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Abstract

Objective.—Determine the role of c-Jun N-terminal kinase (JNK) signaling in the development 

of osteoarthritis (OA) induced by joint injury and aging in mice.

Methods.—Destabilization of the medial meniscus (DMM) or sham surgery was performed on 

12 week-old mice and OA evaluated 8 weeks after surgery. Groups included wild type-controls, 

JNK1−/−, JNK2−/−, and JNK1fl/flJNK2−/− aggecan-CreERT2 double knockouts. The aging study 

used wild-type controls, JNK1−/−, and JNK2−/− mice evaluated at 18 months of age. Knee joints 

were evaluated by scoring articular cartilage structure (ACS), toluidine blue staining, osteophytes, 

synovial hyperplasia, histomorphometry and immunostaining for the senescence marker p16Ink4a. 

Production of MMP-13 in cartilage explants in response to fibronectin fragments was measured by 

ELISA.

Results.—There were no differences after DMM surgery between wild-type and the JNK 
knockout groups in ACS, toluidine blue or osteophyte scores and no differences in MMP-13 
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production in explants. All three knockout groups had increased subchondral bone thickness and 

area of cartilage necrosis compared to wild-type mice. Aged JNK knockouts had significantly 

worse ACS scores compared to the aged wild-type controls (control 32±18, mean±sd; JNK1−/− 

52±24; JNK2−/− 60±25). JNK1−/− mice also had higher osteophytes scores. Deletion of JNK 
resulted in increased p16Ink4a in the synovium and cartilage in older mice.

Conclusion.—JNK1 and JNK2 are not required for the development of OA in the mouse DMM 

model. Deletion of JNK1 or JNK2 is associated with more severe age-related OA and increased 

cell senescence suggesting JNK may act as a negative regulator of senescence in the joint.
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INTRODUCTION

The mitogen-activated protein (MAP) kinase families include p38, c-Jun N-terminal kinase 

(JNK), and extracellular-signal-regulated kinase (ERK). MAP kinases are activated in 

response to a wide-range of stimuli that include growth factors, cytokines, and other soluble 

mediators, as well as through interactions of cells with the extracellular matrix and in 

response to biomechanical and stress stimuli (1). Each of the MAP kinase families consist of 

multiple isoforms that can exhibit differential downstream effects that are often stimulus and 

cell-type specific. The JNK family of MAP kinases, also referred to as stress-activated 

kinases, includes JNK1 (Mapk8), JNK2 (Mapk9), and JNK3 (Mapk10). While JNK3 is 

primarily expressed in the brain, JNK1 and JNK2 are widely expressed, including in joint 

tissues (2–5). JNK signaling has been proposed to contribute to both rheumatoid arthritis and 

osteoarthritis through the activation of pro-inflammatory and matrix degradation pathways in 

joint tissue cells.

JNK regulates gene expression through phosphorylation and activation of AP-1-related 

transcription factors that include the Jun family and ATF2. JNK activity is increased in 

response to phosphorylation by upstream kinases that include mitogen-activated kinase 

kinase 4 and 7 (6). Proinflammatory cytokines including IL-1, TNF-α and oncostatin 1, as 

well as fragments of the matrix protein fibronectin, stimulate JNK1 and JNK2 

phosphorylation in articular chondrocytes and in synovial fibroblasts leading to increased 

expression of matrix degrading enzymes (4, 7–9). JNK1 but not JNK2 knockout mice were 

protected in models of inflammatory arthritis (10, 11). Previous studies have shown 

increased JNK phosphorylation in human OA cartilage (4, 12) suggesting a potential role for 

JNK signaling in OA.

Our objective in the present study was to determine the role of JNK signaling in the 

development of OA in mouse pre-clinical models in order to better define the potential of 

targeting JNK for slowing disease progression in human OA. We used the destabilization of 

the medial meniscus (DMM) injury-induced model and also examined naturally occurring 

age-related OA. Since JNK1 and JNK2 double knock-out is embryonic lethal (2), we 

examined OA development in the DMM model using wild type controls, JNK1−/−, JNK2−/−, 

and JNK1fl/flJNK2−/−aggrecan-CreERT2 mice treated with tamoxifen. The latter mice have a 
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global deletion of JNK2 with JNK1 deleted in cartilage and inner meniscus where the Acan 
gene that codes for aggrecan is most highly expressed (13). The use of an inducible Cre 

driver was critical, as our previous study with JNK1fl/flJNK2−/−Col2-Cre mice demonstrated 

that the constitutive loss of JNK in tissues where type II collagen is expressed resulted in a 

severe scoliotic phenotype with impaired development of the annulus fibrosus and abnormal 

fusion of vertebrae (14). Since there is limited literature examining the potential effects of 

tamoxifen on development of OA in mice using the DMM model, we included additional 

groups to compare mice treated with vehicle vs tamoxifen without aggrecan-Cre ERT2. In 

order to reduce the number of mice needed for the 18 month aging study, only the JNK1−/−, 

JNK2−/−, and wild type controls were evaluated.

