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Summary

The nuclear factor-kB (NF-xB) family of transcription factors play an
essential role for the regulation of inflammatory responses, immune func-
tion and malignant transformation. Aberrant activity of this signalling
pathway may lead to inflammation, autoimmune diseases and oncogenesis.
Over the last two decades great progress has been made in the understand-
ing of NF-kB activation and how the response is counteracted for main-
taining tissue homeostasis. Therapeutic targeting of this pathway has
largely remained ineffective due to the widespread role of this vital pathway
and the lack of specificity of the therapies currently available. Besides regu-
latory proteins and microRNAs, long non-coding RNA (IncRNA) is emerg-
ing as another critical layer of the intricate modulatory architecture for the
control of the NF-kB signalling circuit. In this paper we focus on recent
progress concerning IncRNA-mediated modulation of the NF-kB pathway,
and evaluate the potential therapeutic uses and challenges of using
IncRNAs that regulate NF-xB activity.
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Introduction

Nuclear factor-xB (NF-xB) is a transcription factor that
plays its most important and evolutionarily conserved
role in coordinating immune and inflammatory resp-
onses. Moreover, NF-xB influences the expression of
genes that function in cell differentiation, proliferation
and survival in almost all multicellular organisms.' As a
result, both activation of the NF-xB signalling pathway
and termination of the NF-xB response are tightly regu-
lated, and dysregulation of the NF-kB system is known to
be associated with a wide range of disorders, ranging
from inflammatory and autoimmune diseases to various
types of cancer.

In mammals, six transcription factors have been inden-
tified in the NF-xB family: RelA (p65), RelB, c-Rel, p50
(p105 precursor), p52 (pl00 precursor) and Relish.”
These proteins carry an N-terminal Rel homology
domain, which is required for dimerization, nuclear tar-
geting, DNA binding and interaction with the inhibitory
IxB proteins.>® In addition, RelA, RelB and c-Rel contain
a domain at their C-terminal that is responsible for tran-
scriptional activation of target genes. Among the NF-xB
family members, the heterodimer p50/p65 is the most
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prominent and serves as the prototype of NF-xB. In most
quiescent cells, the prototypical IxB proteins (IxBo,
IxBf and IxBe¢) that harbour ankyrin repeats at their
C-termini, preferentially associate with different c-Rel and
p65 dimeric complexes and inhibit NF-xB activity.* Simi-
lar to IxB proteins, the precursors pl05 and pl00 also
possess C-terminal ankyrin repeats and can also bind
and act as cytoplasmic inhibitors for p65, c-Rel and RelB
dimer partners.*

Activation of dormant NF-xB in the cytoplasm occurs
by releasing NF-kB from the NF-xB/IxkB complex or by
cleaving the inhibitory ankyrin repeat domains of p100
and p105.° In the canonical (classical) activation pathway,
a variety of structurally diverse signals originating from
antigen receptors, pattern-recognition receptors and
tumour necrosis factor (TNF) and interleukin-1 (IL-1)
receptors trigger activation of a serine-specific IxB kinase
complex termed IKK.® The IKK complex consists of two
catalytic subunits, KKz (IKK1) and IKKp (IKK2),
together with at least one non-catalytic regulatory protein
(NE-xB Essential Modulator, NEMO or IKKy).>® Phos-
phorylation of IxB by activated IKK2 is a prerequisite
for Lys48-linked polyubiquitination and proteasomal
degradation of IxB. In the non-canonical (alternative)
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activation pathway, a subset of TNF superfamily recep-
tors, including CD40, lymphotoxin f§ receptor, B-cell acti-
vating factor receptor, receptor activator of NF-xB, Fnl4
and CD27, activate NF-xB.” In this pathway, NE-
kB-inducing kinase is accumulated following receptor
ligation, and then phosphorylates IKK1. Activated IKK1
induces pl00 phosphorylation leading to its ubiquitina-
tion and partial degradation to p52.> After the release of
various NF-xB dimers by either pathway, NF-xB migrates
to the nucleus and activates target gene transcription by
binding to NF-«B elements in the promoter region.

As an important regulator of immunity and inflamma-
tion, activation of NF-xB signalling is influenced by mul-
tiple regulatory mechanisms. Numerous post-translational
modifications of p65, including ubiquitination, phospho-
rylation, acetylation, sumoylation and nitrosylation and,
more recently, methylation,” have been shown to have
positive or negative effects on transcriptional responses of
NF-xB. In addition, NF-xB signalling components,
including NF-xB itself, have been reported to interact
with chromatin-modifying enzymes such as histone
deacetylases or acetyltransferases (p300/CBP),” with other
transcription factors,”® and with phosphatases™'® to fine-
tune the NF-xB response. Notably, many NF-xB target
genes encode inhibitors of the NF-xB response. Among
them are IxBo, IxBe, A20, CYLD and several microRNAs
that are induced by NF-xB-dependent transcription.''

