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Abstract

Long noncoding RNAs (lncRNAs) represent a newly discovered class of regulatory molecules that 

impact a variety of biological processes in cells and organ systems. In humans, it is estimated that 

there may be more than twice as many lncRNA genes than protein-coding genes. However, only a 

handful of lncRNAs have been analyzed in detail. In this review, we describe expression and 

functions of lncRNAs that have been demonstrated to impact innate and adaptive immunity. These 

emerging paradigms illustrate remarkably diverse mechanisms that lncRNAs utilize to impact the 

transcriptional programs of immune cells required to fight against pathogens and maintain normal 

health and homeostasis.
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1. Introduction

The first draft of the sequence of the human genome was released in 2001 (Lander et al., 

2001; Venter et al., 2001). Shortly thereafter in 2003, the Encyclopedia of DNA Elements 

(ENCODE) consortium was founded, whose goal was, as the name implies, to discover and 

functionally define all DNA elements in the human genome (Consortium et al., 2007; 

Euskirchen et al., 2007; Gerstein et al., 2007; Korbel et al., 2007; Rozowsky et al., 2007; 

Consortium, 2012; Harrow et al., 2012; Guo et al., 2014). One of the major surprises that 

emerged from these studies was that the vast majority of the human genome is transcribed in 

some cell type at some stage during development (Amaral et al., 2008; Dinger et al., 2009; 

Trapnell et al., 2010; Cabili et al., 2011; Chu et al., 2011; Derrien et al., 2012; Djebali et al., 

2012). In contrast, only about 2% of the genome contains genes that are transcribed into 

mRNAs and translated into proteins.

From these studies, a new class of RNA molecule has emerged termed long non-coding 

RNA or lncRNA (Cabili et al., 2011; Dinger et al., 2008a; Guttman et al., 2009; Mercer et 

al., 2009; Orom et al., 2010; Rinn and Chang, 2012; Hangauer et al., 2013a; Morris and 

Mattick, 2014). LncRNAs are operationally defined as greater than 200 bp in length to 
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distinguish them from short RNAs such as microRNAs. Studies reveal that the majority of 

lncRNAs discovered thus far have a 5′ cap structure, are polyadenylated, and are spliced just 

like mRNAs. Epigenetic studies that examine histone modifications at genomic loci have 

also aided the discovery of lncRNAs. For example, the H3K4-trimethylation and H3K36-

trimethylation marks are common tags at the transcription initiation sites and the gene 

bodies of actively transcribed genes that encode mRNAs, respectively. In fact, one major aid 

in the discovery of lncRNAs was chromatin immunoprecipitation-whole genome 

sequencing, ChIP-seq (Euskirchen et al., 2007), studies that demonstrated that many sites in 

the genome possessed these marks but were not associated with any known protein-coding 

gene. The discovery of lncRNAs came from the recognition via whole genome RNA-

sequencing or other methods that RNA molecules were actually transcribed from these 

genomic loci containing these characteristic epigenetic marks. The major difference between 

mRNAs and lncRNAs is that lncRNAs are littered with translational stop codons and thus 

have little if any protein-coding potential. Both computational and experimental approaches 

are available to test protein-coding potential of a novel RNA transcript. Computational 

approaches include PhyloCSF or phylogenetic analysis of multi-species genome alignments 

and CPAT or coding-potential assessment tool (Wang et al., 2013a; Lin et al., 2011a). 

Experimental approaches include ribosome footprinting, analysis of the association of 

lncRNAs of interest with polysomes and in vitro transcription and translation procedures 

(Guttman et al., 2013; Ingolia et al., 2011). However, a concern with these computational 

and experimental approaches is that they only produce a negative finding so improved 

approaches to positively identify lncRNAs are being actively sought (Dinger et al., 2008b). 

According to current estimates, there are approximately equivalent numbers of genes 

encoding lncRNAs as genes encoding mRNAs in the human genome that have been 

discovered thus far (Fig. 1A). Since the study of lncRNAs is a relatively new field, it seems 

that many more lncRNA genes will be discovered and the number of genes encoding 

lncRNAs is likely to far exceed the number of genes in the human genome that encode 

mRNAs.

Evolutionary studies demonstrate that humans, as well as other vertebrates have 

approximately the same number of protein-coding genes (∼20,000) as nematodes or round 

worms (Kapusta and Feschotte, 2014). However the sizes of the genomes in these two 

organisms are vastly different and a consequence of this is that the fraction of the genome 

devoted to synthesis of non-coding RNA has increased dramatically during evolution (Fig. 

1B). Since most of the human genome is transcribed into various non-coding RNA species, 

one interpretation of these data is that that lower species such as zebrafish, nematodes, fruit 

flies, and yeast contain a much lower number of lncRNAs and lower ratios of lncRNAs to 

protein coding genes than higher species such as primates, mice, cows, etc. (Liu et al, 2013; 

Clark et al, 2013). However, a caution is that annotations of the genome in these lower 

species are not as extensive as they are in human genomes. As we will discuss, lncRNAs 

play important roles in many developmental processes and exhibit cell type specific 

expression patterns and functions. As such, it may be that as an organism becomes 

developmentally more complex, it acquires more lncRNA genes to help guide this 

developmental complexity (Mattick et al, 2009; Guttman et al., 2011; Ulitsky and Bartel, 

2013).
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LncRNAs are often named according to their gene location in genomes relative to protein 

coding genes (Fig. 2). LncRNA genes that are located between two protein-coding genes 

with no overlap with protein-coding genes are often referred to as long or large intergenic or 

intervening ncRNAs abbreviated lincRNA LncRNA genes may also be totally located 

within one intron of a protein-coding gene with no overlap with protein-coding exon. These 

lncRNA genes are referred to as ‘intronic’. LncRNA genes are also found that overlap with 

exons and introns of protein coding genes but also utilize novel exons not located within the 

protein-coding gene body and are oftentimes transcribed from the opposite DNA strand. 

These are referred to as antisense lncRNAs. Divergent lncRNAs initiate in a divergent 

fashion or from the opposite strand of a protein-coding gene and transcriptional initiations 

sites of these two genes are oftentimes within a few hundred bp of each other (Sigova et al., 

2013). LncRNAs are often named according to their proximity to the nearest protein-coding 

gene. In part, this convention has been adopted because some lncRNAs often regulate 

transcription of the neighboring protein-coding gene. A couple of examples would be the 

PANDA (p21 associated ncRNA DNA damage activated) lncRNA and FENDRR (FOXF1 

adjacent non-coding developmental regulatory RNA) (Hung et al, 2011; Grote et al, 2013). 

As we will see later, this is not a hard and fast rule as many lncRNAs do not affect 

transcription of their nearest protein-coding gene neighbor but this naming convention is 

still quite common.

Since lncRNAs can alter the transcription of protein-coding genes either via direct or 

indirect mechanisms, one approach to identify these target genes is to manipulate levels of 

the lncRNA of interest, either positively or negatively, and analyze global changes in gene 

expression via some method such as whole-genome RNA sequencing (RNA-seq) or 

microarrays to identify potential protein-coding gene targets. The number of lncRNAs 

studied in detail is relatively small compared to the total number of lncRNAs known to 

exist. Of the lncRNAs that have been described, many of which are nuclear-enriched 

lncRNAs, some general themes apply and the mechanism that each lncRNA employs 

typically involves DNA, protein, or RNA elements (Satpathy and Chang, 2015). They are 

(1) lncRNA expression, like mRNA expression, is regulated by intracellular signaling 

pathways and the combinatorial actions of signaling responsive and basal transcription 

factors, (2) lncRNAs associate with chromatin-modifying enzymes and are able to recruit 

them to target gene loci; these target gene loci may be either adjacent protein-coding genes 

(regulation in cis), or distant and possibly multiple protein-coding genes (regulation in 

trans), (3) lncRNAs also associate with transcription factors and titrate them away from 

target gene loci to negatively impact transcription or stabilize transcription factors to allow 

increased accumulation and activity, (4) lncRNAs form ribonucleoprotein complexes that 

positively or negatively affect transcription of target genes; the heterogeneous 

ribonucleoproteins or hnRNPs are one such example (Table 1) (Mercer et al, 2009; Mattick 

et al., 2009; Khalil et al., 2009; Nagano and Fraser, 2011; Guttman and Rinn, 2012; Hu et 

al., 2012) and (5) lncRNA-cytoplasmic RNA interactions target the stability of messenger 

RNAs and alter translation (Satpathy et al., 2015; Carrieri et al., 2012 ). Less is known about 

cytoplasmic incRNA-RNA interactions. Thus, some common themes of mechanisms of 

action of lncRNAs have emerged but undoubtedly, additional mechanisms of action of this 

diverse population of RNA species will be discovered in the not too distant future.

