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This study aimed to investigate the hub genes and miRNA-mRNA regulatory network around periodontal
ligament stem cells (PDLSC) for osteogenic differentiation through bioinformatic analysis. The dataset with
osteogenic differentiation of human PDLSC was downloaded from the GEO database. The Weighted gene
coexpression network analysis (WGCNA) was performed to identify key modules and hub genes. In addi-
tion, differentially expressed genes (DEGs) analysis was conducted with limma. The functional enrichment of
differentially expressed hub genes was implemented with KEGG and GSEA analysis. The targeted genes of
differentially expressed miRNA were predicted based on miRWalk database. The miRNA-mRNA interaction
network of osteogenic differentiation of PDLSC was constructed and visualized. The WGCNA results showed
that the light-cyan module was positively correlated with osteogenic differentiation (r=0.98, P<0.05). A total
of 3125 hub genes and 1426 differentially expressed hub genes were detected in OG group. Innate immune-re-
lated signaling pathways and metabolic pathways were involved in the osteogenic differentiation. In addition,
total of 2 upregulated miRNAs with 63 targeted DEGs and 6 downregulated miRNAs with 214 targeted DEGs
were detected, which contributed to osteogenic differentiation by regulating amino acid metabolism signaling
pathway. We identified hub genes and miRNA-mRNA regulatory network contributing to osteogenic differen-
tiation of human PDLSC, which will provide novel strategy for periodontal disease therapy.
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1. Introduction

Periodontitis, the primary cause of tooth loss, has
become a widespread public health problem and affects
42.2% of the population of US adults[1, 2]. Periodontitis
is caused by a periodontal pathogen and can lead to loss
of soft tissue attachment and alveolar bone resorption[3].
Various regenerative strategies, such as cytokine therapies,
guided tissue regeneration (GTR) and guided bone regene-
ration (GBR) are applied to regain the supportive tissues,
especially the alveolar bone around the tooth. However,
their treatment effects remain suboptimal due to the com-
plicated periodontal microenvironment[4, 5]. It is widely
known that mesenchymal stem cells (MSC) play a critical
role in tissue regeneration and function as a promising tar-
get for the repair of tissue defects [6]. Human periodontal
ligament stem cell (PDLSC), as one of the MSC in dental
tissues, has the potential to differentiate into several types
of cells, including osteoblasts, fiber- and cementum-for-
ming cells, adipocytes and even neuronlike cells[7, 8].
Hence, the PDLSC has become an appealing source for
periodontal regeneration therapy. However, the mecha-
nism of PDLSC for osteogenic differentiation remains
unclarified. Hence, we aimed to investigate the hub genes

and signaling pathways around PDLSC for osteogenic dif-
ferentiation through bioinformatic analysis.

2. Methods and Materials
2.1. Data collection

The gene expression profile regarding the osteogenic
differentiation of human PDLSCs was queried and down-
loaded from GEO database (https://www.ncbi.nlm.nih.
gov/geo/). The data set (GSE159507) was included in our
further analysis, which consists of human PDLSC under
osteogenic induction for 14 days (n=3) (OG group) and
human PDLSC(n=3) (control group). After normalization
and normalization, the gene expression profile was applied
to identify differentially expressed genes (DEG) in PDLSC
during osteogenic differentiation.

2.2. Weighted genes correlation network analysis
(WGCNA) for hub genes identification and functional
enrichment

To further detect the osteogenesis-related genes, the
WGCNA was applied to describe the correlation between
clinical trait (osteogenic differentiation) and gene expres-
sion. To identify the soft threshold, the function “pickSoft-
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threshold” was applied to calculate the power (beta) from
the WGCNA package. Hierarchical clustering and dyna-
mic tree cutting were used to identify the gene modules.
Subsequently, the modules whose eigengenes were highly
correlated were merged with the merge module threshold
was 0.25. Subsequently, the trait of osteogenic differen-
tiation was correlated with the modules. In addition, the
genes in the interesting module with the values of gene si-
gnificance (GS) >0.1, the module membership (MM)>0.8
and weight >0.1 were considered hub genes. Gene Set
Variation Analysis (GSVA) [9] was performed to detect
the pathway activity, based on the hallmark gene sets that
were downloaded from the Molecular Signatures Database
(h.all.v7.4.symbols.gmt) [10]. The differential activity of
the pathways between OG and the control group was ana-
lyzed by limma analysis. The activity of pathways with
false discovery rates (FDR) <0.05 and [fold change| >1.5
was considered significant.

