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ABSTRACT OF THE DISSERTATION 

Connective tissue growth factor (CCN2/CTGF) is essential for angiogenesis and cartilage matrix 

secretion during development 

by 

Faith Lauren Hall-Glenn 

Doctor of Philosophy in Molecular, Cell and Developmental Biology 

University of California Los Angeles, Los Angeles, 2012 

Professor Karen M. Lyons, Chair 

 

Members of the C(Cyr61) C(CTGF) N(Nov) family of matricellular proteins are involved 

in multiple aspects of embryonic and postnatal development and disease pathologies. CCN2, or 

connective tissue growth factor, is the second member of the family and has gained importance 

due to its prominent role in fibrotic disease. CCN2 has been extensively studied both in vitro and 

in vivo, but its specific roles remain unclear due to discrepancies in cell specific signaling 

mechanisms and experimental design. The current use of CCN2 blocking antibodies in clinical 

trials to treat symptoms associated with fibrosis and kidney function during diabetes warrants a 

clearer understanding of the function of CCN2 during normal physiology in order anticipate side 

effects. In order to investigate the functions of CCN2 during development, we have further 

analyzed the Ccn2 global knockout mouse and found that CCN2 plays essential roles in 

angiogenesis during vascular remodeling and cellular stress during endochondral ossification. 

CCN2 plays a dual role in vascular remodeling, first through mediating platelet derived growth 

factor (PDGF) signaling between endothelial cells and pericytes, and second through inducing 
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the secretion of provisional and permanent vascular basement membrane components. Further 

analysis of the ECM defect observed in the growth plates of Ccn2 mutant mice revealed that the 

loss of CCN2 results in increased endoplasmic reticulum (ER) stress. Ccn2 mutants also 

exhibited decreased Nuclear Factor κB (NFκB) and autophagy-mediated cellular survival. 

Conversely, the overexpression of CCN2 results in attenuated ER stress and increased cellular 

survival during chemically induced ER stress. These results highlight a novel protective role for 

CCN2 during chondrocyte differentiation. Taken together, these results demonstrate that CCN2 

plays important physiological roles in vivo and these roles should be considered during 

therapeutic interventions. 
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The CCN family of matricellular proteins: roles in development and disease 
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Matricellular proteins are matrix proteins that do not contribute structurally to the extracellular 

matrix (ECM), but serve as key modulators of cell function and cell-matrix interactions during 

development [1]. Matricellular proteins are expressed at high levels during embryonic 

development and in response to postnatal injury. Matricellular proteins act in cell specific 

contexts by binding to cell surface receptors, ECM molecules, growth factors proteases and 

cytokines. Classical matricellular proteins include thrombospondins (TSP) 1 and 2, secreted 

protein acidic and rich cysteine (SPARC) and osteopontin (OPN). Global depletions of these 

classical matricellular proteins result in subtle phenotypes that are worsened during injury and 

repair [1,2].  

The C(Cyr61) C(Connective tissue growth factor) N(Nephroblastoma overexpressed) 

family of matricellular proteins were initially classified as immediate early gene products and/or 

growth factors [3]. This introduction discusses the roles of CCN matricellular proteins during 

embryonic and postnatal development, mechanisms of action and their roles during pathological 

diseases. And finally, the current and emerging therapeutic innovations and clinical trials 

towards treating CCN related pathologies will be discussed.  

CCN Family Structure: Modular Domains in action 

The CCN family is comprised of six members, CCN1-6. The name CCN is derived from a 

unified nomenclature based on the first three members: Cysteine-rich 61 (Cyr61/CCN1), 

Connective tissue growth factor (CTGF/CCN2) and Nephroblastoma overexpressed 

(Nov/CCN3) [4]. Members of the CCN family are modular proteins that were formed through 

exon shuffling, and share structural properties at both the gene (30-50 percent) and protein levels 

(40-60 percent) [5]. CCN proteins are about 38-42 kDaltons in mass and consist of an amino-

terminal secretory peptide followed by four modular domains (Figure 1) [6]. These modular 
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domains directly influence cellular proliferation, adhesion, migration and survival through 

interactions with growth factors, integrins, ECM molecules and receptors (Figure 2). The insulin-

like growth factor binding protein (IGFBP) domain shares a 32 percent sequence homology with 

classical IGF binding proteins 1-6, but the binding observed is relatively weak and may be 

dependent upon experimental conditions [3,7]. The second domain is the von Willebrand type 

C/chordin-like cysteine rich domain (VWC), which is present in mucins, collagens and 

thrombospondins [3]. This domain binds to integrins and growth factors, such as transforming 

growth factor β (TGFβ) and bone morphogenetic proteins (BMPs) [8]. The third domain is the 

thrombospondin type 1 repeat (TSR), which contains a motif that mediates cell adhesion through 

integrins, sulfated proteoglycans [9], lipoprotein related protein receptors (LRPs) [10,11] and 

growth factors such as vascular endothelial growth factor (VEGF). The final domain is the C-

terminal (CT) domain, which consists of six cysteine residues that form a cysteine knot motif 

that is also present in nerve growth factor (NGF), TGFβ and platelet derived growth factor 

(PDGF) [12]. The C-terminal domain also contains both dimerization and receptor binding 

regions that interact with heparin sulfate proteoglycans (HSPGs), integrins, Notch 1 receptor [13] 

and LRPs [3]. CCN5 lacks this module, but the loss does not seem to affect its function [14]. The 

N-terminal (IGFBP/VWC) and C-terminal (TSR/CT) domains are separated by a hinge region 

that is cleaved by most proteases, including matrix metalloproteases (MMPs) 1,2,3,7,9 and 13, 

elastase and plasmin [15]. These cleaved domains show distinct biological properties, which may 

explain why CCN proteins exhibit cell specific functions during multiple physiological and 

pathological conditions [6]. These truncated domains are also preferentially expressed during 

fibrosis and certain cancers, making them important diagnostic markers for disease progression 

and treatment [6].  
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Figure 1: The modular domains of the CCN family of matricellular proteins. 

Schematic representation of the CCN protein structure. The CCN family structure consists of a 

secretory peptide followed by four modular domains: (I) the insulin-like growth factor binding 

protein (IGFBP), (II) The von Willebrand factor C domain (VWC), (III) the thrombospondin 

type 1 repeat (TSR), and (IV) the carboxy-terminal domain (CT) containing a cysteine knot, 

which is not present in CCN5. A hinge region is susceptible to cleavage by matrix 

metalloproteases (MMPs), plasmin and elastase. (Modified from Kular et al., 2011) 
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Figure 2: Molecular interactions mediated through the modular domains of CCN 

proteins. CCNs are able to interact with multiple binding partners including integrins, WNT 

co-receptors lipoprotein receptor-related proteins (LRPs), extracellular matrix (ECM) proteins 

such as heparin sulfate proteoglycans (HSPGs), fibronectin and perlecan; growth factors such as 

bone morphogenetic proteins (BMPs), transforming growth factor β (TGFβ) and vascular 

endothelial growth factor (VEGF), and the Notch1 extracellular domain. The modular domains 

of CCN proteins allow them to interact with these various factors, receptors and ECM molecules 

to activate multiple intracellular signaling pathways. These pathways ultimately induce cellular 

adhesion, proliferation, migration, survival, ECM production and apoptosis in multiple 

physiological and pathological processes. (Modified from Jun and Lau, 2011) 
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CCN expression and functions during development 

CCN1 (Cyr61) 

Ccn1 was described in 1985 as a gene that was expressed in mouse Balb/c3T3 cells induced by 

serum and PDGF [16]. CCN1 is a potent angiogenic factor with expression in the developing 

cardiovascular system [17]. CCN1 is also expressed in cartilaginous elements, the developing 

central nervous system, and the placenta [17]. A global depletion of Ccn1 results in embryonic 

lethality due to major defects in angiogenesis, including failure of proper chorioallantoic fusion, 

placental vascular defects, and cardiac atrioventricular septal defects (AVSD) [18,19].  CCN1 

can stimulate chondrogenesis and osteogenesis in limb bud mesenchyme cultures [20,21]. 

However, due to the early embryonic lethality of CCN1 mice, its role in chondrogenesis has not 

been investigated. Unpublished work from our laboratory analyzing a cartilage specific depletion 

of CCN1 revealed no major defects in chondrogenesis. Cartilage specific CCN1 mutant mice 

perish soon after birth, possibly due to cardiac defects resulting from the early expression of the 

collagen type II promoter in the atria (data not shown) [22]. These results indicate that CCN1 

does not play a major role in chondrogenesis, but further investigation of this phenotype is 

warranted. In the adult, CCN1 is expressed in the kidneys, skeletal muscle, lung and uterus [23].  

CCN2 (CTGF) 

CCN2 was discovered through the screening of a cDNA library from serum stimulated NIH-3T3 

cells in 1988, and was later reported in 1991 as a factor that cross-reacted with PDGF when 

isolated from human umbilical vein endothelial cells (HUVECs) [24,25]. CCN2 is expressed 

throughout embryonic development in multiple tissues including the developing vasculature, 

bone and cartilage, mesangial cells (MCs) of the kidneys, brain, mammary glands and lungs [26]. 

CCN2 promotes endochondral and intramembranous bone formation in vivo [27,28]. A global 
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depletion of Ccn2 results in perinatal lethality as a result of severe skeletal abnormalities caused 

by impaired chondrocyte proliferation, ECM production and growth plate angiogenesis [27]. In 

vitro, CCN2 mediates chondrocyte extracellular matrix production in part through controlling the 

expression and activation of integrin α5β1 [29]. Consistent with its high expression in vascular 

elements, CCN2 plays critical roles in endothelial cell adhesion to pericytes, as well as the 

formation and integrity of the vascular basement membrane [30]. In the adult mouse, CCN2 

continues to be expressed in major and minor vascular elements, lungs, articular and growth 

plate cartilage, intervertebral disks and cranial sutures [31].  

CCN3 (Nov) 

Ccn3 was first discovered in 1992 as an overexpressed gene in virally induced nephroblastomas 

in avian embryos [32]. CCN3 expression has been observed in the developing nervous, 

cardiovascular and urogenital systems, retina, skeleton, muscle and tendon [33-35]. A full knock 

down of Ccn3 has not been generated but mice carrying a targeted mutation of Ccn3 within the 

VWC domain were investigated [36]. These CCN3 mutants were viable at birth, but exhibited 

enlarged skeletal elements including rib cage malformations and abnormal joint articulation. 

These skeletal defects persisted into adulthood. In addition to these abnormalities, adult CCN3 

mutant mice exhibit age-dependent cardiomyopathy, muscle degeneration, and cataracts [36]. 

Isolated Ccn3 mutant differentiated fibroblasts and limb bud micromasses exhibited accelerated 

chondrogenesis and osteogenesis, suggesting that CCN3 plays an inhibitory role during 

mesenchymal differentiation [36].  

CCN4 [Wnt Inducible Secreted Protein-1 (WISP-1)] 

CCN4/WISP1 was first identified in 1996 as a Wnt-1 regulated oncogene in metastatic murine 

melanoma cells [37]. CCN4 expression during embryonic and postnatal development has not 
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been characterized nor has a targeted deletion in mice been developed to determine its 

developmental function. CCN4 is aberrantly expressed in multiple human cancers, idiopathic 

pulmonary fibrosis and cancer derived cell lines [3]. 

CCN5 (WISP-2) 

CCN5 was identified in heparin treated rat vascular smooth muscle cells (VSMCs) during a 

subtractive hybridization screen in 1997 [38]. Ccn5 is expressed all embryonic tissues including 

cardiac muscle, intestinal smooth muscle and epithelium, lung bronchioles and during late 

endochondral ossification [39]. In adult tissues, CCN5 expression is observed in vascular 

elements including epithelial and smooth muscle cells, pancreas, spleen, skeletal muscle, 

reproductive organs, nervous system, kidney and digestive tract [40]. A targeted depletion of 

Ccn5 in mice has not been reported [14].  

CCN6 (WISP-3) 

Ccn6 was identified in humans during a screen of an expressed sequence tag database using 

Ccn4 [38]. CCN6 is the only CCN family member directly associated genetically with human 

disease. Humans with point mutations and deletions in Ccn6 develop a rare autosomal recessive 

disorder called progressive pseudorheumatoid dysplasia (PPD), also known as 

spondyloepiphyseal dysplasia tarda with progressive arthropathy (SEDT-PA) [41,42]. Humans 

with PPD show no overt clinical phenotypes at birth, but the disorder begins to manifest in early 

childhood with malformations, swelling and stiffness of joints, platyspondyly and early onset 

osteoarthritis (OA) [43]. Articular chondrocytes isolated from PPD patients show increased 

proliferation and decreased apoptosis [42]. These observations indicate that the loss of Ccn6 

results in accelerated chondrocyte differentiation, which may explain the joint degeneration and 

early onset of OA observed in PPD patients. CCN6 expression during development has not been 
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characterized, but based on the defects observed in humans, appears to be expressed in 

developing endochondral elements and joints [44]. Surprisingly, mice with a targeted deletion or 

overexpression of Ccn6 show no overt phenotype and do not recapitulate any features of PPD 

patients [44]. The presence of a phenotype in humans but not in mice is likely related to the 

observation that CCN6 is expressed in human articular cartilage, but not in mouse articular 

cartilage [44]. These studies demonstrate that there are fundamental differences between mice 

and humans with respect to with respect to CCN family member function and/or models of 

disease, but they also recognize CCN6 as an important regulator of mesenchymal differentiation 

and postnatal maintenance of bone and cartilage.  

