
 

THE INTRICATE ROLE OF CONNECTIVE TISSUE GROWTH 
FACTOR (CTGF/CCN2) IN PRENATAL OSTEOGENESIS:  

A HERETOFORE OVERSIMPLIFIED DOGMA OF THE CCN 
FIELD 

 
 

 
 
 
 

A Dissertation 
Submitted to 

the Temple University Graduate Board 
 
 
 

 
 
 
 

In Partial Fulfillment 
of the Requirements for the Degree of 

Doctor of Philosophy 
 
 
 

 
 
 

By 
Alex Gregory Lambi 

May, 2015 
 

 
 
 

Dissertation Examining Committee 
Steven N. Popoff, Ph.D. – Department of Anatomy and Cell Biology 

Mary F. Barbe, Ph.D. – Department of Anatomy and Cell Biology 
Victor Rizzo, Ph.D. – Department of Anatomy and Cell Biology 

Dianne Soprano, Ph.D. – Department of Biochemistry 
Joan T. Richtsmeier, Ph.D. – Department of Anthropology, Pennsylvania State 

University 



 

 ii 

ABSTRACT 

 Connective tissue growth factor (CTGF/CCN2) is axiomatically necessary for 

proper skeletal development and function. We need not look further than the studies that 

have been done to date utilizing mice genetically engineered to lack CTGF production. 

These CTGF null or knockout (KO) mice fail to form a normal murine skeleton and 

instead yield one littered with bony dysmorphisms, including incompetent craniofacial 

development, kinked limb bones, and misshapen ribs that are not conducive to proper 

respiratory function. As a result, the global lack of CTGF is incompatible with postnatal 

life. A closer look at several sites demonstrated defects in physiologic processes 

necessary for bone formation – angiogenesis, chondrogenesis, and osteogenesis. 

Therefore, the dogma in the CCN protein field to date has been that systemic ablation of 

CTGF production in vivo results in global defects in bone development. 

 We believe this dogma is an oversimplification of the role of CTGF on skeletal 

development. Our initial impetus leading us to this belief was the gross identification of 

the specific skeletal sites malformed in CTGF KO mice, in particular the bones of the 

limbs. While in the lower limb of CTGF KO mice the tibiae and fibulae are misshapen, 

the adjacent femora and digits are phenotypically normal. The same is true for the upper 

limb, in which the radii and ulnae are phenotypically abnormal while the humeri and 

digits are normal. Therefore, we believe that the role of CTGF in skeletogenesis is site-

specific such that its loss affects local skeletal patterning and/or mechanobiological cues 

resulting in the unique phenotype seen in CTGF KO mice. 

 The research of this dissertation constitutes a comprehensive skeletal analysis of 

CTGF KO mice and in so doing we determined the extent and location of skeletal 
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abnormalities. We found skeletal site-specific changes in growth plate organization, bone 

microarchitecture and shape and gene expression levels in CTGF KO compared to wild-

type (WT) mice. Growth plate malformations included reduced proliferation zone and 

increased hypertrophic zone lengths. Appendicular skeletal sites demonstrated decreased 

metaphyseal trabecular bone, while having increased mid-diaphyseal bone and osteogenic 

expression markers. Axial skeletal analysis showed decreased bone in caudal vertebral 

bodies, mandibles, and parietal bones in CTGF KO mice, with decreased expression of 

osteogenic markers. Analysis of skull phenotypes demonstrated global and regional 

differences in CTGF KO skull shape resulting from allometric (size-based) and non-

allometric shape changes. Localized differences in skull morphology included increased 

skull width and decreased skull length.  

We further continued the skeletal characterization of CTGF KO bones with an 

analysis of bone cell ultrastructure and matrix composition. These studies demonstrated 

that, while CTGF is not necessary for complete morphologic maturation of bone cells, 

global ablation results in ultrastructural features not commonly seen in WT bones. Our 

findings include drastically dilated rough endoplasmic reticulum (RER) in osteoblasts of 

the tibial diaphyseal region, comprising the phenotypic kink in CTGF KO mice and 

ultrastructural dysmorphologies of CTGF KO osteoclasts including multi-layered, 

membranous inclusions, decreased vacuolization and ruffled border extents, and 

disproportionately large clear zones. Lastly, FT-IR analysis demonstrated heterogeneity 

in CTGF KO bone composition. The results of this dissertation have revealed a more 

complex role for CTGF in osteogenesis and have identified potential mechanisms and 

future research directions to fully understand this intricate story.  
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CHAPTER 1: REVIEW OF THE LITERATURE 

The Skeletal System and its Roles 

The adult human skeleton contains over 200 distinct pieces, or skeletal elements, 

and comprises two distinct tissues: cartilage and bone. Both cartilage and bone are 

specialized connective tissues, the differences between which are due to their respective 

components. In cartilage, the extracellular matrix (ECM) produced by chondrocytes 

(cartilage-forming cells), primarily consists of type II collagen and ground substance of 

proteoglycans. Bone, however, contains both organic and inorganic components; while 

the former is primarily composed of type I collagen, the latter contains calcium phosphate 

(Ca-PO4) in the form of hydroxyapatite crystals (Junqueira and Carneiro, 2005). This 

calcified organic component provides the hardness of bones, allowing them to serve as 

scaffolding structures in three important functions: 1) providing the framework for the 

trunk and extremities in withstanding mechanical loads; 2) serving as levers for the 

locomotor function of skeletal muscle; and 3) affording protection for vulnerable viscera, 

such as the skull for the brain, the spine for the spinal cord, and the rib cage for the heart 

and lungs. In addition to the aforementioned structural roles, bone also provides an 

important role in hematopoiesis, occurring in the bone marrow, as well as a reservoir for 

calcium and phosphate. The resultant interplay between structural maintenance and 

balancing the “milieu intérieur” of ionized mineral homeostasis indicates that bone is a 

very dynamic tissue (Salter, 1999). It is not surprising then that the complexities of bone 

and the skeleton as an organ are reflected in its embryologic development. 
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Bone Cells 

 In order to accomplish the local (scaffolding) roles of bone, such as formation and 

mineralization, and the systemic (endocrine) roles, such as mineral homeostasis, bone 

contains three principal cell types: osteoblasts, osteocytes, and osteoclasts.  

Osteoblasts 

Osteoblasts are differentiated cells responsible for ECM production and 

mineralization. Osteoblast precursors originate from mesenchymal stem cells that are 

induced by master regulators, such as wingless-ints (Wnts) and bone morphogenetic 

proteins (BMPs), to become osteochondroprogenitor cells; these cells are upstream in the 

differentiation pathways of both chondrocytes and osteoblasts (Caplan and Bruder, 2001; 

Jiang et al., 2002b; Stein and Lian, 1993). A necessary event in the commitment to the 

osteoblast lineage is the activation of the transcription factor runt-related transcription 

factor 2 (Runx-2/Cbfa1). Indispensible to this process, Runx-2 ablation in mice yields a 

skeleton devoid of mineralized matrix, osteoblasts, and hypertrophic chondrocytes (Otto 

et al., 1997). Once expressing Runx-2, these “pre-osteoblasts” are now committed to the 

osteoblast lineage, and proceed through three distinct stages to become mature 

osteoblasts. Discerned based on changes in expression markers and phenotypic changes, 

these stages of maturation include the following: 1) proliferation, having cell expansion 

and expression markers indicative of cell division (e.g. c-Fos); 2) ECM production and 

maturation, expressing and actively secreting ECM proteins such as alkaline phosphatase 

(ALP) and collagen type I; and 3) ECM mineralization, secreting ECM proteins such as 

osteocalcin (OC) and osteopontin (OP) (Stein et al., 2004). When actively synthesizing 

proteins, mature osteoblasts take on a polarized, columnar ultrastructure with a well-
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developed rough endoplasmic reticulum and Golgi network directed toward the surface 

of the newly produced bone matrix (Junqueira and Carneiro, 2005). Ultimately, mature 

osteoblasts will either become encased in their surrounding matrix and form osteocytes 

(described below) or will undergo apoptosis, demonstrated by upregulation of key players 

in the apoptotic cascades (e.g. Bcl-2) (Stein et al., 2004). 

Osteocytes 

Terminally differentiated osteoblasts can become encased in the ECM, resulting 

in their transformation into osteocytes (Manolagas, 2000). These cells make up over 90% 

of all bone cells and are dispersed throughout the mineralized matrix (Dallas and 

Bonewald, 2010). While the osteocyte cell body is encased in a lacuna, each cell sends 

out a vast network of dendritic processes through small canals, or canaliculi. The 

dendritic processes serve to maintain contact with other osteocytes, as well as the bone 

surface, vasculature, and even extend to the bone marrow. As a result, it is believed that 

these cells function in a concerted fashion as a network of sensory cells that respond to 

mechanical loading (Okada et al., 2002). Additionally, these cells play an important role 

in phosphate homeostasis (Dallas and Bonewald, 2010). 

Osteoclasts 

The third type of bone cell is the osteoclast, the role of which is bone resorption. 

Disparate in cellular origin from the osteoblast and osteocyte, the osteoclast is of myelo-

monocytic origin as its principal physiological precursor is the bone marrow macrophage 

(Karsenty et al., 2009; Karsenty and Wagner, 2002). During development, these 

precursor cells migrate through the mesenchyme surrounding the newly-formed bone 

where they are stimulated by several key cytokines to fuse and differentiate into mature 
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multinucleated osteoclasts (Karsenty and Wagner, 2002). It was noted from early in vitro 

experiments on osteoclasts in the 1980s that differentiation of precursor cells to 

functional osteoclasts requires the presence of osteoblast-lineage cells (Takahashi et al., 

1988). Importantly, two key cytokines essential for osteoclastogenesis – receptor 

activator of nuclear factor kappa-B ligand (RANKL) and macrophage-colony stimulation 

factor (M-CSF) – are produced by osteoblasts. The process by which osteoblasts affect 

osteoclast formation is termed osteoblast-induced osteoclastogenesis and underscores the 

interplay between these two seemingly opposed cell types in proper bone maintenance 

(Suda et al., 1999; Teitelbaum, 2000). This interplay is critical in both bone development 

and postnatal remodeling, as will be discussed in subsequent sections.  

Mature osteoclasts have a unique phenotype and expression pattern concomitant 

with their role as the cell responsible for bone resorption. Upon activation, osteoclasts 

adhere to mineralized bone matrix and take on a highly polarized morphology, in which 

mitochondria and nuclei are localized to the antiresorptive surface. The resorptive surface 

is characterized by a ruffled border or membrane, the appearance of which is due to the 

active resorption of the matrix (Novack and Teitelbaum, 2008). When actively resorbing 

bone, osteoclasts express several proteins, such as tartrate-resistant acid phosphatase 

(TRAP), cathepsin K, carbonic anhydrase II (CAII), H+-ATPase, and chloride channel-7 

(CIC-7), all of which are required in acidifying the area of erosion (Howship’s Lacuna) 

and degrading ECM components. The acidification by protons and concentration of 

enzymes in this region is made possible by the actin ring or sealing zone. Juxtaposed to 

the bone surface, this zone is composed of fibrillar actin that mediates integrin-dependent 
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contact with the matrix, allowing for a tightly sealed area in which bone erosion can 

occur (Karsenty and Wagner, 2002; Novack and Teitelbaum, 2008). 

Prenatal Bone Development (Osteogenesis) 

Mesenchymal Cell Condensations 

Skeletogenesis is the process by which bone and cartilage form from 

mesenchymal cell precursors. This process can be divided into two general phases. 

During the first phase, the precursor mesenchymal cells aggregate and condense at the 

sites of future skeletal elements (Figure 1-1A-B). Influenced by both autocrine and 

paracrine factors, these condensations begin to form the shape of their adult skeletal 

counterparts (Karsenty et al., 2009). Because mesenchymal cells in various sites of the 

developing embryo arise from different lineages, the future sites of skeletal elements 

determines which cell lineage will contribute to the future skeleton. Neural crest and 

paraxial mesoderm cells contribute to the craniofacial bone, cells from the sclerotome of 

the ventral somite compartment contribute to the trunk axial skeleton, and cells from 

lateral plate mesoderm will contribute to the limb skeletons. Ultimately, mesenchymal 

cells within the condensations will begin to differentiate into osteochondroprogenitor 

cells (Zaidi, 2007). 

Ossification Processes 

The second phase of skeletogenesis involves the differentiation of the skeletal cell 

types involved in skeletal formation (osteoblasts, osteoclasts, chondrocytes), and the 

actual process of ossification. In a minority of future bones, such as the bones of the 

cranial vault and clavicle, these osteochondroprogenitor cells differentiate directly into 
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osteoblasts and commence osteogenesis; this process is called intramembranous 

ossification (Karsenty et al., 2009). It is termed thus as this process of ossification occurs 

within the mesenchymal condensations (Junqueira and Carneiro, 2005). However, in the 

majority of future skeletal sites, including long bones of the limbs (e.g. femora), vertebral 

bodies, and bones of the cranial base, bone is formed through endochondral ossification 

(Figure 1-1). In this process, osteochondroprogenitors first differentiate into chondrocytes, 

which produce an ECM composed of type II collagen and proteoglycans. Cells at the 

periphery of the mesenchymal condensations do not differentiate into chondrocytes, but 

rather form a structure called the perichondrium; this will exert an influence on both 

chondrocyte and osteoblast differentiation (Figure 1-1C) (Karsenty et al., 2009). 

Chondrocytes inside the cartilage undergo a tightly controlled process of proliferation 

and hypertrophy, which coincides with a change in expression from collagen type II to 

collagen type X (Figure 1-1D). Cells of the perichondrium will express Runx-2, causing 

this structure to eventually ossify, thus forming the bone collar; this will become the 

future cortical bone (Figure 1-1E). Furthermore, the cells within this cartilaginous anlage 

align to form the highly organized growth plates (Figure 1-1F). As this anlage expands, 

calcification of the matrix surrounding hypertrophic chondrocytes causes apoptosis of 

these cells (Figure 1-1G-H). These changes permit a vascular invasion, bringing with it 

osteoclast and osteoblast precursors that utilize this calcified matrix anlage as a scaffold 

for the deposition of future trabecular bone with an ECM rich in collagen type I (Figure 

1-1I-J). This region is called the primary ossification center (Figure 1-1K) (Karsenty et 

al., 2009). Ultimately, the preformed cartilage scaffold, or anlage, is replaced entirely by 

bone. 
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While ossification in developing bones occurs through two distinct processes, 

intramembranous and endochondral, two important points must be noted concerning the 

bones formed by their processes. Firstly, both processes involve the laying down of 

osteoid matrix and calcification with crystalline apatite deposition, with the resulting 

adult osseous tissues indistinguishable based on ossification process. Secondly, both 

ossification processes can be involved in the formation of an individual future bone 

(Sperber et al., 2010). For example, in long bones such as the femur, the inner 

(trabecular) bone forms through endochondral ossification while the periosteal bone 

collar forms through intramembranous ossification.  
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Figure 1-1. Steps in endochondral ossification. 

This illustration demonstrates the requisite steps in endochondral ossification of long 

bones. Depicted are the key steps in endochondral ossification using the formation of 

long bones of the limbs as an example.   
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Congenital Defects involving Individual Ossification Processes 

Congenital inherited bone defects can arise from mutations in genes necessary for 

proper bone formation. Interestingly, certain defects are confined to a specific type of 

ossification, while others can affect global bone formation. Inherited syndromes affecting 

a unique process of bone formation include Achondroplasia, caused by mutations in the 

FGFR3 gene and affecting only endochondral ossification, and Cleidocranial dysostosis, 

caused by mutations in the RUNX2 gene and affecting only intramembranous 

ossification. However, a condition such as Osteogenesis imperfecta, caused by mutations 

in type I collagen genes, will impact global osteogenesis, regardless of the specific 

ossification process (Sperber et al., 2010). Therefore, the complexity of bone formation, 

particularly in long bones, requires an equally diverse approach to studying it.  One must 

choose carefully not only specific bones, but also regions within these bones in order to 

discern important information regarding the distinct processes of ossification. 

The Growth Plate and its Regulation  

Proliferating and hypertrophic chondrocytes of the developing long bone cartilage 

become arranged in distinct zones as part of an avascular structure called the growth plate. 

The growth plate consists of the following zones: 1) the resting zone, with typical 

chondrocytes; 2) the proliferation zone, where chondrocytes divide rapidly and align in 

stacks along the longitudinal axis of the bone; 3) the early hypertrophic zone, a transition 

zone in which chondrocytes begin undergoing hypertrophy due to intracellular glycogen 

accumulation; 4) the late hypertrophic zone, where chondrocytes calcify the ECM 

followed by apoptosis of these cells; and 5) the ossification zone, in which osteoblast 
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progenitors invade, differentiate into osteoblasts, and begin laying down bone (Junqueira 

and Carneiro, 2005; Karsenty, 2003; Karsenty et al., 2009; Kronenberg, 2003). 

The rapid lengthening of long bones during fetal life is attributed to the 

progression of chondrocytes from the proliferative to hypertrophic zone (Karsenty and 

Wagner, 2002; Noonan et al., 1998). Two main proteins are responsible for controlling 

progression of chondrocytes through the different zones; these are parathyroid hormone-

related protein (PTHrP) and Indian hedgehog (Ihh) (Kronenberg, 2003). PTHrP is 

produced by cells near the ends of developing bones and positively maintains a pool of 

proliferating chondrocytes through progression from resting to proliferative zones, and 

prevention of transitioning from proliferative to hypertrophic zones (Karaplis et al., 1994; 

Lanske et al., 1996). However, once the proliferating chondrocytes become sufficiently 

distant from the PTHrP-producing cells, Ihh production begins as the chondrocytes 

undergo hypertrophy. Ihh functions to keep chondrocytes proliferating and stimulate 

PTHrP-producing cells, thereby preventing early transition to hypertrophy (St-Jacques et 

al., 1999; Vortkamp et al., 1996). The cooperation of these two proteins maintains 

adequate progression of chondrocytes through the zones of the growth plate (Kronenberg, 

2003). 

Craniofacial Bone Development 

 Craniofacial bone development involves the integration of individual skeletal 

elements undergoing both ossification processes and deriving from several cell lineages. 

However, the embryonic origins of the skull can be divided into three developmental 

divisions: the cranial vault or calvaria, the cranial base, and the facial skeleton (Figure 1-
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2). The proper amount and direction of growth of these elements is necessary for the 

stability of the future skull (Sperber et al., 2010). 

The Calvaria (Desmocranium) 

 The role of the calvaria, cranial vault, or desmocranium is to protect the brain. 

The etymology of the term desmocranium comes from “desmos” (membrane) and 

“cranium” (skull), and denotes the formation of this craniofacial division through 

intramembranous ossification (Sperber et al., 2010; Toma et al., 1997). As the fetal brain 

develops, a dual-layered, capsular membrane surrounds it. This membrane has an inner 

endomeninx, which is of neural crest origin and will form the two inner meninges, the pia 

mater and arachnoid. The outer ectomeninx, of both paraxial mesoderm and neural crest 

origin, differentiates into the third meninx, the dura mater, and an outer membrane with 

chondro- and osteogenic properties. In the region of the future calvaria, this outer 

membrane undergoes intramembranous ossification to form the bones of the cranial vault, 

while this membrane undergoes endochondral ossification at the region of the future 

cranial base (Sperber et al., 2010). Due to the involvement of cells of both mesodermal 

and neural crest origin, the resulting bones will be of mixed embryonic cell origin 

(Lenton et al., 2005). Ossification of the calvarial bones is influenced by the underlying 

dura mater, acting as a periosteum, and requires the developing brain. Fetal development 

lacking a brain, such as the syndrome anencephaly, results in the absence of an ossified 

calvaria (Harris et al., 1993; Mandarim-de-Lacerda and Alves, 1992; Sperber et al., 2010). 

The Cranial Base (Chondrocranium) 

 The cranial base derives from the phylogenetically ancient cranial floor. The 

etymology of the term chondrocranium comes from “chondros” (cartilage) and cranium, 
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and denotes the formation of this craniofacial division through endochondral ossification. 

This portion of the cranial skeleton forms as the ectomeninx undergoes chondrogenesis 

first, followed by ossification (McBratney-Owen et al., 2008). The cranial base derives 

from two cell types and the resulting bones can be divided into two regions: the anterior 

prechordal region of neural crest origin, and the posterior region of mesodermal origin. 

Ultimately, the junction of the future basisphenoid and basioccipital bones delineates the 

boundary between these regions (McBratney-Owen et al., 2008; Sadler and Langman, 

2009). Unlike the desmocranium, which rapidly expands in tandem with the growing 

brain, the chondrocranium has relative stability in growth; this serves to maintain the 

relationships of blood vessels, cranial nerves, and the spinal cord running through it. In 

addition to being affected by conditions of abnormal fetal brain development, cranial 

base development can also undergo developmental aberrations due to afflictions of 

cartilage growth (Sperber et al., 2010). 

The Facial Skeleton (Viscerocranium) 

 The facial skeleton derives from the phylogenetically ancient branchial arches. 