Growing evidence suggests that NF-xB control is also
regulated through long non-coding RNAs (IncRNAs),
which is the topic of this review. Unlike protein-coding
genes, most IncRNA do not show sequence conservation
across species. This could be due to current methods for
sequence comparison not being suited for finding homol-
ogy between IncRNAs, a lack of functionality of large por-
tions of a given IncRNA, or the functional dependence of
a secondary structure for IncRNA action.'>"* So far, how
well IncRNA sequences, secondary structures and their
functions are conserved is unknown. Nevertheless, certain
human IncRNAs with poor evolutionary conservation
beyond primates have been demonstrated to be functional
and possess therapeutic potential.'? Although the precise
mechanisms by which IncRNAs carry out their roles
remain poorly understood, accumulating data suggest that
through specific interactions with proteins, DNA and
other types of RNA, IncRNAs may regulate their neigh-
bouring genes in cis, or distant genes in trans.'> More-
over, a considerable number of IncRNAs, particularly
those derived from enhancer regions (eRNAs), have been
found to locally regulate gene expression through the act
of transcription rather than IncRNAs themselves, ' +1°
although it is evident that some eRNA transcripts (e.g.
HOTTIP) do contribute to gene regulation."®

The IncRNAs function in multiple cellular processes,
and dysregulated expression of IncRNAs has been found
to be associated with a diverse set of human ailments,
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including cancer.'” Recently, the roles of IncRNAs
in innate immunity and inflammation have attracted
much attention.'"®** Below we focus on individual
IncRNAs that have been shown to influence NF-xB sig-
nalling under pathological and physiological conditions

(Table 1).

LncRNAs interact with NF-xB or its transcripts

PACER

Cyclo-oxygenase 2 (COX2) participates in the biosynthe-
sis of prostaglandin that plays a pivotal role in inflamma-
tory processes and has also been demonstrated to have a
role in tumour development.”’ Using human primary
mammary epithelial cells and a PMA-driven human
monocyte—macrophage differentiation system, Krawczyk
and Emerson detected the transcript of a nuclear IncRNA,
in the upstream region of COX2, named PACER (P50-
Associated COX-2 Extragenic RNA).*> PMA induction
strongly induced both COX2 and PACER expression in
monocytes, and similarly, treatment of macrophages with
lipopolysaccharide (LPS) markedly up-regulated PACER
and COX2 expression; however, in PACER knockdown
cells, PMA-induced or LPS-stimulated COX2 expression
was severely attenuated.”” Hence, PACER appears to
mediate COX2 transcription.

The underlying mechanism involves direct association
of PACER with p50, the inhibitory NF-xB subunit.** In
the absence of stimuli such as LPS, p50/p50 homodimers
associate with the COX2 promoter to repress its tran-
scription. However, upon LPS stimulation, LPS-induced
PACER may restrict excess p50 from binding COX2 pro-
moter, so promoting the formation of active p65/p50 het-
erodimers rather than repressive p50/p50 homodimers at
the COX2 promoter. This facilitates recruitment of the
histone acetyltransferase p300 to the promoter and conse-
quently enables the assembly of transcription initiation
complexes that are capable of gene activation.”” There-
fore, PACER, an IncRNA transcript produced from the
promoter region of COX2, functions in cis to enhance
NF-xB-dependent COX2 transcription. In support of this
notion, Pearson et al. found that following IL-1f stimula-
tion PACER was rapidly induced in primary human
osteoarthritis chondrocytes and there was a strong posi-
tive correlation between the expression of PACER and
COX2 (PTGS2).” Unfortunately, they did not test the
physical association between PACER and p50 in these
cells. Whether PACER acts in trans to regulate the expres-
sion of other NF-«B target genes is still unknown.

lincRNA-Cox2

Besides PACER, another IncRNA, named lincRNA-Cox2,
is also located proximal to but downstream of the Cox2
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Table 1. Long non-coding RNAs (IncRNAs) involved in the regulation of nuclear factor-xB (NF-xB) signalling

