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Abstract

The innate immune system represents the first line of defense during infection and is initiated by
the detection of conserved microbial products by germline-encoded pattern recognition receptors
(PRRs). Sensing through PRRs induces broad transcriptional changes that elicit powerful
inflammatory responses. Tight regulation of these processes depends on multiple regulatory
checkpoints including noncoding RNA species such as microRNAs. In addition, long noncoding
RNAs (IncRNAs) have recently gained attention as important regulators of gene expression acting
through versatile interactions with DNA, RNA, or proteins. As such, these RNAs have a multitude
of mechanisms to modulate gene expression. Here, we summarize recent advances in this rapidly
moving and evolving field, highlighting the contribution of IncRNAs to both the development and
activation of innate immune cells. In addition, we discuss experimental approaches required to
comprehensively investigate the function of a candidate noncoding RNA locus.
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Introduction

The innate immune system is a multicomponent system that involves extensive gene
regulation in order to elicit antimicrobial defenses and establish immune homeostasis [1].
Rapid changes in gene expression are a major component of this dynamic response that lead
to the production of cytokines, chemokines and additional immune mediators to establish an
acute inflammatory response [2]. Immune gene expression must be tightly coordinated,
regulated and scaled in order to prevent autoinflammatory and autoimmune diseases and
immune mediated damage of the host. A multitude of transcriptional and post-transcriptional
regulators have been identified allowing both the magnitude and duration of these events to
be carefully measured (reviewed in [3]).
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In recent years, the complexity of eukaryotic transcriptomes has become the subject of
intense scrutiny and curiosity. The finding that the vast majority of transcription in
mammalian cells originates from noncoding, rather than protein-coding DNA elements, is
one of the biggest surprises of the post-genomic era [4]. RNA-sequencing from diverse
tissues and in diverse biological contexts has revealed that at least 75% of the genome is
transcribed, whereas only about 2% encodes for proteins [5]. Most of these non-coding
transcripts are larger than 200 nucleotides and are thus referred to as long noncoding RNAs
(IncRNASs). IncRNAs are expressed in cell-type specific manners, and many are
differentially expressed during cell differentiation or activation [4, 6]. It is becoming
increasingly evident that immune cells express specific InCRNAs that execute important
regulatory functions in the development or activation status of these cells.

INCRNASs are the largest class of noncoding transcripts

Non protein-coding RNAs (ncRNAs) comprise many different species that can broadly be
categorized into small noncoding RNAs and IncRNAs, using 200 nucleotides as an arbitrary
cutoff value. The concept of RNAs as regulatory molecules is well established for many
years, especially for small RNAs. Classic regulatory functions include splicing (small
nuclear RNAS), nuclear organization (small nuclear and small nucleolar RNAS), transposon
silencing (piwi-interacting RNASs) or inhibition of mMRNA translation (microRNAS). The
latest release of the GENECODE project (www.genegodegenes.org) indicates that INCRNAs
are the largest class of ncRNAs with approximately 16,000 identified in humans and 9,000
in mice. How many of these transcripts have RNA-mediated physiological however is
currently unknown. IncRNAs are usually classified based on their genomic localization and
orientation relative to protein coding genes and can be either long intergenic noncoding
RNAs (lincRNAs) (between protein coding genes), [6], intronic (within introns of protein-
coding genes), antisense to protein coding genes (natural antisense transcripts, NATSs [7]), or
transcribed from divergent bidirectional promoters [8, 9].

