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Long noncoding RNAs (lncRNAs) are increasingly known to be important

in cancer as they directly interact with the cell cycle, proliferation pathways

and microbiome balance. Moreover, lncRNAs regulate the immune system:

they do not directly encode proteins of innate or adaptive immunity, but

regulate immune cell differentiation and function, such as dendritic cell

activity, T cell ratio and metabolism. The result of this complex interaction

is that lncRNAs regulate cancer processes through a complex multimodal

system involving immunity, metabolism and infection. The possible func-

tions of lncRNAs and their roles in the regulation of cancer immunity will

be reported and discussed in the present review. Recent studies showed

their function as regulators in the tumour microenvironment (TME),

epithelial–mesenchymal transition, microbiota, metabolism and immune

cell differentiation. However, there is not much knowledge regarding their

roles in cancer immunity regulation. Thus, the main aim of this review is

to describe lncRNAs that have specifically been associated with immunity,

the immune cycle and the TME.

1. Introduction

Non-protein-coding RNAs (ncRNAs) consist of multi-

ple species that can be categorized into small noncod-

ing RNAs and long noncoding RNAs (lncRNAs),

based on a cut-off at 200 nucleotides between the two

categories. They are well known to possess regulatory

functions, including splicing (small nuclear RNAs),

nuclear organization (small nuclear and small nucleo-

lar RNAs), transposon silencing (Piwi-interacting

RNAs) and inhibition of mRNA translation (mi-

croRNAs).

Long noncoding RNAs are the largest class of

ncRNAs, with approximately 16 000 identified in

humans and 9000 in mice, according to the latest

release of the GENCODE project (www.gencodegenes.

org). It remains unknown, however, how many of

these transcripts have RNA-mediated physiological

effects (Elling et al., 2016). lncRNAs are also usually

classified based on genomic location into seven broad
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but mutually nonexclusive categories (stand-alone

lncRNAs, natural antisense transcripts, pseudogenes,

long intronic ncRNAs, divergent transcripts, pro-

moter-associated transcripts and enhancer RNAs)

(Elling et al., 2016).

Long noncoding RNAs are sequences with low cod-

ing potential and conservation among species. More-

over, cumulative evidence has revealed important roles

in post-transcriptional gene modulation in several dis-

eases. In particular, they appear to play major roles in

cancer; multiple lncRNAs have been associated with

various types of cancer. Alterations in lncRNA expres-

sion and their mutations promote tumorigenesis and

metastasis. lncRNAs may be classified according to

their structure or their mechanism of action and may

exhibit tumour-suppressive and tumour-promoting

(oncogenic) functions.

Recent studies also highlighted their role in immune

cell differentiation and immune system function in

cancer. For example, a growing number of

papers have shown their roles in T cell functions dur-

ing the progression of several solid tumours (including

hepatocellular, lung and cervical cancers). Addition-

ally, they play an important role in innate immunity

by regulating natural killer (NK) cells (Zhang et al.,

2016).

This review does not consider the genomic contexts

of lncRNAs, neither does it list all lncRNAs involved

in cancer immunity crosstalk. We aim to retrieve from

the literature the best known lncRNAs that have

specifically been associated with cancer immunity regu-

lation, tumour metabolism and the tumour microenvi-

ronment (TME). Our selection aspires to show those

markers that will be more likely to have a clinical

impact in the near future and might be innovative tar-

gets for cancer therapy.

2. Materials and methods

A literature search was conducted using the Medline

database, covering a period from January 2009 to July

2018. We chose 2009 as the starting point because, to

the best of our knowledge, this was first time that a

correlation among lncRNA and immunity was found.

The following Medical Subject Headings (MeSH)

terms and keywords were used in the search: (‘T cells’

or ‘dendritic cells’ or ‘immune cycle’ or ‘immunity’)

AND (‘long non-coding RNA’ or ‘lncRNA’ or

‘ncRNA’).

We (a) considered only English as a language and

we excluded from the analysis studies devoted to other

pathologies, and (b) analysed those studies taking into

account the previous reported reviews on this topic.

Electronic search results were supplemented with

hand-searching of selected papers, expert consensus

meeting notes and reference lists from selected articles.

Data extraction was performed by the first author.

Data analyses were performed by each author

through the compilation and discussion of the manu-

script and its tables. All the authors wrote and

approved the final manuscript.

3. Results

Long noncoding RNAs have a role in immunity both

as a response to physiological and pathological stimuli

(Table 1, Fig. 1). Many lncRNAs are only expressed

in innate immune cells following their activation, while

others, which are physiologically abundantly

expressed, are downregulated when cells are exposed

to inflammatory stimuli (Carpenter et al., 2013). Fig. 1

depicts the complex regulation by lncRNAs in cancer

immunity. In Fig. 2, some key examples of lncRNAs/

cancer immunity interactions are given.

The importance of this paper lies in its aim, as it

attempts to systematically correlate the change in

lncRNA expression with different aspects of the

immune system and cancer immune response. We will

also underline functions and/or specific lncRNAs

whose expression is implicated in cell migration, inva-

sion and epithelial–mesenchymal transition (EMT)

processes and that might represent novel targets of

antitumoural therapy.

3.1 Role in the tumour microenvironment

In the TME, lncRNAs regulate tumour necrosis fac-

tor-alpha (TNF-a) and interact with the NF-jB path-

way, mainly in a Toll-like receptor (TLR)-dependent

manner. TLRs induce the expression of numerous

lncRNAs, such as lincRNA-Cox2 (Johannessen et al.,

2013).

In order to identify and characterize lncRNAs

whose expression is changed following the induction of

the innate immune response, Roux et al. (2017) evalu-

ated, in humans and in mice, the lncRNA profiles of

different cells after lipopolysaccharide (LPS) and IL-1

exposure (Roux et al., 2017). These authors performed

a huge sequencing analysis obtaining 204 lncRNAs

that were differentially expressed across four human

cell types (monocytes, macrophages and two stromal

cell types). They were able to identify 111 novel

lncRNAs. The majority (161 lncRNAs) were expressed

in a cell-specific manner, but 43 lncRNAs were

induced in multiple cell types. Positional analysis

revealed that lncRNA expression correlated with
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Table 1. Major lncRNAs involved in immunity regulation. IQGAP, IQ-motif-containing GTPase-activating protein 1; LRRK2, leucine-rich repeat

kinase 2; MBD1, methyl-CpG-binding domain protein 1; PACER, p50-associated COX-2 extragenic RNA; PTGS2, prostaglandin-endoperoxide

synthase 2; RasGEF1b, Ras-GEF domain-containing family member 1b; ICAM1, intercellular adhesion molecule 1; Bcl2l11, Bcl2-like protein

11; hnRNPL/D, heterogenous nuclear ribonucleoprotein L/D.

lncRNA Type of cell Function Potential application Reference

TBILA Stromal cells Upregulates TGF-b; induces EMT in NSCLC Target for anticancer

therapies

Lu et al. (2018)

lnc-

ACOD1

Macrophages Reduces viral load through IRF/IFN-I-independent pathway.

It is involved in amino acid metabolism and tricarboxylic

acid cycles

Target for anticancer and

antiviral therapies

Li et al. (2016)

HOTAIR Myeloid cells Induces differentiation of granulocytes Diagnostic marker Zhang et al. (2014)

lnc-CHOP Myeloid cells Induces immune suppression of MDSCs through activation

of C/EBPb and upregulation of arginase I, NO synthase,

NADPH oxidase 2 and COX2

Target for anticancer

therapies

Gao et al. (2018)

lnc-DC Dendritic

cells

Regulates of DCs differentiation by activating STAT3 Target for anticancer

therapies

Wang et al. (2014)

BLACAT1 T cells Increases Treg infiltration activating the Wnt/b-catenin

pathway

Diagnostic marker Su et al. (2017)

CD244 T cells Regulates TNF-a through modulation of chromatin

methylation of the gene PCR2; inhibits expression of IFN-

c

Diagnostic marker Kang et al. (2017)

NeST T cells Regulates IFN-c accumulation and transcription by

recruiting its promoter complex

Target for anticancer,

antiviral and antibacterial

therapies

Collier et al. (2012),

Gomez et al.

