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Abstract

Purpose/Aim—Meniscus tears are a common injury to the knee associated with the development 

of osteoarthritis. Gene expression in the injured meniscus may be associated with early 

degeneration in the articular cartilage. The purpose of this study was to test the hypothesis that 

gene expression in meniscus tears is associated with early degenerative changes in the articular 

cartilage at the time of partial meniscectomy.

Materials and Methods—Torn meniscus was removed at the time of partial meniscectomy in 

63 patients without radiographic osteoarthritis. Meniscal mRNA expression was measured by 

quantitative PCR for multiple molecular markers of osteoarthritis and cartilage homeostasis. The 

presence of early degenerative changes in the knee was recorded by X-ray (N=63), magnetic 

resonance imaging (MRI, N=48) and arthroscopy (N=63). Gene expression was tested for 

correlation with the presence/absence of degenerative changes after adjusting for age, sex and 

body mass index.

Results—Overall gene expression varied significantly with degenerative changes based on X-ray 

(P=0.047) and MRI (P=0.018). The linear combination of gene variation was also significant. 

However, only adiponectin (ADIPOQ) (P=0.015) was expressed at a significantly lower level in 

patients with chondrosis on MRI while the expression of ADIPOQ (P=0.035) and resistin (RETN) 
(P=0.017) was higher in patients with early degenerative changes on X-ray.
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Conclusions—There is an overall association of gene expression in meniscal tears to early 

degenerative changes in the knee, but only a limited number of specific genes demonstrate this 

relationship. The roles of adiponectin and resistin in knee injury and osteoarthritis deserve further 

study.
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INTRODUCTION

Meniscal tears are a common injury in the knee (1–3). They are likely to be an important 

early event in the initiation and propagation of osteoarthritis (OA) in the knee (4–7) and are 

known to predispose individuals to develop knee OA (8–12). Among athletes at the NFL 

combine, partial meniscectomy has been shown to be associated with degenerative changes 

in the articular cartilage (13) and predict a shorter length of career (14), potentially related to 

degeneration in the knee. While the relationship between meniscus injury and OA is well 

established, the exact biological underpinning of this connection is not well understood.

A recent study has demonstrated differences in gene expression of inflammation and OA-

related markers in the torn meniscus at the time of arthroscopic partial meniscectomy (APM) 

based on patient age and injury pattern (15). A follow up study demonstrated that expression 

of OA- and obesity-related genes in the torn meniscus also has some relationship with 

patient body mass index (BMI) (16). Most recently, a study looking at the transcriptome-

wide gene expression signatures in a limited number of patients failed to demonstrate a 

strong relationship between chondrosis as determined by arthroscopy and molecular markers 

at the time of APM (17). No other studies to date investigate how gene expression in the torn 

meniscus may relate to the presence of early chondrosis in the articular cartilage at the time 

of APM as measured by arthroscopy or magnetic resonance imaging (MRI). However, a 

recent study that has characterized meniscal pathology from OA and non-OA patients 

reported that certain gross, histologic, biochemical and gene expression changes are 

associated with radiographic scores in the knee (18).

The present study was designed to use X-ray, MRI and arthroscopic findings to assess the 

degree of degeneration in the knee and to investigate its relationship with the gene 

expression profile in the torn meniscus. We hypothesize that gene expression profile in the 

torn meniscus is associated with the presence of early degenerative changes in the knee 

(chondrosis), based on pre-operative MRI, radiographs, and arthroscopic findings. The 

relationship between meniscal gene expression and chondrosis could shed further light on 

the biological bridge between molecular changes in the meniscus and early degenerative 

changes in the articular cartilage.
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MATERIALS AND METHODS

Meniscal surgery and grading of chondrosis

The study protocol was approved by the study site Institutional Review Board. Informed 

consent was obtained from all individual participants included in the study. Patients (N=63) 

diagnosed with symptomatic meniscus tears without advanced OA (i.e. moderate or 

advanced joint space narrowing or diffuse degenerative changes), concomitant ligament 

injury or autoimmune disorders were recruited for this study. The demographic data of the 

study population is summarized in Table 1. Meniscus tears were treated arthroscopically 

with resection of the dysfunctional fragment of the torn portion.

