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Abstract. accumulating evidence has indicated that noncoding 
rnas are involved in intervertebral disc degeneration (idd); 
however, the competing endogenous rna (cerna)-mediated 
regulatory mechanisms in idd remain rarely reported. The 
present study aimed to comprehensively investigate the altera-
tions in expression levels of circular rna (circrna), long 
noncoding rna (lncrna), microrna (mirna/mir) and 
mrna in the nucleus pulposus (nP) of patients with idd. in 
addition, crucial lncrna/circrna-mirna-mrna cerna 
interaction axes were screened using the GSe67567 microarray 
dataset obtained from the Gene expression omnibus database. 
after data preprocessing, differentially expressed circrnas 
(decs), lncrnas (dels), mirnas (deMs) or genes (deGs) 
between IDD and normal controls were identified using the 
linear Models for Microarray data method. a protein-protein 
interaction (PPi) network was constructed for deGs based on 
protein databases, followed by module analysis. The cerna 
network was constructed based on the interaction between 
mirnas and mrnas, and lncrnas/circrnas and mirnas. 
The underlying functions of mrnas were predicted using 
the database for annotation, Visualization and integrated 
Discovery database. The present study identified 636 DECs, 115 
dels, 84 deMs and 1,040 deGs between patients with idd 
and control individuals. PPi network analysis demonstrated 
that Fos proto-oncogene, aP-1 transcription factor subunit 
(FoS), mitogen-activated protein kinase 1 (MaPK1), hypoxia 
inducible factor 1 subunit α (HiF1a) and transforming growth 
factor β1 (TGFB1) were hub genes and enriched in modules. 
Metastasis-associated lung adenocarcinoma transcript 1 
(MalaT1)/hsa_circrna_102348-hsa- mir-185-5p-TGFB1/FoS, 

MalaT1-hsa-mir-155-5p-HiF1a, hsa_circrna_102399-hs
a-mir-302a-3p-HiF1a, MalaT1-hsa- mir-519d-3p-MaPK1 
and hsa_circrna_100086-hsa-mir-509-3p-MaPK1 cerna 
axes were obtained by constructing the cerna networks. in 
conclusion, these identified ceRNA interaction axes may be 
crucial targets for the treatment of idd.

Introduction

intervertebral disc degeneration (idd) is characterized 
by excessive apoptosis of nucleus pulposus (nP) cells and 
degradation of extracellular matrix (ecM) components, and 
is considered the main contributing factor to lower back pain 
(lBP). it is estimated that ~84% of people will experience 
lBP during their lives worldwide, with 10% becoming chroni-
cally disabled (1), thus seriously affecting quality of life and 
imposing heavy economic burdens on families and society. 
currently, clinical interventions for idd primarily include 
conservative medication and surgery (spinal fusion or total 
disc replacement); however, these treatments are only able to 
temporarily relieve pain symptoms, without solving the under-
lying issues in idd and providing a permanent cure (2,3). 
Therefore, it is necessary to deeply investigate the underlying 
mechanisms of idd, in order to develop more effective 
strategies for preventing and treating idd-associated lBP.

recently, emerging evidence has suggested that noncoding 
rnas, including micrornas (mirnas/mirs), long 
noncoding rnas (lncrnas) and circular rnas (circrnas) 
serve crucial roles in various biological processes, including 
cell proliferation and apoptosis (4). mirnas function by 
binding to complementary sequences in the 3'-untranslated 
region (uTr) of their target mrnas, thereby triggering 
either translational inhibition or mrna degradation of the 
transcript (5). lncrnas/circrnas may act as competing 
endogenous rnas (cernas) by competitively binding to 
mirnas through their mirna response elements, thus 
regulating the expression levels of mirna target mrnas (6). 
Therefore, lncrna/circrna-mirna-mrna interactions 
may be an important mechanism underlying the initiation 
and development of IDD. This hypothesis has been verified 
in previous studies. notably, Xi et al (7) demonstrated that 
lncrna Hla complex group 18 (HcG18) is significantly 
upregulated in patients with idd and its expression is posi-
tively correlated with disc degeneration grade. Subsequently, 
a luciferase reporter assay was conducted, which indicated 
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that HcG18 may act as an endogenous sponge to downregu-
late mir-146a-5p expression in nP cells, thus promoting the 
upregulation of a mir-146a-5p target gene, TnF-receptor 
associated factor 6, ultimately suppressing the growth of nP 
cells by decreasing cell numbers in S phase of the cell cycle, 
inducing cell apoptosis, recruiting macrophages and hyper-
calcification (7). Wang et al (8) demonstrated that lncrna 
rP11-296a18.3 interacts with mir-138 to induce upregulation 
of the mir-138 target gene, hypoxia inducible factor 1 subunit 
α (HiF1a), thus affecting nP proliferation and ecM synthesis. 
The expression of rP11-296a18.3 is positively correlated with 
HiF1a; however, rP11-296a18.3 and HiF1a are inversely 
correlated with mir-138 in idd tissues (8). in addition, by 
circrna microarray assay, bioinformatics analysis, rna 
immunoprecipitation and luciferase assay, Wang et al (9) 
provided evidence to suggest that circrna-4099 is able to 
function as a ‘sponge’ by competitively binding mir-616-5p, 
which reverses the suppression of SrY-box 9 by mir-616-5p. 
cheng et al (10) revealed that circVMa21 acts as a sponge of 
mir-200c, thus regulating the expression of the target mrna, 
X-linked inhibitor of apoptosis (XiaP). The decreased 
expression of XIAP in inflammatory cytokines‑treated NP 
cells and degenerative nP tissues is directly associated with 
excessive apoptosis, and an imbalance between the anabolic 
and catabolic factors of ecM. conversely, intradiscal injec-
tion of circVMa21 may alleviate idd in a rat model (10). 
These findings indicated that targeting the regulatory effects 
of associated lncrnas, circrnas, mirnas and mrnas 
may have a potential role in the clinical treatment of idd. 
However, to the best of our knowledge, idd-associated 
lncrna/circrna-mirna-mrna cerna regulatory 
mechanisms remain rarely reported, until now (11).

The present study aimed to preliminarily identify novel 
lncrna/circrna-mirna-mrna cerna-mediated regula-
tory mechanisms in idd by constructing a cerna regulatory 
network using microarray data collected from a public data-
base. This study may provide targets for the development of 
novel therapeutic strategies to treat idd.

