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    Chapter 14   
 Discoidin Domain Receptor 2 in Development 
of Osteoarthritis                     

     Lin     Xu      ,     Peter     L.     Lee    , and     Yefu     Li    

14.1           Feature of Osteoarthritis 

 Osteoarthritis (OA) is the most common form of arthritis [ 1 ] and has been recently 
 defi ned   as “a progressive disease of synovial joints that represents failed repair of 
joint damage that results from stresses that may be initiated by an abnormality in any 
of the synovial joint tissues.” This ultimately results in the breakdown of cartilage 
and bone, leading to symptoms of pain, stiffness, and functional disability [ 2 ]. 
Although the precise etiology of OA in most cases is unknown, it is the general con-
sensus that OA is a multifactorial disorder involving both genetic and environmental 
components [ 1 ]. Genetic factors are mutations in genes that result in defects in artic-
ular cartilage matrix and chondrocyte metabolism. In the case of cartilage defects, 
age-dependent OA may occur as a result of even normal mechanical stresses on a 
defective joint. Environmental factors include obesity, overloading on joints, repeti-
tive injury involving ligaments and menisci, loss of muscle strength, and joint 
malalignment. These conditions can result in abnormal mechanical stresses on a 
normal joint, which eventually leads to OA. It is obvious that the initiation of OA 
can involve multiple joint tissues with one, or a combination of, genetic and environ-
mental factors. Thus, investigation of the detailed pathogenic mechanisms in all of 
these conditions remains a formidable challenge. However, regardless of the com-
plexity of the etiology for OA, the ultimate consequence of articular cartilage break-
down in the development of OA follows a consistent pathological pattern [ 3 – 6 ]. 
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 Results from studies using  animal models   of OA and human OA tissues indicate 
that in the process of articular cartilage degeneration, the earliest indication of 
change is chondrocyte clustering and a general upregulation in synthetic activity of 
chondrocytes. For example, in our mouse models of OA, we found that the chondro-
cyte clusters and the overproduction of proteoglycans appeared in the uncalcifi ed 
(superfi cial) layer of the articular cartilage prior to any overt pathologic sign of 
articular cartilage degeneration [ 7 ]. With regard to human OA cases, it is extremely 
diffi cult to obtain articular cartilage from joints at the earliest stage of articular car-
tilage degeneration. However, the chondrocyte clusters and the expansion of the 
pericellular matrix (enlarged lacunae) are seen in the remaining articular cartilage 
tissue of joints at late stages of OA [ 4 ]. Immediately following the upregulation in 
synthetic activity of chondrocytes, chondrocytes synthesize and release extracellu-
lar matrix ( ECM  )-degrading enzymes. The gradual loss of proteoglycans on the 
surface region of the articular cartilage follows; this is concurrent with type II col-
lagen degradation. Cracks develop along the articular surface, producing the histo-
logical image termed fi brillation. At later stages of the degenerative process, 
fi brocartilage and osteophytes are formed. It is worth mentioning that two recent 
studies report an unexpected revelation that the disappearance of aggrecans in artic-
ular cartilage of knee joints in adult mice, due to the genetic inactivation of a tran-
scription factor, sex-determining region Y box 9 (Sox9), or the conditional 
upregulated expression of bone morphogenetic protein 2 in the articular cartilage, 
does not initiate or accelerate the progression of cartilage degeneration [ 8 ,  9 ]. This 
completely opposes the prevailing notion that proteoglycans are one of the basic 
elements and are indispensible for the ability of articular cartilage to resist compres-
sive pressure. One plausible explanation for this observation is that the loss of pro-
teoglycans alone may not be suffi cient to initiate or accelerate articular cartilage 
degeneration. Instead, the degradation of both proteoglycans and type II collagen 
may be required in the development of OA. 

 The similar pathological progressions of articular cartilage degeneration suggest 
that there may be multiple initiating pathways toward the common targets that con-
tribute to articular cartilage degeneration. This eventually leads to OA. The similari-
ties in the pathologic progression also indicate that studies of pathogenetic changes, 
even in cases of more rare forms of OA, are likely to provide signifi cant information 
about disease mechanisms and therapeutic targets for treating common forms of the 
disease. Therefore, the identifi cation of a sequence(s) of molecular events underly-
ing the progression of articular cartilage degeneration may not only help us under-
stand the disease better, but may also provide information for the design of new 
therapeutic strategies in the prevention and treatment of OA. 

