
Summary. The goal of this study is to determine
whether transforming growth factor beta 1 (Tgf-ß1)
induces the high temperature requirement A1 (HtrA1) in
articular chondrocytes of two mouse models of
osteoarthritis (OA). Early onset articular cartilage
degeneration in the mouse models was characterized by
histology. Expression profiles of Tgf-ß1, p-Smad1, p-
Smad2/3 and HtrA1 in knee joints of the mouse models
were examined by immunofluorescene. By in vitro and
ex vivo experiments, human primary chondrocytes and
articular cartilages from femoral condyles of mice were
treated with recombinant human TGF-ß1 and an ALK5
chemical inhibitor, SB431542. The level of HTRA1
mRNA in human and mouse articular chondrocytes was
examined by real-time PCR. Chondrocyte clusters were
present in the articular cartilage of knee joints in the
mouse models. Increased expressions of Tgf-ß1, p-
Smad2/3 and HtrA1 were detected in the articular
chondrocyte of knee joints in the mouse models. The
increased expressions of p-Smad2/3 and HtrA1 were co-
localized in the articular chondrocyte of the knee joints.
The expression of p-Smad1 was hardly detectable in the
mouse models and their corresponding wild-type
littermates. The level of HTRA1 mRNA was increased
in human and mouse articular chondrocytes treated with
TGF-ß1, compared with that in chondrocytes without the
treatment of TGF-ß1. The TGF-ß1-induced expression
of HTRA1 in human and mouse articular chondrocytes

was inhibited by SB431542. These results suggest that
the Tgf-ß1 canonical signaling was activated to induce
HtrA1 in the articular chondrocytes of the mouse models
of OA. 
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Introduction

High temperature requirement A 1 (HTRA serine
peptidase 1) is a serine protease and one of the four
HTRA family members in human and mouse genomes
(Clausen et al., 2002). Mammalian HTRA1 was
originally identified as a gene down-regulated in SV40
transformed fibroblasts. It contains several domains
including an insulin-like growth factor binding protein
(IGFBP) domain, a Kazal-type serine protease inhibitor
(KI) domain and a PDZ domain plus a signal sequence
for secretion of HTRA1. The presence of the KI domain
suggests that HTRA1 may be a self-regulating enzyme
and/or may regulate other serine proteases. Substrates of
HTRA1 have been identified, including decorin,
biglycan, fibromodulin, aggrecans and fibronectin (Oka
et al., 2004; Tsuchiya et al., 2005; Grau et al., 2006). All
of these molecules are the pericellular components of
chondrocytes in articular cartilages. It is conceivable that
up-regulated 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 osteoarthritis (OA). The
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level of HTRA1 is higher in synovial fluids obtained
from RA and OA patients (Grau et al., 2006). HTRA1 is
the most abundant protease in human OA cartilages (Wu
et al., 2007). A study with one mouse model of RA, an
anti-type II collagen monoclonal antibody induced
mouse model, demonstrates that expression of HtrA1 is
increased in arthritic joints (Tsuchiya et al., 2005).
Results from our previous studies also indicated that the
protein level and activity of HtrA1 were increased in
knee and temporomandibular joints of genetic and non-
genetic mouse models of OA (Polur et al., 2010). More
importantly, the elevated expression of the enzyme was
associated with disruption of the pericellular matrix of
chondrocytes in the articular cartilage of the mouse
models of OA. Degradation of the pericellular matrix of
chondrocytes has been described as one of the early
pathological changes in human OA (Poole et al., 1991).
The fact that many of the pericellular matrix components
are substrates of this enzyme suggests that the
degradation of the pericellular matrix by HTRA1 may
contribute to articular cartilage degeneration of joints. In
fact, results from human and mouse genetic studies
demonstrate that deletion of one or two of the
pericellular matrix components of the chondrocyte
results in early onset of OA (Hecht et al., 1995;
Alexopolulos et al., 2009; Wadhwa et al., 2005;
Borochowitz et al., 2004; van der Weyden et al., 2006).
Clearly, HTRA1 plays a role in the pathogenesis of OA.
A remaining question concerns which factor(s) cause
induction of HTRA1 in chondrocytes. 