METHODS

Mouse strains.

All mice used in this study were on a C57BL/6J background. JNK1−/− (stock# 004319) and 

JNK2−/− mice (stock # 004321) were obtained from the Jackson Laboratory (Bar Harbor, 

ME, USA). Mice harboring floxed JNK1 alleles (JNK1fl/fl) were a generous gift from Dr. 

Roger J. Davis at the University of Massachusetts Medical School (15). 

Acantm1(IRES-cre/ERT2) (“aggrecan-CreERT2”) mice were a generous gift from Dr. Benoit de 

Crombrugghe (University of Texas M.D. Anderson Cancer Center) (13). The JNK1fl/fl mice 

were crossed with aggrecan-CreERT2 mice to obtain JNK1fl/flaggrecan-CreERT2 mice. The 

JNK1fl/fl mice were also crossed with JNK2−/− mice to obtain JNKfl/+ /JNK2+/− mice. These 

mice were then crossed with aggrecan-CreERT2 mice in order to obtain JNK1fl/+aggrecan-
Cre ERT2/JNK2−/− mice which were finally crossed with the JNK1fl/fl / JNK2−/− to obtain 

JNK1fl/flaggrecan-Cre ERT2/JNK2−/− mice (“JNK1/2 dKO” mice). Mice were genotyped 

using PCR protocols for the specific strains found on the Jackson Laboratory website or as 

previously described by Das et al (15). In addition to age-matched wild-type mice, the 

littermates with the following genotypes were used as controls for the DMM study: 

JNK1fl/flaggrecan-Cre ERT2, JNK1fl/fl /JNK2−/−, and JNK1fl/fl. A total of 221 mice were 

used in the DMM study. All genotypes used for the DMM studies and numbers of mice in 

each group are listed in Supplementary Table 1. Mice receiving tamoxifen (Sigma) were 

administered an intra-peritoneal injection (40mg/kg diluted to10mg/ml in corn oil) once per 

day for 5 days starting at 10 weeks of age. Controls received a similar amount of corn oil 

alone.

Mouse OA models.

For surgically-induced OA, DMM and sham surgeries were performed on one knee in 

separate groups of mice at the age of 12 weeks, as we have previously described (16, 17). 

Mice from the different genotypes were randomized to surgical groups (sham or DMM) at 

the time of surgery. Mice were sacrificed at 8 weeks after surgery, a time point commonly 

used in DMM studies at which mice have moderately severe OA (18). To study the 

development of naturally occurring age-related OA, wildtype, JNK1−/− and JNK2−/− mice 

were aged to an average of 18 months (range 17–19 months). Male mice were used for all 

experiments in order to reduce the total number of mice used for this study and due to 

previous reports suggesting they are more susceptible to DMM-induced OA than female 
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mice (19). The number of mice per experimental group was based on a power calculation 

using data from a previously published DMM and sham control experiment from our group 

that used 12-week old male C57BL/6J mice (16). We found that a sample size of 12 mice 

per group would provide greater than 80% power to detect at least a 50% difference between 

groups in articular cartilage structure (ACS) scores (our primary histologic outcome 

measure). In order to account for the possibility of loss of mice due to death before study 

completion, we used an n of 15 for the DMM groups and for all aging groups. Because there 

is little to no histologic OA observed in sham surgery controls, we utilized 9–10 mice for 

each sham group. One mouse (JNK1−/−) in the DMM study died before necropsy and was 

not analyzed; in the aging study two JNK1−/− and one JNK2−/− mice died prior to 17 months 

of age and were not analyzed.

Mouse colonies were maintained in a standard specific pathogen-free facility at University 

of North Carolina at Chapel Hill. Mice were housed with an average of 3–4 mice per cage 

and had access to water and food ad libitum. All animal experiments were approved by the 

University of North Carolina Animal Care and Use Committee and followed the 

recommendations from the National Institutes of Health Guide for the Care and Use of 

Laboratory Animals.

Histological assessment of OA.

Hindlimbs, collected at the University of North Carolina (UNC), were dissected at sacrifice, 

fixed and processed for histology as we have described (16, 17). The histological evaluation 

was performed at the University of Minnesota (UMN). To ensure blinding, an ID number for 

each mouse generated at UNC was the only information sent to UMN. When the tissue was 

received at UMN, the samples were each assigned a new histological number and a record 

was maintained to match the UNC mouse ID number with the UMN ID number. The 

sectioning and scoring were then performed completely blinded to group assignment with 

each sample identified only by the UMD ID number. Excel files with the histological data 

and ID numbers were then sent back to UNC and only then was the data unblinded for 

statistical analysis.

