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Non-coding RNAs (ncRNA) have paved the way to new perspectives on the regulation of gene expression, not only

in biology and medicine, but also in associated fields and technologies, ensuring advances in diagnostic means

and therapeutic modalities. Critical in this multistep approach are the associations of long non-coding RNA

(lncRNA) with diseases and their causal genes in their networks of interactions, gene enrichment and expression

analysis, associated pathways, the monitoring of the involved genes and their functional roles during disease

progression from one stage to another. Studies have shown that Johne’s Disease (JD), caused by Mycobacterium

avium subspecies partuberculosis (MAP), shares common lncRNAs, clinical findings, and other molecular entities

with Crohn’s Disease (CD). This has been a subject of vigorous investigation owing to the zoonotic nature of this

condition, although results are still inconclusive.

long non-coding RNAs  biomarker  epigenetic  regulation  mycobacter

Johne’s disease

1. Introduction

In recent years, incessant microbiological research has attracted the most powerful available resources to combat

life-threatening infectious diseases, rendering this exploration significantly necessary and of high priority to assess

the “quiver” that the pathogens carry and the susceptibility profile of the host. More importantly, new discoveries in

the genetic and non-genetic components that have been identified in pathologies associated with bacterial invasion

in human or animal cells have paved the way to advanced and in depth learning of the interactions between the

molecular entities and environmental factors that are likely to lead to inflammatory bowel disease (IBD)-related

pathogenicities. The ongoing research is significant and has strengthened the exploration and discovery of

potential disease biomarkers that could improve diagnostic tools and the examination of new therapeutic modalities

of high priority .

As mentioned earlier, accurate diagnosis and detection at the subclinical stage is a very important step for disease

control. This is currently performed through the quantitative detection of Mycobacterium avium subspecies

partuberculosis (MAP) DNA by real-time PCR or sequencing methods in animals with the disease; the latter gives

the potential to also detect regions in the coding and non-coding parts of the genome, as has been reported for

microRNAs (miRNAs), as well as providing the ability to study infectious disease biomarkers .
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In recent years, non-coding RNAs are a novel and very promising diagnostic approach to infectious and non-

infectious diseases that has become a major focus of interest in research, and a large number of ncRNAs have

been identified through large-scale genomic analyses . Conventionally, ncRNAs can be broadly classified into

small ncRNAs (maximum length of ≈200 nucleotides, including microRNAs, siRNAs, and piRNAs) and longer

transcripts, including as lncRNAs (>200 nucleotides in length) and small RNAs (50 to 300 nucleotides long). Of the

above categories, miRNAs have been widely studied in various diseases . These functionally act by blocking at

the post-transcriptional level or translationally repressing the target mRNAs. On the contrary, only a small number

of long non-coding (lncRNAs) have been functionally characterized so far.

LncRNAs are newly discovered potential biomarkers, which have introduced us to novel perspectives on the

regulation of gene expression, not only in biology and medicine but also in associated scientific fields and

technologies. Importantly, the complex interactions and dynamic equilibrium between the genetic code and

epigenetic signatures during disease progression is modulated by environmental signals over the course of time

under a traceable path. LncRNAs and long intervening noncoding RNAs (lincRNAs) are known to act as decoys,

scaffolds, sponges, and guides to proteins and RNA molecules in cells, fulfilling essential functions associated with

gene expression regulation. Like miRNAs, this class of long ncRNAs has emerged as important regulators of both

normal and pathological states, while compelling evidence has been accumulated recently, indicating that lncRNAs

are involved in a wide range of biological functions . Importantly, lncRNAs can function as tumor suppressors ,

oncogenes  during the development of multiple cancers, or mediators of infectious diseases by controlling the

basal and TLR2-inducible expression of TNFα in human monocytes .

2. Morphology and Biological Characteristics of
Mycobacterium avium

Mycobacterium avium is a species of the phylum Actinobacteria, belonging to the genus Mycobacterium.

Mycobacterium avium subspecies paratuberculosis is a thin, straight or slightly bent, acid-resistant, and immobile

bacterium. It is mainly aerobic, but under anaerobic conditions, it has shown signs of survival . Its dimensions

are normally 0.5 × 1.5 μm. MAP ribosomes are no different from typical bacterial ribosomes.

