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Abstract

OBJECTIVES: Abnormal chondrocyte gene expression promotes osteoarthritis (OA) 

pathogenesis. A previous RNA-sequencing study revealed that circadian rhythm pathway and 

expression of core clock gene cryptochrome 2 (CRY2) are dysregulated in human OA cartilage. 

Here we determined expression patterns and function CRY1 and CRY2.

METHODS: CRY mRNA and protein expression was analyzed in normal and OA human and 

mouse cartilage. Mice with deletion of Cry1 or Cry2 were analyzed for severity of experimental 

OA and to determine genes and pathways that are regulated by Cry.

RESULTS: In human OA cartilage, CRY2 but not CRY1 staining and mRNA expression was 

significantly decreased. Cry2 was also suppressed in mice with aging-related OA. Cry2 KO but 

not Cry1 KO mice with experimental OA showed significantly increased severity of 

histopathological changes in cartilage, subchondral bone and synovium. In OA chondrocytes, the 

levels of CRY1 and CRY2 and the amplitude of circadian fluctuation were significantly lower. 

RNA-seq on knee articular cartilage of wild-type and Cry2 KO mice identified 53 differentially 

expressed genes, including known Cry2 target circadian genes Nr1d1, Nr1d2, Dbp and Tef. 
Pathway analysis that circadian rhythm and extracellular matrix remodeling were dysregulated in 

Cry2 KO mice.

CONCLUSIONS: These results show an active role of the circadian clock in general, and of 

CRY2 in particular, in maintaining ECM homeostasis in cartilage. This cell autonomous network 

of circadian rhythm genes is disrupted in OA chondrocytes. Targeting CRY2 has potential to 

correct abnormal gene expression patterns and reduce the severity of OA.
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INTRODUCTION

Recent advances in OA research led to the identification of signaling mechanisms and 

pathways that are abnormally activated in OA and contribute to cartilage damage1,2. We 

completed an RNA-seq study on normal and OA human knee cartilage that led to the 

discovery that the circadian rhythm (CR) pathway was inhibited and the most significantly 

dysregulated pathway in OA3. CR is critical in coordinating cell functions throughout all 

tissues including sleep/wake cycles, blood pressure, body temperature and metabolism4,5. 

CR is regulated by the central oscillator in the hypothalamic suprachiasmatic nucleus (SCN). 

Cell autonomous local oscillators throughout the body coordinate daily cycles by integrating 

signals from the SCN with other internal and external time cues. The pacemaker consists of 

a core group of genes with transcriptional-translational feedback loops that involve multiple 

clock genes encoding the transcription factors circadian locomotor output cycles kaput 

(CLOCK), brain and muscle ARNT-like 1 (BMAL1), CRY, and period6. Forming a 

heterodimer, CLOCK and BMAL1 drive transcription of target genes, including those 

encoding their own repressors period (PER1, PER2, PER3) and CRY1 and CRY2. PER and 

CRY dimerize and repress CLOCK and BMAL16,7. These clock genes and their protein 

products function in a feedback loop resulting in a nearly 24-hour cycle. The transcription 

factor BMAL1 is the core driver of the molecular clock. Positive regulators (BMAL1, 
CLOCK, NPAS2) stimulate the expression of negative feedback regulators (PER, CRY, 
NR1D1), which in turn inhibit the expression and activity of the positive regulators8.

The circadian clock coordinates tissue function through control of tissue-specific sets of 

genes. Depending on the tissue and the stringency of the analysis, the core clock directly or 

indirectly drives oscillating transcription, ranging from 10% to more than 40% of all protein 

coding genes9–12. In articular cartilage, 615 genes, representing 3.9% of total transcripts in 

cartilage tissue were expressed in a circadian manner13.

Autonomous clocks have been demonstrated in most peripheral tissues and cultured 

cells14,15, including in cartilage and chondrocytes13,16. We reported that NR1D1 and 

BMAL1 mRNA and protein levels were significantly reduced in OA compared to normal 

cartilage3. In cultured normal human chondrocytes, a clear circadian rhythmicity was 

observed for NR1D1 and BMAL1. Sequencing of RNA from chondrocytes treated with 

NR1D1 or BMAL1 siRNA identified 330 and 68 significantly different genes, respectively, 

and this predominantly affected the TGF-β signaling pathway3. BMAL1 expression was 

reduced in human OA and aging mouse cartilage17. Conditional Bmal1-deficient mice 

developed progressive cartilage degeneration in knee but not in hip17. BMAL1 knock down 

in normal chondrocytes also increased proliferation and MMP13 expression18.

