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Abstract
Although over-expression of hypoxia-inducible factor-2 alpha (HIF-2α) can result in cartilage destruction
and osteoarthritis (OA) development, the underlying mechanisms remain poorly understood. Here, we
investigated the molecular mechanisms in chondrocytes over-expressing HIF-2α. The GeneCloud of
Biotechnology Information platform was used to identify differentially expressed genes (DEGs). Using the
GEO GSE104794 dataset of control (empty adenovirus, n = 4) and experimental (recombinant adenovirus
expressing HIF-2α, n = 4) groups, we performed DEG, Gene Ontology, pathway, pathway network, and gene
signal network analyses. Similarly, DEG analysis was performed for the GEO GSE51588 dataset of
control (non-OA, n = 4) and experimental (OA, n = 20) groups. Thereafter, intersection of GSE104794 gene
signal network analysis and GSE51588 DEG analysis was performed for the key genes, validated by
quantitative reverse transcription-polymerase chain reaction. A total of 542 DEGs were identi�ed, among
which, the 10 most signi�cant genes in the gene signal network were Nfkb1, Tlr2, Nt5e, Enpp1, Entpd3,
Vegfa, Ptgs2, Socs3, Fos, and Epas1. The key genes in OA were LUM, ENTPD3, SMPD3, FGFR3, GPX3,
IRAK3, EREG, HTR2A, TLR2, and CDA. Taken together, we screened key genes that are potentially involved
in osteoarthritis, thereby providing a basis for identifying valuable markers for this disease.

Introduction
Osteoarthritis (OA), a chronic degenerative disease of articular cartilage, generally occurs in middle-aged
and elderly people. One of the main pathological changes in OA is degradation of the cartilage matrix [1–
3]. In OA, chondrocyte death leads to the activation of the remaining chondrocytes, and this in turn
promotes the initiation of catabolic processes and aberrant differentiation, thereby resulting in
degradation of the extracellular matrix [4]. The molecular mechanisms that control articular chondrocyte
differentiation during the development and maintenance of articular cartilage are being identi�ed, which
will potentially lead to new therapeutic interventions.

Hypoxia-inducible factor 2α (HIF-2α), encoded by Epas1, is mainly expressed in hypertrophic
chondrocytes within the calci�ed layer surrounding cartilage, and induces chondrocyte apoptosis [5]. It
has been reported [6] that the over-expression of HIF-2α in mouse knee joints by intra-articular injection of
Ad-Epas1 results in severe cartilage destruction and increases the expression of catabolic factors (Mmp2,
Mmp3, Mmp9, Mmp12, Mmp13, Mmp14, Adamamts4, Adamts5, Nos2, and Ptgs2) in chondrocytes.
Similarly, injection of Ad-Epas1 into the knee joint of rabbits has been shown to stimulate OA-like damage
of the medial femoral condyle cartilage. Therefore, it is considered that the over-expression of Hif-2α may
closely mimic the occurrence and development of OA and the destruction of chondrocytes, although the
underlying mechanisms have yet to be su�ciently determined and need further study.

In this study, we downloaded the GEO gene expression pro�le dataset GSE104794 and identi�ed several
hub genes that may be involved in the over-expression of HIF-2α in chondrocytes based on bioinformatic
analysis. These hub genes were intersected with the differentially expressed genes of the GSE51588
dataset to identify key genes. which may play key roles in the occurrence and development of OA.
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Methods

Gene expression pro�ling data
The gene expression pro�le datasets GSE104794 and GSE51588 were downloaded from the GEO
database of the National Center for Biotechnology Information. The tissue source for the GSE104794
dataset was mouse knee articular cartilage cells. In the control group (n = 4), total RNA was extracted 24 h
after infection with an empty adenovirus, whereas in the experimental group (n = 4), total RNA was
extracted 24 h after infection with a recombinant adenovirus expressing HIF-2α. The tissue source for the
GSE51588 dataset was subchondral bone of the human knee joint. The dataset consists of a control
group (non-OA, n = 4) and an experimental group (OA, n = 20).

Analysis design
For all bioinformatic analyses performed in the present study, the GSE104794 and GSE51588 gene
expression pro�le datasets were input into the GCBI analysis platform
(https://www.gcbi.com.cn/gclib/html/index). Figure 1 presents a �owchart of the analytical process. All
methods were carried out in accordance with relevant guidelines/regulations.