One study reports that transforming growth factor
beta 1 (TGF-ß1) induces the expression of HTRA1 in
human primary chondrocytes in vitro (Urano et al.,
2010). Results from our previous in vitro experiment
confirmed this observation (Li et al., 2011). Moreover,
the level of TGF-ß1 is significantly higher in human
osteoarthritic tissues than in healthy articular cartilages
(Schlaak et al., 1996; Kawamura et al., 2012). This
prompted us to investigate whether the expression of
Tgf-ß1 and its canonical signaling was increased in
articular chondrocytes of the mouse models of OA. We
also investigated whether the activated Tgf-ß1 canonical
signaling was associated with induction of HtrA1 in the
mouse models. Finally, by in vitro and ex vivo
experiments, we treated human primary chondrocytes
and femoral articular cartilages of C57BL wild-type
mice with recombinant human TGF-ß1 and an ALK5
inhibitor, SB431542 for evidence of induction of
HTRA1 in chondrocytes.
Materials and methods

A genetic mouse model of OA

We have characterized genetic form of a mouse
model of OA, Col11a1+/- mice or heterozygous
chondrodysplasia (cho/+) mice. We identified a mutation
in Col11a1 as the genetic cause of cho in mice (Li et al.,
1995). The mutation, a single nucleotide deletion,
resulted in premature termination of the α1 chain of type

XI collagen. The protein product of Col11a1 was not
detectable in cho/cho mice, which exhibited prenatal
lethality. Heterozygous cho (or Col11a1+/-) mouse
genotyping was performed by direct DNA sequence.
Mouse genomic DNA was isolated from a 3 mm mouse
tail segment. A 528 base-pair DNA fragment was
generated by PCR. The forward primer was: 5’-
GGTGTTGTCCTGGGTAAACAG-3’ and the reverse
primer was 5’- GCAGTCACCATTGTCTAATCATC-3’.
A primer, 5’- AGCTAAGCCACTGAGGCACAA-3’,
next to the forward primer was used for direct DNA
sequencing of the PCR product. Col11a1+/- mice and
their wild-type littermates identified by the DNA
sequence were separated and maintained under a daily
schedule of 12 hours with light and 12 hours without
light. 
A non-genetic mouse model of OA

The experimental surgical procedure was performed
following approval from the Harvard Medical School
Institutional Animal Care and Use Committee. Male and
female C57BL mice at the age of 10 to 12 weeks were
anesthetized intra-peritoneally with Ketamine (90 mg)
and Xylazine (10 mg)/kg mouse body weight. The right
knees were prepared for aseptic surgery. The joint
capsule immediately medial to the patellar tendon was
opened to provide visualization of the medial
meniscotibial ligament. The ligament was sectioned and
the medial meniscus displaced medially, resulting in the
destabilization of the medial meniscus (DMM). The joint
capsule was closed with 8-0 tapered Vicryl suture and
the subcutaneous layer was closed with 7-0 cutting
Vicryl. The skin was closed by the application of tissue
adhesive. The mice were maintained under a daily
schedule of 12 hours with light and 12 hours without
light for further experiments. Sham surgery in which the
ligament was visualized but not transected in mice was
also performed as a control.
Histology

Knee joints from Col11a1+/- mice and their wild-
type littermates at the age of 3 months (n=4 each) and
knee joints from wild-type mice at 4 weeks following
DMM and sham surgery (n=4 each) were collected and
fixed. Before they were processed for paraffin
embedding, the samples were decalcified in Morse’s
solution. For each knee joint from Col11a1+/- mice and
their wild-type littermates, 6 µm thick serial sections
from medial to lateral sides were cut. For each knee joint
from DMM surgery, 6 µm thick serial coronal sections
were cut. Every tenth section was collected for Safranin
O/Fast green staining. Sections from knee joints were
also used for immunofluorescene (see below).
Immunofluorescence

For analysis of the protein expression of Tgf-ß1, p-
Smad1, p-Smad2/3 and HtrA1 in Col11a1+/- mice and
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DMM mice, eight to ten paraffin sections, evenly
distributed throughout each joint, were selected for
immunohistostaining. Sections were de-paraffinized and
quenched for endogenous peroxidase activity. The
sections were incubated with a rabbit polyclonal
antibody (1:200) against Tgf-ß1 protein (Cat. No. 5559-
100, BioVsion, www.biovision.com), or a rabbit
polyclonal antibody (1:400) against p-Smad1 (Cat. No.
06-702, Millipore. Temecula, Ca). After overnight
incubation at 4°C, the sections were washed with PBS
three times and the sections were treated with a
secondary antibody (1:500), Alexa Fluor488 donkey
anti-rabbit IgG at room temperature for 30 min. The
sections were then washed three times with PBS and
examined under a fluorescence microscope (ZEISS,
AXIO Imager. M1). Staining with the isotype-matched
normal IgGs (Vector Laboratories) and staining without
primary antibodies were also performed as negative
controls.

