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Abstract
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Cutaneous wound healing is a complex process involving the migration of inflammatory cells
to the wound site, deposition of extracellular matrix, and the reestablishment of an intact
epithelial barrier. Re-epithelialization depends on the proliferation and directional migration of
keratinocytes from the wound edges. Initially, keratinocytes migrate over a provisional wound
matrix that is rich in fibronectin, and as the wound heals the provisional matrix becomes replaced
by one consisting of collagen and proteoglycans. Re-epithelialization is tightly regulated by
a variety of peptides such as growth factors, cytokines and proteases, and abnormalities
may result in chronic non-healing wounds or hypertrophic scars. CCN2 (Connective Tissue
Growth Factor) is a multifunctional protein with effects on cells and their interactions with
the connective tissue. CCN2 is expressed in a variety of cell types and regulates numerous
cell functions including proliferation, differentiation, adhesion, migration and stimulation of
collagen production. While the importance of CCN2 for the fibrotic response has been well
studied, its involvement in keratinocyte function has not yet been fully explored. Using an
in vivo wound model, the expression of CCN2 was captured at the leading keratinocyte edge
during re-epithelialization. In vitro, exogenous addition of CCN2 to human keratinocyte cultures
promoted keratinocyte migration. Subsequently, integrin a5b1 was identified as an important
mediator of CCN2 enhancement of keratinocyte adhesion to fibronectin. CCN2 activated the
FAK-MAPK signaling pathway, and pretreatment with MEK1 specific inhibitor PD98059
markedly reduced CCN2-promoted keratinocyte migration. In vitro, CCN2 expression was
induced by TGF-β1. Compared with inhibiting the SMAD pathway, blocking MAPK was more
effective in reducing TGF-β1-induced CCN2 mRNA and protein expression. In addition, CCN2-
induced keratinocyte spreading required FAK. Treatment with CCN2 led to actin disassembly
and altered the activity of the Rho proteins and p190RhoGAP in keratinocytes. Furthermore,
Cdc42 mediated CCN2-induced cell polarity. In conclusion, using in vivo and in vitro models,
CCN2 was shown to regulate keratinocyte function by promoting keratinocyte adhesion,
spreading and migration. A complete understanding of CCN2 expression in keratinocytes is
crucial in order to develop novel therapies for wound healing.
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Introduction 

General review of CCN2 (Connective Tissue Growth 
Factor/CTGF) 
CCN2, previously known as Connective Tissue Growth Factor/CTGF, is the 
second member of the multifunctional CCN family of proteins named for 
Cysteine-rich 61 (CYR61/CCN1), Connective Tissue Growth Factor 
(CTGF/CCN2) and Nephroblastoma Overexpressed (Nov/CCN3). The acro-
nym CCN was coined by Peer Bjork and is based on the structural resem-
blance among the three members [9]. However, three additional members of 
the CCN family have been identified, namely Wnt-induced secreted pro-
teins-1 (WISP-1/CCN4), Wnt-induced secreted proteins-2 (WISP-2/CCN5), 
and Wnt-induced secreted proteins-3 (WISP-3/CCN6) (Table 1). All mem-
bers of the CCN family are 30 – 40 kDa proteins characterized by a high 
content of cysteine and an absolute conservation of the 38 cysteine residue 
[13; 137]. The CCN proteins can be characterized as modular, secreted and 
associated with the extracellular matrix (ECM) [10].   

 

Table 1. Nomenclature of CCN proteins. 

 
CCN  
Members 

Alternative names 

CCN1 Cyr61, IGFBP-rP4, IGFBP-10, CTGF-2, CEF10 
CCN2 CTGF, IGFBP-rP2, IGFBP-8, HBGF-0.8, ecogenin 
CCN3 Nov, IGFBP-rP3, IGFBP-9, NovH (human), mNov (mouse) 
CCN4 WISP-1, IGFBP-rP8, Elm-1 
CCN5 WISP-2, IGFBP-rP7, CTGF-L, CTGF-3, HICP, COP-1 
CCN6 WISP-3, IGFBP-rP9 
Abbreviations: IGFBP-rP: insulin-like growth factor binding protein-related pro-
tein; CEF: chicken embryo fibroblast; HBGF: heparin-binding growth factor; Elm: 
expressed in low metastatic cells; HICP: heparin-induced CCN-like protein, COP: 
card-only protein. 
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The CCN family members stimulate mitosis, adhesion, apoptosis, ECM pro-
duction and migration. In addition, the CCN proteins regulate important 
biological processes such as angiogenesis, tumor growth, embryogenesis and 
ossification [19; 140]. Although the CCN proteins share significant similari-
ties, they exhibit quite diverse functions. For instance, the proangiogenic 
effects of CCN1 and CCN2 are illustrated by their ability to promote the 
activity and production of various angiogenic proteins as well as endothelial 
cell growth, migration, and adhesion. This is in contract to CCN6, which has 
been shown to inhibit angiogenesis in the chick aortic-ring assay [117]. In 
addition, CCN3 has been proposed to oppose the profibrotic actions of 
CCN2 in end-stage renal disease [105]. 

CCN gene and protein structure 
CCN2 was first isolated from human umbilical vein endothelial cell cultures 
but has since then been detected in various cells, including chondrocytes, 
epithelial cells, fibroblasts and smooth muscle cells [12; 126; 148; 74]. 
CCN2 mRNA is found as a 2.4-kB transcript in various tissues such as heart, 
brain, lung, liver, muscle, kidney, pancreas and skin. CCN2 is encoded by an 
early-response gene located on chromosome 6q23. In most tissues constitu-
tive expression of CCN2 mRNA is low, and further expression is induced 
upon stimulation [130; 81]. The gene consists of five exons and four introns, 
with the first exon encoding the signaling peptide and the remaining exons 
coding for the four structural modules of CCN2 [52]. The 5’ untranslated 
region contains regulatory elements and the unique Transforming Growth 
Factor β (TGF-β) - responsive element. In addition to the TGF-β - respon-
sive Smad element, the CCN2 promoter contains an Ets-1 element, an endo-
thelin-1 (ET-1) - responsive BCE-1 site, and an Sp1 site (Figure 1). The 3’ 
untranslated region contains a conserved sequence that negatively regulates 
gene expression on a post-translational level by binding a nuclear factor [99; 
94]. The CCN2 polypeptide is secreted through the Golgi apparatus, and the 
secretion of CCN2 requires a N-terminal 37 amino acid signal. CCN2 is 
principally regulated at the level of transcription, and the amount of CCN2 
mRNA is controlled by tight spatiotemporal regulation [63; 54; 1; 24; 65]. 
CCN2 mRNA expression is upregulated by growth factors, high glucose 
levels, hypoxia and mechanical stress [63; 106; 3; 64; 133; 138; 51].  

CCN proteins are organized into four domains, and the CCN members are 
classified as mosaic proteins, sharing a uniform protein structure. All CCN 
proteins, except for CCN5, contain the four structural modules originally 
described in CCN1 – CCN3. Module I shares homology to insulin-like 
growth factor binding proteins (IGFBP) but has very low affinity for IGF 
[88]. While IGF binding has been reported for CCN2, CCN3 and CCN6, the 
interaction has not been conclusively linked to module 1 [25]. In fact, the 
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IGF binding domain of CCN proteins cannot functionally replace that of the 
classic IGF binding proteins. 

 
 

 
 
Figure 1. The CCN gene. 
 
 

Module II consists of Von Willebrand factor (VWF) type C repeat and binds 
to TGF-β and bone morphogenetic proteins (BMPs), thereby modulating 
their activity [9; 1]. Module II is conserved in all CCN molecules except 
CCN6, which lacks 4 of the 10 cysteines in this region [135].  

Module III is the thrombospondin-homology domain (TSP-1) that is like-
ly involved in binding to sulfated glycoconjugates. TSP-1 homologies have 
been found in other extracellular proteins, and in addition to binding to both 
soluble and matrix sulfated glycoconjugates, this domain contains cell at-
tachment sites [66; 111]. For instance, integrin α6β1, critical for fibroblast 
adhesion, binds to a 17-amino-acid sequence in module III. Additionally, 
low-density lipoprotein receptor associated protein (LPR) has been shown to 
interact with CCN2 through module III [46]. 

The final module (IV) is located at the carboxyterminal end and contains 
a cysteine knot similar to those present in many other growth factors such as 
TGF- β, Platelet Derived Growth Factor (PDGF) and nerve growth factor 
[9].  Since some of the receptor binding properties of these growth factors 
are found within the cysteine knot, it has been speculated that CCN proteins 
also contain binding domains in module IV [13]. In addition, module IV 
mediates the binding to VEGF and has been implicated in both heparin and 
integrin binding [75; 7]. Further, module IV binds to fibronectin, an im-
portant component of the ECM that is involved in cell migration [70].  

The configuration of CCN proteins not only dictates the actions of CCN2 
proteins on target cells, but also determines their bioavailability, half-life, 
tissue distribution and interactions with other proteins. The domains are sep-
arated from each other by hinge regions, and these proteins exhibit biologi-
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cal activities consistent with the known properties of each constituent mod-
ule. For example, in CCN2 the hinge region located between modules II and 
III is susceptible to proteolytic cleavage, bisecting the protein into an N-
terminal domain and a C-terminal domain of similar molecular weight. Al-
ternatively, CCN2 can be cleaved into modules 10-12 kDa in size that are 
found in the supernatants of cell cultures and have been recovered from hu-
man extracellular fluids including plasma, urine, and vitreous fluid. The 
functions of the individual modules are only partially understood.  

CCN2 receptors 
Although named Connective Tissue Growth Factor when discovered, CCN2 
does not act like a traditional growth factor or cytokine, since it does not 
appear to have a unique receptor to which it binds. Since its discovery in 
1991, extensive studies have focused on trying to identify a specific signal-
transducing receptor through which CCN2 acts. Instead it appears that CCN2 
mediates its activity by direct interactions with a variety of growth factors 
and cytokines, as well as cell-surface receptors and extracellular cellular 
proteins. Cross-linking and Scatchard analysis studies have shown that 
CCN2 binds directly to cells in a dose- and time-dependent fashion, using 
both low- and high-affinity binding sites [126; 128].  In addition, CCN2 can 
bind to receptors that do not typically interact with classical ECM proteins. 
CCN2 has been shown to bind to lipoprotein receptor-related proteins 
(LRPs), which are large cell-surface proteins involved in a range of physio-
logical processes such as lipoprotein metabolism, protease regulation, tissue 
repair and embryonic development [155; 48].  Although it has been shown 
that a LRP binding site on module III of CCN2 promotes the adhesion of 
HSC, it remains unclear whether LRP serves as a signaling receptor for 
CCN2 [46]. 

The activities of CCN proteins are mediated primarily through interac-
tions with cell adhesion receptors, including integrins and heparin sulfate 
proteoglycans (HSPGs). Integrins are heterodimeric cell-adhesion molecules 
that mediate interactions of cells with components of the ECM. The integrin 
family consists of 18 alpha and 8 beta subunits, which form 24 different 
alpha-beta heterodomains. Integrins are the main receptors for extracellular 
matrix proteins such as collagen, fibronectin and laminin. Though some in-
tegrins are constituently expressed, the expression of others is induced dur-
ing wound healing and in pathological conditions. Following adhesion and 
clustering, integrins recruit cytoskeletal and cytoplasmic proteins, which 
anchor to the actin cytoskeleton. This leads to the formation of focal adhe-
sions that serve as a platform for signal transduction. The first CCN-integrin 
interaction identified was that of CCN1 and integrin αvβ3, which mediates 
endothelial cell adhesion [89]. Since then, several other integrins have been 
identified as signaling receptors for CCN protein; CCNs utilize specific in-
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tegrins depending on the target cell types and the activities mediated [21; 
173; 111; 153; 47; 55; 70].  

