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Abstract. Long non-coding RNAs (IncRNAs) are crucial for the
occurrence and development of numerous diseases. Although
IncRNAs are involved in the biological activities of stem cells
and play crucial roles in stem cell differentiation, the expres-
sion of specific IncRNAs during human bone marrow-derived
mesenchymal stem cell (hBMSC) osteogenic differentiation
in osteonecrosis of the femoral head (ONFH) and their regula-
tory roles have not yet been fully elucidated. To the best of our
knowledge, the present study is the first to characterize IncRNA
expression profiles during hBMSC osteogenic differentiation in
ONFH using microarray analysis and RT-qPCR to confirm the
microarray data. A total of 24 downregulated and 24 upregu-
lated IncRNAs were identified and the results of RT-qPCR
were found to be consistent with those of microarray analysis.
Bioinformatics analyses, using the Gene Ontology (GO) and
Kyoto Encyclopedia of Genes and Genomes (KEGG) databases,
were conducted to explore the possible mechanisms and identify
the signaling pathways that the IncRNAs are involved in. GO
analysis revealed significant changes in the intracellular organ-
elle, Ras protein signal transduction and transferase activity.
KEGG pathway analysis revealed that the IncRNAs were closely
associated with fatty acid metabolism, apoptosis and the TGF-§
signaling pathway. The overexpression of MAPT antisense
RNA 1 (MAPT-AS1) was found to promote osteogenesis and
inhibit the adipogenesis of hBMSCs at the cellular and mRNA
levels. On the whole, the findings of the present study identified
the IncRNAs and their roles in hBMSCs undergoing osteogenic
differentiation in ONFH and provide a new perspective for the
pathogenesis of ONFH.
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Introduction

As a pathological state with multiple possible etiologies, osteo-
necrosis of the femoral head (ONFH), also known as avascular
necrosis, results in decreased vascular supply to the subchondral
bone of the femoral head, ultimately resulting in osteocyte death
and the collapse of the articular surface (1). Several studies have
examined the pathogenesis of ONFH, which has been demon-
strated to involve the apoptosis of osteoblasts and osteocytes (2,3),
adipogenesis (4), venous congestion (5,6) and mutations in the
COL2AL gene (7). However, the specific mechanisms underlying
the pathology of ONFH remain poorly understood.

The potential of muscle, cartilage, bone and adipose
tissue differentiation has resulted in the use of human bone
marrow-derived mesenchymal stem cells (hBMSCs) (8)
therapeutically in a clinical setting (9-13). As a key function
of hBMSCs, osteogenic differentiation plays a crucial role in
the formation and remodeling of bone. Long non-coding RNAs
(IncRNA) are transcripts with a length of >200 nucleotides that
do not code for any proteins. The critical roles of IncRNAs in
various physiological and pathological processes have been
proven (14-18). It has also been demonstrated that IncRNAs
may also participate in hBMSC osteogenic differentiation (19).
Moreover, the abnormal expression of IncRNAs may lead to
the development of diseases due to variations in the osteogenic
differentiation capacity of hBMSCs. However, the differen-
tial expression profiles of IncRNAs expressed in hBMSCs
from patients with ONFH have not yet been fully elucidated.
Therefore, the present study aimed to examine the role of
IncRNAs expressed during the osteogenic differentiation of
abnormal hBMSCs obtained from patients with ONFH.

Materials and methods

Cells and cell culture. Patients who had undergone total hip
arthroplasty (THA) due to femoral neck fracture or ONFH
were included in the present study, whereas patients who had
undergone THA for rheumatoid arthritis, ankylosing spondy-
litis and other diseases were excluded. In total, 3 patients who
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had undergone THA for the treatment of femoral neck fracture
provided normal bone marrow tissue: All 3 were Chinese;
2 were females, aged 60 and 67 years, while the other patient
was a 66-year-old male. ONFH bone marrow tissue was also
obtained from another 3 patients, of which 2 were females, aged
55 and 61 years and the other patient was a 58-year-old male,
on whom THA had been performed for ONFH. Bone marrow
tissue was collected at the Affiliated Hospital of Qingdao
University from January, 2018 to May, 2018. The femoral bone
marrow tissue samples were used to extract the hBMSCs with
density gradient separation, as previously described (20). Bone
marrow diluted with an equal volume of PBS was layered
over lymphocyte separate medium. The mononuclear cell
layer was collected following centrifugation. The hBMSCs
extracted were cultured in a stem cell medium in a humidified
atmosphere with 5% CO, at 37°C. The Ethics Committee of the
Affiliated Hospital of Qingdao University approved the study,
while informed consent was obtained from all participants.

