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Basic Research Article

Introduction

Posttraumatic osteoarthritis (PTOA) accounts for approxi-
mately 12% of all patients with clinically symptomatic 
OA.1,2 PTOA mostly affects young people who are produc-
tive and have higher joint demands. In a previous study, 
PTOA resulted in end-stage OA 10 years earlier than did 
age-related OA.3 No current treatments can stop or reverse 
late-stage OA, and joint replacement for end-stage PTOA is 
not an ideal solution because of the limited life span of pros-
theses for younger individuals.3 The goal of novel emerging 
therapeutic studies is early intervention with disease-modi-
fying therapy attenuating OA progression to determine joint 
replacement timing.4-6 A more comprehensive understand-
ing of the initiation and progression of arthritis after joint 
injury is essential for achieving this goal.

Functional genomics is a genome-wide approach to 
studying the functions and interactions of genes on a global 
scale. Genomics focuses on the static properties of genes 
such as DNA sequences or structures; functional genomics 
specifically focuses on dynamic properties such as gene 
transcription, translation, and protein-protein interaction. 
Progressive articular cartilage dysfunction and damage are 
the key characteristics of OA. The molecular pathogenesis 
of OA is complex. For example, imbalance between anabo-
lism and catabolism in chondrocytes occurs during OA 
development. Microarray technology facilitates the deter-
mination of the molecular mechanisms of cartilage degen-
eration in OA progression by using gene expression 
analysis.7 Articular cartilage is a suitable target for func-
tional genomics study because it is composed of a single 
cell type: chondrocytes.7-9
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Abstract
Objective. The current therapeutic strategy for posttraumatic osteoarthritis (PTOA) focuses on early intervention to 
attenuate disease progression, preserve joint function, and defer joint replacement timing. Sequential transcriptomic changes 
of articular cartilage in a rat model were investigated to explore the molecular mechanism in early PTOA progression. 
Design. Anterior cruciate ligament transection and medial meniscectomy (ACLT + MMx)–induced PTOA model was 
applied on male Wistar rats. Articular cartilages were harvested at time 0 (naïve), 2 week, and 4 weeks after surgery. 
Affymetrix Rat genome 230 2.0 array was utilized to analyze the gene expression changes of articular cartilages. Results. 
We identified 849 differentially expressed genes (DEGs) at 2 weeks and 223 DEGs at 4 weeks post–ACLT + MMx surgery 
compared with time 0 (naïve group). Gene ontology and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway 
analysis were performed to gain further insights from these DEGs. 22 novel genes and 1 novel KEGG pathway (axon 
guidance) in cartilage degeneration of osteoarthritis were identified. Axon guidance molecules—Gnai1, Sema4d, Plxnb1, and 
Srgap2 commonly dysregulated in PTOA progression. Gnai1 gene showed a concordant change in protein expression by 
immunohistochemistry staining. Conclusions. Our study identified 22 novel dysregulated genes and axon guidance pathway 
associated with articular cartilage degeneration in PTOA progression. These findings provide the potential candidates of 
biomarkers and therapeutic targets for further investigation.
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Recent studies related to transcriptomic changes of 
osteoarthritis from human articular cartilage mostly com-
pared two different regions in the same articular cartilage.10 
Grossly damaged surface was sampled as “disease group,” 
and gross smooth surface was sampled as “normal group.” 
This “relative” normal sample method may cause potential 
bias. Recently, Takashi et al.11 conducted the first transcrip-
tome study on human hip OA cartilage, and they harvested 
the normal cartilage samples from patients with fractured 
femoral head undergoing hemiarthroplasty. It reduced the 
risks of bias, but still could not study the progress of OA, 
particularly in the early phase. Because of these limitations 
in comprehensively analyzing the progression of early 
PTOA, a favorable translational animal model can provide 
a clinically relevant method of understanding OA progres-
sion. OA can be induced in various animal species, such as 
horses, sheep, dogs, rabbits, rats, and mice.12 Compared 
with large animals (horses, sheep, and dogs), rats have the 
advantages of low husbandry costs, ease of manipulation, 
and suitable size for whole-joint histopathological evalua-
tion on one slide. Furthermore, rats are suitable candidates 
for the genomic study of cartilage because of their relatively 
higher chondrocyte volume density (12%-25%) compared 
with rabbit and dog (2%-12%) as well as ease of harvest.13 
Anterior cruciate ligament transection (ACLT) has been 
commonly used to induce the time-dependent progression 
of cartilage degeneration in OA in rats, because it is mor-
phologically and histologically similar to human OA.14,15 
Hayami et al.14 demonstrated that anterior cruciate ligament 
transection and medial meniscectomy (ACLT + MMx) in 
rats induced a faster progression of cartilage degeneration 
and subchondral bone remodeling than did ACLT alone. 
Detectable cartilage damage occurred within 2 weeks of 
ACLT + MMx.14,16 We previously applied this animal 
model to validate the chondroprotective effect of intra-
articular hyaluronic acid.17

In this study, we explored the molecular mechanisms of 
cartilage degeneration during PTOA progression by using 
genome-wide expression analysis. A rat OA model after 
ACLT + MMx surgery was used for genomic profiling of 
the articular cartilage.

Methods and Materials

Rat Model of PTOA

All rats were housed under controlled temperature 
(22°C-24°C), humidity (50%-55%), and lighting (12-hour 
light:dark cycle) conditions. A total of 45 three-month-old 
male Wistar rats (weight, 403.54 ± 41.11 g) were divided 
into 3 groups: naïve, 2 weeks post–ACLT + MMx, and 4 
weeks post–ACLT + MMx (n = 15 for each group) groups. 
The rats in the naïve group were sacrificed by exsanguina-
tion under isoflurane anesthesia without knee surgery. 
Meanwhile, the remaining groups (n = 30) underwent 
ACLT + MMx on their right hindlimb knee joints under 
inhalational anesthesia and isoflurane and sterile condi-
tions. Intraperitoneal cefazolin (20 mg/kg) was postopera-
tively administered.17 Fifteen rats were sacrificed by 
exsanguination under isoflurane anesthesia at 2 weeks after 
ACLT + MMx, and the remaining 15 rats were sacrificed at 
4 weeks postoperatively. The experimental protocol was 
approved by the Institutional Animal Care and Use 
Committee of Cathay General Hospital.

Histopathological Examination of the 
Experimental Knee Joint

Five rats in each group were examined histologically. After 
sacrifice, their right hindlimb knee joints were harvested 
from the distal femur to the proximal tibia. These harvested 
joints were then fixed in 4% paraformaldehyde for 2 days 
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and transferred to Decalcifier II (Surgipath, Richmond, VA, 
USA) for another day. The decalcified joints were embedded 
in paraffin by using an automatic processor (Autotechnicon 
Mono 2, Technicon Co., Chauncey, NY, USA). Furthermore, 
5-μm serial coronal sections of the central region of the 
medial femoral condyles (weight-bearing sites) and 
synovium (from the suprapatellar pouch) were sliced using 
the Leica 2065 rotatory microtome (Leica Instruments, 
Wetzlar, Germany). Ten sections were randomly selected for 
each sample; 5 were subjected to safranin O fast green stain-
ing to detect proteoglycan loss in the articular cartilage, and 
5 to hematoxylin-eosin staining to evaluate morphological 
changes in the synovium.17

RNA Extraction and Microarray Analysis

The articular cartilage from the distal femur and tibial pla-
teau was harvested using a scalpel immediately after exsan-
guination and snap frozen into liquid nitrogen. The total 
RNA was extracted from the cartilage using the Illustra 
TriplePrep kit (GE Healthcare, Buckinghamshire, UK) 
according to the manufacturer’s protocol. To minimize indi-
vidual differences, we combined 2 rats RNA samples to one 
genechip microarray reaction. RNA quantification was 
done spectrophotometrically using Nanodrop 2000 (Thermo 
Scientific, Wilmington, DE, USA). For assessment of RNA 
quality, RNA was electrophoresed on a 0.8% agarose gel, 
and ribosomal RNAs at 28S and 18S were visualized with 
GenScript DNAsafe nucleic acid gel stain. The A260/280 
ratio (approximately 2.0) for RNA samples calculated by 
Nanodrop was also considered to assess quality of the RNA 
preparation. After excluding the unqualified samples, 4 
genechips microarray reactions were conducted in each 
group. The gene expression data were generated using the 
Affymetrix Rat genome 230 2.0 array (Affymetrix, Santa 
Clara, CA, USA). Furthermore, the cRNA synthesis and 
labeling were conducted according to Affymetrix GeneChip 
protocol (Affymetrix), and the arrays were scanned with 
Affymetrix GeneChip 3000 7G (Affymetrix).

