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Abstract

The discovery of long noncoding RNAs (IncRNA) has provided a new perspective on gene
regulation in diverse biological contexts. IncRNAs are remarkably versatile molecules that interact
with RNA, DNA or proteins to promote or restrain expression of protein-coding genes. Activation
of immune cells is associated with dynamic changes in gene expression, the products of which
combat infectious microorganisms, initiate repair and resolve inflammatory responses in cells and
tissues. Recent evidence indicates that IncRNAs play important roles in directing the development
of diverse immune cells and controlling the dynamic transcriptional programs that are a hallmark
of immune cell activation. The importance of these molecules is underscored by their newly
recognized roles in inflammatory diseases. In this review, we discuss the contribution of INCRNASs
to immune cell lineage development, immune cell activation and immune related diseases. We also
discuss the challenges faced in identifying biological functions for this large and complex class of
genes.

INTRODUCTION

The innate and adaptive immune systems consist of diverse immune cells that collaborate to
protect the host from pathogenic microorganisms. The innate immune system relies on a
surveillance system of neutrophils, monocytes, macrophages, and dendritic cells which
recognize and restrict pathogens and instruct the adaptive immune system. Adaptive immune
cells (e.g. T and B cells) undergo somatic hypermutation, which allows them to detect
specific antigens and ultimately eliminate pathogens and pathogen-infected cells. The timing
of these events is carefully coordinated and involves the differentiation and activation of
immune cells in response to distinct external stimuli (microbial products, cytokines or
endogenous mediators)(1). Each type of immune cell expresses a specific repertoire of
receptors (pattern recognition receptors, antigen receptors, cytokine receptors) that detect
these stimuli, and activate downstream signaling pathways, chromatin modifying complexes,
and transcription factors. These events lead to rapid and dynamic changes in gene expression
that are a hallmark of activated immune cells. Recently, long noncoding RNAs (IncRNAS)
have been discovered which form regulatory complexes that coordinate the development of
immune cell lineages and control the gene expression programs that are unleashed in these
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cells. Here we review this exciting area, which emphasizes the importance of these
regulatory RNAs in the immune system.

Identification and classification of IncRNAs

Noncoding RNAs (ncRNA) are non-protein coding transcripts that function as RNA
molecules. INcRNAs are arbitrarily defined as non-coding RNAs that are at least 200
nucleotides, a cut-off that distinguishes IncRNAs from smaller noncoding RNAs such as
tRNA, miRNA and piRNA (Piwi-interacting RNAS). Similar to mRNAs, most IncRNAs are
capped, polyadenylated, and spliced (2, 3). Genome-wide transcriptome studies (RNA-seq,
microarray and tilling arrays) have led to the discovery of thousands of noncoding RNAs in
animals. The current estimates, as per the latest GENCODE release (version 21) (http://
www.gencodegenes.org), indicate that ~ 2% of the mammalian genome is comprised of
protein-coding genes, and 75-90% of the genome is transcribed as noncoding RNAs (4, 5).
Most annotated INcRNAs are expressed in specific cell types and are often expressed at
lower levels than protein-coding genes. INcRNAs are often classified as long intergenic
ncRNAs (lincRNAs), natural antisense transcripts, (NATS), transcripts of uncertain coding
potential (TUCP), enhancer RNAs (eRNAs), and pseudogene-derived IncRNAs. With the
exception of lincRNAs, which are located in the intergenic region between two protein-
coding genes, most other INcRNAs are located near a protein-coding gene. For example,
intronic IncRNAs are transcribed from the introns of protein-coding genes and NATSs are
often transcribed from the opposite complementary strand of a protein-coding gene.
Antisense (AS) IncRNAs are particularly common, and it is thought that up to ~ 72% of
genomic loci in mice show evidence of divergent transcription leading to the generation of
antisense INCRNASs (6). Figure 1 describes the genomic locations and abundance of INCRNA
genes.

Assessing the coding potential of IncRNAs

There are several computational methods that predict coding potential of a given INcRNA
transcript using a variety of features that include homology with known proteins and
phylogenetic models of codon/triplet evolution (7, 8). Purely computational methods provide
a tentative assessment of coding potential that should be followed up with more robust
experimental methods. The Ribosome release score (RSS) (9), uses ribosome-profiling data
to measure ribosome release at stop codons. The RSS is based on the rationale that ribosome
binding to an ORF will decrease abruptly at putative stop codons. Individual IncRNAs can
be compared to known mRNAs using polysome profiling. Here, cells are treated with
cyclohexamide, which traps ribosomes along their RNA strands and the RNA is detected in
the heavier fractions of a sucrose density gradient. In parallel, cells are treated with
harringtonine prior to cyclohexamide, to inhibit translation and polysome formation by
causing ribosomes to accumulate at their initiation site. The latter treatment causes MRNAs
to shift to lighter fractions of a sucrose gradient, whereas INcRNAs are retained in the same
fraction. /n vitrotranslation assays also represent another potential tool to assess protein or
peptide coding capacity, however transcripts can produce peptides in these assays that may
not be translated in a cellular environment. Certain genomic loci express a bifunctional RNA
that exert biological activity as both an RNA molecule and a small peptide (10). One such
bifunctional RNA is a 227-nt long RNA called SgrS (sugar-transport related small RNA)
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that plays an important role responding to metabolic stress in £. coli (11, 12). A clear
demonstration that the biological activity of a IncRNA is driven by the RNA molecule itself
should be the gold standard for the characterization of bona fide functional INCRNAs
(discussed in greater detail below).

Evolution of IncRNAs

It is difficult to detect homologous INcRNAs among species that diverged more than forty
million years ago (4, 13-15). Mice, the most commonly used model organism in
immunology, shared a common ancestor with humans approximately 91 million years ago
(16). Detecting homologous relationships between human and mouse IncRNAs is therefore
challenging. It is possible that many annotated IncRNAs will not perform critical functions
and consequently their sequences are not constrained during evolution (due to the absence of
purifying selection). However, INcRNAs with defined biological functions are also difficult
to align to homologous regions of another species genome and there are several potential
reasons for this: First, the sequence constraints imposed by RNA folding are not as strict as
those for protein folding. In theory, a multitude of sequences can produce the same RNA
fold as long as base-complementarity is conserved. Thus, it is possible that homologous
IncRNAs have undergone extensive correlated mutations at nucleotide positions that base-
pair with each other. Second, it is possible that many IncRNAS are species-specific genes
that have originated from scratch. These putative de novo genes might account for species-
specific differences between the human and mouse immune systems. Third, repetitive
elements are a major component of most INcRNAs (17, 18) and these repetitive sequences
are difficult to align to the genome. Furthermore, rodents lack the primate-specific Alu
element that is derived from 7SL RNA. The Alu element is the most abundant mobile
element in the human genome and is found in many human IncRNAs (19). Rodent genomes
contain B1 elements that are also derived from 7SL RNA and B2 elements that are derived
from tRNAs. In summary, the evolutionary relationships between human and mouse
IncRNASs are poorly understood and require further investigation.

