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Hyaluronan suppresses enhanced 
cathepsin K expression via 
activation of NF-κB with 
mechanical stress loading in a 
human chondrocytic HCS-2/8 cells
Mochihito Suzuki   , Nobunori Takahashi*, Yasumori Sobue, Yoshifumi Ohashi, 
Kenji Kishimoto, Kyosuke Hattori, Naoki Ishiguro & Toshihisa Kojima

Cathepsin K is a protease known to be involved in not only bone remodeling and resorption, but also 
articular cartilage degradation that leads to osteoarthritis (OA). Hyaluronan (HA) plays a pivotal 
role in maintaining homeostasis within articular chondrocytes. Intra-articular supplementation of 
high molecular weight hyaluronan (HMW-HA) has been widely used in OA treatment. However, its 
prospective mechanism of action is still unclear. In this study, we examined the suppressive effect of 
HA on enhanced cathepsin K expression induced by mechanical stress loading. A human chondrocytic 
HCS-2/8 cells were cultured in silicon chambers and subjected to cyclic tensile stress (CTS) loading. 
CTS loading significantly increased messenger ribonucleic acid and protein expression of cathepsin K, 
which appeared to be suppressed by pre-treatment with HMW-HA. Activation of nuclear factor-kappa 
B (NF-κB) was induced by CTS loading, and suppressed by pre-treatment with HMW-HA. Helenalin, 
a chemical inhibitor of NF-κB, clearly suppressed the enhanced expression of cathepsin K, as well as 
NF-κB activation induced by CTS loading. The suppressive effect of HMW-HA on enhanced cathepsin 
K expression via NF-κB inhibition impacts the effectiveness of HMW-HA in OA treatment. Our findings 
provide new evidence supporting the biological effectiveness of intra-articular HMW-HA injections for 
treatment of OA.

Osteoarthritis (OA) is a prevalent chronic joint disease associated with cartilage degeneration that tends to 
increase with age in modern society. This condition affects 240 million people globally, with 9.6% of men and 18% 
of women aged ≤60 years having symptomatic OA1. In clinical practice, OA associated with cartilage degener-
ation is encountered frequently. OA is associated with many risk factors, including age, obesity, genetic factors, 
and mechanical stress loading2. Excess mechanical stress loading is an important contributor to the development 
of OA, but the mechanisms through which it induces chondrocyte degeneration or cartilage degradation are 
unclear. Several previous studies have described the catabolic effects of mechanical stress loading in articular 
cartilage3. We previously reported that CD44, a primary receptor for hyaluronan (HA), was significantly cleaved 
and fragmented in articular chondrocytes obtained from human OA cartilage, with excess mechanical stress 
loading inducing CD44 cleavage via increased expression of a disintegrin and metalloprotease 10 (ADAM10)4–6. 
In this study, we used a mechanical stress loading system in a chondrocytic cell line mimicking chondrocyte 
degeneration in OA.

Intra-articular injection of high molecular weight hyaluronan (HMW-HA) has been frequently used in clin-
ical practice as a treatment for OA since 19877–9. HA plays an important role in maintaining articular cartilage 
through suppression of inflammation, pain relief, and improvement of endogenous HA production and proper-
ties of synovial fluid10. Although various mechanisms of action for HMW-HA, as well as its clinical effectiveness 
for treatment of OA, have been reported previously7,10, its prospective mechanism is not fully understood. In 
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order to elucidate the molecular mechanisms of action of HMW-HA in articular cartilage degeneration, cathepsin 
K expression in chondrocytes needs to be examined.

Cathepsin K, a cysteine protease, is involved in the degradation of key components of bone and cartilage such 
as type I and type II collagen. This enzyme is known to be involved in bone remodeling/resorption and articular 
cartilage degradation11,12, and is reportedly expressed in articular chondrocytes other than osteoclasts and syno-
vial fibroblasts13. The cleavage of type II collagen by cathepsin K is increased in human OA articular cartilage14. 
We previously reported that HMW-HA suppressed the increased cathepsin K expression induced by lipopolysac-
charide (LPS) in human fibroblasts15. However, no reports have described changes in cathepsin K expression due 
to mechanical stress loading, or the effect of HMW-HA on cathepsin K expression in chondrocytes.

In this study, we examined changes in expression of cathepsin K induced by mechanical stress loading in a 
human chondrocytic cell line (HCS-2/8). We also explored the suppressive effect of HMW-HA on cathepsin 
K expression. Our findings provide new evidence supporting the biological effectiveness of intra-articular HA 
injections for the treatment of OA.

Results
Induction of cathepsin K expression by CTS loading.  HCS cells (2 × 105 cells) were pre-cultured in 
10 cm² silicon chambers (STB-CH-10, STREX, Japan) pre-coated with type I collagen (COL1) (Cellmatrix®, 
Nitta Gelatin, Japan) for two days. The cells in full confluence were stimulated with CTS loading using STB-140 
(STREX) at various loading intensities, as follows: control without CTS loading; 30 cycles/min (0.5 Hz) and 10% 
elongation; and 60 cycles/min (1 Hz) and 20% elongation (Supplementary Fig. S1). The mRNA expression of 
cathepsin K was significantly increased with CTS loading at 1 Hz and 20% elongation for 24 hours, as compared 
to the untreated control (p < 0.05; Fig. 1A). To examine the time-dependency of cathepsin K mRNA expression, 
cells were subjected to CTS loading at 1 Hz and 20% elongation for 0, 1, 3, 6, 12, and 24 hours. Cathepsin K 
mRNA expression was significantly increased with CTS loading at 1 Hz and 20% elongation for 12 and 24 hours, 
as compared to 0 hours (p < 0.05; Fig. 1B). CTS loading appeared to significantly increase cathepsin K mRNA 
expression in both strength-dependent and time-dependent manners. The protein expression of cathepsin K was 
also increased with CTS loading at 1 Hz and 20% elongation for 24 hours (Fig. 1C).

