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Abstract

Background—Hepatocyte nuclear 4 alpha (HNF4a), involved in glucose and lipid metabolism,
has been linked to intestinal inflammation and abnormal mucosal permeability. Moreover, in a
genome-wide association study, the HNF4A locus has been associated with ulcerative colitis. The
objective of our study was to evaluate the association between HNF4a genetic variants and CD in
two distinct Canadian pediatric cohorts.

Methods—The sequencing of the HNF4A gene in 40 French Canadian patients led to the
identification of 27 SNPs with a minor allele frequency greater than 5%. To assess the impact of
these SNPs on disease susceptibility, we first conducted a case-control discovery study on 358
subjects with CD and 542 controls. We then carried out a replication study in a separate cohort of
416 cases and 1,208 controls.

Results—In the discovery cohort, the genotyping of the identified SNPs revealed that 6 were
significantly associated with CD. Among them, rs1884613 was replicated in the second CD cohort
(OR: 1.33; P<0.012) and this association remained significant when both cohorts were combined
and after correction for multiple testing (OR: 1.39; £<0.004). An 8-marker P2 promoter haplotype
containing rs1884613 was also found associated with CD (P<2.09x10~4 for combined cohorts).
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Conclusions—This is the first report showing that the HAF4A locus may be a common genetic
determinant of childhood-onset CD. These findings highlight the importance of the intestinal
epithelium and oxidative protection in the pathogenesis of CD.
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INTRODUCTION

Inflammatory bowel disease (IBD) refers to two chronic inflammatory disorders affecting
the intestinal mucosa: Crohn’s disease [CD, (MIM 266600)] and ulcerative colitis [UC,
(MIM 191390)]. CD is common in developed countries, with a prevalence estimated at 100-
300/100,000 (1, 2). The etiology of CD has not yet been elucidated, but is considered to
involve a complex interaction between predisposing genes, environmental factors, and
impaired immune response to the commensal gut microbiome. The understanding of the
genetic contribution to risk of CD has advanced enormously as a result of recent case-
control and genome-wide association studies (GWAS) (3-6). Indeed, GWAS (7), followed
by deep sequencing of GWAS loci (8), have identified 85 distinct loci associated with the
disease. However, the genes identified thus far only explain approximately 23% of the
genetic contribution to CD (7).

Hepatocyte nuclear factor 4 alpha (HNF4a, NR2A1), belongs to the nuclear hormone
receptor superfamily (9). It is expressed in the liver, kidney, pancreatic islets and gut (9-11).
HNF4a interacts with regulatory elements in promoters and enhancers of genes involved in
cholesterol, fatty acid, and glucose metabolism (12). Genes transactivated by HNF4a
encode various transcription factors, enzymes and proteins involved in numerous processes,
including hematopoiesis, blood coagulation/fibrinolysis, as well as hepatic development and
function (13-17). HNF4A is located on locus 20g13.1-13.2. Thirteen exons have been
identified, and alternative splicing of these exons result in at least nine isoforms of the
protein. The transcription of three of these isoforms is driven by an alternate promoter
known as P2, which is located 45.6 kb upstream P1 promoter (18, 19). It has been suggested
that P2 promoter drives transcription in pancreatic p cells (18, 19), while the P1 promoter is
mainly active in liver cells (18, 20). Both promoters appear to be effective in the intestine
(20).

The key hepatic and pancreatic functions of HNF4a are well established. It activates
gluconeogenesis in hepatocytes (21), maintains glucose homeostasis by regulating gene
expression in pancreatic p cells (12, 22), activates insulin genes through both direct and
indirect mechanisms (22, 23) and regulates the expression of many genes such as
apolipoproteins (24). Rare loss-of-function mutations in the HAVF4A gene cause a
monogenic form of type 2 diabetes (T2D), type 1 maturity-onset diabetes of the young
(MODY1) (25). Also, HNF4a has been reported to be associated with the risk of late-onset
T2D in several populations (26-28). In the gut, HNF4a plays a role in colonic development
(29), lipid transport (30) as well as intestinal epithelial cell differentiation and phenotype
expression (31, 32). It has also been associated with susceptibility to abnormal intestinal
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permeability, inflammation and oxidative stress (33, 34). Of particular relevance, a recent
GWAS demonstrated associations between the 20g13.1 locus that harbors the HNF4A gene
and risk of developing UC (35). Interestingly, no associations with CD were found. In this
study, we have hypothesized that HNVF4A gene polymorphisms are associated with the risk
of developing CD. We comprehensively examined the association between variants in and
around the HNF4A gene and CD in 2 distinct cohorts of Canadian children.

SNP Discovery by Sequencing

To determine the single nucleotide polymorphism (SNP) content of HNF4a. in our
population, 30 selected fragments of the HNF4A gene were sequenced in 40 IBD French
Canadian patients. As summarized in Table 1, sequencing of the gene led to the
identification of 27 SNPs with a minor allele frequency greater than 5%. Among the
identified SNPs, one was non-synonymous (rs1800961, T130I) and 26 were located either in
intronic or promoter regions. All SNPs had been previously reported in dbSNP (build 131).
Most of the variants identified in this study were previously associated with the risk of
developing T2D (36) and dyslipidemia (37). The relative positions of SNPs on the HNF4A
locus are illustrated in Figure 1.

