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Long non-coding RNAs (IncRNAs) have been established to participate in various biological processes that
are crucial for development and differentiation. However, the roles of IncRNAs in the mechanisms of
human bone marrow mesenchymal stem cells (MSCs) differentiation are not completely understood.
The purpose of the study was to investigate the expression profiles of IncRNAs during the chondrogenic
differentiation of human bone marrow MSCs, with a view to studying the biological function of IncRNAs
and their involvement in the mechanism of differentiation. We compared the IncRNAs expression profiles
of undifferentiated and differentiated cells during chondrogenic differentiation by microarray. 3638
differentially expressed IncRNAs were identified (fold-change >2.0 or <-2.0, P<0.05), consisting of
2166 up-regulated and 1472 down-regulated. Microarray data were validated using quantitative reverse
transcription-polymerase chain reaction (qRT-PCR). Bioinformatic analyses were applied for further
study of these differentially expressed IncRNAs. Among these IncRNAs, ZBED3-AS1 and CTA-941F9.9
were further analyzed with co-expression network and target prediction analysis. The results showed
that the two up-regulated IncRNAs are likely to play important roles in chondrogenic differentiation
process. In conclusion, the expression profile of IncRNAs was significantly altered during differentiation
process. It provided a new insight on complicated regulation mechanisms of human bone marrow MSCs
chondrogenic differentiation.
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1. Introduction structures to provide greater potential and versatility for both pro-

tein and target recognition [7]. They have been found to play cru-

Mesenchymal stem cells (MSCs) are capable of self-renewal and
can be differentiated into the osteogenic, chondrogenic, and adipo-
genic lineages. They are a source of cells in bone and cartilage tis-
sue engineering [1]. Human bone marrow MSCs have advantages
of availability, culture expansion, low immunogenic properties
[2], and ease of genetic manipulation, so they have wide use in
numerous clinical applications, including tissue engineering [3],
autoimmune disease [4], myocardial infarction treatment [5] and
wound repair [6]. The differentiation processes involve complex
pathways regulated at both transcriptional and posttranscriptional
levels. However, the precise molecular mechanisms of differentia-
tion remain largely unknown.

Long noncoding RNAs (IncRNAs) belong to a novel heteroge-
neous class of ncRNAs that includes thousands of different species.
IncRNAs have crucial roles in gene expression control during both
developmental and differentiation processes. Unlike small ncRNAs,
IncRNAs can fold into complex secondary and higher order
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cial regulatory roles in a diverse range of biological pathways and
cellular processes, including genomic imprinting, chromosome
inactivation [8], differentiation [9] and carcinogenesis [10], in tran-
scriptional, posttranscriptional and even translational levels [11].
Until now, the potential role for IncRNAs in the chondrogenic dif-
ferentiation of human bone marrow MSCs remains unknown.

In this study, we obtained differential expression profiles of
IncRNAs and mRNAs of undifferentiated versus chondro-differenti-
ated human bone marrow MSCs. The putative functions and target
genes of these IncRNAs were predicted using bioinformatic analy-
sis. Our observations demonstrated that IncRNAs expression pro-
files are likely to provide important insights into mechanism of
differentiation of MSCs.

2. Materials and methods
2.1. Cell culture

Human bone marrow mesenchymal stem cells (MSCs) were
purchased from ScienCell Research Laboratories. Cells were
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cultured following the instructions recommended by the manufac-
turer. The MSCs were expanded in Mesenchymal Stem Cell Med-
ium (MSCM, ScienCell) at 37°C in a humidified atmosphere
containing 95% air and 5% CO,. The confluent cells were transferred
to next passage using 0.25% trypsin for up to three passages.

