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Directional cell migration is essential for almost all organisms 
during embryonic development, in adult life and contributes to 
pathological conditions. This is particularly critical during embryo-
genesis where it is essential that cells end up in their correct, precise 
locations in order to build a normal embryo. Many cells have solved 
this problem by following a gradient of a chemoattractant usually 
secreted by their target tissues. Our recent research has found an 
alternative, complimentary, mechanism where intracellular signals 
are able to generate cell polarity and directional migration in 
absence of any external chemoattactant. We used neural crest cells 
to study cell migration in vivo, by performing live imagining of the 
neural crest cell migrating during embryo development. We show 
that the Planar Cell Polarity (PCP) or non-canonical Wnt signaling 
pathway interacts with the proteoglycan syndecan-4 to control the 
direction in which cell protrusions are generated, and in conse-
quence, the direction of migration. By analyzing the activity of the 
small GTPases using in vivo FRET imaging we showed that PCP 
signaling activates RhoA, while syndecan-4 inhibits Rac, both at the 
back of the neural crest cell. Here we discuss a model where these 
signals are integrated to generate directional migration in vivo.

The ability of cells to move in a directed manner is a fundamental 
requirement for life. In multi-cellular organisms, this requirement 
begins in the embryo, where morphogenetic processes are dependent 
on the correct movement of large numbers of cells. In the adult 
too, cell migration plays a vital role in many systems including the 
immune system and wound healing. Cell migration defects can 
contribute to the pathology of many diseases including vascular 
diseases such as atherosclerosis, and chronic inflammatory diseases 
like asthma and multiple sclerosis. Likewise, metastasis in cancer 
is characterized by mis-regulation of the normal cell migration 
machinery and results in cells that are normally static becoming 
aggressively motile and invasive.

Cell migration requires cell polarization and the formation of 
protrusions at one end of the cell. Polarization results in a different 

molecular ensemble at the front of the cell compared to that at the 
back. Cell protrusion formation at the front of the cell requires 
reorganization of the actin and microtubule cytoskeleton to produce 
a protrusion either in the form of a broad sheet-like lamellipodium 
or spiky filopodium. Small GTPases are well known modulators of 
these processes (reviewed in ref. 1).

Several mechanism has been proposed as involved in directional 
migration during embryo development, such as chemotaxis (migra-
tion toward an soluble chemoattractant),2 haptotaxis (migration 
toward a substrate-bound chemoattractant),3 population pressure 
(migration from a region of high towards a region of low cell 
density)4 and contact inhibition of locomotion (change in the 
direction of migration as a consequence of cell-cell contact),5 being 
chemotaxis the most widely accepted and studied.

The correct orientation of the cell and its protrusion is the 
keystone of directional migration and, in the case of chemotaxis, it 
is supposed to be controlled by the action of external chemical cues 
(chemoattractants) that are produced by or near to the target tissue.6 
One of the best examples for chemoattraction in vivo is the migration 
of the progenitor germ cells, which are attracted by the chemokine 
SDF-1.2 It has been shown in vitro and in vivo, that upon receiving 
a chemotactic signal, the cell becomes polarized in the direction of 
migration. Nevertheless, it is known that cells cultured in vitro can 
became polarized and exhibit directional migration in absence of 
extrinsic chemoattractants.7 Pankov et al. showed that persistent 
directional migration in vitro can be achieved solely by modulating 
the activity of the small GTPase, Rac: high levels of Rac promotes 
the formation of peripheral lamella during random migration, while 
slightly lower levels of Rac suppress peripheral lamella and favour the 
formation of a polarized cell with lamella just at the leading edge.7 Is 
it possible that a similar mechanism of directional migration could 
occur in vivo?