Materials and methods

Gene expression omnibus (GEO) dataset collection. a micro-
array dataset was retrieved from the public Geo database 
(www.ncbi.nlm.nih.gov/geo); the accession number of the 
dataset used is GSe67567, which contains three sub-datasets: 
GSE67566, circRNA expression profile (platform: GPL19978, 
agilent-069978 arraystar Human circrna microarray V1; 
agilent Technologies, inc., Santa clara, ca, uSa) (12,13); 
GSE63492, miRNA expression profile [platform: GPL19449, 
exiqon mircurY lna microrna array, 7th generation 
reV-hsa, mmu & rno (mirBase v18.0); exiqon; Qiagen, inc., 
Valencia, ca, uSa] (12,13); and GSe56081, mrna-lncrna 
expression profile [platform: GPL15314, Arraystar Human 
lncrna microarray V2.0 (agilent_033010 Probe name 
version); agilent Technologies, inc.] (12,14). These three 
sub‑datasets included NP samples derived from five normal 
control individuals and five patients with IDD.

Data preprocessing and differential expression analysis. 
The raw TXT data collected from the microarray platforms 

were preprocessed using the linear Models for Microarray 
data (liMMa) method (15) (version 3.34.0; www.biocon-
ductor.org/packages/release/bioc/html/limma.html) in the 
Bioconductor r package (version 3.4.1; www.r-project.org), 
including base-2 logarithmic (log2) transformation and quantile 
normalization. For the GSe56081 microarray data, the probe 
sequences were downloaded from the annotation platforms 
and aligned with the human genome using clustal W computer 
program (version 2; www.clustal.org) to obtain the expression 
levels of lncrna and mrnas.

The lists of differentially expressed genes (deGs), differ-
entially expressed lncrnas (dels), differentially expressed 
circrnas (decs) and differentially expressed mirnas 
(deMs) between controls and patients with idd were generated 
using the LIMMA method (15), where statistical significance 
was set as |log-fold change (logFc)|>1 and Benjamini and 
Hochberg-corrected (16) false discovery rates (Fdr)<0.05. 
a hierarchical cluster heatmap representing expression inten-
sity and direction was created using pheatmap in r package 
(version: 1.0.8; cran.r-project.org/web/packages/pheatmap) 
based on euclidean distance.

Protein‑protein interaction (PPI) network. The PPi network 
of deGs was constructed and visualized using cytoscape 
software (version 3.6.1; www.cytoscape.org) (17) based on 
the interaction data from the Search Tool for the retrieval of 
interacting Genes (version 10.0; string db.org) database (18). 
The topological features of the PPi network, including degree 
[the number of edges (interactions) of a node (protein)], 
betweenness centrality (Bc, the number of shortest paths that 
run through a node), closeness centrality (cc, the average 
length of the shortest paths to access all other proteins in the 
network) and average path length, were calculated, in order 
to determine the crucial genes using the cytonca plugin in 
cytoscape software (apps.cytoscape.org/apps/cytonca) (19).

The Molecular complex detection (Mcode; version:1.4.2; 
apps.cytoscape.org/apps/mcode) (20) plugin in cytoscape 
software was used to identify functionally related and highly 
interconnected modules from the PPi network with a degree 
cutoff of 2, node score cutoff of 0.2, k-core of 2 and maximum 
depth of 100.

miRNA regulatory network construction. The deM-associated 
target genes were predicted using the starBase database (version 
2.0; starbase.sysu.edu.cn/index.php) (21) which provides the 
prediction results of five mirna databases (TargetScan, 
picTar, rna22, PiTa and miranda). The mirna-target 
gene interaction pairs were selected if they were predicted 
in ≥1 database. The target genes were then overlapped with 
the deGs, and the negative interaction pairs between deMs 
and deGs (according to their expression levels) were used 
to construct the mirna-mrna network using cytoscape 
software (version 3.6.1; www.cytoscape.org) (17). The known 
mirnas associated with idd were predicted using the 
Human microrna disease database (HMdd; www.cuilab.
cn/hmdd) (22).

CeRNA regulatory network construction. The starBase data-
base (version 2.0; starbase.sysu.edu.cn/index.php) (21) database 
was used to screen the interactions between dels and deMs, 
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which were then integrated with the mirna-mrna interac-
tions to establish the del-deM-deG cerna network using 
cytoscape software (version 3.6.1; www.cytoscape.org) (17).

Human sequences of deMs and decs were downloaded 
from the circBase (www.circbase.org) (23) and mirBase 
(version 21; www.mirbase.org) (24) databases, respectively. 
miranda (cbio.mskcc.org/mirna2003/miranda.html) (25) 
was used to predict the interactions between decs and deMs 
according to the following parameter settings: Gap open 
Penalty, -8; Gap extend, -2; Score Threshold, 80%; and energy 
Threshold, -20. The interaction pairs between decs and 
deMs were then integrated with the mirna-mrna interac-
tions to establish the dec-deM-deG cerna network using 
cytoscape software (version 3.6.1; www.cytoscape.org) (17).

The overlapped mirna-mrnas in the above two 
cerna networks were also selected to construct the 
lncrna/circrna-mirna-mrna network.

Functional enrichment analysis. The Kyoto encyclopedia of 
Genes and Genomes (KeGG) pathway enrichment analysis 
of genes in each module and network was conducted using 
the database for annotation, Visualization and integrated 
discovery (daVid) online tool (version 6.8; http://david.abcc.
ncifcrf.gov) (26), with P<0.05 set as the cut-off value. in addi-
tion, all known idd-associated pathways were downloaded 
from the comparative Toxicogenomics database (cTd; ctd.
mdibl.org) (27), which were then overlapped with the enriched 
cerna pathways, in order to obtain an idd pathway-associated 
cerna network.

Results

Differential expression analysis. according to the pre-set 
threshold (Fdr<0.05 and |logFc|>1), a total of 636 decs 
were identified between IDD and control samples, including 
354 upregulated and 282 downregulated circrnas; 115 dels 
were screened, consisting of 50 upregulated and 65 down-
regulated lncrnas; 84 deMs were obtained, containing 50 
upregulated and 34 downregulated mirnas; and 1,040 deGs 
were generated, comprising 763 upregulated and 277 down-
regulated genes. The top 20 decs, dels, deMs and deGs 
are presented in Table i. The hierarchical cluster heat maps 
indicated that these decs (Fig. 1a), dels (Fig. 1B), deMs 
(Fig. 1c) and deGs (Fig. 1d) could distinguish idd from 
control samples.

