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Abstract

Background—A common genotypic basis for ulcerative colitis (UC) and Crohn's disease (CD)
is implied by overlapping clinical characteristics, epidemiological studies, and association of
genes with both UC and CD. We evaluated the overlap between CD and UC genetic loci stratified
by pathogenetic pathways and by disease location.

Methods—The allele frequencies of six UC-associated and 34 CD-associated single nucleotide
polymorphisms (SNPs) were determined in a Canadian IBD cohort (n = 2374). Differences
between CD, UC, colon-only CD, ileal CD, and controls were analyzed controlling for ethnicity,
age of diagnosis, and gender.

Results—In all, 21 of 34 CD-associated SNPs had similar allele frequencies in UC (n = 1230)
and CD (n = 1144). Three of six UC-associated SNPs had significantly different frequencies in
CD (n = 1144). Most of the divergence in allele frequency among CD and UC was noted in
NOD2/autophagy pathway SNPs, while most SNPs with similar frequencies were in 1L-22/23
Th17, adaptive immunity, and barrier pathways. Colon-only CD (n = 228) was compared with
healthy controls: three of six UC SNPs (in MST1, HLA-DRA, and IL-23R) and 11 of 34 CD SNPs:
in IRGM, NOD2 (rs2066845), CCNY, MST1, IL23R, PTPN22, C110rf30, ZNF365, PTPN2,
PSMG1, and rs1456893 were significantly associated. In all, 29 of 34 CD SNPs had similar allele
frequencies in colonic CD compared with ileal CD (n = 366). All UC SNPs had similar
frequencies in UC and colonic CD.

Conclusions—Our results suggest that CD and UC share common genetic associations related
to impaired adaptive immunity and diverge in pathways of foreign antigen processing. Colon-only
CD overlaps extensively with UC and considerably with ileal CD.
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The inflammatory bowel diseases (IBDs) are chronic inflammatory disorders of the intestine
that are likely the result of a dysregulated immune response to the gut microflora in
genetically predisposed individuals.> The two major forms of IBD, Crohn's disease (CD)
and ulcerative colitis (UC), are often quite distinct. For example, CD complications due to
penetration and stricturing occur in some 50% of patients? and only very rarely in UC.34
These dissimilarities may reflect differences in the pathogenesis of the immune response
between the two forms of IBD. Immunologically, CD is thought to be the result of an
exaggerated T-helper cell 1 (Th1) response mounted against commensal bacteria® with
elevation in the Th1 cytokine profile, including interferon (IFN)-gamma, interleukin (IL)-12
(composed of p35 and p40), and tumor necrosis factor alpha (TNF-).° This bias towards a
Th1 response is thought to be regulated through IL-17 production by Th17 regulatory T
cells.8 In contrast, the immunological response in UC is mediated by Th2 cells that have
been activated by natural killer T (NK-T)-cells® with a distinct cytokine profile including
IL-4 and IL-13 that have been found to be cytotoxic to epithelial cells.

Differences in the genetic predisposition to UC and CD have also been recognized from
earlier genetic studies. Mutations in the gene encoding the NOD2 protein were the first
genetic associations reported specifically for CD.”:8 Mutations in NOD2 result in defects in
bacterial antigen processing.® Other proteins that are important in the recognition and
processing of bacterial components in the gut, such as the autophagy genes ATG16L110 and
IRGM11, also have genetic variants associated with CD but not UC.%12 Genome-wide
association (GWA) studies in UC have demonstrated associations of several loci on
chromosomes 1p31 (IL23R), 1p36 and 1215 and in a region on chromosome 6p21.13
Additionally, while initial association of MST1 gene variants with CD was reported, other
variations have now been associated with UC14 along with the ECM1 gene, which encodes
for the extracellular matrix protein 1 with a plausible role in epithelial-stromal interaction
and NF-«B signaling.1?