CCN Mechanisms of Action 

Cell Adhesion, migration and proliferation 

CCNs 1, 2 and 3 can promote adhesion in multiple cell types including smooth muscle cells, 

endothelial cells, platelets, monocytes, pancreatic stellate cells and hepatic stellate cells (Figure 

2) [45]. CCN1 and CCN2 promote adhesive signaling in fibroblasts through α6β1 and HSPGs to 

induce focal adhesion (FAK) signaling, small GTPase Rac, actin cytoskeletal rearrangements, 

filapodia and lamellipodia formation [46]. CCN2 promotes fibroblast and chondrocyte adhesion 

to fibronectin through α6β1 and α5β1 integrins, respectively [29,47].  

 In addition to supporting adhesive properties in cells, CCNs can also induce cell 

migration and proliferation. CCNs 1, 2 and 3 can stimulate cell migration and chemotaxis in 

most mesenchymal cell types [48]. Conversely, CCN3 and CCN5 inhibit cell migration of 

VSMCs and various cancer cell lines [49-51].  

The affects of CCN proteins on proliferation are cell type specific. CCN1, 2 and 3 can 

enhance DNA synthesis in fibroblasts through integrins, but do not posses the intrinsic ability to 
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induce mitogenesis without the presence of other growth factors [48]. CCN5 inhibits cellular 

proliferation and seems to have antagonistic functions against other CCNs [14]. Although the 

functions of CCNs during cell adhesion, migration and proliferation are highly contextual in 

nature, they do present interesting avenues to circumvent tumorigenesis and metastasis.   

Cell survival and Apoptosis 

The ability of CCNs to regulate cell adhesion invariably promotes cell survival. Paradoxically, 

CCN1, 2 and 3 can induce apoptosis as cell adhesion substrates in fibroblasts by interacting with 

α6β1 and syndecan-4 [52]. This interesting phenomenon is due to CCN1, 2 and 3 synergizing 

with the inflammatory cytokine tumor necrosis factor α (TNFα) to induce apoptosis [52]. 

Specifically, CCN1 is able to convert the anti-apoptotic adhesive functions of TNFα, to a pro-

apoptotic response through Rac-1 and p53 induction of reactive oxygen species (ROS) [52]. 

CCN4 may work antagonistically in this process, as CCN4 has been found to inhibit TNFα-

induced apoptosis in cardiomyocytes [53]. Therefore, CCNs can activate cell survival or death in 

cell-specific and integrin dependent contexts. These studies also demonstrate the CCN specific 

effects on biological outcomes during inflammatory processes.  

Angiogenesis 

CCN1, 2 and 3 are all potent inducers of angiogenesis, in part through binding to integrin αvβ3 

on endothelial cells to induce cell migration and tube formation in vitro [9,46,54]. CCN1 and 2 

are secreted by endothelial cells and stimulated by angiogenic factors such as basic fibroblast 

growth factor (bFGF) and VEGF [46]. Both Ccn1 and 2 knockout mice exhibit defects in vessel 

formation caused by defective ECM deposition, degradation and remodeling [19,27,30]. The 

anti-proliferative effect of CCN5 in VSMCs raises the intriguing possibility that CCN5 may 

regulate angiogenesis in vivo [50]. The angiogenic functions of CCNs make them interesting 
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therapeutic targets for treatment of vascular diseases. Conditional depletions of CCN1, 2 and 5 in 

specific populations of vascular cells (i.e. endothelial cells, pericytes or VSMCs) should be 

generated in order to further elucidate the cell-specific and autocrine functions of CCNs during 

angiogenesis. 

Chondrogenesis and Osteogenesis 

CCN proteins display both positive and negative roles in cartilage and bone formation [45,55]. 

The most severe chondrodysplasia resulting from the loss of a matricellular protein is observed 

in Ccn2 knockout mice [27]. As discussed above, homozygosity for a modified allele of CCN3 

results in enhanced chondrogenesis and osteogenesis [36]. However, it is not clear whether this 

allele encodes a protein with reduced function, no function, or novel functions. CCN3 is 

upregulated in the absence of CCN2 in the growth plate, and this is accompanied by delayed 

differentiation and defective proliferation [56]. However, overexpression of CCN2 (conditional 

overexpression in bone) and CCN3 (global transgenic) antagonize both BMP and Wnt signaling 

pathways, resulting in osteopenia [36,57]. The mechanisms responsible for the ability of CCN2 

and CCN3 to antagonize these pathways in vivo are unknown. However, the VWC domain 

allows CCNs to interact with BMPs and TGFβ, which are indispensible for embryonic and 

postnatal endochondral bone formation and maintenance [8,58], and this interaction inhibits 

BMP signaling. In turn, CCN2 expression is induced by TGFβ-mediated signaling owing to the 

presence of a SMAD binding element in the Ccn2 promoter region [59]. CCNs can also regulate 

Wnt signaling during endochondral bone formation through binding to the Wnt co-receptor 

LRP6 [11,21], but whether this occurs in vivo is unknown. Wnt proteins regulate aspects of bone 

formation during embryonic development and postnatal bone remodeling by controlling the 

activity of osteoblasts and osteoclasts [60]. In turn, CCN2 expression is induced by Wnt 
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signaling in chondrocytes [61]. Thus, CCN2 appears to interact physically with BMPs, TGFβ, 

and Wnts. These interactions are thought to antagonize Wnt and BMP signaling but promote 

TGFβ signaling. The physiological relevance of these interactions remains to be established. 

Furthermore, CCN2 expression is induced by Wnts and TGFβ in skeletal cells, suggesting that 

CCNs are components of feedback loops involving BMPs and Wnts. As the functions of CCNs 

in embryonic skeletogenesis and adult bone maintenance continue to be elucidated, it would be 

of interest to determine the compensatory roles they play in these processes.  

Stem Cell maintenance and Differentiation 

CCNs regulate the differentiation of bone, cartilage and adipose from mesenchymally derived 

tissues [62]. CCN2 can also drive the differentiation of bone marrow mesenchymal stem cells 

into fibroblasts [63]. CCN3 plays an important role in the self-renewal of hematopoietic stem 

cells from umbilical chord blood [64]. The mechanisms by which CCN2 and CCN3 mediate 

these conversions are unknown. The role of CCN3 and integrin-mediated signaling may present 

interesting future studies on stem cell engraftment [62,64]. Future studies are also needed to 

further illuminate the roles of CCNs in stem cell renewal and maintenance in bone marrow and 

hematopoietic microenvironments.  

Roles in Pathological Diseases 

CCN proteins are highly expressed during inflammation and tissue repair. Aberrant expression of 

CCNs is a hallmark of multiple pathological conditions including fibrosis, cancer, arthritic 

inflammation and cardiovascular disease. The mechanisms of CCN action during these processes 

are not completely understood, but their roles remain specific and complex. 

 

 



 13 

Wound Healing and Fibrosis 

Wound healing is characterized by three distinct and overlapping phases to facilitate healing and 

repair. During the first phase, inflammation at the site of injury occurs. Resident fibroblasts are 

induced by inflammatory factors and differentiate into contractile myofibroblasts, which deposit 

ECM to promote tissue integrity during the healing process. During fibrosis, ECM deposition by 

myofibroblasts is exacerbated, resulting in scarring and eventual loss of tissue function [65]. 

CCN2 is major player in fibrosis and exacerbates fibrosis in multiple organs. CCN2 is secreted 

by platelet α-granules, resident fibroblasts and myofibroblasts during wound healing. CCN2 is 

also activated by other inflammatory cytokines and growth factors such as TGFβ [66]. Mouse 

models studying the tissue specific effects of CCN2 overexpression during fibrosis have yielded 

ambiguous results. Transgenic mice exhibiting tissue specific overexpression of CCN2 in 

parenchymal cells do not exhibit spontaneous fibrosis in most organs, but upon injury, fibrotic 

responses are initiated and exacerbated [66]. On the other hand, a fibroblast specific 

overexpression of CCN2 can drive spontaneous fibrosis in the skin, lung, kidneys and arteries 

[67]. The most likely explanation for these differing outcomes is the different levels of CCN2 

expression observed in the transgenic models. 

CCN4 is also involved in fibrotic processes and is upregulated during human and mouse 

models of pulmonary fibrosis [68]. In addition, the administration of recombinant CCN4 

increases ECM deposition in fibroblasts [68]. Future studies should focus on the relationship 

between CCN2 and CCN4 to discover if they act in concert to regulate cell specific responses 

during fibrosis.  

CCN1 acts as a senescence switch during wound healing and fibrosis, where it induces 

activated myofibroblasts to adopt a senescent secretory phenotype, which involves the secretion 
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of MMPs and decreased ECM deposition [69]. CCN1 may thus play an anti-fibrotic role by 

inducing the resolution of fibrotic tissue to promote healing. 

CCN3 and CCN5 appear to also exert anti-fibrotic effects. CCN3 blocks the pro-fibrotic 

effects of CCN2 and collagen deposition in mesangial cells in an in vitro model of renal disease 

[70]. CCN5 reduces cardiac fibrosis, possibly through inhibition of TGFβ signaling. CCN2 and 

CCN5 play pro- and anti-fibrotic roles, respectively, during cardiac hypertrophy [71]. These 

investigations should be expanded to studying fibrosis in other tissues, as similar antagonistic 

mechanisms may be at work. 

Cancer 

Aberrant expression of CCNs is observed in multiple tissues and organs of the following cancers: 

colorectal, gallbladder, gastric, ovarian, pancreatic, prostate, breast, hepatocellular carcinoma, 

melanoma, cartilaginous tumors, lymphoblastic leukemia, non-small cell lung and squamous cell 

carcinoma and gliomas [45]. CCNs play both pro- and anti- tumorigenic roles that are organ 

specific and depend on the availability of angiogenic factors and other agents in the tumor 

microenvironment. Generally, CCN1, CCN2 and CCN4 have been associated with tumor cell 

proliferation and growth, with CCN3, CCN5 and CCN6 playing inhibitory roles during these 

processes [48].   

CCNs can promote tumor growth by augmenting tumor angiogenesis. CCN1 and CCN2 

can induce or suppress angiogenesis in a tumor dependent fashion. CCN1 overexpression in 

gastric adenocarcinoma [72] and MCF-7 breast cancer cells enhances their tumorigenicity 

through increased vascularization [73]. A newly developed anti-CCN1 monoclonal antibody 

inhibited the proliferation, migration, and invasion of a highly malignant human breast cancer 

cell line [74]. CCN2 is overexpressed in human pancreatic cancer and a CCN2 monoclonal 
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blocking antibody was shown to inhibit pancreatic tumor growth and metastasis in mice [48,75]. 

CCN1 and CCN2 are prognostic markers for secondary osteolytic bone metastasis from breast 

cancer [76], with neutralizing antibodies suppressing bone metastasis and micro-vascularization 

[77]. 

  CCNs can also enhance tumor cell survival by activating anti-apoptotic mechanisms. In 

addition to enhancing tumor vascularization, ectopic CCN1 expression can induce apoptotic 

resistance in MCF-7 breast cancer cell lines by up-regulating XIAP, an anti-apoptotic protein 

[78].  

 CCNs can also inhibit tumor growth by suppressing proliferation. CCN3 is ectopically 

expressed in gliomas, resulting in reduced tumor size [79], but paradoxically, can also promote 

melanoma metastasis in mouse xenograft models [80]. Increased CCN3 expression in patients is 

linked to poorer disease prognosis in Ewing’s sarcoma, breast cancer and melanoma [62]. CCN3 

can also sensitize cancer cells to anti-cancer drugs. For example, in myeloid leukaemia cells 

CCN3 halts proliferation, restores cell growth control and sensitizes the cells to cancer drug 

induced apoptosis [81]. Consistent with its role in inhibiting the growth of VSMCs [50], CCN5 

can also inhibit the growth of breast, leiomyoma and myometrial cancer cell lines [62]. CCN6 

can also inhibit tumor growth in breast carcinomas in part through the inhibition of IGF-1 

signaling, which can augment breast cancer survival and metastasis [82].  

 In summary, the mechanisms underlying these pro- and anti-tumorigenic roles are 

unknown. It is likely that some of these effects reflect the pro-angiogenic functions of CCN 

proteins. In other cases, CCN proteins have direct effects on tumor cells, promoting proliferation, 

migration, survival, or apoptosis. These different cellular activities may be mediated through 
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engagement of different integrins. Given their potent effects on several cell types, CCNs are 

emerging as important therapeutic targets for cancer treatments.  

