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Elevation in Cell Cycle and Protein Metabolism Gene
Transcription in Inactive Colonic Tissue From Icelandic Patients
With Ulcerative Colitis
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Background: A combination of genetic and environmental factors is thought to be involved in the pathogenesis of ulcerative colitis (UC). In
Iceland, the incidence of UC is one of the highest in the world. The aim of this study was to characterize patients with UC and identify potential
germline mutations and pathways that could be associated with UC in this population.

Methods: Exome sequencing and genome-wide microarray analysis on macroscopically noninflamed colonic mucosa from patients and controls
were performed. Exome sequence data were examined for very rare or novel mutations that were over-represented in the UC cohort. Combined
matching of variant analysis and downstream influence on transcriptomic expression in the rectum were analyzed.

Results: One thousand eight hundred thirty-eight genes were differentially expressed in rectal tissue from UC patients and identified an upregulation in
genes associated with cell cycle control and protein processing in the endoplasmic reticulum (ER). Two missense mutations in thiopurine S-methyltransferase
(TPMT) with a minor allele frequency of 0.22 in the UC patients compared with a reported 0.062 in the Icelandic population were identified. A predicted
damaging mutation in the gene SLC26A3 is potentially associated with increased expression of DUOX2 and DUOXA?2 in rectal tissue.

Conclusions: Colonic mucosa of UC patients demonstrates evidence of an elevation in genes involving cell proliferation and processing of
proteins within the ER. Exome sequencing identified a possible increased prevalence of 2 damaging TPMT variants within the UC population,
suggesting screening the UC population before initiation of thiopurine analogue therapy to avoid toxicity associated with these mutations.
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INTRODUCTION

Ulcerative colitis (UC) is a chronic immune-mediated
condition primarily affecting the colonic epithelium. The pur-
suit of the genetic contribution to this disease has, in recent
years, focused on several large-scale genome-wide association
studies (GWAS), with >240 risk loci for inflammatory bowel
disease (IBD) identified to date.! Of the 240 loci identified,
only 28 are specific to UC, with 141 being also being associ-
ated with Crohn’s disease.”> Indeed, estimates of the genetic
correlation suggest only a small influence on disease variance.’
The reduction of costs in technology facilitating assessment
of larger quantities of genetic data allows multi-omic data to
be used to investigate missing heritability and possible envi-
ronmental factors contributing to disease. The transcriptomic
alterations within the inflamed colonic mucosa in IBD have
been well documented, and a meta-analysis conducted by
Clark et al. combined 6 independent microarray data sets
and performed a comprehensive bioinformatic analysis.*
Consistent with genome-wide association study (GWAS) data,
cellular processes relating to immune defense response, leu-
kocyte activation, cell proliferation, and response to bacterial
components were identified. Previous studies on noninflamed
colonic mucosa from UC patients have identified a number of
potential causally related genes such as bone morphogenetic
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protein/retinoic acid-inducible neural specific 3 (BRINP3),’
but all of these studies have been conducted on patients with
varying degrees of underlying microscopic inflammation and a
mixed ethnicity that was not genetically verified. This heteroge-
neity may impact on the ability to identify subtle but relevant
changes to the mucosal tissue.

Ulcerative colitis has an incidence of 16.5 per 100,000
in the population of Iceland, equating to one of the highest
incidence in the world.® The most recent nationwide popula-
tion-based study of the incidence of IBD in Iceland between
1995 and 2009 identified a significant increase in UC over the
study period, whereas Crohn’s disease remained stable, with a
much lower incidence of 6.6 per 100,000.” The population of
Iceland is approximately 340,000,% and genetic studies have
revealed a reduced genetic heterogeneity, with genetic drift hav-
ing a greater impact on the genetic variation when compared
with other European countries due to geographic, and hence
reproductive, isolation.” A previous study into the genetic con-
tribution to IBD in the Icelandic population identified a high
degree of familial aggregation that extended beyond the nuclear
family.!” These findings suggest that a genetic predisposition in
combination with a potential environmental effect is likely to
be driving the increased prevalence of UC in this population.

This study aims to combine exome sequencing of genomic
DNA and transcriptomic data from noninflamed colonic
mucosal tissue collected from well characterized Icelandic UC
patients and ethnically matched healthy controls. The data will
be used to identify novel genetic variants and transcriptomic
signatures that will improve our understanding of the etio-
pathogenesis of the disease and potentially highlight new ther-
apeutic targets.

METHODS

Patient Recruitment, Ethics, and Tissue

Collection

All patients were recruited from the Gastroenterology and
Hepatology Department at the Landspitali University Hospital
Hringbraut, Reykjavik, Iceland. Ulcerative colitis patients had
histologically confirmed disease before recruitment. Consent
was obtained under approval from the Bioethics Committee of
Iceland (application number VSNb2011080005/03.15) and the
Data Protection Authority of Iceland. Healthy controls (HCs)
were recruited from individuals undergoing colonoscopy,
matched for sex and age (5 years) (Table 1). Biopsies were col-
lected during routine colonoscopies and were performed on UC
patients undergoing surveillance. All patients had clinically qui-
escent disease for a minimum of 3 months before the procedure
and upon inspection had a MAYO endoscopic score assessed
as <1.!! Paired endoscopic pinch biopsies (Olympus biop-
sy-forceps, FB-24U-1) were obtained from the ascending colon
and rectum. One biopsy was placed in RNAlater stabilization
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TABLE 1. Characteristics of Subjects

Ulcerative Healthy
Colitis Controls
No. 18 17
Age (range), y 49 (29-77) 46 (19-75)
Sex
Male 7 6
Female 11 11
Extent of disease Extent at index Extent at 5-y —
(E1/E2/E3) colonoscopy follow-up
El1=5 El1=5
E2=8 E2=7
E3=4 E3=5
Medication, —
No. (%)
No treatment 3(17) 4(22)
5-ASA 15 (83) 10 (56)
Azathioprine 3(17)
Biological therapy 1(5)
Smoking status,
No. (%)
Current smoker 3(17) 3(17)
Ex-smoker 7(39) 5(29)
Never smoked 8 (44) 9 (54)
Microscopic inflammation 0=28 0=14
within the rectum 1.1=4
Geboes histological score 12=1

There was no significant difference in age and sex. Extent of disease is based on
Montreal classification. Microscopic inflammatory status of the rectum was verified
by histopathology assessment using Geboes scoring (0 = no abnormality; 1.1 = mild
but unequivocal increase in chronic inflammatory infiltrate; 1.2 = moderate increase
in chronic inflammatory infiltrate).