Mycobacterium avium is a rod prokaryote, zoonotic microorganism that causes avian tuberculosis and

Mycobacterium avium complex (MAC) in humans. A secondary infection to AIDS, MAC, also called Mycobacterium

avium-intracellulare complex, is a microbial complex of two Mycobacterium species, Mycobacterium avium and

Mycobacterium intracellulare, which are saprotrophic organisms that are present in soil and water. Interestingly,

disease-isolated mycobacteria from CD patients are identical to Mycobacterium paratuberculosis, as determined by

DNA probes that can distinguish between mycobacterial species . This advocates for MAP being the causal

pathogen of CD in humans.

The genus Mycobacterium represents the only entity within the Mycobacteriaceae family, which belongs to the

order Mycobacteriales and the phylum Actinomycetota . Whereas the great majority of about 130 described

species in the genus are harmless environmental saprophytes, some mycobacteria have evolved to be major

[3][4][5]

[6]

[7] [8]

[9]

[10]

[11]

[12]

[13]



Long Non-Coding RNAs in IBD and Johne’s Disease | Encyclopedia.pub

https://encyclopedia.pub/entry/48984 3/22

pathogens. The pathogenic species mainly belong to the slowly growing mycobacteria category and comprise well-

known human pathogens, such as Mycobacterium tuberculosis, Mycobacterium leprae, and Mycobacterium

ulcerans, while the confirmed animal pathogens are Mycobacterium bovis, Mycobacterium marinum, and MAP .

The MAP pathogen has been implicated in JD and also has the potential to infect humans and be the causal

pathogen of CD. Also, MAP has the characteristics of an acid-resistant pathogen mycobacteria, including the

human pathogen M. tuberculosis, which is not a typical Gram-positive mycobacterium. Its lipid-rich cell wall makes

it resistant to Gram staining; thus, it can only be stained with carbolfuchsin, acid–alcohol, and methylene blue .

3. MAP, Crohn’s Disease, and Relative Pathologies

Currently, there are divided opinions on the possible link between MAP and Crohn’s disease, albeit that MAP is

involved in a constantly increasing number of pathologic conditions of unknown etiology in humans and is

considered a potent threat to animals and human health . The available evidence covers a wide range of

hosts including non-ruminant species such as pigs , rabbits , foxes and ferrets , and macaques ,

demonstrating MAP’s wide host infectivity and worldwide prevalence associated with the reduced productivity of

infected animals .

More importantly, besides the threat to animal welfare, MAP is a controversial causative pathogen, since clinicians

and scientists’ have divided opinions on the evidence of MAP isolation from human patients with Crohn’s disease,

which was reformed recently by the positive MAP findings from patients ; thus, this pathogen poses a

serious infectious threat to the public with its transmission occurring mainly through dairy products in livestock. The

latter provides controversial evidence that MAP is zoonotic with a latent stage of infection similar to that of Mtb, the

causative agent of TB in humans, where infection leads to a persistent immune response that controls but does not

completely eliminate the pathogen. The latter makes JD difficult to document as a zoonotic disease that is

associated with the pathogenesis of Crohn’s and related pathologies ; thus, the debate is still ongoing. The

link of MAP zoonosis with CD has been a medical controversy for over one hundred years ; however,

validation of the effort of Professor John Hermon-Taylor, an early elucidator of the zoonotic capacity of MAP ,

has come from numerous recent studies showing CD resolution with antimycobacterial therapies targeted against

MAP .

Experimental evidence for MAP as the causative pathogen of IBD-related pathologies and CD has been reported in

several studies in which the organism has been cultured from various tissues such as intestinal tissue, feces,

breast milk, and/or blood from IBD patients and, recently, MAP DNA/RNA has been detected in patient samples

versus healthy controls . More importantly, exposure to MAP has not been accurately determined and

the pathogen is easily spread by various means of contamination, posing a threat to the public, as the organism

has been found in water, commercial milk, dairy products, etc., and has been shown to survive after pasteurization

procedures that are sufficient to kill common contaminants . This level of infection definitely leads to

contamination of the environment via a contaminated water supply, dust bio-aerosols, milk, and the food supply.

This contaminated environment not only affects the spread of MAP among animals, it may also be associated with

the human intestinal disorders, i.e., IBD and CD . 
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4. Long Non-Coding RNAs (LncRNAs) and Their Footprint in
Gene Regulation

4.1. LncRNAs in the Disease State

The human genome is pervasively transcribed, while a small fraction only of all RNAs processed inside the cell are

protein-coding sequences. In fact, only ca. 2% of the transcripts of the human genome can encode proteins, and

less than 3% compose protein-coding gene exons . Consequently, the majority of the transcripts seem to be

non-protein-coding sequences, which account for 98% of the human genome (ncRNAs), although budding yeast

has been proven to be a powerful model organism for understanding the mechanisms ruling pervasive transcription

.

