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Interactions between endothelial cells and the surrounding 
extracellular matrix are continuously adapted during angiogen-
esis, from early sprouting through to lumen formation and vessel 
maturation. Regulated control of these interactions is crucial to  
sustain normal responses in this rapidly changing environment, and 
dysfunctional endothelial cell behaviour results in angiogenic disor-
ders. The proteoglycan decorin, an extracellular matrix component, 
is upregulated during angiogenesis. While it was shown previously 
that the absence of decorin leads to dysregulated angiogenesis  
in vivo, the molecular mechanisms were not clear. These abnormal 
endothelial cell responses have been attributed to indirect effects of 
decorin; however, our recent data provides evidence that decorin 
directly regulates endothelial cell-matrix interactions. This data will 
be discussed in conjunction with findings from previous studies, to 
better understand the role of this proteoglycan in angiogenesis.

Led by appropriate cues, the vascular system undergoes postnatal 
remodelling (angiogenesis), to maintain tissue homeostasis. Thus 
while much of the mature endothelium is quiescent, locally activated 
endothelial cells re-enter the cell cycle, and assume a motile pheno-
type essential for sprouting and neo-vessel formation. Concomitantly, 
the surrounding extracellular matrix (ECM) is significantly altered 
through de novo protein expression, deposition of plasma compo-
nents and protease-mediated degradation. The latter liberates cryptic 
binding sites and sequestered growth factors in addition to intact 
and degraded ECM components, which themselves possess pro- and 
anti-angiogenic signalling properties. For supported blood flow, 
endothelium quiescence and integrity is re-established, and the ECM 
is organized into mature, cross-linked networks. In short, endothe-
lial cells regulate ECM synthesis, assembly and turnover while 

the  structure and composition of ECM in turn influences cellular 
phenotype. The ECM therefore, plays a critical role in control of 
endothelial cell behaviour during angiogenesis.

Decorin is a member of the small leucine-rich repeat proteoglycan 
(SLRP) family, which was first discovered ‘decorating’ collagen I 
fibrils and was subsequently shown to regulate fibrillogenesis.1,2 Both 
the protein core and the single, covalently attached glycosamino-
glycan (GAG) moieties of decorin are involved in this function, the 
relevance of which is demonstrated by the phenotype of the decorin 
null mouse, which exhibits loose, fragile skin due to dysregulated 
fibrillogenesis.2 Interestingly, a role for decorin in postnatal angio-
genesis was also revealed by studies in the decorin null background. 
Corneal neoangiogenesis was reduced.3 Conversely, neo-angiogenesis 
was enhanced during dermal wound healing, although surprisingly 
this led to delayed wound closure.4 In this case, skin fragility due to 
the absence of decorin may have hindered wound closure, despite 
an increased blood supply. It is apparent however, that decorin plays 
a role in inflammation-associated angiogenesis. Indeed, endothelial 
cells undergoing angiogenic morphogenesis in this environment 
express decorin, while quiescent endothelial cells do not,3-6 indi-
cating that decorin modulates endothelial cell behaviour specifically 
during inflammatory-associated remodelling of the vascular system.

To understand decorin effects on angiogenic morphogenesis 
within a minimalist environment, various in vitro models of angio-
genesis have been employed (Table 1). In three-dimensional collagen 
I gels, decorin expression enhanced endothelial cell survival and tube 
formation.6 Similarly, decorin expression enhanced tube formation 
on matrigel,8 but in other studies utilising this substrate was found 
to either have no influence9 or to inhibit tubulogenesis induced by 
growth factors.10 In yet another study, decorin inhibited tube forma-
tion when presented as a substrate prior to addition of collagen I.7 
These contrasting observations may reflect the importance of the 
micro-environment within which decorin is presented. Alternatively, 
controversial results could result from different sources of decorin 
since cell types differ in their post-translational modifications of the 
GAG moiety. Hence, varying length or sulfation patterns of GAG 
chains may account for different biological activities of decorin. 
Discrepancies can also be explained as artefacts due to different 
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purification protocols, such as when denaturing conditions are used 
to extract decorin from tissue. Taken together however, these obser-
vations suggest that decorin is neither a pro- nor an anti-angiogenic 
factor per se, but rather a regulator of angiogenesis, dependent on 
local cues for different activities. Further, that decorin is capable of 
both enhancing and inhibiting tubulogenesis may suggest a role in 
balancing vessel regression versus persistence. Immature vessels have 
a period of plasticity prior to maturation, during which they can 
be remodelled, and either regress, or given the appropriate signals, 
proceed to maturity.11 As a modulator of tube formation, it is 
tempting to speculate that decorin could influence the switch from 
immature to mature vessels, favouring one or the other in conjunc-
tion with signals from the local environment.