Inflammatory Diseases 

Inflammation is a transient physiological reaction of tissues that enables the immune system to 

remove toxic or pathological stimuli and initiate the healing process [83]. Uncontrolled or 

sustained inflammation can extensively damage tissues and lead to the progression of multiple 

chronic pathologies. CCNs can either activate or be activated by inflammatory cytokines in 

multiple cell dependent contexts. CCNs play significant roles in osteoarthritis, kidney disease 

and neuroinflammation [83].  

 Osteoarthritis (OA) is a common degenerative disease characterized by cartilage loss in 

joints. CCN2 is highly expressed in OA cartilage and chondro-osteophytes [84]. An injection of 

CCN2 into the synovial lining of mouse knee joints resulted in transient fibrosis and cartilage 

damage [84]. However, in a model of induced OA in rats, the injection of CCN2 stimulated 

cartilage repair [85]. Due to these conflicting results, further investigations are needed in order to 

determine if CCN2 plays protective or destructive roles during OA, as the affects of CCN2 

during OA are tightly regulated and highly stage and dosage dependent. 

 CCN3 was identified as a marker of late stage OA, suggesting that CCN3 may play a 

critical role in the progression of OA [86]. CCN4 expression is also increased in human and 

experimental models of OA and contributes to cartilage damage by increasing the production of 

MMPs in chondrocytes and macrophages [87].  

 Progressive renal fibrosis is characterized by increased matrix deposition and 

inflammatory cell infiltration within the kidney interstitium and glomerulus, ultimately causing 

the loss of kidney function. CCN2 is produced by mesangial cells (MCs) and can drive renal 
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disease in response to TGFβ [70]. CCN2 is also involved in the recruitment of inflammatory 

cells from the renal interstitium through NFκB-mediated secretion of cytokines and chemokines 

[88]. CCN3 was shown to also be secreted by MCs and can negatively regulate CCN2 

stimulation by TGFβ, and therefore block the fibrotic response [70]. More studies are needed to 

address these antagonist roles in vivo. 

 Chronic inflammation of the nervous system is characterized by the activation of resident 

microglia and astrocytes. Neuroinflammation has been implicated in the progression of various 

pathological conditions such as Alzheimer’s disease (AD), Parkinson’s disease (PD), multiple 

sclerosis, and amyotrophic lateral sclerosis. CCNs are highly expressed in the central nervous 

system, and although no neurodevelopmental defects were observed in CCN mutants, they may 

play significant roles in neuroinflammation [48]. Elevated expression of CCN2 was observed in 

AD brain neurons and astrocytes, which correlates with the progression of AD dementia and the 

deposition of amyloid plaques [89]. These studies suggest that CCN2 contributes to the 

progression of β-amyloidosis and AD prognostic outcome. The roles of CCNs during CNS 

development and neuroinflammation remain to be elucidated.  

 CCNs represent a class of novel and potent inflammatory modulators in multiple disease 

pathologies. Future studies should focus on more in vivo analyses of the separate and 

overlapping functions of CCNs during transient and chronic inflammatory diseases.  

Cardiovascular Disease 

CCNs are involved in many vascular disease pathologies including atherosclerosis, restinosis and 

various cardiomyopathies. CCN1 and CCN2 are overexpressed in VSMCs of atherosclerotic 

plaques and promote neointimal hyperplasia of the vascular walls after injury [83]. CCN1 siRNA 

knock down results in decreased neointimal hyperplasia after vascular injury, making it a 
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potential therapeutic target in treating restenosis [45]. Ccn3 null mice exhibit increased 

neointimal thickening after thrombosis induction, indicating an inhibitory role in neointimal 

hyperplasia [51].  

 CCN1 and CCN2 are up-regulated in the cardiomyocytes of patients during cardiac 

remodeling after myocardial infarction and ischemic injury [90,91]. CCN2 and CCN5 play 

opposing roles during cardiac hypertrophy and induced pressure overload, with CCN2 playing a 

pro-fibrotic role and CCN5 playing an anti-fibrotic role. Interestingly, a deletion of the C-

terminal domain of CCN2 conferred anti-fibrotic and hypertrophic responses similar to CCN5; 

and conversely, CCN5 develops a CCN2 like pro-fibrotic phenotype by adding the C-terminus. 

These results show that the C-terminal domain of CCN2 is the mediator of CCN2-mediated 

cardiac hypertrophy and possibly the fibrotic responses in other tissues [71]. 

Therapeutic Innovations and Clinical Trials 

The secretory properties of CCNs make them well suited for the production of functional 

blocking antibodies. Blocking antibodies that directly target integrins or their binding sites in 

CCN domains (i.e. VWC, TSR and C-terminal domains), may be another approach to block the 

activation of CCNs [48]. Small interfering RNA (siRNA) and anti-sense oligonucleotides against 

CCNs also present interesting therapeutic targets, as they are more specific and decrease the side 

effects that may occur with the use of monoclonal antibodies [48].  

 Most drug targeting approaches are directed at CCN2, due to the prominent role it plays 

in multi-organ fibrosis. A phase I clinical study is currently in progress to determine the efficacy 

of a CCN2 monoclonal blocking antibody (FG-3019) in the treatment of mild to moderate 

idiopathic pulmonary fibrosis. Initial studies are promising and phase II clinical trials are 

underway [48]. Additional trials investigating the affect of FG-3019 for the treatment of liver 
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fibrosis caused by chronic hepatitis B infection are entering their early stages of development. 

The CCN2 FG-3019 antibody has also been used in another clinical trial for the treatment of 

diabetes patients with albuminuria, which can compromise kidney function. Initial studies are 

promising and show that blocking CCN2 results in a significant decrease in albuminuria [48].  

 Anti-sense oligonucleotides against CCN2 are also being utilized in several phase II 

clinical trials studying the effects of blocking CCN2 to reduce scarring after breast and 

abdominoplasty surgeries with promising results [48].  

 The targeting approaches applied to the treatment of CCN2 during fibrosis can also be 

applied to other CCNs. In addition, the blocking activities of CCN5 may also be utilized to 

inhibit the functions of other CCNs and presents an interesting therapeutic approach to inhibiting 

the harmful effects of other CCNs.  

Summary 

 CCNs present a unique class of matricellular proteins that are involved in numerous 

developmental and disease states. CCNs function in concert and antagonistically with one 

another to regulate various aspects of cell proliferation, migration, adhesion and apoptosis. These 

properties make the functions of CCNs in different physiological and pathological conditions 

difficult to ascertain, but also highlight the general complexities associated with integrated 

pathways and ECM signaling molecules in the whole organism.  Future studies should focus on 

the cell specific functions of CCNs during development, as these processes are recapitulated 

during stem cell renewal and differentiation, wound healing, cancer and metastasis.  

 CCNs also play roles in various fibrotic disorders, cancers and inflammatory diseases, 

making them important diagnostic markers for monitoring disease progression and therapeutic 

efficacy. The clinical trials in progress with CCN2 in the treatment of fibrotic disorders are 
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promising. However, other CCNs are also involved in similar disease states and have opposing 

functions against CCN2 in these contexts. Research and therapies targeting the function of other 

members of the CCN family should be continued, as their therapeutic potential is far from being 

unlocked.  

 

References  

1. Bornstein P, Sage EH (2002) Matricellular proteins: extracellular modulators of cell function. 

Curr Opin Cell Biol 14: 608-616. 

2. Tsang KY, Chan D, Cheslett D, Chan WC, So CL, et al. (2007) Surviving endoplasmic 

reticulum stress is coupled to altered chondrocyte differentiation and function. PLoS Biol 

5: e44. 

3. Brigstock DR (1999) The connective tissue growth factor/cysteine-rich 61/nephroblastoma 

overexpressed (CCN) family. Endocr Rev 20: 189-206. 

4. Brigstock DR, Goldschmeding R, Katsube KI, Lam SC, Lau LF, et al. (2003) Proposal for a 

unified CCN nomenclature. Mol Pathol 56: 127-128. 

5. Rachfal AW, Brigstock DR (2005) Structural and functional properties of CCN proteins. 

Vitam Horm 70: 69-103. 

6. Holbourn KP, Perbal B, Ravi Acharya K (2009) Proteins on the catwalk: modelling the 

structural domains of the CCN family of proteins. J Cell Commun Signal 3: 25-41. 

7. Vorwerk P, Hohmann B, Oh Y, Rosenfeld RG, Shymko RM (2002) Binding properties of 

insulin-like growth factor binding protein-3 (IGFBP-3), IGFBP-3 N- and C-terminal 

fragments, and structurally related proteins mac25 and connective tissue growth factor 

measured using a biosensor. Endocrinology 143: 1677-1685. 



 21 

8. Abreu JG, Ketpura NI, Reversade B, De Robertis EM (2002) Connective-tissue growth factor 

(CTGF) modulates cell signalling by BMP and TGF-beta. Nat Cell Biol 4: 599-604. 

9. Chen N, Leu SJ, Todorovic V, Lam SC, Lau LF (2004) Identification of a novel integrin 

alphavbeta3 binding site in CCN1 (CYR61) critical for pro-angiogenic activities in 

vascular endothelial cells. J Biol Chem 279: 44166-44176. 

10. Segarini PR, Nesbitt JE, Li D, Hays LG, Yates JR, 3rd, et al. (2001) The low density 

lipoprotein receptor-related protein/alpha2-macroglobulin receptor is a receptor for 

connective tissue growth factor. J Biol Chem 276: 40659-40667. 

11. Mercurio S, Latinkic B, Itasaki N, Krumlauf R, Smith JC (2004) Connective-tissue growth 

factor modulates WNT signalling and interacts with the WNT receptor complex. 

Development 131: 2137-2147. 

12. Bork P (1993) The modular architecture of a new family of growth regulators related to 

connective tissue growth factor. FEBS Lett 327: 125-130. 

13. Sakamoto K, Yamaguchi S, Ando R, Miyawaki A, Kabasawa Y, et al. (2002) The 

nephroblastoma overexpressed gene (NOV/ccn3) protein associates with Notch1 

extracellular domain and inhibits myoblast differentiation via Notch signaling pathway. J 

Biol Chem 277: 29399-29405. 

14. Russo JW, Castellot JJ (2010) CCN5: biology and pathophysiology. J Cell Commun Signal 

4: 119-130. 

15. de Winter P, Leoni P, Abraham D (2008) Connective tissue growth factor: structure-function 

relationships of a mosaic, multifunctional protein. Growth Factors 26: 80-91. 

16. Lau LF, Nathans D (1985) Identification of a set of genes expressed during the G0/G1 

transition of cultured mouse cells. EMBO J 4: 3145-3151. 



 22 

17. O'Brien TP, Lau LF (1992) Expression of the growth factor-inducible immediate early gene 

cyr61 correlates with chondrogenesis during mouse embryonic development. Cell 

Growth Differ 3: 645-654. 

18. Mo FE, Lau LF (2006) The matricellular protein CCN1 is essential for cardiac development. 

Circ Res 99: 961-969. 

19. Mo FE, Muntean AG, Chen CC, Stolz DB, Watkins SC, et al. (2002) CYR61 (CCN1) is 

essential for placental development and vascular integrity. Mol Cell Biol 22: 8709-8720. 

20. Wong M, Kireeva ML, Kolesnikova TV, Lau LF (1997) Cyr61, product of a growth factor-

inducible immediate-early gene, regulates chondrogenesis in mouse limb bud 

mesenchymal cells. Dev Biol 192: 492-508. 

21. Si W, Kang Q, Luu HH, Park JK, Luo Q, et al. (2006) CCN1/Cyr61 is regulated by the 

canonical Wnt signal and plays an important role in Wnt3A-induced osteoblast 

differentiation of mesenchymal stem cells. Mol Cell Biol 26: 2955-2964. 

22. Ovchinnikov DA, Deng JM, Ogunrinu G, Behringer RR (2000) Col2a1-directed expression 

of Cre recombinase in differentiating chondrocytes in transgenic mice. Genesis 26: 145-

146. 

23. Lau LF (2011) CCN1/CYR61: the very model of a modern matricellular protein. Cell Mol 

Life Sci 68: 3149-3163. 

24. Almendral JM, Sommer D, Macdonald-Bravo H, Burckhardt J, Perera J, et al. (1988) 

Complexity of the early genetic response to growth factors in mouse fibroblasts. Mol Cell 

Biol 8: 2140-2148. 

25. Brunner A, Chinn J, Neubauer M, Purchio AF (1991) Identification of a gene family 

regulated by transforming growth factor-beta. DNA Cell Biol 10: 293-300. 



 23 

26. Omoto S, Nishida K, Yamaai Y, Shibahara M, Nishida T, et al. (2004) Expression and 

localization of connective tissue growth factor (CTGF/Hcs24/CCN2) in osteoarthritic 

cartilage. Osteoarthritis Cartilage 12: 771-778. 

27. Ivkovic S, Yoon BS, Popoff SN, Safadi FF, Libuda DE, et al. (2003) Connective tissue 

growth factor coordinates chondrogenesis and angiogenesis during skeletal development. 