Flow cytometric analysis. Surface antigen markers on the
hBMSCs were detected using an Apogee A50-MICRO flow
cytometer (Apogee Corporation). The hBMSCs were suspended
in PBS at a concentration of approximately 10° cells/ml and
washed twice with PBS. Approximately 5x10° cells per 500 ul
were incubated and stained with 5 ml of mouse anti-human
CD34-fluorescein isothiocyanate (FITC) (560942),CD45-FITC
(560976), CD73-FITC (561254) and CD90-FITC (561969)
antibodies for 20 min at room temperature. All antibodies used
were purchased from BD Biosciences.

Osteogenic differentiation of hBMSCs. The hBMSCs
(passage 3) were plated in growth medium in 6-well plates.
When 80% confluency was reached, mesenchymal stem cell
osteogenic differentiation medium was used as the growth
medium. The medium was changed every 3 days. The RT-qPCR
analysis of osteogenic differentiation markers [alkaline phos-
phatase (ALP), Runt-related transcription factor 2 (RUNX?2),
osteopontin (OPN) and bone sialoprotein (BSP)] and staining
(ALP staining and Alizarin Red staining) were adopted to
detect the osteogenic ability of the hBMSCs. All experiments
were performed in triplicate.

RAN extraction and RT-gPCR. Total RNA extraction was
performed form the hBMSCs using TRIzol reagent (Invitrogen;
Thermo Fisher Scientific, Inc.), following instructions provided
by the manufacturer. The expression of osteogenesis- and
adipogenesis-related genes, including OPN, BSP, Runx2, ALP
and peroxisome proliferator-activated receptor y (PPARY)
were determined by RT-qPCR. Total RNA was reverse tran-
scribed using oligo-dT primers. The cDNA was utilized as a
template to amplify target genes with the SYBR Premix Ex
Tag kit (Takara Bio, Inc.). The primers of these genes are listed
in Table I. Each RNA sample was evaluated in triplicate and
PCR cycles were as follows: 94°C for 5 min, 95°C for 30 sec,
58°C for 30 sec, and 72°C for 30 sec (35 cycles), 94°C for 5 min.
Relative expression of mRNA was evaluated using the 2-44¢4
method and normalized to the expression of GAPDH (21).

Staining. Alizarin Red and ALP staining were adopted to eval-
uate the osteogenic differentiation capacity of the hBMSCs. An
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ALP staining kit (Tianjin Blood Research Institute) was used
on day 3, as instructed by the manufacturer, to conduct ALP
staining. The cells are processed according to the following
procedures: No. 1 solution was added at room temperature for
1 min, followed by rinsing for 2 min. The staining solution was
then added followed by incubation at 37°C for 2 h and rinsing
for 2 min. No. 5 solution was then added for re-staining for
5 min, followed by rinsing for 2 min, and drying. For Alizarin
Red staining, after washing the cells twice with PBS, fixing
was performed using 95% ethanol for 20 min, and the cells
were washed 3 times using distilled water, and were stained
using Alizarin Red solution (Sigma-Aldrich; Merck KGaA) for
30 min at 37°C. Oil Red O staining was performed to evaluate
the adipogenic differentiation capacity of the hBMSCs. Cells
were washed twice with PBS and fixed with 10% formalin for
10 min at room temperature. After fixation, cells were stained
with filtered Oil Red O solution (Sigma-Aldrich; Merck KGaA)
for 1 h at room temperature.

Microarray analysis. Three normal cell samples of osteogenic
differentiation were used as the controls, while 3 osteo-
genic differentiation samples obtained from patients with
ONFH were used as the experimental group. TRIzol reagent
(Invitrogen; Thermo Fisher Scientific, Inc.) was used to extract
total RNA from the hBMSCs, while a mirVana miRNA
Isolation kit (Ambeon; Thermo Fisher Scientific, Inc.) was used
as instructed by the manufacturer for purification. Following
RNA extraction, labeling, hybridization and amplification,
the CapitalBiotech human array used 4 identical arrays for
each slide to design the IncRNA Array V4.0, while each array
contained probes that could interrogate approximately 41,000
human IncRNAs. The probes were used to detect each RNA
and the process was repeated for confirmation. A total of 4,974
control probes (Agilent Technologies, Inc.) constituted the
array. The analysis of the IncRNA array data was conducted
using GeneSpring software V13.0 (Agilent Technologies, Inc.)
for data summarization, normalization and quality control.
The differentially expressed genes were obtained using a t-test
P-value of 0.05 and a fold change of =2 and <-2 as the threshold
values. The adjust data function of CLUSTER 3.0 software
was applied for log2 transformation of the data and median
centering by the genes, while further analysis was conducted
using hierarchical clustering with an average linkage.

Using RT-qPCR, the identity of 6 IncRNAs [AC107070.1,
linc-ANKRD20A1-4, RP11-794G24.1, long intergenic
non-protein coding RNA 473 (LINC00473), MAPT antisense
RNA 1 (MAPT-AS1) and AP005273.1] was further confirmed.
The primers used for the IncRNAs are listed in Table 1.