IncRNA System Function Mechanism Reference
IncRNAs that interact with NF-«kB or its transcripts
PACER Primary human mammary epithelial ~ Activates COX2 in cis Interacts and sequesters excess p50 22,23
cells; human monocyte/macrophage from COX2 promoter
cell line U937; primary human
osteoarthritis chondrocytes
lincRNA-Cox2 Mouse RAW264.7 macrophages and  Activates the transcription of Interacts with SWI/SNF and p65/p50 25
mouse BV2 microglia NEF-kB-regulated late-primary to facilitate NF-xB binding to DNA
inflammatory genes stimulated by modifying epigenetic marks and
by lipopolysaccharide (LPS) chromatin accessibility
Lethe Mouse embryonic fibroblast (MEF) Represses NF-xB target gene Binds to NF-xB and prevents it from 26
cells; human 293T cells expression interacting with DNA
NKILA Human breast cancer cell lines Inhibits NF-xB activation and Blocks IkB phosphorylation via 29
breast cancer metastasis interacting with NF-xB/IxB complex
MALATI Human monocyte/macrophage cell Negatively regulates LPS- Associates with p50/p65 and occludes 32
line THP1 induced inflammatory response NF-xB from the promoter
lincRNA-p21 Patients with rheumatoid arthritis; Enhances anti-inflammatory Interacting with p65 mRNA to inhibit 37
human Jurkat T cell and THP1 properties of methotrexate by its translation
monocyte lines inhibiting NF-xB
IncRNAs that interfere with signalling components or related molecules upstream of NF-xB
HOTAIR Ovarian cancer cell lines; patients Activates NF-«xB target genes Decreases 1xBa protein level most 38
with ovarian cancer implicated in DNA damage likely by chromatin-mediated
response and chemoresistance repression
HOTAIR Mouse cardiomyocytes Activates the expression of Promotes NF-xB activation through 39
TNFa, an inducer of myocardial  increasing LPS-induced p65
dysfunction during LPS- phosphorylation
induced sepsis
MIR31HG Human adipose-derived stem cells Suppresses osteogenic Activates NF-xB through interacting 41
differentiation and enhances with IxBo
inflammation-induced
inhibition of osteogenesis
C2dat1 Murine model of ischaemia/ Promotes neuron survival Activates NF-kB through enhancing 42
reperfusion (I/R); mouse following ischaemia CAMK2D expression
neuroblastoma (N2a) cells in
response to in vitro ischaemia
Arid2-1R Mouse unilateral ureteral obstructive ~ Promotes NF-xB-driven renal Promotes interleukin-1f-induced 44
(UUO) kidney and mouse tubular inflammation NF-xB signalling through unknown
epithelial cells (mTECs) mechanism
DLEUI and Primary human chronic lymphocytic ~ Represses neighbouring genes in  Transcriptional down-regulation of its 45
DLEU2 leukaemia (CLL) cells; human cell cis; play a role in tumorigenesis neighbouring candidate tumour
lines including HEK293T suppressor genes that are regulators
of NF-xB
IncRNAs that are induced by NF-«B signalling and regulate NF-xB target gene expression
IL1j3-eRNA, Primary human monocytes Enhance LPS-induced Unknown 46
IL1S-RBT46 transcription of IL1f in cis and
other inflammatory genes
in trans
AS-IL1o Mouse primary bone marrow- Enhances LPS-inducible Recruits RNA polymerase II to the 48
derived macrophages (BMDMs) transcription of IL-1u in cis promoter
ANRIL Human umbilical vein endothelial Regulates the inflammatory Interacts with and facilitates binding 50
cells response related to coronary of the transcription factor YY1 to
artery disease promoters
THRIL Human THP1 monocyte/ Required for the expression of Forms a complex with hnRNPL that 52
macrophage cell line many immune-response genes binds to TNFa promoter
including TNFo
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Table 1 (Continued)

IncRNA System Function

Mechanism Reference

lincRNA-Cox2 Mouse bone marrow-derived
macrophages

lincRNA-Cox2  Murine intestinal epithelial cell line

I112b transcription
Diminishes LPS-induced
expression of inflammatory

Inc-IL7R Human monocyte/macrophage cell
line THP1; human PBMCs; human

umbilical vein endothelial cells

Represses inflammatory genes in
response to TLR signalling

Represses TNF-o-induced

mediators including E-selectin,

Forms a complex with hnRNP-A/B 24
and hnRNP-A2/B1 to repress the
transcription of immune genes

Recruits Mi-2/NuRD repressor 53
complex to the I112b promoter

Increases trimethylation of histone H3 54
at lysine 27 (H3K27me3) at target
promoters

VCAM-1 and IL-8

gene. It is one of the most highly induced IncRNAs during
the innate immune response.”* Although lincRNA-Cox2
and its adjacent Cox2 gene displayed similar expression pat-
terns in mouse bone-marrow-derived dendritic cells and
macrophages following Toll-like receptor (TLR) ligand
stimulation, silencing of lincRNA-Cox2 did not alter Cox2
expression.”* This suggests that lincRNA-Cox2 itself may
not regulate Cox2 in cis. However, it is still possible that
lincRNA-Cox2 activates Cox2 by acting through IncRNA
transcription.

Work by Hu et al. indicated that increased lincRNA-
Cox2 expression was needed for the transcription of NF-
kB-regulated late inflammatory genes in LPS-treated
murine macrophages.”> RNA immunoprecipitation and
RNA pull-down analyses revealed a direct physical ass-
ociation between lincRNA-Cox2 and the switch/sucrose
nonfermentable (SWI/SNF) chromatin remodelling com-
plex.”> Furthermore, lincRNA-Cox2 was demonstrated to
participate in the assembly of NF-xB subunits p65 and
p50 into the SWI/SNF complex.”” A series of elegant
experiments demonstrated the recruitment of both
lincRNA-Cox2 and the SWI/SNF complex to the promot-
ers of late inflammatory genes such as Saa3 and Ccl5,
leading to increased histone H3 methylations (H3K4Me3
and H3K36Me3) at target promoters following LPS stimu-
lation.”® Taken together, the mechanism of action for
lincRNA-Cox2 in activated macrophages involves the for-
mation of a lincRNA-Cox2-containing SWI/SNF complex.
The resulting complex, which is recruited to the pro-
moter/enhancer region of late inflammatory genes, modu-
lates the recruitment of NF-xB to the complex, triggers
chromatin remodelling, and ultimately, results in access to
sites for NF-xB binding and gene transcription.

