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Summary

Ulcerative colitis (UC) is a chronic inflammatory disorder in the gastrointestinal tract, and
along with Crohn’s disease (CD) comprise the two common forms of inflammatory bowel disease
(IBD). Only approximately 20 % of all IBD cases can be explained by known genetic variants,
suggesting a more complex pathogenesis which is still not fully understood. An interplay of
environmental factors, composition of the intestinal microbiome, nutrition, immune response
and genetic variation have been suggested as contributing to UC. It has been implied that

epigenetic mechanisms might play a role in IBD disease development.

DNA methylation is an epigenetic process which regulates gene expression via structural
modifications of DNA. The overall goal of this work was to explore if DNA methylation contributes
to UC pathogenesis. Newly diagnosed treatment-naive UC patients with different degrees of
disease severity as well as healthy controls were included in this study. Next generation
sequencing (NGS) technology was applied to obtain transcriptomic and DNA methylation profiles

of UC.

The results show that DNA methylation profiles differ according to disease severity and
gender. For mild to moderate UC, the transcriptomic profiles revealed genes regulating tissue-
specific pathophysiological properties of tight junctions in the mucosa. A gender-dependent
pathogenesis of UC could be observed. Increased expression of genes related to preservation of
mucosal integrity and detoxification of microbial-derived metabolites were found in females,
whereas genes related to anti-microbial, and cytotoxicity were found in males, indicating a higher
risk for developing colorectal cancer (CRC). Correlations of the transcriptomic and DNA
methylation profiles revealed a prominent hypermethylation of genes related to homeostasis and
defence, and hypomethylation for genes related to immune response in mild to moderate UC.
Surprisingly, the DNA methylation profile for severe UC revealed that hypomethylation were
prominent in genes related to anti-inflammatory responses, indicating that hypomethylation

might mitigate inflammation during severe UC.

The obtained molecular signatures can be potentially useful for developing epigenetic

drugs and allow new treatment strategies for UC patients in the future.

Vii



1. Introduction

1.1 Inflammatory Bowel Disease

Inflammatory bowel disease (IBD) is a chronic autoimmune inflammatory disease, which
affects the gastrointestinal (Gl) track.>? IBD has two major subtypes, Crohn’s disease (CD) and
ulcerative colitis (UC).>* UC and CD share similar clinical manifestations; however, they are
distinct pathophysiological entities.” It is estimated that 6.8 million people suffer from IBD
worldwide, and the prevalence rate is increasing (Figure 1).% The global incidence of IBD has also
been rising during the last few decades. In 2017 a total of 1.3 million people across Europe were
estimated to suffer from IBD.” The classification of UC and CD depends on where the inflammation
first manifest itself. CD can affect any part of the Gl track, however, the most affected regions are
the terminal ileum or perianal region.® UC affects the large intestinal and rectum, the
inflammation in UC is located within the innermost lining or mucosa. UC manifest itself as
continuous areas of inflammation and ulceration, with no segments of normal tissue.> UC is less
prone to complications relative to CD as most UC patients have a mild manifestation.® The focus

of this thesis is on UC pathogenesis.

a1 san!lsflmq hsziﬁishndatsgﬂ
10K 2axgz dtod (moitelugog 00000 1ag)
Okl=ot05EO 0C=0t 0
0dl=otOpI  Ob-or S
0Bf=ct0dI@  Od-of OhIH
00C-ot BT 0801040
00f=cfD0SIM  00L=of 0BT
002 ct OE I OLL-00 001D

-

¢

Figure 1. Worldwide prevalence rate for IBD. With permission from [2]



1.1.2 Ulcerative Colitis

The first case of ulcerative colitis was described in 1859 by Samuel Wilks.1® UC is
characterized by constant and diffuse inflammation that is restricted to the colonic mucosa, and
mucosal surface. The condition of UC is defined by a relapsing and remitting course. The condition
begins in the rectum and generally extends proximally in a ceaseless approach throughout the
whole colon.’®12 There are several varieties of UC depending on where in the colon the
inflammation occurs. When inflammation is located in the distal part of the colon and rectum, it
is termed ulcerative proctitis, if it is located to the descending colon, it is referred to as limited or
distal colitis, and if the inflammation involves the entire colon, it is termed pancolitis (Figure 2).>%3
The most common symptoms for UC are, diarrhoea, rectal bleeding, faecal urgency and/or
tenesmus. Depending on the disease location some patients may experience abdominal pain. In
severe inflammation cases patients may also experience fever, weight loss or perforation.
Between 10-30 % of UC patients experience extraintestinal manifestations (EIM), which usually
precede the onset of gastrointestinal symptoms.®>~*2 There is no golden standard for diagnosing
UC.22 A full investigation consisting of endoscopic studies, histological evaluation and laboratory
test should be performed to confirm the diagnosis.®'>'* For patients with suspected UC, stool
cultures for Clostridium difficile, campylobacter species and Escherichia coli are recommended to

rule out infective causes.>1>

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 diarrhoea, abdominal cramping Left-sided colitis plus constitutional symptoms,

fatigue, and fever

Figure 2. UC's different varieties. With permission from [28]



1.1.2 Management of UC
This thesis is based on studies performed with treatment- naive UC patient’s material.

Nevertheless, treatment of UC will be mentioned below.

There is no definitive cure for UC, however, the existing medications facilitates disease
management. The main goals of the treatment is to reduce inflammation, induce and maintain
remission in combination with mucosal healing.%'41® Medications included in UC treatment are;
5- aminosalicylic acid (5-ASA), corticosteroids, immunosuppressive drugs, and biologicals.1%1! The
most common used biological agents are TNF-a antagonists which include infliximab, adalimumab
and golimumab, and anti-integrin agents such as vedolizumab.'”'8 The consensus for treating
active UC has been a “step-up” approach, where patients start with 5-ASA, if they do not respond
other medication are initiated (Figure 3).19%>%° However, new treatment strategies focus on
choosing treatment based on disease activity, the degree of colonic involvement, age of onset
and disease duration.'%1120 For acute severe ulcerative colitis intravenous corticosteroids are the
first line of treatment. If patients do not respond to corticosteroids, then intravenous cyclosporine
or infliximab should be considered. For patients with an inadequate response to drug treatment
surgical colectomy could be an option.?! During the last years faecal microbiota transplantation
(FMT) has emerged as a new approach for correcting the dysbiosis underling IBD
pathogenesis.?>?®> Emerging data have suggested that FMT can help improve the disease

condition. However, data also show that FMT can have severe side effects.?42°

Infl

&
pid AZA/6-MP
S Corticosteroids
< (topical/systemic)

Ry Aminosalicylates
S (topical/systemic)

Figure 3. Step-up treatment approach for UC. With permission from [19]



1.1.3 Classification and Diagnosis of UC

Because of the inherent heterogeneity in disease progression, an accurate classification of
UC is critical for clinical management. The Montreal classification is the most used
subclassification system for UC.2° It classifies UC based on both the extent and severity of the
disease.?? Based on disease extent UC is divided into three subgroups: ulcerative proctitis, left-
sided UC and extensive UC (Figure 2). UC severity classification is divided into four disease activity:
clinical remission, mild UC, moderate UC, and severe UC (Table 1).2” Other scoring system beside
Montreal classification exists. The Mayo scoring system for UC severity uses clinical features,
endoscopic features, and physician assessment to create a score. The score system ranges from

0-12, higher score than 12 is an indicator of a very severe disease state.?°

Disease severity Symptoms
SO (clinical remission) No symptoms
S1 (Mild UC) Four or less stools per day (with or without blood), absence of

systemic symptoms, normal inflammatory markers.

S2 (Moderate UC) More than four stools per day, minimal signs of systemic
symptoms.
S3 (Severe UC) Six or more bloody stools per day, pulse rate of >90/min, Temp

>37.5 °C, haemoglobin <10.5g/dI, ESR >30mm/h

Table 1. Montreal classification of UC, based on severity of disease. Adapted from [19]

UC diagnosis is a combination of clinical presentation, endoscopic findings, histological
assessment, and the elimination of alternative diagnoses.?%?8 A precise diagnosis of UC involves
identifying the extent and severity of inflammation, which is crucial for correct treatment
selection and for predicting patient’s prognosis.® Therefore, an endoscopic biopsy is required to
confirm diagnosis. Classic endoscopic findings for mild UC include erythema, granular mucosa,
loss of the vascular pattern. In moderate UC erosions or microulcerations are apparent. In severe

UC shallow ulcerations with spontaneous bleeding are observed.®??

Histological evaluation is important in UC diagnosis to assess disease severity. Histological
findings include deformation of crypt architecture, increased lymphocytes and plasma cells in the

lamina propria, mucin reduction and Paneth cell metaplasia.?®?8 To refine severity assessment,



several scoring systems have been developed and used during the last decades. The three most
used histological scoring systems are, Geboes Score (GS) which is the most used, Nancy Index (NI)

and Robarts Histopathology Index (RHI).?°

Even though laboratory tests are not diagnostic they can help assess and monitor disease
activity.® Full blood counts, erythrocyte sedimentation rate (ESR), C-reactive protein (CRP), faecal
lactoferrin and faecal calprotectin (FC) levels can be helpful in determining inflammation severity.
Hypoalbuminemia is an indicator for severe disease, and is a predictor of colectomy and weak

response to biological drugs.?°

1.2 Epidemiology and risk factors

1.2.1 Pathogenesis of UC

Despite the profound discoveries made in the last century, understanding disease
pathogenesis and molecular mechanisms still present a challenge for many diseases. UC
represents that challenge. The inflammation in UC is caused by a complex interplay between
environmental factors, gut microbiota, immune response, and nutrition in a genetically

susceptible host (Figure 4).30-3>

Permeability
Goblet cells
Paneth cells
Autophagy

INTESTINAL
BARRIER

Figure 4. The different factors involved in IBD pathogenesis.
With permission from [30]



1.2.2 Genetics

Genetics is a major and important risk factor for the onset of IBD. Twin studies have
confirmed their role in disease susceptibility.3®3” Even with our current knowledge the exact cause
of IBD is not fully understood. IBD is multifactorial disease, where both environmental factors and
genetics play a role.3® Almost four decades ago, epidemiological studies indicated that IBD is a
polygenic disorder, where several susceptibility loci contribute to the overall risk of disease.33?
Genome-wide association studies (GWAS) have successfully identified genes that contribute to
IBD susceptibility. Nucleotide-binding oligomerization domain-containing protein 2 (NOD2) is the
first susceptibility gene identified for CD.%4! The discovery of NOD2 indicated that innate
immunity and pattern recognition receptors have a role in IBD pathogenesis.?® Autophagy as a
pathogenic pathway in IBD via autophagy related 16-like 1 (ATG16L1) and immunity-related
GTPase family protein (IRGM) was detected by GWAS. GWAS studies have emphasized the crucial
role inflammatory signalling pathways such as IL-23 driven T helper cell responses play in
IBD.36:3942-34 Two meta-analysis have been performed for UC, revealing a total of 47 UC
susceptibility loci. The analysis highlighted the role of defective barrier function in UC
pathogenesis.*> GWAS for CD revealed 71 susceptibility loci.*¢*” Many of the identified risk loci
for IBD are shared by other autoimmune or chronic inflammatory diseases, such as rheumatoid
arthritis, multiple sclerosis, type 1 diabetes, and psoriasis. This suggests an overlap in functional
pathways, as well as pleiotropy (one gene influences multiple phenotypes).*4*® Technological
advances in GWAS, whole exome sequencing (WES), and whole genome sequencing (WGS) have
now identified more than 240 susceptibility genes for IBD.36424>4 The majority of them are
shared by both subtypes, while others are specifically associated to either UC (23 loci) or CD (30
loci).3¢3% This is especially true for genes associated with epithelial barrier function (UC), and
genes engaged in cellular innate immunity (CD).*® Despite the identification of these susceptibility
genes, only a small part of disease risk and heritability can be explained by genetics alone.336:4448
Studies indicates that around 20 % of all IBD cases, can be explained by genetic variance (13.1 %

for CD and 8.2 % for UC).#34°



1.2.3 Environmental factors

IBD is considered a disease of the modern world. As the western world industrialized,
chronic immune-mediated diseases such as IBD emerged.”® Environmental factors has been
implicated to play a role in IBD pathogenesis.? These factors can facilitate IBD pathogenesis by
exerting an effect on the gut microbiome.3° Improvements in personal hygiene and sanitary
condition in developed countries have reduced exposure to microbial stimulation, leading to a
decreased incidence of infectious diseases. A hygienic environment has led to a reduction in
microflora alpha diversity, which can lead to an abnormal immune response such as
autoimmunity once an infection does occur.3%°! Other environmental factors such as diet,
vaccination, mode of child delivery (vaginal vs caesarean), breastfeeding, and stress have been
associated with IBD.>2¢ Another environmental factor that regularly has been associated with
IBD is smoking. Smoking increases the risk for developing CD amongst current smokers.
Additionally smoking increases the risk for a more complicated disease course, treatment course,
and it is correlated with higher relapse rate in CD. In contrast, smoking has a protective role
against UC and is associated with a less severe disease course, better long term prognosis, as well
as lower relapse rate.30:3>50-52 Jse of medication such as non-steroidal anti-inflammatory drugs
(NSAIDs) and antibiotics can alter the composition of intestinal microbiome, consequently

triggering IBD development.

1.2.3.1 Gut microbiota

Bacterial microbiota is the most well-studied element of gut microorganisms. In the
gastrointestinal tract bacterial microbiota can reach a level of 10''-10'? organisms per gram of
luminal content in the colon.>”>8 Alterations in the composition of gut microbiota is known as
dysbiosis.>”>?=%1 Bacterial dysbiosis may contribute to pathogenesis in IBD.6%%2 There are three
major bacterial phyla within the human gut, Firmicutes, Bacteroidetes and Actinobacteria.>”>%:50.63
Proteobacteria and Verrucomicrobia are also present in the human gut microbiome.?4%> One main
common feature in IBD patients is reduction in biodiversity of the gut microbiota, known as a
diversity (diversity of species). A reduction in specific taxa including Firmicutes (Faecalibacterium
prausnitzii)®®®” and Bacteroidetes is present in IBD patients.>?%® An increase in the

Proteobacteria phylum is observed in IBD patients including Enterobacteriaceae (E. coli and



Fusobacterium) and Gammaproteobacteria.>” 258 There are certain species of gut microbiota that
may have a protective role against IBD, including Lactobacillus, Bifidobacterium and
Faecalibacterium.®® Short chain fatty acid producing bacteria within the phyla Firmicutes and

Bacteroidetes could each have a possible role in protecting against intestinal inflammation.>%6870

1.2.3.2 Nutrition

Westernized life style and diet may be a key contributor to the increased incidence of IBD
in Europe and Asia.”"’? Shifting to an animal-source diet is a major change in the developed
“western” world, resulting in an altered gut microbiota and microbiome.”! The impact of different
fat types in IBD pathogenesis have been investigated, specifically w-3 and w-6 polyunsaturated
fatty acids (PUFA). Research shows that a balance between the anti-inflammatory w-3 PUFA and
the pro-inflammatory w-6 PUFA is essential to maintain homeostasis.”> Western diet contains
high w-6 to w-3 ratio, resulting in a greater likelihood for developing IBD.”*7> Higher protein intake
has been associated with increased IBD incidence, and with increased relapse rate.’® Interestingly,
other studies could not prove an association between high protein consumption and increased
incidence of UC.””"78 Carbohydrates as a dietary risk factor for IBD was presented in 1977.7¢ Since,
several studies have associated high sugar and low dietary fibre intake with IBD development.”
A correlation between fructose and lactose malabsorption and IBD severity has been
established.” Increased intake of fermentable carbohydrates such as fructose, sucrose, lactose
and glucose had been shown to overwhelm the intestine’s absorptive capacity. Resulting in
dysbiosis and gut permeability, therefore promoting inflammation.2° Western style diet includes
refined carbohydrates such as starch and sucrose, which can have an impact on the gut
microbiota.®! Low consumption of dietary fibre is associated with increased IBD incidence.’>8?
Dietary fibre maintains mucosal barriers and promote bacterial diversity, both of which have a
positive impact on the intestinal homeostasis. Dietary fibre induces production of short-chain

fatty acids, which can reduce inflammation and promote mucosal homeostasis.?%71.83

1.3 Inflammation in UC
To maintain tissue homeostasis, the immune system responds to harmful stimuli by
inducing inflammation. The triggers responsible for initiating inflammation in UC are not the same

as in other diseases.®* Most inflammatory reactions are acute and self-limiting, however the



inflammation in UC is chronic and restricted to the intestinal mucosa (Figure5).8* Granulocytes
are recruited to the inflammatory site during acute inflammation. They neutralize and eliminate
damage-associated molecular patterns (DAMPs) and pathogen-associated molecular patterns
(PAMPs). In addition, granulocytes defend against bacterial, viral, and fungal invasion. Chemokine
signalling is involved in recruiting granulocytes. Neutrophils secretes an antibacterial protein
myeloperoxidase (MPO), which catalyses the production of reactive oxygen species to dismantle
microbes and release tissue degrading enzymes. Initiating these processes eliminates pathogens,

but can further inflammation, eventually leading to epithelial damage.®*
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Figure 5. Different phases of inflammation. With permission from [84]

Blood vessel

In UC, the response of the immune system plays a crucial role in initiating, magnifying, and
expanding inflammation. Inflammation is induced by an increase in several pro-inflammatory
mediators released from different cell types. Cells which promote proliferation of antigen-specific
effectors to initiate the adaptive immune response consequently leading to local and systemic
inflammation.?> Cytokines can drive inflammation through the production of inflammatory

mediators and activation of inflammatory pathways. Several cytokines and inflammatory



mediators have been shown to play a role in UC, such as tumour necrosis factor (TNF-a),

interleukin (IL)-1 and IL-6.8°

1.3.1 Inflammatory mediators

Antigen presenting cells (APCs) are essential in initiating UC immunopathogenesis as they
release cytokines which actively regulate inflammation. Dendritic cells (DCs) belong to the APCs
family. During an innate immune response DCs produce pattern-recognition receptors (PRRs),
which include Toll-like receptors (TLRs) and NOD-like receptors (NLRs). TLRs and NLRs respond to
common intracellular and extracellular pathogens.8> DCs can also initiate an adaptive immune
response by activating naive T cells.8>8¢ Naive T-cells can differentiate into T helper cells Th1, Th2
or Thl7, and T regulatory cells (Tregs). Th2 response mediates the pathogenesis of UC.87%°
However, recent findings show an atypical Th2 immune response in UC. In an atypical Th2
response, UC tissue with undetectable levels of IL-14 showed an upregulation of IL-13 and INF-
v.%8 Inflamed mucosa from IBD patients showed increased levels of Th17.°%°! During inflammation
Thl7 can have a pro-inflammatory role. It enables the secretion of pro-inflammatory cytokines
such as IL-17A, TNF-a and INF-y.°? During inflammation intestinal macrophages (APCs) have a
pro-inflammatory role, with increased production of IL-23, IL-1B, TNF, IL-1, IL-6, IL-8, I1L-12, IL-18,
and chemokines (chemokine (C-X-C motif)) ligand 9 (CXCL9) and CXCL10.8>%3

The classic pro-inflammatory cytokines such as IL-1, IL-6 and TNF-a are well documented
mediators in UC pathogenesis. However, other Th2 driven cytokines such as IL-10 and IL-13 also
plays a role in UC.28>°*% TNF-a is a multifunctional cytokine which play a prominent role in
promoting inflammation in UC, by enhancing IL-6 and IL-1B production and thereby initiating an
immune response.® In addition, TNF-a stimulates several pro-inflammatory effects in chronic
intestinal inflammation, including initiation of Paneth cell death via necroptosis, activation of

macrophages and T cells, and epithelial cell damage.®

IL-1 has both regulatory and proinflammatory roles in UC, it produces IL-1a and IL-1B

which induces fever and acute phase proteins.?” UC patients show increased levels of IL-1 receptor
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antagonist (IL-1Ra), and increased levels of IL-1Ra/ IL-1 with increased disease activity. It has been

suggested that IL-1Ra could play a role in downregulating the inflammatory mechanism.®

Another typical pro-inflammatory cytokine is IL-6, which is secreted from macrophages
during acute phase in the inflammatory response. IL-6 binds to IL-6 soluble receptor (sIL-6R), then
the IL-6/sIL-6R complex binds to the gp130 surface molecule (the IL-6R subunit-B), consequently
activating intestinal target cells.® In addition, activation of gp130 leads to activation of signal
transducer and activator of transcription-3 (STAT3). Activation of STAT-3 can result in induction
of the anti-apoptotic factors Bcl-2 and Bcl-xI which lead to apoptosis resistance in T-cells. By not
undergoing apoptosis T-cells are accumulated in the lamina propria leading to chronic

inflammation seen in UC.8°

IL-9 has been repeatedly found in inflamed mucosa of UC patients, which is produced from
Th9 cells. IL-9 is over-expressed in inflamed mucosa, and increased IL-9 levels in serum correlates
with severe prognosis.®® Studies have shown that mucosal Th9 cells in colitis are stimulated via
epithelial IL-33.8>%¢ |L-9 repress the proliferation of intestinal epithelial cells (IEC) and damage the
expression of tight-junction proteins, therefore altering the barrier function. It is suggested that

this alteration occurs through regulation of claudin-2 (CLDN2).%°

IL-33 is a member of the IL-1 family, which are produced by IEC in UC patients, and can
initiate innate an immune response.®* IL-33 represses the Th1 type cytokine response in favour of
inducing Th2 cytokine response.®> During chronic colitis IL-33 display pro-inflammatory functions,
however it can provide protection in more chronic phases of inflammation by inducing
proliferation of Foxp3* regulatory T cells, consequently counteracting the pro-inflammatory

functions mediated by IL-23.%4¢

Not all cytokines display a pro-inflammatory role in UC, anti-inflammatory cytokines such
as IL-10 and transforming growth factor-B (TGFB) play a protective role against colitis. Induction
and production of IL-10 by intestinal macrophages impair production of the pro-inflammatory IL-
1B. 6 IL-10 is produced by T lymphocytes, such as Foxp3 type 1 Treg cells and Foxp3* Treg, these
cells are crucial for colitis resolution, in addition they repress the pro-inflammatory immune

response of CX3CR1* macrophages and T cells. Additionally, IL-10 signalling via STAT3 is important
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for suppressing intestinal inflammation.%® Treg cells produces TGFB, consequently suppressing the
pro-inflammatory roles of mucosal macrophages and effector T cells. TGFB plays a key role in
intestinal homeostasis, by regulating the Foxp3* Treg cell pool.949> Despite the existing research,
the precise mechanism of the immune response in IBD is not fully understood. This is due to the
intricacy of the immune system and the complexity of the innate and adaptive cytokine

network.8”.8%8 Figure 6 summarises the cytokines network involved in UC.
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Figure 6. An overview of cytokine network in UC. With permission from [94]