Development 130: 2779-2791. 

28. Kawaki H, Kubota S, Suzuki A, Yamada T, Matsumura T, et al. (2008) Functional 

requirement of CCN2 for intramembranous bone formation in embryonic mice. Biochem 

Biophys Res Commun 366: 450-456. 

29. Nishida T, Kawaki H, Baxter RM, Deyoung RA, Takigawa M, et al. (2007) CCN2 

(Connective Tissue Growth Factor) is essential for extracellular matrix production and 

integrin signaling in chondrocytes. J Cell Commun Signal 1: 45-58. 

30. Hall-Glenn F, De Young RA, Huang BL, van Handel B, Hofmann JJ, et al. (2012) 

CCN2/Connective Tissue Growth Factor Is Essential for Pericyte Adhesion and 

Endothelial Basement Membrane Formation during Angiogenesis. PLoS One 7: e30562. 

31. Hall-Glenn F, Lyons KM (2011) Roles for CCN2 in normal physiological processes. Cell 

Mol Life Sci 68: 3209-3217. 

32. Joliot V, Martinerie C, Dambrine G, Plassiart G, Brisac M, et al. (1992) Proviral 

rearrangements and overexpression of a new cellular gene (nov) in myeloblastosis-

associated virus type 1-induced nephroblastomas. Mol Cell Biol 12: 10-21. 

33. Natarajan D, Andermarcher E, Schofield PN, Boulter CA (2000) Mouse Nov gene is 

expressed in hypaxial musculature and cranial structures derived from neural crest cells 

and placodes. Dev Dyn 219: 417-425. 



 24 

34. Kocialkowski S, Yeger H, Kingdom J, Perbal B, Schofield PN (2001) Expression of the 

human NOV gene in first trimester fetal tissues. Anat Embryol (Berl) 203: 417-427. 

35. Laurent M, Le Dreau G, Guillonneau X, Lelievre E, Slembrouck A, et al. (2011) Temporal 

and spatial expression of CCN3 during retina development. Dev Neurobiol. 

36. Heath E, Tahri D, Andermarcher E, Schofield P, Fleming S, et al. (2008) Abnormal skeletal 

and cardiac development, cardiomyopathy, muscle atrophy and cataracts in mice with a 

targeted disruption of the Nov (Ccn3) gene. BMC Dev Biol 8: 18. 

37. Hashimoto Y, Shindo-Okada N, Tani M, Nagamachi Y, Takeuchi K, et al. (1998) Expression 

of the Elm1 gene, a novel gene of the CCN (connective tissue growth factor, 

Cyr61/Cef10, and neuroblastoma overexpressed gene) family, suppresses In vivo tumor 

growth and metastasis of K-1735 murine melanoma cells. J Exp Med 187: 289-296. 

38. Pennica D, Swanson TA, Welsh JW, Roy MA, Lawrence DA, et al. (1998) WISP genes are 

members of the connective tissue growth factor family that are up-regulated in wnt-1-

transformed cells and aberrantly expressed in human colon tumors. Proc Natl Acad Sci U 

S A 95: 14717-14722. 

39. Jones JA, Gray MR, Oliveira BE, Koch M, Castellot JJ, Jr. (2007) CCN5 expression in 

mammals : I. Embryonic and fetal tissues of mouse and human. J Cell Commun Signal 1: 

127-143. 

40. Gray MR, Malmquist JA, Sullivan M, Blea M, Castellot JJ, Jr. (2007) CCN5 Expression in 

mammals. II. Adult rodent tissues. J Cell Commun Signal 1: 145-158. 

41. Yang Y, Liao E (2007) Mutant WISP3 triggers the phenotype shift of articular chondrocytes 

by promoting sensitivity to IGF-1 hypothesis of spondyloepiphyseal dysplasia tarda with 

progressive arthropathy (SEDT-PA). Med Hypotheses 68: 1406-1410. 



 25 

42. Zhou HD, Peng YQ, Gu W, Li J, Xie H, et al. (2005) [Characterization of biologic behaviors 

and cDNA expression of articular chondrocytes in spondyloepiphyseal dysplasia tarda 

with progressive arthropathy]. Zhonghua Nei Ke Za Zhi 44: 16-21. 

43. Whyte MP, Gottesman GS, Eddy MC, McAlister WH (1999) X-linked recessive 

spondyloepiphyseal dysplasia tarda. Clinical and radiographic evolution in a 6-generation 

kindred and review of the literature. Medicine (Baltimore) 78: 9-25. 

44. Kutz WE, Gong Y, Warman ML (2005) WISP3, the gene responsible for the human skeletal 

disease progressive pseudorheumatoid dysplasia, is not essential for skeletal function in 

mice. Mol Cell Biol 25: 414-421. 

45. Chen CC, Lau LF (2009) Functions and mechanisms of action of CCN matricellular proteins. 

Int J Biochem Cell Biol 41: 771-783. 

46. Chen CC, Chen N, Lau LF (2001) The angiogenic factors Cyr61 and connective tissue 

growth factor induce adhesive signaling in primary human skin fibroblasts. J Biol Chem 

276: 10443-10452. 

47. Chen Y, Abraham DJ, Shi-Wen X, Pearson JD, Black CM, et al. (2004) CCN2 (connective 

tissue growth factor) promotes fibroblast adhesion to fibronectin. Mol Biol Cell 15: 5635-

5646. 

48. Jun JI, Lau LF (2011) Taking aim at the extracellular matrix: CCN proteins as emerging 

therapeutic targets. Nat Rev Drug Discov 10: 945-963. 

49. Soon LL, Yie TA, Shvarts A, Levine AJ, Su F, et al. (2003) Overexpression of WISP-1 

down-regulated motility and invasion of lung cancer cells through inhibition of Rac 

activation. J Biol Chem 278: 11465-11470. 



 26 

50. Lake AC, Castellot JJ, Jr. (2003) CCN5 modulates the antiproliferative effect of heparin and 

regulates cell motility in vascular smooth muscle cells. Cell Commun Signal 1: 5. 

51. Shimoyama T, Hiraoka S, Takemoto M, Koshizaka M, Tokuyama H, et al. (2010) CCN3 

inhibits neointimal hyperplasia through modulation of smooth muscle cell growth and 

migration. Arterioscler Thromb Vasc Biol 30: 675-682. 

52. Chen CC, Lau LF (2010) Deadly liaisons: fatal attraction between CCN matricellular 

proteins and the tumor necrosis factor family of cytokines. J Cell Commun Signal 4: 63-

69. 

53. Venkatachalam K, Venkatesan B, Valente AJ, Melby PC, Nandish S, et al. (2009) WISP1, a 

pro-mitogenic, pro-survival factor, mediates tumor necrosis factor-alpha (TNF-alpha)-

stimulated cardiac fibroblast proliferation but inhibits TNF-alpha-induced cardiomyocyte 

death. J Biol Chem 284: 14414-14427. 

54. Lin CG, Chen CC, Leu SJ, Grzeszkiewicz TM, Lau LF (2005) Integrin-dependent functions 

of the angiogenic inducer NOV (CCN3): implication in wound healing. J Biol Chem 280: 

8229-8237. 

55. Schutze N, Noth U, Schneidereit J, Hendrich C, Jakob F (2005) Differential expression of 

CCN-family members in primary human bone marrow-derived mesenchymal stem cells 

during osteogenic, chondrogenic and adipogenic differentiation. Cell Commun Signal 3: 

5. 

56. Kawaki H, Kubota S, Suzuki A, Lazar N, Yamada T, et al. (2008) Cooperative regulation of 

chondrocyte differentiation by CCN2 and CCN3 shown by a comprehensive analysis of 

the CCN family proteins in cartilage. J Bone Miner Res 23: 1751-1764. 



 27 

57. Smerdel-Ramoya A, Zanotti S, Stadmeyer L, Durant D, Canalis E (2008) Skeletal 

overexpression of connective tissue growth factor impairs bone formation and causes 

osteopenia. Endocrinology 149: 4374-4381. 

58. Arnott JA, Lambi AG, Mundy C, Hendesi H, Pixley RA, et al. (2011) The role of connective 

tissue growth factor (CTGF/CCN2) in skeletogenesis. Crit Rev Eukaryot Gene Expr 21: 

43-69. 

59. Leask A, Sa S, Holmes A, Shiwen X, Black CM, et al. (2001) The control of ccn2 (ctgf) gene 

expression in normal and scleroderma fibroblasts. Mol Pathol 54: 180-183. 

60. Shahnazari M, Yao W, Corr M, Lane NE (2008) Targeting the Wnt signaling pathway to 

augment bone formation. Curr Osteoporos Rep 6: 142-148. 

61. Huang BL, Brugger SM, Lyons KM (2010) Stage-specific control of connective tissue 

growth factor (CTGF/CCN2) expression in chondrocytes by Sox9 and beta-catenin. J 

Biol Chem 285: 27702-27712. 

62. Zuo GW, Kohls CD, He BC, Chen L, Zhang W, et al. (2010) The CCN proteins: important 

signaling mediators in stem cell differentiation and tumorigenesis. Histol Histopathol 25: 

795-806. 

63. Lee CH, Shah B, Moioli EK, Mao JJ (2010) CTGF directs fibroblast differentiation from 

human mesenchymal stem/stromal cells and defines connective tissue healing in a rodent 

injury model. J Clin Invest 120: 3340-3349. 

64. McCallum L, Irvine AE (2009) CCN3--a key regulator of the hematopoietic compartment. 

Blood Rev 23: 79-85. 

65. Brigstock DR (2010) Connective tissue growth factor (CCN2, CTGF) and organ fibrosis: 

lessons from transgenic animals. J Cell Commun Signal 4: 1-4. 



 28 

66. Leask A, Abraham DJ (2003) The role of connective tissue growth factor, a multifunctional 

matricellular protein, in fibroblast biology. Biochem Cell Biol 81: 355-363. 

67. Sonnylal S, Shi-Wen X, Leoni P, Naff K, Van Pelt CS, et al. (2010) Selective expression of 

connective tissue growth factor in fibroblasts in vivo promotes systemic tissue fibrosis. 

Arthritis Rheum 62: 1523-1532. 

68. Konigshoff M, Kramer M, Balsara N, Wilhelm J, Amarie OV, et al. (2009) WNT1-inducible 

signaling protein-1 mediates pulmonary fibrosis in mice and is upregulated in humans 

with idiopathic pulmonary fibrosis. J Clin Invest 119: 772-787. 

69. Jun JI, Lau LF (2010) The matricellular protein CCN1 induces fibroblast senescence and 

restricts fibrosis in cutaneous wound healing. Nat Cell Biol 12: 676-685. 

70. Riser BL, Najmabadi F, Perbal B, Peterson DR, Rambow JA, et al. (2009) CCN3 (NOV) is a 

negative regulator of CCN2 (CTGF) and a novel endogenous inhibitor of the fibrotic 

pathway in an in vitro model of renal disease. Am J Pathol 174: 1725-1734. 

71. Yoon PO, Lee MA, Cha H, Jeong MH, Kim J, et al. (2010) The opposing effects of CCN2 

and CCN5 on the development of cardiac hypertrophy and fibrosis. J Mol Cell Cardiol 

49: 294-303. 

72. Babic AM, Kireeva ML, Kolesnikova TV, Lau LF (1998) CYR61, a product of a growth 

factor-inducible immediate early gene, promotes angiogenesis and tumor growth. Proc 

Natl Acad Sci U S A 95: 6355-6360. 

73. Menendez JA, Mehmi I, Griggs DW, Lupu R (2003) The angiogenic factor CYR61 in breast 

cancer: molecular pathology and therapeutic perspectives. Endocr Relat Cancer 10: 141-

152. 



 29 

74. Lin J, Huo R, Wang L, Zhou Z, Sun Y, et al. (2011) A novel anti-Cyr61 antibody inhibits 

breast cancer growth and metastasis in vivo. Cancer Immunol Immunother. 

75. Bennewith KL, Huang X, Ham CM, Graves EE, Erler JT, et al. (2009) The role of tumor 

cell-derived connective tissue growth factor (CTGF/CCN2) in pancreatic tumor growth. 

Cancer Res 69: 775-784. 

76. Espinoza I, Liu H, Busby R, Lupu R (2011) CCN1, a candidate target for zoledronic acid 

treatment in breast cancer. Mol Cancer Ther 10: 732-741. 

77. Ohgawara T, Kubota S, Kawaki H, Kurio N, Abd El Kader T, et al. (2011) Association of the 

metastatic phenotype with CCN family members among breast and oral cancer cells. J 

Cell Commun Signal 5: 291-299. 

78. Chen Y, Du XY (2007) Functional properties and intracellular signaling of CCN1/Cyr61. J 

Cell Biochem 100: 1337-1345. 

79. Gupta N, Wang H, McLeod TL, Naus CC, Kyurkchiev S, et al. (2001) Inhibition of glioma 

cell growth and tumorigenic potential by CCN3 (NOV). Mol Pathol 54: 293-299. 

