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Mechanisms of miR-128-3p in inhibiting osteoblast differentiation
from bone marrow-derived mesenchymal stromal cells
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Abstract. The authors' previous study demonstrated that
miR-128 may exert an inhibitory effect on the osteogenic
differentiation of bone marrow-derived mesenchymal stem
cells (BM-MSCs), but its downstream mechanisms remain to
be elucidated. The aim of the present study was to investigate
the microRNA (miRNA/miR) and mRNA profiles of differ-
entiated and undifferentiated BM-MSCs and explore new
downstream targets for miR-128. The sequencing datasets of
GSE107279 (miRNA) and GSE112318 (mRNA) were down-
loaded from the Gene Expression Omnibus database. The
differentially expressed miRNAs (DEMs) and genes (DEGs)
were identified using the DESeq2 method. The target genes
of DEMs were predicted by the miRwalk 2.0 database. The
hub target genes of miR-128 were screened by constructing
the protein-protein interaction (PPI) network and module
analysis. The expression levels of miR-128 and crucial target
genes were validated by reverse transcription-quantitative
(RT-q) PCR before or after transfection of miR-128 mimics
to BM-MSCs. The miRNA expression profile analysis identi-
fied miR-128 as one of the significantly downregulated DEMs
(total 338) in differentiated BM-MSCs compared with the
undifferentiated control. A total of 103 predicted target genes
of miR-128-3p were overlapped with upregulated DEGs. By
calculating the topological properties of each protein in the
PPI network, 6 upregulated genes (KIT, NTRK2, YWHAB,
GABI, AXINI and RUNXI, fold change was the highest for
NTRK?2) were considered to be hub genes. Of these, 4 were
enriched in module 4 (RUNXI, KIT, GABI and AXINI,
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RUNXI was particularly crucial as it can interact with the
others), while one was enriched in module 7 (YWHAB). The
expression levels of miR-128 and these 6 target genes during
the osteogenic differentiation were experimentally confirmed
by RT-qPCR. In addition, the expression levels of these 6 genes
were significantly reversed after transfection of miR-128-3p
mimics into rat BM-MSCs compared with the miR-control
group. These findings indicated that miR-128-3p may inhibit
the osteoblast differentiation of BM-MSCs by downregulation
of these 6 genes, particularly RUNXI, YWHAB and NTRK?2.

Introduction

There has been a consensus that bone marrow-derived
mesenchymal stem cells (BM-MSCs) are an ideal cell source
for cell-based therapy of various bone-related diseases (1,2)
because they can differentiate into osteoblasts, which are the
most important cells responsible for bone development and
remodeling (3). However, their clinical application remains
not widely accepted and treatment outcomes still require
additional confirmation with larger sample sizes and control
experiments (4). These highlight the need to further understand
the molecular mechanisms of osteogenic differentiation in
order to improve the differentiation and therapeutic efficiency
of BM-MSCs.

microRNAs (miRNAs) are a class of small, non-coding
RNAs of approximately 22 nt in length that exert roles by
negatively regulating the expression of target mRNAs via
specific binding to their 3'-untranslated region (3'-UTR).
Recently, several miRNAs have been found to be associ-
ated with the differentiation of BM-MSCs. For example,
Zhang et al (5) revealed that miR-664a-5p was upregulated
in osteoblast-differentiated human BM-MSCs compared with
control and this upregulation was positively correlated with
the expression of osteogenic genes (RUNX2, ALP and OCN).
Overexpression of miR-664a-5p stimulated the osteogenic
differentiation of BM-MSCs, whereas an opposite effect was
observed when it was knocked down. Luciferase reporting
assay revealed that HMGA2 mRNA was a direct target of
miR-664a-5p. Overexpression of HMGA?2 rescued the effects
of miR-664a-5p on osteogenic differentiation (5). Ge et al (6)
reported that overexpression of miR-374b significantly
induced the osteogenic differentiation of mouse BM-MSCs,
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showing increased ALP activity and the expression of RUNX2,
OPN and OCN. Further analysis of the mechanism revealed
that miR-374b may bind to PTEN to mediate its functions (6).
Huang et al (7) demonstrated that overexpression of miR-320a
downregulated HOXAI0 and then significantly inhibited
osteogenesis of BM-MSCs, as determined by the downregula-
tion of the osteogenic markers RUNX2, ALP and OCN and the
inhibition of ALP activity and matrix mineralization; while
ectopic expression of HOXAI0 attenuated miR-320a-induced
inhibitory effects on osteogenic differentiation of BM-MSCs.
miR-125a-3p and miR-125b have been revealed to specifically
regulate the expression of GIT ArfGAP 1 (GITI) and BMPRIb
to inhibit the osteoblastic proliferation and differentiation
from BM-MSCs, respectively (8,9). miR-223 was identified to
be gradually downregulated during osteogenic differentiation
of BM-MSCs, accompanied by the upregulated expression
of its target gene DHRS3 (10). These findings revealed the
importance of investigating the miRNAs and their target
genes to explain the osteogenic differentiation mechanisms of
BM-MSCs.