Joints were embedded in paraffin and 8–12 coronal sections of 4–5 μm thickness were 

collected throughout the depth of the joint for histological assessment. Six coronal sections 

collected at 80–120 um intervals were stained with hematoxylin & eosin and a single mid-

coronal section was stained with toluidine blue for histologic evaluation. Toluidine blue 

scoring is an ancillary semiquantitative method of scoring the articular cartilage based on 

loss of toluidine blue staining from the articular cartilage, similar to loss of Safranin O 

staining (20). This loss of staining corresponds to proteoglycan loss, which is thought to be 

an early indicator of OA preceding changes to the articular cartilage structure (fibrillations, 

fissures, loss of cartilage). ACS and toluidine blue scoring (0–12 scale), histomorphometry, 

and scoring of osteophytes (0–3) and synovial hyperplasia (0–3) were performed as 

previously described (17, 20). The lesions were most evident on the medial tibial plateau 

(MTP) followed by the lateral tibial plateau (LTP). Both were used for ACS, toluidine blue, 

osteophyte and synovial scoring. Histomorphometric measurements of thickness and area of 

articular cartilage, calcified cartilage, and subchondral bone, as well as the % chondrocyte 
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cell death (area composed of dead chondrocytes by total area of cartilage) were taken on a 

midcoronal section of the MTP. Six sections from each joint were used for ACS scoring and 

data is present as sum scores of the six sections from the MTP and LTP. The other scores 

were measured on the mid-coronal section of the MTP and LTP where the lesions were 

noted to be most severe. For the aging study, both the right and left knees were scored for 

each animal and the average of the two sides used for further analysis while for the DMM 

and sham operated mice only the surgical side was evaluated. All sections were initially 

scored by one individual who had been trained to use the grading methodologies. Any 

sections requiring a second opinion, as well as a random subset of all of the sections, were 

graded by Dr. Cathy Carlson. Differences in scoring between the two readers were minimal 

and, when present, a consensus was reached.

Immunostaining.

Immunohistochemical staining for p16Ink4A was performed on mid-coronal sections selected 

from wild-type, JNK1−/−, and JNK2−/− mice that were also used for histologic assessment of 

OA. This included 18-month-old mice from the aging study (n=9 for each of the 3 

experimental groups) and 20 week-old mice that had DMM or sham surgery at 12 weeks of 

age (n=3 wild-type sham, 4 wild-type DMM; 4 JNK1−/− sham, 4 JNK1−/− DMM; 4 JNK2−/− 

sham, 6 JNK2−/− DMM; 4 JNK1/2 dKO sham, 4 JNK1/2 dKO DMM). De-paraffinized and 

rehydrated sections underwent antigen retrieval in citrate buffer followed by blocking with 

3% H2O2 (Fisher Scientific) and Protein Block (Dako). Primary p16Ink4A antibody was from 

Abcam (Cambridge, MA; ab211542) diluted in antibody diluent (Dako) to a final 

concentration of 2.8 μg/ml and incubated on the sections for 30 minutes at room temperature 

followed by EnVision anti-rabbit secondary antibody (Dako) developed with the DAB 

chromagen (Dako). The sections were counterstained in Mayer’s Hematoxylin (Sigma). 

Slides were randomized and coded to ensure blinding during analysis. Immunopositive 

synovial cells and total synovial cells (immunopositive and immunonegative) were counted 

at 200x magnification and recorded and summed for the medial femorotibial, the lateral 

femorotibial, and the patellofemoral compartments. Photomicrographs were captured with a 

Nikon DS-Ri2 camera with Nikon Eclipse Ci microscope, using the NIS Elements D 

software (5.20.00, 64-bit, Nikon).

For immunofluorescence, de-paraffinized and rehydrated sections underwent mild heat-

induced epitope retrieval in citrate buffer, followed by blocking with 3% H2O2 (Fisher 

Scientific) and blocking of aldehydes with glycine followed by blocking with goat blocking 

buffer (1% BSA, 4% NGS, 0.05% Tween in TBS). The same primary p16Ink4A antibody 

from Abcam was used (Cambridge, MA; ab211542) at a concentration of 1.4 μg/ml in goat 

blocking buffer for 30 minutes, followed by incubation (30 minutes; room temperature) with 

a secondary goat anti-rabbit IgG HRP polymer antibody (RMR622 H, Biocare Medical, 

ready to use). Following incubation, slides were stained with 1:150 Opal 570 (TRITC 

Channel, Perkin Elmer) in 1x amplification diluent, followed by counterstaining with DAPI 

(Thermofisher). Immunofluorescence slides were viewed with a TRITC filter using a 

microscope with 300ms exposure and photomicrographs were obtained with a Nikon Eclipse 

E800 microscope, Nikon DS-Ri2 camera, and NIS Elements D software (5.02.00, 64-bit, 

Nikon).
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Cartilage explant isolation, protein extraction and immunoblotting.

