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Hippo-PKCz-NFkB signaling
axis: A druggable modulator of chondrocyte
responses to mechanical stress

Xiaomin Cai,1,2 Christopher Warburton,3,7 Olivia F. Perez,3,7 Ying Wang,1,2,7 Lucy Ho,4 Christina Finelli,4

Quinn T. Ehlen,3 Chenzhou Wu,1,2 Carlos D. Rodriguez,1,2 Lee Kaplan,4,5,6 Thomas M. Best,4,5,6

Chun-Yuh Huang,2,3,4,6,* and Zhipeng Meng1,2,3,8,*

SUMMARY

Recent studies have implicated a crucial role of Hippo signaling in cell fate determination by biomechanical
signals. Here we show that mechanical loading triggers the activation of a Hippo-PKCz-NFkB pathway in
chondrocytes, resulting in the expression of NFkB target genes associated with inflammation and matrix
degradation. Mechanistically, mechanical loading activates an atypical PKC, PKCz, which phosphorylates
NFkB p65 at Serine 536, stimulating its transcriptional activation. This mechanosensitive activation of
PKCz and NFkB p65 is impeded in cells with gene deletion or chemical inhibition of Hippo core kinases
LATS1/2, signifying an essential role of Hippo signaling in this mechanotransduction. A PKC inhibitor
AEB-071 or PKCz knockdown prevents p65 Serine 536 phosphorylation. Our study uncovers that the
interplay of the Hippo signaling, PKCz, and NFkB in response to mechanical loading serves as a therapeu-
tic target for knee osteoarthritis and other conditions resulting from mechanical overloading or Hippo
signaling deficiencies.

INTRODUCTION

Knee osteoarthritis (KOA) is a prevalent degenerative joint condition affecting about 30% of individuals over the age of 60 in the United

States.1 The exact pathophysiology of osteoarthritis (OA) is multifaceted and not yet fully understood. Risk factors, including obesity, aging,

joint trauma, and female gender, are correlated with the development and progression of KOA. Obesity is considered one of the greatest

modifiable risk factors for OA.2 The increased mechanical loading on weight-bearing joints due to obesity contributes to KOA development

and progression. Post-traumatic OA is another concern where a known precipitating insult to the joint from an external mechanical force

causes injuries to the articular cartilage and/or other tissues (e.g., ligament and subchondral bone), leading to OA.3–5 However, the mecha-

nisms by which mechanical loading triggers OA pathogenesis remain to be defined for the development of preventative therapeutic

strategies.2,5

The development of OA is a complex process involving metabolic disorders and systemic and local inflammation resulting from

obesity.1,2,6 These factors interplay with repetitive mechanical stress or acute mechanical injury to the joints, leading to joint destruction

and exacerbating pain and disability. Mechanotransduction signaling pathways of chondrocytes sense increased mechanical stress and sub-

sequently trigger the production of cytokines andmetalloproteinases, leading to the degradation of surface articular cartilage.7–10 Themajor

role of articular cartilage within the joint is to provide a smooth, lubricated surface for articulation as well as to facilitate the transmission of

applied forces with minimal frictional loads.11 Notably, articular cartilage is avascular and devoid of lymph tissue, which limits its ability to

adequately repair subsequent injury.3,12 The knee joint experiences numerous compressive loading cycles throughout the day. Compressive

forces can be static, such as when standing, or dynamic, such as with acting movement, or jumping. Chondrocytes within the cartilage sense

and respond to the compressive loads by regulating and secreting essential cartilaginous extracellular matrix (ECM) components, including

collagens and proteoglycans.13 However, an overload of mechanical stress on chondrocytes leads to inflammatory conditions, resulting in

cartilage destruction and chondrocyte apoptosis.14
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Understanding the mechanisms of mechanotransduction is crucial for developing new therapies that prevent cartilage destruction and

chondrocyte apoptosis. The Hippo pathway, first discovered in Drosophila, has been recognized as a conserved signaling pathway in regu-

lating organ development, regeneration, and carcinogenesis via integrating biochemical andmechanical cues that reshape cellular transcrip-

tion programs.15–18 The core of the mammalian Hippo pathway is a kinase cascade of the mammalian sterile twenty kinases ½ (MST1/2) and

the large tumor suppressor kinase ½ (LATS1/2). Biochemical and biomechanical signals can act through this kinase cascade to phosphorylate

and inactivate yes-associated protein (YAP) and transcriptional coactivator with PDZ-binding motif (TAZ), two transcription co-factors that

initiate the expression of genes for cell cycling, mobility, and stemness. While the Hippo pathway effector YAP has been implicated in the

development of OA, its precise pathogenic roles appear to be context dependent and require further investigation.19,20

The Hippo signaling is widely recognized as the best-characterized pathway for mechanosensing andmechanotransduction.10,21–23 Given

that OA can be induced by mechanical overload, it is essential to understand the exact functional roles of the Hippo signaling in the devel-

opment of OA. Therefore, our study utilized a model of mechanical loading on 3D-cultured chondrocytes to investigate the regulation and

functional significance of LATS1/2 and YAP/TAZ in the response of chondrocytes to overload. We discovered that proper Hippo signaling is

required for mechanical loading to induce inflammation and matrix degradation through a protein kinase C (PKC)/nuclear factor-kappaB

(NFkB) signaling axis. We further showed that the functional interplay between PKC and Hippo signaling is required for NFkB-activated

inflammation and matrix degradation and thus serves as a new target for OA therapeutic intervention.

RESULTS

Mechanical overload alters the expression of KOA-associated genes

It is believed thatmechanical loading leads to KOAby triggering inflammation and other immune responses of chondrocytes.We analyzed an

RNAseq dataset comparing preserved and damaged cartilages, which represent early and late human KOA, respectively.24We observed that

there were upregulated immune responses in the early stage of KOAdevelopment comparedwith the late stage in gene set enrichment anal-

ysis (GSEA) (Figure 1A). Similarly, the expression of collagen-related extracellular matrix genes also underwent significant changes during

KOA development (Figure S1A).