PPI network. a PPi network was constructed using the 
screened deGs, which included 721 nodes (561 upregulated 
and 160 downregulated) and 3,561 interaction pairs. dna 
topoisomerase ii β, matrix metallopeptidase 2 (MMP2), 
enolase (eno)1, Fos proto-oncogene, aP-1 transcription 
factor subunit (FoS), mitogen-activated protein kinase 1 
(MaPK1), HiF1a, protein phosphatase 2 scaffold subunit 
aα (PPP2r1a), eno2, rna polymerase ii subunit c 
(Polr2c), transforming growth factor β1 (TGFB1), 
fibronectin 1 (FN1), Jun proto-oncogene, aP-1 transcrip-
tion factor subunit (Jun), vimentin and H2a histone 
family member V (H2aFV) were considered hub genes in 
the PPi network because they were present in the top 35 
genes of four topological features (Tables ii and iii). Six 

functionally related and highly interconnected modules 
were subsequently extracted using Mcode, in order to 
further screen crucial genes (Fig. 2). among them, the hub 
genes PPP2r1a, TGFB1, Polr2c and Fn1 were included 
in module 2; H2aFV was included in module 4; FoS 
was included in module 5; and MMP2 and MaPK1 were 
contained in module 6.

The genes in each module were then subjected to analysis 
using daVid, in order to predict their functions. The results 
of KeGG enrichment analysis (Table iV) demonstrated that 
in module 2, PPP2r1a was enriched in ‘mrna surveillance 
pathway’ and TGFB1 was enriched in ‘cytokine-cytokine 
receptor interaction’; in module 4, H2aFV was enriched 
in ‘Systemic lupus erythematosus’; in module 5, FoS was 
involved in ‘rheumatoid arthritis’ and ‘Human T-cell 
leukemia virus 1 infection’; and in module 6, MaPK1 and 
MMP2 participated in ‘estrogen signaling pathway’. The other 
hub genes were not enriched in KeGG pathways.

miRNA regulatory network. a total of 305 differentially 
expressed target genes were predicted for 14 of the 84 deMs, 
which were used to construct the mirna-mrna network 
(Fig. 3). This network included 522 negative interaction rela-
tionships between 14 deMs and 305 deGs (six upregulated 
deMs regulated 45 downregulated deGs; eight down-
regulated deMs regulated 260 upregulated deGs, such as 
hsa-mir-155-5p/hsa-mir-302a-3p/hsa-mir-519d-3p-HiF1a, 
hsa-mir-185-5p-TGFB1, hsa-mir-185-5p/hsa-mir-155-5p-FoS 
and hsa-mir-509-3p/hsa-mir-519d-3p-MaPK1). among 
all of the deMs in this mirna regulatory network, 
hsa-mir-155-5p was revealed to be associated with idd, as 
determined by searching the HMdd database.

The underlying functions of the deGs in the 
mirna-mrna network were also analyzed by daVid data-
base. The results indicated that ‘TGF-beta signaling pathway’ 
(MaPK1 and TGFB1), ‘adherens junction’ (MaPK1), 
‘MaPK signaling pathway’ (MaPK1, TGFB1 and FoS), 
‘cell cycle’ (TGFB1), ‘mTor signaling pathway’ (MaPK1 
and HiF1a), ‘Toll-like receptor signaling pathway’ (MaPK1 
and FoS), ‘B cell receptor signaling pathway’ (MaPK1 and 
FoS) and ‘T cell receptor signaling pathway’ (MaPK1 and 
FOS) pathways were significantly enriched for genes in the 
mirna-mrna network (Table V).

CeRNA network. using the starBase database, nine deMs 
were predicted to regulate 12 dels; this was used to establish 
the lncrna-mirna-mrna cerna network via integra-
tion with the mirna-mrna network (Fig. 4). This network 
comprised 280 nodes (nine deMs; 12 dels; 259 deGs) 
and 407 interactions (16 del-deM and 391 deM-deG 
interactions). notably, upregulated metastasis-associated lung 
adenocarcinoma transcript 1 (MalaT1) may function as a 
cerna to suppress the inhibitory effects of hsa-mir-155-5p on 
HiF1a and FoS, thus leading to their upregulated expression. 
Similarly, upregulated MalaT1 may regulate the targeted 
effects of hsa-mir-185-5p on TGFB1 and FoS, as well as 
hsa-mir-519d-3p on HiF1a and MaPK1. The functional anal-
ysis of genes in the lncrna-associated cerna network were 
significantly enriched in ‘TGF‑beta signaling pathway’, ‘FoxO 
signaling pathway’ and ‘TnF signaling pathway’ (Table V); 
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Table i. continued.

