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Background & Aims: Mutations in the NOD2 gene are

strongly associated with susceptibility to Crohn's disease (CD). We analyzed a large cohort of European
patients with inflammatory bowel disease to determine
which mutations confer susceptibility, the degree of risk
conferred, their prevalence in familial and sporadic
forms of the disease, and whether they are associated
with site of disease. Methods: Individuals were genotyped for 4 NOD2 mutations: P268S, R702W, G908R,
and 3020insC. Allelic transmission distortion to 5 3 1
CD- and 337 ulcerative colitis-affected offspring was
assessed by the transmission disequilibrium test. Association was also tested in an independent cohort of 9 9 5
patients with inflammatory bowel disease and 290 controls. Cases were stratified by disease site and compared across NOD2 genotypes. Results: R702W, G908R,
and 3020insC were strongly associated with CD but not
with ulcerative colitis. Linkage disequilibrium was observed between P26BS and the other mutations, forming 3 independent disease' haplotypes. Genotype relative risks were 3.0 for mutation heterozygotes and 23.4
for homozygotes or compound heterozygotes. The frequency of NOD2 mutations was higher in cases from
families affected only with CD and was significantly
increased in ileal-specific disease cases compared with
colon-specific disease (26.9% vs. 12.7%, P -- 0.0004).
Conclusions: The R702W, G908R, and 3020insC mutations are strong independent risk factors for CD and are
associated particularly with ileal disease.

rohn's disease (CD [MIM 2666600]) and ulcerative
colitis (UC [MIM191390]) are common clinical
subtypes of idiopathic inflammatory bowel disease (IBD)
characterized by chronic inflammation of the gastrointestinal tract. The combined prevalence of CD and UC in

Western countries is 100-200/100,000.1 The underlying basis of pathogenesis in IBD is not yet clear but may
involve persistent bacterial infection, a defective mucosal
barrier, or an imbalance in the regulation of the immune
response. 2 Epidemiologic studies have identified a significant genetic contribution to the etiology of IBD, 3 but
simple mendelian models of IBD inheritance are not
supported by segregation analyses. 4-: Taken together,
these observations support a complex immunogenetic
model for IBD whereby genetically susceptible individuals harbor an aberrant response to yet-unidentified environmental influences.
Attempts to localize IBD susceptibility genes through
genome-wide linkage studies have identified putative
loci on many human chromosomes. The original finding
of the linkage on chromosome 168 in particular has been
replicated in several studies and by the IBD International
Genetics Consortium. 9 Recently, 3 groups, including
our own, showed that sequence variations within the
NOD2 gene (MIM 605956) on chromosome 16q12 were
strongly associated with susceptibility to CD but not
UC. 1°-12 In this report, we examine the contribution of
4 mutations in the NOD2 gene to IBD susceptibility in
2 large cohorts of both familial and sporadic cases of CD
and UC. We propose a genetic model for CD susceptibility that shows a >20-fold increased risk associated
with homozygosity for NOD2 mutations. We also investigate the pathogenic effect of these mutations through
stratification by site of disease.
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M a t e r i a l s and M e t h o d s
Patient Cohorts
Family collections consisted of trios of parents with a
single affected offspring or families with at least 2 affected
offspring. At least 1 parent was available for genotyping in
82% of families. Patients were recruited from King's College
School of Medicine, Guy's Hospital, and St Mark's Hospital
(London, England), Charite University Hospital (Berlin, Germany), the Department of General Internal Medicine at the
Christian-Albrechts-Universitat (Kid, Germany), and the Academic Medical Centre (Amsterdam, The Netherlands). A
cohort of independent patients with CD or UC was recruited
from King's College Hospital, Guy's Hospital, and St. Mark's
Hospital (London, England), Royal Victoria Infirmary, Freeman Road Hospital, and North Tyneside Hospital (Newcastle,
United Kingdom). Clinical data on the site of disease were
available for a subset of British cases. A summary of the family
and case-control cohorts is shown in Table 1. In the family
cohort, 82% of families had at least 1 parent available for
genotyping. One unaffected sibling was typed in 113 families
to facilitate inference of missing parental genotypes. The cohort of 559 families included 309 families who were genotyped for the 3020insC mutation in our previous study. 12
None of the 995 sporadic cases were included in the previous
study.
Diagnosis of IBD and classification as UC or CD was
confirmed by established criteria of clinical, radiologic, and
endoscopic analysis, as well as histologic reports. ~3,~4 These
data were reviewed centrally by 1 or more members of a panel
composed of several of the authors (J.S., A.F., J.M., and S.S.),
as well as J. Lennard-Jones, A. Macpherson, and S. van Deventer. The site of CD was investigated by colonoscopy with
supportive histology and/or double-contrast barium enema,
with a barium series (usually a barium follow-through) to
assess the small bowel. Ileal-specific disease was defined as

