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SUMMARY

As epithelial tissues develop, groups of cells related by descent tend to associate in clonal
populations rather than dispersing within the cell layer. While frequently assumed to be a result of
differential adhesion, precise mechanisms controlling clonal cohesiveness remain unknown. Here
we employ computational simulations to modulate epithelial cell size /n silico and show that
junctions between small cells frequently collapse, resulting in clone cell dispersal amongst larger
neighbors. Consistent with similar dynamics /7 vivo, we further demonstrate that mosaic
disruption of Drosophila Tor generates small cells and results in aberrant clone dispersal in
developing wing disc epithelia. We propose a geometric basis for this phenomenon, supported in
part by the observation that soap foam cells exhibit similar size-dependent junctional
rearrangements. Combined, these results establish a link between cell size pleomorphism and the
control of epithelial cell packing, with potential implications for understanding tumor cell
dispersal in human disease.
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Although abnormal cell size variation is one of the defining characteristics of several cancers, the
possible role of differential cell size on disease progression is unclear. Ramanathan S. P. et al.
discover that the geometric effects of growth heterogeneity can disperse aberrant cells within
mosaic epithelial tissue.

INTRODUCTION

Animal tissues are constructed from a mosaic patchwork of genetically divergent clonal cell
populations (Lupski, 2013; Freed et al., 2014). Within epithelial tissue, these clones can
arise from single progenitors carrying somatic mutations (Lynch, 2010), and humerous
human conditions are associated with clonal expansion of single cells carrying deleterious
alleles (Forsberg et al., 2017; Lim et al., 2017; Machiela and Chanock, 2017). From this
perspective, the morphology and dynamics of epithelial cell clones can influence both organ
development and disease progression (Chabab et al., 2016; Kouzak et al., 2013; Rulands et
al., 2018; Waclaw et al., 2015). For example, in comparison to single unifocal tumors, the
short-range dispersal of clonal tumor cells within planar epithelia is associated with adverse
prognoses for patients with carcinomas of the bladder, breast, liver, lung, prostate, thyroid,
or urethra (Sidransky et al., 1992; Lutzeyer et al., 1982; Pandis et al., 1995; Weissenbacher
etal., 2010; Hsu et al., 1991; Goh et al., 2014; Wang et al., 2009; Marcq and Galy, 1973;
Ruijter et al., 1999; Miller and Cygan, 1994; McCarthy et al., 2006; Kim et al., 2008; Hafner
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et al., 2001; Corrado et al., 1991). Tremendous effort has been focused on understanding
how cells from tumors migrate out of epithelial layers and invade other tissues (Talmadge
and Fidler, 2010; Stuelten et al., 2018). In contrast, despite the emerging impact of short-
range cell dispersal in development and disease, general principles behind how clonal cells
disperse within epithelial tissue are mostly unknown.

Physical forces control cell shape and position within tissue during development as well as
during disease (Dreher et al., 2016; Pasakarnis et al., 2016; Hoffman and Crocker, 2009).
Indeed, the markedly different mechanical properties of tumor cells when compared to their
surroundings have central roles in disease progression (Porta and Zapperi, 2017). In contrast
to healthy cells of the same type that typically maintain strikingly uniform size, tumor cells
are pleomorphic and can exhibit large variations in shape and size (Ginzberg et al., 2015).
Furthermore, abnormal cell size variation serves as a diagnostic criterion for several
carcinomas (El-Naggar et al., 2017; Travis et al., 2015). Despite this, the potential role of
cell size variance in disease progression remains unclear. In this study, we interrogate the
role of cell size discrepancy in tissue organization by inducing clonal populations of small
cells within mosaic epithelia.

In silico simulations predict aberrant dispersal of small-cell clones

Organ and clone shape are determined by how populations of individual cells are positioned
within a tissue. Existing knowledge of how epithelial cells organize is mostly derived from
examining how tension and adhesion determine the stability and topology of cell junctions
in populations of comparably sized cells (Fagotto, 2014). To ask how cell size variation
might influence tissue organization we first employed a vertex model to simulate a mosaic
tissue /n silico (Figure 1A, B; Farhadifar et al., 2007; Hufnagel et al., 2007; Bi et al., 2015).
A single randomly-chosen hexagonal cell from a tissue comprising 20 cells served as the
clonal progenitor. After several rounds of cell division, this progenitor gave rise to a largely
coherent population related by common lineage (Figure 1C). Next, we induced clonal
discrepancies in cell size by altering the preferred surface area of the clone progenitor and its
descendants (Figure 1D, Video 1). Contrasting with a general cohesion of control clones
after eight rounds of cell division, experimental clones comprised of small cells dispersed
1.7 times more frequently (Figure 1E; cell size reduced by half). Although clonal
populations of cells remained contiguous in the initial rounds of cell division, after four
rounds of cell cycling, the tendency of clonal cells to disperse strongly depended on cell size
(Figure 1F). Interestingly, these rearrangements were associated with topological changes
wherein smaller cells consistently lost sides to their immediate neighbors (Figure 1G). In
contrast to several non-biological contexts where particles cluster together on the basis of
size, these results indicate that clonal epithelial cells should disperse when surrounded by
larger neighbors (Anderson and Bunas, 1993; Rosato et al., 1987). The strong correlation
between clone contiguity and cell size /n silico indicates that cell size pleomorphism is
sufficient to drive aberrant clone dispersal in vivo.
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Aberrant dispersal of small Tor2P cells in mosaic Drosophila epithelia

To test the biological relationship between cell size and clone contiguity, we next introduced
cell size discrepancies /n vivo, using the Drosophila melanogaster wing imaginal disc as a
genetically tractable experimental system. We first generated mosaic tissue by perturbing
growth in clonal cell populations using Gal4/UAS-mediated gene knockdown (Brand and
Perrimon, 1993). Yorkie (Yap/Taz), Myc and Tor are key mediators of cell growth and act
downstream of several major cell-signaling pathways (Lloyd, 2013). Their functions as cell
growth regulators are conserved across several organisms and tissues, including in the
Drosophilawing disc (Huang et al., 2005; Johnston et al., 1999; Saucedo et al., 2003). In
keeping with the results of our /n silico studies, clonal populations of cells expressing Myc
and 7or RNAJ exhibited reduced size and often lost junctional contact with each other and
dispersed among their wild-type neighbors (Figure S1A-D, Table S1). We decided to
investigate the influence of size control in epithelial cell mixing by focusing on the Tor
pathway for two reasons: (1) In contrast to 7or, clonal disruption of Yorkie or Myc triggers
extensive confounding pleiotropic effects on epithelial cell dynamics, including apoptosis
and aberrant junction tension (Bosveld et al., 2016; Di Gregorio et al., 2016; Levayer et al.,
2015); (2) Tor-RNAJexpressing cells dispersed more frequently than those expressing
Yorkie- or Myc-RNAI (Figure S1E).