Lethe

Lethe, a pseudogene induced by pro-inflammatory cytoki-
nes through NF-«xB, was one of the first IncRNAs demon-
strated to be involved in modulating NF-xB signalling.*®
Lethe is expressed in mouse embryonic fibroblasts upon
exposure to TNF-¢, IL-1§ and the anti-inflammatory
agent dexamethasone, but it is not responsive to TLR
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agonists, indicating that Lethe may have a function in
inflammation, but not in native immunity.*® Expression
analysis of Lethe in p65 '~ cells and p65 chromatin
immunoprecipitation revealed that Lethe is a direct tran-
scriptional target of p65.%° Lethe is largely located in the
nucleus and is preferentially associated with chromatin,
suggesting that it is directly involved in gene regulation
by interacting with the chromatin.

Further characterization using human 293T cells indi-
cated that Lethe physically associates with p65 to block
the DNA binding activity of NF-xB.*® Therefore, Lethe,
which is induced in a p65-dependent fashion, appears to
act as a negative feedback regulator of NF-xB to help fine
tune inflammatory responses.® Although the best exam-
ple of a pseudogene functioning as an IncRNA may come
from X-inactive specific transcript, which is essential for
dosage compensation and X chromosome inactivation in
female mammals,”>*” Lethe provides the first evidence
that a pseudogene is capable of functioning as an IncRNA
to regulate inflammatory signalling. Interestingly, Lethe
can also be induced by signal transducer and activator of
transcription 3 (STAT3), and elevated expression of Lethe
promotes hepatitis C virus replication by down-regulating
type I interferon response.”® This seems logical consider-
ing the fact that the p65 subunit of NF-xB could physi-
cally associate with STAT3, facilitating NF-xB recruitment
to STAT3 promoters and vice versa.’

NKILA

Abnormal NF-xB activation has been implicated in many
cancers. To probe the role of IncRNA in cancer develop-
ment, Liu ef al. used microarray to comprehensively anal-
yse IncRNA expression level in human breast cancer cells
and found that an IncRNA, which they named NKILA
(NF-xB interacting IncRNA), was up-regulated by inflam-
matory cytokines via NF-xB signalling.”’ NKILA, located
primarily in the cytoplasm, inhibits both basal and cyto-
kine-stimulated NF-xB activation in breast cancer cells.”
This inhibition is mediated through an interaction
between p65 and NKILA, leading to the formation of a
stable NKILA/NF-kB/IkBa complex and subsequent
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veiling of phosphorylation sites of IxB, thereby suppressing
IKK-triggered IxB phosphorylation, NF-xB release, and
nuclear localization.”® Based on detailed analysis of the
cell lines and primary cells of breast cancer with different
metastatic potentials, the study confirmed that reduced
NKILA expression in human breast cancer significantly
correlates with metastatic dissemination and poor prog-
nosis.”” Although NKILA runs antisense to a cancer-asso-
ciated gene PMEPA] and might indirectly exert its effect
on NF-xB function through interference with PMEPAI
expression,”” the elaborate work by Liu et al. convincingly
indicates that NF-xB-induced NKILA participates in the
negative feedback regulation of NF-xB, and may serve as
a tumour suppressor-like IncRNA.

MALAT1

Metastasis-associated lung adenocarcinoma transcript 1
(MALATT1) is a highly conserved IncRNA whose abnormal
expression is considered to correlate with the development,
progression and metastasis of multiple cancer types.’!
Recently we reported the role of MALATI in regulating
the production of cytokines in macrophages.’”” Using
PMA-differentiated macrophages derived from the human
THP1 monocyte cell line, we showed that following stimu-
lation with LPS, a ligand for the innate pattern recognition
receptor TLR4, MALAT1 expression is increased in an
NF-xB-dependent manner.”> In the nucleus, MALAT1
interacts with both p65 and p50 to suppress their DNA
binding activity and consequently attenuates the expres-
sion of two NF-«xB-responsive genes, TNF-a and IL-6.*
This finding is in agreement with a report based on in
silico analysis predicting that MALAT1 could influence
NE-xB/RelA activity in the context of epithelial-mesenchy-
mal transition.’”>> Therefore, in LPS-activated macro-
phages MALATI1 is engaged in the tight control of the
inflammatory response through interacting with NF-xB,
demonstrating for the first time its role in regulating
innate immunity-mediated inflammation. As MALAT1 is
capable of binding hundreds of active chromatin sites
throughout the human genome,”* the function and mech-
anism of action so far uncovered for this evolutionarily
conserved IncRNA may be just the tip of an iceberg.