Data Analysis and Processing

Data were processed and analyzed using R (http://cran.r-
project.org/). The datasets were normalized using the 
Robust Multiarray Average18,19 function in the “affy” library 
of Bioconductor (http://www.bioconductor.org/). We used 
the linear models for the microarray (LIMMA) method,20 
which is a package for performing differential analysis 
through microarray data. The idea is to fit a linear model to 
the expression data for each gene, enabling differentially 
expressed genes (DEGs) to be identified at varying selec-
tion thresholds. DEGs were selected with the LIMMA 
method by using a false discovery rate (FDR) of <0.05; 
they were then used in subsequent analyses.

Functional Enrichment Analysis and Consensus 
DEG Identification

For functional enrichment analysis, DAVID V 6.7 (http://
david.abcc.ncifcrf.gov/home.jsp) was used on the DEGs in 
the 2 and 4 weeks post–ACLT + MMx groups as well as 
upregulated and downregulated DEGs in the 2 groups to 
explore enrichment in biological category ranking accord-
ing to gene ontology (GO) Biological Process terms21 and 
the Kyoto Encyclopedia of Genes and Genomes (KEGG) 
pathways22 by using P < 0.05 (Fisher’s exact test). Based 
on these categories, we selected 2 sets of consensus DEGs 
(cDEGs). The first was the upregulated cDEGs from the 
overlapping GO terms and KEGG pathways of the 2 weeks 
and 4 weeks post–ACLT + MMx groups, and the other was 
the downregulated cDEGs from the overlapping GO terms 
and KEGG pathways of the 2 groups. We further collected 
information on these cDEGs through GeneCards (http://
www.genecards.org/).23

Immunohistochemistry

To validate the microarray gene expression data at the pro-
tein level, Gnai1 was subjected to immunohistochemical 
stain. We pretreated 5-μm sections from rat knee joints in 
an incubator at 65°C for 2 hours, immersed them in 1:20 
Trilogy solution (920P-06, Cell Marque, Rocklin, CA, 
USA), and boiled them for 15 minutes until deparaffiniza-
tion. Following deparaffinization and hydration, 3.5% 
hydrogen peroxide was added on the slides at room tem-
perature for 5 minutes to quench the endogenous peroxi-
dase activity. The slides were subsequently treated with 
1:10 Power Block solution (HK111-5K, BioGenex, 
Fremont, CA, USA) at room temperature for 5 minutes to 
block nonspecific binding. A primary antibody was diluted 
with Power Block at a dilution of 1:300, added to the slides, 
and incubated at 4°C overnight. The slides were washed 
with Tris-buffered saline and 0.1% Tween 20 (Bionovas, 
Toronto, Ontario, Canada) at room temperature for 5 min-
utes. A polymer-HRP IHC detection system (QD420-YIKE, 
BioGenex) was then added at room temperature for 30 min-
utes. This step was followed by the addition of a chromo-
genic substrate, 3,3′-diaminobenzidine (HK124-05K, 
BioGenex), at room temperature for 2 minutes. The tissues 
were stained with hematoxylin-eosin (ScyTek Laboratories, 
Logan, UT, USA) to stain the nucleus at room temperature 
for 30 seconds. After being washed in water, the tissues 
were dehydrated and stabilized with a mounting medium 
and examined under a microscope.

References Validation

We further validated the cDEGs by searching PubMed data-
base (MEDLINE/Index Medicus) without limitation on the 
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publication year. We used gene name, gene-coding protein 
names, and cartilage or chondrocyte as keywords to search 
for relevant references. Taking Dmp1 gene for example, we 
searched the literature by using the paired keywords 
“Dmp1” and “cartilage,” “Dmp1” and “chondrocyte,” 
“dentin matrix protein 1” and “cartilage,” “dentin matrix 
protein 1,” and “chondrocyte.” We reviewed the searched 
results to identify studies related to Dmp1 gene or protein 
expression in osteoarthritic chondrocytes or cartilage and 
reviewed the literature to characterize the expression data at 
the protein level (detected using Western blot) of human 
OA cartilage as well as at the gene level (detected using the 
quantitative polymerase chain reaction) of the rat surgical 
OA model.24 Dmp1 expression was suppressed in OA carti-
lage in a time-dependent manner that supports the findings 
from our microarray data.

Results

Validation of the Rat PTOA Model

Progressive deformity and swelling of the experimental 
knees developed gradually after ACLT + MMx. In the 
gross appearance of the experimental knees, inflammatory 
changes (redness, heat, and swelling) were more obvious in 
2 weeks post–ACLT + MMx group than 4 weeks post–
ACLT + MMx group. The difference in width between the 
experimental and contralateral (nonsurgical) knee was 0.89 
± 0.29 mm in the 4 weeks post–ACLT + MMx group.

Histopathological examination revealed that the articular 
cartilage surface and the cartilage matrix fully stained with 
safranin O were intact in the naïve group (Fig. 1). Focal 
damage and fibrillation of the surface cartilage isolated 
from the experimental knee joints were observed in the 2 
weeks post–ACLT + MMx group. An extended damage 
area, proteoglycan loss (reduced safranin O stain), and 

cartilage surface fibrillation with clefts into the transitional 
zone occurred in the 4 weeks post–ACLT + MMx group. 
The Mankin scores were 0.5 ± 0.54 of naïve rats, 3 ± 1 of 
2 weeks post–ACLT + MMx group, and 4.875 ± 0.25 of 4 
weeks post–ACLT + MMx group.

Gene Expression Analysis of Articular Cartilage

The sequential gene expression changes in articular carti-
lage after ACLT + MMx surgery were studied with bioin-
formatics analysis of the microarray data. Principal 
component analysis (PCA) revealed that all samples can 
approximately grouped into 3 groups (each group n = 4) by 
the distribution pattern of overall gene expression, and the 
samples from same time-point were grouped into the same 
group (Fig. 2).

By using the LIMMA method (selection criteria: FDR < 
0.05), the gene expression analysis of the articular cartilage 
identified 849 DEGs in the 2 weeks post–ACLT + MMx 
group compared to naïve group. Of these genes, 373 were 
upregulated, and 476 were downregulated (Supplementary 
Table S1, available online) In the 4 weeks post–ACLT + 
MMx group, 223 genes differentially expressed compared 
to naïve group: 75 upregulated and 148 downregulated 
(Supplementary Table S2).

After comparing the DEGs in 2 weeks and 4 weeks post–
ACLT + MMx groups, 114 DEGs overlapped. Interestingly, 
all these overlapping DEGs in both groups were regulated 
in the same direction. Of these 114 genes, 40 DEGs were 
significantly upregulated, and 74 DEGs were significantly 
downregulated in both groups. Top 5 upregulated overlap-
ping DEGs were Tnn, Gap43, Col5a3, Lrrc17, and Fam46b 
(ranked by fold changes of 2 weeks post–ACLT + MMx 
group). Top 5 downregulated overlapping DEGs were Phex, 
Calcr, Rhpn2, Gsta4, and Ppp1r3b (ranked by fold changes 
of 2 weeks post–ACLT + MMx group). The fold changes 

Figure 1.  Histological evaluation of cartilage degradation induced by anterior cruciate ligament transection and medial meniscectomy 
(ACLT + MMx). Sections from the ACLT + MMx joints were obtained from naïve (A), 2 weeks (B), and 4 weeks (C) post–ACLT + 
MMx groups. Safranin O staining. Scale bar = 50 μm. (A) The integrity of the cartilage surface and complete staining of the cartilage 
matrix with safranin O. (B) Focal damage, fibrillation, and discontinuity of the cartilage surface in the experimental knee joints. (C) 
Compared with (B), progressive cartilage degeneration, such as extended damage area, increased proteoglycan loss, and increased 
fibrillation with clefts into the transitional zone of cartilage occurred in the 4 weeks post–ACLT + MMx group.[AQ: 2]
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and FDR values of these 114 overlapping DE genes in both 
groups are listed in Supplementary Table S3.

