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Potential functions of long non-coding RNAs in the osteogenic
differentiation of human bone marrow mesenchymal stem cells
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Abstract. Long non-coding RNAs (IncRNAs) are a specific
group of RNA molecules that do not encode proteins. They
have been shown to serve important regulatory functions in
various biological and cell differentiation processes. However,
the potential functions and regulatory mechanisms of IncRNAs
that are associated with the osteogenic differentiation of
human bone marrow mesenchymal stem cells (hBMSCs)
remain to be elucidated. The present study aimed to investigate
IncRNAs that are differentially expressed during the osteogenic
differentiation of hBMSCs, along with the potential functions
of those IncRNAs. To this end, three groups of hBMSCs were
stimulated to undergo osteogenic differentiation for 7 days.
Known IncRNAs, unknown IncRNAs and mRNAs that
demonstrated differential expression prior to and following
the osteogenic differentiation of hBMSCs were screened using
IncRNA high-throughput sequencing. In addition, 12 IncRNAs
were selected for reverse transcription-quantitative polymerase
chain reaction (RT-qPCR) validation of the accuracy of the
sequencing results. The potential functions and possible targets
of the differentially expressed IncRNAs were analyzed using
bioinformatics technologies (gene ontology, Kyoto Encyclopedia
of Genes and Genomes and gene co-expression network
analysis). In total, 64 IncRNAs were differentially expressed by
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at least two-fold in hBMSC:s prior to and following osteogenic
differentiation; these included seven known IncRNAs (two
upregulated and five downregulated IncRNAs) and 57 unknown
IncRNAs (35 upregulated and 22 downregulated IncRNAs). In
addition, 409 mRNAs (257 upregulated and 152 downregulated
mRNAs) were differentially expressed by at least two-fold.
The RT-qPCR results obtained for 12 selected differentially
expressed IncRNAs were consistent with the sequencing results.
The gene co-expression network analysis of IncRNAs and
mRNAs demonstrated that four IncRNAs (ENSG00000238042,
Inc_1269, Inc_1369 and Inc_1708) may serve important roles
in the osteogenic differentiation of hBMSCs. In conclusion,
during the osteogenic differentiation of hBMSCs, the IncRNA
expression profile changed significantly; certain of the
observed differentially expressed IncRNAs may be derived
from protein-coding genes and may serve important roles in
osteogenic differentiation.

Introduction

Bone tissue defects caused by tumors, trauma and congenital
malformations that occur in the maxillofacial region usually
require bone reconstruction and repair. However, both conven-
tional autologous bone transplantation and allogenic bone
transplantation possess disadvantages (1). In recent years, bone
tissue engineering studies have suggested new methods for bone
defect repair. The fundamental issue in tissue engineering is
the selection of seed cells. Human bone marrow mesenchymal
stem cells (hBMSCs) possess strong self-renewal potential and
may be pluripotent. They may be differentiated into bone cells
under appropriate culture conditions (2). In addition, extensive
sources of these cells are available, they are easy to collect,
their collection causes little damage to the body and they
generally induce only mild immune reactions upon transplan-
tation. For these reasons, hBMSCs have been used extensively
in bone tissue engineering studies (3). Directed osteogenic
differentiation of BMSCs is regulated by complex pathways
at the transcriptional and post-transcriptional levels. However,
the specific mechanisms underlying the molecular regulation
of their differentiation remain unclear.

Long non-coding RNAs (IncRNAs) are a specific group of
RNA molecules that are >200 nt in length. Although IncRNAs
do not encode proteins (4), they have been reported to serve
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important regulatory functions in various biological and
cell differentiation processes, including genomic imprinting,
chromosomal inactivation and differentiation, at the transcrip-
tional, post-transcriptional and even translational levels (5). In
addition, accumulating evidence indicates that IncRNAs regu-
late gene expression through their interactions with DNAs,
RNAs and proteins (6). Recent studies have also demonstrated
that numerous IncRNAs are involved in the regulation of
osteogenic differentiation of MSCs (7-9). However, the poten-
tial functions and regulatory mechanisms of IncRNAs that
are associated with the osteogenic differentiation of hBMSCs
remain to be elucidated.

The present study used high-throughput sequencing to
identify IncRNAs associated with the osteogenic differentia-
tion of hBMSCs and used bioinformatics analyses to predict
which specific target genes are novel IncRNA targets. The
results provided a basis for future studies of the mecha-
nisms underlying the osteogenic differentiation of hBMSCs,
and provide a new theoretical basis for the construction of
improved bone grafts in tissue engineering.

