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GLOSSARY for Whole genome co-expression in celiac disease

Experiments

Acute experiment: genome expression study of the response to an in
vitro gliadin-challenge. The experiment consisted of Human U133 Plus
2.0 Array (Affymetrix, Santa Clara, CA, USA) data from duodenal
biopsies taken from 10 patients on gluten free diet (GFD) that were cut
into two portions that were incubated with or without 10 pg/ml gliadin for
4 hours. Data were downloaded from EBI Array Express database
(http://www.ebi.ac.uk/microarray-as/ae/) experiment code E-MEXP-1823
(Castellanos-Rubio et al., 2008).

Long-term experiment: whole genome expression study of the response
to a chronic, dietary exposure to gliadin. The experiment consisted of
Human U133 Plus 2.0 Array (Affymetrix, Santa Clara, CA, USA) data
from duodenal biopsies taken from 9 active celiac disease (CD) patients
(who were on a gluten-containing diet at that time) and 9 CD patients on
GFD for more than two years. Data were downloaded from EBI Array
Express database (http://www.ebi.ac.uk/microarray-as/ae/) experiment
code E-MEXP-1828 (Castellanos-Rubio et al., 2008).

Samples

Gliadin-challenged samples for the acute experiment; GFD patients’
biopsies incubated with the addition of gliadin.

Unchallenged samples for the acute experiment; GFD patients’ biopsies
incubated without the addition of gliadin.

Active samples for the long-term experiment; biopsies of active CD

patients who were on a gluten-containing diet at the time of endoscopy.
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GFD samples for the long-term experiment; biopsies of CD patients on a

GFD for more than 2 years.

Comparisons

Gliadin-challenged samples vs. unchallenged samples and vice versa.

Active samples vs. GFD samples and vice versa.

Observations

Co-expression module: group of co-expressed genes. Clustering is used
to group genes with similar expression patterns across multiple samples to
produce groups of co-expressed genes rather than pairs. The WGCNA
package constructs co-expression modules using hierarchical clustering on
a correlation network created from expression data. Hierarchical
clustering divides each cluster into sub-clusters to create a tree with
branches representing co-expression modules. Modules are then defined
by cutting the branches at a certain height. These modules can be
interrogated to identify regulators and functional enrichment.
Differentially co-expressed genes (DCGs): genes that show changes in
their co-expression relationships with their partners from a co-expression
module between two situations. DCGs are highly correlated under one cell
state but uncorrelated under another cell state.

Module of DCGs: co-expression modules formed by DCGs. DCGs
identified through comparison between two situations were grouped

according to the co-expression modules they formed among them.



List of original publications

LIST OF ORIGINAL PUBLICATIONS

This thesis is based on the following publications:

Romero-Garmendia |, Garcia-Etxebarria K, Hernandez-Vargas H, Santin I,
Jauregi-Miguel A, Plaza-lzurieta L, Cros MP, Legarda M, Irastorza |, Herceg Z,
Fernandez-Jimenez N, Bilbao JR. Transcription factor binding site enrichment

analysis in co-expression modules in celiac disease. Genes. 2018 May; 10,9(5).

Romero-Garmendia  I*., Jauregi-Miguel A*., Santin 1., Bilbao J. R,
Castellanos-Rubio A. Subcellular Fractionation from Fresh and Frozen
Gastrointestinal Specimens. J. Vis. Exp. 2018 Jul 15;(137).

Fernandez-Jimenez N*, Garcia-Etxebarria K*, Plaza-lzurieta L*, Romero-
Garmendia 1, Jauregi-Miguel A, Legarda M, Ecsedi S, Castellanos-Rubio A,
Cahais V, Cuenin C, Degli Esposti D, Irastorza I, Hernandez-Vargas H, Herceg
Z, Bilbao JR. The methylome of the celiac intestinal epithelium harbours
genotype-independent alterations in the HLA region. Sci Rep. 2018 Under

review.

During this thesis I have also participated in the following publications:

Santin 1, Jauregi-Miguel A, Velayos T, Castellanos-Rubio A, Garcia-Etxebarria
K, Romero-Garmendia |, Fernandez-Jimenez N, Irastorza I, Castafio L, Bilbao
JR. A Celiac Diasease Associated INCRNA Named HCG14 Regulates NOD1
Expression in Intestinal Cells. J Pediatr Gastroenterol Nutr. 2018 Aug;67(2):225-
231.

Tentelier C, Barroso-Gomila O, Lepais O, Manicki A, Romero-Garmendia |,
Jugo BM. Testing mate choice and overdominance at MH in natural families of
Atlantic salmon Salmo salar. J Fish Biol. 2017 Apr;90(4):1644-1659.

5



List of original publications

Garcia-Etxebarria K, Jauregi-Miguel A, Romero-Garmendia I, Plaza-lzurieta L,
Legarda M, Irastorza |, Bilbao JR. Ancestry-based stratified analysis of
Immunochip data identifies novel associations with celiac disease. Eur J Hum
Genet. 2016 Dec; 24(12):1831-1834.

Plaza-lzurieta L, Fernandez-Jimenez N, lIrastorza I, Jauregi-Miguel A, Romero-
Garmendia |, Vitoria JC, Bilbao JR. Expression analysis in intestinal mucosa
reveals complex relations among genes under the association peaks in celiac
disease. Eur J Hum Genet. 2015 Aug;23(8):1100-5.



Project justification and scope

PROJECT JUSTIFICATION AND SCOPE

Celiac disease (CD) is a chronic immune-mediated gastrointestinal disorder with
high prevalence. It is believed that prevention will be crucial for the eradication
of this disorder, and for that purpose, efficient mechanisms of prediction and
early diagnosis need to be developed. In a temporal scale, the presence of clinical
symptoms can be considered an advanced stage of the disease-progression
process. This active disease stage would be preceded by the presence of
immunological markers, such as circulating autoantibodies against tissue
transglutaminase (tTG), reflecting an ongoing immune mediated tissue-

destruction process that initiates only among genetically predisposed individuals.

Therefore, it becomes essential to define which genes, pathways and regulatory
mechanisms are involved in disease susceptibility. In this way pathogenic
mechanisms underlying CD development will be better understood, and will
provide genetic and epigenetic markers capable of discriminating individuals at
risk of this disease. Additionally, the identification of master regulators of
complex pathways and groups of genes will help to identify novel targets for
intervention. Although gluten-free diet will probably remain the treatment of
choice for celiac individuals, works like the present thesis will open the door to
novel therapeutical alternatives for accidental transgressions to the diet or other
acute intoxications with gluten. Moreover, the new findings could be
extrapolated to other complex and autoimmune diseases and postulate new points

of view to the understanding of genetic diseases.

In order to dissect the genetics and epigenetics of CD, the current project has
focused on the search of functional determinants using novel bioinformatics
approaches and on the functional validation of those candidates. More
specifically, in the present doctoral thesis we have scrutinized four mechanisms
of gene regulation: transcription factors (TF), microRNAs (miRNAs), chromatin

organization and DNA methylation.
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Introduction

1. Celiac disease

Celiac disease (CD; OMIM 212750) or gluten sensitive enteropathy is a chronic,
immune-mediated inflammatory disorder that develops in genetically susceptible
individuals, caused by intolerance to ingested gluten and related proteins from
wheat, rye and barley. It is characterized by flattened villi on the small bowel

Mmucosa.

1.1. Clinical features and diagnosis

The adverse effects of ingested gluten in CD were not recognized until 1950
(Dicke, 1950) although the clinical picture of the disease had been first described
by Samuel Gee more than 60 years before (Gee, 1888). If untreated, classical CD
presents a wide range of symptoms and signs that can be divided into intestinal
features such as diarrhea, abdominal distension or vomiting; and those caused by
malabsorption, like failure to thrive (low weight, lack of fat, hair thinning) or
psychomotor impairment (muscle wasting) (Feighery, 1999). Other atypical
symptoms are also associated with CD, and include neurological events, dental
enamel defects, infertility, osteoporosis, joint symptoms and elevated liver

enzyme concentrations (Méaki and Collin, 1997).

From a histological point of view, when a genetically susceptible person is on a
gluten-containing diet, there are gradual changes in the small intestinal mucosa
that result in a lesion presenting villous atrophy and crypt hyperplasia. The
degree and severity of gluten-induced mucosal alterations are classified in the
Marsh-Oberhuber classification (Marsh, 1992) with Marsh 0 reflecting healthy,
normal intestinal villi, and Marsh 4 indicating hypoplasia of small intestine
architecture (Figure 1). Although this classification system has undergone some
modifications, it is still used to identify and treat patients at an early stage of CD.

In the first stage of the disease, there is an infiltration by intraepithelial
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lymphocytes (IELs) of the villous epithelium (Marsh 1), which is followed by
hyperplasia of the crypts (Marsh 2), while the villi are not shortened. In the more
advanced stage (Marsh 3), crypts are hypertrophic, the lamina propria is swollen,
and there is either severe partial, subtotal or total villous atrophy. In the most
advanced stage (Marsh 4), hypoplasia of small intestine architecture is observed.
Together with the damage of the small intestinal mucosa, CD is characterized by
the presence of different gluten-dependent serum autoantibodies, such as anti-
endomysium (EMA) or anti-tissue transglutaminase (TGA) autoantibodies,

among others (Stenman et al., 2008).

UPPERJEJUNAL MUCOSALIMMUNOPATHOLOGY
PRE-INFILTRATIVE INFILTRATIVE | INFILTRATIVE

HYPERPLASTIC

classification. Image from www.theglutensyndrome.net.

Taking into account these pathological features, diagnostic criteria for pediatric
CD are established by the European Society for Pediatric Gastroenterology,
Hepatology and Nutrition (ESPGHAN). Previous criteria were based on the
presence of characteristic histological injuries in a biopsy of the small intestine
and by positive serologic results, although the latter were not essential.
Additionally, follow-up control biopsies were performed in CD patients after
diagnosis (Maki, 1995). In the diagnostic guidelines published in 2012, duodenal
biopsies can be excluded in symptomatic children with IgA class TGA titers
above 10 times the upper limit of normal levels and positive EMA in an

independent sample. Additionally, Human Leucocyte Antigen (HLA) genotyping
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is valuable since CD is very unlikely if risk haplotypes are absent (Husby et al.,
2012).

1.2. Epidemiology

Until the end of the last century, CD was considered a comparatively uncommon
disorder affecting almost exclusively people of European origin, with prevalence
rates of 1/1000 (Feighery, 1999). However, subsequent population studies have
shown that the prevalence of CD is around 1% in Western Europe, although there

are differences among populations (Dubég et al., 2005).

Classically, CD has been regarded as a disorder affecting almost exclusively
people of European origin, but prevalence studies have shown a frequency
ranging from 1:100 to 1:200 in unselected populations of North America and
Australia (Cataldo and Montalto, 2007; de Kauwe et al., 2009). CD was also
believed to be rare in Latin America (Galvao et al., 1992; Rabassa et al., 1981,
Sagaro and Jimenez, 1981), North Africa (Al-Tawaty and Elbargathy, 1998;
Suliman, 1978), and the Middle East (Al-hassany, 1975; Khuffash et al., 1987)
where there were only limited cases and occasional observations of the disease.
Additionally, CD has also been historically considered absent in the Far East
(China, Japan, Korea...) (Fasano and Catassi, 2001), but recent screening studies
performed in these areas have demonstrated that the prevalence of CD has been
underestimated and that it is similar to that of the so-called Western countries.
With the spread of modern Western diet, rich in gluten-containing cereals
(especially wheat), to all parts of the world, CD has become a global Public
Health problem, and also affects the populations of developing countries (de
Kauwe et al., 2009).

Different investigations have suggested that the incidence of childhood CD may

have risen during 1980s and 1990s, and this has been related to infant feeding
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practices (lvarsson et al., 2000). Recently available data suggest that CD
incidence is truly increasing and that CD is more common in some areas than
previously appreciated (Catassi et al., 2014). On the other hand, the diagnosis of
adult CD has also risen dramatically in most areas of the world where data are
available (Bodé and Gudmand-Hgayer, 1996; Collin et al., 1997; Murray et al.,
2003). Environmental risk factors with seasonal patterns, and certain viral
infections (Plot and Amital, 2009) as well as changes in gluten consumption and

infant feeding (Catassi et al., 2014) have been proposed as risk factors for CD.

To investigate the possible primary prevention of CD, the PreventCD project
(www.preventcd.com), a European multicenter study, was initiated (Hogen Esch
et al., 2010). The hypothesis of this study was that tolerance to gluten could be
induced by introducing small quantities of gluten to genetically predisposed, at
risk infants (preferably while they were still being breast-fed). The results
indicated that neither introduction of small quantities of gluten nor breast-feeding
were able to reduce the risk of celiac disease at 3 years of age (Vriezinga et al.,
2014).

Regarding gender, females are more commonly affected than males. Among
patients presenting the disease a female to male ratio of almost 3 to 1 has been

observed during their fertile years (Feighery et al., 1998).

1.3. Treatment

To date, the only proven treatment for CD is a strict and life-long removal of
gluten from the diet, which is achieved by the elimination of wheat, barley and
rye cereal products (Feighery, 1999; Di Sabatino and Corazza, 2009). A dramatic
reduction in symptoms occurs within days or weeks, and often precedes
normalization of serological markers and of duodenal villous atrophy (Murray et
al.,, 2004). Inadequately treated and untreated patients are predisposed to

complications such as short stature, nutritional deficiencies, osteoporosis,
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secondary autoimmune disorders, malignancies, infertility and poor outcome of

pregnancies (Lerner, 2010).

Despite treatment effectiveness, complying with gluten free diet (GFD) is
difficult for many people, and solutions to improve quality of life in CD patients
are needed (Samasca et al., 2014). Additionally, a small subgroup of patients
may show non-responsive or refractory CD (RCD), having persistent or recurrent
symptoms, inflammation of the intestine and villous atrophy despite strict
adherence to a GFD (Rubio-Tapia and Murray, 2010). Therefore, the

development of a safe, effective and affordable alternative therapy is necessary.

Together with the knowledge of the pathophysiological mechanisms of CD, some
novel non-dietary measures have been developed as an addition or substitution to
GFD (Freeman, 2013). Many of the non-dietary approaches considered have
already been studied in several clinical trials, such as larazotide acetate, a
synthetic peptide that blocks paracellular permeability in cell monolayers and
prevents the passage of gliadin peptides through the epithelial barrier (Paterson et
al., 2007). In a placebo-controlled study, they assessed larazotide acetate 0.5, 1,
or 2 mg three times daily in 342 CD patients that had been on a GFD for more
than a year. They found out that larazotide acetate 0.5 mg reduced signs and
symptoms in CD patients on a GFD better than a GFD alone. This therapeutic
agent targeting Tight Junction regulation in patients with CD who are
symptomatic despite a GFD, could represent an important therapeutic option for
CD patients with persistent symptoms, although further examination is needed
(Leffler et al., 2015). Recently, a therapeutic vaccine, Nexvax2, including
epitopes for gluten-specific CD4+ T cells to inactivate the immune process when
gluten is ingested (Goel et al., 2017), has been tested showing a good profile in a
phase | trial, even though further studies are needed in order to demonstrate its

efficacy to cure CD.
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2. Pathogenesis of celiac disease

Advances in our understanding of the mechanisms involved in the development
of CD have made it one of the best-understood HLA-linked disorders. However,

several pathogenic processes still remain to be described.

It has been known for a long time that CD is a T cell-mediated disease. In
summary, due to an altered transport, gluten peptides cross the epithelium into
the lamina propria and are deamidated by tissue transglutaminase. Deamidated
peptides are presented by HLA-DQ2+ and/or HLA-DQ8+ antigen presenting
cells (APCs) to pathogenic CD4+ T cells, triggering a Thl- and Th17-mediated
response that leads to the infiltration of the epithelial lamina propria by
inflammatory cells, together with crypt hyperplasia, and villous atrophy
(Castellanos-Rubio et al., 2009; Schuppan et al., 2009).

Many studies have also stressed the role of the innate immune response in the
pathogenesis of the disease, and it has been shown that gliadin can also activate a
non-T cell mediated response (Hue et al., 2004; Maiuri et al., 2003) (Figure 2).
The major mediator of the innate immune response to gliadin peptides is the
cytokine interleukin-15 (IL-15) which can modulate intraepithelial lymphocyte
(IEL) function (Escudero-Hernandez et al., 2017).
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Figure 2. Pathogenic mechanisms of celiac disease: adaptive and innate immune branches.
APC, antigen presenting cells; MMP, Matrix metalloproteinase; IFN, interferon; Th, T helper
cell; HLA-DQ2/8, human leukocyte antigen DQ2/8; AGA, anti-gliadin antibodies; TGA, anti-
transglutaminase antibodies; IEL, intraepithelial lymphocytes; IL-15, interleukin 15; NKR,
Natural Killer (NK) cell receptors; DC, dendritic cell.

Many aspects of the pathogenesis still need to be clarified, especially those
regarding the interaction between gluten and epithelial cells, the passage of
gluten peptides into the lamina propria, tissue transglutaminase type 2 (TG2)
activation, mechanisms that regulate IL-15 expression, and autoantibody

production.

2.1. Gluten

CD is triggered by the exposure to gluten proteins in the diet. Gluten is a mixture
of monomeric, alcohol soluble glutenins, and polymeric, prolamin rich gliadins
that is found in the endosperm of cereals like wheat, barley and rye. The high

proline content of gluten proteins makes them very resistant to degradation by
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intestinal proteases so that long fragments (10-50 residues) are present in the gut
lumen (Shan et al., 2002). These fragments are good substrates for the TG2
enzyme, which can deamidate gluten peptides converting certain glutamine
residues to glutamate, increasing their affinity to HLA-DQ2 or HLA-DQS8
molecules and leading to a gluten-specific CD4+ Th1l cell activation that results
in inflammation of the intestinal mucosa, malabsorption and other CD symptoms.
In addition, gluten can also trigger CD8+ T cell mediated responses in the lamina
propria and may expand IEL population independently of HLA presentation
(Jabri and Sollid, 2009; Schuppan et al., 2009).

Different in vitro studies support the idea that gluten affects the innate immune
system. The most studied gluten-derived peptide for its innate immune properties
IS a peptide spanning aminoacids 31-43 of the alpha gliadin molecule. This
peptide does not induce T cell-specific responses, but it induces an innate
response in tissues from patients with CD and a substantial increase in epithelial
apoptosis (Maiuri et al., 2003). More recently, an 8-mer gliadin peptide that once
deamidated is able to induce a humoral immune response in vivo in CD patients
has been identified, and is an antigen for specific IgA antibodies in CD patients
(Vallejo-Diez et al., 2013).

2.2. Transglutaminase

TG2 is a ubiquitously expressed multifunctional protein which is usually active
in the extracellular space and catalyzes the covalent and irreversible cross-linking
of a protein with a glutamine residue to a second protein with a lysine residue
(Folk and Cole, 1966; Folk and Chung, 1985). It plays a central role in the
activation of the adaptive immune response since it induces the enzymatic
modification of gliadin peptides and increases their affinity to HLA-DQ2 and
HLA-DQ8 molecules (Arentz-Hansen et al., 2000). Gluten is rich in prolines and
glutamines, and contains very few negative residues necessary to bind to the
groove of HLA-DQ2 or HLA-DQ8. TG2 deamidation of specific gliadin peptides
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provokes an increase of negative charges, favoring their binding to HLA
molecules HLA-DQ2 and HLA-DQ8 and triggering the presentation of these
peptides to CD4+ T cells (Molberg et al., 1998; Raki et al., 2007; Wal et al.,
1998). Hence, TG2 transforms gliadin from a non-stimulatory molecule to an
efficient T-cell antigen capable of evoking a massive secretion of local cytokines,

leading to alterations in enterocyte differentiation and proliferation.

Additionally, TG2-crosslinking between gliadin peptides and the enzyme leads to
the formation of TG2-gliadin complexes that trigger the production of IgA-class
autoantibodies against TG2, or TGA (Caputo et al., 2009). Many studies have
highlighted a possible pathogenetic role of TGA, since effects on cell cycle,
apoptosis, angiogenesis and intestinal permeability have been reported,
suggesting that they could be pathologically relevant (Caputo et al., 2009;
Lindfors et al., 2009). Many studies have pointed out a possible pathogenic role
of anti-TG2 antibodies, since they modulate TG2 activity. Autoantibodies also
alter the uptake of the alpha-gliadin peptide 31-43, responsible of the innate
immune response in CD, protecting cells from p31-43 damaging effects in an
intestinal cell line. In a work carried out recently, they investigated whether anti-
TG2 antibodies protect cells from p31-43-induced damage in a CD model
consisting of primary dermal fibroblasts. They found out that the antibodies
reduced the uptake of p31-43 by fibroblasts derived from healthy individuals but
not in those derived from CD patients, pointing out to a loose of a protective role
in the disease (Paolella et al., 2017).