Inhibition of CTS loading-induced cathepsin K expression by HMW-HA.  Cells were pre-treated 
with HMW-HA for one hour prior to CTS loading at 1 Hz and 20% elongation for 24 hours. Pre-treatment 
with 1 mg/mL HMW-HA significantly suppressed cathepsin K mRNA expression induced by CTS loading in 
a dose-dependent manner (p < 0.05; Fig. 2A). Pre-treatment with 1 mg/mL HMW-HA also suppressed the 
increased protein expression of cathepsin K induced by CTS loading for 24 hours (Fig. 2B).

To examine the primary HA receptor involved in the inhibitory effect of HMW-HA described above, cells 
were treated with anti-CD44 or anti-ICAM-1 antibodies for one hour before the one-hour pre-treatment with 
HMW-HA. As shown in Fig. 2C, treatment with anti-CD44 antibody clearly cancelled the inhibitory effect of 
HMW-HA. The difference between the samples pre-treated with HMW-HA with or without the anti-CD44 anti-
body treatment was statistically significant (p < 0.05). Conversely, treatment with anti-ICAM-1 antibody did not 
affect the inhibitory effect of HMW-HA on cathepsin K mRNA expression induced by CTS loading (P < 0.05). 
Western blotting analysis demonstrated similar results for changes in cathepsin K mRNA expression.

HMW-HA suppressed NF-κB activation induced by CTS loading.  Cells were stretched with CTS 
loading at 1 Hz and 20% elongation for 120 minutes, and NF-κB activation was examined at 0, 15, 30, 60, and 
120 minutes. Phosphorylation of NF-κB p65 was clearly induced after 60 minutes of CTS loading, as evaluated 

Figure 1.  Induction of cathepsin K expression with CTS loading. Cathepsin K mRNA and protein expression 
levels. Different intensities of CTS loading were applied for 24 hours. Cathepsin K expression was significantly 
enhanced at higher intensities of CTS loading (1 Hz and 20% elongation; *p < 0.05). (A) Cathepsin K mRNA 
expression was time-dependently increased up to 24 hours under CTS loading at 1 Hz and 20% elongation with 
statistical significance at 12 and 24 hours, as compared to the untreated control (*p < 0.05). (B) Cathepsin K 
mRNA expression was increased with CTS loading at 1 Hz and 20% elongation for 24 hours, as compared to a 
sample cultured without CTS loading for 24 hours. Cathepsin K protein expression was also enhanced by CTS 
loading at the same intensity, as demonstrated in Western blotting analysis (*p < 0.05) (C).
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by Western blotting analysis (Fig. 3A). Cells were then pre-treated with HMW-HA for one hour and subjected 
to 60 minutes of CTS loading. Pre-treatment with HMW-HA significantly suppressed the phosphorylation of 
NF-κB p65 induced by CTS loading, as evaluated by Western blotting and band densitometry (p < 0.05; Fig. 3B).

NF-kB immunofluorescence staining in cells stimulated with chemical TRPV-4 agonist mim-
icking the signal transduction induced by CTS loading.  In order to confirm the NF-kB activation 
and nuclear translocation, we performed the immunofluorescence staining using anti-phospho-NF-kB p65 anti-
body. We could not use the cells cultured on silicone chambers for immunofluorescence staining since they are 
unsuitable for the observation with our fluorescence microscope. We cultured the HCS cells on chamber slides 
for immunofluorescence staining this time. However, we cannot apply the CTS loading to cells cultured on hard 
glass slides. Then, we decided to stimulate cells chemically with GSK1016790 (GSK), a transient receptor poten-
tial vanilloid 4 (TRPV4)-agonist. TRPV4, a member of the vanilloid subfamily of the transient receptor potential 
(TRP) superfamily of ion channels, was shown to function as a primary mechanoreceptor in articular chondro-
cytes16. To determine the sufficient concentration of GSK to activate NF-kB, HCS cells cultured on 6 wells plate 
(2 × 105 cells/well) were stimulated with various concentration of GSK for 24 hours. The mRNA and protein 
expression of cathepsin K was increased with the GSK stimulation in a dose-dependent manner with statistical 

Figure 2.  Suppressive effects of HMW-HA on enhanced cathepsin K expression induced by CTS loading at 
1 Hz and 20% elongation for 24 hours. Pre-treatment with HA dose-dependently suppressed cathepsin K mRNA 
expression with statistical significance at a concentration of 1 mg/mL. (A) Pre-treatment with HA significantly 
suppressed the enhanced cathepsin K mRNA and protein expression induced by CTS loading for 24 hours, as 
compared to the sample without HA pre-treatment. Cathepsin K protein expression was also enhanced with 
CTS loading, as compared to the untreated sample cultured for 24 hours, as demonstrated by Western blotting 
analysis. (B) The suppressive effect of HA was cancelled by pre-treatment with anti-CD44 antibody for one 
hour, whereas no significant effect was observed with anti-ICAM-1 antibody pre-treatment (*p < 0.05) (C).

