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Objective: Transcriptomic changes in joint tissues during the development of osteoarthritis (OA) are of
interest for the discovery of biomarkers and mechanisms of disease. The objective of this study was to
use the rat medial meniscus transection (MMT) model to discover stage and tissue-specific tran-
scriptomic changes.
Design: Sham or MMT surgeries were performed in mature rats. Cartilage, menisci and synovium were
scored for histopathological changes at 2, 4 and 6 weeks post-surgery and processed for RNA-sequencing.
Differentially expressed genes (DEG) were used to identify pathways and mechanisms. Published tran-
scriptomic datasets from animal models and human OA were used to confirm and extend present
findings.
Results: The total number of DEGs was already high at 2 weeks (723 in meniscus), followed by cartilage
(259) and synovium (42) and declined to varying degrees in meniscus and synovium but increased in
cartilage at 6 weeks. The most upregulated genes included tenascins. The ‘response to mechanical
stimulus’ and extracellular matrix-related pathways were enriched in both cartilage and meniscus.
Pathways that were enriched in synovium at 4 weeks indicate processes related to synovial hyperplasia
and fibrosis. Synovium also showed upregulation of IL-11 and several MMPs. The mechanical stimulus
pathway included upregulation of the mechanoreceptors PIEZO1, PIEZO2 and TRPV4 and nerve growth
factor. Analysis of data from prior RNA-sequencing studies of animal models and human OA support
these findings.
Conclusion: These results indicate several shared pathways that are affected during OA in cartilage and
meniscus and support the role of mechanotransduction and other pathways in OA pathogenesis.

© 2022 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.
Introduction

Osteoarthritis (OA) can be initiated by acute joint trauma,
leading to posttraumatic OA (PTOA)1 or by a series of risk factors,
including excessive mechanical load2,3, which during aging
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manifest their effects through decompensation of cellular homeo-
stasis mechanisms4 and subsequent joint inflammation, pain and
structural damage to the joint tissues. Based on pathological, his-
topathological, joint imaging, cellular and molecular studies, it is
apparent that the disease process ultimately affects all joint tis-
sues5. The temporal relationship and the types of changes in the
different joint tissues vary among patient subpopulations and
among the different animal models. Despite their limitations, ani-
mal models allow controlled approaches to systematically examine
tissue level changes and with the availability of Omics technologies
td. All rights reserved.
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to obtain global insight into changes in cellular activities during OA
initiation and progression.

The rat medial meniscus transection (MMT) model is a
frequently used OA model6. A full thickness cut in the medial
meniscus leads to joint instability and progressive OA development
characterized by proteoglycan loss, cartilage fibrillation, chon-
drocyte death, eventual damage to the subchondral bone and for-
mation of osteophytes7. The initial damage to the cartilage, as
defined by fibrillation and loss of proteoglycans, is localized to the
medial side of knee joint after MMT. In the later stages, there is
significant cartilage damage and, in some cases, complete loss of
the cartilage layer with exposure of the subchondral bone. Large
medial tibial plateau osteophytes are also present by 3 weeks8,9.
MMT also results in a time-dependent increase in the hind paw
weight distribution between the arthritic knee and the contralat-
eral control knee throughout the duration of the 3-week protocol
which, coupled with histologic changes, is indicative of a chronic
OA-like pain8.

The goals of the present study were to profile transcriptomic
changes by using RNA-sequencing (RNA-seq) in cartilage, menisci
and synovium during the development of experimental OA in the
rat MMT model. The data presented here identify genes altered
during OA progression that are shared between all three tissues as
well as identify those unique to each. Specifically, these data
identify Tnn as a potential candidate for further studies, as this gene
was differentially expressed across all stages of OA in all three tis-
sues. Moreover, these data identify mechanotransduction and
extracellular matrix pathways as critically dysregulated during OA
progression, thus supporting a role for these in pathogenesis.

Methods

Rat MMT model

All animal procedures were approved by the Scripps Research
Institutional Animal Care and Use Committee. Male Lewis rats
(n ¼ 42 total) were assigned to the following groups: 24 rats with
MMTsurgery on the right and sham surgery (SS) on the left knee for
knee tissue collection and RNA sequencing at 2, 4 and 6 weeks
(n ¼ 8 animals per time point); 18 rats with MMT surgery on the
right and sham surgery on the left knee for knee histology at 2, 4
and 6 weeks (n ¼ 6 animals per time point). Animals were anes-
thetized with a ketamine/xylazine cocktail (50 mg/kg Ketaved e

Henry Schein, and 5 mg/kg Xylazine e AniSed respectively) by
intraperitoneal injection, administered appropriate analgesics
(Flunixin, 5 mg/kg subcutaneous injection), and the surgical site
shaved and disinfected. A small incision was made on the medial
right hind knee to expose the collateral ligament. The collateral
ligament was transected, and the joint capsule opened sufficiently
to expose the medial meniscus. The meniscus was transected
completely, then the skin incision was closed, and pressure applied
to the wound to prevent hematoma development. Animals were
allowed to recover on a heated blanket and were returned to their
home cage. Sham procedures were carried out in a similar fashion
except the medial meniscus was not cut.

Histopathology

Rats were euthanized 2 (n ¼ 6), 4 (n ¼ 6) and 6 (n ¼ 6) weeks
after MMT. Because of joint infection, one animal at 2 weeks post-
surgery was excluded. Formalin-fixed rat knees were decalcified,
bisected in the frontal plane, and embedded in paraffin (both halves
in a single block). All blocks were sectioned for 3 levels (spaced at
approx. 160 mm) with one slide per level stained with hematoxylin
and eosin (H&E) and one stained with toluidine blue. The slides
Please cite this article as: Hu Y et al., Transcriptomic analyses of join
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were scored by a veterinary pathologist (Inotiv, Bolder, CO) for
cartilage degeneration, osteophytes, medial tibial bone damage and
sclerosis, synovitis and medial tibial collagen degeneration as
described in detail10. The total cartilage degeneration width was
measured on tibial plateau affected by any type of degeneration
(matrix fibrillation/loss, proteoglycan loss with or without chon-
drocyte death). The largest osteophyte was measured from base to
edge at the thickest point and then given a score based on that
measurement. The calcified cartilage and subchondral bone were
scored to capture changes in these areas which are closely associ-
ated with changes in the non-calcified cartilage. The most severe
lesion was scored in each section. The synovial histopathology
scoring considers numbers of synovial lining cell layers, prolifera-
tion of subsynovial tissue, and infiltration of inflammatory cells and
the measurements of these parameters were then expressed as a
score10.

One-way ANOVA with the post-hoc test was used to compare
cartilage degeneration width among 3 groups. For nonparametric
data, analyses were performed with KruskaleWallis test with
multiple comparisons using Dunn's corrections. GraphPad PRISM 9
was used for above-mentioned statistical analyses.

