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Objectives
The aim of this study was to identify key pathological genes in osteoarthritis (OA).

Methods

We searched and downloaded mRNA expression data from the Gene Expression Omnibus
database to identify differentially expressed genes (DEGs) of joint synovial tissues from
OA and normal individuals. Gene Ontology (GO) and Kyoto Encyclopaedia of Genes and
Genomes (KEGG) pathway analyses were used to assess the function of identified DEGs. The
protein-protein interaction (PPl) network and transcriptional factors (TFs) regulatory net-
work were used to further explore the function of identified DEGs. The quantitative real-time
polymerase chain reaction (qRT-PCR) was applied to validate the result of bioinformatics
analysis. Electronic validation was performed to verify the expression of selected DEGs. The
diagnosis value of identified DEGs was accessed by receiver operating characteristic (ROC)
analysis.

Results

A total of 1085 DEGs were identified. KEGG pathway analysis displayed that Wnt was a
significantly enriched signalling pathway. Some hub genes with high interactions such as
USP46, CPVL, FKBP5, FOSL2, GADD45B, PTGS1, and ZNF423 were identified in the PPl and
TFs network. The results of gRT-PCR showed that GADD45B, ADAMTS1, and TFAM were
down-regulated in joint synovial tissues of OA, which was consistent with the bioinformatics
analysis. The expression levels of USP46, CPVL, FOSL2, and PTGS1 in electronic validation
were compatible with the bio-informatics result. CPVL and TFAM had a potential diagnostic
value for OA based on the ROC analysis.

Conclusion
The deregulated genes including USP46, CPVL, FKBP5, FOSL2, GADD45B, PTGS1, ZNF423,
ADAMTS1, and TFAM might be involved in the pathology of OA.
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Article focus
The objective of this study is identifying key
pathological genes in osteoarthritis (OA).

Key messages
The deregulated genes including USP46,
CPVL, FKBP5, FOSL2, GADD45B, PTGSIT,
ZNF423, ADAMTS1, and TFAM might be
involved in the pathology of osteoarthritis.

Strengths and limitations
Bioinformatics analysis was used to iden-
tify the differentially expressed genes
(DEGs) in osteoarthritis.

In vitro functional research is needed to
study the function of identified DEGs in
osteoarthritis.

Introduction

One of the bone joint structures, cartilage, is
composed of two main extracellular matrix
macromolecules: aggrecan and type Il colla-
gen.’?2 The aggrecan enables cartilage to
resist compression, whereas the type Il colla-
gen ensures the tensile strength of cartilage.
Generally, maintenance of normal joint struc-
ture and function depends on load adapta-
tion of the bone and cartilage. The synovium
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encapsulates the joints and functions in providing struc-
tural support, lubricating the surfaces, and providing
nutrients to the cartilage. Osteoarthritis (OA) is a com-
mon degenerative joint disease characterized by gradual
thinning and eventual loss of articular cartilage, which
can be accompanied by changes in other joint organs,
including structural modifications of subchondral bone,
pathological changes of the meniscus, and synovitis.3-¢ It
has been reported that there is a low degree of synovium
inflammation in OA.7-1

OA is the most common chronic condition of the
joints.2 The pharmacological treatment for OA is primarily
focused on using analgesics and non-steroidal anti-
inflammatory drugs. The pathological mechanism of OA is
complex. Itis reported that various inflammatory cytokines,
including adipokines, interleukins, nerve growth factor,
and tumour necrosis factor-alpha influence the progres-
sion of OA.13.14 The molecular mechanisms underlying OA
are still poorly understood. Therefore, further understand-
ing of the pathologica mechanisms and related genes in
OA is needed.

By integrated analysis, Xiao et al'> found a number of
rheumatoid arthritis associated genes. In view of this, we
also sought to find differentially expressed genes (DEGs)
in OA by similar integrated analysis. The mRNA expres-
sion data were downloaded from the Gene Expression
Omnibus (GEO) database to identify differentially
expressed genes (DEGs) by metaMA in R package (R
Foundation for Statistical Computing, Vienna, Austria).
Our study was helpful in understanding the pathogenic
mechanism of OA.

