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. Although long noncoding RNAs (IncRNAs) have been emerging as critical regulators in various tissues
and biological processes, little is known about their expression and regulation during the osteogenic
differentiation of periodontal ligament stem cells (PDLSCs) in inflammatory microenvironment. In this

. study, we have identified 63 IncRNAs that are not annotated in previous database. These novel IncRNAs

. were not randomly located in the genome but preferentially located near protein-coding genes related

: to particular functions and diseases, such as stem cell maintenance and differentiation, development

. disorders and inflammatory diseases. Moreover, we have identified 650 differentially expressed
IncRNAs among different subsets of PDLSCs. Pathway enrichment analysis for neighboring protein-

. coding genes of these differentially expressed IncRNAs revealed stem cell differentiation related

. functions. Many of these differentially expressed IncRNAs function as competing endogenous RNAs

. thatregulate protein-coding transcripts through competing shared miRNAs.

. Periodontal diseases, such as periodontitis, are the most common causes of tooth loss'. Periodontal regeneration
© via the application of stem cells is the future direction of therapy for periodontal diseases. To date, several types
of stem cells, including mesenchymal stem cells (MSCs), embryonic stem cells (ESCs) and induced pluripotent
stem cells (iPSCs), have been investigated for periodontal regeneration. MSCs are gaining more appreciation
: for their application in periodontal regeneration because they are not subject to ethical issues?>=>. MSCs have the
© potential to be involved in multiple types of differentiation, including neurogenic, cardiomyogenic, chondrogenic
and osteogenic differentiation. Periodontal ligament stem cells (PDLSCs) are a type of MSC. PDLSCs are more
suited for maintenance and regeneration of periodontal tissues, compared to other mesenchymal stem cells, such
as bone marrow stromal cells (BMSCs)**. Several factors have been shown to regulate the potency of PDLSCs,
including tissue origin’, age of the donor?®, inflammatory condition® and growth factors'. Increasing evidence
. shows that inflammation hampers the osteogenic differentiation potency of PDLSCs*!!. Therefore, determining
: the molecular mechanism of osteogenic differentiation of PDLSCs in the inflammatory microenvironment is
© critical for tooth regeneration.
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In recent years, long noncoding RNAs (IncRNAs) have attracted much attention. Due to recent advances in
transcriptome sequencing, it has been realized that a large portion of the genome can be transcribed!?. Tens of
thousands of IncRNAs have been identified in mammalian genomes during diverse biological processes from
development to immunity'*-°. Although initially recognized for the roles of dosage compensation and genomic
imprinting, IncRNAs are increasingly implicated in a wide range of human diseases, such as autoimmune disease
and cancer.

Over the last few years, several investigations of the functions of IncRNAs in stem cells indicated that IncRNAs
play critical roles in the differentiation of stem cell populations. Loewer. et al. uncovered 133 and 104 IncRNAs
that were significantly increased and repressed, respectively, in iPSCs and ESCs compared with fibroblasts!®. They
further demonstrated that one such IncRNA (IncRNA-RoR) could modulate stem cell reprogramming. Ng et al.
carried out an IncRNA microarray expression profiling to find differentially expressed IncRNAs in human ESC
and human neural progenitor cells (NPC), which resulted in 36 IncRNAs that showed significant overexpression
in hESCs compared to NPCs!’. Several studies have investigated the functions of IncRNAs in MSC-derived line-
ages. Zhuang et al. revealed that upregulation of the IncRNA MEG3 promotes osteogenic differentiation of MSCs
from multiple myeloma'®. Dong et al. found 457 and 513 IncRNAs that were significantly upregulated or down-
regulated, respectively, in PDLSCs compared to BMSCs". Jia et al. demonstrated that the IncRNA ANCR was a
key regulator of the proliferation and osteogenic differentiation of PDLSCs?. To date, little is known regarding the
functions of IncRNAs during the osteogenic differentiation of PDLSCs in the inflammatory microenvironment,
and the systematic characterization of IncRNAs is lacking.

To address this, we systematically explored the expression and regulation of IncRNAs during the osteo-
genic differentiation of PDLSCs in the inflammatory microenvironment by high-throughput RNA sequencing
(RNA-seq) experiments. We first evaluated the effect of the inflammatory factor TNF-« on the osteogenic dif-
ferentiation of PDLSCs. We then performed RNA-seq in three subsets of PDLSCs composed of undifferentiated
PDLSCs (uPDLSCs), differentiated PDLSCs without TNF-a stimulation (dPDLSCs) and differentiated PDLSCs
under TNF-« stimulation (TNF-a-dPDLSCs). We systematically characterized PDLSC-related IncRNAs. By
using qRT-PCR, we validated the expression pattern of some IncRNAs. Overall, we provided a valuable resource
of IncRNA expression profiling in PDLSCs and highlight the importance of IncRNAs during osteogenic differen-
tiation of PDLSCs in the inflammatory microenvironment.

Results

Systematical identification of IncRNAs in PDLSCs. We performed polyA selected RNA sequencing
(RNA-Seq) using three distinct PDLSC cell types composed of undifferentiated PDLSCs (uPDLSCs), differen-
tiated PDLSCs without TNF-« stimulation (dPDLSCs) and differentiated PDLSCs under TNF-« stimulation
(TNF-a-dPDLSCs). Firstly, we isolated the cells from the middle part of the root surface of the premolar teeth.
After approximately 3-4 generations of culture, the cells exhibited typical PDLSC characteristics, such as a spin-
dle-shaped morphology (Supplementary Fig. 1A). Then, PDLSCs were subcultured with or without induction
of TNF-a (Fig. 1a). After 21 days in culture, we detected that dPDLSCs were more differentiated than TNF-a-
dPDLSCs, which was characterized by number, size and color of mineralized nodules (Supplementary Fig. 1B
and C). The osteogenic differentiation markers RUNX2, BGLAP and ALPL were also significantly downregulated
in the TNF-a-dPDLSC group compared to the dPDLSC group at both the mRNA and protein level (Fig. 1b,
Fig. 1c). Taken together, the inflammatory microenvironment could suppress the osteogenic differentiation of
PDLSCs as demonstrated by previous studies. We harvested the three subsets of PDLSCs, with three biological
replicates in each subset, for transcriptome sequencing. According to the transcriptome sequencing result, the
expression patterns of protein-coding genes and pathways known to have functional roles in osteogenic differ-
entiation were consistent with previous studies. The expression of the known osteogenic differentiation markers
ALPL and BGLAP was lowest in uPDLSCs and highest in dPDLSCs (Fig. 1d). Moreover, we observed that most of
the genes in the Wnt pathway were significantly upregulated in the TNF-a-dPDLSCs compared to the dPDLSCs
(Fig. 1e), which is consistent with previous studies'!. The above results confirm the validity of our cell culture and
sequencing experiments.

