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INTRODUCTION 
 
Osteoarthritis (OA), characterized by sub-chondral 
synovial activation, bone remodeling, and progressive 
loss of cartilage homeostasis, is generally regarded as 
the primary age relevant osteoarticular disease [1, 2]. 
The molecular mechanism underlying OA was recently 
deciphered [2]. Articular chondrocyte acquisition of a 
p16INK4A-dependent senescence phenotype may be 
induced by repetitive mechanical stress as well as its 
consequent synovial inflammation [3], which is 
virtually identical with the terminal differentiation 
during endochondral ossification [3, 4].  

 

Klotho, named after a Greek goddess Klotho, was 
identified as a gene mutated in Klotho mice in 1997, 
which is primarily expressed in reproductive organs, 
kidney and brain [5, 6]. Mice homozygous for the 
transgene have a number of phenotypes similar to the 
premature aging syndrome, such as calcification, 
pulmonary emphysema, osteoporosis, short life span 
and skin atrophy. This study verified the expression of 
Klotho in cartilage and confirmed the down-regulation 
of Klotho in the tissue of OA models, as shown in 
previous studies [7]. The association between Klotho 
and osteoarthritis has been already verified in several 
studies. Anti-geronic secreted Klotho can not only 
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ABSTRACT 
 
Caducity is known to be an independent risk factor in osteoarthritis (OA), yet the molecular basis behind caducity 
and OA remains unclear. Klotho, an anti-caducity protein, is an endogenous antagonist of the transduction of 
Wnt/β-catenin signal which can stimulate the articular cartilage degradation, indicating that deficiency in Klotho 
may increase Wnt/β-catenin activity and consequently accelerate the development of OA. We found that 
expression of Klotho was markedly higher in normal mouse cartilage than in the OA model, and in this model the 
activity of Wnt/β-catenin and its target gene was up-regulated. Decrease in Klotho expression was closely 
associated with the increase of β-catenin in OA, indicating that there was a negative correlation between Klotho 
and Wnt signal transduction. In the vitro and in vivo experiments, Klotho was found to bind to multiple Wnt, 
including Wnt1, Wnt4 and Wnt7a. It was additionally found that cyclic tenisle strain (CTS) inhibited the expression 
of Klotho and activated β-catenin. On the contrary, over-expression of Klotho would reduce the degradation of 
articular cartilage induced by CTS. These results suggest that Klotho is an antagonist of endogenous Wnt/β-catenin 
activity. In OA cartilage, decrease in expression of Klotho can activate Wnt/β-catenin signal transduction and 
consequently induce cartilage injury. 
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protect the articular cartilage, and additionally its 
repression with OA onset is also closely correlated. In 
addition, OA onset can also be predisposed by two 
single nucleotide polymorphisms inα-Klotho, i.e. genes 
that encode the anti-geronic hormoneα-Klotho [8–10]. 
 
The mechanism underlying the protection of cartilage 
from Klotho still remains unclear. Previous studies 
suggest that in renal injury model, Klotho expressed in 
renal tubular epithelial cells can bind to Wnt1, 4 and 7a 
to form a complex, which inhibits the activation of 
Frizzled and LRP5/6 complex, and plays a similar role 
to Wnt1, 4 and 7a antagonist. In this study, we 
hypothesized that Klotho would play a similar role in 
chondrocytes [11]. 
 
In the pathogenesis of OA, the activation of classical 
Wnt signal transduction is observed in articular 
cartilage and injured synovium, and the expression of 
Wnt ligand and target gene increases [12–17]. The 
expression of matrix metalloproteinase (MMPs) gene is 
regulated by Wnt/β-catenin signal transduction 
pathway. In the transgenic mice, activated β-catenin 
increases the expression of MMP-2, MMP-9 and MMP-
13 [15, 18]. The MMPs is the primary enzyme that 
destroys the extracellular matrix (ECM) of articular 
chondrocytes. The over-expression of β-catenin in 
mature chondrocytes may aggravate the cartilage 
degeneration, increase chondrocyte hypertrophy and 
increase the MMPs expression [19–21]. 
 
Our experiment verified that low expression of Klotho 
in chondrocytes in OA also lost its antagonistic effect 
on Wnt1, 4 and 7a, which resulted in relative activation 
of Wnt/β-catenin and high expression of target gene 
MMP-2 and MMP-9. Finally, the degradation of the 
cartilage matrix was caused. 
 
The activation of Wnt/β-catenin signal transduction in 
articular chondrocytes leads to chondrocyte hypertrophy 
and ECM degradation. Klotho regulation of Wnt/β-
catenin signal may improve the development of OA. 
This study aims to determine whether the reduction of 
Klotho expression in OA may induce the over-
expression of Wnt/β-catenin signal and the degradation 
of cartilage matrix, and whether Klotho is a key factor 
in the pathogenesis of OA under this condition. 
 
RESULTS 
 
HE staining and acin blue staining findings 
 
Findings of representative photomicrographs HE 
staining and acin blue staining of joint pathological 
sections of normal mouse joints and OA model mice 
were available twelve weeks after ACLT. Intact and 

smooth cartilages were showed on sham-operated knee 
joints (Figure 1A, 1B). Additionally, a typical healthy 
cartilage was presented in the chondrocyte 
organization with flat cells in the superficial zone (one 
or two layers). In the middle and deep zones, columns 
of round cells were seen. In contrast, in male C57/6J 
mice, cartilage damage and disorganized chondrocyte 
were presented in the operated knees (ACLT).  
 
Expression of Klotho, wnt/β-catenin signal pathway 
and its target gene in the OA model 
 
To further examine the expression of Klotho in OA, a 
mouse model was established. Cartilage tissue was 
removed from the knee joint with anterior cruciate 
ligament transection, and then the expression of Klotho 
in articular cartilage of OA mice was observed. The 
results showed that the level of Klotho in OA mice 
decreased markedly (Figure 2A, 2D) after operation, 
and the immunostaining intensity of Klotho in the 
articular cartilage of OA mice decreased (Figure 2G). 
 
On the contrary, the increased expression of Wnt 
signaling pathway and its target gene MMP2 and MMP9 
in the cartilage of OA mice, and the increased expression 
of Phos-GSK3β (S9), Wnt1, Wnt4 and Wnt7a were 
observed by western blot, indicating that the Wnt 
signaling pathway was activated in OA (Figure 2A). 
 
Wnt/β-catenin signal transduction pathway regulates the 
expression of MMPs gene downstream [18, 19]. MMPs 
are the primary enzymes that damage the ECM of the 
articular cartilage. Our results confirmed that, after 
activation of Wnt signaling pathway, the expression of 
the target gene MMP-2 and MMP-9 in OA mice 
increased (Figure 2A, 2E and 2F). 
 
The β-catenin, the core protein in the Wnt signaling 
pathway, was transferred from the cytoplasm to the 
nucleus after activation. The results showed that in the 
OA model, when compared to the normal group, the β-
catenin in the nucleus increased (Figure 2B) and the 
intensity of Klotho immunostaining in the articular 
cartilage of the OA mice decreased (Figure 2I). 
 