Materials and Methods

Gene expression datasets. In this study, we searched data-
sets from the GEO database’¢ with the keywords "osteo-
arthritis" [MeSH Terms] OR osteoarthritis [All Fields] AND
"knee"[MeSH Terms] OR "knee joint" [MeSH Terms] OR
knee [All Fields] AND "Homo sapiens" [porgn] AND "gse"
[Filter]. The study type was described as “expression pro-
filing by array.” All selected data sets were genome-wide
expression data in joint synovial tissues of OA and/or nor-
mal tissues.

Identification of DEGs. Raw expression data of OA
patients in this study were obtained. The significant
DEGs were identified between OA patients and normal
controls through metaMA in R package (R Foundation
for Statistical Computing). The false discovery rate (FDR)
was performed for multiple testing corrections of the raw
p-value through the Benjamin and Hochberg method.?7,18
The threshold of DEGs was set as FDR < 0.05.

Functional enrichment analysis of DEGs. To obtain the
biological function and signalling pathways of DEGs, the
GeneCodis3'%2" was used for GO annotation and KEGG
pathway enrichment of DEGs.?223 The threshold of GO func-
tion and KEGG pathway of DEGs was all set as FDR < 0.05.

PPl network construction. Studying the interactions
between proteins can aid in the understanding of the
molecular mechanism of osteoarthritis. In order to gain
insights into the interaction between DEGs and proteins,
the BioGRID database?* was used to retrieve the predicted
interactions between top 40 proteins encoded by DEGs
(20 up-regulated and 20 down-regulated) and other pro-
teins. Then, PPl network was visualized by the Cytoscape
Software?> A node in the PPl network denotes protein,
and the edge denotes the interactions.

Construction of transcriptional regulatory networks. TFs
regulate gene expression at the post-transcription,al
level which can provide a better understanding of the
underlying regulatory mechanisms in the development
of OA. To provide a deeper knowledge about gene
regulation underling OA, we extract information about
TFs likely involved in regulating these DEGs. First, the
promoter sequences of DEGs were obtained from the
UCSC Genome Browser. Related TF information was then
obtained via the matching tool in the TRANSFAC data set.
Finally, transcriptional regulatory networks were visual-
ized using Cytoscape.?

Validation of qRT-PCR. The quantitative real-time poly-
merase chain reaction (qRT-PCR) was applied to vali-
date the result of bioinformatics analysis. In this study,
six patients diagnosed as having OA and six unaffected
individuals were enrolled in this study. Clinical informa-
tion for these patients is shown in Table I. Both OA and
corresponding normal knee joint synovial tissues were
obtained and immediately frozen in liquid nitrogen. All
participating individuals provided informed consent with
the approval of the ethics committee of Tianjin Hospital
(Tianjin, China).

Total RNA of joint synovial tissues from OA patients
and unaffected individuals was extracted using TRizol
reagent (TFS, Foster City, California) according to the
manual instructions. SuperScript Il Reverse Transcription
Kit (Invitrogen) was used to synthesize the cDNA. qRT-
PCR reactions were performed using SYBR Green PCR
Master Mix (Applied Biosystems, Foster City, California)
on Applied Biosystems 7,500 (Applied Biosystems).
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
was used as internal control for gene detection and the
relative expression of genes was calculated using the
log2 (fold change) equation.

Electronicvalidation of DEGs by GSE89408. The GSE89408
database (22 cases and 28 normal controls) was used to
validate the expression of selected DEGs. We compared
the expression levels of DEGs between OA cases and nor-
mal controls; the differences of expression levels were
displayed by box-plots.

Receiver operating characteristic (ROC) analyses. Using
pROC package in R language?s, we performed receiver
operating characteristic (ROC) analyses to assess the
diagnostic value of selected DEGs. The area under the
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Table 1. Qualitative PCR patient information

