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Abstract

Objective—To assess the impact of osteoarthritis (OA) on the meniscus by comparing transcripts
and biological processes in the meniscus between patients with and without OA.

Design—RNA microarrays were used to identify transcripts differentially expressed (DE) in
meniscus obtained from 12 OA and 12 non-OA patients. The non-OA specimens were obtained at
the time of arthroscopic partial meniscectomy (APM). Real-time PCR was performed on selected
transcripts. Biological processes and gene-networking was examined computationally.
Transcriptome signatures were mapped with 37 OA-related transcripts to evaluate how meniscus
gene expression relates to that of OA cartilage.
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Results—We identified 168 transcripts significantly DE between OA (75 elevated, 93 repressed)
and non-OA samples (=1.5-fold). Among these, CSN1S51, COL10A1, WIF1, and SPARCL 1 were
the most prominent transcripts elevated in OA meniscus, POSTN and VEGFA were most highly
repressed in OA meniscus. Transcripts elevated in OA meniscus represented response to external
stimuli, cell-migration and cell-localization while those repressed in OA meniscus represented
histone deacetylase activity (related to epigenetics) and skeletal development. Numerous INcRNAs
were DE between the two groups. When segregated by OA-related transcripts, two distinct
clustering patterns appeared: OA meniscus appeared to be more inflammatory while non-OA
meniscus exhibited a “repair” phenotype.

Conclusions—Numerous transcripts with potential relevance to the pathogenesis of OA are DE
in OA and non-OA menisci. These data suggest an involvement of epigenetically regulated histone
deacetylation in meniscus tears as well as expression of INCRNAs. Patient clustering based on
transcripts related to OA in articular cartilage confirmed distinct phenotypes between injured (non-
OA) and OA menisci.
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Introduction

Traumatic injuries to the meniscus as well as its degeneration are important risk factors for
long-term joint dysfunction, degenerative joint lesions, and knee osteoarthritis (OA)[1, 2].
Nearly 50% of the individuals with meniscus injuries develop OA over time[3, 4]. Recent
evidence using genome-wide expression analysis of the cartilage from patients with
meniscus tears suggests that they can be classified based on their expression of OA “risk-
alleles” and the expression pattern of known OA transcripts[5]. In the aforementioned study;,
50% of patients clustered expressing OA risk-alleles and 30% of patients expressed OA-
characteristic transcripts in the macroscopically normal cartilage. We suspect these patients
are at the highest risk for progression to knee OA. Since these patients had a torn meniscus
in the knee, we posit that meniscus injury initiates changes at the molecular level turning the
joint towards OA, although it takes 10-15 years to develop radiographically detectable
disease[3, 4]. While meniscus tears are a known risk factor for OA, little is known about
how the meniscus changes with OA.

We have reported a transcript-level distinction between traumatic and degenerative meniscus
tears[6]. Traumatic meniscus tears overall exhibited a higher inflammatory/catabolic
phenotype (increased expression of transcripts related to chemokine and matrix-
metalloproteinase) compared to degenerative tears. Another recent study demonstrated a
molecular link between gene expression pattern in injured meniscus and the degree of
chondrosis in the same knee[7]. Transcripts representing cell-catabolism and cell-
development were repressed with chondrosis, while those involved in T-cell differentiation
and apoptosis were elevated. A couple of studies have reported the molecular profiles of the
meniscus from OA and non-OA joints[8, 9] on a limited number of samples. The current
study was designed to better understand the biologic interaction between the meniscus and
OA by testing the hypothesis that the meniscus from knees with OA has elevated expression
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of transcripts and pathways associated with OA. Furthermore, we postulate that the
transcriptome profile of the injured meniscus will provide some clues about its role in
initiating the development of OA and will be less likely to exhibit an OA phenotype than the
meniscus from knees with OA.

Patients/tissues

Institutional Review Board approved the study protocol. Prior to participation, a written
informed consent was obtained from each patient. Patients of any age, body-mass-index
(BMI) and from both sexes were included (Table-1). Only those patients undergoing
arthroscopic partial meniscectomy (APM) with no evidence for OA, cartilage chondrosis,
bone-marrow lesions/edema, and no ligamentous injury > Grade-1 medial-collateral ligament
strain were included. Knees were assessed by radiographs using the Kellgren-Lawrence (K-
L) scale for OA.

A small segment of the meniscus was resected from 12 patients during APM and from 12
patients during total knee arthroplasty (TKA). The meniscus sample was collected from the
inner remnant of the posterior horn of the medial meniscus, in the white-white zone. Menisci
did not have any gross evidence of necrosis, fibrosis, ossification or other macrostructural
changes. Care was taken to avoid collecting any synovium with the meniscus sample.
Meniscus was stored immediately in RNAlater solution (Thermo-Fisher-Scientific) in the
operating room within 1-2 min of removal from the patient.