Differentially expressed gene analysis
For the identi�cation of differentially expressed genes (DEGs), we performed signi�cance analysis of
microarrays (SAM) to screen for genes in the previously designated groups showing signi�cantly
differential expression [7]. Differences with a q value < 0.05 and a fold change > 2.0 or < − 2.0 were
considered statistically signi�cant.

Gene Ontology (GO) term and Kyoto Encyclopaedia of
Genes and Genomes (KEGG) pathway analyses
For the purposes of GO term analysis, genes that were differentially expressed between the groups were
used to annotate gene functions based on the GO database to determine all gene functions. Thereafter,
Fisher’s exact and multiple comparison tests were used to calculate the signi�cance levels (p values) and
false discovery rates (FDRs) to screen the signi�cance of the function of each radially expressed gene.
Enrichment results with an FDR value < 0.05 were considered statistically signi�cant.

For the KEGG pathway analyses, based on reference to the KEGG database, Fisher's exact test was used
to analyse the signi�cance of pathways associated with the target genes and to screen the signi�cance
of the pathways for each target gene. Pathways with an FDR value < 0.05 were considered statistically
signi�cant.

Pathway and gene signal network analyses
In the pathway network analysis, we constructed an interaction network between pathways based on
interactive associations in the KEGG database. Pathway network analysis can be used to
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comprehensively and systematically analyse the signal conduction associations between the signi�cant
sample pathways identi�ed based on pathway analysis, intuitively discover the synergistic mode of
important pathways when the sample changes, and systematically determine the nature of sample trait
changes. In gene signal network analysis, an interaction network between genes was constructed based
on the KEGG database. Using the interactive relationships between genes and gene products in the KEGG
database, the interactions between each gene and other genes can be determined via a database search,
and the interactions between target gene groups can be comprehensively identi�ed, thereby enabling
identi�cation of the upstream and downstream proteins. Having assembled this information, the
interaction network between genes is constructed.

Screening of putative key genes in OA
We established that all hub genes obtained from the GSE104794 dataset based on signal network
analyses were found to intersect with the genes obtained from the GSE51588 dataset based on DEG
analysis.

Validation of mRNAs using quantitative reverse
transcription-polymerase chain reaction (qRT-PCR)
This study was approved by the Institutional Review Committee and Ethics Committee of Hainan
Provincial People's Hospital, and conformed to the requirements of medical ethics (Approval No: Med-Eth-
Re [2020] 04). All patients who donated knee joints signed an informed consent form. Normal human
knee cartilage (n = 6) was obtained from traumatic lower limb amputees (above the knee joint) and
osteoarthritic cartilage (n = 6) was obtained from patients undergoing knee arthroplasty. Beyozol
(Beyotime Bio, Inc., Beijing, China) was used to extract total RNA from the frozen tissues. A BeyoRT™ II
cDNA Synthesis Kit (Beyotime Bio, Inc.) was used to reverse transcribe the extracted RNA to cDNA.
Thereafter, 2 µg of cDNA was used as a template in each reaction using a BeyoFast™ SYBR Green One-
Step qRT-PCR Kit (Beyotime Bio, Inc.) with reactions being run using an Applied Biosystems Real-Time
PCR System (Applied Biosystems, Thermo Fisher Scienti�c, Waltham, MA, USA). The 2-ΔΔCt method was
adopted to calculate the expression of genes relative to that of the housekeeping gene GAPDH. The
primers used for qRT -PCR ampli�cation are shown in Table 1.
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Table 1
The sequences of the primers used in qRT-PCR

