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Abstract Common variants of 7CF7L2, encoding a {3-cell-
expressed transcription factor, are strongly associated with
increased risk of type 2 diabetes (T2D). We examined this
association using both prospective and case-control
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designs. A total of 2,676 healthy European white middle-
aged men from the prospective NPHSII (158 developed
T2D over 15 years surveillance) were genotyped for two
intronic SNPs [rs 7903146 (IVS3C>T) and rs12255372
(IVS4G>T)] which showed strong linkage disequilibrium
(D'=0.88, p<0.001; R*=0.76, p<0.001). The IVS5T allele
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frequency was 0.28 (95% CI 0.27-0.29) and 0.33 (0.28—
0.39) in healthy and T2D, respectively (p=0.04). Compared
to CC men, CT and TT men had an adjusted [for age, body
mass index, systolic blood pressure, triglyceride and C-
reactive protein levels] hazard ratio for T2D of 1.65 (1.13—
2.41) and 1.87 (0.99-3.53), respectively, p<0.01. The
population attributable fraction for diabetes risk was 17%.
In 1459, European white T2D men and women (60% male),
T allele frequency was 0.36 (0.34-0.38), and compared to
NPHSII healthy men the OR for T2D for the CT and TT
subjects was 1.43 (1.24-1.65) and 2.11 (1.69-2.63),
respectively p=<0.0001. A similar effect was observed in
919 T2D Indian Asians [OR=1.50 (1.14-1.99) and 1.64
(1.03-2.63) p=0.003] and 385 Afro-Caribbean subjects
[OR=1.25 (0.90-1.75) and 1.32 (0.74-2.33) p=0.17]
compared to non-diabetic ethnically matched subjects from
South London. Weaker associations were found for the
IVS4G>T in all studies. Linkage disequilibrium between
the two SNPs was high in Indian Asians (D'=0.94), but
much weaker in Afro-Caribbeans (D'=0.17) and haplotype
frequencies differed markedly in this group. These results
extend previous observations to other ethnic groups, and
strongly confirm that T7CF7L2 genotype is a major risk
factor for development of T2D.

Keywords Type 2 diabetes - Risk prediction - TCF7L2 -
South Indian - Afro-Caribbean

Introduction

Whilst the current world-wide prevalence of type 2 diabetes
(T2D) was estimated to be 2.8% in 2000 [1], it is predicted
to increase to epidemic proportions in the coming decades,
primarily due to lifestyle changes, particularly obesity. In
the United Kingdom, there are over 1.4 million men and
women with T2D and this is forecasted to increase by 20—
30% by the year 2035 [2]. In addition to a strong
environmental element, the existence of an underlying
genetic component to T2D risk is supported by twin
studies, family studies and the widely different T2D
prevalence across ethnic groups [3]. By comparison to
UK European whites with an estimated prevalence of 2.4%,
the rate in UK Indian Asians and Afro-Caribbeans is three-
to sixfold higher [1]. This disparity cannot be explained by
cultural and lifestyle differences alone and raise the
possibility that part of the ethnic difference could be due
to the presence of different genes, or different allele
frequencies of predisposing genes, in these groups.
Localization of a susceptibility locus on chromosome
2q37 and subsequent positional cloning analyses suggested
that calpain-10 (CAPNI10) was associated with T2D [4].
However, other studies found inconsistent associations and
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only meta-analysis has provided convincing support for the
involvement of CAPNI( variants in T2D risk [5]. Three
additional susceptibility loci have been identified for T2D
on chromosome 5q34, 10q and 12q in the Icelandic
population [6]. In a recent paper, Grant et al. [7] reported
that the chromosome 10q25.2 locus contains a gene
determining T2D risk called transcription factor 7-like 2
gene (TCF7L2). TCF7L2 is a high mobility group (HMG)
box-containing transcription factor which is part of the Wnt
signalling pathway. Using a microsatellite, DG10S478,
within exon 3 of TCF7L2, Grant et al. [7] showed a highly
significant association with T2D in an Icelandic case
control cohort (p<2.1x107?) which was replicated in
Danish and American cohorts. Heterozygous and homozy-
gous carriers of the at-risk alleles had a relative risk of T2D
of 1.45 and 2.41, respectively, corresponding to a popula-
tion attributable risk (PAF) of 21%, although the causative
mutation has not been identified. Two intronic single
nucleotide polymorphism (SNPs) within TCF7L2 were
subsequently identified, rs7903146 (IVS3C>T) and
rs12255372 (IVS4G>T), which replicated the strong
association of DG10S478 with T2D risk.