2.2. Chondrogenic differentiation of MSCs

For chondrogenic differentiation, the pellet culture was per-
formed for three-dimensional culture. Approximately 1 x 10° cells
(passage 3) were placed in a 15 ml polypropylene tube and centri-
fuged at 500g for 5 min. The cells were cultured in Mesenchymal
stem cell Chondrogenic Differentiation medium (MCDM, Scien-
Cell), in the presence of 10 ng/mL recombinant human TGF-f3.
The cell pellets formed free-floating aggregates within the first
24 h. The medium was replaced every 3 days. The cells on day 0
were undifferentiated and regarded as control. Three biological
replicates were performed for cultured cells during differentiation.
Aggregates were harvested for RNA extraction at day 0, 7, 14, 21
and 28 after induction.

2.3. Analysis of MSCs differentiation

Chondrogenic differentiation was established by histological
staining using Alcian blue and immunohistological staining of
Aggrecan, Sox-9 and Collagen II (Col II). qRT-PCR analysis of
expression levels of chondrogenic marker genes were performed
at day 14, including Aggrecan, Sox-9 and Col II.

Alcian blue staining was utilized to examine cartilage nodules.
The cells were fixed in 4% paraformaldehyde for 30 min, followed
by staining with alcian blue for 10 min. After dehydrated, the
stained cells were then photographed.

For the immunohistochemical staining, the pellets to be pro-
cessed for staining were routinely fixed by 4% paraformaldehyde,
dehydrated and paraffin imbedded. 5 pm sections were stained
by 0.1% toluidine blue for 2 min. Sections were immunohistochem-
istry stained for type II collagen, aggrecan and Sox-9 using rabbit
polyclonal antibody. Following deparafinization, rehydration, anti-
gen retrieval under boil, nonspecific antibody binding blocked. Sec-
tions were incubated with primary antibody (1:200 diluted)
overnight at 4 °C and followed to be rinsed with PBS. Sections were
then incubated with biotin-conjugated anti-rabbit IgG secondary
antibody (1:200 diluted) for 60 min. The antibody biotin
conjugates were detected with streptavidin-biotin-horseradish
peroxidase complex applied for 30 min using diaminobenzidine
as substrate.

Table 1
Primers used for qRT-PCR.

2.4. RNA extraction

Total RNA was extracted using Trizol Reagent (Invitrogen)
according to the instructions recommended by the manufacture.
The RNA purity and concentration was evaluated with Nano Drop
ND-1000 spectrophotometer. RNA integrity was determined with
1% formaldehyde denaturing gel electrophoresis, which revealed
a good quality.

2.5. Microarray analysis

Briefly, three undifferentiated cell samples at day O were
regarded as control group and three chondro-differentiated cell
samples at day 14 were regarded as experiment group. These
three-paired samples were used to synthesize double-stranded
complementary DNA (cDNA) and the c¢DNA was labeled and
hybridized to IncRNA + mRNA Human Gene Expression Microarray
V4.0 (CapitalBio Corp, Beijing, China) according to the manufac-
turer’s instructions.

The data from IncRNA + mRNA microarray were used to analyze
data summarization, normalization and quality control using the
GeneSpring software V11.5 (Agilent). The differentially expressed
genes were selected if the change of threshold values were >2.0
or <—2.0 folds and if Benjamini-Hochberg corrected P values were
<0.05. The data was normalized and hierarchically clustered with
CLUSTER 3.0 software. The data were performed tree visualization
with Java Treeview software (Stanford University School of Medi-
cine, Stanford, CA, USA).

2.6. GO and pathway analysis

GO analysis was derived from Gene Ontology (www.
geneontology.org), which provides three structured networks of
defined terms that describe gene product attributes. The P value
denotes the significance of GO Term enrichment in the differen-
tially expressed mRNA list (P < 0.05 was considered statistically
significant). We also performed pathway analysis for the
differentially expressed mRNAs based on the latest KEGG (Kyoto
Encyclopedia of Genes and Genomes) database. This analysis
allowed us to determine the biological pathways for which a sig-
nificant enrichment of differentially expressed mRNAs existed
(P<0.05 was considered statistically significant).