Furthermore, hBMSCs were islated from another 30
samples, including 15 normal and 15 patients with ONFH
who underwent THA in the Department of Joint surgery at
The Affiliated Hospital of Qingdao University from October,
2018 to September, 2019. Informed consent form was obtained
from all participants. The expression levels of 2 upregulated
IncRNAs (AC107070.1 and linc-ANKRD20A1-4) and 2
downregulated IncRNAs (LINC00473 and MAPT-AS1) were
examined.

Target gene prediction. In the present study, the functions of
cis and trans target mRNAs were used to predict the target
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Table I. Primers of IncRNAs and the related osteogenic genes.
Gene Primer sequence 5'-3'
GAPDH-F GGTCACCAGGGCTGCTTTTA
GAPDH-R GGATCTCGCTCCTGGAAGATG
ALP-F CCACGTCTTCACATTTGGTG
ALP-R AGACTGCGCCTGGTAGTTGT
OPN-F ACTCGAACGACTCTGATGATGT
OPN-R GTCAGGTCTGCGAAACTTCTTA
RUNX2-F TGTCATGGCGGGTAACGAT
RUNX2-R AAGACGGTTATGGTCAAGGTGAA
BSP-F TGGATGAAAACGAACAAGGCA
BSP-R AAACCCACCATTTGGAGAGGT
PPARY-F CCTATTGACCCAGAAAGCGATT
PPARY-R CATTACGGAGAGATCCACGGA
CEBP-a-F AGGAACACGAAGCACGATCAG
CEBP-a-R CGCACATTCACATTGCACAA
hsa-IncRNA-AC107070.1-F CACATTCCAGCCAAGGTAG
hsa-IncRNA-AC107070.1-R CAGCCTCTCAGACCACATTC
hsa-IncRNA-linc-ANKRD20A1-4-F TGGAGTTGGACATTTGTGG
hsa-IncRNA-linc-ANKRD20A1-4-R TGGAGTTGGACATTTGTGG
hsa-IncRNA-LINC00473-F GAGGTCTGAGTCCGAAGTTG
hsa-IncRNA-LINC00473-R AGCAGGCAGATTCCAAAG
hsa-IncRNA-MAPT-AS1-F TCCGCTGGAAAGAGAACTC
hsa-IncRNA-MAPT-AS1-R CCTGTGAGGGCATACACC
hsa-IncRNA-RP11-794G24.1-F GGCGTGGATCTTGGAGAGTC
hsa-IncRNA-RP11-794G24.1-R GATGCTGGACGAATCCCAGT

hsa-IncRNA-AP005273.1-F
hsa-IncRNA-AP005273.1-R

TTCTTGACCCTCTCCAATGTGA
ACTGTCCAATAGCTTCCATCAGG

genes of the IncRNAs. Protein-coding genes within a 100 kb
genomic distance from the IncRNA were defined as poten-
tially cis-regulated target genes, and protein-coding genes
co-expressed with the IncRNA with a Pearson's correlation
coefficient (Ir/>0.95) and a >100 kb genomic distance from
the IncRNA or in different chromosomes were defined as
potentially frans-regulated target genes.

Lentivirus vector construction and infection of hBMSCs
for MAPT-ASI. The pRLenti-EF1a-EGFP-CMV-MAP
T-AS1-overexpression lentivirus (H12785) was obtained
from OBiO Technology. The hBMSCs were infected with
MAPT-ASI-overexpression lentivirus at a final multiplicity
of infection (MOI) of 100 containing 5 ug/ml polybrene,
and observed for the expression of green fluorescent protein
(GFP) using an inverted fluorescence microscope (EVOS FL,
Invitrogen; Thermo Fisher Scientific, Inc.) after 24 h. The
transfection efficiency of MAPT-ASI was determined by
RT-gPCR after 3 days.

Bioinformatics analysis. Gene Ontology (GO) was utilized to
identify the molecular functions of the differentially expressed
genes. The GO category was also calculated. Furthermore, the
differentially expressed IncRNAs were used in a pathway anal-
ysis that was performed using the latest Kyoto Encyclopedia of

Genes and Genomes (KEGG) database to analyze the potential
functions of target genes.

Statistical analysis. All statistical analyses were conducted
using SPSS statistical software v.16.0 (SPSS, Inc.). All
data are expressed as the means + standard deviation.
Comparisons between 2 variables of microarray data was
performed using the Student's t-test. Comparisons between
multiple groups were performed using the Kruskal-Wallis
test along with Dunn's post hoc test. The 7 test and Fisher's
exact test were adopted for the GO and KEGG analyses.
Statistical significance was considered to be indicated by
P-values of <0.05.