In cartilage tissue of OA model, the binding of Dvl to 
Frizzled, Klotho to Wnt1, Wnt4, Wnt 7a and β-
catenin to MMP2, 9 promoters were detected 
 
Dishevelled (Dvl), a key protein in the Wnt signaling 
pathway, can transfer the Wnt signal from the receptor 
to the downstream effector. In the classical Wnt 
signaling pathway, Dvl is convoked to the cell 
membrane by the receptor Fizzled, and wherefore binds 
to the axin/GSK3/APC complex, which consequently 
inhibits the degradation of β-catenin in the cytoplasm. 
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In the cartilage tissue of OA mouse model, the Dvl and 
Fizzled binding markedly increased (Figure 3A) by Co-
IP method. 
 
Previous experiments suggest that Klotho can bind with 
Wnt1, 4 and 7a to form a complex, inhibits the activation 
of Frizzled, LRP 5/6 complex by Wnt, and therefore 
plays a similar role to Wnt1,4,7a antagonist. In the OA 
model, we also found that Klotho and Wnt1, 4 and 7a 
binding decreased when compared to normal cartilage 
tissue (Figure 3B). 
 
ChIP method was used to detect the binding of β-
catenin to MMP 2, 9 promoters. The results showed that 
the combination of TCF and MMP 2,9 promoters 
increased in the OA model (Figure 3D, 3E). 
 
Expression of the Klotho, wnt/β-catenin signal 
pathway and its target gene in the chondrocytes 
stimulated by different CTS in the vivo experiment 
 
The same findings were observed in vivo experiment. 
To further examine the expression of Klotho in 
chondrocytes and simulate the cartilage stimulated by 
stress in vivo, we established a model of OA chondro-
cytes exposed to CTS in vitro. Klotho protein level in 
the supernatant of chondrocytes was decreased with the 
increase of CTS intensity (Figure 4A and 4E)  
 

 
 

Figure 1. Hmatoxylin and eosin (H&E), and acin blue 
staining. (A) Representative photomicrographs HE staining of 
joint pathological sections of normal mouse joints and OA model 
mice, twelve weeks after ACLT (n=4). (B) Alcian blue staining of 
normal mouse joints and surgically prepared OA model mouse 
joint pathological sections (n=4). 

after 48h treatment with CTS (0.1, 0.5 and 1HZ). 
Western blot results showed that expression of Phos-
GSK3β (s9) and Wnt1, Wnt4 and Wnt 7a in the 
supernatant of Wnt pathway was increased with the 
increase of CTS intensity (Figure 4A), and the nuclear 
Wnt pathway core protein β-catenin was decreased 
(Figure 4B), while the expression of Wnt target gene 
MMP-2 and MMP-9 increased (Figure 4F, 4G). 
 
In vitro, CTS stimulated chondrocytes were used to 
detect the binding of Dvl to Frizzled, klotho to Wnt1, 
Wnt4 and Wnt 7a in the cell supernatant and cell, 
and the effect of β-catenin on the activity of MMP2, 
9 promoters were detected in the vitro CTS 
stimulated chondrocytes 
 
In vitro experiments, the binding level of Dvl and 
Frizzled in the chondrocytes increased with the increase 
of the CTS intensity (Figure 5A). In contrast, the 
binding level of Klotho and Wnt 1, Wnt 4 and Wnt 7a 
in the supernatant of chondrocytes was decreased with 
the increase of CTS intensity (Figure 5B). And the 
effect of β-catenin on the activity of MMP2, 9 
promoters was increased with the increase of CTS 
intensity (Figure 5D, 5E). 
 
Expression of wnt/β-catenin signaling pathway and 
its target gene in chondrocytes over-expression of 
Klotho 
 
The regulation of Klotho over-expression on the 
formation of OA induced by CTS was further studied. 
First, the chondrocyte was transfected with Klotho-
overexpressing lentiviral vector or negative control 
lentivirus vector. The results showed that in the 
chondrocytes over-expression of Klotho, after increase 
of the Klotho expression, CTS could not increase the 
expression of Wnt signal pathway related proteins, 
including Phos-GSK3β (S9) in cells, and Wnt1, Wnt4 
and Wnt7a) in the supernatant (Figure 6A). Over-
expression of Klotho inhibited CTS's promotion of β-
catenin from the cytoplasm to the nucleus (Figure 6B). 
The over-expression of Klotho reduced the transcription 
level of downstream target gene MMP-2 and MMP-9 
(Figure 6A, 6E, 6F). 
 
In chondrocytes overexpressed with klotho, the 
binding of Klotho to Wnt1, Wnt4 and Wnt7a, the 
binding of Dvl to Frizzled, and the effect of β-catenin 
on the activity of MMP2 and MMP9 promoters were 
observed 
 
In the chondrocytes overexpressed with Klotho, Co-IP 
experiments confirmed that Klotho reversed the 
combination of Dvl and Frizzled induced by CTS 
(Figure 7A). On the other hand, under the action of 
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Figure 2. Up-regulation of Wnt signaling and down-regulation of Klotho in the joint after injury. ACLT surgery was used to induce 
OA in adult male C57/6J mice. Expression of Klotho, Phos-GSK3β (S9), GSK3β, MMP2, MMP9, Wnt1, Wnt4, Wnt7a and β-catenin 
(cytoplasm/nucleus) in the mouse cartilage tissue. (A) Expression change of Klotho, Phos-GSK3β (S9), GSK3β, MMP2, MMP9, Wnt1, Wnt4, 
Wnt7a, and (B) β-catenin in the cytoplasm and nucleus by Western Blot after modeling. (C) Protein levels of Klotho, Phos-GSK3β (S9), GSK3β, 
MMP2, MMP9, Wnt1, Wnt4, Wnt7a and β-catenin were detected by western blotting. Protein/β-actin and Protein/Lamin A were used to 
demonstrate the protein fold changes. (D) Klotho mRNA expression was assessed in the cartilage at 12 weeks after ACLT or control. (F) The 
expression of matrix-degrading enzyme genes, MMP-2 (E), MMP-9 (F) were evaluated by Real-Time PCR. (G–J) The expression of Klotho 
protein and β-catenin protein in the control group and OA group were compared by immunohistochemistry,. Scale bar, 50 mm. Data are the 
mean ±SD,  n=8 mice. *P < 0.05, **P < 0.01.  
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CTS, the binding of Wnt1, Wnt4, Wnt7a to Klotho in 
chondrocytes with over-expression of Klotho was 
increased (Figure 7A). The cell supernatant showed the 
same result (Figure 7B). Over-expression of Klotho 
reduced the binding level of downstream target gene β-
catenin and MMP-2 and MMP-9 promoters by 
luciferase assay (Figure 7E, 7F). 
 