2.7. Construction of the coding-non-coding gene co-expression (CNC)
network

The CNC network was constructed based on the correlation
analysis between the differentially expressed IncRNAs and mRNA:s.

Genes Sense primer (5'-3") Anti-sense primer (3/-5")
Aggrecan CCCAAGAATCAAGTGGAGCCG ACACGATGCCTTTCACCACGA
Sox-9 AGCGAACGCACATCAAGAC CTGTAGGCGATCTGTTGGGG
Col II TGGACGATCAGGCGAAACC GCTGCGGATGCTCTCAATCT
GAPDH ATTTGGTCGTATTGGGCG TGGAAGATGGTGATGGGATT
CILP CCAGGCTGGGGAGTACTTTTGC TTATGCCCACCTGGGTGCTCAG
FOSL1 AACCGGAGGAAGGAACTGAC CTGCAGCCCAGATTTCTCA
RGS4 GGCTTCTTGCTTGAGGAGTG TCCAGTGATTCAGCCCATTTC
SCRG1 TTGCTCTGCTGCCCAAAAGAC GAAATCAGGAATGGTGTTCTCCAG
WISP1 AGGTATGGCAGAGGTGCAAG GTGTGTGTAGGCAGGGAGTG
ENST00000433576.1 ACACTGTGGGACTTCTTAGCC GTTTCTGGTGCTGGTGTCTT
CTA-941F9.9 TGCCCAAGCCTCCTAATG AATACGGCCTCTATCTGACG
XLOC_008374 ACTATGAGACTGGACTGGAACA AGGTGAGTGGGAAGGAGC
LINC00707 CACTATGAGACTGGACTGGAACA TGGTCTTGGGAGTGGTGC
ZBED3-AS1 TACAACTTTGCATTAACCTTCC TGCCCTGTCCTCATGTTCG
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Fig. 1. Chondrogenic differentiation of human bone marrow MSCs. (A and B) Alcian
blue staining (x400). (C and D) Immunohistochemical staining of Aggrecan (x400).
(E and F) Immunohistochemical staining of Col II (x400). (G and H) Immunohis-
tochemical staining of Sox-9 (x400). (I) Chondrogenic differentiation was con-
firmed by qRT-PCR analysis of genes of Aggrecan, Sox-9 and Col II at day 14. The
relative expression levels were normalized to day O control values, to represent the
relative fold change in expression. **The change of expression levels was significant
with P < 0.05. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

LncRNAs and mRNAs with Pearson correlation coefficients not less
than 0.99 were selected to draw the network using open source
bioinformatics software Cytoscape (Institute of Systems Biology
in Seattle). In network analysis, yellow node represents the IncRNA
and green node represents the mRNA. Violet lines indicate a posi-
tive correlation, and pink lines indicate an inverse correlation.

2.8. Quantitative reverse transcription-polymerase chain reaction
(qRT-PCR)

RT-PCR was performed using SYBR Premix Ex Taq on Thermal
Cycler Dice TP800 instrument. A total of 2 pg total RNA was used
for cDNA synthesis with the PrimeScript RT Reagent Kit Perfect
Real Time (TaKaRa Biotechnology) according to the manufacturer’s
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Fig. 2. Go (A) and pathway (B) analysis of mRNAs differentially expressed between
undifferentiated and chondro-differentiated MSCs.

instructions. RT-PCR was performed in a 20 pl of reaction system,
including 10 pl SYBR Premix Ex Taq (2x), 0.4 pul of PCR forward pri-
mer (10 uM), 0.4 pul of PCR reverse primer (10 uM), 1 pl of cDNA
and 8.2 pl of double-distilled water. The qPCR reaction was set at
an initial denaturation of 10 min at 95 °C, and followed by 95 °C
(55),52°C(30s),72°C(305s)in a total 40 cycles and a final exten-
sion step at 72 °C for 5 min. All experiments were performed in
triplicate. For each sample, GAPDH expression was analyzed to
normalize target gene expression. Relative gene expression was
calculated using 224 method. Primer sequences used in this

study are shown in Table 1.