Role of IncRNAs in the innate immune system

It is well established that IncRNAs coordinate diverse aspects of cell and tissue development
(20). IncRNAs regulate the development of cardiomyocytes (21), stem cells (22), epithelial
cells (23), erythrocytes (24, 25), and adipocytes (26). Perhaps not surprisingly, they also
regulate the development and differentiation of several different immune cell lineages.
Unlike miRNAs, which primarily rely on base complementarity to interact with their target
RNAs, IncRNAs use a variety of mechanisms to regulate these processes. Thus, the
biological function of any IncRNA needs to be interrogated on a case-by-case basis.

Myeloid and dendritic cell development

Hematopoietic stem cells (HSC) residing in the bone marrow act as the precursor to the
development of most immune cells at steady state as well as during inflammatory responses.
The maturation of HSCs into specific immune cell populations is directed by the stepwise
and combinatorial actions of lineage-determining transcription factors like PU.1. The role of
noncoding RNAs in these processes are beginning to be understood. HOTAIRM1 (HOXA
transcript, antisense RNA myeloid-specific 1), an antisense InNcRNA expressed in the HOXA
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gene locus, was the earliest INcRNA implicated in myeloid cell development. HOTAIRM1
regulates the expression of the developmentally important HOX genes (27). HOTAIRML1 is
selectively expressed in myeloid cells, and its expression is upregulated during retinoic acid
(RA)-induced differentiation of promyelocytic NB4 leukemia cells into granulocytes. Gene
perturbation studies revealed that HOTAIRML1 controls the expression of neighboring genes
HOXAI1 and HOXAZ, as well CD11band CD18, which are crucial for myeloid cell
differentiation. Based on these observations, and the fact that the HOXA cluster genes are
involved in the regulation of normal as well as malignant hematopoiesis (28-30),
HOTAIRML1 is thought to regulate the development of myeloid cells.

Another IncRNA, Morrbid (Myeloid RNA regulator of Bim-induced death), regulates the
lifespan of short-lived myeloid cells (e.g. neutrophils, eosinophils and classical monocytes)
in response to prosurvival cytokines (31). Morrbid mediates allele-specific transcriptional
repression of its neighboring gene Bc/2/11 (Bim). Morrbid mediates these function by
interacting with the polycomb repressive complex 2 (PRC2) to promote H3K27me3
modification at the Bc/2/11 promoter. These actions maintain Bc/2/11 gene in a poised state.
In humans, MORRBID levels are dysregulated in patients with hypereosinophilic syndrome,
a disease characterized by persistently elevated numbers of eosinophils.

A IncRNA has also been implicated in the differentiation of dendritic cells in humans (32).
Classical DC (cDC; myeloid DC) act as professional antigen presenting cells (APC) to
control adaptive immunity (33); whilst plasmacytoid DCs (pDCs), produce high levels of
type | IFN important during viral and bacterial infections (34). Inc-DC was identified using
RNA-sequencing as a non-coding RNA transcript expressed more than 100 fold higher in
cDCs than monocytes (32). Expression of Inc-DC was driven by PU.1, a critical driver of
DC differentiation (35). Inc-DC also contributes to the activation status of DCs by regulating
STAT3 and controlling the STAT3 transcriptional program in DCs (described in more detail
below). Interestingly, Inc-DC is transcribed from the Wdnm21-like pseudogene that is unique
to humans (36). All other mammals appear to have an orthologous protein-coding gene that
encodes a Wdnm1-like protein (36). Together, these few examples underscore the
importance of INCRNAS in processes controlling the differentiation of immune cells. It is
likely that additional IncRNAs coordinate the differentiation of other innate cells such as NK
cells and innate lymphoid cells (ILC). A schematic detailing the role of INCRNAs in
controlling the development of innate cells is shown in figure 2A.

Regulation of myeloid and DC functions

IncRNASs have been studied most extensively in the context of TLR responses. Genome-
wide transcriptome studies (RNA-seq and microarrays) have identified a large number of
IncRNASs in macrophages and DCs exposed to microbial products, cytokines and other
immune stimuli. INcRNAs are typically co-expressed with neighboring protein-coding genes.
There is growing evidence that IncRNAs contribute in both positive and negative ways to the
regulation of immune gene expression induced in cells ligated through TLRs and cytokine
receptors
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lincRNA-Cox2, THRIL and PACER in the induction of immune genes

One of the first examples of a INcCRNA involved in the immune system came from studies in
DCs and later macrophages exposed to lipopolysaccharide and other TLR ligands. TLR
ligands are potent inducers of the Pfgs2gene, which encodes cyclooxygenase-2 (COX2).
Fifty Kilobases upstream of Ptgs2, lincRNA-Cox2 expression is co-regulated with this
protein-coding gene. Perturbations in expression of lincRNA-Cox2 using shRNA altered the
expression of both basal and TLR-induced genes macrophages. lincRNA-Cox2 interacts
with two heterogeneous ribonucleoprotein family members, hnRNPA/B and hnRNPA2/B1 to
mediate some of these effects. More recently lincRNA-Cox2 was found to associate with the
switch/sucrose nonfermentable (SWI/SNF) chromatin-remodeling complex, to control the
expression of late-primary NFxB regulated genes (37). In epithelial cells, lincRNA-Cox2
engages the Mi-2/nucleosome remodeling and deacetylase (Mi2/NuRD) complex, which it
helps recruit to the IL12p promoter to block IL12p expression (38). Collectively, these
studies indicate that lincRNA-Cox2 helps turn on and off distinct classes of immune genes
using different protein partners.