typical changes seen on small bowel barium study with normal
colon histology. A venous blood sample was obtained from
affected individuals and for the family collection, where possible, from parents and unaffected siblings. Informed written
consent was obtained from all study participants, and recruitment protocols were approved by institutional review committees at each participating center. Normal healthy controls were
recruited through the European Collection of Animal Cell
Cultures (Wiltshire, England) and from residents in the Newcastle area as part of a regional genetic study.

Mutation Detection and Genotyping
The 12 exons and untranslated regions of NOD2 were
screened for mutations by denaturing high-performance liquid
chromatography and genomic D N A resequencing using flanking intronic polymerase chain reaction primers as previously
described. 12 Twelve single nucleotide polymorphisms (SNPs)
were identified, of which 9 were located in exons. Four of the
coding SNPs were nonsynonymous mutations: (1) a frameshift C-insertion mutation 3020insC in exon 11 and (2) 3
missense mutations, 802C ---> T/P268S (exon 4), 2104C --+
T / R 7 0 2 W (exon 4), and 2722G --+ C/G908R (exon 8).
Nucleotide positions were determined by alignment of sequencing data with the consensus complementary D N A sequence (GenBank accession no. AF178930). These polymorphisms correspond to SNP5, SNP8, SNP12, and SNP13
described by Hugot et al. 1° The detection methods, sequence
context, and allele frequencies for all SNPs we detected in
NOD2 can be viewed at http://www.ncbi.nlm.nih.govISNP/
snp_search.cgi ?searchType = byPub&pub_id = 601.
Genotypes of the 4 nonsynonymous polymorphisms P268S,
R702W, G908R, and 3020insC were determined using the
TaqMan biallelic discrimination system, t5 Genotypes were
called manually and exported for mendelian inheritance error
checking using PedCheck. 16

Statistical Analysis
Table 1 . S u m m a r y o f F a m i l y a n d C a s e - C o n t r o l C o h o r t s
Phenotype
CD

UC

MX

Total

165

122

--

287

143
308
467

72
194
274

57
57
127

272
559
868

222
207
429
----

244
322
566
----

-------

466
529
995
188
102
290

Family cohort
No. of families with 1 affected
offspring
No. of families with -->2 affected
offspring
Total number of families
Total number of affected offspring
Case-control cohort
London cases
Newcastle cases
Total cases
ECACC controls
Newcastle controls
Total controls

MX, mixed families with both CD- and UC-affected offspring; ECACC,
European Collection of Animal Cell Cultures.

Families were analyzed for association of the NOD2
polymorphisms with disease using the transmission disequilibrium test (TDT). l~ The TDT was implemented using
TRANSMIT, ~8 which infers missing parental genotypes from
population allele frequencies assuming Hardy-Weinberg equilibrium and uses additional genotype information from unaffected siblings to reconstruct multilocus haplotypes. In the
case-control cohorts, tests for H a r d y - W e i n b e r g equilibrium
and case-control association analyses were performed using X2
statistics. Genotype relative risks were estimated based on
control genotype frequencies calculated assuming H a r d y Weinberg equilibrium. The population attributable risk was
estimated by (X - 1)/X, where X = (1 - p)2 + 2p(1 p)GRRI + p2GRR2, given population allele frequency p and
genotype risk ratios GRRI and GRR2 for heterozygous and
homozygous genotypes. Separate analyses were performed for
CD and UC. Haplotype frequencies were estimated with
EHPLUS 19,2° using an independent sample of unrelated individuals. Linkage disequilibrium was assessed using the coeffi-
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Figure 1. Diagram of the
genomic structure of the NOD2
gene, the location of the mutations studied, and the predicted structural domains of
the encoded protein. CARD,
caspase recruitment domain;
NBD, nucleotide binding domain; LRR, leucine-rich repeat
region.
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cient A as a measure of association.21 Cases were stratified
according to site of disease and compared across NOD2 genotypes using X2 statistics.