Despite the unique features of CD and UC, there are also a number of overlapping aspects
that suggest a common pathogenesis, particularly in early onset disease. For example, in
approximately 10% of cases colonic IBD cannot be classified as CD or UC and is referred to
as IBD unclassified (IBDU).1® Individuals with CD have a higher rate of UC-affected
individuals within their families and vice versa as compared to population rates, which
suggests shared susceptibility determinants.1® Additionally, many medical therapies are
equally efficacious for both diseases.1”-18 It may therefore be hypothesized that there are at
least some shared susceptibility factors that may then be affected by environmental
exposures that ultimately determine the clinical phenotype.1?

The aim of this study was to evaluate the degree of genotypic overlap between CD and UC
in a large IBD cohort by investigating the frequencies of CD single nucleotide
polymorphisms (SNPs) in a UC population and UC SNPs in a CD population. Determining
the pathways in which the overlapping and divergent SNPs cluster will permit the generation
of hypotheses as to the role these may play in disease pathogenesis.

Materials and Methods

Patient and Control Recruitment

All patients were recruited from either Mount Sinai Hospital or the Hospital for Sick
Children in Toronto, Ontario and from the University of Manitoba Inflammatory Bowel
Disease Clinical and Research Centre, in Winnipeg, Manitoba, Canada. IBD phenotype was
determined using the Montreal Classification® and based on clinical, pathology,
endoscopic, and radiological data. Unrelated healthy controls (HCs) were recruited from
Mount Sinai Hospital and provided by the National Institute for Diabetes and Digestive and
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Kidney Diseases (NIDDK) IBD Genetics Consortium (Pittsburgh, Yale, and Chicago sites)
as well as through the Ontario Population Genomics Platform (Toronto, Canada). All study
participants provided written informed consent. Study protocols were approved by the
Research Ethics Boards of the participating centers.

DNA samples obtained from peripheral whole-blood samples collected from the study
subjects and were genotyped using the Illumina GoldenGate custom SNP assay on Illumina
BeadStation500G (San Diego, CA). We selectively determined the allele frequencies of 31
recently reported CD-associated SNPs, three NOD2 SNPs, and six UC-associated
SNPs12:13.20.21,22 i the entire cohort of IBD patients and controls. The selected SNPs as
well as their original association results in CD and UC are described in Supporting
Information Table 1.

Statistical Analysis

Results

IBD patients were grouped into all CD and all UC (which included IBDU) categories to
determine differences in the minor allele frequencies between the two groups. In a separate
analysis, we analyzed the CD subgroup with colon-only involvement (Montreal
Classification L2) and compared the allele frequency in this subgroup to healthy controls
and to ileal-only (Montreal Classification L1) CD and UC/IBDU patients. Descriptive
statistics of demographic variables were generated using SAS v. 9.2 (SAS Institute, Cary,
NC). PLINK v. 1.06%3 was used to obtain descriptive statistics of the SNPs such as the allele
frequency and genotype distribution; it also was used to test for Hardy—Weinberg
equilibrium (HWE) for each marker based on Pearson's chi-square test. Association analyses
were applied to detect the associations with the candidate SNPs and phenotypic endpoints.
Logistic regression models were applied for association analysis. Although we used an
additive genetic model for primary analysis2* we also explored dominant and recessive
genetic models for sensitivity analysis. Throughout this report the P-values are the additive
genetic model unless otherwise stated. Odds ratios (OR) and 95% confidence intervals (CI)
were estimated for the disease compared to the control group. For CD versus UC, and colon-
only CD versus UC or ileal CD, unconditional logistic regression models were applied as
well as conditional logistic regression models adjusting for age of diagnosis, gender, and
ethnicity. Two-sided statistical tests were applied.

A total of 2374 IBD patients were genotyped (CD = 1144, UC/IBDU = 1230 [1140 UC, 90
IBDU]). Patient demographics as well as disease phenotypes are shown in Table 1. The UC
and CD patient groups showed significant differences compared to the healthy control group
in ethnicity and gender distribution (both P < 0.0001). Of the 1144 individuals with CD, 228
(19.9%) had colon-only involvement (Montreal Classification L2).