Results

hBMSCs and osteogenic differentiation. The hBMSCs isolated
from the bone marrow samples were spindle-shaped cells
(Fig. 1) and no morphological differences were found between
the 2 groups. ALP staining, Alizarin Red staining and osteo-
genic markers, including ALP, RUNX2, OPN and BSP, were
used to detect the osteogenic ability of the hBMSCs. Positive
ALP staining and Alizarin Red staining results revealed
mineral deposits and bone formation (Fig. 1). The results of
flow cytometric analysis are also shown in Fig. 1. The results
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Figure 1. Morphology of the hBMSCs. (A) Normal hBMSCs cultured on day 6 were adherent, spindle and flat. (B) hBMSCs induced using osteogenic
medium exhibited a swirl-like pattern. (C and D) Identification of osteogenic capacity by (C) positive ALP staining and (D) positive Alizarin Red staining.
(E-H) Results of flow cytometric analysis. hBMSCs, human bone marrow-derived mesenchymal stem cells; ALP, alkaline phosphatase.
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Figure 2. hBMSCs were confirmed to be undergoing osteogenic differentiation by RT-qPCR of the mRNA expression levels of ALP, OPN, RUNX2
and BSP. "P<0.05 compared to day 0. hBMSCs, human bone marrow-derived mesenchymal stem cells; ALP, alkaline phosphatase; OPN, osteopontin;

RUNXZ2, runt-related transcription factor 2; BSP, bone salioprotein.

of RT-qPCR revealed the elevated expression levels of OPN,
RUNX2, ALP and BSP (Fig. 2).

Expression profiles of IncRNAs in hBMSCs from patients
with ONFH. IncRNA expression levels during hBMSC osteo-
genic differentiation were detected using IncRNA microarray
chips (The CapitalBiotech human IncRNA Array V4.0). A
total of 48 differentially expressed IncRNAs were identi-
fied, including 24 IncRNAs, which were upregulated
(RP11-216N14.9, RP11-989E6.10, BX571672.1, RP11-230G5.2,
linc-SLC30A5-5, BX004987.4, AC107070.1, RP11-265D17.2,
RP11-1060J15.4, RP11-794G24.1, linc-ANKRD20A1-4,
RP11-485010.2, AC097532.2, RP11-143J24.1, RP11-762H8.3,

CTD-2015H3.2, linc-Cl170rf97-2, RP11-513M1.1,
RP11-22H5.2, linc-ANKRD20A1-2, linc-OR4M2-5,
RP11-262H14.1, linc-LOC389493-3 and linc-ATP6V1C2-3)
and 24 IncRNAs, which were downregulated (AC104135.3,
RP11-26M5.3, MAPT-AS1, AL589743.1, linc-SLITRK1-4,
RP11-229P13.19, AP005273.1, RP11-406023.2, AP003900.6,
RP11-525J21.1, linc-PENK-1, linc-PENK-2, RP5-1102E8.3,
linc-CSTB-3, CTD-2314B22.3, RP5-1148A21.3, LINC00473,
CTC-498M16.2, RP11-16M8.2, AP000525.9, linc-TCF4-3,
RP11-645N11.2, RP11-17A4.2 and RP11-32402.3). The
differential expression of the 48 IncRNAs is presented in
brief in Table II. Hierarchical clustering analysis revealed
the expression profiles of the IncRNAs during the osteogenic
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Table II. Continued.

Database

Gene Class

End

Start

Chromosome Strand

Regulation

IncRNA name

Ll et al:

HumanLincRNACatalog

ENSEMBL

Intergenic

ENSG00000272855.1

XLOC_007088
XLOC_014107

57449765
77103024
45230480
19925345
64282313
166401536

57447959
77102561

Down

linc-PENK-2

Down

RP5-1102E8.3
linc-CSTB-3

IncRNA EXPRESSION DURING OSTEOGENIC DIFFERENTIATION OF hBMSCs FROM PATIENTS WITH ONFH

HumanLincRNACatalog

ENSEMBL

Intergenic
Intergenic
Antisense

ENSG00000244306.5

45225402

21

Down

19883800
64280909
166361710

Down 14

CTD-2314B22.3

ENSEMBL

ENSG00000266680.1

Down

RP5-1148A21.3
LINCO00473

ENSEMBL

Intergenic
Intergenic
Intergenic

ENSG00000223414.2

Down

ENSEMBL

ENSG00000250156.2

87734907
57472243
16159470
53735555
102629303

87705663

Down

CTC-498M16.2
RP11-16M8.2
AP000525.9
linc-TCF4-3

ENSG00000246430.2 ENSEMBL

57432873

Down

ENSEMBL

ENSG00000206195.6

XLOC_012851

16158828
53727806
102613968

22

Down

HumanLincRNACatalog

ENSEMBL

Intergenic
Intronic

ENSG00000230257.1

18

Down

+

Down

RP11-645N11.2
RP11-17A42
RP11-32402.3

ENSEMBL

Intergenic
Antisense

ENSG00000254254.1

57439695
114169248

57401656

Down

ENSG00000232934 .2 ENSEMBL

114166031

10

Down

hBMSCs, human bone marrow-derived mesenchymal stem cells; ONFH, osteonecrosis of the femoral head.

