LETTERS

nature

cell biology

An actomyosin-based barrier inhibits cell mixing at
compartmental boundaries in Drosophila embryos

Bruno Monier**, Anne Pélissier-Monier*?, Andrea H. Brand"?and Bénédicte Sanson'*

Partitioning tissues into compartments that do not intermix is
essential for the correct morphogenesis of animal embryos and
organs!-3. Several hypotheses have been proposed to explain
compartmental cell sorting, mainly differential adhesion'-°, but
also regulation of the cytoskeleton!?!! or of cell proliferation!®2,
Nevertheless, the molecular and cellular mechanisms that keep
cells apart at boundaries remain unclear. Here we demonstrate,
in early Drosophila melanogaster embryos, that actomyosin-based
barriers stop cells from invading neighbouring compartments.
Our analysis shows that cells can transiently invade neighbouring
compartments, especially when they divide, but are then pushed
back into their compartment of origin. Actomyosin cytoskeletal
components are enriched at compartmental boundaries, forming
cable-like structures when the epidermis is mitotically active.
When Myoll (non-muscle myosin Il) function is inhibited,
including locally at the cable by chromophore-assisted laser
inactivation (CALI)!3!4, in live embryos, dividing cells are no
longer pushed back, leading to compartmental cell mixing. We
propose that local regulation of actomyosin contractibility, rather
than differential adhesion, is the primary mechanism sorting cells
at compartmental boundaries.

During animal development, discrete developmental units called com-
partments are separated by boundaries of lineage restriction, which stop
cells with different identities from mixing. In addition, compartmental
boundaries often localize signalling centres. Segregating cell popula-
tions at compartmental boundaries is therefore essential for the correct
patterning and differentiation of surrounding tissues'>. This organizing
principle is conserved from flies to humans. In humans, cell sorting
defects during compartmentalization are thought to cause malignant
invasion and congenital defects such as craniofrontonasal syndrome'*-"”.
In the vertebrate hindbrain rhombomeres and in the Drosophila wing
disc, cell sorting between compartments is governed both by transcrip-
tion factors that confer compartment-specific identities and by signalling
localized to the boundaries, such as EPH-Ephrin, Hedgehog or Notch
signalling®'$-%. Downstream of these factors, several mechanisms have

been proposed for cell sorting, mainly differential adhesion', but also
regulation of the cytoskeleton'®", regulation of cell proliferation'®'? or
extracellular matrix fences’. However, in vivo support for these hypoth-
eses is scarce and the molecular and cellular mechanisms sorting cells
at compartmental boundaries remain unclear.

Here, we investigate this problem in the early Drosophila embryo.
During segmentation, the trunk is divided into alternating anterior and
posterior compartments (Fig. 1a)¥. Anterior cells, which express the
Wnt-1 homologue Wingless (Wg), and posterior cells, which express the
homeodomain protein Engrailed (En), are separated by parasegmental
boundaries, which behave as boundaries of lineage restriction (they stop
cell mixing) during stages 8-11 of embryogenesis (ref. 28). The posterior
interface at the En stripe (where the segment border will form at a later
stage) is not a barrier to cell mixing at these stages®.

We found that during stages 8-11, cells on both sides of the PS
boundary minimize their contacts, forming a straight line of adjoining
membrane interfaces (Fig. 1b). When compartmentalization was com-
promised, as in wg mutants, membrane alignment was lost and some
cells invaded the opposite compartment (Fig. 1c). We quantified the
degree of misalignment by measuring an index of straightness (IS) for
a row of interfaces: the straighter the row, the closer the IS to 0, which
corresponds to a straight line. Quantification confirmed that PS bound-
ary interfaces were significantly straighter than other dorso-ventral
columns of interfaces (Fig. 1d; IS = 3.7 + 0.4 for PS boundaries and
IS = 14.2 + 1.1 for other interfaces, n = 25). In wg“**mutant embryos, the
interfaces that should have formed PS boundaries had an IS of 14.8 + 1.0
(n =24), which was similar to the IS of non-boundary interfaces in wild-
type embryos (Fig. 1d). We conclude that membrane alignment is a
property of lineage restriction boundaries in the Drosophila embryo.

To identify effector genes required for cell sorting at PS boundaries, we
screened for genomic deletions that give rise to an altered en expression
pattern. We recovered several deletions that caused embryos to have irreg-
ular boundaries reminiscent of loss-of-compartmentalization phenotypes
(Supplementary Information, Fig. S1). Several of these deletions removed
atleast one regulator of the Wg signalling pathway, consistent with its role
in anterior/posterior compartmentalization. One small deletion, however,
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Figure 1 Myosin Il is required for cell sorting at lineage restriction
boundaries in Drosophila embryos. (a) Ventral view of an early wild-type
Drosophila embryo showing expression of Wingless (Wg), Engrailed (En)

and Cubitus interuptus (Ci). Parasegmental (PS) boundaries form at the
interface between Wg and En stripes (arrowheads), which is where anterior
(A) and posterior (P) compartments meet. (b) Close-up of the epithelium,
with E-Cadherin staining (E-Cad, white) highlighting the adherens junctions.
Membrane interfaces at the PS boundary (arrowhead) are arranged in a
straight line (black, right panel), in contrast to other columns of interfaces
that are not PS boundaries (examples in grey, right panel). (c) In a wg™*
mutant embryo, absence of Wg expression leads to loss of En expression
and breakdown of compartmentalization. Transient initial En expression
allows identification of the membrane interfaces where PS boundaries
would have formed (black, right panel): these interfaces are not aligned and
some cells (grey, right panel) invade what would have been the neighbouring
compartment. (d) Index of Straightness (IS, see Methods) quantification
confirming that in wild-type embryos, membrane interfaces are straighter

did not remove known Wg pathway components, but removed one of the
two cytoplasmic actin genes (actin5C) as well as spaghetti-squash (sqh),
which encodes MRLC (non-muscle myosin II regulatory light chain). To
test for a potential role of the actomyosin cytoskeleton in lineage restric-
tion at PS boundaries, we assayed membrane alignment in embryos in
which MyolII function was disrupted. Embryos homozygous for null alle-
les of zipper, which encodes the MHC (myosin heavy chain), did not show
irregular PS boundaries (data not shown), presumably because maternal
pools of MHC are sufficient for its function. To target both maternal and
zygotic pools of Myoll, we treated embryos with the drug Y-27632, which
inhibits MRLC by preventing its phosphorylation by its upstream activa-
tor Rho kinase. Injection of Y-27632 into early embryos, at a dose where
the epithelium remained intact and cell divisions were still occuring, dis-
rupted membrane alignment at PS boundaries (Fig. 1d, ¢; IS=10.4 + 1.9,
n =26 compared with IS = 4.3 + 0.4, n = 25 in H,O-injected embryos).
The invasion of single cells from anterior or posterior compartments into
adjacent compartments was observed (Fig. le). PS boundary defects in
Y-27632-treated embryos were caused by specific inhibition of MyolI,
since these were rescued by expressing a constitutively active phospho-
mimetic form of MRLC, MRLCF?°*?!, which functions in the absence of
Rho kinase (Fig. 1d, &; IS = 5.0 + 0.8, n = 26 ). Similar cell sorting defects