Functional Enrichment Analysis and cDEG 
Identification

Gene ontology enrichment analyses and KEGG pathway 
analysis were performed using Rattus norvegicus annota-
tions to obtain more biological information on DE genes. A 
total of 121 biological processes and 6 KEGG pathways 
were enriched by the upregulated DEGs, and 94 biological 
processes and 4 KEGG pathways were enriched by the 
downregulated DEGs in the 2 weeks post–ACLT + MMx 
group. The identified representative pathways and biologi-
cal processes enriched by upregulated DEGs included focal 
adhesion, extracellular matrix–receptor interaction, cell 
adhesion, extracellular matrix organization, response to 
wounding, angiogenesis, and inflammatory response. The 
identified representative pathways and biological processes 
enriched by downregulated DEGs included axon guidance, 
mTOR signaling pathway, bone development, skeletal sys-
tem development, ossification, hexose metabolic process, 
glucose metabolic process (Table 1).

In the 4 weeks post–ACLT + MMx group, 30 biological 
processes and 1 KEGG pathway were enriched by 75 upreg-
ulated DEGs, and 48 biological processes and 2 KEGG path-
ways were enriched by 148 downregulated DEGs. The 
identified representative pathways and biological processes 
enriched by upregulated DEGs included extracellular matrix–
receptor interaction, positive regulation of cell communica-
tion, cell adhesion, biological adhesion, extracellular matrix 
organization, response to wounding. The identified represen-
tative pathways and biological processes enriched by down-
regulated DEGs included axon guidance, skeletal system 
development, regulation of ossification, bone development, 
hexose metabolic process, glucose metabolic process  
(Table 2).

We compared the pathways and biological processes in 
the 2 and 4 weeks post–ACLT + MMx groups to identify the 
overlapping pathways as well as biological processes, and 
further identified the common DEGs from the overlapping 
pathways and biological processes as the consensus DEGs.

There was one overlapping pathway (extracellular 
matrix–receptor interaction) and 15 overlapping biological 
processes (regulation of cell proliferation, regulation of 
endothelial cell proliferation, positive regulation of cell 

Figure 2.  Principal component analysis plot of 12 microarray samples. All the 12 samples were clustered into 3 groups by their 
gene expression patterns which correspond to the time points after anterior cruciate ligament transection and medial meniscectomy 
(ACLT + MMx) surgery. Relatively uniform distribution of overall gene expression among the samples in each group. Each dot 
represent one microarray sample. Red dot represent to naïve (time zero) group: labeled as N1 to N4. Green dot represent to 2 
weeks post–ACLT + MMx group: labeled as 2weeks-1 to 2weeks-4. Blue dot represent to 4 weeks post–ACLT + MMx group: 
labeled as 4weeks-1 to 4weeks-4.
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Table 2.  Representative Biological Processes Enriched by Up and Downregulated DEGs in 4 Weeks Post–ACLT + MMx Group.a

GO Term in Biological Process Category Number of Genes P

Enriched by upregulated DEGs
 G O:0010647~positive regulation of cell communication 8 <0.001
 G O:0007155~cell adhesion 11 <0.001
 G O:0022610~biological adhesion 11 <0.001
 G O:0006928~cell motion 9 <0.001
 G O:0030198~extracellular matrix organization 5 <0.001
 G O:0016477~cell migration 7 0.001
 G O:0009967~positive regulation of signal transduction 7 0.001
 G O:0048870~cell motility 7 0.002
 G O:0051674~localization of cell 7 0.002
 G O:0032496~response to lipopolysaccharide 4 0.004
Enriched by downregulated DEGs
 G O:0001501~skeletal system development 12 <0.001
 G O:0030278~regulation of ossification 6 <0.001
 G O:0001503~ossification 6 0.003
 G O:0060348~bone development 6 0.004
 G O:0019935~cyclic-nucleotide-mediated signaling 6 0.005
 G O:0019318~hexose metabolic process 7 0.006
 G O:0010810~regulation of cell-substrate adhesion 4 0.007
 G O:0010551~regulation of specific transcription from 

RNA polymerase II promoter
5 0.009

 G O:0019933~cAMP-mediated signaling 5 0.009
 G O:0006006~glucose metabolic process 6 0.011

GO = gene ontology; DEGs = differentially expressed genes; ACLT = anterior cruciate ligament transection; MMx = medial meniscectomy.
aGO functional enrichment analysis by the dysregulated DEGs of 4 weeks postsurgery group. The top 10 biological processes were listed and ranked 
by P value.

Table 1.  Representative Biological Processes Enriched by Up- and Downregulated DEGs in 2 Weeks Post–ACLT + MMx Group.a

GO Term in Biological Process Category Number of Genes P

Enriched by upregulated DEGs
 G O:0007155~cell adhesion 41 <0.001
 G O:0022610~biological adhesion 41 <0.001
 G O:0030198~extracellular matrix organization 14 <0.001
 G O:0009611~response to wounding 32 <0.001
 G O:0042127~regulation of cell proliferation 40 <0.001
 G O:0048514~blood vessel morphogenesis 18 <0.001
 G O:0001568~blood vessel development 19 <0.001
 G O:0001944~vasculature development 19 <0.001
 G O:0001525~angiogenesis 14 <0.001
 G O:0006954~inflammatory response 21 <0.001
Enriched by downregulated DEGs
 G O:0060348~bone development 17 <0.001
 G O:0001503~ossification 16 <0.001
 G O:0001501~skeletal system development 26 <0.001
 G O:0009719~response to endogenous stimulus 26 <0.001
 G O:0009725~response to hormone stimulus 24 <0.001
 G O:0019318~hexose metabolic process 16 <0.001
 G O:0006006~glucose metabolic process 14 <0.001
 G O:0005996~monosaccharide metabolic process 17 <0.001
 G O:0021700~developmental maturation 11 <0.001
 G O:0031214~biomineral formation 7 <0.001

GO = gene ontology; DEGs = differentially expressed genes; ACLT = anterior cruciate ligament transection; MMx = medial meniscectomy.
aGO functional enrichment analysis by the dysregulated DEGs of 2 weeks post–ACLT + MMx group. The top 10 biological processes were listed and 
ranked by P value.
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communication, response to wounding, etc.) enriched by 
upregulated DEGs in both 2 weeks and 4 weeks postsurgery 
groups. Axon guidance pathway and 14 biological processes 
(skeletal system development, ossification, bone develop-
ment, axonogenesis, neuron projection morphogenesis, etc.) 
enriched by downregulated DE genes were identified in both 
2 weeks and 4 weeks post–surgery groups (Table 3).

A total of 40 cDEGs were identified as the common DE 
genes from the overlapping pathways and biological pro-
cesses (Fig. 3). Seventeen cDEGs were consistently upreg-
ulated in both 2 and 4 weeks post–ACLT + MMx groups: 
Anxa1, Ccl2, Cd14, Cdh13, Col2a1, Col5a3, Ecm1, Eng, 

Fosl1, Foxp1, Gap43, Lbp, Msx1, Pvr, Tnn, Traf3ip2, and 
Wisp2. Twenty-three cDEGs were consistently downregu-
lated, including Agl, Arhgap6, Bmp3, Calcr, Col13a1, 
Cryab, Cst3, Dmp1, Fbp2, Gnai1, Irs2, Lect1, Lppr4, 
Mepe, Pacsin2, Phex, Plxnb1, Ppp1r3b, Ptprz1, Sema4d, 
Shroom2, Srgap2, and Tpr (Table 4).