Previously, we performed an RNA-seq analysis of normal and OA human articular cartilage 

and found that CRY2 is significantly reduced in OA19. The objective of the study was to 

analyze the function of CRY1/2 in cartilage in vitro and in vivo. The hypothesis was that 

CRY genes regulate gene expression in chondrocytes and that abnormal gene expression 

related to CRY suppression increases OA severity.
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MATERIALS AND METHODS

Human Cartilage Donors

Normal human knee cartilage tissues were procured by tissue banks (approved by Scripps 

Institutional Review Board) and processed within 24–72 hours post mortem. Knees from 

healthy donors were selected by tissue banks and cases with a history of joint injury, arthritis 

or surgery were excluded. The entire knees were obtained and upon opening the joints, the 

macroscopic appearance of cartilage, menisci, synovium and ligaments was assessed and 

graded according to the Outerbridge system for cartilage20 and the Pauli method for 

menisci21. Samples from all joint tissues were also analyzed by histology to confirm the 

absence of pathological changes. For OA donors, tissues were obtained from patients 

undergoing knee arthroplasty, representing end-stage OA. The tissue blocks from normal 

donors were resected from the central weight-bearing area of the medial femoral condyle. In 

the OA cases, the harvest site was moved more proximal or distal in cases where the entire 

cartilage had been destroyed. Full thickness cartilage was harvested for RNA isolation from 

identical locations on the medial femoral condyles. Differernt cartilage samples were used 

for IHC, cell and RNA isolation.

Primary articular chondrocyte preparation and culture

Chondrocytes were isolated from both OA and normal cartilage using the same protocol. 

Approximate 5cm3 of cartilage slices were collected from femoral condyles and transferred 

into 2mg/ml collagenase IV (Worthington Biochemical, Lakewood, NJ) diluted in DMEM 

and incubated on a shaker at 37° degrees for 24 h with rotation at 1500 rpm, Cells were 

plated into dishes and after having reached 70–80% confluence, the cells were trypsinized 

and used in experiments.

Circadian Rhythmicity in Cultured Chondrocytes

We used chondrocytes from 4 normal and 5 OA donors. Cultured chondrocytes were 

maintained in DMEM with 10% calf serum supplemented with penicillin and streptomycin. 

Medium was changed to 0.5% serum with 100nM dexamethasone one hour before medium 

change to serum-free-DMEM. T0 was defined as 24 hours after medium change to serum-

free-DMEM. Cells were collected every four hours for the time course analysis of gene 

expression. RNA was isolated and RT-qPCR performed as described25.

Immunohistochemistry

Normal and OA cartilage were from nine donors (4 male and 5 female, median 34 years) 

and 10 donors (3 male and 7 female, median 69 years), respectively.

Immunohistochemistry was performed to assess protein expression patterns in human and 

mouse cartilage using anti-CRY1-CT and anti-CRY2-CT as described22.

As as primary antibodies we used polyclonal antibodies raised in guinea pigs against the C-

termini of Cry1 (amino acids 583–606) or Cry2 (amino acids 563–592). Stock concentration 

was 0.65mg/mL and they were diluted at 1:100. Rabbit IgG (1 μg/ml) was used as a negative 

control in all experiments. For human cartilage, expression patterns were compared between 
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normal and OA samples. In C57 BL/6 mice, we analyzed young normal and aged knees as a 

model of aging-related OA. We also analyzed knees from mice with surgically induced OA 

by destabilization of medial meniscus and medial collateral ligament resection23. The 

methods for tissue processing and immunohistochemistry were described earlier23. Cells 

positive for CRY1/2 were counted in one osteochondral section per donor and five fields per 

section. The area examined was the cartilage tissue above the tidemark in the tibial cartilage 

and determined as the ratio of the total number of positive cells to the total number of 

chondrocytes in the section. Two individual researchers blinded to the group allocations 

evaluated histological sections.

Cartilage RNA Isolation

We isolated RNA from human cartilage from 6 female (age 33–58 years, mean 48.7 years) 

and 6 male (age 18–56 years, mean 40.3 years) donors for PCR analysis. Cartilage was 

stored at −20°C in Allprotect Tissue Reagent (Qiagen, Valencia, CA) immediately after 

resection from the subchondral bone. RNA was extracted from human cartilage as 

described25. In brief, cartilage was pulverized in a 6770 Freezer/Mill Cryogenic Grinder 

(SPEX SamplePrep, Metuchen, NJ), and homogenized in Qiazol Lysis Reagent (Qiagen) 

using 25mg tissue per 700ul Qiazol. RNA was isolated using the miRNeasy Mini kit 

(Qiagen) with on-column DNAse digestion, followed by removal of proteoglycans using 

RNAmate (BioChain Institute, Newark, CA).