each collection were compared. There were no significant
differences in allele frequencies between London and
Newcastle CD or UC case collections (data not shown).
Similarly, allele frequencies in controls originating from
the Newcastle area were not significantly different than
controls obtained from throughout the United Kingdom, and data from these collections were therefore
combined for subsequent analysis. The distribution of
genotypes within each phenotypic group was consistent
with Hardy-Weinberg equilibrium, with the exception
of P268S (P = 0.016) and 3020insC (P = 8.1 × 10 -4)
in patients with CD. All 4 polymorphisms were of
higher frequency in patients with CD than normal controls but were not significantly increased in patients with
UC (Table 3). To estimate linkage disequilibrium across
NOD2 mutations and assess disease risk, a single affected
offspring was selected from each family in the family
cohort and combined with patients from the case-control
collection, providing an independent set of 1292 patients
(688 with CD and 604 with UC) and 250 controls. No
evidence of linkage disequilibrium between R702W,
G908R, and 3020insC was observed in this independent
sample (linkage disequilibrium coefficient, A < 0.02 for
all pairwise tests). However, some evidence of linkage
disequilibrium was observed between P268S and each of
the other mutations (R702W, A = 0.38; G908R, A =
0.13; 3020insC, A = 0.25). This was assessed further by
analysis of transmission distortion of haplotypes across
the 4 SNPs (Table 4). Haplotypes carrying P268S to-

Results
Association of Mutations With CD
Sibling pairs from the British/German family cohort have previously shown evidence of linkage to the
IBDI locus on chromosome 16. 22 Allelic transmission
distortion for 4 SNPs (P268S, R702W, G908R, and
3020insC; see Figure 1) was assessed in this family
collection using the TDT. Highly significant evidence of
preferential transmission of the rare allele to CD-affected
offspring was observed for P268S, R702W, and
3020insC (Table 2). Excess transmission of the rare
G908R SNP did not reach statistical significance. Interestingly, transmissions to UC-affected offspring were
significantly lower than expected for 3 of the SNPs
(R702W, G908R, and 3020insC). A minimal degree of
transmission distortion to offspring not affected with CD
may be expected in a complex disease, 23 and transmissions to 133 unaffected offspring in the TDT families did
not deviate from expected values (data not shown).
The 4 polymorphisms were also genotyped in the
case-control cohort consisting of 429 patients with CD,
566 patients with UC, and 290 normal controls. This
independent case collection was ascertained as sporadic
cases presenting at clinic. Because the patients and controis originated from 2 locations, allele frequencies for

Table 2. TDT for NOD2 Mutations: Transmissions to CD- and UC-Affected Offspring From the Family Cohort Calculated
Using TRANSMIT
CD

UC

SNP

n

Obs

Exp

X2

P

n

Obs

Exp

X2

P

P268S
R702W
G908R
3020insC

478
499
486
512

385
129
45
102

347.2
102.9
38.9
76.5

18.3
17.0
2.4
21.6

1.9 × 10 -5
3.8 × 10 -5
0.122
3.4 x 10 -6

309
325
313
325

167
30
12
15

178.3
38.6
18.8
19.9

2.84
5.6
6.2
3.9

NS
0.018
0.013
0.049

n, number of affected offspring; Obs, observed transmissions; Exp, expected transmissions to affected offspring; NS, not significant.

870

CUTHBERT ETAL.

