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Mechanical overloading leads to chondrocyte
degeneration and senescence via Zmpste24-mediated
nuclear membrane instability

Keyu Kong,1,5 Minghao Jin,1,5 Chen Zhao,1,5 Hua Qiao,1 Xuzhuo Chen,2 Baixing Li,1 Kewei Rong,1 Pu Zhang,1

Yu Shan,3 Zhengquan Xu,4 Yongyun Chang,1,* Huiwu Li,1,* and Zanjing Zhai1,6,*

SUMMARY

Patients with OA and varus knees are subject to abnormal mechanical environment and objective of this
study was to investigate the molecular mechanisms underlying chondrocyte senescence caused by me-
chanical overloading and the role of Zmpste24-mediated nuclear membrane instability in varus knees.
Finite element analysis showed that anteromedial region of tibial plateau experienced the most mechan-
ical stress in an osteoarthritis patientwith a varus knee. Immunohistochemistry exhibited lower Zmpste24
expression and higher expression of senescence marker p21 in the anteromedial region. Animal experi-
ments and cell-stretch models also demonstrated an inverse relationship between Zmpste24 andmechan-
ically induced senescence. Zmpste24 overexpression rescued cartilage degeneration and senescence
in vitro by scavenging ROS. In conclusion, anteromedial tibial plateau is exposed to abnormal stress in
varus knees, downregulation of Zmpste24, and nuclear membrane stability may explain increased senes-
cence in this region. Zmpste24 and nuclear membrane stability are potential targets for treating osteoar-
thritis caused by abnormal alignment.

INTRODUCTION

Osteoarthritis (OA) is the most common joint disease and a major cause of disability, pain, and socioeconomic burden worldwide. It

is characterized by local cartilage wear, subchondral osteosclerosis, and the formation of osteophytes.1 There are currently many

promising therapies available, such as antibodies targeting IL-1b2 and TNF-a,3 platelet-rich plasma,4 stem cells,5 and fibroblast

growth factor 18 (FGF18).6 However, there is currently no treatment that can reverse end-stage cartilage degeneration. OA is a multi-

factorial disease in which aging and obesity are the most prominent factors,1 which are associated with the involvement of senes-

cence and abnormal mechanical conditions.

The knee and hip joints are themain load-bearing joints of the lower extremities and experience large compressive contact stresses during

daily activities.7 The knee joint cartilage is mainly subdivided into four zones, from the articulating surface toward the subchondral bone8: the

superficial, intermediate (transitional layer), deep, and calcified zones. Multiple studies have shown that reasonable mechanical stimulation

has a protective effect on chondrocyte metabolism by downregulating the expression of Mmp1 (Matrix metalloproteinase gene 1) and

Mmp13.9 In contrast, excessive stress results in the catabolic metabolism of chondrocytes and accelerates the degradation of the cartilage

matrix.10–12 A prospective longitudinal cohort study demonstrated that both varus and valgus alignments increase the risk of knee OA pro-

gression.13 High tibial osteotomy (HTO) is widely used in clinical practice and have achieved satisfactory outcomes, which indicates close rela-

tion between alignment and osteoarthritis.14 Thus, the exploration of mechanisms under mechanical overloading-induced cartilage degen-

eration and development of non-invasive therapy showed great significance. To date, no studies have reported the role of nuclearmembrane

stability in stress-induced cartilage degeneration.

In addition to obesity, cellular senescence is an important factor that leads to OA.15–17 Senescent cells will secrete harmful pro-inflamma-

tory molecules into the surrounding microenvironment such as IL-6, IL-1b, andMmps, which is known as the senescence-associated secretory

phenotype (SASPs).18,19 Senescent cells have been found in the cartilage of patients withOA.15 Jeon et al.20 showed that the local clearance of

senescent cells in cartilage alleviated the progression of OA. In the etiology of OA, senescence and mechanical overloading are often
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regarded as independent factors. In recent years, a few studies have explored their relationship and found that oxidative stress,21,22 ubiquitin

ligase,10 microRNA,23 and estrogen receptors24 all played a role in this interplay. However, the role of Zmpste24-mediated nuclear instability

in mechanical overloading-related chondrocyte senescence has not been studied yet.

