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Expression of long non-coding RNAs in human bone
marrow mesenchymal stem cells co-cultured with
human amnion-derived mesenchymal stem cells
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Abstract. Long non-coding RNAs (IncRNAs) serve a critical
role in various biological processes including cell growth,
transcriptional regulation and differentiation. Previous studies
have demonstrated that human amnion-derived mesenchymal
stem cells (HAMSCs) possess the potential to promote
proliferation and osteogenic differentiation of human bone
marrow mesenchymal stem cells (HBMSCs). However, little
is known about the roles of IncRNAs in these mechanisms.
The present study investigated the expression of IncRNAs in
HBMSCs co-cultured with HAMSCs to study their involve-
ment in the mechanism of osteogenic differentiation. RNA
sequencing was used to compare the IncRNA expression
profiles of HBMSCs co-cultured with or without HAMSCs
during osteogenic differentiation. A total of 339 differentially
expressed IncRNAs were identified [log2 (fold change)>2.0
or <-2.0; P<0.05], consisting of 131 downregulated and 208
upregulated IncRNAs. Among these IncRNAs, it was identi-
fied that the IncRNA-differentiation antagonizing non-protein
coding RNA (DANCR) expression level in HBMSCs was
significantly decreased by co-culturing with HAMSCs, and
DANCR overexpression inhibited the effect of HAMSCs on
the promotion of runt-related transcription factor 2 expres-
sion. These data suggested that HAMSCs are likely to
regulate differentiation processes in HBMSCs by influencing
the DANCR, thus offering a novel insight into the complicated
regulation mechanisms of HAMSC-derived osteogenic differ-
entiation.
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Introduction

Mesenchymal stem cells (MSCs) possess the potential for
self-renewal and may differentiate into multiple connective
tissue cell types, including chondrogenic, adipogenic and
osteogenic lineages (1-3). Tissue engineering using suit-
able MSCs has been considered to be a novel treatment for
bone deficiency. Human amnion-derived mesenchymal stem
cells (HAMSCs), obtained from abundant human amniotic
membrane, are associated with fewer ethical issues and low
anti-inflammatory properties (4). Previous studies (5,6) have
suggested that HAMSCs are capable of promoting prolif-
eration and osteogenic differentiation of human bone marrow
mesenchymal stem cells (HBMSCs). However, the complex
molecular mechanisms of HAMSC-derived osteogenic differ-
entiation remain largely unknown.

During the past decade, the ENCODE project and
large-scale sequencing efforts have revealed that long
non-coding RNAs (IncRNAs) belong to a novel heteroge-
neous class of ncRNAs that includes thousands of different
species (7,8). IncRNAs have been proposed to serve crucial
roles in a wide range of biological pathways and cellular
processes, including the reprogramming of stem cell pluri-
potency (9), inactivation of chromosomes (10), modulation of
invasion and apoptosis (11) and regulation at transcriptional
and post transcriptional levels (12). A previous study (13)
demonstrated that the IncRNA-differentiation antagonizing
non-protein coding RNA (DANCR), an important regulator
of osteogenic differentiation, is associated with the inhibition
of runt-related transcription factor 2 (RUNX?2) expression
and subsequent osteogenic differentiation in human osteo-
blastic cell. Therefore, the potential role of IncRNAs in
HAMSC-derived osteogenic differentiation was investigated.

In the present study, the differential expression profiles
of mRNAs and IncRNAs of HBMSCs co-cultured with or
without HAMSCs during osteogenic differentiation were
obtained. RNA sequencing (RNA-seq) data was validated
using the reverse transcription-quantitative polymerase chain
reaction (RT-qPCR). Based on these results, the present study
investigated whether HAMSCs downregulated the DANCR
expression level in HBMSCs, and whether the effect of
HAMSC:s on the promotion of RUNX2 expression in HBMSCs
was inhibited by DANCR overexpression. The observations
demonstrated that IncRNAs may possibly provide novel
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insights into the mechanisms by which HAMSCs regulate
osteogenic differentiation.