Gene Forward Sequence Reverse Sequence

LUM AACATACCAACTGTCAATGAAAACC TGCCATCCAAACGCAAATGCTTG

ENTPD3 CCTTCAACTCCAGCACCTGGAA TGGCTGAGAAGCAGTAAGAGCG

SMPD3 GAAGCACACCTCAGGACCAAAG CAGCCAGTCCTGAAGCAGGTC

FGFR3 TCCATCTCCTGGCTGAAGAACG TGTTCTCCACGACGCAGGTGTA

GPX3 TACGGAGCCCTCACCATTGATG TACGGAGCCCTCACCATTGATG

IRAK3 ATGCTCGGTCATCTGTGGCAGT CTCTGATGTTCTAGGTGGGACC

EREG GGCAGCCTTGTACTTCAGTGAC GAGGCAGAACAGGATGAAGTCC

HTR2A ATCCACCACAGCCGCTTCAACT ATCCACCACAGCCGCTTCAACT

TLR2 CTTCACTCAGGAGCAGCAAGCA ACACCAGTGCTGTCCTGTGACA

CDA TGTGCTGGAAATCACGCCAAGC ACCACTCCTCAGCTCTGGAAAC

GAPDH CATCACTGCCACCCAGAAGACTG ATGCCAGTGAGCTTCCCGTTCAG

Results

DEG analysis
A total of 542 genes were identi�ed as being signi�cantly differentially expressed in the experimental
group with over-expression of HIF-2α compared with those in the control group, of which 418 and 124
were up- and downregulated, respectively. The results are shown as a dendrogram and volcano plot in
Fig. 2. The 10 genes with the most signi�cant differential expression between the groups were Hp, Epas1,
Slc39a8, Cxcl5, Slpi, Cxcl3, Ccl5, Mmp3, Lbp, and Egln3 (Table 2).
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Table 2
The top 10 differentially expressed genes (in the order of increasing p value).

Gene
Symbol

Gene Description d Score Fold
Change

p q Direction
of
change

Rank

Hp ‘Mus musculus
haptoglobin, mRNA
(cDNA clone
MGC:170499
IMAGE:8861894),
complete cds.’

16.094254 59.126839 4.40E-
05

0 up 1

Epas1 ‘Mus musculus hypoxia-
inducible factor 1 alpha-
related factor mRNA,
complete cds.’

15.825902 49.704816 4.50E-
05

0 up 2

Slc39a8 ‘Mus musculus solute
carrier family 39 (metal
ion transporter), member
8 (Slc39a8), transcript
variant 3, mRNA.’

14.158016 21.985257 4.70E-
05

0 up 3

Cxcl5 ‘Mus musculus
chemokine (C-X-C motif)
ligand 5 (Cxcl5), mRNA.’

13.986656 39.73766 4.90E-
05

0 up 4

Slpi ‘Mus musculus secretory
leukocyte peptidase
inhibitor, mRNA (cDNA
clone MGC:41142
IMAGE:1513866),
complete cds.’

13.436031 22.077976 5.00E-
05

0 up 5

Cxcl3 ‘Mus musculus dendritic
cell in�ammatory
protein-1 precursor
(Dcip1) mRNA, complete
cds.’

12.329574 75.677158 5.20E-
05

0 up 6

Ccl5 ‘Mus musculus
chemokine (C-C motif)
ligand 5 (Ccl5), mRNA.’

12.240473 20.016547 5.40E-
05

0 up 7

Mmp3 ‘Mus musculus matrix
metallopeptidase 3,
mRNA (cDNA clone
MGC:11554
IMAGE:3962288),
complete cds.’

12.121166 117.021252 5.50E-
05

0 up 8

Lbp ‘Mus musculus
lipopolysaccharide
binding protein (Lbp),
mRNA.’

11.919923 21.493861 5.70E-
05

0 up 9
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Gene
Symbol

Gene Description d Score Fold
Change

p q Direction
of
change

Rank

Egln3 ‘Mus musculus SM-20
mRNA, complete cds.’

11.721998 41.32854 5.90E-
05

0 up 10

GO analysis
We obtained a total of 430 GO biological process terms with statistically signi�cant enrichment for the
identi�ed DEGs, the top 10 of which were in�ammatory response, negative regulation of apoptotic
process, negative regulation of cell proliferation, positive regulation of apoptotic process, positive
regulation of cell proliferation, cell cycle, oxidation–reduction process, immune response, angiogenesis,
and acute-phase response, as shown in Supplementary Table S1.

Pathway analysis
There were 55 pathways with signi�cant enrichment of DEGs (p < 0.05), the top 10 of which were
cytokine–cytokine receptor interaction, pathways in cancer, rheumatoid arthritis, metabolic pathways,
HIF-1 signalling pathway, legionellosis, Toll-like receptor signalling pathway, Chagas disease (American
trypanosomiasis), mitogen-activated protein kinase (MAPK) signalling pathway, and pertussis, as shown
in Supplementary Table S2.

