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Inhibition of CD44 intracellular 
domain production suppresses 
bovine articular chondrocyte de-
differentiation induced by excessive 
mechanical stress loading
Yasumori Sobue1, Nobunori Takahashi1*, Yoshifumi Ohashi1, Mochihito Suzuki1, 
Tsuyoshi Nishiume1, Tomonori Kobayakawa2, Kenya Terabe1, Warren Knudson3, 
Cheryl Knudson3, Naoki Ishiguro1 & Toshihisa Kojima1

CD44 fragmentation is enhanced in chondrocytes of osteoarthritis (OA) patients. We hypothesized that 
mechanical stress-induced enhancement of CD44-intracellular domain (CD44-ICD) production plays 
an important role in the de-differentiation of chondrocytes and OA. This study aimed to assess the 
relationship between CD44-ICD and chondrocyte gene expression. Monolayer cultured primary bovine 
articular chondrocytes (BACs) were subjected to cyclic tensile strain (CTS) loading. ADAM10 inhibitor 
(GI254023X) and γ-secretase inhibitor (DAPT) were used to inhibit CD44 cleavage. In overexpression 
experiments, BACs were electroporated with a plasmid encoding CD44-ICD. CTS loading increased 
the expression of ADAM10 and subsequent CD44 cleavage, while decreasing the expression of 
SOX9, aggrecan, and type 2 collagen (COL2). Overexpression of CD44-ICD also resulted in decreased 
expression of these chondrocyte genes. Both GI254023X and DAPT reduced the production of CD44-ICD 
upon CTS loading, and significantly rescued the reduction of SOX9 expression by CTS loading. Chemical 
inhibition of CD44-ICD production also rescued aggrecan and COL2 expression following CTS loading. 
Our findings suggest that CD44-ICD is closely associated with the de-differentiation of chondrocytes. 
Excessive mechanical stress loading promoted the de-differentiation of BACs by enhancing CD44 
cleavage and CD44-ICD production. Suppression of CD44 cleavage has potential as a novel treatment 
strategy for OA.

Osteoarthritis (OA) is characterized by both the degradation of articular cartilage and the destruction of 
joints as a result of loss of homeostasis in articular cartilage1. Articular chondrocytes in OA patients undergo 
de-differentiation, resulting in a decreased amount of synthesized cartilage matrix2. De-differentiation of chon-
drocytes is accompanied by a reduction in expression of SOX9, aggrecan, and type 2 collagen, and induction of 
a fibroblastic phenotype characterized by the expression of type 1 collagen3–5. OA is caused by multiple factors 
such as genetics, aging, obesity, and mechanical stress. Depending on its intensity, mechanical stress loading can 
promote either catabolism or anabolism6. Excessive mechanical stress loading, however, can induce chondrocyte 
de-differentiation, articular cartilage degradation, and OA onset7–9, and alter the expression of various catabolic 
and anabolic genes that regulate cartilage remodeling and turnover, potentially leading to proteolytic cleavage of 
the extracellular matrix10. However, the molecular mechanism underlying the influence of excessive mechanical 
stress loading on OA changes is not yet fully understood.

CD44 is a single-pass transmembrane receptor that serves as the primary receptor for hyaluronan (HA). 
Interactions between CD44 and HA are important for maintaining proteoglycan-rich pericellular matrices and 
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cartilage homeostasis11. Disruption of the interaction between CD44 and HA can impact matrix metabolism and 
repair via CD44-related intracellular signaling transduction in chondrocytes12,13. Previous studies have reported 
that CD44 is proteolytically cleaved in a number of tumor cell types and chondrocytes in OA patients11,14. 
CD44 cleavage involves the proteolytic cleavage of the extracellular domain of CD44 by a metalloproteinase 
(MT1-MMP, ADAM17, or ADAM10)15. We previously reported that ADAM10 was the primary metalloprotein-
ase of this first-step cleavage of CD44 in bovine articular chondrocytes (BACs)16. The metalloproteinase releases 
a 70 kD CD44 ecto-domain into the extracellular matrix, leaving a 18–20 kD C-terminal truncation fragment 
within the plasma membrane (termed CD44-EXT). The CD44-EXT fragment is then cleaved within the intram-
embrane domain by γ-secretase, releasing a 15 kD intracellular domain (CD44-ICD) into the cytoplasm11.

Transient receptor potential vanilloid 4 (TRPV4), a Ca2+-permeable osmo-mechano-TRP channel17, was 
recently reported to act as mechanoreceptor and mediator of chondrogenic differentiation in porcine articular 
chondrocytes18. We previously found that mechanical stress loading increased ADAM10 expression and CD44 
cleavage via TRPV4 activation in a human chondrocyte cell line (HCS)19. The release of these CD44 fragments 
can negatively impact chondrocyte function. For example, the release of CD44-ICD into the cytoplasm of chon-
drocytes has been reported to competitively block interactions between full-length CD44 and cytoskeletal adap-
tor proteins. These interactions are required to stabilize the retention of pericellular matrix in chondrocytes20.

Here, we hypothesized that CD44 cleavage and subsequent CD44-ICD production in chondrocytes have neg-
ative effects on the maintenance of chondrocyte differentiation under conditions of excessive mechanical stress 
loading. Accordingly, this study aimed to assess the effect of CD44-ICD on the de-differentiation of primary 
BACs induced by excessive mechanical stress loading.

results
Mechanical stress loading. An automated cell stretching system (STB-140; STREX, Japan) stretches silicon 
chambers, and adherent cells are stretched perpendicular to the direction of mechanical stress loading (Fig. 1A). 
Upon stretching, BACs became spindle-shaped at 48 hours, with the long axis orthogonally oriented to the axis 
of stress loading (Fig. 1B). However, upon 12 hours of CTS loading, we did not observe apparent morphologic 
change.

