
CHAPTER THREE

Profiling Celiac Disease-Related
Transcriptional Changes
Ainara Castellanos-Rubio, Jose Ramon Bilbao1
University of the Basque Country (UPV/EHU), BioCruces Health Research Institute, Leioa,
Basque Country, Spain
1Corresponding author: e-mail address: joseramon.bilbao@ehu.eus

Contents

1. Celiac Disease 150
2. Microarray Studies 151
3. RNA-Seq Studies 159
4. miRNA Expression 160
5. Disease Association and Function: Expression Quantitative Trait Loci 161

5.1 Studies in Blood 162
5.2 Studies in Intestinal Biopsies 163
5.3 CD-Associated Variants and the Thymus 165

6. CD Variants in Noncoding Regions 166
6.1 Regulatory Elements 166
6.2 Long Noncoding-RNAs 166

References 169

Abstract

Celiac disease (CD) is a chronic, autoimmune disease of the small intestine with a strong
but complex genetic component. The disease is triggered by the consumption of die-
tary gluten through the presentation of immunogenic gliadin peptides to T helper lym-
phocytes by HLA-DQ2 and DQ8 heterodimers, which are the major contributors to the
genetic risk. Recent large-scale genotyping efforts have identified a large number of
additional association signals, but the functional role of the underlying genes in the
pathogenesis of the disease is still unclear. In the last years, several whole transcriptome
analyses have been performed in different tissues, including whole duodenal biopsies,
isolated gut epithelial cells or peripheral blood from gluten-consuming CD patients at
diagnosis, treated patients on gluten-free diet and nonceliac controls, sometimes after
in vitro challenge with gluten-derived gliadin peptides. Although the results from the
different experiments are difficult to reconcile, the main findings point to an exacerba-
tion of the immune response, together with the dysregulation of signaling and cell cycle
pathways. The effect of associated SNPs on the expression of candidate genes and the
role of the noncoding genome are the new territories that the CD research community
has only begun to explore.
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1. CELIAC DISEASE

Celiac disease (CD; OMIM 212750) or gluten-sensitive enteropathy is

a complex chronic, immune-mediated disease that affects roughly 1%–2% of

the population and develops in genetically susceptible individuals in response

to gluten proteins from wheat, barley, and rye. Clinical symptoms arise from

the gluten-induced lesion of the small intestinal mucosa that results in villous

atrophy and crypt hyperplasia, and typically include diarrhea, abdominal

distension, or vomiting, as well as failure to thrive or psychomotor impair-

ment, as a consequence of nutrient malabsorption. Less frequently neurolog-

ical events, dental enamel defects, infertility, osteoporosis, joint pain, and

elevated liver-enzyme concentrations may occur. The only effective treat-

ment available for CD is life-long removal of gluten from the diet, and in fact,

in the great majority of CD individuals, symptoms resolve after several

months on a gluten-free diet (GFD), while the small intestinal architecture

recovers and circulating gluten-related autoantibodies against tissue transglu-

taminase TG2 and endomysium clear (Husby et al., 2012).

CD has a strong association with certain human leukocyte antigen

(HLA) class II molecules, and virtually all people with CD carry the

HLA-DQ2 (encoded by HLA-DQA1*05 and HLA-DQB1*02) or HLA-

DQ8 (HLA-DQA1*03-HLA-DQB1*0302) heterodimers (Sollid et al.,

1989; Spurkland et al., 1992). There is functional evidence supporting

the central role of the HLA-DQ2 and HLA-DQ8 molecules in the patho-

genesis of the disease, because CD4+T lymphocytes isolated from the intes-

tinal mucosa of celiac patients can recognize gluten-derived peptides

presented by these molecules (Lundin et al., 1993; Molberg et al., 1997),

particularly when those peptides have been previously deamidated by the

enzyme TG2. It is estimated that the proportion of the genetic risk attrib-

utable to these classical HLA class II variants is around 23% (Gutierrez-

Achury et al., 2015). HLA genes are located on the major histocompatibility

complex (MHC), a region of chromosome 6p21 harboring many genes

involved in the immune response that is characterized by strong linkage dis-

equilibrium (LD) and extended conserved haplotype blocks. 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 I region and in the more centromeric HLA-DPB1 gene, and these new

variants would be responsible for an additional 18% in the inheritance of the

CD (Gutierrez-Achury et al., 2015). Outside the HLA region, two GWAS
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conducted in 2007 and 2010 analyzed approximately 5000 patients and

10,000 controls and identified 26 CD-associated loci (Dubois et al., 2010;

Hunt et al., 2008; van Heel et al., 2007). One year later, some 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 immune-related disorders) and another 13 new susceptibility regions

were identified, making a total of 39 non-HLA loci associated with the

genetic risk of CD (Trynka et al., 2011). All the associated SNPs are com-

mon polymorphisms (minor allele frequency in the population above 5%)

with modest effects on the risk of developing the disease (OR: 1.2–1.5).
The implication of rare variants with clear functional consequences and

major effects on risk (like coding mutations) has not been demonstrated

except for a nonsynonymous variant in the NCF2 gene (rs17849502) asso-

ciated with a small increase in risk (Hunt et al., 2013). Moreover, the vast

majority of SNPs are located outside protein-coding sequences, so they

are assumed to play a regulatory role in the expression of nearby genes or

even genes located elsewhere in the genome. Understanding the biological

consequences of associated polymorphisms is a very complicated task, which

is still far from being fully resolved (Farh et al., 2015).

