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Abstract

Long suspected, recently recognized, and increasingly studied, non protein-coding RNAs 

(ncRNAs) are emerging as key drivers of biological control and pathology. Since their discovery 

in 1993, microRNAs (miRNAs) have been the subject of intense research focus and investigations 

have revealed striking findings, establishing that these molecules can exert multiples levels of 

biological control in numerous tissues. More recently, long ncRNAs (lncRNAs), the lesser-studied 

siblings of miRNA, have been suggested to have a similar robust role in developmental and adult 

tissue regulation. Mesenchymal stem cells (MSCs) are an important source of multipotent cells for 

normal and therapeutic tissue repair. Much is known about the critical role of miRNAs in 

biogenesis and differentiation of MSCs however; recent studies have suggested lncRNAs may 

play an equally important role in the regulation of these cells. Here we highlight the role of 

lncRNAs in the regulation of mesenchymal stem cell lineages including adipocytes, chondrocytes, 

myoblasts and osteoblasts. In addition, the potential for these noncoding RNAs to be used as 

biomarkers for disease or therapeutic targets is also discussed.
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Noncoding RNAs Emerge from Genomic Dark Matter to Become Regulatory 

Superstars

Non-protein-coding RNAs (ncRNAs), not including ribosomal and transfer RNAs (which 

have well-established roles in transcription), were formerly defined as “transcriptional 

noise” and dismissed as predominately non-functional. These vast quantities of “non-

functional” RNA were dramatically described as genomic “dark matter”, an allusion to the 

invisible elements that substantially contribute to the mass of the universe. Like these 

elements, ncRNAs comprise the majority of transcriptional output in terms of complexity; 
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75% of the human genome is transcribed, but only 2% encodes proteins (Djebali et al. 

2012). As we delve into understanding the roles and responsibilities of ncRNAs, a 

classification system is emerging. The two major classes are defined by their length; small 

ncRNAs are under 200 nt, and species 200 nt and longer are classified as long noncoding 

RNAs (lncRNAs). Small ncRNAs are further subdivided based on function, and cellular 

location; subclasses include microRNA (miRNA), transfer RNA (tRNA), small nuclear 

RNA (snRNA), small nucleolar RNA (snoRNA), small interfering RNA (siRNA), and piwi-

interacting RNA (piRNA). LncRNAs comprise a heterogeneous mixture with a wide variety 

of sizes, from just over 200 nt to as long as several kb. Note that the lncRNA classification 

typically does not include ribosomal RNAs—these abundant, well-characterized transcripts 

make up their own class of ncRNA.

miRNAs Are ~21 nt ncRNAs That Suppress Translation

miRNAs have been shown to have pivotal regulatory roles in biological control during 

development, tissue remodeling, and physiological responsiveness; they are now considered 

principle mediators of gene regulation in mammalian cells. In addition, compelling evidence 

points to functional linkages of miRNAs with specific cells, tissues and biological processes, 

as well as with both germline and acquired genetic modifications. Initially identified in 

plants and lower eukaryotic organisms, mature miRNAs are short (~21–23 nt), single-

stranded, ncRNAs. Genes encoding miRNAs may serve as template for a single miRNA, but 

more commonly encode clusters of miRNAs (Bartel 2004), or a protein and a miRNA in an 

intronic sequence. They are transcribed by RNA polymerase II and unprocessed transcripts 

include 5’ cap structures and poly(A) tails (Kim 2005). Mature miRNAs are created via a 

two-step trimming process that is completed in the cytoplasm. They associate with an 

Argonaute protein inside a miRNA-induced silencing complex (miRISC) to suppress 

translation by base-pairing to complementary sequences in the 3’ untranslated regions of 

target messenger RNAs (mRNAs) (Carthew and Sontheimer 2009). The emerging consensus 

is that, with perfect sequence homology between target mRNA and nucleotides 2–7 of the 

miRNA (the “seed region”), mRNA are targeted for degradation. With imperfect homology, 

mRNA are targeted for translational suppression (van den Berg et al. 2008). Because of this 

lax requirement for target-sequence homology, a single miRNA may influence the 

expression of hundreds of genes. The converse is also true; most genes have many potential 

miRNA-binding sites. Consequently, the effects of miRNA can be additive, and as 

biomarkers, miRNA expression profiles or signatures, rather than the expression or absence 

of individual miRNAs, typically provide biologically and clinically relevant information. 

This complexity and redundancy makes it challenging to understand precisely how the many 

players integrate their regulatory activities, but provides multiple possible options for 

miRNA-mediated intervention.

lncRNAs

LncRNA is the most recently recognized class of ncRNA, yet the most diverse. The latest 

annotation of the human genome (Version 20, GRCh38) identifies 24,489 lncRNA 

transcripts from 14,470 lncRNA genes (http://www.gencodegenes.org/stats.html). 

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

expression is more restricted in terms of tissue specificity. As researchers make use of next-
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generation sequencing in more cell types and tissues, the number of identified lncRNAs will 

likely increase. For example, a recent analysis of the transcriptome of human erythroid cells 

identified 100 novel unannotated lncRNA transcripts with highly erythroid-specific 

expression (Alvarez-Dominguez et al. 2014).