Abbreviations: 5-ASA, aminosalicylate; El, proctitis; E2, left-sided colitis; E3,
pancolitis.

reagent (Qiagen, Hilden, Germany) and stored at —80°C for
messenger RNA (mRNA) preparation, and the other was
placed in 4% formaldehyde for histological evaluation using the
Geboes scoring system.'? Peripheral venous blood samples were
taken from all study participants at the time of endoscopy for
the assessment of systemic inflammatory status and to obtain
genomic DNA.

RNA Extraction and Genome-Wide

Transcriptomic Analysis

Sixty-seven biopsies (~25 mg/biopsy) were lysed in 300 pL
of RNeasy Fibrous Tissue kit (Qiagen) RLT buffer (Qiagen)
and 0.14 M of p-mercaptoethanol (3-ME; Sigma-Aldrich, St
Louis, MO, USA) and then homogenized by centrifugation at
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10,000g through a Qiashredder column (Qiagen). Protein was
removed by incubation for 10 minutes at 55°C with 10 pL of
Proteinase K (20 mg/mL; >600 mAU/mL; Qiagen). Total RNA
was extracted on RNeasy Mini-Spin Columns, and DNA was
removed with RNase-Free DNase Digestion (Qiagen). Samples
were taken forward for further assessment if there was an RNA
concentration of >25 ng/pL using the Qubit 2.0 fluorometer.
All samples analyzed were optimized with ethanol precipitation
to achieve an RNA integrity number of >7.0 using an Aligent
2100 bioanalyzer or optical density ratio of >1.8 OD, /OD,
and >1.8 OD, /OD,,,

For each biopsy sample, 250 ng of total RNA was ampli-
fied and purified using the Illumina TotalPrep-96 RNA ampli-
fication kit (Ambion; Life Technologies, Carlsbad, CA, USA).
Biotin-labeled complementary RNA (750 ng at 150 ng/uL)
was hybridized to Illumina HumanHT-12v4 Expression
BeadChips (Illumina, San Diego, CA, USA) for 16 hours at
58°C. After hybridization, BeadChips were washed and stained
with streptavidin-Cy3 (GE Healthcare, Little Chalfont, UK),
scanned using the BeadArray reader (Illumina), and processed
using [llumina Genome Studio software.

Bioinformatic Analysis of the Genome-Wide

Transcriptomic Data

For each individual, our multi-omic data set con-
tains both exome sequencing data and transcriptomic profile
data from 1 or more biopsies from the ascending colon and/
or rectum. Allele-sharing distance analysis revealed 1 dupli-
cate exome, and so after removing the corresponding individ-
ual from the data set, 35 remained: 18 cases and 17 controls.
Analyses were performed using Python 2.7 and R, version 3.3.
The FactoMineR R package!® was used for principal compo-
nent analyses (PCAs).

Exome Sequencing Data Analysis

Indexed paired-end libraries were prepared using the BGI
59 Exome Enrichment Kit, and 2X150 base pair (bp) sequenc-
ing was performed by BGI on the Illumina HiSeq 2000 sys-
tem. Read alignment and variant calling of the exomes were
performed simultaneously with ~SK other exomes using an
in-house next-generation sequencing analysis pipeline.'* Reads
were aligned to the human reference genome using hg37 by
Novoalign (version 3.02.08), and variants were called by the
Genome Analysis Toolkit (GATK) according to best practices,
that is, local realignment around InDels, followed by joint vari-
ant calling and variant quality score recalibration.”” Further
requirements for quality assurance included:

1. genotyping quality (GQ) >20;

2. reference/alternate read depth for heterozygote calls does not
diverge significantly from 50:50 (chi-square test P > 0.001);

3. alternate read depth for heterozygote and homozygote alternate
calls >3;

4. GATK Variant Quality Score Recalibration (VQSR) truth tranche
<99.5% for single nucleotide polymorphsims (SNPs) and <99.0% for
InDels;

5. no-call rate in our samples <0.25;

6. genotypes do not diverge significantly from the Hardy-Weinberg
Equilibrium (chi-square test, P > 5x107%).

Variants were annotated by the Variant Effect Predictor
(VEP; version 76).1¢

An ancestry PCA was performed on the Icelandic exomes
(ICE) to confirm their ancestry as European and homogeneous.
Around 5000 independent common SNPs (minor allele fre-
quency [MAF] > 5%) from across the exome were used, plus
1000 Genomes Project samples from European, East Asian,
and African populations.'® In addition, the allele-sharing dis-
tance (ASD) in these SNPs was calculated for each sample pair
within the ICE, British in England and Scotland (GBR), and
Toscani in Italy (TSI) populations, and then 1-way ANOVAs
were used to indicate whether (1) Icelandic samples are rela-
tively genetically homogeneous compared with other European
subpopulations; (2) a difference exists in the within- vs between-
group relatedness of UCs and HCs. Note that for (1), no firm
conclusions can be drawn because the sample size is small and
the GBR and TSI samples were sequenced separately (by the
1000 Genomes Project). If (2) showed a difference, then it
would be a potential source of bias in downstream analyses.