Validation by References and 
Immunohistochemical Staining

Among the 40 cDEGs, 18 genes had been reported to 
express in osteoarthritic cartilage or chondrocytes, and 16 

Table 3.  Overlapping GO Terms, KEGG Pathways, and Consensus Differentially Expressed Genes (cDEGs) in the 2 and 4 Weeks 
Post–ACLT + MMx Groups.a

Overlapping GO Term Consensus Differentially Expressed Genes

Upregulated cDEGs between 2 and 4 weeks post–ACLT + MMx groups
 G O:0001936~regulation of endothelial cell proliferation Cdh13, Ccl2, Eng
 G O:0002237~response to molecule of bacterial origin Ccl2, Lbp, Cd14
 G O:0003007~heart morphogenesis Msx1, Col2a1, Eng
 G O:0006928~cell motion Pvr, Ccl2, Anxa1, Tnn, Eng, Gap43
 G O:0006954~inflammatory response Ccl2, Anxa1, Lbp, Cd14
 G O:0009611~response to wounding Ccl2, Anxa1, Lbp, Eng, Gap43, Cd14
 G O:0009967~positive regulation of signal transduction Traf3ip2, Cdh13, Lbp, Ecm1, Eng
 G O:0010647~positive regulation of cell communication Traf3ip2, Cdh13, Ccl2, Lbp, Ecm1, Eng
 G O:0016477~cell migration Pvr, Cdh13, Ccl2, Tnn, Eng
 G O:0032496~response to lipopolysaccharide Ccl2, Lbp, Cd14
 G O:0042060~wound healing Eng, Gap43
 G O:0042127~regulation of cell proliferation Cdh13, Wisp2, Msx1, Ccl2, Anxa1, Fosl1, Eng, Foxp1
 G O:0048870~cell motility Pvr, Cdh13, Ccl2, Eng
 G O:0051674~localization of cell Pvr, Cdh13, Ccl2, Tnn, Eng
 G O:0070391~response to lipoteichoic acid Lbp, Cd14
  hsa04512:ECM-receptor interaction Tnn, Col2a1, Col5a3
Downregulated cDEGs in the 2 and 4 weeks post–ACLT + MMx groups
 G O:0000902~cell morphogenesis Shroom2, Lppr4, Ptprz1
 G O:0000904~cell morphogenesis involved in differentiation Lppr4, Ptprz1
 G O:0001501~skeletal system development Bmp3, Lect1, Col13a1, Dmp1, Phex, Mepe
 G O:0001503~ossification Bmp3, Col13a1, Dmp1
 G O:0005996~monosaccharide metabolic process Irs2, Ppp1r3b, Cryab, Fbp2, Agl
 G O:0006006~glucose metabolic process Irs2, Ppp1r3Bb, Cryab, Fbp2, Agl
 G O:0007409~axonogenesis Lppr4, Ptprz1
 G O:0019318~hexose metabolic process Irs2, Ppp1r3b, Cryab, Fbp2, Agl
 G O:0030278~regulation of ossification Calcr, Mepe
 G O:0031214~biomineral formation Dmp1, Phex
 G O:0048667~cell morphogenesis involved in neuron differentiation Lppr4, Ptprz1
 G O:0048812~neuron projection morphogenesis Lppr4, Ptprz1
 G O:0051129~negative regulation of cellular component organization Shroom2, Arhgap6, Pacsin2, Cst3, Tpr
 G O:0060348~bone development Bmp3, Col13a1, Dmp1
  hsa04360:axon guidance Gnai1, Sema4d, Plxnb1, Srgap2

GO = gene ontology; DEGs = differentially expressed genes; KEGG = Kyoto Encyclopedia of Genes and Genomes; ECM = extracellular matrix; 
ACLT = anterior cruciate ligament transection; MMx = medial meniscectomy.
aThe cDEGs were selected as the commonly identified DEGs from each overlapping GO term and KEGG pathway between the 2 and 4 weeks post–
ACLT + MMx groups. Seventeen upregulated cDEGs were selected from the 15 overlapping GO terms and 1 KEGG pathway enriched by upregulated 
DEGs in the 2 and 4 weeks post–ACLT + MMx groups. Twenty-three downregulated cDEGs were selected from the 14 overlapping GO terms and 1 
KEGG pathway enriched by downregulated DEGs in the 2 and 4 weeks post–ACLT + MMx groups.
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Table 4.  Consensus Differentially Expressed Genes (cDEGs) in the 2 and 4 Weeks Post–ACLT + MMx Groups.a.

Gene Description

Fold Change

2 Weeks 4 Weeks

Upregulated cDEGs
  Anxa1 annexin A1 1.06 1.13
  Ccl2 chemokine (C-C motif) ligand 2 1.82 1.60
  Cd14 CD14 antigen 1.18 1.13
  Cdh13 cadherin 13 1.36 1.27
  Col2a1 collagen, type II, alpha 1 1.40 1.41
  Col5a3 collagen, type V, alpha 3 1.89 1.50
 E cm1 extracellular matrix protein 1 1.30 1.21
 E ng Endoglin 1.22 1.13
  Fosl1 fos-like antigen 1 1.36 1.19
  Foxp1 forkhead box P1 1.23 1.11
  Gap43 growth associated protein 43 2.13 1.28
 L bp lipopolysaccharide binding protein 1.36 1.29
  Msx1 homeobox, msh-like 1 1.14 1.14
  Pvr poliovirus receptor 1.27 1.18

Figure 3.  Flowchart of microarray data analysis. The rat genome 230 2.0 array comprises more than 28,000 well-substantiated genes. 
The LIMMA method with FDR < 0.05 was applied to identify the DEGs from the microarray data of both 2 and 4 weeks post–ACLT 
+ MMx groups. Seventeen upregulated consensus DEGs (cDEGs), 23 downregulated cDEGs, and 2 KEGG pathways were identified. 
LIMMA, linear models for microarray data; FDR, false discovery rate; DEG, differentially expressed gene; ACLT, anterior cruciate 
ligament transection; MMx, medial meniscectomy; KEGG, Kyoto Encyclopedia of Genes and Genomes; 2W, 2 weeks post–ACLT + 
MMx group; 4W, 4 weeks post–ACLT + MMx group.

 (continued)
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Gene Description

Fold Change

2 Weeks 4 Weeks

 T nn tenascin N 3.25 2.25
 T raf3ip2 TRAF3 interacting protein 2 1.27 1.19
  Wisp2 WNT1 inducible signaling pathway protein 2 1.41 1.19
Downregulated cDEGs
  Agl amylo-1,6-glucosidase, 4-alpha-glucanotransferase 0.84 0.79
  Arhgap6 Rho GTPase activating protein 6 0.80 0.80
  Bmp3 bone morphogenetic protein 3 0.74 0.79
  Calcr calcitonin receptor 0.59 0.66
  Col13a1 collagen, type XIII, alpha 1 0.73 0.87
  Cryab crystallin, alpha B 0.82 0.85
  Cst3 cystatin C 0.94 0.96
  Dmp1 dentin matrix protein 1 0.71 0.89
  Fbp2 fructose bisphosphatase 2 0.81 0.87
  Gnai1 guanine nucleotide-binding protein (G protein), alpha-inhibiting 1 0.84 0.78
 I rs2 insulin receptor substrate 2 0.90 0.88
 L ect1 leukocyte cell derived chemotaxin 1 0.65 0.79
 L ppr4 lipid phosphate phosphatase-related protein type 4 0.67 0.83
  Mepe matrix extracellular phosphoglycoprotein with ASARM motif (bone) 0.69 0.87
  Pacsin2 protein kinase C and casein kinase substrate in neurons 2 0.92 0.94
  Phex phosphate regulating gene with homologies to endopeptidases on the 

X chromosome
0.56 0.77

  Plxnb1 plexin B1 0.85 0.91
  Ppp1r3b protein phosphatase 1, regulatory (inhibitor) subunit 3B 0.64 0.71
  Ptprz1 protein tyrosine phosphatase, receptor type Z, polypeptide 1 0.64 0.88
  Sema4d semaphorin 4D 0.79 0.80
  Shroom2 shroom family member 2 0.74 0.81
  Srgap2 SLIT-ROBO Rho GTPase activating protein 2 0.86 0.83
 T pr translocated promoter region 0.92 0.90

ACLT = anterior cruciate ligament transection; MMx = medial meniscectomy.
aRanked by gene symbol. Fold change indicates the expression level of the 2 or 4 weeks post–ACLT + MMx group relative to the naïve group.