Aune and Spurlock Page 3

Virus Res. Author manuscript; available in PMC 2017 January 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



2. T and B lymphocytes and lncRNAs

Emerging evidence suggests that the majority of lncRNAs are expressed in a cell-type 

specific fashion suggesting that each cell lineage may express its own unique constellation 

of lncRNAs. Also, lncRNAs are thought to play key roles in the developmental programs 

that give rise to different cells and organs of the body (Paralkar et al., 2014; Sunwoo et al., 

2009). It is also thought that those organs that exhibit the greatest complexity, such as the 

brain, also contain the most diverse lncRNA transcriptome (Mercer et al., 2007; Mercer et 

al., 2008a,b; Sauvageau et al., 2013). This feature may contribute to the many diverse 

functions of the central and peripheral nervous systems. By extension, these lncRNAs may 

be critically important for maintaining cell identity. Innate and adaptive immune systems 

arise from hematopoietic stem cells and give rise to an array of different cell types during 

development (Hollander et al., 2006; Kurobe et al., 2006; Steinman and Hemmi, 2006; 

Takahama, 2006; Boehm, 2008; Medzhitov and Horng, 2009; Pepper and Jenkins, 2011; 

Murray and Smale, 2012; Merad et al., 2013; Murphy, 2013; Youngblood et al., 2013; 

Diefenbach et al., 2014; Farber et al., 2013; McKenzie et al., 2014; Shih et al., 2014). 

Certain lineages, such as B cells, T cells, and monocytes are very distinct in their roles in the 

immune system while others, such as NK cells, NKT cells, and T cells exhibit both shared 

and unshared properties and functions. Additional examples are the conventional T cells that 

express traditional a/b T cell receptors, T cells that express g/d T cell receptors, and the 

recently identified innate lymphoid cells that express many T cell markers but do not 

express T cell receptors. T lymphocytes also differentiate in the thymus through distinct 

developmental stages from the CD4, CD8 double negative (DN) stage, DN1, DN2, DN3, 

DN4, to the CD4, CD8 double positive (DP) stage, DP1, DP1, to the CD4 or CD8 single 

positive stage prior to emigration to the periphery. In the periphery, conventional CD4+ T 

cells can undergo further differentiation to become stable effector cells, TH1, TH2, or TH17, 

defined by their ability to express genes that encode the cytokines, IFN-γ, IL-4, IL-13, and 

IL-5, or IL-17, respectively. Similarly, there are independent lineages of innate lymphoid 

cells that selectively express IFN-γ, IL-4, IL-13, and IL-5, or IL-17, respectively. T 

follicular helper cells also develop in the periphery from naïve CD4+ T cells in response to 

differentiating stimuli. The T regulatory compartment can also be divided by developmental 

lineages, termed nTreg or natural T regulatory cells that develop within the thymus and 

iTreg or induced T reg cells that develop in the periphery. These are distinct cells but share 

certain features and functions. Several studies have employed whole genome RNA-seq to 

identify lncRNAs in human and mouse lymphocytes (Pang et al., 2009; Hu et al., 2013; 

Ranzani et al., 2015; Spurlock et al., 2015). In general, these studies have identified 

thousands of unique lncRNAs expressed by CD4+ T cells at different stages of development 

and differentiation. In keeping with the ideas about the complexity of the brain and the 

greater diversity of expression of lncRNAs, it is possible that the complexity of the immune 

system may also be represented by similarly complex patterns of lncRNA expression. This 

idea has been examined in a rather comprehensive study (Table 2) (Hu et al., 2013). Of the 

lncRNAs expressed at the DN stages of thymocyte development, the DP and SP stages of 

thymocyte development, and the different lineages of T effector cells, iTreg, TH1, TH2, and 

TH17, the majority of lncRNAs are expressed in a lineage specific manner and a minority 

expressed by T cells at all stages of development and differentiation. For example, during 
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the DN stage of thymocyte development, >50% of expressed lncRNAs are found at only one 

DN stage while ∼10% of expressed lncRNAs are found at all DN stages. In marked 

contrast, this is not the case for mRNAs. Thus, only 8% of mRNAs are expressed at only 

one DN stage while >75% of expressed mRNAs are found at all DN stages. Overall, T cells 

express most mRNAs in a non-lineage specific manner at all stages of development and 

differentiation and only small numbers of mRNAs exhibit cell-type specific expression.

Besides the effector T cell compartment, which is thought to be short-lived, naïve T cells 

also develop into T cell memory compartments, both central memory, Tcm, and effector 

memory, Tem, by acquiring and sustaining new transcriptional programs. How these altered 

transcriptional programs are maintained for long periods of time and how this information is 

transmitted to daughter cells is not well understood but it seems that lncRNAs are likely 

candidates to play critical roles in these processes, which are key to the ability of the host to 

sustain long-lived immunity to a foreign pathogen after initial infection. Below are specific 

examples of lncRNAs that contribute to both T helper cell differentiation and function and B 

lymphocyte function that have been characterized in some detail.

2.1. IFNG-AS1

IFNG-AS1 was originally discovered using genetic studies as a gene adjacent to IFNG in 

both mouse and human genomes that encodes a lncRNA implicated in the control of 

Theiler’s virus persistence perhaps by transcriptional regulation of the gene encoding IFN-γ 

(Vigneau et al., 2003). This lncRNA is encoded on the DNA strand opposite to the IFNG 

coding strand. Originally named TMEVPG1 (Theiler’s murine encephalomyelitis virus 

persistence candidate gene 1), this gene has also been named NeST (NEt-toie Salmonella 

pas Theiler’s (cleanup Salmonella not Theiler’s)) (Gomez et al., 2013) and more recently 

IFNG-AS1 since it is transcribed on the opposite DNA strand to IFNG. CD4+ T cells, CD8+ 

T cells and NK cells express this lncRNA, making it one of the first lncRNAs discovered 

that is expressed by cells of the immune system. For simplicity, we will use the IFNG-AS1 

nomenclature. Naïve CD4+ T cells do not express IFNG-AS1 lncRNA but in response to 

TH1 differentiation signals, this lncRNA is induced via Stat4 and T-bet dependent pathways 

(Collier et al., 2012). IFNG-AS1 and IFNG utilize distinct enhancer elements that both 

respond to the TH1 lineage specific transcription factors, Stat4 and T-bet, as well as the non-

lineage specific transcription factors, NF-κB and Ets1 (Collier et al, 2014; Chang and Aune, 

2007; Collins et al., 2010; Collins et al., 2012). This ability to respond to NF-κB probably 

contributes to markedly increased expression of IFNG-AS1 in effector TH1 cells in response 

to only T cell receptor stimulation in the absence of the initial TH1 differentiation signals. 

During early differentiation of TH1 cells, IFNG-AS1 lncRNA also cooperates with T-bet to 

stimulate IFNG transcription. It is not known if IFNG transcription at later stages of TH1 

differentiation or by effector memory T cells also depends upon functional cooperativity 

between IFNG-AS1 lncRNA and T-bet or is dependent only upon IFNG-AS1 lncRNA. This 

cooperativity appears to be achieved by the ability of IFNG-AS1 lncRNA to associate with 

histone H3K4 methyltransferase enzyme complexes and recruit these to the IFNG locus to 

establish H3K4 tri-methylation at the IFNG promoter and intronic regions, thus creating a 

permissive transcriptional environment (Gomez et al, 2013). Importantly, ability to produce 

IFNG-AS1 lncRNA confers resistance to lethal infection by a bacterial pathogen, thus 
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establishing a critical role for an lncRNA in one of the major functions of the adaptive 

immune system (Fig. 3).