Mouse articular cartilage was collected from both sides of the femoral condyle and tibial 

plateau from 3-month-old mice.

For mouse cartilage, since the amount of cartilage and RNA from it is small, we added 

chloroform to purify the RNA. After TRIzol solubilization, the addition of chloroform 

causes phase separation, where protein is extracted to the organic phase, DNA resolves at the 

interface, and RNA remains in the aqueous phase. We collected only the RNA layer and 

RNA was isolated following the protocol for the miRNeasy Mini kit (Qiagen)24.

Quantitative Polymerase Chain Reaction (qPCR)

Real-time PCR was performed on a Light Cycler 480 instrument (Roche Diagnostics) using 

TaqMan probes The following pre-designed TaqMan gene expression assays (Life 

Technologies) were used: GAPDH (Hs02758991_g1), Gapdh (Mm99999915_g1 CRY1 
(Hs00172734_m1), CRY2 (Hs00323654_m1), Dbp (Mm00497539_m1), Nr1d1 

(Mm00520708_m1), Tek (Mm00443243_m1), Col22a (Mm01195058_m1).

Mice

All animal studies were performed with approval by the Scripps Institutional Animal Care 

and Use Committee. Mice with global deletion of Cry1 or Cry222,26 on C57/BL6 

background were obtained from Katja Lamia. Cry1−/− and Cry2−/− mice were generated by 

Katja Lamia as described22. Genotyping was performed by PCR using tail DNA. Cry+/+ 

littermates were used as controls. We used mice from different litters in each of the 

experiments. Mice from different litters were assigned to each of the experiments at the 

same ratio.
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Experimental OA in Mice

Surgical OA model was created by destabilizing the medial meniscus (DMM) in four 

months old skeletally mature mice as described27. Right knees were DMM surgery side, and 

we use left knees as controls. Eight weeks after DMM surgery, knee joints were collected for 

analysis.

Histological Analyses of Mouse Joints

Knee joints were collected from 5-month-old control, Cry1 and Cry2 KO mice. The entire 

knee joints were fixed in 10% zinc buffered formalin for 2 days, decalcified in TBD-2 for 24 

h. We used a standardized selection of the sections from the mouse knee joint that were 

scored in the mouse DMM model. Sections were cut from the periphery of the joint until the 

central weigh-bearing area of the medial compartment of the knee joints was reached, using 

meniscus as landmark. This area is where lesions in the DMM model are most severe. 

Sections were stained with Safranin-O–fast green and picrosirius red staining for further 

analysis. Histological scoring of OA-like changes on the medial femoral condyle and the 

medial tibial plateau was performed using the Osteoarthritis Research Society International 

(OARSI) cartilage OA histopathology semi-quantitative scoring system (score 0–40)28. 

Synovial changes were evaluated using Krenn’s synovitis scoring system (score 0–9)29. We 

used a modified bone scoring system (score 0–4) as previously described30. We evaluated 

lamellar structure (>50% replaced: 1), angiogenesis (vessels of Rt side>Lt side: 1), ectopic 

ossification (≥2 pieces: 1) and periarticular bone change (+: 1) in the tibia.

RNA-sequencing of Mouse Cartilage

Total RNA was extracted from femoral and tibial cartilage of 3 WT and 3 Cry2 KO mice. 

The RIN numbers from WT mice were 6.3, 6.3, 5.6. The RIN numbers for Cry2 KO mice 

were 4.5, 5.0, 4.7, respectively. The RNA concentration was 50pg/μl. In the SMART-Seq v4 

kit rRNA is cleaved after cDNA synthesis. Poly-A selection was not performed. Libraries 

were prepared using the SMART-Seq v4 Ultra Low Input RNA Kit (Clontech). 

Approximately, 30 million 75 bp single-end reads per sample were sequenced on a 

Nextseq500 (Illumina). Briefly, adapters and low quality bases were removed using 

TrimGalore (https://github.com/FelixKrueger/TrimGalore) and mapped to the mouse mm9 

genome using STAR31. Raw counts were obtained using featureCounts32. Differential gene 

expression analysis was carried out with DESeq233. Genes with an adjusted p-value <0.05 

were considered differentially expressed. Pathway analysis was conducted using the 

findGO.pl script from the HOMER package34. The protein–protein association network was 

constructed using STRING database35.