For double immunohistostaining, the sections were
incubated with a rabbit polyclonal antibody (1:500)
against p-Smad2/3 (Cat. No. 3101, Cell Signaling
Technology, www.cellsignal.com) and a goat polyclonal
antibody (1:200) against HtrA1 (Cat. No. sc-15465,
Santa Cruz Biotechnology, CA) at 4°C overnight. After
washing with PBS three times, the sections were treated
with mixed secondary antibodies (1:500), Alexa
Fluor488 donkey anti-rabbit IgG and Alexa Fluor594
donkey anti-goat IgG at room temperature for 30 min.
The sections were then washed three times with PBS and
examined under a fluorescence microscope (ZEISS,
AXIO Imager. M1). 
Human primary chondrocytes culture

Human primary chondrocytes were purchased from
Cell Applications, Inc. (www.cellapplications.com). The
chondrocytes are derived from normal human articular
cartilage and can be cultured at least 10 population
doublings. The human chondrocytes that we used in our
experiment were at third passage. The chondrocytes
were grown to 70% confluence in human chondrocyte
growth medium (Cell Applications, Inc.). Cells were
serum starved in human chondrocyte basal medium (Cell
Applications, Inc.) for 24 hours prior to treatment. Cells 
were cultured in a 6-well plate without TGF-ß1 (as a
control) or with TGF-ß1 (Cat. No. 100-B, R&D systems,
Inc., Minneapolis, MN) at a concentration of 10ng/ml or
TGF-ß1 plus SB431542 (10 µM) for 18 hrs at 37°C
(SB431542 was added 30 min. prior to the addition of
TGF-ß1). At the end of the culture, cells were briefly
rinsed with PBS then lysed with Denaturation solution
(Ambion), followed by RNA extraction. This experiment
was performed twice. 
Ex vivo articular cartilage culture of mouse femoral
heads

Fifteen C57BL wild-type mice (the Jackson

Laboratory, www.jax.org) at the age of 8 weeks were
sacrificed for collection of femoral articular cartilage.
Articular cartilage covering the femoral head was
removed and stored in Dulbecco's Modified Eagle
Medium (DMEM). Articular cartilages were pooled in 5
ml of DMEM and homogenized with PT-DA 2112/EC
polytron (www.kinematica-inc.com) at the lowest speed
for 30 seconds. The sample was then filtered through a
100 µm Nylon Cell Strainer (BD Biosciences,
www.bdbiosciences.com). The filtered sample was
centrifuged. The pellet was re-dissolved in 2 ml of
DMEM and was then divided into 6 wells in a 12-well
culture plate. The samples in 2 wells were cultured
without TGF-ß (as a control) and 2 wells with TGF-ß1
(10 ng/ml) and 2 wells with TGF-ß1 (10 ng/ml) plus
SB431542 (10 µM) for 18 hrs at 37°C (SB431542 was
added 30 min. prior to the addition of TGF-ß1). At the
end of the culture, the cartilages were collected for
isolation of total RNAs. This experiment was performed
twice.
Analysis of HTRA1 mRNA in articular chondrocytes by
real-time PCR