 We also need to consider that  pathogenetic mechanisms   by which juvenile OA 
develops may be different from mechanisms that are responsible for development of 
OA in adults. It is conceivable that OA joints in juveniles result from immature 
(developing) joints. Under this condition, fully mature joints are never formed. 
However, OA joints in adults are the ultimate consequence of the degeneration of 
the mature articular cartilages of joints. In the remaining part of this chapter, we 
discuss the roles of DDR2 and other molecules in the development of OA in adults.  
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14.2     Matrix Metalloproteinase 13 in the Development of OA 

 Matrix metalloproteinase 13 ( MMP-13  ) is one of the major matrix-degrading 
enzymes that are involved in the breakdown of articular cartilage, which eventually 
leads to OA. Proteoglycans and type II collagen are two major ECM components in 
articular cartilage. The degradation of these molecules inevitably leads to a normal 
joint becoming an OA joint; thus, it would be critical to determine which enzyme/
enzymes are responsible for the degradation of proteoglycans and type II collagen. 
An ideal candidate would be an enzyme(s) that can degrade both components and 
should not be expressed in normal articular cartilage. Matrix metalloproteinase 13 
(MMP-13) fi ts this profi le exactly. 

 MMP-13, also known as  collagenase-3  , was originally cloned from a cDNA 
library derived from a breast tumor in 1994 [ 10 ]. This enzyme can degrade both 
proteoglycans and type II collagen [ 11 ,  12 ]. Moreover, MMP13 degrades type II 
collagen more effi ciently, in fact 10 times more, than MMP1. Expression of MMP13 
is hardly detected in normal mature articular cartilage, but the activity and expres-
sion of this enzyme are increased in human OA cartilage and in joints of OA mouse 
models [ 13 – 16 ]. This is consistent with the observation that the constitutive expres-
sion of Mmp-13 in mouse cartilage results in OA-like changes in knee joints [ 17 ], 
and removal of this enzyme prevents articular cartilage erosion in a knee joint insta-
bility mouse model of OA [ 18 ]. The signifi cant effects of MMP-13 in the develop-
ment of OA are also highlighted by several other studies. A study by Verzijl et al. 
indicates that the half-life of type II collagen in humans is 117 years [ 19 ]. The long 
half-life of type II collagen indicates a slow turnover of the collagen in mature 
articular cartilages. This also suggests that it may not be needed for chondrocytes to 
continually produce type II collagen in mature articular cartilages. Thus,  chondro-
cytes   may possess limited potential for type II collagen replenishment once the 
collagen is degraded. Results from another study demonstrate that articular carti-
lage degradation is completely irreversible after induction of the MMP-mediated 
degradation of aggrecan and type II collagen, but is reversible in the presence of the 
aggrecanase-mediated aggrecan degradation [ 20 ]. If the nature of chondrocytes in 
mature articular cartilage limits their ability to produce type II collagen, and if the 
degradation of type II collagen is irreversible, then we must inhibit the activity and 
expression of MMP-13 in articular cartilage in order to intervene in the develop-
ment of OA. In fact, numerous pharmacological companies have attempted to 
inhibit the activity of MMP-13 as a means of delaying the development of 
OA. However, the broad activity of MMP-13 precludes this enzyme to be a promis-
ing target for inhibitory drugs in the treatment of OA [ 21 ]. While this may be the 
case for inhibitors of enzymatic activity, this concern does not apply to molecules 
involved in the regulation of MMP-13 expression in articular  chondrocytes  . 

  Transcriptional analysis   of MMP-13 shows that the human MMP-13 promoter 
contains a TATA box and binding sites for transcription factors such as AP-1 (e.g., 
c-Fos/c-Jun), PEA-3 (polyoma enhancer activator 3), Runx2 (Runt-related tran-
scription factor 2), and C/EBPβ (CCAAT/enhancer binding protein) [ 22 – 26 ]. 
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Mutations in these binding sites can partially or completely abolish the activity of 
the human MMP-13 promoter. Numerous transcriptional factors, such as E74-like 
factor 3, FosA family members, and HIF-2-alpha, have been shown to be involved 
in induction of MMP-13 in chondrocytes [ 27 – 29 ]. Questions still remain as to how 
these transcriptional factors are induced during the development of OA, and whether 
or not the removal of one or a combination of these transcriptional factors is suffi -
cient to signifi cantly attenuate or prevent the progression of OA. 