We established both 2- (2D) and 3-dimensional (3D) in vitro models to study the gene transcriptional responses of chondrocytes to me-

chanical overload (Figures 1B and 1C). We focused on the mRNA levels of two key OA genes, interleukin-1 beta (IL1b) and A disintegrin

and metalloproteinase with thrombospondin motifs 4 (ADAMTS4), associated with inflammatory responses and extracellular matrix de-

gradation, respectively. IL1b is a cytokine that induces articular cartilage inflammation and is elevated in OA. ADAMTS4 is an aggrecanase

that cleaves aggrecan, the major proteoglycan found in articular cartilage, which can lead to loss of cartilage function and destruction

in OA.25,26

For the compression study with 2D culture, we followed a well-established protocol.27,28 We seeded C28/I2 human chondrocytes onto

trans-well membranes with 0.4 mm pore and covered the chondrocytes with agarose discs as water-permeable buffering. When the cell den-

sity reached 80%, an 8.9g stainless-steel cylinder was placed on top of the agarose disk for 16 h (Figure 1B). This level of mechanical compres-

sion has been shown to significantly impact cell-matrix interaction and cell mobility. However, it cannot significantly increase the expression of

IL1b and even reduce the expression of ADAMTS4 in these 2D cultured chondrocytes (Figure 1D).

For the 3D culture system, we embedded chondrocytes into agarose discs and applied compression to the agarose discs using a

compression bioreactor (Figures 1C and S1B) to induce deformation that mimics mechanical overload caused by overweight or mechanical

impact to joints as described previously.13,29 Twenty percent strain was applied to chondrocytes for 4 h to evaluate the association be-

tween strain magnitude and cell mechanoresponses. With this model, we consistently observed that mechanical loading significantly in-

duces the expression of IL1b and ADAMTS4 (Figure 1E) as well as OA-associated genes, such as ADAMTS5 and MMP9 (Figure S2). This

suggested the suitability of this 3D model system for studying the pathogenesis process. Therefore, the 3D model was thereafter used in

this study to define the mechanisms by which mechanical overload activates transcriptional programs for inflammation and matrix

degradation.

Mechanical overload activates NFkB and Hippo signaling

NFkB plays a crucial role in OA-associated processes, including synovial inflammation and chondrocyte catabolism.1,2,30 The NFkB family of

transcription factors activates the expression of inflammatory cytokines (i.e., IL1b) and matrix-degrading enzymes (i.e., ADAMTS4).31,32 It is

speculated that NFkB can be directly activated by mechanical loading.33,34 This notion is consistent with our RT-qPCR results of IL1b and

ADAMTS4 gene expression (Figure 1E).

We, therefore, tested whether NFkB can be activated bymechanical compression in our 3Dmodel. Mechanical loading strongly increased

Serine 536 (S536) phosphorylation of the classical NFkB member p65 but did not affect Serine 529 phosphorylation (Figure 2A). S536 phos-

phorylation of p65 is well known to promote the transcriptional activity of p65 independent of IkB, the endogenous negative regulator of

p65.35–37 However, we did not observe increased phosphorylation of IkB or increased proteolysis of p105, indicating thatmechanical overload

may act through a non-classical NFkB mechanism to phosphorylate p65 at S536 and thus activate p65.37

We also examined whether mechanical compression results in any form of cell death. We therefore first profiled chondrocytes for their

apoptosis but we did not observe increased cleavage of PARP, caspase 3, or caspase 8, which are landmark events of apoptosis38 (Figure 2B).

In addition, we did not observe increased levels of autophagy and necroptosis by checking cleavage of LC3B and phosphorylation of RIP and

MLKL (Figure 2C).39,40 These results also helped us rule out the possibility that the NFkB activation induced by mechanical loading is
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secondary to apoptosis, autophagy, or necroptosis caused by compression and cell deformation. There have been reports indicating

mTORC1 signaling can also respond to mechanical load in some scenarios and thus contribute to OA development.41,42 However, we did

not observe an increased mTORC1 activity, shown by the Threonine 389 (T389) phosphorylation of mTORC1 substrate S6K, which is the

most sensitive and specific readout for mTORC1 activity (Figure 2D). We did not observe consistent phosphorylation at Serine 235/236

(S235/246) of S6, which are substrate sites for S6K.

As YAP, the Hippo pathway effector is the best-characterized mechanotransduction transcription factor and is also implicated in NFkB

regulation during OA, though whether this potential role of the Hippo-YAP signaling involves in mechanical loading was still unclear.19,20

We first analyzed theHippo signature genes in GSEAwith the RNAseq dataset comparing preserved and damaged cartilages and discovered

a potential alteration of Hippo signaling in OA development24 (Figure 2E). However, as Hippo pathway components are mostly regulated at

post-translation levels, we therefore investigated the YAP regulation by mechanical loading with immunoblots. The activity of YAP is mainly

determined by its phosphorylation status, as hyperphosphorylated YAP cannot enter the nucleus to initiate gene expression.10,21–23 There-

fore, we performed a Phostag electrophoresis where an upshift of target protein bands indicates its hyperphosphorylation. We found that

mechanical loading strongly induced YAP phosphorylation (Figure 2F). Consistently, the mechanical loading decreased the level of YAP

that was not phosphorylated by LATS1/2 (non-phosphorylated YAP) and the total protein level of TAZ, which is negatively correlated with

its phosphorylation status.

Figure 1. Differential responses of chondrocytes to mechanical compression in 2-dimensional (2D) and 3-dimensional (3D) models

(A) GSEA analyses of differentially regulated genes identified in RNAseq of patients in early and late osteoarthritis (OA) development.

(B) A diagram of 2D model of chondrocyte compression generated by gravity/weight.

(C) A diagram of 3D model of chondrocyte compression generated by a mechanical compressor.

(D) RT-qPCR analyses of IL1b and ADAMTS4 gene expression in the 2D compression model. Student t tests were used to determine the difference between the

control and the compressed chondrocytes; n = 3. Error bars represent the standard error of the mean (SEM). Data are presented as mean G SEM.

(E) IL1b and ADAMTS4 gene expression of chondrocytes in the 3 D compression model. Student t tests were used to determine the difference between the

control and the compressed chondrocytes; n = 6.
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The biomechanical microenvironment regulates the transcriptional activity of YAP

Compared to 2Dmonolayers, 3D agarose culturemodelsmay bettermaintain the chondrocyte phenotype andbettermimic the physiological

microenvironment under compression.43 In vitro culturemay lead to de-differentiation of chondrocytes, which can bemeasured by the loss of

characteristic phenotypic markers of chondrocytes, such as collagen type II (COL2A1), aggrecan (ACAN), and SRY-box transcription factor 9

(SOX9).44,45 We found that the expression of ACAN and SOX9 in chondrocytes is similar between 2D and 3D cultures (Figure 3A). However,

the expression of COL2A1 is much higher in 3D than in 2D culture, indicating that 3D culture may better preserve the differentiation status of

chondrocytes.