Genotyping for Association with Crohn’s Disease in Discovery Cohort

A total of 356 (271 French Canadian, 57 Jewish and 30 non Caucasian) subjects with CD
and 542 controls were included for genotyping. The descriptive and clinical characteristics
of participants of the discovery cohort are shown in Table 2. There was a non significant
higher proportion of males among the cases (53.35%). The mean age at diagnosis (15.41
+ 7.63 y) was similar to age of controls (13.67 £ 2.72 y). Based on the Montreal
Classification (38), most cases (n=224, 62.57%) had ileocolonic location (L3 + L4) and
inflammatory disease (B1 £ p) (n=287, 80.17%). The majority of the population was of
Caucasian ancestry (n=271, 75.70%).

Among the 27 SNPs identified, 3 could not be adequately genotyped due to technical
difficulties (rs2425640, rs16988991 and rs3212184). The remaining 24 SNPs were analyzed
for association. Table 3 shows the distribution of the frequencies of the corresponding alleles
in cases and controls. Six SNPs demonstrated significant associations with CD: rs4810424
(P<0.007), rs1884613 (P<0.004), rs1884614 (P<0.005), rs2144908 (~<0.003), rs3212172
(P<0.044) and rs1800963 (A<0.048). Analysis including only individuals of Caucasian
ancestry revealed similar results. However, the associations for 2 SNPs (rs3212172 and
rs1800963) were no longer significant probably due to reduced power.

Genotyping for Association with Crohn’s Disease in Replication Cohort

For replication, we selected 10 SNPs significantly associated with CD in the single SNP and
haplotype analyses of the discovery study. A total of 416 Caucasian subjects with CD and
1,208 controls were included for genotyping. The descriptive and clinical characteristics of
participants of the replication cohort are shown in Table 2. The proportion of males among
the cases was higher (56.49%), but the difference was not significant. The mean age at
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diagnosis (12.69 + 3.41 y) was similar to that of controls (12.71 = 2.98 y). A high
percentage of cases (n=200, 48.08%) had ileocolonic location (L3 + L4) and inflammatory
disease (B1 £ p) (n=365, 87.75%). All subjects in replication cohort were of Caucasian
ancestry. Table 4 shows the distribution of the frequencies of the corresponding alleles in
cases and controls. All SNPs were in Hardy-Weinberg equilibrium. Among the 10 SNPs
genotyped for replication, rs1884613 remained significantly associated with CD (OR: 1.327;
£<0.012).

Single SNP Analysis in Combined Cohorts

The descriptive and clinical characteristics of participants of the combined discovery and
replication cohorts are shown in Table 2. Association analysis revealed a significant
association for 3 of the 6 SNPs associated in the discovery cohort, namely rs1884613 (OR:
1.389, ~<0.0001), rs1884614 (OR: 1.295, A<0.001) and rs2144908 (OR: 1.260, A<0.006)
(Table 4). After correction for multiple testing (40 test), the association for rs1884613 and
rs1884614 remained significant (respectively £<0.004 and A<0.04).

Haplotype Analysis

Linkage disequilibrium (LD) analysis (Figure 2) showed that the SNPs were distributed
within six major haplotype blocks: a first block including 8 SNPs overlapping Promoter 2
and spanning on a 14 kb region (rs4810424, rs1884613, rs1884614, rs6031543, rs2144908,
rs6031550, rs6031551, rs6031552); a second block of 2 adjacent intronic SNPs (rs6103716
and rs6031558); a third block of 3 SNP (3 kb) in the intronic region between both promoters
(rs6130608, rs2425637, rs2425639); a fourth block of 2 SNPs (4 kb) also located in the
intronic region between the 2 promoters (rs2071197 and rs736824); a fifth block of 2
intronic SNPs (rs745975 and rs3212183, respectively in introns 1 and 2); and finally a sixth
block of 3 SNPs (5 kb) located in introns 3 and 4 (rs3212195 and rs3212198). Table 5 shows
the results of the haplotype analyses performed on the SNPs within each block of LD in the
discovery cohort. One 8-marker haplotype was significantly associated with CD (haplotype
CGTCACTC, X2:8.276, £<0.004). Subsequently, association analysis was replicated for the
significant P2 promoter haplotype. In the replication cohort, the association with the
CGTCACTC haplotype remained significant (X2:8.266, F£<0.004) (Table 5). Combining
both cohorts, the significant association was also replicated (x2=19.997, A<7.755 x 1076),
even after correcting for 27 haplotype comparisons (£<2.09 x 104). Moreover, a second
haplotype was found significantly associated with CD (GCCCGTCA, (X2:4-038- F£<0.045)
when both cohorts were combined.

Oxidant and Antioxidant Status

To assess the oxidative status of CD patients in comparison to controls and according to their
rs1884613 genotype, plasma malondialdehyde (MDA) was measured. Results show that
MDA levels were significantly elevated in CD subjects compared to controls (A<0.0001)
(Figure 3A), but no significant difference was noted when MDA levels were separated
according to rs18834613 genotype (Figure 3B).

Subjects’ antioxidant profile was assessed by measuring plasma retinol, f-carotene, y-
tocopherol and a.-tocopherol. Compared to controls, the plasma concentrations of B-carotene
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were reduced in CD (~<0.0001) (Figure 4A), while retinol (Figure 4B) and y-tocopherol
(Figure 4C) levels were elevated (£<0.0001 and ~£<0.001, respectively). No significant
difference was observed in a-tocopherol levels (Figure 4D). Figure 5 shows the differences
in vitamin levels according to the rs1884613 genotype in CD subjects. A tendency of lower
levels of retinol, y-tocopherol and a-tocopherol was observed in the homozygote carriers of
the rare allele (G), but the differences did not reach statistical significance. Importantly, a
large inter-individual disparity was observed in these experiments.