The majority of patients in this cohort (48 out of 63) had undergone MRI evaluation at our 

study institution using a 1.5T machine. All of the patients had X-rays at our institution read 

by full-time academic musculoskeletal radiologists. Each knee was classified as normal (no 

radiographic evidence for degenerative changes) or positive for degeneration (radiographic 

degenerative changes such as mild joint space narrowing, osteophytes or sclerosis). All 

MRIs were read by full-time academic musculoskeletal radiologists to grade chondrosis. 

Each knee was classified as normal (no MRI evidence for chondrosis) or positive for 

chondrosis (any MRI finding of chondrosis in the knee). A bone bruise without overlying 

changes in the articular cartilage was not considered as evidence for chondrosis.

The arthroscopic findings were recorded with regard to changes in the articular cartilage 

based on a standard diagnostic arthroscopy performed as part of each surgery. Each knee 

was classified as normal (no arthroscopic evidence for chondrosis) or positive for chondrosis 

(any arthroscopic finding of at least Grade 2 articular cartilage change in the knee) using a 

modified Outerbridge scoring system (19).

Tissue processing and RNA isolation

The specimens were collected at the time of APM. They were handled using a previously 

published technique (15). Briefly, the anonymous specimens were transported to the 

laboratory from the operating room in sterile screw cap containers containing phosphate-

buffered saline (PBS, Thermo Fisher Scientific, Rockford, IL, USA). The tissues were 

weighed and then washed twice with PBS to get rid of any blood cells and debris to avoid 

influence of contaminants on gene expression profile. The blot-dried tissues were put in 50 

ml Falcon tubes and 1 ml of TRIzol reagent (Invitrogen, Carlsbad, CA, USA) was added for 

each 50–100 mg of the tissue wet weight and stored at −80°C until used for total RNA 

extraction according to previously described methods (16). RNA preparations were analyzed 

on a Nanodrop spectrophotometer (NanoDrop 2000, Thermo Fisher Scientific, Pittsburg, PA, 

USA) to measure concentration. Quality was assessed by 260/280 and 260/230 ratios as 

measures of protein and organic solvent contamination. RNA was stored at −80°C until used 

for analysis.

Quantification of gene expression in meniscus

A total of 150–200 ng of isolated RNA was first treated with DNase I to remove traces of 

contaminating DNA (Invitrogen, Carlsbad, CA, USA). The DNase I treated RNA was then 
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reverse-transcribed to synthesize complementary DNA (Invitrogen, Carlsbad, CA, USA) as 

per the manufacturer’s instructions. Custom-designed primers (15, 16) were obtained from 

Invitrogen (Carlsbad, CA, USA) for a panel of genes. Selection of these genes was based on 

their potential known role in cartilage homeostasis, OA, extracellular matrix degradation and 

obesity despite little or no information on their role in meniscus tears. The expression these 

genes was quantified by quantitative PCR on a 7500 Fast Real Time PCR System (Applied 

Biosystems, Foster City, CA, USA) using SYBR Green PCR master mix (Applied 

Biosystems, Foster City, CA, USA) according to manufacturer’s protocols. Samples were 

amplified with an initial activation step at 95°C for 10 min, followed by 40 cycles of 

denaturation at 95°C for 15 seconds and annealing at 60°C for one minute. Glyceraldehyde 

3-phosphate dehydrogenase (GAPDH) acted as an endogenous reference gene for 

normalization of fluorescence thresholds (Ct) values for target genes. GAPDH is a 

conventionally used internal control for normalization because within-tissue variation of 

GAPDH mRNA expression levels is generally small. While we did not compare GAPDH to 

other housekeeping genes, the expression of GAPDH was stable across samples.

Statistical analysis

The relationship between the presence and absence of chondral damage and target gene 

expression levels was examined using a multivariate general linear model with log10-

transformed gene expression values as the dependent variables and age, sex, BMI, and 

chondrosis (absent or present) as the independent variables:

Yijklm = constant + Agei + Genderj + BMIk + Chondrosisl + eijklm

This analysis was carried out separately for X-ray, MRI and arthroscopic findings. The 

probability of an effect of chondrosis on the collection of gene expression traits is given by 

Wilk’s Lambda and its associated F-ratio. Multivariate expression differences between 

patients with and without chondrosis are described by the canonical vector representing the 

linear combination of expression traits that best discriminates between the two groups. 

