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A B S T R A C T

Branching networks are a very common feature of multicellular animals and underlie the formation and function
of numerous organs including the nervous system, the respiratory system, the vasculature and many internal
glands. These networks range from subcellular structures such as dendritic trees to large multicellular tissues such
as the lungs. The production of branched structures by single cells, so called subcellular branching, which has
been better described in neurons and in cells of the respiratory and vascular systems, involves complex cyto-
skeletal remodelling events. In Drosophila, tracheal system terminal cells (TCs) and nervous system dendritic
arborisation (da) neurons are good model systems for these subcellular branching processes. During development,
the generation of subcellular branches by single-cells is characterized by extensive remodelling of the microtubule
(MT) network and actin cytoskeleton, followed by vesicular transport and membrane dynamics. In this review, we
describe the current knowledge on cytoskeletal regulation of subcellular branching, based on the terminal cells of
the Drosophila tracheal system, but drawing parallels with dendritic branching and vertebrate vascular subcellular
branching.
1. Tracheal terminal cells: a model for subcellular branching

Themain tubes in the Drosophila tracheal system are multicellular and
generate an extracellular lumen during developmental stages. Multicel-
lular tubes can be further divided into tubes formed by cells with inter-
cellular junctions or autocellular junctions (reviewed in (Hayashi and
Kondo, 2018)). However, in some branches, there are cells able to form
subcellular lumina within their cytoplasm. In this case, these lumina are
called subcellular or seamless, due to the lack of intracellular or auto-
cellular junctions. Cells able to form a subcellular seamless lumina are of
two types: fusion cells (FCs) and terminal cells (TCs). FCs are cells that
elongate shortly and undergo anastomosis to connect different branches
in the network (Gervais et al., 2011; Samakovlis et al., 1996). TCs are the
tip-cells of the main branches, which elongate extensively during em-
bryonic development and, from hatching, are able to deliver oxygen to
target tissues (Burguete et al., 2019; Guillemin et al., 1996; Jarecki et al.,
1999). At larval stages, these TCs, branch extensively, greatly increasing
their surface area and, consequently, their oxygen delivering capacity
(Fig. 1). Most studies on TCs have been performed mainly in Dorsal
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Branch (DB) TCs, due to easier imaging during development and larval
stages. However, subcellular branching mechanisms can be generalized
to ganglionic branch (GB) TCs (Ricolo and Araújo, 2020; Ricolo et al.,
2016) as well as other TCs. TC growth is primarily controlled by the
Fibroblast Growth Factor (FGF) Branchless (Bnl), which TCs sense using
the corresponding receptor tyrosine kinase (FGFR) Breathless (Btl)
(Kl€ambt et al., 1992; Sutherland et al., 1996). TC fate is determined by
Drosophila Serum Response Factor (DSRF) expression, which is triggered
by Btl/Bnl signalling (Affolter et al., 1994; Guillemin et al., 1996;
Sutherland et al., 1996). Depending on the branch where TCs locate,
branch tip topology can be different. For example, in GBs the TC has a
junction with only one stalk-cell (SC), whereas in DBs the TC has junc-
tions with both the SC and the DB fusion cell (FC). However, in both
cases, the TC lumen arises from the junction with the SC (Gervais and
Casanova, 2010; Gervais et al., 2011) (Fig. 2).

TCs create a lumen by invaginating membrane from the intercellular
junction with the stalk cell and extending it towards the inside of the cell.
This will form a seamless tube without any junctional structures (Sun-
daram and Cohen, 2017). Topologically, the ‘inside’ of the cell is the
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Fig. 1. Single-cell branching models - The highly branched structures formed by (A) tracheal terminal cells and (B) dendritic arborisation neurons in Drosophila
larvae. (A) Two L3 TCs expressing GFP, fused at the dorsal midline; (B) An L3 ddaC neuron, expressing GFP. Anterior is up. Scale bars 50 μm.

Fig. 2. Subcellular lumen formation
is associated with cell elongation.
Representation of dorsal TCs from stage
14 to st. 16 in light blue. DB stalk cells
(SCs) in white with nuclei in grey, FC in
light grey with nucleus in grey, TC in
light blue with nucleus in yellow and
lumen in blue. (A) At stage 14, the TC,
(basolateral membrane in dark grey,
apical membrane in pink, actin network
in red and microtubules in green) next
to FC in grey and SC in white, emits
short filopodia in all directions in
response to Btl/Bnl signalling. (B) At
stage 15, long filopodia extend in the
direction of cell elongation and apical
membrane grows in the same direction,
giving rise to the subcellular lumen.
Consequently, the subcellular lumen is
filled with chitin (in white). (C) At stage
16 the TC is elongated, and the subcel-
lular lumen is stabilized within the
cytoplasm of the cell.
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cytoplasm between the apical tube membrane and the outer basolateral
cell membrane, therefore the term ‘subcellular’ to describe these tubes
(Sigurbj€ornsd�ottir et al., 2014). De novo subcellular lumen formation at
embryonic stages starts the single-cell branching morphogenesis process
in tracheal terminal TCs. During larval stages, each TC branches out,
through subcellular branch sprouting and elongation, increasing its
tissular contacts and becoming a highly branched structure resembling a
neuron with its branched-out dendrites (Fig. 1) (Affolter and Caussinus,
2008). Single-cell branching morphogenesis can be studied in TCs at
embryonic stages, where a lumen is formed de novo, or during larval
stages, where most luminal and cellular branching occur.

2. Terminal cell differentiation

TCs have high Btl/Bnl signalling activity triggering the expression of
several factors implicated in cell elongation and subcellular lumen for-
mation. Terminal branch formation in the embryo is controlled, during
the initial phases, directly by Bnl signalling and later on, during the
progression of cell elongation and subcellular lumen formation, by
DSRF(encoded by the pruned/blistered gene), whose expression is also
triggered by Bnl (Affolter et al., 1994) (Fig. 2). Mutant embryos for the
null allele pruned display TCs where subcellular lumen initiation begins,
but cell elongation and subcellular lumen formation stop prematurely
(Guillemin et al., 1996). However, high levels of Bnl can bypass the
23
requirement of DSRF for the initiation of terminal branch formation
(Gervais and Casanova, 2011). So, DSRF is dispensable for terminal
branch initiation, probably because Bnl levels at this stage are high
enough to promote directly the first steps of terminal branch formation.
Nonetheless, DSRF is a crucial requirement for the progression of cell
elongation and subcellular lumen formation (Gervais and Casanova,
2011).

Through DSRF, Btl/Bnl signalling regulates the expression of genes
involved in cytoskeleton regulation, including the gene encoding for
Enabled (Ena), a VASP protein substrate for the nonreceptor tyrosine
kinase Abelson (Abl), which accumulates in areas of actin remodelling
and promotes filopodia formation (Gervais and Casanova, 2010), Singed
(Sn), encoding Drosophila Fascin (Okenve-Ramos and Llimargas, 2014),
or Short-stop (Shot), the only spectraplakin in Drosophila, involved in the
crosstalk between MTs and actin (Ricolo and Araújo, 2020). This cyto-
skeletal reorganization is instrumental in the communication between
apical and basal membranes, probably by directing intracellular traf-
ficking, thus coupling cell elongation and subcellular lumen formation.

3. Subcellular lumen de novo formation

Subcellular lumen formation in Drosophila TCs requires the cell to
break its symmetry and establish a specific pattern of apical-basal po-
larity. TC elongation begins with the formation of filopodia from the
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basolateral membrane as the TC leads the migration of the branch. This
transient and dynamic single-cell branching activity begins with the
formation of filopodia from the basolateral membrane in random di-
rections and continues with more directed filopodial extension towards
the direction of the chemoattractant Bnl (Okenve-Ramos and Llimargas,
2014). At initial stages, the TC has a ring of apical membrane at the
junction with its adjacent stalk cell (SC) (Fig. 2). The peripheral mem-
brane of the TC, including the membrane at the cell tip, has basolateral
properties, making the epithelial TC resemble more of a mesenchymal
cell. The subcellular lumen develops by invagination of the apical
membrane inside the cell, and this defines the first step in subcellular
lumen formation. The ingrowing apical membrane accumulates specific
apical markers like the PAR-polarity complex components aPKC/Par6/-
Baz, and Crumbs (Crb) (Best, 2019; Jones and Metzstein, 2011; Mathew
et al., 2020). Following membrane formation, as for all tracheal tubes,
chitin is accumulated inside the lumen creating the apical ECM (aECM)
(Gervais and Casanova, 2010; €Oztürk-Çolak et al., 2016).

Cell elongation and subcellular lumen formation are intimately
associated (Fig. 2). During the first steps of cell elongation, at stage 14,
the TC emits short filopodia in all directions and immediately after,
larger cellular protrusions start to form, indicating the way of future
lumen elongation (Fig. 2A). Subcellular lumen is already apparent at
early stage 15, as a new apical membrane growing towards the tip of the
cell (Fig. 2B). In vivo analysis demonstrated that the incorporation of new
apical material is not restricted to specific sites in this new apical
membrane, such as the tip or the base, but accumulation of vesicles
carrying luminal components and recycling endosomes are localized all
along all the length of the lumen. The subcellular tube grows in unison
with the basolateral domain of the cell, and as the cell and its tube
extend, trafficking markers are seen throughout the cell, often associated
with the tube itself (Gervais and Casanova, 2010; Jayanandanan et al.,
2014; Mathew et al., 2020; Schottenfeld-Roames et al., 2014). Rab11 and
dRip11, proteins involved in the trafficking of recycled and new syn-
thesized proteins to the apical plasma membrane, are localized near and
ahead the forming lumen. Other components involved in membrane
protein transport, like the exocyst complex proteins Sec6 and Sec8
localize to the tip of the cell during elongation and subcellular lumen
formation and this localization is lost upon MT depolymerization (Ger-
vais and Casanova, 2010). Likewise, TC endosomes have been shown to
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act as a hub in coordinating plasma membrane redistribution. They are
enriched at the tip of TCs, between the growing lumen and the extending
filopodia. In addition, an organelle carrying markers of late endosomes
and multivesicular bodies (MVBs) has been suggested to act as a transit
station for membrane destined to be redistributed both apically and
basally in TCs (Mathew et al., 2020) (Fig. 3).

Thus, subcellular lumen formation involves the structured expansion
of the apical plasma membrane through the dynamic modulation of
vesicle transport, actin and microtubule cytoskeleton. These mechanisms
are also used in other systems, such as endothelial cells (ECs), for de novo
lumen formation, and in neurons during dendritic branching (Dong et al.,
2015; Sigurbj€ornsd�ottir et al., 2014).

4. Actin organization in embryonic TCs

TCs require proper actin organization for their polarized elongation
and subcellular lumen formation. From the beginning of TC specification,
actin is organized in different structures. Initially, a multitude of basal
filopodia extends in all directions and actin dots are diffuse in the cyto-
plasm. Later on, filopodia grow towards the direction of cell elongation
and F-actin matures in a central core at the distal tip of the cell, which
resembles the growth cone of an axon (Oshima et al., 2006) (Fig. 4).
During their development, TCs generate at least three distinct pop-
ulations of actin that have different functions. First, the “growth-cone--
like” F-actin accumulation is involved in the correct cell elongation and
subcellular lumen formation. Ena mediates the remodelling of actin fil-
aments and promotes filopodial growth. During cell elongation, Ena lo-
calizes at the cell tip, where it co-localizes with F-actin and Moesin
(Moe), Moe is the only member, in Drosophila, of the
Ezrin-Radixin-Moesin (ERM) family, involved in connecting the cyto-
skeleton with the plasma membrane (McCartney and Fehon, 1996;
Polesello et al., 2002). Accordingly, ena mutants display defective ter-
minal branch formation characterized by short and disorganized TC
filopodia. Ena might also function in guiding luminal growth, as in ena
mutants the lumen elongates in an incorrect direction (Gervais and
Casanova, 2010; Sigurbj€ornsd�ottir et al., 2014). Second, at the baso-
lateral cell membrane, cortical actin is essential for the stability of the TC
branches. Integrin molecules bind to the extracellular matrix through
their extracellular domains and bind to adaptor molecules such as Talin
Fig. 3. Organelles and TC membrane
delivery. (A) Representation of a TC and
its magnification (B) at stage16. (A)
Cytoplasm is in grey, apical membrane
in pink. ER (in light blue) and Golgi
apparatus (in light green) are all around
the luminal space, next to the apical
membrane. Multivesicular bodies
(MVBs) (in dark green) are involved as a
transit station for membrane destined to
be redistributed both apically and
basally, vesicles addressed to the basal
membrane (in blue) and vesicles
directed to apical membrane (in pink).
(Figure adapted from (Mathew et al.,
2020)).



