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Abstract

Inflammatory bowel diseases (IBD) are a group of chronic relapsing gastrointestinal inflammatory diseases with significant global
incidence. Although the pathomechanism of IBD has been extensively investigated, several aspects of its pathogenesis remain un-
clear. Long non-coding RNAs (IncRNAs) are transcripts with more than 200 nucleotides in length that have potential protein-coding
functions. LncRNAs play important roles in biological processes such as epigenetic modification, transcriptional regulation and post-
transcriptional regulation. In this review, we summarize recent advances in research on IBD-related IncRNAs from the perspective of
the overall intestinal microenvironment, as well as their potential roles as immune regulators, diagnostic biomarkers and therapeutic
targets or agents for IBD.
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Introduction

Inflammatory bowel diseases (IBD) refer to a group of chronic re-
lapsing gastrointestinal inflammatory disorders. Ulcerative colitis
(UC) and Crohn’s disease (CD) are the two major IBD subtypes [1].
The UC-associated inflammation is limited to mucosal layers of
the colon and rectum, resulting in continuous superficial ulcer-
ation to the intestinal bowel wall [2]. In contrast, CD commonly
involves the terminal ileum as well as the colon and presents
different phenotypes, including stricture and penetration due
to fibrosis and fistulas, respectively [3]. Abdominal pain and
bloody diarrhea, weight loss, malnutrition, and fever are the most
common IBD symptoms, whose diagnosis requires a combination
of symptoms, endoscopy, histopathology, and laboratory tests [2,
3]. Due to its high prevalence in western countries and the recent
significant increase in incidences in eastern countries, IBD is a
huge global social and economic burden [4]. The exact patho-
genesis of IBD has not been fully determined, however, multiple
factors, including genetic background, environmental factors,
and immune response dysregulation have been implicated [5].
Changes in any component of one of the above-mentioned
factors are sufficient to induce IBD [6]. Intestinal immune system
dysfunction-induced inflammatory changes are key precursors
of IBD [7-10]. Besides, IBD occurrence and development are
also regulated by complex environmental factors [11]. These
risk factors can lead to intestinal barrier dysfunctions, which

is central to IBD pathogenesis [12]. Thus, improving intestinal
barrier function may be a potential therapeutic strategy for IBD.
As a key pro-inflammatory cytokine, tumor necrosis factor (TNF)
can cause barrier defects and inflammatory cascades, leading
to prolonged disease course [13]. Anti-TNF treatment has been
the mainstay of biologics in the last 20 years, with the ability
to significantly restore intestinal barrier function and improve
treatment outcome [14]. However, after cessation of treatment, a
number of patients experience a relapse of inflammation [15]. The
overall risk of relapse one year after discontinuation of anti-TNF
therapy is 28% in UC and 40% in CD [16]. The lack of clarity in
IBD pathogenesis and the difficulty in its treatment emphasizes
the need to uncover the underlying causative mechanisms to
facilitate the development of effective drugs.

Long non-coding RNAs (LncRNAs) are transcripts of longer than
200 nucleotides in length that have no evident protein-coding
functions [17]. They participate in various biological processes,
such as epigenetic modification regulation, function as transcrip-
tional enhancers, recruitment of transcription factors, modifi-
cation of protein translation or stability, and act as molecular
sponges for miRNAs among others [18-22]. In IBD pathogenesis,
IncRNAs are involved in microbial defense, mucosal barrier func-
tion regulation, intestinal epithelial restitution, innate and adap-
tive immune responses, and pathways associated with cellular
homeostasis [1]. Given the significant role that IncRNAs play in
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Figure 1. Structure of intestinal barriers. Intestinal homeostasis of a healthy body depends on four barriers. Beneficial bacteria in gut microbiota form
an important microbial protective barrier against pathogens. Biochemical barriers include mucus, antimicrobial peptides, tissue repair factors,
secretory IgA, and bacterial metabolites, all of which can inhibit the proliferation, adhesion and invasion of pathogenic bacteria. Physical barriers
constitute intact intestinal mucosal epithelium, tight junctions, adhesive junctions and desmosomes between epithelial cells, which can effectively
block bacteria, viruses and endotoxins. The immunological barrier is mainly composed of GALT and diffuse immune cells, which can recognize
antigens in the intestinal environment, activate innate and adaptive immunity, resist invasion by pathogenic microorganisms, and suppress immune

responses when necessary.

the pathogenesis of IBD, we consolidate the existing knowledge on
the mechanisms and expression patterns of IncRNAs implicated
in the initiation and advancement of IBD from the perspective of
the overall intestinal microenvironment.

As for IncRNAs as biomarkers for diagnosis of IBD and drug tar-
gets for treatment, multiple reviews comprehensively analyzed
the distinct in expression profiles of IncRNAs in both colonic tis-
sues and plasma of patients with IBD using advanced techniques
such as microarray or RNA sequencing, and highlighted the
promising potential role of some IncRNAs as novel and valuable
diagnostic biomarkers as well as promising therapeutic targets
or drugs for IBD [23-25]. However, some existing problems have
not been solved, such as sensitivity, specificity, consistency and
stability for IncRNAs themselves, and experimental design flaws
for researchers. We further put forward our own insights based
on the above problems, with a goal of contributing to the clinical
application and transformation of IncRNAs in the context of
IBD.

Overview of intestinal barrier

The intestinal barrier consists of microbial, biochemical, physical
and immunological barriers, which together play a role in main-
taining the intestinal homeostasis (Fig. 1) [26]. Beneficial bacteria
in the gut form an important microbial protective barrier against
pathogens. Alterations in the composition of intestinal flora
structure can pave the way for potential pathogens to colonize
and invade the intestinal tract. This, in turn, triggers the release of

inflammatory cytokines through interactions with host immune
cells, ultimately exacerbating intestinal damage [27]. Biochemical
barriers include the mucus, antimicrobial peptides, tissue repair
factors (trefoil factors), secretory IgA, and bacterial metabolites,
all of which can inhibit the proliferation, adhesion and invasion of
pathogenic bacteria [28]. Physical barriers (mechanical barriers)
refer to the intact intestinal mucosal epithelium and tight junc-
tions, adhesive junctions and desmosomes between epithelial
cells, which can effectively block bacteria, viruses and endotoxins
[29]. Immunological barriers include gut associated lymphocyte
tissues (GALT) and diffuse immune cells. The intestinal immune
system can recognize antigens (bacteria, viruses, toxins) in the
intestinal environment, activate innate and adaptive immunity,
eliminate antigens, and effectively resist pathogenic invasion
while suppressing immune responses when necessary to balance
immune defense and maintain homeostasis [30]. IBD stems
from structural changes in intestinal flora, abnormal immune
responses, as well as damage to intestinal biochemical and
physical barriers. In many of these biological processes, IncRNAs
play a key role.

Functional mechanism of IncRNAs and its
regulatory roles in IBD

Studies have shown that IncRNAs can regulate gene expression
through diverse mechanisms involving following methods: signal,
decoy, guide, scaffold, post-transcriptional regulation, and protein
coding, thus modulating important biological processes (Fig. 2)
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Figure 2. Mechanisms of IncRNA function. (A) As signals, IncRNAs directly interact with transcriptional factors to indicate gene regulation. (B) As
decoys, IncRNAs can titrate away transcription factors away from chromatin, blocking effects of transcriptional factors. (C) IncRNAs act as decoys for
miRNA target site, titrating miRNAs away from their mRNA targets and indicating mRNA expression. (D) As guides, IncRNAs can recruit chromatin
modifying enzymes to target genes, either in cis or in trans to distant target genes. (E) As scaffolds, IncRNAs can bring together multiple proteins to form
ribonucleoprotein complexes. (F) For post-transcriptional regulation, IncRNAs directly modulate processing of their mRNA targets at multiple levels,
including translation, splicing and degradation. (G) For protein coding, eIF4E recognizes sORF on IncRNA to recruit ribosomes and initiate translation.

[17, 20, 31]. The first archetype of IncRNAs is “signal”. LncR-
NAs are transcribed in a spatiotemporal manner in response to
developmental cues, diverse stimuli, or cellular context. They ac-
tively participate in the specific signal pathways as molecular
signals. The second function of IncRNAs is that of acting as de-
coy. LncRNAs act as a “molecular sink” for RNA-binding proteins.
Certain IncRNAs function as miRNA decoys by binding to com-
plementary sites on the coding sequences or 3’ UTRs of target
gene transcripts. Through this interaction, they indirectly regu-
late protein expression from specific mRNAs [32, 33]. The third
action mode of IncRNA is the guide. LncRNAs interact with RNA
binds protein(s), then direct the localization of ribonucleopro-
tein complex to specific targets. Furthermore, IncRNAs can func-
tion as molecular scaffold to recruit multiple effector partners
(such as repressive and activated chromatin modifiers), thereby
repressing or activating target gene expression, respectively. In ad-
dition, IncRNAs directly modulate the processing of their mRNA
targets at post-transcriptional levels, including translation [34],
splicing [35] and degradation [36]. Importantly, recent studies have
found that numerous short or small ORFs (sORFs or smORFs)
on IncRNAs have ability to encode peptides [37-41]. These trans-
lation products serve as novel potential prognostic biomark-
ers and therapeutic targets for the diagnosis and treatment of
diseases.