1.4 Current status for biomarker in UC
To date, no biomarker exists that can routinely be used for diagnosing UC.?° The diagnosis

is based on a combination of clinical aspects, laboratory tests, endoscopy, radiology, and
and

pathology aspects.’® The ultimate IBD biomarker should be non-invasive, rapid,
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reproducible. Discriminating between active and non-active disease conditions is the most
important criterion.®>%01 Unfortunately, as no biomarker has fulfilled the above criteria, a
combination of different tests can be used as an alternative to classic inflammatory markers.>:101
The existing biomarkers measure the ongoing inflammation and disease activity. They serve as a
support for diagnosis and initial severity assessment.”® High levels of the serological biomarker C-
reactive protein (CRP) are associated with UC and CD, although poor correlation with UC is
reported.®®1® High CRP levels combined with high stool frequency on day 3 is predictive for
colectomy in 85 % of hospitalized patients with acute severe UC and can predict clinical relapse
and therapy failure in both UC and CD.*° The best serological markers to distinguish between CD
and UC are ASCA (anti-saccharomyces cerevisiae antibody) and ANCA (antineutrophil cytoplasmic
antibodies) respectively. Levels of atypical perinuclear ANCAs (pANCAs) are increased
considerably in UC. Faecal and serum calprotectin (FC) is an inflammatory biomarker which helps
to assess diagnosis and treatment response. Patients with active IBD have increased levels of FC
which are strongly associated with endoscopic activity. FC can predict clinical relapse in both UC
and CD as well as endoscopic and histologic activity at certain cut-offs.®® An emerging biomarker
for IBD is miRNAs, it has been demonstrated that miRNAs were differentially expressed in colonic
mucosa of UC patients. miRNAs levels differ between active and inactive UC in both colonic tissue
and serum samples. miRNAs are considered a tool for assessing treatment response due to

different miRNAs levels before and after treatment.1%

1.5 Epigenetics

Epigenetics is the study of how environment and behaviours impact gene activity, causing
phenotypic changes. The epigenetic concept was first described by Waddington in 1942,102,103
Epigenetic changes alter the phenotypic gene expression without changing the DNA sequence
itself, however, they are reversible.1931% Epjgenetic processes occurs naturally and they are
crucial for many organism functions, nevertheless, if they occur incorrectly they can have major
consequences on health. Several illnesses and diseases are linked to epigenetic changes, such as

cancers, respiratory diseases, and autoimmune illnesses.%’
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1.5.1 Epigenetic modifications

Every cell in an organism exhibits different phenotypes and functions.%% This is due to
different quantitative and qualitative gene expression, thus gene expression is important for the
differentiation and development process in an organism.% The epigenome can enable these
differences.'%® Epigenetic mechanisms have an impact on chromatin state, therefore regulating
gene expression.1931% Epjgenetic changes are easily and rapidly affected by environmental
changes, whereas our genetic code is constant throughout life.!9® To generate various
combination of different phenotypes from the same genotype, epigenetic marks are passed on
from the mother cell to its offspring.!'® The main epigenetic mechanisms controlling gene

expression are 1) histone modifications, 2) DNA methylation and 3) non-coding RNAs (Figure

7).36,48,108,110—112

1.5.2 DNA methylation mechanism

The concept of DNA methylation was first introduced by Hotchkiss in 1948, when he
detected a modified cytosine during an experiment. He hypothesized that it was 5-methylcytosine
(5mC), and further indicated that this modified cytosine occurred naturally in DNA.'® Many

researchers suggested that DNA methylation might control gene expression, however it was in
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1980s that several studies proved DNA methylation was directly involved in gene regulation and
cell differentiation.’#11> Now it is established that DNA methylation is a key epigenetic factor

affecting gene activities.*®113

DNA methylation is a chemical modification of the DNA. It is a covalent addition of a
methyl group from S-adenyl methionine (methyl donor) to the fifth carbon of a cytosine

nucleotide, resulting in a 5-methylcytosine formation (5mC) (Figure 8).36:108111,113
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Figure 8. Epigenetic modification, DNA methylation occurs at the 5t position of a cytosine residue. With permission from [103]

For full methylation to occur, cytosine have to be methylated on both DNA strands.1% This
occurs mostly at a cytosine phosphate guanine (CpG) dinucleotides sequence.3%37105 CpG
dinucleotides have a tendency to cluster in regions called CpG islands. CpG islands are classified
as regions with more than 200 bases with a C+G content of at least 50 %.19>110111 CpG sequences
have a low frequency in the human genome about 1-2 % and they show a reduced transcriptional
activity3637.110 The major part (~60 %) of CpG islands in the human genome are associated with

gene promoters or first exons of all genes.4110,116,117
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DNA methylation is catalysed by a family of DNA methyltransferase (DNMTs).1!3 There are
five members in the DNMT family; DNMT1, DNMT2, DNMT3A, DNMT3B and DNMT3L.48105118
Only DNMT1, DNMT3A and DNMT3B possess methyltransferase activity.%8119 These three are
further classified into maintenance DNMTs which include DNMT1, and de novo DNMTs which
include DNMT3A and DNMT3B. 110111113119 Fach of these DNMTs are vital for several biological
processes, for instance DNMT1 is crucial for genomic imprinting, heterochromatin formation and
gene silencing. Whereas DNMT3A and DNMT3B are crucial for embryonic development and have
a vital role in de novo methylation in the genome.® DNA methylation is reversible, a process

referred to as DNA demethylation. DNA demethylation occurs either passively or actively.113120

Passive demethylation occurs in dividing cells when DNMT1 activity is inhibited or
dysfunctional. Active demethylation takes place in both dividing and non-dividing cells. However,
the process needs enzymatic reactions to process the 5mC to restore it back to its original state.
This occurs with the help of the ten-eleven translocation (TET) family of dioxygenases. The TET
proteins perform an iterative process where they first oxidize 5mC to 5-hydroxymethylcytosine
(5hmC), then to 5-formylcytosine (5fC) and finally to 5-carboxylcytosine (5caC).113120:121 5hmC
play a key role in DNA demethylation, however it is implied that 5hmC can also regulate gene

expression. 113122

1.5.3 Biological effect of DNA methylation

The biological consequence of DNA methylation is linked to its involvement in regulatory
regions of genes (promoters or transcription start sites) and consequent effects on gene
expression.'?> DNA methylation plays an important role in various biological processes, such as
embryonic development, silencing of transposable elements, X-chromosome inactivation,

124-126 DNA methylation can regulate gene

genomic imprinting and controlling gene expression.
expression by recruiting proteins that inhibit gene expression, or by inhibiting transcription factor
from binding to the DNA. In the first case it results in repress gene expression, and altering gene
expression pattern in the second case.'3 Hypomethylation is when methylation occurs less than

the reference. Hypermethylation can reduce gene expression and can lead to gene inactivation.'?’
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In foetal samples, many of the genes involved in intestinal epithelial defence are
hypermethylated, resulting in loss or decreased expression levels, causing incomplete or
impairment of intestinal epithelial cell/barrier function in paediatric IBD.12> A recent study has
shown that anti-inflammatory genes such as interleukin 10 (IL-10) and CXADR-like membrane

protein (CLMP) are hypomethylated in severe UC.1?8

1.5.4 DNA methylation and inflammation

The inflammatory response is complex, involving a refined regulatory network that carry
out functions at signal-specific, gene-specific, and cell-specific levels. Activation of antimicrobial
defence genes, tissue repair/remodelling genes, and immune response genes are part of this
network.!'! Transcription factors of the NF-kB, FOXP3, IRF and STAT families as well as DNA

methylation have been demonstrated to play a vital role in regulating inflammatory genes.10812°

During chronic inflammation, proinflammatory genes are upregulated, while anti-
inflammatory genes are downregulated. This is presumably due to epigenetic regulation.0®
Protease- activated receptor (PAR2) exhibit both anti- and proinflammatory effects on colon, by
stimulating the production of T-helper cell type 1 (Thl), and cytokines such as tumour necrosis
factor alpha (TNF-a), interleukin 1 (IL-1) and interferon gamma (IFN-y). Increased methylation
levels of PAR2 are linked to severe phenotypes of UC.3%130 |n inflammatory disorders such as
psoriasis DNA methylation levels has been reported to be reduced across the genome. Recent
studies demonstrated reduced DNA methylation at the distal enhancer element of the interferon-
vy (INFG) gene in effector CD4"CD8 CD3*TCR* (“double negative “ DN) T cells.131132 |n systematic
lupus erythematosus (SLE) a monozygotic twin study uncovered 49 hypomethylated regions in
SLE patients.!3 Another study demonstrated that increased expression of cytokines was
associated with DNA hypomethylation in the promoter regions of interleukin 10 (IL10) and
interleukin 13 (IL13) genes in CD4* T cells.'34
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1.5.5 DNA methylation and IBD

Recent epigenetic studies including DNA methylation reveal potential pathogenic
explanations for development of IBD. They present promising gene candidates for exposing the
process of disease manifestation beyond the known risk loci. Alterations in the methylation status
in IBD-associated genes could drastically change the levels of gene expression, subsequently
impacting disease onset and progression.3>136 The first study associating DNA methylation with
UC pathogenesis was reported by Gloria et al. the study showed that incorporation of the 3"H-
methyl group into DNA was 10-fold higher in UC patients compared to controls, and considerably
higher in histologically active than nonactive disease.'3” Other studies have shown that genes such
as E-cadherin (cell-cell adhesion molecule), P16INK4a (a cyclin- dependent kinase inhibitor),
cadherin 1 (CDH1), glial cell derived neurotrophic factor (GDNF), and ATP binding cassette
subfamily B member (MDR1) have higher methylation levels in the promoter regions in UC
patients.!3613813% The hypermethylation in CDH1 is linked to long standing inflammation,

indicating a positive association between DNA methylation and inflammation.4°

Furthermore, DNA methylation has been related to various clinical aspects, such as
disease severity, disease phenotype, active inflammation and dysplasia, and disease duration.3¢
As for CD, the current data concerning the involvement of DNA methylation in CD pathogenesis
is limited. In a study by Cooke et al, they showed that there is differential methylation between
inflamed mucosa from CD/ UC patients and controls for a substantial number of genes.'*! Another
study demonstrated DNA promotor hypermethylation in CD patients’ serum using the cancer

specific and highly methylated gene transcription elongation regulator 1 like (TCERGIL).42

1.6 Functional Genomics

Functional genomics refers to the study of how genes and intergenic areas of the genome
contribute to various biological processes. Functional genomics determines how separate
elements of a biological system work together to generate a distinct phenotype. It focuses on the
dynamic expression of gene products during a certain circumstance, e.g., during a disease

development. The methods included in functional genomics are: genomics and epigenomics
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(DNA), transcriptomics (RNA), proteomics (protein) and metabolomics (metabolite) (Figure 9).143

Epigenomics and transcriptomics were applied in the current work, and will be shortly discussed

below.
Genomics and epigenomics Transcriptomics
The study of the DNA sequence and The study of the RNA molecules
associated heritable biochemical present in a sample
modifications
Phenotype
Proteomics Metabolomics
OH
\ 4JT $

‘“ V e
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The study of the proteins present in a sample. The study of the metabolites present in a sample.

Figure 9. The different omics applied in functional genomics.

1.6.1 Transcriptomics and epigenomics

In a biological system the genetic information is passed in four possible ways: (a) DNA -
DNA (DNA replication), (b) DNA = RNA (first step in protein synthesis), (c) RNA = protein (second
step in protein synthesis), (d) RNA - RNA (viruses coping themselves).}** To understand how gene
expression changes and how these changes may contribute to human diseases transcriptomic
(RNA) studies have been used. Transcriptomics uses the total transcripts in a cell for gene
expression analysis.'> Transcriptomic data is generated by two methods: sequencing of separate
transcripts (RNA-Seq) or hybridization of transcripts to an ordered array of nucleotide probes

(microarray).1#

To study epigenetic modification’s effect on the genetic material in a cell is referred to as

epigenomics. In this field, identifying the location and understanding the functions of all the
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chemical alterations that marks the genome is investigated. Epigenomic maintenance is a vital
process for genome stability and the robustness of phenotypic attributes.#4'4” The most studied
epigenetic modifications are DNA methylation and histone modifications.'*® High throughput

assays have revolutionized the field of epigenetic studies during the past decade.'*®

The important steps involved in generating epigenetic and transcriptomic data involves
(1) experimental design, (2) laboratory performance, and (3) data analysis. Figure 10 shows the
steps involved in generating DNA methylation and transcriptomic data and the data analysis steps

applied in this thesis.
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1.7 Clinical outcome

The early induction of biological therapies such as anti-TNFa in combination with
immunomodulators have shown substantial improvement in response and remission rates in both
UC and CD.**° Biological therapies have induced long lasting mucosal healing and deep remission
as well as reduce the risk for future complications.’>® However, as low as 30 % of IBD patients
respond to treatment, and a large percentage discontinue the treatment due to variety of
unpleasant events.?>! Over time, patients can lose this response which results in clinical relapse
and disease progression.° Similarly, discontinuation of treatment leads to the same outcome.?>!
The risk of relapse after anti-TNF discontinuation is between 30- 40 % after one year, and more
than 50 % beyond two years.?>1152 UC patients with a confirmed “deep” remission condition
before discontinuations of biological therapies have a greater chance of maintaining remission at
12 months of follow-up.'>* UC outcome varies over time, and it is dependent on disease extension,
severity and activity.’>® Due to this variation a predictive biomarker for disease outcome is
needed. Biomarkers will improve the treatment strategy in the context of personalized

medcine.1>*
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2. Objectives of the thesis

The pathogenesis of IBD is still not completely understood, and genetics only explain
approximately 20 % of IBD cases, suggesting a more complex pathogenesis. Studies are indicating
that DNA methylation have an impact on the transcriptome in IBD pathogenesis. The overall
objectives of this work are to understand the role of epigenetic modifications specifically DNA
methylation in the initiation and progression of UC. The correlation of subject gene expression
and DNA methylation data provide the opportunity to characterize changes observed within
individual subjects. Thus, providing insight into the susceptibility of patients with different clinical
UC pathologies. In addition, identifying new biomarkers would be of great value for determining
new personalized treatment strategies for UC patients. Therefore, the objectives of this work are

as follows:

e To characterize and describe the complete transcriptomic landscape in treatment-naive
UC patients.

e To explore the genome-wide DNA-methylation status, and to examine the association
between DNA methylation and gene expression levels in treatment-naive UC patients.

e Toidentify the role of DNA methylation in severe UC and to what degree it correlates with

disease severity.
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3. Materials and Methods

3.1 Experimental Design

For the experiments performed in this work, colon biopsies from treatment-naive UC
patients were obtained from the ASIB study biobank. DNA and RNA were extracted, genome-wide
bisulfite library and whole transcriptome library were prepared and sequenced. Various statistical
and bioinformatic analysis methods were applied to the DNA methylation and transcriptome data

to extract relevant data (Figure 10).

3.1.1 Biopsy selection

Well stratified treatment-naive UC biopsies were achieved from an established biobank
approved by the Norwegian Board of Health (the ASIB study biobank at the University Hospital of
North Norway (UNN)). This study, collection and storage of biological material were approved by
the Regional Ethics Committee of North Norway and the Norwegian Social Data Services (REK
Nord 2012/1349). All enrolled participants signed an informed and written consent form. The
enrolled participants for this study were newly diagnosed, treatment-naive UC patients with mild,
moderate, and severe disease activity. UC diagnosis was established based on clinical endoscopic
and histological criteria as defined by the ECCO guidelines.? Assessment of the inflammation
degree was established during colonoscopy using the UC Disease Activity Index (UCDALI).1>>156
Subjects undergoing endoscopy for cancer screening with normal colonoscopy and normal
histological examination, served as controls. To assess the degree of UC activity tumour necrosis
factor alpha (TNF-a) mRNA expression levels were quantified by real-time polymerase chain
reaction (QPCR).%” For mild to moderate UC, biopsies were obtained from the sigmoid part of the
colon, whereas for severe UC the biopsies were obtained from the recto-sigmoid part of the colon.

Biopsies were taken from an active inflammation site.

3.1.2 DNA/ RNA isolation and assessment
Total RNA and genomic DNA were simultaneously isolated from the biopsies using the
AllPrep DNA/ RNA Mini Kit (Qiagen), the isolation was performed by the QiaCube Instrument

(Qiagen) according to the manufacturer’s protocol. In brief, the biopsies were homogenized, the

24



supernatant was transferred to tubes and placed in the QiaCube instrument, DNA and RNA were
isolated according to the protocol. RNA and DNA were assessed for quantity and purity using the
Nanodrop ND-1000 spectrophotometer (ThermoFisher Scientific). RNA purity and RIN value were
assessed with the Experion Automated Electrophoresis System (Bio-Rad). The used RNA samples
had a RIN value between 8.0 -10.0. All RNA and DNA samples were kept at -80° C until further

use.

3.1.3 Library preparation

Preparing libraries for sequencing requires producing a collection of cDNA/DNA
fragments. The principle is that DNA or RNA sequence is fragmented to smaller parts and an
adapter is ligated to both fragments ends. Thereafter the constructed libraries were sequenced.

Figure 11 shows an overview of library preparation principle.*>®
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Figure 11. Basic workflow for NGS library preparation.
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3.1.3.1 whole transcriptome library preparation

Whole transcriptome libraries were prepared using the TruSeq Stranded Total RNA LT
Sample Prep Kit by lllumina. Material input was 1 pg of total RNA. In brief, RNA was depleted for
rRNA and fragmented then followed by cDNA synthesis. An A-tail and adapters were ligated to
the cDNA. Samples were cleaned-up and libraries were amplified by PCR. Finally, libraries were
validated, and fragment size was assessed. The generated libraries comprised fragments with an

average size of 307 base pairs. Libraries were normalized and pooled prior to sequencing.

3.1.3.2 Genome-wide library preparation

The DNA methylation libraries were prepared using the SeqCap Epi CpGiant Enrichment
kit (Roche). This kit targets genomic regions from bisulfite-treated genomic DNA. The bisulfite
treatment converts all unmethylated cytosines to uracil and leaving methylated cytosines

unaffected.

Briefly, 1 ug of genomic DNA was fragmented, an A-tail and adapters were ligated to the
DNA fragments. A dual size selection was performed, and DNA was bisulfite treated (Zymo
Research). A PCR amplification step was performed, products were cleaned up and hybridized to
the SeqCap Epi libraries. The samples were hybridized at 47°C for 72 hours. Samples were washed
and cleaned up, followed up by a PCR amplification step. Finally, the PCR products were cleaned
up and the DNA libraries were eluted (Figure 12). DNA libraries were validated, and fragment size
was assessed. The generated libraries had an average fragment size of 322-329 base pairs.

Libraries were diluted and pooled prior to sequencing.
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Figure 12. Workflow of the SeqCap Epi CpGiant Enrichment library preparation. With permission from Roche.

3.2 Next generation sequencing

Both the SeqCap Epi- and whole transcriptome libraries were sequenced on the NextSeq
550 system platform. Both libraries were diluted prior to pooling, thereafter denaturized, and
diluted to loading concentration. A spike in control (PhiX control) was added to the libraries before
sequencing. The PhiX control was diluted to the same final concentration as libraries. Denatured
and diluted libraries were combined with PhiX. The final percentage of PhiX in the libraries were
1 %. The libraries were sequenced using a high output flow cell 150 cycles, and according to the

manufacturer’s instructions. The libraries were sequenced using pair-end mode.

3.3 Data analysis and Bioinformatics

To extract the biological relevance in both the transcriptome and epigenome data, the
sequences underwent several statistical steps. At first transcriptome and epigenome data were
analysed separately. Methylation and transcriptome were then correlated for each to understand

the relationship between gene expression and DNA methylation.
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3.3.1 RNA-Seq data analysis

Data analysis for RNA-Seq are divided into three main sections; 1) data pre-processing,
which includes normalization, quality control, read alignment quantification and common
statistical methods.#>'5° 2) Data analysis and visualization, e.g. performing principal component
analysis (PCA), generating heatmaps, and performing hierarchical clustering.'® 3) Data validation,
this can be done by performing qPCR, using in vivo and in vitro models or by applying in silico
applications (Figure 11).161162 A successful data analysis will generate gene list with possible
candidate genes that differ between treatments or populations. To know the function of
generated genes and their products Gene Ontology (GO) or Protein Analysis Through Evolutionary

Relationships (PANTHER) can be applied.**®

The first step in analysing the transcriptome data performed in this thesis were base calling
and quality scoring check on the on-board computer of the NextSeq 550. The algorithm package
STAR- 2.5.2b and the htseg-counts were used for down-stream analysis.'®3 htseg-counts are used
for pre-processing RNA-Seq alignments for differential expression calling. The human genome
assembly GRCH38p.11 was applied for the alignment of the transcripts
[ ]. Read-counts were normalized using the
DESeq2-Rlog variance stabilised transformation. A data set of significantly differentially expressed
transcripts were established by incorporating transcripts with read counts of > 30 and fold change

> 1 compared to controls.