Potentially damaging variants were identified by the fol-
lowing filters:

1. frameshift, stop gain, splice site changes, and missense variants pre-
dicted as damaging by 1 or more of the following: SIFT, PolyPhen-2,"”
Condel,'”® CAROL,"” Combined Annotation Dependent Depletion
(CADD)? algorithms. Standardized cutoff for pathogenicity predic-
tion cited by the authors was used to identify potentially damaging
variants. For PolyPhen-2 predictions, the “probably damaging” and
“possibly damaging” categories were considered damaging.

2. minor allele frequency (MAF) <0.05 in Kaviar? and in non-Finnish
Europeans in the Exome Aggregation Consortium (ExAC)* data-
base and Genome Aggregation Database (gnomAD).

3. present in at least 25% of our cases.

Each variant was tested for association with UC vs the
sequenced healthy controls and using previously published
Icelandic allele frequencies using the Fisher exact test.”

Transcriptome Expression Microarray Analysis
The original expression data contained 47,198 probes and
57 samples: 27 ascending colon and 30 rectal taken from the 35
individuals. For ascending colon samples, there were 12 cases
and 15 controls, and for rectal samples, 15 cases and 15 controls.
These data were log,-transformed, quantile-normalized,
and analyzed in R using various Bioconductor packages.* >
Probes with a minimum detection P value of <0.01 in at
least 2 biopsies were retained (n = 22,716). Two case samples (1
ascending colon, 1 rectal) with significantly lower numbers of
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detected probes were excluded. Retained probes were mapped
to gene IDs by the illuminaHumanv4.db package. Adjustment
of the expression data for chip-level batch effects was done by
the empirical Bayes method ComBat* (sva R package).”” The
recorded bowel sites were verified by examining expression of
genes known to significantly differ between the ascending colon
and rectum and through a PCA on all probes (data not shown):
1 ascending colon and 2 rectal samples demonstrated discor-
dant expression from what was expected and were removed.
Post-quality control (QC), there were 52 samples (24 cases, 28
controls), of which 25 were ascending colon (11 cases, 14 con-
trols) and 27 were rectal (13 cases, 14 controls).

Differential expression analysis was performed with the
LIMMA package.”® For each bowel location, samples were
grouped by disease status (case vs control or Montreal classifi-
cation®), and P values were adjusted for multiple testing by the
Benjamini-Hochberg procedure (adj P value).*® Ancestry was
controlled for by using coordinates from the exome data PCA
as covariates.

For gene ontology (GO) and Kyoto Encyclopedia
of Genes and Genomes (KEGG) analysis, STRING?*! was
employed. Where a transcript had 2 probes or more, the probe
with the highest fold change or expression values was used for
analysis. Pathway analyses were also conducted using DAVID
Bioinformatics Resources 6.7%* ¥ and WebGestalt* to ensure
consistency of results.

Determination of Gene Expression Influence by
Predicted Damaging Variants

Differential expression analysis was performed with the
LIMMA package. For each damaging variant, samples were
grouped by wild-type or carrier of the variant, and P values
were adjusted for multiple testing by the Benjamini-Hochberg
procedure.

Integrated Multi-omic and Clinical Data Analysis

Differential expression analysis was also performed where
samples were grouped by genotype for prioritized potentially
damaging coding variants. A further PCA was performed on
the multi-omic and clinical data together. The latter included
sex, microscopic inflammation score, disease status, disease
extent (Montreal classification for each patient), treatment sta-
tus, hemoglobin, neutrophil count, lymphocyte count, albumin
(ALB), C-reactive protein (CRP), alkaline phosphatase (ALP),
gamma glutamyl transferase (yGT), aspartate transaminase
(AST), alanine transaminase (ALT), and bilirubin. The aim
was to assess the relative utility of these various data.

RESULTS

Assessment of Ancestry and Relatedness
In the ancestry PCA, the Icelandic samples (ICE)
clustered together in close proximity to the 1000 Genomes
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Project GBR and Utah Residents (CEPH) with Northern
and Western Ancestry samples (Supplementary Fig. 1),
confirming their ancestry as European and homogeneous.
In the assessment of relatedness, there was a difference
(P < 0.0005) in the mean ASD of GBR, TSI, and ICE sam-
ples (Fig. 1A). According to Tukey’s honest significant dif-
ference method, there was a significant difference between
ICE and both GBR and TSI (P < 0.005 and P < 0.0005),
but not between GBR and TSI. In line with other studies,
this suggests that the Icelandic population is relatively genet-
ically homogenous, but as stated in the “Methods,” no firm
conclusions can be drawn. There was no significant differ-
ence in the mean ASD of HC, UC-HC, and UC (Fig. 1B),
thus providing confidence that downstream analyses are not
confounded by a difference in the within- vs between-group
relatedness of UCs and HCs.

Identification of Rare and Damaging Mutations

in the Icelandic UC Cohort

Exome sequencing resulted in the identification of
12,483 predicted damaging variants within the entire cohort
(n = 35). Further filtering based on our bespoke filtering (see
the “Methods”) reduced this to 238; of these variants, 48 had
a CADD score greater than 20, and 38 were deemed to have
a high impact on gene function based on VEP consequence
descriptors (Supplementary Table 1).3> Where available, com-
parisons were also made with the Decode Icelandic whole-ge-
nome database (n = 2363), available from the European
Variant Archive (PRJEB8636).2 It was possible to test for
enrichment in our cohort compared with the Icelandic pop-
ulation for 50 of the 252 variants within our total cohort.
We identified 2 damaging missense mutations in thiopurine
S-methytransferase (TPMT), A154T/rs1800460, and Y240C/
rs1142345, in 8 out of 18 UC patients (44%), and 2 out of 17
(12%) healthy controls (Supplementary Table 2). All 8 patients
were found to be heterozygous, with an MAF of 0.22 for both
variants compared, with the reported Icelandic population
frequency of 0.062 and 0.063, respectively (Decode data set).
Overall the Icelandic population has a higher MAF for both
variants in TMPT compared with the non-Finnish European
population (MAF, 0.03 and 0.04, respectively). These 2 vari-
ants are in ~100% linkage disequilibrium (LD) in the Icelandic
population and are known to result in a loss of enzyme func-
tion leading to high levels of toxic metabolites from thiopu-
rine analogues, which cause liver toxicity and bone marrow
suppression.’-37