Most IncRNAs are transcribed by RNA polymerase 11 (RNAPII), spliced and modified with
a5’cap and a poly-A tail, all of which makes them largely indistinguishable from mRNAs
[10, 11]. In contrast to mRNAS, IncRNAs however lack protein-coding potential. A
combination of computational approaches (open reading frame size, codon substitution
frequencies) and experimental techniques (/7 vitro translation, association with polysomes,
ribosome footprinting in combination with RNA-Seq) are applied to interrogate the protein-
coding capacity of these transcripts. The cellular compartment of a specific transcript can
also be a helpful indication of protein coding capacity, since a predominantly cytoplasmic
RNA has a higher likelihood of protein coding capacity than a strictly nuclear molecule.
Even for genes annotated as INCRNAs, it is critical that their protein coding capacity is tested
experimentally, since it has been shown that some INcRNAs encode small peptides as their
functional elements [12]. This critical assessment of the coding capacity of novel transcripts
is equally important for uncharacterized transcripts from pathogens. As an example, a recent
study found novel translated open reading frames in the human cytomegalovirus (hCMV)
genome outside of annotated protein-coding genes using ribosome footprinting. As a
convincing measure for the “real-life” presence of those proteins in the context of a human
infection /n vivo, the authors could detect a T-cell response directed against one of these
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proteins which was previously annotated as a INCRNA. This immune response was only
present in CMV-experienced T cells, but absent when testing T cells from CMV-negative
donors [13].

INcCRNAS regulate gene expression via a multitude of mechanisms

The molecular mechanisms by which IncRNAs modulate gene expression are diverse and
have been reviewed extensively [14, 15]. IncRNAs can act in ¢/sto regulate the expression
of nearby genes on the same allele or in fransto regulate genes at other genomic locations
across the genome. In general, IncRNAs function through interactions with DNA, RNA or
proteins, where the formation of ribonucleoproteins is by far the most important interaction
for mediating functional roles (Figure 1) IncRNAs can regulate gene expression at the level
of transcription, RNA processing or translation. As mentioned above, the subcellular
localization of a given INcRNA provides important clues to its potential mode of action. A
large percentage of INCRNAs are localized in the nucleus where they alter the transcription
of target genes through interaction with transcription factors, chromatin modifying
complexes or heterogenous ribonucleoprotein complexes (hnRNPs), a class of nuclear RNA-
binding proteins interacting with precursor mRNAs. One of the best studied nuclear
lincRNAs, Xist, is a 17 kb lincRNA transcribed from the inactive X chromosome involved in
the silencing of the inactive X chromosome in female cells. Xist recruits Polycomb
Repressive Complex 2 (PRC2) through interaction with several nuclear proteins [16] to mark
chromatin with repressive histone modifications that block transcription of target genes by
exclusion of RNA Polymerase Il across the inactivated X chromosome [17, 18]. HNRNPs are
important functional partners for numerous lincRNAs including hnRNPK, which associates
with lincRNA-p21 [19, 20], hnRNPU which binds Xist and Firre [21, 22], hnRNPL which
binds THRIL [23] and hnRNPA2/B1 which binds lincRNA-Cox2 [24].

In the cytosol, IncRNAs have been shown to control the stability of target MRNASs. An
example of such a mechanism in the immune system is iNOS-AS, an antisense RNA, which
is encoded on the antisense strand and corresponding to the 3"UTR of the iNOS mRNA.
iNOS and iNOS-AS are both regulated in IL1p-treated hepatocytes. Gene perturbation
experiments with overexpression and knockdown approaches revealed that the AS RNA
molecule stabilized iNOS mRNA by binding its 3"UTR [25]. Conversely, cytoplasmic
antisense INCRNAs can have the opposite effect when direct complementarity to their target
MRNA leads to gene silencing in both Dicer-dependent and independent manners [4, 26,
27].