3.3.2 DNA methylation data analysis

DNA methylation data analysis includes the same steps as for RNA-Seq analysis (Figure
11). High quality sequencing data is critical to achieve good alignment and obtain correct
methylation scores.1®* Visualizing methylation data and obtaining a DNA methylation profile can
be done through several genome browsers.1®* After data visualization differentially methylated
positions (DMPs) and differentially methylated regions (DMRs) are determined and a list of DMRs
is produced.®> Due to their close location to gene promoter or body, DMPs and DMRs are often

associated with genes, and to determine their function gene set enrichment analysis (GSEA) and
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pathway analysis can be applied. Another approach to interpret the function and significance of

the discovered DNA methylation is to correlate it with gene expression.6°

Like transcriptome analysis, epigenome data analysis starts with base calling and quality
scoring. For the DNA methylation analysis, the Bismark Bisulfite Mapper v0.16.0
[ ] was applied to align reads to the same
genome build applied in the transcriptome analysis to generate methylation counts. Relative
methylation is expressed as a number between 0-1, where 0 means 0 % of Cs are methylated at
that position and 1 means 100 % or all Cs are methylated. The global methylation analysis mapped
included more than 9 million cytosine sites genome wide. To obtain significantly differentially
methylated regions (DMRs) the globalTest function from the BiSeq package was applied
[ ] on promoter regions.
Promoter regions with a global test p-value < 0.05 were kept. The promoter region was defined

as 2000 bp upstream and 200 bp downstream of the transcription start site (TSS).

3.3.3 Correlating transcriptome and epigenome

The DNA methylation analysis generated a list of differentially methylated promoter
regions which was correlated to the differentially expressed genes (DEGs) generated from the
transcriptome data. Inclusion criteria for promoter DNA methylation was average read coverage>
10 and adjusted p-value < 0.05. Whereas for the transcriptome data, the following criteria were

applied; read coverage > 30, fold change > 1 and adjusted p-value < 0.05.

A negative correlation between methylation and transcription was used to select genes of
interest. Upregulated DEGs were correlated with low methylation status (hypomethylation), and
downregulated DEGs were correlated with high methylation status (hypermethylation) were

selected for further analysis.
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3.3.4 Common visualization and statistical methods
Both transcriptome and epigenome sequencing data were subjects to several visualization and

statistical methods, some of which will be mentioned below.

Principal component analysis (PCA) is applied to visualize the data. The idea behind PCA is
to reduce the dimensionality of a dataset, while retaining as much “variability” (i.e. statistical
information) as possible.'%® |t is an unsupervised method, which means that it can detect patterns
without reference to prior information. A normalization step is crucial prior to PCA, this is to make

sure that each variable in the dataset contributes equally to the analysis.*®’

Gene expression studies and a small number of biological samples present a statistical
challenge, therefore the Limma package was used to reduce potential false positive results.

Limma borrows information across genes variability to produce a more stable analysis.*6%16°

Multiple hypothesis testing is common in medical research and is used to avoid drawing a
false-positive conclusion during hypotheses testing. The Bonferroni adjustment is the simplest
and most used method for multiple testing correction.'’0 It is done by dividing the significance

level by the number of tests thar are being performed.17%172

The significance of a result must be quantified regarding the null hypothesis. To reject the
null hypothesis a cut-off of 0.05 is commonly applied, this is referred to as p-value. With
thousands of observations the likelihood of false-positive rate increases. Benjamini and Hochberg

was as a multiple test adjustment method.'”3

Partial least squares (PLS) analysis is a multivariate approach that allows comparison
between multiple response variables and the rest of the data. PLS helps visualize the relationship

between the data and known variables, therefore it is a supervised analysis.’417>

Fisher’s exact test is applied to determine if there are non-random associations between

two categorical variables. It is widely applied in analysis with small sample size.176177
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3.3.5 Functional annotations and pathway analysis

Functional annotation is the process of collecting gene information. For example, gene
name aliases, molecular and biological pathway membership, subcellular position, domains,
etc.!’® Here, functional annotations and pathway analysis have been applied on genes that were

negatively correlated to DNA methylation to help understand the biological relevance.

Pathway analysis was done by over-representation analysis with the Kyoto Encyclopaedia
of Genes and Genomes (KEGG) [www.genome.jp/Kegg/], and the PANTHER classification system
[http://pantherdb.org/]. The human gene database GeneCards [http://www.genecards.org/] was

used for single gene annotations.

3.3.6 Cell deconvolution

Mucosal biopsies contain various cell types, this presents a problem when comparing
these samples. In differential gene expression this introduces a confounding issue. Changes in
gene expression may reflect changes in sample cell composition. To solve this issue cell
deconvolution method can be applied. This method can estimate cell type fraction in a sample.”
In silico cell deconvolution was applied to the transcriptome dataset to obtain cell type-specific

expression profiles.

31



4. Summary of results

4.1 Paper |
Transcriptomic Landscape of Treatment-Naive Ulcerative Colitis

Hagar Taman, Christopher G. Fenton, Inga V. Hensel, Endre Anderssen, Jon Florholmen, Ruth H.
Paulssen. (2017)

Journal of Crohn’s and Colitis, 12(3), 327-336. doi:10.1093/ecco-jcc/jjx139

This study describes and characterize the transcriptomic landscape in UC. For this purpose,
well- stratified, treatment-naive UC patient samples were included representing mucosal biopsies
from treatment-naive UC patients (n=14) and healthy controls (n=16). Total RNA was subjected

to RNA sequencing and data analysis.

Comparing treatment-naive UC to controls revealed 1480 significantly DEGs. The fraction
of epithelial cells was decreased in UC, while other cell population such as monocytes,
neutrophils, T cells and B cells/lymphoid cells were increased during inflammation. Among the
significantly DEGs, 79 DEGs were identified as IBD susceptibility genes, and 58 DEGs were
expressed in a gender-specific manner. UC patients have a higher risk for developing CRC, the
data identified four genes that could be considered CRC risk factors, especially for male UC
patients. Additionally, the data revealed that AQP9 might have a functional role in the synthesis
and/ or the function of mucus. AQP9 along with CLDN2, might regulate tissue specific

physiological features in tight junctions of UC patients.
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4.2 Paper I

Genome-wide DNA Methylation in Treatment-naive Ulcerative Colitis

Hagar Taman, Christopher G. Fenton, Inga V. Hensel, Endre Anderssen, Jon Florholmen, Ruth H.

Paulssen. (2018)

Journal of Crohn’s and Colitis, 12(11), 1338-1347 doi.10.1093/ecco-jcc/jjy117

This study has two main aims; the first aim is to explore the genome-wide DNA
methylation status in treatment-naive UC, the second is to correlate the DNA methylation pattern
to the gene expression levels in a well stratified treatment-naive UC patient group. Therefore,
mucosal biopsies from treatment-naive UC patients (n= 10), and healthy controls (n=11)
underwent genome-wide DNA bisulfite sequencing. To obtain a dataset with differentially

methylated genes, the generated data was subjected to several statistical methods.

Of all the significantly differentially expressed genes (DEGs) obtained in Paper I, 25 %
correlated with DNA methylation patterns. Thirty percent of the methylation in these genes
occurred at CpG sites or near their transcription start site (TSS). It was clearly observed that genes
involved in homeostasis and defence were hypermethylated, whereas genes involved in immune
response were hypomethylated. The data also showed that 25 differentially methylated genes
were identified as IBD-susceptibility genes. In addition, four genes showed methylation patterns

despite the absence of known CpG islands.

In treatment-naive UC, distinctive functional patterns for hyper- and hypomethylation were

uncovered, which are of significance for the development and pathogenesis in UC.
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4.3 Paper Il
DNA hypo-methylation facilitates anti-inflammatory responses in severe ulcerative colitis
Hagar Taman, Christopher G. Fenton, Endre Anderssen, Jon Florholmen, Ruth H. Paulssen (2021)

PLoS ONE, 16(4 April). doi: 10.1371/journal.pone.0248905

The main intention of this study is to define specific epigenetic changes that may possibly
be responsible for the degree of disease severity. This was achieved by examining the relationship
between transcriptomic and genome-wide DNA methylation profiles in a well-stratified,

treatment-naive severe UC patient population.

Three groups are compared in this study, therefore mucosal biopsies from 1) treatment-
naive severe UC patients (n=8), 2) treatment-naive mild UC patients (n=8), and 3), healthy controls
(n= 8) were collected and subjected to both whole transcriptome sequencing (RNA-Seq) and
genome-wide DNA bisulfite sequencing. The generated data went through several statistical
methods to gain a dataset with significantly differentially expressed genes (DEGs), which was

correlated to DNA methylation in severe UC.

In comparing severe to mild UC, the data showed that DNA hypomethylation were
observed in 80 % of all the correlated DEGs. Pathway annotations of the hypomethylated genes
revealed neutrophil degranulation and immune-regulatory interactions of the lymphoid system.
Anti-inflammatory genes were found to be hypomethylated in severe UC, such as IL-10, SIGLECS5,
CD86, CLMP and members of inflammasomes NLRP3 and NLRC4. Hypomethylation of these genes
indicate an interaction between the epithelium and lamina propria to diminish inflammation in

the gut.
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5. Discussion

Experimental considerations

Why study treatment-naive UC? Numerous studies have tried to describe both gene
expression and DNA methylation profiles in UC to solve the molecular mechanisms behind disease
pathogenesis and development. Pharmaceutical drugs in general can lead to alterations in gene
expression and epigenetic homeostasis.'8%18! Therefore, treatment strategies used for inducing
remission in UC introduce systematic biases in data analysis. Previous and current studies have
shown that using different treatment strategies for managing UC, such as immunosuppressant
and biologics have short- and long-term side effect on the immune response.8%18 Whereas other
medications have the ability to inhibit the DNA methylation process.®*8> The aim of this study is
to investigate the DNA methylation status in UC at disease onset, without medication
interference. To remove any effects of pharmaceuticals, it was essential to only include
treatment-naive material in this study. In addition, this approach may help identify new and
important factors for predicting clinical outcome and crucial targets for future therapeutic
treatment, which will be useful in customising and personalizing treatment strategies for UC
patients. The patient’s conditions included in this study are mild, moderate, and severe disease
activity, which has been established based on the ECCO guidelines and the UC Disease Activity
Index (UCDAI).1>1>>1%¢ The control group consists of samples taken from subjects that underwent

colon cancer screening examination.

The effects of sample size and selection on results. The study was designed as a pilot study
with only a limited number of patient samples included. The sample size was considered sufficient
to perform experiments with sufficient statistical power. Some samples did not meet the criteria
required to continue with library preparation due to poor quality or low RNA/DNA content which
reduced the sample size. In addition, only 15-30 % of the UC patient population will experience
at least one episode of severe colitis during the disease course'®-18 which made it challenging
to obtain a sufficient sample size (Paper Ill). Ideally, it would have been more favourable to have

a large sample size to work with as larger sample sizes give more robust statistics.81%0
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The sample size was completely dependent on the biopsy selection available in the
biobank. During biopsy selection the main goal was to include a well-documented stratified
treatment-naive UC patients to allow for proper stratification of sample material. Thus, avoiding
the mixture of UC disease state in downstream analysis. The study included participants with
similar characteristics in respect to age and gender distribution. Nevertheless, the age distribution
in the control group was higher compared to the UC group. This is due to colon cancer screening
being more common among the elder population. The age distribution in mild and moderate UC
patients are similar, however, the age distribution in severe UC patients is slightly higher. This is
due to the increased risk for acute severe UC as patients get older.?®! Additionally, even though
the gender ratio male/female is similar in the study groups, the number of male subjects is higher
than the female subjects. Preferably an equal distribution between subjects in respect to gender
and age would have been advantageous. The samples were taken from the ASIB biobank. They
should reflect the lifestyle, diet, and ethnicity of the Norwegian population. One could argue that
the results generated from this study is not applicable to other populations. Disease condition
accounted for most of the PCA explained variability, whereas age and other characteristics added
very little if any except for gender. The PCA did reveal a gender-specific separation between the

samples in disease condition (Paper I).

Intestinal biopsies are heterogenous, it is composed of different cell types such as stromal,
epithelial, and immune cells®?, which makes data analysis more challenging. In complex samples
it is difficult to determine whether changes in gene expression represent changes in cell
composition or genetic regulation. The biopsies were collected from an active inflammation site
in the sigmoid (Paper | & IlI) and the recto-sigmoid (Paper Ill) part of the colon. The amount of
different cell types in these tissues will have an impact on the expression profile.1®? Therefore, to
determine the relative quantities of the different cell types within these samples, a cell
deconvolution method was applied. This method provides an estimation of the relative quantities
of different cell types present in the samples. To achieve accurate measurements the emerging
technology of single-cell RNA-Seq (scRNA-Seq) should be considered in future studies to

overcome the heterogeneity in tissue biopsies.1931%
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Due to the hard conditions during bisulfite conversion genomic DNA is degraded and
fragmented, resulting in small sequences that are about 500 nucleotides in length.'®> In addition,
for the deamination to be efficient, the DNA are required to be protein free.'*® Therefore, isolating
an adequate amount of DNA that is free of contamination is crucial for a successful bisulfite
treatment. Another disadvantage with bisulfite treatment is the high read duplication rate caused
by the enrichment of CpG-rich parts of the genome.'®’~*°® Unfortunately, due to high duplication
rates a few samples were eliminated from the dataset after the preliminary data analysis. Despite
all these disadvantages, bisulfite treatment is still considered the golden standard when
measuring DNA methylation. This is mainly because of their single base resolution, and the low

input requirements.%’

The transcriptomic profile of treatment naive UC

The main objective of this work is to investigate how epigenetic modification like DNA
methylation contributes to the pathogenesis of UC. One would expect heavily methylated
promoters to express less transcripts, and vice versa. Therefore, it was essential to establish a
gene expression profile per sample from which to compare the sample DNA methylation profile.
DNA methylation can regulate gene expression by supressing the transcriptional process, and it
has been linked to disease development.13126200 Altered methylation status in IBD associated
genes has been implicated as transcriptional activity modifiers, and therefore contributing to

disease development and progression.36:48

The transcriptomic profile in mild to moderate UC revealed that the inflammatory
response in both the innate and adaptive immune system plays a crucial role in UC development.
This is reflected in the increased fractions of different immune cells (Paper I). Furthermore, we
observed that the fraction of epithelial cells is diminished as a function of disease severity (Paper
I & lll). Especially in severe UC epithelial cell fractions were further reduced when compared to
mild UC (Paper lll). Intestinal epithelial cells are part of the defence mechanisms utilized by the
intestinal mucosal immune system to protect itself from harmful pathogens.?°! They build a

physical barrier that protects against damaging luminal microenvironment, while offering
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selective permeability for nutrition absorption. Intestinal epithelial cells are crucial for
maintaining intestinal homeostasis.2%2203 A reduction in epithelial cells results in an impaired
intestinal permeability and dysregulation of homeostasis. 2%42%7 Perhaps the observed
hypermethylation and downregulation of genes involved in epithelial cells homeostasis, such as
proline-rich acidic protein 1 (PRAP1), and members of the solute carrier protein family (SLC6A19
and SLC3A1) (Paper Il) helps explain this reduction. In inflammatory gut conditions TNF-a levels
together with other inflammatory cytokines are increased, which impacts the composition of tight
junction within intestinal epithelium cells, resulting in increased intestinal permeability and
oedema.?®210 This dysregulation of water and solute homeostasis has been implied in UC

development previously.>#204211,212

Aquaporin 9 (AQP9) a previously unreported gene, and claudin 2 (CLDN2) are two of the
most prominent differentially expressed genes in our mild to moderate UC patient material
(Paper I). AQP9 is a water channel found in the membrane of intestinal tight junctions, whereas
claudins are one of the membrane proteins that compile tight junctions in the intestinal
epithelium.?19213 CLDN2 is defined as a “pore-forming” protein, which facilitates para-cellular
water transport across tight junctions in impaired epithelium.?'421> The upregulation of AQP9 and
CLDN2 observed in mild UC could be a response to inflammation, as they fight the disruptions
within the epithelial barrier of the colon. Considering this, one might suggest that CLDN2 and
AQP9 share similar properties regarding water transport, and our results may indicate that CLDN2
together with AQP9 regulate tissue-specific pathophysiological properties of tight junctions in UC.
AQP9 might have another function, it was recently found to be expressed in a subset of mucin-
producing goblet cells in colon and small intestine, indicating the potential role it has in mucus

secretion.216:217

Normally, goblet cells are depleted during intestinal infection and a reduction in mucin
synthesis and secretion occurs. Consequently, this allows pathogens access to the underlying
epithelium.?'® However, several mucins displayed upregulated expressions in mild UC such as
mucin 1 (MUC1), mucin 16 (MUC16), mucin 4 (MUC4), mucin 5ac (MUC5AC), and mucin 5b
(MUC5B). Goblet cells are specialized intestinal epithelial cells, they are responsible for the

protection of the mucus layer through mucin production, and they constitute a vital part of the
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innate immune and antimicrobial defence.?9321° MUC1 and MUC4 are transmembrane mucins,
they serve to protect the epithelium,?® increased levels of MUC1 and MUC4 have been confirmed
previously.?2%22! |n our dataset MUC5B shows increased expression in mild UC, this is
contradictory to other studies where MUC5B expression is increased in colorectal cancer (CRC),

and not in UC.222

Excitingly, our result shows that gender differences do occur at a molecular level between
treatment-naive UC patients, which has not been reported previously. The most prominent
gender differences for UC were noted for the following genes: mucin 5B (MUC5B), regenerating
family member 3 alpha (REG3A), defensin A5 (DEFA5) and interleukin 33 (IL33). IL33, REG3A and
DEF5A showed increased expression in male UC compared to females. Gender-specific
differences in IBD have been reported for some aspects such as disease presentation, disease
course and complications.??3 In UC specifically, the incidence in both genders is similar before the
age of 45, after that the incidence is higher among males.??* Nevertheless, gender differences
data are limited and with contradictory findings.??3%2> Male IBD patients are associated with a
more severe disease course, and higher risk for developing CRC.?2>22% In UC males have higher risk
of developing CRC.?17:227-229 |33 contributes to CRC progression, an upregulation of REG3A is
established in CRC tissue.?3%23! Single nucleotide polymorphism in human DEF5A may confer

susceptibility to IBD.?32 Taken together these genes can be considered as CRC risk factors in UC.

Hypermethylation in treatment naive UC

Several studies have demonstrated that hypermethylation of certain genes can result in a
higher risk of developing colitis associated CRC.2337236 The long lasting inflammation is linked to
hypermethylation of gene promoter sites, and therefore, DNA methylation levels can be used as

a biomarker for detecting patients at high risk for developing CRC.138

Interestingly, UDP glucuronosyltransferase family 1 member A8 (UGT1A8) was
hypermethylated in both mild to moderate and severe UC (Paper Il, Paper lll). It is expressed in
the colon and participates in drug metabolism.?3” A recent study have demonstrated that UGT1A8

expression is significantly downregulated in colorectal tumour tissue.?38 Taken together one could
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suggest that hypermethylation and downregulation of UGT1A8 in UC might increase the risk for

developing CRC in UC patients. UTG1A8 could potentially be used as a biomarker for CRC.

For mild UC, butyrophilin-like 3 (BTNL3) was observed to be hypermethylated with
downregulated gene expression (Paper Il). BTNL3 shares structural features with B7-molecules,
and therefore, it can regulate T-cell mediated immune responses. BTNL3 has been associated with
CRC, and it might have a role in CRC progression and development.?*® In inflamed mucosa the
fraction of T lymphocytes is increased (Paper | & lll), perhaps because of the hypermethylation of
BTNL3. It is interesting that the hypermethylation of BTNL3 did not occur at CpG sites nor at any
of the known regulatory transcriptional cis-acting elements like DNAsel and enhancers, indicating
novel regulatory features of DNA methylation in UC. It is known that DNA methylation usually
occurs in areas rich in CpG sites, however it is not limited to them. The impact of methylation in
non CpG rich areas on gene expression is gaining importance.?*° Interestingly, we observed that
DNA methylation could occur at other areas than super enhancers, DNAsel accessible, CpGisland,
and transcription factor binding sites, and still have an impact on gene expression (Paper Il). Non-
CpG site methylation has been previously reported in tissue of mouse brain.?*! In treatment-naive
UC, the genes affected by non-CpG methylation are involved in pro-inflammatory response and

possible antimicrobial activities.

Two genes which are related to gut mucosal defence mechanisms were hypermethylated
in mild UC, intestinal alkaline phosphatase 1 (ALPI) and defensin B1 (DEFB1) (Paper Il). ALPI
maintain gut homeostasis by hydrolysing lipopolysaccharides (LPS) in cell walls of gram-negative
bacteria, which might contribute to systemic inflammation. Inactivation of LPS inhibits the
stimulation of pro-inflammatory cytokines.?*> Reduced expression of ALPI has been associated
with elevated intestinal inflammation, bacterial translocation and dysbiosis.?*? In mild UC this

reduction might be explained by the hypermethylation and downregulation of ALPI.