Even though CCN2 does not contain a classic Arginine-Glycine-
Aspartate (RGD) binding sequence, CCN2 binds to integrins though mod-
ules III and IV. CCN2 binds to integrin αvβ3 (implicated in metastasis and 
angiogenesis), integrin α6β1 (important for platelet adhesion) and integrin 
αmβ2 (important for monocyte adhesion and atherosclerosis) [89; 153; 4]. In 
addition, CCN2 mediates β1 integrin signaling in primary skin fibroblasts, 
promoting fibroblast adhesion via integrin α6β1. [20; 47]. CCN2 promotes 
adhesion to endothelial cells through integrin αvβ3 and has been shown to 
enhance lactogenic differentiation of mammary epithelial cells via integrin-
mediated cell adhesion [111]. 

Both CCN1 and CCN2 are heparin-binding proteins, and the activity and 
function of CCN2 can be modulated by heparin [15; 41].  CCN2 interacts 
with the heparin sulfate protein glycans (HSPGs), including syndecan 4 and 
perlecan, through the heparin-binding domain in module IV. HSPGs serve as 
co-receptors with integrins, and the binding of CCN2 to syndecan-4 is criti-
cal for several functions in fibroblasts [21; 23; 173; 22]. The affinity of 
CCN2 for heparin enables it to utilize HSPGs when binding to cell surfaces 
[90; 21; 7]. In addition, CCN2 can bind to cytokines and growth factors and 
modify their activity. CCN2 augments the activity of TGF-β by binding to 
TGF-β through the von-Willebrand factor domain (module II). CCN2 also 
binds directly to fibronectin through module IV, thereby promoting cell ad-
hesion. Consistent with the notion that CCN proteins can promote the signal-
ing of other growth factors, CCN2 works in concert with Epidermal Growth 
Factor (EGF), PDGF, Fibroblast Growth Factor (FGF) and insulin-like 
growth factor 2 (IGF-2). 

CCN2 and intracellular signaling  
As illustrated above, CCN2 does not bind to a specific signaling receptor but 
rather interacts with a variety of integrins, ECM proteins and growth factors. 
Upon binding to cell-surface receptors, CCN2 activates intracellular signal-
ing pathways primarily associated with cell activation and/or proliferation. 
CCN2 is known to utilize signaling molecules such as c-fos, focal adhesion 
kinase (FAK) and paxcillin and has been shown to promote cell survival via 
activation of nuclear factor-kappa B (NF-kappa B). Members of the CCN 
family have been shown to carry out their biological functions through acti-
vation of mitogen-activated protein kinases (MAPKs), which play an im-
portant role in cell proliferation, migration, oncogenesis, differentiation and 
inflammation. The ERK-MAPKs cascade includes the most extensively 
studied group of MAPKs [72]. Rac is recruited to the leading edge of migrat-
ing epithelial cells, resulting in phosphorylation of Raf. Raf phosphorylates 
and activates the MAPK kinases MEK1 and MEK2, which are immediately 
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upstream of ERK1 and ERK2 [69]. Activation of ERK leads to phosphoryla-
tion of myosin light-chain kinase, promoting cell migration. Growth factors 
such as EGF and TGF-β activate ERK1 and ERK2 through the Ras-MEK-
ERK signaling pathway [115; 134; 177], and CCN2 has been shown to pro-
mote migration via ERK [154; 84]. Moreover, CCN2 and CCN3 cause a 
transient increase in extracellular calcium in glioblastoma and neuroblasto-
ma cells, and treatment of osteoblasts with CCN2 causes an increase in cal-
cium deposition [114; 149]. 

Regulation of CCN2 expression 
During both postnatal development and in adulthood, constitutive CCN ex-
pression in most tissues is low but becomes elevated upon stimulation. 
CCN2 expression is highly sensitive to environmental stressors, and one of 
the most potent inducers of CCN2 is TGF-β [53; 110; 107]. Early studies in 
fibroblasts established that CCN2 mRNA expression following stimulation 
with TGF-β occurs within minutes and in the absence of de novo protein 
synthesis [54]. TGF-β is a member of the TGF-β superfamily of proteins, 
which includes inhibins, activin, anti-müllerian hormone, bone morphoge-
netic protein (BMP), decapentaplegic and VG-1. TGF-β is secreted by sev-
eral different cell types, has overall pro-fibrotic effects with increased for-
mation of granulation tissue and stimulation of wound contraction, and plays 
a major role in the induction of ECM deposition and scar formation during 
wound healing [108]. TGF- β increases the synthesis of matrix components 
such as collagen and fibronectin and inhibits the synthesis of matrix-
degrading enzymes. TGF-β–regulated gene expression is generally mediated 
through Smad signaling. When TGF-β binds to its primary (type II) receptor, 
it recruits, transphosphorylates and activates the signaling (type I) receptor 
[157]. This receptor complex activates receptor-activated Smads (R-Smads), 
primarily Smad 2 and Smad 3, by phosphorylating serine residues at the C-
terminal. The activated R-Smads form a complex with Smad 4 and subse-
quently translocate into the nucleus.  Full activation of CCN2 by TGF-β 
requires three CCN2 promoter elements, namely the Smad binding site, the 
tandem repeat of the CTS element and an element for basal transcriptional 
activity [109].  

In addition to Smad signaling, TGF-β is known to activate other signaling 
pathways, including the MAPK pathway. Within the MAPK pathway, TGF-
β directly regulates CCN2 expression through effector proteins ERK, p38 
and JNK in a variety of cell types to facilitate cellular activity [115]. How-
ever, regulation of CCN2 by TGF-β may be cell-type specific even within a 
single organ. For instance, TGF-β induces CCN2 through the Smad signal-
ing pathway in hepatocytes, but has little effect on CCN2 expression in he-
patic stellate cells [52]. Conversely, the Jak-Stat signaling pathway is inti-
mately involved in TGF-β induction of CCN2 in lung endothelial cells [104]. 
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Despite the close biological relationship between CCN2 and TGF-β, CCN2 
expression can be induced by TGF-β-independent pathways. Other growth 
factors such as BMP-2, PDGF and epidermal growth factor (EGF) can up-
regulate CCN2 expression [126; 130; 74]. In fibroblasts, vascular smooth 
muscle cells and cardiac myocytes, CCN2 expression is induced by endo-
thelin-1 [183; 83]. In addition, CCN2 gene expression is sensitive to envi-
ronmental stress. CCN2 is induced under hypoxia and this induction is me-
diated both through the action of vascular endothelial growth factor (VEGF) 
and hypoxia inducible factor 1α (HIF-1α) [63; 95]. Mechanical forces are 
another type of stress that induces CCN2 gene expression. In fibroblasts, 
tensile forces and mechanical stress lead to a rapid upregulation of CCN2 
expression, while hemodynamic forces and hydrostatic pressure induce 
CCN2 expression in endothelial cells and mesangial cells, respectively [18]. 
Inflammation is another stressor that induces CCN2 expression, and CCN2 
expression is also consistently induced by inflammatory cytokines such as 
interleukin (IL) and tissue necrosis factor α (TNF α) [32]. Finally, factors 
like acetaldehyde, lipid peroxidation product and CCN2 itself can induce 
CCN2 expression [133; 178; 125]. 

CCN2 action in biological processes  
CCN2 is involved in the regulation of many different biological processes, 
and the multifaceted biological functions of CCN2 have in part been at-
tributed to its mosaic structure. CCN2 is involved in the regulation of devel-
opment, differentiation and cell survival. CCN2 has been shown to promote 
pericyte recruitment, myofibroblast differentiation, and to direct fibroblastic 
differentiation of mesenchymal stem cells [179; 120].  Other demonstrated 
functions of increased cell proliferation, enhanced cell adhesion and migra-
tion appear to be dependent on CCN2 dose, cell type, and micro-
environmental conditions [60]. 

CCN2 in development 
The expression pattern of CCN2 mRNA during development has been well 
described, and immunohistochemical studies have detected CCN2 in mice as 
early as embryonic day 4.5 [167; 29]. Friedrichsen et al. showed strong and 
persistent CCN2 mRNA expression primarily in three types of tissue: the 
vascular endothelium, condensed connective tissue around bone and carti-
lage, and maturing layer VII neurons in the cerebral cortex of embryonic 
mice [43]. CCN2 expression has been detected in organs including the car-
diovascular and pulmonary systems as well as placenta, kidney tubules, sali-
vary, mucous and sebaceous glands. During development, CCN2 expression 
in the skin was first believed to be low and limited to subcutaneous mesen-
chyme [43]. However, other studies have detected strong CCN2 expression 
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in the developing epidermis of mice as well as in the developing epidermis 
of 5-month-old human fetal skin [79]. 

Targeted gene deletions in mice have been accomplished for CCN1, 
CCN2, CCN3 and CCN6; CCN2-null mice are neonatal lethal due to severe 
skeletal malformations leading to respiratory distress [77]. The general 
chondrodysplasia seen in CCN2-null mice is due to decreased growth plate 
angiogenesis, aberrant ECM metabolism and defective endochondral ossifi-
cation. In addition, CCN2-null mice show reduced cell proliferation and 
increased apoptosis in the lungs, leading to pulmonary hypoplasia [6]. How-
ever, although CCN2 is strongly expressed in the developing cardiovascular 
system, no defects were observed in CCN2-null mice.  

CCN2 in angiogenesis 
The growth of new blood vessels from the existing vasculature is important 
in many processes such as tissue development, wound healing and tumor 
formation. Angiogenesis depends on the breakdown of the basement mem-
brane, migration and proliferation of endothelial cells, as well as a subse-
quent alignment and organization of cells to form new vessels. The CCN 
family members are important angiogenic regulators, and CCN2 is highly 
expressed in the vasculature, including the coronary vessels and the vascula-
ture of the kidneys, lungs and liver [43; 166; 159]. The role of CNN2 in an-
giogenesis is complex, and CCN2 has been shown to have both pro- and 
anti-antiangiogenic activaty in vitro. CCN2 regulates endothelial function by 
promoting adhesion and migration and supports adhesion of human dermal 
microvascular endothelial cells and bovine aortic epithelial cells in a dose-
dependent fashion [7; 4; 159]. In addition, CCN2 can bind directly to endo-
thelial cells via integrins α6β1 and αvβ3. As discussed previously, CCN2-
null mice exhibit defective growth-plate angiogenesis, and CCN2 has been 
speculated to play a role in the formation of endothelial basement membrane 
[127; 163]. In vivo, CCN2 causes a strong angiogenic response when inject-
ed subcutaneously into the backs of mice or when delivered to rat corneas [5; 
159]. Studies have also shown that CCN2 induces angiogenesis in cornea 
and promotes neovascularization in vitro in an integrin-dependent manner 
[4].  However, in keeping with its status as a complex functional modulator, 
CCN2 suppresses angiogenesis through interactions with VEGF by binding 
to and sequestering VEGF in an inactive form [61]. The resulting loss of 
angiogenic activity is believed to be due to the fact that the CCN2/VEGF 
complex cannot bind to the VEGF receptor.  

