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Abstract During animal development, tissues and organs

are partitioned into compartments that do not intermix.

This organizing principle is essential for correct tissue

morphogenesis. Given that cell sorting defects during

compartmentalization in humans are thought to cause

malignant invasion and congenital defects such as cranio-

fronto-nasal syndrome, identifying the molecular and

cellular mechanisms that keep cells apart at boundaries

between compartments is important. In both vertebrates

and invertebrates, transcription factors and short-range

signalling pathways, such as EPH/Ephrin, Hedgehog, or

Notch signalling, govern compartmental cell sorting.

However, the mechanisms that mediate cell sorting

downstream of these factors have remained elusive for

decades. Here, we review recent data gathered in Dro-

sophila that suggest that the generation of cortical tensile

forces at compartmental boundaries by the actomyosin

cytoskeleton could be a general mechanism that inhibits

cell mixing between compartments.

Keywords Compartment � Boundary � Lineage

restriction � Cell sorting � Cell mixing � Actin cytoskeleton �
Nonmuscle Myosin II � Drosophila

Abbreviations

AEL After egg laying

A/P Anterior-posterior

Cad99C Cadherin 99C

CALI Chromophore-assisted laser inactivation

DAH Differential adhesion hypothesis

Dpp Decapentaplegic

D/V Dorsal-ventral

F-actin Filamentous actin

Hh Hedgehog

LRR Leucine rich repeat

L2 Second instar larva

L3 Third instar larva

MHC Myosin II Heavy Chain

MRLC Myosin II Regulatory Light Chain

MyoII Nonmuscle Myosin II

Omb Optomotor-blind

sqh spaghetti-squash

Wg Wingless

zip zipper

ZLI Zona limitans intrathalamica
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Introduction

During development, tissues or organs are divided into

compartments, in other words into groups of cells of

distinct identity, that do not intermix. When the state of

expression of selector genes within one compartment is

clonally inherited, active mechanisms known as ‘‘lineage

restriction’’ physically sort cells and keep them separated at

compartmental boundaries ([1, 2], see [3–5] for reviews).

Compartments and lineage restriction boundaries are

conserved features during evolution. They were initially

discovered in the imaginal wing disc of the fruit fly

Drosophila melanogaster: this epithelial tissue is divided

into anterior and posterior (A/P) as well as dorsal and

ventral (D/V) compartments (Fig. 1a) [2, 6, 7]. Since then,

they have been found in various tissues of numerous spe-

cies. In arthropods, lineage restriction is at work in epithelia

such as the abdomen of Oncopeltus [8], the imaginal genital

disc [9], or the embryonic trunk in Drosophila (Fig. 1b)

[10]. In vertebrates, lineage restriction boundaries are found

in the ectoderm and mesenchyme of the limbs [11, 12],

between the notochord and somites (a fissure eventually

forms at the position corresponding to this initial boundary)

[13], and in the fore-, mid-, and hindbrain [14–19].

Compartmental boundaries are particularly important to

localize signalling centers that pattern and trigger the

differentiation of surrounding tissues during development

[20]. For example, expression of the long-range morpho-

gens Wingless/Wnt (Wg) and Decapentaplegic/TGFb
(Dpp) are activated in boundary cells between dorsal/ven-

tral and anterior/posterior compartments, respectively, in

the Drosophila wing disc [20], while numerous organizers

colocalize with lineage restriction boundaries in the verte-

brate brain [17]. Another property of lineage restriction

Fig. 1a, b Compartmental boundaries in Drosophila. a In the

Drosophila imaginal wing disc, lineage restriction boundaries form

between anterior (A) and posterior (P) compartments (orange and

blue, respectively), as well as between dorsal (D) and ventral

(V) compartments (dark and light shades, respectively). The Notch

receptor is activated in the cells immediately ventral and dorsal to the

D/V boundary (yellow stripe). b In Drosophila stage 8–11 embryos,

anterior and posterior compartments meet at two interfaces in each

metameric unit. The anterior-posterior interface is the parasegmental

(PS) boundary, while the posterior-anterior interface (P-A boundary)

corresponds to where segmental folds will form later in embryogen-

esis. Only parasegmental boundaries are lineage restriction

boundaries. a, b Red and gray dashed lines represent lineage

restriction boundaries and morphogen-dependent boundaries, respec-

tively. Transcription factors are shown in black, components of cell-

cell signalling pathways in red and adhesion molecules in pink.

Arrows indicate the relationship between the genes involved in

compartmentalization. N Notch, Fng Fringe, Ap Apterous, Trn Tartan,

Caps Capricious, En Engrailed, Hh Hedgehog, Dpp Decapentaplegic,

Cad99C Cadherin 99C, Wg Wingless
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boundaries is that they produce straight, sharp interfaces

between compartments [3–5]. Because they often localize

diffusible signalling molecules, the regularity of boundaries

might be important for the stereotypical differentiation of

surrounding tissues [3]. In humans, the development of

cranio-fronto-nasal syndrome or of metastatic progression

in organs such as the prostate has been attributed to

defective cell sorting, highlighting the importance of

functional compartmental boundaries [21–23].