Predicted Damaging Variants in Genes Identified
by Previous GWAS Studies

To date, 240 loci have been identified associated with IBD
by GWAS.! Of the 248 predicted damaging variants identified
as enriched within the Icelandic UC patients, 7 were located
within IBD-associated loci. These included SLC26A43, GPR35,
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CD226, F5, SKAP2, INFG, NXPEI, and SLC39A411. Only the
variants in SLC26 A3 and F5 had a CADD score above 20, and
none of these reached significance after correction for multiple
testing.

Characteristics and Inflammatory Status of UC

Patients

Summary characteristics of the study cohort are recorded
in Table 1. The serum levels of inflammatory markers CRP and
albumin, in addition to circulating peripheral neutrophil num-
bers, were not significantly different between the HC and UC
cohorts (Fig. 2A). In addition, all other parameters tested were
similar between the HC and UC (see the “Methods,” data not
shown). A PCA of the entire blood results demonstrated no
difference between the HC and UC groups (data not shown).
MAYO scoring of all patients confirmed the quiescent nature
of the disease activity, with 5 patients having a MAYO score
of 1 identified in the rectum and all other patients scoring
0. Histological assessment of the rectal and ascending colonic
biopsies revealed microscopic inflammatory activity in 5 of the
UC biopsy samples from the rectum and none in the ascending
colon. The microscopic activity within the rectum was 1.1 in 4
patients and 1.2 in 1 UC patient, with all other biopsies scor-
ing 0 using the Geboes scoring system. PCA did not separate
this cohort from the microscopically noninflamed UC biop-
sies. None of the HC biopsies were found to have microscopic
inflammation or any other pathological abnormalities. On
review of the medical records for the control subjects 5 years
after the biopsies were collected, none had developed IBD or
any other colonic pathology.

Identification of Different Inflammatory
States Within the Rectum of UC Patients Using

Transcriptomics

Previous studies conducted on inflamed biopsy material
from UC patients by Noble et al. identified an inflammatory gene
signature.®® The major inflammatory markers were reported to
be SAAIL, S100A8, SI00A9, DEFAS5, DEFA6, and IL-8. We
examined the expression of these genes in our Icelandic cohort
to ascertain the inflammatory status of the rectum and ascend-
ing colon at the transcriptomic level (Fig. 2B). One individual
demonstrated an elevation in DEFAS and DEFAG6 (Fig. 2B).
Three of 6 individuals with microscopic inflammation had ele-
vated levels of SI00A8 and S100A9 when compared with the
average of the cohorts. The remaining 9 UC patients and all of
the HCs (n = 15) were found to have similarly low levels of all
6 inflammatory markers. Overall there was no significant group
difference in the expression of the classical inflammatory genes
between the UC and HC groups.

Change in Global Transcriptomic Profile in
UC Rectum

Principal component analysis and differential gene anal-
ysis were performed on the entire UC (n = 18) and HC (n = 16)
transcriptomic data sets (n = 22,716 probes). Principal compo-
nent analysis separated the samples by site of biopsy and dis-
ease status (Fig. 3). Differential analysis comparing rectal gene
expression in UC and HC subjects identified 1838 differentially
expressed genes, of which 935 genes were overexpressed and
903 underexpressed in the disease cohort (adj P < 0.05) (Fig. 4;
Supplementary Table 3).
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The GO and KEGG pathway analysis of the upregu-
lated probes (n = 935) within the rectal tissue of Icelandic UC
patients revealed an enrichment for ribosomes (KEGG path-
way 03010; false discovery rate, 0.00098) and protein process-
ing in the endoplasmic reticulum (KEGG pathway 04141; false
discovery rate, 0.00628) (Table 2).*#* Analysis of the biologi-
cal process and molecular process of gene ontology identified
2 groupings that have been previously established as important
in the pathogenesis of UC, including unfolded protein response
(UPR)*® and macroautophagy* (Supplementary Fig. 2).

Ascending Colon Transcriptomic Data
Differential analysis identified 184 differentially expressed
gene probes between ascending colonic tissue from the UC and
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HC cohorts. Sixty-three genes were upregulated, and 121 genes
were downregulated. No GO or KEGG pathways were signifi-
cantly enriched, and STRING analysis was not able to identify
any significant groupings.

The confluent distal to proximal colonic inflammation
characteristic of UC provides the opportunity to assess areas
of the bowel with repeated episodes of inflammation with
more proximal areas that were likely to have a reduced bur-
den of inflammation or no inflammation at all. To identify if
there was evidence of an intrinsic transcriptomic signature that
was independent of inflammation, we compared the differen-
tial transcriptomic analysis of the ascending and rectal biop-
sies. Thirty-seven gene probes were identified as overlapping in
both groups of transcriptomic data (Supplementary Table 4).
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TABLE 2. Gene Ontology and KEGG Pathway Analysis of Differential Genes From the Rectum

Pathway 1D Pathway Description Count in Gene Set False Discovery Rate
KEGG Pathway

03010 Ribosome 13 0.000982
04141 Protein processing in endoplasmic reticulum 13 0.00628
05016 Huntington’s disease 12 0.0483
Biological process (GO)

GO0:0044237 Cellular metabolic process 237 1.65¢e-11
GO:0043170 Macromolecule metabolic process 214 3.23e-11
GO:0044260 Cellular macromolecule metabolic process 202 3.23e-11
GO:0071704 Organic substance metabolic process 233 9.17e-09
GO:0044238 Primary metabolic process 228 1.45¢-08
Molecular process (GO)

GO0:0003723 RNA binding 78 7.68e-11
G0:0044822 Poly(A) RNA binding 66 7.68e-11
GO:0003676 Nucleic acid binding 121 1.99¢-05
GO:1901363 Heterocyclic compound binding 159 4.14¢-05
GO:0097159 Organic cyclic compound binding 160 4.67¢-05

Examination of the upregulated rectal genes (n = 935) within the Icelandic UC patients revealed an enrichment for ribosomes and protein processing in the endoplasmic reticulum.