lincRNA-p21

Initially reported by Huarte et al., lincRNA-p21 resides
15 kb upstream of the p21 (Cdknla) gene.” This IncRNA
has been demonstrated to participate in a variety of bio-
logical processes through multiple mechanisms that range
from influencing transcription of p53-regulated genes to
modulating mRNA translation and protein stability.*>>
The anti-inflammatory properties of p53 triggered Spur-
lock et al. to investigate the relationship between p53,
lincRNA-p21 and NF-xB in the context of rheumatoid
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arthritis and methotrexate therapy.”” They observed that
lincRNA-p21 levels were decreased whereas NF-xB
activity was increased in rheumatoid arthritis, and more-
over, methotrexate treatment could correct both defe-
cts in vivo.”” The existence of complementary regions
between lincRNA-p21 and p65 mRNA and the results of
RNA pull-down suggest that lincRNA-p21 associates with
p65 mRNA.”” Notably, reducing the level of lincRNA-p21
did not alter the level of p65 transcript, indicating a role
for lincRNA-p21 by inhibiting NF-xB activity through
inhibition of p65 mRNA translation. Although the possi-
bility of additional regulatory mechanisms cannot be
ruled out,”” collectively, their results suggest that
lincRNA-p21 suppresses NF-xB activity and lincRNA-p21
induction may contribute to the anti-inflammatory effects
of methotrexate.

LncRNAs interfere with signalling components or
related molecules upstream of NF-xB

HOTAIR

In addition to inhibiting IxB phosphorylation, IncRNA
can also regulate NF-xB activity by down-regulating IxBo
expression. Hox antisense intergenic RNA (HOTAIR)
functions in chromatin remodelling and transcription,
and is correlated with metastasis and poor prognosis in a
range of cancers. Studies in human ovarian cancer cell
lines indicated that up-regulation of HOTAIR induces
platinum resistance and leads to persistent activation of
the DNA damage response following treatment with plat-
inum.”® The correlation between HOTAIR expression and
chemoresistance was further confirmed in patients with
ovarian cancer with distinct platinum sensitivity. Mecha-
nistically, HOTAIR decreases IxBa protein levels, most
likely by recruiting the polycomb repressive complex 2
(PRC2) to the IxBa gene. This results in prolonged acti-
vation of NF-xB and the expression of its target genes
that promote cellular senescence and resistance to DNA-
damaging agents.’® Based on these data the authors pro-
pose that the NF-xkB-HOTAIR pathway modulates the
DNA damage response and contributes to chemoresis-
tance and cellular senescence in ovarian and other types
of cancer.”®

Besides its inhibitory effect on the expression of NF-xB
inhibitor IxBa, HOTAIR can regulate NF-kB activity by
post-translational modification of its subunit p65. Wu
et al. showed that HOTAIR expression was significantly
up-regulated in cardiomyocytes from mice with LPS-
induced sepsis as well as in LPS-treated cardiomycytes
from normal mice.”® Up-regulation of HOTAIR in these
cells was found to be associated with elevated levels of
TNF-a and p65 phosphorylation. The association between
HOTAIR expression, TNF-o production and p65 phos-
phorylation was confirmed by HOTAIR knockdown or
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overexpression studies using murine HL-1 cardiomyocytes
in vitro and LPS-induced septic mice in vivo. Hence, in
cardiomyocytes, HOTAIR can promote NF-xB activation
through increasing LPS-induced p65 phosphorylation.
HOTAIR has both nuclear and cytoplasmic distribution,
and p65 phosphorylation is catalysed either by cAMP-
dependent protein kinase, which is constitutively associ-
ated with cytosolic p65-containing complexes, or by
nuclear kinases such as MSK1 and MSK2." Whether
HOTAIR interacts with these kinases and the location of
the interaction, if it occurs, awaits further investigation.

MIR31HG

MIR31HG is an IncRNA previously demonstrated to be
associated with tumour development. As the MIR31HG
promoter contains three potential NF-xB binding sites,*’
Jin et al. examined whether MIR31HG plays a role in
inflammation or bone formation by interacting with the
NE-xB pathway.*' Their results showed that MIR31HG
suppressed osteoblast differentiation of human adipose-
derived stem cells, and that knockdown of MIR31HG
inhibited NF-xB signalling, reversed pro-inflammatory
cytokine-induced inhibition of osteogenesis in human
adipose-derived stem cells, and enhanced heterotopic
bone formation in vivo.*' Mechanistically, MIR31HG
interacts with the cytoplasmic NF-xB:IkB complex
through IxBa, participates in IxBo phosphorylation, and
hence activates NF-xB signalling.*' Because binding of
p65 to MIR31HG promoter was experimentally demon-
strated, MIR31HG- NF-«B is believed to constitute a pos-
itive feedback loop that inhibits osteoblast differentiation
and bone formation under inflammatory conditions.

C2datl

CaMKI], including CaMKIlx, f, y and 9§, is the most
abundant protein kinase in the brain. The IncRNA
C2datl overlaps the CaMKIIé coding gene, implying
potential regulation of C2datl on CAMK2D expression.**
Indeed, Xu et al. found that C2datl was induced both in
an in vivo murine model of ischaemia/reperfusion and in
an in vitro ischaemic model in which neurons were sub-
jected to ischaemia-like injury.** They demonstrated that
in mouse neuronal cells C2datl up-regulated CAMK2D
expression and enhanced neuron death under ischaemic
conditions. By examination of several signalling pathways
potentially implicated in ischaemia/reperfusion-induced
neuronal cell death, the level of phosphorylated IKKo/f8
of the NF-xB pathway was shown to be consistently
altered upon C2datl knockdown.*” The mechanism of
action of this IncRNA is currently unknown. However, as
knockdown of C2datl down-regulated CaMKIIS expres-
sion, suppressed IKK expression and phosphorylation,
and eventually inhibited NF-xB activity, C2datl appears
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to promote neuron survival by activating NF-«B sig-
nalling through enhancing CAMK2D expression in cis.