Mechanical stress loading increases ADAM expression. ADAM10 expression increased with 
mechanical stress loading in a time and intensity- dependent manner. ADAM10 mRNA expression levels sig-
nificantly increased gradually after mechanical stress loading (frequency, 0.5 Hz; elongation, 20%) started and 
reached most apparent levels at 12 hours (Fig. 2A). In a comparison of different strengths, the highest level of 
ADAM10 mRNA expression was observed under conditions of 0.5 Hz and 20% elongation at 12 hours (Fig. 2B). 
Consistent with mRNA expression, Western blot analysis confirmed that ADAM10 protein expression increased 
under the same conditions as well (Fig. 2C, Sup. 1). Subsequent mechanical stress loading experiments used these 
conditions (i.e., 0.5 Hz and 20% elongation), unless otherwise noted.

No significant changes were observed in the expression of ADAM17 and MT1-MMP mRNA (Fig. 2D,E). 
These results suggest that, consistent with a previous report using HCS19, mechanical stress loading increases 
ADAM10 mRNA expression.

Mechanical stress loading induces CD44 cleavage and chondrocyte de-differentiation. We next 
examined the relationship between mechanical stress loading and CD44 cleavage and changes in the expression 
of genes related to chondrocyte differentiation. Western blot analysis revealed an increase in CD44-ICD (approx-
imately 15 kD) and CD44-EXT (18–20 kD) bands following mechanical stress loading. Interestingly, mechanical 
stress loading also decreased SOX9 protein expression (Fig. 3A, Sup. 2). Consistent with this, mechanical stress 
loading significantly decreased the mRNA expression of SOX9 at 6, 12, and 18 hours, AGC at 12 and 18 hours, and 

Figure 1. Morphological changes in bovine articular chondrocytes (BAC) subjected to cyclic tensile strain 
(CTS) loading. (A) Isolated BAC monolayers cultured on specialized silicone chambers were stimulated by CTS 
loading using STB-140 (STREX Inc.). (B) (left panel) Static monolayer BACs had a cobblestone-like appearance. 
(middle panel) After 12 hours of CTS loading under conditions of 0.5 Hz and 20% elongation. (right panel) 
After 48 hours of CTS loading under conditions of 0.5 Hz and 20% elongation, BACs became spindle-shaped 
with the long axis orthogonally oriented to the axis of CTS loading.
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COL2 at 12 and 18 hours. In contrast, COL1 mRNA expression was significantly increased at 6, 12, and 18 hours 
(Fig. 3B). Similar to the effect on ADAM10 expression, mechanical stress loading (0.5 Hz and 20% elongation) 
showed the strongest effect on the expression of chondrocyte differentiation-related genes at 12 hours (Fig. 3C).

Induction of chondrocyte de-differentiation by CD44-ICD overexpression. The effect of 
CD44-ICD overexpression on the expression of chondrogenic differentiation-related genes was also assessed. As 
shown in Fig. 4A, two CD44-ICD bands of about 15 kD (a strong band and weak band) were observed in lysates 
of BACs transfected with the CD44-ICD plasmid by Western blot, while corresponding bands were absent in 
BACs that were not transfected or were transfected with control plasmid. The molecular weight of the weaker 
band is consistent with that of the natural form of CD44-ICD11. The molecular weight of the strong band is 
consistent with what would be expected from the addition of the myc-tag (approximately 1.2 kD), which was 
proven with the addition of anti-Myc antibody. SOX9 protein expression was reduced in BACs transfected with 
CD44-ICD, but not in controls (Fig. 4A).

CD44-ICD significantly decreased the mRNA expression of SOX9, aggrecan, and COL2, while increasing 
the expression of COL1 mRNA (Fig. 4B). This suggests that the ability to maintain the chondrocyte phenotype 
was disrupted by CD44-ICD overexpression. These results suggest that CD44-ICD overexpression or CD44-ICD 
production upon excess mechanical stress loading can promote the de-differentiation of articular chondrocytes.

rescue of SOX9 expression by chemical inhibitors of CD44-ICD production upon mechanical 
stress loading. To determine whether the decrease in SOX9 expression upon mechanical stress loading 
could be rescued by preventing CD44-ICD production, we subjected cells to mechanical stress loading in the 
presence of chemical inhibitors of CD44-ICD production. Pre-treatment of cells with GI254023X, an inhibi-
tor of ADAM10 (the protease involved in the first step of CD44-ICD production), suppressed the production 
of both CD44-EXT and CD44-ICD upon mechanical stress loading in a dose-dependent manner (Fig. 5A). In 
contrast, pre-treatment of cells with DAPT, an inhibitor of γ-secretase (the protease involved in the second step 
of CD44-ICD production), significantly suppressed CD44-ICD production in a dose-dependent manner, but 
resulted in the accumulation of CD44-EXT (Fig. 5B). Both GI254023X and DAPT prevented the reduction in 