Zmpste24 is a zinc metalloproteinase that plays an important role in the maturation of Lamin A by cleaving the protein.25 Lamin A is the

main component of the nuclear membrane, and accumulation of its immature form, prelamin A, influences nuclear architecture and me-

chanics,26 which subsequently causes genomic instability and DNA damage.27 Zmpste24 knockout mice exhibit significant premature aging

phenotypes, including spontaneous bone fractures and muscle weakness. In a recent study by Suo et al.,28 Zmpste24 deficiency accelerated

cartilage senescence and degeneration. Other studies29 also suggested that Lamin A and nuclear stability play important roles in the mecha-

nosensation of alveolar cells during mechanical ventilation. However, whether the reduction in Zmpste24 expression and nuclear membrane

stability is involved in mechanical overloading of chondrocytes remains unknown.

A better understanding of the molecular mechanisms underlying the interplay between mechanical stress and cartilage

senescence in cartilage biology will aid efforts to delay the onset and progression of OA. In our study, we constructed a finite

element analysis (FEA) model of patients with OA with varus knees and mouse models with mechanical instability to investigate

Figure 1. Modeling and finite element analysis procedures

(A) Representative X-ray of patients with OA with varus knees.

(B and C) Reconstruction of the right lower extremity of patients.

(D and E) Finite element model and loading condition for knee joint.

(F) Division of four different regions on the tibial cartilage plateau.

(G–I) Distribution of compression principal stress, Tresca stress, and contact pressure on tibial cartilage.

(J–L) Percentage of nodes in different stress intercals of compression principal stress, Tresca stress, and contact pressure in different regions.

(M and N) Comparison of peak Tresca shear stress and peak compression principal stress between healthy volunteers and patients with OA with

varus knees.
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the following: 1. Stress distribution on the tibial plateau cartilage in patients with OA with varus knees. 2. The relationship between

stress distribution and expression of p21, a marker of senescent cells, and Zmpste24 in patients with OA and mice. 3. Whether main-

taining nuclear stability by overexpressing Zmpste24 in vitro can rescue chondrocyte senescence and degeneration caused by exces-

sive mechanical stress.

RESULTS

Mechanical stress is concentrated in the anteromedial (AM) area of the tibial plateau in patients with OA and varus knees.

The tibial cartilage surface was divided into four regions: anteromedial (AM), anterolateral (AL), posteromedial (PM), and postero-

lateral (PL; Figure 1F). Principal compression stress was used to characterize the compressive state of the cartilage. Material

properties of meniscus and ligament were illustrated in Tables 1 and 2. The femoral, meniscus, and tibial cartilages experienced

higher stress levels in the AM (Figures 1G; Figures S1A and S1B). The peak compressive principal stress of the femoral cartilage

was 7.96 Mpa, whereas that of the meniscus was 11.6 Mpa. That of the tibial cartilage was 4.44 Mpa. As shown in Figure 1J,

the compressive stress in the AM region was highest, and the percentage of nodes with a compressive stress greater than 2 MPa

was more than 34%, whereas that in the AL region was 9%, that in the PM region was 0.8%, and that in the PL region was 0%.

The average principal compressive stresses in the four regions were AM: �1.42 Mpa, AL: �0.88 Mpa, PM: �0.51 Mpa, PL: �0.26

Mpa, respectively.

The Tresca stress was used to characterize the shear state of the cartilage. The maximum shear force was observed on the contact surface

between the cartilage and the bone, and the highest Tresca stress level was observed in theAM region (Figures 1H; Figures S1C and S1D). The

shear stress on the AMareawas larger, and the abundance of nodeswith shear stress greater than 1.6Mpawasmore than 25.7%, whereas that

of the AL area was 9.3%, the PM area was 0.1%, and the PL area was 0% (Figure 1K). The average Tresca shear stress in the four regions was,

AM: 0.84 Mpa, AL: 0.61 Mpa, PM: 0.35 Mpa, PL: 0.19 Mpa.

The contact pressure represents the surface pressure caused by contact. The maximum contact pressure occurs on the contact surface

between the cartilage and bone. As shown in Figures 1I and Figures S1E and S1F, the contact pressure on the AM area was largest, in which

the amount of contact pressure greater than 2MPawasmore than 22.7%, while that of the AL area was 0.4%, that the PM area was 0%, and the

PL area was 0% (Figure 1L). The average contact pressures in the four regions were AM:0.95 Mpa, AL: 0.57 Mpa, PM:0.31 Mpa, PL: 0.15 Mpa.

The maximum principal compressive stress and Tresca shear stress obtained from this analysis were compared with the calculated results

for healthy knees30 under the same load conditions, as shown in Figures 1M and 1N.