Role of IncRNAs during innate immune cell development

IncRNASs have initially been studied in the context of development and cancer, but
accumulating evidence also supports important roles for these non-coding RNAs in both the
innate and adaptive immune system. Deep sequencing approaches have identified INCRNAs
in virtually all immune cells including macrophages [24], dendritic cells [6], T-cells [28, 29]
and B-cells [30]. While the expression of these IncRNAs are differentially regulated during
the differentiation and/or activation of these cells, examples of IncRNAs with defined
biological roles in immune cells are only beginning to emerge [31]. Several IncRNAs have
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been identified which control the differentiation of hematopoietic cells. For example, the
differentiation of granulocytes is partly mediated by HOX antisense intergenic RNA myeloid
1 (HOTAIRM1), an antisense INcRNA within the HOXA gene locus. Knockdown of
HOTAIRML abrogated retinoic acid-dependent activation of HOXA1/A2 and CD11b and
CD18 (Mac-1), two beta2 integrin transcripts that are hallmark myeloid maturation-
associated genes [32, 33]. Human dendritic cell (DC) differentiation has also been shown to
depend on IncRNA activity. An RNA sequencing study of DC maturation in humans and
mice identified a cluster of IncRNAs whose expression correlated with DC maturation [34].
One of these IncRNAs, Inc-DC was upregulated during human DC development and highly
expressed in Lin"TMHCII*CD11c* conventional DCs, but absent from plasmacytoid DCs,
monocytes or other leukocyte subsets. Lentiviral knockdown of Inc-DC during human DC
development had broad functional consequences including impaired expression of surface
receptors critical for T cell activation (CD80/86, HLA-DR, CD40), impairment in antigen
uptake by monocyte-derived DCs and decreased IL-12 production after stimulation with
LPS. Mechanistically, Inc-DC was shown to regulate STAT3 activity, a critical regulator of
DC maturation. Inc-DC bound directly to STAT3 in the cytoplasm, preventing STAT3
binding to and dephosphorylation by SHP1. This resulted in maintenance of STAT3
phosphorylation in the presence of Inc-DC. It is worth mentioning that a later study
suggested that the murine Inc-DC actually encodes a small secreted protein called Wdnm1
like and therefore further studies are required to better understand the role of Inc-DC in
murine DC differentiation [35]. To understand the dynamic expression of IncRNAs during
lymphoid development, a recent study performed RNA-Seq with de-novo assembly of the
IncRNA transcriptome during human B and T cell development and could identify several
thousand novel IncRNAs. Interestingly, the INCRNA transcriptome had a higher specificity
for a given lymphocyte lineage and its differentiation stage than the protein-coding
transcriptome [30]. Together, these studies suggest that IncRNAs impact immune cell
differentiation.

Regulation of immune effector functions through IncRNAs

Besides IncRNAs regulating the differentiation of immune cells, there is growing evidence
that INcRNASs also impact gene expression programs in activated immune cells. For example,
several IncRNAs have been identified which alter the activity of transcription factors crucial
for innate and adaptive immune cell activation. Lethe (Rps15a-ps4) was identified in mouse
embryonic fibroblasts (MEF) treated with TNFa and other stimuli, and it;s induction was
shown to depend on NF-xB signaling [36]. Lethe in turn binds the NF-xB subunit p65
(RelA) preventing it from directing transcription of /L-6, /L-8and SODZ. Lethe therefore
functions as a negative feedback regulator of the NF-xB signaling pathway to limit
proinflammatory signaling. INcRNAs also interact with transcription factors important in T-
cells. The IncRNA NRON negatively regulates T cell activation through its interaction with
nuclear factor of activated T-cells (NFAT). NFAT is localized to the cytoplasm and imported
into the nucleus in response to calcium-dependent signaling. NRON inhibits the nuclear
accumulation of NFAT either by binding to nuclear transport factors, or by sequestering
inactive NFAT in the cytosol [6, 37].
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While IncRNAs that bind transcription factors have the capacity to alter the expression of
multiple target genes in immune cells, IncRNASs also modulate the expression of individual
immune genes such as cytokines by a multitude of additional mechanisms. Several distinct
IncRNAs modulate the levels of the interleukin-1 family of pro-inflammatory cytokines. One
example is a NAT that is antisense to IL-1p [38]. In response to LPS signaling this IL-1p
NAT is upregulated. Using ectopic expression approaches the authors showed that
overexpression of this NAT decreased H3K4me3 histone marks at the IL-1 promoter,
resulting in decreased RNA polymerase 11 (RNAPII) occupancy and reduced transcription of
IL-1B. Additional IncRNAs have also been described which regulate the IL-1 p locus. LPS-
induced mRNA transcription of IL-1p and CXCL8 were attenuated upon knockdown of two
IncRNAs derived from the enhancer region surrounding the IL-18 (IL1p-eRNA) locus [38].
Beyond IL-1 B, IL-1a expression is also regulated by INCRNAs: Antisense IL-1a AS- IL1a
RNA shows similar expression patterns with the IL-1a protein coding gene, with which it
partially overlaps. Using loss of function sShRNA approaches AS- IL-1a was shown to be
essential to facilitate IL-1a gene transcription. Knockdown of AS- IL-1a by RNA
interference compromised the recruitment of RNAPII to the promoter of IL-1a and as a
result decreased levels of IL-1a mRNA in macrophages exposed to LPS [39].