c, mirnas  

rna logFc Fdr

hsa-mir-3150a-3p 5.03 1.24x10-5

hsa-mir-3157-3p 4.90 1.00x10-2

hsa-mir-660-5p 4.80 1.99x10-34

hsa-mir-887-3p 4.05 1.05x10-4

hsa-mir-5010-5p 4.03 2.66x10-2

hsa-mir-933 3.43 7.39x10-3

hsa-mir-3127-5p 3.35 4.45x10-3

hsa-mir-4450 3.24 2.23x10-3

hsa-mir-516a-5p 3.15 2.29x10-4

hsa-mir-1184 -4.85 5.44x10-4

hsa-mir-125b-1-3p -4.69 4.44x10-4

hsa-mir-486-3p -4.39 8.00x10-3

hsa-mir-3648 -3.76 6.14x10-46

hsa-mir-196b-5p -3.43 1.00x10-2

hsa-mir-155-5p -3.22 2.00x10-2

hsa-mir-302a-3p -1.93 2.00x10-2

hsa-mir-519d-3p -1.81 4.00x10-2

hsa-mir-509-3p -1.78 3.00x10-2

hsa-mir-185-5p -1.53 1.00x10-2

d, mrnas  

rna logFc Fdr

HBB 8.41 3.87x10-9

HBa1 8.19 8.62x10-11

col1a2 7.01 3.41x10-10

PTP4a3 6.98 7.31x10-7

rBM38 6.70 1.72x10-9

MFaP4 6.19 7.41x10-9

GreM1 5.77 4.49x10-8

nKG7 5.55 1.13x10-9

TreM1 5.47 1.12x10-9

luM 5.36 3.28x10-9

PHldB2 -7.09 2.99x10-8

TMeM177 -6.96 1.12x10-9

Kiaa0319 -6.95 5.16x10-10

erlin1 -6.89 6.61x10-10

aPod -6.47 4.61x10-7

SlF2 -6.45 5.61x10-10

ndrG4 -6.44 4.91x10-10

GucY1a3 -6.43 9.45x10-10

PlaGl1 -6.41 1.67x10-7

aTP8B3 -6.32 7.34x10-9

Positive logFc values indicate upregulated expression in idd samples 
compared with in control samples, whereas negative logFc values 
indicate downregulated expression in idd samples compared with in 
control samples. all microarray datasets were retrieved from public 
Gene expression omnibus databases, including GSe67566 (12,13) for 
circrna expression; GSe63492 (12,13) for mirna expression and 
GSe56081 (12,14) for mrna-lncrna expression. circrna, circular 
rna; Fc, fold change; Fdr, false discovery rates; idd, intervertebral 
disc degeneration; lncrna, long noncoding rna; mirna, microrna.

Table i. Top upregulated and downregulated differentially 
expressed circrnas, lncrnas, mirnas and mrnas 
identified from Gene Expression Omnibus microarray datasets.

a, circrnas  

rna logFc Fdr

hsa_circrna_101852 2.98 3.92x10-15

hsa_circrna_101853 2.93 6.98x10-16

hsa_circrna_101139 2.92 6.98x10-16

hsa_circrna_103890 2.86 1.72x10-15

hsa_circrna_400019 2.84 3.87x10-14

hsa_circrna_102324 2.78 1.00x10-15

hsa_circrna_104703 2.72 1.24x10-15

hsa_circrna_104600 2.68 7.51x10-15

hsa_circrna_100604 2.68 1.57x10-15

hsa_circrna_100018 2.61 1.67x10-15

hsa_circrna_103410 2.59 6.98x10-16

hsa_circrna_000200 2.56 2.32x10-14

hsa_circrna_100086 2.32 7.03x10-14

hsa_circrna_102348 1.95 9.57x10-14

hsa_circrna_102399 1.63 4.92x10-12

hsa_circrna_101645 -3.30 1.60x10-14

hsa_circrna_104508 -3.26 2.19x10-13

hsa_circrna_102116 -3.18 1.92x10-14

hsa_circrna_103838 -3.06 6.98x10-16

hsa_circrna_101557 -3.05 1.96x10-14

B, lncrnas  

rna logFc Fdr

TrPc7-aS1 6.61 6.55x10-8

Mir4458HG 1.40 5.56x10-3

GaS5 1.40 4.30x10-2

cBr3-aS1 1.40 3.05x10-4

adPGK-aS1 1.40 2.67x10-3

SnHG5 1.40 2.67x10-2

adarB2-aS1 1.391 4.17x10-3

linc00431 1.39 4.68x10-4

Mccc1-aS1 1.39 8.89x10-3

MalaT1 1.07 6.58x10-4

HoTair -7.21 6.47x10-8

linc00957 -6.28 7.33x10-9

VPS13a-aS1 -6.01 1.81x10-8

il10rB-aS1 -5.54 9.48x10-9

MaPT-aS1 -5.12 6.53x10-9

linc00689 -3.63 2.87x10-5

eFcaB6-aS1 -3.39 2.96x10-8

Hand2-aS1 -3.21 3.47x10-4

linc00884 -3.12 5.11x10-5

linc01405 -3.04 9.52x10-4

c, mirnas  

rna logFc Fdr

hsa-mir-4287 5.81 4.50x10-3
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MaPK1, FoS and TGFB1 were each included in at least one 
of these pathways.

using the miranda database, 61 deMs were predicted to 
regulate 63 decs; this information was used to establish the 
circrna-mirna-mrna cerna network via integration with 
the mirna-mrna network (Fig. 5). notably, upregulated 
hsa_circrna_102348 may function as a cerna to suppress 
the inhibitory effects of hsa-mir-185-5p on TGFB1 and FoS, 
thus resulting in their upregulated expression; upregulated 
hsa_circrna_102399 may act as a cerna to regulate the 
hsa-mir-302a-3p-HiF1a interaction; hsa_circrna_100086 
may influence the regulatory effect of hsa-mir-509-3p on 
MaPK1. hsa_circrna_102348 was selected because it 
has previously been studied in other diseases (28). in addi-
tion, hsa_circrna_102399 (score threshold, 92%) and 
hsa_circrna_100086 (score threshold, 90%) may be impor-
tant in idd, because they interacted with their mirnas 
with the highest score thresholds and the expression trend of 
these circrnas was opposite to that of their target mirnas. 
Functional analysis of genes in the circrna-related cerna 
network revealed that they were significantly enriched in 
‘TGF-beta signaling pathway’ and ‘MaPK signaling pathway’; 

MaPK1, TGFB1 and FoS were each included in at least one 
of these pathways (Table V).

Through analysis of the lncrna and circrna cerna 
networks, it was revealed that hsa-mir-185-5p, hsa-mir-486-5p, 
hsa-mir-196b-5p, hsa-mir-382-5p and hsa-mir-324-5p were 
included in both; therefore, a lncrna/circrna-mirna-mrna 
integrated network was also established (Fig. 6), in which 
hsa-mir-185-5p-TGFB1-associated cerna axes may be 
particularly important because TGFB1 was enriched in most 
of the KeGG pathways for this network (Table V).

IDD pathway‑related ceRNA network. using ‘intervertebral 
disc degeneration’ as the key search term, 30 KeGG pathways 
were screened from the cTd database; four pathways were 
overlapped with those enriched for genes in the integrated 
cerna network, including ‘TGF-beta signaling pathway’, 
‘Foxo signaling pathway’, ‘endocytosis’ and ‘cell cycle’. The 
pathway-related genes were extracted to construct the idd 
pathway-related cerna network (Fig. 7), in which the hsa_
circrna_102348/MalaT1-hsa-mir-185-5p-TGFB1 cerna 
axes were contained.