2.9. Statistical analysis

All assays were repeated with a minimum of 3 times. Data were
analyzed using SPSS 19.0 software. All quantitative data were
expressed as mean * standard deviation (SD). Gene expression lev-
els in chondrogenic differentiation lineage were compared
between undifferentiated and differentiated samples. The Stu-
dent’s t-test was used to compare data between the two groups.
P<0.05 was considered to indicate a statistically significant

difference.

3. Results

3.1. Expression profiles of IncRNAs during chondrogenic differentiation

Chondrogenic differentiation of MSCs was induced by using
standard chondrogenic-induction medium (MCDM). Both histolog-
ical staining using Alcian Blue and immunohistochemical staining
of Aggrecan, Sox-9and Col Il showed that the micromass pellets
had differentiated toward the chondrogenic lineage. qRT-PCR
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Table 2
The characteristics of IncRNAs for validation.
IncRNA Expression Chromosome Strand Start End Class
ZBED3-AS1 Up Chr 5 + 76,382,838 76,444,336 Antisense
CTA-941F9.9 Up Chr 22 46,000,311 46,001,501 Intergenic
ENST00000433576.1 Up Chr 1 - 222,054,322 222,092,054 Intergenic
LINC00707 Down Chr 10 + 6,821,559 6,884,868 Intergenic
XLOC_008374 Down Chr 10 + 6,875,609 6,882,671 Intergenic
detected dramatic increase in chondrocyte-specific genes expres-
ion i ic di iati i i 120.00
sion in chondrogenic differentiation gt day 14 after induction, m Microarray
including Aggrecan, Sox-9 and Col II (Fig. 1). —
The IncRNAs expression profiles during chondrogenic differen- o B qRT-PCR
tiation were identified for MSCs 14 d after chondrogenic induction 2 4000 -
using IncRNA microarray. Expression levels of IncRNAs were signif- o l]
icantly altered between differentiated and non-differentiated cells. ; 0.00 - = g
3638 differentially expressed IncRNAs were identified (fold-change °
>2.0 or <-2.0, P < 0.05). Among these, 2166 IncRNAs were found to e 000
be up-regulated more than 2-fold in the chondro-differentiated -80.00
cells compared to undifferentiated cells, while 1472 IncRNAs were & o ,\@' & S & & & &
down-regulated more than 2-fold (P < 0.05). When the cut-off was & 2 S F & QO
set at 5-fold, 374 IncRNAs were up-regulated and 163 were down- .@" 0v~' @6" > \,o"’
regulated (P < 0.05). ,\e@ ®
&
<

3.2. Expression profiles of mRNAs during differentiation

The expression profiles of protein-coding RNAs were also per-
formed with mRNAs microarray. 5560 mRNAs were found to be
differentially expressed, including 1980 that were up-regulated
more than 2-fold and 3580 that were down-regulated more than
2-fold (P < 0.05). When the cut-off was set at 5-fold, 480 IncRNAs
were up-regulated and 377 were down-regulated (P < 0.05).

GO analysis showed that the most significant biological pro-
cesses consisted of cellular metabolic process, cellular component
organization or biogenesis, response to stimulus, regulation of
developmental process, regulation of signal transduction. Pathway
analysis showed that the most significant pathways consisted of
p53 signaling pathway, Wnt signaling pathway, Apoptosis and Cell
cycle (Fig. 2).