Materials and methods

Materials. Primary hBMSCs (cat. no. 7500), mesenchymal
stem cell basal culture medium, PBS, poly-L-lysine, trypsin
neutralization solution, trypsin/EDTA digestion buffer,
mesenchymal stem cell osteogenic differentiation medium
(MODM) and osteogenic staining solution (2% Alizarin
red S staining solution) were purchased from ScienCell
Research Laboratories, Inc. (San Diego, CA, USA). The alka-
line phosphatase (ALP) staining reagent kit was purchased
from Sigma-Aldrich (Merck KGaA, Darmstadt, Germany).
TRIzol® was obtained from Life Technologies (Thermo
Fisher Scientific, Inc., Waltham, MA, USA). The quantitative
polymerase chain reaction (JPCR) reagent kit was supplied by
Applied Biosystems (Thermo Fisher Scientific, Inc.).

Recovery and subculture of hBMSCs. Frozen primary hBMSCs
obtained from three different individuals were rapidly placed
in a 37°C water bath until they were completely thawed.
Primary hBMSCs were inoculated onto poly-L-lysine-coated
T-75 culture flasks at a density of 5x10°/cm? and cultured
at 37°C and 5% CO, (v/v) in an incubator. The culture medium
was replaced on the following day to remove residual dimethyl
sulfoxide and unattached cells. The culture medium was
subsequently replaced once every 3 days. When the cells
reached 90% confluence, they were digested with an appro-
priate amount of 0.25% trypsin/0.02% EDTA solution for
subculture to the P2 generation.

Osteogenic differentiation of hBMSCs. Poly-L-lysine-coated
6-well plates and T-25 cell culture flasks were prepared
and hBMSCs at the P2 generation were added at a density
of 1x10%cm? for RNA extraction. In addition, hBMSCs
at the same density were inoculated onto 6-well plates for
determination of their osteogenic differentiation ability. The
cells were cultured at 37°C and 5% CO, (v/v) in an incu-
bator. When the cells reached 100% confluence, the culture
medium was replaced with MODM; assessment of osteogenic
differentiation was performed after 7 days.
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Alkaline phosphatase (ALP) staining. Cells prior to osteogenic
differentiation (labelled as Day 0) and cells after 7 days of
osteogenic differentiation (labelled as Day 7) were subjected
to ALP staining, according to the protocols provided with the
ALP staining reagent kit (cat. no. 85L3R-1KT; Sigma-Aldrich;
Merck KGaA). The culture medium was aspirated from the
cells in the Day 0 and Day 7 groups and the cells were washed
once with PBS. The cells were fixed in 4% paraformaldehyde
at room temperature for 3 min. An appropriate amount of the
prepared staining solution was added to the fixed cells and the
cells were incubated in the dark for 15-30 min. After 15 min,
the cells were observed at 5-min intervals. When satisfac-
tory staining was achieved, the cells were washed once with
PBS and the stained cells were observed under a microscope
(Motic Deutschland GmbH, Wetzlar, Germany; AE31; magni-
fication, x40).

Alizarin red staining. The culture medium was aspirated from
the cells in the Day 0 and Day 7 groups and the cells were washed
once with PBS. The cells were fixed in 4% paraformaldehyde
for 30 min (room temperature) and washed three times with
PBS. Next, 2% Alizarin red S staining solution was added and
the cultures were incubated at 37°C for 30 min. The cells were
subsequently washed with PBS and the results were observed
under a microscope (Motic AE31; magnification, x40).

Detection of osteogenesis-specific transcription factors. Total
RNA was extracted using TRIzol from the cells in the Day 0
and Day 7 groups. Once the quality of the extracted RNA had
been determined to be satisfactory, a PCR system was prepared
according to the protocols provided with the qPCR detection
reagent kit [one-step reverse transcription (RT)-qPCR]. gPCR
reactions were performed with an initial activation step of 95°C
for 30 sec, followed by 45 cycles as follows: Denaturation, 95°C
for 5 sec; annealing 60°C for 30 sec; extension 72°C for 45 and
final extension of 72°C for 5 min. The experiment was repeated
three times. GAPDH was used as the internal control. When the
gPCR amplification was completed, the Cq values of the target
genes and the internal control gene were determined from the
real-time fluorescence curves. The differences in the expres-
sion levels of the osteogenesis-specific transcription factors
[ALP, osteopontin (OPN), osterix and osteocalcin (OCN)] in
hBMSC:s prior to and following osteogenic differentiation were
analyzed using the 2224 method (10). The primer sequences
of ALP, OPN, Osterix and OCN are given in Table I (GAPDH
was used as the reference gene: Forward, ATGACATCAAGA
AGGTGGTG and reverse, CATACCAGGAAATGAGCTTG).