Tissue collection and RNA isolation

Rats were euthanized 2 (n ¼ 8), 4 (n ¼ 8) and 6 (n ¼ 8) weeks
after MMT. Cartilage from both the medial and lateral sides of tibial
plateaus and femoral condyles, medial and lateral menisci, and
synovium of both knees were collected. All visible synovium tissue
was collected from the medial and lateral sides of the joint capsule
and femoral condyles, distal to the meniscus and directly adjacent
to the tibial plateau at all time points. Due to the very thin layer of
the synovium, it was not possible to collect exclusively the lining
layer without some subsynovial adipose tissue. Tissues were ho-
mogenized with 350 ml TRIZOL using a homogenizer, for three 30 s
intervals interrupted by 3 min breaks. The homogenized tissue was
added to 70 ml 100% ethanol. This mixture was vortexed, and the
100 ml supernatant was collected, centrifuged, and added to the
mRNeasy Mini kit column (Qiagen) following manufacturer's in-
structions. Total RNA was eluted in 12 ml of RNase-free water. The
RNA integrity was determined using an Agilent Bioanalyzer and
only samples with values >5 were used for RNA-seq.

High-throughput RNA-seq library construction and sequencing

The high throughput RNA-seq assay used was part of an early
access kit from iGenomX Inc. Briefly, total RNA (50 ng) was placed
in a solution containing 1.4X First Strand Buffer and barcoded oligo
dT primer and incubated at 80�C for 10 min in 7 mL total volume,
subsequently added was 4.5 mM DTT, barcoded template-switch-
ing oligonucleotide, 1.8 U/mL RNaseOUT (ThermoFisher), dNTP mix
and Reverse Transcriptase in 11 mL final volume. Reactions were
incubated 50 min at 42�C, followed by 5 min at 85�C. This was
followed by addition of 2 mL reaction clean-upmix and incubated at
37�C for 30 min and 80�C for 20 min. Samples were pooled
together, and cDNA products were purified by 1.2X SPRI bead clean-
up procedure with SPRI bead mixture. cDNA products were taken
directly into a PCR reaction containing 1X KAPA HiFi reaction
mixture and 0.5 mM barcoded PCR primers of Illumina p5 and p7
sequences in 100 mL final volume. PCR products were first cleaned
using 1X SPRI bead clean-upmix, and then separated on 2% agarose
gels. Products approximately 350 bpe800 bp were excised and
isolated using agarose gel dissolving buffer and clean-up and
concentrator column (Zymo Research). Purified PCR products were
quantified using Qubit dsDNA HS assay kit, analyzed on Agilent
Tapestation, and sequenced on 100 cycle P2 flow cells with an
t tissues during osteoarthritis development in a rat model reveal
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Illumina NextSeq2000 sequencing instrument using paired-end
sequencing (read1: 26 bases, read2: 94 bases, i5 and i8 indexes
used 8 base reads).

RNA-seq data analysis

The high throughput RNA-seq data was initially processed with
in-house custom scripts using BBTools https://sourceforge.net/
projects/bbmap/) to obtain demultiplexed reads for each sample
based on the inline barcodes. The 50-end 10-base barcodes and 30-
end 12-base UMI information from read1 fastq were first incor-
porated into read2 fastq as part of sequence ID using UMI-tools11.
The read2 sequences (from the pre-deduplicated dataset) were
analyzed using nf-core/RNA-seq pipeline v1.4.2 (implemented on
Nextflow v20.07.1), which is an open-source and available at
https://github.com/nf-core/rnaseq as part of the nf-core project12.
Read2s were trimmed for adapters using trimGalore! v0.6.4
(https://www.bioinformatics.babraham.ac.uk/projects/trim_
galore/) and aligned to the rat genome (Rattus norvegicus) ENSEMBL
build Rnor 6.0 using STAR v2.6.1d13. Gene-level assignment was
then performed using featureCounts v1.6.414. The gene expression
matrix with raw gene counts was then used for differential gene
expression analysis using the Bioconductor DESeq2 R package
v1.20.015. The resulting P-values were adjusted using the Benjamini
and Hochberg's approach for controlling the false discovery rate
(FDR). Genes with an adjusted P-value (padj) <0.05 found by
DESeq2 were assigned as significantly differentially expressed
genes (DEGs). The uniquely mapped alignments resulting from
alignments to the reference genome were deduplicated removing
the PCR duplicates. The transcript UMI for each gene was counted
for each sample using UMI-tools. Further, statistical analysis of
pathways and gene ontology (GO) terms were carried out for gene
lists showing significant differences between the compared groups
using iPathwayGuide (Advaita Bioinformatics, Plymoth, MI, USA;
https://advaitabio.com/ipathwayguide/).

The pathway enrichment (KEGG) and GO analyses, including
biological process, from different gene lists was carried out by using
Database for Annotation, Visualization, and Integrated Discovery
(DAVID) (http://david.abcc.ncifcrf.gov/). For GO classification and
KEGG, the cutoff conditionswere set as FDR¼ 0.05. The GO graphs of
all enriched GO terms and volcano plots were drawn by ggplot2
package in R environment. Heatmaps were generated in R package
‘pheatmap’. The DEGs weremapped to the STRING database (https://
string-db.org/) toestablishproteineprotein interaction (PPI)network.
The network visualization of PPI was carried out by Cytoscape.

Utilization of RNA-seq datasets from normal and OA human knee
cartilage tissues

Our previous RNA-seq dataset from normal and OA human knee
cartilage tissues was utilized (GEO accession number: GSE114007)16.
Normal human knee cartilage tissues were from 13 males and 5 fe-
males (age 18 to 61, mean 37 ± 3) without history of joint disease or
trauma. OA-affected cartilage was harvested from tissues removed
duringkneereplacement surgery from8males and12 females (age51
to 82,mean 66± 2). Geneswith log2 CPM>3 in one ormore samples
were included in the analysis16. A FDR was calculated based on the
moderated t-statistic using the Benjamini-Hochberg method17.

Results

Histopathological changes in the rat MMT model

Cartilage degeneration lesions were more severe in knee joints
at 6 weeks than those at 2 weeks [Fig. 1(A)]. Knee joints at 6 weeks
Please cite this article as: Hu Y et al., Transcriptomic analyses of join
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post-surgery displayed a significantly higher calcified cartilage and
subchondral bone damage scores than those at 2 and 4 weeks
[Fig. 1(B)]. Osteophytes scores were significantly increased from 2
to 6 weeks post-surgery [Fig. 1(C)]. Synovitis scores were only
modestly elevated and knee joints at 6 weeks post-surgery showed
a significant reduction in synovitis score compared to both 2 and 4
weeks [Fig. 1(D)]. Representative histology images are included in
Suppl. Fig. 1.