In this study, we have examined the association of
IVS3C>T and IVS4G>T with future risk of T2D by
prospective cohort analysis and compared the risk associ-
ation in T2D cohorts of European white, Indian Asian and
Afro-Caribbean origin, with non-diabetic ethnically-
matched subjects.

Materials and methods
Study groups

The samples used and their numbers by ethnic group and
study are shown in Supplementary Table 1.

The prospective Second Northwick Park Heart Study

From April 1989 to April 1994, 3,012 healthy European
white men, aged 50-64 years, registered with nine primary
care practices in the United Kingdom, were recruited for
prospective surveillance [8]. The study was approved by
the institutional ethics committees and performed in
accordance with the declaration of Helsinki. All subjects
gave written informed consent. To be eligible, subjects had
to be free of unstable angina, myocardial infarction or
evidence of silent infarction, coronary surgery, aspirin or
anticoagulant therapy, cerebrovascular disease, malignancy
(except skin cancer other than melanoma), or any condition
precluding informed consent. Weight, height and blood
pressure measurements were recorded and venous blood
samples were collected for plasma and DNA analysis.
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Participants were recalled annually for 5 years for interview
and repeat venous blood collection. Self-report by ques-
tionnaire was used to identify 69 subjects requiring insulin
or oral hypoglycaemics as cases at baseline. New cases
were identified up to the end of 2005 by practice note
search for physician diagnosed and treated T2DM accord-
ing to current national guidelines.

Wandsworth Heart and Stroke Study

This is a population-based study drawn from general
practices within the former Wandsworth Health Authority
in South London [9]. By design, the three ethnic groups,
European white (n=524) those of African descent (n=549)
and those of Indian Asian origin (2=505) were of similar
sample size with comparable numbers of men and women,
aged between 40-59. Ethnic group was recorded at the time
of interview, based on the answers to a combination of
questions including place and country of birth, language,
religion, history of migration and parental country of birth.
Those with a clinical diagnosis of T2D or who were
identified as T2D on the basis of the OGTT (according to
WHO criteria [10]) (European white n=153, Indian Asian
n=193, Afro-Caribbean n=218). The protocol was ap-
proved by the local ethics committee and all participants
gave their informed consent.

University College London Diabetes and Cardiovascular
Study and the Ealing Diabetes Study of Coagulation

Between 2001-2002, 1,014 consecutive subjects were
recruited from the diabetes clinic at University College
London Hospitals NHS Trust (UCLH) into University
College London Diabetes and Cardiovascular Study
(UDACS) [11], and 938 from Ealing Hospital into Ealing
Diabetes Study of Coagulation (EDSC) [12]. Patients
completed a questionnaire with details of age, ethnicity,
smoking habit, fasting status, duration of diabetes, family
history of diabetes, history of heart attack, stroke, current
medication and other clinical details. Blood was collected
for plasma and DNA analysis. Blood pressure, body mass
index (BMI), glucose, HbA,., cholesterol, HDL, LDL,
triglyceride (TG), urea, creatinine, albumin to creatinine
ratio, potassium and proteinuria were measured. All
patients classified as T2D according to WHO criteria [10]
were included in the current analysis. For this and the
PREDICT study, type 2 diabetes was distinguished from
type 1 diabetes using criteria in common use in the UK,
based on the basis of the mode of presentation and history.
T2D subjects were those presenting with diabetes at
40 years or over, and not requiring insulin therapy within
12 months of diagnosis. Recruitment into UDACS com-
prised of 600 European white (59% male), 107 Indian

Asians (74% male) and 74 Afro-Caribbeans (66% male). In
EDSC, there were 331 European white (60% male), 503
Indian Asians (56% male) and 93 Afro-Caribbeans (61%
male). Ethical approval was obtained from UCL/UCLH and
Ealing Hospital ethics committees. Full details have been
published elsewhere [11, 12].