 Signaling pathways activated by  infl ammatory cytokines  , such as TNF-α and 
IL-1β, have been shown to be involved in the transcriptional regulation of MMP-13 
expression in chondrocytes [ 30 – 33 ]. It has also been shown that fi bronectin frag-
ments (FN-f) can stimulate chondrocytes to synthesize and release MMP-13 via inte-
grin activation [ 34 ,  35 ]. Although these signaling pathways may play a signifi cant 
role in transcriptional regulation of MMP-13 expression in chondrocytes, a certain 
degree of articular cartilage damage is required to stimulate the release of the infl am-
matory cytokines or generate the FN-f. One important question is whether or not a 
mechanism exists to induce MMP-13 in chondrocytes prior to any signifi cant degra-
dation of articular cartilage. Results from our recent investigations demonstrate that 
discoidin domain receptor 2 (DDR2) may be a molecule that induces expression of 
MMP-13 in chondrocytes prior to overt damage of articular  cartilage     .  

14.3     DDR2 in the Pathogenesis of OA 

 What led us to investigate DDR2 in the pathogenesis of OA? The answer is the clas-
sical biochemistry event in living systems known as enzyme induction. One exam-
ple is the inducible lactose-metabolizing enzyme by which the enzyme is induced 
by its own substrates, see Fig.  14.1 .

   Bacterial  Escherichia    coli    are not able to directly utilize disaccharide lactose for 
consumption. However, under the condition in which lactose is solely present, the 
enzyme β-galactosidase is induced in  E. coli . The enzyme breaks down lactose into 
monosaccharides (galactose and glucose) that are then metabolized by  E. coli . We 
believe that the induction of MMP-13 in chondrocytes may represent this similar 
situation. For example, MMP-13 is required for tissue turnover to remove ECM 
molecules such as collagens and proteoglycans, see Fig.  14.2 .

   The native type II collagen cannot enter chondrocytes to physically induce 
MMP-13 by itself. Thus, the collagen has to interact with a cell surface molecule(s) 
and send signals into chondrocytes to induce and release MMP-13. However, if this 
occurs in relatively quiescent tissues in which there is little tissue turnover, such as 
mature (adult) articular cartilage, the induction of MMP-13 will result in articular 
cartilage degradation. If this is the case, the question becomes which cell surface 
molecule(s) transduce the signal into chondrocytes? Results from our recent inves-
tigations suggest that DDR2 may be such a molecule. 

 DDR2 was originally cloned as a cell surface receptor tyrosine kinase (RTKs) in 
1993 [ 36 – 39 ]. The  mRNA transcripts   of these receptors are detected in several 
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human and mouse tissues, mainly in cartilage, skeletal muscle, skin, and adipose. In 
1997, two research groups reported native fi brillar collagens are ligands for DDR2 
[ 40 ,  41 ]. Furthermore, two other independent research groups have identifi ed spe-
cifi c amino acids on DDR2 and type II collagen, which are critical for the interac-
tion of the receptor with type II collagen, see Fig.  14.3  [ 42 – 44 ]. A change in any of 
these amino acids will dramatically affect the affi nity (interaction) of DDR2 with 
type II collagen. This suggests that the interaction of the receptor with type II col-
lagen can be interrupted by the alteration of this specifi c amino acid peptide.
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  Fig. 14.1    Induction of β-galactosidase in bacteria  E. coli  by disaccharide lactose. In bacteria, 
β-galactosidase can convert disaccharide into monosaccharide, for example, from lactose to glu-
cose and galactose. Then, bacteria can consume monosaccharide as energy resource       
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   We examined the expression of DDR2 in human osteoarthritic tissues and mouse 
models of OA. We found that DDR2 protein was hardly detectable in normal articu-
lar cartilage. However, the expression of DDR2 was increased in human osteoar-
thritic tissues and mouse models of OA [ 45 – 49 ]. Moreover, DDR2 was colocalized 
with the increased activity and expression of MMP-13 in degenerative articular car-
tilage [ 50 ]. To understand whether or not the activation of DDR2 induced MMP- 
13 in chondrocytes, we performed a series of in vitro experiments. Results from 
these experiments showed that (1) the expression of MMP-13 was elevated in chon-
drocytes cultured on type II collagen. Surprisingly, we found that the expression of 
DDR2 was also increased in the chondrocytes. This indicated that chondrocytes 
exposed to native type II collagen were induced to express MMP-13 and the recep-
tor itself. (2) When chondrocytes were cultured on denatured type II collagen (gela-
tin), the expression of MMP-13 and DDR2 were not induced, suggesting that the 
chondrocytes responded in a specifi c manner to triple-helical type II collagen. (3) 
The overexpression of full-length DDR2 cDNA resulted in increased expression of 
MMP-13, whereas the overexpression of a truncated DDR2 cDNA (lacking the pro-
tein tyrosine kinase) inhibited the increased expression of MMP-13. In addition, 
DDR2 lacking type II collagen-binding domain (discoidin domain) of the receptor 