80. Vallacchi V, Rodolfo M (2009) Regulatory role of CCN3 in melanoma cell interaction with 

the extracellular matrix. Cell Adh Migr 3: 7-10. 

81. McCallum L, Lu W, Price S, Lazar N, Perbal B, et al. (2011) CCN3 suppresses mitogenic 

signalling and reinstates growth control mechanisms in Chronic Myeloid Leukaemia. J 

Cell Commun Signal. 

82. Huang W, Pal A, Kleer CG (2011) On how CCN6 suppresses breast cancer growth and 

invasion. J Cell Commun Signal. 

83. Kular L, Pakradouni J, Kitabgi P, Laurent M, Martinerie C (2011) The CCN family: a new 

class of inflammation modulators? Biochimie 93: 377-388. 



 30 

84. Blaney Davidson EN, Vitters EL, Mooren FM, Oliver N, Berg WB, et al. (2006) Connective 

tissue growth factor/CCN2 overexpression in mouse synovial lining results in transient 

fibrosis and cartilage damage. Arthritis Rheum 54: 1653-1661. 

85. Nishida T, Kubota S, Kojima S, Kuboki T, Nakao K, et al. (2004) Regeneration of defects in 

articular cartilage in rat knee joints by CCN2 (connective tissue growth factor). J Bone 

Miner Res 19: 1308-1319. 

86. Meng J, Ma X, Ma D, Xu C (2005) Microarray analysis of differential gene expression in 

temporomandibular joint condylar cartilage after experimentally induced osteoarthritis. 

Osteoarthritis Cartilage 13: 1115-1125. 

87. Leask A (2011) Will o' the wisp: CCN4 as a novel molecular target in osteoarthritis. J Cell 

Commun Signal 5: 51-52. 

88. Phanish MK, Winn SK, Dockrell ME (2010) Connective tissue growth factor-(CTGF, 

CCN2)--a marker, mediator and therapeutic target for renal fibrosis. Nephron Exp 

Nephrol 114: e83-92. 

89. Zhao Z, Ho L, Wang J, Qin W, Festa ED, et al. (2005) Connective tissue growth factor 

(CTGF) expression in the brain is a downstream effector of insulin resistance- associated 

promotion of Alzheimer's disease beta-amyloid neuropathology. FASEB J 19: 2081-

2082. 

90. Hilfiker-Kleiner D, Kaminski K, Kaminska A, Fuchs M, Klein G, et al. (2004) Regulation of 

proangiogenic factor CCN1 in cardiac muscle: impact of ischemia, pressure overload, 

and neurohumoral activation. Circulation 109: 2227-2233. 



 31 

91. Dean RG, Balding LC, Candido R, Burns WC, Cao Z, et al. (2005) Connective tissue growth 

factor and cardiac fibrosis after myocardial infarction. J Histochem Cytochem 53: 1245-

1256. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 32 

 

 

 

 

 

 

 

Chapter 2 

Roles for CCN2 in normal physiological processes 
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Preface 
 
Roles for CCN2 in normal physiological processes is a review article that was written in order to 

discuss the current literature pertaining specifically to the functions of CCN2/CTGF during 

embryonic and postnatal development. The roles of CCN2 during pathological fibrosis are also 

discussed, which are variable depending on the stage, tissue type and mouse model. This review 

also contains new data on the expression of CCN2 during postnatal development through the 

analysis of CCN2-enhanced green florescent protein (CCN2-eGFP) mice. The overview is 

divided into the following sections: (1) CCN2 structural domains and functions; (2) CCN2 

expression; (3) CCN2 and fibrosis; (4) CCN2 function in development; (5) Roles in 

angiogenesis; and (6) Insights and future directions.  
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Chapter 3 

CCN2/Connective Tissue Growth Factor is Essential for Pericyte Adhesion and 

Endothelial Basement Membrane Formation during Angiogenesis  
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Preface 

A global knockout of Ccn2 in mice was generated in our laboratory in 2003. These mice die at 

birth due to severe defects in cartilage differentiation, matrix production, growth plate 

angiogenesis and subsequent bone formation [1]. The defective growth plate angiogenesis 

observed was attributed to two separate mechanisms: the first was defective chondrocyte 

proliferation and differentiation, which results in a disorganized growth plate with defective 

structural properties; the second, resulted from a decrease in the secretion of the angiogenic 

factors vascular endothelial growth factor (VEGF) and matrix metalloproteinase 9 (MMP9) from 

terminally differentiating chondrocytes, leading to defective growth plate angiogenesis [1].  

This interesting vascular phenotype led us to explore further the function of CCN2 in 

other vascular beds throughout embryonic development. Previous in vitro and ex vivo studies 

investigating the role of CCN2 during angiogenesis were ambiguous, as both pro- and anti-

angiogenic activities were observed [2,3]. This chapter provides evidence that CCN2 is a critical 

mediator of angiogenesis. The first mechanism is revealed in the analysis of CCN2 mutant 

vasculature showing defective endothelial cell and pericyte adhesion. These effects were 

mediated in part, by the ability of CCN2 to induce platelet derived growth factor (PDGF) 

secretion by endothelial cells and subsequent PDGF/Akt-signaling in vascular smooth muscle 

cells (VSMCs), both of which are required for vessel stability [4]. The second mechanism we 

observed was decreased expression of the vascular basement membrane components fibronectin 

and collagen type IV in CCN2 mutants. The proper formation of the vascular basement 

membrane is essential for cell adhesion and vessel integrity [5]. We conclude that CCN2 plays 

duel roles in angiogenesis, first by mediating PDGF signaling between endothelial cell and 

perictyes, and second, by controlling the formation of vascular basement membrane components.  
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Supporting Information Methods 

Co-Immunoprecipitation Assays and Western blot analysis. For analysis of physical 

interactions between CCN2 and PDGF, the M-CCN2 cell line was derived from MOVAS cells 

infected with a lentiviral construct encoding HA-tagged CCN2 regulated by a CMV promoter 

(OPEN Biosystems). Cells were selected and cultured in DMEM, 10% FBS with 4 ng/mL 

puromycin. Immunoprecipitations were performed by incubation of M-CCN2 cells with or 

without 45ng rPDGF for 5 minutes. Crosslinking was performed by rocking cells for 15 minutes 

in HBS+Mg containing DSP (Dithiobis, Pierce). DSP solution was replaced with ice-cold 

HBS+Mg containing 50 mM ammonium chloride, pH 7.5 for 10 minutes. Cells were lysed with 

lysis buffer containing 50 mM NH4Cl. The TritonX 100-insoluble pellet was resuspended in non-

reducing sample buffer. Insoluble material was removed by centrifugation. 4 volumes of acetone 

were added to the supernatant and held overnight at -80°C. Precipitated crosslinked proteins 

were dissolved in 0.25% SDS in HBS. The protein solution was denatured by boiling and 

sonication. Lysates were immunoprecipitated with Protein-G magnetic beads (Millipore) 

displaying HA antibody (Bethyl). Antibody beads without exposure to lysates were used as a 

negative control.  rPDGF and whole cell lysates of M-CCN2 cells were used as standards for 

rPDGF and CCN2, respectively. Cells were lysed in HBS, 5mM MgCl2, 1% Triton X-100, 1% 

Protease (Roche), phosphatase inhibitors (Sigma) for 20 min with rotation at 4°C. In some 

experiments, the pellet was re-extracted with Triton X to generate TX and TX-insoluble pellets. 

Lysates were separated by 10% SDS-PAGE and transferred to nitrocellulose membrane 

(BioRad). Membranes were incubated with antibodies against CCN2 (L-20 Santa Cruz 

Biotechnology), PDGF-B (1:2000, Cell Signaling), PDGFR β (1:2,000 Cell Signaling). 

Experiments were performed in triplicate. Representative blots are shown. 
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Supporting Information Figures 

Figure S1: Expression of CCN2 in vasculature and vascular defects in Ccn2  

mutants 
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Figure S2: Altered gene expression in Ccn2  mutants.  
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Figure S3: FACS analysis of pericyte or endothelial cell number in Ccn2  

mutants.  

  

 

 Figure S4: Defective pericyte association with endothelium in Ccn2  mutants 
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Figure S5: No physical interaction between CCN2 and PDGF-B or PDGFRβ  

 

 

Figure S6: CCN2 induces fibronectin expression in endothelial cells  
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Chapter 4 

CCN2/CTGF is required for matrix secretion and cellular survival during 

chondrogenesis 
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Preface 

Analysis of the Ccn2 global knockout mouse revealed defects in cartilage extracellular matrix 

(ECM) production, with overall decreases in total ECM as evidenced by decreased Safranin O 

staining, and specifically aggrecan and link protein (stabilizes aggrecan protein formation) [1].  

We wanted to further investigate this phenotype by analyzing Ccn2 mutant growths plates on the 

ultrastructural level using electron microscopy. Surprisingly, we discovered enlarged 

endoplasmic reticula (ER), a prime indicator of ER stress. In addition, we observed upregulated 

expression of the upstream ER stress regulator, GRP78/BiP and downstream pro-apoptotic 

protein, CHOP. We determined that Ccn2 is an ER stress responsive gene that is upregulated 

during chemically induced ER stress with the same kinetics as BiP and CHOP. Since the loss of 

CCN2 resulted in ER stress, we wanted to determine if the overexpression of CCN2 attenuated 

ER stress. We generated mice overexpressing CCN2 specifically in cartilage and found that ER 

stress was attenuated. These results demonstrate that CCN2 plays a protective role during ER 

stress. We were also able to determine that these protective effects were mediated by CCN2 

partially through integrin-mediated chondrocyte adhesion, and also through controlling the 

expression of nuclear factor κB (NF κB) and autophagy-mediated cellular survival factors.  

 

This manuscript is currently under review at Osteoarthritis and Cartilage. 

 

1. Ivkovic S, Yoon BS, Popoff SN, Safadi FF, Libuda DE, et al. (2003) Connective tissue growth 

factor coordinates chondrogenesis and angiogenesis during skeletal development. 

Development 130: 2779-2791. 
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Introduction 
 

Chondrocytes secrete large amounts of extracellular matrix (ECM) as they differentiate. 

Disruptions in this process often result in chondrodysplasias, which account for an estimated 

0.15% of congenital birth defects per year1. The most common causes of chondrodysplasias are 

mutations that lead to structural alterations in genes that encode ECM proteins. These alterations 

prevent proper protein processing, leading to their retention in the endoplasmic reticulum (ER), 

or the incorporation of the mutated product into the ECM, interfering with assembly2.  

ER enlargement is a hallmark of defective protein folding and ER stress. ER stress 

activates the Unfolded Protein Response (UPR), an adaptive mechanism to restore cell 

homeostasis and viability3. The UPR ameliorates ER stress by attenuating protein synthesis and 

by increasing chaperone protein levels to facilitate correct protein folding and clearing of 

misfolded protein aggregates. The glucose-regulated protein 78 (GRP78) also known as BiP, is a 

resident ER chaperone and the main initiator of the UPR4. BiP activates UPR effector molecules 

inositol requiring enzyme-1 (IRE1), pancreatic ER eukaryotic translation initiation factor 2a 

kinase (PERK) and activating transcription factor 6 (ATF6). ER stress activates the expression of 

chaperones and anti-oxidative stress genes, which promote survival; however, prolonged ER 

stress leads to activation of CCAAT/enhancer-binding protein-homologous protein (CHOP) and 

caspase-12 to induce cell death3. Although ER sensing of unfolded proteins is the most common 

inducer of ER stress, other mechanisms can activate the UPR, including hypoxia and detachment 

from ECM5, 6. ER stress is a major player in multiple pathologies including osteoarthritis3 and 

identifying proteins involved in ER stress pathways may provide new therapeutic targets.  

Nuclear factor κB (NFκB/p65/relA) is a transcription factor that plays pivotal roles in cell 

proliferation, differentiation and survival7. ER stress activates NFκB via tumor necrosis factor-α 
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(TNF-α) receptor associated factor 2 (TRAF2) and IRE1 in vitro8.  The role of NFκB activation 

under conditions of ER stress is unclear, but several studies show that NFκB exerts pro-survival 

functions9, 10. In the growth plate, NFκB is essential for chondrocyte viability11, 12. However, the 

mechanisms that control NFκB activity in the growth plate are unknown. 

Autophagy is a lysosomal degradation pathway used to recycle cellular components and 

activate cell survival under conditions of starvation and stress13. Autophagy is essential for 

maintaining ER homeostasis, and evidence indicates that during prolonged ER stress, autophagy 

is activated to assist in the removal of misfolded protein aggregates14. Crosstalk between ER 

stress, autophagy and NFκB-mediated cellular survival has been confirmed previously10, 15, but 

whether such crosstalk occurs in chondrocytes is unknown. 