(2013)

Lethe Stromal cells Is induced by IL-1b and TNF-a and acts as a NF-jB decoy

molecule to limit inflammation. It binds nuclear RelA

homodimers and prevents their accumulation at target

gene loci, including IL-6. It induces also transcription of IL-

8 and SOD2

Target for metabolic and

anticancer therapies

Rapicavoli et al.

(2013)

lnc-COX2 Macrophages Is induced downstream of TLR activation in macrophages

and DCs to repress and activate large gene sets. It

represses IL-12b regulator chemokines (CCL5, CX3CL1),

chemokine receptor (CCR1) and IFN-c-stimulated genes

(IRF7, Oas1a)

Diagnostic marker and

target for anticancer

therapies

Carpenter et al.

(2013)

NRON T cells Restricts inappropriate activation of CD4+ T cells by

sequestering phosphorylated NFAT in the cytoplasm in a

large protein complex with IQGAP and LRRK2

Diagnostic marker Willingham et al.

(2005)

THRIL Monocytes Is activated after exposure to bacteria lipoteichoic acid; it

regulates expression of inflammatory genes by recruiting

hnRNPL

Target for anticancer

therapies

Li et al. (2014b)

H19 Stem cells Maintains long-term stem cell quiescence and self-renewal.

H19 binds MBD1 and recruit methyltransferase

complexes to place repressive methylation marks on

target imprinted loci

Diagnostic marker and

target for anticancer

therapies

Monnier et al.

(2013),

Venkatraman et al.

(2013)

PACER Monocytes Induces PTGS2 expression by sequestering NF-jB p50

subunit

Target for anticancer

therapies

Krawczyk and

Emerson (2014)

RasGEF1b Macrophages Acts as a miRNA sponge that targets ICAM1 to regulate

expression of inflammatory molecules

Target against microbial

infection and for

anticancer therapies

Ng et al. (2016)

Morrbid Myeloid cells Regulates lifespan of neutrophils, eosinophils, monocytes

by repressing Bcl2 by promoting the enrichment of the

PRC2 complex at the Bcl2l11 promoter to maintain this

gene in a poised state.

Target for anticancer and

inflammatory syndrome

therapies

Kotzin et al. (2016)

lnc13 Macrophages Binds to hnRNPD to suppress transcription of immune

response genes

Diagnostic marker Castellanos-Rubio

et al. (2016)
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immune-related genes, therefore suggesting that these

might be functionally linked (Roux et al., 2017).

3.2 Role in epithelial–mesenchymal transition

An increasing number of lncRNAs being explored are

implicated in EMT regulation. EMT occurs in neo-

plastic cells that have previously undergone genetic

and epigenetic changes; it leads to enhanced migratory

capacity, invasiveness and elevated resistance to

apoptosis and greatly contributes to an immunosup-

pressive microenvironment.

Initial reports indicated lncRNA involvement in the

transforming growth factor-beta (TGF-b) signal path-

way. However, the critical pathways of EMT and

tumour cell metastasis remain poorly understood.

Major studies showed that lncRNA LINC01186 and

lncRNA-HIT (HOXA transcript induced by TGF-b)
are mediators of TGF-b signalling in lung and breast

cancer cells, respectively, playing a significant role in

Microbiota

lncRNA ACOD1; lncRNA 
HOTAIR; lncRNA UC179; 

NRAV

lncRNA TBILA,THRIL, 
Lethe, MALAT-1, lncRNA 

BANCR

EMTImmunity

lncRNA NBR2, lncRNA 
ANRIL, lncRNA CRNDE, 

lncRNA H19 LINK, lncRNA 
PCGEM1, lncRNA-MIF

Metabolism

Innate

Macrophage Natural killer

EGO, NAT

Basophil 
Eosinophil 

IincRNA-Cox2, lincRNA-EPS, 
Morrbid, AS-IL-1a, Lnc-

chop, lnc Mirt2

NR_033766.1, BCO42436, 
AF085889, BC057802, 

NR_038446.1, BC045184, 
lncCD56

Adapta�ve

B cells T cells APC/DCs

Lnc-DC, lincRNA-Cox2CTC-436, K13.6, LEF1-AS1, 
SMAD1-AS1, MYB-AS1

lncRNA NRON, lnc RNA 
BLACAT1, lnc-Smad3, 

lncRNA CD244, LRRF1P1, 
lncNEST, circ Amotl1, linc-

MAF-4

Fig. 1. Role of most studied lncRNAs in cancer immunity Pink/violet/light blue boxes show reported interactions between

microenvironment, lncRNAs and immunity. Green/yellow boxes show the interaction between innate and adaptive immunity and lncRNAs;

they fight cancer cells directly through NK and T cell activation and indirectly through macrophages/B cells and DCs. lncRNAUC179, lncRNA

transcribed-ultraconserved region 179; NRAV: negative regulator of antiviral response; EGO: eosinophil granule ontogeny; NAT: natural

antisense transcripts.

DCs/Stat3

Adesion 
Molecules

lncRNAs

NFKb

Cytokines
(IL6,IL8)

P53;wnt/
β-catenin

Fig. 2. Examples of lncRNAs/cancer immunity interactions. lncRNAs are involved in transcriptional regulation of expression of cytokines (IL-

6, IL-18, IL-8, IL-17)/adhesion molecules/IFN family/dendritic cell differentiation.
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the regulation of lung and breast cancer cell migration

and invasion (Hao et al., 2017; Richards et al., 2015).

It seems that lncRNAs may act through competing

endogenous RNAs (ceRNAs) for miRNAs or through

mediating epigenetic silencing by recruiting the poly-

comb repressive complex 2 (PRC2) (Heery et al., 2017;

Xu and Cao, 2018). Several lncRNAs have now been

found to interact with PRC2 by recruiting enhancer of

zeste homolog 2 (EZH2) or other components, and

this mechanism is also a major way by which lncRNAs

regulate EMT (Battistelli et al., 2017; Li et al., 2017a,

b; Wang et al., 2015a; Yang et al., 2018).

In a Chinese study presented at the last American

Society for Clinical Oncology Congress, a comparison

of global gene expression patterns of non-small-cell

lung carcinoma (NSCLC) cells treated with and with-

out TGF-b demonstrated 423 lncRNAs to be upregu-

lated and 246 downregulated in TGF-b-treated cells

compared with control cells. One of the most promi-

nent hits, named TGF-b-induced lncRNA (TBILA),

promoted NSCLC progression and was upregulated in

tumour tissues (P < 0.001). TBILA is upregulated by

the TGF-b classical signalling pathway and promotes

human germinal centre-associated lymphoma expres-

sion by binding with the Smad transcription factor

complex, thereby enhancing RhoA activation (Lu

et al., 2018).

Many bioinformatic studies have confirmed the dis-

ease-specific roles of different lncRNAs in tumorigenic-

ity and metastasis in vitro and in vivo. For example, in

basal-like breast cancer, specific lncRNAs correlate

with the activation of epidermal growth factor recep-

tor-dependent pathways and EMT (Ouyang et al.,

2018).

3.3 Role in metabolism

Cancer immunity and metabolic pathways mutually

influence one another. Metabolites do not only provide

energy and substrates for growth and survival, but

also instruct effector immune functions, differentiation

and gene expression. Mounting evidence shows that

lncRNAs can regulate glucose metabolism in cancer

cells in different ways, such as by directly regulating

glycolytic enzymes (i.e. pyruvate carboxylase, fructose-

2,6-bisphosphatase, 6-phosphogluconate, phospho-

enolpyruvate carboxykinase) and glucose transporters

(GLUTs), or by indirectly modulating the signalling

pathways (Wnt/Snail, STAT and p53 pathways and

HIF, PI3K/AKT/mTOR and LKB1-AMPK pathways)

(Fan et al., 2017).