Based on the molecular mechanism of IncRNAs mentioned
above, IncRNAs are involved in IBD processes by regulating mi-
crobial defense, mucus barriers, intestinal epithelial restitution,
innate and adaptive immune responses (Table 1).

LncRNAs regulate gut microbial defence

Establishing and sustaining beneficial interactions between the
host and commensal microbiota are crucial factors for main-
taining host health. Commensal microbiota inhabits virtually all
host mucosal surfaces, with the majority residing within the gas-
trointestinal tract. There are thousands of bacterial species of
four major bacterial phyla (Firmicutes, Bacteroidetes, Proteobacteria
and Actinobacteria) in the whole human gut microbiome [42]. Gut
microbiome composition or species diversity in the gut varies
with diet, age, and drug factors among others [43]. In healthy
intestines, the phyla Bacteroidetes, Firmicutes, Actinobacteria, Pro-
teobacteria, and Verrucomicrobia predominate, and play a role in
the production of epithelial metabolites [44]. In CD, the micro-
biota showed a significant decrease in the abundance of Firmi-
cutes and Bacteroidetes and an increase of Enterobacteria. Reduced
Clostridium spp. and increased Escherichia coli abundance have
been reported in UC [45], resulting in increased intestinal col-
onization by infectious pathogens. The abundance of Roseburia
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Table 1. Known mechanisms of IncRNAs involved in regulation of UC and CD.

LncRNAs Sample Targets Biological function Reference
Up-regulated in UC
DANCR Animal model miR-125b-5p Promote inflammation and down-regulate protective [66]
proteins level
CCAT1 Clinical sample miR-185-3p/MLCK Up-regulate MLCK and further increase barrier [74]
(Colonic tissue) permeability
H19 Clinical sample miR-675-5p/VDR Decrease vitamin D receptor and TJ proteins [75]
(Colonic tissue) expression, resulting in the epithelial barrier
dysfunction
H19 Animal model miR-675/Z0-1 and Destabilize and repress the translation of ZO-1 and [76]
E-cadherin E-cadherin mRNAs, resulting in destruction of
intestinal epithelial barrier function
H19 Animal model miR-141/ICAM-1, Up-regulate the expression of ICAM-1 and CXCR4 [109]
miR-139/CXCR4 targeting miR-141 and miR-139, thus enhancing the
immunosuppressive and promoting cell proliferation
and migration
H19 Animal model miR-331-3p/TRAF4 Promote TRAF4 transcription, thereby aggravating [110]
intestinal injury
NEAT1 Animal model Z0-1, Claudin-5 and Promote the inflammatory response by modulating [78]
Occludin the intestinal epithelial barrier and through
exosome-mediated polarization of macrophages
NEAT1 Clinical sample TNFRSF1B/NF-«B p65 Promote NF-«B p65 translocation and mediate [87]
(Colonic tissue) intestinal inflammation
NEAT1 Clinical sample miR-603/FGF9 Inhibit cell viability, and enhance cell apoptosis and [94]
(Colonic tissue) the production of cytokines
NEAT1 Animal model miR-204-5p/PI3K-Akt Increase release of inflammation cytokines [97]
NEAT1 Clinical sample miR-410-3p/LDHA Enhance [ECs dysfunction by breaking the [101]
(Colonic tissue) homeostasis of the glucose metabolism
ITSN1-2 Clinical sample miR-125a/IL-23R Promote CD4" T cell activation, proliferation, and [140]
(Colonic tissue Th1/Th17 cell differentiation, and increased
and PBMCs) inflammatory cytokines
ANRIL Clinical sample miR-323b- Promote cell apoptosis and cytokine production [84]
(Colonic tissue) Sp/TLR4/MyD88/NF-«B
NORAD Clinical sample miR-552-3p/MYD88 Increase cell apoptosis, inflammation, and oxidative [85]
(Colonic tissue) stress
IFNG-AS1 Clinical sample NF-«B, PI3K/Akt Enhance inflammation and increase cell apoptosis [88,89]
(Colonic tissue)
PINT Clinical sample p65/EZH2/TNF-a Act as a modular scaffold of p65 and EZH2 to [91]
(Colonic tissue) coordinate their localization and specify their
binding to the target genes (TNF-a)
NAIL Clinical sample Wip1/p38/NF-«B Inactivating Wip1 and further active NF-«B subunit [92]
(Colonic tissue) P65, increasing proinflammatory cytokines
MALAT1 Clinical sample LncRNA Promote the apoptosis of colonic epithelial cells [93]
(Colonic tissue ANRIL/PI3K-AKT
and plasma) pathway
SNHG5 Clinical sample miR-375/JAK2 Suppress cell proliferation and promote cell [108]
(Colonic tissue) apoptosis
CRNDE Cell model miR-495/SOCS1 Promote colonic epithelial cell apoptosis [117]
KIF9-AS1 Clinical sample miR-148a-3p/SOCS3 Enhance the colon injury and inflammation and [112]
(Colonic tissue) increase the apoptosis colonic cells
BC012900 Clinical sample PPM1A/TP53-p53 Up-regulate PPM1A, which in turn activate the [116]
(Colonic tissue) expression of tumor suppressor gene TP53/p53,
leading to G2/M cell cycle arrest and apoptosis
OIP5-AS1 Animal model miR-26a-5p/IL-6 Increase IL-6 expression [147]
Down-regulated in UC
PIncRNA1 Cell model miR-34c-5p/MAZ/Z0-1 Inhibit the expression of MAZ, ZO-1, and occludin to [77]
destroy intestinal epithelial barrier integrity
CDKN2B-AS1 (ANRIL) Clinical sample Claudin-2 Decreased colonic barrier integrity [79]
(Colonic tissue)
MEG3 Animal model miR-20b-5p/CREB1 Decrease cell viability and increase inflammatory [25]
responses
MEG3 Animal model miR-98-5p/IL-10 Increased ROS, inflammatory cytokine production [105]

and promote cell apoptosis and pyroptosis
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LncRNAs Sample Targets Biological function Reference
ANRIL PBMCs and NF-«B Increase inflammatory cytokine production and [99]
serum inflammation
CDKN2B-AS1 Clinical sample miR-195-5p miR-16-5p Promote cell apoptosis and increase inflammation [100]
(serum) response
78 583 Clinical sample miR3202/HOXB13/IL-10 Increase inflammation response [88]
(colon tissue)
GAS5 Clinical sample MMP2/MMPS, Increase inflammatory damage [90]
(Colonic tissue) Krippel-like factor 2
Mirt2 Clinical sample MAPK/IL-22 Decrease IL-22 expression and increase apoptotic [98]
(plasma) rate of colonic epithelial cells
TUG1 Clinical sample miR-142-5p/SOCS1 Enhance cell injury and inflammation [102]
(Colonic tissue)
TUG1 Animal model HuR/c-mycmiR-29b- Suppress cell proliferation and promote cell [104]
3p/CDK2 apoptosis
PMS2L2 Clinical sample miR-24 Up-regulate miR-24 via methylation to promote cell [115]
(plasma) apoptosis
Gm31629 Clinical sample YB-1/E2F Suppress cell proliferation and epithelial [117]
(Colonic tissue) regeneration
Up-regulated in CD
DQ786243 PBMCs CREB, Foxp3 Regulate the function of Treg through CREB and [143]
Foxp3
CNN3-206 Clinical sample miR-212/Caspasel0 Increase apoptosis, migration and invasion of [114]
(colonic tissue) intestinal epithelial cells
01272 Clinical sample miR-153-5p Activate the epithelial-mesenchymal transition [116]
(colonic tissue) (EMT), causing the loss of epithelial cells and
increases tissue damage
Down-regulated in CD
MALAT1 Clinical sample miR-146b- Destroy intestinal mucosal barrier and intestinal [80]
(colonic tissue) Sp/NUMB/CLDN11 homeostasis
LOC102550026 Animal model miRNA-34c-5p/Pckl Increase reactive oxygen species and [148]
proinflammatory cytokines, and contributed to M1
polarization

PBMCs: Peripheral blood mononuclear cells.

