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Microtubule-dependent apical restriction of recycling endosomes
sustains adherens junctions during morphogenesis of the
Drosophila tracheal system
Pierre-Marie Le Droguen, Sandra Claret, Antoine Guichet* and Véronique Brodu*

ABSTRACT
Epithelial remodelling is an essential mechanism for organogenesis,
during which cells change shape and position while maintaining
contact with each other. Adherens junctions (AJs) mediate stable
intercellular cohesion but must be actively reorganised to allow
morphogenesis. Vesicle trafficking and the microtubule (MT)
cytoskeleton contribute to regulating AJs but their interrelationship
remains elusive.We carried out a detailed analysis of the role ofMTs in
cell remodelling during formation of the tracheal system in the
Drosophila embryo. Induction of MT depolymerisation specifically in
tracheal cells shows that MTs are essential during a specific time frame
of tracheal cell elongation while the branch extends. In the absence of
MTs, one tracheal cell per branch overelongates, ultimately leading to
branch break. Three-dimensional quantifications revealed thatMTs are
crucial to sustain E-Cadherin (Shotgun) and Par-3 (Bazooka) levels at
AJs.Maintaining E-Cadherin/Par-3 levels at the apical domain requires
de novo synthesis rather than internalisation and recycling from and to
the apical plasmamembrane. However, apical targeting of E-Cadherin
and Par-3 requires functional recycling endosomes, suggesting an
intermediate role for this compartment in targeting de novo synthesized
E-Cadherin to the plasma membrane. We demonstrate that apical
enrichment of recycling endosomes is dependent on the MT motor
Dynein and essential for the function of this vesicular compartment. In
addition, we establish that E-Cadherin dynamics and MT requirement
differ in remodelling tracheal cells versus planar epithelial cells.
Altogether, our results uncover an MT-Dynein-dependent apical
restriction of recycling endosomes that controls adhesion by
sustaining Par-3 and E-Cadherin levels at AJs during morphogenesis.
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INTRODUCTION
Epithelial remodelling is an essential mechanism in the three-
dimensional shaping of developing organisms (Bryant and Mostov,
2008), which relies on cell rearrangements while maintaining the
cell-cell adhesion required to ensure tissue integrity.
Epithelial cells adhere to each other by adherens junctions (AJs),

which contain the cell-adhesionmolecule E-Cadherin (E-Cad) and its
cytoplasmic binding partners β-catenin (β-cat) and α-catenin;
α-catenin ensures the link with the cytoskeleton. The maintenance
and remodelling of AJs require accurate regulation of E-Cad

dynamics by polarity factors and through membrane trafficking
(Wirtz-Peitz and Zallen, 2009; Shivas et al., 2010). Integration of
cytoskeletal networks with AJs regulates cell-cell interactions and
coordinates tissue morphogenesis. The relationship between AJs and
acto-myosin has been extensively studied and reveals the fundamental
role of acto-myosin and its regulators in the establishment,
maintenance and remodelling of cell contacts (Cavey and Lecuit,
2009).

Several studies have proposed a functional interplay between
cadherins and the microtubule (MT) cytoskeleton, either in cell
culture or from in vivo models, but without providing to date a
comprehensive picture (Brieher and Yap, 2013). In cell culture,
E-Cad engaged in homophilic adhesion can exert instructive effects
that influence MT organisation at the cell cortex (Chausovsky et al.,
2000). In a reverse scenario,MTs are necessary tomaintain junctional
integrity. Depolymerisation of MTs disrupts the morphology and
organisation of E-Cad-based contacts in monolayers of polarised
thyroid cells (Yap et al., 1995; Waterman-Storer et al., 2000) and
Caco2 cells (Meng et al., 2008). This role is assumed by plus ends of
dynamic MTs, which stabilise E-Cad at cell-cell contacts (Stehbens
et al., 2006) through regulation of the acto-myosin network (Ratheesh
et al., 2012). MTs can also regulate AJs by means of vesicular
trafficking. N-Cadherin accumulates at AJs through kinesin-based
transport onMTs (Chen et al., 2003; Teng et al., 2005). However,MT
requirement in this process remains unclear. In MDCK cells, MTs
participate in a specific transport from the Golgi towards the AJs, but
their depletion does not prevent E-Cad-mediated cell-cell contacts
(Nejsum and Nelson, 2007).

In theDrosophila embryo, MTs play a central role in the assembly
of AJs. At the onset of polarity establishment during cellularisation,
Par-3 [Bazooka (Baz) – FlyBase] recruits the cadherin-catenin
complex and promotes AJ assembly in an MT-Dynein-dependent
process (Harris and Peifer, 2005).However, during gastrulation, Par-3
and E-Cad [Shotgun (Shg) – FlyBase] exhibit proper apical
localisation in a Dynein mutant context (Harris and Peifer, 2005).
Furthermore, the absence of MTs lowers E-Cad levels at the AJs of
epidermal cells but without affecting overall cell polarity or
epithelium integrity (Jankovics and Brunner, 2006; Bulgakova
et al., 2013). Altogether, these data acquired in developing tissue
suggest that MTs might be required during epithelial morphogenesis
for the establishment of cell-cell contacts but not for their
maintenance.

Using the same approach as Bulgakova et al. (2013) and
Jankovics and Brunner (2006), we previously observed that the
absence of MTs affects the integrity of the Drosophila embryonic
respiratory organ, also referred to as the tracheal system (Brodu
et al., 2010). This discrepancy prompted us to investigate the
functional requirement of the MT network for AJ assembly and/or
maintenance during epithelial morphogenesis of the 3D trachealReceived 3 June 2014; Accepted 18 November 2014
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system. This tubular network arises from clusters of ectodermal cells
on either side of the ten embryonic segments. By stage 11, the cells
of each tracheal placode invaginate and thereafter migrate to form
the different branches, which by stage 13 fuse with those of adjacent
metameres (Uv et al., 2003). Importantly, once tracheal cells
invaginate, the absence of further cell division prevents MT
reorganisation during the cell cycle. Thus, the role of MTs during
cell remodelling can only be accounted for by changes in cell shape
and cell rearrangements.We showed previously that, during placode
invagination, the MT nucleation centre moves from the centrosome
towards the apical domain of tracheal cells, from where MTs are
then nucleated (Brodu et al., 2010). This dramatic MT network
reorganisation is crucial for tracheal branch formation.
Here we focus on an analysis of dorsal branch (DB) and dorsal

trunk (DT) formation, the remodelling of which has been
investigated in numerous studies (Ribeiro et al., 2004; Caussinus
et al., 2008). At the onset of DB formation at stage 13, cells are
aligned in a side-by-side arrangement, all AJs being intercellular
and visible as two parallel lines (Fig. 1A). During stages 14 and 15,
this alignment becomes destabilised by the pulling force generated
by the dorsal movement of the leading cells toward the source of Bnl
(FGF), forcing the cells to shift their relative position and to
intercalate. As cells move dorsally, intercellular AJs of adjacent
cells are successively replaced by autocellular AJs. Finally,
elongated cells adopt an end-to-end arrangement, and AJs form

one straight line of autocellular junctions and small rings of
intercellular junctions around the luminal space (Ribeiro et al.,
2004; Caussinus et al., 2008).