Differentially expressed genes in cartilage

We first determined the genes that were differentially expressed
(DE) in the knee cartilage between SS andMMTsurgery at 2, 4 and 6
weeks post-surgery. Principal component analysis (PCA) showed
good separation between sham and MMT at all 3 time points
[Supplementary Fig. 2(A)e(C)]. As presented in the volcano plot
[Fig. 2(A)], 259 genes were significantly DE between SS and MMT
cartilage with 204 being upregulated and 55 downregulated at 2
weeks (Full results in Supplementary Table 1). Among the 259 DE
genes, 31 had a log2FC of �2 (29 upregulated and 2 down-
regulated). The most significantly upregulated gene was Chi3l1
(log2FC 2.10, padj 1.76*10�40), encoding human glycoprotein of
cartilage (YKL-40), which is a major secretory product of chon-
drocytes and synovial cells and a biomarker of cartilage turnover
and synovitis18. As presented in the volcano plot [Fig. 2(B)], 238
genes were upregulated and 82 downregulated at 4 weeks (Full
results in Supplementary Table 1). Ordered by adjusted P value, the
top five upregulated or downregulated DEGs were Pcsk5, Tnc, Il11,
Htra1, Timp2, and Id4, Dlk1, Gsn, Ramp2, Hs3st1, respectively. At 6
weeks, there were 316 DEGs between SS and MMT cartilage. As
presented in the volcano plot [Fig. 2(C)], 235 genes were upregu-
lated in the MMT cartilage, while 81 were downregulated (Full
results in Supplementary Table 1). Themost significant upregulated
genes were Pcsk5, Crispld2, Fn2, Lbp and Tnfaip6, while the most
downregulated genes were Penk, Txnip and Cytl1. The heatmap of
15 upregulated and 10 downregulated genes with the highest fold
change in cartilage at all 3 time points are shown in Fig. 2(D)e(F).
These individual gene levels analyses show that the largest upre-
gulation is for ECM-related genes but also for Ngf and Il11 at 2, 4
and 6 weeks post-surgery.

Pathways and biological processes in cartilage

We explored whether the DEGs were enriched for particular
pathways or processes, using DAVID. The results at 2 weeks
demonstrated significantly enriched GO terms regarding processes
involved in ‘response to mechanical stimulus’ (GO:0009612; 14
genes) (FDR 1.50*10�7), characterized by upregulation of Ngf
(log2FC 4.98, padj 1.70*10�18) and Ccl2 (log2FC 3.87, padj
1.60*10�4). GO analysis revealed the biological processes upregu-
lated at 4 weeks were related to ‘collagen fibril organization’
(GO:0030199; 11 genes) (FDR 4.94*10�8), characterized by
enhancement of Col3a1 (log2FC 2.28, padj 1.95*10�10) and Lum
(log2FC 1.88, padj 8.64*10�6) and ‘response tomechanical stimulus’
(GO:0009612; 15 genes) (FDR 4.94*10�8), characterized by upre-
gulation of Ngf (log2FC 2.92, padj 6.68*10�13), Chi3l1 (log2FC 2.12,
padj 2.89*10�7) and Tnc (log2FC 1.75, padj 4.29*10�30). In contrast,
the biological processes downregulated at 4 weeks post-surgery
were related to ‘osteoblast differentiation’ (GO:0001649; 9 genes)
(FDR 1.31*10�5), characterized by depletion of Myoc (log2FC �1.77,
padj 3.80*10�6) and Penk (log2FC �1.70, padj 6.62*10�3). Finally,
GO analysis revealed the biological processes upregulated at 6
weeks post-surgery were ‘collagen fibril organization’ (13 genes)
(FDR 7.03*10�11), characterized by enhancement Col3a1 (log2FC
2.03, padj 9.37*10�9) and Tnxb (log2FC 1.66, padj 3.89*10�11),
t tissues during osteoarthritis development in a rat model reveal
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Fig. 1 Osteoarthritis and Cartilage

OARSI scoring of histological sections of knees with MMT. A: Total cartilage degeneration width. B: Calcified cartilage and subchondral
bone damage score. C: Osteophyte score. D: Synovitis score.
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‘response to mechanical stimulus’ (14 genes) (FDR 4.54*10�7),
characterized by upregulation of Ngf (log2FC 2.73, padj 6.96*10�10),
Chi3l1 (log2FC 2.30, padj 5.90*10�11), Col3a1 (log2FC 2.03, padj
9.37*10�9) and Fos (log2FC 1.41, padj 9.77*10�3) and ‘response to
hypoxia’ (GO:0001666; 19 genes) (FDR 4.55*10�6), characterized by
expression of Mmp3 (log2FC 1.42, padj 2.68*10�18), Nr4a2 (log2FC
1.32, padj 1.18*10�3) and Serpina1 (log2FC 1.20, padj 3.68*10�15).
The only downregulated biological process was ‘osteoblast differ-
entiation’ (8 genes) (FDR 4.52*10�4), characterized by depletion of
Myoc (log2FC �1.83, padj 4.09*10�6) and Penk (log2FC �1.23, padj
4.69*10�10). The top upregulated biological processes (FDR < 0.001)
are illustrated in Fig. 2(G)e(I). The top biological processes
(FDR < 0.001) and KEGG pathways (FDR < 0.05) are listed in Sup-
plementary Table 2.

Differentially expressed genes in meniscus

We next determined the genes that were DE in the knee
meniscus between SS and MMT at 2, 4 and 6 weeks post-surgery.
PCA showed good separation between SS and MMT at all 3 time
points [Supplementary Fig. 2(D)e(F)]. A total of 723 DEGs were
observed in the SS vs MMT menisci at 2 weeks with 433 genes
upregulated, and 290 genes downregulated in MMT menisci
[Fig. 3(A), full results in Supplementary Table 3]. The most signifi-
cantly upregulated genes were Lbp (log2FC 1.82, padj 7.97*10�52),
Mmp14 (log2FC 1.92, padj 3.92*10�42) andWisp2 (log2FC 1.96, padj
9.94*10�37), while the most significantly downregulated genes
were Myoc (log2FC �3.27, padj 2.82*10�95), Gsn (log2FC �2.25,
padj 6.40*10�71) and Clec3a (log2FC �1.35, padj 2.41*10�25). At 4
weeks there were 558 DEGs (253 upregulated and 305 down-
regulated) [Fig. 3(B), full results in Supplementary Table 3]. The
most significantly upregulated genes were Lum (log2FC 1.74, padj
1.23*10�51), Mmp13 (log2FC 2.23, padj 2.61*10�46) and Chi3l1
(log2FC 1.46, padj 2.81*10�39). The most significantly down-
regulated genes were Myoc (log2FC �2.57, padj 9.62*10�72), Cilp
(log2FC �1.90, padj 3.02*10�71) and Chad (log2FC �1.45, padj
1.59*10�33). At 6 weeks, we found 531 significant DEGs between
the SS and MMT meniscus [Fig. 3(C), full results in Supplementary
Please cite this article as: Hu Y et al., Transcriptomic analyses of join
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Table 3]. The top significantly upregulated genes were Tnn (log2FC
4.84, padj 5.26*10�55), Lum (log2FC 1.39, padj 3.17*10�37) and Lbp
(log2FC 1.48, padj 1.72*10�27), while the downregulated genes
were Myoc (log2FC �2.34, padj 1.06*10�17), Gsn (log2FC �1.90,
padj 1.03*10�15) and Cytl1 (log2FC �1.63, padj 4.88*10�13). The
heatmap of 15 upregulated and 10 downregulated genes with the
highest fold change in meniscus at the 3 time points are shown in
Fig. 3(D)e(F).