Researchers in the last 10 years have elucidated sig-

nalling mechanisms required for the formation of lineage

restriction boundaries in several tissues. In the imaginal

wing discs of Drosophila, selector genes have been shown

to cooperate with short-range signalling pathways to

position the boundaries of lineage restriction. The

Engrailed transcription factor, which confers posterior

identity, positions the A/P boundary in cooperation with

Hedgehog signalling (Fig. 1a) [24–27]. Note that Dpp/

TGFb, a long-range signal, is also required to maintain this

boundary [28]. For D/V compartmentalization, the tran-

scription factor Apterous—the determinant of dorsal

identity—acts in conjunction with Notch signalling to

position the boundary (Fig. 1a) [29–33]. In the vertebrate

hindbrain, Notch and Eph-Ephrin bidirectional signalling

are necessary for correct cell sorting at rhombomere

boundaries [34–37]. Surprisingly, the downstream mecha-

nisms by which these signalling pathways and selector

genes implement cell sorting have remained rather elusive.

Several hypotheses have been proposed to explain the basis

of cell sorting in vivo. The main one, derived from the

differential adhesion hypothesis (DAH) formulated by

Steinberg [38, 39], stipulates that differential expression of

adhesion molecules between two compartments, or

expression of the same adhesion molecule at different

levels, could sort cells at compartmental boundaries

(Supplementary Fig. 1) [1, 3–5, 40]. In support of this

hypothesis, several adhesion molecules have been found to

be expressed in only one of two adjacent compartments. In

the Drosophila wing disc, the LRR transmembrane mole-

cules Tartan and Capricious are expressed in the dorsal

compartment [41], and Hedgehog triggers Cadherin 99C

(Cad99C) expression in one row of cells along the A/P

boundary (Fig. 1a) [42]. In the mouse telencephalon,

R-cadherin and cadherin-6 are complementarily expressed

in two neighboring compartments [15]. Compartmentali-

zation is disrupted by overexpression of any of these

adhesion molecules [15, 41, 42] as well as by overex-

pression of the ubiquitous adhesion molecules E-Cadherin

or Echinoid in the Drosophila wing disc [24, 43]. Sur-

prisingly however, their loss of function does not alter

compartmental cell sorting [15, 24, 41–43]. Moreover, two

independent genetic screens failed to identify any adhesion

molecules required for cell sorting at A/P and D/V

boundaries in the Drosophila wing disc [44, 45]. To

explain these negative results, it has been suggested that

several adhesion molecules act redundantly at compart-

mental boundaries [45]. Such molecules remain to be

identified. Alternatively, nonadhesion-based mechanisms

could act redundantly with differential adhesion, or

differential adhesion may not be the primary mechanism

driving compartmental cell sorting.

Other hypotheses than the DAH have been proposed to

explain compartmental cell sorting. In a growing tissue, the

main cause of cell mixing at compartment boundaries is

likely to be cell proliferation. A potential mechanism to

stop proliferation from disrupting boundaries is if the axis

of cell division is oriented so that the boundary cells sys-

tematically divide parallel to the boundary (Supplementary

Fig. 1) [46]. Alternatively, cell division could be inhibited

in a region straddling the boundary (Supplementary Fig. 1)

[47]. Folds or grooves could also form between compart-

ments and be filled by extracellular matrix to act as a

physical fence (Supplementary Fig. 1) [5]. More recently,

the actomyosin cytoskeleton was proposed to form a

barrier to cell mixing at the Drosophila wing disc D/V

boundary [46, 48]. Below, we review recent evidence

showing that the actomyosin cytoskeleton is enriched at

cell-cell contacts not only at the D/V boundary but also at

embryonic and wing disc A/P boundaries in Drosophila

[49, 50]. These studies suggest a general strategy to sort

cells at compartmental boundaries: actomyosin cables

could act as local barriers of increased cortical tension to

correct cell mixing caused by division or intercalation of

cells close to the boundary. We also discuss the mecha-

nisms that could concentrate actomyosin at compartmental

boundaries and propose a model for compartmental cell

sorting based on these recent findings.

Downstream mechanisms of cell sorting

at compartmental boundaries: a role for actomyosin

barriers

Actomyosin cables at compartmental boundaries

In the past 5 years, investigation of cellular morphology

and of the localization of cytoskeletal components at

compartmental boundaries in Drosophila has suggested a

role for the actomyosin cytoskeleton. In the imaginal wing

disc, enrichments of filamentous actin (F-actin) and non-

muscle Myosin II (hereafter referred to as Myosin II) have

been described at the interface between dorsal-ventral and

anterior-posterior compartments [46, 48, 49]. The actin

regulator Enabled, a member of the Ena/VASP family, is

also upregulated at the D/V boundary interface [46]. As

these enrichments are found at the cortex of each cell-cell
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contact at the boundary, they form cable-like structures that

partition the tissue.

At the D/V boundary, actomyosin cables have been

observed from early to mid third instar larvae (L3)

[72–96 h after egg laying (AEL)] (Fig. 2a) [46]. At this

boundary, evidence for lineage restriction was found from

late second instar to late third instar stages [2, 6, 7].

Therefore, actomyosin cables could be responsible for

sorting cells at this boundary in late second/early third

instar stages, but a second independent mechanism has to

take over in late third instar larvae (96–120 h AEL). At the

wing disc A/P boundary, the presence of cables was

reported at late third instar stages (96–120 h AEL) [46, 49],

but not earlier (Fig. 2a) [46]. This temporal pattern indi-

cates that an additional mechanism might sort cells early at

the wing A/P boundary. Note that whereas the anterior and

posterior compartments are established at embryonic

stages, dorsoventral compartmentalization occurs during

wing disc formation [2, 7, 51].