A recent study suggested that the biomechanical microenvironment acts through YAP/TAZ to suppress chondrogenic gene expres-

sion.46 We therefore next determined whether the biomechanical conditions (3D vs. 2D) regulate the Hippo pathway activity in chon-

drocytes. Our results showed significant differences in the expression of four classical YAP target genes (CTGF, CYR61, ANKRD1,

and AMOTL2) between 2D and 3D cultures (Figure 3B). All genes in the 2D culture environment were higher when compared to the

3D cultures, which were grown in a softer matrix and in an anchorage-independent status that recapitulates the features of a normal

knee microenvironment.47 These results are consistent with the notion that cell attachment to a stiff matrix activates YAP by inactivating

the Hippo pathway.48 Therefore, we next determined the Hippo kinase activation status by examining the phosphorylation of LATS ki-

nase at its phosphorylation motif (pLATS-HM), which is substantially higher in the 3D cultures than in 2D-cultured chondrocytes (Fig-

ure 3C). Consistently, phosphorylation of YAP, as shown by our phostag electrophoresis analyses, is also strongly increased at 3D

compared with at 2D.

To further support the notion that the different stiffness levels may in part account for different YAP activities, we compared the expression

of YAP target genes CTGF and CYR61 in chondrocytes of the 2D, 3D cultures, and chondrocytes growing on fibronectin-coated

Figure 2. Mechanical compression activates NFkB and Hippo signaling in chondrocytes

(A) Mechanical compression induces phosphorylation of NFkB p65 at Serine 536. The quantification of phospho-proteins was normalized to the corresponding

total proteins. The compression is to deform cells by 20% in volume and the duration is 4 h. Biological duplicates were tested.

(B andC) Themechanical compression applied to chondrocytes does not lead to cell death in the acute phase (within 4 h). Markers for programmed cell death (B),

autophagy, and necroptosis (C) were determined by western blot. *, indicates predicted bands for the cleaved caspases.

(D) The effects of mechanical compression on mTORC1 downstream substrate p70-S6K.

(E) GSEA analysis of Hippo signature genes in early and late OA of human patients. NES, normalized enrichment score.

(F) Mechanical compression controls YAP phosphorylation. For YAP phostag analysis, phosphorylated YAP migrates more slowly on this gel. Therefore, the

bottom band indicates hypophosphorylated YAP while the upper band indicates hyperphosphorylated YAP.
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polyacrylamide hydrogels with different stiffness levels.16 It should be noted the 2% agarose gel for 3D culture is estimated to have a stiffness

of about 8 kPa.49 We indeed found that the expression of YAP target genes, CTGF and CYR61, is similar in chondrocytes embedded in 2%

agarose 3D culture and on 8 kPa (or lower stiffness) polyacrylamide hydrogels (Figure 3D). However, cells growing on hydrogels with a stiffness

>38 kPa and on plastic dishes show similarly high levels ofCTGF and CYR61. This is consistent with very recent studies reporting that stiffness

activates YAP and subsequently blunts inflammatory responses.50–52

Furthermore, we also determine the effect of the agarose concentration, which is positively correlated with the stiffness, on the expres-

sion of YAP target genes. A higher concentration of agarose (corresponding to higher stiffness) increases the expression of YAP target

genes CTGF, CYR61, and ANKRD1 (Figure S3A). Moreover, the basal phosphorylation of NFkB p65-S536, without mechanical compression

to the chondrocytes, negatively correlates with the agarose concentration (Figure S3B). Consistently, the basal expression of IL1b, without

mechanical compression, also negatively correlates with the agarose concentration (Figure S3C).

The physiological biomechanical microenvironment is essential for the proper regulation of Hippo signaling in chondrocytes

The activity of the Hippo pathway is normally high to maintain the quiescence of cells and prevent aberrant cell proliferation. To define the

functional role of the Hippo pathway in the 2D and 3D chondrocyte cultures, we used CRISPR/Cas9 to delete LATS1/2 or YAP genes in chon-

drocytes (Figures 4A and 4B). Lentiviruses expressing Cas9 and sgRNAs for LATS1, LATS2, or YAP were used to infect chondrocytes to

generate knockout cell pools for each gene. The LATS kinase activity is tightly regulated by cell confluence.21,53 Our phostag electrophoresis

data clearly showed that deletion of both LATS1 and LATS2 (sgLATS) strongly comprised YAP protein phosphorylation induced by cell

Figure 3. Differential activation status of the Hippo pathway in 2-dimensional (2D) and 3-dimensional (3D) culture

(A) The expression of chondrocyte marker genes was compared between 2D and 3D culture by RT-qPCR. The data are presented as mean G SEM.

(B) Gene expression analysis of YAP target genes CTGF, CYR61, ANKRD1, and AMOTL2 in chondrocytes under 2D or 3D culture conditions.

(C) Immunoblot for the phosphorylation of Hippo pathway core components LATS1/2 and YAP. * indicates specific bands for pLATS-HM.

(D) Comparing chondrocytes in 3D agarose gel with those in 2D plastic culture dish and comparing chondrocytes in 3D agarose gel with those on polyacrylamide

hydrogels of 7.9 kPa for the expression of CTGF and CYR61. For all RT-qPCR analyses in Figure 3, student’s t tests were used; n = 3.
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confluence (Figure 4A), affirming the deficiency in the Hippo kinase cascade. Moreover, we achieved highly efficient gene knockout of YAP in

the cells (Figure 4B).

Surprisingly, the deletion of LATS1/2 may decrease CTGF and ANKRD1mRNA levels in 2D culture but tends to increase the expression of

CYR61 and AMOTL2 (Figure 4C). The absence of an increase in the YAP target gene expression is likely because the activity of LATS1/2 was

already very low due to the stiffness of 2D cultured chondrocytes, which is known to inactivate LATS1/2 and thus activate YAP.21,54 Deletion of

LATS1/2 (in sgLATS1/2 cells) may not be able to increase already very high YAP activity and YAP target gene expression further. This notion is

also consistent with the results of stiffness effects on the YAP target gene in this study (Figures 3D and S3).

On the other hand, deletion of YAP alone cannot reduce the expression of some YAP target genes (Figure 4C), which may be due to the

compensatory activation or over-expression of TAZ in the YAP knockout cell pool (Figure 4B). Contrary to the 2D culture, the chondrocytes at

the 3D culture maintain the Hippo pathway activity (Figure 4D). Deletion of LATS1/2 (sgLATS) can robustly increase the expression of YAP

target genes (CTGF, CYR61, ANKRD1, and AMOTL2) in 3D cultured chondrocytes. It should be noted that, though the activity of YAP is

much lower at 3D than that at 2D, chondrocytes still maintain a certain level of YAP activity at the 3D culture, as deletion of YAP further reduced

the expression of the YAP target genes (CTGF, CYR61, and AMOTL2).

