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The development of multicellular organisms relies on an intricate choreography of intercel-
lular communication events that pattern the embryo and coordinate the formation of tissues
and organs. It is therefore not surprising that developmental biology, especially using genetic
model organisms, has contributed significantly to the discovery and functional dissection of
the associated signal-transduction cascades. At the same time, biophysical, biochemical, and
cell biological approaches have provided us with insights into the underlying cell biological
machinery. Here we focus on how endocytic trafficking of signaling components (e.g.,
ligands or receptors) controls the generation, propagation, modulation, reception, and in-
terpretation of developmental signals. A comprehensive enumeration of the links between
endocytosis and signal transduction would exceed the limits of this review. We will instead
use examples from different developmental pathways to conceptually illustrate the various
functions provided by endocytic processes during key steps of intercellular signaling.

The evolution of multicellular life introduced
a division of labor between specialized cells,

which strongly increased demand for intercel-
lular communication both during development
and homeostasis of the adult organism (Kaiser
2001). At the genomic level this is reflected by
a dramatic expansion of the surface receptor sig-
nalome in all metazoan lineages (Ben-Shlomo
et al. 2003). However, the idea that intercellular
communication drives the organization and
patterning of the embryo precedes the identifi-
cation of the responsible molecules. Induction
(i.e., the ability of one group of cells within a
developing organism to influence the cell-fate
choices), morphogenesis, and differentiation of
other cell populations, was firmly established
by the experiments of Spemann and Mangold

(1924) and has become one of the most im-
portant concepts of developmental biology.
The related concept of the morphogen, whereby
a cell can identify its position within a tissue
by using the local levels of a secreted molecule
forming a concentration gradient as a proxy for
its distance from the source, was famously illus-
trated by the “French flag Model” by Wolpert
(1969).

Since then, examples of developmental pat-
terning events following these two paradigms
have been identified in all developmental mod-
el systems, ranging from worms and flies to
amphibians, fish, and mice, and even humans.
Surprisingly, despite the huge variety in the
eventual outcome of metazoan embryonic de-
velopment, it turned out that most individual
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patterning events are performed by a restricted
set of signal-transduction pathways that are
used repeatedly and in varying cellular contexts
(Pires-daSilva and Sommer 2003; Perrimon et
al. 2012).

Because animal embryos differ in shape and
size, closely related pathways must function over
similarly varying spatial and temporal scales,
potentially even at successive developmental
stages within the same embryo. To understand
how the limited, intercellular signaling reper-
toire is modulated to accommodate the varying
patterning needs arising within the different de-
velopmental contexts, it is necessary to study
the signal-transduction machinery at the mo-
lecular level. In recent years, major progress has
been made in understanding the mechanistic
links between the protein trafficking machinery
and the generation and interpretation of mor-
phogenetic signals.

Traditionally, endocytosis was seen as a
means of removing activated receptors and their
bound ligands from the surface of the signal-
receiving cells, thereby terminating the signals.
However, positive effects of endocytosis on sig-
nal transduction have recently been identified
for many different pathways including, among
others, receptor tyrosine kinases (RTKs), TGF-
b, TNF-a, Toll-like receptor, Wnt, and Notch
signal-transduction cascades (Miaczynska et
al. 2004; Platta and Stenmark 2011). In many
of these examples, endosomes act as platforms
where the activated receptors can interact with
specific downstream components of the signal-
transduction machinery (Sadowski et al. 2009;
Miaczynska and Bar-Sagi 2010). Trafficking of
the receptors into and out of such endosomes
may thus provide another tier for the regulation
of the signaling output that allows temporal and
spatial modulation of the signals independent
of ligand presentation. In addition, the endo-
cytic pathway has recently also become impli-
cated in signaling events that precede the in-
tracellular transduction of the signal. In this
review, we therefore focus on how the endocytic
machinery participates in the generation, prop-
agation, reception, and interpretation of inter-
cellular signals in the context of animal devel-
opment.

INVOLVEMENT OF THE ENDOCYTIC
PATHWAY IN SIGNAL GENERATION

Intercellular signaling in development typically
begins with the release of an extracellular signal
from one group of cells that will then spread
through the target tissue and alter the behavior
of the signal-receiving cells. It may therefore
appear surprising that trafficking through en-
docytic compartments of the ligand-producing
cells is already implicated at this first step of
signal transduction.