Figure 2. Increased expression of disintegrin and metalloproteinase domain-containing protein 10 (ADAM10) 
by cyclic tensile strain (CTS) loading. (A) Expression of ADAM10 mRNA was significantly increased by CTS 
loading under conditions of 0.5 Hz and 20% elongation at various time points (six independent experiments). 
(B) Intensity-dependent increase of ADAM10 mRNA expression induced by CTS loading for 12 hours. 
(C) Western blot analysis revealed increased ADAM10 protein expression induced by CTS loading under 
conditions of 0.5 Hz and 20% elongation for 12 hours. (D,E) There was no significant increase in ADAM17 
or MT1-MMP mRNA expression by CTS loading under conditions of 0.5 Hz and 20% elongation. Values are 
mean ± standard deviation from six independent experiments. **p < 0.01, *p < 0.05.
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SOX9 protein expression in a dose-dependent manner. At concentrations of 20 µM for GI254023X and 5 µM for 
DAPT, the intensity of the SOX9 band remained similar to that in samples that were not treated with mechanical 
stress loading (Fig. 5C,D).

rescue of chondrocyte differentiation-related gene expression by chemical inhibitors of 
CD44-ICD production upon mechanical stress loading. Given the ability of GI254023X and 
DAPT to rescue SOX9 protein expression, we next tested whether these inhibitors could prevent chon-
drocyte de-differentiation upon mechanical stress loading, as assessed by the expression of chondrocyte 
differentiation-related genes. Consistent with the results seen with SOX9 protein expression, both GI254023X 
(20 µM) and DAPT (5 µM) prevented the decrease in SOX9 mRNA expression upon mechanical stress loading 
(Fig. 6A,B). Similarly, these inhibitors also worked in the direction to prevent the decrease in mRNA expression 
of aggrecan and COL2. Conversely, the two inhibitors worked in the direction to prevent the increase in COL1 
mRNA expression upon mechanical stress loading.

The effects of GI254023X and DAPT on preventing chondrocyte de-differentiation upon mechanical stress 
loading (as assessed by the expression of chondrocyte differentiation-related genes) were significant, but not as 
robust for some genes. GI254023X did not fully rescue mRNA levels of COL2 and COL1, and DAPT did not 
rescue mRNA levels of aggrecan, COL2, and COL1. In these gees, there were still significant differences between 
untreated control samples and those treated with GI254023X or DAPT. These results suggest that other factors 
might be involved in the chondrocyte de-differentiation process induced by excessive mechanical stress loading.

Figure 3. Cyclic tensile strain (CTS) loading induces CD44 cleavage and de-differentiation of bovine articular 
chondrocytes (BACs). (A) Western blot analysis showing enhanced CD44 cleavage and decreased SOX9 
expression induced by CTS loading (0.5 Hz and 20% elongation) for 12 hours. Enhanced CD44 cleavage was 
noted as 18–20 kD doublet C-terminal fragment (CD44-EXT) bands and the 15 kD intracellular domain 
(CD44-ICD) band by the polyclonal anti-CD44 antibodies. (B) Changes in articular chondrocyte-related genes 
by CTS loading. CTS loading significantly decreased the mRNA expression of chondrocyte differentiation 
markers (SOX9, aggrecan, and collagen type 2 [COL2]). In contrast, mRNA expression of a chondrocyte de-
differentiation marker (collagen type 1 [COL1]) was significantly increased by CTS loading. (C) CTS loading 
decreased the mRNA expression of SOX9, aggrecan, and COL2 mRNA, and increased the expression of COL1 
mRNA, at 12 hours. Values are mean ± standard deviation from six independent experiments. *p < 0.05.
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Discussion
In this study, we found that excessive mechanical stress loading induces the de-differentiation of articular 
chondrocytes via CD44 cleavage and subsequent CD44-ICD production. Excessive mechanical stress loading 
significantly decreased the expression of genes involved in chondrocyte differentiation, such as SOX9. To our 
knowledge, this is the first report demonstrating the involvement of CD44-ICD in the de-differentiation of chon-
drocytes after mechanical stress loading. Our findings point to a potential strategy for treating OA that involves 
the suppression of CD44 cleavage.

We previously reported that proteolytic cleavage of CD44 was enhanced in articular cartilage derived from 
OA patients11 and that overexpression of CD44-ICD resulted in the loss of pericellular matrix in bovine articular 
chondrocytes20. However, there have been no reports on whether CD44-ICD itself plays a role in chondrocytes. 
In some tumor cells, CD44-ICD has been reported to function as a signaling molecule that translocates into the 
nucleus and activates transcription15. In the present study, we found that CD44-ICD altered the gene expression 
profile of chondrocytes. For instance, inhibiting CD44 cleavage using GI254023X or DAPT prevented changes in 
SOX9 expression by excessive mechanical stress loading, and overexpressing CD44-ICD decreased SOX9 expres-
sion in the chondrocytes.

The bovine articular chondrocytes were subjected to CTS loading on silicone chambers. Since we could 
not extract total protein samples directly from the chambers, the cells were trypsinized and centrifuged first. 
Trypsin-EDTA can cleave CD44 as well. Compared to the native CD44 cleavage pattern11, we can observe the 
diminished full length CD44 bands at ~85kD and the newly appeared strong bands at ~25kD (trypsin generated 
CD44-EXT) and some other faint bands in Fig. 3A. We cannot evaluate the CD44 fragmentation at 25–85kD 
when using the trypsinized cell samples. Importantly, the trypsin treatment does not affect the generation of 
native CD44-EXT (ADAM10 generated at ~20kD) and CD44-ICD. We can study native CD44 fragmentation 
status using the cells with trypsin treatment first.

In our previous study, simvastatin, a statin and therapeutic agent used to treat hypercholesterolemia, inhibited 
CD44 cleavage in bovine chondrocytes16. Inhibition of CD44 cleavage by simvastatin also resulted in improved 
retention of pericellular matrix. This protective effect was reversed by the addition of cholesterol and farnesylpy-
rophosphate. Based on this, we concluded that simvastatin exerts positive effects on chondrocytes by reducing 
CD44 cleavage and enhancing pericellular matrix retention. Statins have been reported to reduce cartilage degra-
dation in a rabbit model of OA21. Thus, we speculate that supplementation of statins could have a chondroprotec-
tive effect through suppression of CD44-ICD production.

