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Growth factors regulate a diverse 
array of cellular functions includ-

ing proliferation, survival, movement, 
and the ability to do this often involves 
interactions with the extracellular matrix 
(ECM) and particularly heparan sulfate 
proteoglycans (HSPGs). HSPGs have 
been shown to sequester growth factors, 
and to act as growth factor co-receptors 
or receptors themselves. Recent stud-
ies, however, have revealed a new role 
for HSPGs in mediating the interac-
tions of growth factors with the ECM. 
Specifically, heparan sulfate has been 
shown to modulate fibronectin structure 
to reveal previously masked growth fac-
tor binding sites. In vivo, this mechanism 
appears to control the guidance of migrat-
ing cells during embryonic development 
as HSPG-modification of fibronectin 
enables direct platelet derived growth 
factor-fibronectin interactions necessary 
for this process. A model based on this 
observation is discussed here as well as 
the possibility that other growth factors/
morphogens utilize similar mechanisms 
involving fibronectin or additional ECM 
proteins.

The ability of cells to move is critical to 
normal processes such as embryonic devel-
opment and wound healing, and is also a 
feature of pathological conditions such 
as cancer metastasis. In normal circum-
stances, cell movement is tightly regulated 
and leads to precise cell reorganizations. 
This is particularly evident during embry-
onic development where cells need to 
be in the right place at the right time to 
give and receive signals, to form tissues 
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and organs, and ultimately to become a 
functional organism. To achieve this, cells 
must be able to move in a directed way. 
This requires that cells sense and move 
in response to extracellular signals, while 
coordinating changes in shape with the 
creation of traction and force, and balanc-
ing attachment and detachment to the 
extracellular matrix (ECM) and neighbor-
ing cells.

Evidence from a number of systems 
suggests that growth factors play a sig-
nificant role in the spatial and temporal 
control of cell movements. In particular, 
members of the platelet derived growth 
factor (PDGF)/vascular endothelial 
growth factor (VEGF) family act as guid-
ance cues for cells in a variety of processes 
including the development of both inver-
tebrate and vertebrate embryos (reviewed 
in ref. 1). How such cues are laid down 
is an area of intensive investigation, how-
ever, a new study from our group suggests 
that the microenvironment within the 
ECM, principally the composition of hep-
aran sulfate, modulates direct interactions 
between PDGF and fibronectin necessary 
for directed migration of embryonic cells 
during Xenopus development.2

During the development of all ver-
tebrates, cell movements begin at gas-
trulation, when changes in the shape, 
adhesion and motility of cells drive the 
complex series of tissue rearrangements 
necessary to establish the basic body plan 
of the embryo. In Xenopus embryos, some 
of the first cells to move during gastrula-
tion are the anterior mesendoderm cells. 
These cells migrate in a characteristic 
pattern that provides a tractable model to 
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although the cells are still able to physi-
cally move.4

