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Abstract

Long noncoding RNAs (lncRNAs) have recently emerged as novel regulators of lineage 

commitment, differentiation, development, viability and disease progression. Few studies have 

examined their role in osteogenesis; however, given their critical and wide-ranging roles in other 

tissues, lncRNAs are most likely vital regulators of osteogenesis. In this study we extensively 

characterized lncRNA expression in mesenchymal cells during commitment and differentiation to 

the osteoblast lineage using a whole transcriptome sequencing approach (RNA-Seq). Using mouse 

primary mesenchymal stromal cells (mMSC), we identified 1438 annotated lncRNAs expressed 

during MSC differentiation, 462 of which are differentially expressed. We performed guilt-by-

association analysis using lncRNA and mRNA expression profiles to identify lncRNAs 

influencing MSC commitment and differentiation. These findings open novel dimensions for 

exploring lncRNAs in regulating normal bone formation and in skeletal disorders.
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INTRODUCTION

Osteogenesis is a complex biological process that requires mesenchymal stem cell 

differentiation through the osteoblast lineage together with the precise timing of 

developmental signaling cascades, expression of transcriptional regulators of genes 

producing bone matrix and promoting mineral deposition (1, 2). In mammals, while 75% of 

the genome is transcribed, only 2% encodes proteins. In addition to the messenger RNA 

(mRNA) transcribed genes, a large part of the osteoblast genome is represented by numerous 

classes of non-coding RNAs, among which are the well studied microRNAs that function in 

regulating protein translation (3). It is becoming increasingly apparent that the group of long 

noncoding RNAs (lncRNAs) contribute significantly to regulation of gene expression.

Corresponding Author: Coralee E. Tye, Department of Biochemistry, Larner College of Medicine at the University of Vermont, 89 
Beaumont Avenue, Burlington, VT 05405, USA, P: 802-656-4889, E: coralee.tye@uvm.edu. 

Disclosures: The authors have nothing to disclose

HHS Public Access
Author manuscript
Connect Tissue Res. Author manuscript; available in PMC 2019 December 01.

Published in final edited form as:
Connect Tissue Res. 2018 December ; 59(SUP1): 35–41. doi:10.1080/03008207.2017.1412432.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



To date, 15,778 human and 11,975 mouse lncRNAs have been identified(4, 5); and only a 

small fraction of these are characterized. LncRNAs include enhancer RNAs, snoRNA hosts, 

intergenic transcripts and transcripts overlapping other transcripts in either sense or antisense 

orientations (6). All ncRNA transcripts longer than 200 nucleotides, with little or no coding 

potential, are considered lncRNAs. There is wide variability in lncRNA length, with some 

examples significantly longer than several kb. Like mRNAs, lncRNAs are often 

polyadenylated and transcribed by RNA polymerase II. They can have multiple isoforms and 

are regulated by transcription factors just like their protein coding counterparts. Generally, 

lncRNAs are expressed at lower levels than protein-coding transcripts, and their expression 

is more restricted in terms of tissue specificity (7). lncRNAs are nuclear and/or cytoplasmic 

and they have been found to act in a variety of biological processes, for example X-

chromosome inactivation (8) and imprinting (9, 10). lncRNAs are often differentially 

expressed during development, indicating that they may influence cell fate (6, 11, 12). They 

have been demonstrated to be essential regulators of lineage commitment during 

adipogenesis (13), hematopoiesis (14), erythropoiesis (15), keratinocyte differentiation (16) 

and myogenesis (17), and are associated with numerous diseases including neurological, 

autoimmune, cardiovascular and cancer (6).

lncRNAs function in a variety of ways, including recruiting chromatin modifying enzymes 

to activate or repress transcription(18). Subsets of nuclear lncRNAs, known as enhancer 

RNAs (eRNAs), activate gene expression (19, 20). Cytoplasmic lncRNAs often have 

sequence complementarity with other transcripts, which is used to modulate translational 

control and stability of target RNAs. They can also act as competing endogenous RNAs 

(ceRNAs) or “miRNA sponges”, sequestering specific miRNAs, thereby protecting target 

mRNA from silencing (21–25). In addition, lncRNAs are multifunctional, and can interact 

with numerous components of the gene regulatory machinery (proteins, RNA, DNA). The 

identification and characterization of lncRNAs that are critical for osteogenesis will extend 

understanding of the cellular and molecular mechanisms that regulate bone formation as 

well as provide insight into the broader biological role of lncRNAs.