Materials and methods

Cell culture. The HBMSC cell line PTA-1058 was obtained
from the American Type Culture Collection (Manassas, VA,
USA). The HAMSCs were collected from abundant amni-
otic membrane samples using the pancreatin/collagenase
digestion method as previously described (14). The two cell
lines were expanded in Dulbecco's modified Eagle's medium
(HyClone, Logan, UT, USA) supplemented with 10%fetal
bovine serum (FBS; Gibco; Thermo Fisher Scientific, Inc.,
Waltham, MA, USA), 100 U/l penicillin and 100 mg/l
streptomycin (both Gibco; Thermo Fisher Scientific, Inc.) in
a humidified atmosphere of 5% CO, at 37°C. The confluent
cells were transferred to next passage using 0.25% trypsin
for up to five passages and culture medium was changed
every 3 days. The experiments were approved by the Ethics
Committee of Nanjing Medical University (Nanjing, China).
Prior informed consent was obtained from all participants
enrolled in the present study.

Preparation of the co-culture system. The HBMSCs were
seeded at an initial cell density of 5x10* cells/cm? in 6-well
culture plates (EMD Millipore, Billerica, MA, USA).
Transwells (6-Well Millicell Hanging Cell Culture Inserts,
0.4 ym; EMD Millipore) were placed in other 6-well culture
plates and HAMSCs were seeded at 1.5x10° cells/cm? in the
transwells. Following the attachment of the cells, transwells
containing HAMSCs were moved into the corresponding
wells of the 6-well culture plate containing HBMSCs to create
the HAMSC/HBMSC co-culture system. HBMSCs in wells
without transwells were designated as the control groups,
while HBMSCs with transwells were served as the experiment
groups.

Proliferation assay. The proliferation assay was measured at
day 3, 5 and 7 by flow cytometry. The transwells containing
HAMSCs were moved into the corresponding wells containing
HBMSCs and then the two cell lines were treated with
serum-free medium for 24 h, following which the medium
was replaced with culture medium containing 10% FBS.
HBMSCs were harvested at day 3, 5 and 7 and fixed with 75%
ice-cold ethanol as described previously (15). DNA content
was measured by a FACScan flow cytometer (BD Biosciences,
Franklin Lakes, NJ, USA) and the cell cycle fractions (GO,
Gl1, S, and G2 M phases) were processed using CellQuest Pro
software (BD Biosciences). Data were analyzed using Modfit
LT 3.2 (Verity Software House, Topsham, ME, USA).

In vitro osteogenic differentiation. The transwells containing
HAMSCs were moved into the corresponding wells containing
HBMSCs and then the regular medium in all cultures
was replaced with osteogenic medium containing 10 mM
[-glycerophosphate (Sigma-Aldrich; Merck KGaA, Darmstadt,
Germany), 100 nM ascorbic acid and 100 nM dexamethasone
(both Sigma-Aldrich; Merck KGaA). HBMSCs co-cultured
with HAMSCs were subjected to alkaline phosphatase (ALP)
activity assays and alizarin red staining. ALP activity assay
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was performed using an ALP assay kit (Jiancheng Corp,
Nanjing, China) according to the manufacturer's protocols.
Alizarin red staining was performed using 40 mM alizarin red
S (pH 4.4) for 10 min at room temperature. Following rinsing
with PBS, mineralized nodules were visualized using an
inverted microscope (Carl Zeiss AG, Oberkochen, Germany)
and 10 images were captured for each group.

Plasmid construction and cell transfection. DANCR
overexpression was achieved through pcDNA3.1-DANCR
(Guangzhou RiboBio Co., Ltd., Guangzhou, China) transfec-
tion using lipofectamine 2000 (Invitrogen; Thermo Fisher
Scientific, Inc.), with an empty pCDNA3.1 vector used as a
control. Plasmid vectors (pcDNA3.1-DANCR and pcDNA3.1)
for transfection were extracted using Midiprep kits (Qiagen
GmbH, Hilden, Germany), and respectively transfected
into HBMSCs. Fusion and transfection of HBMSCs were
performed when the cells were cultivated on six-well plates
by lipofectamine 2000 (Invitrogen; Thermo Fisher Scientific,
Inc.), according to the manufacturer's protocols.