In contrast to the wing disc, each embryonic segment

harbors not one but two boundaries between anterior and

posterior compartments, at the anterior and posterior

interfaces of each stripe of Engrailed-expressing cells

(Fig. 1b). The boundaries forming on the anterior side of

the Engrailed stripe are the parasegment boundaries [52],

which have been demonstrated to stop cells crossing

between stages 8 and 11 [10]. By contrast, boundaries on

the posterior side of the Engrailed stripe (i.e., where

segmental folds will form at stage 12 [53]) do not restrict

cell movement at these early stages but rather are mor-

phogen-dependent boundaries (Supplementary Fig. 2) [10].

Actomyosin enrichments are found at the parasegmental

boundaries, but not at the more posterior morphogen-

dependent boundaries, in stages 8–11 embryos (Fig. 2b, b0)
[50]. High-magnification microscopy revealed that both

anterior and posterior cells accumulate Myosin II at the

parasegmental boundary interface [50]. Targeted expres-

sion of Myosin II-GFP in anterior or posterior

compartments showed accumulation of the GFP-fusion

protein at the parasegmental boundary in either case,

confirming that both anterior and posterior cells contribute

to the actomyosin cable [50]. So in the embryo, actomyosin

accumulates symmetrically at the cortex of boundary cells

on either side of the boundary interface.

Co-immunostaining with E-Cadherin demonstrates that,

for the three boundaries studied, the boundary-specific

enrichment of F-actin and Myosin II occurs at the level of

the adherens junctions along the apico-basal axis of the cell

[46, 48–50]. Careful analysis has shown that boundary cells

minimize contact along this subapical region correspond-

ing to the adherens junctions, both at embryonic and wing

disc A/P boundaries [49, 50]. Since minimized cell-cell

contact is a manifestation of cell sorting, these observations

suggest a correlation between lineage restriction mecha-

nisms at compartmental boundaries and the presence of

actomyosin cables.

Cell proliferation: a major challenge to compartmental

boundaries

In order to understand the mechanisms that drive com-

partmental cell sorting, it is important to consider the

events that could disrupt compartmental organization. In

the Drosophila larval wing disc, cells are highly prolifer-

ative, but clonal analysis shows that the progeny of a given

cell tend to stay tightly clustered, indicating that there are

no long-distance cell movements during disc growth [51].

This suggests that the main challenge to compartmental

boundaries must be cell division. Interestingly, at the D/V

boundary, the actomyosin cable is dismantled by 96 h AEL

(mid-third instar) when a nonproliferative zone forms

(Fig. 2a) [46, 47, 54, 55]. This suggests that the role of the

D/V actomyosin cable could be to contain dividing cells in

their compartment of origin, and that this structure is no

longer required once cell division is locally abolished. A

link between actomyosin barrier and cell proliferation is

less clear for the A/P boundary. O’Brotcha and Bryant

reported that a nonproliferative zone did not exist at this

boundary [47]. However, good resolution pictures of BrdU

incorporation published more recently suggest that a

narrow region of nonproliferation might be present after all

at the A/P boundary in late wing discs (schematized in

Supplementary Fig. 3) [54, 55]. More detailed analysis is

necessary to better understand the relationship between cell

sorting, cell division, and actomyosin barriers at these

boundaries.

In the embryo, epidermal cells undergo on average three

rounds of cell division, and these occur between stages 8

and 11 [56], which correspond to the developmental period

when lineage restriction is active at parasegmental

boundaries [10, 57]. Interestingly, actomyosin cables are

detectable at parasegmental boundaries at stage 8 at the

time of the first epidermal divisions, and they are dis-

mantled by stage 12 once cell divisions have stopped in the

embryonic epidermis (Fig. 2b, b0) [50]. Remarkably,

actomyosin cables are not dismantled in dividing boundary

cells. The cables follow the dividing cell’s motion, moving

slightly more basally within the epithelium [50]. Actomy-

osin cables are also not dismantled in the adjoining

nondividing cells on the other side of the boundary. Time-

lapse imaging in living embryos showed that dividing

boundary cells can transiently deform their portion of

actomyosin cable and invade the adjacent compartment

[50]. However, approximately when cytokinesis starts, the

cells return to their compartment of origin, as if pushed

back by the contracting actomyosin cable.
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Fig. 2a–b0 Actomyosin cables at compartmental boundaries. a In the

Drosophila wing disc, an actomyosin cable is present at the D/V

boundary from late second instar to mid third instar (red line). At that

time, the boundary is challenged by cell division (represented by ‘‘8’’

symbols). The D/V actomyosin cable is dismantled in mid third instar

larvae (around 96 h AEL) when a nonproliferating zone forms that

straddles the boundary (green dashed lines). At the same time,

another actomyosin cable forms at the A/P boundary. The mechanism

that implements cell sorting at the A/P boundary at earlier stages is

currently unknown. b, b0 In the embryo, parasegmental actomyosin

cables are detectable by early stage 8, before cell division resumes in

the epidermis at stage 8. They are dismantled by stage 12, once cell

division ceases in the epidermis. When parasegmental actomyosin

cables form at early stage 8, the boundary is not straight yet, but it

straightens by stage 9 (top and middle panels in b0). This is consistent

with the in silico modelling of local increase in tension between two

cell populations performed by Landsberg and coworkers [49]. Also,

consistent with increased tension at the parasegmental boundary, a

‘‘parasegmental’’ groove (ps.g.) forms at stage 10 that correlates

spatially and temporally with parasegmental actomyosin cables

(middle panel in b0). Scale bar in b0: 5 lm. v.m. Ventral midline,

s.g. segmental groove. b0 is adapted by permission from Macmillan

Publishers Ltd: Nature Cell Biology [50], copyright 2010
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Other cell behaviors, especially cell intercalation, may