GASTROENTEROLOGY Vol. 122, No. 4

T a b l e 3. NOD2 Genotype and Allele Frequencies for Patients and Controls

Genotype
SNP

Coho~

P268S

CD
UC
Controls
CD
UC
Controls
CD
UC
Controls
CD
UC
Controls

R702W

G908R

3020insC

-/-

-/+

+/+

Allele frequency (%)

pa

175
271
134
346
512
253
390
490
264
371
541
271

153
195
96
64
39
19
28
16
3
43
17
12

57
40
11
6
1
0
0
0
0
6
0
0

34.7
27.2
24.5
9.1
3.7
3.5
3.4
1.6
0.6
6.6
1.5
2.1

0.0002
NS
0.0001
NS
0.0014
NS
0.0002
NS

NS, not significant; - / - , homozygous wild-type; - / + , heterozygous; + / + , homozygous mutant.
ap value for difference in allele frequency between patients and controls.

gether with 1 other mutation were preferentially transmitted to affected offspring; however, the haplotype
carrying P268S alone was significantly undertransmitted
(P = 0.0054), suggesting that P268S does not contribute independently to disease risk. Patients and controls
were also stratified according to whether they carried at
least 1 copy of R702W, G908R, or 3020insC. The
frequency of P268S between patients and controls was
not significantly different in individuals who did not
carry another mutation (CD, 21.3%; UC, 22.3%; controis, 21.2%), supporting the hypothesis that P268S
does not play a functional role in CD susceptibility. In
this independent sample of 1542 individuals, the estimated frequency of haplotypes carrying an NOD2 susceptibility mutation (R702W, G908R, 3020insC) (defined as an 'NOD2 haplotype') accounted for 13% of
possible haplotypes. Haplotypes carrying more than 1
NOD2 mutation were rare, each with an estimated frequency of <0.2%.
NOD2

Genotype

Relative

and genotype relative risks calculated under the assumption that 2 of these mutations do not occur on
the same haplotype (Table 5). The odds ratio for a
heterozygous individual ranged between 2.6 and 6.3
for the 3 mutations, with the highest risk associated
with G908R. The risks for homozygotes and compound heterozygotes were similar, with a combined
odds ratio of 23.4. In 62 homozygous or compound
heterozygous individuals, 55 were affected with CD. A
total of 27.8% of patients with CD carried a single
copy of an N O D 2 mutation and 8.0% carried 2 mutations, giving a total of 35.8% of patients with CD
carrying at least 1 copy of an N O D 2 mutation. The
population prevalence of CD is approximately 1 in
1000, so the estimated penetrances of N O D 2 genotypes, assuming the control genotypes to be in HardyWeinberg equilibrium, were 0.03% (wild-type - / - ) ,
0.22% (heterozygous - I + ) , and 1.73% (compound
heterozygous, homozygous + / + ) . Although no controis homozygous for N O D 2 mutations were found, 7
N O D 2 homozygous patients with UC were observed,
suggesting incomplete penetrance of this genotype for

Risks

N O D 2 genotypes were defined by the 4 possible

haplotypes (wild-type, R702W, G908R, and 3020insC)

T a b l e 4. NOD2 Haplotype Transmissions to 4 8 9 CD-Affected Offspring From the Family Cohort Calculated Using TRANSMIT
(Only Haplotypes With Frequency > 1 % Shown)

Haplotype
P268S
.
+

R702W
.

.

G908R

3020insC

Frequency (%)

Obs

Exp

X2

P

--

-+

65.8
17.0
7.4
2.6
5.2

577.7
139.3
113.0
38.2
92.0

609.9
157.3
88.8
32.2
69.5

13.06
7.73
16.98
3.34
19.28

3.0 x 1 0 - 4
0.0054
3.8 × 10 5
0.068
1.1 × 10 -5

.

+

+

--

+

-

+
-

+

Obs, observed transmissions; Exp, expected transmissions to affected offspring.
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Table 5. Disease Risk Estimates From Case-Control Cohort for NOD2 Mutation Genotypes
Genotype
Homozygous - / Heterozygous - / +
R702W
G908R
3020insC
Compound heterozygous + / +
Homozygous + / +
NOD2 Composite genotype
Heterozygous
Compound heterozygous/hemozygous

CD
(n = 688)

UC
(n = 604)

Control
(n = 250)