Fig. 4. Shot and Tau dynamically
modulate the cytoskeleton during sub-
cellular lumen formation. (A) Schematic
representation of stage16 embryonic
TCs and its magnification (B); cytoplasm
in grey, nucleus in yellow, baso-lateral
membrane in blue, apical membrane in
pink and luminal space in white. Cyto-
skeletal components in a wt embryo are
represented with the actin-network
(red) and MTs (green). Shot and Tau
are able to organize the cytoskeleton: i)
by crosslinking MTs and different actin
network populations. The longer iso-
form of Shot (ShotA, represented with
the actin domain in red and the MT
binding domain in green) as well as Tau
(represented in golden) mediate the
crosstalk between actin and MTs. ii) by
stabilizing MTs. The shorter isoform of
Shot (ShotC, represented with only the
MT binding domain in green) lacks part
of the actin binding domain (ABD) and,
as Tau, is able to stabilize MTs around
the growing subcellular lumen.
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which organize the basal cortical actin (Levi et al., 2006). Third, a dense
actin network surrounds the luminal tube as it grows. This pool of actin is
required for the delivery of apically targeted material and possibly also
for structuring the tube. The interaction between this actin network and
luminal membrane is mediated by a complex comprising Moe and Bite-
size (Btsz), which aids the incorporation of apical membrane material
into the growing luminal tube (Jayanandanan et al., 2014; Oshima et al.,
2006) (Table 1).

Shot downregulation leads to defects in the actin network, suggesting
a possible direct role of this spectraplakin in organizing TC actin (Ricolo
and Araújo, 2020). According to this hypothesis, Shot/ACF7 can promote
filopodia formation in axons (Lee et al., 2007; Sanchez-Soriano et al.,
2009). In particular, during axonal extension in the Central Nervous
System (CNS) midline, this function of Shot depends on the interaction of
the two EF-hand motifs and the translational regulator of filopodia as-
sembly Krasavietz (Kra), which is necessary for filopodial formation (Lee
et al., 2007; Sanchez-Soriano et al., 2009). However, a direct role of Shot,
possibly through this same EF-hand motif, in regulating the dynamic
actin organization in the TC has not yet been studied.

A role for the late endocytic pathway in organizing actin for proper
cell morphogenesis has also been proposed, in addition to its known role
in membrane and protein trafficking. In this model, late endosomes act as
centres for actin nucleation ahead of the growing tube, a process that
allows the crosstalk and coordination between distinct cytoskeletal pools
within the cell (Rios-Barrera and Leptin, 2021).

5. TC microtubule network

The MT network has been well characterized in tracheal TCs. At early
stages of subcellular lumen formation, MT bundles emanate from the
junction between the TCs and the stalk cells, with their plus end towards
the tip of the cell and running in parallel to the subcellular lumen (Fig. 2).
As the subcellular tube begins to extend, MTs are organized along the
apical membrane and ahead of it, interacting with the rich actin area at
the tip of the cell. Bundles of stable MTs are detected along the entire cell,
strongly accumulating next to the apical surface. Conversely, tyrosinated
tubulin, found in newly assembled MTs, specifically accumulates at the
tip and ahead of the lumen, suggesting it may have a luminal guiding role
(Gervais and Casanova, 2010).

TC elongation and lumen formation correlate with correct MT
network stabilization and MT transport. MT depolymerization, by
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overexpression of Spastin in TCs, induces an arrest in cell elongation and
subcellular lumen formation. Also, mutants in Lissencephaly-1 (Lis-1), a
dynein motor co-factor, which binds MTs and is involved in cellular
transport, display subcellular lumen formation defects and TCs that fail to
elongate. Interestingly, in such mutant conditions TCs still emanate
filopodia in the correct direction and the actin network is not apparently
affected (Gervais and Casanova, 2010). Conversely, in mutants like ena,
which disturb TC actin, the MT-network is affected suggesting that actin
is involved in MT organization at the cell tip, as postulated for the growth
cone in axons (Lowery and Van Vactor, 2009).

6. Centrosomes are microtubule-organizing-centres (MTOCs) in
TC

Despite being differentiated cells, TCs have one centrosome pair. This
is unusual since generally 2 centrosomes characterize dividing cells and
in most differentiated cells only one (or none) centrosome is present
(Nigg and Stearns, 2011).

The mechanism by which TCs maintain two centrosomes after cell
division is an open question; we may speculate that TCs have started
endo-replication as reported in larval TCs (Burguete et al., 2019) or,
perhaps, that TCs inherit one centrosome after cell division and later on,
during differentiation, this centrosome is duplicated, allowing subcellu-
lar lumen formation. From our data, we have proposed that differentiated
TCs maintain/generate a pair of centrosomes, thus allowing for the
particular MT organization needed to organize the first steps of subcel-
lular lumen formation.

At stages before subcellular lumen de novo formation, the TC
centrosome-pair localizes apically, at the junction of the TC with the stalk
cell. Here, centrosomes are active MTOCs allowing the MT organization
necessary to start forming the extending subcellular lumen. In particular,
two main MT-bundles emanate from each centrosome and grow towards
the tip of the cell, alongside and ahead of the ingrowing subcellular
lumen. Through these MTs tracks, vesicles can be directed to deliver
membrane and/or chitin, and the new lumen can be built (Gervais and
Casanova, 2010). Moreover, the twoMT tracks may have also a structural
function, in maintaining the subcellular lumen framework and stabilizing
the extending TC.

Centrosomes are defined as the primary MTOC during the first steps
of subcellular lumen formation in TCs because not only the MT nucleator
factor γ-tubulin localizes at centrosomes at early stages of TC



Table 1
– Different Drosophila cytoskeletal-related proteins involved in TC lumen
formation and branching and their parallel functions in endothelial cells
and dendritic arborisation neurons. Function in TCs in either embryos or
larvae; broad function of orthologs in endothelial cell lumen formation; function
in da neurons. n/d no data available. For references see Table 2 and main text.

Drosophila gene Terminal cells
(TCs)

Endothelial cells
(EC)

da neurons

blistered/pruned
DSRF (bs)

TC fate induction Tip-cell induction
Cytoskeletal
organization (SRF)

n/d

enabled (ena) Subcellular lumen
formation

n/d Dendritic
branching

actin Cellular extensions
Lumen
directionality

Cellular extensions/
protrusions
Lumen formation

Cellular
extensions
Dendritic
outgrowth and
branching

moesin (moe) Subcellular lumen
formation and
branching

Cellular extensions/
protrusions
Lumen formation

Dendritic
branching

Lissencephaly-1
(Lis-1)

Subcellular lumen
formation

Tube formation and
sprouting
(PAFAH1B1/Lis1)

Dendritic
branching

bitesize (btsz) Subcellular lumen
formation and
branching

Component of the
Weibel-Palade Body
(WPB)
(Slp4-a/Sytl4)

n/d

Syntaxin7 (Syx7) Cellular branching n/d n/d
short-stop (shot)
Spectraplakin

MT-actin crosstalk
Subcellular lumen
formation and
branching

n/d (DYS and
MACF1)

Dendritic
outgrowth and
branching

whacked (wkd)
RabGAP

Subcellular lumen
formation and
branching

Modulators of
angiogenesis
(TBC1D10A-C)

n/d

twinstar (tsr)
Cofilin

Lumen formation n/d Dendritic
branching

singed (sn) Cellular extensions
Lumen
directionality

n/d Dendritic
outgrowth
(filagree
phenotype)

forked (f) Cellular extensions
Lumen
directionality

n/d n/d

washout (wash) Subcellular lumen
formation
Lumen
directionality

n/d n/d

spaghetti squash
Myosin regulatory

light chain
(sqh)

No effect EC migration and
lamellipodia
formation

n/d

PAR complex
(par-6, baz,
aPKC)

Subcellular lumen
formation and
cellular branching

Endothelial polarity
and lumen
formation

No effect

Exocyst complex
(Sec5, 6, 10, 15)

Subcellular lumen
formation and
cellular branching

n/d Dendritic
outgrowth and
branching

Rab GTPases Subcellular lumen
formation and
cellular branching

Tube formation and
sprouting

Dendritic
outgrowth and
branching

Shibire/dynamin
(shi)

Subcellular lumen
formation and
branching

Angiogenesis/
branching
morphogenesis
(Dnm2)

Dendritic
outgrowth and
branching

shrub/Snf7
ESCRT-III

component
(shrb)

Subcellular lumen
formation

n/d Dendritic
outgrowth and
branching

Transport and
Golgi
Organization 1
(Tango1)

Subcellular lumen
formation and
branching

n/d n/d

Organelles
centrosome n/d

Table 1 (continued )

Drosophila gene Terminal cells
(TCs)

Endothelial cells
(EC)

da neurons

Subcellular lumen
formation and
branching

Endothelial polarity
and lumen
formation

Golgi outposts
(GOs)

n/d n/d Dendritic
outgrowth and
branching
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development, but also that the centrosomes are active MTOCs (Ricolo
et al., 2016). However, it was previously shown that, when the lumen is
already formed, γ-tubulin also localizes around the subcellular lumen
and, as consequence, it has been proposed that the minus end of MTs face
the apical membrane and are probably used for the secretion of mole-
cules into the lumen (Gervais and Casanova, 2010; Sigurbj€ornsd�ottir
et al., 2014). So, it is also possible that during development, secondary
acentrosomal points of MT nucleation are formed on the apical mem-
brane as observed in other tracheal cells (Brodu et al., 2010). In addition,
there is still the possibility that this γ-tubulin population around the
apical membrane is not involved in nucleating MTs but is involved in
other aspects of MT network, such as the organization of plus-end dy-
namics (Oakley et al., 2015).

7. Crosstalk between microtubules and actin during lumen
formation and branching

The proper cytoskeletal configuration allowing TC de novo lumen
formation and branching depends on the coordination between actin and
MTs during TC extension and guidance. Recently, we have studied the
role of Shot during TC extension and subcellular lumen formation (Ricolo
and Araújo, 2020). Spectraplakins are conserved giant proteins, charac-
terized by an ability to bind and coordinate different cytoskeletal ele-
ments through its various domains (Dogterom and Koenderink, 2019;
R€oper et al., 2002). In shotmutant TCs the actin network and MT bundles
are highly disorganized, which leads to defects in lumen formation and
branching. Rescue experiments showed that both the microtubule
(C-tail) and actin binding domain (ABD) of Shot are required, in the same
molecule, to restore the cytoskeletal configuration and the correct
cellular branching and lumen formation (Ricolo and Araújo, 2020).
Hence, we have proposed that in TCs the spectraplakin Shot, behaves like
in neuronal cells, crosslinking actin and MTs (Lee et al., 2007; Lee and
Kolodziej, 2002b; Ricolo and Araújo, 2020; Zhang et al., 2017) (Table 1).

Shot with its complete N- and C-terminal domains (ShotA) is involved
in actin-MT crosstalk, a process necessary for the correct cell elongation
and subcellular lumen formation. Suitably, Shot co-localizes with the
area where MTs and actin overlap between stage 14 and stage 16, when
most cell elongation and subcellular lumen formation take place. In
neurons, the ABD present in Shot-A is necessary for the proper linkage
between actin and the MT-network and for the correct neuronal
morphogenesis (Bottenberg et al., 2009; Sanchez-Soriano et al., 2009). In
contrast, it has been suggested that in tracheal FCs, the binding sites for
actin and MTs appear to be functionally redundant; the actin binding
domain is essential when the microtubule binding site is absent, and the
microtubule binding site is essential when the F-actin binding site is
absent (Lee and Kolodziej, 2002a). So, according to our observations the
role of Shot in TCs resembles more its function in neuronal cells than its
function in FCs. Moreover, Shot maintains its accumulation on stableMTs
around the subcellular lumen and here the C-tail is involved in sustaining
MT stabilization and in turn maintaining the integrity of the subcellular
lumen (Ricolo and Araújo, 2020).

