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Highlights

- Immature multiciliated cells transit from a disordered to an ordered pattern

- The transition is a self-organising process based on repulsive and affinity movements
- ARP2/3-dependent actin remodelling is required for pattern emergence

- The SCF/KIT pathway promotes both repulsion and affinity movements

e¢TOC blurb

In developing Xenopus epidermis, immature multiciliated cells (MCCs), initially chaotically
distributed within an inner layer, emerge in an orderly pattern among cells of the outer layer. This
process involves MCC mutual repulsion and affinity towards outer-layer intercellular junctions.

The SCF/KIT signalling pathway promotes both properties to allow regular MCC distribution.
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SUMMARY

How individual cell behaviours lead to the emergence of global patterns is poorly
understood. In the Xenopus embryonic epidermis, multiciliated cells (MCCs) are born in a
random pattern within an inner mesenchymal layer, and subsequently intercalate at regular
intervals into an outer epithelial layer. Using both experiments and mathematical modelling,
we show that this transition from chaotic to ordered distribution relies on mutual repulsion
among motile immature MCCs, and affinity towards outer-layer intercellular junctions.
Consistently, ARP2/3-mediated actin remodelling is required for MCC pattern emergence.
Using multiple functional approaches, we show that the Kit tyrosine kinase receptor,
expressed in MCCs, and its ligand Scf, expressed in outer-layer cells, are both required for
regular MCC distribution. While Scf behaves as a potent adhesive cue for MCCs, Kit
expression is sufficient to confer order to a disordered heterologous cell population. Our
work reveals how a single signalling system can implement self-organised large-scale

patterning.

Keywords:
SCF/KIT, pattern formation, self-organisation, Xenopus, ciliated epithelium, cell motility, cell-cell

repulsion, adhesion, actin cytoskeleton.
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INTRODUCTION

Orderly cellular patterns have always captured the attention of scientists, and understanding the
mechanisms and forces that control their establishment is one of the long-standing aims of
developmental biology. In the past decades, classical and molecular genetics approaches have led
to the identification of robust Gene Regulatory Networks (GRNs) that generate patterns by
concomitantly specifying cellular identity and position within developing embryos (Briscoe and
Small, 2015; Davidson, 2010). However, patterns of regular cell distribution can also emerge
when the stochastic movements of motile cell populations are partially restricted, for example by
mutual repulsion. Such phenomena have been described in rat retina (Galli-Resta et al., 2002),
mouse cerebral cortex (Villar-Cervino et al., 2013), zebrafish epidermal pigmented cells
(Walderich et al., 2016) and Drosophila haemocytes (Davis et al., 2012) but the underlying
molecular mechanisms are only starting to be unravelled.

In vertebrates, one striking example of ordered cellular pattern is provided by the embryonic
epidermis of the amphibian Xenopus, where hundreds of cells carrying multiple motile cilia
(Multiciliated Cells or MCCs) are found distributed among mucus-producing goblet cells,
according to a regular spacing pattern (Deblandre et al., 1999). The ontogeny of this mucociliary
epithelium occurs through a multistep process (Cibois, 2014). At cleavage stages, asymmetric cell
divisions partition the embryonic non-neural ectoderm into an outer epithelial and an inner
mesenchymal layer. At gastrula stages, the outer layer gives rise to a sealed epithelium containing
only goblet cells, while MCCs are born within the inner layer, together with osmoregulatory
ionocytes, serotonin-secreting Small Secretory Cells (SSCs) and basal cells. The BMP and
Delta/Notch pathways have been shown to control the number of MCCs, ionocytes and SSCs born
within the inner layer (Deblandre et al., 1999) (Stubbs et al., 2006) (Hayes et al., 2007) (Quigley
et al., 2011) (Cibois et al., 2015). Starting at neurula stages, the MCCs, ionocytes and SSCs
migrate apically in separate waves to radially intercalate into the outer layer, where they will
complete their differentiation (Cibois, 2014). Strikingly, however, only MCCs display a regular

pattern of distribution in the mature epithelium. Although the precise physiological function of
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Xenopus MCCs remains to be addressed, a regular pattern of distribution may be optimal to
homogenize fluid flows powered by beating cilia. MCCs always insert into the outer layer
individually and exclusively in correspondence of junctions among at least three outer-layer goblet
cells (vertices) (Chung et al., 2014; Deblandre et al., 1999; Stubbs et al., 2006). Radial
intercalation involves a first phase in which immature MCCs in the inner layer emit apically-
polarized protrusions to probe outer-layer vertices, followed by a phase of apical expansion, when
their apical aspect actually emerges at the surface of the outer layer and progressively expands in
its plane to allow for cilia assembly (Chung et al., 2014; Stubbs et al., 2006)(Sedzinski et al.,
2016). While multiple studies have addressed the cellular and molecular mechanisms of radial
MCC intercalation (Sirour et al., 2011)(Kim et al.,, 2012)(Chung et al., 2014)(Werner et al.,
2014)(Sedzinski et al., 2016, 2017), how the regularly dispersed pattern of mature MCCs is
generated remains to be resolved. It has been suggested that MCC pattern formation may result
from an interplay between the mechanisms that define the numbers of committed immature MCCs
and the number and distribution of outer-layer vertices available for intercalation (Deblandre et
al., 1999; Stubbs et al., 2006; Werner and Mitchell, 2012). While these two parameters are
indisputably involved, it is unclear whether they are sufficient to explain pattern emergence. Here,
we hypothesize that MCC movement may be another key ingredient, which has never been
evaluated. Using transient transgenesis, we could record the movements of immature MCCs in the
inner layer, and concluded that MCC spacing pattern was largely established prior to intercalation.
Using mathematical modelling, we found that mutual repulsion among MCCs and affinity for
outer-layer intercellular junctions are sufficient to account for the final dispersed pattern. These
two behaviours were readily apparent from our live recordings. Confirming the importance of
MCC movements, inhibition of ARP2/3-mediated actin remodelling impaired lamellipodia-like
protrusions in MCCs, homotypic MCC repulsion and MCC spacing pattern, without affecting
intercalation. We also uncover a hitherto unknown role of the signalling pathway dependent on
the interaction between the transmembrane tyrosine kinase receptor Kit, expressed in MCCs, and

its ligand Scf, expressed in outer-layer cells, for MCC pattern emergence. The SCF/KIT signalling
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pathway has a well-established role in controlling actin cytoskeleton and cell motility in a variety
of vertebrate systems (Lennartsson and Ronnstrand, 2012; Meininger et al., 1992; Runyan et al.,
2006; Samayawardhena et al., 2007; Wehrle-Haller et al., 2001; Zuo et al., 2016) and KIT
stimulation with SCF was found to result in the phosphorylation and activation of ARP2/3 (Mani
et al., 2009). Using a variety of functional assays, we established the capacity of the Scf/Kit
system to promote both the repulsive and adhesive interactions predicted in silico, and thus
identified for the first time a major regulator of the Xenopus MCC patterning process. This work
illustrates how a large cell population can self-organise to adopt a regular spacing pattern, through

semi-random movements constrained by a balance between repulsive and attractive cues.

RESULTS

Emergence of MCC ordered pattern precedes radial intercalation.

Fluorescent In Situ Hybridization (FISH) of Xenopus embryos with the MCC marker a-tubulin
(a-tub) revealed that at stage 14 (early neural plate stage), immature MCCs were irregularly
distributed within the non-neural ectoderm inner layer (Figure 1A) and very often in direct contact
with each other (Figure 1B). Co-staining with an antibody against the tight junction protein ZO-1,
to mark outer-layer apical tight junctions, also showed that at this stage a-tub-positive MCCs were
not positioned in correspondence of outer-layer vertices (Figure 1A, 1C). In the course of
development, however, a-tub-positive MCCs were increasingly often found as separate cells
(Figure 1A, 1B), and progressively localized each in correspondence of an individual vertex
(Figure 1A, 1C), into which they finally inserted, thus progressively taking up an apparently more
orderly pattern (Figure 1A). To quantify the progression from an irregular to a regular distribution,
we developed an order index based on Delaunay triangulation of the centroids of a-tub-positive
cells. Such an index is inversely proportional to the variation of distances among centroids and

would reach its highest value when MCC centroids are perfectly ordered in staggered rows. As
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shown in Figure 1D, the order index of the MCC population progressively increased from stage 14
through stage 25, when MCCs are intercalated into the outer layer.

The apparent increase in order may result non-exclusively from selective death or cell fate reversal
of misplaced MCCs, or from MCC movements. Fluorescent detection of the apoptotic executioner
Caspase 3/7 activity as a proxy of apoptosis failed to reveal dying cells in the ectoderm of control
embryos from stage 15 to stage 18, as opposed to cycloheximide-treated embryos (Trindade et al.,
2003) (Figure S1A and movie S1). To evaluate the possible contribution of cell-fate reversal, we
performed a-fub FISH in embryos from a transgenic line expressing RFP under the control of the
MCC-specific a-tub promoter (Stubbs et al., 2006). Due to the long RFP half-life (26h), any
immature MCC switching its identity to that of a different inner layer cell type should retain RFP
fluorescence while losing endogenous a-fub transcripts. Such cases were never observed, ruling
out MCC fate reversal during normal development (Figure S1B, S1C). In contrast, we noticed that
robust a-fub signal was occasionally detected in RFP-negative cells, compatible with events of
asynchronous MCC specification (Figure S1B, S1C).

The lack of MCC death or fate reversal led us to favour the hypothesis that cell motility might

play a major role in the progressive emergence of a regular pattern of MCC distribution.

Time-lapse video microscopy reveals MCC motility

To evaluate whether MCCs are motile, we injected embryos with constructs carrying the
fluorescent markers GFP or LifeActGFP (Belin et al., 2014) under the control of the a-tub
promoter, and followed the behaviour of labelled MCCs in living embryos. Despite the high
degree of mosaicism, which restricted transgene expression to a small percentage of MCCs,
fluorescence levels were sufficient to allow live recording starting from stage 14 and for a
duration of up to 8 hours. Spinning-disk confocal video microscopy showed that GFP-expressing
MCCs indeed moved actively within the plane of the inner layer until they stopped in

correspondence of vertices where they began to intercalate (Figure 2A and movie 1). As the F-


https://doi.org/10.1101/2020.04.22.055483
http://creativecommons.org/licenses/by-nc-nd/4.0/

152

153

154

155

156

157

158

159

160

lel

162

163

164

165

166

167

168

169

170

171

172

173

174

175

176

177

178

bioRxiv preprint doi: https://doi.org/10.1101/2020.04.22.055483; this version posted April 23, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

actin-binding reporter LifeActGFP allowed for much better visualisation of the whole cell shape
and of cellular protrusions, we exploited it for most of our subsequent experiments. We thus found
that LifeActGFP-expressing MCCs extended and retracted actin-rich lamellipodia-like processes
within the ectoderm inner layer and progressively changed their shape from flat mesenchymal to
more compact and pyramidal (Figure 2B and movie 2). These observations suggested that cell

motility may indeed be important to establish a regular MCC pattern.