Diagnostic protocols have traditionally relied upon intestinal biopsies as

the gold standard for the confirmation of CD and even for patient follow-up,

so that this very valuable material has been readily available for investigations

aimed to identify altered molecular mechanisms in the disease tissue. This

has encouraged the scrutiny of the genomic contribution to the disease from

the transcriptional point of view, and a number of whole genome expression

analyses have been performed in the last years. Starting from custom micro-

arrays tomore recent RNA sequencing approaches, the general aim has been

to take an unbiased look at alterations in the expression patterns of single

genes, groups of coregulated genes and pathways that are dysregulated in

the pathological processes. Together with the identification of altered

mRNA levels, the expression of noncoding RNAs like long noncoding

RNAs (lncRNAs) and microRNAs (miRNAs) is also possible (Fig. 1).

2. MICROARRAY STUDIES

Microarray-based technology has been used for more than a decade in

the study of CD, and it has been employed to answer different questions in

distinct experimental scenarios (Table 1). The first expression microarray

study in CD ( Juuti-Uusitalo et al., 2004) was carried out using a cDNA array
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Fig. 1 Celiac disease transcriptome analyses performed so far in the context of disease state and biological sample. The number in brackets
indicate the reference where the original study was published.
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that interrogated 5188 test sequences (including known genes and expressed

sequence tags of unknown function) in four jejunal biopsies from each com-

parison group of active CD patients, patients on GFD, and nonceliac control

individuals. Altogether, 263 genes were found to be differentially expressed

in disease, several of them connected to T-cell activation, B-cell maturation,

or epithelial cell differentiation, processes that had previously been described

as involved in the pathogenesis of the disease. They also looked for changes

in the CD predisposition linkage regions known at that time, 5q31–33,
2q31–33, and 15q11–13, but failed to detect any alterations. Constitutively

altered genes, whose expression is altered in untreated patients but does not

revert to normal after GFD were classified as especially interesting and

potentially important in the etiology of CD, but no further analyses were

performed on those genes. More recently, studies focused on specific groups

of genes have observed that constitutively altered genes usually have more

central roles and belong to the core of biological pathways, while those that

are altered as a consequence of active disease are located more peripherally

(Fernandez-Jimenez et al., 2014).

Two months later, a second microarray study (Diosdado et al., 2004)

interrogated 19,200 genes to compare gene expression profiles of duodenal

biopsies from 15 CD patients with villous atrophy (Marsh III) and 7 control

individuals with normal mucosa (Marsh 0). However, the patients compos-

ing the celiac group were heterogeneous because some CD patients were on

a gluten-containing diet, while others were on GFD and these subgroups

were used for an additional comparison. The study produced two lists of dif-

ferentially expressed genes: one that reflected intestinal damage regardless of

gluten ingestion and another one describing the effect of gluten on the

patients. The genes corresponding to intestinal damage in the absence of glu-

ten pointed toward an increased number of T cells and macrophages at the

lesion site, a more intense Th1 response, and enhanced cell proliferation. In

the case of the effect of gluten, several of the genes were also related to cell

cycle and cell division. Based on these results, the authors hypothesized that

villous atrophy in CD patients is due to an imbalance between cell prolifer-

ation and cell differentiation of the cells that make up the crypt–villi units.
On top of this, one of the most differentially expressed genes found was the

gene that codes for prolyl endopeptidase (PREP), an enzyme that is able to

hydrolyze gliadin into small fragments and that had already been proposed as

a possible therapeutic agent for CD. However, subsequent studies did not

find any sign of genetic association of PREP with disease (Diosdado

et al., 2005) and have failed to confirm its efficacy as a therapeutic agent

(Matysiak-Budnik et al., 2005).
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A third microarray study in intestinal biopsies was performed using the