PDGF-A must be associated with the 
ECM for directed mesendoderm migra-
tion. In an ex vivo assay, overexpression 
of the long form of PDGF-A, which 
associates with the ECM via a positively 
charged carboxy-terminal retention motif 
(reviewed in ref. 6), in the ectoderm cells 
disrupts the normal guidance cues caus-
ing randomization of mesendoderm 
movement.4 In contrast, overexpression 
of the short form of PDGF-A, which dif-
fuses from its site of secretion,6 does not.4 
Our recent work now suggests that this 
growth factor-ECM association represents 
a direct interaction between PDGF-A and 
fibronectin.2 Importantly, this interaction 
requires that the fibronectin is pre-exposed 
to heparan sulfate proteoglycan (HSPG) 
before PDGF-A can bind.2 A similar inter-
action between the related growth factor, 
VEGF, and fibronectin is also enhanced 
by pre-treatment of the fibronectin with 
heparin or heparan sulfate.7-9 Heparin acts 
by modifying the structure of fibronectin,8 
mediating the transition from the globular 
form to a stable, more extended conforma-
tion,7,8,10-12 which reveals growth factor 
binding sites.7,8 These data are significant 
because in an ex vivo directed migration 
assay, treatment of the native ECM with 
heparinase III, which degrades heparan 
sulfate chains, abolishes the guidance cues 
and results in randomized mesendoderm 
migration.2 Here we propose a model in 
which prior to and during Xenopus gas-
trulation, fibronectin is modified to an 
extended conformation by endogenous 
HSPGs as it is being laid down (Fig. 1B 
and D). PDGF-AA secreted from the ecto-
derm cells binds to this modified fibronec-
tin and is thus, retained in the ECM (Fig. 
1B and D). PDGF-AA then guides the 
mesendoderm cells by local activation of 
their cell surface PDGFRαs (Fig. 1B and 
D). In the absence of HSPG, the fibronec-
tin remains in a more globular form and 
PDGF-AA binding sites are shielded (Fig. 
1C and E). In this case, it is proposed that 
PDGF-AA diffuses away from the site of 
secretion resulting in a less localized acti-
vation of PDGFRαs and a loss of persis-
tent cell migration (Fig. 1C and E). This 
idea is supported by data showing that 
flooding the native ECM with exogenous 

in ref. 3). This mesendoderm move-
ment is guided by PDGF-A signaling.4 
Immediately prior to and during Xenopus 
gastrulation, PDGF-A is expressed in the 
ectoderm while its receptor, PDGFRα, is 
expressed in the migrating mesendoderm 
cells (reviewed in ref. 5). Disruption of 
PDGF-A signaling by interference with 
either the receptor or ligand in vivo or in 
an ex vivo assay disorients the cells and 
the direction of migration is randomized, 

identify the molecular control of directed 
cell movement. Anterior mesendoderm 
cells move away from the blastopore lip 
and towards the animal pole across a 
fibrillar, fibronectin-rich ECM that cov-
ers the ectoderm (see Fig. 1A; reviewed in 
ref. 3). They migrate as a sheet, and are 
polarized with lamelliform protrusions 
extending in the direction of movement 
and the trailing edges underlapping one 
another like shingles on a roof (reviewed 

Figure 1. Heparan sulfate modification of fibronectin enables PDGF-AA-fibronectin interactions 
necessary for directed cell migration during Xenopus gastrulation. (A) A schematic of a Xenopus 
embryo immediately after the onset of gastrulation (stage 10+). The prospective mesoderm (red), 
ectoderm (blue) and endoderm (yellow) are indicated. The black circle indicates migrating ante-
rior mesendoderm cells and the region of tissue shown in (B and C). (B) In vivo the inner surface of 
the ectoderm (blue blocks) is lined with a fibronectin-rich ECM. This fibronectin is proposed to be 
in its open conformation (blue dumbbells) due to the presence of heparan sulfate proteoglycans 
on the surface of these cells (indicated in red). PDGF (green triangle) secreted by the ectoderm 
cells binds to the C-terminus of the fibronectin. This PDGF is then available for PDGFRα (green 
fork) binding and activation. The PDGFRα is expressed on the migrating mesendoderm cells. This 
ligand receptor interaction guides the directed movement of these cells. (C) Heparinase III treat-
ment of these tissues during matrix deposition digests the heparan sulfate side chains leaving 
the proteoglycan core (red line), which does not alter fibronectin structure leaving it in the closed 
conformation. PDGF secreted by the ectoderm cells can then diffuse from the site of secretion 
leaving it available to bind PDGFRαs over the entire surface of the mesendoderm cells and thus, 
disrupting directed movement. (D and E) A schematic of a “higher magnification” view of one cell 
in (B and C). A key of the symbols used in (B–D) is shown.
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leukocytes, fibroblasts and Dictyostelium 
in which the initial response to a chemoat-
tractant creates cell polarity that is further 
amplified by feedback (reviewed in ref. 27). 
For example, in Dictyostelium PI3K and 
PTEN (phosphatase and tensin homolog) 
are regulated reciprocally to control the 
spatial and temporal levels of phosphatidyl 
inositol-3,4,5-triphosphate (PI(3,4,5)P

3
). 

