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ABSTRACT 

 

Anterior cruciate ligament (ACL)-to-bone interface serves to minimize the stress concentrations that 

would arise between two different tissues. Mechanical stretch plays an important role in maintaining 

cell-specific features by inducing CCN family 2/connective tissue growth factor (CCN2/CTGF). We 

previously reported that cyclic tensile strain (CTS) stimulates α1(I) collagen (COL1A1) expression in 

human ACL-derived cells. However, the biological function and stress-related response of 

CCN2/CTGF were still unclear in ACL fibroblasts. In the present study, CCN2/CTGF was observed in 

ACL-to-bone interface, but was not in the midsubstance region by immunohistochemical analyses. 

CTS treatments induced higher increase of CCN2/CTGF expression and secretion in interface cells 

compared with midsubstance cells. COL1A1 expression was not influenced by CCN2/CTGF treatment 

in interface cells despite CCN2/CTGF stimulated COL1A1 expression in midsubstance cells. However, 

CCN2/CTGF stimulated the proliferation of interface cells. Our results suggest that distinct biological 

function of stretch-induced CCN2/CTGF might regulate region-specific phenotypes of ACL-derived 

cells. 

 

Keywords: CCN2/CTGF; anterior cruciate ligament; cyclic tensile strain; collagen; ligament-to-bone 
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1. Introduction 

CCN family 2/connective tissue growth factor (CCN2/CTGF) is a multifunctional regulator of cellular 

proliferation, differentiation, and tissue regeneration [1]. Ccn2/ctgf-null mice are perinatal lethal, 

showing severe chondrodisplasia characterized by deficient extracellular matrix (ECM) production, 

impaired endochondral ossification, and reduced growth plate angiogenesis [2]. These phenotypes 

indicate that CCN2/CTGF plays an essential role in skeletal development during embryogenesis. In 

the adult, the expression of CCN2/CTGF is associated with injury repair and inflammation [3]. Several 

studies have reported that CCN2/CTGF promotes the proliferation of vascular endothelial cells [4], 

chondrocytes [5], osteoblastic cells [6], and periodontal ligament cells [7]. In addition, CCN2/CTGF is 

known to stimulate cellular differentiation and ECM synthesis as well in these cells [5-7]. However, 

the expression pattern and function of CCN2/CTGF in human ligament tissues remain unclear. 

Anterior cruciate ligament (ACL) injuries usually occur in the femoral attachment of ACL 

that contains interface cells [8]. Those cells in ACL-to-bone insertion have more chondrocytic 

phenotypes compared with midsubstance cells in the middle part of ACL [9,10]. ACL-to-bone 

interface has a specific structure called fibrocartilaginous enthesis that is composed of four different 

regions; dense fibrous connective tissue (ligament), uncalcified fibrocartilage, calcified fibrocartilage, 

and subchondral bone [11,12]. Fibrocartilaginous enthesis serves to minimize the stress concentrations 

that would arise between the two different tissues, such as extensible tendon/ligament and rigid bone 

[13,14]. We have previously reported that cyclic tensile strain (CTS) stimulates α1(I) collagen gene 

(COL1A1) expression in both interface and midsubstance cells derived from human ACL [15]. In this 

literature, stretching treatment induced higher increase of COL1A1 expression in interface cells rather 

than in midsubstance cells [15]. These findings suggest that mechanical stretch has a crucial role in 

maintaining the homeostasis of ACL and ACL-to-bone interface [16]. 

The ligaments have stress-oriented structures of collagen bundles [17]. Type I collagen is the 

main component of ECM in the ligaments [18]. Type II and III collagens play important roles for the 

maturation of ligament-to-bone interface zones [12,19]. Biomechanical studies have shown that the 
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length of human ACL is exposed to 12% elongation at 90 degrees of knee flexion [17]. Human 

cadaveric ACL-to-bone units fail at a mean strain level of 19% by a material testing system [20]. In 

human ACL cells, uni-axial 10% CTS increases the gene expression of type I and III collagens 

mediated by the autocrine secretion of transforming growth factor (TGF)-β1 [21]. However, the 

biological function and mechanical stretch-related response of CCN2/CTGF are still unclear in ACL 

fibroblasts. Effect of mechanical strain on CCN2/CTGF expression is dependent on cell types and 

stretching force. Cyclic stretch (0.3 Hz, 15% strain) stimulates the expression of COL1A1 and 

CCN2/CTGF in human bladder smooth muscle cells [22]. In human chondrocytic HCS-2/8 cells, CTS 

(0.16 Hz, 6% strain) increases CCN2/CTGF gene expression [23]. On the other hand, cyclic stretch 

(0.16 Hz, 20% strain) decreases CCN2/CTGF expression in human skin fibroblasts [24]. In loading 

stress, the expressions of COL1A1, TGF-β1, and CCN2/CTGF in rat soleus muscles are increased 

despite TGF-β1 and CCN2/CTGF expressions in rat Achilles tendons are unaltered [25]. 