In human macrophages, the nuclear IncRNA PACER (p50-associated COX2 extragenic
RNA) promotes the transcription of PTGS2 (COX2) by acting as a decoy molecule in the
NF-xB signaling pathway (39). PACERis a 793 bp, single-exon IncRNA that is transcribed
upstream of the PTGS2transcription start site (TSS) in the opposite orientation. PACER is
expressed in human mammary epithelial cells and PMA-activated monocytes. Upon
induction by LPS and other inflammatory ligands, PACER interacts with the NF-xB
repressor subunit p50, which sequester p50 from the P7GS2 promoter. This enables the
active NF-xB complex to bind and induce transcription of PTGS2. This mechanism is
analogous to that of the IncRNA JPX, which turns on expression of Xist during the initiation
of X chromosome inactivation (XCI) in females (40). JPX interacts with the transcriptional
repressor and chromatin insulator protein CTCF (CCCTC-binding factor), and titrates it
away from the Xist promoter, allowing the transcriptional induction of Xist during XCI. The
precise mechanisms involved in selectively recruiting PACER to the PTGS2 promoter
remain to be fully elucidated. In mice, Pfgs2 divergent (Ptgs2 opposite strand. Ptgs20s) is
thought to be the murine homologue of PACER based on it’s genomic location and
expression profile (41). Ptgs20s is induced in mouse embryonic fibroblasts following
activation of NF-xB by TLR signaling. It is not known whether Ptgs20s works in a manner
similar to PACER in humans is currently unknown.

TNFa and hnRNPL related immunoregulatory IncRNA (THRIL) controls basal and TLR2-
inducible expression of 7A/Fa in human monocytes (42). THRIL interacts with hnRNPL at
the promoter of 7/N/Fa to drive transcription following TLR2 activation. Knockdown of
THRIL alters expression of a number of immune genes. Interestingly, the levels of THRIL
are decreased in patients with Kawasaki disease, a condition that causes inflammation in the
arteries supplying blood to the heart.

Another IncRNA that regulates the cytokine response in human cells is nuclear enriched
abundant transcript 1 (NEAT1) (43). NEATL1 is an abundant INcRNA involved in the
assembly of nuclear structures known as ‘paraspeckles’ associated with heterochromatic
regions of the genome (44). NEAT1 also has immune-related functions in humans (43, 45).
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NEAT1 coordinates expression of IL-8 in cells infected with herpes simplex virus (HSV-1)
and influenza A virus (IAV), and in response to dsRNA (43). NEAT1 promotes /L-8
transcription by relocating the transcriptional repressor SFPQ (splicing factor proline
glutamine-rich) from the /L-8promoter to the nuclear paraspeckle (43).

Antisense and enhancer IncRNAs in the regulation of cytokine genes

Antisense INcRNAs are thought to have a more restricted impact on gene expression
regulating only their complementary protein-coding transcripts. This concept is clearly
highlighted by the discovery of the noncoding RNAs, AS-IL1a and IL1B-RBT46, which
coordinate the expression of IL-1a and IL-1p, respectively. In contrast to lincRNA-Cox2,
which is believed to regulate the expression of a large number of immune genes, located on
different genomic loci, AS-1L-1a appears to regulate the transcription of a single gene
(/L-1a). The molecular basis for this feed-forward loop is not entirely clear. These
transcripts could be part of a general regulatory mechanism that fine-tunes immune
responses by titrating the expression of overlapping protein coding immune genes.

NKILA and Lethe act as negative feedback regulators of inflammation: NKILA
(NF-xB interacting IncRNA) acts in the cytosol at the post-translational level to attenuate
NF-xB dependent gene expression in both resting and activated human breast cancer cells
(46). NKILA expression is induced in MCF7 and MD-MB-221 cells in response to TNFa
and IL-1p. NKILA then binds to the NF-xB/IxBa complex to inhibit NF-xB activation.
This interaction masks residues in IxBa that are normally phosphorylated by the IxBa
kinase complex (IKK) and in turn control the ubiquitin-mediated degradation of 1xBa.
Degradation of IxBa liberates NF-xB heterodimers to translocate to the nucleus and turn on
kB target genes. Consistently, knockdown and overexpression studies indicated that NKILA
restrains NF-xB driven gene expression and inflammation in breast cancer cells. Therefore,
NKILA acts as a feedback negative regulator of NF-xB signaling and contributes to cancer-
associated inflammation. Further, low NKILA expression is associated with increased breast
cancer metastasis and poor patient prognosis. Whether NKILA restrains NF-xB signaling
using similar strategies in immune cells is still unexplored.

The IncRNA Lethe is transcribed from the Rps15a-ps4 pseudogene and was found to
function as a feedback negative regulator of NF-xB dependent gene expression in mouse
embryonic fibroblasts (MEF) (41). Lethe is a 697 bp, unspliced RNA that is localized in the
nucleus. The expression of Lethe is driven by NFxB signaling downstream of TNFa and
IL-1B or by dexamethasone a glucocorticoid receptor agonist. Knockdown of Lethe by
antisense oligonucleotides (ASO) leads to enhanced expression of the NF-xB dependent
genes, Nfkbiaand Nfkb2, in cells exposed to TNFa. Conversely, ectopic expression of
Lethe interferes with NF-xB driven luciferase reporter gene activity and blocks the
recruitment of NF-xB p65 to the promoters of SodZ, /L-6and /L-8. Lethe physically
associates with the NFkB p65 (RelA) subunit in the nucleus. Lethe therefore also acts as a
feedback negative regulator of the NF-xB signaling pathway to restrain inflammation. It is
not known whether Lethe or other pseudogene-derived IncRNAs mediate similar functions
in other immune cells..
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Inc-DC and regulation of STAT3 activity: As described earlier, Inc-DC regulates the
differentiation of DCs in humans (32). In addition, Inc-DC also controls the expression of
genes associated with DC activation. Depletion of Inc-DC expression by shRNA impaired
the uptake and processing of antigens by DCs resulting in decreased DC proliferation,
activation and reduced cytokine production of allogenic CD4+ T cells in co-culture
experiments. Inc-DC exerts this effect on DCs by binding to STAT3 (signal transducer and
activator of transcription 3) in the cytoplasm. STAT3 drives the differentiation and activation
of mDCs. To be an active signal transducer STAT-3 must be phosphorylated, which is
normally regulated by the tyrosine phosphatase SHP1. Inc-DC blocks STAT3
dephosphorylation resulting in the maintenance of phospho-STAT3 and transcription of
STAT3-dependent DC gene expression programs.