Zmpste24 was downregulated and p21 was upregulated in the anteromedial area of the tibial plateau, and a linear

correlation existed between them

As shown in Figure 2A, we drilled a plug at the center of each of the four regions (AM, AL, PM, and PL) and performed subsequent

histological and immunohistochemical staining. Demographic statistics of all included patients were collected in Table 3. The results

showed that cartilage wear in the AM region was the most severe, with vertical cleft/erosion extending to 50–75% of the cartilage

(Figure 2B). Most specimens showed an OARSI score of 5 (Figure 2C), and the wear state in the PM area was relatively mild, with

most OARSI scores ranging from 2 to 4. In contrast, there was almost no abrasion in the AL and PL regions and most scores were

2 points or less. The most severe cartilage wear in the AM area was consistent with the maximum stress in this area. The IHC results

showed that the expression of p21 in the AM region was the highest (Figures 2B and 2D), whereas there was no significant difference

in the expression levels among the other three groups. The expression of Zmpste24 in the AM region was lower than that in the other

three groups (Figures 2B and 2E), and there was no significant difference among the other three groups. Linear regression analysis of

Table 1. Material properties of the meniscus

Structure Material behavior Material constants

Meniscus transversely anisotropic E1 = E3 = 20Mpa, E2 = 120Mpa,V13 = 0.2,

V12 = V23 = 0.3, G12 = G23 = 57.7Mpa,G13 =

8.33Mpa

Table 2. Material properties of the ligaments

Structure Material behavior Material constants

colateral ligament (LCL) Neo-Hookean: J = C1ðI1 � 3Þ C1 = 6.06

medial colateral ligament (MCL) C1 = 6.43

anterior cruciate ligament (ACL) C1 = 5.83

posterior cruciate ligament (PCL) C1 = 6.06

patellar tendon (PT) C1 = 2.75
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the expression levels of Zmpste24 and p21 showed a negative correlation between them, with an r2 of 0.4106, and the regression

equation was Y = �0.5176X+104.7 (Figure 2F). In summary, the magnitude of cartilage stress is directly proportional to the expres-

sion of p21 and inversely proportional to the expression of Zmpste24. Excessive stress on cartilage leads to chondrocyte senescence,

therefore Zmpste24 may be involved in this process.

Zmpste24 expression was downregulated and p21 expression was upregulated in the medial plateau cartilage of

destabilization of the medial meniscus-treated mice

As it is difficult to obtain the tibial plateau cartilage of normal individuals and compare it with the cartilage of patients with varus knees, we

built a mouse model of medial meniscus instability and changed the alignment of their lower limbs. Previous studies31 have reported that

the DMM model can increase stress on the medial tibial cartilage. Thus, we reconstructed and analyzed the subchondral bone of mice in

the Sham and DMM groups and found that the subchondral bone of mice in the DMM group was significantly reconstructed, with sub-

stantial subchondral bone sclerosis, which may further exacerbate abnormal cartilage mechanical conduction (Figures 3A and 3B). HE and

Safranine O/Fast green staining illustrated that most abrasion occurred in the medial cartilage (Figures 3C and 3D). IF staining analysis

showed that the expressions of Col2a1 and Zmpste24 decreased and that of p21 increased in the medial tibial cartilage of DMM group

mice, which was consistent with the results in patient specimens (Figures 3E and 3F). In addition, linear regression analysis of the

Figure 2. Expression of p21 and Zmpste24 in different regions of tibial cartilage from patients with varus undergoing TKA and the relationship

between them

(A) Schematic plot of plug drilling in different regions of the tibial plateau from patients with varus undergoing TKA.

(B) Representative images of Safranine O/Fast green, H&E, Toluidine blue, and IHC staining of p21 and Zmpste24 in different regions.

(C–E) Analysis of OARSI scores, p21 positive cells, and Zmpste24 positive cells of specimens in different regions.