Of 34 previously associated CD SNPs tested, 21 were not significantly different in their
frequencies between UC and CD patients. Of six UC SNPs tested, three did not have
significantly different allele frequencies in CD-affected subjects. A multivariate analysis
adjusting for ethnicity, age at diagnosis, and gender distribution as well as a Caucasian only
analysis did not significantly affect the results (Supporting Information Table 2).

The differences in genetic variation between UC/IBDU and CD-affected subjects were
evaluated by grouping SNPs according to their putative role in the pathogenesis of IBD. The
SNP frequencies of genes that have a purported role in innate immunity including the
bacterial recognition and autophagy pathways are shown in Table 2. For this analysis,
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significantly different allele frequencies were found in UC/IBDU, compared to CD, for most
(6/7) SNPs. Interestingly, we were not able to replicate the association between the SNP in
the LRRK2 gene and CD. Allele frequencies (in UC/IBDU, CD, and HC) of SNPs located in
genes that involve Th-17 lymphocyte differentiation and the IL-23 receptor pathways are
summarized in Table 3. Most (4/6) of the SNPs have similar frequencies in CD and UC/
IBDU. There was a statistically significant difference in allele frequencies demonstrated for
the SNPs in the genes CCR6 and STAT3 with UC/IBDU versus CD, but not versus HC.
Other secondary immune response genetic variants previously associated with CD or UC
were also investigated for difference in frequencies (Table 4). With the exception of the
variants in the genes HLA-DRA and PTPN22, and all other SNPs (8/10) were similar in their
frequencies between CD and UC/IBDU. The frequencies of genetic variants in genes with
putative roles in the maintenance of the epithelial barrier integrity in our cohort are similar
between UC/IBDU and CD, as shown in Supporting Information Table 3. Finally, we
investigated genetic variants that have previously been highly associated with either UC or
CD but with an unclear function or that are located within gene deserts. Their frequencies
are summarized in Supporting Information Table 4. Of the 15 SNPs that were investigated,
only six have shown difference in frequencies between CD and UC/IBDU. Four of the SNPs
were within gene deserts and two were gene variants (PSMG1 and C110rf30). The
significance of these is yet to be determined.

Genetic Variants in Colonic CD Compared with HCs

The association of the above mentioned 40 SNPs (including the three NOD?2 variants) were
evaluated in the cohort of patients with CD with colon-only involvement (Montreal L2, n =
228) compared with HCs (n = 1057). The results of the positively associated SNPs are
outlined in Table 5. When compared with HCs (n = 1057), 3/6 UC-associated SNPs were
associated with colon-only CD (SNPs within MST1, IL-23R, and HLA-DRA genes). Eleven
of 34 CD SNPs were significantly associated with colon-only CD. Specifically, an
association was found between SNPs in the autophagy and innate immunity genes IRGM,
and NOD2 (rs2066845). SNPs in the IL-23 receptor pathway and Th-17 regulatory
lymphocyte differentiation pathway and secondary immune response pathways CCNY,
MST1, PTPN22, PTPN2, and IL23R were also found to be associated with colonic CD.
Three other SNPs in genes with unclear pathogenetic roles, CL1ORF30, ZNF365, PSMG1,
as well as a SNP without an identified gene, were associated with colonic CD.

Comparison of Colon-only CD to UC and lleal CD

The frequencies of UC SNPs in colon-only CD patients were compared with UC patients as
shown in Supporting Information Table 5. None of the six UC-associated SNPs
demonstrated significantly different frequencies. Five of six SNPs that were previously
associated with both UC and CD showed similar frequencies in L2 CD and UC. Further
comparison of the CD-associated SNPs among ileal-only CD (Montreal L1, n = 366) and
colon-only CD (Montreal L2, n = 228) showed significant though incomplete genotypic
overlap between these subgroups (as shown in Supporting Information Table 6). Of the 34
CD-associated SNPs, 29 (85%) were not significantly different in their allele frequencies.
The SNPs that did show significantly different frequencies are located within NOD2 (two
SNPs), ATG16L1 (two SNPs), and ICOSLG.