Like mRNAs, lncRNAs are primarily transcribed by RNA polymerase II; are alternatively 

spliced and have multiple isoforms; contain RNA processing signals, such as poly(A) tails 

and 5’ caps; and undergo processing to remove intronic sequence. The non-polyadenylated 

lncRNAs conversely, are generally transcribed by RNA polymerase III. Typically, however, 

lncRNAs are shorter than mRNAs and show a bias for having a single intron (Derrien et al. 

2012). LncRNAs are encoded throughout mammalian genomes; and they are often 

categorized based on their proximity in the genome to protein-coding genes (Batista and 

Chang 2013) (see Box 1). Interestingly, lncRNA genes are less conserved than those for 

protein-coding mRNAs, however, their promoter regions and splice sites are highly 

conserved. This may reflect the fact that for protein interactions, secondary structure is 

arguably more important than primary nucleotide sequence, yet lncRNA expression at 

specific times and places is crucial, therefore promoter sequences are relatively highly 

conserved.

Mechanisms of lncRNA control

Unlike noncoding miRNAs, that are found primarily in the cytoplasm and regulate 

expression almost exclusively through mRNA interactions, lncRNAs are largely localized in 

the nucleus and chromatin, though not exclusively. They function through a surprisingly 

diverse set of interactions with numerous components of the gene regulatory machinery (see 

Figure 1). A single lncRNA may have several modular components; each interacting with 

different molecules (DNA, RNA and/or protein) and a single lncRNA can have multiple 

functions. Mechanisms include base-pairing interactions with mRNA to mask mRNA splice 

sites in the nucleus or miRNA binding sites in the cytoplasm (Fatica and Bozzoni 2014). 

LncRNAs can also base pair with miRNAs, effectively depleting them by acting as a sponge 

or decoy. Base pairing between lncRNA and cytoplasmic mRNA may mark the mRNA for 

degradation by RNases or conversely protect them; likewise with translation, base-paired 

lncRNAs may disrupt translation of bound mRNA or may recruit ribosomes to enhance it. 

LncRNAs also form associations with transcription factors to affect gene expression. 

Cytoplasmic lncRNAs can transport transcription factors from the cytoplasm to the nucleus. 

Nuclear lncRNAs can recruit specific transcription factors or complexes to genomic sites 

located near or far from their own genomic location for transcription activation of mRNA in 

cis and trans. They can also act as a scaffold that tethers transcription complexes to bridge 

chromosomal distances and direct co-regulated transcription. Conversely, lncRNAs can also 

interfere with transcription of nearby mRNA genes with convergent, overlapping, or tandem 

promoters, simply by being transcribed themselves. Chromatin modification mediated by 

lncRNA interactions may be responsible for either suppression or enhancement of target-

mRNA transcription. Similarly, interactions between chromatin-binding proteins and 

lncRNAs can cause chromatin looping. Finally a class of lncRNAs, known as enhancer 

RNAs (eRNAs), activates gene expression using mechanisms that may include looping to 

bring transcriptional enhancers closer to promoters. Numerous reviews cover the 
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mechanisms of lncRNAs in much greater detail than can be afforded here. Please refer to the 

following for more information on the role lncRNAs in the regulation of miRNAs (Rinn 

2014), interaction with chromatin (Rinn 2014), nuclear structure (Bergmann and Spector 

2014), histone modification (Joh et al. 2014) and transcriptional regulation (Vance and 

Ponting 2014).

The first well-characterized lncRNAs were found to be key players in X-chromosome 

inactivation (Borsani et al. 1991) and imprinting (Bartolomei et al. 1991). These initial 

discoveries set high expectations that these molecules were likely to have important roles in 

biology. The increasing number of publications on lncRNA involvement in numerous 

biological processes confirms that they represent an entirely new level of control. LncRNAs 

have been demonstrated to be essential regulators of numerous development pathways, 

including maintenance of stem cell pluripotency (Ghosal et al. 2013), regulation of apoptosis 

(Rossi and Antonangeli 2014) and lineage commitment during hematopoiesis (Paralkar et al. 

2014), erythropoiesis (Alvarez-Dominguez et al. 2014) and keratinocyte differentiation 

(Kretz et al. 2012, Orom et al. 2010). LncRNAs are involved in numerous diseases 

associated with aberrant cellular control including neurological, autoimmune, cardiovascular 

conditions and cancer (Batista and Chang 2013). With the increasing evidence of lncRNA 

involvement in normal and aberrant cell differentiation, examination of the literature of the 

role of lncRNAs in lineage commitment of mesenchymal stem cells (MSC) is of interest.

Mesenchymal Stem Cells

Mesenchymal stem cells (MSCs) are a source of adult stem/progenitor cells; and are an 

abundantly researched cell model and an extremely useful medical therapeutic to regenerate 

or repair a wide variety of mature tissues. The field of MSC research has progressed at a 

staggering rate, however new discoveries, specifically the involvement of lncRNA in 

regulating their differentiation, suggest that new avenues of research could unlock the full 

potential of these cells to prevent disease or repair damaged tissue. MSCs are an abundant 

non-hematopoetic cell population found in bone marrow and most connective tissues. 