RNA preparation

RNA was isolated using a combination of the TRIzol:Chloroform (5:1 ratio) method and
Minispin columns (Qiagen)[5]. Please see the Supplementary text for full details of the RNA
preparation and microarray hybridization.

Data mining and statistical analysis

Twelve patients were used in each group. Post hoc power analysis using a two-tailed t-test
demonstrates that the sample size of 12 is sufficient to detect an effect size of 1.2 at a power
of 80% and a=0.05. Raw data (probe-intensity) were preprocessed by R[10] package ‘oligo’
[11], and were quantile normalized across all samples. The lowly expressed probe-set was
removed using a cutoff at 0.95 quantile probe intensity. R package ‘Limma’[12] was used to
build a linear model for identifying differentially expressed (DE) genes between OA and
non-OA meniscus, while considering covariance of patients’ age, BMI and sex. Genes were
considered to be DE only with an adjusted P<0.05. To restrict the number of differentially
regulated transcripts to only the most significant changes, an arbitrary cutoff of absolute
fold-change of >1.5 was applied. From the microarray data, we extracted the following
information: 1) number of transcripts DE between OA and non-OA, 2) fold-change
differences of transcript expression, and 3) enrichment clustering. The functional
classifications were carried out using the GeneGo MetaCore (https://portal.genego.com)[5].
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The normalized probe intensity was processed by using R package ‘SVA’[13] to remove the
unwanted variances associated with patients” age, BMI and sex. Principle Component
Analysis (PCA) were performed in R environment[10] (prcomp function) using log,-
transformed probeset intensity of all genes and visualized using plotly package (https://
plot.ly/r/), after removing unwanted variants.

The hierarchical clustering analysis was performed in R environment[10] by using Aclust
function in complete-linkage mode and heatmaps were generated by Aeatmap.2 function in
gplots package (https://CRAN.R-project.org/package=gplots). The input data of hierarchical
clustering analysis and heatmap were normalized intensity (z-score) across all the samples,
and z-score of each gene was calculated as:

_ (Intensity in single sample) — (mean intensity o f all samples)
- standard deviation o f intensity of all samples

Construction of co-expressed gene network and IncRNA targets prediction

The co-expression Pearson Correlation matrix between DE genes and all other genes were
calculated by using corfunction in R-environment[10], and 2 was computed by using
cor.test function and performed multiple testing corrections with Bonferroni Hochberg
method. Given the type of data we obtained, the Pearson’s correlation coefficient rather than
the Spearman correlation is suitable to our analysis, as per standardized protocol, the
intensity of probesets was log-transformed, and the overall distribution of the intensity of
probesets followed a normal distribution.

The genes with co-expression Pearson correlation to DE genes above 0.9 (absolute-value)
and adjusted P<0.00001 were further used to construct a co-expressed gene network in
Cytoscape[14]. The trans-targets of DE IncRNA were selected with co-expression Pearson
correlation coefficient >0.9 and adjusted P<0.00001. The co-expressed genes were further
analyzed using IPA (Ingenuity Systems) for enrichment for connective tissue disease terms
at P<0.01.

Real-time PCR

Validation of microarray data was performed by real-time PCR on 10 selected genes
(Table-2) according to the methods described in Supplementary Text.

Comparison with OA transcripts DE between healthy and OA cartilage

A previously published list of transcripts[15] generated by microarray analysis of healthy
and OA cartilage was used to evaluate the expression pattern of the samples. By calculating
complete linkage using normalized probe intensity (z-score), we performed hierarchical
cluster analysis (/iclust function in R environment) of our cohort with the previously
published transcripts to identify patients with a molecular profile suggestive of OA in TKA
meniscus and “pre-OA” in APM meniscus. A total of 37 transcripts were common between
our analysis and the OA-related transcripts from the above study. Based on the expression
profile, genes/patients were classified into two clusters by cutting based on the heights of
dendrogram trees and NbClust was used to validate the dendogram analysis. The two sets of
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genes were further analyzed using IPA (Ingenuity Systems) for expression/Protein-Protein
Interaction analysis and enrichment for connective tissue disease & development terms at
P<0.01.

Data availability

The raw microarray data was deposited (GSE98918) in the Gene Expression Omnibus
(http:www.nchi.nlm.nih.gov/projects/geo).

Results

Characteristics of study patients

The study cohort included 12 patients without OA (K-L score=0) undergoing APM and 12
patients with OA (K-L score=3-4) undergoing TKA (Table-1). Age (P=0.0003) and BMI
(P=0.0005) were significantly different between the two cohorts but the distribution by sex
(75% female TKA cohort, 42% female APM cohort) was not(P=0.214). Condition (APM vs.
TKA), age, BMI, and sex were included in the model as covariates.