The term “matricellular” was coined to encompass a structurally diverse group of 

proteins that reside in the ECM, but serve no structural functions16. Members of the CCN 

(Cyr61/CTGF/Nov) family of matricellular proteins are critical regulators of cell-ECM 

interactions in many cell types. The six members of the CCN family contain four conserved 

domains that mediate interactions with integrins, growth factors, and ECM components 

including heparin sulfate proteoglycans, fibronectin and aggrecan17. Connective tissue growth 

factor (CTGF/CCN2) is best known for its role in fibrosis, where its overexpression exacerbates 

excess collagen deposition in multiple organs18. CCN2 overexpression is involved in many other 

pathological processes, such as atherosclerosis, osteoarthritis and certain cancers19. 

CCN2 is indispensible for endochondral bone formation. Global loss of CCN2 in mice 

results in severe chondrodysplasia and lethality at birth20. This lethality is due to a significant 

decrease in chondrocyte proliferation, delayed chondrocyte differentiation, impaired ECM 

production and insufficient vascular invasion20. Subsequent studies showed that loss of CCN2 
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leads to decreased expression of hypoxia inducible factor 1α (HIF1α)21, a pro-survival factor in 

chondrocytes22. 

CCN2 induces NFκB activity in ATDC5 cells through integrin αvβ3-mediated mechanisms to 

enhance migration23.  Reciprocally, the CCN2 promoter contains an NFκB responsive element 

that activates CCN2 expression during the mechanical stretch response in smooth muscle cells24. 

These studies raise the possibility that CCN2 may regulate NFκB in the growth plate. Given the 

essential role of HIF1α and NFκB in chondrocyte survival, and evidence that CCN2 induces 

expression and activity of HIF1α and NFκB in multiple cell types, we investigated whether 

CCN2 plays a role in survival of growth plate chondrocytes. We show that CCN2 is essential for 

chondrocyte survival, protecting growth plate chondrocytes from pro-apoptotic pathways 

activated by ER stress, and promoting chondrocyte survival through activation of NFκB. 

Additionally, we provide evidence that these effects are mediated through the ability of CCN2 to 

engage integrins.  

Method 

Mouse strains and cell lines.  Ccn2 knockout mice were generated and maintained as 

described20.  Ccn2-/- embryos were obtained from timed heterozygote matings, with embryonic 

day (E) 0.5 representing the detection of a post-copulatory plug. Genotyping of embryos was 

performed as described20.  

CCN2 floxed inducible transgenic mice (Ccn2fxTg) were generated as described25, 26. 

These mice were crossed to Col2a1Cre mice27 to induce overexpression of CCN2 in 

chondrocytes. Genotyping was performed on DNA isolated from tail biopsies with the following 

primers: Forward 5’-TCT TCT GCG ATT TCG GCT CC-3’; Reverse 5’- AAT GTG TCT TCC 

AGT CGG TAG-3.’ Mouse embryonic fibroblasts (MEFs) from Ccn2fxTg embryos were 
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isolated and cultured as described28. MEFs were infected for 24 hours with adenoviral Cre-

recombinase (Ad-CRE) and empty vector controls (Ad-CNT) (University of Iowa Gene Transfer 

Vector Core) at a multiplicity of infection of 300. RNA was isolated using Qiagen RNeasy Kit, 

and RT-PCR was used to quantify relative CCN2 expression normalized to glyceraldehyde-3-

phosphate dehydrogenase (GAPDH) as described29.  

Experiments on mice were performed with four sets of WT and Ccn2-/- littermates at 

E16.5, E18.5 and postnatal day (P) 0 (N=8 per genotype). Animals were treated in accordance 

with the National Institutes of Health guidelines for care and use of animals, and approved by the 

UCLA Institutional Animal Care and Use Committee (IACUC- #95-018).  

Transmission electron microscopy. WT and Ccn2-/- E18.5 hindlimbs were prepared for 

electron microscopy as described30. Ultrastructural analysis was performed at the Electron 

Microscopy Core Facility at the International Space Science Institute (ISSI) in Bern, 

Switzerland.  

Immunofluorescent staining.  Freshly isolated embryos were fixed and paraffin embedded 

as described20. 7µ sections were generated using a Leica GM40 Microtome. For fluorescent 

staining, Tyramide Signal Amplification was performed according to the manufacturer’s 

protocol (Invitrogen). The following antibodies were used: CCN2 L-20 (1:1,000; Santa Cruz 

Biotechnology), BiP (1:500; Cell Signaling), CHOP (1:400; Cell Signaling), Calnexin (1:300; 

Chemicon), NFκB/RelA/p65 (1:400; Cell Signaling), Apg/Atg12 (1:400; Chemicon) and 

Apg8b/LC3 (1:200; Abgent). Secondary antibodies were conjugated with AlexaFluor-594 and 

488 (Invitrogen). Sections were counterstained with DAPI (Sigma) and mounted with Prolong 

Gold antifade reagent (Sigma). Immunofluorescence was visualized on an Olympus Bx60 

Microscope.  
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Sternal chondrocyte isolation . E16.5 sterna were isolated and pooled by genotype into 

conical tubes. Garnet bead mix (Invitrogen) was added to 15ml of HEPES (Sigma) buffered 

DMEM (HDMEM) (GIBCO). The connective tissue from the sterna was removed by mechanical 

shaking for 30 minutes. The media was aspirated, and 0.03% bacterial collagenase 

(Chlostridium; Sigma) in HDMEM was added. Additional mechanical shaking was performed 

for 10 minutes. Cleared sterna were further digested in 0.01% collagenase overnight. The 

following day, chondrocytes were filtered (70µ Fisher) and plated. 

Alginate chondron cultures.  Sternal chondrocytes were isolated as described above. 

Chondrocytes were then suspended in 1.1% sodium alginate in 1X Phosphate Buffered Saline 

(PBS) (Sigma)31. The cell/alginate suspension was extruded drop-wise into 0.1M Calcium 

Chloride (Sigma) and beads were polymerized at room temperature for 10-15min. The alginate 

beads were then washed with 1X PBS, transferred to T25 flasks and incubated in differentiation 

media containing 50ng/ml ascorbic acid (Sigma). After 7-10 days in culture, the chondrons were 

released using 10mM sodium citrate (Sigma). Chondron clusters were washed with PBS, plated 

on an adhesive surface (Cell-tak BD Biosciences) and cultured for 1-3 days for 

immunofluorescence and thapsigargin (THG, Sigma)-induced ER stress32. 

Thapsigargin-induced ER stress in ATDC5 cells . ATDC5 chondrosacrcoma cells 

(RCB0565- Riken Cell Bank) were cultured described33. ER stress was induced by thapsigargin 

(THG, Sigma) diluted in DMSO (Sigma) at the following concentrations: 0, 40, 80 and 160nM 

over a 24-hour time period32. 

Integrin blocking assays. Sternal chondrocytes were isolated as described above. Integrin 

blocking assays were performed as previously described34. Briefly, sternal chondrocytes were 

plated and serum starved for 8 hours. Chondrocytes were then treated for 24 hours with an anti-
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rat integrin α5 blocking antibody (1:100 dilution; CD49e BD Pharmingen) or 5% rat control 

serum (Sigma). Cells were lysed and RNA extracted using Qiagen RNA purification kit 

following the manufacturer’s instructions. cDNA was generated using Superscript III 

(Invitrogen). The following primers sequences were amplified: Integrin alpha 5 Forward primer: 

5’-AGCGCATCTCTCACCATCTT-3’ and Reverse primer: 3’-

TCAGGTTCAGTGCGTTCTTGT-5’ and normalized to GAPDH as described34.  

CCN2 overexpression in ATDC5 cells.  ATDC5 cells were infected with a bicistronic 

adenovirus expressing CCN2 and green florescent protein (AdCCN2-GFP) adenovirus or an 

adenoviral control (Ad-CNT) vector for 24 hours at a multiplicity of infection of 200. After 24 

hours, cells were either analyzed by immunofluorescence or treated with THG for ER stress 

induction32. 

Western blot analysis . Proteins were isolated from Ccn2fxTg sterna through lysis in RIPA 

buffer with 1X protease (Complete Mini Roche) and 1X phosphatase inhibitors (Cocktail 2, 

Sigma). 30µg of protein lysates were separated by gel electrophoresis and transferred to 0.45µ 

nitrocellulose membranes (Biorad). Membranes were blocked in milk and incubated at a 1:2,000 

dilution of the following primary antibodies overnight at 4°C: CCN2 (L-20; Santa Cruz Biotech) 

and β-actin (Sigma). The blots were incubated with the following secondary antibodies: Donkey 

anti-goat horseradish peroxidase (HRP) and Goat anti-rabbit HRP (1:5,000; Biorad). Membranes 

were developed using Pierce ECL Plus HRP chemoluminescent reagent (ThermoScientific).  

 

Reverse transcriptase PCR. RNA from ATDC5 cells and dissociated sterna were isolated 

using Qiagen RNA purification kit (according to the manufacturer’s protocol). Synthesis of 

cDNA was performed with Superscript III (Invitrogen). Quantitative reverse transcriptase PCR 
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(qRT-PCR) reactions were performed with a SYBR Green Real-time PCR Master Mix 

(Fermentas) with a Mx3005P QPCR System (Stratagene). Relative expression of CCN2, BIP and 

CHOP were quantitated and normalized to GAPDH as previously described29, 32.  

Statistical Analysis 

Immunofluorescent quantitation of the levels of CCN2, BiP and CHOP expression was 

performed through ImageJ analysis and calculated as a percentage of DAPI positive total cell 

counts. All experiments were performed in triplicate at least twice. Five images were taken per 

sample and representative images are shown. RT-PCR experiments were performed in triplicate 

and normalized to GAPDH. All graphs are represented as fold inductions over normalized 

untreated controls and presented as the mean ± SD. Statistical analysis was performed using the 

Student’s t-test. P-values less than 0.05 were considered statistically significant. 

Results 

Loss of CCN2 results in defects in ECM assembly and ER stress in the growth 

plate 

Ccn2 mutant growth plates and cultured chondrocytes exhibit decreases in ECM 

production20, 34. However, the consequences of decreased ECM on the overall organization of the 

cartilage ECM were not investigated. Therefore, transmission electron microscopy was 

performed on E18.5 WT and Ccn2 mutant growth plates. This analysis revealed major defects in 

ECM assembly in mutants. Fewer collagen fibrils were observed throughout the growth plate in 

Ccn2 mutants (Fig. 1A,B and data not shown). Unexpectedly, ultrastructural examination also 

revealed enlarged and distended ERs in Ccn2 mutant growth plates (Fig. 1C-F and data not 

shown). WT proliferative chondrocytes contained an organized rough ER (rER) with a limited 

amount of protein evenly distributed throughout the cisternae (Fig. 1 C,E). However, in Ccn2 
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mutants, rER cisternae were dilated with large amounts of amorphous substances (Fig. 2B,D).  

Large vacuoles filled with an electron-lucid granular substance were also observed in mutants, 

indicative of accumulated intracellular proteins (Fig. 1F). Moreover, the nuclear chromatin in 

mutant chondrocytes was uniformly condensed (Fig. 1F), indicating the chondrocytes were 

undergoing cell death.  

 

Figure 1.  The loss of CCN2 results  in an enlarged endoplasmic reticulum. Electron 

microscopy was performed on CCN2 WT and mutant proliferative chondrocytes in E18.5 growth plates. 

(A) Collagen fibrils in interstitial ECM in the proliferative zone of a WT embryo. (B) CCN2 mutant 

chondrocytes exhibit fewer collagen fibrils compared to WT control matrix. (C) WT and (D) Ccn2-/- 

proliferative chondrocytes. The Ccn2 mutant ER appears devoid of ribosomes and is engorged with an 

electron lucid substance, which is presumably composed of misfolded protein aggregates (red arrow). 

Large vacuoles are also present and filled with granulated material (asterisk). (E,F) WT (E) and Ccn2 

mutant chondrocyte showing electron dense nuclear heterochromatin characteristic of chondrocytes 

undergoing apoptosis. g, golgi, n; nucleus; r, endoplasmic reticulum.  Representative images are shown. 
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The distended ER suggested that Ccn2-/- chondrocytes experience ER stress as a direct 

consequence of loss of CCN2. We observed ER stress in all zones of the growth plate. We 

confirmed previously that CCN2 protein is expressed the proliferative zone, in addition to the 

strong expression observed in the hypertrophic zone20 (Fig. 2A). As ER stress in chondrocytes 

has been associated with mutations in ECM components2, but not with a complete loss of these 

proteins, we confirmed that CCN2 protein is absent in mutant growth plates (Fig. 2B)20.  Next, 

we tested whether the distended ER in Ccn2 mutant chondrocytes is associated with activation of 

ER stress pathways by examining expression of UPR activator, BiP, and the apoptosis inducing 

protein, CHOP. Consistent with previous studies35, low levels of BiP were observed in the 

hypertrophic zone (Fig. 2C), and CHOP (Fig. 2E) was undetectable in E16.5 WT growth plates. 