also challenge parasegmental boundaries. Analysis of fixed

samples suggests that intercalation of boundary cells can

lead to compartmental invasion, but that invasion could be

corrected in a similar way as for cell division [50]. As in

cell division, actomyosin cables are not dismantled when

cells intercalate at parasegmental boundaries [50]. How-

ever, while cell intercalation is very active earlier during

axis extension (stages 6–7), it is much rarer after stage 8,

suggesting that cell intercalation is a lesser challenge to

embryonic boundaries than cell division [58–61]. Together,

these observations suggest that, both in Drosophila wing

disc and embryo, cell division is the main challenge to

compartmental boundaries and that actomyosin cables

might correct, rather than prevent, invasion of a neigh-

boring compartment.

Actomyosin cables sort cells at compartmental

boundaries

The observations reported above suggest that the actomy-

osin cytoskeleton could provide a fence at compartmental

boundaries. Experiments have therefore been designed to

determine whether the actomyosin cytoskeleton is neces-

sary for compartmental cell sorting. Myosin II is a

multiprotein complex composed of two heavy chains

(MHC), two essential light chains, and two regulatory light

chains (MRLC) encoded, respectively, by zipper (zip),

mlc-c, and spaghetti-squash (sqh) in Drosophila [62–64].

In wing discs mutant for zipper, the straightness of the A/P

and D/V boundaries is lost [48, 49]. Major and Irvine [46]

also reported irregular D/V boundaries following loss of

function of capulet, a regulator of the actin cytoskeleton.

In the embryo, inhibition of Myosin II activity by

expression of dominant-negative forms of MHC or injec-

tion of drugs inhibiting Rho kinase (Drok) leads to

irregular A/P boundaries and cell mixing [50]. Moreover,

compartmentalization defects induced by Drok inhibition

were rescued by expression of a constitutively activated

form of MRLC. Together, these experiments in wing discs

and embryos identify Myosin II as a critical regulator of

cell sorting in Drosophila. In the embryo, compartmen-

talization defects following Myosin II inactivation were

similar to a complete loss of compartmentalization during

embryogenesis, suggesting that at least in this tissue,

compartmental cell sorting might rely solely on Myosin II

activity [50]. This is the first time that loss of function of

an effector molecule has revealed a requirement for com-

partmental cell sorting.

Myosin II is ubiquitous and can be engaged in diverse

subcellular pools in a given cell. Therefore, it is ques-

tionable whether the whole-tissue Myosin II loss-of-

function experiments reported above reveal a direct

requirement for actomyosin cables in sorting cells at

compartmental boundaries. To test whether actomyosin

cables are the structures that sort cells at boundaries, a

laser-based method known as chromophore-assisted laser

inactivation (CALI) [65, 66] has been used to directly

inactivate the pool of Myosin II localized at the cable in

Drosophila embryos [50]. In CALI, intense illumination of

a chromophore (here GFP) produces deleterious reactive

oxygen species with a short half-life. If a protein of interest

is sufficiently close to the chromophore, the reactive oxy-

gen species can damage it, through cleavage and/or

crosslinking of its peptide backbone [65, 67–69]. In this

experiment, a fusion between GFP and MRLC was used to

inactivate Myosin II by CALI. In dividing boundary cells,

CALI inactivation of Myosin II at the parasegmental cable

produces irregular boundaries [50]. Time-lapse analysis

showed that daughter cells produced by the division of

boundary cells are no longer pushed back in their com-

partment of origin, therefore causing cell mixing between

compartments. In control experiments where GFP is fused

to an actin reporter that has no cellular function (Moesi-

nABD-GFP), illumination of the boundary in the presence

of challenging divisions does not disrupt cell sorting. This

rules out phototoxic effects that the laser might cause or

nonspecific damage by the reactive oxygen species.

Together, these experiments demonstrate that, in the

Drosophila embryo, actomyosin cables are required to

inhibit cell mixing at compartmental boundaries [50].

Given the similarities between embryonic and wing disc

actomyosin cables, it is likely that the actomyosin cables

found at the wing disc boundaries are the structures that

sort cells in this tissue as well.

Actomyosin contractility at compartmental boundaries

The best-characterized function of Myosin II consists in

generating cortical tension by moving actin filaments in an

ATP-dependent fashion [70, 71]. Do compartmental acto-

myosin cables sort cells by creating a fence of increased

cortical tension at the boundary interface? Landsberg and

collaborators directly tested this hypothesis by measuring

cortical tension at the boundary cell-cell interfaces in the

wing disc A/P boundary [49]. Using a UV laser beam, they

ablated the cortical actomyosin cytoskeleton between two

vertices and measured their displacement immediately after

ablation. This approach allowed them to prove that cortical

tension is uniform in the wing disc, apart from the A/P

boundary interface where tension is increased by a factor of

2.5. Inactivation of Myosin II by inhibition of Drok

decreased the velocity of vertex displacement following

laser ablation of boundary interfaces, supporting the idea

that the increased cortical tension observed at the A/P

boundary is generated by the A/P actomyosin cable [49].

1902 B. Monier et al.
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To determine whether an increased cortical tension at

the boundary between two compartments is sufficient to

promote cell sorting, Landsberg and collaborators carried

out in silico simulations where they fined-tuned tension at

the interface between two groups of proliferative cells [49].