Expression of Klotho, Wnt1, Wnt4 and Wnt7a in the 
supernatant, GSK3β, p-GSK3β, MMP2, MMP9, 
MMP-7, active β-catenin and β-catenin (cytoplasm/ 
nucleus) in β-catenin silencing chondrocytes 
 
β-catenin is a multifunctional protein in the cytoplasm 
and a key molecule regulating gene transcription in Wnt 
signaling pathway. First, the chondrocyte was 

transfected with β-catenin low expressing lentiviral 
vector or negative control lentivirus vector. The results 
showed that there was no markable change in the 
expression of Klotho in the supernatant of chondrocytes 
between the β-catenin silencing chondrocytes and the 
normal cells, both decreased (Figure 8A). However, the 
expression of Wnt signal-related proteins p-GSK3β, 
WNT1, WNT4 and WNT7a decreased after silencing β-
catenin, indicating that the Wnt signaling pathway was 
silent after β-catenin silencing. After this silencing, the 
β-catenin in chondrocytes could not be transferred from 
cytoplasm to the nucleus in the presence of CTS (Figure 
8B). The silencing β-catenin has reduced the 
transcription level of downstream target gene MMP-2, 
MMP-9 (Figure 8A, 8E, 8F). These results suggest that 

 

 
 

Figure 3. Klotho binds to Wnt and blocks Wnt-mediated gene transcription. In cartilage tissue, the binding of Dvl to Frizzled, Klotho 
to Wnt1, Wnt4, Wnt7a and β-catenin to MMP2, 9 promoters were detected. (A, B) The Co-IP method was used to detect the binding of Dvl to 
Frizzled, and Klotho to Wnt1, Wnt4, Wnt7a in cartilage tissue after operation, (C) and quantitative data for Dvl to Frizzled, and Klotho to 
Wnt1, Wnt4, Wnt7a are presented. (D, E) The binding of β-catenin to MMP2, 9 promoters was detected by ChIP method. Data are the mean 
±SD,  n=8 mice.. *P < 0.05, **P < 0.01.  
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Klotho is in the upstream of WNT/β-catenin signaling 
pathway, and Klotho regulates OA through Wnt 
signaling pathway 
 
In the β-catenin silencing chondrocytes, the binding 
of Klotho to Wnt1, Wnt4, Wnt7a, the binding of Dvl 
to Frizzled, and the effect of β-catenin on the activity 
of MMP2 and MMP9 promoters were observed 
 
In the β-catenin silencing chondrocytes, Co-IP assay 
confirmed that there was no markable change in the 
binding of Dvl to Frizzled with or without CTS 
stimulation (Figure 9A). Silencing β-catenin led to the 
decrease of Wnt1, 4 and 7a expression, and the 

binding of Wnt1, Wnt4 and Wnt7a to Klotho in β-
catenin silencing chondrocytes was also reduced by 
CTS, which was same in the cell supernatant (Figure 
9A, 9B). Silencing β-catenin reduced the binding level 
of downstream target gene β-catenin, MMP-2 and 
MMP-9 promoters by luciferase assay (Figure 9E, 9F). 
 
DISCUSSION 
 
OA is a common multivariate joint disease, in which 
caducity and overloading are main risk factors. Although 
the pathophysiology of OA involves cartilage, bone and 
synovial tissue, the primary feature of OA is the 
progressive degeneration of articular cartilage. Studies

 

 
 

Figure 4. Up-regulation of Wnt signaling and down-regulation of Klotho in chondrocytes treated by CTS. Chondrocytes were 
were pretreated with cyclic tensile strain (0.1-1Hz) for 48 hours  Expression of Klotho, Wnt1, Wnt4 and Wnt7a in the cell supernatant and 
GSK3β, p-GSK3β, MMP2, MMP9 and β-catenin (cytoplasm/nucleus) in the cell of mouse cartilage. (A) Western blot analyses show that CTS 
induced these proteins expression in a tension-dependent manner. (B) Cytocol/nuclear separation was undertaken to assess the enrichment 
of β-catenin in the nuclei in chondrocytes treated by CTS. The upregulation level of β-catenin localized in nucleus was more obvious than that 
remained in cytosol in CTS groups than control group. Representative Western blots (A and B) and quantitative data (C and D) are presented. 
*P<0.05 versus controls (n=3). (E) The RT-PCR results showed periodic CTS dependent inhibition of Klotho expression. (F, G) The results of RT-
PCR showed that the expression of MMP-2, MMP-9 was stimulated by periodic CTS dependent stimulation. Results were obtained via the 
expression of three individual experiments performed in triplicate for each condition. *P < 0.05, **P < 0.01.  
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suggest that the progressive joint destruction in OA is 
caused by over-activation of Wnt signal transduction 
[12–17]. The Wnt signaling pathway is an effective 
regulator of bone and cartilage homeostasis and also 
plays an important role in human joint diseases [23, 24]. 
 
In many diseases, the down-regulation of Klotho 
increases the inflammation and oxidative stress [25–27]. 
OA is known to be a degenerative joint disease closely 
related to caducity. However, there is little research into 
the participation of Klotho in the pathogenesis of OA. 
This study suggests that in both vitro and vivo OA 
model, the expression of Klotho decreases (Figures 2, 
4). Similarly, previous studies show that the secreted α-
Klotho can maintain the balance of cartilage tissue by 
inhibiting the catabolism axis of NOS2 and ZIP8-

MMP13. Additionally, the expression of Klotho in 
chondrocytes stimulated by IL-1β also decreases in OA 
mice [7]. 
 
Previous studies have shown that Klotho expressed in 
renal tubular epithelial cells can bind to Wnt1, 4 and 7a 
to form a complex, which inhibits the activation of 
Frizzled, LRP5/6 complex by Wnt, and wherefore acts 
as a Wnt1, 4 and 7a antagonist in renal injury model 
[11]. Our results confirm that in vitro and vitro 
experiments of OA cartilage tissue, Klotho can also be 
combined with Wnt1, 4, 7a (Figures 3 and 5). At the 
same time, in OA model, the expression of Wnt1, 4 and 
7a increases after the decrease of Klotho expression, 
consequently leading to the activation of Wnt signaling 
pathway (Figures 2 and 4). 

 

 
 

Figure 5. CTS influenced Wnt/β-catenin signaling pathway, Klotho binds to Wnt and blocks Wnt-mediated gene 
transcription. Chondrocytes were incubated with or without CTS(0.1, 0.5.1 HZ) for 48 hours. the binding of Dvl to Frizzled was induced by 
CTS in a tension-dependent manner, Klotho to Wnt1, Wnt4, Wnt7a was adversed. (A, B) Detection of Dvl and Frizzled binding and (B) Klotho 
and Wnt1, 4, 7a binding in supernatant by Co-IP, quantitative data (C) is presented. *P< 0.05 versus controls (n=3). (D, E) The effect of β-
catenin on the activity of MMP-2 promoters and MMP-9 promoters was in a tension dependent manner. Results were obtained via the 
expression of three individual experiments performed in triplicate for each condition. *P < 0.05, **P < 0.01.  
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The promoter of Wnt signal transduction pathway is 
the Wnt family protein, which is a secretory glyco-
protein; besides, 19 family members have been found 
all containing 24 conserved cysteine residues [28, 29]. 
Among the Wnt family proteins, Wnt1, Wnt3a, Wnt4, 
Wnt7a and Wnt7b have been proved to be involved in 
the classical pathway of β-catenin upstream gene 
activation [30–32]. The classical Wnt pathway 
describes a series of reactions when the Wnt protein 
binds to the Frizzled receptor family on the cell 
surface, including the activation of dishevelled 
receptor family proteins and the changes of β-catenin 

levels in the nucleus. Dishevelled (DSH) is a key 
component in the membrane associated Wnt receptor 
complex, which is activated by binding to Wnt and 
wherefore inhibits downstream protein complexes, 
including Axin, GSK-3, and APC proteins. The Axin/ 
GSK-3/APC complex can promote the degradation of 
intracellular signal molecule β-catenin. If this β-
catenin degradation is inhibited, the β-catenin could 
exist stably in the cytoplasm, and some β-catenin 
could enter into the nucleus to interact with the 
TCF/LEF transcription factor family and thus promote 
the expression of specific genes [33, 34]. 