These coefficients are determined by the mean difference between groups divided by the 

residual variance/covariance matrix so that the significance of differences along highly 

variable within-group dimensions are downgraded relative to the same absolute difference 

along lowly variable dimensions. By this operation, canonical coefficient values account for 

observed within-group variation in all other traits when considering any one trait of interest. 

For example, if the residual correlation between two traits is strongly positive, under the null 

model of no difference, we expect that both traits would increase jointly for patients with 

chondrosis. When one trait expresses at a higher level than this null expectation while a 

second trait expresses at a lower than expected level, the traits will have positive and 

negative canonical coefficients, respectively. This linear combination of traits may be 

significantly different from the null model because of its unexpected combination of 

expression traits while neither trait is significantly different between groups by itself (20). 

Probabilities of chondrosis effects on individual gene expression traits were also obtained to 

interpret significant multivariate results. Associations among the different measures of 
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chondrosis were performed with a Pearson’s Chi-square statistic using the Phi coefficient as 

the association parameter.

RESULTS

Sixty-three meniscus tissues were collected at the time of clinically indicated APM from 

patients with a known meniscus tear based on MRI (Table 1). The patient cohort included 36 

females and 27 males with an average age of 45.8 ± 13.7 years. All but 2 tears occurred in 

the posterior horn, and most involved the white-white zone of the medial meniscus. The 

radiographic data was available for 63 individuals, 23 with some degree of early joint space 

narrowing and/or osteophyte formation (Fig. 1B) and 40 with no degenerative changes 

evident on the X-ray (Fig. 1A). The MRI findings were available from 48 subjects, 37 with 

chondrosis (Fig. 1C–D) and 11 without. All 63 subjects have arthroscopic data: 23 subjects 

with chondrosis (Fig. 1 F) and 40 subjects without (Fig. 1E).

Gene expression variation with degenerative changes measured by X-ray

We observed that the expression of all the genes, when taken together, was found to vary 

significantly (P=0.047) with the presence of degenerative changes as measured by X-ray 

(Table 2). Cytokines, transcription factors and adipokine genes were predominantly 

expressed at higher level with degenerative changes but only ADIPOQ (P=0.035) and RETN 
(P=0.017) were shown to express at significantly different levels in patients with X-ray 

based chondrosis than in patients without X-ray chondrosis regardless of the expression 

levels of other traits. The multivariate significance was also affected by the higher than 

expected expression of IL-1α, IL-1β, and MMP-13 and lower than expected expression of 

TNFα and ADAMTS-5 when accounting for expression of all the other traits based on the 

canonical vector describing expression differences related to chondrosis (Table 3). The 

residual correlations between expression traits, representing the correlations independent of 

age, sex, BMI, and chondrosis, are nearly always positive, varying between low to 

intermediate positive correlations to very high positive correlations. Hence, the highly 

varying multivariate dimension is all genes having higher or lower expression jointly. The 

observed canonical coefficients mix relatively high positive and low negative coefficients, a 

dimension with relatively low within-group variation.

Gene expression variation with chondrosis measured by MRI

In the multivariate analysis overall gene expression significantly varied with the presence of 

cartilage damage when measured by MRI (P=0.018) (Table 4). The majority of these genes 

were expressed slightly higher with chondrosis than without chondrosis but the expression 

pattern associated with chondrosis is complex. Several genes that have strong positive 

residual correlations have standardized canonical vector coefficients of opposite sign (Table 

5). For example, expression of cytokines IL-1α, IL-1β, IL-6, and TNFα are all highly 

positively inter-correlated (r > 0.77) but IL-1α and IL-6 have strong positive loadings on the 

canonical vector while IL-1β and TNFα have strong negative loadings. This indicates that 