2.2. TH2-LCR lncRNA

We have also performed whole genome RNA-sequencing (RNA-seq) to identify additional 

lncRNAs expressed in a TH1, TH2, or TH17 lineage specific manner in human T cells 

(Spurlock et al, 2015). We divided the analysis to search for both lncRNAs previously 

annotated in the human genome and novel lncRNAs that were not previously identified in 

the human genome. We identified both previously annotated and novel lncRNAs expressed 

in a TH1, TH2, and TH17 lineage specific fashion by human T cells. Most lineage specific 

protein coding genes in the genome were adjacent to genes that encode lineage specific 

lncRNAs and these mRNAs were co-expressed with these lncRNAs. One interpretation is 

that these lineage specific lncRNAs shape the lineage specific mRNA transcriptional profile 

that is essential for effector TH1, TH2, and TH17 cells to carry out their unique immune 

functions.

One lncRNA expressed in a TH2 lineage specific manner is co-expressed with the IL4, IL5, 

and IL13 genes. This lncRNA actually represents four novel lncRNA isoforms with both 

shared and unique RNA sequences. Using the nomenclature described above, this lncRNA 

cluster can be considered an antisense lncRNA because it is transcribed antisense to the 

RAD50 gene and partially shares RAD50 exons and introns but also employs exons outside 

of the RAD50 locus between RAD50 and IL13 and between IL13 and IL4. Interestingly, 

this same genomic region in mice functions as a locus control region or LCR (Lee et al., 

2005). In general, LCRs are operationally defined by their ability to control expression of 

linked genes, usually genes that are members of a gene family, such as the globin genes, 

genes that encode the growth hormone family, or in this case, genes that encode the key 

TH2 cytokines, IL-4, IL-13, and IL-5. For these reasons, we named this lncRNA cluster, 

TH2-LCR lncRNA. Depletion of the TH2-lncRNA cluster by siRNA targeting a shared 

sequence among the different isoforms abrogates expression of the TH2 cytokines, IL4, 

IL-13, and IL-5. The TH2-LCR lncRNA associates with the WDR5 component of the 

histone H3K4 methyltransferase enzyme complex. Depletion of the TH2-LCR lncRNA 

cluster abrogates recruitment of WDR5 to IL4 and IL13 genomic promoter and enhancer 

elements and blocks H3K4 tri-methylation at these sites. Thus, as with certain other 

activating lncRNAs, the TH2-LCR lncRNA appears to act by recruiting the H3K4 

methyltransferase to establish a positive transcriptional environment by formation of histone 

H3K4 di- and tri-methylation marks at loci around the genes that encode TH2 cytokines, 

IL-4, IL-13, and IL-5 (Fig. 4).

Roles for TH2-LCR lncRNA in animal models have yet to be described. It is clearly 

established that TH2 differentiation and expression of IL-4, IL-13, and IL-5 exacerbate 

animal models of asthma and allergy and promote immune responses to certain pathogens, 

such as helminths, and suppress certain autoimmune models, such as type 1 diabetes and 

multiple sclerosis. One might predict that depletion of TH2-LCR lncRNA may inhibit 

allergic responses and asthma and that increased expression of TH2-LCR lncRNA may 

enhance TH2 immunity and inhibit certain autoimmune diseases in animal models and that 
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similar results may be achieved in humans. However, this remains to be demonstrated 

experimentally. The fact that TH2-LCR lncRNA regulates expression of all three TH2 

cytokines, IL-4, IL-13, and IL-5, may make it an attractive therapeutic target for asthma or 

severe allergic disease as opposed to targeting individual cytokines.

Another point is that historically, LCRs have been functionally defined using various genetic 

manipulations, such as transgenic mice, to delete genomic elements and test for loss of 

function (Kim and Dean, 2012). On a mechanistic basis, it is not totally clear how LCRs 

function. Although somewhat speculative, our results may suggest that LCR genomic 

regions actually contain genes that encode lncRNAs and the lncRNAs actually regulate 

transcription of their target protein-coding genes to achieve developmental or lineage 

specific patterns of mRNA expression of these linked genes.

2.3. Linc-Ccr2–5′AS

The lncRNA, linc-Ccr2–5′AS, is a mouse lncRNA also originally discovered by employing 

RNA-seq methods (Hu et al., 2013). The gene that encodes this lncRNA is located on mouse 

chromosome 9 in the Ccr1, Ccr3, Ccr2, and Ccr5 chemokine receptor cluster between Ccr3 

and Ccr2. Thus, linc-Ccr2–5′AS fulfills the criteria of an intergenic lncRNA. As are the 

Ccr1, Ccr3, Ccr2, and Ccr5 genes, linc-Ccr2–5′AS is selectively expressed in the TH2 

lineage and this is dependent upon the presence of the TH2 ‘master regulator’, GATA3. 

Depletion of linc-Ccr2–5′AS using shRNA methodology lowers expression of Ccr1, Ccr3, 

Ccr2, and Ccr5 genes in cells of the TH2 lineage. In a cell transfer model, depletion of linc-

Ccr2–5′AS inhibits migration of TH2 effector cells into the lung of recipient mice. In 

contrast to lncRNAs such as IFNG-AS1 and TH2-LCR lncRNA, linc-Ccr2–5′AS does not 

appear to modulate histone H3K4 di- and tri-methylation at Ccr1, Ccr3, Ccr2, and Ccr5 gene 

loci. Thus the precise mechanism by which linc-Ccr2–5′AS regulates Ccr1, Ccr3, Ccr2 and 

Ccr5 expression is not known at present and will most certainly be the subject of future 

investigations. However, it is noteworthy that this lncRNA plays a functional role in a 

murine model, in vivo.

2.4. Linc-MAF-4

Linc-MAF-4 is another lncRNA that is a TH lineage specific lncRNA discovered by RNA-

seq methods that plays a key role in TH lineage speciation but employs a mechanistic 

strategy some-what distinct from some of the other lncRNAs (Ranzani et al., 2015). The 

transcription factor MAF is expressed in a TH2 lineage specific manner and promotes 

expression of genes encoding TH2 cytokines. The gene that encodes linc-MAF-4 is located 

in the genome on chromosome 16 greater than 150 kb from the gene that encodes MAF. 

Linc-MAF-4 is expressed in a TH1 lineage specific manner and promotes TH1 

differentiation and IFNG expression apparently by inhibiting expression of MAF in effector 

TH1 cells, which, in turn is thought to inhibit opposing TH2 differentiation thus promoting 

TH1 differentiation. To do so, a long distance physical interaction is established between 

linc-MAF-4 and MAF genomic regions, linc-MAF-4 lncRNA associates with the chromatin 

modifiers LSD1 and EZH2 and presumably facilitates formation of H3K27 tri-methylation 

marks at MAF genomic loci, thus producing a repressive chromatin environment to inhibit 

transcription of MAF.
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In a sense, this scenario is somewhat similar to mechanisms other lncRNAs utilize to affect 

gene expression. What seems unique is that linc-MAF-4 is expressed in a TH1 lineage 

specific manner and suppresses expression of MAF, thus making expression of MAF TH2 

lineage specific. The end result is that linc-MAF-4 enhances TH1 responses and IFNG 

transcription by dampening the TH2 response thus, shaping overall TH1/TH2 responses. It 

seems likely that this type of strategy may be employed by many lncRNAs that play key 

roles in determining cell fate choice during development.

2.5. GATA3-AS1

GATA3-AS1 fulfills the definition of a divergent lncRNA (Sigova et al., 2013). The 

transcriptional start site of the GATA3-AS1 gene is positioned a few hundred bp from the 

transcriptional start site of GATA3 and GATA3-AS1 is transcribed from the opposite DNA 

strand. GATA3-AS1 is a TH2 lineage specific lncRNA (Zhang et al., 2013). It is also 

expressed at increased levels by CD4+ T cells from allergic subjects in response to 

allergens. Although the function of GATA3-AS1 is unknown, these results raise the 

possibility that this lncRNA may play either a positive or negative role mediating allergic 

responses in humans.

