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Article focus
 � The aim of this study was to provide a 

comprehensive understanding of altera-
tions in messenger RNAs (mRNAs), long 
noncoding RNAs (lncRNAs), and circular 
RNAs (circRNAs) in cartilage affected by 
osteoarthritis (oA).

Key messages
 � A total of 739 messenger RNAs (mRNAs), 

1152 long noncoding RNAs (lncRNAs), 
and 42 circular RNAs (circRNAs) were 

differentially expressed in oA cartilage 
tissue.

 � WISP2, ATF3, CHI3L1, ADAM12, PRELP, 
ASPN, ENST00000453554, MSTRG.99593.3, 
MSTRG.44186.2, and NONHSAT186094.1 
might be involved in the pathology of oA.

Strengths and limitations
 � Many transcripts in oA cartilage were 

detected by whole-transcriptome sequenc-
ing and the results were compared with 
previous studies.

Whole-transcriptome sequencing of 
knee joint cartilage from osteoarthritis 
patients

Objectives
The aim of this study was to provide a comprehensive understanding of alterations in mes-
senger RnAs (mRnAs), long noncoding RnAs (lncRnAs), and circular RnAs (circRnAs) in car-
tilage affected by osteoarthritis (oA).

Methods
The expression profiles of mRnAs, lncRnAs, and circRnAs in oA cartilage were assessed using 
whole-transcriptome sequencing. Bioinformatics analyses included prediction and reannota-
tion of novel lncRnAs and circRnAs, their classification, and their placement into subgroups. 
Gene ontology and pathway analysis were performed to identify differentially expressed 
genes (DeGs), differentially expressed lncRnAs (DeLs), and differentially expressed circRnAs 
(Decs). We focused on the overlap of DeGs and targets of DeLs previously identified in seven 
high-throughput studies. The top ten DeLs were verified by quantitative reverse transcrip-
tase polymerase chain reaction (qRT-pcR) in articular chondrocytes, both in vitro and in vivo.

Results
In total, 739 mRnAs, 1152 lncRnAs, and 42 circRnAs were found to be differentially 
expressed in oA cartilage tissue. Among these, we identified 18 overlapping DeGs and tar-
gets of DeLs, and the top ten DeLs were screened by expression profile analysis as candi-
date oA-related genes. WISP2, ATF3, and CHI3L1 were significantly increased in both normal 
versus oA tissues and normal versus interleukin (IL)-1β-induced oA-like cell models, while 
ADAM12, PRELP, and ASPN were shown to be significantly decreased. Among the identified 
DeLs, we observed higher expression of ENST00000453554 and MSTRG.99593.3, and lower 
expression of MSTRG.44186.2 and NONHSAT186094.1 in normal versus oA cells and tissues.

Conclusion
This study revealed expression patterns of coding and noncoding RnAs in oA cartilage, 
which added sets of genes and noncoding RnAs to the list of candidate diagnostic biomark-
ers and therapeutic agents for oA patients.
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 � The overlapping set of differentially expressed genes 
and targets of differentially expressed lncRNAs were 
selected, and their expression profiles were followed 
in vivo and in vitro.

 � Functional research of selected oA-related genes and 
lncRNAs, as well as the expression profiles of differen-
tially expressed circRNAs, should be further validated.

introduction
osteoarthritis (oA) is a chronic joint disorder, the inci-
dence of which is highest among elderly people. its clini-
cal symptoms include joint pain and dysfunction, 
eventually leading to disability. Pathological features of 
oA include degradation of articular cartilage, subchon-
dral bone sclerosis, and osteophyte formation. During 
the early oA process, the surfaces of the cartilage are 
destroyed and depressed until the cartilage is completely 
exposed. This is followed by the proliferation of chondro-
cytes along the exposed cartilage; these chondrocytes 
form a group and secrete a large number of cell growth 
factors, including various tissue-destroying proteases, 
which further cause chondrocyte apoptosis and aggra-
vate the pathological changes.1 As oA is a multifactorial 
disease, the underlying pathological process is closely 
associated with alterations of various genes. in addition, 
various epigenetic modifications, such as DNA methyla-
tion and histone post-translational modification, as well 
as noncoding RNAs (ncRNAs), contribute to the oA pro-
cess.2 in particular, the connection between ncRNAs and 
oA development is the focus of an increasing number of 
studies. Noncoding RNAs represent 98% of the whole 
human genome and include microRNAs, long noncoding 
RNAs (lncRNAs), and circular RNAs (circRNAs).3