CCN2 in wound healing 
Normal wound healing must occur in an organized fashion in order for tissue 
integrity to be restored. Cutaneous wound healing is a complex process in-
volving the migration of inflammatory cells to the wound site, deposition of 
extracellular matrix by fibroblasts and the reestablishment of an intact epi-
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thelial barrier. These processes are tightly regulated by a variety of growth 
factors and cytokines, and abnormalities in any of these processes may result 
in the clinical phenotype of chronic non-healing wounds or hypertrophic 
scars [92; 57; 136].  

During the initial phase of tissue repair, large amounts of CCN2 are re-
leased from the alpha granules of activated platelets, and CCN2 supports the 
adhesion of platelets via direct binding to integrin αIIbβ3 [97; 98; 30]. In 
addition, CCN2 serves as an adhesive substrate to invading inflammatory 
cells through integrin α β2 [153]. During the proliferative and remodeling 
phase of wound healing, CCN2 expression is mainly localized in the granu-
lation tissue.  Chiefly described as a profibrotic and osteogenic factor ex-
pressed by different cells of mesenchymal origin, CCN2 has multiple effects 
in mesenchymal cells. Most notably, CCN2 has been demonstrated to in-
crease the production of extracellular matrix components [158].  

There have been conflicting data regarding whether CCN2 is constitutive-
ly expressed by epidermis, but evidence is now emerging in support of 
CCN2 as a factor involved in epithelial cell differentiation and proliferation 
[85; 2]. Although many previous studies have stated that CCN2 expression is 
limited to mesenchymal cells, the expression of CCN2 mRNA and protein 
has been detected in several cell types of epithelial origin [139; 113; 80; 
184].  

CCN2 action in pathological disease processes 
CCN2 expression is low in most adult tissues, but increased production is 
seen in many pathological conditions. CCN2 is strongly upregulated in fi-
brotic tissues independent of the underlying disease, and CCN2 overexpres-
sion is associated with fibrosis of various organs. In addition, abnormal lev-
els of CCN2 are associated with tumor development.   

CCN2 and tumorigenesis 
CCN2 expression has been linked to malignancy, with ectopic expression of 
CCN2 either enhancing or suppressing the tumorigenicity of the malignant 
cell. The role of CCN2 in different types of cancer varies depending on the 
tissue involved. The level of CCN2 expression is positively correlated with 
bone metastasis in breast cancer, progression of glioma, poor prognosis in 
esophageal adenocarcinoma, aggressive behavior of pancreatic cancer cells 
and progression of cervical cancer. Cells from malignant melanoma express 
CCN2 strongly, which contributes to tumor progression by increasing the 
migratory and invasive potential of melanoma cells. In contrast, CCN2 ex-
pression was found to be negatively correlated with proliferation activity and 
tumor grade of chondrosarcomas, and overexpression of CCN2 has been 
shown to suppress the tumor growth of oral squamous cell carcinoma cells 
transplanted into mice. In addition, CCN2 regulates the expression of cancer 
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progression-related molecules such as Hypoxia-Induced Factor-1α (HIF-1α), 
S100A4 and CRAMP-1.  

There appears to be a relationship between the role of CCN2 role in the 
original cell or non-transformed tissue and its effect on tumor progression in 
that specific tissue. For example, normal breast tissue and pancreatic tissue 
do not express CCN2, but breast and pancreas cancers show a positive corre-
lation between CCN2 expression and tumor development, with higher levels 
of CCN2 correlating to later tumor stages and increased expression in metas-
tases. However, CCN2 is normally expressed in endothelial cell fibroblasts, 
smooth muscle cells and myofibroblasts, and tumors formed from these cell 
types are often reported to show an inverse correlation between CCN2 ex-
pression and malignant phenotype. However, CCN2 is normally expressed in 
the cytoplasm of normal ovarian epithelial cells and early-stage ovarian can-
cers, and high CCN2 levels are believed to have a tumor-suppressive effect. 
Surprisingly, CCN2 expression is restored in advanced tumor stages, where 
it correlates to a more malignant phenotype [87]. 

CCN2 in organ fibrosis 
Fibrosis is caused by excessive ECM deposition in a reparative or reactive 
process. Fibrosis is a universal response to tissue damage as well as patho-
logical stimulus. Upon organ injury, a balance between synthesis and degen-
eration of the ECM is required to successfully restore organ function. CCN2 
is a profibrotic factor that upregulates the synthesis of type I collagen and 
other structural components of the extracellular matrix, and CCN2 expres-
sion has been linked to various fibrotic conditions [73]. CCN2 mediates the 
profibrotic effects of TGF-β and acts in concert with insulin and insulin 
growth factor (IGF) to stimulate the synthesis of collagens [50]. In addition, 
mice overexpressing CCN2 have been shown to develop systemic multi-
organ fibrosis, highlighting the role of CCN2 as a promoter of ECM synthe-
sis. CCN2 mRNA expression is strongly increased in mesangial proliferative 
glomerulonephritis, IgA nephropathy, focal and segmental glomerulosclero-
sis and diabetic nephropathy, and CCN2 expression is correlated with the 
degree of injury [76]. In addition, increased levels of CCN2 mRNA have 
been found in lung fibroproliferative lung diseases [102].  

Finally, CCN2 expression has been found in the fibrotic liver and pancre-
as and in inflammatory bowel diseases [144; 34; 37]. In general, levels of 
CCN2 mRNA correlate with the degree of inflammation as well as TGF-β 
and collagen I levels; anti-CCN2 antibodies have been used in an attempt to 
reduce the pathological effects of CCN2 for the treatment of chronic kidney 
disease and other fibrotic diseases.   
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CCN2 in fibrotic skin disorders 
CCN2 is believed to be both a marker and a mediator of fibrotic skin disor-
ders, and increased expression of CCN2 has been detected in various skin 
disorders such as scleroderma, hypertrophic scars, and keloids [73]. Alt-
hough CCN2 is a downstream mediator of the profibrotic functions of TGF-
β, CCN2 also acts as an independent mediator of scarring and fibrosis.  

Scleroderma is a systemic disease with cutaneous manifestations, charac-
terized by an excess of ECM proteins. Sclerodermal fibroblasts show pro-
gressively increased CCN2 expression that seems to be independent of TGF-
β signaling [65]. Hypertrophic scars and keloids are fibroproliferative disor-
ders of wound healing characterized by excessive collagen production.  Ke-
loids differ from scars in that the regeneration does not cease after recovery 
of the damaged tissue.  There is widespread evidence that deregulation of 
CCN2 leads to the formation of hypertrophic scars, and CCN2 has also been 
linked to keloid formation [85; 160]. In addition, consistent with the finding 
that CCN2 overexpression in fibroblasts induces fibrosis, loss of CCN2 ex-
pression resulted in a significant reduction of bleomycin-induced skin fibro-
sis [163; 118].  

General review of keratinocyte function 
Keratinocytes are the most abundant cell in epidermis and thus play a key 
role in many biological and pathological processes. Keratinocytes are orga-
nized into four layers: basal, spinous, granular and cornified. In multilayered 
epithelium the basal keratinocytes possess proliferative potential, while the 
more differentiated keratinocytes contribute to the skin barrier function. In 
addition, basal keratinocytes can divide and are responsive to stimulation by 
various growth factors. 

Keratinocyte function in normal skin 

Keratinocyte attachments 
The skin protects the body from the external environment and is maintained 
both by the keratinocytes of the epidermis, and the dermis, which consists of 
fibroblasts that produce extracellular matrix [28; 44; 86]. Keratinocytes are 
the dominant cell type in the epidermis, comprising the cellular basis of skin 
barrier function. In intact epidermis the basal keratinocytes adhere to the 
basement membrane via hemidesmosomes, providing stable attachments to 
the underlying dermis as well as resistance to mechanical stress applied to 
the skin [11]. Hemidesmosome proteins are produced by the basal keratino-
cytes and include type IV collagen, type V collagen, laminins 5 and 6, hepa-
ran sulfate proteoglycan, and type VII collagen.  
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Neighboring keratinocytes are attached to one another by desmosomes, and 
these transmembrane molecules belong to the cadherin family of calcium-
dependent molecules [141].  Once the epidermal integrity is compromised, 
keratinocytes must release these interactions in order to migrate from the 
wound edge and re-epithelialize the wound. 

Keratins 
Keratins are intermediate filament proteins of epithelial cells and are ex-
pressed in specific patterns related to the epithelial type and the stage of 
cellular differentiation. The basal layer of intact epidermis is characterized 
by the expression of keratins 5 and 14, while the suprabasal layers express 
keratins 1 and 10 [164]. The expression pattern of keratins can be used to 
define the various keratinocyte phenotypes involved in re-epithelialization. 
Keratinocytes of wounded epidermis express a different array of keratins 
than the keratinocytes in intact epidermis. The differentiation-specific 
keratins, keratin 1 and 10, are downregulated, and the expression of keratins 
6 and 16, normally absent from the intrafollicular epidermis, is upregulated 
[122; 175]_ENREF_116.   

Keratinocyte migration 
Cell migration is a fundamental process involved in a wide variety of biolog-
ical and pathological events such as embryogenesis, inflammatory response, 
tissue repair and regeneration. Cell movements can be described as either 
“mesenchymal” or “amoeboid,” but these terms are overlapping; non-
mesenchymal cells can undergo mesenchymal migration, and the amoeba-
like Dictyostellium can undergo mesenchymal-like migration. Mesenchymal 
migration consists of a sequence of steps referred to as the cell migration 
cycle. Amoeboid migration is characterized by cell gliding, resulting in rapid 
movement. This is the primary mode of migration for highly motile cells 
such as neutrophils, dendritic cells, and lymphocytes.  

A variety of different molecules can initiate and promote migration. Mol-
ecules can initiate a migratory cell phenotype (chemokinetic) or residue in a 
soluble (chemotaxic) or substrate-associated (haptotactic) motility, leading 
to directed movement. In response to a migration-promoting agent, the cell 
begins to polarize and extend protrusions in the direction of migration. Ac-
cumulation of phosphatidylinositol trisphosphate (PIP3) at the front of the 
cell leads to activation of Rho family GTPases, including Rac and Cdc42. 
The local activation of Rac or Cdc42 is a key regulatory event that stimulates 
formation of broad lamellipodia or spike-like filopodia. These protrusions 
are formed by local actin polymerization, pushing the cell membrane in the 
direction of migration. In lamellipodia, the organization of the actin cyto-
skeleton is regulated by integrins, paxillin, selectins, transmembrane receptor 
tyrosine kinases, phospholipids, focal adhesion kinases (FAKs) and 
GTPases. Formation of adhesion complexes attaches the protrusions to the 
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substratum the cell is migrating on, and adhesive complexes are composed 
of clusters of integrin receptors, actin filaments and associated proteins on 
the plasma membrane. Adhesion serves two major functions in migration. It 
generates traction by linking the extracellular substratum to actomyosin fil-
aments, and it organizes the signaling networks that regulate migration and 
other cellular processes including proliferation, gene expression, and cell 
survival. As the cell migrates, the adhesive complexes at its leading edge 
develop into larger, more organized complexes, called focal adhesions [56]. 
The focal adhesions then serve as points of traction over which the body of 
the cell translocates toward the leading edge. Subsequent release from the 
ECM substratum at the rear of the cell allows the cell body to be displaced 
and consequently achieve a net step in the forward direction [123]. Thus the 
cell requires some adhesion to the ECM to generate traction needed for mi-
gration, and insufficient traction will disable cell migration.  