A cell motility-based mathematical model for MCC pattern establishment.

We next built an energy-based mathematical model to identify the minimal ingredients necessary
to recapitulate the observed self-organisation of motile MCCs. In this simplified model, MCCs
can move in a bi-dimensional plane against a network representing outer-layer junctions (see
STAR methods). As homotypic repulsion is often required for homogeneous dispersion of motile
cellular populations (Davis et al., 2012; Villar-Cervino et al., 2013), we introduced a first term
related to MCC mutual repulsion, such that proximity to another MCC increased energy (see
STAR methods). In addition, we reasoned that homing of MCCs to outer-layer vertices must
imply a marked affinity for epithelial junctions. Thus, we introduced a second term related to
affinity, such that the overlap of MCCs with junctions decreased energy (see STAR methods). The
model also included a steric constraint in the form of a hard-core potential, to prevent complete
overlap between MCCs. Starting from a random spatial distribution of MCCs, a standard Monte-
Carlo scheme was used to allow system evolution. At each step, any given MCC was assigned a
random, diffusion-like prospective displacement. A displacement was systematically accepted if it
lowered the system total energy. If on the contrary it increased system energy, its acceptance
probability decayed exponentially with energy increase (see STAR methods). This eventually led
the system towards equilibrium configurations. In an affinity-dominated regime (i.e. when the
contribution of mutual repulsion is negligible), MCCs rapidly re-located at nearby vertices, where
they could maximise their interaction with outer-layer junctions and minimize their energy.

However, this occurred regardless of the position of other MCCs, so that no overall regularity of
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distribution was observed (Figure 2C and movie 3). In contrast, in a repulsion-dominated regime,
MCCs repelled each other and distributed according to a regular pattern that maximized their
mutual distance, regardless of the position of outer-layer vertices (Figure 2D and movie 4).
Finally, in an intermediate regime in which the repulsion and affinity terms were commensurate, a
trade-off situation was observed, in which MCCs both located at outer-layer vertices and dispersed
homogeneously (Figure 2E and movie 5; also see STAR methods). Thus, self-organised MCC
distribution can be captured in a simple mathematical model where movements are constrained by

homotypic repulsion and affinity for outer-layer junctions.

Mutual repulsion and affinity for outer-layer junctions underlie MCC pattern
establishment.

We next explored whether MCC mutual repulsion and affinity for outer-layer junctions predicted
to be important in our in silico model were indeed detectable in vivo. In cases where low
mosaicism allowed for visualisation of several neighbouring LifeActGFP-expressing MCCs we
found that, whenever in the course of their movements two such cells came into contact, they
withdrew from each other (Figure 3A and S2A and movie 6). Overall, the average time of contact
between two LifeActGFP-expressing cells was calculated at 12.11+/-18.96 minutes (average +/-
SD) (Figure 3F). On the other hand, imaging of embryos simultaneously injected with o-
tub::LifeActGFP and with a synthetic mRNA coding for a membrane-localized form of RFP to
label outer-layer cells revealed that, while in the inner layer, most MCCs preferentially moved
along the junctions among outer-layer cells (92.55% of 94 analysed MCCs closely followed outer-
layer junctions over >2hrs) (Figure 3B, 3G and movie 7). These observations confirmed that
homotypic repulsion and affinity for outer-layer junctions are likely important for the emergence
of a regular MCC pattern.

The actin cytoskeleton appeared to be involved in both MCC mutual repulsion and in their affinity
for outer-layer junctions. MCCs often established transient contacts with each other via

LifeActGFP-enriched lamellipodia-like structures that were subsequently retracted (Figure 3A and
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S2A) and LifeActGFP-rich cellular protrusions were apically extended by MCCs as they crawled
along junctions among outer-layer cells (Figure S2B and movie S2).

As a first step towards dissecting the role of the actin cytoskeleton in MCC patterning, we took
advantage of well-characterised pharmacological inhibitors of the two main pathways of actin
polymerisation: CK-666, an inhibitor of the actin-branching nucleator ARP2/3 (Hetrick et al.,
2013) and SMIFH2, an inhibitor of the actin-bundling factor FORMIN (Rizvi et al., 2009). FISH
for a-tub coupled with ZO-1 IF on embryos treated with 100uM CK-666 from stage 12 and fixed
at stage 25 showed that most MCCs had properly emerged at the outer-layer apical surface (Figure
S2C), but were irregularly distributed and often in direct contact with one another (Figure 3D, 3H,
31). Consistent with this observation, spinning-disk confocal video microscopy of o-
tub::LifeActGFP- and mRFP-injected embryos treated with CK-666 showed a decrease in mutual
repulsion among MCCs (average time of contact +/- SD: 48.54+/-49.10 min) (Figure 3F) and
formed small clusters (movie S3). On the other hand, in CK-666-treated embryos, MCCs still
moved preferentially along outer-layer junctions (92.31% of 26 analysed MCCs) (Figure 3G). An
apparent increase in the occurrence of spiky filopodia-like structures over broader, lamellipodia-
like ones (Figure S2D, S2D’ and movie S3), reminiscent of what has been described in ArpC3"
murine fibroblast (Suraneni et al., 2015) was also observed. Interestingly, a fusion protein between
the p41 subunit of the actin-branching nucleator ARP2/3 and EGFP, specifically expressed in
MCCs by means of the a-tub promoter together with LifeActRFP, accumulated just behind the
leading edge of the LifeActRFP-rich protrusions and was quickly relocated when these collapsed
and reformed at different cellular locations following MCC contacts (Figure S2E and movie S4).
In contrast to what we observed following CK-666 treatment, in embryos treated from stage 12
with the FORMIN inhibitor SMIFH2 at 50uM, MCCs were properly dispersed and positioned at
vertices, but their apical emergence at stage 25 was delayed (Figure 3E, 3H, 31 and Figure S2C),
in agreement with published data (Sedzinski et al., 2016). Our results thus reveal the importance

of actin cytoskeleton-mediated cell movements in MCC patterning and uncover a possible
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functional dichotomy between actin branching, required for MCC mutual repulsion and regular
distribution, and actin bundling, involved in the actual intercalation and apical emergence of

MCCs.

The Receptor Tyrosine Kinase Kit is expressed in MCCs, its ligand Scf in outer-layer cells.

Next, we searched for a molecular mechanism that could sustain self-organised MCC pattern
emergence. We reasoned that both homotypic repulsion and affinity towards outer-layer junctions
must involve cell surface molecules. Our attention was drawn to the Receptor Tyrosine Kinase
(RTK) Kit, which has been identified as a transcriptional target of the MCC-inducing factor
Multicilin/Mcidas in X. laevis epidermis (Kim et al., 2018; Ma et al., 2014; Stubbs et al., 2012). In
addition, its transcripts have been detected by single-cell transcriptomics in X. tropicalis immature
and mature MCCs (Briggs et al., 2018)

(https://kleintools.hms.harvard.edu/tools/currentDatasetsList xenopus_v2.html). As the signalling

pathway dependent on KIT and its ligand SCF (Stem Cell Factor, also known as KITLG, Mast
Cell Growth Factor or Steel Factor) is known to control actin cytoskeleton and cell motility, we
hypothesized that it might also be involved in controlling the cellular behaviours that underlie the
regular pattern of Xenopus MCCs. Whole-mount ISH with an RNA probe recognizing transcripts
of both kit-L and kit-S homeologs detected expression by scattered cells in the non-neural
ectoderm starting from early gastrula (stage 10) and persisting through later developmental stages
(stage 26) (Figure S3A). FISH on sectioned embryos revealed that in the developing epidermis kit
transcripts were exclusively co-expressed with the MCC markers foxjI and a-tubulin (Figure 4A).
Conversely, expression throughout the developing non-neural ectoderm has been reported for scf-
L and, at much lower levels, for scf-S (Goldman et al., 2006; Martin and Harland, 2004) (Figure
S3B). RT-PCR on total mRNA from animal caps confirmed the expression of scf~-L from stage 12
to 22, but failed to detect scf-S (Figure S3C). FISH revealed that scf-L transcripts were prevalently
localised in the outer layer, with much lower levels of expression in the inner layer (Figure S3B’).

In particular, scf-L expression was rarely detected and only at very low levels in kit-positive

_10_


https://doi.org/10.1101/2020.04.22.055483
http://creativecommons.org/licenses/by-nc-nd/4.0/

259

260

261

262

263

264

265

266

267

268

269

270

271

272

273

274

275

276

277

278

279

280

281

282

283

284

bioRxiv preprint doi: https://doi.org/10.1101/2020.04.22.055483; this version posted April 23, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

MCCs (Figure 4B). Accordingly, single-cell transcriptomics revealed that in X. tropicalis non-
neural ectoderm, expression of scf is highest in goblet cells and excluded from MCCs (Briggs et
al., 2018) (https://kleintools.hms.harvard.edu/tools/viewTree.html?tree data/final 180213)

In many tetrapods, SCF is synthesised as a transmembrane molecule but alternative splicing of the
exon 6 during mRNA maturation can remove a major serine-protease cleavage site. As a result,
the exon 6-containing isoform is cleaved to release a soluble peptide, while the exon 6-spliced
isoform can only be cleaved at much slower rates at other sites, and thus has a longer half-life as a
cell membrane-associated molecule (Brannan et al., 1991; Flanagan et al., 1991; Lennartsson and
Ronnstrand, 2012). Both soluble and membrane-anchored isoforms of SCF are able to activate the
KIT receptor, albeit with different kinetics and biological outcomes (Gommerman et al., 2000;
Lennartsson and Ronnstrand, 2012; Miyazawa et al., 1995; Tabone-Eglinger et al., 2014; Tabone-
Eglinger et al., 2012). RT-PCR with primers encompassing exon 6 showed that only the exon 6-
containing isoform of scf-L was detected in developing Xenopus ectoderm (Figure S3C).
However, the amino-acid stretches coded by exon 6 in Scf-L and Scf-S have very low similarity to
mammalian exon 6 and do not display obvious consensus sites for proteolytic cleavage (Hultman
et al., 2007). To address the subcellular localisation of Xenopus Scf, we generated a construct
coding for a C-terminal EGFP-tagged version of Scf-L (Figure 4C) and expressed it in the
embryonic ectoderm alone or together with an RFP-tagged version of the tight junction protein
Z0-1 (Higashi et al., 2016). Scf-GFP chimeric protein was primarily detected in the lateral plasma
membrane of outer ectodermal cells, just basal to ZO1-RFP (Figure 4D, 4D’). However, Western
blotting of lysates of Scf-GFP-injected animal caps with an anti-GFP antibody revealed the
presence of a peptide compatible with cleavage at exon 6, together with the uncleaved full-length
protein (Figure 4E). We thus assume that both membrane-anchored and soluble forms of Scf-L

may be present in the developing Xenopus ectoderm.