We also found that the MT-associated protein Tau, previously
described for its function in actin and microtubule crosstalk (Cabrales
Fontela et al., 2017; Elie et al., 2015), is involved in the maintenance of
cytoskeletal organization and branching during TC maturation, func-
tionally overlapping Shot (Ricolo and Araújo, 2020).
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One human orthologue of Shot, the spectraplakin Dystonin (DST),
when mutated gives rise to Hereditary Sensory and Autonomic Neurop-
athy (HSAN) Type VI and recent observations point to an emerging role
of cytoskeleton organization and function in this disease (Fortugno et al.,
2019). Mouse models lacking dystonin display nervous system defects
together with muscle cell cytoskeletal abnormalities. The other ortho-
logue, Microtubule-Actin Crosslinking Factor 1 (MACF1; aka Actin
Crosslinking Family 7/ACF7), when mutated gives rise to Lissencephaly
9 (LIS9) and mouse models show early neurodevelopmental abnormal-
ities together with impaired heart and gut physiology (Voelzmann et al.,
2017). Nonetheless, none of these vertebrate homologues of Shot, have
been implicated in EC lumen formation to date.

8. Extra lumen and extra branching of embryonic TCs

Regulator of cyclin A1 (Rca1) is the Drosophila orthologue of vertebrate
Emi1 and a regulator of APC/C activity at various stages of the cell cycle
(Grosskortenhaus and Sprenger, 2002). Rca1 mutants have supernu-
merary centrosomes in TCs and these develop extra subcellular lumina at
embryonic stages, in association with higher levels of stable MTs and
higher levels of apical complex proteins (Ricolo et al., 2016). According
to our model, in supernumerary centrosome conditions, more centro-
somes can be active as MTOCs and the following steps are triggered: 1)
more centrosome/apical complex proteins interactions are established;
2) moreMT tracks are generated and 3) more MT bundles are available to
direct membrane delivery. These events cause the immediate expansion
of the apical membrane and hence the extra branching phenotype.
Accordingly, in Rca1 and other mutants affected in centrosome number, a
bifurcated subcellular lumen arises at the beginning of TC maturation,
mostly from the apical junction (Ricolo et al., 2016). In association with
the bifurcated lumen, the expansion of the cytoplasmatic protrusion at
the tip of the cell and its own asymmetric actin accumulation at the tip
are observed. Probably, the initial surplus of MT-bundles and the estab-
lishment of a double intracellular polarized symmetry push the cell to
split and branch prematurely. These observations reinforce the notion
that subcellular lumen formation is intimately associated with cell
elongation (Gervais and Casanova, 2010) also in cases of supernumerary
lumina (Ricolo et al., 2016).

The correlation between centrosome amplification and TC subcellular
architecture is in agreement with phenotypes observed in Spindle As-
sembly Abnormal 4 (Sas-4) mutants. In Sas-4 TCs, without centrosomes,
subcellular lumen does not extend within the TC and the cell is able to
elongate only partially, probably due to the scarcity of MTs directing
vesicle trafficking and the failed interaction between apical complex
proteins and centrosomes. In Rca1;Sas-4 double mutant conditions, TCs
lose the extra subcellular lumen branching capacity, because a balance
between the effects of the two mutations restores a wt-like condition.
Interestingly, also in cases in which only one centrosome localizes to the
apical region of the TCs, the subcellular lumen is not able to grow
properly, reinforcing the notion that two centrosomes are necessary for
luminal development and extension (Ricolo et al., 2016).

Extra subcellular branching can also be induced by changing other
cytoskeletal players. The overexpression of shot in the tracheal system
induces extra TC luminal branching and this effect does not depend on
centrosome amplification (Ricolo and Araújo, 2020). Our data indicate
that the C-tail domain of Shot is involved in inducing the extra branching
phenotype because tracheal overexpression of this domain alone is able
to induce extra-subcellular luminal branching and a construct in which
the C-tail has been removed fails to induce extra subcellular lumina
(Ricolo and Araújo, 2020). Studies using different models have shown
that spectraplakins interact with MTs using two conserved C-terminal
domains, the Gas2-related domain (GRD) and the adjacent C-tail domain
(C-tail). Such domains associate with MT bundles and protect them
against the MT destabilizing drug nocodazole (Alves-Silva et al., 2012;
Lee and Kolodziej, 2002b; Sun et al., 2001). In different tissues, the C-tail
has been reported to associate with either MT bundles (Alves-Silva et al.,
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2012) or EB1 at polymerizing MT plus ends (Applewhite et al., 2013). So,
spectraplakins work as MT-stabilizing factors similar to classical MAPs
and they also have roles as regulators of MT plus ends similar to þ TIPs.
For this reason, the cause of the generation of extra subcellular lumen in
conditions of Shot overexpression is likely to be the over stabiliza-
tion/polymerisation of MTs, a process in which the C-tail domain is
involved. Accordingly, by the analysis of endogenous Shot or by the
overexpression of isoforms containing the C-tail domain, we have
detected the localization of this spectraplakin on stable MT bundles
surrounding the growing subcellular lumen. In most cases, the extra
subcellular lumen in Shot overexpression arises from the main lumen
where an excess of this spectraplakin could generate the formation of
new MT bundles (Fig. 5).

Thus, the current model takes into account two concurrent mecha-
nisms in TCs during de novo formation of extra subcellular branches in
embryos: one dependent on centrosome numbers and the other acen-
trosomal (Figs. 2 and 5) (Ricolo and Araújo, 2020; Ricolo et al., 2016).
According to the models proposed, centrosomes are necessary for the first
steps of de novo lumen formation and supernumerary centrosomes induce
the formation of extra subcellular lumina from the junction of the TC
with the SC (Ricolo et al., 2016). Overexpression of MT binding proteins
such as Tau or Shot (or only the MT binding domain of Shot, ShotCtail) is
capable of inducing extra subcellular lumina, acentrosomally, from
various points distributed along the length of the preexisting luminal
membrane (Ricolo and Araújo, 2020). Interestingly, overexpression of
Bnl ahead of the TC migration path, does not induce detectable changes
in centrosomal number, but is able to induce subcellular luminal
branching acentrosomally from the luminal membrane (Ricolo et al.,
2016). Likewise, constitutively activation of Btl in TCs can also induce
extra subcellular lumina (Rios-Barrera and Leptin, 2021), possibly due to
higher DSRF and Shot expression (Ricolo and Araújo, 2020) (Figs. 4 and
5).

9. Larval subcellular lumen branching

De novo subcellular lumen formation takes place in TCs at embryonic
stages, but the gross luminal growth and branching occurs during larval
stages. Most studies on larval branching have been performed in wan-
dering third instar (L3) larvae with an overall view of the final branching
morphology, but not the progression from embryonic stages, through L1
and L2, to L3. In wild-type L3 larvae, all cellular extensions contain one
single lumen per branch, which is airfilled, but there are different mutant
conditions that can affect this balance and create branches without a
lumen or branches with extra lumina (Table 2) (Ricolo and Araújo,
2020). Therefore, during larval stages we can observe two different and
separable aspects of subcellular branching: cellular branching and
luminal branching. Nonetheless, many studies focus and report either
one or the other phenotype, making it difficult to ascertain which factors
affect both luminal branching and TC cellular branching.

Regarding the cytoskeleton, what is known so far indicates that most
of the players observed in embryonic TCs are maintained in the larva
(Best, 2019). Cellular branching and extension can also be regulated by
Btl/Bnl signalling, although Bnl expression stops being stereotypically
determined, as in embryonic stages, to become expressed according to
the oxygen needs of the environment (Jarecki et al., 1999; Lee et al.,
1996). Current models relate localization of Bnl expression with the
spatial induction of new TC branches (Best, 2019).

Inside the larval TC, the tube maintains its apical identity and its actin
cortex as well as MT bundles parallel to the subcellular lumen (Fig. 6). F-
actin is enriched in three distinct larval TC subcellular domains: sur-
rounding subcellular tubes, decorating filopodia and outlining short
stretches of basolateral membrane (Schottenfeld-Roames and Ghabrial,
2012). The connection between the basal actin network and the outside
is made through Talin, which links the cytoskeletal network to the
extracellular matrix (ECM) via the integrin complex (Levi et al., 2006).
Regulation of the luminal actin is done by Bitesize (Btsz), a Moe



Fig. 5. Extra subcellular lumen formation mech-
anisms In Drosophila tracheal TCs extra subcellu-
lar lumina can arise dependent on centrosome
numbers and/or by acentrosomal MTOCs. Cen-
trosomes are necessary for the first steps of de
novo lumen formation and supernumerary cen-
trosomes induce the formation of extra subcellu-
lar lumina from the junction of the TC with the
stalk cell. Extra activity of MT binding proteins
such as Tau or Shot are able to induce extra-
subcellular lumina, acentrosomally, from various
points distributed along the length of the pre-
existing luminal membrane.

Table 2
– Effect of different mutations affecting the cytoskeleton, LOF or downregulation conditions, on TC and da branching in Drosophila. Embryonic TC branching:
(�) impaired subcellular lumen; (þ) extra subcellular lumen. Larval TC luminal branching at L3: (�) lower numbers of lumina per branch/cell; (�) 1 lumen per branch,
as in wild-type; (þ) extra subcellular lumina per branch/cell. Larval TC branching at L3: (�) TC with less branches; (þ) TC with more branches. da neurons: (�) less
branches/endpoints; (þ) more branches/endpoints. * lumen overgrowth; ** mushroom body neurons; *** lava lamp (lva) mutations. n/d no data available.

Drosophila gene
(downregulation)

Embryonic TC
luminal branching

Larval TC
luminal
branching

Larval TC cell
branching

da neuron
branching

References

enabled (ena) – n/d n/d – (Gervais and Casanova, 2010; Li et al., 2005)
twinstar (tsr) n/d n/d n/d – (Nithianandam and Chien, 2018; Skouloudaki et al., 2019)
moesin (moe) n/d þ – – (Freymuth and Fitzsimons, 2017; Jayanandanan et al., 2014;

Schottenfeld-Roames et al., 2014)
short-stop (shot) – – – – (Ricolo and Araújo, 2020) (Nithianandam and Chien, 2018)
Syntaxin7 (Syx7) n/d � – n/d Schottenfeld-Roames et al. (2014)
whacked (wkd) n/d þ* n/d n/d Schottenfeld-Roames and Ghabrial (2012)
PAR complex (par-6, baz,
aPKC)

n/d n/d – No effect
**

(Jones and Metzstein, 2011; Jones et al., 2014; Rolls and Doe, 2004)

Lissencephaly-1 (Lis-1) – – – - ** (Gervais and Casanova, 2010; Liu et al., 2000; Satoh et al., 2008;
Schottenfeld-Roames and Ghabrial, 2012)

bitesize (btsz) þ þ – n/d Jayanandanan et al. (2014)
Rab GTPases n/d n/d Rab5 –

Rab6 –

Rab10 -Rab11
-Rab18 þ
Rab35 þ

Rab1 –

Rab5 –

Rab11 þ

(Best and Leptin, 2020; Schottenfeld-Roames et al., 2014)}(Copf,
2014; Harish et al., 2019; Jones et al., 2014; Satoh et al., 2008; Ye
et al., 2007)

shibire (shi) þ – – – (Mathew et al., 2020; Schottenfeld-Roames et al., 2014; Yang et al.,
2011)

Exocyst complex (Sec5, 6,
10, 15, 23)

n/d n/d – – Ye et al. (2007)

Transport and Golgi
Organization 1 (Tango1)

n/d – – n/d Ríos-Barrera et al. (2017)

shrub (shrb) – n/d n/d þ Sweeney et al. (2006)
Organelles
Supernumerary
centrosomes

þ n/d n/d n/d Ricolo et al. (2016)

Golgi outposts (GOs)*** n/d n/d n/d – Ori-Mckenney et al. (2012)
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interacting protein, present at the apical membrane (Jayanandanan et al.,
2014). Membrane interactions with actin are required for proper TC
morphology, and mutations in either the Drosophila Talin gene rhea or in
btsz induce multiple convoluted lumina per TC (Jayanandanan et al.,
2014; Levi et al., 2006).