Defensins are expressed in epithelial cells and are involved in innate immune response.
DEFB1 encodes the human B-defensin 1 (hDB-1) which is an antimicrobial compound expressed
in human colonic and epithelial cells. It is suggested that hDB-1 plays a key role in intestinal

microbe regulation.?*®* hDB-1 reduction in the intestinal epithelia is facilitated by the protein
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thioredoxin, which have been found to be reduced in inflammation sites in CD. It is implicated
that reduction in thioredoxin impairs the defence mechanism against intestinal microbiota by
decreasing the antimicrobial activity of hBD-1.2*3 The same mechanism could be implied for UC,

in addition to the observed hypermethylation.

Hypomethylation in treatment naive UC

Few studies have characterized DNA hypomethylation’s role in the pathogenesis of UC.
We noted that promoters of the interleukin family such as IL-10 and IL17A, and members of the
C-X-C motif chemokine ligands (CXCL) were hypomethylated and the genes upregulated (Paper lll
and Il). This is in concordance with previous studies.>? It is noted though that the upregulation of
these genes differed according to disease activity. At the transcriptomic level these genes were
upregulated (Paper 1), confirming the negative correlation between hypomethylation and
upregulation of genes. Chemokines are chemotaxis proteins that play a key role in immune
response, CXCL binds to CXC chemokine receptors (CXCR) to initiate and recruit leukocytes to
inflammatory sites, different CXCL binds to different CXCR.?** In mild UC, CXCL5, CXCL6, CXCR1
and CXCR2 were hypomethylated and upregulated (Paper Il). In UC the CXCR1/2- CXCL8 complex
plays a pleiotropic role by recruiting neutrophils to the epithelium and lamina propria in
inflammation site which result in elimination of microbial pathogens.?** On the other hand,
uncontrolled expression of pro-inflammatory cytokines, and exaggerated neutrophil recruitment
are detrimental. This could lead to severe mucosal damage, compromising intestinal integrity and
therefore promoting IBD-related processes, such as fibrosis, tissue injury, tumorigenesis and
tumour progression.?** High fractions of neutrophils are observed in both mild to moderate and
severe UC (Paper | & lll). In severe UC specifically, we noticed that two patients have significantly
high fractions of neutrophils which could indicate a subtype of UC. A recent study has
demonstrated that the expression of CXCL6 chemokine which binds to CXCR1, was upregulated
in UC animal model.?* This might suggest that the hypomethylation and upregulation observed
for CXCL6 and CXCR1/2 in Paper Il contributes to the excessive neutrophil recruitment, leading to

further mucosal and tissue damage.
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IL10 was hypomethylated and upregulated in severe UC versus mild UC (Paper Ill). During
inflammation IL-10 exert an anti-inflammatory role where it limits secretion of pro-inflammatory
cytokines such as IL-1, and TNF-a, which are increased during UC inflammation8>°7246.247 The
possible function of IL-10 during severe UC might be to initiate a fast and effective response
against microbial invasion in UC.87-248 Even though IL-10 mainly function as an anti-inflammatory
cytokine, it can exert pro-inflammatory properties. It generates cytotoxic lymphocytes and
activates pro-inflammatory B cells.?*824° GWAS studies have shown that single nucleotide
polymorphisms (SNPs) in IL-10 and its receptors IL-10Ra and IL-10RP are correlated with very
early-onset of colitis.246247 |L-10 signalling is vital for maintaining gastrointestinal homeostasis,
macrophages will downregulate the effect of pro-inflammatory mechanisms in the lamina propria
as a response to IL-10 signalling.?*>%>° Perhaps one could hypothesize that the observed
hypomethylation and upregulation of IL-10 expression (Paper Ill) reduces the inflammation in

severe UC.

Members of the NLR family pyrin domain containing NOD-like receptor family, such as
NLRP3 and NLRP12, both were hypomethylated in severe UC (Paper lll), which are members of
the inflammasome family.?>! Inflammasomes detect intra- or extracellular stimuli. They respond
by activating caspase-1, producing IL-1B, and IL-18, and start the inflammatory process.?>172°3
Inflammasomes are expressed in colonic epithelial cells, where they regulate intestinal
homeostasis.?>?>2 NLRP3 and NLRP12 has been implicated to have a role in intestinal
inflammation in murine models of colitis, and studies shows that NLRP3 and NLRP12 deficient
mice: lose epithelial integrity, develop severe inflammation, and the risk of tumorigenesis
increases.>>1?>* This indicates the protective role they have against colitis. It is conceivable that
the observed hypomethylation and upregulation of these genes could induce anti-inflammatory
signals, which in turn counteracts severe inflammation and prevent further damage and
consequently maintaining intestinal homeostasis and mitigating inflammation in severe UC. In
summary, hypomethylation of anti-inflammatory genes may reduce the degree of inflammation

in UC.
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6. Conclusion

Combining well stratified, treatment-naive UC patient material with high-throughput
sequencing technology and correlating the transcript expression to the DNA methylation profile

provided us with an insight into what occurs during UC disease initiation.

On the transcriptomic level, genes involved in water transport across tight junctions were
upregulated, indicating their role in regulating tissue-specific pathophysiological features in the
mucosa. Mucins, which protects the epithelium against harmful pathogens, were also
upregulated, therefore confirming their protective role. Additionally, gender-specific differences
between males and females have been observed which has not been reported previously.
Upregulation of CRCrelated genes were observed in male UC patients, and they can be considered

a CRC risk factor in UC.

Correlating DNA methylation to gene expression revealed hypermethylation of gene
promoters involved in homeostasis of epithelial cells, resulting in downregulation of their gene
expression. Hypermethylation was also observed in gen promoters involved in gut mucosal
defence system. Hypomethylation on the other hand was detected in gene promoters involved in
innate immune response and anti-inflammatory response. The observed hypomethylation of anti-
inflammatory genes could have a potential role in reducing the degree of inflammation.
Additionally, DNA methylation patterns were found in non CpG sites or known regulatory
transcriptional cis-acting elements, which could indicate new regulatory features of DNA

methylation in UC.

These findings should be considered when establishing new treatment strategies and

personalized treatment for UC patients in the future.
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/. Future perspectives

The quest to find the characterize mechanism causing UC continues. We would like to
continue contributing to the field with our future studies. Studies that include single cell
sequencing in combination with spatial transcriptomics is something we would like to pursue.
Applying these two approaches will provide a deeper understanding of disease initiating
mechanisms. We would like to investigate the effects of histone modification in UC. Additionally,

we would like to explore the interplay between DNA methylation and histone modification in UC.
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Abstract

Background and Aims: Ulcerative colitis [UC] is a chronic inflammatory disease that effects
the gastrointestinal tract and is considered one of the most prominent and common forms of
inflammatory bowel disease [IBD].This study aimed to define and describe the entire transcriptomic
landscape in a well-stratified, treatment-naive UC patient population compared with control
patients by using next-generation technology, RNA-Seq.

Methods: Mucosal biopsies from treatment-naive UC patients [n = 14], and healthy controls
[n = 16] underwent RNA-Seq. Principal component analysis [PCA], cell deconvolution methods,
and diverse statistical methods were applied to obtain and characterise a dataset of significantly
differentially expressed genes [DEGs].

Results: Analyses revealed 1480 significantly DEGs in treatment-naive UC when compared with
controls. Cell populations of monocytes, T cells, neutrophils, B cells/ lymphoid cells, and myeloid
cells were increased during inflammation, whereas the fraction of epithelial cells were reduced
in UC, which is reflected by the DEGs; 79 DEGs were identified as IBD susceptibility genes, and
58 DEGs were expressed in a gender-specific manner. MUC5B, REG3A, DEFA5, and IL33 might
be considered as colorectal cancer [CRC] risk factors following UC in males. AQP9 together with
CLDN2 may have a role regulating tissue-specific physiological properties in tight junctions in
UC. An additional functional role for AQP9 in the synthesis and/or the function of mucus can be
implied.

Conclusions: This study reveals new potential players in UC pathogenesis in general, and
provides evidence for a gender-dependent pathogenesis for UC.These results can be useful for the
development of personalised treatment strategies for UC in the future.

Key Words: Gender; RNA-Seq; ulcerative colitis [UC]

1. Introduction two of the common forms of inflammatory bowel disease [IBD]. In

. . . .. . contrast to CD, the inflammations in UC are limited to the mucosa
Ulcerative colitis [UC] is a chronic inflammatory disorder of the gas- i

. . . . . and submucosa of the colon, and the rectum.! Chronic inflammations
trointestinal tract, and along with Crohn’s disease [CD] comprise
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have been shown to increase the risk for the development of colo-
rectal cancer [CRC].? Just 10-20% of IBD cases can be explained by
genetic variances,’* suggesting a much more complex pathogenesis,
perhaps an underlying interplay between environmental factors, the
intestinal microbiome, nutrition, and genetic factors. Susceptibility
genes are responsible for triggering a dysregulation of the immune
system and affecting the gut barrier function.’* Nevertheless, despite
decades of investigation, the complex pathogenesis of IBD is not
fully understood.

Many attempts have been made to describe transcriptional
levels in UC,” usually by using hybridisation-based methods like
microarrays.'’ These methods are restricted to predefined and often
well-annotated RNA species. Next-generation sequencing [NGS]
techniques [RNA-Seq] have no such restrictions. One recent report
used RNA-Seq for gene expression profiling in patients with IBD
including patients with different treatment strategies.'' For the pre-
sent study, a clearly defined group of newly diagnosed [treatment-
naive] UC patients was used. It is believed that RNA-Seq, together
with well-stratified UC patient material, can potentially provide a
more comprehensive and correct transcriptomic profile of UC. The
results of this study do not only reveal new potential players in treat-
ment-naive UC pathogenesis in general, but in addition provide evi-
dence of a gender-dependent pathogenesis for UC. These results can
be useful for the development of general and/or gender-dependent
treatment strategies for UC in the future.

2. Material and Methods

2.1. Patient material

A standardised sampling method was used to collect mucosal biop-
sies from the colon of 14 newly diagnosed, treatment-naive UC
patients with mild to moderate disease activity and from 16 con-
trols. Samples from subjects performing a cancer screening, with
normal colonoscopy and normal colonic histological examination,
served as controls. UC was diagnosed based upon established clini-
cal endoscopic and histological criteria as defined by the ECCO
guidelines.'” The grade of inflammation was assessed during colo-
noscopy using the UC Disease Activity Index [UCDAI] endoscopic
sub-score with 3 to 10 for mild to moderate disease.'* Apart from
one rectal control sample, all biopsies were taken from the sigmoid
part of the colon. Tumour necrosis factor alpha [TNF-a] mRNA
expression levels were measured by real-time polymerase chain
reaction [PCR], thereby indicating the grade of UC activity." The
samples were taken from an established Biobank approved by the
Norwegian Board of Health. All patient characteristics are depicted
in Table 1. The participants signed an informed and written consent
form. The study was approved by the Regional Ethics Committee
of North Norway and the Norwegian Social Science Data Services
[REK Nord 2012/1349].

Table 1. Demographic information of patient samples.

Characteristics Control group Ulcerative colitis

[n=16] [n=14]
Male/female 11/5 95
Age mean = SD, years 529 +16.9 39.57 +15.24
Endo score mean = SD 0 1.93 +0.27
Clinical score = SD 0 7.23 +2.45
TNF-a level + SD 3663 + 1973 15907 = 9623

SD, standard deviation; TNF, tumour necrosis factor.

2.2. DNA and RNA isolation

Total RNA was isolated using the Allprep DNA/RNA Mini Kit from
Qiagen [Cat. No.: 80204] and the QIAcube instrument [Qiagen],
according to the manufacturer’s protocol. RNA quantity and purity
were assessed by using the NanoDrop ND-1000 spectrophotom-
eter [ThermoFisher Scientific, Wilmington, DE, USA]. The Experion
Automated Electrophoresis System [Bio-Rad, Hercules, CA, USA]
and the RNA StdSens Analysis Kit [Bio-Rad, cat. No.: 700-7103]
was used to evaluate RNA integrity, according to the instruction
manual. RNA samples were kept at =70°C until further use. All RNA
samples used for analyses had a RIN value between 8.0 and 10.0.

2.3. Quantitative polymerase chain reaction

The TNF-a levels in biopsies were measured by using quantitative
polymerase chain reaction [qQPCR]. RNA quantity was assessed with
NanoVue Plus [GE Healthcare, UK]. Synthesis of cDNA was per-
formed using the QuantiTect Reverse Transcription Kit [Qiagen, cat.
No.: 205314], and the QuantiNova Probe PCR Kit [Qiagen, cat.
No.: 208256]. Beta-actin [B-actin] was used as housekeeping gene.
For the detection, a CFX Connect Real Time PCR Detection System
[Bio-Rad, USA] was used. The results were measured in copies/pg.
Values < 7000 copies/ng protein are considered as non-inflamed tis-
sues, and values > 7000 copies/ng protein are considered inflamed

tissues.'*

2.4. Library preparation & Next generation

sequencing

Transcriptome libraries were prepared with the TruSeq Stranded
Total RNA LT Sample Prep Kit from Illumina [Cat. No.: RS-122~
2203]. The amount of input material was 1 pg of total RNA. The
Bioanalyzer 2100 [Agilent Technologies, Santa Clara, USA], and
the Agilent DNA 1000 kit [Cat. No.: 5067-1504] were used to
assess RNA libraries quality, according to the instruction manual.
The RNA libraries comprised fragments with an average size of
307 base pairs. The libraries were normalised to 10 nM and subse-
quently sequenced with the NextSeq 550 instrument [I[llumina, USA]
according to the manufacturer’s instructions. The average number
of uniquely mapped reads per sequencing run was 88 million reads
per sample.

2.5. Data analysis

Base calling and quality scoring were performed as a first step
including quality check on the on-board computer of the NextSeq
550. The algorithm packages STAR-2.5.2b and the htseq-count were
used for downstream analysis.!’ Transcripts were aligned to human
genome assembly GRCH38p.11 [https://www.ncbi.nlm.nih.gov/gre/
human/data]. Read counts were transformed using the DESeq2-
Rlog variance stabilised transform, and significantly differentially
expressed transcripts were identified by including transcripts with a
read count of > 30 and fold change > 2 as compared with controls.
Additional annotation was added using the PANTHER classification
system [http://pantherdb.org/], the Kyoto Encyclopaedia of Genes
and Genomes [KEGG] [www.genome.jp/kegg/], and the human
gene database GeneCards [http://www.genecards.org/]. For princi-
pal component analysis [PCA], the top 5000 most variable of the
DESeq2-Rlog variance stabilised genes were used. For the estimation
of specific cell populations in patient samples, all DESeq2-Rlog nor-
malised transcripts with a log2 average mean > 5 were included. The
analysis was performed using the R/Bioconductor CellMix manual
[http://web.cbio.uct.ac.za/~renaud/ CRAN/web/CellMix/] with the
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IRIS [Immune Response In Silico| weighted marker list characteristic
for the different cell types.'® Epithelial markers cadherin 1 [CDH1],
epithelial cell adhesion molecule [EPCAM], phosphatidylinositol
glycan anchor biosynthesis class F [PIGF], L1 cell adhesion molecule
[L1CAM], and laminin subunit alpha 1 [LAMA1] were added to the
IRIS marker list and weighted strongly to give an estimate of epi-
-UC
- UC, Il was used in DESeq2 to determine differentially

thelial presence in samples. The contrast matrix [[N,
[N
regulated genes between UC and controls which differed signifi-

female female] -

male

cantly between male and female. Results were limited to adjusted
p-value < 0.05 and a log2 fold change > 1.0. Genes associated with
the risk of IBD were downloaded from the genome-wide associa-
tion studies [GWAS] catalogue using the search term IBD on 29
November 2016." Gene expression data for the 295 genes associ-
ated with IBD single nucleotide polymorphism [SNPs] was analysed
by k-means clustering and three primary groups were identified. For
interpretation, genes were further subdivided using the gene ontol-
ogy according to roles in inflammatory processes. The inflammatory
properties of the genes were classified with the gene ontology as part
of an inflammatory response [GO: 0006954] with subcategories for
negative [GO: 0050728] and positive [GO: 0050729] regulators of
inflammation. Heat maps were produced for each cluster to visualise
the gene expression patterns of the GWAS associated genes in con-
junction with their regulatory and inflammatory roles.

3. Results

3.1. Patients

A standardised sampling method was used to collect mucosal biop-
sies from treatment-naive UC patients [# = 14] and control sam-
ples [ = 16], as described above. The biopsies from UC patients
showed mild to moderate disease activity [as defined by UCDAI],
with clinical scores 7.23 = standard deviation [SD] 2.45, and endo
scores of 1.93 = SD 0.27, estimated according to established clinical
endoscopic and histological criteria, and as defined by the ECCO
guidelines.!? The control group consisted of biopsies with normal
colonoscopy, colon histology, and immunohistochemistry, and clini-
cal and endo scores = 0. The biopsies of UC patients were taken
from the sigmoid part of the colon. The gender distribution for both
groups was almost equal, with nine males in the UC group and 11
males in the control group, and five females in each group. The age
distribution differed between the two groups, with 39.57 + SD 15.24
in the UC group, and 52.9 = SD 16.9 in the control group. In order
to obtain information about the inflammatory status of UC, TNF-a
mRNA expression levels were measured by qPCR.'* Levels of TNF-a.
in control samples were estimated at 3663 = SD 1973, and for UC
samples 15907 = SD 9623. A summary of all patient characteristics
is depicted in Table 1.

3.2. Characterization of the whole transcriptome in
treatment-naive UC
The entire transcriptome representing treatment-naive UC was
established by RNA-Seq. Pre-processing of the sequencing data
revealed expression of approximately 22 000 transcripts. Initial
principal component analysis [PCA] of the 5000 most variable tran-
scripts revealed a clear distinction between UC and control samples
along the first principal component with a 59.6% explained variance
[Figure 1].

In order to estimate specific cell populations in UC and con-
trol tissue samples, a cell deconvolution method was applied as
described. The deconvolutions were restricted to the following cell

types: epithelial cells, monocytes, T cells, neutrophils, B cells/lym-
phoid cells, and myeloid cells. The results show a clear difference
of cell fractions present in UC and control samples. An enrichment
of monocytes, neutrophils, myeloid cells, T cells, and B/Lymphoid
cells was observed in all UC samples, whereas the epithelial cell frac-
tion was decreased in almost all UC samples when compared with
control samples. The results of the deconvolution experiments are
depicted in Figure 2.

To further describe and analyse the entire transcriptome, sig-
nificantly differentially expressed transcripts were adjusted to
p-value < 0.05 and a cut-off of log2 fold-change > 1.0 [# = 1480]
was used for downstream analyses [Supplementary Data 1, available
at ECCO-JCC online] whereof the top 30 differentially expressed
genes [DEGs]| with log2 fold-change > 3.5 are shown in Table 2. The
differentially expressed gene transcripts were related to currently
known 295 IBD susceptibility genes [Supplementary Figure 1, avail-
able at ECCO-JCC online] as revealed by GWAS [see Figure 3].'%
The identified gene transcripts have been annotated to different
inflammatory processes and their transcriptional levels. Transcripts
with unchanged expression are omitted in Figure 3. However, for a
complete overview see Supplementary Figure 1. The data depicted
in Figure 3 show 71 upregulated [24%] and eight downregulated
transcripts [2.7%] linked with susceptibility to IBD. The annotation
of the upregulated transcripts revealed genes involved in inflamma-
tory responses, like chemokine receptors [CCRS5, CCR3, CXCR1,
CXCR2], chemokine ligands [CXCLS5, CXCL1, CXCL2, CXCL3,
CXCL4 [PF4], and CCL20], tumour necrosis factor receptor super-
family members (TNFRSFS [CD40] and TNFRSF9), interleukin 19
[IL19], solute carrier family 11 member 1 [SLC11A1], intercellular
adhesion molecule 1 [ICAM1], and signal transducer and activator
of transcription 3 [STAT3], T cell specific antigens [CD28 and CD6],
chemokine ligands [CCL2 and CCL11], oncostatin M [OSM] and
its receptor oncostatin M receptor [OSMR], inflammatory bowel
disease Protein 1 (NOD2 [IBD1]), and cyclooxygenase-2 (COX2
[PTGS2]). Only one of the downregulated transcripts is involved in
inflammatory response, epoxide hydrolase 2 [EPHX2]. In addition,

Principal Component Analysis
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Figure 1. Principal component analysis [PCA]. Unsupervised PCA analysis
showing the difference between UC [red] and control [blue] as well as
gender, male control [blue square], female control [blue triangle], male UC
[red square] and female UC [red triangle]. There is a 59.6% variance between
UC and control samples, and an 8.2% variance between male and female
samples. UC, ulcerative colitis.
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Figure 2. Estimation of cell population between samples using cell deconvolution methods using the Bioconductor CellMix package. Epithelial markers [CDH1,
EPCAM, L1CAM, and LAMA1] were added to the Immune Response In Silico [IRIS] marker list and weighted heavily to help estimate epithelial contribution.The
blue dots indicate control samples and red dots indicate ulcerative colitis [UC] samples, respectively.

three significantly differentially expressed microRNAs [MIR155HG,
MIR3936 and MIR4435-2HG] and 17 long non-coding RNAs
[IncRNAs] have been identified [Supplementary Data 1].

