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Abstract

Objective. Osteoarthritis (OA) is a chronic arthropathy that frequently occurs in the middle-aged and elderly population.
The aim of this study was to investigate the molecular mechanism of OA based on autophagy theory. Design. We
downloaded the gene expression profile from the Gene Expression Omnibus repository. Differentially expressed genes
(DEGs) related to the keyword “autophagy” were identified using the scanGEO online analysis tool. DEGs representing
the same expression trend were screened using the MATCH function. Clinical synovial specimens were collected for
identification, pathological diagnosis, hematoxylin and eosin staining, and real-time polymerase chain reaction analysis.
Differential expression of mRNAs in the synovial membrane tissues and chondrocyte monolayer samples from OA
patients was used to identify potential OA biomarkers. Protein-protein interactions were established by the STRING
website and visualized with Cytoscape. Functional and pathway enrichment analyses were performed using the Metascape
database. Results. GABARAPLI, GABARAPL2, and ATGI3 were obtained as co-expressed autogenes in the 3 data sets.
They were all downregulated among OA synovial tissues compared with non-OA synovial tissues (P < 0.01). A protein-
protein interaction network was constructed based on these 3 genes and included 63 genes. A functional analysis revealed
that these genes were associated with autophagy-related functions. The top hub genes in the protein-protein interaction
network were presented. Furthermore, 3 key modules were extracted to be core control modules. Conclusions. These
results offer an important molecular understanding of the key transcriptional regulatory genes and modules based on the
network of potential autophagy mechanisms in human OA.
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Background Autophagy is part of the lysosomal degradation pathway
essential for cell survival. Autophagy is a dynamic and
sequential process in eukaryotic cells that principally
involves induction, nucleation, elongation, maturation,
fusion, and degradation.” In the growing cell, autophagy is
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Table |. The Demographic Characteristics of the Patients Who Underwent Surgery.

Participants Characteristic
Surgery
Knee arthroscopy 59 KLG 0 (23)
KLG | (17)
KLG 2 (19)
Total knee arthroplasty 8 KLG 3 (8)
Gender and age
Female 25 Mean 38.6; range 25-55
Male 42 Mean 32.4; range 17-60
Body mass index (kg/m?)
<185 0
18.5-24.9 38 237 £ 44
25.0-29.9 29

always induced in response to cellular stress. It is main-
tained and serves as a quality control pathway by eliminat-
ing long-lived proteins and damaged organelles and
recycling of cellular components.® In both its basal and
induced states, autophagy is necessary for cell survival and
maintaining and/or restoring homeostasis. The role of
autophagy may vary with different stages and models of OA
as it is recognized to be of cytoprotection to chondrocytes.
Several knockout studies added evidences that dysregulated
autophagy processes would be involved in the pathogenesis
of OA.>!! And the reducing expression of autophagy related
factors was observed in OA or aging joints in humans and
mice, accompanied by increased chondrocyte apoptosis.'?

Many autophagy-related mediators are present in OA. The
functional relationship between autophagy and OA is quite
complex. A large number of autophagy markers are corre-
lated with OA pathology, including mTOR, proteoglycans,
and Unc-51-like kinase 1,'>!'* some of which have been iden-
tified as promising OA targets. Based on these findings, bio-
logical and pharmaceutical agents that regulate chondrocyte
autophagy could be part of potential therapeutic methods.

To identify expression of these differentially expressed
genes (DEGs) related to autophagy, OA and non-OA speci-
mens were enrolled for experimental validation. Focusing
on the autophagy-related mechanism contributing to OA,
this study used a bioinformatics approach to construct a
promising regulatory network to explore the autophagy-
related modules. In addition, we distinguished pivotal genes
and key cellular signaling pathways that may potentially
contribute to the OA progression. This method will demon-
strate the complete autophagy regulatory network and com-
mence new fields of study in the pathophysiology of OA.

Methods

Microarray Data Collection and Screening

From the Gene Expression Omnibus (https://www.ncbi.nlm.
nih.gov/geo/), we searched and screened the microarray data

set with the keyword “osteoarthritis,” following the essen-
tial points: (1) reliable source and detailed information;
(2) expression profiling by array; and (3) more profiled
samples in the database. Based on these instructions, GEO
accessions GSE16464, GSE55235, and GSES55457 were
selected for analysis.