PREDICT

This is a prospective study of patients with established
T2D, recruited from routine diabetes clinics at several
London hospitals to assess the predictive value of coronary
artery calcification, measured by electron beam tomography
for coronary heart disease (CHD) events and stroke [13].
Four hundred European whites (61% men) and 116 Indian
Asians (70% men) were considered for the present analysis.
Patients were assessed at their local clinics using a stan-
dardised protocol. Exclusion criteria were: current or past
history of CHD on the basis of clinical history alone
without recourse to exercise testing, ECG or angiography,
congestive heart failure, uncontrolled hypertension (blood
pressure on treatment >160/95 mmHg), serious medical
disorders likely to limit life expectancy (e.g. cancer) or
requiring extensive medical treatment and command of
English insufficient to provide informed consent. Patients
were accepted irrespective of treatment status. For those
receiving insulin, T2D was diagnosed on the basis of
presentation and history. This study had approval from all
relevant local ethics committees.

DNA extraction and genotyping

DNA was extracted from whole blood using the salting out
method [14]. Genotyping for IVS3C>T (rs7903146) and
INVAG>T (rs12255372) was performed using TagMan
technology [Applied Biosciences (ABI), Warrington UK].
Reactions were performed on 384-well microplates and
analysed using ABI TagMan 7900HT software. Primers and
MGB probes are detailed in Supplementary Table 2.

Statistical analysis

Analysis was performed using ‘Intercooled STATA’ (ver-
sion 8.2, STATA, TX, USA). Baseline characteristics for all
studies were transformed to a normal distribution as
appropriate and differences were tested using analysis of
covariance. For the three T2D studies, trait data were
combined by ethnic group or genotype after adjusting for
study. For the prospective study, results are presented as
hazard ratios (HR) obtained from Cox regression models
with their corresponding 95% confidence interval (CI),
adjusted for age and practice (recruitment site), and with
further adjustment as described in the results section.
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Genotype effects were tested using an additive model.
Differences in allele frequencies were assessed both with
and without the inclusion of baseline diabetics. Where
results were further adjusted and for the interaction with
obesity, 69 baseline diabetics were excluded from the
analysis. Haplotypes were inferred by use of a maximum
likelihood algorithm implemented in the THESIAS pro-
gram [15, 16]. The comparison for the T2D cohorts with
non-diabetic controls is presented as odds ratios (OR)
obtained from logistic regression models. Frequencies were
compared by Chi-squared test. Population attributable
fraction (PAF) (%) was estimated as pd x (HR-1/HR),
where pd is the proportion of cases carrying the rare allele
and confidence intervals were based on asymptotic approx-
imations [17]. Statistical significance was taken as p<0.05.

Results
Second Northwick Park Heart Study

Genotype was obtained for 7CF7L2 IVS3C>T and IVS4G>
T in 2745 Second Northwick Park Heart Study (NPHSII)
men (of whom 69 had T2D at baseline) (98.9% in whom
DNA was available) and the baseline characteristics of those
who did and did not develop T2D over the 15 year follow-
up period are presented in Table 1. At baseline, the 158 men
who went on to develop T2D had, as expected, significantly
higher blood pressure, higher BMI, a greater proportion
with a BMI over 30 kg/m?, a higher proportion of current
smokers, and higher levels of plasma lipids, fibrinogen and
C-reactive protein (CRP). For both SNPs genotype, distri-
bution was as expected from Hardy Weinberg proportions,

Table 1 Baseline characteristics and their association with the development of type 2 diabetes in NPHSII (excluding and including those with

T2D at baseline)

No diabetes (2,518)

Age (years) 56.0 (3.4)
SBP (mmHg)° 136.7 (18.7)
DBP (mmHg) 84.5 (11.3)
BMI (kg/m?)° 26.1 (3.3)
Obesity (% >30 kg/m?) 12.3 (310)
Smoking (% current) 28.1 (707)
Cholesterol (mmol/1) 5.73 (1.01)
Triglyceride (mmol/l)° 1.76 (0.92)
Fibrinogen (g/1)° 2.71 (0.51)
CRP (mg/l)° 2.96 (3.45)
CRP excluding >20 mg/I 2.44 (2.46)
TCF7L2 IVS3C>T

cC 1,295 (52.0)
CT 1,001 (40.2)
TT 197 (7.9)

T allele (95% CI)
TCF7L2 IVS4G>T

0.280 (0.27-0.29)

GG 1,307 (52.5)
GT 994 (39.9)
TT 188 (7.6)

T allele (95% CI)
TCF7L2 IVS3C>T

0.275 (0.26-0.29)

cc 1,295 (52.0)
CT 1,001 (40.2)
TT 197 (7.9)