In our previous study, it was demonstrated that miR-128
was downregulated by 58.8% in osteogenic treatment for
human BM-MSCs and that miR-128 may inhibit the osteogenic
differentiation through suppression of the vascular endothelial
growth factor pathway (11). However, studies on miR-128
remain rare and its downstream mechanisms for osteogenic
differentiation are still not well understood. The present study
aimed to further elucidate the molecular mechanisms of
miR-128 during the osteogenic differentiation of BM-MSCs by
bioinformatic analyses of miRNA (12) and mRNA sequencing
datasets which were collected from a public database. The
predicted target genes were also validated by in vitro experi-
ments in which miR-128 mimics were introduced. The present
study may provide new insights for elucidating the mecha-
nisms of miR-128 and identifying potential therapeutic targets
to promote bone anabolism.

Materials and methods

High-throughput datasets. The high-throughput datasets of
miRNAs and mRNAs in BM-MSCs before or after osteoblast
differentiation were available from the Gene Expression
Omnibus (GEO) database (http://www.ncbi.nlm.nih.gov/geo/)
under accession number GSE107279 (platform: GPL11154,
Illumina HiSeq 2000) (12) and GSE112318 (platform:
GPL20795, HiSeq X Ten) (13), respectively. GSE107279 (12)
included 3 undifferentiated human BM-MSC samples and
21 differentiated samples which were collected after induc-
tion for 12, 24 h, 3, 10 and 13 days in osteogenic medium.
GSE112318 (13) contained one undifferentiated human
BM-MSC sample and one differentiated sample which was
induced for 2 weeks in osteogenic medium. To identify the
link between miRNAs and mRNAs, the present study only
used the 13-day data of GSE107279 dataset (12). Another
reason for selecting this time-point was that osteoblast differ-
entiation was induced in 13 days in the in vitro experiments of
the present study.

Differential analysis for miRNAs and mRNAs. The
reads data of GSE107279 (12) and GSE112318 (13) were
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downloaded from the GEO repository and mean-normalized.
The differentially expressed miRNAs (DEMs) and genes
(DEGs) between differentiated and undifferentiated samples
were identified using DESeq2 (http:/www.bioconductor.
org/packages/release/bioc/html/DESeq2.html.). package (14)
in R (15). llog2fold change (FC)I >0.5 and false discovery rate
(FDR)-adjusted P<0.05 represented the statistical threshold
for DEMs and DEGs. A heat map was created using the
‘pheatmap’ package (version: 1.0.8; https://cran.r-project.
org/web/packages/pheatmap) based on the Euclidean distance.

Target gene prediction for miR-128-3p. The BLAST server
(blast.ncbi.nlm.nih.gov/Blast.cgi) was used to identify the
nucleotide sequence similarity of human and rat miR-128-3p.
The target genes of miR-128-3p were predicted using the
miRwalk database (version 2.0; zmf.umm.uni-heidelberg.
de/apps/zmf/mirwalk2) (16). The miRwalk database included
12 algorithms and the genes that were predicted in at least 5
databases were collected. A Venn diagram (http://bioinfor-
matics.psb.ugent.be/webtools/Venn/) was drawn to screen
the common genes predicted using the human and rat as the
species parameters (since rat BM-MSCs were used in valida-
tion experiments) in miRwalk database and the shared genes
between predicted genes and DEGs, which were considered to
be possibly crucial targets of miR-128-3p. The miRNA-mRNA
regulatory network was visualized using the Cytoscape soft-
ware (version 3.4; www.cytoscape.org/) (17).

Protein-protein interaction (PPI) network. The interactions
between two target genes of miR-128-3p were predicted using
the STRING (Search Tool for the Retrieval of Interacting
Genes; version 10.0; http://string db.org/) database (18),
with the relationship pairs having a combined score >0.4
being used to construct the PPI network. Several topological
features of the nodes (proteins) in the PPI network were calcu-
lated using the CytoNCA plugin in the Cytoscape software
(http://apps.cytoscape.org/apps/cytonca) (19) to screen hub
genes, including degree centrality (DC), eigenvector centrality
(EC) and closeness centrality (CC). In addition, several
function-related modules were also extracted from the PPI
network using the Molecular Complex Detection (MCODE;
version, 1.4.2; http://apps.cytoscape.org/apps/mcode) plugin of
the Cytoscape software.

Function enrichment analysis for target genes of miR-128-3p.
Kyoto Encyclopedia of Genes and Genomes (KEGG; version
Release 92.0, October 1, 2019; genome.jp/kegg/) pathway
enrichment analysis was performed for target genes of
DEMs using the enricher tool (https://amp.pharm.mssm.
edu/Enrichr/) (20). FDR<0.05 was considered to be statisti-
cally significant.