Sequencing and validation of IncRNAs. Total RNA was
extracted from the cells using the 1 ml TRIzol and 0.2 ml
chloroform. RNA concentrations, 28S/18S values and RNA
integrity number were determined using an Agilent 2100
bioanalyzer (Agilent Technologies, Inc., Santa Clara, CA,
USA). Once the quality of the total RNA extracted from
the cells in the Day O and Day 7 groups was determined to
be satisfactory, 3 pug total RNA from each sample was used
to construct an IncRNA library. The constructed libraries
were sequenced in the NextSeq 500 system (Illumina, Inc.,
San Diego, CA, USA) using the PE150 sequencing protocol.
The obtained IncRNA and mRNA data were analyzed for
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Table I. Primer sequences used in quantitative polymerase chain reaction validation.

A, Osteogenesis-specific transcription factors

Primer

Sequence (5'—3'")

h-ALP q Forward
h-ALP q Reverse
h-OPN q Forward
h-OPN q Reverse
h-Osterix q Forward
h-Osterix q Reverse
h-OCN q Forward
h-OCN q Reverse

AGAATCTGGTGCAGGAATGG
TCGTATTTCATGTCTCCAGGC
AGGCTGATTCTGGAAGTTCTG
CTTACTTGGAAGGGTCTGTGG
CCACCTACCCATCTGACTTTG
CCACTATTTCCCACTGCCTT
TGCAGCCTTTGTGTCCAAG
CCCAGCCATTGATACAGGTAG

B, Differentially expressed long non-coding RNAs

Primer

Sequence (5'—3")

h-ENSG00000250049 q Forward
h-ENSG00000250049 q Reverse
h-ENSG00000238266 q Forward
h-ENSG00000238266 q Reverse
h-ENSG00000224750 q Forward
h-ENSG00000224750 q Reverse
h-ENSG00000238042 q Forward
h-ENSG00000238042 q Reverse
h-Inc_1307 q Forward
h-Inc_1307 q Reverse
h-Inc_1269 q Forward
h-Inc_1269 q Reverse

h-Inc_554 q Forward

h-Inc_554 q Reverse

h-Inc_1369 q Forward
h-Inc_1369 q Reverse

h-Inc_709 q Forward

h-Inc_709 q Reverse

h-Inc_1708 q Forward
h-Inc_1708 q Reverse
h-Inc_1090 q Forward
h-Inc_1090 q Reverse
h-Inc_1893 q Forward
h-Inc_1893 q Reverse
hmGAPDH-q Forward
hmGAPDH-q Reverse

CACCGTCCAGCCACAAACC
AATCCCTACTGCTGTATGGCATC
TGGAAAGTAAGCCTATTACATATAC
GGTATCACCAACAACCCTGA
TCAGGAGCTTGAGAACAGCC
TCACTGAAACCTCTGCTTCCTG
TATGCCACCAGTTCTAAGTAAGG
ATCTCACCCTGGGAGTCACAC
AGATTCCAGTGAGATTGAGGGTC
TTATCAGAAGGCATAGCACCC
ATGAAGGGCACGGCATAGGT
TGACGCTCGGAAGACAACG
TCTTCAGATGCCTCCTGTGGT
AACCTGGTTAGACCTTGAGTG
ACCAGTTACTTTGTGCCATACC
TTTCAAGAAAGGATCCAATGG
GAATTAGGAGAAACTGATGTCATAG
GTTATTGCCCAATTCAGCAGTAC
AATGGCAGCTACCTATGTCCG
AGATCACTCACTTGGATTTGGTG
AGCCTTTCTTTACCTCATCCC
TTTCTGCCGACACTGTTTATC
GGATGGAGAGGTCTGAGCAGTA
AATGGGCTAACCTCCAGAAAG
AGTCCACTGGCGTCTTCACC
CCAGGGGTGCTAAGCAGTTG

ALP, alkaline phosphatase; OPN, osteopontin; Osterix and OCN, osteocalcin.

differential gene expression using DEseq (https://bioconductor.
org/packages/release/bioc/html/DESeq.html; version V1.31.0).
The results for the Day 7 and Day 0 groups were compared and
genes with llog,Ratiol=1 and P<0.05 were determined to be
differentially expressed. The numbers of upregulated and down-
regulated genes were determined. To validate the accuracy of
the sequencing results, 12 differentially expressed IncRNAs
were subjected to qPCR validation. The primer sequences used

are given in Table I. gPCR reactions were performed with an
initial activation step of 95°C for 30 sec followed by 45 cycles
as follows: Denaturation, 95°C for 5 sec; annealing 60°C for
30 sec; extension 72°C for 45 and final extension of 72°C for
5 min. The 2224 method was used for quantification.