The etymology of the term viscerocranium comes from “viscus” (organ) and cranium, 

and forms the aditus for the visual, aural, and respiratory systems, as well as comprises 

the oromasticatory apparatus. As a whole, the facial skeleton forms from 

intramembranous ossification of cells of neural crest origin (Jiang et al., 2002a). This 

craniofacial element is typically divided into three regions – the upper, middle, and lower 

– corresponding to the embryologic frontonasal, maxillary, and mandibular prominences, 

respectively. The upper division of the face is primarily of neurocranial composition, 

owing to the contribution of the frontal bone of the calvaria also forming the forehead. 
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The middle division, the most complex of the three, involves an attachment to the cranial 

base, nasal extension from the upper division, and part of the masticatory apparatus. The 

lower division includes the remaining masticatory apparatus, as it is composed of the 

mandible and its dentition. As the facial skeleton derives entirely from neural crest origin, 

congenital abnormalities involving this craniofacial element are often due to aberrations 

in neural crest tissue (neurocristopathy) (Sperber et al., 2010). In fact, cleft lip and palate 

disorders, the most common craniofacial birth defects in the United States, are typically 

due to insufficiencies of neural crest tissue in the frontonasal prominence during 

development (Arosarena, 2007). 
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Figure 1-2. Divisions of the craniofacial skeleton. 

The craniofacial skeleton is subdivided into three distinct regions based on embryologic 

and phylogenetic origins. These regions are the calvaria or desmocranium (blue), the 

cranial base or chondrocranium (green), and the facial skeleton or viscerocranium (red). 

Collectively, the desmocranium and chondrocranium make up the neurocranium. 

Divisions are shown on a 3D micro-CT reconstruction of a newborn murine skull.  
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Postnatal Bone Growth, Remodeling, and Healing 

Newborn Bone Development 

 The period immediately after birth involves significant changes in all of the organ 

systems, including bone, due to the lack of placental nutrients. Skeletal development 

particularly slows during this period, as the body must adapt to obtaining calcium through 

dietary sources, such as milk intake (Rauch and Schoenau, 2001a). Once the neonate 

adapts to these conditions, regular and rapid bone growth ensues, characterized by active 

bone formation and resorption; the net balance of the two favors bone formation. 

Additionally, there is a decrease in volumetric density in long bones, as the marrow 

cavity expands. These changes have been termed “physiologic osteoporosis of infancy”, 

where the term osteoporosis denotes a general decrease in bone density. However, the 

decrease in bone density is not accompanied by a decrease in bone strength as a 

redistribution of bone mineral density occurs favoring the periosteal surface (Rauch and 

Schoenau, 2001a, b). 

Ossification Centers and Long Bone Expansion 

 As discussed above, a vascular invasion of the cartilage anlagen of future long bones 

is necessary to allow osteoblast precursors to migrate to the site for bone formation. This 

initial nidus for osteogenesis is termed the primary center of ossification. Most of these 

centers appear before birth (Sperber et al., 2010). Additionally, secondary centers of 

ossification will appear in growing bones peri- and postnatally (Burkus et al., 1993). 

Appearing at the ends, or epiphyses, of long bones, secondary ossification centers are 

bounded above and below by the articular cartilage and growth plate, respectively 

(Junqueira and Carneiro, 2005). Both ossification centers expand and eventually produce 
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cavities that are filled with bone marrow (Karsenty and Wagner, 2002). The highly 

organized growth plate cartilage (discussed above) is responsible for the longitudinal 

growth of long bones. Ultimately, the growth plate cartilage disappears in long bones by 

young adulthood, at which point longitudinal growth of these bones ceases; this event is 

called epiphyseal closure. While longitudinal growth is impossible at this point, bone 

widening may still occur at the periosteum through intramembranous ossification (Duan 

et al., 2003; Garn, 1972). 

Bone Remodeling 

 Bone undergoes a constant process of tissue renewal for a variety of physiologic 

reasons, such as the extrusion of calcium necessary for normal mineral homeostasis. It 

does this through the process of bone remodeling, where osteoclast resorption is coupled 

tightly with osteoblast bone deposition (Confavreux, 2011). During longitudinal bone 

growth, remodeling occurs to the extent that the newly formed bone is shaped properly 

(Salter, 1999). In healthy adults, bone remodeling maintains a delicate balance of bone 

formation and resorption (Confavreux, 2011). However, in old age, bone deposition 

cannot keep pace with osteoclast-mediated bone resorption. Therefore, elderly persons 

are typically in a state of negative bone balance (Salter, 1999), which can lead to the 

prevalent, age-related disease osteoporosis, characterized by unbalanced bone remodeling, 

with low bone mass and altered architecture, resulting in increased susceptibility to bone 

fracture (Confavreux, 2011). 

Bone Healing and Fracture Repair 

 Bone repair is necessary for restoration of skeletal integrity following insult, either by 

trauma or skeletal surgery. The reparative process begins immediately after fracture 
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occurs in a bone, and involves both intramembranous and endochondral ossification 

processes (Einhorn, 1998; Gerstenfeld et al., 2003). Initially, when a bone is fractured, 

blood vessels are damaged and produce a localized hematoma. Infiltration of blood at the 

fracture site brings inflammatory cells and related cytokines and growth factors that 

recruit local mesenchymal stem cell (MSC) progenitors, mainly from the periosteal 

cambium layer (Allen et al., 2004; Le et al., 2001; Orwoll, 2003). The blood clot from the 

hematoma and adjacent matrix are removed by infiltrating macrophages and osteoclasts, 

respectively, and are replaced by a soft procallus of fibrocartilage tissue near the fracture 

site. Nearest to the fracture site, endochondral bone formation occurs as this region is 

furthest from oxygenated blood supply and cartilage formation requires low oxygen 

tension (Schipani, 2005). Intramembranous bone formation takes place furthest from the 

fracture site, where intact blood vessels are still present (Thompson et al., 2002). 

Vascular invasion into the soft procallus allows osteoblast precursors to invade and 

replace the cartilage with a hard callus formed of primary (woven) bone. Ultimately, this 

primary bone is remodeled into its normal cortical (compact) and trabecular (cancellous) 

bone and skeletal integrity is regained (Einhorn, 1998; Gerstenfeld et al., 2003; Le et al., 

2001). 

CTGF and the CCN Family of Proteins 

CTGF’s Modular Structure and Function 

Connective tissue growth factor (CTGF/CCN2) is a 38kDa, cysteine rich, 

extracellular matrix protein that belongs to the CCN family of proteins. This family was 

named after the three original members: Cysteine-rich 61 (Cyr61/CCN1), CTGF/CCN2, 

Nephroblastoma overexpressed (Nov/CCN3) (Bork, 1993). More recent members include 
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the Wnt-induced secreted proteins-1 (WISP-1/CCN4), -2 (WISP-2/CCN5) and -3 (WISP-

3/CCN6) (Brigstock, 2003). To date, a total of six distinct members have been identified 

and a nomenclature committee named them CCN1-6 according to the order in which they 

were discovered (Brigstock et al., 2003). Members of the CCN family are multi-modular 

proteins containing four conserved modules (with the exception of CCN5 which lacks the 

C-terminal or fourth module) that are also present in other unrelated extracellular proteins 

(Brigstock, 1999; Lau and Lam, 1999; Perbal, 2001). The CTGF gene consists of 5 exons, 

the first coding for a signal peptide (for secretion) and exons 2-5 coding for each of the 

four different modules. Module 1 is an insulin-like growth factor binding protein 

(IGFBP) domain, module 2 is a von Willebrand type C (VWC) domain, module 3 is a 

thrombospondin-1 (TSP-1) domain, and module 4 is a C-terminal (CT) domain 

containing a putative cysteine knot (Figure 1-3A) (Brigstock, 2003; de Winter et al., 

2008; Perbal, 2004). 

CTGF has been shown to regulate a diverse array of cellular functions including 

proliferation, migration, adhesion, survival, differentiation and synthesis of extracellular 

matrix (ECM) proteins in various cell types (Brigstock, 2003; de Winter et al., 2008; 

Perbal, 2001, 2004). CTGF has also been implicated in more complex biological 

processes such as angiogenesis, chondrogenesis, osteogenesis, wound healing, fibrosis 

and tumorigenesis (Figure 1-3B) (Cicha and Goppelt-Struebe, 2009; de Winter et al., 

2008; Perbal, 2001, 2004). The diverse biological activities of CTGF are consistent with 

its modular structure. Recent studies have shown that individual domains can regulate 

different cellular functions (Grotendorst and Duncan, 2005), certain modules can act 

interdependently (Brigstock, 2003), and the presence or absence of other growth factors 
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can influence the biological response of the target cell (Cicha and Goppelt-Struebe, 2009; 

Grotendorst and Duncan, 2005; Grotendorst et al., 2004). 

Matricellular Interactions of CTGF 

CTGF was first identified in the conditioned media of human umbilical vein 

endothelial cells (Bradham et al., 1991). The direct stimulation of CTGF by transforming 

growth factor beta (TGF-β), the most potent inducer of CTGF expression, was first 

demonstrated in human skin fibroblasts, and during wound repair in vivo where there is a 

coordinated up-regulation of TGF-β followed by CTGF expression (Igarashi et al., 1993). 

In addition to TGF-β, CTGF is also induced by other growth factors and secreted into the 

ECM, where it associates with cell surface proteins and extracellular matrix components 

(Cicha and Goppelt-Struebe, 2009). Studies have demonstrated that CTGF binds to 

specific cell surface integrins via its C-terminal module in a cell type-dependent manner 

(Gao and Brigstock, 2004, 2006; Hoshijima et al., 2006). This interaction with cell 

surface integrins can account for some of its functions such as cell adhesion, migration 

and extracellular matrix protein deposition, events that are mediated by the activation of 

focal adhesion kinase (FAK) and other intracellular signaling molecules (Chen et al., 

2001; Ono et al., 2007; Tan et al., 2009). It has also been shown that CTGF can interact 

with other growth factors, and therefore, positively or negatively modulate growth factor 

signaling (Cicha and Goppelt-Struebe, 2009). For example, CTGF can bind to TGF-β1 

and enhance TGF-β receptor signaling while inhibiting bone morphogenetic protein 

(BMP) receptor signaling through its interaction with BMP-4 (Abreu et al., 2002).  
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Figure 1-3. CTGF modular structure and function. 

A) The CTGF transcript contains a signal peptide (SP) as well as four modules: module 1 

is an insulin-like growth factor (IGF)-binding protein domain; module 2 is a von 

Willebrand type C domain; module 3 is a thrombospondin-1 domain; and module 4 is a 

C-terminal domain containing a putative cysteine knot. Modules II and III are separated 

by a variable hinge region susceptible to enzymatic cleavage. Also shown below each 

module are molecules known to interact with this region of the secreted CTGF protein. 

B) The mosaic structure of these proteins allows for their involvement in many normal 

cellular events that contribute to key physiologic processes necessary for skeletogenesis 

(Note: This figure was adapted from (Arnott et al., 2011). 
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The Role of CTGF in Skeletal Development 

A role for CTGF in the skeletal tissues began to emerge in studies demonstrating 

its expression in developing cartilage, bone and teeth (Friedrichsen et al., 2003; Ivkovic 

et al., 2003; Safadi et al., 2003; Shimo et al., 2002). Studies have shown that CTGF 

expression is markedly increased during the repair or regeneration of skeletal tissues 

(Kadota et al., 2004; Nakata et al., 2002; Safadi et al., 2003; Yamashiro et al., 2001). 

Culture studies using chondrocytes, osteoblasts or surrogate cell lines demonstrated that 

treatment with recombinant forms of CTGF stimulates the proliferation and 

differentiation of these cells (Nakanishi et al., 2000; Nishida et al., 2000; Safadi et al., 

2003; Yosimichi et al., 2006; Yosimichi et al., 2001). The importance of CTGF in 

skeletogenesis was confirmed in CTGF-null mice that exhibited multiple skeletal 

dysmorphisms as a result of impaired growth plate chondrogenesis, angiogenesis, and 

bone formation and mineralization (Ivkovic et al., 2003). It has been implied that the 

effects of CTGF on osteogenesis are largely secondary to its chondrogenic effects, such 

as those during endochondral ossification (Katsube et al., 2009; Kubota and Takigawa, 

2007). However, there is an ever-increasing number of studies that demonstrate a direct 

and important role for CTGF in regulating bone cell development and function that is 

independent of its chondrogenic effects. In fact, the levels of CTGF expressed in and 

produced by osteoblasts and their progenitors at active bone forming sites in vivo, as well 

as in culture, are equivalent to or greater than those in cartilage (Arnott et al., 2007; 

Friedrichsen et al., 2003; Safadi et al., 2003; Xu et al., 2000; Yamashiro et al., 2001). 
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CTGF in Prenatal Skeletal Development 

During embryogenesis, CTGF is expressed at different times and places in the 

developing skeleton. It is initially expressed during condensation of mesenchymal cells 

that will form the cartilaginous anlagen of the endochondral bones (Friedrichsen et al., 

2003; Ivkovic et al., 2003; Song et al., 2007), and in developing Meckel’s cartilage 

(Shimo et al., 2004). The mesenchymal progenitor cells must proliferate and migrate to 

the sites of future endochondral bones. Cell motility occurs via the activation of the 

FAK/Src signaling pathway, which is the first step in cell condensation (Bang et al., 

2000). Once these motile cells aggregate into pre-cartilage condensations, FAK is down-

regulated and cell-cell contacts are highly favored. Condensation has been shown to be 

directed by TGF-β, a signaling protein that regulates this process through its 

simultaneous regulation of fibronectin and several cell adhesion molecules, such as N-

CAM, necessary for cell-cell communication (Goldring et al., 2006; Hall and Miyake, 

2000). Recent studies have shown that CTGF is also essential for the formation of pre-

cartilage condensations. Studies have demonstrated that CTGF stimulates mesenchymal 

cell proliferation, migration and aggregation (condensation), while knockdown of CTGF 

or application of CTGF neutralizing antibodies prevented these effects (Shimo et al., 

2004; Song et al., 2007). Silencing of CTGF using siRNA and antisense oligonucleotide 

approaches demonstrated that TGF-β-induced condensation of C3H10T1/2 mesenchymal 

cells was inhibited in micromass cultures (Song et al., 2007). Cell proliferation and 

migration, two crucial events for condensation, were also significantly reduced in these 

cells. In another study, mesenchymal cells isolated from E10 first branchial arches 

formed increased numbers of cellular aggregates (nodules) in micromass cultures treated 
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with recombinant CTGF (rCTGF) and this effect was blocked in the presence of CTGF 

neutralizing antibodies (Shimo et al., 2004). In a study using E13.5 CTGF-null 

mesenchymal cells obtained from CTGF-null mice, when plated at high density the cells 

failed to undergo condensation and exhibited a decrease in proteoglycan synthesis 

(marker of the initiation of cell differentiation) compared to mesenchymal cells from 

wild-type mice (Pala et al., 2008). Additionally, the loss of FAK induced the expression 

of a few chondrogenesis markers, including L-SOX-5, Col2a1 and CTGF (Pala et al., 

2008). The data from these studies reveal that proper timing and regulation of CTGF 

expression is important for cell condensation and subsequent chondrocyte differentiation 

during chondrogenesis (Pala et al., 2008; Shimo et al., 2004; Song et al., 2007). 

Immunofluorescent localization of CTGF, TGF-β1 and SOX-9 during 

development of vertebral bodies in mice demonstrated that both CTGF and TGF-β1 were 

highly expressed and co-localized in mesenchymal cell condensations at E10.5 (Song et 

al., 2007). On the contrary, the expression of SOX-9 and CTGF were inversely related, 

with SOX-9 being highly expressed in chondrocytes of developing cartilage at E12.5 

while CTGF expression was low in chondrocytes but high in the surrounding 

perichondrium (Song et al., 2007). Although CTGF appears to play an important role in 

mesenchymal cell condensation, the absence of its expression in differentiating 

chondrocytes suggests that its down-regulation is required for chondrocyte differentiation 

to proceed. Future studies could examine whether sustained CTGF expression in 

mesenchymal cells blocks subsequent chondrocyte differentiation following condensation.    

In addition to its role during cell condensation and subsequent chondrocyte 

differentiation, CTGF is also expressed in the growth plate, in the periosteum, and in 
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osteoblasts of developing endochondral bones (Friedrichsen et al., 2003; Ivkovic et al., 

2003; Xu et al., 2000). In the growth plate, it is expressed at moderate levels in the 

proliferative zone and at high levels in the hypertrophic zone (Ivkovic et al., 2003; 

Kawaki et al., 2008a). Corresponding to its expression in hypertrophic chondrocytes, 

absence of CTGF results in inhibition of terminal chondrocyte differentiation (Ivkovic et 

al., 2003; Kawaki et al., 2008a). 

CTGF in Postnatal Bone Formation and Remodeling 

A role for CTGF in osteogenesis was first appreciated when it was discovered by 

virtue of its dramatic over-expression in osteopetrotic bone (Xu et al., 2000). Since then, 

several studies have demonstrated increased CTGF expression accompanying active bone 

formation. During postnatal bone growth, CTGF is highly expressed in active osteoblasts 

lining osteogenic surfaces (Safadi et al., 2003). CTGF is expressed at moderate levels in 

osteoblasts and osteocytes in alveolar bone adjacent to the periodontal ligament as a 

result of bone forming activity associated with physiological tooth movement (Yamashiro 

et al., 2001). The mechanical stimulation of bone caused by experimental tooth 

movement dramatically increased the expression of CTGF in osteoblasts and osteocytes 

around the periodontal ligament (Yamashiro et al., 2001). In a model for distraction 

osteogenesis, CTGF expression was increased in mesenchymal cells, hypertrophic 

chondrocytes and osteoblasts in the area of new bone formation, suggesting that CTGF 

plays an anabolic role in endochondral and intramembranous bone forming processes 

(Kadota et al., 2004; Nakata et al., 2002). CTGF expression was dramatically increased in 

active osteoblasts during formation of the hard (bony) callus in studies of fracture healing 

(Nakata et al., 2002; Safadi et al., 2003). 



 

 25 

CTGF in Skeletal Cell Differentiation and Function 

Osteoblasts and CTGF 

CTGF AND OSTEOBLAST DIFFERENTIATION AND FUNCTION 

CTGF is produced and secreted by osteoblasts in culture (Parisi et al., 2006; 

Safadi et al., 2003). Analysis of the temporal pattern of CTGF expression in primary 

osteoblast cultures revealed that CTGF levels were high during the proliferative phase, 

abated in confluent cultures, and increased again to maximal levels during matrix 

production and maturation, remaining at high levels during mineralization (Safadi et al., 

2003). Different groups have also demonstrated that CTGF stimulates osteoblast 

proliferation, matrix production and differentiation in cultures of osteoblasts (Arnott et al., 

2007; Nishida et al., 2000; Safadi et al., 2003; Takigawa et al., 2003; Xu et al., 2000). 

Treatment of primary osteoblasts or osteoblastic cell lines (Saos-2 or MC3T3-E1) with 

rCTGF promotes proliferation, up-regulates the expression of various markers of 

osteoblast differentiation, including type I collagen (Col1A1), alkaline phosphatase 

(ALP), osteopontin (OP) and osteocalcin (OC), and stimulates matrix mineralization and 

mineralized nodule formation (Nishida et al., 2000; Safadi et al., 2003). On the contrary, 

calvarial osteoblasts and stromal cells isolated from CTGF transgenic mice displayed 

decreased ALP and OC mRNA levels (see section on CTGF and Animal Models) 

(Smerdel-Ramoya et al., 2008). 

CTGF levels in osteoblasts are stimulated by TGF-β1 and BMP-2 (Arnott et al., 

2007; Nakanishi et al., 1997; Parisi et al., 2006), a finding that is consistent with a role 

for CTGF in the effects of these proteins on osteoblast growth and differentiation. 

Mesenchymal cells stimulated with Wnt-3A and BMP-9 identified CTGF as a target 
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during osteoblast lineage-specific differentiation (Luo et al., 2004). At the early stages of 

osteoblast differentiation, CTGF was up-regulated by Wnt-3A and BMP-9, and CTGF 

silencing blocked BMP-9-induced osteogenic differentiation. This up-regulation of 

CTGF was not evident at later stages of osteoblast differentiation. Furthermore, 

constitutive expression of CTGF had the opposite effect, inhibiting both Wnt-3A and 

BMP-9-induced osteoblast differentiation. These results suggest that CTGF plays a role 

in early events of osteogenic differentiation, such as proliferation and recruitment of 

osteoprogenitors (Luo et al., 2004). The tight regulation of CTGF expression and the 

precise temporal interactions between CTGF and other osteogenic growth factors appear 

to be critical for normal osteoblast differentiation and additional studies are needed to 

elucidate the role of CTGF in this process. 