Arid2-IR

Arid2-IR is located in the intron region of the mouse
Arid2 gene (hence the name of this IncRNA). It was first
identified as the most highly expressed IncRNA
(np_28496) in the mouse unilateral ureteral obstructive
model of chronic kidney disease.*> Further characteriza-
tion of Arid2-IR indicated that it was markedly up-regu-
lated in the wild-type but down-regulated in Smad3
knockout unilateral ureteral obstructive kidney, implying
functional association of Arid2-IR with Smad3.** Indeed,
the Arid2-IR promoter region contained a Smad3 binding
site that was experimentally verified and knockout of
Smad3 abolished increased expression of Arid2-IR in the
diseased kidney.** Knockdown and overexpression studies
of Arid2-IR in mouse tubular epithelial cells revealed that
Arid2-1R enhanced IL-1f-induced NF-xB activity and the
expression of pro-inflammatory cytokines, which was fur-
ther validated in vivo using a mouse unilateral ureteral
obstructive kidney model.** Overall, work by Zhou et al.
is the first to have shown that a Smad3-induced IncRNA
functions to drive NF-xB-mediated renal inflammation.**

DLEU1 and DLEU2

DLEUI and DLEU2 are two IncRNA genes at 13q14.3, a
chromosomal region that is frequently deleted in
haematopoietic and solid tumours. Characterization of
the epigenetic makeup of 13ql4.3 in primary human
chronic lymphocytic leukaemia cells revealed histone
modifications associated with active chromatin and DNA
hypomethylation at the transcription start sites of DLEU1
and DLEU2.*® The 13ql4.3 locus contains candidate
tumour suppressor genes encoding KPNA3, RFP2,
C130RF1 and miR-15a/16-1, all of which, either proteins
or microRNAs, are regulators of NF-xB activity.*’ In
chronic lymphocytic leukaemia cells these candidate
tumour suppressor genes are down-regulated whereas
DLEU1 and DLEU2 are significantly up-regulated, sug-
gesting co-regulated expression between the two IncRNAs
and the tumour suppressor genes within this region.*
DLEUl and DLEU2 do not exert their function
through recruiting repressors, as neither of them binds to
chromatin. Rather, they probably regulate their neigh-
bouring genes through, for instance, competition for
common transcription factors.*> How the products of the
candidate tumour suppressor genes activate NF-xB activ-
ity is largely unknown. However, as down-regulation of
p65 and p50 reduced the activation of NF-xB activity by
RFP2 and loss of RFP2 ubiquitin-ligase activity dimin-
ished RFP2-mediated NF-xB activation in human
HEK293T cells, RFP2 has been speculated to activate
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canonical NF-xB subunits p65 and p105 through its ubiq-
uitin ligase activity.45 In essence, at the 13q14.3 locus, the
two IncRNAs expressed from this region act in cis to reg-
ulate the expression of a cluster of tumour suppressor
genes whose products modulate NF-xB signalling activity.

IncRNAs that are induced by NF-«xB signalling
and regulate NF-xB target gene expression

The IncRNAs described above regulate NF-kB activity by
interacting with NF-«xB or interfering with its upstream
components or related signalling molecules. However,
some NF-xB-induced IncRNAs, presented below, regulate
NF-xB target gene transcription without interfering with
NF-xB or its upstream signal relay components.

IL1B-eRNA and IL1p-RBT46

IL1f-eRNA and IL13-RBT46 were two IncRNAs induced in
primary human monocytes upon LPS treatment.*® L1p-
eRNA is an enhancer RNA whereas IL1-RBT46 is within a
region of bidirectional transcription surrounding the IL1f
locus.*® The two nucleus-located, NF-kB-regulated IncRNAs
enhance the transcription and release of several pro-inflam-
matory cytokines such as IL-1p, IL-6 and CXCL8.*® Because
both of these IncRNAs are located close to the IL1f} gene,
they may regulate the transcription of IL1f in cis and
other inflammatory genes in trans,*® although the precise
mechanism is currently unknown. It is not unlikely that the
process of IL15-eRNA and IL15-RBT46 transcription con-
tributes to regulatory effects on IL1p.

AS-IL1a

As with IL-1f, IL-la is a master cytokine capable of
amplifying local and systemic inflammation.*” AS-ILla, a
natural antisense IncRNA partially complementary to
IL-1a coding gene, is up-regulated through NF-xB in pri-
mary mouse bone marrow-derived macrophages after
treatment with TLR ligands including LPS (TLR4),
Pam;CSK, (TLR1/2), and Poly(I:C) (TLR3).*® Function-
ally, AS-IL1« is required for the recruitment of RNA poly-
merase II to IL-lo promoter and acts in cis to enhance
LPS-induced transcription of IL-la. Therefore, suppres-
sion of IL-la activity by specific blockage of AS-ILl1«
transcript would be beneficial to a wide spectrum of
inflammatory diseases such as rheumatoid arthritis.