Perturbations of the Scf/Kit signal disrupt MCC patterning
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As a first step towards addressing the possible role of Kit signalling in MCC pattern
establishment, we took advantage of the KIT tyrosine-kinase pharmacological inhibitor, axitinib
(Hu-Lowe et al., 2008). Spinning-disk confocal video microscopy of a-tub::LifeActGFP- and
mRFP-injected embryos treated with SO0uM axitinib from stage 12 showed that MCCs displayed
strongly decreased mutual repulsion (Figure 5SA and movie 8) with a time of contact of 59.20+/-
58.15min (average+/-SD) (Figure 5C), but maintained crawling along outer-layer junctions
(91.07% of 56 analysed MCCs) (Figure 5C’). An a-~tub FISH/ZO-1 IF time course on axitinib-
treated embryos confirmed that MCCs were largely able to intercalate but did not disperse
properly (Figure 5E, 5G-I). As an alternative method to impair Kit activity, we injected a
dominant-negative form lacking the TK domain of the receptor (Goldman et al., 2006).
Consistently, dn-Kit also caused severe disruption of MCC spacing, although apical emergence
and ciliogenesis were largely preserved (Figure S4 and movie S5). Only few Kit-deficient MCCs,
often still in direct contact to already inserted ones, were found trapped within the internal layer at
stage 25 (Figure S4D’).

To further confirm the involvement of Kit in MCC pattern establishment, we designed
morpholino-modified antisense oligonucleotides (MOs) to block the translation of kit-L and kit-S
mRNAs (MO-ATG-kit-L. and MO-ATG-kit-S), or their splicing at the exon2-intron2 junction
(MO-splice-kit-L. and MO-splice-kit-S) (Figure S5A, S5B). After validation (Figure S5C, S5D),
MOs were injected in the two animal ventral blastomeres of 8-cell embryos as cocktails of either
MO-ATG-kit-L+S  (10ng/blastomere) or MO-splice-kit-L+S (15ng/blastomere). Similar to
axitinib-treated and dn-Kit-injected embryos, a-tub FISH and ZO-1 IF at stage 25 showed that kit
MO-injected MCCs were properly intercalated but irregularly distributed and present in small
clusters (Figure 5F-I). Co-injection of kit MOs with an mRNA coding for full-length Kit-S and
carrying seven silent mutations rescued MCC dispersion, thus confirming that this phenotype
could be specifically attributed to Kit inactivation (Figure SSE, SS5E’). As splicing- and

translation-blocking kit MOs yielded the same results (Figure S5F, S5F’), all subsequent
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experiments were performed with the latter ones. Thus, spinning-disk confocal video microscopy
of embryos injected with a-tub::LifeActGFP and 10ng/blastomere kit MO revealed that MCCs
failed to separate from each other (average time of contact +/- SD: 58.48+/-53.31 min) and were
compromised in their ability to follow outer-layer intercellular junctions (67.14% of 70 analysed
MCCs followed junctions) (Figure 5B-C’ and movie 9). Remarkably, kit MO-injected MCCs
appeared to emit more filopodia-like than lamellipodia-like structures, similar to CK-666
treatment (Figure 5B’ and movie 9).

As Kit function is likely to reflect interaction with its cognate ligand Scf, we then proceeded to
address the effect of Scf knockdown on MCC pattern. MOs were designed to block the translation
of both scf-L and scf-S mRNAs (MO-ATG-sct-L/S) (Goldman et al., 2006), or the exon2-intron2
splicing of the scf~-L mRNA (MO-splice-scf-L) (Figure S6A, S6B). After validation (Figure S6C,
S6D), 10ng/blastomere of MO-ATG-scf-L/S was injected in epidermal precursor blastomeres at 8-
cell stage. a-tub FISH and ZO-1 IF at stage 25 showed defects in MCC dispersion (Figure 6A-D),
while insertion into the outer layer appeared largely normal (Figure S6F). Injection of
10ng/blastomere of MO-splice-scf-L led to the same phenotype as MO-ATG-sct-L/S (Figure S6E,
S6E’) and this latter MO was used for all subsequent experiments. Spinning-disk confocal video
microscopy of embryos injected with o-tub::LifeActGFP and Scf MO showed that MCCs
displayed reduced repulsion (average time of contact +/- SD: 40.31+/-20.04 min) (Figure 6E, 6F
and movie 10).

Remarkably, when scf MO was injected with mRFP at 16-cell stage to increase mosaicism, most
MCC:s at stage 25 were found at the border of, rather than within, Scf-depleted clones (Figure 6G).
Analysis at stage 16 showed that MCCs were initially distributed homogeneously across scf MO-
injected and uninjected areas, suggesting that the observed terminal distribution was due to
migration of MCCs outside regions devoid of Scf. Spinning-disc video microscopy of areas
straddling clonal boundaries showed that indeed, MCCs often left Scf-depleted regions and

stopped migrating as soon as they encountered an uninjected outer-layer cell. Interestingly, a
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majority of MCCs appeared to move across sc/ MO-injected regions without following outer-layer
junctions (only 43.55% of 62 analysed MCCs follow junctions) (Figure 6H, 61 and movie 11).
Strikingly, in silico simulations revealed that MCC accumulation at clonal boundaries could only
be recapitulated when both MCC mutual repulsion and affinity towards outer-layer junctions were
absent from clones surrounded by normal tissue (Figure 6J and movies 12-14). This suggests that

Scf might be able to convey both a repulsive and an adhesive signal.

The Scf/Kit signalling system promotes both adhesive and repulsive functions.

Our data suggest that the Scf/Kit pathway supports both mutual MCC repulsion and MCC affinity
for outer-layer junctions. As a first step to test this hypothesis, we ectopically expressed the Scf-
GFP chimera in MCCs by means of the a-tub promoter. a-tub FISH and GFP IF at stage 25
showed that this resulted in large clusters of non-injected MCCs forming around Scf-GFP-
expressing MCCs (Figure 7A-C). This suggests that high-level Scf expression creates a situation
where adhesion dominates repulsion. Spinning-disc video microscopy further confirmed that Sct-
GFP-expressing MCCs formed closely packed groups that did not dissociate over periods of more
than 3h (Figure 7D and movie 15). We conclude from these data that Scf can act as a potent
adhesive cue towards Kit-expressing MCCs.

We then tested whether the presence of the Kit receptor was sufficient to help dispersion of non-
MCC intercalating cells. To this aim, embryos were injected with an mRNA coding for full-length
Kit-S and subjected to FISH with a probe against the ionocyte marker, v/a (Quigley et al., 2011).
In control embryos, ionocytes displayed an irregular pattern of distribution and were often found
in adjacent positions (Figure 7E, 7H, 71). In contrast, kit RNA injection endowed ionocytes with
the capacity to disperse and adopt a more regular pattern of distribution (Figure 7F-I). This last set
of experiments suggest that the Ssc/Kit signalling system is sufficient to promote adhesive and

repulsive functions, both necessary to establish a regular pattern of MCC distribution.

DISCUSSION
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A cell movement-based view of Xenopus MCC patterning

Although Xenopus MCCs have been the object of extensive investigation in the past years, most
studies have focused on their specification within the inner epidermal layer and their radial
intercalation among outer-layer goblet cells. In contrast, much less is known on the mechanisms
that control MCC distribution pattern. A pioneering study proposed that the MCC scattered pattern
results from Notch-mediated lateral inhibition in the inner layer and the constraint of intercalation
at outer-layer vertices (Deblandre et al., 1999). However, it was later shown that the outer layer
can accommodate twice as many MCCs upon Notch inhibition, with no violation of the non-
contiguity rule (Deblandre et al., 1999; Stubbs et al., 2006). This indicates that in normal
condition, vertices are in large excess of incoming MCCs and that MCC spacing is not directly
linked to the pattern of distribution of vertices. Our data are the first to unambiguously show that
MCCs actively move within the inner layer and that motility is the main driver of their transition
from a chaotic distribution, characterized by extensive inter-MCC contacts, to an orderly pattern,
where MCCs are present as isolated cells, each localised in correspondence of an outer-layer
vertex. In situations of severe actin or Scf/Kit pathway perturbations, we found that regular
spacing between MCCs was lost despite proper intercalation. Thus, we can safely conclude that
MCC pattern establishment occurs independently of radial intercalation. In silico simulation
defined two conditions required to evenly distribute a population of internal motile cells below
epithelial vertices: 1) motile cells must repel each other, thus minimizing their mutual contacts, 2)
they must maximize their contacts with outer-layer junctions, so as to stabilize at vertices, which
display the highest local density of junctions. Filming live MCCs in developing embryos allowed
us to visualize these two behaviours and to reveal that actin cytoskeleton is involved in both.
Immature MCCs in the inner layer extend unpolarized basolateral actin-rich protrusions with
which they move and explore the surrounding environment. Whenever two such MCCs come into
direct contact, the actin-rich protrusions involved in the contact are retracted, while others are
deployed in different regions of the cell body, thus resulting in the two cells moving away from

each other. Concomitantly, immature MCCs also emit apically-polarized actin-rich protrusions
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towards junctions between outer-layer cells. Despite the fact that both basolaterally- and apically-
directed actin protrusions largely coexist within each MCC, a clear temporal shift between the two
is observed: over time, the basolateral protrusive activity decreases, while the apically-directed
one gains in intensity and stability (see example in Figure 2B and movie 2). This shift correlates
with a progressive decrease of MCC motility within the inner layer and enhanced stabilization
under individual vertices. Presumably, this transition must be asynchronous among MCCs to
allow for fine tuning of the spacing pattern over time. Consistent with this idea, we found
evidence that MCC specification itself may be asynchronous (Figure S1). As a result, by early
tailbud stage, all MCCs end up finding a free vertex at regular intervals, to which they anchor and

through which they subsequently intercalate.