Y-27632

at PS boundaries (Bd) compared to non-PS boundaries (DV AJs). PS
boundaries lose their straightness in the absence of compartmentalization
(wg™4) or when myosin Il (Myoll) function is inhibited by either injection

of the drug Y-27632 (see e) or expression of dominant-negative constructs
(DN, Supplementary Information, Fig. S2). The numbers of boundaries
measured are indicated in parentheses (on average, 2-3 boundaries were
analysed per embryo). Data are expressed as mean + s.e.m. Asterisks
indicate a statistical comparison with IS at PS boundaries in WT embryos
(Student’s t-test), ***P < 0.001. Circles and dashes indicate a comparison
with WT embryos after H,0 injection, and with MRLC"2%%2! embryos after
Y-27632 injection, respectively. (e) In contrast to the control injection

of H,0 in WT embryos, injection of Y-27632 (1 mM) led to irregular PS
boundaries, with cells occasionally invading the adjacent compartment (grey
area). When Y-27632 was injected into embryos expressing MRLCE?0F21
phosphomimetic form of MRLC, the boundary defects were fully rescued.
Scale barina, 25 ym, and in b, c and e, 5 um. WT, wild type. AU, arbitrary
units. DV, dorso-ventral. AJ, adherens junction.

were found in embryos expressing dominant-negative forms of MHC
(IS = 10.3 + 1.4, n = 25, for dominant-negative MHC-YFP expressed
from an endogenous promoter, and IS = 13.9 + 1.0, n = 23 for upstream
activation sequence, UAS, dominant-negative MHC-GFP expressed with
armGal4VP16; Fig. 1d; Supplementary Informaion, Fig. S2). Thus, inhib-
iting maternal and zygotic pools of Myoll, either by drug injection or by
expression of dominant-negative forms of MHGC, gives rise to cell sorting
defects similar to those caused by loss of anterior/posterior compart-
mentalization in wg mutants. We conclude that a functional actomyosin
cytoskeleton is required for lineage restriction at PS boundaries.

To investigate how the actomyosin cytoskeleton controls lineage restric-
tion, we looked at the subcellular organization of filamentous actin and
Myoll in boundary cells. MyolI (and to a lesser extent F-actin) is enriched
at PS boundary cell-cell interfaces, forming a linear cable-like structure
(Fig. 2a; Supplementary Information, Fig. S3a, b), similar to the enrich-
ment reported recently for the wing disc dorsal-ventral boundary'®!!. We
did not observe any difference in the structure of the PS Myoll enrich-
ments between parasegments or between ventral, lateral and dorsal regions
of the ectoderm (Supplementary Information, Movie S1; data not shown).
Similarly to the planar Myoll enrichment observed at stage 6-8, during
germ-band extension?®, both anterior and posterior cells contribute to the
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Figure 2 An actomyosin cable forms at the PS boundary. (a) Top view of the
epidermis showing a confocal section at the level of adherens junctions:
Myoll is enriched in a cable-like structure at the membrane interface
corresponding to the PS boundary (arrowhead in left panel, black in right
panel). (b) In the absence of compartmentalization (wg®* embryos), Myoll
does not form a cable where PS boundaries would have formed (arrowhead
in left panel, black in right panel), but Myoll localization to adherens
junctions is unaffected. Grey area in right panel indicates invasion of a

cell in what would have been a neighbouring compartment. Insets in a

and b show Myoll staining alone. (c) IS at PS boundaries along the apical-
basal axis in wild-type embryos: membranes are aligned at the adherens
junctions, but lose their alignment 2.5 and 5 um basal to the adherens
junctions (n = 8). Data are expressed as mean =+ s.e.m. Asterisks indicate

a statistical comparison between IS measured at the level of adherens
junctions and at the level of the lateral membranes (paired Student’s
t-test), ***P < 0.001. (d) Magnified view of the PS boundary in MRLC-GFP
embryos: Myoll is enriched at the cortex of both anterior and posterior
boundary cells (white and red arrows), on either side of the two apposed
plasma membranes labelled by E-cadherin staining. (e) Schematic diagram
of Myoll enrichment at a PS boundary showing anterior (A) and posterior
(P) compartments. Scale bars inaand b, 5 um, and ind, 1 um. WT, wild
type. AU, arbitrary units. Aj, adherens junction.

PS MyolI cable, as the PS Myoll enrichment is observed at the poste-
rior junction of wg-cells and at the anterior junction of en-cells (Fig. 2d;
Supplementary Information, Fig. S3c). The presence of the PS Myoll
cables corresponds to the period of lineage restriction at PS boundaries
in wild-type embryos (Supplementary Information, Fig. S3d; stages 8-11).
The Myo II cable is located at the level of the adherens junctions (Fig. 2a;
Supplementary Information, Fig. S3e, f), which is where membranes
are aligned at the PS boundary (IS = 3.6 + 0.7 at adherens junctions and
IS=10.5+0.9 at 5 um below adherens junctions, # = 8; Fig. 2¢, Fig. S3f, g).
In addition, the cable is absent in the compartmentalization-mutant wg“**
(Fig. 2b). We conclude that lineage restriction at PS boundaries correlates
with the presence of a specialized actomyosin structure at the apical cortex
of boundary cells (Fig. 2e).

To understand how this cable could promote cell sorting at PS
boundaries, we looked at cell behaviours close to the boundaries in live
embryos, using MRLC-GFP (Supplementary Information, Movie 1).
We found that the PS boundary can be transiently deformed by the divi-
sion or, more rarely, by the intercalation of boundary cells (Fig. 3a, b;
Supplementary Information, Fig. S4a). During these events, the Myoll
cable is not dismantled (Fig. 3a, b; Supplementary Information, Fig. $4).
When a dividing boundary cell rounds up and transiently invades
the adjacent compartment, the MyollI cable at the boundary cortex
strongly deforms (Fig. 3¢, ¢’; Supplementary Information, Movie 2).
Approximately when cytokinesis starts, the MyolI cable straightens out
and the daughter cells go back to their compartment of origin. This sug-
gests that the MyolI cable corrects cell mixing by providing a barrier of
cortical tension at boundary interfaces.

To test this hypothesis, we developed a method to specifically inhibit
MyolI function in PS boundary cables in live embryos. Chromophore-
assisted laser inactivation (CALI) has been used in cultured cells to inac-
tivate single proteins at the subcellular level, including myosins'>'*30-2,
With CALL intense laser illumination of a chromophore produces del-
eterious reactive oxygen species that can inactivate a target protein that
is in close proximity (30-45 A) by cleavage or crosslinking of the peptide
backbone'*-*. We modified this method to inhibit MyolI function in
live Drosophila embryos, using GFP in the MRLC-GFP fusion protein
as the target chromophore. In these experiments, MRLC-GFP was
expressed in a sgh-null background so that each MRLC molecule was
tagged with GFP. First, we investigated whether we could inhibit cytoki-
nesis, which requires MyolI function. We found that repeated laser illu-
mination of the MRLC-GFP pool on one side of the ingressing furrow
in dividing cells inhibited cytokinesis on that side (Fig. 4a, a”). No inhi-
bition was found in similar experiments targeting Moesin-ABD-GFP,
a carboxy-terminal fragment of Moesin fused to GFP, which decorates
the actin cytoskeleton but has no function (Fig. 4b, b"). These results
show that CALI of MRLC-GFP blocks cytokinesis in live embryos by
inhibiting MyolI function at the subcellular level.