In this study, we uncover the molecular and cellular consequences
of MT depletion during the collective migration of tracheal cells. MT
absence leads to cell overstretching during branch elongation and
ultimately to branch break. We quantify how MTs sustain a correct
distribution of E-Cad and Par-3 at AJs of tracheal cells and
demonstrate that E-Cad and Par-3 levels require the functional
recycling endosome compartment, which operates as an intermediate
between the de novo synthesis of E-Cad in the Golgi apparatus and its
targeting to the AJs. In addition, we show that the MT motor Dynein
is required for the apical enrichment of recycling endosomes and thus
for the targeting of Par-3 and E-Cad toward AJs. Altogether, our data
reveal an MT-dependent apical restriction of recycling endosomes
that promotes adhesion by sustaining Par-3 and E-Cad levels at AJs
during tracheal branch extension.

RESULTS
MTs interact functionally with E-Cad to ensure DB extension
The UAS/GAL4 system was used to specifically overexpress the
MT-severing enzyme Spastin in tracheal cells only after placode
invagination. From stage 12 onwards, α-tubulin is not detected
in Spastin-overexpressing placode compared with wild type
(WT) (Fig. 1C,H). In addition, we examined two α-tubulin post-

Fig. 1. MTs functionally interact with E-Cad for proper dorsal branch (DB) extension. (A) Schematic representation of cell intercalation during tracheal branch
extension in WT and MT-depleted contexts. Green, cell bodies; blue, nuclei; red, AJs; grey, lumen. After placode invagination (stage 12, left), all tracheal cells are
situated side-by-side and joined by intercellular AJs. As of stage 13 (middle), cells of the DB start to intercalate. At stage 15, intercalated cells show an autocellular,
straight-line AJ (right). In the absence of MTs, cell overelongation is observed during branch elongation, which accompanies reduction of AJs. Here, and in the
remaining figures, anterior is left anddorsal isup; reddashed lineshighlight the tracheal tissuedefinedby theexpressionof theCD8::GFPchimericprotein.Expression
of UAS transgenes is driven specifically in tracheal cells using the btl-GAL4 driver and only DBs of centralmetameresA4 toA7 are considered. (B) The percentage of
WT (blue), overelongated (red) or broken (green) DBs in different genetic contexts. (C,H) The MT network, as labelled with an anti-α-tubulin antibody, is largely
depleted in Spastin-overexpressing tracheal cells as of stage 12 (H) as compared withWT (C). Stage 14 embryos are labelled for acetylated tubulin and tyrosinated
tubulin inWT (D,D′) or Spastin-overexpressing tracheal cells (I,I′). In this context, signals are strongly reduced in tracheal cells as comparedwith surrounding tissues.
Timeprojection ofUAS-Eb1-GFPexpressionat stage14 reveals growingMTs inWT (E) orSpastin-overexpressing (J) tracheal cells. Tracknumberscorresponding to
Eb1-GFP projections are extremely reduced in the Spastin-overexpression context. (F,G,K,L) Expression of the membrane-bound form CD8::GFP in WT (F,G) or
Spastin-overexpressing (K,L) tracheal cells at stage14 (F,K) andstage16 (G,L).Cell overelongation (arrows) andbranchbreaks (arrowheads) becomeapparent asof
stage 16. (G′,L′) Enlarged views of boxed regions in G and L, respectively, showing E-Cad distribution. MT depletion (L′) does not prevent the establishment of new
cell-cell contacts between fusion cells of DBs (red arrows) and of dorsal trunk (DT) (red arrowheads). (G″,L″) Enlarged views of G′ and L′, respectively. E-Cad
distribution in theDB is lesshomogenousafterMTdepletion (L″) ascomparedwithWT(G″).Gaps in the line formedbyautocellular junctionsare visible (compareblue
arrowheads). Loopsof intercellular junctions are smaller than inWT (black arrowheads). Intracellular accumulation ofE-Cad is visible as dots (black arrow). (M,N)Cell
overelongation in the DB (white arrows) is visible in shg2 mutant tracheal cells (M) or when Rab11DN is overexpressed (N). Scale bars: 10 µm, except 5 µm in G″.
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translational modifications: tyrosination, which is associated with
newly assembled MT fibres; and acetylation, which occurs on stable
MTs (Janke and Bulinski, 2011). Both signals are strongly decreased,
indicating that levels of dynamic and stable MT networks are
substantially reduced in all of the forming branches (Fig. 1D,D′,I,I′),
but with an emphasis on the DB. Accordingly, the number of Eb1
comets, corresponding to elongating MT fibres (Akhmanova and
Steinmetz, 2008), is greatly reduced in the Spastin-overexpressingDB
compared with the WT (Fig. 1E,J; supplementary material Fig. S1I).
Altogether, Spastin overexpression in tracheal cells leads to an almost
complete loss of the MT network during branch elongation, to leave
just a few dynamic fibres.
Surprisingly, MT depletion does not lead to a collapse of the

entire tracheal system and does not prevent overall DB migration,
even though some defects in the direction of DB growth are
occasionally observed (12.5%, n=80). The stalk length between the
base of the DB and the two leading cells is unchanged compared
with WT (Table 1). In addition, no defects in initiation of the
secretion of luminal products are detected (supplementary material
Fig. S1A,B; data not shown). Lumen interruption is observed as a
result of fusion defects between branches (supplementary material
Fig. S1B) (Gervais et al., 2012).
The most striking phenotype observed in 77% of the cases