Self-organised generation of a regular cellular pattern by mutual repulsion and homing.

Our data show that within the inner layer of the developing Xenopus epidermis, immature MCCs
move in a partially random fashion, their free displacements being constrained by mutual
repulsion and affinity for outer-layer intercellular junctions, and that these movements are
required for the establishment of a regularly-dispersed MCC pattern. This observation prompts
analogies with other instances of developmental patterns emerging from the semi-stochastic
movements of cell populations. Phenomena of contact-dependent homotypic repulsion in which
mutually contacting cells withdraw projections and/or change direction of movement underlie the
regular distribution of Cajal-Retzius (CR) neurons (Villar-Cervino et al., 2013) and Retinal
Horizontal (RH) cells (Galli-Resta et al., 2002) in mammals, pigment cells in zebrafish (Walderich
et al., 2016) and haemocytes in Drosophila (Davis et al., 2012). The case of Xenopus MCC
patterning shows nevertheless some specificities. Most notably, MCCs are already present
throughout most of the developing epidermis at the start of the patterning process, such that their
scattering relies almost exclusively on short-range “wobbling” random movements, without need
for a concomitant long-range directional migration as is the case for CR neurons. As a

consequence, MCCs are unpolarised and lack a well-defined leading process. Moreover, unlike
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Danio pigment cells, scattering MCCs are post-mitotic and the patterning system may not need to
adjust to variations in absolute cell numbers. Finally, in sharp contrast with Drosophila
haemocytes, which continue moving and repelling each other at every encounter, even after
regular distribution is reached, dispersed MCCs become fixed by anchoring and intercalating into
outer-layer vertices. Interestingly, to our knowledge, the only other described case of (semi-)
orderly epithelial intercalation of a population of individually dispersed motile cells occurs during
the development of the peripheral nervous system in the cephalochordate Amphioxus (Benito-
Gutierrez et al., 2005; Kaltenbach et al., 2009), but the underlying mechanisms are unknown.

Overall, our work reveals a new instance of self-organised tissue-wide developmental patterning,
emerging from the interplay of stochastic short-range repulsive and stabilizing intercellular
interactions, rather than relying on tightly controlled GRNs and classical guidance mechanisms.
This is probably the most information-parsimonious strategy to optimise the distribution of a cell
population whose function requires that its area of dispersion be covered completely but non-
redundantly. Our identification of a molecular pathway responsible for controlling MCC
dispersion, independently of cell numbers and differentiation, will make it possible to functionally

explore the physiological meaning of such a pattern and the possible outcome of its perturbation.

Implementation of Xenopus MCC patterning by the SCF/KIT pathway.

The molecular mechanisms controlling homotypic repulsion-mediated patterning have been
clearly identified in few cases only. The Eph RTKs and their ephrin ligands control the dispersion
of CR neurons in the mammalian cortex (Villar-Cervino et al., 2013). Protocadherins and the
immunoglobulin-superfamily proteins Dscams have been involved in the homotypic repulsion
phenomena underlying mammalian RH cells tiling (Fuerst et al., 2008; Ing-Esteves et al., 2018),
while the scattering of zebrafish pigment cells appears to rely on a variety of cell surface
molecules, among which connexins and a potassium channel (Irion et al., 2014; Iwashita et al.,

2006).
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Our data show that the signal triggered by the interaction between the RTK Kit and its ligand Scf
is required to establish the regularly dispersed pattern of Xenopus MCCs. Although this
notoriously pleiotropic signalling pathway has been involved in many instances of cell migration,
cell movement, cell adhesion, axonal guidance and cytoskeletal rearrangement, this is the first
time that it has been shown to play a role in controlling the tissue-wide regular dispersion of a
large cellular population. Remarkably, kit appears to be a direct transcriptional target of the
multiciliogenesis master controller Multicilin/Mcidas (Kim et al., 2018; Ma et al., 2014; Stubbs et
al., 2012). Such integration, through a common regulator, of fate determination and motility
behaviour may explain how thousands of individual cells of the same type can self-organise to
achieve a global collective pattern.

Our results are also remarkable in showing that the activity of a single receptor/ligand couple can
result in the two opposite but temporally coexisting biological outcomes of MCC mutual repulsion
and affinity for outer-layer junctions. Although these two phenomena might seem difficult to
reconcile, the SCF/KIT signalling system has already been shown to promote apparently
contrasting cell behaviours, such as migration and homing/adhesion, for example in melanoblasts
(Jordan and Jackson, 2000; Wehrle-Haller and Weston, 1995), Hematopoietic Stem Cells (HSCs)
(Heissig et al., 2002; Tajima et al., 1998) and Primordial Germ Cells (PGCs)(Gu et al., 2009; Gu
et al., 2011; Runyan et al., 2006). Currently, the simplest and most widely accepted explanation,
supported by in vivo, ex vivo and in vitro data, is that the membrane-bound and the soluble forms
of the SCF ligand can both bind to and activate the KIT receptor, but with different kinetics,
therefore triggering distinct, probably antagonistic signalling pathways and eliciting multiple
cellular responses. In relevance to our work, soluble SCF has been shown to lead to transient
activation of the KIT intrinsic TK activity, and to promote cell motility (Jordan and Jackson,
2000; Tabone-Eglinger et al., 2014; Tabone-Eglinger et al., 2012). Conversely, membrane-bound
or immobilised SCF leads to formation of long-lived adhesive SCF/KIT complexes at the cell
surface, independently of KIT TK activity (Tabone-Eglinger et al., 2014; Tabone-Eglinger et al.,

2012). Our data show that the transmembrane Scf can be cleaved in Xenopus epidermis, thus

_18_


https://doi.org/10.1101/2020.04.22.055483
http://creativecommons.org/licenses/by-nc-nd/4.0/

471

472

473

474

475

476

477

478

479

480

481

482

483

484

485

486

487

488

489

490

491

492

493

494

495

496

497

bioRxiv preprint doi: https://doi.org/10.1101/2020.04.22.055483; this version posted April 23, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

raising the possibility that the dichotomy between membrane-associated and soluble Scf-
dependent signals also controls the balance between adhesion and repulsion required for correct
MCC patterning. It is easy to picture that the basolateral localisation of transmembrane Scf in
outer-layer cells might favour/stabilise the interaction of Kit-expressing MCCs with intercellular
junctions, and even more so with vertices, where the density of the Scf signal is expected to be
highest. This view is supported by our observations that MO-mediated depletion of Scf or Kit
altered MCC migration along outer-layer junctions. In contrast, axitinib treatment did not cause
the same defect, suggesting that TK activity is dispensable for MCC/outer cell interaction,
consistent with published evidence (Tabone-Eglinger et al., 2014). Our ectopic expression assay
also clearly demonstrated that full-length Scf can act as a potent adhesive cue towards Kit-
expressing MCCs. Incidentally, it also revealed that the patterning system cannot afford Scf to be
expressed in MCCs, consistent with our double FISH data, and with transcriptomic analysis
suggesting that Mcidas negatively regulates scf (Ma et al., 2014).

By contrast, it is less simple to imagine how soluble Sct could promote MCC mutual repulsion.
One possible explanation is that soluble Scf permeating the inner layer provides a motogenic
signal, as described for example for mouse melanoblasts (Jordan and Jackson, 2000), thus keeping
MCCs constantly moving around and dispersing until they are anchored to a free vertex by the
strongly adhesive signal of membrane-bound Scf. Alternatively, the interaction between soluble
Scf and Kit might initiate a cross-talk with other molecules expressed at the MCC surface and
directly responsible for the mutual repulsion response, such as ephrins and Ephs. However, the
remarkable finding that the overexpression of wild-type Kit is sufficient to induce the dispersion
of 1onocytes suggests that the repulsive activity relies largely on the activity of Kit itself, without
the need for other, MCC-specific cell surface molecules. It is thus likely that the signalling
cascade connecting Kit to the cytoskeletal effectors of cell repulsion and adhesion is a rather direct

and short one.

Scf/Kit signalling and MCC actin cytoskeletal dynamics.
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Our data from pharmacological inhibition experiments suggest that different modes of actin
polymerization, required for the formation of distinct types of cellular protrusions, control separate
aspects of MCC behaviour. Following treatment with CK-666, an inhibitor of the actin-branching
factor ARP2/3, MCCs present more filopodia-like extensions, show decreased mutual repulsion
and major patterning defects, but no intercalation abnormalities. On the other hand, treatment
with the actin bundling inhibitor SMIFH2 strongly delays intercalation without affecting
patterning. The SCF/KIT pathway has been shown to control ARP2/3 activation (Mani et al.,
2009) and in our model system its inhibition indeed results in defects similar to those due to CK-
666 treatment: MCCs make filopodia-like protrusions and present patterning defects but are able
to insert into the outer layer. Both CK-666 treatment and Scf/Kit pathway inhibition also increase
the duration of MCC mutual contacts. Arp2/3 -/- fibroblasts, in which motility only relies on
filopodia, show defects in mutual repulsion-dependent collective cell movements, such as those
involved in wound healing (Suraneni et al., 2012).

We can thus propose a model in which the main role of the Scf/Kit pathway in Xenopus immature
MCCs is the promotion of actin-based protrusions: Kit activation by soluble Scf would induce
transient basolateral lamellipodia, required for redirecting MCC movements away from each other
after mutual contact; membrane bound SCF would stabilize the more persistent apical protrusions
required for anchoring MCCs to the vertices. Such a model warrants future validation by cell

biological and biochemical approaches.

Conclusions

We show here that, during development, seemingly complex and highly ordered cell patterns can
be obtained by the combination of two relatively simple cell behaviours, without need for a highly
regulated patterning system. Moreover, deployment of the same signalling system, presumably
activated with different kinetics by soluble and membrane-anchored forms of a single ligand, can
control both behaviours. This further stresses the importance of self-organising systems in

developmental biology.
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FIGURE LEGENDS

Figure 1. The orderly pattern of mature MCCs results from progressive changes in cell
distribution.