(F) Pearson correlation analysis and simple linear regression between the expression of p21 and Zmpste24. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
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expression levels of Zmpste24 and p21 in cartilage showed a negative correlation between them, with an r2 of 0.6178, and the regression

equation was Y = �0.7613X+76.15 (Figure 3G)

Zmpste24 downregulation and nuclear instability are observed in the cell stretch model

Both human andmouse knee cartilage is located in complex environments. Therefore, we performed the tensile stimulation of chondrocytes

using 5% elongation to simulate stress under physiological conditions and 20% elongation to simulate mechanical overloading under path-

ological conditions. The results showed that under 5% tensile force, the expression levels of Sox9 and col2a1 increased, while the expression

of senescence-related genes, such as p21, p16 INK4a, and p53,matrix decomposition-related genes, such asMmp13, and hypertrophic, fibrous

marker Col10a1 and Col1a1 decreased after 12 or 24 h of stretching (Figure 4A and S2A and S2B). Simultaneously, there was no significant

change in the expression of Zmpste24 (Figures 4C and 4F). Under 20% tensile force, the expression levels of Sox9 and Col2a1 decreased after

different loading times, whereas those of p21, p16INK4a, p53, Mmp13, Col10a1, and Col1a1 increased (Figure 4B and S2A and S2B). The num-

ber of b-gal positive cells increased, while the expression of Zmpste24 decreased under 20% tensile force (Figures 4C, 4E, and 4F). Thus, 20%

tension has a negative impact on chondrocytes and Zmpste24 may be involved in this process. At the same time, we found that under 20%

tension force, the cytoskeleton rearranged and the proportion of nuclear blebbing greatly increased (Figures 4C and 4D), suggesting that the

nuclear membrane was unstable under mechanical overloading.

Zmpste24 overexpression rescued mechanical overloading-induced nuclear instability, chondrocyte degeneration, and

senescence

In this study, we constructed a cell line that stably overexpressed Zmpste24 and subjected it to 20% tensile stress. The qRT-PCR and IF results

showed successful overexpression (Figures 5A and 5E). After the overexpression of Zmpste24, mechanical overloading-induced cartilage

degeneration, and senescence were significantly rescued, as shown by qRT-PCR and western blotting (Figures 5B–5D). IF staining of the nu-

clear membrane also showed that overexpression of Zmpste24 resulted in a more stable nuclear membrane and greater tolerance to exces-

sive mechanical loading, as fewer cells showed nuclear blebbing after mechanical overloading (Figures 5E–5G). Furthermore, ROS generated

by excessive mechanical stress was scavenged by Zmpste24 overexpression (Figures 5E and 5H).

A diagram of the role of Zmpste24 and nuclear membrane stability in cartilage degeneration and senescence under abnormal mechanical

conditions was illustrated in Figure 6.

DISCUSSION

Mechanical overloading and senescence have been viewed as significant factors in osteoarthritis etiology. Based on our results, we have

proved that abnormal mechanical stress was concentrated in the anteromedial regions of the tibial plateau in patients with varus. Zmpste24

downregulation plays an important role in chondrocyte senescence caused by mechanical overloading. In addition, in vitro experiments have

Table 3. Demographic statistics of patients whose cartilage samples were used in this study

I.D. Age Sex Kellgren-Lawrence (KL) grade

1 56 F 3

2 72 M 3

3 74 M 4

4 76 M 4

5 74 F 2

6 65 F 4

7 68 F 2

8 76 F 4

9 77 F 4

10 59 F 4

11 85 M 2

12 80 F 3

13 76 F 2

14 59 F 3

15 58 M 2

16 79 F 4

17 75 F 3

18 71 F 4
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preliminarily proved the potential therapeutical effect of Zmpste24 overexpression in preventing mechanical overloading-induced osteoar-

thritis at the early stage while further in vivo experiments ought to be carried out in the near future.

FEA is a widely usedmechanical analysis method that constructs 3Dmodels of various structures using imaging data andmechanical param-

eters, such as the elastic modulus of various tissue components, which are further used to calculate themechanical stress experienced by various

tissue structures under different pathological conditions and surgical interventions.31,32 Themedial tibial cartilage andmeniscus of patients with

OAwith varus knees who require replacement surgery are often severely worn, making it difficult to segment and reconstruct various tissues. To

clarify thedistributionof stress invarious zonesof the tibial plateau inpatientswithvarus kneesand its relationshipwith theexpressionof Zmpste24

and the aging marker p21 in the cartilage, experienced surgeons collaborated with engineers to segment soft tissues, such as ligaments and

meniscus of the knee joint. A 3Dmodel of the knee joint before surgery was successfully reconstructed, and subsequent analysis was conducted.

In our study, the tibial plateau of patients was divided into four different regions and through FEA and IHC, it was found that changes in

shear force, compressive stress, and contact stress on the anteromedial zone were the most prominent and consistent with the decrease in

Zmpste24 expression and increase in p21 expression. A correlation between Zmpste24 and tibial plateau cartilage stress distribution and

senescence was observed in patient cartilage specimens.