Following their initial discovery almost 40 years ago (Friedenstein et al. 1976), it was 

quickly established that MSCs were multipotent, with the ability to differentiate into 

osteoblasts, chondrocytes, adipocytes, and myoblasts. However, one vexing property of 

MSCs is that, even though most newly isolated cultures appear to be homogeneous—with a 

spindle shaped, fibroblastic appearance, the ability to self-renew and sustain a rapid rate of 

proliferation—they are heterogeneous in terms of differentiation potential (Mets and 

Verdonk 1981). This is evident when MSCs are plated at low densities and grown as in vitro 

cultures; they rapidly segregate into clonal populations that have distinct properties and form 

microenvironmental niches (Prockop 2009). Given their propensity to undergo stochastic 

commitment, a great deal of research has focused on controlling MSC differentiation to 

specific lineages by modulating cell signaling pathways or phenotypic transcription factors 

that regulate lineage specification. The detailed understanding of transcriptional regulators 

involved in the commitment of MSC to defined lineages has lead to a novel ancillary 

discovery, these cells can transdifferentiate or switch phenotypes, from an adipocyte to an 

osteoblast (Ullah et al. 2014). The relative plasticity of these mesenchymal-lineage cells is 

achieved by modulation of levels of phenotypic transcription factors such as C/EBP-α 
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(adipocytes), Runx2 (osteoblasts), Sox9 (chondrocytes) and MyoD (myoblasts). Although 

the regulation of these factors has been extensively studied, new evidence suggests that 

lncRNAs may play a significant role in control of these phenotypic regulators, and they may 

help establish lineage specification through independent mechanisms.

ncRNA regulation of MSC-derived lineages

Numerous studies have identified, catalogued and functionally analyzed miRNAs involved 

in the lineage commitment of MSC to myocytes, adipocytes, chondrocytes and osteoblasts 

and several exemplary reviews have described the role of miRNAs in these processes: 

myogenesis (Crippa et al. 2012, Goljanek-Whysall et al. 2012, Luo et al. 2013, Sharma et al. 

2014, Sokol 2012, Wang 2013), adipogenesis (Alexander et al. 2011, Hilton et al. 2013, 

Peng et al. 2014, Romao et al. 2011, Trajkovski and Lodish 2013), chondrogenesis (Dong et 

al. 2012, Hong and Reddi 2012, Le et al. 2013, Shang et al. 2013) and osteogenesis (Dong et 

al. 2012, Lian et al. 2012, Taipaleenmaki et al. 2012, van Wijnen et al. 2013), and therefore 

will not be reviewed here.

Over the last few years, the focus has turned to how lncRNAs may play a role in the 

differentiation of stem cell populations. Here we will focus on what is known to date about 

lncRNAs expressed in the MSC derived lineages (Table 1). Additionally, we will examine 

the role of lncRNAs in MSC-associated diseases, including obesity, osteoarthritis, muscular 

dystrophy and osteosarcoma.

Myogenesis and Muscular Dystrophy

Investigations into lncRNA expression and function during muscle development and 

myogenesis have provided the most insight into the proposed functions of lncRNAs in 

MSC-derived lineages. Several important lncRNAs have been identified in muscle that have 

a critical role during myogenesis. The noncoding transcript of steroid receptor activator 

(SRA) was one of the first lncRNA studied in myogenesis (Caretti et al. 2006). Although 

SRA has roles in other lineages, this lncRNA interacts with RNA helicases p68 and p72 to 

promote MyoD recruitment and transcriptional complex activation resulting in myogenic 

differentiation. Interestingly, lncRNA SRA is regulated in part by the alternatively spliced 

SRA protein (SRAP), and the ratio of the two is critical for myogenic differentiation (Hube 

et al. 2011).

Maternally expressed gene 3 (MEG3) is an imprinted gene that encodes for a lncRNA that is 

expressed in numerous tissues including muscle (Fleming-Waddell et al. 2009). The mouse 

homolog of MEG3 (also known as Gtl2) was discovered by a gene trap insertion strategy, 

when mice inheriting a disrupted paternal copy of Gtl2 demonstrated a dwarfism phenotype 

(Schuster-Gossler et al. 1998). When Gtl2 was deleted in germline cells perinatal lethality 

and severe skeletal muscle defects were observed, indicating an important role in embryonic 

development (Zhou et al. 2010). The role of MEG3/Gtl2 in muscle development is complex, 

as this lncRNA is associated with a large cluster of miRNAs thought to be involved in 

diverse biological mechanisms including Wnt signaling (Snyder et al. 2013) and 

angiogenesis (Gordon et al. 2010) as well as a polycomb repressor protein complex (PRC2) 

cofactor that directs PRC2 to target genes marked for repression (Zhao et al. 2010).
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Like other mesenchymal lineages, one of the best-studied lncRNAs in muscle is H19. H19 is 

transcribed from the IGF2 locus and is highly expressed in the developing embryo and in 

adult muscle (Gabory et al. 2010, Onyango and Feinberg 2011). MyoD has been 

demonstrated to induce H19 expression and H19 can in turn repress Igf2 expression in trans 

during muscle differentiation (Borensztein et al. 2013). Expression of H19 increases with 

muscle differentiation and knockout of H19 decreases differentiation, a phenotype that can 

be rescued by the addition of exogenous H19 (Dey et al. 2014). In addition, H19 is a 

miR-675 host gene, and these miRNAs function by targeting the Smad transcription factors 

that are required for the BMP pathway. H19 also acts as a molecular sponge for the let-7 

miR family, and its deletion can cause precocious muscle differentiation (Kallen et al. 