Alterations in the level of lncRNAs in oA cartilage may 
result in the aberrant expression of target genes, thereby 
disrupting cartilage homeostasis. only a dozen lncRNAs 
out of more than 5000 lncRNAs identified in the human 
genome have, to date, been proven to be associated with 
oA development. However, owing to their tissue and cell 
specificity, stability, and detectability in various body flu-
ids, lncRNAs have found application in personalized diag-
nosis, therapy, and prognosis.4

Circular RNAs, a novel type of ncRNA, have attracted 
increasing interest owing to their potential utility as reli-
able disease biomarkers. Circular RNAs are a large class of 
ncRNAs with covalently closed loop structures without a 
free 3′ or 5′ end; they are characterized by their more sta-
ble structure and tissue specificity compared with linear 
RNA. Circular RNAs facilitate oA development and repre-
sent promising novel candidate biomarkers of oA.5

in this study, whole-transcriptome sequencing was 
applied to examine the expression profiles of messenger 
RNA (mRNA), lncRNA, and circRNA in intact versus dam-
aged regions of knee joint cartilage from oA patients in 
order to identify key features underlying transcript 

alteration during the oA process. Furthermore, we 
screened oA-related candidate genes to assess biological 
function and identify avenues for clinical intervention.

Materials and Methods
Patients/tissue. Nine medial tibial plateaus (three for 
sequencing and six for polymerase chain reaction (PCR) 
validation) were obtained from patients with symptom-
atic oA during total knee arthroplasty. The ethics com-
mittee of the First People’s Hospital of Huzhou approved 
the study (#201710312), and written informed consent 
was obtained from all subjects. All included subjects 
were men (median age 71 years (interquartile range 65 
to 76)) of Chinese nationality and Han ethnicity who had 
advanced knee oA. Cartilage from damaged and undam-
aged regions was carefully removed to avoid contamina-
tion of bone, synovium, and blood, and was stored in 
liquid nitrogen until further use.
Whole-transcript sequencing analysis and identification 
of differentially expressed genes. Total RNA was isolated 
using the RNeasy Micro Kit (qiAGeN, Hilden, Germany). 
The quality and the integrity of the RNA were assayed 
using an Agilent Bioanalyzer 2100 (Agilent Technologies, 
Santa Clara, California). Subsequently, ribosomal RNA 
(rRNA) was depleted using the RNA Clean XP Kit (Beckman 
Coulter, inc., Brea, California) and RNA was fragmented 
using RNase-Free DNase (qiAGeN). immediately after-
wards, first-strand cDNA was synthesized using the 
SuperScript ii kit (invitrogen, Carlsbad, California) while 
adding a hexamer random primer. Double-strand DNA 
fragments were ligated with a TruSeq adapter (illumina, 
San Diego, California) and amplified with TruSeq PCR 
primers (illumina) for sequencing.

Reads that were shorter than 25 nt and those that 
mapped to rRNA were discarded. The remaining clean 
reads were genome-mapped using spliced mapping in 
the Hisat2 package (Anaconda, inc., Austin, Texas). 
Fragments per kilobase of transcript per million mapped 
reads (FPKM) of edgeR (Anaconda, inc.) were used to 
screen differentially expressed genes (DeGs). The p-value 
was corrected by multiple hypothesis testing, and the 
p-value threshold was determined by controlling false 
discovery rate (FDR). Corrected p-values are denoted as 
q-values. Transcripts with a q-value < 0.05 and a fold 
change (FC) > 2 were categorized as DeGs (Fig. 1).
Prediction and reannotation of novel lncRNAs, screen-
ing of differentially expressed lncRNAs, and prediction of 
lncRNA targets. Gffcompare (version 0.9.8; developed by 
the Center for Computational Biology at Johns Hopkins 
University, Baltimore, Maryland) was used to predict 
lncRNAs, which classified i, u, x categories by cufflinks: ‘i’, 
lncRNAs entirely within a reference intron; ‘u’, intergenic 
lncRNAs (lincRNAs); and ‘x’, lncRNAs with exonic over-
lap with reference on the opposite strand. A Perl script 
(o’Reilly Media inc., Sebastopol, California) was used to 
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reannotate, by tracing the genes corresponding to newly 
identified lncRNAs.