2.3. Identification of differentially expressed hub genes
in PDLSCs with osteogenic differentiation

To compare the DEGs between the OG group and the
control group, the limma analysis was conducted to cal-
culate the DEGs. Gene expressed with FDR <0.05 and
[fold change| >2 was considered significant DEGs. Sub-
sequently, the differentially expressed hub genes were
detected by intersecting DEGs and hub genes. To further
understand the functional enrichment of differentially
expressed hub genes, the Kyoto Encyclopedia of Genes
and Genomes (KEGG) analysis and Gene Set Enrichment
Analysis (GSEA)[11] analysis were conducted. The subset
(c2.cp.kegg.v7.4.symbols.gmt) was downloaded from the
Molecular Signatures Database and the P value <0.05 was
considered significant [11].

2.4. Identified differentially expressed miRNAs (DEM)
and targeted gene prediction

To further investigate the miRNA regulation for osteoge-
nic differentiation of PDLSC, the dataset (GSE159508)
from GEO with human PDLSC under osteogenic induc-
tion for 14 days (n=3) and control human PDLSC(n=3)
was included in our further analysis. To compare the
DEMs between the OG group and the control group, the
limma analysis was conducted to calculate the DEMs. The
DEMs targeted genes were predicted by miRWalk data-
base (http://mirwalk.umm.uni-heidelberg.de/) based on
random forest [12]. Expression of genes with false disco-
very rates (FDR) <0.05 and |fold change| >2 was conside-
red significant DEM.

2.5. Construction of the miRNA-mRNA interaction
network of osteogenic differentiation of PDLSC

The predicted miRNA-targeted genes were intersected
with differentially expressed hub genes. The Cytoscape
software was used to construct and visualize the miRNA-
mRNA interaction network of osteogenic differentiation
of PDLSC [13]. To further investigate the effect of DEM
on biological progress and molecular function of human
PDLSC during osteogenic differentiation, functional en-
richment analysis performed between intersected miRNA-
targeted genes was conducted. The WikiPathways dataset
was downloaded from the Molecular Signatures Database
[10] (c2.cp.wikipathways.v7.4.symbols.gmt) for functio-
nal annotation.

3. Result
3.1. Identification of osteogenic differentiation-related
hub genes through WGCNA

Figures 1A and 1B show that the network exhibited a
scale-free topology with beta=9. The samples have been
grouped into two clusters between the OG and the control
group in Figure 1C. A total of 8 eigengene modules were
detected in Figure 1D. In addition, the light-cyan module
and brown module were positively correlated. Similarly,
the green-yellow module and light-green were positively
correlated in Figure 1E. Figure 2A verified the negative
correlation between the light-cyan module and the brown
module. The light-cyan module was positively correlated
with osteogenic differentiation (r=0.98, P<0.05). A total of
3125 hub genes were clustered in the light-cyan module
(Figure 2B).

3.2. Functional enrichment for WGCNA hub genes
The GSVA analysis showed that the apical surface,
adipogenesis, fatty acid metabolism, reactive oxygen
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Fig. 1. WGCNA analysis for identifying the highly correlated gene
modules. (A) Association between scale-free topology and soft thres-
hold; (B) Association between mean connectivity and soft threshold,
(C) Sample clustering diagram; (D) Hierarchical clustering dendro-
gram with merged dynamic tree cut plot; (E) Eigengene network heat-
map.
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Fig. 2. Identification of interesting module and hub genes for
functional enrichment. (A) Pearson’s correlation analysis between
the modules and the OG trait; (B) Pearson’s correlation analysis
between the genes significance for OG and the module membership
in the light-cyan module; (C) Limma analysis of GSVA between the
OG and control group.
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species (ROS) pathway, E2F targets, heme metabolism,
cholesterol homeostasis, bile acid metabolism and mito-
tic spindle-related signaling pathways were upregulated
in the OG group compared with the control group in the
light-cyan module. However, the Myc targets v2, unfolded
protein response and pancreatic beta cells related signaling
pathway were downregulated in the OG group compared
with the control group in the light-cyan module (Figure
2C).

3.3. Identification of differentially expressed hub genes
in the OG group

Compared with the control group, a total of 1307 upre-
gulated and 1465 downregulated genes were detected in
the OG group (Figure 3A). After the intersection with hub
genes from the WGCNA module, a total of 1426 diffe-
rentially expressed hub genes were detected in OG group
(Figure 3B). Innate immune-related signaling pathways
were involved in the osteogenic differentiation, including
complement and coagulation cascades related signaling
pathway, Toll-like receptor signaling pathway, natural
killer cell-mediated cytotoxicity signaling pathway, and
leukocyte transendothelial migration signaling pathway
(P<0.05). In addition, the calcium signaling pathway,
glycerolipid metabolism and amino sugar and nucleotide
sugar metabolism were correlated with osteogenic dif-
ferentiation of PDLSC (P<0.05) (Figure 3D). Similarly,
the KEGG analysis showed that the metabolic pathways,
AGE-RAGE signaling pathway in diabetic complications
signaling pathway and fatty acid metabolism were asso-
ciated with osteogenic differentiation of PDLSC (P<0.05)
(Figure 3C).