We compared the OA monolayer chondrocytes versus
the healthy joint expression data set (GEO accession
GSE16464) and OA synovial tissue versus the healthy joint
expression data sets (GEO accessions GSE55235 and
GSE55457) in the GEO database. These 3 microarray data
sets were, respectively, adopted to the following platforms:
GPL570 (HG-U133 Plus 2) Affymetrix Human Genome
U133 Plus 2.0 Array, GPL96 (HG-U133A) Affymetrix
Human Genome U133A Array, and GPL96 (HG-U133A)
Affymetrix Human Genome U133 A Array.

Data Processing

The 3 aforementioned data sets were chosen through a
ScanGEO" (http://scangeo.dartmouth.edu/ScanGEOQ/) online
R language analysis. ScanGEO rapidly mines high through-
put gene expression data to identify genes and pathways of
interest and answer biological questions relevant to diverse
fields of study. Thus, the KEGG pathway was selected with
the keyword “autophagy.” The original probe signal data in
the microarray were corrected to obtain the log2 (IP/input)
value. Expressions of genes related to the autophagy pathway
were acquired by analysis of variance (P < 0.05) of the 3 data
sets. DEGs were matched among the 3 microarray data sets,
and significant genes were screened for further analysis.

Clinical Specimens and Experimental Validation

Synovial tissues were collected from 67 patients who under-
went knee arthroscopy or total knee arthroplasty at Shengjing
Hospital, China Medical University, from January 2017 to
June 2019. The demographic characteristics of the patients
who underwent surgery are listed in Table 1. Pathologic
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Table 2. Forty Autophagy-Related Differentially Expressed
Genes Among 3 Data Sets Filtered by scanGEO.

GABARAPLI  GABARAPL2  ATGI3 ATG5 ATG4A
ATG3 PIK3R4 IFNG ULK2 ATGI2
ATG7 GABARAP IFNA2 IFNA5S  ATGIO
PRKAA2 PRKAAI ULK3 PIK3C3  ULKI
IFNA8 IFNAI IFNA17 IFNA4  IFNA6
IFNA21 BECN2 ATGI6LI  INS ATGI4
IFNA16 ATGIl6L2 ATG4D IFNAI4  IFNAIO
ATG4B ATG4C IFNAI3 IFNA7  BECNI

diagnosis was ultimately provided by the pathologists.
Hematoxylin and eosin (H&E) staining was carried out to
observe the histopathological changes during the progres-
sion of OA. The real-time polymerase chain reaction
(RT-PCR) was used to determine mRNA expression of
GABA type A receptor associated protein like 1 and 2
(GABARAPL1, GABARAPL2), and ATG13. The primer
sequences were the following: forward: 5'-GTGATTGTCCA
GGCTCGGCTTG-3' and reverse: 5'-TGTAACCTCTGGG
ATGTCTTTGATTGC-3' for ATG13; forward: 5'-AGGGTG
CCTGATCTGGACAAGAG-3' and reverse: 5'-ACTGGT
GGGAGGGATGGTGTTG-3' for GABARAPLI; forward:
5'-CTGGAACACAGATGCGTGGAGTC-3' and reverse:
5'-TCAATGTCAACAATCTGAGAGCCTGAG-3" for
GABARAPL2. All data were processed using GraphPad
Prism 6 software (GraphPad Software Inc., La Jolla, CA)
and expressed as mean * standard deviation. Data were ana-
lyzed using a ¢ test of 2 independent groups. A P value <0.05
was considered significant.

Construction of the Protein-Protein Interaction
Network

The protein-protein interaction network was mapped using
the latest version of the STRING 11.0 (https:/string-db.org/)
online database,'® which provides easy access to known and
predicted protein interactions. After entering the significant
genes from the previous analysis, STRING processes the data
according to the following program: (1) existing experimental
data mining, (2) computed prediction based on similar genes,
(3) computer-based gene fusion, (4) protein homology,
(5) other databases, and (6) gene co-expression networks.
Interaction pairs with a confidence score >0.4 were inputted
to construct the protein-protein interaction network. The
results were calculated through the STRING database, which
automatically generated and displayed the possible gene rela-
tionships. Furthermore, protein-protein interaction network
was visualized by GENEMANIA (http://genemania.org/).