Odds ratio
for CD

442

517

216

96
36
59
29
26

46
18
16
2
5

19
3
12
0
0

2.66
6.33
2.59
24.85
22.19

(1.59,
(2.15,
(1.37,
(3.82,
(3.96,

191
55

80
7

34
0

2.96
23.38

(1.99, 4.40)
(6.50, 84.10)

95% Cl

1
4.46)
18.59)
4.91)
161.67)
124.36)

- / - , homozygous wild-type; - / + , heterozygous; + / + , homozygous mutant.
Cl, confidence interval.
CD. The population attributable risk for N O D 2 was
26%.
The contribution of NOD2 to the general phenotype of
IBD was assessed by comparing the frequency of the
NOD2 haplotype in CD from (1) sporadic cases, (2)
families affected only with CD, and (3) families of mixed
phenotype with cases of both CD and UC. The frequency
of the NOD2 haplotype was significantly higher in the
cases from families with CD (30.9%, n = 173) than cases
with CD from mixed families (19.2%, n = 99, P =
0.004) or sporadic CD cases (19.3%, n = 405, P <
0.001). This provides additional evidence that other IBD
susceptibility genes contribute to the risk of CD.
Stratification of CD Cases by Site of
Disease

Clinical data on the site of disease were available
for 444 familial or sporadic cases of CD. The possible
effect of NOD2 mutations on specific CD subphenotypes
was therefore investigated by stratification of CD cases by
site of disease. The frequency of mutant NOD2 haplotypes was significantly increased in ileum-specific disease
cases compared with colon-specific disease cases (Table
6), with an increase in frequency observed for each of the
NOD2 mutations (data not shown). The NOD2 mutant
haplotype frequency in cases with both colonic and ileal
disease were also significantly greater than colon-specific

disease, suggesting an association between NOD2 and
the presence of ileal disease. The increased mutation
frequency in ileal disease was observed in familial and in
sporadically ascertained cases, so the difference in frequency between familial and sporadic cases is not a
confounding factor for site of disease. The odds ratio of
2.04 (95% confidence interval, 1.23-3.38) indicates a
2-fold increased risk of ileal disease in patients who carry
a NOD2 mutation.

Discussion

In this study, a cohort of more than 1200 unrelated cases of IBD has been genoryped for 4 mutations in
the coding region of the NOD2 gene to address several
questions relating to its contribution to IBD susceptibility. First, we used both T D T analyses and case-control
studies to assess which of the mutations are independent
risk factors for CD. The P268S, R702W, and 3020insC
mutations were strongly associated with CI) in the T D T ,
whereas all 4 mutations were present at a significantly
higher frequency in patients with CD than in controls.
The nonsignificant excess of transmission of the G908R
mutation in the T D T is very likely because of its low
population frequency, because only a small number of
transmissions will be informative in even a large T D T
cohort. A greater sample size is required to obtain power

Table 6. Stratification of CD Cases by Site of Disease
NOD2 composite genotype

Clinical/epidemiologic factor
Site of disease
Ileum only
Ileocolitis
Colon only

n

104
234
106

-/-

60
156
83

-/+

+/+

Allele frequency (%)