? 

MMP-13

type II c
ollagen

Degraded
type II collagen

  Fig. 14.2    Induction of the 
MMP-13 in chondrocytes 
by native type II collagen. 
Native type II collagen is 
too big to move into 
chondrocyte. Thus, the 
collagen needs to bind a 
cell surface receptor and 
send signal to induce 
MMP-13 in chondrocytes. 
MMP-13, in turn, degrades 
native type II collagen. 
This indicates that native 
type II collagen controls its 
own proteolysis       

--- 594 - - - - - - - - - - 605 --- 
Gly-Ala-Arg-Gly-Gln-Pro-Gly-Val-Met-Gly-Phe-Pro

DDR2 
Trp-Ser- Asp - Cys-Val - Arg - Ile - Glu - Phe - Met-Asn-Val-Cys 

--- 52 53 69 73 78 105 112 113 114 174 175 176 177 --- 

Type II collagen

  Fig. 14.3    Critical amino acids for the interaction of DDR2 with type II collagen. An alteration of 
any of the amino acids in type II collagen and DDR2 shown in this fi gure will signifi cantly affect 
the interaction of the two molecules       
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had no effect on the expression of MMP-13 and the receptor itself. These results 
indicate that increased expression of MMP-13 in chondrocytes requires the interac-
tion of DDR2 with type II collagen. (4) Ras/Raf/MEK/ERK and p38 signaling path-
ways were involved in the increased expression of MMP-13 in chondrocytes by 
type II collagen−DDR2 interaction. Based on the aforementioned fi nds, we carried 
out in vivo experiments to determine whether a reduction in expression of  Ddr2  in 
heterozygous  Ddr2  +/−  condition could delay progression of articular cartilage degen-
eration, caused by either a defi ciency in expression of collagen type XI or destabili-
zation of the medial meniscus, in mice. We found that the decrease in the expression 
of Ddr2 indeed attenuated the progression of articular cartilage degeneration in 
mouse models of OA [ 51 ]. More importantly, three other independent research 
groups have confi rmed the result from our experiments [ 52 – 54 ]. A question remains: 
how do chondrocytes silence DDR2 in normal mature articular cartilage? 

  Chondrocytes   and their pericellular matrix are considered to be the primary 
structural and functional units, termed chondrons, of articular cartilage [ 55 – 61 ]. 
The concept of the chondron was fi rst proposed by Benninghoff in 1925. 
Approximately 40 years later, Szirmai further evaluated the structure of the chon-
dron by more systematic analysis. At the time, however, the chondron was not 
widely recognized as a functional unit. Some 20 years later, C.A. Poole’s research 
group completed additional experiments to physically isolate chondrons from carti-
lage and showed that chondrons are true anatomic and functional entities. 
Furthermore, Poole’s group demonstrated that the structure of the pericellular 
matrix of chondrocytes is disturbed in human OA cartilage. Chondrons consist of 
chondrocytes, the pericellular matrix, and a capsule surrounding the pericellular 
matrix. The pericellular matrix contains laminin, fi bronectin, biglycan, decorin, 
fi bromodulin, matrilin 3, and cartilage oligo matrix protein (COMP). The pericel-
lular capsule is mostly composed of type VI and IX collagen, and proteoglycans. 
The capsule and the pericellular matrix separate chondrocytes from the adjacent 
interterritorial or territorial matrices containing type II collagen, see Fig.  14.4 . 
Clearly, under normal conditions type II collagen is not exposed to chondrocytes. It 
is conceivable that the disruption or disappearance of the pericellular matrix 
enhances the exposure of chondrocytes to type II collagen. This, in turn, elicits the 
interaction of collagen type II with DDR2, resulting in induction of MMP-13, which 
leads to the destruction of articular cartilage.