Increased expression of BiP (Fig. 2D) and CHOP (Fig. 2F) were observed in the hypertrophic 

zones of Ccn2 mutant growth plates. Expression of calnexin, a calcium dependent ER chaperone, 

has not been examined in the growth plate, but is known to be upreguated by ER stress in 

chondrocytes36. Calnexin was elevated throughout the growth plates of Ccn2 mutants (Fig. 2H) 

compared to WT (Fig. 2G). These results show that the absence of CCN2 in the growth plate 

results in defective ECM assembly and ER stress, suggesting that the UPR is activated in the 

growth plates of Ccn2 mutants. 
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Figure 2.  Depletion of CCN2 results  in increased ER stress and defective chaperone 

expression in vivo. All images are E16.5 tibial growth plates. Immunfluorescence staining for CCN2 

in (A) WT and (B) Ccn2-/- growth plates, showing expression of CCN2 in proliferative chondrocytes in 

addition to hypertrophic chondrocytes. (B) The Ccn2 mutant allele is transcriptionally null, and in 

accordance, no CCN2 expression is observed in Ccn2-/- growth plates. (C,D) Immunofluorescence 

staining for BiP reveals very low levels of expression in WT growth plates (C), and elevated expression 

in the hypertrophic zones of Ccn2 mutant littermates (D). (E,F) The pro-apoptotic marker CHOP is seen 

at very low levels, restricted to the hypertrophic zone, in WT growth plates (E), but is strongly 

upregulated in the hypertrophic zone in Ccn2 mutant littermates (F).  (G,H) Expression of the resident ER 

chaperone calnexin is restricted to lower proliferative zone chondrocytes in WT growth plates (G), but is 

upregulated throughout the growth plates of Ccn2 mutants (H). Representative images are shown. 
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CCN2 is an ER stress responsive gene 

The finding that loss of CCN2 was associated with ER stress raised the possibility that 

CCN2 may be a primary component of ER stress in chondrocytes. We therefore tested whether 

CCN2 is upregulated in chondrocytes during chemically induced ER stress. Thapsigargin (THG) 

induces ER stress by inhibiting sarco/endoplasmic reticulum calcium ATPases, thus blocking 

calcium release from ER stores, eventually leading to cell death37. Prior to cell death, the 

transcription of ECM components is downregulated and protective ER stress response genes 

such as BiP are activated by THG37. ATDC5 chondrosarcoma cells were treated with increasing 

concentrations of THG. BiP and CHOP levels were examined using quantitative reverse 

transcriptase-PCR (qRT-PCR). Consistent with previous studies, THG induced dose-dependent 

increases in BiP (Fig. 3A) and Chop mRNA (Fig. 3B)32. In contrast to the expression of ECM 

components, which are downregulated by THG38, Ccn2 mRNA levels were increased by THG 

with the same kinetics as BiP and Chop (Fig. 3C), suggesting that CCN2 is an ER stress response 

gene. These results confirm that CCN2 is induced by ER stress, as opposed to structural ECM 

proteins, whose expression is down regulated by ER stress37. 

 

Figure 3.  CCN2 is an ER stress responsive gene in chemically induced ER stress . ATDC5 

chondrocytes were cultured for 24 hours in the presence of Thapsigargin (THG) at the indicated 

concentrations. mRNA expression of Ccn2 (A), BiP (B) and Chop (C) were assayed by Quantitative 
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Reverse Transcriptase PCR (qRT-PCR). Assays were performed in triplicate and a p value of >0.05 was 

considered significant compared to no THG (*). p values shown are for 160nM THG. 

 

CCN2 depletion induces ER stress in chondron cultures  

The above experiments demonstrate that CCN2 expression is induced by ER stress. 

However, they do not demonstrate that the ER stress observed in Ccn2-/- growth plates is due to 

a direct role for CCN2 in chondrocytes, rather than an indirect one as a result of defective growth 

plate angiogenesis. Recent studies have shown that the presence of ECM protects chondrocytes 

from ER stress39. Therefore, a 3-dimensional culture system was developed in which 

chondrocytes maintained in alginate beads, yielding chondrocyte clusters (chondrons) (Fig. 4)31. 

The accumulation of ECM components can be observed (Fig. 4A,B). THG treatment induced ER 

stress in chondrons, with BiP localization transitioning from the ER lumen in control cells (Fig. 

4’C), to the nucleus in THG treated chondrons (Fig. 4D). The re-localization of BiP to the 

nucleus has not been reported previously in chondrocytes, but is consistent with previous reports 

in other cell types40. CHOP levels were also increased in THG treated chondrons (Fig. 4F), 

compared to untreated controls (Fig. 4E). Therefore, chondrons in alginate are sensitive to THG-

induced ER stress.  
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Figure 4.  Alginate chondron system to analyze ER stress markers in vitro.  Primary 

chondrocytes cultured for 10 days in alginate. (A) Perlecan, a major ECM component (green) is seen 

intracellularly (arrowheads) and in a punctate pattern at the cell surface. (B) Collagen 6a1 staining (green) 

is seen extracellularly. (C-F). Control and Thapsigargin (THG) treated chondrons stained for BiP and 

CHOP. BiP expression relocalizes from the cytoplasm to the nucleus during ER stress induction (C,D). 

Control and THG treated chondrons showing induction of CHOP (E,F) (blue = nuclear stain). 

Representative images are shown. 
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Next, the impact of loss of Ccn2 on THG-induced ER stress was tested. First, we 

confirmed that CCN2 is expressed in WT chondrons (Fig. 5A) and is absent in Ccn2-/- 

chondrons (Fig. 5B,C). WT chondrons expressed low levels of BiP (Fig. 5D). Ccn2-/- chondron 

clusters displayed both upregulated BiP expression and a higher proportion of nuclear BiP-

positive cells (Fig. 5E,F). CCN2 mutant chondrons also exhibit increased expression of CHOP 

(Fig. 5H-I). These results confirm that CCN2 plays a direct role in the protection of chondrocytes 

against ER stress. 

 

Figure 5.  CCN2 depleted chondrons exhibit  elevated ER stress.  Primary sternal chondrocytes 

were isolated from E16.5 WT and Ccn2-/- sterna, and cultured in alginate for 10 days to yield chondrons. 

CCN2, BiP and CHOP protein expression were analyzed through immunofluorescence. (A-C) CCN2 

expression. CCN2 protein expression was abundant in WT chondrons (A), where punctate CCN2 protein 

expression was observed intracellularly (arrowhead) and pericellularly (arrows). CCN2 protein was not 
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detected in Ccn2 mutant chondrons (B) (C) Quantitation of number of CCN2-expressing cells. (D-F) BiP 

expression in WT and Ccn2-/- chondrons. (D) BiP is detected in the ER in some cells in WT chondron 

clusters. (E) Nearly all Ccn2-/- chondrocytes express BiP, and many nuclei are positive. (F) Quantitation 

of  the percentage of nuclear BiP-expressing cells. (G-I) CHOP expression. (G) Few WT chondrocytes 

express CHOP. In contrast, most Ccn2-/- chondrocytes express CHOP (H). (I) Quantitation of the 

percentage of CHOP-expressing chondrocytes. (C,F,I) CCN2, BiP, and CHOP expression was analyzed 

in triplicate using ImageJ analysis and calculated as a percentage of DAPI positive total cell counts. 

Asterisks indicate statistical significance with a p-value of 0.003. Representative images are shown. 

 

The protective effect of CCN2 on ER stress may be mediated through integrin 

α5  

CCN2 is thought to mediate its functions by acting as a ligand for integrins17.  CCN2 

induces expression of integrin α5, and binds to integrin α5β1 to promote chondrocyte 

proliferation and ECM secretion34. Integrin α5β1 is also required for chondrocyte survival41. 

Recent data demonstrate that ER stress pathways are activated as a survival mechanism during 

cell detachment from the ECM6. Taken together, these findings suggest that one of the pro-

survival functions of integrin α5β1 in chondrocytes is suppression of ER stress. To test this 

possibility, sternal chondrocytes were treated with or without an integrin α5-blocking antibody 

for 24 hours (Fig. 6A). BiP and Chop mRNA expression levels were upregulated in response to 

treatment with the integrin α5-blocking antibody (Fig. 6A). Fibronectin (FN) is the primary 

ligand for α5β1, and we showed previously that exogenous CCN2 induces FN expression in 

chondrocytes34. However, FN distribution was not altered in Ccn2-/- growth plates (Fig. 6B,C). 

However, Ccn2-/- growth plates exhibit decreased levels of integrin α534. These results suggest 

that CCN2 may control ER stress in part through integrin α5 but not through regulation of FN 
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levels. 

 

 

 

Figure 6.  Blocking integrin α5 results  in ER stress.  Primary sternal chondrocytes were serum 

starved and treated with anti-integrin α5 blocking antibody or goat serum (control) for 24 hours, after 

which BiP and CHOP mRNA levels were quantitated by qRT-PCR and normalized to GAPDH. BiP and 

CHOP expression were increased by treatment with the blocking antibody (p=0.01 and p=0.04 

respectively). Immunofluorescence staining for fibronectin in WT (B) and Ccn2-/- growth plates (C) 

counterstained with DAPI. 

 

Overexpression of CCN2 attenuates ER stress 

To provide additional evidence that CCN2 protects chondrocytes from ER stress, we 

generated transgenic mice that overexpress CCN2 in chondrocytes. An inducible transgenic 

construct was generated, consisting of a floxed transcriptional STOP signal placed upstream of 

the CCN2 coding sequence (Fig 7A). Transgenic lines were established and mated to Col2Cre 

mice27 to induce chondrocyte-specific overexpression of CCN2 (Fig 7A). A 3-5 fold induction of 

CCN2 protein was observed in Ccnfx2Tg;Col2Cre mice (Fig. 7B). The specificity of induction 
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was confirmed in isolated mouse embryonic fibroblasts (MEFs) from Ccn2fxTg embryos 

infected with adenoviral Cre (Ad-CRE) (Fig. 7C). Ccn2fxTg;Col2Cre mice are viable and 

exhibit no obvious morphological differences at birth (Fig. 7D), but exhibit progressive 

overgrowth of cartilage elements leading to vertebral fusion in adults (data not shown). A 

complete characterization of these transgenics will be presented elsewhere. The growth plates of 

P0 Ccn2fxTg tibiae have normal chondrocyte organization (Fig. 7F), although both the 

hypertrophic zone and chondrocytes within it are slightly smaller than in WT littermates (Fig. 

7E). Consistent with a protective function for CCN2, levels of BiP were reduced in 

Ccn2fxTg;Col2Cre mice (Fig. 7H) compared to WT controls (Fig. 7G). 

 

Figure 7.  CCN2 overexpression attenuates ER stress in vivo .  (A) Schematic of the CCN2 

floxed transgenic construct.  A floxed cassette consisting of a STOP cassette and a chloroacetyltransferase 
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(CAT) gene is flanked by loxP sites and inserted between,the CMV/chicken β actin (CAG) promoter and 

the murine CCN2 coding sequence, followed by a bovine growth hormone polyA signal sequence. Upon 

crossing to a Col2Cre mouse, the silencer is excised, leading to transcription of CCN2 from the transgene 

in cartilage. (B) Western blot of protein isolated from sterna of WT and Ccn2fxTg;Col2Cre P0 pups with 

actin controls.  (C) Ccn2 mRNA levels in mouse embryonic fibroblasts (MEFs) from E11.5 CCN2fxtg 

E11.5 embryos infected with AdCre or Adcontrol. Ccn2 mRNA levels are not significantly different in 

WT vs. Ccn2fxTg MEFs in the absence of Cre, but are increased approximately 2.5-fold in Ccn2fxTg 

mice in the presence of Cre. (D, E) Skeletal preparations of postnatal day 0 (P0) Ccn2fxTg;Col2Cre and 

WT littermates, showing no apparent morphological  differences. (E,F) Growth plate histology of P0 WT 

(E) and Ccn2fxTg;Col2Cre (F) littermate. The hypertrophic zone is slightly shorter and hypertrophic 

chondrocytes are smaller in transgenics. (G, H) Overexpression of Ccn2 results in decreased BiP 

expression (H) compared to WT littermate (G) in P0 growth plates.  

 

CCN2 regulates chondrocyte survival through NFκB and autophagy 

NFκB is required for chondrocyte survival11, 12. CCN2 induces nuclear localization of 

NFκB and activates pro-survival mechanisms, while inhibiting stress-mediated apoptosis in a 

number of cell types42. NFκB is activated by integrin α5β1 in breast cancer epithelial cells43, and 

α5β1 is a major receptor for CCN2 in chondrocytes43. We therefore investigated whether CCN2 

might exert its pro-survival function in chondrocytes at least in part through regulation of NFκB 

levels. NFκB localization was examined in E16.5 WT and mutant growth plates. In WT 

proliferative zones, NFκB was predominantly localized to the nucleus (Fig. 8A), similar to 

previous reports11, 12. In Ccn2-/- growth plates, NFκB is present in the cytoplasm, but the number 

of cells exhibiting nuclear localization is decreased (Fig. 8B,C). These data are thus consistent 

with previous in vitro studies showing that CCN2 induces NFκB activation42, and raise the 
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possibility that CCN2 exerts its pro-survival, ER stress-protective effects in chondrocytes at least 

in part through NFκB.  