DISCUSSION

This is the first study reporting an association between genetic variants in the HNF4A gene
and risk for CD. In a discovery study, we found that 6 HNF4A SNPs were significantly
associated with CD. In a replication study performed on distinct cohorts of CD subjects and
controls, one SNP (rs1884613) remained significantly associated with CD. Combining both
cohorts, the single SNP analysis demonstrated significant associations for 3 of the 6 SNPs
(rs1884613, rs1884614, rs2144908), due to the gain in power. The associations for
rs1884613 and rs1884614 remained significant after correcting for multiple testing.
Moreover, haplotype analyses underlined the association between CD and a 8-marker
haplotype containing the SNPs found to be associated in the single SNP analysis.

In line with our findings, recent studies have provided evidence for a role of HNF4a in
inflammation (33). Our group has previously explored the effects of HNF4a knockdown
gene expression in an intestinal epithelial cell model and found that reduced HNF4a gene
and protein expression amplified lipid peroxidation, reduced cellular antioxidant defences
and increased cellular vulnerability to iron-ascorbate-generating oxidative stress (34). In line
with our observations, HNF4a expression was significantly decreased in patients with IBD
(39). Furthermore, dextran sulfate sodium-induced colitis was more severe in the intestine-
specific HNF4a knockout mouse model that was characterized by an increase in pro-
inflammatory cytokines (39). Darsigny and collaborators reported that loss of HNF4a
affects colonic ion transport and causes chronic inflammation resembling IBD in a knockout
mouse model (33). Finally, a crosstalk between HNF4a. and NF-xB was reported (40, 41),
supporting its role in inflammation.

We believe our findings are of high interest in view of the association between the HNF4A
region and the risk of UC revealed in a whole genome study (35). This association was seen
at rs6017342, which maps 5 kb distal to the 3" untranslated region of the HNF4A gene,
within a recombination hot spot. However, rs6017342 was not in high LD with the identified
variant associated with CD in our study (rs1884613). In fact, none of the SNPs associated
with CD in the discovery study were in strong LD with rs6017342, which can be explained
by the fact that rs60317342 is located within a recombination hot spot. In addition, in the
GWAS United Kingdom (UK) cohort, the rs60317342 locus did not show any association to
CD, suggesting that different signals on the #N/F4A gene are associated with different types
of IBD. Hence, it is possible that the associations are independent and it is also probable that
they may even be linked to different genes within the 12q12-13 region. Cryptic differences
in the genetic structure of the French-Canadian “founder” population, compared to the UK
population used in the GWAS, could also explain the different associations in the HNF4A
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locus. Moreover, it has been put forward that some genes/loci may be specific to early onset
CD patients (42) and that new variants in many genes could have been missed by GWAS in
this specific population (43).

Under the control of its 2 promoters, the HNF4A gene encodes a total of 9 isoforms (44)
with various 3" truncations. The liver-specific P1 promoter drives the expression of
transcripts HNF4a.l to 6 which include exons 1A and 2-10 (HNF4al to 3) or exons 1A, 1B
and 2-10 (HNF4a4 to 6). Transcripts HNF4a7 to 9 are expressed from the pancreatic P2
promoter located approximately 46 kb upstream of the HNF4a transcription start and
exhibit splicing of the upstream exon 1D to exon 2, without the inclusion of sequences from
either exon 1A or 1B (45). The observed genetic variations in our study suggest a
contribution of the P2 promoter in HNF4a implication in regulating inflammatory
processes.

In our study, the P2 promoter variant rs1884613 was the only one that was replicated in a
second independent cohort of cases and controls. This P2-promoter genetic variant has been
associated with type 2 diabetes mellitus (T2DM) in several studies, pointing out to HNF4a’s
potential role in inflammation. In fact, rs1884613 was found to be associated with T2DM in
Ashkenazi (46), Mexican American (47), and Scandinavian populations (48). Moreover, a
link between rs1884613 and insulin resistance was noted (49). However, the association with
T2DM was not replicated in UK (46) and a Finnish population (36), nor in a broader meta-
analysis with additional populations (50).

The identification of HNF4a, which has been associated with MODY1 and T2DM, as a CD
susceptibility gene is in line with the recent concept of shared genetic determinants for
clinically distinct disorders (51). GWAS have identified several genes conferring
susceptibility to multiple conditions such as CD, ankylosing spondylitis, rheumatoid
arthritis, systemic lupus erythematosus and type | diabetes (52). It has been suggested that
there may be a general set of susceptibility genes for autoimmunity, which are modulated by
disease-specific genes, as well as the host’s human leukocyte antigen status. A specific
combination of polymorphisms, combined with environmental factors, could determine the
type of disease developed by a subject (53).

To predict the effect of the P2 promoter SNP rs1884613, we investigated the impact on
putative transcription factor binding sites. Our /in sifico analyses show that variations in that
SNP could theoretically modify the binding of the ras-responsive element binding protein 1
(RREBL), a transcription factor involved in DNA repair by modulating p53 transcription
(54) and associated with immune tolerance (55). Thus, studying the impact of rs1884613
and other P2 promoter SNPs on HNF4a gene expression and function might help
understand the role of this gene in inflammation and IBD.