 

 
 

Figure 6. Klotho inhibits Wnt-mediated β-catenin activation and represses its target genes in vitro. Chondrocytes were 
transfected with empty vector or Klotho expression vector as indicated, followed by incubation with or without CTS(1 HZ) for 48 hours. 
Western blot (A, B) and quantitative data (C, D) for Wnt1, Wnt4 and Wnt7a in the cell supernatant and GSK3β, p-GSK3β, MMP2, MMP9 and 
active β-catenin are presented. Klotho abolished CTS-mediated Wnt actions. (E, F) RT-PCR was used to detect the expression of MMP-2 and 
MMP-9 mRNA in different groups. Results were obtained via the expression of three individual experiments performed in triplicate for each 
condition. *P < 0.05, **P < 0.01.  
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Figure 7. Over-expressed Klotho binds to Wnt and blocks Wnt-mediated gene transcription in vitro. Chondrocytes were 
incubated with or without CTS(1 HZ) for 48 hours. Overexpression of klotho attenuated the activity of the wnt signaling pathway (A) Co-IP 
method was used to detect the binding of Klotho and Wnt1, Wnt4 and Wnt7a in different groups of cells supernatant. (B) Co-IP method was 
used to detect the binding of Klotho and Wnt1, Wnt4, Wnt7a, the binding of Dvl to Frizzled in different groups of cells, quantitative data  
(C, D) is presented. *P,0.05 versus controls (n=3), The cell lysates were immunoprecipitated by β-catenin antibody. qPCR analyses the 
enrichment of MMP-2, MMP-9-specific DNA in chondrocytes. (E, F) Overexpression of klotho blocks the binding of β-catenin on MMP-2 and 
MMP-9 promoter activity. Results were obtained via the expression of three individual experiments performed in triplicate for each 
condition. *P < 0.05, **P < 0.01.  
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We observed the four core processes in the activation of 
WNT/β-catenin signaling pathway in the OA arthritis 
model, including the phosphorylation of GSK3β, the 
binding of Dvl to Frizzled protein, β-catenin enriched 
and transferred to nucleus, as well as the binding of β-
catenin, TCF/LEF transcription factor and MMP 
promoters in nucleus. 
 
GSK3β is a Serine/Threonine protein kinase, which, in 
the absence of Wnt signal, is able to add the phosphate 
group to the Serine/Threonine residues at the N-
terminus of the β-catenin, wherefore the phosphorylated 
β-Catenin is covalently modified by the β-TRCP 
ubiquitination and then degraded by the proteasome. 
After activation of the Wnt signal, the activity of 
GSK3β decreases after the phosphorylation, which 
weakens its ability to degrade β-catenin. Our results 

showed that the level of p-GSK3β increased in OA 
model in vivo and vitro (Figures 2A, 4A). The results 
additionally showed that, in this model, with the 
decrease of Klotho, Dvl, a positive regulator of Wnt 
signal transduction located in the downstream of 
Frizzled receptor and upstream of β-catenin, increased 
its binding to Frizzled; whilst in vitro experiment, this 
binding was CTS intensity dependent. 
 
Some types of matrix metalloproteinase (MMPs), such as 
MMP-2 and MMP-9), are direct transcriptional targets of 
Wnt/β-catenin signaling pathway [15, 18]. MMP-2 and 
MMP-9 are both important members of the MMPs family 
and important enzymes in the degradation of articular 
cartilage matrix. The MMP-9 plays a major role in 
destroying cartilage matrix, exposing collagen and 
destroying the reticular structure of collagen. The MMP-

 

 
 

Figure 8. Expression of Klotho, Wnt1, Wnt4, Wnt7a in the cell supernatant and GSK3β, p-GSK3β, MMP2, MMP9, MMP-7, β-
catenin (cytoplasm/nucleus) in the cell of chondrocytes knockdown of β-catenin. (A) The protein expression detection of Klotho, 
Wnt1, Wnt4, Wnt7a in the cell supernatant and Phos-GSK3β (S9), GSK3β, MMP2, MMP9, and (B) β-catenin (cytoplasm/nucleus)  by Western 
Bolt, quantitative data (C) is presented. *P,0.05 versus controls (n=3), (E, F) RT-PCR was used to detect the expression of MMP-2 and MMP-9 
mRNA in different groups. Results were obtained via the expression of three individual experiments performed in triplicate for each 
condition. *P < 0.05, **P < 0.01.  
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2 secreted into the extracellular matrix in the form of 
proenzyme, which can degrade the important components 
of articular cartilage in the extracellular matrix, such as 
type I, IV, V and type X collagen, laminin, fibronectin 
and proteoglycan [19–21]. The results found that in vivo 
and vitro model of OA, with the decrease of Klotho, the 
expression of MMP-2 and MMP-9 increased; whilst in 
vitro experiment, this increase was CTS intensity 
dependent. 

In further study, the binding of Wnt1, 4 and 7a to 
Klotho in chondrocytes increased significantly in cell 
supernatant and cells after chondrocyte over-expression 
of Klotho by using Klotho over-expression lentivirus 
vector. Under the action of CTS, Klotho reversed the 
activation of WNT/β-catenin signaling pathway 
(Figures 6, 7), indicating that the Klotho regulates OA 
through WNT/β-catenin. Similarly, Soluble Klotho (50, 
100, 200ug/ml) inhibits Wnt-mediated β-catenin 

 

 
 

Figure 9. In chondrocytes knockdown of β-catenin, the binding of Dvl to Frizzled, Klotho to Wnt1, Wnt4, Wnt7a and β-
catenin to MMP2, 9 promoters were detected. (A) Co-IP method was used to detect the binding of Klotho and Wnt1, Wnt4, Wnt7a in 
different groups of cells supernatant. (B) Co-IP method was used to detect the binding of Klotho and Wnt1, Wnt4 and Wnt7a, the binding of 
Dvl to Frizzled in different groups of cells. quantitative data (C, D) is presented. *P,0.05 versus controls (n=3), The cell lysates were 
immunoprecipitated by β-catenin antibody. qPCR analyses the enrichment of MMP-2, MMP-9-specific DNA in chondrocytes. (E, F) MMP-2 
and MMP-9 promoter luciferase activity decreased after silencing β-catenin. Results were obtained via the expression of three individual 
experiments performed in triplicate for each condition. *P < 0.05, **P < 0.01.  
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activation and represses its target genes in vitro in a 
dose-dependent manner (Supplementary Figure 1). 
 
As an important component in Wnt signaling pathway, the 
activation of β-catenin in the articular chondrocytes 
participates in the transition from normal articular 
chondrocytes to terminal differentiation chondrocytes 
during OA development. Expression of β-catenin is up-
regulated in OA cartilage, and the over-expression of β-
catenin in the articular chondrocytes makes adult mice 
susceptible to OA phenotype [14, 15, 35]. In addition, β-
catenin can promote bone formation and participate in 
abnormal differentiation of osteoblasts and ectopic 
formation of cartilage. If β-catenin is inactivated, the 
mesenchymal cells would differentiate into chondrocytes 
rather than osteoblasts, indicating that β-catenin can 
regulate both intramembranous and endochondral 
osteogenesis [36]. When the β-catenin is transferred to the 
nucleus and bound to TCF/LEF, it activates the down-
stream target genes, such as C-myc, MMP-3, MMP-13, 
MMP-7, MMP-9, and bone morphogenetic protein 2 
genes for transcription. All these genes are in a state of 
abnormal activation in OA, and participate in the 
occurrence and development of OA [15]. In the model of 
OA in vivo and in vitro, the content of β-catenin in the 
nucleus increased and over-expression of Klotho could 
reduce the β-catenin transfer into the nucleus. Further 
study showed that after the β-catenin in chondrocytes was 
silenced by low expression of lentivirus vector, the 
reduced Klotho could not increase MMP expression 
through Wnt signaling pathway under the action of CTS 
(Figures 8, 9). 
 