Autophagy is an important survival mechanism in normal chondrocytes and in response 

to stress44. We examined the expression of autophagosome markers Atg12 and LC3 (Atg8), 

which conjugate with one another to stabilize autophagosome formation13. In E16.5 WT growth 

plates, both Atg12 and LC3 proteins were expressed throughout the growth plate, with the 

highest levels in the hypertrophic zone (Fig. 8D,F). This expression is consistent with previous 

literature showing that autophagy is required for terminal chondrocyte differentiation45. 

However, in Ccn2-/- growth plates Atg12 and LC3 expression levels were greatly diminished  

(Fig. 8E,G).  

 

 

Figure 8.  Decreased NFκB and autophagy-mediated cell  survival in Ccn2  mutants.  NFκB 

expression was visualized by immunofluorescence in E16.5 WT and Ccn2 mutant growth plates. (A) In 
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WT growth plates, NFκB was primarily localized to the nucleus throughout the proliferative zone. (B) In 

Ccn2-/- growth plates, NFκB expression in the proliferative zone was decreased and localized mainly to 

the cytoplasm. (C) NFκB nuclear expression throughout the growth plate was quantitated using Image J 

analysis as the percentage of DAPI positive nuclei. Growth plate immunostaining was performed in 

triplicate; asterisk denotes a p-value of 0.003, indicating statistical significance.  (D,E) E16.5 WT (D) and 

Ccn2-/- (E) growth plates immunostained for Atg12. (F,G) E16.5 WT (F) and Ccn2-/- (G) growth plates 

immunostained for Atg8 (LC3). All sections were counterstained with DAPI. 

 

The above results suggest that CCN2 regulates autophagy by controlling the expression 

of autophagy-related genes.  Because both NFκB and autophagy have pro-survival functions in 

chondrocytes, we investigated whether CCN2 induces NFκB and the expression of autophagy 

genes in vitro. ATDC5 cells infected with a CCN2 overexpressing adenovirus (Ad-CCN2-GFP) 

exhibited increased CCN2 expression within 24 hours after infection (Fig. 9A,B). Consistent 

with in vivo studies (Fig. 8), CCN2 expression induced increased nuclear NFκB (Fig. 9C,D). 

Furthermore, CCN2 stimulated the expression of LC3 (Fig. 9E,F). In summary, these data 

suggest that CCN2 protects against pro-apoptotic ER stress pathways by upregulating pro-

survival NFκB and autophagy pathways in chondrocytes. 
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Figure 9.  Ectopic CCN2 expression results  in increased NFκB and expression of 

autophagy genes in ATDC5 cells .  NFκB and autophagy marker LC3 were examined in ATDC5 

cells infected with Ad-CCN2-green florescent protein (Ad-CCN2-GFP) and Ad-control (Ad-CNT) 

constructs. (A,B) CCN2 expression is upregulated in Ad-CCN2-GFP ATDC5 cells (B) compared to Ad-

CNT treated cells (A). (C,D) Nuclear NFκB is increased in Ad-CCN2-GFP cells (D) compared to control 

cells (C). (E,F) Expression of LC3/Atg8 is increased in Ad-CCN2-GFP cells (F) compared to Ad-CNT 

treated cells (E). (Red- CCN2, NFκB and LC3); Blue= DAPI counterstain). Representative images are 

shown. 
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Discussion 

The data reported here provide evidence that CCN2 is required for ECM assembly and 

chondrocyte survival in the growth plate.  Ultrastructural analysis revealed that loss of CCN2 

leads to defective ECM assembly and chondrocyte death, accompanied by ER stress. The 

activation of pro-apoptotic ER stress pathways in vivo was confirmed by elevated levels of BiP 

and CHOP in Ccn2-/- growth plates. These results were recapitulated in vitro, where loss of 

Ccn2 in chondron cultures also resulted in ER stress. This latter finding demonstrates that the 

role of CCN2 in protection from ER stress in chondrocytes is direct, rather than an indirect 

consequence of defective growth plate angiogenesis. This is the first demonstration of a role for a 

matricellular protein in protection against ER stress. The finding that Ccn2 expression is induced 

by ER stress, unlike structural ECM proteins, whose expression is downregulated, provides 

further evidence that the primary function of CCN2 is to mediate chondrocyte survival. This is 

also supported by the finding that transgenic mice overexpressing CCN2 exhibit lower levels of 

BiP in the growth plate. 

The precise mechanisms by which CCN2 protects against ER stress are unclear. ER stress 

leads to decreased ECM deposition and could account for the ECM defects seen in Ccn2-/- 

growth plates. On the other hand, decreased ability of cells to attach to the ECM has been shown 

to lead to ER stress5, 6. Evidence that CCN2 exerts its protective effects through modulation of 

cell-ECM attachment comes from the finding that treatment of chondrocytes with an integrin α5-

blocking antibody leads to ER stress. Integrin α5β1 is essential for chondrocyte survival in 

vitro41. Currently, no in vivo studies have been conducted to assess the role of α5 containing 

integrins in cartilage. The loss of β1 integrin leads to reduced ECM production, growth plate 

disorganization and impaired survival46, consistent with a potential role for α5β1 in ECM 
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assembly and chondrocyte survival. We have shown that CCN2 exerts effects on chondrocyte 

proliferation and adhesion through α5β134. However, mice lacking FN in chondrocytes exhibit 

no abnormalities46. Furthermore, FN levels were normal in Ccn2 mutant growth plates. 

Therefore, we propose that CCN2, rather than FN, is the major ligand for integrin α5β1 in 

chondrocytes. 

In addition to induction of pro-apoptotic ER stress pathways, the loss of Ccn2 also results 

in decreased expression of nuclear NFκB and autophagy genes. In accordance, overexpression of 

Ccn2 in chondrocytes results in induction of nuclear NFκB and autophagy gene expression. Both 

NFκB and autophagy exert pro-survival functions in growth plate chondrocytes11, 45. The precise 

mechanisms by which CCN2 induces the expression of NFκB in chondrocytes are unclear but 

are probably mediated through integrin signaling, as previously observed in other cell types42, 47. 

CCN2 expression is correlated with the onset of osteoarthritis (OA) and synovial 

damage48, 49. Paradoxically, recombinant CCN2 expedites repair of articular cartilage during 

chemically induced knee OA38. These opposing effects of CCN2 may be due to its ability to 

modulate NFκB. While NFκB has pro-survival functions in chondrocytes11, 12, it also promotes 

the expression of pro-inflammatory genes in OA chondrocytes7. Whether or not NFκB has a pro-

survival function in OA chondrocytes is unknown. Further investigations of the mechanism by 

which CCN2 promotes survival in growth plate chondrocytes, and its role in the maintenance of 

articular cartilage may provide new avenues to treat and prevent OA. 
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CCN2 is a matricellular protein that plays multiple roles during embryonic and postnatal 

development, as well as crucial roles in multiple pathological disease states. This dissertation 

explored the physiological roles of CCN2 during angiogenesis and chondrocyte matrix secretion 

and survival through the investigation of Ccn2 global knockout mice. 

Angiogenesis is essential for embryonic development as well as postnatal maintenance 

and injury repair. Factors that can promote or disrupt angiogenesis may provide new therapeutic 

targets, as angiogenesis plays major roles in tumorigenesis. Previous data on the role of CCN2 

during angiogenesis were ambiguous, with both pro- and anti-angiogenic functions reported; the 

functions were variable depending at least in part on cellular specificity and experimental design 

[1,2]. The data presented in this dissertation demonstrate that CCN2 has direct functions during 

vascular remodeling. CCN2 controls cell signaling between endothelial cells, pericytes and 

vascular smooth muscle cells, in part through the modulation of platelet derived growth factor 

(PDGF) levels and downstream PDGF/Akt signaling. CCN2 played no role in de novo blood 

vessel formation, as evidenced by the by normal vasculogenesis in Ccn2 mutants at early stages 

of development. However, CCN2 was found to induce the secretion of provisional and 

permanent vascular basement membrane components, which are required for blood vessel 

remodeling and stabilization. In conclusion, CCN2 plays two roles during angiogenesis: first 

CCN2 mediates signaling between vascular cells and second, CCN2 induces the formation of 

vascular basement membrane components to aid in vessel stability and integrity. These 

properties make CCN2 an interesting target for angiogenic therapies that may employ the use of 

CCN2 blocking antibodies that disrupt angiogenesis during cancer treatments. In order to fully 

investigate the cell autonomous functions of CCN2 during angiogenesis specifically in vascular 

smooth muscle, endothelial cells and perictyes, future experiments should include using Ccn2 
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conditional knockout mouse models. Most angiogenesis-associated pathologies occur in the 

adult, and Ccn2 mutant mice exhibited late gestational defects in vascular remodeling, but not in 

early embryonic vasculogenesis. Future research should focus on inducible depletion of CCN2 

postnatally in order to explore its contribution during adult vascular maintenance and injury. 

CCN1 also plays a prominent role in vascular development, with Ccn1 global knockout embryos 

perishing early in development due to major defects in vasculogenesis [3]. As CCN1 and CCN2 

are co-expressed in at least some vessels at early and later stages of vasculogenesis and 

angiogenesis, the generation of double mutants is an important future goal. CCN3 has been 

described as another potent inducer of angiogenesis, and can promote endothelial cell adhesion, 

migration and tube formation in vitro through integrin-mediated signaling [4]. Other CCNs 

appear to play inhibitory roles in vascular elements, such as CCN5, which has been shown to 

inhibit vascular smooth muscle cell migration [5]. Future research should focus on the 

contribution of all CCN family members to vascular development and remodeling, which will 

provide therapeutic insights into cancer and inflammatory diseases.  

CCN2 is essential for endochondral bone formation and the loss of CCN2 results in a 

severe chondrodysplasia that eventually leads to perinatal lethality [6]. This lethality is due to 

major defects in chondrocyte proliferation, differentiation and terminal maturation [6]. This 

dissertation provides evidence that the defects observed in Ccn2 mutant chondrocytes are due in 

part to defects in ECM secretion and decreased cellular survival. Again, this study highlights the 

multifunctional roles of CCN2 in cell and tissue specific contexts, as CCN2 also works through 

two different mechanistic pathways to control chondrocyte stress and survival. First, CCN2 

controls cellular survival by mediating and responding to endoplasmic reticulum (ER) stress. We 

show that CCN2 is an ER stress responsive gene that is activated upon chemically induced ER 
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stress. CCN2 may also activate ER stress pathways, as we found that the loss of CCN2 results in 

ER stress and activation of the downstream unfolded protein response (UPR). Conversely, the 

overexpression of CCN2 results in the attenuation of ER stress. Taken together, these results 

show that CCN2 regulates ER stress and this control is mediated in part through integrin α5 

signaling due to the increased ER stress observed upon blocking integrin α5 signaling in vitro. 

The increased ER stress observed in mutant growth plate chondrocytes is also due to a disruption 

in Nuclear Factor κB (NFκB) signaling. NFκB is required for chondrocyte survival [7]. 

Decreased nuclear NFκB was observed in Ccn2 mutant growth plates, indicating that CCN2 

regulates NFκB signaling in vivo. CCN2 was also able to induce nuclear localization of NFκB. 

Autophagy is a lysosomal degradation and recycling system of cellular compartments that is 

required for cellular homeostasis. Autophagy can be activated by prolonged ER stress [8], and is 

required for chondrocyte differentiation in the growth plate [9]. We found that components of the 

autophagy pathway are decreased in Ccn2 mutant growth plates, demonstrating that CCN2 may 

control cellular survival through mediating autophagy.  

In summary, these data show that CCN2 plays a novel protective role during ER stress 

through direct control of the ER stress response, integrin-mediated signaling and through NFκB 

and autophagy-mediated cellular survival. ER stress is emerging as an important therapeutic 

target in the treatment of multiple disease including neurodegenerative diseases, cancer, diabetes 

and chondrodysplasias [10].  CCN2 is overexpressed in multiple diseases like osteoarthritis and 

certain cancers and is associated with poor prognosis. Our data suggest that the increases in 

CCN2 observed in these tissues may represent an attempt by the injured cells to activate cellular 

survival mechanisms. Based on the mild chondrodysplasia we observed in Ccn2 overexpressing 

mice, it is also possible that proper levels of CCN2 need to be maintained in order to activate 
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protective mechanisms, with very high levels of CCN2 promoting pathological disease 

progression. Trials utilizing CCN2 blocking antibodies should take into account the possible pro-

survival effects that CCN2 may provide during pathogenesis [11]. Due to the overlapping 

functions and compensatory mechanisms of other CCNs in the absence of CCN2 [12], and the 

expression of CCNs during inflammation, injury and fibrotic conditions [13], it is likely that 

other CCNs play roles in regulating ER stress and controlling cellular survival in these processes. 

These mechanisms should be explored in future experiments using conditional knockout mouse 

models and in vitro studies examining other CCNs that are upregulated in response to different 

forms of chemically induced ER stress.  
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