2.3. Adaptive immunity

Adaptive immunity includes T cell-mediated and humoral immunity, and both of
them are activated in the small intestinal mucosa of CD patients with gliadin as
the recognized antigen. CD4+ T lymphocytes from the small intestinal mucosa
recognize deamidated gliadin peptides bound to HLA-DQ2 and HLA-DQ8
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heterodimers on APCs (Lundin et al., 1990; Mazzarella et al., 2003). Gliadin-
specific T lymphocytes from celiac mucosa are mainly of the Th1l phenotype and
release prevalently proinflammatory cytokines, dominated by IFN-y (Nilsen et
al., 1995; Troncone et al., 1998). In addition to IFN-y, other Thl-inducing
cytokines such as interleukin 18 and IFN-o are also increased (Leon et al., 2006;
Monteleone et al., 2001; Steinman, 2007). A different linage of CD4+ T-helper
cells that differentiate in the presence of IL-6 and TGFp, and produce interleukin
17 cytokine-family members (Th17 lymphocytes) is responsible for pathogenic
effects previously attributed to the IL-12/INFy network (Castellanos-Rubio et al.,
2009). Both Thl and Thl7 responses are present in the active CD lesion, a
phenomenon that has also been described in other immune-mediated conditions
(Harris et al., 2010; Monteleone et al., 2010; Sjostrom et al., 1998).

2.4. Innate immunity

The innate immune response represents the first line of defense against
pathogens, and is activated during the first stages of exposure to an infectious
agent. In CD, the innate immune system responds to gliadin in a Taf-lymphocyte
independent manner and contributes to the creation of the proinflammatory
environment necessary for subsequent T cell activation in patients carrying HLA-
DQ2 or HLA-DQS8.

Several in vivo challenge studies have demonstrated that peptide 31-43 from a-
gliadin is capable of inducing disease symptoms, and several changes
characteristic of CD have been observed in biopsy cultures (Maiuri et al., 1996;
Picarelli et al., 1999; Sturgess et al., 1994). This peptide does not appear to
stimulate a T cell-mediated response (Anderson et al., 2000; Arentz-Hansen et
al., 2000), so it is likely that the toxicity of peptide 31-43 is based on its capacity
of activating the innate immune response. Recently, it has been observed that this
peptide activates IFN-a in the intestine of CD patients and in the Caco-2 cell line

in cooperation with loxoribine (LOX) (a Toll-like receptor 7, TLR7,-specific
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viral ligand) by activating the TLR7 pathway and interfering with endocytic
trafficking, suggesting that viral infections and alimentary proteins are able to

potentiate the innate immune response (Nanayakkara et al., 2018).

Several studies have implicated MyD88, the major signal transducer of TLR4 on
monocytes, macrophages and dendritic cells, as well as TLR4 itself as the
primary receptor for innate responses to cereal proteins (Schuppan et al., 2009).
Innate immune activation of IELs by gluten induces expression of MICA on the
intestinal epithelium, a ligand for the NKG2D receptor on natural killer, yoT cells
and subsets of CD4+ and CD8+ T cells. Epithelial MICA, together with
upregulated IL-15, leads to the activation of NKG2D on IELs, triggering antigen-
specific, lymphocyte-mediated cytotoxicity. Subsequently, innate cytotoxic and
cytokine production responses are activated in the initial stages of the disease,
linking innate and adaptive immunity. Finally, IL-21 is an additional driving
force of innate immunity that often acts in concert with IL-15 (Fina et al., 2008;
Hue et al., 2004; Sarra et al., 2013).

2.5. Other biological pathways

Most of the susceptibility genes identified in CD are involved in the immune
response, but much less is known about the secondary events that lead to the
destruction of intestinal tissue and nutrient malabsorption. Although the main
driving force of the disease is an aberrant autoimmune response triggered by
transglutaminase-deamidated gliadin peptides, there are other biological
networks that are also altered and contribute to the final anatomical and
histological features of overt CD. Those pathogenic mechanisms are still not well

understood.

In the last years, several whole genome expression analyses have been performed
in different tissues and include microarrays and RNA sequencing (RNA-seq)

approaches. These studies have been performed with the aim of elucidating CD-
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related alterations in the expression patterns of single genes, groups of

coregulated genes and pathways (Castellanos-Rubio and Bilbao, 2017).

The first expression microarray study in CD (Juuti-Uusitalo et al., 2004) in
jejunal biopsies from active CD patients, patients on GFD, and non-celiac
controls identified genes related to T-cell activation, B-cell maturation and
epithelial cell differentiations. Genes with an altered expression in both active
CD and GFD patients (constitutively altered genes) were classified as potentially
important in the etiology of CD. More recently, it has been shown that
constitutively altered genes normally belong to the core of biological pathways,
while those that are altered only in the active disease are located more

peripherally (Fernandez-Jimenez et al., 2014).

In a second microarray study (Diosdado et al., 2004) gene expression was studied
in duodenal biopsies from 15 CD patients (active CD and GFD CD) and 7 non-
celiac controls. On the one hand, they studied intestinal damage regardless of
gluten ingestion, and found an increment of T cells and macrophages, a more
intense Thl response and an enhanced cell proliferation in CD. On the other
hand, they studied the effect of gluten, and genes related to cell cycle and cell

division were detected.

A third microarray study was carried out in intestinal biopsies of CD patients
(Castellanos-Rubio et al., 2010). In this third experiment, the acute and long-term
effects of gliadin exposure on duodenal mucosa were studied. The analyses
found out that cell cycle, apoptosis, extracellular matrix and cellular
communication pathways are altered in both types of responses to gluten.
Dysregulation of more complex signaling pathways related to TGF-p, Jak-Stat,
and NFxB was mainly observed in the long-term response experiment, revealing
their involvement in the perpetuation of the disease process rather than in its

origin.

22



Introduction

In order to find genes that participate in epithelial proliferation and
differentiation and could be related to CD, microarray analyses were carried out
in a TGF-B1-induced T84 epithelial cell differentiation model (Juuti-Uusitalo et
al., 2007). Several genes that are members of the epidermal growth factor (EGF)-
mediated signaling pathway were identified. Another microarray study was
performed in intestinal Caco-2 cells exposed to gliadin in order to identify
gliadin target genes (Parmar et al., 2013). Even though many genes were
identified, they were not able to conclude that the observed effects were gliadin-
specific. Additionally, in vitro models must always be handled with caution.
Another study on epithelial cells isolated from intestinal biopsies of CD patients
and controls detected gene expression changes in the proliferation, cell death, and

differentiation pathways, among others (Bracken et al., 2008).

RNA-seq is a powerful alternative to microarrays, with lower background signals
and higher sensitivity. In addition, RNA-seq allows the identification of novel
transcribed regions that could be important in disease pathogenesis (Wang et al.,
2009). To date, one RNA-seq study has been published in CD (Quinn et al.,
2015). In this study, the transcriptome of CD4+ T lymphocytes derived from
peripheral blood mononuclear cells of CD patients and controls was studied in
basal conditions and in response to anti-CD3/CD28 antibody and phorbol 12-
myristate 13-acetate (PMA) stimulations. The authors found no altered pathway
in the unstimulated cell group, while in the antibody-stimulated group the
cytokine—cytokine receptor interaction pathway was enriched. The PMA-
stimulated samples showed enrichment of immune-related genes. Altered genes
from the antibody-stimulation were grouped into co-expression modules. They
showed an overrepresentation of immune-related pathways, namely the TGF-$
receptor pathway, as well as enrichment on genes that had previously been
associated with genetic risk. In particular, the candidate gene BACH2 (Dubois et
al., 2010) was downregulated under all the conditions tested, supporting previous
evidences of its important role in the regulation of T cell differentiation and

autoimmune disease prevention.
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In summary, although the results from the different experiments are difficult to
reconcile, the main findings point to an intensification of the immune response,
as well as dysregulation of signaling and cell cycle pathways. These studies have
provided numerous altered genes and pathways, so that we are beginning to
understand the complexity of the interactions among the environmental trigger,
the genetic polymorphisms, and the gene expression. The identification of the
key genomic players in those events could contribute to identify potential

therapeutic targets of this and other autoimmune disorders.

3. Genetics of celiac disease

Although the precise inheritance model of CD is still not completely understood,
it has been known for a long time that Genetics participates in the susceptibility
to the disease. Evidence of a strong genetic background in disease susceptibility
comes from studies on the prevalence of CD in affected families, especially from
those comparing twin pairs, in which the proportion of genetic and
environmental risk factors in the disease prevalence can be estimated. According
to these studies, Genetics is a fundamental player both in the triggering and in the

latter development of CD.

In general, it is well accepted that the proportion of monozygotic or identical
twins concordant for CD is around 75-86%, while in the case of dizygotic twins,
this proportion is reduced to 16-20%. This difference between mono- and di-
zygotic twins has allowed scientists to estimate the genetic component of CD,
which is higher than what has been discovered for other immunological complex
diseases, such as type 1 diabetes (T1D) (around 30% concordance in
monozygotic and 6% in dizygotic twins) (Sollid and Thorsby, 1993).
Additionally, concordance rates between sibling pairs and dizygotic twins are
almost the same, indicating that the environmental component has a minimum

contribution to the risk of developing CD. In summary, accumulated evidence
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suggests that CD has a very strong genetic component and it has been calculated
that the heritability of this disease (proportion of the risk of suffering from CD
attributable to genetic factors, compared to environmental determinants) is
around 87% (Dieli-Crimi et al., 2015; Greco et al., 2002; Nistico et al., 2006).

The largest portion of the genetic risk to develop CD comes from the presence of
HLA-DQ2 and HLA-DQ8 heterodimers from the Major Histocompatibility
Complex (MHC) class Il genes. However, even if the role of these HLA
molecules is essential in the pathogenesis of the disease, their contribution to the
heredity is modest. It has been calculated that the classical HLA class Il variants
alone explain 23% of the CD heritability risk, whereas 5 novel variants in the
extended MHC region contribute an additional 18% of genetic variance
(Gutierrez-Achury et al., 2015), and altogether explain approximately 40% of CD
risk. Consequently, additional small effects conferred by non-HLA susceptibility

loci must exist.

In the last years a great effort has been done in order to identify additional
genetic susceptibility determinants in CD. Approaches including genetic linkage
studies, candidate gene association studies and, in the last decade, genome-wide
association (GWA) and follow-up studies have been performed. Using these
strategies several loci throughout the genome have been associated with CD;
some of them have been firmly established to be involved in the disease, while

others need further investigation.

3.1. Contribution of HLA region

HLA is the name for the MHC in humans; it is a super locus located on
chromosomal region 6p21, and contains a large number of genes involved in the
immune response. This region is characterized by strong linkage disequilibrium

(LD) and extended conserved haplotype blocks. HLA genes encode antigen
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presenting proteins that are expressed in most human cells and are essential for

the ability of the organism in distinguishing between self and foreign molecules.

HLA genes are involved in many inflammatory and autoimmune disorders and
also contribute to the susceptibility to develop infectious diseases such as AIDS
or malaria. However, due to the high genetic complexity of the region, most of
the particular genetic factors and pathogenic mechanisms underlying the
susceptibility to these disorders remain unknown. In fact, the HLA region
presents the highest genic density of the entire genome and a very strong gene

expression seems to be favored (Horton et al., 2004).

As previously pointed out, the HLA region is the most important susceptibility
locus in CD and explains around 40% (23% classic and 18% novel variants) of
the genetic component of the disease. The first evidences supporting the
association between HLA and CD where published in 1973 and were detected
using serological methods (Ludwig et al., 1973). Subsequent molecular studies
have revealed that HLA class Il genes encoding both HLA-DQ2 and HLA-DQS8
molecules are the directly implicated factors (Sollid, 1989; Spurkland et al.,
1992) (Figure 3). HLA-DQ2 and HLA-DQ8 variants are in LD with HLA-DR3
and HLA-DR4, respectively. Thus, we often refer to these risk variants as HLA
DR3-DQ2 and HLA DR4-DQ8 haplotypes (Sollid, 1989).

haplotypes alleles heterodymers risk
DQB1 DQA1 DRB1
DR3-DQ2 DQ2.5 (cis) Very high
DR5-DQ7
DQ2.5 (trans) Very high
DR7-DQ2
DR7-DQ2 0207 0201 07 DQ2.2 Low
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Figure 3. HLA associations in CD. HLA-DQ2 molecule is the major factor conferring risk to
CD. The majority of CD patients express the heterodimer HLA-DQ2.5, encoded by alleles
HLA-DQAT1*05 (o chain) and HLA-DQB1*02 (B chain). These two alleles can be present in Cis
on the DR3-DQ2 haplotype or in trans on DR5-DQ7 and DR7-DQ2.2 heterozygous individuals.
The HLA-DQ2.2 dimer, a variant of HLA-DQ2 encoded by alleles HLA-DQA1*02:01 and
HLA-DQB1*02:02, confer a low risk to develop the disease. Most of DQ2-negative patients
express HLA-DQ8, encoded by the DR4-DQ8 haplotype. Adapted from Abadie et al., 2011.

The primary function of DQ heterodimers is to present exogenous peptide
antigens to helper T cells. Genetic polymorphisms may alter the peptide-binding
groove and affect the repertoire of peptides that can be efficiently bound and
presented. As mentioned before, HLA-DQ2 and HLA-DQ8 molecules are the
primary genetic factors associated with CD, however, HLA-DQ2 is more
strongly associated with CD than HLA-DQ8 (Louka and Sollid, 2003).

The HLA-DQ2.5 heterodimer, formed by the combination of the products of
DQA1*05 and DQB1*02 alleles, is present in 90% of celiac patients. The a and
B chains of the heterodimer can be encoded in cis but they may also be encoded
in trans. The differences between these two types of HLA-DQ2.5 dimers affect a
single amino acid of the DQa chain (DQA1*05:01 vs. DQA1*05:05) and another
residue of the membrane region of the DQB chain (DQB1*02:01 vs.
DQB1*02:02), although they seem not to have any functional consequences and
they are associated with a similar risk effect. However, the risk conferred by
another HLA-DQ?2 variant, the HLA-DQ2.2 dimer, is very low (Sollid, 2002;
Sollid and Thorsby, 1993).

Most of the patients that are negative for the HLA-DQ2 molecule are HLA-DQ8-
positive, and have at least one copy of the haplotype containing DQA1*03:01
and DQB1*03:02 alleles (Mé&ki and Collin, 1997). A very small portion of the
patients are negative for both DQ2 and DQ8, but it has been observed that these
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individuals present at least one of the two alleles encoding the DQ2 molecule
(DQA1*05 or DQB1*02) (Karell et al., 2003; Spurkland et al., 1992).

There is also a relationship between the degree of susceptibility to CD and the
number of DQ2.5 heterodimers. Homozygous individuals with two DR3-DQ2
haplotypes as well as the heterozygous patients presenting DR3-DQ2/DR7-DQ2
express the highest levels of DQ2.5 heterodimers and thus, harbor the maximum
genetic risk to develop CD (van Belzen et al., 2004; Lundin et al., 1993; Ploski et
al., 1993). In this sense, it has to be mentioned that patients with RCD (those that
do not respond to GFD) present a higher proportion of homozygosity for DR3-
DQ2 (44-62%) than other celiac patients (20-24%). A similar dose-dependent

effect has also been suggested for DQ8 molecules.

Apart from the genes encoding DQ molecules, the HLA region also contains
many other genes that participate to the immune response and that could
contribute to the susceptibility to CD. A recent fine mapping study across the
entire MHC region has identified additional risk variants on both sides of the
HLA-DQ genes, in the more telomeric HLA class | region and in the more
centromeric HLA-DPB1 gene, and these new variants would be responsible for
an additional 18% of the heritability of CD (Gutierrez-Achury et al., 2015).

Although HLA genes contribute greatly to the genetic susceptibility to CD, the
HLA-DQ?2 variant is also common in the general population, being present in 20-

30% of non-celiac individuals; making it clear that even though it is very

important, it is not sufficient to develop the disease (Sollid, 2002).

3.2. Contribution of Non-HLA susceptibility regions

Given the fact that HLA alone can only explain around 40% of the genetic

component of CD, several studies have been performed to localize and identify
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non-HLA susceptibility genes that could clarify the complex genetics of this
disorder. Two have been the major strategies used for this aim: on the one hand,
linkage studies in affected families, and on the other hand, association studies

based on population screening.

Linkage studies in families allow the identification of chromosomal regions
which are repeatedly and consistently inherited by the affected members of a
family through several generations. Thus, regions potentially relevant to the
development of the disease can be selected and fenced in. Genes localized in
these regions are considered positional candidates, due to the fact that it is their
position in the genome that is conferring them the candidate identity. With the
exception of the MHC locus, the results of the linkage scans have been somewhat
contradictory. However, apart from HLA (CELIACL1) three chromosomal regions
have been repeatedly linked to CD: CELIAC2 located on chromosome 5931-33
(Greco et al., 1998); CELIAC3 located in chromosome 2932 and containing T
lymphocyte regulatory genes CD28, CTLA4 and ICOS (Holopainen et al., 2004);
and CELIAC4 located in 19p13 containing myosin IXB gene MYO9B (Van
Belzen et al., 2003).

More recently, high-throughput genotyping platforms have enabled GWA
studies, and have changed the way to approach genetic studies of complex traits
and diseases. GWA studies have evolved into a powerful tool that enables
researchers to scan a great number of genetic markers (polymorphisms) in large
genomic DNA sample sets (case-control), with the aim of finding genetic

variants associated with a particular disease.

The two GWA studies performed in CD analyzed approximately 5,000 patients
and 10,000 controls, and revealed a total of 26 non-HLA associated regions
(Dubois et al., 2010; van Heel et al., 2007). One year later, roughly 12,000 cases
and 12,000 controls were genotyped using the Immunochip (a dedicated fine-

mapping platform covering 186 loci with evidence of association with 10
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immune-related disorders) and 13 additional regions associated with CD were
identified (Trynka et al., 2011). Recently, a reanalysis of the Immunochip has
identified five additional genomic regions involved in CD (Garcia-Etxebarria et
al., 2016). Overall, there is a total of 44 non-HLA regions associated with CD,
containing 62 independent association signals that together contribute 5-7% to
the genetic risk (Figure 4). Nineteen of these regions pinpoint to a single
candidate gene, but only 3 of the associated SNPs are linked to protein-altering
variants located in exons, whereas some potentially causative genes have been

proposed due to the existence of signals near 5’ or 3’ regulatory regions.
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Figure 4. Progress in the Genetics of CD. After the Immunochip study 39 non-HLA loci have
been found to contribute to the genetic risk to develop the disease. Later, five additional non-

HLA loci with modest contribution have been linked to CD (Garcia-Etxebarria et al., 2016).

On the other hand, the implication of rare variants with functional consequences
and major effects on risk (like coding mutations) has not been demonstrated
except for a non-synonymous variant in the NCF2 gene (rs17849502) associated

with a small increase in risk (Hunt et al., 2013).
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Despite the success of GWA and follow-up studies in discovering CD susceptible
loci, the variants identified only explain a small proportion of the genetic
contribution to disease and many more remain to be found. Moreover, most of
the GWA studies SNPs are probably not the causal variants and it is thought that
they are merely pointing to associated regions due to LD, and the regions should
be more deeply scanned. Additionally, the vast majority of SNPs (more than
80%) are located outside protein-coding sequences (in gene regulatory or in
intergenic regions), so they are assumed to play a regulatory role in the
expression of nearby genes or even genes located elsewhere in the genome. An
example of the regulatory nature of the associated SNPs is a long non-coding
RNA (IncRNA) that is close IL18RAP and harbors the CD-associated SNP
rs917997. This IncRNA has been shown to be a key regulator of genes in the
NFxB pathway. Lncl3 functions as a scaffold for a protein complex that binds
chromatin at the transcription start site, maintaining the expression of certain CD
altered inflammatory genes at basal levels. The risk allele binds the protein
complex less efficiently causing an increase in the expression of inflammatory
genes, which in turn will predispose to disease development (Castellanos-Rubio
etal., 2016).

Most of the approaches made to understand the functional effects underlying the
association signals have been limited to the search of possible alterations in the
expression levels of nearby genes, or cis-expression quantitative trait loci (cis-
eQTLs). Results have been limited suggesting a more complex scenario in CD
pathogenesis where the coordinated response of groups of genes or pathways is

an additional functional layer that could be altered (Plaza-lzurieta et al., 2015).

In this context, our group has shown that the expression of PTPRK and THEMIS,
two immune-related genes located on the GWA study peak on hgl19 chr6:128.31-
128.70 Mb, was positively correlated in CD patients but not in controls (Bondar
et al., 2014). In another experiment, a group of 93 genes related to the NF«xB

pathway showed a strong correlation mRNA levels in the intestinal mucosa of
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non-celiac controls that was completely disrupted in active CD (Fernandez-
Jimenez et al., 2014). These findings indicate that co-expression, correlation of
expression of two or more genes, is an affected layer in the disease, and
regulatory elements such as transcription factors (TFs), non-coding RNAS
(ncRNAs), chromatin structure, DNA methylation, etc. could control the

expression of groups of genes rather than isolated genes.

In brief, the genomics of CD remains elusive, with known genetic factors
accounting for approximately half of its heritability. Termed the ‘missing
heritability’, this critical gap in our knowledge continues to challenge the
tremendous efforts made in genomic medicine. Understanding the biological
consequences of the deregulation is a very complicated task, which is still far

from being fully resolved.