To examine the effect of CALI on proteins, we used western blotting to
analyse single embryos expressing MRLC-GFP, where a large portion of
tissue had been subjected to intense laser illumination (Supplementary
Information, Fig. S5a—c). We detected a significant decrease in MRLC-
GFP protein levels, whereas levels of associated MHC, or the local
membrane-associated protein Dlg, were unaffected. This indicates that
the inhibition of MyolI by CALI was caused by destruction of MRLC-
GFP. No deleterious effects on cell viability or epithelial integrity were
detected (Fig. 4; Supplementary Information, Fig. S5d, d’; data not
shown). Together, these results demonstrate that CALI can inhibit Myoll
function efficiently and specifically, with resolution at the subcellular
level and without detectable cell or tissue toxicity.

We used GFP-based CALI to directly test the requirement of the MyolI
cable for cell sorting at PS boundaries. We specifically inhibited the pool
of MyolI in the cable by repeated illumination of the PS boundary in
MRLC-GFP-expressing embryos, and then followed the position of cells
by time-lapse imaging of residual GFP fluorescence. We found that when
the MyolI cable was inactivated in the presence of dividing boundary cells,
the PS boundary was unable to correct cell mixing (100% of cases, n = 10),
and became irregular (Fig. 5a, d; IS increased from 1.8 + 0.3 t0 9.6 + 1.0).
In these experiments, the pool of MyolI at the cable was the only subcel-
lular pool inactivated, since cytokinesis proceeded normally (Fig. 5e). As
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Figure 3 Cell divisions challenge PS boundaries. (a) Movie frame showing
that dividing boundary cells (coloured blue and green), but not non-
boundary cells (coloured red and yellow) deform the Myoll cable at a

PS boundary (identified by MRLC-GFP enrichment, arrowhead). (b) The
Myoll cable (arrowhead) is not dismantled when boundary cells divide
(stars). (¢) Movie frames of a MRLC-GFP embryo showing how the division

After CALI

of a boundary cell transiently deforms the Myoll cable (identified by
MRLC-GFP enrichment, arrowhead). (¢’) Quantification of membrane
straightness for the first six frames in ¢ (red dots). Note that, in contrast
to all other quantifications (which consider several boundary cells), the IS
measured here corresponds to the length of the interface of the boundary
cell/s coloured in red. Scale bars in a-¢, 5 um.
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Figure 4 CALI inactivation of Myoll blocks cytokinesis. (a, b) Movie frames
showing that CALI performed on one side (dashed box) of the cytokinesis
ring in dividing epithelial cells impairs membrane invagination (red arrow) in
MRLC-GFP embryos (a), but has no effect in Moesin-ABD-GFP embryos (b).

a control, we used CALI to target Moesin-ABD-GFP at the PS boundary
cable and found that this did not affect the boundary in the presence of cell
divisions (Fig. 5b, d; IS = 3.4 + 0.3 before CALI and IS = 3.6 + 0.5 after CALI,
n=9). Since inactivation of MyolI at the cable reproduced the phenotypes
found when inhibiting Myoll in the whole tissue, these results suggest that
the MyolI cable is responsible for sorting cells at PS boundaries.

Membrane invagination is impaired in MRLC-GFP embryos a few seconds
after the beginning of CALI. (a’, b’) Quantifications of asymmetric (membrane
invagination impaired on one side) versus symmetric divisions after CALI in
MRLC-GFP (a’) or Moesin-ABD-GFP (b’). Scale bars inaand b, 5 um.

We found that the key challenge to embryonic boundaries is the divi-
sion of boundary cells (Fig. 3a, note that cells dividing at a distance from
the boundary had no effect). Consistent with this, CALI inactivation of
the MyolI cable in the absence of cell division did not produce cell sort-
ing defects at PS boundaries (Fig. 5¢, d; IS = 2.0 + 0.6 before CALI and
IS =2.6 £ 0.3 after CALI in the absence of divisions, n = 10, compared with
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Figure 5 CALI inactivation of the Myoll cable causes cell sorting defects

at PS boundaries. (a—c) Movie frames showing results of CALI on the PS
boundary (dashed box) in embryos expressing MRLC-GFP (a, ¢) or Moesin-
ABD-GFP (b). (a) In the presence of a dividing anterior boundary cell
(coloured red), CALI inactivation of Myoll at the cable leads to an irregular
PS boundary (dashed line, right panel). After division, one daughter cell
invades the posterior compartment. (b) A similar experiment in Moesin-
ABD-GFP control embryos does not affect cell sorting at the boundary, even
after four of the boundary cells have divided. (c) CALI targeting of the Myoll
cable in MRLC-GFP embryos in the absence of divisions: no cell sorting
defects are observed in those conditions. (d) Quantification of membrane

IS=1.8 £ 0.3 before CALI and IS = 9.6 £ 1.0 after CALI in presence of divi-
sions, n = 10). Moreover, the Myoll cable was present when the embryonic
epithelium was mitotically active, and disappeared when divisions ceased
in the epidermis (Supplementary Information, Fig. S6). This correlation
between mitotic activity and Myoll cabling was also found in the Drosophila
wing disc. Here, a transient MyolI cable was observed just before the forma-
tion of a non-proliferative zone at the wing disc dorso-ventral boundary'**?
(Supplementary Information, Fig. S6). We propose that actomyosin-based
barriers function by generating asymmetric tensile forces at the cortex of
challenging boundary cells to prevent them from escaping to the opposite
compartment, principally when they divide (Fig. 5f).

In conclusion, our results demonstrate that actomyosin barriers sort
cells at compartmental boundaries in the early Drosophila embryo.
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straightness after CALI at PS boundaries, in the presence or absence of
boundary cell divisions. Data are expressed as the mean + s.em. Asterisks
indicate a statistical comparison between conditions before and after CALI
in the indicated contexts (paired Student’s t-test), ***P < 0.001. (e) Cable
inactivation (dashed box) does not affect the Myoll pool required for division
of the targeted boundary cell (yellow), since the cytokinesis ring forms and
the cell divides normally (right panel). Arrows on the close-up view indicate
Myoll localizing to the cortex of the newly formed membranes within each
daughter cell. (f) Model of cell sorting at Drosophila embryonic lineage
restriction boundaries. TCM, transient cell mixing. Scale bars in a-¢, 5 um
and in e, 2 um. A, anterior compartment. P, posterior compartment.

