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Abstract: Background: Mesenchymal stem cells derived from human tissues have been widely used for tissue re-
generation because of their strong self-renewal capacity and multi-potential properties. Autophagy plays a vital role
in maintaining bone homeostasis. However, the mechanism underlying this role for autophagy in the osteogenic
differentiation of mesenchymal stem cells remains to be elucidated. Methods: Two microarray datasets were down-
loaded from the GEO database. Fourteen bone marrow mesenchymal stem cell samples comprising control and
induction groups were selected to identify differentially expressed autophagy-related genes via multiple bioinfor-
matics approaches, followed by functional analysis. Interactions among differentially expressed autophagy genes,
miRNAs, and transcription factors were analyzed and visualized using Cytoscape software. The association between
hub differentially expressed genes and autophagy was validated by qRT-PCR. Results: Ten autophagy-related genes
(including VPS8, NDRG4, and CYBB) were identified as osteogenic hub genes. Correlation analysis revealed that
CYBB was highly correlated with the sensitivity to multiple drugs, such as imexon, megestrol acetate, and isotreti-
noin. The regulatory network displayed a complex connection among miRNAs, transcription factors, and differen-
tially expressed autophagy genes. Friends’ analysis showed that NDRG4 was highly closely related to other hub
genes (P < 0.05). Furthermore, NDRG4 expression was downregulated in the induction group (P < 0.01). NDRG4
was significantly correlated with infiltrating immune cells, including monocytes, eosinophils, type 17 T helper cells,
neutrophils, activated CD8 T cells, and immature B cells. Levels of the 10 autophagy-related genes (including VPSS,
NDRG4, and CYBB) were successfully validated based on in vitro experiments. Conclusion: We identified candidate
molecules to further investigate their functions in osteogenesis, providing novel insights into the role of autophagy
in mesenchymal stem cell differentiation.
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Introduction tute materials [2, 3]. However, these methods

have some limitations. Autografting is ham-

Bone defects caused by accidental trauma,
malignancy resection, or chronic infection re-
main intractable in clinical settings. The global
number of fracture cases was approximately
178 million in 2019, with an incidence of 2,296
cases per 100,000 [1]. The older age group
was found to have a higher incidence, particu-
larly in women, compared to the younger age
group. The current therapy used for bone re-
construction is surgical grafting, including au-
tografts, allograft tissue, and artificial substi-

pered by a limited graft supply and complica-
tions, leading to an unsatisfactory prognosis
[4]. Allografts can trigger acute immunological
rejection and viral infection. Moreover, bioma-
terials do not always fuse well with the host
bone and might not always match the function-
al properties of bone tissues [5]. In recent
years, bone tissue engineering has provided a
promising clinical choice that utilizes seed ce-
lls, scaffold biomaterials, and growth factors
to induce vital bone formation [6]. Given their
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promising self-renewal capacity and pluripo-
tency, mesenchymal stem cells (MSCs) have
been widely used to improve regeneration effi-
ciency [7]. However, little is known about the
osteogenic differentiation of MSCs.