2.6. NRON

The transcription factor NFAT was initially described in activated T cells as a critical 

transcriptional activator of IL2 expression. Further studies have shown that there are 

multiple NFAT isoforms and these are a critical transcriptional regulators of many genes in 

many different cell types or organ systems. In resting cells, NFAT is sequestered in the 

cytoplasm by phosphorylation. Dephosphorylation of NFAT by calcineurin results in 

translocation of NFAT to the nucleus leading to transcriptional activation of NFAT target 

genes, including IL2. The complex that retains NFAT in the cytoplasm also contains a 

lncRNA termed NRON or noncoding RNA repressor of NFAT (Willingham et al., 2005; 

Sharma et al., 2011). Included in this ribonucleoprotein complex are also NFAT kinases that 

keep NFAT phosphorylated. Additional proteins are also present in this ribonucleoprotein 

scaffold that contribute to keep NFAT retained in the cytoplasm and inactive. Depletion of 

NRON appears to disrupt this complex resulting in dephosphorylation of NFAT, and 

translocation to the nucleus allowing NFAT to act as a transcriptional activator of its target 

genes. In contrast to some of the other lncRNAs described above, NRON is located in the 

cytoplasm rather than the nucleus and controls gene expression by inhibiting the activity of a 

transcription factor rather than by targeting transcription of individual genes via epigenetic 

mechanisms. Further, the gene that encodes NRON is not located in the genome nearby the 

genes that encode NFAT or other components of the NFAT-NRON ribonucleoprotein 

scaffold.

2.7. Fas-AS1

The TNF receptor superfamily member, Fas (TNFRSF6, APO-1, CD95), which is expressed 

by T cells, B cells and a variety of tumor cells as well as other normal human tissues, has a 

major role in the extrinsic pathway of apoptosis. Fas is normally membrane bound. Alternate 

splicing leads to elimination of a single exon and produces a soluble form of Fas. This 

soluble form of Fas termed sFas binds Fas ligand, FasL, and inhibits binding of FasL to 
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membrane-bound Fas, thus inhibiting apoptosis mediated by FasL. Levels of the alternate 

spliced forms of Fas and sFas are controlled by an antisense lncRNA named Fas-AS1 

(Sehgal et al., 2014). Fas-AS1 acts by binding to the RNA binding protein, RBM5, and 

inhibiting exon skipping during Fas mRNA transcription, thus altering Fas:sFas ratios 

resulting in increased FasL-mediated apoptosis. Importantly, resistance to FasL-mediated 

apoptosis promotes growth and/or survival of certain primary B cell lymphomas and these 

lymphomas exhibit elevated levels of sFas and depressed levels of Fas-AS1. Thus, this 

lncRNA may be linked to lymphoma survival and resistance to apoptosis. Fas and FasL also 

play critical roles in regulating apoptosis via the extrinsic pathway at various stages of 

lymphocyte development and immune responses. The role that Fas-AS1 may play in these 

events is not known.

3. Innate immunity and lncRNAs

Similar whole genome lncRNA profiling using either RNA-seq or microarray based 

methods has also been performed with the goal of identifying lncRNAs that are uniquely 

expressed in cells of the innate immune system either in response to stimulation or induction 

of differentiation pathways. As above, many novel lncRNAs are induced or selectively 

expressed under these conditions. These studies also begin to illustrate the patterns of 

lncRNAs induced in response to a variety of stimuli, for example multiple toll-like receptor 

(TLR) agonists or by single stimuli, for example a single TLR agonist. The pro-

inflammatory, pro-survival transcription factor, NF- κB, is also central to many pro-

inflammatory responses and these studies begin to identify diverse mechanisms by which 

lncRNAs regulate NF-κB activity. A few lncRNAs have been studied in detail and these 

studies illustrate the critical role lncRNAs play in stimulation and differentiation pathways 

that cells of the innate immune system undergo. These studies also support that general 

concept that lncRNAs tend to be expressed under both cell-type and stimulus-specific 

conditions.

3.1. lincRNA-Cox2

Genome-wide transcriptome profiling (RNA-seq) has identified lncRNAs expressed by 

stimulated macrophages of the innate immune system. One such lncRNA, lncRNA-Cox2 is 

induced in murine bone marrow derived macrophages after stimulation of the Toll-like 

receptor 2 (TLR2) by lipopolysaccharide, by the synthetic bacterial lipoprotein, Pam3CSK4 

(also a TLR2 agonist), and by the TLR7/8 agonist, R848 (Carpenter et al, 2013). 

Macrophages infected with Listeria monocytogenes or splenocytes from mice infected with 

Listeria also exhibit increased levels of lncRNA-Cox2 transcripts indicating that this 

lncRNA is induced after bacterial infection, both in tissue culture and in vivo. This lncRNA 

gene is an example of a non-overlapping or intergenic lncRNA gene and is so named 

because it is located in the genome adjacent to the Cox2 (Ptgs2) gene. Induction of Cox2 

and lincRNA-Cox2 genes both depend upon the Myd88 pathway, which is central to many 

TLR signaling paths, and the NF-κB transcription factor. However, in contrast to many 

lncRNAs, such as some of those described above, lncRNA-Cox2 does not regulate 

transcription of Cox2. Rather, lncRNA-Cox2, either directly or indirectly, increases or 

decreases expression of an array of immune response genes, including genes that encode 
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chemokines, chemokine receptors, TLR1, IL-6, and IL23a, as well as a number of genes 

induced by IFN-α, often referred to as IFN-response genes.

As described above, lncRNAs can localize to either cytoplasmic or nuclear compartments. 

In the nucleus, they may preferentially associate with the genome or may be found in other 

nuclear structures and this information can be useful to guide further mechanistic studies. 

Besides binding to enzyme complexes that write the epigenetic code, many lncRNAs bind to 

heterogeneous ribonucleoproteins or hnRNPs. Approximately twenty unique hnRNPs are 

known in humans. These proteins possess common amino acid sequence as well as amino 

acid sequences unique to each hnRNP and are involved in different functions of RNA 

biology. In the case of lincRNA-Cox2, this lncRNA is known to associate with hnRNP-A/B 

and hnRNP-A2/B1 and these hnRNPs are necessary for lncRNA-Cox2 to mediate its 

functions, which appear to result, in part, by the regulation of recruitment of RNA 

polymerase II to the promoters of target genes. However, it is worth noting that its 

association with these hnRNPs does not account for all the functions of lincRNA-Cox2. 

Thus, additional mechanisms of action are likely and remain to be defined.

3.2. PACER

There is also a second lncRNA gene adjacent in the genome to the Cox2 gene (Krawczyk 

and Emerson, 2014). This lncRNA has been named PACER for p50-associated COX-2 

extragenic RNA and PACER, in contrast to lincRNA-Cox2, is a positive regulator of Cox2 

transcription. The chromatin factor CCCTC-binding factor or CTCF, which is thought to 

function as an insulator to define open and closed chromatin boundaries, binds to a genomic 

region upstream of Cox2 to promote PACER lncRNA expression. PACER appears to 

promote transcription of Cox2 by binding to NF-κB p50/p50 homodimers, which are 

transcriptional repressor of the NF-κB p50/p65 transcriptional activator, and thus titrates 

these repressor complexes away from the Cox2 promoter that contains NF-κB binding sites. 

This favors binding of active NF-κB heterodimers, p65/p50, to the NF-κB binding sites in 

the Cox2 promoter and stimulates Cox2 transcription. It is worth noting that the p65/p50 

NF-κB heterodimer is a strong transcriptional activator of many genes including many genes 

whose protein products play key roles in the innate immune system. However, prevailing 

views are that the actions of PACER are exclusively involved in the regulation of Cox2 in 

monocyte-macrophage cells and epithelial cells. Genomic CTCF binding sites are also 

involved in establishing three-dimensional chromosome conformations. It is possible that 

the CTCF binding sites around the PACER gene may be utilized to bring the PACER gene 

in close proximity to the Cox2 gene thus allowing PACER lncRNA to be produced in the 

immediate vicinity of the Cox2 promoter and enable PACER lncRNA to specifically titrate 

inhibitory NF-κB p50/p50 homodimer complexes away from the Cox2 promoter. This may 

also limit its ability to target NF-κB binding elements of other enhancers in the genome and 

increase transcription of other NF-κB target genes. Additional studies will be required to test 

this hypothesis.

3.3. lnc-DC

Another lncRNA expressed by cells of the monocyte/macrophage lineage is lnc-DC (Wang 

et al., 2014). This lncRNA is expressed exclusively by conventional human dendritic cells 
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and is required for differentiation of human monocytes into conventional dendritic cells and 

differentiation of mouse bone marrow cells into conventional dendritic cells, in vivo. lnc-DC 

is not expressed by other lymphoid and myeloid cells including plasmacytoid dendritic cells 

but is expressed by conventional DC from skin and blood.