What are the molecular mechanisms by which decorin influences 
tubulogenesis? Since endothelial cell-matrix interactions control all 
aspects of angiogenesis, from motility, sprouting and lumen forma-
tion, to survival and proliferation, the role of decorin should be 
considered in this regard. Indirectly, decorin could quite feasibly 
modulate cell-matrix interactions through regulation of matrix 
structure and organisation2,12 and growth factor activity.13 However  
in vitro studies have begun to unravel rather more direct mechanisms. 
Studies on fibroblasts indicate that decorin can inhibit cell-matrix 
interactions by binding to and masking integrin attachment sites in 
matrix substrates. For instance, decorin inhibits fibroblast adhesion 
by competing with cell-surface GAG-containing CD44 for GAG 
binding sites on collagen XIV;14 similarly, decorin inhibits fibroblast 

adhesion to thrombospondin by interacting with the cell-binding 
domain of this substrate15 and may compete with fibroblast cell-
surface heparin sulphate proteoglycans for binding to fibronectin.16 
While such studies are rather lacking in endothelial cell systems, 
any one of these interactions could be relevant to endothelial cells. 
However, that decorin slightly enhanced endothelial cell attachment 
to fibronectin and collagen I in our system points to the existence of 
alternative mechanisms.17

Indeed, a recent study demonstrated that decorin is an important 
signalling molecule in endothelial cells, where it both signals through 
the insulin-like growth factor I receptor (IGF-IR) and competes with 
the natural ligand for interaction.18 Further, decorin appears to be 
biologically available and relevant for interaction with this receptor  
in vivo. Increased receptor expression was observed in both native and 
neo-vessels in decorin knockout mouse cornea in conjunction with 
reduced neoangiogenesis. In accordance with this, decorin down-
regulates the IGF-IR in vitro,18 indicating that signalling through, 
and control of IGF-IR levels by decorin could be an important 
factor in regulating angiogenesis. Additionally, immobilised decorin 
supports platelet adhesion through interactions with the collagen 
I-binding integrin, α2β1.19 We have shown that decorin—α2β1 
integrin interaction may play a part in modulating endothelial cell—
collagen I interactions, and further, have demonstrated that decorin 
promotes motility in this context through activation of IGF-IR and 
the small Rho GTPase, Rac.17 Similarly, decorin stimulates fibroblast 
motility through activation of small Rho GTPases,20 supporting a 

Table 1 Summary of the key functions of decorin in controlling cell behaviour

Cell type Function Decorin addition Environment/Mechanism References
Endothelial (HUVEC derived) Enhanced tubulogenesis Overexpression Collagen I lattices, enhanced survival,  6, 18 
   potentially IGF-IR mediated
Mouse cerebral endothelial cells Enhanced tubulogenesis Overexpression Matrigel substrate, EGFR activation 8 
   leads to VEGF upregulation
HUVEC No effect on tubulogenesis Exogenous Matrigel substrate 9
HUVEC Inhibited tubulogenesis Exogenous Matrigel substrate, growth factor induced 10
HUVEC, HDMEC Inhibited tubulogenesis Substrate Collagen I lattice overlay 7
HUVEC Minimal adhesion Substrate Decorin substrate 7
HUVEC Inhibited adhesion Exogenous Collagen I and fibronectin 10
HUVEC Inhibited migration Exogenous VEGF-mediated chemotaxis through gelatin 10
Endothelial (HUVEC derived) Enhanced adhesion Exogenous Collagen I, fibronectin 17
BAE Inhibited migration Overexpression Collagen I, enhanced fibronectin fibrilllogenesis by decorin 12
Endothelial (HUVEC derived) Enhanced motility Exogenous Collagen I, Decorin activates IGF-IR/Rac-1 17 
   and α2β1 integrin activity
Human lung fibroblast Enhanced motility Exogenous Decorin activates Rho GTPases, mediators of motility 20
Human foreskin fibroblast Inhibited adhesion Exogenous Decorin GAG moiety competes with 14 
   CD44 for binding to collagen XIV
Mouse Fibroblast (3T3) Inhibited adhesion Exogenous Decorin competes with cells for interaction with 15 
   thrombospondin at the cell-binding domain
Human fibroblast Inhibits adhesion Exogenous Decorin GAG competes with cell-surface 16 
   heparin-sulphate for interaction with fibronectin
Platelets Supported adhesion Substrate Decorin interacts with, and signals through α2β1 19 
   integrin on platelets