   Results from human and mouse genetic studies indicate the signifi cant role of the 
pericellular matrix of chondrocytes in protecting articular cartilage against the 
development of OA. For example, the defi ciency of one or a combination of two 
components of the pericellular matrix, such as type VI collagen, type IX collagen, 
matrilin 3, decorin, biglycan, and fi bromodulin, result in early onset of OA in mice 
[ 46 ,  62 – 65 ]. In human genetic studies, mutations in type IX collagen and COMP are 
associated with OA [ 66 – 71 ]. 

 We utilized a  tetracycline-controlled gene expression system   (Tet-Off system) in 
mice to investigate whether the pericellular matrix is indeed a critical structure to silence 
Ddr2. The system provides the ability to conditionally induce expression of Ddr2 in 
mature articular cartilage. This will prevent any potential abnormalities resulting from 
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increased expression of the receptor during embryonic or early postnatal developmental 
stages. In the experiment, we induced the overexpression of Ddr2 in the articular carti-
lage of mouse knee joints at the age of 8 weeks old. It takes, in general, about 6 to 
8 weeks for mice to become mature. Results from our experiments showed that the 
increased expression of Ddr2 did not induce expression of Mmp-13, and there were no 
OA-like pathologic changes observed in knee joints of the transgenic mice [ 50 ]. This 
indicates that a high-level expression of the inactive DDR2 does not cause the initiation/
progression of OA. Our explanation is that although expression of Ddr2 was induced in 
articular cartilage of knee joints in the transgenic mice, the upregulated Ddr2 was sur-
rounded by pericellular matrix. The pericellular matrix prevents Ddr2 from binding to 
type II collagen. Thus, Ddr2 was not activated (phosphorylated) and Mmp-13 would not 
be induced. Our data also suggested that the overexpressed Ddr2, without the interaction 
of the receptor with its ligand type II collagen, could not lead to autophosphorylation of 
the receptor itself. 

 In line with results from our experiments with the transgenic mice, another inde-
pendent study by Vonk et al. demonstrate that DDR2 is silenced when chondrons 
are cultured on the collagen-coated plates [ 53 ]. It is clearly shown that DDR2 and 
MMP-13 are induced in chondrocytes in type II collagen-coated plates, whereas 
there is no induction of DDR2 and MMP-13 in chondrons when the chondrons are 
used in the type II collagen-coated plates. The results from these investigations sup-
port our hypothesis that the pericellular matrix of chondrocytes silences DDR2. 

interterritorial matrix 

territorial matrix 

pericellular matrix 

chondrocyte

type II collagen proteoglycan

  Fig. 14.4    A schematic illustration of articular  cartilage  . A chondrocyte is surrounded with the 
pericellular matrix to form a chondron. Matrix between two chondrons is termed as territorial 
matrix and matrix among more than three chondrons is termed as interterritorial matrix. Native 
type II collagens in the territorial and interterritorial matrices are separated from chondrocytes by 
the pericellular matrix. Thus, the type II collagen does not interact with its receptor, such as DDR2, 
in normal articular cartilage       
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 If disruption of the  pericellular matrix   is required for binding of DDR2 to type II 
collagen, then an enzyme/enzymes that are capable of degrading the pericellular 
molecules must play a critical role in development of OA. In fact, a study by Lee 
and Loeser suggests that proteases, not matrix metalloproteinases, may involve in 
the degradation of the pericellular matrix [ 72 ]. Numerous independent research 
groups have reported that a serine protease, high temperature requirement A1 
(HTRA1), is highly expressed in human OA cartilage and in mouse models of 
OA. This suggests that HTRA1 may be involved in the development of OA.  