intestinalis (R. intestinalis), one of the dominant intestinal commen-
sal microbiotas, was found to be decreased in both UC and CD
patients. R. intestinalis-derived flagellin ameliorates IBD colitis by
suppressing inflammatory responses via inhibiting miR-223-3p-
mediated activation of the NOD-like receptor protein 3 (NLRP3) in-
flammasome and production of pro-inflammatory cytokines [46].
Butyrate secreted by R. intestinalis enhances the binding of tran-
scription factor specificity protein 3 (Sp3) to TLRS promoter re-
gions, up-regulating TLRS transcription, protecting against micro-
bial infections, inflammation, tissue injury and colitis [47]. More-
over, R. intestinalis increases ZO-1 protein expression [48] and stim-
ulates thymic stromal lymphopoietin (TSLP) production in in-
testinal epithelial cells (IECs) via TLRS, inducing the secretion of
IL-10 and TGF-B by dendritic cells (DCs), which promotes anti-
inflammatory regulatory T cells (Tregs) differentiation to inhibit
inflammation [49]. Targeted colonization by magnetic nanoparti-
cle internalized R. intestinalis has been developed as a novel ther-
apeutic strategy against colitis [50]. IncRNAs was found to regu-
late R. intestinalis flagellin-mediated alleviation of colitis. R. Intesti-
nalis flagellin activated IncRNA HIF1A-AS2 promotor via increas-
ing Stat1 phosphorylation, promoting Stat1 nuclear translocation,
thereby activating promotor of HIF1A-AS2. Elevated HIF1A-AS2
inhibited inflammatory responses induced by flagellin in Dex-
tran Sulfate Sodium (DSS) treated animals by inactivating the
NF-«B/JNK pathway, suggesting that as a negative regulator of
inflammatory responses, HIF1A-AS2 may be a novel therapeutic

agent for colitis [51]. It was reported that IncRNA NKILA bound
to NF-«B/I«B, and directly masked the phosphorylation motifs of
Ik B, thereby inhibiting IKK-induced I«B phosphorylation and NF-
«B activation [52]. Whether HIF1A-AS?2 can also bind to NF-«B/IxB
complex and inhibit NF-«B signaling by masking the phosphory-
lation sites of kB and stabilizing the complex needs to be further
investigated. Microarray analysis of mice colonic endothelial cells
treated with DSS and flagellin showed significant up-regulation
of 1206 IncRNAs and down-regulation of 628 IncRNAs [51]. These
findings establish a comprehensive database for investigating the
regulatory impact of IncRNAs on IBD, particularly concerning the
defense against intestinal commensal bacteria.

Neonatal necrotizing enterocolitis (NEC), a serious inflamma-
tory bowel disease of newborns, has multifactorial etiopathogen-
esis. The abundance of Fusobacterium nucleatum (F. nucleatum) in
NEC patients is higher than in healthy individuals [53]. In mice
models, F nucleatum aggravated colitis, increased MPO activity lev-
els, and promoted the secretion of pro-inflammatory cytokines
in colon tissues. Mechanistically, F. nucleatum selectively activated
IncRNA ENO1-IT1 transcription via upregulating the binding effi-
ciency of transcription factor SP1 to the promoter region of ENO1-
IT1, inducing IRF5S mRNA and protein expression through spong-
ing miR-22-3p, further increasing the expression of various in-
flammatory cytokines, and aggravating colitis [54]. Thus, IncRNA
ENO1-IT1is an important target for F nucleatum in NEC-associated
inflammation. Hong et al. reported that F nucleatum promoted



6 | Jiangetal

Fusobacterium nucleatum

Pro-inflammatory
cytokines

Roseburia intestinalis

Flagellin

Flagellin

_— &P

Figure 3. Intestinal commensal bacteria target IncRNAs to regulate immune responses and affect intestinal homeostasis. LncRNA ENO1-IT1 and IRF5
can form competing endogenous RNA (ceRNA) networks and crosstalks occur through shared miR-22-3p. LncRNA HIF1A-AS2 can target
transcriptional regulators (NF-«B) to regulate related molecular signaling pathways.

glycolysis and tumorigenesis of colorectal cancer by targeting
ENO1-IT1 [54]. These findings show that intestinal commensal
bacteria can target IncRNAs to regulate immune responses, which
alters the intestinal homeostasis (Fig. 3).

Microbial organisms and their products can affect the host’s
mucosal barrier function and immune responses to commen-
sal microbes. To date, several studies have explored the relation-
ship between intestinal microbial composition and IncRNAs ex-
pression profiles [55-57]. Liang et al. conducted a study where
they observed distinct IncRNA expression profiles in intestinal
tissues that enabled the differentiation of germ-free mice from
mice re-colonized with various types of microorganisms. These
findings strongly suggest that IncRNA expression profiles hold
promise as an effective tool for distinguishing and characteriz-
ing different microbial compositions in the gut [56]. Therefore, we
believe that the altered intestinal microbial composition in IBD
will cause changes in the IncRNA expression profile of intesti-
nal tissue. This is also confirmed by another study [55]. Braun
et al. used hierarchical All-against-All association testing (HAIIA)
to identify specific significant associations between IncRNAs and
microbial abundance Amplicon Sequence Variants (ASVs) in UC.
The data revealed positive association between IncRNA GATA6-
AS1 and Blautia, between IncRNA LINC01272 and Streptococcus and
Veillonella, and a negative association between GATA6-AS1 and
Enterococcus. Furthermore, the researchers observed that the de-
creased expression of IncRNA HIF1A-AS?2 in the gut epithelium of

mice resulted in heightened susceptibility to DSS-induced colitis.
This susceptibility was concomitant with significant changes in
the composition of gut microbiota. On the other hand, the pres-
ence of IncRNA HNF1A-AS1 played a crucial role in preserving
the integrity of the intestinal mucosal barrier. Reduced expression
of HNF1A-AS1 led to more severe mucosal injury, consequently
causing alterations in the microbial community [51].

In summary, the intricate interplay between microbial
abundance and mucosal IncRNA expression play a critical
role in preserving intestinal homeostasis. However, the pre-
cise mechanisms through which microbial signals influence
the regulation of IncRNA expression require further in-depth
investigation.

LncRNAs regulate mucosal biochemical and
physical barriers

Evidence has indicated that intestinal homeostasis is influenced
not only by the gut microbiota composition, but also by mi-
crobial products. Gut microbiota and their products can not
only induce the production of secretory IgA (sIgA) [58] and an-
timicrobial peptides (AMPs) [59, 60], but also stimulate the re-
lease of mucins [61], which constitute the biochemical barrier
of the intestine. Mucins are produced by goblet cells and se-
creted into the intestinal lumen. Based on their structure and
localization, mucins can be divided into secretory mucins and



membrane-bound (transmembrane) mucins. Secretory mucins
form a protective layer over organs and create a biochemical bar-
rier against pathogens while membrane-bound (transmembrane)
mucins are retained in the plasma membrane due to the pres-
ence of a transmembrane domain, which plays a role in trans-
mitting signals [62]. Mucin 2 was the first gel-forming mucin to
be discovered in humans. Thinner and discontinuous mucus and
decreased expression of MUC2 mucin have been reported in UC
patients and in DSS-induced colitis mice models [62-64]. Sup-
pressed MUC2 mucin levels may be attributed to altered trans-
lation or altered post-translational levels, independent of MUC2
mucin transcription rates [65]. LncRNAs are important gene ex-
pression regulators by targeting miRNA to influence mRNAs sta-
bility of encoding genes. For instance, IncRNA DANCR was up-
regulated while miR-125b-5p, MUC2, zonula occludens 1 (ZO-1)
and Claudin-2 expression levels were suppressed in DSS-induced
UC mice models. Silencing DANCR inhibited inflammatory fac-
tor expression, up-regulated MUC2, ZO-1 as well as claudin-1
protein levels and suppressed cell apoptosis, thereby attenuat-
ing DSS-induced endothelial injury. Notably, these effects could be
counteracted by miR-125b-5p inhibitor [66], suggesting that miR-
125b-5p increased the translation of targets by both transcrip-
tional and post-transcriptional mechanisms, rather than repres-
sive function.

The epithelial cells located beneath the mucus layer are the
integral components of the protective epithelial barrier against
bacterial invasion and play an important role in maintaining in-
testinal homeostasis. The complete epithelial barrier limits inter-
actions between the host immune responses and intestinal micro-
biota [67]. The thinning of the mucus layer caused by various fac-
tors increases the direct interaction between bacteria and the ep-
ithelial cells [68]. Dysregulated intestinal epithelial barriers mean
a decline of intestinal defense and thus an increased chance of
colitis occurrence and development.