We then identified IncRNAs using a strategy similar to one previously published! (Fig. 2a). After de novo tran-
scriptome assembly of the RNA-seq reads, we removed the transcripts that had sense exonic overlap with known
protein-coding genes and only kept the long (>200bp) transcripts with no less than two exons. We then analyzed
the protein-coding potential of the remaining transcripts using two computational tools: PLEK*! and CPAT?.
The transcripts that were not predicted as protein coding by either of the two methods were retained as candidate
IncRNAs. The candidate IncRNAs were merged with previous IncRNAs from Gencode'? and Lncipedia® to build
a final IncRNA reference. This final IncRNA reference consisted of a total of 31,885 IncRNAs, which included 63
novel IncRNAs not annotated in the existing IncRNA databases (Fig. 2b, Supplementary Table 1).

Coding potentials for novel IncRNAs, annotated IncRNAs and protein-coding genes were assessed using
CPAT for comparison. As a result, novel IncRNAs and annotated IncRNAs showed low average coding poten-
tial scores in comparison with higher average coding potential scores characterizing the protein-coding genes
(Fig. 2¢). The length density distribution of the identified novel IncRNAs was similar to that of annotated IncR-
NAs, and IncRNAs are on average shorter than protein-coding genes (Fig. 2d). Of note, the novel IncRNAs had
more abundant expression in these PDLSC populations than that of annotated IncRNAs and protein-coding
genes (Fig. 2e).

Integrative analysis reveals potential functions of novel IncRNAs in PDLSCs.  To uncover the
potential functions of the novel IncRNAs in PDLSCs, we systematically examined the function of protein-coding
genes located near the novel IncRNAs. IPA analysis revealed that the functions of protein-coding genes near novel
IncRNAs were significantly enriched in amino acid metabolism pathways, such as leucine degradation, isoleucine
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Figure 1. The osteogenic differentiation was suppressed by an inflammatory microenvironment. (a) The
PDLSC subsets used for RNA sequencing analysis. The cells were isolated from the middle part of the root
surface from premolar teeth and cultured for approximately 3-4 generations until the cells exhibited stem cell
characteristics (uPDLSCs). With or without induction of TNF-a for 7 days, uPDLSCs were subcultured into
dPDLSCs and TNF-a-dPDLSCs. (b) The expression of the osteogenic differentiation markers ALPL, BGLAP
and RUNX2 in uPDLSCs, dPDLSCs and TNF-a-dPDLSCs was determined by quantitative RT-PCR. (c) The
expression of the osteogenic differentiation markers ALPL, BGLAP and RUNX2 in uPDLSCs, dPDLSCs and
TNF-a-dPDLSCs was determined by western blot. (d) The expression of the osteogenic differentiation markers
ALPL and BGLAP was determined by RNA-Seq. (e) Heatmap showing the expression of genes involved in
the Wnt/(3-catenin signaling pathway that were significantly upregulated in TNF-a-dPDLSCs compared to
dPDLSCs.

degradation and valine degradation (Fig. 3a). Nutritional effects, particularly amino acid metabolism, are known
to play important roles in the maintenance and differentiation of mesenchymal stem cells**. Our results sug-
gested that the IncRNAs newly identified in PDLSCs are largely involved in regulating amino acid metabolism
during osteogenic differentiation. Furthermore, IPA analysis also revealed that the neighboring protein-coding
genes were significantly related to development disorders and inflammatory diseases (Fig. 3b). The above results
demonstrated that novel IncRNAs are not randomly located in the genome but are preferentially located near
genes with particular functions, suggesting that these novel IncRNAs play key regulation roles in PDLSCs.

Correlation analysis is widely used to infer the function of IncRNAs. To further explore the potential func-
tion of novel IncRNAs, we systematically investigated co-expression patterns of IncRNAs and protein-coding
genes. To do this, we computed pairwise expression correlations between genes across all samples. Expression
correlations were composed of trans correlations (defined as gene pairs separated by 1 > MB distance or located
on different chromosomes) and cis correlations (defined as gene pairs located within a 100-kB genomic region).
The trans pairs tend to be negatively correlated. Of 147,925,919 trans correlation pairs tested, 12.33% of the pairs
had a Pearson correlation coefficient >0.5, versus 44.82% of pairs with Pearson correlation coefficients < —0.5
(Fig. 3¢). For cis pairs, we found that novel IncRNAs and protein-coding genes were mostly positively correlated,
indicating the functional importance of these novel IncRNAs in PDLSCs (Fig. 3d). Gene set enrichment analysis
indicated that protein-coding genes that were strongly positively correlated with novel IncRNAs were mainly
enriched in the NRF2-mediated oxidative stress response pathway (Fig. 3e). Nuclear factor erythroid 2-related
factor 2 (NRF2), as a well-established global regulator of the oxidative stress response, plays a regulatory role in
the maintenance of stem cell functions®. The novel IncRNAs that are highly correlated with the NRF2 pathway
may participate in the NRF2-mediated oxidative stress response during differentiation of PDLSCs.