Figure 3.  Effects of HMW-HA on enhanced activation of NF-κB induced by CTS loading. Phosphorylation 
of NF-κB p65 was time-dependently enhanced by CTS loading at 1 Hz and 20% elongation, as evaluated 
by Western blotting analysis. Phosphorylation reach was strongest at 60 minutes. (A) Pre-treatment with 
HA suppressed NF-κB p65 phosphorylation induced by CTS loading for 60 minutes, as compared to the 
sample without HA pre-treatment. Band densitometry demonstrated significant suppression of NF-κB p65 
phosphorylation with HA pre-treatment. The band density of phospho-NF-κB p65 was enhanced in samples 
without HA pre-treatment (*p < 0.05) (B).
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significance at ≥1000 nM (p < 0.01) (Fig. S2). To confirm the activation of NF-kB by western blotting analysis, 
cells were stimulated with 1000 nM GSK and phosphorylation of NF-κB p65 was examined at 0, 30, 60, and 
120 minutes. Phosphorylation of NF-κB p65 was clearly induced at 60 minutes of GSK stimulation with statistical 
significance (P < 0.05) (Fig. S3). HCS cells cultured on 2 chamber slides (1 × 105 cells/well) were stimulated with 
1000 nM GSK for 30 or 60 minutes. We observed only the nuclear staining (blue) in the untreated control cells 
(Fig. 4A,D). The major stained region with anti-phospho-NF-kB p65 antibody (red) was cytoplasm at 30 min-
utes (Fig. 4B,E) and nuclei at 60 minutes (Fig. 4C,F). The phosphorylation and nuclear translocation of NF-kB 
was clearly observed with the chemical TRPV-4 activation mimicking the signal transduction induced by CTS 
loading.

Chemical inhibition of NF-κB suppressed cathepsin K expression induced by CTS loading.  To 
investigate whether NF-κB activation was responsible for the significant increase in cathepsin K expression 
induced by CTS loading, cells were pretreated with 1 μM helenalin, a specific NF-κB inhibitor, for one hour prior 
to CTS loading for 60 minutes. Helenalin pre-treatment significantly suppressed the increased phosphorylation 
of NF-κB p65 induced by CTS loading, as evaluated by Western blotting and densitometry (p < 0.05; Fig. 5A). 
Pre-treatment with 1 μM helenalin also significantly suppressed the increased expression of cathepsin K mRNA 
(p < 0.05) and protein induced by 24 hours of CTS loading (Figs. 5B and S4).

Induction of cathepsin K expression and suppressive effect of HMW-HA in three-dimensional 
environment.  We examined change in cathepsin K mRNA expression using three-dimensional cell culture 
system. The HCS cells embedded in COL1 gel (5 × 105 cells) were pre-cultured for two days followed with the 
CTS loading at various loading intensities. The mRNA expression of cathepsin K was significantly increased with 
CTS loading at intensity of 1 Hz and 20% elongation for 24 hours as compared to the untreated control (Fig. 6A). 
To examine the time-dependency of cathepsin K mRNA expression, cells were subjected to CTS loading at 1 Hz 
and 20% elongation for 0, 12, and 24 hours. Cathepsin K mRNA expression was significantly increased with 
24 hours of CTS loading as compared to baseline (0 hour) (Fig. 6B). To examine the effect of HMW-HA, cells 
were pre-treated with 1 mg/mL HMW-HA for one hour followed with 24 hours of CTS loading at 1 Hz and 20% 
elongation. Pre-treatment with HMW-HA significantly suppressed the cathepsin K mRNA expression induced 
by CTS loading (Fig. 6C). These data obtained by using the 3D culture system were quite similar to those using 
the monolayer culture system.

Induction of cathepsin K expression and suppressive effect of HMW-HA in primary articular 
chondrocytes.  We examined the effect of CTS loading on the mRNA expression of cathepsin K using pri-
mary articular chondrocytes. Primary bovine articular chondrocytes (BACs) were pre-cultured on 10 cm² silicon 
chambers coated with COL1 for two days. The BACs in full confluence were subjected to 0, 4, and 8 hours of CTS 
loading at intensity of 0.5 Hz and 10% elongation by using STB-140. The CTS loading increased the cathepsin K 

Figure 4.  Immunofluorescence staining of HCS cells using anti-phospho-NF-kB p65 antibody. The HCS 
cells were stimulated with GSK1016790, a transient receptor potential vanilloid 4 (TRPV4) agonist, for 30 or 
60 minutes. The chemical activation of TRPV-4 mimicked the signal transduction induced by CTS loading. 
There observed only nuclear staining (blue) in the untreated control samples. (A,D) The major stained region 
with anti-phospho-NF-kB p65 antibody (red) was cytoplasm at 30 minutes (B,E) and nuclei at 60 minutes (C,F).
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mRNA expression in a time-dependent manner (Fig. 7A). To examine the suppressive effect of HMW-HA on the 
enhanced cathepsin K expression, BACs were pre-treated with 1 mg/mL HMW-HA for one hour followed with 
the 8 hours of CTS loading at intensity of 0.5 Hz and 10% elongation. Pre-treatment with HMW-HA significantly 
suppressed the cathepsin K mRNA expression induced by CTS loading (p < 0.05; Fig. 7B).

Discussions
In this study, we found that CTS loading significantly increased the expression of cathepsin K via activation of 
the NF-κB signal pathway in both strength-dependent and time-dependent manners in a human chondrocytic 
cell line. We also found that pre-treatment with HMW-HA decreased the increased cathepsin K expression via 
suppression of NF-κB activation.

Cathepsin K, a lysosomal cysteine proteinase, is involved in the cleavage of type II collagen in OA14. Previous 
studies have reported an increased expression of cathepsin K in human OA cartilage and chondrocytes, as 
compared to healthy cartilage and chondrocytes13. They also demonstrated that OA progression was delayed 
in cathepsin K knockout mice using a surgical OA model17,18. Several other studies have reported that inhi-
bition of cathepsin K resulted in reduced cartilage degeneration and inflammation in mouse OA models and 
collagen-induced arthritis19–21. Based on these previous studies, cathepsin K is a potential treatment target in OA. 
Thus, the suppression of enhanced cathepsin K expression induced by excess mechanical stress loading might be 
the molecular mechanism underlying the clinical effectiveness of intra-articular HA injections.