Quantitative transcriptomic differences between TKA and APM

Patients were clustered into two distinct clusters based on PCA: one cluster exclusively had
samples from APM patients and the other group had samples from TKA patients based on
PC2 as PC1 did not distinguish TKA and APM samples (Fig. 1A). Patients were clustered
by condition based on gene expression signatures on hierarchical clustering heat-maps (Fig.
1B).

In total, 299 transcripts (0.7% of 40146 transcripts measured) were significantly (adjusted
P<0.05) DE in the meniscus from APM and TKA patients regardless of their fold-change
(Fig. 1C). These genes (RNAs) represented different biotypes, e.g. protein coding, INCRNAs
(long non-coding RNAs, transcribed from non-coding portion of genome that are longer
than 200 nucleotides), lincRNAs (long intergenic non-coding RNAs, a class of INcRNAs that
do not overlap with the bodies of known protein-coding genes), microRNAs, pseudogenes,
non-protein coding genes and uncharacterized genes (Fig. 1D). There were 10 lincRNAs that
were DE between APM and TKA meniscus, 6 of which were elevated and 4 of which were
repressed in OA meniscus. Only one miR (microRNA, small, highly conserved non-coding
RNA molecules involved in the regulation of gene expression), namely miR612, was
significantly suppressed in OA meniscus compared to APM meniscus (—1.80-fold). Three
non-protein coding RNAs were also DE between APM and TKA meniscus (PCAT19was
elevated while MEG9and MEG3were repressed in OA meniscus). Furthermore, numerous
snoRNAs (small nuclear RNAs, a class of small non-protein coding RNA molecules that
primarily guide site-specific chemical modifications of other RNAs), uncharacterized and
pseudogenes were also DE between APM and TKA meniscus.

Transcripts (MRNASs) DE between TKA and APM meniscus

168 protein-coding transcripts showed at least 21.5-fold magnitude of difference between
APM and TKA meniscus at an adjusted P<0.05. Among these, 75 were elevated while 93
were repressed in TKA compared to APM meniscus (Table-3; Supplementary Table-1).
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Notably, four transcripts, namely CSN151 (6.31), COL10A1 (5.87), WIF1 (5.65), and
SPARCL 1 (5.19), showed >5-fold higher expression in TKA compared to APM meniscus
while two transcripts, POSTN (-8.33), and VEGFA (-8.16), showed >5-fold suppression in
expression in TKA compared to APM meniscus.

Enrichment clustering of DE transcripts

Biological processes enriched in TKA patients comprised of, among others, response to
external stimuli, cell-migration, regulation of inflammatory response, vasculature
development (angiogenesis), immune system, response to wounding and regulation of
hemostasis (Table 4, Supplementary Table-2). Biological processes that were enriched in
APM patients included histone deacetylation, cell-chemotaxis, skeletal system development,
regulation of ossification, cellular metabolic processes, extracellular structure organization
and cartilage development.

Genes co-expression network in relation to connective tissue diseases

551 genes (442 positively correlated, 109 negatively correlated) were significantly co-
expressed with highly DE transcripts in TKA (Fig 2A, Supplementary Table 3)). 750 genes
(359 positively correlated, 391 negatively correlated) were significantly co-expressed with
highly DE genes in APM (Fig. 2B). The genes significantly co-expressed with TKA-highly
DE genes were enriched for inflammation of joint and rheumatic diseases, and bone
morphology (Fig. 2C). Genes significantly co-expressed with APM-highly DE genes were
enriched for tendon/ligament and fibroblast phenotypes, and some genetic connective
disorders (Fig. 2D).

IncRNAs DE between APM and TKA menisci

36 IncRNAs (26 elevated and 10 repressed in TKA meniscus) were DE at any fold-change
and 32 were DE at =1.5-fold (22 were elevated and 10 were repressed in TKA meniscus)
(Table-5). Inc-RPL19-1 and Inc-ICOSLG-5 were correlated with some genes that are
associated with cartilage diseases, including NOXA1, KRT8, KRT18, SYPL1 and others.
(Fig. 2E).