Known types of non-coding RNAs are transfer RNAs (tRNAs); ribosomal RNAs(rRNAs); small RNAs, such as

microRNAs, siRNAs, piRNAs, snoRNAs, snRNAs, and exRNAs; long ncRNAs (lncRNAs); long intergenic non-

coding RNA (lincRNA) lincRNAs; circular RNAs (circRNAs); and examples of ncRNAs, such as the well-known Xist

and HOTAIR. circRNAs are stable, evolutionarily conserved, and single-stranded RNA molecules. Unlike linear

RNAs, circRNAs are closed-loop type RNAs with joined 3′ and 5′ ends . Four types of circRNAs have been

discovered, namely exonic circRNAs (ecircRNAs), circular intronic RNAs (ciRNAs), exon–intron circRNAs

(EIciRNAs), and intergenic circRNAs . circRNAs function as miRNA sponges and can regulate RNA

expression by consuming miRNA targets .

It was shown that bacteria interfere with the expression of mammalian regulatory RNAs to modify immune

signaling, autophagy, or the apoptotic machinery, and lncRNAs were reported to play a crucial role in the regulation

of eukaryotic gene expression. This is in contrast to the known role of miRNAs in bacterial infections, which has

been extensively studied and reviewed over the years ; thus, the emerging potential of RNA entities,

collectively known as lncRNAs, has already begun to be manifested through their regulatory competence in

complex machinery, illuminating the “usefulness” of read through pervasive transcription, i.e., a transcriptional read

through of transcripts with non-established functions, leading to the accumulation of many opportunistic transcripts,

whose synthesis is controlled by the cell at the co-transcriptional RNA processing level; this phenomenon can lead

to chimeric transcripts and retained introns .

LncRNAs, among their many “charismatic” roles in gene activity, also play a critical role in organizing the 3D

genome architecture and regulating in cis- or in trans- gene expression through numerous mechanisms that have

been reported elsewhere . They are DNA elements that can be encoded almost anywhere in the

genome, e.g., within intergenic regions (lincRNAs), within protein-coding genes (in the antisense), and within

introns . Processed transcripts are a recent addition to this list. 

The first non-coding gene was discovered in humans by using differential hybridization screens of cDNA libraries, a

suitable approach to cloning and studying genes with tissue-specific and temporal patterns of gene expression.

The aforementioned non-coding gene was the imprinted and maternally expressed transcript H19, which was
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initially classified as mRNA, but the absence of a long and conserved open reading frame (ORF) within H19 and a

lack of ribosomal interaction led to the conclusion that it is a non-coding transcript.

Strictly speaking, for immune cells and the pertinently activated mechanisms upon invasion by bacteria or other

microorganisms, the competing endogenous lncRNAs are associated with dynamic changes in gene expression,

the products of which combat infectious pathogens, initiate repair mechanisms, and resolve inflammatory

responses in cells and tissues. The primary structure of lncRNAs shows that are at least 200 nucleotides, although

there is a diversity that distinguishes lncRNAs from smaller non-coding RNAs such as tRNA, miRNA, piRNA (Piwi-

interacting RNAs), snRNA, snoRNA, etc. 

LncRNAs function as protein scaffolds, activators or inhibitors of transcription, and antisense RNA or miRNA

sponges  that exhibit lower cellular concentrations than protein-coding genes but with a higher degree of tissue

specificity , despite their low evolutionary conservation. Importantly, lncRNAs have a key role in the regulation of

gene expression and, as mentioned earlier, remain poorly identified and annotated and are characterized less

emphatically in domesticated animals compared to in other species such as humans and mice ; however,

progress has been made in this decade, starting with bovine and pig genomes and including non-coding transcripts

.