Autophagy is a conserved process that main-
tains intracellular homeostasis by controlling
protein degradation and damaged organelle
turnover in eukaryotic cells [8]. There are three
types of autophagy in mammals, microautoph-
agy, chaperone-mediated autophagy, and mac-
roautophagy, of which macroautophagy is the
major autophagic process that contributes to
the efficient delivery of cytoplasmic cargo to
the lysosome for degradation [9]. Autophagy is
a cytoprotective mechanism in cells under
stress and is regulated by many pathways. The
most extensively studied is the AKT/mammali-
an target of rapamycin (MTOR) pathway, a main
negative regulator of autophagy that functions
via the generation of two distinct complexes,
mammalian target of rapamycin complex 1
(MTORC1) and mammalian target of rapamycin
complex 2 (MTORC2) [10]. The biological activi-
ty of MSCs can be affected by the advanced
age and comorbidities of donors, which hinder
the clinical application of MSCs. Recent evi-
dence has confirmed the fundamental role of
autophagy in improving MSC functions in bone
formation [11]. For example, long-term expo-
sure to high blood glucose has been implicated
in abnormal bone metabolism and impaired
bone quality; further, activation of PPARB/d
can promote osteogenic differentiation of bone
marrow MSCs through AMPK/mTOR-mediated
autophagy [12]. In aged MSCs, the autophagy
level is mostly decreased; however, autophagy
activation induced by rapamycin can signifi-
cantly improve osteogenesis, whereas an au-
tophagy inhibitor was found to reverse this
change [13]. Similarly, MSCs from young mice
have higher autophagy levels and osteogenic
differentiation capacity than those from older
mice, and the autophagy inhibitor 3-methylad-
enine (3-MA) can reduce the osteogenic capac-
ity of MSCs, resulting in an aged state [14].
Thus, the restoration of autophagic activity in
MSCs could be explored as a therapeutic st-
rategy for bone defects or fracture healing.
Moreover, autophagy participates in the dif-
ferentiation and function of osteoclasts and
osteoblasts during bone formation. Autophagy-
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deficient osteoblasts display elevated oxidative
stress levels and receptor activator of nuclear
factor kappa-B ligand (RANKL) secretion, lead-
ing to the generation of osteoclasts and bone
resorption [15]. Silencing the autophagy-asso-
ciated gene Beclinl contributes to the inhibi-
tion of osteoclast differentiation and matura-
tion [16]. These findings demonstrate a key
role for autophagy in osteogenic differentiation
and suggest its therapeutic potential for bone
healing.

Previous studies have demonstrated the bio-
logical changes involved in the osteogenic dif-
ferentiation of stem cells, such as microtu-
bule and cytoskeleton changes [17]. Here, we
focused on the autophagy-mediated osteogen-
ic differentiation of MSCs. Genomic profiles
derived from public databases were analyzed
to identify differentially expressed genes
(DEGs) between control and induced MSCs
undergoing osteogenic differentiation. Several
autophagy-related genes were screened ac-
cording to bioinformatics analysis. Further,
interactions between MSCs and immune cells
are necessary for MSC-mediated immunomod-
ulatory effects during the tissue repair process.
Thus, the association between immune cell
infiltration and hub genes was investigated.
Our results suggest that the identification of
autophagy-related genes might provide a bet-
ter understanding of the osteogenic differen-
tiation of MSCs.

Methods
Data resource and preprocess

Using the GEO query pack [18], two microarray
datasets (GSE18043 [19] and GSE12266 [20])
associated with human bone marrow-derived
MSCs were downloaded from the public data-
base (https://www.ncbi.nlm.nih.gov/geo/). The-
se datasets were tested on the GPL570 [HG-
U133_plus_2] Affymetrix Human Genome
U133 Plus 2.0 Array. Sample selection was
further performed. In the GSE18043 dataset,
three normal MSC samples (GSM250019,
GSM250020, and GSM250021) and three de-
xamethasone-treated samples (GSM451159,
GSM451160, and GSM451161) were includ-
ed. In the GSE12266 dataset, four healthy
control samples (GSM308067, GSM308071,
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GSM308075, and GSM308079) and four sam-
ples (GSM308070, GSM308074, GSM308078,
and GSM308082) induced with mineralization
medium containing [B-glycerophosphate were
selected. These 14 samples were divided into
a control group and an induction group for fur-
ther analysis. Background correction and data
normalization were conducted for these datas-
ets, and the combined microarray data with
batch effect removal were finally obtained
using the SVA package.

Screening differentially expressed autophagy-
related genes

The DEGs were screened using the limma pack-
age [21]. Volcanic and heat maps were gener-
ated using the GGploT2 package. P < 0.05 and
|fold change (FC)| > 1.5 were considered the
selection criteria. Through a comparison of
autophagy-related genes from GeneCards [22]
(https://www.genecards.org/), we extracted
the overlapping genes as candidate differen-
tially expressed autophagy genes (DEAGS) as-
sociated with osteogenesis.