Fifteen genes were underexpressed and 22 overexpressed, and
all but 1 gene had the same directional fold change in both
areas of the bowel. The genes identified primarily relate to cell
cycle, ribosomes, transcription factors, and cytoskeleton forma-
tion. There was no significant GO term enrichment for these
groups of genes.

Potential Impact of the Rare Damaging Variants
on Rectal Gene Expression

There was no significant difference in the burden of
damaging variants when comparing the UC group and the
HC group (data not shown). Through a combined analysis
of exome variants and transcriptomic data, we were able to
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determine if rare predicted damaging variants observed within
the UC cohort had any influence on rectal gene expression.
Within the group of 248 prioritized variants, several were found
to have a potential influence on rectal and ascending colon gene
expression. Individuals that carry the 2 TPMT mutations had a
decreased expression of speckle type BTB/POZ protein (SPOP;
adj P < 0.05) (Fig. 5B). Carrying the mutation C307W in the
SLC26A3 gene was associated with an increase in expression of
both the dual oxidase 2 (DUOX2) and dual oxidase maturation
factor 2 (DUOXAZ2; adj P < 0.05) (Fig. 5D and E).

DISCUSSION

Ulcerative colitis is a complex disease with both genetic
and environmental factors contributing to its pathogenesis.

Previous genetic studies have identified large numbers of com-
mon genetic variants that together are thought contribute to an
increased risk of developing UC via modulation of pathways
and processes. To identify the pathways and processes that are
abnormal in UC, it is preferable to study a population with a
high disease incidence that is ethnically homogeneous and from
a similar environment. The Icelandic population fulfills these
requirements. By studying exome and transcriptomic data from
Icelandic UC patients, we have provided evidence to support
an alteration in colonic mucosal homeostasis and the upregula-
tion in pathways of protein processing within the endoplasmic
reticulum.

Genomic data from the Icelandic cohort under study
have reconfirmed the narrowed heterogeneity described by
Helgason et al.” showing a nonrelated but genetically restricted
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FIGURE 5. Variant impact on downstream transcriptomics. A, Rectal expression of TPMT is not affected by the 2 observed TPMT variants (A154T/
Y2400C), (B) whereas the variants demonstrate a significant downstream impact on SPOP expression within the rectum. C, Expression of SLC26A3
within the colon is not affected by variant status (C307W), but (D) and (E) carriers of this mutation demonstrate an increase in DUOXA2 and DUOX2

expression within the rectum. *Adj P < 0.05.
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population. To identify genes and processes that may be impli-
cated in the disease etiology separate from the transcriptomic
signature of inflammation, we specifically targeted patients with
quiescent disease. The analysis of the histology, systemic inflam-
matory markers, and whole-genome transcriptomic profiling of
our subjects demonstrated that the current cohort represents a
clinically quiescent group of patients. These results provided us
with confidence that our findings were not directly associated
with an ongoing chronic inflammatory process or infiltrating
leukocyte populations, but were associated with changes within
the cells of the colonic mucosa. Our results demonstrated some
overlap with a number of previous transcriptomic studies con-
ducted in different ethnic populations.>* We have previously
conducted a transcriptomic analysis on macroscopically nor-
mal bowel pinch biopsies obtained from patients in the United
Kingdom and identified 3 abnormally expressed genes in UC
rectal tissues.’ The Icelandic UC biopsies had a significantly
higher number of differential genes identified; however, the 3
previously reported genes were not among them. The lower
number of genes identified in the UK cohort could be due to
population diversity. Environmental effects may also play a role
in the more uniform results in the Icelandic study, but further
work will be needed to determine what these could be.

Despite the quiescent nature of the patient’s disease in our
cohort, we were still able to identify a large number of transcrip-
tomic changes, particularly in the rectum. This may represent a
specific colonic response to inflammation or its resolution. One
of the major processes identified as overexpressed in UC rectal
tissue was the UPR, which has been previously shown to play a
vital role in intestinal homeostasis.*® Dysregulation in UPR has
been described in both UC and Crohn’s disease.” Through the
use of transgenic animal models, the functional consequence
of an alteration in the UPR response and the development of
gastrointestinal inflammation has been demonstrated.** Loss
or mutations in effectors and regulators of the UPR have been
shown to increase the host’s susceptibility to the development
of experimental colitis.*> ** Reduced numbers of genes were
found to be altered in the ascending colon compared with HCs.
This may be as a consequence of reduced episodes of inflam-
mation or, in the majority of cases, no inflammation. A paucity
of genes relating to UPR within the ascending colon suggests
that these alterations in cellular stress could be a consequence
of inflammation specifically and may not represent a “pre-in-
flammatory” change.