Differential expression of IncRNAs during osteogenic differentiation. We then determined the
IncRNAs related to osteogenic differentiation of PDLSCs in an inflammatory microenvironment. LncRNAs are
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Figure 2. Systematic identification of IncRNAs in PDLSCs. (a) The pipeline for the identification of novel
IncRNAs. (b) Circos plot showing the IncRNA profiling in PDLSCs. Each circle represents a PDLSC subset
(from inner to outer: uPDLSCs, dPDLSCs and TNF-a-dPDLSCs). For each circle, the inside bars represent
novel IncRNAs and the outside bars represent known IncRNAs. (¢) Coding potential of transcripts from the
entire dataset, estimated using CPAT algorithm. (d) Length distribution of protein-coding genes, known
IncRNAs and novel IncRNAs. (e) Expression abundance of protein-coding genes, known IncRNAs and novel
IncRNAs.

considered to be tissue/time-course specific. In this regard, we looked at the novel IncRNAs first. We first per-
formed hierarchical clustering of the PDLSC samples based on the expression of the novel IncRNAs. We observed
that dPDLSC and TNF-a-dPDLSC samples were separated into distinct clusters by hierarchical clustering
(Fig. 4a). The principal component analysis revealed three distinct clusters, with each cluster representing a cell
type (Fig. 4b). These results demonstrated that the novel IncRNAs were dynamically regulated during osteogenic
differentiation, and the expression of a large number of novel IncRNAs was changed upon TNF-« stimulation.
To specifically identify those IncRNAs related to osteogenic differentiation, we then performed differential
expression analysis among uPDLSCs, dPDLSCs and TNF-a-dPDLSCs using DESeq. 2 and EdgeR. Only the
overlapped, differentially expressed IncRNAs identified from DESeq2 and EdgeR were retained. We identi-
fied 214 upregulated IncRNAs and 193 downregulated IncRNAs in dPDLSCs compared to uPDLSCs (Fig. 4c,
Supplementary Table 2), and we identified 149 upregulated IncRNAs and 169 downregulated IncRNAs in
TNF-a-dPDLSCs compared to dPDLSCs (Fig. 4d, Supplementary Table 3). Overall, 650 IncRNAs were differ-
entially expressed among the three PDLSC subpopulations. Using RT-PCR, we validated two upregulated IncR-
NAs and two downregulated IncRNAs in TNF-a-dPDLSCs compared to dPDLSCs. The fold changes of the two
upregulated IncRNAs (LINC-PDE10A-1 and GK-AS-1) and the two downregulated IncRNAs (ZNF385D-AS-1
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Figure 3. Annotation of novel IncRNAs. (a) The top ten significantly enriched KEGG pathways for protein-
coding genes near novel IncRNAs. (b) The top five disease ontologies of protein-coding genes near novel
IncRNAs. (c) Density histograms of pairwise Pearson expression correlations between genes of different classes
in trans. (d) Density histograms of pairwise Pearson expression correlations between genes of different classes
in cis. (e) The top ten significantly enriched pathways for mRNAs cis positively correlated with novel IncRNAs
(Pearson correlation > 0.7).

and SGOL1-AS-1) were in accordance with that of the RNA-seq results (Fig. 4e). At the same time, we also
identified the differentially expressed protein-coding genes (742 differentially expressed protein-coding genes
between uPDLSCs and dPDLSCs, Supplementary Table 4; 354 differentially expressed protein-coding genes
between dPDLSCs and TNF-a-dPDLSCs, Supplementary Table 5). We validated the expression change of four
protein-coding genes using RT-PCR (Supplementary Fig. 2).

We then performed pathway enrichment analysis for the neighboring protein-coding genes of these differen-
tially expressed genes using IPA. We found that the neighboring protein-coding genes for DE IncRNAs between
uPDLSCs and dPDLSCs were mainly distributed in the dTMP de novo biosynthesis pathways and serotonin
receptor signaling (Supplementary Fig. 3). Previous studies have reported that serotonin receptors were nec-
essary for the recruitment of pulpal cells involved in dental repair?. The mechanism and function of the sero-
tonin receptor signaling-related DE IncRNAs including GCHI1-AS, HTR1B-AS, LINC-ADCY1 and ADCY3-AS
needs further study. The neighboring protein-coding genes for the DE IncRNAs between TNF-a-dPDLSCs and
dPDLSCs were mainly in the inflammatory process such as IL-2 signaling and IL-8 signaling (Fig. 4f). Apart from
the pathway enrichment analysis for neighbouring protein-coding genes of the differentially expressed IncRNAs
using IPA, we have further performed LncRNAs2Pathway analysis for these differentially expressed IncRNAs.
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Figure 4. Differential expression of IncRNAs during osteogenic differentiation. (a) Heatmap showing

the hierarchical clustering result of all expressed IncRNAs of the three PDLSCs subsets. (b) The principal
component analysis of three cell types based on all expressed IncRNAs of the three subset types. (c) The number
of differentially expressed (DE) IncRNAs between uPDLSCs and dPDLSCs detected by EdgeR and DESeq2

are shown in the Venn plot. Heatmap showing the overlapping DE IncRNAs between EdgeR and DESeq2. (d)
The number of differentially expressed (DE) IncRNAs between dPDLSCs and TNF-a-dPDLSCs detected by
EdgeR and DESeq?2 are shown in a Venn plot. Heatmap showing the overlapping DE IncRNAs between EdgeR
and DESeq2. (e) The fold changes of four IncRNAs (CK-AS1, LINC-PDEI10A-1, SGOL1-AS-1, ZNF3650-AS-1)
measured by qRT-PCR and sequencing. (f) Top ten KEGG pathways for neighboring protein-coding genes for
DE IncRNAs between TNF-a-dPDLSCs and dPDLSCs.

Pathways enriched for DE IncRNAs between uPDLSCs and dPDLSCs were listed in Supplementary Table 6A.
Pathways enriched for DE IncRNAs between dPDLSCs and TNF-a-dPDLSCs were listed in Supplementary
Table 6B. Interestingly, the pathways enriched in DE IncRNAs between uPDLSCs and dPDLSCs included
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glycosaminoglycan and glycosphingolipid biosynthesis which were known to be related to osteogenic differenti-
ation (Supplementary Fig. 4). Oxidative phosphorylation, which is enriched in DE IncRNAs between dPDLSCs
and TNF-a-dPDLSCs, has been reported to play significant roles both in osteogenic differentiation and inflam-
mation (Supplementary Fig. 4).