standard Affymetrix Human Genome U133 Plus 2.0 Array (Castellanos-

Rubio et al., 2010a). The study was designed to analyze the effects of the

acute and long-term effects of gliadin exposure on CD-prone duodenal

mucosa. To uncover the immediate effects of gliadin, biopsies from nine

CD patients on GFD were incubated with gliadin for a 4-h time period

and compared with nonstimulated biopsies from the same individuals. For

the long-term analysis biopsies from nine active CD patients were compared

to those taken from nine patients after more than 2 years on GFD. Using

enrichment analyses, differentially expressed genes were analyzed for their

involvement in pathogenic biological processes. As in previous studies, cell

cycle and apoptosis were found to be altered in both acute and long-term

response to gluten. Overall, 6% of the genes affected had cell cycle as one

of the biological functions with a tendency toward upregulation of the genes

in both analyses. Altered expression of genes from the extracellular matrix

and cellular communication pathways was evident also in both acute and

chronic effects analyses, suggesting that the relationship of the cells with their

environment is affected since very early after the gliadin insult. More recent

studies have corroborated the involvement of intestinal barrier-related genes

in CD pathogenesis (Kumar et al., 2015). Interestingly, the dysregulation of

more complex signaling pathways related to TGF-β, Jak–Stat, andNFκBwas

preferentially observed in the chronic response experiment, pointing toward

their involvement in the perpetuation of the disease process rather than in its

onset. Since the main environmental trigger of CD is known, an in vitro

recapitulation of the direct effect of the toxic molecule can be performed,

making it possible to focus on alterations that are directly related to the

pathogenic process. This type of approach helps to identify genes that

are altered in different stages of the disease and to draw a timeline of the bio-

logical alterations that lead to disease.

The main pathways associated with CD by the first twomicroarray studies

were mainly those related with immune cells (T and B lymphocytes and

macrophages) and in the same line, the third microarray also presented

increased activity of the antigen processing and presentation pathway. This

is not surprising, since CD is an immune-mediated disease in which it is well

established that CD4+T cells recognize deamidated gluten peptides bound to

predisposing HLA-DQ molecules on antigen-presenting cells. On the other

hand, B cells produce both antibodies against gliadin and autoantibodies

against the enzyme TG2, but the way those B cells are activated is still under

investigation (du Pre and Sollid, 2015). Moreover, gliadin-derived peptides
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have been reported as stimulators of macrophages inducing the secretion of

cytokines such as TNF-α, CCL5, and IL12 (Thomas et al., 2006; Tuckova

et al., 2002), genes that have been seen to be upregulated in the transcriptome

analyses.

The same is true for the alteration of genes related to cell cycle, differ-

entiation, and proliferation pathways. Maintenance of the small intestine

functions relies on a proper balance between dying and dividing cells,

and the disruption of this control is a hallmark of the damage observed in

the celiac gut mucosa. Incubation of biopsies with gliadin provokes an acute

alteration in these genes, pointing to dysregulation of these processes as an

early event in the development of the disease.

Microarray analyses have also been carried out in human intestinal cell

lines and in enterocyte populations separated from duodenal biopsies. In

order to find those genes that have similar responses in an epithelial cell dif-

ferentiation model and in CD biopsies, a combined analysis of 5188 genes

was performed ( Juuti-Uusitalo et al., 2007) in a three-dimensional TGF-

β1-induced T84 epithelial cell differentiation model and in small-bowel

mucosal biopsy samples from untreated and treated CD patients as well

as healthy controls. The aim of the study was to identify genes induced

by gluten in CD samples that were also expressed in the cell model upon

differentiation. The experiment identified 30 genes whose mRNA expres-

sion was similarly altered in the cell differentiation model and in patient

biopsies. Several genes were members of the epidermal growth factor

(EGF)-mediated signaling pathway and it was speculated that this could

be due to an EGF-like response of epithelial cells to peptic–tryptic digests
of gluten and small gluten peptides, as had been recently proposed (Barone

et al., 2007). As a result of this work, new candidate genes responsible for

disease development were proposed and the epithelial cell differentiation

model was accepted as a valid tool for the study of gene expression changes

in the crypt–villus axis of the small-intestinal mucosa. Subsequent studies

on the involvement of the EGF pathway in CD showed that the increased

crypt enterocyte proliferation observed in intestinal biopsy samples from

patients with CD could be reduced by EGF receptor and IL15 blocking

antibodies when used in combination (Nanayakkara et al., 2013a) but no

further studies have been done to explore the therapeutic possibilities of

these findings.