Accumulating evidence indicates that lncRNAs also

regulate glucose metabolism in tumour cells, with

particular regard to the Warburg effect (Hua et al.,

2018). The metabolic remodelling in a tumour niche is

endured not only by cancer cells but also by non-

cancerous cells that share the same microenvironment;

in particular, macrophages seem to increase aerobic

glycolysis via AKT/mTOR and HIF-1a stabilization.

Moreover, immune cells in the microenvironment

enhance fatty acid biosynthesis and uptake and

increase the expression of genes involved in glutamate

transport and metabolism. It seems that immune cells

might also induce the overexpression of arginase 1

(ARG1) (Wenes et al., 2016).

Although there is adequate oxygen, cancer cells

often generate energy through glycolysis, rather than

oxidative phosphorylation. Glycolysis minimizes reac-

tive oxygen species production in mitochondria and

promotes a more acidic extracellular pH via lactic acid

release, establishing an appropriate TME for tumour

growth, invasion and metastasis. This process also

impairs T cell function (Yu et al., 2017). Moreover,

EMT transcriptional factors may exacerbate glucose

metabolism dysregulation by targeting glycolytic

enzymes. For example, Twist promotes glucose meta-

bolism reprogramming by activating the b1-integrin/
FAK/PI3K/AKT/mTOR pathway and inhibiting p53

signalling (Yang et al., 2015), while Snail can serve as

a positive regulator of fructose-1,6-bisphosphatase

(FBP1) and is critical for E-cadherin promoter silenc-

ing (Dong et al., 2013).

In breast cancer, lncRNA NBR2 (neighbour of

BRCA1 gene 2) overexpression upregulates GLUT1

expression through stimulating AMPK activity (Fan

et al., 2017). Upregulation of GLUT1 expression via

PI3K/AKT/mTOR signalling may also depend on

lncRNA ANRIL (antisense noncoding RNA in the

INK4 locus), resulting in greater glucose uptake and

utilization (Zou et al., 2016). lncRNA CRNDE (col-

orectal neoplasia differentially expressed) positively

modulates GLUT4 expression via epigenetic modifica-

tions, thereby promoting metabolic changes (Ellis

et al., 2014). According to recent studies, glucose

transporter and certain enzymes involved in aerobic

glycolysis are regulatory targets of lncRNAs; these

enzymes include hexokinase 2 (HK2), lactate dehydro-

genase A, pyruvate kinase isoenzyme M2 (PKM2) and

pyruvate dehydrogenase kinase 1 (PDK1). The War-

burg effect is also promoted by lncRNA PVT1 (plas-

macytoma variant translocation 1); lncRNA H19 (Li

et al., 2014a); LINKA (long intergenic noncoding

RNA for kinase activation) (Lin et al., 2016); lncRNA

PCGEM1 (prostate cancer gene expression marker 1)

(Hung et al., 2014); and lncRNA-MIF (c-Myc inhibi-

tory factor) (Zhang et al., 2016).
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Many lncRNAs can directly or indirectly regulate

p53 expression: for example, lncRNA MEG3 (mater-

nally expressed gene 3), which can increase P53 protein

(Zhang et al., 2010); and lincRNA-p21, MALAT-1,

ROR and CASC9, which have also been found to reg-

ulate glycolysis via HIF-1a or p53.

Thus, despite the emerging role of lncRNAs in the

regulation of glucose and lipid metabolism, as well as

hormonal and nutritional signalling pathways, their

significance in metabolism biology awaits further con-

firmation. Understanding the role of lncRNAs in regu-

lating cancer metabolism is critical to explore the

possibility of using the anti-Warburg effect of certain

lncRNAs for targeted therapy, as they may slow down

the cell cycle by blocking the G1/S and G2/M transi-

tions.

3.4 Role in microbiota

Host/microbiota/cancer interaction is an area of

emerging interest. An unsuspected link between cancer

and microbiota has been described in the last decade.

Microbes and the microbiota may amplify or mitigate

carcinogenesis, and may also influence the responsive-

ness to cancer therapeutics and/or affect cancer-asso-

ciated complications.

Long noncoding RNAs play a fundamental role in

microbiota equilibrium: they are prominently involved

in the response of different host cells to various bacte-

rial agents. However, how they interact with the

immune response is unclear. Several lncRNAs, as well

as some TLR ligands, have recently been implicated in

the implied innate responses to various bacteria such

as Mycobacterium (M.) spp., Salmonella (S.) Typhimur-

ium, Escherichia coli, Listeria (L.) monocytogenes,

Helicobacter pylori, and Campylobacter (C.) concisus;

in addition, several studies have demonstrated the

involvement of TLR ligands, but their function

remains to be elucidated (IIott et al., 2014; Wester-

mann et al., 2016; Yang et al., 2016; Yi et al., 2014;

Zhu et al., 2015; Zur Bruegge et al., 2017). For exam-

ple, 221 out of 989 lncRNAs showed LPS-induced dif-

ferences in expression levels (IIott et al., 2014).

No study has yet compared lncRNA expression in

response to different pathogens possessing different

virulence mechanisms. During infection, a complex

interplay of microRNA and lncRNAs occurs: for

example, miR-155 and miR-146 are induced in a NF-

jB-dependent pathway promoting or dampening

inflammation (Duval et al., 2017).

Liang et al. (2015) showed correlation among

lncRNA expression and gut microbes, demonstrating

the ability of cellular machinery to distinguish

between different microbes. They compared type-spe-

cific expression patterns of lncRNAs between recon-

ventionalized mice and gnotobiotic mice. They found

only six lncRNAs commonly upregulated in both

types of mice, although 613 lncRNAs were upregu-

lated in at least one condition. The authors observed

that these six lncRNAs were highly expressed in

immune organs (such as the spleen and thymus),

leading them to suggest that these lncRNAs might be

involved in host immune responses. It was supposed

that lncRNA signatures in response to gut microbes

arise from host–microbe interactions (Liang et al.,

2015).

Wang et al. (2017) showed that lncRNA aconitate

decarboxylase 1 (ACOD1) might be induced by viral

infection through a pathway that is independent of

interferon regulatory factor 3 (IRF3)/type I IFN

(IFN-I) signalling, but dependent on the NF-jB-
dependent pathway. The authors reported that in vitro

or in vivo deficiency in lncRNA ACOD1 significantly

reduced viral load in macrophages and in immune

organs through an IRF3/IFN-I-independent pathway,

and the lncRNA ACOD1 directly interacts with glu-

tamic-oxaloacetic transaminase 2 (GOT2), which is

involved in amino acid metabolism and tricarboxylic

acid (TCA) cycles during viral infection (Wang et al.,

2017).

Additionally, it was suggested that HCV core pro-

tein might induce lncRNA HOX antisense intergenic

RNA (HOTAIR), which is followed by a decrease in

expression of Silent information regulator 1 (Sirt1), a

histone deacetylase (HDAC) that modulates glucose-

and lipid-metabolism-related gene profiles, resulting in

metabolic disorders in hepatocytes (Li et al., 2016).

3.5 Role in dendritic cell and myeloid-derived

stem cell regulation

Dendritic cells (DCs) are responsible for initiating a

number of antigen-specific immune responses. They

work as regulators of antigen presentation and are also

adept at generating the appropriate amount of T cells

in response to a given pathogen. Therefore, they play

a critical role in immune balance between pathogen

elimination or escape.

In the last few years, several papers have shown that

multiple lncRNAs may regulate DCs functions and

immune tolerance; these lncRNAs include lnc-DC,

lincRNA-Cox2, lincRNA-EPS and AS-IL-1a in

macrophages, and lncRNA Morrbid in myeloid-

derived stem cells (MDSCs) (Atianand et al., 2016;

Carpenter et al., 2013; Chan et al., 2015; Kotzin et al.,

2016; Wang et al., 2014).
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Carpenter et al. (2013) showed that lincRNA-Cox2

regulates more than 700 genes, including chemokines

(CCL5, CX3CL1), chemokine receptors (CCR1) and

interferon-stimulated genes (ISGs) (IRF7, Oas1a,
Oas1l, Oas2, Ifi204 and Isg15), in macrophage cell

lines. All of these genes were observed to be upregu-

lated when lincRNA-Cox2 was silenced in unstimu-

lated cells (Carpenter et al., 2013).