Statistical Analysis

Data sets were evaluated and results were analyzed using JMP version 13 (SAS Institute 

Inc., NC) and GraphPad Prism version 8.0.0 for Windows, GraphPad Software, San Diego, 

California USA, www.graphpad.com”. Statistical tests were chosen according to the type of 

experimental design and variables. Specifically, the significance of the difference of medians 

between pairs of groups was determined by Mann-Whitney test, which was used to 

determine CRY expression patterns in human and mouse cartilage since this non-parametric 
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test is known to be more statistically powerful when the distribution is not normal. Hodges-

Lehmann (HL) estimate which is the median of difference between the two groups, the 

confidence interval for this estimate and exact p values were reported for Mann-Whitney test 

results. The non parametric results are reported as median +/− interquartile range (IQR).

For categorical measures (angiogenesis), Fisher’s Exact test was used. The expression data 

that was collected over 13 time points was analyzed using repeated measures ANOVA that is 

based on GLM. The normality and homoscedasticity assumptions were checked with 

Shapiro-Wilk W test and with residual vs. predicted plots respectively. Mouse body weight 

and length per treatment groups were compared using Welch’s ANOVA test unequal 

variances. For the multiple comparison, the statistical analysis was conducted by Steel test to 

determine the difference in body size and histological scores between WT mice and mutant 

mice. Confidence intervals (CI) was also calculated for multiple comparisons. Values less 

than 0.05 were considered significant.

RESULTS

Suppression of CRY mRNA and protein in aging and OA-affected cartilage in human and 
mouse joints

We performed PCR analysis to confirm our prior findings from RNA-seq analysis of normal 

and OA human cartilage which showed that circadian rhythm was a significantly 

dysregulated pathway and that CRY2 was among the repressed genes3,19. PCR analysis of 

additional human cartilage confirmed reduced CRY2 (P=0.0007) but not CRY1 expression 

in OA (P=0.89) (Figure 1A). For CRY1, the median relative expression levels of GAPDH 
was 0.93 (0.68–1.32) in normal cartilage and 0.90 (0.74–1.2) in OA cartilage, with Hodges-

Lehman difference of 0.015 (CI 95.51%=−0.36 to 0.26). For CRY2, the relative expression 

levels of GAPDH was 0.96 (0.59–1.38) in normal cartilage and 0.48 (0.33–0.64) in OA 

cartilage (Figure 1A) with Hodges-Lehman difference of −0.49 (CI 95.51%=−0.82 to 

−0.18).

Immunohistochemical analysis showed that in normal human articular cartilage CRY1 and 

CRY2 proteins are expressed throughout all zones, most strongly in the superficial and mid 

zones. In OA cartilage, CRY2 positive cells were diminished even in areas of preserved full 

thickness cartilage, with few positive cells remaining in the superficial zone. In lesions with 

fibrillations, strong staining was observed in chondrocyte clusters (Figure 1B). For CRY2, 

the median positive cell ratio was 0.45 (0.32–0.51) in normal cartilage and 0.24 (0.18–0.32) 

in OA cartilage, and there was a significant difference between these two ratios (Hodges-

Lehman difference of −0.16, CI 95.7%=−0.27 to −0.05, P=0.013). There was a trend 

towards reduced CRY1 positive cells in OA, but this was not significant. The median 

positive cell ratio was 0.37 (0.25–0.45) in normal cartilage and 0.26 (0.15–0.33) in OA 

cartilage (Hodges-Lehman difference of −0.11, CI 95.7%=−0.21 to 0.009, P=0.07).

In normal mature mouse knee joints Cry protein expression was detected in all zones of 

articular cartilage (Figure 2). Cry2 positive cells in knee cartilage were significantly lower in 

24 months old mice compared to 6 months old mice (Hodges-Lehman difference of −0.36 

(CI 96.97%=−0.64 to −0.13, P=0.03). The positive cell ratio was 0.61 (0.46–0.74) in 
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cartilage from 6 months old mice and 0.34(0.05–0.36) in cartilage from 24 months old mice. 

Although not significant, there was a trend towards reduced Cry1 positive cells at 24 

months. The positive cell ratio was 0.53 (0.38–0.63) at 6 months and 0.34(0.03–0.51) at 24 

months (Hodges-Lehman difference of −0.19 (CI 96.83%=−0.58 to 0.10, P=0.09) (Figure 2).