A: Fluorescent /n Situ Hybridization (FISH) was used to reveal a-tubulin-positive immature
MCCs (green), combined to immunofluorescence against the tight junction protein ZO-1 to reveal
outer-layer intercellular junctions (white). In the course of development, MCCs were increasingly
found as isolated, regularly-shaped cells, each localised in correspondence of a single outer-layer
vertex. Scale bar is 25um. B: Graph showing the percentage of a-fub-positive cells directly in
contact with varying numbers of other a-tub-positive cells (gray-shaded from 0 to to >4). C:
Graph showing the number of ZO-1-positive outer-layer vertices superimposable onto the planar
projection of each a-tub-positive MCC. D: Graph showing the order index calculated from
Delaunay tessellation of the centroids of a-fub-positive cells. The order index increased during

development, reflecting the progressive transition from a chaotic to an orderly MCC distribution.

Figure 2. In silico modelling of MCC behaviour reveals that mutual repulsion and affinity
for outer-layer junctions are required for proper pattern establishment.

A: Spinning disk confocal video microscopy was used to track a-tub::GFP transgenic MCCs
within the inner epidermal layer. Still frames from movie 1 are shown. Asterisks point two MCCs
that moved under mRFP-injected outer-layer cells. Blue and orange dots serve as landmarks to
appreciate MCC mobility. B: Still frames from movie 2. a-tub::LifeActGFP revealed an intense
actin-based protrusive activity that progressively shifted from the basolateral to the apical aspect
of the cell. C-E: Frames from simulation movies 3, 4 and 5, respectively. The black meshwork

represents outer-layer intercellular junctions, and red circles the underlying MCCs. The upper row
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shows the initial random distribution of MCCs, the bottom row shows the final patterns obtained
under the different regimes. C: In a regime where MCC affinity for outer-layer junctions
dominated, MCCs localised at vertices, but failed to disperse properly. D: In a regime where MCC
mutual repulsion dominated, MCCs were regularly distributed, but did not localise at vertices. E:
In a regime where mutual repulsion and affinity for outer-layer junctions were balanced, MCCs

were dispersed and positioned at vertices.

Figure 3. MCCs display both behaviours of mutual repulsion and affinity for outer-layer
junctions.

A: Frames from movie 6. a-tub::LifeActGFP labelling revealed that whenever MCCs came in
contact via actin-based lamellipodia, these subsequently retracted. B: Frames from movie 7
showing an a-tub::LifeActGFP-labelled MCC (magenta asterisk) moving along the intercellular
junctions among overlying outer-layer cells labelled by mRFP. The blue and the red arrowheads
highlight the initial and final position of the labelled MCC. The last panel recapitulated the
positions of the observed MCC over 3h. The black dotted line shows the displacement of the MCC
centroid. C-E: Embryos were treated from stage 12 with 1% DMSO (C), 100uM ARP2/3
inhibitor CK-666 (D), and 50uM FORMIN inhibitor SMIFH2 (E) and analysed at stage 25 by o-
tub FISH and ZO-1 IF to examine MCC patterning. D: Following CK-666 treatment, MCCs
intercalated into the outer layer but were irregularly distributed. E: Treatment with SMIFH2 led to
a normal MCC patterning but impaired apical insertion and expansion. In all cases, scale bar is
20um. F: Graph showing the duration of MCC mutual contacts in control and CK-666 treated
embryos. **** p-value < 0.0001 on a student t-test. G: Graph showing the proportion of MCCs
that followed outer-layer junctions over a period of 2h. H: Graph showing MCC order index at
stage 25 in CK-666-treated and SMIFH2-treated embryos vs control embryos. I: Graph showing
the distribution of the number of contacts among MCCs at stage 25 in control, CK-666- and

SMIFH2-treated embryos.
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Figure 4. Expression of transcripts encoding Kit and its ligand Scf in the developing Xenopus
epidermis.

A: Double FISH on sectioned embryos with probes against kit (green) and the MCC markers
foxJI or o-tubulin (red) revealed that kit was only expressed in MCCs. B: Double FISH on
sectioned embryos showed that scf/~-L (red) expression was prominent in outer-layer cells and
virtually undetectable in kit-positive MCCs (green). In A and B, DAPI (blue) highlights the nuclei.
C: Schematic drawing of the Scf-GFP chimera, showing the extracellular (EC), transmembrane
(TM) and intracellular (IC) domains of Scf-L (light blue), the C-terminal EGFP tag (green), the
possible protease cleavage site in exon 6 (red arrowhead), as well as the sizes of the full-length
protein and the membrane-retained cleavage product. D: Top view of live outer-layer cells from
an embryo injected with mRNAs coding for the Scf-GFP (green) and the RFP-ZO-1 (red) fusion
proteins. GFP fluorescence was localised at the membrane. Scale bar is 20pum. D’: Orthogonal
view of the intercellular junction within the dashed white box in D shows that the Scf-GFP
chimera was mainly localised to the basolateral membrane, immediately basal to ZO-1. Scale bar
is Sum. E: Lysates from animal caps injected with mRNA coding for either GFP or Sct-GFP were
subjected to Western blotting with an anti-GFP antibody. Single and double asterisks point
respectively to the 55kDa full-length Sct-GFP and to the 37kDa band corresponding to the

membrane-retained product of proteolytic cleavage at exon 6.

Figure 5. Inhibition of Kit activity disrupts MCC patterning.

A: Frames from movie 8. In 50uM axitinib-treated embryos, LifeActGFP-positive MCCs (green,
magenta asterisk) failed to properly separate from each other. B: Frames from movie 9. In MO-
ATG-kit-L+S-injected embryos, LifeActGFP-positive MCCs (green, magenta asterisk) failed to
properly separate from each other. In A and B, mRFP (red) labelled outer-layer cell membranes.

B’: A close-up of the boxed area in B, showing highly-branched filopodia-like structures. C:
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Quantification of MCC mutual contact times in control, axitinib-treated and MO-ATG-kit-L+S-
injected embryos. **** p-value < 0.0001 on a student t-test. C’: Graph showing the proportion of
MCCs that followed outer-layer junctions over a period of 2h in control, axitinib-treated, and kit
MO-injected embryos. D-F: a-tub FISH (green) and ZO-1 IF (white) showed that compared to
control embryos (D) MCCs were irregularly distributed in axitinib-treated (E) and kit MO-injected
(F) embryos at stage 25. In F, mRFP mRNA (red) was used as kit MO tracer. In all cases, scale
bar is 20um. G: Graph showing the percentage of MCCs intercalated into the outer layer at stages
20, 22 and 25. Intercalation was scored positive when MCCs displayed ZO-1 junctions. Kit
inhibition delayed but did not prevent intercalation. H: Graph showing the distribution of the
number of contacts among MCCs at stage 25 in control, axitinib-treated and kit MO-injected
embryos The progressive dispersion of a-fub-positive MCCs is disrupted in Kit-deficient
conditions. I: Graph showing MCC order index at stage 25 in axitinib-treated and kit MO-injected

embryos vs control embryos.

Figure 6. Down-regulation of the Scf signal disrupts MCC patterning.

A, B: a-tub FISH (green) and RFP IF (red) revealed that compared to control embryos (A) MCCs
were irregularly distributed in MO-ATG-scf-L/S—injected embryo (B) at stage 25. mRFP mRNA
was used as scf MO tracer and to outline outer-layer cells. C: Quantification of MCC mutual
contacts in control and scf MO-injected embryos. D: Graph showing MCC order index at stage 25
in scf MO-injected embryos vs control embryos. E: Frames from movie 10. In sc¢f MO-injected
embryos, LifeActGFP-positive MCCs (green) failed to properly separate from each other. mRFP
(red) labelled outer-layer cell membranes. Asterisks label individual MCCs. Dots label two outer-
layer cells for reference. F: Graph showing the duration of MCC mutual contact in control and scf’
MO-injected embryos. **** p-value < 0.0001 on a student t-test. G: o-fub FISH (green) and RFP
IF (red) of embryos injected with scf MO at 16-cell stage and fixed at different developmental

times. RFP was used as a MO tracer. MCCs were evenly distributed between MO-positive (red)
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and MO-negative areas at stage 16 (left column) and accumulate at the boundary between the two
areas at later stages (middle and right columns). H: Frames from movie 11, showing a
LifeActGFP-positive MCC (yellow asterisk), which left its initial position within the MO-positive
area (white arrowhead) and stopped at the boundary with the MO-negative region. In contrast,
MCCs outside the MO-positive area did not significantly move. The yellow dotted line shows that
the tracked MCC did not follow outer-layer junctions. In all cases, scale bar is 20um. I: Graph
showing that a majority of MCCs did not follow outer-layer junctions in sc¢f MO-injected embryos
compared to control. J: Frames from simulation movie 12. Mathematical modelling predicted that
motile MCCs tend to accumulate at boundaries between regions devoid of both repulsive and

attractive signals and normal regions.

Figure 7. Adhesive and repulsive activities of Scf/Kit signal.

A: a-tub FISH and GFP IF on stage 25 embryos injected with a-tub::Scf-GFP showed that non-
injected a-tub-positive and Scf-GFP-positive MCCs formed aggregates. Scale bar is 50um. B: A
higher magnification view shows that non-injected a-tub-positive MCCs were tightly packed
around Scf-GFP-positive MCCs. Scale bar is 20um. C: Graph showing the distribution of the
number of MCC mutual contacts in control and a-tub::Scf-GFP-injected embryos. D: Frames
from movie 13 showing the stability of Scf-GFP-positive MCC clusters over time. Scale bar is
20um. E-G’: Control embryos (E) and embryos injected with 0.1 or Ing mRNA coding for full
length Kit-S, fixed at stage 25 and processed for FISH with the ionocyte marker v/a. IF against
endogenous ZO-1 (E) or against co-injected mRFP (F, G) highlighted outer-layer junctions. Kit
overexpression led to more regular dispersion of ionocytes compared to control. Scale bar is
50um. H: Graph showing that ionocytes established fewer mutual contacts in Kit-S-injected than
in control embryos. I: Tonocyte order index was increased in Kit-S-injected embryos with respect

to control embryos.
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682

683 STAR METHODS

684

685  Ethics statement

686  All procedures were performed following the Directive 2010/63/EU of the European parliament
687  and of the council of 22 September 2010 on the protection of animals used for scientific purposes.
688  Experiments on X. /aevis were approved by the ‘Direction Départementale de la Protection des
689  Populations, Pole Alimentation, Santé Animale, Environnement, des Bouches du Rhone’
690  (agreement number F 13 055 21).