2013). Let-7 miRs can target Hmga2 and Igfbp2 both of which are critical for myoblast 

proliferation (Li et al. 2012).

Another lncRNA that acts as a molecular sponge, or competing endogenous RNA (ceRNA) 

is LINCMD1 (Cesana et al. 2011). LINCMD1 expression is induced during myoblast 

differentiation and acts as a miR-133 and miR-135 sponge to control the expression of the 

transcription factors MAML1 and MEF2C, which activate muscle-specific gene expression. 

LINCMD1 is the host transcript for miR-133, although their biogenesis is mutually 

exclusive. This alternative synthesis is due to a feedforward regulatory loop with HuR 

(Legnini et al. 2014). HuR binds LINCMD1 and represses Drosha cleavage, which is 

required for miRNA processing. HuR is itself repressed by miR-133 and the sponging 

activity of LINCMD1 creates a feedback loop between HuR, miR-133 and LINCMD1.

The lncRNA YAM-1 affects myogenesis via transcriptional activation (Lu et al. 2013). The 

transcription factor YY-1 silences several genes in myoblasts and YAM-1 was identified as 

an YY-1 regulated lncRNA. YAM-1 expression is downregulated during myogenesis and its 

expression inhibits myoblast differentiation via regulation of miR-715, which in turn targets 

Wnt7b.

Two eRNAs upsteam of MyoD (CERNA and DRRRNA) regulate gene transcription 

with CERNA functioning in cis to activate MyoD and DRRRNA operating in trans to activate 

MyoG transcription (Mousavi et al. 2013). Both of these eRNAs are involved in the 

recruitment of RNA polymerase II.

Malat1 is a ubiquitously expressed lncRNA whose expression was found to increase 

significantly during the myogenic differentiation of C2C12 cells (Watts et al. 2013). 

Knockdown of Malat1 by siRNA was found to suppress myoblast proliferation by arresting 

cell growth at G0/G1. In addition, myostatin stimulation was found to inhibit expression of 

Malat1. While Malat1 maybe be involved in myogenesis, its expression does not appear to 

be required as Malat 1 knockout mice are viable and fertile with no visible phenotype, 

although closer examination of the skeletal muscle may reveal abnormalities not previously 

detected (Nakagawa et al. 2012). Similar to MEG3, Malat1 has also been linked to 

epigenetic regulation and mRNA-splicing in muscle cells (Neguembor et al. 2014).

The expression of protein coding genes and lncRNAs appears to be linked in myogenesis. 

Expression of the protein-coding gene Sirt1 and antisense lncRNA Sirt1-AS both decrease 
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during myogenic differentiation of C2C12 cells and the expression of Sirt1-AS appears to 

regulate Sirt1 expression (Wang et al. 2014). Overexpression of Sirt1-AS lncRNA was 

shown to increase the levels of Sirt1 protein and counteract downregulation of Sirt1 by 

miR-34a.

Duchenne muscular dystrophy is characterized by severe muscle wasting beginning in early 

childhood. Duchenne muscular dystrophy is caused by mutations in the protein coding 

dystrophin gene (DMD), however not as much is known about the regulation of dystrophin 

and interest has turned to determining if lncRNAs play a role. Using tiling arrays, 14 

intronic lncRNAs were identified in both sense and antisense orientation to the DMD gene 

(Bovolenta et al. 2012). Additionally, a decrease in LINCMD1 expression has been 

associated with muscular dystrophy and myoblasts from these patients have a reduced 

ability to undergo terminal differentiation (Cesana et al. 2011). In addition, ectopic 

expression of LINCMD1 was found to rescue myogenic potential of these cells and 

reinforces LINCMD1 as a relevant lncRNA to myogenesis.

Adipogenesis

The prevalence of obesity has led to a surge of interest in understanding the detailed 

mechanisms underlying adipocyte development and transdifferentiation between other 

mesenchyme-derived lineages. Understanding the role lncRNAs may offer future 

therapeutic targets to combat obesity.

One of the first studies examining lncRNA function in adipogenesis identified a noncoding 

transcript of the SRA1 protein, that that associates with PPARγ, the master transcriptional 

regulator of adipogenesis. This transcript was found to be essential for preadipocyte 

differentiation (Xu et al. 2010).