Table 4. (continued)

of them were regulated in the same direction in literature, 
which were consistent to our findings (Table 5). The other 
22 cDEGs—Cdh13, Fosl1, Foxp1, Pvr, Traf3ip2, Agl, 
Arhgap6, Calcr, Fbp2, Gnai1, Irs2, Lect1, Lppr4, Mepe, 
Pacsin2, Plxnb1, PPP1r3b, Ptprz1, Sema4d, Shroom2, 
Srgap 2, and Tpr were identified as novel genes dysregu-
lated in osteoarthritic cartilage. Cdh13, Fosl1, Foxp1, Pvr, 
Traf3ip2 genes were upregulated and the other 17 genes 
were downregulated in PTOA progression.

We selected Gnai1 as the target gene for validation. Our 
microarray data revealed that Gnai1 was consistently down-
regulated in both 2 and 4 weeks post–ACLT + MMx 
groups. To verify this finding at the protein level, immuno-
histochemical staining was performed to determine the 
expression level of Gnai1. The results revealed that Gnai1 
protein was significantly stained within chondrocytes in the 
naïve group (Fig. 4). The expression level of Gnai1 
decreased in both 2 and 4 weeks post–ACLT + MMx 

groups compared with naïve (Fig. 4). These results corre-
sponded with those of our microarray analysis.

Discussion

PTOA refers to a progressive degeneration of the articular 
cartilage. In human studies, it is impossible to obtain car-
tilage tissue at multiple time points to study PTOA pro-
gression, particularly in the early phase. Animal model of 
PTOA enables studying the molecular changes in the early 
phase of PTOA, which cannot be practically studied in 
humans. In this study, we successfully performed ACLT + 
MMx on rats to induce a time-dependent progression of 
PTOA and to study transcriptomic alterations during carti-
lage degeneration. In our microarray analysis, we identi-
fied 29 biological processes, 2 KEGG pathways, and 22 
novel DEGs continuously dysregulated in early PTOA 
progression. In addition, the expression of Gnai1 protein 
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decreased in the degenerative articular cartilage of PTOA. 
To the best of our knowledge, we are the first to demon-
strate the presence of Gnai1 protein within chondrocytes 
of normal articular cartilage on rats PTOA model.

Homeostasis of extracellular matrix in articular cartilage 
was disrupted during progression of osteoarthritis. Increased 
catabolism and impaired regeneration of extracellular 
matrix leads to cartilage degeneration. Tachmazidou et al.25 

Table 5.  References Validation of Consensus Differentially Expressed Genes (cDEGs).a

Gene Type of Evidence Chondrocyte Source Reference

Upregulated cDEGs
  Anxa1 Proteomic study Human cartilage Proteomics 2008; (8): 495–50749

  Ccl2 1. Microarray
2. qPCR
3. qPCR

1. Rat (surgical model)
2. Human
3. Rat (MIA model)

1. �Osteoarthritis and Cartilage 2010; 18:992-
1000.50

2. Osteoarthritis and Cartilage 2013;21:450-61.51

3. Molecular Pain 2013;9:5752

  Cd14 Microarray Rat (surgical model) Arthritis & Rheumatism 2007; 56:1854-68.53

  Col2a1 Protein:2-DE, MALDI–TOF/MS Rat (surgical model) Proteome Science 2014;12:55.54

  Col5a3 Real-time PCR Human OA chondrocyte Arthritis Research & Therapy 2009;11:R133.55

 E cm1 1. Microarray
2. Microarray

1. Rat (surgical model)
2. human OA cartilage

1. Arthritis & Rheumatism 2007;56:1854-68.53

2. Osteoarthritis and Cartilage 2010;18:581-92.56

 E ng Western blot human OA cartilage Osteoarthritis and Cartilage 2010;18:1518-1527.32

 G ap43 Microarray Rat (surgical model) Arthritis & Rheumatism 2007; 56:1854-68.53

 L bp 1. Microarray
2. Microarray

1. Rat (surgical model)
2. Rat (surgical model)

1. Osteoarthritis and Cartilage 2010;18:992-1000.50

2. Arthritis & Rheumatism 2007;56:1854-68.53

  Msx1 Microarray Human OA cartilage Osteoarthritis and Cartilage 2010;18:581-92.56

 T nn Microarray + qPCR Rat (surgical model) Osteoarthritis and Cartilage 2015;23:616-28.38

  Wisp2 Microarray Rat (surgical model) Arthritis & Rheumatism 2007;56:1854-68.53

Downregulated cDEGs
  Bmp3 Microarray Rat (surgical model) Osteoarthritis and Cartilage 2005;13:1115-25.57

  Col13a1 Microarray + qPCR (conflicting 
result)

Human OA cartilage Osteoarthritis and Cartilage 2010;18:581-92.56

  Cryab Western blot + RT-PCT Human OA chondrocyte Arthritis & Rheumatism 2009;60:179-88.58

  Cst3 qPCR Rabbit (surgical model) Clinica Chimica Acta 2009;408:1-7.59

  Dmp1 Western blot + qPCR Human OA chondrocyte Rheumatology 2014; 53:2280-7.24

  Phex Microarray (conflicting result) Rat (surgical model) Arthritis & Rheumatism 2007;56:1854-68.53

OA = osteoarthritis; qPCR = quantitative real-time polymerase chain reaction; MIA = monosodium iodoacetate; 2-DE = Two-dimensional gel 
electrophoresis; MALDI–TOF/MS; matrix-assisted laser desorption/ionization time of flight mass spectrometry; RT-PCR = reverse transcription–
polymerase chain reaction.
aA total of 18 of 40 cDEGs were validated by previous references. The detection method of expression on the gene or protein level, type of 
chondrocyte sources, and references are listed. cDEGs: consensus differentially expressed genes.

Figure 4. I mmunohistochemical stain for Gnai1 on normal and osteoarthritis cartilage. The antibody against Gnai1 was used to 
assess the spatial and temporal expression of Gnai1 (brown precipitate). (A) Gnai1 immunostaining (brown) was detected within the 
chondrocytes in the naïve group. (B and C) Compared with the naïve group, the Gnai1 expression level within chondrocytes in both 
2 and 4 weeks post–anterior cruciate ligament transection and medial meniscectomy (ACLT + MMx) groups significantly decreased. 
All sections were counterstained with hematoxylin-eosin (blue-purple). Scale bar = 10 μm.
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performed a genome-wide association study for human 
osteoarthritis (77,052 cases and 378,169 controls). They 
identified putative effector genes by integrating expression 
quantitative trait loci (eQTL) colocalization, fine-mapping, 
human rare disease, animal model, and osteoarthritis tissue 
expression data. They found the enrichment genes for the 
collagen formation and extracellular matrix organization 
biological pathways in human osteoarthritis.25 In our study, 
KEGG pathway analysis demonstrated extracellular matrix–
receptor interaction pathway as the PTOA-related pathway. 
Tnn, Col2a1, and Col5a3 genes were enriched in extracel-
lular matrix–receptors pathway and significantly upregu-
lated at both time points. These genes and KEGG pathway 
were identified as OA-related genes and pathway in previ-
ous reports which were consistent with our findings.26

Biological processes relevant to glucose metabolism 
such as hexose metabolic process, glucose metabolic pro-
cess, and monosaccharide metabolic process were identi-
fied in our study. This is consistent with previous findings 
from transcriptomic analysis of human hip and knee OA 
cartilage.27 Irs2, Ppp1r3b, Cryab, Fbp2, and Agl genes 
were the consensus DE genes (cDEGs) identified from 
these biological processes. Takashi et al.28 conducted the 
first study to report the genome-wide transcriptome of 
secondary hip OA chondrocytes and demonstrates new 
potential OA-related genes. IGFBP7 (insulin like growth 
factor binding protein 7), one of them, was overexpressed 
in human OA chondrocytes like other IGFBP family did 
and this inhibited IGF-1 which promotes cartilage prolif-
eration and differentiation.28 Irs2 (insulin receptor sub-
strate 2) had been reported to act the downstream of IGF-1 
signaling in regulating the chondrocyte defferentiation.29 
Irs2, Ppp1r3b, Cryab, Fbp2, and Agl genes were relevant 
to glucose metabolism and novel in osteoarthritic carti-
lage. These findings provide us a new direction to investi-
gate the relation between cartilage degeneration and 
glucose metabolism.