The differentiation of granulocytes has been

reported to be partly mediated by HOX antisense

intergenic RNA myeloid 1 (HOTAIRM1), an antisense

lncRNA within the HOXA gene locus. HOTAIRM1

knockdown abrogated retinoic acid-dependent activa-

tion of HOXA1/A2 and CD11b and CD18 (Mac-1),

which are two b2-integrin transcripts that are associ-

ated with myeloid maturation (Tian et al., 2018;

Zhang et al., 2009).

Gao et al. (2018) identified a novel lncRNA, named

lnc-CHOP, in MDSCs; lnc-CHOP has an important

role in controlling the immunosuppressive function of

MDSCs in the tumour environment. lnc-CHOP binds

with both CHOP and the C/EBPb isoform liver-

enriched inhibitory protein, thereby promoting the

activation of C/EBPb and upregulating the expression

of ARG1, nitric oxide (NO) synthase 2, NADPH oxi-

dase 2 and cyclooxygenase-2 (COX2), which are

related to the immunosuppressive function of MDSCs

in inflammatory and tumour environments (Gao et al.,

2018).

Wang et al. (2014) studied the role of lnc-DC in

the mouse. Wang and colleagues reported that knock-

down of lnc-DC impaired DCs differentiation from

human monocytes in vitro and from mouse bone mar-

row cells in vivo, and also reduced the capacity of

DCs to stimulate T cell activation. These effects were

mediated via lnc-DC-induced activation of the tran-

scription factor STAT3 (signal transducer and activa-

tor of transcription 3). lnc-DC binds directly to

STAT3 in the cytoplasm, thereby preventing the lat-

ter from binding to and being dephosphorylated by

SHP1, and thus promoting phosphorylation of

STAT3 on tyrosine-705. As STAT3 is one of the

most important pathways of the immune-suppressive

TME, this lnc-DC deserves further study (Wang

et al., 2014).

3.6 Role in T and B cell regulation

T cell activity is of crucial importance in the TME and

correlates with outcomes in almost all tumours. The

ratio between effector and regulatory T cells (Teff/

Treg) correlates with survival in both solid and haema-

tologic tumours.

Recent findings support the importance of lncRNAs

as mediators of several T cell functions. Some

lncRNAs may affect T cell-induced cell death and

impair cytotoxic functions, or regulate Treg differenti-

ation. Hu et al. (2013) identified 1524 lncRNAs in 42

T cell samples ranging from early T cell progenitors to

terminally differentiated T helper (Th) subsets. STAT4

was found to activate the expression of Th1-preferred

lncRNAs, while STAT6 activated the expression of

Th2-preferred lncRNAs (Hu et al., 2013). Th2-locus

control region lncRNAs establish histone H3K4Me

marks at the IL-4, IL-5 and IL-13 promoters and

recruit enzymes for alternatively splicing to enable Th2

cells to express IL-4, IL-5 and IL-13 (Hu et al., 2013).

Long noncoding RNA NRON negatively regulates

T cell activation by interacting with the nuclear factor

of activated T cells (NFAT), which is localized to the

cytoplasm and imported into the nucleus in response

to calcium-dependent signalling. NRON inhibits

nuclear accumulation of NFAT by either binding to

nuclear transport factors or sequestering inactive

NFAT in the cytosol (Willingham et al., 2005). In sev-

eral cancers, lncRNAs increase Tregs through the acti-

vation of the Wnt/b-catenin signalling pathway. For

example, in cervical cancer, the lncRNA BLACAT1

promotes proliferation, migration and invasion by

modulating this pathway (Wang et al., 2018).

In Treg cells, lnc-Smad3 interacts with the histone

deacetylase HDAC1 and contributes to epigenetic

modifications, thereby silencing the expression of

Smad3, which can mediate signals from the TGF-b
superfamily ligands to regulate cell activity (Xia et al.,

2017).

lncRNA-CD244 induces T cell-inhibitory signalling

in tuberculosis infection. It regulates TNF-a through

the modulation of chromatin methylation states of the

subunit EZH2 of PCR2 (Wang et al., 2015b). Shi

et al. (2014) showed that an unnamed lncRNA is regu-

lated through binding with LRRFIP1 (a repressor of

TNF-a) and chromatin.

Long noncoding RNAs may have a scaffold role

with EZH2, SUZ12 and LRRFIP1, mediated by

assembling on an RNA tether to the region; for exam-

ple, the lncRNA NeST has been shown to switch chro-

matin to an active state by binding WD repeat-

containing protein 5 (WDR5) in the histone 3 lysine 4

methyltransferase complex (H3K4), and this leads to

IFN-c accumulation. NeST negatively regulates T cell

cytotoxic function (Gomez et al., 2013).

Transcriptional repression of target genes is depen-

dent on interactions of lincRNA-Cox2 (located

upstream of the Cox2 coding gene) with heterogeneous

nuclear ribonucleoprotein A/B and A2/B1.
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Aberrant lncRNA expression was documented in B

cells (Isin et al., 2014; Tayari et al., 2016). lncRNAs

also regulate gene expression in B cells, although B cell

regulators differ from those involved in T cell regula-

tion. Brazao et al. (2016) showed that 20% of

lncRNAs identified in B cells are associated with

enhancer or promoter regions to regulate gene tran-

scription (Brazao et al., 2016).

Unlike mRNA expression patterns, lncRNA expres-

sion patterns can distinguish between cells committed

to the B and T cell lineage as early as the progenitor

stage in bone marrow (Casero et al., 2015), indicative

of their importance in lineage commitment. During

later stages of B cell development and maturation,

lncRNA expression profiles can be very similar

between functionally distinct B cells such as follicular

and marginal zone B cells in the spleen (Brazao et al.,

2016) and na€ıve and memory cells in tonsils (Tayari

et al., 2016).

Petri et al. (2015) identified different lncRNAs at

different B cell development stages: lncRNAs CTC-

436K13.6, LEF1-AS1, SMAD1-AS1 and MYB-AS1

were associated with preBI, preBII and immature cells,

while lncRNAs OIP5-AS, MME-AS1 and the bidirec-

tional lncRNA CRNDE were associated with more

advanced stages of development (Petri et al., 2015).

3.7 lncRNAs and the NF-jB pathway

NF-jB (nuclear factor kappa-light-chain-enhancer of

activated B cells) is a protein complex that con-

trols cytokine production, DNA transcription and

cell survival. It plays a key role in regulating the

immune response to infection and is involved in cel-

lular responses to chemical, physical and microbio-

logical stimuli. NF-jB is also an actor in lncRNA

networks. lncRNAs interfere with pathways that

involve NF-jB function both directly (e.g. NKILA)

and indirectly, through prostate transmembrane pro-

tein, androgen induced 1 (PMEPA1) regulation (Liu

et al., 2015).

Guttman et al. (2009) reported a direct association

between lincRNA-Cox2 and TLR4 stimulation via

NF-jB (Guttman et al., 2009). lincRNA-Cox2 mostly

regulates genes in macrophages exposed to LPS or

TLR2 (Tong et al., 2016). Much like observations in

macrophages, knockdown of lincRNA-Cox2 results in

reprogramming of gene expression profiles in intestinal

epithelial cells exposed to TNF-a. lincRNA-Cox2

appears to repress IL-12b transcription; lincRNA-

Cox2 mediates these effects via its interactions with

the Mi-2/nucleosome remodelling and deacetylase (Mi-

2/NuRD) repressor complex; LincRNA-Cox2 seems to

guide the complex to the IL-12b promoter region

(Tong et al., 2016).