To confirm the Tor-dependent dispersal phenotype from RNAI experiments, we next
employed the MARCM technique (Lee and Luo, 1999) to generate cell clones homozygous
for the null allele 7047 in developing wing discs (Figure 2A, B; Zhang et al., 2000). We first
quantified the effect of 7orloss on cell volume and apical surface area. Estimating volumes
of interphase epithelial cells is challenging due to both cell-cycle dependent fluctuations in
volume as well as their irregular three-dimensional shape (Gomez-Galvez et al., 2018). In
contrast, most animal cells maintain a roughly spherical shape during mitosis (Meyer et al.,
2011; Nakajima et al., 2013; Ramanathan et al., 2015). By measuring mitotic cell size, we
were able to overcome both spatial and temporal challenges (Figure S2A-G). We estimated
cell volume by measuring mitotic spherical cross-sectional cell area and found that 7047
cells were 50.8 £ 2.7% (mean + s.e.m.) the volume of neighboring cells in the developing
wing pouch (Figure S2H, ). During interphase, for an elongated epithelial cell of constant
height, a 50% reduction in volume would correspond to ~50% reduction in the average
cross-sectional area. We therefore skeletonized images of epithelial junctions and extracted
the interphase cell shape parameters using EpiTools (Figure 2C, D) (Heller et al., 2016). In
agreement with our geometric prediction, the apical areas of interphase 70r4” cells were
reduced by 55.3 £ 1.4% in comparison to their immediate neighbors in the wing pouch
(Figure 2E). This suggests that the smaller apical area of 7or4” cells is a consequence of
growth perturbation.

Having quantified the growth defect in the volume and apical surface area of 704 cells, we
next investigated corresponding abnormalities in clone contiguity. In agreement with the
observation of aberrant cell dispersal in Act>>Gald, UAS-Tor RNAJ clones, Tor4F cells were
extensively intervened by their non-clonal neighbors and more dispersed than controls
(Figure 2B, F). Frequently, 7047 cells were separated at apico-lateral regions of the
epithelia while still maintaining contact at the apical-most junctions in three-dimensional
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reconstructions (Video 2, 3). This suggests a limited role for apical cytoskeletal and
adhesion molecules in driving the dispersal of 7047 cells. Clonal cells related by lineage are
almost always contiguous in wing disc epithelia (Resino et al., 2002). Contrary to
expectations, and in agreement with the simulations 7 sifico, introducing cell size
discrepancy by inducing 7or2” clones allowed larger neighbors to intermix with clonal cells.
These results show that cell size discrepancies can influence how cells are positioned within
mosaic epithelial tissue /in vivo.

Small Tor® cells disperse by losing sides to larger neighbors

Statistical descriptions of how cells are packed in plants, animals and even soap-foam report
a positive correlation between cell sidedness and apical cell area, generally known as Lewis’
Law (Lewis, 1928; Hilgenfeldt, 2013; Durand et al., 2014). In contrast to plant epidermis,
however, epithelial cell junctions are amenable to topological rearrangements accompanying
cellular growth and proliferation. We therefore examined how cell size discrepancies
influence local epithelial topology in the wing disc (Figure 2C, D). Under steady state
conditions, a majority of wing disc cells are six-sided and three-sided cells are notably
absent (Gibson et al., 2006; Heller et al., 2016). Interestingly, 7or4” clones exhibited three-
sided cells at a non-zero frequency of 2.4% (Figure 2D). Furthermore, a majority of 704"
cells had five instead of the expected six sides (exhibiting an average neighbor number of
5.25 + 0.10 versus 6.12 + 0.03 calculated in controls; Figure 2G). Cellular movements in
epithelia often occur through neighbor exchanges driven by cell-junction rearrangements
(Walck-Shannon and Hardin, 2014). We therefore investigated whether 7047 cells lose sides
and intercalate with neighbors because the shared junctions between 7047 cells are unstable
(Figure 2D, G). To dissect the dynamics of how the 7or4” cells lose sides, we quantified the
sidedness of clonal cells and their immediate neighbors (Figure 3A). In agreement with
previous studies on epithelial topology, the average sidedness of control clones and their
primary and secondary neighbors was 6.11 + 0.01, 6.01 £ 0.02 and 6.04 + 0.03, respectively
(Figure 3A) (Gibson et al., 2006). Interestingly, not only did clonal 7047 cells tend to lose
sides, but their primary neighbors also tended to gain sides, featuring an average sidedness
of 6.56 = 0.02 (Figure 3B). The secondary neighbors exhibited an average sidedness of 5.97
+ 0.01, suggesting that cell size discrepancies drive highly localized topological
rearrangements. In agreement with our /n7 vivo analysis, clone cell dispersal /n silico was
associated with smaller cells losing sides and their normally-sided immediate neighbors
gaining sides (Figure 1G).

To directly confirm the role of cell size in cell rearrangement we performed live imaging in
developing wing discs. Time-lapse imaging showed that 7047 cells consistently lost sides to
their larger neighbors and separated from each other during interphase, rather than mitosis
(Video 4). This indicates that junctions between 7047 cells were established post-
mitotically, but later became unstable and collapsed. Combined, these findings allow us to
postulate that cell size pleomorphism can influence local epithelial topology, and that
junction instability between small cells can disperse epithelial clones.
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A prominent role for the TORC1 complex in Tor-mediated cell rearrangement

The two protein complexes formed by Tor, known as Tor complex 1 (TORCL1) and Tor
complex 2 (TORC2), perform distinct biological functions. While TORCL1 controls cell size
by modulating metabolism, TORC2 regulates more diverse cellular functions, including the
actin cytoskeleton (Saxton and Sabatini, 2017). Changes to the actin cytoskeleton can
influence epithelial remodeling (Bertet et al., 2004; Martin et al., 2009; Rauzi et al., 2010),
therefore we sought to distinguish between the roles of TORC1 and TORC2 in modulating
epithelial topology. RheB is an upstream activator of the TORC1 pathway but is dispensable
for TORC?2 activity (Yang et al., 2006a). Conversely, Lst8 and Sinl are essential components
of TORC2, but are not necessary for TORC1 function (Wang et al., 2012; Yang et al.,
2006b). Using the MARCM technique, we induced clones carrying homozygous loss-of-
function alleles for RheB?7L, [ st8" or Sin1¢37%6 (Figure S3A, B). RheB? cells frequently
lost junctional contact with one another and were interposed by non-clonal neighbors. In
agreement with our observations with 70/2P clones, during instances of R#eB?%L clone
dispersal, the size disparity between mutant cells and their larger non-clonal neighbors was
visually apparent (Figure 3A).