The effects of GI254023X and DAPT on changes in gene expression induced by mechanical stress loading 
slightly differed. Specifically, while GI254023X completely rescued the decrease in aggrecan expression to base-
line levels, DAPT only partially, albeit significantly, rescued aggrecan expression. DAPT is a γ-secretase inhib-
itor which targets only the second step of CD44 cleavage into CD44-ICD. In contrast, GI254023X is a specific 

Figure 4. Effect of CD44-ICD overexpression on bovine articular chondrocytes (BACs) de-differentiation. 
(A) BACs were transfected with plasmid DNA expressing CD44-ICD (pCMV/myc/cyto-CD44ICD) or empty 
plasmid as a control using an electroporator (NEPA21). A strong band of about 15 kD was observed in BACs 
transfected with the CD44-ICD plasmid, which was detected when probed with both anti-CD44 cytotail and 
anti-Myc antibodies, and SOX9 levels were reduced in these cells. (B) CD44-ICD overexpression significantly 
decreased the mRNA expression of chondrocyte differentiation markers (SOX9, aggrecan, and collagen type 2 
[COL2]). In contrast, CD44-ICD overexpression significantly increased the mRNA expression of a chondrocyte 
de-differentiation marker (collagen type 1 [COL1]). Values are mean ± standard deviation from six independent 
experiments. *p < 0.05.
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ADAM10 inhibitor which can inhibit all steps of CD44 cleavage by targeting the first step of cleavage. Thus, 
GI254023X inhibits both production of the CD44 ecto-domain and CD44-ICD. Since the CD44 ecto-domain can 
function as a decoy receptor for pericellular HA22,23, inhibiting its production could contribute to maintaining 
pericellular matrix homeostasis. In this regard, a detailed study regarding the function of the CD44 ecto-domain 
would be informative. Nonetheless, chemical inhibition of the CD44 cleavage pathway at two different steps led 
to retention of the chondrocyte phenotype under excessive mechanical stress loading.

Mechanical stress loading can promote either catabolism or anabolism depending on its intensity6,24–26. Lin 
et al. reported that excessive stress loading at 23% elongation and 0.5 Hz (which is similar to our present condi-
tions) reduced SOX9 expression27. Since we studied the catabolic effects of mechanical stress loading, we applied 
conditions found to have the greatest effect on inducing the expression of ADAM10 (0.5 Hz and 20% elongation). 
We previously confirmed that similar conditions (1 Hz and 20% elongation) induced the strongest CD44 cleavage 
using the human chondrocyte cell line HCS 2/819. However, this condition resulted in cell death of BACs in the 
present study.

ADAM10 functions as a membrane-anchored metalloproteinase and exists abundantly in degenerated and 
OA cartilage28. We previously reported that ADAM10 expression and CD44 cleavage were enhanced by mechan-
ical stress loading in a human chondrocyte cell line19. The results from that study were confirmed using primary 
cells in the present study. CD44 cleavage itself may be considered a phenomenon that reflects cartilage degrada-
tion or OA11, but not necessarily the degeneration or de-differentiation of articular chondrocytes.

SOX9 is a transcription factor that acts as a determinative switch in chondrogenesis29. Since SOX9 regulates 
the expression of genes related to cartilage metabolism, it is important to demonstrate changes in its expression, 
along with changes in the expression of other genes involved in differentiation, when evaluating the loss of the 
chondrocyte phenotype6,30,31. In the present study, we demonstrated that excessive mechanical stress loading 
induced the de-differentiation of BACs, and that enhanced production of CD44-ICD by mechanical stress played 
an important role in the de-differentiation process.

Figure 5. Effect of chemical inhibitors of CD44-ICD production on the reduced expression of SOX9 protein by 
cyclic tensile strain (CTS) loading. (A) GI254023X (GI), a chemical inhibitor of ADAM10, dose-dependently 
decreased both CD44-EXT and CD44-ICD bands upon CTS loading (0.5 Hz and 20% elongation for 
12 hours). Densitometry of CD44-ICD/β-actin. Values are mean ± standard deviation from three independent 
experiments and expressed as n-fold increase compared to untreated control. (B) DAPT, a chemical inhibitor 
of γ-secretase, dose-dependently decreased production of the CD44-ICD band by CTS loading. At the same 
time, CD44-EXT accumulated in a dose-dependent manner. Densitometry of CD44-ICD/β-actin. Values are 
mean ± standard deviation of three independent experiments. (C,D) Both GI and DAPT effectively rescued 
the decrease in SOX9 expression by CTS loading (0.5 Hz and 20% elongation for 12 hours) in a dose-dependent 
manner.
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The present study has some limitations. First, mechanical stress was applied using only one method. Other 
methods of mechanical stress loading exist, such as compression stress and shear stress. However, stretching 
stress may reflect a physiological reaction given a report that cells are always being stimulated when they are in 
an extended state32. Second, BACs were cultured on a two-dimensional surface. Thus, cell behavior may differ 
when cells are cultured in a three three-dimensional environment33. The monolayer-cultured chondrocytes used 
in this study may have been already in the process of de-differentiation before any mechanical stimulus was 
applied. Since there is evidence that de-differentiated chondrocytes have increased stiffness by strengthening 
membrane-actin adhesion34, we have possibility that the cells we used had lowered responsiveness to the mechan-
ical stimulus. Three-dimensional cultured chondrocytes could adequately respond to mechanical stress loading 
and demonstrate more accurate data. Future studies that use three-dimensional cultures or animal models to 
confirm our present results are warranted.