14.4      HTRA1   in the Pathogenesis of OA 

 HTRA1 is one of four HTRA family members in human and mouse genomes [ 73 ,  74 ]. 
Mammalian HTRA1 was originally identifi ed as a gene that was downregulated in 
SV40 transformed fi broblasts. Substrates of HTRA1 have been identifi ed and include 
decorin, biglycan, fi bromodulin, aggrecans, and fi bronectin [ 75 ,  76 ]. All of these mol-
ecules are pericellular components of chondrocytes in articular cartilage. It is conceiv-
able that upregulated expression and activity of this enzyme may cause degradation of 
the pericellular matrix of chondrocytes, which eventually leads to the destruction of a 
joint. In fact, HTRA1 has been implicated in rheumatoid arthritis (RA) and osteoar-
thritis (OA), and the level of HTRA1 is found to be higher in synovial fl uids obtained 
from RA and OA patients [ 77 – 79 ]. HTRA1 is the most abundant protease in human 
OA cartilage. A study with a mouse model of RA demonstrates that increased expres-
sion of HtrA1 causes arthritic joints in the mice [ 80 ]. 

 Results from our previous study also indicated that the protein level and activity 
of HtrA1 were increased in knee and temporomandibular joints of OA mouse mod-
els [ 81 ], including surgically induced models. This suggests that the altered mechan-
ical stress in the surgical models can directly or indirectly induce HTRA1 in 
chondrocytes. More importantly, elevated expression of the enzyme was associated 
with disruption of the pericellular matrix of chondrocytes in the OA mouse models. 
We also found that the expression of this enzyme was increased prior to upregula-
tion of Ddr2 and Mmp-13 in the mouse models. This indicates that HTRA1 may 
contribute to the development of OA through the degradation of the pericellular 
network, resulting in enhanced exposure of chondrocytes to type II collagen and 
activation of DDR2. Data from our experiments with the conditionally induced 
Ddr2 transgenic mice supports the pericellular matrix-degrading role of HTRA1 in 
the development of OA. We found that following a surgical destabilization of the 
medial meniscus (DMM), the progression of articular cartilage degeneration was 
accelerated in the upregulated Ddr2 transgenic mice, compared to that in wild-type 
littermates. Our explanation is that DMM surgery induces expression of HtrA1 that 
degrades the pericellular matrix of chondrocytes. Thus, in the Ddr2-induced trans-
genic mice, the disruption of the pericellular matrix coupled with the upregulated 
expression of Ddr2 accelerates the progression of articular cartilage degeneration. 
The data also indicates that DDR2 is able to accelerate the progression of the 
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cartilage degeneration, but is not able to initiate the cartilage degeneration in the 
absence of biomechanical and/or biochemical disruption of the pericellular matrix. 
Therefore, maintaining the integrity of the pericellular matrix is one of the key fac-
tors against OA. Obviously, more in vivo experiments are needed to verify the role 
of HTRA1 in the pathogenesis of  OA  . 

 A critical question concerns which factor(s) cause induction of HTRA1 in chon-
drocytes. We recently investigated whether numerous factors, such as heating at 
42 °C, hydrostatic pressure, tumor necrosis factor (TNFα), and transforming growth 
factor beta 1 (TGF-β1), were involved in the induction of HTRA1 in human primary 
articular chondrocytes [ 82 ]. We found that 42 °C, hydrostatic pressure, and TNFα 
treatment did not induce HTRA1 in the chondrocytes. In contrast, TGF-β1 induced 
HTRA1 in these cells.  

14.5      TGF-β1   in the Pathogenesis of OA 

 Results from our experiments demonstrate that DDR2 may play a critical role in the 
development of OA. However, we consider that molecules that eventually lead to a 
condition resulting in activation of DDR2 are also crucial in the development of OA, 
such as HTRA1. In the following section, we also discuss about TGF-β1 as one of 
the molecules involved in the activation of DDR2. 

 TGF-β1 has been considered an anabolic factor to  articular chondrocytes  , based 
largely on results from in vitro and ex vivo experiments in which TGF-β1 can stimu-
late chondrocytes to synthesize and release extracellular matrix molecules, includ-
ing proteoglycans and type II collagens [ 83 – 86 ]. In addition, results from two 
studies indicate that the genetic inactivation of  Smad-3  or disruption of the interac-
tion of Tgf-β1 with its receptor, Tgf-β type II receptor (Tgfbr2), in germline cells 
causes OA-like knee joints in mice [ 87 ,  88 ]. Moreover, a human genetic study 
reports that a two-nucleotide deletion, 741-742del AT (nonsense mutation), in 
SMAD-3 causes early-onset OA in a human family [ 89 ]. This is consistent with the 
results from the animal models, indicating that the lack of Tgf-β1 signaling in the 
germline cell results in OA. However, observations from other studies also suggest 
that the increased  TGF-β1   signaling may initiate and accelerate articular cartilage 
degeneration in mature joints. 

