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Abstract

Objective: Alterations in the structure and function of intervertebral discs by multifaceted
chronic processes can result in intervertebral disc degeneration (IDD). The mechanisms involved
in IDD are still unknown.

Methods: We investigated the possible mechanisms underlying IDD using a bioinformatics
analysis of publicly available microarray expression datasets and built a circular RNA-
microRNA-mRNA  (circRNA-miRNA-mRNA) network based on the results. Datasets
GSE67566 and GSE| 16726 were downloaded from the Gene Expression Omnibus (GEO) and
analyzed using the limma package in R. The Circlnteractome database was used to detect
miRNAs related to circRNA, and TargetScan, miRDB, and miRTarBase were used to predict
target mRNAs. Key target genes were annotated using Gene Ontology terms.

Results: The circRNA hsa-circ-0040039 was found to have the top log fold-change score.
Analysis using Metascape showed that the associated genes were enriched mainly in the cell
cycle. The Cytoscape plugin MCODE predicted that two members of the RAS oncogene family—
RABIA and RABIB—and multiple coagulation factor deficiency (MCFD2) may play key roles
in IDD.

Conclusion: Our results suggested that hsa-circ-0040039 and the related network may be
potential biomarkers for IDD.
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Introduction

Intervertebral disc degeneration (IDD) is an
orthopedic disease that affects 97% of indi-
viduals 50 years or older worldwide.'™
IDD affects the stability of the lumbar
region, leading to disc herniation and cervi-
cal spondylosis.* ® Numerous factors have
been associated with IDD, including nutri-
tion, genetics, aging, and mechanical load-
ing.” The pathological basis of IDD; that s,
excessive apoptosis, leads to changes in cell
composition and a decrease in active cells.®
Predominant lower back pain as a result of
IDD is difficult to reverse because of
changes inside the cells and the cell
matrix.” Hence, it is imperative to find
new methods for IDD treatment.'® IDD
causes annulus fibrosus of endplate carti-
lage at the top and bottom of the vertebral
disc and affects the nucleus pulposus at the
center of the disc. A routine spine surgery
technique, spine fusion, is widely used to
treat cervical spine instability, interverte-
bral disc injury, spinal deformity, and
lumbar spine degeneration.'' The advent
of new technologies in molecular biology
such as gene therapy may help to make
the treatment of IDD more efficient and
effective.'?

RNA molecules that are covalently
closed and have no 5 cap structure or 3’
polyadenylated tail are called circular
RNAs (circRNAs)."? The rapid growth of
RNA sequencing and bioinformatics has
led to the discovery of a large number of
circRNA structures with known functions.
Four types of circRNAs have been

characterized: exon circRNAs, intron
circRNAs, exon-intron circRNAs, and
intergenic circRNAs.'"* These circRNAs
play crucial roles in many pathological and
biological processes, including apoptosis,
cell cycle, metastasis, invasion and migra-
tion, and cell proliferation.'> CircRNAs act
as microRNA (miRNA) sponges that medi-
ate downstream gene expression.'® Hence,
circRNAs continuously provide a cushion
to highly fluctuating miRNA effects, and
circRNA-miRNA-mRNA networks are
activated by overall gene expression that is
directed to a specific disease process by the
altered expression of circRNAs.!” Various
types of circRNAs, such as circSEMA4B,
VMAZ21, and circRNA-104670, have been
shown to play crucial roles in IDD. Several
diseases have been linked to the critical func-

tion of the circRNA-miRNA-mRNA
axis.'®20
Bioinformatics analysis and DNA

sequencing methods have produced large
amounts of data and led to the discovery
of genomic mutations related to cancer.’!
Critical roles that circRNAs, miRNAs,
and mRNAs play in IDD also have been
revealed.”>* Accurate predictions of drug
therapy mechanisms together with rapid
screening of drug targets have become
more realistic with the development of bio-
informatics tools.