8880000
ma-22cCe
TRPze2 | e

BX571672.1 RP11 -406023 2
BX004987.4 AP003900.6
RP11-794G24.1 AL589743.1
linc-SLC30A5-5 RP5-1102E8.3
RP11-262H14.1 AC104135.3
AC107070.1 CTD-2314B22.3
RP11-216N14.9 AP000525.9
AC097532.2 MAPT-AS1
linc-C170rf97-2 AP005273.1
linc-LOC389493-3 LINCD0473
linc-ANKRD20A1-4 RP5-1148A21.3
RP11-485010.2 RP11-645N11.2
RP11-143J24.1 RP11-229P13.19
CTD-2015H3.2 RP11-525J21.1
RP11-230G5.2 linc-SLITRK1-4
RP11-265D17.2 linc-CSTB-3
RP11-22H5.2 CTC-498M16.2
RP11-1060J15.4 ling-TCF4-3
RP11-989E6.10 RP11-26M5.3
linc-OR4M2-5 RP11-32402.3
linc-ANKRDZ20A1-2 linc-PENK-2
RP11-513M1.1 linc-PENK-1
RP11-762H8.3 RP11-17A4.2
linc-ATPEV1C2-3 RP11-16M8.2

Figure 3. Heatmap based on the differential expression of the IncRNAs
between the control group and the experiment group (control group, normal
hBMSC samples obtained during osteogenic differentiation; experiment
group, hBMSC samples obtained during osteogenic differentiation from
patients with ONFH). hBMSCs, human bone marrow-derived mesenchymal
stem cells; ONFH, osteonecrosis of the femoral head.
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Figure 4. RT-qPCR was performed to confirm the identity of the upregu-
lated IncRNAs (AC107070.1 and linc-ANKRD20A1-4) and downregulated
IncRNAs (LINC00473 and MAPT-ASI) in the hBMSCs from patients with
ONFH. hBMSCs, human bone marrow-derived mesenchymal stem cells;
ONFH, osteonecrosis of the femoral head.

differentiation of hBMSCs from patients with ONFH and
healthy subjects (Fig. 3).

Comparison between the RT-qPCR and microarray
analyses. The microarray data analysis revealed 3 upregu-
lated IncRNAs (AC107070.1, linc-ANKRD20A1-4
and RP11-794G24.1) and 3 downregulated IncRNAs
(LINC00473, MAPT-AS1 and AP005273.1) which were
selected for RT-qPCR analysis in the hBMSCs. The results
of RT-qPCR revealed that the expression trends of these
4 IncRNAs were consistent with those of the microarray
results, which are shown in Fig. 4.

The expression levels of AC107070.1, linc-ANKRD20A1-4,
LINCO00473 and MAPT-ASI1 (Fig. 5) in the samples were also
consistent with those of the results of the microarray analysis.

Target gene prediction and association study. In the present
study, the genes involved were predicted based on the func-
tional annotations of their related cis and trans target mRNAs.
Further results are presented in detail in Table III.
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Figure 5. Expression levels of AC107070.1, linc-ANKRD20A1-4, LINC00473 and MAPT-ASI in the samples. NC, normal control; ONFH, osteonecrosis of

the femoral head.

Bioinformatics analysis of the DNA sequence. GO analysis
mainly analyzes cellular components, biological processes
and molecular functions. Cellular components involved
were found to include the nucleolus, cytoplasm, RISC
complex, small-subunit proteasome, endomembrane system,
organelle membrane, intracellular part, cytoplasmic part,
membrane-bounded organelle and intracellular organelle.
Biological processes involved were found to include response
to oxygen radical, fatty acid beta-oxidation, protein targeting
to nucleus, small molecule catabolic process, cellular
biosynthetic process, protein transport, cellular lipid meta-
bolic process, metabolic process, intracellular transport and
Ras protein signal transduction. Molecular functions involved
were found to include ATP binding, lipid kinase activity,
chemokine receptor activity, purine ribonucleoside triphos-
phate binding, purine ribonucleoside binding, oxidoreductase
activity, oxidizing metal ions, NAD or NADP as acceptor,
ATP-dependent microtubule motor activity, plus-end-directed,
transferase activity, transferring sulfur-containing groups,
sulfate transmembrane transporter activity and transferase
activity. The results of GO analysis are presented in Fig. 6.
Pathway analysis was conducted using the KEGG data-
base. It was found that several pathways (Wnt, VEGF, Notch,
MAPK, hedgehog, NF-«xB, calcium, FoxO, PPAR and TGF-3
signaling pathways, as well as mineral absorption, apoptosis
and fatty acid metabolism) were involved in osteogenic
differentiation in the 2 groups, as illustrated in Fig. 7.