IL-1α and IL-6 expression increases in chondrosis (+ canonical coefficient) more than 

expected after taking into account all of the expression changes among other candidate 

genes while IL-1β and TNFα increase much less than expected in chondrosis (− canonical 
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coefficient) given changes in other candidate genes. Extreme positive canonical coefficients 

are seen for IL-6, IL-1α, MMP-3, IL-8, CCL3L1, ACAN, IκBA, APLN, and RETN, 

indicating higher expression than expected given the residual correlations between traits 

while extreme negative coefficients are observed for IL-1β, TNFα, BMP-2, CXCL3, 
CCL20, NFκB1A, NFκB2, and ADIPOQ, indicating lower expression than expected given 

other traits. Multivariate significance here is due to the observation that expression traits 

with positive and negative canonical coefficients are all positively correlated (Table 5), 

indicating that this difference is in a relatively low variation dimension. Only ADIPOQ was 

shown to express at a significantly (P=0.015) lower level in patients with chondrosis than in 

patients without chondrosis regardless of the expression levels of other traits.

Gene expression variation with chondrosis measured by arthroscopy

Overall, the expression of all the genes studied here did not vary significantly with the 

presence/absence of chondrosis as measured by arthroscopy (P=0.588). Since, overall gene 

expression was not statistically significant, the expression of individual genes whether or not 

statistically significant is not inconsistent with the null model of no difference.

Correlation of degenerative changes between X-ray, MRI and arthroscopy

There is no correlation between the presence of degenerative changes based on X-ray and 

MRI (X2 = 0.079, 1 degree of freedom, P = 0.779, Phi = 0.04). While 78% of patients with 

degenerative changes based on X-ray evaluation had a diagnosis of chondrosis from their 

MRI, 74% of those with no degenerative change as judged from the X-ray also were 

diagnosed with chondrosis based on their MRI. In contrast, the chondrosis scores measured 

by arthroscopy were significantly correlated with both MRI (X2 = 11.395, 1 degree of 

freedom, P = 0.007, Phi = 0.482) and X-ray (X2 = 6.194, 1 degree of freedom, P = 0.013, 

Phi = 0.031).

DISCUSSION

Our study shows an overall association between gene expression in meniscal tears and the 

presence of early chondrosis in the knee articular cartilage as measured by MRI and X-ray 

but limited association of specific genes. No relationship between gene expression and 

presence of chondrosis as measured by arthroscopy was found.

The overall meniscal expression of important genes implicated in articular cartilage 

homeostasis and OA development was found to vary with the degree of articular surface 

chondrosis at a statistical significant level for X-ray (P=0.047) and MRI (P=0.018). Only a 

few genes showed a variation in expression at statistically significant levels when taken 

alone. For instance, two important adipokine genes adiponectin (ADIPOQ) and resistin 

(RETN), that have unaccounted roles in OA (5, 15, 19–21), were found to be differentially 

upregulated in the menisci from knees with degenerative changes on X-ray consistent with 

early stage OA (16, 22). While we did not find any correlation of extracellular matrix genes, 

and matrix metalloproteinases, with evidence for early degenerative changes, a study by 

Roller et al., (18) found that some of these gene transcripts in the meniscus were associated 

with advanced OA. MMP3, MMP13, COL1, COL3, and COL6 were moderately correlated, 
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and MMP2 and COL2 were weakly correlated while MMP1 and VEGF were not at all 

correlated with OA score. One plausible explanation of the discrepancy between these 

findings and findings from our study is that these authors used menisci from OA and non-

OA joints, while our samples were taken only from non-OA patients. Perhaps surprisingly, 

we observed that in univariate analysis of knees with changes on MRI only ADIPOQ was 

significantly (P=0.015) differentially expressed at a lower level in patients with chondrosis, 

opposite of our findings in knees with radiographic changes. One possible reason for this 

finding could be that an initial downregulation of ADIPOQ in the meniscus occurs with 

early chondrosis. This emphasizes the potential importance of timing with regards to injury 

and the development of chondrosis and osteoarthritis.

These findings corroborate with an earlier study in which only limited evidence was found 

for a relationship between early degenerative changes in the articular cartilage based on 

arthroscopy and gene expression in the injured meniscus (23). In the previous study, a global 

survey of gene expression in a small sample of patients showed that 49 genes were 

differentially regulated in knees with chondrosis compared to knees without chondrosis. 

When chondrosis was present in the knee, genes representing cell catabolism (cAMP 

catabolic process), and tissue and endothelial cell development were repressed while those 

involved in T cell differentiation and apoptosis were elevated. Another study has reported 

up-regulation of genes involved in inflammation and cytokine production and down-

regulation of genes related to DNA repair processes in meniscal cells from knees with OA 

compared to meniscal cells from knees without OA (24).