While a tension that is similar at the boundary interface and

elsewhere in the field of cells leads to a very irregular

boundary, increasing tension at the boundary interface is

sufficient to straighten it and hence to promote cell sorting.

This simulation is consistent with the dynamic shape of

parasegmental boundaries that are irregular at stage 8 when

the actomyosin cable forms, but then straighten rapidly to

form smooth interfaces by stage 9 (Fig. 2b0) [50].

In these computer simulations, however, while a 4-fold

increased tension at the boundary interface segregates the

two cell populations and produces a smooth interface, a

factor of 2.5 is not sufficient to produce an interface as

smooth as the one observed in wing discs in vivo. Possibly,

tension measurements following laser ablation may have

been underestimated. However, in late third instar larvae

wing discs, a second mechanism could act redundantly

with the local increase in cortical tension to inhibit cell

mixing at the A/P boundary. This mechanism could be the

one that promotes cell sorting at this boundary at earlier

larval stages. Additional work is therefore required in this

system to determine whether a local increase in cortical

tension is sufficient to drive cell sorting at late larval stages

or if an additional mechanism is involved.

Measures of cortical tension have not been reported for

embryonic parasegmental and wing disc D/V boundaries.

However, the formation of indentations or folds at the

position corresponding to lineage boundaries might be a

consequence of increased cortical tension. For example, the

formation of the morphogenetic furrow in the Drosophila

imaginal eye disc has been linked to the activation of

Myosin II at the apical cortex of a row of cells [72]. All the

cells in this row reduce their apical surface while short-

ening their apico-basal axis, producing the typical shape of

the morphogenetic eye furrow (Supplementary Fig. 4).

Suggesting a similar mechanism, the epidermis forms a

fold at the wing disc D/V boundary [73]. Parasegmental

boundaries are also associated with small epidermal

indentations known as ‘‘parasegmental grooves’’ which are

first seen at stage 10, after actomyosin cables are estab-

lished, and which disappear when actomyosin cables are

dismantled by stage 12 (see Fig. 2b0) [74]. Note that, in

contrast to the cells of the morphogenetic furrow, only one

side of the apical cortex in parasegmental boundary cells

upregulates Myosin II and moves basally, producing a

more subtle indentation (Supplementary Fig. 4). It is

therefore conceivable that folds or grooves at compart-

mental boundaries are a signature of tension generated by

actomyosin upregulation.

However, the wing disc A/P boundary, which is under

tension as seen above [49], is not associated with a groove

[73]. So, are grooves a relevant readout of actomyosin

cable-dependent tension? Interestingly, loss of function of

the Tbx transcription factor Optomotor-blind (Omb) leads

to an increase in F-actin accumulation and to the formation

of a deep groove at the wing disc A/P boundary [75, 76].

The depth of grooves might depend on the level of cortical

tension generated by the actomyosin cytoskeleton. The

cortical tension generated at the wing disc A/P boundary

could be sufficient to drive cell sorting but not to form a

groove. Alternatively, an actomyosin cable unable to

induce the formation of a groove might not be sufficient per

se to drive cell sorting, but it could cooperate with an

additional mechanism. As discussed above, this could be

the case for the wing disc A/P boundary.

Time-lapse analysis of cell behavior at the vicinity of

compartmental boundaries in the embryo has revealed that

dividing cells can transiently invade the opposite com-

partment [50]. How can dividing cells cross the boundary if

the actomyosin fence is under tension? Interestingly, prior

to cell division, mother cells change their shape in a dra-

matic fashion: the Moesin-dependent stiffening of the

cell’s cortex leads to their rounding up [77]. It is therefore

conceivable that the cortical stiffening generated during

cell division overcomes cortical tensile forces produced by

the actomyosin cable at boundary interfaces, allowing

dividing cells to cross the boundary and invade the oppo-

site compartment. When forces generated by cell division

decrease while division proceeds, cortical forces produced

by the actomyosin cable would override them and push

back dividing cells in their compartment of origin, thereby

correcting transient cell mixing (Fig. 3).

To summarize, in silico modelling suggests that a local

increase in cortical tension is sufficient to generate straight

boundaries, and consistent with this model, compartmental

actomyosin cables do produce a local increase in cortical

tension, as demonstrated for the wing disc A/P boundary

[49]. It will be informative to measure cortical tension at

the embryonic A/P and wing disc D/V boundaries. The

increase in cortical tension at the boundary relative to the

surrounding tissue might be higher at the parasegmental

boundary compared to the AP boundary in the wing disc,

since cell sorting at the embryonic boundary might rely

only on actomyosin cables [50].

Building up actomyosin cables: regulation

of actomyosin dynamics at boundaries

Together, studies from Major and Irvine, Landsberg and

coworkers, and Monier and coworkers establish the

importance of actomyosin barriers to inhibit cell mixing at
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compartmental boundaries [46, 48–50]. An open question

is what are the links between the signals known to be

required for boundary formation [3–5] and actomyosin

enrichment at boundary interfaces.