THE OSTEOINDUCTIVE PROMISE OF CTGF 

Considering the apparent beneficial effects of CTGF on osteoblast differentiation 

and bone formation, recent studies have tested applications of its use in bone regeneration 

to promote bone healing or new bone formation. Injection of rCTGF injection into the 

marrow cavity of rat femurs elicited an osteoinductive response in the form of osteoblast 

differentiation and active bone formation (Safadi et al., 2003; Xu et al., 2000). When a 

hydroxyapatite carrier loaded with CTGF was implanted into bone defects within a rabbit 

mandible, CTGF significantly enhanced the proliferation and migration of human bone 

marrow stromal cells, induced cell invasion and enhanced bone formation compared with 

the carrier alone (Ono et al., 2008). Using the intractable bone defect model, treatment 

with rCTGF induced the osteoblast mineralization markers and enhanced the bone 

regeneration (Kikuchi et al., 2008). The majority of in vivo and in vitro studies support an 
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anabolic role for CTGF on bone formation, and therefore, this factor is a candidate for the 

development of novel clinical therapeutic approaches to stimulate bone formation. 

Information concerning possible molecular mechanisms for CTGF actions and its 

regulation in bone are reviewed in subsequent sections.  

Chondrocytes and CTGF 

CTGF IN CHONDROCYTE DIFFERENTIATION 

In 1997, differential display PCR studies revealed that the gene, Hcs24, was 

expressed in human chondrosarcoma-derived chondrocytes (HCS-2/8 cell line) and that 

this gene is identical to CTGF (Nakanishi et al., 1997). It was subsequently shown that 

when treated with rCTGF, HCS-2/8 chondrocytic cells and primary rib growth plate 

chondrocytes (RGCs) demonstrated increases in both cell proliferation and proteoglycan 

synthesis (Nakanishi et al., 2000). Furthermore, it was shown that CTGF promotes 

chondrocyte maturation hypertrophy, exhibited by an increase in ALP activity in treated 

RGCs (Nakanishi et al., 2000). A closer look at the synthesis, processing and secretion of 

CTGF in HCS-2/8 chondrocytic cells, revealed differences depending on the stage of 

maturation of the cells (Kubota et al., 2001). In proliferating chondrocytes, CTGF was 

immediately released upon synthesis, and most of the secreted CTGF was free in the 

culture supernatant. After the cells reached confluence, secretion slowed as the cells 

matured, and most of the secreted CTGF accumulated in the ECM surrounding the cells 

(Kubota et al., 2001). These data demonstrated differential regulation of CTGF secretion 

and processing depending on the status of cell growth and differentiation. 
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SIGNALING OF CTGF IN CHONDROCYTES 

To elucidate a mechanism through which CTGF regulates chondrocyte 

proliferation and differentiation, investigators have examined its interaction with BMPs 

as well as mitogen-activated protein kinase (MAPK) signaling pathways, as both have 

been shown to play a significant role in skeletal development (Wan and Cao, 2005). 

Biochemical studies have shown that CTGF directly interacts with BMP-4 via its 

cysteine-rich domain (domain 4) and prevents BMP-4 from binding to its receptor, 

thereby inhibiting BMP signaling (Abreu et al., 2002). A more recent study demonstrated 

that CTGF also interacts with BMP-2 via its fourth domain (Maeda et al., 2009). When 

examining the combined effect of CTGF and BMP-2 on chondrocyte proliferation and 

differentiation using HCS-2/8 chondrocytic cells, there was no synergistic effect on 

proliferation compared to separate treatment with each growth factor (Maeda et al., 2009). 

However, combined treatment did enhance proteoglycan synthesis, indicative of 

chondrocyte differentiation. This was further demonstrated in primary mouse 

chondrocytes where treatment with both growth factors simultaneously increased 

cartilage differentiation markers, such as type II collagen, aggrecan, type X collagen, and 

Runx-2/Cbfa1 (Maeda et al., 2009). 

In addition to BMP signaling, CTGF has also been shown to regulate the 

proliferation and differentiation of chondrocytes via Protein Kinase and MAPK signaling 

pathways (Yosimichi et al., 2006; Yosimichi et al., 2001). Involvement of protein kinase 

C (PKC) in CTGF-mediated signaling in chondrocytes was demonstrated by inhibition of 

PKC in rCTGF-treated HCS-2/8 chondrocytic cells. These cells demonstrated 

significantly reduced proliferation and differentiation (Figure 1-4). Furthermore, PKC is 
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an important upstream protein in CTGF-mediated signaling to multiple kinase signaling 

pathways; these include MEK/ERK, p38, and protein kinase B (PKB) (Yosimichi et al., 

2006; Yosimichi et al., 2001). Using specific inhibitors, it was shown that CTGF-

mediated activation of MEK/ERK, p38, or PKB causes selective stimulation of 

chondrocyte proliferation, maturation, or terminal differentiation, respectively (Figure 1-

4). CTGF also activates JNK, another member of the MAPK family, and JNK activation 

is involved in the proliferation and maturation of RGCs and HCS-2/8 chondrocytic cells 

(Figure 1-4). Lastly, a role for phosphatidylinositol 3-kinase (PI3K), an upstream kinase 

to PKB, was also identified. Treatment of RGCs with CTGF and specific inhibitors of 

PI3K and PKC inhibited ALP activity, suggesting that both PKC and PI3K are involved 

in terminal differentiation of chondrocytes (Figure 1-4). These studies demonstrate that 

CTGF is an important regulator of chondrocyte proliferation and differentiation. 

Who have we forgotten? CTGF in Osteoclasts and Osteocytes 

CTGF AND OSTEOCLAST DIFFERENTIATION AND FUNCTION 

 As mentioned previously, studies have demonstrated a marked increase in CTGF 

expression during the repair or regeneration of skeletal tissues, such as in the bony 

callous produced during fracture repair (Kadota et al., 2004; Nakata et al., 2002; Safadi et 

al., 2003; Yamashiro et al., 2001). Additionally, perturbations in the hypertrophic regions 

of growth plates occur in CTGF-null long bones (discussed below) (Arnott et al., 2011; 

Ivkovic et al., 2003), which could be partly due to defects in osteoclast-mediated cartilage 

degradation. It has been shown that osteolytic metastases of human breast cancer cells 

(MDA231) in mice was decreased by a CTGF blocking antibody. Upon histologic 

inspection, these metastases had decreased mature osteoclast numbers (Shimo et al., 



 

 30 

2006). Expression of CTGF in osteoclast-like cells increases as these cells undergo 

maturation in vitro. When treated in rCTGF, these cells demonstrate significantly 

enhanced tartrate-resistant acid phosphatase (TRAP)-positive multinucleated cell 

formation, possibly due to their interaction with dendritic cell-specific transmembrane 

protein (DC-STAMP), a protein involved in cell-cell fusion (Nishida et al., 2011).  

EXPRESSION OF CTGF IN OSTEOCYTES 

 Very little has been done to study the role of CTGF in osteocyte development or 

function. Immunostaining for CTGF in postnatal day 3 (P3) murine parietal bone sections 

has revealed the expression of CTGF in osteocytes near the bone surface. However, this 

expression was gone as the osteocytes moved further (30µm depth) from the bone surface 

(Kawaki et al., 2011). This would suggest a role in osteoblast-osteocyte transition but not 

in mature osteocyte function. Further studies are needed to elucidate any potential effects 

of exogenous CTGF administration or blockade in osteocyte development and function.  
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Figure 1-4. CTGF signaling in chondrocytes 

CTGF interacts with (an) unknown receptor(s) on the surface of chondrocytes via binding 

of one or more of its four distinct modules. This interaction triggers various intracellular 

pathways. PKC plays an important upstream role in chondrocyte proliferation, maturation, 

and terminal differentiation via its activation of MEK, p38, and PKB, respectively. CTGF 

also activates the JNK pathway, which stimulates chondrocyte proliferation. CTGF-

mediated activation of PI3K also stimulates chondrocyte terminal differentiation via PKB. 

This figure was adapted from Yosimichi, G., et al., (2006). Bone, 38(6), 853-863 

(Yosimichi et al., 2006). 
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CTGF and Animal Models: An In and Ex Vivo Look 

Elucidating the in vivo importance of CTGF in skeletogenesis has required a 

multifaceted approach utilizing overexpressing transgenic as well as knockout mice. The 

action of many growth factors requires an appropriate balance in physiologic levels, 

where either too much or too little can be deleterious. Therefore, an essential approach to 

characterizing the effects of CTGF on skeletal formation requires the generation of 

genetically engineered animal models where the physiologic scale is tipped in either 

direction. Here we provide an overview of the studies and findings to date using animal 

models to study the role of CTGF in skeletogenesis; these include global and conditional 

knockout models, as well as transgenic models. We will discuss both in vivo findings, as 

well as ex vivo studies that utilized skeletal cells derived from these genetically 

engineered animal models. 

CTGF Global Ablation (Knockout) Models 

THE TWO KNOCKOUT MODELS FOR CTGF ABLATION 

A role for CTGF in skeletal development has been illustrated in studies using one 

of two global knockout models, both of which appear to produce a similar skeletal 

phenotype (as described below) (Crawford et al., 2009; Ivkovic et al., 2003). The first 

model described in 2003 in the context of growth plate chondrogenesis and endochondral 

bone formation, was generated by replacing a fragment containing exon 1 (signal 

peptide), the TATA box and the transcription start site with the neomycin-resistance gene. 

Due to the design of the construct, Southern blot analysis could be used to genotype 

resulting litters when crossing heterozygous parents, and therefore discern wild-type 
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(WT,+/+)1, heterozygous (+/-) and null (-/-) offspring (Ivkovic et al., 2003). The second 

model, described in 2008 in the context of pancreatic islet development, was generated 

by replacing the coding sequence of CTGF within exons 3 through 5 with a 

transmembrane domain-lacZ/Neomycin phosphotransferase cassette.(Crawford et al., 

2009) While a single RT-PCR amplification is not possible to discern the three genotypic 

possibilities from crossing two heterozygous parents (CTGF +/+, +/-, -/-), a clear 

advantage of this model is the ability to utilize an antibody to β-gal and/or X-gal staining 

to determine the location and distribution of the CTGF-β-gal fusion protein in 

heterozygous and null offspring. To date, much of the ex vivo work done with cells 

isolated from global CTGF knockout mice has utilized the former model; the details of 

which will be discussed subsequently (Baguma-Nibasheka and Kablar, 2008; Chen et al., 

2004; Crawford et al., 2009; Kawaki et al., 2008a; Kawaki et al., 2008b; Kuiper et al., 

2007; Mori et al., 2008; Nishida et al., 2011; Nishida et al., 2007; Pacheco et al., 2008). 

SKELETAL PHENOTYPE OF CTGF NULL MICE 

The importance of CTGF in skeletogenesis was first demonstrated by Lyons and 

colleagues in CTGF null mice, which showed defects in growth plate chondrogenesis, 

angiogenesis, bone formation/mineralization, and ECM production. While skeletal 

defects were region specific, they reproducibly included kinked ribs, tibiae, radii and 

ulnae, as well as craniofacial abnormalities (Ivkovic et al., 2003). Ultimately, global 

ablation of CTGF results in neonatal lethality caused by respiratory failure secondary to 

misshapen ribs and pulmonary hypoplasia (Baguma-Nibasheka and Kablar, 2008; 

                                                
1 Unless otherwise specified, CTGF ‘WT’ mice includes both CTGF +/+ and +/- 
genotypes. 
2 For ultrastructure studies, trabecular bone (Tb) under the growth plate comprises newly 



 

 34 

Ivkovic et al., 2003). The neonatal lethality of these knockout mice represents a challenge 

in studying the full role of CTGF in skeletogenesis, namely the inability to study the 

effects of CTGF ablation during postnatal skeletal development, maintenance, and aging.  

EFFECTS OF CTGF ABLATION ON OSTEOGENESIS 

Further in vivo analysis of skeletogenesis in CTGF KO mice has focused on 

embryonic development at E15.5, 16.5 and 18.5. At E15.5 only the periosteal bone collar 

is visible microscopically in extremity long bones, and at E16.5 trabecular bone is just 

beginning to form in the primary centers of ossification (Kawaki et al., 2008b; Theiler, 

1989). Therefore, studies at these times have provided information that is perhaps more 

applicable to the role of CTGF in bone formed by intramembranous ossification. Using 

these time points, it was demonstrated that CTGF KO mice have delays in craniofacial 

ossification, collagen deposition, osteoblast proliferation, and mineralization, as well as 

decreased tibial trabecular collagen deposition (also at E18.5), ALP activity, periosteal 

collar mineralization and osteoblast proliferation (Kawaki et al., 2008b). Ex vivo studies 

of CTGF KO and WT primary osteoblasts also showed less Col1A1, ALP and OC 

expression levels, as well as decreased ALP activity and osteoblast proliferation. 

Furthermore, it was shown that rCTGF could rescue defects in osteoblast proliferation, 

mineralization and ALP activity in the CTGF-null osteoblasts (Kawaki et al., 2008b). 

Lastly, it has been shown that the ossified area in CTGF KO tibiae (E18.5) was reduced 

in length when compared to WT littermates, while total bone length did not appear 

different (Kawaki et al., 2008a). Despite the initial 2003 findings of striking skeletal 

defects, a more in depth, quantitative analysis of the effect of CTGF ablation on bone 

formation is warranted. 
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EFFECTS OF CTGF ABLATION ON CHONDROGENESIS 

A critical role for CTGF in growth plate chondrogenesis has been more 

extensively examined in global ablation studies where CTGF-null mice display 

chondrodysplasia in limb and rib cartilage, as well as deformations in Meckel’s cartilage 

(Ivkovic et al., 2003). It had previously been shown that rCTGF stimulated chondrocyte 

proliferation in vitro (Nakanishi et al., 2000). This was confirmed in CTGF-null 

chondrocytes, which had an impaired ability to proliferate in vivo beginning at E14.5, the 

time at which CTGF is upregulated in prehypertrophic and hypertrophic chondrocytes, 

and this resulted in fewer chondrocytes by E18.5 (Ivkovic et al., 2003; Kawaki et al., 

2008a). Ex vivo studies using CTGF-null primary chondrocytes have confirmed 

decreased chondrocyte proliferation, as well as shown decreased α5 integrin expression 

(Nishida et al., 2007). The α5 integrin is important in pre-hypertrophic chondrocyte 

differentiation and its expression overlaps that of CTGF in cartilage (Garciadiego-

Cazares et al., 2004; Nishida et al., 2007). Additional studies revealed a potential role for 

Nov/CCN3 in the CTGF-null developing cartilage, as CCN3 mRNA is elevated in null 

chondrocytes, despite decreased levels of CCN6, SOX-9, aggrecan, and Col2a1 mRNA 

(Kawaki et al., 2008a). 

The apparent in vivo defects of chondrocyte proliferation at E14.5 also coincided 

with an increased expansion in the hypertrophic zone of certain bones (e.g. humeri) in 

CTGF-null mice; this expansion continued until birth (Ivkovic et al., 2003). The 

noticeable expansion of the hypertrophic zone in CTGF KO mice warranted a closer look 

as to whether defects in angiogenesis were present in these growth plates. It had 

previously been shown that defects in vascular endothelial factor (VEGF)- and matrix 
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metalloproteinase 9 (MMP-9)-mediated angiogenesis resulted in lengthened hypertrophic 

zones (Gerber et al., 1999; Haigh et al., 2000; Vu et al., 1998). In CTGF KO mice, 

immunostaining demonstrated that while blood vessels were present in the metaphyseal 

intertrabecular spaces, the overall network of capillaries in the ossification zone adjacent 

the hypetrophic zone, was less extensive in the mutant bones (radii) compared to WT 

littermates (Ivkovic et al., 2003). Further analysis revealed decreased MMP-9 and VEGF 

expression levels (Ivkovic et al., 2003). Taking into account previous findings that 

impaired angiogenesis was concomitant with decreased trabecular bone density (Gerber 

et al., 1999), as well as the appearance of decreased trabecular bone and thinner bone 

collars in CTGF KO mice, it was concluded that growth plate angiogenesis was indeed 

defective in these mice (Ivkovic et al., 2003). However, using metatarsals isolated from 

CTGF WT (+/+), heterozygous (+/-), and KO (-/-) embryos, it was later demonstrated 

that in vitro angiogenesis was not significantly different between these groups (Kuiper et 

al., 2007). Further studies are necessary to clarify the extent to which angiogenesis is 

impaired in the CTGF-null growth plates. 

HAPLOSUFFICIENCY OF CTGF IN OSTEOGENESIS 

Despite the inability to study CTGF-null mice postnatally, some knowledge on 

the effects of CTGF ablation has been garnered using CTGF heterozygous mice. It has 

been shown that CTGF haploinsufficiency results in roughly 50% normal protein levels 

(Kuiper et al., 2007). When compared to CTGF wild-type (+/+) littermates, heterozygous 

(+/-) mice are phenotypically normal, lacking any of the aforementioned skeletal defects 

seen in the null (-/-) mice (Lambi, Popoff, unpublished data; (Canalis et al., 2010)). 

Furthermore, CTGF heterozygous mice demonstrated reduced trabecular number and 
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resultant transient osteopenia at 1 month of age, which was not observed in 4- and 6-

month old CTGF heterozygous mice (Canalis et al., 2010).  

Skeletal-Specific CTGF Conditional Knockout Models 

Additional information on CTGF ablation has been obtained through generation 

of two bone-specific conditional CTGF knockout models. The first of which was 

constructed using the 2.4-kb paired-related homeobox gene 1 (Prx1) enhancer, previously 

shown to drive expression beginning in E10.5 limb buds and later in E15.5 tendons and 

periostea of fore- and hindlimbs (Logan et al., 2002; Martin and Olson, 2000). 

Conditional CTGF-null mice under this model demonstrated an osteopenic phenotype at 

1 month of age only in male mice (Canalis et al., 2010). Bone parameters were normal at 

the other ages examined in male mice and at all ages examined in female mice. The 

second model was constructed using the 3.9-kb human OC promoter capable of driving 

expression in terminally differentiated (mineralizing) osteoblasts (Canalis et al., 2010; 

Zhang et al., 2002). Conditional CTGF-null mice under the control of the OC promoter 

demonstrated an osteopenic phenotype at 6 months of age, but again only in male mice 

(Canalis et al., 2010). These results suggest that CTGF has a more important role in 

prenatal skeletal development rather than postnatal bone maintenance. Since the 

phenotype in conditional knockout mice can vary depending on the promoter being used 

to target specific cell populations, additional studies utilizing other established skeletal 

cell-specific promoters are warranted. 

Skeletal-Specific CTGF Overexpression (Transgenic) Models 

While the majority of the research involving CTGF and skeletogenesis has relied 

on CTGF ablation, several studies have utilized overexpressing transgenic lines to 
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provide more information of CTGF’s role in bone formation. A model of CTGF 

overexpression under the control of the type XI collagen promoter (ColXIA1), localized 

to chondrocytes (Yoshioka et al., 1995), resulted in a decreased size of transgenic mice 

compared to WT littermates, as well as decreased bone density in the hindlimbs of 

transgenic mice (Nakanishi et al., 2001). A subsequent study generated bone-specific 

CTGF overexpression under the control of a 3.8-kb OC promoter (Smerdel-Ramoya et al., 

2008). These transgenic mice displayed decreased bone mineralization and trabecular 

bone volume, as well as decreased rates of bone formation and mineral apposition. Ex 

vivo studies of calvarial osteoblasts and stromal cells isolated from these animals 

demonstrated decreased ALP and OC mRNA levels in cells from transgenic mice, as well 

as varying effects on BMP/Smad, Wnt/β-catenin, and insulin-like growth factor (IGF-1) / 

AKT signaling (Smerdel-Ramoya et al., 2008). These results are contrary to previously 

reported in vitro studies where rCTGF increased the expression of ALP, OC, and other 

markers of osteoblast differentiation in MC3T3-E1 osteoblastic cells and primary 

calvarial osteoblasts (Nishida et al., 2000; Safadi et al., 2003). Perhaps the conflicting 

results from these experiments are caused by differences in the magnitude of CTGF over-

expression and/or from differences between intermittent (short-term) exposure to 

exogenously added rCTGF versus continuous (long-term) exposure from endogenous, 

over-expression. Such discrepancies highlight yet another area where future studies are 

necessary, not only utilizing various skeletal cell-specific promoters, but also inducible 

constructs.   

 From the studies to date concerning the effects of CTGF on skeletogenesis, one 

broad conclusion can be drawn: appropriate physiological levels of CTGF are necessary 
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for normal skeletal development, as animal models with either ablation or overexpression 

of CTGF have demonstrated phenotypes related to cartilage and/or bone development. 

Clinical Relevance of CTGF in Human Skeletal Development and Function 

CTGF Promoter Polymorphism and Systemic Sclerosis 

While there is no currently identified clinical syndrome directly resulting from a 

mutation in the CTGF protein, recent evidence demonstrates a polymorphism in the 

CTGF promoter is associated with a susceptibility to systemic sclerosis (SSc). The 

polymorphism constitutes a G-945C substitution, the effect of which is to decrease the 

binding of the key transcriptional repressor, SP3, resulting in increased expression of 

CTGF (Fonseca et al., 2007). However, this (G-945C) polymorphism does not correlate 

with increased plasma CTGF levels (Dendooven et al., 2011). SSc, also known as 

scleroderma, is a heterogenous disorder of the connective tissue and includes in its 

disease progression immune activation, vascular damage, and eventual tissue fibrosis 

(Denton et al., 2006). Due to the lack of efficient antifibrotic therapeutics, severe SSc 

results in mortality due to the fibrosis and subsequent loss of function of skin, vasculature, 

musculoskeletal system, and internal organs (Denton et al., 2006; Fonseca et al., 2007). 