Function validation of miR-128-3p for the osteoblast
differentiation from BM-MSCs. BM-MSCs of Wistar rats
were purchased from the Chinese Academy of Science Cell
Bank and cultured in Alpha Minimum Essential Medium
(a-MEM,; Gibco, Thermo Fisher Scientific, Inc.) supplemented
with GlutaMAX™-I, 10% fetal bovine serum and 1% peni-
cillin/streptomycin (all Gibco; Thermo Fisher Scientific, Inc.)
at 37°C in a humidified atmosphere of 5% CO, in air.
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Transfection. miR-128-3p mimics and miR-normal control
(miR-NC) were obtained from Shanghai GenePharma Co.,
Ltd. On the day before the transient transfections, the cells
were seeded into 6-well plates and incubated (37°C) to
reach 65% confluency. Then, miR-128-3p mimics (15, 30,
40 and 50 pmol) and the scrambled control were transfected
into BM-MSCs of Wistar rats using Lipofectamine® 2000
(Invitrogen; Thermo Fisher Scientific, Inc.) according to the
manufacturer's protocol.

After 48 h of transfection, the cells were collected to detect
proliferation ability and the expression of miR-128-3p, in order
to screen the optimal treatment concentration of miR-128-3p
mimics. Subsequently, the cells were treated with this concen-
tration of miR-128-3p mimics for 13 days to observe its
functions on the osteoblast differentiation and the expression
of target genes.

Cell proliferation. Cell proliferation ability of BM-MSCs
was determined using Cell Counting Kit-8 (CCK-8; Dojindo
Molecular Technologies, Inc.). Briefly, cells were seeded into
a 96-well plate at a density of 2x10*/well and cultured at 37°C,
5% CO,. Then, 10 ul of CCK-8 solution was added to assay
the cell growth status. At 2 h following CCK-8 treatment, the
absorbance of each well at 450 nm wavelengths was measured
by a microplate reader.

Reverse transcription-quantitative (RT-q) PCR.RT-qPCR was
used for the analysis of gene expression according to the manu-
facturer's protocols. Briefly, total RNA was extracted from
2x10° cells using TRIzol® reagent (Thermo Fisher Scientific,
Inc.). The high-purity and intact RNA (OD260/0D280>1.9)
was converted into cDNA by the GoScript Reverse
Transcription System (Promega Corporation). RT-qPCR
was then performed on a CFX96 Real-Time System/C1000
Thermal Cycler (Bio-Rad Laboratories, Inc.) using AceQ®
RT-qPCR SYBR-Green Master Mix (Vazyme Biotech Co.,
Ltd.). The reaction conditions for RT-qPCR were pre-incu-
bation at 95°C for 10 min, followed by amplification with
39 cycles of 10 sec denaturation at 95°C, 20 sec annealing
at 65°C and 10 sec elongation at 72°C. U6 and actin were used
as the internal reference for miRNA and mRNA detection,
respectively. Relative expression levels were analyzed using
the 2-24% method (21). The primers used are listed in Table 1.

Osteogenic differentiation. Osteogenic differentiation of
BM-MSCs was induced using standard osteogenic medium
consisting of phenol red-free a-MEM, 10% FBS, ascorbic acid
(50 pg/ml), dexamethasone (10® M) and p-glycerophosphate
(10> M). The medium was changed twice every week.
The osteoblastic differentiation potency of BM-MSCs was
determined by Alizarin red staining: After induction culture
for 2 weeks, the cells were washed with PBS and fixed with
4% paraformaldehyde for 10 min and then stained using
2% Alizarin red for 20 min at room temperature to evaluate
calcium nodule formation.

Statistical analysis. All experiments were performed for
at least three biological repeats. Statistical analysis was
performed using SPSS 18.0 (SPSS, Inc.) and graphs were
prepared in GraphPad Prism 5.0 (GraphPad Software, Inc.).
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Table I. Primers used in the present study.

Gene Primer sequence (5'-3')
ACTIN F: GAGACCTTCAACACCCCAGC
R: ATGTCACGCACGATTTCCC
RUNXI-rat F: GGTTTCGCAGCGTGGTAAAA
R: GCACTGTGGGTACGAAGGAA
KIT-rat F: TACTTGGAGCCTGCACCATT
R: TATCGCTGCAGGAAGACTCC
AXINI-rat F: GTGCCCCTACCTCACATTCC
R: CTCACCTTCCTCCTCCATGC
YWHAB-rat F: GTCTCCAGAGATTTGGGCCG
R: CCATTGTCATTCCCTGACTCCA
GABI-rat F: GAGAGCTAGGTTCTCGCCAC
R: TCCTCTTCCATGCATAACGCT
NTRK?2-rat F: TTACGGTTTGTCACCCGACC
R: GTGCTTGGTTCAGCTCTTGC
RUNX2-rat F: GCCAATCCCTGAGTGTGACT
R: CCTGGTGGTGTCACTGAATG
BGLAP-rat F: CACCGTTTAGGGCATGTGTT
R: TCCTGGAGAGTAGCCAAAGC
miR-128-3p-rat F: CGCGTCACAGTGAACCGGT
R: AGTGCAGGGTCCGAGGTATT
U6 AACGCTTCACGAATTTGCGT

F, forward; R, reverse; miR, microRNA.