Expression of cartilage OA genes

Sixty percent of OA genes (cluster 1, 22/37 transcripts) showed higher expression in TKA
samples (Fig. 3A), and these transcripts were found highly enriched in connective tissue
disease processes such as rheumatic diseases, inflammation, and abnormality and damage of
cartilage (Fig. 3B). The remaining 40% (cluster 2, 15/37 transcripts) showed higher
expression in APM samples, except for one outlier. These transcripts were found highly
enriched in connective tissue development and bone quality (Fig. 3B). We further found co-
expression regulation and Protein-Protein Interaction/Cleavage connections among OA-
transcripts. TNF was found to connect most OA-transcripts, and could be the potential
upstream regulator (Fig. 3C). TNF did not show significant difference between TKA and
APM meniscus, but showed higher expression variance only in TKA meniscus (Fig. 3C). We
further independently validated a sample of these transcripts by both microarrays (Fig. 3D)
and real-time PCR experiments (Fig. 3E).
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Real-time PCR validation

PCR data showed that all the transcripts and IncRNA tested showed the same expression
pattern as that of microarrays, thus providing high concordance between microarrays and
PCR (Fig. 3C).

Discussion

Menisci from knees undergoing APM without OA demonstrate a distinct expression profile
compared to menisci from knees undergoing TKA with end-stage OA. The pathways and
processes represented by the DE transcripts are promising targets for further investigation
into their mechanistic role in the development of OA. Whether these changes are cause or
effect, the meniscus from knees with OA expressed increased transcripts and biological
processes related to OA compared to the meniscus from knees without OA.

Our findings are distinct from a couple of prior studies[8, 9] which identified genes related
to matrix synthesis, degradation, angiogenesis and other signaling pathways DE in meniscus
from OA and non-OA patients. We did not find any overlap of our DE transcripts with the
ones reported above except for VEGF, which was suppressed in OA meniscus in our study
and was previously found to be suppressed in OA meniscus compared to healthy control[8].

Reviewing the specific genes with elevated expression in TKA meniscus, CSNV151, a milk-
derive casein alpha S1 (protein) has been shown to mediate pro-inflammatory properties
through the activation of GM-CSF via p38 MAPK pathway[16]. Its higher expression has
been reported in capsule from OA joints compared to capsule from knee flexion
contractures[17], OA cartilage compared to normal cartilage[15] and OA synovial cells[18]
and tissues[19] compared to that of rheumatoid arthritis. Moreover, a study that integrated
the data from four publically accessible microarray datasets confirmed that CSNV1S1
exhibited significantly higher expression in OA cartilage and synovium than in normal
tissues[20]. COL10A1, a marker of hypertrophic chondrocytes, provides an appropriate
environment for endochondral ossification[21] and is expressed at higher levels in OA
cartilage[15, 22] compared to normal cartilage. While injured meniscus has been shown to
expresses COL 10A1[23], suggesting that injury to meniscus might have initiated COL10A1
expression, our data suggest further amplification of COL10A1 signals in OA. WiIF1, a
potent extracellular Wnt antagonist expressed in connective tissue including cartilage[24]
but not previously studied in the meniscus, exhibits repressed expression in OA
cartilage[25], opposite to our observation in meniscus.

POSTN (a secretory protein, with a known role in collagen fibrillogenesis) has been shown
to be expressed in OA cartilage as well as in injured tissues[26, 27] and was expressed at
lower levels in OA meniscus. Our data suggest that, unlike in OA cartilage, the expression of
POSTN in OA meniscus was decreased. High levels of POSTN expression in non-OA
menisci might indicate a repair response. POS7TN may play an important role in tissue repair
but its role in matrix degradation and disease has just begun to emerge[28]. While
inadequate levels of POSTN result in impaired tissue remodeling[29], overexpression may
lead to chronic disease[30] as it can induce catabolic factors, especially MMP13, and may
exacerbate OA pathology[26, 27]. A recent study demonstrated abundant POSTN expression
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in anterior cruciate ligament tears within the first 3 months after injury with subsequent
decline over time[31]. It is possible that POSTN expression in the meniscus was similarly
stimulated by acute injury and then drops over time with the development of OA. VEGFA, a
marker for angiogenesis, has higher expression in OA cartilage[32]. The decreased
expression of VEGFin OA meniscus in our study suggests a divergent role in the cartilage
compared to the meniscus.

SFPARCL 1, an ancestral gene of the secretary calcium-binding phosphoprotein family, has
been shown to be down-regulated in damaged cartilage[33] but up-regulated in OA synovial
fluid[34, 35]. The elevated expression of SPARCL 1 in OA meniscus appears to be
concordant with synovial fluid and divergent from cartilage. COL6A3, a major repair
molecule, has been shown to have elevated expression in OA cartilage[36] and synovial
fluid[37]. However, we found decreased expression of COL6A3in the OA meniscus. This is
in contrast to a prior study, which reports that COL6A3 expression was significantly
increased in meniscus from a canine model of post-traumatic OA[38]. One plausible
explanation is that COL6A3 also plays a role in tissue remodeling, which is sensitive to time-
from-injury[31]. CEMI/Pis primarily involved in hyaluronan metabolism and is known to
enhance hyaluronan catabolism in the synovium and improves growth and angiogenesis of
synovium[39, 40]. Although the role of CEMIP has not yet been elucidated in OA joints, it
is suspected that inhibitors of CEM/P may potentially protect degradation of cartilage after
injury[41]. There are no previous reports on the differential expression of CEM/Pin the
meniscus. Our findings suggest that CEMIP, like COL6EAS, is stimulated more by initial
meniscal trauma than by OA. SOX11 is considered an important contributor to GDF5
regulation in joint maintenance[42]. Its expression has been shown to be highly up-regulated
in degenerated cartilage[33], which is not in line with our findings in the meniscus.