ANRIL

ANRIL is an IncRNA transcribed from chromosome 9 on
p21.3, a locus associated with a risk of coronary artery
disease.”” In human vascular endothelial cells, this
IncRNA was remarkably induced in response to pro-
inflammatory factors in an NF-xB-dependent manner,
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and elevated ANRIL affected the expression of a large
portion of inflammatory genes downstream of NF-xB,
such as IL6 and IL8.°° Mechanistic studies indicated that
ANRIL interacts with YY1, and facilitates the binding of
this transcription factor to IL-6 and IL-8 promoters due
to direct association between ANRIL and the promoters.*
Hence, besides its role in the pathogenesis of a number of
cancers, ANRIL also regulates the inflammatory response
in the pathological process of coronary artery disease.

THRIL

It is well documented that activation of TLR2 signalling in
response to microbial infections induces the production of
various pro-inflammatory cytokines and may cause acute
and chronic inflammation.”’ The TNF-o and hnRNPL-
related immunoregulatory IncRNA (THRIL), is required
for both basal and TLR2 ligand, Pam3CSK4, stimulated
expression of many immune-response genes including
TNF-o, in human THP1 macrophages.”> THRIL binds
specifically to hnRNPL, forming a functional complex
capable of binding to the promoter of TNF-o and regulat-

. . o e 52
ing 1its transcription.

lincRNA-Cox2

As mentioned above, lincRNA-Cox2 interacts with NF-xB
and SWI/SNF to transcriptionally activate late inflammatory
genes in LPS-treated murine macrophages. Besides its posi-
tive role on the expression of certain genes, this IncRNA is
capable of mediating transcriptional repression of inflam-
matory genes in response to TLR signalling in mouse bone-
marrow-derived macrophages and intestinal epithelial
cells.**?? The repressive action is dependent on interactions
of lincRNA-Cox2 with hnRNP-A2/B1, hnRNP-A/B or the
Mi-2/NuRD complex that is involved in histone modifica-
tions.*»* Therefore, rather than regulating its neighbouring
gene Cox2, lincRNA-Cox2 acts in trans and serves as repres-
sors and activators of distinct groups of inflammatory genes
by interacting with various functional complexes.

Inc-IL7R

The Inc-IL7R, which overlaps with the 3’ untranslated
region of the human IL-7 receptor «-subunit gene, is
another example of IncRNAs that regulate NF-xB target
gene expression in trans.”* Inc-IL7R is induced by TLR2
or TLR4 in THP1 cells and human peripheral blood
mononuclear cells. Functional characterization of this
IncRNA in human umbilical vein endothelial cells indi-
cates that Inc-IL7R does not regulate the expression of its
overlapping gene IL7R in cis. Rather, it acts in trans to
inhibit LPS-induced inflammatory responses by increasing
H3K27me3 levels at the promoters of NF-xB-regulated
inflammatory mediators.™
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through upstream components. Some NF-xB-induced

Therapeutic potential and concluding remarks IncRNAs can even directly regulate NF-xB target gene

Dynamic changes in IncRNA expression have been transcription without interfering with NF-xB or its
demonstrated upon activation of NF-«kB signalling. These upstream signal relay components (Fig. 1). Of note, by
changes not only regulate NF-xB activity through direct interacting with different partners in respective cells, a
interaction between IncRNA and NF-xB or its transcripts, given IncRNA may exert its regulatory impact on NF-xB
but also regulate NF-xB signalling activity indirectly, in different ways, and consequently fulfil its diverse
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Figure 1. Diagram illustrating long non-coding RNAs (IncRNAs) involved in regulating nuclear factor-«B (NF-«B) signalling activity. NKILA is
capable of interfering with IxB phosphorylation by interacting with the NF-xB/IxB complex. Lethe and MALAT1 inhibit while PACER facilitates
the binding of p65/p50 heterodimer to target promoters. AS-IL1a recruits RNA polymerase II to interleukin-1la (IL-1a) promoter whereas DLEU1L
and DLEU2 suppress the expression of KPNA3, RFP2 and miR-15a/16-1, all of which are regulators of NF-«B activity. lincRNA-Cox2 recruits
NF-xB subunits p65 and p50 into the SWI/SNF complex, facilitating binding of the p65/p50 heterodimer to the kB site due to chromatin remod-
elling and histone modifications (H3K4me3 and H3K36me3). lincRNA-Cox2 also represses gene transcription by interacting with the Mi-2/NuRD
complex that functions in histone modifications. Inc-IL7R regulates NF-xB target gene expression by up-regulating H3K27me3 levels at the pro-
moter region. THRIL recruits protein complexes involved in transcriptional regulation via RNA-binding proteins (e.g. hnRNPL). ANRIL interacts
and facilitates binding of transcription factor YY1 to target promoters. HOTAIR acts in trans on IxBo gene to repress its expression, at least in
part, through recruitment of the chromatin modifying enzyme complex PRC2. For simplicity, several IncRNAs mentioned in the text (lincRNA-
p21, Arid2-IR, IL1$-eRNA and IL1/-RBT46) are not shown in the figure because their mechanisms of action are not clearly defined.
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biological functions. A well-characterized example is
lincRNA-Cox2, which, depending on its interaction part-
ners, is able to mediate the activation or repression of dif-
ferent groups of inflammatory genes.***>> Therefore, in
addition to the complex regulatory layer composed of
proteins and microRNAs,” IncRNAs represent another
critical layer of the intricate modulatory architecture, for
maintaining suitable levels of NF-xB signalling activity.