Enrichment Analysis

To find and confirm the major functions of the genes, we used
Metascape (http://metascape.org)!’ to analyze the genes in

the protein-protein interaction network by enrichment using
the KEGG Pathway, GO Biological Processes, Reactome
Pathway Database, Canonical Pathways, and CORUM.

Results

Identification of DEGs

Three OA-related microarray data sets from Homo sapiens,
such as GSE16464, GSE55235, and GSE55457, were
screened. Using the scanGEO online R analytic process, the
differential results of expression profiling by array were
displayed under the condition of “autophagy,” including 40
DEGs (Table 2) and 3 genes, such as GABARAPLI,
GABARAPL2, and ATG13, obtained as co-expressed genes.

Histopathological Changes in the Specimens and
Real-Time PCR Validation

Greater degrees of synovial hyperplasia, edema, fibrosis,
and inflammatory cell infiltration were observed in the OA
synovial group than in the normal synovial group in H&E
staining (Fig. 1). The OA progression of patients was con-
sistent with their pathological diagnosis. Thus, the 67 speci-
mens were divided into 2 groups of 23 normal specimens
and 44 OA specimens. The real-time PCR analysis showed
that GABARAPL1, GABARAPL2, and ATG13 was sig-
nificantly downregulated in the OA group compared to the
control group (Fig. 2).

Protein-Protein Interaction Network

Three key genes were integrated to develop the protein-
protein interaction network including 63 genes (Fig. 3).
Seed genes were entered into the network and became the
key nodes. Each node and its closest neighbor genes were
extracted to construct a subnetwork of candidate genes.
Sixty-three genes were obtained, and the calculated param-
eters were the following: number of nodes, 63; number of
edges, 953; average node degree, 30.3; local clustering
coefficient, 0.768; expected number of edges, 114; protein-
protein interaction enrichment P value, <1.0e-16.

Visualization of the Enrichment Networks

We implemented Metascape to visualize the pathway
enrichment analysis. According to the results, 35 clusters
with their enriched terms were shown, of which the top
20 are listed in Figure 4. These clusters included genes
with functions in macroautophagy, autophagy-animal,
mitophagy-animal, selective autophagy, and response to
starvation. The detailed information is listed in Table 3.
Enrichment networks were created by representing each
enriched term as a node. Representative autophagy-related
pathways were significantly enriched. Cytoscape provided
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Figure 1. Hematoxylin-eosin staining and histological assessment of clinical human normal (A) and OA (B) tissues.

Magnification, X200.

1.5- Bl Normal
O OA

1Ll

GABARAPL1 GABARAPL2 ATG13

Relative mRNA expression level

Figure 2. Relative mRNA expression level of GABARAPLI,
GABARAPL2, and ATGI 3 between clinical normal and OA
tissues. ¥**P < 0.0l versus Normal synovial tissue.

visualization for the enriched term network in Figure 5.
The 63 genes associated with each pathway are shown in
Supplementary Table 1. Three key modules, such as
MCODEI1, MCODE2, and MCODE3, are illustrated in red,
blue, and green, respectively, using the MCODE function
(Fig. 6). MCODEI! included macroautophagy, autophago-
some assembly, and autophagosome organization.
MCODE2 included macroautophagy, autophagy-animal,
and macroautophagy. MCODES3 included positive regula-
tion of the response to a cytokine stimulus, DDX58/

IFTH1-mediated induction of interferon-o/3 (IFN-o/f) and
negative regulators of DDX58/IFIH]1 signaling.