Stringtie (version 1.3.0; developed by the Center for 
Computational Biology at Johns Hopkins University) was 
used to calculate the expression levels of lncRNAs in 
NoNCoDe and ensemble databases. edgeR was used to 
screen differentially expressed lncRNAs (Dels) using the 
same criterion as DeGs.

Transregulation/cisregulation was used to predict 
lncRNA targets. The database used in transprediction was 
the same as for mRNA. BlAST (National Center for 
Biotechnology information, Bethesda, Maryland) was used 
to select the complementary or similar sequences, RNAplex 
(National Center for Biotechnology information) was used 
to calculate the complementary energy between the two 
sequences, and then sequences above the threshold were 
selected. For cisprediction, the distance between a lncRNA 
and its cisprediction gene had to be less than 10 kb.
Prediction, reannotation of novel circRNAs, screening of dif-
ferentially expressed circRNAs, and prediction of parental 
genes of DeCs. All clean reads were genome mapped using 
BWA-MeM6 to identify circRNAs. The CiRi programme7 
was used to predict circRNAs. Based on the location of a 
particular circRNA, the same circRNA in each sample was 
merged and Blast-matched to the circBase database to 
identify novel circRNAs. A Perl script was used to classify 
circRNAs as either exonic region, intronic, or intergenic.

As most circRNAs cannot be used to acquire a com-
plete sequence at present, the junction reads on the sites 
of back-splicing in circRNAs were used to calculate the 
expression levels and were normalized by the spliced 

reads per billion mapping (SRPBM) programme.8 edgeR 
was used to screen DeCs using the same criterion as for 
DeGs. The parental gene (protein-encoding gene corre-
sponding to the location of the circRNAs) was obtained 
according to the location of the circRNAs.
interleukin (il)-1β-induced OA-like cell models. Cartilage 
was minced and digested at 37°C with 0.2% collagenase 
ii (Sigma-Aldrich, St. louis, Missouri) in complete cul-
ture medium of human articular chondrocytes (Procell, 
Wuhan, China) for six to seven hours, with stirring every 
30 to 60 minutes after two hours. Chondrocytes were 
isolated after centrifugation and incubated at 37°C in a 
humidified atmosphere of 5% Co2 for five to seven days 
until they grew to 80% confluence. Next, 5 ng/ml recom-
binant human il-1β (PeproTech, Rocky Hill, New Jersey) 
was treated for 18 hours to induce an oA-like phenotype 
in the chondrocytes.
Real-time quantitative reverse transcriptase polymerase 
chain reaction. Total RNA was extracted from chon-
drocytes and cartilage using TRizol (invitrogen). The 
PrimeScript ii 1st Strand cDNA Synthesis Kit (Takara Bio 
inc., Kusatsu, Japan) and SYBR Premix ex Taq ii (Takara) 
were used for reverse transcription and real-time quan-
titative reverse transcriptase polymerase chain reac-
tion (qRT-PCR) assay. Polymerase chain reaction primer 
sequences are listed in Supplementary Table i. The PCR 
products were verified by dissociation curves, and data 
were normalized to glyceraldehyde 3-phosphate dehy-
drogenase (GAPDH) expression to obtain ΔCt values. 
Fold changes in expression were calculated using the 
2-ΔΔCt method. Water was used as a negative and quality 

Total RNA isolated with ribosome-zero kits

mRNA

Strand-specific RNA-seq

Raw reads, clean reads, mapping

IncRNA prediction circRNA prediction

Novel ncRNA analysis

Differential ncRNA expression

Target/parental genes prediction

GO/KEGG analysis

Differential mRNA
expression

Fig. 1

Flowchart for analysis of whole-transcript sequencing analysis. RNA-seq, RNA-sequencing; mRNA, messenger RNA; lncRNA, long noncoding RNA; circRNA, 
circular RNA; ncRNA, noncoding RNA; Go, gene ontology; KeGG, Kyoto encyclopedia of Genes and Genomes.
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control, and each sample was measured in triplicate. 
Genes with 2-△△ct > 1.5 were considered upregulation 
and 2-△△ct < 0.8 were considered downregulation.9

Accession codes. Whole-transcriptome sequencing data 
from six samples were submitted to the Sequence Read 

Archive (SRA) of the National Center for Biotechnology 
information (NCBi) separately, under the Bioproject 
accession number of PRJNA503001 and SRA run accession 
numbers of SRR8138531, SRR8138532, SRR8138533, 
SRR8138534, SRR8138535, SRR8138536.
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Fig. 2b