In addition to the well-known fibrotic changes seen in SSc, bone mineral density (BMD), 

bone mass, and bone quality in these patients are deleteriously affected (Frediani et al., 

2004a; Frediani et al., 2004b), including both trabecular and cortical bone (Souza et al., 

2006). Further studies are necessary to determine if there is a direct link between the G-

945C CTGF promoter polymorphism and effects on bone in SSc patients. 
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WISP-3/CCN6 and Progressive Pseudorheumatoid Dysplasia 

 Members of the CCN family, such as CTGF, may play a role in regulating the 

expression of other family members. Importantly, this has been suggested from studies 

using the CTGF KO mouse in which Nov/CCN3 expression increased in chondrocytes in 

the absence of CTGF (Kawaki et al., 2008a). Therefore, it is becoming increasingly 

evident that examining the expression levels of all six CCN family members is prudent in 

cases of individual mutations causing skeletal abnormalities. In 1999, mutations in Wisp-

3/CCN6 were identified as the molecular cause for the syndrome Progressive 

Pseudorheumatoid Dysplasia (PPD). PPD is an autosomal recessive disorder 

characterized by juvenile onset arthropathies and progressive erosive bone and joint 

changes (Hurvitz et al., 1999). However, when mice were generated with the mutations 

seen in human PPD, the skeletal function was normal (Kutz et al., 2005). This highlights 

the fact that murine models involving genetic mutations in CCN proteins do not always 

recapitulate human pathologies. Further investigation is necessary to determine if any 

CTGF expression is affected as a result of Wisp-3 mutations in PPD. 

Targeting CTGF Clinically: FG-3019, a Potential Pyrrhic Victory in Bone? 

Levels of CTGF have been shown to be markedly elevated in various injured tissues 

that develop fibrosis including the skin, kidney, liver and lung (Igarashi et al., 1996; 

Igarashi et al., 1995; Ito et al., 1998; Lasky et al., 1998; Paradis et al., 2002). More 

recently, CTGF over-expression has been implicated in the pathophysiology of 

dystrophic skeletal muscles where it is believed to contribute to the deterioration of 

skeletal muscles and their function in addition to mediating the ensuing fibrosis of the 

damaged muscle tissue (Morales et al., 2011). Clinical trials are currently underway using 
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a fully human IgG1K monoclonal antibody (FG-3019) that recognizes module II of human 

and rodent CTGF as a novel therapy to treat patients with diabetes, advanced kidney 

disease, pancreatic cancer and idiopathic pulmonary fibrosis (FibroGen, 2012). This 

antibody has also been used to treat CTGF-expressing tumors in mice, where it abrogated 

CTGF-dependent pancreatic tumor growth and lymph node metastasis without any toxic 

side effects in mice (Dornhofer et al., 2006). FG-3019 has also been used as a therapy in 

a mouse model of Duchenne muscular dystrophy, where it reversed the fibrosis of 

muscular tissue and even allowed return of skeletal muscle function (personal 

communication, Dr. Enrique Brandan). These studies support the concept of using drugs 

that specifically target CTGF as a treatment for various human diseases. However, the 

effects of FG-3019 on underlying bone have not yet been investigated. As mentioned 

previously, CTGF expression increases during fracture repair (Kadota et al., 2004; 

Nakata et al., 2002; Safadi et al., 2003; Yamashiro et al., 2001). Therefore, it is possible 

that anti-CTGF therapy could result in delayed or aberrant fracture healing after skeletal 

injury. This would present a serious detractor to FG-3019 therapy, particularly in post-

menopausal women, and presents an area ripe with research potential. 

Studies of this Dissertation 

It is undoubtedly true that CTGF is necessary for proper skeletal development and 

function. The neonatal lethality that results from CTGF ablation in vivo highlights a 

critical role for this protein during development of the skeleton. However, a global 

decrease in bone formation would not account for the unique phenotype seen in CTGF 

KO mice, and therefore represents an oversimplification of the skeletal defects seen 

therein. Taking into account the juxtaposition of phenotypically normal and abnormal 
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bones in a highly reproducible fashion in CTGF KO mice, we hypothesized that the 

role of CTGF in bone development is skeletal site specific, such that its loss results in 

dysregulation of local bone formation in a bone specific fashion. Osteogenesis of 

individual bones requires proper regulation of osteogenic differentiation and formation 

through intramembranous (de novo bone formation) and/or endochondral (through 

preexisting cartilage anlage) ossification processes. Therefore, to draw conclusions as to 

the extent to which either of these processes is being affected in CTGF KO mice, 

individual bones or regions within bones forming by a specific ossification process must 

be isolated and examined. Performing a comprehensive skeletal phenotype 

characterization of newborn CTGF KO mice compared to their wild-type (WT) 

littermates, we determined the exact bones affected in the CTGF KO model and the 

degree to which they are. This involved a thorough analysis of multiple skeletal sites, 

including both appendicular and axial skeletal divisions, as well as phenotypically normal 

and abnormal bones (Figure 1-5). We proceeded in a tiered fashion from analysis of the 

bone volume and microarchitecture by micro-computed tomography (micro-CT), to the 

bone structure by histomorphometry and immunostaining, to the ultrastructure of bone 

cells by electron microscopy, and ultimately to the molecular composition of these bones 

by fluorescent transform infrared (FTIR) spectroscopy. 
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Figure 1-5. Comprehensive Skeletal Phenotype Characterization of CTGF KO Mice 

Multiple skeletal sites and in vivo techniques were used to produce a comprehensive 

characterization of the skeletal phenotype seen in CTGF KO mice. Techniques included 

micro-computed tomography (micro-CT) for bone volume and microarchitecture, 

quantitative real-time polymerase chain reaction (qRT-PCR) for expression patterns, 

histomorphometry and immunostaining (histology), transmission electron microscopy 

(TEM) for bone cell ultrastructure, and Fourier transform infrared (FT-IR) spectroscopy 

for the molecular composition properties of these bones. A craniofacial landmark analysis 

was used to define the extent of skull dysmorphology in CTGF KO mice. 
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In addition to our studies of aberrant appendicular skeleton development in CTGF 

KO mice, we pursued an in-depth study of the skull dysmorphology seen in this model. It 

was previously reported that CTGF KO mice demonstrate several craniofacial 

abnormalities, however, many of the specific bones affected were not identified and no 

morphologic measurements of size and shape were taken (Kawaki et al., 2008b). 

Therefore, we established a collaboration with the laboratory of Dr. Joan Richtsmeier, a 

professor of anthropology at Pennsylvania State University and an expert in craniofacial 

development. Using a system of cranial Landmark Analysis developed in her laboratory, 

we marked biologically pertinent loci as anatomic landmarks on three-dimensional 

micro-CT reconstructions WT and CTGF KO skulls, as previously described (Martinez-

Abadias et al., 2010; Wang et al., 2010). Having landmarked the skulls, we computed 

differences in skull morphology using Euclidean Distance Matrix Analysis (EDMA), also 

developed by Dr. Richstmeier and colleague (Richtsmeier and Lele, 1993). These tools 

allowed us to generate a truly unprecedented look at the skull dysmorphology in CTGF 

KO mice. 

Studying the cranial aberrations in CTGF KO mice provided a unique perspective 

on the role of CTGF in skeletal development. In addition to the cranial abnormalities of 

CTGF KO mice demonstrating another example of the site-specific effects of CTGF in 

bone development, the craniofacial bones are distinct from other skeletal sites in that they 

originate from multiple embryonic cell lineages: neural crest (NC) and paraxial 

mesoderm (PM) cells. Conventional analysis of craniofacial skeleton development 

involves the subdivision of the skull into three regions, based on the phylogenetic and 

embryologic origins: 1) the facial skeleton; 2) the cranial vault or calvaria; and 3) the 
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cranial base (McBratney-Owen et al., 2008; Noden and Trainor, 2005; Sperber et al., 

2010). Ultimately, the craniofacial skeleton develops from the interaction and 

differentiation of these cells types, as well as both ossification processes, to yield a highly 

organized concrescence of smaller skeletal units (Noden and Trainor, 2005). Therefore, 

global and regional skull analyses of CTGF KO mice yield information regarding the 

potential effects of CTGF in regulating craniofacial bone formation in an embryonic cell 

specific fashion. 

 The data obtained from the studies of this dissertation generated novel 

information regarding the global effects of CTGF in regulating skeletal development in 

vivo. There is an increasing need to comprehensively define the role of CTGF in bone 

formation and maintenance. Osteoporosis is a worldwide syndrome that comprises a 

decrease in bone mass, resulting in increased bone fragility and a consequent increase in 

fracture risk (van den Bergh et al., 2012). Understanding the mechanisms by which 

CTGF regulates bone formation could help generate novel therapies for treating patients 

with bone diseases, such as osteoporosis. Additionally, a humanized monoclonal 

antibody (FG-3019) that globally blocks CTGF is currently in several clinical trials for 

the treatment of pancreatic cancer, idiopathic pulmonary fibrosis, and liver fibrosis due to 

chronic hepatitis B infection (FibroGen, 2012). However, any effects on skeletal 

formation, maintenance, and healing in the presence of FG-3019 have yet to be studied. 

Therefore, it is imperative that we fully understand the role of CTGF in bone formation 

not only to further the development of novel therapeutic strategies in bone disease, but 

also to identify potential effects of clinically blocking CTGF in the body. 
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CHAPTER 2: THE SKELETAL SITE-SPECIFIC ROLE OF CONNECTIVE 
TISSUE GROWTH FACTOR IN PRENATAL OSTEOGENESIS* 

*Extracted from previously published work: Lambi, A.G., Pankratz, T.L., Mundy, C., 
Gannon, M., Barbe, M.F., Richtsmeier, J.T., & Popoff, S.N. (2012) Developmental 
Dynamics 241, 1944-59. 

Introduction 

 Connective tissue growth factor (CTGF) is a matricellular protein with a multi-

modular structure that affords it multiple roles in normal and pathologic development. 

Because of its unique modular structure, CTGF has been grouped with other proteins in 

the CCN family. Named for the first three members to be described in the literature – 

Cysteine-rich 61 (Cyr61/CCN1), CTGF (CCN2), and Nephroblastoma overexpressed 

protein (Nov/CCN3) – the CCN family has since been extended to include the Wnt-

induced secreted proteins-1 (Wisp-1/CCN4), -2 (Wisp-2/CCN5), and -3 (Wisp-3/CCN6) 

(Brigstock et al., 2003). CCN proteins are 30-40kDa proteins that are cysteine-rich, and 

are composed of the following four conserved modules: module 1 is an insulin-like 

growth factor (IGF)-binding domain; module 2 is a von Willebrand type C domain; 

module 3 is a thrombospondin-1 domain; and module 4 is a C-terminal domain 

containing a putative cysteine knot (Bork, 1993; Brigstock, 1999; Lau and Lam, 1999; 

Perbal, 2001). The mosaic structure of these proteins allows for their involvement in 

crucial cellular (mitosis, adhesion, extracellular matrix production) and physiologic 

(angiogenesis, chondrogenesis, osteogenesis) processes necessary for skeletal 

development (Brigstock, 2003; Dhar and Ray, 2010). 

 Matricellular proteins, such as CTGF, are a subset of extracellular matrix (ECM) 

proteins that are dynamically regulated and serve a complex role in their local 
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environment. In addition to having direct ECM-related scaffolding functions, CTGF also 

modulates cellular responses to local environmental cues through functional interactions 

with cell surface integrins, growth factors, proteases, cytokines, or other ECM proteins 

(Arnott et al., 2011; Cicha and Goppelt-Struebe, 2009; Rachfal and Brigstock, 2005). 

Because the effects of CTGF are determined by the relative presence or absence of the 

aforementioned extracellular components in the local milieu, its functions are context 

dependent (Cicha and Goppelt-Struebe, 2009). As a result, the effects of CTGF on 

physiologic processes, such as osteogenesis, may differ depending on the skeletal site 

being investigated.  

 The importance of CTGF in skeletal development has been established from 

studies using the global CTGF ablation (knockout, KO) model in mice. First described in 

2003, it was shown that CTGF KO mice had defects in growth plate chondrogenesis, 

angiogenesis, endochondral bone formation, and ECM production (Ivkovic et al., 2003). 

CTGF KO mice displayed chondrodysplasia in limb and rib cartilage, deformations in 

Meckel’s cartilage, and aberrations in growth plate organization in endochondral bones 

(Ivkovic et al., 2003). Interestingly, the gross skeletal defects seen in the CTGF KO mice 

were consistent and presented as kinking of the ribs, tibiae, fibulae, radii, and ulnae, as 

well as craniofacial abnormalities. Due to misshapen ribs and pulmonary hypoplasia, 

respiratory failure occurred shortly after birth resulting in neonatal lethality (Baguma-

Nibasheka and Kablar, 2008; Ivkovic et al., 2003). This constitutes the chief difficulty in 

studying the role of CTGF in bone development, formation, and function: the inability to 

study CTGF KO mice at postnatal time points. 
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 As bone formation occurs through both endochondral (replacing a preexisting 

cartilage anlage) and intramembranous (de novo) ossification processes, additional 

studies have been conducted to elucidate the effects of CTGF on prenatal skeletal 

development. In vitro studies using CTGF-null chondrocytes demonstrated decreased 

proliferation and deregulation of Indian hedgehog (Ihh) and parathyroid hormone-related 

peptide (PTH-rP), two critical players in proper growth plate organization and 

endochondral ossification (Kawaki et al., 2008a). Taking into account original evidence 

of defects in growth plate cartilage, it was concluded that endochondral ossification is 

negatively affected in the absence of CTGF. Implied in this conclusion is that bone 

formed as a result of the endochondral process is also affected in CTGF KO mice. To 

date, the studies examining the bone phenotype in these mice have been largely 

qualitative, and demonstrate decreased ossification of intramembranous (cranial vault) 

and endochondral (metaphyseal trabeculae) bones (Ivkovic et al., 2003; Kawaki et al., 

2008a; Kawaki et al., 2008b). Furthermore, in vitro studies of CTGF-null osteoblasts 

have demonstrated that their differentiation and function were decreased compared to 

wild-type osteoblasts (Kawaki et al., 2008b). 

In this study, we extended previous studies to provide an in-depth characterization 

of appendicular, axial, and craniofacial skeletal phenotypes of CTGF KO mice. We 

hypothesized that the effect of CTGF on skeletogenesis would be context dependent, and 

therefore, ablation of CTGF would result in skeletal site-specific aberrations in bone 

formation. Based on this hypothesis, we selected and analyzed several skeletal sites (bony 

elements) based on the ossification process(es) through which they form, as well as their 

location in either the appendicular or axial skeleton. The sites analyzed included femora 
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and tibiae, vertebral bodies, and the craniofacial skeleton. Techniques utilized included 

micro-CT, histomorphometry, craniofacial landmark analyses, and quantitative real-time 

RT-PCR (qPCR).  

Materials and Methods 

Animals 

 CTGF heterozygous mice (CTGF+/LacZ) were used as breeders to obtain CTGF 

KO (CTGFLacZ/LacZ) mice as previously described (Crawford et al., 2009). Newborn 

animals used for this study were sacrificed at birth (P0). Genotype was determined as 

previously described (Crawford et al., 2009), and animals were split into three groups: 

wild-type (CTGF+/+), heterozygous (CTGF+/LacZ), and knockout (CTGFLacZ/LacZ). For our 

studies, CTGF+/+ were used as wild-type (WT) controls. 

 All animals were maintained and used according to the principles in the NIH 

Guide for the Care and Use of Laboratory Animals (U.S. Department of Health and 

Human Services, Publ. NO. 86-23, 1985) and guidelines established by the IACUC of 

Temple University. 

Tissue preparation and histology 

 Animals used for this study were euthanized at birth (P0). Subsequently, tails 

were removed and used for DNA extraction and PCR amplification (Sigma, St. Louis, 

MO), or X-gal staining (Quiagen, Valencia, CA). Skulls, forelimbs, hindlimbs and 

vertebral columns were dissected in PBS and fixed immediately in 4% paraformaldehyde 

(PFA) for 24h at 4ºC, and replaced with fresh PFA at 48h and 72h. Specimens for micro-

CT scanning were placed in PBS 3h prior to scanning.  
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For histology, specimens were fixed with 4% PFA, decalcified with Formical-

2000 (Decal Chemical, Tallman, NY), and embedded in paraffin. Specimens for plastic 

embedding were fixed in 4% PFA, dehydrated and cleared, followed by infiltration with 

and embedding in methylmethacrylate resin (Osteo-Bed Bone Embedding Kit, 

Polysciences, Warrington, PA). Five µm sections were obtained from the polymerized 

resin blocks, then de-plasticized and stained with von Kossa staining technique, for 

mineralization, and counterstained with toluidine blue (Abdelmagid et al., 2010; Ivkovic 

et al., 2003; Zhou et al., 2010). High-resolution images were captured with a digital 

camera attached to a Nikon Eclipse E-600 microscope. 

Histomorphometry  

Growth plate zones were quantified using a microscope (Nikon E800) interfaced 

with a digital camera (QImaging cooled Retiga camera, Surrey, BC, Canada) and 

bioquantification software system (BioquantOsteo II, Bioquant, Nashville, TN). The 

zones were identified based on previously established morphologic criteria (Farnum and 

Wilsman, 1987; Hunziker and Schenk, 1989; Hunziker et al., 1987; Kerkhofs et al., 2012). 

Briefly, the PZ was determined using the broad, flattened morphology of proliferating 

chondrocytes arranged in columns. The upper margin of the PHZ is determined as 

chondrocytes cease proliferating and undergo cytoplasmic expansion. This PHZ exhibits 

great variation in the morphology of the cells therein as it is a transition zone between the 

PZ and HZ. The separation of the lower PHZ from the upper HZ is determined by the 

increased size of hypertrophic chondrocytes and a lack of longitudinal space between 

neighboring chondrocytes in the HZ. Lengths of specific zones were measured using the 
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auto-width tool of the Bioquant Image Analysis program in which the inner and outer 

boundaries of structures were traced, and then mean layer thicknesses were automatically 

generated, using similar methods as previously described (Bove et al., 2009). The 

assessment and analysis of the data were carried out in a blinded fashion. Three different 

sections were measured per bone for WT (n=9) and CTGF KO (n=7) mice, and the mean 

values ± SEM are reported. 

Micro-computed tomography (micro-CT) analysis 

 Bones were scanned in air with a Skyscan 1172, 11 MPix camera model, high-

resolution cone-beam micro-CT scanner. Long bone images were scanned at a pixel size 

of 5.2 µm with an X-ray tube potential of 40 kV and X-ray intensity 250 µA. Entire hind 

limbs were scanned, with each slice equal to 5 µm. A 0.5mm aluminum filter was used to 

remove image noise, with a ring artifact correction of 10 and a beam hardening correction 

of 40%. Skulls were scanned at a pixel size of 9.4 µm, with an X-ray tube potential of 80 

kV and X-ray intensity 125 µA, with each slice equal to 9 µm. A 0.5mm aluminum filter 

was used to remove image noise, with a ring artifact correction of 15 and a beam 

hardening correction of 40%. After scanning, 3D microstructural image data was 

reconstructed using the SkyscanNRecon software. 

Volumes of interest were isolated and structural indices calculated using the 

Skyscan CT Analyzer (CTAn) software. For long bones, cortical and trabecular bone 

were separated manually at 15 µm away from the endocortical surface with an irregular 

region of interest (ROI) tool. For vertebral bodies, mandibles, and parietal bones, 

individual bones were isolated using an irregular ROI tool. Left parietal bones and 

mandibles were used for analysis. Morphometric traits were computed from binarized 
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images using direct 3D techniques, which do not rely on prior assumptions from the 

underlying structures. The volume of interest for trabecular microarchitectural variables, 

started 10 µm below the transition into the zone of ossification from the femoral distal 

epiphysis or tibial proximal epiphysis, and then extended 250 µm toward the diaphysis. 

An upper threshold of 255 and a lower threshold of 121 were used to delineate each pixel 

as “bone” or “non-bone”. Trabecular bone volume (BV), trabecular BV per total volume 

(BV/TV), mean trabecular thickness (Tb.Th), mean trabecular number (Tb.N), and mean 

trabecular separation (Tb.Sp) indices were computed using a marching-cubes algorithm 

in 3D. Morphological traits of the mid-diaphyseal region were identified at a site 

equidistant from the aforementioned starting points, and then extending from this position 

50 slices in the proximal and distal directions, totaling 500 µm. Threshold values were 

identical to trabecular analysis, and BV, TV, BV/TV, and periosteal perimeter (Ps.Pm) 

indices were computed using a marching-cubes algorithm. 