Keratinocyte function during wound healing 
An essential feature of the healed wound is the reestablishment of an intact 
epithelium, and re-epithelialization depends on keratinocyte proliferation, 
migration, and differentiation [57; 41]. After cutaneous injury, a sequence of 
events leads to the resurfacing of the wound with new epithelium. Basal 
keratinocytes detach from their cell-cell and cell-matrix contacts and begin 
to migrate over the provisional wound matrix [145]. Keratinocytes at the 
wound margin begin to proliferate behind the actively migrating cells, and 
the hyperproliferative epithelium feeds the migrating sheets at the wound 
margins. In addition to the keratinocytes at the wound edge, epidermal stem 
cells from hair follicles and sweat glands contribute to the re-
epithelialization process. The abolishment of contact inhibition and the re-
lease of desmosomes and hemidesmosomes produce lipid mediators that 
activate membrane associated kinases, thereby leading to increased permea-
bility of membranes for icons such as calcium. This initiates the cell at the 
wound edge to retract and reorganize the intracellular filaments in the direc-
tion of migration [146]. The functionality of the epidermis is considered 
restored when there is multilayering of neoepidermis, induction of differen-
tiation and an intact basement membrane [152]. 

Regulation of keratinocyte function by growth factors and 
cytokines 
Within hours of injury, re-epithelialization is initiated, and the release of 
EGF, TGF-α, and FGF acts to stimulate epithelial cell migration and prolif-
eration. In addition to being regulated by several growth factors, keratino-
cytes themselves produce growth factors and cytokines. Keratinocyte prolif-
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eration is stimulated by members of the epidermal EGF, FGF and insulin-
like growth factor (IGF) families. In contrast, keratinocyte differentiation is 
inhibited by TGF-β, vitamin D3 and interferon gamma.  
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Current Investigation 

Context 
The overall aim of this study was to investigate the signaling pathways be-
tween CCN2 and keratinocytes in vitro and in vivo. The interactions between 
keratinocytes and mesenchymal cells are fundamental for various biological 
processes such as the development of tissues and organs, as well as during 
wound healing. In the environment of the healing wound, cells communicate 
through intercellular signaling mediated by growth factors and cytokines, 
and these interactions are believed to regulate such important events as mi-
gration, basement-membrane formation and extracellular matrix deposition 
[121; 162]. One of the central growth factors during wound healing is TGF-
β. TGF-β is secreted by several different cell types and has an overall pro-
fibrotic effect, with increased formation of granulation tissue and stimulation 
of wound contraction. In addition, TGF-β plays a major role in the induction 
of ECM deposition and scar formation. TGF- β increases the synthesis of 
matrix components such as collagen and fibronectin and inhibits the synthe-
sis of matrix-degrading enzymes [31].  

Evidence shows that several of the effects of TGF-β are mediated by in-
creased synthesis of CCN2, and it has been suggested that CCN2 is a down-
stream mediator of TGF- β [74]. Although CCN2 has many important roles 
in tissue repair, there is a general lack of data on the spatiotemporal expres-
sion of CCN2 during excisional wound healing. In addition, there is a grow-
ing body of evidence suggesting that CCN2 may be a regulator of epithelial 
cell function. CCN2 has previously been shown to stimulate keratinocyte 
migration during re-epithelialization and to play a role in promoting cell 
motility [154; 8; 33; 39; 47]. However, the functional significance of CCN2 
in epidermis remains unclear, and the CCN2-ligand activates in keratino-
cytes have not yet been explored. 
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Aims 
The overall aims of this thesis are as follows: 
 
• To investigate the role of CCN2 in epidermis during wound healing 

and to relate it to keratinocyte function.  
• To examine the mechanism behind CCN2-mediated keratinocyte ad-

hesion and migration. 
• To elucidate the regulation of CCN2 expression in keratinocytes and 

characterize the signaling pathways involved in the induction of 
CCN2 in keratinocytes.  

• To study the role of RhoGTPases in CCN2 mediated cytoskeletal rear-
rangements.  

 
 

 



 23 

Materials and Methods 

Porcine wound model 
Female Yorkshire pigs (Parson’s Farm, Hadley, MA), weighing approxi-
mately 50 kg at arrival, were allowed to acclimatize for one week before the 
start of any experiments. All animal procedures were approved by the Har-
vard Medical Area Standing Committee on Animals (protocol #693) and 
conformed with regulations related to animal use and other federal statutes. 
 
Ten squares measuring 1.5 x 1.5 cm were outlined on the dorsum of each 
pig, and the wound margins were traced using a tattoo gun and black ink 
(Special Electronic Tattoo Marker, Spaulding Enterprises, Voorheesville, 
NY). Full-thickness wounds were created down to the fascial plane, and after 
hemostasis, wounds were dressed with sterile dry gauze. Pigs were trans-
ferred back to the pen and monitored during recovery from anesthesia. A 
transdermal patch releasing 25 µg fentanyl per hour for 72 hours (Duralge-
sic, Janssen, Titusville, NJ) was used for pain management during surgical 
recovery. Wounds were biopsied with a 0.5 cm margin from the tattoo to the 
surrounding unwounded tissue 6, 10, 14, 18, and 22 days after wounding, 
with a total of 2 samples per pig per biopsy day. Tissue samples were em-
bedded in an optimal cutting temperature compound (Tissue-Tek O.C.T., 
Sakura, Fintec, CA) and snap-frozen in liquid nitrogen.  

Histological preparation, immunohistochemistry, and 
immunofluorescence staining 
For immunohistochemistry, 6µm cryosections were fixed in 100% acetone 
and blocked prior to incubation with various primary antibodies. Sections 
were incubated at 4°C overnight with primary antibodies diluted 1:200. 
CCN2 was detected using two well-characterized antibodies. The first anti-
body used was the polyclonal peptide affinity-purified goat anti CCN2 that 
binds to the “internal region” of CCN2. This region is located on the amino 
acids sequence 150–200 from the carboxy-terminal domain of human CCN2 
(sc14939, Santa Cruz Biotechnology, Santa Cruz, CA). The second antibody 
used was the polyclonal peptide affinity purified rabbit anti CCN2, recogniz-
ing the amino acids 295–349, (sc25440, Santa Cruz Biotechnology). Slides 
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were subsequently incubated with biotinylated rabbit anti-goat or donkey-
anti-rabbit antibodies (Vector Laboratories Inc., Burlingame, CA) followed 
by incubation with avidin-biotin-peroxidase complex (Vector Laboratories 
Inc.). Aminoethylcarbazole was used for detection, and sections were coun-
terstained with hematoxylin.  Tissue sections incubated with goat IgG (Vec-
tor Laboratories Inc.) instead of the primary antibodies were processed in 
parallel as negative controls, as were also sections incubated with the poly-
clonal goat anti-CCN2 antibody to which human recombinant CCN2 in ex-
cess was added (data not shown).  

For immunofluorescence, sections were double-labeled with polyclonal 
goat anti-CCN2 (Santa Cruz Biotechnology) and monoclonal mouse anti-
cytokeratin 6 (Vector Laboratories Inc.) diluted 1:100. Subsequently, slides 
were incubated with Alexa Fluor 488 donkey anti-goat IgG and Alexa Fluor 
546 goat anti-mouse IgG diluted 1:500 (Invitrogen, Carlsbad, CA). Slides 
were mounted with aqueous mounting medium containing 4’, 6-diamidino-
2-phenylindole (DAPI) (ProLong Gold, Invitrogen) and assessed by fluores-
cence microscopy. Routine hematoxylin/eosin staining was performed ac-
cording to standard procedure.  

For immunocytochemistry, porcine keratinocytes and porcine fibroblasts 
were cultured on cover chambers and incubated with 10 ng/ml Transforming 
Growth Factor-β1 (TGF-β1) (R&D Systems, Minneapolis, MN) for 24 
hours. Cells cultured without the addition of growth factors served as a nega-
tive control. Following treatment, cells were fixed in 4% paraformaldehyde 
for 20 minutes at room temperature. After 5 minutes of permeabilization 
with 0.1% Triton X-100, non-specific binding sites were blocked using 1% 
BSA in PBS. CCN2 was detected with the peptide affinity-purified goat 
polyclonal antibody described above. Primary antibodies were diluted 1:300, 
following incubation with Alexa Fluor 488 donkey anti-goat IgG, diluted 
1:500. Slides were mounted with aqueous mounting medium containing 4’, 
6-diamidino-2-phenylindole (DAPI) (ProLong Gold, Invitrogen) and as-
sessed by fluorescence microscopy. For immunofluorescence detection of 
CCN2 and phosphorylated Smad 3, keratinocytes were cultured on collagen-
I coated cover slips in serum free media for 24 hours and some chambers 
were pretreated with 20 µM MEK inhibitor PD98059 for 60 minutes prior to 
the addition of 10 ng/ml TGF-β1 for 24 hours. Keratinocytes cultured with-
out the addition of inhibitors or growth factors served as a negative control. 
Following treatment, cells were fixed in 4% paraformaldehyde for 20 
minutes at room temperature. After 5 minutes of permeabilization with 0.1% 
Triton X-100, non-specific binding sites were blocked using 1% BSA in 
PBS. CCN2 was detected with primary antibodies diluted 1:300, followed by 
incubation with Alexa Fluor 488 donkey anti-goat IgG, diluted 1:500. Phos-
phorylated Smad 3 was detected with primary antibodies diluted 1:500, fol-
lowed by incubation with Alexa Fluor 568 donkey anti-goat IgG, diluted 
1:500. Slides were mounted with aqueous mounting medium containing 4’, 
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6-diamidino-2-phenylindole (DAPI) (ProLong Gold, Invitrogen) and as-
sessed by fluorescence microscopy.  

To visualize the actin cytoskeleton, human keratinocytes were plated on 
coverslips coated with fibronectin and cultured with 50 ng/ml CCN2 for 12 
hours. Cells cultured in serum-free keratinocyte medium served as a negative 
control. Following treatment, cells were fixed in 4% formaldehyde solution 
in PBS for 20 minutes at room temperature. After 5 minutes permeabiliza-
tion with 0.1% Triton X-100, non-specific binding sites were blocked using 
1% BSA in PBS for 1 hour at room temperature. F-actin was visualized with 
Alexa Fluor 488 phalloidin (Invitrogen) according to the manufacturer’s 
protocol. Slides were mounted with aqueous mounting medium containing 
DAPI (ProLong Gold, Invitrogen) and assessed by fluorescence microscopy.  

Cell culture 
Porcine keratinocytes and fibroblasts were cultured as previously described 
[168; 169]. Porcine keratinocytes were plated on collagen-I-coated culture 
dishes (Becton Dickinson, Bedford, MA) and grown in EpiLife keratinocyte 
medium supplemented with bovine insulin (5 µg/ml), hydrocortisone (0.5 
µg/ml), human recombinant epidermal growth factor (0.1 µg/ml), 0.4% bo-
vine pituitary extract, and 60 µM calcium chloride (GIBCO). Porcine fibro-
blasts were cultured in DMEM (Sigma) supplemented with 10% bovine calf 
serum (HyClone, Logan, UT, USA) and 50 µg/ml gentamicin (Gibco). 