MAPT-ASI promotes osteogenesis and inhibits the adipo-
genesis of hBMSCs. MAPT-AS1, which was downregulated
in hBMSCs from patients with ONFH during osteogenic

differentiation, was selected for functional analysis and for
the further verification of the findings. The results revealed
that the overexpression of MAPT-ASI significantly promoted
osteogenic differentiation, as indicated by ALP staining for the
mineralization and expression of the osteogenic transcription
factors, Runx2 and BSP (Fig. 8). On the contrary, the upregu-
lation of MAPT-ASI inhibited adipogenic differentiation, as
indicated by Oil Red O staining and the expression of the
adipogenic transcription factors, CEBP-a and PPARYy (Fig. 8).

Discussion

ONFH occurs in young individuals aged 20-40 years and
15,000-20,000 new cases of femoral head necrosis are reported
annually (22,23). The causes of femoral head necrosis mainly
include hormones, alcohol abuse and hip trauma. Among these,
steroid-induced osteonecrosis of the femoral head (SONFH)
accounts for 46.03% of total femoral head necrosis cases (23)
and is the most common type of femoral head necrosis. For
patients with early-stage ONFH, although early intervention
can be performed through drug therapy, core decompression,
interventional therapy, etc., their outcomes are not satisfactory.
Approximately 65-85% of patients with femoral head necrosis
will continue to develop the disease, leading to the collapse
of the femoral head (24), resulting in the need for total hip
replacement surgery. The majority of patients with ONFH are
young adults, and the life of their prosthesis is limited; thus,
they may require multiple revision surgeries in the future,
which leads to a tremendous economic burden to the family
and society. The aim of the present study was to explore the
possible mechanisms of ONFH and provide a basis for further
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Table III. Predicted target genes of differentially expressed IncRNAs.

IncRNA

Target gene

A, Partial IncRNAs overexpressed in hBMSCs during osteogenic differentiation in ONFH

RP11-216N14.9
RP11-989E6.10
RP11-230G5.2
RP11-265D17.2
RP11-1060J15.4
RP11-794G24.1
RP11-485010.2
AC097532.2
RP11-143J24.1
RP11-762H8.3
linc-C170rf97-2
RP11-513M1.1
RP11-22H5.2
linc-ANKRD20A1-2
linc-OR4M2-5
linc-ATP6V1C2-3

GATAD2B, ILF2, SLC27A3, CHTOP
TP53TG3E

HMGA?2

MICAL2, PARVA,

MANSC4, MRPS35, KLHLA42,
TMEM138,DDB1, CYB561A3, PGA3, TKFC,
GALK?2, COPS2, SECISBP2L

NCKAPS

CHRFAM7A, GOLGASR

HYKK, CHRNA3, PSMA4, PSMA4, IREB2
DOC2B, SCGBI1C2

PIEZO2

CDH13

SPATA31A3

GOLGAG6L6

ATP6V1C2,NOLI10, PDIAG,

B, Partial IncRNAs underexpressed in hBMSCs during osteogenic differentiation in ONFH

AC104135.3
MAPT-ASI1
AL589743.1
linc-SLITRK1-4
AP005273.1
RP11-406023.2
RP5-1102E8.3
linc-CSTB-3
CTD-2314B22.3
RP5-1148A21.3
LINC00473
RP11-645N11.2
RP11-32402.3

TACRI1

TMEM101, MPP2, CD300LG, LSM12,PYY
OR11H2, OR4Q3, OR4N2, OR4M1

SLITRK6

NUDT22,GPR137, TRPT1,FKBP2, TRMT112, VEGFB
KIAA1958, HSDL2

PIGK, ST6GALNACS

ADARBI1, POFUT2,

OR4K1, OR4K14, OR4K?2, OR4N2, OR4K15
EYS

ILF2, MMP2, USP9X, CHUK, STK11, RPS6KA2
RASA4,POLR2J3,SPDYE2,

CCDC186, TDRDI1, VWA2,

hBMSCs, human bone marrow-derived mesenchymal stem cells; ONFH, osteonecrosis of the femoral head.

intervention treatment of early-stage ONFH. To the best of our
knowledge, the present study is the first to describe the role
of IncRNAs in hBMSCs during osteogenic differentiation in
osteonecrosis of the femoral head and it has more practical
clinical significance.

