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Summary

Ulcerative colitis (UC) is a complex inflammatory bowel disease influenced by numerous factors,
including genetic background, environmental elements, luminal factors, and mucosal immune
dysregulation. Genetic variants can account for only a small fraction (approximately 19%) of UC
cases, suggesting other causative factors including epigenetics. Recent research has shed light on the
significant role of epigenetics including the study of long non-coding RNAs (IncRNAs) and DNA
methylation, in UC pathogenesis. Although numerous scientific studies have utilized high-throughput
data and advanced computational technologies, the contribution of IncRNAs to UC pathogenesis
remains inadequately understood. Consequently, a comprehensive examination of InCRNA
involvement in UC and its potential implications is needed.

The aim of this thesis was to explore IncRNAs in UC and their potential implications in disease
pathogenesis. We determined the expression profiles of IncRNAs in UC patients using bioinformatic
approaches (Paper I-111). Employing rigorous methodologies, including precise quantification and
stringent strategies for InNcRNA detection, we identified 15 previously uncharacterized IncRNAs in
UC. These uncharacterized IncRNAs can differentiate UC patients from controls; thus, they might
serve as diagnostic markers for UC patients. We explored the interplay between DNA methylation
and IncRNA expression in UC pathogenesis. Several UC-associated INcRNAs, such as MIR4435-
2HG, ZFAS1, IL6-AS1, and Pvt1, were found to be potentially regulated by differentially methylated
regions (DMRs). In the third study, we combined information from several studies to identify
common IncRNAs in UC, highlighting the challenges of combining independent datasets. A total of
nineteen INCRNAs were identified as significantly differentially expressed in at least three of the nine
GEO datasets.

Collectively, these studies emphasize the potential involvement of IncRNAs in UC and may supply
valuable insights into the disease's underlying mechanisms, potential diagnostic markers, and avenues

for therapeutic development.
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1 Introduction

1.1 Non-coding RNAs

The central dogma of molecular biology, initially articulated by Francis Crick and reiterated in
various forms, states that genetic information proceeds in a direct sequence from DNA to RNA
to proteins [1]. However, since the late 1950s, scientists have observed the presence of RNAs
that do not encode proteins but possess inherent functionality [2, 3]. These transcripts fall into
the category later termed non-coding RNAs (ncRNAs). Advancements in sequencing
techniques and information analysis have led to the identification of an increasing number of
novel ncRNAs, such as long non-coding RNAs (IncRNAs) [4], circular RNAs (circRNAS) [5,
6], and newly discovered small ncRNAs [7]. Ongoing studies have revealed the characteristics
of these ncRNAs, encompassing their origins, mechanisms of generation, structures, and
potential functions [4, 6, 8]. These insights contribute to a guiding principle for identifying
known species of ncRNAs and even uncovering novel ones. A revised view of the flow of

genetic information is presented in Figure 1.

Revised definition of gene and flow of genetic information

Chromatin

i

Primary transcript

|

Exons + Introns :

mRNA or ncRNA — microRNAs
snoRNAs
piRNAs, others?

Protein  Other functions

Figure 1. Initial transcripts can be spliced and undergo additional processing to generate a variety of protein isoforms and/or
several types of non-coding RNAs. These play roles in complex networks of structural, functional, and regulatory interactions
“With permission from [9].”

Certain non-coding RNAs, such as transfer RNAs (tRNAs) and ribosomal RNAs (rRNAs), have

established functions, while others have been more recently discovered, and our understanding

1



of their roles is still developing. Some specific types of ncRNAs, including small nuclear RNAs
(snRNA), microRNAs (miRNA), small interfering RNAs (siRNA), and Piwi-interacting RNA
(pIRNA), play crucial roles in the RNA interference (RNAI) pathway [10]. NcRNAs contribute
to various cellular processes, including the control of chromosome architecture, mRNA
turnover, developmental timing of protein expression, transcription regulation, and alternative

splicing [11].

Despite the extensive study of many ncRNAs, a comprehensive review of all their functions
goes beyond the scope of this project thesis. Consequently, the primary focus of this thesis is

on long non-coding RNAs.

1.2 Long non-coding RNA

Not too long ago, non-coding regions of DNA were often considered as 'junk,’ lacking any
discernible biological purpose. Recent insights reveal that a substantial portion of the human
genome (approximately 90%) is transcribed into RNA, yet merely 1.2% of the total RNA is
protein-coding [12, 13]. LncRNA is a type of RNA longer than 200 nucleotides that does not
have protein-coding capacity. They have various functions in cells, such as regulating genes at
both transcriptional and post-transcriptional levels, serving as scaffolds for protein complexes,
and providing structural support for chromosomes [14]. Like mRNAs, the biogenesis of
InNcRNAs involves a complex series of molecular events, which begin with the transcription of
INcRNA genes by RNA polymerase Il. Subsequently, the primary transcript undergoes various
forms of processing, including capping, splicing, and polyadenylation, to produce the mature
INcRNA. Despite several similarities between INcRNAs and mRNAs, a key molecular
distinction lies in the poor sequence conservation across species exhibited by INcCRNAs [15].
Furthermore, IncRNAs tend to be less abundant in cells than mRNAs. Compared to other
categories of non-coding RNAs, IncRNAs exhibit a surprising range of size, shape, and function
[16, 17].

1.2.1 Classification of IncRNA
Depending on the criteria employed, INCRNAs can be categorized into various classes. A

prevalent classification system is founded on the genomic location of IncRNAs in relation to
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protein-coding genes. This classification encompasses five main categories: intergenic,

intronic, sense, antisense, and bidirectional (Figure 2).

Intergenic long non-coding RNAs, commonly referred to as lincRNAs, are situated between
two genes, with no overlap with the adjacent genes. They are positioned at a minimum distance
of 1 kb from the nearest neighbouring genes. Antisense INCRNAs are transcribed from the
complementary strand of protein-coding genes. Conversely, sense IncRNAs are transcribed
from the same strand as protein-coding genes and can encompass exons from these genes.
Intronic IncRNAs originate within the introns of genes. The last category of INCRNAS, bi-
directional, comes from the same genomic region as other protein-coding genes but in the
opposite direction [18].

Figure 2 illustrates the distinct categories of INCRNAs and their respective proportions within

the human genome, based on recent annotations.

A F

,"; LncRNA genes in the human genome

m LS| mantisense mintergenic mintronic « Sense W Bi-directional

Figure 2. Types of IncRNAs are based on their genomic location. A) intergenic, B) anti-sense, C) sense, D) intronic, E) bi-
directional. F) Proportion of IncRNAs in human genome according to current annotation (GRch38). “Adapted from [18].”

1.2.2 Functional mechanisms of IncRNA
LncRNA can be classified into several functional categories based on their mode of action and
their interaction patterns. Some of the well-known functional mechanisms of IncRNA include

acting as signals, decoys, guides, and scaffolds (Figure 3).



Signalling Molecules: LncRNAs can function as signalling molecules, modulating various
cellular signalling pathways. They have been found to influence signalling pathways under
different conditions. For example, INcCRNA-p21 is induced by the p53 signalling pathway and
regulates cell cycle progression by interacting with genes responsible for cell cycle regulation
[19].

Decoy Mode: In the decoy mode, InNcRNAs directly bind specific protein molecules, forming
IncRNA-protein complexes that impair the normal function of these proteins. For instance,
INcRNA PANDA binds to transcription factors like nuclear transcription factor Y subunit alpha
(NF-YA), leading to the inhibition of NF-Y A-dependent apoptosis [20].

Guiding Molecules: LncRNAs act as guiding molecules, directing specific proteins to their
target locations, thereby facilitating these proteins' biological functions [21]. This guiding

action can occur in either cis or trans modes [22].

Scaffolds: LncRNAs also function as scaffolds, playing roles as transcriptional co-activators
or co-suppressors that interact with transcription factors and other regulatory proteins to control
gene expression. Additionally, they can recruit macromolecule complexes based on their
sequence specificity [21]. For instance, the IncRNA HOTAIR serves as a scaffold for
chromatin-modifying complexes, effectively suppressing genes associated with cellular
differentiation [23].
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Figure 3. Classification of IncRNAs based on mode of action. (A) signalling INcRNA regulates various signalling pathways in
the cell. (B) Decoy IncRNA represses the transcription by removing the regulatory factor bound to the genome. (C) Guide
IncRNAs suppress or activate transcription expression through interaction with regulatory proteins. (D) scaffold IncRNAs act
as platforms that bring different proteins together to form protein complexes. “With permission modified from [24]. ”

1.3 Therole of IncRNA in IBD

LncRNAs play a pivotal role in regulating gene expression across multiple levels. They
influence chromatin structure and function, gene transcription both nearby and at a distance, as
well as participate in RNA splicing, stability, and translation. Many IncRNAs have been
implicated in playing crucial roles in the onset and progression of various human diseases,
including cancer [15]. In recent years, several attempts have enabled the identification of
numerous INCRNAs associated with UC pathogenesis [25-28]. The overexpression of INCRNA
BC012900 enhances the apoptosis of intestinal epithelial cells in UC [25]. LncRNA ANRIL
promotes epithelial injury during UC by accelerating apoptosis [26]. IFNG-AS1 accelerates
inflammation by regulating the IFNG inflammatory response [27]. Increased expression of
IFNG-ASL1 has been observed in several studies among UC patients. Upon T-cell stimulation,
it plays a regulatory role in balancing inflammatory and anti-inflammatory cytokine production
[28].

Reduced expression of peroxisome proliferator-activated receptor gamma (PPAR-y), a negative
regulator of NF-kB-dependent inflammation, has been consistently reported in numerous
studies as causally linked to UC [29-31]. The lower expression of PPAR-y in colonic tissues of
UC patients might be regulated by IncRNAs [32]. Nevertheless, our understanding of the

pathophysiological roles of these INcRNAs in UC development remains limited.

Table 1. LncRNAs associated with ulcerative colitis.

LncRNAs Expressed in Function Refs
IFNG-AS1 Colonic tissue Inflammation enhancer [27]
CDKN2B-AS1 Blood Regulates proliferation, apoptosis, barrier [33]
function and inflammation response of colon
cells in UC
H19 Colonic tissue Intestinal epithelial barrier function [34]




BC012900 Colonic tissue Intestinal epithelial cells apoptosis [25]

TUG1 Colonic tissue Prevent TNF-a-induced cell injury and [35]

inflammation in UC.

Neatl IBD mice Intestinal epithelial barrier integrity and [36]
model macrophage polarization
SNHG5 Colonic tissue Intestinal epithelial cells proliferate and [37]

decrease apoptosis rates.

KIF9-AS1 Colonic tissue Modulation of apoptosis rates [38]

The above (Table 1) examples of IncRNAs underscore the potential regulatory role of INcRNAs
in relation to UC. However, we are still a long way from identifying the complete set of

InNcRNAs and their specific functions in the pathogenesis of UC.

1.4 Inflammatory bowel disease

Inflammatory bowel disease (IBD) is a chronic inflammation of the gastrointestinal (Gl) tract.
There are two main phenotypes of IBD: Crohn's disease (CD) and ulcerative colitis (UC) [39].
These conditions share similar symptoms and pathology. However, CD can affect any segment
of the Gl tract, causing inflammation across all layers, while UC is limited to the colon and
rectum, predominantly affecting the innermost lining [40]. Currently, around 6.8 million people
worldwide live with IBD, and more than 2 million of them are in Europe. Despite ongoing
research, the exact cause of IBD remains uncertain. IBD development is influenced by factors

including genetics, gut microbiota, the immune system, and environmental factors [39].

1.5 Ulcerative colitis

UC is a prominent subtype of IBD characterized by persistent inflammation in the mucosal
lining of the rectum and colon. Samuel Wilks was the first to describe UC in 1859. UC primarily
affects the rectum in approximately 95% of cases [41]. Common symptoms of UC include
bloody diarrhoea, the presence of mucus or pus in stool, abdominal pain, fatigue, and an urgent

need for bowel movements. The severity of these symptoms varies from person to person. The
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clinical course of UC is characterized by recurrent episodes of flares and remission, which can

occur spontaneously.

There are three broad classifications of UC based on the location of inflammation in the colon
(Figure 4). Proctitis is the mildest form, characterized by inflammation confined to the rectum.
Left-sided colitis involves inflammation extending beyond the rectum to affect the descending
colon. Extensive colitis refers to inflammation involving the entire colon [42, 43]. UC patients
diagnosed at a younger age have an increased risk of colorectal cancer [44]. Due to this elevated
risk, individuals with UC are advised to undergo colon cancer screenings [45, 46].

Proctitis Left-sided colitis Extensive colitis

30-60% of patients 16-45% of patients 15-35% of patients

Symptoms Symptoms Symptoms

Rectal bleeding, tenesmus, urgency Proctitis plus diarthoea, abdominal cramping Left-sided colitis plus constitutional symptoms,
fatigue, and fever

Figure 4. Phenotypes of ulcerative colitis. “Reprinted with permission from [43].”

Currently, there is no known cure for UC. The treatment approach for UC typically combines
medications with lifestyle changes. The primary goal of treatment is to reduce inflammation in
the GI tract, manage symptoms, and prevent complications [42]. Medications used to treat IBD
include anti-inflammatory drugs, immunosuppressants, and biological therapies. In mild to
moderate UC, 5-amino salicylic acid (5-ASA) is a treatment option. If a patient does not achieve
remission with 5-ASA medication, corticosteroid treatment may be necessary. For individuals
with moderate to severe UC, management may involve the use of thiopurines, biological drugs,
or a combination of both. Among the biological therapies, anti-TNF-a drugs, such as infliximab,
golimumab, and adalimumab, have demonstrated effectiveness in inducing and sustaining
remission in moderate to severe UC cases. A newer class of biological drug, vedolizumab, acts
as an anti-adhesion molecule inhibitor, specifically targeting the a4f7 integrin involved in gut

homing. Vedolizumab could potentially serve as a primary biological treatment for patients
7



with moderate to severe UC [47]. In certain situations, surgical intervention may become
necessary to remove damaged portions of the intestine [42]. Figure 5 represents the therapeutic
pyramid of IBD. Maintaining a healthy lifestyle, including adopting a balanced diet, engaging
in regular physical exercise, and effectively managing stress, is important for individuals with
UC.

Immunomodulators
(cyclosporine)

[nfliximab,

Disease severity

Figure 5. Therapeutic pyramid of inflammatory bowel disease. “Adapted from [48].”

1.6 The pathophysiology of UC

An impaired mucosal barrier provides a gateway for intestinal antigens to reach epithelium
(presented in Figure 6). Defective tight junctions lead to an increase in permeability. As a result,
luminal antigen uptake increases, altering innate and acquired immune responses in the host
[49]. Upon recognizing microbes from the luminal flora, antigen-presenting cells (APCs)
become activated [50]. These activated APCs prompt the differentiation of naive T cells into
regulatory T cells and several types of effector T helper cells, including Th2 and Th9 cells, in
UC. These activated APCs and effector Th2 cells, which produce multiple pro-inflammatory
cytokines such as TNF-a, IL-1, IL-6, IL-9, and 1L-13, play a pivotal role in the pathogenesis of
UC [51]. The subsequent sections delve into further details about the cells and cytokines
involved in UC. Elevated levels of mucosal addressin cell adhesion molecule-1 (MAdCAM-1)
lead to an increased recruitment of intestinal-associated lymphocytes to the inflamed area. This
recruitment plays a pivotal role in the pathogenesis of UC [50].

8
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Figure 6. Overview of the pathophysiology of ulcerative colitis. “Adapted from [50].”

1.7 Epidemiology of UC

The incidence of UC worldwide has increased over the past few decades. UC has an incidence
rate of 9 to 20 cases per 100,000 people annually, with a prevalence rate of 156 to 291 cases
per 100,000 people each year [52]. The incidence of UC is notably lower in developing
countries compared to highly developed or industrialized countries. [46].

A compelling argument for environmental factors can be seen in immigrants moving from low-
incidence countries to high-incidence countries. These immigrants retain a lower risk of
developing IBD, while their offspring have a higher risk of developing IBD [53, 54]. This
suggests the contribution of environmental factors to disease development. Figure 7 presents
the global incidence of UC from 1990 to 2016.



UC incidence 1990-2016
0.00-1.85
1.86-3.09
3.10-4.97

| 4.98-7.71

m >171 /

Unknown

Figure 7. Global incidence of ulcerative colitis. Incidence of ulcerative colitis from 1990 to 2016 in different regions. “With
permission from [45].”

1.8 Factors contributing to UC

UC is regarded as a multifactorial disease whose exact aetiology remains elusive. Genetic
alterations can lead to a dysregulated immune response in the host intestinal microbiota and
other environmental factors can further influence the development of the disease [55]. The
complex interplay between genetics, immune response, and environmental factors is depicted

in Figure 8.
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Figure 8. A complex interplay of UC pathogenesis.