Human keratinocytes were isolated from human skin obtained from 
healthy patients undergoing routine plastic surgery. Approval from the ethics 
committee and patient consent were obtained. Skin samples were cut into 
small pieces and incubated with 1 U/ml dispase (Invitrogen) in Dulbecco’s 
Modified Eagle’s Medium (DMEM) (Sigma, St. Louis, MO) overnight at 
4°C. The epidermis was mechanically separated from the underlying dermis, 
after which the separated epidermal sheets were treated with 0.025% trypsin 
and 0.01% ethylenediaminetetraacetic acid (EDTA) (Invitrogen) for 10 
minutes at 37°. After centrifugation for 7 minutes at 180 g, the supernatant 
was removed and the pellet was re-suspended in EpiLife keratinocyte medi-
um (GIBCO, Grand Island, NY). Keratinocytes were plated on collagen-I-
coated culture dishes and cultured in complete EpiLife keratinocyte medium. 
Cells were expanded using serial passage in which subconfluent cell cultures 
were washed with phosphate-buffered saline and detached by treatment with 
0.025% trypsin and 0.01% EDTA (GIBCO). Keratinocytes were expanded 
using serial passages, and cells from passages 1-3 were used for the experi-
ments. 
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Cell Migration Assays 
Two different assays were used to assess cell migration. In the scratch 
wound assay, human keratinocytes were plated on collagen type-I coated 24-
well plates, at a density of 5 x 104 cells per well, and cultured to subconflu-
ence in serum-free keratinocyte medium. Monolayers were scraped with a 
200-µl plastic pipette tip, creating a cell-free 2 mm wide zone in the center 
of each well. Displaced cells were removed by washing the plate with 
DMEM, and the wounds were photographed with an inverted phase contrast 
microscope. The proliferative component was excluded by repeating the 
scratch assay in the presence of 0.2 M hydroxyurea. To evaluate the poten-
tially toxic effect of hydroxyurea, cell viability was assessed by the lack of 
trypan blue uptake after 0, 12, 24 and 48 hours incubation. Recombinant 
human CCN2 (Invitrogen) was added at concentrations ranging from 0-50 
ng/ml as indicated in the figure legends, and serum-free keratinocyte medi-
um served as a negative control. In some treatment groups keratinocytes 
were pretreated for one hour with 10 µM MEK1 inhibitor PD980599 (Cell 
Signaling, Beverly, MA) prior to the addition of CCN2. In vitro re-
epithelialization was documented after 12 and 24 hours by photography and 
expressed as a percentage of scratch surface area covered by keratinocytes. 
The amount of resurfacing was quantified using NIS-Elements D3.0 digital 
image analysis software (Nikon Corporation, Tokyo, Japan).  

In the Boyden chamber migration assay, wells with an 8-µm pore size 
(Millipore) were used. Wells were coated with 10 µg/ml fibronectin as de-
scribed above. Keratinocytes from passage 2 or 3 were plated at a density of 
2.5 x 105 cells per insert and placed within individual wells of a 24-well 
culture plate. When indicated in the figure legends, cells were pre-incubated 
with 10 µg/ml α5 and β1 blocking antibodies (Millipore) or 20 µg/ml mouse 
isotype control IgG antibodies (R&D Systems) for 30 minutes before plat-
ing. Cells were allowed to migrate for 8 hours in the presence or absence of 
200 ng/ml recombinant human CCN2 (Invitrogen) or 10 µg/ml EGF positive 
control (Invitrogen). In some treatment groups, keratinocytes were pretreated 
with 20 µM of MEK1 inhibitor PD98059 (Cell Signaling Technology, Bev-
erly, MA) for one hour prior to addition of CCN2. Cells that had migrated 
through the polycarbonate membrane were stained, and the fluorescence 
intensity of each sample was measured at 570 nm. Cell migration was repre-
sented as mean fold increase over negative control (fibronectin only) sample, 
plus or minus SD. 

Cell proliferation assay 
Keratinocytes were plated on 96-well tissue culture plates at a density of 5 x 
103 cells per well and grown to subconfluence in serum-free medium. CCN2 
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was added at concentrations ranging from 0-50 ng/ml, as indicated by the 
figure legends. Cells were incubated for 24 hours prior to the addition of 10 
µl of WST-1 reagent (Roche Diagnostics, Indianapolis, Indiana) to each 
well. After 2 hours of incubation at 37° C, absorbance, measured by the 
number of viable cells converting the regent to colored formazan crystals, 
was read at 450 mn.  

Western Blot 
Porcine keratinocytes were incubated with 10 ng/ml TGF-β1 for 24 hours. 
Porcine fibroblasts were serum starved for 48 hours prior incubation with 10 
ng/ml TGF-β1 for 24 hours, and CCN2 protein was detected as described 
below. Human keratinocytes were cultured to subconfluence in serum-free 
medium prior to the addition of 50 ng/ml CCN2 for 10 minutes to 24 hours 
or 200 ng/ml CCN2 for periods from 0 to 240 minutes or 0, 6, 12, or 24 
hours. In a subset of separate experiments, human keratinocytes were grown 
to 80% confluence in serum-free conditions. Cells were collected with an ice 
cold plastic cell scraper at 10 minutes, 30 minutes, 60 minutes or at 0 – 12 
hours after adding 10 ng/ml TGF-β1. In some treatment groups, keratino-
cytes were pretreated with 20 µM MEK1 inhibitor PD98059 or 20 mM FAK 
inhibitor PF573228 (Sigma-Aldrich) for one hour prior to the addition of 
CCN2. In some treatment groups, keratinocytes were pretreated with 10 µM 
Smad 3 inhibitor SIS3 and/or 20 µM MEK inhibitor PD98059 for one hour 
prior to the addition of TGF-β1. Total cell lysate was separated into cellular 
and nuclear proteins using the NE-PER nuclear and cytoplasmic extraction 
reagents according to the manufacturer’s instruction [176]. Cytosolic pro-
teins were first extracted by disrupting cell membranes, followed by centrif-
ugation. Intact nuclei were washed with cold PBS and then lysed with high 
salt NE-PER buffer. Total protein was obtained by lysing cells with RIPA 
buffer supplemented with protease and phosphatase inhibitor cocktails.  Pro-
tein concentration was determined using the BCA Protein Assay Reagent Kit 
(Bio-Rad, Hercules, CA) according to the manufacturer’s instructions. Fifty 
µg of protein from the cell lysate was boiled in SDS sample buffer and sepa-
rated by SDS-PAGE under reducing conditions. Samples were subjected to 
electrophoresis on 4-20% Tris-glycine premade gels (Bio-Rad) and trans-
ferred to nitrocellulose membranes (Bio-Rad) by immunoblotting. After one 
hour of blocking in 5% BSA at room temperature, membranes were incubat-
ed with 1:1000 dilutions of goat-anti-CCN2 (sc14939, Santa Cruz Biotech-
nology, Santa Cruz, CA), mouse-anti-GAPDH (Abcam), 1 µg/mL mouse–
anti β6 (R&D Systems), 1 µg/mL goat-anti-fibronectin, rabbit-anti-phospho-
Smad 3 (Ser 423/425), rabbit-anti-Smad 2/3  (Sigma), or 1:1000 dilutions of 
rabbit-anti α4, rabbit-anti α5, rabbit-anti αV, rabbit-anti β1, rabbit-anti β3, 
rabbit-anti-phospho-FAK (Tyr 925), rabbit-anti-FAK, rabbit-anti-phospho-
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p44/42, or rabbit anti-p44/42(Cell Signaling Technology, Danvers, MA) at 
4° C overnight, followed by incubation with HRP-conjugated goat-anti-
rabbit secondary antibodies or HRP-conjugated donkey-anti-mouse second-
ary antibodies (dilution 1:5000) for one hour at room temperature. Bands 
were visualized using an enhanced chemiluminescence detection system 
with dyed molecular weight markers. Densitometric analysis of the bands 
was carried out with ImageJ Software (IH-Image - http://rsbweb.nih.gov/ij).  

CCN2 Enzyme-Linked Immunosorbent Assay 
Keratinocytes were cultured in 6-well polystyrene culture plates for 7 days, 
and supernatants were collected each day. The cumulative concentration of 
CCN2 in conditioned media was measured using an ELISA Kit (Lenico 
Technologies, Inc., St. Louis, MO) according to the manufacturer’s instruc-
tions. 

Adhesion Assay 
Microtiter plates (96-well, Corning Costar, Cambridge, MA) were precoated 
by exposure to 10 µg/ml fibronectin at 4° C overnight. Nonspecific binding 
sites were blocked for 1 hour in 0.1% bovine serum albumin (BSA) in phos-
phate-buffered saline (PBS) at room temperature. Experimental groups in-
cluded keratinocytes pre-treated with or without 200 ng/ml recombinant 
human CCN2 (Invitrogen). In inhibition studies, 5mM EDTA (Sigma-
Aldrich, St. Louis, MO) was used, with or without the addition of 10 mM 
Mg2+ and Ca2+ (Sigma-Aldrich). Soluble RGD peptide (Arg-Gly-Asp) was 
added at a concentration of 500 µM (A-8052, Sigma-Aldrich). A similar 
RGES peptide (Arg-Gly-Glu-Ser) was added at a concentration of 500 µM 
and used as a nonfunctional control (Sigma-Aldrich). The role of the specific 
integrin subunits in cell adhesion to fibronectin was tested by adding 10 
µg/ml blocking antibodies against the β1 (Clone P4G11, Millipore, Bedford, 
MA), the β6 (Clone CSβ6, Millipore), the α5 (Clone P1D6, Millipore), or the 
αV (Clone P3G8, Millipore) subunit to keratinocytes 30 minutes prior to 
seeding. Mouse IgG isotope (10 µg/ml) was used as a control (R&D Sys-
tems, Minneapolis, MN). Keratinocytes were seeded at a density of 2 × 104 

cells/well and allowed to adhere for 4 hours, after which non-adherent cells 
were removed by rinsing with PBS. Adherent cells were subsequently 
stained using CyQUANT NF dye reagent (Invitrogen), and the fluorescence 
intensity at 570 nm of each sample was measured using a SpectraMax mi-
croplate reader (Molecular Devices, Sunnyvale, CA). Cell adhesion was 
presented as mean percentage of negative control (fibronectin only) sample 
plus or minus standard deviation (SD). 
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RNA preparation 
Human keratinocytes were cultured with or without 200 ng/ml recombinant 
human CCN2 for 12 and 24 hours, respectively. When indicated, keratino-
cytes were treated with 1, 5 or 10 ng/ml TGF-β1 for 2 or 12 hours. For inhi-
bition studies, keratinocytes were pretreated with 20 µM MEK 1 inhibitor 
PD98050, 10 µM Smad 3 inhibitor SIS3 and/or 5 µg/ml actinomycin D for 
one hour, prior to incubation with 10 ng/ml TGF-β1, as indicated in the fig-
ure legends. Cells were harvested with 0.05% trypsin and 0.01% EDTA, 
washed with PBS, and pelleted via centrifugation at 200 g for 7 minutes at 
4°C. The High Pure RNA Isolation Kit was used to extract total RNA from 
the cells according to the kit protocol. 

Quantitative PCR 
Quantitative PCR was performed using kits obtained from Applied Biosys-
tems (Foster City, CA) that utilize FAM™Taqman®MGB probes and a 
Taqman® Universal PCR Master Mix. Primers and TaqMan probes for 18S 
RNA were purchased from Applied Biosystems. The thermal cycling proto-
col consisted of 2 min at 95° C and 10 min at 95° C, followed by 45 cycles 
at 95° C for 15 s and 60° C for 1 min. The cycle threshold was set above the 
non-template control background and within the linear phase of the target 
gene amplification to calculate the cycle number at which the transcription 
was detected (denoted Ct). Data were collected using instrument spectral 
compensations by the 7900 HT SDS software, version 2.1 (Applied Biosys-
tems).  Samples were run in triplicate, and expression values were normal-
ized to 18S RNA primers using the ΔΔCt method [119]. 