The mechanism by which lnc-DC promotes differentiation of monocytes to conventional 

dendritic cells is by binding to the STAT3 transcription factor and inhibiting 

dephosphorylation of STAT3 by the protein tyrosine phosphatase, SHP1, thus driving 

sustained translocation to the nucleus and sustained transcriptional activity of STAT3; see 

also refs (Steinman and Hemmi, 2006; Murray and Smale, 2012; Merad et al., 2013; 

Murphy, 2013; Guermonprez et al., 2013; Laouar et al., 2003). In so doing, lnc-DC shapes 

the transcriptional program required for differentiation of monocytes into conventional 

dendritic cells, to maintain the differentiated state of conventional dendritic cells, and to 

carry out the unique and critical functions of conventional dendritic cells including antigen 

processing and presentation and production of critical cytokines, such as IL-12, that shape 

the both the innate and adaptive immune response.

3.4. THRIL

THRIL or TNF-α and heterogenous nuclear ribonucleoprotein L (hnRNPL) related 

immunoregulatory LincRNA is a lncRNA whose levels are repressed in cells of the 

monocyte macrophage lineage by stimulation with the TLR1/2 agonist, Pam3CSK4 (Li et 

al., 2014). In the basal state, THRIL is also expressed in many but not all tissues. THRIL is 

required for induction of TNF gene expression in THP1 macrophages by Pam3CSK4. 

THRIL is also required for induction of expression of a number of immune-response genes 

including genes that encode different cytokines and chemokines. It is not entirely certain the 

extent to which this is due to a direct effect of THRIL on these other genes or an indirect 

effect due to its ability to regulate TNF gene expression. THRIL is another lncRNA that 

associates with hnRNPs, in this case, hnRNPL. The THRIL-hnRNPL complex binds to the 

TNF promoter/enhancer suggesting that the complex acts by stimulating transcriptional 

activity of the promoter/enhancer resulting in increased TNF gene expression. It is not 

known if this THRIL-hnRNPL complex contains other components such as transcription 

factors like NF-κB that are known to be required for TNF gene expression. Interestingly, 

high levels of TNF-α expression repress THRIL levels suggesting there is also a negative 

feedback loop to further regulate levels of TNF-α expressed by cells in response to 

inflammatory stimuli. THRIL levels have also been examined in the blood of children with 

Kawasaki disease. Kawasaki disease is an inflammatory disease of unknown cause that 

usually affects children under the age of five and is associated with elevated levels of TNF-α 

during the acute phase of the disease and reduction of TNF-α levels during convalescence. 

In contrast, THRIL levels in blood are depressed during the acute phase of disease and 

elevated during the convalescent phase of disease. This mirrors the negative feedback loop 

in cell-based models whereby TNF-α represses THRIL levels. These data raise the 

possibility that THRIL may play a role in inflammation due to infection. The possibility that 

THRIL levels may also play a role in the ‘sterile inflammation’ produced by autoimmune 

disease has not been examined.
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3.5. Lnc-IL7R

Another lncRNA that is induced in response to LPS stimulation is named lnc-IL7R because 

the gene that encodes lnc-IL7R overlaps with the 3′ untranslated region of the IL7R gene 

(Cui et al., 2014). In contrast to many lncRNAs, lnc-IL7R is transcribed from the same 5′ to 

3′ direction as is IL7R but similar to many lncRNAs, lnc-IL7R has a 5′ CAP and is 

polyadenylated at the 3′ end. Lnc-IL7R is also induced by the TLR2 agonist, Pam3CSK4, 

but not by the TLR3 agonist, poly I/C. Similar to other lncRNAs, lnc-IL7R is localized in 

the nucleus. Lnc-IL7R does not regulate expression of IL7R even though LPS and 

Pam3CSK4 also induce IL7R. Rather, it functions as a negative regulator of the LPS-

induced inflammatory response in tissue culture models by repressing induction of a number 

of pro-inflammatory genes including those that encode E-selectin, VCAM-1, IL-6 and IL-8. 

Lnc-IL7R appears to act by regulating levels H3K27-trimethylation at the promoters of 

these genes as knockdown of lnc-IL7R results in decreased H3K27-trimethylation at these 

promoters and H3K27-trimethylation is associated with transcriptional silencing. Thus, lnc-

IL7R appears to act by limiting the inflammatory response induced by TLR2 and TLR4 

agonists. The extent to which this lncRNA regulates inflammation, in vivo, in response to 

pathogen infections or in autoimmune settings will be important to determine.

3.6. Lethe

Pseudogenes are thought to arise from duplication of protein-coding genes. Accumulation of 

subsequent mutations is thought to render them transcriptionally inactive. As such, the 

general view has been that pseudogenes are not transcribed into RNAs. However, recent 

studies from the ENCODE project have challenged this general view. Current estimates now 

suggest that >10,000 pseudogenes exist in the human genome and >10% are actually 

transcribed into lncRNAs. As with other estimates of lncRNAs, these numbers will probably 

increase as the annotation of the human genome improves with addition of different organ 

systems and cell types undergoing various stages of differentiation and responding to 

different stimuli.

There are five rivers of Hades: Styx, Phlegethon, Acheron, Cocytus and Lethe. The river 

Lethe causes complete forgetfulness if an individual drinks its water and this lncRNA is so 

named because of its negative feedback function (Rapicavoli et al., 2013). Lethe was 

discovered in a search for lncRNAs induced by TNF-α stimulation in mouse embryonic 

fibroblasts (MEF). Since signaling pathways activated by TNF-α are largely conserved in 

distinct cell types and TNF-α is an important regulator of both adaptive and immune 

responses, it seems worthwhile to include discussion of this lncRNA here.

Lethe is a pseudogene of the ribosomal protein S15a (Rps15a) gene, is adjacent to the 

Gmeb1 gene in the mouse genome, and is induced by stimulation of MEFs with TNF-α. In 

contrast to Lethe, transcript levels of Rps15a and Gmeb1 are unchanged under these same 

stimulation conditions. Lethe is also induced by the glucocorticoid receptor agonist, 

dexamethasone. This is consistent with the fact that glucocorticoid receptors and NF-κB 

share common DNA binding sites and regulate similar genes and activation of NF-κB is a 

major signaling response to TNF-α stimulation of cells. NF-κB activity also increases with 

aging. In contrast, Lethe expression, which is largely limited to spleen, actually decreases 
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with aging. Taken together, these results suggested the possibility that Lethe may regulate 

NF-κB function. Using a variety of approaches these investigators were able to show that 

Lethe inhibits NF-κB by binding to the RelA or p65 component of the active NF-κB 

p60/p65 heterodimer and thus specifically inhibits binding of RelA to DNA leading to 

inhibition of NF-κB transactivation. Thus, a second lncRNA has been discovered that 

regulates NF-κB activity. As described above, PACER is a positive regulator of NF-κB 

activity by titrating inhibitory NF-κB p50/p50 homodimers away from NF-κB DNA 

response elements while Lethe is a negative regulator of NF-κB activity by titrating 

activating RelA or p65 containing activating heterodimers away from NF-κB DNA response 

elements. At present, it is not known to what extent Lethe is expressed by other cell types, is 

induced by other stimuli, or plays a role in regulating of TNF-α responses to pathogen 

infection or the ‘sterile inflammation’ seen in autoimmune diseases.

4. LincRNA-p21

LincRNA-p21 is included in this review because its level of expression is decreased in the 

inflammatory disease, rheumatoid arthritis and it possesses anti-inflammatory properties 

(Spurlock 3rd et al., 2014). LincRNA-p21 was originally discovered by examination of the 

cellular response to DNA damage in mouse embryonic fibroblasts (Huarte et al., 2010). The 

tumor suppressor protein, p53, is a major regulator of the DNA damage response resulting in 

either p53-mediated cell cycle arrest or apoptosis depending upon the degree of DNA 

damage. p53 induces transcription of the cell cycle arrest protein, p21, and induces 

transcription of lincRNA-p21. Genes encoding lincRNA-p21 and p21 are adjacent in both 

mouse and human genomes. lincRNA-p21 inhibits expression of a number of genes, either 

directly or indirectly, that encode proteins with pro-apoptotic functions. LincRNA-p21 

associates with one of the hnRNP proteins, hnRNP-K, to carry out these functions. Thus, 

lincRNA-p21 contributes to DNA damage responses by lowering the threshold for 

apoptosis.