The current study was compared with microarray- based stud-
ies carried out on two different Affymetrix-based microarray plat-
forms.2?*?! Only well-characterised probes with Entrez IDs and
official gene symbols were included in the comparison. Overall
agreement between the studies when comparing UC patients and
normal controls are shown in the Venn diagram [Supplementary
Figure 2, available at ECCO-JCC online]. Only one gene, transmem-
brane 4 L6 family member 20 [TM4SF20], was found to be signifi-
cantly [log fold-change > 1 and p < 0.05] downregulated in our study
but significantly upregulated in one of the others.?!

3.3. Gender-specific transcription

PCA analysis did not only distinguished between UC and con-
trol samples [Figure 1] but could also distinguish transcripts to
a lesser extent [variance 8.2%] and in a gender- specific man-
- UC - [N, - UC_ ]I was
applied to determine differentially regulated genes with gender-

ner. The contrast matrix [[N

female female] male

specific effects; 58 significantly differentially expressed genes with
adjusted p-value < 0.05 and log 2 FC > 1.0 were identified [see
Supplementary Data 2, available at ECCO-JCC online]. A boxplot
of eight selected genes show gender-specific differences [Figure 4:
Paneth cell specific defensin alpha 5 [DEFAS], serine protease
8 [PRSS8], mucin 5B [MUCSB], phospholipase A2 group IIA
[PLA2G2A], Fc fragment of IgG binding protein [FCGBP], regener-
ating family member 3 alpha [REG3A], interleukin 33 [IL33], and
interferon alpha inducible protein 27 [IFI27]. The expression levels
of the selected genes are higher in the UC group compared with the

control group. However, the expression levels do not only show a
difference between UC samples and control samples, but also show
significant differences between UC samples and control samples
for males and females. It is noted that thiosulphate sulphurtrans-
ferase [TST], mercaptopyruvate sulphurtransferase [MPST], and
fucosyltransferase 2 [FUT2] are the only GWAS IBD susceptibility
genes that are found to be expressed in a gender-specific manner
[Supplementary Data 2; Figure 3].

4. Discussion

This study provides a unique, comprehensive, and quantitative
record of high-resolution gene expression in a treatment-naive UC
patient population using next-generation RNA-Seq technology.
Previous gene expression studies with UC patient material mostly
used hybridisation-based methodologies like microarrays,”?>?° and
only one recent study reported RNA-Seq of human IBD patient
material.'! RNA-Seq technology has some advantages over micro-
array technology, such as the ability of impartial detection of new
transcripts and the easy detection of rare and low abundance tran-
scripts.'® In addition, RNA-Seq does not rely on pre-designed com-
plement-sequence detection probes, and is therefore free of issues
associated with probe redundancy and annotation.?® Attempts were
made in order to decipher if genes found in other studies***! including
UC patients behaved differently in the present study [Supplementary
Figure 2, available at ECCO-JCC online]. However, it is difficult to
assign the variability between experiments to either effects of the
technical platform or different severity of disease that was mild to
moderate in our dataset and involved patients resistant to standard
treatment in the above-mentioned studies.
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Table 2. Top 30 differentially expressed genes [DEGs] in treatment-
naive ulcerative colitis [UC].

Gene symbol Log2 FC p-adjusted
ABCA12 4,46 4,98E-35
AQ9 5,37 3,56E-32
CHI3L1 5,36 8,62E-57
CLDN2 4,49 1,82E-38
CXCL1 4,30 7,06E-34
CXCLS 4,63 7,17E-20
CXCL6 4,06 5,46E-26
CXCR1 4,64 3,93E-23
DEFAS 4,09 1,1E-15
DUOX2 5,73 8,62E-57
DUOXA2 7,21 1,93E-77
FAMS3A 4,11 2,94E-22
FCGR3B 4,55 6,03E-30
FPR2 4,23 1,78E-21
HCAR3 4,32 5,01E-22
IL17A 5,03 1,5E-33
KCNJ1S§ 3,95 1,22E-17
LCN2 4,95 2,25E-53
MMP10 4,99 1,44E-34
MMP3 5,02 3,31E-44
MMP7 5,32 2,15E-29
NOS2 4,03 9,9E-40
PI3 4,11 2,73E-31
REG1A 5,05 1,28E-22
REG3A 4,19 2,63E-15
SAAT 6,40 5,16E-46
SAA2 6,23 7,31E-43
SLC6A14 5,66 1,73E-48
TNIP3 5,60 3,49E-58
TREM1 4,13 8,56E-26

In addition, recent UC transcriptome studies were performed
by using non-stratified patient populations and material including
both treated and treatment-naive UC,!"" which might have resulted
in biased gene expression profiles. Therefore, in this study, the UC
patient material was thoroughly stratified and only treatment-naive
patients were included [see Table 1 and Material and Methods]. This
approach should provide an opportunity to investigate the transcrip-
tional profile of UC without the interference of any medications.
Recent reports have shown that medication given to UC patients,
such as immunosuppressant drugs, have short- and long-term side
effects on the immune response.?” This treatment might introduce
unwanted bias to experiments aiming to investigate the prior to
medication status of UC patients. Furthermore, treatment-naive UC
transcriptomic signatures might also become important in order to
decide individual treatment options for patients in the future. Our
RNA-Seq revealed 1480 significantly DEGs [see Supplementary
Data 1]. In the future, these DEGs could be used as a fingerprint for
disease outcome and a beneficial treatment choice.

Human tissue samples are highly heterogeneous, and the amount
of different cell types in a biopsy will have a certain impact on
gene expression profiles. Therefore, and in order to determine the
relative quantities of different immune cell types in the heterogene-
ous biopsies, cell deconvolution methods were applied [Figure 2].
As expected, the results clearly show and confirm that the innate
and adaptive immune systems are triggered by inflammation as the
fractions of monocytes, neutrophils, myeloid cells, T cells, and B/
lymphoid cells are found to be increased in UC [Figure 2]. These
differences could very well due to inflammatory infiltrates; as for

which cells contribute the most, we will need a much larger sample
size and most likely confirmatory or parallel experiments using a
different technique such as single cell sequencing. One interesting
aspect with these data is that one could potentially identify various
patterns. For example, UC patient no. 5 from the left [Figure 2] is
rather high in monocytes and neutrophils but relatively low in T
cells and B/lymphoid cells, but to decipher these types of patterns
would require larger study populations. In concordance with these
observations, the different inflammatory responses are reflected by
increased expression of genes like leucocyte immunoglobulin-like
receptors, cytokines/chemokines and their respective receptors and
ligands, and T cell specific antigens [see Table 2; and Supplementary
Data 1]. In particular, many of the DEGs that are involved in the
control of bacterial proliferation showed increased expression dur-
ing mucosal inflammation, like regenerating family members [REGs]
and defensins, which is in concordance with previous studies.”?$-3?
It is interesting to note that the here observed increased expression
of factors predictive of response to anti-TNF-a therapy, oncostatin
[OSM] and its receptor [OSMRY], is of particular relevance for anti-
TNF-a resistant patients.*

Not surprisingly, the fraction of epithelial cells was lowered in
UC [Figure 2]. Once the mucosal epithelium is compromised by
inflammation, the fraction of functional epithelial cells diminishes,
which then leads to a ‘leaky’ intestinal epithelium.>* The impaired
ion transport and dysfunctional tight junctions in the epithelium
are followed by chronic diarrhoea. In addition, increased levels of
circulating TNF-a, and other cytokines lead to a rise of intestinal
permeability, thereby causing oedema.?s This dysregulation of water
and solute homeostasis has been suggested to play a role in UC. In
concordance with our results, the expression levels of water chan-
nels like aquaporin 7 [AQP7] and aquaporin 8 [AQP8], have been
shown to be reduced in the human intestinal mucosa in early stage
IBD.* Interestingly, aquaporin 9 [AQP9] was one of the most promi-
nent expressed genes in our UC patient material, which has not been
reported before [Table 2]. AQP9 plays a role in specialised leukocyte
functions such as immunological response and bactericidal activity,
and is located in the membranes of tight junctions in the intestine.’”
In addition claudins, that are exclusively localised at tight junctions,
were differentially expressed [Table 2], with claudin 2 [CLDN2] lev-
els being increased in UC samples, which is in accordance with for-
mer results.’** The ‘pore-forming’CLDN2, as a component of the
tight junction, forms a water channel and thus mediates para-cellular
water transport across the tight junctions in impaired epithelium.*
In addition, the observed increase of CLDN2 correlates with UC
severity on both protein and transcriptional levels.*® This might indi-
cate that CLND2 and AQP9 might share similar properties regard-
ing water transport. It is possible that like epithelial cells, other cells
contribute to the elevated levels of CLDN and/or AQP9. However,
no such information is available today. Cell sorting followed by sin-
gle cell sequencing might shed a light on this. The increased
expres-sion of CLDN and AQP9 might be a response to
inflammation, fighting the disturbances in the epithelial barrier of
the colon. Taken these results together, it could be hypothesised
that CLDN2 together with AQP9 regulate tissue-specific
pathophysiological properties of tight junctions in UC.

Intestinal infection generally leads to depletion of goblet cells and
reduction in mucin synthesis and secretion, allowing pathogens to
access the underlying epithelium.* Interestingly, AQP9 could play
another role for the synthesis and/or function of mucus, as recent
immuno-histological studies have shown that AQP9 is expressed
in a subset of mucin-producing goblet cells in the small intestine
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Figure 3. Gene expression pattern across controls and UC patients of differentially expressed genes that are also reported as associated with GWAS risk SNPs.
Colours indicate deviation from the mean expression level for each gene. Samples are colour-coded in the top bar according to gender and diagnosis [control,
UC] and genes are colour-coded in the sidebar according to their inflammation-related gene ontology annotations. Transcripts with unchanged differential
expression are omitted. UC, ulcerative colitis; GWAS, genome-wide association studies; SNPs. Single nucleotide polymorphisms.

and colon.’” However, mucin 2 [MUC2], which is the major con-
tributor to healthy lubrication of the mucosa, was not differentially
expressed, which is in concordance with previous findings.* In
contrast, several other mucins showed increased expression in UC:
mucin 1 [MUC1], mucin 16 [MUC16], mucin 4 [MUC4], mucin 5Ac
[MUCSAC], and mucin 5B [MUCS5B] [Table 2; and Supplementary
Data 1]. Elevated levels of MUC1 and MUC4 in UC have been dem-
onstrated before.*** Contrary to results reported by others who
have shown that expression of MUCSB is increased in colorectal
cancer [CRC] but not in UC,* we here report increased expression

of MUCSB in UC. It is hereby noted that in normal colon, MUCS5B
has been shown to be secreted by colonic goblet cells; however it
is expressed in minor quantities.”’ In addition, we can report not
only an increased but also gender-specific differences in the expres-
sion of MUCSB in UC, as discussed below [see also Figure 4; and
Supplementary Data 2]. A cytokine-induced mucin hypersecretion
has been reported for MUCSAC in an in vitro model where expres-
sion increased in a TNF-a dose-dependent manner.* This might
be also the situation in our UC material, as elevated TNF-a lev-
els have been one criterion for patient stratification [see Materials
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Figure 4. A boxplot of selected genes that show gender-specific differences within a greater subset of UC versus control significant differentially expressed
genes. F and M indicate control female and male samples, FUC and MUC indicate female and male UC samples.

and Methods]. A role for MUC16 in UC, which showed the most
prominent elevated expression levels [log2 FC 2.16] has not been
established yet but has been recently proposed to be a biomarker for
epithelial ovarian cancer.®

Recently, micro RNAs [miRNAs] and long non-coding RNAs
[IncRNAs] have been addressed as having a role in IBD patho-
genesis.’™! Three microRNAs have been identified in our data:
MIR155HG, MIR3936, and MIR4435-2HG. It has been reported
that MIR155 is involved in intestinal inflammation and immunity
of UC by playing a role in the differentiation of B and T cells and
dendritic cells, thereby contributing to the development of regula-
tory T cells.®* In addition, we observed 17 significantly differen-
tially expressed IncRNAs [Supplementary Data 1]. One functional
relationship between UC and a particular IncRNA has been recently
demonstrated.”® However, the relationship between UC and miR-
NAs and/or IncRNAs still remains unclear.

In order to characterise gene expression data from RNA-Seq
further, one approach was to investigate how many differentially
expressed genes are associated with IBD. Until today, approxi-
mately 300 SNPs associated with IBD have been discovered through
GWAS."7 Although it is expected that this RNA-Seq study can-
not confirm GWAS findings, 79 of the significantly differentially
expressed genes might be associated with IBD [see Table 2]. It is
hereby noted that the GWAS susceptibility genes did not distinguish
between UC and CD. However, although one should be cautious
about assigning specificity to SNPs, since most GWAS studies are
done comparing a patient population with a population of disease-
free controls and not between subtypes of the disease, some SNPs are
indeed more strongly related to UC than CD and vice versa.’* Among
our significantly differentially expressed genes, SP140 nuclear body
protein [SP140] and strawberry notch homolog 2 [SBNO2] are

located close to SNPs that are more strongly related to CD risk, and
both of these genes have shown upregulated gene expression in UC
[Supplementary Data 1].

Recently, gender-dependent differences in IBD pathologies have
been proposed.’”* Sex-stratified analysis of long-term complications
of IBD show consistently higher risk of CRC in male IBD patients.*’
In addition, a recent population study reported that patients with
UC are the high-risk group in incidence of CRC and that the risk is
found to be higher in male than in female UC patients.® The cur-
rent available information about gender-specific differences in UC
is sparse and contradictory to some extent.®! It is a common belief
that understanding gender differences in any disease is important for
recognising the factors contributing to the disease expression and
to determine its prognosis so that clinicians can offer an appropri-
ate medical therapy. However, molecular manifestations of a gender
specificity for UC has not been established. We can for the first time
show that gender differences on a molecular level occur not only
between treatment-naive UC patients [Figure 1], but also between
control patients [Figure 4]. The most pronounced gender differ-
ences for UC were observed for mucin 5B [MUCSB], regenerating
family member 3 alpha [REG3A], defensin A5 [DEFAS], and inter-
leukin 33 [IL33] [Figure 4]. In UC, IL33 expression is specifically
increased and has been shown to be involved in the inflammatory
tumour microenvironment and to contribute to the progression of
CRC.%%*In this context, it is interesting to note that IL33 is found to
be more increased in male UC than in female UC. In addition, SNPs
in human DEF5A may confer susceptibility to IBD.3 Furthermore,
an upregulation of REG3A in colorectal cancer cells confers prolif-
eration and correlates with colorectal cancer risk.®* All these above-
mentioned genes were more elevated in male samples than in female
samples and can therefore be considered as CRC risk factors in UC.
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It is interesting to note that DEFAS, IL33, and REG3A showed also
increased expression levels in control male samples when compared
with control female samples. Taken all these observations together,
a possible link between the expression of these genes and higher
risk for the development of CRC following UC can be proposed
for males. For some gender-specific genes, differential gene expres-
sion was observed between control male and female samples. Genes
like serine protease 8 [PRSS8], Fc fragment of IgG binding protein
[FCGBP], and interferon alpha-inducible protein 27 [IFAN27]
showed increased expression in control female compared with con-
trol male samples. Interestingly, all these genes have been shown to
convey protective properties in the mucosa: FCGBP has been shown
to be involved in the maintenance of the mucosal structure as a gel-
like component of the mucosa; PRSS8 preserves colonic integrity and
protects against inflammation, as has been demonstrated in DSS-
induced inflammation of mice; and IFN-a conveys antiviral activi-
ties.®*® In addition, three gender-specific GWAS IBD susceptibility
genes showed increased expression in female UC [Supplementary
Data 2]. Two belonged to the family of sulphurtransferases, and
both genes are involved in detoxification processes.®” The here
observed expression of thiosulphate [TST]—and mercaptopyruvate
[MPST] —sulphurtransferase is essential for sulphide detoxification
in order to preserve healthy mucosa. Dysregulation of expression
and/or activity of these enzymes may accompany development of
UC.” Here, fucosyltransferase 2 [FUT2] also might play a role in this
regard, since this enzyme is involved in host-microbe interactions
and has been shown to mediate interaction with intestinal micro-
biota, thereby influencing its composition.”'-7?

In conclusion, this study shows for the first time that the use of
well-stratified treatment-naive UC patient samples in combination
with high-throughput RNA-Seq technology can reveal new molecu-
lar players that might be important in UC pathogenesis. Potentially
significant might be the regulation of tissue-specific pathophysi-
ological properties of tight junctions in the mucosa as reflected by
increased expression of AQP9 and CLDN2 and the expression of
different mucins, particularly MUCS5B and MUC16. In addition,
a gender-dependent molecular manifestation could be established.
The molecular patterns of UC revealed increased expression of
genes involved in preserving mucosal integrity and detoxification
of microbial-derived metabolites in females. The expression of anti-
microbial and cytotoxic genes in male UC patients may contribute
to the higher risk for the development of CRC observed in males.
These results can be useful for the development of new treatment
and patient stratification strategies for UC. In addition, these expres-
sion patterns can be extremely useful if combined with UC remission
data in the future.
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Abstract

Background and Aims: The aim of this study was to investigate the genome-wide DNA methylation
status in treatment-naive ulcerative colitis [UC], and to explore the relationship between DNA
methylation patterns and gene expression levels in tissue biopsies from a well-stratified treatment-
naive UC patient group.

Methods: Mucosal biopsies from treatment-naive patients [n = 10], and a healthy control group
[n = 11] underwent genome-wide DNA bisulfite sequencing. Principal component analysis [PCA]
and diverse statistical methods were applied to obtain a dataset of differentially methylated
genes. DNA methylation annotation was investigated using the UCSC Genome Browser. Gene set
enrichments were obtained using the Kyoto Encyclopaedia of Genes and Genomes [KEGG] and
PANTHER.

Results: Of all significantly differentially expressed genes [DEGs], 25% correlated with DNA
methylation patterns; 30% of these genes were methylated at CpG sites near their transcription
start site [TSS]. Hyper-methylation was observed for genes involved in homeostasis and defence,
whereas hypo-methylation was observed for genes playing a role in immune response [i.e.
chemokines and interleukins]. Of the differentially DNA methylated genes, 25 were identified
as inflammatory bowel disease [IBD] susceptibility genes. Four genes [DEFFA6, REG1B, BTNLS3,
OLFM4] showed DNA methylation in the absence of known CpG islands.

Conclusions: Genome-wide DNA methylation analysis revealed distinctive functional patterns for
hyper-and hypo-methylation in treatment-naive UC.These distinct patterns could be of importance
in the development and pathogenesis of UC. Further investigation of DNA methylation patterns
may be useful in the development of the targeting of epigenetic processes, and may allow new
treatment and target strategies for UC patients.

Keywords: Genome-wide DNA methylation; ulcerative colitis [UC]

1. Introduction Crohn’s disease [CD]. Whereas CD can affect any area in the gastro-
intestinal tract, UC affects the mucosa and submucosa of the colon

Ulcerative colitis [UC] is one of the two most common conditions o . )
and rectum."? Due to chronic inflammation, patients affected by UC

that constitute inflammatory bowel disease [IBD] in addition to
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have a higher risk of developing colorectal cancer.’> Approximately
20% of IBD cases can be explained by known genetic variants, sug-
gesting a more complex pathogenesis.*® The current knowledge of
the underlying causes of UC is still incomplete. A complex interplay
between genetic variation, host immune system, environmental fac-
tors and intestinal microbiota has been suggested.* Therefore, it has
been implied that epigenetic mechanisms may play an important role
in disease development of UC.”"!! Epigenetic processes regulate gene
expression via modifications of DNA, histone proteins and chroma-
tin, and are known to play a role in complex disease phenotypes.'?
Epigenetic modifications, such as DNA methylation, are believed to
have a role in the immune dysfunction associated with IBD."* They
are influenced by several environmental factors such as diet'*'"* and
smoking'® which are known to be associated with inflammatory dis-
eases.!!8 Gene-specific changes in DNA methylation in the patho-
genesis of IBD have been recently reported.””?> DNA methylation
plays a regulatory role in gene transcription, either by activation of
proteins that interfere with the suppression of gene transcription, or
by inhibiting transcription factors from binding to DNA.?*5 That is
why it isimportant to examine the interaction between gene expres-
sion and DNA methylation.

Therefore, in the present study we applied genome-wide methy-
lation profiling by using bisulfite sequencing in order to obtain
DNA methylation patterns at a single base-pair resolution.?®*” This
method is a more quantitative approach in producing data with
genome-wide coverage than other technologies.?®? In addition,
DNA methylation has been correlated to transcriptional levels of
genes in order to demonstrate possible regulatory DNA methylation
features of relevance for UC.

2. Materials and Methods

2.1. Patient material

A standardised sampling method was used to collect mucosal biop-
sies from the colon of newly diagnosed, treatment-naive UC patients
with mild to moderate disease activity [# = 10] and controls [ = 11].
For controls, biopsies from subjects undergoing cancer screening
with normal colonoscopy and normal colonic histological examin-
ation were used. UC was diagnosed based upon established clinical,
endoscopic and histological criteria as defined by the ECCO guide-
lines.*® The grade of inflammation was assessed during colonoscopy
using the UC disease activity index [UCDAI] endoscopic sub-score,
with 3 to 10 for mild to moderate disease.’! All biopsies were taken
from the sigmoid part of the colon and the case biopsies from a
site of active inflammation. Tumour necrosis factor alpha [TNF-a]
mRNA expression levels were measured by real-time quantitative
polymerase chain reaction PCR [qPCR], thereby indicating the grade
of UC activity.?? This study is part of a larger, already published study,
where the gene expression using transcriptome data was assessed.*
The samples were taken from an established biobank approved by
the Norwegian Board of Health. The participants signed an informed
and written consent form. The study was approved by the Regional
Ethics Committee of North Norway and the Norwegian Social Data
Services [REK Nord 2012/1349].