IncRNA-mRNA related ceRNA network during osteogenic differentiation. Recent studies indicate
that IncRNAs can act as competing endogenous RNAs (ceRNAs) to indirectly regulate mRNAs through shared
microRNAs. To further gain insights into the function of cell type-specific IncRNAs, we used “miRanda” to predict
putative miRNA response elements (MREs) in the mRNAs and IncRNAs. In each IncRNA-mRNA ceRNA pair, we
then required that the IncRNA and mRNA should share at least two miRNAs and eight unique binding sites. We
calculated the Pearson correlation of each IncRNA-mRNA ceRNA pair to evaluate its miRNA-mediated strength.
A Pearson correlation of 0.7 was used as the cutoff to filter the candidate IncRNA-mRNA ceRNA pairs. At last, we
in total found 464 IncRNA-mRNA ceRNA interactions including 61 IncRNAs and 217 mRNAs in the DE IncR-
NAs between uPDLSCs and dPDLSCs, and 277 IncRNA-mRNA ceRNA interactions including 51 IncRNAs and
153 mRNAs in the DE IncRNAs between TNF-a-dPDLSCs and dPDLSCs (Fig. 5a, Supplementary Table 7). The
IncRNA-mRNA ceRNA pairs were located in different chromosomes, indicating that the IncRNA-mRNA ceRNA
network tends to be distantly regulated. The top 10 IncRNA-mRNA ceRNA pairs are shown in Fig. 5b. Among
these IncRNA-mRNA ceRNA pairs, insulin-like growth factor binding protein 5 (IFGBP5) is particularly interest-
ing. IGFBP5 was paired with two IncRNAs, ASMTL-AS-1 and U2AF2-AS-1. Of note, IncRNA ASMTL-AS-1 was
differentially expressed between both comparisons. A previous study has reported that IGFBP5 could promote
mesenchymal stem cell-mediated periodontal tissue regeneration by enhancing osteogenic differentiation and
anti-inflammation potentials?’. Our study provided new insights into the mechanism of regulating osteogenic
differentiation for IGFBP5.

To further clarify the dysregulated ceRNA networks, we performed pathway enrichment analysis on
the mRNAs in the networks using DAVID. DAVID analysis revealed that the mRNAs in the ceRNA net-
work for DE IncRNA between uPDLSCs and dPDLSC were mainly enriched in stem cell development and
differentiation-related pathways, such as the hematopoietic cell lineage and osteoclast differentiation (Fig. 5¢).
The mRNAs in the ceRNA network for DE IncRNA between TNF-a-dPDLSCs and dPDLSCs were mainly
enriched in ECM-receptor interaction, the PI3K-Akt signaling pathway and the TNF signaling pathway (Fig. 5¢).
To further narrow down the important pathways, we performed IPA analysis on the mRNAs in the ceRNA net-
works (Supplementary Fig. 5). IPA analysis further indicated that the mRNAs in the ceRNA network for DE
IncRNA between uPDLSCs and dPDLSC were mainly enriched in stem cell differentiation pathways such as
ephrin receptor signaling and axonal signaling (Supplementary Fig. 5).

Discussion

We have identified 63 novel IncRNAs in PDLSCs, and these novel IncRNAs were highly expressed in PDLSC
populations. These novel IncRNAs that located near those protein-coding genes were enriched in amino acid
metabolism pathways. Amino acid metabolism is known to play fundamental roles in stem cells. For instance,
methionine metabolism was reported to regulate the maintenance and differentiation of human pluripotent stem
cells®®, and proline metabolism was critical for ESC maintenance and some of the earliest steps of differentia-
tion?>3C. The enriched amino acid metabolism pathways for novel IncRNAs in PDLSCs were leucine metabolism,
isoleucine metabolism and valine metabolism, which suggests that the metabolism of these amino acids is impor-
tant to osteogenic differentiation of PDLSCs. Some of the novel IncRNAs are likely involved in the metabolism of
these amino acids. Further exploration of these amino acid metabolism pathways should provide insight into the
specific functions of these novel IncRNAs and their roles.

IncRNAs have been reported to have tissue and linage specificity. We found that the novel IncRNAs could
define the cellular identity of the three PDLSC populations according to hierarchical clustering and PCA anal-
ysis. Due to the specificity of IncRNA expression, these novel IncRNAs may not have been identified without de
novo transcriptome assembly. The de novo strategy applied here could largely fill the gap in understanding the
IncRNA-regulated mechanism of osteogenic differentiation.

Investigating differentially expressed IncRNAs between uPDLSCs and dPDLSCs would help to further deter-
mine the molecular mechanism of osteogenic differentiation of PDLSCs. We obtained 407 differentially expressed
IncRNAs between uPDLSCs and dPDLSCs. The neighboring protein-coding genes of these DE IncRNAs were
mainly enriched in serotonin receptor signaling. Previous studies have reported that serotonin receptors were
necessary for the recruitment of pulpal cells involved in dental repair®. It was worthwhile to further clarify the
function and mechanism of these DE IncRNAs involved in serotonin receptor signaling.

PDLSCs could be obtained very easily, especially in periodontitis. However, increasing evidence has shown
that inflammatory microenvironments, which represents the status of the periodontitis, would inhibit the process
of osteogenic differentiation of PDLSCs’. Therefore, it was important to understand the biological mechanism of
how inflammatory microenvironments hamper differentiation, thereby improving the differentiation potential
of PDLSCs derived from periodontitis in order to make better use of the stem cells. We obtained 318 differentially
expressed IncRNAs between uPDLSCs and TNF-a-PDLSCs. As expected, we observed that these IncRNAs locate
near protein-coding genes that are mainly enriched in inflammatory pathways. This IncRNA list is expected to
be a valuable resource to study the mechanism of osteogenic differentiation of PDLSCs under inflammatory
microenvironments.