 First, the enhanced production of  extracellular matrix molecules  , due to an 
increase in the synthetic activity of chondrocytes, is not necessarily benefi cial or 
physiological in maintenance of the homeostasis of mature articular cartilage. For 
instance, one of the earliest pathological signs in articular cartilage degeneration is 
the overproduction of proteoglycans in mouse models of OA [ 5 ,  6 ]. A study by Van 
den Berg et al. reports that the constitutive overexpression of active TGF-β1 in adult 
mouse knee joints results in OA associated with increase in the production of pro-
teoglycans in articular cartilage, hyperplasia of synovium and chondro-osteophyte 
formation [ 90 ]. Thus, the overproduction of proteoglycans in articular cartilage 
could be a pathologic response of the chondrocyte in the early stages of articular 
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cartilage degeneration. This raises an interesting question: does TGF-β1 disrupt 
homeostasis of articular cartilage instead of repairing the damaged cartilage in 
mature joints? Second, the human genetic study reports that a nucleotide change, 
859C >  T  or 782C >  T  in SMAD-3, increases the level of TGF-β1 and activity of the 
TGF-β1 signaling pathway in two human families associated with early-onset OA 
[ 89 ]. This is in agreement with the observation from two other studies indicating 
that the level of TGF-β1 is signifi cantly higher in human osteoarthritic tissues than 
in healthy articular cartilages [ 91 ,  92 ]. Studies with animal models, by Itayem et al., 
suggest that intra-articular injections of TGF-β1 into adult rat knee joints may cause 
early onset of OA [ 93 ,  94 ]. Third, to confi rm our in vitro observation that TGF-β1 
induced HTRA1 in human chondrocytes, we investigated whether Tgf-β1 induced 
HtrA1 in articular chondrocytes of two mouse models of OA [ 7 ]. We found increases 
in the expression of Tgf-β1, p-Smad2/3, and HtrA1 in  articular chondrocytes   of 
knee joints in the mouse models and increased expressions of p-Smad2/3 and HtrA1 
were colocalized in the chondrocyte. In addition, TGF-β1-induced expression of 
HTRA1 was inhibited by an ALK-5 inhibitor, SB431542, in human and mouse 
chondrocytes. This suggests that Tgf-β1 canonical signaling may be activated to 
induce HtrA1 in articular chondrocytes of the mouse models of OA. More impor-
tantly, results from another independent research group demonstrate that TGF-β1 
induces HTRA1 in human primary  chondrocytes   [ 95 ]. 

 Data from aforementioned investigations raise the question as to what the exact 
role of TGF-β1 is in the development of OA. Our explanations for this “confl icting” 
role of TGF-β1 in the pathogenesis of OA are (1) effective TGF-β1 signaling acts in 
a dose-dependent manner. In this scenario, an appropriate level of TGF-β1 is 
required for the development and maintenance of articular cartilages. Therefore, 
TGF-β1 below or above this level results in articular cartilage degeneration. (2) 
Effective TGF-β1 signaling acts in a developmental stage-dependent manner. In this 
scenario, TGF-β1 is required for the development of articular cartilage; however, 
once a joint is formed, TGF-β1 is no longer needed. Therefore, induction of TGF- 
β1 in an adult joint causes articular cartilage  degeneration  . 