Fig. 2c

Whole-transcriptome profile of human articular cartilage. a) Chart showing the distribution of all the mapped reads in genome. b) venn diagram of messenger 
RNAs (mRNAs), long noncoding RNAs (lncRNAs), and circular RNAs (circRNAs) in normal and osteoarthritic (oA) tissue of knee articular cartilage. Data in light 
blue and light yellow circles represent the number of genes expressed in the normal group and oA group, respectively. Data in deep blue ovals represent 
the number of genes that were expressed in each tissue of the normal group and in neither tissue of the oA group, while data in deep yellow ovals represent 
the number of genes that were expressed in each tissue of the oA group and in neither tissue of the normal group. c) Distribution and lengths of mRNAs and 
lncRNAs in whole-transcriptome profiles of human articular cartilage. NAT, natural antisense transcript; lincRNA, intergenic lncRNA.
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Results
Whole-transcriptome profile of human articular cartilage.  
An average of 104 729 039 raw reads were generated in six 
samples and 98 354 813 clean reads remained after trim-
ming with a 97.85% mapping ratio (Fig. 2a). The ratios of 
gene region, coding, splicing, intron, noncoding (including 
5’ untranslated region (UTR), 3’ UTR, and ncRNA regions), 
and intergenic region were nearly uniform in the differ-
ent samples. A total of 50 868 mRNAs, 42 358 lncRNAs, 

and 9556 circRNAs were detected separately. overall, 109 
mRNAs, 204 lncRNAs, and eight circRNAs were identified 
only in oA tissues. in contrast, 74 mRNAs, 187 lncRNAs, 
and 64 circRNAs were uniquely expressed in normal tissues 
(Fig. 2b). The mean length of lncRNAs (1249 nt) was shorter 
than that of mRNAs (1727 nt), and the majority of lncRNAs 
were 200 bp to 999 bp (63%), shorter than the mRNAs 
(61%, 500 nt to 1999 nt; Fig. 2c). intergenic long noncod-
ing RNA (32%), overlapping (24%), and natural antisense 
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Fig.3 (Continued)
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transcript (NAT; 23%) account for the most abundant types 
of lncRNAs. Circular RNAs were classified as exonic (89.9%), 
intronic (6.4%), and intergenic regions (3.7%).
Deg screening, gene ontology, and Kyoto encyclopedia 
of genes and genomes pathway analysis. in total, 338 
mRNAs were significantly downregulated (log2FC ⩽ -1; 
q-value < 0.05) and 401 mRNAs were significantly 
upregulated (log2FC ⩾ 1; q-value < 0.05) in the intact 
versus damaged cartilage. The top 15 upregulated and 
downregulated DeGs are shown in Supplementary 
Table ii. Differentially expressed genes were hierar-
chically clustered, as shown in Figures 3a to 3c, and 
were enriched for several gene ontology (Go) path-
ways closely related to the anabolic and catabolism of 
cartilage matrix (e.g. collagen binding, extracellular 
matrix structural constituent, proteinaceous extracel-
lular matrix, and extracellular matrix; Figs 3d and 3e). 
A total of 78 and 31 Kyoto encyclopedia of Genes and 
Genomes (KeGG) pathways with enrichment factor > 1 
that corresponded to up- and downregulated DeGs, 
respectively, were identified. These included extracel-
lular matrix (eCM)-receptor interaction, the transform-
ing growth factor (TGF)-beta signalling pathway, and 
the osteoclast differentiation and insulin signalling 
pathway, which are associated with oA development 
(Supplementary Tables iii and iv).
Prediction and reannotation of novel lncRNAs. A total of 
2589 novel lncRNAs were predicted, including ‘i’ class 
(1822), ‘x’ class (541), and ‘u’ class (226). For ‘x’ and ‘u’ 
classes, a Perl script was used to identify the correspond-
ing genes and the genes at both ends, while for ‘i’ class, 
a Perl script revealed the nearest genes at both ends. The 

2589 predicted novel lncRNAs were reannotated as 7777 
genes, with an average of three genes per lncRNAs.
Del screening, gO and Kegg pathway analysis of target 
genes, overlapping collection of Degs, and target genes of 
Dels. in all, 506 and 645 Dels were significantly down- 
and upregulated (log2FC ⩽ -1 or log2FC ⩾ 1; q-value 
< 0.05), respectively, in intact versus damaged cartilage, 
which were hierarchically clustered as shown in Figure 4. 
The top 15 Dels are presented in Supplementary Table v. 
Furthermore, 45 294 target genes were predicted for 979 
Dels. of these, the majority were repeatedly predicted by 
different lncRNAs. As such, a total of 5288 target genes 
were obtained.