Consistent with a negligible role for TORC2 activity in clone dispersal, Lst8! and Sin163756
clones stayed contiguous (Figure S3B). In Drosophila, the enrichment of F-actin and myosin
in the vicinity of cell junctions can induce their shrinkage and thereby drive cell intercalation
(Munjal and Lecuit, 2014). We therefore examined the actin cytoskeleton at junctions shared
between 7or4” cells. Compared to surrounding tissue, junctions shared by 7047 cells did
not preferentially enrich components of the actin cytoskeleton (F-actin and p-myosin, Figure
S3C, D). These experiments do not support a causal role for changes in the actin
cytoskeleton in 7047 clone dispersal. This interpretation is further supported by experiments
showing that clonal cell populations disperse as a result of perturbing TORCL1 and not
TORC2.

Ectopic E-cadherin fails to rescue Tor®P clone dispersal

Cadherins are transmembrane proteins that mechanically link adjacent cells and are essential
for epithelial cell cohesion (Lecuit and Yap, 2015). Indeed, disrupting E-cadherin can
destabilize cell junctions and induce cell motility during development and in disease
(Cavallaro et al., 2002; Gumbiner, 2005). As the Tor pathway regulates protein synthesis, we
investigated whether 7047 cells might disperse due to reduced junctional E-cadherin.
However, levels of both E-cadherin and its cytoskeletal linker B-catenin were unaffected in
704 cells (Figure S3E, F). E-cadherin-mediated adhesion is further dependent on stable
homophilic interactions at cell-cell junctions (Lecuit and Yap, 2015). Although junctional E-
cadherin was not reduced, we investigated whether its stability was perturbed in 7047 cells.
To test this, we induced 7047 clones in tissue expressing endogenous Drosophila E-
cadherin fused to tdTomato (Figure 4A) (Huang et al., 2009). We then photobleached small
regions of junctional E-cad T0™at® and allowed fluorescence to recover (Figure 4B) (Cavey et
al., 2008; Erami et al., 2016). Prior to photobleaching, junctional levels of E-cad ToMat0 were
comparable between clonal 7047 cells (C:C, 1.7 +0.2), non-clonal cells (N:N, 1.7 + 0.1)
and between nonclonal and 7047 cells (C:N, 1.5 + 0.1) (Figure 4C). After photobleaching,
junctional E-cadTo™ato fajled to recover to prebleach levels and converged to nearly identical
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final intensities regardless of cell genotype (C:C, 1.1 £0.1; N:N, 1.1 £ 0.1 and C:N, 1.0
+0.1). This is indicative of identical mobile, and likely monomeric, junctional E-cadTomato
concentrations across the three junction types. Furthermore, the immobile fractions across
the three junction types were also similar (C:C, 0.58 = 0.09; N:N, 0.54 + 0.06 and C:N, 0.52
+ 0.07) (Figure 4D). This is indicative of identical stable, and likely extracellularly-
interacting junctional E-cadTMat concentrations across the three junction types. These
results are in agreement with previous reports showing over 50% of the junctional E-
cadherin to be immobile, and therefore able to stabilize cell-junctions (Yamada et al., 2005;
Cavey et al., 2008; Erami et al., 2016). To further investigate the dependency between 7047
cell dispersal and cell-adhesion, we clonally overexpressed Drosophila E-cadherin (Figure
4E, F). Interestingly, increasing junctional E-cadherin in 7047 clones did not prevent them
from dispersing extensively (Figure 4F, G). Altogether, these results suggest that 7or4” clone
dispersal is due factors other than altered cell adhesion.

Tor2P-mediated cell rearrangement is not due to apoptosis

Apoptosis can have a profound effect on local topology and tissue reorganization through
several means, including triggering directed cell division, regulating differential actomyosin
activation, or even through inducing packing defects (Monier et al., 2015; Li et al., 2009;
Levayer et al., 2015; Saw et al., 2017; Tsuboi et al., 2018). The influence of Tor in apoptosis
is context-dependent, as Tor inhibition is associated with both increased and decreased
apoptosis (Wang and Edgar, 2010). We thus investigated whether apoptosis plays a role in
Tor*P-mediated cell rearrangement in mosaic wing disc epithelia. To determine if cell death
was prevalent in 7027 clones, we stained for the apoptotic marker, cleaved Drosophila
Dcp1, and did not observe any instance of cell death within 70r4” clones in the third instar
wing disc (Figure 5A, B). Although inducing 7047 clones did not increase the frequency of
apoptosis in the final stages of wing disc development, we asked if apoptosis was required to
disperse cells in the earlier stages of 70r4” clone morphogenesis. Overexpressing the
caspase inhibitor, p35, to block apoptosis in 704 clones did not prevent their dispersal
(Figure 5C, D). These experiments show that apoptosis is neither prevalent in clonal 7047
cells nor essential for their dispersal in mosaic epithelia.

Slower cell proliferation is not sufficient to destabilize clonal junctions

Perturbing major growth regulators, including Yorkie (Yap/Taz), Myc, or Tor can also
influence cell proliferation rate through diverse mechanisms (Huang et al., 2005; Johnston et
al., 1999; Morita et al., 2015). We therefore sought to test the role of cell proliferation rate
on aberrant clone dispersal. Rbf is a negative regulator of the transcription factor E2F and its
overexpression prolongs all the phases of cell cycle (Neufeld et al., 1998). To determine if
discrepancies in cell proliferation rates destabilize cell junctions in general, we disrupted the
cell cycle by co-expressing Rofand p35in clonal cell populations using the Gal4/UAS
system (Figure S4 A, B). In agreement with previous observations, the cell cycle duration of
RbFoverexpressing clonal cell populations almost doubled (20.7 £ 2.7 h vs 10.6 £ 0.3 h for
controls; Figure S4 C-E). Nevertheless, slow-cycling Rbfoverexpressing cells did not
exhibit reduce apical cell areas, dispersal among their neighbors, or a tendency to lose sides
(Figure S4 F-J). These results suggest that reduced proliferation rates are not sufficient to
destabilize cell junctions and disperse clonal cells.
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Changing sidedness: a geometric basis for clone separation

Our experiments, both /n silicoand in vivo, suggest that 7or4” cell junction instability is not
directly induced by differences in cell adhesion, contractility or apoptosis. This led us to
consider a geometric basis for size discrepancy-induced junction rearrangements.
Irrespective of cell size, the side lengths of abutting cells have to be equal in contiguous
epithelia. We asked how this fundamental topological requirement is satisfied in 704”
mosaic tissue. Regular polygons with different areas have correspondingly mismatched side-
lengths (Figure S5A). As fixed area polygons become more anisotropic, their perimeters and
hence their average side lengths will increase (Figure S5B). We first asked if the smaller
704 cell and their neighbors match side lengths by changing cell anisotropy. In the wing
pouch, control clone cells and their primary neighbors showed a similar degree of anisotropy
(Figure S5C). The average 7or2” cell aspect ratio (1.53 + 0.02) was nearly identical to
immediate neighbors (1.52 + 0.01) as well to FRT40A controls (1.52 + 0.01; Figure S5D,
E). This indicates that changes in cell anisotropy to match neighbor cell side lengths were
limited.