Discussion

Autophagy is a conserved maintenance mechanism in
eukaryotic cells and is defined as a self-degradative non-
apoptotic cell death process that is important for cartilage
homeostasis.'® Whereas in other cases it appears to be related
to so-called autophagy-dependent cell death, defined as reg-
ulated cell death that depends on the autophagy machinery
(i.e., pharmacological or genetic manipulations of autoph-
agy genes block cell death), without involving alternative
death pathways. The establishment of these criteria is criti-
cal, because autophagy is often observed in cell death sce-
narios, where it is activated in a failed effort to mitigate cell
damage. In these latter cases, inhibition of autophagy pro-
motes rather than protects from cell death.® Our discussion
will be conducted in terms of its autophagy properties.
Dysfunction of chondrocyte autophagy is regarded as a
pivotal pathogenesis of cartilage degradation in patients
with OA.” Recent data suggest that enhanced autophagy
flux could be protective during the early stages of OA, and
is able to activate an adaptive response to cell stress to pro-
mote cell survival.'>?! Inhibiting autophagy attenuates the
chondroprotective and anti-inflammatory effects.?> The
autophagy regulatory network exerts different mechanisms
to balance homeostasis in the joints. However, knowledge
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Figure 3. Protein-protein interaction network of autophagy construction.

about the mechanisms underpinning the occurrence and
progression of OA in the elderly population is limited, par-
ticularly how autophagy is involved. Investigations into the
autophagy regulatory network will significantly contribute
to the diagnosis, treatment, and prognosis of patients suffer-
ing from OA.?* High-throughput sequencing technologies
and gene chips are postulated to detect the differential
expression of genes in humans and have been a plausible
strategy to study the molecular mechanisms of various dis-
eases, predict potential therapeutic targets, and identify
biomarkers. In this study, GEO accessions GSE16464,
GSE55235, and GSE55457 were downloaded from the

GEO database and a bioinformatics approach was applied
to identify the key autophagy genes in OA.

Based on the screened autogenes, the overlapping
autophagy-related DEGs in the 3 gene expression profile
data sets were selected using the MATCH function, and
the genes that were upregulated or downregulated were
screened for further construction of the protein-protein
interaction network. Only 3 key genes, such as
GABARAPLI1, GABARAPL2, and ATG13, were screened
out as significant DEGs in the 3 data sets, indicating that
these 3 genes were co-expressed autophagy-related genes in
the progression of OA. GABARAP family have all been
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Figure 4. Metascape visualizes the top 20 clusters with their enriched terms and their related details.

Table 3. Top 20 Clusters With Their Representative Enriched Terms (One per Cluster)®.

GO Category Description Count % Logl0(P) Log10(q)

R-HSA-1632852 Reactome Gene Sets Macroautophagy 39 61.90 -81.53 =77.21

hsa04140 KEGG Pathway Autophagy-animal 39 61.90 -74.40 -70.78

hsa04137 KEGG Pathway Mitophagy-animal 19 30.16 -34.35 -31.20

GO:0061912 GO Biological Processes Selective autophagy 14 2222 —24.90 -21.87

GO:0042594 GO Biological Processes Response to starvation 19 30.16 —24.68 -21.66

R-HSA-5205647 Reactome Gene Sets Mitophagy 12 19.05 -23.79 —-20.81

hsa04621 KEGG Pathway NOD-like receptor signaling 14 22.22 -16.93 -14.17
pathway

R-HSA-168928 Reactome Gene Sets DDX58/IFIH | -mediated I 17.46 -15.99 -13.24
induction of interferon-a/f3

CORUM:6472 CORUM Bcl-2-Beclin|-UVRAG-PI(3)KC3 5 7.94 -12.99 -10.27
complex

GO:0007249 GO Biological Processes I-kappaB kinase/NF-kappaB 12 19.05 -11.34 -8.66
signaling

R-HSA-5689896 Reactome Gene Sets Ovarian tumor domain 7 I -11.16 -8.50
proteases

M2l Canonical Pathways PID MTOR 4PATHWAY 8 12.70 -11.00 -8.35

CORUM:6232 CORUM ULKI-ATGI3-RBICCI- 4 6.35 -10.38 -7.77
ATGIO0I complex

CORUM:6816 CORUM ULKI-ATGI3-ATGI14-PIK3C3 4 6.35 -10.38 -7.77
complex

GO:0075044 GO Biological Processes Autophagy of host cells 4 6.35 -9.68 -7.13
involved in interaction with
symbiont