Discussion

From among the 40 IBD-associated SNPs that were investigated, only 16 demonstrated
significantly different allele frequencies between UC/IBDU and CD. Most of the difference
is found in genes related to the innate immunity, pattern recognition, or autophagy pathways
and the HLA Class Il locus. This adds to the mounting evidence that bacterial sensing
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mechanisms (NOD2) and the processing of bacterial components (autophagy) which leads to
impaired bacterial clearance is likely more important in CD than in UC.%10 In contrast, in
our sample of CD and UC/IBDU patients, gene variants that were previously associated with
IBD and putatively play a role in the immune response amplification and perpetuation,
including the IL-23/Th17 pathways and genes involved in barrier function, were similar in
their prevalence between UC/IBDU and CD. Fourteen out of the 18 SNPs (78%) related to
these pathogenetic pathways were similar in their frequencies. Our findings support previous
reports that implicated genetic variations in several inflammatory pathways in the
pathogenesis of both UC and CD. For example, GWA studies in CD and UC have identified
variants in the 1L-23 pathway, which plays an important role in the promotion and synthesis
of Thl and Th17 cytokines and further extension of the local immune response and tissue
damage in IBD?. Specifically, the 1L23 receptor gene, IL12B gene, which encodes and p40
subunit of 1L-12, and STAT3 and been associated with both UC and CD.26-28 Even more
recently, a GWAS in a very large European UC cohort identified an association between
another IL17 pathway gene (IL17REL) and UC.2° This is further corroborated by functional
studies wherein most of the Th17/IL-23 axis related cytokines were increased in both UC
and CD compared to healthy controls.3% Other genes that have a role in the bridging between
early innate immune response and late adaptive immune response such as TNFSF1531:32 and
genes that may have a role in the orchestration and amplification of the inflammatory
response33 have been associated in the past with both CD and UC—quite congruent with our
findings in this IBD cohort.

Some prior genetic studies have described variations associated with both CD and UC.
Franke et al3* investigated CD-associated loci in a German cohort of UC patients and found
that gene variations in NKX2-3 and CCNY that had been previously associated with CD3°
also are associated with UC. Similarly, Fisher et all2 reported strong association of five
previously CD-associated loci with UC (gene variations in the genes IL23R, MST1, two
SNPs within the IL12B gene, and NKX2-3). Another GWA study has also demonstrated
association of other 1L23 receptor gene associated loci in UC.13 Moreover, a recent meta-
analysis demonstrated an association between UC and several previously associated CD
SNPs in the autophagy genes ATG16L1 (rs2241880) and IRGM (rs13361189, rs4958849).36

These recent advances in the field of IBD genetics as well as in mucosal immunology have
contributed significantly to our current understanding of the immunopathogenesis of IBD.
While autophagy and bacterial sensing and processing mechanisms have been implicated in
the pathogenesis of CD, the IL-23 pathway as well as the T-lymphocyte differentiation
regulation through IL-17 producing T-helper regulatory cells have been associated with both
CD and UC.31:33

In our CD patients with colonic involvement (Montreal L2) we were able to replicate the
association of 11 of the 34 CD-associated SNPs, including one of the NOD2 variants. This is
in contrast to previous reports that were not able to show an association between many of
the CD-associated loci3” and, in particular, NOD2 variants38:39 and colon-only CD. This
observation may be explained in part by our young patient population and the well-
recognized phenomenon seen in early-onset CD where a colon predominant location
precedes the evolution to ileal involvement.4? Indeed, NOD2 variants have been associated
not only with ileal CD but also with ileocolonic CD.#! Moreover, we did not find an
association of NOD2 SNP 13 with colon-only CD, and this is the SNP that was repeatedly
shown to be associated with ileal-only CD.