Myoll enrichment at PS boundary interfaces requires Wg signalling
(Fig. 2b), however, additional work is required to determine the mecha-
nism involved. One possibility is that wg- and en-expressing cells have
different adhesive properties and that this difference triggers Myoll
cabling. In support of this model, mutant clones of the adhesion mol-
ecule Echinoid (a Nectin homologue) form actomyosin enrichments
at the boundary with wild-type tissue in the Drosophila wing disc and
follicular epithelium®.

The finding that enrichment of MyolI also occurs at the dorso-ventral
compartmental boundaries in the Drosophila wing disc'®"" suggests that
assembly of actomyosin-based barriers at boundaries could be a general
strategy to stop cells with distinct identities from mixing, especially
in mitotically active tissues. In the vertebrate hindbrain, Eph-Ephrin
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signalling regulates cell sorting at rhombomeres boundaries®*"*. Given
that Eph-Ephrin signalling regulates the actomyosin cytoskeleton in
other contexts, such as axonal path finding*, a role for actomyosin-
based barriers could be envisaged in this system.

In developing vertebrate embryos, there is evidence of cell segregation
mechanisms not only between compartments, but also between different
tissue types®. Actomyosin-dependent cortical tension has recently been
shown to segregate germ layers in zebrafish®. Together with our results,
this suggests that local regulation of cortical tension, rather than differ-
ential adhesion, could be the primary mechanism behind cell sorting in
living organisms. |

Note added in proof: while this paper was in press, a report showed that the
cell interfaces at the antero—posterior boundary in the Drosophila wing
disc are under Myosin II-dependent tension. Computational simulations
suggested that this increased tension is sufficient for compartmental cell
sorting (Landsberg et al., Increased cell bond tension governs cell sorting
at the Drosophila anteroposterior compartment boundary. Curr. Biol.
doi:10.1016/j.cub.2009.10.021; 2009).

METHODS
Methods and any associated references are available in the online version
of the paper at http://www.nature.com/naturecellbiology/.

Note: Supplementary Information is available on the Nature Cell Biology website.
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Fly strains. yw was used as a wild type. The following transgenes were used:
sqh™*%; sqh>sqghGFP42 (MRLC-GFP)", Cyo, zip"«81-G** (MHC-GFP)*®,
sqh>MoesinABD-GFP (Moe-ABD-GFP, also known as sGMCA)*, MRLCF2’#!
(phosphomimetic form of MRLC)*; en>Gal4 (ref. 45), wg>Gal4 (a gift from
J. Pradel, Developmental Biology Institute of Marseilles, France), arm>FRT-
stop-FRT-Gal4VP16 (ref. 46); KB19 (male specific flipase)*; UAS>GFP-MHCY,
UAS>GFP-DN-MHCY. The following null mutant alleles were used: wg“**
(ref. 48), zip™ (ref. 49), zip' (ref. 50) and zip? (ref. 50). zip®*-1%2 (DN-MHC-
YFP) is a new allele of zipper (it does not complement zip’, zip? and zip'?), which
possesses a YFP exon inserted in the head domain of MHC (line from the UK
Protein Trap Insertion Consortium, D. St Johnston, K. Lilley and S. Russell,
unpublished). This allele behaves as a dominant negative.

Deficiency screen. The deficiency screen was performed using the molecularly
mapped Drosdel chromosomal deficiencies®. Stage 9-11 embryos were stained
using an anti-En antibody and revealed with an anti-mouse-HRP secondary anti-
body (Jackson laboratory, 1:200) and DAB staining. Embryos were analysed under
a Zeiss Axioplan 2 microscope, and were screened for an irregular arrangement
of En nuclei at PS borders.

Immunostainings and antibodies. Embryos were fixed for 5 min in heptane:
formaldehyde 37% (1:1). For E-cadherin and F-actin, and generally MyolI,
embryos were devitellinised manually and stained immediately. Primary anti-
bodies obtained from DSHB were: Mouse anti-Wg (4D4; 1:50), anti-En (4D9;
1:100), anti-Nrt (BP106; 1:5) anti-DIg (4F3; 1:500) and rat anti-DE-cadherin
(DCAD2; 1:50). Other primary antibodies were: rat anti-Ci (2A1; 1:3; ref. 52),
mouse anti-GFP (cat.#11-814-460-001, Roche; 1:50), rabbit anti-En (d300, Santa
Cruz Biotechnology, inc.; 1:100) and rabbit anti-GFP (ab6556, Abcam; 1:500).
Secondary antibodies: were either conjugated to Alexa fluorochromes (Alexa 488,
Alexa 564 or Alexa 633) and used at a 1:500 dilution or to Jackson fluorochromes
(TRITC or Cy5) and used at a 1:200 dilution. F-actin was stained using phalloidin-
Alexa 546 (Molecular probes; 1:1,000)

Live imaging. Dechorionated embryos were immobilised on a coverslip with hep-
tane glue and immersed in Voltalef oil (ELF Atochem). Live imaging was performed
with a Zeiss LSM510 inverted confocal with 40x or 63x objectives. Projections of
z-stack images were used to generate movies with Image J software.

Quantification of membrane straightness and assessment of compartmental
cell mixing. The index of straightness (IS) was calculated as the difference
between measured and minimal theoretical length between two points after
normalization, and was expressed in arbitrary units (AU). A value of 1 AU
meant that the measured length was 1% longer than the straight line. Membrane
length was measured using Image J software. The length of membrane interfaces
for PS boundary cells or for other columns of cells was measured in the absence
of cell division (except for Fig. 3¢”).

In fixed embryos, membrane interfaces corresponding to PS boundaries were
identified by En expression. Measurements were performed on confocal sections
corresponding to the plane of the adherens junctions. Images were captured at
random locations along anterior/posterior and dorso-ventral axes in the embryo
trunk, using a 40x objective and a numerical zoom 4 on a Zeiss LSM510 confo-
cal microscope. The images shown correspond to a superposition of E-cadherin
staining at the adherens junctions (usually one confocal section) and a projection
of all z sections for En staining. Note that the whole stack of z sections in these
double stainings were systematically checked to accurately identify the interfaces
corresponding to the PS boundary.

In live embryos, including in CALI experiments, PS boundaries were identified
by MyolI or Moesin-ABD-GFP enrichment. Images were taken with a 63x objec-
tive and a numerical zoom 3 on a Zeiss LSM510 confocal microscope.

In experimental cases where the PS boundary was irregular compared with
that in wild-type embryos, some cells were displaced into the adjacent compart-
ment. These events were considered to be compartmental cell mixing when the
displaced cell had less junctional contacts with cells of the same identity than
with cells of a different identity.

Injection of the ROCK inhibitor Y-27632. Stage 8-9 embryos of the indicated
genotype were injected in the yolk at room temperature with 1 mM Y-27632
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(TOCRIS) or dH,0 in control experiments. Embryos were aged for 30 min at
25 °C, fixed and stained using standard procedures.