In a study examining the transcriptome of mouse fat tissue, 175 poly-A tailed lncRNAs were 

identified as being expressed in primary and in vitro-cultured brown and white mature 

mouse adipocytes (Sun et al. 2013). Many of these adipose-enriched genes were bound by 

key transcription factors involved in adipogenesis (PPARγ and CEBPα) at promoter regions. 

Several of these lncRNAs were strongly induced during differentiation and siRNA-mediated 

silencing experiments demonstrated 10 specific lncRNAs could independently impair 

differentiation from preadipocytes. In the pre-adipocyte 3T3-L1 cell line, the non-

polyadenylated lncRNA transcriptome was examined during adipocyte differentiation (Yi et 

al. 2013). Similar to the polyA-tailed transcriptome in primary cells (Sun et al 2010), several 

lncRNAs appear to show differentiation stage-specific differential expression. In transition 

between pre-adipocyte to adipocytes, 179 and 61 transcriptionally active regions were up- 

and downregulated respectively and 698 and 106 regions up- and downregulated 

(respectively) in adipocytes to compared to mature cells. In addition, studies have examined 

the relative expression of lncRNA between brown adipose tissue and skeletal muscle. Zhang 

and colleagues identified 704 up-regulated and 896 down-regulated lncRNAs between these 

two tissues (Zhang et al. 2014a).

Although the majority of lncRNA studies to date have focused on solely on differential 

expression, there is some information on the mechanism by which these molecules may 
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regulate molecular processes. A recent study has suggest that the expression of a lncRNA 

antisense transcript of the PU.1 gene (PU.1-as) promotes adipogenesis by preventing PU.1 

mRNA translation by forming a mRNA/AS lncRNA duplex (Pang et al. 2013). This is 

important as PU.1 is a transcription factor required for normal hematopoiesis and its 

overexpression has been show to inhibit differentiation of 3T3-L1 preadipocytes (Wang and 

Tong 2008).

Results from theses studies would strongly suggest that lncRNAs may play a role in 

differentiation and lineage commitment of progenitor cells and that lncRNAs are involved in 

the regulation of adipogenesis.

Chondrogenesis and Osteoarthritis

The numerous types of cartilage in the body would suggest that chondrogenesis is a complex 

process with numerous regulators. Calcified cartilage is very distinct from joint-forming 

articular cartilage however in many cases they originate from similar cell types. Very little is 

known is known about lncRNA expression during chondrogenesis; however, there has been 

some investigation into the expression of lncRNA in osteoarthitic articular cartilage. H19 is 

one of the most abundant and conserved non-coding transcripts in mammalian development 

and is downstream of the Igf2 gene (Nordin et al. 2014). Sequences within H19 are the 

source of miR-675 and H19 has been shown to be involved in the sequestration of let-7 

family miRNAs (Keniry et al. 2012). Stuhlmuller and colleagues initially identified H19 in 

synovial fluid of rheumatoid arthritis patients (Stuhlmuller et al. 2003). Subsequently, H19 

was found to be significantly elevated in osteoarthritic cartilage (Steck et al. 2012). Several 

well-known lncRNAs (PTENP1, HOTAIR, TUG1, HOTTIP, GAS5) were found to have 

increased expression in osteoarthritic chondrocytes compared to normal tissue, while others 

were downregulated (SNHG4, Emx2os, DISC2) when lncRNA profiles were investigated by 

qPCR array (Kim et al. 2013). Interestingly in this study, it was noted that HOTTIP 

expression was changed 10-fold between in the cartilage of arthritic patients. Concordantly, 

the levels of the HOTTIP-target gene, Hoxa13 were decreased in osteoarthritic 

chondrocytes, suggesting a role for this regulatory loop in osteoarthritis.

In other comprehensive studies using microarray analysis, Liu and others found 152 

lncRNAs to be differentially expressed (> 8-fold) between normal and osteoarthritic 

cartilage (Liu et al. 2014a). In this study the authors found that lncRNA-CIR was 

upregulated 22-fold in osteoarthritic cartilage and IL-1 and TNF-α, two critical mediators of 

inflammation leading to osteoarthritis, could stimulate the expression of lncRNA-CIR. 

LncRNA-CIR is a vimentin pseudogene and its knockdown has been demonstrated to 

increase expression of cartilage associated genes (collagens I/II and aggrecan) while its 

overexpression causes an increase in several arthritis-associated genes including MMP13 

and ADAMTS5. Although there has been significant progress in lncRNA as markers of 

arthritic articular cartilage, there has not, as-of-yet been a characterization of lncRNAs in 

calcified or bone-related cartilages. As several of the mechanisms identified in articular 

cartilage have correlates in calcified tissues, a full lncRNA transcriptome would greatly 

improve our understanding of cartilage formation and homeostasis. In addition the analysis 

of the role of lncRNA in cartilage progenitors would help to identify molecular differences 
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in the formation of articular and calcified cartilage as well as the potential role in chronic or 

acute disease states. This information would be beneficial for models of tissue regeneration 

and therapeutic intervention during trauma as well as genetic conditions.