691

692  Embryo culture and injection

693  Ovulation was stimulated in X. laevis adult females from NASCO (https://www.enasco.com) by

694  injection of (800 units/animal) Human Chorionic Gonadotropin (Chorulon®). On the following day,
695  eggs were recovered by squeezing, fertilized in vitro with sperm from NASCO males, de-jellied in
696 2% cysteine hydrochloride (pH 8.0) and washed, first in water, then in 0.1X MBS (Modified
697  Barth's Saline). Embryos were kept in 0.1X MBS at 13°C, 18°C or 23°C until they reached the
698  stage suitable for injection (8-cell or 16-cell), then transferred in 4% Ficoll in 1X MBS. Injections
699  were performed using needles made from pulled glass capillaries and mounted on a Nanoject II
700  injector (Drummond). Embryos were injected in animal ventral blastomeres to target the non-
701 neural ectoderm. One blastomere (in 8-cell stage embryos) or two contralateral blastomeres (in 16-
702 cell stage embryos) were injected, according to the desired degree of mosaicism.

703

704 Plasmids

linearized amount
Plamid name backbone Reference
with injected/blastomere
poaTub::GFP pCS2+ Notl 50-60pg Stubbs et al.
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2006
paTub::RFP pCS2+ Notl 50-60pg Made in the lab
poTub::LifeActGFP pCS2+ Notl 50-60pg
poTub::LifeActRFP pCS2+ Notl 50-60pg
poTub::EGFPp41 pCS2+ Notl 30-50pg
paTub::Scf-GFP pCS2+ Notl 50-60pg
pCS107-Sct-L-GFP pCS107 Notl /!
paTub::MOresKit-S pCS2+ Notl /!
pCMV-MOresKit-S pCMVSport | Notl /!

All aTubulin promoter-based constructs were generated from paTub::GFP (a gift from C. Kintner),
either with the In-Fusion® HD Cloning Kit (Takara Bio) or by standard restriction enzyme-
mediated cloning.

For In-Fusion cloning, the paTub:: backbone, excluding the GFP ORF, was PCR amplified using
the Phusion® High-Fidelity DNA Polymerase (New England BioLabs, #M0530) and the primers
patubfor:5’-TCTAGAACTATAGTGAGTCGT-3’ and patubrev:5’-
CGACCGGTGGATCTGTTGTTGG-3".

To generate paTub::RFP, the RFP ORF was PCR amplified from the pCS2+mRFP plasmid (a gift
from O. Rosnet) with the Phusion® High-Fidelity DNA Polymerase and the primers
InFuRFPfor:5’-CAGATCCACCGGTCGCATGGCCTCCTCCGAGGACGT-3’ and
InFuRFPrev:5’-CACTATAGTTCTAGATTAGGCGCCGGTGGAGTGGCG.

To generate paTub::LifeActGFP, the LifeActGFP ORF was PCR amplified from the pmEGFP-
Lifeact-7 plasmid (a gift from E. Bazelliéres) with the Phusion® High-Fidelity DNA Polymerase
and the primers InFuLifeactfor:5’-CAGATCCACCGGTCGTATGGGTGTCGCAGATTTGAT-3’
and InFuLifeactGFPrev:5’-CACTATAGTTCTAGATTACTTGTACAGCTCGTCCA-3".

To generate paTub::LifeActRFP, the LifeActRFP ORF was PCR amplified from the pmRuby-

Lifeact-7 plasmid (a gift from E. Bazelliéres) with the Phusion® High-Fidelity DNA Polymerase
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and the primers InFuLifeactfor:5’-CAGATCCACCGGTCGTATGGGTGTCGCAGATTTGAT-3’
and InFuRFPrev:5’-CACTATAGTTCTAGATTAGGCGCCGGTGGAGTGGCG.

To generate paTub::EGFPp41, the EGFPp41 ORF was PCR amplified from the EGFP-p41-Arc
plasmid (a gift from M. Ogawa) with the Phusion® High-Fidelity DNA Polymerase and the primers
InFuEGFPfor:5’-CAGATCCACCGGTCGTATGGTGAGCAAGGGCGAGGAG-3’ and
InFup41rev:5’-CACTATAGTTCTAGATCACTTAATCTTCAGATCTTT-3".

In all the above cases, the vector and insert PCR products were run on agarose/TAE gel, purified
with the Macherey-Nagel™ NucleoSpin™ Gel and PCR Clean-up kit, then recombined using the
In-Fusion® HD Cloning Kit according to the manufacturer’s instructions.

To make the pCS107-Scf-L-GFP construct, the pCS107-X1Steell plasmid (a gift of R. Harland),
containing the XI-Scf-L ¢DNA, was PCR amplified using the Phusion® High-Fidelity DNA
Polymerase and the primers Steellfus-for:5’-GCCACAAATCCCCCTTGTAAAGT-3" and Scfl-
3’endfus-rev:5’-TATAACACCGACATCAGTTGTGG-3’, in order to generate a linearized
backbone lacking the Scf-L stop codon and 3’UTR. The GFP ORF was PCR amplified from the
poTub::GFP construct using the Phusion® High-Fidelity DNA Polymerase and the primers Scfl-
GFPfus-for:5’-GATGTCGGTGTTATAGTGAGCAAGGGCGAGGAGC-3 and GFP3’Scflfus-
rev:AGGGGGATTTGTGGCTTACTTGTACAGCTCGTCACT-3’. Vector and insert PCR
products were run on agarose/TAE gel, purified with the Macherey-Nagel™ NucleoSpin™ Gel and
PCR Clean-up kit, then recombined using the In-Fusion® HD Cloning Kit according to the
manufacturer’s instructions.

The pCS107-Scf-L-GFP plasmid was used both as template for making Scf-GFP mRNA and to
generate the paTub::Scf-GFP construct. To this aim, the Scf-L-GFP ORF was PCR amplified from
pCS107-Scf-L-GFP using the Phusion® High-Fidelity DNA Polymerase and the primers
atubSCFGFPfor:5-CAGATCCACCGGTCGTATGAAGAAGACAAAAACTTGG-3’ and
InFuLifeactGFPrev:5’-CACTATAGTTCTAGATTACTTGTACAGCTCGTCCA-3’.  The gel-
purified PCR product was recombined into the paTub:: backbone using the In-Fusion® HD Cloning

Kit.
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To generate the pCMV-MOresKit-S plasmid, the kit-S ORF was PCR amplified from the
Dharmacon/GE clone 4030854 (Xenopus laevis kit-b), using the Phusion® High-Fidelity DNA
Polymerase and the primers atubMOresKitSfor:5-
CAGATCCACCGGTCGTGCTACAATGAGTCACATCCCITTTICTGACTGTCAGG -3’ (in
bold, the Kit-S start codon, in bold underlined the seven silent mutations introduced to generate
mismatches with MO-ATG-kit-S) and atuBKitSrev:5’-
CACTATAGTTCTAGATCAGCCGTCGCTGTTCATCAACAG-3’. The gel-purified PCR
product was recombined into the paTub:: backbone using the In-Fusion® HD Cloning Kit, thus
creating the paTub::MOresKit-S plasmid. This was subsequently cut with Agel and Notl and the
MOresKit-S ORF-containing fragment was ligated into Agel/Notl cut pCMV Sport6.

All constructs were made using the StellarTM Competent Cells (Clontech) transformed and grown
according to the manufacturer’s instructions. Small- and medium-scale plasmid preparations were
performed with Macherey-Nagel™ NucleoSpin™ Plasmid QuickPure™ and NucleoBond™ Extra

Midi kits.

mRNA synthesis

Sense mRNAs were synthesized from linearized plasmids with the Ambion mMessage mMachine
kit® (Life Technologies) according to the details provided in the table below, then purified with
Macherey-Nagel™ NucleoSpin™ RNA Clean-up kit. After determination of the concentration,

aliquots were kept at -80°C.

Amount
Linearised | Transcribed
Plasmid name Vector injected Reference
with with
/blastomere
pCS2+mRFP pCS2+ Notl Sp6 RNA pol | 0,5 ng
pCS2+GFPgpi pCS2+ Notl Sp6 RNA pol | 0,5ng Chartrain et
al., 2003
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pCS107-Scf-L-GFP | pCS107 Notl Sp6 RNA pol | 1 ng Made in the
lab

pCS2+RFP-ZO1 pCS2+ Notl Sp6 RNA pol | Ing Higashi et al.,
2016

pCS2+dnKit pCS2+ Notl Sp6 RNA pol | 0,5ng Goldman et
al., 2006

pCMV-dnKit-GFP pCMVSport6 | Notl Sp6 RNA pol | 0,5¢g Made in the
lab

pCMV-MOresKit-S | pCMVSport6 | Notl Sp6 RNA pol | 0.1-Ing Made in the
lab

Morpholinos

Morpholinos (MOs) were purchased from GENE TOOLS®. ATG-kit-L-MO and ATG-kit-S-MO

were injected together at 10ng/MO/blastomere.

kit-S-e212spl-MO and kit-L-e2i2spl-MO were

injected together at 15ng/MO/blastomere. ATG-scf-L/S-MO was injected at 10ng/blastomere and

scf-L-e212spl-MO at 20ng/blastomere. The blue-tagged version of ATG-scf-L/S-MO was injected

at 20ng/blastomere.

MO name Sequence
ATG-kit-L-MO 5’-TCGTAAAGGATGGAAAGTGGCTCAT-3’
ATG-kit-S-MO 5’-CCGTAAGGAATGGAATATGGCTCAT-3’

kit-S-e2i2spl-MO

5>-TGTAACCTTATGAATGACTTACCCT-3’

kit-L-e2i2spl-MO

5’-GGAACCCAATGAATGACTTACCCTT-3’

ATG-scf-L/S-MO

5’-GGTAGCTTGTCTATTATCCCCTTAG-3’

scf-L-e212spl-MO

5’-TGGCTAGGTAAAACTCTTACCAGTT-3’
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Pharmacological inhibitors

Stock solutions of pharmacological inhibitors (all from Sigma-Aldrich®) were prepared in DMSO
and added to embryos cultured in MBS 0,1X at the stages and concentrations and for the times
shown in the following table. Cycloheximide treatment was perform by incubating embryos at

stage 14 in MBS 0,1X containing 300uM cycloheximide two hours before live imaging.