The protein interaction network of DEAGs was
analyzed using the STRING database (https://
string-db.org/) [23]. Cytoscape software and
the Cytohubba plugin were used to predict hub
DEAGs and visualize their interaction networks.
The ClusterProfiler package [24] was applied to
conduct functional analysis of Gene Ontology
(GO), Kyoto Encyclopedia of Genes (KEGG), and
Gene Set Enrichment Analysis (GSEA). The “c2.
Cp. Kegg. V7.0. Entrez. GMT” was set as the
control set. A false discovery rate < 0.25 and P
< 0.5 was set as the threshold.

Prediction of miRNAs and transcription factors
related to autophagy

For these DEAGs, we predicted correlated miR-
NAs from the mirtarbase database using the
MultiMiR package [25]. Experimental condi-
tions were selected as the “luciferin reporter
gene experimental verification”. Transcription
factors (TFs) were extracted from the Cistrome
[26] database (http://cistrome.org/db/#/), and
the relationships between TFs and DEAGs we-
re analyzed. The gene pairs that met the crite-
ria of cor > 0.9 and P < 0.001 were selected as
crucial genes. Cytoscape was used to visualize
the interactions.
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Relationship between hub gene and drug
sensitivity

The PROC package [27] was used to generate
receiver operating characteristic (ROC) curves
of DEAGs, and the area under the curve (AUC)
values of each gene were calculated. Genes
with an AUC value greater than 0.9 were select-
ed as hub genes.

The RNA expression dataset and drug data
were downloaded from the CellMiner Database
(https://discover.nci.nih.gov/cellminer/) [28] to
investigate the association between hub genes
and drug sensitivity. The top 16 terms with sig-
nificant differences were displayed in the scat-
ter graph using the GGploT2 package.

Target gene screening and immune cell infiltra-
tion evaluation

The GOSemSim package [29] was employed to
conduct Friends’ analysis of the hub genes
associated with the osteogenic differentiation
of MSCs. The differences in target gene expres-
sion between the normal group and the treat-
ment group were visualized in the violin dia-
gram using the GGPUBR package. Scatter plots
were generated to display the correlation bet-
ween the target genes and other DEAGs.

Single-sample GSEA analysis [30] was con-
ducted by calculating the rank value of each
gene according to the expression profiles.
The cellMarker (http://biocc.hrbmu.edu.cn/Ce-
lIMarker/) database [31] is a manually curated
resource of cell markers in humans and mice,
which contains the markers of 28 types of
immune cells. We integrated the gene expres-
sion matrix data and Cellmarker data to gener-
ate an immune cell infiltration diagram. Heat
maps were employed to display the infiltrating
status of 28 immune cells in each sample using
the pheatmap package (https://CRAN.R-pro-
ject.org/package=pheatmap). A Laplace map
was utilized to visualize the correlation between
target genes and immune cell infiltration with
the Ggplot2 package.

Cell culture and treatment
Mouse MSCs were purchased from Procell Life

Science & Technology Co., Ltd. (Wuhan, Hubei,
China) and were cultured in complete DMEM
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Table 1. Primer sequences for gqRT-PCR

Gene Direction Sequence (5'-3’)

LC3-II Forward TTATAGAGCGATACAAGGGGGAG
Reverse CGCCGTCTGATTATCTTGATGAG
Beclin-1 Forward ATGGAGGGGTCTAAGGCGTC
Reverse TCCTCTCCTGAGTTAGCCTCT
p62 Forward AGGATGGGGACTTGGTTGC
Reverse TCACAGATCACATTGGGGTGC
Vps8 Forward GATGGGCGTGTCACAAATGC
Reverse TCTGAGTTTGCCTTCCTGGC
Rbp1 Forward ATAGACGACCGCAAGTGCAT
Reverse CAGATCACACCCTCAGCTCTC
Rps6kal Forward TTCCTGGTACGCAAGGTCAC
Reverse ATCTTGGTCCGAACACGGTC
Plat Forward TGTGAGCTTTCTGGCTACGG
Reverse CAGCATGTTGTTCGTGACGG
Ndrg4 Forward CCCAGTGATGCTGGTAGTCG
Reverse TCAGCTTCCCTGGTTGTGTC
Cybb Forward GTTGGTTCGGTTTTGGCG
Reverse GATACCTTGGGGCACTTGAC
Rab20  Forward CGCCTTCTACCTGAAGCAGT
Reverse CTGTGGGTGGTTCACATCGT
Mybph  Forward ACTTAGCCACCACCACCAAG
Reverse GTGGAGGTATGGTCAGCCAG
Ceslg Forward GGCCATCGCTCAGAGTAGTG
Reverse AGCGGAGGTGGTGGTTTTAC
Kih11 Forward AGTTCGGTGTGGCTGTCATT
Reverse GGTGGCAAAACAGTCCATGTC