2.2. DNA and RNA isolation

Genomic DNA was isolated using the Allprep DNA/RNA Mini
Kit from Qiagen and the QIAcube instrument [Qiagen, Hilden,
Germany], according to the manufacturer’s protocol. DNA quantity
and purity were assessed by using the NanoDrop ND-1000 spectro-
photometer [Thermo Fisher Scientific, Wilmington, DE, USA]. The
DNA samples were kept at -80°C until further handling.

2.3. Quantitative polymerase chain reaction [qPCR]

The TNF-a levels in biopsies were measured using gPCR. RNA
quantity was assessed with NanoVue Plus [GE Healthcare, UK].
Synthesis of cDNA was performed using the QuantiTect Reverse
Transcription Kit [Qiagen], and the QuantiNova Probe PCR Kit
[Qiagen, Hilden, Germany]. Beta-actin [(3-actin] was used as house-
keeping gene. For the detection, a CFX Connect Real Time PCR
Detection System [Bio-Rad, USA] was used. The results were meas-
ured in copies/ng protein. Values <7000 copies/pg protein are consid-
ered as non-inflamed tissues, and values >7000 copies/pg protein are
considered as inflamed tissues.*

2.4. Library preparation and next-generation
sequencing

DNA libraries were prepared with the SeqCap Epi CpGiant
Enrichment kit [Roche, Switzerland]. The DNA was bisulfite-
converted using the EZ DNA Methylation-lightning Kit [Zymo
Research, USA] before the hybridisation step and according to the
manufacturer’s instructions. Transcriptome libraries were prepared
as described previously.** The amount of input material was 1060 ng
of genomic DNA per sample. The Bioanalyzer 2100 and the Agilent
DNA 1000 kit [Agilent Technologies, Santa Clara, USA| were used
to assess the quality of DNA libraries. DNA libraries with an average
fragment size of 329 bp were generated, then diluted to 2 nM, and
subsequently sequenced with the NextSeq 550 instrument [Illumina,
USA] according to the manufacturer’s instructions.

2.5. Data analysis

The algorithm package STAR-2.5.2b [https://github.com/alex-
dobin/STAR] was used for down-stream analysis of the transcrip-
tome.** Transcripts were aligned to UCSC GRCh38/hg38 [http://
hgdownload.cse.ucsc.edu/goldenPath/hg38/]. The count matrix
was generated by HTSeq-count [https://htseq.readthedocs.io/en/
release_0.9.1/], normalised by DESeq2 [https://bioconductor.org/
packages/release/bioc/html/DESeq2.html].  Principal component
analysis [PCA],>> Limma,* and p-value adjustment methods®” in
Bioconductor R [https://www.bioconductor.org/] were used to
obtain and characterise a dataset of significant DEGs and for ana-
lysis of relative methylation in patient samples.

For DNA methylation analyses, the Bismark Bisulfite Mapper
v0.16.0 [www.bioinformatics.bbsrc.ac.uk/projects/bismark/] was used
and the same genome build as the transcriptome was used to generate
methylation counts. The globalTest function from the BiSeq package
[https://bioconductor.org/packages/release/bioc/html/BiSeq.html] was
used to find significant differentially methylated regions between UC
and normal samples. As whole-genome bisulfite sequencing [WGBS]
data are extremely computationally expensive and rather large, areas
of interest were reduced to the promoter regions of expressed tran-
scripts [DESeq2] and transcripts whose normalised log2 [counts] were
greater than 5. To find differentially methylated regions, Goeman’s
Global test was used.’®* A modified algorithm of the Goemans’s
Global test in the BiSeq package [https:/bioconductor.org/packages/
release/bioc/vignettes/BiSeq/inst/doc/BiSeq.pdf] works with relative
methylation data and score tests, with methylation levels as independ-
ent variables. Promoters with Goeman’s test p-values < 0.05 were kept
for further use. Significant regions with low coverage [few methyla-
tion sites] or a poor Goeman’s statistic were removed. Differentially
methylated regions [DMR] of interest were restricted to 200 bp down-
stream and 2000 bp upstream of a transcription start site [TSS]. DMR
regions were further restricted to those containing a minimum of four
methylation events. DMRs were investigated with the UCSC Genome
Browser [https://genome.ucsc.edu/].
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Genes associated with the risk of IBD were downloaded from

the genome-wide association studies [GWAS] catalogue,*

using
the search term IBD [www.ebi.ac.uk/gwas]. Gene set enrichments
were performed by using the PANTHER classification system
[https:// pantherdb.org/], the Kyoto Encyclopaedia of Genes and
Genomes [KEGG; www.genome.jp/kegg/]. For principal compo-
nent analysis [PCA] of the transcription data, the top 5000 most
variable of the DESeq2-Rlog variance stabilised transcripts were
used. For the estimation of specific cell populations in patient
transcription samples, all DESeq2-Rlog normalised transcripts
with a log2 average mean >5 were included. The analysis was
performed using the R/Bioconductor CellMix manual [http://
web.cbio.uct.ac.za/~renaud/CRAN/web/CellMix/] with the IRIS
weighted marker list characteristic for the different cell types*
and as described previously.’® To investigate the correlation
between the cell deconvolution PCA and the methylation PCA
scores, partial least squares regression [PLSR] [https://cran.r-
project.org/web/packages/pls/index.html] was used.* In order
to visualise co-variation, the procrustes algorithm [https:/www.
rdocumentation.org/packages/vegan/versions/2.4-2/topics/pro-
crustes] was applied.*

Fisher’s exact test** was used to compare if the gene list
depicted in Supplementary Data 2 [available as Supplementary
data at ECCO-JCC online] associated with significant methylation
changes to gene lists from previous microarray-based methylation
studies.?>#546

3. Results

3.1. Patients

Mucosal biopsies from treatment-naive UC patients [# = 10] and
controls [# = 11] were collected according to a standardised sam-
pling method, as described in Materials and Methods [section 2].
The disease activity within UC patients was classified® as mild to
moderate as described by the UCDAIL the biopsies showed clinical
scores of 7 = standard deviation [SD] 2.6 and endoscopy scores of
1.9 =+ SD 0.3. The biopsies from the control group showed nor-
mal colonoscopy, colon histology, and immunohistochemistry, with
clinical and endoscopy scores = 0. All biopsies were taken from the
sigmoid part of the colon. Gender distribution within both groups
was almost identical, with seven males in the UC group, eight males
in the control group, and three females in each group. The age
distribution differed between the groups, at 37 + SD 12 years in
the UC group, and 52 = SD 14 years in the control group. TNF-a
mRNA expression levels were measured by qPCR to estimate the
inflammatory status of UC.>*> TNF-a. measurements in UC group
were estimated as 13,240 = SD 6056, and for control group as
4291 = SD 1878. A summary of all patient characteristics is listed
in Table 1.

Table 1. Patient characteristics.

Characteristics Control group Ulcerative colitis

[n=11] [n=10]
Male/female 8/3 7/3

Age mean = SD 52«14 37«12

Endo score mean = SD 0 1.9+0.3
Clinical score = SD 0 7+2.6
TNF-a level = SD 4291 = 1878 13,240 = 6056

SD, standard deviation; TNF, tumour necrosis factor.

3.2. Characterisation of DNA methylation in
treatment-naive UC

Pre-processing of the initial RNA and bisulfite sequencing data
revealed expression of about 22000 transcripts which were used
for initial principal component analysis [PCA] depicting relative
methylation counts [0-100%] for over 9 million cytosine positions
for the whole genome of all patient samples, both treatment-naive
UC and normal controls. PCA revealed a clear distinction between
UC samples and normal control samples along the first component
with a 13.5% explained variance [Figure 1]. Only one patient sam-
ple could not be distinguished from normal samples by this method
[Figure 1]. A PCA plot indicating the age of participants showed
no evidence for age clustering [Supplementary Data 1, available as
Supplementary data at ECCO-JCC online].

The whole transcriptome of treatment-naive UC has been
recently established, and has been used as a basis for the interpret-
ation of DNA methylation patterns in UC.* Results show that 25%
of the significantly DEGs [P-value < 0.05; log2 fold-change > 1.0;
n = 357] correlated with the observed differential DNA methyla-
tion, which resulted in 30% hyper-methylated [#z = 87] and 70%
hypo-methylated [ = 270] genes [Supplementary Data 2]. Further
analysis revealed that approximately 30% of the genes showed DNA
methylation at CpG sites in the neighbourhood of their transcription
start site [TSS], whereas the remaining 70% showed DNA methyla-
tion events at cis-acting elements like DNAsel and enhancers. The
relationship between the raw methylation data per sample, average
difference between groups, and relationship to the TSS and tran-
script expression for all differentially methylated genes is depicted in
Supplementary Data 3 [available as Supplementary data at ECCO-
JCC online].

Of the differentially methylated genes, 25 have been related
to the currently known 295 IBD susceptibility genes, of which 23
were hypo-methylated and two were hyper-methylated, and corre-
lated with their direction of transcription [Table 2]. Gene annotation
revealed their involvement in pathways for cell adhesion, intracellular

|
N N PN
= o =] S
| | | |

PC2, 7.69% explained variance

40 -

—-60 —

I I I I I I
—60 -40 -20 0 20 40

PC1, 13.53% explained variance

Figure 1. Unsupervised principal component analysis [PCA] depicting
relative methylation counts [0-100%] for over nine M cytosine positions,
including treatment-naive ulcerative colitis [UC] [red; n = 10] and normal
control [blue; n = 11] patient tissue samples with a variance of 13.5%.
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signalling, metabolism, and transport. For six of the IBD suscepti-
bility genes, neutrophil-activating protein 78 [CXCLS], fatty acid
desaturase 1 [FADS1], intercellular adhesion molecule 1 [[CAM], sol-
ute carrier family 22 member 4 [SLC22A4], tumour necrosis factor
receptor superfamily, member 5 [CD40; TNFRSF5], and TNF recep-
tor superfamily member 4 [TNFRSF4] DNA methylation occurred at
the transcription start site [TSS] and as indicated in Table 2.474%

The most down-regulated [P < 0.05 and log2FC > 1.5] and
hyper-methylated genes in treatment-naive UC are depicted in
Table 3. Annotations revealed genes with the most possible rele-
vance for UC: six members of the solute carrier family [SLC17A8,
SLC22A4, SLC25A34, SLC30A10, SLC3A1, and SLC6A19], two
guanylate cyclase activators [GUCA2A and GUCA2B], defensin
B1 [DEFB1], intestinal alkaline phosphatase 1 [ALPI], two UDP-
glucuronosyltransferases [UGTA8 and UGTA10], bone morpho-
genic protein/retinoic acid inducible neural-specific 3 [BRNP3], and
proline rich acidic protein [PRAP1].

Hypo-methylated genes in treatment-naive UC are listed in
Table 4. DEGs with log2FC > 3.0 and P < 0.05 and their correspond-
ing methylation status have been included in the list. The annotation
of the hypo-methylated transcripts revealed genes involved in inflam-
matory responses, like chemokine receptors [CXCR1, CXCR2],
chemokine ligands [CXCLS5, CXCL6], interleukins [IL 17A, IL1B],
defensins [REG3A, DEFAG6], and genes involved in cytokine signal-
ling [SAA1, SAA2, LCN2]. Other hypo-methylations relevant for

UC are observed for transporters like aquaporin 9 [AQP9], mem-
bers of the solute carrier family [SLC6A4, SLC6A14], oncostatin
[OSM], and olfactomedin [OLFM4]. For four genes, the observed
DNA methylation occurred in the absence of CpG islands or other
well-known cis-acting regulatory domains; these genes are defensin
A6 [DEFAG6], olfactomedin 4 [OLFM4], regenerating protein beta
1 [REG1B], and butyrophilin like protein3 [BTNL3], as shown in
Figure 2 and Table 5.

In order to explain if cell type populations in biopsies can
explain some of the variation in DNA methylation profiles, previ-
ously reported cellndeconvolution results of the transcriptome*
and DNA methylation data were patient-matched and underwent
PCA analysis. Further, partial least squares regression [PLSR]*
between the cell deconvolution PCA and the methylation PCA scores
showed a strong correlation [Supplementary Data 4, available as
Supplementary data at ECCO-JCC online].

To visualise co-variation between cell type contributions to
methylation data, a biplot of the initial deconvolution PCA for the
transcriptome was used in order to display information on both
samples and variables [cell types] of the PCA result graphically.
The procrustes algorithm* was then used to overlay the methy-
lation PCA sample scores onto the cell deconvolution biplot. The
result shows that cell type is a significant determinant in methylation
profile [Supplementary Data 5, available as Supplementary data at
ECCO-JCC online].

Table 2. DNA methylated inflammatory bowel disease [IBD] susceptibility genes in treatment-naive ulcerative colitis [UC].

Gene symbol & annotation % methyl p <0.05 #e p <0.05 Log2 FC > 1.0
methyl transcript transcript
Cell adhesion & intercellular signalling
CD40? 6,81 0,0426 94 1,12E-20 1,64
CXCLS® 19,21 1,38E-05 30 7,17E-20 4,62
CXCL6 10,20 0,0041 18 5,46E-26 4,06
CXCRS 16,18 0,0004 36 1,36E-07 2,06
FCGR3A 2,69 0,0036 30 2,02E-20 2,13
ICAM1+ 2,65 0,0034 18 6,61E-28 1,96
IFNG 8,55 0,0057 10 1,54E-06 1,54
IL12RB2 1,97 0,0035 39 7,15E-10 1,03
IL2RA 25,53 0,0001 24 2,51E-17 2,45
ITGAL 15,90 0,0002 10 2,64E-12 1,29
OSM 22,59 0,0002 36 2.00E-17 3,09
SLAMF1 26,79 3,12E-06 11 1,72E-11 1,34
SLAMF7 11,29 0,0062 7 1,11E-07 1,04
TNFRSF9 0,40 0,0075 6 5,27E-24 2,91
TNFRSF4 3,65 0,0348 76 3,46E-18 1,73
TNFSF8 28,03 0,0002 23 1,71E-06 1,01
Intracellular signalling
APOBEC3G 36,88 0,0241 55 1,68E-15 1,35
CCDC88B 17,29 5,89E-06 118 1,18E-23 1,95
CDé6 19,40 3,13E-05 48 2,34E-10 1,44
DOK3 10,80 0,0082 30 5,03E-22 1,77
UBASH3A 5,39 0,0381 8 1,29E-06 1,05
Metabolism
ARHGAP30 36,89 2,22E-07 17 1,19E-12 1,13
FADS1® 0,18 0,0141 30 7,93E-12 1,30
SULT1A2 -8,85 0,0089 13 7,56E-09 -1,67
Transport
SLC22A4* -0,37 0,0092 172 1,24E-27 -1,72

#c indicates number of methylated cytosines; % methyl indicates % difference of DNA methylation normal [N]-UC.

2CpG sites at their transcription start site [TSS].
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Table 3. TOP down-regulated and hyper-methylated genes in treatment-naive ulcerative colitis [UC]
Gene symbol % methyl p<0.05 #e p<0.05 Log2 FC > 1.5
methyl transcript transcript
ADIRF -5,72 0,004 36 4,34E-18 -1,88
AGMO -10,86 0,022 7 9,44E-09 1,57
ALPI -3,05 0,0102 34 1,10E-14 -1,91
ANKRD62 -0,19 0,0011 91 2,47E-14 2,25
BCHE 4,17 0,0442 10 4,86E-12 -1,69
BRINP3 -0,22 0,0407 29 6,76E-11 -1,74
CLDN8 -0,45 0,0005 8 2,17E-05 -1,9
CYP3A4 15,45 0,0009 2 3,87E-21 -3,58
DEFB1 -7,09 0,0334 16 2,16E-11 -1,94
FABP1 -16,56 1,52E-05 18 1,36E-07 -1,66
FAM151A -3,59 0,0091 16 4,28E-12 -1,59
FRMD1 -2,58 0,0076 109 4,49E-14 -2,26
GBA3 -14,5 0,0033 7 1,15E-07 -1,98
GUCA2A 12,84 0,0134 18 8,25E-10 2,26
GUCA2B -3,08 0,0345 41 2,67E-08 -2,18
HAVCR1 -12,55 3,60E-05 6 4,58E-12 2,28
HMGCS2 -13,13 6,56E-05 18 2,91E-08 -2,41
HSD17B2 2,69 0,0456 15 1,71E-23 2,11
MEP1A 11,49 0,009 18 1,76E-16 2,15
OTC -6,32 0,0359 28 7,09E-10 -1,68
PCK1 -6,73 0,0212 18 1,52E-07 -2,18
PNLIPRP2 15,2 5,99E-05 23 1,63E-05 -1,74
PRAP1 -1,32 0,0025 260 1,97E-09 -2,49
SLC17A8 -2,89 0,0082 45 2,95E-06 -1,6
SLC22A4 -0,35 0,0174 172 1,25E-27 -1,72
SLC25A34 -12,01 0,0099 40 2,17E-15 -1,76
SLC30A10 7,67 0,0006 14 4,89E-10 -1,89
SLC3A1 -15.79 0,0002 10 1,29E-17 -2,43
SLC6A19 -12,17 0,0057 68 1,53E-09 -2,82
SULT1A2 -11,71 0,003 13 7,56E-09 -1,67
TINCR 0,66 0,0107 72 1,58E-12 -1,98
TMIGD1 -9,19 0,0135 6 1,16E-09 -2,32
UGT1A10 -8,16 0,0005 34 4,04E-15 -1,79
UGT1AS8 -5,96 0,0091 23 1,67E-10 -1,85

#c indicates number of methylated cytosines. % methyl indicates % difference of DNA methylation normal [N]-UC.

Comparison of methylated genes [Supplementary data 2] showed
significant overlaps with previous comparisons between methy-
lation status peripheral blood mononuclear cells [PBMCs] from
UC cases and controls,* intestinal biopsies from controls and UC
patients,* and rectal biopsies®? [Supplementary Data 6, available as
Supplementary data at ECCO-JCC online].

4. Discussion

It is generally accepted that epigenetic mechanisms like DNA methy-
lation are contributing factors in the pathogenesis of IBD."** The
present study is the first comprehensive study giving a truly genome-
wide description of DNA methylation of treatment-naive UC using
next-generation sequencing [NGS]-based bisulfite-sequencing.
Furthermore, this study provides an interpretation of DNA methyla-
tion status in treatment-naive UC with correlation to transcriptional
levels of genes.*

Genome-wide DNA methylation changes in UC have been
usually investigated by applying microarray technologies.!®#4%:5
A correlation between DNA methylation and gene transcription
has not been established, except for two recent publication where
a few gene candidates have been confirmed by pyro-sequencing.?>#

However, the evaluated degree of overlap between the present gene
list [Supplementary Data 2] and previous genome-wide analyses
of methylation using microarray-based technologies?>*+*¢ is much
larger than those expected by chance [Supplementary Data 6, avail-
able as Supplementary data at ECCO-JCC online]. The use of
microarray technology has several limitations, one of which is that
attached array oligo probes might include single nucleotide poly-
morphisms [SNPs] or repetitive elements which can affect the out-
come of the methylation analysis."” In addition, pre-defined oligo
probes do not cover all regions in the genome where methylation
could occur,?®¥ leaving possible methylation events undetected and/
or resulting in compromised DNA methylation patterns. This may
be the reason for contradictory results regarding the DNA methy-
lation of neutrophil-activating peptide 78 [CXCLS5] in UC, where
hyper-methylation has been recently reported which is in contrast to
the hypo-methylation observed in this study.?’ All these limitations
are bypassed with next-generation sequencing technology where
methylation detection occurs at a single base-pair, thereby providing
methylation profiles with full nucleotide level resolution.?

The use of a thoroughly stratified patient group representing
only treatment-naive UC for DNA methylation analysis offered a
unique opportunity to investigate the DNA methylation state before
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Table 4. TOP up-regulated and hypo-methylated genes in treatment-naive ulcerative colitis [UC].