Pathways and biological processes in meniscus

GO analysis revealed that the biological processes upregulated
in MMT menisci were ‘collagen fibril organization’ (15 genes) (FDR
1.38*10�10), ‘ossification’ (GO:0001503 18 genes) (FDR 1.26*10�11)
and ‘collagen fibril organization’ (15 genes) (FDR 8.63*10�14) at 2
[Fig. 3(G)], 4 [Fig. 3(H)] and 6 [Fig. 3I] weeks, respectively (Full
results in Supplementary Table 4). In contrast, the biological pro-
cesses downregulated in MMT menisci were ‘brown fat cell dif-
ferentiation’ (GO:0050873 8 genes) (FDR 8.21*10�4), ‘angiogenesis’
(GO:0001525 16 genes) (FDR 2.84*10�4) and ‘response to drug’
(GO:0042493 26 genes) (FDR 1.12*10�4) at 2, 4 and 6 weeks,
respectively (Supplementary Table 4). KEGG further confirmed the
enrichment of genes for ECM-receptor interaction, focal adhesion,
regulation of lipolysis in adipocytes, and vascular smooth muscle
contraction at each of the respective time points (Supplementary
Table 4). The top biological processes (FDR < 0.001) and KEGG
pathways (FDR < 0.05) are listed in Supplementary Table 4.

Differentially expressed genes in synovium

Finally, we determined the genes that were DE in the knee
synovium between SS and MMT at 2, 4 and 6 weeks post-surgery.
PCA showed good separation between SS and MMT at all 3 time
points [Supplementary Fig. 2(G)e(I)]. At 2 weeks, we identified 42
DEGs in synovium, with 28 genes upregulated and 14 genes
downregulated [Fig. 4(A), full results in Supplementary Table 5]. At
4 weeks, among the 102 DEGs, 63 genes were upregulated and 39
were downregulated in MMT synovium compared with SS
t tissues during osteoarthritis development in a rat model reveal
steoarthritis and Cartilage, https://doi.org/10.1016/j.joca.2022.10.003
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Fig. 2 Osteoarthritis and Cartilage

DEGs and biological processes in articular cartilage between sham-operated and MMT-operated knees. AeC: Volcano plot of genome-
wide mRNA expression between two groups at 2 (A), 4 (B), 6 (C) weeks post-surgery (padj < 0.05). DeF: Heatmap of 25 DEGs with the highest
fold change in articular cartilage at 2 (D), 4 (E), 6 (F) weeks post-surgery. GeI: The top biological processes for up-regulated DEGs between two
groups at 2 (G), 4 (H), 6 (I) weeks post-surgery.
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synovium [Fig. 4(B), full results in Supplementary Table 5]. At 6
weeks, we identified 13 upregulated DEGs and 38 downregulated
DEGs [Fig. 4(C), Supplementary Table 5]. Tnn was the most upre-
gulated gene at 2 and 6 weeks and the second most upregulated
gene at 4 weeks. Notably, besides Tnn only few known inflamma-
tion genes were upregulated (C1s at 4 weeks). The heatmap of 15
upregulated and 10 downregulated genes with the highest fold
change in synovium at all 3 time points are shown in Fig. 4(D)e(F).

Pathways and biological processes in synovium

KEGG and GO functional enrichment analyses revealed that
genes upregulated in MMT synovium at 4 weeks were enriched in
‘ECM-receptor interaction’ (rno:04512 6 genes) (FDR 1.34*10�3)
and ‘cell adhesion’ (GO:0007155; 10 genes) (FDR 8.67*10�5)
Please cite this article as: Hu Y et al., Transcriptomic analyses of join
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[Fig. 4(G), full results in Supplementary Table 6]. GO biological
process revealed that downregulated genes in MMT synovium at 6
weeks were associated with ‘lipid catabolic process’ [Fig. 4(H), full
results in Supplementary Table 6]. Furthermore, the KEGG pathway
analysis of downregulated genes at 6 weeks were significantly
enriched in the ‘PPAR signaling pathway’ (rno:03320; 7 genes) (FDR
1.73*10�5) and ‘AMPK signaling pathway’ (rno:04152; 7 genes)
(FDR 1.74*10�4). The top biological processes (FDR < 0.01) and
KEGG pathways (FDR < 0.05) are listed in Supplementary Table 6.

Continuous DE gene expression changes during OA development in
each tissue

To investigate the genes that were differentially expressed at all
stages of OA progression, we intersected the DEG lists from 2, 4 and
t tissues during osteoarthritis development in a rat model reveal
steoarthritis and Cartilage, https://doi.org/10.1016/j.joca.2022.10.003



Fig. 3 Osteoarthritis and Cartilage

DEGs and biological processes in meniscus between sham-operated and MMT-operated knees. AeC: Volcano plot of genome-wide
mRNA expression between two groups at 2 (A), 4 (B), 6 (C) weeks post-surgery (padj < 0.05). DeF: Heatmap of 25 DEGs with the highest fold
change in menisci at 2 (D), 4 (E), 6 (F) weeks post-surgery. GeI: The top biological processes for up-regulated DEGs between two groups at 2 (G),
4 (H), 6 (I) weeks post-surgery.
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6 weeks post-surgery for each tissue type (Supplementary Tables 1,
3 and 5). In cartilage from knees with MMT, intersection of these
three lists revealed 120 genes were differentially expressed at all
three time points [Fig. 5(A)]. Of these, 99 genes were upregulated
and 21 were downregulated. GO pathway analysis revealed 23
biological processes, including those commonly implicated in OA
development [Fig. 5(B)]. The most abundant changes were in
upregulated pathways related to the ‘response to mechanical
stimulus’ (9 genes, FDR 7.84*10�5), ‘wound healing’ (9 genes, FDR
1.74*10�4) and ‘response to lipopolysaccharide’ (11 genes, FDR
7.82*10�4). Additionally, the downregulated genes at all points
were only significantly enriched for the terms ‘osteoblast differ-
entiation’ (5 genes, FDR 0.003) and ‘positive regulation of gene
expression’ (6 genes, FDR 0.008). KEGG pathway analysis indicated
Please cite this article as: Hu Y et al., Transcriptomic analyses of join
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that genes upregulated in MMT knees at the three time points were
significantly enriched in ‘ECM-receptor interaction’ (9 genes, FDR
5.77*10�6), ‘focal adhesion’ (10 genes, FDR 2.25*10�4), ‘PI3K-Akt
signaling pathway’ (10 genes, FDR 0.007), ‘amoebiasis’ (6 genes,
FDR 0.015) and ‘complement and coagulation cascades’ (5 genes,
FDR 0.020). Network analysis was performed using STRING and
Cytoscape. Each node represents a protein and the edges their
regulatory relationships. Multi-edged nodes are described as hubs.
We observed 201 edges between 120 nodes [Fig. 5(C)]. The in-
teractions revealed hubs that are placed at the center of the
network. Fn1 was the node with the highest number of edges,
followed by Col3a1, Dcn, Col5a1, Mmp3, Sdc1 and Timp1.