Total RNAs were isolated from human primary
chondrocytes and the mouse femoral articular cartilages
using the ToTALLY RNA Kit (Ambion). The cDNAs
were synthesized with 200 ng of total RNAs and
oligo(dT) primer using Super-Script First-strand
Synthesis System (Lifetechnologies). Real-time PCR
conditions were optimized for maximal PCR efficiency
by adjusting the concentrations of PCR primers: human
HTRA1, forward: 5’-CGAATGATGTCACTCACGTC-
3’ and reverse: 5’-TTTTCCTTGAGACCACCAGC-3’,
human GAPDH, forward: 5’-CAACGGATTTGGTC
GTATTGG-3’ and reverse: 5’-ATGTAAACCATGTA
GTTGAGGTC-3’, mouse HtrA1, forward 5’-GAT
CCGAATGATGTCGCTCAC-3’ and reverse 5’-
ATTTTCCTTGAGCCCTCCGGC-3’ and mouse Gapdh,
forward 5’-ACTGAGGACCAGGTTGTC-3’ and reverse
5’-TGCTGTAGCCGTATTCATTG-3’. We used GAPDH
as the internal control in our real-time PCR experiments.
The optimum concentrations of primers for each gene
were: forward 250 nM/reverse 250 nM. The t-test
analysis, with 5% significance level, was used to detect
differences in mRNA levels between the control and
experimental groups. PCR was performed using 25 µl of
1X PCR buffer containing 3 µM MgCl2, 200 nM dNTPs,
PCR primers, 1X SYBR Green, 0.5 unit Taq DNA
polymerase (Denville) and 0.5 µl cDNA. Real-time PCR
was performed using the Icycler iQ detection system
(BioRad, CA) and the PCR reaction was carried out at
95°C for 3 minutes followed by 50 cycles at 95°C for 30
seconds, 60°C for 30 seconds, and 72°C for 30 seconds,
with a final extension at 72°C for 4 min. At the end of
the PCR cycles, a melting curve, using a temperature
range from 55°C to 95°C with +0.5°C intervals, was
generated to test the specificity of the PCR 
product. 
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Statistical analysis for qPCR analysis

In each qPCR experiment, a cDNA sample was
tested in triplicate. Thus we obtained three individual
numbers for each cDNA sample. We then calculated an
average number of each cDNA sample. The experiment
was performed twice. The t-test was applied to see if the
difference between the means of the treatment group and
control group was statistically significant (the P value
was less than 0.05).
Results

Early onset articular cartilage degeneration in knee joints
of two mouse models of OA

The detailed information of the OA-like phenotype
in Col11a1+/- and DMM mice has been published (Xu et
al., 2003, 2010). Briefly, Col11a1+/- mice developed
without overt gross abnormality. However, knee joints
revealed chondrocyte clusters, one of the early signs of
articular cartilage degeneration, in Col11a1+/- mice
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Fig. 1. Morphology of articular cartilage of mouse knee joints. Each image represents knee joints from four mice. Compared with wild-type mice at the
age of 3 months old, chondrocyte clusters were seen in the superficial layer of articular cartilages in Col11a1+/- mice, see the inset on top panel. The
chondrocyte clusters were also observed in knee joints of mice at 4 weeks following DMM surgery, see the inset on bottom panel. The chondrocytes
cluster appeared in all of Col11a1+/- mice and mice with DMM surgery. Bar: 50 µm.

starting at the age of 3 months (Fig. 1.). In DMM mice,
examination of knee joints also revealed the chondrocyte
cluster starting at 4 weeks following surgery (Fig. 1).
Chondrocyte clusters were seen in the un-calcified layer
of the articular cartilage and the location of the clusters
was variable in the layer of the articular cartilage. All of
the knee joints from Col11a1+/- and DMM mice showed
the presence of the chondrocyte clusters.
Increased expression of Tgf-ß1 in the articular cartilage
of knee joints in Col11a1+/- and DMM mice 

We found that protein expression of Tgf-ß1 was
increased in Col11a1+/- and DMM mice (green-color
stained cells in Fig. 2). The increased expression of Tgf-
ß1 was predominantly within the un-calcified layer of
the articular cartilage. Our immunohistostaining did not
detect the protein expression of Tgf-ß1 in either the
wild-type control mice or the sham surgery control mice.

We noticed that there was weak (dim) fluorescent
staining in the wild-type and sham mice. However, the
staining in those mice was similar to that in our two



negative control groups, including the isotype-matched
normal IgGs and without primary antibodies. We believe
that the appearance of the weak fluorescent signal in the
wild-type and sham mice was, in fact, the background
effect of the staining. 
Co-localization expression of p-Smad2/3 with HtrA1 in
knee joints of Col11a1+/- and DMM mice 

Receptor-regulated SMADs 2 and 3 (R-SMAD2/3)
are down-stream factors of the TGF-ß1 canonical
signaling pathway. Additionally, it has been reported that
R-SMAD1 is also a down-stream factor in TGF-ß1

signaling. Thus, we used those molecules to indicate
whether TGF-ß1 was activated in mouse articular
chondrocytes. We found that protein expression of p-
Smad2/3 was increased in Col11a1+/- and DMM mice
(green-color stained cells in Fig. 3). The expression
pattern of p-Smad2/3 was similar to that of Tgf-ß1,
which was predominantly within the un-calcified layer
of the articular cartilage. We did not detect the protein
expression of p-Smad2/3 in the control mice.