GO:0010942 GO Biological Processes Positive regulation of cell death 15 23.81 -9.36 -6.82

R-HSA-8854214 Reactome Gene Sets TBC/RABGAPs 6 9.52 -8.67 -6.22

GO:0051403 GO Biological Processes Stress-activated MAPK cascade 10 15.87 -8.44 -5.99

hsa04064 KEGG Pathway NF-kappa B signaling pathway 7 .11 -8.27 -5.87

GO:2000378 GO Biological Processes Negative regulation of reactive 6 9.52 -7.78 -5.47

oxygen species metabolic
process

#Count” is the number of genes in the user-provided lists with membership in the given ontology term. “%” is the percentage of all of the user-
provided genes that are found in the given ontology term. “Log|O(P)” is the P value in log base 10. “Logl0(q)” is the multi-test adjusted P value in log

base 10.
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Figure 5. Visualization for network of enriched terms: colored by cluster ID, where nodes that share the same cluster ID are

typically close to each other.

described to be composed of 3 members, GABARAP,
GABARAPL1, and GABARAPL2.2* GABARAPL1 and
GABARAPL?2 are defined as cognate autophagy proteins,?
which closely interact with other autogenes.?62
GABARAPLI is able to increase basal autophagy flux inde-
pendently of its conjugation to autophagosomes.?
GABARAPLI can also facilitate the fusion of autophago-
somes with lysosomes.?’> GABARAPL2 plays a role in
mitophagy, which contributes to regulating mitochondrial
quantity and quality to a basal level to fulfill cellular energy
requirements and preventing excess ROS production.*
Autophagy-related (ATG) protein 13 (ATG13) is part of the
ULK complex and the most upstream component in the
autophagy pathway.3! The initiation of cellular autophagy
consists of a series of autophagy-related proteins such as Atgl
and Atg13.3? Furthermore, the autophagy complex member
Atgl3 has been manifested in primary cultured osteoclasts
and differentiation, which affects bone resorption.?*3*

According to the imaging manifestations of the patients,
the Kellgren-Lawrence Grade (KLG) was used to define the
grade of OA. Twenty-three non-OA synovial tissues of knee
trauma KLGO patients were enrolled in the normal group.
These patients underwent arthroscopic reconstruction of
the cruciate ligament and repair of a meniscus injury; 44
patients were diagnosed with OA, including 17 KLG1 and
19 KLG?2 patients who underwent arthroscopic joint cavity
probing debridement, as well as 8 severe OA patients with
KLG4 who underwent total knee arthroplasty. Patients were
systematically diagnosed with or without OA according to
clinical standards followed by corresponding surgical pro-
cedures. In addition, synovial histopathological results
were verified by pathologists to definitively diagnose as
the gold standard based at the histological level. The results
indicated that OA progression was consistent with their
pathological diagnosis. Thus, we defined OA synovial
tissue versus non-OA synovial tissues for subsequent
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MCODE_1 G0:0000045 autophagosome assembly -40.4
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MCODE_2 hsa04140 Autophagy - animal -18.3
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168928 interferon-alpha/beta

MCODE_3 R-HSA- Negative regulators of DDX58/IFIH1 9.6

936440 signaling

Figure 6. Protein-protein interaction network of hub genes and 3 MCODE components representing protein complexes embedded

in the large network were extracted by MCODE function.

experimental verification. The histopathological analysis
led us to conclude that the OA synovial tissues were more
inflammation infiltrated than normal tissues. We confirmed
in our study that mRNA expression of GABARAPLI,
GABARAPL2, and ATG13 was downregulated in the OA
samples. Thus, these 3 core autogenes might serve as sig-
nificant mediators influencing the progression of OA.