In Drosophila, the Wnt family growth factor
Wingless (Wg) is involved in many aspects of
embryonic and larval development, typically
acting over several cell diameters (Zecca et al.
1996; Neumann and Cohen 1997). Wg is secret-
ed as a hydrophobic, doubly lipidated mole-
cule, and this posttranslational modification is
required both for Wg secretion and signaling
activity (Port and Basler 2010). Following exit
from the endoplasmic reticulum (ER), Wnts are
targeted for secretion by an interaction with
Wntless (Wls, also called Evi or Sprinter) that
acts as a Wnt cargo receptor within the Golgi.
This interaction is highly specific and essential
for Wnt secretion not only in flies (Banzigeret al.
2006; Bartscherer et al. 2006; Goodman et al.
2006) but also planarians (Adell et al. 2009),
nematodes (Coudreuse et al. 2006; Prasad and
Clark 2006), and vertebrates (Fu et al. 2009; Kim
et al. 2009). Following dissociation of the Wls/
Wnt complex in the trans-Golgi network, Wls
is internalized from the plasma membrane by
clathrin-mediated endocytosis (Pan et al. 2008;
Gasnereau et al. 2011) and recycled toward the
Golgi with the help of the retromer complex
(Coudreuse et al. 2006; Prasad and Clark 2006;
Belenkaya et al. 2008; Franch-Marro et al. 2008;
Pan et al. 2008; Port et al. 2008; Yang et al. 2008;
Kim et al. 2009) and the sorting nexin SNX3
(Harterink et al. 2011; Zhang et al. 2011). Thus,
endocytosis contributes to Wnt signaling by
the retrieval and recycling of Wls, an essential
and limiting factor for Wnt secretion (Fig. 1).

However, at least in certain signaling con-
texts, the Wnt ligands themselves are also traf-
ficked through the endocytic pathway of the
signal-producing cells. In the neuromuscular
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junction of the fly larva, Wg is secreted in asso-
ciation with exosomes together with Wtls (Kor-
kut et al. 2009). Exosome-mediated secretion
of a protein requires the passage of the cargo
through the endocytic pathway, its sorting into
intralumenal vesicles of multivesicular bodies
(MVBs), and the fusion of these MVBs with
the plasma membrane. Consistently, synaptic
Wg secretion requires the endosomal regulator
Rab11 and its effector Myosin5A (Koles et al.
2012). Exosome-associated secretion of active
Wnt ligands has also been observed in fly and
human cultured cells (Gross et al. 2012; Beckett
et al. 2013) as well as the developing fly larva.
There, secretion of active Wg involves the activ-
ity of the ESCRT-0 component Hrs and the R-
Snare Ykt6 that are involved in MVB biogenesis
(Gross et al. 2012). Conceivably, this exosome-
mediated mode of Wnt secretion (Fig. 1) may
also contribute to long-range Wg signaling in

the Drosophila larval wing disc (Greco et al.
2001). However, Wnt family proteins clearly
also use several other modes of secretion that
do not appear to rely on prior endosomal traf-
ficking of the ligand within the secreting cells
(Port and Basler 2010).

However, exosome formation is not the
most common pathway used for protein traf-
ficking from endocytic compartments to the
plasma membrane. Instead, proteins are typi-
cally targeted to one of several recycling path-
ways characterized by the presence of (e.g., Rab4
or Rab11), where they are sorted into vesicles
destined for the plasma membrane. In Dro-
sophila, this pathway has been co-opted for the
directed delivery of BMP ligands in the context
of spatially restricted stem cell niche signaling
(Fig. 1). In the fly testis, signals mediated by
the bone morphogenetic protein (BMP) ligands
Dpp and Gbb emanate from a group of somatic
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Figure 1. Endocytosis and signal generation. Secretion of the lipidated growth factor Wg (light blue) requires the
cargo receptor Wntl (pink). Retromer and Snx-3-mediated recycling of Wntl from the plasma membrane to the
Golgi (1) is essential for maintaining Wg secretion. Wg can also be secreted via exosomes that are derived from
multivesicular bodies (MVBs) whose formation is driven by Hrs and Ykt6 (2). Whether Wg reaches the MVBs
directly or via the plasma membrane is unclear (3). In the stem cell niche of the fly testis the bone morphogenetic
protein (BMP) family growth factor Dpp (red) is locally secreted at DE-cadherin (violet) containing adherens
junctions by hitchhiking on vesicles mediating exocyst-driven recycling of internalized cadherin from Rab11-
positive endosomes to the junctions (4). How Dpp reaches these endosomes is again not known (5). In contrast,
the Notch ligand Dl (green) is internalized at the basal side (6) before transcytosis via a Rab11 and Nuf-positive
recyling compartment (7) for presentation at the apical surface. In fly neurons, the TGF-a-like growth factor Spi
(dark blue) is proteolytically released in Rab4 and Rab14 endosomes (8), which allows the soluble, mature form
to escape retrograde transport of the precursor form back to the ER.
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cells termed hub. These BMP niche signals sup-
press germ-cell differentiation, thus maintain-
ing the stemness of adjacent germline stem cells
(Losick et al. 2011). Although BMPs typically
act as long-range morphogens (Bollenbach et
al. 2008; Perrimon et al. 2012), the niche signals
in the testis act strictly between adjacent cells
(Michel et al. 2011). Using fluorescently tagged
Dpp ligands and fluorescence-based reporters
for BMP receptor activation, it could be shown
that BMP-mediated niche signaling is tightly
confined to the adherens junctions between
niche and stem cells, although BMP receptors
are also present elsewhere on the target cell sur-
face. This subcellular spatial restriction depends
on localized release of the ligand at the junc-
tions, which is achieved by hitchhiking of Dpp
on vesicles that recycle internalized cadherins
from a Rab11-positive endosomal compart-
ment to the junctions (Michel et al. 2011).
Cadherin recycling to preexisting adherens junc-
tions both in flies (Langevin et al. 2005; Blan-
kenship et al. 2007) and mammalian cells (Nej-
sum and Nelson 2007) requires the exocyst
complex, a multiprotein complex required for
local interaction between vesicles and mem-
brane that directs protein release to specific sites
at the plasma membrane (He and Guo 2009).
Knockdown of the exocyst components Sec6
and Sec8 therefore traps BMP ligands in an en-
larged Rab11-positive recycling compartment
together with DE-cadherin (Michel et al. 2011).
Intriguingly, inactivation of the exocyst in the
ligand-producing cells also affects Dpp signal-
ing in the larval wing disc (Michel et al. 2011),
suggesting that ligand secretion via the Rab11-
positive recycling compartment may also act
in the context of long-range BMP signaling (see
below).