Gene ontology (GO) and KEGG (Kyoto Encyclopedia of Genes
and Genomes) biological pathway analyses of differentially
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Figure 1. Osteogenic differentiation of hBMSCs. (A) ALP staining (magnification, x40). (B) Alizarin Red staining (magnification, x40). (C) Expression levels of
the osteogenesis-specific transcription factors ALP, OPN, Osterix and OCN. "P<0.05 vs. Day 0 sample 1; *P<0.05 vs. Day 0 sample 2; “P<0.05 vs. Day 0 sample 3.

expressed mRNAs. GO analysis is based on a public network  (http://www.geneontology.org/). GO classification of the
database constructed by the Gene Ontology Consortium  differentially expressed mRNAs was performed to analyze
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Table II. Known long non-coding RNAs that demonstrated differential expression in the Day 7 and Day 0 groups.
A, Upregulated
Gene Gene name Log, fold change P-value
ENSG00000250049 RP11-348J24 .2 2.529276235 1.12x10°
ENSG00000238266 LINC00707 2.308285071 4.64x10°
B, Downregulated
Gene Gene name Log, fold change P-value
ENSG00000280650 KCNIP4-IT1 -2.986672708 4.06x10*
ENSGO00000271216 LINCO01050 -3.129552229 8.33x10”
ENSG00000232679 RP11-400N13.3 -3.052671509 6.22x10°8
ENSG00000238042 RP11-815M8.1 -3.088732191 1.45x10°¢
ENSG00000224750 RP11-94M14.2 -6.630336214 7.97x10™"

their functional attributes. The P-values associated with GO
term enrichment were obtained using the default algorithm
of the GO database and P<0.05 was considered to indicate a
statistically significant difference. KEGG analysis is based on
a database (https://www.kegg.jp/) that was developed jointly at
the University of Tokyo (Japan) and Kyoto University (Japan).
It may be used to identify the biological pathways with which
differentially expressed mRNAs are associated. The P-values
associated with the enrichment of differentially expressed
genes in each biological pathway were obtained using the
default algorithm in the database; P<0.05 was considered to
indicate a statistically significant difference. KEGG analysis
was used to identify the biological pathways associated with
specific differentially expressed genes.

Construction of the coding-non-coding gene co-expression
(CNC) network. Correlation analyses of differentially
expressed IncRNAs and mRNAs were performed using
Cytoscape bioinformatics software (https://cytoscape.
org/download.html; v3.4.0). In addition, a CNC co-expression
network of IncRNAs and target genes was constructed based
on the results. The Pearson correlation coefficient between
IncRNAs and mRNAs was set at =0.99.

Statistical analysis. Statistical analyses were performed using
SPSS version 13.0 (SPSS, Inc.,Chicago,IL,USA). Measurements
are expressed as the mean =+ standard deviation (repeated three
times). Comparisons between two groups were performed using
an independent sample t-test, while comparisons among multiple
groups were performed using one-way analysis of variance with
post hoc Student-Newman-Keuls test. P<0.05 was considered to
indicate a statistically significant difference.

Results

Identification of osteogenic differentiation of hBMSCs. When
primary hBMSCs were cultured to the P2 generation, the
cultured cells demonstrated uniform growth characteristics
and the cells exhibited a long spindle shape. After 7 days of

osteogenic induction culture, cell aggregation occurred; at
this time, the morphology of the cells became irregular, with
the majority of the cells exhibiting a polygonal or cuboidal
shape.

ALP is a marker of early osteogenic differentiation and its
expression is associated with the differentiation and matura-
tion of osteoblasts. Alizarin red staining was used to detect
calcium nodule deposition. An alteration in calcium salts is
an important marker of the proliferation and differentiation
of bone cells and for the osteogenic potential of bone tissues.
ALP, OPN, Osterix and OCN are transcription factors that
possess a high specificity to osteoblasts, and are necessary for
osteoblast differentiation and bone formation. Therefore, ALP
staining, Alizarin red staining and measurements of ALP,
OPN, Osterix and OCN expression were used to assess the
osteogenic differentiation of hBMSCs (11).