The intestinal epithelial barrier defense system consists of a
protein complex between adjacent cells, including tight junctions
(TJ), adherent junctions (AJ) and desmosomes [69]. As a network of
transmembrane proteins, T] proteins control paracellular perme-
ability [70]. Increased permeability was observed in UC, in tandem
with TJ structural abnormality and down-regulation and redistri-
bution of TJ or AJ proteins [71-73]. LncRNAs are involved in regu-
lating the structure and functions of TJ, including the endocytosis
of junction proteins, reduced TJ protein expressions and activat-
ing the myosin light-chain kinase (MLCK) to promote cytoskele-
tal contractions. The IncRNA CCAT1 expression level is increased
in UC patients and acted as a sponge for miR-185-3p, by bind-
ing the 3’ untranslated region (UTR) of MLCK mRNA to inhibit its
expression. The MLCK plays a crucial role in myosin light chain
(MLC) phosphorylation and the subsequent TJ proteins distribu-
tion, leading to increased paracellular permeability [74]. LncRNA
H19 was found to be up-regulated in UC patients. It serves as a
precursor for miR-675 and increases the cellular abundance of
miR-675, which targets the 3’ UTR sequence of vitamin D recep-
tor (VDR) mRNAs to suppress ZO-1 and E-cadherin expressions,
resulting in epithelial barrier defects [76]. The RNA-binding pro-
tein (HuR) prevents the stimulation of miR-675 caused by over-
expression of H19, promotes ZO-1 and E-cadherin expressions,
and restores epithelial barrier functions [76]. LncRNA PIncRNA1
acts as a sponge for miR-34c, negatively regulating the expres-
sion of miR-34c. Overexpressed IncRNA PIncRNA1 down-regulates
miR-34c to target Myc-associated zinc finger protein (MAZ) and
up-regulates its expression. Physiologically, MAZ can bind pro-
moter regions of ZO-1 and occludin and its up-regulation pro-
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motes ZO-1 and occluding expressions, thereby protecting intesti-
nal epithelial barrier functions [77]. Elevated IncRNA NEAT1 ex-
pression increases colon tissue permeability and suppresses the
expressions of junction complexes (ZO-1, claudin-5 and occludin).
The knockdown of NEAT1 reduced colon tissue permeability and
increased the expression of junction complexes, maintaining in-
testinal barrier integrity [78]. Compared to controls, downregu-
lated IncRNA CKDN2B-AS1 expression were noted in active UC
patients, resulting in increased colonic barrier damage. Claudin-
2, as the major molecule that regulates the barrier, was almost
entirely absent in CDKN2B-AS1 down-regulated cells. Mecha-
nistically, CKDN2B-AS1 down-regulation increased colonic bar-
rier damage by suppressing claudin-2 expression [79]. LncRNA
MALAT1 was significantly down-regulated in intestinal mucosa
of CD patients and in colitis mice models. MALAT1 knockout mice
were highly susceptible to DSS-induced colitis. MALAT1 promoted
intestinal barrier functions and intestinal homeostasis by spong-
ing miR-146b-5p, which targeting increased the expressions of api-
cal junction complex (AJC) proteins (NUMB and CLDN11). There-
fore, the MALAT1-miR-146b-5p-NUMB/CLDN11 pathway has a vi-
tal role in maintaining intestinal barrier integrity and intestinal
homeostasis [80]. These findings show that various IncRNAs are
involved in IBD processes.

In summary, in the regulation of the intestinal mucosal bar-
rier, IncRNAs exhibit diverse mechanisms of action. They can di-
rectly target the downstream gene mRNAs, thereby influencing
processes such as splicing, editing, subcellular distribution and
stability. Additionally, IncRNAs can establish competing endoge-
nous RNA (ceRNA) networks with mRNAs by sharing miRNA re-
sponse elements. Furthermore, IncRNAs may serve as miRNA pre-
cursors and provide a scaffold for RBPs and miRNAs, thereby con-
trolling the expression of mucin and tight junction proteins. These
intricate processes collectively contribute to the maintenance of
biochemical and physical barriers in the intestines, crucial for pre-
serving intestinal homeostatic status (Fig. 4).

LncRNAs regulate epithelial cell proliferation and
apoptosis

Inflammatory cytokines from various mucosal immune cells, in
addition to controlling multiple aspects of the immune response,
can also disturb the balance between intestinal epithelial cell
(IEC) proliferation and apoptosis in inflammatory intestines [81].
The IECs function as physical barriers between the lumina and the
external environment to affect host defenses, mucosal homeosta-
sis, and immune responses [82]. Epithelial cell apoptosis increases
with the progression of IBD and excess apoptosis of IECs destroys
epithelial barrier integrity, thereby promoting microbial invasion
and antigen uptake, and enhancing inflammatory responses [83].
Therefore, during IBD pathogenesis, epithelial remodeling often
occurs simultaneously with immune responses. LncRNAs affect
cell proliferation, differentiation, apoptosis, and migration via a
series of signaling pathways or regulatory networks (Fig. 5).

NF-«B pathway

LncRNA ANRIL is up-regulated in colonic mucosa tissues of UC
patients. Suppression of ANRIL negatively regulated the expres-
sion of miR-323b-5p, which in turn down-regulated its down-
stream target, TLR4. The inhibiting effects of ANRIL on cell apop-
tosis and pro-inflammatory cytokines production may also be
achieved by downregulating the miR-323b-5p/TLR4/MyD88/NF-
«B pathway, thus inhibiting the development of UC [84]. Higher
levels of IncRNA NORAD were observed in colonic mucosal
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tissues of UC patients [85]. NORAD inhibition impaired TNF-«-
induced cell apoptosis and inflammation by modulating the NF-
«B signaling via the miR-552-3p/MYD88 axis. LncRNA 78583 and
HOXB13 were significantly down-regulated and miR-3202 was up-
regulated in UC patients. Lnc78583 up-regulated HOXB13 and IL-
10, down-regulated phosphorylated NF-«B (p-NF-«B) and inhib-
ited miR-3202 expression, suggesting that it plays a protective role
against intestinal inflammation by targeting miR-3202/HOXB13
[86]. In addition, IncRNAs could directly target mRNAs to reg-
ulate gene expression. LncRNA NEAT1 can directly bind to the
3'UTR of the TNFRSF1B mRNA and activated inflammatory re-
sponse via up-regulating TNFRSF1B, which is a receptor of TNF-a.
TNFRSF1B activated its downstream molecule, NF-«B p65, which
was then translocated from the cytoplasm to the cell nucleus,
initiating the inflammatory cascade by recruiting IL1R1, a pro-
inflammatory effector [87]. Bioinformatics analysis showed that
LncRNA IFNG-AS1 was significantly up-regulated in UC patients,
and IFNG-AS1, which is located adjacent to the IFNG gene, was
associated with SNP rs7134599, a susceptible locus to UC. Thus,
IFNG-AS1 enhances inflammatory responses via recruiting NF-«B
and up-regulating downstream inflammatory mediators, such as
TNF-a, IFNG and IL-18, aggravating intestinal inflammation [88,
89]. In inflamed mucosa of UC patients, down-regulation of the
IncRNA GASS increased the expression of MMP2 and MMP9, which
are important mediators of inflammatory response. One potential
mechanism by which overexpression of GAS5 suppresses the tran-

scripition of MMP2 and MMP9 is by recruiting the histone methyl-
transferase polycomb repressive complex 2 to the promoter re-
gion of these target genes, thereby inmeding their expression.
Meanwhile, GAS5 alleviated LPS-induced inflammatory damage
through up-regulating Kriippel-like factor 2 and inhibiting the NF-
«B pathway, exerting strong anti-inflammatory effects [90]. High
expression level of IncRNA PINT was observed in intestinal mu-
cosal tissues of UC patients [91]. PINT acted as a transcriptional
regulator of several NF-kB-dependent cytokines and chemokines,
such as TNF-a and ICAM-1, and as a modular scaffold for p65
and EZH?2, coordinating their localization and specific binding to
the target genes (TNF-a). LncRNA NAIL was up-regulated in UC.
NAIL regulated inflammation via inactivating Wip1, which could
coactivate p38 and NF-«B, leading to differentiation of precursor
cells in bone marrow into immature myeloid cells, recruitment
of macrophages to the site of inflammation and expression of in-
flammatory genes in colitis [92].

PI3K/Akt pathway

LncRNA MALAT1 and IncRNA ANRIL were up-regulated in colonic
mucosa tissues and plasma of UC patients. In addition, a signif-
icant positive correlation was found between the expression lev-
els of the two IncRNAs in UC patients. LncRNA MALAT1 over-
expression up-regulated IncRNA ANRIL, which promoted apopto-
sis of fetal human cells (FHCs). Previous research reported that
both IncRNA MALAT1 and IncRNA ANRIL had cross talk with the
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PI3K-AKT pathway [93], leading to the speculation that the PI3K-
Akt pathway contributes in the pathogenesis of UC by mediat-
ing the interaction between MALAT1 and ANRIL. LncRNA NEAT1
was up-regulated in the colon tissue of UC patients. MiR-603 was
down-regulated in NEAT1-knockdown, which increased cell via-
bility and decreased cell apoptosis and production of cytokines.
Fibroblast growth factor 9 (FGF9) was a potential target of miR-603
and negatively regulated by miR-603 [94]. FGF9 affected several
biological processes, including inhibition of apoptosis and regula-
tion of inflammatory response via the PI3K/Akt signaling pathway
[95, 96]. In addition, NEAT1 regulated the release of cytokines as
well as cell survival, apoptosis, proliferation, and differentiation
via the miRNA-204-5p/PI3K-Akt3 axis in DSS-induced mice [97].

MAPK pathway

LncRNA Mirt?2 levels were significantly lower in the plasma of UC
patients. Mirt2 silencing led to increased apoptotic rates of HC-
nEpCs, which contributed to the development of UC. Elevated lev-
els of Mirt2 may lead to the deactivation of MAPK pathway, which
decreased the production of pro-inflammatory cytokines and in-
creased the production of the anti-inflammatory IL-22, suggesting
its potential as a treatment for UC [98].