1.8.1 Genetic factors in UC

People with a family history of UC are at a greater risk of developing the disease. There is an
estimated 7% to 11% family history of UC in patients with UC, while 8% to 14% have some
form of IBD [45, 56].

Genome-wide association studies have identified over 250 IBD-specific risk loci [57]. Most of
these risk loci are shared by both CD and UC. Despite the identification of several susceptibility
loci, genetics can only account for approximately 19% of disease heritability in UC [58]. The
genes associated with risk loci are involved in various functions, including epithelial barrier
integrity, innate and adaptive immunity, leukocyte recruitment, and responses to bacterial
molecules [45]. Variants of hepatocyte nuclear factor 4, alpha (HNF4A) may be associated with
dysfunction of the intestinal barrier integrity [59]. Several HNF4A variants (SNPs) are
positively related to UC [59-61]. Various other genetic variations may influence both the
severity and course of UC. For example, the HLA class Il (human leukocyte antigen class I1)
allele DRB11502 is associated with UC and DRB1*0103 is linked to disease severity and a
higher risk of colectomy [62].

11



Variants in genes involved in innate immunity, such as nucleotide-binding oligomerization
domain-containing protein 2 (NOD2), have been identified as risk factors for UC. NOD2 plays
a vital role in innate immune response [63]. It has been shown that NOD2 is a genetic risk factor
for the onset and progression of CD and has been associated with intestinal inflammation [64].
Some studies have linked NOD2 mutations to UC [65-67].

Genes involved in adaptive immune responses have been implicated in the development of UC.
The risk of UC has been associated with variants of genes encoding cytokines and their
receptors, such as interleukin 23 receptor (IL-23R) [68]. Cytokines are signalling molecules
that regulate immune cell function, and dysregulation of cytokine signalling can lead to chronic
inflammation [68, 69].

1.8.2 Environmental factors

Environmental influence is important to the pathogenesis of UC. Many environmental factors
have been reported to influence UC pathogenesis including smoking, diet, non-steroidal anti-
inflammatory drugs, appendectomy, and gut microbiome [70-72]. Alterations in diet have been
associated with an increased risk of UC [73, 74]. Global shifts in dietary patterns over the past
few decades have seen a rise in the consumption of processed foods, sugar, and red meat,
coupled with a decline in the intake of dietary fibres due to rapid industrialization [75-79]. Diet
affects UC pathogenesis through mechanisms by modulating gut microbiota, immune system,

and barrier function [80].

1.8.3 Gut microbiota

The gut microbiome constitutes a complex microorganism ecosystem crucial for maintaining
gut balance and immune function. Microbiota density and diversity vary in various parts of the
GIT. Microbial density increases from the upper small intestine along the gut from the
duodenum to the colon [81]. Studies reveal UC patients exhibit altered gut microbiota, affecting
composition, diversity, and function. Such disruptions weaken the intestinal defence and
immune response [81]. The alterations in gut microbiota weaken immune regulation and
defence against infections, promoting the growth of pathogenic bacteria. This, in turn, can lead
to the invasion of the intestinal mucosa or worsens existing diseases [82]. Patients with UC
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particularly show reduced protective bacteria like Faecalibacterium prausnitzii, Lactobacillus,
and Bacteroidetes (phylum), along with elevated pro-inflammatory bacteria like Escherichia

coli and Fusobacterium spp [83].

The hygiene hypothesis proposes that early-life microbial exposure is essential for a balanced
immune system development [84]. Insufficient exposure might cause immune dysregulation

and increased vulnerability to disorders like UC [84].

1.9 Immune responsesin UC

The immune response and inflammatory pathway in UC reveal that tissue damage is driven by
complex interactions between cells and cytokines. Diverse cell types, including antigen-
presenting cells (such as dendritic cells and macrophages), T helper cells, regulatory T cells,
and natural killer T cells, play pivotal roles in UC pathogenesis by regulating, suppressing, and
sustaining inflammation. Both dysregulated innate and adaptive immune pathways link to the

inflammatory response in UC patients [85].

1.9.1 Innate immune response

The mucous layer covering the intestinal epithelium serves as the first physical barrier. In UC,
the mucus layer becomes disrupted and goblet cells are damaged, leading to reduced mucus
production and compromised barrier function. The reduction or damage of goblet cells in UC
results in diminished expression of genes involved in mucus production and secretion, such as
MUC?2, TFF3, and SPDEF [86-88]. An impaired or damaged intestinal barrier allows the
passage of antigens triggering immune system activation [89]. The immune response plays a
pivotal role in the initiation, augmentation, and perpetuation of UC [51]. Innate immune
responses are activated upon pathogens or foreign substances. These responses are the first line
of defence in the body, involving cells such as neutrophils, macrophages, and innate lymphoid
cells to identify and eliminate pathogens rapidly. Initial innate immune responses are not

antigen specific.

Neutrophils are the most abundant immune cells and are regarded as the first responders of the

innate immune system [90, 91]. Upon initiation of the inflammatory response, circulating
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neutrophils migrate into the intestinal mucosa. Neutrophil migration into inflamed tissues is
crucial for immune defence, mucosal healing, and inflammation resolution [92]. Increased

neutrophil infiltration of the gut epithelium correlates with the disease activity in IBD [91].

Recently, there has been increased recognition of the involvement of innate lymphoid cells
(ILCs) inthe development of UC. These cells play a role in mounting immune responses against
both extracellular and intracellular microorganisms. ILCs have been shown to contribute to
maintaining the integrity of the intestinal barrier and facilitating processes related to tissue
repair and remodelling [90]. ILC cells are distinguished by the expression of specific
transcription factors and the cytokines they secrete [85, 93]. ILC1 is primarily responsible for
combating bacteria and viruses and enhancing the production of interferon-y (IFN-y), which
plays a role in UC pathogenesis. ILC2 releases IL-5, responsible for recruiting neutrophils to
inflamed areas, and IL-13, which disrupts intestinal epithelial function, in response to IL-33
[85]. ILC3 produces IL-22 and IL-17 in response to IL-23 and IL-1B, maintaining gut
homeostasis. 1L-22 plays a protective role towards intestinal epithelial cells, and reduced

expression levels of IL-22 are observed in patients with IBD [85, 93].

Other immune cells of the innate system, such as dendritic cells and macrophages, can sense
the intestinal microbiota and respond to pathogen-associated molecular patterns (PAMPS),
which are conserved structural motifs found on microorganisms. Details about dendritic cells

and macrophages are presented in the following section.

1.9.2 Adaptive immune response

The adaptive immune response is more specific and involves immune cells such as T cells and
B cells. Antigen-presenting cells (macrophages and dendritic cells) connect the mechanisms of
innate and adaptive immune responses by presenting antigens to specific lymphocytes, leading

to the activation of adaptive immune cells [90].

Antigen-presenting cells (APCs) are responsible for recognizing and presenting foreign
antigens by pattern-recognition receptors (PPRs) such as toll-like receptors (TLRs) and NOD-
like receptors (NLRs). These antigens are then presented to T cells, thus initiating an immune
response. APCs constitute a diverse group of cells pivotal to initiating and sustaining the
immune response [94].
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This group includes dendritic cells (DCs), macrophages, and B cells, all of which play critical
roles in both innate and adaptive immunity. Their collective functions and interplay are integral

to maintaining immune homeostasis [95].

DCs stimulate primary T-cell responses to ascertain whether these responses are immunogenic
or tolerogenic [96, 97]. During UC, DCs shift their activity and the number of pro-inflammatory
DCs increases [90]. Research has indicated an elevated surface expression of TLR2 and TLR4
on DCs from UC patients [98]. Increased levels of these TLRs can activate NF-kB and other
transcription factors, influencing the inflammation process [99]. APCs can produce a variety of
cytokines and chemokines that influence the activation and differentiation of naive
lymphocytes, i.e., Th2, Thl7, Th9, and T cells (Tregs), all of which play crucial roles in the

development of the disease.

Macrophages are distributed throughout the entire digestive tract within the mucosa [49]. Based
on their mode of activation, macrophages can be categorized into two types: classically
activated (M1) and alternatively activated (M2). M1 macrophages are activated by exposure to
granulocyte-macrophage colony-stimulating factor (GM-CSF), lipopolysaccharide (LPS), or
IFN-y, leading them to secrete several pro-inflammatory cytokines [90, 100]. M1 macrophages
contribute to driving immune responses mediated by Thl and Th17 cells. Conversely, M2
macrophages, induced by IL-4, IL-10, and 1L-13, perform anti-inflammatory and are involved
in tissue healing and fibrosis [90].

An overview of innate and adaptive immune responses is presented in Figure 9A and B,

respectively.
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Figure 9. Immune responses in UC. An overview of innate immune responses (A) and adaptive immune responses (B).
“Reprinted with permission and Modified from [101]. ”
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1.10 Cytokines involved in UC

Cytokines play a role in the augmentation and perpetuation of UC. They are linked to tissue
damage and mucosal injury [49]. Certain cytokines can initiate immune responses specific to
the disease. In addition to the classical pro-inflammatory cytokines like TNF-a, IL-1, and IL-6,
the classical network of Th2 cytokines such as IL-10, and IL-13 are involved in UC [51].

TNF-a is a proinflammatory mediator produced by mononuclear cells, playing an integral role
in the pathogenesis of UC. TNF-a activates the mitogen-activated protein kinase (MAPK) and
NF-kB-dependent pathways, contributing to the release of matrix metalloproteinases (MMPS),
which result in mucosal degradation [102]. MMPs play a wide range of roles by digesting
extracellular matrix and cleaving bioactive proteins [103]. The mucosal TNF transcript level is

currently used in the clinic as a promising biomarker in patients with UC [104, 105].

The development of a chronic inflammatory state may result from excessive activation of Th2
cells [90]. Several cytokines are associated with Th2 immune responses or produced by Th2
cells. Interleukin-1 (IL-1) is secreted by macrophages, playing both regulatory and
inflammatory roles in the pathogenesis of UC. Up-regulation of IL-1 and its family members
potentially induces Th2 immune responses. IL-1 exists in two structurally distinct forms: IL-1a
and IL-1P [106]. Elevated levels of endogenous IL-1 receptor antagonist (IL-1RA) and a high
ratio of IL-1RA to IL-1 are positively associated with UC activity [107].

IL-33, a member of the IL-1 cytokine family, typically participates in Th2-type responses. In
the context of intestinal inflammation, it plays a role in the immune response to intestinal
parasite infections and inflammation associated with UC [108]. IL-33 plays both protective and
pathogenic roles during UC. [109]. The pro-inflammatory effect of IL-33 induces the
production of Th2 cytokines [49, 110]. Conversely, numerous studies have demonstrated IL-

33's protective role mediated through Tregs induction and macrophage polarization [111, 112].

IL-13 is produced by Th2 cells and is involved in the activation and differentiation of immune
cells, such as macrophages which in turn contribute to the chronic inflammation of the colonic
mucosa [49, 113]. In UC patients, T cells produce substantial amounts of IL-13, which induces
epithelial apoptosis and facilitates erosions and ulcers [114]. Another important cytokine, IL-6,
can enhance cytokine secretion and T cell survival by inducing anti-apoptotic factors, thereby

leading to T cell accumulation and chronic inflammation [115].
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Not all cytokines are pro-inflammatory; some are anti-inflammatory in nature. Anti-
inflammatory cytokines, such as IL-10 and transforming growth factor-beta (TGF-B), play a
significant role in modulating immunity and maintaining mucosal homeostasis. This
modulation is essential for regulating the inflammatory cascade in UC. IL-10 is a key anti-
inflammatory cytokine that can inhibit pro-inflammatory responses [51, 116]. It has been
reported that together with growth factors, TGF-f can promote mucosal healing and protect

host tissue from luminal changes in IBD [116, 117].

1.10.1 LncRNA in intestinal barrier function

The intestinal barrier plays a pivotal role in the pathogenesis of UC. Presently, only a limited
number of studies have delved into both IncRNA and the intestinal barrier. LncRNAs play a
role in numerous processes within IBD, including the regulation of intestinal epithelial cell
apoptosis, intercellular tight junctions, and proteins linked to lipid metabolism [17]. This
regulation impacts the permeability of the mechanical barrier of the intestinal mucosa [17].
Some of the IncRNAs that play a role in maintaining epithelial barrier integrity in context of

IBD are discussed below.

LncRNA H19 has been reported in the regulation of intestinal mucosal mechanical barrier by a
mechanism that involves modulation of epithelial cell proliferation and differentiation, as well
as regulating the expression of tight junction proteins [17, 118, 119]. The expression of H19 in
colonic biopsies has a negative correlation with the expression of the vitamin D receptor (VDR)
in UC. VDR signalling plays a crucial role in regulating inflammation [34]. The overexpression
of H19 notably hinders the functions of Paneth cells and goblet cells, and it also weakens the
autophagy of the intestinal mucosa which aids in self-renewal [120]. This weakening of
autophagy could potentially result in damage to the mechanical barrier of the intestinal mucosa
[17]. H19 could indirectly compromise the tight junctions of the intestinal mechanical barrier
by upregulating the expression of miR-675 [119]. Overexpression of H19 can disrupt the
structure of tight junction proteins like ZO-1 and E-cadherin by inhibiting their translation
[119].
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LncRNA neatl has been implicated in UC pathogenesis. A recent IBD mice model study found
that inhibition of neatl expression suppresses inflammatory response, and improves intestinal

barrier integrity, and macrophage polarization [36].

INcRNA PIncRNA-1 plays a protective role in intestinal mucosal barrier function. Chen et al.
identified that PIncRNA-1 is involved in the intestinal epithelial barrier function via regulating
tight junction proteins in IBD [121].

1.11 DNA methylation

In the initial stages of recognizing DNA as genetic material, Rollin Hotchkiss discovered DNA
methylation. DNA methylation was discovered to regulate gene expression and cellular
differentiation in the 1980s [122]. This epigenetic mechanism is vital for gene regulation,
cellular differentiation, and the overall development of mammals [122]. The most generic form
of DNA methylation involves the addition of a methyl group to the 5th carbon of cytosine
residues within the DNA molecule (Figure 10). Typically, this methylation occurs in cytosines
part of CpG dinucleotides. DNA methyltransferases (DNMTs) are a group of enzymes
responsible for methylating DNA in mammals. There are three key phases in DNA methylation:
de novo methylation, maintenance methylation, and demethylation. Among mammals, the
primary DNMTs include DNMT1, DNMT3A, and DNMT3B. DNMT3A and DNMT3B serve
as the major enzymes responsible for establishing new DNA methylation patterns during
embryonic development and cellular differentiation. Conversely, DNMT1 functions as a
maintenance enzyme, ensuring that methylation patterns are retained during DNA replication
[123].

However, DNA methylation is not necessarily a permanent modification. There are two
mechanisms for the removal of 5mC: passive and active demethylation. Active DNA
demethylation relies on a process involving enzymatic removal of the methyl group from 5mC
by enzymes known as ten-eleven translocation (TET) enzymes. The TET enzyme gradually
oxidizes 5mC, converting it into 5-hydroxymethylcytosine (5hmC), 5-formylcytosine (5fC),
and 5-carboxylcytosine (5caC). Subsequently, 5fC and 5caC are recognized and removed,

replaced with naked cytosine by the TDG-mediated base excision repair pathway.
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Alternatively, passive demethylation occurs when maintenance methylation is lacking due to
the absence of DNMT1, leading to a reduction in 5mC levels after replication [122, 123].

Up to 80% of CpG sites in the mammalian genome are methylated [124]. CpG-rich areas are
known as CpG islands and are about 1000 base pairs. More than two-thirds of gene promoters
are located within CpG islands and are usually unmethylated [122]. Typically, higher
methylation in the promoter region of a gene suppresses gene expression, while lower

methylation is commonly associated with activated expression [125].
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Figure 10. DNA methylation and demethylation process. The addition of a methyl group to the 5th carbon of cytosine is
catalysed by DNMT enzymes, using a methyl donor called SAM. TET enzymes catalyse the demethylation process in the
presence of Fe+2 and o-ketoglutarate as substrates, producing succinate and CO2. Demethylation involves multiple oxidation
reactions that convert 5-methylcytosine into 5-hydroxymethylcytosine, then into 5-formylcytosine and 5-carboxylcytosine.
These modifications are subsequently recognized and removed by the base excision repair mechanism, resulting in
demethylation. “Adapted from [126].”