lincRNA-EPS and Inc-13 in the transcriptional repression of

inflammation: lincRNA-EPS (erythroid prosurvival), originally identified as a regulator of
erythrocyte differentiation (24), was recently shown to function as a transcriptional brake to
restrain immune gene expression in macrophages and in mice (47). lincRNA-EPS is
localized in the nucleus in chromatin rich fractions. Upon TLR activation, the expression of
lincRNA-EPS is reduced concomitant with the inducible transcription of immune response
genes. In macrophages derived from lincRNA-EPS-deficient mice, immune response genes
were found to be expressed at higher levels than those found in wild type cells. Consistently,
lincRNA-EPS deficient macrophages displayed elevated levels of H3K4me3 (a mark
associated with transcriptionally active/poised promoters) at the promoters of IRGs. Detailed
biochemical and molecular studies demonstrated that lincRNA-EPS interacted with hnRNPL
to exert these regulatory effects. Using ATAC-seq (assay for transposase accessible
chromatin), which measures chromatin accessibility (48, 49), it was shown that cells lacking
lincRNA-EPS had altered nucleosome positioning at the promoters of these IRG targets.
lincRNA-EPS localizes at regulatory regions of IRGs to silence their expression in the
absence of activating triggers. Consistent with its cellular functions /in vitro, lincRNA-EPS
deficient mice had more robust inflammatory responses /n vivo. Together, these findings
indicated lincRNA-EPS restrains the expression of IRGs in unstimulated myeloid cells by
controlling chromatin accessibility.

A second IncRNA, Inc-13 (50), functions in a manner similar to lincRNA-EPS. Inc-13 was
found expressed in human macrophages and is rapidly degraded upon TLR4 activation by
the RNA decapping enzyme DCP2. In resting cells, Inc-13 interacts with hnRNPD and
HDACL to suppress the transcription of immune genes. Interestingly, patients with Celiac
Disease have a SNP in Inc-13 that disrupts its interaction with HDACL. This inability to
engage HDAC1 results in enhanced expression of immune genes that are a feature of Celiac
Disease pathogenesis. Although lincRNA-EPS and Inc-13 control expression of different
classes of immune genes, they both function by forming ribonucleoprotein complexes with
hnRNP family members to subdue expression of immune genes. Several key examples
highlighting the contribution of INcRNAs to the regulation of innate immune cell function
are shown in Figure 2B.
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Regulation of adaptive immune cells by IncRNAs

Numerous studies over the last few years have revealed that lymphocytes also express
several IncRNAs that coordinate the development, differentiation and activation state of both
T and B cells. Here, we review functions of INcCRNAs in these cells, touching upon a few key
examples to emphasize the importance of IncRNAs in T and B lymphocytes.

IncRNA transcriptomes in T cells: The cytokine milieu coordinates the inducible
expression and activation of lineage-defining transcription factor(s) involved in the
differentiation of naive T helper cells into specialized effector populations of effector cells
including Ty1, T2, Ty17 and regulatory T cells (Treg) (51). Numerous profiling studies
have characterized the INCRNA transcriptome in T cells. Distinct T cell subsets express
unique profiles of INcRNAs at different stages of their development.

lincRNA-MAF-4 in Tyl cell development: lincRNA-MAF-4 controls the development
of Tyl cells in humans through epigenetic silencing of the transcription factor c-MAF4 (52).
lincRNA-MAF-4 is located ~140 kb upstream of the gene encoding c-MAF, a transcription
factor involved in the differentiation of naive CD4+ T cells to T2 (53) and TH17 cells (54).
The expression of lincRNA-MAF-4 is restricted to Tyl cells, and is not expressed in naive T
cells or other lymphoid cells. The kinetics of lincRNA-MAF-4 and MAF expression are
inversely correlated in Tyl and T2 cells /n vitro, suggesting potential functional roles in
the development of these helper T cells. Depletion of lincRNA-MAF-4 in naive CD4+ T
cells skews their differentiation towards T2 cells by enhancing the expression of MAF.
Chromosome conformation assays (3C), a technique that measures inter-chromosomal
interactions in cross-linked cells (55), indicate that lincRNA-MAF-4 acts /n cis to control
long-range chromatin looping between /incRNA-MAF-4 and MAF genomic loci. Further,
lincRNA-MAF-4 interacts with the transcriptional repressors LSD1 and EZH2 to deposit
H3K27me3 marks at the promoter of MAFto silence its expression in Tyl cells. It is not
known whether lincRNA-MAF-4 regulates other genes or the immune response in vivo.

NeST in Tyl cell function and host defense against pathogens: Cytokines
control the differentiation of naive CD4+ T cells into T helper lineages. The lincRNA NeST
(56), (originally identified as 7mevpgI (57)) has been shown to regulate Tyl cell
differentiation. NeST was identified as a gene that controls the persistence of Theiler’s virus
in the central nervous system of mice. Positional cloning studies in susceptible SJL/J mice
which express NeST, develop persistent Theiler’s virus infection while the resistant B10.S
strain was found to lack NeST and clear Theiler’s virus infection. The generation of B10.S
mice expressing a NeST transgene provided compelling genetic evidence that NeST was the
host factor responsible for the persistence of Theiler’s virus (56). Tmevpgl/NeST is encoded
in the /FN-y gene locus and like IFNy is expressed in CD4* Ty1, CD8* T cells and NK
cells (56-58). NeST expression is dependent on the transcription factors T-bet and STAT4
both of which control the differentiation of Tyl cells (58). NeST binds WDR5 (WD repeat-
containing protein 5), a histone methyltransferase that deposits H3K4me3 marks (reflective
of transcriptionally active promoters) at the /FN-y promoter, to turn on transcription in
CD8* T cells (56). NeST is regarded as an enhancer RNA because of its close proximity to
the /FN-y locus, and its ability to promote IFN-y expression in ¢/s. However, NeST
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expression alone is not sufficient to drive IFN-y expression since it requires the Ty1-specific
transcription factor T-bet for its function (58). The critical role of NeST in determining host
susceptibility to an infectious disease was amongst the first to shed light on the importance
of IncRNA genes in the immune system (Figure 3B).

lincR-Ccr2-5" AS in T2 cell function: lincR-Ccr2-5" AS is transcribed in an antisense
direction immediately upstream of the TSS of the Ccr2gene, and is selectively expressed in
TH2 cells. Knockdown of this IncRNA does not impact the development of T2 cells /n vitro
but leads to impaired expression of chemokine genes Ccri, Ccr2, Ccr3and Ccr5located in
the same genomic loci that also contains /incR-Ccr2-5’ AS. The role of INCRNAs in
directing lymphocyte development and differentiation is shown in Figure 3A.