In the present study, we investigated the localization of CCN2/CTGF in human ACL tissues 

and evaluated its expression in response to mechanical stretch in human ACL-derived cells, in order to 

clarify the role of CCN2/CTGF in COL1A1 expression and the proliferation of ACL-derived cells. 

 

2. Materials and methods 

2.1. Cells and cell culture 

Institutional Review Board approval was obtained for this study. Informed consents for this research 

were also obtained from patients. Human ACL fibroblasts were isolated from intact femur-ACL-tibia 

samples obtained at total knee arthroplasties in patients suffering from osteoarthritis (n = 6). Patients 

included five females and one male, with a mean age of 65 years (range, 62-72 years) at the time of 

surgery. Surrounding synovial tissues and attached bones were carefully removed from ACL samples. 

ACL-derived interface cells were isolated from 5-mm-segments of ACL-to-bone junctions (femoral 

and tibial interfaces) as described [15]. The remaining ligament was used as ACL-derived 

midsubstance cells. The ligament samples were minced, and incubated with collagenase (Sigma, 
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St.Luis, MO) for 30 min at 37°C as described [26]. The mixtures were filtered through 70 μm cell 

strainers (BD Biosciences, Bedford, MA). The flow through suspension was cultured in Dulbecco’s 

Modified Eagle Medium (DMEM, Wako, Osaka, Japan) containing 10% fetal bovine serum (HyClone, 

South Logan, UT) and 1% penicillin/streptomycin (Sigma). Attached cells were incubated at 37°C in 

5% CO2 in a humidified atmosphere and were subcultured at a density of 2,500 cells/cm2 on uncoated 

polystyrene tissue culture dishes (BD Biosciences). The medium was changed every 3 days. Cells 

between passage 2 and 5 were used for experiments. 

2.2. RT-PCR and quantitative real-time PCR analysis 

Total RNA was isolated using ISOGEN reagent (Nippon Gene, Toyama, Japan). RNA samples 

obtained from tissue samples and cultured cells were reverse-transcribed with ReverTra Ace (Toyobo, 

Osaka, Japan). The cDNAs underwent PCR amplification in the presence of each set of specific 

primers using rTaq DNA polymerase (TaKaRa, Ohtsu, Japan). The following specific primer sets were 

used: 5’-CCACC CGAGT TACCA ATGAC-3’ and 5′-GTGCA GCCAG AAAGC TCA-3′ for 

CCN2/CTGF; COL1A1 and glyceraldehyde-3-phosphate dehydrogenase (G3PDH) as described 

previously [27]. For all the RT-PCR fragments, the reactions were allowed to proceed for 30 cycles in 

an iCycler thermal cycler (Bio-Rad Laboratories, Hercules, CA). Quantitative real-time PCR analyses 

were performed by using LightCycler ST-300 instrument (Roche Diagnostics, Mannheim, Germany) 

and FastStart DNA Master SYBR Green I kit (Roche Diagnostics) according to the manufacturer’s 

protocol. The cycle number crossing the signal threshold was selected in the linear part of the 

amplification curve. Amplification data of G3PDH were used for normalization. 

2.3. Cyclic tensile strain (CTS) 

Polydimethylsiloxane stretch chambers (STREX, Osaka, Japan) were coated with 50 μg/ml fibronectin 

(Chemicon, Temecula, CA). Midsubstance and interface cells were seeded onto stretch chambers, each 

having a culture surface of 2×2 cm, at the concentration of 50,000 cells/chamber. The cells were 

incubated on fibronectin-coated chambers for 24 h before stretching experiments. Uni-axial CTS (0.5 

Hz, 10% strain) was applied using a STB-140 system (STREX) for 1, 2, and 4 h as described [15]. 
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Non-stretched ACL cells cultured on stretch chambers were used as controls. RNAs and conditioned 

media were immediately collected after stretching experiments. 

2.4. Histology and immunohistochemistry 

To investigate the localization of CCN2/CTGF in human ACL, tissue samples obtained from surgical 

specimen under written informed consent were fixed with 4% paraformaldehyde solutions for 24 h and 

were embedded in paraffin. Sections were cut into 5 μm-thickness and were stained with hematoxylin 

and eosin (HE) for standard light microscopy. Anti-CCN2/CTGF antibodies purified from rabbits by 

immunization with a synthetic peptide of CCN2/CTGF (RPCEA DLEEN IKKGK KCIRT) were used 

for immunohistochemical analyses as described [5,28]. 