For stimulation with fibronectin fragments, femoral caps were removed with a forceps from 

the femoral head of male or female mice sacrificed at 3–5 weeks of age. Femoral caps were 

placed in 96 well plates (one cap per well) and cultured as explants for 48 hours in 100 μl/

well of DMEM/F12 media containing 10% FBS to allow for recovery and then switched to 

serum-free media overnight. Explants were then treated for 48 hours with 1μM recombinant 

endotoxin free fibronectin fragment that had been prepared as previously described (21)or 

PBS as control. Media was harvested and active MMP13 in the conditioned media was 

quantified using an Active MMP-13 Fluorescent Assay (R&D systems #F13M00) following 

the manufacturers’ instructions. Active MMP13 released into the media was normalized to 

DNA content of the explants. For DNA analysis, the femoral caps were incubated in papain 

enzyme digestion buffer (20 ug/ml) for 24 hours at 65°C, boiled to inactivate the enzyme 

and then DNA was quantified using the Quant-iT PicoGreen dsDNA Assay Kit according to 

manufacturers’ instructions (Thermofisher Scientific).

For measurement of p16Ink4a, femoral head cartilage was removed from 6 week and 6 month 

old mice. Soluble proteins were extracted in cell lysis buffer by homogenization using 

ceramic bead tubes and a Precellys homogenization device (Bertin Technologies, Rockville, 

MD, USA) as we have described in detail (14). After homogenization, samples were 

centrifuged to pellet insoluble material and then the protein was prepared for 

immunoblotting as previously described (22, 23). Lysates were also generated from mouse 

embryonic fibroblast cultures established from p16Ink4a intact (MEF2) and p16Ink4a/
p19Arf−/− germline knockout (MEF6) mice. These MEF samples had previously served as 

positive and negative controls for assessing p16Ink4a by immunoblot (24). The immunoblots 

were stained with a total protein stain (Thermo Fisher Scientific, #24580 Pierce reversible 

protein stain) to check for equal protein loading and probed with an antibody against JNK2 

at a concentration of 0.278 μg/ml (Cell Signaling Technology, Danvers, MA; #9258) or for 

p16Ink4a at 0.56 μg/ml (Abcam, Cambridge, MA; ab211542) and visualized by 

chemiluminescence using an Azure Biosystems c600 imager.

Statistical analysis.

The data were analyzed and graphs generated using GraphPad Prism 8.12 (La Jolla, CA, 

USA). The data were checked for normal distribution using the D’Agostino and Pearson 

normality test. Normally distributed data was analyzed using ordinary one-way ANOVA 

with Sidak’s multiple comparison test or student’s t test as indicated in the figure legends. 

For data without a normal distribution, Mann-Whitney tests were used when comparing two 

groups and the Kruskal-Wallis test for comparing 3 or more groups with Dunn’s multiple 

comparisons test to account for multiple comparisons.

RESULTS

OA severity after DMM surgery in JNK knockouts and controls.

Compared to sham controls, mice in each experimental group that received DMM surgery 

developed histological evidence of OA that included increased ACS and toluidine blue 

scores as well as osteophytes. The results for the wild-type, JNK1−/−, JNK2−/−, and JNK1/2 
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dKO mice are shown in Figure 1 while data for the additional groups that controlled for 

potential effects of tamoxifen injection or the aggrecan-CreERT2 allele are shown in 

Supplementary Figure 1. As noted in previous studies examining joints in the DMM model 

at 8 weeks after surgery, little to no synovitis was observed in any group. There were no 

differences in ACS (Figure 1A), toluidine blue (Figure 1B), osteophyte (Figure 1C) or 

synovial scores (Figure 1D) when the JNK1−/−, JNK2−/−, and JNK1/2 dKO DMM groups 

were compared to the wild-type control DMM group. The exception was a borderline 

significant (p=0.05) increase in the ACS sum scores in the JNK1−/− mice (53.5±24.6, mean

±SD vs control 33.1±27.8). There was no effect of tamoxifen injection or the presence of the 

aggrecan-Cre ERT2 allele on any of the measures (Supplementary Figure 1).

Detailed histomorphometric analysis was performed on the MTP, which is the site of the 

most severe lesions in the DMM model. For this analysis, we focused on differences 

between the wild-type control DMM mice and the JNK1−/−, JNK2−/−, and JNK1/2 dKO 

DMM mice (Table 1). Compared to wild-type, the JNK2−/− (p=0.04) and JNK1/2 dKO 

(p=0.03) had significantly greater articular cartilage thickness but not area. JNK1−/− 

(p<0.0001), JNK2−/− (p=0.0008), and JNK1/2 dKO (p=0.004) had significantly greater 

subchondral bone thickness than wild-types while only the JNK1−/− (p<0.0001) had 

significantly greater bone area. Calcified cartilage area was significantly reduced in the 

JNK1−/− (p=0.0005) and the JNK2−/− (p=0.0008) and calcified cartilage thickness was 

significantly reduced in the JNK1/2dKO mice (p=0.0001) compared to wild-types. The % 

chondrocyte cell death was significantly greater in all three knockout groups compared to 

the wild-type controls.