In conclusion, this study suggests that Klotho deficiency 
is a common pathological feature in OA and the 
biological effect of this deficiency is related to the 
activation of WNT/β-catenin signaling pathway. Klotho 
can combine with Wnt and functions as an effective and 
endogenous Wnt antagonist. Klotho deficiency will 
inevitably result in articular cartilage injury through 
Wnt /β-catenin signal transduction. Wherefore, we 
believe that Klotho may be a potential target for the 
treatment of OA cartilage disease. 
 
MATERIALS AND METHODS 
 
Reagents 
 
Monoclonal antibodies against Phos-GSK3β (S9), 
GSK3β, MMP2, MMP9, Wnt1, Wnt4, Wnt7, Frizzled 
and β-catenin were provided by Abcam (Cambridge, 
UK). Anti-Dvl Antibody was provided by Cell 
Signaling Technology (Danvers, MA and USA). Anti-
bodies against Klotho was  provided by Abcam and 
Santa Cruz Biotechnology Fetal bovine serum and 
DMEM low- and high-glucose medium were procured 

form HyClone (Logan, UT and USA) Phosphate-
buffered saline (PBS), cytoplasmic and membrane 
protein extraction kit, total protein extraction kit, RIPA 
buffer and PMSF were procured from Beyotime 
Biotechnology (Nantong, China). ChIP Assay Kit was 
obtained from Beyotime Biotechnology, (Shanghai, 
China). Pierce™ Classic Magnetic IP/Co-IP kit was 
obtained from Thermo Fisher (Shanghai, China). Acin 
blue staining kit was provided by Nanjing Jiancheng 
Bioengineering Institute (Nanjing, China). 
 
Animals 
 
Twenty-four C57/6J mice (19-21gm, 3-month-old) were 
obtained from the Animal Inc., affiliated to Nanjing 
Medical University (Nanjing, China). These mice were 
separated into two groups randomly (control group and 
OA group respectively), consisting of 12 mice for each, 
which were kept in four animal cages (six mice per 
cage) in a temperature-controlled room (21–23°C) with 
free access to water and food. All these animal 
procedures were approved by the Animal Research 
Ethics Committee of Nanjing Medical University. 
 
Anterior cruciate ligament transaction (ACLT) 
 
ACLT surgery was used to induce OA in adult male 
C57/6J mice. Briefly, all mice were anesthetized with 
chloral hydrate. A medial parapatellar approach was 
adopted to expose the right knee joint. After that, a 
transection was conducted with micro-scissors in the 
anterior cruciate ligament (ACL) in the OA group with 
a positive anterior drawer sign to confirm the comp-
leteness of transection. In the control group, the 
arthrotomy was conducted while the transection of ACL 
was not conducted. After surgery, the mice were 
released from the cages for 30 minutes on a daily basis. 
 
HE and alcian blue staining 
 
The mice were sacrificed by cervical dislocation 12 
weeks after surgery and under anesthesia. The knee 
joint cavity was exposed by separating the patella. The 
fixed specimens were decalcified for 3 weeks by using 
10% ethylenediaminetetraacetic. Upon decalcification, 
the samples were embedded in paraffin; then the 
standard serial sections of 3µm each were cut in sagittal 
plane before the sections were stained by hematoxylin 
and eosin (H&E), and Alcian blue staining. 
 
Immunohistochemistry 
 
For immunohistochemical analysis of Klotho and β-
catenin expression in articular cartilage of mice, the 
paraffin-embedded tissues in full-thickness were 
processed in this study. A blocking serum (Vectastain 
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ABC Kit, Vector Laboratories, Inc., Burlingame,  
CA, USA) was used to incubate the slides for 
60 minutes. Then the slides were overlaid with 
primary antibody against Klotho and β-catenin for 2 
hours at room temperatures after being blotted. 
Subsequently, the sections were added with bio-
tinylated secondary antibodies before they were 
processed by the streptavidin-biotin staining 
technique (DAB Kit, Invitrogen, Paisley, UK), which 
is peroxidase-labeled. 
 
Chondrocyte culture, cyclic tenisle strain 
 
The first step is to separate chondrocytes from articular 
cartilage of mice’s knee joints. In addition, the articular 
cartilage tissues were digested for 30 minutes by using 
0.25% trypsin after being cut into small pieces (<1 mm). 
After this step, digestion using 0.2% Type II 
collagenase was performed for 3 hours. DMEM/F12 
media, antibiotics and 10% fetal bovine serum (FBS) 
were then used to culture the released cells. After the 
confluence increased up to 80%, the cells were 
subjected to cyclic tensile strain for 48 hours at 20% 
elongation with a 0.1-1 Hz sinusoidal curve indicated by 
a Flexcell1 FX-5000 Tension System following the 
user’s instructions (Flexcell International Corporation, 
Burlington, NC, USA). In order to preserve the 
chondrocyte phenotype, only the cells not exceeding 
two passages were adopted. 
 
Cell transfection 
 
Both empty lentiviral vectors and lentiviral vectors 
encoding Klotho or β-catenin were acquired from 
Genechem (Shanghai, China). Lentiviral transfection 
was conducted by following the manufacturer’s 
instructions. Green fluorescent protein (GFP) was used 
to assess the infection efficiency by using flow 
cytometry. 5μg/ml puromycin (Sigma-Aldrich, USA) 
was used to select stably transfected cells after 48 
hours. 
 
Western blotting analysis 
 
Total protein from cell supernatant, chondrocyte and 
cartilage was prepared by RIPA buffer, the nuclear 
protein was isolated by using Nuclear Protein 
Extraction Kit (Beyotime) strictly in accordance with 
the Kit instructions, the protein mixtures were 
separated by gel electrophoresis in sodium dodecyl 
sulfate-polyacrylamide, which were then translated to 
nitrocellulose membranes. Briefly, 10% SDS-PAGE 
was used to extract 15μg plasma proteins from the 
cartilage tissue and chondrocytes. In addition to that, 
the proteins were electroblotted onto a polyvinylidene 
difluoride membrane with a thickness of 0.45 mm 

(Millipore, Bedford, MA, USA), which were then 
blocked via 5% non-fat dry milk in Tris-buffered 
saline with Tween 20 for one hour. Incubation of these 
membranes was then performed at 4 °C overnight with 
Klotho, Phos-GSK3β (S9), GSK3β, MMP2, MMP9, 
Wnt1, Wnt4, Wnt7 and β-catenin antibodies at room 
temperatures for one hour. To visualize antigen-
antibody complexes, the enhanced chemiluminescence 
assay (Thermo Scientific, Pierce, Rockford, IL, USA) 
was applied. 
 
Co-immunoprecipitation 
 
Immunoprecipitation lysis buffer (30mm Tris-HCl, 
150mm NaCl, 1% Triton X-1002 mm EDTA, 10% 
glycerol and 1×protease inhibitor) was used to 
homogenize cartilage tissue on ice before a short step 
of brief pulses of hand sonication. Following the step 
of 30-minute incubation on ice, a centrifugation 
operation was conducted for the lysate and then 
Protein A/G PLUS-agarose beads were used to 
preclear the supernatant by incubation at 4 °C. After 
that, 2μg antibody was used to incubate the precleared 
supernatant on a rocker at 4 °C for 4 hours against 
Klitho. The centrifugation was then performed to 
collect immune-precipitates at 1,000×g for five 
minutes after adding beads for one hour additionally. 
Immunoprecipitation lysis buffer was then used to 
wash the obtained immune-precipitates for 3 times, 
which were subsequently centrifugated after each 
wash. 2×sample buffer was used to resuspend and boil 
the pellet before Western blot was used in the analysis 
of Wnt1, 4 and 7a by the method as described above. 
 