It is well known that aberrant NF-xB signalling is
contributed to the pathogenesis of a wide range of
autoimmune and inflammatory diseases wherein pro-
inflammatory cytokines stimulate NF-xB activity, which
in turn promotes pro-inflammatory cytokine production.
In addition, constitutive activation of NF-xB in malignan-
cies may up-regulate the expression of genes functioning
in cell proliferation and anti-apoptosis, leading to persis-
tent tumour survival.' Therefore, inhibiting overactive
and/or prolonged activation of the NF-xB pathway may
offer new therapeutic options for the treatment of inflam-
mation and cancer. Unfortunately, although successfully
demonstrated in some studies using animal models, so far
no pharmaceutical agents designed to target the compo-
nents of the NF-xB pathway have efficacy in human
diseases. This can be at least in part ascribed to adverse
off-target effects, as exemplified by small molecules target-
ing protein kinases of the NF-xB pathway with multiple
closely related family members.

Given the involvement of IncRNAs in NF-«B regulation,
in particular the evidence of association between IncRNA
(e.g. THRIL, NKILA and lincRNA-p21) and human dis-
eases relevant to NF-kB dysfunction,”’”’s'2 IncRNA-
targeted nucleic acid-based therapies, owing to their ability
to distinguish a single nucleotide mismatch and hence pro-
nounced target specificity, may be a better alternative to
current NF-xB-targeting small molecules, which have poor
specificity and cause many unfavourable off-target
effects.’®>” One strategy involves using antisense technol-
ogy or small interfering RNA/short hairpin RNA-mediated
RNA interference to silence those IncRNAs that promote
the NF-xB-dependent inflammatory response or cell sur-
vival. Alternatively, masking the binding sites for inter-
molecular interactions can functionally block IncRNAs.
Conversely, introducing synthetic IncRNA mimics that
structurally resemble the functional motifs of those
IncRNAs that repress NF-xB signalling could be a viable
anti-inflammatory and anticancer therapeutic option.
Finally, because of its ease and efficiency, CRISPR/Cas9 can
be used to introduce desired alterations in IncRNA
sequences. Moreover, this technology can be used to alter
IncRNA abundance via for example targeted acetylation at
genomic loci containing IncRNA promoters or enhancers.”®

On the other hand, as NF-«xB has broad effects on a
number of physiological processes, complete, non-selec-
tive, inhibition of NF-«kB signalling may be detrimental.
Fortunately, IncRNAs are often expressed on a restricted

© 2016 John Wiley & Sons Ltd, Immunology, 150, 379-388
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subpopulation of cells.”® This unique specificity is another
advantage of further exploring IncRNAs as therapeutic
targets of the NF-xB pathway. Notably, despite its high
abundance and strong conservation, the loss of MALAT1
has no effect on mouse development and life.”" This find-
ing suggests that in contrast to certain NF-xB pathway
components (e.g. NEMO, IKK, p65 or IxBx) whose defi-
ciency results in lethality during embryonic development
or shortly after birth, MALAT1 is dispensable outside the
context of diseased cells/tissues and targeting MALAT1
may offer minimal side effects.”>*

However, although IncRNAs might be targeted for cor-
recting aberrant NF-«B activity, this field is still at its early
stage and faces many challenges, including poor IncRNA
sequence conservation across species, poor knowledge of
structural and functional elements of IncRNA, diverse roles
of a given IncRNA, and different IncRNA isoforms that
may or may not have common functions.

Overall, increasing evidence suggests that IncRNAs are
capable of influencing NF-xB signalling whose dysregula-
tion has been associated with inflammatory and autoim-
mune diseases as well as cancer. A hallmark of these
IncRNAs is that, similar to protein and miRNA regulators
of NF-«B, they are often induced by TLR/NF-xB sig-
nalling, and so are involved in the maintenance of
immune homeostasis through feedback regulation.
Although IncRNAs have been shown as promising targets
for NF-xB-mediated inflammation and cancer because of
their high specificity, which could potentially result in
fewer off-target and adverse effects than current NF-xB
targeted therapies, improved knowledge is needed before
IncRNA-based therapeutics move from bench to the bed-
side, including the mechanisms and pathways that
IncRNAs are involved in the regulatory network of
NF-«xB, the isoform composition and tissue specificity of
these IncRNAs, as well as more extensive pharmacological
evidence of therapeutic targeting of IncRNAs for NF-xB
blockade in animal models, particularly in more clinically
relevant large animal models.
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