All data were expressed as the mean + standard deviation.
Statistical differences between two groups were determined
using two-tailed paired Student's t-test; while statistical
comparisons among more than two groups were performed
using one-way ANOVA followed by post hoc Tukey's test.
P<0.05 was considered to indicate a statistically significant
difference.

Results

Identification of miR-128 as a DEM in osteoblast-differen-
tiated BM-MSCs. Among the 654 miRNAs included in the
GSE107279 dataset, 338 of them were found to be differen-
tially expressed between differentiated and undifferentiated
BM-MSCs under the stated threshold, including 295 down-
regulated and 43 upregulated DEMs (Fig. 1A and B). miR-128
was one of the significantly downregulated DEMs in differen-
tiated BM-MSCs, with a log2FC of -0.77 and an FDR-adjusted
P-value of 1.93x10'2.

Identification of the crucial target genes of miR-128 for
osteoblast-differentiated BM-MSCs. Among the 19,652 genes
included in the GSE112318 dataset, 14,894 of them were
revealed to be differentially expressed between differentiated
and undifferentiated BM-MSCs under the stated threshold,
including 9,571 downregulated and 5,323 upregulated DEGs
(Fig. 1C and D).
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Table II. Topological properties of genes in the PPI network.

Expression
Gene DC Gene CC Gene EC Common logFC FDR
EGFR 39 EGFR 0.068059 EGFR 0.39794025 TGOLN2 -1.08 0
IL6 32 IL6 0.067039 IL6 0.34596485 KIT 1.88 2.43x107%
AR 22 AR 0.066937 AR 0.23498377 PPPICC -0.64 0
ABLI 18 IRS1 0.066785 IRS1 0.2286748 FURIN -2.45 0
PPPICC 18 ABLI 0.066667 ABLI 0.20841703 PPP4C -1.00 0
IRS1 17 MAPKI14 0.066348 CXCLI2 0.19866262 CANX -0.55 0
CXCLI2 16 YWHAB 0.066265 KIT 0.18829939 EGFR -1.68 0
KIT 14 TGFBRI 0.066033 MAPKI14 0.1772947 NTRK?2 4.77 0
PXN 14 PPPICC 0.065885 PXN 0.16721927 CXCLI -3.06 0
CANX 14 PPP2RIB 0.065852 GABI 0.1594914 TGFBRI -0.79 0
MAPK14 12 PXN 0.06577 NANOG 0.14420108 IRS1 -0.96 0
ADCY3 12 PPP4C 0.065753 CXCLI 0.14116184 PPP2RIB -2.08 0
ADCY6 12 NANOG 0.065737 RET 0.1360971 MAPK14 -0.69 0
TGFBRI 11 CXCLI2 0.065721 TGFBRI1 0.12943284 ATP2A2 -2.00 0
YWHAB 11 KIT 0.065606 CANX 0.12310072 ABLI -1.99 0
GNB2 11 CANX 0.065557 KLF4 0.12178243 YWHAB 0.51 0
CXCLI 10 AXINI 0.065557 NTRK?2 0.116883084 GABI 0.53 6.04x10®!
NTRK?2 10 YWHAQ 0.06546 YWHAB 0.112461776 NANOG -2.66 2.03x107%!
GABBR?2 10 OCLN 0.065379 IL6R 0.11212979 CXCLI2 -9.14 0
PPP2RIB 10 SMURF1 0.06525 OCLN 0.11207541 AXIN1 0.78 4.50x10%
AXINI 10 NTRK?2 0.065234 GRBIO 0.10549404 AR -1.01 0
SMURF1 10 KLF4 0.065169 PPPICC 0.09967908 RET -10.3 6.15x10%
GABI 9 CXCLI 0.065137 CXCL2 0.098889045 IL6 -1.15 0
NANOG 9 ATP2A2 0.065105 TGOLN?2 0.09819438 RUNX1I 0.71 0
OCLN 9 TGOLN2 0.065057 ATGS 0.0979064 OCLN -10.2 1.76x10°**
PPP4C 9 GABI 0.065009 GNB2 0.093786895 PXN -0.97 0
KMT2A 9 DYNCILI2 0.064993 TIMP3 0.09199475
GYSI 9 RUNXI 0.064977 ITGAS 0.09169616
RUVBL2 9 ATGS 0.064929 ITPKC 0.08899418
RET 8 GYS1 0.064897 GABBR2 0.08424522
CXCL2 8 RDX 0.064865 RUNX1 0.08272818
TGOLN?2 8 RET 0.064865 PPP2RIB 0.08233988
GABBRI 8 FURIN 0.064833 ADCY3 0.08222689
FURIN 8 ITPKC 0.064769 ADCY6 0.08222689
ATP2A2 8 KMT2A 0.064753 YWHAQ 0.082175
DYNCILI2 8 GRBI0 0.064753 PPP4C 0.08180887
PYGB 8 TIMP3 0.064722 AXIN1 0.080903396
BETIL 8 SEC61AI 0.06469 FURIN 0.07912381
RUNX1I 7 PHB 0.064674 ATP2A2 0.07898864
CACNB2 7 IL6R 0.064643 ITIH4 0.07645497

DC, degree centrality; EC, eigenvector centrality; CC, closeness centrality; PPI, protein-protein interaction; FC, fold change; FDR, false

discovery rate.