In this study, we used the microarray
expression profile datasets GSE67566 and
GSE116726 from the Gene Expression
Omnibus (GEO) to obtain circRNAs,
miRNAs, and mRNAs related to IDD.
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Gene ontology (GO) enrichment analysis
was applied to the differentially expressed
genes (DEGs). A novel circRNA-
miRNA-mRNA network that may play
an important role in disc degeneration was
constructed. Hub genes from among the
common DEGs were detected by construct-
ing a protein—protein interaction (PPI)
network.

Material and methods

Ethical statement

Ethical approval for this study was deemed
unnecessary because only data from bioin-
formatics databases were used.

Microarray expression data

We selected two GEO microarray datasets
(GSE67566 and GSE116726) to screen for
differentially expressed circRNAs (DECs),
differentially expressed miRNAs (DEMs),
and DEGs in IDD tissues compared with
normal tissues.”* > The Agilent-070156
Human miRNA (GPL20712) platform
was used for GSE116726, and the Agilent-
069978 Arraystar Human CircRNA micro-
array V1 (GPL19978) platform (Agilent,
Santa Clara, CA, USA) was used for
GSEG67566. The two datasets had eight con-
trol (normal) samples and eight IDD sam-
ples; GSE116726 had three control and three
IDD samples, and GSE67566 had five con-
trol and five IDD samples (Table 1).

Data analysis to detect DEGs in the IDD
tissues

The Bioconductor affy package (https://
www.bioconductor.org/packages/release/

bioc/html/affy. html) was used to analyze
the annotation files for log, conversion,
standardization, and background correc-
tion of the raw data, and the limma package
in R (https://www.R-project.org/) was used
to screen the DEGs in the IDD tissues.
P-values <0.05 and |logFC| >1 (where FC
is fold change) were considered significant.

Prediction of miRNA target genes

The top highly upregulated circRNAs were
used for further investigation. To predict
potential  interactions  between  the
miRNAs and circRNAs, we used the
Circlnteractome database (https://circinter
actome.nia.nih.gov/);?’ to predict the
target genes of the identified miRNAs, we
used starBase v3.020 (http://starbase.sysu.
edu.cn/). Target genes were identified by
the miRNA target prediction programs
TargetScan  (http://www.targetscan.org),
miRDB (http://mirdb.org/), and
miRTarBase (http://mirtarbase.mbc.nctu.
edu.tw/php/index.php).?® !

Venn plot

We used the Venn diagram website (http://
bioinformatics.psb.ugent.be/webtools/

Venn/) to calculate and draw a diagram of
overlapping genes. The result of target

Table 1. Details of the GSE67566 and GSE| 16726 microarray expression profile datasets.

IDD Control
Dataset Organism Platform Last update date samples  samples
GSE67566 ~ Homo sapiens  GPL19978 (Agilent-069978 5 April 2017 5 5
Arraystar Human CircRNA
microarray V1)
GSEI16726  Homo sapiens  GPL20712 (Agilent-070156 Il December 2018 3 3

Human miRNA)

IDD, intervertebral disc degeneration.
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miRNA prediction was based on top upre-
gulated DEC prediction and DEM from
GSE116726. The overlapping genes from
TargetScan, miRDB, and miRTarBase
were considered miRNA target genes.

Gene Ontology and PPI analysis

The GO enrichment analysis was conducted
using Metascape.’® GO enrichment analysis
has been applied extensively to gene prod-
ucts or to specific gene annotations.*® To
better understand the relationships among
the enriched terms, we constructed a net-
work plot by connecting terms that had
similarities >0.3 to form edges. Twenty
clusters were formed and the terms with
the lowest P-values were selected, with a
cap of 250 terms and no more than 15
terms per cluster. Cytoscape was used to
visualize the network.*® The PPI analysis
for proteins encoded by each listed gene
was conducted wusing the OmniPath
(https://omnipathdb.org/), InWeb_IM
(https://inbio-discover.intomics.com/map.
html#search), and BioGrid (https://wiki.th
ebiogrid.org/doku.php/statistics/) data-
bases. The subset of proteins that formed
physical interactions with at least one
other protein was contained within the
resultant network. We used the molecular
complex detection (MCODE) plugin in
Cytoscape to identify the components of
the densely connected network.*>>’

Results

Identification of DEGs in IDD tissues

After processing the expression profile data
and standardizing the gene expression, we
screened the DEGs in the GSE67566 and
GSE116726 datasets using bioinformatics
tools (Table 1). A total of 970 DEMs were
detected in GSE116726 and 105 DECs were
detected in GSE67566 using the limma

package. Volcano plots of the DEGs from
each dataset are shown in Figure 1A and B.