The predicted target genes of Dels were highly 
enriched for Go, including collagen binding involved in 
the cell matrix, AP-2 adaptor complex binding, tubulin 
deacetylation, and leucine catabolic process (Figs 4d and 
4e). Briefly, 176 and 198 KeGG pathways were enriched 
by the predicted target genes of down- and upregulated 
Dels separately, including mineral absorption, TGF-beta 
signalling, endocrine- and other factor-regulated calcium 
reabsorption and mineral absorption pathway. These 
KeGG pathways may be related to oA development 
(Supplementary Tables vi and vii).

To increase the likelihood of identifying key genes 
involved in the oA process, a set of overlapping DeGs 
and target genes of Dels was constructed. A total of 165 
overlapping genes were identified, of which 64 were 
found to be downregulated genes and 101 were found 
to be upregulated genes, in intact versus damaged carti-
lage (Supplementary Table viii). The down- and upregu-
lated overlapping genes were enriched for Go terms 
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Fig. 3e

Biological process

Rich factor

Differentially expressed genes (DeGs) in whole-transcriptome sequencing of osteoarthritic (oA) and normal tissue of knee articular cartilage. a) Scatter plot of 
messenger RNA (mRNA) expression. The mRNAs, represented as red points (high level) and blue points (low level), indicated a more than two-fold change of 
mRNAs between control normal and oA cartilage samples. b) volcano plot of the differentially expressed mRNAs. The red points (high level) and blue points 
(low level) in the plot represent the differentially expressed mRNAs with statistical significance. c) Hierarchical clustering shows a difference in mRNA expression 
profile between the two groups and homogeneity within groups. d) The top 15 highest enriched gene ontology (Go) terms for downregulated mRNAs in the 
intact cartilage. e) The top 15 highest enriched Go terms for upregulated mRNAs in the intact cartilage. FPKM, fragments per kilobase of transcript per million 
mapped reads; FC, fold change; eSCRT, endosomal sorting complexes required for transport; cAMP, cyclic adenosine monophosphate.
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including myotube differentiation, striated muscle cell 
differentiation, and cell adhesion molecule binding (Figs 
4f and 4g). extracellular matrix, proteinaceous extracel-
lular matrix, cellular response to extracellular stimulus, 
cartilage development, and connective tissue develop-
ment were also enriched and may be associated with oA 
progress. Furthermore, 13 and 60 KeGG pathways of 
down- and upregulated overlapping genes, respectively, 
were enriched and included mucin type o-glycan bio-
synthesis, calcium signalling pathway, and insulin signal-
ling pathway (Supplementary Tables ix and x).

Screening of DeCs and gO analysis of their parental genes. A 
total of 9556 circRNAs were predicted, of which 5536 
(57.9%) were novel, based on circBase. Four circRNAs 
(including two novel circRNAs) were significantly down-
regulated and 38 (including 12 novel circRNAs) were sig-
nificantly upregulated in intact versus damaged cartilage 
(FC ⩾ 2; p-value < 0.05; Fig. 5a). The top 15 DeCs are 
showed in Supplementary Table xi. The parental genes of 
DeCs were highly enriched for regulation of small GTPase-
mediated signal transduction, GTPase activator activity, 
and regulation of intracellular signal transduction (Fig. 5b).

Fig.4 (Continued)
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Differentially expressed long noncoding RNAs (lncRNAs) (Dels) in whole-transcriptome sequencing of osteoarthritic (oA) and normal tissue of knee articular 
cartilage. a) Scatter plot of lncRNA expression. The lncRNAs, represented as red points (high level) and blue points (low level), indicated a more than two-fold 
change of lncRNAs between control normal and oA cartilage samples. b) volcano plot of the Dels. The red points (high level) and blue points (low level) in 
the plot represent the Dels with statistical significance. c) Hierarchical clustering shows a difference in lncRNA expression profile between the two groups and 
homogeneity within groups. d) The top 15 highest enriched gene ontology (Go) terms for target messenger RNAs (mRNAs) of downregulated Dels. e) The top 
15 highest enriched Go terms for target mRNAs of upregulated Dels. f) Top 15 highest enriched Go terms for downregulated overlapping genes of differentially 
expressed genes (DeGs) and target genes of Dels. g) Top 15 highest enriched Go terms for upregulated overlapping genes of DeGs and target genes of Dels. 
FPKM, fragments per kilobase of transcript per million mapped reads; FC, fold change; cAMP, cyclic adenosine monophosphate.
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Differentially expressed circRNAs (DeCs) in whole-transcriptome sequencing of osteoarthritic (oA) and normal tissue of knee articular cartilage and gene ontol-
ogy (Go) analysis of their parental genes. a) DeCs in whole-transcriptome sequencing of oA and normal tissue of knee articular cartilage. Hierarchical clustering 
shows a difference in circRNA expression profile between the two groups and homogeneity within groups. b) Go analysis for parental genes of DeCs. The top 
15 highest enriched Go terms in three domains were demonstrated.
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table ii. The overlapping differentially expressed genes (DeGs) screened out from seven different research studies, including the present study