Control of actomyosin cable formation/maintenance

by signalling pathways

Cell sorting at the wing disc D/V boundary relies on acti-

vation of the Notch receptor in dorsal and ventral boundary

cells and on the transcription factor Apterous, which confers

dorsal identity to wing disc cells (Fig. 1a) [29–33]. Apter-

ous could promote D/V cell sorting by two mechanisms:

directly through targets proposed to be adhesion molecules

and indirectly by inducing expression of the Notch regulator

fringe in dorsal cells, a prerequisite to activate Notch in

boundary cells. Whether actomyosin cabling is compro-

mised in apterous mutant wing discs has not been

investigated. However, it has been shown that Notch

activity is required in both dorsal and ventral boundary cells

to trigger actomyosin accumulation at the interface between

dorsal and ventral compartments [46, 48]. Loss of Notch

activity achieved using Notch temperature-sensitive

mutants or by modulating expression of fringe compromises

actomyosin cabling at the D/V boundary. On the contrary,

ectopic activation of Notch in clones of cells, especially

following ectopic expression of the Notch ligand Delta in

dorsal cells, leads to actomyosin cabling at the periphery of

the clones. Based on expression of truncated forms of

Notch, Major and Irvine proposed that Notch acts through a

nontranscriptional pathway to recruit actomyosin at the

boundary interface [46]. These experiments prove that

Notch signalling is important to trigger actomyosin cabling

at the D/V boundary, but the mechanism downstream of

Notch remains to be deciphered.

At the wing disc A/P boundary, cell sorting is mainly

implemented by cooperation between the transcription

factor Engrailed that confers posterior identity and the

Hedgehog morphogen secreted by posterior cells (Fig. 1a)

[24–28]. Posterior cells are refractory to Hedgehog sig-

nalling. Since the Hedgehog pathway acts at short range,

only anterior cells close to the boundary receive the signal,

turning up Dpp/TGFb expression in one row of anterior

cells (Fig. 1a) [78, 79]. Dpp/TGFb signalling then coop-

erates with Engrailed and Hedgehog signalling to maintain

the A/P boundary [24, 26–28]. Actomyosin cabling

downstream of these factors has not been directly evalu-

ated. However, boundary cells display a specific

morphology: their apical area is larger than in other wing

disc cells, and the boundary interface is straighter than

other columns of interfaces elsewhere in the tissue [49].

Landsberg and co-workers induced clones of cells

expressing Hedgehog in the anterior compartment [49]. As

these clone cells were also mutant for the Hedgehog

receptor smoothened they could not elicit a response to

Hedgehog signalling. Therefore, this mimicked Hedgehog

asymmetric signalling observed at the A/P boundary.

Interestingly, the two cell properties characteristic of A/P

boundary cells, large apical area and minimization of cell-

cell contacts, are reproduced at the interface of wild-type

and Hedgehog-expressing cells. Since apposition of ante-

rior cells and cells expressing Hedgehog is sufficient to

confer a boundary-like cell morphology, it is likely that this

apposition also induces actomyosin cabling. This possi-

bility needs to be directly tested. Nevertheless, this putative

link is consistent with the reports that Hedgehog signalling

controls cell shape changes via the regulation of Myosin II

activity during morphogenetic furrow formation in the

Drosophila eye disc [72, 80]. Also, if Myosin II cabling is

induced at the endogenous boundary between anterior and

posterior cells, it will be interesting to determine whether

cabling is restricted to one cell subpopulation or if, as

shown in the embryo [50], both cell types contribute to

cabling. If the latter is true, Hedgehog might direct cabling

only in anterior cells, due to its known asymmetric activity

at the boundary, while another signaling molecule may

trigger cabling in posterior cells.

In the Drosophila embryo, we reported recently the

requirement of Wingless signalling for cell sorting and

Fig. 3a, b Correction of cell mixing by a fence of increased cortical

tension. a The actomyosin cable at the boundary interface could

continuously generate cortical tension (small red arrows). These

forces could be overridden by forces produced by cortex stiffening

during the division of a boundary cell (large green arrows), leading to

invasion of the neighboring compartment by the dividing cell. Once

forces produced by cell division become weaker (small green arrows)

than the forces produced by the actomyosin cable, the actomyosin

cable would push back the dividing cell into its compartment of

origin. b Schematization of the interplay between forces generated by

the actomyosin cable (red) and the forces produced by cortex

stiffening in dividing boundary cells (green)
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actomyosin cabling at parasegmental boundaries [50].

Actomyosin cables form but are not maintained in wingless

mutant embryos. Wingless, which is secreted by anterior

cells, may be involved only in maintaining cables once

they are formed. Alternately, an additional signal could act

redundantly with Wingless. Bidirectional signalling is

necessary to implement cell sorting at the Drosophila wing

disc D/V boundary (Notch/Notch) and A/P boundary

(Dpp/Hh), as well as at vertebrate rhombomeres boundaries

(Eph/Ephrin) [24, 26–30, 35–37]. Because actomyosin

accumulates asymmetrically at the interfaces of paraseg-

mental boundary cells [50], bidirectional signalling might

be involved here as well. Given that the segment-polarity

gene hedgehog, whose expression is dependent on Wing-

less signalling, is expressed in posterior compartments and

controls cell sorting at wing disc A/P boundaries [24, 26,

27], it is tempting to speculate that Wg/Hh bidirectional

signalling controls cell sorting at embryonic A/P bound-

aries. This hypothesis will, however, require experimental

support in the future. Furthermore, it will be interesting to

determine whether additional anterior/posterior patterning

genes such as pair-rule or segment polarity genes also act

as temporal and spatial cues to direct parasegmental acto-

myosin accumulation.

Is differential adhesion required to build actomyosin

cables?

By which mechanism could actomyosin cabling be

implemented downstream of cell-cell signalling receptors?