Biological processes that were enriched in OA meniscus included response to external
stimuli, cell-migration, regulation of inflammatory response, angiogenesis, immune system,
response to wounding and regulation of hemostasis. Response to external stimuli[43],
wounding[33] or inflammation[44] and immune system[45] have been reported to be
enriched in OA tissues. The identification of these biological processes or functional
attributes in meniscus are of particular interest as they support the growing perception that
these pathways are relevant to OA pathogenesis. There is an interaction in cell migration and
proliferation as it has been suggested that synovial fluid from OA joints exacerbates cell
proliferation by promoting cell migration[46]. Involvement of angiogenesis has been
elucidated in OA[47] and enrichment of biological processes related to angiogenesis in OA
meniscus in our study supports the notion that inhibiting angiogenesis could provide
effective therapeutic strategies for OA treatment.

Transcripts repressed in OA meniscus were enriched for biological processes related to
histone deacetylation (related to epigenetics), cell-chemotaxis, skeletal system development,
regulation of ossification, cellular metabolic processes, extracellular structure organization
and cartilage development. Histone deacetylation is an important biological processes
enriched for genes repressed in TKA meniscus. In this process, lysine residues, with the N-
terminal tail protruding from the histone core of the nucleosome, are deacetylated as a part
of epigenetic gene regulation. Histone deacetylation stabilizes nucleosome structures and
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represses gene transcription[48]. This provides evidence for epigenetically regulated gene
expression in meniscus, which has previously been reported for cartilage[49] and
chondrocytes[50].

VEGFA was more highly expressed in APM meniscus compared to OA meniscus despite
enrichment of angiogenesis in OA meniscus. While VEGFA is a known stimulator of
angiogenesis, the inverse correlation in our study indicates that there are other genes/factors
that might be involved. The process of angiogenesis is very complex and is dependent on
several other molecules/factors and exogenous stimulants such as hypoxia and
inflammation[51, 52]. Therefore, it is likely that the enrichment of angiogenesis in OA
meniscus is stimulated by factors other than VEGFA. Cell-chemotaxis is essential during
angiogenesis and typically chemotaxis of endothelial cells is driven by VEGFA[53]. VEGFA
along with other angiogenic factors ligates its specific receptor tyrosine kinases, including
endothelial cell-permeability, proliferation and migration. Therefore, it appears that VEGFA-
driven chemotaxis is predominant in the injured meniscus whereas angiogenesis comes to
the fore in OA meniscus. Furthermore, decreased VEGFA signaling with the loss of
extracellular-matrix in the OA patients suggests that the extracellular-matrix plays a critical
role in tissue healing and blood vessel morphogenesis as the altered pattern and synthesis of
extracellular-matrix macromolecules are indicators of early OA.

The skeletal system development process was repressed in OA meniscus, which is in
contrast to findings in cartilage[54]. Since Wnt signaling and bone morphogenetic proteins
are involved in OA and control skeletal development in animal models, their mechanism of
action in OA joints may be attributed to their effect on skeletal shape[55]. Transcripts
elevated in non-OA meniscus were enriched for regulation of ossification, which is in line
with other studies, which have reported that regulation of ossification was significantly
enriched immediately after traumatic injury to the mouse knee[41] and in mechanically
stimulated cells[56]. Taken together, these findings suggest that meniscus injury may
stimulate mechano-sensitive and/or mechano-responsive genes, leading to enrichment of
regulation of ossification process. We also found that genes repressed in OA meniscus were
enriched for collagen metabolism and cartilage development. A gene expression study in
diseased (damaged) and normal-looking cartilage has shown that collagen metabolic
processes are enriched for genes (MMP1, MMP3, MMP13) repressed in damaged cartilage
and these genes are known to play an important function in cartilage development and
homeostasis[33]. Native cartilage and control tissue-engineered cartilage exhibits gene
ontological categories related to normal physiology of the cartilage tissue, such as collagen
metabolic process and extracellular-matrix[57]. Transcripts associated with extracellular-
matrix synthesis/organization were repressed in OA meniscus, which may contribute to
meniscus degeneration due to the loss of structural organization and strength. Heightened
degenerative changes in the meniscus from OA patients are likely driven by the inability to
maintain extracellular-matrix deposition in a hostile OA environment. Thus, OA patients are
likely at a disadvantage because of the decreased ability to synthesize extracellular-matrix
compounded by the upregulation of histone deacetylation occurring in the injured meniscus.