containing 100 U/ml penicillin, 100 pg/ml
streptomycin, and fetal bovine serum at 37°C
with 5% CO,,. The medium was replaced every 2
days. At passage 3, MSCs were collected for
further experiments.

MSCs were divided into two groups, the control
group, and the treatment group. MSCs in the
treatment group were administered 100 nM
rapamycin (MedChemExpress, AY-22989) to
induce autophagy. The expression levels of
LC3-Il, Beclin-1, and p62 were measured to
confirm autophagy.

Validation of hub DEGs by qRT-PCR

Total RNA was extracted from cells using TRIzol
(Thermo Fisher Scientific, USA) following the
manufacturer’s instructions and was reverse
transcribed into cDNA using the GoScript™
Reverse Transcription System (A5001, Pro-
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mega, USA). gRT-PCR was performed using
GoTagq® gPCR Master Mix Primers (A6001,
Promega, USA) with primers synthesized by
GeneCopoeia Inc. (Guangzhou, Guangdong,
China). The primers are displayed in Table 1.
The relative mRNA expression level was ana-
lyzed based on the 222°D method.

Statistical analysis

In vitro experiments were repeated three times.
Data were expressed as the mean + standard
deviation. Differences between two groups
were calculated by performing a t-test using
GraphPad Prism software (San Diego, USA). P <
0.05 was regarded as statistically significant.

Results
Identifying DEGs involved in osteogenesis

First, the profiles of GSE18043 and GSE12266
were processed for data normalization (Figure
1A-D). The expression matrix of the two datas-
ets was combined with batch effect removal
(Figure 1E, 1F). We identified a total of 232
DEGs between the induction and control gr-
oups, including 145 upregulated and 87 down-
regulated genes. The gene distribution and
clustering analyses are shown in volcano dia-
grams and heat maps (Figure 1G, 1H).

Screening and functional analysis of DEAGs

We obtained 42 overlapping genes by compar-
ing the DEGs and autophagy-related genes
from the GenBank database (Figure 2A-C).
With the correlation analysis, we finally select-
ed the top 10 genes with significant internal
correlations for functional analysis (Figure 2F),
including CYBB, CCL5, and MRC1. GO analysis
showed that DEAGs were mainly associated
with the following: extracellular signal-regulat-
ed kinase 1 (ERK1)/ERK2 cascade, positive
regulation of the ERK1/ERK2 cascade, and
regulation of the ERK1/ERK2 cascade; res-
ponse to molecules of bacterial origin; respon-
se to lipopolysaccharide; the DBIRD complex;
endocytic vesicles; interleukin-33 binding; and
phosphatidylinositol phospholipase C activity
(Figure 3A-D; Table 2). KEGG analysis reveal-
ed enriched pathways associated with these
DEGs, including central carbon metabolism in
cancer, complement and coagulation cas-
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Figure 1. Identification of differentially expressed genes (DEGs) based on the GSE18043 and GSE12266 datasets.
(A-F) Boxplots of GSE18043 (A, B), GSE12266, and the combined dataset (E, F) before and after data normaliza-
tion. (G) Volcano plot of DEGs. Red and blue represent up- and downregulated genes, respectively. (H) Heat maps
of the DEGs.