We then performed the same intersection analysis in meniscus,
which revealed 194 genes that were significantly changed across all
t tissues during osteoarthritis development in a rat model reveal
steoarthritis and Cartilage, https://doi.org/10.1016/j.joca.2022.10.003



Fig. 4 Osteoarthritis and Cartilage

DEGs and biological processes in synovium between sham-operated and MMT-operated knees. AeC: Volcano plot of genome-wide
mRNA expression between two groups at 2 (A), 4 (B), 6 (C) weeks post-surgery (padj < 0.05). DeF: Heatmap of 25 DEGs with the highest fold
change in synovium at 2 (D), 4 (E), 6 (F) weeks post-surgery. GeI: The top biological processes for up-regulated DEGs between two groups at 2
(G), 4 (H), 6 (I) weeks post-surgery.
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3 time points [Fig. 5(D)]. Of these, 105 genes were upregulated and
89 were downregulated. As in cartilage, functional analysis was
carried out for these DEGs. GO analysis revealed the biological
processes that were upregulated at all stages in OA progression
included ‘cell adhesion’, ‘collagen fibril organization’, ‘response to
mechanical stimulus’, ‘wound healing’ and ‘collagen catabolic
process’ [Fig. 5(E)]. However, there was only one significantly
downregulated biological process e ‘regulation of blood pressure’.
KEGG also showed enrichment related to ‘ECM-receptor interac-
tion’ (12 genes, FDR 1.13*10�10), ‘focal adhesion’ (11 genes, FDR
7.57*10�6), ‘protein digestion and absorption’ (8 genes, FDR
1.39*10�5) and ‘PI3K-Akt signaling pathway’ (11 genes, 2.87*10�4).
We then performed network analysis as described above. This
Please cite this article as: Hu Y et al., Transcriptomic analyses of join
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analysis showed 451 edges between 193 nodes [Fig. 5(F)]. We found
Col1a1, Col3a1, Bgn, Col5a1, Mmp2, Lox and Acan occupy central
positions in the interaction network.

Finally, we performed the intersection analysis in synovium
from MMT knees, which revealed only 4 genes were significantly
changed at all time points, including Tnn, Smoc2, Sectm1b and Lox
[Fig. 5(G)].

Time-specific gene expression changes during OA development in
each tissue and in all joint tissues

Tnn was the only gene that was DE in all 3 tissues at all 3 time
points (Table I).
t tissues during osteoarthritis development in a rat model reveal
steoarthritis and Cartilage, https://doi.org/10.1016/j.joca.2022.10.003



Fig. 5 Osteoarthritis and Cartilage
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Time points Tissue Overlapping genes

2, 4 and 6
weeks

Cartilage, meniscus and
synovium

Tnn

Cartilage and meniscus Tnn, Crabp2, Crlf1, Tnfaip6, Serpine1, Chi3l1, Lbp, Tnc, Col3a1, Timp1, Gja1, Mt2A, Sdc1, Crispld2, Tnfrsf12a, Chsy1, Wisp2,
Clec2dl1, Col5a1, Sod2, Htra1, C1qtnf5, Tspan2, Rab15, Col6a3, Col8a1, Mmp3, Col5a2, Pmepa1, Mmp14, Vcan, Aebp1, Txnip,
Fxyd1, Gsn, Frzb, Id4, Cytl1, Myoc, Hs3st1

Meniscus and synovium Tnn, Lox, Sectm1b
Cartilage and synovium Tnn

2 weeks Cartilage, meniscus and
synovium

Tnn, Ptn, Crlf1, Mmp14, Gsn, Myoc

4 weeks Cartilage, meniscus and
synovium

Tnn, Mmp3, Sfrp4, Clec2dl1, Wisp2, Lum, Lox, Tnfaip6, Col12a1, Gja1, C1s, Mmp2, Mmp14, Bgn, Vcan, Hif1a, Timp1, Aebp1,
Col5a1, Nbl1, Col6a3

6 weeks Cartilage, meniscus and
synovium

Tnn, Sectm1b, Wisp2, Lox, Gja1, Aebp1, Pla2g16, Myoc, Nnat

Table I Osteoarthritis and Cartilage

Summary of continuously overlapping genes among three tissues and overlapping genes among three tissues at each time point
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At 2 weeks, there were 6 genes (Tnn, Ptn, Crlf1, Mmp14, Gsn and
Myoc) that were DE in all three tissues, 21 at 4 weeks and 9 at 6
weeks (Tnn, Sectm1b, Wisp2, Lox, Gja1, Aebp1, Pla2g16, Myoc and
Nnat). By comparing the DEGs in cartilage and meniscus, we found
40 genes shared by these two tissues at all time points (Table I). At 2
weeks, there were 108 overlapping genes between cartilage and
meniscus, 32 genes between meniscus and synovium, and 7 genes
between cartilage and synovium.

At 4 weeks, there were 103 overlapping genes between cartilage
and meniscus, 56 genes between meniscus and synovium, and 23
genes between cartilage and synovium.

At 6 weeks, 110 overlapping genes were DE between cartilage
and meniscus, which were enriched in ‘collagen fibril organization’
(12 genes, FDR 2.65*10�13), ‘extracellular matrix organization’ (10
genes, FDR 2.30*10�6), ‘response to mechanical stimulus’ (10 genes,
FDR 2.85*10�6), ‘cell adhesion’ (13 genes, FDR 2.25*10�6) and
‘wound healing’ (10 genes, FDR 8.25*10�6), 45 genes between
meniscus and synovium, which were enriched in ‘response to drug’
(11 genes, FDR 3.93*10�4), ‘fatty acid metabolic process’ (5 genes,
FDR 0.005), ‘lipid catabolic process’ (5 genes, FDR 0.006) and ‘tri-
glyceride catabolic process’ (4 genes, FDR 0.006), and 10 genes
between cartilage and synovium (Tnn, Sectm1b, Wisp2, Lox, Gja1,
Aebp1, Pla2g16, Myoc, Enpp2 and Nnat).

Supplementary Table 7 shows biological processes that are not
only shared by multiple time points and tissues, but also those that
are tissue- and time-specific.
DEG, biological processes and proteineprotein interactions in cartila

cartilage of MMT-operated knees vs sham-operated knees among three
DEGs changed at each time point for biological processes. Node color repr
counts. C: Network representation of the proteineprotein interactions betw
genes with at least one interaction partner are represented. Nodes are colo
excluded from the graph. D: Comparison of DEGs in meniscus of MMT-op
surgery. E: Gene oncology functional clustering of DEGs changed at each
indicated by the color bar. Node size represents gene counts. F: Network r
were significantly regulated at each time point. Only genes with at least one
the degree. Genes with no identified interactions are excluded from the gra
vs sham-operated knees at 2, 4, and 6 weeks post-surgery.
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Shared DE genes in the rat MMT model with a prior DNA array
studies of rat MMT

To compare and validate the present findings, we used data from
a prior study by Mitchell et al. that was methodologically most
similar to the present study, which identified 475 DEGs in the
cartilage of rat MMT at one or more time points when compared
with the time-matched sham control group19. We compared these
DEGswith the 120 genes differentially expressed in cartilage at all 3
time points in our study. There were 34 genes commonly changed
between two studies (Table II). Whenwe compared this to the DEGs
in cartilage only at week 6 in our study, there were 57 genes
involving ‘response to lipopolysaccharide’, ‘response to cytokine’
and ‘response to mechanical stimulus’ (Table II).