Only a few lncRNAs functioning in osteoblasts and bone tissue are known and a more in 

depth description of them can be found in these reviews (26–28). The first well-

characterized lncRNA to effect dental and craniofacial development was Msx1-as. Msx1-as 

is an important osteogenic regulator that negatively affects the expression of the homeobox 

protein Msx1 and its inhibition of Dlx5 (29–31). Recently, the lncRNA H19, which is 

upregulated during osteogenic differentiation, was found to act as a competing endogenous 

RNA for miR-141 and miR-22, thereby were regulating the Wnt/β-catenin pathway and 

osteogenesis (25). Another lncRNA DANCR (differentiation antagonizing non-coding 

RNA), has been shown to effect osteoblast differentiation by its association with enhancer of 

zeste homolog 2 (EZH2) (32). It has been demonstrated that knockout mice of the lncRNA 

Dnm3os die shortly after birth and demonstrate skeletal abnormalities, including craniofacial 

hypoplasia, defects in dorsal neural arches and spinous processes of the vertebrae, and 

osteopenia (33). Targeted disruption of Hotair results in malformation of metacarpal-carpal 

bones and homeotic transformation of the spine (34).
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We hypothesize that multiple lncRNAs are instrumental in osteogenesis and have embarked 

on identifying lncRNAs with critical functions for osteoblastogenesis. Zuo et al. examined 

the lncRNA profile of early differentiated C3H10T1/2 MSCs by lncRNA array (35) and 

recently Huang et al. have examined the expression of lncRNA in differentiating human 

adipose stem cells (36). Herein, we profile the complete transcriptome of mouse MSCs from 

an undifferentiated cell, to commitment and ECM deposition and finally mineralization by 

complete genome sequencing (RNA-Seq).

MATERIALS AND METHODS

Ethics Statement

All animal work was reviewed and approved by UVM Institutional Animal Care and Use 

Committee (IACUC).

Tissue Culture and Osteogenic Differentiation

Primary mouse bone marrow MSCs were isolated from femurs and tibias of 6–8 week old 

SMAA-mCherry mice, cultured and sorted as previously described (37, 38). mMSCs of 

passage 6 to 10 were used for all the experiments in this study. To induce osteogenic 

differentiation of mouse MSCs, complete alpha-MEM was supplemented with 280 μM 

ascorbic acid and 10 mM beta-glycerophosphate (Sigma Aldrich, St. Louis, MO, USA). 

Cells were maintained at 37°C in a humidified 5% CO2 environment and media replaced 

every 2 to 3 days for the duration of all experiments.

RNA Isolation and Library Preparation

Total RNA was isolated at 4 stages of differentiation (days 0, 7, 14 and 21) using Trizol 

reagent (Invitrogen) according to the manufacturers’ specifications, or using the Direct-zol 

RNA Miniprep kit (Zymo Research), with DNaseI treatment. RNA integrity was assessed by 

Bioanalyzer (Agilent). RNA-Seq libraries were built with the TruSeq Stranded Total RNA 

Library Prep Kit with Ribo-Zero Gold (Illumina) according to manufacturer’s protocol. 

Library quality was assessed by Bioanalyzer using DNA HS chip and quantified by Kapa 

Library Quantification Kit for Illumina Platforms (Kapa Biosystems). Three biologically 

independent RNA-Seq libraries were prepared for each time point during mMSC 

differentiation. All RNA-Seq libraries were single-end sequenced (SE100) on a HiSeq-1500. 