Clonal cell dispersal was associated with a loss of 7or4” cell sidedness and a concomitant
gain in neighbor cell sidedness (Figure 3). For a regular polygon of fixed area, reducing the
number of sides will necessarily increase the average length of those that remain.
Conversely, increasing the number of sides will reduce the average side-length (Figure 6A,
B, C). We hypothesized that conflicts between the preferred side lengths of epithelial
polygons of different size could result in local topological rearrangements (Figure 6D). The
area of an isotropic polygon scales with the square of its length. Therefore, we grouped
704 cells and their neighbors by polygon class and fit their side-lengths and areas to a
square root function. Despite the wide distribution of cell lengths and areas, the fits for
Tor2P cells, their neighbors and for control clone cells were strikingly similar within a
polygon class (Figure S6, Table S2). These results indicate that side lengths of 7047 cells
would be indistinguishable from wild-type cells of similar size, despite the genetic
perturbation. Furthermore, in agreement with the geometric arguments above, for a given
cell size both 704 cells and their neighbors tended to increase side-length upon losing
sidedness and vice versa (Figure 6C, E). As a consequence of their smaller size, the mean
perimeter of 7047 cells was approximately 28% reduced compared to their primary
neighbors (Figure 6F). Nevertheless, because 7or4” cells had fewer sides, their average side-
length was within 10% of primary neighbors and their length distributions were still similar
despite the cell size differential (Figure 6G, H). Combined, these findings suggest that the
conflict between the preferred side length of adjacent cells can induce junction
rearrangements.

The results above suggest that small-cell separation in the wing disc has a geometric basis.
To test the generality of our observations, we asked if this phenomenon can be observed in
non-living cellular systems. Due to their simplicity and similarities with epithelial tissue,
soap foam studies provided several early insights into the mechanisms driving planar cell
rearrangements (Weaire and Rivier, 1984; Guirao and Bellaiche, 2017; Graner and Riveline,
2017). Interestingly, as with epithelial cells and /n silico simulations, we observed that
small-cell junctions in coarsening soap cells are also frequently unstable causing
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neighboring large cells to intervene between two smaller cells (Video 5). The prevalence of
small-cell junction instability /nsilico and in soap foam underscores the generality of
rearrangement on the basis of cell size in both living and non-living cellular materials.

Tor®P clones disperse due to differential cell size

We postulate that 7047 clone dispersal is due to localized junction rearrangements driven by
cell size discrepancy with their neighbors. If this is indeed the case, then restoring 7or4” cell
size should reduce clone dispersal. S6 kinase is a key downstream target of the TORC1
pathway, and controls cell size by regulating protein synthesis without influencing
proliferation rate (Montagne et al., 1999; Oldham et al., 2000). To rescue cell size in 7or4”
clones, we expressed a constitutively active form of S6 Kinase (S6KCA) (Figure 7A)
(Barcelo and Stewart, 2002). 7or4” cells were 44.14 + 1.49 % the area of their primary
neighbors (Figure 7B). Expressing S6K“A in 7or2” clones restored apical cell area to 88.73
+ 3.76 % of their neighboring cells (Figure 7B). Correspondingly, the rescued mutant clone
cells increased sidedness to 5.87 + 0.04 and exhibited reduced dispersal (Figure 7A, C). In
agreement with the previous reports, 7or2” cell cycle duration increased to 14.3+ 0.9 h
compared to 10.3 £ 0.5 h in controls (Figure 7D) (Morita et al., 2015; Zhang et al., 2000).
Interestingly, expressing S6K¢A in controls did not change their cycle duration (10.6 + 0.4
h). Furthermore, the cell cycle of 70r4”+S6KCA cells (12.4 + 0.4 h) was significantly longer
than the controls and was not different from that of 7047 cells (Figure 7D). The fact that
S6KCA expression rescued 70r47 cell area and clone contiguity without restoring cell cycle
duration indicates that differential proliferation rates did not cause 70r4” clone dispersal.
Expressing Tor in a 7or4” background only partially restores growth and development in
Drosophila (Hennig and Neufeld, 2002). Indeed, upon overexpressing 7or, Tor” MARCM
clones exhibited a varying degree of cell area rescue (Figure 7E). Nevertheless, restoration
of cell sidedness and clone contiguity still correlated closely with the extent of cell area
rescue (Figure 7E, F). Altogether, these results confirm that reducing cell size alone can
indeed influence local topology and clone contiguity.

We next sought to distinguish between the role of relative versus absolute cell size in
dispersing 7047 clones. Minute mutations are a group of lesions defective in ribosomal
protein production and associated with dominant developmental defects, including slower
cell growth and proliferation in Drosophila (Lambertsson, 1998). We first generated wi/ad-
type clones surrounded by a slow-growing heterozygous population of Minute neighbors
which were 22.94% smaller than the wild-type cells (Figure S7A-C). Consistent with a role
for cell size in cell topology, Minute cells immediately adjacent to the clone had only 5.87
+ 0.03 sides while the clone cells had a slightly increased average sidedness of 6.23 + 0.04
sides (Figure S7D). Interestingly, these results are in agreement with those predicted /n
sifico, where larger clonal cells tended to gain sides in mosaic tissue (Figure 1G). These
results also agree with previous reports that show wild-type clones can intermix with
surrounding heterozygous Minute cells (Figure S7A, E) (Li et al., 2009; Simpson, 1979). We
then generated small 7047 cells surrounded by Minute neighbors (Figure S7B).
Surrounding 7047 cells with growth deficient Minute cells decreased the clone-neighbor
area discrepancy to 69.50 + 3.82% (compared with 44.7 + 1.4 when surrounded by
normally-sized neighbors; Figures 7F). This reduction in size discrepancy correlated with a

Dev Cell. Author manuscript; available in PMC 2020 October 07.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ramanathan et al.

Page 10

restoration of the mean sidedness of 7047 cells to 5.77 + 0.04, and reduced their mixing
with neighbors (Figure 7E, F). In sum, these observations indicate that relative, rather than
absolute, cell size variation induces local cell intercalation and disperse clonal cell
populations within epithelial tissue.