Shared DE genes in the rat MMT model and in human OA

We previously performed RNA-seq analysis on human knee
articular cartilage isolated from normal (n ¼ 18) and OA (n ¼ 20)
donors, in which we identified 1,332 DEGs16. To determine simi-
larities with the rat MMT, we compared the 120 genes that were
differentially expressed at all 3 timepoints in rat cartilage to the
1,332 DEGs identified in the OA patients. This comparison resulted
in 46 genes altered in rat MMT model and OA patients. 36 of these
46 genes shared the same expression pattern (up vs down-
regulated) in the MMTmodel and in human OA (Table III). Pathway
ge, meniscus, and synovium. A: Comparison of DEGs in articular
time points post-surgery. B: Gene oncology functional clustering of
esents FDR as indicated by the color bar. Node size represents gene
een genes that were significantly regulated at each time point. Only
red according to the degree. Genes with no identified interactions are
erated knees vs sham-operated knees among three time points post-
time point for biological processes. Node color represents FDR as

epresentation of the proteineprotein interactions between genes that
interaction partner are represented. Nodes are colored according to

ph. G: Comparison of DEGs in the synovium of MMT-operated knees

t tissues during osteoarthritis development in a rat model reveal
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Gene list Biological process
(FDR < 0.01)

Hits FDR

Continuous DEGs in cartilage at all time
points and study by Mitchell et al.

Tnn, Il11, Crabp2, Pcsk5, Crlf1, Aldh1a3, Tnfaip6, Inhba, Serpine1, Chi3l1, Lbp,
Serpina1, Tnc, Col3a1, Cdh13, Cd14, Tnfrsf12a, Tgm2, Ldlr, Wisp2, Tekt1, Col5a1,
Sod2, Timp3, Tspan2, Junb, Tesc, Klf4, Mmp3, Mmp14, Loxl2, Ccnd1, Tgfbr3, Myoc

response to
mechanical stimulus

6 6.67*10�4

response to hypoxia 7 0.002
response to
lipopolysaccharide

7 0.002

response to cytokine 5 0.004
response to estrogen 5 0.005

DEGs in cartilage at 6 weeks and study
by Mitchell et al.

Il11, Tnn, Pcsk5, Tnfaip6, Chi3l1, Crlf1, Inhba, Aldh1a3, Col3a1, Serpine1, Tekt1, Lbp,
Tnfrsf12a, Crabp2, Mmp3, Tesc, Fos, Wisp2, Timp3, Serpina1, Loxl2, Pdgfc, Cd14,
Slc6a12, Cdh13, Ldlr, Sod2, Tspan2, Ccnd1, Col5a1, Junb, Sqle, Tgm2, Trpv4, Col6a2,
Egfl6, Cyr61, Tnc, Ptn, Slc2a1, Tnfrsf21, P4ha2, Mmp14, Klf4, Ddah1, Bcat1, Mbnl2,
Stat3, Rnh1, Tgfbr3, Zfhx4, Sfrp5, Blvrb, RT1, Adhfe1, Ramp2, Myoc

response to
lipopolysaccharide

10 1.30*10�4

response to cytokine 7 1.99*10�4

response to
mechanical stimulus

7 1.99*10�4

response to organic
substance

7 0.001

positive regulation of
gene expression

9 0.002

response to hypoxia 8 0.002
response to estradiol 7 0.004
positive regulation of
cell migration

7 0.004

Table II Osteoarthritis and Cartilage

Summary of overlapping DEGs in cartilage of present study and a prior study by Mitchell et al
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analysis of these 36 genes revealed 4 enriched biological processes,
including ‘response to mechanical stimulus’ (Col3a1, Cited2, Tnc,
Txnip, Timp3 and Ngf; FDR 8.65*10�4), ‘wound healing’ (Col3a1,
Serpine1, Tnc, Timp1 and Eng; FDR 0.026), ‘negative regulation of
endopeptidase activity’ (Serpine2, Serpine1, Timp3, Timp1 and Ngf;
FDR 0.032) and ‘negative regulation of catalytic activity’ (Txnip,
Timp3, Timp1 and Cd55; FDR 0.038). Furthermore, we identified 16
DEGs changed in the cartilage and meniscus in MMT model and
human OA cartilage (Crlf1, Tnfaip6, Serpine1, Tnc, Col3a1, Timp1,
Col5a1, Htra1 and Tspan2).

Discussion

Overview of DEGs

The present study is the first to analyze global transcriptomic
profiles in three joint tissues, including cartilage, meniscus and
synovium at multiple timepoints following either sham or MMT
surgery. The goals of the study were two-fold: 1) to determine
temporal patterns of gene expression during OA progression and 2)
to reveal both shared and tissue-specific changes in gene expres-
sion. Compared to cartilage and synovium, meniscus showed the
largest number of DEGs at all time points (2, 4 and 6 weeks post-
surgery). Additionally, of the three time points, the DEG count was
highest at the 2-week time point. Both observations appear to
reflect, at least in part, a response to the surgical meniscus injury.
The number of DEGs in cartilage increased from 2 to 4 weeks and
then remained largely stable, which is in line with the significantly
increasing cartilage degeneration width from 2 to 6 weeks in our
study. This is also consistent with histological changes in cartilage
becoming detectable by 3e4 weeks9. Synovium showed a much
lower number of DEGs which increased fromweek 2 to week 4 and
decreased by week 6. This is highly consistent with the low level of
histological changes in this model in our study and prior publica-
tions20,21. It is also notable that there was no inflammation
Please cite this article as: Hu Y et al., Transcriptomic analyses of join
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signature in the DEGs. Synovium also showed several enriched and
downregulated pathways related to adipose tissues. This is likely
due to inclusion of sub-synovial fat tissue during collection of the
synovial lining.

Individual DEGs

Largely due to the limited number of DEGs in synovium, the only
gene that changed in all tissues at all time points was Tnn (TN-N,
also known as Tenascin-W), an extracellular matrix glycoprotein.
The expression of Tnn was low in sham control knee joints (Sup-
plementary Tables 1, 3 and 5); however, it showed the largest in-
crease of all genes at 2 weeks post-MMT surgery to levels, similar to
those of other tenascins that have previously been reported to be
upregulated in OA22,23. We also found enhancement of Tnc, but
depletion of Tnxb in cartilage and meniscus at all time points
(except for Tnxb in cartilage at 2 weeks). Our findings are similar to
Tnn dysregulation throughout the time course of DMM in mice as
reported earlier24. TN-C is also reported to be significantly
enhanced in the knee cartilage and synovial fluid in OA pa-
tients22,23. TN-C and TN-N are largely undetectable in adult tissue,
but they are often upregulated under pathological stresses,
including angiogenesis andwound healing25. The functions of TN-N
in OA knee joints are still unclear, but it potentially induces in-
flammatory mediators and promotes degradation of matrix in OA
cartilage22,23, possibly by activating both caspase-1 and TLR4/NF-
kB/NLRP3 pathways26.