As loss of epithelial integrity leads to massive cell dispersal in the early
Drosophila embryo®, epithelial integrity was systematically checked using
E-cadherin staining in loss-of-function experiments. The highest concentra-
tion of Y-27632 that can be used without affecting epithelium integrity is
1 mM, and at this concentration some cell divisions still occur.

Western blots of single embryos and quantification of protein levels. Two
protocols were used for western blotting: one included a fixation step for
GFP and Phospho-MRLC, and the other did not include fixation for MHC.
GFP and Dlg work in both conditions. Single embryos glued on a coverslip
were detached by soaking them briefly in heptane. If fixation was required,
embryos were transferred to fixative solution (formaldehyde 37%: heptane
(1:1)) and fixed for 5 min, thoroughly rinsed with PBS 1X Triton X-100 0.1%
and hand devitellinised in PBS. Embryos (5-10) were pooled in 100-200 pl
of Laemli buffer: PBS 1X (1:1) and boiled for 5 min. When fixation was not
required, embryos were thoroughly rinsed with PBS 1X Triton X-100 0.1%,
transferred to 20 ul of Laemli buffer: PBS 1X (1:1), carefully crushed with a
needle and boiled for 5 min.

The equivalent of one embryo was loaded per lane. Standard procedures
were used for western blotting analysis. Revelation was performed using ECL
Standard Plus kit (Perkin Elmer Life Science). Primary antibodies used were:
mouse anti-Dlg (DSHB; 1:300) and anti-GFP (Roche; 1:500), rabbit anti-
Phospho-MRLC (Phospho-Ser19; cat.#3671, CST; 1:100,) and anti-MHC
(#656, 1:10,000; ref. 54). Secondary antibodies used were: mouse or rabbit
HRP-conjugated (Jackson Laboratories; 1:2,000).

Films were scanned and quantification of protein levelS was performed using
Image J software. Since there is no significant difference in DIg protein levels
between control and CALI-treated embryos (n = 13; which is consistent with
Dlg being unaffected when examining immunofluorescence levels in whole
embryos; Supplementary Information, Fig. S5d, d*), Dlg was used as a loading
control to normalize protein levels for GFP, phospho-MRLC and MHC.

Statistical analyses. Data from all quantifications are reported as mean + s.e.m.
The significance between groups of data was assessed by unpaired Student’s
t-test (Fig.1d) or by paired Student’s -test (Fig.1d, boundary vs dorso-ventral
junctions in wild type; Figs 2¢, 5d; Supplementary Information, Fig. S5b).
Results were considered significant when P < 0.05 (*P < 0.05, **P < 0.02,
**P < 0.001).

Chromophore-assisted laser inactivation (CALI). GFP was used as a
chromophore to perform CALI on two fusion proteins, MRLC-GFP* and
the control Moesin-ABD-GFP*. MRLC-GFP was used in a null background
mutant for spaghetti-squash. The control Moesin-ABD-GFP, which corre-
sponds to the actin-binding domain of Moesin that decorates F-actin, was
expressed in a wild-type background. CALI was performed using either an
inverted or an upright LSM510 laser-scanning confocal microscope (Zeiss)
with a Lasos 50 mW argon laser set at 50% of its power. For image acquisition,
GFP was excited using the 488-nm laserline at 1-3%. For CALI itself, to excite
GFP maximally and hence to locally produce maximum levels of reactive
oxygen species, both 477-nm and 488-nm laserlines set at 100% were used.
Depending on the experiment, we used a Plan-Apochromat 63x/1.4 Oil DIC
objective or a Plan-Neofluar 40x/1.3 Oil DIC objective (Zeiss).

CALI conditions for assessment of protein integrity by western blotting
and immunostaining. CALI was performed during dorsal closure on the
dorsal side of MRLC-GFP embryos by continuously scanning a region of
interest (ROI) for 5 min. Protein levels were then analysed by western blot-
ing or whole-mount immunostaining. For western blotting analysis, we used
a 63x objective and a x0.7 numerical zoom. We scanned a ROI of 200 pm
x 120 pm (which roughly covers the trunk of the embryo) to a depth of 21 pm
(15 sections every 1.5 pm). Parameters were: pixel time, 12.8 ps; scan time,
798.91 ms; scan speed, 5 arbitrary units; number of scans per frame, 1; pin-
hole, 3.37 airy units. For immunostaining analysis, we used a 40x objective
and a x0.7 numerical zoom. We scanned a ROI of 90 um x 50 um to a depth
of 12 um (9 sections every 1.5 um). Parameters were: pixel time, 6.39 ps; scan
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time, 552.44 ms; scan speed, 6 arbitrary units; number of scans per frame,
2; pinhole, 0.93 airy unit. As soon as CALI was completed, embryos were
individually processed for western blotting or immunostaining experiments
(see above).

CALI conditions for Myoll inhibition during cytokinesis. CALI was performed
on ectodermal dividing cells on stage 9-10 MRLC-GFP (or Moesin-ABD-GFP)
embryos using a 40x objective and a x5 numerical zoom. We used laser pulses
(6-8 s) followed by acquisition of ten images (1 per s). Parameters, based on the
LSM510 Frap module (Zeiss), were: pixel time, 1.60 ps; scan speed, 9 arbitrary
units; number of scans per frame, 1; pinhole, 0.93 airy unit; iterations, 10. The
cytokinesis ring was targeted at only one focal plane with an average ROI of
5 pm X 2 pm. When required, the ROI was slightly shifted during the experiment
to follow the cytokinesis ring. The opposite side of the cytokinesis ring was used
as an internal control.

CALI conditions for MyolI inhibition at the PS cable. CALI was performed
on stage 9 to early stage 10 MRLC-GFP (or Moesin-ABD-GFP) embryos using
a 63x objective and a x3 numerical zoom. A cycle (1 laser pulse + 1 acquisition)
lasted 6-9 seconds, depending of the ROI size. The PS boundary was targeted at
only one focal plane with a ROI of 3 pm x 20 pm on average. When required, the
ROI was slightly shifted in the x, y and/or z axis during the experiment, to follow
the PS boundary. CALI was performed for 1-10 min on boundary cells before
division. Parameters, based on the LSM510 Frap module (Zeiss), were: pixel time,
2.56 ps; scan speed, 8 arbitrary units; number of scans per frame, 1; pinhole, 3.37
airy units; iterations, 3. One image was aquired before each CALI experiment
and was used as a reference. During and after CALI, cells were tracked by time-
lapse microscopy using residual GFP fluorescence. Modification of membrane
straightness was measured only in the targeted area, at the adherens junctions
level and when challenging divisions were completed.
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SUPPLEMENTARY INFORMATION

In all supplementary figures, genotypes are italicised and proteins are capitalised. Unless indicated, embryos are late stage 9-early stage 10, with anterior to
the left. Top views are shown except indicated and scale bars represent 5 um. PS boundaries are indicated by arrowheads.