DDX5-RMRP axis in Ty17 effector functions: Ty17 cells mediate pathogen-specific
immunity at mucosal surfaces and contribute to the pathogenesis of multiple autoimmune
diseases in humans (59). The differentiation and activation state of T417 cells is driven by
the cytokines IL-6 and TGFp, and is dependent on the induced expression of the nuclear
hormone receptor RORyt (Retinoic acid receptor-related orphan nuclear receptor gamma t).
RORyt in turn controls the expression of /L-17A, IL-17Fand /L-22, which play important
roles in the development and function of Ty17 cells (60, 61). A DEAD box RNA helicase
DDX5 (p68) is an important activator of RORyt-dependent transcriptional responses in
TH17 cells (62). DDX5 is a member of a large family of evolutionarily conserved RNA
helicases that utilize energy generated from the hydrolysis of ATP to unwind RNAS (63).
DDXS5 interacts with RORyt in an RNA-dependent manner, and this complex is enriched at
the promoters of RORyt-regulated genes to turn on their transcription in Ty17 cells. The
interaction of DDX5 with RORyt requires a INcCRNA called RMRP (RNA component of the
mitochondrial RNase complex) (Figure 3D). RMRP is a 274 bp unspliced transcript that is
highly conserved, abundant and ubiquitously expressed. RMRP is predominantly localized
in the mitochondria and nucleolus and was previously shown to function as the RNA
component of the RNase complex involved in mitochondrial RNA processing, and also the
processing of 5.8S pre-rRNA into the mature 5S rRNA in the nucleolus. A large number of
genetic mutations in RMRP are associated with an early onset autosomal-recessive genetic
disease, cartilage-hair hypoplasia (CHH). Patients with CHH display skeletal malformations
and have some evidence of immune dysfunction (64). Notably, mice expressing a mutant
version of RMRP (270 G > T), corresponding to a SNP in patients with CHH, had defective
DDX5:RORyt-dependent effector functions in T17 cells. The purification of endogenous
RMRP in Ty17 polarized cells /n vitro followed by DNA-sequencing revealed that RMRP
was localized to DDX5 and RORyT occupied genomic sites (e.g. /L-17A and /L-17F).
Therefore, the DDX5:RMRP complex is essential for RORyt-mediated effector functions of
TH17 cells. The signals driving the assembly of DDX5:RMRP complexes in these cells
remains to be further elucidated. The identification of DDX5 and RMRP raise the intriguing
possibility that additional RNA helicase-IncRNA complexes might function similarly to
control gene expression in other immune cells.

NRON regulation of NFAT signaling in resting T cells: NRON (noncoding RNA
repressor of NFAT) is a nuclear INcRNA that restrains T cell activation by keeping the
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transcription factor NFAT (nuclear factor of activated T cells) in an inactive state under
homeostatic conditions (65). NRON was originally identified in an /n vitro sShRNA screen
aimed at examining the functions of 512 IncRNAs in T cell activation. NFAT is a calcium-
dependent transcription factor that controls IL-2 production in activated T cells. In resting
cells, NFAT is kept in an inactive, phosphorylated state. Upon T cell activation, NFAT is
dephosphorylated by the Ca2*-dependent phosphatase calcineurin allowing its nuclear
translocation and transcription of NFAT-response genes. NRON was shown to interfere with
the nuclear translocation of NFAT by interacting with the importin-beta superfamily protein,
KPNBL1, which is involved in the nucleocytoplasmic shuttling of a wide-range of cargos
including NFAT (66). Subsequent studies however indicate that NRON sequesters inactive
NFAT in the cytoplasm via the assembly of a large cytosolic RNA-protein complex
containing NRON, NFAT, IQGAP (1Q motif containing GTPase activating protein) and a
number of protein kinases including LRRK2 (leucine-rich repeat kinase 2) (67). Consistent
with its role in modulating T cell responses, NRON is highly expressed in peripheral
lymphoid tissues (65). The precise mechanism by which NRON regulates NFAT activity
during T cell activation is still open to debate. The molecular function of NRON in T cells is
similar to the function of Inc-DC in DCs, as both INcRNAs help sequester inactive proteins
in the cytoplasm (32). These studies highlight the ability of INcCRNAs to restrain the activity
of key signaling proteins in the absence of activating triggers.

The intergenic INCRNA NTT (noncoding transcript in CD4+ T cells) is another IncRNA
expressed in human CD4+ T cells (68). NTT is a 17-kb, unspliced, polyadenylated RNA
localized in the nucleus. Although the physiological functions of NTT are still unknown, it is
co-expressed with its neighboring protein-coding gene /FN-yR (Interferon-y receptor) in
activated CD4+ T cells.

B lymphocytes.

B cells mediate long-lasting adaptive immunity to pathogens by secreting highly specific
antibodies. miRNAs (e.g. miR-155 and miR-150) mediate crucial functions in the
development and functions of B cells (69); however, our understanding of IncRNAs in B
cells is still in its infancy. Similar to T cells, there have been several transcriptome profiling
studies which have explored the expression profiles of IncRNAs in B cells in mice (70) and
humans (71, 72). The transcription factor PAX5, which is crucial for B cell development,
acts as an important driver of INCRNA expression in pro-B and mature B cells in mice (70).
Hundreds of IncRNAs are expressed at different stages of B cell development, further
underscoring the cell type specificity of IncRNA expression. One IncRNA with known
functions in B cells is the antisense IncRNA, FAS-AS1, which regulates FAS receptor
(CD95; TNFRSF6) signaling in B cell lymphomas (73). The engagement of FAS receptor by
soluble FAS (sFAS) ligand leads to cell death via apoptosis. Not surprisingly, the
development of FAS resistance in B cells is associated with uncontrolled cellular
proliferation and lympho-proliferative diseases (74). FAS-AS1 binds RBM5 to block the
alternative splicing of FAS pre-mRNA, which is required for the production of sFAS.
Therefore, FAS-AS1 expression is inversely correlated with sSFAS-induced apoptosis in B
cell lymphomas. Since serum sFas levels are associated with poor prognosis in non-
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Hodgkin’s lymphoma (75), the Fas-AS1 IncRNA could represent a potential therapeutic
target in this setting.

IncRNA transcription is also associated with the development and activation status of B cells
(76, 77). B cells acquire immunoglobulin receptor during their development in the bone
marrow through a process known as V(D)J recombination. In peripheral lymphoid organs,
activation of B cells during inflammation or infection is mediated through the enzyme AID
(activation-induced deaminase), which controls two crucial processes, namely somatic
hypermutation and class switch recombination (78). These processes are crucial for the
generation of a vast repertoire of highly specific antibodies by B cells that regulate the
humoral arm of adaptive immunity. INcCRNA transcription (76, 77) as well as the exosome-
dependent regulation of IncRNA abundance (79) are thought to regulate AlD-mediated
somatic hypermutation and class switch recombination.