In recent years, scholars at home and abroad have conducted
extensive research on the pathogenesis of ONFH and have
proposed a multi-strand bone necrosis theory, including the
intraosseous hypertension theory (25), coagulation mechanism
change theory (26), lipid metabolism disorder theory (27),
osteoporosis theory (28,29), bone cell apoptosis theory (30),
membrane particle theory (31), gene polymorphism (32) and
immune factors (33). Additionally, the disease has been found
to be associated with the proliferation, osteogenic and adipo-
genic differentiation of hBMSCs. For example, the proliferative

capability of hBMSCs has been found to be inhibited in patients
with ONFH compared with healthy individuals (34). miRNA-22
has been shown to inhibit the adipogenic differentiation of
hBMSCs through the protein expression of HDAC6 (35), while
miRNA-100 may target BMPR2, which leads to the inhibition
of osteogenic differentiation of hBMSCs (36). However, the
association between IncRNAs and the osteogenic differen-
tiation of hBMSCs during the pathogenesis of ONFH remains
unclear. To date, at least to the best of our knowledge, only one
study conducted focused on IncRNAs involved in femoral head
necrosis (37), and studies have not been conducted on the char-
acteristics of the osteogenic differentiation of hBMSCs from
patients with ONFH.

In the present study, differentially expressed IncRNAs
during the osteogenic differentiation of hBMSCs in
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Figure 6. Results of the GO analysis, which identified the cellular components, biological processes and molecular functions involved.
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Figure 7. Results of the pathway analysis conducted using the KEGG database.

steroid-induced femoral head necrosis were identified using
the CapitalBiotech human IncRNA Array V4.0. Bioinformatics
analyses, including GO and pathway analysis of differentially
expressed IncRNAs, were also conducted. CNC and ceRNA
networks were also analyzed. The IncRNAs identified were
further verified by RT-qPCR.

The expression levels of 24 downregulated and 24
upregulated IncRNAs were determined during the osteo-
genic differentiation of hBMSCs in ONFH. Targets of
these IncRNAs were involved in processes, such as cell
proliferation, differentiation and tumor metastasis. In
total, 6 IncRNAs (AC107070.1, linc-ANKRD20A1-4,
RP11-794G24.1, LINC00473, MAPT-AS1 and AP005273.1)

in the hBMSCs were identified and confirmed by RT-qPCR.
The results of RT-qPCR revealed that the expression trends of
the 4 IncRNAs were consistent with those of the microarray
analysis. Moreover, hABMSCs were isolated from another 30
samples, including 15 normal and 15 patients with ONFH.
The expression levels of 2 upregulated IncRNAs (AC107070.1
and linc-ANKRD20A1-4) and 2 downregulated IncRNAs
(LINCO00473 and MAPT-AS1) were also consistent with those
of the microarray and RT-qPCR analyses, which verified the
accuracy of the results.

Since the majority of the IncRNAs in current databases
have not yet been functionally annotated, their functions were
predicted based on the functional annotations of their related



1730

A a

b

5 4
£ 4 o
Zc mr:3
298 4 m9S
o @ ggz
992 S0
BE %1
5T 9 T
qu:, 1

0 0

Control OS OS+MAPT-

Control
AS1 AS1

0S5 OS+MAPT-

LI et al: IncRNA EXPRESSION DURING OSTEOGENIC DIFFERENTIATION OF hBMSCs FROM PATIENTS WITH ONFH

(=2

S m

n

Relative MAPT-AS1
expression

o

hEBMSCs MAPT-AS1

Contral

AS+MAPT-
AS1

o

Relative PPAR-y
expression
o = N W & O
Relative CEBP-u
expression

0
AS  AS+MAPT- Control

AS1

Control

Figure 8. MAPT-AS1 promotes osteogenic differentiation and inhibits adipogenic differentiation of hBMSCs. (A-a) hBMSCs expressing GFP tagged
MAPT-ASI-overexpression lentivirus under a fluorescence microscope; (A-b) transfection efficiency of MAPT-ASI examined by RT-qPCR; (B-a) ALP
staining; (B-b) mRNA expression levels of RUNX?2 and BSP; (C-a) Oil red O staining; (C-b) mRNA expression levels of CEBP-a and PPARY. Control, normal
hBMSC; OS, osteogenic differentiation of hBMSCs; OS + MAPT-ASI, osteogenic differentiation of overexpressed MAPT-AS1 hBMSCs; AS, adipogenic
differentiation of hBMSCs; AS + MAPT-ASI, adipogenic differentiation of overexpressed MAPT-ASI hBMSCs; hBMSCs, human bone marrow-derived
mesenchymal stem cells. “P<0.05, compared to control; “P<0.05, compared to OS or AS.