4.2. Principles of Classification for Long Non-Coding RNAs

Strictly speaking, for lncRNA classes, lncRNAs can be arbitrarily categorized into four types, as shown in Figure 1:

(1) antisense lncRNAs are transcribed in the opposite direction to protein-coding genes, and they often overlap by

at least one exon, while they initiate transcription within or at the 3′ end of coding genes. The antisense lncRNAs

initiate transcription from the aligned antiparallel protein-coding gene sequence and transcribe in the opposite

direction to the overlapping coding exons, e.g., antisense Tsix, which negatively regulates Xist in cis via chromatin

modifications at the onset of X-inactivation. (2) Intronic lncRNAs, initiate bidirectional expression inside an intron

of a protein-coding gene and terminate expression without overlapping exons. (3) Bidirectional lncRNAs initiate

transcription in a divergent fashion from a promoter of a protein-coding gene; the distance of lncRNA that

constitutes the bidirectionality in transcription is not defined and is associated with imprecise termination, but is

generally within a few hundred (<1000) base pairs. (4) Intergenic lncRNAs (which are often referred to as large

intervening/intergenic non-coding RNAs or lincRNAs) are sequences of lncRNA that do not overlap with protein-

coding genes as they have separate transcriptional units from protein-coding genes.
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Figure 1. The organization of different types of lncRNAs in the genome depends on the location of the lncRNA

sequence relative to nearby protein-coding genes and the direction of its transcription. Categories of lncRNAs are

often defined by their locations, as shown above. Antisense: these are lncRNAs that initiate inside a protein-

coding gene and transcribe in the opposite direction to overlapping coding exons. Intronic: these are the lncRNAs

that initiate inside an intron of a protein-coding gene in either direction and terminate without overlapping exons.

Bidirectional: these are lncRNA transcripts that initiate in a divergent fashion from a promoter of a protein-coding

gene; the precise distance cut-off that constitutes bidirectionality is not defined but is generally within a few

hundred base pairs. Intergenic: these are lncRNAs (also termed large intervening non-coding RNAs or lincRNAs)

with separate transcriptional units from protein-coding genes.

5. LncRNAs’ Involvement in Immune Dysregulation in IBD
and JD

5.1. LncRNA Evidence in IBD-Related Pathologies

Recent evidence indicates that lncRNAs play important roles in the immune response, such as orchestrating the

development of disparate types of immune cells, organizing chromatin and regulating the transcriptional

programmes, and distinguished roles that feature immune homeostasis and gene activation. These are particularly

important in infectious and inflammatory diseases, as perturbations in the non-coding component of the genome,

such as RNA 3′ end processing and regulators of cleavage and polyadenylation, contribute to several human

diseases . LncRNAs also play important roles in directing the development of diverse immune cells and

controlling the dynamic transcriptional programmes supported by alternative splicing and polyadenylation events

that are hallmarks of immune cell activation.

Landmarks in the study of lncRNAs since their discovery 20 years ago include the significant progress in laboratory

methods, computational biology, and algorithms invented to map new lncRNAs; however, the difficulty with

accelerating progress resides in the low pace of characterization and the elucidation of their functional roles, which

are mainly unexplored. 
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Long Non-Coding RNAs in IBD and Johne’s Disease | Encyclopedia.pub

https://encyclopedia.pub/entry/48984 7/22

One way to initiate the study of lncRNA characterization and functional analysis is by Gene Ontology (GO) term

examination and enrichment analyses of the regional protein-coding genes . The potential functions of the

lncRNAs can be predicted by examining the Gene Ontology (GO) term enrichment of the nearest protein-coding

gene. Additionally, for many tissues, the GO terms with highly significant enrichment are associated with relative

functions of lncRNAs, lincRNAs, etc. that are essential for those tissues and have been examined and analyzed in

previous studies of mammalian lncRNAs . NFκB proteins are a family of five structurally related transcription

factors that control the expression of inflammatory molecules, thereby counteracting bacterial infections. Many

lncRNAs have been reported to interfere with NFκB signaling . Specific examples of the latter interference

account for (a) the induction of the lincRNA–Tnfaip3 complex, which is required for the transactivation of NFκB-

regulated inflammatory genes in response to bacterial LPS stimulation  and (b) the reduction of HULC

expression in a highly upregulated lncRNA (HULC) in liver cancer through treatment by TNF-a-induced apoptosis

caused a reduction in HULC expression by the modulation of miRNA (miR-9) expression in association with DNA

methyltransferases .

Despite the fact that a plethora of studies on IBD have focused on protein-coding genes, new advances in the field

of lncRNAs, have shown their implications and altered expression in IBD patients compared to healthy controls.

Although lncRNAs are novel gene regulators that have not been explored as much as miRNAs, an increasing

number of lncRNAs are being implicated in IBD pathogeneses.