The sequence of has-miR-128-3p and Rno-miR-128-3p
was 100% identical (Fig. 2A). Thus, the targets of miR-128-3p

were predicted using human and rat as species, respectively.
Using the miRwalk 2.0 database, 4,443 target genes were
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Figure 1. (A and C) Volcano plot and (B and D) heat maps of differentially expressed miRNAs and mRNAs between differentiated and undifferentiated
BM-MSCs. (A and B) miRNA sequencing datasets of GSE107279; (C and D) mRNA sequencing datasets of GSE112318. Colors shading to red; high expres-
sion; colors shading to light blue, low expression. Intensity of color reflects degree of expression. miRNA, microRNA; BM-MSCs, bone marrow-derived

mesenchymal stem cells.

predicted to interact with human miR-128-3p in the 3'UTR,
while 1,331 were predicted to be regulated by rat miR-128-3p
via the 3'UTR. Among them, 582 were shared between the two
species (Fig. 2B). Furthermore, 332 of 582 genes were over-
lapped with the DEGs (Fig. 2C), including 103 upregulated
and 229 downregulated (which were used for establishing
the miRNA-mRNA network, as shown in Fig. 3), suggesting
these 103 upregulated DEGs may be underlying target genes
of downregulated miR-128-3p.

In order to further screen crucial targets for miR-128-3p,
the PPI network and function modules were analyzed. A total
of 264 DEGs were identified to interact with other genes to
form 539 interaction pairs (such as NTRK2-GABI, GABI-IRS]1,
YWHAB-PPPICC, AXINI-GYSI and GYSI-IRSI, which was
used for constructing the PPI network. After calculating the
topological properties, 26 DEGs (including 6 upregulated:
KIT, NTRK2, YWHAB, GABI, AXINI and RUNXI) were
found to be shared in the top 40 genes ranking for DC, CC and
EC (Table II). In addition, 11 modules were extracted from
the PPI network. Among them, only module 4 (RUNX1, KIT,
GABI and AXINI; in which RUNXI may be especially key
since it could interact with KIT and AXINI) and module 7
(YWHAB) included the shared upregulated DEGs identified
by topological ranking (Fig. 4; Table III). These findings
indicated that these 5 upregulated genes may be particularly
crucial targets of miR-128-3p.

Function enrichment analysis of the genes in the PPI
network revealed that 30 KEGG pathways were enriched,
including Insulin resistance (PPPICC and IRSI), Hippo
signaling pathway (PPPICC, YWHAB and AXINI), Pathways
in cancer (RUNXI, AXINI and KIT), PI3K-Akt signaling
pathway (YWHAB, KIT and NTRK2), Tight junction (RUNX1),
Proteoglycans in cancer (GABI) and Rapl signaling pathway
(KIT) (Table 1V).

Validation of the function on the osteoblast differentiation of
miR-128-3p and the expression of target genes. To confirm
the differential characteristics of miR-128-3p and their target
genes during the osteoblast differentiation, RT-qPCR was
performed. As anticipated, the results demonstrated that
osteogenic induction can lead to a reduction in the expression
of miR-128-3p and an increase in the expression of its poten-
tial target genes (KIT, NTRK2, YWHAB, GABI, AXINI and
RUNXI, Fig. 5A).

To further validate the regulatory relationship between
miR-128-3p and its target genes, miR-128-3p mimic trans-
fection experiments were carried out. After transfection of
miR-128-3p into rat BM-MSCs for 48 h, the expression of
miR-128-3p (Fig. 5B) and the cell proliferation (Fig. 5C)
of BM-MSCs were revealed to be the highest in the group
with the treatment concentration of 50 pmol, indicating
the successful overexpression of miR-128-3p. Thus, this
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Figure 2. Identification of target genes of miR-128. (A) The BLAST results of human and rat miR-128-3p. (B) Venn diagram to screen the common genes
regulated by human and rat miR-128-3p. (C) Venn diagram of predicted target genes of miR-128-3p and differentially expressed genes shared by differentiated
and undifferentiated BM-MSCs. miRNA, microRNA; BM-MSCs, bone marrow-derived mesenchymal stem cells; Has, human; Rno, rat.

Table III. Modules extracted from the PPI network.