RNA isolation and RT-gPCR. Total cellular RNA was isolated
from HBMSCs in the control and treatment groups using
TRIzol, according to the protocols recommended by the
manufacturer. The RNA was reverse-transcribed into cDNA
by using a PrimeScript RT Master Mix kit. Real-time reverse
transcription-PCR was performed with a SYBR Green PCR
kit (Toyobo, Osaka, Japan) and ABI 7300 Real-Time PCR
System (Applied Biosystems; Thermo Fisher Scientific, Inc.).
Amplification was performed as follows: Incubation at 95°C
for 30 sec, followed by 40 cycles of denaturation at 95°C for
5 sec and subsequent annealing and extension at 60°C for
34 sec. For each sample, GAPDH expression was analyzed
to normalize target gene expression. Relative gene expression
was calculated using the 2224 method (16). Each sample was
analyzed in triplicate. Primer sequences used in this study are
provided in Table I.

RNA-seq. HBMSCs co-cultured without HAMSCs at day 14
were regarded as control groups and HBMSCs co-cultured
with HAMSCs at day 14 were regarded as experimental
groups. Total RNA was sequenced using an [llumina HiSeq
2500 at Guangzhou RiboBio Co., Ltd. Reads were aligned to
the human transcriptome. RNA-seq data was aligned to the
Ensembl v73 transcript annotations using RSEM v1.1.21 and
Bowtie v0.12.7, as previously described (17). The differen-
tially expressed genes were selected if Benjamini-Hochberg
corrected P-values were <0.05 and if the log2 (fold change)
were >2.0 or <-2.0. Tree visualization of the data was performed
with Java Treeview 3.0 software (Stanford University School
of Medicine, Stanford, CA, USA).

Kyoto Encyclopedia of Genes and Genomes (KEGG) and
Gene Ontology (GO) analysis. Pathway analysis for the differ-
entially expressed mRNAs was performed based on the most
recent KEGG database (http://www.genome.jp/). This analysis
allowed the investigation of the biological pathways for which
a significant enrichment of differentially expressed mRNAs
existed. GO (www.geneontology.org) was also derived, which
provided three structured networks that described gene product
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Table I. Primers used in the reverse transcription-quantitative polymerase chain reaction.
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Gene Sense primer (5'-3") Anti-sense primer (5'-3")
SCN7A TGCTGGTCAGTGTCCTGAAG ATAGGCCATGGCAAGTATGC
DANCR GCCACTATGTAGCGGGTTTC ACCTGCGCTAAGAACTGAGG
TSIX GTGGTGGCAGGCAACTTAAT GCACATTCAGGCTCTCAACA
SSTR5-AS1 AGCCCCTCATCTTGGCTAAT TTTCCCTCTGAGCAGCAAAT
XIST TTGCATATGTGGGCAAGTGT GCTCTTGAGGCTTTTGTTGG
ENST00000433576.1 ACACTGTGGGACTTCTTAGCC TTCTGTGGTCGTGGTCTTTG
LINGO3 CGCTGCAATCTCACATCACT GCACCAGGTCTCTGAAGGAG
MPEGI CCCCAACATGCTACCTGACT CTCCTCGTGGATCTGGGATA
SLPI CTGTGGAAGGCTCTGGAAAG AAAGGACCTGGACCACACAG
NPPB TTCTTGCATCTGGCTTTCCT TGTGGAATCAGAAGCAGGTG
RUNX2 GGTTCCAGCAGGTAGCTGAG GCCTACAAAGGTGGGTTTGA
MRCI1 GGCACTTGTGGAGAAGAAGC GTGGCCTTGGTGATCTTGTT
GAPDH GGGCTGCTTTTAACTCTGGT GCAGGTTTTTCTAGACGG

SCN7A, sodium voltage-gated channel a subunit 7; DANCR, differentiation antagonizing non-protein coding RNA; XIST, X inactive specific
transcript; LINGO3, leucine rich repeat and Ig domain containing 3; MPEG1, macrophage expressed 1; NPPB, natriuretic peptide B; RUNX2,

runt-related transcription factor 2; MRC1, mannose receptor C-type 1.

attributes. The-logl0 (P-value) demonstrated the significance
of GO Term enrichment in the differentially expressed mRNA
list. All other bioinformatic analysis was performed using
glbase (18).