Df(1)ED6630, DF(1)ED6802, Di(1)ED6906, D(1)ED6957, Df(1)ED6991, Di(1)ED7067, Df(1)ED7170, Df(1)ED7294, D(1)ED7344, Df(1)ED447, Df(2L)ED5878,
Df(2L)ED62, Df(2L)ED7762, Di(2L)ED136, Di(2L)ED247, Di(2L)ED250, Di(2L)ED441, Df(2L)ED501, Df(2L)ED578, Df(2L)ED647, Df(2L)ED690, DF(2L)ED8142,
Df(2L)ED793, DF(2L)ED1161, Di(2L)ED1202, Df(2L)ED1473, Di(2R)ED2155, Df(2R)ED2308, Df(2R)ED2354, Di(2R)ED2426, Df(2R)ED2457, Df(2R)ED3791,
DF(2R)ED3952, Df(2R)ED4071, Di(3L)ED4288, D(3L)ED210, DF(3L)ED211, Df(3L)ED4421, Di(3L)ED4475, Df(3L)ED4483, Di(3L)ED4486, D(3L)ED4674,
DF(3L)ED4710, Df(3L)ED225, Df(3L)ED4978, Di(3L)ED5017, DF3R)ED5156, Df(3R)ED10257, DF(3R)ED5610, Di(3R)ED5644, DF(3R)ED5705, Df(3R)ED6076,

Df(1)ED6521, D(1)ED7005, Di(1)ED7147, Di(1)ED7161, Di(1)ED7331, Di(2L)ED105, Df(2L)ED334, Df(2L)ED385, Df(2L)ED629, Df(2L)ED1272, Di(2R)ED1673,
Df(2R)ED1725, Df(2R)ED1735, Di(2R)ED3610, Df(2R)ED3683, Df(2R)ED3728, Di(2R)ED3943, Df(3L)ED4341, Di(3L)ED4408, DF(3L)ED4470, Df(3L)ED4502,

Df(1)ED11354, Df(1)ED6712, Df(2L)ED12527, Df(2L)ED548, Df(2L)ED3, Df(2L)ED1315, Df(2L)ED1378, Df(2R)ED1673, Df(2R)ED1715, Df(2R)ED3610,

Df(1)ED404*, DF(1)ED6720, Df(1)ED7374, Di(2L)ED785, Di(3R)ED5474*, Di(3R)ED6310*.

Df(2L)ED489, Df(2L)EDT75, Di(2R)ED2219, Df(2R)ED2436, Di(2R)ED3610.

Df(1)ED6829, DF(2R)ED2098, Df(3L)ED4502, Df(3L)ED4782, D(3L)ED230

Class:
0
WT
DI(3R)ED6316, Df(4)ED6364, Df(4)ED6384.
- 24 Morphogenetic
defects Df(3L)ED217, Df(3L)ED4858, Df(3R)ED6220.
Df(3L)ED4858
Stripe
13 defects Df(3L)ED217, Df(3L)ED4782, Df(4)ED6369.
Df(2L)ED1315
Cell
I 6 dispersal
Df(3R)ED5474.
I 5 A/P patterning
defects
I 5 Irregular
boundaries
Df(1)ED6829
Cell division
I 2 defects Df(2R)ED3610, Df(3R)ED6310.
Df(3R)ED6310

Figure S1 A deficiency screen for altered Engrailed expression patterns.

102 molecularly characterised chromosomal deficiencies from Drosdel have
been analysed by Engrailed (En) immunostaining. Phenotypes fall into seven
classes. For each class, one representative image is given, as well as the
number (left) and the full list of deficiencies showing this class of phenotype.
Note that a few deficiencies are annotated in several classes. Deficiencies
annotated as “Morphogenetic defects” present one or several of the following
defects: twisted embryos (illustrated), ventral closure defects, aberrant
cephalic furrow, germ-band extension defects, irregular distance between
stripes or larger head region. Deficiencies annotated as “Stripe defects”
present one or several of the following defects: interrupted stripes (illustrated),
missing stripes, fused stripes, wide stripes. Deficiencies annotated as “Cell
dispersal” present extensive dispersal of en-expressing cells, reminiscent

of the “salt and pepper” phenotype caused by loss of DIAP1 function

described by Chandraratna et all. In that case, loss-of-function of DIAP1
leads to premature death of all cells, with loss of epithelial integrity and cell
dispersall. The symbol * indicates deficiencies for which premature cell
death has been confirmed using a TUNEL assay. Deficiencies annotated as
“AP patterning defects” correspond to loss of engrailed expression, pair rule-
like (illustrated) or gap-like phenotypes. Deficiencies annotated as “Irregular
boundaries” present irregular parasegmental boundaries. Df(1)ED6829
(illustrated) removes both actin5c and spaghetti squash, the gene coding

for the Myosin Regulatory Light Chain. Three deficiencies remove genes that
modify Wingless signalling or expression: broken heart (Df(2R)ED2098),
naked cuticle and frizzled2 (Df(3L)ED4782); Tenascin-M (Df(3L)ED230).
Deficiencies annotated as “Cell division defects” present fewer cells with
larger nuclei. Molecular coordinates, cytology and the list of genes deleted for
each deficiency can be obtained at http://www.drosdel.org.uk/.
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ECad En

armGal4VP16
Myoll-DN  uas-DN-MHC-GFP

D
-YFP

En Myoll-DN

Figure S2 Inhibition of Myosin Il by dominant-negative constructs causes
cell sorting defects at PS boundaries. (a-c) PS boundaries where Myoll
activity has been impaired by expression of dominant negative forms of
Myosin Heavy Chain: UAS-DN-MHC-GFP (a) and DN-MHC-YFP (b, ¢). In
both experiments, PS boundaries become irregular and some boundary
cells invade the adjacent compartment (highlighted in grey). In a, variable
levels of expression with armGal4VP16 reveal that the strength of these
phenotypes correlates with dominant-negative forms expression levels.

DN-MHC
C ECad Myoll-DN ~.yFp

Weak expression of UAS-DN-MHC-GFP in PS boundary cells correlates
with a straight boundary (second panel, left-hand side boundary),

whereas strong expression in other PS boundary cells correlates with

an irregular boundary (right-hand side boundary). Also, UAS-DN-MHC-
GFP expression using the UAS-Gal4 system is in average higher than
DN-MHC-YFP expression, which depends upon the MHC endogeneous
promoter. Measurements of PS boundary interfaces straightness reflect this
difference (see quantification in Fig. 1d).
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Figure S3 Description of the actomyosin PS cable. (a, b, d) Both Myoll
components (Myosin Heavy Chain in a; Myosin Regulatory Light Chain in d)
and the actin cytoskeleton (F-actin in a; Moesin-ABD-GFP in b) are enriched
at PS boundaries. Myoll and F-Actin enrichments colocalise at the PS
boundary (a), forming a cable-like structure that connects all the boundary
cells. (c) Expression of MHC-GFP in the anterior wg-expressing cells or in the
posterior en-expressing cells both reveal the Myoll cable at PS boundaries,
showing that Myoll is enriched at the cortex of both anterior and posterior
cells. (d) Myoll enrichment at PS boundaries correlates temporally with

the period of lineage restriction in early embryos (i.e. stages 8-112). Triple
staining for Myoll (green), ECad (purple) and En (red) at different stages

of embryonic development shows that Myoll starts to be enriched at PS
boundaries at early stage 8 (arrowhead in left panel). Note that the boundary
is not straight yet. A strong Myoll enrichment is detected from late stage 8
to stage 11 at PS boundaries (arrowhead in middle panel), which correlates
with the presence of parasegmental grooves (indentation at the bottom of
panel). By stage 12, Myoll cables start to be dismantled, so no enrichment
can be detected by stage 13 at the interfaces corresponding to the anterior