Concentration Incubation time and
Drugs Source Reference
in 0,1X MBS stage
Axitinib Sigma- AG-013736 50uM From stage 12
CK-666 Aldrich SML0006 100pM
SMIFH2 S4826 50uM
Cycloheximide C7698 300pM From stage 14

Apoptosis detection:
The CellEvent™ Caspase-3/7 Green Detection Reagent (Invitrogen™) was dissolved in DMSO
and added to stage 14 control or cycloheximide-treated embryos in MBS 0,1x at 20uM final

concentration.

In situ hybridization and immunostaining

Whole-mount chromogenic In Situ Hybridization (ISH) and whole-mount Fluorescent In Situ
Hybridization (FISH) were performed as previously detailed (Castillo-Briceno and Kodjabachian,
2014; Marchal et al., 2009). Embryos were fixed in MEMFA (0.1 M MOPS pH 7.4, 2 mM MgSO4,
I mM EGTA, 3.7% v/v formaldehyde) 1h30 at room temperature or overnight at 4 °C then
dehydrated o/n in 100% methanol at —20 °C. For FISH on section, embryos were fixed in
MEMFA, stored in methanol o/n at —20 °C, rehydrated in PBT (PBS + Tween 0.1% v/v), treated

with triethanolamine 100mM and acetic anhydride, incubated in increasing sucrose concentrations,
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embedded in OCT (VWR Chemicals), cut in 12 um-thick cryosections and stored at -80°C. Before
hybridization, embryos were rehydrated in PBT (PBS+0.1% Tween20), treated with Proteinase K
(8min at 2pg.ml™"), then, for FISH, the endogenous peroxydase activity was blocked by
incubation with H>O> 3% in PBS for 20 min. For single staining, RNA probes were labeled with
digoxigenin-dUTP (Roche). For double staining, various combinations of digoxigenin/fluorescein-
labeled riboprobes were used. For each hybridization, the following amounts of riboprobes were
used: a-tubulin 1ng; via 40 ng; foxjl 100ng; kit 200ng; scf~-L 100ng to 300ng for embryos at stage
11-16 and stagel19-20, respectively. Hybridization was performed overnight at 60 °C. After
hybridization, the embryos were washed at increasing stringency in SSC/0.1% CHAPS, rinsed
extensively in MABX (Maleic Acid Buffered solution +0.1% Triton X), then the digoxigenin-
labelled probe was revealed through incubation with a sheep anti-DIG antibody conjugated to HRP
(POD) (Roche, 1:500). On the third day, embryos were extensively washed in MABX, then
staining was revealed using Tyramide Signal Amplification—TSA TM Plus Cyanine
3/5/Fluorescein System (PerkinElmer®). This reaction was then blocked in a bath of 2% H202 for
20 min.

Following FISH labeling, immunostaining was performed by incubating the embryos in MABX-
BR2%, 15% FBS with the antibodies listed in the following table. After extensive washes in

MABX, embryos were flattened by cutting along the antero-posterior axis and mounted in Mowiol

(Sigma-Aldrich) for confocal imaging.

Antibody Species Source Dilution
Z01-TJP1 Mouse IgG1 Thermo 1:200
Scientific
GFP Chicken Aves Labs 1:500
RFP Rat monoclonal | Chromotek 1:500
IgG2a
Alexa Fluor 568 anti-rat Goat Molecular 1:500
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Alexa Fluor 488 anti-chicken Goat Probes 1:500
Alexa Fluor 647 anti-mouse | goat 1:800
IgG1

Confocal and electron microscopy

To limit the movement of the embryo during live imaging, control or treated stage 14-15 embryos
were embedded in 0,8% LMP agar in 0,1X MBS within a small chamber made with two coverslips
and silicon grease. Time-lapse imaging was done at 23°C starting at stage 14-15 and for a duration
of 2 to 8 hours on a Nikon Roper spinning disc Eclipse Ti inverted microscope using a
20X_objective (for apoptosis recording), or 40X/60X 1.25 N.A water-immersion objective (for all
the other experiments). Image acquisition was performed with the Meta-Morph software. 20um-
deep Z sections were acquired every 0,5 to 2min in 0,5 to 0,7um steps, averaging 2. To compensate
for the fluorescence intensity variations across different injected embryos, the laser power was
adjusted for each experiment. Excitation wavelengths were 488nm, 561nm and 445nm for GFP-
and RFP- tagged protein and for blue-tagged MO, respectively.

Fixed whole embryos and sections were examined on Zeiss LSM 510 and 880 confocal
microscopes. Four-color confocal Z-series images were acquired using sequential laser excitation,
converted into single plane projection and analysed using ImageJ/F1JI software (see image analysis
section).

For Scanning Electron Microscopy (SEM), stage 27 control or treated embryos were fixed for 4h in
3% glutaraldehyde in 0.1 M phosphate buffer pH 7.4 (19 mL monosodium phosphate 0.2 M and
81 mL disodium phosphate 0.2 M), washed in phosphate buffer and filtered bi-distilled water,
progressively dehydrated in ethanol at 25%, 50%, and 70% for 30 min each time, then stored in
fresh ethanol 70% at 4 °C o/n. Embryos were further dehydrated with vigorous agitation once in
90% ethanol, and twice in 100% ethanol, for 30 min each, then subjected to CO- critical point

desiccation (CPDO030, Balzers) at 40 °C and 75-80 bars. Finally, samples were sputter-coated with
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gold (vacuum 1 x 10-12 Torr, beam energy 3—4 keV) and stuck on the support with conductive

glue for immediate SEM digital imaging (FEI TENEO) of the skin epidermis.

Image analysis

All images were processed with the imagel/Fiji free software.

Z-stacks from confocal video microscopy were converted into single plane projection by maximum
intensity or sum intensity projection. Each channel was processed separately with the optimized z-
section corresponding to the outer/inner layer cell staining. All visible MCCs were manually
tracked with the ‘manual tracking’ plugin. Cell contact events were estimated by counting the time
between the first and the last non-ambiguous contact time points. Cell contacts already established
at the beginning of filming or persisting beyond its end were excluded from quantification.

To characterize the migratory path of MCCs relative to outer-layer cell junctions the following
criteria were applied: MCC emits protrusions in correspondence of outer-layer cells junctions;
overlap between MCC shape and outer-layer cells junctions; correlation between direction of MCC
migration and orientation of the outer-layer cells junctions. Cells already engaged in radial
intercalation with permanent contact with vertices and ambiguous cases were removed from
quantification.

Analysis of the apical-basal global cell-shape was done through maximum intensity projections of
resliced z-stacks following X,Z and Y,Z orientations with 0,5um interval from images at the
indicated time point. Analysis of Scf-GFP/ZO-1RFP signal localization was done on resliced z-
stacks from z-series at 0.2um intervals, taken along chosen intercellular junctions. 3D-projection of
intercalating MCCs probing junctions and vertices was made using the ‘clear volume’ plugin.

To check for the depletion of Scf-GFP protein by a blue-fluorescent tagged version of ATG-scf-
L/S-MO in live we proceeded as follows: mRNAs coding for Scf-GFP and mRFP were co-injected
in the two animal ventral blastomeres at stage 8-cell stage, then blue-tagged ATG-scf-L/S-MO was
injected in two of the four animal ventral blastomeres at 16-cell stage. GFP, RFP and blue

fluorescence were recorded at stage 16.
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Images from fixed whole embryos and sections obtained with 510 and 880 LSM confocal
microscopes were converted into single plane projection by maximum intensity projections. To
calculate MCC and ionocyte mutual contacts and order indexes, as well as the relation of MCCs to
vertices and their intercalation, the outlines of individual a-tubulin- or via-positive cells were
manually drawn from maximum intensity projections of 20X 450x450pum images using Wacom®
Intuos Pro graphic tablet and FIJI ‘ROI manager’ tool. Mutual contacts and overlapping to ZO-1-
positive vertices were manually defined. MCCs were considered intercalated when their apical
surface was clearly outlined by a ZO-1 signal. Ambiguous cases were classified as ‘non defined’
(nd). To calculate the Order Index, cell areas and centroids were defined and the data processed as

described in the section ‘Mathematical Modelling’.

Western blots

Animal caps were obtained by manual dissection from stage 10 embryo in 1X MBS (Sive et al,
2000) and kept in 0,5X MBS until matched control embryos reached stage 17-18, then snap-frozen
in liquid nitrogen and stored at -80°C or immediately lysed by boiling for Smin in 50mM Tris-HCI
(pH 7.5), 2% w/v SDS, 1mM DTT. After addition of 5x Bromophenol blue/Glycerol, samples were
loaded on Acrylamide PAGE gels and run using the Hoefer™ Mighty Small™ II Mini system with
Tris/Glycine/SDS  buffer. Transfer to nitrocellulose membranes was performed in
Tris/Glycine/Ethanol buffer using the Hoefer™ TE22 Mini Tank Blotting Unit. Membranes were
rinsed with water, stained with Ponceau Red, washed three times for 10min each time in TBS-T
(20mM Tris-HCl, 150mM NacCl, pH 7.5, 0.05% v/v), blocked for 1h in TBS-T+5% (w/v) non-fat
dry milk, then incubated with a rabbit anti-GFP antibody (Torrey Pines Biolabs, TP401, 1:1000 in
TBS-T + non-fat dry milk) overnight at 4°C. After 4 washes (15min each) in TBS-T, membranes
were incubated for 1h at room temperature with a goat anti-rabbit-HRP-conjugated antibody
(Invitrogen, 1:5000 in TBS-T + non-fat dry milk) then washed four times (15min each) in TBS-T.
The signal obtained from enhanced chemiluminescence (Western lightning ECL Pro, Perkin

Elmer) was detected with MyECL Imager (Life Technologies).
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PCR

Whole embryos or animal caps were snap frozen at different stages and stored at —80 °C. Total
RNAs were purified with the Qiagen RNeasy kit (Qiagen). RT reactions were carried out using
1Script™ Reverse Transcription Supermix (BIO-RAD). PCRs were carried out with GoTaq® G2
Flexi DNA Polymerase (Promega). Amplification of exon6 was performed using the primers scf-L-
ex6for: 5’-GGACCTTGTACCATGCCTGC-3 and scf-L-ex6rev : 5’-
ATTCCTCTGCCAGGTCTGGA-3 for scf-L ; scf-S-ex6for: 5’-TCGGCCTCTTCTTTGTATCG-
3’ and scf-S-ex6rev: 5’-GTACAGTACAGTGTTAATAG-3’ for scf-S. To check for the efficiency
of kit-S-e212spl-MO, the following primers were used: check-spIMOkitS1for: 5’-
ACCATGAACTGGACTTACCTGTGG-3’ and check-spIMOKkitLSrev: 5’-
CTTCAATGTCCCACTCTGATTTCC-3’. To check for the efficiency of kit-L-e2i2spl-MO the
following primers were used: check-spIMOKkitL1for: 5’>-TCCTTTACGATCACAATGAGCTGG-3’

and check-spIMOKkitL1rev: 5’-TTACATGAATAGAGAATGTGCTGC-3".