3.4. Construction of the miRNA-mRNA interaction
network of osteogenic differentiation of PDLSC

Only 2 upregulated miRNAs (hsa-miR-143-3p and
hsa-miR-379-3p) and 6 downregulated miRNAs (hsa-
miR-4449, hsa-miR-4425, hsa-miR-124-5p, hsa-miR-
663a, hsa-miR-4530, hsa-miR-4762-5p) were detected.
In addition, a total of 1681 targeted genes of upregulated
miRNAs and 6671 targeted genes of upregulated miRNAs
were predicted. There were 63 intersecting genes between
the targeted genes of upregulated miRNAs and downre-
gulated differentially expressed hub genes (Figure 4A).
Meanwhile, there were 214 intersecting genes between the
targeted genes of downregulated miRNAs and upregulated
differentially expressed hub genes (Figure 4B). The visua-
lization for the miRNA-mRNA interaction network of os-
teogenic differentiation of PDLSC is shown in Figure 4C.

3.5. Functional enrichment of the differentially ex-
pressed targeted genes of miRNA in osteogenic diffe-
rentiation of PDLSC

As shown in Figures 5A and 5B, the upregulated miR-
NAs targeted genes were enriched in the endochondral
ossification-related signaling pathway, EGFR tyrosine
kinase inhibitor resistance signaling pathway, ErbB signa-
ling pathway and fibrin complement receptor 3 signaling
pathway. In addition, the downregulated miRNAs targeted
genes were enriched in the regulation of nuclear recep-
tors meta-pathway, NRF2 pathway, TNF alpha signaling
pathway, omega-9 FA synthesis, amino acid metabolism,
eicosanoid metabolism via cyclooxygenases-Cox and sul-
fation biotransformation reaction in osteogenic differen-
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Fig. 3. Identification of differentially expressed hub genes and
their function enrichment analysis. (A) Heat map of differentially
expressed genes (DEGs) between OG and control group; (B) Venn
plot of the intersection between hub genes and DEGs; (C) KEGG ana-
lysis of the differentially expressed hub genes; (D) GSEA analysis of
the differentially expressed hub genes.

Downregelated Hubgenes  Upregralated miRNA Upregalated Hubgenes Dormrogulated mEA

Fig. 4. Construction for the miRNA-mRNA interaction network
of osteogenic differentiation of PDLSC. (A) The interaction between
the targeted genes of upregulated miRNAs from miRWalk and
downregulated differentially expressed hub genes; (B) The interaction
between the targeted genes of downregulated miRNAs from miRWalk
and upregulated differentially expressed hub genes; (C) Visualization
for the miRNA-mRNA interaction network of PDLSC osteogenic
differentiation of. The red nodes represent upregulated miRNA in
osteogenic differentiation of PDLSC. Green nodes represent downre-
gulated miRNA in the osteogenic differentiation of PDLSC. Yellow
nodes represent the targeted genes of miRNA in the osteogenic dif-
ferentiation of PDLSC. The edges represent the interaction between
miRNAs and genes.

85




Osteogenic differentiation-related miRNA-mRNA regulatory network.

Cell. Mol. Biol. 2024, 70(3): 83-88

00050010001 50,0500.025

term
JCLEAR_RECEPTORS METAPATHWAY
NOID_METABOLISM_VIA_CYCLO_OXYGENASES 00X
Y

(B)

“LE_CELL_CONTRACTION
ATION REACTION
FFECT BILITY_AND_MOTILITY_OF ENDOTHELIAL CELLS
AMING_ACID METABOLISM
THF_ALPHA_SIGNALING PATHWAY

Fig. 5. Functional enrichment of the differentially expressed
miRNA targeted genes in PDLSC. (A) Functional enrichment of 2
upregulated miRNA targeted genes by Wiki Pathways. (B) Functio-
nal enrichment of 6 downregulated miRNA targeted genes by Wiki

Pathways.

tiation of PDLSC.