LncRNAs have recently emerged as competing endogenous RNAs (ceRNAs), which play important roles
in various biological processes including stem cell maintenance and differentiation. We performed a system-
atic investigation of expression profiling of DE IncRNAs and their correlated protein-coding genes to con-
struct the ceRNA networks for the dysregulated IncRNAs during osteogenic differentiation of PDLSCs under
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mRNA IncRNA miRNA
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RASL10B LINC-TOPAZ1-1 miR-4739, miR-8089, miR-6721-5p, miR-4763-3p, miR-6756-5p, miR-608
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Figure 5. IncRNA-mRNA-related ceRNA network during osteogenic differentiation. (a) Circos plot showing
mRNA-IncRNA ceRNA pairs for DE IncRNAs during PDLSC differentiation and TNF-« stimulation. (b) The
top five nRNA-IncRNA ceRNA pairs and their shared miRNAs. (c) The significantly enriched pathways for
mRNAs involved in ceRNA networks.

inflammatory conditions. We found that protein-coding genes and IncRNAs in the ceRNA network were not
a simple one-to-one but a many-to-many relationship and tended to be distantly regulated. Furthermore, we
revealed that the protein-coding genes in the ceRNA network regulated by DE IncRNAs between dPDLSCs and
uPDLSCs were mainly involved in pathways related to stem cell development and differentiation, such as the
hematopoietic cell lineage and osteoclast differentiation. The protein-coding genes in the ceRNA network regu-
lated by DE IncRNAs between dPDLSCs and TNF-a-PDLSCs were mainly involved in pathways related to TNF
signaling and PI3K-Akt signaling. Our study provides not only new insights into the mechanism of regulating
osteogenic differentiation for known regulators, such as IGFBP5, but also for many new regulators involved in
ceRNA networks.

In summary, our study represents the first comprehensive map of IncRNA profiling underlying osteogenic
differentiation of PDLSCs in the inflammatory microenvironment. Our study has identified many novel IncRNAs
that were not annotated before. Moreover, we also have identified many differentially expressed IncRNAs during

SCIENTIFICREPORTS|7: 13991 | DOI:10.1038/s41598-017-14451-4 8



www.nature.com/scientificreports/

osteogenic differentiation. The pathway enrichment analysis indicates that these novel IncRNAs and differentially
expressed IncRNAs are related to stem cell development and differentiation. In addition, our study reveals a com-
plex IncRNA-mRNA ceRNA mechanism that may significantly contribute to the aberrant expression of critical
protein-coding genes in osteogenic differentiation of PDLSCs in the inflammatory microenvironment. Our data-
set should serve as a resource for the study of transcriptional regulatory networks during osteogenic differentiation
of PDLSCs in the inflammatory microenvironment. We expect that further investigation of the IncRNAs identified
in this study will reveal important functions of IncRNAs in the development and differentiation of PDLSCs.

Methods

Sample collection. The periodontal ligament (PDL) was collected from patients in the Oral and
Maxillofacial Surgery Clinic of Stomatology hospital of Guangzhou Medical University. Teeth were selected from
healthy patients ranging from 18 to 25 years old in whom the first or the second molar tooth was extracted for
orthodontic purposes. This study was approved by the ethics committee of Stomatology Hospital of Guangzhou
Medical University, and informed consent was obtained from all of the patients [#20160115]. All experiments
were performed in accordance with approved guidelines and regulations from The Institute Research Medical
Ethics Committee of Stomatology Hospital of Guangzhou Medical University.

Cell culture. The teeth were soaked in media (90% DMEM, 10% FBS, 100 u/ml penicillin, 100 ug/ml strep-
tomycin, Gibco, USA) after tooth extraction. The PDL tissue was scraped from the middle third of the root sur-
face after washing 6-8 times with PBS (containing penicillin/streptomycin). The PDL tissue was minced into 1
mm? cubes and centrifuged for 5min in 1000 r/min. Then, the PDL tissue was digested in 3 mg/ml collagenase I
(Roche, USA) and dispersed for 45 min at 37 °C. Then, an equal volume of medium was added to terminate the
digestion. The solution was centrifuged at 1000 r/min for 5min, and the supernatant was discarded. Next, the
tissues were resuspended in 1 ml of medium and inoculated into 6-well plates. The cells were cultured at 37°C in
5% CO,. The medium was changed every 2-3 days until the cells appeared from the edge of the tissue after 3-8
days. The cells were digested with 0.25% trypsin containing 0.1% EDTA (Roche, USA) when cell growth reached
80%. When the first-generation cells grew up to 80% confluence, the clones were isolated and cultured in vitro
with a limiting dilution assay and expanded to 1 x 107 cells in individual vessels for further cultivation. Three to
four generations of poly-clonal PDLSCs were used in this study.

RT-qPCR analysis. At 7 days after induction, total RNA was extracted according to the TRIzol Reagent
(Invitrogen, USA) instructions. The RNA concentration and purity were detected using a Nano Drop ND-1000
spectrophotometer. Reverse transcription to cDNA was performed according to the rimeScriptTM RT-PCR Kit
assay (Takara, Japan). The expression of osteogenic genes including RUNX2, BGLAP and ALPL was evaluated
using RT-qPCR according to the SYBR Premix Ex Taq TM (Takara, Japan) instructions. GAPDH was the inter-
nal reference. Each sample obtained from three independent experiments was used for analysis of relative gene
expression using the 2—AACt method.
The primers are shown below (synthesized by Generay, Shanghai, China):

ALPL:

Forward: 5-GCTCATGCATAACATCAGGGACA-3/
Reverse: 3’-TCGTCACTCTCATACTCCACATCAG-5’
BGLAP:

Forward: 5-CCCAGGGGCTACCTGTATCAA-3/
Reverse: 3’CTCCTGAAAGCCGATGTGGTC-5'
RUNX2:

Forward: 5-CACTGGCGCTGCAACAAGA-3'
Reverse: 3'-CATTCCGGAGCTCAGCAGAATAA-5'
GAPDH:

Forward: 5-GCACCGTCAAGGCTGAGAAC-3/
Reverse: 5-TGGTGAAGACGCCAGTGGA-3/
GK-AS-1:

Forward: 5-CTCAGCAAACTACCTTTCGT-3/
Reverse: 3’-GTAACCCAACCCATTGACT-5
LINC-PDE10A-1:

Forward: 5-GACACACACACACACACACA-3’
Reverse: 3’- GTTCCTCCTTCCCTCCTT-5
SGOL1-AS-1:

Forward: 5-TGTCGGAAAGGAGTAAGATG-3'
Reverse: 3'-ATGGAGCAAGGACCAAGT-5'
ZNF385D-AS-1:

Forward: 5-CCCTGCTTTATTCACCCT-3/
Reverse: 3'-GGACTTTTCCTTCCTTCATC-5

Western blot analysis. At 7 days post-induction, total proteins, plasmosin and nucleoproteins were
extracted. The level of protein was measured by the Bio-Rad Protein Assay and BAC protein concentration assay
kit (Beyotime, Shanghai, China) according to the manufacturer’s instructions. The sample was boiled for 5min
after 5-fold volume sample buffer was added and kept in storage at —80°C. An SDS-PAGE gel was prepared
based on the instructions. Transmembrane electrophoresis was performed according to the molecular weight
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of the proteins. Then, the PVDF membrane was incubated in blocking buffer of 5% skimmed milk. The PVDF
membrane was then washed with PBS and incubated with the following primary antibodies overnight at 4 °C:
anti-ALP, anti-OCN, and anti-RUNX2 (Abcam, USA). Next, membranes were incubated for 2 h at room tem-
perature with anti-rabbit IgG secondary antibody after being placed at room temperature for 1h. The blots were
visualized using an enhanced chemiluminescence kit (Amersham Biosciences, USA) according to the manufac-
turer’s recommended instructions.

Osteogenic differentiation in vitro. The PDLSCs were induced for osteogenic differentiation in vitro using
osteoinductive medium (90% DMEM, 10% FBS, 100 nmol/L dexamethasone, 10 mmol/l 3-glycerophosphate,
50 ug/ml vitamin C, Sigma, USA). For the TNF-a-PDLSC group, the cells were cultured with osteoinductive
medium plus 10 ng/ml TNF-« (Peprotech, USA). The fourth generation of PDLSCs was digested by trypsin and
resuspended. Then, the cells were inoculated into 6-well plates with a density of 2 x 10* cells/cm?. The cells were
collected at corresponding days. The detection of mineralized nodules is one of the commonly used methods
to study cells’ differentiation. Alizarin red staining is the main method of staining mineralized nodules, which
can make mineralized nodules dyed in deep red matter, which is due to mineralized nodules containing a lot of
calcium salt, with alizarin red color reaction, resulting in a dark red compound. At 21 days after induction, we
performed alizarin red staining to detect the mineralized nodules.

RNA sequencing. At 7 days post-induction, total RNA was extracted. Polyadenylated RNA-seq was per-
formed using standard Illumina Truseq kits, and samples were sequenced using the Illumina HiSeq 4000 PE150.

IncRNA identification. RNA-Seq reads of each sample were aligned to the hg38 human genome using STAR
(version 2.5.2b)*!. The de novo transcriptome assembly for each sample was performed using cufflinks with the
following parameters: -M = “rRNAmask file”,-library-type = “fr-firststrand,”-max-multiread-fraction = 0.25,
and-3-overhang-tolerance = 2000. The transcriptome assemblies for all samples were then merged into a recon-
structed transcriptome using cuffmerge with default parameters. We employed cuffcompare to compare the
reconstructed transcriptome with Gencode v24 gene annotation'2 The novel transcripts with class code “x”
(exonic overlap with the reference on the opposite strand) and “u” (unknown intergenic transcript and “I” (frag-
ment falling into an intron of the reference) were retained. Next, we filtered out the transcripts with less than
two exons and with sequence lengths shorter than 200 nt. The coding capacity of all of the novel transcripts was
assessed with the coding potential assessment tool (CPAT)?* and the predictor of long non-coding RNAs and
mRNAs based on k-mer scheme (PLEK)?!. CPAT applies logistic regression algorithm to discriminate between
coding and noncoding transcripts based on the following sequence features: open reading frame size, open
reading frame coverage, Fickett TESTCODE statistic and hexamer usage bias. PLEK is a computational pipe-
line built with an improved k-mer scheme and a support vector machine (SVM) algorithm to distinguish IncR-
NAs from messenger RNAs (mRNAs). The transcripts that were not predicted as protein coding by either of the
two methods were retained as candidate IncRNAs. The candidate IncRNAs were merged with previous IncRNAs
from Gencode'? and Lncipedia® to build a final IncRNA reference. All novel and known IncRNAs were named
according to proposed nomenclature standards®**: LINC-[nearest protein-coding gene] for intergenic IncRNAs
and [nearest protein-coding gene]-AS for antisense IncRNAs. The nearest protein-coding gene for a IncRNA was
determined according to the distance from the corresponding IncRNA along the genome sequence.

Differential expression analysis. The quantification of the expression of protein-coding genes and IncR-
NAs was done using RSEM?® with the following parameters:-paired end and-forward-prob = 0. EdgeR* and
DESeq2* were applied to perform differential expression analysis. The protein-coding genes and IncRNAs with
a p value <0.05 and an absolute value of log2foldchange > 1 were treated as differentially expressed. Only the
overlapped differentially expressed protein-coding genes and IncRNAs identified from DESeq2 and EdgeR were
retained. Pathway enrichment analysis for differentially expressed protein-coding genes was performed using
Ingenuity Pathway Analysis (IPA). For differentially expressed IncRNAs, we performed IPA on those nearest
neighboring protein-coding genes to infer their functions. To build a more confident output, we have further
performed LncRNAs2Pathway analysis for these differentially expressed IncRNAs.