Resources Number list of overlapping Degs

From all seven results 1 FN1
From six results including present study 4 ADAM12, TNFAIP6, CRLF1, COL5A1
From five results including present study 8 HTRA1, SOX11, GFRA2, ST6GALNAC5, MSX2, DNER, OGN, CRTAC1
From four results including present study 15 TSPAN2, BAALC, SLC7A5, NKX2-5, GIPR, ADAMTS6, UROC1, IL11, TF, P4HA3, ASPN, AOC2, 

COL15A1, PTGES, TPPP3
From three results including present study 27 SORT1, PTGER1, BVES, C3ORF52, ENOX1, RNF152, TNFRSF11B, GLIS1, PSAT1, ANK3, GRIA2, 

SLC16A10, SRPX2, LOXL3, NOG, ANGPTL, CILP 4, OMD, SIPA1L2, GJB2, MAMDC2, HHIPL1, SPSB4, 
TMEM59L, LY6D, SLC2A12, COL3A1

table i. Candidate genes with biological function related to bone and cartilage

gene name Biological function log2FC Regulation

ACE10 Gene polymorphism correlated with oA 3.86 Up
ADAM1211 Cartilage degradation -1.33 Down
ASPN12 Susceptibility gene for oA -1.11 Down
ATF313 oA development, bone formation 2.13 Up
BMP314 Cartilage repair, bone formation 2.72 Up
CHI3L115 oA development 2.17 Up
GALNT1616 TGF-beta/BMP signalling -2.89 Down
GAS717 Chondrogenesis 1.51 Up
LEPR18 Susceptibility gene for oA 2.03 Up
NFAM119 osteoclast formation and bone resorption 1.60 Up
PRELP20 Function on osteoclasts, osteoblasts, and cartilage -1.13 Down
WISP221 Rheumatoid arthritis 1.76 Up
C322 Rheumatoid arthritis, osteoporosis 3.08 Up
C723 Rheumatoid arthritis 4.35 Up
FAM83G24 Type i BMP -1.16 Down
JUN25 oA development 1.38 Up
EVX126 Joint formation 2.64 Up
BARX227 Cartilage formation -1.58 Down

FC, fold change; oA, osteoarthritis; TGF, transforming growth factor; BMP, bone morphogenetic protein

identifying candidate genes for PCR-validation. The 
sets of 165 overlapping DeGs and target genes of Dels 
(Supplementary Table viii) were further searched in the 
PubMed literature database. each “Gene symbol” (gene 
name) was used as a query keyword and searched in the 
“title/abstract”. A total of 18 genes were previously impli-
cated in bone and cartilage diseases, while 111 genes 
were found to be associated with other conditions such 
as tumours, Alzheimer’s, heart disease, and diabetes. The 
remaining 36 genes lacked experimental or clinical vali-
dations. As their expression profiles in oA cartilage were 
still unknown, these 18 genes were selected to be further 
analyzed (Table i).10-27

Previous research has revealed the expression pattern 
of mRNAs in oA cartilage using high-throughput com-
mercialized28-31 or laboratory-developed32,33 gene micro-
arrays and RNA-sequencing technology.34 The DeGs of 
the present study were compared with the data from six 
independent laboratories. Table ii shows the overlapping 
DeGs identified in seven research studies.28-34 Fibronectin 
1 (FN1) was the only gene present in all seven datasets. 
This gene encodes one of the most abundant proteins in 
oA synovium; its decrease in mechanically stimulated 
human chondrocyte cells was shown to mediate the 
chondroprotective action of diacerein.35,36 Four genes 
were identified in six DeG sets: ADAM12, which is among 

the 18 genes selected for validation; TNFAIP6 (also known 
as TSG-6), which is enhanced in oA synovial fluids,37 is 
thought to function by blocking matrix assembly and 
futile synthesis, and is correlated with increased oA risk;38 
COL5A1, which is involved in type v collagen biosynthe-
sis, and may have roles in regulating the width of fibrils 
and controlling the assembly of other types of collagen 
into fibrils in joint cartilage;39 and cytokine receptor-like 
factor 1 (CRLF1). The role of CRLF1 is less well known40 
and it was therefore chosen for further validation.