Focusing on cartilage and meniscus e which each had a sub-
stantial number of DEGs at all timepoints e several other genes of
interest were identified in this study including Tnfaip6, Htra1,
Aebp1 and Cytl1. Tnfaip6, also known as Tsg-6, encodes a secretory
protein that is produced in response to inflammatory mediators,
which is thought to play an anti-inflammatory role in arthritis and
protect against destruction of joint cartilage27. Htra1 is involved in
the degradation of ECM through inducing expression of MMPs and
t tissues during osteoarthritis development in a rat model reveal
steoarthritis and Cartilage, https://doi.org/10.1016/j.joca.2022.10.003



Rat cartilage

2 weeks 4 weeks 6 weeks Human cartilage

SYMBOL log2(FC) padj log2(FC) padj log2(FC) padj SYMBOL log2(FC) adj.P.Val

Il11 6.560 2.67E-35 4.595 1.65E-29 3.404 1.81E-18 IL11 2.990 1.50E-02
Ngf 4.981 1.70E-18 2.924 6.68E-13 2.734 6.96E-10 NGF 2.781 1.09E-02
Crlf1 2.510 2.70E-19 2.405 1.20E-16 2.291 2.88E-03 CRLF1 2.139 5.12E-05
Tnfaip6 2.452 2.60E-27 2.142 1.54E-14 2.447 1.49E-22 TNFAIP6 4.384 9.77E-07
Serpine1 2.181 2.55E-15 1.917 2.50E-13 1.947 2.63E-08 SERPINE1 1.424 3.73E-02
Lamb3 2.003 3.84E-03 1.534 3.68E-03 1.301 3.98E-02 LAMB3 1.240 7.25E-03
Tnc 1.894 3.01E-04 1.754 4.29E-30 0.757 1.47E-02 TNC 3.646 4.07E-05
Col3a1 1.647 5.23E-14 2.280 1.95E-10 2.032 9.37E-09 COL3A1 2.731 1.75E-04
Timp1 1.577 8.32E-19 1.268 7.40E-17 0.905 5.27E-06 TIMP1 1.575 2.69E-02
Tgm2 1.349 1.11E-10 1.384 5.21E-09 0.866 2.01E-03 TGM2 1.452 2.86E-03
Tppp3 1.304 6.79E-05 1.154 1.46E-07 1.183 3.89E-05 TPPP3 3.061 5.43E-05
Nid2 1.245 4.90E-08 0.934 1.91E-04 1.069 8.92E-04 NID2 1.174 1.69E-02
Vwa1 1.224 8.99E-07 1.480 2.29E-12 1.305 6.12E-13 VWA1 1.028 6.89E-03
Serpine2 1.172 2.07E-12 0.929 8.39E-15 0.988 6.06E-16 SERPINE2 2.132 3.71E-05
Col5a1 1.130 1.09E-08 1.221 8.26E-16 0.919 5.76E-07 COL5A1 1.680 2.71E-05
Timp3 1.113 5.24E-04 1.071 8.08E-10 1.212 2.50E-11 TIMP3 1.140 8.94E-05
Htra1 1.099 5.29E-08 1.028 2.66E-23 1.163 1.59E-13 HTRA1 2.712 1.43E-07
Eng 1.059 4.31E-07 0.912 3.80E-06 0.787 9.00E-03 ENG 1.066 1.71E-02
Tspan2 1.030 4.92E-10 1.157 1.37E-12 0.988 6.86E-06 TSPAN2 1.894 1.51E-04
Col6a3 0.955 3.90E-07 0.971 5.73E-12 0.936 4.70E-10 COL6A3 1.280 1.96E-02
F5 0.936 4.28E-03 0.815 2.36E-02 0.755 1.24E-02 F5 1.334 3.40E-03
Col8a1 0.876 9.03E-03 1.324 4.48E-10 1.421 7.77E-07 COL8A1 2.591 8.76E-03
Cd55 0.776 1.01E-02 0.871 2.61E-03 0.806 2.38E-02 CD55 1.828 2.58E-06
Col5a2 0.766 1.62E-04 0.967 3.15E-13 0.752 7.54E-05 COL5A2 1.947 2.03E-04
Map1a 0.765 4.39E-02 0.555 7.49E-03 0.540 2.61E-03 MAP1A 1.200 3.98E-04
Cxcl14 0.706 1.54E-07 0.773 5.73E-12 1.095 6.49E-19 CXCL14 2.368 3.07E-02
Ccnd1 0.673 8.27E-04 0.864 3.17E-07 0.927 2.32E-09 CCND1 2.102 2.29E-06
Pros1 0.633 3.28E-02 0.693 2.26E-03 0.733 2.32E-02 PROS1 1.087 5.46E-04
Aebp1 0.601 2.37E-02 0.903 4.20E-07 0.865 6.08E-08 AEBP1 1.403 3.37E-05
Smoc1 0.558 2.24E-02 0.671 4.73E-03 0.795 1.72E-03 SMOC1 1.812 1.14E-04
Txnip �0.552 1.96E-02 �0.637 2.54E-03 �0.926 3.22E-09 TXNIP �2.311 3.79E-05
Klf15 �0.691 2.93E-02 �0.938 6.82E-03 �0.930 4.90E-03 KLF15 �2.241 1.15E-04
Cited2 �0.711 1.24E-04 �0.633 2.25E-04 �0.566 5.88E-04 CITED2 �1.655 3.59E-05
Cytl1 �1.072 4.44E-02 �0.783 1.09E-08 �0.651 1.14E-08 CYTL1 �1.886 1.06E-02
Myoc �1.087 1.10E-04 �1.766 3.80E-06 �1.834 4.09E-06 MYOC �3.446 4.07E-05
Fbln1 �1.329 2.52E-12 �1.116 7.18E-08 �0.729 1.01E-02 FBLN1 �1.743 2.79E-03

Table III Osteoarthritis and Cartilage

DEGs shared by the articular cartilage of the rat MMT model at 2, 4 and 6 weeks and human OA cartilage
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aggrecanases via MEK signaling pathway28. Adipocyte enhancer
binding protein 1 (AEBP1) was originally discovered as a tran-
scriptional repressor that binds to the AE-1 element of the ap-2
gene, coding for the fatty acid binding protein (FABP4)29. Through
upregulation of sonic Hedgehog and NF-kappa B (NF-kB) pathway,
AEBP1 functions as a pro-inflammatory mediator and promoted
mammary cell hyperplasia30. Cytl1 is involved mainly in the
maintenance of cartilage homeostasis, and loss of Cytl1 function is
associated with OA progression31.