Statistical analysis. All assays were expressed as the
mean * standard deviation from at least three separate
experiments using SPSS 13.0 (SPSS Inc., Chicago, IL,
USA). Gene expression levels in osteogenic differentiation
were compared between control and treatment groups. The
Student's t-test was used to compare data between the two
groups. P<0.05 was considered to indicate a statistically
significant difference.

Results

Expression profiles of mRNAs and IncRNAs in HBMSCs
co-cultured with HAMSCs. The effects of HAMSCs on
HBMSCs are provided in Fig. 1. Flow cytometric analyses,
ALP activity assays and alizarin red staining demonstrated
the potential of HAMSCs in promoting proliferation and
osteogenic differentiation of HBMSC. The expression profiles
of mRNAs and IncRNAs in HBMSCs co-cultured with or
without HAMSCs were identified for 14 days following osteo-
genic induction using RNA-seq. Expression profiles of mRNAs
and IncRNAs were significantly altered between HBMSCs
co-cultured with and without HAMSC:s. A total of 415 differ-
entially expressed mRNAs were identified [log2 (fold change)
>2.0 or <-2.0, P<0.05]. Among these, 156 mRNAs were
identified to be downregulated more than 2-fold in the control
groups compared with experiment groups, while 259 mRNAs
were upregulated more than 2-fold (P<0.05). Meanwhile,
339 differentially expressed IncRNAs were identified [log2
(fold change) >2.0 or <-2.0, P<0.05], consisting of 131 down-
regulated and 208 upregulated IncRNAs (P<0.05). When the
cut-off was set at 6-fold, 17 mRNAs were downregulated and

24 were upregulated, and 6 IncRNAs were downregulated and
10 were upregulated (P<0.05; Fig. 2).

RT-gPCR analysis of IncRNA and mRNA expression.
According to gene locus and fold difference, a number of
candidate IncRNAs and mRNAs for validation of the RNA-seq
data were investigated. Therefore, six IncRNAs (sodium
voltage-gated channel a subunit 7, DANCR, TSIX,SSTR5-ASI,
X inactive specific transcript and ENST00000433576.1) and
six mRNAs (leucine rich repeat and Ig domain containing 3,
macrophage expressed 1, SLPI, natriuretic peptide B, RUNX2
and mannose receptor C-type 1) were further examined using
RT-qPCR. The results of the RT-qPCR were consistent with
the RNA-seq (Fig. 3A).