T allele (95% CI)
TCF7L2 IVS4G>T

0.280 (0.27-0.29)

GG 1,307 (52.5)
GT 994 (39.9)
TT 188 (7.6)

T allele (95% CI)

0.275 (0.26-0.28)

With diabetes (158) HR (95% CI)* p-value
56.3 (3.4) 1.17 (0.92-1.48) 0.21
142.1 (19.2) 1.34 (1.14-1.57) <0.0001
86.4 (11.3) 1.14 (0.97-1.34) 0.11
28.5 (3.6) 2.03 (1.75-2.36) <0.0001
33.1 (52) 3.68 (2.63-5.15) <0.0001
34.8 (55) 1.50 (1.08-2.09) 0.02
5.90 (0.98) 1.21 (1.04-1.41) 0.02
2.25 (1.07) 1.56 (1.34-1.81) <0.0001
2.76 (0.53) 1.14 (0.98-1.34) 0.09
4.01 (4.31) 1.34 (1.13-1.59) 0.001
332 (3.13) 1.42 (1.17-1.72) <0.0001
67 (43.0) 1.00

74 (47.4) 1.47 (1.05-2.06) 0.06

15 (9.6) 1.43 (0.81-2.51)

0.333 (0.28-0.39) 0.04

66 (42.3) 1.00

78 (50.0) 1.57 (1.13-2.19) 0.03

12 (7.7) 1.25 (0.68-2.33)

0.327 (0.28-0.38) 0.05

91 (40.6)° 1.00

111 (49.6)° 1.61 (1.22-2.14) 0.002
22 (9.8)° 1.58 (0.99-2.52)

0.346 (0.30-0.39)° 0.003
94 (42.2)° 1.00

109 (48.9)° 1.52 (1.14-2.00) 0.01

20 (9.0)° 1.48 (0.91-2.40)

0.327 (0.28-0.38)° 0.008

CRP measurements made after diabetes was recorded are excluded from the analysis (N=2).

* Age and practice adjusted hazard ratio for 1 SD increase in all variables except smoking (current: none), obesity (>30:<30) and age (5 year

increase)

® Geometric mean (approximate SD)
®Including baseline diabetics (227)
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Fig. 1 Kaplan Meier plot of development of T2D by TCF7L2
genotypes in NPHS men. a For the IVS3C>T SNP: Compared to the
CC individuals, individuals with the CT genotype had a hazard ratio of
1.65 (1.13-2.41) and those with the TT genotype 1.87 (0.99-3.53)
p<0.01, after adjustment for age, practice, CRP, BMI, SBP and TG.
b For the IVS4G>T SNP: Compared to the GG individuals, individuals
with the GT genotype had a hazard ratio of 1.72 (1.18-2.50) and those
with the TT genotype 1.67 (0.84-3.31) p<0.01, after adjustment for
age, practice, CRP, BMI, SBP and TG

Fig. 2 Hazard ratio for T2D by
BMI for each IVS3 T allele
carried. For IVS4 T allele the
HRs were for BMI>30 kg/m?
0.79 (0.46-1.38), 28-30 kg/m?
1.91 (1.08-3.37), 25-27.9
kg/m? 1.42 (0.89-2.28),

<25 kg/m? 2.28 (1.17-4.45).
BMI genotype interaction
p=0.04

BMI>30 kg/m?
28-30 kg/m?
25-27.9 kg/m?

<25 kg/m?

and as shown in Table 1, the frequencies of the rare alleles
were significantly higher in those with T2D (whether those
with diabetes at baseline were excluded or included).
Figure 1 shows Kaplan Meier plots for the development of
T2D by the two SNPs, showing an early and continuing
divergence of risk. The possibility that TCF7L2 genotype
might be having its impact on development of T2D through
diabetes risk factors was considered, but individuals
homozygous for the rare allele tended to have lower levels
of diabetes risk factors (Supplementary Table 3a,b). After
adjustment for age, general practice recruitment, plasma
triglyceride, CRP, systolic blood pressure and BMI, com-
pared to the IVS3 CC genotype, subjects with the CT
genotype had a hazard ratio of 1.65 (1.13-2.41) and those
with the TT genotype 1.87 (0.99-3.53) p<0.01 for linear
trend. For the IVS4G>T genotype, these values were 1.72
(1.18-2.50) for the GT group and 1.67 (0.84-3.31) for the
TT group (p<0.01).