3.3. qRT-PCR analysis of IncRNAs and mRNAs expression

According to fold difference, gene locus, and so on, we initially
identified a number of candidate IncRNAs and mRNAs for valida-
tion. Five IncRNAs (ZBED3-AS1, CTA-941F9.9, LINC00707,
ENST00000433576.1 and XLOC_008374) and five mRNAs (CILP,
FOSL1, RGS4, SCRG1 and WISP1) were further examined using
qPCR. The characteristics of these IncRNAs and mRNAs were shown
in Table 2. The results of qRT-PCR and microarray were consistent

(Fig. 3).
3.4. LncRNA classification and subgroup analysis

Analysis of the genomic context of IncRNAs that were expressed
during differentiation could help in predicting their functional role.
Therefore, we analyzed the association of IncRNAs and mRNAs to
identify putative functional relationships. We categorized the rela-
tionship between IncRNAs and mRNAs as sense, antisense, intronic,
bidirectional, or intergenic. Among differentiated expressed IncR-
NAs associated with chondro-differentiation, 330 sense, 472 anti-
sense, 267 intronic, 212 bidirectional, and 701 intergenic ncRNAs
were identified, respectively.

In addition, IncRNAs with enhancer-like function (IncRNA-a)
were identified using GENCODE annotation. The expression pro-
files of 231 enhancer-like IncRNAs indicated that they were differ-
entially expressed (fold-change >2.0 or <-2.0, P < 0.05) between

Fig. 3. Comparison between microarray data and qRT-PCR result for IncRNAs and
mRNAs. The validation results indicated that the microarray data correlated well
with the qPCR results.

undifferentiated and differentiated cells. Among these, 156 were
up-regulated and 75 were down-regulated. Then, a class of
~3500 large intergenic ncRNAs (lincRNAs) were also identified.
In all, 40 lincRNAs, including 25 up-regulated and 15 down-
regulated were observed (fold-change >2.0 or <—2.0, P < 0.05).

3.5. Construction of the IncRNA-mRNA co-expression network

In order to ascertain the correlation between differentially
expressed IncRNA and mRNA, we constructed IncRNA-mRNA co-
expression network for differential expressed IncRNAs. The net-
work indicates that one mRNA is correlated with one to tens of
IncRNAs and vice versa. Thus, we proposed that the expression
profile of mRNAs and IncRNAs are significantly correlated.

In addition, we observed the dynamic expression trend of two
IncRNAs (ZBED3-AS1, CTA-941F9.9) during the chondrogenic
differentiation process. The expression levels at day 0, 7, 14, 21
and 28 were compared using qRT-PCR (Fig. 4). The trend showed

60
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40

30

Fold change

20

10

Day 0 Day 7 Day 14 Day 21 Day 28

Fig. 4. The dynamic expression trends of two IncRNAs (ZBED3-AS1 and CTA-
941F9.9) during the chondrogenic differentiation process of human bone marrow
MSCs. The trend showed that the expressions of two IncRNAs at day 7 were
significant higher than day 0. The expressions continued to rise to higher levels at

day 14 and the levels maintained until day 28.
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that the expressions of two IncRNAs at day 7 were significant
higher than day 0. The expressions continued to rise to higher
levels at day 14 and the levels maintained until day 28.

4. Discussion

Stem cells are present in a variety of mesenchymal tissues other
than bone marrow and can be isolated from them, such as skeletal
muscle [12], trabecular bone [13], synovium [14], adipose tissue
[15], umbilical cord blood [16] and periosteum [17]. Human bone
marrow MSCs derive from mesodermal cell lineages with self-
renewable capacities and multi-directional differentiation
potentials [18,19]. Their ease of isolation and culture and their
multilineage differentiation potential make MSCs suitable and
appealing cells in tissue engineering. Given appropriate culture
conditions, BMSCs have been reported to differentiate into chon-
drocytes [3,20], osteocytes [21], adipocytes [22], endothelial cells
[23], cardiomyocytes [24], and even hepatocytes [25] and neurons
[26]. MSCs can differentiate into into chondrocytes to form carti-
lage during the initial stages of endochondral ossification [27].