We observed the significant increasing of cathepsin K at intensity of 1 Hz and 20% elongation in this study. 
Excess mechanical stress loading has been reported to induce the catabolic change in chondrocytes. Catabolic 
genes (MMP-1, MMP-3, MMP-13 etc.) were reported to be upregulated at various protocols with a frequency of 
0.5 Hz and strain magnitudes of between 7 and 23% for 3 to 48 hours depending on cell types3. Thus, it is neces-
sary to verify the sufficient intensity of mechanical stress loading to induce the catabolic change for each cell type. 
We observed almost no difference in cathepsin K expression at intensity of 0.5 Hz and 10% elongation in HCS in 
the current study. This experimental condition would be the physiological intensity of mechanical stress loading 
and the intensity of 1 Hz and 20% elongation is, so called, the excess mechanical stress loading in HCS.

HA plays an important role in maintaining homeostasis of articular cartilage. Exogenous HA has been 
reported to demonstrate anti-inflammatory activity via association with its receptors10. HA is known to associate 
with several surface molecules; CD44 and ICAM-1 are the best-known HA receptors22. Different HA receptors 
are reportedly responsible for different situations. We reported previously that CD44 was mainly involved in the 
suppressive effect of HA on enhanced cathepsin K expression induced by LPS stimulation, whereas ICAM-1 was 
involved in matrix metalloproteinase-1 (MMP-1) expression in human fibroblasts15. Ozawa et al. reported that 
both CD44 and ICAM-1 were partially involved in the suppressive effect of HA on enhanced ADAMTS-4, 5, and 
MMP-13 expression induced by CTS loading23. In the present study, CD44, but not ICAM-1, was involved in the 
suppressive effect of HA on enhanced cathepsin K expression induced by mechanical stress loading. Multiple 
receptors involved in association with HA may explain the various bioactivity and clinical effects demonstrated 
by HA.

Transcription of NF-κB plays a critical role in the induction of catabolic enzymes, such as ADAMTSs and 
MMPs23–25. The NF-κB pathway is reportedly activated by mechanical stress loading26,27, and CTS loading has 
been shown to induce NF-κB activation in human chondrocytes23. Our study also demonstrated that CTS loading 

Figure 5.  Effects of helenalin, a specific NF-κB inhibitor, on NF-κB activation and cathepsin K expression 
induced by CTS loading (1 Hz and 20%). Helenalin pre-treatment suppressed the phosphorylation of NF-κB 
p65 induced by CTS loading for 60 minutes. Densitometry demonstrated significant suppression of NF-κB 
p65 phosphorylation in samples pre-treated with helenalin, as compared to those without pre-treatment. (A) 
Helenalin pre-treatment significantly suppressed the enhanced cathepsin K mRNA and protein expression 
induced by CTS loading for 24 hours (*p < 0.05) (B).
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induced NF-κB activation, leading to cathepsin K expression, in a human chondrocytic cell line. In addition, 
inhibition of NF-κB by HA or helenalin effectively suppressed cathepsin K expression. Inhibition of the NF-κB 
pathway may be a part of the molecular mechanism of action of HA in the treatment of OA.

This study has some limitations. First, the stretching device we used cannot provide the compressive force 
which should be experienced by chondrocytes in vivo. However, many previous reports have demonstrated the 
effect of CTS on protease expression change3. We think the stretching system could give us at least fragmentary 
knowledge of effect of mechanical stress on chondrocytes. Future studies should examine the different types of 
mechanical stress, such as compression, shear forces, and hydrostatic pressure.

Excess mechanical stress loading induced the expression of cathepsin K in a human chondrocytic cell line 
HCS-2/8. Activation of NF-κB was strongly involved in this induction; pre-treatment with HMW-HA effectively 
suppressed both NF-κB activation and the resulting cathepsin K expression under mechanical stress loading. 
These results may explain the mechanism behind the catabolic effects of excess mechanical stress loading, which 
lead to OA, and also provide new evidence supporting the biological effectiveness of intra-articular HA injections 
for the treatment of OA.

Figure 6.  Induction of cathepsin K expression by CTS loading and suppressive effect of high molecular-weight 
(HMW)-HA in HCS cells cultured in three-dimensional environment. Different intensities of CTS loading 
were applied to the cells embedded in type 1 collagen gels for 24 hours. Cathepsin K expression was significantly 
enhanced by higher intensities of CTS loading (1 Hz and 20% elongation), as compared to the untreated control 
(*p < 0.05). (A) Cathepsin K mRNA expression was time-dependently increased with CTS loading at intensity 
of 1 Hz and 20% elongation with statistical significance at 24 hours, as compared to the untreated control 
(*p < 0.05). (B) Pre-treatment with 1 mg/mL HMW-HA significantly suppressed the enhanced cathepsin K 
mRNA expression induced by CTS loading for 24 hours, as compared to the sample without HMW-HA pre-
treatment (*p < 0.05) (C).