The upregulation of DANCR inhibits RUNX2 expression
and osteogenic differentiation in HBMSCs co-cultured with
HAMSC:s. Previous studies have indicated that DANCR is an
essential mediator of the osteogenic differentiation of mesen-
chymal stem cells and that overexpression of DANCR results
in the inhibition of RUNX2 expression and subsequent osteo-
genic differentiation (13). To investigate whether HAMSCs
regulates osteogenic differentiation in HBMSCs by influ-
encing DANCR, the DANCR levels in HBMSCs co-cultured
with HAMSCs were first analyzed. It was identified that the
DANCR levels were decreased and the RUNX?2 expression
was increased (Fig. 3A). To further investigate the biological
role of DANCR in the regulation of HAMSCs-derived osteo-
genic differentiation, HBMSCs treated with pcDNA-DANCR
were analyzed. Fig. 3B demonstrates that the pcDNA-DANCR
increased endogenous DANCR expression in HBMSCs.
Overexpression of DANCR significantly inhibited the effects
of HAMSC s in promoting RUNX2 expression and osteogenic
differentiation of HBMSC (Fig. 3C and D). These observations
suggested that the HAMSCs are likely to regulate differentia-
tion process in HBMSCs by downregulating the DANCR.
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Figure 1. Effects of HAMSCs on the promotion of proliferation and osteogenic differentiation in HBMSCs. (A) Cell cycle fractions (GO, G1, S, and G2/M
phases) of HBMSCs co-cultured with or without HAMSCs were determined by flow cytometry at day 3, 5 and 7. (B) Mineralized matrix deposition was
measured at day 21 by alizarin red S. Scale bar, 100 ym; double bar, 12.5 mm. (C) ALP activity was measured at day 7 and 14 using an ALP assay Kkit;
“P<0.05. HAMSCs, human amnion-derived mesenchymal stem cells; HBMSCs, human bone marrow mesenchymal stem cells; ALP, alkaline phosphatase.
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Figure 2. Expression of mRNAs and IncRNAs in HBMSCs when the cut-off was set at 6-fold. (A) mRNAs differentially expressed in HBMSCs co-cultured
with or without HAMSCs. (B) IncRNAs differentially expressed in HBMSCs co-cultured with or without HAMSCs. IncRNAs, long non-coding RNAs;
HBMSCs, human bone marrow mesenchymal stem cells; HAMSCs, human amnion-derived mesenchymal stem cells.
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Figure 3. Results of the RNA-seq and RT-qPCR. (A) Comparison between RNA-seq data and RT-qPCR results for IncRNAs and mRNAs. The validation results
suggested that the RNA-seq data correlated well with the RT-qPCR results. HBMSCs were subject to pcDNA-DANCR and then co-cultured with or without
HAMSC:s for 14 days under osteogenic differentiation conditions. The (B) DANCR expression and (C) RUNX2 mRNA levels were assayed by RT-qPCR.
(D) Mineralized matrix deposition was measured at day 21 by alizarin red S. Scale bar: 100 ym. "P<0.05, “P<0.01 vs. N.C. RNA-seq, RNA sequencing;
RT-qPCR, reverse transcription-quantitative polymerase chain reaction; IncRNAs, long non-coding RNAs; HBMSCs, human bone marrow mesenchymal
stem cells; DANCR, differentiation antagonizing non-protein coding RNA; HAMSCs, human amnion-derived mesenchymal stem cells; RUNX2, runt-related

transcription factor 2; N.C., negative control.

GO and pathway analysis of mRNAs differentially expressed
between HBMSCs co-cultured with and without HAMSCs.
GO analysis demonstrated that the most significant biological
processes consisted of growth factor or chemokine activity,
cytokine or chemokine receptor binding, extracellular region,
extracellular matrix, response to type I interferon and other
functions. Pathway analysis demonstrated that the most
significant pathways consisted of retinoic acid-induced protein
I-like receptor signaling pathway, nucleotide oligomerization
domain-like receptor signaling pathway, nuclear factor kB
signaling pathway and pathways in cancer (Fig. 4). These
results aid the improved identification of the mechanisms of
HAMSC-derived osteogenic differentiation.

Discussion

Stem cells are present in a variety of mesenchymal tissues.
They possess self-renewable capacities and multi-directional
differentiation potentials (19,20). Given appropriate culture
conditions, mesenchymal stem cells (MSCs) are capable of
differentiating into adipocytes (21), chondrocytes (22,23),
endothelial cells (24), osteocytes (25) and cardiomyo-
cytes (26). Recently, tissue engineering, using suitable MSCs
that mimic the natural healing process, has demonstrated
great potential in treating bone deficiency. Human amniotic

membrane, composed of a single layer of epithelial cells, an
avascular collagenous stroma and underlying fibroblasts, is a
readily available and highly abundant tissue (27). HAMSCs,
obtained from discarded human amniotic membrane, possess
low anti-inflammatory properties and fewer ethical concerns
compared with other sources of MSCs (4). Previous studies
have demonstrated that although HAMSC osteogenesis was
lower compared with other MSCs, they are capable of driving
proliferation and osteogenic differentiation of HBMSCs (5).
However, the regulatory mechanisms of MSC-derived
osteogenic differentiation remains to be elucidated.