2.5. Enzyme-linked immunosorbent assay (ELISA) 

The concentration of CCN2/CTGF in conditioned media was measured by using a sandwich ELISA 

system with two anti-human CCN2/CTGF monoclonal antibodies (MAb 8-64 and 8-86; mouse IgG1, 

Nichirei, Tokyo, Japan) as described previously [29]. In brief, samples were applied to ELISA strips 

coated with MAb 8-64 and incubated for 2 h. After 6 cycles of washing, horseradish 

peroxidase-conjugated MAb 8-86 was added, and the strips were incubated for 1 h. The signals were 

developed by an enzymatic reaction with tetramethylbenzidine. 

2.6. CCN2/CTGF treatment and cell proliferation assay 

Cells were cultured on fibronectin-coated plates for 12 h in serum-free DMEM before the treatment 

with recombinant human CCN2/CTGF (BioVender, Candler, NC). CCN2/CTGF treatment (10 or 50 

ng/ml) was performed for 4 h before the preparation of RNA samples. Cell proliferation assays were 

performed as described previously [30,31]. In brief, recombinant human CCN2/CTGF was added into 

serum-free DMEM at indicated concentrations. ACL cells (5,000 cells/well) were incubated for 48 h 

prior to addition of WST-1 (Roche Diagnostics) on 96-well plates. Optical density (OD) was measured 

by using a Model 550 microplate reader (Bio-Rad, Hercules, CA) at evaluation and control 

wavelengths of 450 nm and 630 nm, respectively. Data obtained by subtracting 630-nm readings from 

450-nm readings were used for evaluation. The mean value derived from four wells was computed and 
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plotted. 

2.7. Statistical analysis  

All experiments were repeated at least three times and similar results were obtained. Data were 

expressed as mean values with standard deviations. Differences among groups were compared by 

using the Mann-Whitney U-test. Statistical significance was established at p < 0.05. 

 

3. Results 

3.1. Localization of CCN2/CTGF in human ACL 

We initially investigated the presence and distribution of CCN2/CTGF in human ACL tissues. 

CCN2/CTGF was observed in the ACL-to-bone interface, but was not in the midsubstance region by 

immunohistochemical analyses (Fig. 1C and D). Cells packaged in interface regions were stained by 

anti-CCN2/CTGF antibody (Fig. 1E and F), whereas CCN2/CTGF was not significantly detected in 

the ECM of tibial and femoral interface regions (Fig. 1E and F). 

 

3.2. Differences between interface and midsubstance cells in morphology and CCN2/CTGF production 

Interface cells had different features from those of midsubstance cells. The morphology of interface 

cells in culture was typically characterized by a triangular shape (Fig. 2A). On the other hand, 

midsubstance cells had a fibroblastic morphology (Fig. 2A). Interestingly, the expression of 

CCN2/CTGF in respective cells showed different patterns from those in tissue samples, when they 

were brought into cell culture in vitro (Fig. 2B). Despite CCN2/CTGF was present in the tissues of 

interface region, RT-PCR analyses revealed that CCN2/CTGF expression was remarkably decreased in 

interface-derived cells, (Fig. 2B), which was efficiently recovered by CTS (Fig. 2C and D). CTS also 

increased CCN2/CTGF secretion from interface cells (Fig. 2F). On the other hand, CTS treatment did 

not increase the gene expression of CCN2/CTGF (Fig. 2C and D) and CCN2/CTGF secretion (Fig. 2F) 

in midsubstance cells. These results represent distinct biological characteristics of these 2 types of 

ACL-derived cells. Consistent with our previous findings [15], COL1A1 expression was enhanced by 
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CTS treatment in both interface and midsubstance cells (Fig. 2C and E). 

 

3.3. Functional role of CCN2/CTGF in interface cells 

As more pronounced CTS-induced CCN2/CTGF expression was observed in interface cells, we 

further investigated the biological role of CCN2/CTGF in ACL cells. Recombinant CCN2/CTGF 

treatment increased the expression of endogenous CCN2/CTGF gene only in interface cells (Fig. 3A 

and B). Surprisingly, COL1A1 expression was not influenced by CCN2/CTGF treatment alone in 

interface cells despite CCN2/CTGF stimulated COL1A1 expression in midsubstance cells (Fig. 3C). 