During osteoarthritis, angiogenesis occurred in all the  
tissues of joint, including the deep layers of articular  
cartilage.30 In our study, several gene ontology terms related 
to angiogenesis were identified especially in 2 weeks post–
ACLT + MMx group such as GO:0048514~blood vessel 
morphogenesis, GO:0001568~blood vessel development, 
GO:0001944~vasculature development, and GO:0001525 
~angiogenesis. Among 40 cDEGs, Eng, Lect1, Dmp1, 
Cdh13, Fosl1, and Shroom2 genes have been known to be 
involved in angiogenesis. Eng, Lect1, and Dmp1 had been 
reported expressed in articular cartilage. Eng encodes a 
transmembrane glycoprotein, Endoglin, which is a stimula-
tor of angiogenesis and signaling in human chondrocytes.31,32 
Lect1 encodes chondromodulin-1 (ChM1), which acts as a 
repulsive factor of angiogenesis, the ChM1 level decreased 
in osteoarthritic cartilage, which resulted in neovascularization 
into rat articular cartilage.15 Dmp1 encodes dentin matrix 
protein 1, which inhibits VEGF-induced angiogenesis.33 

Prasadam et  al.24 reported that DMP1 progressively 
decreased with human OA deterioration; our findings are 
consistent with these reports. Eng was continuously upregu-
lated in early PTOA progression; in contrast, Lect1 and 
Dmp1 were downregulated in our rat PTOA model.

Cdh13, Fosl1, and Shroom2 genes are novel findings in 
the articular cartilage of osteoarthritis of our results. In pre-
vious reports, Cdh13 was upregulated in blood vessels in 
tumors; it promoted tumor neovascularization.34 Fosl1 was 
involved in the angiogenesis of mouse placental vascular-
ization and in chondrocyte differentiation.35 Shroom2 facili-
tates the formation of contractile networks in endothelial 
cells, and knockdown Shroom2 leads to increasing of angio-
genesis.36 In our study, Cdh13 and Fosl1 were continuously 
upregulated and Shroom2 was downregulated during PTOA 
progression. According the reported functions of these 
genes in angiogenesis, we believe that these dysregulated 
genes supposed to work together to promote angiogenesis 
in early PTOA progression.

Articular cartilage is known as an avascular tissue with-
out nerves. Previous studies demonstrated that neurovascu-
lar bundle invaded into calcified articular cartilage from 
subchondral bone during osteoarthritis progression.30,37 In 
our data, 2 KEGG pathways were identified from our micro-
array analysis: extracellular matrix–receptor interaction and 
axon guidance. The ECM–receptor interaction pathway 
enriched by upregulated DEGs is consistent with previous 
report on cartilage degeneration of OA.10,38 However, the 
axon guidance pathway had never been reported on PTOA 
progression. Axon guidance is the process of how neuron 
extended their axons to reach the correct targets. Axon guid-
ance molecules act to repel or attract growth cone in order to 
direct axonal outgrowth.39 To the best of our knowledge, no 
study has addressed the functions of axon guidance pathway 
in OA cartilage. Sema4d, Plxnb1, Gnai1, and Srgap2 are the 
cDEGs identified from the axon guidance pathway. 
Semaphorin 4D (Sema 4D) is an axon guidance protein 
secreted by oligodendrocytes and induces growth cone col-
lapse to repel the axon growth through its receptor, plexin-
b1 (encoded by Plxnb1 gene), in the central nervous 
system.40,41 Few studies had reported the roles of axon guid-
ance molecules in articular cartilage and OA. Chikako Sumi 
et  al. revealed mRNA expression of Sema3A (one of the 
semaphorin family) was markedly decreased in chondro-
cytes under mechanical stress.42 Lu et  al.43 demonstrated 
Sema 4D and plexin-b1 expression on the cartilage of the 
temporomandibular joint in a mouse model of incisor mal-
occlusion. Negishi-Koga et  al.44 reported Sema 4D and 
plexin-b1 expression in osteoblasts and osteoclasts; those 
are involved in bone remodeling. Hopwood et al.45 reported 
that PLXNB1 was consistently downregulated in the trabec-
ular bone of OA patients. SrGAP2 is a negative regulator of 
neuronal migration and an enhancer of neurite initiation and 
branching. Knockdown of srGAP2 accelerates neuronal 
migration and reduces process complexity and branching of 
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neurites.46 Gnai1, a guanine nucleotide-binding protein and 
alpha-inhibiting activity polypeptide 1, adenylate cyclase 
inhibitor, which inhibits conversion of ATP to cAMP in 
response to extracellular signals.47 In the axon growth cone, 
intracellular cAMP and cGMP levels may affect the axon 
repulsion or attraction.48 Therefore, we believed that these 
axon guidance molecules in articular cartilage play a critical 
role in nerve ingrowth from osteochondral junction during 
PTOA. Axon guidance molecules may serve as the repellent 
agents in the articular cartilage, and downregulation of these 
molecules, like Sema4d, Plxnb1, Srgap2, and Gnai1, might 
promote axon growth into the articular cartilage.

There are some limitations in our study. First, we did not 
apply the fold changes as the threshold on selections of dif-
ferentially expressed genes. For the most part, the expres-
sion fold changes of transcripts in our microarray data are 
small. To apply the selection criteria of both fold change 
>1.5 or < 0.67 and FDR <0.05, 64 DEGs in 2 weeks post–
ACLT + MMx surgery group and only 6 DEGs in 4 weeks 
post–ACLT + MMx group were identified (Supplementary 
Tables S4 and S5) After considering the pros and cons, we 
decided to use the single selection threshold as FDR < 0.05 
for DE genes identifications to gain more biologically rele-
vant information. Second, we apply the overlapping biologi-
cal processes by GO analysis as the subsequent strategy in 
narrowing down the target gene list. The hypothetical ratio-
nale is that some biological functions (and genes) were acti-
vated early and continuously after joint injury, and these 
genes were potential to involve in the progression of PTOA. 
Generally speaking, the GO analyses were usually used in 
describing the identified DEG data, but we use it as the 
screen tool to identify the cDEGs. That is, we try to identify 
the DEGs from the annotated functions that are continuously 
activated in the progression of PTOA. However, this method 
raised the risks of information loss from the DEGs not anno-
tated yet. Third, the validation of our microarray data is nei-
ther by Western blot nor by RT-PCR. Although we carefully 
validate the result genes by immunohistochemical stain and 
by verifying the chondrocyte source (human, rat, or rabbit 
cartilage), as well as platforms/methods used, expression on 
gene level or protein level from previous reports. The future 
work of biological validation (by knocking down or knock-
out genes) should still be considered to validate these novel 
genes functions in the progression of PTOA.

In this study, we used microarray analysis to study the 
transcriptomic changes of articular cartilage in rat PTOA 
progression. Twenty-two genes and axon guidance pathway 
were novel findings which provide a new insights and 
potential directions of further investigation in PTOA.

Acknowledgments and Funding

The authors thank the Core Facilities for High Throughput 
Experimental Analysis of the Institute of Systems Biology and 
Bioinformatics, National Central University, Taiwan for the 

technical support provided in this study. The Core Facilities for 
High Throughput Experimental Analysis are supported by the 
Aim for the Top University Project of the Ministry of Education, 
Taiwan. This study was supported by grants NSC-100-
2314-B-281-003 from the National Science Council, Taiwan, and 
101CGH-NCU-B4 from Cathay General Hospital and National 
Central University.

Declaration of Conflicting Interests[GQ: 2]

The author(s) declared no potential conflicts of interest with 
respect to the research, authorship, and/or publication of this 
article.