Much like lincRNA-Cox2, THRIL (TNF-a- and

hnRNPL-related immunoregulatory lncRNA) is

another inducible lncRNA that acts in part via its

interaction with hnRNPL. This lncRNA was identified

in the THP-1 human monocyte cell line and is one of

159 lncRNAs that are differentially expressed upon

activation with Pam3CSK4 (bacterial lipoteichoic acid

or lipoprotein) treatment (Li et al., 2014b).

Several distinct lncRNAs have been reported to

modulate the levels of the IL-1 family of pro-inflam-

matory cytokines (Chan et al., 2015). The lncRNA

Mirt2 functions as a checkpoint to prevent aberrant

activation of inflammation and is a potential regula-

tor of macrophage polarization. lncRNA AS1

enhances IL-1a gene transcription, and disruption of

AS-IL-1a function can limit IL-1a transcription and

potentially alleviate the damaging effects of excessive

IL-1a levels during infection and inflammatory dis-

ease (Chan et al., 2015; Du et al., 2017). A recently

identified lncRNA, named Lethe, binds the NF-jB
subunit p65 (RelA) preventing it from directing tran-

scription of IL-6, IL-8 and SOD2 (Rapicavoli et al.,

2013).

The question of whether lncRNA interference with

NF-jB and other immune-related pathways favours

the host or the pathogen needs to be further investi-

gated. The lncRNAs expressed upon TLR stimulation

may act to fine-tune the immune function, as previ-

ously described for microRNAs (Siddle et al., 2015).

3.8 circRNAs

Circular RNAs (circRNAs) are a novel class of

endogenous noncoding RNAs, characterized by their

covalently closed loop structures without a 50 cap or a

30 poly(A) tail, formed through self-ligation of the 30

and 50 ends, as generated through back splicing.

Potential roles for circRNAs in regulating genes

encoding inflammatory molecules have also been

reported. It was previously shown that delivery of

purified circRNA stimulates a greater innate immune

response than that stimulated by linear RNA with the

same sequence. In addition, circRNA produced in the

cell by foreign introns induces the expression of

immune genes. circRNAs were shown to soak up and

suppress some miRNAs and RNA-binding proteins

(Ashwal-Fluss et al., 2014). Finally, circRNAs were

thought to be more prone to adopt secondary or ter-

tiary structures due to the constrained circular geome-

try, so the same circRNA generated by endogenous

introns is recognized as ‘self’ and is associated with a
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set of diverse RNA-binding proteins. Moreover, Chen

et al. (2017) evidenced an unsuspected antiviral prop-

erty. Intriguingly, circRNAs made with self-splicing

introns stimulated the innate immune response

through RIG-I (retinoid-induced genes) (Chen et al.,

2017). These results were confirmed by Li et al.

(2017a,b), who found circRNA biogenesis to be

affected by both nuclear NF90/110 and non-nuclear

proteins, such as RIG-I and TLR3 (Li et al., 2017a).

One study catalogued circRNA expression in macro-

phages, identifying nearly 2000 circRNAs induced by

TLR4 stimulation (Ng et al., 2016). circAmotl1 is a

circRNA involved in STAT3 signalling; it increases

STAT3 expression and stimulates its nuclear transloca-

tion to regulate the expression of mitosis-associated

genes. It was suggested that circAmotl1 may promote

nuclear c-myc expression in cancer cell lines, thereby

helping this factor bind to gene promoters to trigger

tumorigenicity (Yang et al., 2017).

4. Discussion

Immune system regulation is complex; antimicrobial

and anticancer defences require rapid changes in gene

expression in order to modify the microenvironment

component. The production of cytokines, chemokines

and additional immune mediators leads to an inflam-

matory environment, in which metabolic pathways are

also activated. After activation, the immune system

turns off to avoid immune-mediated damage to the

host. An imbalance of immune status in the TME

contributes to the development and progression of

cancer, and this is the basis of many studies of

immunotherapy.

Long noncoding RNAs have been shown to be

potential key regulators in the processes of prolifera-

tion, migration and invasion of cancer cells by regulat-

ing gene expression patterns at various levels,

including chromatin-organizational, transcriptional

and post-transcriptional regulation (Denaro et al.,

2014). There are multiple lines of evidence that

lncRNAs can function as oncogenes (e.g. HOTAIR,

MALAT-1/NEAT, H19, PVT1) or tumour suppressor

genes (e.g. MEG3, GAS5, lincRNA-p21, PTENP1)

(Beermann et al., 2016; Jiang et al., 2017). Moreover,

the expression of some lncRNAs correlates with poor

prognosis and resistance to treatment; this behaviour

probably reflects an immune-resistant microenviron-

ment. Schmitt and Chang (2016) divided lncRNAs into

(a) those associated with cancer genomic alterations,

(b) predictors of therapeutic responsiveness, (c) prog-

nosticators and (d) markers of diagnosis and monitor-

ing (Schmitt and Chang, 2016).

Moreover, lncRNAs act as regulators of cancer

immunity processes. In addition to their regulation in

cancer development and metastasis, recent studies have

suggested that lncRNAs play crucial roles in different

phases of cancer immunity, including (a) infiltration

into cancer tissues, (b) antigen presentation, (c) antigen

release, (d) immune activation, (e) immune cell migra-

tion and (f) killing of cancer cells.

Analysis of the literature indicates that lncRNAs

occupy a central role in innate and adaptive immunity

regulation, as well as in the development, progression

and maintenance of many human tumours (Yu et al.,

2018). Reciprocal crosstalk between the immune system,

EMT and metabolism regulation synergistically con-

tributes to malignant cancer behaviours, but the regula-

tory mechanisms underlying this interaction remain

unclear. While many studies have provided new insights

into immune gene regulation by lncRNAs, the vast

majority of lncRNAs in the immune system remain lar-

gely uncharacterized. We might conclude that lncRNAs

are a novel but fundamental part of cancer immunother-

apy, and their tissue- and target-specific nature enhances

their utility as both diagnostic markers and therapeutic

agents.

5. Conclusion

Our understanding of how lncRNAs influence the

immune system is very recent, and it remains unknown

whether there are specific lncRNAs expressed in

response to a certain pathogen or whether lncRNAs

are mainly involved in basic cellular immune responses

to different stress stimuli.

Recent evidence showed that lncRNAs can regulate

inflammation and innate immunity by targeting various

metabolic pathways in different manners, either func-

tioning through cis-regulation (e.g. blinc), antisense

inhibition (e.g. AdipoQ AS and IDH1-AS), interaction

with proteins (e.g. lncRNA-ACOD1, SAMMSON and

NBR243) or interaction with miRNA sponges (e.g.

H19).

It has been shown that lncRNAs regulate TNF-a
and interact with the NF-jB pathway mainly in a

TLR-dependent manner in the TME. Moreover, they

regulate EMT via the TGF-b signalling pathway.

lncRNAs also control glucose metabolism in tumour

cells and are involved in the response of different

host cells to various bacterial agents. Their role in

the regulation of cytotoxic T cells and Tregs is fun-

damental, but they also affect B cell functions. The

regulation of macrophage activity involves chemoki-

nes and IFN-stimulated genes. The functional impor-

tance of immune-related lncRNAs is just beginning
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to be characterized; their role as both biomarker

and target in the immunotherapy of cancer needs to

be examined further. Future studies are warranted to

deepen our understanding of lncRNA immune func-

tions and their application in clinics.

Author contributions

ND extracted data from public literature databases;

ND, MCM and CLN contributed to data analyses and

discussion; ND and CLN prepared the manuscript; ND,

MCM and CLN: approved the final manuscript.

Conflicts of interest

The authors have no conflicts of interest to declare.