Differential adhesion, conferred by differential expression

of adhesion molecules under the control of signalling

pathways, could conceivably trigger actomyosin accumu-

lation at compartmental boundaries. This is based on the

observation that apposition of clones of cells expressing

and nonexpressing the adhesion molecule Echinoid, a

Nectin homologue, causes actomyosin cabling at the clone

interface in the Drosophila wing disc and follicular

epithelia [43, 81]. A similar phenomenon could happen at

compartmental boundaries.

As already mentioned, apterous should control cell

sorting at the D/V boundary through fringe-dependent

Notch activation and through a more direct mechanism

thought to involve differential affinity [5, 31–33]. Identifi-

cation of the dorsally expressed LRR transmembrane

proteins Tartan and Capricious as apterous targets gave

support to this theory. However, their loss of function does

not disrupt boundary integrity [41], suggesting redundancy

with additional adhesion molecules or other mechanisms.

An alternative hypothesis could be considered: similarly to

Echinoid, apposition of cells expressing and nonexpressing

Tartan and/or Capricious could induce actomyosin cabling

at the interface between the two cell populations. If true,

apterous would control D/V boundary actomyosin enrich-

ment both directly (via restricted expression of tartan and

capricious in dorsal cells) and indirectly (because apterous-

dependent restriction of fringe expression to the dorsal

compartment induces Notch activation at the boundary,

which in turn induces actomyosin cabling via a still

unknown mechanism). Interestingly, the expression of

tartan and capricious is restricted to the dorsal part of wing

discs in second instar larvae [41], i.e., at the stage when D/V

actomyosin cabling is thought to take place. At mid-late

third instar, once the D/V actomyosin cable is dismantled,

their expression becomes unrelated to compartmentaliza-

tion [41]. Therefore, their dynamics of expression correlates

well with the timing of presence of the D/V actomyosin

cable. Intriguingly, we have reported recently that embry-

onic parasegmental boundaries are irregular in embryos

homozygous for a deficiency removing capricious, amongst

other genes [50]. Together, these observations open the

possibility that capricious and tartan promote actomyosin

cabling at the interface between boundary cells.

Is there a relationship between surface tension

and actomyosin cables in boundary cells?

While studying the behavior of dissociated cells from

zebrafish gastrulating embryos, Krieg et al. [82] recently

observed that polymerized actin accumulates more strongly

at the surface of ectoderm, mesoderm, or endoderm

explants than at intercellular junctions. In this case, locally

modified cell surface tension (the parameter that leads to

cell sorting of dissociated cells; see legend of Supple-

mentary Fig. 1 for details), which is due to the absence of

adhesion at the explants-culture medium interface, could

potentially lead to the local recruitment of the actomyosin

cytoskeleton. In vivo, apposition of groups of cells

expressing and nonexpressing a given adhesion molecule

or set of adhesion molecules, such as tartan/capricious

dorsal expression or echinoid mutant clones in the

Drosophila wing disc, could for example lead to locally

modified surface tension at the compartmental or clonal

interface. Alternatively, adhesion could be fine-tuned only

at the compartmental boundary interface. It is therefore

possible that regulation of adhesion, potentially only at the

boundary interface, acts as the primary driving force to

promote cell sorting, and that it does so by inducing the

formation of actomyosin cables, which would act as the

final effector to inhibit cell mixing. Moreover, study of cell

mechanics during convergence-extension of the early

Drosophila embryo has recently shown that the linkage of

Myosin II-enriched cell-cell interfaces increases Myosin II

accumulation through a positive feedback loop [83]. In

other words, tension recruits tension. Such a mechano-

sensitive feedback mechanism could help accumulating
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Myosin II at compartmental boundary interfaces once

locally altered surface tension has initiated the formation of

a Myosin II cable.

Myosin II contraction at the cell cortex produces forces

that tend to shrink the cell’s surface area while adhesion

molecules at the plasma membrane produce opposite forces

that lead to membrane expansion [84]. Surface tension is

therefore the consequence of the balance between adhesion

and contractility [85], and modulation of one of these

parameters will impinge on the other one. If surface tension

is modified at the compartmental boundary interface in

vivo because of local down-regulation of adhesion, not

only could it be a means to promote actomyosin cabling as

seen above, but it could also locally enhance the cortical

tension generated by the actomyosin cable, thus reinforcing

the fence that inhibits cell mixing.

In the Drosophila wing disc, it has been shown that the

Par3 homologue Bazooka is depleted from the adherens

junctions of both A/P and D/V boundaries (its localization

has not been determined at parasegmental boundaries)

[48, 49]. This complementary pattern of actomyosin and

Bazooka/Par3 localization is reminiscent of the planar

polarity of these key molecules during germ-band exten-

sion of the early Drosophila embryo (at stages prior to

parasegment boundary formation): actin and Myosin II

are enriched in junctions parallel to the D/V axis, while

Bazooka/Par3 is enriched in junctions that are perpen-

dicular [58, 60, 61, 86]. If Bazooka/Par3 stabilizes the

adherens junctions, its depletion at the compartmental

boundary could locally decrease adhesion, therefore

increasing tension at the interface between compartments

and, possibly, trigger actomyosin accumulation at the

boundary interface in the first place. It will be interesting

in the future to characterize the timing of Myosin II

accumulation and Bazooka/Par3 depletion at compart-

mental boundary interfaces and determine which event

occurs first.