Patient Age (yrs) Gender BMI (kg/m2) Duration of Leukocyte countPlatelet count The reference CRP (mg/l) Kellgren and
disease (cells/ml) (cells/ml) value of ESR Lawrence
(mm/1 hr) scores
Normal 37 Male 231 4 mths 6.85 X 106 2.15x 108 4 5 0
Normal 43 Male 26.8 3 days 6.31 X 106 1.79 X 108 12 5 0
Normal 26 Male 24.6 1 mth 6.94 X 106 2.29 X 108 1 5 0
Normal 35 Male 25.4 2 mths 7.64 x 106 1.99 x 108 2 5 0
Normal 50 Female 23.4 7 days 8.33 X 10¢ 2.51 x 108 5 7 0
Normal 31 Male 29.6 12 days 4.92 X 106 1.66 X 108 5 5 0
OA 81 Male 24 2yrs 5.65 x 106 1.56 x 108 6 5 4
OA 60 Female 253 10 yrs 6.68 X 10° 2.95 X 108 42 5 4
OA 74 Female 25 2yrs 4.42 X 106 2.24 X 108 19 5 4
OA 65 Female 24 6 mths 8.03 X 10¢ 3.11 x 108 24 5 4
OA 67 Male 19.6 10 yrs 3.94 X 108 1.90 x 108 8 5 4
OA 66 Male 24.7 2yrs 4.03 X 106 1.56 X 108 6 5 4

BMI, body mass index; ESR, erythrocyte sedimentation rate; CRP, C-reactive protein; OA, osteoarthritis; Kellgren and Lawrence scores, a grading method of
OA severity. Generally, the grade from slight to severity is divided into 0, 1, 2, 3 and 4.

Table Il. Five expression profiling datasets of Gene Expression Omnibus (GEO)

GEO ID Normal Case Platform Year Country Author
GSE55235 10 10 GPL96[HG-U133A] Affymetrix Human Genome U133A Array 2014 Germany Woetzel D?7
GSE55457 10 10 GPL96[HG-U133A] Affymetrix Human Genome U133A Array 2014 Germany Woetzel D
GSE46750 12 12 GPL10558 lllumina HumanHT-12 V4.0 expression beadchip 2013 Belgium Henrotin Y28
GSE32317 7 19 GPL570[HG-U133_Plus_2] Affymetrix Human Genome U133 Plus 2.0 Array 2011 USA Wang Q%
GSE41038 4 3 GPL6883Illumina HumanRef-8 v3.0 expression beadchip 2012 Australia Fischer R3¢
Table I11. Top 20 differentially expressed genes in osteoarthritis

ID Symbol Combined effect size p-value False discovery rates Up/down
4616 GADD45B -2.30652 1.33E-15 1.42E-11 Down
55002 T™CO3 1.860201 7.15E-14 3.82E-10 Up

5742 PTGS1 1.772798 4.88E-13 1.74E-09 Up

53346 TM6SF1 1.732943 1.14E-12 3.05E-09 Up

2355 FOSL2 -2.05783 5.63E-12 6.09E-09 Down
57018 CCNL1 -1.78228 5.71E-12 6.09E-09 Down
10560 SLC19A2 -2.1303 1.46E-11 1.20E-08 Down
64854 USP46 1.671456 1.39E-11 1.20E-08 Up

2289 FKBP5 -1.65731 2.25E-11 1.60E-08 Down
1519 CTsO 1.590246 3.16E-11 2.11E-08 Up

25834 MGAT4C 1.652285 4.54E-11 2.85E-08 Up

29071 CI1GALT1C1 1.577996 4.91E-11 2.91E-08 Up

10797 MTHFD2 -1.68311 7.96E-11 4.09E-08 Down
79862 ZNF669 -1.54828 7.77E-11 4.09E-08 Down
25976 TIPARP -1.8764 1.02E-10 4.93E-08 Down
7538 ZFP36 -1.74104 1.11E-10 5.17E-08 Down
2628 GATM 1.510396 4.21E-10 1.73E-07 Up

23090 ZNF423 1.489729 5.19E-10 1.85E-07 Up

2872 MKNK2 -1.44317 5.09E-10 1.85E-07 Down
54504 CPVL 1.439288 5.17E-10 1.85E-07 Up

curve (AUC) under binomial exact confidence interval
was calculated and the ROC curve was generated.

Results

DEGs in the gene expression data sets. After electronic
search, a total of five expression profiling datasets met
the inclusion criteria and were included, which are shown
in Table 11.27-30 Of these studies, 54 cases of OA and 43
cases of controls were included. By integrated analysis,

10 678 genes were obtained and a total of 1085 DEGs
were identified in the OA datasets compared with normal
tissues, including 604 up-regulated and 481 down-reg-
ulated DEGs. The top 20 DEGs are shown in Table lll. In
addition, the abbreviations of genes listed in the text and
table listed in the supplementary Table I.