4. Gene regulation

Gene regulation is a complex process that includes all those elements that affect
the production level of specific gene products (MRNA or protein), namely
enhancers and promoters, TFs and their binding sites, regulatory RNAs such as
InNcRNAs or microRNAs (miRNAs), methylation of genomic DNA, histone
modifications, etc. Alterations in regulation can cause a broad range of diseases
such as cancer, autoimmunity, neurological disorders, developmental syndromes,

diabetes, cardiovascular disease or obesity (Lee and Young, 2013).

Moreover, it has been observed that individual genes do not work alone, but
interact with each other creating groups, gene-networks or pathways; and those
interactions could affect human health. Each gene is estimated to interact with an
average of 4-8 other genes (Arnone and Davidson, 1997) and to be involved in
10 biological functions (Miklos and Rubin, 1996). Hence, coordinated response

of groups or pathways of genes could be an additional functional layer in
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complex diseases, and regulation of groups of genes should be also studied (L.i et
al., 2018).

4.1. Transcription factors

TFs are regulatory proteins that control gene expression catalyzed by RNA
polymerase Il (Fulton et al., 2009; Vaquerizas et al., 2009) through their binding
to a specific DNA sequence: their activity determines cell function and response
to environment. One TF is able to regulate different genes in different cell types

(Geertz et al., 2012), and they allow unique expression of a gene in different cell

types.

TFs have DNA-binding domains that allow them bind to specific DNA
sequences and activate or inhibit transcription. Apart from the DNA binding
domain, they also have an activation/repression domain that interacts with
cofactors, protein complexes that contribute to activation (coactivators) and
repression (corepressors). TF cofactors include protein complexes that can either
activate RNA polymerase Il or modify local chromatin structure, controlling
transcription rate (Bhagwat and Vakoc, 2015). TFs have traditionally been
classified as activators or repressors, but many of them are able to recruit both
coactivators and corepressors, questioning this classification (Frietze and
Farnham, 2011; Rosenfeld et al., 2006; Schmitges et al., 2016).

Each TF recognizes a collection of similar DNA sequences, which can be
represented as binding site motifs. Motifs are short sequences recognized by a
given TF, which can be used to investigate longer sequences to finally identify
potential binding sites. Over the last decade, knowledge in motifs and genomic
binding sites has improved, leading to TF-DNA interactions data. In the last
years motif collections such as TRANSFAC (Matys et al.,, 2006), JASPAR
(Mathelier et al., 2016), HT-SELEX (Jolma et al., 2013, 2015; Yin et al., 2017),
UniPROBE (Hume et al., 2015), and CisBP (Weirauch et al., 2014), along with
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previous catalogs of human TFs (Fulton et al., 2009; Vaquerizas et al., 2009;
Wingender et al., 2015) have been created. Sequence context, including flanking
sequences and DNA shape, as well as interacting cofactors and TFs, can alter
sequence recognition (Siggers and Gordan, 2014). These features together with
differential TF expression and chromatin accessibility determine condition-

specific TF binding and ultimately gene regulation (Wang et al., 2012).

Some TFs bind to DNA promoter sequences in order to help the formation of the
transcription initiation complex, while others bind to regulatory sequences as
enhancers and stimulate or repress transcription. Regulatory sequences can be
thousands of base pairs upstream or downstream from the gene which is being

transcribed.

TFs represent 8% of all human genes, and they have been associated with a wide
range of diseases and phenotypes. Mutations in TF genes are often highly
deleterious, which could explain the high conservation observed in the loci
encoding TFs (Bejerano et al., 2004). Different studies have identified them as
drivers of many disease processes such as breast cancer where AGTR2, ZNF132,
TFDP3 and others have been identified as regulators (Tovar et al., 2015), or
human periodontitis where 41 master regulators have been found (Sawle et al.,
2016). A number of TFs have been implicated in CD; including the master
regulator of T cell differentiation BACH2, which is downregulated in CD, while
98 of its targets have altered expression (Quinn et al., 2015). However, the

contribution of other TFs to CD pathogenesis is still unknown.

4.2. microRNAs

miRNAs are short (18-22 nucleotides long) non-coding RNAs (ncRNAs) that
regulate gene expression at the post-transcriptional level targeting mRNAs.

These small ncRNAs are predicted to regulate the translation of up to 60% of
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protein-coding genes (Esteller, 2011) and they are able to regulate TF activity,

affecting several intracellular pathways.

The genes codifying for miRNAs are transcribed as long primary transcripts (pri-
mIiRNAS). pri-miRNA transcripts are encoded on exons (13-20%) and introns
(80-87%) of protein-coding and non-coding genes (Rodriguez et al., 2004). pri-
mMiRNAs are transcribed by RNA polymerase Il and 111 (Borchert et al., 2006)
and are 70 to 100 nucleotides long. After the pri-miRNA has been generated in
the nucleus, it is cleaved into one or several precursor-miRNAs (pre-miRNAS)
(around 70 nucleotides long) by the enzymes Drosha and DGCRS8. Exportin-5
binds the pre-miRNA and translocates it from the nucleus to the cytoplasm (Sun
et al., 2010). Once the pre-miRNA has been exported to the cytoplasm, the
RNase Ill enzyme Dicer cleaves the pre-miRNA into a ~20 bp miRNA/MIRNA*
duplex. The miRNA duplex could give rise to two different mature miRNAs, but
usually only one strand is incorporated into the RNA-induced silencing complex
(RISC) and serves as a functional, mature miRNA that binds to complementary
sequences in the 3> UTR of target mMRNAs (Figure 5). If a perfect pairing occurs,
degradation of the target mMRNA will happen, whereas if there is a mismatch,
translational inhibition without the reduction of the mRNA level will occur
(Dalmay, 2008). Consequently, changes in miRNA levels will result in

downregulation or upregulation of their targets.
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Figure 5. Canonical pathway of miRNA processing. Adapted from Winter et al., 2009.

MiRNAs have been shown to be involved in several diseases such as cancer,
neurological disorders, cardiovascular disorders or inflammatory diseases
(Esteller, 2011). Alterations in miRNA regulation have also been related to the
development of immune dysfunctions and autoimmunity. Several studies have
focused on the role of miRNAs in autoimmune diseases and different expression
profiles have been identified as biomarkers of certain autoimmune conditions
such as systemic lupus erythematosus, rheumatoid arthritis and Sjogren's
syndrome (Chen et al., 2016). In CD, only a few studies have been performed,
and have shown that the expression of specific miRNAs is altered in the disease
(Buoli Comani et al., 2015; Capuano et al., 2011; Magni et al., 2014; Vaira et al.,
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2014), suggesting a role in disease pathogenesis and a potential use for the
diagnosis of CD (Felli et al., 2017).

4.3. Chromatin structure

To understand the functioning of the human genome, it is essential to understand
the three-dimensional (3D) folding and spatial organization of chromosomes in
the cell nucleus, or the 3D genome, since regulation of gene expression is closely
related to organization of chromosomes (Lupiafiez et al., 2016; Sexton et al.,
2007).

At the nuclear level, heterochromatin (inactive chromatin) tends to be near the
periphery, while euchromatin (active chromatin) is localized more internally
(Bickmore, 2013). Regarding chromosomes, these are divided into large
compartments containing active and open or inactive and closed chromatin (A/B
compartments) (Simonis et al., 2006). Active and open compartments interact
with other active and open compartments, as closed compartments do so with
closed compartments. These compartments change depending on cell type, since
different cells express different gene sets. However, the understanding of

chromosome organization at a sub-megabase level has been limited.

Recently, Topologically Associating Domains (TADs) have been described. The
A/B compartments mentioned above are composed of TADs, basic structural and
functional units of chromatin (Dekker and Heard, 2015; Dixon et al., 2016).
TADs represent spatial domains of high-frequency chromatin interactions (Dixon
et al., 2012). These chromatin domains are approximately 1 Mb long, and are
largely stable across cell types and conserved among species. TADs are enriched
for chromatin-chromatin interactions, while interactions between neighboring

domains are low.
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Interactions between chromatin regions are thought to be important in gene
regulation. In particular, TADs comprise the majority of characterized enhancer-
promoter pairs (Rao et al., 2014). Those enhancers, located in large regulatory
domains, exert their effects and lead to gene coregulation inside TAD domains
(Le Dily et al., 2014).

Three-dimensional chromatin structure is maintained by multiple factors
(Phillips-Cremins et al., 2013), but CCCTC-binding factor protein (CTCF) and
the cohesin complex are the main ones. CTCF is the main insulator protein
described in vertebrates, and defines chromatin boundaries and contributes to
chromatin looping (Ong and Corces, 2014). However, only 15% of the CTCF
binding sites in the genome are present at TAD borders, while 85% are inside
TADs (Dixon et al.,, 2012). The function of these CTCF may be to direct

enhancers within the TAD to the appropriate gene promoter (Figure 6).
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Figure 6. Characterization of CTCF-mediated loops. A) Schematic data of TADs and their
borders. B) Representation of how CTCF binding sites at TAD borders contribute to the
establishment of the border, and CTCF proteins act as enhancer blockers. On the other hand,
CTCF binding sites within TADs facilitate enhancer-promoter looping. The blue box indicates
the promoter of the gene. Adapted from Ong and Corces, 2014.

Recently, a link between the disruption of the 3D genome and disease has been
observed. In human diseases, these derangements are caused by mutations, SNPs,
small insertions or deletions (indels), and chromosomal abnormalities affecting
3D genome organizers. In most cases, it is hard to distinguish whether a disease-
associated 3D genome derangement is the cause or consequence of disease
development, but aberrant genome architecture could cause the dysregulation of

genome function and lead to disease phenotypes (Krumm and Duan, 2018).

At least two mechanisms are known by which alterations of the expression of
disease-related genes occur through the disruption of the 3D genome, and
consequently lead to disease phenotypes. In the first mechanism, disease-
associated regulatory SNPs alter promoter-enhancer interactions leading to
aberrant gene expression and disease. Many studies have demonstrated that this
mechanism is involved in several human diseases, such as coronary artery
disease (Mumbach et al., 2017), inflammatory bowel disease (Meddens et al.,
2016), and autoimmune diseases like rheumatoid arthritis, type 1 diabetes,
psoriatic arthritis and juvenile idiopathic arthritis (Martin et al., 2015). These
studies have demonstrated that disease-associated regulatory SNPs can alter
target gene expression by regulating chromatin interactions between genes and

regulatory elements.

In the second mechanism, disruption of TAD boundaries can lead to the fusion of
two flanking TADs, affecting the communication between enhancers and genes
that are usually insulated from each other. This mechanism, called enhancer
adoption or hijacking, allows distal enhancers to ectopically activate disease-

relevant genes. Indeed, a variety of pathogenic events leading to enhancer
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adoption through TAD disruption have been observed (Lupiafiez et al., 2016;
Valton and Dekker, 2016). Genetic disruption or epigenetic inactivation of the
architectural protein binding sites (i.e., CTCF binding sites) in a TAD boundary
can cause the fusion of two flanking TADs (Flavahan et al., 2016; Lupiafiez et
al., 2015). Deletion of an entire TAD boundary will also affect TAD organization
(Giorgio et al., 2014). Genomic rearrangements such as inversions, deletions,
duplications and translocations are able to break TADs and cause the fusion or
formation of new TADs (Lupiafiez et al., 2015; Weischenfeldt et al., 2017).

Given the role of TADs in gene regulation, the study of the formation of TADs
and how their boundaries are involved in looping interactions could be useful for
the understanding of how genes are regulated in physiological situations, and

how they are dysregulated in disease.

4.4. DNA methylation

DNA methylation is a heritable epigenetic mark in which a methyl group is
transferred by DNA methyltransferases (DNMTSs) to the C-5 position of the
cytosine ring of DNA (Robertson, 2005). More than 98% of DNA methylation

occurs in CpG dinucleotides in somatic cells (Lister et al., 2009).

DNA methylation is known to be associated with gene transcription repression
by interfering with DNA-binding proteins, such as TFs (Bird, 2002). However,
the analysis of genome-wide methylation patterns has revealed that DNA
methylation is not always negatively correlated with gene expression.
Challenging the traditional view that DNA methylation represses gene
expression, it has been revealed that DNA methylation sites can also be

positively correlated with gene expression (Irizarry et al., 2009).
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DNA methylation is crucial for normal development, and it plays a very
important role in many key processes such as genomic imprinting, X-
chromosome inactivation, and suppression of repetitive element transcription and
transposition. When this epigenetic information is not properly established it can
lead to diseases like cancer (Delpu et al., 2013; Robertson, 2005), in which loss
of methylation is a frequent event, and correlates with disease severity and
metastatic potential in many tumor types (Widschwendter et al., 2004; Zhang et
al., 2015).

Methylation is also known to be critical in the correct function of immune cells.
Recent studies suggest that aberrant DNA methylation levels are related to
autoimmunity. Environmental factors and genetic polymorphisms can cause
aberrant methylation patterns, which may affect transcription levels of certain

immune-related genes (Sun et al., 2016).

Regarding CD, a candidate-gene methylation analysis in duodenal biopsies of
active, treated patients and non-celiac controls was able to detect some changes
in promoters of several NFkB-related genes (Fernandez-Jimenez et al., 2014),
suggesting that methylation could participate in CD pathogenesis. In that study,
only a partial reversion of the trend seen in the active disease status was observed

in GFD patients, indicating an altered methylation reversion upon diet changes.
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The present work has four main objectives that aim to contribute to our
understanding of the implication of genetic and epigenetic regulators in CD

pathogenesis:

1. To determine whether the acute and long-term exposures to gliadin can
modify genome-wide co-expression patterns in the small intestine of CD

patients.

2. To identify the regulatory elements underlying the differential gene co-
expression observed in CD, particularly TFs and miRNAs, and to perform

biological validation experiments of a subset of the candidates.

a. To analyze the expression of candidate TFs and miRNAs and their

targets in duodenal biopsies of CD patients and controls.

b. To study the nuclear translocation and promoter binding of candidate

TFs in response to gliadin in a cellular model.

3. To search for potential TAD boundary alterations that could affect CD
pathogenesis using in silico approaches and publicly available genomic
datasets, and to construct stable cellular models recapitulating those TAD
merges and disruptions, in order to confirm whether they are involved in

co-expression changes.
4. To detect changes in DNA methylation in candidate genomic regions in

the acute response to gliadin and to confirm the involvement of the
methylation of HLA-B and TAP1 loci in CD.
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1. Material
1.1. Subjects

1.1.1. Ethical approval

All the studies performed are part of Research Projects P113/01201 and
P116/00258 (within the National Plan for Scientific Research, Development and
Technological Innovation 2013-2016, co-financed by the Spanish Ministry of
Economy and Competitiveness and the European Regional Development Fund)
and 2011/111034 from the Basque Department of Health, and were approved by
the Cruces University Hospital and Basque Autonomous Clinical Trials and
Ethics Committees (codes CEIC-E13/20, CEIC-E16/46 and PI12013072,
respectively). All samples were collected during routine diagnosis endoscopy,

after informed consent obtained from patients or their parents.

1.1.2. Patients and biopsy samples

CD was diagnosed in the Pediatric Gastroenterology Clinic at Cruces University
Hospital, according to the ESPGHAN criteria in force at the time of recruitment
(Husby et al., 2012), including determination of antibodies against gliadin and
EMA or TGA as well as a confirmatory small bowel biopsy. For the present
study, a total of 92 duodenal biopsies from celiac and non-celiac patients were

collected by endoscopy (Table 1).

Patients can be classified into 3 groups, as follows:

. Active CD group (29 individuals): newly diagnosed CD patients with
clinically active disease (positive for CD-associated antibodies and presenting
atrophy of intestinal villi with crypt hyperplasia) who were on a non-restricted

(gluten-containing) diet at that time.
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. Treated CD group (37 individuals): normalized CD patients following a
strict GFD for more than two years (asymptomatic, antibody-negative and with a
recovered intestinal epithelium).

. Control group (26 individuals): non-celiac individuals without intestinal

inflammation at the time of endoscopy.

Table 1. Clinical, immunological and HLA information of the celiac patients included in the
study. Dx, Diagnosis; TGA, anti-tissue transglutaminase; HLA, human leukocyte antigen;
AGA, anti-gliadin antibodies;

Characteristics Values

Gender Female: 73%; Male: 27%

Age at Dx (months) 31.7+229

TGA at Dx 91.66%*

MARSH score at Dx 3c: 81.25%; 3b: 18.75%

HLA DQ2: 82.6%; DQS8: 4,4%; DQ2/DQ8: 13%

*QOne patient < 1 year positive for AGA
*Two patients positive for tTG 1gG

1.2. Cell lines and cell culture

Human epithelial cell lines were obtained from the American Type Culture
Collection (ATTC, Manassas, VA, USA), namely colon-derived C2BBel [sub-
clone of Caco-2] (cat. no. CRL-2102), HCT116 (cat. no. CCL-247), and HCT15
(cat. no. CCL-225) cell lines, and embryonic kidney cell line HEK293FT (cat.
no. CRL-1573).

Human epithelial cells were cultured at 37°C in a 5% CO, humidified
atmosphere according to standard mammalian tissue culture protocols and using
the recommended culture medium for each cell line (Table 2). DMEM and
DMEM F-12 were purchased from Lonza (Lonza group, Basel, Switzerland; cat.
nos. BE12-604F and BE12-719F respectively) and RPMI Medium 1640 (1X)
from Gibco (Gibco, Carlsbad, CA, USA; cat. no. 21875-034). Media were
supplemented with penicillin-streptomycin (Lonza group; cat. no. DE17-602E),
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non-essential amino acids (NEAA) (Lonza group; cat. no. BE13-114E) and heat-
inactivated fetal bovine serum (FBS) (Biochrom, Cambridge, UK; cat. no. S
0415).

Table 2. Complete media for each cell line. DMEM, Dulbecco’s Modified Eagle’s Medium,;
RPMI, Roswell Park Memorial Institute; FBS, Fetal Bovine Serum; Pen-Strep, Penicillin-

Streptomycin; NEAA, Non-Essential Amino Acids.

Cell line Medium FBS Lo NEAA
Strep
C2BBel DMEM (high glucose) 10% 1% 0.1 mM
HCT116 DMEM F-12 10% 1% -
HCT15 RPMI Medium 1640 10% 1%
HEK293FT DMEM F-12 10% 1%

Culture medium was changed every 2-3 days and cells were detached using
0.25% trypsin-EDTA (Gibco; cat. no. 25200056) and sub-cultured after reaching
70-80% confluence. For cryopreservation, cells were resuspended in growth
medium containing 5% DMSO (Sigma-Aldrich, St. Louis, MO, USA,; cat. no.
67-68-5), frozen at -1°C/minute in an isopropanol-filled freezing container
placed in a -80°C freezer for 24 hours and stored in liquid nitrogen afterwards.
To thaw the frozen cells, vials were placed in a water bath at 37°C before

resuspending them in growth medium and transferring them into culture flasks.

1.3. Stimulation of cell culture and biopsies

For in vitro stimulation of cultured cells and biopsies, pepsin-trypsin digest of
gliadin (PT-G) was prepared as described previously (Bondar et al., 2014).
Briefly, 500 mg of gliadin (Sigma-Aldrich; cat. no. G3375) were dissolved in 5
ml 0.2N HCI and incubated with 5 mg of pepsin (Sigma-Aldrich; cat. no. P6887)
with continuous agitation at 37°C for 2 hours. After incubation, pH was adjusted
to 7.4 with NaOH and the mixture was incubated with 5 mg of trypsin (Sigma-
Aldrich; cat. no. T9935) at 37°C for 4 hours. The solution was heated in a boiling
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water bath for 30 minutes to inactivate the enzymes and the digest was
centrifuged at 2,000 g for 10 minutes. The supernatant corresponding to PT-G
was sterilized by filtering through a 20 pm pore membrane, aliquoted and stored
at -80°C. An enzymatic digest of BSA (pepsin-trypsin digested bovine serum
albumin; PT-BSA) (Thermo Fisher Scientific; cat. no. SH30574.03) was

prepared in the same way and used as a control.

C2BBel cells were incubated at 37°C in 5% of CO,, and challenged with
medium containing either 1mg/ml PT-G or PT-BSA for 4 h. For the stimulation
of biopsies, four tissue portions were taken from each of the 7 patients on GFD
and 8 non-CD controls studied. Two portions from each individual were
incubated in 150 pl RPMI-1640 10X medium at 37°C and 5% CO, during 4 h,
with (challenged) or without (unchallenged) 250 pug/ml PT-G.

1.4. DNA and RNA isolation

Total DNA and RNA were isolated using the NucleoSpin Blood kit and
NuceloSpin RNA Kit, respectively (Macherey-Nagel, Diiren, Germany; cat. no.
740955.250 and 740951.250) according to the protocol supplied by the
manufacturer. Briefly, frozen biopsy samples were disrupted with disposable
plastic pellet pestles. In the case of cultured cells, these were collected by

centrifugation.

For DNA isolation, 25 pl of proteinase K and 200 pl of Buffer B3 were added to
the samples, and these were incubated at 70°C for 20-30 min. Ethanol (210 pul)
was added to each sample and these were loaded to NucleoSpin Blood Columns.
The samples were centrifuged at 11,000 g for 1 min, and washing steps were

performed. DNA was eluted in H,0.