Just like many inflammatory genes, many IncRNAs are only expressed in innate immune
cells following their activation, while other IncRNAs that are abundantly expressed are
downregulated when cells are exposed to inflammatory stimuli [24]. The LPS-TLR4 axis,
which leads to activation of NF-xB and interferon regulatory factors (IRFs), induces and
represses large numbers of INcCRNAs in macrophages [6, 24]. Amongst the top regulated
IncRNA genes in macrophages exposed to LPS or TLR2 ligands was lincRNA-Cox2 (also
known as Ptgs20s2). This RNA was named due to its genomic organization proximal to the
protein-coding gene Ptgs2, which encodes for cyclooxygenase-2 (Cox-2) [6]. lincRNA-Cox2
is induced via a canonical TLR signaling pathway involving the adaptor protein MyD88 and
NF-xB [24]. Loss (shRNA) and gain (retroviral overexpression) of function studies revealed
that lincRNA-Cox2 broadly regulated the expression of inflammatory response genes.
lincRNA-Cox2 was shown to repress expression of a large number of immune genes through
its interactions with hnRNPA2/B1 and hnRNP-A/B(Figure 2). In addition, this lincRNA-
Cox2 facilitated the inducible expression of a distinct cluster of immune response genes
including pro-inflammatory cytokines and other inflammatory mediators. In addition to its
role in macrophages, lincRNA-Cox2 is also regulated downstream of NF-kB in epithelial
cells [40]. Similar to what was observed in macrophages, knockdown of lincRNA-Cox2
resulted in reprogramming of the gene expression profile in intestinal epithelial cells
exposed to TNF-a.. In particular lincRNA-Cox2 appears to repress the transcription of
IL12b, lincRNA-Cox2 mediates these effects via its interactions with the Mi-2/nucleosome
remodeling and deacetylase (Mi- 2/NuRD) repressor complex, which this lincRNA appears
to guide to the 1112b promoter region. These data provide mechanistic insight into the role of
lincRNA-Cox2 in promoting epigenetic modulation of cytokine genes and identify lincRNA-
Cox2 as a novel regulator of both macrophage and intestinal epithelial inflammatory
responses.

The genomic locus encoding Ptgs2 (Cox2) in mice encodes a second IncRNA called Cox2-
divergent (Pfgs2 opposite strand; Ptgs2os) [24, 36]. The Cox2-divergent IncRNA is located
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at the 5"-end of Ptgs2 (non-overlapping), and is transcribed on the opposite (negative) DNA
strand [36]. Although functions of Cox2-divergent are as yet unclear, it is highly inducible in
mouse embryonic fibroblasts (MEF) exposed to TNFa and LPS [36]. Additionally, another
INcRNA PACER also exists in this genomic region in humans [41]. PACER (p50-associated
COX-2 extragenic RNA) is exclusively involved in controlling the expression of COX-2 in
¢fs in human monocyte-macrophage cell lines, and primary human mammary epithelial cells
[41]. PACER expression is regulated by the chromatin-boundary/insulator factor CTCF,
which establishes an open chromatin domain in the upstream region of COX-2 to promote
PACER expression. In turn, PACER binds the NF-xB homodimer p50/p50 (a transcriptional
repressor complex) and titrates it away from the COX-2 promoter. These events then favor
the recruitment of the active NF-xB heterodimer p65/p50, which promotes the assembly of
the transcription pre-initiation complex containing the histone acetyltransferase p300, and
RNA polymerase 1l at the COX-2 promoter. Therefore, PACER appears to function by
occluding the repressor complex (p50/p50) to facilitate the expression of COX-2.