Spreading assay  
Keratinocytes were plated onto coverslips coated with fibronectin (10 µg/ml 
from bovine plasma; Chemicon) and incubated with or without 50 ng/ml 
recombinant human CCN2. As indicated in the figure legend (see Figure 2), 
some groups were pretreated with 20 mM FAK inhibitor PF573228 (Sigma-
Aldrich) for 30 minutes prior to plating. After 1, 6 or 12 hours incubation, 
non-adherent cells were removed and adherent cells were fixed in 4% for-
maldehyde solution in PBS for 5 minutes at room temperature. Spread cells 
were identified under phase contrast microscopy as cells with polarity or 
radially distributed lamellipodia. Non-spread cells were categorized as high-
ly retractile and round [129]. The percentage of spread cells was determined 
by counting at least 100 cells from randomly chosen high power fields. The 
cells were scored as either spread or non-spread. Scoring was performed by 
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three independent observers in a blinded fashion. All experiments were per-
formed three independent times with four cultures in each experiment. 

Rho GTPase pull-down assay  
Rho, Rac1 and Cdc42 activity was determined using Pierce EZ-detect activa-
tion kits (Pierce Biotechnology, Rockford, IL). Keratinocytes were grown to 
subconfluence on fibronectin-coated dishes and treated with 50 ng/ml CCN2 
for the times indicated in the figure legends. After treatment, the cells were 
washed with ice-cold PBS and scraped into 0.5 ml of lysis buffer. Samples 
were vortexed and centrifuged at 13,000 g for 15 minutes at 4°C, and the 
supernatants were transferred to new tubes. Equal volumes of lysates were 
then incubated at 4°C for 1 hour with glutathione-Sepharose 4B-bound GST-
Rhotekin-PBD (for RhoA-GTP) or GST-PAK1-PBD (for Rac1-GTP and 
Cdc42-GTP) fusion protein. The beads were washed four times with lysis 
buffer and boiled in SDS sample buffer. The total amounts of Rho proteins 
from cell lysates were separated by SDS-Page and measured by western 
blotting, as described above, using specific antibodies for RhoA, Rac1 and 
Cdc42. All experiments were performed three independent times.  

Immunoprecipitation 

Protein expression was assessed through immunoblotting. Briefly, keratino-
cytes were treated with 50 ng/ml CCN2 for 6, 12, or 24 hours with cells 
treated with serum-free keratinocyte medium serving as a negative control. 
In some treatment groups, keratinocytes were pretreated with 20 mM FAK 
inhibitor PF573228 (Sigma-Aldrich) for one hour prior to the addition of 
CCN2. Cells were lysed in modified radioimmunoprecipitation assay (RIPA) 
buffer (50 mM Tris, pH 7.2, 150 mM NaCl, 0.25% deoxycholate, 1% NP-40, 
protease, and phosphatase inhibitors). Cell extracts were precleared with 50 
µl of protein G Plus/A agarose beads (Calbiochem, San Diego, CA) for 30 
min at 4°C. Protein concentration was determined using the BCA Protein 
Assay Reagent Kit (Bio-Rad, Hercules, CA) according to the manufacturer’s 
instructions. Two micrograms of anti-p190 monoclonal antibody (Chemicon 
International, Temecula, CA) was incubated with 500 µg of extract for 2 h at 
4°C with gentle mixing. 50 µl of protein G Plus/A agarose beads was added, 
and the immune complexes were incubated for 1 h at 4°C. Immunoprecipi-
tates were washed three times with 0.5 ml of modified RIPA buffer, mixed 
with sample buffer, and separated by SDS-PAGE for immunoblot analysis. 
Even loading was confirmed by stripping and reprobing the blot with 
GAPDH. The bands were visualized with chemiluminescence detection 
(ECL, GE Health Care, Westborough, MA). Quantitative analysis was per-
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formed using ImageJ Software (IH-Image - http://rsbweb.nih.gov/ij). All 
experiments were performed three independent times.  

Golgi orientation  
Keratinocytes were plated on fibronectin coated glass slides and cultured to 
subconfluence in serum-free keratinocyte medium for 24 hours, prior to in-
cubation with or without 50 ng/ml recombinant human CCN2. After 2 hours 
of treatment, cells were fixed in 4% formaldehyde in PBS for 20 minutes at 
room temperature. After 5 minutes of permeabilization with 0.1% Triton X-
100, non-specific binding sites were blocked using 1% BSA in PBS and 
Golgi was detected with the monoclonal anti β-COP antibody (clone M3 A5, 
Sigma-Aldrich) diluted 1:20. Subsequently, slides were incubated with 
Alexa Fluor 546 goat anti-mouse IgG, diluted 1:500, and F-actin was visual-
ized with Alexa Fluor 488 phalloidin (Invitrogen, Carlsbad, CA) following 
the manufacturer’s instructions. Slides were mounted with aqueous mount-
ing medium DAPI (ProLong Gold, Invitrogen) and assessed by fluorescence 
microscopy. To quantify Golgi reorientation, a square was drawn over the 
nucleus and divided into quadrants. Quadrant A was assigned as the area of 
the cell between the nucleus and the leading edge. A reoriented Golgi was 
indicated by β-COP staining entirely within quadrant A. Analyses were per-
formed on 100 cells per treatment group and the percentage of cells with 
reoriented Golgi was calculated [174]. All experiments were performed three 
independent times with four cultures in each experiment. 

Statistical Analysis 
Values are given as mean ± SD. Student’s t test was used when comparing 
two groups. Statistical comparison of more than two groups was performed 
using one-way analysis of variance (ANOVA) with Dunn’s post hoc test. 
For statistical comparisons at a set time point, a non-parametric Kruskal-
Wallis test with a Dunn’s post-test was used. Statistical analysis was per-
formed using GraphPad Prism 5.0 (GraphPad, LaJolla, CA) and p values of 
<0.05 were considered significant.  
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Results 

Paper I 
A well-defined porcine wound-healing model was used to characterize the 
expression of CCN2 during re-epithelialization in vivo (Figure 2). There was 
no detectable CCN2 in unwounded epidermis. During re-epithelialization, 
the ingrowing neoepidermis stained positive for CCN2, and the expression 
was localized to the suprabasal epidermal layers. In addition, CCN2 expres-
sion was primarily distributed perinuclear, as described previously in fibro-
blasts, tubular epithelial cells and endothelial cells [151; 150; 171; 184]. 
Keratinocytes at the leading edge of the neoepidermis continued to produce 
CCN2, while the expression started to diminish around the original wound 
border, indicating that the expression of CCN2 in epidermis was transient. 
Immunofluorescent stainings showed co-expression of CCN2 and keratino-
cytes expressing keratin 6, indicating that CCN2 is expressed by hyperpro-
liferative keratinocytes during re-epithelialization of full-thickness wounds.  

 

 
Figure 2. Expression of CCN2 during re-epithelialization. 
 
To study the effect of CCN2 on keratinocyte migration, a scratch-wound 
assay was used. The addition of CCN2 led to an increase in the number of 
keratinocytes covering the scratch-wound area after 24 hours (Figure 3). To 
exclude the proliferative component, the scratch assay was repeated in 
keratinocytes pretreated with hydroxyurea to induce growth arrest. CCN2 
promoted scratch-wound closure in growth-inhibited keratinocytes, indicat-
ing that the increased scratch-wound closure was due to migration over pro-
liferation. In addition, incubation of keratinocytes with CCN2 did not in-
crease cell proliferation compared to control keratinocytes cultured in media. 
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Figure 3. Scratch wounds photographed at 0, 12 and 24 hours with or without the 
presence of 50 ng/mL CCN2. 

To determine whether CCN2 can activate the MAPK signaling pathway in 
keratinocytes, immunoblotting was performed to detect phosphorylated ERK 
1/2. Incubation with CCN2 induced phosphorylation of ERK 1/2, and in 
order to explore whether ERK 1/2 was involved in CCN2-induced keratino-
cyte migration, the scratch-wound assay was repeated in the presence of the 
MEK-specific inhibitor PD98059. PD98059 markedly reduced scratch-
wound closure, which remained low after the addition of CCN2 without 
affecting keratinocyte proliferation. These results indicate that ERK 1/2 acti-
vation is essential for CCN2-driven keratinocyte migration. 

Paper II 
To confirm that human keratinocytes produce CCN2 in vitro, conditioned 
medium was collected and analyzed with ELISA. CCN2 was detected in 
conditioned keratinocyte media throughout all 7 days of culture. The concen-
tration of CCN2 increased daily and reached a maximum level on day 6. To 
examine the ability of CCN2 to promote keratinocyte adhesion to fibron-
ectin, cells were allowed to adhere to microtiter wells precoated with fibron-
ectin, in the presence or absence of CCN2. The addition of CCN2 increased 
keratinocyte adhesion to fibronectin, and the presence of EDTA significantly 
decreased CCN2-enhanced keratinocyte adhesion. The addition of cations 
restored cell adhesion in the presence of CCN2, suggesting that CCN2-
enhanced keratinocyte adhesion to fibronectin involves integrins.   
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The RGD motif of fibronectin is an important recognition site for many in-
tegrins, and competitive inhibition of the RGD motif prevents integrin bind-
ing. Blocking this motif through the addition of RGD peptide significantly 
inhibited CCN2-enhanced keratinocyte adhesion to fibronectin, indicating 
that the main cellular receptors for CCN2-enhanced keratinocyte adhesion to 
fibronectin are the RGD-binding integrins. Treatment with integrin β1 -
blocking antibodies reduced CCN2-mediated adhesion of keratinocytes to 
fibronectin. In contrast, pretreatment with β6-blocking antibodies did not 
significantly block CCN2-mediated adhesion, suggesting that the main cellu-
lar receptors mediating CCN2-promoted keratinocyte adhesion are β1 integ-
rins. When α5 and β1 antibodies were used together, CCN2-mediated 
keratinocyte adhesion was significantly decreased, thus identifying α5β1 as a 
mediator of CCN2-enhanced keratinocyte adhesion to fibronectin. 

To examine whether integrin α5β1 plays a role in CCN2-promoted 
keratinocyte migration, a Boyden Chamber migration assay was used. The 
addition of CCN2 produced a three-fold increase in cell migration, and con-
sistent with the cell adhesion data, the addition of anti-integrin α5β1 antibod-
ies reduced CCN2-mediated keratinocyte migration as compared to controls. 
In addition, incubation with CCN2 significantly increased the production of 
integrin subunits α5 and β1 in keratinocytes. To confirm that CCN2 regu-
lates integrin α5β1 transcription, mRNA expression of integrin subunits was 
measured with qPCR; after 12 hours of' incubation with CCN2, the mRNA 
levels of integrin α5 subunit were significantly higher than in cells cultured 
without CCN2. These results illustrate that CCN2 modulates the expression 
of integrin α5 and β1 subunits in human keratinocytes in vitro.   

CCN2 has been shown to activate ERK, and ERK signaling is known to 
regulate cell adhesion and migration. To determine whether ERK activation 
was correlated with ligand binding and sequential FAK activation, keratino-
cytes were incubated with CCN2, and phosphorylated FAK was measured 
through immunoblotting. Phosphorylation of FAK was measurable as soon 
as after 10 minutes. Pretreatment with the FAK-specific inhibitor PF573228 
only partially inhibited CCN2-induced ERK phosphorylation, indicating the 
existence of alternate mechanisms by which CCN2 activates ERK.  