In larval as in embryonic TCs, acetylatedMTs line the subcellular tube
membrane and extend beyond it or branch off it into filopodia (Jaya-
nandanan et al., 2014). γ-tubulin remains restricted to the apical mem-
brane and EB1 is localized close to the tube and parallel to it, indicating
that MT orientation is maintained (Schottenfeld-Roames and Ghabrial,
2012). Tubulin immunostaining ahead of the tube sometimes colocalises
with small patches of apical markers (Schottenfeld-Roames and Ghabrial,
28
2012), which could be the same as the reported embryonic MVBs and late
endosomes (Mathew et al., 2020) (Rios-Barrera and Leptin, 2021).

Unlike embryonic TCs, branching larval TCs have to deal with the
added complexity of having to deliver membrane material to subcellular
locations at a large distance from the cell body. Rab35 has been impli-
cated in the directed transport of apical membrane vesicles to the
growing tips of the branches. Constitutive activation of Rab35 (by loss of
whacked, wkd) results in tube overgrowth at TC tips, whereas defective
activation causes formation of ectopic tubes surrounding the TC nucleus
(Schottenfeld-Roames and Ghabrial, 2012). Likewise, the exocyst com-
plex is required for subcellular lumen formation and branching, under
the control of the PAR complex (Jones and Metzstein, 2011; Jones et al.,



Fig. 6. Larval TC cytoskeletal players
Representation of a larval TC during
larval development. Cytoplasm is in
light blue and nucleus in yellow. MTs, in
green, are all around the subcellular
lumen and invade all the cytoplasmatic
protrusions. The actin network, in red, is
at the tip of the branches and distributed
throughout the branches as cortical actin
and apical actin. MTs are shown in
green. Apical components (Par6/Baz/
Crb) and pMoe and γtub), in pink, are
organized around the subcellular lumen.
Rab proteins presence in vesicles are
represent in blue spots (Rab 1,2,6,7 and
11) or grey dashes (Rab35); MVB are in
light green. Actin network is shown in a
schematic magnification with Talin in
blue and Bitesize in yellow; and the MT
network is shown in a magnification
with EB1 in red and apical γtubulin in
orange.
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2014). Furthermore, within immature branches, late endosomes and
MVBs that seem to contain material destined for the subcellular lumen
have been identified using electron microscopy and correlative light
electron microscopy (CLEM) (Mathew et al., 2020; Nikolova and Metz-
stein, 2015), reiterating the importance of vesicular trafficking in TC
larval branching.

In larval TCs, extra subcellular branching can be achieved by cell-
autonomous activation of the Btl/Bnl pathway and by mutations in the
Hippo pathway member warts/lats1 (aka miracle-gro), and the TOR
pathway inhibitor, Tsc1 (aka jolly green giant) (Ghabrial et al., 2011), as
well as by mutations in btsz and wkd as previously mentioned. More
lumina per TC branch can also be induced by overexpression of proteins
such as Shot and Tau (Ricolo and Araújo, 2020). Interestingly, higher
numbers of lumina per TC do not always correlate withmore TC branches
(Jayanandanan et al., 2014; Ricolo and Araújo, 2020). The effect of
centrosome amplification at larval stages has not yet been determined. In
contrast, downregulation of proteins affecting actin such as moesin, and
endocytic pathway components like Syntaxin 7, Rab5 or Shibire (Dyna-
min) cause drastic reductions in TC branching (Schottenfeld-Roames
et al., 2014). The same effect is achieved by downregulating cytoskeletal
modulators such as Shot and Tau (Ricolo and Araújo, 2020) and intra-
cellular transport factors such as Lis-1 (Schottenfeld-Roames and Ghab-
rial, 2012), Transport and Golgi organization 1 (Tango1) (Ríos-Barrera
et al., 2017) and exocyst components (Jones et al., 2014). Interestingly,
most loss of function conditions, induce reduced TC branching capacity
(Table 2), though exceptions have been reported for Rab18 and Rab35
mutant TCs (Best and Leptin, 2020; Schottenfeld-Roames et al., 2014).
Reported discrepancies in TC phenotypes may be due to differences in
experimental set-up. In many cases the phenotypes were analysed using
the overexpression of Rab mutant variants, which may interfere with
other Rabs in the cell or not allow a full downregulation of protein levels.
In contrast, other setups used RNAi or degradation of tagged proteins,
which might not deplete Rabs sufficiently (Best and Leptin, 2020;
Schottenfeld-Roames et al., 2014).

10. Parallels between tracheal and endothelial subcellular
branching

The mechanisms that TCs use to build a subcellular tube resemble
those in other lumen-building structures (Sigurbj€ornsd�ottir et al., 2014).
The smaller capillaries of the vertebrate vascular system, are formed by a
single cell (seamless tubes) or chains of several cells connected between
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them by interendothelial cell-contacts (seamed tubes) forming a chain
that is only one cell thick (Lubarsky and Krasnow, 2003; Wolff and B€ar,
1972). Capillaries in the vertebrate vascular system that are seamless
tubes, like tracheal TCs, can adopt branched structures like neurons
(Sundaram and Cohen, 2017). Endothelial cell (EC) capillary architecture
differs significantly from one organ to another. For example, in mam-
mals, single-cell seamless tubes make up to 50% of the endothelial cells in
the renal glomerolum and duedoenal villi and 30% in cerebral cortex
(B€ar et al., 1984). In contrast, in other systems like the mesentery or in
the urinary bladder, seamless capillaries are a minority group. In other
organs, both types of capillaries are found in the same ratio. Generally,
seamless tubes localize in anastomoses and branch points and intercalate
most frequently in those capillaries that develop last in the terminal
vascular bed (B€ar et al., 1984). Abnormalities in capillary development
and maintenance are involved in many diseases. For example, some
Mendelian syndromes like Cerebral Cavernous Malformation (CCM),
Cerebral Autosomal Recessive Arteriopathy with subcortical infarcts and
leukoencephalopathy (CARASIL) and Osler–Weber–Rendu disease
display phenotypes related with defects in smaller blood vessels (Sun-
daram and Cohen, 2017). Genes involved in these hereditary diseases are
associated with dysfunctional behaviours in growth factor signalling,
vesicle trafficking and cytoskeleton organization (Sundaram and Cohen,
2017). Homologues of these human vascular disease genes also cause
tubulogenesis defects in Drosophila melanogaster and C. elegans, and,
conversely, many genes involved in epithelial subcellular lumen forma-
tion and branching are also implicated in endothelial lumen formation
(Table 1) (Song et al., 2013) (Lant et al., 2015; Xu and Cleaver, 2011).

Seamless tubes are also implicated in angiogenesis, a “common de-
nominator” underlying many deadly and debilitating conditions,
including cancer, skin diseases, age-related blindness, diabetic ulcers,
cardiovascular disease, stroke, and many others (Mu~noz-Ch�apuli, 2011).
Angiogenesis can be induced by hypoxia, a condition in which tissues
undergo a reduction of oxygen. Hypoxia induces the sprouting of
vascular tip cells, many of which later form seamless tubes, which lead
the outgrowth of new vessels into under-vascularized tissue (Semenza,
2012). In parallel, in Drosophila tissues, hypoxia induces TCs to respond
by extending more branches (Jarecki et al., 1999). Angiogenenesis de-
pends on the coordination between chemoattractant sensing, polariza-
tion and motility of endothelial cells (ECs). The concurrent change of cell
shape andmigration requires cytoskeletal proteins that play a central role
in angiogenesis. Nonetheless, not much is known about the intracellular
signalling that orchestrates the rearrangement in cell shape and motility
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required for a complex process such as capillary sprouting. Rapid changes
in cytoskeletal dynamics occur in response to extracellular stimuli,
through the activation of specific signalling leading to changes in
morphology and/or cell behaviour (Franco et al., 2013).

Just like for the correct branching of tracheal system of Drosophila,
SRF is required for correct sprouting angiogenesis and the maintenance
of vascular integrity in vertebrates.

SRF ablation in ECs leads to embryonic death at around 14 days (E14)
of mouse embryonic development with mutant embryos showing a se-
vere decrease in vascular density, oedema, aneurismal structures and
haemorrhages. These vascular defects were associated with compro-
mised tip cell morphology a decreased ECmigratory capacity, and altered
cytoskeletal organization (Franco et al., 2008).

Another important functional similarity in the development of the
vertebrate vascular and invertebrate tracheal systems is the establish-
ment of the apical–basal polarity, as this is a crucial event for the orga-
nization of the subcellular lumen (Iruela-Arispe and Davis, 2009). In ECs,
disrupting the Par polarity complex apical distribution and downstream
signalling, results in altered EC polarity and impairs vascular lumen
formation (Giampietro et al., 2015).

The arrangement of actin and MT networks in endothelial cells
invading 3-D collagen matrices, which mimics angiogenic sprouting
initiation, resembles the cytoskeletal architecture observed in TC cyto-
plasmatic protrusions. Large, highly aligned tubulin bundles are
observed and maintained continuously throughout the extensions of
peripheral cellular processes and actin foci are observed at critical sub-
cellular locations, at the tip of these peripheral processes (Fig. 7) (Bayless
and Johnson, 2011). Moreover, both moesin and actin have been re-
ported to play a role during tubulogenesis, specifically during lumen
formation (Xu and Cleaver, 2011). Interestingly, in ECs, in contrast to TC
migration, Myosin-IIA is involved in migration and lamellipodia forma-
tion (Figueiredo et al., 2020; Ochoa-Espinosa et al., 2017).

Comparably to TC lumen development, EC lumen formation requires
vesicle transport. Dynamin is essential for angiogenesis in vitro and in vivo
as shown by the impairment of cell migration and branching morpho-
genesis upon Dynamin2 (Dnm2) downregulation (Lee et al., 2014).
Likewise, the dynein transport machinery is important, as revealed by
knockdown of Platelet-activating factor acetyl hydrolase 1B1
(PAFAH1B1, also known as Lis1) leading to impaired tube formation and
decreased sprouting of HUVEC (Josipovic et al., 2016). Other cytoskel-
etal players have also been shown to play a role in EC lumen formation.
Rab GTPases and Rab GTPase-activating proteins (RabGAPs), as regula-
tors of vesicle-trafficking, are also involved in EC subcellular lumen
formation (Norden et al., 2020; Xie et al., 2019).

As in TCs, the centrosome is important for EC lumen formation. In ECs
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centrosomes reorient within cells as they begin sprouting angiogenesis
during tube formation and centrosome number regulation is necessary
for appropriate blood vessel sprouting (Gierke and Wittmann, 2012;
Kushner et al., 2014). The localization of centrosomes adjacent to the
vacuoles needed to build the lumen (Davis et al., 2007) and by the
centrosomal localization at junctional membranes (Rodríguez-Fraticelli
et al., 2012) equally depict the importance of this organelle in EC lumen
formation. Furthermore, EC centrosome number regulates proper lume-
nization downstream of effects on apical–basal polarity and cell–cell
junctions (Buglak et al., 2020).

In conclusion, in what relates to cytoskeletal regulation, EC sprouting
angiogenesis and endothelial lumen formation have strong parallels with
Drosophila tracheal cell specification and subcellular lumen formation.

11. Parallels between tracheal and neuronal subcellular
branching

At a glance, neurons and tracheal cells are diverse and appear to
develop differently. However, despite many differences in cell architec-
ture and in the development of the organs they integrate, branching
tracheal TCs and neurons share many common morphological features
(Affolter and Caussinus, 2008). After embryonic development, neurons
and TCs branch extensively, forming highly arborised structures at the
end of larval development and growth (Fig. 1). In Drosophila, dendritic
arborisation (da) neurons, a subset of multi-dendritic (md) neurons from
the Peripheral Nervous System (PNS), are the most common model cells
to study dendritic development and neuronal single-cell branching
morphogenesis (Jan and Jan 2010; Lefebvre et al., 2015). The pattern of
single-cell branching morphogenesis of tracheal TCs and da neurons
shares common mechanisms in the formation of single-cell branched
structures. Both cells form branched structures involving extensive
cytoskeletal reorganization and directed membrane growth, increasing
their cell surface area immensely. Nonetheless, the two systems differ in
the way branches are stabilized from within: by a subcellular lumen and
the cytoskeleton in TCs and by only the cytoskeleton in da neurons.