Like lincRNA-Cox2, THRIL (TNFa and hnRNPL related immunoregulatory IncRNA) is
another inducible IncRNA shown to function in part via its interaction with hnRNPL [23].
This IncRNA was identified in the THP-1 human monocyte cell line and was amongst 159
IncRNAs that were differentially expressed upon activation with Pam3CSK4 treatment.
THRIL loss-of- function (shRNA) studies revealed that THRIL contributes to the inducible
expression of the pro-inflammatory cytokine mediators TNF-a and IL-6 upon Pam3CSK4
stimulation. Further supporting a role for THRIL in immune gene regulation, chromatin
immunoprecipitation (ChlP) experiments indicated that heterogenous ribonucleoprotein
(hnRNP)-L localized to the TNF-a. promoter upon Pam3CSKy stimulation (Figure 2).

A very different mechanism by which IncRNAs can induce inflammatory responses seems to
be a direct inflammatory response directed against the ssSRNA. This has recently been
demonstrated by transfection of /in vitro transcribed IncRNAs into myeloid cells, which led
to a strong induction of proinflammatory cytokines[42]. Interestingly, this response showed
some specificity since InNcRNAs which are specifically upregulated in tumor cells induced a
strong cytokine response, whereas other physiologically expressed IncRNAs did not. A
bioinformatic motif anaylsis showed that tumor-associated INcCRNAs had a higher frequency
of immunostimulatory motifs such as CpG dinucleotides. It is tempting to speculate if
tumor-associated INcRNASs can represent a physiological DAMP which can evoke an
antitumor immune response. The finding that IncRNAs might evoke an RNA-driven
inflammatory response in myeloid cells is also important from an experimental perspective,
especially, when observing proinflammatory responses in myeloid cells after ectopic
overexpression of a IncRNA.

IncRNAs as novel regulators of antimicrobial defense

Several reports recently revealed new roles for INcRNAs as regulators of antimicrobial
functions. As an example, the IncRNA nuclear enriched abundant transcript 1 (NEAT1), is
induced by herpes simplex virus and influenza virus infection. Mechanistically, NEAT1 was
shown to mediate remodeling of specialized heterochromatin structures called paraspeckles.
By relocating a repressor protein called SFPQ from the IL-8 promoter to these paraspeckles
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NEAT1 promoted IL-8 synthesis. Moreover, NEAT1 seems to not only regulate the immune
response of the host, but also directly affect viral replication, as knockdown of NEATL1 in
HIV-infected T cells increased HIV replication, possibly through export of unspliced HIV-1
mMRNA from the nucleus to the cytoplasm [43].

IncRNAs with antiviral functions also play a role in antimicrobial defenses in epithelial
cells. Microarray profiling from human alveolar epithelial cells (A549) infected with
influenza virus showed that the IncRNA negative regulator of antiviral response (NRAV)
was amongst the most significantly downregulated IncRNAs following infection with
various viruses, including influenza virus [44]. Ectopic overexpression of NRAV /n vivo
worsened the disease course as shown by increased weight loss and decreased overall
survival. In line with these observations, NRAV gain-of-function /n vivo led to increased
viral replication and relatively reduced expression levels of MxA, IFITM3 and other ISGs.
Similar observations were made in mice infected with Sendai Virus (SeV), Muscovy Duck
Revirus, and Herpes Simplex Virus. Although located in both nuclear and cytoplasmic
compartments, NRAV was shown to have limited effects on ISG mRNA stability in the
cytosol, and most likely regulated ISG expression through histone modifications - ChlP
analysis at target gene loci showed a decreased H3K4me3 signature, a marker of active
transcription, and increased H3K27me3, which reflects transcriptional repression.

