). Statistical significance coloring (*p < 0.05,
**p < 0.01, ***p < 0.001, ****p < 0.0001) corresponds to clone location; bars #2-8,
significance measured against bar #1, plain scrib; bars #9-11, significance measured against
bar #8, scrib+ p35.

(N-R) Robo2 (N and O) or Ena hyperactivation (P and Q) in scrib cells triggered lumen
tumor formation (quantified in R, WT represents plain GFP clones; **p < 0.01, ***p <
0.001).

Scale bars, 100 pm. See Supplemental Information for detailed genotypes and Figure S4 for
related experiments.
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Figure 5. Slit-Robo2-Ena and JNK Form a Positive Feedback Loop
(A-D) Slit-overexpressing clones (A) appeared wild-type, whereas Robo2 (B) or Ena-

overexpressing clones (C) extruded basally and accumulated F-actin (orange asterisk,
quantified in D). (E-L) Plain Robo2 hyperactivation (E-F’) or Ena hyperactivation (G-H")
caused cell-autonomous JNK activation, as assessed by MMP1. Accordingly, Robo2
hyperactivation (arrowheads I-J") or Ena hyperactivation (K-L") could therefore upregulate
slit-lacZ.
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(M-R) While Eiger (Egr) overexpression by GMR-GAL4 ablates adult eyes (N, compare
with M), co-expression of s/it-RNAi*(0), robo2-RNAI (P), or ena-RNAI*(Q) rescued eye
ablation. (R) Quantification of eye size normalized to GMR-GAL4 eyes. ****p < 0.0001.
Scale bars, 100 pm. See Supplemental Experimental Procedures for detailed genotypes and
Figure S5 for related experiments.
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Figure 6. E-Cadherin Disruption Triggers Extrusion Downstream of Slit-Robo2-Ena
(A-G) Robo2-overexpressing clones have aberrant E-cad (A—-A”, magenta; arrowheads

indicate cell-autonomous downregulation). Interestingly, E-cad depletion alone is sufficient
to trigger JNK activation (B—C”, arrowheads) and cell extrusion (C, orange asterisk).
Accordingly, overexpressing E-cad in scrib clones permitted epithelial overgrowth (D,
quantified in E) and blocked extrusion (F, magenta asterisk; quantified in G). **p < 0.01,
**k%n < 0.0001.

Scale bars represent 100 mm unless otherwise indicated. See Supplemental Experimental
Procedures for detailed genotypes and Figure S6 for related experiments.
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Figure 7. Model for Slit-Robo2-Ena Regulation of scrib Tumorigenesis
(A) Inactivation of Slit-Robo2-Ena causes scrib cell overgrowth in the main epithelial disc

(disc proper, DP), whereas normally JNK-activated Slit-Robo2-Ena extrudes scrib cells by
E-cad disruption and subsequent basal cell death. Conversely, hyperactivation of Robo2-Ena
triggers excess extrusion and luminal tumor overgrowth between the DP and the peripodial
epithelium (PE).

(B) JNK and Slit-Robo2-Ena form a positive feedback loop in scrib that rapidly extrudes
scrib cells.
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