Development of age-related OA in JNK knockouts and controls.

The ACS scores at 18-months of age were higher in the JNK1 and JNK2 knockouts 

compared to the age-matched wild type mice (Figure 2A). The JNK2−/− mice had over 2-

fold higher ACS scores (p=0.004) while the difference noted in the mice with JNK1 deletion 

was just under 2-fold higher compared to wild type (p=0.02). Osteophyte scores (Figure 2B) 

were also higher in the JNK knockouts with significance reached for the JNK1−/− mice 

(p=0.004) and a trend for the JNK2−/− mice (p=0.06). Histomorphometric analysis (Table 2) 

was consistent with the cartilage damage measured by the ACS scores with the JNK2−/− 

mice having significantly less articular cartilage area (p=0.01) and thickness (p=0.007) 

compared to the wild type mice. The JNK2−/− mice also had increased subchondral bone 

thickness compared to wild type controls (p=0.03). Both JNK1−/− mice (p=0.01) and 

JNK2−/− mice (p=0.01) had significantly less calcified cartilage area than the wild type 

mice. JNK1−/− had less calcified cartilage thickness (p=0.01) and also had lower % 

chondrocyte cell death (p=0.02).

Effects of JNK deletion on chondrocyte production of MMP-13 in response to fibronectin 
fragments.

A previous study reported that cartilage from mice with JNK2 deleted had a significant 

reduction in aggrecan degradation in response to IL-1 stimulation, possibly due to decreased 

expression of Adamts4 but effects on MMP expression were not determined (25). Because 

MMP-13 plays a central role in collagen degradation in OA, we measured the production of 
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active MMP-13 in response to fibronectin fragments used as a catabolic stimulus to model 

OA in vitro. The cartilage explants from wild-type mice exhibited an approximately two-

fold increase in active MMP-13 in response to fibronectin fragments which was similar in 

the JNK1−/−, JNK2−/−, and JNK1/2 dKO mice (Figure 3).

Increased senescence in cartilage and synovium after JNK deletion.

In order to determine a potential mechanism for the increased age-related OA that was 

particularly severe in the JNK−/− mice, we examined cell senescence. A previous study using 

murine embryonic fibroblasts isolated from JNK knockouts had revealed evidence that JNK 

signaling may act as a negative regulator of senescence (15) and studies have suggested a 

role for senescence of joint tissue cells in the development of OA (26, 27). Increased 

expression of p16Ink4a is considered to be a very reliable marker of cell senescence, 

including in joint tissues (27, 28). Immunohistochemistry revealed p16Ink4a positive cells in 

the synovium from 18-month old JNK knockouts compared with little to no positive cells in 

the 18 month-old wild type mice (Figure 4A). Positive cells were significantly more 

abundant in both the in JNK1−/− mice and the JNK2−/− mice compared to wild-type controls 

(Figure 4B). A similar increase in p16Ink4a immunostaining was not seen in the younger 

mice used in the DMM study (Supplementary Figure 2). We could not detect p16Ink4a in 

chondrocytes or meniscal cells by immunohistochemistry or by immunofluorescence which 

should be more sensitive (Figure 4C). It is possible that the p16Ink4a antigen is more difficult 

to detect in cartilage than synovium or that it is present at levels too low for 

immunohistochemistry or immunofluorescence. Therefore, we immunoblotted lysates 

obtained from cartilage removed from wild type and JNK2 knockouts that were 6 weeks or 6 

months of age and this revealed increased p16Ink4a in cartilage from JNK2−/− mice at 6 

months (Figure 4D). This suggests that either the antigen was masked in the cartilage, 

limiting detection by histologic techniques, or that immunoblotting cartilage lysates is more 

sensitive than immunocytochemistry for detecting senescence using p16Ink4a as a marker.

DISCUSSION

When this study was initiated, our working hypothesis was that deletion of JNK1 and/or 

JNK2 would reduce the severity of OA in mice. Somewhat surprisingly, we found that, 

compared to controls, deletion of JNK1, JNK2 or combined JNK1/2 deletion did not protect 

mice from developing OA using the DMM model and that age-related OA was worse in the 

JNK1 and JNK2 knockouts. The increased severity of age-associated OA was associated 

with increased numbers of senescent cells, particularly in the synovial tissue, that could have 

contributed to the increased OA severity. There is a growing body of literature demonstrating 

that senescent cells contribute to the development of multiple age-related diseases (29). The 

targeted removal of senescent cells in mice reduces the severity of injury-induced OA and 

age-related OA, suggesting that cell senescence plays a key role in the development of OA 