Figure 3. Zmpste24 expression is downregulated in tibial cartilage in mice with DMM surgery

(A) 3D reconstruction of the knee joints of Sham and DMM mice and representative section images of subchondral bone.

(B) Analysis of trabecular bone parameters. BV/TV, percent bone volume; Tb.N, trabecular number; Tb.Th, trabecular thickness; Tb.Sp, trabecular separation.

(C and D) H&E staining, Safranine O/Fast green, and corresponding quantitative analysis. Scale bar: 200 mm.

(E and F) IF staining of p21, Col2a1, and Zmpste24 and positive cell proportions after treatment with DMM.

(G) Pearson correlation analysis and simple linear regression between the expression of p21 and Zmpste24. Scale bar: 50 mm n = 6 in each group. *p < 0.05,

**p < 0.01, ***p < 0.001, and ****p < 0.0001, compared to Sham group. Black arrow: synovium.
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Nuclear membrane blebbing is a characteristic feature of cellular senescence and instability of the nuclear membrane.33 Destabili-

zation of the nuclear membrane further leads to changes in heterochromatin distribution, the epigenetic state of histones, and suscep-

tibility to DNA damage.28,34–36 Mu et al.33 confirmed that Zmpste24 can regulate the rigidity and stiffness of the nuclear membrane and

senescence of stem cells, together with the cytoskeleton. Our results also proved that under a mechanical overload environment, the

chondrocyte F-actin is mostly rearranged perpendicular to the stress direction. Moreover, nuclear blebbing was evident under 20% ten-

sile stress, whereas overexpression of Zmpste24 significantly improved the stability of the nuclear membrane and strengthened the

resistance of chondrocytes to an abnormal mechanical environment. Alonso et al.29 found that inhibiting the function of Zmpste24

and reducing nuclear stiffness made alveolar cells more resistant to the high pressure caused by mechanical ventilation. This is contra-

dictory to our results, which show that the most suitable nuclear membrane stiffness required for different pressure types and functional

organs varies, and it is necessary to strengthen or soften nuclear membranes in different mechanical environments to avoid the negative

effects of excessive loading on cells. A large number of studies have explored the mechanism of cellular senescence caused by the

decreased expression of Zmpste24, such as epigenetic regulation,28 oxidative stress,37 pytoprotection38 and inflammation.39 In our

study, we found that mechanical overloading and subsequent downregulation of Zmpste24 will generate excess ROS and overexpres-

sion of Zmpste24 effectively scavenges it, which implicates that anti-oxidative stress may be a potential mechanism under Zmpste24

protection.

Figure 4. Excess cyclic tensile stretching induces Zmpste24 downregulated expression, nuclear membrane instability, and cell senescence in

chondrocytes

(A and B) mRNA expression of Zmpte24, p21, p16INK4a, p53, Col2a1, Sox9, Mmp3, Mmp13, Col1a1, and Col10a1of chondrocytes experiencing 5% or 20%

elongation of cyclic tensile stretch (C–F) Presentative images of cytoskeleton, IF staining of the nuclear membrane, SA-b-gal staining of chondrocytes after

different periods of 5% or 20% CTS and corresponding quantitative analysis of nuclear blebbing cell proportions, SA-b-gal positive cell proportion, and

Zmpste24 fluorescence. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
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In conclusion, our study found, for the first time, that nuclear membrane instability caused by decreased expression of Zmpste24 may be

involved in the process of chondrocyte senescence caused by different mechanic conditions, by combining FEA with IHC analysis of patients’

tibial cartilage. Furthermore, we explored the protective role of Zmpste24 overexpression and nuclear stabilization in mechanic-related

senescence in vitro. In the future, we will explore other methods besides gene editing therapy to stabilize the nuclear membrane, thereby

providing more treatment options for mechanical abnormality-related diseases.

Figure 5. Overexpression of Zmpste24 could rescue mechanical overloading-induced chondrocyte degeneration and senescence in vitro

(A–D) Validation of Zmpste24 overexpression through qRT-PCR (B) Rescue effect of Zmpste24 overexpression on mRNA expression of Col2a1, Sox9, Mmp3,

Mmp13, Col1a1, Col10a1, p16INK4a, p21, and p53 (C and D) Rescue effect of Zmpste24 overexpression on protein expression of Col2a1, Sox9, Mmp3,

Mmp13, p16INK4a, p21, and p53 and corresponding analysis.