Morphometric analysis of skull phenotypes 

Isosurfaces were reconstructed for the CTGF KO (N=10) and WT (N=11) mice 

from the microCT data to characterize all cranial bone using the software package Avizo 

6.0 (Visualization Sciences Group, VSG, Burlington, MA). To statistically determine 

differences in shape of the skulls of CTGF KO mice, 3D coordinate locations of 32 

cranial landmarks were recorded using Aviso 6.0. Landmarks were identified on endo- 

and ectocranial surfaces of cranial bones and used in morphometric analysis. Each 

specimen was digitized twice by the same observer (TP) and measurement error was 

minimized by averaging the coordinates of the two trials (Aldridge et al., 2005; 

Richtsmeier et al., 1995). To ascertain the accuracy and reproducibility of landmark 
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placement, intraobserver error (i.e. absolute difference between the two trials) was 

estimated for every landmark. If landmark placement differed by more than 0.05 mm, the 

landmark was remeasured. Landmark definitions are provided in Table S1and detailed on 

the website http://www.getahead.psu.edu/landmarks_new.html. 

Variations in skull phenotype were evaluated by analyzing 3D landmark data 

using two methods of analysis. Generalized Procrustes analysis was used to compare 

craniofacial shape as defined by landmark coordinate data (Dryden and Mardia, 1998; 

Rohlf and Slice, 1990). This method superimposes the coordinate data and adopts a 

single orientation for all specimens by shifting the landmark configurations to a common 

position, scaling them to a standard size and rotating them until a best fit of 

corresponding landmarks is achieved. We estimated landmark configurations of global 

skull using all landmarks, and separately estimated cranial vault, facial, and cranial base 

configurations by superimposition of specific landmark subsets (Figure 3) using MorphoJ 

(Klingenberg, 2008). This procedure reduces the effects of scale (Rohlf and Slice, 1990), 

but does not eliminate the allometric shape variation that is related to size. To estimate 

the effect of allometry on shape information, we computed a regression of shape 

(represented by Procrustes coordinates) on centroid size (Drake and Klingenberg, 2008), 

estimated as the square root of the summed distances between each landmark location 

and the centroid of the landmark configuration (Dryden and Mardia, 1998). We explored 

the variation in the various data sets (global skull, vault, cranial base, facial skeleton) 

using a Principal Component Analysis (PCA), which performs an orthogonal 

decomposition of the data and transforms the resulting Procrustes coordinates into a 

smaller number of uncorrelated variables called principal components (PCs). For each 
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landmark configuration PCA performs a coordinate rotation that aligns the transformed 

axes (PCs) with the directions of maximum variation. The first PC (PC1) accounts for the 

largest amount of variation in the data set, the second PC (PC2) accounts for the second 

largest amount of variation, and so on (Reyment et al., 1984).  

To statistically determine localized shape differences between KO and WT groups 

we used EDMA, Euclidean Distance Matrix Analysis (Lele and Richtsmeier, 1995b, 

2001). EDMA converts 3D landmark data into a form matrix consisting of all possible 

linear distances between unique landmark pairs, computes a relative comparison of form 

matrices for the samples of interest, and statistically tests for differences in shape 

between samples using nonparametric confidence intervals (Lele and Richtsmeier, 1995a; 

Lele and Richtsmeier, 2001). We tested for morphological differences in CTGF mice 

relative to their WT littermates for groups of landmarks that define the whole skull 

(global skull) and specific regions (facial skeleton, cranial base, cranial vault). Within 

each group (WT, nonmutant littermates), for each landmark set, an average form matrix, 

consisting of the linear distance for all unique linear distance pairs, is estimated using the 

3D landmark data. Differences in three-dimensional size and shape are statistically 

compared as a matrix of ratios of all like linear distances in the two samples. The null 

hypothesis for each comparison is that there is no difference in shape between groups. 

For each linear distance, a ratio of the average values of that distance for the WT and the 

KO is computed. A ratio of 1 indicates that the two groups are similar for that measure; 

whereas a ratio significantly greater or less than 1 shows that they are different. The null 

hypothesis of similarity in shape for groups of landmarks representing the various 

landmark subsets is initially evaluated by a bootstrap approach providing an overall 
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indication of difference in shapes between the samples (Lele and Richtsmeier, 2001). 

Confidence intervals for the null hypothesis of similarity in shape were also evaluated for 

each linear distance using 100,000 pseudo-samples generated from the data using a non-

parametric bootstrapping algorithm. For each linear distance the null hypothesis is 

rejected if the 90% confidence interval does not include 1.0. Rejection of the null 

hypothesis enables localization of differences to specific landmarks and linear distances 

(Lele and Richtsmeier, 1995b, 2001). EDMA analyses were performed using WinEDMA 

(Cole, 2002). 

RNA Isolation and Quantitative Real-Time PCR (qPCR) 

 Total RNA was isolated from P0 calvaria (parietal bones) from WT and CTGF 

KO mice as described previously (Abdelmagid et al., 2010). Briefly, bones from neonatal 

mice pups were dissected free from soft tissues and placed immediately in TRizol 

(Invitrogen, Austin, TX). Samples were homogenized in TRizol until bones were 

completely dissolved. Total RNA was extracted using acid-phenol-chloroform using 

centrifugation (10,000g). The aqueous phase was isolated and transferred to a fresh tube, 

an equal volume of isopropanol was added, and the sample was incubated at room 

temperature for 10 minutes to precipitate the RNA. The RNA was pelleted by 

centrifugation (10,000g), washed with 70% ethanol, air dried, and dissolved in RNase-

free water. Spectrophotometer readings were used to determine the concentration of each 

RNA sample, and the integrity of all samples was confirmed using 1% formaldehyde-

agarose gels. 
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 Gene expression for CTGF, runt-related transcription factor 2 (Runx-2), alkaline 

phosphatase (ALP), collagen, type I, osteocalcin (OC), transforming growth factor beta 1 

(TGF-β1), and transforming growth factor beta receptors I and II (TGFβ RI, TGFβ RII), 

was determined by qPCR using Sybr Green Master Mix (Applied Biosystems, Foster 

City, CA) using 1µL cDNA, as described previously (Song et al., 2007). Reactions were 

run on a 7,500 Real-Time PCR system (Applied Biosystems). All samples were 

normalized to control GAPDH. At least three independent experiments were performed 

for each gene, and each experiment was conducted in triplicate. Primers are listed in 

Table 3-1. The cycling program was as follows 50°C, 2 min; 95°C, 10 min; 40 cycles of 

95°C, 15 sec and 60°C, 1 min. 

Statistical analysis 

 Statistical analyses for craniofacial landmark analyses were performed as 

described above. All other statistical analyses were performed using GraphPad Prism 5 

(http://www.graphpad.com). Briefly, a two-tailed Student’s t-test was used to determine 

statistically significant differences between group means for histomorphometric, micro-

CT, and qPCR results. A p-value of less than 0.05 was considered statistically significant. 

  



 

 57 

Table 2-1. Primer sequences used for quantitative real-time polymerase chain 

reaction (qPCR) analysis. 

Gene$Name Primer Sequence$(5'23') PCR$product$(bp) GenBank$accession$no.
GAPDH Forward ATCTTGGGCTACACTGAGGA 122 NM_008084

Reverse CAGGAAATGAGCTTGACAAAGT

Runx2 Forward CCGTGGCCTTCAAGGTTGT 118 NM_001146038

Reverse TTCATAACAGCGGAGGCATTT

ALP Forward TCCTGACCAAAAACCTCAAAGG 101 NM_007431

Reverse TGCTTCATGCAGAGCCTGC

OC Forward CTCACAGATGCCAAGCCCA 98 NM_007541

Reverse CCAAGGTAGCGCCGGAGTCT

Cyr61/CCN1 Forward ATGAAGACAGCATTAAGGACTCFF 172 NM_010516

Reverse TGCAGAGGGTTGAAAAGAAC

CTGF/CCN2 Forward CCACCCGAGTTACCAATGAC 169 NM_010217

Reverse GTGCAGCCAGAAAGCCTCA

Nov/CCN3 Forward TGAAGTCTCTGACTCCAGCATT 230 NM_010930F

Reverse TGGCTTTCAGGGATTTCTTG

TGFβH1 Forward GCTAATGGTGGACCGCAACAACGF 682 L42456

Reverse CTTGCTGTACTGTGTGTCCAGGCF

TGFβHRI Forward AGTGGTCTTGCCCATCTTC 60 NM_009370

Reverse GGCAATAGCTGGTTTTCCT

TGFβHRII Forward AGATGGCTCGCTGAACACTACCAAFF 100 NM_009371

Reverse AGAATCCTGCTGCCTCTGGTCTTTFF
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Results 

Multiple growth plate malformations occur in CTGF KO mice 

 We performed measurements in proximal tibial metaphyses of newborn (post 

natal day 0, P0) CTGF KO mice and WT littermates (Figure 2-1). Three distinct zones – 

proliferating, prehypertrophic, and hypertrophic – were determined based on previously 

established morphologic criteria (Farnum and Wilsman, 1987; Hunziker and Schenk, 

1989; Hunziker et al., 1987; Kerkhofs et al., 2012). We demonstrated that the 

proliferating zone is significantly shorter in CTGF KO mice than their WT littermates. 

There was no significant difference between in the length of the prehypertrophic zone in 

CTGF KO tibia. However, CTGF KO mice did demonstrate a significant expansion in 

the hypertrophic zone length (Figure 2-1). An expansion in this zone has been noted in 

previous studies (Ivkovic et al., 2003; Kawaki et al., 2008a), however specific 

measurements were neither taken nor statistically analyzed. 
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Figure 2-1. Growth plate malformations in CTGF KO mice.  

(A) Sections through P0 wild-type (WT) and CTGF knockout (KO) proximal tibiae with 

brackets outlining the proliferating zone (PZ), prehypertrophic zone (PHZ), and 

hypertrophic zone (HZ). Scale bar: 100µm. (B) Quantification of growth plate zone 

thicknesses are shown in the graph. ** = P < 0.01 and **** = P < 0.0001. 
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CTGF KO mice have skeletal site-specific effects on bone formation 

Using micro-CT, we performed a thorough analysis of the bone microarchitecture 

of multiple skeletal sites in CTGF KO mice; these included both appendicular (limbs) 

and axial skeletal divisions (vertebral bodies, craniofacial bones). Three-dimensional 

(3D) micro-CT reconstructions of hindlimbs demonstrated that femora in CTGF KO mice 

appeared phenotypically normal when compared to WT littermates (Figure 2-2 A-B). 

However, tibiae from CTGF KO mice were misshapen, displaying a bend or kink (Figure 

2-2 G-H); while this kink was present in all CTGF KO tibiae, the exact proximal-distal 

position varied between mice (data not shown). We analyzed the trabecular bone of distal 

femora and proximal tibiae, as well as whole bone from femoral and tibial mid-diaphyses, 

from CTGF KO mice and WT littermates (Figure 2-2 and Table 2-2). Our results 

revealed a significant decrease in trabecular percent bone volume (BV/TV) in distal 

femoral and proximal tibial metaphyses in CTGF KO mice compared to WT littermates 

(Figure 2-2 E-F, I-J). Trabeculae were both less numerous and had increased separation 

in both bones. These changes are indicative of functionally defective endochondral bone 

formation (Table 1). We also assessed bone volume in the mid-diaphysis (Figure 2-2 C-D, 

K-L). Analysis of femoral diaphyses revealed modest reductions in total bone volume 

(BV) of CTGF KO mice compared to WT littermates; however, overall percent bone 

volume and periosteal perimeter (Ps.Pm) were not significantly affected. Analysis of 

tibial diaphysis (comprising the region of the kink) demonstrated that total tissue volume 

(TV), BV and Ps.Pm were markedly increased in CTGF KO mice. However, the percent 

bone volume was not significantly different when compared to WT littermates (Table 2-

2). 
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Figure 2-2. Skeletal site-specific effects on formed bone in CTGF KO appendicular 

skeleton.  

Micro-CT reconstructions of P0 WT and CTGF KO femora (A,B) and tibiae (G,H) are 

shown, with isolation of mid-diaphyseal femoral bone (C,D), distal femoral trabecular 

bone (E,F), proximal tibial trabecular bone (I,J), and mid-diaphyseal tibial bone (K,L). 

Analysis of bone microarchitecture in these isolated regions is displayed in Table 2-2. 
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WT KO
n = 10 n = 9

%

Bone volume/tissue volume (BV/TV; %) 29.90 ± 2.017a 21.25 ± 3.163c 71.1

Trabecular Thickness (Tb.Th; mm) 0.025 ± 0.001 0.023 ± 0.001

Trabecular Separation (Tb.Sp; mm) 0.037 ± 0.001 0.045 ± 0.003c 121.6

Trabecular Number (Tb.N; mm-1) 11.94 ± 0.670 8.96 ± 1.243c 75.0

Bone volume (BV; mm3) 0.072 ± 0.003 0.060 ± 0.006c 83.3

Tissue volume (TV, mm3) 0.174 ± 0.005 0.160 ± 0.006

Bone volume/tissue volume (BV/TV; %) 42.24 ± 1.354 36.66 ± 2.661

Periosteal perimeter (Ps.Pm; mm) 2.25 ± 0.032 2.19 ± 0.032

WT KO
n = 9 n = 9

%
Bone volume/tissue volume (BV/TV; %) 29.03 ± 2.486 17.60 ± 2.190d 60.6
Trabecular Thickness (Tb.Th; mm) 0.026 ± 0.001 0.023 ± 0.0005c 88.5
Trabecular Separation (Tb.Sp; mm) 0.039 ± 0.001 0.048 ± 0.003d 123.1
Trabecular Number (Tb.N; mm-1) 11.28 ± 0.781 7.625 ± 0.909d 67.6

Bone volume (BV; mm3) 0.058 ± 0.003 0.073 ± 0.005c 125.9
Tissue volume (TV, mm3) 0.115 ± 0.003 0.159 ± 0.003e 138.3
Bone volume/tissue volume (BV/TV; %) 50.55 ± 2.181 45.42 ± 2.277
Periosteal perimeter (Ps.Pm; mm) 1.783 ± 0.024 2.235 ± 0.024e 125.4

KO/WTb

Bone site and parameter

Femoral Mid-Diaphysis (whole bone)

Tibial Mid-Diaphysis (whole bone)

KO/WT

e p < 0.0001

Femora

Tibiae

b CTGF Knockout (KO) to Wild-type (WT) ratios (KO/WT; expressed as percentages) are 
displayed only for values with statistically significant differences.

a Values are shown as mean ± SEM

c p < 0.05
d p < 0.01

Femoral Distal Metaphysis (trabecular bone)

Tibial Proximal Metaphysis (trabecular bone)

Bone site and parameter

 

 

Table 2-2. Micro-CT analysis of long bone microarchitecture in WT and CTGF KO 

femora and tibia. 
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In the axial skeleton, we studied two locations within the vertebral column – 8th 

thoracic (T8) and 1st lumbar (L1) – and also isolated bone from two sites in the 

craniofacial skeleton - parietal bone and mandible (Figure 2-3). Due to the small size of 

P0 mouse vertebral bodies, we assessed the percent bone volume of the entire vertebral 

body. Our micro-CT analysis demonstrated a significant decrease in the percent bone 

volume (BV/TV) of the more caudal (L1) vertebral body, where CTGF KO had 32.5% 

compared to 48.6% in WT mice (p < 0.03). However, the percent bone volume in the 

more cephalic (T8) vertebral body was similar in CTGF KO mice, with KO mice having 

43.5% compared to 44.9% in WT mice (p = 0.76). We next assessed total bone volume of 

the parietal bones. Since at this age these flat bones have not yet developed a marrow 

cavity inside, total bone volume was measured. The bone volume in CTGF KO parietal 

bones was 0.165mm3 compared to 0.192mm3 in WT parietal bones (p < 0.02). Lastly, we 

analyzed the percent bone volume (BV/TV) of the mandible since the mandible develops 

around Meckel’s cartilage, some of which persists in early postnatal development (Shimo 

et al., 2004). CTGF KO mice had 31.4% compared to 39.1% in WT mice (p < 0.03). 
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Figure 2-3. Skeletal site-specific effects on formed bone in CTGF KO axial skeleton.  

Micro-CT reconstructions of P0 WT and CTGF KO parietal bones (A-D), mandibles (F-

K), and L1 vertebral bodies (M-P) are shown. Superior (A,C) and anterior (B,D) views of 

the parietal bones are depicted. Total bone volume comparing WT and CTGF KO parietal 

bones is graphed (E). Mandibles are depicted with anterior (F,I), medial (G,J), and lateral 

(H,K) views. Bone volume fraction is graphed (L). L1 vertebral bones are shown from 

superior (M,O) and anterior (N,P) views. Both the T8 and L1 vertebral body data is 

graphed (Q). * = P < 0.05 and ** = P < 0.01. 
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Skull phenotypes of CTGF KO mice 

 Phenotypic differences of 10 WT and 11 CTGF KO skulls at P0 were compared 

using 3D morphometric methods to identify both overall variation in skulls and localized 

shape differences in the two samples of mice. Three-dimensional coordinates of 32 

cranial landmarks were recorded on 3D micro-CT isosurfaces (Figure 2-4, Supplemental 

Table 1). The total landmark set was used to estimate a ‘global skull’ shape for each 

sample and used to statistically compare overall skull shape between KO and WT mice. 

We further defined subsets of landmarks to represent the shapes of the three skull 

regions: cranial vault (green), cranial base (yellow), and facial skeleton (blue) (Fig. 3); 

these are the three major developmentally and phylogenetically distinct divisions of the 

vertebrate skull. We performed a Generalized Procustes analysis (GPA) of the global 

skull and of the three regions to determine the axes along which variation in these data 

sets were most profound and to explore the differences in shape variation between WT 

and KO mice. Localized differences in shape for the three landmark subsets were 

statistically evaluated using Euclidean Distance Matrix Analysis (EDMA) (Lele and 

Richtsmeier, 2001). 
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Figure 3-4. Landmarks collected from isosurfaces of micro-CT reconstructions of 

P0 murine skulls.  

All landmarks used in the analysis of the global WT and CTKO KO skulls are shown 

from inferior (A), superoinferior (B), and lateral (C) views; depicted is a WT skull.  

Landmarks used in the analysis of the three landmarks subsets are shown on the facial 

skeleton (blue), cranial base (yellow), and cranial vault (green). Landmarks that define 

the subsets of regions are listed in Table 2-3 and defined on the laboratory website: 

http://getahead.psu.edu. 
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Table 2-3. Craniofacial landmark abbreviations and descriptions  

Landmark 
Abbreviations

lnsla Most antero-medial point of the nasal bone, left side

lnslp Most posterior-medial point of the nasal bone, left side

lflac Intersection of the frontal process of the maxilla with frontal and lacrimal bones, taken on the maxilla, left side

lzya Intersection of zygoma with zygomatic process of maxillar, taken on maxilla, left side

laalf Most anterior point of the anterior palatine foramen, left side

lpmx Most infero-lateral point of the premaxillary-maxillary suture, taken on premaxilla, left side

lpalf Most posterior point of the anterior palatine foramen, left side

lptyp Most posterior tip of the medial pterygoid process, left side

lsyn Most antero-lateral point on the corner of the basioccipital, left side

lmaxi Midline point on the premaxilla between the incisor and the nasal cavity just anterior of the incisive foramen, left side 

lpppt Most posterior projecting point on the turbinate, left side

lasph Postero-medial point of the inferior portion of the left alisphenoid, left side

lamms Most antero-medial point on the maxillary shelf, left side

lpmms Most postero-medial point on the maxillary shelf, left side

lpsq Most posterior point on the posterior extension of the forming squamosal, left side

lpfl Most lateral intersection of the frontal and parietal bones, taken on the parietal, left side

lpfm Most medial intersection of the frontal and parietal bones, taken on the parietal, left side

lpto Most postero-medial point on the parietal, left side

rnsla Most antero-medial point of the nasal bone, right side

rnslp Most posterior-medial point of the nasal bone, right side

rflac Intersection of the frontal process of the maxilla with frontal and lacrimal bones, taken on the maxilla, right side

rzya Intersection of zygoma with zygomatic process of maxillar, taken on maxilla, right side

raalf Most anterior point of the anterior palatine foramen, right side

rpmx Most infero-lateral point of the premaxillary-maxillary suture, taken on premaxilla, right side

rpalf Most posterior point of the anterior palatine foramen, right side

rptyp Most posterior tip of the medial pterygoid process, right side

rsyn Most antero-lateral point on the corner of the basioccipital, right side

rmaxi Midline point on the premaxilla between the incisor and the nasal cavity just anterior of the incisive foramen, right side

rpppt Most posterior projecting point on the turbinate, right side

rasph Postero-medial point of the inferior portion of the left alisphenoid, right side 

ramms Most antero-medial point on the maxillary shelf, right side

rpmms Most postero-medial point on the maxillary shelf, right side

rpsq Most posterior point on the posterior extension of the forming squamosal, right side

rpfl Most lateral intersection of the frontal and parietal bones, taken on the parietal, right side

rpfm Most medial intersection of the frontal and parietal bones, taken on the parietal, right side

rpto Most postero-medial point on the parietal, right side

ethma Most anterior-superior point of the intersection of the left and right anterior turbinates

amsph Most antero-medial point on the body of the sphenoid

bas Mid-point on the posterior margin of the foramen magnum, taken on the basioccipital 

limo Most infero-medial point on the ectocranial surface of occipital lateralis, left side

rimo Most infero-medial point on the ectocranial surface of occipital lateralis, right side

later Most anterior tip of the ectotympanic ring, left side

lpter Most posterior tip of the ectotympanic ring, left side

rater Most anterior tip of the ectotympanic ring, right side

rpter Most posterior tip of the ectotympanic ring, right side

Description
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Differences in cranial shape in CTGF KO mice 

A GPA was used to superimpose coordinate data sets and to extract shape 

information from the data set for each skull region (Dryden and Mardia, 1998; Rohlf and 

Slice, 1990). A Principal Components Analysis (PCA) based on the Procrustes 

coordinates of the global skull configuration (Figure 2-5A) shows a clear separation 

between CTGF KO mice and their WT littermates along Principal Components axis 1 

(PC1), which accounts for 69% of the total shape variation. While the skulls of CTGF 

KO mice show a wide range of variation along both PC1 and PC2 axes, the WT 

littermates are more tightly clustered, indicating less variation in skull morphology, 

especially along PC1. We also saw a separation between CTGF KO mice and their WT 

littermates along PC1 in the cranial base and face, with little to no separation between 

these groups in the cranial vault (Figure 2-5B-D).  
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Figure 2-5. Differences in skull shape in CTGF KO mice.  