Because obesity is a major determinant of development of
T2D, the possibility of interaction between these SNPs and
BMI was examined. As shown in Fig. 2, men with a BMI
greater than 30 kg/m? had no increased risk associated with
IVS3 genotype with a hazard ratio per T allele of 0.77
(0.45-1.32) after adjustment for age, general medical
practice, CRP and TG. For individuals with a lower BMI,
the risk increased as BMI decreased, and for those below
25 kg/m?, the HR per T allele was 2.23 (1.15-4.31). The
interaction between genotype and BMI was statistically
significant (p=0.001). Similar results (Fig. 2 legend) were
seen for interaction between the IVS4G>T genotype and
BMI (interaction value p=0.04). Overall, in this sample, the
population attributable fraction for development of T2D
associated with obesity was 23% (95% CI 0.14-0.30),
whilst that associated with IVS3C>T was 16.6% (95% CI
0.01-0.30), and for the IVS4G>T was 18.6% (0.03-0.32),
with the combination for both genotypes being 19.9%
(0.03-0.34). This suggests that this genotype is having as
large an impact on development of diabetes as obesity in
this group of middle-aged UK subjects.

—a—

Relative risk
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Table 2 Haplotype association with T2D (NPHSII)

IVS3C>T Non-diabetic Diabetic ~ HR?* (95% CI)

IVS4G>T frequency frequency

CG 0.698 0.637 1.00

CT 0.023 0.014 0.70 (0.32-1.55) p=0.38
TG 0.030 0.023 0.94 (0.50-1.76) p=0.85
TT 0.250 0.325 1.40 (1.13-1.73) p=0.002

Global p value p<0.01

* Age adjusted

Information from the two SNPs was combined into
inferred haplotypes to attempt to see if a risk haplotype could
be identified. The linkage disequilibrium (LD) between the
two SNPs was high with a D’ of 0.88 (p<0.001), R*=0.76,
p<0.001. As shown in Table 2, all four possible haplotypes
were observed, with only the haplotype defined by both rare
alleles being associated with significant effects on risk, and
a HR per haplotype of 1.40 (1.13—1.73). This risk was not
affected by adjustment for baseline recorded plasma
triglyceride levels or BMI. Thus, middle-aged men homo-
zygous for the IVS3T/IVS4T haplotype (~6% of the
population) would be predicted to have an increased risk
of developing T2D over 15 years of approximately 196%
compared to men homozygous for the common haplotype.

T2D case-control studies

To obtain maximal power, T2D subjects recruited for three
different studies in London (UDACS, EDSC and PREDICT)
were combined. The overall characteristics of these study
groups are very similar ([12] and data not shown). The
characteristics of these subjects by ethnic group are pre-
sented in Table 3. These are typical of T2D patients, with
the expected differences in the prevalence of diabetes risk
factors in subjects from the different ethnic groups (an
earlier age of onset and a lower BMI and prevalence of
obesity in the Indian Asians). For European whites, the
NPHSII T2D-free group was used for the comparison,
whilst subjects of Indian Asians and Afro-Caribbeans
ethnicity were recruited from the Wandsworth Heart and
Stroke Study. The characteristics of these subjects have been
published previously [9]. Using standard WHO criteria,
subjects with T2D at baseline were identified and results
combined with those from the T2D clinic groups (see
Supplementary Table 1). Tables 4, 5 and 6 show the
genotype distribution, allele frequency, and ORs for T2D
in the three ethnic groups separately. There was no evidence
of significant genotype or allele frequency differences when
subjects of different ethnic groups from the three studies
were compared (all p>0.2, data not shown). The allele
frequency of the IVS3C>T is essentially the same across
ethnic groups (all contrasts p>0.1), whilst for IVS4G>T, the

@ Springer

Table 3 Baseline characteristics by ethnic group in UDACS, EDSC
and PREDICT combined