(Fig. 1B) involves tracheal cells connected by long cytoplasmic
threads (Fig. 1G,L, as schematised in Fig. 1A). This extreme cell
elongation is visible either at the base or at the tip of the DB stalk
(Table 1) and does not depend on the number of cells per DB
(supplementary material Fig. S1J). In addition, this phenotype
appears progressively during branch elongation. It is not yet visible
at stage 14 (Fig. 1F,K) but becomes apparent from stage 15
onwards, when the response to FGF chemoattraction still exerts a
pulling force on the DB. Using high-resolution live imaging, we
confirmed that this phenotype, which we refer to as cell
overelongation, is established progressively during branch
elongation once intercalation is completed (supplementary
material Movies 1 and 2). As a result, levels of the luminal
product Piopio and levels of E-Cad-marked AJs are gradually
lowered in the long cytoplasmic threads formed by the
overelongated cells (supplementary material Fig. S1C,D).
Tracheal cell overelongation ultimately leads to branch break in
between two cells (15% of cases) (Fig. 1B; supplementary material
Movies 1 and 2). The overelongated cell measures 24.5±4.3 µm
(n=16) as compared with 13.5±2.5 µm (n=36) for WT cells
(Table 1). This increase in cell length can occur at any position
within the stalk (Table 1). As the stalk length remains comparable
between WT and MT-depleted contexts, the overelongation of a

single tracheal cell leads to the underelongation of its neighbours
[10.3±1.8 µm (n=41) as compared with 13.5±2.5 µm].

To investigate whether cell overelongation and branch break
could be due to a reduction in adhesion between cells, DB formation
was examined in various mutant contexts for E-Cad. In embryos
homozygous for the amorphic allele shg2, defects similar to those
observed in MT-depleted tracheal cells are detected (Fig. 1M).
In addition, in embryos heterozygous for the hypomorphic allele
shg119, 2% branch break and 13% cell overelongation are observed
(Fig. 1B). The phenotypes detected with such genetic combinations
are more severe when MTs are depolymerised (supplementary
material Fig. S1G,H), with 37% branch break and 63% cell
overelongation (Fig. 1B). Furthermore, phenotypes become more
extreme when examined in shg119 homozygous embryos, in which
68% branch break and 32% cell overelongation are visible (Fig. 1B).
These results demonstrate that theMT network and AJs functionally
interact to maintain DB integrity.

We then examined E-Cad distribution in an MT-depleted tracheal
system. As revealed by a straight line of AJs, tracheal cells of the
stage 16DB accomplish intercalation properly in the absence ofMTs
(Fig. 1G′,L′). In addition, tracheal cells maintain their capacity to
establish new cellular junctions betweenmetameres at the level of the
DT or the DB (arrowheads in Fig. 1L′). However, the distribution of
E-Cad at AJs is less homogeneous than in WT (Fig. 1G″,L″). The
loop formed by intercellular junctions of two adjacent tracheal
cells is smaller than in control embryos, suggesting that adhesion
between tracheal cells is reduced compared with WT (Fig. 1G″,L″;
supplementary material Fig. S1K). This could explain how tracheal
cells, being less adhesive, gradually overelongate in response to the
pulling force. Finally, we observed an abnormal intracellular
distribution of E-Cad, visible as dots (arrows in Fig. 1L″). These
results therefore indicate that theMT network is required to maintain
the correct E-Cad distribution at AJs.

MTs sustain E-Cad and Par-3 at AJs during DB extension
We aimed to detect E-Cad from the beginning of DB formation to
further understand how defaults in E-Cad distribution occur in the
absence ofMTs. At stage 14, an important intracellular accumulation
ofE-Cad, visible as large dots, is detected in allDBcells (Fig. 2C′,F′).
To assess whether the presence of intracellular E-Cad dots depends
on the intercalation state, DTs that are devoid of cell rearrangement
were examined (Fig. 2F″,F″2). In addition, the Spalt transcription
factor was overexpressed in theDB to inhibit cell intercalation (Shaye
et al., 2008) (supplementary material Fig. S3A,B). In both cases,
E-Cad dots are visible at stage 14, indicating that the intracellular
accumulation of E-Cad does not depend on the intercalation state.

Table 1. Analysis of the tracheal defects induced by MT depletion

A

Wild type MT depleted MT depleted over-elongated cells MT-depleted other cells

Stalk length of DB 47.8±4 (n=12) 49.8±6.1 (n=16) nd nd
Tracheal cell length 13.5±2.5 (n=36) nd 24.5±4.3 (n=16) 10.3±1.8 (n=41)

B

DB base DB tip
Overelongation position 26.70% (n=4) 73.30% (n=11)
Length of overelongated tracheal cell 22.9±4.7 25.1±4.2

Cell length is the distance between two loops of autocellular junctions. Stalk length is the distance between the base of the DB and the two leading cells. Values
(µm) are given±s.e.m. There is no significant difference in stalk length between WT and MT-depleted contexts (P<0.5, Student’s t-test). Tracheal cell length is
significantly different between WT and overelongated cells and between WT and underelongated cells of the MT-depleted context (P<0.0001, Student’s t-test).
nd, not determined
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Fig. 2. MTs sustain E-Cad and Par-3 in AJs during DB extension. (A-F″) DB of stage 14 embryos in WT (A-C″) and MT-depleted (D-F″) contexts. aPKC (A,D)
and Crb (B,E) distributions are unchanged in the absence of MTs. Par-3 (C,F) and E-Cad (C′,F′) perfectly colocalise in WT (C″) and form large intracellular
accumulations visible as dots in absence of MTs (F″). The boxed regions (1 and 2) in F'' are enlarged on the right. (G,H) Quantifications of Par-3 and E-Cad
immunofluorescence in WT and MT-depleted contexts, within the entire DB (G) or restricted to AJs (H). A.U, arbitrary fluorescence units. Error bars indicate s.e.
m.; NS, not significant; ***P<0.001 (Student’s t-test). (I) Timecourse of percentage fluorescence recovery relative to the pre-bleach value of E-Cad-GFP in WT or
in MT-depleted contexts. Curves represent time point averages of independent experiments. Error bars indicate s.d. (J-J″) Blocking E-Cad internalisation by
overexpressing Rab5DN inhibits intercalation in the DB as visualised by parallel lines of E-Cad (J′, magnified in J″). (K-K″) Overexpression of Rab5DN in MT-
depleted cells induces intracellular accumulation of E-Cad (K′, magnified in K″; arrows). (L-L″) These intracellular dots of E-Cad (L″) also contain Par-3 (L′)
(arrows in L). Scale bars: 5 µm in A; 10 µm in J-L.
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We then examined the distribution of apical polarity markers
known to regulate E-Cad distribution towards the plasma
membrane and at AJs in the epithelia. The apical distribution of
aPKC (Fig. 2A,D) and Crumbs (Crb) (Fig. 2B,E) is not altered in
the absence of MTs and no large intracellular dots are visible. In
addition, the overall organisation of the actin network is unaffected
in the MT-depleted context (supplementary material Fig. S2B,D),
indicating that the intracellular accumulation of E-Cad relies only
on the MT network alteration and is not an indirect consequence of
a modification of the actin network. By contrast, Par-3 is detected
as ectopic large dots, in contrast toWT, at stage 14 (Fig. 2C,F). The
Par-3-positive dots colocalise with E-Cad (Fig. 2C″,F″). Similar
results are obtained for the distribution of β-cat (Armadillo –
FlyBase) (supplementary material Fig. S2A-A″,C-C″), indicating
that the intracellular dots correspond to the AJ complex.
To determine whether MT depletion leads to an intracellular