Ethical Approval

The experimental protocol was approved by the Institutional Animal 
Care and Use Committee of Cathay General Hospital.[AQ: 1]

Animal Welfare

The present study followed international, national, and/or institu-
tional guidelines for humane animal treatment and complied with 
relevant legislation.

ORCID iDs[GQ: 3]

Yi-Hsien Peng  https://orcid.org/0000-0003-3976-0763
Chih-Shung Wong  https://orcid.org/0000-0001-9898-9950

References

	 1.	 Brown TD, Johnston RC, Saltzman CL, Marsh JL, Buckwalter 
JA. Posttraumatic osteoarthritis: a first estimate of inci-
dence, prevalence, and burden of disease. J Orthop Trauma. 
2006;20(10):739-44.

	 2.	 Sharma L. Osteoarthritis year in review 2015: clinical. 
Osteoarthritis Cartilage. 2016;24(1):36-48.

	 3.	A nderson DD, Chubinskaya S, Guilak F, Martin JA, Oegema 
TR, Olson SA, et al . Post-traumatic osteoarthritis: improved 
understanding and opportunities for early intervention. J 
Orthop Res. 2011;29(6):802-9.

	 4.	 Baragi VM, Becher G, Bendele AM, Biesinger R, Bluhm H, 
Boer J, et al . A new class of potent matrix metalloproteinase 
13 inhibitors for potential treatment of osteoarthritis: evidence 
of histologic and clinical efficacy without musculoskeletal 
toxicity in rat models. Arthritis Rheum. 2009;60(7):2008-18.

	 5.	 Power J, Hernandez P, Guehring H, Getgood A, Henson F. 
Intra-articular injection of rhFGF-18 improves the healing in 
microfracture treated chondral defects in an ovine model. J 
Orthop Res. 2014;32(5):669-76.

	 6.	 Wang K, Xu J, Hunter DJ, Ding C. Investigational drugs for 
the treatment of osteoarthritis. Expert Opin Investig Drugs. 
2015;24(12):1539-56.

	 7.	 Steinberg J, Zeggini E. Functional genomics in osteoarthritis: 
past, present and future. J Orthop Res. 2016;34(7):1105-10.

	 8.	A igner T, Bartnik E, Sohler F, Zimmer R. Functional genom-
ics of osteoarthritis: on the way to evaluate disease hypoth-
eses. Clin Orthop Relat Res. 2004(427 Suppl):S138-S143.

	 9.	A igner T, Bartnik E, Zien A, Zimmer R. Functional genomics 
of osteoarthritis. Pharmacogenomics. 2002;3(5):635-50.

https://orcid.org/0000-0003-3976-0763
https://orcid.org/0000-0001-9898-9950


Liu et al.	 13

	10.	 Snelling S, Rout R, Davidson R, Clark I, Carr A, Hulley PA, 
et al . A gene expression study of normal and damaged carti-
lage in anteromedial gonarthrosis, a phenotype of osteoarthri-
tis. Osteoarthritis Cartilage. 2014;22(2):334-43.

	11.	A ki T, Hashimoto K, Ogasawara M, Itoi E. A whole-genome 
transcriptome analysis of articular chondrocytes in secondary 
osteoarthritis of the hip. PLoS One. 2018;13(6):e0199734.

	12.	A igner T, Cook JL, Gerwin N, Glasson SS, Laverty S, Little 
CB, et al . Histopathology atlas of animal model systems—
overview of guiding principles. Osteoarthritis Cartilage. 
2010;18(Suppl 3):S2-6.

	13.	G regory MH, Capito N, Kuroki K, Stoker AM, Cook JL, 
Sherman SL. A review of translational animal models for 
knee osteoarthritis. Arthritis. 2012;2012:764621.

	14.	 Hayami T, Pickarski M, Zhuo Y, Wesolowski GA, Rodan 
GA, Duong LT. Characterization of articular cartilage and 
subchondral bone changes in the rat anterior cruciate ligament 
transection and meniscectomized models of osteoarthritis. 
Bone. 2006;38(2):234-43.

	15.	 Hayami T, Funaki H, Yaoeda K, Mitui K, Yamagiwa H, 
Tokunaga K, et  al . Expression of the cartilage derived 
anti-angiogenic factor chondromodulin-I decreases in the 
early stage of experimental osteoarthritis. J Rheumatol. 
2003;30(10):2207-17.

	16.	 Hayami T, Zhuo Y, Wesolowski GA, Pickarski M, Duong 
LT. Inhibition of cathepsin K reduces cartilage degeneration 
in the anterior cruciate ligament transection rabbit and murine 
models of osteoarthritis. Bone. 2012;50(6):1250-9.

	17.	L iu CC, Su LJ, Tsai WY, Sun HL, Lee HC, Wong CS. Hylan 
G-F 20 attenuates posttraumatic osteoarthritis progression: 
association with upregulated expression of the circadian gene 
NPAS2. Life Sci. 2015;141:20-4.

	18.	I rizarry RA, Hobbs B, Collin F, Beazer-Barclay YD, 
Antonellis KJ, Scherf U, et al . Exploration, normalization, 
and summaries of high density oligonucleotide array probe 
level data. Biostatistics. 2003;4(2):249-64.

	19.	I rizarry RA, Bolstad BM, Collin F, Cope LM, Hobbs B, 
Speed TP. Summaries of Affymetrix GeneChip probe level 
data. Nucleic Acids Res. 2003;31(4):e15.

	20.	R itchie ME, Phipson B, Wu D, Hu Y, Law CW, Shi W, 
et  al. Limma powers differential expression analyses for 
RNA-sequencing and microarray studies. Nucleic Acids Res. 
2015;43(7):e47.

	21.	G ene Ontology Consortium. The Gene Ontology project 
in 2008. Nucleic Acids Res. 2008;36(Database issue): 
D440-4.

	22.	 Kanehisa M, Araki M, Goto S, Hattori M, Hirakawa M, Itoh 
M, et al . KEGG for linking genomes to life and the environ-
ment. Nucleic Acids Res. 2008;36(Database issue):D480-4.

	23.	R ebhan M, Chalifa-Caspi V, Prilusky J, Lancet D. GeneCards: 
integrating information about genes, proteins and diseases. 
Trends Genet. 1997;13(4):163.

	24.	 Prasadam I, Zhou Y, Shi W, Crawford R, Xiao Y. Role of 
dentin matrix protein 1 in cartilage redifferentiation and 
osteoarthritis. Rheumatology (Oxford). 2014;53(12):2280-7.

	25.	T achmazidou I, Hatzikotoulas K, Southam L, Esparza-
Gordillo J, Haberland V, Zheng J, et al . Identification of new 
therapeutic targets for osteoarthritis through genome-wide 
analyses of UK Biobank data. Nat Genet. 2019;51(2):230-6.

	26.	 Cui S, Zhang X, Hai S, Lu H, Chen Y, Li C, et al . Molecular 
mechanisms of osteoarthritis using gene microarrays. Acta 
Histochem. 2015;117(1):62-8.

	27.	 Steinberg J, Ritchie GRS, Roumeliotis TI, Jayasuriya RL, 
Clark MJ, Brooks RA, et al . Integrative epigenomics, tran-
scriptomics and proteomics of patient chondrocytes reveal 
genes and pathways involved in osteoarthritis. Sci Rep. 
2017;7(1):8935.

	28.	 Morales TI. The quantitative and functional relation between 
insulin-like growth factor-I (IGF) and IGF-binding proteins 
during human osteoarthritis. J Orthop Res. 2008;26(4):465-74.

	29.	 Yang ZQ, Zhang HL, Duan CC, Geng S, Wang K, Yu HF, 
et al . IGF1 regulates RUNX1 expression via IRS1/2: impli-
cations for antler chondrocyte differentiation. Cell Cycle. 
2017;16(6):522-32.

	30.	 Walsh DA, McWilliams DF, Turley MJ, Dixon MR, Franses 
RE, Mapp PI, et al . Angiogenesis and nerve growth factor at 
the osteochondral junction in rheumatoid arthritis and osteo-
arthritis. Rheumatology (Oxford). 2010;49(10):1852-61.