We constructed a protein-protein interaction network
using these 3 core autogenes. Sixty-three related genes were
obtained and the protein-protein interactions illuminated the
biochemical complexes or signal transduction components
that govern biological outputs.’> Some of these genes have
been validated to be significantly altered in OA, such as
BCL2L1, KEAPI, and RIPK1. Besides, 18 of these genes
were mentioned in the genes that were previously screened to
be differentially expressed in scanGEO, including ATG7,
ATG12, ATG3, GABARAP, GABARAPL2, GABARAPLI,
ATGI16L1, ATG10, BECNI, ULKI1, ATG14, PIK3R4,
ATG13, ATG4B, ATG4D, ATG4A, ATG16L2, ATG4C. For
example, some results suggested that ATG7 in human chon-
drocytes regulates autophagy by interacting with other

mediators and it may become a more important target in OA
progression or treatment.'*3%37 miR-128a-induced Atgl2
loss repressed chondrocyte autophagy to aggravate OA pro-
gression.*® Wu et al. pointed out that articular coinjection of
bone marrow stromal cells-derived differentiated chondro-
cytes (DCs) and GABARAP could promote chondrocyte sur-
vival and slow OA progression. Mechanistically, GABARAP
likely augments the protection effect of DCs in vivo by induc-
ing autophagy and reducing the anti-inflammatory pathway.>
The above information indicated that the PPI network built
based on these 3 factors is meaningful.

These features were introduced to facilitate the inter-
pretation of the enrichment analysis results obtained from
Metascape. The Metascape results were dominated by
macroautophagy, autophagy-animal, mitophagy-animal,
selectiveautophagy, responsetostarvation, mitophagy, NOD-
like receptor signaling pathway, DDXS58/IFIH1-mediated
induction of IFN-o/B, Bcl-2-Beclinl-UVRAG-PI(3)KC3
complex, I-kappa B kinase/NF-kappa B signaling, and posi-
tive regulation of cell death. Metascape applies a mature
complex identification algorithm called MCODE to
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automatically extract protein complexes embedded in the
large network and to infer more biologically interpretable
results. This analysis helped identify groups or genes more
closely related in the network. A detection (MCODE)
algorithm has been applied to identify densely connected
modules and network components.*’ Macroautophagy,
autophagosome assembly, and autophagosome organization
are directly correlated with the autophagy mechanism.
Cytokine stimuli include many forms and are almost present
in all cell metabolism.*' Positive regulation of the response
to a cytokine stimulus is closely correlated with autophagy,
including nuclear factor-kB and matrix metalloproteinases
in the development of OA.*>* Macroautophagy/autophagy
balances type I IFN signaling and plays essential roles in
antiviral immunity.***> The neuroimmune axis is central in
the physiopathology of OA,* and IFN is a major cytokine
that regulates cellular immune reactions and serves as an
important mediator in the pathogenesis of autoimmune dis-
eases and participates in OA progression.*” IFN-o/p belongs
to Type I interferons and it has been implicated in the
response of arthritic osteoblast to virus infection.*® NOD-
like receptor X1 (NLRX1) has emerged as an important
regulator of inflammation and been reported to prevent in
the pathology of OA. NLRX1 has been shown to negatively
regulate Type 1 interferon, attenuate pro-inflammatory
NF-kappa B signaling and modulate autophagy, cell death,
and proliferation.* Furthermore, NLRX1 can also regulate
NF-kappa B signaling, which indicates an anti-inflammatory
role for NLRX1 in OA.*® It is reported that the expression
levels of various NOD-like receptors may determine their
association with inflammatory cytokine levels in RA.>! The
relative amount of binding between bcl-2 and beclin 1 deter-
mines the cellular autophagy level and senescence. However,
the regulatory mechanism for the autophagic degradation of
DDXS58 in OA remains largely undefined and is worthy of
investigation. Application of autophagy on OA therapeutics
will be possible after a profound understanding is estab-
lished on the role of autophagy in OA pathogenesis.

Conclusion

Bioinformatics analysis is emerging as an efficient approach
to identify key genes and molecular mechanisms. Taken
together, the results of this study offer an important molecular
understanding of the key identified genes and modules that
may regulate transcription based on a network of autophagy
potential mechanisms in human OA. However, prospective
molecular experiments are needed to validate the function of
these biomarkers associated with OA in the future.
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