Pathway network analysis
On the basis of pathway network analysis, we identi�ed a total of 54 core pathways, among which there
were 24 upregulated pathways, no downregulated pathways, and 30 upregulated/downregulated
pathways, as shown in Supplementary Table S3. Figure 3 shows a relationship network constructed for
these pathways, among which MAPK signalling pathway, apoptosis, pathways in cancer, cell cycle, p53
signalling pathway, focal adhesion, T cell receptor signalling pathway, glycolysis/gluconeogenesis, JAK-
STAT signalling pathway, and cytokine–cytokine receptor interaction were the 10 pathways with the
highest degrees of interaction in the network, indicating that they have the most importance. The network
for these top 10 pathways is shown in Fig. 4.

Gene signal network analysis
Gene signal network analysis enabled us to identify a total of 104 hub genes, of which 14 and 90 were
down- and upregulated, respectively. Figure 5 shows a relationship network constructed for these genes.
The 10 hub genes with the highest betweenness values (higher values indicate a greater importance)
were Nfkb1, Tlr2, Nt5e, Enpp1, Entpd3, Vegfa, Ptgs2, Socs3, Fos, and Epas1 (Table 3). The network map
of these genes is shown in Fig. 6.
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Table 3
The top 10 ranking hub genes based on gene signal network analysis with corresponding betweenness

values
Gene
Symbol

Gene
feature

Gene description Betweenness Rank

Nfkb1 up ‘Mus musculus nuclear factor of kappa light
polypeptide gene enhancer in B cells 1, p105 (Nfkb1),
mRNA.’

158.75 1

Tlr2 up ‘Mus musculus Toll-like receptor 2 (Tlr2) mRNA,
complete cds.’

62 2

Nt5e up ‘Mus musculus 5′ nucleotidase, ecto, mRNA (cDNA
clone MGC:155584 IMAGE:8734017), complete cds.’

61.6667 3

Enpp1 up ‘Mus musculus ectonucleotide
pyrophosphatase/phosphodiesterase 1 (Enpp1),
mRNA.’

38 4

Entpd3 down ‘Mus musculus ectonucleoside triphosphate
diphosphohydrolase 3 (Entpd3), mRNA.’

35.6667 5

Vegfa up ‘Mus musculus vascular endothelial growth factor A
(Vegfa), transcript variant 1, mRNA.’

29.5 6

Ptgs2 up ‘Mus musculus prostaglandin-endoperoxide synthase
2, mRNA (cDNA clone MGC:60582 IMAGE:30059181),
complete cds.’

28 7

Socs3 up ‘Mus musculus suppressor of cytokine signalling 3
(Socs3), mRNA.’

26 8

Fos up ‘Mus musculus FBJ osteosarcoma oncogene (Fos),
mRNA.’

24.25 9

Epas1 up ‘Mus musculus hypoxia-inducible factor 1 alpha-
related factor mRNA, complete cds.’

18 10

3.6. Screening and validation of the key genes
On the basis of our DEG analysis of the GSE51588 dataset, we identi�ed those genes that were
differentially expressed between OA and normal tissues. Among these 864 DEGs, there were 443 and 421
down- and upregulated genes, respectively. Intersection of these DEGs with hub genes enabled us to
identify 10 core genes (Fig. 7), namely, LUM, ENTPD3, SMPD3, FGFR3, GPX3, IRAK3, EREG, HTR2A, TLR2,
and CDA. The differences in the mRNA expression of these genes between the normal and OA groups
were found to be signi�cant (Fig. 8).