	31.	 Honsawek S, Tanavalee A, Yuktanandana P. Elevated circu-
lating and synovial fluid endoglin are associated with primary 
knee osteoarthritis severity. Arch Med Res. 2009;40(7):590-4.

	32.	 Finnson KW, Parker WL, Chi Y, Hoemann CD, Goldring MB, 
Antoniou J, et al . Endoglin differentially regulates TGF-β-
induced Smad2/3 and Smad1/5 signalling and its expression 
correlates with extracellular matrix production and cellular 
differentiation state in human chondrocytes. Osteoarthritis 
Cartilage. 2010;18(11):1518-27.

	33.	 Pirotte S, Lamour V, Lambert V, Alvarez Gonzalez ML, 
Ormenese S, Noel A, et al . Dentin matrix protein 1 induces 
membrane expression of VE-cadherin on endothelial cells and 
inhibits VEGF-induced angiogenesis by blocking VEGFR-2 
phosphorylation. Blood. 2011;117(8):2515-26.

	34.	 Hebbard LW, Garlatti M, Young LJ, Cardiff RD, Oshima RG, 
Ranscht B. T-cadherin supports angiogenesis and adiponectin 
association with the vasculature in a mouse mammary tumor 
model. Cancer Res. 2008;68(5):1407-16.

	35.	G alvagni F, Orlandini M, Oliviero S. Role of the AP-1 tran-
scription factor FOSL1 in endothelial cells adhesion and 
migration. Cell Adh Migr. 2013;7(5):408-11.

	36.	 Farber MJ, Rizaldy R, Hildebrand JD. Shroom2 regulates 
contractility to control endothelial morphogenesis. Mol Biol 
Cell. 2011;22(6):795-805.

	37.	 Suri S, Gill SE, de Camin SM, Wilson D, McWilliams DF, 
Walsh DA. Neurovascular invasion at the osteochondral 
junction and in osteophytes in osteoarthritis. Ann Rheum Dis. 
2007;66(11):1423-8.

	38.	G ardiner MD, Vincent TL, Driscoll C, Burleigh A, Bou-
Gharios G, Saklatvala J, et  al . Transcriptional analysis of 
micro-dissected articular cartilage in post-traumatic murine 
osteoarthritis. Osteoarthritis Cartilage. 2015;23(4):616-28.

	39.	 Dickson BJ. Molecular mechanisms of axon guidance. 
Science. 2002;298(5600):1959-64.

	40.	 Swiercz JM, Kuner R, Behrens J, Offermanns S. Plexin-B1 
directly interacts with PDZ-RhoGEF/LARG to regulate RhoA 
and growth cone morphology. Neuron. 2002;35(1):51-63.

	41.	I to Y, Oinuma I, Katoh H, Kaibuchi K, Negishi M. Sema4D/
plexin-B1 activates GSK-3beta through R-Ras GAP activity, 
inducing growth cone collapse. EMBO Rep. 2006;7(7):704-9.



14	 Cartilage 00(0)

	42.	 Sumi C, Hirose N, Yanoshita M, Takano M, Nishiyama S, 
Okamoto Y, et al . Semaphorin 3A inhibits inflammation in 
chondrocytes under excessive mechanical stress. Mediators 
Inflamm. 2018;2018:5703651.

	43.	L u L, Huang J, Zhang X, Zhang J, Zhang M, Jing L, et  al 
. Changes of temporomandibular joint and semaphorin 4D/
Plexin-B1 expression in a mouse model of incisor malocclu-
sion. J Oral Facial Pain Headache. 2014;28(1):68-79.

	44.	 Negishi-Koga T, Shinohara M, Komatsu N, Bito H, 
Kodama T, Friedel RH, et  al . Suppression of bone forma-
tion by osteoclastic expression of semaphorin 4D. Nat Med. 
2011;17(11):1473-80.

	45.	 Hopwood B, Gronthos S, Kuliwaba JS, Robey PG, Findlay 
DM, Fazzalari NL. Identification of differentially expressed 
genes between osteoarthritic and normal trabecular bone 
from the intertrochanteric region of the proximal femur using 
cDNA microarray analysis. Bone. 2005;36(4):635-44.

	46.	G uerrier S, Coutinho-Budd J, Sassa T, Gresset A, Jordan NV, 
Chen K, et al . The F-BAR domain of srGAP2 induces mem-
brane protrusions required for neuronal migration and mor-
phogenesis. Cell. 2009;138(5):990-1004.

	47.	 Pineda VV, Athos JI, Wang H, Celver J, Ippolito D, Boulay G, 
et al . Removal of G(ialpha1) constraints on adenylyl cyclase 
in the hippocampus enhances LTP and impairs memory for-
mation. Neuron. 2004;41(1):153-63.

	48.	 Bromberg KD, Iyengar R, He JC. Regulation of neurite 
outgrowth by G(i/o) signaling pathways. Front Biosci. 
2008;13:4544-57.

	49.	R uiz-Romero C, Carreira V, Rego I, Remeseiro S, Lopez-
Armada MJ, Blanco FJ. Proteomic analysis of human osteo-
arthritic chondrocytes reveals protein changes in stress and 
glycolysis. Proteomics. 2008;8(3):495-507.

	50.	 Wei T, Kulkarni NH, Zeng QQ, Helvering LM, Lin X, 
Lawrence F, et al . Analysis of early changes in the articu-
lar cartilage transcriptisome in the rat meniscal tear model 
of osteoarthritis: pathway comparisons with the rat anterior 
cruciate transection model and with human osteoarthritic car-
tilage. Osteoarthritis Cartilage. 2010;18(7):992-1000.

	51.	 Chou CH, Lee CH, Lu LS, Song IW, Chuang HP, Kuo SY, 
et  al. Direct assessment of articular cartilage and underly-
ing subchondral bone reveals a progressive gene expres-
sion change in human osteoarthritic knees. Osteoarthritis 
Cartilage. 2013;21(3):450-61.

	52.	 Dawes JM, Kiesewetter H, Perkins JR, Bennett DL, McMahon 
SB. Chemokine expression in peripheral tissues from the 
monosodium iodoacetate model of chronic joint pain. Mol 
Pain. 2013;9:57.

	53.	A ppleton CT, Pitelka V, Henry J, Beier F. Global analyses of 
gene expression in early experimental osteoarthritis. Arthritis 
Rheum. 2007;56(6):1854-68.

	54.	 Parra-Torres NM, Cazares-Raga FE, Kouri JB. Proteomic 
analysis of rat cartilage: the identification of differentially 
expressed proteins in the early stages of osteoarthritis. 
Proteome Sci. 2014;12(1):55.

	55.	 Dehne T, Karlsson C, Ringe J, Sittinger M, Lindahl A. 
Chondrogenic differentiation potential of osteoarthritic 
chondrocytes and their possible use in matrix-associated 
autologous chondrocyte transplantation. Arthritis Res Ther. 
2009;11(5):R133.

	56.	 Karlsson C, Dehne T, Lindahl A, Brittberg M, Pruss A, 
Sittinger M, et  al . Genome-wide expression profiling 
reveals new candidate genes associated with osteoarthritis. 
Osteoarthritis Cartilage. 2010;18(4):581-92.

	57.	 Meng J, Ma X, Ma D, Xu C. Microarray analysis of dif-
ferential gene expression in temporomandibular joint con-
dylar cartilage after experimentally induced osteoarthritis. 
Osteoarthritis Cartilage. 2005;13(12):1115-25.

	58.	L ambrecht S, Verbruggen G, Elewaut D, Deforce D. 
Differential expression of alphaB-crystallin and evidence of 
its role as a mediator of matrix gene expression in osteoarthri-
tis. Arthritis Rheum. 2009;60(1):179-88.

	59.	 Bao JP, Chen WP, Feng J, Zhao J, Shi ZL, Huang K, et  al. 
Variation patterns of two degradation enzyme systems in 
articular cartilage in different stages of osteoarthritis: regula-
tion by dehydroepiandrosterone. Clin Chim Acta. 2009;408(1-
2):1-7.