DISCUSSION

Planar cell rearrangement is a major driver of animal tissue morphogenesis. By controlling
cell junction stability, the apical actomyosin and adhesion machineries modulate cell-
neighbor exchanges (Bertet et al., 2004; Martin et al., 2009; Rauzi et al., 2010).
Nevertheless, recent studies showing neighbor exchanges can initiate at the lateral and basal
regions of epithelia suggest there are biological and mechanical aspects of cell intercalation
which remain to be explored (Williams et al., 2014; Sun et al., 2017; Gomez-Galvez et al.,
2018). Previous studies have noted that perturbing the cellular growth regulators Myc and
Minutes can induce epithelial cell mixing (Levayer et al., 2015; Li et al., 2009). Cell mixing
in these contexts was attributed to junctional F-actin enrichment and aberrant planar polarity
triggered by apoptosis. Our results /in7 sificoand in vivo show that growth deficient clonal
cells disperse due to cell size discrepancies. Dispersal of 7or4” clones emerged as an
unexpected consequence local topological rearrangement due to an instability of the
junctions between small cells (Figure 6). Reducing the size discrepancy between 7047 cell
size and their neighbors restored both cell sidedness and clone contiguity (Figure 7). In
contrast to Myc and Minutes, apoptosis was not prevalent in 7047 clones (Figure 5).
Furthermore, we conclude that junction instability in 7047 clones is not the result of
elevated tension between small-cell junctions based on the following three observations: (1)
Small cell clones disperse in computational simulations with uniform edge tensions (Figure
1F): (2) Immunostaining wing discs containing 7or4” clones did not show increased
actomyosin localization between 7047 cell junctions (Figure S4); (3) Elevated tension is
predicted to shorten cell-junctions (Bertet et al., 2004; Rauzi et al., 2010; Bardet et al.,
2013). Nevertheless, the side lengths of the smaller cells were still comparable to their
neighbors (Figure 6H). Our results also suggest that small-cell dispersal driven by geometric
constraints may not be restricted to the apical plane of the epithelium and can occur at any
plane along the length of an epithelium where there is cross-sectional cell area discrepancy
(Video 3, Figure 6C, D). Interestingly, cell area changes precede junction fluctuations during
germ band extension in Drosophila (Vanderleest et al., 2018). Based on this, it is tempting to
contemplate a role for cell size in epithelial intercalation in developmental contexts as well.

Although a positive correlation between cell sidedness and cell area was first noted in both
plant and animal tissue by Lewis’ pioneering work in 1928, the capacity for cell size
changes to drive topological rearrangements has not been previously proposed. We find that
reducing cell size within a clonal population triggers rearrangement of local topology such
that larger cells gain sides at the expense of smaller cells (Figure 3C and Video 4). This
transformation allows the abutting cells to match side-lengths and still maintain shape
isotropy (Figure 6H). Interestingly, in plant epidermis, where junction rearrangements are
absent, cells match side lengths by increasing anisotropy (Kim et al., 2014). Increasing
shape anisotropy, and thus, cell perimeter, may not be energetically favorable in epithelial
cells with tensile junctions (Figure S5). These results reveal important distinctions in the
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rules employed to pack plant and animal cells into tissue. As observed in animal epithelial
cells, coarsening soap cells also exhibit small-cell junction instability and subsequent cell
separation (Video 5). In this regard, junction instability driven by cell size discrepancies
could be a feature of diverse tensile topological systems.

Cell size heterogeneity is one of the earliest hallmarks of cancer development (El-Naggar et
al., 2017; Ginzberg et al., 2015; Travis et al., 2015). Indeed, several key determinants of cell
size including ploidy and the regulation of cellular metabolism are commonly disrupted in
tumors (Schmoller and Skotheim, 2015). Although growth-deficient small cell clones
disperse, the influence of aberrant ploidy on clone contiguity remains to be tested.
Interestingly, discrepancies in either protein synthesis or ploidy are poorly tolerated in
mosaic epithelia and competitive elimination of such ‘less-fit” smaller cells from tissue can
promote fitness (Di Gregorio et al., 2016; Merino et al., 2015). On the other hand, given that
the Tor pathway is misregulated in several diseases, how 7047 clones evade competitive
processes is an important avenue for further investigation (Di Gregorio et al., 2016; Saxton
and Sabatini, 2017). The dispersal of the tumor cells within the epithelium is indicative of
adverse prognosis in several carcinomas (Lutzeyer et al., 1982; Weissenbacher et al., 2010;
Goh et al., 2014; Marcq and Galy, 1973; Miller and Cygan, 1994; Kim et al., 2008; Corrado
et al., 1991). Therefore, understanding both pleomorphism and clonal dispersal during
disease progression could be an important direction for future research.

STAR METHODS

Lead Contact and Materials Availability

Further information and requests for resources and reagents should be directed to and will be
fulfilled by the Lead Contact, Matthew C. Gibson (mg2@stowers.org).

Experimental Models and Subject Details
In-silico model

Vertex dynamics.: In the vertex model, a tissue is described as a confluent planar tiling of
polygonal cells. Cell shape is parametrized by the positions of vertices r,, = (x,, ¥,), for v=
1, ... N, where Nis the total number of vertices in the system. Cell deformations and
movements are described implicitly by the vertex dynamics given by the overdamped
equation of motion, which reads

dr,
T = /lvF W (1)

where y,/is the mobility of vertex v i.e. the inverse friction drag coefficient. The forces at
vertices F, are assumed conservative and drive the system towards the closest local
minimum of the potential energy

W=y X L+k Y (A—a). ?

sides i cells j
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Here /;and y are the length of the edge, i.e. cell-cell junction, and the line tension,
respectively, Ajand a;are the actual and the preferred surface area of cell /, whereas kis the
cell-compressibility modulus. The force at vertex vis calculated as F,,= V W, where V , =
(dox,, Aoy, ddz,). Choosing the average cell surface area of “normal” cells Ag for the unit
area and Aql/2 for the unit length, we rescale the cell-geometry-related variables as: r /A2
— 1y, A2 — | AfAy — Aj and ajAy — a; Furthermore, assuming that all vertices
have the same mobility (1, = for all v), the characteristic time z= A4yY2 (y)™1. In
dimensionless form, the equation of motion for vertex vreads

dr
v
T =T 2 VT Y (4ma)V,a, ®

sides i cells j

where x = k4y32/y is the dimensionless cell-compressibility modulus. Here we assume that
cells are almost incompressible and we set x = 100. Equation (3) is solved using a forward
finite-difference scheme with time step A¢= 1074,

Growth.: We assume a simple cell-growth model, in which cells are inactive during their
rest phase and undergo linear area growth during the growth phase. In particular, the
preferred area of cell jincreases linearly during the growth phase as a{f) = a {1 + (1/z)(f-
z‘/(o))], where a;is the preferred area of cell jin the rest phase, z;is the duration of the
growth phase, whereas £(9) is the time at which cell enters the growth phase. Both z;and the
duration of the rest phase 7;are random variables: 7;= 7o + £(o7) and 7= g + &(0v),
where £(o) is a Normally distributed random variable, whereas 7 and zg are the average
duration of the rest and the growth phase, respectively. In our simulations 7y =50, 75 = 2,
or=2,and o.=0.2. Cell divides when A;reaches double the rest-phase preferred area

(2a).