The endosomal machinery has also been
implicated in the release of the TGF-a-like
growth factor Spitz (Spi) during Drosophila eye
development. Spi is secreted as a transmem-
brane precursor that is retained in the ER by
retrograde trafficking (Lee et al. 2001; Tsruya
et al. 2002). Productive Spi release specifically
from axons occurs via Rab4- and Rab14-posi-
tive endosomes (Yogev et al. 2010), where the
inactive Spi precursor is cleaved by Rhomboid-

3, a member of the Rhomboid family of intra-
membrane proteases (Urban et al. 2001), allow-
ing the mature growth factor to escape the route
back to the ER (Fig. 1).

A final example for a role of endocytosis in
ligand generation can be found in the Drosoph-
ila Notch pathway (Fig. 1), where in epithelial
contexts the membrane-associated ligand Delta
(Dl) must be internalized basally with the help
of the E3 ubiquitin ligase Neuralized (Neu) be-
fore recycling and productive presentation on
the apical side (Rajan et al. 2009; Benhra et al.
2010). Consistently, recycling seems to be dis-
pensable for the presentation of Dl by germ
cells or neurons (Windler and Bilder 2010;
Banks et al. 2011). Cell-type-specific endocyto-
sis and recycling of Dl also plays a role during
the cell-fate specification that follows the asym-
metric division of a sensory organ precursor cell
in the fly pupa. Immediately after division, a
prominent Rab11-positive recycling compart-
ment is only reestablished in the pIIb daughter
cell but remains absent from its sibling pIIa ow-
ing to the asymmetric segregation of the Rab11
cofactor Nuclear fallout (Nuf ) (Emery et al.
2005). In consequence, Dl is thought to be pref-
erentially presented by the pIIb daughter cell
and to activate Notch in the pIIa sibling cell.

ENDOCYTOSIS AND THE PROPAGATION
AND SHAPING OF EXTRACELLULAR
SIGNALS

One of the key concepts in developmental biol-
ogy is the patterning of tissues by morphogens
(Wolpert 1969). A rough estimate of the diffu-
sion properties of typical growth factor proteins
shows that diffusive processes can in principle
account for the morphogen spreading over the
temporal and spatial scales typically required
during embryogenesis (Crick 1970; Müller and
Schier 2011). However, mathematical argu-
ments that are discussed in detail in the review
by González-Gaitán and Jülicher (2014) and by
(Wartlick et al. 2009) show that stable formation
of gradients by a secretion-diffusion-clearance
(SDC) mechanism requires the presence of a
sink that reduces the concentration of the mor-
phogen within the target tissue. One possible
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way in which an organism can establish such a
sink is the endocytic internalization and seques-
tration or degradation of the ligands. This may
conveniently be achieved by receptor-mediated
endocytosis into the signal-receiving cells using
the same receptors that also transduce the mor-
phogen signals.

Examples for such a mechanism include the
Dpp morphogen gradient in the Drosophila
larval wing disc. Dpp emanates from a narrow
strip of cells along the anteroposterior compart-
ment boundary, from which it spreads through
the target tissue forming an anteroposterior
gradient (Lecuit et al. 1996; Nellen et al. 1996;
Entchev et al. 2000; Teleman and Cohen 2000).
The Dpp gradient is subsequently translated
into corresponding BMP receptor activation
(Michel et al. 2011) and transcription factor
phosphorylation gradients (Tanimoto et al.
2000; Teleman and Cohen 2000; Bökel et al.
2006) that control patterning and growth of
the developing wing disc. Dpp is specifically
internalized into target cells by interaction
with its receptor Thickveins (Tkv). Consistent
with a SDC mechanism for gradient formation,
fractional sorting of the endocytosed Dpp to-
ward degradation then determines the slope of
the gradient. Overexpression of a constitutively
active form of the small GTPase Rab7, which
promotes the transport of internalized cargo
to degradative compartments, leads to a steeper
Dpp gradient (Entchev et al. 2000).