Finally, since very little information was available on 
1151 Dels, the top five upregulated and top five down-
regulated Dels were selected for further analysis.
expression of Degs and Dels in il-1β-induced OA-like cell 
models. Real-time qRT-PCR was used to validate the 
expression of the 18 chosen genes in human articu-
lar chondrocytes in vitro. ADAM12 (FC = 0.296), ASPN 
(FC = 0.57), and PRELP (FC = 0.40) were significantly 
decreased in normal versus il-1β-treated oA-like cell 
lines (Fig. 6a). in contrast, CHI3L1 (FC = 4.48), NFAM1 
(FC = 4.03), ATF3 (FC = 2.56), WISP2 (FC = 1.86), and 
LEPR (FC = 1.76) were significantly increased in normal 
chondrocytes. EVX1, BARX2, and FAM83G showed oppos-
ing trends based on sequencing and qRT-PCR analysis, 
although they were significantly differentially expressed 
between the oA and normal groups. The other eight 
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genes seemed to be independent of oA progress in il-1β-
induced oA-like cell models.

Some lncRNAs, including MSTRG.44186.2 (FC = 0.40), 
NONHSAT186094.1 (FC = 0.26), and NONHSAT123215.2 
(FC = 0.14) were found to be significantly decreased in 
normal versus oA-like chondrocytes. in contrast, 
ENST00000453554 (FC = 6.76), MSTRG.99593.3 (FC = 
6.52), MSTRG.138716.2 (FC = 1.52), and NONHSAT044053.2 
(FC = 2.21) were significantly increased in normal chondro-
cytes. Finally, NONHSAT044053.2 showed an opposing 
trend based on sequencing and qRT-PCR analysis (Fig. 6b).

in total, the expression profiles of 14 genes comprising 
eight DeGs (ADAM12, ASPN, PRELP, CHI3L1, NFAM1, ATF3, 
WISP2, and LEPR) and six Dels (MSTRG.44186.2, 
NONHSAT186094.1, NONHSAT123215.2, ENST00000453554, 
MSTRG.99593.3, and MSTRG.138716.2) were shown to be 
influenced by il-1β in chondrocytes cultured in vitro, and 
therefore may be involved in chondrocyte apoptosis and 
oA development.

expressions of Degs and Dels in OA articular carti-
lage. Based on our in vivo PCR validation, the expres-
sion patterns of 14 genes were found to be consistent 
with the sequencing results, although four out of the 
14 were not significantly different between normal and 
oA tissue. Among the DeGs, WISP2 (FC = 5.04), ATF3 
(FC = 2.13), and CHI3L1 (FC = 1.63) were significantly 
increased in normal versus oA tissue, while ADAM12 
(FC = 0.56), PRELP (FC = 0.31), and ASPN (FC = 0.30) 
were significantly decreased in normal versus oA tissue. 
Among the Dels, we observed increased expression of 
ENST00000453554 (FC = 6.82) and MSTRG.99593.3 
(FC = 6.15), and decreased expression of MSTRG.44186.2 
(FC = 0.65) and NONHSAT186094.1 (FC = 0.10) in nor-
mal versus damaged tissue (Fig. 7).

Discussion
The term ‘transcriptome’ has been expanded to include 
several types of transcripts, including mRNAs and 

Fig. 6a

Fig. 6b
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noncoding RNAs, which affords novel opportunities for 
comprehensive RNA expression profiling, as well as dis-
covering novel lncRNAs and circRNAs. in this study, we 
simultaneously detected mRNAs, lncRNAs, and circRNAs 
in oA articular cartilage for the first time. A total of 50 868 
mRNAs, 42 358 lncRNAs, and 9556 circRNAs were identi-
fied, among which 109 mRNAs, 204 lncRNAs, and eight 
circRNAs were exclusively detected in damaged oA tis-
sue, suggesting that they may be associated with oA pro-
gress. Additionally, 2589 lncRNAs (6.11%) and 5536 
circRNAs (57.9%) were identified as novel genes, provid-
ing a resource of new genes to explore the function of 
ncRNA in oA progression.