Functional enrichment analysis. The GO enrichment
analysis was performed to determine the biological func-
tion of DEGs. We found that the significantly enriched
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Fig. 1

CapChart showing the top 15 significant enrichment molecular functions of differentially expressed genes (DEGs). The x-axis shows support/reference numbers
and false discovery rate (FDR) value of DEGs; the y-axis shows different molecular functions.
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Chart showing the top 15 significant enrichment biological processes of differentially expressed genes (DEGs). The x-axis shows support/reference numbers and
false discovery rate (FDR) value of DEGs; the y-axis shows different biological processes.

GO terms for molecular functions were metal ion bind-
ing, sequence-specific DNA binding transcription fac-
tor activity, and protein/nucleotide binding (Fig. 1),
while those for biological processes were skeletal system
development, signal transduction, RNA splicing, DNA-
dependent regulation of transcription, apoptotic, and
nervous system development (Fig. 2). Furthermore, the
significantly enriched GO terms for cellular component

were cytoplasm, nucleus, and plasma membrane (Fig.
3). The pathway enrichment analysis indicated that the
most significantly enriched pathways were the Wnt sig-
nalling pathway, p53 signalling pathway, pathways in
cancer, regulation of actin cytoskeleton, and focal adhe-
sion (Fig. 4).

PPl network construction. To obtain the interaction
between the DEGs, the PPl network was explored and
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Chart showing the top 15 significant enrichment cellular components of differentially expressed genes (DEGs). The x-axis shows support/reference numbers
and false discovery rate (FDR) value of DEGs; the y-axis shows different cellular components.
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Chart showing the top 15 Kyoto Encyclopedia of Genes and Genomes (KEGG) signal pathways of differentially expressed genes (DEGs). The x-axis shows sup-
port/reference numbers and false discovery rate (FDR) value of DEGs; the y-axis shows different signal pathways.

visualize by Cytoscape. PPl networks of top 20 upregu-
lated and top 20 downregulated DEGs are presented in
Figure 5 and Figure 6, respectively. The nodes with high
interactions are described as the hub protein. The upreg-
ulated network consisted of 196 nodes and 185 edges.
The top three significant hub proteins were USP46 (inter-
action = 30), CPVL (interaction = 37), and TRIM68 (inter-
action = 24) (Figure 5). The downregulated network

consisted of 589 nodes and 618 edges in the network.
The top three significant hub proteins were GTSET (inter-
action 122), FKBP5 (interaction = 82), and FOSL2
(interaction = 55) (Figure 6).

Transcriptional regulatory networks. The regulatory net-
work between DEG and TFs was constructed. Regulatory
networks consisted of 817 TF-target interactions between
63 TFs and 39 DEGs in the context of OA (Fig. 7). The top
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Fig. 5
The protein-protein interaction (PPI) networks of the top 20 upregulated differentially expressed genes (DEGs). All the nodes are proteins encoded by DEGs and
the red borders represent proteins encoded by the top 20 upregulated DEGs; purple borders represent proteins encoded by other genes that interacted with

proteins encoded by these DEGs.

five DEGs with high TFs interactions were PTGS1, FKBP5,
ZNF423, USP46, and GADD45B. In addition, the top five
TFs covering the most downstream DEGs were identified
as crucial TFs: Pax-4, Oct-1, HNF-1, AP-1, and Evi-1, which
are involved in the development of OA.

qRT-PCR. To verify the bioinformatics analyses, the
expression level of DEGs was quantified by qRT-PCR in
joint synovial tissues of six osteoarthritis patients and six
normal individuals. Three DEGs (GADD45B, ADAMTS1,
and TFAM) were selected as candidate genes based on
bioinformatics results and our literature review.31-34 Qur
result showed that ADAMTS1 was significantly downreg-
ulated (p < 0.05) in osteoarthritis compared with those
of normal controls. The expression level of GADD45B and
TFAM was downregulated with no significant between
OA and normal controls.