Figure 7.  Induction of cathepsin K expression by CTS loading and suppressive effect of high molecular-
weight (HMW)-HA in primary bovine articular chondrocytes. The CTS loading increased the cathepsin K 
mRNA expression levels at intensity of 0.5 Hz and 10% elongation in a time-dependent manner with statistical 
significance at 8 hours (**p < 0.01). (A) Pre-treatment with 1 mg/mL HMW-HA significantly suppressed the 
enhanced cathepsin K mRNA expression induced by 8 hours of CTS loading (*p < 0.05) (B).
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Materials and Methods
Reagents.  HMW-HA (Artz®, average 900 kDa) was purchased from Seikagaku Corporation (Tokyo, Japan). 
Rabbit anti-cathepsin K (clone EPR19992) monoclonal antibody (ab207086), rat anti-CD44 (clone Hermes-1) 
monoclonal antibody (ab119335), mouse anti-intercellular adhesion molecule-1 (anti-ICAM-1; clone 1A29) 
monoclonal antibody (ab171123), and helenalin (an inhibitor of nuclear factor-kappa B [NF-κB]; ab146197) were 
purchased from Abcam (Tokyo, Japan). Rabbit anti-human NF-κB p65 (#8242), phospho-NF-κB p65 (#3033), 
beta actin antibody (#4970), and horseradish peroxidase (HRP)-conjugated goat anti-rabbit (#7074) IgG were 
purchased from Cell Signaling Technology (Beverly, MA, USA). Dulbecco’s modified Eagle’s medium (DMEM) 
and trypsin-ethylenediaminetetraacetic acid (trypsin-EDTA), and GSK1016790 (ab146191) were obtained from 
Sigma-Aldrich Co. (St. Louis, MO, USA). Fetal bovine serum (FBS) was purchased from PAA Laboratories 
GmbH (Pasching, Austria).

Cells and culture.  HCS-2/8, a human chondrocytic cell line, is a continuous long-term culture cell line 
derived from a human chondrosarcoma28. In monolayer cultures, HCS cells (2 × 105 cells) were cultured in 10 cm² 
silicon culture chambers (STB-CH-10, STREX, Japan) precoated with 10% type I collagen (COL1) (Cellmatrix®, 
Nitta Gelatin, Japan) in DMEM with 5% FBS at 37 °C in a 5% CO2 atmosphere. After incubation for 48 hours, 
cells were washed twice with phosphate-buffered saline (PBS), and then starved overnight in serum-free condi-
tions. After the overnight starvation, cells were pre-treated with 1 mg/mL HA for one hour, subjected to cyclic 
tensile stress (CTS) loading using the automated cell stretching system STB-140 (STREX, Japan), and harvested. 
Levels of messenger ribonucleic acid (mRNA) and protein expression were measured by real-time polymerase 
chain reaction (PCR) and Western blotting analysis, respectively. In three-dimensional (3D) cultures, cells were 
embedded in COL1 gel. The Cellmatrix I-A COL1 gel (Nitta Gelatin, Osaka, Japan), comprising 0.3% COL1 from 
porcine tendons, was used as a scaffold. Collagen solution, 5 × DMEM (including cells) and buffer (comprising 
100 ml of 0.05 N NaOH solution, 2.2 g NaHCO3 and 200 mM HEPES) were mixed at a ratio of 7:2:1. A2-ml sample 
of the mixture was then poured into the post chamber, incubated at 37 ◦C and allowed to polymerize. Two milli-
liters culture medium was overlaid. The final cell concentration was 5 × 105 cells/chamber.

In experiments using primary cells, bovine articular chondrocytes (BACs) were isolated from full thickness 
slices of the articular surface of metacarpophalangeal joints of young adult steers (aged 18–24 months), which 
were provided by Nagoya City Central Wholesale Market. These slices were digested in 0.2% (0.05 g) pronase 
(catalogue number: 537088, activity: ≥70,000 proteolytic units/g dry weight, Merck, Germany) for 1 hour at 
37 °C and subsequently in 0.025% (0.00625 g) collagenase P (catalogue number: 11213865001, activity: >1.5 
U/mg lyophilizate, Roche, Germany) overnight at 37 °C4,29. Cells were cultured in DMEM/Ham’s F12 medium 
with 1 × insulin-transferrin-sodium selenite (ITS), 4% FBS, 100 units/ml penicillin, 100 μg/ml streptomycin, and 
0.25 μg/ml amphotericin at 37 °C in a 5% CO2 environment. The presence of ITS maintains the chondrocyte phe-
notype30,31. For CTS loading experiments, 1 × 106 cells were cultured on 10 cm2 dedicated silicon culture cham-
bers, which were coated with type 1 collagen. After incubation for 48 hours in 4% FBS, cells were washed twice 
with PBS, and then starved overnight in serum-free conditions. Subsequently, cells were stimulated using the 
automated cell stretching system STB-140 under serum-free conditions5.

Real-time PCR.  Total ribonucleic acid (RNA) was extracted using the RNeasy Mini Kit (Qiagen, 
Germany) according to the manufacturer’s instructions. Reverse transcription was performed with the High 
Capacity cDNA Reverse Transcription Kit (Applied Biosystems, CA, USA) at 37 °C for 120 minutes. Real-time 
PCR was carried out using the LightCycler System with FastStart Master SYBR Green I PLUS (Roche, USA). 
Primers for cathepsin K and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were all designed and 
synthesized by Sigma Aldrich. The following primers were used: cathepsin K (human), forward primer 
5′-TTCCCGCAGAATGACAC-3′, reverse primer 5′-CTGGGGACTCAGATTTAAGA-3′; GAPDH (human), 
forward primer 5′-TGAACGGGAAGCTCACTGG-3′, reverse primer 5′-TCCACCACCCTGTTGCTGTA 
-3 ′ ,  cathepsin K (bovine),  forward primer 5 ′-ATGCCTATCAACAGGATGTGGG-3 ′ ,  reverse 
pr i m e r  5 ′ - C T C C T C AG G G TATAG AG C A A AG C - 3 ′ ;  1 8 s R NA  ( b ov i n e ) ,  f or w a rd  pr i m e r 
5′-GTAACCCGTTGAACCCCATT-3′, reverse primer 5′-CCATCCAATCGGTAGTAGCG-3′. PCR conditions 
were as follows: two minutes at 50 °C and 10 minutes at 95 °C, followed by 40 cycles of 15 seconds at 95 °C and 
one minute at 60 °C. Data were collected in the last 30 seconds. Real-time PCR efficiencies and fold increases in 
mRNA copy numbers were calculated as previously described32.