As discussed, several genes/pathways associated with numerous biological processes were
different between OA and non-OA meniscus. Discrete cluster analysis of APM and TKA
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meniscus revealed that transcripts highly expressed in OA meniscus are less expressed in the
injured meniscus. These findings of discrete clustering of patients based on OA-associated
transcripts indicate that the meniscus from OA knees exhibits OA phenotype while injured
meniscus from non-OA knees demonstrate a distinct profile (injury phenotype) with some
early signs of OA. These findings are evidence for how meniscus injury may disrupt joint
homeostasis. Joint homeostasis is considered one of the most critical factors in OA research
as it is believed that a delicate homeostatic balance is maintained between the catabolic and
anabolic factors in the healthy joint[58]. Once interrupted, the loss of this (homeostatic)
balance allows catabolic factors to overshadow anabolic factors, which in turn, shifts the
knee in the direction of OA. While joint homeostasis has been described for cartilage (e.g.,
in the context of mechanical loading[59]), little is known about joint homeostasis in
conjunction with meniscus injury.

We also identified a number of IncRNAs DE between APM and TKA meniscus. LncRNAs
play an important role in regulating gene expression and changes in INcRNAs are involved in
the pathogenesis of many diseases[60]. Recent studies have demonstrated that IncRNAs are
abnormally expressed in OA cartilage, and that cartilage-injury related IncRNAs could
induce cartilage degradation and may offer new diagnostic/therapeutic biomarkers for
OA[61, 62]. However, the expression patterns and potential targets and functions of
IncRNASs in the meniscus are relatively unknown. In the current study, Inc-RPL19-1 and Inc-
ICOSLG-5 were correlated with some genes that are associated with cartilage disease (e.g.
NOXA1, KRT8, KRT18, and SYPLI). While this may suggest a regulatory role for
IncRNAS, the specific molecular mechanisms and biological functions of these InNcCRNAs in
meniscus injury and OA warrant further exploration.

Cluster analysis of meniscus samples based on known OA genes showed two distinct
clusters. OA meniscus appeared to be more inflammatory while non-OA meniscus exhibited
a “repair” phenotype. In OA meniscus, TNF was found to connect with most OA-transcripts,
and a potential upstream regulator of TAVFRSFZ21, which is a stimulator of NF-kB. Non-OA
meniscus, in contrast, had a repair phenotype as many transcripts (POSTN, MMPI13etc.) up-
regulated in APM meniscus were enriched for connective tissue development and matrix
synthesis. In particular, TNFRSF12A was up-regulated in non-OA meniscus, which is
related to mesenchymal stem cell progenitors and skeletal muscle regeneration. In summary,
OA meniscus demonstrates an inflammation phenotype compared to a repair phenotype in
menisci undergoing APM.

This study has some limitations. First, injured meniscus undergoing APM were compared to
OA meniscus undergoing TKA without healthy controls. However, since the injured
meniscus is likely a very early precursor to the OA meniscus, we believe the differences
represent an important window into the effect of OA on the meniscus. Second, while the
meniscus is not from the exact same location for all samples, it was always collected from
the innermost remnant of the posterior horn of the medial meniscus. Finally, this
comparative analysis identifies differences but does not confirm their relevance to, or role in,
the pathogenesis of OA with regards to the meniscus and knee joint as a whole. While these
results show statistically significant differences in gene expression, it is difficult to
determine if clinically important differences can be identified between the groups as the
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downstream effects of the differences in gene expression are unknown. Furthermore, other
potential clinical confounders of gene expression such as time from injury, medications and
whether physical therapy or injections had been used were not examined.

Despite these limitations, the DE transcripts together with computational cluster analysis
revealed that patients with and without OA separated into two discrete clusters based on
gene expression in the meniscus, further providing insights into the biological pathways
involved in this deregulation. The set of DE transcripts between TKA and APM patients also
provides molecular clues to the relationship between the meniscus and OA. Future
mechanistic studies, as well as comparison with normal (uninjured) meniscus, can shed
further light on how injury affects the molecular biology of the meniscus and how these
changes alter the joint homeostasis, ultimately leading to (post-traumatic) OA.
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Fig. 1.