Similar mechanisms also operate during fi-
broblast growth factor (FGF) signaling in ver-
tebrate development (Bökel and Brand 2013).
During zebrafish gastrulation stages, FGF-8 gra-
dients emanating from sources at the blasto-
derm margin and the anterior hindbrain anlage
contribute to dorsoventral patterning of the em-
bryo (Fürthauer et al. 1997) and anteroposterior
segmentation of the nervous system (Reifers
et al. 1998). Long-range propagation of FGF li-
gands through the tissue occurs by free diffusion
within the extracellular space (Yu et al. 2009).
However, receptors and a subpopulation of the
FGF ligands interact tightly with the heparan
sulfate proteoglycans of the pericellular matrix
before signaling (Bökel and Brand 2013). As for
Dpp in the fly wing, the slope of the extracellular

FGF gradient is regulated by receptor-mediated
internalization of the bound morphogen (Fig.
2A). Overexpression of Rab5 thus promotes
FGF-8 endocytosis into cells close to the source,
steepens the FGF-8 gradient, and reduces the
width of the nested FGF target gene domains.
Conversely, inactivation of Rab5 by morpholino
injection or blocking dynamin-mediated endo-
cytosis using a dominant–negative dynamin
mutant led to the expansion of both the FGF
gradient and its target genes (Scholpp and Brand
2004; Yu et al. 2009).

However, in situations in which the intensity
or position of the ligand source is changing rap-
idly, SDC-based formation of stable steady-state
gradients may not be possible. In such cases,
specialized clearance receptors may come into
play whose only role appears to lie in the reduc-
tion of extracellular ligand levels. One example
for such a mechanism can be found in the hom-
ing of the primordial germ cells to the gonadal
anlage during vertebrate development (Fig. 2B).
These cells use the receptor CXCR4 to follow
a gradient of the chemokine CXCL12/SDF-1
both in zebrafish (Doitsidou et al. 2002; Knaut
et al. 2003) and mouse (Molyneaux et al. 2003).
Correct migration of the germ cells also requires
CXCR7, a high-affinity decoy receptor for the
CXCL12/SDF-1 ligand. CXCR7 is broadly ex-
pressed but conspicuously absent from both
the migrating germ cells and the CXCL12/
SDF-1 source at the gonadal anlage (Boldaji-
pour et al. 2008). CXCR7 on its own does not
appear to have a signaling role in PGC migra-
tion. Instead, its internalization and delivery of
bound ligand to a LAMP-1-positive degradative
compartment is required to reduce CXCL12/
SDF-1 levels, ensuring the rapid formation of
local and dynamic ligand gradients that can be
interpreted by isolated and highly motile target
cells. In the absence of CXCR7 the spatial infor-
mation required for correct germ-cell migration
is lost, presumably because CXCL12/SDF-1
levels are ubiquitously high (Boldajipour et
al. 2008). CXCR7 membrane levels and thus
CXCL12/SDF-1 concentrations have to be fine-
ly tuned. CXCR7 surface levels are reduced by
preventing b-arrestin-dependent sorting of the
decoy receptor from the late endosomal/lyso-
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somal degradation route to toward the recycling
pathway. This alone increases CXCL12/SDF-1
levels sufficiently to interfere with germ-cell mi-
gration (Mahabaleshwar et al. 2012).

Although the above examples emphasize the
importance of endocytosis for the “clearance”
part of shaping the morphogen gradients via
the SDC mechanism, ligand internalization may
also contribute to the “diffusion” part. Return-
ing to Dpp in the Drosophila third instar larval
wing disc, it has been proposed that the forma-
tion of this long-range BMP morphogen gradi-
ent is mediated by planar transcytosis. Accord-
ing to this model, Dpp secreted by the source
cells is internalized by the receiving cells, fol-
lowed by fractional sorting between the recy-
cling and degradation pathways, and nondirec-
tional resecretion. At tissue level, this amounts
to an effectively diffusive ligand propagation

across the disc able to form a gradient by an
SDC mechanism (Entchev et al. 2000). Evidence
for this model comes from “shadows” in the
level of intracellular Dpp that form behind cells
unable to internalize Tkv and Dpp owing to a
block in dynamin-mediated endocytosis (Ent-
chev et al. 2000). Additional support comes
from quantitative fluorescence recovery after
photobleaching (FRAP) experiments on discs
where endocytosis is blocked in all cells outside
the Dpp-expressing cells (Kicheva et al. 2007).
However, the planar transcytosis model of Dpp
gradient formation has been disputed based on
experiments in which levels of Tkv or the hep-
aran sulfate proteoglycan Dally were clonally
altered, and restricted extracellular diffusion
models were proposed instead (Belenkaya et al.
2008; Schwank et al. 2011). For the moment the
issue remains open, especially as another alter-

Clearance receptor-mediated gradient

Standard SDC mechanismA

B
CXCL12

FGF-8

Figure 2. Shaping extracellular morphogen gradients by endocytosis. (A) The zebrafish FGF-8 gradient is a
typical example of a gradient formed by a secretion-diffusion-clearance (SDC) mechanism. FGF-8 (blue)
emanates form a localized source of cells. The shape of the decay curve is determined by the ratio of lateral
diffusion (horizontal arrows) and internalization (vertical arrows) that is mediated by the signaling FGF
receptors. (B) During germ-cell migration, the pool of cells expressing the signaling receptor is too small and
mobile to act as a sink for the ligand. Internalization of the CXCL12 chemokine (red) by the nonsignaling
receptor CXCR7 in the surrounding tissue is required for the formation of an interpretable CXCL12 gradient.
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native mechanism of Dpp spreading that is
based on cytoplasmic extensions called cyto-
nemes must be considered (Hsiung et al. 2005;
Roy et al. 2011). Intriguingly, cytoneme- or pla-
nar-transcytosis-based mechanisms might ex-
plain why increased endocytosis owing to Rab5
overexpression increases the range of the Dpp
gradient in the wing disc (Entchev et al. 2000).
In contrast, for SDC-based mechanisms act-
ing on an extracellularly diffusing ligand pool
the same treatment would be expected to re-
strict ligand and target gene range, as observed
for the zebrafish FGF-8 morphogen gradient
(Scholpp and Brand 2004; Yu et al. 2009).