IncRNAs are evolutionarily conserved ncRNAs that
lack protein encoding capacity and are >200 nucleotides in
length. They are abundantly encoded in mammalian genomes,
numbering in the tens of thousands. The ratio of IncRNAs
in total ncRNAs is >80% (28,29). Recently, numerous
IncRNAs have been characterized and a number of pieces
of evidence suggest that their transcriptional activity may
serve a major biological role in cell differentiation and human
diseases (30,31). Among them, certain IncRNAs express
differently during lineage commitment and cell develop-
ment (32). Previous studies suggested that IncRNAs serve a
key role in the circuitry controlling cell state (33) and also
modulate pluripotency in mouse embryonic stem cells (34).
The IncRNA DANCR is highly expressed in the epidermis
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Figure 4. Pathway analysis. (A) Gene Ontology and (B) Kyoto Encyclopedia of Genes and Genomes pathway analysis of mRNAs differentially expressed
between HBMSCs co-cultured with and without HAMSCs. HBMSCs, human bone marrow mesenchymal stem cells; HAMSCs, human amnion-derived

mesenchymal stem cells.

and its loss eradicates the normal blockade of differentiation
in the progenitor-containing compartment; it is fundamental
to maintaining the undifferentiated cell state within the
epidermis. Enhancer of zeste homolog 2 (EZH?2), an important
epigenetic regulatory factor and highly expressed in MSCs,
mediates modifications in histone methylation resulting in
the regulation of the differentiation of MSCs into different
cell lineages, including hepatocytes, neurons and osteo-
blasts (35,36). A previous study demonstrated that DANCR is
an important regulator of osteogenic differentiation in human
fetal osteoblastic cells. By associating with EZH2, DANCR
inhibits RUNX2 expression and subsequent osteogenic differ-
entiation (13). However, the role of IncRNAs in the complex
mechanisms of MSC-derived osteogenic differentiation has
not been studied.

Based on the observation that HAMSCs may promote
proliferation and osteogenic differentiation in HBMSCs by
providing a preferential environment, the present study first
demonstrated IncRNA and mRNA expression profiles, during
the osteogenic differentiation of HBMSCs co-cultured with

or without HAMSCs using RNA-seq. The RNA-seq data was
validated by RT-qPCR. Bioinformatic analyses were subse-
quently applied to further study these differentially expressed
IncRNAs and mRNAs, including GO and pathway analysis.

It was identified that during osteogenic differentiation, the
DANCR IncRNA level was significantly decreased and the
RUNX2 mRNA level was significantly increased in HBMSCs
co-cultured with HAMSCs. Based on these results, the biolog-
ical role of DANCR in the mechanisms of HAMSC-derived
osteogenic differentiation was further investigated. It was
identified that the overexpression of DANCR in HBMSCs
neutralized the positive effects of HAMSCs on the promotion
of RUNX2 expression and osteogenic differentiation. These
results suggested that HAMSCs are likely to exercise their
function by downregulating DANCR expression and upregu-
lating RUNX2 expression.

In conclusion, the present study revealed, for first time to
the authors' knowledge, the roles of IncRNAs in the mecha-
nisms of osteogenic differentiation derived by HAMSCs. By
bioinformatics analysis, certain target genes were obtained



that correlated with the biological processes and signaling
pathways of the candidate IncRNAs. Furthermore, it was
demonstrated that the IncRNA DANCR is an important
regulator in the course of osteogenic differentiation and this
may provide a guide for further investigation into the compli-
cated regulatory mechanisms of HAMSC-derived osteogenic
differentiation. Further studies in the functional analysis
of more IncRNAs involved this system may help clarify the
regulatory mechanisms underlying this process and provide
more conclusive evidence for HAMSCs in the field of tissue
engineering.
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