A). Principal components analysis of 12 TKA and 12 APM samples showed clear distinction
between TKA and APM patients. Each dot represents one patient with age (in years), sex (F
for female, M for male) B) and body mass index (BMI in kg/m?). Normalized gene
expression level (z-score) of DE transcripts between TKA and APM patients were used to
generate heatmaps in which condition (TKA, APM), sex (females, male), body mass index
(BMI) and age were included. Color bar below heatmaps indicates patients” metadata in
which patients were mainly clustered. Based on DE transcripts, TKA and APM samples
were distinctly separated. C). Expression fold-change (FC) and averaged expression level of
DE transcripts between TKA and APM patients. D). A number of different biotypes of genes
significantly DE between TKA and APM samples were detected.
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Fig. 2.

A)g. Gene co-expression network of TKA-specific highly expressed genes. Green node: TKA
highly expressed genes; blue node: genes negatively correlated with TKA highly expressed
genes; yellow node: genes positively correlated with TKA highly expressed genes. B). Gene
co-expression network of APM-specific highly expressed genes. Red node: APM highly
expressed genes; blue node: genes negatively correlated with APM highly expressed genes;
yellow node: genes positively correlated with APM highly expressed genes. C-D) Enriched
human disease and biological functions of TKA highly expressed genes (green) and APM
highly expressed genes (red). E). Genes positively and negatively correlated with APM
highly expressed INCRNAs.
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Fig. 3.
A) Heatmaps view of z-scored expression profiles of OA-related transcripts between APM

and TKA samples. Hierarchical clustering separated the study patients into two clusters. B)
Enriched human connective tissue diseases & development functions of OA-related
transcripts highly expressed in TKA samples (top, yellow line indicates the number of genes
identified in each term) and OA-related transcripts highly expressed in APM samples
(bottom, blue line indicate the number of genes identified in each term). C) Connections
within OA-related transcripts, and connections between OA-related transcripts and TNF.
Blue dash line: co-expression relation. Orange solid line: Protein-Protein Interaction (PPI)
and Cleavage relation. TNF was not significantly different between TKA and APM
meniscus, but showed higher expression variance only in TKA meniscus. D) A number of
selected transcripts that showed differential expression between APM and TKA samples.
Student’s T-test was used to detect the significant deference. E) Real-time PCR validation
showed that all of the 10 transcripts validated exhibited same expression pattern as that of
microarrays (top row = genes elevated in TKA meniscus, bottom row = genes elevated in
APM meniscus)
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Characteristics of study patients

Table 1

Meniscus tear patients (N = 12) | End-stage OA patients (N = 12) P value
Age, mean + SD, years 49.17 £ 10.25 65.25+7.94 0.0003*
BMI, mean + SD, kg/m2 26.90 +3.91 36.27 £ 6.61 0.0005
Female/Male N (%) 5/7 (42/58) 9/3 (75/25) 0.214%
Kellgren-Lawrence Score, mean + SD 0.00 + 0.00 3.66 £ 0.49 <0_0001$

SD = Standard Deviation
*

Unpaired t-test
7.

Fisher’s Exact test*

$Non—parametric Mann-Whitney U test
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Table 2
Primers used for quantitative PCR validation
primers
Gene symbol length (bp)
Forward 5’-3° Reverse 5'-3’
Inc-C20rf40-5 TTCCCCCAGTTGGACTCTCA CAGCCATTTGATGTGGTTTGGA 93
Inc-ZSWIM2-4 | GCCATTTGGGAAAAGCTTCAG | GCTTCAAACTCTCAAGAACA 178
Inc-SCRGI1-1 TGGAGAAGGGCGGAGTCATA CCGGTAGAGCTAATGCAGGG 103
Inc-ICOSLG-5 | TGCTCTGAGCTACAGCGTCT GCGACGTGGACAGGATTTCT 87
CSN1S1 CTCACCTGTCTTGTGGCTGT GGCTCACTGCTCTCTGATGG 92
COL10A1 AAAGGCCCACTACCCAACAC GTGGACCAGGAGTACCTTGC 100
WiIF1 TCATGGCAGATCCAACCGTC CCACTTCAAATGCTGCCACC 120
CEMIP TCATCGACCCCAAATCAGGC GCACCGCGTTCAAATACTGG 102
VEGFA GGAGGGCAGAATCATCACGA GTCCACCAGGGTCTCGATTG 84
POSTN CAACGCAGCGCTATTCTGAC CCAAGTTGTCCCAAGCCTCA 101
GAPDH ACCCAGAAGACTGTGGATGG GAGGCAGGGATGATGTTCTG 79
bp = base pair

Osteoarthritfs Cartilage. Author manuscript; available in PMC 2019 March 01.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Brophy et al.