Studies in human HeLa cells reveal an additional mechanism of action of lncRNA-p21 

(Yoon et al., 2012). lincRNA-p21 regulates levels of certain proteins, Jun B, beta catenin, at 

the translational level. Specifically, lincRNA-p21 binds to these mRNAs by forming 

sequence-specific RNA-RNA duplexes and prevents their association with the protein 

synthesis machinery thus preventing translation of these mRNAs into proteins.

A third function of linc RNA-p21 is in the cellular response to hypoxia, known as the 

Warburg effect so named after its discoverer, Otto Warburg. The Warburg effect was 

originally discovered when studies were undertaken to determine how cells in solid tumors 

survived hypoxia (Warburg, 1956). To do so, cells shift from oxidative phosphorylation to 

glycolysis to generate energy. This shift is achieved by induction of the transcription factor; 

hypoxia inducing factor 1-alpha or HIF1α and HIF1α induces a new transcriptional program 

to allow cells to employ glycolysis to generate energy in this anaerobic environment (Iyer et 

al., 1998). The tumor suppressor von Hippel Lindau protein or VHL controls levels of HIF1 

α protein (Maxwell et al., 1999). VHL binds to HIF1 α resulting in its ubiquitination and 

subsequent degradation by the proteasome (Jaakkola et al., 2001). LincRNA-p21 is induced 

by hypoxia and inhibits the HIF1α — VHL interaction and prevents ubiquitination of HIF1 
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α and degradation by the proteasome allowing levels of HIF1a to accumulate (Yang et al., 

2014). Therefore, in response to hypoxia, lincRNA-p21 functions as a tumor promoter by 

enabling tumor cells to shift to anaerobic glycolysis as their energy source and to survive 

and proliferate in the hypoxic environment of a solid tumor.

As cited above, levels of lincRNA-p21 are reduced in PBMC from subjects with rheumatoid 

arthritis (RA) compared to healthy controls. Basal levels of activity of the transcription 

factor NF-κB are also elevated in RA CD4+ T lymphocytes. Further analysis shows that 

lincRNA-p21 is a negative regulator of basal NF-κB activity in T cells and depressed levels 

of lincRNA-p21 in RA contribute to elevated basal NF-κB activity in RA. LincRNA-p21 

associates with RelA (p65) mRNA encoding one heterodimer of active NF-κB resulting in a 

reduction in RelA protein levels. Association between RelA mRNA and lincRNA-p21 is 

presumed to inhibit RelA mRNA translation resulting in a reduction of RelA protein and 

lower overall NF-κB activity.

Mechanisms that underlie reduced lincRNA-p21 levels in RA are not known. Reduced 

levels of lincRNA-p21 in PBMC are not observed in a number of other inflammatory 

autoimmune diseases and thus may be a unique feature of RA. Interestingly, low-dose 

methotrexate, one of the most common and effective therapies for RA restores depressed 

levels of lincRNA-p21 in subjects with RA. In tissue culture, treatment of cells with low 

concentrations of methotrexate markedly induces lincRNA-p21. Although methotrexate also 

induces p53 in these models, induction of lincRNA-p21 is not p53-dependent but rather is 

DNA-PKcs-dependent, which is a sentinel of DNA damage. The exact mechanism by which 

methotrexate activates DNA-PKcs is not known nor is it known how activation of DNA-

PKcs results in increased levels of lincRNA-p21. Taken together, these results indicate that 

lincRNA-p21 has anti-inflammatory properties and that reduced levels of lincRNA-p21 may 

contribute to chronic inflammation seen in RA. Thus, anti-inflammatory effects of 

methotrexate may be derived, in part, by its ability to restore lincRNA-p21 levels to normal.

In summary, these studies might seem somewhat paradoxical. LincRNA-p21 levels are 

associated with a major inflammatory autoimmune disease, rheumatoid arthritis, and 

respond to a major treatment, methotrexate. In this setting, lincRNA-p21 may be considered 

anti-inflammatory. LincRNA-p21 is also induced by cellular responses to DNA damage and 

to hypoxia. It seems somewhat curious that in the setting of the DNA damage response, 

lincRNA-p21 seems to have properties of a tumor suppressor because it promotes apoptosis 

while in the setting of hypoxia, lincRNA-p21 seems to have properties of a tumor promoter 

because it enhances survival and growth of tumor cells under conditions of low oxygen 

tension that are found in a solid tumor thus providing tumor cells with a growth advantage. 

LincRNA-p21 also has multiple modes of action. First, it directly targets gene expression via 

a hnRNP-K dependent mechanism. Second, lincRNA-p21 forms sequence specific RNA-

RNA hybrids with certain mRNAs to inhibit translation. Third, lincRNA-p21 directly binds 

to proteins to affect their functions. Thus, the current state our understanding of lincRNA-

p21 biology is that it is induced by different stimuli in different cell types and has a 

multitude of functions some of which are even opposing functions. At this point, we do not 

know if these effects might be mediated by different unique lincRNA-p21 isoforms or by a 

single lincRNA-p21 species or if there maybe a common mechanism that may explain these 
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diverse and seemingly context-dependent activities. It is also not known if the ability to 

exert these multiple functions is a unique property of lincRNA-p21 or if other lncRNAs also 

possess diverse activities and modes of action.

5. GWAS and lncRNAs

By analyzing single nucleotide polymorphisms (SNP), genome-wide association studies 

(GWAS) have significantly advanced our understanding of the contribution of genetic 

variation to complex human traits including susceptibility to a diverse array of complex 

diseases. However, mechanistic understanding of how these SNPs may contribute to genetic 

risk is complicated by two important factors (Farh et al., 2015). First is the fact that >90% of 

GWAS identified SNPs are present in regions of the genome that do not code for proteins 

making it not obvious how these SNPs may contribute to phenotypic traits. Second, many 

identified SNPs are present in regions of the genome that exhibit high levels of linkage 

disequilibrium thus making it difficult to distinguish among the SNPs that actually 

contribute to disease susceptibility, causative SNPs, and those that are simply in high 

linkage disequilibrium with the causal SNP. Nevertheless, these studies suggest that the non-

coding region of the genome may contribute to genetic susceptibility for the development of 

complex diseases and current and future studies will be devoted to developing an improved 

mechanistic understanding of these relationships.

One approach to develop a better understanding of GWAS data has been to examine the 

association between SNPs and expression of mRNAs in cells or tissues of interest. These 

genome-wide studies have clearly shown that given disease-associated and trait-associated 

SNPs are also associated with mRNA expression levels, termed expression Quantitative 

Trait Loci or eQTL. It is relevant to note that some of these eQTL associations are between 

SNPs and eQTL on the same chromosome, termed cis-eQTL, but other associations are 

between SNPs and eQTL on different chromosomes, termed trans-eQTL. Recognizing that 

lncRNAs are among most abundant class of RNA molecules transcribed from the human 

genome, investigators have begun to examine the relationships among disease associated 

SNPs and expression levels of distinct lncRNAs in different human primary tissues, 

focusing primarily upon SNPs associated with autoimmune diseases and expression profiles 

of lncRNAs in lymphoid and myeloid cells as malfunction of these cells are thought to be 

major contributors to development of autoimmune disease (Kumar et al., 2013; Hrdlickova 

et al., 2014).

These studies clearly show the association of disease associated SNPs with expression of 

nearby lncRNAs in the genome termed lin-cRNA cis-eQTLs. Additionally, these SNPs are 

not associated with differences in expression of neighboring protein-coding genes in the 

genome. In keeping with the idea that many if not most lncRNAs exhibit very restricted cell 

or tissue expression patterns, these correlations between disease-associated SNPs and 

lincRNA cis-eQTLS are also very tissue-dependent. Although studies such as these are still 

in their infancy, it is likely that significant knowledge will be gained. Since lncRNAs tend to 

exhibit cell lineage specific expression patterns, it may be possible to infer which lymphoid 

and myeloid cells contribute to pathogenesis of a given autoimmune disease by determining 

the lncRNAs that are differentially expressed in an autoimmune disease of interest and 
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which cell expresses the given lncRNA and associations between differentially expressed 

lncRNAs and disease associated SNPs. Additionally, be examining co-expression of 

lncRNAs and protein-coding genes using such methods as pathways analyses, it may be 

possible to infer defective biological processes that may be contributory for a given 

autoimmune disease. Although somewhat speculative, these types of studies are actually 

ongoing and have produced promising results.