Circ-0040039 functions as a sponge of
several miRNAs

The ability of circRNAs to sponge miRNAs
and inhibit their activities has been shown
in numerous studies.>®*' Analysis using the
CircInteractome database (https://circinter
actome.nia.nih.gov) identified two possible
binding site types between hsa-circ-0040039
and its predicted target miRNAs. Twenty-
three target miRNAs were identified; hsa-
miR-370, hsa-miR-545, and hsa-miR-665
had both types of binding sites, 16 had
one type of binding site and 4 had the
other type of binding site (Table 2).

Venn plots

Among the 970 DEMs that were detected
from GSE116726, five overlapped with
miRNAs from the Circlnteractome data-
base, as shown in the Venn plot in
Figure 1C. The five overlapping DEMs
were hsa-miR-648, hsa-miR-638, hsa-
miR-502-5p, hsa-miR-574-5p, and hsa-
miR-662. Among the predicted miRNA
target genes, 46 genes were predicted by
all three prediction programs (TargetScan,
miRDB, and miRTarBase; Figure 1D).

Gene Ontology and PPl

To investigate the biological functions of
the DEGs associated with IDD, GO enrich-
ment analysis was performed using
Metascape. The results indicated that the
target genes were significantly enriched in
vesicle targeting, negative regulation of
cell cycle G>/M phase transition, cell junc-
tion assembly, negative regulation of cell
cycle, negative regulation of cellular com-
ponent organization, synapse assembly,
and skeletal system morphogenesis (Figure
2). The PPI analysis showed that RABIA,
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Figure I. Differentially expressed genes (DEGs) and microRNAs (miRNAs) in intervertebral disc degen-
eration (IDD) tissues. (a, b) Volcano plots of DEGs between IDD and normal tissues in the (A) GSE67566
and (b) GSEI 16726 datasets. Red dots indicate significantly upregulated genes in IDD; green dots indicate
significantly downregulated genes in IDD; black dots indicate genes that are not differentially expressed.

P <0.05 and |log2 fold change| >1 were considered significant. (c) Venn diagram of the 970 differentially
expressed miRNAs detected from GSEI 16726 and their overlap with miRNAs from Circlnteractome.

(d) Venn diagram of the miRNA target genes predicted by TargetScan, miRDB, and miRTarBase.

RABIB, and MCFD2 play important roles
in IDD (Figure 3).

Discussion

IDD is considered a global threat to human
health because of the significant associated
healthcare costs and because it is a gateway
to other disc-related diseases.*? IDD is

caused by a variety of traumatic, mental,
and nutritional factors.*® As well as the
known behavioral and environmental fac-
tors, genetic factors have now been found
to be associated with risk of IDD.**
Traditional treatments for disc degenera-
tion include surgery and preventive treat-
ments'®.  The recent development of
biological techniques to repair IDD has
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Table 2. Predicted microRNA (miRNA) targets of hsa-circ-0040039.