As in tracheal TCs, dynamic cytoskeletal regulation is involved in
dendrite growth and branching and many of the involved players have
been studied in recent years (Dong et al., 2015; Lüders, 2020) (Fig. 8).
Actin filaments and MTs are the main components of the developing
neuronal cytoskeleton during single-cell branching (Medina et al., 2006).
In neurons, actin and MTs are involved in cell polarization and cell-shape
determination and affect axon and dendrite growth and branching
(Kapitein and Hoogenraad, 2015; Lüders, 2020). Neuronal branching
starts when membrane protrusions that will give rise to neurites start to
appear in the neuronal soma, breaking its round shape. These extending
Fig. 7. Comparison of cytoskeleton organization
of Drosophila TCs and activated HUVECs in a 3D
matrix. Representation of TCs at early develop-
mental stages (A) and early activated HUVECs in
3D matrix (B). Cytoplasm (light blue), actin
network (red), MTs bundles (green). In both cases
filopodia emanate indicating the direction of
sprouting and MT bundles invade the cyto-
plasmatic protrusions. In TCs the MTOCs are
composed of a pair of centrosomes (dark blue) in
HUVECs the MTOCs are unknown.



Fig. 8. Cytoskeletal organization during neurite
morphogenesis. Schematic representation of neuron
development and its cytoskeleton elements, the
cytoplasm is in light blue, the nucleus is in yellow.
Inactive centrosome is in grey, active centrosome is
represented whit the pericentriolar material in or-
ange, positive ended MTs are in red and negative
ended MTs are in blue. Golgi outposts (dark blue)
and actin patch and actin fibres in green. (A) At the
beginning of neuronal morphogenesis, before po-
larization, positive ended MTs emanate through the
soma, from the active centrosome. (B) At early
stages of neuronal polarization, the axon is specified
from the branch closest to the active centrosome.
Dendrites develop with a mix MTs polarization. (C)
At later stages centrosome is inactive and positive
ended MTs emanates from Golgi outposts. The actin
network is represented only in C.
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neurites contain bundled MTs and an actin-rich growth cone. Nascent
branches start with protrusions like filopodia and lamellipodia. This
initial structure is stabilized through MT invasion and polymerisation,
which leads to branch extension and maturation (Dogterom and Koen-
derink, 2019). MTs are uniformly plus-end out in axons, whereas den-
drites possess minus-end-out MTs (Mattie et al., 2010; Stone et al., 2008).
MT growth is directed at dendrite branch points through a mechanism
dependent on an EB1-kinesin complex (Chen et al., 2014; Mattie et al.,
2010).

In da neurons like in TCs, actin plays a central role in the formation
and branching of dendrites. F-actin-rich patches accumulate in dendrites
and premark the directed site of future dendritic filopodia emergence
(Andersen et al., 2005) (Fig. 8). There are many different proteins
involved in dendritic branching, which modulate actin nucleation and
polymerisation, such as the polymerizing factor Ena and Twinstar (Tsr),
the Drosophila homologue of cofilin. Ena, promotes the formation of both
dendritic branches and actin-rich spine-like protrusions of da neurons, an
effect opposite to that of Abl (Li et al., 2005). In neurites, Tsr/Cofilin
binds to actin to induce its cleavage and, depending on its activity levels,
induces increased actin polymerisation or depolymerization (Nithia-
nandam and Chien, 2018). In Drosophila da neurons, downregulation of
either Ena or Tsr results in lower levels of dendritic branching (Table 2)
(Li et al., 2005; Nithianandam and Chien, 2018). Similarly, in tracheal
TCs, Ena downregulation negatively affects TC extension and subcellular
lumen formation (Gervais and Casanova, 2010) but tsr downregulation
was not analysed in these cells (Skouloudaki et al., 2019).

The actin nucleator Actin-related protein (Arp2/3) accumulates in
sites before dendrite branch formation was proposed to be the major
actin nucleator, under the control of the activator WAVE and the small
GTPase Rac1 (Stürner et al., 2019). As seen in TCs, F-actin distribution
within the neuron is highly dynamic and heterogeneously distributed in
dendritic shafts with enrichment at terminal dendrites (Nithianandam
and Chien, 2018). These data suggest that actin localization and
remodelling is important to guide subcellular branch formation in both
systems. Accordingly, Moesin overexpression and knockdown leads to
defects in dendritic arborisation and has reported to be involved in
long-term memory formation (Freymuth and Fitzsimons, 2017).

As in TCs, neuronal actin and MTs need to interact to coordinate
cellular movements and the structural support provided by these cyto-
skeletal components relies on the crosstalk between them. In Drosophila
neurons, as in TCs, this is achieved by Shot, whose role has been widely
investigated in neurons (Prokop, 2020; Voelzmann et al., 2017); shot
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mutations affect terminal branch formation of embryonic motoneurons
and local sprouting of their dendrites in the central nervous system. Also,
dendrites of sensory neurons in shotmutants are usually shorter, failing in
their branching and arborisation (Bottenberg et al., 2009; Gao et al.,
1999; Prokop et al., 1998).

Centrosome position in the neuron varies during development. Dur-
ing proliferation it is attached next to the nucleus through perinuclear
MTs. In newly polarized neurons the centrosome is an active MTOC with
a dynamic position in the cell, but over time, it gradually loses its activity.
In mature neurons the MT cytoskeleton is not linked with the centro-
some, showing both ends free (Fig. 8) (reviewed in (Lüders, 2020)). Not
much is known about the influence of higher or lower numbers of cen-
trosomes on dendritic branching. During dendritic arborisation, the
centrosome has been shown to be important as a nucleator of other
factors/complexes necessary for dendrite formation. One of them is the
Cell division cycle 20-Anaphase Promoting Complex/Cyclosome
(Cdc20-APC/C) complex, whose subcellular location at the centrosome
was shown to be critical for its ability to drive dendrite development
(Kim et al., 2009). In dendrites, other structures in addition to the
centrosome can function as MTOCs. In Drosophila da neurons, acen-
trosomal MT nucleation was observed at Golgi fragments situated within
dendrites and named “Golgi outposts” (Ori-Mckenney et al., 2012). Golgi
outposts are specialized Golgi organelles first described in mammalian
neurons, which are preferentially associated with branching points in
dendrites, sharing their composition with centrosomes (Horton and
Ehlers, 2003; Ori-Mckenney et al., 2012). However, removing Golgi
outposts from dendrites did not prevent γ-tubulin MT nucleation at these
dendrites arguing that γ-tubulin in dendrites is associated with some
other internal structure (Nguyen et al., 2014). In a more recent study, an
association of the γ-tubulin complex with somatic Golgi in da neurons has
been shown, leading to the proposition that the somatic Golgi can also
work as an MTOC in these neurons (Mukherjee et al., 2020).

Drosophila Lis-1 is highly enriched in the nervous system, where it
cell-autonomously regulates the cytoskeleton and is required for den-
dritic growth, branching and maturation as seen for other dynein motor-
protein genes (Liu et al., 2000; Satoh et al., 2008; Zheng et al., 2008).
Together with similar phenotypes in TCs, these data highlight the
importance of intracellular transport during single-cell branching.

Like in TCs, plasmatic membrane extension is required in developing
neurons for neurite elongation and branching. This membrane delivery is
achieved via the secretory/endocytic pathway, and is mediated through
different mechanisms that occur in the neuron (Pfenninger, 2009). A
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genetic screen in Drosophila found a group of genes entitled dendritic
arborisation reduction (dar) genes, which affect dendritic morphogen-
esis, leading to a decrease in dendritic arborisation. Proteins encoded by
dar2 (Sec23), dar3 (Sar1) and dar6 (Rab1) regulate the endoplasmic re-
ticulum (ER) to Golgi transport, and affect dendritic but not axonal
growth (Ye et al., 2007). Early endosomes localize to dendrites and have
been shown to control dendritic branching. Rab5 mutant neurons extend
axons and major dendrites but they display a significant decrease in the
number of dendritic terminals (Satoh et al., 2008). In addition, disruption
of clathrin-mediated endocytosis reduces the number and length of
dendrites (Yang et al., 2011) and shrubmutations, affecting the formation
of MVBs, increase dendritic branching (Sweeney et al., 2006). Further-
more, vesicle tethering elements from the exocyst octameric complex are
involved in neurite growth, as was shown by a decrease in dendritic
branching in Sec5 and Sec6 mutant da neurons (Peng et al., 2015). Last
but not least, the existence of Golgi outposts and their association with
dendrite branching points, reinforces the importance of the secretory
pathway in dendritic branching.

Overall, dynamic cytoskeletal regulation and consequent intracellular
vesicle movement is essential for single-cell branching morphogenesis
both in neurons and in TCs.

12. Concluding remarks

Single-cell branching morphogenesis is of foremost importance for
the development and physiological homeostasis of organisms. Depending
on the cell and tissue type, higher and lower levels of single cell
branching are involved in different pathologies. Here, we presented three
main models used to study single-cell branching, based on the parallels
with the Drosophila tracheal TC single-cell branching morphogenesis. As
analysed, there are unifying principles in the way single cells branch,
from tracheal TCs to endothelial cells and neurons. There is a great deal
we can learn by studying these mechanisms in parallel and many clues
can be unravelled by analysing these systems on the light of these com-
mon principles.

So, while a lot is already known regarding cytoskeletal regulation
during single-cell branching morphogenesis, many questions still remain
open. We are yet not able to give a detailed answer to the important
question of how a single cell can form long and stable branches from its
cytoplasm or how it triggers branching from a specific point upon
extracellular signalling. In addition, we are still in the dark on how, in
lumen forming cells, the newly formed membrane is assembled in a
tubular shape.

Most importantly, changes in single-cell branching have been
observed during the aging process, but we still do not know howmuch of
this is cause or consequence, or what are the cellular mechanisms
involved. What are the consequences of changes in single-cell branching
for the whole living organism? Some studies are beginning to arise,
where consequences of changes in dendritic branching are studied in
organismal behaviour (Freymuth and Fitzsimons, 2017). It will be
important to know more about what changes in organismal behaviour
can be triggered upon changes in neuronal, TC or EC branching.

Studies of neurons, TCs and endothelial cells can gain from compar-
ison of single-cell branching mechanisms in each of them and from
filling-in the gaps in one system with knowledge from the other. For
example, it is known that single-cell branching in neurons and TCs may
be driven by cell-autonomous and non-autonomous programmes
(reviewed in (Dong et al., 2015)). Position-specific extracellular
branching signals have been identified in C. elegans (Dong et al., 2013;
Salzberg et al., 2013) and in tracheal TCs (Centanin et al., 2008; Jarecki
et al., 1999), but evidence is not conclusive regarding da neurons or ECs
(Hoyer et al., 2018; Palavalli et al., 2020).

Regarding the cytoskeleton, Cofilin has been shown to promote
branching in neurons by facilitating MT protrusion, but not much is
known about its role in TC or EC branching mechanisms. Alternatively,
the spectraplakin Shot in Drosophila has been shown to be a key regulator
32
in TC and neuronal branching, but it is still to be tested if MACF1 or DYS
(the vertebrate homologues of Shot) can play the same role in ECs.
Centrosomes have been shown to be involved in TC and EC branching,
but evidence is not conclusive regarding da neurons in Drosophila (de
Anda et al., 2005; Nguyen et al., 2011; Taylor et al., 2010). These and
other factors could be easily tested and additional knowledge gathered in
one system, could be used to gain novel insight in the other single-cell
branching systems.