En wTt

border of the Engrailed cells (arrowhead in right panel). The PS groove

has disappeared, and the segmental groove has formed on the posterior
side of the En stripe. (e) Lateral view of the epithelium (XZ confocal cross-
section of Fig. 2a) showing that Myoll and ECad colocalise. Note that the
adherens junctions (AJs) are slightly more basal at the PS boundary, which
is consistent with the subtle indentations called parasegmental grooves
that mark PS boundaries in early embryos3: 4 (Immediately left to the PS
adherens junctions are a cluster of more basal E-CAD and Myoll stainings:
these correspond to a cell which had rounded up prior to division, see top
view in Fig. 2a). (f) Quantification of the membrane interfaces straightness
(IS, bars) relative to E-Cad, Myoll and Neurotactin (Nrt) protein levels at a
PS boundary. Membrane interfaces are straight at the level of AJs (maximal
intensity of E-Cad staining) and this correlates with the position of the
Myoll cable (maximal intensity of Myoll staining). Nrt is a marker of lateral
membranes. (g) Confocal views of the epidermis corresponding to an optical
section at the level of the AJs (top panels) or 5 um below (bottom panels).
Membrane interfaces are straight at the PS boundary at AJs level, but
become irregular in the more basal section.
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Figure S4 The Myoll cable at PS boundaries is maintained when boundary
cells divide or intercalate. (a) Boundary cells (arrow) which belong to cell
intercalation figures® (stars, extracted in red and green) do not dismantle
the Myoll cable and deform the PS boundary. (b) Movie frames showing a
boundary cell rounding up prior to division (star) in a MRLC-GFP embryo.
Left-hand side panels show a projection of 3 confocal sections displayed

separately on the right-hand side panels, with the PS Myoll cable highlighted
in blue (section at AJs level), red (section 1 um below) and green (section
2.5 um below). The Myoll cable is not dismantled but become more basal

as the rounding up boundary cell adopts a more basal position: the Myoll
cable is visible in the -1pm section at time O and in the -2.5 um section 157
seconds later.
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Figure S5 CALI on MRLC-GFP decreases specifically GFP and MRLC protein
levels. (a-c) Analysis of protein levels in MRLC-GFP embryos illuminated

by laser over the dorsal part of their trunk to promote widespread CALI.

(a) Western blots of single embryos extracts show that levels of GFP and
phospho-MRLC are decreased after CALI, whereas associated MHC and
nearby membrane protein Dlg levels are unaffected. (b) Quantifications of
protein levels in control or CALI targeted embryos based on Western blots.
Data are expressed as mean + SEM and compared with paired Student’s t
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test. P Values: ** correspond to p<0.02 and *** to p<0.001. (c) There is a
linear relationship between the decrease in GFP and phospho-MRLC protein
levels following CALI (points represent the individual experiments averaged

in b). (d,d’) CALI performed on the dorsal side of MRLC-GFP embryos
(dashed box) during dorsal closure (stage 14) does not affect the epithelium’s
structure, as revealed by staining membranes with Dig (red) and nuclei with
DAPI (blue). The region targeted by CALI is identified by the loss of GFP
fluorescence (green). d’ shows a high magnification of the epithelium.
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Figure S6 Correlation between Myoll cabling and cell division at compartmental
boundaries in Drosophila. In the embryo, Myoll cables are observed at
parasegmental boundaries at stages 8-11 (Fig. 2a and Fig. S3d), when
epidermal cells are mitotically active®. From stage 12 onwards, loss of Myoll
cable correlates with cessation of epidermal cell divisions. It is also at this
stage that parasegmental grooves, an anatomical manifestation of lineage
restriction at parasegmental boundaries, disappear> 4. It is likely that these
grooves are caused by Myoll-based asymmetric cortical tension (see Fig.
S3d, e). We propose that Myoll cables are no longer required to maintain
straight boundaries after stage 12 because movements of cells relative to
each other, which are caused mainly by cell divisions, but also occasionally
by cell intercalation or ingression, have stopped. At stage 12 and after, the

Larva: mid-late 3rd instar

morphogenetic processes such as germ-band retraction and dorsal closure rely
on cell shape changes rather than cell movements3: 7. At the dorsal-ventral

(DV) boundary of the Drosophila wing disc, a boundary of lineage restriction

is present between second (L2) and late third (L3) instar stages® °. An
actomyosin cable transiently forms at the DV boundary during L2-early L3
stages!'0 11, before the establishment of a non-proliferation zone a few cells
wide on each side of the DV boundary during mid-late L3 stages!2: 13, Although
a requirement for the Myo Il cable has not been tested directly here, we propose
based on our data in the embryo, that in the disc as well the function of the
Myoll cable would be to correct cell mixing while cell divisions are active at the
boundary. This function would cease once the non-proliferation zone is in place.
LR boundary: lineage restriction boundary; NPZ: non-proliferation zone.
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Supplementary Movies Legends

Movie S1 Myoll cables at parasegmental boundaries are dynamic structures. Time-lapse movie of ectodermal cells in a MRLC-GFP embryo during germ band
extension. Ventral view, anterior is to the left. Arrowheads at the midline point at the Myoll cables, which are segmentally repeated. During the movie, clusters
of divisions occur in the lateral ectoderm and occasionally deform the Myoll cables. Note that at the end of the movie, the embryo rolls on its side and a more
ventral-lateral view can be seen. On this view, four Myoll cables (corresponding to parasegments T2-A2) are seen, highlighting the continuity of the structure
from the ventral midline to the dorsal edge of the ectoderm.

Movie S2 Divisions of boundary cells transiently deform the Myoll cable. Time-lapse movie showing a parasegmental boundary in a MRLC-GFP embryo, with
the Myoll cable coloured in green. Anterior is to the left. Dividing boundary cells (stars) deform the Myoll cable (arrows) and transiently invade the opposite
compartment. After division, the daughter cells always go back to their compartment of origin and the boundary straightens out.