Score (density x

Cluster number of nodes) Nodes Edges Node IDs

1 8 8 28 CXCL12, GABBR2, GABBR1,ADCY3,CXCL1,CXCL2, GNB2,
ADCY6

2 52 11 26 PXN, AR, IL6R, TGFBR1, IL6, EGFR, RET, ABL1, NANOG, OCLN,
KLF4

3 4 4 6 TRMT61A, WDR43, RRP§, MAK16

4 3.538 14 23 GAB1,KIT, PPME1, RUNX1, PYGB, AGL, AXIN1, ITPKC, PPP4C,

TIPRL, PPPIR3B, GYS1, IRS1, PFKM

5 3 3 3 STMN2, FAIM2, CNTN2

6 3 3 3 BETIL, SEC22A, STX7

7 3 5 6 YWHAB, PAPD7, PPP2R1B, RUVBL2, PPP1CC
8 3 3 3 FAM160B1, IGSF3, POGLUT1

9 3 3 3 RHOT?2, ARHGAP28, DEPDC1B

10 3 3 3 ANOG6, ATP11A, CD47

11 3 3 3 SGMS1, SMPD3, UGCG

PPI, protein-protein interaction.
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Figure 3. miR-128-3p-mRNA regulatory network. Red, upregulated differentially expressed mRNAs; blue, downregulated differentially expressed mRNAs.

miRNA, microRNA.

Figure 4. Protein-protein interaction modules including the hub target genes of miR-128-3p. (A) Module 4; (B) module 7. Red, upregulated differentially
expressed mRNAs; blue, downregulated differentially expressed mRNAs. miRNA, microRNA.

concentration was used to investigate the influence of
miR-128-3p overexpression on the osteoblast differentia-
tion of BM-MSCs. In line with the sequencing data analysis
results and our previous study on human BM-MSCs (11),
overexpression of miR-128-3p clearly decreased calcium
deposition (Fig. 5D) and significantly weakened the expres-
sion levels of osteogenic specific markers Runx2 (22) and
bone y-carboxyglutamate protein (BGLAP) (23) (Fig. 5E),
further suggesting its inhibitory effects on the osteoblast
differentiation. Notably, the expression levels of 6 target
genes as aforementioned were significantly decreased in

the miR-128-3p-mimics group compared with the miR-NC
group (Fig. 5E).

Discussion

The present study, using an integrated analysis of miRNA and
mRNA sequencing datasets and in vitro verification, revealed
that miR-128-3p may inhibit the osteoblast differentiation of
BM-MSC:s by targeted downregulation of RUNX I, NTRK2 and
YWHAB. Subsequently, these target genes may respectively
regulate the expression of downstream AXINI, KIT, GABI and
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Table IV. KEGG pathways enriched for the genes in the PPI network.

Term P-value Genes

Insulin resistance 4.22x10° PPPICC,PYGB,GYSI,SLC27A1,PRKAB2,IL6,IRSI,PPPIR3B,
CREB5

Vasopressin-regulated water reabsorption 3.64x1073 DYNC2LII,DYNC2H1,DYNCILI2, ADCY3,ADCY6, CREBS

Adrenergic signaling in cardiomyocytes 2.48x107 PPPICC,CACNB2, PPP2RIB, TPM3,ATP2A2, ADCY3,SCN5A,
MAPKI4,ADCY6, CREB5

Hippo signaling pathway 4.32x1073 MOBIB, PPPICC, PARD6B, RASSF2, PPP2RIB, YWHAQ,
YWHAB, ID2, AXIN1, TGFBRI

TNF signaling pathway 6.73x107? IL6, TRAF3, DAB2IP, MAP3KS8, CXCLI, MAPKI4,CXCL2,
CREBS

Morphine addiction 1.07x102 GABBR2, GABBRI1,GNB2, PDE3B, ADCY3, PDESB, ADCY6

Pathways in cancer 1.18x102 RET,ARNT2,TPM3,AXINI1,ADCY3,ADCY6, EGFR, TGFBRI,
RUNXI,AR,IL6,CXCLI2, TRAF3,GNB2,KIT,ABLI, IL6R,
IFNARI

PI3K-Akt signaling pathway 1.10x1072 NTRK2,IRS1, YWHAB, EGFR, GYS1,IL6, PPP2RIB, YWHAQ,
GNB2,KIT, ITGAS, IL6R, IFNARI, CREB5

Tight junction 1.55x1072 CLDN22, PRKAB2, OCLN, PARD6B, PPP2RI1B, RDX,
ARHGEF18, RAPGEF2,RUNXI

Human cytomegalovirus infection 2.69x1072 IL6,CXCLI12,GNB2,PXN,ADCY3, MAPKI14,IL6R, ADCY6,
EGFR, CREBS

Hypertrophic cardiomyopathy 2.61x1072 CACNB2, PRKAB2,1L6, TPM3,ATP2A2,ITGAS

Salmonella infection 2.55x102 DYNC2H1,DYNCILI2,IL6,CXCLI, MAPKI4,CXCL2

Hepatitis C 2.61x10 CLDN22,0CLN, PPP2RIB, YWHAQ, YWHAB, TRAF3, EGFR,
IFNARI

AMPK signaling pathway 2.43x10? GYS1, PRKAB2, PPP2RIB, IRSI, MLYCD, PFKM, CREBS

Dilated cardiomyopathy 2.73x 102 CACNB2,TPM3,ATP2A2, ADCY3,ITGA5, ADCY6

mRNA surveillance pathway 2.56x102 PPPICC,UPFI1,NXFI1,RNGTT, PPP2RIB, NXT2

Oocyte meiosis 2.54x10 PPPICC, AR, PPP2RIB, YWHAQ, YWHAB, ADCY3,ADCY6

Proteoglycans in cancer 2.55x1072 PPPICC,RDX, PXN, GABI,TIMP3, NANOG, ITGAS5, MAPK 14,
EGFR