IncRNAs in Host Defense against Pathogens.

NEAT1 has been shown to enhance HIV1 replication by transporting newly synthesized
HIV-1 mRNA from the nucleus to the cytoplasm (45). Furthermore, the antisense INCRNA
NRAV (negative regulator of antiviral response; also known as DYNLL1-AS1) is involved in
antiviral immunity (80). NRAV was identified as a INCRNA expressed in human alveolar
epithelial A549 cells infected with 1AV. A series of functional screening assays examined the
potential role of 9 candidate INcRNA genes as regulators of 1AV replication in human cells.
In humans NRAV is a 1,177 bp long, spliced, polyadenylated and nuclear-localized RNA.
The NRAV gene overlaps with the first intron of the protein-coding gene DYNLL1 (dynein
light chain 1), and is transcribed in the antisense orientation. NRAV expression in human
cells is downregulated by several viruses including 1AV. Ectopic expression of NRAV in
human cells or mice enhanced IAV replication and virulence suggesting that the
downregulation of NRAV is an important component of the host antiviral immune system to
efficiently control viral replication. NRAV mediates these functions by repressing the
transcription of several 1ISGs including /F/TM3and MxA by modulating histone
modifications at the promoters of these genes. NRAV interacts with ZONAB (ZO-1-
associated Y-box factor), a known transcriptional repressor associated with proliferation of
epithelial cells. Knockdown of ZONAB leads to elevated levels of ISG expression in |AV-
infected A549 cells indicating the functional importance of the NRAV:ZONAB interaction.
However, is not known how these complexes regulate gene transcription. Although hundreds
of additional IncRNAs are differentially expressed in response to infection with respiratory
viruses such as coronavirus and 1AV in vivo (81), their functions in anti-viral immunity are
presently unknown.

Microbe encoded IncRNAs

There is a constant evolutionary arms race between pathogens and their hosts. The host is
equipped with the ability to detect and halt the replication and growth of a pathogen by
mounting rapid inflammatory responses. Likewise a successful pathogen must evade,
subvert or redirect these responses if they are to establish an infection and ensure their
survival by keeping the host alive. Accordingly successful pathogens have evolved strategies
to disrupt host immunity. It is not too surprising that several microbial species express
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IncRNAS, which in some cases subvert host immunity (82). For example, Kaposi’s sarcoma-
associated herpesvirus (KSHV) expresses polyadenylated nuclear (PAN) RNA that is
functionally linked with the conversion of latent to lytic (active) viral infection. Although the
underlying molecular basis of these observations is unclear, it is thought that PAN RNA acts
by either facilitating the dissociation of LANA (latency associated nuclear antigen) from the
KSHYV genome, or by recruiting the demethylase proteins, JIMID3 and UTX, to
epigenetically repressed regions of the KSHV genome to facilitate the expression of the
KSHV genome. The KSHV PAN IncRNA has also been shown to suppress the expression of
host antiviral genes (e.g. /FN-a, IFN-y and RNaseL) through its interaction with PRC2
leading to the subversion of host immune responses, and enhanced viral replication in
infected cells. Herpesviruses encode HSUR1 and HSUR2 (herpesvirus saimiri U-rich
ncRNAS) that target miR-27 and miR-16 respectively to alter their cellular functions (83).
An antisense IncRNA transcribed from the 5’ long terminal repeat (LTR) promoter of HIV1
suppresses the transcription of viral genes by recruiting Dnmt3a, HDAC1 and EZH2 to form
a transcriptional repressor complex (84). Plasmodium falciparum, the causative agent of
malaria also encodes approximately 60 IncRNAs (85). These include 22 telomere-associated
IncRNASs that are specifically enriched in repetitive sequences. The functions of these
IncRNAS during parasite infection are yet to be determined.

Common mechanisms of action - Defined Themes

IncRNAs are tremendously versatile molecules and work through RNA-protein, RNA-RNA
or RNA-DNA interactions (Figure 4). Based on the cellular location of IncRNAs, such
modes of action are restricted to either the cytosol or the nucleus. INcCRNAs can target all
levels of gene regulation including transcription, mMRNA stability and translation. In the
cytosol, INcRNAs are known to interact with RNAs or proteins to carry out their molecular
functions. Some IncRNAs base pair with mRNAs and this interaction can lead to altered
levels of these MRNAs. For example, the lincRNA linc-MD1 expressed in skeletal muscle
acts as a competing endogenous IncRNA (ceRNA) to sponge miR-133 and regulate muscle
cell differentiation (86). The antisense IncRNA Uchl1-AS promotes the translation of Uchl1
mRNA by enhancing it’s association with polysomes (87). In contrast, certain InNcRNAs like
lincRNA-p21 base pair with target mMRNAs to repress their translation (88). The more
common mode of IncRNA action however involves interactions with specific protein(s). In
the immune system, several INCRNAs interact with transcription factors. These include Inc-
DC which binds STAT3 in DCs (32), NRON which binds NFAT1 in T cells (65) and Lethe
and NKILA which complex with NF-xB (46) keeping the activities of these factors in-check
in the absence of activating triggers. In the nucleus, IncRNASs regulate gene expression
through a multitude of mechanisms. Here, we discuss examples of nuclear localized
IncRNAS and their impact on immune gene expression.

IncRNAs as modular guides and scaffolds for proteins: IncRNAs can recruit
proteins or RNAs and these complexes in turn assemble higher order protein/RNA
complexes in cells. For example, HOTAIR employs two protein-interacting modules located
on its 5’- and 3’ ends to recruit PRC2 and LSD1 (89)- these proteins cooperate with each
other to deposit repressive histone marks to silence gene expression at target gene loci.
RMRP exhibits a similar mode of action wherein it interacts with DDX5 and RORyt to
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control the transcriptional program in Ty17 cells (62). Because IncRNAs guide protein(s) to
specific genomic loci or act as molecular scaffolds to stabilize protein complexes, it is
possible that IncRNAs also contribute to the functional diversity of DNA-binding proteins.
Specific IncRNAs could base-pair with either DNA or nascent RNA to facilitate recruitment
and/or activity of DNA-binding proteins.

InNcRNA as signaling molecules.