References

Ashwal-Fluss R, Meyer M, Pamudurti NR, Ivanov A,

Bartok O, Hanan M, Evantal N, Memczak S,

Rajewsky N and Kadener S (2014) circRNA

biogenesis competes with pre-mRNA splicing. Mol

Cell 56, 55–66.
Atianand MK, Hu W, Satpathy AT, Shen Y, Ricci EP,

Alvarez-Dominguez JR, Bhatta A, Schattgen SA,

McGowan JD, Blin J et al. (2016) A long noncoding

RNA lincRNA-EPS acts as a transcriptional brake to

restrain inflammation. Cell 165, 1672–1685.
Battistelli C, Cicchini C, Santangelo L, Tramontano A,

Grassi L, Gonzalez FJ, de Nonno V, Grassi G,

Amicone L and Tripodi M (2017) The Snail repressor

recruits EZH2 to specific genomic sites through the

enrollment of the lncRNA HOTAIR in epithelial-to-

mesenchymal transition. Oncogene 36, 942–955.
Beermann J, Piccoli MT, Viereck J and Thum T (2016)

Non-coding RNAs in development and disease:

background, mechanisms, and therapeutic approaches.

Physiol Rev 96, 1297–1325.
Brazao TF, Johnson JS, Muller J, Heger A, Ponting CP

and Tybulewicz VL (2016) Long noncoding RNAs in

B-cell development and activation. Blood 128, e10.

Carpenter S, Aiello D, Atianand MK, Ricci EP, Gandhi P,

Hall LL, Byron M, Monks B, Henry-Bezy M,

Lawrence JB et al. (2013) A long noncoding RNA

mediates both activation and repression of immune

response genes. Science 341, 789–792.
Casero D, Sandoval S, Seet CS, Scholes J, Zhu Y, Ha VL,

Luong A, Parekh C and Crooks GM (2015) Long

non-coding RNA profiling of human lymphoid

progenitor cells reveals transcriptional divergence of B

cell and T cell lineages. Nat Immunol 16, 1282–1291.
Castellanos-Rubio A, Fernandez-Jimenez N, Kratchmarov

R, Luo X, Bhagat G, Green PH, Schneider R,

Kiledjian M, Bilbao JR and Ghosh S (2016) A long

noncoding RNA associated with susceptibility to celiac

disease. Science 352, 91–95.
Chan J, Atianand M, Jiang Z, Carpenter S, Aiello D,

Elling R, Fitzgerald KA and Caffrey DR (2015)

Cutting edge: a natural antisense transcript, AS-IL1a,

controls inducible transcription of the proinflammatory

cytokine IL-1a. J Immunol 195, 1359–1363.
Chen YG, Kim MV, Chen X, Batista PJ, Aoyama S,

Wilusz JE, Iwasaki A and Chang HY (2017) Sensing

self and foreign circular RNAs by intron identity. Mol

Cell 67, 228–238.
Collier SP, Collins PL, Williams CL, Boothby MR and

Aune TM (2012) Cutting edge: influence of Tmevpg1,

a long intergenic noncoding RNA, on the expression of

Ifng by T cells. J Immunol 189, 2084–2088.
Denaro N, Merlano MC, Russi EG and Lo Nigro C (2014)

Non coding RNAs in head and neck squamous cell

carcinoma (HNSCC): a clinical perspective. Anticancer

Res 34, 6887–6896.
Dong C, Yuan T, Wu Y, Wang Y, Fan TW, Miriyala S,

Lin Y, Yao J, Shi J, Kang T et al. (2013) Loss of

FBP1 by snail-mediated repression provides metabolic

advantages in basal-like breast cancer. Cancer Cell 23,

316–331.
Du M, Yuan L, Tan X, Huang D, Wang X, Zheng Z,

Mao X, Li X, Yang L, Huang K et al. (2017) The

LPS-inducible lncRNA Mirt2 is a negative regulator of

inflammation. Nat Commun 8, 2049.

Duval M, Cossart P and Lebreton A (2017) Mammalian

microRNAs and long noncoding RNAs in the host-

bacterial pathogen crosstalk. Semin Cell Dev Biol 65,

11–19.
Elling R, Chan J and Fitzgerald KA (2016) Emerging role

of long noncoding RNAs as regulators of innate

immune cell development and inflammatory gene

expression. Eur J Immunol 46, 504–512.
Ellis BC, Graham LD and Molloy PL (2014) CRNDE, a

long non-coding RNA responsive to insulin/IGF

signaling, regulates genes involved in central

metabolism. Biochim Biophys Acta 1843, 372–386.
Fan C, Tang Y, Wang J, Xiong F, Guo C, Wang Y,

Zhang S, Gong Z, Wei F, Yang L et al. (2017) Role of

long non-coding RNAs in glucose metabolism in

cancer. Mol Cancer 16, 130.

Gao Y, Wang T, Li Y, Zhang Y and Yang R (2018) Lnc-

chop promotes immunosuppressive function of

myeloid-derived suppressor cells in tumor and

inflammatory environments. J Immunol 200, 2603–
2614.

Gomez JA, Wapinski OL, Yang YW, Bureau JF, Gopinath

S, Monack DM, Chang HY, Brahic M and Kirkegaard

K (2013) The NeST long ncRNA controls microbial

susceptibility and epigenetic activation of the

interferon-gamma locus. Cell 152, 743–754.

70 Molecular Oncology 13 (2019) 61–73 ª 2018 The Authors. Published by FEBS Press and John Wiley & Sons Ltd.

lncRNAs and cancer immunity N. Denaro et al.



Guttman M, Amit I, Garber M, French C, Lin MF,

Feldser D, Huarte M, Zuk O, Carey BW, Cassady JP

et al. (2009) Chromatin signature reveals over a

thousand highly conserved large non-coding RNAs in

mammals. Nature 458, 223–227.
Hao Y, Yang X, Zhang D, Luo J and Chen R (2017) Long

noncoding RNA LINC01186, regulated by TGF-b/
SMAD3, inhibits migration and invasion through

epithelial-mesenchymal-transition in lung cancer. Gene

608, 1–12.
Heery R, Finn SP, Cuffe S and Gray SG (2017) Long non-

coding RNAs: key regulators of epithelial-mesenchymal

transition, tumour drug resistance and cancer stem

cells. Cancers (Basel) 9.

Hu G, Tang Q, Sharma S, Yu F, Escobar TM, Muljo SA,

Zhu J and Zhao K (2013) Expression and regulation of

intergenic long noncoding RNAs during T cell

development and differentiation. Nat Immunol 14,

1190–1998.
Hua Q, Mi B and Huang G (2018) The emerging co-

regulatory role of long noncoding RNAs in epithelial-

mesenchymal transition and the Warburg effect in

aggressive tumors. Crit Rev Oncol Hematol 126, 112–
120.

Hung CL, Wang LY, Yu YL, Chen HW, Srivastava S,

Petrovics G and Kung HJ (2014) A long noncoding

RNA connects c-Myc to tumour metabolism. Proc

Natl Acad Sci USA 111, 18697–186702.
IIott NE, Heward JA, Roux B, Tsitsiou E, Fenwick PS,

Lenzi L, Goodhead I, Hertz-Fowler C, Heger A, Hall

N et al. (2014) Long non-coding RNAs and enhancer

RNAs regulate the lipopolysaccharide-induced

inflammatory response in human monocytes. Nat

Commun 5, 3979.

Isin M, Ozgur E, Cetin G, Erten N, Aktan M, Gezer U

and Dalay N (2014) Investigation of circulating

lncRNAs in B-cell neoplasms. Clin Chim Acta 431,

255–259.
Jiang R, Tang J, Chen Y, Deng L, Ji J, Xie Y, Wang K,

Jia W, Chu WM and Sun B (2017) The long

noncoding RNA lnc-EGFR stimulates T-regulatory

cells differentiation thus promoting hepatocellular

carcinoma immune evasion. Nat Commun 8, 15129.