ACTIVATION OF SIGNALING PATHWAYS
BY ENDOCYTOSIS

Once a ligand arrives at its target cell and binds
to its receptor, events must be triggered at the
molecular level that convey this information
across the plasma membrane. Endocytosis can
again act at this early step of signal transduction.
Although it is difficult to delimit boundaries
sharply, we would, for the purposes of this re-
view, like to separate these early events from
later, downstream steps of the signal-transduc-
tion cascade that rely on a preexisting activated
state of the surface receptor and will be ad-
dressed below.

It has been known for some time that Notch
signaling in Drosophila strictly requires endocy-
tosis in the ligand-presenting cells (Seugnet
et al. 1997; Parks et al. 2000). In Drosophila,
the DSL (Delta/Serrate/Lag-2) family Notch
ligands Delta (Dl) and Serrate (Ser) are mono-
ubiquitinated by the ubiquitin ligases Neural-
ized (Neu) (Deblandre et al. 2001; Lai et al.
2001; Pavlopoulos et al. 2001; Yeh et al. 2001;
Glittenberg et al. 2006) and Mind bomb (Mib)
(Lai et al. 2005; Le Borgne et al. 2005; Pitsouli
and Delidakis 2005; Wang and Struhl 2005).
The machinery is conserved in vertebrates (De-
blandre et al. 2001), in which Mib was initially
identified (Itoh et al. 2003). Dl and Ser endocy-
tosis is driven by interaction of the ubiquiti-
nated ligands with the endocytic adaptor pro-
tein epsin/liquid facets (Lqf ), and loss of epsin
blocks Notch signal transduction (Overstreet

et al. 2003; Tian et al. 2004; Wang and Struhl
2004, 2005). Drosophila Notch is present on the
cell membrane as a precleaved heterodimer
(Blaumueller et al. 1997; Pan and Rubin 1997).
In addition to a role in ligand presentation dis-
cussed above, endocytosis is required again fol-
lowing interaction of the extracellular domain
with the Notch receptor on the adjacent cell
(Fig. 3). Internalization of the DSL ligands
into the presenting cells leads to trans-endocy-
tosis of the Notch extracellular domain into the
ligand-presenting cell (Parks et al. 2000).

This also holds true for vertebrate Notch
receptors, in which the function of ligand endo-
cytosis following receptor interaction has main-
ly been studied in cell culture systems (Musse
et al. 2012). Supporting a hypothesis from Dro-
sophila (Parks et al. 2000), the internalization of
bound ligand physically dissociates the Notch
heterodimer, thereby unmasking the S2 cleavage
site that is normally protected by the tertiary
structure of the extracellular domain. Cleavage
at S2 by membrane-associated metalloproteases
then primes the Notch receptor for the subse-
quent cleavage by the intramembrane protease
Presenilin that releases the transcriptionally
active, intracellular carboxyl terminus (Nintra)
(Fig. 3) (Nichols et al. 2007). This hypothesis
has recently gained support through in vitro
experiments in which the forces that are gener-
ated by endocytosis and required to dissociate
Notch were independently measured using op-
tic tweezer-based biophysical approaches (Me-
loty-Kapella et al. 2012; Shergill et al. 2012).
Ubiquitination and endocytosis of the DSL li-
gands within the secreting cells have also been
co-opted as targets for the tissue-specific regu-
lation of Notch signaling. In flies, members of
the Bearded protein family competitively inhib-
it the interaction of Dl and Neu, prevent ligand
ubiquitination, and thus down-regulate Notch
signaling in adjacent cells (Bardin and Schweis-
guth 2006; De Renzis et al. 2006; Fontana and
Posakony 2009). In addition, both in flies and
vertebrates, the Mib ubiquitin ligase can be in-
activated in a tissue-specific manner through
phosphorylation by Par-1, again suppressing
DSL ligand endocytosis (Bayraktar et al. 2006;
Ossipova et al. 2009).
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However, endocytosis is also involved in
Notch pathway modulation in the signal-receiv-
ing cells. The E3 ubiquitin ligase Deltex (Dx)
promotes internalization of Notch and its traf-
ficking toward multivesicular, late endosomes
and lysosomes in an AP3 and HOPS complex-
dependent manner (Hori et al. 2004; Wilkin
et al. 2008). As expected, this trafficking can
cause Notch degradation and thus down-regu-
late the ability of the cell to receive the Notch
signal. However, Dx- and AP3-mediated sort-
ing of Notch to the lysosomal limiting mem-
brane can also promote Notch signaling (Wilkin