1.11.1 DNA methylation and UC

DNA methylation patterns undergo alterations in the colon tissue of patients with UC, resulting
in aberrant gene expression and contributing to the chronic inflammation and tissue damage
observed in UC [127]. While genome-wide association studies (GWAS) have identified
numerous IBD-susceptible gene loci, they only account for a small fraction of the disease
heritability, implying the presence of undiscovered factors [128]. Around 70% of IBD risk loci
are shared with other autoimmune diseases, implying limited specificity provided by genetic
variants. Several studies have shown that both UC and Crohn's disease may develop under

similar genetic, environmental, and flora conditions, highlighting the role of epigenetics in IBD
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[129]. In the context of the interplay between the environment and the genome, epigenetic
mechanisms, particularly DNA methylation, emerge as crucial [130]. Indirect evidence
suggests that the effects of methylation play a vital role in IBD pathogenesis, as 33% of
heritability status is associated with SNPs that affect methylation levels (mQTL) [131].

In 1996, the first evidence associating DNA methylation with UC pathogenesis was reported
by Gloria et al. [132]. The study revealed that the incorporation of 3"-methyl groups into DNA
was 10-fold higher in patients compared to controls and was significantly increased in patients
with histologically active disease [132]. The alteration of methylation patterns in UC has been
demonstrated to lead to the activation of pro-inflammatory genes, contributing to chronic
inflammation [130, 133-135].

Promoter regions of various genes, including E-cadherin, MYOD, p16, CDH1, Glial cell
Derived Neurotrophic Factor (GDNF), MYOD1, MDR1, and PARZ2, exhibit hypermethylation
(5" C) in UC patients [136—138]. The hypermethylation of PAR2 has been associated with UC
severity [139]. These studies collectively underscore the pivotal role of DNA methylation in
the pathogenesis of UC, linking it to diverse clinical aspects of the disease such as duration,

severity, subtype, dysplasia, and active inflammation.

1.11.2 DNA methylation associated IncRNAs in UC

The interplay between IncRNAs and DNA methylation machinery is emerging as a crucial
aspect of epigenetic regulation [140]. This dynamic interaction could influence the expression
of genes associated with various diseases, including cancer [141]. Recent research has
highlighted the role of DNA methylation-regulated IncRNAs in the expression of genes
involved in inflammation, immune responses, and tissue repair—key factors in the pathogenesis
of UC [142-144]. One study identified the downregulation of INcRNA PMS2L2 in UC, which
suppresses inflammation induced by LPS by inhibiting miR-24 expression through methylation,
preventing cell apoptosis [142]. In UC, elevated levels of miR-24 are linked to compromised
intestinal barrier function [143]. Another investigation demonstrated that the IncCRNA Mirt2,
functioning as a negative regulator of UC, upregulates miR-1246 through methylation, thereby

reducing cell apoptosis [144].
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2 Objectives of the thesis

This thesis’s aim was to enhance and deepen our comprehension of the functional roles played
by long non-coding RNAs in molecular processes and to investigate their involvement in UC.
Three distinct studies were conducted to accomplish the overall goal of the thesis, the objectives
of thesis are outlined as follows:

» To identify uncharacterized IncRNAs and investigate their potential roles in UC
pathogenesis.

» To explore the interplay between DNA methylation and INcRNA expression in UC.

» To identify commonly differentially expressed IncRNAs in UC across multiple
independent studies.
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3 Materials and methods

In the following sections, an overview of the patient cohorts and approaches used in each paper
are described. In the published articles and thesis manuscript, materials and methods related to
specific studies (I-111) are described in detail.

3.1 Alignment and mapping

The initial and critical step in the analysis of RNA-Seq data is the alignment of short sequence
reads to a reference genome or transcriptome. RNA-Seq input data is typically provided in
FASTQ format and can be aligned to the reference genome or transcriptome using various
alignment tools, including BWA, STAR, Kallisto, HISAT2, and others. In our study, we
employed two aligners, STAR and Kallisto, to enhance the quantification of IncRNAs. In Paper
I, we utilized both STAR (version 2.7.7a) and Kallisto (version 0.46.1), while in Paper Il, only
Kallisto was used. STAR is well-known for its high performance and efficiency in aligning
RNA-Seq data to a reference genome [145]. On the other hand, Kallisto is a rapid and highly
efficient tool specifically designed for quantifying transcript abundance in RNA-Seq
experiments [146]. STAR requires an indexed reference genome as input, whereas Kallisto
relies on an indexed whole transcriptome as its reference input. Both STAR and Kallisto are
known for their accuracy in mapping reads to the reference, and the output files generated by
these tools are compatible with downstream analysis tools like DESeg2. Utilizing both STAR
and Kallisto in RNA-Seq data analysis offers the advantage of providing complementary
information, enhancing the precision of transcript expression quantification. Furthermore, using
both tools can serve as a form of cross-validation, increasing our confidence in the accuracy of
the results obtained. The reference genome Gencode V36 (GRCh38.p13) was used for

alignment, annotation, and visualization steps in this study.

3.2 Differential expression analysis

After aligning the sequencing reads to the reference genome, the subsequent step involves
conducting a differential expression analysis of transcripts. The purpose of differential
expression testing is to identify which transcripts are expressed at various levels between

conditions. There are many steps involved in differential expression analysis, including
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normalization, statistical analysis, multiple testing correction, functional annotation, validation,

and visualization.

To facilitate accurate comparisons between samples, count normalization serves as the initial
step in the differential expression analysis workflow. DESeq2 (version 1.24.0) was employed
for data normalization, allowing for the correction of variations in sequencing depth among
samples (Paper I, 11, and some datasets in Paper Il1). Furthermore, starting from the Star-
aligned bam files, a consensus transcript set was generated using Stringtie (version 2.0.3). The
Ballgown stattest was subsequently utilized to derive transcript g-values from the set of
Stringtie consensus transcripts, employing transcript FPKM as a metric.

The R package GenomicRanges (version 1.36.1), capable of identifying genomic overlaps, was
employed to isolate INCRNA exons that did not exhibit overlap with known protein-coding
exons on the same strand. These non-overlapping INCRNA exons were utilized to construct a
matrix of Ballgown unique exon counts. The unique exon counts were then subjected to further
analysis to assess differential expression levels using DESeq2, ensuring that the observed

expression originated specifically from IncRNA rather than from overlapping coding exons.

In the context of meta-analysis, the edgeR (version 4.0.16) package in R was harnessed to
identify differentially expressed IncRNAs across normalized datasets (Paper I11). To identify

transcripts as significantly differentially expressed, the following criteria were applied: (Paper

1)

e Star(gene) padj < 0.05

e Ballgown (FPKM) gvalue < 0.05

e DESeq2 padj < 0.05

e Presence of at least one non-protein-overlapping INCRNA exon with padj < 0.05
e Kallisto (transcript) padj < 0.05 (Paper | and I1)

e edgeR (IncRNA) p value < 0.05 (Paper I11)

3.3 Visualization
Visualization of data is a fundamental tool in modern data science. It helps with tasks such as

cleaning data, exploring its structure, finding outliers and technical artifacts, identifying trends
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and clusters, recognizing local patterns, assessing model results, and presenting findings. In this

study, we utilized several visualization tools for data and result visualization:

Heatmap was used to visualize transcriptomic data. In heatmaps, expression values are depicted
graphically by colour, providing an effortless way to visualize and understand complex data.
Each row represents gene expression, and each column represents a sample. Heatmap can
highlight patterns of expression across samples or group of samples. Scatterplots were used to
show relationships between variables, such as INCRNA expression and gene expression, and
gene expression and methylation levels. They facilitated the visualization of correlations
between transcript expression and methylation. Principal Component Analysis (PCA) is a
widely used tool for visualizing transcriptomic data. It is an unsupervised method that explores
interrelations among variables and aims to reduce dataset dimensionality while preserving key
patterns [147, 148]. Gviz is a flexible and powerful R package for visual inspection of genomic
data. This tool provides a structured visualization framework for plotting data along genomic
coordinates. It offers a range of visualization options, the ability to integrate data from various
sources making Gviz a valuable tool for genomic, transcriptomic, and epigenomic work [149].
Gviz (version 1.46.1) was used to plot raw read data over InCRNA annotation (Paper I) and to
visualize the relationship between transcript expression and methylation level (Paper I1).
Boxplots were used to visualize the mean expression levels of IncRNAs across different disease

states and tissue locations in paper Il1.

3.4 DNA methylation analysis

For DNA methylation analysis, we initially indexed the reference genome from Gencode using
Bismark (version 0.22.3), and then we aligned whole-genome bisulfite sequencing data to this
reference genome using Bowtie2 within Bismark. Bowtie2 is a highly efficient alignment tool
widely utilized for rapidly aligning sequence reads to large genomes [150]. The next step was
to identify differentially methylated CpGs (DMCs) or differentially methylated regions
(DMRs) between different conditions. This involved comparing the methylation levels at each
cytosine base. To achieve this, we employed DMRseq (version 1.4.9), a tool designed for DMR
identification. We integrated the methylation data with other genomic data, such as INCRNA
expression and gene expression, to gain valuable insights into the functional consequences of
DNA methylation changes.
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3.5 Correlation analysis

Gene co-expression correlations provide a robust methodology for predicting gene function, as
genes that participate in the same biological process often exhibit coordinated regulation [151,
152]. Therefore, to gain functional insights into IncRNAs, we conducted a co-expression
analysis between InCRNA transcripts and protein-coding transcripts. The Pearson correlation
coefficient was used to calculate the correlation between IncRNA transcripts and their target
genes using the cor.test (version 3.6.1) package in R. Transcripts with an absolute Pearson
correlation greater than 0.85 were selected. In cases where there were fewer than thirty INCRNA
transcript targets, we considered the top thirty most highly correlated transcripts (Paper 1).

In paper I, correlation analysis was performed on DMRs located within 20 kb of differentially
expressed IncRNAs. We calculated correlations between the expression levels of differentially
expressed transcripts and the methylation levels of DMRs using the cor.test R package.
Differentially expressed transcripts were deemed to be regulated by a DMR if the correlation
coefficient was negative and the correlational p-value was < 0.05. Furthermore, a secondary
correlation analysis was conducted between DMR-regulated IncRNAs and differentially
expressed protein-coding genes within a 500 kb range. Protein-coding genes exhibiting a
significant negative correlation (p-value < 0.05) with DMR-regulated IncRNAs were

considered as potential candidates regulated by neighbouring DMR-regulated INCRNAs.

3.6 Functional annotation and pathway analysis

Functional annotation involves identifying genomic regions, gene transcripts, and genes
associated with specific biological functions, molecular processes, or pathways. This can be
done using various available gene set enrichment tools and databases, such as Kyoto
Encyclopaedia of Genes and Genomes (KEGG), and Reactome. These tools allow users to
determine which genes are over-represented in annotated biological pathways. In this thesis,
pathway analysis was carried out on genes that were co-expressed or correlated with InNCRNA
expression (paper I1). In paper I, KEGG was performed on genes co-expressed with candidate
INcRNAs.
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3.7 Deconvolution

Tissue biopsy samples are heterogeneous and contain multiple cell types with different
methylation profiles. In this case, the DNA methylation profile may be influenced by the
relative proportions of different cell types in the sample. Cell deconvolution can address this
issue by estimating the cell-type composition of a sample based on the DNA methylation
profiles of known cell types. For this purpose, EpiDish (version 2.6.0)
(https://bioconductor.org/packages/release/bioc/ntmI/EpiDISH.html) cell deconvolution was

adapted to estimate the relative proportion of cell types in UC and control samples.
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4  Summary of results

4.1 Paper |

Novel long non-coding RNAs of relevance for ulcerative colitis pathogenesis
Mithlesh Kumar Ray, Christopher G. Fenton, Ruth H. Paulssen (2022)

Non-coding RNA Research, Volume 7, Issue 1, March 2022, Pages 40-47

The aim of this study was to identify INCcRNAs potentially implicated in UC pathogenesis. To
achieve this, RNAseq data from mucosal biopsies were collected from treatment-naive UC
patients (n=14) and control subjects (n=16). Rigorous bioinformatic methods were employed
to quantify IncRNA transcripts. A total of 99 IncRNAs exhibited differential expression in UC
samples, including 15 that had not been previously characterized in the context of UC or other
autoimmune diseases. To predict potential targets of these uncharacterized IncRNAs, we
conducted correlation analyses between IncRNA expression and protein-coding genes.
Consequently, we identified 602 protein-coding genes with significantly correlated expression
patterns with these 15 uncharacterized IncRNAs. Subsequent KEGG pathway enrichment
analysis revealed their involvement in two significantly enriched pathways: lipid and
atherosclerosis, and T-cell receptor signalling. Many of the up-regulated IncRNAs identified
through this methodology had previously been associated with IBD pathogenesis, including
SMIM25, IFNG-AS1, and DIO30S.

This study suggests that a set of 15 previously uncharacterized INcRNAs may play a role in

UC pathogenesis. They can serve as diagnostic biomarkers and treatment targets in the future.
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4.2 Paper ll

Methylation-regulated long non-coding RNA expression in ulcerative colitis
Fenton, Christopher Graham; Ray, Mithlesh Kumar; Meng, Wei; Paulssen, Ruth H. (2023)

Int J Mol Sci. 2023 Jul; 24(13): 10500. doi: 10.3390/ijms241310500

This study aims to identify differentially expressed long non-coding RNA transcripts
(DEIncRNAS) that are potentially regulated by DNA methylation in UC. The analysis involved
a set of patient samples comprising 11 treatment-naive UC patients and 13 normal controls. For
each sample, both whole-genome bisulfite sequencing data and INCRNA expression data were

analysed.

To identify DEINCRNAs that may be under the control of differentially methylated regions
(DMRs), correlation analysis was conducted between DEINCRNA expression and upstream
DMR methylation levels. This analysis revealed a total of 101 DEIncRNAs that exhibited
significant negative correlations with the methylation levels of upstream DMRs. Among these
DEIncRNAs, known UC-associated INCRNAs like MIR4435-2HG, ZFAS1 (ZNFX1 antisense
RNA 1), Pvtl, and IL6-AS1 were identified. To gain potential functional insights into the
effects of methylation-regulated IncCRNA expression, a correlation analysis was performed
between IncCRNA expression and differentially expressed protein-coding genes (DEGSs) located
in the nearest neighbour. This analysis revealed several genes associated with inflammatory
immune responses downstream of DMR-regulated IncRNAs, including SERPINB1, CCL18,
and SLC15A4.

The identified IncRNAs and their correlations with UC-related protein-coding genes may hold

promise as potential diagnostic markers or therapeutic targets for UC in the future.
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4.3 Paper

Challenges in defining a reference set of differentially expressed IncRNAs in ulcerative
colitis by meta-analysis.

Christopher G. Fenton, Mithlesh Kumar Ray, Ruth H. Paulssen.

Curr. Issues Mol. Biol. 2024, 46(4), 3164-3174; https://doi.org/10.3390/cimb46040198

This study aimed to identify commonly differentially expressed (DE) IncRNAs by comparing
several manually curated datasets, thus underscoring the complexity of meta-analysis. The
study encompassed 1,339 samples, comprising 1,171 from UC patients and 168 from control

individuals, across nine different datasets.

The comparison between UC patients and controls revealed 19 IncRNAs that exhibited
significant and consistent differential expression in at least three out of the nine datasets.
Among these 19 IncRNAs, 12 showed downregulation, while seven displayed upregulation.
Notably, several IncRNAs, including SATB2-AS1, FOXD2-AS1, miR-215, TP53TG1, and
LINC01224, which exhibited differential expressions, have previously been associated with

CRC progression.

Furthermore, the study delved into the expression patterns of these 19 IncRNAs in various UC
disease states and tissue locations. The findings highlighted variations in the expression levels
of these INCRNAs across different tissue locations and disease states, shedding light on the

inherent challenges of conducting meta-analyses involving diverse UC datasets.
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5 Discussion

The overall aim of the dissertation was to explore the relevance of IncRNAs in UC
pathogenesis. UC is a heterogeneous disease that imposes a significant economic burden on
society due to high treatment costs. Understanding the molecular mechanisms underlying the
disease's development is essential for effectively managing UC patients. In support of this trend,
the identification of specific biomarkers holds the potential to predict the course of UC and
pinpoint pathways involved in disease progression, thereby facilitating improved treatment
outcomes and diagnosis. While most UC studies have primarily focused on protein-coding
genes which represent only 1-2% of the genome. Ignoring non-coding RNAs can limit our
understanding of the disease's molecular mechanisms and hinder the discovery of diagnostic,
prognostic, or therapeutic biomarkers.

LncRNAs exhibit dynamic expression patterns during the differentiation of various mammalian
cell types, such as stem cells, muscle cells, and immune cells. Additionally, environmental
factors, including stress responses in animals, can significantly impact IncRNA expression
[153]. Despite numerous studies, the field of INcRNA research is still rapidly expanding and
remains one of the least understood areas in need of exploration. There are several compelling
reasons to support the study of INCRNAs over protein-coding genes. LncRNAs exhibit high
tissue specificity and stability in tissues and body fluids, making them ideal candidates for

biomarker applications [154-157].