 Recently, we started to investigate whether inhibition of Tgf-β1 signaling pre-
vents degeneration of mature knee joints in mouse models of OA [ 96 ]. (1) By use of 
conditional  knockout techniques   in mice, we removed  Tgfbr2  from articular carti-
lage of knee joints in mice at 8 weeks of age. We found neither the initiation and 
acceleration of articular cartilage degeneration in knee joints of mice at the age of 
9 months old, nor hypertrophic chondrocytes in the articular cartilage of the mice. 
(2) We treated a spontaneous mouse model of OA, type XI collagen- haploinsuffi ciency 
( Col11a1  +/− ) mice, with a neutralizing TGF-β1 antibody by intra-articular injection 
into the knee joints at 2 months of age. We found that the intra-articular injection of 
the neutralizing TGF-β1 antibody delayed articular cartilage degeneration approxi-
mately 3 months, compared to that in  Col11a1  +/−  mice without injection of the anti-
body. Approximately 15 months is required for  Col11a1  +/−  mice to develop OA 
knee joints (an average life span of the laboratory mice is about 30 months). (3) We 
treated surgically (DMM) induced OA mice with Losartan for 4 weeks immediately 
following surgery. Studies indicate that Losartan inhibits the activity of TGF-β1 
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signaling [ 96 ]. We found that treatment with Losartan delayed articular cartilage 
degeneration compared to that in control littermates. (4) We removed  Tgfbr2  from 
knee joints of mice at 2 months of age. We then performed DMM surgery on knee 
joints of the mice. We found that the removal of the  Tgfbr2  delayed articular carti-
lage degeneration at least 6 weeks, compared to that in wild-type littermates. 
Approximately 16 weeks is required for mice with DMM to develop OA knee joints. 
Based on the results from these experiments, we suggest that inhibition of TGF-β1 
signaling attenuates articular cartilage degeneration in mature knee joints. Therefore, 
inhibition activity of TGF-β1, not application of TGF-β1, may be considered in 
treatment of OA in mature  joints  . 

 Data from our experiments demonstrated that the complete removal of Tgf-β1 
signaling could, but not completely, delay the progression of  articular cartilage 
degeneration   in mice. This suggests that TGF-β1 may not be the only factor that 
induces HTRA1 in chondrocytes. In fact, data from several other studies indicate 
that other molecules, such as Wnt/β-catenin and LPS/TLR4 (toll-like receptor), can 
induce HTRA1 [ 80 ,  97 ].  

14.6     A Molecular Pathway Underlying Articular Cartilage 
Degeneration 

 Based upon the data from our investigations and others’ studies, we propose a 
 molecular pathway   (see Fig.  14.5 ) underlying  articular cartilage degeneration   as 
follows: Excessive mechanical stresses induced by either a normal mechanical load-
ing of defective joints or an overloading of normal joints can stimulate chondrocytes 
and other joint tissues to synthesize and release latent TGF-β1 into synovial fl uid. 
This suggestion is supported by studies (1) a study by Lee et al. reports that mechan-
ical injury of bovine cartilage explants causes a signifi cant increase in TGF-β1 gene 
expression [ 98 ]. (2) Results from our study indicated that hydrostatic pressure on 
human articular chondrocytes in culture increased expression of TGF-β1 in the 
cells. (3) The latent TGF-β1 is then activated by mechanical shearing of synovial 
fl uid [ 99 ,  100 ]. The active TGF-β1 binds to its cognate receptor, TGFβ receptor II, 
which induces expression of HTRA1 in chondrocytes. We notice that HTRA1 may 
be able to inhibit TGF-β1 signaling based on the structural and functional similarity 
of the Insulin-like growth factor-binding protein domain of HTRA1 with follistatin, 
a potent antagonist of activin (a TGF-β family protein) and the capability to cleave 
proTGF-β1 [ 73 ,  101 ]. This suggests that there may be a negative feedback loop 
between TGF-β1 and HTRA1, which regulates the activity and expression of these 
two molecules in chondrocytes. Consequences of induction of HTRA1 are degrada-
tion of the pericellular matrix and enhanced exposure of chondrocytes to type II 
collagen. Interaction of chondrocytes with type II collagen results in enhanced sig-
naling through DDR2, which induces the expression of MMP-13 as well as expres-
sion of DDR2 itself. MMP-13 degradation of type II collagen and aggrecan results 
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in type II collagen and aggrecan fragments, which in turn may activate signals that 
further increase the synthesis of MMP-13 [ 102 ]. The end result is a feedback ampli-
fi cation loop that causes irreversible articular cartilage degeneration. One legitimate 
question, from an evolutionary standpoint, is if this molecular pathway leads to 
irreversible articular cartilage degradation, why do we still retain it? One plausible 
 explanation   may be that this molecular pathway is needed for proper tissue turnover 
during  development  .
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