Paper III 
One of the most potent inducers of CCN2 is TGF-β, which was recently 
shown to upregulate the expression of CCN2 in corneal epithelial cells 
[154]. To determine whether TGF-β induces CCN2 expression in human 
keratinocytes, cells were incubated with or without CCN2. The addition of 
TGF-β increased both CCN2 mRNA and protein expression (Figure 4). 
Since maximal increase of CCN2 expression was observed after the addition 
of 10 ng/ml TGF-β, this concentration was chosen for subsequent experi-
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ments. To identify intracellular signaling pathways involved in the regula-
tion of CCN2 by TGF-β, immunoblotting was performed on cell lysates.  
 

 
 
Figure 4. TGF-β1 increases CCN2 protein production (green) in keratinocytes. Cul-
ture for 24 hours without (left) and with (right) 10 ng/ml TGF-β1. Nuclei are blue. 
 
 
Phosphorylation of Smad 3 was detected after 10 minutes and by 30 minutes 
it had reached a maximum. To determine whether TGF-β–induced CCN2 
expression in human keratinocytes was mediated through Smad signaling, 
cells were incubated with the Smad 3 inhibitor SIS3. Inhibition of Smad 3 
only partially reduced TGF-β–induced CCN2 mRNA expression, and this 
reduction was not statistically significant. In accordance with the mRNA 
data, TGF-β–induced CCN2 protein production was only slightly impaired 
by SIS3. Considered together, the above findings indicate that TGF-β–
induced CCN2 production in human keratinocytes is only partially mediated 
by Smad 3. Therefore the contribution of ERK to TGF-β–induced CCN2 
was investigated. Incubation with TGF-β induced phosphorylation of ERK 
that was measurable after 10 minutes. Pretreatment with PD98059 efficiently 
prevented TGF-β–induced ERK activation, and blockage of MEK potently 
reduced the ability of TGF-1 to induce CCN2 mRNA and protein expres-
sion. Collectively, these data suggest that activation of ERK signaling is 
necessary for TGF-β1–induced CCN2 expression.  

Since both Smad and ERK signaling pathways were found to be involved 
in TGF-β-induced CCN2 expression in keratinocytes, we investigated poten-
tial cross-talk between them. To investigate whether ERK is involved in 
Smad phosphorylation, TGF-β–induced Smad 3 phosphorylation was studied 
after inhibition of ERK signaling. Keratinocytes were pretreated with 
PD98059 for 60 minutes prior to incubation with TGF-β1 for 30 minutes. 
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TGF-β–induced phosphorylation of Smad 3 was not blocked by PD98059, 
suggesting that ERK does not mediate TGF-β–induced Smad 3 phosphoryla-
tion in keratinocytes. To examine the effect of ERK inhibition on the nuclear 
translocation of phosphorylated Smad 3, immunofluorescent stainings were 
conducted to visualize phosphorylated Smad 3 following incubation with 
TGF-β1. After 30 minutes of incubation with TGF-β, an intense fluorescent 
signal for phosphorylated Smad 3 signal was detected in the cell nuclei of 
keratinocytes, and inhibition of Erk activation by PD98059 had no effect on 
the nuclear localization of phosphorylated Smad 3. In addition to the immu-
nofluorescence studies, nuclear translocation of phosphorylated Smad 3 was 
measured using western blot, and blocking ERK activation with PD98059 
did not prevent the nuclear accumulation of phosphorylated Smad. Collec-
tively, these results suggest that inhibiting ERK does not prevent Smad 
phosphorylation or nuclear translocation. 

Paper IV 
To investigate the effect of CCN2 on keratinocyte morphology, keratino-
cytes were plated onto fibronectin-coated coverslips and incubated with 
CCN2 for 0 to 12 hours. Spread cells were identified under phase contrast 
microscopy as cells with polarity and cells with radially distributed lamel-
lipodia, while non-spread cells were categorized as highly retractile and 
round. The addition of CCN2 increased the percentage of spreading 
keratinocytes compared to cells cultured in control media and the cells that 
spread under the presence of CCN2 covered a greater surface area.  

Keratinocytes bind to fibronectin using αβ1 integrins and we have previ-
ously shown that integrin CCN2 promotes keratinocyte adhesion to fibron-
ectin via integrin α5β1 [91]. FAK is recruited to sites where integrin binds to 
fibronectin, and to examine the role of FAK in CCN2-induced cell spread-
ing, keratinocytes were pretreated with PF573228 for 60 minutes before 
plating onto fibronectin coated coverslips. PF573228 is a selective FAK 
inhibitor that prevents phosphorylation on Tyr 397, thereby interfering with 
FAK function [161; 49]. As expected, inhibition of FAK blocked CCN2-
induced cell spreading on fibronectin and the cells displayed an impaired 
spreading phenotype, with round cell morphology and less filopodia-like 
processes. These results suggest that CCN2-induced keratinocyte polarity 
requires FAK.  

Cell spreading and migration depend on the rearrangement of the actin 
cytoskeleton. Keratinocytes cultured without CCN2 extended lamellipodia 
uniformly around their circumference and had intact and visible actin stress 
fibers. In contrast, keratinocytes cultured in the presence of CCN2 assumed a 
well-polarized phenotype, with a large leading edge lamellipodium that is 
typical of migrating keratinocytes.  
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Rho GTPases are important regulators of cytoskeletal dynamics, and each of 
the GTPases contributes to cell motility by regulating actin cytoskeletal rear-
rangements [26]. To investigate the role of the Rho GTPase family in CCN2-
induced actin disassembly, keratinocytes were treated with CCN2 and cell 
lysate was assayed for active RhoA, Rac1 and Cdc42. Treatment with CCN2 
decreased the activity of Rho A over the course of 12 hours. In addition, 
CCN2 increased the activity of Cdc42 during the same period.  However, 
CCN2 had no significant effect on Rac1.  

RhoA is a well-known regulator of the actin rearrangements associated 
with formation of focal adhesions, actin stress fibers and membrane protru-
sions [59]. To determine whether the decreased activity of RhoA was corre-
lated with p190RhoGAP activation, 190RhoGAP was analyzed after treat-
ment with CCN2. Increased levels of p190RhoGAP were detected after 1 
hour of incubation with CCN2. Notably, the levels of phosphorylated 
p190RhoAGAP diminished after 6 hours and by 12 hours approached base-
line levels. Pretreatment with FAK-specific inhibitor PF573228 decreased 
the levels of CCN2-induced p190RhoGAP, indicating that CCN2 activates 
p190RhoGAP in keratinocytes via FAK.  

 

 
Figure 5. Compared to cells treated with serum free keratinocyte media (A-D), 
keratinocytes incubated with CCN2 exhibited reoriented Golgi (E - H). Cell nuclei 
were stained blue, the actin cytoskeleton was stained green and β-COP was stained 
red.  

 
 

Cdc42 is necessary for the establishment of cell polarity, and our results 
show that treatment with CCN2 induces Cdc42 activation in keratinocytes. 
Incubation with CCN2-induced Golgi reorientation and cells cultured with 
CCN2 showed immunoreactivity polarizing to one side of the nucleus (Fig-
ure 5). Pretreatment with ML141, a selective inhibitor of Cdc42 GTPase, 



 38 

inhibited CCN2-induced cell polarity and the cells showed a clear reduction 
of immunoreactivity and a distribution to both sides of the nucleus. These 
results indicate that CCN2 induces cell polarity and Golgi reorientation via 
Cdc42. 
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General discussion 

The present investigation shows that CCN2 is transiently expressed by 
keratinocytes during re-epithelialization of full-thickness wounds in vivo. 
The majority of studies exploring the expression and function of CCN2 dur-
ing tissue repair have been performed in vitro or using models of experi-
mental granulation tissue. Therefore a porcine wound model was used to 
study CCN2 during epidermal regeneration. The model captured the dynam-
ics of CCN2 expression during the epithelial reconstitution of full-thickness 
wounds, showing that CCN2 was expressed by hyperproliferative keratino-
cytes in the neoepidermis during the healing of full-thickness excisional 
wounds. The ability of keratinocytes to produce both CCN2 mRNA and 
protein was confirmed in vitro, and we showed that CCN2 enhanced 
keratinocyte adhesion to fibronectin and promoted migration through integ-
rin α5β1. Moreover, after incubation with CCN2, keratinocyte mRNA and 
protein production of integrins α5 and β1 were significantly increased. Our 
results indicated that CCN2 promoted both FAK and ERK phosphorylation 
and identified a role for FAK-ERK signaling in CCN2-mediated effects in 
keratinocytes. In addition, TGF-β was shown to be a potent inducer of 
CCN2, and the expression of CCN2 mRNA and protein was induced by 
TGF-β signaling through dynamic interactions between the Smad and ERK 
signaling pathways. Lastly, a role for RhoGTPases in CCN2-mediated cyto-
skeletal rearrangements was identified.  

CCN2 expression during re-epithelialization   
In paper I we showed that CCN2 was transiently expressed during re-
epithelialization of full-thickness wounds in vivo, and the transient expres-
sion pattern suggested a role for CCN2 epidermal regeneration. We showed 
that CCN2 promotes human keratinocyte migration through activation of the 
Ras-MEK-ERK signal transduction pathway. This is a new concept, suggest-
ing that CCN2, in addition to its role as a profibrotic factor in the connective 
tissue compartment, promotes epidermal regeneration. In the skin, CCN2 has 
primarily been seen as a profibrotic factor in the dermal compartment, but it 
has recently been demonstrated that CCN2 also has effects on epithelial tis-
sue. In the healing wound, CCN2 had first and foremost been associated 
with increased collagen production by fibroblasts, and it has been suggested 
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that CCN2 can be induced in mesenchymal cells, but not by epithelial cells 
[74; 41; 54; 81]. Although many previous studies have stated that CCN2 
expression is limited to mesenchymal cells, the expression of CCN2 mRNA 
and protein has been detected in several cell types of epithelial origin. In 
adult tissue, human renal tubular epithelial cells have been shown to produce 
CCN2 [76; 131; 96; 113; 184; 139]. Human primary gingival epithelial cells 
have been shown to express CCN2 mRNA and protein, indicating that 
CCN2 is expressed in both the epithelium and the connective tissues of the 
gingiva [80]. CCN2 has been shown to stimulate migration in corneal epithe-
lial cells [154; 165; 156]. In addition, CCN2 is overexpressed in various 
cancers of epithelial origin [27; 36]. Although CCN2 expression has been 
studied in epithelial cells, expression of CCN2 by keratinocytes remains 
controversial. Khoo et al. showed that CCN2 protein is constitutively ex-
pressed in normal human epidermis. Immunohistochemical detection of 
CCN2 in normal skin reflected the basal level of CCN2 expression in epi-
dermis [85]. Amjad et al. showed strong CCN2 protein expression in the 
epidermis of living skin models [2]. In addition, CCN2 mRNA expression 
has been detected in human epidermis in vivo [142]. In situ hybridization of 
normal human skin with an antisense CCN2 riboprobe demonstrated that 
CCN2 mRNA is highly expressed throughout the epidermis. The level of 
CCN2 mRNA in the epidermis of normal human skin was comparable to 
that of housekeeping gene 36B4. In addition, human keratinocytes cultured 
in serum-free conditions produce CCN2 mRNA and protein. The level of 
CCN2 mRNA was twofold higher than that of the housekeeping gene. In a 
follow-up study, Quean et al. confirmed the expression of CCN2 mRNA in 
vivo [143]. Our data confirm that CCN2 is indeed expressed by keratino-
cytes in the healing wound. 