cades, drug metabolism-other species, phago- and NOS1 were found to have important roles
some, and rheumatoid arthritis (Figure 3E; in the autophagy-related phagosome pathway
Table 3). Additionally, the genes CYBB, MRC1, (Figure 3F). Moreover, GSEA pathways were
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Figure 2. Screening of differentially expressed autophagy genes (DEAGs) related to osteogenesis. A. Venn diagrams
of the differentially expressed genes (DEGs) and autophagy genes. B, C. Volcano map and heat map visualization
of crucial genes. D, E. Protein-protein interaction network of crucial genes. F. Interaction analysis of the top 10 most
important genes derived from the Cytohubba calculation. The darker the color, the closer the gene is to the other

molecules.

mainly involved in the autophagy-related mTOR
signaling pathway and cytokine-cytokine recep-
tor interaction pathway (Figure 3G; Table 4).

Identification of target miRNAs and TFs associ-
ated with DEAGs

A complex network was generated to visua-
lize the connections among miRNAs, TFs, and
DEAGs related to osteogenic differentiation.
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In total, 24 miRNAs were obtained from the
miRBase database (Figure 4A). In the miRNA
network, CCL5 and SLC7A5 were considered
possible hub genes for higher-target miRNA
associations. The interactions between the
TFs and DEAGs are shown in Figure 4B, in-
cluding 51 connections. Among these DEAGS,
CUX1 and FOXK1 were identified as the hub
genes.

Am J Transl Res 2022;14(8):5326-5342
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Table 2. Gene Ontology (GO) enrichment analysis of differentially expressed autophagy genes

(DEAGS)

Ontology ID Description P-value Q-value
BP G0:0070374 Positive regulation of ERK1 and ERK2 cascade 8.07E-06 0.009984
BP G0:0070372  Regulation of ERK1 and ERK2 cascade 5.28E-05 0.027334
BP G0:0070371  ERK1 and ERK2 cascade 7.16E-05 0.027334
BP G0:0032496  Response to lipopolysaccharide 8.94E-05 0.027334
BP G0:0002237  Response to molecule of bacterial origin 0.00011 0.027334
cC G0:0071682 Endocytic vesicle lumen 0.000821  0.071827
cC G0:0045335  Phagocytic vesicle 0.002782  0.071827
cC G0:0030139  Endocytic vesicle 0.003865  0.071827
CcC G0:0034680 Integrin alpha 4-betal complex 0.004256  0.071827
cc G0:0044609 DBIRD complex 0.004256  0.071827
MF G0:0004435  Phosphatidylinositol phospholipase C activity 0.001488 0.043773
MF G0:0004629  Phospholipase C activity 0.001725 0.043773
MF G0:0002113  Interleukin-33 binding 0.002204 0.043773
MF G0:0009032  Thymidine phosphorylase activity 0.002204  0.043773
MF G0:0016154  Pyrimidine-nucleoside phosphorylase activity 0.002204 0.043773

BP, biological process; CC, cellular component; MF, molecular function.

Table 3. Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis of differentially

expressed autophagy genes (DEAGS)

ID Description P-value g-value Count
hsa04145 Phagosome 0.009805 0.374928 3
hsa05230 Central carbon metabolism in cancer 0.017953 0.374928 2
hsa00983 Drug metabolism-other enzymes 0.023074 0.374928 2
hsa04610 Complement and coagulation cascades 0.025836 0.374928 2
hsa05323 Rheumatoid arthritis 0.030519 0.374928 2
Table 4. Pathway enrichment in the Gene Set Enrichment Analysis (GSEA)

ID setSize Enrichment NES P-value g-value
KEGG_intestinal immune network for IgA production 44 -0.521390 -1.863520 0.000474 0.084732
KEGG_Cytokine-cytokine receptor interactions 250 0.319194 1.422271 0.002423 0.159993
KEGG_Drug metabolism cytochrome P450 57 0.473399 1.693955 0.002682 0.159993
KEGG_Neuroactive ligand receptor interaction 263 0.302358 1.359049 0.008458 0.378392
KEGG_Glutathione metabolism 47 0.437777 1.494384 0.014437 0.435744
KEGG_mMTOR signaling pathway 50 -0.414370 -1.522840 0.016458 0.435744
KEGG_Seleno amino acid metabolism 25 0.527867 1.579686 0.017045 0.435744
KEGG_Histidine metabolism 29 0.510813 1.596933 0.019705 0.440770

NES, Normalized enrichment score.