et al. 2008). Sorting between limiting mem-
brane and internal vesicles involves Dx as well
as Shrub, a core component of the ESCRT-III
complex (Hori et al. 2011) and its C2 and DM14
domain-containing binding partner Lethal
(2) giant discs (Lgd) (Troost et al. 2012). Deg-
radation of the Notch extracellular domain is
thought to provide the priming function for
the Psn-mediated release of the Notch intracel-
lular domain (Hori et al. 2011; Schneider et al.
2013). Endosomal Notch activation is therefore
ligand independent. This pathway may also play
a role in biasing Notch signaling to the pIIa cell
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Figure 3. Endocytosis and activation of the Notch (N) pathway. The precleaved transmembrane receptor Notch
binds to its transmembrane ligand Delta (Dl, blue) on the adjacent cell (1). Conformation of the membrane
proximal region of the Notch extracellular domain (Necd, red) prevents cleavage at the S2 site by the metal-
loprotease ADAM10. In the ligand-presenting cell, Dl is ubiquitinated by the E3 ligases Neuralized (Neu) or
Mind bomb (Mib, green). This step can be competitively inhibited by members of the Bearded protein family
that mimic the Dl intracellular domain (3). Ubiquitination drives Dl internalization and trans-endocytosis of
Necd (4), which unmasks the S2 cleavage site (5). This facilitates internalization to endosomes (6) in which
cleavage at the S3 site by Presenilin (Psn) and thus release of Nintra occurs (7). Nintra can then enter the nucleus to
direct target gene expression (8). Ligand-independent activation occurs by trafficking of Notch to the endo-
somal or lysosomal limiting membrane in the secreting cell (9). Proetolytic degradation of Necd (10) again
facilitates S3 cleavage (11) and nuclear translocation of Nintra.
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during sensory organ development in the fly
pupa. In the SOP cells, both Notch and Dl can
be found within endosomes positive for the
FYVE domain adaptor protein Sara already, be-
fore mitosis. During the asymmetric SOP divi-
sions, these endosomes are preferentially segre-
gated to the pIIa cells where they contribute to
the increased Notch activation level relative to
the pIIb cells (Coumailleau et al. 2009).

Endocytosis also acts in the signal-receiving
cells during the initial activation steps of several
other pathways. During the specification of po-
lar cell fates in the Drosophila follicle epitheli-
um, Jak/Stat signaling through the cytokine-
like ligand Unpaired (Upd) and its receptor
domeless (Dome) requires both clathrin-medi-
ated endocytosis into Rab5- and PI(3)P-posi-
tive early endosomes and onward intracellular
trafficking toward lysosomes. Consequently, in-
activation of either the clathrin heavy chain
Rab5, the ESCRT-0 component Hrs, or the ly-
sosomal maturation factor Deep orange (Dor),
the homolog of yeast Vps18p, block Jak/Stat
pathway activation downstream from Dome
(Devergne et al. 2007). However, these experi-
ments shed no light on the cell biological role
of endocytosis in cytokine receptor signaling,
which is triggered by ligand-induced receptor
dimerization that bring the associated Jak ki-
nases into sufficient proximity for cross-activa-
tion (Leonard and O’Shea 1998). Instead, work
on the mammalian interleukin-4 receptor using
microscopy-based biophysical methods recent-
ly revealed that the lateral affinities governing
ligand-induced receptor complex dimerization
are too low for productive complex formation
under physiological conditions. Signaling thus
requires a subcellular concentration step, which
is provided by endocytosis into a cortical, actin-
associated subpopulation of early endosomes
(C Bökel and T Weidemann, pers. comm.). Un-
like the scaffolding role of signaling endosomes
seen in other signaling pathways that facili-
tate interaction of preactivated receptors with
downstream signaling components (Sadowski
et al. 2009; Platta and Stenmark 2011), endocy-
tosis in the IL-4 system fulfills an essential, ther-
modynamic role already at the first step of path-
way activation following ligand binding.