accumulation of AJ components in other epithelial cells, E-Cad
localisation was examined in the overlying epithelium. Indeed,
intracellular dots of E-Cad are also observed during polarity
establishment at the onset of cellularisation in Drosophila embryos,
when MTs are depolymerised with colchicine (Harris and Peifer,
2005). However, during dorsal closure, injection of colcemid does
not alter β-cat localisation in epithelial cells. Defects at the final step
of sealing have been reported but without cellular contact defects
during migration (Jankovics and Brunner, 2006). In our conditions,
when Spastin was overexpressed in epidermal cells (supplementary
material Fig. S3C,C′) no E-Cad dots or discontinuities in the
epithelium are observed (supplementary material Fig. S3D,D′).
This indicates that the MT requirement for AJ localisation during
cellularisation remains essential during tracheal morphogenesis and
suggests that this requirement is less important in 2D epithelia.
We quantified AJ component levels (see Materials and Methods

and supplementary material Fig. S3E-J) either within whole tracheal
cells or specifically at AJs of the DB (Fig. 2G,H) and of the DT
(supplementary material Fig. S3K,L). MT depletion does not affect
the overall levels of Par-3 and E-Cad in tracheal cells of the DB
(Fig. 2G), indicating that MT function does not interfere with the
balance between their synthesis and degradation. However, Par-3
and E-Cad levels are reduced apically at AJs of the DB (Fig. 2H).
Similar reductions of apical Par-3 and E-Cad at AJs occur in tracheal
cells of the DT (supplementary material Fig. S3K,L). These results
strongly suggest that Par-3 and E-Cad reduction at AJs is
independent of the intercalation state.
To conclusively demonstrate that the absence of MTs alters the

dynamic equilibrium between the pool of E-Cad/Par-3 at the AJs
and the cytoplasmic pool, we performed fluorescence recovery after
photo-bleaching (FRAP) at the junctions of tracheal cells expressing
the chimeric protein E-Cad-GFP, comprising E-Cad fused to GFP
under the endogenous regulation of the E-Cad promoter (Huang
et al., 2009). Fluorescence recovery in the DB of WT and Spastin-
overexpressing embryos was determined. Within the time window
of 739 s, 90% of the GFP signal is recovered in the WT context,
whereas only 65% is recovered upon Spastin overexpression
(Fig. 2I). This indicates that the MT network is required to
efficiently maintain proper E-Cad dynamics at AJs.
To allow tracheal branch outgrowth, appropriate E-Cad levels at

the AJs have to be tightly regulated (Shaye et al., 2008). This precise
control depends on the balance between de novo synthesis and
degradation of E-Cad and its internalisation and recycling from
and to the apical membrane. We therefore investigated whether the
intracellular E-Cad/Par-3 dots observed in the absence of MTs
are intermediates in the de novo synthesis route associated with

the secretory pathway or alternatively derive from endocytosis
from the apical membrane. To discriminate between those two
possibilities, a dominant-negative form of Rab5 (Rab5DN) that
specifically blocks internalisation by preventing early endosome
formation (Entchev and González-Gaitán, 2002) was overexpressed
in the tracheal system. This results in a complete block in DB
intercalation, visible as two parallel lines of E-Cad (Fig. 2J-J″;
supplementary material Fig. S4B) (Shaye et al., 2008). We then
tested whether the intracellular E-Cad dots formed in the absence of
MTs are still detected when endocytosis is impaired. Rab5DN
was overexpressed in tracheal cells together with Spastin and the
E-Cad distribution examined at stage 14. Interestingly, intracellular
E-Cad dots are still visible in tracheal cells (Fig. 2K-K″). In addition,
the E-Cad-positive dots colocalise with Par-3 (Fig. 2L-L″). Taken
together, these results indicate that intracellular dots of E-Cad/Par-3
derive from the de novo synthesis pathway. They also suggest that the
interaction between these two proteins probably occurs during
trafficking between the Golgi apparatus and their targeting to the
plasma membrane.

Altogether, these results reveal an MT-dependent mechanism to
apically maintain Par-3 and E-Cad levels at AJs during tubular
epithelium remodelling. In addition, this mechanism appears to rely
on de novo synthesis of E-Cad rather than recycling from the apical
plasma membrane.

Differences in E-Cad dynamics between tracheal and
epidermal cells
To further investigate the differences in E-Cad maintenance
between tracheal and epidermal cells, we used the transgenic line
expressing E-Cad fused to photo-convertible EosFP (Cavey et al.,
2008). The distribution of the E-Cad-EosFP photo-converted pool
in tracheal cells and in the epithelium (Fig. 3A′,B′, t=0 min) is
similar to that of the endogenous E-Cad-GFP (Fig. 3A,B, t=0 min)
of stage 14 embryos. We monitored the stability of the photo-
converted E-Cad-EosFP for ∼1 h and determined that reduction in
the E-Cad-EosFP signal is not due to photo-bleaching (see
Materials and Methods). Quantifications show two different
speeds of E-Cad-EosFP signal disappearance (Fig. 3C).
Furthermore, 54% of the initial signal remains in epidermal cells
whereas only 23% of the initial pool is left in tracheal cells. These
results emphasize that, in tracheal cells, E-Cad is highly dynamic,
requiring de novo synthesis and the MT network. By contrast, in
epidermal cells, E-Cad is more stable and its localisation is MT
independent.