Utilizing comparative genomics to map disease susceptibility loci in two mouse strains that
differed in their resistance to Theiler’s murine encephalomyelitis virus infection also showed
the importance of INcRNAs as regulators of antiviral defense /n vivo. Comparing
polymorphisms between the SJL/J and B10.S mouse strains led to the identification of a
susceptibility locus that was mapped to a conserved IncRNA called NeST (nettoie
Salmonella pas Theiler’s). This locus conferred enhanced clearance of Theiler’s virus but
increased susceptibility to Salmonella infection [45]. NeST, originally described as
Tmevpgl, was shown to control the expression of the IFN-y gene through histone
modifications. NeST acts in ¢/sas an enhancer RNA by binding to WDR5, a component of
the histone 3 lysine 4 (H3K4) methyltransferase complex, that in turn alters histone 3
methylation at the IFN-y locus.

Dissecting a IncCRNA locus — a multifaceted approach

Comprehensive investigation of a genomic noncoding RNA locus requires multiple
complimentary approaches, since the biological function can be attributed to the genomic
DNA, the act of transcription, the RNA molecule itself — or a combination of these
mechanisms. It is therefore crucial to design experimental strategies that allow one to
distinguish these possibilities, and to interpret observed phenotypes in the context of the
chosen perturbation strategy. Ablation of IncRNA function by genetic deletion of a genomic
locus has been used to demonstrate that deletion of noncoding loci can have /n vivo
consequences. Sauvaugeau et al. deleted 18 individual INcRNA genes, by replacing the
genomic locus of each INcRNA with a LacZ reporter cassette so that the locus remained
transcriptionally active. This led to peri- and postnatal lethality in three of these animals
(Fendrr, Peril, Mdgt), and developmental abnormalities in two others (Inc-Brnlb and Inc-
Pint) [46]. While these approaches are useful and likely to yield novel insights into
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physiological roles for IncRNAs, it is critical to perform rescue experiments to test whether
the observed phenotypes are due to deficiency of the RNA molecule itself or rather a
consequence of the deletion of a regulatory DNA element such as an enhancer [47]. A caveat
to this complementation approach is that for INcRNAs which function strictly in ¢/s, it is
thought that it may be impossible to rescue biological effects by ectopic expression since
these INcCRNAs may need to be induced from a specific genomic location. In comparison to
large deletions, insertion of transcriptional terminators such as polyadenylation termination
signals directly after the transcription start site have the advantage of more limited impact on
the DNA locus despite a complete loss of the transcript.

Loss-of-function approaches to directly test the functional role of the RNA molecule itself
include RNA interference [48] or the use of chemically modified antisense oligos with
higher stability called locked nucleic acids (LNA) [49]. Adaptions of the CRISPR/Cas9
technology called CRISPRi and CRISPRa can also be useful to manipulate INcRNA
expression from their endogenous loci: a catalytically inactive Cas9 protein (dCas9) coupled
either to a transcriptional repressor (CRISPRI), or a transcriptional activator protein
(CRISPRa) can be used to specifically inhibit or activate transcription of IncRNAs from their
endogenous loci [50, 51]. In summary, none of the experimental perturbation techniques
alone are sufficient to fully characterize a INcRNA, and combinatorial approaches are
strongly recommended. An overview of these approaches is shown in Figure 3 and Table 1.

Concluding Remarks

Advances in deep sequencing have revealed the enormous complexity of the mammalian
genome. Despite clear evidence that IncRNAs are expressed and regulated during immunity
our knowledge of the mechanisms and scope of InNcRNA-mediated regulation of immune
gene expression is still in its infancy. There have been several elegant mechanistic studies
providing new insights into immune gene regulation by IncRNAs. However, the vast
majority of INcCRNASs in in the immune system remain largely uncharacterized. The
challenge going forward will be to identify functional IncRNAs regulating innate immune
responses and to define their molecular mode of action. More globally, it will be important
to identify specific sequences and domains that execute the biological functions of INcCRNAs.
Ideally, this could lead to a classification of IncRNAs based on function, rather than their
genomic locations relative to protein-coding genes. The multifarious toolbox of CRISPR-
Cas9 mediated manipulation of INcCRNAs and their genomic loci in immune cells will
certainly facilitate efforts to test the functional relevance of candidate IncRNA loci, and to
differentiate RNA-mediated from DNA-mediated functions [52].