Discussion

The present study identified FoS, MaPK1, HiF1a and 
TGFB1 as crucial genes in idd, as determined by topo-
logical feature analysis of genes in a PPi network and module 
screening. Subsequently, by constructing a cerna network, it 
was suggested that the upregulated lncrna MalaT1 may be 
particularly important for idd, as it may function as a cerna 
for downregulating hsa-mir-155-5p, hsa-mir-185-5p and 
hsa-mir-519d-3p expression, thus leading to the upregulation 
of FoS, TGFB1, HiF1a and MaPK1, respectively. in addition, 
upregulated hsa_circrna_102348, hsa_circrna_102399 
and hsa_circrna_100086 may function as cernas to block 
the inhibitory effects of hsa-mir-185-5p, hsa-mir-302a-3p 
and hsa-mir-509-3p on the expression levels of TGFB1/FoS, 
HiF1a and MaPK1, respectively. MaPK1 and FoS may 
be involved in IDD by influencing the MAPK pathway, thus 
affecting inflammatory pathways. KEGG analysis suggested 
that TGFB1 participated in idd by affecting ‘TGF-beta 
signaling pathway’, ‘cell cycle’ and ‘cytokine-cytokine 
interaction’, whereas HiF1a may be associated with ‘mTor 
signaling pathway’.

it has been reported that TGFB promotes nP cell 
proliferation and stimulates ecM synthesis (11). Therefore, 
overexpression of TGFB may have the potential to inhibit idd 
and exert therapeutic effects; this has been demonstrated in 
several in vivo studies (29,30). Further studies have indicated that 
TGFB exerts anabolic effects on intervertebral discs by antag-
onizing inflammation (31,32). Furthermore, Zhang et al (33) 
reported that the expression levels of TGFB1 and c-c motif 
chemokine ligand (ccl)3/4 are elevated in degenerative nP 
tissue. TGFB1 treatment significantly inhibits CCL4 expres-
sion and prevents pain development in a rat model of idd; this 
effect is dependent on the extracellular signal-regulated kinase 
1/2 (erK1/2) signaling pathway. Yang et al (34,35) observed 
that the inflammatory cytokine tumor necrosis factor (TNF)‑α 
induces high expression of syndecan-4 in nP cells, which is 
required for MMP3 activation to trigger the progression of 

Figure 1. Hierarchical clustering and heat map analysis of differentially 
expressed (a) circrnas, (B) lncrnas, (c) mirnas and (d) genes in inter-
vertebral disc degeneration. circrna, circular rna; lncrna, long noncoding 
rna; mirna, microrna.
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Table ii. continued.

B, cc 

deG Value

Brd9 1.0000
ST6Galnac4 0.6667
Slc25a43 0.6667
orMdl1 0.6667
GalnT1 0.6667
Jun 0.4257
MaPK1 0.4250
FoS 0.4001
TGFB1 0.3967
ToP2B 0.3917
ViM 0.3842
Fn1 0.3766
MMP2 0.3762
Polr2c 0.3760
SMad3 0.3752
YBX1 0.3748
eno1 0.3726
HiF1a 0.3726
acTl6a 0.3720
HBa1 0.3714
eno2 0.3707
H2aFV 0.3674
H2aFX 0.3674
SMad2 0.3668
PPP2r1a 0.3651

c, Bc 

deG Value

ST6Galnac1 1.0000
ZdHHc9 1.0000
MaPK1 0.1255
ToP2B 0.0988
Jun 0.0913
TGFB1 0.0619
FoS 0.0450
nMe2 0.0413
Fn1 0.0365
PPP2r1a 0.0319
ViM 0.0314
Polr2c 0.0310
rad51 0.0301
HiF1a 0.0293
cTSd 0.0272
eno2 0.0266
acTG2 0.0253
eno1 0.0242
nduFa4 0.0239
H2aFV 0.0227
MMP2 0.0224

Table ii. Topological features of deGs in the protein-protein 
interaction network.

a, degree 

deG Value

MaPK1 86
Jun 78
ToP2B 75
TGFB1 70
FoS 58
BTrc 49
Fn1 49
H2aFV 44
SocS3 43
Polr2c 43
uBe2c 43
cdc23 42
ViM 42
KeaP1 41
MMP2 40
anaPc1 40
SKP2 40
HiST2H3a 40
SMad3 39
eno2 39
SMad2 38
cdc26 38
uBe2G1 37
H2aFX 37
cSF2 37
eno1 37
HiST2H2aa3 36
uBe2r2 36
HiST1H2BK 36
PPP2r1a 36
SiaH1 36
rPSa 36
Fau 35
Herc3 34
HiF1a 33

B, cc 

deG Value

ST6Galnac1 1.0000
oToP3 1.0000
ZdHHc9 1.0000
Hid1 1.0000
TMeM128 1.0000
raPH1 1.0000
lancl1 1.0000
caMTa1 1.0000
dPP10 1.0000
GTF2H2c 1.0000
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idd. TGFB1 suppresses TnF-α-mediated upregulation of 
syndecan-4 and MMP3 via erK1/2 signaling pathways. in the 
present study, TGFB1 was significantly upregulated in patients 
with idd compared with in control individuals. This may be 
representative of the inflammatory activity present in IDD, 
and TGFB1 expression may be increased as an inflammatory 
stress response to antagonize inflammation (36); this was 
also indirectly reflected by the lower expression of several 
TGFB1‑associated inflammatory genes, including C‑X‑C 
motif chemokine ligand (cXcl)1 and cXcl2 in this study. 
However, to the best of our knowledge, the regulatory mecha-
nisms of TGFB1 in idd have not been explored.

The present study revealed that hsa-mir-185-5p may 
regulate the expression of TGFB1, whereas MalaT1 and 

Table ii. continued.

c, Bc 

deG Value

Snca 0.0209
SocS3 0.0205
cSF2 0.0201
HBa1 0.0200
dcn 0.0199
Hla-drB1 0.0195
BTrc 0.0182
TGFBr2 0.0182
dicer1 0.0182
col1a2 0.0181
HiST2H3a 0.0180
aTF4 0.0180
acTl6a 0.0170
GnG4 0.0166

d, aPl 

deG Value

ST6Galnac1 1.0000
ZdHHc9 1.0000
oToP3 1.0000
Hid1 1.0000
TMeM128 1.0000
raPH1 1.0000
lancl1 1.0000
caMTa1 1.0000
dPP10 1.0000
GTF2H2c 1.0000
Brd9 1.0000
ST6Galnac4 1.5000
Slc25a43 1.5000
orMdl1 1.5000
GalnT1 1.5000
Jun 2.3489
MaPK1 2.3532
FoS 2.4993
TGFB1 2.5206
ToP2B 2.5532
ViM 2.6028
Fn1 2.6553
MMP2 2.6582
Polr2c 2.6596
SMad3 2.6652
YBX1 2.6681
HiF1a 2.6837
eno1 2.6837
acTl6a 2.6879
HBa1 2.6922
eno2 2.6979

Table ii. continued.

d, aPl 

deG Value

H2aFV 2.7220
H2aFX 2.7220
SMad2 2.7262
PPP2r1a 2.7390

Value refers to degree, cc, Bc or aPl, accordingly. aPl, average 
path length; Bc, betweenness centrality; cc, closeness centrality; 
deGs, differentially expressed genes.