(27). In large part, this appears to be due to senescent cells producing a variety of pro-

inflammatory mediators and matrix degrading enzymes, which has been named the 

senescence-associated secretory phenotype or SASP (29, 30). Many of the SASP factors 

including IL-1, IL-6, HMGB1, MCP-1, and MMP-3, among others, are factors found in OA 

joints and have been implicated in promoting OA pathology (26).
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Contrary to our results, a study published after ours was initiated (25), demonstrated reduced 

cartilage damage, measured using the OARSI score, in young JNK2−/− mice at 4, 8 and 12 

weeks after surgery using the same DMM model and same vendor for the JNK2−/− mice as 

utilized in the present study. JNK1 and combined JNK1/2 deletion were not investigated. 

Similar to our results, osteophyte formation was not reduced in the JNK2 knockouts. In the 

present study, we also included histomorphometric analysis of articular cartilage, calcified 

cartilage and subchondral bone. We noted increased subchondral bone thickness as well as 

chondrocyte cell death, both characteristics of OA, in all three knockouts compared to the 

wild-type controls, indicating that certain features of OA were more severe in the knockouts. 

We also noted increased cartilage thickness by histomorphometry in the JNK deficient mice 

without an increase in cartilage area which could represent cartilage swelling as an early 

feature of OA, although this is not certain.

Other differences between the studies that could have resulted in a different OA outcome 

included the age of the mice at the time of DMM surgery (10 weeks-old in the previous 

study vs 12 weeks-old in the present study), the mouse facilities where the studies were 

conducted, and the numbers of mice utilized. In terms of age, 12 weeks is closer to the age 

of skeletal maturity for C57BL/6 mice which occurs between 3–6 months of age (31) but it 

is not clear if a 2 week difference in age would be sufficient to explain the different cartilage 

outcome. Given the finding that the microbiome contributes to DMM-induced OA (32) and 

findings that the microbiome of mice and the resulting phenotypes can be quite different 

when different facilities have been compared (33), it is possible that differences in the 

microbiome could explain the differing results. Another difference between the studies is 

that the prior study used cytokine stimulation of aggrecan degradation as an in vitro readout 

of the effects of JNK loss on cartilage degradation while we used FN-f stimulation of active 

MMP-13 production and did not see an effect. Finally, the present study used much larger 

experimental groups (n=15), compared to 4–6 mice per group in the prior study, in order to 

increase power and reduce the chances of a type 1 error.

JNK deficient mice have been studied in models of inflammatory arthritis with mixed 

results. JNK2 deficient mice were not protected in the collagen-induced arthritis (CIA) 

model (10, 11) and had worse disease than wild-type mice in the serum transfer model 

where JNK1 knockouts were protected (11). However, JNK1 deficient mice were not 

protected in the TNFα transgenic overexpression model of inflammatory arthritis (34). 

IL-1β deficient mice have given conflicting results in OA studies. Two independent labs 

using surgical models of OA (MCL transection plus partial medial meniscectomy or partial 

medial meniscectomy alone) reported IL-1β deletion resulted in worse disease (35, 36). In 

contrast, in a lab that used the DMM model, IL-1β deletion was noted to be protective (37). 

The latter study attempted to control for genetic background when comparing to the other 

OA studies although the different surgical models may explain the differences in OA 

outcomes. These studies reinforce the need to replicate results within a model and examine 

different models before solid conclusions about the role of a particular pathway in arthritis 

can be made.

Our finding of an increase in the senescence marker p16Ink4a in the JNK knockouts suggests 

that JNK signaling may prevent premature senescence in joint tissue cells. By 
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immunocytochemistry this was most apparent in the synovium of the 18 month-old mice, 

although increased p16Ink4a was noted by immunoblotting proteins from cartilage extracts 

from 6 month old mice. Previously, we showed that p16Ink4a transcription increased with age 

in mouse and human chondrocytes and was associated with expression of several SASP 

factors making it a good biomarker for cell senescence in joint tissues, although p16Ink4a 

itself was not required for the development of OA (28). A role for JNK in joint tissue 

senescence is consistent with findings in murine embryonic fibroblasts isolated from JNK 
knockouts that found JNK deficiency resulted in p53-dependent senescence (15) and studies 

in human tumor cells and embryonic fibroblasts showing chemical inhibition of JNK 

signaling promoted senescence (38). Likewise, increased senescence has been observed in 

fibroblasts after deletion of the JNK substrate and AP-1 family member JunD (39). To our 

knowledge, the present study is the first to suggest a potential role for JNK in preventing cell 

senescence in articular joints.

The observation of increased chondrocyte death in the JNK deficient mice in the DMM 

study suggests JNK might have additional roles in maintaining cartilage homeostasis. 