Osteogenesis and Osteosarcoma

Prior to the popularization of high-throughput sequencing technologies, several groups had 

identified a noncoding transcript that was an antisense counterpart to the Msx1 gene. Given 

the important role of Msx1 in dental and craniofacial development, Msx1-as was shown to 

be and important osteogenic regulator, negatively affecting Msx1 transcript levels resulting 

in dose-dependent reduction of Msx1 protein levels (Babajko et al. 2009, Berdal et al. 2002). 

Moreover, the cellular location of Msx1 protein is modulated by Msx1-as and Msx1-as can 

abolish the inhibition of Dlx5 by Msx1.

With the flood of interest in lncRNAs over the past several years, a few high throughput 

studies have examined lncRNA profiles during osteogenesis. A small study using a lncRNA 

array identified 116 lncRNAs differentially expressed in C3H10T1/2 MSCs undergoing 

BMP-2 induced early osteogenic differentiation (Zuo et al. 2013). Examination of 

neighboring genes found 24 lncRNAs had the same expression pattern (up- or down-

regulated) as their neighboring gene suggesting cooperative expression and regulation of 

osteogenesis, but little else is known about the function or regulation of these lncRNAs.

Examination of lncRNA-ANCR (anti-differentiation ncRNA; DANCR) levels in 

differentiating hFOB1.19 cells demonstrated that during osteoblast differentiation, 

expression of lncRNA-ANCR was decreased (Zhu and Xu 2013). In addition, the exogenous 

overexpression of ANCR reduced osteogenic differentiation, through a mechanism 

suggested to involve EZH2 and Runx2. ANCR was previously identified as critical in the 

maintenance of undifferentiated cell state within the epidermis (Kretz et al. 2012) and may 

be functioning in MSCs and/or osteoblasts in a similar manner, as a molecular switch 

regulating cell commitment.

Although currently no other lncRNAs have been identified in osteoblastic cells, it is 

conceivable that lncRNAs identified in similar cellular or developmental contexts may have 

a role in osteogenesis. Numerous lncRNAs have been found to be associated with EZH2 

(Benetatos et al. 2013, Guil et al. 2012). EZH2 is a member of the polycomb-repressor 

complex (PRC2), which functions by methylating histone residues (specifically H3K27) 

resulting in gene repression (Tan et al. 2014). EZH2 has been shown to be involved in the 

regulation of mesenchymal lineage specification and epigenetic switching between adipo- 

and osteogenesis (Hemming et al. 2014). This would suggest that lncRNA involved in 

EZH2-related mechanisms would conceivably be involved in the commitment of MSCs to 

the osteogenic lineage. Similarly, the Wnt signaling pathway, which is critical to 

osteogenesis and MSC differentiation, has been linked to numerous lncRNAs. lncRNA-

LALR1 accelerated mouse hepatocyte proliferation and cell cycle progression through 

activation of Wnt/β-catenin signaling (Xu et al. 2013). Activated β-catenin has been shown 

to repress the expression of the lncRNA HOTAIR (Zhang et al. 2014b). Interestingly, in a 

model of aortic valve calcification, knockdown of HOTAIR in human aortic interstitial cells 
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increased expression of the bone-related genes alkaline phosphatase (ALPL) and bone 

morphogenic protein 2 (BMP2) (Carrion et al. 2014). Members of the let7 miR family have 

been shown to be a positive regulator of bone formation (Wei et al. 2014) As mentioned 

above, the lncRNA H19 can act as a molecular sponge to regulate the amount of unbound 

let7 making H19, suggesting that this gene may play a significant role during osteogenesis.

Osteosarcoma is an aggressive cancer that arises from mesenchymal cells that exhibit 

osteoblast-like differentiation. Frequently, osteosarcomas are associated with copy number 

alterations in tumor suppressors or oncogenes giving rise to malignancy. Two noncoding 

RNAs, tumor suppressor candidate 7 (TUSC7; LOC285194) and LINC00901 (BC040587), 

along with the tumor suppressor limbic system-associated membrane protein (LSAMP) are 

in the most frequently altered region associated with osteosarcoma (Pasic et al. 2010). In 

normal osteoblasts, knockdown of TUSC7 expression by siRNA was found to promote 

proliferation through regulation of apoptotic and cell-cycle-related genes. TUSC7 has since 

been identified as a p53-regulated tumor suppressor and its repression of cell growth is 

related to the repression of miR-211 (Liu et al. 2013). Interestingly, miR-211 is an 

endogenous negative regulator of Runx2 and inhibits osteogenesis to promotes adipogenesis 

of MSCs (Huang et al. 2010).

One of the best-characterized lncRNAs that is associated with osteosarcoma is H19. H19 

and the adjacent protein-coding gene IGF2 are imprinted in most normal tissues, and this 

imprinting is often lost in tumors (Ulaner et al. 2003a, Ulaner et al. 2003b). This loss of 

imprinting is associated with differential methylation of a CTCF-binding site upstream of 

H19. H19 knockout mice have an overgrowth phenotype that is associated with its control 

over IGF2 expression (Ripoche et al. 1997). TUG1 is another lncRNA that is highly 

expressed in osteosarcoma (Zhang et al. 2013). Knockdown of TUG1 expression by siRNA 

significantly impairs cell proliferation and promoted apoptosis and is an ideal target for 

therapeutic intervention. Over 25,000 additional lncRNAs were identified by microarray to 

be associated with osteosarcoma, with over 1200 of these differentially regulated compared 

to noncancerous tissue (Li et al. 2013). It would be of great interest to determine the 

expression and function of these osteosarcoma-associated lncRNAs in normal osteogenesis.