During liver development, HNF4a regulates the expression of cell adhesion proteins (56). It
also provokes the expression of tight-junction adhesion molecules and the modulation of
subcellular distribution of junction and cell polarity proteins, resulting in junction formation
and epithelial polarization in embryonal carcinoma cells (57). Moreover, using an adult
mouse model lacking HNF4a in the intestinal epithelium, HNF4a was shown to play a
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pivotal role in the homeostasis of the intestinal epithelium, in the epithelial cell architecture,
and in intestinal barrier function (58). These results underline the potential role of HNF4a in
epithelial integrity in IBD physiopathology.

In an attempt to explore the mechanisms behind the rs1884613-(G/G) haplotype, we
measured oxidative stress biological markers in controls and CD subjects. CD patients
displayed higher oxidative stress status, as documented by the elevated MDA levels and the
reduced p-carotene. Yet, the average plasma y-tocopherol was increased in subjects with
CD; such elevation in CD was previously described in the literature (59). Although no
significant difference was observed in MDA and vitamin levels in the case of rs1884613
genotype, an apparent trend was noted for the levels of retinol, -y-tocopherol and a-
tocopherol when compared to CC and CG genotypes. Discriminating patients according to
C-reactive protein levels or disease activity could not contribute to explain the differences in
antioxidant levels (data not shown). Given the limited number of patients with the rare
genotype available in our study, larger cohorts are needed to focus on this aspect.

In conclusion, our results suggest that the H#NF4A locus may be a common genetic
determinant of CD, but its relative contribution may differ between populations. Further
replication of these data in international IBD cohorts is necessary to estimate the effect of
the HNF4a polymorphisms on risks for CD and UC. Functional studies are also necessary to
investigate the impact of the aforementioned genetic variants on HNF4a. protein functions.

MATERIAL AND METHODS

Subjects

For the discovery cohort, patients were recruited from the IBD clinics of tertiary pediatric
and adult hospitals in Montreal (CHU Sainte-Justine, Montreal General, Royal Victoria and
Montreal Children’s Hospitals) between June 30, 2008 and January 20, 2010. For the
replication cohort, patients were those diagnosed and followed at the pediatric
gastroenterology clinics of 3 hospitals across Canada: CHU Sainte-Justine, Montreal; the
British Columbia’s Children’s Hospital, Vancouver; and the Children’s Hospital of Eastern
Ontario, Ottawa. These patients were recruited from January 15¢, 2003 to June 30, 2011. The
diagnosis of CD was confirmed based on standard clinical, endoscopic, radiologic and
histopathologic criteria (60, 61). Clinical and demographic information acquired included
age at diagnosis, gender, and ethnicity. Disease location and clinical phenotype were
classified according to World Gastroenterology Organization’s Montreal classification (L1,
ileum; L2, colon; L3, ileocolon; L4, upper Gl tract; B1, non-stricturing and non-penetrating;
B2, structuring; B3, penetrating; p, perianal modifier) (38). The designation of French
Canadian, Jewish or other ethnicity was based on self-report. Self-identified race/ethnicity
has previously been shown to highly correlate with genetic cluster categories (62). For all
patients, blood or saliva was collected for DNA analysis. Controls were chosen from the
1999 Quebec Child and Adolescent Health and Social Survey, a school-based survey of
youth aged 9, 13 and 16 years providing DNA samples (63). The institutional Ethics Review
Boards of all centers approved the study and informed consent was acquired from all
participating subjects.
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DNA Extraction

Genomic DNA was prepared from white blood cells, total blood or saliva with the
Puregene® DNA Isolation kit (Gentra Systems, Inc) using methods described by the
manufacturer.

DNA Variants Detection by Direct Sequencing

Genotyping

To identify SNPs present in our population, we first sequenced the HNF4A gene in a total of
40 French Canadian patients diagnosed with childhood-onset IBD (20 CD and 20 UC
patients). The sequencing targeted the coding regions, the P1 promoter region (2.5 kb
upstream exon 1a) and other regions containing SNPs previously associated with the risk of
developing diseases, such as T2D and dyslipidemia (26, 36, 37, 50, 64, 65). In total, 30
fragments were sequenced. Genomic DNA (2 ng) was amplified in a total volume of 50 pl
volume using 5 ul PCR Buffer (10 x), 1.5 pl MgCl, (50 mM), 2 ul dNTPs (2.5 mM), 0.4 uM
of each corresponding primer (25 uM) and 1.0 units of Platinum™ Tagq DNA Polymerase
(Invitrogen). The PCR amplifications were performed using a GeneAmp PCR System 9700
(Applied Biosystems) under the following profile: 35 cycles of amplification were used at
95 °C for 30°s, 58 °C for 30 s and 72 °C for 45 s. Amplicons were verified on standard
ethidium bromide stained 1.5% agarose gel. The specific primers for each fragment and the
amplicon size are available upon request. Amplified fragments were sent to the McGill
University Genome Quebec Innovation Center in Montreal for sequencing using Applied
Biosystem’s 3730xI DNA Analyzer technology. Complete sequences were aligned,
assembled and compared using the MultiAlign software (66). Visual inspection of
chromatograms was used for identification of each candidate SNP.