Depending on the cell type and experimental conditions, JNK signaling has been found to 

either promote cell survival or cell death (6). We previously published that, under conditions 

of oxidative stress in cultured human chondrocytes, JNK is inactivated while the p38 MAP 

kinase remains active (40). In further studies, we demonstrated that prolonged oxidative 

stress induced chondrocyte death and this was blocked when cells were treated with a p38 

inhibitor (22). Under the same conditions, JNK inhibition resulted in increased cell death 

(unpublished observation) suggesting the balance in p38 and JNK signaling may be 

important in chondrocyte survival under certain conditions.

We utilized a number of different control groups in the DMM experiment in order to 

determine if there was any effect of tamoxifen or of the aggrecanCreERT2 allele on OA 

severity in the DMM model but did not detect any differences in OA outcomes when 

compared to the other sham and DMM groups. We also compared mice with germ-line 

JNK1 deletion to those with aggrecanCre ERT2-induced deletion using floxed JNK1 mice but 

did neither group was protected from DMM-induced OA.

There are several limitations to this study. OA in the DMM study was evaluated at a single 8 

-week time point and so it is possible that differences between wildtype and JNK deficient 

mice related to early OA may have been present and then lost by 8 weeks. The use of any 

single marker of senescence is limited because the complex phenotype is best analyzed by a 

range of markers that detect cell cycle withdrawal, deregulated metabolism, macromolecular 

damage, and altered secretory phenotype (e.g. SASP) (41). One challenge is that with the 

exception of p16Ink4a, these features of senescence are not unique to senescent cells (42). 

Thus, the current work establishes the presence of senescent cells in joint tissues using a 

reliable biomarker of in vivo senescence and future studies will be performed to investigate 

the nuance of the particular senescent state induced by JNK loss.

In summary, we did not find evidence that deletion of JNK1, JNK2, or both JNK isoforms 

protected mice from developing OA in the DMM model but rather some OA findings, 

including subchondral bone thickness and chondrocyte cell death, were worse. Further, 
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deletion of either JNK isoform resulted in more severe age-related OA that was associated 

with an increase in cell senescence. These findings suggest that some level of JNK signaling 

may be required for joint tissue homeostasis and to prevent cell senescence calling into 

question inhibition of the JNK pathway as a therapeutic target for OA. It is still possible that 

timed JNK inhibition (rather than complete JNK loss) or inhibition in a specific OA 

phenotype might be useful. Combined with our previous study demonstrating severe 

scoliosis in mice with Col2Cre-driven deletion of JNK1 in JNK2 deficient mice (14), it 

appears that JNK signaling contributes to the normal development and function of 

musculoskeletal tissues in both the spine and articular joints.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Effects of JNK deletion on histologic measures of OA after destabilization of the medial 

meniscus (DMM). JNK1−/−, JNK2−/−, JNK1/2 dKO, and wild-type (WT) control mice 

underwent DMM or sham control surgery at 12 weeks of age. Eight weeks after surgery the 

mice were sacrificed and the operated joints evaluated histologically. A, Articular cartilage 

structure (ACS) scores performed on the medial (MTP) and lateral (LTP) tibial plateus from 

six sections per joint were summed. B, Toludine (Tol) blue staining was scored on the MTP 

and LTP using a mid-coronal section from each joint. C, Osteophytes were scored on the 

MTP and LTP from a mid-coronal section. D, Synovial hyperplasia was scored on the 

medial side of a mid-coronal section from each joint. Numbers of mice in each group are 

provided in Supplementary Table 1. Results shown are mean ± standard 

deviation.*p<0.0001, **p<0.001, ***p<0.01 by Mann-Whitney test comparing sham to 

DMM within each genotype and Kruskal Wallis test adjusted for multiple comparisons of 

WT DMM to each JNK knockout DMM group.
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Figure 2. 
Effects of JNK deletion on histologic measures of OA in 18 month-old mice. JNK1−/−, 

JNK2−/− and wild-type (WT) mice were evaluated. A, Articular cartilage structure (ACS) 

scores performed on the medial (MTP) and lateral (LTP) tibial plateus from six sections per 

joint were summed. B, Osteophytes were scored on the MTP and LTP from a mid-coronal 

section. Results shown are mean ± standard deviation and analysis by Mann-Whitney test 

comparing WT controls to each genotype.
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Figure 3. 
Fibronectin fragment (FN-f) stimulation of active MMP-13 in cultured explants from wild-

type (WT) and JNK knockout mice. Explants harvested as femoral caps were stimulated in 

serum-free conditions with 1μM FN-f for 48 hours. Conditioned media was removed and 

assayed for active MMP-13 using an activity-based ELISA. Results shown are mean ± 

standard deviation. *p=0.005, **p=0.02, ***p<0.0001, †p<0.001 by paired t-test comparing 

control to FN-f stimulation for each genotype.
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Figure 4. 
Effects of JNK deletion on p16Ink4a as a marker of cell senescence in joint tissues. A, 

Representative sections of immunohistochemical staining of patellofemoral sections from a 

wild-type and a JNK1−/− mouse. 100x magnification. Insets 400x magnification. Brown 

immunostaining is seen in the synovial tissue of the JNK1−/− but not the wild-type mouse. 