Table iii. overlapping deGs according to topological features 
(degree, closeness centrality, betweenness centrality and 
average path length).

deG logFc Fdr

ToP2B -2.97 1.72x10-6

MMP2 -2.56 1.58x10-3

eno1 2.43 1.3x10-6

FoS 2.32 2.18x10-6

MaPK1 2.38 1.45x10-3

HiF1a 2.97 4.53x10-4

PPP2r1a 2.15 2.3x10-7

eno2 3.37 1.04x10-5

Polr2c 3.01 2.00x10-7

TGFB1 2.75 3.80x10-5

Fn1 4.69 2.90x10-5

Jun 2.22 1.05x10-6

ViM 5.26 1.13x10-9

H2aFV 2.16 3.41x10-4

Positive logFc values refer to upregulated expression in samples 
compared with in control samples; negative logFc values refer to 
downregulated expression in idd samples compared with in control 
samples. deGs, differentially expressed genes; Fc, fold change; 
Fdr, false discovery rates; idd, intervertebral disc degeneration.
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hsa_circrna_102348 may function as cernas to interact 
with hsa-mir-185-5p. To the best of our knowledge, no 
previous studies have investigated the roles of hsa-mir-185-5p, 
MalaT1 and hsa_circrna_102348 in idd. However, their 
known mechanisms in regulating cell proliferation in other 
diseases may indirectly explain their roles in idd. notably, 
cheng et al (37) demonstrated that mir-185 inhibits cell 
proliferation, while promoting apoptosis and autophagy 
through negative regulation of TGFB1 in nasopharyngeal 
carcinoma. mir-185 mimics have been observed to exert 
inhibitory effects on osteoblasts through downregulating 
the Wnt/β-catenin axis (38). li et al (39) demonstrated that 
MalaT1 promotes proliferation of cardiac progenitor 
cells under hypoxic conditions and alleviates myocardial 
infarction-induced heart failure. Furthermore, li et al (40) 
revealed that MalaT1 promotes osteosarcoma cell growth 
and predicts an unfavorable outcome. Hereby, it was hypoth-
esized that mir-185 may be downregulated and MalaT1 
may be upregulated in IDD; this hypothesis was confirmed by 
the present results. although, to the best of our knowledge, no 

experimental study has been conducted to validate the roles of 
hsa_circrna_102348, its expression has been demonstrated 
to be upregulated in idiopathic pulmonary fibrosis (28); this 
is characterized by the abnormal deposition of ecM proteins. 
Therefore, the expression of hsa_circrna_102348 may also 
be upregulated in idd.

Hypoxia has been reported to promote disc cell prolif-
eration (41). HiF1a is an important response gene under 
hypoxic and inflammatory conditions, which is upregu-
lated in nP cells (42). overexpression of HiF1a has been 
demonstrated to promote nP cell proliferation and lead to 
increased expression levels of collagen ii and aggrecan in 
human nP cells (8,43). Therefore, upregulation of HiF1a 
may be a protective strategy to antagonize degenerative 
intervertebral discs (44). in line with Wang et al (8), which 
reported that HiF1a was highly expressed in idd and may 
exert a protective response against idd, the mrna expres-
sion of HIF1A was significantly upregulated in patients with 
idd compared with in control individuals in the present 
study. However, whether HiF1a also causes the damage 

Figure 2. Modules extracted from the protein-protein interaction network. (a) Module 1; (B) module 2; (c) module 3; (d) module 4; (e) module 5; and 
(F) module 6. red represents upregulated expression, whereas green represents downregulated expression. The larger the size of the node (protein), the higher 
its degree (number of interactions). Hub genes are indicated by red boxes.
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Table iV. KeGG pathway analysis of genes in modules.

a, Module 1  

Term P-value Genes

hsa04120: ubiquitin mediated proteolysis 1.09x10-23 anaPc1, SocS3, BTrc, uBe2G1, FBXo2, SKP2, cdc23, 
  Herc3, KeaP1, uBe2c, cdc26, uBe2r2, FBXW8, cul7, 
  SiaH1
hsa04114: oocyte meiosis 1.51x10-3 anaPc1, BTrc, cdc23, cdc26
hsa04110: cell cycle 2.19x10-3 anaPc1, SKP2, cdc23, cdc26
hsa04914: Progesterone-mediated oocyte maturation 1.48x10-2 anaPc1, cdc23, cdc26

B, Module 2  

Term P-value Genes

hsa03010: ribosome 1.39x10-9 rPSa, rPS27, rPS29, rPl41, rPl13, rPl31, rPl15, Fau, 
  rPl36, rPS15a, rPS20
hsa04062: chemokine signaling pathway 4.75x10-5 cXcl1, ccr7, PPBP, adcY7, cXcl2, PF4, ccl5, GnG4
hsa03040: Spliceosome 5.30x10-3 BcaS2, HnrnPK, SrSF6, PcBP1, HnrnPu
hsa04060: cytokine-cytokine receptor interaction 7.15x10-3 VeGFc, ccr7, PPBP, PF4, ccl5, TGFB1
hsa03015: mrna surveillance pathway 1.24x10-2 PaBPn1, PPP2r1a, uPF2, rnPS1

c, Module 3  

Term P-value Genes

hsa04974: Protein digestion and absorption 6.15x10-9 col4a3, col9a3, col4a1, col1a2, col2a1, col5a3
hsa04512: ecM-receptor interaction 7.97x10-7 col4a3, col4a1, col1a2, col2a1, col5a3
hsa05146: amoebiasis 1.77x10-6 col4a3, col4a1, col1a2, col2a1, col5a3
hsa04510: Focal adhesion 2.50x10-5 col4a3, col4a1, col1a2, col2a1, col5a3
hsa04151: Pi3K-akt signaling pathway 1.90x10-4 col4a3, col4a1, col1a2, col2a1, col5a3
hsa04611: Platelet activation 6.93x10-3 col1a2, col2a1, col5a3