Boundary conditions.: The simulations are performed in a square domain of size L x L
with periodic boundary conditions. Since cells are almost incompressible, we can assume
that the total surface area of the tissue at any given time equals the sum of the preferred
surface areas of individual cells. Additionally, assuming an isotropic growth, i.e. the
direction of the cleavage plane is random, at any given time, the linear dimension of the

tissue L(2) = Ycells j 3(D)-

Initial configuration.: To prepare a random tissue sample, we initially pack 20 cells in a
honeycomb lattice and apply periodic boundary conditions on the simulation-box walls.
Next, we integrate the equation of motion [Eq. (3)] at fixed number of cells and fixed
preferred cell areas while performing T1 transformations on random cell-cell junctions as
described in Krajnc et al., 2018. As soon as only half of the cells remain hexagons, we
randomly choose a hexagonal cell and change its preferred area to that of the clone cells.

In vivo model

Drosophila husbandry and mosaic generation.: Animals were raised on standard molasses
based medium at 25°C and 50% humidity at a 12 hour light/dark cycle. In all experiments,
we studied both male and female Drosophila melanogaster larvae. To induce clones, wing
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discs were heat-shocked for one hour at 37°C, 72 hours prior to dissection, unless otherwise
mentioned.

Method Details

Wing disc immunostaining and imaging.—Wing discs of wandering 39 instar
Drosophila larvae were dissected in 1x PBS and fixed in 4% Paraformaldehyde for 30
minutes at room temperature. The samples were washed 4x times with PBT (1x PBS with
0.1% TritonX-100) over 1.5 hours. The discs were incubated with primary antibody in PBT
over 12 hours at 4°C on a rocker. The samples were then washed 4x times with PBT over
1.5 hours. The samples were incubated with secondary antibody in PBT for 3 hours in room
temperature and washed 4x times with PBT over 1.5 hours. To stain for F-actin, the samples
were treated with SiR-Jasplakinolide (1:200) in PBT. The samples were mounted in
SlowFade Diamond Antifade. For live imaging wing discs, clones were induced later than
for fixed imaging by heat-shocking for one hour at 37°C, 48 hours prior to dissection. The
wing discs were dissected and imaged in Schneider’s medium supplemented with 6.2 ug/ml
bovine insulin, 5% fly extract and 1% Pen-Strep. A Leica SP5 confocal using 40x and 63x
objectives was used for image acquisition.

Following dilutions were used for the antibodies:

Antibody Dilution
Mouse anti- Drosophila discs large 1:1000
Rabbit anti- Drosophila Cleaved Dcp-1 (Asp216) 1:200
Rat anti- Drosophila DE-cadherin 1:50
Mouse anti-Drosophila B-catenin 1:200

Rabbit anti-human Phospho-Myosin Light Chain 2 (Ser19) | 1:50

Goat anti-mouse Alexa Fluor 647 1:500
Goat anti-Rabbit Alexa Fluor 647 1:500
Goat anti-Rat Alexa Fluor 647 1:500
Goat anti-Mouse 405 1:500
Goat anti Rabbit 405 1:500

Image Processing.—To visualize and analyze the topology of the whole curved wing
pouch region we used EpiTools to perform selective plane projection that follows the
curvature of the whole tissue (Heller D. et al., 2016). Adjustments to image contrast,
brightness and size were performed by linear interpolation and applied to the whole image
using FIJI. Drift correction in time-lapse images was performed using StackReg F1JI plugin.
To visualize the localization of cytoskeletal molecules we performed Z-projections on image
stacks using F1JI. Images were compiled with Adobe Illustrator CC.

FRAP experiments.—The wing discs were dissected and imaged in Schneider’s medium
supplemented with 6.2 pg/ml bovine insulin, 5% fly extract and 1% Pen-Strep. A Leica SP5
confocal using 63x, 1.2 NA water objective was used for photobleaching and image
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acquisition. Pinhole size was two airy units and averaging was from two line-scans. The
image size was 256x256 pixels with a resolution of 0.10 um/pixel acquired at scan zoom
10x and scan speed 700. Clonal cells were identified by imaging mCD8CFP and E-cadTomato
with 458 nm and 561 nm excitation. Subsequent pre- and post-bleach images were acquired
with only 561 nm excitation. Post-bleach images were acquired every 10 s for at least 120 s.
Photobleaching was performed by scanning circular regions of interest (ROIs) of one-micron
diameter with 561 nm laser at 100% power. In every FRAP experiment, we simultaneously
photobleached three junctions shared between nonclonal, clonal-nonclonal or clonal cells.
Samples drifting out of the focal plane were excluded from further analysis. Drift within the
focal plane was corrected manually with FIJI. Junctional E-cadT°™at® enrichment is the
mean pixel intensity of an ROI normalized to mean pixel intensity of the entire field of view.
The recovery of junctional E-cad T0™ato enrichments were fit to an exponential function }(2
= ax (1 - e b + ¢ as described previously (Erami et al., 2016). The immobile fractions
were determined as £, = 1 - [a/(/, - ¢)] using the prebleach junctional E-cag Tomato
enrichment /, and the parameters derived from the exponential fit.

2-D foam.—Soap bubbles were generated by agitating ~20% dishwashing liquid in water.
The bubbles were transferred to a black colored plastic substrate. Two 0.75 mm thick glass
micro coverslip served as spacers. A 25x75 mm glass microscope slide resting on the two
spacers confined the bubbles to generate 2-D foam. The coarsening soap cells were imaged
using a web camera.

Quantification and Statistical Analysis

Quantification.—Cell position, sidedness, and area within the wing disc pouch region
were visualized and quantified by first generating the skeletonized image of the wing disc
junctions. Icy (F. de Chaumont, S et al., 2012) and EpiTools package for Icy (Heller D. et al.,
2016) were used export data from the skeletonized images. Cells with a number of sides less
than three and greater than nine were regarded as outliers and not included in subsequent
analysis. Only clonal cells abutting GFP-negative cells were considered for determining
clone cell sidedness and apical cell area. Relative cell area was obtained by normalizing with
the respective mean area of the 1° neighbors for each wing disc. Relative cell side-length
was determined by normalizing with the respective square root of the mean area of the 1°
neighbors for each wing disc. The total number of clonal cells in the wing pouch was
quantified manually using the multi-point tool in FIJI. Cells scatter of clones in a wing disc
is the number of times GFP+ cells that are separated by one GFP-negative cell. A time point
8 minutes prior to cytokinesis was used for determining mitotic cross-sectional area from Z-
projections. Relative mitotic areas were determined by normalizing with mitotic control
neighbors. For a proliferating tissue where apoptosis is uncommon, the average cell cycle
duration 7¢ycse = tciond 1092 (Nciond Neontrol)- Here, teione is the time interval between the
induction of single GFP+ progenitors in the wing pouch until they are fixed with
paraformaldehyde, n1¢/gne 1S the total number of GFP+ cells in the fixed pouch, and Negngror
is the average number of contiguous control GFP+ cell population in the fixed pouch.