However, importantly, CCN2/CTGF significantly stimulated the proliferation of interface cells in a 

dose-dependent manner (Fig. 3D). These findings suggest that stretch-induced CCN2/CTGF might act 

as an activator for cellular proliferation, not for type I collagen production, in ACL-to-bone interface. 

 

4. Discussion 

CCN2/CTGF stimulates collagen gene expression in several types of cells such as chondrocytes, 

osteoblastic cells, periodontal ligament cells, and astrocytes [5-7,32,33]. Mechanical stretch also has a 

critical role in enhancing COL1A1 expression in ligament fibroblasts [15,21,34]. Yang et al. have 

described that cyclic stretch increases the expression of CCN2/CTGF and COL1A1 in bladder smooth 

muscle cells [22]. However, the relationship between CCN2/CTGF and stretch-induced COL1A1 

expression remains unclear. We have previously reported that CTS induces higher increase of 

COL1A1 expression in human ACL interface cells, rather than in midsubstance cells [15]. In the 

present study, we demonstrated that CCN2/CTGF was localized in human ACL-to-bone interface (Fig. 

1). CTS also promoted the expression of CCN2/CTGF in interface cells (Fig. 2). In addition, 

recombinant CCN2/CTGF stimulated endogenous CCN2/CTGF expression and cellular proliferation 

of interface cells, while COL1A1 expression was not affected by CCN2/CTGF treatment in the 

absence of mechanical stretch (Fig. 3). These findings suggest that stretch-mediated COL1A1 

transactivation might not directly depend on stretch-induced CCN2/CTGF production in ACL 
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interface cells. Considering the molecular property of CCN2/CTGF that promotes physiological 

process of tissue development and regeneration under multiple molecular interactions, CCN2/CTGF is 

expected to enhance the proliferation of interface cells in the absence of mechanical stretch, and type I 

collagen production of interface cells under stretched condition. 

ACL-to-bone interface, characterized as fibrocartilaginous enthesis, shifts its characteristics 

from proliferative to hypertrophic zone of the growth plate during development [12,19]. 

Age-dependent changes in collagen deposition (from type II collagen to type X collagen) are observed 

at the interface [12]. Our previous study has indicated that cells in the interface zone of aged ACLs 

still express α1(II) collagen (COL2A1) gene in three-dimensional tissue culture conditions (in vivo) 

[15]. In two-dimensional cell culture conditions (in vitro), non-stretched interface cells lose their 

potential to produce COL2A1 gene [15]. However, CTS induces COL2A1 re-expression in cultured 

interface cells [15]. The present study demonstrated that CTS treatment recovered the expression of 

CCN2/CTGF despite CCN2/CTGF expression was decreased in cultured interface cells (Fig. 2). In 

human chondrocytic HCS-2/8 cells, CCN2/CTGF expression is increased by CTS [23]; then 

CCN2/CTGF enhances the expression of the Col2a1 and aggrecan genes in rabbit growth plate and 

articular chondrocytes, as well as in HCS-2/8 cells [5,35]. These findings suggest that the 

fibrocartilaginous property of ACL-to-bone interface might be maintained by mechanical 

stretch-induced CCN2/CTGF. 

Cellular responses to mechanical stress underlie many critical functions such as development, 

morphogenesis, hypertension, and wound healing [36]. In experimental studies, physiological force 

has been mimicked by various mechanical stimuli, including stretch, compression, shear stress, and 

bending torque [36]. Cell stretch would induce mechanical extension of cytoplasmic macromolecules, 

activation of ion channels, and phosphorylation of mechanotransducers [36-38]. However, cellular 

behavior is not uniform under comparable stretching condition in vitro. CCN2/CTGF expression is 

increased by cyclic stretch (no more than 15% strain) in bladder smooth muscle cells and chondrocytic 

cells [22,23]. On the other hand, 20% length of cellular stretch rather decreases CCN2/CTGF 
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expression in skin fibroblasts [24]. In our experiments, the degree of stretching force (5-15%) 

influenced the expression pattern of CCN2/CTGF and COL1A1 genes (Supplemental Fig.). The 

expression of CCN2/CTGF and COL1A1 was highly activated under 10% CTS condition in ACL 

interface cells (Supplemental Fig. and 2). Physiological stretching force might be important for 

inducing optimum production of CCN2/CTGF and ECM molecules to maintain ligament homeostasis. 