The migration of Neural Crest (NC) cells has been used as a 
model to study directional cell migration in vivo.8-10 The neural crest 
is an embryonic population of cells that are specified at the border 
between the neural plate and the epidermis.11 Upon induction 
neural crest cells undergo an epithelial to mesenchymal transition,12 
detach from the neural tube and migrate following defined pathways 
that eventually allow them to colonize almost the entire embryo.13 
Finally, after reaching their destination NC cells differentiate to form 
many different cell types including neurons, glia, cartilage, skeleton 
and pigment cells.14 The migration of the NC cells is critical for the 
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proper differentiation of their derivatives and there are several human 
syndromes associated with failures in this process.

The migration of NC cells is a highly ordered process; individual 
NC cells migrate with high persistence towards the direction of their 
targets,8 but until now it was not known how this directionality is 
controlled. A number of molecules have been identified as key players 
in neural crest migration, such as Ephrins, Semaphorins, Slit/Robo, 
etc. (reviewed in ref. 13). However most of these molecules work as 
inhibitory signals, which are required to restrict the migration of NC 
cells from prohibited areas. Although chemoattraction has been one 
of the proposed mechanisms to explain this directional migration, no 
chemoattractant has thus far been found in the NC.

It has been known for many years that NC cells can migrate 
in vitro with a high directionality even in the absence of external 
signals.15 Therefore, our work has been focused on understanding 
how NC directionality is controlled. Recently, we have unveiled 
some of the molecules that control this directional migration in 
vitro. More importantly, we have been able to show that the same 
molecular machinery controls directional migration in vivo.9,10

One of the key factors that controls directional migration of NC 
cells is the Planar Cell Polarity (PCP) or non-canonical Wnt signaling 
pathway.9,10,16 PCP signaling was first described in Drosophila, where 
a number of mutations were identified that disrupt the formation of 
bristles and hairs on the adult cuticle.17 In the Drosophila wing, 
epithelial cells are highly polarized, with a single hair outgrowth 
forming at the distal end of each cell. Mutations in PCP genes cause 
loss in cell polarity in this tissue with hairs forming in a disorganized 
pattern.18 In vertebrates, PCP signaling also regulates cell polarity 
during a number of different developmental processes including 
neural tube closure, cochlear hair orientation and ciliogenesis.19

We have shown that the PCP pathway is essential for correct 
neural crest migration in Xenopus. Injection of dominant negative 
forms of the intracellular PCP component Dishevelled (Dsh), which 
inhibit the PCP pathway but not canonical Wnt signaling, block the 
migration of cranial neural crest cells in vivo.9 Recently this role has 
also been extended to zebrafish where directional migration of neural 
crest is severely disrupted in the PCP mutant trilobite (strabismus) 
and in embryos injected with a dominant negative form of Dsh or 
a morpholino against wnt5a,10 with no effect in neural crest cell 
motility.9,10 Two factors, pescadillo and syndecan-4 that have recently 
been proposed as modulators of the PCP signaling,20,21 are also 
required for NC migration.10,21 Taken together, these data point to 
an essential role for PCP signaling in neural crest migration.

What is the cellular and molecular mechanism by which PCP 
signaling controls migration of NC cells? In order to investigate this 
question we analyzed the direction of neural crest migration and 
cell polarity in vitro and in vivo after interfering with two elements 
of the PCP signaling pathway: syndecan-4 and Dsh. One of the key 
finding of our work was that the inhibition of NC migration through 
syndecan-4 depletion does not affect the velocity of cell migration, 
but significantly reduces the directional migration of the cells in vivo 
(Fig. 1A and B). Consequently, when the orientation of cell protru-
sions was analyzed we found that syndecan-4 depletion does not affect 
the formation of cell protrusions, but the direction in which the cell 
protrusions are generated during migration. More precisely, normal 
cells extend their lamellipodia at the front of the cell (Fig. 1D), while 
cells where syndecan-4 is inhibited generate protrusion in all directions 

(Fig. 1E). A similar analysis was performed for embryos expressing 
a mutated form of Dsh that works as a dominant negative of PCP 
signaling and an equivalent effect on directional migration and the 
orientations of cell protrusions was observed (Fig. 1C and F).