CircRNA Mirbase 1D

CircRNA (top) — miRNA (bottom) pairing

hsa_circ_0040039 (5'...3')

hsa-miR-1203 (3'...5)
hsa_circ_0040039 (5'...3)

hsa-miR-1248 (3'...5')
hsa_circ_0040039 (5'...3')

hsa-miR-136 (3'...5)
hsa_circ_0040039 (5'...3')

hsa-miR-146b-3p (3'...5)
hsa_circ_0040039 (5'...3')

hsa-miR-188-3p (3'...5)
hsa_circ_0040039 (5'...3')

hsa-miR-330-3p (3'...5)
hsa_circ_0040039 (5'...3')

hsa-miR-369-5p (3'...5)
hsa_circ_0040039 (5'...3')

hsa-miR-370 (3'...5)
hsa_circ_0040039 (5'...3')

hsa-miR-370 (3'...5)
hsa_circ_0040039 (5'...3)

hsa-miR-383 (3'...5')
hsa_circ_0040039 (5'...3')

hsa-miR-502-5p (3'...5')
hsa_circ_0040039 (5'...3)

hsa-miR-503 (3'....5')
hsa_circ_0040039 (5'...3')

hsa-miR-526b (3'...5)
hsa_circ_0040039 (5'...3)

hsa-miR-545 (3'...5")
hsa_circ_0040039 (5'...3')

hsa-miR-545 (3'...5)
hsa_circ_0040039 (5'...3')

GGUUGGUUCAUUCUGGCUCCGGA
I T
CUCGACGUAGGACCGAGGCCC
UCAUGGCUGUGACUGAGAAGGAU
[
AAAUCGUGUCACGAAUAUGU-UCUUCCA
AUGGUGGAAGACAGCAAUGGAGA
[T
AGGUAGUAGUUUUGUUUACCUCA
CAGGACAGGCUCUCGACAGGGCA
I
GGUCUUGACUCAGGUGUCCCGU
AGUAUCAGAUCUGCCGUGGGAAG
Il
ACGUUUGGGACGUACACCCUC
AUCCCUCUCAAAAUGUGCUUUGC
[T
AGAGACGUCCGGCACACGAAACG
AUUCUGGCUCCGGAUGUCGAUCC
11
CGCUUAUAUUGUGCCAGCUAGA
CUACAUUCUCCUGAUAGCAGGAA
eI
UGGUCCAAGGUGGGG-UCGUCCG
UUGGGGCAACCAGUACAGCAGGA
(1]
UGGUCCAAGGUGGGGUCGUCCG
CAUGCUGCUGCUGAGCUGAUCAA
Ll
UCGGUGUUAGUGGAAGACUAGA
UGCUGCUGAGCUGAUCAAGGAAG
Il
AUCGUGGGUCUAUCGUUCCUA
CUCAAAAUGUGCUUUGCUGCUAG
]
GACGUCUUGACAAGGGCGACGAU
AAGUAACACCAUAUAUCAAGAAG
Ll
UGUCUUUCACGAAGGGAGUUCUC
CCUCUCAAAAUGUGC-UUUGCUGC
1t
CGUGUGUUAUUUACAAACGACU
UGUGACUGAGAAGGAUUUGCUGC
I
CGUGUGUUAUUUACAAACGACU
GGAUCUGACCUUACAUUUGCUAC

(continued)
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Table 2. Continued.

CircRNA Mirbase ID

CircRNA (top) — miRNA (bottom) pairing

hsa-miR-548p (3'...5')
hsa_circ_0040039 (5'...3')

hsa-miR-574-5p (3'...5")
hsa_circ_0040039 (5'...3')

hsa-miR-626 (3'...5')
hsa_circ_0040039 (5'...3')

hsa-miR-637 (3'...5)
hsa_circ_0040039 (5'...3)

hsa-miR-638 (3'...5)
hsa_circ_0040039 (5'...3')

hsa-miR-646 (3'...5')
hsa_circ_0040039 (5'...3')

hsa-miR-648 (3'...5)
hsa_circ_0040039 (5'...3')

hsa-miR-662 (3...5')
hsa_circ_0040039 (5'...3')

hsa-miR-665 (3'...5)
hsa_circ_0040039 (5'...3')

hsa-miR-665 (3. .5')
hsa_circ_0040039 (5'...3')

hsa-miR-874 (3'...5)