Recycling endosome vesicles are apically enriched in an
MT-dependent process
We then determined how the MT network organises E-Cad
intracellular trafficking so that a proper E-Cad level is maintained
at AJs. The distribution of trafficking vesicles in WT and
MT-depleted tracheal cells was analysed. In a WT context,
Rab5-positive endocytic vesicles are distributed throughout the
cytoplasm, with a weak apical bias (Fig. 4A). In the absence of
MTs, this distribution is not altered (Fig. 4F) and the Rab5-
dependent intercalation is unaffected in the DB. Post-Golgi and
late endosome vesicle localisation was also examined using anti-
Lava lamp (Lva) and Hrs antibodies, respectively. No changes are
observed in their distribution in MT-depleted tracheal cells
compared with WT (Fig. 4B,C,G,H).

The localisation of recycling endosome vesicles identified with
Rab11 or the Rab11-interacting protein Nuclear fallout (Nuf) was
next examined. These vesicles accumulate in the apical domain of
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WT tracheal cells (Fig. 4D,E). This asymmetric distribution is
abolished in tracheal cells lacking MTs (Fig. 4I,J). The density of
Nuf-positive vesicles is reduced by 60% in the absence of MTs in
the apical part of the branch (Fig. 4K). We verified that the overall
cellular level of recycling endosome vesicles is unaffected in the
MT-depleted context (Fig. 4K). This demonstrates that the
distribution of recycling endosomes is asymmetrical in tracheal
cells and requires the MT network.
We checked for a potential colocalisation of E-Cad with Lva, Hrs

and Nuf to test whether E-Cad accumulation is associated with
particular types of trafficking vesicles, especially those involved in
the de novo synthesis route. Visualising the colocalisation of E-Cad
with Rab11 or Rab5 is technically impossible owing to an

incompatibility in the fixation procedures. A partial colocalisation
of E-Cad-positive dots with dispersed Nuf-positive vesicles is
visible (Fig. 4L-M″). No robust colocalisation of E-Cad dots with
Lva-positive or Hrs-positive vesicles is detected (data not shown).
These results thus suggest that, in the absence of MTs, E-Cad
accumulates in recycling endosome vesicles that are mispositioned
within tracheal cells and cannot sustain efficient trafficking towards
the apical domain. They also indicate that E-Cad intracellular
vesicles, formed in the absence of MTs and emanating from the
de novo synthesis pathway, pass through the Rab11-positive
recycling endosome to reach the AJs. It is interesting to note that
in vivo, as reported in cellular model systems, recycling endosomes
can act as intermediate compartments for the post-Golgi trafficking

Fig. 3. E-Cad dynamics in tracheal and epidermal cells. E-Cad-GFP signal was used to define the region of interest (ROI) for the photo-conversion of E-Cad-
Eos-FP in tracheal (A,A′) and epidermal (B,B′) cells. The ROI corresponds to the outlined region in A″ and to the whole panel in B″. Note the complete absence
of signal outside the ROI in A′. (C) Quantification of the photo-converted pool of E-Cad-EosFP over 1 h (t=0 min, 100%) in tracheal cells and epidermal cells.
The two plots show significant differences (P<0.0001, ANOVA). Error bars indicate s.e.m. Scale bars: 10 µm.
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and exocytosis of E-Cad towards the plasma membrane
(Rodriguez-Boulan and Macara, 2014).

Apical targeting of recycling endosomes is upstream of
E-Cad and Par-3 localisation
During epithelial polarity establishment in theDrosophila embryo,
Par-3 acts upstream of AJ formation as it localises properly in a
β-cat mutant context (Harris and Peifer, 2004). Conversely, in the
absence of Par-3, E-Cad reaches the plasma membrane but
does not succeed in clustering at the future AJs (Harris and
Peifer, 2004). However, during the maintenance of integrity of the
dorsal thorax epithelium, Par-3 mutant cells do not exhibit
mislocalised E-Cad (Georgiou et al., 2008; Leibfried et al.,
2008). The relationship between Par-3 and E-Cad was thus
investigated in tracheal cells. Embryos mutant for the Par-3 protein
null allele (baz815-8) exhibit strong tracheal defects; most DBs fail
to initiate migration at stage 14, presumably because of dorsal
closure defects. We thus focused on the DT because modifications
of E-Cad in the absence of MTs do not depend on the intercalation
status (Fig. 2F″; supplementary material Fig. S3K,L). In MT-
depleted DTs, intracellular dots of AJ components, similar to those
seen in DBs, are detected (Fig. 5B,B′,D,E). The loss of Par-3 does
not affect E-Cad localisation in tracheal cells (Fig. 5G,G′).
Similarly, in E-Cad loss-of-function mutant embryos (shg2) the

Par-3 distribution profile is preserved (Fig. 5I,J). These data
demonstrate that apical localisations of E-Cad and Par-3 are
mutually independent in the fully polarised epithelium of the
tracheal system. They also indicate that, although E-Cad and Par-3
colocalise at the level of the recycling endosome compartment
(Fig. 2L), this colocalisation is not essential for their apical
targeting.

Taking into account emerging evidence for reciprocal regulations
between polarity proteins and membrane trafficking (Shivas et al.,
2010), we tested whether Par-3 and E-Cad could also contribute to
the apical accumulation of recycling endosomes in a feedback
process. In the absence of MTs, Nuf apical distribution is affected in
the DT, as in the DB (Fig. 5A,C). Recycling endosome distribution
is unaltered in the DT of baz815-8 (Fig. 5F) and shg2 (Fig. 5H)
mutant embryos, indicating that the apical accumulation of
recycling endosomes is an upstream step in the pathway of E-Cad
and Par-3 localisations.

Recycling endosomes sustain E-Cad and Par-3 at AJs during
DB extension
Recycling endosomes are important for E-Cad targeting to AJs in cell
culture and in vivo (Langevin et al., 2005; Blankenship et al., 2007;
Desclozeaux et al., 2008). We tested whether recycling endosomes
are necessary for proper E-Cad and Par-3 targeting at AJs in the DB.