In cells that were stained with ALP after 7 days of
osteogenic induction, the cytoplasm appeared red in color,
suggesting that the cells were ALP-positive (Fig. 1A). The
Alizarin Red staining results demonstrated red calcium salt
deposition, indicating positive Alizarin Red staining (Fig. 1B).
RNA was extracted from the cells in the Day 0 and Day 7
groups and the expression levels of osteogenesis-specific
transcription factors (ALP, OPN, Osterix and OCN) were
measured using qPCR. The expression levels of ALP, OPN,
Osterix and OCN were significantly higher in the Day 7 group
following osteogenic differentiation (P<0.05) compared with
cells in the Day O group (Fig. 1C). These results were suffi-
cient to confirm that the osteogenic differentiation of these
three groups of cells was successful, allowing the subsequent
sequencing of differentially expressed IncRNAs prior to
and following osteogenic differentiation of hBMSCs to be
performed.

Results of high-throughput sequencing of IncRNAs. IncRNAs
exhibiting differential expression prior to and following
osteogenic differentiation of hBMSCs were screened
using IncRNA high-throughput sequencing. The results
demonstrated that there were seven differentially expressed
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Table III. Details of the 10 unknown long non-coding RNAs
that exhibited differential expression in the Day 7 and Day 0
groups.

A, Upregulated

Gene Log, fold change P-value

Inc_1307 Inf 1.46x107"°
Inc_1173 Inf 4 .46x107"?
Inc_1269 Inf 2.09x10°1°
Inc_1323 Inf 4.61x101°
Inc_554 Inf 2.86x10°

B, Downregulated

Gene Log, fold change P-value

Inc_709 Nam 540x10"?
Inc_825 Nam 6.45x101
Inc_1570 Nam 4.24x1071°
Inc_1708 Nam 2.74x10°

Inc_183 Nam 1.16x10°8

‘Inf” indicates that the expression level in the Day O group was 0;
compared with the Day 0 group, the expression in the Day 7 group
was greatly upregulated. ‘Nam’ indicates that the expression level in
the Day 7 group was 0; compared with that in the Day O group, the
expression in the Day 7 group was greatly downregulated. P-values
from low to high were used as the selection criteria.

known IncRNAs (llog,Ratiol=1; P<0.05) in the Day 7
group compared with the Day O group; of these, two were
upregulated and five were downregulated (Table II; Fig. 2).
There were 57 differentially expressed unknown IncRNAs
in the Day 7 group (llog,Ratiol=1; P<0.05); of these, 35 were
upregulated and 22 were downregulated (Table I1I; Fig. 3).
There were 409 differentially expressed mRNAs in the Day 7
group (llog,Ratiol=1, P<0.05); of these, 257 were upregulated
and 152 were downregulated (Table IV; Fig. 4). To validate
the accuracy of the sequencing results, 12 differentially
expressed IncRNAs were randomly selected and analyzed
using qPCR. The validation results were consistent with the
sequencing results (Table V).

GO analyses and KEGG biological pathway analyses.
GO analyses were performed on the data for mRNAs that
demonstrated differential expression during the osteogenic
differentiation of hBMSCs. The screening standard was
P<0.05 and the enrichment score was the -log(P-value). The
enrichment expression profiles of differentially expressed
mRNAs in terms of biological process (BP), cellular compo-
nent (CC) and molecular function (MF) were obtained. In
BP, the three highest enrichment scores were observed for the
biological processes ‘mitotic cell cycle’, ‘cell cycle’ and ‘cell
cycle process’; 85, 107 and 91 differentially expressed genes,
respectively, were associated with these processes (Fig. 5A).
In CC, the five highest enrichment scores were observed for
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Figure 2. Volcano plot and heat map of differentially expressed known long
non-coding RNAs. (A) Volcano plot and (B) Heat map. N, Day O groups;
P, Day 7 groups.

the cellular components ‘nucleosome’, ‘chromosomal part’,
‘DNA binding complex’, ‘protein-DNA complex’ and ‘chro-
mosome’, associated with 38, 74, 38, 68 and 80 differentially
expressed genes, respectively (Fig. 5B). In MF, the molecular
function ‘protein binding’ had the highest enrichment
score and was associated with 122 differentially expressed
genes (Fig. 5C).