Figure 4. Deletion of LATS1/2 and YAP/TAZ by CRISPR/Cas9 in chondrocytes

(A) Immunoblot showing the expression and phosphorylation of LATS1/2 and YAP/TAZ in chondrocyte pool with the expression of Cas9 and sgRNAs targeting

LATS1/2. The same number of cells were seeded onto 6-well (sparse) and 24-well (dense) plates. * indicates the specific bands for pLATS-HM.

(B) Expression or phosphorylation of YAP or TAZ after CRISPR/Cas9-mediated gene deletion in chondrocytes.

(C and D) RT-qPCR of YAP target genes at 2D or 3D. For all RT-qPCR analyses in Figure 4, student’s t tests were used; n = 3. The data are presented as meanG

SEM.
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Wealso examinedwhether the chondrocyte differentiationmarkers (ACAN,COL2A1, and SOX9) are affectedbyHippo signaling in 2D and

3D cultured chondrocytes. The deletion of LATS1/2 significantly decreases the COL2A1 expression in both 2D and 3D cultures (Figures S4A

and S4B). On the other hand, deletion of LATS1/2 can moderately increase the SOX9 expression in 2D but not 3D culture, while deletion of

YAP significantly increases the SOX9 expression in both 2D and 3D culture.

In summary, our observations implicated functional interplays between biophysical microenvironment, Hippo signaling, and chondrocyte

differentiation (Figures 3 and 4).

Proper regulation and activity of Hippo signaling is required for mechanoresponses of NFkB to mechanical loading

Given that Hippo signaling serves as a mechanical checkpoint and sensor of cellular homeostasis in response to biophysical environmental

change, we hypothesize that deficiencies of Hippo signaling could lead to deficient mechanoresponses of chondrocytes to mechanical

loading.

We first focused on whether deletion of LATS1/2 or YAP can oppositely regulate NFkB activation by mechanical loading. Unexpectedly,

mechanical loading failed to induce p65 S536 phosphorylation or expression of target genes (IL1b and ADAMTS4) in LATS1/2 dKO chondro-

cytes (sgLATS1/2) and YAP KO (sgYAP) as in the control cells (sgCTRL) (Figures 5A and 5B).

Detailed signaling pathway analyses of mechanically loaded chondrocytes revealed that the effects of LATS1/2 or YAP gene deletion on

p65 S536 phosphorylation in chondrocytes are likely independent of canonical NFkB upstream regulators (IKKa/b, IkBa) as we did not observe

phosphorylation of IKKa/b and IkBa, which indicates their activity, showed a similar pattern with p65 S536 phosphorylation across different

treatment or knockout groups. Interestingly, the protein level of p65 was diminished in YAP KO chondrocytes.

AP1 family members, especially cJun, are well known to functionally interact with NFkB transcriptional activation,55 and Hippo signaling

has recently been reported to tightly control c-Jun and other AP1 members in cellular acute response.56 Therefore, we also examined c-Jun

protein level and phosphorylation. However, thoughwe observed differential c-Jun phosphorylation in LATS1/2 dKO and YAP KO cells, which

is consistent with our previous report,56 mechanical loading itself does not alter c-Jun protein level or activity (Figure 5A). This indicates that

other NFkB upstream regulators are dysregulated in LATS1/2 KO and YAP KO cells. Nevertheless, our results support our notion that the core

Hippo pathway components, such as LATS1/2 and YAP, are required for the NFkB regulation in chondrocytes by mechanical overloading.

LATS1/2 kinase inhibitors can be potential therapeutic agents for KOA

Based on the observation in the LATS1/2 knockout cells, we explored the potential of using LATS1/2 inhibitors to prevent the inflammatory

and catabolic responses of chondrocytes to mechanical compression. We, therefore, tested a LATS1/2 small molecule inhibitor (Lats-IN-1,

10 mM), whichwas supplemented 18 h before exposure to a 4-h static compressive load of 20% strain. The expression of YAP/TAZ target genes

(CTGF, CYR61, AMOTL2, and ANKRD1) was significantly upregulated in the compressed discs with LATS1/2 inhibitor compared to control,

Figure 5. The Hippo pathway is required for mechanical loading-induced NFkB activation

(A) Deletion of either LATS or YAP abolishes NFkB p65 phosphorylation at Serine 536.

(B) The expression of NFkB target genes IL1b and ADAMTS4 in the control, LATS1/2-KO (sgLATS1/2), and YAP-KO (sgYAP). Multiple t tests were used; n = 6. The

data are presented as mean G SEM.
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indicating that Lats-IN-1 can effectively inhibit the activity of LATS1/2 (Figure 6A). More importantly, Lats-IN-1 suppressed upregulation of

IL1b and ADAMTS4 in discs subjected to mechanical load, implying that LATS1/2 inhibition can be a potential therapeutic strategy for

KOA (Figure 6B), which currently lacks effective treatments.

Hippo signaling modulates the mechanoresponses of NFkB via PKC

To understand themechanisms by which Hippo signaling controls the responses of NFkB tomechanical loading, we profiledmultiple path-

ways that are known to be regulated by mechanical cues or control NFkB activity (Figure S5). Protein kinase A (PKA), AKT, and AMP-acti-

vated protein kinase (AMPK) are known to respond to mechanical cues, regulate chondrocyte metabolisms, and interact with NFkB.2 We,

therefore, used their phosphor-substrate antibodies to determine whether their activities are altered in LATS1/2 dKO and YAP KO cells.

Mechanical compression slightly increases PKA activity in the control and LATS1/2 dKO cells, though PKA activity in the latter was high even

at the basal level. In the YAP KO cells, PKA activity was downregulated by mechanical loading. Therefore, the pattern was not very consis-

tent with NFkB activity (Figure S5A). Activities of AKT and AMPK do not correlate with NFkB activity well, either. Similarly, we did not

observe activities of CDKs and ATM/ATR, which functionally interact with NFkB in various other settings,55 correlate with NFkB activity

in the chondrocytes under mechanical loading (Figure S5B). It should be emphasized that the effects of mechanical loading on these path-

ways were not very robust.