We next looked for dysregulation of genes known to be altered
in multiple rat OA models. At all time-points, cartilage and
meniscus showed increased expression of ECM components
(Col3a1, Col5a1, Col5a2, Col6a3, Col8a1), which play important
roles in OA pathology32,33. We also found that the expression of the
matrix-degrading enzymes including Mmps (Mmp3, Mmp14), Ctsb
and Ctsk were all increased in MMT cartilage and meniscus at two
or more time points, which have long been associated with the
onset and progression of OA34e36. Further, we identified dysregu-
lation of lipopolysaccharide and cytokine responsive genes (Ser-
pina1, Serpine1, Lbp, Timp1, Timp2), which are commonly changed
Please cite this article as: Hu Y et al., Transcriptomic analyses of join
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throughout cartilage degradation induction19,37e40 and an early
microarray data of cartilage in rat OA model41. Several mediators of
inflammation were increased (IL-11 in synovium, CCL2 and CCL7 in
meniscus, MIF in cartilage) and members of the TNF receptor su-
perfamily (TNFRSF9, TNFRSF21 and TNFRSF26 in cartilage).

Pathways

The present data show downregulation of protective pathways
and upregulation of pathogenic pathways during OA progression in
all tissue types. We observed the pathways involved in cartilage
ECM synthesis and metabolism, including ‘collagen fibril organi-
zation’ and ‘extracellular matrix organization’, were significantly
enriched in cartilage and meniscus at all time points. The down-
regulated KEGG pathways in meniscus at 6 weeks include AMPK
and PPAR signaling pathway, which have been suggested to play a
protective role in OA pathogenesis42,43. The upregulated KEGG
pathways include ECM-receptor interaction, focal adhesion, PI3K-
Akt and HIF-1 signaling in cartilage at each time point and
meniscus at 6 weeks, which are classical pathways for maintaining
t tissues during osteoarthritis development in a rat model reveal
steoarthritis and Cartilage, https://doi.org/10.1016/j.joca.2022.10.003
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the normal cartilage metabolism and are involved in the OA
development44,45. Inflammation is an established pathogenic
pathway in OA46. In the present GO and KEGG pathway analyses,
the inflammation-related pathways that were upregulated,
included ‘TNF signaling pathway’ (cartilage at 2 weeks), ‘response
to lipopolysaccharide’ (cartilage at 2, 4, 6 weeks, meniscus at 6
weeks), ‘inflammatory response’ (cartilage at 2 weeks) and ‘com-
plement and coagulation cascade’ (cartilage at 2 and 4 weeks).
Synovium did not show upregulation of inflammation-related
pathways, in part due to the small number of DEGs. This is
consistent with a prior DNA array study of synovium in the rat MMT
model where ECM, but not inflammation-related genes were the
most differentially expressed47. These results support a role of
inflammation, mainly through innate immune mechanisms mainly
in cartilage and meniscus and to a lesser extent in synovium.
Mechanical stimulation

‘Response to mechanical stimulus’ was identified as an actively
regulated biological process in cartilage and meniscus at all time
points in rat MMT model and in human OA cartilage. Interestingly,
complete joint immobilization has been shown to protectmice from
surgically-induced OA and prevents expression of OA-associated
genes. Partial joint immobilization reveals that different types of
mechanical load induce different sets of genes40. The key function of
cartilage and meniscus is to respond to mechanical loads with
changes in metabolic activity by physiological ion homeostasis,
especially themechanically inducedCa2þ influxandactivationof the
Ca2þ-related signaling pathways48. While several channels are
expressed in chondrocytes that could affect calcium signaling, two
types ofmechanosensitive channels, TRPV4, Piezo1andPiezo2, have
been identified in chondrocytes49. We found persistently increased
expression of Piezo1 in cartilage at all time points and Trpv4 at 4 and
6weeks post-MMT. In addition, Piezo2was upregulated in theMMT
meniscus at 2 and 6 weeks. Piezo1 expression was significantly
increased in IL-1 stimulated porcine chondrocytes and human
osteoarthritic cartilage, which amplified mechanically-induced
deformation microtrauma50. Inhibiting Piezos with GsMTx4, a
PIEZO-blocking peptide, protected chondrocytes frommechanically
induced cell death51. TRPV4 expression and activation by pharma-
cological agonist increased SOX9 reporter activity in the murine
chondrogenic ATDC5 cells52. The loss of TRPV4 resulted in the
development of obesity-induced, age- and sex-dependent OA53,54.
Furthermore, TRPV4 may synergize with PIEZOs to regulate chon-
drocyte response to different magnitudes of strain51. Additionally,
we found continuously decreasing expression of stimuli-responsive
transcriptional regulator, Cited2, in PTOA cartilage. Cited2 is chon-
droprotective by suppressing MMP13 in human chondrocytes55,56.
Interestingly, we observed consistent upregulation of Ngf in MMT
and human OA cartilage, which has also been documented in
cartilage frommicewith themeniscusdestabilizationmodel ofOA57.
TRPV4 contributes to the sensation of pain, where TRPV4 sensiti-
zation by intracellular signaling leads to pain behaviors in mice58.
TRPV1 is involved in the development of NGF-induced persistent
mechanical hypersensitivity in rats59. Furthermore, Piezo2 also
promotes NGF induced sensitization of afferent neurons in bone60.
These findings indicate that the increased expression of mechano-
receptors coupled with the increased NGF expression in the MMT
model contributes to the sensitization to mechanical stimulation
and related pain behaviors. Collectively, these findings support the
hypothesis that early upregulation of PIEZO already 2 weeks after
MMT sensitizes to mechano-stimulus plus abnormal loading due to
MMT leads to abnormal mechanosignaling and consequent pro-
duction of OA mediators, including ECM-related factors which
Please cite this article as: Hu Y et al., Transcriptomic analyses of join
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would also suggest a potential link between the mechanosignaling
and ECM pathways.

Some limitations apply to our study. We employed MMT as only
one model of post-traumatic OA in this study rather than primary
age-related OA. For economic reasons, we included a sham surgery
control group but not a group of animals with normal knees that
were not subjected to any surgery. While it has been demonstrated
that sham surgery does induce gene expression changes41,61, the
sham surgery is a suitable control as it eliminates genes that are
differentially expressed due to the surgical manipulation or altered
mechanical loading and not due to the OA-like changes that are
induced by MMT. Future studies using a nonsurgical PTOA model,
or an agingmodel would better resolve gene expression differences
and eliminate DEGs that are related to the surgical trauma. The bulk
RNA sequencing performed herewas most likely only able to detect
genes with large expression differences. Single cell RNA-
sequencing analyses have potential to detect genes whose
expression differences are restricted to specific cell sub-
populations62. While mechanotransduction is a notable pathway,
other pathways, such as extracellular matrix-related pathways or
innate immune response are involved independently or by inter-
action with mechanotransduction.

In conclusion, this study identified overlapping genes that are
differentially expressed across three tissues in knee joints and at all
stages during OA development, and ‘response to mechanical
stimulus’ and ECM pathways are enriched in cartilage and
meniscus in the rat MMT model and in human OA cartilage,
underscoring their role in OA pathogenesis.
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