Hub gene screening and drug sensitivity veri-
fication

The AUC value of each gene was calculated,

and we selected 10 DEGs as hub genes using
the defined criteria (Figure 5A), including VPSS,
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RBP1, RPS6KAL, PLAT, NDRG4, CYBB, RAB20,
MYBPH, CES1, and KLHL1. The functional role
of the 10 hub genes is displayed in Table 5.
Correlation analysis of the hub genes and drug
sensitivity revealed that CYBB was highly cor-
related with a variety of drugs such as imexon,
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Figure 4. Regulatory network generated to visualize the interactions among miRNA, transcription factors (TFs),
and autophagy-related genes. A. Interaction network of the miRNAs and differentially expressed autophagy genes

(DEAGS). B. Complex network of the TFs and DEAGs.

megestrol acetate, isotretinoin, denileukin dif-
titox ontak, nelfinavir, LDK-378, alectinib, dime-
thylamino parthenolide, dromostanolone propi-
onate, carmustine, intravenous, and hydroxy-
urea (Figure 5B).

Target gene screening and immune cell infiltra-
tion analysis

Friends’ analysis of the hub gene showed that
NDRG4 displayed a high correlation with other
genes (Figure 6A). The expression of NDRG4
was positively correlated with CES1 (R=0.73, P
= 0.0029), CYBB (R = 0.59, P = 0.028), RAB20
(R=0.59, P=0.027), and RPS6KA1 (R=0.7, P
= 0.0056). However, it was negatively correlat-
ed with PLAT (R =-0.6, P = 0.023) and VPS8 (R
= -0.73, P = 0.003). Furthermore, the expres-
sion of NDRG4 was decreased in the treatment
group compared to that in the normal samples
(Figure 6B, P < 0.01).

There was a significant difference in immune
cell infiltration between the control and treat-
ment groups (Figure 7A). Moreover, the expres-
sion of NDRG4 was correlated with the infiltra-
tion of several types of immune cells (Figure
7B). Specifically, NDRG4 was positively corre-
lated with monocytes, eosinophils, gamma del-
ta T cells, central memory CD8 T cells, and T
follicular helper cells (Figure 7C). Conversely,

5334

five immune cells displayed a negative correla-
tion with NDRG4, including CD56dim natural
Killer cells, type 17 T helper cells, neutrophils,
activated CD8 T cells, and immature B cells.

Validation of hub DEGs by qRT-PCR

To validate the association between the 10
selected DEGs, including VPS8, RBP1, RPS6-
KA1, PLAT, NDRG4, CYBB, RAB20, MYBPH,
CES1, and KLHL1, and autophagy, we per-
formed validation experiments in MSCs. As
shown in Figure 8A, the expression levels of
LC3-Il, Beclinl, and p62 were significantly in-
creased after treatment with rapamycin, sug-
gesting that autophagy was successfully in-
duced. The expression levels of RAB20, CES1,
RBP1, KLHL1, MYBPH, VPS8, CYBB, and PLAT
were significantly increased (P < 0.001), where-
as the expression levels of RPS6KA1 and ND-
RG4 were significantly decreased (P < 0.01), in
the treatment group compared with those in
the control group (Figure 8B). This result was in
accordance with the in silico analysis, suggest-
ing the robustness of our analysis.