Another microarray study was performed in the intestinal cell line Caco2

(Parmar et al., 2013). Undifferentiated Caco2 cells were exposed to pepsin

and trypsin alone, pepsin- and trypsin-digested (PT) gliadin and to a
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synthetic peptide corresponding to gliadin aminoacids p31–43 for 6 h, in

order to screen for downstream gliadin target genes. Although an extensive

list of genes was generated, only those genes from PT-gliadin incubated cells

were successfully validated by RT-QPCR. However, the same genes were

also affected in the pepsin–trypsin only negative controls, so there was no

way to conclude that the effects were gliadin specific. The authors hypoth-

esized that gliadin effects only occur in the presence of immune cells. Nev-

ertheless, different studies have detected effects in monolayer formation and

in the production of cytokines of Caco2 cells after PT-gliadin incubation

(Gujral et al., 2015) without cocultured immune cells. There is also evidence

showing that gluten can induce inflammatory responses in the intestinal epi-

thelial layer and provoke the disruption of tight junction proteins thus

increasing intestinal permeability. In vitro models modeling the CD epithe-

lial layer, mainly using Caco2 cells, have allowed for significant advances in

understanding how epithelial cells respond to different gliadin peptides

(Stoven et al., 2013) and using microarray analyses these responses have been

quantified at a whole genome gene-expression level. Although cell models

are a good way to assess the cellular response to gliadin and microarray stud-

ies have been helpful to confirm certain pathological pathways, results from

in vitro models have to be handled with caution, using the proper controls

and without forgetting that we are lacking the disease-specific genetic back-

ground and the presence of the different cell populations composing the

disease-affected tissue.

To further test whether dysregulation of the epithelial cell differentiation

in the small intestine is important for the development of the celiac lesion,

another independent study examined whole genome expression in epithelial

cells isolated from intestinal biopsies of five CD patients and five controls

(Bracken et al., 2008). The analysis was performed in Atlas Glass Human

3.8 I microarrays and produced a list of 102 genes that were grouped

according to functional categories. Among others, they found gene expres-

sion changes in the proliferation, cell death, and differentiation pathways, as

had all previous experiments, although they also identified several genes pre-

viously unrelated to CD. The study of a pure population of epithelial cells is

able to eliminate the contribution of genes that are expressed in other cells of

the gut mucosa and thus detect cell-type specific, differentially expressed

genes. The separation of the different cell populations that make up the

affected tissue will help identify discordant alterations among cell types

and will expose new candidates that are unnoticeable when analyzing whole

intestinal biopsies.
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3. RNA-SEQ STUDIES

In the last years, RNA sequencing has become a powerful alternative

tomicroarrays with lower background signals and higher sensitivity. Besides,

RNA-seq is not limited to the detection of previously described transcripts

and allows the identification of novel transcribed regions that could be

important in disease pathogenesis (Wang et al., 2009).

So far, only one RNA-seq study in CD has been published (Quinn et al.,

2015) in which the transcriptome of CD4+ T lymphocytes derived from

peripheral blood mononuclear cells of patients and controls was studied

in basal conditions and in response to anti-CD3/CD28 antibody and

phorbol 12-myristate 13-acetate (PMA) stimulations, detected 87, 1069,

and 2007 disease-related differentially expressed genes in each group,

respectively. Subsequent pathway enrichment analyses were not able to find

any altered pathway in the unstimulated cell group while the most enriched

pathway in the antibody-stimulated group was the “Cytokine–cytokine
receptor interaction” pathway. Interestingly, CCR1, IL18RAP, IL21,

and IL2RA, (Dubois et al., 2010; Trynka et al., 2011) four genes that are

genetically associated with the disease are members of this pathway and

showed differential expression in the study. The PMA-stimulated samples

also showed enrichment of immune-related genes, with a high degree of

overlap in their differential expressed genes and thus, pathways.

Altered genes from the anti-CD3/CD28 stimulation were grouped into

modules based on pairwise correlation between their expression levels. The

authors considered the two correlation modules most enriched for differen-

tially expressed genes to be potentially related to CD pathogenesis. Subse-

quent analyses showed an overrepresentation of immune-related pathways

and the TGF-β receptor pathway, and both modules contained genes that

had been associated with genetic risk. In particular, BACH2 (Dubois

et al., 2010) was downregulated under all conditions tested, so that a net-

work of BACH2-regulated genes that are altered in CD was identified.

These findings support previous evidence pointing toward an important role

of BACH2 in the regulation of T cell differentiation and autoimmune dis-

ease prevention, due to its function as a transcription factor which binds

super enhancers that control cell identity (Roychoudhuri et al., 2013;

Vahedi et al., 2015).

The study was also able to find CD-related differential exon usage in 647

exons from 542 genes in the anti-CD3/CD28-stimulated samples, out of
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which only 4% were differentially expressed. YDJC, SH2B3, ITGA4,

UBE2E3, four genes associated with disease susceptibility, were also among

the differential exon usage genes. Thus, CD gene expression profiling with

RNA-seq provided an extra piece of information on top of the differential

expression of genes, opening a new field of study based on the ability of

genes to use different exons preferentially in the CD scenario. Finally,

although T cells are pivotal in the pathogenesis of the disease, the differences

between circulating and tissue resident CD4+ T cells must be taken into

account, and results must be interpreted with caution.