Gene symbol % methyl p < 0.05 methyl #e p<0.05 Log2 FC> 3.0
transcript transcript
AQ9 6,39 0,0013 17 3,562E-32 5,37
C2CD4A 2,43 0,0007 64 1,99E-35 3,72
CD300E 13,58 0,0036 11 4,45E-22 3,44
CHI3L2 11,96 6,26E-06 38 8,53E-17 3,32
CHRDL2 10,62 0,0403 65 5,82E-20 3,34
CXCLS 18,85 1,20E-05 30 7,17E-20 4,63
CXCL6 11,03 0,0020 18 5,46E-26 4,06
CXCR1 6,08 0,0013 6 3,92E-23 4,64
CXCR2 6,03 0,0159 20 2,37E-17 3,44
DEFA6 10,44 0,0002 12 1,74E-15 3,75
DMBT1 11,24 5,84E-06 16 4,19E-17 3,49
FCN1 8,55 0,0459 12 3,57E-28 3,25
FFAR2 2,16 9,25E-05 54 1,91E-20 3,02
GABRP 7,43 0,0257 16 8,36E-35 3,72
GZMB 12,88 0,0005 6 3,37E-24 3,16
HCAR2 9,48 0,0012 26 8,69E-22 3,58
HCAR3 14,16 0,0010 18 5,01E-22 4,32
IL17A 9,08 7,82E-06 32 1,50E-33 5,03
IL1B 9,15 2,73E-08 13 1,09E-32 3,28
LCN2 523 0,0243 29 2,24E-53 4,95
LYPDS 3,93 0,0254 40 5,55E-23 3,07
OLFM4 10,75 0,0251 24 1,02E-13 3,49
OSM 2221 0,0008 36 2,01E-17 3,10
PI3 2,26 0,0153 14 2,73E-31 4,11
REG1B 6,63 0,0283 7 3,76E-12 3,73
REG3A 13,27 0,0299 2 2,63E-15 4,19
S100A9 8,26 0,0002 40 1,00E-17 3,46
SAA1 10,55 5,19E-06 26 5,16E-46 6,40
SAA2 11,89 0,0075 6 7,31E-43 6,23
SLC26A4 5,22 8,27E-07 54 3,26E-15 3,28
SLC6A14 3,99 0,0432 29 1,73E-48 5,66

#c indicates number of methylated cytosines. % methyl indicates % difference of DNA methylation normal [N]-UC.

prescription of any medication. This is of importance, since recent
reports implied that medication, such as various non-prescription,
over-the-counter non-steroidal anti-inflammatory drugs [NSAIDs]
and immunosuppressive drugs can have short- and long-term effects
on the immune response.’! For example, aspirin has been shown
to result in hypo-methylation of cadherin 1 [CDH1] in the gas-
tric mucosa.’? In addition, immunosuppressant therapy and long-
standing disease might inaugurate unwanted bias in experiments
aiming to investigate the treatment-naive status of UC.>** In add-
ition, age may affect DNA methylation.’®” However, the results
from the patient population of this study indicated that age does not
seem to play a significant role [Supplementary Data 1, available as
Supplementary data at ECCO-JCC online]. This might be due to the
small number of patients aged over 60 in both control and patient
groups.

Many studies have characterised DNA methylation in UC with-
out relating the obtained data to transcriptional levels of genes.!'*-2%-22
The correlation of DNA methylation status with transcription levels
of genes are of importance in order to define physiological implica-
tions of the DNA methylation event. We have previously character-
ised the whole transcriptome of treatment-naive UC and used these
data in order to relate DNA methylation to gene expression.** The
results revealed that only 72% of DNA methylation events corres-
pond with differential gene transcription levels [see Supplementary
Data 2]. Annotations of DNA methylation sites covered regions of
2000 bp upstream and 200 bp downstream of the transcription start

site [TSS] of genes, and were found to be correlated with transcrip-
tion levels, thereby revealing possible disease-specific methylation
patterns. It is noted that CpG islands are associated with the control
of gene expression, and it would be expected that CpG islands might
display tissue-specific patterns of DNA methylation.?**%% However,
it has been shown that CpG islands associated with TSS rarely show
tissue specific methylation patterns?*?5¢0-62 Instead, CpG regions
located as far as 2 kb from CpG islands have highly conserved
patterns of tissue-specific methylation, and methylation is highly
correlated with reduced gene expression.®® Taking this into consider-
ation, our data revealed 90 genes containing CpG sites in this region
whereof 58 were at the transcription start site [TSS] of genes; 34
genes showed DNA methylation upstream TSS and might be con-
sidered as tissue-specific DNA methylation sites [Supplementary
Data 3]. A number of hyper-methylations with corresponding
gene expression levels have been found in this study [Table 3]. For
example, bone morphogenic/retinoic acid inducible neural-specific
protein 3 [BRINP3] has been reported to be usually under-expressed
in UC.%* BRINP3 expression is influenced by DNA hyper-methyla-
tion within its promoter, as has been reported recently.®

Cell type populations present in tissue biopsies might also
explain some of the variation observed in DNA methylation pro-
files [Supplementary Data 4 and 5]. During inflammation of the
mucosa, the fraction of epithelial cells is diminished, which results
in impaired intestinal permeability and a dysregulation of homeo-
stasis.®*” This might be reflected by the hyper-methylation and
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Figure 2. Genes with novel DNA methylation features in treatment-naive ulcerative colitis [UC]. The left side of individual illustrations shows the difference in
relative methylation level between UC and normal samples [N]. Transcription start site [TSS] is indicated as a vertical line. The horizontal line shows where UC
methylation equals N methylation. Each black circle represents a methylation event. Black circles over the horizontal line represent an increase in UC sample
methylation compared with N methylation at that site. Black circles under the horizontal line represent an increase in N sample methylation compared with UC
methylation at that site. The region between 2000 bp upstream and 200 bp downstream of the TSS is shown. The right side of individual illustrations shows
boxplots of DESEQ2 log2 normalised values for gene of interest, normal control [N] versus ulcerative colitis [UC]. Genes are indicated: defensin A6 [DEFA6];
olfactomedin 4 [OLFM4]; butyrophilin like 3 [BTNL3]; regenerating protein 1B [REG1B].

Table 5. Genes with novel DNA methylation features.

Gene symbol % methyl P < 0.05 methyl #e p < 0.05 transcript log2 FC > 1.0 transcript
BTNL3 -13,20 0.0012 16 4,97E-07 -1.31
DEFA6 9,20 0.0002 12 4,56E-17 +3.75
OLFM4 9,95 0.0251 24 3,83E-15 +3.49
REG1B 6,68 0.0282 7 1,95E-13 +3.73

#c indicates number of methylated cytosines. % methyl indicates % difference of DNA methylation normal-ulcerative colitis [N-UC].
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down-regulation of proline-rich acidic protein 1 [PRAP1] and mem-
bers of the solute carrier protein family [SLC6A19 and SLC3A1]
which are involved in the maintenance of homeostasis in epithe-
lial cells.®*7° In concordance, hyper-methylation of genes that are
involved in the gut mucosal defence system could also be detected,
such as intestinal alkaline phosphatase 1 [ALPI] which is involved in
the prevention of bacterial translocation in the gut,”" and defensin
B1 [DEFB1] which is predominately expressed in neutrophils and
is implicated in the resistance of epithelial surfaces to microbial col-
onisation.”> Members of the UDP glucuronosyltransferase family
[UGT1A10 and UGT1A8] are located primarily in gastrointestinal
[GI] mucosa from the duodenum to through the colon,”?” and are
involved in detoxification in order to restrict GI absorption of dam-
aging chemicals via the cytochrome P450 system [CYP3A4]; all are
hyper-methylated in UC [Table 3]. In addition, the reported down-
regulation of guanylate cyclase activators GUCA2A and GUCA2B,
which are involved in gastrointestinal fluid and electrolyte balance,
is most likely linked to the hyper-methylation of both genes during
inflammation observed here.”®

On the other hand, hypo-methylation with corresponding up-
regulation of genes relevant in UC has been observed. This include
genes that are up-regulated due to the response to inflammation, and
represent mostly genes with association to the innate immune system
like chemokines, chemokine receptors, cytokines, interleukins, and
transporters [Table 4].33

For further characterisation, the differentially methylated genes
were related to currently known IBD susceptibility genes, as revealed
by genome-wide association studies [GWAS].*** Of the significantly
differentially DNA methylated genes, 25 are associated with IBD,
[Table 2] of which six genes have CpG islands located at their tran-
scription start site [TSS].

The majority of DNA methylation occurs on cytosines that
precede a guanine nucleotide or CpG sites. However, this study
reveals previously unknown DNA methylation patterns of genes
in treatment-naive UC, which are not dependent on CpG sites or
known regulatory transcriptional cis-acting elements like DNAsel
and enhancers. This has been also reported in the tissue of adult
mouse brain, where a significant percentage of methylated non-CpG
sites have been identified.”” This phenomenon implies novel regu-
latory features of DNA methylation in UC, with genes involved in
pro-inflammatory responses and possible antimicrobial activities.
These would involve defensin A6 [DEFA6] and regenerating protein
1B [REG1B], facilitation of cell adhesion through interaction with
lectins and cadherins (olfactomedin 4 [OLFM4]), and lipid metab-
olism (butyrophilin-like 3 [BTLN3]) [Figure 2 and Table 5].7% All
four genes have been associated with colorectal cancer [CRC] and/or
have shown to play a role in CRC progression and development.”-%3
However, the role of non-CpG methylation is still unclear.

Regarding the heterogeneity of tissues, it is clear that the methyla-
tion events could occur in different cell subtypes present in the tissue
samples from UC patients. This might be the situation for DEFA6,
which is a Paneth cell-specific protein and which is predominantly
abundant in the epithelia of the intestinal mucosal surface and in
the granules of neutrophils.®* Epithelial cells are impaired and less
abundant in the inflamed mucosa,®® and it is therefore believed that
the observed hypo-methylation of DEFA6 most likely occurs in the
neutrophils with elevated fractions in inflamed mucosal tissue.®* The
same might be the situation for BTNL3 which modulates T-cell medi-
ated immune response. The observed hyper-methylation of BTLN3
may take place in the increased fractions of T lymphocytes present in
inflamed mucosa. However, with isolated cell fractions or single cell
sequencing approaches, one would be able to confirm these results.

In conclusion, this comprehensive study shows for the first time
that the use of well-stratified treatment- naive UC patient samples in
combination with genome-wide bisulfite-sequencing technology can
reveal DNA methylation patterns of importance for UC pathogen-
esis. Potentially significant might be the differential DNA methyla-
tion patterns, with observed hyper-methylation of genes involved in
homeostasis and defence, and hypo-methylation of genes involved in
immune response with representative members of the innate immune
system. Further investigation of such players may be useful for the
development of epigenetic drugs and may allow new treatment strat-
egies for UC patients in the future.
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Abstract

Severe ulcerative colitis (UC) is a potentially life-threatening disease with a potential colo-
rectal cancer (CRC) risk. The aim of this study was to explore the relationship between tran-
scriptomic and genome-wide DNA methylation profiles in a well-stratified, treatment-naive
severe UC patient population in order to define specific epigenetic changes that could be
responsible for the grade of disease severity. Mucosal biopsies from treatment-naive severe
UC patients (n = 8), treatment-naive mild UC (n = 8), and healthy controls (n = 8) underwent
both whole transcriptome RNA-Seq and genome-wide DNA bisulfite- sequencing, and prin-
cipal component analysis (PCA), cell deconvolutions and diverse statistical methods were
applied to obtain a dataset of significantly differentially expressed genes (DEGs) with corre-
lation to DNA methylation for severe UC. DNA hypo-methylation correlated with approxi-
mately 80% of all DEGs in severe UC when compared to mild UC. Enriched pathways of
annotated hypo-methylated genes revealed neutrophil degranulation, and immuno-regula-
tory interactions of the lymphoid system. Specifically, hypo-methylated anti-inflammatory
genes found for severe UC were IL10, SIGLEC5, CD86, CLMP and members of inflamma-
somes NLRP3 and NLRC4. Hypo-methylation of anti-inflammatory genes during severe UC
implies an interplay between the epithelium and lamina propria in order to mitigate inflamma-
tion in the gut. The specifically DNA hypo-methylated genes found for severe UC can poten-
tially be useful biomarkers for determining disease severity and in the development of new
targeted treatment strategies for severe UC patients.

Introduction

Ulcerative colitis (UC) is an inflammatory disorder that affects the mucosa and submucosa of
the colon and rectum and is a chronic disease with a relapsing course [1]. Disease severity is
wide ranging with most UC patients manifesting a mild to moderate disease activity [2, 3].
However, between 15-30% of UC patients will experience at least one incident of acute severe
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colitis during the disease course, requiring hospitalization for immediate medical treatment [2,
4, 5]. Patients whose inflammation is more severe and more extensive are more likely to
develop CRC [6]. In cases where medical therapy fails, colectomy is considered [2-5, 7]. The
underlying causes of UC are still not completely understood. It has been suggested that UC is
the result of a dysregulated immune response to environmental factors and commensal patho-
gens in a genetically predisposed host [8, 9]. Therefore, epigenetic mechanisms, such as DNA
methylation have been implied to play a key role in disease development of UC [10-13]. Meth-
ylation of cytosine groups in DNA molecules can change the structure and interactions of a
DNA sequence without changing the sequence [14]. In mammals, methylation primarily
occurs in CpG dinucleotides and when occurring in CpG rich areas of promoters is linked to
lasting stable repression of gene expression [15].

Epigenetic modifications, such as DNA hyper-methylation are believed to have a role in the
immune dysfunction associated with IBD [12, 13]. However, less attention has been devoted to
the role of DNA hypo-methylation for UC which represents one of the major DNA methylation
states that refers to a relative decrease from an ordinary methylation level. UC by itself might
induce hypo-methylation of DNA and a decrease in DNA methylation can have an impact on
the predisposition to pathological states and UC development. Global DNA hypo-methylation
has been suggested to contribute to neoplastic transformation which suggest that DNA hypo-
methylation plays a previously unappreciated role in intestinal adenoma initiation [16].

Recently, whole transcriptomic and genome-wide DNA methylation profiles for treatment-
naive UC have been established for mild and moderate disease [17, 18]. This study focuses on
the role of DNA hypo-methylation in a severe UC phenotype in comparison to a mild UC phe-
notype with the aim to identify DNA hypo-methylation patterns that might correlate with dis-
ease severity. This attempt makes it possible to identify biomarker groups that can help
determine new potential personalized treatment targets for patients with severe UC and might
improve the clinical outcome for this patient group.

Materials and methods
Patient material

Twenty-four mucosal biopsies were collected with a standardized sampling method from three
patient groups, newly diagnosed treatment-naive UC patients with severe disease activity

(n = 8), newly diagnosed treatment-naive UC patients with mild disease activity (n = 8), and
normal control patients (n = 8). The biopsies were taken from the recto-sigmoid part of the
colon. Subjects which underwent cancer screening, and showed normal colonoscopy and nor-
mal colonic histological examination, served as controls. Diagnosis of UC disease activity was
based on established clinical, endoscopic and histological criteria as defined by the ECCO
guidelines [19]. The inflammation grade was evaluated during colonoscopy using the UC dis-
ease activity index (UCDAI) [20]. Control biopsies showed normal colonoscopy, normal colon
histology and immunohistochemistry, with a clinical and an endoscopic score of 0. TNF-o.
mRNA expression was detected by quantitative real-time polymerase chain reaction (qQPCR)
[21]. All patient characteristics are depicted in Table 1. The samples were taken from an estab-
lished Biobank approved by the Norwegian Board of Health. The study was approved by the
Regional Ethics Committee of North Norway and the Norwegian Social Science Data Services
(REK Nord 2012/1349).

DNA and RNA isolation

Genomic DNA and total RNA were isolated with the Allprep DNA/RNA Mini Kit from Qia-
gen (Cat no: 80204) and the QIAcube instrument (QIAGEN, Hilden, Germany), according to
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Table 1. Patients characteristics.

Characteristics Control (n=8)
Male/Female 5/3

Age mean + SD 54.1 +22.3
TNEF-o Level £ SD 4246 + 1973
Endo Score mean + SD 0

Clinical Score + SD 0

UC mild (n=8)
6/2

39.6 £ 15.2
8400 * 3280
1.75 £ 0.46
7.75%+ 1.48

UC severe (n=8)
6/2

45.1+24.4
31350 + 26916
2.38 £0.52

9.75 + 2.12

SD, standard deviation; TNF, tumour necrosis factor

https://doi.org/10.1371/journal.pone.0248905.t001

the manufacturer’s instructions. The quantity and quality of both DNA and RNA were
assessed with Qubit 3 and Nanodrop One (Thermo Fisher Scientific, Wilmington, Delaware,
USA), respectively. RNA integrity was evaluated with the Experion Automated Electrophoresis
System (Bio-Rad, Hercules, CA, USA) and the RNA StdSens Analysis Kit (Bio-Rad, cat no:
700-7103), according to the manufacturer’s protocol. All RNA samples used for this analysis
had a RIN value between 8.0-10.0. Both DNA and RNA were kept at -70°C until further use.

Quantitative polymerase chain reaction (QPCR)

Quantitative polymerase chain reaction (QPCR) were used to measure TNF-o mRNA levels in
all biopsies. RNA quantity was assessed with NanoVue Plus (GE Healthcare, UK). cDNA syn-
thesis was performed with QuantiTect Reverse Transcription Kit (Qiagen, cat no: 205314),
and the QuantiNova Probe PCR Kit (Qiagen, cat no: 208256). CFX Connect Real Time PCR
Detection System (Bio-Rad, Hercules, CA, USA) was used for detection. The results were mea-
sured in copies/ug. Tissue samples with values <7000 copies/pg are considered non-inflamed,
while tissue samples with >7000 copies/pg are considered inflamed [21].

Library preparation and next generation sequencing

DNA libraries were prepared with the SeqCap Epi CpGiant Enrichment Kit (Roche, Switzer-
land). DNA was bisulfite converted using the EZ DNA Methylation-lightning Kit (Zymo
Research, USA, cat no: D5030) prior to the hybridization step and according to the manufac-
turer’s instructions. The amount of input material was 1060 ng of genomic DNA per sample.
DNA libraries quality were assessed using the Bioanalyzer 2100, and the Agilent DNA 1000 kit
(cat no: 5067-1504, Agilent Technologies, Santa Clara, USA), according to the manufacturer’s
instructions. DNA libraries generated fragments with an average size of 322 bp. DNA libraries
were diluted to 2 nM prior to sequencing. Whole transcriptome libraries were prepared with
the TruSeq Stranded Total RNA LT Sample Prep Kit from Illumina (cat no: RS-122-2203).
The amount of input material was 1ug of total RNA. The Bioanalyzer 2100 and the Agilent
DNA 1000 kit (cat no: 5067-1504, Agilent Technologies, Santa Clara, USA) were used to assess
the quality of the RNA libraries. RNA libraries generated fragments with an average size of 301
bp, libraries were normalized to 10 nM and diluted to 4 nM prior to sequencing. Both DNA
and RNA libraries were sequenced on the NextSeq 550 instrument, using a high output flow
cell 150 cycles (cat no: FC-404-2002, Illumina, USA) and according to the manufacturer’s
instruction. The libraries were sequenced using paired-end mode.

Data analysis

Base calling, quality scoring and quality check were performed as a first step including quality
check on the on-board computer of the NextSeq 550. The data analysis was carried out in the
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Bioconductor R framework (www.bioconductor.org). STAR-2.5.2b (https://github.com/
alexdobin/STAR) was used to align raw Illumina reads to UCSC genome browser
GRCH38p.11 (https://www.ncbi.nlm.nih.gov/grc/human/data). Htseq-count was used for
generating the raw gene count matrix [22]. DESeq2 was used to Vst-normalize the gene count
matrix [23], and compare severe UC vs mild UC in R (3.5.3) (https://doi.org/10.18129/B9.
bioc.DESeq) [24]. Differentially expressed genes (DEGs) between severe UC vs mild UC tran-
scripts were filtered with a read count > 30 and a corrected p < 0.05. P-values were corrected
for multiple testing using the method of Benjamini and Hochberg [25].

Pathway enrichment was performed using ReactomePA bioconductor packages hypergeo-
metric model (http://bioconductor.org/packages/release/bioc/html/ReactomePA.html). Reac-
tomePA hypergeometric model assesses whether the number of selected genes associated with
a reactome pathway is significantly larger than expected. P-values were corrected for multiple
testing using the method of Benjamini and Hochberg [25]. Principal component analysis
(PCA) of the transcriptome data was performed using the 1000 most variable genes [26].
Genes associated with the risk of IBD were downloaded from the genome-wide association
studies (GWAS) catalogue, using the search term IBD (www.ebi.ac.uk/gwas) [27].

For DNA methylation analyses, the Bismark Bisulfite Mapper v0.16.0 (www.bioinformatics.
bbsrc.ac.uk/projects/bismark/) was used to align reads to the same aforementioned genome
build and calculate methylated and un-methylated DNA positional count matrices. Relative
methylation is expressed as a number between 0-1 where 0 means 0% of C’s are methylated at
that position and 1 means 100% or all C’s are methylated. The global methylation analysis
mapped included more than 9 million cytosine sites genome- wide. In order to improve inter-
pretation of the dataset, further analysis was restricted to genomic regions within the promoter
regions of severe UC compared to mild UC DEGs. Significant differential methylation patterns
from above DEGs were found using the globalTest function of the BiSeq Bioconductor pack-
age (https://www.bioconductor.org/packages/release/bioc/html/BiSeq.html). Only promoters
with a global test p value less than 0.05 where kept. The promoter region was defined as 2000
bp upstream and 200 bp downstream of the transcription start site (TSS). Note that the same
patients were used to generate both the methylation and the gene expression data. We could
therefore correlate the average promoter relative methylation to the corresponding gene
expression. Those promoter/gene pairs with correlations less than -0.6 were kept. A negative
correlation occurs when methylation is high, and expression is low or vice versa. Global rela-
tive methylation patterns were analysed by principal component analysis (PCA).

Cell populations were estimated by absolute cell deconvolution using the RNA-Seq data.
Samples raw counts per million were submitted to the absolute procedure of Monaco. This is a
procedure specifically developed for deconvolution of human immune cell types from RNAseq
data. Results were merged for T-cells, neutrophils, monocytes, and B-cell types to obtain four
main types of immune cell populations [28]. The epithelial and stromal cell fractions were sub-
sequently estimated based on the epithelial cell markers, epithelial cell adhesion molecule
(EPCAM), cadherin 17 (CDH17), cadherin 1 (CDH1) and cadherin 18 (CDH18), and the stro-
mal cell markers, endoglin (ENG), thy-1 cell surface antigen (THY1), actin alpha 2, smooth
muscle (ACTA2) and collagen type IT alpha 1 chain (COL2A1). Cell populations estimates
were compared using ANOVA and Tukey’s range test [29].