Fig. 4. Intracellular accumulation of E-Cad partially
localises to the recycling endosome. (A-J) Distribution of
intracellular trafficking vesicles in WT (A-E) or MT-depleted
(F-J) tracheal cells of stage 14-15 embryos. Distributions of
Rab5-positive endocytic vesicles (A,F), Lva-positive post-
Golgi vesicles (B,G) and Hrs-positive late endosome vesicles
(C,H) are unchanged in MT-depleted contexts. The
distribution of recycling endosome vesicles, identified by
Rab11 (D,I) or Nuf (E,J), is apically enriched in WT tracheal
cells and appears dispersed in the absence of MTs. (K) The
ratio of surface covered by apically located Nuf-positive
vesicles over the DB surface apical domain or the DB total
surface as measured in WT and MT-depleted contexts. Error
bars indicate s.e.m.; NS, not significant; ***P<0.001 (Student’s
t-test). (L-M′′) Enlarged views of WT (L-L″) or MT-depleted
(M-M″) tracheal cells of the DB. Intracellular dots of E-Cad
observed in the absence of MTs partially colocalise with Nuf-
positive vesicles (arrow). Scale bars: 5 µm.
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A dominant-negative form of Rab11 (Rab11DN) was overexpressed
in the tracheal system (Fig. 1N). Rab11DN behaves as a dominant-
negative, as the Nuf distribution is strongly reduced (supplementary
material Fig. S5A,B). Rab11DN overexpression leads to phenotypes
similar to those observed when MTs are depleted (Fig. 1N), inducing
37% cell overelongation and 45% branch break during DB extension
(Fig. 1B). The distribution of E-Cad and Par-3 was then examined in
this context (Fig. 6A-A″,B-B″). Both Par-3 and E-Cad levels are
significantly reduced at the AJs (Fig. 6C). Interestingly, in contrast to
the effect of Spastin overexpression, E-Cad appears diffuse in the
cytoplasm, where it does not localise with Par-3 (Fig. 6B‴). In
epithelial cells, Rab11DN overexpression also causes a strong
reduction in Nuf staining (supplementary material Fig. S6A,A′).
However, it does not affect E-Cad distribution (supplementary
material Fig. S6B,B′), again highlighting the differences between a
2D epithelium and one undergoing cell remodelling in 3D. These
results suggest that functional recycling endosomes are required for
the proper Par-3 and E-Cad apical targeting that is essential for DB
extension. Altogether, our data demonstrate an MT-dependent apical
restriction of recycling endosomes that promotes adhesion by
maintaining Par-3 and E-Cad at AJs during organogenesis.

Apical distribution of AJ components and recycling
endosomes requires the MT motor Dynein
We previously showed that, after placode invagination, MTs are
nucleated and anchored at the apical domain just above the AJs
(Brodu et al., 2010). MT minus ends are thus located in the apical
domain where Rab11-positive recycling endosomes are enriched. In
addition, the Rab11 effector Nuf physically interacts with the
minus-end MT motor Dynein during mitosis (Riggs et al., 2007).
We thus examined whether Dynein is required for the apical
enrichment of recycling endosomes and thus for the maintenance of
Par-3 and E-Cad levels during branch extension.
Components of the Dynein motor have a large maternal

contribution, and zygotic mutants or the expression of RNAi
transgenes do not have any tracheal phenotype in embryos (data not

shown). As an alternative approach, we used ciliobrevin D, a
cytoplasmic Dynein inhibitor that acts in vitro as well as in live cells
(Firestone et al., 2012; Łuksza et al., 2013). At stage 14, intracellular
E-Cad dots are detected in treated embryos (Fig. 7B,B″) in contrast
to control embryos (Fig. 7A,A″). The E-Cad-positive dots
colocalise with Par-3 (Fig. 7B,B′). Localisation of both E-Cad
and Par-3 is reduced at AJs. At stage 16, treatment with ciliobrevin
D leads to phenotypes similar to those observed when MTs are
depleted, with 26% branch break and 37% cell overelongation
(Fig. 7C-E). In addition, the apical enrichment of Nuf-positive
recycling vesicles is abolished in tracheal cells treated with
ciliobrevin D (Fig. 7F,F′,G′) and vesicles are now dispersed in the
cytoplasm. Similar to MT-depleted tracheal cells, a partial
colocalisation of E-Cad-positive dots with dispersed Nuf-positive
vesicles is observed (arrows in Fig. 7G).

Thus, depleting MTs from tracheal cells or inhibiting the MT
motor protein Dynein leads to similar phenotypes during tracheal
branch formation. Consequently, these results demonstrate the
functional importance of an MT-Dynein-dependent process in
maintaining the AJ component trafficking that is essential for
tracheal morphogenesis.

DISCUSSION
We reveal the importance of the functional interplay between MTs,
vesicular trafficking and the control of AJ dynamics in cells
undergoing extensive remodelling through collective migration.

MT depletion in tracheal cells induces the formation of
intracellular dots containing E-Cad and Par-3. Interestingly, these
intracellular accumulations are only seen in remodelling tracheal
cells and not in planar epithelia. These dots are still detected when
endocytosis is affected, showing that they are de novo synthesis
route intermediates. Altogether, this suggests that maintaining the
correct level of E-Cad/Par-3 at the apical domain requires a
continuous supply of newly synthesized proteins, which could be
essential for the intensive AJ reorganisation that occurs during cell
intercalation and elongation of the tracheal branch.

Fig. 5. Apical accumulation of recycling endosomes
is upstream of E-Cad and Par-3 localisations. DT of
stage 14/15 embryos showing Nuf-positive recycling
vesicle distribution in WT (A), MT-depleted (C), Par-3
mutant (baz815-8 homozygote, F) or E-Cad mutant
(shg2 homozygote, H). E-Cad (B,D,G,I) and Par-3
(B′,E,G′,J) are also detected in the same genetic
backgrounds. The apical enrichment of recycling
endosomes is affected in MT-depleted contexts
(compare A with C). This apical enrichment is
unchanged in Par-3 mutant (F) and E-Cad mutant
(H) DT. Blue dashed lines highlight the DT apical part.
Scale bar: 5 µm.
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Using the photo-convertible E-Cad-EosFP in flat epithelium,
Cavey et al. showed that E-Cad that is engaged in homophilic
interactions at the AJs forms very stable domains (Cavey et al.,
2008). We demonstrate that MT depletion does not affect the
integrity of this 2D epithelium. In addition, we show that the pool
of photo-converted E-Cad-EosFP is less stable in tracheal cells
than in epidermal cells. Together with our FRAP assay suggesting
that AJs are more dynamic in tracheal cells than in epithelial cells
(see below), our results highlight a specific fine-tuning of AJ
components in tracheal cells undergoing cell movement and cell
shape changes in 3D through cell intercalation, cell elongation and
thereby organ formation. This fine-tuning is likely to cycle
between internalisation, recycling, degradation and de novo
synthesis, the latter being MT dependent. When the balance is
altered in the absence of MTs, and thus when E-Cad or Par-3 are
reduced at AJs, tracheal cells overelongate after completing
intercalation. During branch elongation without MTs, the two
migrating leading cells generate a pulling force on the following
stalk cells, which display a critical reduction in AJ components.