Construction of ceRNA network. Firstly, we extracted sequences of protein-coding genes and IncR-
NAs using gftread in the cufflinks toolkits. Then, the putative miRNA response elements in the protein-coding
sequence and the IncRNA sequence were detected by miRanda®*. The IncRNAs-mRNA pairs with Pearson cor-
relation coefficient >0.7 and at least two shared miRNAs with more than 8 unique targeting sites limited in the
3'UTR region were considered as ceRNA pairs. Pathway enrichment analysis for mRNAs in the ceRNA networks
was performed using IPA and DAVID?Y.

Functional annotation of novel IncRNAs. The methods for inferring the function of novel IncRNAs are
mainly based on guilt-by-association principle that states that a gene of interest with unknown functions could
share functions with genes whose functions are well known in the same cluster, where links are based on com-
mon phenomenon. Genomic co-localization and co-expression are two of such common phenomenon*-*!. To
uncover the potential functions of the novel IncRNAs in PDLSCs, we performed pathway enrichment analysis
using IPA on those protein-coding genes nearest to the novel IncRNAs. To further explore the potential function
of novel IncRNAs, we systematically investigated co-expression patterns of IncRNAs and protein-coding genes. To
do this, we computed pairwise expression correlations between genes across all samples. Expression correlations
were composed of trans correlations (defined as gene pairs separated by 1 > MB distance or located on different
chromosomes) and cis correlations (defined as gene pairs located within a 100-kB genomic region). Pathway
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enrichment analysis using IPA was performed for those protein-coding genes that were strongly positively corre-
lated with novel IncRNAs (Pearson Correlation coefficient > 0.7).

Availability of data and material. All raw sequencing data can be accessed from the Sequence Read
Archive (project accession SRP096798).

References

1.

10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.

25.
26.

27.
28.

29.
. Washington, J. M. et al. L-Proline induces differentiation of ES cells: a novel role for an amino acid in the regulation of pluripotent

31.
. Mattick, J. S. & Rinn, J. L. Discovery and annotation of long noncoding RNAs. Nat. Struct. Mol. Biol. 22, 5-7 (2015).
33,
34.
35.

36.
37.

38.
39.
40.

41.

Nanci, A. & Bosshardt, D. D. Structure of periodontal tissues in health and disease. Periodontol. 2000 40, 11-28 (2006).

2. Mauron, A. & Jaconi, M. E. Stem cell science: current ethical and policy issues. Clin. Pharmacol. Ther. 82, 330-333 (2007).
3.
4. Phinney, D. G. & Prockop, D. J. Concise review: mesenchymal stem/multipotent stromal cells: the state of transdifferentiation and

Morsczeck, C. et al. Somatic stem cells for regenerative dentistry. Clin Oral Investig 12, 113-118 (2008).

modes of tissue repair-current views. Stem Cells 25, 2896-2902 (2007).

. Feng, J., Mantesso, A., De Bari, C., Nishiyama, A. & Sharpe, P. T. Dual origin of mesenchymal stem cells contributing to organ

growth and repair. Proc. Natl. Acad. Sci. USA 108, 6503-6508 (2011).

. Seo, B.-M. et al. Investigation of multipotent postnatal stem cells from human periodontal ligament. Lancet 364, 149-155 (2004).
. Silvério, K. G. et al. Mesenchymal stem cell properties of periodontal ligament cells from deciduous and permanent teeth. J.

Periodontol. 81, 1207-1215 (2010).

. Zheng, W. et al. Loss of proliferation and differentiation capacity of aged human periodontal ligament stem cells and rejuvenation

by exposure to the young extrinsic environment. Tissue Eng Part A 15,2363-2371 (2009).

. Chen, X. et al. Nuclear factor-xB modulates osteogenesis of periodontal ligament stem cells through competition with 3-catenin

signaling in inflammatory microenvironments. Cell Death Dis 4, €510 (2013).

Liu, L. et al. Effect of bone morphogenetic protein-4 on the expression of Sox2, Oct-4, and c-Myc in human periodontal ligament
cells during long-term culture. Stem Cells Dev. 22, 1670-1677 (2013).

Liu, W. et al. Canonical Wnt signaling differently modulates osteogenic differentiation of mesenchymal stem cells derived from bone
marrow and from periodontal ligament under inflammatory conditions. Biochim. Biophys. Acta 1840, 1125-1134 (2014).

Derrien, T. et al. The GENCODE v7 catalog of human long noncoding RNAs: analysis of their gene structure, evolution, and
expression. Genome Res. 22, 1775-1789 (2012).

Cabili, M. N. et al. Integrative annotation of human large intergenic noncoding RNAs reveals global properties and specific
subclasses. Genes Dev. 25,1915-1927 (2011).

Hu, G. et al. Expression and regulation of intergenic long noncoding RNAs during T cell development and differentiation. Nat.
Immunol. 14, 1190-1198 (2013).

Mao, A.-P, Shen, J. & Zuo, Z. Expression and regulation of long noncoding RNAs in TLR4 signaling in mouse macrophages. BMC
Genomics 16, 45 (2015).

Loewer, S. et al. Large intergenic non-coding RNA-RoR modulates reprogramming of human induced pluripotent stem cells. Nat.
Genet. 42, 1113-1117 (2010).

Ng, T. K. et al. Cigarette smoking hinders human periodontal ligament-derived stem cell proliferation, migration and differentiation
potentials. Sci Rep 5, 7828 (2015).

Zhuang, W. et al. Upregulation of IncRNA MEG3 Promotes Osteogenic Differentiation of Mesenchymal Stem Cells From Multiple
Myeloma Patients By Targeting BMP4 Transcription. Stem Cells 33, 1985-1997 (2015).

Dong, R. et al. Comparison of long noncoding RNA and mRNA expression profiles in mesenchymal stem cells derived from human
periodontal ligament and bone marrow. Biomed Res Int 2014, 317853-12 (2014).

Jia, Q., Jiang, W. & Ni, L. Down-regulated non-coding RNA (IncRNA-ANCR) promotes osteogenic differentiation of periodontal
ligament stem cells. Arch. Oral Biol. 60, 234-241 (2015).

Li, A,, Zhang, J. & Zhou, Z. PLEK: a tool for predicting long non-coding RNAs and messenger RNAs based on an improved k-mer
scheme. BMC Bioinformatics 15, 311 (2014).