Results and discussion

In this study an integrative epigenome data set, combining genome-wide methylation data
and whole-transcriptome data was established in order to gain insight into the molecular
mechanisms of severe UC and to explore the epigenetic variation induced by severe
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Fig 1. Principal component analysis (PCA). (A) PCA of gene expression data of the thousand most variable genes (transPCA). Unsupervised PCA analysis presenting the
difference between severe UC (red, n = 8), mild UC (orange, n = 8) and control (green, n = 8). The first two components explain 51% and 13.5% of the variability in the
gene expression data. (B) PCA depicting the global methylation (methPCA) of relative methylation counts (0-100%) for over 9 million cytosine positions including
normal (green, n = 8), treatment-naive mild UC (orange, n = 8) and severe UC (red, n = 8) patient tissue samples. The first two components explain 33% and 11% of the

variability in the methylation data.
https://doi.org/10.1371/journal.pone.0248905.g001

inflammation of the colon. The chosen experimental design used in this study was to compare
joined transcriptomic and DNA methylation data from each individual patient. This allows for
rigorous analysis of the transcriptomic and DNA methylation status of UC patients irrespec-
tive of inter-individual differences in environmental or genetic background. In addition, the
use of a thoroughly stratified patient group representing only treatment-naive patients with
severe UC for DNA methylation analysis offered a unique opportunity to investigate the DNA
methylation state prior to prescription of any medication (Table 1). This is of importance,
since UC medications such as immunosuppressive drugs have been shown to have short- and
long-term side effects on immune response and can change DNA methylation status [30-33].
Genome-wide DNA methylation in treatment-naive mild and moderate ulcerative colitis has
been reported previously [18, 34]. In this study, we report specific DNA methylation patterns
found for treatment-naive severe UC.

Initial principal component analysis (PCA) revealed a clear separation of severe and mild
UC patient phenotypes on both, the transcriptomic- and DNA methylation level (Fig 1). To
prevent confusion, the different PCAs discussed in this study are designated transPCA repre-
senting transcriptomic data, and methPCA representing DNA methylation data. TransPCA of
top thousand most variable differentially expressed genes resulted in a separation of severe and
mild UC and control samples along the first principal component (PC1) with 50.6% explained
variance, and 14% explained variance along the second principal component (PC2). A com-
plete list of all DEGs is depicted in S1 Table. Differentially expressed IBD susceptibility genes
(n =47) are listed in S2 Table. Two of the UC samples (#1 and #2) in the transPCA separated
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from the severe patient sample group, probably indicating a different phenotype of severe UC
(Fig 1A). Indeed, these extreme gene expressions may be related to high fractions of neutro-
phils and monocytes or loss of epithelial cells in these samples (Fig 2 and S4 Table).
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Fig 2. Cell fraction estimation between samples using cell deconvolution algorithm absolute deconvolution of human immune cell types. The
fractions of different cell populations in severe and mild UC and control tissue samples were estimated from gene expression data, using absolute cell
deconvolution as described in Materials and Methods. The deconvolutions were solved for the following cell types: epithelial cells, monocytes, T cells,
neutrophils, B cells, and stroma cells. Each panel shows the estimated percentage of the indicated cell types (y-axis) across all 24 samples sorted
according to sample ID numbers (y-axis). For ease of comparison, sample ID numbers are identical to those shown in PCA of methylation and gene
expression data (Fig 1). Plot markers are colour coded according to sample group. The fractions of epithelial and stromal cells were estimated from the
non-immune cell remainder and the expression levels of the stromal and epithelial marker genes. The epithelial markers (EPCAM, CDH1, CDH17 and
CDH18) and stroma markers (ENG, THY1, ACTA2 and COL2A1) were used. Severe UC is indicated by red dots, mild UC is indicated by orange dots,
and control is indicated by green dots. Statistical comparison of cell population estimates can be found in S4 Table.

https://doi.org/10.1371/journal.pone.0248905.g002
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PCA of global DNA methylation data (methPCA) depicts relative methylation counts [1-
100%] for over 9 million cytosine positions for the whole genome of all patient samples, severe
UC, mild UC, and normal controls (Fig 1B). The methPCA revealed a distinction between the
patient groups along the first component with 33% explained variance. Severe UC samples
showed a clear separation from both mild UC and control samples along the second compo-
nent with an explained variance of 11%. Sample (#10) representing a mild phenotype of UC in
the methPCA appeared to be an outlier, as a lower sequencing coverage was observed com-
pared to all the other samples (Fig 1B). This was also the case for one normal sample (#21).
These outliers were not removed from the dataset since the transcriptomic data of these sam-
ples did not show the same tendency. Further analysis revealed that 34, 8% of all significantly
DEGs correlated with DNA methylation. Limiting correlation to r < -0.6 resulted in a total of
79 genes of which 77, 2% were hypo-methylated (n = 61) (Table 2 and S3 Table) and 22, 8%,
were hyper-methylated (n = 18) (Table 3 and S3 Table). Approximately, 9% of the correlating
genes showed DNA methylation at CpG sites in the neighbourhood of the transcription start
site (TSS), whereas the remaining 91% of the genes showed methylation at cis-acting elements
like enhancers and DNAsel (Fig 3). This is somewhat different for mild UC, where approxi-
mately 30% of the genes showed DNA methylation at CpG sites and the remaining 70% of
genes showed methylation at cis-acting elements [18]. There exists no common opinion on
how many methylation sites are necessary for transcription regulation. That’s why correlation
analysis was applied in this study. These observed changes nevertheless correlated well with
expression changes but cannot explain the underlying molecular events that may cause the
transcriptional changes [35]. Complete lists of methylated DEGs correlating with transcription
and the respective profiles are depicted in S3 Table, SI Fig and Fig 3.

The major DNA methylation event in treatment-naive severe UC seems to be hypo-methyl-
ation. It is intriguing that approximately 80% of all significant DEGs which correlated to DNA
methylation were hypo-methylated in severe UC compared to mild UC (S3 Table). A global
hypo-methylation of mucosal DNA in UC compared to normal controls has been reported
earlier and it has been suggested that these epigenetic changes in the mucosa might contribute
to cancer development [36]. It is well-known that severe inflammation results in an
impairment of the epithelial mucosal layer which is followed by diffusion of commensal bacte-
ria and significantly increase of leukocyte infiltration into the gut [37]. This is confirmed by
hypo-methylation of leukocyte-specific transcript 1 (LST1), leukocyte associated immuno-
globulin-like receptor 1 (LAIR1), sialic acid binding Ig-like lectin 5 (SIGLEC5), and leukocyte
surface antigen CD53 (CD53) (Table 1), decreased fractions of epithelial cells and increased
fractions of neutrophils, T cells, and monocytes during severe UC compared to mild UC (Fig
2). Fractions of immune cell subtypes, stroma, and epithelial cells on the basis of the gene
expression data using cell deconvolution, showed that severe UC differed from mild UC by
increased proportions of monocytes (p = 0.03) and neutrophiles (p = 0.02) and a loss of stroma
(p =0.001) and epithelial cells (p = 0.001). No significant differences were found between mild
UC and normal controls (54 Table). In addition, pathway enrichment of significantly and dif-
ferentially DNA methylated genes revealed their involvement in two pathways, neutrophil
degranulation, and immuno-regulatory interaction between lymphoid and non-lymphoid cell
(Table 4). For both pathways only hypo-methylated genes could be annotated.

Seven IBD susceptibility genes were identified, B-lymphocyte activation marker BLAST1
(CD48), interleukin 10 (IL10), protein tyrosine phosphatase receptor type C (PTPRC), Slam
family members (SLAMF7 & SLAMF1), TNF superfamily member 8 (TNFSF8), and docking
protein 3 (DOK3) which all were hypo-methylated and up-regulated in severe UC (S2 Table).
The hypo-methylation of CD48, IL-10 and PTPRC has not been observed for mild UC [18]
and seem to be a specific feature of severe UC. It is interesting to note that only four genes of
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Table 2. Hypo-methylated genes in treatment-naive severe ulcerative colitis (UC).

Gene symbol log2 FC >1.0 transcription #c % methyl SD methyl
ADGRE3 1,55 82 9,92 25,04
ANGPTL2 1,02 114 12,71 18,31
C3AR1 1,91 27 12,06 23,4
CARDG6 1,19 20 25,09 4,86
CASS6 1,13 72 14,72 15,65
CD300A 1,29 94 9,54 23,5
CD300E 3,15 30 12,09 19,97
CD48* 1,06 36 15,17 8,37
CD53 1,41 37 12,03 15,32
CD86 1,21 27 14,53 12,22
CD93 1,60 102 14,18 22,72
CFP 1,37 69 13,67 17,7
CLMP 1,35 213 11,13 16,77
CSF2RB 1,44 59 7,06 25,37
CSF3R 3,42 89 13,10 19,6
CST7 1,79 39 11,59 8,4
CTSK 1,59 41 8,98 17,65
CXCR2 2,42 48 8,67 22,98
DNAH17 1,35 90 6,79 15,57
DOK3* 1,31 107 7,22 21,64
FAM124B 1,15 71 19,16 6,2
GNAI2 1,08 109 5,02 18,99
GPSM3 1,18 54 4,29 35,51
IL10* 1,77 27 8,18 9,56
IL18R1* 1,19 36 6,91 15,51
IL1IRN 2,98 67 7,36 18,99
ITGB2 1,23 98 20,99 10,13
ITPRIP 1,34 47 26,95 12,64
LAIR1 1,01 116 9,22 25,66
LILRA1 2,52 85 9,66 13,85
LILRB1 1,59 87 8,00 24,64
LILRB2 1,38 74 25,59 23,24
LINC00877 1,06 94 6,15 16,06
LST1 1,55 40 14,70 21,09
MYO1G 1,31 69 19,29 12,31
NFE2 2,93 40 14,94 9,4
NKG7 1,06 61 13,37 28,59
NLRC4 1,74 27 11,95 12,08
NLRP12 3,45 67 18,19 14,84
NLRP3 1,16 70 17,31 21,24
P2RY13 1,25 15 8,88 21,45
PLEKHO1 1,05 50 21,61 6,5
PPP1R18 1,43 147 11,27 13,71
PTPRC* 1,08 18 13,83 17,35
RHOH 1,10 45 21,01 4,74
SCARF1 1,45 97 19,1 23,68
SELPLG 1,38 78 11,57 6,3

(Continued)
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Table 2. (Continued)

Gene symbol log2 FC >1.0 transcription #c % methyl SD methyl
SEMA4A 1,23 47 20,45 8,21
SIGLEC5 2,27 54 8,02 30,56
SLA 1,29 35 20,31 6,25
SLAMEFI1* 1,29 44 15,47 9,16
SLAMF7* 1,09 21 9,93 31,92
SLAMEF8 1,60 46 11,27 20,1
SNX20 1,05 48 22,87 19,76
SPARC 1,76 72 13,47 23,71
SPI1 1,43 41 10,81 26,34
TIE1 1,58 52 9,44 14,43
TNFSF14 1,02 122 13,04 21,64
TNFSF8* 1,16 71 12,16 19,28
TREML2 1,72 48 7,52 25,03
WARS 1,25 31 3,28 9,94

#c indicates number of methylated cytosines; % methyl indicates % difference of DNA methylation severe UC vs. mild UC; SD indicates standard deviation; all results

shown with p< 0.05.
*indicates IBD susceptibility genes.

https://doi.org/10.1371/journal.pone.0248905.t002

Table 3. Hyper-methylated genes in treatment- naive severe ulcerative colitis (UC).

the top DEGs were differentially methylated, colony stimulating factor 3 receptor (CSF3R) and
NLR family pyrin domain containing 12 (NLRP12) which are hypo-methylated (Table 2), and
transmembrane protein 72 (TMEM?72) and UDP glucuronosyltransferase family 1 member A8
(UGT1A8) which are hyper-methylated (Table 3). UGT1A8 has been found to be hyper-

Gene symbol log2 FC >1.0 transcription #c % methyl SD methyl
C2orf82 -1,24 54 -21,84 14,36
C20rf88 -1,22 13 -5,89 12,73
CES2 -1,08 293 -4,39 12,17
DRAIC -1,43 45 -20,47 8,71
ENTPD5 -1,13 28 -22,12 7,49
MAGIX -1,13 107 -19,44 12,01
MMP28 -1,32 122 -3,99 20,58
NGEF -1,11 42 -15,9 14,13
P3H2 -1,26 21 -2,41 17,45
PFKFB2 -1,02 163 -4,59 29,1
PPARGCIA -1,51 42 -6,09 15,36
PRKG2 -1,42 100 -21,46 11,761
PVRL3 -1,04 30 -22,71 10,86
SLC22A18AS -1,45 115 -15,49 16,66
SLC51B -1,17 33 -19,92 8,45
TMEM?72 -1,61 58 -14,90 13,3
TRPM4 -1,07 109 -30,69 9,94
UGT1A8 -1,77 31 -13,65 16,15

#c indicates number of methylated cytosines; % methyl indicates % difference of DNA methylation severe UC vs. mild UC; SD indicates standard deviation; all results

shown with p< 0.05.

https://doi.org/10.1371/journal.pone.0248905.t1003
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Fig 3. Selection of the most specifically expressed and hypo-methylated genes in severe ulcerative colitis. On the
left of each individual illustration the differences in relative methylation levels between normal samples (green), mild
UC (orange) and severe UC (red) is shown. Red, green, and orange lines represent the mean relative methylation for
severe UC, mild UC and normal samples. The transcription start-site (TSS) is indicated as a vertical line. The x axis is
numbered relative to the transcription start site, where minus indicated number of base pairs downstream for TSS (200
bp), and positive number of base pairs upstream from TSS (up to 2000 bp). UCSC genome browser mapped CPG sites
(CPQ) indicated in dark green, enhancer sites (ENH) indicated in brown, and DNAsel sites (DNA) indicated in
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purple. On the right, boxplots of DESEQ2 log2 normalised values for the gene of interest in normal control (N), mild
UC (M) and severe UC (S) are shown. Genes are indicated: interleukin 10 (IL10), CXADR- like membrane protein
(CLMP), NLR family pyrin domain containing 3 (NLRP3), sialic acid binding Ig like lectin 5 (SIGLEC5), NLR family
CARD domain containing 4 (NLRC4) and T-lymphocyte activation antigen CD86 (CD86).

https://doi.org/10.1371/journal.pone.0248905.9003

methylated in mild UC in an earlier report [18]. A selection of the most specifically methylated
DEGs in severe UC clearly show the differences in relative methylation levels for severe UC
(S), mild UC (M), and normal samples (N) upstream from the transcription start site (TSS)
and indicate UCSC genome browser mapped CpG sites and cis- elements, like enhancers and
Dnasel sites (Fig 3) The boxplots of DESEQ2 log2 normalised values for interleukin 10 (IL10),
CXADR- like membrane protein (CLMP), NLR family pyrin domain containing 3 (NLRP3),
sialic acid binding Ig like lectin 5 (SIGLEC5), NLR family CARD domain containing 4
(NLRC4) and T-lymphocyte activation antigen CD86 (CD86) showed a clear correlation of
DNA methylation status and transcription, thereby clearly indicate specific alterations through
hypo-methylation of these genes in severe UC.

The observed hypo-methylation of the NLR family pyrin domain containing NOD-like
receptor family members (NLRP3 and NLRP12) in severe UC may maintain intestinal homeo-
stasis and adapt responses against multiple intestinal insults [37-39]. In response to inflamma-
tion, hypo-methylation of NRLP inflammasomes may confer anti-inflammatory signals in
order to improve severe colitis and to prevent further damage, thereby acting as a defence
mechanism to mitigate inflammation. The NLRP3 inflammasome is expressed in both, gut
epithelial (IEC) and immune cells (DCs, macrophages, B cells) and may therefore governing
the balance of intestinal homeostasis depending on specific cell populations [40-42]. Hypo-
methylation of NLRP12 and NLRC4 may regulate gut microbiota in order to supress intestinal
inflammation and subsequent intestinal damage in severe UC [43-47]. It is interesting to note
that the cassette of NLRs in severe UC is different from those found in mild UC, and that
PRRs like Toll-receptors (TLR1, TRL2, TRL4, TRL6, TLR8 and TLRY) are all up-regulated, but
not hypo-methylated in severe UC (S1 Table) [17, 18].

A similar interplay between the innate and adaptive immune system can be implied for
IL10, a cytokine which has pleiotropic effects in immuno-regulation and inflammation which
is expressed and hypo-methylated in severe UC but not in mild UC [17, 18, 48]. IL10 expres-
sion during severe UC might counteract excessive inflammatory immune responses by down-
regulating the function of antigen presenting cells (APCs), thus providing feedback regulation
for pro-inflammatory T cells [49-52]. The increased expression of IL10 produced by T cells
may also play a role in mediating tolerance against commensal bacteria, whereas the expres-
sion of IL10 in peripheral tissues may lead to down-modulation of the immune response. It
has been recently shown that macrophages in the lamina propria preferentially induce IL10
producing cells while DCs promote the generation of Th17 cells [53-55]. It can be therefore
believed that hypo-methylation and increased expression of IL10 counteracts severe

Table 4. Reactome enriched pathways of methylated genes in severe ulcerative colitis (UC).

Enriched pathways for severe UC vs. mild UC, p,q;. < | Gene symbol
0.05

Neutrophil degranulation (innate immune system) ADGRE3, C3AR1, CD53, CD93, CD300A, CFP, CXCR2,
DOK3", ITGB2, LAIR1, LILRB2, PTPRC*, SIGLEC5

Immuno-regulatory interactions between a Lymphoid CD300A, CD300E, ITGB2, LAIR1, LILRA1, LILRBI,
and a non-Lymphoid cell (adaptive immune system) LILRB2, SIGLEC5, SLAMF7*, TREML2

*indicates IBD susceptibility genes.

https://doi.org/10.1371/journal.pone.0248905.t1004
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inflammatory signals and aims to dampen severe intestinal inflammation. During severe UC,
hypo-methylation of IL10 might also induce tolerogenic DCs that exhibit high expression of
co-stimulatory molecules combined with highly expressed inhibitory leucocytes immunoglob-
ulin like receptors (LILRs) and secrete IL10 resulting in the induction of T cells with regulatory
capacities (Tregs) [56]. Many of these receptors (LILRA1, LILRBI and LILRB2) are more
hypo-methylated in severe UC than in mild UC (Table 2) [18]. LILRB receptors expressed on
immune cells bind to MHC class I molecules on antigen-presenting cells (APCs, DCs) and
transduces a negative signal that inhibits stimulation of an immune response. This suggests a
role of these receptors in balancing the inflammatory response in face of bacterial infection in
severe UC. Although other cells such as macrophages and B cells are also able to present anti-
gens via MHC, DCs are the only cell type to activate naive T cells and to induce antigen specific
immune responses in all adaptive immune cells [57, 58]. An increase of cell fractions in mono-
cytes, neutrophils, T-cells, B-cells and stroma cells were observed in all severe UC samples,
whereas the cell fraction of epithelial cells was significantly decreased in all severe UC samples
compared with mild UC (Fig 2 and S4 Table).

In concordance with enhanced fractions of T cells in severe UC (Fig 2) increased expression
of CD86, a coactivator DC marker involved in T cell activation during microbial infection was
observed in severe UC [59]. Other hypo-methylated genes of relevance for the defence of
severe inflammation is CXADR-like membrane protein (CLMP) which stabilizes the gut vas-
cular barrier localized between endothelial and epithelial cells in junctional complex involved
in cell adhesion and which is required for normal intestinal homeostasis and development (Fig
2 and Table 2) [60].

All the above discussed defence mechanisms might prevent a complete collapse of a func-
tional mucosal barrier during severe inflammation. It is therefore believed that the increase of
protective genes and anti-inflammatory pathways induced by hypo-methylation are defence
mechanisms, thereby counteracting and alleviating severe inflammation in the gut. Nonethe-
less, the study is not without limitations, the sample size used here can be considered low due
to low number of patients with a severe UC phenotype, but still show sufficiently separation in
the PCA (Fig 1). In addition, due to the heterogeneity of the tissue biopsies it is difficult to
account NLRP inflammasomes to specific and distinct cell type and single-cell sequencing
might overcome this problem. However, the strength of this study lies within the study design
where a treatment-naive patient group with severe UC have been used in order to compare
joint transcriptomic and DNA methylation data from each individual patient. This matching
of data reduces the chances of introducing influential variable and inter-individual differences
and avoid confounding effects of prior medications while highlighting lasting changes to the
regulatory patterns underlying the disease that may be of clinical utility.

Conclusion

Hypo-methylation of genes with anti-inflammatory character during severe UC implies a
functional interplay between the epithelium and lamina propria to mitigate inflammation in
the gut. The specifically DNA hypo-methylated genes found for severe UC can potentially be
useful biomarkers for determining disease severity and in the development of new targeted
treatment strategies for patients with severe UC.

Supporting information

S1 Fig. Hypo-methylated genes in severe ulcerative colitis. On the left of each individual
illustration the differences in relative methylation levels between normal samples (green), mild
UC (orange) and severe UC (red) is shown. Red, green and orange lines represent the mean
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relative methylation for severe UC, mild UC and normal samples. The transcription start site
(TSS) is indicated as a vertical line. The x axis is numbered relative to the transcription start
site, where minus indicated number of base pairs downstream for TSS (200 bp), and positive
number of base pairs upstream from TSS The regions upstream (up to 2000 bp). UCSC
genome browser mapped CPG sites (CPG) indicated in dark green, enhancer sites (ENH) indi-
cated in brown, and DNAsel sites (DNA) indicated in purple. On the right, boxplots of
DESEQ2 log2 normalised values for the gene of interest in normal control (N), mild UC (M)
and severe UC (S) are shown. Genes are indicated by the respective gene symbol.
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