Discussion
Osteoarthritis (OA) is characterised by degeneration of the articular cartilage, which is primarily
attributable to changes in chondrocyte viability, which in turn promotes a reduction in the rate of
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catabolism, thereby affecting chondrocyte structure [8–12]. HIF-2α (Epas1) promoter analysis has shown
that nuclear factor (NF)-κB regulates HIF-2α transcriptional activity and that the NF-κB/HIF-2α signalling
pathway is closely associated with the development of OA caused by articular cartilage damage [13].
This highlights the importance of elucidating the mechanisms underlying HIF-2α over-expression in
chondrocytes leading to chondrocyte damage and OA. In the present study, we used the GCBI analysis
platform [14–18] for DEG, GO term and pathway enrichment, pathway network, and gene signal network
analyses of the GEO gene pro�ling GSE104794 dataset. Subsequent intersection analysis of 104 hub
genes identi�ed in the gene signal network analysis of GSE104794 and 864 DEGs identi�ed on the basis
of the DEG analysis of GSE51588 yielded 10 key genes (LUM, ENTPD3, SMPD3, FGFR3, GPX3, IRAK3,
EREG, HTR2A, TLR2, and CDA), which were veri�ed by qRT-PCR in OA.

In this study, we identi�ed 542 that were differentially expressed between the experimental and control
groups, among which 418 and 124 were up- and downregulated respectively, under the conditions of HIF-
2α over-expression. These 542 DEGs can be considered as those involved in the development and
progression of OA in response to the over-expression of HIF-2α. The results of GO biological process
analysis indicated that to a large extent, these DEGs play roles in the in�ammatory response and cell
apoptosis. Subsequent pathway analysis revealed that the 542 DEGs are signi�cantly enriched in the
cytokine–cytokine receptor interaction, pathways in cancer and rheumatoid arthritis, metabolic pathways,
HIF-1 signalling pathway, legionellosis, Toll-like receptor signalling pathway, Chagas disease (American
trypanosomiasis), MAPK signalling pathway, and pertussis. Among these enriched pathways, the MAPK
signalling pathway is essential in signal transduction, integration, and ampli�cation, and is a major
component of various eukaryotic cellular processes [19, 20]. This pathway also regulates the over-
expression of MMP13 induced by cytokine stimulation in response to mechanical injury and
in�ammation [21]. MMP13 plays a major role in the development of OA and is considered a prominent
biomarker re�ecting the progression of arthritis and therapeutic e�cacy [19, 22, 23].

On the basis of pathway network analysis, we identi�ed 54 core pathways, including the MAPK signalling
pathway, apoptosis, pathways in cancer and the cell cycle, p53 signalling pathway, focal adhesion, T cell
receptor signalling pathway, glycolysis/gluconeogenesis, JAK-STAT signalling pathway, and cytokine–
cytokine receptor interaction. These �nding would thus tend to indicate that these pathways may play the
most important roles in OA caused by HIF-2α over-expression. Further analysis of their interrelationships
indicated that cancer-associated pathways may be relatively upstream pathways, given that the
downstream pathways included the seven pathways MAPK signalling pathway, apoptosis, cell cycle, p53
signalling pathway, focal adhesion, JAK-STAT signalling pathway, and cytokine–cytokine receptor
interaction. Cancer-associated pathways have been established to play roles in numerous diseases [24–
28]; however, to the best of our knowledge, this is the �rst study to reveal that these pathways may also
play a major role in OA.

To screen for key genes affected by the over-expression of HIF-2α in chondrocytes, we performed gene
signal network analysis of the 542 DEGs, which revealed Nfkb1, Tlr2, Nt5e, Enpp1, Entpd3, Vegfa, Ptgs2,
Socs3, Fos, and Epas1 to be the top 10 genes in the network. Among these, NFKB1 is an important
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component involved in the differentiation of osteoclasts. Consequently, inhibiting the expression of
NFKB1 could represent an effective strategy for the treatment of a range of bone and joint diseases [29].
Our �ndings in the present study indicate that the over-expression of HIF-2α in chondrocytes promotes the
upregulated expression of NFKB1, which may play a major role in the development and progression of
OA.

It has been established that subchondral bone tissue plays a key role in the pathogenesis of OA [30], and
microarray analysis of knee subchondral bone samples from OA and non-OA patients could provide clues
regarding the pathogenic mechanism of OA, thereby providing a basis for the development of novel
diagnostic markers and therapeutic targets [31]. Furthermore, it has been demonstrated that there is an
interaction between articular cartilage and subchondral bone in OA. Consequently, it can be speculated
that those genes that are differentially expressed in both cartilage and subchondral bone may serve as
key genes in the development of OA [32]. In the present study, we identi�ed 10 key genes (LUM, ENTPD3,
SMPD3, FGFR3, GPX3, IRAK3, EREG, HTR2A, TLR2, and CDA) based on an analysis of the intersection of
104 hub genes from GSE104794 (cartilage) and 864 DEGs from GSE51588 (subchondral bone) datasets,
among which SMPD3, encoding a lipid-metabolising enzyme, has been identi�ed as a key regulator of
skeletal development, and its expression in chondrocytes and osteoblasts is required for normal
endochondral bone development [33]. Our �ndings in the present study indicate that SMPD3 may be one
of the key genes implicated in the occurrence and development of OA.