6. Pipeline for lncRNA discovery by RNA-sequencing

Use of lncRNA microarray panels or next generation sequencing, such as RNA-seq, 

facilitates discovery of lncRNAs (Sanchez et al., 2014; Yu et al., 2012). A major limitation 

of pre-printed microarrays is the inability to identify novel lncRNA while RNA-seq 

facilitates discovery of both known and unknown lncRNAs (Fatica and Bozzoni, 2014). 

Paired-end RNA sequencing is preferred as these sequencing data provide information about 

novel splice junctions and rearrangement events such as insertions, deletions and inversions. 

Paired-end sequencing also allows for de novo transcript assembly and detection of novel 

short and/or long noncoding RNAs. An important consideration is strand orientation and 

preserving both strands for downstream analyses.

Generating RNA-seq data is not as difficult as the analysis required to derive meaningful 

results from large datasets. The computational and technical infrastructure required presents 

a barrier to research that many investigators without access to bioinformatics core services 

will encounter. The file deliverable from an RNA-sequencing project is often a series of 

raw, pooled barcoded data that have been de-multiplexed into individual FASTQ files. 

These files are analyzed for quality control using one of many programs, such as the 

FASTQC package that fuels rapid assessment of data and generates HTML based reports for 

quick visualization of problem areas. This is a standalone application, but it can be 

integrated into the workflow for most RNA-sequencing analysis pipelines. Other useful 

tools are FASTX-Toolkit, QC3 and NGS QC Toolkit (Patel and Jain, 2012; Guo et al, 

2014a; Schmieder and Edwards, 2011). One important experimental consideration derived 

from these software packages will be the number of reads collected per sample, referred to 

as the total counts by lane, the base quality versus sequencing cycle, the nucleotide 

distribution versus cycle, and GC content by lane. These should be consistent across each 

experimental sample. Read depth is also of paramount importance and should be consistent 

across all samples wherever possible. A general guide is approximately 30 million reads per 

sample for mRNA analysis and 40 million reads for lncRNA analysis. Greater read depth is 

important for lncRNA analyses since these RNAs are expressed at rather low abundance 

compared to mRNAs. Once a quality control check has been performed, individual 

sequences are aligned to a reference genome, such as human genome 19 (hg19). This 

alignment, and further downstream analysis, can be performed using programs such as the 

Tuxedo Suite that includes Bowtie, TopHat, Cufflinks, and CummeRbund (Trapnell et al, 

2012). The first step is to align the reads or map against a reference genome using Bowtie/

Bowtie2 or TopHat/TopHat2. TopHat aligns the short reads to a reference genome but also 

discovers splice sites. The output is a SAM (sequence alignment map format) or BAM file, 

the binary counterpart to a SAM file. BAM files are preferred, as they take up less disk 

space. These files are then converted to sorted BAM files using a program called SAMtools 
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that places the aligned reads in coordinate order by chromosome (Li et al., 2009). The sorted 

BAM file is then subjected to additional analysis using any one of many transcript-counting 

solutions available. These include, but are not limited to, HTSeq or Cufflinks. HTSeq will 

provide a simple read count of transcripts whereas, Cufflinks provides FPKM (fragments per 

kilobase of transcript per million mapped reads) values for indicated genes that are either 

supplied or detected through a ‘discovery’ option selectable in the command line (Trapnell 

et al., 2010; Anders et al., 2015). FPKM values are normalized and are one of the preferred 

normalization methods, especially for paired-end RNA sequencing. Supplied locations are 

typically in the GTF file format and can be downloaded from online resources such as 

Gencode (http://www.gencodegenes.org/). The next step involves normalization of these 

datasets and testing for derivation of differentially expressed genes. Experimental 

comparisons are made using software packages such as DESeq, baySeq, edgeR, NBPSeq, 

TSPM or Cuffdiff. These software packages are available through online repositories such 

as gitHub (https://github.com) or are provided as executable modules downloadable through 

R statistical computing and graphics software (e.g., edgeR) (Anders and Huber, 2010; 

Hardcastle and Kelly, 2010; Robinson et al., 2010; Di et al., 2011; Kvam et al., 2012; 

Anders et al., 2013). When testing for differentially expressed genes in the analysis pipeline, 

it is important to understand that no two packages deliver the same results (Anders et al., 

2013). Therefore, many groups have adopted a multi-comparison approach that uses more 

than one package to test for differentially expressed genes, such as the inclusion of DESeq, 

edgeR, and baySeq, in a combined program called MultiRankSeq to combine these 

differentially expressed gene outputs and create a list to ranks agreement across all three 

software packages (Kvam et al., 2012; Guo et al., 2014b). Packages such as MultiRankSeq 

and CummeRbund, part of the Tuxedo Suite, include visualization software that can be 

modified for inclusion in publications. Gene Ontology analysis or pathways analysis using 

PANTHER can also facilitate creation of lists of overlapping genes and reveal pathways 

over- or under-represented across different conditions (Merad et al., 2013; Ashburner et al., 

2000). Programs such as IGV allow users to view next generation sequencing reads, and 

often is the preferred method for visualizing read counts generated by RNA-sequencing 

(Thorvaldsdottir et al., 2013; Robinson et al., 2011). GViz, available on Bioconductor, is 

also useful for visualizing RNA-seq histogram plots for a given gene and provides a high 

quality image file (Dander et al., 2014).

7. Functional analysis of lncRNAs

Not all lncRNAs are polyadenylated so lncRNA discovery may be best achieved using 

libraries prepared from both poly(A) selection and stranded total RNA, such as the Illumina 

TruSeq Stranded Total RNA kit with ribo-zero. The analysis pipeline for de novo assembly 

can involve a number of different software platforms including Cufflinks in ‘discovery’ 

mode, the Trinity pipeline, or the recently published Bridger framework (Haas et al., 2013; 

Chang et al., 2015). These pipelines allows for the collection of novel gene lists. Analysis of 

coding potential of the RNA transcript can be determined computationally using such tools 

as GetORF (Alvarez-Dominguez et al, 2014; Rice et al., 2000), CPAT, the Coding Potential 

Assessment Tool, and the Coding Potential Calculator (CPC) (Wang et al., 2013b; Kong et 

al., 2007). These two methods use support vector machine modeling to analyze the sequence 
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of novel transcripts and assign a coding probability score that is either a yes or no. Another 

popular application is PhyloCSF. PhyloCSF leverages multiple taxonomic alignments to 

examine codon substitution frequencies across different species in the tree of life, such as 29 

different placental mammals. Given the lack of conservation of noncoding RNAs and 

lncRNAs, in particular, lack of conservation is a relatively efficient way to determine if a 

transcript or genomic region is noncoding or if it merely represents a novel exon of a 

previously described protein-coding gene (Lin et al, 2011b). Strand specific PCR can be 

performed to confirm expression measurements of lncRNAs, especially intragenic lncRNAs 

that overlap with known protein-coding gene exons and to preclude the possibility of 

detection of alternatively spliced exons resulting from mRNA transcription (Hangauer et al., 

2013b; Zhao et al., 2008; Pandey et al., 2008).

Once the expression of the lncRNA is confirmed, a number of techniques can be employed 

to ascribe function to a new lncRNA. RNA interference is perhaps the most versatile tool. 

Using our own investigations of the TH2-LCR lncRNA as point of reference, our tissue 

culture experiments found that abrogation of individual, unique sequences for each TH2-

LCR lncRNA transcript did not significantly alter IL-4, IL-5, or IL-13 expression patterns. 

While we saw modest affects for these proteins by flow cytometry, and >50% reduction of 

the individual siRNA transcript target, our greatest effects on expression of these TH2-

specific cytokines were observed when the shared sequence for all four alternatively spliced 

TH2-LCR transcripts was depleted. Greatest primary cell and transformed cell RNA 

interference was observed using a combination of Silencer Select siRNA duplexes that 

contain a locked nucleic acid modification or Stealth siRNAs and Lipofectamine RNAiMax 

reagents from Life Technologies (Spurlock et al., 2015; Monnier et al., 2013). Protein 

immunoprecipitation can be used to identify protein binding partners of individual lncRNAs 

(Alvarez-Dominguez et al., 2014; Wei et al., 2011). Another approach, which is a variation 

of the ChIP assay involves chromatin isolation by RNA purification (ChIRP) and can be 

combined with next generation DNA sequencing to produce genome-wide association maps 

of lncRNA/protein and or RNA/DNA binding (Muers, 2011). Briefly, sample preparation 

includes glutaraldehyde fixation of cells of interest to cross-link proteins, DNA and RNA, 

sonication to shear DNA to an average fragment size of 500–1000 bp, hybridization of 

samples to labeled RNA tiling oligonucleotides with a biotin tag, immunoprecipitation, 

elution and reversal of crosslinks, proteinase K digestion to isolate DNA, and sequencing to 

determine genomic RNA-DNA interactions or mass spectrometry to identify protein-

lncRNA binding partners. Fig. 5 highlights a rudimentary pipeline that investigators could 

use to further their exploration of these new molecules.