Western blotting.  Total protein was extracted using Cell Lysis Buffer (#9803, Cell Signaling Technology, 
USA) containing a protease/phosphatase inhibitor cocktail (#5872, Cell Signaling Technology, USA). Protein 
samples were centrifuged at 300 g for 10 minutes at 4 °C. After centrifugation, supernatants were mixed with Lane 
Marker Reducing Sample Buffer (Thermo Fisher Scientific) and heated at 70 °C for 10 minutes. Samples were 
loaded and separated on NuPAGE Bis-Tris Mini Gels (Invitrogen, USA) under reducing conditions. Samples 
were then transferred onto a nitrocellulose membrane and blocked in 5% nonfat dry milk in Tris-buffered saline 
with 0.1% Tween 20 (TBS-T). Cathepsin K, β-actin, NF-κB p65, and phospho-NF-κB p65 were detected with 
primary antibodies, followed by the appropriate secondary antibodies. Detection was performed using chemi-
luminescence (Thermo, USA). Band intensities were captured with a digital image scanner and quantified using 
densitometry software (CS Analyzer 3.0; ATTO, Tokyo, Japan).

Immunofluorescence staining.  HCS cells (1 × 105 cells) were cultured in 2 chamber slides (IWAKI 
SCIENCE PRODUCTS Dept., Japan) at 37 °C in a 5% CO2 atmosphere. After incubation for 48 hours, cells were 
washed twice with phosphate-buffered saline (PBS) and starved overnight in serum-free conditions. After star-
vation, cells were stimulated with 1000 nM GSK1016790 for 30 or 60 minutes. After stimulation, cells were fixed 
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with 4% Paraformaldehyde for 15 minutes and blocked with 1% Bovine Serum Albumin (BSA)-PBS for 1 hour 
at room temperature. Cells were incubated with a primary antibody (anti-phospho-NF-κB p65) overnight at 
4°C and with a secondary antibody (CyTM3-conjugated AffiniPure Donkey Anti-Rabbit IgG (H + L), Jackson 
ImmunoResearch) for 1 hour at room temperature. Nuclear staining was performed using Hoeches (H3570, 
Thermo Fisher Scientific). Stained cells were observed with a fluorescence microscope BZ-X700 (KEYENCE, 
Japan).

Statistical analysis.  All experiments were repeated at least three times, and similar results were obtained. 
The Kruskal-Wallis test was used for multiple-group comparisons, and the Holm post hoc test was used to eval-
uate the significance of individual differences in two-group comparisons only if the Kruskal-Wallis test indicated 
significance. P-values less than 0.05 were considered statistically significant. All statistical analyses were per-
formed with SPSS version 24.0.0 software (IBM Corp, NY, USA).

Data availability
All data generated or analyzed during this study are included in this published article.

Received: 12 April 2019; Accepted: 21 December 2019;
Published: xx xx xxxx

References
	 1.	 oarsi_white_paper_oa_serious_disease_121416_1.pdf.
	 2.	 Guilak, F. Biomechanical factors in osteoarthritis. Best Pract. Res. Clin. Rheumatol. 25, 815–823, https://doi.org/10.1016/j.

berh.2011.11.013 (2011).
	 3.	 Bleuel, J., Zaucke, F., Bruggemann, G. P. & Niehoff, A. Effects of cyclic tensile strain on chondrocyte metabolism: a systematic review. 

PLoS One 10, e0119816, https://doi.org/10.1371/journal.pone.0119816 (2015).
	 4.	 Takahashi, N. et al. Induction of CD44 cleavage in articular chondrocytes. Arthritis Rheum. 62, 1338–1348, https://doi.org/10.1002/

art.27410 (2010).
	 5.	 Kobayakawa, T. et al. Mechanical stress loading induces CD44 cleavage in human chondrocytic HCS-2/8 cells. Biochem. Biophys. 

Res. Commun. 478, 1230–1235, https://doi.org/10.1016/j.bbrc.2016.08.099 (2016).
	 6.	 Hirano, Y., Ishiguro, N., Sokabe, M., Takigawa, M. & Naruse, K. Effects of tensile and compressive strains on response of a 

chondrocytic cell line embedded in type I collagen gel. J. Biotechnol. 133, 245–252, https://doi.org/10.1016/j.jbiotec.2007.07.955 
(2008).

	 7.	 Shimizu, M., Higuchi, H., Takagishi, K., Shinozaki, T. & Kobayashi, T. Clinical and biochemical characteristics after intra-articular 
injection for the treatment of osteoarthritis of the knee: prospective randomized study of sodium hyaluronate and corticosteroid. J. 
Orthop. Sci. 15, 51–56, https://doi.org/10.1007/s00776-009-1421-0 (2010).

	 8.	 Buckwalter, J. A. et al. The increasing need for nonoperative treatment of patients with osteoarthritis. Clin. Orthop. Relat. Res., 36–45 
(2001).

	 9.	 Day, R., Brooks, P., Conaghan, P. G. & Petersen, M. A double blind, randomized, multicenter, parallel group study of the effectiveness 
and tolerance of intraarticular hyaluronan in osteoarthritis of the knee. J. Rheumatol. 31, 775–782 (2004).

	10.	 Altman, R. D., Dasa, V. & Takeuchi, J. Review of the Mechanism of Action for Supartz FX in Knee Osteoarthritis. Cartilage 9, 11–20, 
https://doi.org/10.1177/1947603516684588 (2018).

	11.	 Skoumal, M. et al. Serum cathepsin K levels of patients with longstanding rheumatoid arthritis: correlation with radiological 
destruction. Arthritis Res. Ther. 7, R65–70, https://doi.org/10.1186/ar1461 (2005).