The IncRNAs are evolutionarily conserved non-coding RNAs that
are longer than 200 nucleo tides in length and lacking of protein-
encoding capacity. The ratio of IncRNAs in total ncRNAs is beyond
80% but is the least well-understood [28,29]. Although initially
thought to be transcriptional noise, recent evidence suggests that
the expression of IncRNAs is cell- and developmental stage-specific
and regulated by common transcription factors [30,31]. LncRNAs
are abundantly encoded in mammalian genomes, numbering in
the tens of thousands. However, functionalizing the rich repertoire
of long non-protein-coding transcripts remains a challenge.

An understanding of the transcriptional regulatory circuitry
that is responsible for pluripotency and differentiation in human
MSCs is fundamental to understanding molecular mechanism
and realizing the therapeutic potential of the stem cells. Although
the functional roles of miRNAs in chondrogenesis of MSC have
been extensively investigated [32-34], the role of IncRNAs in this
regulatory circuitry and their underlying mechanism remains
undefined.

It has been demonstrated that the some IncRNAs express
differently during cell development and lineage commitment
[35]. Some researches focused on the regulation of pluripotency
and differentiation in stem cells. Guttman et al. performed loss-
of-function studies on lincRNAs expressed in mouse embryonic
stem cells (ESCs) and characterized the effects on gene expression
[9]. The results demonstrate that lincRNAs have key roles in the
circuitry controlling cell state. lincRNAs are key components of
the ESCs transcriptional network that are functionally important
for maintaining the pluripotent state, and that many are down-
regulated upon differentiation. Sheik et al. established conserved
IncRNAs transcriptionally regulated by Oct4 and Nanog modulate
pluripotency in mouse embryonic stem cells [36].

For human stem cells, Loewer et al. has identified numerous
lincRNAs with expression linked to pluripotency, these include
linc-RoR, which serves as a critical regulator of cellular reprogram-
ming of human induced pluripotent stem cells [37]. Wang et al.
revealed that the expression of linc-RoR serves as endogenous
miRNA sponge and regulates Oct4, Nanog, and Sox2 in human
embryonic stem cell self-renewal [38]. All these studies demon-
strated there is growing evidence that IncRNAs have a critical role
in the biology of various stem cell types. However, the role of
IncRNAs in the human mesenchymal stem cells derived from bone
marrow has not been studied.

Our study first demonstrated IncRNAs and mRNAs expression
profiles during the chondrogenic differentiation of human
bone marrow MSCs using IncRNAs and mRNAs microarray. We

subsequently validated the microarray results by qRT-PCR.
Bioinformatic analyses were applied for further study of these
differentially expressed IncRNAs and mRNAs, including GO,
Pathway and co-expression network analysis.

During chondrogenic differentiation, we selected five IncRNAs
for gPCR analysis. Furthermore, we predicted the target genes of
two IncRNAs (ZBED3-AS1 and CTA-941F9.9) by bioinformatics
and constructed co-expression network. In the co-expression net-
work, the two IncRNAs correlated with other IncRNAs and mRNAs
and some mRNAs was related with cell chondrogenic differentia-
tion. In addition, the expression trends of two IncRNAs were
observed during the differentiation process. The expressions of
ZBED3-AS1 and CTA-941F9.9 significantly increased from day 7,
peaked at day 14 and maintained to day 28. The trends may
suggest that the two IncRNAs may play roles in early stage of
chondrogenic differentiation. Of course, the further related
researches will be needed to validate the hypothesis.

In summary, to our knowledge the first time, we have shown
the global different expression profiles of IncRNAs during the
chondrogenic differentiation of human bone marrow MSCs. By
bioinformatics prediction, we obtained some target genes corre-
lated with the process of differentiation of the candidate IncRNAs.
Further studies in function analysis of these IncRNAs are needed to
provide more conclusive evidence to explain the regulatory
mechanisms. Collectively, our results suggest that IncRNAs should
be the important regulators in the course of chondrogenic
differentiation and might provide a guide for further investigation
about the mechanisms of IncRNAs regulating differentiation
process of human bone marrow MSCs.
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