In conclusion, we demonstrated that excessive mechanical stress loading increased ADAM10 expres-
sion and enhanced CD44 cleavage in primary BACs. Mechanical stress loading also significantly induced the 
de-differentiation of chondrocytes, with CD44-ICD playing an important role in this process. Thus, suppression 
of CD44 cleavage may serve as a therapeutic strategy for OA.

Method
Cell culture. 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 proteo-
lytic 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 °C11. 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 phenotype30,35. For mechanical stress loading experiments, 1 × 106 
cells were cultured on 10 cm2 dedicated silicone chambers (STB-CH-10, STREX, Japan), which were coated with 
type 1 collagen (CELLMATRIX, Nitta Gelatin, Japan). After static incubation for 48 hours in 4% FBS, cells were 
cultured in serum-free medium for 24 hours. Subsequently, cells were stimulated using the automated cell stretch-
ing system (STB-140; STREX, Japan) under serum-free conditions19. In certain experiments, cells were treated 
with drugs in serum-free medium 24 hours before mechanical stress loading19.

Plasmid electroporation. A total of 1 × 106 cells were mixed with a plasmid (10 µg) encoding CD44-ICD 
(pCMV/myc/cyto-CD44ICD), with the corresponding empty plasmid (10 µg) as the negative control, in 
Opti-MEM with serum- and antibiotic-free medium. The plasmid was constructed at East Carolina University 

Figure 6. Effect of chemical inhibitors of CD44-ICD production on the expression of chondrocyte phenotype-
related genes affected by cyclic tensile strain (CTS) loading. (A,B) Both GI254023X [GI] and DAPT significantly 
reversed the suppression of mRNA expression of SOX9, aggrecan, collagen type 2 (COL2) by CTS loading 
(0.5 Hz and 20% elongation for 12 hours). Moreover, the increase in mRNA expression of collagen type 1 
(COL1) by CTS loading was significantly inhibited by GI and DAPT. Values are mean ± standard deviation 
from six independent experiments. *p < 0.05.
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as described previously11. Briefly, the human CD44-ICD coding sequence was subcloned into a pCMV/myc/
cyto plasmid (pShooter, Invitrogen). PCR primers used for subcloning were designed to amplify the sequence 
corresponding to CD44-ICD (CD44 Ala288 to the stop codon following Val361) of full length human CD44H. 
Primer sequences were as follows: 5′-GTCGACGCAGTCAACAGTCGAAGAAGGTGTGG-3′ (containing a Sal I 
restriction site) and 5′-TTACACCCCAATCTTCATGTCCACATTC-3′11,20. This pShooter plasmid provides high 
efficiency delivery of the transgene product (CD44-ICD) directly into the cytoplasm.

The pCMV/myc/cyto-CD44ICD plasmid (or corresponding control plasmid) and cells were added to 2-mm 
gap cuvettes and stimulated by a NEPA21 electroporator (NEPAGENE, Chiba, Japan) under optimized condi-
tions (voltage: 275 V, pulse width: 2.5 ms, gene transfer efficiency: 80%, survival rate: 85%)36. Cells were evaluated 
24 hours after electroporation. Consistent with its expected molecular weight, CD44-ICD migrated to a position 
higher than 15 kD in Western blot analysis due to the myc tag.

Chemical treatments. Previous studies have reported that CD44 is proteolytically cleaved to produce 
three fragments11,37. Cleavage of CD44 mediated by the first metalloprotease (ADAM 10) generates extracel-
lular fragments and a C-terminal fragment (CD44-EXT). CD44-EXT is subsequently cleaved by γ-secretase to 
produce the CD44 intracellular domain (CD44-ICD). ADAM10 inhibitors can block all steps of CD44 cleavage, 
and γ-secretase inhibitors can prevent the second step of cleavage, i.e., the formation of CD44-ICD11,16. In exper-
iments testing the effects of inhibiting these proteases, cells were treated with GI254023X (TOCRIS bioscience, 
UK) or N-[N-(3,5-diflurophenylacetate)-L-alanyl]-(S)-phenylglycine t-butyl ester (Calbiochem, USA) (DAPT), 
which are pharmacological inhibitors of ADAM10 and γ-secretase, respectively. GI254023X and DAPT were 
resuspended in DMSO at concentrations described in previous reports16,38.