For RNA isolation, 350 pl Buffer RA1 and 3.5 ul B-mercaptoethanol were added

to the cell pellet or to the ground tissue, and the samples were loaded to
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NucleoSpin Filter. Ethanol (350 pl) was added to the homogenized lysate, and
this was loaded to NucleoSpin RNA Column. The samples were centrifuged at
11,000 g for 30 s and 350 ul MDB was added. The samples were centrifuged at
11,000 g for 30 s and 95 ul DNase reaction mixture was applied onto the center
of the silica membrane column. After three washing steps RNA was eluted in
RNase-free H,0.

The concentration and purity of the DNA and RNA samples were determined by
UV spectrophotometry on a NanoDrop 1000 apparatus (Thermo Fisher

Scientific, Boston, MA, USA) and samples were stored at -80°C until use.

1.5. Data sets

For co-expression analyses, microarray data from previous Human U133 Plus 2.0
Array experiments (Affymetrix, Santa Clara, CA, USA) (Castellanos-Rubio et
al., 2008) was downloaded from the EBI Array Express database
(http://www.ebi.ac.uk/microarray-as/ae/):

- Long-term experiment: data from the E-MEXP-1828 experiment,
consisting of nine active CD patients at diagnosis who were on a gluten-
containing diet at that time, with 9 CD patients on GFD for more than 2
years were used to study the long-term exposure to gliadin.

- Acute experiment: data from the E-MEXP-1823 experiment, consisting of
portions of 10 GFD-treated CD patients that had been incubated separately
in 1 ml of RPMI medium, with and without the addition of 10 pg/ml

gliadin for 4 h were used to study acute exposure to gliadin.

On the other hand, RNA-seq data with experiment number SRP077708 was
retrieved from NCBI's Sequence Read Archive (SRA)
(http://www.ncbi.nlm.nih.gov/sra/). RNA-seq was performed by paired-end
sequencing of 75 nucleotides was carried out in a HiScanSQ platform (Illumina,
San Diego, CA, USA).
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- Epithelial cell enriched fraction: epithelial cells express the epithelial cell
adhesion molecule EpCAM (CD326) on their surface. Data from 10 active
CD patients and 12 non-celiac controls were available.

- Immune cell enriched fraction: leukocytes harbor the CDA45 antigen
encoded by the PTPRC gene. Data from 7 active CD patients and 5 non-

celiac controls were available.

For the study of DNA methylation in CD, data from a previous Illumina Infinium
HumanMethylation450 microarray were retrieved from NCBI's Gene Expression
Omnibus (GEO) database (https://www.ncbi.nim.nih.gov/geo/); experiment
GSEB84745 consited of methylation data from the epithelial and immune fractions

separated from duodenal biopsies of 10 CD patients and 10 controls.

The thesis manuscript as well as the appendixes of this thesis (Appendix 1 to 9)

and their legends are deposited in https://labur.eus/SvteM .

2. Methods
2.1. Whole genome co-expression in CD
2.1.1. Identification of TFs and miRNAs in co-expression changes
2.1.1.1. Co-expression analysis
Co-expression analyses were performed using microarray data. Probes from the
expression arrays were translated to gene names using the manifest of the array
or using BLAST (Altschul et al., 1997) of the probe sequences against the human

reference genome hgl9. If a gene was represented by more than one probe, the

median of all probe intensities was taken as the expression level of the gene.

To prioritize the most informative genes, only those genes whose expression was

more variable than the median gene were selected for co-expression analyses,
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using the “varianceBasedfilter” function in the Differential Co-expression
Analysis and Differential Regulation Analysis of Gene Expression Microarray
Data (DCGL) R package (Yang et al., 2013). Co-expression modules were
defined using the Weighted Correlation Network Analysis (WGCNA) R package
(Langfelder and Horvath, 2008). The “power” parameter was set using the best
value in the “Scale Free Topology Model Fit” analysis. In addition, gliadin-
induced changes in co-expression were also analyzed, considering differentially
co-expressed genes (DCGs) as those genes that change significantly their
relationships with the rest of the genes in their original module, when comparing
active and GFD samples in the case of the long-term experiment, and gliadin-
challenged and unchallenged samples in the case of the acute experiment, and
viceversa. DCGs were identified using the DCGL R package, and those with a
nominal p-value < 0.05 were considered. Finally, we also identified the co-
expression modules within the DCGs themselves, using the WGCNA package.

The workflow of the study is summarized in Figure 7.
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Microarray data

Probes to genes
(Manifest + BLAST)

Variable genes
(DCGL R package)

L

Classification of genes into
modules
(WGCNA R package)

L 4

Identification of DCGs
(DCGL R package)

Construction of modules of DCGs
(WGCNA R package)

Figure 7. Flowchart of the microarray data analysis.

2.1.1.2. Selection of regulatory candidates

DCGs within each co-expression module were compared to the rest of the
genome in order to detect overrepresented miRNA and transcription factor
binding sites (TFBS), using the FatiGO tool available in the Babelomics v4.3
suite (http://v4.babelomics.org) (Medina et al., 2010). In general, default
parameters were used (p < 0.05, adjusted by FDR). Particularly, in the case of
miRNASs, miRBase Target database (Griffiths-Jones et al., 2006) was used to
identify miRNA-target relationships. In the case of TFs, the promoter regions of
the selected genes were interrogated for TF-specific motifs, according to the
TRANSFAC curated TFBS database (Wingender, 2000). Groups of DCGs with
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enrichment for a particular TFBS as well as their complete, original modules
were compared to the rest of the genome in order to detect significantly
overrepresented Gene Ontology (GO) terms (levels from 4 to 7) using the
FatiGO tool.

2.1.2. Experimental confirmation of candidates

2.1.2.1. Gene expression analyses

MRNA transcription in duodenal biopsies was measured by quantitative real-time

polymerase chain reaction (QRT-PCR).

2.1.2.1.1. Candidate Genes and Assays

We selected regulatory TFs and miRNAs out of the significant hits in the
enrichment analysis for experimental validation, using the following criteria:
1) Repetition of the terms in at least three different modules.

2) Previous literature.

Application of these criteria resulted in 5 TFs: ELK1, NFKB1, HOXA5, CREB1
and IRF1.

In the case of MiIRNASs, application of the same criteria resulted in 9 miRNAs.
pri-miRNAs of the candidate miRNAs were selected as a surrogate of their
expression at the genic level (Table 3). Mature miRNAs of two of them were also
studied.
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Table 3. Candidate mature miRNAs and their primary miRNAs. Genomic coordinates

(GRCh37/hg19) and miRBase accession codes are shown for stem-loop sequences.

Stem-loop sequence

%:QEX Location (hg19) miRBai((a) ggcession mature miRNA
hsa-mir-33a chr22:42296948-42297016 MI10000091 hsa-miR-33a
hsa-mir-92a-1 chr13:92003568-92003645 MI10000093 hsa-miR-92a
hsa-let-7b chr22:46509566-46509648 MI10000063 hsa-let-7b-3p
hsa-mir-503 chrX:133680358-133680428 M10003188 hsa-miR-503
hsa-mir-655 chr14:101515887-101515983 MI10003677 hsa-miR-655

hsa-mir-17 chr13:92002859-92002942 MI10000071 hsa-miR-18a-3p
hsa-mir-26b chr2:219267369-219267445 MI10000084 hsa-miR-26b
hsa-mir-520b chr19:54204481-54204541 MI10003155 hsa-miR-520b
hsa-mir-520e chr19:54178965-54179051 MI10003143 hsa-miR-520e

Target genes of the candidate TFs were selected using the following criteria

according to ENCODE (https://www.encodeproject.org/) and the University of

California Santa Cruz (UCSC) genome browser (https://genome.ucsc.edu/):

1) Insilico predicted target genes from the DCG sets enriched for a particular

TF, prioritizing those that showed:

a.

d.

promoter.

promoter.

data of the TF at the promoter.

Literature on the relevance to CD pathogenesis.

Target genes with conserved binding sites for the TF at the

Positive chromatin immunoprecipitation-sequencing (ChlP-seq)

H3K27Ac-rich regions as a marker of active chromatin at the

2) Target genes that, although not present in the DCGs, are well defined

targets of a particular TF. Targets were sorted according to the number of

TFs that are controlling them (based on the human/mouse/rat conserved

binding sites from the UCSC genome browser tables utility). Those that

were under the regulation of the fewest TFs were selected in order to find

the most specific ones for each candidate TF.
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All the resulting genes are listed in Table 4, together with the primer and probe
sets used for expression analyses. Primer and probe sets commercially available
as TagMan Assays-on-Demand (Thermo Fisher Scientific) were used for
expression studies. Whenever possible, assays with probes that spanned an exon-

exon junction were chosen to avoid the detection of genomic DNA.

Table 4. TagMan assays used for TF, target genes, pri-miRNA and miRNA expression
analyses. TBP and RNU48 were used as housekeeping controls for protein-coding and pri-

mMiRNA genes, and for miRNAs, respectively.

TFs TagMan assay Id  Location (hg19)

ELK1 Hs00901847_m1 chrX:47494920-47509887
NFKB1 Hs00765730_m1 chr4:103422486-103538459
HOXA5 Hs00430330_m1 chr7:27180671-27183287
CREB1 Hs00231713_m1 chr2:208394616-208468155
IRF1 Hs00971960 m1l chr5:131817301-131826490
Target genes

AKTIP Hs01591423 ml chr16:53524952-53537163
NAMPT Hs00237184_m1 chr7:105888731-105925638
TPK1 Hs01558699 m1l chr7:144149034-144533146
ISG15 Hs00192713_m1 chr1:948803-949920
HIST1H4C Hs00543883_s1* chr6:26104104-26104538
CRTAM Hs00219699_m1 chrl1:122709208-122743347
PLLP Hs00762550_s1* chr16:57290009-57318599
RFX5 Hs00230841_ml chr1:151313116-151319727
NKG7 Hs01120688_gl*  chrl19:51874866-51875969
RAB17 Hs00940833_m1 chr2:238482965-238499736
CISD2 Hs00391903_m1 chr4:103790135-103810399
HDAC4 Hs00195814_m1 chr2:239969864-240322643
WDR43 Hs01064086_m1 chr2:29117509-29171088
CXCL11 Hs04187682_gl*  chr4:76955843-76962568
BATF2 Hs00912737_m1l chrl1:64755415-64764517
WNT11 Hs00182986_m1 chr11:75897369-75917576
GSTA4 Hs01119249 ml chr6:52842751-52860176
TFF1 Hs00907239_m1 chr21:43782391-43786703
PLAUR Hs00958880_m1 chr19:44152732-44174502
TBP Hs00427620 _m1 chr6:170863421-170881957
pri-miRNAs

hsa-mir-33a Hs03293451_pri chr22:42296948-42297016
hsa-mir-520b Hs03295424 pri chr19:54204481-54204541
hsa-mir-26b Hs03302654_pri chr2:219267369-219267445
hsa-let-7b Hs03302548 _pri chr22:46509566-46509648
hsa-mir-655 Hs03304873_pri chr14:101515887-101515983
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hsa-mir-520e Hs03303928_pri chr19:54178965-54179051
hsa-mir-92a-1 Hs03302603_pri chr13:92003568-92003645
hsa-mir-503 Hs03304160_pri chrX:133680358-133680428
hsa-mir-17 Hs03295901_pri chr13:92002859-92002942
mature miRNAs

hsa-miR-26b 000407 chr2:219267369-219267445
hsa-miR-18a-3p 002423 chr13:92002859-92002942
RNU48 001006 chr6:31803040-31803103

*Mapped to single exon.

2.1.2.1.2. cDNA synthesis

Total RNA was reverse transcribed using the iScript cDNA Synthesis Kit (Bio-
Rad, Hercules, CA, USA; cat. no. 1708891). Input RNA (48 ng), 4ul of iScript
Reaction Mix and 1 pl of reverse transcriptase were mixed in a total volume of
20 ul and incubated as follows: priming at 25°C for 5 minutes, retrotranscription
at 42°C for 30 minutes and inactivation at 85°C for 5 minutes. cDNA samples

were stored at -20°C until use.

For mature miRNAs, TagMan microRNA Reverse Transcription Kit (Applied
Biosystems, Waltham, MA,; cat. no. 4366596) and TagMan MicroRNA Assays
(miRNA-specific primer) were used to generate complementary DNA for each
specific miRNA. Input RNA (300 ng), RT primer pool (6 ul), dNTPs (100 mM)
(0.3 pl), MultiScribe Reverse Transcriptase (3 pl), 10X RT Buffer (1.5 ul) and
RNase Inhibitor (0.19 pl) were mixed in a total volume of 12 pl, and incubated
as follows: at 16°C for 30 minutes, at 42°C for 30 minutes and at 85°C for 5

minutes. cDNA samples were stored at -20°C until use.

2.1.2.1.3. Quantitative PCR
Two different platforms were used for qPCR: the Fluidigm BioMark dynamic

array system (Fluidigm Corporation, San Francisco, CA, USA) and the Eco Real-

Time PCR System (lllumina). All gPCR analyses were performed in duplicate in
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the first case, and in triplicate in the second. The expression of housekeeping
genes (TBP for TFs, pri-miRNAs and TF target genes; and RNU48 for mature
miRNAs) were simultaneously quantified in each sample and used as
endogenous controls of input RNA. The relative expression of each gene was
calculated using the accurate Ct method as previously described (Martin-Pagola
et al., 2004). The amount of target, normalized to an endogenous reference and

relative to a calibrator, is given as:

Relative expression = 2744¢!

Where AACt is the difference in the ACt values between the experimental and
control samples, ACt being the difference between the Ct values of the gene of

interest and the housekeeping gene.

2.1.2.1.3.1. Fluidigm BioMark dynamic array system

Expression analyses for TFs, pri-miRNAs and TF-target genes were performed at
the Gene Expression Unit of the University of the Basque Country (UPV/EHU).
Firstly, preamplification of the cDNA from each gene was carried out using the
TagMan PreAmp Master Mix (Applied Biosystems; cat. no. 4391128) following
the manufacturer’s instructions. Briefly, 2.5 pl of PreAmp Master Mix, 1.25 ul of
assay pool (0.2X) and 1.25 ul of cDNA were used in a total volume of 5 pl.
Cycling conditions were as follows: 95°C for 10 minutes followed by 14 cycles
of 95°C for 15 seconds and 60°C for 4 minutes. Afterwards, preamplified cDNAs
were diluted 1:5 with TE buffer. For qPCR analyses, TagMan Fast Advanced
Master Mix (Applied Biosystems; cat. no. 4444557), 2X Assay Loading Reagent
(Fluidigm Corporation; cat. no. 85000736) and 20X GE Sample Loading
Reagent (Fluidigm Corporation; cat. no. 85000746) were employed. Five
microliters of both 10X Assay Premix (mix of 2.5 pul 20X TagMan GE Assay and
2.5 ul 2X Assay Loading Reagent) and Sample premix (mix of 2.5 pl 2X

61



Material and methods

TagMan Fast Advanced Master Mix, 0.25 pl 20X GE Sample Loading Reagent
and 2.25 pl amplified cDNA) were used per inlet. Cycling conditions were as
follows: polymerase activation at 95°C for 1 minute and 35 amplification cycles

at 95°C for 5 seconds and at 60°C for 20 seconds.

2.1.2.1.3.2. Eco Real-Time PCR system

For the quantification of mature miRNAs, TagMan MicroRNA
Assays were used. Five microliters of TagMan Universal PCR
master mix (Thermo Fisher Scientific; cat. no. 4440042), 4.5 ul
of nuclease-free water, 0.5 pl of TagMan MicroRNA Assay and
0.7 ul of the RT product were used per inlet. Cycling conditions
were as follows: polymerase activation at 95°C for 10 minutes
and 40 amplification cycles of 15 seconds at 95°C and 1 minute
at 60°C.

2.1.2.2. Cellular localization of TFs

Localizaion of candidate TFs was determined in C2BBel cells cultured with PT-
G or PT-BSA during 4 h as described in the Material and Methods section 1.3..

2.1.2.2.1. Immunofluorescense assays

C2BBel cells were grown on glass coverslips and treated with PT-G or PT-BSA
for 4 h. Cells were washed with PBS, fixed with 4% formaldehyde/PBS and then
permeabilized with Triton 0.5%, followed by three washes using PBS. Cells were
blocked with blocking solution Image-iT FX signal enhancer (Invitrogen,
Carlsbad, California, USA; cat. no. A31629) and incubated with primary rabbit
IgG antibodies: anti-ELK1 (1:500 dilution; cat. no. ab32106), anti-NFxB
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p105/p50 (1:400; cat. no. ab7971), anti-CREB1 (1:1000; cat. no. ab31387) and
anti-IRF1 (1:1000; cat. no. ab26109) (ABCAM, Cambridge, UK). Slides were
washed with PBS and incubated with the secondary antibody, goat anti-rabbit
IgG (Invitrogen, cat. no. A31627).

Slides were washed with PBS and incubated with primary mouse antibody anti-
E-Cadherin 1:100 (BD Bioscience, San Jose, CA, USA, cat. no. 610182)
(intercellular junction marker), and finally with secondary antibody goat anti—
mouse 1gG (Invitrogen, cat. no. A31621). Slides were mounted with
VECTASHIELD Antifade Mounting Medium with DAPI (Vector Laboratories,
Burlingame, California, USA,; cat. no. H-1200) (nuclear staining) and observed

under a Nikon Eclipse Ti fluorescence microscope.

2.1.2.2.2. Nuclear and cytoplasmic protein extraction

Nuclear and cytoplasmic protein extracts of C2BBel cells incubated with PT-G
or PT-BSA for 4 h were isolated using a commercial Nuclear Extract Kit (Active
Motif, Carlsbad, CA, USA; cat. no. 40010). Briefly, cells were washed with
PBS/Phosphatase Inhibitors and removed from the culture dish by gentle
scraping. Cells were collected by centrifugation at 4°C at 200 g for 5 min. For the
collection of the cytoplasmic fraction, cells were resuspended in 500 pl 1X
Hypotonic Buffer and incubated 15 min on ice to allow cells to swell. Then, 25
pl of detergent solution was added. Once the cells were lysed, the suspension was
centrifuged at 4°C at 14,000 g for 30 s. The supernatant (cytoplasmic fraction)
was stored at -80°C until used, and the pellet was used for the collection of the
nuclear fraction. The pellet was resuspended in 50 pl of Complete Lysis Buffer
and incubated on ice on a rocking platform at 150 rpm for 30 min. The sample
was vortexed and centrifuged at 4°C at 14,000 g for 10 min. The supernatant,

containing the nuclear fraction, was stored at -80°C until used.
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Protein concentrations were measured using the Pierce BCA Protein Assay Kit
(Thermo Fisher Scientific; cat. no. 23227). The working reagent (WR) was
prepared mixing 50 parts of BCA Reagent A with 1 part of BCA Reagent B. The
contents of one BSA ampule was serially diluted into several vials (total volume
of 2.5ul), creating a set of diluted standards as in the manufacturer’s protocol.
Twenty microliters of WR were added to each standard and sample tube, and
they were incubated at 37°C for 30 min. Once the tubes were cooled to room
temperature, absorbance at 562 nm was measured by spectrophotometry and a
standard curve was prepared by plotting the average absorbance of each BSA
standard vs. its concentration in pl/ml. The protein concentration of each sample

was determined using the standard curve.

2.1.2.2.3. Immunoblot analysis

Nuclear and cytoplasmic protein extracts were heat-denatured at 95°C for 5 min,
loaded into 12% SDS-PAGE gels and transferred to nitrocellulose membranes
using the Trans-Blot Turbo Transfer (Bio-Rad). After transfer, membranes were
blocked in 5% non-fat milk in Tris-buffered saline with 0.05% Tween (TBST)
and incubated overnight at 4° C with the following primary mouse I1gG
antibodies: anti-HDAC1 (nuclear control) (1:10000 dilution; ABCAM, cat. no.
ab7028), and anti-a-tubulin (cytoplasmic control) (1:5000 dilution, Sigma-
Aldrich, cat. no. T9026); and the following rabbit 1gG antibodies: anti-ELK1
(1:500; cat. no. ab32106), anti-NFxB p105/p50 (1:400; cat. no. ab7971), anti-
CREB1 (1:1000; cat. no. ab31387), anti-IRF1 (1:1000; cat. no. ab26109)
followed by an incubation of 1 hour with HRP-conjugated anti-mouse 1gG
(1:1000) or anti-rabbit 1gG (1:2000) secondary antibodies (Jackson
ImmunoResearch Laboratories, Inc; West Grove, PA, USA, cat no. 115-035-062
and 111-035-003). Proteins were visualized using SuperSignal West Femto
Maximum Sensitivity Substrate (Thermo Fisher Scientific; cat. no. 34094) on a

ChemiDoc MP system.
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2.1.2.3. Chromatin immunoprecipitation

Chromatin immunoprecipitation (ChlP) experiments were performed in duplicate
using Chromatin Shearing Optimization kit-Low SDS (Diagenode, Seraing,
Belgium; cat. no. AA-001-0100) according to the manufacturer's instructions.
Briefly, C2BBel cells were fixed with 1% formaldehyde and then glycine was
added to stop fixation. Cells were collected by centrifugation and resuspended in
Lysis Buffer iL1 (10 ml buffer iL1 per 10 million cells). Cells were incubated at
4°C for 10 min and centrifuged to pellet the cells. The supernatant was discarded
and Lysis Buffer iL2 was added (10 ml per 10 million cells). Cells were
incubated at 4°C for 10 min and centrifuged to pellet the cells. The supernatant
was discarded and finally Complete Shearing Buffer iS1 (1 ml per 10 million
cells) was added. Chromatin was sheared by sonication using a Bioruptor
apparatus (Diagenode; cat. no. UCD-300 TM) for 5 cycles of 1 min (30 s on and
30 s off) twice at high intensity.