On the contrary, the activities of PKC in the control, LATS1/2 dKO, and YAP KO chondrocytes are similar to the patterns of NFkB (Fig-

ure 7A). The PKC activity wasmeasured by blotting the lysates of the cells with an antibody that recognizes phospho-[(R/K)XpSX(R/K)] motif.

More importantly, the mechanical load can strongly stimulate PKC activities, particularly on its substrates with a molecular weight of

�80 kDa, which likely represents the autophosphorylation of PKC (marked by *). PKC is well known to be a key regulator of NFkB in car-

diomyocytes, which are also tightly regulated by mechanical loading. Multiple isoforms of PKCs regulate NFkB in both IKK-dependent and

independent manners.57 More importantly, we performed kinase enrichment analysis (KEA)58 with the RNAseq dataset comparing pre-

served and damaged cartilages, discovering that activities of calcium-dependent protein kinases, which includes PKCs as a broader

term, and PKC is altered in OA development (Figure S6A). In particular, atypical PKC (PKCz) can directly phosphorylate p65 S536 and

elevate p65 transcriptional activity.59

To determine the roles of PKCs in the mechanoregulation of NFkB, we applied a pan-PKC inhibitor sotrastaurin (AEB071) to mechanically

loaded chondrocytes (Figure 7B). AEB071 can effectively block the phosphorylation of both PKC substrates and p65 S536, demonstrating that

Figure 6. Effects of a LATS1/2 inhibitor, Lats-IN-1, on compressed chondrocytes

(A) The expression of YAP target genes CTGF,CYR61,ANKRD1, and AMOTL2 in the chondrocytes with the LATS1/2 inhibitor Lats-IN-1 and/or compression. The

data are presented as mean G SEM.

(B) The expression of IL1b and ADAMTS4 in the same set of chondrocytes. one-way ANOVA test was performed; n = 5.
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PKC kinase activity is required by mechanical loading to activate NFkB. Besides NFkB, Hippo, and MAPK (ERK1/2, p38, and JNK) signaling is

known to be activated bymechanical loading.We further found that AEB071 also blocked LATS phosphorylation but did not increase ERK and

p38 phosphorylation, resulting from mechanical loading (Figure 7C).

We subsequently knocked down PKCz, using RNA interference, to determine whether this atypical PKC is the key player in the NFkB regu-

lation in chondrocytes by mechanical loading. We transfected two pairs of duplex RNAi oligos targeting PKCz into chondrocytes, both of

which resulted in efficient PKCz knockdown (Figure S6B). Both pairs of PKCz RNAi nearly blocked all p65 S536 phosphorylation caused by

mechanical loading, proving an indispensable role of PKCz in mechanoinflammation (Figure 7D). Furthermore, the NFkB regulator role of

PKCz is rather specific to mechanical loading, as PKCz knockdown failed to block TNF-induced p65 S536 phosphorylation in chondrocytes

(Figure 7E). We also observed that overexpression of Hippo kinases MST2 and LATS1 cannot directly increase p65 S536 phosphorylation

regardless of the PKCz expression (Figure S6C). This indicates that other mechanisms are needed, in collaboration with Hippo signaling,

to activate NFkB in chondrocytes upon mechanical compression.

DISCUSSION

Modeling of mechanical overload-induced KOA

We have developed an in vitro bioengineering model to study mechanotransduction signaling and transcriptome using a 4 h 20% compres-

sion loading regimen. Our model has successfully recapitulated the mechanoregulation of NFkB and subsequent target gene expression

upon mechanical compressional loading.

Several studies have quantified in vivo strain levels to determine normal ranges of compression in human knee cartilage. Eckstein et al.

used MRI and 3D image analysis to show the strain levels during typical activities, such as knee bending, jumping, and static exercise, are

within the range of 2%–10% using MRI evaluation and 3D image analysis.60 Previous MRI studies have shown that cartilage deformation in

knees increases with a higher BMI61 and is greater in osteoarthritic knees than in healthy knees.62 Furthermore, it was found that 20% static

Figure 7. PKC is activated by mechanical compression in a Hippo-dependent manner and required for NFkB p65 phosphorylation at Serine 536

(A) Detection of PKC activity using phospho-PKC substrate antibodies, which targets the phospho-[(R/K)XpSX(R/K)] motif, under mechanical loading. *, indicates

the predicted PKC bands.

(B) The PKC inhibitor AEB-071 blocks NFkB p65 S536 phosphorylation induced by mechanical compression.

(C) AEB-071 reduces LATS activity, as shown by the phosphorylation of the LATS hydrophobic motif.

(D) Knockdown of PKCz with two pairs of duplex RNAi blocks NF-kB p65 S536 phosphorylation induced by mechanical compression.

(E) Knockdown of PKCz does not affect TNFa-induced NFkB p65 S536 phosphorylation.

(F) A diagram of the proposed model in which mechanical compression activates NFkB-mediated gene transcription in a Hippo pathway-dependent manner.
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compression for 4 h resulted in a transient increase in chondrocyte’s ADAMTS4 expression, and a 10% strain was modeled as a normal strain

showing no effects on gene expression.29

Nevertheless, we have been using conventional cell culture medium and atmospheric conditions, which are rather different from the

nutrient and oxygen levels in normal articular cartilage. As mechanosensing pathways, such as Hippo and NFkB signaling, incorporate

biochemical cues for cellular homeostasis, therefore we will further optimize our system using a human plasma-like medium and more

advanced cell culture incubator with oxygen and hydrostatic pressure control.63

Since dynamic loading at lowmagnitude can suppress the IL1b-mediated catabolic responses of chondrocytes,64–67 dynamic compression

studies utilizing a similar protocol could also provide important findings to evaluate the involvement of the Hippo pathway under different

loading conditions, which may recapitulate physiologic environments more realistically. Other loading factors, including loading duration,

magnitude, and frequency, should also be further defined. Furthermore, compression rate, or how quickly a load is applied to the disk, is

another essential topic to investigate in future approaches, as high-rate impacts can potentially lead to post-traumatic KOA. Thus, evaluating

the Hippo pathway with various loading rates may provide highly valuable insight.68

The functional interplay of NFkB and Hippo signaling in chondrocyte mechanoresponses