In addition to promoting signal trans-
duction following ligand binding, endocytosis
may be used by the cell to keep signaling path-
ways in the off state in the absence of ligand. For
example, the GPCR-like protein Smoothened
(Smo), the key transducer of Drosophila Hedge-
hog (Hh) signaling cascade, is retained on in-
tracellular membranes (Denef et al. 2000; Zhu
et al. 2003; Nakano et al. 2004), presumably a
mixture of early and late endosomes and lyso-
somes (Nakano et al. 2004; Li et al. 2012; Xia
et al. 2012), through some as-yet poorly defined
activity of the Hh receptor Patched (Ptc). When
Hh binding represses this inhibitory activity of
Ptc, Smo becomes phosphorylated by PKA and
CK1 (Jia et al. 2004; Zhang et al. 2004; Apio-
nishev et al. 2005) translocates to the plasma
membrane (Denef et al. 2000; Zhu et al. 2003;
Nakano et al. 2004). Phosphorylation also in-
duces a conformational change of the Smo cy-
toplasmic tail and the formation of Smo clusters
in the plasma membrane (Zhao et al. 2007).
Phosphorylation contributes to the redistribu-
tion of Smo from the endosomes to the cell
surface by preventing the ubiquitination of
adjacent lysine residues that would promote
Smo endocytosis (Li et al. 2012) and via the
recruitment of the deubiquitinating enzyme
USP8 (Xia et al. 2012). However, Hh pathway
activity appears to be also controlled by local
membrane lipid composition. Ptc inactivation
increases phosphatidyl-inositol-4-phosphate
(PI4P) levels. Lipid modification acts upstream
of Hh pathway activation, as loss of Sac1, a PI4P
phosphatase, activates the pathway, whereas in-
activation of STT4, a lipid kinase required for
PI4P synthesis, blocks Hh signaling (Yavari
et al. 2010). A role of potentially lipid-medi-
ated protein trafficking in regulating Hh sig-
nal transduction was also shown by tracking
Smo phosphorylation at the subcellular level.
Using a fluorescence-based reporter for Smo
activation, it could be shown that retention
at the plasma membrane is sufficient to drive
Smo phosphorylation in the absence of Hh.
Conversely, fluorescence cross-correlation mea-
surements show that inactivation of Ptc by Hh
causes Smo clustering even in the absence of
phosphorylation (Kupinski et al. 2012).
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SIGNALING ENDOSOMES AND
INTRACELLULAR REGULATION OF SIGNAL
TRANSDUCTION

In recent years, examples for signal transduc-
tion following the trafficking of preactivated re-
ceptors to specific endosomes have been iden-
tified in several molecularly unrelated pathways
(Miaczynska et al. 2004; Sadowski et al. 2009;
Platta and Stenmark 2011). In this final section
we will discuss a few selected examples that il-
lustrate the importance of endosomes for the
spatial and temporal modulation of signaling
in development.

Both in vertebrates and flies, TGF-b family
growth factors belonging to both the BMP and
Nodal/activin subfamilies organize the long-
range patterning of developing tissues. In the
Drosophila larval wing disc, the Dpp morpho-
gen gradient discussed above gives rise to a re-
ceptor activation gradient (Michel et al. 2011)
and subsequently a transcription factor activa-
tion gradient that defines the position of the cell
relative to the source. As shown for the related
activin pathway in Xenopus (Bourillot et al.
2002) correct interpretation of the Dpp gra-
dient is thought to depend on continuous sig-
nal-transduction flow. To maintain gradient
smoothness in a growing tissue it is therefore
important that during cell division activated
pathway components are evenly distributed
between sibling cells, even if these differ in size
owing to geometrical constraints. In the fly, this
is achieved with the help of Sara-positive ear-
ly endosomes that contain the Dpp receptor
Tkv and are recruited onto the central spindle
from which they are evenly distributed into the
daughter cells (Bökel et al. 2006). In the activin
pathway Sara in addition serves as an adaptor
that presents the Smad2/3 R-Smad transcrip-
tion factors to the activated activin receptors.
Because Sara is localized to early endosomes
via its FYVE domain, Smad presentation re-
quires prior internalization of receptors activat-
ed at the membrane to the Sara-positive endo-
somes, from which downstream signaling then
occurs (Tsukazaki et al. 1998). Retention of ac-
tivated receptors at Sara endosomes may also
underlie the phenomenon of cellular memory

observed in TGF-b/activin signal transduction
(Jullien and Gurdon 2005). In a developmental
context, this could buffer the cells against short-
term fluctuations in extracellular ligand con-
centrations and allow the temporal integration
of weak signals.

Signal transduction from an intermediate,
signaling-competent, endocytic compartment
also contributes to zebrafish FGF signaling. The
activity of the E3 ubiquitin ligase Cbl controls
the trafficking of activated FGF receptors and
acts as an RTK endocytosis adaptor indepen-
dent of its enzymatic function (Soubeyran et
al. 2002; Haugsten et al. 2008). Overexpression
of a Cbl version lacking enzymatic activity but
retaining the adaptor function increases path-
way activity by delaying the sorting of the ac-
tivated FGF receptors from a signaling-com-
petent compartment toward the degradatory
pathway (Nowak et al. 2011). Although endo-
cytosis is also involved in shaping the gradient
(Scholpp and Brand 2004; Yu et al. 2009), Cbl-
mediated endocytic sorting does not affect gra-
dient shape as such. It therefore represents an
independent, additional tier of regulation that
allows target cells to choose how to interpret a
given ambient ligand concentration.

Endosomal localization may also be used
to determine signal specificity toward different
downstream pathway effectors. In the zebrafish
embryo, activated Akt kinase is recruited to a
subset of Rab5-positive early endosomes by
APPL1, where it selectively phosphorylates
GSK-3b but not an alternative substrate, the
GTPase-activating protein TSC2 (Schenck et al.
2008).