IncRNAs can also modulate signaling pathways to alter the expression of immune genes.
NRON provides an excellent example of such a mechanism (67). In CD8+ T cells, NRON
supports a molecular scaffold to sequester NFAT in an inactive state in the cytosol. Similar
to NRON, two other IncRNAs, Inc-DC (32) and NKILA (46), have been shown to scaffold
STAT3 and NF-xB respectively to retain these factors in an inactive state in the cytosol.
Whether IncRNAS represent a general theme by which signaling pathways are regulated
remains to be explored further. Exosomes package a variety of RNA species, including
IncRNAS, which have the capacity to mediate effects on cells distal to the site of their
synthesis. For example, one scenario could be that the packaged IncRNA molecules in RNA
exosomes are delivered to bystander or even distantly located cells to modulate signaling
pathways, transcription factors or gene expression.

Defining RNA functions — Genetic tools and caveats

Determining how a particular IncRNA influences gene expression remains a major challenge
since there are many potential ways these RNAs can function. Although many IncRNAs are
reported to function in the immune system, only a handful of IncRNAs have detailed
biochemical and genetic evidence supporting their functions. Convincingly demonstrating
that a IncRNA functions as an RNA molecule is essential. Genetic tools including the
insertion of poly-A termination sites to disrupt the transcription of the IncRNA gene,
CRISPR-Cas9 system to overexpress a InNcRNA from its endogenous locus or to generate
knockout cells, and rescue of INcRNA functions in genetic knockout cells through ectopic
expression are some of the powerful approaches that can be used to address these questions.
IncRNAS can act in cisto control local allele-specific functions, or act in #ransat one or
more genomic loci to regulate gene expression. In general, antisense and enhancer IncRNAs
act in cisto control expression of neighboring gene loci. Some IncRNAs, such as HOTAIR
(90) and lincRNA-EPS (47) however clearly alter distant gene loci in trans.

RNA-directed technologies to probe IncRNA function.

Advances in RNA-sequencing efforts have provided insights into InNcCRNA expression across
diverse cell-types and tissues. Additional RNA-centric tools are now needed to elucidate the
molecular functions of InNcRNAs by interrogating their biochemical partners (e.g. proteins
and RNAs), genomic localization and secondary structures. Novel approaches described
over the last few years including ChIRP (chromatin isolation by RNA purification) (91, 92),
RAP (RNA antisense purification) (93-95) and CHART (capture hybridization analysis of
RNA targets) (96, 97) enable purification of endogenous IncRNAs and identification of their
interactomes under native conditions. These approaches have defined IncRNA-bound
protein(s), RNAs and genome-wide binding sites for some of the most highly expressed
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IncRNAs. The development of new as well further refinement of existing RNA technologies
will be essential to advance our understanding of IncRNA function.

Human Diseases and IncRNA.

Unchecked immune activation is linked to the pathophysiology of human diseases ranging
from diabetes to cancer. Genome-wide association studies (GWAS) and exome-sequencing
have identified that the majority of disease-associated genetic polymorphisms (single
nucleotide polymorphism; SNP) are located in noncoding regions of the genome. In
particular, only ~7% of disease-associated SNPs identified-to-date are localized to protein-
coding genes (98), whereas the vast majority of these SNPs are localized to the noncoding
regions of the genome including genomic loci expressing INcCRNAs (99). It should be noted
that the majority of identified SNPs fail to explain the variance in their respective studies.
Thus, the genetics of most diseases is complex and difficult to determine. Nevertheless,
these genetic variations could affect the expression and/or function of InNcCRNAs that are
relevant in human physiology and disease. Recent studies suggest that altered expression of
IncRNAS occur in a number of immune-related diseases such as inflammatory bowel disease
(IBD), diabetes and multiple sclerosis (100). Moreover, the discovery of Inc13 as a regulator
of inflammatory genes and SNPs associated with Celiac disease further underscore the
potential roles of INcRNASs in disease.

Aberrant expression and/or function of IncRNAs has been linked to the progression of
hematological malignancies. A comprehensive transcriptome analysis of human T cell acute
lymphoblastic leukemia (T-ALL) identified more than 1,000 IncRNAs that were selectively
expressed in T-ALL leukemia cells but not in untransformed T cells (101). One such
IncRNA, LUNAR1 (leukemia-induced noncoding activator RNA), is highly expressed in T-
ALL cells downstream of the oncogenic NOTCH1 receptor. LUNAR1 promotes
leukemogenesis by regulating the expression of IGFR1 (Insulin growth factor receptor 1), a
receptor that is critical for leukemia initiating activity of T-ALL cells (102). Analysis of
higher-order chromatin structure by Hi-C demonstrated a close nuclear association between
LUNARL1 and the neighboring /GFRI gene loci. Chromatin-looping of LUNARI and
IGFR1 gene loci was shown to control IGFR1 expression, which further highlights the
ability of IncRNAs in maintaining higher-order nuclear structures containing functionally
linked TADs. In addition, dysregulation of Xist mediated XCI is also associated with
myeloid cell malignancies. The casual relationship between Xist and cancer was
demonstrated by the conditional deletion of Xistin HSC in mice, which showed that
deletion of Xistled to a de-repression of gene expression from the X chromosome. Further,
expression profiles of INcCRNAs might help in disease diagnosis, classification as well as
markers for therapeutic intervention.

CONCLUDING REMARKS

Long noncoding RNAs regulate gene expression in many contexts. As detailed in this
review, INCRNAS are expressed in many different classes of immune cells with broad
functionality in controlling the development, differentiation and effector functions of these
cells. While there has been considerable progress made in describing the expression profiles
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of IncRNAs in specific cell types, elaboration of IncRNA function in immune cells has
lagged far behind. Several major issues must be resolved to fully appreciate the spectrum of
IncRNA functions in the immune system. There remains a huge gap in our understanding of
IncRNA functions and their molecular mechanisms. Development of new as well as the
further refinement of existing experimental and computational technologies will be
instrumental in advancing our understanding of the biology of IncRNAs. RNA-directed
technologies (e.g. ChIRP and RAP) will help uncover IncRNA interactomes including
protein partners and genomic binding sites. In addition, lessons learned from different
biological contexts will need to be merged to generate unified concepts and paradigms of
IncRNA functionality. The mammalian immune system is extremely complex and IncRNAS
represent an additional layer of complexity. It is important that we understand the function
of IncRNAs in the immune systems of model organisms and humans.
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SUMMARY POINTS
IncRNAs exhibit striking cell-type specific expression profiles.