This study did, nevertheless, have certain limitations. Notably, our results are all based on bioinformatic
analysis, and therefore, require further validation with experimental and clinical data. Moreover, the
sample size was relatively small, which may have introduced a degree bias in the results obtained.

In summary, the key genes (LUM, ENTPD3, SMPD3, FGFR3, GPX3, IRAK3, EREG, HTR2A, TLR2, and CDA)
screened out based on bioinformatic analysis may serve as targets for novel intervention strategies for
patients with osteoarthritis as well as potential molecular diagnostic markers for the prevention and
treatment of this disease.
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Figure 1

Flow of the bioinformatic analysis performed in the present study. DEG, differentially expressed gene; GO,
Gene Ontology.

Figure 2

(a) A dendrogram of the comparison between the control and experimental groups. The X-axis shows the
sample names of the two groups and the Y-axis shows the 542 differentially expressed genes. Red
indicates high expression of the gene in the grouped samples and green indicates low expression. Above
the plot, blue indicates the control group and yellow indicates the experimental group. (b) A volcano plot
of the control and experimental groups. Orange dots indicate the 542 differentially expressed genes, with
the 124 downregulated genes to the left of the midline and the 418 upregulated genes to the right of the
midline.
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Figure 3

A network diagram of the interaction between the signalling pathways in the Kyoto Encyclopaedia of
Genes and Genomes (KEGG) database based on their upstream and downstream relationships. Red dots
indicate signi�cant signalling pathways involving upregulated differentially expressed genes and yellow
dots indicate signi�cant signalling pathways involving both upregulated and downregulated differentially
expressed genes. Solid arrows indicate the upstream and downstream relationships between two
signalling pathways, with the upstream signalling pathway at the start of the arrow and the downstream
signalling pathway at the end of the arrow. Larger points indicate signalling pathways with greater
numbers of upstream and downstream effects (higher degree) and thus greater importance in the
network.
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Figure 4

A network diagram of the 10 most important hub pathways. 
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Figure 5

A Network diagram of the relationships among 104 hub genes selected from the gene signal network
analysis. Each dot in the �gure represents a gene. Larger dots indicate greater importance in the network,
and also indicate that it is a hub gene in the network. Red dots represent upregulated genes and blue dots
represent downregulated genes. Lines indicate interactions between genes, and the labels are
abbreviations denoting the type of interaction (c, compound; a, active; ind, indirect; inh, inhibition; ex,
expression; b, binding; p, phosphorylation). Solid lines without arrows indicate a non-directional
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interaction. Solid arrows indicate a directional interaction, with the upstream gene at the start of the arrow
and the downstream gene at the end of the arrow. Dotted arrows indicate a directional interaction, with
the upstream gene at the start of the arrow and the downstream gene at the end of the arrow, although
they indicate that the relationship between the two is indirect. Solid lines with �at heads indicate a
directional interaction, with the upstream gene at the start and the downstream gene at the end, with the
upstream gene having an inhibitory effect on the downstream gene.

Figure 6
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A network diagram of the 10 most important hub genes in the gene signal network.

Figure 7

Screening of key genes. (A) A volcano plot of differentially expressed genes (DEGs) between
osteoarthritis (OA) and normal tissues, red represents upregulated genes and green represents
downregulated genes. (B) A heat map of differentially expressed genes between OA and normal tissues.
(C) A Venn diagram of the intersection of hub genes and DEGs.
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Figure 8

Veri�cation of mRNA expression. Gene expression in normal (n = 6) and OA (n = 6) tissues was evaluated
by qPCR and normalised against glyceraldehyde-3-phosphate dehydrogenase (GAPDH) expression. One
asterisk represents p < 0.05 and two asterisks indicate p < 0.01 when compared with the normal group.
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