Johannessen M, Askarian F, Sangvik M and Sollid JE

(2013) Bacterial interference with canonical NFkB

signalling. Microbiology 159, 2001–2013.
Kang MK, Mehrazarin S, Park NH and Wang CY (2017)

Epigenetic gene regulation by histone demethylases:

emerging role in oncogenesis and inflammation. Oral

Dis 23, 709–720.
Kotzin JJ, Spencer SP, McCright SJ, Kumar DBU, Collet

MA, Mowel WK, Elliott EN, Uyar A, Makiya MA,

Dunagin MC et al. (2016) The long non-coding RNA

Morrbid regulates Bim and short-lived myeloid cell

lifespan. Nature 537, 239–243.

Krawczyk M and Emerson BM (2014) p50-associated

COX-2 extragenic RNA (PACER) activates COX-2

gene expression by occluding repressive NF-jB
complexes. Elife 3, e01776.

Li Z, Chao TC, Chang KY, Lin N, Patil VS, Shimizu C,

Head SR, Burns JC and Rana TM (2014b) The long

noncoding RNA THRIL regulates TNFalpha

expression through its interaction with hnRNPL. Proc

Natl Acad Sci USA 111, 1002–1007.
Li Z, Dong M, Fan D, Hou P, Li H, Liu L, Lin C, Liu J,

Su L, Wu L et al. (2017a) LncRNA ANCR down-

regulation promotes TGF-b-induced EMT and

metastasis in breast cancer. Oncotarget 8, 67329–67343.
Li ZQ, Gu XY, Hu JX, Ping Y, Li H, Yan JY, Li J, Sun

R, Yu ZJ and Zhang Y (2016) Hepatitis C virus core

protein impairs metabolic disorder of liver cell via

HOTAIR-Sirt1 signalling. Biosci Rep 36, e00336.

Li X, Liu CX, Xue W, Zhang Y, Jiang S, Yin QF, Wei J,

Yao RW, Yang L and Chen LL (2017b) Coordinated

circRNA biogenesis and function with NF90/NF110 in

viral infection. Mol Cell 67, 214–227.
Li H, Yu B, Li J, Su L, Yan M, Zhu Z and Liu B (2014a)

Overexpression of lncRNA H19 enhances

carcinogenesis and metastasis of gastric cancer.

Oncotarget 5, 2318–2329.
Liang L, Ai L, Qian J, Fang JY and Xu J (2015) Long

noncoding RNA expression profiles in gut tissues

constitute molecular signatures that reflect the types of

microbes. Sci Rep 5, 11763.

Lin A, Li C, Xing Z, Hu Q, Liang K, Han L, Wang C,

Hawke DH, Wang S, Zhang Y et al. (2016) The LINK-

A lncRNA activates normoxic HIF1a signalling in

triple-negative breast cancer. Nat Cell Biol 18, 213–224.
Liu B, Sun L, Liu Q, Gong C, Yao Y, Lv X, Lin L, Yao

H, Su F, Li D et al. (2015) A cytoplasmic NF-kB

interacting long noncoding RNA blocks IkB

phosphorylation and suppresses breast cancer

metastasis. Cancer Cell 27, 370–381.
Lu Z, Sun N and He J (2018) Effect of the TGFb induced

lncRNA TBILA on non-small cell lung cancer

progression by regulating HGAL and binding with

S100A7. J Clin Oncol 36(Suppl), abstr e24203.

Monnier P, Martinet C, Pontis J, Stancheva I, Ait-Si-Ali S

and Dandolo L (2013) H19 lncRNA controls gene

expression of the Imprinted Gene Network by recruiting

MBD1. Proc Natl Acad Sci USA 110, 20693–20698.
Ng WL, Marinov GK, Liau ES, Lam YL, Lim YY and Ea

K (2016) Inducible RasGEF1B circular RNA is a

positive regulator of ICAM-1 in the TLR4/LPS

pathway. RNA Biol 13, 861–871.
Ouyang D, Su J, Huang P, Li M, Li Q, Zhao P, Chen Q,

Zou Q, Feng X, Qian K et al. (2018) Identification of

lncRNAs via microarray analysis for predicting HER2-

negative breast cancer response to neoadjuvant

chemotherapy. Int J Clin Exp Pathol 11, 2621–2628.

71Molecular Oncology 13 (2019) 61–73 ª 2018 The Authors. Published by FEBS Press and John Wiley & Sons Ltd.

N. Denaro et al. lncRNAs and cancer immunity



Petri A, Dybkær K, Bøgsted M, Thrue CA, Hagedorn PH,

Schmitz A, Bødker JS, Johnsen HE and Kauppinen S

(2015) Long noncoding RNA expression during human

B-cell development. PLoS One 10, e0138236.

Rapicavoli NA, Qu K, Zhang J, Mikhail M, Laberge RM

and Chang HY (2013) A mammalian pseudogene

lncRNA at the interface of inflammation and anti-

inflammatory therapeutics. Elife 2, e00762.

Richards EJ, Zhang G, Li ZP, Permuth-Wey J, Challa S,

Li Y, Kong W, Dan S, Bui MM, Coppola D et al.

(2015) Long non-coding RNAs (LncRNA) regulated

by transforming growth factor (TGF) b: lncRNA-hit-

mediated TGFb-induced epithelial to mesenchymal

transition in mammary epithelia. J Biol Chem 290,

6857–6867.
Roux BT, Heward JA, Donnelly LE, Jones SW and

Lindsay MA (2017) Catalog of differentially expressed

long non-coding RNA following activation of human

and mouse innate immune response. Front Immunol 8,

1038.

Schmitt AM and Chang HY (2016) Long noncoding RNAs

in cancer pathways. Cancer Cell 29, 452–463.
Shi L, Song L, Fitzgerald M, Maurer K, Bagashev A

and Sullivan KE (2014) Noncoding RNAs and

LRRFIP1 regulate TNF expression. J Immunol 192,

3057–3067.
Siddle KJ, Tailleux L, Deschamps M, Loh YH, Deluen C,

Gicquel B, Antoniewski C, Barreiro LB, Farinelli L

and Quintana-Murci L (2015) Bacterial infection drives

the expression dynamics of microRNAs and their

isomiRs. PLoS Genet 11, e1005064.

Su J, Zhang E, Han L, Yin D, Liu Z, He X, Zhang Y, Lin

F, Lin Q, Mao P et al. (2017) Long noncoding RNA

BLACAT1 indicates a poor prognosis of colorectal

cancer and affects cell proliferation by epigenetically

silencing of p15. Cell Death Dis 8, e2665.

Tayari MM, Winkle M, Kortman G, Sietzema J, de Jong

D, Terpstra M, Mestdagh P, Kroese FG, Visser L,

Diepstra A et al. (2016) Long noncoding RNA

expression profiling in normal B-cell subsets and

hodgkin lymphoma reveals Hodgkin and Reed-

Sternberg cell-specific long noncoding RNAs. Am J

Pathol 186, 2462–2472.
Tian X, Ma J, Wang T, Tian J, Zhang Y, Mao L, Xu H

and Wang S (2018) Long non-coding RNA HOXA

transcript antisense RNA myeloid-specific 1-HOXA1

axis downregulates the immunosuppressive activity of

myeloid-derived suppressor cells in lung cancer. Front

Immunol 9, 473.

Tong Q, Gong AY, Zhang XT, Lin C, Ma S, Chen J, Hu

G and Chen XM (2016) LincRNA-Cox2 modulates

TNF-a–induced transcription of Il12b gene in intestinal

epithelial cells through regulation of Mi-2/NuRD-

mediated epigenetic histone modifications. FASEB J

30, 1187–1197.

Venkatraman A, He XC, Thorvaldsen JL, Sugimura R,

Perry JM, Tao F, Zhao M, Christenson MK, Sanchez

R, Yu JY et al. (2013) Maternal imprinting at the

H19-Igf2 locus maintains adult haematopoietic stem

cell quiescence. Nature 500, 345–349.
Wang CH, Li YH, Tian HL, Bao XX and Wang ZM

(2018) Long non-coding RNA BLACAT1 promotes

cell proliferation, migration and invasion in cervical

cancer through activation of Wnt/b-catenin signalling

pathway. Eur Rev Med Pharmacol Sci 22, 3002–3009.
Wang SH, Wu XC, Zhang MD, Weng MZ, Zhou D and

Quan ZW (2015a) Upregulation of H19 indicates a

poor prognosis in gallbladder carcinoma and promotes

epithelial-mesenchymal transition. Am J Cancer Res 6,

15–26.
Wang P, Xu J, Wang Y and Cao X (2017) An interferon-

independent lncRNA promotes viral replication by

modulating cellular metabolism. Science 358, 1051–
1055.