Quantification of mRNA and qRT-PCR 
 
TRIzol reagent (Invitrogen) was used to extract entire 
RNA from chondrocytes, which was subsequently 
reversely transcribed into cDNA with the tool of 
PrimeScript RT reagent kit (TaKaRa, Dalian, China). 
SYBR Premix Ex Taq II reagents which were provided 
by TaKaRa (Dalian, China) were used to analyze PCR 
in a quantitative real-time manner, following the 
manufacturer’s instructions. 20µL mixture with 2µL 
cDNA was used to demonstrate PCR results. Specific 
primers (TaKaRa) were used to amplify Klotho cDNAs. 
Glyceraldehyde-3-phosphatedehydrogenase (GADPH) 
was used to normalize gene expression, which was then 
derived by the 2-DDCT approach. These are the primer 
sequences: Klotho: forward, 5′-ACTACGTTCAAGTG 
GACACTACT-3′ and reverse 5′-GATGGCAGAGAAA 
TCAACACAGT-3′; MMP-2: forward, 5′-CAAGTTCC 
CCGGCGATGTC-3′ and reverse 5′-TTCTGGTCAAG 
GTCACCTGTC-3′; MMP-9: forward, 5′-CTGGACAG 
CCAGACACTAAAG-3′ and reverse 5′-CTCGCG 
GCAAGTCTTCAGAG-3′. 
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Chromatin immunoprecipitation (ChIP) assay 
 
ChIP assays were performed essentially as described 
[22]. Nuclear protein was then isolated from cartilage 
tissue and chondrocyte. Diluted soluble chromatin 
fractions were immunoprecipitated with 1μg polyclonal 
anti-β-catenin antibody or control mice immunoglobulin 
G (IgG). The histone-DNA crosslinks were reversed by 
4-hour incubation at 65°C. PCR was used to analyze the 
DNA fragments from ChIP assays. These are the primer 
sequences: MMP-2: forward, 5′-GAGGTCGCTTTCTT 
TGCCATCT-3′ and reverse 5′-AGCGACTCCATCTTG 
AACAGG-3′; MMP-9: forward, 5′-CACTGTATCCTT 
GACCTTCTTTCTGG-3′ and reverse 5′-GCTTCCTCT 
CCCTGCTTCATCTG-3′. 
 
Luciferase assay 
 
Cells were co-transfected by using Lipofectamine 
2000 reagent (Life Technologies) with mmp2/mmp9-
Luc luciferase reporter constructs (1.0μg) plus 
shScrambled or shβ-catenin expression plasmid (2.0 
μg) (Genechem), respectively. A fixed amount (0.1 μg) 
of internal control reporter Renilla reniformis 
luciferase driven under a thymidine kinase promoter 
(pRL-TK;Promega) was also cotransfected for 
normalizing the transfection efficiency. Luciferase 
assay was carried out using a dual luciferase assay 
system kit according to the manufacturer's protocols 
(Promega). Relative luciferase activity was reported as 
fold induction over controls after normalizing for 
transfection efficiency. 
 
Statistics 
 
Statistics have shown ±SEM of the triplicate values for 
each experiment. One-way analysis of variance 
(ANOVA) was used to assess the difference between 
experiment and control groups. When the P value is 
<0.05, the difference is significant. 
 
AUTHOR CONTRIBUTIONS 
 
In this study, Yanqing Gu performed the experiments 
and drafted the manuscript, Kewei Ren Performed the 
statistical analyses. Liming Wang and Qingqiang Yao 
designed the study, participated in its design and 
coordination, and helped draft the manuscript. The final 
manuscript has been reviewed and approved by all of 
the authors. 
 
CONFLICTS OF INTEREST 
 
The authors of this manuscript have no financial 
conflicts of interest. 

FUNDING 
 
This study was supported by the National Natural and 
Science Foundation (81501874), Jiangsu Province 
Health and Family Planning Commission Foundation 
(Q201511 and QNRC2016139) (all foundations to 
Kewei Ren). 
 
 
REFERENCES 
 
1. Farr JN, Xu M, Weivoda MM, Monroe DG, Fraser DG, 

Onken JL, Negley BA, Sfeir JG, Ogrodnik MB, Hachfeld 
CM, LeBrasseur NK, Drake MT, Pignolo RJ, et al. 
Targeting cellular senescence prevents age-related 
bone loss in mice. Nat Med. 2017; 23:1072–79.  

 https://doi.org/10.1038/nm.4385 PMID:28825716 

2. Loeser RF. Aging and osteoarthritis. Curr Opin 
Rheumatol. 2011; 23:492–96.  

 https://doi.org/10.1097/BOR.0b013e3283494005 
PMID:21709557  

3. Jeon OH, Kim C, Laberge RM, Demaria M, Rathod S, 
Vasserot AP, Chung JW, Kim DH, Poon Y, David N, Baker 
DJ, van Deursen JM, Campisi J, Elisseeff JH. Local 
clearance of senescent cells attenuates the 
development of post-traumatic osteoarthritis and 
creates a pro-regenerative environment. Nat Med. 
2017; 23:775–81.  

 https://doi.org/10.1038/nm.4324 PMID:28436958  

4. Philipot D, Guérit D, Platano D, Chuchana P, Olivotto E, 
Espinoza F, Dorandeu A, Pers YM, Piette J, Borzi RM, 
Jorgensen C, Noel D, Brondello JM. p16INK4a and its 
regulator miR-24 link senescence and chondrocyte 
terminal differentiation-associated matrix remodeling 
in osteoarthritis. Arthritis Res Ther. 2014; 16:R58.  

 https://doi.org/10.1186/ar4494 PMID:24572376 

5. Kuro-o M, Matsumura Y, Aizawa H, Kawaguchi H, Suga 
T, Utsugi T, Ohyama Y, Kurabayashi M, Kaname T, 
Kume E, Iwasaki H, Iida A, Shiraki-Iida T, et al. Mutation 
of the mouse klotho gene leads to a syndrome 
resembling ageing. Nature. 1997; 390:45–51.  

 https://doi.org/10.1038/36285 PMID:9363890  

6. Li SA, Watanabe M, Yamada H, Nagai A, Kinuta M, 
Takei K. Immunohistochemical localization of Klotho 
protein in brain, kidney, and reproductive organs of 
mice. Cell Struct Funct. 2004; 29:91–99.  

 https://doi.org/10.1247/csf.29.91 PMID:15665504  

7. Chuchana P, Mausset-Bonnefont AL, Mathieu M, 
Espinoza F, Teigell M, Toupet K, Ripoll C, Djouad F, 
Noel D, Jorgensen C, Brondello JM. Secreted α-Klotho 
maintains cartilage tissue homeostasis by repressing 
NOS2 and ZIP8-MMP13 catabolic axis. Aging (Albany 
NY). 2018; 10:1442–53.  