Either the tip cell or the base cell of the stalk becomes unable to
maintain its integrity in response to this force. Consequently, this
tracheal cell overelongates by a factor 1.8, preventing the
remaining stalk cells from reaching their average size. As a
result, DBs present a single overelongated cell and several
underelongated cells.

We detected an overlap between the E-Cad intracellular dots
generated in the absence of MTs and recycling endosome vesicles.
We also showed that interfering with Rab11 function in tracheal
cells induces cell overelongation and affects E-Cad and Par-3

Fig. 6. Recycling endosomes sustain E-Cad and Par-3 at AJs during DB
extension. (A-B‴) DB of stage 14 embryos showing Par-3 (A,B) and E-Cad
(A′,B′) distributions in WT (A-A‴) or when Rab11DN is overexpressed (B-B‴).
A‴ and B‴ are enlarged views of A″ and B″, respectively. Rab11DN
overexpression induces a decrease in Par-3 and E-Cad apical levels. E-Cad
cytoplasmic accumulation is visible, which does not colocalise with Par-3.
(C) Themean fluorescence intensity (A.U) of Par-3 and E-Cad along the AJs in
WT and Rab11DN-overexpressing contexts. Error bars indicate s.e.m.;
***P<0.001 (Student’s t-test). Scale bar: 5 µm.

Fig. 7. Apical enrichment of recycling endosomes and distribution of
E-Cad and Par-3 at AJs depend on Dynein. CD8::GFP expression in
tracheal cells of untreated (A,C,F) or ciliobrevin D-treated (B,D,G) embryos at
stage 14 (A,B,F,G) or stage 15 (C,D). Apical localisation of Par-3 (B′) and
E-Cad (B″) is reduced in ciliobrevin D-treated embryos as compared with
untreated embryos (A′,A″). In addition, Par-3 and E-Cad form large
cytoplasmic accumulations in treated embryos (B′,B″, arrows). Cell
overelongation (arrow) and branch break (arrowhead) are visible as of stage
16 in treated embryos (D,D′) as compared with controls (C,C′). (E) Percentage
of WT, overelongated or broken DBs in untreated or ciliobrevin D-treated
embryos at stage 16. (F-G″) Nuf-positive recycling endosome vesicles are
apically enriched in controls (F′) and are dispersed in treated embryos (G′).
They now partially colocalise with intracellular dots of E-Cad (G,G″, arrows).
Scale bars: 10 µm.
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distribution at the AJs, as does MT depletion. These results illustrate
that the E-Cad de novo synthesis pathway passes through the Rab11-
positive recycling endosome compartment. The overlap of E-Cad
and recycling endosome markers represents only a small proportion
of the total intracellular E-Cad, suggesting a transient residence in
this vesicular compartment for this newly synthesized protein
(Langevin et al., 2005; Desclozeaux et al., 2008). Recent studies
conducted in different model systems have revealed that some newly
synthesized apical plasma membrane proteins, such as E-Cad and
Rhodopsin, leave the trans-Golgi network to cross Rab11-positive
recycling endosome compartments before reaching the apical
surface (Brand and Perrimon, 1993; Satoh et al., 2005;
Desclozeaux et al., 2008; Rodriguez-Boulan and Macara, 2014).
We unveil that this apical trafficking route is used specifically in
tracheal cells and requires the MT network. Quantification of
Rab11DN-associated defects upon tracheal branch formation
reveals that impairing recycling endosome function has a similar
effect to altering the distribution of E-Cad at AJs by depleting the
MT network. Moreover, interfering with Rab11 function reduces
Par-3 levels at the AJs of tracheal cells. Interestingly, Par-3 does not
colocalise with the E-Cad cytoplasmic pool, indicating that
functional recycling endosomes are required by Par-3 and E-Cad
to assemble as a complex and to be targeted to the apical domain of
tracheal cells. However, as E-Cad and Par-3 can be apically targeted
in the absence of the other, this suggests that apical targeting of
E-Cad and Par-3 can be independent in tracheal cells or that
redundant pathways could sustain the localisation of each protein.
For example, the Nectin protein Echinoid is required for Par-3
localisation at AJs in shg mutant cells (Wei et al., 2005). Moreover,
the apical distribution of PI(4,5)P2 in the Drosophila follicular
epithelium sustains Par-3 apical anchorage at the plasma membrane
(Claret et al., 2014). Furthermore, Par-3-independent localisation
of E-Cad has been observed (Georgiou et al., 2008; Leibfried
et al., 2008).
Dynamic MTs in the ectoderm locally upregulate AJ turnover

through RhoA activity (Bulgakova et al., 2013). RhoA stabilises
cellular contacts through acto-myosin regulation. In tracheal cells,
MT depletion does not alter actin distribution. Moreover, tracheal
cells mutant for the Myosin light chain zipper (zip) and also
expressing a dominant-negative form of Zip do not present obvious
defects in E-Cad distribution at stage 14 (data not shown). By
contrast, MT depletion induces the cytoplasmic accumulation of
E-Cad and Par-3 in tracheal cells only and not in ectodermal cells at
the same developmental stage. Thus far, cytoplasmic accumulation
of E-Cad and Par-3 has only been observed after colchicine-induced
MT depolymerisation during polarity establishment at embryo
cellularisation (Harris and Peifer, 2005), when AJs are extremely
dynamic (Huang et al., 2011) and vesicular trafficking is strongly
active (Lecuit, 2004). We demonstrate that the E-Cad distribution in
tracheal cells is more sensitive to MT depolymerisation and to
Rab11DN overexpression than that in the overlying ectodermal
cells. The comparison of the maximum recovery of the E-Cad signal
in a FRAP assay in tracheal cells (our data) and in ectodermal cells
(Bulgakova et al., 2013), together with the differences in stability of
the photo-converted E-Cad-EosFP between these two tissues,
suggest that AJs are more dynamic in tracheae. It is thus conceivable
that tracheal cells, which undergo extensive cell shape changes
through collective cell migration, require more dynamic AJs as
sustained by an efficient targeting of E-Cad. These discrepancies
between ectodermal and tracheal epithelia underline the importance
of investigating MT function in different morphogenetic contexts
under different constraints.