Several studies have investigated the function of the Hippo pathway and YAP/TAZ functionality in articular cartilage homeostasis of knee

chondrocytes. Central to the Hippo pathway is the kinase LATS1/2, which functions to phosphorylate YAP/TAZ and inhibit nuclear transloca-

tion.19 This state of cytoplasmic YAP/TAZ sequestration is referred to as the active state of the Hippo pathway. When the Hippo pathway is

inactive, YAP can freely translocate into the nucleus and has been associated with the preservation of articular cartilage integrity specifically

via direct interaction with TAK1 and attenuation of the NFkB signaling cascade in an OA mouse model.19 The attenuation of NFkB is key to

modulating inflammatory pathways associated withOA. In a study by Yan et al., using a nanoparticle-based siRNA, NFkBwas suppressed and

resulted in reduced chondrocyte death and cartilage degeneration.69 One study found that YAP is notably activated during the development

of OA in mice.20 The targeted removal of YAP in mouse chondrocytes (conditional knockout or cKO) showed preservation of collagen II

expression, a key component of cartilage, thus preventing cartilage degradation in that OA model. Additionally, the introduction of a

YAP-specific inhibitor, Verteporfin, through injections directly into the joint, significantly aided in maintaining the balance of cartilage in

the OA mouse model.20 These apparently conflicting results implied a context-dependent, but very crucial, role of YAP and/or Hippo

signaling in OA and NFkB regulation.

Our results have helped reconcile these studies in themechanobiology settings.We showed that either full inactivation of Hippo signaling

(full YAP activation) or complete inactivation of YAP can block NF-kB p65 S536 phosphorylation and target gene expression (Figure 5). These

findings suggest that the full cycle of YAP phosphorylation-dephosphorylation by the Hippo kinase cascade is essential for chondrocyte me-

chanoresponses, as illustrated in Figure 7F. In future, it is important to understand how deletion of YAP in chondrocytes reduced NFkB p65

expression, either at transcription or post-transcription levels. Functionally, the decreased p65 expression in YAP KO chondrocytes may

reflect the adaption of chondrocytes to the complete loss of YAP proteins (Figure 5A). The mechanoinflammatory pathways are rewired

when key players, such as YAP, are removed from chondrocytes. This may be in part due to various positive and negative feedbacks of Hippo

pathway regulation that have been summarized previously.21

The notion that proper Hippo-YAP regulation and basal YAP activity are required for mechanoinflammation is further supported by the

mechanoresponses of PKC and PKA in chondrocytes (Figures 7 and S5A). Therefore, blocking this Hippo phosphorylation cycle is a potential

strategy to mitigate cartilage degradation, as supported by our studies with LATS1/2 inhibitor LATS-IN-1 and PKC inhibitor AEB-071

(Figures 6B and 7B).

On the other hand, compared with OA mouse surgery models, anterior aruciate ligament transection or destabilization of the medial

meniscus surgeries used in a previous study,19 our model is focused on the aspect of mechanical overloading duringOAmodel development.

Our model allows us to study the direct cellular response of chondrocytes to mechanical stimuli in a simplified environment, without the

involvement of inflammatory cells and other players. More importantly, our study focuses on the immediate responses tomechanical loading,

while the mouse models better recapitulate the accumulative effects of aberrant force distribution to joints. Our model may better serve for

the study of post-traumatic OA, caused by insults to the joint from an external mechanical force, which results in injuries to the articular

cartilage.

Characterization of mechanotransduction signaling cascades

Our study has opened a new avenue for identifying and characterizing novel components of mechanotransduction signaling cascades. There

are several key mechanism questions to investigate in the next. First, it is worth investigating which PKC isoform(s) responds to mechanical

overloading and howmechanical overloading and Hippo signaling regulate the PKC(s). Second, two reports have introduced opposite roles

of conventional, novel, and atypical PKCs in Hippo signaling.70,71 However, it is unknown how Hippo signaling can in turn regulate PKCs. Our

study is therefore the first report showing that Hippo signaling can regulate PKCs inmechanically loaded cells. Third, conventional, novel, and

atypical PKCs can sense various secondary messengers and phosphoinositol.72 Therefore, investigating the functional interactions between

PKC and Hippo will likely improve our fundamental understanding of how mechanical loading is sensed at the plasma membrane level and

subsequently propagated into biochemical signals that eventually alter chondrocyte transcriptomes. Hippo signalingmay crosstalk with PKCz

upstream effectors, such as PDK1 and PI3K, as previous studies73,74 already showed the interplay of YAP and AKT, another downstream

effector PDK1 and PI3K.
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In conclusion, the results presented in the current study suggest that the interplay of NFkB, Hippo, and PKC signalingmay be amodifiable

target in the response of chondrocytes under mechanical loading, and in a broader context, the response of chondrocytes in patients with

KOA. Kinase inhibitors, such as PKC inhibitor AEB-071, which are currently being tested in clinical trials for other diseases (i.e., uveal mela-

noma), may apply to OA by blocking inflammation and preventing disease progression.

Limitations of the study

Though our model could provide more mechanistic insights for signaling studies, the limitation is that it may not fully reflect how chondro-

cytes, when interacting with other joint cells andmatrix, respond tomechanical compression. Future studies with co-culture chondrocytes and

other joint cells will provide better systems for mechanistic studies. A recent study52 showed that dynamic tensile loading exhibits anti-inflam-

matory effects on chondrocytes via YAP activation. A comparison of physiological and pathological loading conditions, both static and dy-

namic, will help us better understand the mechanoresponses of chondrocytes and how they contribute to disease initiation.
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Chemicals, peptides, and recombinant proteins

Dulbecco’s Modified Eagle Medium Sigma-Aldrich Cat# D5796
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Experimental models: Cell lines

C28I2 Sigma-Aldrich Cat# SCC043

Oligonucleotides

Primer: ADAMTS4 Forward: 5’-GAGGAGGAGATCGTGTTTCCA-3’ This paper N/A

Primer: ADAMTS4 Reverse: 5’-CCAGCTCTAGTAGCAGCGTC-3’ This paper N/A

Primer: IL1b Forward: 5’- AAACAGATGAAGTGCTCCTTCCAGG -3’ This paper N/A

Primer: IL1b Reverse: 5’- TGGAGAACACCACTTGITGCTCCA -3’ This paper N/A

Primer: ANKRD1 Forward: 5’- AGTAGAGGAACTGGTCACTGG -3’ This paper N/A

Primer: ANKRD1 Reverse: 5’- TGTTTCTCGCTTTTCCACTGTT -3’ This paper N/A

Primer: AMOTL2 Forward: 5’- GCTCGTTGAGTGAACGGCT -3’ This paper N/A

Primer: AMOTL2 Reverse: 5’- CATGAGCTAGTACAACATGAGGG -3’ This paper N/A

Primer: CTGF Forward: 5’- ACCGACTGGAAGACACGTTTG -3’ This paper N/A
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Primer: CYR61 Reverse: 5’- CGCCGAAGTTGCATTCCAG-3’ This paper N/A