Exome sequencing identified 48 possibly damaging
genetic variants with a CADD score >20 that were enriched in
the UC patients. Several of the mutations were shown to have
a potential influence on rectal gene expression. SLC26A43 and
coagulation factor 5 (F5) have both previously been identified
as risk loci in IBD GWAS studies.> > SLC26A43, also known
as the downregulated in adenoma (DRA) gene, encodes a pro-
tein essential for intestinal chloride absorption and is a trans-
membrane glycoprotein localized to the apical membrane of

the columnar epithelium. Mutations in SLC26 A3 that result in
loss of function have been associated with congenital chloride
diarrhea.’> A number of SNPs have been identified in SLC26A43
associated with either UC or IBD in both East Asian and
European populations.’":33

The C307W mutation in SLC26A43 that we identified in
our Icelandic UC cohort seemed to have an influence on the
expression of DUOX2 and DUOXAZ2 in the rectum of patients.
DUOX2 and DUOXA?2 genes encode glycoproteins, which
form a heterodimer and are members of the NADPH oxidase
family. DUOX proteins are widely expressed in the apical com-
ponent of the colonic epithelium and provide a mechanism of
bacterial and viral killing.* DUOX2 and its maturation and
localization factor DUOXA?2 have previously been shown to be
key in the production of hydrogen peroxide within the colon
and to be upregulated in active colitis and colonic cancer.*
They are considered to have an important role in the main-
tenance of the mucosal barrier and the ability to protect the
host from pathogens.* Recent work has identified mutations in
DUOX2 in patients with IBD.5-* Further studies are needed to
determine if the expression of the C307W SLC26 43 mutation
alters the DUOX2/DUOXAZ2 complex and has any impact on
the colonic tissue or microbiota.

In addition to SLC26A3, the TPMT mutation A154T/
Y240C also seems to have influenced rectal gene expression.
Individuals who carry the A154T/Y240C variant had reduced
expression of SPOP, an E3 ubiquitin ligase adaptor protein. It
has most widely been described in the regulation of epithelial
cell proliferation within several different cancer models includ-
ing prostate, lung, ovarian, and renal cell carcinoma.*® SPOP is
downregulated in colorectal cancers, and inactivation promotes
metastasis, suggesting a role as a tumor suppressor.® The exact
physiological function of TPMT has yet to be elucidated; how-
ever, it is a key enzyme in the metabolism of immunosuppressive
thiopurine analogues commonly used in the treatment of UC.
The 2 TMPT mutations that were identified in the Icelandic UC
cohort are in 100% LD and have previously been reported and
given the abbreviation TMPT*3A (460G>A, rs1800460, A154T;
T19A>G, rs1142345, Y240C). TMPT metabolizes thiopurine
drugs, with S-adenosyl-L-methionine as the S-methyl donor
and S-adenosyl-L-homocysteine as a byproduct. TMPT*3A
has been shown to result in a loss of enzyme function leading
to build-up of high levels of toxic metabolites from thiopurine
analogues, which cause bone marrow suppression and hepato-
toxicity. Genetic polymorphisms that affect enzymatic activ-
ity result in thiopurine S-methyltransferase deficiency.’’” The
increased prevalence of the TMPT variant within the Icelandic
population and potentially the UC patients within this group
has direct clinical relevance due to the use of thiopurine ana-
logues as immunomodulators in this disease. Twenty percent of
patients experiencing a side effect related to bone marrow sup-
pression and leukopenia have a TPMT mutation.®' Screening
the UC population before initiation of thiopurine therapy may
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be advantageous. Interestingly, in a recent study from Iceland,
azathioprine was found to be the hepatotoxic drug associated
with the highest risk of hepatotoxicity, affecting approximately
1 out of 130 patients treated.® Very little is known about the
true biological role of the TMPT, and whether it contributes to
the pathogenesis of UC is also currently unclear.

In conclusion, our data provide the first paired exomic
and transcriptomic data comparing patients with clinically
quiescent UC and HC subjects. Transcriptomic analysis con-
firmed an elevation in cell cycle activity and an underlying
UPR within the colonic tissue of UC patients. We were able to
identify a number of predicted damaging coding variants that
were present at frequencies higher than would be expected in
the general Icelandic and non-Finnish European populations.
Further studies including replication cohorts will be needed
to determine the relevance of the variants identified to UC.
In addition, it would be highly informative to determine the
microbiota of the Icelandic population and UC patients. This
and other possible environmental factors may help to uncover
possible explanations for the increased prevalence of this dis-
ease within this population. Importantly, our findings provide
evidence to support the theory that rare and damaging muta-
tions can also have an influence on other genes within colonic
tissue. Our data provide further evidence of the importance of
combined multi-omics in selective populations to appreciate the
impact of genomic variants on human diseases.

SUPPLEMENTARY DATA
Supplementary data are available at Inflammatory Bowel
Diseases online.

ACKNOWLEDGMENTS

UCL genomics for technical assistance with microarray.
Patients and control subjects who kindly donated samples for
this study.

REFERENCES

1. de Lange KM, Moutsianas L, Lee JC, et al. Genome-wide association study
implicates immune activation of multiple integrin genes in inflammatory bowel
disease. bioRxiv. 2016;49:058255.

2. Mirkov MU, Verstockt B, Cleynen I. Genetics of inflammatory bowel disease:
beyond NOD2. Lancet Gastroenterol Hepatol. 2017;2:224-234.

3. Jostins L, Ripke S, Weersma RK, et al; International IBD Genetics Consortium
(IIBDGC). Host-microbe interactions have shaped the genetic architecture of
inflammatory bowel disease. Nature. 2012;491:119-124.

4. Clark PM, Dawany N, Dampier W, et al. Bioinformatics analysis reveals tran-
scriptome and microrna signatures and drug repositioning targets for IBD and
other autoimmune diseases. Inflamm Bowel Dis. 2012;18:2315-2333.

5. Smith PJ, Levine AP, Dunne J, et al. Mucosal transcriptomics implicates under
expression of BRINP3 in the pathogenesis of ulcerative colitis. Inflamm Bowel
Dis. 2014;1802-1812.