Table 3

Top 15 gene transcripts differentially expressed between APM and TKA meniscus

Gene symbol | Gene name Fold change | adjusted P value
Gene transcripts elevated in TKA meniscus

CSN1S1 casein alpha S1 6.31 0.009
COL10A1 collagen type X alpha 1 chain 5.87 0.029
WIF1 WNT inhibitory factor 1 5.65 0.039
SPARCL1 SPARC like 1 5.19 0.029
TSPAN7 tetraspanin 7 4.88 0.009
DEFA3 defensin alpha 3 4.59 0.030
SEPPI selenoprotein P, plasma, 1 4.32 0.039
PLAZGZA phospholipase A2 group 1A 4.13 0.034
RGS5 regulator of G-protein signaling 5 4.09 0.009
ABCCI9 ATP binding cassette subfamily C member 9 4.08 0.019
MMP9 matrix metallopeptidase 9 4.03 0.042
CFD complement factor D 3.98 0.018
IGF2 insulin like growth factor 2 3.78 0.040
APOE apolipoprotein E 3.77 0.029
OLFMLZA olfactomedin like 2A 3.77 0.009
Gene transcripts repressed in TKA meniscus

POSTN periostin -8.33 0.042
VEGFA vascular endothelial growth factor A -8.16 0.009
CEMIP cell migration inducing hyaluronan binding protein -4.92 0.028
COL6A3 collagen type V1 alpha 3 chain -4.79 0.036
SOX11 SRY-box 11 -4.74 0.041
SGK2 SGK2, serine/threonine kinase 2 -4.60 0.041
ADAMTS14 | ADAM metallopeptidase with thrombospondin type 1 motif 14 -4.50 0.011
MRI1 methylthioribose-1-phosphate isomerase 1 -4.23 0.027
NARF nuclear prelamin A recognition factor -3.72 0.012
KIAA0895L KIAA0895 like -3.64 0.049
SLC17A9 solute carrier family 17 member 9 -3.63 0.009
TNFRSF12A | TNF receptor superfamily member 12A -3.53 0.030
TYMS thymidylate synthetase -3.52 0.040
EZH2 enhancer of zeste 2 polycomb repressive complex 2 subunit -3.43 0.032
1GDCC4 immunoglobulin superfamily DCC subclass member 4 -3.37 0.013
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IncRNAs differentially expressed between APM and TKA meniscus

Table 5

IncRNA Fold change | adjusted P value | Description
Inc-MKRN3-3 6.99 0.028 Upin TKA
Inc-C20rf40-5 6.54 0.031 Upin TKA
Inc-PPAPZB-1 5.96 0.026 Upin TKA
Inc-ZSWIM2-4 421 0.024 Upin TKA
Inc-PGS1-1 4.14 0.024 Upin TKA
Inc-ERALI-1 4.00 0.026 Up in TKA
Inc-NAIF1-1 3.66 0.009 Up in TKA
Inc-RP11-389E17.1.1-3 3.32 0.030 Up in TKA
Inc-PDE6H-2 2.80 0.040 Up in TKA
Inc-CLEC2D-7 2.56 0.049 Up in TKA
Inc-SLC7A13-2 2.35 0.045 Up in TKA
Inc-AP152-2 2.27 0.045 Up in TKA
Inc-ATP13A4-4 1.89 0.011 Up in TKA
Inc-RNF219-1 1.83 0.026 Up in TKA
Inc-STK39-2 1.82 0.029 Up in TKA
Inc-RP11-150012.3.1-3 1.75 0.027 Up in TKA
Inc-CLUL1-1 1.69 0.039 Up in TKA
Inc-SPARCL 1-1 1.65 0.041 Up in TKA
Inc-FRG2-3 1.64 0.021 Up in TKA
Inc-MEX3B-3 1.58 0.045 Up in TKA
Inc-TMEM179-2 1.57 0.046 Up in TKA
Inc-DUSP4-4 1.56 0.047 Up in TKA
Inc-DIRCI-1 1.44 0.028 Up in TKA
Inc-RP11-680F20.5.1-2 1.42 0.041 Up in TKA
Inc-BCL11B-1 1.40 0.045 Up in TKA
Inc-RADIL-2 1.30 0.041 Up in TKA
Inc-FPGS-1 -1.57 0.045 Down in TKA
Inc-TNFRSF9-1 -1.81 0.044 Down in TKA
Inc-EXOSC6-2 -1.88 0.026 Down in TKA
Inc-PENK-1 -1.91 0.044 Down in TKA
Inc-PHGDH-2 -1.93 0.040 Down in TKA
Inc-CEMPI-1 -1.93 0.018 Down in TKA
Inc-SCRG1-1 -1.98 0.041 Down in TKA
Inc-AGMAT-2 -2.06 0.040 Down in TKA
Inc-RPL19-1 -2.10 0.028 Down in TKA
Inc-ICOSLG-5 -2.46 0.017 Down in TKA
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