4. miRNA EXPRESSION

miRNAs are a class of short noncoding RNA molecules that play an

essential role in regulating mRNA levels at the posttranscriptional stage

(Bartel, 2004). The connections between miRNAs and human disease have

shown that certain miRNA expression patterns are disease specific and could

be useful as prognostic markers. For example, a comprehensive miRNA

profiling study demonstrated that distinct miRNA expression patterns were

specific to various types of cancers and could reflect the developmental lin-

eage and differentiation state of tumors (Lu et al., 2005). Further research has

demonstrated that miRNAs play key roles in the regulation of the immune

response and in autoimmune disorders (Chen et al., 2016). These studies

have also provided insights about miRNA-mediated inflammatory

responses and highlighted miRNAs as potential drug targets for the regula-

tion of the immune system. To date, one miRNA study has been performed

in the context of CD using miRNA arrays (Magni et al., 2014) to compare

the miRNA profiles of intestinal biopsies of adult patients and controls. Four

miRNAs (miR-192-5p, miR-31-5p, miR-338-3p, and miR-197) were

found to be significantly decreased in the duodenum of patients particularly

in those with more severe histological lesions. In silico analysis of the targets

of these miRNAs pointed to genes involved in the adaptive and innate

immune responses, CXCL2, NOD2, and FOXP3 among others. Some of

the targets were upregulated in the disease tissues and were inversely corre-

lated with their putative regulatory miRNAs.

Moreover, significant expression changes of miR-192-5p and its targets

CXCL2 andNOD2were triggered in GFD-treated CD patients upon incu-

bation with PT-gliadin, supporting the important role of the innate immune

response in the development of this disease. Further analysis of the miRNA

array showed that several other genes that are altered in CD and could be
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involved in the immune response and intestinal permeability appeared to be

regulated through a disease-related reduction in the levels of certain

miRNAs. Interestingly, a subsequent study in which the expression of sev-

eral miRNAs was studied in pediatric CD did not confirm the relationship

between miR-192-5p and its putative targets CXCL2 and NOD2 but was

able to replicate the downregulation of miR-31-5p and an upregulation of

its target, FOXP3 (Buoli Comani et al., 2015). These studies suggest that the

pattern of expression of some miRNAs and their predicted gene targets

could be somewhat different between adult and pediatric celiac patients

and emphasizes the importance of the homogeneity of the samples when

analyzing expression patterns.

5. DISEASE ASSOCIATION AND FUNCTION: EXPRESSION
QUANTITATIVE TRAIT LOCI

As described earlier, there is an important number of genetic variants

that have been associated to CD through GWAS and the follow-up

Immunochip project. However, the identification of the causal variant

within each association peak is a complicated task due to the strong LD

between close markers within a locus and because most associations cannot

be attributed to a single gene or are located in noncoding regions.

Expression quantitative trait locus (eQTL) mapping is the approach used to

determine the phenotypic effects of associated genetic variants. Several studies

have attempted to find out whether the different alleles of those SNPs influ-

ence expression levels of nearby genes, what is known as cis-eQTL. It has been

described that more than half of the associated SNPs correlates with the

expression of at least one adjacent gene (Dubois et al., 2010). However, in

most of the cases, mRNA levels were measured in peripheral blood leukocyte

populations and the results should be viewed with caution as gene expression

and regulation vary greatly among different tissues and cells. Another addi-

tional level of complexity of this type of analysis is the fact that in many cases,

the effect of a SNP on the expression of a gene only occurs in the presence of

specific stimulus, such as the disease itself, intestinal inflammation, or gluten

peptides. For example, an analysis of the expression of two GWAS candidate

genes (PTPRK and THEMIS) demonstrated their coregulation in biopsies

from active CD patients and from individuals on GFD after in vitro stimula-

tion with gliadin, but not in nonceliac controls, suggesting that cis-eQTLs

could be stimulus dependent (Bondar et al., 2014). Furthermore, a more

recent study of 44 SNPs and 45 candidate genes in intestinal biopsies found
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only four cis-eQTLs and it was observed that most often, SNP genotypes

correlated with the expression levels of one or more genes in other chro-

mosomal regions or trans-eQTLs (Plaza-Izurieta et al., 2015).

The effect of the SNPs associated with disease goes far beyond the sim-

plistic idea of a transcriptional control over an adjacent locus. To come to

understand the complex mechanisms bridging genotype and phenotype,

studies must take into account the different cell types present in the celiac

lesion, together with the influence of different stimuli. Future eQTL-

mapping studies will focus on broadening the range of available tissues

and cell types, in order to determine the key tissues and cell types involved

in complex traits. Large meta-analyses will be able to pinpoint the causal var-

iants within the trait-associated loci and determine their downstream effects

in greater detail (Westra et al., 2013). Also, one must bear in mind that genes

act in a coordinated manner within complex biological pathways, whose

homeostasis is key to health, and may be disturbed by alterations on different

genes in different patients.