Discovery Cohort—Based on sequencing results, identified SNPs were genotyped using
the Luminex xXMAP/Autoplex Analyser CS1000 system (Perkin Elmer, Waltham, MA). The
27 selected SNPs were amplified in a single multiplex assay and hybridized to Luminex
MicroPlex® —xTAG Microspheres (67) for genotyping using allele-specific primer
extension. Amplification and reaction conditions are available upon request. Allele calls
were assessed and compiled using the Automatic Luminex Genotyping software (68). For
quality control purposes, genotyping of a systematic random sample of 20% of the
specimens was repeated.

Replication Cohort—Replication genotyping was performed on the SNPs significantly
associated with CD in the discovery study (in the single SNP and haplotype analyses). In
total, 10 SNPs were genotyped using Sequenom-based primer-extension methods. These
methods are designed for high-throughput SNP genotyping. The platform has a high assay
conversion rate (85%), high genotyping success rate (95%), and minimal error rates (0.5%—
1%). Genotyping was carried out at the McGill University and Genome Quebec Innovation
Center in Montreal.
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Biological Studies

Blood Samples—In order to examine the levels of plasma MDA and antioxidant vitamins,
blood samples were collected in tubes containing 1 g EDTA/I. Plasma was separated
immediately by centrifugation (700 g for 20 min at 4°C). CD patients were characterized
according to their rs1884613 genotype.

Malondialdehyde—The amount of free MDA in plasma was determined by HPLC in 48
CD patients and 213 healthy controls using an improved method previously described by our
unit (69).

Antioxidant Vitamins—The antioxidant profile was determined by measuring antioxidant
vitamin levels (Bcarotene, retinol, -y-tocopherol, a-tocopherol) in 45 CD patients and 112
healthy controls using an improved method previously described by our unit (70).

In Silico Analysis

To explore the potential interaction between transcription factors and the HNF4a P2
promoter polymorphism rs1884613, we performed /n silico analyses using the Genomatix
Matlnspector program (Genomatix Software GmbH, Munich, Germany) with a standard
(0.75) core similarity. Transcription factor recognition site sequences were identified in the
HNF4A gene region containing the SNP.

Statistical Analysis

Potential genotyping errors were assessed using chi-square (XZ) tests, which evaluate the
deviation of each SNP from Hardy-Weinberg equilibrium. Allelic association for individual
SNPs was carried out using logistic regression by fitting an additive model. Genotype and
allele frequencies were compared between cases and controls using XZ tests and Fisher’s
exact tests where appropriate. Odds ratios (OR) and 95% confidence intervals (CI) were
estimated. In addition to single SNP analysis, haplotype analysis was carried out. LD blocks
were defined using the “single gamete rule” implemented in the HAPLOVIEW Software,
version 3.11 (71). The association of specific haplotypes within blocks with the outcome
was examined and Pvalues were estimated. For the biological studies, statistical differences
were assessed by Anova and Student’s two-tailed #test. Pvalues <0.05 after correction for
multiple hypotheses were considered significant in the genetic analysis based on the
combined cohorts. Adjusting for multiple comparisons was made using Bonferroni methods
separately for the single SNP and haplotype analysis for the combined analysis. For the
single SNP analysis, we tested 24 SNPs in the discovery cohort, 10 in the replication cohort
and 6 in the combined cohort, we therefore accounted for 40 comparisons. As for the
haplotype analysis, we tested 19 haplotypes in the discovery cohort, 4 in the replication
cohort and 4 in the combined cohort, thus we accounted for 27 comparisons.

Power Estimations

Based on findings of the discovery cohort, the power required to replicate associations in an
independent cohort was made after considering the observed allele frequencies and odds
ratios, assuming an alpha level of significance of 0.05, an available case sample of

Genes Immun. Author manuscript; available in PMC 2016 July 04.



1duosnuey Joyiny ¥HIO 1duosnuey Joyiny JHIO

1duosnue Joyiny gHID

Marcil et al.

Page 10

approximately 450 cases and a control population of approximately 1,300 subjects. Based on
this pre-defined sample size, it was estimated that the replication cohort would have >80%
power to replicate associations noted in the discovery cohort. Power analysis was carried out
using QUANTO Software, version 1.2.4 (http://hydra.usc.edu/gxe).
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Figure 1. Schematic Illustration of the Location of 27 SNPs Identified in the HNF4A Gene
Relative position of 27 SNPs revealed by sequencing within the H#NF4A locus. The labeled

shaded regions are exons, numbered 1-10. @ Non-synonymous SNP, O synonymous

intronic SNP.
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Figure 2. lllustration of the 6 Major Haplotype Blocks in the HNF4A Gene
Linkage disequilibrium plot in the HNVF4A region is displayed. Haplotype analysis was

carried out using HAPLOVIEW Software version 3.11.
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Figure 3. Oxidative Stress Status in Control and Crohn’s Disease Subjects
Plasma malondialdehyde (MDA) was assessed in Crohn’s Disease (CD) patients compared

to healthy controls (A) and according to their rs1884613 genotype (B). Plots indicate

individual MDA levels and means + SEM are specified. *P<0.0001 vs. controls.
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Figure 4. Antioxidant Vitamins Status in Control and Crohn’s Disease Subjects
Plasma levels of p-carotene (A), retinol (B), y-tocopherol (C) and a-tocopherol (D) were

quantified in controls and Crohn’s Disease (CD) patients. Plots indicate individual vitamin
levels and means £ SEM are specified. *£<0.0011; **<0.0001 vs. controls.
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Figure 5. Antioxidant Vitamins Status According to rs1884613 Genotype
Plasma levels of p-carotene (A), retinol (B), -y-tocopherol (C) and a-tocopherol (D) were

compared among the rs1884613 genotypes. Plots indicate individual vitamin levels and
means + SEM are specified.