Hepatitis B 2.46x107 IL6, YWHAQ, YWHAB, TRAF3, MAPKI14, TGFBRI,IFNARI,
CREBS

Central carbon metabolism in cancer 2.62x107 RET,SLC7AS5,KIT, PFKM, EGFR

c¢cGMP-PKG signaling pathway 2.50x102 PPPICC,IRSI,PDE3B, PPIF,ATP2A2, ADCY3, ADCY6, CREBS5

Relaxin signaling pathway 2.46x10 GNB2,ADCY3,MAPKI4,TGFBRI1, EGFR,ADCY6, CREB5

Rapl signaling pathway 2.36x10 PARDG6B, ADORA2B, KIT, RAPGEF2,ADCY3, MAPK14,
SIPAIL3,ADCY6, EGFR

FoxO signaling pathway 2.46x1072 PRKAB2,IL6,IRSI1, PLK2, MAPKI4,TGFBRI, EGFR

Insulin signaling pathway 291x10? PPPICC, PYGB, GYS1, PRKAB2,IRS1, PPPIR3B, PDE3B

Longevity regulating pathway 2.82x10 PRKAB2,IRS1,ADCY3,ADCY6,ATGS5, CREBS5

Glucagon signaling pathway 2.86x1072 PYGB, GYSI, PRKAB2, PPP4C, PDE3B, CREB5

Thyroid hormone synthesis 3.31x1072 CANX, GPX8,ADCY3,ADCY6, CREBS

Phagosome 4.47x10? DYNC2HI1,SEC61A1,DYNCILI2,STX7,CANX, ITGAS, TUBB4B

Cushing syndrome 4.80x10 KMT2A, AXINI,ADCY3, PDESB, EGFR, ADCY6, CREBS

KEGG, Kyoto Encyclopedia of Genes and Genomes; PPI, protein-protein interaction; TNF, tumor necrosis factor; AMPK 5' AMP-activated
protein kinase; cGMP, cyclic GMP; PKG, protein kinase G; Rap1, Ras-proximate-1; FOX, forkhead box.

PPPICC to mediate Insulin resistance, Hippo, PI3K-Akt and

Rapl signaling pathways.

There is evidence that RUNXI1 plays an important role
in mediating the osteogenic differentiation of stem cells
and this was associated with miR-128 (24). For example,

Luo et al (25) revealed that knockdown of RUNXI in
murine BM-MSCs significantly inhibited osteogenesis (as
evaluated by lower ALP activity and reduced calcium nodule
formation) and decreased the expression levels of osteo-
genic-related genes (RUNX2,0OCN and OPN) compared with
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Figure 5. Validation experiments. (A) The expression of miR-128-3p and its target genes in BM MSCs before and after osteoblast differentiation, as determined
by RT-qPCR. (B) After transfection of miR-128-3p into rat BM MSCs for 48 h, the expression of miR-128-3p was detected. (C) The effects of miR-128-3p over-
expression on the viability of BM MSCs, as evaluated by Cell Counting Kit-8 assay. (D) The effects of miR-128-3p overexpression on osteoblast differentiation,
as determined by Alizarin red staining (magnification, x100). (E) The effects of miR-128-3p overexpression on the expression of its target genes, as assessed
via RT-qPCR. "P<0.05 vs. before differentiation or miR-normal control (miR-NC). “P<0.05 vs. 15 pmol miR-128-3p mimics. “P<0.05 vs. 30 pmol miR-128-3p
mimics. *P<0.05 vs. 40 pmol miR-128-3p mimics. miRNA, microRNA; RT-qPCR, reverse transcription- quantitative PCR; BM MSCs, bone marrow derived
mesenchymal stem cells; miR NC, miR normal control.