A model for the establishment and the maintenance

of cell sorting at compartmental boundaries

Taken together, studies of compartmentalization in Dro-

sophila [3–5, 46, 48–50] suggest a model for boundary

formation and function. Tissue patterning would first lead

to the establishment of two distinct populations of cells

separated by an irregular interface (Fig. 4a). Bidirectional

signalling across the boundary would trigger actomyosin

cabling at the compartmental interface through a yet

unknown mechanism that could involve regulation of

adhesion (Fig. 4b). Local cortical tension generated by the

actomyosin cable would sharpen the boundary interface

(Fig. 4c). The boundary cells could then express signalling

factors that act as a secondary organizer to trigger differ-

entiation of the surrounding tissue. The actomyosin barrier

would then maintain a stable and straight organizer by

correcting cell mixing due to local challenges such as those

imposed by cell division (Fig. 4d). Actomyosin barriers

would therefore be key components of two distinct steps of

compartmentalization: boundary formation and boundary

maintenance.

This model might be transposable to more complex

organisms. At vertebrate rhombomere boundaries, cell

sorting relies on Eph-Ephrin and Notch signalling [34–37].

As Eph-Ephrin signalling modulates actomyosin cytoskel-

eton dynamics during axonal pathfinding and in the

vascular system of vertebrates [87, 88] and Notch signal-

ling triggers actomyosin assembly at the Drosophila wing

disc D/V boundary [46, 48], it is tempting to speculate that

actomyosin barriers might sort cells at rhombomere

boundaries as well. Actomyosin barriers might also form at

the zona limitans intrathalamica (ZLI) boundaries where

cell sorting relies on lunatic fringe-dependent regulation of

Notch signalling [17]. It is now important to determine

whether the use of actomyosin barriers is an evolutionary

conserved strategy that sorts cells in developing vertebrate

epithelia as well as in Drosophila tissues.

Concluding remarks and perspectives

Our understanding of cell sorting mechanisms in vivo has

long been based on the ‘‘DAH’’ initially formulated by

Steinberg [1, 38, 39] to explain the behavior of aggregated

cells following the cell dissociation experiments performed

by Townes and Holfreter [89] (see legend of Supplemen-

tary Fig. 1A for additional details). However, cell

dissociation experiments create an artificial situation, as

cells are not initially misallocated to a wrong compartment

during normal development. The identification of acto-

myosin cytoskeleton-based barriers to maintain the

integrity of compartmental boundaries in Drosophila sup-

ports the idea that cell sorting in vivo is the consequence of

local inhibition of cell mixing by specialized boundary

cells rather than through active cell sorting as observed in

dissociation experiments.

Interestingly, Harris predicted in 1976 that differential

cell cortex contractility could promote cell sorting between

two populations of dissociated cells [90]. This theory found

some support recently with the experiments by Krieg and

co-workers who reported that cell sorting of dissociated

cells from distinct germ layers relies on differential con-

tractility of the actomyosin cytoskeleton rather than on

differential adhesion during zebrafish gastrulation [82].

Therefore, both phenomena (i.e., cell sorting of dissociated

cells from different germ layers and compartmental cell
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sorting in vivo) rely on the same driving force: actomyosin

cytoskeleton contractility.

Given the requirement of actomyosin cables for cell

sorting at compartmental boundaries, one important issue

consists in deciphering the molecular control of actin and

Myosin II dynamics at boundaries. How is cell-cell sig-

nalling translated into a three-dimensional actomyosin

structure at the boundary interface? Answering this ques-

tion will require accurate description of the structure and

identification of molecules enriched or depleted from

compartmental boundary interfaces. If it is confirmed that

grooves are a signature of tensile compartmental actomy-

osin cables, identifying mutations that affect their

formation or disappearance should be informative. Addi-

tionally, as in other systems such as mesoderm

invagination, dorsal closure, or cell intercalation, one

pending question concerns how force is transmitted

throughout the tissue [70]. In this case, how does the force

propagate along the boundary? Also, what is the basis of

actomyosin cable partitioning when a boundary cell divides

parallel to the boundary? In such a case, cytokinesis occurs

perpendicular to the cable, which is then split in two, with

the two portions making a link again in the two daughter

cells. Like force transmission along the boundary, this

situation should require coupling between the actomyosin

cable and adherens junctions components such as E-Cad-

herin. Additional work is required to decipher their

relationship when implementing cell sorting at compart-

mental boundaries.

To conclude, identification of actomyosin barriers as a

means to prevent mixing between populations of cells of

distinct identities is an important step forward in our

understanding of the mechanics of developing tissues, but

much remains to be done to understand the complete

Fig. 4a–d A model for cell

sorting at compartmental

boundaries: role of contractile

actomyosin barriers.

a Patterning of fields of cells

(such as segmentation in the

Drosophila embryo or in the

vertebrate hindbrain) leads to

the apposition of two

compartments. b Bidirectional

signalling across the boundary

(green and pink arrows) induces

actomyosin cabling (red) at the

compartmental boundary

interface. c Cortical tension

generated by the actomyosin

cable (red arrowheads) at the

level of adherens junctions

straightens the compartmental

boundary, leading to a

segregation of cells based on

their identity. A secondary

organizer (green gradient) then

triggers differentiation of the

surrounding tissue. d Next,

actomyosin cable-dependent

cortical tensile forces correct

local cell invasion, in particular

following cell division, thereby

maintaining a straight boundary

and stable compartmentalization
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mechanism underlying cell sorting at compartmental

boundaries and to determine whether actomyosin barriers

prevent cell mixing at vertebrate boundaries as well.
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