(E–H) IF staining of Lamin A/C, Zmpste24 and ROS and corresponding cell proportion analysis. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
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Limitations of the study

This study has certain limitations. First, we only explored the relationship between Zmpste24 andmechanically induced aging in patients with

varus andmedialmeniscal destabilization. Consequently, similar research should be conducted on cartilage specimens frompatients withOA

with valgus alignment. Second, we only observed the protective effect of Zmpste24 overexpression in vitro. In a subsequent study, we will

inject Zmpste24 overexpressing adeno-associated virus (AAV) into mouse knee joints to further verify the effectiveness of Zmpste24 overex-

pression. Finally, we only concentrated on the expression of p21 and Zmpste24 in the tibial plateau, instead of in the femoral cartilage and

meniscus because of the difficulty in obtaining complete femoral cartilage from TKA surgery.
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29. López-Alonso, I., Blázquez-Prieto, J.,
Amado-Rodrı́guez, L., González-López, A.,
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Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Zanjing Zhai

(zanjing_zhai@163.com).

Materials availability

Zmpste24 overexpression ATDC5 cells can be obtained from the lead contact upon request.

Data and code availability

Experimental data reported in this manuscript will be shared by the lead contact upon request.

This paper does not report original code.

Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Human cartilage specimen collection and preparation

The ethics committee of our hospital approved all the studies involving human articular cartilage (SH9H-2019-T190-1). All patients were from

Chinese Han population.

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

ZMPSTE24 polyclonal antibody NOVUS (Novus Cat# NB100-2387,

RRID:AB_10003134)

p21 polyclonal antibody Proteintech (Proteintech Cat# 10355-1-AP,

RRID:AB_2077682)

Col2a1 polyclonal antibody Abcam (Abcam Cat# ab34712, RRID:AB_731688)

Lamin A/C monoclonal antibody Cell Signaling Technology (Cell Signaling Technology Cat# 4777,

RRID:AB_10545756)

Mmp13 polyclonal antibody Abcam (Abcam Cat# ab39012, RRID:AB_776416)

Sox9 polyclonal antibody Abcam (Abcam Cat# ab185966, RRID:AB_2728660)

p16 monoclonal antibody Abcam (Abcam Cat# ab211542, RRID:AB_2891084)

GAPDH monoclonal antibody Cell Signaling Technology (Cell Signaling Technology Cat# 5174,

RRID:AB_10622025)

Chemicals, peptides, and recombinant proteins

SF488-labeled phalloidin Solarbio CA1640

Goat Serum Solarbio SL038

DMEM/F12 medium Gibco 11320033

Fetal bovine serum Gibco 10099141C

SA-b-gal staining kit Beyotime C0602

RNA extraction kit Omega R6812-01

DHE probe Med Chem Express HY-D0079

Experimental models: Cell lines

ATDC5 Cell Bank of the Chinese Academy of Sciences (RCB Cat# RCB0565, RRID:CVCL_3894)

Software and algorithms

ImageJ Version 1.53 for Mac National Institutes of Health https://www.nih.gov/

GraphPad Prism Version 8 for Mac GraphPad Software https://www.graphpad.com/
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Human tibial plateaus were collected from varus patients undergoing TKA (Total knee arthroplasty) and demographic statistics of all pa-

tients aere detailed in Table 3. The tibial plateau was divided into four areas: the anteromedial (AM), anterolateral (AL), posteromedial (PM),

and posterolateral (PL). In the center of each area, we drilled an osteochondral plug with an area of 0.5 cm * 0.5 cm. The removed plugs were

fixed in 4% paraformaldehyde for further analysis.

Animals and surgical procedures

C57BL/6J mice were obtained from the Shanghai Ninth People’s Hospital Animal Center, and the animal experimental procedures were

approved by the Ethics Committee of Shanghai Ninth People’s Hospital (SH9H-2023-A799-1). Twelve 12-week-old male C57BL/6J mice

were randomly divided into two groups: sham and destabilization of the medial meniscus (DMM). The mice that underwent DMM surgery

were anesthetized with isoflurane. Microscissors were used to cut the medial meniscotibial ligament to destabilize the medial meniscus.

The mice were sacrificed 12 weeks after surgery and the right knee joint was collected and fixed in 4% paraformaldehyde for subsequent

analysis.