B, The number of cells positive for p16Ink4a in the synovium were counted for n=9 mice per 

genotype. Results shown are mean±standard deviation and analysis by unpaired t-tests 

comparing the wild-type control to each genotype. C, Representative result of 

immunofluorescent staining for p16Ink4a in a tibiofemoral section of a JNK1−/− mouse. 100x 

magnification. Synovium, white arrowheads. D, Immunoblots of lysates obtained from 

JNK2−/− and wild-type (wt) mouse cartilage probed with an antibody for p16Ink4a, JNK2 

and GAPDH as a loading control. Cell lysates from mouse embryonic fibroblasts (MEFs) 

expressing p16 (MEF2) or not expressing p16 (MEF6) were used as positive and negative 

controls.
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Table 1.

Histomorphometric analysis of DMM mice with JNK deletion and wild-type (WT) controls.

Parameter WT Mean 
(SD)

JNK1−/− 

Mean (SD)
JNK2−/− 

Mean (SD)
JNK1/2dKO

MEAN
(SD)

WT vs 
JNK1−/− p 

val

WT vs 
JNK2−/− P 
VAL

WT vs 
JNK1/2dKO

P VAL

Art Cart Area (μm2) 29,470 
(10,860)

20,750 
(12,740)

27,770 
(8348)

26,200 (9010) 0.086 0.95 0.724

Art Cart Thickness 
(μm)

36.99 
(10.54)

42.44 (23.41) 45.58 (8.00) 43.24 (12.90) 0.128 0.04 0.03

Subchondral Bone 
Area (μm 2)

85,070 
(21,410)

129,700 
(30,170)

98,770 
(33,740)

95,560 (41,420) <0.0001 0.34 0.616

Subchondral Bone 
Thickness (μm)

84.85 
(23.28)

176.7 (40.28) 132.6 (48.27) 132.4 (57.79) <0.0001 0.0008 0.004

Calcified cartilage 
area (μm2)

46,200 
(7757)

35,420 
(6598)

36,080 
(4609)

43,530 (8601) 0.0005 0.0008 0.349

Calcified cartilage 
thickness (μm)

46.67 (8.98) 47.85 (7.71) 49.18 (6.96) 61.91 (9.28) 0.434 0.279 0.0001

% Chondrocyte cell 
death

(area cell death/art 
cart area)

12.57 
(6.299)

43.06 (28.0) 31.21 (12.66) 38.97 (25.38) <0.0001 <0.0001 0.001

Histomorphometry measurements of articular cartilage (Art Cart), subchondral bone and calcified cartilage parameters in the medial tibial 
compartment of mid-coronal stifle sections were analyzed using the Osteomeasure Histomorphometry Program (OsteoMetrics®). WT: n=15; 

JNK1−/−: n=12; JNK2−/−: n=13; JNK1/2dKO n=15. Significance differences between each knockout compared to WT control was determined by 
Mann-Whitney test.
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Table 2.

Histomorphometric analysis of aged mice with JNK deletion and wild-type (WT) controls.

Parameter WT Mean (SD) JNK1−/− Mean (SD) JNK2−/− Mean (SD) WT vs JNK1−/−

p-value
WT vs JNK2−/−

p-value

Art Cart Area (μm2) 30,023 (8595) 21,011 (19,885) 11,295 (16,977) 0.43 0.01

Art Cart Thickness (μm) 40.45 (7.194) 28.95 (23.99) 18.63 (20.54) 0.38 0.007

Subchondral Bone Area (μm 2) 149,284 (63,334) 155,757 (61,156) 187,723 (68,348) 0.65 0.12

Subchondral Bone Thickness (μm) 138.4 (54.51) 159.9 (66.40) 194.8 (77.45) 0.36 0.03

Calcified cartilage area (μm2) 42,283 (7470) 28,683 (16,730) 23,541 (20,,481) 0.01 0.01

Calcified cartilage thickness (μm) 42.11 (6.979) 30.69 (15.24) 26.65 (21.61) 0.01 0.13

% Chondrocyte cell death
(area cell death/art cart area)

56.27 (28.41) 28.16 (30.15) 62.82 (37.04) 0.02 0.63

Histomorphometry measurements of articular cartilage (Art Cart), subchondral bone and calcified cartilage parameters in the medial tibial 
compartment of mid-coronal stifle sections were analyzed using the Osteomeasure Histomorphometry Program (OsteoMetrics®). WT: n=15; 

JNK1−/−: n=13; JNK2−/−: n=14. Significance differences between each knockout compared to WT control was determined by Mann Whitney 
test.
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