Dysregulated CRY expression and abnormal rhythm in cultured human OA chondrocytes

To further analyze OA-associated differences in CRY and circadian rhythm, we compared 

cultured human chondrocytes from normal and OA knee joints. In normal chondrocytes 

levels of CRY1 mRNA expression peaked at T8 and T36, with lowest expression observed at 

T20. Repeated measures ANOVA was applied to interrogate the effect of time, OA treatment 

and their interaction on CRY1 mRNA expression, OA and normal chondrocytes had 

different levels of CRY1 expression over the 13 timepoints (Time × Treatment, F12,84=7.28, 

P<0.0001), overall normal and OA treatments resulted in different expression levels 

(Treatment, F1,7=8.49, P=0.0225), where OA chondrocytes had higher expression (mean 

difference 0.38, CI %95= −0.7 to −0.07) and overall the expression levels varied over the 13 

time points (Time, F12,84=24.59, P<0.0001). CRY2 mRNA expression peaked at T24, with 

lowest expression at T12. Repeated measures ANOVA was applied to interrogate the effect 

of time, OA treatment and their interaction on CRY2 mRNA expression, OA and normal 

chondrocytes had different levels of CRY2 expression over the 13 timepoints (Time × 

Treatment, F12,84=3.15, P=0.001), overall normal and OA treatments resulted in different 

expression levels (Treatment, F1,7=13.54, P=0.008) where OA chondrocytes had higher 

expression (mean difference −0.24, CI %95= −0.4 to −0.09). Finally, overall the expression 

levels varied over the time points (Time, F12,84=21.34, P<0.0001) (Figure 3).

Skeletal phenotype of Cry deficient mice

To assess CRY function in cartilage, we used mice with deletion of Cry1 or Cry2. Cry2 KO 

and Cry1 KO mice had normal body weight and length at 1 and 5 months and none of the 

treatment groups differed per time point for weight (1 month W(2,10.53)=1.61, P=0.25, 5 

month W(2,11)=2.1, P=0.16) or length (1 month W(2,9.3)=2.5, P=0.13, 5 month W(2,9.8)=1.4, 

P=0.28) (Figure 4A,B). On histological analysis of the knee joints, the articular cartilage of 

5 months old mice did not show any structural defects in the Cry mutant strains (Figure 4B).

The median whole articular cartilage thickness was 100.6 (96.6–103.9) in WT, 103.6 (99.8–

107.3) in Cry1 KO and 108.9 (103.5–111) in Cry2 KO mice. Whole articular cartilage 

thickness was not different across Wt and CRY1 (Hodges-Lehman difference of −2.7 (CI 

96.50%=−8.8 to 3, P=0.42), however it was higher in CRY2 compared to WT (Hodges-

Lehman difference of −7.5 (CI 96.50%=−13 to −0.7, P=0.035).The median height of non-

calcified zone was 52.7 (48.4–60.6) in WT, 60.5 (57.3–66.3) in Cry1 KO and 64.8 (60.6–

66.5) in Cry2 KO mice. The median height of calcified zone was 46.2 (42.5–50.4) in WT, 

42.3 (40.5–44.6) in Cry1 KO and 48 (43.1–52.8) in Cry2 KO mice. The height of the non-

calcified zone was significantly larger in the Cry2 KO compared to WT mice (Hodges-

Lehman difference of −9.6 (CI 96.50%=−17 to −2.5, P=0.008). (Figure 4B). Cry1 KO mice 

had increased thickness of the non-calcified zone similar to Cry2 KO mice, but no there was 

no significant difference (Hodges-Lehman difference of −6.7 (CI 96.50%=−15 to 1.2, 

P=0.07) (Figure 4B).
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Increased OA severity in Cry deficient mice

To determine whether CRY protects against cartilage damage, we subjected WT and Cry 
mutant mice to DMM to induce OA. The number of mice were 12 (6 male, 6 female 6) in 

WT, 13 (7 male, 6 female) in Cry1 KO, 12 (7 male, 5 female) in Cry2 KO, respectively. 

Median OARSI scores were 8.5 (7.3–11.5) in WT, 12 (0–15.5) in Cry1 KO and 15 (10.8–

24.8) in Cry2 KO mice. Bone scores were 1 (0–2) in WT, 1 (1–2.5) in Cry1 KO and 2 (2–

3.5) in Cry2 KO mice. Synovium scores were 1.5 (1–2) in WT, 2 (1–2.5) in Cry1 KO and 3 

(2–3) in Cry2 KO mice. These results showed that experimental OA, as assessed by OARSI 

scoring, was significantly more severe in the Cry2 KO mice compared to WT (Hodges-

Lehman difference of −6 (CI 96.50%= −12 to −1, P=0.006) but not in Cry1 KO mice 

(Hodges-Lehman difference of −4 (CI 95.43%= −7 to 0, P=0.07) (Figure 5). Control left 

knees did not show differences among the three genotypes (data not shown). The changes in 

synovium (Hodges-Lehman difference of −1 (CI 95.51%= −2 to 0, P=0.006) and in 

subchondral bone (Hodges-Lehman difference of −1 (CI 95.50%= −2 to 0, P=0.006) which 

included increased numbers of blood vessels were also significantly more severe in the Cry2 
KO mice (Figure 5). For angiogenesis, 10 out of 12 Cry2 KO (83%) and 4 out of 12 WT 

(33%) mice showed more capillary vessels compared to control knees, respectively. The 

ratio of Cry2 KO mice was significantly higher than that of WT mice (Fisher’s exact test, 

P=0.036.