	12.	 Charni-Ben Tabassi, N. et al. The type II collagen fragments Helix-II and CTX-II reveal different enzymatic pathways of human 
cartilage collagen degradation. Osteoarthritis Cartilage 16, 1183–1191, https://doi.org/10.1016/j.joca.2008.02.008 (2008).

	13.	 Kozawa, E. et al. Increased expression and activation of cathepsin K in human osteoarthritic cartilage and synovial tissues. J. Orthop. 
Res. 34, 127–134, https://doi.org/10.1002/jor.23005 (2016).

	14.	 Dejica, V. M. et al. Increased type II collagen cleavage by cathepsin K and collagenase activities with aging and osteoarthritis in 
human articular cartilage. Arthritis Res. Ther. 14, R113, https://doi.org/10.1186/ar3839 (2012).

	15.	 Hirabara, S., Kojima, T., Takahashi, N., Hanabayashi, M. & Ishiguro, N. Hyaluronan inhibits TLR-4 dependent cathepsin K and 
matrix metalloproteinase 1 expression in human fibroblasts. Biochem. Biophys. Res. Commun. 430, 519–522, https://doi.
org/10.1016/j.bbrc.2012.12.003 (2013).

	16.	 O’Conor, C. J., Leddy, H. A., Benefield, H. C., Liedtke, W. B. & Guilak, F. TRPV4-mediated mechanotransduction regulates the 
metabolic response of chondrocytes to dynamic loading. Proc. Natl. Acad. Sci. USA 111, 1316–1321, https://doi.org/10.1073/
pnas.1319569111 (2014).

	17.	 Kozawa, E. et al. Osteoarthritic change is delayed in a Ctsk-knockout mouse model of osteoarthritis. Arthritis Rheum. 64, 454–464, 
https://doi.org/10.1002/art.33398 (2012).

	18.	 Soki, F. N. et al. Articular cartilage protection in Ctsk(−/−) mice is associated with cellular and molecular changes in subchondral 
bone and cartilage matrix. J. Cell. Physiol. 233, 8666–8676, https://doi.org/10.1002/jcp.26745 (2018).

	19.	 Hayami, T., Zhuo, Y., Wesolowski, G. A., Pickarski, M. & Duong, L. T. Inhibition of cathepsin K reduces cartilage degeneration in the 
anterior cruciate ligament transection rabbit and murine models of osteoarthritis. Bone 50, 1250–1259, https://doi.org/10.1016/j.
bone.2012.03.025 (2012).

	20.	 Svelander, L. et al. Inhibition of cathepsin K reduces bone erosion, cartilage degradation and inflammation evoked by collagen-
induced arthritis in mice. Eur. J. Pharmacol. 613, 155–162, https://doi.org/10.1016/j.ejphar.2009.03.074 (2009).

	21.	 Dossetter, A. G. et al. 1R,2R)-N-(1-cyanocyclopropyl)-2-(6-methoxy-1,3,4,5-tetrahydropyrido[4,3-b]indole -2-carbonyl)
cyclohexanecarboxamide (AZD4996): a potent and highly selective cathepsin K inhibitor for the treatment of osteoarthritis. J. Med. 
Chem. 55, 6363–6374, https://doi.org/10.1021/jm3007257 (2012).

	22.	 Entwistle, J., Hall, C. L. & Turley, E. A. HA receptors: regulators of signalling to the cytoskeleton. J. Cell. Biochem. 61, 569–577, 
doi:10.1002/(sici)1097-4644(19960616)61:4%3c569::aid-jcb10%3e3.0.co;2-b (1996).

	23.	 Ozawa, M. et al. Hyaluronan suppresses mechanical stress-induced expression of catabolic enzymes by human chondrocytes via 
inhibition of IL-1beta production and subsequent NF-kappaB activation. Inflamm. Res. 64, 243–252, https://doi.org/10.1007/
s00011-015-0804-2 (2015).

	24.	 Huber, L. C. et al. Synovial fibroblasts: key players in rheumatoid arthritis. Rheumatology (Oxford) 45, 669–675, https://doi.
org/10.1093/rheumatology/kel065 (2006).

	25.	 Hanabayashi, M. et al. Hyaluronan Oligosaccharides Induce MMP-1 and -3 via Transcriptional Activation of NF-kappaB and p38 
MAPK in Rheumatoid Synovial Fibroblasts. PLoS One 11, e0161875, https://doi.org/10.1371/journal.pone.0161875 (2016).

	26.	 Oeckinghaus, A. & Ghosh, S. The NF-kappaB family of transcription factors and its regulation. Cold Spring Harb. Perspect. Biol. 1, 
a000034, https://doi.org/10.1101/cshperspect.a000034 (2009).

https://doi.org/10.1038/s41598-019-57073-8
https://doi.org/10.1016/j.berh.2011.11.013
https://doi.org/10.1016/j.berh.2011.11.013
https://doi.org/10.1371/journal.pone.0119816
https://doi.org/10.1002/art.27410
https://doi.org/10.1002/art.27410
https://doi.org/10.1016/j.bbrc.2016.08.099
https://doi.org/10.1016/j.jbiotec.2007.07.955
https://doi.org/10.1007/s00776-009-1421-0
https://doi.org/10.1177/1947603516684588
https://doi.org/10.1186/ar1461
https://doi.org/10.1016/j.joca.2008.02.008
https://doi.org/10.1002/jor.23005
https://doi.org/10.1186/ar3839
https://doi.org/10.1016/j.bbrc.2012.12.003
https://doi.org/10.1016/j.bbrc.2012.12.003
https://doi.org/10.1073/pnas.1319569111
https://doi.org/10.1073/pnas.1319569111
https://doi.org/10.1002/art.33398
https://doi.org/10.1002/jcp.26745
https://doi.org/10.1016/j.bone.2012.03.025
https://doi.org/10.1016/j.bone.2012.03.025
https://doi.org/10.1016/j.ejphar.2009.03.074
https://doi.org/10.1021/jm3007257
https://doi.org/10.1007/s00011-015-0804-2
https://doi.org/10.1007/s00011-015-0804-2
https://doi.org/10.1093/rheumatology/kel065
https://doi.org/10.1093/rheumatology/kel065
https://doi.org/10.1371/journal.pone.0161875
https://doi.org/10.1101/cshperspect.a000034