Automated immunoprecipitation was performed using the SX-8G IP-Star
Compact (Diagenode; cat. no. UH-002-0001) according to the manufacturer's
instructions, with 2.5 ug of the anti-CREB1 and anti-IRF1 antibodies used in the
immunofluorescence and the Western blot analyses, together with rabbit 1gG
were used per sample. Enrichment of ChIP was analyzed by qPCR using Mesa
Green MasterMix (Thermo Fisher Scientific) in triplicate. Primer pairs used for
the selected targets covered H3K27ac rich promoter regions, and are listed in
Table 5.
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Table 5. Primer sequences (5’ to 3”) for ChIP-gPCR analyses.

Forward primer

Reverse primer

CISD2 GACGAAGTAGAGACAGCAAGAG

HDAC4 CAGCCTTGCGTCACCTC
IRF1

GGATACTGTGTGCGATGAGATAA
GACGAGCTCTTCATTAGAAACCA

targets WDRA43 GGTCACTTACGAGTATGGGAGA AAGGCACGTACTCCTGGT
CXCL11 CTCTTTGAGTCATGCACCTTTC TCACAGTGCTTTCACATTCTTATC
BATF2 GCCAAGTTTCAGTTTCTCCTAAAG CGGAAGGCCAGTTCATGTTA
AKTIP CGGTCCTGCAAATCAAATCAC CGATACTTCCATGACTGACAGG
NAMPT CGTTGCTTAAGTCACTGCTC CCCTCTCTCCGTTTCCC

;?gEe?Sl TPK1 GGCAGCAGTCGCACTTA GTCGATCGCCGTAGCTC
I1ISG15 TCCCTGTCTTTCGGTCATTC CTTCAGTTTCGGTTTCCCTTTC

HIST1IH4C GGTCCGCCAAGTTTGTATTTAAG

CGACCAGACATGATTCCTATCG

2.1.2.4. Expression of miRNA target genes in CD

We searched for the target genes of the mature miRNAs associated to each

altered pri-miRNA in the miRTarBase database, taking into consideration only

data supported by strong evidence, namely reporter assay and Western blotting

technologies. The expression of the target genes was interrogated in our RNA-

seq dataset of intestinal cell fractions.

2.1.3. Statistical analysis

e We used the corrgram R package to calculate the degree of the correlation

of pairwaise gene-expression and display the results graphically (Friendly,

2002).

e Differences in expression levels were analyzed with the Wilcoxon

matched-pairs signed rank test (matched active and GFD CD patients) or

the Mann Whitney test (unmatched comparisons) using GraphPad Prism

version 5.0 software (GraphPad Software Inc,

La Jolla, CA).

e For Western blot and ChIP-gPCR experiments, one-tailed Student’s t-tests

and paired t-tests were used respectively

GraphPad Prism version 5.0 software.
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2.2. Topologically associating domains in CD
2.2.1. ldentification of altered 3D chromatin structures in CD

2.2.1.1. Co-expression analysis

The co-expression analysis was performed using the RNA-seq data retrieved
from  http://www.ncbi.nlm.nih.gov/sra/, experiment number SRPO77708.
Particularly, we used the total RNA-seq data from the epithelial cell-enriched

fractions from 10 active CD patients and 12 non-celiac controls.

Again, the WGCNA package was used. In this case, due to the characteristics of
the data, results were not available for all transcripts. We included those
transcripts in which half of the samples had FPKM (Fragments Per Kilobase
Million) >1. FPKM values were logl0(FPKM+1) transformed, as suggested by
the authors of the WGCNA package; and the transcripts with higher variance
were kept using the function “varianceBasedfilter” from the DCGL package, and
then default procedure was used. In each analysis the “power” parameter was set

using the best value in the “Scale Free Topology Model Fit” analysis.

The workflow of the study is summarized in Figure 8.
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Figure 8. Flowchart of the RNA-seq data analysis.

2.2.1.2. Overlap of selected genomic features

The Intersect tool in BedTools (Quinlan and Hall, 2010) was used to find
overlaps between genomic coordinates of conserved TADs (Dixon et al., 2012)

and genes from the co-expression modules identified in the RNA-seq data.

Genomic regions were selected for further characterization according to the

following criteria:

e Potential disruption of TADs: TADs that overlapped with genes that were
co-expressed in controls but were not co-expressed in active CD.

e Potential merge of TADs: Regions where nearby genes from different
adjacent TADs were not co-expressed in controls, but were so in active
CD. The distance between TADs was calculated using BedTools. Two Mb

was defined as the maximum distance after removing outliers (Figure 9).
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Based on that distance, the window method in BedTools was used to find
TADs close to each other.
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Figure 9. Box-plot and histogram used to calculate the distance between adjacent TADs. The
distance between TADs is shown in each of the graphs. The red line shows the maximum

distance after removing outliers, 2 Mb.

Finally, genomic coordinates of the selected regions that overlapped with SNPs
associated with CD with a nominal p value below 0.05 (Garcia-Etxebarria et al.,
2016) were identified using the intersect method in BedTools. A candidate was
selected for each criterion (disruption and merge) for experimental validation,
namely HSCB-XBP1 region located in hgl9 chr22:29040000-29360000, and
PROCR-ROMOL1 region located in hg19 chr20:33480000-34320000.

The workflow of the study is summarized in Figure 10.

co-expression modules Conserved TADs
(RNA-seq data) (Dixon et al., 2012)

BedTools - intersect
Overlap of genomic coordinates

Define close:
Disruption of TADs ‘ ‘ Merge of TADs ):— BedTools - closest
BedTools - window

Identification of candidate regions:
BedTools - intersect
Overlap of genomic coordinates

SNPs associated to CD
(Garcia-Etxebarria et al., 2016)

Figure 10. Flowchart of the methodology used for the TADs analysis.
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2.2.2. Experimental confirmation of candidates

2.2.2.1. Chromatin accessibility experiment

HCT116, HCT15 and HEK293FT cell cultures were washed with HBSS and
cells were harvested by trypsinization. Cells were centrifuged at 1,500 rpm for 5
min and resuspended in 1 ml PBS, 1ml C1 lysis buffer (1.28 M sucrose, 40 mM
Tris HCI, 20 mM MgCl,, 4% Triton X-100) and 3 ml H,O (+ proteinase
inhibitor). Cells were incubated on ice for 15 min and nuclei were collected by
centrifugation at 4°C and 2,500 rpm for 15 min. Up to 120,000 nuclei were
resuspended in a total volume of 100 ul wash buffer (10 mM Tris, pH 7.4, 60
mM KCI, 15 mM NaCl, 5 mM MgCl, and 300 mM sucrose). DNase (10 pl)
(Macherey-Nagel; cat. no. CAS 9003-98-9) and 90 ul of DNase reacting buffer
were added to each sample. A control sample was incubated in DNase reacting
buffer without DNase. The reactions were incubated at 37°C for 20 min, and
stopped by adding stop buffer (nuclei wash buffer supplemented to 50 mM
EDTA). DNA was extracted as described in the Material and Methods section
14.

Finally, to confirm whether samples had been successfully digested and to
analyze chromatin accessibility in the interrogated regions, gPCR was performed
in DNase-treated samples and in undigested controls using primers for
constitutively open and closed chromatin regions, and primers for the
interrogated  regions.  Primers  were designed using  Primer3Plus

(http://www.bioinformatics.nl/cgi-bin/primer3plus/primer3plus.cgi) (Table 6).

Table 6. Primer sequences (5 to 3°) for chromatin accessibility experiment. TBP and GAPDH

were used as closed and open chromatin control regions, respectively.

Forward primer Reverse primer

HSCB-XBP1 region TCCCAAAGTGCTGGGATTAC AATACTGCCACCCAGTGACC
PROCR-ROMOL1 region ACTGTCGCCCTTAAGTTCACTC GCTTTTCCAGCCTCCTGTAG
TBP gene body TTGGCAGGCCTACAGTTTTC  AAACTGGTCAGCCTTCTTGC

GAPDH promoter AAGGTGAAGGTCGGAGTCAAC CCCATACGACTGCAAAGACC
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2.2.2.2. Disruption of DNase | hypersensitive sites

CRISPR-Cas9 technique was used to permanently disrupt two DNase |
hypersensitive sites (DHSs) harboring CTCF binding sites in different epithelial
cell lines by deleting hgl9 chr22:29186082-29186523 and hgl9
chr20:34026814-34027191 regions within the HSCB-XBP1 and PROCR-ROMO1
regions, respectively. A schematic representation of the procedure is shown in
Figure 11.
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Figure 11. Schematic representation of CRISPR-Cas9 mediated deletion of DNase |
hypersensitive sites in epithelial cells. Steps for reagent design, construction, validation and cell
line expansion are depicted. Custom sgRNAs (blue bars) and genotyping primers are designed
in silico. sgRNA guide sequences are cloned into a vector bearing sgRNA scaffold and Cas9.
The plasmid is then transfected into cells and the ability to mediate targeted cleavage is
checked. Finally, transfected cells are clonally expanded to obtain cell lines with defined
mutations. Adapted from Ran et al., 2013 (Ran et al., 2013).
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2.2.2.2.1. sgRNA design

The deletion of DHSs was expected to provoke a more drastic effect.
Particularly, CTCF binding site enriched regions were chosen in order to alter
putative TAD boundaries, as mentioned previously. Flanking regions of up to
200 bp upstream and downstream of each DHS were used as input for the online
software CRISPR Design Tool32 (http://crispr.mit.edu) to search for protospacer
target sequences that can be cut by Cas9 nuclease. The output included several
20 bp target options, with different specificity values based on a statistical
algorithm of off-target hits. The best outputs for each region were chosen to

ensure efficiency and avoid off-target mutations (Table 7).
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2.2.2.2.2. sgRNA cloning

Complementary sgRNA oligos were phosphorylated and annealed by mixing 1 pl
(100 pM) of each oligo in 1 pl 10X T4 DNA ligation buffer and 0.5 pl of T4
PNK Polynucleotide kinase (New England Biolabs, Ipswich, MA, USA,; cat. nos.
B0202S and M0201L) in a final volume of 10 pl under the following conditions:
incubation at 37°C for 30 minutes, 95°C at 5 min and ramp down to 25°C at
5°C/min. Then, the annealed sgRNASs were inserted at the sgRNA scaffold site of
the px459 plasmid vector (Figure 12) (Addgene, Cambridge, MA, USA).
Cloning of the oligonucleotides into the vector consisted of a digestion, followed
by a ligation reaction. Two micrograms of vector were digested with 2 pl of fast
digest Bbsl enzyme and 2 pl of Fast Digest Green Buffer (10X) (Thermo Fisher
Scientific; cat. nos. FD1014 and B72) in a final volume of 20 ul at 37°C for 1 h.
The digestion was tested by electrophoresis (150 V — 15 min in 1% gel agarose)
visualized on a ChemiDoc MP system, and subsequently purified with
Nucleospin Gel and PCR clean up kit (Macherey-Nagel; cat. no. 740609.250)
following the manufacturer’s instructions. Fifty nanograms of digested vector
and 1 pl of annealed oligonucleotides were ligated with T4 DNA ligase (New
England Biolabs; cat. no. M0202S) for 1 h.

A GFP or
u6 CBh _ .c NLS SpCas9 2A puro NLS bGHpA

s | I )i [
sgRNA scaffold

Figure 12. Schematic representation of px459 plasmid containing Cas9 and the sgRNA

scaffold. The guide oligos contain overhangs for ligation into the pair of Bbsl sites in the
plasmid. Digestion of the plasmid with Bbsl allows the insertion of annealed oligos. Adapted
from Ran eta al., 2013 (Ran et al., 2013).
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2.2.2.2.3. Bacterial transformation and selection

The ligated construct was transformed into Subcloning Efficiency E. coli DH5a
Competent Cells (Thermo Fisher Scientific; cat. no. 18265-017) by heat shock
following the protocol supplied. Bacteria were seeded onto 50 pg/ul ampicillin-
containing LB agar plates and incubated overnight at 37°C. Several colonies
were picked and incubated overnight at 37°C in LB medium with ampicillin to
amplify the recombinant plasmid. Plasmid DNA was extracted using the
NucleoSpin Plasmid EasyPure kit (Macherey-Nagel; cat. no. 740727). Digestion
of 500 ng of plasmid DNA was performed with 1 pl of Bbsl enzyme, 0.5 pl of
Agel enzyme (Thermo Fisher Scientific; cat. no. ER1461), and 2 ul of Fast
Digest Green Buffer (10X) in a final volume of 20 pl and at 37°C for 1 h.

Visualization of electrophoresis bands was used for clone selection.

2.2.2.2.4. Cell line editing

HCT116 and HCT15 cells were reverse transfected with 600 ng of the
recombinant plasmid using XTremHP DNA reagent (Invitrogen; cat. no.
06366236001), and HEK293FT cells were reverse transfected with 300 ng of
plasmid using Lipofectamine 2000 (Thermo Fisher Scientific; cat. no. 11668-
027). Transfection was performed in 24-well plates at a density of 100,000 cells
per well, following the manufacturer’s protocols. After overnight incubation,
puromycin was added to a final concentration of 4 pg/ml, and cells were
incubated for another 48 hours to select for transfected cells. For mutational
analysis, cells were lysed in 300 pl of Lysis Buffer (50 mM Tris pH8, 50 mM
KCI, 2.5 mM EDTA, 0.45% NP-40, 0.45% Tween 20 and 10 pl of 10 pg/ul
Proteinase K). Samples were incubated at 60°C for 2 hours and then proteases
were inactivated at 95°C for 10 min. PCR was used to amplify the target region
using flanking primers, and wild-type and truncated genomic fragments were

distinguished by gel electrophoresis.
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2.2.2.2.5. Clonal expansion

Single-cell isolation was performed in 96 well plates by seeding cells at low
density (1 cell per five wells). Isolated cells were expanded until healthy colonies
were formed, and mutational analyses were performed as previously described to

select the clones harboring the mutation.

2.2.2.3. Gene expression analysis

For the study of the disruption in the PROCR-ROMOL1 region, expression and
co-expression of PROCR and ROMO1 genes was measured in edited and wild-
type epithelial cell lines. Expression analyses were performed with SYBR green
detection and primers were selected from PrimerBank

(https://pga.mgh.harvard.edu/primerbank) (Table 8).

RNA was isolated from edited and wild-type cells as described in the Material
and Methods section 1.4., and cDNA was synthesized as described in the
Material and Methods section 2.1.2.1.2..

gPCR analyses were performed in duplicate and the expression of the
housekeeping gene HPRT was simultaneously quantified and used as endogenous
control of input RNA. The Eco Real-Time PCR system was used and relative
expression of each gene was calculated as described in the Material and Methods
section 2.1.2.1.3.. Briefly, iTaq universal SYBR Green Supermix (Bio-Rad; cat.
no. 172-5121) was used and the cycling conditions were: 30 seconds at 95°C,
followed by 40 cycles of 15 seconds at 95°C and 1 minute at 60°C; and 15
seconds at 95°C, followed by 15 seconds at 55°C and 15 seconds at 95°C for the

melting curve analysis.
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2.2.2.4. Characterization of cell lines

Genotyping of SNPs rs6060369, rs224371 and rs2104417 was performed in
HCT116, HCT15 and HEK293FT cell lines. These SNPs were selected because
they are tag SNPs of the associated-SNP haplotypes that are located between the
two TADs in the PROCR-ROMOL1 region.

SNPs were genotyped using predesigned rhAmp SNP Assays (Integrated DNA
Technologies, Coralville, 1A, USA) (Table 9). Bi-allelic discrimination was
achieved through the competitive binding of two allele specific forward primers,
one labelled with FAM dye and the other with Yakima Yellow (YY) dye.

Table 9. Predesigned Genotyping assays for genotyping experiment.

SNP ID Assay name Location (hg19)
rs6060369 Hs.GT.rs6060369.C.1 chr20: 33907160
rs224371  Hs.GT.rs224371.A.1 chr20: 34074830
rs2104417 Hs.GT.rs2104417.A.1 chr20: 34127870

DNA amplification was carried out on an Eco Real-Time PCR System in 10 pl
reaction volume, containing 40 ng DNA mixed with rhAmp Genotyping Mix
(rhAmp Genotyping Master Mix and rhAmp Reporter Mix w/Reference)
(Integrated DNA Technologies; cat. nos. 1076015 and 1076021) and rhAmp SNP
Assays (Integrated DNA Technologies). Cycling conditions were 95°C for 10
minutes, followed by 45 cycles of 95°C for 10 seconds, 60°C for 30 seconds and
68°C for 20 seconds.

2.2.3. Statistical analysis

Chromatin accessibility was quantified using the shift in Ct values between

digested and undigested chromatin, and candidate regions were compared to the
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closed-chromatin control (TBP) using one-tailed Student’s t-tests. GraphPad

Prism version 5.0 software was used to assess differences between groups

Expression and co-expression in cultured cells were assessed by the Mann
Whitney test and Spearman’s correlation test, respectively. GraphPad Prism

version 5.0 software was used to assess differences between groups.

2.3. Acute changes in methylation patterns in CD

DNA methylation was studied in 8 non-celiac control and 7 CD treated patient’s
biopsy samples incubated with and without gliadin as described in the Material
and Methods section 1.3.. DNA was isolated as described in the Material and
Methods section 1.4..

2.3.1. Bisulfite conversion

For the conversion of unmethylated cytosines to uracil, EZ DNA Methylation-
Lightning Kit (Zymo Research, Irvine, CA, USA; cat. no. D5030) was used.
Briefly, 130 pl of Lightning Conversion Reagent were added to 20 pl of DNA
sample (300 ng), and placed in a thermal cycler at 98°C for 8 min and 54°C for
60 min. Samples were loaded into the Zymo-Spin IC Column containing M-
Binding Buffer, and after centrifugation, M-Wash Buffer was added to the
column. L-Desulphonation Buffer was added and incubated for 15 minutes at

room temperature. Converted DNA was eluted in 20 pl of M-Elution buffer.
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2.3.2. Amplification, quantification, purification and normalization of

selected regions

PCR amplification of bisulfite-converted DNA was performed in relevant regions
prior to sequencing. Regions of interest were selected according to the following

criteria;

o Differentially methylated regions (DMRSs) identified in a previous work
from our group (Scientific Reports, under review) that showed expression
changes upon 4 h gliadin stimulation in the acute microarray experiment:
hgl9 chr2:240271171-240271276 region harboring the HDAC4 gene
body.

e Top DMRs identified in the epithelial fraction in the same work: the hg19
chr6:30131458-30132471 region mapping to part of the 5'UTR, the first
exon, and the gene body of TRIM15; hgl9 chr6:32819858-32820249,
mapping to the TAP1 promoter; and hgl9 chr6:31322766-31323506,
mapping to the HLA-B promoter.

e Top expression changes upon 4 h gliadin stimulation in the acute
microarray experiment that have differentially methylated positions
according to the literature: the hgl9 chrl7:26732864-26733385 region,
mapping to the promoter of SLC46A1 (Diop-Bove et al., 2009), and the
hgl9 chr7:24796542-24797487 region, mapping to the promoter of
DFENAS (Kim et al., 2008).

Primers were designed using the MethPrimer 2.0 online platform
(http://www.urogene.org/methprimer2/), which performs in-silico bisulfite
conversion of the target sequence. In the case of SLC46A1 and DFNA5
promoters, primers were designed manually, since the platform was not able to
design them appropriately. GAPDH was amplified with standard genomic
primers and primers for bisulfite-treated samples, in order to evaluate conversion
efficiency (Table 10).
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Amplifications were performed using the PyroMark PCR Kit (Qiagen, Hilden,
Germany; cat. no. 978703 VF 40) in a 40-pl PCR reaction containing 15 ng of
bisulfite-converted DNA mixed with 20 pl PyroMark PCR Master Mix 2X, 4 pl
CoralLoad Concentrate 10X, 2.4 pul MgCl, (25 mM), and 0.8 pl of each primer
(10 uM). Cycling conditions were 95°C for 15 minutes, followed by 50 cycles of
94°C for 30 seconds, 56°C for 30 seconds and 72°C for 30 seconds, and a final

extension at 72°C for 10 minutes.

Amplification products were tested by electrophoresis. The intensity of the bands
was measured using Image Lab v5.2.1. PCR products from the same individuals
were pooled at equal concentrations to construct equilibrated amplicon pools for
each sample. NucleoSpin Gel and PCR Clean-up (Macherey-Nagel; cat. no.
740609.250) was used to purify the amplicon pools of each individual prior to

sequencing.