Whole-transcriptome sequencing results in 739 DeGs, 
1151 Dels, and 42 DeCs. From this, DeGs, target genes 
of Dels, and parental genes of DeCs were separately 
assessed for enrichment of Go terms and KeGG path-
ways. of primary focus were pathways involved in carti-
lage synthesis and metabolism, including collagen fibril 
organization, extracellular matrix, collagen binding, pro-
teinaceous extracellular matrix, TGF-beta signalling 
pathway, osteoclast differentiation, mineral absorption, 
and insulin signalling pathway. in addition, some path-
ways, such as negative regulation of endothelial cell 
apoptotic process, immunoglobulin secretion, and regu-
lation of calcium ion import seemed less relevant to oA 
progress, but may provide insight into novel oA patho-
genic factors.

As whole-transcriptome sequencing can simultane-
ously identify DeGs and Dels, target genes of Dels that 
also belonged to the identified DeGs were of particular 
interest. if they were involved in oA progress, their 
functions may be controlled by corresponding lncR-
NAs. WISP2, ATF3, CHI3L1, ADAM12, PRELP, and ASPN 

were previously suggested to be involved in oA pro-
gress. For these genes, elucidating their interactions 
with corresponding lncRNAs identified in this study will 
contribute to a better understanding of the lncRNA- 
regulated molecular mechanism underlying oA develop-
ment. interestingly, ADAM12 and ASPN were previously 
identified as DeGs in seven independent oA-related mRNA 
microarrays or sequencing experiments.28-34 Nonetheless, 
how these genes are regulated by lncRNAs in the progres-
sion of oA is still unclear.

in addition, the expression profiles of ENST00000453554, 
MSTRG.99593.3, MSTRG.44186.2, and NONHSAT186094.1 
were found to be significantly altered in oA progress, 
which provided new oA-related lncRNA candidates for fur-
ther research. in previous studies, Fu et al,30 Xing et al,41 
and liu et al42 independently identified 4707, 121, and 
152 Dels, respectively, in oA versus normal cartilage using 
lncRNA microarrays. The vast differences in the number of 
identified Dels depended largely on how they defined 
their threshold of differential genes: liu et al42 and Xing 
et al41 used eight-fold changes, while Fu et al30 used two-
fold changes as the threshold, which was similar to our 
study. Furthermore, because we used a sequencing 
method rather than a microarray (as in most previous stud-
ies), 2589 novel lncRNAs specific to knee articular cartilage 
were identified. Moreover, 42 DeCs in oA versus normal 
cartilage and eight circRNAs exclusively expressed in oA 
cartilage were reported, which provided useful noncoding 
gene candidates for further work on oA pathogenesis.

our study has some limitations. First, experimental 
validation of selected oA-related genes and lncRNAs mer-
its further research, as does as an in-depth examination of 
differentially expressed circRNAs. likewise, efforts should 
be made to identify the specific roles of other DeGs 
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identified in this study and to place them in the larger 
context of oA progression. Finally, future studies should 
focus on obtaining larger datasets from oA patients, so 
that risk ratios of candidate genes can be analyzed, and 
useful oA biomarkers can be utilized in clinical diagnostic 
and treatment applications.

in conclusion, we identified four important lncRNAs 
and six genes that were targeted by Dels that regulate 
oA progress. Further research into the functions of these 
genes and their interaction with lncRNAs may lead to a 
better understanding of their biogenesis and the mecha-
nism underlying oA. The filtered lncRNAs and circRNAs 
pool of this study contributes to an increased under-
standing of the basic features of human knee cartilage 
tissue and may eventually be used as diagnostic biomark-
ers and therapeutic agents for oA patients.

Supplementary Material
Tables illustrating data related to: polymerase chain 
reaction (PCR) primer sequences; gene ontology 

(Go) and Kyoto encyclopedia of Genes and Genomes 
(KeGG) pathway analyses; screening of differentially 
expressed genes (DeGs), differentially expressed long 
noncoding RNAs (Dels), and differentially expressed cir-
cular RNAs (DeCs); and the top 15 up- and downregu-
lated DeGs, Dels, and DeCs.
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