KEGG analyses of the data for mRNAs that were
differentially expressed prior to and following osteogenic
differentiation of hBMSCs were performed, using a screening
standard of P<0.05. The expression profiles of differentially
expressed mRNAs in biological pathways were obtained and
the results demonstrated that differentially expressed mRNAs
were primarily enriched in 14 biological pathways. The two
biological pathways ‘systemic lupus erythematosus’ and
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Table I'V. Details of the 10 mRNAs that exhibited differential expression levels in the Day 7 and Day 0 groups.

A, Upregulated

Gene Gene name Log, fold change P-value
ENSG00000278233 RNAS5-8S5 Inf 6.06x107¢
ENSG00000173641 HSPB7 2385567771 1.16x10°"
ENSG00000211448 DIO2 2.673293409 1.29x10"
ENSG00000180914 OXTR 2.819903839 3.15x10°"
ENSG00000278637 HIST1H4A 3414824971 3.65x10°"
B, Downregulated

Gene Gene name Log, fold change P-value
ENSG00000070669 ASNS -2.324211247 8.79x107"
ENSG00000101255 TRIB3 -3.045732779 4.70x10°"®
ENSG00000101670 LIPG -4.329305637 5.84x107"7
ENSGO00000151012 SLC7A11 -2.303459954 1.21x10°"5
ENSGO00000128965 CHACI1 -2.868385986 1.51x10™

‘Inf” indicates the expression level in the Day 0 group was 0; compared with that in the Day O group, the expression in the Day 7 group was
greatly upregulated. P-values from low to high were used as the selection criteria.
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Figure 3. Volcano plot and heat map of differentially expressed unknown long non-coding RNAs. (A) Volcano plot and (B) Heat map. N, Day O groups; P,

Day 7 groups.

‘alcoholism’ had the highest numbers of associated genes, with
28 differentially expressed genes each (Fig. 6).

Co-expression analyses of IncRNAs and mRNAs that
demonstrated differential expression prior to and following
osteogenic differentiation of hBMSCs. Co-expression
networks for 12 differentially expressed IncRNAs were
constructed and they demonstrated consistent results
between RT-qPCR validation and sequencing detection and
differentially expressed mRNAs. The results demonstrated

that certain mRNAs in the co-expression networks of
4 IncRNAs (ENSG00000238042, Inc_1269, Inc_1369 and
Inc_1708) were associated with osteogenic differentiation.
Therefore, 4 differentially expressed IncRNAs that
yielded consistent qPCR validation and sequencing results
(ENSG00000238042,1Inc_1269, Inc_1369 and Inc_1708) were
selected for correlation analyses with differentially expressed
mRNAs. The threshold value of the correlation coefficient was
set at >0.9. The results demonstrated that ENSG00000238042
correlated with 34 mRNAs (Fig. 7), Inc_1269 correlated with
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Table V. Comparison of quantitative polymerase chain reaction (qQPCR) and sequencing results.

qPCR results
qPCR results RNA-seq results

Gene Day 0 Day 7 Log, fold change Log, fold change Up/down
Inc_1893 1.01+0.162 0.04+0.010 -4.658356 -6.134612028 Down
Inc_1090 1.01+0.141 0.31+0.132 -1.704159 -5.851519656 Down
Inc_1708 1.06+0.362 0.15+0.013 -2.821126 Nam Down
Inc_709 1.05+0.327 0.12+0.024 -3.129103 Nam Down
Inc_1369 1.07+0.405 2.70+0.446 1.335369 Inf Up
Inc_554 1.15+£0.613 2.98+0.218 1.373676 Inf Up
Inc_1269 1.03+0.233 5.03+0.547 2.287915 Inf Up
Inc_1307 1.04+0.290 31.00+4.245 4.897613 Inf Up
ENSG00000238042 1.10+0.475 0.12+0.019 -3.196277 -3.088732191 Down
ENSG00000250049 1.04+0.286 2.99+0.852 1.523562 2.529276235 Up
ENSG00000224750 1.04+0.272 0.34+0.082 -1.613079 -6.630336214 Down
ENSG00000238266 1.05+0.304 2.93+0.681 1.480524 2.308285071 Up

‘Inf” indicates that the expression level in Day O group was 0; compared with that in the Day O group, the expression in the Day 7 group was
greatly upregulated. ‘Nam’ indicates that the expression level in the Day 7 group was 0; compared with that in the Day O group, the expression
in the day 7 group was greatly downregulated. GAPDH was used as the internal control. The results are expressed as the mean + standard
deviation. qPCR, quantitative polymerase chain reaction; RNA-seq, RNA-sequencing.
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Figure 4. Volcano plot and heat map of differentially expressed mRNAs. (A) Volcano plot and (B) Heat map. N, Day O groups; P, Day 7 groups.