We also observed that the expression of HtrA1 was
increased in the knee joint of Col11a1+/- and DMM mice
(red-color stained cells in Fig. 3). This is consistent with
the result from our previous experiment (Polur et al.,
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Fig. 2. Protein expression of Tgf-ß1 in articular cartilages of mouse knee joints. Knee joints from Col11a1+/- mice and DMM mice were used for
examination of the protein expression of Tgf-ß1. The green-color cells (see the cell in the inset) in Col11a1+/- mice and DMM mice indicate positive
staining for Tgf-ß1. The positive staining of the cells was predominantly distributed in the superficial layer of the articular cartilage. The positive staining
cells were seen in all of Col11a1+/- mice and DMM mice. The location of the increased expression of Tgf-ß1 was randomly throughout the superficial
layer of the entire articular cartilages. In contrast, there were hardly the positive staining of cells for Tgf-ß1 in wild-type mice (as control for Col11a1+/-
mice) and sham surgery mice (as control for DMM surgery mice). We noticed the weak immunofluorescent signal in the wild-type and sham mice.
However, based on the immunostaining in two negative controls, the weak signals resulted from the background effect of the immunostaining. Bar: 100 µm.
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Fig. 3. Co-localization expression of p-Smad2/3 and HtrA1 in the articular cartilage of mouse knee joints. The green-stained cells indicate positive
staining for p-Smad2/3 and the red-stained cells indicate positive staining for HtrA1. A comparison of the top and bottom pictures in the panels A or B
shows that the same cells stain positively for both p-Smad2/3 and HtrA1, in the articular cartilage of knee joints of Col11a1+/- mice (A) and DMM mice
(B). Bar: 100 µm.



2010). Interestingly, we found that the increased
expression of p-Smad2/3 was co-localized in the same
cells with the elevated expression of HtrA1 in the knee
joints of the mouse models of OA (Fig. 3). It is worth
mentioning that in our previous study, we found that the
increased expression of HtrA1 was associated with the
disappearance of the type VI collagen (Polur et al.,
2010). Since type VI collagen is exclusively present in
the pericellular matrix of articular chondrocytes in knee
joints, the lack of type VI collagen is an indicator for the
disruption of the pericellular matrix. 

Regarding the protein expression of p-Smad1, we
could hardly detect p-Smad1 in Col11a1+/- and DMM
mice and their corresponding control mice (data not
shown).
Inhibition TGF-ß1-induced expression of HTRA1 by an
ALK5 inhibitor, SB431542, in human and mouse articular
chondrocytes

In human chondrocyte culture, mRNAs were
isolated from cells treated without TGF-ß1, with TGF-ß1
alone and with TGF-ß1 plus SB431542 for 18 hrs. The
level of HTRA1 mRNA was increased (about 2.8-fold)
in human chondrocytes treated with TGF-ß1, compared
with that in human chondrocytes without TGF-ß1 (Fig.
4a). We also found that the level of HTRA1 mRNA was
significantly reduced (about 85%) in cells treated with
TGF-ß1 and SB431542, compared with that in cells

treated with TGF-ß1 alone (Fig. 4a).
In ex vivo experiments, pieces of the mouse femoral

articular cartilages were collected. There were several
chondrons in each piece of the cartilage. After 18-hr
treatment without TGF-ß1, with TGF-ß1 alone and with
TGF-ß1 plus SB431542, mRNAs from the chondrocytes
were isolated and measured by qPCR. We found that the
level of HtrA1 mRNA was significantly increased (about
3.4-fold), in mouse chondrocytes treated with TGF-ß1
(Fig. 4b). We also found that the level of HtrA1 mRNA
was significantly reduced (about 90%) in cells treated
with TGF-ß1 and SB431542 (Fig. 4b). These
observations were consistent with our results from the
human culture experiments. 
Discussion