AL
UUUCAUUGACGUCAAAAACGAU

AAGAUACAGCCACAG—CACACUCC
I T
UGUGUGAGUGUGUGUGUGUGAGU
AAACUAGAUGGUGGAAGACAGCA
LAY

UUCUGUAAAAGUCUGUCGA
GUGGGAAGGUGCAGCCCCCCAGU
LI
UGCGUCUCGGGCUUUCGGGGGUCA
UCUGGCUCCGGAUGUCGAUCCCC
[
UCCGGCGGUGGGCGGGC-GCUAGGGA
CUCAAAAUGUGCUUUGCUGCUAG
I

CGGAGUCUCCGUCGACGAA
AAAGAUACAGCCACAGCACACUC
LY

UGGUCACGGGACGUGUGAA
UAGUAUCAGAUCUGCCGUGGGAA
[
GACGACCCGGUGUUGCACCCU
UACAGCCACAGCACACUCCUGGU
[T

UCCCCGGAGUCGGAGGACCA
CAUCGGGAUCUGUCAUCCUGGAC
LY

UCCCCGGAGUCGGAGGACCA
AGGACAGGCUCUCGA-CAGGGCAU

I I
AGCCAGGGAGCCCGGUCCCGUC

Binding sites: hsa-miR-370, hsa-miR-545, and hsa-miR-665 had both types of binding sites, 16 had one type of binding site

and 4 had the other type of binding site.

provided new avenues of research and
potential new treatments for IDD. It has
been suggested that Wnt signaling may
offer insight into targets for pharmacologic
or nonpharmacologic therapeutics for
IDD.*® More biomarkers and related sig-
naling pathways must be identified to fur-
ther improve the treatment of IDD.

In this study, we downloaded microarray
expression data from GSE67566 and
GSE116726 and used it to detect differences

between IDD and normal tissues. The iden-
tified DECs and DEMs were used to create
a circRNA-miRNA-mRNA network. GO
enrichment analysis showed that the
mRNAs in the network were significantly
enriched in vesicle targeting, negative regu-
lation of cell cycle G,/M phase transition,
cell junction assembly, negative regulation
of cell cycle, negative regulation of cellular
component organization, synapse assembly,
and skeletal system morphogenesis. IDD
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Figure 2. Gene Ontology (GO) enrichment analysis of the differentially expressed target genes associated
with intervertebral disc degeneration tissues. (a) Heatmap of enriched GO terms assigned to the target

genes. (b) Network of genes with enriched GO terms.

has been shown to be closely associated
with apoptosis of nucleus pulposus cells.*’
The pathology of IDD is influenced by
decreases in the composition and synthesis
of the extracellular matrix because of a
reduction in the activity of the interverte-
bral disc cells due to increased cell apopto-
sis.’® The PPI showed that RABIA,
RABIB, and MCFD2 played important

roles in disc degeneration. RABIA and
RABIB are members of the RAS oncogene
family and are associated with neoplasms,
infections, and kidney diseases.’’>*
MCFD2, RABIB, and RABIA were
enriched mainly in vesicle targeting, which
is associated with phenotype-keeping of
intervertebral disc chondroid cells and
enhanced proliferation of notochord
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‘MCFDZ

.RAB1 B

Figure 3. Protein—protein interaction of three
proteins—two members of the RAS oncogene
family (RABIA, RABIB) and multiple coagulation
factor deficiency (MCFD2)—associated with inter-
vertebral disc degeneration.

cells.” Further studies are necessary to
elucidate the actions of the circRNA-
miRNA-mRNA network in IDD to under-
stand their potential relevance to IDD.

In summary, we identified a novel
circRNA-miRNA-mRNA network related
to the progression and initiation of IDD
through a comprehensive bioinformatics
analysis of two GEO microarray datasets
of IDD. The identified hub genes could
have potential as biomarkers in the treat-
ment, prognosis, and diagnosis of IDD.
Their crucial role in the pathogenesis of
IDD was confirmed further through a
series of detailed analyses. However, the
specific role of hsa-circ-0040039 in the path-
ogenesis of IDD needs to be further studied.
Overall, our results shed light on the poten-
tial integration of multiple biomarkers for
clinical practice in the diagnosis and treat-
ment of IDD.
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