20 mRNAs (Fig. 8), Inc_1369 correlated with 10 mRNAs
(Fig. 9) and Inc_1708 correlated with 13 mRNAs (Fig. 10).

Discussion

BMSCs possess pluripotent differentiation potential, and high
self-renewal and proliferative ability. BMSCs can not only
differentiate into osteoblasts when exposed to specific culture
conditions in vitro, but can also differentiate into osteoblasts
through attachment to certain substrates in vivo. In bone tissue
engineering, BMSCs are considered an important type of seed
cell (12). Therefore, studies of the mechanisms underlying
the osteogenic differentiation of hBMSCs may facilitate their
clinical application in bone tissue engineering.

In an initial study, IncRNAs were considered by-products of
transcription and were thought not to possess biological func-
tions (13). However, among the large number of non-coding
RNA s transcribed from mammalian chromosomes, >80% were
IncRNAs (14). In addition, it has been reported that IncRNAs
possess stable secondary structures, exist in a variety of
subcellular locations and exhibit strong cell- and tissue-specific
expression. These results suggest that IncRNAs are func-
tional (15). With the increasing number of in-depth studies
of the role of IncRNAs in the human genome, it has become
clear that the complex network regulated by IncRNAs serves an
important role in cell and tissue differentiation. For example,
Ng et al (16) demonstrated that IncRNAs promote neuronal
differentiation following interaction with transcription factors.
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Figure 5. Gene ontology analyses of mRNAs that were differentially expressed
prior to and following the osteogenic differentiation of human bone marrow
mesenchymal stem cells. (A) Biological processes with the highest enrich-
ment scores among the differentially expressed mRNAs (top 10). (B) Cellular
components with the highest enrichment scores among the differentially
expressed mRNAs (top 10). (C) Molecular functions with the highest enrich-
ment scores among the differentially expressed mRNAs (top 10).

Sunwoo et al (17) demonstrated that the expression of MENe/
IncRNA is significantly upregulated during muscle differentia-
tion. Cesana et al (18) reported that the IncRNA MDI functions
as a competing endogenous RNA to regulate the muscle differ-
entiation of mouse and human myoblasts. In addition, the study
by Kretz et al (19) suggested that the IncRNA TINCR ubiquitin
domain containing regulates human epidermal differentiation
through a post-transcriptional regulatory mechanism and the
study by Kikuchi et al (20) suggested that IncRNAs, including
PAPPA antisense RNA 2, may be involved in the differentia-
tion of MSCs into adipocytes.

MOLECULAR MEDICINE REPORTS 19: 103-114, 2019 111

Melanoma
ECM-receptor interaction
PPAR signaling pathway
Axon guidance
P53 signaling pathway
Cell cycle-yeast
Progesterone-mediated oocyte maturation
Proteoglycans in cancer
Qocyte meiosis
Transcriptional misregulation in cancer
Cell cycle
Viral carcinogenesis
Systemic lupus erythematosus
Alcoholism
0 5 10 15 20 25 30

Enrichment score [-Ig(P-value))

Figure 6. Kyoto Encyclopedia of Genes and Genomes analyses of mRNAs
that demonstrated differential expression prior to and following osteogenic
differentiation of human bone marrow mesenchymal stem cells.

®.

Figure 7. Coding-non-coding gene co-expression network of
ENSG00000238042. The expression levels of ENSG00000238042 and the
co-expressed mRNAs were all downregulated.

In recent years, IncRNAs have been reported to serve
important roles in the osteogenic differentiation of MSCs.
For example, Jia et al (21) demonstrated that silencing of the
IncRNA Angelman syndrome chromosome region promotes
the osteogenic differentiation of periodontal ligament stem
cells through regulation of the WNT signaling pathway.
Cao et al (22) demonstrated that high concentrations of
glucose prevent the osteogenic differentiation of MSCs by
inhibiting the expression of C-X-C motif chemokine ligand
13 via regulation by the IncRNA AK028326. In addition,
Li et al (23) reported that the IncRNA maternally expressed
3 may promote the osteogenesis of human adipose-derived
MSCs through the regulation of microRNA (miR)-140-5p
expression, and Wang et al (24) demonstrated that the
IncRNA POIR promotes the osteogenic differentiation
of periodontal MSCs through the regulation of miR-182
expression. However, few studies regarding the IncRNAs
associated with the osteogenic differentiation of hBMSCs
have been reported.
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Figure 8. Coding-non-coding gene co-expression network of Inc_1269. The
expression levels of Inc_1269 and the co-expressed mRNAs were all upregu-
lated. Inc, long non-coding.