https://doi.org/10.1038/nm.4385
https://www.ncbi.nlm.nih.gov/pubmed/28825716
https://doi.org/10.1097/BOR.0b013e3283494005
https://www.ncbi.nlm.nih.gov/pubmed/21709557
https://doi.org/10.1038/nm.4324
https://www.ncbi.nlm.nih.gov/pubmed/28436958
https://doi.org/10.1186/ar4494
https://www.ncbi.nlm.nih.gov/pubmed/24572376
https://doi.org/10.1038/36285
https://www.ncbi.nlm.nih.gov/pubmed/9363890
https://doi.org/10.1247/csf.29.91
https://www.ncbi.nlm.nih.gov/pubmed/15665504


www.aging-us.com 12807 AGING 

 https://doi.org/10.18632/aging.101481 
PMID:29920476 

8. Xu Y, Sun Z. Molecular basis of Klotho: from gene to 
function in aging. Endocr Rev. 2015; 36:174–93.  

 https://doi.org/10.1210/er.2013-1079 PMID:25695404  

9. Zhang F, Zhai G, Kato BS, Hart DJ, Hunter D, Spector TD, 
Ahmadi KR. Association between KLOTHO gene and 
hand osteoarthritis in a female Caucasian population. 
Osteoarthritis Cartilage. 2007; 15:624–29.  

 https://doi.org/10.1016/j.joca.2006.12.002 
PMID:17270470  

10. Tsezou A, Furuichi T, Satra M, Makrythanasis P, 
Ikegawa S, Malizos KN. Association of KLOTHO gene 
polymorphisms with knee osteoarthritis in Greek 
population. J Orthop Res. 2008; 26:1466–70.  

 https://doi.org/10.1002/jor.20634 PMID:18465812  

11. Zhou L, Li Y, Zhou D, Tan RJ, Liu Y. Loss of Klotho 
contributes to kidney injury by derepression of Wnt/β-
catenin signaling. J Am Soc Nephrol. 2013; 24:771–85.  

 https://doi.org/10.1681/ASN.2012080865 
PMID:23559584  

12. Nakamura Y, Nawata M, Wakitani S. Expression profiles 
and functional analyses of Wnt-related genes in human 
joint disorders. Am J Pathol. 2005; 167:97–105.  

 https://doi.org/10.1016/S0002-9440(10)62957-4 
PMID:15972956  

13. Dell’accio F, De Bari C, Eltawil NM, Vanhummelen P, 
Pitzalis C. Identification of the molecular response of 
articular cartilage to injury, by microarray screening: 
Wnt-16 expression and signaling after injury and in 
osteoarthritis. Arthritis Rheum. 2008; 58:1410–21.  

 https://doi.org/10.1002/art.23444 PMID:18438861  

14.  Blom AB, Brockbank SM, van Lent PL, van Beuningen 
HM, Geurts J, Takahashi N, van der Kraan PM, van de 
Loo FA, Schreurs BW, Clements K, Newham P, van den 
Berg WB. Involvement of the Wnt signaling pathway in 
experimental and human osteoarthritis: prominent 
role of Wnt-induced signaling protein 1. Arthritis 
Rheum. 2009; 60:501–12.  

 https://doi.org/10.1002/art.24247 PMID:19180479  

15. Zhu M, Tang D, Wu Q, Hao S, Chen M, Xie C, Rosier RN, 
O’Keefe RJ, Zuscik M, Chen D. Activation of beta-
catenin signaling in articular chondrocytes leads to 
osteoarthritis-like phenotype in adult beta-catenin 
conditional activation mice. J Bone Miner Res. 2009; 
24:12–21.  

 https://doi.org/10.1359/jbmr.080901 PMID:18767925  

16. Papathanasiou I, Malizos KN, Tsezou A. Bone 
morphogenetic protein-2-induced Wnt/β-catenin 
signaling pathway activation through enhanced low-
density-lipoprotein receptor-related protein 5 cata-
bolic activity contributes to hypertrophy in 

osteoarthritic chondrocytes. Arthritis Res Ther. 2012; 
14:R82.  

 https://doi.org/10.1186/ar3805  
PMID:22513174  

17. Papathanasiou I, Malizos KN, Tsezou A. Low-density 
lipoprotein receptor-related protein 5 (LRP5) 
expression in human osteoarthritic chondrocytes. J 
Orthop Res. 2010; 28:348–53.  

 https://doi.org/10.1002/jor.20993 PMID:19810105  

18. Tamamura Y, Otani T, Kanatani N, Koyama E, Kitagaki J, 
Komori T, Yamada Y, Costantini F, Wakisaka S, Pacifici 
M, Iwamoto M, Enomoto-Iwamoto M. Developmental 
regulation of Wnt/beta-catenin signals is required for 
growth plate assembly, cartilage integrity, and 
endochondral ossification. J Biol Chem. 2005; 
280:19185–95.  

 https://doi.org/10.1074/jbc.M414275200 
PMID:15760903  

19. Xue M, March L, Sambrook PN, Jackson CJ. Differential 
regulation of matrix metalloproteinase 2 and matrix 
metalloproteinase 9 by activated protein C: relevance 
to inflammation in rheumatoid arthritis. Arthritis 
Rheum. 2007; 56:2864–74.  

 https://doi.org/10.1002/art.22844 PMID:17763449  

20. Nagase H, Visse R, Murphy G. Structure and function of 
matrix metalloproteinases and TIMPs. Cardiovasc Res. 
2006; 69:562–73.  

 https://doi.org/10.1016/j.cardiores.2005.12.002 
PMID:16405877  

21. Van den Steen PE, Grillet B, Opdenakker G, 
Gelatinase B. Gelatinase B participates in collagen II 
degradation and releases glycosylated remnant 
epitopes in rheumatoid arthritis. Adv Exp Med Biol. 
2005; 564:45–55. 

 https://doi.org/10.1007/0-387-25515-X_10 
PMID:16400806 

22. Hino S, Sakamoto A, Nagaoka K, Anan K, Wang Y, 
Mimasu S, Umehara T, Yokoyama S, Kosai K, Nakao M. 
FAD-dependent lysine-specific demethylase-1 
regulates cellular energy expenditure. Nat Commun. 
2012; 3:758.  

 https://doi.org/10.1038/ncomms1755 PMID:22453831 

23. Monroe DG, McGee-Lawrence ME, Oursler MJ, 
Westendorf JJ. Update on Wnt signaling in bone cell 
biology and bone disease. Gene. 2012; 492:1–18.  