Primer: GAPDH Forward: 5’- GGAGCGAGATCCCTCCAAAAT -3’ This paper N/A

Primer: GAPDH Reverse: 5’- GGCTGTTGTCATACTTCTCATCG -3’ This paper N/A

Primer: 18S rRNA Forward: 5’-GTAACCCGTTGAACCCCATT-3’ This paper N/A

Primer: 18S rRNA Reverse: 5’-CCATCCAATCGGTAGTAGCG-3’ This paper N/A

Primer: MMP1 Forward: 5’- AAAATTACACGCCAGATTTGCC-3’ This paper N/A

Primer: MMP1 Reverse: 5’- GGTGTGACATTACTCCAGAGTTG-3’ This paper N/A

Primer: MMP9 Forward: 5’- TGTACCGCTATGGTTACACTCG -3’ This paper N/A

Primer: MMP9 Reverse: 5’- GGCAGGGACAGTTGCTTCT-3’ This paper N/A

Primer: MMP13 Forward: 5’-ACTGAGAGGCTCCGAGAAATG-3’ This paper N/A

Primer: MMP13 Reverse: 5’- GAACCCCGCATCTTGGCTT-3’ This paper N/A

Primer: COL2A1 Forward: 5’- TGGACGATCAGGCGAAACC-3’ This paper N/A

Primer: COL2A1 Reverse: 5’- GCTGCGGATGCTCTCAATCT -3’ This paper N/A

(Continued on next page)
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RESOURCE AVAILABILITY

Lead contact

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

Meng (zxm282@med.miami.edu).

Materials availability

All reagents generated in this study are available from the lead contact without restriction.

Data and code availability

� Original data related to this paper are available upon request and will be shared by the lead contact. RNA-Seq data were downloaded

from a publicly archived GEO database. The accession number is GSE179716. Original western blot images are presented in Data S1.

� This paper does not report the 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

Preparation of 3-dimensional chondrocyte-agarose constructs

The C28/I2 human chondrocytes were cultured in T-75 flasks with Dulbecco’s Modified Eagle Medium supplemented with 10% (v/v) fetal

bovine serum, and 1% (v/v) antibiotic in an incubator at 37�C and 5% CO2. Once cells reached �90-95% confluency, they were detached

from the flasks using 0.05% trypsin -EDTA solution, centrifuged, and resuspended in DMEM to create a cell solution of 2 x 107 cells/mL.

4% ultra-low gelling temperature agarose was dissolved in 1x D-PBS and autoclaved at 120�C for 15 min followed by maintaining at 37�C.
The cell solution and 4% agarose were mixed at a 1:1 ratio to encapsulate 1 x 106 cells in 2% agarose. The cell-agarose suspension was

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Primer: PTGS2 Forward: 5’- TAAGTGCGATTGTACCCGGAC-3’ This paper N/A

Primer: PTGS2 Reverse: 5’- TTTGTAGCCATAGTCAGCATTGT -3’ This paper N/A

Primer: NOS2 Forward: 5’- TTCAGTATCACAACCTCAGCAAG -3’ This paper N/A

Primer: NOS2 Reverse: 5’- TGGACCTGCAAGTTAAAATCCC -3’ This paper N/A

siPKC z#1: hs.Ri.PRKCZ.13.1-SEQ1:

rGrUrGrCrArUrGrArUrGrArCrGrArGrGrArUrArUrUrGrACT

IDT-DNA N/A

siPKCz#1:hs.Ri.PRKCZ.13.1-SEQ2: rArGrUrCrArArUrAr

UrCrCrUrCrGrUrCrArUrCrArUrGrCrArCrCrA

IDT-DNA N/A

siPKC z#2: hs.Ri.PRKCZ.13.2-SEQ1: rArGrArArUrGrAr

CrCrArArArUrUrUrArCrGrCrCrArUrGAA

IDT-DNA N/A

siPKC z#2: hs.Ri.PRKCZ.13.2-SEQ2: rUrUrCrArUrGrGrCr

GrUrArArArUrUrUrGrGrUrCrArUrUrCrUrUrC

IDT-DNA N/A

Recombinant DNA

PsPAX2 Addgene Cat# 12260

pMD2.G Addgene Cat# 12259

LentiCRISPR-v2-sgYAP This paper N/A

LentiCRISPR-v2- sgLATS1 This paper N/A

pLentiGuide-Hygro-sgLATS2 This paper N/A

pcDNA-MST2-3xFlag This paper N/A

pcDNA3.1-LATS1-HA This paper N/A

pcDNA3.1 (+) Invitrogen Cat# V790-20

pCMV-p65- NFkB-p65 This paper N/A

Software and algorithms

ImageJ 1.53k Java 13.0.6 National Institutes of Health https://imagej.nih.gov/ij

GraphPad Prism version 10.1.1 GraphPad https://www.r-project.org/

R version 4.3.1 R Core Team https://www.graphpad.com/
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pipetted to a three-dimensional (3D) cylindrical constructs (‘‘discs’’) (8 mm in diameter, 2 mm in thickness), and cooled for agarose

solidification.75

2D static compression

A stainless-steel cylinder weight (12 mm diameter) of 8.9 g was placed on the top of an agarose disk in contact with chondrocytes cultured on

12 mm Trans-wells with 0.4 mmpore (Figure 1A).27 A condition of compressive stress of 5.79 mmHg for 16 h was applied to the chondrocytes,

which can result in >30% high strain based on the mechanical properties of chondrocytes from 2D culture.28 In a control group, only the

agarose disk was placed on chondrocytes.

3D static compression

The 3D chondrocyte-agarose constructs were each cultured in 2mLof DMEMsupplementedwith 10%FBS and 1%antibiotic for 24 hours prior

to compressive loading experiments. Samples subjected to compressive loadingwere placed in a custom-designedbioreactor (Figure S1). To

ensure an equal static compressive strain, a displacement-control approach was used for all testing.43

Strains of 20% were implemented in the dose-response experiment to develop a relationship between strain magnitude and cell me-

chano-response. At the 20% strain level, we observed increased inflammatory and catabolic gene expression in chondrocytes. Thus, 20%

strain for 4 hours was used for the compressive loading experiments to evaluate the Hippo pathway. Furthermore, to perform the compres-

sion evaluations the samples were placed in separate custom-made chambers with 600 mL of DMEM. All experiments were conducted in the

tissue incubator at 37�C and 5% CO2 for 4 hours. Uncompressed samples were used as control groups.