cis and trans target mRNAs. From the information presented
in Table III, it was found that one IncRNA can control multiple
genes, such as RP11-794G24.1,RP11-762H8.3 and AP005273.1,
while one gene can be regulated by several IncRNAs. For
example, OR4N2 was found to be targeted by CTD-2314B22.3
and AL589743.1. The functions of these IncRNAs were also
investigated using GO analysis to determine the biological
processes, cellular components and molecular functions
involved. Intracellular organelle, membrane-bounded organ-
elle and cytoplasmic part were the 3 cellular components
identified. Ras protein signal transduction, intracellular trans-
port and metabolic process were the 3 biological processes
identified. Moreover, the 3 most obvious aspects of change in
molecular functions were found in transferase activity, sulfate
transmembrane transporter activity and transferase activity,
as well as transferring sulfur-containing groups. Fatty acid
metabolism, apoptosis and TGF-f signaling pathway were
the 3 signaling pathways that exhibited the highest level of
correlation in the KEGG pathways analysis. These 3 signaling
pathways are inextricably linked to femoral head necrosis.
For example, adipogenic overdifferentiation, osteoblast apop-
tosis and the inhibition of osteogenic differentiation through
TGF-p play vital roles in the occurrence and development
of femoral head necrosis. However, carbon metabolism, the
pentose phosphate pathway and biosynthesis of amino acids
were significantly upregulated in the KEGG analysis (37). It
was hypothesized that the difference in the results was due
to two aspects. First, the method used differed. In the experi-
ments in the present study, the hBMSCs underwent osteogenic
differentiation prior to microarray analysis, while in the other

study, the hBMSCs were screened using microarray analysis
before undergoing osteogenic differentiation. Second, differ-
ences may also be due to individual differences in the cases
included.

In the present study, LINC00473, also known as
LNC473, C6orf176, bA142J11.1, and is located in the 6q27
region and LINC00473, was downregulated in the hBMSCs
following osteogenic differentiation. It has been found that
LINCO00473 was involved in the development of a number of
diseases including preeclampsia (38), colorectal cancer (39),
gastric cancer (40) and others. It has been demonstrated that
LINCO00473 is involved in the pathogenesis and development
of preeclampsia and may be a candidate biomarker, as well as
a therapeutic target for preeclampsia (38). Wang et al found
that LINC00473 promoted Taxol resistance via miR-15a in
colorectal cancer (39). Zhang and Song demonstrated that
LINCO00473 is an IncRNA that is associated with prognosis
and malignancy in gastric cancer, while it also regulates
gastric cancer cell invasion and migration (40). In the present
study, the expression of LINC00473 in ONFH was found to be
lower than that in normal hBMSCs, and it was hypotehsized
that LINC00473 plays an important role in the osteogenic and
adipogenic differentiation of stem cells via related signaling
pathways.

The MAPT-ASI gene is located in the 17q21.31 region
and in the present study, MAPT-AS1 was found to be down-
regulated during the osteogenic differentiation of hBMSCs.
MAPT-ASI is involved in the occurrence and development of
tumors and Parkinson's disease. MAPT-ASI overexpression
has not been found in breast cancer; however, in triple-negative
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type (TNBC), a high MAPT-ASI1 expression has been found to
be associated with a longer patient survival (41). Additionally,
MAPT-ASI levels have been shown to be associated with
MAPT expression, which is associated with breast cancer
survival. The results of that study indicated that MAPT-AS1
may function as a potential breast cancer survival predic-
tion biomarker (41). Pan e al (42) found that patients with
ER-negative breast cancer who had larger tumors (=2 cm),
were of a younger age (<60), were at stages (III-IV) and had
metastatic lymph nodes, exhibited higher levels of MAPT-AS1
expression. The regulation of natural comparable sense MAPT
transcripts in cells of ER-negative breast cancer leads to the
association between MAPT-ASI and paclitaxel resistance,
invasiveness and cell growth. Research has indicated that
overexpression may partially protect the MAPT mRNA from
degradation by the overexpression of MAPT-ASI, while
the knockdown of MAPT-AS1 decreases MAPT mRNA
stability. Moreover, the knockdown of MAPT also decreases
MAPT-AS]1 mRNA expression. MAPT-AS1 expression is
coordinated with that of MAPT in breast tumor tissues (42).
Moreover, MAPT-AS1 and DNMT1 have been identified
as potential epigenetic regulators of MAPT expression in
Parkinson's disease across 4 different brain regions and
an increased MAPT expression may be associated with the
disease state, but not with the neuropathology severity of
Parkinson's disease (43). In the present study, the overexpres-
sion of MAPT-ASI significantly promoted the osteogenic
differentiation and inhibited the adipogenic differentiation
of hBMSC:s at the cellular and mRNA level, as indicated by
relevant staining and RT-qPCR analysis.

There were several limitations to the present study. First, the
sample size of the present study was small, which may affect
the results of the microarray analysis. Second, the majority of
the IncRNAs require further validation by RT-qPCR. Third,
the specific functions, as well as mechanisms of IncRNAs
warrant further investigation.

In conclusion, to the best of our knowledge, this is the
first study to elucidate the hBMSC expression profiles during
osteogenic differentiation in ONFH. A total of 24 downregu-
lated IncRNAs and 24 upregulated IncRNAs were found to
be expressed during the osteogenic differentiation of hBMSCs
from patients with ONFH. A bioinformatics analysis of the
functions and mechanisms of the identified IncRNAs was
conducted. The present study may provide a new perspective
of the pathogenesis of ONFH and a novel direction for the
early treatment of ONFH.
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