control cells. Ji et al (26) also reported that overexpression  osteogenic differentiation of murine mesenchymal stem cell
of RUNXI enhanced bone morphogenetic protein 9-induced  line (C3H10T1/2), whereas inhibitory effects were observed
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after knockdown of RUNXI. Saito et al (27) demonstrated
that RUNXI was a downstream effector of Nanog to promote
the osteogenic differentiation of C3H10T1/2. In accordance
with these studies, the present study also screened RUNX/
as an upregulated gene in differentiated BM-MSCs and its
expression was decreased after miR-128 mimic treatment.
Further mechanism studies indicated that RUNXI may
exert its promoting roles in osteogenic differentiation by
activating the canonical Wnt signaling pathway (including
upregulation of B-catenin, Lefl, Tcfl and Wnt10b) (25).
AXINI was previously considered as a negative regulator
of the canonical Wnt/f-catenin signaling pathway via
degradation of f-catenin with adenomatous polyposis coli
(APC), glycogen synthase kinase-3f3 (GSK-3f) and Casein
kinase 1 (28). Thus, theoretically, upregulated RUNXI may
lead to the downregulation of AXINI in the osteogenic
differentiation of BM-MSCs (29,30). However, the results of
the present study revealed that the expression of AXINI was
higher in differentiated compared with undifferentiated
BM-MSCs. These controversial findings may be associated
with the dual roles of AXINI similar to the reports of its
homologous gene AXIN2 in cancers (31). Furthermore, the
study of Chimge et al (32) reported that silencing of RUNX/
resulted in the downregulation of AXINI, indicating their
synergetic expression trend, which appears to be in agree-
ment with the results of the present study. The present study
predicted that RUNXI-AXINI may downregulate GYS/ and
then /RS] to participate in the osteogenic differentiation.
This hypothesis can be indirectly demonstrated by the fact
that overexpression of GSK-3p (an AXINI complex compo-
nent) decreased the mRNA expression level of GYSI (33),
while pharmacological inhibition of GSK-3 induced the
formation of glycogen bodies (34). Also, an increase in the
IRS-1 protein level was revealed to inhibit the osteoblastic
differentiation of MSCs (35). In addition, insulin-deficiency
may trigger the lower expression of its downstream signaling
molecule insulin receptor substrate 1, which is reported
to increase the activity of glutaminase (36) and then
stimulate osteoblast differentiation from stem cells (37).
Accordingly, the miR-128-RUNXI-AXINI-GYSI-IRS1 axis
may be a credible mechanism to explain the osteoblast
differentiation processes. In addition to AXINI, RUNX]I
was also observed to interact with KIT/GABI to influence
the osteogenic differentiation. KIT is a type 3 transmem-
brane receptor for stem cell factor (SCF) (38). Activation
of the SCF-c-KIT signaling pathway has been revealed to
promote the recruitment of stem cells and osteogenesis,
which establishes a favorable environment for bone healing
and remodeling (38). As an adaptor protein of KIT, GABI1
A complex of a-subunits of the G proteins (Gail/3) and
Gabl can mediate the activation of PI3K-Akt signaling (39),
which is suggested to be related with enhanced osteogenesis
of MSCs (40).

NTRK?2, also known as TRKB, can bind with the TrkB
receptor to phosphorylate the downstream Erk1/2, which
promotes the expression of transcription factors, such as Runx2
and Osterix that are associated with the osteoblast differen-
tiation of BM-MSCs (41). In accordance with these findings,
the present study also revealed that NTRK2 was upregu-
lated in differentiated BM-MSCs and downregulated after
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miR-128-mimic transfection, indicating that miR-128-NTRK?2
may represent a crucial mechanism for the osteoblast differ-
entiation of BM-MSCs. In addition, the present study also
hypothesized that NTRK2 may interact with GABI to become
involved in osteogenesis of MSCs.

No studies, to the best of the authors' knowledge, have
investigated the roles of YWHAB in the osteogenic differ-
entiation and the regulatory relationship between YWHAB
and miR-128, implying that miR-128-YWHAB interaction
may be a novel mechanism for explaining the osteogenic
differentiation process of BM-MSCs. The present study
predicted PPPICC may be one of the downstream targets
of YWHAB. PPPICC is a member of the serine/threonine
protein phosphatase families. A previous study revealed that
a reduction in PP2A promoted the bone formation and the
osteoblast differentiation of MSCs through the regulation of
bone-related transcription factors such as Osterix (42). Mice
deficient in PP5 phosphatase were observed to have increased
osteoblast numbers and high bone formation, which is asso-
ciated with a substantial increase in osteoblast differentiation
of MSCs (43). Similar to other members, downregulated
PPPICC by miR-128-YWHAB may also contribute to the
osteoblast differentiation.

However, there were some limitations to the present
study. First, the target genes of miR-128-3p and their possible
interactive downstream genes were predicted, however, the
connection between them and their associations with the
proliferation and osteoblast differentiation of BM-MSCs
still requires additional wet experiments (luciferase
reporter assay, co-immunoprecipitation, co-overexpression
or co-knockdown) to verify the conclusions. Second, the
expression levels and functions of target genes of miR-128-3p
should be further tested in human BM-MSCs. Third, in vivo
studies should be performed to investigate the differentiation
and therapeutic efficiency of BM-MSCs that were transfected
with miR-128-3p inhibitors or target genes of miR-128-3p.
Fourth, the sample size of our included sequencing datasets
was small and thus, it may also be necessary to launch a
high-throughput analysis with a larger sample size in order
to identify more underlying targets for the osteoblast differ-
entiation of BM-MSCs.

The findings of the present study indicated that
miR-128-3p may inhibit the osteoblast differentiation of
BM-MSCs by targeted downregulation of RUNXI, YWHAB
and NTRK2.
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