Movie S3 Cell mixing following inactivation of Myoll at the parasegmental cable by GFP-based CALI. Time-lapse movie showing a parasegmental boundary
after CALI in a MRLC-GFP embryo. This movie corresponds to the case shown in Fig. ba. Violet, cyan, red and blue cells are initially in the anterior
compartment, while orange, green and yellow cells are in the posterior one. The movie starts just after CALI, which has inactivated Myoll at the cable

present at the interface between anterior and posterior compartments. At the beginning of the movie, the red cell, which is rounding up prior to division, has
deformed the boundary. In contrast to wild-type, in absence of Myoll at the cable the red daughter cells are not pushed back in the anterior compartment, and
the right-hand side daughter cell invades the posterior compartment, leading to compartmental cell mixing.
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	Figure 1 Myosin II is required for cell sorting at lineage restriction boundaries in Drosophila embryos. (a) Ventral view of an early wild-type Drosophila embryo showing expression of Wingless (Wg), Engrailed (En) and Cubitus interuptus (Ci). Parasegmental (PS) boundaries form at the interface between Wg and En stripes (arrowheads), which is where anterior (A) and posterior (P) compartments meet. (b) Close-up of the epithelium, with e‑Cadherin staining (e-Cad, white) highlighting the adherens junctions. Membrane interfaces at the PS boundary (arrowhead) are arranged in a straight line (black, right panel), in contrast to other columns of interfaces that are not PS boundaries (examples in grey, right panel). (c) In a wgCX4 mutant embryo, absence of Wg expression leads to loss of En expression and breakdown of compartmentalization. Transient initial En expression allows identification of the membrane interfaces where PS boundaries would have formed (black, right panel): these interfaces are not aligned and some cells (grey, right panel) invade what would have been the neighbouring compartment. (d) Index of Straightness (IS, see Methods) quantification confirming that in wild-type embryos, membrane interfaces are straighter at PS boundaries (Bd) compared to non-PS boundaries (DV AJs). PS boundaries lose their straightness in the absence of compartmentalization (wgCX4) or when myosin II (MyoII) function is inhibited by either injection of the drug Y-27632 (see e) or expression of dominant-negative constructs (DN, Supplementary Information, Fig. S2). The numbers of boundaries measured are indicated in parentheses (on average, 2–3 boundaries were analysed per embryo). Data are expressed as mean ± s.e.m. Asterisks indicate a statistical comparison with IS at PS boundaries in WT embryos (Student’s t-test), ***P < 0.001. Circles and dashes indicate a comparison with WT embryos after H2O injection, and with MRLCE20E21 embryos after Y-27632 injection, respectively. (e) In contrast to the control injection of H2O in WT embryos, injection of Y-27632 (1 mM) led to irregular PS boundaries, with cells occasionally invading the adjacent compartment (grey area). When Y-27632 was injected into embryos expressing MRLCE20E21, a phosphomimetic form of MRLC, the boundary defects were fully rescued. Scale bar in a, 25 μm, and in b, c and e, 5 μm. WT, wild type. AU, arbitrary units. DV, dorso-ventral. AJ, adherens junction. 
	Figure 2 An actomyosin cable forms at the PS boundary. (a) Top view of the epidermis showing a confocal section at the level of adherens junctions: MyoII is enriched in a cable-like structure at the membrane interface corresponding to the PS boundary (arrowhead in left panel, black in right panel). (b) In the absence of compartmentalization (wgCX4 embryos), MyoII does not form a cable where PS boundaries would have formed (arrowhead in left panel, black in right panel), but MyoII localization to adherens junctions is unaffected. Grey area in right panel indicates invasion of a cell in what would have been a neighbouring compartment. Insets in a and b show MyoII staining alone. (c) IS at PS boundaries along the apical-basal axis in wild-type embryos: membranes are aligned at the adherens junctions, but lose their alignment 2.5 and 5 μm basal to the adherens junctions (n = 8). Data are expressed as mean ± s.e.m. Asterisks indicate a statistical comparison between IS measured at the level of adherens junctions and at the level of the lateral membranes (paired Student’s t-test), ***P < 0.001. (d) Magnified view of the PS boundary in MRLC–GFP embryos: MyoII is enriched at the cortex of both anterior and posterior boundary cells (white and red arrows), on either side of the two apposed plasma membranes labelled by e‑cadherin staining. (e) Schematic diagram of MyoII enrichment at a PS boundary showing anterior (A) and posterior (P) compartments. Scale bars in a and b, 5 μm, and in d, 1 μm. WT, wild type. AU, arbitrary units. Aj, adherens junction. 
	Figure 3 Cell divisions challenge PS boundaries. (a) Movie frame showing that dividing boundary cells (coloured blue and green), but not non-boundary cells (coloured red and yellow) deform the MyoII cable at a PS boundary (identified by MRLC–GFP enrichment, arrowhead). (b) The MyoII cable (arrowhead) is not dismantled when boundary cells divide (stars). (c) Movie frames of a MRLC–GFP embryo showing how the division of a boundary cell transiently deforms the MyoII cable (identified by MRLC–GFP enrichment, arrowhead). (c´) Quantification of membrane straightness for the first six frames in c (red dots). Note that, in contrast to all other quantifications (which consider several boundary cells), the IS measured here corresponds to the length of the interface of the boundary cell/s coloured in red. Scale bars in a–c, 5 μm. 
	Figure 4 CALI inactivation of MyoII blocks cytokinesis. (a, b) Movie frames showing that CALI performed on one side (dashed box) of the cytokinesis ring in dividing epithelial cells impairs membrane invagination (red arrow) in MRLC–GFP embryos (a), but has no effect in Moesin-ABD–GFP embryos (b). Membrane invagination is impaired in MRLC–GFP embryos a few seconds after the beginning of CALI. (a´, b´) Quantifications of asymmetric (membrane invagination impaired on one side) versus symmetric divisions after CALI in MRLC–GFP (a´) or Moesin-ABD–GFP (b´). Scale bars in a and b, 5 μm. 
	Figure 5 CALI inactivation of the MyoII cable causes cell sorting defects at PS boundaries. (a–c) Movie frames showing results of CALI on the PS boundary (dashed box) in embryos expressing MRLC–GFP (a, c) or Moesin-ABD–GFP (b). (a) In the presence of a dividing anterior boundary cell (coloured red), CALI inactivation of MyoII at the cable leads to an irregular PS boundary (dashed line, right panel). After division, one daughter cell invades the posterior compartment. (b) A similar experiment in Moesin-ABD–GFP control embryos does not affect cell sorting at the boundary, even after four of the boundary cells have divided. (c) CALI targeting of the MyoII cable in MRLC–GFP embryos in the absence of divisions: no cell sorting defects are observed in those conditions. (d) Quantification of membrane straightness after CALI at PS boundaries, in the presence or absence of boundary cell divisions. Data are expressed as the mean ± s.em. Asterisks indicate a statistical comparison between conditions before and after CALI in the indicated contexts (paired Student’s t-test), ***P < 0.001. (e) Cable inactivation (dashed box) does not affect the MyoII pool required for division of the targeted boundary cell (yellow), since the cytokinesis ring forms and the cell divides normally (right panel). Arrows on the close-up view indicate MyoII localizing to the cortex of the newly formed membranes within each daughter cell. (f) Model of cell sorting at Drosophila embryonic lineage restriction boundaries. TCM, transient cell mixing. Scale bars in a–c, 5 μm and in e, 2 μm. A, anterior compartment. P, posterior compartment.