Today, OA is viewed as a condition of the entire joint, with greater emphasis on the potential 

contribution of different types of tissue from the knee to the pathogenesis of the disease. 

Meniscus tears are associated with the development of OA (8–12) as approximately 50% of 

people with meniscal tears have radiographic evidence for OA 10–20 years post-injury (21). 

While meniscal injury is likely to be an important early event in the initiation and 

propagation of OA in the knee, it is unclear how degenerative changes in the menisci affect 

cartilage homeostasis (4–7). Therefore, the gene expression signatures in the injured 

meniscus could hold important information about the overall health of the knee joint in 

general. For example, the association of adipokine genes with chondrosis may have 

important implications for the infrapatellar fat pad and synovium, as well as articular 

cartilage, at the time of surgery and potentially stratify risk for future progression of OA in 

the knee.

Our study did not find a significant correlation between gene expression in the torn meniscus 

and chondrosis based on arthroscopic findings. There are several possible explanations for 

the lack of this correlation. First, categorizing knees based on grade 2 or higher chondrosis 

anywhere in the knee may not be optimal. It may be better to include only knees with higher 

degrees of chondrosis, or knees with chondrosis in the same compartment as the meniscus 

tear, or assess across the entire spectrum of chondrosis using standard grading (19). Second, 

arthroscopy may not be optimal for picking up early degenerative changes such as diffuse 

thinning which is not apparent at arthroscopy. Chu and colleagues (25) have shown that 

arthroscopic findings do not correlate with MRI findings and have advocated for the use of 

enhanced methods of evaluating articular cartilage such as optical coherence tomography. 
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Finally, our cohort may not have had knees with degenerative changes advanced enough to 

find associated differences.

Another possibility could be that this study was not adequately powered to pick up changes 

on the level of individual genes. The multivariate significance was caused by both positive 

and negative expression level canonical coefficients for a series of genes that have highly 

positively correlated residual gene expression values. These gene expression values were not 

significantly different under chondrosis, when considered singly, but were expressed at 

higher or lower levels than expected given the expression levels for all other genes. Hence, a 

complex linear combination of gene expression levels including both positive and negative 

coefficients for positively correlated traits distinguishes gene expression between joints with 

and without chondrosis.

The sample size was not adequate to include a number of potentially important variables in 

the analysis such as the type of meniscus tear, mechanism of meniscus injury, and 

involvement of the medial or lateral menisci. Furthermore, 1.5 T MRIs are not the gold 

standard for assessing articular cartilage damage, although they are the clinical standard 

currently. As the cohort only includes patients with early chondrosis, adding patients with a 

broader spectrum of disease could shed further light on how these relationships change with 

OA. In this study, we used a candidate gene approach in which the election of genes was 

based on their known role in OA, inflammation, obesity and cartilage homeostasis. We could 

also perform entire transcriptome analysis in a large population, rather than focusing on 

targeted candidate genes as we have done for other studies in the past (17, 26–28) to 

circumvent the bias associated with the selection of candidate genes. Finally, a prospective 

study with longitudinal follow up could investigate the relationship of meniscal gene 

expression to future degeneration in the joint as the current study is a single time point cross 

sectional analysis which cannot assess progression over time.

In conclusion, our study demonstrates that early changes in the articular cartilage seen on 

MRI and X-ray have limited association with differences in gene expression of the injured 

meniscus. The roles of adiponectin and resistin in knee injury, particularly meniscal tears, 

and OA deserve further study. Additional research is needed to assess whether greater 

differences are seen in the meniscus from knees with more advanced OA.
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Fig. 1. 
Examples of presence/absence of degenerative changes based on X-rays, MRI and 

arthroscopy. X-rays: (A) no OA; (B) joint space narrow and osteophyte formation (arrow) as 

evidence for early OA. MRI: (C) chondrosis; (D) chondral flap. Arthroscopy: (E) no 

chondrosis; (F) chondrosis. FC = femoral condyle, TP = tibia plateau, MM = medial 

meniscus, LM = lateral meniscus
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