IncRNAs control the development of specific immune cell-types including
DCs (Inc-DC), neutrophils, eosinophils and monocytes (MORRBID), and
CDA4+ Ty1 cells (/incRNA-MAF-4).

IncRNASs regulate transcriptional programs of innate immune cells (/incRNA-
EPS, Inc-13, lincRNA-Cox2, THRIL and NKILA).

IncRNAs act locally (e.g. MORRBID and /lincRNA-MAF-4) to impact
expression of neighboring genes or globally to regulate multiple genes across
the genome (e.g. RMRPand /incRNA-EPS).

The majority of disease-associated SNPs identified in GWAS studies are
located in noncoding regions of the human genome.
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FUTURE ISSUES

Elucidating the /n vivo functions of INCRNAS is a major challenge. Currently,
only a few IncRNAs including NeST, lincRNA-EPS and RMRP have
demonstrated /n vivo functions in the immune system.

Assessment of the functional consequences of disease-associated SNPs in
noncoding regions of the genome and IncRNA expression or function is
required.

The biochemical and molecular basis of INcRNA function in the immune
system required to define unifying principles of IncRNA-dependent regulation
of gene expression in immunity.

A comprehensive map of INCRNAs that play essential roles in immune cell
development and functions during homeostasis and infections remains to be
fully elucidated.

Determinations of RNA functions versus the role of functional DNA elements
in studies using INCRNA knockout animals.

Better guidelines for the annotation of INCRNA genes and more stringent
analysis for the discovery of functional IncRNAs.
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Figure 1. Classification and abundance of IncRNA genes.

(A) The classification of INCRNAs based on their genomic location with respect to nearby
protein-coding genes. An intergenic INcCRNA (lincRNA) is located between two protein-
coding genes. All other sub-types of IncRNAs exhibit some degree of overlap with another
gene located either on the same or opposite strand. Such IncRNAs may contains region(s) of
complementary sequences with the mature, spliced mRNA of the overlapping protein-coding
gene (antisense IncRNA), or are transcribed within the intron of a protein-coding gene, and
therefore do not contain sequences complementary to the mature, spliced mMRNA of the
protein-coding gene. (B) The abundance of protein- and noncoding genes in the human
genome. The data represents the latest GENCODE estimates (version 21) (http://
www.gencodegenes.org). miRNA: micro-RNA; snRNA: small nuclear RNA; snoRNA: small

nucleolar RNA.
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Figure 2. IncRNAs in the development and functions of myeloid cells.
(A) IncRNAs (e.g. H19, Xist, and Inc-HSC1 and Inc-HSC2) regulate the quiescence and the

self-renewal of hematopoietic stem cells (HSC), and their differentiation into specific
myeloid cell lineages, including DCs (Inc-DC), short-lived myeloid cells such as
neutrophils, eosinophils and monocytes (Morrbid), and erythrocytes (lincRNA-EPS and
alncRNA-EC7). Examples of IncRNAs that regulate the functions of specific myeloid cell
lineages such as macrophages (e.g. lincRNA-Cox2, PACER, THRIL and lincRNA-EPS) are
also illustrated. (B) InNcRNAs represent a novel layer of the regulatory circuit that controls
the inflammatory response of innate immune cells. The activation of intracellular signaling
pathways (e.g. NF-xB) upon TLR or cytokine receptor engagement in innate immune cells
(e.g. macrophage, DCs or epithelial cells) elaborates immune responses through a highly
coordinated program of gene expression. These pathways can also induce the expression of
IncRNAs in specific cell-type(s) to turn on a IncRNA-directed regulatory circuit, which acts
in a “feed-forward” (e.g. PACER, THRIL and AS-IL1a), “negative feedback” (e.g. Lethe
and NKILA), or “release of suppression” (e.g. lincRNA-EPS and Inc-13) manner. HSC,
hematopoietic stem cell; CMP, common myeloid progenitor; GMP, granulocyte-monocyte
progenitor; MEP, megakaryocyte-erythrocyte progenitor.
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Figure 3. IncRNAsin the development and functions of lymphoid cells.
(A) IncRNAs regulate the development of specific lymphoid cells (e.g. lincRNA-MAF-4 in

CD4+ Tn1 cells) as well their effector functions. Examples of functional INcRNAs in B cells
and T cells are shown. (B-D) The mechanism of actions of IncRNAs in CD4+ T helper cells.
NeST interacts with the histone methyltransferase WDR5 to regulate the transcription of the
neighboring /FN-y gene in Tyl cells (B). lincRNA-MAF-4 silences the expression of the
transcription factor c-MAF (associated with T2 polarization) by promoting chromatin-
looping between the genomic loci containing /incRNA-MAF-4and MAF genes spaced ~140
kb apart to recruiting the PRC2 (polycomb repressive complex 2) component EZH2, and the
histone demethylase LSD1 at the MAF gene locus (B). The lincRNA-MAF-4:EZH2:LSD1
complex leads to the epigenetic silencing of MAF4 expression in cisto direct the
differentiation of naive CD4+ T cells into Tyl cells. The IncRNA, RMRP, acts as a
molecular scaffold to recruit DDX5 and RORyt to genes associated with the effector
functions of Ty17 cells (C). The RMRP:DDX5:RORyt axis regulates the transcriptional
induction of a subset (e.g. /LZ7A and /L17F) of T417 genes. CLP, common lymphoid
progenitors; TFs, transcription factors.
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Figure 4. Mechanism of action for INCRNAs.
IncRNAs mediate their molecular functions through a multitude of mechanisms in cytoplasm

(A) or the nucleus (B). In the cytoplasm, INcRNAs act through RNA-protein (e.g. NRON
and Inc-DC) or RNA-RNA (e.g. Uchll AS and linc-MD1) interactions. NRON and Inc-DC
act as molecular scaffolds for the transcription factors, NFAT and STAT3. Uchll AS
interacts with target mMRNAs through base-paring to enhance their translation. In the nucleus,
IncRNAS can act in cisor trans (B). Morrbid interacts with PRC2 to repress the transcription
of the neighboring gene, Bim (Bcl2/11), in c¢isin short-lived myeloid cells such as
neutrophils and monocytes. INCRNAS can interact with their protein partners as guide (e.g.
lincRNA-EPS: hnRNPL), scaffold (e.g. RMRP interaction with DDX5 and RORyt) or a
decoy molecule (e.g. Lethe: NF-xB p65) to mediate their molecular functions. Uchl1,
ubiquitin carboxy-terminal hydrolase L1; IMD1: muscle differentiation 1.
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