Potential for circulating lncRNA biomarkers

Interestingly, the turnover rate of miRNAs has been shown to be highly variable. Most 

miRNAs persist for long periods of time. This longevity, and the widespread presence of 

circulating miRNAs in blood, is being exploited to develop miRNA biomarkers for 

conditions such as cancer, diabetes, and cardiovascular conditions (Bronze-da-Rocha 2014, 

Farr et al. 2013, Hayes et al. 2014). There are also a few examples, however, of miRNAs 

that respond rapidly to physiological conditions. Both long- and short-lived miRNAs may 

function partly as signaling molecules, communicating with protein and or nucleic acid 

partners located within the same cells cell or in distant cells, respectively. Those that exhibit 

a very rapid response to external stimuli may represent a new way for cells to respond to 

changes in their environment.
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Recent findings of circulating lncRNAs suggest that they also have potential as disease 

biomarkers. miRNA are released into bodily fluids, either as part of a protein complex or 

encased in extracellular vesicles, such as apoptotic bodies, ectosomes and exosomes 

(Grasedieck et al. 2013). These extracellular vesicles can also transport relatively long 

nucleic acids such as mRNA, and pre- and pri-miRNAs, so it is logical to propose that they 

may be involved in long distance transport of lncRNAs. Indeed, there are a handful of 

published reports documenting circulating lncRNAs in the context of disease, including 

major depressive disorder and gastric cancer (Arita et al. 2013, Liu et al. 2014b) and PCA3 

is a lncRNA that is currently being used as a biomarker for prostate cancer. The concept of 

“liquid biopsies” to query bodily fluid for indicators of disease is very appealing. Because 

lncRNAs, like miRNAs, often help control transcription, they have enormous potential as 

very early biomarkers of disease. miRNAs are typically most useful as biomarkers in 

combinations of two or more individual species. It will be interesting to evaluate whether 

lncRNAs, either alone or as another component of a miRNA biomarker signature, will offer 

predictive or prognostic value.

LncRNAs as therapeutic targets

Recently is has become evident that only 7% of disease-associated single nucleotide 

polymorphisms (SNPs) are located in protein-coding regions, with the remaining 93% in 

noncoding regions (Hindorff et al. 2009), making both miRNA and lncRNAs ideal 

therapeutic targets. To date, no clinical trials are underway targeting lncRNAs (http://

clinicaltrials.gov/), however, with the recent advances in biological therapeutics, targeting 

RNA, and specifically lncRNAs, is a possibility. There are numerous items to consider when 

targeting lncRNAs. The first is cellular location. The majority of lncRNAs are located in the 

nucleus and efficient delivery to the nucleus will be a requirement in many instances. Also 

like proteins, lncRNAs have higher order structure with secondary structure showing 

hairpins, duplexes, internal loops and junctions. LncRNAs also interact with various other 

molecules including proteins, small regulatory RNA elements, RNA and DNA. Disruption 

of these interactions may be an ideal target in certain circumstances (Li and Chen 2013).

To date, most research is focused upon targeting lncRNAs to reduce the intracellular 

transcript levels, or to attenuate activity and function. Prospective strategies for targeting 

lncRNAs include: small interfering RNA (siRNA), antisense oligonucleotides (ASO), 

ribozymes, aptamers, small molecules, post-transcriptional processing pathways and 

miRNAs that target lncRNAs (Li and Chen 2013). Research in these areas with lncRNAs is 

still in its infancy and the use of several of these strategies in combination may prove to be 

the most effective for targeting lncRNAs. As proof-of-concept, it has been demonstrated that 

ASO are able to knockdown the nuclear lncRNA MALAT1 in muscle for a prolonged 

period of time (Wheeler et al. 2012).

In instances where expression of a lncRNA is desired, overexpression or delivery of 

synthetic lncRNA may be an ideal solution. The delivery of proteins as biological 

therapeutics has been in use for a long time, however, delivery of large RNA molecules is 

not commonplace. Numerous studies are currently underway investigating the delivery and 

use of mRNA as biological therapies. The lessons learned from those studies, including 
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targeted organ and subcellular delivery via nanoparticles as well research into how to 

increase RNA stability, will aid our understanding of using lncRNAs as therapeutics in a 

similar manner in the future.

Another manner in which therapeutics based on lncRNAs may be used, is by modifying 

their expression in stem cell populations. One very interesting study performed a 

knockdown of H19 in embryonic stem cells (ESCs) and demonstrated the possibility of 

using modified stem cells as a cell-based therapy for conditions such as muscular atrophy 

(Kwak et al. 2012).

Could lncRNAs Bridge Nuclear Structure and Function?