Dysregulated circadian rhythm and extracellular matrix homeostasis in Cry2 KO mice

In order to identify candidate genes and pathways responsible for the increased OA severity 

in Cry2 KO mice, we performed RNA-seq on knee articular cartilage of WT and Cry2 KO 

mice. Importantly, samples were collected at the time point when Cry2 levels peak in WT 

mice, and thus when largest changes are expected. Nevertheless, since CRY2 functions are 

partially redundant with CRY1 and Cry2 KO alone does not abolish the circadian clock36, a 

subtle phenotype is expected. We identified 53 differentially expressed genes (DEG), which 

includes 4 known Cry2 target circadian genes Nr1d1, Nr1d2, Dbp and Tef (Figure 6).

To identify a putative mechanism by which Cry2 KO increases the severity of OA, we 

identified pathways over-represented among the DEG. Interestingly, the top 2 non-redundant 

over-represented pathways in Reactome DB associated with ECM and the circadian clock. 

We also performed the analysis using the GO Biological Process DB and the top 2 non-

redundant over-represented pathways are angiogenesis and rhythmic process (Figure 6). To 

better understand the relationship between these pathways we performed a protein-protein 

interaction network with STRING-DB. We observed that genes belonging to the same 

pathway are highly interconnected with each other. Particularly interesting is Pdgfra since it 

belongs to both the angiogenesis and CR pathways while having connections to several 

important genes of the ECM pathway. These results suggest an active role of the circadian 

clock in general, and of Cry2 in particular, in maintaining homeostasis of articular cartilage.

To validate the differences in RNA-seq between WT and Cry2 KO mice, we performed RT-

qPCR for Dbp, Nr1d1, Tek and Col22a using additional 9 WT and 9 Cry2 KO mice. For 

Dbp, the median relative expression levels to Gapdh was 0.86 (0.68–1.21) in WT cartilage 

and 9.31 (6.17–10.96) in Cry2-KO cartilage (Hodges-Lehman difference of −8.4 (CI 
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96.00%= −10 to −5.2, P=<0.0001). For Nr1d1, the median relative expression levels to 

Gapdh was in 0.55 (0.14–1.36) in WT cartilage and 4.58 (3.4–6.38) in Cry2-KO cartilage 

(Hodges-Lehman difference of −4.4 (CI 95.82%= −6.2 to −1.9, P=0.0007). For Tek, the 

relative expression levels to Gapdh was in 0.87 (0.49–1.67) in WT cartilage and 2.3 (1.36–

5.13) in Cry2-KO cartilage (Hodges-Lehman difference of −1.4 (CI 96.00%= −4.2 to −0.5 

P=0.0056). For Col22a, the relative expression levels to Gapdh was in 1.11 (0.36–1.44) in 

WT cartilage and 1.76 (1.29–2.51) in Cry2-KO cartilage (Hodges-Lehman difference of 

−0.83 (CI 96.00%= −1.5 to −0.16, P=0.02). Cry2-KO mice showed significantly upregulated 

expression levels for all four genes (Suppl. Fig. 1).

DISCUSSION

Recent studies addressed the function of several CR factors, including NR1D1, 

BMAL13,17,37 and Clock or Csnk138 in cartilage and OA. Our present study focused on 

CRY2 as our prior RNA-seq study showed that CRY2 was significantly reduced in human 

OA19. The current results confirm and extend these observations and show that in normal 

mouse and human cartilage CRY2 is expressed in all zones of articular cartilage. CRY2 

protein expression is reduced in human OA cartilage and mouse OA cartilage. The 

suppression of CRY2 is also seen in cultured human OA chondrocytes which have reduced 

amplitudes of CRY2 fluctuation. Previous showed that autonomous cartilage circadian 

rhythms in mice became dysregulated with age and upon chronic inflammation16,39–41. The 

studies in mice suggest an age related change in Cry expression. The human normal and OA 

samples were not age matched, with the OA donors being older and it is thus not possible to 

determine whether the CRY expression changes in human cartilage were primary age or OA-

related. In addition, the human OA samples were primary female (11:1) and the the changes 

reported here can not be generalized to males.