Roles of TGF-ß1 in the pathogenesis of OA

Although results from numerous studies suggest that
TGF-ß1 may have a beneficial effect on the joint
(protecting against OA), other studies suggest that TGF-
ß1 may have a deleterious effect on joints (resulting in
OA). On one hand, the increased expression of TGF-ß1
in adult knee joints causes early onset OA-like changes
in animal models. Studies by Itayem et al. show that
after injection of TGF-ß1 into the knee of the adult rats
for three consecutive days, the number of chondrocytes
is reduced and the morphology of chondrocytes becomes
a star-like phenotype. They suggest that intra-articular
injections of TGF-ß1 into knee joints may cause early
onset of OA (Itayem et al., 1997, 1999). Another study
by Bakker et al. demonstrates that constitutive
expression of TGF-ß1 in synovium in adult mouse knee
joints may cause hyperplasia in multiple joint tissues,
including enhanced glycosaminoglycan content of
articular cartilage, chondro-osteophyte formation and
hyperplasia of synovium, which eventually leads to OA
(Bakker et al., 2001). On the other hand, results from
two studies (Serra et al., 1997; Yang et al., 2001)
indicate that the genetic inactivation of Smad-3 or the
disruption of the interaction of TGF-ß1 with its receptor,
Tgf-ß type II receptor (Tgfbr2), in germline cells results
in juvenile OA-like knee joints in mice at one month old.
In general, it takes about 6 to 8 weeks for mice to reach
maturity. Interestingly, a recent human genetic study
(van de Laar et al., 2011) reports that a nucleotide
change, 859C>T or 782C>T, in SMAD3 increases the
level of TGF-ß1 and the activity of the TGF-ß1 signaling
pathway in two human families associated with early-
onset OA. They also report that a two-nucleotide
deletion, 741-742del AT (nonsense mutation), in SMAD3
causes early-onset OA in a human family. The
observation in the human families is consistent with the
result from the animal models, indicating that the
increased Tgf-ß1 signaling causes OA in knee joints and
that the lack of Tgf-ß1 signaling in the germline cell
results in OA. Two plausible explanations for this
“conflicting” role of TGF-ß1 in the pathogenesis of OA
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Fig. 4. The level of HTRA1 mRNA in articular chondrocytes treated with
TGF-ß1 or/and SB431542. The level of HTRA1 mRNAs in articular
chondrocytes was examined by real-time PCR. The level of HTRA1
mRNA was significantly increased about 2.8 times in human primary
chondrocytes (a) and about 3.4 times in mouse articular chondrocytes
(b) treated with TGF-ß1, compared with that in chondrocytes without the
treatment of TGF-ß1. The level of HTRA1 mRNA was significantly
decreased about 85% in human primary chondrocytes (a) and about
90% in mouse articular chondrocytes (b) treated with TGF-ß1 and
SB431542, compared with that in chondrocytes with the treatment of
TGF-ß1 alone.



are: 1) Effective TGF-ß1 signaling acts in a dose-
dependent manner. In this scenario, an appropriate level
of TGF-ß1 is required for the development and
maintenance of articular cartilages. Therefore, TGF-ß1
below or above this level results in articular cartilage
degeneration. The end result is OA. 2) Effective TGF-ß1
signaling acts in a developmental stage-dependent
manner. In this scenario, TGF-ß1 is required for the
development of articular cartilage. However, once a joint
is formed, TGF-ß1 is not needed anymore. Therefore,
induction of TGF-ß1 in an adult joint causes articular
cartilage degeneration.
Increased Tgf-ß1 canonical signaling pathway
associated with early articular cartilage degeneration in
knee joints of adult mice 