Finally, the DNA concentration in each pool was measured by fluorescence
(QuBit) and normalized to 0.2 ng/ul. Libraries were generated with a Nextera XT
kit (Illumina) and were sequenced in an Illumina MiSeq system using the Miseq
Reagent kit v3 (600 cycles, 25M reads) (lllumina) in the Sequencing and
Genotyping Unit of the University of the Basque Country (UPV/EHU).
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2.3.3. Methylation analysis using Next-generation sequencing

Next-generation sequencing (NGS) reads were mapped against the bisulfite
converted sequences prepared in Meth Primer 2.0
(http://www.urogene.org/methprimer2/) using Bowtie v2.2.6 (Langmead and
Salzberg, 2012). Then, Samtools v1.4 (Li et al., 2009) was used to determine the
basic  statistics of the mapping success and  bam-readcount
(https://github.com/genome/bam-readcount) was used to obtain the counts of
each nucleotide for each position. Home-made scripts written in Python and R
were used to parse the last file to retrieve the C/T proportion for each CpG and
non-CpG C position. Only the amplicons with a C proportion smaller than 5% in

non-CpG positions were used for downstream analyses.

The workflow of the study is summarized in Figure 13,

NGS reads

Mapping against bisulfite converted reference
(Bowtie v2.2.6)

Get statistics
(Samtools v1.4)

L J

Get the counts
(bam-readcount)

C/T proportion for each C position
(scripts written in Python and R)

Figure 13. Flowchart of the bisulfite NGS analysis.
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2.3.4. Statistical analysis

Methylation differences between GFD without gliadin vs. controls without
gliadin, as well as controls with gliadin vs. without gliadin, and GFD with gliadin

vs. without gliadin were analyzed with Mann Whitney tests carried out in R.
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Results

1. Whole genome co-expression in CD

Using co-expression analyses we aimed to identify groups of co-transcribed

genes that might share common regulatory elements.

1.1. Co-expression alterations in CD upon gliadin challenge

Out of the 19,851 protein-coding genes in the expression array, those that were
more variable than the median gene of each of the experiments were used to
construct co-expression modules. In the acute experiment, 6,863 genes were
assigned to 18 modules in unchallenged biopsies (Appendix 1) and to 16
modules in the gliadin-challenged biopsies (Figure 14A) (Appendix 2). In the
long-term experiment, 8,342 genes were included in 35 modules in GFD samples
(Appendix 3), and in another 35 modules in active samples (Figure 14B)
(Appendix 4).

A B
Unchallenged  Gliadin-challenged GFD Active

Co-expression

Co-expression >
i el module

module g

Figure 14. Genome-wide co-expression in the A) acute and B) long-term experiments. Co-
expression modules in unchallenged, gliadin-challenged, GFD and active samples are
represented. Each color in represents a co-expression module, and the asterisk points to those

genes that do not belong to any co-expression module.
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Results

We then searched for differentially co-expressed genes or DCGs in each of the
two experiments (Figure 15). In the acute experiment, co-expression was
disrupted in 21.71% and 9.93% of the genes in unchallenged (Appendix 5) and in
gliadin-challenged biopsies (Appendix 6), respectively, when those groups were
compared to their counterparts. In the long-term experiment, co-expression was
disrupted in 14.68% and 12.60% of the genes in the GFD (Appendix 7) and the
active CD patients group (Appendix 8), respectively, when those groups were
compared to their counterparts. In addition, DCGs also created co-expression

modules (Figure 15, Appendix 5-8).
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Unchallenged vs. Gliadin-challenged vs.
Gliadin-challenged Unchallenged
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- DCGs M}iule of DCGs

GFD vs. Active Active vs. GFD

GFD Active GFD Active

Figure 15. DCGs in the A,B) acute and C,D) long-term experiments. Co-expression modules
and DCGs (to the left in A and C, to the right in B and D), and the new co-expression modules
formed by DCGs and represented by sections (to the right in A and C, to the left in B and D) are
shown for each comparison. An example of each term is indicated in the figure.
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1.2. Identification of regulatory elements involved in alterations of co-

expression

DCGs and the modules of DCGs were further analyzed to ascertain whether there
was any overrepresentation of putative regulatory elements that could be

involved in the alterations of co-expression.

Regarding TFs, in the acute experiment three modules showed TFBS enrichment
(Table 11): the DCGs of the Magenta module in unchallenged biopsies were
enriched for HOXADS binding sites (Appendix 5); the DCGs of the Purple module
in gliadin-challenged biopsies showed increased number of HOXADS5, IRF1 and
NFKB1 binding sites (Appendix 6); and the Yellow module of DCGs in gliadin-
challenged biopsies showed enrichment for HOXAS binding sites (Appendix 6).
In the long-term experiment (Table 11), DCGs of the Brown module in GFD
samples showed binding site enrichment for GFI1, FOXI1, ELK1, CREBI],
GABPA, HOXA5, MYF and RORA (Appendix 7).

Regarding miRNAs, in the acute experiment, three modules showed miRNA
enrichment (Table 12): DCGs of the Turquoise module in unchallenged biopsies
(Appendix 5) and the Brown and the Turquoise co-expression modules of DCGs
in unchallenged biopsies (Appendix 5). In the long-term experiment, nine
modules showed miRNA enrichment (Table 12): DCGs of the Black and the
Brown modules in GFD samples (Appendix 7), the Green and the Red modules
of DCGs in GFD samples (Appendix 7), DCGs of the Black, the Blue and the
Pink modules in active samples (Appendix 8), and the Brown and the Turquoise

modules of DCGs in active samples (Appendix 8).
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1.3. Selection of candidate regulators and TF-target genes for

downstream analyses

Selection of candidate regulators for experimental validation was done according
to repetition of terms and previous literature as indicated in the Material and
Methods section.

Several of the selected candidates had been previously related to inflammation,
like IRF1 (Guo et al., 2010) and CREB1 (Wen et al., 2010) or to other pathways
associated with CD, including the Toll-like receptor pathway, as hsa-miR-92a
(Lai et al., 2013) and hsa-let-7b-3p (Teng et al., 2013); the NFkB pathway, as for
example hsa-miR-33a (Kuo et al., 2013), hsa-miR-503 (Zhou et al., 2013), hsa-
miR-18a-3p (Trenkmann et al., 2013), hsa-miR-26b (Zhao et al., 2014), hsa-miR-
520e (Zhang et al., 2012) and NFKB1 (Fernandez-Jimenez et al., 2014); and
Tight Junctions, like ELK1 (Al-Sadi et al., 2013). Other candidates, namely hsa-
miR-655 and the hsa-miR-520b, target MAGI2 (Kitamura et al., 2014) and MICA
(Yadav et al., 2008), respectively, two genes that have been associated with CD
risk (Martin-Pagola et al., 2003; Wapenaar et al., 2016). On the other hand,
significant enrichment for HOXADS targets was observed in several modules of

both the acute and the chronic response experiments.

Regarding TF-target gene selection, the following target genes were selected

according to the criteria defined in the Material and Methods section (Table 13):
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1.4. Transcription factors

1.4.1. Biological functions of modules

To ascertain whether the DCGs and modules of DCGs that showed TFBS
enrichment shared any kind of functional or biological significance, we
performed GO term enrichment analyses. We did not observe any particular
enrichment in the DCGs of the Magenta module (Figure 16A) or in the Yellow
module of DCGs (Figure 16B), while DCGs from the Purple (Figure 16C) and
the Brown (Figure 16D) modules showed several terms related to the disease,
including lysosomal transport (Maiuri et al., 2010) (GO:0007041), apoptosis
(GO:0006915), lymphocyte activation (GO:0046649) and immune system
development (GO:0002520). When the DCGs were removed from their original

modules, no significant GO terms were found in the remaining genes.
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Figure 16. Co-expression and GO annotation studies in DCGs. Co-expression pattern changes
of DCGs in A) Magenta, B) Yellow, C) Purple and D) Brown modules. Each small square
represents the Spearman correlation coefficient (p) between the expression levels of a specific
gene pair (the red-blue scale represents positive to negative correlation). Below, the top 10 GO
annotations for those DCGs compared to the whole-genome. GO terms are indicated in the Y
axis. The X axis shows the logl0(fold-enrichment) (ratio between the percentage of genes
annotated with the GO term in the test set and the number of genes annotated with such term in
the whole-genome (** P < 0.01 and * P < 0.05)).

1.4.2. Expression of candidate TFs and their target genes in CD

Expression analyses in an independent cohort of CD patients and controls
showed that the candidate TFs IRF1, ELK1l, NFKB1 and CREB1 were
significantly upregulated in active disease when compared to GFD patients and
controls. Additionally, out of the 19 target genes selected for those TFs, 17 were

differentially expressed (P < 0.05) in active CD (Figure 17).
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Figure 17. Gene expression results of candidate TFs (active CD, n = 30; GFD CD, n = 29;
control, n = 18) and their target genes (active CD, n = 16; GFD CD, n = 13; controls, n = 14) in
duodenal biopsies. Data are expressed as mean + SD (standard deviation) (*** P < 0.001, ** P
<0.01 and * P <0.05).

1.4.3. Cellular localization of candidate TFs in model cell line

Since an active TF must enter the nucleus to have a biological effect, we
measured the localization of IRF1, NFKB1, ELK1 and CREB1 in C2BBel cells
cultured with PT-G or PT-BSA for 4h. Immunostaining experiments (Figure 18)
showed nuclear localization of the four TFs in both PT-G and PT-BSA cells, but

no significant differences were observed between both conditions.
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Figure 18. Immunofluorescence staining in C2BBel cells upon 4h PT-G/PT-BSA treatment.
CREB1, IRF1, ELK1 and NFKBL1 (green), DAPI (blue) and E-Cadherin (red).

We then investigated the localization of IRF1, NFKB1, ELK1 and CREB1 by
Western blotting of nuclear and cytoplasmic fractions of C2BBel cells cultured
with PT-G or PT-BSA during 4h, in order to observe whether an increment of
nuclear levels of TFs occur upon PT-G stimulation. There were no differences
between both conditions in the case of NFKB1 and ELK1, but PT-G induced a
slight but consistent increase in the nuclear presence of both CREB1 and IRF1
(Figure 19).
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Figure 19. In vitro characterization of selected TFs. A) The translocation of NFKB1, CREB1,
ELK1 and IRF1 to the nucleus was analyzed by Western blot in 3 independent experiments
upon stimulation with pepsin-trypsin digested gliadin (PT-G) or pepsin-trypsin digested BSA
(PT-BSA) as control. HDAC1 and o-tubulin were used as nuclear and cytoplamic controls,
respectively; B) Band intensities were quantified and normalized to the intensity of the HDAC1

band . Mean values were compared with a t-test. Data are expressed as mean + SEM.
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1.4.4. Binding of candidate TFs to their target genes

We performed ChIP experiments in C2BBel cells treated with PT-G or PT-BSA
for 4h to determine whether there was any change in binding upon gliadin
challenge among IRF1 and CREB1 TFs to their target genes.

We could confirm in vitro that HDAC4 and WDRAS3, which were picked from a
co-expression module, were indeed targets of IRF1, but there were no significant
differences between PT-G and PT-BSA conditions. In the case of CREB1, the
specific binding to the targets was as low as the control, unspecific binding, so no

conclusions could be drawn (Figure 20).
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Figure 20. ChIP-gPCR validation for A) IRF1 and B) CREBL1 target genes. ChlIP assays were
performed using anti-TF antibodies in C2BBel cells treated with 4h PT-G or PT-BSA. Mean +
SD for the ChlIP elution and rabbit IgG (negative control) are shown as percentage of the input.
**p <0.01, *P < 0.05.

1.5. microRNAs

1.5.1. Expression of candidate miRNAs in CD

We quantified the pri-miRNAs of the 9 candidate miRNAs as a measure of their

expression at the gene level. Six pri-miRNAs were downregulated in active CD
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patients compared to non-celiac controls. These pri-miRNAs remained

downregulated in patients on GFD (Figure 21).
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Figure 21. Gene expression analysis of of pri-miRNAs in duodenal biopsies from active (n =
29) and GFD treated (n = 29) CD patients and non-celiac controls (n = 18). Data are mean + SD.
(***P <0.001, **P < 0.01 and *P < 0.05).

We also analyzed the expression of two mature miRNAs to check for
concordance with the pri-miRNA results. The mature miRNA has-miR-18-3p,
whose pri-miRNA (has-mir-17) was unaltered in CD, did not show any change.
On the other hand, has-miR-26b, whose primary miRNA was significantly
downregulated in active CD compared to both controls (P = 0.001) and GFD (P =
0.0138), was also less abundant in active disease compared to non-celiac controls
(P = 0.0025) and GFD (P = 0.0125) (Figure 22).
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Figure 22. Gene expression analysis of two mature miRNAs in duodenal biopsies from active
(n =15) and GFD treated (n= 15) CD patients and non-celiac controls (n = 15). Data are mean £
SD. (**P <0.01 and *P <0.05).

1.5.2. Expression of miRNA target genes in CD

Expression of miRNA target genes was interrogated in the total RNA-seq data
from the epithelial and immune cell-enriched fractions from active CD patients

and non-celiac controls.

In the case of hsa-miR-26b, seven of the 35 target genes identified in the
MirTarBase database were differentially expressed (P < 0.05) in the epithelial
fraction (Figure 23A), while in the immune fraction five target genes showed

changes in expression (Figure 23B).
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Figure 23. Expression analysis of target genes for hsa-miR-26b in biopsies from A) epithelial
and B) immune fractions of active CD patients and non-celiac controls. Data are mean + SD.
(**P < 0.01 and *P < 0.05).

Regarding has-miR-33a, two of the 34 target genes identified in the database

were differentially expressed (P < 0.05) in active CD in both epithelial and

immune fractions (Figure 24).
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Figure 24. Expression analysis of target genes for hsa-miR-33a in biopsies from A) epithelial

and B) immune fractions of active CD patients and non-celiac controls. Data are mean + SD.
(**P < 0.01 and *P < 0.05).

Regarding has-let-7b-3p, four of the 36 target genes identified in the database

were differentially expressed (P < 0.05) in active CD epithelial fraction (Figure

25A), while in the immune fraction 2 were differentially expressed (Figure 25B).
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Figure 25. Expression analysis of target genes for hsa-let-7b-3p in biopsies from A) epithelial
and B) immune fractions of active CD patients and non-celiac controls. Data are mean + SD.
(**P < 0.01 and *P < 0.05).

Expression of one of the 9 targets for hsa-miR-520b was altered in epithelial
fractions of active CD patients, as well as two targets out of the six identified in
the case of hsa-miR-520e, and 2 out of the 6 identified in the case of has-miR-
655 (Figure 26).
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Figure 26. Expression analysis of target genes for A) hsa-miR-520b, B) hsa-miR-520e and C)

has-miR-655 in biopsies from epithelial fractions of active CD patients and non-celiac controls.
Data are mean + SD. (**P < 0.01 and *P < 0.05).
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2. Topologically associating domains in CD

CD is a complex disease showing numerous alterations, including changes in
expression and co-expression patterns, but the underlying mechanisms remain
unclear. TADs are functional domains of gene expression coordination and could

be involved in those changes.

2.1. Identification and characterization of candidate regions and genes

We hypothesized that co-expression changes among neighboring genes could be
associated with alterations in TAD organization (Figure 27). Thus, we used
RNA-seq data from the epithelial-cell fraction to build co-expression patterns,
and checked whether co-expressed genes overlapped with conserved TADs. In
healthy individuals 2,826 genes from 11 co-expression modules were
interrogated, and 739 genes were located in 486 TADs. In the case of CD active
patients, 3,992 genes from 18 co-expression modules were studied; and 613 of

those genes were located in 430 TADs.

Controls Active CD

One module, one TAD Two modules, two TADs

= ANA

Two modules, two TADs One module, one TAD

/\
O] 1

Figure 27. Hypothetical models of TAD alterations in CD. Possible cases of A) disruption of

TADs and B) merge of TADs are shown. In the first case two neighboring genes are located in a
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TAD and are co-expressed in controls, while they are not co-expressed in CD, suggesting TAD
disruption. In the second, two neighboring genes are located in different TADs and are not co-
expressed in controls, while they are in CD, suggesting a merge of TADs.

On the one hand, we identified 16 TADs in which changes in co-expression
could indicate disruption of TADs. In these cases, co-expressed genes were
located in the same TAD in controls, but divided into two different co-expression
modules in active disease, suggesting a TAD disruption (Figure 27A) (Table 14).
On the other hand, we also identified 30 putative TADs in which changes in co-
expression could indicate a merge of TADs and consequent new co-expression.
Those TADs are close to each other (less than 2 Mb) and harbor genes that are

not co-expressed in controls, but are so in active CD (Figure 27B) (Table 15).
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We then searched for SNPs associated with CD with a nominal p value below
0.05 that could affect TAD structures and explain changes in co-expression, and
thus we crossed TAD and CD-associated SNP coordinates. We localized 434
Immunochip SNPs grouped into 13 regions overlapping a TAD, out of which 45
were significantly associated with CD, suggesting that they participated in the
disruption of TAD organization (Table 14). We localized 916 SNPs into 25
regions overlapping a putative merge of adjacent TADs, out of which 142 were

significantly associated (Table 15).

Two of these regions were selected for further characterization because they
could be implicated in co-expression changes of annotated genes, rather than
unannotated XLOC signals, and a set of SNPs was identified within them, rather
than an isolated SNP. On the one hand, the HSCB-XBP1 region was located in
hgl19 chr22:29040000-29360000 and could be implicated in the disruption of a
TAD, provoking co-expression alterations between the two genes. On the other
hand, the PROCR-ROMOL1 region was located in hgl9 chr20:33480000-
34320000 and could be implicated in the merge of two adjacent TADs, altering
co-expression between PROCR and ROMO1.

2.2. Chromatin accessibility of the identified regions

We next sought to identify DNase | hypersensitive sites harboring CTCF binding
motifs, in order to determine active chromatin regions that could be TAD
boundaries. In partcular, hgl9 chr22:29186201-29186490 inside the HSCB-XBP1
region, and hg19 chr20:34026861-34027090 within the PROCR-ROMOL region

were identified as DNase | hypersensitive sites (Figures 28, 29).
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Quantitative PCR of DNase digested chromatin was performed in HCT116,
HCT15 and HEK293FT cell lines to determine whether the identified DNase |
hypersensitive sites were accessible to DNase in those cells. Both sites showed
high DNase accessibility in HCT116 and HEK293FT cell lines, indicative of
euchromatin structure; whereas the DNase | hypersensitive site inside the
PROCR-ROMO1 region but not the one inside the HSCB-XBP1 region showed
high DNase accessibility in HCT15 cells (Figure 30).

=== HCT116 (n = 3)
159 == HCT15 (n = 4)

—— HEK293FT (n = 4)
*
*
i 4 I
1 ’

T 1

I I
HSCB-XBP1 PROCR-ROMO1
region region

Figure 30. DNase accessibility. Cultured HCT116, HCT15 and HEK293FT cells were
subjected to chromatin digestion by DNase, followed by quantitative PCR. DNase accessibility
(chromatin accessibility) was quantified using the shift in Ct values between digested and
undigested chromatin. Candidate regions were compared to closed (TBP) chromatin control in
each cell line. Data are mean £ SD (**P < 0.01 and *P < 0.05). Mean TBP value is represented
with the dotted line.

2.3. Gene editing of selected regions

To elucidate the function of the regions identified, CRISPR-Cas9 was used to
permanently disrupt the two DNase | hypersensitive sites harboring CTCF
binding sites in the different epithelial cell models. We performed a 441 bp
deletion inside the HSCB-XBP1 region and a 377 bp deletion in the PROCR-
ROMOL1 region.
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2.3.1. Confirmation of the deletion

Appropriate sgRNAs were cloned in a Cas9 vector and recombinant plasmids
were transfected into epithelial cell lines (HCT116, HCT15 and HEK293FT).
Potential deletions were assessed by PCR using primers flanking the target
region. The deletion in the PROCR-ROMO1 region was observed in HCT15 and
HEK293FT cells (Figure 31).

751 bp

*

Deleted region <L

Del,. @

751 bp . W | <— WT band

HCT15

751 bp w— WT band

374 bp w—Del. band

HEK293FT

Figure 31. Deletion of DNase | hypersensitive sites harboring CTCF binding site within the
PROCR-ROMOL1 region in human cells using CRISPR-Cas9 gene editing technology. Primers
(F and R) flanking the target region were used to confirm the deletion. Del. band = deletion

band; WT band = Wild type band; @ = non-edited lines; Del. = edited lines.

As genome editing was not 100% efficient (WT band is present in all the cases),
a mixed (heterogeneous) population of cells was obtained. We isolated single
cells from this population for clonal expansion. PCR was performed to determine
the presence of the deletion in the clonal cell lines (Figure 32). We were able to
subclone the HEK293FT cells and obtain 6 homozygous clones for the deletion
inside the PROCR-ROMO1 region, but we did not obtain any intestinal clone

with the deletion.
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g g
E__—
!

HEK293FT
(Individual clones)

Figure 32. Example of homozygous (1, 4) and heterozygous (2, 3, 5) HEK293FT clones after
targeted deletion with CRISPR-Cas9. Clonal lines harboring the targeted deletion were
identified by PCR using primers flanking the deletion. Del. band = deletion band.

2.3.2. Expression and co-expression analysis

Expression and co-expression studies were performed to assess whether deletions
affected the regulation of nearby genes. Wild-type (WT) and edited HEK293FT

clones, as well as WT and mixed HCT15 populations were studied.