Statistical analysis

Graphs were done with Graphpad Prism8 software as well as statistical analysis when indicated
using student t-test. Time of contact among MCCs was compared using unpaired parametric
student t-test and junction following behaviour by Fisher test. The number of samples analysed in

all graphs is presented in Table S1.
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Mathematical modelling

Geometry

The outer layer, considered as a static canvas that can influence the behaviour of two-dimensional N g
MCCs (red disks), is extracted from the segmented image of a ZO-1 IF of a stage-14 control embryo. The
system dynamics were modelled using the effective energies associated with the two mechanisms of MCC
mutual repulsion and affinity for outer layer intercellular junctions. The evolution from a random initial
state to the final state was guided by an algorithm imposing a progressive decrease of the system total
energy. Mathematical expressions for the repulsion and affinity energies were chosen in correspondence

with the qualitative behaviours observed in experiments.

Energies

To account for mutual repulsion, a pair-repulsion energy with an exponential decay on a typical length scale
equal to the MCC radius 7,,;; was chosen. To prevent the overlap among neighbouring MCCs, the repulsion
energy was supplemented with a hard-core corresponding to the minimal allowed distance between two
cells. Based on experimental observations showing that MCC overlap does not exceed half their size, the
hard core was defined as 1. To ensure that two nearby MCCs undergo a local energy gradient and to
prevent aberrant configurations where two MCCs remain stuck with a distance smaller than r,;, the hard-

core energy decreases between r;; = 0 and 7,;.
ij cell

—rii /T .
krepe /T cell lf'rij 2 Teell

) }, where 7y is the distance
A2 = 1ij/Teen) if1i; < Teen

Thus, the pair-repulsion energy reads Ej.¢p, (ri j) = {

between the centers of MCCs i and /, 7¢¢y; is the MCC radius and k.., the repulsion constant (positive). The
constant A of the hard-core energy is chosen large (A = 100), so that the probability for a MCC to be at a

distance lower than 7,,;; from another MCC is very small (=190 ~ 107%%),
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Affinity for junctions was accounted for with a negative energy term proportional to the overlap between
MCCs and outer-layer junctions, calculated as the total pixel intensity of the junction network covered by
MCCs. The affinity energy of a cell i is then Eqrp(i) = —kaff X(x.y)en; Oxy Where kqgf is the affinity
constant (positive), £2; is the set of pixel positions covered by the MCC i and gy, is the value of the pixel
at the position (x,y) of the epithelial canvas. The minus sign ensures that the energy decreases when the
total pixel intensity covered by the MCC i increases.

To build the epithelial canvas used to calculate the affinity energy, a Gaussian blur of a size equal to a MCC
diameter was applied to the segmented epithelium matrix. This considerably fastens the simulations by
directing MCCs towards junctions thanks to an energy gradient, without changing the final state. Note that
this could also reflect that regions lining junctions are mechanically more favourable, as the height of the

epithelial cells is minimal at junctions.

Dynamics

The total energy of the system is the sum of the repulsion and affinity energies of all the MCCs E,; =
2iEqrr() + Xixj Erep(rij) where i and j refer to MCCs. Monte-Carlo simulations of the system were
performed with a Metropolis algorithm to impose the energy minimization constraint. At each time step of
the simulation a random displacement was computed and attributed to each MCC. This displacement
corresponds to a diffusive motion with a diffusion constant yielding typical jumps of one-tenth of a cell-
radius distance. Moves were accepted or rejected following a Metropolis algorithm depending on the value
of AE.,: = Eor(after) — Eor(before), the difference between the system total energy after and before
each move. If the total energy has decreased (4E;,: < 0) the move is accepted. If the total energy has
increased (4E¢,; > 0) the move is rejected in most cases but has a nonzero probability to be accepted if the
increase is of the order of the thermal energy kgT (kg is the Boltzmann constant and T the temperature,

both set to 1 in our simulations), with a probability given by exp(—A4 Eto:/(kgT)). The virtual-time of the
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simulation is increased by one after N_.;s such dynamical steps (one Monte-Carlo time step). The
simulation was run for a Monte-Carlo time sufficient for the system to reach a stationary final state.

Depending on the respective weight of the energy constants k.., and k,sr final states with different
qualitative patterning of the MCCs were generated. Let alpha be the ratio between energy constants, @ =

krep/karr. When a 107, the total energy of the system E.,; is dominated by the repulsion energy. When

a < 103, the total energy of the system is dominated by the affinity energy.

Quantification

In order to have a more quantitative description of the system state, two indices were defined, to quantify
the MCC spatial order and their localization at junctions, respectively.

The order index I, was computed from Delaunay tessellation of MCC positions. The position of each MCC
is computed as a single point, located at its centroid. Systems with different MCC densities p.q;;s (defined
as the ratio between the total area occupied by MCCs and the available area of the epithelium) were
distinguished, since the number of possible final MCC organisations increases with the available space.

The order index I, is a measure of the narrowness of the distribution of areas Ap,; of Delaunay triangles

sd(Apet) )

while accounting for the available space via peepis: I, = (1 — peens) (1 = e o)
I, is minimal when the standard deviation of Delaunay areas is of the order of its mean and is large when
the standard deviation is small compared to the mean. Therefore I, is maximal when MCCs are perfectly
ordered and minimal when they are most disordered. Note that this definition of order was used both for
simulations and experimental data.

The covering index I, representing the extent of overlapping between outer-layer junctions and MCCs, was
computed as the total pixel intensity of the epithelium covered by MCCs, X; Y. (xy)eq; Ox,y> Minus a noise
term. This noise term, corresponding to the background value of covered pixels in a purely random

configuration of MCCs, was computed by averaging the pixels oy ,, of the whole epithelium and multiplying

this value by the cell surface i*0!¢ = mean(oy,,) T 2, The covering index was normalized by a term
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accounting for the maximal possible extent of overlapping of junctions by one MCC. This was obtained by

finding the maximal possible overlapping value for a cell C scanning among all possible positions (x¢, y¢)

of its center i7*** = max_Y.(xy)eqn. Oxy-
(xClyC)

N Y3 Gy . — jnOise
: . . _ Neells 4l 4(xy)ER; O9xy ~ tc
Thus the covering index is I, = [ riolse

The index is thus minimal when the overlap of MCCs with junctions does not exceed the overlap obtained

from a random scattering of MCC:s. It is maximal when the overlap is the highest possible.

Covering index
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Order and covering index evolution with time for different values of @ = k,..;,/ k-
In the repulsion dominated regime (a=10%) MCCs evolve toward a strict ordering regardless of
junctions hence the order index is large while the affinity index is small. In the affinity-dominated

regime (a=10%), MCCs finally localize under junctions/vertices regardless of other MCCs, yielding

a large affinity index while the order index remains small. In the intermediate regime (a=5x10%)

the two indices take intermediate values.
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Order and covering indexes
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Final values of order and affinity indices for different simulation conditions.
The points represent mean values computed over five simulations and the error-bars represent the

standard deviation.

Clonal simulations
In clonal simulations, where patches of the epithelium lack either or both repulsion and affinity, the set of
clone regions was called Z, and the new interaction constants krzep and kZ £r- The energies depending on the

position of the MCCs (inside or outside Z) were thus modified.

The repulsion energy reads
krep exp(_rij/rcell) if (i'j) ¢ Z
erep exp(_rij/rcell) if (i'j) €Z

Erep(rij) =
[krep kEep exp(—1ij/Teen) f ( €Zand j € Z)or (j EZ and i ¢ Z)

for 1y; > 7¢ey (the hard-core energy of Eyp, (73;) in section Energies is unchanged when r;; < 1), and the

kqy s outside Z }

affinity energy reads Eqff (1) = — X(xyyen; Karr (X, Y) Oxy With kgpr(x,y) = { k fo inside 7
a
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Movie titles

Movie 1: MCCs move actively within the plane of the ectoderm inner layer.

Movie 2: Dynamic behaviour of the actin cytoskeleton in immature MCCs.

Movie 3: In a simulation dominated by MCC affinity for outer-layer junctions, MCCs home to
vertices, but do not disperse properly.

Movie 4: In a simulation dominated by MCC mutual repulsion, MCCs disperse properly, but do not
home to vertices.

Movie 5: In a simulation where MCC mutual repulsion and affinity for outer-layer junctions are
balanced, MCCs disperse and home correctly to vertices.

Movie 6: When MCCs come into contact via lamellipodia-like structures, they withdraw from each
other.

Movie 7: MCCs preferentially move along outer-layer intercellular junctions.

Movie 8: MCC mutual repulsion is strongly decreased in axitinib-treated embryos.

Movie 9: MCC mutual repulsion is strongly decreased in kit MO-injected embryos.

Movie 10: MCC mutual repulsion is strongly decreased in scf MO-injected embryos.

Movie 11: In scf MO mosaic embryos, MCCs leave Scf-depleted regions without following outer-
layer intercellular junctions.

Movie 12: Mathematical modelling predicts that MCCs tend to accumulate at boundaries between
regions devoid of both repulsion and affinity, and normal regions.

Movie 13: When only repulsion is suppressed in clones surrounded by normal regions, MCCs
remain within the clones but do not disperse homogeneously.

Movie 14: When only affinity is suppressed in clones surrounded by normal regions, MCCs disperse
homogeneously within the clones but do not preferentially associate to vertices.

Movie 15: MCCs overexpressing Scf-GFP form stable aggregates.

Movie S1: Fluorescent labelling of activated caspases 3 and 7 reveals no apoptotic cell death within

the ectoderm.
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Movie S2: Tilted 3D projection from movie 7 showing MCC apically-directed
protrusions occurring in correspondence of outer-layer intercellular junctions.

Movie S3: MCC mutual repulsion is strongly decreased in CK-666-treated embryos.

Movie S4: A GFP-tagged version of ARP2/3 subunit p41 localizes to lamellipodia-like structures
and is lost following their retraction upon MCC mutual contact.

Movie S5: MCC mutual repulsion is strongly decreased in dn-Kit-injected embryos.
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