LncRNA/miRNA regulatory networks

LncRNA ANRIL expression was negatively correlated with the risk
of IBD, inflammation, and active disease status in IBD [99]. Its
over-expression might inhibit the production of inflammatory cy-
tokines production, prevent cell apoptosis and maintain barrier
function, suggesting its potential as a therapeutic target in UC.
ANRIL interacts with various miRNAs, including miR-195-5p and
miR-16-5p, to modulate inflammation response, cell proliferation
and apoptosis [100]. The glucose metabolism in the IECs of UC
patients was remarkably higher when compared to that in nor-
mal controls. The increased glucose metabolism was facilitated
by LncRNA NEAT1 and inhibited by miR-410-3p, leading to aggra-
vation of LPS-induced dysfunction in the IECs. Lactate dehydroge-
nase A (LDHA), a key enzyme in glucose metabolism, was directly
targeted by miR-410-3p. Inhibiting NEAT1 maintained the home-
ostasis of the glucose metabolism, thereby alleviating dysfunction
in the IECs [101]. This effect is thought to be mediated via the miR-
410-3p-/LDHA axis. LncRNA TUG1 was down-regulated in colonic
mucosa tissue of UC patients and in TNF-a-treated HT-29 cells
[102]. Forced over-expression of TUG1 can inhibit miR-142-5p and
up-regulate SOCS1 expression. High expression of SOCS1, which
belongs to the suppressors of cytokine signaling (SOCS) family,
led to suppression of pro-inflammatory cytokines production and
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promoted cell viability [103]. Thus, the TUG1/miR-142-5p/SOCS1
axis is considered a crucial pathway that modulates immune re-
sponses in UC. TUG1 could also serve as a central platform for
homeostasis by binding distinct effector molecules. Binding of
TUG1 to HuR positively regulated the HuR/c-myc axis, resulting
in HuR up-regulation and subsequently c-myc up-regulation, pro-
moting IECs proliferation and mucosal growth. In contrast, bind-
ing of TUG1 to miR-29b-3p negatively regulated the miR-29b-
3p/CDK2 axis, eventually leading to CDK2 restoration, inhibiting
intestinal mucosal growth. This implies that TUG1 maintained
intestinal epithelial homeostasis by regulating the balance be-
tween the HuR/c-myc signaling and the miR-29b-3p/CDK2 sig-
naling pathways [104]. LncRNA MEG3 and IL-10 levels were sig-
nificantly decreased whereas miR-98-5p was up-regulated in UC
models. MEG3 over-expression alleviated inflammatory response,
apoptosis, and pyroptosis by up-regulating IL-10 via sponging
miR-98-5p [105]. MEG3 could also competitively binds to miR-20b-
S5p to promote CREB1 transcription [25]. Inhibition of CREBI, a
transcription factor belonging to the basic leucine zipper family,
eliminated its anti-inflammatory effect in UC [106, 107]. LncRNA
SNHGS5 was up-regulated in intestinal mucosa tissues of UC pa-
tients. Down-regulation of SNHG5 can up-regulate miR-375 and
down-regulate JAK2, thereby promoting cell proliferation and in-
hibiting cell apoptosis [108]. Similarly, forced over-expression of
IncRNA H19 increased cell proliferation and epithelial regenera-
tion and decreased the levels of inflammatory cytokines by target-
ing the miR-141/ICAM-1, miR-139/CXCR4 and miR-331-3p/TRAF4
axis [109, 110]. Up-regulation of IncRNA CRNDE promoted colonic
epithelial cell apoptosis via the miR-495/SOCS1 axis [111]. LncRNA
KIF9-AS1 silencing attenuated the colonic cell apoptosis and alle-
viated colon inflammation-induced intestinal injury by regulat-
ing the miR-148a-3p/SOCS3 axis [112]. Up-regulation of IncRNA
LINCO01272 in tissue and plasma samples of CD patients promoted
TGF-B1-induced epithelial-mesenchymal transition (EMT) by tar-
geting miR-153-5p, leading to loss of epithelial cells and increase
in tissue damage [113]. In colon tissues of CD patients, there was a
notablerise in the expression of LncRNA CNN3-206. The increased
expression led to up-regulation of Caspase 10 by absorbing miR-
212, consequently enhancing apoptosis, migration and invasion of
IECs [114].

Other regulatory networks

It has been reported that IncRNA PMS2L2 was down-regulated
in the plasma of UC patients. LncRNA PMS2L2 over-expression
in human colonic epithelial cells (HCnEpCs) suppressed LPS-
induced cell apoptosis by inhibiting miR-24 expression via pro-
moting the methylation of miR-24 gene [115]. Overexpression of
LncRNA BC012900 in active UC resulted in the increased expres-
sion of PPM1A (protein phosphatase), activating the expression of
the tumor suppressor gene TP53/p53, which led to G2/M cell cy-
cle arrest and apoptosis [116]. LncRNA Gm31629 deficiency exac-
erbated intestinal inflammation and delayed epithelial regenera-
tion. Conversely, its over-expression promoted cell proliferation,
facilitated epithelial regeneration and protected the intestinal
mucosa against inflammation damage. Mechanically, Gm31629
binds to YB-1 protein and prevents its degradation, thus, promot-
ing the expression of E2F target genes CCND1 [117]. This indicated
that IncRNAs can bind to specific enhancers (nucleic acids and
proteins) to exert synergistic effects.

In summary, the above findings demonstrate that IncRNAs reg-
ulate the occurrence and development of IBD through diverse
mechanisms: (1) IncRNA directly targets and regulates mRNA
splicing, editing, subcellular distribution and stability; (2) IncR-

NAs and mRNAs can form competing endogenous RNA (ceRNA)
networks with crosstalk between them through shared miRNA re-
sponse elements; (3) IncRNAs act as the precursor of small IncRNA
and the scaffold of RBP and miRNA,; (4) IncRNAs interact with pro-
teins to regulate downstream pathways; (5) IncRNAs interact with
miRNA and participates in epigenetic regulation; (6) IncRNAs bind
to transcriptional regulators to regulate related molecular signal-
ing pathways, such as macrophage polarization.

LncRNAs regulate immune responses

Disruptions in the composition or function of gut microbiota,
along with a thinner mucus layer and compromised epithelial
cell barrier, collectively contribute to the activation of the host
immune response. This immune response is mediated, in part,
by various immune cells such as dendritic cells, macrophages,
neutrophils, T cells, and innate lymphoid cells, along with the
presence of inflammatory cytokines. These immune factors play
a pivotal role in initiating and advancing IBD progression. The
imbalance between pro-inflammatory and anti-inflammatory cy-
tokines in IBD prevents the resolution of inflammation and in-
stead leads to disease progression and tissue destruction [118].
Elevated pro-inflammatory cytokine levels contribute to a pro-
inflammatory cascade that promotes epithelial injury, intesti-
nal barrier defects, and tissue damage [119]; and yet, anti-
inflammatory cytokines, as an important part of cytokine net-
works, can also be used for treatment of chronic intestinal in-
flammation. LncRNAs, acting as biological regulatory molecules,
demonstrate distinct expression within various cells, tissues, and
organs. This allows them to play a role in host immune responses

(Fig. 6).

Innate immune responses

Innate immunity is the first line of defense against pathogens. In-
nate immune cells, such as dendritic cells (DCs), macrophages,
neutrophils and innate lymphoid cells can sense the changes
in intestinal homeostasis and respond to pathogen associated
molecular patterns (PAMPs). Defective innate immune responses
can lead to IBD.

Dendritic cells (DCs) play a critical part in induction of IBD
immune pathogenesis by sensing environmental changes and
transmitting signals [120]. Changes in microbiota, decreased mu-
cus layer and increased permeability of epithelial barriers in IBD
enhances the entry of antigens into the lamina propria to ac-
tivate DCs. The PAMPs are recognized by Toll-like receptors of
DCs, resulting in inflammation by secreting pro-inflammatory cy-
tokines and chemokines to recruit neutrophils, as well as trans-
lating innate to adaptive immune responses. LncRNA MALAT1
over-expression promotes dendritic cell-specific intercellular ad-
hesion molecule-3 grabbing nonintegrin (DC-SIGN) expression by
acting as a molecular sponge for miR-155, favoring the transition
of DCs to tolerant phenotypes [121]. In DSS-induced colitis mice
models, melatonin promoted bone marrow derived dendritic cell
(BMDCs) transformation into immune tolerant phenotypes by af-
fecting IncRNA ENSMUST00000226323. From a molecular interac-
tion perspective, IncRNA ENSMUST00000226323 interacted with
miRNA-709. Ywhaz and Ccl9, two pivotal genes in the PI3K-Akt
pathway, were predicted to be the targets of miRNA-709. ENS-
MUST00000226323, Ywhaz and Ccl9 might play regulatory roles
in the PI3K-Akt pathway through miRNA-709 and participate in
functional changes of BMDCs in colitis (Fig. 6A) [122]. Therefore,
IncRNAs regulate IBD by altering BMDCs functions.
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Figure 6. LncRNAs regulate immune responses and epithelial restitution. (A) LncRNAs affect the transformation of BMDCs into immune tolerant
phenotypes. (B) LncRNA regulate Th cell differentiation to balance the production of inflammatory cytokines. (C) LncRNAs are involved in neutrophil
infiltration to promote IBD occurrence and development. (D) LncRNAs participate in regulation of autophagy to regulate intestinal homeostasis. (E)
LncRNAs promote cell proliferation to sustain the maintenance and functions of ILC3s. (F) LncRNAs participate in exosome-mediated polarization of

macrophages.