d, Module 4  

Term P-value Genes

hsa05322: Systemic lupus erythematosus 1.58x10-5 HiST2H3a, HiST2H2aa3, H2aFV, HiST1H2BK, H2aFX
hsa05034: alcoholism 4.74x10-5 HiST2H3a, HiST2H2aa3, H2aFV, HiST1H2BK, H2aFX

e, Module 5  

Term P-value Genes

hsa05323: rheumatoid arthritis 5.45x10-3 cSF2, FoS, TnFSF11
hsa05200: Pathways in cancer 1.19x10-2 FoS, FoXo1, FGF13, SMad2
hsa04068: Foxo signaling pathway 1.23x10-2 FoXo1, SMad2, il7r
hsa05202: Transcriptional misregulation in cancer 1.89x10-2 cSF2, FoXo1, GZMB
hsa04060: cytokine-cytokine receptor interaction 3.40x10-2 cSF2, TnFSF11, il7r
hsa05166: Human T-cell leukemia virus 1 infection 4.14x10-2 cSF2, FoS, SMad2

F, Module 6  

Term P-value Genes

hsa04915: estrogen signaling pathway 1.68x10-3 MaPK1, SHc1, HSPa1B, MMP2



ZHu et al:  cerna-MediaTed MecHaniSMS in luMBar inTerVerTeBral diSc deGeneraTion 3169

observed in idd remains unclear and requires further 
investigation. Furthermore, the present study demon-
strated that hsa-mir-155-5p and hsa-mir-302a-3p could 
regulate HiF1a expression. MalaT1 could sponge hsa- 
mir-155-5p, whereas hsa_circrna_102399 could sponge 
hsa-mir-302a-3p. although their interaction mechanisms 
have not been analyzed in idd, the roles of some mirnas 
and lncrnas have been confirmed in idd and other 
diseases. For example, Wang et al (45) and Ye et al (46) 
demonstrated that mir-155 is downregulated in degenerative 
NP by microarray analysis; this was confirmed by reverse 
transcription-quantitative polymerase chain reaction. 
Zhang et al (47) demonstrated that upregulation of MalaT1 
restrains IDD through suppressing inflammation and NP 
apoptosis, and promoting cell proliferation (47). using gain- 
and loss-of-function experiments, mir-155 downregulation 
has been revealed to be mediated by MalaT1 (48), whereas 

mir-155 has also been demonstrated to directly target and 
silence HiF1a (49).

FoS is a member of the aP-1 transcription factor 
family, which has been demonstrated to be associated 
with numerous cellular processes, such as inhibition of 
chondrocyte differentiation (50), whereas chondrocyte 
transplantation has been proved to be a feasible and biologi-
cally relevant technique to repair disc damage and retard 
disc degeneration (51,52). Therefore, it was hypothesized 
that upregulated expression of FoS may be a risk factor 
that promotes the development of idd. This hypothesis 
has been confirmed by a recent study, which used the AP‑1 
selective inhibitor T-5224 to demonstrate that inhibition 
of c-Fos/aP-1 prevents disc degeneration and associated 
pain (53). As an inflammatory response gene (54), FOS was 
revealed to be upregulated in this study. Similar to TGFB1, 
hsa-mir-185-5p was shown to regulate the expression of 

Table i. iV. continued.

F, Module 6  

Term P-value Genes

hsa04510: Focal adhesion 1.30x10-2 MaPK1, PGF, FlT4, SHc1
hsa04015: rap1 signaling pathway 1.37x10-2 MaPK1, PGF, FlT4, iTGaM
hsa04014: ras signaling pathway 1.67x10-2 MaPK1, PGF, FlT4, SHc1

KeGG pathways were predicted using the database for annotation, Visualization and integrated discovery online tool (version 6.8; david.
abcc.ncifcrf.gov) (26). KeGG, Kyoto encyclopedia of Genes and Genomes.

Figure 3. mirna-mrna interaction network. red represents upregulated expression, whereas green represents downregulated expression. Triangular nodes 
represent mirnas and oval nodes represent mrnas. Hub genes are indicated by red boxes. Fc, fold change; mirna/mir, microrna.
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Table V. KeGG pathway analysis of genes in regulatory networks.

a, mirna-mrna network  

Term P-value Genes

hsa04350: TGF-beta signaling pathway 2.02x10-4 MaPK1, acVr1B, lTBP1, FST, TGFBr2, SMad2, TGFB1
hsa04120: ubiquitin mediated proteolysis 1.80x10-3 WWP2, SocS3, uBe2G1, cdc23, SiaH1, Herc3, uBe2r2
hsa04520: adherens junction 2.98x10-3 MaPK1, acVr1B, TGFBr2, SMad2, Snai1
hsa04010: MaPK signaling pathway 5.07x10-3 MaPK1, FoS, acVr1B, TGFBr2, MKnK2, FGF13, aKT3, 
  TGFB1, aTF2
hsa04115: p53 signaling pathway 8.57x10-3 ccnd2, SiaH1, MdM4, SeSn3
hsa00051: Fructose and mannose metabolism 9.51x10-3 PFKFB2, aKr1B1, PMM1
hsa04110: cell cycle 1.24x10-2 ccnd2, cdc23, SMad2, TGFB1, STaG2
hsa04150: mTor signaling pathway 1.89x10-2 MaPK1, HiF1a, aKT3
hsa04620: Toll-like receptor signaling pathway 2.02x10-2 MaPK1, FoS, TolliP, aKT3
hsa04662: B cell receptor signaling pathway 3.20x10-2 MaPK1, FoS, aKT3
hsa04660: T cell receptor signaling pathway 4.97x10-2 MaPK1, FoS, aKT3