5.2. LncRNA Evidence from JD-Related Pathologies

Naturally infected cattle by MAP, studies have shown to contain lncRNAs with fewer exons than mRNAs (some of

them incorporate less than three exons and some just have a single exon), while their length is also shorter than

the length of mRNAs . In more detail, Marete at al. published a report on the gene expression of highly

differentially expressed gene targets associated with their affiliated lncRNA sequences and showed a pervasive

lncRNA distribution on bovine autosomes (1–29) and on the X chromosome, which were experimentally localized in

bovine chromosomes from macrophage cells of cows positive for JD vs. cows negative for JD (control) .

The lncRNAs identified in the Gupta et al. study were mostly intergenic (45.05%) with an average length of 600 bp

long and ranged between 200 and 1000 bp , supporting the evidence that lncRNAs are mainly intergenic with a

smaller overlap within genic regions . The top 10 most significant differentially expressed (DEG) genes proximal

to their lncRNA and a large amount of the above lncRNAs were found to be transcribed on chromosomes 18 and

19. These chromosomes are associated with signaling pathways for innate immune response, such as TNF

signaling pathways (CCL5, CCL2, MAP2K3, MAP2K4, MAP3K14, MLKL, PIK3R5 and SOCS3), chemokine

signaling pathways (CCL5, NFKBIB, ARRB2, CCL2, CCL4, CCL8, PIK3R5), NOD-like receptor signaling pathways

(CCL5, NFKBIB, NLRP1, CCL2) and cytokine–cytokine receptor interactions (CCL5, CCL2, CCL4, CCL8, CSF3)

. 

RNA-seq studies in bovine macrophages infected with MA revealed a significant log2 fold-change for the DEG. The

frizzled class receptor 1 gene (FZD1) was DGE, and its fold change was estimated to be 15.56 times more highly
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expressed in macrophages for positive vs. negative for JD macrophages in cattle . In addition, a second

significant enriched pathway was the RNA polymerase I promoter escape, which involves the TWISTNB gene and

encodes RNA polymerase I subunit F. It is upregulated in macrophages from JD-diseased cows. 

5.3. Differences in LncRNA Profiles of CD and JD

A notable example is a variation in the genetic locus of protein tyrosine phosphatase 2 (PTPN2) in UC and IBD,

which regulates cytokine signaling by acting on multiple phosphorylated proteins . A study of patients with CD

demonstrated a link between the SNP rs2542151 and lower levels of the PTPN2 protein in colonic fibroblasts, as

well as the formation of aberrant autophagosomes in intestinal epithelial cells (IECs) . The PTPN2 locus SNP

rs2542151 is related to the variation in lncRNA LINC01882, which is primarily expressed in T cells and is also

involved in IL-2 expression, affecting important events such as differentiation, immune responses, and the

homeostasis of lymphocytes, including Tregs mechanisms. Specifically, the transcript LINC01882 has been

reported to play significant roles in autoimmune diseases, including IBD, and in peripheral blood mononuclear cells

(PBMCs) of UC patients . Additionally, the lncRNA ROCKI negatively regulates its cognate encoding gene,

myristoylated alanine-rich protein kinase C (MARCKS), which promotes inflammatory cytokine and chemokine

production. Thus, the above consecutive events show that MARCKS’ gene expression, mediated by ROCKI,

contributes to the IBD pathology . 

Consistent with the above and the contribution of lncRNAs in IBD, which has been also shown in several studies, is

their expression profile which can successfully distinguish IBD patients from healthy controls . Furthermore, the

transcription characteristics and clinically relevant parameters of lncRNAs indicate that they have strong potential

to be used as prognostic biomarkers in IBD . 

5.4. Expression Profiling in Crohn’s Disease vs. Healthy Controls

An analysis of datasets assigned with GEO accession number GSE75459 under platform GPL16956 from the

Gene Expression Omnibus (GEO)/NCBI was performed. In more detail, the Platform GPL16956 Agilent-045997

Arraystar human lncRNA microarray V3 (Agilent Technologies Inc., Santa Clara, CA, USA) contains several series

of samples from various human disease conditions, including (the GSE75459 dataset) CD samples under the title

name “Plasma Long Non-coding RNA and mRNA Expression Profile of Crohn’s Disease identified by Microarray”.