Why treatment-naive UC samples? Investigating treatment-naive patients offers several
advantages over using samples from treated patients. Comparing treatment-naive samples with
control samples can be valuable for identifying changes in IncRNA expression and DNA
methylation patterns specifically associated with the disease, rather than changes that may be
influenced by treatment. Treatment can influence the expression of genes and can also affect
the methylation level [158]. Treatment strategies employed in the management of UC patients,
such as anti-inflammatory drugs, 5-ASA, glucocorticoids, sulfasalazine, and TNF-a inhibitors,

may influence transcriptional expression and methylation levels in UC patients [159, 160].

Current standard methodologies have limitations and there is no established standard for
annotating INCRNAs [161]. It appears necessary to integrate information from various platforms

and biological conditions to better classify INcRNA transcripts. Despite the availability of
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numerous technologies, mapping and quantifying long, polyadenylated, and low-abundance
transcripts face limitations [162]. To enhance INcCRNA quantification, a stringent approach was
employed (Paper 1). This approach identified 15 IncRNAs not previously characterized in UC
and demonstrated their potential to differentiate UC from normal controls based on their

expression.

These uncharacterized IncRNAs, were found to be significantly enriched in the T cell receptor
(TCR) signalling and the lipid and atherosclerosis pathway (Paper 1). These pathways have
been shown to influence the development of UC and atherosclerotic cardiovascular disease
(ASCVD) [163-165]. Notably, IBD patients have a higher risk of ASCVD [166]. Both
atherosclerosis and IBD exhibit chronic inflammation involving the innate and adaptive
immune systems, along with impaired endothelial and platelet function. The involvement of
proinflammatory cytokines, such as IL1 and IL6, which initiate a localized inflammatory
cascade, along with matrix metallopeptidases like MMP3 and MMP9, is implicated in both
conditions. The expression of IL1, IL6, MMP3, and MMP9 may be associated with INCRNA
expression in UC, (Paper 1). It is therefore interesting that our analysis found an enrichment of
INcRNAs associated with the lipid and atherosclerosis pathway (Paper 1). This suggests a
potential connection between inflammation and disrupted lipid metabolism in both UC and
ASCVD [167].

Expanding upon our initial investigation into differentially expressed IncRNAs in UC (Paper
1), we investigated INcRNAs whose expression might be influenced by DNA methylation
(Paper 11). A limited number of IncRNAs such as Tsix, Xist and Kcngtlotl [168] have been
extensively characterized, they have been shown to hold control over gene regulation at several
levels, including the silencing of transcriptional genes through DNA methylation [169-171].
UC typically follows alternating periods of remission and relapse. These fluctuations in disease
activity may result from the exposure of environmental factors. The complex interplay between
DNA methylation and IncRNAs influenced by environmental exposure and the crosstalk
between these two epigenetic mechanisms has been implicated in numerous biological
processes, including apoptosis, cell cycle progression, cancer, and embryonic development
[172-174].

DNA methylation is a dynamic process that can undergo changes under specific conditions,

particularly when cellular homeostasis is disrupted, as observed in increased cellular stress and
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disease onset [128]. During Inflammation, an increase in reactive oxygen species contributes
significantly to oxidative stress and damage in IBD [175, 176].

Some of the IncRNAs including MIR4435-2HG, IFNG-AS1, and cytoskeleton regulator RNA
(CYTOR) exhibited differential expression (Paper I). A subsequent follow-up study indicates
that these InNcRNAs may be regulated through DNA methylation (Paper 11). These IncRNAs
have pivotal roles in inflammation, immune response, and tissue repair, all of which are central
to the disease. For instance, MIR4435-2HG has been recognized as a miRNA sponge for TGF-
B1 and an activator of TGF-J signalling, suggesting its involvement in inflammation-mediated
processes in UC [177]. The well-studied INcRNA IFNG-AS1 in UC has been linked to sustained
inflammation by regulating the expression of a key inflammatory cytokine, IFNG [27]. Recent
research has associated CYTOR with immune-related pathways, epithelial-mesenchymal
transition processes, and immune cell infiltration [178]. Through an integrated analysis of both
transcriptome and DNA methylation, we identified 254 IncRNAs that may be potentially
regulated by methylation (Paper Il). Of which 114 were found to be differentially expressed
in UC (Paper I).

Differences in DNA methylation level may be a result of the distinct cellular composition of
the tissue biopsies. Consequently, the EpiDish method was employed for cell deconvolution,
allowing the estimation of relative proportions of different cell types present in the tissues.
Epithelial cells degradation and immune cells infiltration are one of the key characteristics of
UC [179, 180]. Deconvolution results from individuals with UC (Paper Il) showed an
increased proportion of immune cells and a decreased proportion of epithelial cells. This
contributes to dysbiosis by compromised barrier integrity. Several IncRNAs may contribute to
epithelial cell degradation, affecting proliferation and differentiation essential for maintaining

and repairing the intestinal epithelium.

CDKN2B-AS1 IncRNA is crucial for maintaining intestinal barrier integrity by regulating
Claudin-2 expression [181] (Paper I). LncRNAs HOXA-AS2 and HOXA-AS3 were found to
be epigenetically downregulated (Paper I1) and associated with epithelial cell proliferation and
migration [182, 183]. Their decreased levels during UC may contribute to epithelial cell
degradation, affecting proliferation and differentiation essential for maintaining and repairing

the intestinal epithelium. The elevated NEAT1 expression is linked to compromised intestinal
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barrier integrity in IBD [36]. An increased NEATL1 expression in UC may be influenced by
DNA methylation levels (Paper II).

Many of the identified IncRNAs are associated with CRC (Paper | or Paper I1), and their
expression was further confirmed in publicly available UC databases (Paper Ill). The
development of CRC can be a serious and life-threatening consequence of UC. Patients with
long-term UC are at a higher risk of developing CRC [184]. In untreated UC, the INCRNAS
LINC01224, CRNDE, FOXD2-AS1, and MIR3936HG were found to be differentially
expressed (Paper | and Paper I1). The IncRNAs LINC01224, CRNDE, FOXD2-AS1, and
MIR3936HG, found in the study, have been linked to the regulation of CRC development [185—
188] (Paper I, Paper 11, and Paper I11). It was found that the expression of IncRNAs FOXD2-
AS1 and MIR3936HG may be subject to epigenetic regulation (Paper I1).

Understanding the functional mechanisms of INCRNAs is a complex task. In our exploration of
the functional roles of INcRNAs in UC, we investigated the correlation between IncRNAs and
protein-coding genes, (Paper I and Paper I1). One approach to uncovering the functional
significance of INCRNAs is to identify their target genes [189]. Cis-target gene prediction relies
on the correlation between the expression of a IncRNA and its neighbouring protein-coding
genes (Paper I1). In contrast, trans-target gene prediction focuses on the correlation between the
expression of a INCRNA and co-expressed genes, regardless of their positional relationship with
the InNcRNA (Paper 1). The main objective was to investigate the potential functions of
uncharacterized IncRNAs. Several genes and pathways were found to be co-expressed with
these INcCRNAs. Some of these genes are important for immune responses and for the integrity
of the intestinal epithelial barrier, such as IL-21, IL-21R, inducible T cell co-stimulator (ICOS),
and lymphocyte cytosolic protein 2 (LCP2) [190-192]. A paired correlation was performed
between DMR-regulated IncRNAs and adjacent protein-coding genes (Paper I1). The findings
revealed many genes related to UC pathogenesis, such as KCNB1, CCL18, and SERPINB1
(Paper I1).

The complexities associated with utilizing publicly available datasets collected from diverse
scientific publications were addressed. INCRNA expression can be influenced by several factors,
including the location of biopsies within the colon and the specific disease state. The findings

demonstrate variations in INCRNA expression (Paper I11).
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5.1 Strengths, limitations, and challenges of the study

The strength of this work lies in the utilization of treatment-naive UC samples, as detailed in
section 5. Another strength is that the omics data were all derived from the same patient
samples, which enabled sample-specific comparisons to elucidate the associations between
DNA methylation, INCRNA expression, and protein-coding gene expression. In addition, the
application of multiple complementary methods and manual curation has improved the
accuracy of IncRNA quantification. However, it is important to note that this study's results are
based on in silico analysis, and more experimental validation is needed. In Paper I and 11, the
results were obtained from data generated through Next-Generation Sequencing (NGS). NGS
provides a virtually infinite dynamic range for read-counting techniques like gene expression
profiling. Each sequence read, aligned to a reference sequence, is quantified by RNA-Seq,
generating absolute rather than relative expression data. This wide dynamic range enables the
detection of small-expression variations, as low as 10% [196, 197]. Therefore, the presented
results in Paper | and Paper Il are believed to be valid and need no further validation with
gPCR.

Since the thesis work is primarily based on bioinformatic analysis of data deposited in the GEO
database, the ability to perform laboratory verification and access samples is inherently
restricted. However, several bioinformatics methods were employed to confirm the identified
transcripts. For example, in Paper I, each transcript underwent visual inspection as outlined in
the paper. This process involved plotting raw reads over gene annotations and ensuring that the
exon read peak exceeded the local background sequencing noise, providing an additional layer
of validation. Consensus transcripts among samples were obtained using Stringtie, ensuring that
the reported IncCRNA transcripts in the study are consistently present across all samples. To

enhance the statistical robustness of the findings, a larger sample size would be beneficial [198].

One of the primary challenges is the sheer complexity and diversity of INCRNAs themselves.
Unlike protein-coding genes, INcRNAs lack well-defined functional domains or conserved
sequences, making their characterization and functional annotation challenging [16]. LncRNAS
often exhibit tissue-specific and context-dependent expression patterns, further complicating
their study. Another challenge arises from the fact that InCRNAs can exert their regulatory
functions through various mechanisms, including chromatin remodeling, transcriptional

regulation, and post-transcriptional processing. Understanding the precise mechanisms by
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which IncRNAs operate requires sophisticated experimental techniques and computational
analyses. Moreover, the functional annotation of IncCRNAs is hindered by the limited
availability of comprehensive databases and resources for INCRNA annotation and functional
prediction. Machine learning algorithms, including deep learning models, are being used
increasingly to predict interactions between IncRNAs and their targets. For instance, methods
like DM-RPIs (Deep Mining ncRNA-Protein Interactions) utilize RNA and protein sequences
as input to estimate the likelihood of their interaction [193]. In experimental research, methods
such as RNA antisense purification (RAP), RNA interactome capture, and CRISPR-based
screens have played crucial roles in identifying and confirming interactions between INCRNAs
and their targets [16, 194, 195]. However, experimental validation of IncRNA functions can be
labor-intensive and technically challenging, particularly when investigating their roles in
complex biological processes and disease states. Addressing these challenges is crucial for
advancing our understanding of IncRNA biology and realizing their potential as diagnostic and

therapeutic targets in various diseases.

6 Conclusion

The stringent approach employed in this study has enhanced the accuracy of quantifying
InNcRNAs and identified a new set of INcRNAs in UC. By examining the expression of IncRNAs
in relation to protein-coding genes, several genes associated with immune response, epithelial
barrier integrity, and the pathogenesis of UC were identified. Additionally, analysing the
correlation between methylation-regulated INcRNAs and their nearest-Neighbour protein-
coding genes has deepened our understanding of the interplay between DNA methylation,

InNcRNAs, and the expression of protein-coding genes.

The observed enrichment of members of the lipid and atherosclerosis pathway highlights an
association between UC and cardiovascular disease (CVD). These results could provide
valuable insights into the molecular mechanisms contributing to the increased risk of CVD in

patients with UC.

Meta analysis revealed IncRNAs for UC which may represent general marker for UC regardless

of disease severity, treatment, and tissue locations. Furthermore, CRC-associated IncCRNAs
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were identified which might be helpful for future research on analysing the risk of developing
CRC in UC.
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7 Future perspectives

Addressing the challenges associated with IncRNA quantification calls for the development of
innovative approaches. We should explore techniques that enhance sensitivity, accuracy, and
consistency in InCRNA quantification. Nanopore technology may address this challenge by
providing direct and ultra-long reads without the necessity for prior chemical labelling or PCR
amplification. Additionally, the application of single-cell sequencing approaches may hold
immense potential for providing deeper insights into cell-specific methylation signatures and
their impact on IncRNA expression. In future studies, single-cell bisulfite sequencing may be
employed to infer the methylation state of individual cells to acquire a more precise cell-specific
methylation signature [199]. A Disrupted epithelial cell layer and consequent changes in

intestinal mucosal permeability are important early symptoms of IBD [17].

In conclusion, the future of UC research may build on further unravelling the complexities of
IncRNAs functions by refining quantification techniques and exploring clinical applications.
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ARTICLE INFO ABSTRACT

Keywords: Background and aims: The study aimed to identify yet unknown and uncharacterized long non-coding RNAs
Ulcerative colitis (IncRNAs) in treatment-naive ulcerative colitis (UC), and to define their possible roles in UC pathogenesis. For
IncRNAs

that purpose, accurate quantification methods for IncRNA transcript detection, multiple and “stringent” strate-
gies were applied. New insights in the regulation of functional genes and pathways of relevance for UC through
expression of IncRNAs are expected.

Methods: The study was based on sequencing data derived from a data set consisting of treatment-naive UC
patients (n = 14) and control subjects (n = 16). Two complementary aligners were used to identify IncRNAs.
Several different steps were used to validate differential expression including plotting the reads over the
annotation for manual inspection. To help determine potential IncRNA involvement in biological processes,
KEGG pathway enrichment was done on protein-coding genes which co-expressed with the IncRNAs.

Results: A total of 99 IncRNAs were identified in UC. The IncRNAs which were not previously characterized (n =
15) in UC or other autoimmune diseases were selected for down-stream analysis. In total, 602 protein-coding
genes correlated with the uncharacterized IncRNAs. KEGG pathway enrichment analysis revealed involvement
of IncRNAs in two significantly enriched pathways, lipid and atherosclerosis, and T-cell receptor signaling.
Conclusion: This study identified a set of 15 yet uncharacterized IncRNAs which may be of importance for UC
pathogenesis. These IncRNAs may serve as potential diagnostic biomarkers and might be of use for the devel-

opment of UC treatment strategies in the future.

1. Background

Ulcerative colitis (UC) is a chronic inflamed condition of the colon
and rectum and one of the major phenotypes of inflammatory bowel
disease (IBD) [1]. Despite the prevalence of UC, the etiology of UC is
poorly understood. The UC pathogenesis is complex and an interplay
between environmental factors, intestinal microbiome, nutrition and
genetic factors [1]. Although heritability plays a potential role, only a
small fraction (7.5-22%) of UC risk can be explained by genetic factors
alone [2,3]. Genome-wide association studies (GWAS) found several IBD
risk loci on the non-coding region of the genome [4]. LncRNAs have not
been thoroughly explored in IBD [5] nor has their contribution to the
progression of the disease.

LncRNAs play an important role in tumor development and carci-
nogenesis and have been suggested to be biomarkers for diagnosis and
prognosis [6-8]. A growing body of evidence implies a role for IncRNAs
in UC [9-11]. The expression of IncRNAs in UC has previously been

reported [9,10,12,13]. They are involved in the modulation of the in-
testinal barrier function [13,14], regulating expression of inflammatory
cytokines [15], and polarization of macrophages [16].

LncRNAs, which are RNAs with a length greater than 200 nucleo-
tides, are poorly conserved [17]. Their roles in gene expression regula-
tion are still not well understood [18]. They may or may not be
polyadenylated, and 98% are spliced. At least two different alternatives
spliced isoforms have been observed in about 25% of all known IncRNAs
[19]. LncRNAs share common features as they are expressed at lower
levels, are tissue-specific, and have exonic regions with low levels of
interspecies sequence conservation [20]. Weak expression makes accu-
rate quantification of IncRNA transcripts particularly challenging. Ac-
cording to ENCODE’s own evaluation, less than 1000 IncRNAs are
present at greater than one copy per cell in the typical human tissue
culture cell lines [21]. In addition, many IncRNA exons overlap
protein-coding exons on the same strand making it difficult to determine
the origin of the transcript counts. To ensure the veracity of
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differentially expressed IncRNAs, several complementary methods need
to be employed. Determining IncRNA function is difficult, but
protein-coding transcripts that co-express with IncRNA transcripts may
offer some insight into IncRNA function. Likewise, pathway enrichment
of co-expressed protein-coding genes may offer insight into relevant
biological pathways involved in UC pathogenesis.

2. Materials and methods
2.1. Patient data

Gene expression data of mucosal gene expression were obtained from
the Gene expression Omnibus (GEO) GSE128682 and represent
sequencing data obtained from mucosal biopsies of treatment-naive UC
patients (n = 14) and normal control subjects (n = 16) [22].