4. Discussion

Human PDLSC, as multipotential stem cells, can diffe-
rentiate into the neurogenic, cardiomyogenic, chondroge-
nic and osteogenic lineages. Energy metabolism is highly
related to osteogenic differentiation of MSC. Consistent
with our study, differentially expressed enzymes about
glycolysis, citric acid cycle, mitochondrial activity, and li-
pid metabolism were detected during osteogenic induction
of dental follicle cells (DFC). A lipid with a lower num-
ber of C-atoms and double bonds was upregulated in DFC
during osteogenic differentiation [14]. In addition, higher
levels of (R, R)-tartaric acid, D-glucarate, glycerol, hydan-
toin-5-propionate, vinylacetylglycine, hydroxy-phenyl-
lactate and 4-Imidazolone-5-propanoate were detected in
osteogenic MSC differentiation [15]. Therefore, metabo-
nomic analysis plays a crucial role in the periodontal rege-
nerativeness of MSC. Future research on metabolic profile
of osteogenic differentiation of PDLSC is warranted [16].

Epigenetic regulation by miRNA contributes to the
phenotypic differences among species without alteration
of gene sequence. MiRNA is implicated in bone remo-
deling and inflammatory mediation in periodontal tissue
[17]. Salivary miRNAs could function as potential no-
ninvasive biomarkers for early diagnosis of periodontal
diseases [18]. Several studies have demonstrated that the
miR-143-3p could function as a proinflammatory miRNA.
MiR-143-3p was highly expressed in lipopolysaccharide
(LPS)-induced periodontal ligament cells (PDLC) and
periodontitis tissues. Knockdown of miR-143-3p reduced
the apoptosis and inflammatory response in PDLC with
LPS stimuli [19]. However, other studies have verified that
miR-143-3p inhibited osteogenic differentiation in human
PDLC through targeting KLF5 [20]. In addition, the miR-
143-3p inhibited osteogenic differentiation in dental pulp
stem cells by binding to TNF-a via inactivating the NF-
kB signaling pathway [21]. Interestingly, the miR-143-3p
facilitated self-renewal and enhanced the expression of
pluripotency genes in mouse embryonic stem cells, which
revealed that hsa-miR-143-3p could maintain the stemness

in corneal epithelial stem cells (CESCs) [22]. MiR-143-3p
also suppressed glycolysis mentalism and reduced tumor
formation via targeting HK2 [23]. Higher expression of
miR-379 was detected in inflamed gingival tissues com-
pared with noninflamed tissues [24]. The miR-379 plays
a vital role in tumor suppressor, which can inhibit the epi-
thelial-mesenchymal transition process and suppress cell
proliferation and migration. The exact mechanism of the
effect of miR-379 on osteogenic differentiation in PDLSC
remains unclear. Several evidences confirmed that miR-
124 negatively regulates the osteogenic differentiation of
MSC [25, 26]. The miR-124 directly targeted DIx3, DIxS,
and DIx2 and inhibited the expression of osteogenic mar-
ker genes, the activity of alkaline phosphatase and matrix
mineralization [26]. The miR-124, derived from exosomes
of osteocytes, has an implication for the development of
diabetes mellitus-related bone loss in periodontal tissue
[27]. However, miR-124-3p also facilitated osteogenesis
in bone marrow-derived mesenchymal stem cells (BMSC)
by regulating the GSK-3p/B-catenin signaling pathway
[28].

The miR-663 plays an important role in the innate im-
mune mediation in human oral epithelial cells. The ove-
rexpression of miR-663 was detected in epithelial cells
treated with Porphyromonas gingivalis. The miR-663 pro-
moted the apoptosis of epithelial cells by targeting AATF
[29]. Similarly, cell apoptosis induced by miR-4530 was
verified in human umbilical vein endothelial cells [30].
The miR-4425 promoted cell proliferation and led to
ovarian cancer progression by targeting the FDFT1 [31].
Similarly, The miR-4425 promoted the cell proliferation
of colorectal cancer by activating the STAT3 signaling
pathway [32]. The miR-4449 aggravated the development
of diabetic kidney disease through increasing the level
of reactive oxygen species (ROS) and pro-inflammatory
cytokines [33]. In addition, the miR-4449 expedited the
proliferation of colorectal cancer via activating the STAT3
signaling pathway [32]. In multiple myeloma, higher ex-
pression of miR-4449 was observed compared with health
control [34]. However, no published research investigating
the effects of hsa-miR-4762 on cell biological progress has
been found at present.

5. Conclusion

Our study identified a possible hub gene and miRNA-
mRNA regulatory network that contribute to the osteoge-
nic differentiation of human PDLSC, which provides a
novel strategy for the treatment of periodontal disease the-

rapy.
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