Base calls and sequence reads were generated by bcl2fastq software (version 1.8.4, 

Illumina).

RNA-Seq Analysis

Data analysis was conducted using the Galaxy platform (39) and RStudio (40). Quality 

control analysis of fastq raw data was performed using FastQC (41). Reads were aligned to 

reference genome mm10 using STAR (42) and expression counts were determined by 

HTSeq (43) with Gencode vM10 gene annotation (5). Genes with > 0.2FPKM were 

considered to be expressed. Differential expression analysis was performed with DESeq2 

(44). For differential gene expression analyses, the cutoff for significant fold change was >2, 

adjusted p-value <0.05. Cells at all differentiation stages (days 7, 14 and 21) were compared 

with undifferentiated cells (day 0) as well as to each other.
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Heatmaps

The Gencode annotation file was used to identify the protein coding genes (mRNAs) and 

long noncoding RNA groups. The lncRNA group included the following categories: 3prime 

overlapping ncRNA, antisense, bidirectional promoter lncRNA, lincRNA (long intergenic 

noncoding RNA), processed transcript, sense intronic, sense overlapping, TEC (to be 

experimentally confirmed). Other noncoding RNAs (ie: miRNA, ribosomal RNA, snoRNAs, 

tsRNA etc) were removed from analysis. Clustering analysis of row normalized 

differentially expressed gene count data was performed for each group using k-means with 6 

groups.

Gene Ontology Analysis

mRNA groups with similar expression patterns were merged and Gene Ontology (GO) 

annotation analyses of gene sets were performed. GO analysis was derived from Gene 

Ontology (www.geneontology.org) (45, 46).

Guilt-by-association Analysis

We generated a correlation matrix between lncRNAs and mRNAs by computing the 

Spearman correlation coefficient between all pairs of lncRNAs-mRNAs across our time 

course. We applied k-means clustering (k = 60 for mRNA and k = 50 for lncRNAs) to find 

groups of lncRNAs whose expression patterns correlate closely with groups of mRNAs. 

Clusters with ρ > 0.7 or ρ < −.7 were selected for further analysis by performing gene 

ontology analysis as described above.

RESULTS AND DISCUSSION

mMSCs were isolated from bone marrow of 8-week transgenic male mice and differentiated 

over 21 days. RNA was isolated 4 stages of differentiation: undifferentiated (day0), 

commitment (day7), extracellular matrix (ECM) deposition (day14) and mineralization 

(day21). Expression patterns of known osteoblast marker genes confirmed data quality at the 

differentiation time points. From this analysis we identified 12,391 mRNAs and 1,438 

annotated lncRNAs expressed during mMSC osteoblast differentiation. Differential 

expression of mRNAs and lncRNAs in mMSCs was analyzed and 3,100 mRNAs and 462 

lncRNAs were identified as being differentially expressed (fold-change >2-fold; FDR 

adjusted p-value <0.05). Clustering of the differentially expressed mRNAs showed distinct 

profiles across development (Figure 1a). Cluster 1 consisted of mRNAs that exhibit 

increasing expression with differentiation. An examination of mRNAs in this cluster 

revealed several known osteoblast marker genes (ie: Ibsp, Bglap, Bmp2) and GO analysis 

identified this cluster to be enriched in genes associated with ossification, skeletal 

development and mineralization (Table 1).

By comparing the expression profiles in both the mRNA and lncRNA heatmaps, it is 

apparent that the expression of lncRNAs in cluster 1 (Figure 1b) may closely mimic mRNAs 

and may yield a clue as to which lncRNAs would be of interest to study in osteogenesis. As 

there is currently no way to postulate potential function of lncRNAs by sequence, 

researchers have been using this type of bioinformatics “guilt-by-association” approach. 
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Using this approach, it assumed that lncRNAs and mRNAs that are tightly co-expressed are 

co-regulated and families of lncRNAs can be identified (12, 47). We therefore performed a 

guilt-by-association analysis using much smaller gene clusters, to identify groups of 

lncRNAs and mRNAs that are co-expressed and have highly correlated expression patterns 

(Figure 2a). We identified cluster 18 as highly associated with osteogenesis and mineralized 

tissues (Figure 2b) so we focused on lncRNAs that had expression patterns highly 

correlative or negatively correlated to it. We identified 2 clusters of lncRNAs whose patterns 

of expression highly correlated with osteogenic mRNAs (Figure 2c,d) and 1 cluster that 

highly anti-correlation with lncRNAs and mRNAs showing diametrically opposed 

expression patterns (Figure 2e).