Genes Immun. Author manuscript; available in PMC 2016 July 04.



Page 20

Marcil et al.

"Aouanbaly 3] e JoulW=-/|\ "WNI}OSUOD 32UBI3J8Y SWOUD ayy wolj Ajquiasse abeanod ybly suardes owor 900z YdJeN ayp Uo paseq ale su
dNS 8yl ‘(syusned s11j09 aAIIRIadIN 0Z PUR 8seasIp s, uyold 0z) uoneindod ajdwres uelpeue) youal- asessip MO AloJewLLRjul Y} Ul %G Uey) Jarealb Aousnbauy e yiim Bulouanbas Aq pajeansl SANS

CIHR Author Manuscript

€82°0=L (0T-6 UonUI) ¥68'06Y'2y 1<9 Lz818es!
69€°0=0 (v uonul) GL2'119'Cy 1<0 86TCTZES!
06T'0=V (- uonul) 605'9LY'ey V<9 G6TCTZES!
L0T°0=1 (v uox3) 822'SLv'ey (I0ETL) L<O  T96008TS!
2T 0=V (v-€ vonul) vSy'zLy'ey V<9 880588Ts!
657°0=0 (e-z uonul) v26'89v'cy <9 ¥8TZTZES!
L87°0=L (e-z uonul) z65'89r'ey 1<0 €8T2TZES!
052°0=L (z-aT/vT uonul) L0T'89v'2y 1<0 G/6SP.S!

62€°0=0 (z-aT/vT uohul) ¥20'89v' 2y o<l ¥289€.81

Gero=v (Gt uox3 weansdn dq 199) 6v8'€9v'ZY V<9 L66TL0TS!
6.£0=0 (VT uox3 weansdn dq 959) 669297y o<V €96008T8!
GeT0=9 (VT uox3 weansdn dg 155'T) ¥08'T9V' 2y o<V [AAYAYAS]
G62'0=v (VT uox3 weansdn dq v06'T) TSV TV 2 o<V 0v95ZIes!
00v'0=v (VT uox3 weansdn dq 1€¥'2) ¥26'09%'2y o<V 6£952ves!
28€'0=9 (VT uox3 weansdn dq z68's) £9v'/Sv'2y 1<9 L€95zyes!
052'0=0 (VT uox3 weansdn dq €€6'S) ¢zv' LGy Ty o<l 8090€TYS!
00€°0=0 (QT-vT vonul) LS0'eer ey <9 8GGTE09S!
2rz0=0 (@T-vT UohuI) RO'EEY Ty o<V 9T/E0TIS!
L9T°0=V (Qt-vT uonul) 80z'€Ty ey V<) 2SSTE0YS!
€02°0=V (QT-vT vonul) T6T'ETY T V<9 1668869715/
081°0=0 (Qt-vT vonu) LTT'ETY Ty <L TGSTE09S!
06T°0=L (Qt-vT uonul) 580'€zY ey 1<0 0GSTE09S!
LST'0=V (QT-VT vonul) TET'6TY 2y V<9 80677TZs!
L6T'0=9 (Qt uox3 weansdn dq GE6'E) 626'CTH'ZY 9<0 EYSTE09SI
98T°0=L (@t uox3 weansdn dq z86'€) £E6'ETY Ty 1<0 719788TS!
98T'0=9 (@t uox3 weansdn dq 9£0'v) 6¢8'€TH'2y 9<0 €19788Ts!
€0z'0=0  (Qrt uox3 weansdn dq 8zv'6) LEV'B0V'TY <9 YZr0T8Ys!

4V uonIsod abueyo dNS

suo1bay z4/VH pa1ebrel sy} ul SdNS payiuap| ays Jo Arewwing

T alqeL

CIHR Author Manuscript

CIHR Author Manuscript

Genes Immun. Author manuscript; available in PMC 2016 July 04.



Page 21

Marcil et al.

'35easIp S,uyold =ao “(Jayipow feuensad ‘d ‘Bunensuad ‘eg ‘Buninonis ‘zg ‘Buiressuad-uou pue BuliNdLs-uou ‘Tg ‘198 |9 Jaddn ‘v (uoj0203|!1
‘€7 ‘U0J02 ‘2 ‘Winajt ‘T) UOIIDNISSE]D [ealluo S, uoneziuefiQ ABojoiaiusonisesy pldopn 0} Buipiodde palyisse|d Sem J0IARYS] pue UoITedo| aseasiq 1odal-}|as uo paseq sem ANo1ULYIe Jo uoneubissp ay L
(SSHWYD0) AanINS [190S pue Yl[eaH JUadsajopy pue pIIyD 93gand) 666T dU} WO PauleIqo aiam Sjoauo) (emenQ J8AN0IUEA ‘[Ba1IUOIA) BPRURD SS0JIR S[eNdsoy € Jo saluljd ABojolsjuaolised ourelpad
3y 1e palinJoal a1am syuaired ‘110yod uonealjdal syl Jo4 “[ealjuoln ui spendsoy inpe pue dyeIpad Aleils) J0 SO1UIjD aSeasIp [aMoq AloellwWRul 8U) WO palinidal a1am syuaiied ‘110yod AIBA0SIp 8yl Jo4