9Scientific Reports |          (2020) 10:216  | https://doi.org/10.1038/s41598-019-57073-8

www.nature.com/scientificreportswww.nature.com/scientificreports/

	27.	 Rigoglou, S. & Papavassiliou, A. G. The NF-kappaB signalling pathway in osteoarthritis. Int. J. Biochem. Cell Biol. 45, 2580–2584, 
https://doi.org/10.1016/j.biocel.2013.08.018 (2013).

	28.	 Takigawa, M. et al. Establishment of a clonal human chondrosarcoma cell line with cartilage phenotypes. Cancer Res. 49, 3996–4002 
(1989).

	29.	 Sobue, Y. et al. Inhibition of CD44 intracellular domain production suppresses bovine articular chondrocyte de-differentiation 
induced by excessive mechanical stress loading. Sci. Rep. 9, 14901, https://doi.org/10.1038/s41598-019-50166-4 (2019).

	30.	 Thomas, R. S., Clarke, A. R., Duance, V. C. & Blain, E. J. Effects of Wnt3A and mechanical load on cartilage chondrocyte homeostasis. 
Arthritis Res. Ther. 13, R203, https://doi.org/10.1186/ar3536 (2011).

	31.	 Chua, K. H., Aminuddin, B. S., Fuzina, N. H. & Ruszymah, B. H. Insulin-transferrin-selenium prevent human chondrocyte 
dedifferentiation and promote the formation of high quality tissue engineered human hyaline cartilage. Eur Cell Mater 9, 58–67; 
discussion 67, https://doi.org/10.22203/ecm.v009a08 (2005).

	32.	 Pfaffl, M. W. A new mathematical model for relative quantification in real-time RT-PCR. Nucleic Acids Res. 29, e45, https://doi.
org/10.1093/nar/29.9.e45 (2001).

Author contributions
M.S. and N.T. contributed to the conception and design of the study, acquisition of data, analysis and 
interpretation of data, drafting/revising the manuscript critically for important intellectual content, and provided 
final approval of the version to be submitted. Y.S., Y.O., K.K., K.H. and T.K. contributed to the conception and 
design of the study, acquisition of data, revising the manuscript critically for important intellectual content, and 
provided final approval of the version to be submitted. N.I. contributed to the conception and design of the 
study, analysis and interpretation of data, revising the manuscript critically for important intellectual content, 
and provided final approval of the version to be submitted. All authors read and approved the final manuscript.

Competing interests
This work was supported by JSPS KAKENHI Grant Number 16K10897. Seikagaku Corporation has provided 
research funding.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-019-57073-8.
Correspondence and requests for materials should be addressed to N.T.
Reprints and permissions information is available at www.nature.com/reprints.
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2020

https://doi.org/10.1038/s41598-019-57073-8
https://doi.org/10.1016/j.biocel.2013.08.018
https://doi.org/10.1038/s41598-019-50166-4
https://doi.org/10.1186/ar3536
https://doi.org/10.22203/ecm.v009a08
https://doi.org/10.1093/nar/29.9.e45
https://doi.org/10.1093/nar/29.9.e45
https://doi.org/10.1038/s41598-019-57073-8
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Hyaluronan suppresses enhanced cathepsin K expression via activation of NF-κB with mechanical stress loading in a human cho ...
	Results

	Induction of cathepsin K expression by CTS loading. 
	Inhibition of CTS loading-induced cathepsin K expression by HMW-HA. 
	HMW-HA suppressed NF-κB activation induced by CTS loading. 
	NF-kB immunofluorescence staining in cells stimulated with chemical TRPV-4 agonist mimicking the signal transduction induce ...
	Chemical inhibition of NF-κB suppressed cathepsin K expression induced by CTS loading. 
	Induction of cathepsin K expression and suppressive effect of HMW-HA in three-dimensional environment. 
	Induction of cathepsin K expression and suppressive effect of HMW-HA in primary articular chondrocytes. 

	Discussions

	Materials and Methods

	Reagents. 
	Cells and culture. 
	Real-time PCR. 
	Western blotting. 
	Immunofluorescence staining. 
	Statistical analysis. 

	Figure 1 Induction of cathepsin K expression with CTS loading.
	Figure 2 Suppressive effects of HMW-HA on enhanced cathepsin K expression induced by CTS loading at 1 Hz and 20% elongation for 24 hours.
	Figure 3 Effects of HMW-HA on enhanced activation of NF-κB induced by CTS loading.
	Figure 4 Immunofluorescence staining of HCS cells using anti-phospho-NF-kB p65 antibody.
	Figure 5 Effects of helenalin, a specific NF-κB inhibitor, on NF-κB activation and cathepsin K expression induced by CTS loading (1 Hz and 20%).
	Figure 6 Induction of cathepsin K expression by CTS loading and suppressive effect of high molecular-weight (HMW)-HA in HCS cells cultured in three-dimensional environment.
	Figure 7 Induction of cathepsin K expression by CTS loading and suppressive effect of high molecular-weight (HMW)-HA in primary bovine articular chondrocytes.