5.1 Studies in Blood
To date, the majority of eQTL studies in CD have been performed using

blood samples. A study in primary cell RNA from peripheral blood mono-

nuclear cells (PBMCs) from CD patients found 1273 SNPs that influenced

the expression of 372 genes. When these results were compared to a pub-

lished HapMap immortalized B cell line dataset, 135 different SNPs regu-

lating 51 different genes were common to both samples, indicative of

major conserved functions. However, most cis-eQTLs were only detected

in one of the two cell populations, confirming that the functional conse-

quences of genetic variation is cell-type specific, which is important for stud-

ies aiming to functionally characterize risk variants for common diseases., as

studying immune tissues for immune-mediated diseases. In this particular

study, cis-eQTLs related to “immunity and defense” were more abundant

in CD patient derived PBMCs than in the HapMap B cell line. Interestingly,

when focusing on SNPs that had been previously associated with CD risk,

variants from the IL18RAP and CCR3 were shown to be disease-specific

eQTLs, because there was no significant genotype-expression correlation

in theHapMapBcells (Heap et al., 2009).However, it couldwell be that these

SNPs are not functional eQTLs in B cells. Another study (Hunt et al., 2008)

correlated gene expression inwhole bloodRNAsampleswith the firstGWAS

SNPs from non-HLA celiac-associated regions (van Heel et al., 2007).

They found that the minor allele for SNP rs917997, which is associated to
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disease risk correlates with lower mRNA expression of IL18RAP, a finding

that is somewhat controversial because this gene is actually overexpressed in

intestinal biopsies of CD patients (Castellanos-Rubio et al., 2016; Plaza-

Izurieta et al., 2015). Although IL18RAP has been described as a blood cell

eQTL in various studies in CD and in T1D (Dubois et al., 2010; Heap

et al., 2009; Myhr et al., 2013), the associated SNP does not seem to control

the expression of IL18RAP gene in the intestinal tissue.

In a study that assessed 38 genome-wide significant and suggestive CD-

associated non-HLA loci for cis expression-genotype correlations identified

eQTLs in 20 of them (Dubois et al., 2010). Among the genes regulated by

disease-associated SNPs, there was enrichment for the viral RNA detection

pathway genes, and TLR8 gene expression in whole blood seems to be

regulated by an associated SNP. This finding implicated viral infection as

a putative environmental trigger in CD, an attractive hypothesis that has

been widely studied but no conclusive results have been obtained so far.

The last study performed in blood analyzed the relationship of SNPs

associated to different autoimmune diseases with gene expression

(Ricano-Ponce et al., 2016). In the case of CD, the authors detected

10 cis-eQTLs corresponding to protein-coding genes. The study revealed

two novel candidate genes in 1q32.1 and 15q24.1, corresponding to genes

GPR25 and ULK3, respectively. ULK3 encodes a kinase involved in

autophagy (Young et al., 2009), a pathway that had not been previously

implicated in CD. Autophagy pathway genes were observed to be enriched

among the differentially expressed genes in intestinal biopsies of patients.

Interestingly, lipopolysaccharide-stimulated PBMC production of IL6 was

correlated with theULK3 SNP genotypes, with the risk allele producing less

IL6. The study proposes that ULK3-dependent autophagy could be

involved in regulating inflammation and highlights the importance of study-

ing nongluten antigens, as the members of microbiome, in the context of

disease pathogenesis.

In summary, although gene expression studies in blood have proposed a

handful of genes that seem to be regulated by CD-associated polymorphisms,

functional and confirmation studies in the pertinent tissues and cells will be

necessary to clearly establish the allele—gene expression relationships.

5.2 Studies in Intestinal Biopsies
The correlation between genotype and expression of GWAS candidate

genes in CD gut mucosa was first tested in a Spanish cohort. In this study,

the 11 top SNPs from 8 GWAS regions were genotyped and the expression

163Profiling CD-Related Transcriptional Changes



of the candidate genesRGS1, IL18R1/IL18RAP,CCR3, IL12A/SCHIP1,

LPP, IL2/IL21-KIAA1109, TAGAP, and SH2B3 was quantified in the

intestinal mucosa of active and GFD-treated CD patients and nonceliac con-

trols. Disease association of several SNPs was replicated in this cohort and

differential expression of some of the candidate genes was also observed

in several, but the correlation between SNP genotype and mRNA levels

was only detected in IL12A, LPP, SCHIP1, and SH2B3 (Plaza-Izurieta

et al., 2011). LPP is highly expressed in the small intestine, has been impli-

cated in cell adhesion, and could have a structural role in the maintenance of

epithelial integrity (Trynka et al., 2010). However, the two studies that have

found altered expression in biopsies from CD patients are contradictory in

the direction of the change (Almeida et al., 2014; Plaza-Izurieta et al., 2011).