(1) 060 (@) 8r0 (S)or'T 1 Auo
(vzy) 8L°'vS (002) 8081 (¥22) 15729 akxe!
(s12) 1112 (veT) 18°6C (t6) 2v'se akral
(821) €591 (06) €9'TZ (8e) 19°0T aEan!

uoneaoy aseasidq
(e9) 89 (92) sz'9 (L2) vs'L d¥eq
(69) 16°8 (s2) 109 (vv) 62°2T dxzq
(259) vz'v8 (59¢) v2'18 (282) LT'08 dx1g
10INBYaG 3seasIa
06'S ¥ V6T Tv'e 76921 €9'L FI¥'ST as ¥ uesy
1929-00C 0,'82-00C 1929-112 abuey

Sivaf 1asuo-je-aby

06'Z ¥ €8T 867 FTLTT 2LTFL9ET as ¥ uesy
0Z'LT-09'8 00'9T - 00'6 0Z'LT-09'8 abuey
sieaf ‘aby
(0€) 88°¢ (0g) 8e'8 uelseoned UoN
(29) 9g'L (29) z6'ST usimap
(289) 9.°88 (052'T) 00°00T (91%) 00°00T (802'1) 00°00T (te) or'sL (evS) 00-00T (uerseone) uelpeued youal4
Aoy
(8v€) 967 (288) 69'05 (181) 15°€Y (€79) 52'05 (291) 59'9y (vL2) 55'05 aewad
(9zv) v0'SS (98) TE6Y (5e2) 6195 (s65) G267 (167) GE'€S (892) Sv'6v aleN
X3S

(W2L=U)%'aD (0SL'T=U) % ‘sjonuod  (9TF =U) % ‘A0 (80Z'T =U) % ‘s|oau0d  (85€=U) % ‘D (2¥S = U) % ‘s|oJuod

sonsLIgIoRIRYD
S14040D) pPauIquiod 110409 uoieoljday 110yoD A18n02s1Q

S10Y0D paulquio) pue uoneatjday ‘A1aA0osiq ul $109lgng aseasiq S,UyolDd pue sjoJiuoD Jo sanstslorIeyD

¢ dlqeL

CIHR Author Manuscript CIHR Author Manuscript CIHR Author Manuscript

Genes Immun. Author manuscript; available in PMC 2016 July 04.



Page 22

Marcil et al.

S0'0>d

"85easIP S,Uyold =@D ‘Aouanbaiy ajaje Joul=4vIN
‘|eAJBIUI DUBPIU0I=]D ‘|9pOW dAIIppe Ue Buiny Aq uoissalBal onsiBol Buisn N0 paLiIed Sem SANS [BNPIAIPUI 10 UOIIRIDOSSE D113V "salouanbauy aja|je Jouiw sdNS padAiousb syl Jo uonnguisiq

1580 SvZT-¥E80  610T ¥SE0 6vE0 1¥2818es!
LT90  29TT-9.L0  0S60 96€°0 8070 86T2TZES!
1870  LIST-v260 8T 1E2°0 102°0 S6TZTZES!
0680 868T-E/50  E£¥0T 120°0 9200 196008Ts!
8280  982T-/180  G20T vEZ0 622°0 880588Ts!
0090 8vTT-88/0 1860 T9%°0 VY0 £8T2TZES!
0120 I€T-6280  SYOT 6£2°0 1€2°0 SL6GYLSI
1610  SSZT-Tv80 120 S6€°0 68€°0 289851
2080  VEVT-ISL0 20T 160°0 £60°0 L6TTL0ZS!

#8700 08y'T-200T 8121 Tiy'0 26€°0 £96008T8!

7700 0897 - 2001 00€'T 8.T0 10 AR KARAS]
6590 TOTT-68/0  S60 T9%°0 T25°0 6£95Z1Zs!
S¥8'0  ZEZT-E¥80  6T0T 6970 v9r°0 1£95ZvZs!
1200 16TT-TLL0 1960 952°0 ¥92°0 8090£T9S!
T/€0 6TTT-Tv.0 0160 £0€°0 ¥Ze'0 855TE09S!
6./'0 OVTT-95.0 6260 0Z€°0 9ee’0 9TZ0ETOS!
90T0  2Zv0T-0S90 €280 £6T°0 5220 ZSGTE09s!
7820 60TT-TOL0 2880 802°0 622°0 TSSTE09S!
6020 ¥80T-0690  S98°0 020 622°0 0G5TE09S!

«E000  ZzggT-epTT  LopT 7020 8rT0 806¥7TZS!
1160 62ET-85.0  000T 8vT°0 W10 £/STE09S!

#5000 gzgT-9TTT  62vT 1020 6Y7°0 ¥T9Y88TS!

#7000 gegT-g1TT Zer'T 0020 810 £T9%88TS!

«£000 008 T-660'T L00'T 2020 Z5T0 vZr0T8Ys)

anfeA d ID%S6  ONEISPPO  JVINQD  dVINSIONUOD  dNS

10y0D A18A00s1Q Ul $198gNng aseasiq S,Uyold pue sjosiuo) oy sarouanbai aja)|y 10 uonnginsiq

€ 9lqeL

CIHR Author Manuscript CIHR Author Manuscript CIHR Author Manuscript

Genes Immun. Author manuscript; available in PMC 2016 July 04.