2.2. Data analysis

A schematic overview of the data analysis methodological approach
is shown in Fig. 1. The Gencode v36 (GRCh38.p13) reference genome
(https://www.gencodegenes.org/) [23] was used for all alignments,
annotations and visualization methods. All tests for differential expres-
sion were between UC and normal samples. Both Star aligner and Kal-
listo were used to align the Illumina generated fastq sequences. Star was
used to generate a gene count matrix. Kallisto was used to create a
transcript count matrix. DESeq2 was used to find DE genes and DE
transcripts with an adjusted p value less than 0.05. LncRNAs were
defined as those with transcript type or gene type equals IncRNA in the

Fastq sequences

(Illumina)

I
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annotation gtf file. Stringtie v2.0.3 (https://github.com/gpertea
/stringtie/releases) [24] was used to create a consensus set of tran-
scripts from the Star aligned bam files. The Ballgown (https://www.bioc
onductor.org/packages/release/bioc/html/ballgown.html) [25] stattest
using transcript FPKM as a metric was used to generate transcript q
values from the set of Stringtie consensus transcripts. Granges is a
software package that can identify genomic overlaps (https://bioco
nductor.org/packages/release/bioc/html/GenomicRanges.html) [26].
Granges was used to isolate IncRNA exons that did not overlap with
known protein coding exons on the same strand. A matrix of Ballgown
unique exon counts was created from the non-overlapping IncRNA
exons. DESeq2 was used to identify differentially expressed exons from
the exon matrix, adjusted p value < 0.05. Differentially expressed
IncRNA met the following conditions: Star(gene) padj <0.05, Kallisto
(transcript) padj <0.05, Ballgown (FPKM) qvalue <0.05, and at least
one non protein overlapping IncRNA exon with padj <0.05. Only
IncRNA transcripts with an average read count greater than 16 were
considered.

LncRNA annotation is constantly updated, therefore Biomart was
used to check that the remaining differentially expressed IncRNA tran-
script type was currently annotated as IncRNA (https://bioconductor.or
g/packages/release/bioc/html/biomaRt.html). in latest Ensembl anno-
tation. Finally, each significantly IncRNA was inspected visually (Fig. 2).
By using Samtools [27] the read coverage for each candidate IncRNA
region was extracted directly from the STAR aligned Bam files. LncRNA
transcript read coverage was plotted over the genome reference exon
structure using the Gviz [28] package. LncRNAs whose read coverage
peaks aligned with reference exons, was greater than the local

Fig. 1. Flow diagram representing the outline of
experimental steps. Fastq data was aligned using
several methods Star, Kallisto, and Ballgown. Differ-
ential expression was estimated by DESeq2 for Star
(gene counts) and Kallisto (transcript counts), stattest
for Ballgown (FPKM). LncRNA candidates were
significantly differentially expressed in all three tests.

Star aligner Kallisto aligner
gene counts transcript counts
(DESeq_2) (DESeq?2)

28182 transcripts 9599 transcripts

consensus transcripts
(Ballgown Stat test FPKM)

GRanges was used to find non protein overlapping
IncRNA exons. Ballgown unique exon counts and
DESeq2 were used to ensure that candidates had at
least one differentially expressed non protein over-
lapping exon. Bam read counts were then plotted over
genome annotation to ensure exon read count align-

Stringtie

5614 transcripts

}

Selection of common IncRNAs
candidates
Star padj < 0.05
Kallisto padj < 0.05
Ballgown qvalue < 0.05
Ballgown exon counts padj <0.05

2150 transcripts

|

Selection of non-protein
overlapping DE
IncRNA exons

(Granges, DESeq_2)
1239 transcripts

}

Visualization

Read peaks and background
116 transcripts
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ment to annotation and comparison to background
noise.
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Fig. 2. Visualization of IncRNA candidates. LncRNA gene symbol and location are indicated in figure title. The upper part of the figure shows the Ballgown FPKM
values for each IncRNA transcript labeled on the left. Low FPKM values are white/light yellow, higher FPKM values are darker orange/red. The lower part of the
figure shows the average read counts for UC and normal controls over the genomic annotation. Read counts are shown on the lower panel y axis. Normal controls
read counts are indicated in blue (n = 16) and UC read counts are indicated in red (n = 14). The genomic annotation used to align is shown under the read counts.
Transcripts are labeled on the left. LncRNA transcripts in orange are considered valid candidates. Transcripts in grey are IncRNA transcripts that were not considered

candidates. Transcripts in black are not annotated as IncRNA.

background, and did not completely overlap non IncRNA reference
exons (Fig. 2) were considered as candidates.

Co-expression analysis was used to select potential protein coding
target transcripts for the fifteen uncharacterized IncRNAs depicted in
Table 1. Transcripts with an absolute Pearson correlation greater than
0.85 were selected. If total IncRNA transcript targets were less than
thirty, the top thirty most co-related transcripts were taken into
consideration. The R ReactomePA package (https://bioconductor.org/
packages/release/bioc/html/ReactomePA.html) [29] was used to find
significantly enriched KEGG [30] using gene names of the co-expressed
uncharacterized IncRNA transcripts.

Table 1
List of uncharacterized IncRNAs in ulcerative colitis (UC).

3. Results
3.1. Differentially expressed IncRNAs in treatment-naive ulcerative colitis

DESeq2 on the STAR generated gene count matrix gave a total of
8615 differentially expressed (DE) IncRNA genes (padj <0.05) coding
for a total of 28182 IncRNA transcripts (Fig. 1). Ballgown stattest (q
value < 0.05) using FPKM values from Stringtie consensus sequences
gave a total of 5614 DE IncRNA transcripts belonging to 4254 IncRNA
genes. DESeq2 was used to perform differential expression analysis on
transcripts obtained from the Kallisto aligner, which gave 9599 DE
IncRNAs transcripts (padj <0.05) belonging to 6720 IncRNA genes.

Transcript ID Gene_Name Ballgown (qvalue) Kallisto (FC) Kallisto (padj) Star (baseMean) Star (padj) Exon (padj)
ENST00000669835.1 AC110611.2 2.92E-06 1.51 2.38E-15 22.1 1.28E-14 1.33E-24
ENST00000669140.1 AL354743.2 0.002 1.03 3.56E-05 33.01 0 1.12E-09
ENST00000424989.1 LINC01137 0.004 0.56 0.009 86.22 0.004 1.16E-05
ENST00000606723.2 U91328.1 6.39E-05 -0.79 1.21E-06 107.54 5.27E-17 0
ENST00000553330.1 LINC02313 0.04 —-0.84 0 20.52 7.32E-07 0.02
ENST00000447171.2 AC007255.1 0.002 -0.93 3.66E-06 155.91 7.06E-10 8.46E-05
ENST00000661542.1 AL353572.4 2.94E-05 -1.11 7.55E-13 35.5 5.29E-18 6.16E-07
ENST00000658026.1 LINC02405 0.018 -1.12 0 82.57 1.76E-08 0.001
ENST00000451240.1 AC005550.2 0.007 —-1.26 1.10E-05 170.78 1.18E-08 0
ENST00000432368.2 THRB-AS1 5.95E-05 —1.42 2.73E-11 10.52 1.06E-10 1.19E-08
ENST00000656535.1 AC007114.1 0.033 -1.5 5.19E-05 41.7 0 0
ENST00000416416.1 GORAB-AS1 0.017 —1.53 5.89E-05 45.44 2.71E-09 0
ENST00000553425.5 AL121790.2 0.001 -1.66 1.90E-07 58.31 2.26E-07 2.60E-06
ENST00000512915.5 AC098487.1 0.036 -1.98 5.37E-05 21.08 5.78E-14 1.10E-07
ENST00000664281.1 AC116345.4 0 -2.13 1.37E-09 81.42 2.34E-13 4.18E-09
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DESeq2 on the non-protein overlapping exon unique counts matrix
resulted in 4073 IncRNA transcripts with at least one DE non-
overlapping exon (padj <0.05). Combining the IncRNA results Ball-
gown (FPKM) gvalue <0.05, Star (gene) padj <0.05, Kallisto (transcript)
padj <0.05, and non-protein overlapping exons (Ballgown unique exon
count) padj <0.05 resulted in 2150 IncRNA candidates. Of the 2150
candidates, 1239 candidates were verified as biotype IncRNA in the
latest ensemble annotation by a BioMart query (Supplementary
Table 1). The entire analysis flowchart is shown in Fig. 1.

Visual inspection of IncRNAs candidates was done by plotting read
coverage of IncRNAs over the exon structure defined in the genome
reference annotation (Fig. 2). A total of 116 IncRNAs transcripts repre-
senting 99 IncRNA candidate genes were selected (Supplementary
Fig. 1). Seven of the candidate IncRNAs were previously found to be
dysregulated in IBD, fourteen have been observed in colorectal cancer,
and six were related to inflammation and infection (Supplementary
Table 2). All these 99 significantly differentially expressed IncRNAs are
depicted in a heat map (Supplementary Fig. 2). Among these 99, fifteen
IncRNAs have not been previously described and characterized in UC
(Table 1). Principal component analysis (PCA) using the uncharac-
terized IncRNAs showed a clear separation between UC samples and
normal samples. Principal component 1 (PC1) explained 64.1% of the
total variance (Fig. 3A).

3.2. Co-expression of IncRNAs with protein-coding genes

The 15 uncharacterized IncRNAs were then subjected to correlation
analysis, which resulted in a total of 602 co-expressed protein-coding
genes in correlation analysis (coefficient absolute 0.85 with correlation
p-value < 0.05) (Supplementary Table 3). In addition, a PCA was per-
formed on the differentially expressed protein-coding transcripts (n =
686) which correlated with the expression of the uncharacterized
IncRNAs (Fig. 3B). Here, principal component (PC1) explained 74.6% of
the total variance and a clear separation of UC and normal samples was
seen. LncRNAs AC110611.2, GOARB-AS1, AC005550.2, and
AC116345.4 were co-expressed with 190, 170,112, and 65 protein-
coding transcripts, respectively. Correlation analysis showed that mul-
tiple protein-coding transcripts can co-express with a single IncRNA
transcript and vice versa (Supplemental Table 3). Among the co-
expressed transcripts were several protein-coding genes which related
to inflammation and UC progression like interleukin 1B (IL-1B) [31],
metalloproteinase 3 (MMP3), metalloproteinase 9 (MMP9) [32], and
Vav guanine nucleotide exchange factor 3 (VAV3) [33]. Several
pro-inflammatory cytokines such as IL-33, TNFSF10 and IL21R
co-expressed with AC110611.2.

Non-coding RNA Research 7 (2022) 40-47
3.3. Pathway enrichment analysis

Genes corresponding to the correlated protein-coding transcripts
were used for KEGG pathway enrichment. Two significantly enriched
pathways with padj and qvalue <0.05 could be identified, the T cell
receptor pathway and the lipid and atherosclerosis pathway. Seventeen
and twelve genes, which co-expressed with the uncharacterized
IncRNAs were found to be enriched in both pathways. Among them
VAV3, lymphocyte cytosolic protein 2 (LCP2), and inducible T cell co-
stimulator (ICOS), both of which play a role in vascular endothelial
cell integrity [34], NK-cell mediated recognition of missing-self targets
[35], and effective T-helper-cell responses [36]. To illustrate the cor-
relations an example of a co-expression is shown in Fig. 4.

4. Discussion

In this study, differentially expressed IncRNAs in treatment-naive UC
were explored by applying accurate quantification methods for IncRNA
transcript detection. This study provides new knowledge of 15 previ-
ously uncharacterized IncRNAs which may be involvedin the regulation
of the lipid and atherosclerosis and T cell receptor signaling pathways.

Accurate quantification of IncRNA transcripts is challenging.
Therefore, several complementary methods along with visual inspection
were applied to generate a set of IncRNAs that distinguish between UC
samples and controls (Fig. 1). The majority of IncRNA transcripts are
expressed at a significantly lower level than protein coding transcripts,
making IncRNA transcription levels difficult to distinguish from the
background noise [37]. Recent RNAseq studies have shown differences
in intra-exonal coverage, which could have aroused from naturally
occurring splice variants sharing part of an exon or could have been due
to technical errors in library construction or sequencing [38]. In addi-
tion, some IncRNA’s exons overlap with other non-lncRNA exons,
making it difficult to determine the origin of read counts [39]. Lower
counts and overlaps present challenges for IncRNA quantification.
Therefore, only IncRNAs containing at least one differentially expressed
IncRNA exon that did not overlap a protein coding exon were considered
for this study. An example is given in Fig. 2, showing the IncRNA
myocardial infarction associated transcript (MIAT). The MIAT read
counts map well to the MIAT IncRNA exon annotation and aligns to a
greater extent than protein-coding exons. This suggests that the majority
of read counts come from MIAT exons and not any protein coding exon
overlaps. The MIAT read counts in Fig. 2 are greater than the local
background. Plotting the read counts over the annotation strengthened
the ability to quantify IncRNA accurately.

Initial PCAs of the uncharacterized IncRNAs (Fig. 3A) and the cor-
responding correlated protein-coding transcripts (Fig. 3B) revealed a
clear separation of UC samples from normal samples in both cases. This
indicates that the chosen sample size is satisfactory to make assumptions

A B Fig. 3. Principal component analysis (PCA). (A) PCA
depicting 15 uncharacterized IncRNA transcripts pre-
o o | senting the difference between UC (n = 14; red)) and
bl normal controls (n = 16; green). The first two com-
o ® ponents explain 64.1% and 8.3% of the variability in
g N ® § .‘ L the IncRNA expression data. (B) PCA of differentially
s 8 o+ Y expressed coding transcripts (n = 686) which corre-
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Fig. 4. Co-expression plot of KEGG enriched pathways between IncRNA transcripts and their correlated protein coding transcripts. Co-expression plots of lipid and
atherosclerosis pathway (A) and T cell receptor signaling (B) are indicated. LncRNA transcripts are listed on the x-axis, correlated protein coding transcripts on the y-
axis. Transcript names are followed by a ‘+’ (UC expression greater than N expression) or a ‘-’ (N expression less than UC expression). Red dots indicate IncRNA
transcript and protein coding transcript expression are positively correlated. Blue dots indicate where the IncRNA transcript and protein coding transcript expression
are negatively correlated. Only correlations with an absolute value greater than 0.85 are shown.

on the significance of the results. KEGG enrichment analysis of
uncharacterized Inc transcripts correlating with protein coding genes
revealed in only two significantly enriched pathways, the lipid and
atherosclerosis pathway, and the T cell receptor signaling pathway. The
correlation plots for the two pathways are depicted in Fig. 4.

In the lipid and atherosclerosis pathway, IncRNA AC001611.2
expression correlated positively with four genes (MMP3, MMP9, IL-1
and CXCL3) whereas six other IncRNAs correlated negatively with the
same genes (Fig. 4A). Perhaps these IncRNAs are involved in the mod-
ulation of inflammatory cytokines production, and immune cells
migration during UC by regulating the expression of matrix metal-
lopeptidases. A connection between impaired intestinal integrity, cyto-
kine production, and monocytes migration has been reported to be
associated with atherosclerosis [40-42]. A relationship between UC and
atherosclerosis has been implicated [43-47]. The reported higher risk of
cardiovascular events in UC patients may be pertinent in
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inflammation-mediated atherosclerosis [48-50] as inflammation and
atherosclerosis have been proposed to share similar pathogenesis [51].
Therefore, the identified and previously unknown IncRNAs might
qualify for possible new prognostic factors for UC patients with
atherosclerosis.

LncRNAs may also play a role in T cell apoptosis during UC. LncRNAs
AL354743.2 and LINC0113 correlated positively with the STAT3 tran-
scription factor which induces the transcription of BCL2 and BCL-XL in T
cells. The expression of these anti-apoptotic genes can increase the
resistance of pathogenic T cells of lamina propria to apoptosis, leading to
prolonged inflammation [52].

The T cell receptor-signaling pathway was the second significantly
enriched pathway. Several genes involved in this pathway such as
PTPRC (CD45), NFATc1, and RASGRP1 were differentially expressed in
UC (Fig. 4B). The expression of PTPRC (CD45), a known IBD suscepti-
bility gene, correlated positively with IncRNA AC110611.2 and
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correlated negatively with six IncRNAs depicted in Fig. 4B. Here, the
IncRNAs might contribute to the activation of Cd4+ T cells which are
key players in mediating the host protective and homeostatic responses
to inflammation [53]. It is interesting to note that these IncRNAs might
also play a role in the regulation of the expression of different patterns of
alternatively spliced CD45 isoforms that have been shown to be asso-
ciated with distinct functions [54]. T cell activation of cytokine pro-
duction is also regulated by the expression of NFATcl and RASGRP1
both of which correlated positively with IncRNA AC110611.2 and
correlated negatively correlated with IncRNAs AC007255.1,
AL353572.4, THRB-AS1, AL121790.2, and AC116345. Interestingly,
RASGRP1 promotes inflammatory responses by enhancing the produc-
tion of IL-6 by sponging with miRNA let-7a [55]. IL-6 has been shown to
be positively associated with UC development and regulates intestinal
barrier function via STAT3 [56].