METHOD DETAILS

Quantitative real-time PCR

Immediately following compression, cell-agarose constructs were collected and homogenized in 1 mL of TRIzol� Reagent. NA was extracted

using RNeasy Kits from QIAGEN, as described previously.76 cDNA was synthesized using cDNA Synthesis Kit, following the manufacturer’s

instructions. qRT-PCRwas carried out using SYBRGreen SuperMixwithQuant studio 3. The expression of GAPDHor 18S rRNAwas used as an

endogenous control. Gene expression levels were quantified using the 2–DDCt method and normalized to expression levels of the respective

control group.77

CRISPR/Cas9 gene deletion in chondrocytes

To delete the LATS1 and LATS2 genes in C28/I2 chondrocytes, we employed lentiviral vectors carrying Cas9 and specific guide

RNAs (gRNAs) targeting these genes. The LentiCRISPRv2 plasmid, containing a gRNA for LATS1, and the pLenti-Guide-hydro plasmid,

harboring a gRNA for LATS2, were used to generate the respective lentiviruses. These lentiviruses were then utilized to transduce C28/I2

cells.

The lentiviral packaging was achieved by co-transfecting the LentiCRISPRv2 or pLenti-Guide-hydro plasmids with the packaging plasmids

PsPAX2 and pMD2.G into HEK293T cells using the PolyJet In Vitro DNA Transfection Reagent. Following transfection, the lentiviruses were

harvested and used to infect C28/I2 cells for 48 hours.

To select cells with successful gene knockouts, we applied a selection pressure using 2 mg/ml puromycin and 200 mg/ml hygromycin for

3-5 days. Subsequently, the cells were maintained in media containing a reduced concentration of puromycin or hygromycin.

The efficiency of LATS1 and LATS2 gene deletions was verified through western blot analysis using specific antibodies against LATS1 and

LATS2. We also employed CRISPR/Cas9 to delete the YAP gene in C28/I2 cells using the same procedure. The guide RNA sequences target-

ing LATS1/2 were described previously.23 guide RNA sequences targeting YAP as follows:

#GATGAACCTTTACCAAAACG.

RNA interference in chondrocytes

Duplex siRNA-mediated PKCz gene knockdown was performed with Lipofectamine� RNAiMAX Transfection Reagent, following the manu-

facturer’s instructions. Briefly, 2 x 105 C28/I2 cells were plated in a 6-well plate and transfected with 30 nM siRNA using 9 mL/well of Lipofect-

amine RNAiMAX. Cells were harvested 2 days after siRNA transfection.

Plasmids co-transfection in chondrocytes

Total 2.5 mg pcDNA3.1-MST2-3xFlag, pcDNA3.1-LATS1-HA, pCMV-p65- NFkB-p65 plasmids were transfected to siPKCz knockdown chon-

drocyte using Lipofectamine� 3000 Transfection Reagent following the manufacturer’s instructions.

Western blot analysis

Either cell-agarose constructs or chondrocytes (monolayer culture) were lysed with 1 x SDS PAGE Sample buffer after 4-hour mechanical

loading. 10 mL protein samples were loaded and separated on 9% or 4%-20% SDS PAGE gels or 7.5% Phostag gels, and then were transferred

to PVDF membranes and blotted with the antibodies previously described.53
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The quantification of the regular and Phostag immunoblots was carried out using ImageJ software. In the case of Phostag analysis, we

calculated a weighted-average mean value for each lane. Specifically, the 7.5% Phostag SDS-PAGE yielded five distinct bands for YAP pro-

teins, ranging from 70 kDa (non-phosphorylated) to 100 kDa (fully phosphorylated). The weights assigned to these five bands were 0%, 25%,

50%, 75%, and 100%, respectively, in ascending order from 70 kDa to 100 kDa. To determine the total phosphorylation, we multiplied the

grayscale values of each band by its corresponding weight. The final phosphorylation level of YAP was then calculated by dividing the

sum of the weighted grayscale values of the phosphorylated bands by the total grayscale values of all five bands.

Polyacrylamide hydrogel substrate

We prepared polyacrylamide gels with varying moduli of elasticity to mimic different levels of extracellular matrix (ECM) stiffness, using

different proportions of acrylamide and bis-acrylamide. The protocol followed the method previously reported.78 After coating with

10 mg/ml fibronectin (human) at 37�C overnight, 8 3 10⁴ cells were seeded onto the gels. Proteins and RNA were harvested after 24 hours.

Bioinformatic analysis

Raw count data of Database: GSE179716 was downloaded from the GEO database. Differential gene expression analysis was performed us-

ing DESeq279 with the criteria of log2FoldChange>0 and p-value < 0.05 to identify genes that were differentially expressed. Then Gene Set

Enrichment Analysis (GSEA) was performed using the ’c5.go.v2023.1.Hs.symbols.gmt’ gene set obtained from the MSigDB database.80

In the GSE179716 dataset, cartilage samples were classified based on the Outerbridge score for macroscopic appearance and the OARSI

score for histological evaluation. These samples were obtained from patients undergoing total knee joint arthroplasty, allowing the re-

searchers to distinguish between early-stage (preserved) and late-stage (damaged) OA. The Outerbridge score ranges from 0 (normal) to

4 (severely damaged), while the OARSI score ranges from 0 to 24, with higher scores indicating more severe damage. Samples were consid-

ered preserved if they had an Outerbridge score of 1 or less and an OARSI score of less than 12. Samples with higher scores were considered

damaged.

To identify the top 200 transcription factors (TFs) responsible for the observed changes in gene expression using ChEA3,81 we performed

Kinase Enrichment Analysis 3 (KEA3)58 to predict the upstream kinases that play a role in the mechanoresponses of chondrocytes.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis

GraphPad Prism 10 software was used for all statistical analyses. The data are presented as meanG SEM. For comparisons between any two

groups, statistical significance was assessed using a two-tailed unpaired Student’s t-test. In figures where multiple groups are displayed, sta-

tistical significance was evaluated individually for each possible pair using Student’s t-tests, rather than applying one-way ANOVA, to ensure

biological relevance in the comparisons made. Only in cases where a global assessment of variance was biologically justified did we employ

one-way ANOVA, which was followed by Tukey’s multiple comparisons test if applicable. Statistical significance is indicated within each

graph, with a p-value of less than 0.05 being considered significant.
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