The latter dataset analysis yielded novel lncRNAs and mRNAs for gene expression profiling with new targets in CD

through a genome-wide analysis. The limma package was applied for this analysis, which is the core of the

underlying computational engine of the GEO2R (http://www.ncbi.nlm.nih.gov/geo/geo2r). This generated up to the

250 most statistically significant differentially expressed genes by calculating an adjusted p-value using the

Benjamini–Hochberg method to control the false discovery rate (FDR) .

The LncRNAs GUSBP2, GAS5-AS1, LINC01272, DDX11-AS1, IFNG-AS1, KIF9-AS1, and BC012900 are

specifically upregulated in IBD-related pathologies , while others, such as ALOX12P2, DPP10-AS1, DIO3OS,

lnc-PTPN2-2, and TRIM52 are novel transcripts. Furthermore, in the GSE75459 dataset analysis, the lncRNAs

TALAM1 and MALAT1 were shown to be downregulated in plasma samples from patients with CD . 
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Apart from the common transcripts/genes (the intersecting gene subset in both disease networks, i.e., IBD vs. JD),

there are also unique molecules that are not found in databases or reported elsewhere, such as uncharacterized

loci from the GSE75459 dataset analysis, e.g., XLOC and TCONS and the newly reported RNA genes, such as

FIGNL2 Divergent Transcript), ALOX12P2, TALAM1, and others, as described below.

6. The Epigenetic Role of the LncRNAs Involved in Human
IBD-Related Pathologies and Mycobacterial Infections of the
Host

Epigenetic processes generate the epigenome, and these involve a variety of modulations and chemical

modifications that do not affect the genetic code as such but instead include, and are not limited to, DNA

methylation, histone modifications, chromatin remodeling, the regulation of gene expression by non-coding RNAs,

genome instability, and any other force that contributes to the animal phenotype .

The International Human Epigenome Consortium and the Human Epigenome Projects have been initiated to

understand and pass on knowledge on the overall epigenetic mechanisms involved in human health and disease

. The changes in non-coding RNA are believed to cause obesity, diabetes, and neurodegenerative diseases,

affecting the lungs, liver, or other organs. Thus, the interactive roles of the microbiome and epigenetic regulation in

human health are very important in intestinal dysfunction and IBD-related pathologies. 

Genome-wide association studies (GWAS) and exome sequencing have identified that only ~7% of disease-

associated genetic variations (e.g., single nucleotide polymorphism, SNPs) identified-to-date are localized to

protein-coding genes . The vast majority of genetic disorders caused by sequence alterations (e.g., disease-

associated SNPs) are localized to the non-coding regions of the genome, including genomic loci expressing

lncRNAs .

The known DNA demethylase, (ten–eleven translocation protein that acts as an eraser protein in humans) (TET2)

binds to the promoter region of the lncRNA CDKN2B-AS1 (or ANRIL) and regulates its expression and downstream

genes. Interestingly, overexpression of the TET2 protein inhibits the abundance of CDKN2B-AS1, resulting in a

decreased risk of gastric cancer .

In MAP-infected cattle, Mycobacterium sp. is capable of reprogramming the host cellular machinery, leading to the

evasion of both the innate and adaptive immune responses, followed by the establishment of infection and

dissemination. Lessons can be learnt from Mycobacterium tuberculosis infection in humans as well as infections in

other mycobacterioses, e.g., M. leprae, as these pathogens reprogram the epigenetic mechanisms of the host

epigenome by inducing changes in histone modification, DNA methylation, and non-coding RNA molecule

expression or even reprogramming the cell potency .

7. The Triarchy of Infection, lncRNA Intervention, and
Regulation (IIR)
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7.1. The Infection Stage

Considering, on one hand, the infectious route of MAP pathogen invasion and the “immune disturbance” of the host

and, on the other hand, the “breach” of intestinal mucosal homeostasis and barrier dysfunction caused by IBD in

humans, the following events represent a common ground for these pathologies: either (a) starting with the steps of

an immune challenge, triggered by MAP, and followed by antigen presentation from the host macrophages or (b) a

gradual rising chronic intestinal barrier dysfunction of an unknown trigger that is lurking and deteriorating and is

manifested by the aforementioned associated signaling pathways in the previous sections.