As cell protrusions are known to be controlled by small GTPases 
and as PCP and syndecan-4 signaling regulates the activities of small 
GTPases,18,22 we analyzed the activity of cdc42, RhoA and Rac after 
interfering with Dsh and syndecan-4. We choose to perform FRET 
analysis of these molecules as it is a technique that allows the visu-
alization of their localized activity. More interestingly we succeeded 
in performing FRET analysis in cells migrating in vivo for the first 
time. Our results show that syndecan-4 inhibits Rac activity, while 
Dsh signaling promotes RhoA activity. In addition, we show that 
RhoA inhibits Rac in neural crest cells.10 The regulation of Rac by 
syndecan-4 is similar to that seen in other cells types in vitro.23,24

The model that emerges from these results to explain directional 
migration of NC cells in vivo is as follows (Fig. 1D). After delamina-
tion NC cells come into contact with fibronectin in the extracellular 
matrix, which is known to provide the main substrate for neural crest 
cells during their migration.25,26 The interaction of fibronectin with 
syndecan-4 leads to two major changes in the cell: activation of PCP 
signaling and inhibition of Rac activity. The activated PCP signaling 
becomes localized at the back of the cell. From here, PCP contributes 

Figure 1. Directional migration of neural crest cells. (A and B) Example of 
track of a single cell migrating in vivo. (A) Control cell showing persistent 
directional migration. (B) Cell in which the PCP signaling has been inhibited, 
showing absence of directional migration. (C) Cell in which syndecan-4 has 
been inhibited, showing no persistent migration. (D–F) Analysis of cell polar-
ity and model of directional migration. Fn: fibronectin; Syn4: syndecan-4.  
(D) Control cell. Activation of Fn/Syn4 and PCP/RhoA lead to inhibition of 
Rac at the back of the cell, with the consequence polarization and directional 
migration. (E) Inhibition of PCP signaling leads to absence of RhoA activity, 
and in consequence an increase of Rac activity at the back of the cell. It 
seems that the inhibition of Rac activity by Syn4 is not sufficient to keep low 
levels of Rac at the back of the cells. High levels of Rac at the back produce 
a loss in cell polarity and in directional migration. (F) Inhibition of Syn4 
generates high levels of Rac activity by a double mechanism: absence of 
direct inhibition of Rac and absence of RhoA which is dependent on PCP 
signaling. High levels of Rac at the back produce a loss of cell polarity and 
directional migration.
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to the inhibition of Rac at the back of the cell, through the activation 
of RhoA. The coordinated activities of syndecan-4 and PCP signaling 
lead to polarised Rac activity across the cell, with Rac enriched at 
the leading edge, where it promotes the polymerization of actin 
and formation of lamellipodia, resulting in directional migration  
(Fig. 1D). Inhibition of PCP signaling produces high levels of Rac 
all over the cell as Rac, an inhibitor of RhoA in many cell types 
including neural crest cells, is absent (Fig. 1E). This generates cell 
protrusions in all directions with the consequent loss of cell polarity. 
If syndecan-4 is absent, the levels of Rac activity are also high all over 
the cell as the inhibition of Rac by syndecan-4 is absent (Fig. 1F), 
which also leads to a loss of cell polarity.

Although detailed study of the localized activity of small GTPases 
has not been performed for other migratory cells in vivo, it is likely 
that the machinery will be similar to the one described here for 
NC cells. For example, it is well established in Xenopus, zebrafish 
and chick embryos that the migration of mesodermal cells during 
gastrulation requires PCP signaling.27-29 It has also been shown that 
gastrulation in Xenopus20 and in zebrafish (unpublished observa-
tions) requires the activity of syndecan-4. Thus, it is expected that 
cell polarity established during the migration of mesodermal cells will 
be dependent on small GTPases controlled by non-canonical Wnt 
signaling and syndecan-4.

This novel integrated view of PCP, syndecan-4 and small GTPase 
activity during directional cell migration in vivo is an important 
advance in our knowledge of cell migration. Nevertheless, how the 
PCP signaling becomes activated only at the back of the cell, is a key 
question that needs to be answered. Future studies will be necessary 
to solve this and other crucial problems.
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