Decorin has been demonstrated to influence cell adhesion and motility, in particular, its influence on endothelial cell adhesion, migration and tube formation is controversial, and is the main focus of this table. Some 
additional key effects of decorin on fibroblast and platelet adhesion and motility are also summarised. In each case, the extracellular matrix environment in which the assay was conducted is shown, and where known, 
the proposed mechanism is stated.
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Further investigations would be required however, to establish 
whether decorin exerts its effects on tubulogenesis through these 
molecular mechanisms.

Of relevance to α2β1 integrin-dependent endothelial cell interac-
tion with collagen I, sprouting endothelial cells would encounter 
interstitial ECM, of which collagen I is a major component. Further, 
a ‘provisional’ matrix containing collagen I is secreted by sprouting 
endothelial cells and may be required for motility,24 and tube 
formation.25 Theoretically, various interactions could exist between 
decorin, collagen type I and α2β1 integrin in this context, which may 
be differentially supported through various stages of angiogenesis. 
Up to eleven interaction sites of α2β1 integrin have been postulated 
to exist within collagen I, albeit with different affinities towards this 
receptor. Some of these binding sites may only be recognized by 
the integrin in its highly active conformation.26 By influencing the 
collagen I binding activity of α2β117 decorin could thus alter the 
number of endothelial cell—collagen I contacts, thereby modulating 
adhesion and motility. Additionally, some decorin and α2β1 integrin 
binding sites may overlap, or are in close proximity.27 By virtue of 
this location, decorin would be ideally placed to locally modulate 
collagen I—binding activity of the integrin. Interestingly, modula-
tion of activity of both α2β1 integrin and the small Rho GTPase Rac 
by decorin also could have implications for collagen I fibrillogenesis, 
which in turn, would indirectly influence cell-matrix interactions. 
Both the related Rho GTPase RhoA, and α2β1 integrin are involved 
in cellular control of pericellular collagen I fibrillogenesis.28 Thus in 
addition to regulating cell independent fibrillogenesis1 decorin could 
potentially influence cell-mediated aspects of this process. Pertinent 
questions remain therefore, as to under which biological situations 
is the interaction between α2β1 integrin and decorin relevant, and 
does decorin influence α2β1 integrin activity on the cell-surface 
through direct interactions, and/or by inside-out signalling through 
the IGF-I receptor (or alternative receptors)? Further, how do 
differential decorin/α2β1 integrin/collagen I interactions mediate 
fibrillogenesis and cell-matrix interactions?

Interaction of decorin with multiple binding partners makes it 
challenging to fully understand the role of decorin in angiogenesis  
(Fig. 1). A consideration of the relative accessibility and affinity 
of binding sites on both decorin and its’ binding partners would 
facilitate further understanding. It is still an open question whether 
collagen I—bound decorin can simultaneously interact with other 
ligands. In the case of the IGF-IR, the binding site on the concave 
surface of decorin overlaps with that of collagen I, thus mutually 
exclusive interactions seem more likely. That decorin clearly influ-
ences both collagen I matrix integrity and IGF-IR activity in vivo, 
would suggest that decorin is not exclusively associated with collagen I. 
Perhaps decorin occurs in a more ‘soluble’ form when locally secreted 
by endothelial cells undergoing angiogenic morphogenesis. Does 
collagen-bound decorin interact simultaneously with α2β1 integrin? 
This could be a possibility, since decorin core protein interacts with 
collagen I, allowing the possibility of GAG—integrin interaction. In 
this scenario however, interaction of α2β1 integrin with the GAG 
moiety of decorin in preference to collagen I might sound improbable. 
Nevertheless, during remodelling, interactions such as these could 
occur in a transient manner, and be crucial in controlling cell-matrix 
interactions in a rapidly changing environment. Interestingly, decorin 
interacts with IGF-IR via the core protein,18 and with α2β1 integrin 

direct mechanism by which decorin influences cell-matrix interac-
tions and motility, via activation of key regulators of cytoskeleton 
and focal adhesion dynamics. It should also be noted that signalling 
by decorin directly through ErbB receptors has also been exten-
sively demonstrated in cancer cell systems where these receptors 
are frequently overexpressed.21 This interaction was not relevant to 
human umbilical vein endothelial cells18 although a recent study 
found that decorin activated the epidermal growth factor receptor 
in mouse cerebral endothelial cells.8 These differences presumably 
depend on cell-specific factors such as receptor availability as well 
as relative receptor affinities. In a complex system such as angiogen-
esis, multiple mechanisms doubtlessly are involved. However, it is 
clear that modulation of cell-matrix interactions by decorin could 
certainly be expected to play a key role in contributing to regulation 
of postnatal angiogenesis.