To determine whether the suppression of Cry2 affects cartilage homeostasis or OA severity 

we analyzed Cry KO mice. Cry2 and Cry1 KO mice had normal body weight and length, 

and these mice did not show any spontaneous cartilage degradation by 5 months of age. It is 

possible that Cry deficient mice will manifest earlier onset of aging-related OA at more 

advanced age and this needs to be determined in future studies. In the DMM model, there 

was significantly more severe cartilage damage in the Cry2 KO mice but not in the Cry1 KO 

mice. This was observed in male and female mice. These results show that Cry2 but not 

Cry1 has chondroprotective effects in mouse knees subjected to DMM surgery. Associated 

with more severe cartilage damage were also more severe subchondral bone changes and 

synovial inflammation in the Cry2 KO mice.

Although CRY1 and CRY2 interact and repress Clock/Bmal142 and several nuclear 

receptors (NRs)43, both CRY proteins have differential and selective roles in defining the 

pace of the circadian clock and its outputs. CRY1 is a more potent repressor of Clock/
Bmal1-mediated transcriptional activation than CRY2, leading to stronger circadian 

phenotypes when each is individually suppressed44. On the other hand, many NRs display 

increased affinity for CRY2 compared with CRY143. Furthermore, integration of mouse liver 

ChIP-seq data shows Cry1 as the main interactor of Clock/Bmal1 on chromatin, while Cry2 
binding is mostly co-occupied by NRs43,45.
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Furthermore, only CRY2 but not CRY1 serves as a component of an E3 ligase complex that 

ubiquitinates c-Myc prior to its degradation46 and CRY2 but not CRY1 promotes myoblast 

proliferation and subsequent myotube formation in a circadian manner47. Similar differences 

may manifest in chondrocytes and explain the increased OA severity in Cry2 versus Cry1 
deficient mice.

The present RNA-seq analysis of cartilage from Cry2 KO mice shows that circadian rhythm 

is a dysregulated pathway and the most differentially expressed CR genes are Nr1d1, Nr1d2, 
Dbp and Tef, all known Bmal1 targets48 (and therefore putative Cry2 direct targets in 

cartilage. In line with this observation, all 4 circadian factors Nr1d1, Nr1d2, Dbp and Tef are 

co-expressed between CT 8–12 in most peripheral tissues49. Interestingly, while Nr1d1, 
Nr1d2 are transcriptional repressors sharing the same binding site (RORE element)6. Dbp 
and Tef on the other hand, are transcriptional activators that share the same binding site (D-

box)50. The finding that 44 out of the 53 DEG are up-regulated, while only 9 (including 

Cry2) are down-regulated, is consistent with the function of Cry2 as a transcriptional 

repressor.

The RNA-seq results also show that ECM is dysregulated and the most differentially 

expressed ECM genes are collagen (Col) IV and XXII. Since the loss of circadian genes 

results in Iower ECM expression in cartilage51, this change in ECM was an expected 

outcome. The interesting finding is the identified type of collagen because there is no report 

that describes the relationship between CR and Col IV or XXII35. COL IV is distributed in 

articular cartilage damage and during different types of surgical cartilage repair, which 

suggests ColIV is relevant for the homeostasis of chondrocytes52. COL22a1 is associated 

with the extrafibrillar matrix in cartilage53 but its function is not well characterized. 

Angiogenesis was also identified as dyregulated pathway in the RNA-seq data and this is 

consistent with the histological findings of increased blood vessels in the subchondral bone 

of the Cry2 KO mice with DMM-induced OA. Cry2 KO mice also showed more severe 

synovial changes, and this may be in part related to the reported control by Cry of 

inflammatory gene expression in synoviocytes51. As observed in the PPI network, Pdgfra is 

a putative functional link between all three dysregulated pathways. Pdgfra is up-regulated in 

cartilage of Cry2 KO mice and selective inhibitors have been developed54 making it an 

interesting drug target for treatment of OA.

A limitation of the present study is that we used mice with global deletion of Cry1 or Cry2. 

These mice manifest glucose intolerance and constitutively high levels of circulating 

corticosterone and this has been attributed to reduced suppression of the hypothalamic-

pituitary-adrenal axis coupled with increased glucocorticoid transactivation in the liver22. It 

is thus possible that these metabolic abnormalities contribute to the increased OA severity in 

the DMM model, although these mice do not manifest developmental defects in joints or 

increased risk for spontaneous disease development26,55,56. Despite these potential 

confounders also affecting cartilage and other joint tissues, the present data from RNAseq 

analysis of cartilage suggest a direct role of Cry in chondrocytes and that Cry suppression as 

seen in human OA cartilage can contribute to OA.
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In conclusion, CRY2 is a circadian rhythm gene that is suppressed in OA cartilage. The 

present results provide support for the role of CR in regulating cartilage homeostasis and 

that approaches to maintain normal levels of CRY may be of therapeutic value in OA.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Expression of CRY1 and CRY2 mRNA and protein in normal and OA human 
cartilage.
(A) qPCR was performed on 12 normal and 12 OA human articular cartilage samples. For 

CRY1, the relative expression levels to GAPDH was 0.93 (0.68–1.32) in normal cartilage 

and 0.89 (0.74–1.2) in OA cartilage. For CRY2, the relative expression levels to GAPDH 
was 0.96 (0.59–1.38) in normal cartilage and 0.48 (0.33–0.64) in OA cartilage (Figure 1A).

