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Abstract CCN1 is encoded by an extracellular matrix
protein-gene that is essential for the proper development of
the cardiovascular system and the control of angiogenesis,
inflammation, progenitor cell lineage commitment and extra-
cellular matrix protein remodeling during the adult life. High-
precision genetic models of tissue-specific gene deletion dem-
onstrated a pivotal role of CCN1 in providing positional in-
formation to angiogenic endothelial cells (ECs) during the
outgrowth and maturation of nascent blood vessel sprouts,
fine-controlling Notch-dependent inter-endothelial cell com-
munications and mediating interaction with inflammatory
cells. Some of these pleiotropic activities of CCN1 are unique
among proteins of the extracellular matrix. Thus, CCN1 rep-
resents a model molecule for investigating and unraveling
novel aspects of extracellular protein signaling in vascular
development and diseases.
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Formation and/or regeneration of blood vessels by sprouting
angiogenesis depends on the coordinated actions of both

cellular signaling molecules and extracellular growth, guid-
ance and morphogenic signals, which work together to pro-
duce highly ordered stable and functional vascular networks
(Tung et al. 2012). However, despite the complexity involved
in angiomodulation, angiogenesis is centrally driven by a sin-
gle growth factor, vascular endothelial growth factor (VEGF).
VEGF expression and signaling is required at every step of the
formation of a new functional vascular branch including the
selection of endothelial tip cells and induction of the stalk cell
phenotype in adjacent cells, migration and proliferation, mural
cell recruitment, fusion of sprouts, lumen formation and prun-
ing of instable vessels (Olsson et al. 2006). VEGF levels and
signaling are so important that even VEGF haplo-
insufficiency in mice results in embryonic lethality (Haigh
et al. 2000). Similarly, slight variations of VEGF signaling
results in highly variable cellular responses depending on li-
gand availability, VEGF receptor regulation at the transcrip-
tional, translational and post-translational levels (e.g., VEGF
receptor phosphorylation, internalization, degradation,
recycling and dephosphorylation), and the abundance of co-
receptors (Bautch 2012; Darland et al. 2011). However, while
the VEGF pathway is necessary for angiogenesis, it is far from
being sufficient to achieve a functional vasculature. An exqui-
site network of regulators tightly controls various aspects of
VEGF expression and signaling. One such important factor is
the matricellular protein CCN1 aka Cyr61.

Lester Lau’s group pioneered Blandscape studies^ on
CCN1 and showed that this matricellular protein exhibits sev-
eral proangiogenic activities through binding to integrin re-
ceptors (e.g., αv subtype) (Chen et al. 2004). These include
promoting cell adhesion, migration and survival and po-
tentiating the mitogenic activity of growth factors. Other
studies further demonstrated that CCN1 activates angiogenic
gene expression such as that of matrix metalloproteinases, αv

integrin subunit, and even VEGF (Chen et al. 2001; Zhou
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et al. 2005). A study by Guillon-Munos et al. demonstrated
that CCN1 physically interacts with VEGF and may regulates
its bioavailability as well (Guillon-Munos et al. 2011).

Brahim chaqour’s group has recently investigated the
crosstalk between CCN1 and VEGF using mouse genetics
and the murine retina as a model of postnatal vascular devel-
opment (Chintala et al. 2015). In rodents, the retina begins to
be invested by blood vessels on the day of birth when blood
vessels emerge from the optic nerve and subsequently give
rise to a system of three vascular plexuses that are intercon-
nected (Chaqour 2013). This angiogenic process occurs
without perturbing the retinal architecture in place due
to an exquisitely well-orchestrated cross-talk between
the neural compartment and invading blood vessels.
Subsequently, this coordinated interaction promotes the
formation of the neurovascular unit that underlies the blood–
retinal barrier and regulates blood flow to match electro-
retinal activity.