Acknowledgements

We are grateful to M. Llimargas, L.D. Ríos-Barrera and our lab col-
leagues for comments on the manuscript. We thank the two anonymous
reviewers for constructive comments and suggestions to improve this
review. D.R. is the recipient of a Juan de la Cierva post-doctoral
fellowship from the Spanish Ministerio de Ciencia, Innovaci�on y Uni-
versidades (FJCI201732443). J.C-R. is funded by the National Ataxia
Foundation (NAF). Our work is supported by the Universitat de Barce-
lona, Generalitat de Catalunya (2017 SGR 1455), the National Ataxia
Foundation (NAF) and a grant from the Spanish Ministerio de Ciencia,
Innovaci�on y Universidades (PGC2018-099465-B-I00).

References

Affolter, M., Caussinus, E., 2008. Tracheal branching morphogenesis in Drosophila: new
insights into cell behaviour and organ architecture. Development 135, 2055–2064.

Affolter, M., Montagne, J., Walldorf, U., Groppe, J., Kloter, U., LaRosa, M., Gehring, W.J.,
1994. The Drosophila SRF homolog is expressed in a subset of tracheal cells and maps
within a genomic region required for tracheal development. Development 120,
743–753.

Alves-Silva, J., S�anchez-Soriano, N., Beaven, R., Klein, M., Parkin, J., Millard, T.H.,
Bellen, H.J., Venken, K.J.T., Ballestrem, C., Kammerer, R.A., Prokop, A., 2012.
Spectraplakins promote microtubule-mediated axonal growth by functioning as
structural microtubule-associated proteins and EB1-dependent þTIPs (tip interacting
proteins). J. Neurosci. 32, 9143–9158.

Andersen, R., Li, Y., Resseguie, M., Brenman, J.E., 2005. Calcium/calmodulin-dependent
protein kinase II alters structural plasticity and cytoskeletal dynamics in Drosophila.
J. Neurosci. 25, 8878–8888.

Applewhite, D.A., Grode, K.D., Duncan, M.C., Rogers, S.L., 2013. The actin-microtubule
cross-linking activity of Drosophila Short stop is regulated by intramolecular
inhibition. Mol. Biol. Cell 24, 2885–2893.

B€ar, T., Güldner, F.H., Wolff, J.R., 1984. “Seamless” endothelial cells of blood capillaries.
Cell Tissue Res. 235, 99–106.

Bayless, K.J., Johnson, G.A., 2011. Role of the cytoskeleton in formation and maintenance
of angiogenic sprouts. J. Vasc. Res. 48, 369–385.

Best, B.T., 2019. Single-cell branching morphogenesis in the Drosophila trachea. Dev.
Biol. 451, 5–15.

Best, B.T., Leptin, M., 2020. Multiple requirements for Rab GTPases in the development of
DrosophilaTracheal dorsal branches and terminal cells. G3&#58; Genes|Genomes|
Genetics 10, 1099–1112.

Bottenberg, W., S�anchez-Soriano, N., Alves-Silva, J., Hahn, I., Mende, M., Prokop, A.,
2009. Context-specific requirements of functional domains of the Spectraplakin Short
stop in vivo. Mech. Dev. 126, 489–502.

Brodu, V., Baffet, A.D., Le Droguen, P.-M., Casanova, J., Guichet, A., 2010.
A developmentally regulated two-step process generates a noncentrosomal
microtubule network in Drosophila tracheal cells. Dev. Cell 18, 790–801.

Buglak, D.B., Kushner, E.J., Marvin, A.P., Davis, K.L., Bautch, V.L., 2020. Excess
centrosomes disrupt vascular lumenization and endothelial cell adherens junctions.
Angiogenesis 23, 567–575.

Burguete, A.S., Francis, D., Rosa, J., Ghabrial, A., 2019. The regulation of cell size and
branch complexity in the terminal cells of the Drosophila tracheal system. Dev. Biol.
451, 79–85.

Cabrales Fontela, Y., Kadavath, H., Biernat, J., Riedel, D., Mandelkow, E.,
Zweckstetter, M., 2017. Multivalent cross-linking of actin filaments and microtubules
through the microtubule-associated protein Tau. Nat. Commun. 8, 1981-1912.

Centanin, L., Dekanty, A., Romero, N., Irisarri, M., Gorr, T.A., Wappner, P., 2008. Cell
autonomy of HIF effects in Drosophila: tracheal cells sense hypoxia and induce
terminal branch sprouting. Dev. Cell 14, 547–558.

Chen, Y., Rolls, M.M., Hancock, W.O., 2014. An EB1-kinesin complex is sufficient to steer
microtubule growth in vitro. Curr. Biol. : CB 24, 316–321.

Copf, T., 2014. Developmental shaping of dendritic arbors in Drosophila relies on tightly
regulated intra-neuronal activity of protein kinase A (PKA). Dev. Biol. 393, 282–297.

Davis, G.E., Koh, W., Stratman, A.N., 2007. Mechanisms controlling human endothelial
lumen formation and tube assembly in three-dimensional extracellular matrices.
Birth Defects Res C Embryo Today 81, 270–285.

de Anda, F.C., Pollarolo, G., Da Silva, J.S., Camoletto, P.G., Feiguin, F., Dotti, C.G., 2005.
Centrosome localization determines neuronal polarity. Nature 436, 704–708.

Dogterom, M., Koenderink, G.H., 2019. Actin-microtubule crosstalk in cell biology. Nat.
Rev. Mol. Cell Biol. 20, 38–54.

http://refhub.elsevier.com/S0012-1606(21)00114-7/sref1
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref1
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref1
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref2
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref2
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref2
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref2
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref2
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref3
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref3
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref3
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref3
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref3
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref3
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref3
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref3
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref4
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref4
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref4
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref4
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref5
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref5
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref5
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref5
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref6
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref6
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref6
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref6
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref7
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref7
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref7
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref8
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref8
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref8
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref9
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref9
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref9
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref9
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref9
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref10
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref10
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref10
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref10
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref10
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref11
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref11
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref11
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref11
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref12
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref12
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref12
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref12
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref13
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref13
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref13
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref13
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref14
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref14
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref14
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref15
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref15
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref15
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref15
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref16
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref16
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref16
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref17
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref17
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref17
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref18
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref18
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref18
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref18
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref19
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref19
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref19
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref20
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref20
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref20


D. Ricolo et al. Developmental Biology 477 (2021) 22–34
Dong, X., Liu, O.W., Howell, A.S., Shen, K., 2013. An extracellular adhesion molecule
complex patterns dendritic branching and morphogenesis. Cell 155, 296–307.

Dong, X., Shen, K., Bülow, H.E., 2015. Intrinsic and extrinsic mechanisms of dendritic
morphogenesis. Annu. Rev. Physiol. 77, 271–300.

Elie, A., Prezel, E., Gu�erin, C., Denarier, E., Ramirez-Rios, S., Serre, L., Andrieux, A.,
Fourest-Lieuvin, A., Blanchoin, L., Arnal, I., 2015. Tau co-organizes dynamic
microtubule and actin networks. Sci. Rep. 5, 9964.

Figueiredo, A.M., Barbacena, P., Russo, A., Vaccaro, S., Ramalho, D., Pena, A., Lima, A.P.,
Ferreira, R.R., El-Marjou, F., Carvalho, Y., Vasconcelos, F.F., Lennon-Dum�enil, A.-M.,
Vignevic, D.M., Franco, C.A., 2020. Endothelial Cell Invasiveness Is Controlled by
Myosin IIA-dependent Inhibition of Arp2/3 Activity. bioRxiv.

Fortugno, P., Angelucci, F., Cestra, G., Camerota, L., Ferraro, A.S., Cordisco, S., Uccioli, L.,
Castiglia, D., De Angelis, B., Kurth, I., Kornak, U., Brancati, F., 2019. Recessive
mutations in the neuronal isoforms of DST, encoding dystonin, lead to abnormal actin
cytoskeleton organization and HSAN type VI. Hum. Mutat. 40, 106–114.

Franco, C.A., Blanc, J., Parlakian, A., Blanco, R., Aspalter, I.M., Kazakova, N., Diguet, N.,
Mylonas, E., Gao-Li, J., Vaahtokari, A., Penard-Lacronique, V., Fruttiger, M.,
Rosewell, I., Mericskay, M., Gerhardt, H., Li, Z., 2013. SRF selectively controls tip cell
invasive behavior in angiogenesis. Development 140, 2321–2333.

Franco, C.A., Mericskay, M., Parlakian, A., Gary-Bobo, G., Gao-Li, J., Paulin, D.,
Gustafsson, E., Li, Z., 2008. Serum response factor is required for sprouting
angiogenesis and vascular integrity. Dev. Cell 15, 448–461.

Freymuth, P.S., Fitzsimons, H.L., 2017. The ERM protein Moesin is essential for neuronal
morphogenesis and long-term memory in Drosophila. Mol. Brain 10, 41-13.

Gao, F.B., Brenman, J.E., Jan, L.Y., Jan, Y.N., 1999. Genes regulating dendritic outgrowth,
branching, and routing in Drosophila. Genes Dev. 13, 2549–2561.

Gervais, L., Casanova, J., 2010. In vivo coupling of cell elongation and lumen formation in
a single cell. Curr. Biol. 20, 359–366.

Gervais, L., Casanova, J., 2011. The Drosophila homologue of SRF acts as a boosting
mechanism to sustain FGF-induced terminal branching in the tracheal system.
Development 138, 1269–1274.

Gervais, L., Lebreton, G., Casanova, J., 2011. The Making of a Fusion Branch in the
Drosophila Trachea. Developmental biology.

Ghabrial, A.S., Levi, B.P., Krasnow, M.A., 2011. A systematic screen for tube
morphogenesis and branching genes in the Drosophila tracheal system. PLoS Genet.
7, e1002087.

Giampietro, C., Deflorian, G., Gallo, S., Di Matteo, A., Pradella, D., Bonomi, S., Belloni, E.,
Nyqvist, D., Quaranta, V., Confalonieri, S., Bertalot, G., Orsenigo, F., Pisati, F.,
Ferrero, E., Biamonti, G., Fredrickx, E., Taveggia, C., Wyatt, C.D.R., Irimia, M., Di
Fiore, P.P., Blencowe, B.J., Dejana, E., Ghigna, C., 2015. The alternative splicing
factor Nova2 regulates vascular development and lumen formation. Nat. Commun. 6,
8479-8415.

Gierke, S., Wittmann, T., 2012. EB1-recruited microtubule þTIP complexes coordinate
protrusion dynamics during 3D epithelial remodeling. Curr. Biol. : CB 22, 753–762.

Grosskortenhaus, R., Sprenger, F., 2002. Rca1 inhibits APC-Cdh1(Fzr) and is required to
prevent cyclin degradation in G2. Dev. Cell 2, 29–40.

Guillemin, K., Groppe, J., Ducker, K., Treisman, R., Hafen, E., Affolter, M., Krasnow, M.A.,
1996. The pruned gene encodes the Drosophila serum response factor and regulates
cytoplasmic outgrowth during terminal branching of the tracheal system.
Development 122, 1353–1362.

Harish, R.K., Tendulkar, S., Deivasigamani, S., Ratnaparkhi, A., Ratnaparkhi, G.S., 2019.
Monensin sensitive 1 regulates dendritic arborization in Drosophila by modulating
endocytic flux. Frontiers in cell and developmental biology 7, 145.

Hayashi, S., Kondo, T., 2018. Development and function of the Drosophila tracheal
system. Genetics 209, 367–380.

Horton, A.C., Ehlers, M.D., 2003. Dual modes of endoplasmic reticulum-to-golgi transport
in dendrites revealed by live-cell imaging. J. Neurosci. 23, 6188–6199.

Hoyer, N., Zielke, P., Hu, C., Petersen, M., Sauter, K., Scharrenberg, R., Peng, Y.,
Kim, C.C., Han, C., Parrish, J.Z., Soba, P., 2018. Ret and substrate-derived TGF-β
maverick regulate space-filling dendrite growth in Drosophila sensory neurons. Cell
Rep. 24, 2261–2272 e2265.