real-time rT-PCr. Total RNA was extracted with the RNeasy Mini Kit (Qiagen, Germany). Reverse tran-
scription was performed using the High Capacity cDNA Reverse Transcription Kit (Applied Biosystems, USA). 
Real time RT-PCR was carried out using a Light cycler System with FastStart Master SYBR Green PLUS (Roche, 
USA). Primers for ADAM10, ADAM17, MT1-MMP, CD44, SOX9, type2 collagen (COL2A1 [COL2]), type1 col-
lagen (COL1A2 [COL1]), aggrecan, and GAPDH were synthesized by Sigma-Aldrich (USA). The following prim-
ers were used: ADAM10, forward primer 5′-CATCTGGGGACAAACTTAACAACA-3′, reverse primer 5′-CCC 
ATTTCCACAAATAGGTTGGC-3′; ADAM17, forward primer 5′-TGCAAAGGCGTGTCTTATTGTAC-3′, reverse 
primer 5′-GCACAGGACTCCAGCCTCTG-3′; MT1-MMP, forward primer 5′-CCGTCCCCGATAAGCCCAAA-3′, 
reverse primer 5′-CCAGAACCAACGCTCCTTGAAG-3′; CD44, forward primer 5′-TCTGCAAGGCCTTTAAT 
AGCACGC-3′, reverse primer 5′-GTTCGCAGCACAGATGGAATTGG-3′; SOX9, forward primer 5′-CATGAAGATG 
ACCGACGAGCAG-3′, reverse primer 5′-GGGGAACGTGTTCTCCTGGG-3′; COL2A1, forward primer 
5′-GTGGATTTGATGAGAAGGCTGGT-3′, reverse primer 5′-CCTTGAGGTCCGGGAGCAC-3′; COL1A2, forward  
primer 5′-GCATTAGGGGTCACAATGGTCTG-3′, reverse primer 5′-GGCACCAACACGTCCTCTCT-3′; aggrecan,  
forward primer 5′-AAATATCACTGAGGGTGAAGCCCG-3′ , reverse primer 5′-ACTTCAGGGA 
CAAACGTGAAAGGC-3′; GAPDH, forward primer 5′-ATTCTGGCAAAGTGGACATCGTCG-3′, reverse primer 
5′-ATGGCCTTTCCATTGATGACGAGC-3′.

Western blot analysis. The expression of CD44, ADAM10, and SOX9 protein was evaluated by Western 
blot using cell lysates. Cells cultured on silicone chambers were trypsinized and centrifuged first. Total protein was 
extracted from cell pellets with Cell Lysis Buffer (Cell Signaling, USA) containing a protease inhibitor cocktail. 
Samples were separated by 10% SDS-PAGE under reducing conditions and transferred to a nitrocellulose mem-
brane. An antibody specific for the cytoplasmic tail of CD44 (anti-cytotail) was used to detect CD44-ICD11,39. 
Antibodies against ADAM10 (#14194), SOX9 (#14366), Myc (#2276), and beta-actin (#4970) were purchased 
from Cell Signaling (USA). Band intensities were captured with a digital image scanner and quantified using 
densitometry software (CS Analyzer 3.0; ATTO, Tokyo, Japan)40.

Statistical analysis. Values are expressed as mean ± standard deviation (SD). The Kruskal Wallis test was 
used for multiple-group comparisons and the Holm post-hoc test was used to evaluate the significance of individ-
ual differences in two-group comparisons only when the Kruskal Wallis test indicated significance. P < 0.05 was 
considered statistically significant. All statistical analyses were carried out using EZR (Saitama Medical Center, 
Jichi Medical University, Saitama, Japan; http://www.jichi.ac.jp/saitama-sct/SaitamaHP.files/statmed.html)41.

Received: 9 July 2019; Accepted: 5 September 2019;

Published: xx xx xxxx

references
 1. Pap, T. & Korb-Pap, A. Cartilage damage in osteoarthritis and rheumatoid arthritis–two unequal siblings. Nat Rev Rheumatol 11, 

606–615, https://doi.org/10.1038/nrrheum.2015.95 (2015).
 2. Poole, A. R. et al. Type II collagen degradation and its regulation in articular cartilage in osteoarthritis. Ann Rheum Dis 61(Suppl 2), 

ii78–81, https://doi.org/10.1136/ard.61.suppl_2.ii78 (2002).
 3. Benya, P. D., Padilla, S. R. & Nimni, M. E. Independent regulation of collagen types by chondrocytes during the loss of differentiated 

function in culture. Cell 15, 1313–1321 (1978).
 4. Mayne, R., Vail, M. S., Mayne, P. M. & Miller, E. J. Changes in type of collagen synthesized as clones of chick chondrocytes grow and 

eventually lose division capacity. Proc Natl Acad Sci USA 73, 1674–1678, https://doi.org/10.1073/pnas.73.5.1674 (1976).
 5. von der Mark, K., Gauss, V., von der Mark, H. & Muller, P. Relationship between cell shape and type of collagen synthesised as 

chondrocytes lose their cartilage phenotype in culture. Nature 267, 531–532 (1977).

https://doi.org/10.1038/s41598-019-50166-4
http://www.jichi.ac.jp/saitama-sct/SaitamaHP.files/statmed.html
https://doi.org/10.1038/nrrheum.2015.95
https://doi.org/10.1136/ard.61.suppl_2.ii78
https://doi.org/10.1073/pnas.73.5.1674


9Scientific RepoRtS |         (2019) 9:14901  | https://doi.org/10.1038/s41598-019-50166-4

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

 6. Takahashi, I. et al. Compressive force promotes sox9, type II collagen and aggrecan and inhibits IL-1beta expression resulting in 
chondrogenesis in mouse embryonic limb bud mesenchymal cells. J Cell Sci 111(Pt 14), 2067–2076 (1998).

 7. Guilak, F., Meyer, B. C., Ratcliffe, A. & Mow, V. C. The effects of matrix compression on proteoglycan metabolism in articular 
cartilage explants. Osteoarthritis Cartilage 2, 91–101 (1994).

 8. Sah, R. L. et al. Biosynthetic response of cartilage explants to dynamic compression. J Orthop Res 7, 619–636, https://doi.org/10.1002/
jor.1100070502 (1989).

 9. Patwari, P. et al. Proteoglycan degradation after injurious compression of bovine and human articular cartilage in vitro: interaction 
with exogenous cytokines. Arthritis Rheum 48, 1292–1301, https://doi.org/10.1002/art.10892 (2003).

 10. Lee, J. H., Fitzgerald, J. B., Dimicco, M. A. & Grodzinsky, A. J. Mechanical injury of cartilage explants causes specific time-dependent 
changes in chondrocyte gene expression. Arthritis Rheum 52, 2386–2395, https://doi.org/10.1002/art.21215 (2005).