Intriguingly, in the study that found overexpression of LPP in CD biopsies,

the risk allele had an opposite effect to what was expected, since biopsies

from active patients homozygous for the risk allele had the lowest LPP

mRNA levels (Plaza-Izurieta et al., 2011). In turn, the study that found

lower amounts of LPP in CD described six SNPs in the LPP locus with

potential regulatory functions but did not analyze the correlation between

the genotype of those SNPs and the expression of the gene. Another study

that did not detect disease-related differences in expression levels found that

the subcellular distribution of LPP protein is altered in CD, with increased

LPP in focal adhesions and reduced LPP in the nucleus (Nanayakkara

et al., 2013b). Thus, although the implication of this gene in the disease seems

clear, further studies are needed to confirm an eQTL in this locus and to under-

stand the specific role of LPP in the development of the disease. SCHIP1

has been shown to be underexpressed in both active CD and GFD-treated

patient tissue samples. As with LPP, the effect of the risk allele on SCHIP1

gene expression goes in the opposite direction than predicted, since the risk

allele is associated with a higher expression of SCHIP1. This gene has been

implicated in in other immune-related diseases ( Jin et al., 2014) but it is

close to IL12A within the same GWAS-associated region (3q25-3q26).

IL12A expression is known to be increased in CD (Castellanos-Rubio

et al., 2009) and the Plaza-Izurieta study showed that a single copy of

rs9811792*C SNP allele is capable of increasing the production of IL12A

mRNA. The two top SNPs in these genes (rs17810546, rs9811792) are

located in a 70-kb LD block that shows strong association with CD. It has

been suggested that IL12A and SCHIP represent independent association sig-

nals (Hunt et al., 2008) but the functionality of the variants is still not clear.

SH2B3 is constitutively upregulated in patientmucosa, independent of disease

status, suggesting a defect that precedes disease development and could be
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influenced by a genetic variant (Hunt et al., 2008; Plaza-Izurieta et al., 2015).

Moreover, investigation of the effect of the SH2B3 genotype in response to

lipopolysaccharide andmuramyl dipeptide revealed that carriers of the SH2B3

risk allele showed stronger activation of the NOD2 recognition pathway,

suggesting that SH2B3 could be involved in protection against bacterial infec-

tions (Zhernakova et al., 2010). The presence of the risk allele also correlates

with a higher expression in the mucosa of active patients, making SH2B3 a

good candidate for functional follow-up studies.

Apart from the GWAS studies, pathway analyses can also identify

disease-associated regulatory variants. Previous microarray experiments

have shown an overall upregulation of the ubiquitin–proteasome system

pathway in intestinal mucosa from active CD patients (Castellanos-Rubio

et al., 2010a). This pathway plays a central role in the selective degradation

of intracellular proteins, including those involved in antigen presentation,

NFκB-mediated inflammatory processes, cell cycle regulation, and cytokine

gene expression (Elliott et al., 2003). The most pronounced overexpression

was observed for the ubiquitin D (UBD) gene with a fold change over 14 in

active CD compared to GFD-treated patients. Due to its participation in the

activation of the NFκB pathway and apoptosis, two important pathways in

CD pathogenesis, this gene was further investigated in the context of the

disease. Overexpression of UBD was confirmed in an independent set of

samples. After evaluating the presence of putative regulatory SNPs in the

region the best candidate was genotyped and found to be associated with

the disease. Additionally, there was a significant correlation between the

SNP genotype and the amount ofUBDmRNA, with the highest levels pre-

sent among those individuals homozygous for the risk allele (Castellanos-

Rubio et al., 2010b). Subsequent studies have observed highly upregulated

expression of UBD induced by proinflammatory cytokines IFN-γ and

TNF-α and by the synergistic interaction NFκB and STAT3 in several cell

types and tissues.UBD is also increased in many cancer types including colo-

rectal and gastric cancer and regulates the transcription of the tumor suppres-

sor p53 (Aichem and Groettrup, 2016; Choi et al., 2014). Although, the

relationship betweenUBD and inflammation is now clear, no further studies

have been performed around the possible implication of this SNP in the

levels of UBD mRNA.

5.3 CD-Associated Variants and the Thymus
Almost all regions associated to CD by GWAS contain genes with a relevant

immune function, and many of them participate in the same biological
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pathways. One of the pathways in which CD-associated genes are impli-

cated is “thymic T-cell development” (Dubois et al., 2010) so the thymus

can be considered a relevant organ to address the regulatory role of CD

genetic risk variants. A study (Amundsen et al., 2014) that analyzed thymic

tissues from 42 subjects to determine the regulatory potential of

50 CD-associated SNPs detected eQTLs that involved 27 expression-

altering SNPs (eSNPs) and 39 unique genes (eGenes). From the 27 eQTLs

found, 6 were considered to be thymus-specific eSNPs when compared to a

previous study in PBMCs and another 5 tissues fromGeneVar (Dubois et al.,

2010; Yang et al., 2010). One of the genes that showed thymus-specific reg-

ulation, ZFP36L1, is an RNA-binding protein that regulates mRNA turn-

over and is involved in thymocyte development in mice, highlighting once

more the importance of investigating eQTLs in all the disease-relevant

tissues.