Regarding the expression of PROCR and ROMO1, no significant alterations were
observed when HCT15 mixed populations were compared to WT cells (Figure
33A). Nevertheless, significant expression differences were observed in
HEK293FT edited cells when compared to WT cells, both in PROCR and
ROMOL (Figure 33B).

A o ROMOIA* B o ROMOI A
= ROMO1 WT = ROMO1 WT
il s+ PROCR a* 5§47 = |a PrROCRA
£ v PROCR WT - K v PROCR WT
P 1.59 B 3
o) -
o . N v 8
Sl = F & 84| .
2 S . , .
© 0.5 & B
O
= 0.0- 2 ol .

Figure 33. Expression analysis of PROCR and ROMO1 in A) HCT15 and B) HEK293FT cell
lines (n = 6 in all conditions). WT = Wild type cells; A = edited cells. *mixed population. Data
are mean = SD. (*P < 0.05).

120



Results

When co-expression was studied, correlation between PROCR and ROMO1 was
not observed in WT HCT15 cells (Figure 34A), while the mixed population
showed a significant correlation in expression (Figure 34B). In the case of
HEK293FT cells, correlation between PROCR and ROMO1 was observed in WT

cells (Figure 34C), while co-expression was disrupted in the edited cells (Figure

34D).
A B
1.2 . 1.2
1 ™~ o ~ *
E 210 : 2 10 :
U O 3 \ O
T (4 L4 « . o
* .
J rho = -0.08571 J rho = 0.8857
-8 P=0.9194 o8 P =0.0333
0.8 1.0 1.2 1.4 0.8 1.0 1.2 1.4
PROCR PROCR
& D
4 4

HEK293FT
ROMO1
N
ROMO1
N

; 1
L) L J
2 S rho = 1 14 e rho = 0.5429
P=0.0167 P=0.2972
0 e T T T o T T T
0.5 1.0 1.5 2.0 0.5 1.0 1.5 2.0
PROCR PROCR

Figure 34. Correlation between ROMO1 and PROCR expression in HCT15 A) WT cell clones
and B) mixed population; and in HEK293FT C) WT cell clones and D) edited cell clones (n =6

in all conditions). Spearman’s rho value and p value (two-tailed) are shown.

2.4. Genotyping of cell lines

Three SNPs representing the haplotypes of disease-associated SNPs that were
located between the two TADs from the PROCR-ROMOL region, were
genotyped in HCT15 and HEK293FT cell lines. We wanted to ascertain whether
there was a correlation between SNP genotypes and the changes in co-expression

observed in the edited cells. HCT15 cells were homozygous for the alternative
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allele of both rs6060369 and rs224371 and heterozygous for rs2104417.
HEK293FT cells were homozygous for the alternative allele in rs6060369 and
heterozygous in the remainig two SNPs (Table 16).

Table 16. Genotypes of HCT15 and HEK293FT cell lines.

HCT15 | HEK293FT

rs6060369 GG AG
rs224371 GG AG
rs2104417 AG AG

3. Acute changes in methylation patterns in CD

DNA methylation is an important epigenetic mechanism involved in gene
regulation. Aberrant DNA methylation is a feature of a number of human
complex diseases, and it could be involved in the response to different stimuli in
CD.

3.1. Bisulfite conversion and methylation-specific NGS

Biopsy portions taken from 7 CD patients on GFD as well as from 8 non-CD
controls were cultured with (challenged) and without (unchallenged) 250 ug/ml
gliadin and genomic DNA was extracted and bisulfite converted. The efficiency
of the bisulfite treatment was assessed by PCR amplification using GAPDH
primers for bisulfite-modified and non-modified DNA (Figure 35).
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Control_@_6 bisulfite

Control_PT-G_5 non-modified

Control_PT-G_& non-modified
Control_@_5 non-modified
Control_@_6& non-modified
GFD_PT-G_& non-modified

Control_PT-G_5 bisulfite
Control_PT-G_6& bisulfite
GFD_PT-G_6 bisulfite

GFD_@_1 non-modified

Control_@_5 bisulfite
GFD_@_1 bisulfite

a .I " '
' - - - - - -
u L™ -_

Figure 35. Example of the efficiency of bisulfite conversion. The absence of PCR
amplification using non-modified primers indicates efficient conversion. GFD = gluten free
treated CD patients; Control = non-celiac controls; PT-G = challenged biopsies; @ =

unchallenged biopsies.

Six genomic regions (mapping to DFNA5, HDAC4, HLA-B, SLC46A1, TRIM15
and TAP1) were amplified by methylation-specific PCR in the bisulfite treated
DNA. Overall, the six amplicons covered 2,023 bp and included 125 CpG sites.
PCR products were checked by gel electrophoresis and band intensities were
calculated using Image Lab v5.2.1 and pooled at equal concentrations for each

sample.

Amplicon pools were sequenced using pair-ended reads in an Illumina MiSeq
machine. In total 23,431,176 reads were obtained and 71.56% of them were

properly aligned to a converted reference sequence (Table 17) (Appendix 9).
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The percentage of cytosines in non-CpG positions was analyzed in order to
quantify the efficiency bisulfite treatment. All non-CpG cytosines were
converted to thymines and read accordingly in more than 98.12% of the reads in

all the samples, pointing the high efficiency of bisulfite conversion (Table 18).

Table 18. Percentage of Cs in non-CpG positions per sample and region. In italics, C
proportions in non-CpG positions > %5 (value > 0.05). In those cases, reads were discarded and
that particular region was not analyzed in the sample. GFD = gluten free treated CD patients;
Control = non-celiac controls; PT-G = challenged biopsies; @ = unchallenged biopsies.

C proportion in non-CpGs
Sample DFNA5 HDAC4 HLA-B SLC46A1 TAP1 TRIM15

Control_@_1 0.0091 0.0069 0.0115 0.011 0.0031 0.0035
Control_@ 2 0.0073 0.1334 0.0259 0.0093 0.004 0.0046
Control_@ _3 0.0069 0.0081 0.0484 0.0097 0.0118 0.0068
Control_@ 4 0.0292 0.0047 0.0041 0.0106 0.0026 0.0053
Control_@ 5 0.0131 0.0078 0.0071 0.0114 0.0069 0.008
Control_@ 6 0.0159 0.1942 0.0105 0.0092 0.008 0.0062
Control_@ 7 0.0741 0.0078 0.0326 0.0135 0.0068 0.0093
Control_@ _8 0.0091 0.01 0.0201 0.0098 0.0072 0.0038
Control_PT-G_1 0.0081 0.006 0.0068 0.0115 0.005 0.0053
Control_PT-G_2 0.1264 0.005 0.0168 0.0121 0.0062 0.0057
Control_PT-G_3 0.0164 0.0058 0.0117 0.0166 0.0046 0.0041
Control_PT-G_4 0.0358 0.01 0.0103 0.0308 0.0112 0.0181
Control_PT-G_5 0.005 0.0128 0.0227 0.0095 0.0089 0.0086
Control_PT-G_6 0.0077 0.008 0.0069 0.0134 0.0055 0.0062
Control_PT-G_7 0.0426 0.008 0.0186 0.02 0.0066 0.0104
Control_PT-G_8 0.0034 0.0019 0.0049 0.0048 0.0022 0.002
GFD @ 1 0.0283 0.0064 0.0142 0.0115 0.0062 0.0062
GFD_ @ 2 0.1086 0.0107 0.0228 0.0162 0.0058 0.0056
GFD_@ _3 0.0108 0.107 0.0052 0.0073 0.0442 0.0018
GFD_@ 4 0.0756 0.0101 0.0087 0.0149 0.0071 0.0065
GFD_@ 5 0.0167 0.0094 0.0029 0.0102 0.0065 0.0054
GFD_@ 6 0.009 0.0142 0.0162 0.0139 0.0069 0.0054
GFD_@ 7 0.0087 0.1653 0.0083 0.1422 0.0042 0.0017
GFD_PT-G_1 0.1368 0.1155 0.0249 0.009 0.0351 0.0037
GFD_PT-G_2 0.0073 0.0496 0.0221 0.0113 0.0252 0.0037
GFD_PT-G_3 0.0054 0.0066 0.0317 0.014 0.0511 0.0022
GFD_PT-G 4 0.0236 0.0067 0.0175 0.0101 0.0095 0.0062
GFD_PT-G 5 0.0162 0.0671 0.0129 0.0308 0.0059 0.0051
GFD_PT-G_6 0.0116 0.0036 0.0232 0.0115 0.0035 0.0054
GFD_PT-G_7 0.0077 0.0238 0.0025 0.0086 0.0094 0.0062
Average 0.0142 0.0102 0.0157 0.0128 0.0093 0.0058

(+/- SD) (+/-0.0102) | (+/- 0.0094) | (+/- 0.0104) | (+/- 0.0058) | (+/- 0.0095) | (+/-0.0031)
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3.2. Methylation alterations in CD

We observed significant hypomethylation in HDAC4, upon gliadin challenge in
control biopsies (Figure 36) but not in samples from GFD patients (Figure 37).
However, this hypomethylation was present in unchallenged biopsies from CD
patients on GFD, when comnpared to unchallenged controls (Figure 38),
pointing out that the HDAC4 region is hypomethylated in GFD patients
regardless of acute gluten exposure. Additionaly, these findings suggest that the

non-celiac intestine is responsive to gliadin.

HDAC4

MIR2467

* o mwpw o .
o 5w

o de bowe
-

—— — PT-G

Figure 36. Methylation profiles of the HDAC4 region in gliadin-challenged and unchallenged
biopsies from non-celiac controls. Asterisks represent significant differentially methylated
positions (DMPs) (*P < 0.05).
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Figure 37. Methylation profiles of the HDAC4 region in gliadin-challenged and unchallenged
biopsies from CD patients on GFD.
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Figure 38. Methylation profiles of the HDAC4 region comparing biopsies from non-celiac
controls and CD patients on GFD. Asterisks represent significant DMPs (*P < 0.05).

On the other hand, results from the present study were used to validate a previous
work carried out by our group (Scientific Reports, under review), where
methylation signatures of CD were studied in the epithelial and immune cell
populations from the intestine. In that work, a hypomethylated differentially
methylated region (DMR) was observed in TAP1 in both the epithelial and the
immune cells from active CD patients compared to controls. Another DMR was
found in the epithelial fraction in HLA-B. In this thesis, 6 CpG sites per locus
were studied in an independent cohort of 7 GFD CD patients and 8 controls, and

the results were replicated (Figures 39 and 40).
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Figure 39. Methylation profiles of the TAP1 region comparing unchallenged biopsies from CD

patients on GFD and from non-celiac controls. Asterisks represent significant DMPs (*P <

0.05).
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Figure 40. Methylation profiles of the HLA-B region comparing unchallenged biopsies from
CD patients on GFD and from non-celiac controls. Asterisks represent significant DMPs (*P <
0.05).
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Discussion

Celiac disease is a complex autoimmune disease that develops in genetically
predisposed individuals upon exposure to dietary gluten. HLA-DQ2 and HLA-
DQ8 haplotypes account for around 40% of the genetic contribution to CD and
are present in almost all celiac patients. The majority of efforts aimed at
identifying the genetic predisposition to the disease have relied on SNP
association studies, and the contribution of common genetic variation identified
is able to explain around 50% of the heritability (Trynka et al., 2011). However,
other layers of genomic information that are independent from DNA sequence
variation could also contribute to the pathogenesis of CD but have been left

unscrutinized.

In this aspect, epigenetic mechanisms could have a key role in the disease, since
they regulate gene expression and are sensitive to external stimuli, bridging the

gap between environmental and genetic factors (Gupta and Hawkins, 2015).

In this thesis, publicly available data from different omic layers have been used
to identify genetic and epigenetic gene regulation mechanisms that could be
involved in CD pathogenesis. For example, previous expression microarray
experiments from our group, results from the Immunochip SNP association
project, published information on TADs and recently generated methylation and
expression data have been collected and reanalyzed, allowing us to identify novel

regulatory elements and genomic regions involved in the development of CD.

Whole genome co-expression in CD

Transcriptomic approaches other than the classical differential expression
analyses (such as co-expression studies) are useful and could help to identify
genes that are simultaneously active, often participating in the same biological
processes (de la Fuente, 2010). Co-transcribed genes identified through co-

expression analyses might share common regulatory elements, which in turn
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could be responsible for the changes in expression and co-expression that occur

upon interaction with the environment, and be relevant to the disease.

Several attempts to conduct comprehensive and comparative analyses of gene co-
expression at the network level have been performed. One of the first studies to
be published on this topic aimed to reveal similarities and differences between
Hepatitis B Virus- and Hepatitis C Virus-derived hepatocellular carcinoma,
focusing on the inflammatory processes driven by the viral infections (He et al.,
2012). That work demonstrated the power of a network-based Systems Biology
approach in identifying different oncogenic and dysfunctional modules compared
to previous differential expression analyses and viral protein target-based

methods.

To take advantage of the strength of co-expression-based approaches, our group
has investigated co-expression in several pathways in CD, and has elucidated that
gliadin is able to disrupt co-expression in certain groups of genes and provoke a
coordinated response in others (Fernandez-Jimenez et al., 2014; Plaza-lzurieta et
al., 2015). However, co-expression analyses performed in CD so far have been
limited to small numbers of genes or pathways, apart from a single work that
studied genome-wide co-expression in peripheral blood (Quinn et al., 2015). This
is the first whole genome co-expression analysis that tests the effect of gliadin in
duodenum biopsies of CD patients, and is able to identify regulatory elements

that could play a role in the development of the disease.

In this thesis, co-expression was analyzed in data from expression microarray
experiments resembling the acute and chronic effects of gliadin in the celiac gut
(Castellanos-Rubio et al.,, 2008, 2010). A complete reorganization of co-
expressed gene groups was observed in both experiments, but the acute insult
provoked more dramatic co-expression changes. Noteworthy, gliadin-free
conditions, mimicking health (or treatment), showed more unstable co-

expression modules than those related to the disease stage (with gliadin),

134



Discussion

suggesting that the immunogenic insult dysregulates health-related coordination,
whereas the co-expression modules formed in disease seem to be more stable
across stages. As gene regulation plays a key role in complex disease
pathogenesis (Cookson et al., 2009), identification of the potential regulatory
elements involved in this alteration of coordination could be a good strategy to
better understand CD pathogenesis and develop medical applications in the

future.

Therefore, based on the differentially co-expressed genes identified, enrichment
analyses for TFBSs and miRNAs were performed in order to find potential co-
expression modifiers. TFs control gene expression, and approximately 10% are
implicated in human diseases (Bouhlel et al., 2015). TFBSs enrichment analyses
revealed that several TFs could be involved in the observed changes in co-
expression. However, the analysis of the DCG sets did not produce significant
results in the majority of cases, suggesting that there must be additional

mechanisms other than TFs that control co-expression in CD.

As expected, among the biological functions related to DCGs we found
annotations related to the immune response and apoptosis, both key elements in
CD pathogenesis, since it is an autoimmune disease in which apoptotic activity is
increased in the intestinal mucosa (Green and Cellier, 2007; Shalimar et al.,
2013). In addition, other CD-related GO terms such as vasodilatation, lower in
celiac patients compared to controls (Sari et al., 2012), or lysosomal transport,
which is altered in CD (Lebreton et al., 2012) were also found. This could
suggest that gliadin induced co-expression changes could affect the proper

functioning of those biological processes.

When the original gene modules were considered as a background, many GO
annotations were identified. Interestingly, some of them have been previously
related to CD, namely cell-cell adhesion involved in intestinal permeability

(Jauregi-Miguel et al., 2014), inflammation mediators (protein kinase cascade)
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(Yao et al., 2018), or apoptosis (Shalimar et al., 2013). Surprisingly, when the
DCGs were removed from their original modules, no GO annotations remained
significant. These results confirm a pivotal role of the DCGs in the functions
defined for the modules where they were identified and support the biological

relevance of the outcome of our enrichment analyses.

Four TFs showed expression changes in CD patients. IRF1 and CREB1, both of
them related to the innate and adaptive immune responses (Guo et al., 2010; Wen
et al.,, 2010) showed increased expression in active patients compared to the
control group. This is the first work to show overexpression of CREB1 in CD,
while the increase of IRF1 confirms previous reports (Lahdenpera et al., 2011).
On the other hand, overexpression of the NFKB1 subunit in disease is in
accordance with the involvement of the NF«xB pathway in CD (Fernandez-
Jimenez et al., 2014). ELK1 a TF that is known to be involved in intestinal
permeability (Al-Sadi et al., 2013), was overexpressed in active CD. It is known
that intestinal permeability is an important feature of CD (Jauregi-Miguel et al.,
2014). More interestingly, most of the target genes of the TFs analyzed followed

the same expression trends as the TFs themselves.

As DCGs were identified through gliadin-induced co-expression changes, we
wanted to know whether it could alter the TFs at the protein level. Upon gliadin
stimulation, increased nuclear translocation of CREB1 and IRF1 was observed in
the C2BBel cell line. In a recent work, IRF1 was shown to be upregulated by
both interferon-y and CD-associated bacteria challenges in intestinal epithelial
cells of active CD (Pietz et al., 2017). Taken together, these results confirm an
increase of IRF1 activity in situations that promote the disease. On the other
hand, there are no previous data on CREBL1 in CD, but it has been related to other
diseases like human colorectal cancer, where CREBL acts as an activating TF for
tumor driver RRM2, or glioblastoma, where CREB1 acts as a mediator of the
induction of TGFB2 (Fang et al., 2016; Rodon et al., 2014). The increase in
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nuclear translocation suggests a role for gliadin in the upregulation of target

genes through the activation of TFs, also in non-celiac individuals.

Encouraged by those results, we investigated the interaction of the candidate TFs
and their target genes in the context of gliadin stimulation. With that purpose,
ChIP-PCR was performed in C2BBel cells. Although we had observed altered
expression patterns of several of the TF targets in different stages of the disease,
we could not find evidences of changes in vitro. However, we confirmed the
binding to the putative target genes selected from the DCG sets, at least in the
case of IRF1. We cannot rule out that our cell model might be limited because
the cell lines used are derived from a non-celiac, cancerous tissue. In this context,
this study also stresses the limitations of the in vitro models available for the
investigation of complex diseases and in particular, of CD. However, the
C2BBel cell line represents the best available in vitro model of absorptive
enterocytes and it is widely used as an in vitro model in the disease of our
interest (Rauhavirta et al., 2011).

On the other hand, several miRNAs were also identified after enrichment
analysis. miRNAs are able to regulate gene expression at post-transcriptional
level and are predicted to regulate the translation of up to 60% of protein-coding
genes (Esteller, 2011). Non-coding RNAs, including miRNAs, modulate gene
expression and have previously been related to CD (Castellanos-Rubio et al.,
2016; Felli et al., 2017). Different reports showing miRNA alterations in CD
(Buoli Comani et al., 2015; Capuano et al., 2011; Magni et al., 2014; Vaira et al.,
2014) suggest a role in disease pathogenesis and a potential use for the diagnosis
of CD.

Nine miRNAs were prioritized for biological validation, and their expression in
duodenal biopsies of active and treated CD patients, as well as in non-celiac
controls was analyzed. We analyzed the primary form of nine miRNAs due to

sample constraints, since more RNA is needed for mature miRNA analyses, and
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RNA of biopsies was a limiting factor. Nevertheless, we studied the expression
of two mature miRNAs, and both mature and pri-miRNA forms showed a
concordant pattern as it has been observed in other cases (Powrdzek et al., 2018).
Additionally, it has been shown that pri-miRNAs can also contribute to target
repression (Trujillo et al., 2010; Yue et al., 2011), supporting the adequacy of our
approach. In the end, six previously unidentified pri-miRNAs were shown to be

downregulated in CD when compared to non-celiac controls.

Since the dysregulation in the expression of each miRNA is believed to affect
many mRNAs (Chen et al., 2016; Erson and Petty, 2008), the expression of the
target genes of the downregulated pri-miRNAs was queried in our RNA-seq
dataset of intestinal cell fractions. Twenty-one target genes showed significantly
different mRNA levels in active disease. In general, overexpression was
observed in the celiac epithelial fraction, coherent with the downregulation of the
pri-miRNAs. In contrast, both overexpressed and downregulated genes were
found in the celiac immune fraction. Interestingly, the epithelial fraction is

somehow more susceptible to changes in miRNA target expression.

Only four arget genes were differentially expressed in both duodenal cell
fractions; JAG1, SP1 and CYP2J2 showed the same trend in both fractions, while
ARLAC had different patterns in each, indicating that cell specific regulation is an
important aspect to take into account. However, although several miRNA targets
showed alterations in their mMRNA levels, we cannot rule out the possibility that
the changes observed are derived from other factors independent from miRNA

regulation.

Additional mechanistic studies will be necessary to completely understand the
molecular and cellular mechanisms underlying our observations, but our work
shows that co-expression studies can complement classical differential
expression analyses, and are particularly useful for the identification of

regulatory elements that could be relevant to human diseases. Moreover, these
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approaches can take advantage of publicly available genome-wide datasets and
reuse raw experimental results. Nevertheless, even though this approach was
useful to identify DCGs, TFs and miRNAs, the results obtained through in vitro
experiments were not able to explain the totality of the observed co-expression

alterations.