 11. Takahashi, N. et al. Induction of CD44 cleavage in articular chondrocytes. Arthritis Rheum 62, 1338–1348, https://doi.org/10.1002/
art.27410 (2010).

 12. Thorne, R. F., Legg, J. W. & Isacke, C. M. The role of the CD44 transmembrane and cytoplasmic domains in co-ordinating adhesive 
and signalling events. J Cell Sci 117, 373–380, https://doi.org/10.1242/jcs.00954 (2004).

 13. Mori, T. et al. Structural basis for CD44 recognition by ERM proteins. J Biol Chem 283, 29602–29612, https://doi.org/10.1074/jbc.
M803606200 (2008).

 14. Nagano, O. et al. Cell-matrix interaction via CD44 is independently regulated by different metalloproteinases activated in response 
to extracellular Ca(2+) influx and PKC activation. J Cell Biol 165, 893–902, https://doi.org/10.1083/jcb.200310024 (2004).

 15. Nagano, O. & Saya, H. Mechanism and biological significance of CD44 cleavage. Cancer Sci 95, 930–935 (2004).
 16. Terabe, K. et al. Simvastatin inhibits CD44 fragmentation in chondrocytes. Arch Biochem Biophys 604, 1–10, https://doi.

org/10.1016/j.abb.2016.05.019 (2016).
 17. Phan, M. N. et al. Functional characterization of TRPV4 as an osmotically sensitive ion channel in porcine articular chondrocytes. 

Arthritis Rheum 60, 3028–3037, https://doi.org/10.1002/art.24799 (2009).
 18. 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).

 19. 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).

 20. Mellor, L., Knudson, C. B., Hida, D., Askew, E. B. & Knudson, W. Intracellular domain fragment of CD44 alters CD44 function in 
chondrocytes. J Biol Chem 288, 25838–25850, https://doi.org/10.1074/jbc.M113.494872 (2013).

 21. Akasaki, Y. et al. Mevastatin reduces cartilage degradation in rabbit experimental osteoarthritis through inhibition of synovial 
inflammation. Osteoarthritis Cartilage 17, 235–243, https://doi.org/10.1016/j.joca.2008.06.012 (2009).

 22. Toole, B. P. & Slomiany, M. G. Hyaluronan, CD44 and Emmprin: partners in cancer cell chemoresistance. Drug resistance updates: 
reviews and commentaries in antimicrobial and anticancer chemotherapy 11, 110–121, https://doi.org/10.1016/j.drup.2008.04.002 
(2008).

 23. Toole, B. P. Hyaluronan: from extracellular glue to pericellular cue. Nature reviews. Cancer 4, 528–539, https://doi.org/10.1038/
nrc1391 (2004).

 24. Kanazawa, T. et al. Mechanical stretch enhances COL2A1 expression on chromatin by inducing SOX9 nuclear translocalization in 
inner meniscus cells. J Orthop Res 30, 468–474, https://doi.org/10.1002/jor.21528 (2012).

 25. Li, Z., Yao, S., Alini, M. & Grad, S. Different response of articular chondrocyte subpopulations to surface motion. Osteoarthritis 
Cartilage 15, 1034–1041, https://doi.org/10.1016/j.joca.2007.03.001 (2007).

 26. Juhasz, T. et al. Mechanical loading stimulates chondrogenesis via the PKA/CREB-Sox9 and PP2A pathways in chicken micromass 
cultures. Cell Signal 26, 468–482, https://doi.org/10.1016/j.cellsig.2013.12.001 (2014).

 27. Lin, Y. Y. et al. Applying an excessive mechanical stress alters the effect of subchondral osteoblasts on chondrocytes in a co-culture 
system. Eur J Oral Sci 118, 151–158, https://doi.org/10.1111/j.1600-0722.2010.00710.x (2010).

 28. Chubinskaya, S., Mikhail, R., Deutsch, A. & Tindal, M. H. ADAM-10 protein is present in human articular cartilage primarily in the 
membrane-bound form and is upregulated in osteoarthritis and in response to IL-1alpha in bovine nasal cartilage. J Histochem 
Cytochem 49, 1165–1176, https://doi.org/10.1177/002215540104900910 (2001).

 29. Wright, E. et al. The Sry-related gene Sox9 is expressed during chondrogenesis in mouse embryos. Nat Genet 9, 15–20, https://doi.
org/10.1038/ng0195-15 (1995).

 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. Haller, R. et al. Notch1 signaling regulates chondrogenic lineage determination through Sox9 activation. Cell Death Differ 19, 
461–469, https://doi.org/10.1038/cdd.2011.114 (2012).

 32. Sawada, Y. et al. Force sensing by mechanical extension of the Src family kinase substrate p130Cas. Cell 127, 1015–1026, https://doi.
org/10.1016/j.cell.2006.09.044 (2006).

 33. 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).

 34. Sliogeryte, K., Botto, L., Lee, D. A. & Knight, M. M. Chondrocyte dedifferentiation increases cell stiffness by strengthening 
membrane-actin adhesion. Osteoarthritis Cartilage 24, 912–920, https://doi.org/10.1016/j.joca.2015.12.007 (2016).

 35. 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 (2005).

 36. Hattori, Y. et al. A selective estrogen receptor modulator inhibits tumor necrosis factor-alpha-induced apoptosis through the 
ERK1/2 signaling pathway in human chondrocytes. Biochem Biophys Res Commun 421, 418–424, https://doi.org/10.1016/j.
bbrc.2012.03.111 (2012).