Evidence has accumulated through research over the years to show the interplay of genetic susceptibility, including

non-coding regulatory transcripts, the environmental impact on the microbiome, and the immune condition of the

host leading to or triggered by dysbiosis, which contributes to intestinal barrier dysfunction and inappropriate

intestinal immune activation, thus resulting in disturbed intestinal mucosal homeostasis, which has become the

hallmark of IBD . The pathogen (MAP) starts its transmission from the oral mucosa and spreads to the ileum,

which has been implicated as the primary point of MAP invasion upon the entrance of MAP into the microfold (M)

cells of Peyer’s patches in the intestinal mucosa (Figure 2).

[89][90]
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Figure 2. The MAP pathogen is the infectious trigger for the chronic development of JD and is also likely to be

associated with IBD syndrome. Infection starts by MAP invasion and internalization in the M cells of Peyer’s

patches within the intestinal mucosa, which play the role of antigen carriers. Mycobacteria (MAP) are bound to

fibronectin and integrin receptors on M cells in the intestinal mucosa and to intraepithelial macrophages through

complement receptors where they are phagocytosed. The later events produce “regulatory imbalance” in non-

coding RNAs (ncRNAs) which play a critical role in modulating host–microbe interactions; thus, lncRNAs have

been specifically proposed as potential modulators of the host response to microbiome-linked pathologies, such as

cancers and obesity. Thus, one of the roles of lncRNAs during infection is to regulate the polarization of M1 and M2

macrophages. The corresponding lncRNAs that are produced to polarize either M1 or M2 macrophages in humans

are shown inside the colored boxes (pink and green, respectively). (Detailed descriptions of the picture and terms

are found inside the text). MΦ, macrophages, DC, dendritic cells; P, Paneth cells; IEC, intestinal epithelial cells.

Arrows next to the genes or cells types: upwards or downwards arrows show increases or decreases in the number

of cells or gene expression levels, respectively. All the other arrows show direction or end product.
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7.2. Signaling Event Pathways and lncRNA Intervention

The molecular basis of antigen uptake by M cells has been progressively identified in the last decade in humans,

although unresolved points are being investigated in ongoing research. The follicle-associated epithelium (FAE)

covering mucosa-associated lymphoid tissue is important and is distinct from the villous epithelium in terms of its

cellular composition and functions . The excretion of interleukin-22 binding protein (IL-22BP) by dendritic cells at

the subepithelial region results in the inhibition of the IL-22-mediated secretion of antimicrobial peptides by the

FAE, while notch signaling from stromal cells underneath the FAE reduces goblet cell differentiation . The latter

events diminish the mucosal barrier functions, allowing luminal microorganisms to promptly gain access to the

luminal surface of the FAE.

An important aspect of inflammatory response production is the participating receptors that internalize the

pathogen. However, the intestinal microbiota is composed of a considerable population of microorganisms, which is

maintained under balanced dynamic host–microbiota interactions, beyond which a dynamic equilibrium imbalance

may occur, leading to dysbiosis of the enteric microbiota, as has been demonstrated in IBD and CD, but is not

evident in UC patients .

7.3. Coding Genes and LncRNAs Regulate the Pathological Phenotype Variables

The genetic and epigenetic variables influenced by environmental factors are the phenotype variables. Their

regulated values are coordinated by the following factors: (a) genetic variations and polymorphisms, e.g., the

genetic variability includes the associated susceptibility genes, such as NOD2, SLC11A1, and ATG16L1  (Gao

et al., 2022), including the important autophagy-gene-associated functions, thus rendering the host with an

increased susceptibility to infection and thereby a propensity to manifest the disease. IBD patients with the

ATG16L1 and NOD2 mutations, as well as studies on murine models have demonstrated the disturbed secretory

apparatus of P cells, resulting in defects of antibacterial autophagy ; (b) non-coding RNA regulators and their

polymorphisms in combination with epigenetic factors alter gene regulation; and (c) specific ncRNA actions, such

as the miR-31 binding potential on cytokine receptors, are crucial to inflammation control, as found in DSS-induced

colitis .

In more detail, NOD2 and the autophagy gene ATG16L1 are expressed by an important type of cell, the Paneth (P)

cells, in the intestinal mucosa upon bacterial challenge and inflammation . P cell granule secretion into the

lumen of crypts is governed by cholinergic and bacterial factors, such as the gene associated with IBD, NOD2 ,

including the degranulation of P cells via the toll-like receptor 9 gene (TLR9). CD is characterized by a defective

intestinal barrier towards intestinal microbes, while the cellular and molecular basis of this defect is likely to include

P cells as major participants. P cells predominantly reside in the small intestine; however, P cells may also be

induced by inflammation as metaplastic cells, owing to various stressors (e.g., cigarette smoking, stomach acid,

excessive hormones, etc.) in other parts of the intestine, such as the colon.