Wang, L. et al. CPAT: Coding-Potential Assessment Tool using an alignment-free logistic regression model. Nucleic Acids Res. 41,
e74-e74 (2013).

Volders, P.-]. et al. LNCipedia: a database for annotated human IncRNA transcript sequences and structures. Nucleic Acids Res. 41,
D246-51 (2013).

Higuera, G. A. et al. Patterns of amino acid metabolism by proliferating human mesenchymal stem cells. Tissue Eng Part A 18,
654-664 (2012).

Tsai, J. J. et al. Nrf2 regulates haematopoietic stem cell function. Nat. Cell Biol. 15, 309-316 (2013).

Baudry, A. et al. Essential Roles of Dopamine and Serotonin in Tooth Repair: Functional Interplay Between Odontogenic Stem Cells
and Platelets. Stem Cells 33, 2586-2595 (2015).

Liu, D. et al. Demethylation of IGFBP5 by Histone Demethylase KDM6B Promotes Mesenchymal Stem Cell-Mediated Periodontal
Tissue Regeneration by Enhancing Osteogenic Differentiation and Anti-Inflammation Potentials. Stem Cells 33, 2523-2536 (2015).
Shiraki, N. et al. Methionine metabolism regulates maintenance and differentiation of human pluripotent stem cells. Cell Metab. 19,
780-794 (2014).

Casalino, L. et al. Control of embryonic stem cell metastability by L-proline catabolism. ] Mol Cell Biol 3, 108-122 (2011).

cells in culture. Am. J. Physiol., Cell Physiol. 298, C982-92 (2010).
Dobin, A. et al. STAR: ultrafast universal RNA-seq aligner. Bioinformatics 29, 15-21 (2013).

Li, B. & Dewey, C. N. RSEM: accurate transcript quantification from RNA-Seq data with or without a reference genome. BMC
Bioinformatics 12, 323 (2011).

Robinson, M. D., McCarthy, D. ]. & Smyth, G. K. edgeR: a Bioconductor package for differential expression analysis of digital gene
expression data. Bioinformatics 26, 139-140 (2010).

Love, M. L, Huber, W. & Anders, S. Moderated estimation of fold change and dispersion for RNA-seq data with DESeq2. Genome
Biol. 15, 550 (2014).

Enright, A.J. et al. MicroRNA targets in Drosophila. Genome Biol. 5, R1 (2003).

Huang, D. W,, Sherman, B. T. & Lempicki, R. A. Systematic and integrative analysis of large gene lists using DAVID bioinformatics
resources. Nat Protoc 4, 44-57 (2009).

Gil, J. & Peters, G. Regulation of the INK4b-ARF-INK4a tumour suppressor locus: all for one or one for all. Nat Rev Mol Cell Biol. 7,
667-677 (2016).

Dimitrova, N. et al. LincRNA-p21 activates p21 in cis to promote Polycomb target gene expression and to enforce the G1/S
checkpoint. Mol Cell. 54, 777-790 (2014).

Park, C., Yu, N., Choi, I, Kim, W. & Lee, S. IncRNAtor: a comprehensive resource for functional investigation of long non-coding
RNAs. Bioinformatics 30, 2480-2485 (2014).

Jiang, Q. et al. LncRNA2Function: a comprehensive resource for functional investigation of human IncRNAs based on RNA-seq
data. BMC Genomics 16, Suppl 3:S2 (2015).

SCIENTIFICREPORTS|7: 13991 | DOI:10.1038/s41598-017-14451-4 11



www.nature.com/scientificreports/

Acknowledgements

We are grateful to the patients, their families, and the doctors and nurses at Stomatology Hospital of Guangzhou
Medical University. This work was supported by grants from the National Natural Science Foundation of
China [31471252, 31771462, 81772614 and U1611261]; National Key Research and Development Program
[2017YFA0106700]; Guangdong Natural Science Foundation [2014TQ01R387 and 2014A030313181]; Science
and Technology Program of Guangzhou, China [201604020003].

Author Contributions

Z.Z.,].R. and Q.B.Z. conceived, designed, and supervised all phases of the project. Q.B.Z. and S.C. provided
coordination of clinical samples and testing. S.C., W.C. and S.L. did molecular experiments. L.C., Y.L., Q.Z. and
S.Y. performed bioinformatics analysis. Z.Z., ].R. and Q.B.Z. wrote the manuscript. All authors contributed to data
interpretation, discussions, and editing of the paper. All authors read and approved the final manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-017-14451-4.

Competing Interests: The authors declare that they have no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

N | jcense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2017

SCIENTIFICREPORTS|7: 13991 | DOI:10.1038/s41598-017-14451-4 12


http://dx.doi.org/10.1038/s41598-017-14451-4
http://creativecommons.org/licenses/by/4.0/

	Expression and regulation of long noncoding RNAs during the osteogenic differentiation of periodontal ligament stem cells i ...
	Results

	Systematical identification of lncRNAs in PDLSCs. 
	Integrative analysis reveals potential functions of novel lncRNAs in PDLSCs. 
	Differential expression of lncRNAs during osteogenic differentiation. 
	lncRNA-mRNA related ceRNA network during osteogenic differentiation. 

	Discussion

	Methods

	Sample collection. 
	Cell culture. 
	RT-qPCR analysis. 
	Western blot analysis. 
	Osteogenic differentiation in vitro. 
	RNA sequencing. 
	lncRNA identification. 
	Differential expression analysis. 
	Construction of ceRNA network. 
	Functional annotation of novel lncRNAs. 
	Availability of data and material. 

	Acknowledgements

	Figure 1 The osteogenic differentiation was suppressed by an inflammatory microenvironment.
	Figure 2 Systematic identification of lncRNAs in PDLSCs.
	Figure 3 Annotation of novel lncRNAs.
	Figure 4 Differential expression of lncRNAs during osteogenic differentiation.
	Figure 5 lncRNA-mRNA-related ceRNA network during osteogenic differentiation.