Topologically associating domains in CD

Gene regulation is strongly influenced by chromosome organization (Lupiafiez et
al., 2016; Sexton et al., 2007), and TADs are key elements in the conformation of
three-dimensional chromatin. TADs are functional units of chromatin that are
enriched for chromatin-chromatin interactions, and appear to be stable across cell
types and conserved across species in mammals (Dixon et al., 2012). CTCF sites
are found flanking such domains, and define TAD boundaries and contribute to

chromatin looping (Ong and Corces, 2014).

Aberrations in TAD boundaries have been described in several pathogenic
events. Human limb malformations have been associated with TAD boundary
disruptions, including deletions, duplications and inversions altering the structure
of the TAD spanning the WNT6/IHH/EPHA4/PAX3 locus (Lupiafiez et al.,
2015). TAD disruption is often also found in cancer cells. For example,
hypermethylation at cohesin and CTCF binding sites lead to reduced CTCF
binding, and inactivation of TAD boundaries in gliomas. This switches on cancer
drivers such as PDGFRA by enhancers located outside their TADs (Flavahan et
al., 2016).

In addition, TADs are crucial chromosome structural units of long-range
regulation (Dekker and Heard, 2015). In one of the first studies relating TADs
with gene expression, it was found that TADs also align with coordinately

regulated gene clusters, showing that the expression levels of genes located in the
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same TADs are more correlated among them than the levels of those located in
different ones (Nora et al., 2012).

As previously mentioned, co-expressed genes might share regulatory elements
responsible for the expression and co-expression changes observed in different
stages of the disease. In this sense, TADs could pay an important role in CD,
since they are important players in gene regulation. In this thesis, a new approach
to identify TAD disruption and merge events underlying changes at a co-
expression level is proposed. In summary, candidate regulatory regions that
could be involved in the coordination of gene expression have been selected
using co-expression data obtained in this study, together with published data of
TADs and CD-associated SNPs.

We hypothesized that alterations in TAD organization could explain, at least in
part, the dysregulation of co-expression in CD. Therefore, co-expression patterns
were defined from RNA-seq data and co-expressed genes that overlapped with
conserved TADs (Dixon et al., 2012) were identified. In healthy individuals, 739
co-expressed genes were located in 486 TADs, and in the case of CD, 613 genes
were located in 430 TADs. To further prioritize TADs potentially involved in
CD, we selected those cases in which SNPs associated with the disease were
present (Garcia-Etxebarria et al., 2016). In particular, among all the regions
identified, we selected those where the CD-associated SNPs fell between
adjacent TADs or within TADs. We postulated that risk alleles could particpate
in domain disruption through mutations in TAD boundaries leading to either a

merge of two adjacent TADs, or to a break-up of a TAD into two new domains.

In general, insertions, deletions or inversions are necessary to alter the 3D
organization of chromatin. However, single-base changes at specific positions
have also been found to alter TAD boundaries and CTCF binding sites. For
example, frequent mutations have been reported at CTCF/cohesin-binding sites,

identifying them as major mutational hotspots in the noncoding cancer genome

140



Discussion

(Katainen et al., 2015). Also, mutations in the CTCF motif at a boundary of a
TAD containing the NOTCH1 gene have been discovered in ovarian cancer.
These nucleotide changes lead to NOTCH1 dysregulation, probably through
altered enhancer action following TAD disruption (Ji et al., 2016). In a more
recent work, a SNP-mediated disruption of a CTCF binding site has been
observed to be associated with severe influenza. In summary, the authors found
that the genotype of rs34481144 influences CTCF binding, and this was
correlated with expression of genes related to the response viral infection at the
locus surrounding IFITM3 (Allen et al., 2017).

In this thesis, we selected two regions for further characterization; HSCB-XBP1
region (a potential disruption of a TAD) and PROCR-ROMOL region (a potential
merge of two TADs). The two selected regions contained a group of SNPs
associated to CD that could be implicated in the changes in co-expression
between adjacent genes, namely PROCR and ROMO1, and HSCB and XBP1,

respectively.

Three of these genes have been implicated in pathways associated to CD:
PROCR acts as a negative regulator of the Th17 response and is specifically
expressed on the surface of Th1l7 cells. The reduction in the expression of
PROCR leads to higher Thl7 pathogenicity and enhances experimental
autoimmune encephalomyelitis (EAE) in vivo (Kishi et al., 2016). This is
concordant with microarray data published by our group, where the expression of
PROCR is reduced when active CD patients are compared to GFD CD patients
(Castellanos-Rubio et al., 2008). Moreover, the Th1l7 response has previously
been described to be upregulated in CD (Castellanos-Rubio et al., 2009; Cicerone
etal., 2015).

In turn, ROMOL is the key regulator of the release of mitochondrial reactive
oxygen species (ROS) (Bae et al., 2011). It has been described to be crucial for

cancer cell proliferation and invasion, and has been associated with unfavorable
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prognosis in colorectal cancer (Kim et al., 2017). ROMO1 has been reported to
activate NF«kB, a pathway that is overexpressed in CD (Fernandez-Jimenez et al.,
2014). Overexpression of ROMO1 promotes nuclear translocation of p65, and it
could be an essential regulatory factor in the maintenance of constitutive NFxB
activation in tumor cells (Chung et al., 2014). Therefore, ROMO1 could be a
promising therapeutic target for diseases characterized by NFkB dysregulation
(Lee etal., 2015).

Finally, XBP1 is a TF that is involved in the innate immune response (Jheng et
al., 2012). Moreover, it was found that XBP1 is required for production of some
inflammatory factors such as IL-6 after activation by toll-like receptors (TLRs)
(Martinon et al., 2010; Savic et al., 2014) and endoplasmic reticulum stress
(Gargalovic et al., 2006; Toosi et al., 2012). Furthermore, it is involved in some
diseases including type 2 diabetes (Ozcan et al., 2006), cancer (Jin et al., 2016),
and inflammatory bowel disease (IBD) (Kaser et al., 2008).

The two candidate regions were studied in cell lines in order to determine
whether they are accessible to DNase and therefore have an open chromatin
conformation. Furthermore, we also sought to create a cellular model with stable
modifications for additional studies. As previously mentioned, the C2BBel cell
line is widely used as an in vitro model in CD; however, previous attempts
performed in our laboratory showed the difficulties to edit this cell line. Thus,
HCT116, HCT15 and HEK293FT human epithelial cell lines were used for the
following experiments. HCT116 and HCT15 were chosen for being colon-
derived cell lines that have been used to study colorectal cancer (Bessa et al.,
2018; Gong et al., 2018). Moreover, HCT116 cell line has also been used to
study tight junction regulation and intestinal permeability (Kolodziej et al.,
2011), features known to be altered in CD (Jauregi-Miguel et al., 2014). On the
other hand, the HEK293FT cell line is originally derived from human embryonic
kidney cells, and has been extensively used for genome editing using CRISPR-
Cas9 (He et al., 2016).
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We next wanted to identify the CTCF binding sites that could act as TAD
boundaries (Ghirlando and Felsenfeld, 2016). We chose CTCF binding sites that
were located inside DNase | hypersensitive regions, since those sites reveal
chromatin stretches that are accessible to protein binding (Gross and Garrard,
1988). DNase digestion followed by quantitative PCR revealed high DNase
accessibility in both regions in cultured cell lines. In general, CTCF binding has
been related to transcriptionally active loci (Batlle-Lopez et al., 2015), although
DNase | sensitivity signals in CTCF binding sites at TAD boundaries have been

reported to be weaker than those located inside TADs (Hong and Kim, 2017).

We used CRISPR-Cas9 gene editing technology in order to obtain precise and
permanent alterations in CTCF binding sites in epithelial cell lines. This
technique enables long-term studies in the edited cell lines, which allows
studying phenotypes in deep. Some studies have already deleted CTCF binding
sites using CRISPR-Cas9 editing. In some studies the deletion of a single CTCF
site was enough to perturb a TAD boundary (Lupiafiez et al., 2015), while in
others it was not, suggesting that apart from CTCF binding, additional
mechanisms may play a role in establishing TAD boundary formation (Barutcu et
al., 2018).

In this work we have generated clonal mutant HEK293FT cell lines and a mixed
population in the HCT15 cell line for one of the regions. In particular, we deleted
a 377-bp region located between two adjacent TADs containing PROCR and
ROMO1 genes, respectively, that harbors a DNase | hypersensitive site and a
CTCF binding site. The deletion produced expression changes in both PROCR
and ROMOL1 genes in the mutant HEK293FT cell line, and changes in the co-
expression between the two genes in both the clonal mutant HEK293FT cell lines
and in the HCT15 mixed population. However, the co-expression changes that
occur in each of the two cell lines upon deletion of the CTCF binding site seem
to be contradictory; co-expression is disrupted in HEK293FT cells while a new

co-expression occurs between the genes in HCT15 cells.
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Considering those results, we wanted to know whether different genotypes could
contribute to differences in CTCF binding and TAD organization, and
consequently explain the different co-expression relationships observed in the
two cell lines. With that purpose, rs6060369, rs224371 and rs2104417 SNPs
were genotyped in the HCT15 and HEK293FT cell lines. The three SNPs
represented the haplotypes of the SNPs associated with CD that were located
between the two TADs in the PROCR-ROMOL region, outside the deleted CTCF
binding region. Different genotypes were found in the two cell lines, but we are
not able to conclude whether this variation is enough to explain the differences in

co-expression observed upon genomic edition.

However, it has been shown that the genotype of one of the SNPs (rs6060369) is
associated with changes in PROCR gene expression
(https://www.gtexportal.org/home/), indicating that it is an expression
quantitative trait locus (eQTL). We have observed that the genotype of the
rs6060369 SNP differs between the HCT15 and HEK293FT cell lines; therefore,
it could well be that the different expression and co-expression signatures in the
cell lines depend on the identified eQTL. Moreover, we must also take into
account the fact that HEK293FT cells were homozygous for the deletion while
HCT15 were a mixed population, and this could also explain the different co-
expression results obtained in HEK293FT and HCT15 cell lines upon genomic

edition.

In conclusion, the selected regions could be important in CD pathogenesis since
mutations in the PROCR-ROMO1 region, located between the TADs containing
PROCR and ROMO1 affect the co-expression of those genes, which in turn are
related to pathways altered in the disease. Nevertheless, taking into account the
technical limitations, as well as the lack of a perfect in vitro model, the
development of novel approaches will be necessary to collect more evidence
relating gene expression, TADs and GWAs signals in the early future

(Pervjakova and Prokopenko, 2017).
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Acute changes in methylation patterns in CD

DNA methylation has an important role in many biological processes including
development and disease through modulation of gene expression (Wan et al.,
2015). Aberrant DNA methylation patterns are frequently observed in disease,
especially in cancer (Jones et al., 2007), and it is also known to have a role in
immune diseases like IBD or T1D (Agardh et al., 2015; McDermott et al., 2016).
Many environmental factors, such as pollution (Madrigano et al., 2011),
temperature and humidity (Bind et al., 2014) or smoking (Zeilinger et al., 2013)

have been implicated in DNA methylation changes.

Regarding CD, a candidate-gene methylation analysis in duodenal biopsies of
patients was able to detect changes in the promoters of several NFxB-related
genes (Fernandez-Jimenez et al., 2014). In this thesis we wanted to know
whether 4 hours of gliadin exposition could be enough to cause methylation
changes in CD. With that objective, six candidate regions selected using previous
expression (Castellanos-Rubio et al., 2008, 2010) and methylation data
(Scientific Reports, under review) were studied in gliadin-challenged and
unchallenged biopsy portions from CD patients on GFD and in gliadin-

challenged and unchallenged biopsy portions from non-celiac controls.

To search for the differentially methylated cytosines, bisulfite treated DNA was
amplified by methylation-specific PCR, and amplicons of selected regions were
sequenced using NGS. Reads were mapped to a reference genome and 71.56%
were properly aligned, a much higher proportion than normally achieved, which
is usually around 40% (Krueger and Andrews, 2011; Tran et al., 2014). Besides,
in this work non-CpG cytosines were detected as thymines in more than 98.12%
of reads in all samples, highlighting the high efficiency of bisulfite conversion

achieved in this work (Holmes et al., 2014).
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Gliadin-challenged and unchallenged biopsy portions from GFD CD patients and
non-celiac controls were compared in order to determine the acute effects of
gliadin on DNA methylation in candidate regions. Samples from GFD CD
patients are very informative since genomic alterations could reflect constitutive
characteristics related to their genetic or epigenetic predisposition, that have been
either inherited or acquired very early in childhood (before CD onset) or even in
prenatal stages. Otherwise, it could be that some of the disease-related changes at

the DNA methylation do not revert despite tissue recovery after GFD.

We did not observe significant acute methylation changes except for HDAC4, a
gene known to be related to inflammatory processes (Yang et al., 2018).
Hypomethylation of the HDAC4 region was present in gliadin-challenged
biopsies from controls, but not from GFD CD patients. Methylation differences
provoked by acute stimuli are difficult to detect if previous genetic or epigenetic
signatures are already present. Indeed, the inability to detect methylation
differences between gliadin-challenged and unchallenged GFD CD biopsies
could be due to the fact that HDAC4 was already hypomethylated in samples
from GFD CD patients. These results suggest that alterations in HDAC4
mehtylation could be either constitutive (inherited or acquired very early in life
in CD-prone individuals) or be related to the disease and persist even upon GFD-
treatment (pointing to a non-reversible epigenetic signature). Very interestingly,
HDACA4, a target of the candidate TF IRF1 identified in this thesis, is upregulated
in active disease. Athough not sinificant, the experssion in GFD patients
followed the same trend compared to controls, which seems coherent with the

persistant differential methylation around HDACA.

Furthermore, our results show that mehtylation alterations in HDAC4 do occur
upon an acute exposition to gliadin in controls, but do not persist, and point to a
reversible epigenetic signature in non-celiac individuals. This is the first work

analyzing methylation changes induced by acute gliadin exposure in the non-
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celiac intestine, but previous studies have demonstrated gliadin effects in non-

celiac individuals at an mRNA level (Fernandez-Jimenez et al., 2014).

In a recent work carried out by our group, methylation signatures were studied in
the intestinal epithelial and immune cell populations of active CD patients and
non-celiac controls (Scientific Reports, under review). In that work, among other
alterations of methylation, HLA-B and TAP1 gene promoters were found to be
hypomethylated in active CD. In particular, TAP1 was hypomethylated in both
cell populations, while HLA-B was hypomethylated in the epithelial fraction.
Moreover, RNA-seq results showed that gene expression was coherent with the

cell-type specific methylation differences observed.

In the present thesis, we could confirm the hypomethylation of the HLA-B and
TAP1 promoters in unchallenged biopsies from GFD patients, pointing to either a
constitutive or a non-reversible alteration in CD that prevails even after more
than two years on GFD. Both HLA-B and TAP1 have been previously related to
CD (Bratanic et al., 2010; Pietz et al., 2017). Particularly, TAP1 is an important
HLA class-1 surface peptide transporter, and recent works showed a
downregulation of TAP1 expression in colorectal cancer, which was inversely
correlated with methylation at sites in close proximity to the promoter region
(Ling et al., 2017). Altered methylation patterns could indicate an anomalous

adaptive immune response in CD.
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FINAL REMARKS

This thesis points out the importance of taking into account different layers of
genomic information when studying complex diseases, stressing the idea that
regulatory elements such as TFs, miRNAs, TADs and DNA methylation, among
others, affect both the onset and the development of CD, and by extension, of

other common disorders.

Until now, the transcriptomic landscape on CD has been analyzed focusing
mainly on the differences in gene expression levels (Castellanos-Rubio et al.,
2008, 2010). In the present thesis the transcriptome has been analyzed
considering changes in co-expression at the genome-wide level. Thanks to this
approach, a complete picture of CD-related alterations of co-expression has been
depicted in CD.

This changes in co-expression could be explained, on the one hand, by TFs. In
this work we have observed that CREB1 and IRF1 are likely to be involved in
the regulation of co-expression in CD, since the expression of a significant
number of their targets is affected, and translocation to the nucleus of these TFs

is enhanced upon gliadin stimulation in vitro.

On the other hand, other genomic mechanisms, such as chromatin organization,
could also be implicated in the changes in co-expression observed in the disease.
In this work we have investigated the overlap between conserved TADs, and CD-
related DCGs and SNPs to find TAD remodeling events implicated in CD. This
is the case of the PROCR-ROMOL1 region, where a partial deletion of TAD

boundaries altered the local co-expression pattern.

DNA methylation is an important epigenetic mechanism involved in gene
regulation (Lou et al., 2014). Up to now, only a few works have addressed the

effect of methylation in CD (Fernandez-Jimenez et al., 2014; Scientific Reports,
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under review). In this thesis, the relevance of methylation is confirmed by a
sensitive analysis, incorporating NGS technology to the study. Interestingly, this
study shows that gliadin is able to provoke acute changes in DNA methylation of
intestinal cells in non-celiac individuals, in regions that are irreversibly modified

in patients, even after more than two years on GFD.

It is also worth mentioning that throughout the whole work we have reused
existing data from different genomic layers that we have reanalyzed with
innovative bioinformatics approaches to make original proposals on the
pathogenesis of CD. This type of data-recycling approaches have proven
successful and could be further exploited in the context of CD and of other

complex traits.

In this aspect, the past decade has witnessed the generation of vast amounts of
genomic data. Traditional biochemical methods are time-consuming and
inefficient, while omic technologies perform global and high-throughput
analyses, producing data at a large-scale. Following GWA studies that revealed
disease associated loci, other disciplines such as epigenomics (Gupta and
Hawkins, 2015), transcriptomics (Mchale et al., 2013), proteomics (Breker and
Schuldiner, 2014) or metabolomics (Fearnley and Inouye, 2016) have emerged.
In order to draw a comprehensive view of biological processes, experimental
data obtained from different layers have to be integrated and analyzed, as has
been the case in this thesis. Multi-omics approaches integrate data obtained for
different biological layers using high-throughput analytical approaches and
bioinformatics in order to understand their relationships and the functioning of

larger systems (Kohl et al., 2014).

Hence, the use of different omic layers and their integrative analysis improves
the understanding of the pathological processes of the disease, and reveals key
players, pathways and mechanisms that can lead to more precise diagnosis and

better treatments. In addition, this approach can help to prioritize candidates in
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functional analyses and extend our knowledge in complex diseases as CD, and

lead to future therapies and drug development for different complex diseases.

In conclusion, these new findings should encourage the scientific community
towards a novel point of view, in which complex and integrative regulatory
mechanisms affect gene regulation in a multidimensional way, contributing to the

molecular explanation of the genetic variation associated to complex diseases.
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Conclusions

1.

Gliadin provokes a genome-wide remodeling of co-expression, both upon
acute and long-term exposures. However, health-related co-expression
modules are extremely disrupted compared to disease-related stages, while
co-expression modules identified under the gliadin stimulus seem more

stable across stages, revealing basic coordination units.

These findings highlight co-expression as another layer of genomic information

involved in CD development.

2.

Enrichment analyses of the DCGs identified 10 TFs and 46 miRNAs as

potential regulators of part of the co-expression changes observed in CD.

Out of the 5 TFs selected for biological validation, IRF1, CREB1, NFKB1
and ELK1 were upregulated in biopsies from active CD patients, and the
majority of their target genes were also differentially expressed. On the
other hand, 6 pri-miRNAs (hsa-mir-33a, hsa-mir-520b, hsa-mir-520e, hsa-
let-7b, hsa-mir-655, hsa-mir-26b) were downregulated in CD, and their
targets more often showed upregulation in the epithelial fraction of
biopsies from active CD patients than in the immune compartment,

suggesting cell-type specificity of the mechanism.

Altogether, these results support the effectiveness of the in silico approach and

the participation of the selected candidate regulators in CD.

b.

In intestinal epithelial cells (C2BBel), TFs CREB1 and IRF1 translocate
to the nucleus upon gliadin challenge. Additionally, IRF1 binds to the
promoter of two newly proposed targets that were identified from a DCG
set, namely HDAC4 and WDRA43, although gliadin did not cause

differences in binding.
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These results point to the ability of gliadin to influence gene expression through

its effect on TFs, but also stress the limitations of currently available cell models.

3. The overlap among conserved TADs, and CD-related DCGs and SNPs is
able to identify 25 regions in which the merge or the disruption of TADs
could be involved in CD. CRISPR-Cas9 deletion of the TAD boundaries
in two such regions (PROCR-ROMO1 region as a merge and HSCB-XBP1
region as a disruption) in cell models provokes changes at the co-
expression level, although the different cell lines studied show opposite

trends.

These results propose the 3D genome as another potential regulator of local
gene co-expression that can be altered in disease. Additionally, they suggest that
the genotype of disease-associated SNPs located in the candidate regions could

explain the cell line-dependent differences.

4. Gliadin induces hypomethylation of the HDAC4 locus in duodenal
biopsies from non-celiac individuals. The change is not observed in
biopsies from GFD-treated CD patients upon gliadin challenge, because
there is a chronic hypomethylation at this locus when compared to
controls. On the other hand, the DMRs in the promoters of HLA-B and
TAP1 previously identified in intestinal cell populations from active CD

patients were replicated when GFD patients were compared to controls.

Overall, these data show a methylation signature in CD that is either constitutive
(and therefore heritable or acquired very early in development) or non-
reversible by GFD. In any case, DNA methylation must be taken into account

when addressing the genomics of CD.
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