Signals from the extracellular matrix via integrins and from 
growth factors to their receptors are co-ordinately integrated into the 
complex angiogenic cascade. Evidence exists to suggest that decorin 
could regulate cell-matrix interactions during early tube formation, 
i.e., endothelial cell sprouting and cell alignment, through both 
influencing integrin activity and signalling through IGF-IR.17 Later 
stages of angiogenesis, such as lumen formation and maturation are 
also potentially regulated by decorin through activation of Rac and 
α2β1 integrin,17 since activity of both these molecules is integral to 
this phase of angiogenesis.22 Additionally, Rac activity is implicated 
in regulating endothelium permeability and integrity,23 providing 
further possibilities in control of endothelium function by decorin. 

Figure 1. Decorin influences cell-matrix interactions through multiple 
mechanisms. Decorin signals through the IGF-IR via the core protein moi-
ety (grey diamond), and may simultaneously interact with the α2 subunit 
(cross-hatched subunit) of α2β1 integrin via the GAG moiety (wavy black 
line) (A). Activation of Rac through IGF-IR enhances motility by modulating 
cytoskeleton dynamics and may influence α2β1 integrin activity for collagen 
I through inside-out signalling (B). Decorin induces large, peripheral vinculin 
(grey oval)-positive focal adhesions by signalling through IGF-IR and/or 
α2β1 integrin (C and D). Decorin could also directly influence α2β1 integrin 
activity through binding to the α2 subunit and/or simultaneous interactions 
with collagen I (thick wavy black line) through the core protein. Collagen I 
interacts with the A-domain (white circle) of the α2 subunit at a site distinct to 
that of decorin (D). In summary, activation of IGF-IR, Rac and modulation of 
α2β1 integrin affinity for collagen I by decorin modulates cell-matrix interac-
tions and contributes to enhanced motility and tubulogenesis in a collagen 
I environment.
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via the GAG moiety17 raising yet another possibility of simultaneous 
decorin interaction with multiple binding partners. Additionally, 
while it is a matter of some debate whether decorin exists predomi-
nantly as a monomer or as a dimer in a physiologically relevant 
environment, it has been proposed that collagen-bound decorin could 
support simultaneous interactions of decorin with additional binding 
partners, and that dimer-monomer transitions also could facilitate 
differential interactions.29 Perhaps supporting multiple simultaneous 
interactions of decorin, the phenotype of patients with a progeroid 
variant of Ehlers-Danlos Syndrome indicates an essential role for 
properly glycosylated decorin (and the related SLRP biglycan). These 
patients exhibit skeletal and craniofacial abnormalities, loose skin and 
deficiencies in wound healing as a direct result of abnormal decorin 
and biglycan glycosylation, such that approximately half the popula-
tion of decorin is secreted as the core protein only.30 Notably, the 
defect in loose skin and in wound healing is similar to the phenotype 
of the decorin knockout mouse.2,4 Evidently, the core protein alone 
cannot maintain normal function in vivo, despite being responsible 
for several important interactions of decorin, in particular, binding 
to collagen I and the IGF-IR. These studies may therefore support 
a requirement for simultaneous interactions of the core protein and 
GAG moieties for proper function of decorin.

Modulation of cell-matrix interactions by decorin plays a key role 
in modulating endothelial cell motility and angiogenesis in vivo, 
and some of the mechanisms responsible have been elucidated in 
conjunction with in vitro studies. The large number of potential 
interactions of decorin with multiple matrix components and cell-
surface receptors makes a clear understanding difficult. However, 
direct activation of signalling pathways by decorin has been high-
lighted recently as likely to play an important role. In conclusion, a 
better understanding of the mechanisms by which decorin regulates 
vessel formation and persistence would contribute to understanding 
how angiogenesis is dysregulated in a clinical setting, and how 
rational therapeutic strategies can be developed to restore tissue func-
tion and homeostasis.
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