Cell culture and reagents

Murine chondrocytes were extracted from newborn C57BL/6J mice following the protocol described by Gosset et al.40 Chondrocytes were

cultured in Dulbecco’s modified eagle medium (DMEM)/Ham ‘s F12 with 4.5 g glucose/L, 10% fetal bovine serum (FBS), and 1% penicillin–

streptomycin (Gibco, Thermo Fisher Scientific, United States).

Overexpression of Zmpste24 in ATDC5 cells

The mouse chondrocyte cell line ATDC5 was purchased from the Cell Bank of the Chinese Academy of Sciences (Shanghai, China) and

cultured in DMEM with 4.5 g glucose/L, 5% fetal bovine serum (FBS), and 1% penicillin–streptomycin. Zmpste24 overexpression lentivirus

was provided by OBIO, Shanghai, and an optimal multiplicity of infection (MOI) of 20 was used to infect the cells. Puromycin was added

48 h after infection to screen for a stable Zmpste24 overexpression cell line.

METHODS DETAILS

Imaging data acquisition and geometric modeling

All imaging data were approved by the ethics committee of Shanghai Ninth People’s Hospital (SH9H-2019-T190-1). A patient with OA and

knee varus underwent Computed Tomography (CT) and Magnetic Resonance Imaging (MRI) of the right knee. An X-ray image of a represen-

tative patient with varus knees is shown in Figure 1A. Data were imported into the Mimics software (Version 18.0), and the geometry of the

bone was remodeled. Soft tissue reconstruction was performed usingMRI data3-matic medical (version 9.0, Belgium) to refine and assemble

the geometric models (Figure 1B). Considering the Saint-Venant principle, the area of interest in the lower limbs was considered the research

object, as per the study by Wu et al.41 (Figure 1C).

FEA and material models

STL data were converted into the IGES format using Geomagic Wrap (Version 2017, North Carolina, USA) and imported into HyperMesh

(Version 14.0, Altair, USA), where assembly and meshing were completed. Three-node 3D rigid triangular facet elements (R3D3) were

used for bony tissues, whereas for other soft tissues a 10-node quadratic tetrahedron (C3D10HM) element was used to improve computa-

tional efficiency. Referring to Nie’s study42 on mesh convergence analysis, the mesh size of bones was taken as 2.0 mm, and that of cartilage

and ligaments was taken as 0.5-1.0 mm. The three-dimensional mesh model is shown in Figure 1D. The elastic modulus of the linear elastic

model of the cartilage was 15Mpa, and Poisson’s ratio was 0.475.43 Themeniscus wasmodeled as a transversely anisotropic material, and the

material parameters are listed in Table 1.44 The ligaments were assumed to be isotropic and hyperelastic, represented by an incompressible

neo-Hookean behavior43,45 and the strain energy function is

J = C1ðI1 � 3Þ
C1 is the bulk material constant related to the shear modulus m (C1 = 2/m). where I1 is the first modified invariant of the right Cauchy-Green

strain tensor. The material constants are listed in Table 2.

Loads, boundary conditions, and contact interrelationships

The knee joint was simulated in a standing posture with the femoral condyle set as the reference point for the femoral rigid body. Subse-

quently, a vertical downward load of 1150 N was applied at this point, as shown in Figure 1E. This load corresponds to the load when the

lower limb is fully extended during a gait cycle,44,46 with the tibia and fibula limiting all degrees of freedom and the femur and other soft tis-

sues being free.

Friction contact was adopted between the cartilages with a friction coefficient of 0.02.47 Binding constraints were also applied to other

tissues.
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Micro-CT scanning

After fixation for 48 h, right knee joints were scannedwith amicro-CT scanner (Skyscan 1072, Belgium) at a resolution of 10.5 mm, with a 55 kVp

source and 145 m Amp current. Micro-CT data were analyzed using CT-An (Bruker, Germany) by a researcher who was blind to group alloca-

tion and representative subchondral bone sections were remodeled using CT-Vox software (Bruker, Germany).