CD-affected individuals with colon-only involvement (Montreal L2) showed almost
complete overlap with UC of the genotypes that were investigated, with 6/6 of UC SNPs and
5/6 shared SNPs showing similar frequencies in our colonic IBD patients. It may be that the
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relatively smaller sample size of our colon-only CD contributed to the lack of ability to
discern significant differences in allele frequencies between UC and L2 CD. However,
common genetic loci for colon-only CD and UC have been reported in the past. Several
studies showed that specific HLA loci were associated with both types of 1BD.42:43 Our
results suggest that at least for the SNPs investigated, colonic CD and UC have common
genetic basis-a finding that may explain the location predisposition in both UC and CD of
the colon.

In summary, studying the difference in allele frequencies of CD- and UC-associated SNPs in
a large cohort of patients with IBD from Canada showed that UC and CD overlap
significantly in their genetic associations. It is likely that factors outside of inherited DNA
polymorphisms account for the clinical variability seen in IBD, Moreover, it may be difficult
to develop a panel of genetic markers that will reliably distinguish CD from UC. Instead,
other dynamic biomarkers such as gene expression or microbiome signatures may be more
useful for understanding the clinical variability in IBD. The results of this study extend the
hypothesis that CD and UC share common genetic variants that are related to impaired
adaptive immune response and diverge genetically in mechanisms that concern early events
in foreign antigen recognition and cellular processing. It should be emphasized that studying
SNP frequencies provide only indirect evidence to the different and common pathogenesis
of CD and UC and further functional as well as replication studies should be conducted to
substantiate and understand the pathogenesis of CD and UC.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Table 1

Demographics of Study Subjects

UC/IBDU (n = 1230)

CD (n = 1144)

Colon-only CD (n =228)

Healthy Controls (n = 1057)

Ethnicity*:
Caucasians (%)
Non-Caucasians:

Asians (%)
Blacks (%)
Mixed (%)
Others

Male %™™;

Age at diagnosis (%)
Al (<16 years)
A2 (17-40 years)
A3 (>40 years)
Median (range)

CD behavior (%):
B1
B2
B3

UC extent
El
E2
E3

CD location (%):
L1
L2
L3
L4

Smoking:

Current
Ex-smoker

Never

Perianal disease (% positive)

82.2

12.8
15
15

49.2

318
53.7
145

23 (1-73)

NA

25
22
75.5
NA

11.8
19.4
68.8
NA

90

5.6
11
1.7
1.6
52.7

52.2
44.1
36

16 (2-62)

47.6
255
24.3
NA

31.9 (366)
19.9 (228)
44.9 (514)
19.3 (221)

20.5
6.6
72.9
30.6

7.9
1.2
1.8
2.7
52.1

53.4
40.4
6.2

15 (2-62)

83.8
9.2
6.6
NA

NA

13.8
114
74.8
35.4

93.9

4.6
0.2

0.3
35.8

Page 9

UC = ulcerative colitis, CD = Crohn's disease, IBDU = inflammatory bowel disease - unclassified, B = Montreal classification of CD behavior: B1
= inflammatory, B2 = stricturing, B3 = penetrating, E = Montreal classification of UC location: E1 = proctitis, E2 = left colitis, E3 = extensive, L =
Montreal classification of CD anatomical location: L1 = ileal-only, L2 = colon-only, L3 = ileocolonic, L4 = proximal SB and upper GI, NA = not

applicable.

*
The P-value of the ethnicity comparison for CD vs. HC is 0.002, for UC/IBDU vs. HC is <0.0001, for CD vs. UC/IBDU is <0.0001, and L2 CD

vs. HC is <0.0001.

*

HC is <0.0001.

Inflamm Bowel Dis. Author manuscript; available in PMC 2011 September 1.

3
The P-value of the gender comparison for CD vs. HC is <0.0001, for UC/IBDU vs. HC is <0.0001, for CD vs. UC/IBDU is 0.24, for L2 CD vs.
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