Results of PCA analyses based on Procrustes coordinates from landmarks of the global 

skull (A), cranial vault (B), cranial base (C), and facial skeleton (D). In each figure, the 

shape of the cranial region of each mouse is represented as a single dot in the scatterplots 

of principal component 1 and principal component 2 scores before adjusting for the 

effects of allometry. The percentage of variation explained by each component is entered 

in parentheses after the axis label. 
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Procrustes superimposition reduces the effects of scale, but does not eliminate 

allometric shape variation that is related to size. We mathematically corrected for 

correlations among shape variables due to allometry (size related differences in shape) by 

computing a regression of shape on our chosen measure of size (centroid size) following 

the methods of Drake and Klingenberg (Drake and Klingenberg, 2008) (see Experimental 

Procedures for more details). The residuals for each specimen estimated from the 

regression analysis were then used to compute another PCA which did not include 

allometric effects. Though the distance between KO and WT mice along PC1 is reduced 

after this correction, the separation between the groups is maintained (data not shown). 

Additionally, the extent of variation of the WT mice is extended along PC1 after 

allometric correction indicating a greater variation in the non-allometric effects of shape 

variation in the WT mice. In summary, both allometric (those closely related to size) and 

non-allometric shape differences contribute to global differences in shape between the 

two samples of mice. 

Localized differences in craniofacial shape in CTGF KO mice 

 We used the nonparametric bootstrap algorithm of EDMA to statistically test for 

differences in shape between the skulls of CTGF KO mice and WT littermates using 

landmark subsets that represented cranial vault, cranial base, and facial skeleton (Table 2-

3). A test of the hypothesis of overall difference in shape for the cranial vault and facial 

skeleton revealed a statistical difference between the two samples (p ≤ 0.05) but a test of 

difference in overall shape of the cranial base between the CTGF KO and WT mice did 

not reach statistical significance.  
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 To identify localized differences in morphology, non-parametric confidence 

interval testing was used to identify those linear distances significantly different in the 

two groups. The results (Table 2-3 and Figure 2-6) indicate that many measures of the 

facial skeleton and anterior cranial vault are significantly increased along the 

mediolateral axis in the CTGF KO mice, while the rostro-caudal length of the cranial 

vault of CTGF KO mice is reduced relative to WT littermates. Although the overall shape 

of the cranial base subset was not shown to be statistically different between the two 

groups (Table 2-3), two distances demonstrate significant reduction in the rostro-caudal 

dimension of the basi occipital bone in the CTGF KO mice (Figure 2-6). 
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Figure 2-6. Localized differences in skull morphology in CTGF KO mice.  

Distances between landmarks found to be significantly different when comparing WT 

and CTGF KO groups by EDMA are shown on a micro-CT reconstructed isosurface of a 

P0 WT mouse. The skull is seen from above with the rostral end to the left and caudal 

end to the right. Yellow lines indicate linear distances that are significantly larger in 

CTGF KO mice; magenta lines represent linear distances that are significantly smaller in 

CTGF KO mice. 
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Table 2-4. Results of EDMA testing for significant localized differences in CTGF 

KO skulls. 

Relatively larger in CTGF KO Relatively smaller in CTGF KO
amsph  

bas
limo bas- rsyn 
lsyn bas- lsyn 
rimo
rsyn

lpmx  -  rflac      
lflac    lflac  -  rpmx       

lmaxi  lpmx -   rzya       
lnsla  lzya -   rzya       
lpmx  rflac  - rnsla      rmaxi  - rpmx       
lzya      lnsla -  rflac      lmaxi -  lpmx       
rflac     lzya -   rpmx       lnsla -  rnsla      

rmaxi lflac -  lnsla      
rnsla  lflac  - rzya       
rpmx    lzya  -  rflac      
rzya   lflac  - rflac      

lflac  - rnsla      
lflac    
lpfl       lpfl -   lpsq       
lpsq     lflac -  rflac      rpfl -   rpto       
lpto      lpto -   rpto       lflac -  lpsq       
rflac   lpfl -   rflac      rflac -  rpsq       
rpfl     lpfl -   lpto    
rpsq
rpto     

Landmark(
Subset

Landmarks(
includeda P"valueb Statistically(Different(Linear(Differencesc

Cranial base 0.173

c Linear distances (identified by landmark endpoints) that show statistical difference between groups by 
confidence interval (α ≤ 0.10)

Face 0.006

Cranial 
Vault

0.045

a See Figure 3-4 for landmark location
b p-value for test of overall shape difference between CTGF KO and WT skulls for regions of study
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Morphologic traits unique to CTGF KO skulls 

 In addition to the aforementioned quantitative changes in the skull morphology of 

CTGF KO mice, we also found several unique, morphologic traits that are present in all 

CTGF KO mice (Figure 2-7). Not contained to a specific region of the skull, these 

dysmorphisms occur in the facial skeleton, mandibles, palate, and cranial base. The nasal 

bones in WT mice have a relatively straight superior surface (Figure 2-7A), while in 

CTGF KO mice they are curved (Figure 2-7B). CTGF KO mice also presented with 

defects in formation of the mandible resulting in a characteristic S-shaped bend of the 

mandibular body compared to WT littermates (Figure 2-7C-D). 

 It was previously reported that CTGF KO mice have a cleft palate at birth 

secondary to improper development of endochondrally-forming cranial bones. We found 

that in CTGF KO mice the maxillary and palatine processes failed to converge at the 

midline. Additionally, CTGF KO mice have a characteristic kink of the vomer (Figure 2-

7C-D), although the side to which this bone kinks alters in fairly equal numbers. Lastly, 

the pterygoid plates in CTGF KO mice differ quite notably from their WT littermates. 

WT mice have nearly vertical pterygoid plates, while CTGF KO mice have much more 

horizontally oriented plates; these appear to be laterally displaced and flattened closer to 

the body of the sphenoid (Figure 2-7E-F). However, the actual body of the sphenoid is 

not severely affected in CTGF KO mice, although it appears more convex perhaps due to 

the lateral displacement of the pterygoid plates. 
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Figure 2-7: Morphologic traits seen in CTGF KO skulls.  
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Figure 2-7. Morphologic traits seen in CTGF KO skulls. 

Micro-CT reconstructions of P0 WT and CTGF KO global skulls from lateral (A,B) and 

inferior views (C,D left) are shown, with isolation of the palate (C,D right) and sphenoid 

bones (E,F). Increased curvature of the nasal bones is seen in CTGF KO mice (B, yellow 

arrow) as well as an S-shaped bend in the mandibular body (D, red arrow). A close-up of 

the palate shows a characteristic kink in the CTGF KO vomer (D, blue arrow), as well as 

failed midline convergence of the maxillary (purple arrow) and palatine processes (green 

arrow). Isolation of the sphenoid bones demonstrates a difference in pterygoid plate 

morphology (white arrow) in CTGF KO mice. Sphenoid bones (E,F) are shown from a 

posterior view (top row) and inferior view (bottom row) with anterior directed upward. 
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In vivo gene expression patterns in CTGF KO skeletal sites 

To examine the effect of CTGF ablation on key osteogenic markers in CTGF KO 

mice, we performed quantitative PCR (qPCR) analyses using mRNA derived from two 

skeletal sites in CTGF KO and WT: 1) the tibial midshaft, which includes the kinked 

region in the CTGF KO mice; and 2) the parietal bone. The patterns of expression of 

these osteogenic genes were opposite between the two sites. In the tibial midshaft of 

CTGF KO mice, Runx-2, alkaline phosphatase (ALP), and osteocalcin (Oc) were 

significantly upregulated compared to WT tibiae (Fig. 7A). In the parietal bone, 

expression of Runx-2, ALP, and Oc was significantly decreased compared to WT parietal 

bone (Fig. 7B). To determine whether decreased expression in the parietal osteogenic 

markers was due to altered cellular expression of these genes and not the result of fewer 

osteoblasts in CTGF KO bone, we performed histomorphometric analyses of the parietal 

bones using von Kossa stained sections counterstained with toluidine blue to measure the 

number of osteoblasts per bone perimeter (N.Ob/B.Pm). We demonstrated that CTGF KO 

parietal bones had 34.2 osteoblasts per 1mm of bone surface compared to 30.5 in WT 

mice (p = 0.24). 

We also investigated the expression levels of CTGF along with two closely 

related CCN family members – Cyr61/CCN1 and Nov/CCN3 – at these two skeletal sites. 

Deletion of CTGF resulted in a significant increase in CCN3 levels in the tibial midshaft 

in CTGF KO mice, while CCN1 levels were not significantly different (p=0.25) (Figure 

2-8A). CCN1 expression levels were significantly decreased in the parietal bone CTGF 

KO mice. While CCN3 levels were decreased relative to WT levels, they were not 

significantly different (p=0.06) (Figure 2-8B). To rule out the possibility that normal 
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variation in CTGF expression between skeletal sites could account for site-specific 

changes seen in the CTGF KO mice, we compared CTGF expression from the WT tibia, 

femur, parietal bone, and mandible. We found that there was no statistical difference 

between CTGF expression between these sites (Figure 2-8D). 

Transforming growth factor beta (TGF-β) signaling is required for proper bone 

formation, and CTGF has been shown to functionally interact with components of this 

pathway (Abreu et al., 2002). We also noted unique morphologic traits in the CTGF KO 

skulls that closely resembled the craniofacial phenotype seen in Tgfbr2fl/fl;Wnt1-Cre mice 

(see Discussion). Therefore, we examined the expression of TGF-β1, TGF-β receptor 2 

(RII) (the ligand binding receptor), and TGF-β receptor 1 (RI) (the signaling receptor) in 

two sites of the craniofacial skeleton: the parietal bone and the mandible. Expression of 

TGF-β RI in both the parietal bone and mandible were significantly decreased in CTGF 

KO mice. Expression of the ligand, TGF-β1, was also decreased at both sites, with the 

mandible showing statistical significance and the parietal bone approaching significance 

(p = 0.052). Although levels of TGF-β RII were also lower in CTGF KO parietal bones 

and mandibles, the differences were not significantly different (p=0.078 and p=0.068, 

respectively) (Figure 2-8C). These findings are consistent with a dysregulation of the 

TGF-β1 ligand/receptor interaction in the craniofacial skeleton in CTGF KO mice. 
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Figure 2-8. Gene expression patterns in CTGF KO skeletal sites.  

In vivo mRNA gene expression from CTGF KO tibia (A) and parietal bone (B) is 

graphed relative to WT samples. In vivo expression of TGF-β ligand/receptor 

components from the craniofacial skeleton of CTGF KO mice is graphed relative to WT 

samples (C). In vivo mRNA expression of CTGF levels in WT mice as four skeletal sites. 

Abbreviations include: runt-related transcription factor 2 (Runx-2), alkaline phosphatase 

(ALP), osteocalcin (Oc), TGF-β1 ligand and TGF-β receptors 1 and 2 (TGF-β RI and RII). 

* = P < 0.05, ** = P < 0.01, *** = P < 0.001, and **** = P < 0.0001. 
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Discussion 

Our morphometric results demonstrated a significant decrease in the length of the 

proliferating zone in CTGF KO mice. This zone is normally maintained by both adequate 

PTH-rP production in the resting zone as well as Ihh production in the prehypertrophic 

and hypertrophic zones (Chung et al., 2001). Our findings are consistent with the 

previous report of decreased PTH-rP and Ihh gene expression in the CTGF KO growth 

plate (Kawaki et al., 2008a). Furthermore, we found that while the hypertrophic zone 

length was increased, the prehypertrophic zone length was unaffected. This expansion is 

likely due to the previously reported decrease in Ihh production by these cells (Kawaki et 

al., 2008a). It has been shown that abrogation of PTH-rP signaling can still result in 

proper progression from proliferating through prehypertrophic to hypertrophic 

chondrocytes (Provot and Schipani, 2005). This could explain why the length of the 

prehypertrophic zone is unaffected in CTGF KO mice while hypertrophic zone expansion 

occurs. 

 Although bone forms through both endochondral (replacing a preexisting 

cartilage anlage) and intramembranous (de novo) ossification processes, individual bones 

may form from a combination of the two processes, as seen in the occipital bone of the 

skull (Rice, 2008). Furthermore, both chondrocytes and osteoblasts originate from 

precursor mesenchymal cells, the location of their condensations during prenatal skeletal 

development determines the embryonic cell lineage of the future bone – craniofacial 

bones from neural crest and paraxial mesoderm, the remaining axial skeleton from 

somatic mesoderm of the sclerotomes, and the appendicular skeleton from lateral and 

intermediate mesoderm (Karsenty, 1998). Taking this into account, we examined various 
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skeletal sites to determine if CTGF ablation produces global or site-specific changes in 

osteogenesis. 

Our micro-CT and gene expression analyses demonstrated site-specific 

differences in bone formation within the appendicular skeleton. Using micro-CT, we 

found significant decreases in metaphyseal trabecular bone in both the phenotypically 

abnormal (kinked) tibiae and phenotypically normal (straight) femora in CTGF KO mice 

compared to WT littermates. These differences indicate defective endochondral 

ossification, as the trabeculae in this region form through this process. Nonetheless, we 

cannot discount that altered chondrogenesis could be contributing to these changes in 

bone mass as we and others have demonstrated dysregulation of the growth plate zones as 

well as production of crucial cartilage ECM components, such as aggrecan and collagen 

type X (Ivkovic et al., 2003; Kawaki et al., 2008a). However, it is less likely that aberrant 

osteoclast function is solely responsible for the bone phenotype presented herein. As it 

was previously demonstrated that CTGF KO mice have fewer osteoclasts in the 

metaphyseal region (Ivkovic et al., 2003), this decrease in resorption would be expected 

to cause a resultant increase in trabecular bone; this is not the case in the CTGF KO mice. 

Our analyses of the midshaft of these same bones demonstrated different trends in 

bone formation, such that it was normal in the femur and increased in the tibia. In the 

phenotypically normal femur, the percent of bone at the midshaft was not significantly 

different in CTGF KO mice compared to WT littermates. On the contrary, in the 

phenotypically abnormal tibia, the midshaft showed a dramatic increase in total bone 

volume in CTGF KO mice compared to WT littermates. These results demonstrate 

specific differences in the bone volume at these various sites. To confirm if this was due 
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to an increase in osteoblast function, we analyzed the gene expression of Runx-2 (marker 

of early osteoblast commitment), ALP (marker of osteoblast maturation), and Oc (marker 

for terminal osteoblast differentiation). Our qPCR analyses demonstrated increased 

expression of all three osteoblast markers, consistent with increased bone formation at the 

cellular level. We also found a significant increase in Nov/CCN3 expression, which has 

previously been shown in the growth plate of CTGF KO mice (Kawaki et al., 2008a). 

These results demonstrate that not only is bone formation variably affected depending on 

the skeletal site, and in this case the site within an individual bone, but also that CTGF 

ablation does not result in a global decrease in bone formation. 

An interesting point worth noting is the specificity and reproducibility of the 

abnormal bones in the CTGF KO skeleton. The CTGF KO phenotype involves distinct 

kinks in appendicular long bones, specifically bones of the embryonic zeugopod region, 

which comprises the radius and ulna in the forelimb (FL) and the tibia and fibula of the 

hindlimb (HL). However, the bones of the stylopod – humerus (FL) and femur (HL) – 

and autopod – carpus (FL), tarsus (HL), and digits (FL&HL) – remain unchanged. Why 

CTGF ablation only affects the zeugopod region could be due to changes in skeletal 

patterning, mechanobiological alterations, or a combination of the two. One of the key 

classes of genes involved in limb development includes the Hox genes, and it has been 

shown that specific mutations in Hoxa11, Hoxc11, and Hoxd11 deleteriously affect 

normal development of the zeugopod (Koyama et al., 2010; Wellik and Capecchi, 2003; 

Zakany and Duboule, 2007). Mechanobiological cues are also important in proper limb 

development, where muscle-induced mechanical load is necessary for proper bone 
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formation in utero (Nowlan et al., 2012; Nowlan et al., 2007, 2008; Nowlan et al., 2010; 

Sharir et al., 2011).  

The craniofacial skeleton is unique in terms of skeletal development in that it 

derives from multiple cell types and involves both forms of ossification (Noden and 

Trainor, 2005; Sperber et al., 2010). Crania are historically analyzed by subdividing them 

into three regions– the cranial vault or calvaria, the cranial base, and the facial skeleton. 

During development, a dual-layered capsular membrane known as the ectomeninx 

surrounds the developing brain. This ectomeninx, of both paraxial mesoderm and neural 

crest origin, forms the dura mater, which has an outer layer with chondro-/osteogenic 

properties. In the region of the future calvarium, this membrane will undergo 

intramembranous ossification, while in the area of the future cranial base this membrane 

will undergo endochondral ossification. The facial skeleton is of solely neural crest origin 

and forms through only intramembranous ossification (Sperber et al., 2010). Therefore, 

generally speaking, global aberrations in endochondral ossification are seen only in the 

cranial base, while effects on intramembranous ossification present as defects in cranial 

vault or facial bones, the differences between which can result from their different 

ossification processes.  

Micro-CT, gene expression, and landmark analyses of the axial skeleton of CTGF 

KO mice demonstrated multiple aberrations in the bone formation of these mice. It has 

been previously shown that the ribcage of CTGF KO mice presents with characteristic 

kinks in the bone (Ivkovic et al., 2003). When assessing bony elements in the axial 

skeleton of CTGF KO and WT mice, we analyzed the amount of bone at two sites within 

the craniofacial skeleton and two locations within the vertebral column. We saw a 
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dramatic difference within the vertebral column, such that the more caudal vertebral 

bodies (L1) had decreased bone while the more rostral (T8) were not significantly 

affected. Ossification of the vertebral column at birth is most prominent in the thoracic 

region of normal newborn mice while other more rostral and caudal sites fully ossify 

perinatally (Theiler, 1989). Therefore, the decreased ossification found at L1 and not T8 

could have resulted from a delay in ossification in CTGF KO mice.  

We also analyzed the parietal bones, which form solely from intramembranous 

ossification. These bones demonstrated decreased ossification in CTGF KO compared to 

WT mice. This coincides with our findings of decreased expression osteogenic markers 

in CTGF KO parietal bones (Fig. 7B). These results are in agreement with a previous 

study that showed a reduction in the expression of some of these markers during 

osteogenic differentiation of primary osteoblast cultures derived from CTGF KO mice 

compared to WT littermates (Kawaki et al., 2008b). Furthermore, we demonstrated 

through histomorphometric analyses that the number of osteoblasts in CTGF KO parietal 

bones is similar to that in WT parietal bones. Therefore, the decreased expression in 

osteoblast markers was not due to a decrease in osteoblast numbers but rather a decrease 

in gene expression on a per cell basis. We also demonstrated a decrease in expression of 

closely related CCN family member, Cyr61/CCN1 in CTGF KO parietal bones. Since it 

has been demonstrated that CCN1 can stimulate osteogenesis in vitro (Su et al., 2010), 

the absence of CTGF coupled with decreased CCN1 expression is consistent with the 

aforementioned reduction in the expression of osteogenic markers. 

We determined phenotypic differences between CTGF KO and WT skulls using 

3D coordinates of cranial landmarks for the entire skull, and then analyzed landmarks 
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representing regions of the skull separately. Our PCA analysis of the global skull 

landmark set demonstrated a clear separation between CTGF KO and WT littermates 

with both allometric and non-allometric skull shape differences contributing to the 

changes seen in the skulls of CTGF KO mice. PCA analyses of the landmark subsets 

representing the three cranial regions also revealed separation between groups. 