PI(3,4,5)P
3
 is localized to the leading edge 

of the cell in response to an extracellular 
signal, whereas PTEN is downregulated 
in these regions. Recruitment of proteins 
that bind preferentially to PI(3,4,5)P

3
, 

many of which affect remodeling of the 
actin cytoskeleton, further enhances this 
polarity in the direction of the chemoat-
tractant.27 In Xenopus, PDGF signaling 
does appear to regulate cell polarity since 
overexpression of PDGF-A in the ecto-
derm disorients the protrusive activity and 
abolishes the normal shingle arrangement 
of the receptor expressing, migrating mes-
endoderm cells.4 Similarly, in the zebrafish 
mesendoderm, PDGF signaling induces 
cell protrusions and polarization.25 In 
this case, upon PDGF treatment, protein 
kinase B (PKB)/Akt become localized to 
the leading edge of the cells in a PI3K 
dependent manner.25 Such mechanisms 
require the activation of PDGFR at the 
leading edge of the cell. In mammalian 
cells, however, it has been demonstrated 
that activation of epidermal growth factor 
receptor (EGFR) can spread laterally in 
the cell membrane.28 If the same is true for 
PDGFR, even cells exposed to a gradient 
or localized source of PDGF-AA may lose 
spatial information. Recent evidence in 
Drosophila, however, suggests an alternate 
mechanism involving receptor endocyto-
sis that ensures that a graded extracellular 
signal is maintained intracellularly.29

The Drosophila member of the PDGF/
VEGF family, PVF1, along with epider-
mal growth factor, directs the migration 
of border cells towards the oocyte dur-
ing oogenesis.30-32 The patterns of expres-
sion of ligand and receptor are similar to 
those during Xenopus gastrulation in that 
a stationary cell, the oocyte, expresses the 
ligand, PVF1, while the motile border 
cells express its receptor, PVR.30 PVR acti-
vation is concentrated at the leading edge, 
and specifically maintained in a local-
ized region of the cell by endocytosis.29 

or -2 disrupts the native ECM for mesendo-
derm migration and results in gaps in fibril 
deposition.21 In addition, Syndecan-4 and 
Glypican-4 are both essential for conver-
gent extension, another important form 
of cell movement during gastrulation that 
involves the coordinated rearrangement 
of cells.17,18 Similarly, Syndecan-4 is neces-
sary for the directional migration of neural 
crest cells.22 In these cases, Syndecan-4 and 
Glypican-4 regulate the planar cell polar-
ity (PCP) pathway, which is also involved 
in polarized matrix deposition during con-
vergent extension.23 Compellingly, embryos 
develop with anterior defects when either 
Syndecan-4 or Glypican-4 is knocked-
down, indicating that mesendoderm cell 
migration is also likely to be affected.17,18

The Slb/Wnt-11 mediated-PCP path-
way has been shown in zebrafish embryos 
to regulate the polarity and directional 
movement of ingressing mesendoderm 
cells.24 In Slb/Wnt-11 mutants, however, 
although these processes are disrupted 
they are not completely abolished and 
evidence suggests that PDGF signaling 
through phosphatidyl inositol 3-kinase 
(PI3K) is responsible for establishing 
cell polarity and controlling the velocity 
of these cells.25 Rho GTPases act down-
stream in both PCP and PDGF signaling 
pathways. Recent evidence suggests that 
RhoA and Rac1 are important for the 
polarity and protrusive activity of migrat-
ing mesendoderm cells and play a role in 
the guidance of neural crest cells,22,26 but 
the mechanisms by which these pathways 
are integrated with signals from other fac-
tors that also modulate these processes are 
still to be determined.