(B) Immunohistochemistry for CRY1 and CRY2. Protein expression was reduced in OA 

cartilage, although strong expression was observed in the cluster cells. For CRY1, the 

positive cell ratio was 0.36 (0.25–0.44) in normal cartilage and 0.29 (0.21–0.39) in OA 

cartilage. For CRY2, the positive cell ratio was 0.45 (0.32–0.53) in normal cartilage and 0.26 

(0.23–0.37) in OA cartilage (n=10, each).
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Figure 2. Cry expression in mouse joints.
Immunohistochemistry for Cry1 and Cry2. Representative images are shown for normal 

(6mo) and aged (24mo) cartilage. Sections were from the same 6mo or 24mo mice. Cry 1 

and Cry2 positive cells were distributed mainly in the superficial to upper-mid zone. 

Expression levels were significantly reduced with aging at 24 months of age. mCry1 positive 

cell ratio was 0.53 (0.38–0.63) at 6 months and 0.33 (0.03–0.51) at 24 months cartilage. 

Cry2 positive cell ratio was 0.61 (0.46–0.74) at 6 months and 0.33 (0.05–0.36) at 24 months 

(n=5 or 6).
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Figure 3. Circadian rhythmicity of CRY expression in normal and OA human chondrocytes.
RT-qPCR was performed on RNA isolated from 4 normal (blue lines) and 5 OA (red lines) 

human knee cartilage samples. Levels of CRY1 mRNA expression peaked at Time (T)8 and 

T36, with lowest expression observed at T20. CRY2 mRNA expression peaked at T24, with 

lowest expression at T12. In OA chondrocytes, CRY2 expression was significantly reduced 

at all time points, CRY was reduced at some time points. *p<0.05; **p<0.01
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Figure 4. Skeletal and histological changes in Cry KO mice.
(A) Body weight and length of 1and 5 months-old WT or Cry KO mice.

(B,C) Histological sections of knee articular cartilage from 5 months-old mice.

The whole articular cartilage thickness was 100.6 (96.6–103.9) in WT, 103.6 (99.8–107.3) in 

Cry1 KO and 108.9 (103.5–111) in Cry2 KO mice. The height of non-calcified zone was 

52.7 (48.4–60.6) in WT, 60.5 (57.3–66.3) in Cry1 KO and 64.8 (60.6–66.5) in Cry2 KO 

mice. The height of calcified zone was 46.2 (42.5–50.4) in WT, 42.3 (40.5–44.6) in Cry1 
KO and 48 (43.1–52.8) in Cry2 KO mice (n=6 or 7).

KO: knock out, WT: wild type
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Figure 5. Increased severity of histopathological changes in knee joint tissues in Cry KO mice.
DMM surgery was performed in 3 months old mice and knee articular cartilage, synovium 

and subchondral bone were scored 8 weeks after DMM surgery. (A) OARSI scores. Bone 

and synovial scores. OARSI scores were 8.5 (7.3–11.5) in WT, 12 (0–15.5) in Cry1 KO and 

15 (10.8–24.8) in Cry2 KO mice. Bone scores were 1 (0–2) in WT, 1 (1–2.5) in Cry1 KO 

and 2 (2–3.5) in Cry2 KO mice. Synovium scores were 1.5 (1–2) in WT, 2 (1–2.5) in Cry1 
KO and 3 (2–3) in Cry2 KO mice. WT, 6 male, 6 female; Cry1 KO, 7 male, 6 female; Cry2 
KO, 7 male, 5 female. (B) Representative knee sections, stained with Safranin O.
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Figure 6. Differentially expressed genes in cartilage between WT and Cry2 KO mice.
(A) Heatmap showing the variance stabilized transformed expression levels of the top 20 

DEG. (B) Top 5 over-represented pathways among all 53 DEG in Reactome DB. (C) 

Protein-protein interaction network made with STRING DB of the DEG in cartilage of Cry2 

KO mice. Interactions are color coded: Pink: experimentally determined, Light blue: from 

curated DBs, Green: gene neighborhood, Red: gene fusions, Blue: gene co-occurrence, 

Yellow: text mining, Black: co-expression, Purple: protein homology (n=3, each).
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