Iruela-Arispe, M.L., Davis, G.E., 2009. Cellular and molecular mechanisms of vascular
lumen formation. Dev. Cell 16, 222–231.

Jan, Y.-N., Jan, L.Y., 2010. Branching out: mechanisms of dendritic arborization. Nat.
Rev. Neurosci. 11, 316–328.

Jarecki, J., Johnson, E., Krasnow, M.A., 1999. Oxygen regulation of airway branching in
Drosophila is mediated by branchless FGF. Cell 99, 211–220.

Jayanandanan, N., Mathew, R., Leptin, M., 2014. Guidance of subcellular tubulogenesis
by actin under the control of a synaptotagmin-like protein and Moesin. Nat. Commun.
5, 3036.

Jones, T.A., Metzstein, M.M., 2011. A novel function for the PAR complex in subcellular
morphogenesis of tracheal terminal cells in Drosophila melanogaster. Genetics 189,
153–164.

Jones, T.A., Nikolova, L.S., Schjelderup, A., Metzstein, M.M., 2014. Exocyst-mediated
membrane trafficking is required for branch outgrowth in Drosophila tracheal
terminal cells. Dev. Biol. 390, 41–50.

Josipovic, I., Fork, C., Preussner, J., Prior, K.-K., Iloska, D., Vasconez, A.E., Labocha, S.,
Angioni, C., Thomas, D., Ferreir�os, N., Looso, M., Pullamsetti, S.S., Geisslinger, G.,
Steinhilber, D., Brandes, R.P., Leisegang, M.S., 2016. PAFAH1B1 and the lncRNA
NONHSAT073641 maintain an angiogenic phenotype in human endothelial cells.
Acta Physiol. 218, 13–27.

Kapitein, L.C., Hoogenraad, C.C., 2015. Building the neuronal microtubule cytoskeleton.
Neuron 87, 492–506.

Kim, A., Puram, S., Bilimoria, P., Ikeuchi, Y., Keough, S., Wong, M., Rowitch, D.,
Bonni, A., 2009. A centrosomal cdc20-APC pathway controls dendrite morphogenesis
in postmitotic neurons. Cell 136, 322–336.
33
Kl€ambt, C., Glazer, L., Shilo, B.Z., 1992. breathless, a Drosophila FGF receptor homolog, is
essential for migration of tracheal and specific midline glial cells. Gene Dev. 6,
1668–1678.

Kushner, E.J., Ferro, L.S., Liu, J.-Y., Durrant, J.R., Rogers, S.L., Dudley, A.C., Bautch, V.L.,
2014. Excess centrosomes disrupt endothelial cell migration via centrosome
scattering. J. Cell Biol. 206, 257–272.

Lant, B., Yu, B., Goudreault, M., Holmyard, D., Knight, J.D., Xu, P., Zhao, L., Chin, K.,
Wallace, E., Zhen, M., Gingras, A.C., Derry, W.B., 2015. CCM-3/STRIPAK promotes
seamless tube extension through endocytic recycling. Nat. Commun. 6, 6449.

Lee, M., Nahm, M., Kwon, M., Kim, E., Zadeh, A.D., Cao, H., Kim, H.J., Lee, Z.H., Oh, S.B.,
Yim, J., Kolodziej, P.A., Lee, S., 2007. The F-actin-microtubule crosslinker Shot is a
platform for Krasavietz-mediated translational regulation of midline axon repulsion.
Development 134, 1767–1777.

Lee, M.Y., Skoura, A., Park, E.J., Landskroner-Eiger, S., Jozsef, L., Luciano, A.K.,
Murata, T., Pasula, S., Dong, Y., Bouaouina, M., Calderwood, D.A., Ferguson, S.M., De
Camilli, P., Sessa, W.C., 2014. Dynamin 2 regulation of integrin endocytosis, but not
VEGF signaling, is crucial for developmental angiogenesis. Development 141,
1465–1472.

Lee, S., Kolodziej, P.A., 2002a. The plakin Short Stop and the RhoA GTPase are required
for E-cadherin-dependent apical surface remodeling during tracheal tube fusion.
Development 129, 1509–1520.

Lee, S., Kolodziej, P.A., 2002b. Short Stop provides an essential link between F-actin and
microtubules during axon extension. Development 129, 1195–1204.

Lee, T., Hacohen, N., Krasnow, M., Montell, D.J., 1996. Regulated Breathless receptor
tyrosine kinase activity required to pattern cell migration and branching in the
Drosophila tracheal system. Genes Dev. 10, 2912–2921.

Lefebvre, J.L., Sanes, J.R., Kay, J.N., 2015. Development of dendritic form and function.
Annu. Rev. Cell Dev. Biol. 31, 741–777.

Levi, B.P., Ghabrial, A.S., Krasnow, M.A., 2006. Drosophila talin and integrin genes are
required for maintenance of tracheal terminal branches and luminal organization.
Development 133, 2383–2393.

Li, W., Li, Y., Gao, F.-B., 2005. Abelson, enabled, and p120 catenin exert distinct effects on
dendritic morphogenesis in Drosophila. Dev. Dynam. 234, 512–522.

Liu, Z., Steward, R., Luo, L., 2000. Drosophila Lis1 is required for neuroblast proliferation,
dendritic elaboration and axonal transport. Nat. Cell Biol. 2, 776–783.

Lowery, L.A., Van Vactor, D., 2009. The trip of the tip: understanding the growth cone
machinery. Nat. Rev. Mol. Cell Biol. 10, 332–343.

Lubarsky, B., Krasnow, M.A., 2003. Tube morphogenesis: making and shaping biological
tubes. Cell 112, 19–28.

Lüders, J., 2020. Nucleating microtubules in neurons: challenges and solutions.
Developmental Neurobiology 81 (3), 273–283.

Mathew, R., Rios Barrera, L.D., Machado, P., Schwab, Y., Leptin, M., 2020. Transcytosis
via the late endocytic pathway as a cell morphogenetic mechanism. EMBO J. 39,
e105332.

Mattie, F.J., Stackpole, M.M., Stone, M.C., Clippard, J.R., Rudnick, D.A., Qiu, Y., Tao, J.,
Allender, D.L., Parmar, M., Rolls, M.M., 2010. Directed microtubule growth, þTIPs,
and kinesin-2 are required for uniform microtubule polarity in dendrites. Curr. Biol. :
CB 20, 2169–2177.

McCartney, B.M., Fehon, R.G., 1996. Distinct cellular and subcellular patterns of
expression imply distinct functions for the Drosophila homologues of moesin and the
neurofibromatosis 2 tumor suppressor, merlin. J. Cell Biol. 133, 843–852.

Medina, P.M.B., Swick, L.L., Andersen, R., Blalock, Z., Brenman, J.E., 2006. A novel
forward genetic screen for identifying mutations affecting larval neuronal dendrite
development in Drosophila melanogaster. Genetics 172, 2325–2335.

Mukherjee, A., Brooks, P.S., Bernard, F., Guichet, A., Conduit, P.T., 2020. Microtubules
originate asymmetrically at the somatic golgi and are guided via Kinesin2 to maintain
polarity within neurons. eLife 9.

Mu~noz-Ch�apuli, R., 2011. Evolution of angiogenesis. Int. J. Dev. Biol. 55, 345–351.
Nguyen, M.M., McCracken, C.J., Milner, E.S., Goetschius, D.J., Weiner, A.T., Long, M.K.,

Michael, N.L., Munro, S., Rolls, M.M., 2014. Gamma-tubulin controls neuronal
microtubule polarity independently of Golgi outposts. Mol. Biol. Cell 25, 2039–2050.

Nguyen, M.M., Stone, M.C., Rolls, M.M., 2011. Microtubules are organized independently
of the centrosome in Drosophila neurons. Neural Dev. 6, 38.

Nigg, E.A., Stearns, T., 2011. The centrosome cycle: centriole biogenesis, duplication and
inherent asymmetries. Nat. Cell Biol. 13, 1154–1160.

Nikolova, L.S., Metzstein, M.M., 2015. Intracellular Lumen Formation in Drosophila
Proceeds via a Novel Subcellular Compartment. Development.

Nithianandam, V., Chien, C.-T., 2018. Actin blobs prefigure dendrite branching sites.
J. Cell Biol. 217, 3731–3746.

Norden, P.R., Sun, Z., Davis, G.E., 2020. Control of endothelial tubulogenesis by Rab and
Ral GTPases, and apical targeting of caveolin-1-labeled vacuoles. PloS One 15,
e0235116.

Oakley, B.R., Paolillo, V., Zheng, Y., 2015. γ-Tubulin complexes in microtubule nucleation
and beyond. Mol. Biol. Cell 26, 2957–2962.

Ochoa-Espinosa, A., Harmansa, S., Caussinus, E., Affolter, M., 2017. Myosin II is not
required for Drosophila tracheal branch elongation and cell intercalation.
Development 144, 2961–2968.

Okenve-Ramos, P., Llimargas, M., 2014. Fascin links Btl/FGFR signalling to the actin
cytoskeleton during Drosophila tracheal morphogenesis. Development 141, 929–939.

Ori-Mckenney, Kassandra M., Jan, Lily Y., Jan, Y.-N., 2012. Golgi outposts shape dendrite
morphology by functioning as sites of acentrosomal microtubule nucleation in
neurons. Neuron 76, 921–930.

Oshima, K., Takeda, M., Kuranaga, E., Ueda, R., Aigaki, T., Miura, M., Hayashi, S., 2006.
IKK epsilon regulates F actin assembly and interacts with Drosophila IAP1 in cellular
morphogenesis. Curr. Biol. 16, 1531–1537.

http://refhub.elsevier.com/S0012-1606(21)00114-7/sref21
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref21
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref21
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref22
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref22
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref22
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref23
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref23
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref23
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref23
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref24
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref24
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref24
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref24
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref24
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref25
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref25
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref25
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref25
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref25
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref26
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref26
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref26
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref26
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref26
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref27
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref27
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref27
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref27
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref28
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref28
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref29
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref29
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref29
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref30
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref30
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref30
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref31
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref31
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref31
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref31
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref32
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref32
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref33
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref33
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref33
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref34
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref34
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref34
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref34
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref34
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref34
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref35
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref35
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref35
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref35
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref36
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref36
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref36
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref37
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref37
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref37
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref37
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref37
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref38
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref38
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref38
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref39
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref39
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref39
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref40
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref40
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref40
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref41
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref41
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref41
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref41
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref41
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref42
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref42
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref42
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref43
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref43
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref43
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref44
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref44
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref44
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref45
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref45
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref45
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref46
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref46
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref46
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref46
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref47
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref47
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref47
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref47
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref48
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref48
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref48
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref48
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref48
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref48
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref48
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref49
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref49
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref49
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref50
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref50
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref50
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref50
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref51
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref51
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref51
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref51
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref51
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref52
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref52
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref52
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref52
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref53
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref53
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref53
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref54
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref54
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref54
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref54
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref54
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref55
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref55
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref55
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref55
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref55
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref55
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref56
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref56
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref56
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref56
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref57
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref57
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref57
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref58
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref58
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref58
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref58
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref59
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref59
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref59
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref60
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref60
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref60
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref60
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref61
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref61
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref61
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref62
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref62
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref62
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref63
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref63
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref63
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref64
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref64
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref64
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref65
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref65
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref65
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref66
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref66
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref66
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref67
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref67
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref67
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref67
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref67
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref67
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref68
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref68
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref68
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref68
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref69
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref69
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref69
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref69
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref70
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref70
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref70
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref71
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref71
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref71
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref71
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref72
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref72
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref72
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref72
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref73
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref73
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref74
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref74
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref74
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref75
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref75
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref76
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref76
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref76
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref77
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref77
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref77
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref78
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref78
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref78
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref78
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref79
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref79
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref79
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref79
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref80
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref80
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref80
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref81
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref81
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref81
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref81
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref82
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref82
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref82
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref82


D. Ricolo et al. Developmental Biology 477 (2021) 22–34
€Oztürk-Çolak, A., Moussian, B., Araújo, S.J., 2016. Drosophila chitinous aECM and its
cellular interactions during tracheal development. Dev. Dynam. 245, 259–267.