Finally, the vast majority (>90%) of disease-associated single nucleotide polymorphisms
(SNPs) are located in noncoding DNA elements, and a functional understanding of these loci
to disease contribution is urgently needed [38, 53]. It is likely, that genetic variation could
affect the expression or function of non-coding RNAs, which can have far-reaching
implications for a variety of inflammatory diseases [38]. We believe that the functional and
molecular characterization of INcRNA loci that regulate the immune response has enormous
potential for the development of novel diagnostic and therapeutic approaches to treat
immune diseases.
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Chromatin modifiers

Transcription factors

Figurel.

Molecular mechanisms of gene regulation by IncRNAs in the nucleus. IncRNAs can interact
with chromatin modifying complexes, transcription factors, the chromatin itself or mMRNA.
With respect to protein interaction, heterogenous ribonucleoprotein complexes (hnRNPs)

have emerged as one of the most important protein families interacting with INcRNAs.
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Figure 2.
LncRNAs functions in TLR-dependent inflammatory responses in myeloid cells. InNcRNAs

are induced by PRRs such as TLRs and TNFR. Upon PRR activation, the transcription
factor NF-xB translocates to the nucleus and induces the expression of various IncCRNAs.
Their proposed functions are either nuclear, where they can activate or repress the
transcription of pro-inflammatory cytokines and chemokines. Lethe binds to RelA, a subunit
of NF-kB, to sequester and prevent binding to NF-kB-target promoters. PACER binds to the
p50 subunit of NF-kB and modulates the basal levels of Cox2. Anti-IL1p inhibits IL-1p
transcription via chromatin remodeling. LincRNA-Cox2 possesses suppressive functions by
interacting with hnRNP-A/B and A2/B1 and activating functions through yet-to-be
discovered mechanisms. THRIL regulates TNFa expression through its interaction with
hnRNP-L. iNOS-asRNA, mediates its ¢is-activity is in the cytoplasm and stabilizes the
iNOS mRNA transcript. In order to more thoroughly understand IncRNA-dependent innate
immunoregulatory functions, the interferon pathway mediated by IRFs and the MAP kinase
pathway will need to be more deeply explored.
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genomic deletions
& insertions

WY

Figure 3. Perturbation approaches for the functional characterization of a candidate IncRNA
locus

Whereas RNA-centered methods (RNAI, LNA) specifically perturb the RNA molecule
without affecting the DNA locus, genomic deletions are powerful loss-of function
approaches, but can not differentiate between DNA-mediated and RNA-mediated functions
of a given gene. CRISPRI is a technique where a nuclease-dead Cas9 protein is coupled to a
transcriptional repressor and thereby mediates gene silencing.

Eur J Immunol. Author manuscript; available in PMC 2017 April 25.



Page 16

Elling et al.

VN1

IWNY

14dSI40

+

uolJasul auab Jspodal

+

+

uoie|qe auab ajoym

uplo.d

VNY

uondiiosuely

VNd

uoireq.nied

(+) Aq

pa1esIpul ase poylsw uoneginuad oip1oads e Ag auab sy 10 SIUSLWIBIS PS1daLLY "SNJ0| YN YU B JO UOII0assIP ay) 10} saifalelis uonouny Jo-sso| Jusiayiq

Author Manuscript

T alqeL

Author Manuscript

Author Manuscript

Author Manuscript

Eur J Immunol. Author manuscript; available in PMC 2017 April 25.



	Abstract
	Introduction
	lncRNAs are the largest class of noncoding transcripts
	lncRNAs regulate gene expression via a multitude of mechanisms
	Role of lncRNAs during innate immune cell development
	Regulation of immune effector functions through lncRNAs
	lncRNAs as novel regulators of antimicrobial defense
	Dissecting a lncRNA locus – a multifaceted approach
	Concluding Remarks
	References
	Figure 1
	Figure 2
	Figure 3
	Table 1