The expression of IncRNA AC110611.2 correlated with numerous
protein-coding transcripts (Supplementary Table 3). Apart from genes
involved in the pathways discussed above (Fig. 4), several other genes
co-expressed with AC110611.2 including many regulators of inflam-
matory immune responses such as ICOS, IL-21, II-21R, and Sema7A
[57-59].

Many of the up-regulated IncRNAs found by this methodological
approach have been already identified and shown to be associated with
IBD pathogenesis (Supplementary Table 2), such as small integral
membrane protein 25 (SMIM25) [60], IFNG antisense RNA 1 (IFN-
G-AS1) [61], and DIO3 opposite strand RNA (DIO30S) [62]. The
observed downregulation of CDKN2B-AS1 is negatively correlated with
inflammatory cytokines expression responsible for UC progression [12].
The upregulation of LINC01871 might indicate a dysregulation of T cell
inflammatory responses in UC as has been reported for several other
autoimmune diseases [63,64]. Overall, our study gives an insight into
novel IncRNAs which potentially be involved in intestinal barrier
function and immune cell development, activation, and migration.
However, loss- and gain-of-function studies are required to verify the
biological importance of expression of these IncRNA by in vitro and in
vivo experiments. To what extent the uncharacterized IncRNAs
contribute to the regulation of the T-cell receptor signaling pathway
during UC progression has to be explored in more depth in the future.

5. Conclusion

This study revealed 15 IncRNAs, which have not been functionally
annotated previously and which may be involved in the pathogenesis of
UC. The applied methodological approaches together with a visual in-
spection of read counts over the annotation was key to identifying
IncRNA’s that were differentially regulated. The results may provide
new potential diagnostic biomarkers and therapeutic targets for ulcer-
ative colitis which may improve the understanding of the molecular
pathogenesis of UC. However, if IncRNAs are going to be of use as future
biomarkers for UC, more reliable approaches for IncRNAs profiling and
reliable IncRNA quantification methods are required.
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Abstract: Long non-coding RNAs (IncRNAs) have been shown to play a role in the pathogenesis
of ulcerative colitis (UC). Although epigenetic processes such as DNA methylation and IncRNA
expression are well studied in UC, the importance of the interplay between the two processes has not
yet been fully explored. It is, therefore, believed that interactions between environmental factors and
epigenetics contribute to disease development. Mucosal biopsies from 11 treatment-naive UC patients
and 13 normal controls were used in this study. From each individual sample, both whole-genome
bisulfite sequencing data (WGBS) and IncRNA expression data were analyzed. Correlation analysis
between IncRNA expression and upstream differentially methylated regions (DMRs) was used to
identify IncRNAs that might be regulated by DMRs. Furthermore, proximal protein-coding genes
associated with DMR-regulated IncRNAs were identified by correlating their expression. The study
identified UC-associated IncRNAs such as MIR4435-2HG, ZFAS], IL6-AS1, and Pvtl, which may
be regulated by DMRs. Several genes that are involved in inflammatory immune responses were
found downstream of DMR-regulated IncRNAs, including SERPINB1, CCL18, and SLC15A4. The
interplay between IncRNA expression regulated by DNA methylation in UC might improve our
understanding of UC pathogenesis.

Keywords: long non-coding RNAs; DNA methylation; ulcerative colitis; epigenetics

1. Introduction

Ulcerative colitis (UC) is a relapsing chronic inflammatory disease of the colon and one
of the most common conditions of inflammatory bowel disease (IBD) [1]. The development
of UC is influenced by a complex interplay between the host immune system, genetic
variation, intestinal microbiota, and environmental factors [2,3]. The link between environ-
mental factors and the genome is thought to be via epigenetic mechanisms, including DNA
methylation [4], histone modifications [5], and interactions with non-coding RNAs [6].
Methylation can alter the expression of genes associated with UC pathogenesis [7-9].

Long non-coding RNAs (IncRNAs) are transcripts that are longer than 200 nt and
have no protein-coding capacity. LncRNAs have multiple mechanisms to regulate gene
expression including the modulation of transcription, mRNA stability, translation, and
protein subcellular location by interacting with DNA, RNA, or protein to form large
complexes [10]. LncRNAs have been shown to play a significant role in various biological
processes including the regulation of gene expression, epigenetic regulation, and disease
development [10]. Several studies have identified IncRNAs playing a role in the disease
development and pathogenesis of UC [11-17]. DNA methylation is a key regulator of gene
expression and contributes to IncRNA expression [18].

The interplay between DNA methylation and IncRNA expression has been implicated
in various biological processes, including embryonic development, cancer, and neurolog-
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ical disorders [19-21]. The interplay between IncRNAs and methylation is not limited
to promoter methylation but represents part of a complex regulatory network [21]. Like
protein-coding genes, the transcription of IncRNAs can be affected by promoter methy-
lation [22]. LncRNAs may in turn regulate the epigenome by interacting with different
epigenetic factors including DNMTs or other genes involved in chromatin organization [23].
The crosstalk between DNA methylation and IncRNAs has been confirmed by findings
regarding IncRNA promoter methylation and dysregulation in response to methylation
inhibitor treatments [21]. Changes in the promoter methylation state cause the significant
dysregulation of many IncRNAs, including Pvtl, NEAT1, and LINC00261, and play a role
in disease pathogenesis [21,24]. This study focuses on IncRNAs that may be regulated by
differentially methylated regions (DMRs).

This study aims to provide valuable knowledge for future functional studies of IncR-
NAs associated with UC pathogenesis.

2. Results

A schematic overview of the methods and software used to generate the results used
in this study is presented in Figure 1. The study workflow comprised several steps: WGBS
(whole-genome bisulfite sequencing) data were aligned to the human reference genome
using Bismark, and RN Aseq fastq files were aligned to the human reference transcriptome
using Kallisto. Differentially methylated regions (DMR) and differentially expressed (DE)
transcripts were identified using DMRSeq and DESeq?2, respectively. Using correlation
analysis between IncRNA expression and adjacent DMR methylation levels, potentially
methylation-regulated IncRNAs were selected. Methylation-regulated IncRNA expression
was correlated with adjacent protein-coding transcript expression to predict target protein-
coding genes for selected IncRNAs. The obtained results were visualized using Gviz and
verified with ten other GEO UC datasets.

IMateriaI | UC cohort DNA (11 UC, 13 control) I
Type of analysis Expression Methylation

Laboratory method RNAseq ‘WGBS

Alignment softare Kallisto Bismark

Analysis software DEseq2 DMRseq

Adjusted p.value < 0.5

q.value < 0.05
abs(log2Foldchange) > 0.5

Selection |

Differentially expressed Differentially methylated regions

Result
esu transcripts |(DMR) |

DMR within 20 kb of IncRNA

DMR negatively correlated with INcRNA expression

Protein coding genes within 500 kb of IncRNA

Protein coding gene expression negatively correlated with InNcRNA

Integration

|Visua|ization |Genome region plots |

|Verification |Collect and compare results with 11 GEO datasets |

Figure 1. Schematic overview of material, methods, and software used in the study.

2.1. Identification of Differentially Expressed Transcripts with DESeq2

DEseq2 was run on the transcript count matrix generated by the Kallisto aligner on
raw Illumina fastq reads, generated from 11 treatment-naive mucosal biopsy UC samples
and 13 control samples. A total of 1292 IncRNAs had an adjusted p-value less than 0.05 and
an absolute fold change value greater than 0.5.

2.2. Identification of Differentially Methylated Regions (DMRs) with DMRseq

A total of 5796 DMRs were obtained with a g-value < 0.05 in the UC samples (n = 11)
compared with the normal control group (n = 13). The DMRs included 1380 hyperme-
thylated and 4416 hypomethylated regions (Table S1). The average size of the DMRs was
288 bp, and the average number of CpGs in the DMRs was 15.
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2.3. LncRNAs That May Be Regulated by DMRs

LncRNAs that were within 20 kb upstream or downstream of a DMR and whose
expression negatively correlated with DMR methylation levels were considered IncRNAs
that are potentially regulated by a proximal DMR. A total of 254 IncRNAs met the above
criteria. A total of 188 IncRNA were upregulated in UC, and 66 were downregulated in UC
(Table S2).

2.4. Proteins That May Be Influenced by DMR-Regulated LncRNAs

Differentially expressed protein-coding genes that were within 500 kb upstream or
downstream of a DMR-regulated IncRNA were considered for correlational expression
analysis. A total of 244 protein-coding genes were found whose expressions were signifi-
cantly and negatively correlated with IncRNA expression. This discussion focuses on those
genes that may play a role in UC pathogenesis. Of the above proteins, 110 were upregulated
in UC, and 134 were downregulated in UC versus the control. The results are summarized
in Tables S3 and S4. Figure 2 shows an example of a genomic region containing a DMR,
DE IncRNA transcripts, and DE protein-coding transcripts. An example of the correlation
between the DMRs, DE IncRNA transcripts, and adjacent DE protein-coding transcripts is
shown in Figure 3. All genomic regions of interest can be seen in Figure S1.

SH3BP5-AS1
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Figure 2. Example of a genomic region containing a differentially methylated region (DMR) chr3.15
and differentially expressed (DE) IncRNA SH3BP5-AS1 transcripts. The top transcript track repre-
sents the regions found between the DMR, IncRNA transcripts, and DE protein-coding transcripts
of interest. Transcripts indicated in light blue denote DE protein-coding transcripts that may be
influenced by DMR-regulated IncRNA transcripts, which are shown in brown. Transcripts indicated
in black are the largest transcripts for each gene found within the region. The LNC track denotes
the position of the DE IncRNA transcripts; the DMR track denotes the position of the DMR, which
is shown in purple. The CGI track denotes the position of known CpG islands, which are shown
in green. The TSS (transcription starting site) track denotes the position of known TSSs, which are
shown in orange. The bottom track of the top panel shows the approximate distance in Mb. The
bottom panel shows the relative methylation levels for the chr3.15 DMR. Red dots indicate the relative
methylation values of the UC samples. The relative methylation values from the control samples are
indicated in green.



Int. . Mol. Sci. 2023, 24, 10500

40f11

correlation DMR to IncRNA -0.67 correlation IncRNA to protein -0.74
o
[ J

s 5 w |
7] 7} ©
23 ?
o o
Qo Qo
£ £
] )
o~ o~
> >
el L o
<y S ©7
< €
@ )
< <
& &

w w
g 87 8
I I
» n

* UcC *« UcC
o Control o | Control
©T T T T T T © T T T T
0.2 0.3 04 05 0.6 0.7 8.0 8.5 9.0 9.5
chr3.15 relative methylation BTD-213 log2 expression

Figure 3. An example of correlations between sample DMR methylation levels, IncRNA, and adjacent
protein-coding transcript expressions. On the left, the correlation between differentially expressed
(DE) IncRNA transcript SH3BP5-AS1-204 and the mean-sample relative methylation levels of DMR
chr3.15. On the right is the correlation between DE IncRNA transcript SH3BP5-AS1-204 expression
and proximal protein-coding DE BDT transcripts.

2.5. Cell Deconvolution

To estimate types of cell fractions in UC and the normal controls” mucosal tissues,
the EpiDISH cell deconvolution algorithm was adapted for use with methylation data.
The deconvolution estimated relative fractions of epithelial, fibroblast, and immune cells
present in the tissue samples. A cell-type fraction estimate revealed increased fractions
of immune cells in tissues from UC patients, whereas fractions of epithelial cells and
fibroblasts were increased in the control samples (Figure 4).
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Figure 4. Box plots of fractions of cell types present in normal and UC tissue samples. Each plot
indicates a significant difference in cell distribution between UC and normal samples. The Y-axis
depicts cell fractions of tissue samples ranging from 0 to 1. The X-axis indicate the range of cell

fractions in control (N) and UC samples.
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2.6. Verification of DMR-Regulated IncRNAs and Proximal Proteins

To help verify the correlation between IncRNAs and adjacent protein expression, nor-
malized matrices from 11 datasets were collected: GSE109142, GSE128682, GSE206285,
GSE36807, GSE38713, GSE47908, GSE13367, GSE16879, GSE48958, GSE59071, and GSE73661.
A total of 35 IncRNAs showed a significant correlation with adjacent protein expression in
at least one dataset (Table S5). An overview of the number of samples in each GEO dataset,
as well as sample locations, is shown in Table Sé6.

3. Discussion

Environmental factors have been implicated in both the incidence of UC and the
likelihood of relapse in UC patients [25] and are thought to have a direct effect on the
epigenome, including the expression of IncRNAs and methylation status [26]. Both IncRNA
and DNA methylation have been shown to regulate the transcription of protein-coding
genes [18]. However, the interplay between DNA methylation, the expression of IncRNAs,
and the expression of protein-coding genes has not been explored in detail in UC.

The focus of this study was to identify IncRNAs that were negatively correlated
with adjacent DMR methylation levels. The implication is that elevated levels of DMR
methylation (hypermethylation) in UC samples should result in lower adjacent IncRNA
expression and vice versa (hypomethylation). To explore the possible cis effects of these
IncRNAs, neighboring DE protein-coding genes whose expression negatively correlated
with IncRNA expression were identified. This ensures that IncRNAs and adjacent protein-
coding genes are unlikely to be regulated by the same DMR. Defining the IncRNA cis-
regulation of gene expression is difficult, as IncRNAs have been shown to regulate the
expression of both proximal and distal genes [27]. Recent reports suggest that the 3D
conformation of the genome guides IncRNAs to distal binding sites [28]. Therefore, several
studies have considered the possible effects of IncRNA expression on genes within 500 kb
of IncRNAs [29,30].

Recent publications have shown that methylation events outside 1-2 kb of the pro-
moter can have effects on gene expression. It has been shown that increasing the range
queried from 5 kb to 20 kb can add an additional ~0.5% of DEGs that associate with the
identified DMRs [31]. Therefore, the influence of methylation on IncRNA expression in
DMRs within 20 kb was considered.

The results identified protein-coding genes and IncRNAs that were previously associ-
ated with UC. Protein-coding genes adjacent to possible DMR-regulated IncRNAs include
chemokine C-C motif ligand 18 (CCL18), potassium voltage-gated channel subfamily B
member 1 (KCNB1), and serpin family B member 1 (SERPINB1). The increased expression
of CCL18, which has been linked to inflammation and the migration of T cells, is correlated
with the expression of IncRNA AC244100.3 [32]. KCNBI is correlated with DE IncRNA
ZFAS1 and is downregulated in active UC. KCNB1 regulates the cellular K*-efflux neces-
sary for enterocyte apoptosis and has been proposed as a therapeutic target for IBD [33]. In
addition, KCNB1 has been identified in several cancers, including gastric and colorectal
cancers (CRC). KCNBI1 is downregulated in both CRC and gastric cancers [34,35]. The
expression of IncRNA GMDS-DT is correlated with the expression of neutrophil elastase
(NE) inhibitor protein-coding gene SERPINBI. In UC, activated neutrophils secrete NE,
which plays a key role in colonic epithelial cell destruction. The increased expression levels
of SERPINB1 might protect colonic epithelial cells by reducing NE activity [36].

Potentially DMR-regulated IncRNAs have been implicated in immunity, inflammation,
and IBD, including AC007750.1 (Inc-SLC4A10-7), SH3BP5 antisense RNA 1 (SH3BP5-AS1),
FOXD2-adjacent opposite strand RNA 1 (FOXD2-AS1), mird435-2 host gene (MIR4435-
2HG), and cytoskeleton regulator RNA (CYTOR). The expression of AC007750.1 is corre-
lated with DPP-4 (dipeptidyl peptidase-4) expression, which is a potential biomarker for
IBD. DPP-4 stimulates the production and release of cytokines, chemokines, and neuropep-
tides, thereby playing a role in the inflammatory response [37,38]. LncRNA SH3BP5-AS]1 is
correlated with biotinidase (BTD). The association between DMR, SH3BP5-AS1, and BTD
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is shown in Figures 2 and 3. Biotin deficiency plays a role in the induction of Th1- and
TH17-mediated proinflammatory responses [39]. The observed downregulation of BTD in
UC may result in the dysfunction of cellular immune responses [40].

A reduction in FOXD2-AS1 expression correlates with an upregulation of PDZK1-
interacting protein 1 (PDZK1IP1) in UC, which may contribute to the inflammatory re-
sponses associated with UC [41].