Page 23

Marcil et al.

(1591 ) suostiedwiod ajdinw Joy Bunds.109 Jsge souedlIUBIS pauleal $T9F88TS) pUe £T9¥88TSI 104 paisnipe sanjend oyl
*¥
'S0°0>d

"85easIP S,Uyold =@D ‘Aouanbaiy ajaje Joul=4vIN
{|eAJBIUI DUBPIU0I=]D ‘|9pOW dAIIppPe Ue Buiny Aq uoissaiBal onsiBol Buisn N0 paLiIed Sem SANS [BNPIAIPUI 10 UOIRIDOSSE D113V "salouanbauy aja|je Jouiw sdNS padAiousb syl Jo uonnguisiq

000'T 2980 202T-G860  090°T 8TY'0 vOr'0 £96008Ts!
000'T e0  S9ZT-2060  890T 85T°0 6v1°0 zLT2TZEs!
000'T 8200 2860-VELO  6Y80 5020 ££2°0 Z85TE09S!
000'T vSTO  TYOT-8..0 0060 120 vEZ'0 TSGTE09S!
€20 8500  S00T-¥5.0  0/80 602°0 vEZ0 055TE09S!
0vZ'0 £9000  pgy'1-0s071 092'T 6.T°0 810 80677T2S!
000'T 1150  TZTT-96/0  SY6°0 SKT'0 2510 £rSTE00S!

#0700 #1000 0zgT-10T'T 62'T 88T°0 15T°0 ¥T9v88TS!

»x 7000 »70000  Teg7-g8TT 68T 18T°0 ZvT0 £T9Y88Ts!

000'T vITO0  TSET-8960  w¥TT 2UT0 ¥ST'0 vZrOT8YSI
S1I0L0D) PauIquIoD

9650  62TT-6080 9560 66€°0 0T¥'0 £96008Ts!

SZr0  vTT-T2L0 6060 ZvTo £5T°0 z1TzTZEs!

88T0  [90T-82.0 1880 ¥12°0 LEZ°0 ZGGTE09S!

60V0  TZTT-65.0 2260 2220 9€Z°0 TSGTE09S!

T6T0  190T-S2/0 0880 £12°0 9€Z°0 055TE09S!

1560  vWET-¥580  TL0T 95T°0 W10 806vYTZS!

€570 0STT-E8L0 8160 V10 ¥ST°0 £STE09SH

1210 2WT-1S60  96TT SIT0 Z5T°0 vT9v88Ts!

<00 geoT-000T L2 S.T0 6ET0 £19v88TS!

S9Y'0  9STT-6T.0  2I60 SKT°0 95T°0 vZrOT8YS!
110100 UOIIBII|08Y

anfen d paisnipy  anfen d ID%S6  ONEISPPO  JVINQD  dVINSIONUOD  dNS

S10Y0D paulquio) pue uoneatjday ui s10algng asessiq s,uyold pue sjoauod Jo) salouanbal4 afa||y 10 uonnguisiq

¥ alqeL

CIHR Author Manuscript CIHR Author Manuscript CIHR Author Manuscript

Genes Immun. Author manuscript; available in PMC 2016 July 04.



1duasnue Joyiny YHIO 1duosnuely Joyiny JYHID

iduosnuely Joymny yHID

Marcil et al.

Page 24

Distribution of Haplotype Frequencies for Controls and Crohn’s Disease Subjects in Discovery and Combined

Table 5
Cohorts
Haplotype Frequency Controls  Frequency CD P Value
Discovery Cohort
Block 1
GCCCGCTC 0.616 0.585 0.193
CGTCACTC 0.143 0.195 0.004%
GCCGGTCA 0.145 0.134 0.532
GCCCGTCA 0.075 0.062 0.265
Block 2
AG 0.373 0.356 0.469
CG 0.314 0.343 0.193
AC 0.313 0.300 0.572
Block 3
TTG 0.522 0.531 0.727
CGA 0.257 0.249 0.700
TGA 0.204 0.211 0.732
Block 4
GT 0.606 0.603 0.897
GC 0.300 0.299 0.972
AC 0.091 0.097 0.681
Block 5
CcC 0.471 0.457 0.568
CT 0.304 0.306 0.909
TT 0.224 0.233 0.645
Block 6
GGC 0.405 0.3%4 0.640
GGT 0.362 0.366 0.859
AAT 0.224 0.230 0.760
Replication Cohort
Block 1
GCCCGCTC 0.593 0.608 0.453
CGTCACTC 0.130 0.171 0.004%
GCCGGTCA 0.140 0.143 0.869
GCCCGTCA 0.089 0.071 0.128
Combined Cohorts
Block 1
GCCCGCTC 0.600 0.595 0.755
CGTCACTC 0.136 0.185 7.755 x 1076 **
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Haplotype Frequency Controls  Frequency CD P Value
GCCGGTCA 0.142 0.139 0.775
GCCCGTCA 0.083 0.067 0.045%

Haplotype analyses were performed on the SNPs within each block of high linkage disequilibrium. Haplotype analysis was carried out using
HAPLOVIEW Software, version 3.11, with haplotype blocks created using the confidence interval feature. The association of specific haplotypes
within blocks with the outcome was examined and £ values were estimated. CD= Crohn’s disease.

*
F<0.05;

*Kk
P<2.09 x 104 after correcting for 27 haplotype comparisons.
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