Electronic expression validation of genes. In this study,
four DEGs (USP46, CPVL, FOSL2, and PTGST) in OA
were selected to perform expression validation (Fig.
8). Different expression levels of these DEGs between
patients with OA and normal patients were analyzed and
depicted through box-plots. These box-plots were shown
as medians and interquartile ranges (IQR). The expres-
sion level of USP46, CPVL, and PTGS1 was significantly

upregulated in the case group compared to the normal
group. The expression level of FOSL2 was downregu-
lated in the case group compared with the normal group.
Compared with the normal group, the expression levels
of them in the case group were consistent with our bioin-
formatics analysis result.

ROC curve analysis. We performed ROC curve analyses
and calculated the AUC to assess the discriminatory abil-
ity of CPVL and TFAM from the GSE89408 data set (Fig.
9). The AUC for both was more than 0.7. For OA diagno-
sis, the values for 1-specificity (proportion of false posi-
tive) and sensitivity (proportion of true positive) of CPVL
were 85.7% and 72.7%, respectively; the 1-specificity
(proportion of false positive) and sensitivity (proportion
of true positive) values of TFAM were 96.4% and 50%,
respectively.

Discussion

OA is known as the most prevalent chronic joint dis-
ease.’2. In this study, we found a total of 1085 DEGs
including 604 upregulated and 481 downregulated
DEGs in synovial tissues of OA. Several genes with high
interactions in the PPl and TF-target networks, such as
USP46, CPVL, FKBP5, FOSL2, GADD45B, PTGS1, and
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Fig. 6

The protein-protein interaction (PPI) networks of the top 20 downregulated differentially expressed genes (DEGs). All the nodes are proteins encoded by DEGs
and the green borders represent proteins encoded by top 20 downregulated DEGs; purple borders represent proteins encoded by other genes interacted with
proteins encoded by these DEGs.

Fig. 7

The established transcriptional regulatory network of osteoarthritis. Red- and green-coloured nodes represent products of up- and downregulated differentially
expressed genes (DEGs), respectively. The purple nodes denote products of transcriptional factors (TFs) predicted to interact with the corresponding DEGs.
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Receiver operator characteristic (ROC) curves of selected differentially expressed genes (DEGs) between osteoarthritic patients and healthy controls. The ROC

curves were used to show the diagnostic ability of these selected DEGs with
true positive).

ZNF423, were identified to play crucial roles in the pres-
ence of OA. Three candidate genes (GADD45B, ADAMTST,
and TFAM) were downregulated in qRT-PCR validation
and gave results that were consistent with the bioinfor-
matics analysis. Electronic validation expression of USP46,
CPVL, FOSL2, and PTGS1 was also consistent with the
bioinformatics analysis. CPVL and TFAM had a potential
diagnostic value for OA.

Ubiquitin specific peptidase 46 (USP46) is involved in
the ubiquitin proteolysis pathway. In this study, we first
found upregulated expression of USP46 in the synovial
tissues of OA. In addition, USP46 played an important
regulatory role in both PPl and TFs target networks. This
suggested that the overexpression of USP46 may be

1-specificity (the proportion of false positive) and sensitivity (the proportion of

involved in the ubiquitin proteolysis pathway in the
development of OA. Further research is needed to con-
firm this.

Carboxypeptidase, vitellogenic like (CPVL) is a hydro-
lase that is localized in the endoplasmic reticulum. It is
noted that CPVL is differentially expressed in synovial
membranes of patients with rheumatoid arthritis.?> In
addition, compared with the neck of femur, the expres-
sion of CPVL is significantly upregulated in OA.3¢ Herein,
we first found increased expression of CPVL in synovial
tissues of OA. Moreover, it was one regulatory molecule
in the PPI network. Significantly, CPVL had a potential
diagnostic value for OA. Our results suggested that CPVL
plays an important role in the process of OA.
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FK506 binding protein 5 (FKBP5) belongs to the
immunophilin protein family, which plays a key role in
immunoregulation and cellular processes by affecting
protein folding and transportation. Based on the gene
expression profile in OA, the expression of FKBP5 is found
to be downregulated in cartilage.3” In this study, we first
found that FKBP5 was decreased in synovial tissues of OA
and played regulatory roles in both PPl and TFs-target
networks. This indicated that FKBP5 played a crucial role
in the immune regulation of OA. Further study is needed
to investigate the potential mechanism of FKBP5 in OA.