Histology, immunohistochemistry (IHC), and immunofluorescence (IF) staining

Serial sections of 5 mm thickness in a sagittal plane were obtained and cartilage was stained with safranine O/fast green and toluidine blue to

evaluate cartilage clefts. TheOARSI score was evaluated according to the Sophocleous standards.48 Hematoxylin and eosin stainingwas used

to evaluate synovial inflammation, and the synovitis score was calculated using Krenn’s principle.49

For IHC and IF staining, sections were incubated with primary antibody Anti-p21 (10355-1-AP, Proteintech), anti-Col2a1 (ab34712, Abcam)

and anti-Zmpste24 (NB100-2387, Novus) overnight at 4�C. For IHC staining, the sections were stained with horseradish peroxidase-conju-

gated secondary antibodies. For IF staining, the sections were incubated with Alexa Fluor 555 or 488 conjugate secondary antibody. Images

were acquired using the DM4000B microscope (Carl Zeiss).

For F-actin staining, the chondrocytes were incubated with SF488-labeled phalloidin for 30 min. For cell immunofluorescence, after fixa-

tion, permeabilization, and blocking with 10% goat serum, cells were incubated with primary antibody for Zmpste24 (NB100-2387, Novus) or

Lamin A/C (4777, CST) overnight at 4�C. The cells were then incubated with Alexa Fluor 555 or 488 conjugate secondary antibody (Abcam) for

1 h. Fluorescent images were captured using a DM4000B microscope (Zeiss, Oberkochen, Germany).

Cyclic tensile strain loading of chondrocytes

A commercially available cell stretch system, CellTank (Hangzhou Biaomianli Technology Co LTD, China) was used to exert different magni-

tudes of cyclic tensile strain on chondrocytes (0.5 Hz; 0, 5, and 20%). Chondrocytes were seeded at a density of 43 106 cells/chamber in soft-

stretch chambers coated with fibronectin. They were stretched for 12 h or 24 h in a CO2 incubator after attaching to the chamber. The running

state details of CellTank are provided in the Supplementary Materials.

Senescence-associated-b-galactosidase (SA-b-gal) staining

Cellular senescence was evaluated using SA-b-gal staining. Chondrocytes were treated with different concentrations of CTS (0, 5, or 20%) for

24 h before staining. After fixation with 4% paraformaldehyde for 10 min, stretched cells were stained with a SA-b-gal staining kit (Beyotime,

China). Images were taken using a Zeiss microscope.

Detection of reactive oxygen species (ROS)

After treated with 20% CTS for 24h, chondrocytes were incubated with 5 mMDHE probe (HY-D0079; Med Chem Express, China) for 30 min at

37�C. After rinsing with warm PBS for three times, fluorescent images were captured using a DM4000B microscope (Zeiss, Oberkochen, Ger-

many). ImageJ was used for semi-quantitative analysis of ROS intensity.

Protein extraction and western blot analysis

After treatment with different strains (0%, 5%, and 20%) for 24 h, the cells were lysed with RIPA buffer. For western blot analysis, 20 mg protein

per well was loaded onto SDS-PAGEgels and then transferred to a polyvinylidene fluoride (PVDF)membrane (Millipore, Germany). Themem-

branes were incubated overnight with the corresponding primary antibodies. After incubation with secondary antibodies for 2 h, the mem-

branes were visualized using an Odyssey V3.0 image scanner (Li-COR. Inc. USA). Quantitative Real-time PCR (qRT-PCR)

For qRT-PCR, a total RNA kit (R6812-01HP, Omega Bio-tek Inc., Norcross, GA, United State) was used to extract total RNA from the treated

cells. Subsequently, 1000 ng of cDNA was prepared according to the cDNA synthesis kit protocol (Takara, Japan). A total 10 mL mix,

composed of 3.6 mL ddH2O, 1 mL diluted cDNA, 0.2 mL upstream primer, 0.2 mL downstream primer, and 5 mL SYBR premix (Selleck, USA),

was added to each well of a 384-well plate. RT-qPCR was performed using an ABI 7500 Sequencing Detection System (Applied Biosystems,

Foster City, CA, USA). All primer sequences used for the target genes are listed in Table S1.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis

All statistical analyses were performed using SPSS version 19.0 (SPSS Inc., Chicago, IL.). For data with a normal distribution, the unpaired Stu-

dent’s t-test was used to compare the two groups. Comparisons between three or more groups were performed using one-way ANOVAs and

Student-Newman-Keuls post hoc tests. For non-normally distributed data, the Mann-Whitney and Kruskal-Wallis tests were used to compare

two groups or multiple groups. Pearson’s correlation analysis was used to test the correlation between two continuous variables and obtain

regression equations using simple linear regression methods. All the statistical charts were designed and drawn using GraphPad Prism 8

(GraphPad Software Inc., San Diego, CA, USA). Statistical significance was set at P < 0.05.
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