In this present study, we found that the protein
presence of Tgf-ß1 was hardly detected in the articular
cartilage of knee joints in adult wild-type mice. Clearly,
the level of Tgf-ß1 protein, if any, is quite low in the
articular cartilage of knee joints in adult mice. However,
the protein expression of Tgf-ß1 and p-Smad2/3 were
dramatically increased in the articular cartilage of knee
joints associated with early articular cartilage
degeneration in our mouse models of OA. We believe
that this increased expression is a result of the
chondrocytes in articular cartilage detecting excessive
mechanical stimulation. In the case of Col11a1+/- mice,
chondrocytes residing in the defective extracellular
matrix are not protected properly. Thus they detect
excessive mechanical stimulation even under normal
mechanical joint loading. In the case of DMM mice,
although chondrocytes reside in a normal extracellular
matrix, the lateral movement of the medial meniscus by
the surgery creates the incongruence between joint
surfaces. Under this condition, the joint surfaces
distribute normal mechanical loading unevenly on the
joints. Thus, chondrocytes in a small area can detect
excessive mechanical stimulation. The excessive
mechanical stimulation causes induction of TGF-ß1 in
chondrocytes (Lee et al., 2005) and cells of other joint
tissues (Maeda et al., 2011). 
Induction of HTRA1 by TGF-ß1 canonical signaling
pathway in chondrocytes 

One of the findings in this study was that the protein
expression of TGF-ß1 and its signaling activity were not
only elevated, but also appeared at an early stage of
articular cartilage degeneration in adult mouse knee
joints. We also found that the increased expression of p-
Smad2/3 was co-localized in the same cells expressing
HtrA1. This suggests that the activation of Tgf-ß1
signaling may result in induction of HtrA1 in articular
cartilage of the knee joints. Results from our in vitro and
ex vivo experiments provide direct evidence that TGF-ß1
could indeed induce HTRA1 in chondrocytes via p-
SMAD2/3.
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Fig. 5. A schematic illustration of a molecular pathway underlying
articular cartilage degeneration.



We also noticed that HTRA1 may be able to inhibit
signaling of various TGF-ß proteins, such as bone
morphogenetic protein 4 (BMP4), TGF-ß1 and TGF-ß2,
and growth differentiation factor 5 (GDF5) based on the
structural and functional similarity of the IGFBP domain
of HTRA1 with follistatin, a potent antagonist of activin
(a TGF-ß family protein) (Zumbrunn and Trueb, 1996).
This suggests that there may be a negative feedback loop
between TGF-ß1 and HTRA1, which regulates the
activity and expression of these two molecules in
chondrocytes. 
A plausible mechanistic explanation of the high level of
TGF-ß1 resulting in OA

Based on the results from our studies and others’
investigations (Poole et al., 1988; Hunziker et al., 1997;
Poole, 1997; Xu et al., 2005, 2007, 2011; Klatt et al.,
2009; Vonk et al., 2011), we propose a molecular chain
of events underlying articular cartilage degeneration
(Fig. 5).

Excessive mechanical stresses, either by normal
mechanical loading of defective joints such as in the
case of Col11a1+/- mice or overloading of normal joints
in the case of the DMM mouse model of OA, can
stimulate chondrocytes or cells in other joint tissues to
synthesize TGF-ß1. TGF-ß1 is then activated and binds
to its cognate receptor, TGFßRII. This, in turn, activates
TGF-ß1 signaling via SMAD2/3 and induces expression
of HTRA1. Since the pericellular components such as
laminin, fibronectin, biglycan, decrin, fibromodulin,
matrilin 3, and cartilage oligo matrix protein are the
substrates of HTRA1, this enzyme can degrade the
pericellular matrix. In normal articular cartilage, the
pericellular matrix separates chondrocytes from adjacent
interterritorial or territorial matrix containing type II
collagen fibers. Thus, the disappearance of the
pericellular matrix exposes chondrocytes to type II
collagen. The enhanced exposure of chondrocytes to
type II collagen activates a cell membrane receptor
tyrosine kinase for native type II collagen, discoidin
domain receptor 2 (DDR2). The activation of DDR2
then induces MMP-13, which leads to destruction of the
type II collagen-proteoglycans network. The end result is
OA. 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 explanation may be that this
molecular pathway is needed for proper tissue turnover
during development.

It is worth mentioning that the result from a recent
study by an independent research group support our
hypothesis of the HTRA1-DDR2-MMP-13 as a
degradative pathway underlying articular cartilage
degeneration (Holt et al., 2012).

In summary, the result from this present study
suggests that TGF-ß1 may be able to induce HTRA1 in
articular chondrocytes in mature joints and that
increased protein expression and activity of TGF-ß1 may

be detrimental to an adult joint. Therefore, inhibition
activity of TGF-ß1, not application of TGF-ß1, should
be considered in the prevention and treatment of OA in
adult joints. 
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