FOS like 2, AP-1 transcription factor subunit (FOSL2,
also called FRA2), a FOS-related protein of the AP-1 family,
is expressed in bone cells. It has been found that FOSL2 is
downregulated in synovial tissue of rheumatoid arthritis.38
In this study, we first found that FOSL2 was downregu-
lated in synovial tissues of OA and was one of top 20 DEGs
with high interaction in the PPl network. Our result pro-
vided a new field in understanding of the pathology of OA.

Growth arrest and DNA damage inducible beta
(GADD45B) is a member of the GADD45B family that is
related to cell growth control and cell death.3? It has been
demonstrated that GADD45B is significantly overex-
pressed in baseline synovial tissue of early rheumatoid
arthritis patients.4? In this study, we found that the
expression of GADD45B was downregulated and that the
gRT-PCR validated the expression in synovial tissues of
OA. We suggest that GADD45B may play roles in cell
growth and death in OA.

Generally, prostaglandin-endoperoxide synthase 1
(PTGST1, also called COX-1) is an inflammatory molecule
and is associated with pain. It has been found that the
mMRNA of PTGST1 is remarkably increased in the spine dur-
ing OA pain.#' Knorth et al*2 demonstrated the important
role of synovial PTGS1 in patients with primary OA.
Significantly, we found that PTGS1 was upregulated and
involved in the TFs-target network in synovial tissues of
OA. Therefore, we suggested that the upregulation of
PTGS1 may be important in the inflammation of OA

Zinc finger protein 423 (ZNF423) has been demon-
strated to be a molecule marker in the major cellular
components of skeletal muscle.3 In this study, we first
found that the expression of ZNF423 was increased and
under the regulation of TFs in synovial tissues of OA. This
indicated that ZNF423 played an important role in the
process of OA.

ADAM metallopeptidase with thrombospondin type 1
motif T (ADAMTS1) is an aggrecanase. It is found that
ADAMTS1 is downregulated in synovium tissues of OA.44
Herein, we found downregulated expression of ADAMTS 1
in synovium tissues of OA, which was in line with previ-
ous reports. Our result further demonstrated the crucial
role of ADAMTS1 in the development of OA.

Transcription factor A, mitochondrial (TFAM) is a mito-
chondrial derived key transcription factor in maintaining

healthy skeletal muscle and is associated with osteoblast
differentiation.4>4¢ Decreased TFAM expression in OA
chondrocytes is related to mitochondrial biogenesis
capacity.” In this study, we found that TFAM was down-
regulated in synovium tissues of OA. In addition, TFAM
had a potential diagnostic value for OA. This suggested
that TFAM played an important role in the bone differen-
tiation of OA.

According to KEGG enrichment analysis, we found
that Wnt was a significantly enriched signalling pathway.
The Wnt signalling pathway is inhibited under normal cir-
cumstances but promotes the development of OA once
activated.*® Activation of Wnt signalling pathway in
chondrocytes induces cartilage damage.*? Furthermore,
overactivation of Wnt signalling pathways stimulates the
expression of chondrocyte hypertrophic markers and
promotes apoptosis.’® Therefore, understanding the
mechanism that regulates Wnt signalling in OA can pro-
vide new keys to control cartilage formation. Additionally,
modifying the WNT pathway has been a target of thera-
peutic development for OA.>1

There are limitations to this study. First, the effective
mechanism of identified DEGs in OA is needed for further
research. Second, larger numbers of OA samples are
needed to further demonstrate the expression of identi-
fied genes.

In summary, we found a series of DEGs (USP46, CPVL,
FKBP5, FOSL2, GADD45B, PTGS1, ZNF423, ADAMTSI,
and TFAM) that played an important role in the pathol-
ogy of OA. Interestingly, CPVL and TFAM had an impor-
tant role in the diagnosis of OA. Our findings can better
help understanding regulatory mechanisms of OA.

Supplementary Material
Afull list of abbreviations used in the paper is avail-
able alongside the online version of this paper.
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