Macrophages are abundant in the lamina propria of intesti-
nal mucosa to maintain intestinal homeostasis. In IBD, the
macrophage phenotype shifts to M1 during inflammatory pro-
gression, which secretes pro-inflammatory cytokines, whereas
during disease remission, the macrophage phenotype shifts to
M2, which secretes anti-inflammatory cytokines. LncNEAT1 plays
a role in inflammatory responses by regulating intestinal ep-
ithelial barrier and through exosome-mediated macrophage po-
larization. Inhibition of NEAT1 suppresses inflammatory re-
sponses by promoting macrophage M1 transformation to M2,
thereby improving intestinal epithelial barrier permeability [78].
Due to the anti-inflammatory activities of M2 macrophages,
M2-macrophage-derived extracellular vesicles (M2-EVs) have be-
come key mediators in many inflammatory disease processes
[123]. The M2-EVs play anti-inflammatory roles via surface-bound
chemokine receptors and anti-inflammatory cytokines released
by M2 macrophages. LncRNA MEG3 can be delivered by EVs to
regulate IBD procession [25]. M2-EVs suppress inflammatory re-
sponses by up-regulating IncRNA MEG3, which competitively bind
miR-20b-5p to promote cAMP response element binding protein 1
(CREB1) transcription, thereby reducing inflammatory responses
in UC. The results indicate that M2-EVs can be utilized to treat UC
and other diseases (Fig. 6F).

Neutrophils play a major role in UC mucosal inflammation
and injury by secreting toxic mediators, including neutrophil elas-

tase, myeloperoxidase, reactive oxygen species and proinflamma-
tory cytokines [124]. Based on biological functions of non-coding
RNAs involved in UC recurrence and progression, Lu et al. con-
structed competing endogenous RNA (ceRNA) networks of IncR-
NAs, microRNAs and mRNA. They found that 4 IncRNAs, 5 miR-
NAs, and 52 mRNAs are involved in interleukin family signals,
neutrophil degranulation, adaptive immunity, and cell adhesion
pathways [125]. Correlation analyses showed that ceRNA net-
works are highly associated with most of the UC-associated infil-
trating immune cells, particularly neutrophils, macrophages and
T cells. LncRNA MIR4435-2HG acts as a miRNA sponge for TGF-
B1 and activated TGF-B signaling, suggesting that MIR4435-2HG
is a crucial mediator of inflammatory processes. Yin et al. dis-
covered and validated a novel ceRNA immunoregulatory axis in
ulcerative colitis-associated colorectal cancer (CAC) progression
[126]. LncRNA NEAT1 functions as ceRNA to sponge miR-1-3p and
promote IL6ST expression. Neutrophils were the central immune
cells in CAC development, and IL6ST expression was positively
correlated with neutrophil counts. Upregulated IL6ST affected the
NF-«B pathway and neutrophil infiltration, and promoted CAC de-
velopment (Fig. 6C).

As components of the innate immune system, innate lym-
phoid cells (ILC) reside in mucosal surfaces to promote immune
responses, maintain mucosal integrity and facilitate lymphoid
organogenesis [127]. Intestinal group 3 ILCs (ILC3s) are enriched in
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intestinal lamina propria [128] and IncKdm?2b is highly expressed
in ILC3s [129]. LncKdm?2b expression recruits the chromatin or-
ganizer (Satbl) and the nuclear remodeling factor (NURF) com-
plex onto the Zfp292 promoter region to initiate its transcription,
thereby promoting their proliferation to sustain the maintenance
of ILC3s. Deregulated ILC3 functions can lead to colitis occurrence
and development [130]. Therefore, we postulate that IncKdm?2b
participates in the development of colitis (Fig. 6E).

Autophagy is an evolutionarily conserved process in eukaryotes
through which damaged proteins and organelles are degraded in-
side the lysosomes [131]. Autophagy plays a vital role in main-
taining intestinal homeostasis and functions, regulating gut mi-
crobiota composition and altering host immune responses [132].
The IncRNAs interact with autophagy to regulate intestinal home-
ostasis. LncRNA H19 participates in the regulation of autophagy
andin functions of paneth and goblet cells in the intestinal epithe-
lium [133]. Intestinal mucosal tissue samples from patients with
sepsis and septic mice models exhibited increased levels of H19,
resulting in autophagy inactivation, defects of paneth and goblet
cells and disruption of epithelial barrier functions. Deregulated
expressions of autophagy associated genes, such as Atg16L1, Atg5,
and Atg7 have also been reported in IBD patients [134]. The exact
mechanisms by which H19 deletion activates intestinal epithelial
autophagy have not been determined. Mechanistically, HuR (an
RNA binding protein RBP that can bind H19) regulates autophagy
by altering ATG expression [135]. Suppressed HuR levels in the
intestinal mucosa of IBD patients were accompanied by specific
suppression of ATG16L1 level. HuR directly bound mRNAs encod-
ing ATG5/12/16 via 3-UTRs, enhanced their stability and transla-
tion, and increased cellular abundances of ATG proteins (Fig. 6D)
[136]. Therefore, we postulate that under IBD conditions, H19 com-
petitively binds HuR, thereby inhibits autophagy by suppressing
ATGs expressions and repressing paneth and goblet cell functions.
This leads to disruption of the intestinal epithelial defense and ag-
gravates mucosal injury as well as inflammation. In future, stud-
ies should be performed to confirm this phenomenon and to elu-
cidate on the underlying mechanisms.

Adaptive immunity

Adaptive immunity functions in tandem with innate immunity to
produce effective immune responses against invading pathogens.
T lymphocytes are vital players in adaptive immune responses.
Original T cells are activated and are differentiated into differ-
ent subsets, such as Thil, Th2, Th17 and Treg cells. In IBD, T
cell response disorders and imbalanced T cell subsets lead to
disturbances in cytokine release, which disrupts gut homeosta-
sis. Pathologically, CD manifests with Th1l and Th17 immune
responses, while UC is considered to be Th2-mediated disease
[137, 138]. Dysregulated IncRNAs regulate the activities and dif-
ferentiation of T cells and further affects the balance between
pro-inflammatory and anti-inflammatory cytokines (Fig. 6B) [139].
LncRNA ITSN1-2 was up-regulated in UC patients and was closely
associated with high risks and activities of IBD. ITSN1-2 acts as
a ceRNA of IL-23R, and its up-regulation promotes the activa-
tion and proliferation of CD4*" T cells as well as the differen-
tiation of Th1/Th17 cells by sponging miR-125a [140]. LncRNA
IFNG-AS1 is positively correlated with UC severity. Over-expressed
IFNG-AS1 activate primary T cells, leading to up-regulation of Th1
pro-inflammatory cytokines (IFNG and IL2), and down-regulation
of Th2 anti-inflammatory cytokines (IL10 and IL13) [141]. The
IFNG-AS1-induced cytokine switching might involve T-bet, which
regulates T cell differentiation and IFNG-AS1 expression [142].
LncRNA DQ786243 levels were significantly elevated in active CD

patients, relative to healthy controls and inactive CD patients
[143]. DQ786243 up-regulated CREB expression and phosphory-
lation levels, which is critical for activities of the TCR response
element in forkhead box P3 (Foxp3), a master transcription factor
that regulates Tregs functions and development [144, 145]. These
findings imply that DQ786243 influences IBD processes by affect-
ing the expressions of CREB and Foxp3 via regulating Treg func-
tions. By analyzing the transcriptome of CD4" T cells in the termi-
nal ileum propria of CD patients, a novel lincRNA XLOC_000 261
was identified to be a negative regulator of RORyt (a Th17-defining
transcription factor) and impacts the pro-inflammatory capac-
ity of Th17 cells, which affects adaptive immune responses in
CD [139]. Li et al. analyzed the expression profiles of long non-
coding RNAs in intestinal mucosa of CD patients and found
that IncRNA ENST00000487539.1_1 promotes Th17 cell differen-
tiation by regulating related target genes, such as IL17, RORy-
t, TGF-B8, MHC-II, IL-22 [146]. Further studies are needed to in-
vestigate the biological functions and underlying mechanisms of
ENST0000487539_1.1.