Cell morphology and actin cytoskeleton under various mechanical forces also regulate CCN2/CTGF 

expression [39]. In three-dimensional-cultured human lung fibroblasts, stretch-induced CCN2/CTGF 

expression is decreased by a specific inhibitor of RhoA/ROCK signaling pathway that modulates actin 

cytoskeleton [40]. Cyclic stretch-stimulated CCN2/CTGF promoter activity is suppressed by a 

RhoA/ROCK inhibitor in bovine bladder smooth muscle cells [41]. Mouse adipose-derived stromal 

cells produce higher levels of CCN2/CTGF and RhoA proteins in a low-density (spread) culture 

condition compared with a high-density-seeded condition [42]. On the other hand, CCN2/CTGF 

expression is not affected by a RhoA/ROCK inhibitor, but is down-regulated by a Rac1 inhibitor in 

mouse primary chondrocytes [43]. In our previous study, CTS activates integrin αVβ3-mediated stress 

fiber formation on fibronectin-coated chambers in human ACL fibroblasts [15]. From these findings, 

stretch-associated cytoskeletal tension, which is cooperatively modulated by several intracellular 

signaling pathways, may play an important role in CCN2/CTGF expression. Further studies will be 

required to clarify the relationships among stretch-activated signaling pathways, CCN2/CTGF 

expression, and ECM synthesis in ACL fibroblasts. 

 In conclusion, our results demonstrated that mechanical stretch stimulated the gene 

expression and synthesis of CCN2/CTGF in ACL-to-bone interface cells. Interface cell proliferation 

and COL1A1 expression in midsubstance cells were also enhanced by CCN2/CTGF treatments in the 

absence of CTS. These findings suggest that stretch-mediated CCN2/CTGF production might have a 

crucial role in regulating region-specific phenotypes of ACL-to-bone interface. 
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Figure legends 

 

Fig. 1. CCN2/CTGF in human ACL. (A) Midsubstance region of ACL (HE). (B) ACL-to-bone 

interface (tibial insertion, HE). (C) CCN2/CTGF was not observed in midsubstance region by 

immunohistochemical analysis. (D) CCN2/CTGF was detected in the cells of ACL-to-bone interface 

(tibial insertion, brown). Insets in panels C and D show magnified images of the areas indicated by 

rectangles. (E and F) CCN2/CTGF was observed in/on the interface cells: E, tibial interface; F, 

femoral interface. Inset in panel E denotes a negative control in the absence of anti-CCN2/CTGF 

antibody. Arrowheads indicate the positive signals of CCN2/CTGF in femoral interface. Bars, 100 

μm. 

 

Fig. 2. (A) Phase-contrast microscopic views of fibroblastic midsubstance cells and chondrocytic 

interface cells. Bars, 100 μm. (B) CCN2/CTGF expression in vivo and in vitro evaluated by RT-PCR 

analysis. Although CCN2/CTGF expression was detected in tissue samples of ACL interface, it was 

decreased in cultured interface cells. Effect of CTS on CCN2/CTGF and COL1A1 expression in ACL 

cells as evaluated by end-point RT-PCR (C) and by real-time PCR analyses (D). CTS (0.5 Hz, 10% 

strain, 2 h) enhanced CCN2/CTGF expression up to a 2.2-fold level of control only in interface cells 

(D, right panel), whereas COL1A1 expression was increased by CTS in both interface and 

midsubstance cells (C and E). ELISA revealed that CTS treatment increased CCN2/CTGF secretion 

from interface cells (F). However, CTS did not increase CCN2/CTGF gene expression and 

CCN2/CTGF protein secretion in midsubstance cells (D and F). * p < 0.05 compared with each 

0-h-control. 

 

Fig. 3. Effect of exogenous CCN2/CTGF on ACL cells. (A-C) Effect on CCN2/CTGF and COL1A1 

expression evaluated by RT-PCR (A) and real-time PCR (B and C) analyses. Recombinant 

CCN2/CTGF enhanced the expression of endogenous CCN2/CTGF in interface cells (A and B). 
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CCN2/CTGF treatment did not stimulate endogenous CCN2/CTGF expression in midsubstance cells 

(A and B). COL1A1 expression was not influenced by CCN2/CTGF treatment in interface cells despite 

CCN2/CTGF stimulated COL1A1 expression up to 2.4-fold level of control in midsubstance cells (C). 

(D) CCN2/CTGF stimulated the proliferation of interface cells in a dose-dependent manner. * p < 0.05 

compared with the index of 0 ng/ml control. 

 

Supplemental Fig. Different patterns of gene expression in response to CTS. In midsubstance cells, 

COL1A1 expression was increased under 5 and 10% CTS conditions (0.5 Hz, 2 h). In interface cells, 

10% CTS stimulated the expression of CCN2/CTGF and COL1A1 genes. On the other hand, higher 

stretching force (15% strain) decreased these gene expressions in both midsubstance and interface 

cells. 
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