Statistical analyses.—Sample sizes were based on the standard of the field. While
determining parameters relating to individual cells like apical cell area or cell sidedness we
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examined at the minimum 300 cells from at least five different wing discs. While
determining parameters relating to whole wing pouch like the total cell number or cell
dispersal, we examined at least five different wing discs. In the box-plots, circles represent
mean values from individual wing discs unless specified, the diamond box contains 25-75%
percentiles of the data and the bar denotes the median. All statistical significance tests and
curve fits were carried out using Origin (OriginLab).

Data Availability

Original data underlying this manuscript can be accessed from the Stowers Original Data
Repository at http://www.stowers.org/research/publications/libpb-1374.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
Growth heterogeneity induces dispersal of small cells within mosaic epithelial tissue.
Dispersal of small cells is not due to differential activity of junctional proteins.

Geometric effects of growth discrepancies are sufficient to disperse aberrant cells.
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Figure 1. Small-cell clones tend to disperse in silico
(A) In the /n silico model, cells are represented by polygons with straight sides (cyan) and

parametrized by vertices (green). Their mechanical state is characterized by their surface
areas A (magenta) and side lengths /(black). The depicted equation relates the potential
energy W of the tissue to the sum of work done to acquire cell side lengths /;and to deviate
cell areas A;from their preferred value a;. Line-tension y and area-compression & moduli
remained constant in all simulations. During simulation, the vertices move so as to minimize
the potential energy.

(B) Implementing cell growth and division in the vertex model. Cells spend the majority of
time in a rest phase. Subsequently, cells enter a phase of growth when their preferred area is
increased linearly with time. Cells divide when their preferred area is double the rest phase
preferred area.

(C and D) Representative snapshots of mosaic tissue generated after ~8 rounds of cell
division. Clonal cells (magenta) were derived from a single progenitor cell at the start of the
simulation. The preferred clone cell area a, was set at either 1 (C) or 0.2 (D), while the
preferred area of non-clone cells a,. was set at 1. All cells had the same division rate and
featured random orientation of cleavage. Instances of dispersal are circled with dashed lines.
(E) Clone cell dispersal after ~8 rounds of cell division over a range of preferred clone cell
areas between 0.1 and 2, while that of non-clone cells was 1. Clone cell dispersal is the
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number of instances where non-clone neighbors intervene clonal cell population. For each
preferred cell area, the simulation was repeated 200 times.

(F) The temporal dynamics of clone cell dispersal over a range of preferred clone cell areas
between 0.1 and 2.

(G) Cell sidedness after ~8 rounds of cell division. Clonal cells at the non-clone interface are
denoted with green, their immediate non-clone 1° neighbors with brown and their 2°
neighbors with blue.
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Figure 2. Tor2P clones are frequently interposed by larger neighboring cells
(A and B) FRT40A control (A, n= 29 wing discs) and 7047 (B, n= 62 wing discs) cell

clones expressing GFP (magenta) and stained for DIg (green) to visualize junctions in wing
disc epithelia. Scale bars, 20 um.

(C and D) Skeletonized junctions with cell-sidedness inscribed within the clonal FRT40A
control (C) and 7047 (D) cells.

(E) The frequency distribution of relative area in FR740A control (grey, n= 937 cells) and
704 cells (red, n= 421 cells).

(F) Cell dispersal in FRT40A control (n= 28 wing discs) and 7047 (n= 52 wing discs)
clones. Clone cell dispersal is the number of instances wherein mutant cells (magenta) were
intervened by exactly one non-mutant neighbor in the wing pouch. Unless otherwise
specified, in this and every following box-plot, circles represent mean values from individual
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wing discs, the diamond box contains 25-75% percentiles of the data and the bar denotes the
median. P-value, unpaired two-sample ~test.

(G) The frequency distribution of sidedness in FR740A control (grey, n= 937 cells) and
708 cells (red, n= 421 cells).
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Figure 3. Tor2P cells lose sides to their larger neighbors

(A) Nlustration of a cell clone (dark green) and its non-clone 19 and 20 neighbors (brown

and blue, respectively).

(B and C) Cell sidedness of FRT40A control clones (B, 7= 937 cells) and 7or2” clones (c, 7
= 421 cells) along with their 10 and 29 neighbor cells. While 7047 cells tend to lose sides,
their immediate 10 neighbors tend to gain sides. ~-values, one-way ANOVA.
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Figure 4. E-cadherin overexpression does not rescue Tor2P clone dispersal
(A) Tor2” clones (magenta, cells marked with asterisks) in the wing pouch expressing

endogenous E-cadherin fused to tdTomato (/7= 12 wing discs). The range of tdTomato
fluorescent intensities is indicated by the calibration bar. Scale bar, 20 pm.

(B) Fluorescence recovery of junctional E-cad o™t after photobleaching (FRAP) three
regions of interest (red circles) simultaneously, at —0.5 s. Clonal 7047 cells (magenta) are
marked with asterisks. The red circles (ROIs) are on junctions shared between nonclonal
(N:N), clonal-nonclonal (C:N) or clonal (C:C) cells. Scale bar, 2 pm.

(C) FRAP in N:N (grey, 7= 10 ROIs, from 6 wing discs), C:N (blue, 7= 6 ROIs, from 5
wing discs) and C:C (red, n=8 ROIs, from 5 wing discs) junctions. The dots represent
junctional E-cadT°™mat enrichment, determined by normalizing the mean pixel intensity of an
ROI to that of the entire field of view. The average prebleach enrichment in each of the three
junction types (at —1 s) and the corresponding postbleach recovery fits (= 0 s) are denoted by
crosses and solid curves, respectively.

(D) The immobile fraction of junctional E-cad™Ma® Fvalue, one-way ANOVA.

(E, F) FRT40A control (E, n= 15 wing discs) and 7047 (F, n= 13 wing discs) clones
overexpressing E-cad and GFP (/magenta, cells marked with asterisks). The range of E-cad
immunostaining fluorescent intensities is indicated by the calibration bar. Scale bars, 20 pm.
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(G) Cell dispersal in FRT40A control and Tor4” clones overexpressing E-cad. P-value,
unpaired two-sample ~test.
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Figure 5. Apoptosis does not have a causal role in dispersing clonal Tor2P cells
(A and B) FRT40A control (A, n=5 wing discs) and 7047 (B, n= 6 wing discs) clones

expressing GFP (magenta) and stained for cDcpl (green) to mark apoptotic cells. Yellow
dotted perimeter and circles indicate the wing disc pouch region and cDcpl + cells,
respectively.