The present study was the first, to the best of our knowledge,
to use IncRNA high-throughput sequencing technology to screen
known IncRNAs, unknown IncRNAs and mRNAs that exhibit
differential expression during the osteogenic differentiation of
hBMSCs. To validate the accuracy of the microarray results,
12 differentially expressed IncRNAs, including four known
IncRNAs and eight unknown IncRNAs, were selected for
RT-qPCR validation. The sequencing results and the RT-qPCR
results obtained for these 12 IncRNAs were consistent, indicating
that the high-throughput sequencing results were reliable.

Although numerous studies have indicated that IncRNAs do
not possess protein coding ability and cannot be translated to
produce specific proteins that exert regulatory functions, they
are able to regulate the expression of associated protein-coding
genes or change their own configuration to perform important
regulatory functions. Currently, the regulation of the expression
of IncRNAs and mRNAs and the regulatory pathways through
which they interact with other cellular components remain
unclear. Therefore, bioinformatics technology was used to
perform GO and KEGG analyses of differentially expressed
mRNAs with the aim of improving the understanding
of their biological functions and biological pathways. In
addition, co-expression networks of the 12 IncRNAs that
were successfully validated using RT-qPCR and the possible
associated mRNAs were identified. The results demonstrated
that four of these IncRNAs were linked to mRNAs associated
with osteogenic differentiation. For example, musashi RNA
binding protein 1 (MSII) belonged to the co-expression
network of the IncRNA ENSG00000238042. It has been
reported that inhibition of MSII expression may activate
the hedgehog signaling pathway to inhibit the osteogenic
differentiation of human cord blood-derived MSCs (25). The
sequencing results of the present study also demonstrated that
the expression levels of the IncRNA ENSG00000238042 and
of MSI1 were downregulated. Therefore, it is hypothesized that
the IncRNA ENSG00000238042 may inhibit the osteogenic
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Figure 9. Coding-non-coding gene co-expression network of Inc_1369. The
expression levels of Inc_1369 and the co-expressed mRNAs were all upregu-
lated. Inc, long non-coding.

Figure 10. Coding-non-coding gene co-expression network of Inc_1708.
The expression levels of Inc_1708 and the co-expressed mRNAs were all
downregulated. Inc, long non-coding.

differentiation of hBMSCs by regulating the expression of
the protein-coding gene MSII. In addition, serum amyloid Al
(SAA1) belonged to the Inc_1269 co-expression network and
it has been demonstrated that hBMSCs that have differentiated
into osteoblasts contain large amounts of SAA1 (26). The
sequencing results of the present study demonstrated that the
expression levels of Inc_1269 and SAA1 were upregulated.
Therefore, it was hypothesized that Inc_1269 may promote
the osteogenic differentiation of hBMSCs by regulating the
expression of the protein-coding gene SAAI1. Crystallin aB
(CRYAB), which belonged to the Inc_1369 co-expression
network, has been reported to be a novel potential osteogenic
differentiation marker that is specifically expressed in hBMSCs



during osteogenic differentiation (27). The sequencing results
of the present study demonstrated that the expression levels
of Inc_1369 and CRYAB were upregulated. Therefore, it
was hypothesized that Inc_1369 may promote the osteogenic
differentiation of hBMSCs by regulating the expression
of the protein-coding gene CRYAB. d-like non canonical
Notch ligand 1 (DLK1), which forms part of the Inc_1708
co-expression network, is a novel bone mass regulatory factor
that inhibits bone formation and promotes bone resorption (28).
The sequencing results demonstrated that the expression levels
of Inc_1708 and DLK1 were downregulated. Therefore, it
was hypothesized that Inc_1708 may inhibit the osteogenic
differentiation of hBMSCs by regulating the expression of the
protein-coding gene DLKI1. Validation of these hypotheses
requires further functional studies.

It is hoped that future studies will perform gain-of-function
and loss-of-function studies on the above four IncRNAs and
validate their possible target genes to discover IncRNA genes
that serve important roles in the osteogenic differentiation
of hBMSCs, and to determine the underlying mechanisms
of action of these IncRNAs. The present results provide new
IncRNA targets for studies of the osteogenic differentiation
of hBMSC:s, in addition to a novel theoretical basis for the
construction of improved bone grafts in tissue engineering.
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