Discussion
In the present study, we integrated MSC mi-

croarray datasets from a public database and
screened 232 DEGs between normal and in-
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Figure 5. Receiver operating characteristic (ROC) curve (A) and drug sensitivity analysis (B) of the hub genes.
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Table 5. Functional roles of 10 hub genes

Gene symbol Full name Function
VPS8 Vacuolar protein sorting 8 homolog Protein binding, zinc ion binding
RBP1 Retinol binding protein 1 Intracellular transport of retinol
RPS6KA1 Ribosomal protein S6 kinase Mediates cellular proliferation, survival, and differentiation
by modulating mTOR signaling
PLAT Plasminogen activator Plays a direct role in facilitating neuronal migration
NDRG4 NDRG family member 4 Contributes to the maintenance of intracerebral BDNF
levels within the normal range
CYBB Cytochrome b-245, beta Critical component of the membrane-bound oxidase of
polypeptide phagocytes that generates superoxide
RAB20 Member RAS oncogene family Plays a role in apical endocytosis/recycling
MYBPH Myosin binding protein H Binds to myosin
CES1 Carboxylesterase 1 Involved in the detoxification of xenobiotics and in the
activation of ester and amide prodrugs
KLHL1 Kelch-like family member 1 Actin binding
NDRG4 1 —_. factor(Var1) B 4 "
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Figure 6. Identification of the hub genes related to the osteogenic differentiation of mesenchymal stem cells (MSCs).
A. Friends’ analysis of the hub genes related to osteogenesis. B. Expression of NDRG4 in the different groups. **,
P < 0.01. C. Correlation analysis of NDRG4 and other hub genes.
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Figure 7. Correlation analysis of the hub gene and immune cell infiltration. A. Heat map of differences in immune
cell infiltration between the control and treatment groups. B. Lollipop diagrams displaying the correlation between
NDRG4 and the infiltration of 28 types of immune cells. Blue and yellow represent P < 0.05 and P > 0.05, respec-
tively. The larger the dots, the closer the correlation. C. NDRG4 was correlated with 10 types of immune cells.
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Figure 8. Validation of hub differentially expressed genes (DEGs) by qRT-PCR. A. Relative expression levels of au-
tophagy marker genes, including LC3-Il, Beclin1, and p62. B. Relative expression levels of the 10 hub DEGs. Differ-
ences between groups were compared with a t-test. **, P < 0.01; ***, P < 0.001.

duction groups. In total, 42 genes were identi-
fied as autophagic genes associated with the
osteogenic differentiation of MSCs. Functional
enrichment analysis showed that the enriched
GO terms included regulation of the ERK1/
ERK2 cascade, response to molecules of bac-
terial origin, and response to lipopolysaccha-
ride. The enriched pathways associated with
these genes included the mTOR signaling pa-
thway, central carbon metabolism in cancer,
drug metabolism-other species, and the cyto-
kine-cytokine receptor interaction pathway.

Abundant evidence has confirmed that MSC
differentiation is a complex and dynamic pro-
cess governed by a series of chemokines, tran-
scriptional factors, miRNAs, and related signal-
ing pathways. Our study demonstrated the link
between DEAGs, corresponding miRNAs, and
TFs in this regulatory network. Notably, CCL5
and SLC7A5 were highly connected with other
miRNAs in the miRNA-DEAG network. The ex-
pression of CCL5 was found to be upregulated
during the osteogenic differentiation of MSCs,
and the knockdown of endogenous CCL5 re-
sulted in the suppression of osteogenesis [32].
SLC7A5 and LAT1 inhibit osteoclast generation
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and function to maintain bone homeostasis
via the mTORC1 pathway [33]. According to co-
expression network analysis, a recent study
reported that SLC7A5 is associated with the
adipogenic and osteogenic differentiation of
MSCs [34]. Moreover, CUX1 and FUT1 were
identified as core factors in the TF-DEAG net-
work. CUX1 has been reported as a tumor sup-
pressor involved in various types of myeloid
neoplasms [35]. FUT1 could be targeted by
miR-140-5p, which affects chondrocyte prolif-
eration and autophagy in osteoarthritis [36].
Taken together, these DEAGs, corresponding
miRNAs, and TFs might be candidate biomark-
ers involved in osteogenesis, and further stud-
ies are needed to verify their potential func-
tions in MSC differentiation.