LncRNAs as diagnostic biomarkers for IBD

The expression profile of IncRNA in colonic biopsy and plasma
samples is significantly different between IBD patients and
healthy controls [116, 148-151]. This indicates that IncRNAs hold
potential as valuable diagnostic markers for IBD (Table 2). Wu et
al. identified 329 and 126 IncRNAs, which were up-regulated and
down-regulated in active UC tissues, respectively, compared with
normal control tissues [116]. Li et al. reported that IncRNA Mirt2
and IncRNA IFNG-AS1 were negatively correlated, with Mirt2 be-
ing down-regulated and IFNG-AS1 being up-regulated in UC pa-
tients’ plasma compared with healthy control. Receiver operating
characteristic (ROC) curve showed that the area under the curve
(AUC) was 0.86 for plasma Mirt2 (0.92 in another study) and 0.84
for plasma IFNG-AS1 [98, 152]. This suggested the promising di-
agnostic values of these two IncRNAs for UC. IL-22, known for its
anti-inflammatory properties, play a crucial role in inhibiting in-
testinal inflammation. Of particular interest is the positive cor-
relation observed between IL-22 and Mirt2 in UC patients. Fur-
ther analysis of the relationship between IL-22/Mirt2 and plasma
C-reactive protein (CRP) levels revealed a significant and inverse
correlation between the plasma levels of IL-22 and Mirt2 with
CRP levels. CRP, an acute phase reaction protein (APRP), is com-
monly used to assess inflammatory status. Given these findings,
a combined assessment of IL-22, Mirt2, and CRP levels in plasma
holds promise for aiding in the diagnosis and prognosis assess-
ment of UC. The IncRNA MALAT1 level was markedly higher in
colon tissues of UC patients compared with healthy controls, with
AUC of 0.94, indicating that IncRNA MALAT1 could efficiently dis-
tinguish UC patients from health controls [94]. Wang et al. re-
ported that IncRNA KIF9-AS1, LINC01272 and DIO30S might be
potential diagnostic biomarkers for IBD [153]. In this study, com-
pared with healthy controls, KIF9-AS1 and LINC01272 were sig-
nificantly up-regulated whereas DIO30S were down-regulated in
tissue and plasma samples from UC patients and CD patients.
The AUC of KIF9-AS1, LINC01272 and DIO30S expression was
0.872,0.777 and 0.653 between UC patients and healthy controls
and 0.811, 0.887 and 0.794 between CD patients and healthy con-
trols, respectively. LncRNA ANRIL levels were lower in UC patients
and CD patients compared with the controls. ROC curve analyses
showed that IncRNA ANRIL could distinguish UC patients and CD
patients from controls with an AUC of 0.789 and 0.771, respec-
tively [99].In addition, IncRNA ANRIL expression was lower in both
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Statistical indicators

LncRNAs Sample Compared groups Sensitivity (%) Specificity (%) AUC P value Reference
Up-regulated in UC
ITSN1-2 colonic tissue active UC vs. healthy controls - - 0.857 - [140]

remission UC vs. healthy controls - - 0.678 -

active UC vs. remission UC - - 0.754 -

PBMCs active UC vs. healthy controls - - 0.828 -

remission of UC vs. healthy controls - - 0.741 -

active UC vs. remission UC - - 0.649 -
MALAT1 plasma UC vs. healthy controls - - 0.94 - [93]
IFNG-AS1 plasma UC vs. healthy controls - — 0.84 <0.05 [152]
LINC01272 plasma UC vs. healthy controls - - 0.777 <0.0001 [152]
KIF9-AS1 plasma UC vs. healthy controls - - 0.872 <0.0001 [153]
LINC00657 serum UC vs. healthy controls 923 100 0.923 <0.0001 [155]
Down-regulated in UC
CDKNZ2B-AS1 serum UC vs. healthy controls 0.822 0.968 0.894 - [84]

active UC vs. remission UC 0.733 0.624 0.714 -

mild UC vs. moderate UC 0.494 0.730 0.609 -

mild UC vs. severe UC 0.494 0.800 0.667 -

moderate UC vs. severe UC 0.667 0.511 0.562 -
ANRIL PBMCs UC vs. healthy controls - - 0.789 - [98]
Mirt2 plasma UC vs. healthy controls - - 0.92 <0.05 [102]
Mirt2 plasma UC vs. healthy controls - — 0.86 <0.05 [152]
DIO30S plasma UC vs. healthy controls - - 0.653 0.001 [153]
Up-regulated in CD
LINC01272 plasma UC vs. healthy controls - - 0.887 <0.0001 [152]
KIF9-AS1 plasma UC vs. healthy controls - - 0.811 <0.0001 [153]
Down-regulated in CD
DIO30S plasma CD vs. healthy controls - - 0.794 <0.0001 [153]
ANRIL CD vs. Health control 86.1 64.2 0.803 [154]

Active CD vs. healthy controls 85.7 83.6 0.903

Remission CD vs. healthy controls 93.2 50.7 0.732

Active CD vs. Remission CD 85.7 71.2 0.839 -

Testing method: RT-qgPCR

active CD patients and remission CD patients in comparison with
healthy controls. ROC curves revealed that ANRIL expression had
an AUC of 0.803, which could distinguish patients with CD from
the controls with 86.1% sensitivity and 64.2% specificity. ANRIL
also showed good values in differentiating active CD patients from
controls with AUC of 0.903, sensitivity of 85.7% and specificity of
83.6%, remission CD patients from controls with AUC of 0.732,
93.2% sensitivity and 50.7% specificity and active CD patients
from the remission CD patients with AUC of 0.839, 85.7% sen-
sitivity and 71.2% specificity [154]. Correlation analysis showed
that ANRIL expression was negatively correlated with ESR, CRP
and IL-6 levels in UC and CD patients, suggesting its potential
value for IBD management [99, 154]. A study conducted in Egypt
reported that serum IncRNA 00657 could efficiently distinguish
UC from controls with an AUC of 0.923, 92.3% sensitivity of and
100% specificity [155]. The expression level of intestinal mucosa
and peripheral blood mononuclear cells (PBMCs) IncRNA ITSN1-2
was higher in active UC patients and remission UC patients com-
pared with health controls. ROC curves analysis revealed that in-
testinal mucosa ITSN1-2 showed an excellent predictive value in
active UC with a high AUC of 0.857 and UC of remission with AUC
value of 0.678 compared with healthy controls. Similarly, PBMCs
ITSN1-2 showed an excellent predictive value in active UC with
AUC of 0.828 and a moderate predictive value in remission UC
with AUC of 0.741 compared with healthy controls. Furthermore,
intestinal mucosa and PBMCs IncRNA ITSN1-2 showed an accept-
able value in distinguishing active UC patients from remission UC

patients with AUC of 0.754 and 0.649, respectively [140]. Similar re-
sults were observed in patients with CD. Intestinal mucosa ITSN1-
2 was up-regulated in active CD patients compared with healthy
controls and ROC curves analysis further disclosed that intestinal
mucosal ITSN1-2 presented with an excellent value in predicting
active CD risk with AUC 0.873. As for PBMC ITSN1-2, it was found
to be up-regulated in active CD and remission CD patients com-
pared with healthy controls. ROC curves analysis further exhib-
ited that PBMC ITSN1-2 illuminated an excellent value in predict-
ing active CD risk with AUC 0.891 and maid value in predicting
R-CD risk with AUC 0.716. Moreover, intestinal mucosa and PBMC
ITSN1-2 was positively correlated with both CRP and ESR in CD
patients. As for UC patients, intestinal mucosa ITSN1-2 was only
positively associated with ESR, while it did not correlate with CRP.
Furthermore, PBMC ITSN1-2 showed a positive correlation only
with CRP, not with the ESR. In summary, [TSN1-2, similar to CRP
and ESR, holds promise as a potential biomarker for assessing the
disease activity of IBD.

Although the dysregulation of IncRNAs in IBD tissue or plasma
samples is a potentially valuable diagnostic biomarker for IBD,
the IBD pathological process is complex and not fully eluci-
dated, there is currently no single gold standard test for diag-
nosing IBD. Therefore, a combination of several IncRNAs might
be necessary to provide an accurate diagnosis. A transcriptomic
landscape revealed 370 up-regulated IncRNAs and 375 down-
regulated IncRNAs in inflamed UC. The best Support Vector Ma-
chines (SVM) classifier performance based on the comparison
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between differentially expressed IncRNAs identified in the in-
flamed UC and healthy controls effectively distinguished inflamed
UC and CD from the controls with 94.6% and 100% accuracy,
100% and 100% specificity and 86.7% and 100% sensitivity, respec-
tively. The classifier distinguished inflammatory CD from controls
(accuracy 100%, sensitivity 100%, sensitivity 100%), inflamed UC
from non-inflamed UC (accuracy 91.7%, specificity 88.9%, sensi-
tivity 83.3%), inflamed CD from non-inflamed CD (accuracy 86.4%,
specificity 78.3%, sensitivity 95.2%), and inflamed CD from in-
flamed UC (accuracy 77.8%, specificity 60.0%, sensitivity 90.4%)
[114]. LncRNA CDKN2BAS1 was excellent in distinguishing UC pa-
tients from healthy controls with an AUC of 0.894. Furthermore,
CDKN2BAS1 combined with miR-16-5p and miR-195-5p could
strongly improve the diagnostic efficacy for UC, with an AUC of
0.995, which was higher compared with the that of CDKN2B-AS1
and miR-16-5p combined (AUC = 0.978) and CDKN2B-AS1 and
miR-195-5p combined (AUC = 0.975). For distinguishing between
active and remission UC patients, CDKN2B-AS1, miR-16-5p, and
miR-195-5p combined diagnosis had an AUC of 0.817, which was
higher than the diagnosis of CDKN2B-AS1 (AUC = 0.714), miR-
16-5p (AUC = 0.710) and miR-195-5p (AUC = 0.639) individually.
Individual CDKN2BAS1 could distinguish mild-to-moderate UC
patients and mild-to-severe UC patients with an AUC of 0.609
and 0.667, respectively. In comparison, combining CDKN2B-AS1
with miR-16-5p and miR-195-5p improved its efficacy in the di-
agnosis of mild-to-moderate UC (AUC = 0.638), mild-to-severe
UC (AUC = 0.720), and moderate-to-severe UC (AUC = 0.610)
[100].