 37. Lammich, S. et al. Presenilin-dependent intramembrane proteolysis of CD44 leads to the liberation of its intracellular domain and 
the secretion of an Abeta-like peptide. J Biol Chem 277, 44754–44759, https://doi.org/10.1074/jbc.M206872200 (2002).

 38. Inoshima, I. et al. A Staphylococcus aureus pore-forming toxin subverts the activity of ADAM10 to cause lethal infection in mice. 
Nat Med 17, 1310–1314, https://doi.org/10.1038/nm.2451 (2011).

 39. Okamoto, I. et al. CD44 cleavage induced by a membrane-associated metalloprotease plays a critical role in tumor cell migration. 
Oncogene 18, 1435–1446, https://doi.org/10.1038/sj.onc.1202447 (1999).

 40. 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).

 41. Kanda, Y. Investigation of the freely available easy-to-use software ‘EZR’ for medical statistics. Bone Marrow Transplant 48, 452–458, 
https://doi.org/10.1038/bmt.2012.244 (2013).

Acknowledgements
This work was supported by JSPS KAKENHI Grant Number 16K10897.

https://doi.org/10.1038/s41598-019-50166-4
https://doi.org/10.1002/jor.1100070502
https://doi.org/10.1002/jor.1100070502
https://doi.org/10.1002/art.10892
https://doi.org/10.1002/art.21215
https://doi.org/10.1002/art.27410
https://doi.org/10.1002/art.27410
https://doi.org/10.1242/jcs.00954
https://doi.org/10.1074/jbc.M803606200
https://doi.org/10.1074/jbc.M803606200
https://doi.org/10.1083/jcb.200310024
https://doi.org/10.1016/j.abb.2016.05.019
https://doi.org/10.1016/j.abb.2016.05.019
https://doi.org/10.1002/art.24799
https://doi.org/10.1073/pnas.1319569111
https://doi.org/10.1073/pnas.1319569111
https://doi.org/10.1016/j.bbrc.2016.08.099
https://doi.org/10.1074/jbc.M113.494872
https://doi.org/10.1016/j.joca.2008.06.012
https://doi.org/10.1016/j.drup.2008.04.002
https://doi.org/10.1038/nrc1391
https://doi.org/10.1038/nrc1391
https://doi.org/10.1002/jor.21528
https://doi.org/10.1016/j.joca.2007.03.001
https://doi.org/10.1016/j.cellsig.2013.12.001
https://doi.org/10.1111/j.1600-0722.2010.00710.x
https://doi.org/10.1177/002215540104900910
https://doi.org/10.1038/ng0195-15
https://doi.org/10.1038/ng0195-15
https://doi.org/10.1186/ar3536
https://doi.org/10.1038/cdd.2011.114
https://doi.org/10.1016/j.cell.2006.09.044
https://doi.org/10.1016/j.cell.2006.09.044
https://doi.org/10.1016/j.jbiotec.2007.07.955
https://doi.org/10.1016/j.joca.2015.12.007
https://doi.org/10.1016/j.bbrc.2012.03.111
https://doi.org/10.1016/j.bbrc.2012.03.111
https://doi.org/10.1074/jbc.M206872200
https://doi.org/10.1038/nm.2451
https://doi.org/10.1038/sj.onc.1202447
https://doi.org/10.1371/journal.pone.0161875
https://doi.org/10.1038/bmt.2012.244


1 0Scientific RepoRtS |         (2019) 9:14901  | https://doi.org/10.1038/s41598-019-50166-4

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

Author contributions
Y.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.O., M.S., T.N., T.K., K.T. 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. W.K. and C.K. contributed to interpretation of the results, and the writing 
of the manuscript. All authors read and approved the final manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-019-50166-4.
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) 2019

https://doi.org/10.1038/s41598-019-50166-4
https://doi.org/10.1038/s41598-019-50166-4
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Inhibition of CD44 intracellular domain production suppresses bovine articular chondrocyte de-differentiation induced by ex ...
	Results
	Mechanical stress loading. 
	Mechanical stress loading increases ADAM expression. 
	Mechanical stress loading induces CD44 cleavage and chondrocyte de-differentiation. 
	Induction of chondrocyte de-differentiation by CD44-ICD overexpression. 
	Rescue of SOX9 expression by chemical inhibitors of CD44-ICD production upon mechanical stress loading. 
	Rescue of chondrocyte differentiation-related gene expression by chemical inhibitors of CD44-ICD production upon mechanical ...

	Discussion
	Method
	Cell culture. 
	Plasmid electroporation. 
	Chemical treatments. 
	Real-time RT-PCR. 
	Western blot analysis. 
	Statistical analysis. 

	Acknowledgements
	Figure 1 Morphological changes in bovine articular chondrocytes (BAC) subjected to cyclic tensile strain (CTS) loading.
	Figure 2 Increased expression of disintegrin and metalloproteinase domain-containing protein 10 (ADAM10) by cyclic tensile strain (CTS) loading.
	Figure 3 Cyclic tensile strain (CTS) loading induces CD44 cleavage and de-differentiation of bovine articular chondrocytes (BACs).
	Figure 4 Effect of CD44-ICD overexpression on bovine articular chondrocytes (BACs) de-differentiation.
	Figure 5 Effect of chemical inhibitors of CD44-ICD production on the reduced expression of SOX9 protein by cyclic tensile strain (CTS) loading.
	Figure 6 Effect of chemical inhibitors of CD44-ICD production on the expression of chondrocyte phenotype-related genes affected by cyclic tensile strain (CTS) loading.