Bioinformatics analysis demonstrated that 10
DEAGS, including VPS8, RBP1, RPS6KAL, PLAT,
NDRG4, and CYBB, were differentially expre-
ssed in bone marrow MSCs undergoing osteo-
genic differentiation. CYBB or NOX2 encodes
the enzyme cytochrome b subunit beta, a ma-
jor regulator of reactive oxygen species (ROS)
generation [37]. The enzyme nicotinamide ade-
nine dinucleotide phosphate (NADPH) oxidase
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2 (NOX2) is a multi-subunit complex that con-
sists of membrane-bound subunits and cyto-
solic components that are separated into rest-
ing cells. Upon extracellular stimulation, cyto-
chrome is trafficked to the membrane-bound
subunits, forming an active NADPH oxidase
complex that promotes ROS generation [38].
An increasing age and higher ROS levels pro-
mote MSC differentiation to adipocytes, where-
as lower levels of ROS induce osteogenic dif-
ferentiation [39]. Accordingly, increased intra-
cellular ROS levels in elderly donor-derived
MSCs result in reduced osteogenic differentia-
tion potential [40]. ROS affect the transcrip-
tional processes involved in MSC differentia-
tion by interacting with Wnt, Hedgehog, and
FOXO signaling pathways [41]. A recent study
showed that NOX2 is important for obesity-
induced bone remodeling and functions by
enhancing bone marrow adiposity and osteo-
clast generation [42]. Furthermore, our results
revealed that CYBB is significantly correlated
with sensitivity to several drugs, including hy-
droxyurea. Chemotherapy frequently results in
the reduced proliferation of MSCs and decreas-
es osteogenic and adipogenic differentiation
[43]. For example, the anticancer agent hy-
droxyurea could induce bone marrow MSC
senescence and decrease osteogenic ability
[44]. Therefore, we speculate that CYBB might
be a major regulator of drug-induced MSC
differentiation.

In addition, NDRG4 exhibited a marked corre-
lation with other genes, according to Friends’
analysis. Here, we selected NDRG4 as a hub
gene to explore its regulatory role in osteogenic
induction. The expression level of NDRG4 was
decreased in the induced group. NDRG4 is a
member of the NDRG family and is mainly
expressed in the brain and heart [45]. Further,
its deregulation is an important contributor to
malignant progression. It has also been report-
ed to be a potential tumor suppressor that is
epigenetically inactivated by promoter methyla-
tion in colorectal cancer [46]. However, little is
known about the role of NDRG4 in osteogene-
sis. The abnormal expression of NDRG4 was
correlated with the proportion of certain im-
mune cells, such as activated CD8 T cells,
immature B cells, and type 17 T helper cells.
Previous studies have confirmed that the im-
mune response is important for the active bone
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regeneration program. Proinflammatory T-hel-
perl7 cells and secreted cytokines such as
interleukin (IL)-17 stimulate the osteoblast dif-
ferentiation of MSCs [47]. In particular, MSCs
exhibit increased osteogenic differentiation
ability when exposed to either IL-17A or IL-17F
[48]. Additionally, low levels of inflammatory
macrophages can induce the autophagic acti-
vation of MSCs and promote osteogenic differ-
entiation [49]. These findings indicate that the
autophagy-related gene NDRG4 might be a
candidate biomarker involved in MSC osteo-
genic differentiation and the immune respon-
se to bone remodeling. However, the detailed
mechanisms need to be elucidated.

There were some limitations to our study. First,
the difference in the induction strategy could
result in different genomic aberrations in MSCs
undergoing osteogenic differentiation. Thus,
more samples derived from various databases
should be included to verify the accuracy of our
results. Second, the effects of these hub genes
were all based on bioinformatics analysis, and
further experimental studies will be performed
in the future.

Overall, our study identified 10 hub genes
(CYBB, NDRG4, RBP1, and others) that could
be potential biomarkers involved in the osteo-
genic differentiation of MSCs. A regulatory net-
work was further established to predict the
complex interactions among DEAGs, miRNAs,
and TFs in osteogenesis. These results provide
a novel basis to understand the modulatory
role of autophagy in MSC differentiation and
bone formation.
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