6. CD VARIANTS IN NONCODING REGIONS

Since more than 80% of the GWAS-associated SNPs are located in

gene regulatory or in intergenic regions, the search for functional elements

that could explain the genetic risk is another active research field.

6.1 Regulatory Elements
To study the impact of common trait GWAS–enhancer variants on gene

expression H3K4me1 sites identified by ChIP-seq were analyzed in

B lymphoblasts. It was observed that risk SNPs associated with CD often

mapped within H3K4me1 sites in these cells and the authors proposed that

multiple enhancer variants cooperatively contribute to the alteration of the

expression of their gene targets (Corradin et al., 2014). In another study

where associated SNPs were crossed with regulatory elements categorized

by the ENCODE project, the authors found that CD SNPs are significantly

enriched in B-cell-specific enhancer regions (Kumar et al., 2015). The

results of the analysis of regulatory elements in these two studies, suggests

that B-cell responses play a major role in CD, even if it has been mainly con-

sidered as a T-cell driven disease.

6.2 Long Noncoding-RNAs
lncRNAs areRNAmolecules longer than 200 bp in length with no protein-

coding potential. They have diverse and still not very well-characterized
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mechanisms of action by which they regulate gene expression at the tran-

scriptional and posttranscriptional level.When the correlation of SNP geno-

types with eQTLs of large intergenic noncoding RNAs (lincRNAs) has

been analyzed, more than 100 cis-regulated lincRNAs were found. More-

over, the majority of these SNPs seem to be specifically affecting the expres-

sion of lincRNAs without influencing the expression of neighboring

protein-coding genes. As is the case of coding genes, lincRNA eQTLs

are also tissue-specific and the regulatory SNPs had been associated with

human complex diseases (Kumar et al., 2013). Analysis of the expression

profiles of lncRNAs located in autoimmune disease-associated regions

showed that lncRNA transcripts are enriched in autoimmune-disease loci,

suggesting that lncRNAs may be crucial to interpret GWAS findings. In the

top associated CD GWAS locus on 4q27 there are four protein-coding

genes (KIAA1109, ADAD1, IL2, IL21) and one lncRNA (IL21-AS).

Coexpression analyses showed that IL21 and IL21-AS are corregulated in

Th1 lymphocytes, suggesting that the lncRNA could be involved in the

proper function of the coding gene (Hrdlickova et al., 2014). A study that

analyzed the relationship between SNPs associated with different autoim-

mune diseases and gene expression in blood samples (Ricano-Ponce et al.,

2016) found 27 ncRNAs as potential causal genes in 25 autoimmunity loci.

The association of the 2q31.3 and 11q23.3 regions to CD was attributed to

two lncRNAs (AC104820.2 and AP002954.4) with restricted expression in

immune cells. Recently, lncRNA AC104820.2 has been seen to be

upregulated in intestinal biopsies of CD patients (Plaza-Izurieta et al., 2015).

A functional example of lncRNA-mediated regulation of disease-

related genes has been found in NFκB pathway, which is known to be

constitutively activated in the small intestine of CD (Fernandez-Jimenez

et al., 2014; Maiuri et al., 2003). Polymorphisms in genes of the pathway

have also been associated with susceptibility to the disease but no correlation

of SNP genotypes and gene expression has been demonstrated (Sun and

Zhang, 2007; Trynka et al., 2009). Recently, a lncRNA harboring a

disease-associated SNP close to IL18RAP gene has been described as a

key regulator of genes in the NFκB pathway. This lncRNA 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 CD 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

et al., 2016; Fig. 2).
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Fig. 2 (A) The recently discovered long noncoding RNA lnc13 controls the expression of several proinflammatory genes elsewhere in the
genome. SNP re917997 modifies its secondary conformation and affects the recruitment of other components of the regulatory complex,
so that this SNP is actually a trans-eQTL for those genes.



In summary, the availability of the target tissue for research has made it

possible to explore the changes in the transcriptome that occur in the celiac-

prone gut in different stages of the disease process. This general approach,

together with more specific cell-based or stimulus-dependent studies has

provided a catalog of altered genes and pathways so that we are now begin-

ning to understand the complexity of the interactions between the environ-

mental trigger, genetic polymorphisms, and gene expression as well as the

timeline of the pathogenic processes that occur. The identification of the

key genomic players in those events will be crucial for the identification

of potential targets for prevention and therapy of this and other disorders

of autoimmune etiology that share common genetic roots.
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