Although emerging evidence supports the use of IncRNAs as
potential diagnostic biomarkers of IBD, several issues need to be
resolved before they can be applied in clinical application, includ-
ing sensitivity, specificity, wide applicability and stability of ex-
pression. Notably, there may be many IBD-related IncRNAs, but
specific serum diagnostic markers for the diagnosis of IBD are
lacking. Screening out IncRNAs with high sensitivity and speci-
ficity and stable expression as molecular markers among a vast
pool of IncRNAs with varying expression changes is a challenging
endeavor. To ensure the reliability and accuracy of these IncRNAs
as novel biomarkers, it is crucial to include an adequate number
of patients in the study. Moreover, for validation purposes, it is es-
sential to recruit new patients, a step that is unfortunately lack-
ing in the vast majority of current published studies. In addition,
changes in circulating IncRNA levels in IBD patients may be due
to the body’s general pathophysiological response to the inflamed
bowel tissue, rather than due to direct secretions from intestinal
mucosa. This may also explain why there is sometimes a lack of
consistency between circulating IncRNA levels and intestinal mu-
cosal IncRNA levels [140]. In the case of non-invasive or minimally
invasive sampling, it is likely that a pan-circulating biomarker will
be utilized in the near future to diagnose IBD (similar to a com-
bined test of multiple markers). Undoubtedly, the growing global
interest in IncRNAs and advancements in technology have paved
the way for exploring circulating IncRNAs as potential novel blood
biomarkers linked to IBD.

LncRNAs as therapeutic targets and agents
for IBD

Apart from their potential as diagnostic biomarkers, IncRNAs also
hold promise for clinical applications as potential treatments for
IBD. A potential strategy in this regard is to target specific IncR-
NAs for silencing or over-expression to mitigate the effects of

IBD and provide therapeutic benefits. For example, vildagliptin, a
dipeptidyl peptidase IV (DPP-IV) inhibitor, strongly inhibited the
expression of IncRNA IFNG-AS1 and miR-146a, as well as the
PI3K/Akt/NF-«B pathway, but activated CREB and nuclear factor
erythroid 2-related factor 2 (Nrf2) signaling pathways, resulting
in alleviation of oxidative stress, inflammation and cell apopto-
sis in acetic acid-induced colitis [89]. In a study focused on pedi-
atric patients with UC, researchers examined the correlation be-
tween IncRNA GAS5 and the response to glucocorticoid therapy.
They found that IncRNA GASS5 was up-regulated in the PBMCs
of pediatric IBD patients who showed an unfavorable response to
glucocorticoid treatment. This suggests that IncRNA GASS holds
promise as a novel pharmacogenomic marker, which could be
utilized for personalized glucocorticoid therapy in these patients.
Moreover, inhibition of GAS5 restored glucocorticoid response in
refractory patients [156]. LncRNA OIP5-AS1 and IL-17 were up-
regulated whereas miR-26a-5p was down-regulated in UC, with
OIP5-AS1 serving as a miR-26a-5p sponge to modulate the Th17
cells and IL-6 expression. Further, vitamin D treatment could de-
crease OIP5-AS1 level in both CD4* T cells and Th17 cells differ-
entiation, therefore decreasing IL-6 level via OIP5-AS1/miR-26a-
5p/IL-6 axis [147].

On the other hand, an alternative approach involves utiliz-
ing IncRNAs as potential therapeutic agents to target relevant
pathogenic mechanisms, rather than treating them as therapeu-
tic targets themselves. A noteworthy example of this is the use of
aflavin 3-gallate, a natural compound that mimics the function of
IncRNA Gm31629. This compound has been shown to enhance the
protein levels of YB-1 and CCND1, along with mRNA levels of E2F
target genes, in colon tissues. Consequently, this facilitates epithe-
lial regeneration and effectively mitigates colitis induced by DSS
[117]. M2-EVs as critical mediators in various inflammatory dis-
eases [123], exerted potent anti-inflammatory effects by regulat-
ing surface-bound chemokine receptors and anti-inflammatory
cytokines released by M2 macrophages [157]. M2-EVs reduced
inflammatory response by up-regulating IncRNA MEG3, which
competitively bound to miR-20b-5p to promote CREB1 transcrip-
tion, thereby enhancing cell viability and reducing inflammation-
induced injury in UC. These results suggested that M2-EVs could
be a promising therapeutic target of UC [25]. Technically, one ap-
proach is to co-package IncRNAs into M2-EVs with biomimetic
nanoparticles to form nanoscale drug delivery systems (DDS) for
the treatment of IBD. Another approach is to transfect IncRNA di-
rectly into M2 with lentivirus and transfer from M2 to target cells
via EVs packaging, thereby improving intestinal inflammation.
Both approaches have been demonstrated in studies of EV-coated
miRNAs for the treatment of IBD [158-160]. Finally, it is worth-
while to mention that herb-partitioned moxibustion (HPM) could
also regulate the expression and functions of IncRNAs. Wang et al.
found that HPM improved intestinal inflammation of CD by up-
regulating the IncRNA LOC102550026/miR-34c-5p/Pck1 axis and
adipocytokine, PPAR, AMPK, FoxO, and PI3K-Akt signaling path-
ways, which reflect a potential molecular mechanism by which
HPM improves CD symptoms [148].

In summary, IncRNAs are novel therapeutic targets and agents
that have not been fully exploited for IBD treatment. LncRNAs
affect the occurrence and development of IBD through various
mechanisms, reflecting their clinical prospects as new therapeu-
tic targets and agents for IBD. With the maturation of IncRNAs in
vivo targeting technologies, such as the antisense oligonucleotide
technology that is currently used to treat human diseases,
the development of IncRNA-targeted therapeutic regimens is
feasible.



Conclusion

Evidence accumulated shows that IncRNAs participate in gene
regulation at multiple levels (epigenetic, transcriptional, and post-
transcriptional regulation, etc.) to regulate diverse biological and
physiopathological contexts by interacting with DNA, RNA and
proteins. Moreover, the ability of IncRNAs to code peptides has
broadened our understanding of the important role of IncRNAs
in the pathogenesis and development of diseases. This review fo-
cuses on the regulatory effects of IncRNA on the composition
of intestinal flora, the integrity of the intestinal mucous layer,
the functionality of the epithelial barrier, and immune response
throughout the development and progression of IBD. Moreover,
the future application of IncRNA as biomarkers and therapeutic
targets/agents in IBD is discussed.

Over the past few decades, researchers have made great ad-
vances in uncovering the mechanism of miRNAs in IBD occur-
rence and development. LncRNAs have been implicated in the de-
velopment and progression of IBD and been shown with poten-
tial of clinical application in the prediction, diagnosis, treatment
and monitoring of IBD. However, many critical, difficult issues
must be resolved before IncRNAs can be applied in clinical prac-
tice. Among them, testing methods (microarray, RNA-sequencing
and gRT-PCR) and sample types (plasma, colonic tissues) should
be standardized. Whereas microarray and RNA-sequencing have
shown hundreds of IncRNA deregulated in IBD patients, the re-
sults of different studies show wide variations and inconsisten-
cies. For instance, the appropriate method(s) for validating the
function or application of a specific IncRNA remain uncertain and
ambiguous in the current scientific literature. In addition, IncR-
NAs isolated from blood using minimally invasive methods could
be used as ideal biomarkers, but whether their diagnostic value
can reach the level in colon tissue is unknown. Like with many
other research topics, the under-elucidated mechanisms of IncR-
NAs in IBD limits their applications in clinical practice. In IncRNAs
targeted therapy, there are still multiple uncertainty factors, in-
cluding choosing appropriate targeting methods and drug vectors.
Although initial results from animal studies have been promising,
these strategies need to be further validated in clinical trials to
assess their feasibility, efficacy, and safety. Despite the many sig-
nificant challenges, considering the recent successes in COVID-19
mRNA vaccines and other cancer drugs development, we strongly
believe that IncRNAs are promising in clinical applications, in-
cluding biomarkers, prognostic indicators and therapeutic candi-
dates/targets.

In conclusion, this review describes valuable knowledge about
the potential mechanisms of IncRNA involvement in IBD and
summarizes new findings regarding the role of IncRNAs as di-
agnostic markers and therapeutic targets/agents for IBD. How-
ever, further research in related fields is necessary to address the
aforementioned challenges and expedite the clinical translation
of these findings.
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