In the retina model, CCN1 is largely expressed by angio-
genic EC of the expanding vascular front, precisely in endo-
thelial tip and stalk cells indicating a potential role of CCN1 in
the phenotypical plasticity of angiogenic ECs. A precise ratio
of EC stalk and tip cells is required for the outgrowth of blood
vessels and correct sprouting and branching patterns, a pro-
cess controlled by VEGF and the Notch signaling pathway
(Trindade et al. 2008). The latter involves interaction between
adjacent cells, one presenting a Notch ligand, either Jagged or
Dll4, and the other exposing a Notch receptor. Interestingly, a
study by Koziol et al. has shown that the ability of ECs to
acquire a tip cell phenotype is dependent on the matrix-
metalloproteinase MMP-14/MT1-MMP and its proteolytic
activity vis-à-vis several proteins, including CCN1 (Koziol
et al. 2012). Loss of MMP-14 in stimulated ECs impaired
tip cell selection blunting capillary sprouting and favoring
quiescence of the vasculature. Although CCN1 is, indeed a
substrate for MMP-14 as reported by Choi et al. (Choi et al.
2013), the mere involvement of CCN1 in tip cell differentia-
tion and sprout regulation in vivo has not been envisaged. The
study by Chintala et al. examined the in vivo function of
endothelial CCN1 through generation and characterization
of mice with EC-specific deletion of CCN1. Loss of EC
CCN1 caused retinal vessels to coalesce into large flat hyper-
plastic sinuses with subsequent loss of their hierarchical orga-
nization. The dysmorphic vasculature was poorly unsheathed
with mural cells (e.g., pericytes) and highly permeable which
is indicative of a breach of barrier function. The retinal vascu-
lar front exhibited a significant increase of the number of
endothelial tip cells together with EC hyperplasia at the retinal
vascular edge compared with wild-type control retinas. CCN1
deletion caused integrin-dependent downregulation of Dll4 in
the numerous tip cells with filipodial extension further dem-
onstrating an important role of CCN1 in Notch-dependent
inter-endothelial signaling. Although hypoxia-driven VEGF-

VEGF-R2 signaling has been presumed to be the principal
inducer of the expression of Dll4 in tip cells (Lobov et al.
2007), recent studies using mouse genetics demonstrated that
Dll4 protein expression in retinal tip cells is only weakly mod-
ulated by VEGF-R2 signaling suggesting that one or more
additional factor(s) is (are) involved (Zarkada et al. 2015).
Chintala et al’s study further demonstrated that extracellular
effectors such as CCN1 upregulates Dll4 expression and
Notch signaling pathway downstream targets such as Hes1
and Hey1. Loss of CCN1 reduced the levels of Dll4
despite a concomitant hyperphosphorylation of specific
tyrosine residues on VEGF-R2 owing to disrupted ac-
tivity of the Src homology 2 domain-containing protein
tyrosine phosphatase-1 (SHP-1). The mere absence of
CCN1 during the sprouting process altered the expression
and activity of downstream VEGF R2 signals suggesting that
CCN1 action lies in the organization of a hierarchy in respon-
siveness and/or receptiveness to VEGF signaling along tip,
stalk and phalanx cells.

Additional studies by Yan et al. further demonstrated that
ubiquitous deletion of CCN1 altered resident microglia re-
cruitment, distribution, and reactivity in the retina suggesting
that non-endothelial effects contribute to the phenotypic dif-
ferences between the wild-type mice and those with CCN1
deficiency (Yan et al. 2015). Microglial cells are local inflam-
matory cells that contribute to the initiation and maintenance
of inflammatory responses which are of paramount impor-
tance in physiological and pathological angiogenesis.
Ubiquitous CCN1 deficiency increased the number of microg-
lia in the retina and upregulated the expression of several
interleukins including IL-10. The latter is the principal default
response of retinal microglia during inflammatory responses.
IL-10 is a proangiogenic molecule as IL-10 deficiency in mice
blunted neovascular growth in the retina (Dace et al. 2008).
Interestingly, IL-10 also controls the activation of other in-
flammatory cells such as macrophage and their ability to reg-
ulate angiogenesis (Apte 2010). Low levels of IL-10 have
been associated with Bclassically activated^ macrophages, or
M1 macrophages, that display an antiangiogenic phenotype.
Thus, CCN1 signaling has far reaching effects on both vascu-
lar cells and accessory inflammatory cells. Further investiga-
tions of the autocrine and paracrine signaling of CCN1 will
elucidate how the integration of multiple signaling networks
determines the behavior of ECs, the reactivity of inflam-
matory cells and the shaping of the vascular network.
The valuable information generated thus far from mice
with tissue-specific deletion of CCN1 serves as a fertile
ground for the basic challenges and therapeutic oppor-
tunities that lie ahead (Afzal et al. 2007).
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