We further computed localized differences in craniofacial shape using the non-

parametric bootstrap algorithm of EDMA (Lele and Richtsmeier, 2001). Overall 

differences in craniofacial shape were significant in CTGF KO cranial vault and facial 

skeleton regions, but not so for the cranial base. Confidence interval tests for each linear 

distance demonstrated relative increases along the medio-lateral axis for the facial 

skeleton and anterior cranial vault and relative decreases in distances along the rostro-

caudal axes of the cranial vault. 

 In addition to our landmark analyses, we also noted several obvious morphologic 

differences in CTGF KO skulls; these included changes in the nasal bones, mandibles, 

palate and vomer, and pterygoid plates of the sphenoid bone. These abnormal phenotypic 

traits were conserved in all CTGF KO mice studied. In order to relate the site specificity 

of these changes to any potential underlying mechanisms, we need to take into account; 

1) the embryonic cell origins of these bones, and 2) the signaling pathways known to 

involve CTGF in craniofacial development. The nasal bones, mandibles, palate, and 

vomer derive entirely from the cranial neural crest population, while the sphenoid has a 

dichotomous embryonic cell origin such that the sphenoid body is derived from paraxial 

mesoderm, while the pterygoid plates are derived from neural crest cells (Noden and 

Trainor, 2005). 
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The mandibles of CTGF KO mice, while aberrant in phenotype (Fig. 6D), 

displayed decreased percent bone volume compared to WT mice. The mandible has a 

complex process of bone formation involving both intramembranous and endochondral 

ossification, as it forms around Meckel’s cartilage (Lee et al., 2001; Shimo et al., 2004). 

Additionally, it has been shown that CTGF is required for Meckel’s cartilage 

development (Shimo et al., 2004). Therefore, this decrease in bone could be due to a 

combination of alterations in the preexisting Meckel’s cartilage, decreased ossification at 

this site, or both. 

 The TGF-β signaling family has been shown to be involved in CTGF expression 

and signaling in bone development (Arnott et al., 2011). A role for CTGF in TGF-β 

signaling-mediated craniofacial development was shown by the Chai laboratory using a 

cranial neural crest-specific knockout of the TGF-β receptor II (Tgfbr2fl/fl;Wnt1-Cre) (Ito 

et al., 2003; Iwata et al., 2010; Oka et al., 2007). These mice demonstrated decreased 

CTGF expression in developing Meckel’s cartilage, concomitant with a mandibular 

phenotype similar to that of the CTGF KO mice (Oka et al., 2007). Analysis of the 

craniofacial phenotype in the Tgfbr2fl/fl;Wnt1-Cre mice also demonstrated similarities 

with the CTGF KO mice in the development of their nasal bones, vomer, and palate (Ito 

et al., 2003; Iwata et al., 2010). Bones formed by endochondral ossification were targeted 

in mice in which the TGF-β receptor II was conditionally inactivated in chondrocytes 

under the type II collagen, alpha 1 (Col2a1) promoter (Col2acre+/-;TgfbrloxPloxP). These 

mice demonstrated changes in the sphenoid body (Baffi et al., 2006; Baffi et al., 2004), 

which were not observed in our analysis of CTGF KO skulls. Therefore, the effects of 
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CTGF ablation on TGF-β RII signaling in neural crest cells may provide an explanation 

for the craniofacial phenotype seen in our analyses.  

We found aberrations in the TGF-β signaling pathway at both the receptor and 

ligand levels in CTGF KO parietal bones and mandibles. We demonstrated reductions in 

the expression of both TGF-β RI and RII; TGF-β RI is responsible for propagating the 

TGF-β signal through phosphorylation of Smads 2 and 3 (Hendy et al., 2005). It is 

interesting to note that in Tgfbr2fl/fl;Wnt1-Cre mice (discussed above), the expression of 

CTGF was decreased in developing Meckel’s cartilage, and that the abnormal 

craniofacial phenotype was partially rescued by adding back exogenous CTGF (Oka et al., 

2007). These results demonstrate the importance of CTGF as a necessary downstream 

player in TGF-β-mediated craniofacial development. A comparison of phenotypic 

changes seen in CTGF KO skulls with those in the skulls of Tgfbr2fl/fl;Wnt1-Cre mice 

highlights a potentially crucial role of the TGF-β-CTGF signaling loop in craniofacial 

development. We postulate that the absence of CTGF in mice results in a dysregulation 

of TGF-β signaling, thus providing a possible mechanistic explanation for the abnormal 

skull phenotype. 
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CHAPTER 3: AN ANALYSIS OF BONE CELL ULTRASTRUCTURE AND 
MATRIX COMPOSITION IN CONNECTIVE TISSUE GROWTH FACTOR 

KNOCKOUT (CTGF KO) MICE  

Lambi, A.G., McGoverin, C.M., Gannon, M., Pleshko, N., and Popoff, S.N. 

Introduction 

 Connective tissue growth factor (CTGF) is a 38kDa secreted protein involved in 

multiple normal and pathologic scenarios. Its varied roles are made possible by the multi-

modular structure of CTGF. As such, it was grouped with other proteins into the CCN 

family of proteins. Named for first three members identified in the literature – Cysteine-

rich 61 (Cyr61/CCN1), CTGF (CCN2), and Nephroblastoma overexpressed protein 

(Nov/CCN3) – the CCN family has also come to include the Wnt-induced secreted 

proteins -1 (Wisp-1/CCN4), -2 (Wisp-2/CCN5), and -3 (Wisp-3/CCN6) (Brigstock et al., 

2003). CCN proteins are 30-40kDa proteins, rich in cysteine residues, and primarily 

composed of four conserved modules: 1) an insulin-like growth factor (IGF)-binding 

domain; 2) a von Willebrand type C domain; 3) a thrombospondin-1 domain; and 4) and 

C-terminal domain containing a putative cysteine knot (Figure 1-3) (Bork, 1993; 

Brigstock, 1999; Lau and Lam, 1999; Perbal, 2001). The mosaic structure of these 

proteins allows for their involvement in many normal cellular events that contribute to 

key physiologic processes necessary for skeletogenesis. 

 A role for CTGF in skeletal tissues first emerged from studies demonstrating its 

expression in developing cartilage, bone, and teeth (Friedrichsen et al., 2003; Ivkovic et 

al., 2003; Safadi et al., 2003; Yamashiro et al., 2001). However, the key finding for the 

indispensability of CTGF in skeletogenesis came with the generation of CTGF knockout 

(KO) mice. These mice are born with defects in growth plate chondrogenesis, 
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angiogenesis, endochondral bone formation, and ECM production (Ivkovic et al., 2003). 

In addition to aberrations in growth plate formation and zone organization, newborn 

CTGF KO mice also have chondrodysplasia in limb and rib cartilage and Meckel’s 

cartilage. Interestingly, the gross skeletal defects in seen in CTGF KO mice consistently 

involve kinking of the ribs, tibiae, fibulae, radii, and ulnae, as well as craniofacial 

abnormalities. It has been presumed due to the severe rib cage dysmorphology, as well as 

pulmonary hypoplasia, results in respiratory failure shortly after birth (Baguma-

Nibasheka and Kablar, 2008; Ivkovic et al., 2003). The resulting neonatal lethality of 

CTGF KO mice constitutes the chief difficulty in studying the role of CTGF in bone 

development, formation and function. We extended the previously reported analyses of 

the CTGF KO skeletal phenotype in Chapter 2 by performing an in depth, quantitative 

analysis utilizing multiple in vivo and in vitro techniques. Using this approach, we 

determined that newborn CTGF KO mice have skeletal site-specific changes in bone 

formation (Lambi et al., 2012).  

CTGF belongs to a subset of proteins secreted into the extracellular matrix (ECM) 

known as matricellular proteins (Chen and Lau, 2009). Originally described in the 

literature in the context of thrombospondin 1 (TSP-1), the category of matricellular 

proteins arose from the diversity of functions individual ECM molecules could have 

resulting in, at times, seemingly conflicting results when studied (Bornstein, 1995). 

Additional members in this category included secreted protein acidic and rich in cysteine 

(SPARC, or osteonectin), tenascin-C, and has more recently included thrombospondin 2, 

osteopontin (OPN), tenascin X, and the CCN protein family members (Bornstein, 1995; 

Bornstein and Sage, 2002; Sage and Bornstein, 1991). Unlike structural proteins of the 
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ECM, matricellular proteins act contextually to effect cell responses through modulation 

of cell-matrix interactions. The diversity of their function relies on the specific cell-

surface receptors, cytokines, growth factors, and/or proteases with which they interact in 

the local ECM milieu (Bornstein, 2001). Interestingly, other characteristics shared by this 

subset of proteins include high expression during development, growth, injury response, 

and in normal tissues with continued turnover, such as bone.  

Due to the intricate role of CTGF in cell-matrix interactions, we conducted 

studies to determine the effects of global CTGF ablation on bone cell ultrastructure and 

biochemical composition. We hypothesized that the loss of CTGF would result in 

ultrastructural changes in bone consistent with findings of decreased trabecular and 

increased diaphyseal bone in CTGF KO. We also hypothesized that biochemical 

alterations in CTGF KO bone composition resulted in impaired structural integrity. Based 

on these hypotheses, we isolated tibiae from newborn wild-type and CTGF KO mice. 

Techniques utilized included transmission electron microscopy (TEM) and Fourier 

transform infrared spectroscopy (FT-IR). The studies herein present predominantly 

preliminary data, the ongoing studies of which are expected to yield novel information 

regarding the role of CTGF in bone ultrastructure and composition. 

Materials and Methods 

Animals 

CTGF KO (CTGF LacZ/LacZ) mice were obtained from breeding CTGF 

heterozygous (CTGF+/LacZ) mice as previously described ((Crawford et al., 2009). 

Animals used for the analyses of this study were sacrificed at birth (P0). Genotype was 
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determined as previously described (Crawford et al., 2009). Briefly, CTGF KO mice 

were distinguished from their wild-type (CTGF+/+) and heterozygous littermates based on 

the appearance of ribcage dysmorphology seen in all CTGF KO mice (Ivkovic et al., 

2003; Lambi et al., 2012) and a positive X-gal staining result (Quiagen, Valencia, CA). 

Heterozygous mice were distinguished from wild-type littermates as those with normal 

ribgcage morphology and a positive X-gal staining result. All animals were maintained 

and used according to the principles in the NIH Guide for the Care and Use of Laboratory 

Animals (U.S. Department of Health and Human Services, Publ NO. 86-23, 1985) and 

guidelines established by the IACUC of Temple University. 

Electron Microscopy Tissue Preparation 

Animals used for this study were euthanized at birth (P0) by decapitation. 

Subsequently, tails were removed and used for genotype analysis (described above). For 

EM studies, hindlimbs were dissected in PBS and fixed immediately in a fixative solution 

of 2.5% glutaraldehyde (Electron Microscopy Sciences, Fort Washington, PA) and 2% 

paraformaldehyde (PFA) (Affymetrix Microarray Solutions, Santa Clara, CA) diluted in 

PBS; these were then placed at 4ºC for 24h. Subsequently, tibiae were carefully dissected 

free of all surrounding tissues, including removal of the fibulae, and replaced with fresh 

fixative solution for 24h at 4ºC. Samples were then subject to two 15 minute washes in 

PBS at room temperature (RT) after which the samples were decalcified using Formical-

2000 (Decal Chemical, Tallman, NY). Solution was replaced at 24h. At 48h, samples 

were again subject to washes at RT with PBS, after which they were placed in fixative 

solution at 4ºC and transported to the Electron Microscopy Resource Lab at the 

University of Pennsylvania. The samples were post-fixed in 2.0% osmium tetroxide for 
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1h at RT, and rinsed in deionized water prior to en bloc staining with 2% uranyl 

acetate. After dehydration through a graded ethanol series, the tissue was infiltrated and 

embedded in EMbed-812 (Electron Microscopy Sciences, Fort Washington, PA). Thin 

sections (60-70 µm) were cut using a Reichert-Jung Ultracut E ultramicrotome (Leica 

Microsystems, Wetzlar, Germany) and were picked up on formvar-coated copper slot 

grids. Thin sections were then stained with uranyl acetate and lead citrate and examined 

with a JEOL 1010 electron microscope fitted with a Hamamatsu digital camera and AMT 

Advantage image capture software. 

FT-IRIS Tissue and Section Preparation 

Animals used for this study were euthanized at birth (P0) by decapitation. 

Subsequently, tails were removed and used for genotype analysis (described above). For 

FT-IRIS studies, hindlimbs were dissected in PBS and fixed immediately in 4% PFA 

(buffered in PBS) for 24h at 4ºC. Subsequently, tibiae were dissected free of all 

surrounding tissues while the fibulae were left intact; this aided in proper orientation 

during embedding. Samples again were placed in PFA for 24h at 4ºC, after which they 

underwent two 15 minute washes in PBS. Specimens were then dehydrated and cleared, 

followed by infiltration with and embedding in methylmethacrylate resin (Osteo-Bed 

Bone Embedding Kit, Polysciences, Warrington, PA). Five µm sections were obtained 

from the polymerized resin blocks, then de-plasticized and stained with von Koss staining 

technique, for mineralization, and counterstained with toluidine blue ((Abdelmagid et al., 

2010; Ivkovic et al., 2003; Lambi et al., 2012; Zhou et al., 2010). These stained sections 

were used to determine appropriate section level for subsequent FT-IRIS analysis. For 

FT-IRIS analysis, 9 µm of embedded tissue were mounted on low-e reflective-coated 
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infrared microscope slides (MirrIR slides, Kevley Technologies, Chesterland, OH). 

Sections were air-dried at RT for 30 min, followed by dissolving embedding medium in 

deionized water, fixation in 10% formalin, and air-drying. 

FT-IRIS Data Acquisition and Analysis 

 FT-IRIS images of the entire (newborn) tibiae were acquired at 25 µm pixel 

resolution and 8cm-1 spectral resolution with two co-added scans using a Perkin Elmer 

Spotlight 400 spectrometer (Shelton, CT) as previously described (Boskey and Pleshko 

Camacho, 2007; Cheheltani et al., 2012; Hanifi et al., 2012). The spectrometer source is 

an electrically heated silicon carbide light source with high emissivity and a quasi-

blackbody emission spectrum with an effective temperature of ~1300 K. Data were 

analyzed with Isys 5.0 software (Spectral Dimensions Inc., Olney, MD). The integrated 

area of the phosphate absorbance band, centered near 1050 cm-1 (Boskey and Pleshko 

Camacho, 2007), was used to mask each sample such that only bone regions of the image 

were included in analyses. Four specific parameters measuring particular bone properties 

were analyzed using previously established spectral regions are listed in Table 3-1 

(Boskey and Pleshko Camacho, 2007). 
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Table 3-1. Bone Properties Measured by FT-IR Spectroscopy. 

This table was adapted from (Boskey and Pleshko Camacho, 2007). 

 

Parameter Definition Validation Variation with 
Age

Mineral-to-
Matrix Ratio

Area of phosphate band (900-1200 cm-1) / 
Area of amide I band (1585-1720 cm-1)

Linearly related to ash content of 
synthetic collagen and apatite 

mixtures
Increases

Carbonate-to-
Phosphate Ratio

Area of carbonate band (850-890 cm-1) / 
Area of phosphate band (900-1200 cm-1)

Related to tissue carbonate content 
as determined by elemental 

alanyses
Increases

Crystallinity Peak area or intensity ratio of subbands at 
1030 and 1020 cm-1

Related to crystal size in c-axis 
dimension as determined by X-ray 

diffraction line broadening
Increases

XLR Peak area or intensity ratio of subbands at 
1660 and 1690 cm-1

Related to collagen maturity where 
ratio changes with photolysis of 

collagen cross-links 
Increases

 

 

Statistical Data Analysis 

 Statistical analyses for FT-IRIS were performed using GraphPad Prism 5 

(http://www.graphpad.com). Briefly, a two-tailed Student’s t-test was used to determine 

statistically significant differences between WT and CTGF KO group means for FT-IR 

analyses. A p-value of less than 0.05 was considered statistically significant. 

Results 

Ultrastructure of Osteoblasts and Osteocytes in WT and CTGF KO Tibiae 

 As we have already demonstrated that markers of osteoblast differentiation and 

function are decreased at certain skeletal sites in CTGF KO mice (Lambi et al., 2012), we 

next chose to study if the osteoblasts present in these mice appeared normal at the 

ultrastructure level. Using transmission electron microscopy (TEM), we visualized 



 

 95 

osteoblasts within multiple regions within the bone, including the newly synthesized 

trabeculae of the metaphysis, the periosteal collar, and diaphysis (encompassing the kink 

in the CTGF KO tibiae). In the metaphyseal region, osteoblasts of both WT and CTGF 

KO mice had similar ultrastructural appearances (Figure 3-1). At lower magnification, 

osteoblasts line the surface of newly formed trabecular bone2 in close apposition to one 

another (Fig. 3-1A-D). It is common for these cells, under the electron microscope, to 

demonstrate an irregular border with the newly formed osteoid due to the long, branched 

processes the cells send out into the unmineralized matrix (Scherft and Groot, 1990). At 

higher magnification, additional features of mature osteoblasts were noted in both WT 

and CTGF KO mice; these include heterochromatic nuclei, abundant mitochondria, 

extensive rough endoplasmic reticulum (RER), as well as collagen deposition into the 

unmineralized osteoid (Fig. 3-1E-F). The aforementioned features are all indicative of 

metabolically active osteoblasts concomitant with bone formation.  

Osteoblasts of the diaphyseal region of the CTGF KO tibiae, which includes the 

phenotypic kink, demonstrated ultrastructural characteristics that differed from those 

under the growth plate (Figure 3-2). The border between these osteoblasts was difficult to 

demarcate due to extensive intracellular inclusions (Figure 3-2A), which higher 

magnification revealed to be predominantly dilated RER (Fig. 3-2C-D). In WT tibiae, 

these ultrastructural features were only apparent in osteoblasts of the periosteal collar, 

and yet the magnitude of RER dilation was not as great as that observed in CTGF KO 

tibiae. 

                                                
2 For ultrastructure studies, trabecular bone (Tb) under the growth plate comprises newly 
mineralized cancellous bone formed on a cartilaginous core.  
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 Comparison of osteocyte ultrastructure revealed ultrastructural differences 

between WT and CTGF KO tibiae. We chose to compare osteocytes that had either just 

become encased in bone matrix or those fully enveloped by matrix and further from the 

trabecular margins. In WT tibiae, osteocytes just becoming encased in matrix continue to 

demonstrate an abundance of RER and mitochondria, indicative of a metabolically active 

cell that is still synthesizing matrix proteins (Figure 3-3A). However, CTGF KO 

osteocytes of a similar stage of matrix envelopment have a more extensive, dilated RER 

(Figures 3-2A, 3-3B). WT osteocytes that are further from the trabecular margin appear 

to be quiescent cells, while those in CTGF KO tibiae still appear to be actively 

synthesizing proteins (Figure 3-3C-D). 
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Figure 3-1. Comparison of WT and CTGF KO Metaphyseal Osteoblast 

Ultrastructure 
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Figure 3-1. Comparison of WT and CTGF KO Metaphyseal Osteoblast 

Ultrastructure 

Electron microscopy of tibial proximal metaphyses comparing osteoblast ultrastructure 

from WT (A,C,E) and CTGF KO (B,D,F) bones. At lower magnifications (A-D), 

individual osteoblasts (Ob) can be visualized, as well as newly formed, unmineralized 

osteoid (blue asterisks), and trabecular bone (Tb) Additionally, at higher magnifications 

(E-F), heterochromaticity of nuclei (N) is appreciated, as well as abundant mitochondria 

(red arrows) and rough endoplasmic reticulum (cyan arrows). Scale bar: 2µm (A-D) and 

500nm (E-F). 
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Figure 3-2. Ultrastructural Features of CTGF KO Diaphyseal Osteoblasts 

Electron microscopy of CTGF KO tibial diaphyses demonstrates characteristics of 

actively synthesizing cells. (A) The borders between individual osteoblasts (Ob) are 

difficult to distinguish due to heavily distended rough endoplasmic reticulum (RER). A 

newly formed osteocyte (Ot) still appears very active in producing matrix components. 

(B) These cells continue producing collagen-rich osteoid (blue asterisks) on trabecular 

bone (Tb). Higher magnification (C-D) demonstrates abundant mitochondria (red 

arrows) and RER (cyan arrows). Scale bar: 2µm (A-B) and 500nm (C-D).  
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Figure 3-3. Comparison of Wild-type and CTGF KO Osteocyte Ultrastructure 

Electron microscopy of tibiae comparing osteocyte (Ot) ultrastructure from WT (A,C) 

and CTGF KO (B,D) bones demonstrates greater abundance and/or dilation of rough 

endoplasmic reticulum (RER) in CTGF KO compared to WT tibiae. This is visible in 

osteocytes just becoming encased in matrix as well as those fully encased in trabecular 

bone (Tb.) Scale bar: 500nm. 
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Ultrastructure of Osteoclasts in WT and CTGF KO Tibiae 

 We also examined the ultrastructure of osteoclasts in WT and CTGF KO tibiae; 

this encompassed multiple regions within the bone, including the newly synthesized 

trabeculae of the metaphysis, the periosteal collar, and diaphysis (including the kink in 

the CTGF KO tibiae). The ultrastructure of mature, functional osteoclasts has been well 

characterized (Marks and Popoff, 1990), and includes the following prominent features: 

1) multiple, typically heterochromatic, nuclei; 2) a sealing zone, in which (predominantly 

αvβ3) integrins facilitate osteoclast attachment to underlying bone and/or calcified 

cartilage; 3) a clear zone, adjacent to the sealing zone, which is devoid of organelles; 4) a 

ruffled border, an area bounded by the clear zone, in which bone resorption occurs; and 

5) prominent vacuolization of the cytoplasm. Electron microscopy of WT tibiae 

demonstrated the aforementioned features of normal osteoclast ultrastructure (Figure 3-4). 