The dysregulation of MIR4435-2HG in UC might play a key role in the inflammatory
process and has been shown to be associated with CRC [37,42,43]. MIR4435-2HG is cor-
related with the expression of B cell lymphoma 2 (Bcl-2)-interacting protein (BCL2L11),
which is associated with an increase in apoptosis resistance, resulting in impaired epithelial
cell turnover [44]. In addition, BCL2L11 also plays a major role in immune tolerance in
UC [45]. CYTOR plays a role in promoting inflammation and epithelial-mesenchymal tran-
sition, ultimately promoting cellular invasion and CRC progression [46]. The expression
of IncRNA CYTOR is correlated with the expression of FABP1, which is involved in the
intestinal absorption of dietary long-chain fatty acids [47]. The dysregulation of CYTOR
may disrupt FABP1-mediated fatty acid metabolism, which has been implied to contribute
to the pathophysiology of UC [48,49].

Tissue samples are heterogeneous, and DNA methylation is a highly cell-type-specific
event [50]. Therefore, EpiDISH cell deconvolution was adapted for use with methylation
data and used to estimate cell-type fractions in both UC and control samples (Figure 2).
EpiDISH was chosen simply because over 70% of the DMR sites overlapped known Illu-
mina EPIC array sites. EPIC arrays are widely used to study methylation. The distribution
of cell fractions was consistent with previous deconvolution results obtained from tran-
scriptomic analysis of active UC [42]. The reduced epithelial fraction may be indicative of
cell degradation, which is a major characteristic of UC [51].

Our results show several potentially DMR-regulated IncRNAs associated with ep-
ithelial cell proliferation and migration, including HOXA-AS2 and HOXA-AS3 [52,53].
Interestingly, these IncRNAs are under DMR regulation and are downregulated in UC. The
downregulation of HOXA-AS2 and HOXA-AS3 may reduce epithelial cell differentiation
and migration during UC. The increased proportion of immune cells in the colon of pa-
tients with UC is due to the recruitment and activation of these cells in response to ongoing
inflammation in the gut [54]. The epigenetically upregulated IncRNAs ADORA2A-AS1 [55]
and IL6-AS1 [56] may be associated with immune cell infiltration, which is a characteristic
of inflammation. These potentially DMR-regulated IncRNAs may help explain the higher
abundance of immune cells in UC patients. Several of the DMR-regulated IncRNA expres-
sions in this study were found to be differentially expressed in UC in our previous study
(114 of 254) [17].

Verifying results in GEO (Gene Expression Omnibus) is difficult. No independent
datasets with both methylation levels and gene expression levels for UC could be found.
Therefore, an attempt was made to see if significant negative correlations between the
IncRNAs and adjacent expression of protein-coding genes could be found in 11 published
UC GEO datasets. Comparing annotations between GEO datasets is difficult, as recently
annotated IncRNAs such as AL359962 simply do not appear in previously deposited
microarray datasets, leaving approximately 58 IncRNAs that could be found in at least 1 of
the 11 UC—control GEO datasets. Another challenge is that several of the 11 GEO datasets
selected to verify the correlation between IncRNAs and adjacent protein-coding genes were
samples collected from locations other than mucosal biopsies, including the ileum, the
rectum, etc. (Table S6). For 35 IncRNAs, at least 1 GEO set confirmed a significant correlation
between the IncRNA and adjacent protein expression (Table S5). For the 35 IncRNAs, a
significant correlation was found, on average, in 25% of the datasets. Given the diversity of
the GEO datasets, this represents a positive result. The normalized count matrix for this
experiment can be found in Supplementary Table S7.

As a limitation of this work, it is hereby noted that the results presented are derived
from in silico analysis and need experimental validation in the future.



Int. . Mol. Sci. 2023, 24, 10500

7 of 11

4. Materials and Methods
4.1. Study Cohort

The study cohort comprised mucosal biopsies from patients with newly diagnosed,
treatment-naive UC with mild-to-moderate disease (n = 11) and control subjects (n = 13).
Tissue samples from subjects which underwent cancer screening and showed normal
colonoscopy and normal colonic histological examinations, served as controls. UC was
diagnosed based on established clinical endoscopic and histological criteria, as defined
by ECCO guidelines [57]. The grade of inflammation was assessed during colonoscopy
using the UC disease activity index (UCDAI) endoscopic sub-score, with 3 to 10 indicating
mild-to-moderate disease [58]. The biopsies from UC samples showed clinical scores of
8.2 = SD 1.3 and endoscopic scores of 1.9 & SD 0.5. The biopsies from the control subjects
showed normal colonoscopies, colon histology, and immunochemistry, with clinical and
endoscopic scores of 0. All biopsies were taken from the sigmoid part of the colon. The age
distribution within the groups was 39 4= SD 12 years in the UC group and 53 4= SD 18 in the
control subjects. The gender distribution was 7 males and 4 females in the UC group and
11 males and 2 females in the control group. The samples were taken from an established
Biobank approved by the Norwegian Board of Health. The participants sighed an informed
and written consent form. The study was approved by the Regional Ethics Committee of
North Norway and Norwegian Social Science Data Services (REK Nord 2012/1349). The
raw fastq files of the transcriptomes were generated previously (GSE 128682), and raw
WGBS fastq files from a previously published work were used [7]. However, to obtain
optimal results, only the highest-coverage WGBS samples were included in the cohort of
this study. Both transcriptomic data and data obtained by WGBS were reanalyzed for this
manuscript, with a newer human genome build (GENCODE V38).

4.2. DNA and RNA Isolation

Both DNA and RNA were isolated using the Allprep DNA /RNA Mini Kit from Qiagen
(Cat no: 80204) and the QIAcube instrument (Qiagen, Venlo, The Netherlands) according
to the manufacturer’s protocol. RNA and DNA quantity and purity were assessed as
previously described [7,42]. All RNA samples used for analyses had a RIN value between
8.0 and 10.0. DNA and RNA samples were kept at —70 °C until further use.

4.3. Library Preparation and Next-Generation Sequencing

Library preparations and sequencing were conducted as described previously [7,42].

4.4. Preprocessing of Data

The human reference genome hg38 was downloaded from GENCODE and indexed
using Bismark version 0.22.3. The data from each sample were then aligned to the indexed
reference genome using the Bowtie2 aligner within Bismark. The methylation level in
each cytosine was then determined using Bismark with the following parameters: —gzip
-bedGraph—cytosine_report -no_overlap—buffer_size 10 G —paired —ignore 3 —ignore_r2 3
—-ignore_3prime_r2 2. Methylation data output contained read coverage and the percentage
of methylated cytosine at each cytosine position of the genome.

4.5. Identification of DMRs

The R DMRseq package (version 1.4.9) was used to find differentially methylated
regions (DMRs) between UC samples and normal samples from the Bismark output files.
CpG sites with less than 6 x coverage were set to 0 prior to DMRseq analysis, and only CpG
sites with a minimum of 6 x coverage in 50% of both groups were kept, as recommended by
the software. DMRs with DMRseq g-values of less than 0.05 were considered significantly
differentially regulated regions (Table S1).
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4.6. Cell Deconvolution

To compare methylation with transcriptional cell deconvolution, the EpiDISH package
in R (https:/ /bioconductor.org/packages/release/bioc/html/EpiDISH.html, accessed
on 21 January 2023) was adapted to estimate the relative proportions of different cell
types present in a tissue sample. EpiDISH requires Illumina EPIC array identifiers and
a matrix of beta values. DMRs were given EPIC array identifiers by overlapping DMR
genomic positions with EPIC array positions. Approximately 70% of DMR locations
overlapped within EPIC-array-annotated genomic positions. A matrix of the average
relative methylation value per sample per DMR was used as the beta matrix. The Robust
Partial Correlation (RPC) mode in EpiDISH was utilized to estimate the relative numbers
of epithelial, fibroblast, and immune cells in each sample (UC and control).

4.7. RNAseq

INlumina-generated fastq sequences were aligned with a reference human transcrip-
tome using the Kallisto RNA-seq aligner. The transcript read count table from the Kallisto
output was imported into the DESseq2 R package for identifying differentially expressed
transcripts. The IncRNA catalog was retrieved from GENCODE V38 using the transcript
type “IncRNA”. Only transcripts with a DESeq2-adjusted p-value of < 0.05 and an absolute
foldchange greater than 0.5. were considered differentially expressed DE transcripts. The
vst function of the DESeq?2 package was used to create a normalized count matrix in the
correlational analyses.

4.8. Identifying IncRNAs That May Be under DMR Regulation

DMRs located within 20 kb of a DE IncRNA were considered for correlation analysis.
The R cor.test package was used to calculate the correlation and correlational p-value
between the mean-sample relative methylation and DE IncRNA-normalized transcript
counts. Only DE IncRNAs whose transcript expressions were negatively correlated with
DMR methylation levels (correlation p-value of < 0.05) were considered possible DMR-
regulated IncRNAs (Table S2).

4.9. Identifying Proteins That May Be under DMR-Regqulated IncRNA Regulation

Only differentially expressed protein-coding transcripts within 500 kb of the DMR-
regulated IncRNAs were considered. The IncRNA expression was then correlated with
the neighboring proteins using the R cor.test package. Only protein-coding transcripts
that significantly negatively correlated (correlation p-value of < 0.05) with DMR-regulated
IncRNA transcripts were considered (Table S3). The R Gviz package was used to help
visualize the relationship between the DMR methylation level, IncRNA transcript expres-
sion, IncRNA-DMR correlation, CpG islands, and TSS (Figure S1). TSS annotation was
downloaded from the refTSS database (http:/ /reftss.clst.riken.jp /reftss/Main_Page, ac-
cessed on 17 December 20222). The CpG island positions of the human genome (hg38) were
downloaded from the UCSC table browser (https://genome.ucsc.edu/cgi-bin/hgTables,
accessed on 17 December 2022).

4.10. Verification of DMR-Regulated IncRNAs and Proximal Partners in Other GEO Datasets

To help verify the DMR-regulated IncRNA and proximal protein results, the normal-
ized matrices of the UC and control samples from 11 UC datasets (GSE109142, GSE128682,
GSE206285, GSE36807, GSE38713, GSE47908, GSE13367, GSE16879, GSE48958, GSE59071,
and GSE73661) were used. Table S5 compares the expression of IncRNAs, and adjacent
proteins found in this study with the above datasets. Specifically, other datasets where
a significant negative correlation between IncRNAs and adjacent protein-coding regions
could be found. Additional information about the mean difference in expression (UC vs.
control) for IncRNAs and adjacent proteins is provided in Table S5. Background informa-
tion about the GEO datasets can be found in Table S6, including the number of UC and
control samples, and their origin.
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5. Conclusions

This study suggests a fine-tuned and complex regulatory mechanism between methy-
lation, IncRNAs, and protein expression in UC. The results might open new avenues for
diagnostic or therapeutic strategies.
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Abstract: The study aimed to identify common differentially expressed IncRNAs from manually
curated ulcerative colitis (UC) gene expression omnibus (GEO) datasets. Nine UC transcriptomic
datasets of clearly annotated human colonic biopsies were included in the study. The datasets
were manually curated to select active UC samples and controls. R packages geneknitR, gprofiler,
clusterProfiler were used for gene symbol annotation. The R EdgeR package was used to analyze
differential expression. This resulted in a total of nineteen IncRNAs that were differentially expressed
in at least three datasets of the nine GEO datasets. Several of the differentially expressed IncRNAs
found in UC were associated with promoting colorectal cancer (CRC) through regulating gene
expression, epithelial to mesenchymal transition (EMT), cell cycle progression, and by promoting
tumor proliferation, invasion, and migration. The expression of several IncRNAs varied between
disease states and tissue locations within the same disease state. The identified differentially expressed
IncRNAs may function as general markers for active UC independent of biopsy location, age, gender,
or treatment, thereby representing a comparative resource for future comparisons using available
GEO UC datasets.

Keywords: meta-analysis; LncRNAs; ulcerative colitis

1. Introduction

The term IncRNA is defined as a non-coding transcript greater than 200 nucleotides in
size that does not have the potential to code for a protein. LncRNAs have been shown to
directly interact with chromatin-modifying enzymes and nucleosome-remodeling factors
to control chromatin structure and accessibility [1]. LncRNAs can regulate transcription
of neighboring and distant genes through interacting with DNA, RNA, and proteins [2].
Compared to protein-coding genes, IncRNAs exhibit greater tissue specificity [3]. In recent
years, the regulation of long non-coding RNAs (IncRNAs) has been associated with cancer
and other diseases [4], yet working with IncRNAs remains challenging. LncRNAs have a
low abundance compared with protein coding RNAs, which makes it difficult to separate
IncRNA expression from background [5] transcriptional noise [6]. The function of the
majority of IncRNAs is unknown [7], and the expression of IncRNA expression may be
directly influenced by tissue type [8]. The number of annotated IncRNAs differs vastly
between IncRNA databases such as FANTOM, NONCODE, LNCipedia, and others, and
the overlap between these IncRNA databases is low [9]. LncRNAs have been recognized as
key players in many diseases, including ulcerative colitis (UC) [5,10].

UC is a chronic relapsing—remitting inflammatory disease of the gastrointestinal tract
that is associated with genetics, the host immune system, and environmental factors [11].
Chronic inflammation in UC has been shown to increase the risk for the development of
colorectal cancer (CRC) [12]. Unfortunately, the pathophysiology of UC is still unclear. The
status of inflammation and grade of severity are usually determined by clinical, histologic,
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endoscopic, and laboratory parameters [13-17]. Currently, the gold standard for the
diagnosis of UC is endoscopy [14,16]. Moreover, many UC patients experience relapses
eventually [18,19]. Therefore, it is important to improve UC prognosis and diagnosis
through a more thorough molecular characterization which will pave the way for more
UC-specific therapeutic options.

The precise molecular mechanisms underlying disease UC pathogenesis remain elu-
sive despite significant advances in the understanding of immunological and genetic factors.
Numerous UC-associated genetic loci are in non-coding regions of the genome, and several
are associated with IncRNAs [5].

Recently, the expression of two IncRNAs, CDKN2B-AS1 and GATA6-AS1, has shown
a correlation to disease severity and patient outcomes in UC patients [20,21]. The identi-
fication and study of IncRNAs have been accelerated by the rapid development of high-
throughput technologies and bioinformatics. Meta-analyses of publicly available datasets
have revealed both disease-specific genes and pathways [22]. Meta-analyses which include
differing populations and conditions can increase the generalizability of results, as well as
identify potential sources of bias [23]. In some instances, combining samples may increase
statistical power. This study aimed to identify common differentially expressed IncRNAs
across a set of publicly available UC datasets after manual annotation. The study shows
the variation in IncRNA expression between different sample locations and disease states,
highlighting the difficulties in the meta-analysis of IncRNAs in differing UC datasets.

2. Materials and Methods
2.1. Selection of GEO Datasets and Samples

Datasets were downloaded from GEO (https://www.ncbinlm.nih.gov/geo/) ac-
cessed between 1 November 2023 and 12 December 2023. For differential expression analy-
sis, nine datasets were selected (GSE109142, GSE128682, GSE206285, GSE87466, GSE92415,
GSE107499, GSE47908, GSE16879, GSE59071) [24-32], as they fulfilled the following cri-
teria: datasets contained clearly annotated active UC samples, and control samples and
were generated from human colonic tissue biopsies. Datasets were deposited in the NCBI
GEO database between 2009 and 2022 and contained a total of 1171 samples from UC
patients and 168 controls (Table 1). UC samples were evaluated using different scoring
systems across different datasets. Dataset GSE109142 used the pediatric ulcerative colitis
activity index (PUCALI) score and Mayo endoscopy sub-score. Dataset GSE59071 employed
the UC disease activity index (UCDAI) endoscopy sub-score. Datasets GSE206285 and
GSE87466 used the Mayo score. Datasets GSE92415 and GSE47908 used the Mayo score
and endoscopy sub-score. Dataset GSE16879 utilized the Mayo endoscopic sub-score along
with the histological score for UC. Two datasets (GSE92415 and GSE206285) included
samples from clinical trials. Two of the datasets (GSE16879 and GSE47908) were run using
the Affymetrix Human Genome U133 Plus 2.0 Array (Thermo Fisher Scientific, Waltham,
Mass, USA), and three datasets (GSE92415, GSE206285, and GSE87466) the Affymetrix HT
HG-U133 + PM Array (Thermo Fisher Scientific, Waltham, Mass, USA). Dataset GSE109142
was generated by the Illumina HiSeq 2500 (Illumina, San Diego, Cal, USA), GSE128682 by
NextSeq550 (Illumina, San Diego, Cal, USA), GSE59071 by Affymetrix Human Gene 1.0 ST
Array (Thermo Fisher Scientific, Waltham, Mass, USA), and GSE107499 by Affymetrix Hu-
man Gene Expression Array (Thermo Fisher Scientific, Waltham, Mass, USA). All datasets
used in this study had PubMed identifiers except GSE107499, although this dataset was
recently mentioned in Wu et al., in which lesional samples were assigned to active UC and
non-lesional samples were assigned to controls [29]. Biopsy samples from patients with
UC were reported as originating from various locations including the ascending colon,
descending colon, the sigmoid colon or rectum, cecum, the edge of an ulcer or the most in-
flamed colonic segment, and 15 to 20 cm from the anal verge. Different methods were used
for biopsy preservation including RNAlater, snap frozen in liquid nitrogen, formalin-fixed,
and paraffin-embedded (FFPE), or the method was not reported in four datasets (Table 1).
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Table 1. An overview of datasets used for meta-analysis.