Palavalli, A., Tiz�on-Escamilla, N., Rupprecht, J.-F., Lecuit, T., 2020. Deterministic and
Stochastic Rules of Branching Govern Dendrite Morphogenesis of Sensory Neurons.
Current biology : CB.

Peng, Y., Lee, J., Rowland, K., Wen, Y., Hua, H., Carlson, N., Lavania, S., Parrish, J.Z.,
Kim, M.D., 2015. Regulation of dendrite growth and maintenance by exocytosis.
J. Cell Sci. 128, 4279–4292.

Pfenninger, K.H., 2009. Plasma membrane expansion: a neuron's Herculean task. Nat.
Rev. Neurosci. 10, 251–261.

Polesello, C., Delon, I., Valenti, P., Ferrer, P., Payre, F., 2002. Dmoesin controls actin-
based cell shape and polarity during Drosophila melanogaster oogenesis. Nat. Cell
Biol. 4, 782–789.

Prokop, A., 2020. Cytoskeletal organization of axons in vertebrates and invertebrates.
J. Cell Biol. 219.

Prokop, A., Uhler, J., Roote, J., Bate, M., 1998. The kakapo mutation affects terminal
arborization and central dendritic sprouting of Drosophila motorneurons. J. Cell Biol.
143, 1283–1294.

Ricolo, D., Araújo, S.J., 2020. Coordinated crosstalk between microtubules and actin by a
spectraplakin regulates lumen formation and branching. eLife 9, e61111.

Ricolo, D., Deligiannaki, M., Casanova, J., Araújo, S.J., 2016. Centrosome amplification
increases single-cell branching in post-mitotic cells. Curr. Biol. 26, 2805–2813.

Rios-Barrera, L., Leptin, M., 2021. Subcellular Tube Guidance Requires Anchoring of the
Apical and Basal Actin Cortices through Late Endosomes. bioRxiv.

Ríos-Barrera, L.D., Sigurbj€ornsd�ottir, S., Baer, M., Leptin, M., 2017. Dual function for
Tango1 in secretion of bulky cargo and in ER-Golgi morphology. Proc. Natl. Acad. Sci.
Unit. States Am. 114, E10389–E10398.

Rodríguez-Fraticelli, A.E., Auzan, M., Alonso, M.A., Bornens, M., Martín-Belmonte, F.,
2012. Cell confinement controls centrosome positioning and lumen initiation during
epithelial morphogenesis. J. Cell Biol. 198, 1011–1023.

Rolls, M.M., Doe, C.Q., 2004. Baz, Par-6 and aPKC are not required for axon or dendrite
specification in Drosophila. Nat. Neurosci. 7, 1293–1295.

R€oper, K., Gregory, S.L., Brown, N.H., 2002. The 'spectraplakins': cytoskeletal giants with
characteristics of both spectrin and plakin families. J. Cell Sci. 115, 4215–4225.

Salzberg, Y., Díaz-Balzac, C.A., Ramirez-Suarez, N.J., Attreed, M., Tecle, E., Desbois, M.,
Kaprielian, Z., Bülow, H.E., 2013. Skin-derived cues control arborization of sensory
dendrites in Caenorhabditis elegans. Cell 155, 308–320.

Samakovlis, C., Manning, G., Steneberg, P., Hacohen, N., Cantera, R., Krasnow, M.A.,
1996. Genetic control of epithelial tube fusion during Drosophila tracheal
development. Development 122, 3531–3536.

Sanchez-Soriano, N., Travis, M., Dajas-Bailador, F., Goncalves-Pimentel, C.,
Whitmarsh, A.J., Prokop, A., 2009. Mouse ACF7 and Drosophila Short stop modulate
filopodia formation and microtubule organisation during neuronal growth. J. Cell
Sci. 122, 2534–2542.

Satoh, D., Sato, D., Tsuyama, T., Saito, M., Ohkura, H., Rolls, M.M., Ishikawa, F.,
Uemura, T., 2008. Spatial control of branching within dendritic arbors by dynein-
dependent transport of Rab5-endosomes. Nature 10, 1164–1171.

Schottenfeld-Roames, J., Ghabrial, A.S., 2012. Whacked and Rab35 polarize dynein-
motor-complex-dependent seamless tube growth. Nat. Cell Biol. 14 (4), 386–393.
34
Schottenfeld-Roames, J., Rosa, J.B., Ghabrial, A.S., 2014. Seamless tube shape is
constrained by endocytosis-dependent regulation of active moesin. Curr. Biol. 24,
1756–1764.

Semenza, Gregg L., 2012. Hypoxia-inducible factors in physiology and medicine. Cell
148, 399–408.

Sigurbj€ornsd�ottir, S., Mathew, R., Leptin, M., 2014. Molecular mechanisms of de novo
lumen formation. Nat. Rev. Mol. Cell Biol. 15, 665–676.

Skouloudaki, K., Christodoulou, I., Khalili, D., Tsarouhas, V., Samakovlis, C.,
Tomancak, P., Knust, E., Papadopoulos, D.K., 2019. Yorkie controls tube length and
apical barrier integrity during airway development. J. Cell Biol. 218 (8), 2762–2781.

Song, Y., Eng, M., Ghabrial, A.S., 2013. Focal defects in single-celled tubes mutant for
Cerebral cavernous malformation 3, GCKIII, or NSF2. Dev. Cell 25, 507–519.

Stone, M.C., Roegiers, F., Rolls, M.M., 2008. Microtubules have opposite orientation in
axons and dendrites of Drosophila neurons. Mol. Biol. Cell 19, 4122–4129.

Stürner, T., Tatarnikova, A., Mueller, J., Schaffran, B., Cuntz, H., Zhang, Y.,
Nemethova, M., Bogdan, S., Small, V., Tavosanis, G., 2019. Transient Localization of
the Arp2/3 Complex Initiates Neuronal Dendrite Branching in Vivo, vol. 146.
Development.

Sun, D., Leung, C.L., Liem, R.K., 2001. Characterization of the microtubule binding
domain of microtubule actin crosslinking factor (MACF): identification of a novel
group of microtubule associated proteins. J. Cell Sci. 114, 161–172.

Sundaram, M.V., Cohen, J.D., 2017. Time to make the doughnuts: building and shaping
seamless tubes. Semin. Cell Dev. Biol. 67, 123–131.

Sutherland, D., Samakovlis, C., Krasnow, M.A., 1996. Branchless encodes a Drosophila
FGF homolog that controls tracheal cell migration and the pattern of branching. Cell
87, 1091–1101.

Sweeney, N.T., Brenman, J.E., Jan, Y.-N., Gao, F.-B., 2006. The coiled-coil protein shrub
controls neuronal morphogenesis in Drosophila. Curr. Biol. 16, 1006–1011.

Taylor, S.M., Nevis, K.R., Park, H.L., Rogers, G.C., Rogers, S.L., Cook, J.G., Bautch, V.L.,
2010. Angiogenic factor signaling regulates centrosome duplication in endothelial
cells of developing blood vessels. Blood 116, 3108–3117.

Voelzmann, A., Liew, Y.-T., Qu, Y., Hahn, I., Melero, C., S�anchez-Soriano, N., Prokop, A.,
2017. Drosophila Short stop as a paradigm for the role and regulation of
spectraplakins. Semin. Cell Dev. Biol. 1–18.

Wolff, J.R., B€ar, T., 1972. ‘Seamless’ endothelia in brain capillaries during development of
the rat's cerebral cortex. Brain Res. 41, 17–24.

Xie, Y., Mansouri, M., Rizk, A., Berger, P., 2019. Regulation of VEGFR2 trafficking and
signaling by Rab GTPase-activating proteins. Sci. Rep. 9, 13342.

Xu, K., Cleaver, O., 2011. Tubulogenesis during blood vessel formation. Semin. Cell Dev.
Biol. 22, 993–1004.

Yang, W.-K., Peng, Y.-H., Li, H., Lin, H.-C., Lin, Y.-C., Lai, T.-T., Suo, H., Wang, C.-H.,
Lin, W.-H., Ou, C.-Y., Zhou, X., Pi, H., Chang, H.C., Chien, C.-T., 2011. Nak regulates
localization of clathrin sites in higher-order dendrites to promote local dendrite
growth. Neuron 72, 285–299.

Ye, B., Zhang, Y., Song, W., Younger, S.H., Jan, L.Y., Jan, Y.-N., 2007. Growing dendrites
and axons differ in their reliance on the secretory pathway. Cell 130, 717–729.

Zhang, J., Yue, J., Wu, X., 2017. Spectraplakin family proteins - cytoskeletal crosslinkers
with versatile roles. J. Cell Sci. 130, 2447–2457.

Zheng, Y., Wildonger, J., Ye, B., Zhang, Y., Kita, A., Younger, S.H., Zimmerman, S.,
Jan, L.Y., Jan, Y.-N., 2008. Dynein is required for polarized dendritic transport and
uniform microtubule orientation in axons. Nat. Cell Biol. 10, 1172–1180.

http://refhub.elsevier.com/S0012-1606(21)00114-7/sref83
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref83
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref83
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref84
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref84
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref84
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref84
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref85
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref85
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref85
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref85
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref86
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref86
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref86
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref87
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref87
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref87
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref87
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref88
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref88
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref89
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref89
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref89
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref89
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref90
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref90
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref91
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref91
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref91
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref92
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref92
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref93
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref93
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref93
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref93
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref93
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref93
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref94
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref94
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref94
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref94
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref95
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref95
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref95
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref96
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref96
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref96
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref96
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref97
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref97
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref97
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref97
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref98
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref98
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref98
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref98
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref99
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref99
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref99
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref99
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref99
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref100
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref100
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref100
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref100
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref101
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref101
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref101
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref102
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref102
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref102
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref102
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref103
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref103
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref103
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref104
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref104
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref104
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref104
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref104
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref105
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref105
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref105
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref105
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref106
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref106
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref106
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref107
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref107
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref107
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref108
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref108
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref108
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref108
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref109
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref109
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref109
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref109
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref110
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref110
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref110
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref111
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref111
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref111
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref111
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref112
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref112
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref112
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref113
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref113
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref113
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref113
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref114
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref114
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref114
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref114
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref114
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref115
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref115
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref115
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref115
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref116
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref116
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref117
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref117
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref117
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref118
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref118
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref118
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref118
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref118
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref119
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref119
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref119
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref120
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref120
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref120
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref121
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref121
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref121
http://refhub.elsevier.com/S0012-1606(21)00114-7/sref121

	Cytoskeletal players in single-cell branching morphogenesis
	1. Tracheal terminal cells: a model for subcellular branching
	2. Terminal cell differentiation
	3. Subcellular lumen de novo formation
	4. Actin organization in embryonic TCs
	5. TC microtubule network
	6. Centrosomes are microtubule-organizing-centres (MTOCs) in TC
	7. Crosstalk between microtubules and actin during lumen formation and branching
	8. Extra lumen and extra branching of embryonic TCs
	9. Larval subcellular lumen branching
	10. Parallels between tracheal and endothelial subcellular branching
	11. Parallels between tracheal and neuronal subcellular branching
	12. Concluding remarks
	Acknowledgements
	References