6. Burisch J, Jess T, Martinato M, et al; ECCO -EpiCom. The burden of inflamma-
tory bowel disease in Europe. J Crohns Colitis. 2013;7:322-337.

7. Bjornsson S, Tryggvason FP, Jonasson JG, et al. Incidence of inflammatory
bowel disease in Iceland 1995-2009. A nationwide population-based study. Scand
J Gastroenterol. 2015;50(11):1368-1375.

. Statistics Iceland. https://www.statice.is/. Accessed October 2017.

9. Helgason A, Nicholson G, Stefansson K, et al. A reassessment of genetic diver-

sity in Icelanders: strong evidence from multiple loci for relative homogeneity
caused by genetic drift. Ann Hum Genet. 2003;67:281-297.

oo

326

20.

21.

22.

23.

24.

25.

26.

27.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

40.

41.

. Reynisdottir I, Gudbjartsson DF, Johannsson JH, et al. A genetic contribution to

inflammatory bowel disease in Iceland: a genealogic approach. Clin Gastroenterol
Hepatol. 2004;2:806-812.

. Schroeder KW, Tremaine W1J, Ilstrup DM. Coated oral 5-aminosalicylic acid

therapy for mildly to moderately active ulcerative colitis. A randomized study. N
Engl J Med. 1987;317:1625-1629.

. Geboes K, Riddell R, Ost A, et al. A reproducible grading scale for histological

assessment of inflammation in ulcerative colitis. Guz. 2000;47:404-409.

. L& S, Josse J, Husson F. FactoMineR: an R package for multivariate analysis. J

Stat Softw. 2008;25:1-18.

. Pontikos N, Yu J, Moghul 1, et al. Phenopolis: an open platform for harmonization

and analysis of genetic and phenotypic data. Bioinformatics 2017;33(15):2421-2423.

. McKenna A, Hanna M, Banks E, et al. The genome analysis toolkit: a mapreduce

framework for analyzing next-generation DNA sequencing data. Genome Res.
2010;20:1297-1303.

. Auton A, Abecasis GR, Altshuler DM, et al. A global reference for human

genetic variation. Nature. 2015;526:68-74.

. Adzhubei I, Jordan DM, Sunyaev SR. Predicting functional effect of

human missense mutations using polyphen-2. Curr Protoc Hum Genet.
2013;Chapter 7:Unit7.20.

. Gonzalez-Perez A, Lopez-Bigas N. Improving the assessment of the outcome

of nonsynonymous SNVs with a consensus deleteriousness score, Condel. Am J
Hum Genet. 2011;440-449.

. Lopes MC, Joyce C, Ritchie GR, et al. A combined functional annotation score

for non-synonymous variants. Hum Hered. 2012;73:47-51.

Kircher M, Witten DM, Jain P, et al. A general framework for estimating the
relative pathogenicity of human genetic variants. Nat Genet. 2014;46:310-315.
Glusman G, Caballero J, Mauldin DE, et al. Kaviar: an accessible system for
testing SNV novelty. Bioinformatics. 2011;27:3216-3217.

Lek M, Karczewski KJ, Minikel EV, et al; Exome Aggregation Consortium. Analysis
of protein-coding genetic variation in 60,706 humans. Nature. 2016;536:285-291.
Gudbjartsson DF, Sulem P, Helgason H, et al. Sequence variants from whole
genome sequencing a large group of Icelanders. Sci Data. 2015;2:150011.
Gentleman RC, Carey VJ, Bates DM, et al. Bioconductor: open software develop-
ment for computational biology and bioinformatics. Genome Biol. 2004;5:R80.
Smyth GK, Michaud J, Scott HS. Use of within-array replicate spots for
assessing differential expression in microarray experiments. Bioinformatics.
2005;21:2067-2075.

Johnson WE, Li C, Rabinovic A. Adjusting batch effects in microarray expression
data using empirical Bayes methods. Biostatistics. 2007;8:118-127.

Leek JT, Johnson WE, Parker HS, et al. 2017. sva: Surrogate Variable Analysis. R
package version 3.26.0. http://bioconductor.org/packages/release/bioc/html/sva.html.

. Ritchie ME, Phipson B, Wu D, et al. Limma powers differential expression anal-

yses for RNA-sequencing and microarray studies. Nucleic Acids Res. 2015;43:¢47.
Silverberg MS, Satsangi J, Ahmad T, et al. Toward an integrated clinical, molec-
ular and serological classification of inflammatory bowel disease: report of a
working party of the 2005 Montreal World Congress of Gastroenterology. Can J
Gastroenterol. 2005;19(Suppl A):5A-36A.

Benjamini Y, Hochberg Y. Controlling the false discovery rate: a practical and
powerful approach to multiple testing. J R Statistical Soc Series B Stat Methodol.
1995;57:289-300.

Jensen LJ, Kuhn M, Stark M, et al. STRING 8-a global view on proteins and their
functional interactions in 630 organisms. Nucleic Acids Res. 2009;37:D412-D416.
Huang da W, Sherman BT, Lempicki RA. Systematic and integrative analysis of
large gene lists using DAVID bioinformatics resources. Nat Protoc. 2009;4:44-57.
Huang da W, Sherman BT, Lempicki RA. Bioinformatics enrichment tools: paths
toward the comprehensive functional analysis of large gene lists. Nucleic Acids
Res. 2009;37:1-13.

Wang J, Vasaikar S, Shi Z, et al. WebGestalt 2017: a more comprehensive, pow-
erful, flexible and interactive gene set enrichment analysis toolkit. Nucleic Acids
Res. 2017;45(W1):W130-W137.

McLaren W, Pritchard B, Rios D, et al. Deriving the consequences of genomic
variants with the ensembl API and SNP effect predictor. Bioinformatics.
2010;26:2069-2070.