How retention of PDGF-AA in the 
ECM translates into directional migration 
still needs to be determined. For example, 
PDGF-AA may be present in a gradient 
such that receptors at the front of each cell 
are exposed to a different level of PDGF 
than those at the rear. Alternatively, con-
trol might involve selective expression of 
molecules that locally release PDGF from 
matrix binding sites. Either process might 
provide a means for uneven activation of 
PDGFRs and a polarized distribution of 
downstream signaling components at the 
leading and lagging edges. Such signal-
ing mechanisms have been identified in 
other cell types and organisms including 

PDGF-AA prior to performing the ex vivo 
migration assay, also causes a randomiza-
tion of directed movement.4 In this case, 
it seems likely that any gradient or uneven 
distribution of PDGF-AA is overwhelmed 
and the guidance cues consequently lost.

In cultured cells, PDGF can also asso-
ciate with HSPGs via its retention motif.13 
However, in the Xenopus ex vivo directed 
migration assay, heparinase treatment of 
the ectoderm ECM after its deposition 
does not alter the direction of mesendo-
derm migration.2,14 This suggests that in 
this system, PDGF-AA interacts directly 
with fibronectin and not with heparan 
sulfate chains, since heparinase III would 
have degraded them and caused the release 
of HS-bound PDGF-AA.13

The type of proteoglycan as well as the 
specific structural composition of their 
heparan sulfate chains likely contributes 
to the modulation of PDGF-fibronectin 
binding. Both chain length and the chem-
ical composition of heparan sulfate play 
crucial roles in the binding of VEGF to 
fibronectin, in which long (>22 saccha-
rides) heparin chains with sulfation on the 
6-O and N positions of glucosamine units 
are required for activity.8 This suggests 
that a localized control of heparan sulfate 
biosynthesis through the regulation of the 
array of enzymes involved might be a criti-
cal component to directed cell migration. 
Interestingly, an analysis of heparan sulfate 
expression during mouse lung develop-
ment noted dynamic and discrete local-
ization within the mesenchyme at sites 
of FGF10-mediated epithelial budding,15 
indicating that rapid alterations of hepa-
ran sulfate structure may provide a gen-
eral mechanism for positional control of 
growth factor activity.

Several HSPGs are expressed in tissue 
specific patterns during Xenopus gastrulation 
including Syndecans-1 and -2 (expressed 
in the ectoderm);16 and Syndecan-4, 
Glypican-4 and Biglycan (expressed in the 
ectoderm and mesoderm).16-19 Although the 
role(s) of these HSPGs in mesendoderm 
migration are not known, they do affect 
embryological processes that involve cell 
rearrangements. For example, Syndecan-2 
has recently been shown to regulate the 
migration of organ primordia and fibrillo-
genesis in zebrafish embryos.20 During gas-
trulation, knock-down of either Syndecan-1 
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PDGFRβ endocytosis also regulates 
PDGF-dependant migration of NIH3T3 
cells in culture.33 This process involves 
recruitment of a ternary complex of 
DOCK4-Grb2-Dynamin2 to the leading 
edge of the migrating cell, which results 
in rapid receptor endocytosis, where it is 
maintained in an active phosphorylation 
state and leads to polarized signaling. 
Disruption of the complex, for example 
by overexpression of DOCK4 ∆C, which 
cannot bind Grb2, blocks chemotaxis in 
response to PDGF. Whether a similar 
mechanism creates spatial signaling dur-
ing Xenopus gastrulation requires further 
investigation, but this tantalizing evidence 
suggests that it is a possibility.

Conclusion

The selective binding of PDGF and VEGF 
to fibronectin is mediated by the complex 
glycan, heparan sulfate, such that local-
ized deposition of these critical cell regula-
tory factors to the ECM may be controlled 
by dynamic alterations in heparan sulfate 
structure and expression level. While this 
process has so far been shown for only 
PDGF and VEGF, it is possible that other 
growth factors/morphogens utilize similar 
mechanisms involving fibronectin or other 
ECM proteins. Identifying new mecha-
nisms that control growth factor ECM 
deposition and activity may reveal novel 
ways to selectively manipulate growth fac-
tors for therapeutic purposes.
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