Examination of the lncRNAs in lncRNA cluster 42, we identified Dnm3os as a potential 

osteogenic lncRNA. Dnm3os has been found to be essential for normal growth and skeletal 

development (33) and thereby validates the guilt-by-association strategy to identify lncRNAs 

that may be essential for osteogenesis. Dleu2 is also identified in this cluster and this 

lncRNA was identified as being associated with bone mineral density variation in 

postmenopausal women (48). In examining the negatively correlated lncRNA cluster 5, we 

found Hoxa11os. While little is known about the function of Hoxa11os in mice, its human 

homologue, HOXA11AS is associated with cell proliferation and therefore a decrease in its 

expression upon differentiation would be expected.

We have acquired the first comprehensive transcriptome from differentiating mouse MSCs 

across 4 stages of osteogenesis. Although lncRNAs are transcribed, as are mRNAs that are 

encoded into protein, the lncRNAs cannot be functionally annotated as readily. Their 

functional diversity and the significant roles they play in gene regulation and chromatin 

interaction challenges us to determine the secrets they hold in establishing cell phenotypes. 

The distribution of distinct lncRNAs at different stages of differentiation and the examples 

we have provided through lncRNA guilt-by-association promises to be a novel dimension in 

understanding the epigenetic mechanism regulating normal bone formation and their 

contributions to disease states of the skeleton.
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Figure 1. Gene expression profiling in differentiating mouse MSCs
(a) Heatmap of differentially expressed mRNAs in mMSCs at 4 time points 

(undifferentiated, commitment, ECM deposition, mineralization). (b) Heatmap of 

differentially expressed lncRNAs in the same mMSCs at 4 stages of osteogenic 

differentiation. The number of genes in each cluster is noted in the respective expression 

profile box.
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Figure 2. Guilt-by-association Analysis
A) Association matrix of mRNAs and lncRNAs. 60 mRNA expression profile clusters 

(columns) and 50 lncRNA expression profile clusters (rows) are shown as positively (blue), 

negatively (red) or not associated (white). B) Gene ontology of the mRNAs in cluster 18 

with the associated p-value. C,D) Log2 fold-change expression of mRNAs (orange) and 

lncRNAs (blue) across development are depicted. mRNAs in cluster18 show a highly 

correlative pattern of expression with lncRNA clusters 26 and 42, and a negatively 

correlative expression pattern with lncRNA cluster 5 (E).
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Table 1

Gene ontology of the mRNAs in cluster 1 of Figure 1a is shown with the associated p-value for the enrichment 

of each Gene Ontology term

GO Biological Process p-value

regulation of ossification (GO:0030278) 5.18E-08

regulation of biomineral tissue development (GO:0070167) 1.95E-07

regulation of bone mineralization (GO:0030500) 2.01E-06

biomineral tissue development (GO:0031214) 3.70E-05

ossification (GO:0001503) 4.55E-05

regulation of developmental process (GO:0050793) 2.99E-03

regulation of pathway-restricted SMAD protein phosphorylation (GO:0060393) 8.74E-03

tissue development (GO:0009888) 9.70E-03

regulation of multicellular organismal process (GO:0051239) 1.01E-02

system development (GO:0048731) 1.87E-02

single-multicellular organism process (GO:0044707) 2.25E-02

regulation of multicellular organismal development (GO:2000026) 2.50E-02

animal organ development (GO:0048513) 4.68E-02
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