Spire-Vayron de la Moureyre C, Debuysere H, Mastain B, et al. Genotypic and
phenotypic analysis of the polymorphic thiopurine S-methyltransferase gene
(TPMT) in a European population. Br J Pharmacol. 1998;125(4):879-887.
Weinshilboum RM, Sladek SL. Mercaptopurine pharmacogenetics: monogenic
inheritance of erythrocyte thiopurine methyltransferase activity. 4m J Hum
Genet. 1980;32:651-662.

Noble CL, Abbas AR, Cornelius J, et al. Regional variation in gene expression in
the healthy colon is dysregulated in ulcerative colitis. Gut. 2008;57:1398-1405.

. Ashburner M, Ball CA, Blake JA, et al. Gene ontology: tool for the unification of

biology. The Gene Ontology Consortium. Nat Genet. 2000;25:25-29.

Blake JA, Christie KR, Dolan ME, et al. Gene ontology consortium: going for-
ward. Nucleic Acids Res. 2015;43:D1049-D1056.

Ogata H, Goto S, Sato K, et al. KEGG: Kyoto Encyclopedia of Genes and
Genomes. Nucleic Acids Res. 1999;27:29-34.


https://www.statice.is/
http://bioconductor.org/packages/release/bioc/html/sva.html﻿

Inflamm Bowel Dis  Volume 25, Number 2. February 2019

Characterization of UC tissue: a multi-omics approach

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

Kanehisa M, Sato Y, Kawashima M, et al. KEGG as a reference resource for gene
and protein annotation. Nucleic Acids Res. 2016;44:D457-D462.

Cao SS. Epithelial ER stress in Crohn’s disease and ulcerative colitis. Inflamm
Bowel Dis. 2016;22:984-993.

El-khider F. Links of autophagy dysfunction to inflammatory bowel disease
onset. Dig Dis. 2016;34:27-34.

Planell N, Lozano JJ, Mora-Buch R, et al. Transcriptional analysis of the intesti-
nal mucosa of patients with ulcerative colitis in remission reveals lasting epithelial
cell alterations. Gut. 2013;62:967-976.

Kaser A, Blumberg RS. Endoplasmic reticulum stress in the intestinal epithelium
and inflammatory bowel disease. Semin Immunol. 2009;21:156-163.

Tréton X, Pédruzzi E, Cazals-Hatem D, et al. Altered endoplasmic reticulum
stress affects translation in inactive colon tissue from patients with ulcerative coli-
tis. Gastroenterology. 2011;141:1024-1035.

Namba T, Tanaka K, Ito Y, et al. Positive role of CCAAT/enhancer-binding pro-
tein homologous protein, a transcription factor involved in the endoplasmic reticu-
Tum stress response in the development of colitis. Am J Pathol. 2009;174:1786-1798.
Zhang HS, Chen Y, Fan L, et al. The endoplasmic reticulum stress sensor IREla
in intestinal epithelial cells is essential for protecting against colitis. J Biol Chem.
2015;290:15327-15336.

Tschurtschenthaler M, Adolph TE, Ashcroft JW, et al. Defective ATGI6L1-
mediated removal of IRE1 a drives Crohn’s disease — like ileitis. 2017:1-22.

Liu JZ, van Sommeren S, Huang H, et al; International Multiple Sclerosis
Genetics Consortium; International IBD Genetics Consortium. Association
analyses identify 38 susceptibility loci for inflammatory bowel disease and high-
light shared genetic risk across populations. Nat Genet. 2015;47:979-986.
Wedenoja S, Pekansaari E, Hoglund P, et al. Update on SLC26A3 mutations in
congenital chloride diarrhea. Hum Mutat. 2011;32:715-722.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Asano K, Matsushita T, Umeno J, et al. A genome-wide association study identi-
fies three new susceptibility loci for ulcerative colitis in the Japanese population.
Nat Genet. 2009;41:1325-1329.

El Hassani RA, Benfares N, Caillou B, et al. Dual oxidase2 is expressed
all along the digestive tract. Am J Physiol Gastrointest Liver Physiol.
2005;288:G933-G942.

MacFie TS, Poulsom R, Parker A, et al. DUOX2 and DUOXA?2 form the pre-
dominant enzyme system capable of producing the reactive oxygen species H202
in active ulcerative colitis and are modulated by S-aminosalicylic acid. Inflamm
Bowel Dis. 2014;20:514-524.

Grasberger H, Gao J, Nagao-Kitamoto H, et al. Increased expression of DUOX2
is an epithelial response to mucosal dysbiosis required for immune homeostasis in
mouse intestine. Gastroenterology. 2015;149:1849-1859.

Levine AP, Pontikos N, Schiff ER, et al; NIDDK Inflammatory Bowel Disease
Genetics Consortium. Genetic complexity of Crohn’s disease in two large
Ashkenazi Jewish families. Gastroenterology. 2016;151:698-709.

Parlato M, INSERM, UMRI1163, et al. First identification of biallelic inher-
ited DUOX2 inactivating mutations as a cause of very early onset inflammatory
bowel disease. Gastroenterology. 2017;153(2):609-614.

Boysen G, Barbieri CE, Prandi D, et al. SPOP mutation leads to genomic insta-
bility in prostate cancer. Elife. 2015;4:1-4.

Xu J, Wang F, Jiang H, et al. Properties and clinical relevance of speckle-type
POZ protein in human colorectal cancer. J Gastrointest Surg. 2015;19:1484-1496.
Roberts RL, Barclay ML. Update on thiopurine pharmacogenetics in inflamma-
tory bowel disease. Pharmacogenomics. 2015;16:891-903.

Bjornsson ES, Bergmann OM, Bjornsson HK, et al. Incidence, presentation, and
outcomes in patients with drug-induced liver injury in the general population of
Iceland. Gastroenterology. 2013;144:1419-1425, 1425.¢el.

327