P

32
64
19

12
14
4

26.9
19.7
12.7

0.0004 a
0.036 a

- / - , homozygous wild-type; - / + , heterozygous; + / + , homozygous mutant; n, number of cases.
ap value for difference in allele frequency between ileal disease and pure colonic disease.
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comparable with the case-control design. 24 The analysis
of transmission of NOD2 haplotypes to CD-affected offspring showed that there was overtransmission of P268S
only in the presence of one of the other 3 mutations.
Thus, it is not an independent risk factor for CD, and
its association in the T D T and case-control studies resuits from it being in linkage disequilibrium with the
rarer mutations. W e cannot formally exclude the possibility that other as-yet undetected mutations are in
tight linkage disequilibrium with R 7 0 2 W , G908R,
and 3020insC, but this now seems unlikely given the
extent to which we and others have screened the N O D 2
gene.
W e found no evidence of excess transmission of any of
the 4 mutations to more than 300 patients with UC, and
their frequencies in more than 500 sporadic UC cases
were very similar to those in controls. Thus, NOD2 does
not seem to be a significant risk factor in UC, which is
consistent with weak or absent linkage of the UC phenotype to this region of chromosome 16 and the lack of
association observed in initial studies of smaller numbers
of patients with UC. 1°-12 The reason for the modest
undertransmission of mutations to patients with UC is
not clear but may simply reflect the small number of
transmissions scored in the UC TDT.
O u r estimation of disease risk based on 688 unrelated cases of CD shows a 3-fold increased risk in
N O D 2 m u t a t i o n heterozygotes but a > 2 0 - f o l d increased risk in homozygotes or c o m p o u n d heterozygotes. This gene-dosage effect is consistent with the
suggested recessive model of inheritance for C D 4'5 and
with the work of H u g o t et al. 1° An i m p o r t a n t and
unresolved issue is disease penetrance in homozygotes.
In our study, the N O D 2 m u t a t i o n s were in H a r d y W e i n b e r g equilibrium in the control group, with no
+ / + genotypes observed in 250 individuals. Assuming a H a r d y - W e i n b e r g distribution in controls, the
penetrance for the + / + genotype was < 2 % . There
were 7 individuals with this genotype in the UC
group. H u g o t et al. found no + / + genotypes in 103
controls. In view of the low frequency of the m u t a t i o n s
in the general population, analysis of a large control
cohort will be required to obtain a robust estimate of
the population frequency of the + / + genotype and
hence of the penetrance of N O D 2 mutations.
An additional important question is the extent of the
contribution of NOD2 to the CD phenotype. In our series
of unrelated CD patients, about 36% carried 1 or 2
mutations in NOD2, and the overall population risk for
CD attributable to NOD2 mutations was 26%. H u g o t et
al. 1° detected additional rare missense mutations in
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N O D 2 with a combined frequency of 17% in patients
with CD compared with 5% in controls. It is plausible
that rare variants contribute to disease risk in complex
disorders, -~5 but very large sample sizes would be required to detect the effect of these mutations in association studies. W e found a higher frequency of NOD2
mutations in patients with CD from families affected
only with CD than in patients with CD from mixedphenotype families or in sporadic cases of CD. It may be
that the "pure" CD families have a less complex suite of
susceptibility genes than the other 2 groups, but this and
other case-control studies show that NOD2 also contributes significantly to the sporadic group. 1° 12 However,
although NOD2 clearly makes a substantial contribution
to the overall risk for CD, stratification of families by the
presence of NOD2 mutations suggests that this gene does
not account for all of the linkage observed in the pericentromeric region of chromosome 16.1<26
Finally, we have begun to address the question of
whether NOD2 mutations are associated with a particular
subtype of CD. Linkage and association between disease
and locus restricted to clinical or epidemiologic subtypes
of IBD have been reported, e7-29 Bayless et a 1 9 showed
concordance for site of disease within familial cases,
which might indicate that genetic factors influence location of disease. W e investigated this hypothesis in
relation to NOD2 by stratification of CD cases according
to site of disease. W e found that the frequency of the
mutant NOD2 haplotypes was 2.1-fold higher in ileumspecific disease than that in disease restricted to the colon
and was 1.6-fold higher in ileocolitis. Colombel et al. 31
identified a higher rate of small bowel disease in familial
cases than in sporadic cases, but in our series the association between NOD2 and ileal disease was found in both
familial and sporadic cases of CD. Family history and site
of disease therefore do not seem to be confounding
factors. Our findings support the hypothesis that sitespecific susceptibility genes exist 3° and suggest that
NOD2 mutations are associated with CD occurring in the
ileum. This observation may be related to the fact that
certain gut bacteria occur at much higher concentrations
in the colon than in the ileum. It is possible that additional mechanisms to combat higher levels of bacteria
have evolved in the colon, whereas the ileum may be
more dependent on the function of NOD2. Testing this
hypothesis will require clarification of the role of N O D 2
in the immune response.
In summary, we have determined the extent of the
contribution of the common NOD2 mutations to the
etiology of IBD in a large cohort of patients and provided
a genetic model for disease susceptibility. Through strat-
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ification by site of disease, we have shown that NOD2 is
primarily associated with ileal disease. These findings
may direct future investigations into the precise function
of NOD2 and its contribution to innate immune responses in the gastrointestinal tract.
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