We have only just begun to understand the functional roles lncRNAs play in normal 

development and disease. As an understanding of the fundamental properties of lncRNAs 

becomes more extensively established and their utility as biomarkers is evaluated, it will be 

important to evaluate how this new class of regulatory molecules fits into the larger 

framework of gene expression control. We know from work completed so far that both 

miRNA and lncRNA are involved in epigenetic control of expression. miRNAs, in addition 

to negative regulation of translation, have also been shown to be responsible for promoting 

epigenetic silencing of specific genes via DNA methylation or histone modifications (Dai et 

al. 2014). Conversely, epigenetic silencing of miRNA genes has also been amply 

demonstrated.

LncRNAs effect epigenetic modifications in both cis and trans using combinations of 

modular functional components that include RNA-, DNA-, and protein-binding domains. 

They also defy these linear descriptions of position by inducing chromosomal looping to 

affect multiple genomic loci at once, creating a scaffold for chromatin-modifying enzymes. 

These properties make it interesting to speculate that lncRNAs may be a component of a 

mechanism that integrates structure, function, organization, and activity within the cell. The 

information amassed so far provides details about how individual lncRNAs interact with 

associated proteins, genomic DNA, and other RNA molecules. The diverse nature and 

impact of these reactions suggest that lncRNAs may be candidates for an overarching role in 

integrating regulatory activities, possibly mediating the organization of regulatory 

machinery, with the potential to have both dynamic and persistent effects.

Summary

It is evident from the relatively small amount of evidence generated that lncRNAs have a 

significant and crucial role in the maintenance, commitment and differentiation of MSCs to 

mature lineages. Understanding the mechanism of lncRNA action in differentiation is 

important not only to normal tissue development but also to disease states. The use of high 

throughput and next-generation sequencing technologies has allowed not only for the novel 

identification of lncRNA but provides a rapid screen to monitor tissue-specific changes in 

these transcripts. The unique and complex molecular mechanisms associated with lncRNA 

function will require careful analysis and characterization of in vitro and in vivo and their 

cellular interacting partners, be it DNA, RNA or protein. This level of analysis is daunting 

however, in order to fully understand how lncRNAs can be translated into novel therapies 
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that either target these molecules or take advantage of their function, there needs to be 

detailed understanding of their structure, their regulation in normal and pathological 

conditions.
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Box 1. lncRNA Categories

Sense: lncRNA gene overlaps with a protein-coding gene sense strand and is often 

considered transcript variants of the coding gene

Antisense: overlaps with antisense strand of protein-coding gene

Bidirectional: non-overlapping on the opposite strand of a protein-coding gene, but 

within 1000 bases of the transcription start

Intronic: overlaps an intron of a protein-coding gene on the sense or antisense strand

Intergenic: Located between protein-coding genes, at least 1 kb from the nearest
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TABLE 1

LncRNAs expressed in Mesenchymal Stem Cell Derived Lineages.

Gene ID Gene Name Type of IncRNA MSC lineage(s) Associated 
With

Reference

AK038898
Brown fat lncRNA (Blnc1)

* linc adipogenesis (Zhao et al. 2014)

DANCR Differentiation antagonizing non-
protein coding RNA

linc osteogenesis (Zhu et al. 2013)

H19 H19, imprinted maternally 
expressed transcript

linc chondrogenesis, osteosarcoma (Steck et al. 2012, 
Ulaner et al. 2003, 
Ulaner et al. 2003)

HOTTIP HOXA distal transcript transcript 
antisense RNA

antisense chondrogenesis (Kim et al. 2013)

LINC00901 Long intergenic non-protein 
coding RNA 901

antisense osteosarcoma (Pasic et al. 2010)

lincMD1 Long intergenic non-protein 
coding RNA, muscle 
differentiation 1

linc myogenesis (Cesana et al. 2011, 
Legnini et al. 2014)

MALAT1 Metastasis associated lung 
adenocarcinoma transcript 1

linc myogenesis (Watts et al. 2013)

MEG3 Maternally expressed 3 linc myogenesis (Zhou et al. 2010)

MSX1-as
* Msh homeobox 1 antisense antisense osteogenesis (Berdal et al. 2002)

PU.1 AS
*

PU.1 antisense
* antisense adipogenesis (Pang et al. 2013)

RP11-162L10.1
* Cartilage injury-related lncRNA 

(lncRNA-CIR)
*

pseudogene chondrogenesis (Liu et al. 2014)

SIRT1-AS
* Sirtuin 1 antisense antisense myogenesis (Wang et al. 2014)

slincRAD
* Super-long intergenic non-coding 

RNA
*

linc adipogenesis (Yi et al. 2013)

SRA Steroid receptor RNA activator noncoding isoform adipogenesis myogenesis (Caretti et al. 2006, 
Hube et al. 2011, Xu et 
al. 2010)

TUG1 Taurine up-regulated 1 linc osteosarcoma (Zhang et al. 2013)

TUSC7 tumor suppressor candidate 7 antisense osteosarcoma (Pasic et al. 2010)

YAM1 YY1-associated myogenesis RNA 
1

antisense myogenesis (Lu et al. 2013)

*
Note: these are not official HUGO approved names.
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