[91]

[91]
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[93]
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Important risk variants in murine models as well as IBD patients impair P cell function, leading to colitis; notably,

the autophagy gene ATG16L1 and NOD2 mutations, with disturbed secretory P cells, result in antibacterial

autophagy defects. In IBD, there is an abnormal goblet cell function, including the MUC2 and RELMβ proteins,

while mucosal barrier dysfunction is represented by goblet (G) and P cell (P) functional disruption inside the intact

intestinal epithelium.

LncRNA regulators and genetic variations in combination with epigenetic factors play significant role in the gene

regulation of proinflammatory genes. One of the roles of lncRNAs during infection is to regulate the polarization of

M1 and M2 macrophages. 

As shown in Figure 2, LncRNAs in humans, such as PACER, MALAT1, HOTAIR and CARLR, directly or indirectly,

interact with NF-κB pathway components to regulate target gene transcription. Likewise bovine lncRNAs such as,

H19, DANCR, MEG3, MEG8, MIR221HG and OIP5-AS1 are differentially expressed upon MAP challenge to

regulate biological functions and disease state.

8. The Prospect of LncRNAs in Contemporary Therapies of
GI

IBD-related pathogenesis is a challenging subject for medicine to deal with in terms of the initial trigger of the

disease, the diagnosis, the involved mechanism(s), and potentially, an effective therapy. Likewise, concerning JD,

there is an ongoing and severe problem with animals at their productive age, whereby almost all animals develop

critical pathological signs including weight loss, diarrhea, and secondary infections . Reports are incessant

concerning MAP infection in a wide range of hosts, including subjects not only from cattle but also from other

important ruminants such as sheep, goat, deer, pigeons, etc., which are significant dairy product resources, or

even non-ruminant species , which can easily transmit the MAP-resistant pathogen to other animals and the

human population.

As mentioned earlier, another important parameter is the environmental basis of the disease, including pathogenic

infection as one external trigger that precipitates intestinal inflammation , while recurrent pathogen infections

in mice can develop as a consequential IBD-like syndrome . Therefore, the first preventive strategy of the

immune system is to minimize the risks of both inflammatory damage to the tissue and the development of chronic

inflammatory diseases (e.g., CD), and the second is that pathogens need to be managed in ways that maintain the

benefits of symbiosis in the intestinal flora in order to sustain the “harmonious” balance in the intestine .

There are a few examples presented below that support the rationale behind the idea of using lncRNA applications,

particularly for disease diagnosis and therapy. Ge et al., illustrated that the level of lncRNA ANRIL (CDKN2B-AS1)

can be used to distinguish patients with CD from healthy controls  and that ANRIL can serve as a biomarker

under multiple conditions. In fact, changes in ANRIL expression are associated with the infliximab treatment

response in patients with CD, as ANRIL expression in responders of infliximab treatment was increased, whereas

that from non-responders remained unchanged.

[98]
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It is well-known that corticosteroids are commonly prescribed drugs for IBD, while glucocorticoids (GCs), in

particular, show anti-inflammatory and immunosuppressive effects which are used to induce remission in UC

patients, and also, they are of benefit in CD .

9. Conclusions

Recent advances in information technologies, in association with genetic and epigenetic discoveries, have

revealed unknown folds in the regulatory networks of molecular pathogenesis for the intestine that promise to

harness diseases of the gut and control therapeutic outcomes. A significant profile of molecules in the array of

molecular networks, including the non-coding RNAs of long transcripts (>200 ntds), has recently been implicated in

various diseases through significant regulatory roles.

In recent years, a limited number of proteins or peptides encoded by ncRNAs have been demonstrated to exhibit

significant biological and pathological functions associated with the triggering and progression of intestinal barrier

dysfunction and the importance of the intestinal microbiota. Numerous studies have shown a link between intestinal

dysbiosis and IBD. Although few studies have focused on ncRNAs in the modulation of dynamic host–microbiota

interactions, the molecular regulators of ncRNAs in the intestinal microbiota are still not fully understood; likewise,

the roles of intestinal microorganisms in initiating and facilitating the IBD-related pathologies are not known.

Notably, many of the lncRNAs involved in JD and mycobacterioses are also major contributors to dysfunctional

gene expression in humans and are mostly related to various types of cancer, including CRCs.
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