We demonstrate that theMTminus-endmotor Dynein is essential
for the restricted localisation of recycling endosomes in a
developing organism. The Dynein requirement for the apical
enrichment of recycling endosomes is in agreement with the MT
minus ends being anchored at the apical plasma membrane (Brodu
et al., 2010). The asymmetric distribution of recycling endosome
vesicles has been observed in various differentiated cell types,
especially during cell division (Goldenring et al., 1996; Emery
et al., 2005; Riggs et al., 2007). Vesicles are found enriched either in
the apical domain or at the microtubule-organising centre (MTOC;
i.e. the centrosome) during mitosis. Indeed, in vivo, Dynein
physically interacts with Nuf. During metaphase, Dynein is
required for the maintenance of Nuf at the centrosome (Riggs
et al., 2007). Here we demonstrate that Dynein is also required for
the apical distribution of recycling endosomes in non-dividing
tracheal cells (Fig. 7). In a context in which Dynein function is
altered, Nuf-positive recycling endosome vesicles are dispersed but
colocalise with E-Cad and Par-3 intracellular dots, indicating that
the recycling endosome compartment remains functional for the
assembly of such a complex.

We have previously characterised the relocalisation of the MTOC
in tracheal cells and have shown that MTs are nucleated and
anchored at the apical domain just above the AJs. We have also
demonstrated that such MT organisation is crucial for tracheal
morphogenesis (Brodu et al., 2010). Non-centrosomal MT
organisation occurs in many differentiated cell types but the
functional relevance of such an organisation is still poorly
understood. It will be informative to investigate whether such
non-centrosomal MT organisation provides a means to regulate
epithelial remodelling by controlling the apical enrichment of
recycling endosomes and thus AJ dynamics.

MATERIALS AND METHODS
Drosophila strains
Fly lines are described in the supplementary Materials and Methods.

Immunohistochemistry and data acquisition
Embryos were processed as described (Brodu et al., 2010; Brodu, 2004). For
further details of fixation and immunostaining, see supplementary Materials
and Methods.

Live imaging
Imaging of EB1-GFP comets and of tracheal development in the absence of
MTs is described in the supplementary Materials and Methods.

Fluorescence recovery after photo-bleaching
WT and btl-GAL4×UAS-Spastin embryos, in which the only source of
E-Cad is an E-Cad-GFP knock-in construct, were analysed. Embryos were
imaged at 25°C using an argon laser (488 nm) and ×63/1.4 NA oil-
immersion lens on a Zeiss LSM 700 confocal microscope. Pre- and post-
bleach images were 512×512 pixels (1 pixel=132 nm), with a 5.2 s frame
rate and no delay between consecutive images. The bleached areas
correspond to two parallel lines of intercellular junctions in the DB. This
area covers half of the junction length. After two pre-bleach scan
acquisition, fluorescence recovery was monitored over at least 770 s on
projections of two consecutive stacks with a step of 1.8 µm. The StackReg
plugin in ImageJ (NIH) was used to correct for movements. As a control
region of interest (ROI), intercellular junctions formed by adjacent tracheal
cells were used to normalise fluorescence recovery.

Photo-conversion of E-Cad-EosFP
Photo-conversion of E-Cad-EosFP was performed on a Zeiss LSM 780
confocal microscope, iterating 70 times a pulse of a 405 nm laser at 100%
power over ROIs of variable size. Non-converted E-Cad-EosFP and E-Cad-
GFP were excited at 488 nm and photo-converted E-Cad-EosFPwas excited
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at 543 nm. The objective used was a ×63 oil immersion, 1.4 NA. Turnover
of E-Cad in tracheal and epidermal cells of stage 14 embryos was inferred by
measuring variations of photo-converted signal intensities within the ROIs
over a 1 h period with acquisition every 5 min. Values were normalised with
t=0 (the time of photo-conversion) set to 100%. To exclude that photo-
bleaching contributes to the decrease in signal intensity, another ROI within
the same embryo was photo-converted at t=0, and signal intensity was
measured after 1 h.

Image processing, quantification and statistics
Images of fixed embryos were acquired with a Zeiss LSM 700 confocal
microscope. The luminal marker Uif defines an apical mask corresponding
to the tracheal cell apical side. UAS-CD8::GFP expression under the
btl-GAL4 driver defines a mask corresponding to the cell volume of the DB.
Apical and whole branch masks were used to create ROIs for each z-step.
Original z-stack acquisitions were normalised and transformed into binary
images. Signals were processed with the Fill holes and Dilate options
(count: 3; iteration: 6) in order to include AJs for E-Cad and Par-3 stainings
and subapical recycling endosomes for Nuf staining.

The mean of intensity signals at AJs or within Nuf-positive vesicles was
calculated by drawing lines in normalised WT z-stacks. This mean was used
as a cut-off threshold for detected signals. Arbitrary unit (A.U.) corresponds
to immunofluorescence levels within z-stacks of the ROI according to our
acquisition set up on Zeiss LSM 700 confocal. Nuf vesicles correspond to
the threshold signal and at least three pixels in contact correspond to
0.072 µm2. For Rab11DN overexpression, three lines were drawn within the
AJs and A.U. corresponds to the mean of this signal intensity.

Drug treatment
Embryos expressing the membrane-bound form CD8::GFP in tracheal cells
were collected, dechorionated with bleach and transferred to tubes
containing a 1:1 mixture of n-heptane and Drosophila Schneider’s
Medium (Gibco) and either 50 µM ciliobrevin D (Calbiochem) dissolved
in DMSO or just DMSO as control. After 1 h incubation with gentle shaking
at room temperature, n-heptanewas removed and embryos were incubated in
Schneider’s Medium containing 50 µM ciliobrevin D or just DMSO for an
additional 2 hours. Embryos were then fixed and stained following standard
protocols.
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