The effect of CCN2 on keratinocyte function 
CCN2 expression has been reported in epithelial cells, but the effect of 
CCN2 on keratinocytes is not known. The finding that CCN2 enhances 
keratinocyte adhesion to fibronectin via integrin α5β1 may provide insights 
into CCN2's regulation of epithelial tissue. CCN2 is known to enhance the 
adhesion of a variety of cell types to fibronectin, and we showed that CCN2 
promotes keratinocyte adhesion to fibronectin. Fibronectin regulates cell 
adhesion, motility, proliferation, and differentiation, and during re-
epithelialization, keratinocytes migrate over a provisional matrix rich in fi-
bronectin [68].  Integrin α5β1 is the principal ligand for fibronectin and is 
also known to interact directly with CCN2 [70; 181]. Integrin α5β1 is ex-
pressed during the early stages of wound healing, while keratinocytes mi-
grate across the granulation tissue [100]. Using antagonist antibodies against 
integrin subunits α5, αv, and β1, we showed that CCN2-promoted keratino-
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cyte adhesion to fibronectin is mediated through integrin α5β1. Incubation 
with CCN2 induced the transcription of both α5 and β1 integrin subunits in 
keratinocytes, suggesting that CCN2 activates intracellular signaling path-
ways that lead to increased transcription, possibly increasing the availability 
of integrin α5β1. Another possibility is that CCN2 enhances keratinocyte 
adhesion by modulating the affinity of integrin α5β1 to fibronectin. Studies 
have shown that the binding of CCN2 to integrin α5β 1 causes allosteric 
changes in the conformation of integrin α5β1, resulting in partial integrin 
activation [70].  

In paper I we showed that ERK phosphorylation induced by CCN2 was 
blocked following incubation with PD98059. Our results here showed that 
inhibition of ERK by PD98059 correlated with inhibition of CCN2-induced 
migration. Multiple intracellular pathways can activate ERK, but activation 
of ERK by FAK has been described in several epithelial cell types [172]. In 
our study, inhibition of FAK resulted in a partial inhibition of CCN2-
mediated ERK phosphorylation, indicating that CCN2 may act via FAK-
independent pathways to activate ERK.  Considered together, our data sug-
gest that CCN2 enhances keratinocyte adhesion to fibronectin and promotes 
keratinocyte migration through integrin α5β 1. CCN2 regulated the mRNA 
expression of integrin subunits α5 and β1 by inducing expression in as little 
as 12 hrs, and FAK-ERK was identified as one of the intracellular pathways 
that mediates the effects of CCN2 on keratinocytes.  

Regulation of CCN2 expression by TGF-β 
The aim of the present study was to examine the regulation of CCN2 
keratinocytes and the potential involvement of the Smad and ERK signaling 
pathways in response to TGF-β. One of the most important early observa-
tions concerning CCN2 was that TGF-β induced CCN2 expression in dermal 
fibroblasts, and CCN2 is believed to be a downstream mediator of many of 
the actions of TGF-β. It has been believed that TGF-β can induce CCN2 
excretion in mesenchymal cells but not in epithelial cells. Fraizer et al. in-
jected TGF-β into the dermis of NIH Swiss mice, and no cells in the epider-
mis stained positive for CCN2 in either control of TGF-β injected skin. In 
contrast, CCN2 mRNA was detected in dermal fibroblasts at the injection 
site using in situ hybridization [41]. However, in the same study the endothe-
lial cells in large vessels or capillaries did not express CCN2 despite the fact 
that vascular endothelial cells are known to constitutively express CCN2 
[14]. The authors speculated that the injection model used in the study might 
not efficiently mirror the wound-healing milieu, since other agents that play 
important roles during wound healing did not stimulate the same response in 
their model. Grotendorst and colleagues showed that TGF-β induced a 25-  
to 30-fold increase in luciferase activity in NIH/3T3 fibroblasts that had been 
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transfected with this construct compared with untreated fibroblasts after 24 
hours of incubation. The response to TGF-β occurred only in fibroblasts, 
fetal bovine aortic smooth muscle cells, and NIH/3T3 fibroblasts, but not in 
the two epithelial cell lines tested, namely HepG2 and human breast epithe-
lial cells [54]. HepG2 is a cell line derived from the liver tissue of a 15-year-
old male with differentiated hepatocellular carcinoma. HepG2s are adherent, 
epithelial-like cells that do not show tumorigenic growth in immunocom-
promised mice. The expression of CCN2 by hepatocytes has long been con-
troversial. Conflicting data have been reported, showing either no mRNA 
expression [62], no appreciable CCN2 transcript staining [124] or marked 
CCN2 expression [93]. The ability of hepatocytes to synthesize CCN2 was 
recently shown in detailed cell culture studies, clearly demonstrating CCN2 
expression in hepatocytes in a TGF-β free environment. In addition, the ex-
pression of CCN2 was upregulated by TGF-β [52; 180]. Thus, hepatocytes 
are now recognized as an important source of CCN2, challenging the notion 
that HepG2 cells express CCN2 in response to TGF-β. 

In the study by Grotendorst et al., CCN2 expression was not detected in 
human breast epithelial cells [54].  In a follow-up, Frazier and Grotendorst 
assayed human invasive mammary ductal carcinomas with in situ hybridiza-
tion for CCN2. CCN2 mRNA was found only in the fibroblasts of the stro-
ma, and not in tumor epithelial cells or leukocytes [42]. However, expression 
of CCN2 mRNA and protein has since then been detected in both normal 
and malignant breast epithelial cells [78]. Leask et al. were not able to in-
duce CCN2 expression in mink lung epithelial cells [109]. The addition of 
25 ng/ml TGF-β2 did not lead to increased CCN2 production as measured by 
western blot. Three isoforms of TGF-β have been found in mammals, and 
data suggest that TGF-β1, TGF-β2, and TGF-β3 have differential roles dur-
ing wound repair [112]. Even though CCN2 expression has been shown to 
be stimulated by all TGF-beta isoforms, TGF-β1 remains the most potent 
adducer of CCN2. Collectively, these more recent studies appear to suggest 
that CCN2 is expressed and plays a role in the cellular activities of epithelial 
cells, and the present study supports this contention in the context of the 
keratinocyte.  

Regulation of the actin cytoskeleton by CCN2 and the 
RhoGTPases 
In paper IV, a role for the Rho-family of GTPases in CCN2-mediated cyto-
skeletal rearrangements was identified. Although previous studies have iden-
tified FAK activation and the subsequent Rho GTPase signaling as important 
regulators of cell motility, the mechanism behind CCN2-induced keratino-
cyte migration is not known. First, we demonstrate that CCN2-induced 
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keratinocyte migration requires FAK to be present as a scaffold protein. 
Treatment with CCN2 in the presence of FAK promotes the initial stages of 
cell spreading through the disassembly of F-actin filaments. Disassembly is 
regulated by the CCN2-induced activity of Rho GTPase proteins. In particu-
lar, CCN2 indirectly increases the activity of Cdc42 while inhibiting RhoA. 
These highly regulated changes are mediated by GAPs and GEFs such as 
p190RhoGAP, and ultimately function to facilitate alterations in keratinocyte 
polarity and motility in response to external stimuli. This mechanism is simi-
lar to others regarding CCN2 induced cell migration in cell types such as 
osteoblasts, chondrocytes, and renal mesangial cells, but is novel in the 
keratinocyte [67; 182; 38].  

Cell migration requires spatiotemporal integration of signals that regulate 
cytoskeletal changes and is largely regulated by FAK [103]. FAK is a cyto-
plasmic protein tyrosine kinase as well as a scaffolding protein that interacts 
with integrins and growth factors, allowing for signaling through the for-
mation of multi-protein complexes [116; 35; 16]. In migrating cells, upregu-
lation of FAK activation at the leading edge promotes establishment of cell 
polarity and subsequent motility. Cells deficient in FAK spread more slowly 
and migrate poorly in response to chemotactic signals [132]. Conversely, 
FAK is overexpressed or stabilized in certain cell lines of invasive colon, 
pancreatic, and breast carcinomas compared to normal tissue [17; 101; 82]. 
These results are in accordance with our finding that CCN2 -induced spread-
ing and migration of keratinocytes requires FAK. 

Multiple binding sites allow FAK to associate with adaptor proteins that 
activate Rho-family GTPases such as RhoA, Cdc42 and Rac1. Cdc42 has 
been described as a regulator of cell spreading and migration, particularly 
with regard to the phenotypic changes that occur in motile cells [58]. Chang-
es in cell size, shape, or morphology such as reorientation of the Golgi are 
critical in establishing an axis of polarity prior to migration. Similar to FAK, 
downregulation of Cdc42 inhibits cell migration while overexpression has 
been implicated in stimulating migration in cancerous cell lines [71; 45]. In 
the present study, treatment of keratinocytes with CCN2 resulted in the pre-
dicted increase in Cdc42 activity in addition to morphologic changes con-
sistent with cell migration.  

It has previously been shown that the activity of RhoA is limited during 
the initial stages of cell spreading when the actin cytoskeleton is in a state of 
disassembly. although RhoA activity is required for cell migration, precise 
regulation is critical as extensive RhoA activity inhibits cell movement [170; 
147]. Without this transient inhibition, RhoA would functionally antagonize 
the formation of membrane protrusions through excessive cytoskeletal con-
tractility and thereby inhibit migration [33].  

The opposing actions of GEFs and GAPs orchestrate the dynamic activi-
ties of the Rho proteins during cell migration. Decreased RhoA activity has 
been largely attributed to the action of p190RhoGAP, a 190 kDa mul-



 44 

tidomain protein. P190RhoGAP is the most abundant GAP for RhoA in 
mammalian cells and becomes activated after phosphorylation by Src kinase 
[40]. The correlation between FAK and p190RhoGAP activation in the pre-
sent study suggests that CCN2 might indirectly regulate RhoA activity 
through FAK-Src-p190RhoGAP signaling. Several studies have highlighted 
this pathway as a key determinant of cell polarity that occurs at the leading 
edge of the cell in conjunction with p120RasGAP. 

Our results and those of previous studies lead us to propose that CCN2-
induced keratinocyte migration is dependent on FAK, Cdc42, and RhoA, but 
independent of Rac1. More specifically, the proposed mechanism supports 
the hypothesis that CCN2-induced alterations in activity of Cdc42 and RhoA 
with involvement of p190RhoGAP results in actin cytoskeleton disassembly 
and subsequent migration.  As a mediator of cell migration, CCN2 may play 
a substantial role in both wound healing and cancer. An improved under-
standing of CCN2-induced keratinocyte migration may establish the founda-
tion for future diagnostic tools and therapeutics in these fields. 
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Conclusions 

The present investigation demonstrates that: 
 
• CCN2 is expressed by hyperproliferative keratinocytes during re-

epithelialization.  

• CCN2 activates the FAK-ERK signaling pathway and promotes 
keratinocyte adhesion and migration via integrin α5β1.  

• TGF-β induces CCN2 mRNA and protein expression in keratinocytes 
via Smad and MAPK signaling. 

• CCN2 regulates cell spreading and polarity as well as actin disassembly 
via Cdc42 and p190RhoGAP. 
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