 https://doi.org/10.1016/j.gene.2011.10.044 
PMID:22079544 

24. Chun JS, Oh H, Yang S, Park M. Wnt signaling in 
cartilage development and degeneration. BMB Rep. 
2008; 41:485–94.  

 https://doi.org/10.5483/BMBRep.2008.41.7.485 
PMID:18682032  

https://doi.org/10.18632/aging.101481
https://www.ncbi.nlm.nih.gov/pubmed/29920476
https://doi.org/10.1210/er.2013-1079
https://www.ncbi.nlm.nih.gov/pubmed/25695404
https://doi.org/10.1016/j.joca.2006.12.002
https://www.ncbi.nlm.nih.gov/pubmed/17270470
https://doi.org/10.1002/jor.20634
https://www.ncbi.nlm.nih.gov/pubmed/18465812
https://doi.org/10.1681/ASN.2012080865
https://www.ncbi.nlm.nih.gov/pubmed/23559584
https://doi.org/10.1016/S0002-9440%2810%2962957-4
https://www.ncbi.nlm.nih.gov/pubmed/15972956
https://doi.org/10.1002/art.23444
https://www.ncbi.nlm.nih.gov/pubmed/18438861
https://doi.org/10.1002/art.24247
https://www.ncbi.nlm.nih.gov/pubmed/19180479
https://doi.org/10.1359/jbmr.080901
https://www.ncbi.nlm.nih.gov/pubmed/18767925
https://doi.org/10.1186/ar3805
https://www.ncbi.nlm.nih.gov/pubmed/22513174
https://doi.org/10.1002/jor.20993
https://www.ncbi.nlm.nih.gov/pubmed/19810105
https://doi.org/10.1074/jbc.M414275200
https://www.ncbi.nlm.nih.gov/pubmed/15760903
https://doi.org/10.1002/art.22844
https://www.ncbi.nlm.nih.gov/pubmed/17763449
https://doi.org/10.1016/j.cardiores.2005.12.002
https://www.ncbi.nlm.nih.gov/pubmed/16405877
https://doi.org/10.1007/0-387-25515-X_10
https://www.ncbi.nlm.nih.gov/pubmed/16400806
https://doi.org/10.1038/ncomms1755
https://www.ncbi.nlm.nih.gov/pubmed/22453831
https://doi.org/10.1016/j.gene.2011.10.044
https://www.ncbi.nlm.nih.gov/pubmed/22079544
https://doi.org/10.5483/BMBRep.2008.41.7.485
https://www.ncbi.nlm.nih.gov/pubmed/18682032


www.aging-us.com 12808 AGING 

25. Kurosu H, Yamamoto M, Clark JD, Pastor JV, Nandi A, 
Gurnani P, McGuinness OP, Chikuda H, Yamaguchi M, 
Kawaguchi H, Shimomura I, Takayama Y, Herz J, et al. 
Suppression of aging in mice by the hormone Klotho. 
Science. 2005; 309:1829–33.  

 https://doi.org/10.1126/science.1112766 
PMID:16123266  

26. Yamamoto M, Clark JD, Pastor JV, Gurnani P, Nandi A, 
Kurosu H, Miyoshi M, Ogawa Y, Castrillon DH, 
Rosenblatt KP, Kuro-o M. Regulation of oxidative stress 
by the anti-aging hormone klotho. J Biol Chem. 2005; 
280:38029–34.  

 https://doi.org/10.1074/jbc.M509039200 
PMID:16186101 

27. Ikushima M, Rakugi H, Ishikawa K, Maekawa Y, 
Yamamoto K, Ohta J, Chihara Y, Kida I, Ogihara T. Anti-
apoptotic and anti-senescence effects of Klotho on 
vascular endothelial cells. Biochem Biophys Res 
Commun. 2006; 339:827–32.  

 https://doi.org/10.1016/j.bbrc.2005.11.094 
PMID:16325773 

28. Hamada F. [Wnt signaling and cancer]. Kaibogaku 
Zasshi. 2009; 84:111–12.  

 PMID:20030182  

29. Nusse R. Wnt signaling in disease and in development. 
Cell Res. 2005; 15:28–32.  

 https://doi.org/10.1038/sj.cr.7290260 PMID:15686623  

30. Schmidt-Ott KM, Barasch J. WNT/β-catenin signaling in 
nephron progenitors and their epithelial progeny. 
Kidney Int. 2008; 74:1004–08.  

 https://doi.org/10.1038/ki.2008.322 PMID:18633347  

31. Carmon KS, Loose DS. Secreted frizzled-related protein 
4 regulates two Wnt7a signaling pathways and inhibits 
proliferation in endometrial cancer cells. Mol Cancer 
Res. 2008; 6:1017–28.  

 https://doi.org/10.1158/1541-7786.MCR-08-0039 
PMID:18567805  

32. Cheng SL, Shao JS, Cai J, Sierra OL, Towler DA. Msx2 
exerts bone anabolism via canonical Wnt signaling. J 
Biol Chem. 2008; 283:20505–22.  

 https://doi.org/10.1074/jbc.M800851200 
PMID:18487199  

33.  Behrens J, Jerchow BA, Würtele M, Grimm J, Asbrand 
C, Wirtz R, Kühl M, Wedlich D, Birchmeier W. 
Functional interaction of an axin homolog, conductin, 
with beta-catenin, APC, and GSK3beta. Science. 1998; 
280:596–99.  

 https://doi.org/10.1126/science.280.5363.596 
PMID:9554852  

34. Staal FJ, Clevers H. Tcf/Lef transcription factors during 
T-cell development: unique and overlapping functions. 
Hematol J. 2000; 1:3–6.  

 https://doi.org/10.1038/sj.thj.6200001 
PMID:11920163  

35. Yuasa T, Otani T, Koike T, Iwamoto M, Enomoto-
Iwamoto M. Wnt/beta-catenin signaling stimulates 
matrix catabolic genes and activity in articular 
chondrocytes: its possible role in joint degeneration. 
Lab Invest. 2008; 88:264–74.  

 https://doi.org/10.1038/labinvest.3700747 
PMID:18227807 

36. Sastre-Perona A, Santisteban P. Wnt-independent role 
of β-catenin in thyroid cell proliferation and 
differentiation. Mol Endocrinol. 2014; 28:681–95.  

 https://doi.org/10.1210/me.2013-1377 
PMID:24645679  

  

https://doi.org/10.1126/science.1112766
https://www.ncbi.nlm.nih.gov/pubmed/16123266
https://doi.org/10.1074/jbc.M509039200
https://www.ncbi.nlm.nih.gov/pubmed/16186101
https://doi.org/10.1016/j.bbrc.2005.11.094
https://www.ncbi.nlm.nih.gov/pubmed/16325773
https://www.ncbi.nlm.nih.gov/pubmed/20030182
https://doi.org/10.1038/sj.cr.7290260
https://www.ncbi.nlm.nih.gov/pubmed/15686623
https://doi.org/10.1038/ki.2008.322
https://www.ncbi.nlm.nih.gov/pubmed/18633347
https://doi.org/10.1158/1541-7786.MCR-08-0039
https://www.ncbi.nlm.nih.gov/pubmed/18567805
https://doi.org/10.1074/jbc.M800851200
https://www.ncbi.nlm.nih.gov/pubmed/18487199
https://doi.org/10.1126/science.280.5363.596
https://www.ncbi.nlm.nih.gov/pubmed/9554852
https://doi.org/10.1038/sj.thj.6200001
https://www.ncbi.nlm.nih.gov/pubmed/11920163
https://doi.org/10.1038/labinvest.3700747
https://www.ncbi.nlm.nih.gov/pubmed/18227807
https://doi.org/10.1210/me.2013-1377
https://www.ncbi.nlm.nih.gov/pubmed/24645679


www.aging-us.com 12809 AGING 

SUPPLEMENTARY MATERIALS 
 
 

 
 

 

 
 

Supplementary Figure 1. Soluble Klotho inhibits Wnt-mediated β-catenin activation and represses its target genes in a dose-
dependent manner. Expression of Wnt1, Wnt4 and Wnt7a in the cell supernatant and GSK3β, p-GSK3β, MMP2, MMP9 and β-catenin 
(cytoplasm/nucleus) in the cell of chondrocytes treatde with soluble Klotho (50, 100, 200ug/ml). Western blot analyses (A, B) and 
quantitative data (C, D) show that soluble Klotho inhibited β-catenin activation and its target gene expression induced by CTS. Results were 
obtained via the expression of three individual experiments performed in triplicate for each condition. *P < 0.05, **P < 0.01.  
 