Finally, endosomes may influence signal
transduction by sequestering activated recep-
tors from the cytoplasm. Although in many cas-
es this leads to signal termination, in the Wnt
pathway receptor, sequestration drives pathway
activation. Internalization of Wnt ligands and
the Frizzled and LRP5/6 receptor components
by both clathrin- (Blitzer and Nusse 2006) and
caveolin-mediated endocytosis (Yamamoto et
al. 2006; Bilic et al. 2007) has been reported to
be required for Wnt signal transduction. Fol-
lowing endocytosis, the activated complexes
form large, phospho-LRP-associated signalo-
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somes that also contain other signaling mole-
cules such as Axin, Disshevelled, and GSK-3.
These signalosomes are then sorted onto inter-
nal vesicles of multivesicular endosomes (Bilic
et al. 2007; Metcalfe et al. 2010). This sequesters
the associated proteins from the cytoplasm,
thus preventing the GSK-3-mediated phos-
phorylation and destabilization of b-catenin.
Consequently, inactivation of the ESCRT com-
plex member Hrs or the ATPase Vps4, which are
required for MVB formation, prevents Wnt sig-
naling in the Xenopus embryo (Taelman et al.
2010). However, in the fly embryo, trafficking of
the Wnt signaling complexes to the late endo-
some/lysosome is instead required for pathway
down-regulation (Dubois et al. 2001).

THE ZEBRAFISH AS A MODEL ORGANISM
FOR IMAGING DRIVEN CELL BIOLOGY

Breaking biological questions arising at organ or
tissue levels down to their cell biological basis
has long been the specialty of invertebrate mod-
el organisms such as Drosophila, largely owing
to their experimental convenience and the es-
tablished genetic toolkits. However, with the es-
tablishment of the zebrafish as a model system
vertebrates are quickly catching up. The zebra-
fish develops from a fertilized egg to a larva that
possesses all organ systems characteristic of the
vertebrate body plan within roughly 24 h, and
hatches in the laboratory as a free swimming,
active animal within 48–72 h after fertilization.
In addition, zebrafish embryos and larvae are
largely optically transparent (Nüsslein-Volhard
and Dahm 2002). Recent years have therefore
seen a wealth of microscopic approaches to cell
biology implemented in the zebrafish system.
An early example of this approach in zebrafish
is the demonstration that endocytosis, as visu-
alized and manipulated via the activity state of
Rab5, controls spreading and effective signaling
range of Fgf-8 protein in the early neural plate
(Scholpp and Brand 2004). More recently, the
Brainbow technology originally developed for
the murine CNS (Livet et al. 2007) is now also
available for multicolor cell tracking in fish (Pan
et al. 2013), where live imaging of developmen-
tal processes is much easier owing to its external

development. Similarly, systematic approaches
are under way to generate transcriptional re-
porters for signaling pathway activation (Moro
et al. 2013; Xiong et al. 2013) or to tag zebrafish
Rab GTPases with fluorescent proteins using a
modular expression system (Clark et al. 2011),
complementing previous efforts in Drosophila
(Chan et al. 2011). Such fluorescently tagged
Rab proteins can be combined with labeled car-
go proteins to quantitatively assess trafficking of
cargo molecules such as FGF growth factors
through the endocytic pathway (Nowak et al.
2011), which is greatly aided by automated im-
age analysis. Activation state-specific reporters
developed in the fly system for signal-transduc-
tion components such as BMP receptors can in
principle also be transferred to the zebrafish
(Michel et al. 2011). Although the above ap-
proaches can be pursued via standard confocal
or multiphoton microscopy, organism scale
analysis of cell behavior benefits greatly from
novel microscopic technologies such as light
sheet microscopy (Keller et al. 2010; Huisken
2012). Conversely, the optical properties of the
fish embryo and larva allow the application of
microscope-based biophysical approaches such
as fluorescence correlation spectroscopy (Ries
et al. 2009; Shi et al. 2009; Yu et al. 2009) or
TIRF-based single molecule tracking (Schaaf
et al. 2009) in intact embryos or larvae. This
allows, for the first time, true in vivo determina-
tion of cell biological parameters such as diffu-
sion rates or ligand affinities in an undisturbed
tissue environment of a developing vertebrate.

CONCLUDING REMARKS AND FUTURE
DIRECTIONS

The above examples illustrate the promise of-
fered by the further integration of the still-too-
often disparate research agendas of develop-
mental and cell biology. We believe that both
fields could clearly benefit from the mutual in-
sights, and we would like to close with a brief
“to-do list” for both disciplines.

Cell biologists may in the future want to
increasingly appreciate the complexity of the
signaling environment that governs the behav-
ior of the cells they study. This complexity in-
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cludes not only the organization of the signaling
cascades themselves but also their regulation at
the cell biological level. Both must be taken into
account in an organismal context. In addition
to and beyond the established cell culture sys-
tems, signal transduction should therefore in-
creasingly be studied in vivo, focusing on spe-
cific cell types in their natural environments
within a developing model organism.

Conversely, developmental biology can only
gain from studying how morphogen gradient
formation and interpretation is implemented
at the subcellular level. Studying morphogenet-
ic pattern formation at the level of expression
patterns of ligands, receptors, and target genes
will in the long run not be enough. To fully
understand how developmental signals are gen-
erated, processed, and interpreted to eventually
generate morphogenetic information, the role
of cell biological processes such as endocyto-
sis and subcellular trafficking as rheostats of sig-
nal transduction must be increasingly taken into
account.
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