Wang P, Xue Y, Han Y, Lin L, Wu C, Xu S, Jiang Z, Xu

J, Liu Q and Cao X (2014) The STAT3-binding long

noncoding RNA lnc-DC controls human dendritic cell

differentiation. Science 344, 310–313.
Wang Y, Zhong H, Xie X, Chen CY, Huang D, Shen L,

Zhang H, Chen ZW and Zeng G (2015b) Long non

coding RNA derived from CD244 signalling

epigenetically controls CD8+ T-cell immune responses

in tuberculosis infection. Proc Natl Acad Sci USA 112,

E3883–E3892.
Wenes M, Shang M, Di Matteo M, Goveia J, Mart�ın-P�erez

R, Serneels J, Prenen H, Ghesqui�ere B, Carmeliet P

and Mazzone M (2016) Macrophage metabolism

controls tumour blood vessel morphogenesis and

metastasis. Cell Metab 24, 701–715.
Westermann AJ, F€orstner KU, Amman F, Barquist L,

Chao Y, Schulte LN, M€uller L, Reinhardt R, Stadler

PF and Vogel J (2016) Dual RNA-seq unveils

noncoding RNA functions in host-pathogen

interactions. Nature 529, 496–501.
Willingham AT, Orth AP, Batalov S, Peters EC, Wen BG,

Aza-Blanc P, Hogenesch JB and Schultz PG (2005) A

strategy for probing the function of noncoding RNAs

finds a repressor of NFAT. Science 309, 1570–1573.
Xia M, Liu J, Liu S, Chen K, Lin H, Jiang M, Xu X, Xue

Y, Liu W, Gu Y et al. (2017) Ash1 l and lnc-Smad3

coordinate Smad3 locus accessibility to modulate iTreg

polarization and T cell autoimmunity. Nat Commun 8,

15818.

Xu J and Cao X (2018) Long noncoding RNAs in the

metabolic control of inflammation and immune

disorders. Cell Mol Immunol, https://doi.org/10.1038/

s41423-018-0042-y.

Yang ZG, Awan FM, Du WW, Zeng Y, Lyu J, Wu GS,

Yang W and Yang BB (2017) The circular RNA inter-

acts with STAT3, increasing its nuclear translocation

72 Molecular Oncology 13 (2019) 61–73 ª 2018 The Authors. Published by FEBS Press and John Wiley & Sons Ltd.

lncRNAs and cancer immunity N. Denaro et al.

https://doi.org/10.1038/s41423-018-0042-y
https://doi.org/10.1038/s41423-018-0042-y


and wound repair by modulating Dnmt3a and miR-17

function. Mol Ther 25, 2062–2074.
Yang T, He X, Chen A, Tan K and Du X (2018) LncRNA

HOTAIR contributes to the malignancy of

hepatocellular carcinoma by enhancing epithelial-

mesenchymal transition via sponging miR-23b-3p from

ZEB1. Gene 670, 114–122.
Yang L, Hou Y, Yuan J, Tang S, Zhang H, Zhu Q, Du Y,

Zhou M, Wen S, Xu L et al. (2015) Twist promotes

reprogramming of glucose metabolism in

breast cancer cells through PI3K/AKT and p53

signalling pathways. Oncotarget 6, 25755–25769.
Yang X, Yang J, Wang J, Wen Q, Wang H, He J, Hu S,

He W, Du X, Liu S et al. (2016) Microarray analysis

of long noncoding RNA and mRNA expression

profiles in human macrophages infected

with Mycobacterium tuberculosis. Sci Rep 6, 38963.

Yi Z, Li J, Gao K and Fu Y (2014) Identification of

differentially expressed long non-coding RNAs in

CD4+ T cells response to latent tuberculosis infection.

J Infect 69, 558–568.
Yu L, Lu M, Jia D, Ma J, Ben-Jacob E, Levine H,

Kaipparettu BA and Onuchic JN (2017) Modeling the

genetic regulation of cancer metabolism: interplay

between glycolysis and oxidative phosphorylation.

Cancer Res 77, 1564–1574.
Yu WD, Wang H, He QF, Xu Y and Wang XC (2018)

Long noncoding RNAs in cancer-immunity cycle. J

Cell Physiol 233, 6518–6523.
Zhang P, Cao L, Fan P, Mei Y and Wu M (2016)

LncRNA-MIF, a c-Myc-activated long non-coding

RNA, suppresses glycolysis by promotingFbxw7-

mediated c-Myc degradation. EMBO Rep 17, 1204–
1220.

Zhang X, Lian Z, Padden C, Gerstein MB, Rozowsky J,

Snyder M, Gingeras TR, Kapranov P, Weissman SM

and Newburger PE (2009) A myelopoiesis-associated

regulatory intergenic noncoding RNA transcript within

the human HOXA cluster. Blood 113, 2526–2534.
Zhang X, Rice K, Wang Y, Chen W, Zhong Y, Nakayama

Y, Zhou Y and Klibanski A (2010) Maternally

expressed gene 3 (MEG3) noncoding ribonucleic acid:

isoform structure, expression, and functions.

Endocrinology 151, 939–947.
Zhang X, Weissman SM and Newburger PE (2014) Long

intergenic non-coding RNA HOTAIRM1 regulates cell

cycle progression during myeloidmaturation in NB4

human promyelocytic leukemia cells. RNA Biol 11,

777–787.
Zhu H, Wang Q, Yao Y, Fang J, Sun F, Ni Y, Shen Y,

Wang H and Shao S (2015) Microarray analysis of

long non-coding RNA expression profiles in human

gastric cells and tissues with Helicobacter pylori

infection. BMC Med Genomics 8, 84.

Zou ZW, Ma C, Medoro L, Chen L, Wang B, Gupta R,

Liu T, Yang XZ, Chen TT, Wang RZ et al. (2016)

LncRNA ANRIL is up-regulated in nasopharyngeal

carcinoma and promotes the cancer progression via

increasing proliferation, reprograming cell glucose

metabolism and inducing side-population stem-like

cancer cells. Oncotarget 7, 61741–61754.
Zur Bruegge J, Einspanier R and Sharbati S (2017) A long

journey ahead: long non-coding RNAs in bacterial

infections. Front Cell Infect Microbiol 7, 95.

73Molecular Oncology 13 (2019) 61–73 ª 2018 The Authors. Published by FEBS Press and John Wiley & Sons Ltd.

N. Denaro et al. lncRNAs and cancer immunity


	Outline placeholder
	a1
	a2
	tbl1
	fig1
	fig2
	bib1
	bib2
	bib3
	bib4
	bib5
	bib6
	bib7
	bib8
	bib9
	bib10
	bib11
	bib12
	bib13
	bib14
	bib15
	bib16
	bib17
	bib18
	bib19
	bib20
	bib21
	bib22
	bib23
	bib24
	bib25
	bib26
	bib27
	bib28
	bib29
	bib30
	bib31
	bib32
	bib33
	bib34
	bib35
	bib36
	bib37
	bib38
	bib39
	bib40
	bib41
	bib42
	bib43
	bib44
	bib45
	bib46
	bib47
	bib48
	bib49
	bib50
	bib51
	bib52
	bib53
	bib54
	bib55
	bib56
	bib57
	bib58
	bib59
	bib60
	bib61
	bib62
	bib63
	bib64
	bib65
	bib66
	bib67
	bib68
	bib69
	bib70
	bib71
	bib72
	bib73
	bib74
	bib75
	bib76
	bib77
	bib78
	bib79
	bib80
	bib81