GEO Accession Number PMID (Year) UC Samples (N); (M/F) Control Samples (N); (M/F) Tissue Platform SSM
rectal mucosal Ilumina
GSE109142 30604764 (2018) 206 (112/94) 20 (9/11) biopsy HiSeq 2500 NR
GSE128682 32322884 (2020) 14 (9/5) 16 (11/5) sigmoid colon NextSeq 550 NR
. . Affymetrix HT HG
GSE206285 36192482 (2022) 550 (350/200) 18 (9/9) sigmoid colon U135 5 oM array FFPE
15-20 cm from anal Affymetrix HT HG
GSE87466 29401083 (2018) 87 (44/43) 21 Verge U133 + PM array RNAlater
colonic mucosal Affymetrix HT HG
GSE92415 23735746 (2018) 162 21 samples U133 + PM array NR
Affymetrix
GSE107499 NA (2018) 59 (lesional) 40 (non-lesional) colon biopsy Human Gene RNAlater
Expression Array
Affymetrix Human
GSE47908 25358065 (2014) 45 (20/25) 15 (4/11) descending colon Genome U133 Plus RNA later/FFPE
2.0 Arrays
Affymetrix Human
GSE16879 19956723 (2009) 24 (14/10) 6 colon Genome U133 Plus NR
2.0 Arrays
GSE59071 261692 (2015) 97 11 sigmoid or rectum Affymetrix Human snap-frozen

Gene 1.0 ST Array

NA = not available; NR = not reported; F = female; M = male; N = number of samples; FFPE = formalin-fixed
paraffin-embedded tissue; SSM = sample storage method.

2.2. Dataset Curation

Samples from patients with active UC and control samples were manually selected
based on information provided in the GEO database and corresponding publications.
Samples that were excluded and not used for differential analysis included remission
samples from dataset GSE128682. A full overview of the classification of the active UC vs.
control samples for each of the nine datasets can be seen in Table S1.

2.3. Data Processing

The series matrix files for each dataset were downloaded from GEO. In cases where
the datasets did not provide a normalized count matrix, the R DEseq2 package was used
to perform normalization (GSE128682 and GSE48958) from the raw count matrix. The R
edgeR (version 4.0.16) package was used to find differentially expressed IncRNA genes for
active vs. control (Table S1) in each of the nine selected datasets. R packages, geneknitR
(version 1.2.5) and gprofiler (version 0.2.3), were used to translate matrix IDs to symbol,
Entrez, and Ensembl IDs. Cluster profiler (version 4.10.1) bitr function was used to identify
ncRNAs by genetype filter [33]. Only IncRNAs with an EdgeR p-value less than 0.05
were considered significant. The results were combined to identify common differentially
expressed IncRNAs across the datasets. Only the IncRNAs that were significantly differ-
entially expressed in at least 33% of datasets (3 out of 9) were considered. A thirty-three
percent cutoff was chosen by a Fisher test [34]. Given that approximately 5% of all tran-
scripts were differentially expressed on average in all datasets, the chances of any transcript
being expressed in 3 out of 9 datasets were unlikely (p.value 0.06); 4 or more gives a p-value
less than 0.05.

2.4. Expression of IncRNAs in Different Disease States and Tissue Locations

The identified meta-signature IncRNAs using nine data sets were further examined in
different disease states and locations of tissue across these datasets. A detailed description
of all datasets can be found in Table S1. A t-test was employed to assess whether there is a
statistically significant difference in IncRNA expression between disease states (Figure S1).

3. Results
3.1. The Number of Annotated LncRNA Gene Symbols Found in Each Dataset
The number of IncRNA annotated gene symbols per dataset is depicted in Table 2.

However, the number of IncRNAs found varies significantly from 4910 in dataset GSE128692
to 443 in GSE107499.
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Table 2. Number of IncRNAs found per GEO dataset.

Datasets * LncRNAs #
GSE107499 443
GSE109142 2096
GSE128682 4910
GSE16879 2181
GSE206285 2407
GSE47908 2844
GSE59071 778
GSE87466 2843
GSE92415 631

* Refers to the GEO series identifiers, # represents the total number of gene symbols that were annotated as

“non-coding”.

3.2. Common LncRNA Gene Symbols Found in One to Nine Matrices

The total number of IncRNA annotated gene symbols found represented in at least
one of the nine datasets was 2416, for two datasets 1473, for three datasets 574, for four
datasets 486, for five datasets 528, for six datasets 636, for seven datasets 248, and for eight
datasets 148. The number of common IncRNA gene symbols found in all and nine datasets
was 81.

3.3. Differentially Expressed IncRNAs

In this study, 19 IncRNAs have been identified as significantly differentially expressed,
including 12 downregulated IncRNAs: CDKN2B antisense RNA (CDKN2B-AS1), DIP2C an-
tisense RNA (DIP2C-AS1), DPP10 antisense RNA (DPP10-AS1), FOXD2 adjacent opposite
strand RNA (FOXD2-AS1), GATAG6 antisense RNA (GATA6-AS1), microRNA 215 (MIR215,
MIR3936HG), long intergenic non-protein coding RNA 1224 (LINC01224), long intergenic
non-protein coding RNA 2023 (LINC02023), SATB2 antisense RNA (SATB2-AS1), TP53 tar-
get 1 (TP53TG1), VLDLR antisense RNA (VLDLR-AS1). Seven IncRNAs were upregulated
in active UC including: colorectal neoplasia differentially expressed (CRNDE), family with
sequence similarity 30 member A (FAM30A), uncharacterized LOC643977 (FLJ32255), long
intergenic non-protein coding RNA 1215 (LINC01215), long intergenic non-protein coding
RNA 3040 (LINC03040), myocardial infarction associated transcript (MIAT), MIR155 host
gene (MIR155HG). Each of these nineteen IncRNAs were differentially expressed in at least
three out of the nine datasets. Which differentially expressed IncRNA was found in which
dataset is shown in Table 3.

The expression levels of the IncRNAs were compared across different disease states
depicted in Table 3, revealing several significant differentially expressed IncRNAs. An
example of a boxplot depicting the pairwise comparison of IncRNA expression in different
disease states can be seen in Figure 1.

Boxplots showing the expression patterns of all IncRNAs in different disease states
can be found in Figure S1.

The expression levels of IncRNAs were also compared across tissue locations. Varia-
tions in the expression levels of IncRNNAs among tissue locations within the same disease
state are shown in an example plot (Figure 2). Boxplots for each IncRNA across annotated
tissue locations are shown in Figure S2. For completeness, datasets that were excluded
from the analysis, GSE38713, GSE48634, GSE9452, GSE38713, GSE48958, and GSE55306,
are also included in Figure S2.
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Table 3. The candidate IncRNAs in each GEO dataset.
LncRNA = = £ B § & & B 3 ;E g
2 s & % 2 & & & & °
MIR215 N S S N N N S N N 100 3
DPP10-AS1 N S S Y S S N S N 83.3 6
FAMB30A S S Y S S S Y S S 77.8 9
LINC02023 N N N Y S S N S N 75 4
MIR155HG N S S N N Y N N S 75 4
CDKN2B-AS1 Y S S Y S Y N S S 62.5 8
VLDRL-AS1 N S S N N Y Y S N 60 5
MIAT N S Y Y S Y N S S 57.1 7
CRNDE S S Y Y Y N N N S 50 6
FLI132255 N N Y Y S Y N S S 50 6
GATA-AS1 N S Y Y S Y N S N 50 6
LINCO01215 N S S Y Y Y N S N 50 6
LINCO01224 N S Y Y S Y N S N 50 6
MIR3936HG N N Y Y S Y N S S 50 6
SATB2-AS1 Y S Y Y S Y S S N 50 8
DIP2C-AS1 Y S Y Y S N Y N S 429 7
FOXD2-AS1 N S Y Y Y Y N S S 429 7
LINCO03040 S S S Y Y Y Y Y Y 33.3 9
TP53TG1 Y S Y Y Y Y Y S S 33.3 9

N = IncRNA not present in the dataset; Y = IncRNA present in the dataset; S = LncRNA significantly differentially
expressed in the dataset; nmat = number of datasets; sig pct = significant percentage.
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Figure 1. Boxplot of expression levels of IncRNA CDKN2B-AS1 in different UC disease states.
Expression values and disease state were taken from the GSE128682 dataset and annotation. The x-axis
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represents the annotated disease states, including control, active UC, and UC in remission. Boxplots
containing control samples are indicated in blue, and UC active and remission samples in red. The y-
axis indicates CDKN2B-AS1 expression levels, where each black dot represents an individual sample.
The p-values for each disease state comparison are indicated above the boxplots.
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Figure 2. Boxplot of IncRNA CDKN2B-AS1 expression in distinct tissue locations. Expression values,
disease state, and tissue location were taken from the GSE48634 dataset and annotation. The x-axis
indicates the annotated tissue location. Boxplots containing active UC samples are shown in red,
non-IBD controls are indicated as blue. The y-axis indicates CDKN2B-AS1 expression levels, where
each black dot represents an individual sample.

4. Discussion

This study highlights the challenges related to performing a IncRNA meta-analysis on
a complex disease such as UC. In the publicly available datasets, both the description of
the UC disease state and location of the colonic biopsy location differ. UC disease states
annotated in the different datasets include active, inactive, macroscopic inflammation,
and remission, which may exhibit varying levels of inflammation and were shown to
have an influence on IncRNA transcription levels. In this study, the expression of IncRNA
CDKN2B-AS1 was significantly downregulated in UC compared to controls but significantly
upregulated in UC remission compared to active UC (Figure 1). Grouping UC remission
along with active UC samples would reduce the probability of identifying CDKN2B-AS1
as differentially expressed especially after multiple correction. Several IncRNAs exhib-
ited significantly different expression levels across various disease states in this study
(Figure S2).

Sample metadata varied significantly among GEO datasets. Information about tissue
biopsy location, medication, gender, and age were not listed in some datasets. Different
tissue locations have been shown to influence IncRNA expression profiles [35,36]; unfortu-
nately, subgrouping by available tissue location would lead to groups that were too small
for a robust statistical analysis. Comparison of IncRNA expression between tissue types
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could lead to erroneous interpretations depicted in Figure 2. A recent review of IncRNA
mucosal transcripts implicated in UC, Crohn’s disease, and celiac disease revealed that
the IncRNAs showed significantly more location-specific expression along the GI tract
than the protein-coding genes [36]. Comparing tissue types directly could lead to a more
comprehensive set of tissue-specific differentially expressed IncRNAs in UC. However, this
study identified IncRNAs that are differentially expressed to a varying extent in several
colonic tissues. These IncRNAs may be associated with common but not tissue-specific
processes such as inflammation.

This study acknowledges tissue-specific IncRNA expression, as shown in Figure S2.
The boxplots show substantial variation in tissue specific IncRNA expression levels in
both UC and control groups. For example, in dataset GSE107499, the expression levels of
DIP2C-AS1 in lesional (active UC) cecum samples were like the controls, whereas other
tissue locations showed a downregulation of DIP2C-AS1 (Figure S3). It has been shown
that IncRNA expression can vary depending on biopsy tissue location within the large
intestine [37]. However, some previous meta-analysis studies have not taken biopsy tissue
location into account [38,39].

The comparison of IncRNA expression between datasets is challenging as the same
IncRNA may be represented by different gene symbols in different datasets [40]. Therefore,
the R packages geneknitR and gprofiler were utilized to deal with the lack of consistency
in gene symbol identifiers [29] These tools enabled the translation of count matrix IDs
into symbols, Entrez, and Ensembl IDs. The Entrez identifiers were utilized by the cluster
profiler bitr function for verifying gene symbols and potential aliases, as well as identifying
ncRNAs by gene type. This approach is conservative, and some IncRNAs were lost in
the gene symbol translation process. The inclusion of microarray data presents further
challenges. Prior to the use of RNAseq, microarrays were a commonly used transcrip-
tomic methodology, and a lot of valuable microarray results remain available in genomic
databases. Unfortunately, the information provided by microarray experiments is lim-
ited to the design of the chip. Microarrays are primarily designed to detect and quantify
protein-coding genes; consequently, many IncRNAs are not included in early microarray
platforms [41]. Unlike RNAseq, microarray results cannot be realigned to current genomes.

While 4910 IncRNAs were found from sequencing dataset GSE128682, only 443 could
be identified from human gene expression array dataset GSE107499 (Table 3). Therefore,
the number of IncRNA identifiers present in all datasets decreased as more datasets were
included. An additional challenge is the current lack of consensus regarding the total
number of defined IncRNAs [10]. Therefore, the identification of specific IncRNAs depends
on which database was used for annotation.

Manual curation is a key step in identifying differentially expressed genes in publicly
available datasets, as the metadata associated with gene expression studies within GEO
typically do not adhere to controlled vocabularies to describe biological entities such as
tissue type, cell type, cell line, gene identifiers, treatment, and disease. For example,
comparing all UC labeled samples without removing inactive UC samples from each
dataset would result in a different result. The annotation of genes varied in all nine GEO
datasets. Only a few commonly differentially expressed IncRNAs across independent
UC datasets were found, even after manual curation, clearly showing the challenges in
comparing data sets.

Nineteen IncRNAs were identified that were differentially expressed between active UC
and controls in at least three datasets of the nine GEO datasets. Of these nineteen IncRNAs,
miR-215, FOXD2-AS1, SATB2-AS1, TP53TG1, LINC01224, CRNDE, and DPP10-AS1 have
been implicated in colorectal cancer (CRC) [42—48]. The higher expression of these IncRNAs
may be associated with promoting colorectal cancer (CRC) through regulating gene expres-
sion, epithelial to mesenchymal transition (EMT), cell cycle progression, and by promoting
tumor proliferation, invasion, and migration.

The long non-coding RNA colorectal neoplasia differentially expressed (CRNDE) was
found to be upregulated in UC (Figure S2). Its overexpression and potential role in tumori-
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genesis in CRC have been reported in several studies [49,50]. Therefore, monitoring CRNDE
expression in UC patients may serve as a predictive biomarker for identifying individuals
with UC at risk of developing cancer. In addition to the IncRNAs discussed above, this study
identified several differentially expressed IncRNAs that have been previously characterized
as dysregulated in UC. These include the following IncRNAs: CDKN2B-AS1, DPP10-AS1,
FOXD2-AS1, MIR155HG, MIAT, and GATA6-AS1 [5,20,21,51,52]. The expression pattern of
these IncRNAs is consistent with our findings (Figure 52). LncRNAs CDKN2B-AS1, CRNDE,
DPP10-AS1, and GATA6-AS1 have been studied in the context of UC, with documented
roles in various functions, including maintaining intestinal barrier integrity and modulating
inflammation during the progression of UC [5,20,36,48]. A recent study has demonstrated
an association between reduced GATA6-AS1 expression and increased UC severity, as well
as an unfavorable clinical outcome. They also highlighted the potential contribution of
GATA6-AS1 in regulating mitochondrial respiration, suggesting its involvement in main-
taining epithelial integrity and gastrointestinal pathology [21]. CDKN2B-AS1 has been
shown to correlate with disease severity and UC progression by regulating proliferation,
apoptosis, barrier function, and inflammation response in colon cells [20]. Interestingly,
when found, IncRNA CDKN2B-AS1 was differentially expressed in 62% of datasets, and
GATAG6-AS1 (50%).

In addition to the CRC associated IncRNAs, many of the differentially regulated
IncRNAs have been previously characterized in UC. These include IncRNAs CDKN2B-AS1,
DPP10-AS1, FOXD2-AS1, MIR155HG, MIAT, and GATA6-AS1. The observed expression
patterns of these IncRNAs are found to be consistent with previous findings [5,20,21,48,52].

5. Conclusions

The IncRNAs were present and differentially expressed in several human UC GEO
datasets and could represent general markers for active UC independent of biopsy location,
age, gender, and treatment. Several of the IncRNAs are associated with CRC and could
potentially be used as clinical indicators for monitoring CRC risk in ulcerative coli-tis
patients. Promising molecular biomarkers, IncRNAs, have the potential to enhance the
accuracy, sensitivity, and specificity of molecular methods employed in clinical diagnosis.
In standard medical practice, the development of IncRNA-based diagnostics and therapies
will be helpful to improve patient clinical care and quality of life [53]. However, some of
the challenges of analyzing publicly available independent UC datasets remain. Significant
manual annotation will remain a key step in the comparative analysis of UC datasets.
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