B, lncrna-cerna network  

Term P-value Genes

hsa04350: TGF-beta signaling pathway 2.36x10-4 acVr1B, MaPK1, lTBP1, FST, TGFBr2, SMad2, BaMBi, 
  TGFB1
hsa04068: Foxo signaling pathway 8.21x10-4 MaPK1, SGK3, ccnd2, TGFBr2, FoXo1, SMad2, KlF2, 
  TGFB1, aKT3
hsa04668: TnF signaling pathway 2.07x10-2 MaPK1, FoS, ceBPB, SocS3, aKT3, aTF2
hsa04931: insulin resistance 2.22x10-2 SocS3, TriB3, FoXo1, MlXiP, aKT3, nr1H3
hsa05202: Transcriptional misregulation in cancer 3.90x10-2 ceBPB, ccnd2, TGFBr2, FoXo1, WHSc1, PBX3, eWSr1

c, circrna-cerna network  

Term P-value Genes

hsa04350: TGF-beta signaling pathway 4.18x10-4 MaPK1, acVr1B, lTBP1, FST, TGFBr2, SMad2, TGFB1
hsa04520: adherens junction 1.11x10-2 MaPK1, acVr1B, TGFBr2, SMad2, Snai1
hsa04120: ubiquitin mediated proteolysis 1.93x10-2 SocS3, uBe2G1, cdc23, SiaH1, Herc3, uBe2r2
hsa04115: p53 signaling pathway 4.19x10-2 ccnd2, SiaH1, MdM4, SeSn3
hsa04110: cell cycle 4.53x10-2 ccnd2, cdc23, SMad2, TGFB1, STaG2
hsa05220: chronic myeloid leukemia 4.53x10-2 MaPK1, acVr1B, TGFBr2, TGFB1
hsa04010: MaPK signaling pathway 4.82x10-2 MaPK1, FoS, acVr1B, TGFBr2, MKnK2, FGF13, TGFB1

d, integrated cerna network  

Term P-value Genes

hsa04350: TGF-beta signaling pathway 7.61x10-4 acVr1B, lTBP1, FST, TGFBr2, SMad2, TGFB1
hsa04068: Foxo signaling pathway 5.92x10-3 ccnd2, TGFBr2, FoXo1, SMad2, KlF2, TGFB1
hsa05202: Transcriptional misregulation in cancer 1.49x10-2 ccnd2, TGFBr2, FoXo1, WHSc1, PBX3, eWSr1
hsa04144: endocytosis 4.72x10-2 TGFBr2, cYTH4, ruFY1, SMad2, cYTH3, TGFB1
hsa04110: cell cycle 4.92x10-2 ccnd2, SMad2, TGFB1, STaG2

KeGG pathway analysis was conducted using the database for annotation, Visualization and integrated discovery online tool (version 6.8; 
david.abcc.ncifcrf.gov) (26). cernas, competing endogenous rnas; circrna, circular rna; KeGG, Kyoto encyclopedia of Genes and 
Genomes; lncrna, long noncoding rna; mirna, microrna.
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FoS. Furthermore, MalaT1 and hsa_circrna_102348 
could sponge hsa-mir-185-5p.

degeneration of the intervertebral disc can be mediated by 
several pathways. among them, the MaPK pathways (including 

JnK, erK and p38 MaPK) have garnered extensive attention. 
it has been reported that blockade of p38 using Sb 202190 in 
nP cells can diminish the production of factors associated with 
inflammation, pain, and disc catabolism, and slow the course of 

Figure 4. competing endogenous rna interaction network of lncrna-mirna-mrna. red represents upregulated expression, whereas green represents 
downregulated expression. Square nodes represent lncrnas, triangular nodes represent mirnas and oval nodes represent mrnas. Hub genes are indicated 
by red boxes. Fc, fold change; lncrna, long noncoding rna; mirna/mir, microrna.

Figure 5. competing endogenous rna interaction network of circrna-mirna-mrna. red represents upregulated expression, whereas green represents 
downregulated expression. diamond nodes represent circrnas, triangular nodes represent mirnas and oval nodes represent mrnas. Hub genes are indi-
cated by red boxes. circrna, circular rna; Fc, fold change; mirna/mir, microrna.
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idd (55). Furthermore, carthamin yellow has been suggested 
as a promising preventative or therapeutic drug for idd via 
suppression of the MaPK pathway (56), whereas resistin 
mediates enhanced ecM degradation in idd by activation of 

p38 MaPK (57). accumulating evidence has demonstrated that 
TGFB1 (34,35) and FoS (58) may exert roles via activation of 
the MaPK pathways in nP cells. in line with these studies, 
MaPK1 was highly expressed in nP samples from patients 

Figure 6. integrated competing endogenous rna interaction network of lncrna/circrna-mirna-mrna. red represents upregulated expression, whereas green 
represents downregulated expression. diamond nodes represent circrnas, square nodes represent lncrnas, triangular nodes represent mirnas and oval nodes 
represent mrnas. Hub genes are indicated by red boxes. circrna, circular rna; Fc, fold change; lncrna, long noncoding rna; mirna/mir, microrna.

Figure 7. idd-related competing endogenous rna interaction network of lncrna/circrna-mirna-mrna. diamond nodes represent circrnas, triangular 
nodes represent miRNAs, oval nodes represent mRNAs, and hexagons represent overlapped pathways identified in the present study and present in the 
idd-related pathway collected from the comparative Toxicogenomics database. Hub genes are indicated by red boxes. Fc, fold change; circrna, circular 
rna; Fc, fold change; idd, intervertebral disc degeneration; lncrna, long noncoding rna; mirna/mir, microrna.
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with idd patients in this study. Furthermore, the present study 
demonstrated that MalaT1 could sponge hsa-mir-519d-3p to 
promote the expression of MaPK1, and hsa_circrna_100086 
could sponge hsa‑miR‑509‑3p to upregulate MAPK1. The find-
ings of the present study were indirectly confirmed by a previous 
study in osteosarcoma cells, in which MalaT1 was reported 
to promote osteosarcoma cell growth through the inhibition of 
mir-509, which leads to activation of the rac1/JnK pathway (59).

There are some limitations to the present study. Firstly, 
the sample size was not large. an additional validation cohort 
should be included in further studies to analyze the expres-
sion of these identified lncRNAs, circRNAs, miRNAs and 
mrnas. Secondly, this is a preliminary screening study and 
further experimental investigations are required to validate the 
interactions in the identified ceRNA axes in IDD.

in conclusion, the present study identified several 
lncrna/ci rcrna-mirna-mrna interact ion axes 
(MalaT1/hsa_circrna_102348-hsa-mir-185-5p- TGFB1/FoS, 
MalaT1-hsa-mir-155-5p-HiF1a, hsa_circrna_102399-hsa-
mir-302a-3p-HiF1a, MalaT1-hsa-mir-519d-3p-MaPK1 and 
hsa_circrna_100086-hsa-mir-509-3p-MaPK1), which may 
be crucial for treatment of idd. clinical, in vitro and in vivo 
experiments will be performed in future to validate the expres-
sion patterns and interactions identified in this study in IDD.
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