8. Concluding remarks

One of the major surprises of the ENCODE project was the recognition that the majority of 

the human genome is transcribed. This created a debate whether this transcription was a 

result of spurious binding of RNA polymerases to the genome and pervasive transcription or 

whether this transcription or the RNA molecules produced had functional roles in biology. 

The discovery of lncRNAs as a class of RNA molecules supports the idea that at least 

portions of these RNA molecules have biological functions. However, it is important to note 

that numbers of known protein-coding genes are roughly equivalent to numbers of lncRNA 
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genes in the human genome thus far discovered. Therefore, numbers of lncRNA genes plus 

protein-coding genes thus far discovered that are transcribed from the human genome still 

probably occupy a relatively small percentage of total genome space and do not totally 

account for the pervasive transcription noted by the ENCODE project. This strongly argues 

that there are many more lncRNA genes that remain to be discovered, that additional classes 

of RNA molecules remain to be discovered or that much of this transcription still may be 

spurious. It is also noteworthy that these lncRNAs as a class are critical regulators of 

expression and function of protein-coding genes and utilize a vast array of different 

mechanisms to establish this additional layer of regulation.

One general notion that has emerged is that more lncRNAs are expressed in a cell-type 

specific manner than are mRNAs. Of organ systems, the central nervous system probably is 

populated by the greatest cellular diversity and is also thought to express the greatest 

diversity of lncRNAs. The immune system may be second to the nervous system in cellular 

complexity. Lymphocytes comprise an extensive array of cellular identities that are revealed 

during development, lineage differentiation in the periphery, persistence of memory cells of 

which their may be multiple types, and the capacity to take up residence in different tissues. 

Similarly, cells of the myeloid lineage undergo multiple paths of development and 

differentiation and also reside in different tissues. The extent to which these processes are 

informed by lncRNAs is largely unknown. Examples included here (Table 3) predict that 

cells of the immune system express many unique lncRNAs that will add additional layers of 

gene regulation to innate and adaptive immunity. Also important will be definition of the 

functions of lncRNA in animal models of immunity and autoimmunity as well as the 

contributions of lncRNAs to immune responses to pathogens in humans as well as the role 

they may play in initiation and perpetuation of autoimmune diseases in humans (Heward and 

Lindsay, 2014).

Finally, gains made in recent years in our understanding of gene regulation are really quite 

remarkable. Not that long ago, gene regulation was thought to be achieved by activating or 

silencing of one or two evolutionarily conserved enhancers and gene promoters by 

transcription factors. Currently, we recognize that functions of transcription factors, 

interpretation of ‘writing’ and ‘reading’ the epigenetic code, both histone marks and 

epigenetic modification of DNA, a dynamic chromosome conformation, expression of 

lncRNAs in both cis and trans, and functions of enhancer RNAs all contribute to 

transcriptional regulation of protein-coding genes, central processes to establishing cell 

identify and carrying out cellular functions. Given the dynamic nature of the immune system 

and the requirement to rapidly respond to pathogen infection, it is easy to see why these 

process need to be under very tight control as an inefficient immune response can lead to 

infection and even death from infection while an immune response that is too robust can 

lead to diseases such as sepsis and death. Failure to properly regulate the immune response 

also leads to an array of autoimmune diseases that also produce disability and even 

premature death. Hopefully, a better understanding of the functions of lncRNAs in the 

immune system will not only increase our basic knowledge but will also contribute to our 

ability to control the immune system in both positive and negative ways to contribute to 

better treatments for individuals with immune-related diseases.
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Fig. 1. 
Comparison of non-coding and coding genes across different genomes. (A) Venndiagram 

illustrates numbers and percentages of known genes in human and mouse genomes (adapted 

from GENCODE, 2015 update). (B) Increased complexity of organisms is associated with 

marked expansion of genome size and non-coding RNA. X-axis is genome size in bp and Y-

axis is size of the genome encoding mRNA or ncRNA (adapted from: Liu, G, Mattick, JS, 

Taft, RJ. ‘A meta-analysis of the genomic and transcriptomic composition of complex life’. 

Cell Cycle 12:2061–2072, 2013).
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Fig. 2. 
Anatomy of long noncoding RNA (lncRNA) loci. Antisense lncRNAs initiate inside or 3′ of 

a protein-coding gene, are transcribed in the opposite direction of proteincoding genes, and 

overlap at least one coding exon (THRIL, Fas-AS1, IL-1b–AS, TH2-LCR lncRNA). Intronic 

lncRNAs initiate inside of an intron of a protein-coding gene in either direction and 

terminate without overlapping exons (NRON). Divergent lncRNAs initiate in a divergent 

fashion from the promoter of a protein-coding gene; the precise distance cutoff constituting 

bidirectionality is not defined but is generally within a few hundred base pairs (GATA3-
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AS1). Intergenic lncRNAs (also termed long intergenic noncoding RNAs or lincRNAs) are 

lncRNAs with separate transcriptional units from protein-coding genes (IFNG-AS1 (NeST, 

Tmevpg1), lincRNA-Cox2, Lethe, lnc-DC, Linc-Ccr2-5′AS, PACER, linc-MAF-4, 

lincRNA-p21 (adapted from reference Rinn and Chang (2012)).
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Fig. 3. 
Cartoon model of IFNG-AS1 regulation and function (human genome is shown). TH1 

differentiation signals, e.g. Stat4, T-bet, etc., cooperatively activate genomic proximal and 

distal enhancers selective for either IFNG or IFNGAS1. T-bet and IFNG-AS1 (blue arrow) 

cooperate to stimulate TH1-dependent IFNG transcription; IFNG-AS1 RNA recruits H3K4 

histone methyltransferases to IFNG locus helping to maintain locus in a transcriptionally 

favorable state. Presence of IFNG-AS1 RNA is essential for robust expression of IFNG and 

resistance to Salmonella infection, in vivo, in mice.
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Fig. 4. 
Cartoon model of the TH2-LCR lncRNA. TH2 differentiation signals induce expression of 

TH2-LCR lncRNA isoforms. TH2-LCR lncRNA associates with the H3K4 

methyltransferase enzyme complex and facilitates recruitment to IL4, IL13, and IL5 

(perhaps) gene loci to establish H3K4 trimethylation marks at the promoters and distal 

enhancers of these genes creating a stimulatory transcriptional environment. The TH2-LCR 

lncRNA is required for expression of TH2 cytokines, IL-4, IL 13, and IL-5.
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Fig. 5. 
Example pipeline for identification and characterization of annotated and novel lncRNAs 

using whole genome sequencing.
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Table 1

Some common mechanisms of regulation and action of lncRNAs.

LncRNA genes are regulated by combinatorial activities of transcription factors and promoters and distal enhancers just like protein-coding 
genes, IFNG-AS1 (NeST, Tmevpg1)

LncRNAs act as ‘guides’ or ‘scaffolds’ and form ribonucleoprotein complexes with a) histone modifying enzymes to write the ‘histone code’ at 
target loci in cis (IFNG-AS1, linc-MAF-4) or trans (THRIL), b) form complexes with hnRNPs to affect transcription of target protein-coding 
genes (lincRNA-p21, lincRNA-Cox2), orc) transcription factors to help guide them to target genomic loci (THRIL).

LncRNAs bind to mRNAs to alter rates of translation (lincRNA-p21)

LncRNAs bind to proteins to affect their activity, stability and intracellular levels (NRON, lincRNA-p21)

LncRNAs act as ‘decoys’ to sequester transcription factors away from promoters/enhancers to block transcription of target protein-coding genes 
(Lethe) Adapted from reference 22.
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