(C) Tor2” clones that overexpress the cell-death repressor p35 and GFP (magenta).

(D) Cell dispersal in FRT40A control (n= 14 wing discs) and 7047 (n= 14 wing discs)
clones overexpressing the caspase inhibitor p35. P-value, unpaired two-sample £test. Scale
bars, 20 pm.
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Figure 6. Smaller cells can match side-lengths with their neighbors by decreasing sidedness

\®

(A) The side-lengths of regular hexagons with areas 1 (brown) and 0.5 (red) are mismatched.

(B) The side-lengths of regular heptagons with areas 1 and that of pentagons with 0.5 are
comparable.

(C) The equation in the inset relates the side-length /of a regular polygon to its area A. The
value of the coefficient A depends on polygon sidedness p. The side-lengths of regular
polygons are plotted against area for indicated polygon classes.

(D) Optimal tiling for regular polygons with mismatched areas.

(E) The square root function fits relating side-lengths and areas of epithelial cells from the
wing disc for cells in the indicated polygon categories. 7047 cells (7= 591 cells) and their
19 neighbors (7= 558 cells) are represented by dotted and solid curves, respectively. In
agreement with geometric considerations, relative cell side-lengths tend to negatively
correlate with cell-sidedness for a given relative apical area for both 7047 clones and their
19 neighbors.

(F-H) The frequency distribution of relative cell perimeters (F), sidedness (G) and relative
side-lengths (H) for 7047 clones (green, n= 591 cells) and their 19 neighbors (brown, n=
558 cells).
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Figure 7. Reducing the size discrepancy between Tor2P cells and their neighbors restores clone
contiguity

(A) TorA clones co-expressing a constitutively active version of S6 kinase (S6K<4) and
GFP (magenta) stained for DIg (n= 26 wing discs). Scale bar, 20 pm.

(B, C, and D) Normalized cell area (B), cell sidedness (C) and cell cycle duration (D) of
FRT40A control (grey) or Tor2” (red) clones with and without SBKCA overexpression. -
values, one-way ANOVA.

(E and F) Cell sidedness (E) and dispersal (F) of clonal cells plotted against their cell area.
Each data point is the mean value from a wing disc containing clonal FR740A control cells
(grey, n=937 cells), Tor2” cells (red, n= 421 cells), FRT40A control cells with S6KCA
overexpression (orange, n= 621 cells), 7oA cells with S6KCA overexpression (green, n=
451 cells) or 7or4 cells with Tor overexpression (b/ue, n= 394 cells). Magenta triangles
represent data from wing discs containing clonal 7047 cells surrounded by M+ cells (n=
605 cells). The dotted line is a linear fit of the data.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

Mouse anti- Drosophila discs large DSHB 4F3 anti-discs large
Rabbit anti-Drosophila Cleaved Dcp-1 (Asp216) Cell signaling #9578

Rat anti- Drosophila DE-cadherin DSHB DCAD2
Mouse anti-Drosophila p-catenin DSHB N2 7A1 Armadillo
Rabbit anti-human Phospho-Myosin Light Chain 2 (Ser19) Cell signaling #3671

Goat anti-mouse Alexa Fluor 647 ThermoFisher A-21235

Goat anti-Rabbit Alexa Fluor 647 ThermoFisher A-21244
Goat anti-Rat Alexa Fluor 647 ThermoFisher A-21247

Goat anti-Mouse 405 ThermoFisher A-31553

Goat anti Rabbit 405 ThermoFisher A-31556
Experimental Models: Drosophila melanogaster strains

hs-flp, UAS-GFP, Tub-Gal80, FRT40A; Tub-Gal4/TM6C Lee and Luo, 1999 NA

w; FRT40A BDSC Stock # 1646
YW, TorP, FRT40A/Cy0 BDSC Stock # 7014
hs-fip, Tub-Gal4, UAS-dsRednls; Tub-Gal80,FRT40A Guo et al., 2013

wi1118; ATPase-Alpha.GFP(trap)/TM3 ser BDSC Stock # 6834
UAS-mCD8:RFP BDSC Stock # 27392
FRT82B BDSC Stock # 2035
y,w; FRT82B,RheB?/TM6B Bateman and McNeill, 2004 NA

hs-flp, UAS-mCD8:GFP, Tub-Gal4,FRT82B, Tub-Gal80/ Nakajima et al., 2013 NA

TM6B

Lst8L, FRT19A Wang et al., 2012 NA

hs-flp, FRT19A, tubP-Gal80/FM 7w;; UAS-mCD8:GFP tub- Lee and Luo, 1999 NA
Gal4/TM6B

FRT42D,Sin1¢7%6/CyO Vachias et al., 2014 NA
UAS-CD8:GFRhs-flp; FRT42D, tub-Gal80, tub-Gal4/TM6B | Leeetal., 2011 NA

UAS-p35 BDSC Stock # 5073
UAS-S6KA BDSC Stock # 6914
UAS-Tor BDSC Stock # 7012
yw,hs-flp; ubi-GFR.M(2)25A, FRT40A/CyO Morata & Ripoll, 1975 NA

whs-flp; ActbC>>Gal4, UAS-GFP; UAS-Dicer? Liang et al., 2014 NA

w,hs-flp; ActsC>>Gal4, UAS-GFP; UAS-p35 Liang etal., 2014 NA

Oregon-R Lindsley and Grell, 1968 NA
UAS-Yorkie RNAiI BDSC Stock # 34067
UAS-Myc RNAI BDSC Stock # 25783
UAS-Tor RNAi BDSC Stock # 34639
UAS-Rbf BDSC Stock # 50747
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REAGENT or RESOURCE SOURCE IDENTIFIER
UAS-Shg BDSC Stock # 65589
TH{ TI}ShgmTomato BDSC Stock # 58789
Other

F-actin stain, SiR-Jasplakinolide Cytoskeleton CY-SC001
SlowFade Diamond Antifade ThermoFisher $36963
Paraformaldehyde Electron microscopy services 15710
TritonX-100 Sigma T8787

Bovine insulin Sigma 10516
Pen-Strep Thermo Fisher Scientific 15070063
Dishwashing Liquid Dawn (commercially available)
0.75 mm thick glass spacers VWR 48366227
25x75 mm glass slides Thermo Fisher Scientific 3050

Web camera Logitech C920 HD Pro

Software and Algorithms

FLI Schindelin, J. et al. (2012) https:/fiji.sc/

Origin OriginLab https://www.originlab.com/

EpiTools Heller D. et al. (2016) http://imls-bg-arthemis.uzh.ch/epitools-wiki/
site/home/

Icy F. de Chaumont, S et al. (2012) | http://icy.bioimageanalysis.org/

Imaris Bitplane http://www.bitplane.com/download

Ilustrator CC Adobe https://www.adobe.com/
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