CTGF KO osteoclasts also demonstrated features of actively resorbing, mature cells 

(Figure 3-5). 

Throughout the analysis of CTGF KO osteoclasts, multiple ultrastructural 

dysmorphologies were seen that, while not necessarily unique to CTGF KO tibiae, were 

more prevalent than in WT tibiae (Figure 3-6). Osteoclasts were more abundant in 

sections of CTGF KO compared to WT tibiae (Figure 3-6A-B). Although these cells 

exhibited ultrastructural features typical of normal, functional osteoclasts, there were also 

several distinct dysmorphologies observed in CTGF KO osteoclasts. One dysmorphology 

seen in CTGF KO osteoclasts was a multi-layered structure that appears to be composed 

of infolded rings of membrane (Figure 3-6C). These are typically present immediately 

adjacent to the ruffled border and could represent a remnant from ruffled border 
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formation. We also noticed a disproportionate amount of clear zone compared to the 

extent of ruffled border formation in many CTGF KO osteoclasts (Figure 3-6D-F). Lastly, 

many of the CTGF KO osteoclasts demonstrated a less extensive cytoplasmic 

vacuolization compared to WT. 
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Figure 3-4. Analysis of WT Osteoclast Ultrastructure 

Electron microscopy of WT tibiae demonstrates normal osteoclast (Oc) ultrastructure. 

Hallmarks of normal osteoclast ultrastructure are appreciated at lower (A-B) and higher 

magnification (C-D), such as extensive vacuolization (A,D) and ruffled border formation 

(B-C). Clear zones (yellow arrows) are identified at the periphery of ruffled borders 

(green arrows). Scale bar: 2µm (A-B) and 500nm (C-D). 
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Figure 3-5. Analysis of CTGF KO Osteoclast Ultrastructure 

Electron microscopy of CTGF KO tibiae demonstrates features of normal osteoclast (Oc) 

ultrastructure; these include multiple nuclei (N), vacuolization (C-D), and ruffled border 

formation (A-D). Clear zones (yellow arrows) are identified at the periphery of ruffled 

borders (green arrows). Scale bar: 2µm (A-C) and 500nm (D). 
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Figure 3-6. Ultrastructural Dysmorphologies Prevalent in CTGF KO Osteoclasts 
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Figure 3-6. Ultrastructural Dysmorphologies Prevalent in CTGF KO Osteoclasts 

Electron microscopy of CTGF KO tibiae demonstrated ultrastructural dysmorphologies 

prevalent in CTGF KO osteoclasts. (A) Osteoclasts (Oc) were frequently observed in 

CTGF KO tibiae, as demonstrated by the appearance of three closely adjacent osteoclasts 

capping the end of a single trabecular. (B) Higher magnification of an osteoclast from 

panel A is shown. (C) CTGF KO osteoclasts also frequently exhibited multi-layered 

structures that appear to be composed of infolded rings of membrane (C). Many 

osteoclasts also had a disproportionately large amount of clear zone (yellow arrows) 

compared to the extent of ruffled border (green arrow). Scale bar: 2µm (A-C) and 500nm 

(D-F). 
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FT-IR Spectroscopy of Bone Matrix Properties in CTGF KO and WT Tibiae 

 We also conducted studies on the biochemical composition of the bone matrix in 

CTGF KO tibiae compared to WT samples using Fourier transform infrared (FT-IR) 

spectroscopy. This technique measures four key parameters of bone formation and/or 

maturation all of which increase with normal age; they included the mineral-to-matrix 

ratio, carbonate-to-phosphate ratio, crystallinity, and XLR. Definitions and validations of 

these parameters are listed in Table 3-1. Although statistical differences were not 

observed between WT and CTGF KO tibiae in whole bone and mid-shaft analyses 

(Figure 3-7), CTGF KO samples demonstrated a wider range of values suggesting a 

greater heterogeneity in the maturation of bone matrix present.  
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Figure 3-7. FT-IR Spectroscopy of Bone Matrix Properties in WT and CTGF KO 

Tibiae 

FT-IR spectroscopy measured four key properties of bone matrix composition and/or 

maturity in WT and CTGF KO tibiae; these included mineral-to-matrix ratio (A-B), 

Carbonate-to-phosphate ratio (C-D), crystallinity (E-F), and XLR (G-H). See table 3-1 

for definitions of these terms. 
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Discussion 

 The analyses of CTGF KO bone cell ultrastructure demonstrated that CTGF is not 

requisite for the complete morphologic maturation of bone cells, but that its absence does 

lead to features at the ultrastructure level not commonly seen in WT bones. Osteoblasts in 

both WT and CTGF metaphyseal regions of the proximal tibiae demonstrated normal 

formation, proximity to trabecular bone surface and hallmark features of metabolically 

active cells. Osteoblasts in the diaphyseal region of CTGF KO tibiae, however, 

demonstrated drastically extended rough endoplasmic reticulum (RER) the degree of 

which obscured the demarcation between adjacent cells. Only in the periosteal collar of 

WT tibiae were osteoblasts with severely distended RER seen, and yet not to this degree. 

This ultrastructural characteristic could be due to defects in protein synthesis, processing, 

and/or secretion caused by the absence of CTGF. This highlights the need for further 

studies to examine whether defects in these processes are occurring in CTGF KO 

osteoblasts. 

 Osteoclasts in both WT and CTGF KO tibiae also demonstrated ultrastructural 

characteristics indicative of normal, functional osteoclast maturation. It was noted when 

the CTGF KO mouse model was first described in the literature that bones from these 

mice have decreased osteoclastogenesis as determined by tartrate-resistant acid 

phosphatase (TRAP) staining (Ivkovic et al., 2003). However, our TEM analysis 

demonstrated an abundance of osteoclasts in CTGF KO tibiae compared to WT tibiae. 

This discrepancy could be due to the fact that TRAP staining may not have conclusively 

identified functional osteoclasts in CTGF KO tibiae; this could have been due to 

decreased levels of TRAP production compared to WT osteoclasts as well as the young 



 

 110 

age of these (newborn) bones. Furthermore, we found several ultrastructural 

dysmorphologies more prevalent in CTGF KO osteoclasts; these included multi-layered 

structures that appear to be composed of infolded rings of membrane, and a 

disproportionate amount of clear zone compared to the extent of ruffled border. 

Expansion of clear zones in CTGF KO osteoclasts would suggest a defect in cell 

attachment. Integrins (especially αvβ3) are required for formation of the sealing and clear 

zones in maturing osteoclasts. It is well established that CTGF modulates cell-matrix 

interactions through direct binding with integrins as well as indirect mechanisms of 

modulating molecules in the extracellular matrix (Arnott et al., 2011). Therefore, the 

absence of CTGF in these tibiae could result in impaired osteoclast attachment to the 

bone matrix, which could lead to subsequent (compensatory) clear zone expansion 

decreased ruffled border formation and ultimately defective bone resorption concomitant 

with decreased cytoplasmic vacuolization. This underlying intrinsic defect could 

contribute to the increased bone we have shown in the diaphysis (phenotypic kink) of 

CTGF KO tibiae. 

 Lastly, we conducted FT-IR spectroscopy analyses of CTGF KO and WT tibiae to 

determine if differences in the bone matrix composition resulted from global ablation of 

CTGF. It was previously reported that growth plates in CTGF KO long bones contain 

reduced levels aggrecan and link protein, the latter of which is necessary for the structural 

integrity of cartilage and deficiency of which results in phenotypic changes in the same 

subset of long bones as seen in the CTGF KO mouse (Ivkovic et al., 2003; Morgelin et al., 

1994; Watanabe and Yamada, 1999). Although the means of these measures did not show 

statistical differences between the WT and CTGF KO tibiae, there was a greater 
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heterogeneity of data in CTGF KO tibiae. This warrants an expansion in the sample size 

pool. 

Taking into account findings presented in Chapter 2 where we demonstrated 

increased amounts of total bone volume in the mid-diaphyses of CTGF KO tibiae, these 

FT-IR results suggest that while more bone is present in this region, its biochemical 

composition is normal. Therefore, the bone being produced in excess in CTGF KO tibial 

diaphyses is the result of a dysregulation leading to more (normal) bone in that specific 

region. To that effect, we have produced sections of WT and CTGF KO tibiae stained 

with Safranin-O and fast green, which allows visualization of cartilage and bone, 

respectively (images not shown). In newborn bone samples, a cartilaginous core of 

trabecular bone is visible as these cartilage spicules, produced in the growth plate, act as 

the template (anlagen) for future bone to be deposited during development and long bone 

growth. When studying the Safranin-O sections of CTGF KO tibiae, while the trabecular 

bone under the growth plate contains cartilaginous cores, the bone of the kinked region 

does not; this suggests that this bone formed directly through intramembranous 

ossification, likely through an expansion of the periosteal collar. Future analyses using 

FT-IR to distinguish trabecular composition of type I versus type II collagen will allow a 

comparison of trabecular and periosteal collar bone in WT and CTGF KO tibiae with 

bone of the diaphyseal kink in CTGF KO tibiae. This will provide necessary data to 

conclude whether the abnormal bone deposition in certain CTGF KO bones is the result 

of dysregulated endochondral or intramembranous ossification. 
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CHAPTER 4: SUMMARY 

 Although a score has passed since the discovery and identification of connective 

tissue growth factor (CTGF) in the literature, much of its signaling, mechanism(s) of 

action, and exact role(s) in normal and pathologic processes remains unclear. A role for 

CTGF in skeletal tissues first emerged from studies demonstrating its expression in 

developing cartilage, bone, and teeth (Friedrichsen et al., 2003; Ivkovic et al., 2003; 

Safadi et al., 2003; Xu et al., 2000; Yamashiro et al., 2001). However, the key finding for 

the indispensability of CTGF in skeletogenesis came with the generation of genetically 

engineered mice lacking CTGF production (Crawford et al., 2009; Ivkovic et al., 2003). 

These CTGF knockout (KO) mice have provided great insight into the importance of 

CTGF in normal skeletal development. The initial study demonstrated that CTGF KO 

mice are born with multiple skeletal dysmorphisms, including bends (or kinks) in specific 

long bones, craniofacial abnormalities, and misshapen ribs (Ivkovic et al., 2003). Defects 

were also found in chondrogenesis and angiogenesis of the growth plate, two critical 

processes involved in endochondral ossification (Ivkovic et al., 2003; Kawaki et al., 

2008a). A subsequent study revealed a lack of ossification in specific flat bones of the 

skull, which would indicate defective intramembranous ossification. Therefore, from 

these studies, it was concluded and established as dogma of the CCN protein family field 

that a lack of CTGF results in global deficiencies in bone formation.  

We believe that this dogma constitutes an oversimplification of the role of CTGF 

in osteogenesis, as systemic deficiencies in bone formation would simply not account for 

the unique skeletal phenotype seen in CTGF KO mice. A global decrease in bone 

formation would in all likelihood result in systemic osteopenia, and not the distinct 



 

 113 

phenotype of CTGF KO skeletons, where phenotypically normal and abnormal bones are 

juxtaposed in a highly reproducible fashion. To that end, we performed a comprehensive 

characterization of the skeletal phenotype in this model, choosing sites within the axial 

and appendicular skeleton, as well as various in vivo techniques to elucidate differences 

in CTGF KO bones (Figure 1-5).  

The results of this dissertation unequivocally demonstrate that global ablation of 

CTGF results in skeletal site-specific changes in prenatal osteogenesis. In Chapter 2, we 

reported site-specific changes in growth plate organization, bone microarchitecture, and 

shape and gene expression levels in CTGF KO compared to WT mice. Malformations of 

the growth plate included increased hypertrophic zone and decreased proliferative zone 

lengths. Sites within the appendicular skeleton of CTGF KO mice – metaphyses and 

diaphysis of femora and tibiae – demonstrated less metaphyseal trabecular bone, while 

having increased mid-diaphyseal bone in CTGF KO tibiae; this region comprises the 

phenotypic kink. The increase in tibial diaphyseal bone in CTGF KO mice was 

concomitant with increased osteogenic expression markers. Similar analyses in several 

sites of the axial skeleton – vertebral bodies, parietal bones and mandibles – also 

demonstrated decreased bone coupled with decreased osteogenic markers. Our 

craniofacial landmark analyses highlighted changes in CTGF KO skull size and shape, as 

well as unique dysmorphologies found therein. Our analysis of bone cell ultrastructure 

and composition in the studies of Chapter 3 demonstrated that while CTGF is not 

requisite for the complete ultrastructural maturation of bone cells, its absence leads to 

unique ultrastructural dysmorphologies not seen in WT bones. Change in osteoblast 

ultrastructural of CTGF KO tibiae were seen in a site-specific manner within tibiae, 
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where metaphyseal trabecular osteoblasts appeared normal or slightly more active, 

diaphyseal osteoblasts had characteristics that could be due to defects in protein synthesis. 

Furthermore, composition analysis of CTGF KO tibia demonstrated that, while the means 

of particular properties were not significantly different from WT tibiae, heterogeneity in 

data was present. Lastly, ultrastructure of CTGF KO osteoclasts revealed an abundance 

of morphologically mature cells, despite prior reports (Ivkovic et al., 2003), but these 

cells often presented with ultrastructural dysmorphologies such as decreased 

vacuolization, ruffled border, and disproportionately large amounts of clear zone. Taken 

together, this could suggest an intrinsic defect in the maturation and/or function of 

osteoclasts when CTGF is absent in vivo. 

The studies of this dissertation have shown that the role of CTGF in osteogenesis 

is more complicated than previously purported. Our reports have not only demonstrated 

quantitative differences in the microarchitecture, structure, ultrastructure and expression 

patterns in CTGF KO compared to WT bones, but we showed that these occur in a 

skeletal site-specific pattern. Therefore, with all due deference to the great orator Sir 

Winston Churchill, out of intense complexities intense simplicities do NOT always 

emerge. Notwithstanding the apparently more complex picture of CTGF in prenatal 

osteogenesis, our studies have identified several areas of interest for future studies. 

TGF-β–CTGF Axis: A potential Mechanistic Explanation for the CTGF KO 

Craniofacial Phenotype 

 Results of skull phenotype analysis and expression patterns revealed a potential 

explanation for the CTGF KO craniofacial phenotype: the TGF-β–CTGF axis. It is well 
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established that the TGF-β signaling family is involved in CTGF expression during 

osteogenesis (reviewed in (Arnott et al., 2011). Furthermore, mice that lack the TGF-β 

receptor II specifically in neural crest cells (Tgfbr2fl/fl;Wnt-Cre) present with some 

strikingly similar craniofacial dysmorphologies; these include a kinked vomer, curved 

nasal bones, shortened mandibles, and failed midline convergence of the palate (Ito et al., 

2003; Iwata et al., 2010; Oka et al., 2007). A cartoon of the palate from CTGF KO and 

Tgfbr2fl/fl;Wnt-Cre mice demonstrates the degree of similarity found between these two 

models, with particular emphasis on the dysmorphology of the vomer, a phenotype not 

found in any other model, to our knowledge (Figure 4-1A). Taking into account this 

common traits between the two mouse models, as well as our reported dysregulation of 

TGF-β1 ligand/receptor interaction in the CTGF KO skull, we propose the TGF-β–CTGF 

axis as a mechanism for the craniofacial changes seen (Figure 4-1B). This axis must be 

further explored through a complete comparison of CTGF KO and Tgfbr2fl/fl;Wnt-Cre 

skulls, as well as the development of a cranial neural crest specific CTGF knockout 

model. 
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Figure 4-1: The TGF-β–CTGF Axis: a potential mechanistic explanation for CTGF 

KO craniofacial phenotype 

(A) A cartoon comparing the inferior aspect of the palate of CTGF KO and 

Tgfbr2fl/fl;Wnt-Cre mice, including premaxillae (red), maxillae (blue), palatine (green), 

and vomer (yellow). (B) Flowchart demonstrating the evidence supporting the TGF-β–

CTGF axis as a potential mechanistic explanation for the craniofacial phenotype seen in 

CTGF KO mice.  
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Solving the Riddle of the Kinks 

Having established the location and degree of bone abnormalities in CTGF KO 

mice, the next step in elucidating the developmental role of CTGF in bone formation is 

answering why these defects always and only occur in specific bones in these mice. It is 

well established that proper skeletal development requires both the influence of key 

skeletal patterning factors, such as the Hox genes, as well as muscle-generated 

mechanical forces to guide bone shaping during development (reviewed in (Nowlan et al., 

2010; Sharir et al., 2011; Zakany and Duboule, 2007)). In addition to the high 

reproducibility of the bone defects seen in CTGF KO mice, suggesting an effect on 

skeletal patterning, it has previously been shown that the cartilage anlagen of future limb 

bones are bent at embryonic day (E) 14.5 in concert with future bone kinks (Ivkovic et al., 

2003).  Therefore, the loss of CTGF affects could affect local skeletal patterning and/or 

mechanobiological cues during bone development, rendering specific skeletal sites 

susceptible to future bone defects, and ultimately resulting in the unique phenotype seen 

in CTGF KO mice. To determine which of these processes is affected in CTGF KO mice, 

the exact timing of limb bone abnormalities during development must be determined. 

This involves studying several prenatal time points that represent the developmental 

stages of these bones: E12.5, where developing bones still include mesenchymal stem 

cell (MSC) condensations, particularly in the hind limb and all digits; E14.5, at which 

point limb bones of the stylopod and zeugopod regions comprise cartilage anlagen; and 

E16.5, when the periosteal collars for the bones of the aforementioned regions are present 

and trabecular bone is beginning to form (Taher et al., 2011; Theiler, 1989). These 
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studies would yield novel information regarding both the temporal role of CTGF in bone 

development as well as mechanisms through which it accomplishes this. 

The Clinical Quagmire of CTGF in Bone 

The utility of targeting CTGF clinically to treat conditions of insufficient bone 

formation, while ripe with potential, is still far from being a complete picture. As 

mentioned in Chapter 1, studies in which rCTGF was injected into the marrow cavity of 

rat femurs demonstrated an anabolic response to CTGF in bone formation (Safadi et al., 

2003; Xu et al., 2000). However, since 1) the functional diversity of CTGF largely 

depends on the matricellular molecules with which it interacts and 2) we have shown that 

CTGF exerts roles on osteogenesis in a site-specific fashion (Lambi et al., 2012), the 

anabolic nature of CTGF in bone is likely contingent upon the presence and/or absence of 

specific molecules at a target skeletal site. Therefore, the effect of CTGF on bone would 

be variable from site to site. To illustrate this, consider the interaction of CTGF with the 

TGF-β and bone morphogenetic proteins (BMP) pathways. While both of these pathways 

are critical in bone formation, it has been shown that CTGF can positively enhance TGF-

β signaling through interactions with TGF-β1 while inhibiting BMP receptor signaling 

through interaction with BMP-4 (Abreu et al., 2002). Furthermore, we have demonstrated 

that treatment of primary osteoblasts that lack CTGF (isolated from CTGF KO mice) 

with rBMP-2 causes enhanced differentiation and signaling when compared to WT 

osteoblasts (Mundy and Popoff, unpublished data). These data suggest that CTGF acts to 

inhibit the anabolic effect of BMP-2 on bone formation. 



 

 119 

Herein lies the current paradox of targeting CTGF clinically in bone: how is it that 

CTGF alone produces osteoinductive effects, while also potentially countering the well-

established osteoinductive effects of BMP-2? While there is insufficient research 

evidence to currently tease apart this discrepancy, both have current clinical implications. 

As CTGF expression normally increases during fracture repair, one could postulate that 

abrogation of CTGF signaling through FG-3019-mediated blockade would negatively 

affect fracture healing and potentially hasten development of age-related osteoporosis 

(Kadota et al., 2004; Nakata et al., 2002; Safadi et al., 2003; Yamashiro et al., 2001). This 

would present a serious detractor to FG-3019 therapy, particularly in post-menopausal 

women. Additionally, knowledge of the CTGF-BMP interaction could identify a potential 

use for the addition (or blockade) of CTGF in concert with recombinant BMP2 (rBMP-2) 

administration in treatment of bony defects and malunions. To fully understand the 

therapeutic potential of CTGF in bone formation, studies must utilize the following: 1) 

animal models simulating various clinical scenarios, such as fracture repair and 

osteoporosis; and 2) local or global treatment using rCTGF or FG-3019 with or without 

rBMP-2. Once results from these in vivo models are obtained, only then can we 

understand the clinical applications of CTGF for treatment of patients with bone 

disorders. 
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