European white Black S. Indians

(N=1331) (N=167) (N=726)
Age (years) 64.9 (10.9) 61.6 (11.2) 58.7 (10.9)
Age of onset (years) 54.9 (12.2) 50.8 (10.6) 48.1 (11.2)
Duration of diabetes 8 (4-14) 10 (5-15) 10 (5-16)
(years)®
SBP (mmHg)" 137.1 (19.0) 142.5 (20.6) 134.2 (20.1)
DBP (mmHg) 77.5 (10.8) 79.5 (12.1) 76.2 (11.0)
BMI (kg/m?)° 29.4 (5.5) 284 (49) 274 (44)
Obesity (% >30 kg/m®) 46.6 (340) 33.3 (31) 25.9 (160)
Smoking (% current)  26.2 (343) 13.9 (23) 8.9 (64)
Cholesterol (mmol/1) 4.96 (1.07) 4.99 (1.04) 4.87 (1.12)
Triglyceride (mmol/l)b 1.83 (1.03) 1.44 (0.77) 1.92 (1.02)
CRP (mg/l)° 1.78 (1.60) 1.31 (1.56) 1.92 (1.95)
HbA . (%) 8.01 (1.65) 8.40 (2.07) 8.49 (1.59)

*Median (inter-quartile range)
® Geometric mean (approximate SD)

frequency in the Indian Asians and Afro-Caribbeans was
modestly but not statistically significantly lower (p=0.055),
and higher (p=0.046), respectively. For the IVS3 SNP, the
rare allele frequency in T2Ds was higher in all groups
compared to non-diabetic controls, with this difference
being statistically significant in European whites and Indian
Asians. For European whites, the OR for each additional T
allele was 1.45 (1.31-1.59) p<0.0001, and for the Indian
Asians the respective OR was 1.37 (1.11-1.68) p=0.003.
For the Afro-Caribbean group, in whom numbers were
smallest, this effect was 1.19 (0.93-1.52) p=0.17. There
was no evidence for heterogenity of effect on risk associated
with this genotype between ethnic groups (p=0.34 for
heterogenity). These estimates were essentially unchanged
when analyses were confined to clinic subjects only.
(Supplementary Table 4a—) There was no evidence for a
significant difference in this OR between men and women
(p for interaction in European whites between gender and
genotype for IVS3=0.98, for IVS4=0.51, data not shown).
For the IVS4 SNP, the effect sizes were essentially similar
in the European whites and Indian Asians, but by contrast,
in the Afro-Caribbeans, there was no evidence for in-
creased risk in those carrying the rare allele, with signif-
icant evidence for heterogenity of effect on risk associated
with this genotype between ethnic groups (p=0.007 for
heterogenity).

For both SNPs, there was again evidence that individ-
uals homozygous for the rare allele had lower levels of
classical T2D risk factors. Due to lack of heterogeneity of
genotype effect amongst the three ethnic groups, data could
be combined and those with IVS3 TT genotype had the
lowest plasma TG, 1.66 mmol/l (0.94) vs 1.84 mmol/l (1.00),
p<0.001, and modestly lower CRP (p=0.05). Similar effects
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Table 4 Genotype distribution, allele frequency and odds ratio for T2D in European white

NPHSII T2D OR (95% CI) p value

IVS3C>T

cC 1,295 (52.0) 601 (41.2) 1.00 2<0.0001
CT 1,001 (40.2) 665 (45.6) 1.43 (1.25-1.64)

TT 197 (7.9) 193 (13.2) 2.11 (1.69-2.63)

Allele frequency; (95% CI) 0.280; (0.267-0.292) 0.360; (0.343-0.378) CT/TT:CC; 1.54 (1.35-1.76) 2<0.0001
IVS4G>T

GG 1,307 (52.5) 636 (43.3) 1.00 »<0.0001
GT 994 (39.9) 662 (45.1) 1.37 (1.19-1.57)

TT 188 (7.6) 170 (11.6) 1.86 (1.48-2.33)

Allele frequency; (95% CI) 0.275; (0.263-0.288) 0.341; (0.324-0.359) GT/TT:GG; 1.45 (1.27-1.65) »<0.0001

were seen in IVS4T>G for plasma TG levels (p=0.03)
(Supplementary Table 4a,b).

Haplotypes for the two SNPs were inferred in subjects
from all three ethnic groups. The LD in Indian Asians
was similar to that in European whites (D'=0.94, p<0.001,
R*=0.68, p<0.001) whilst in Afro-Caribbeans, LD was
much weaker (D'=0.17, p=0.61 R*=0.03, p=0.71). In the
T2D European whites, as shown in Table 7, IVS3T-IVS4G
and IVS3T-IVS4T haplotypes were associated with signif-
icantly higher T2D risk, an effect which was not materially
changed by adjustment for recorded plasma triglyceride
levels (not shown). In Indian Asians (Table 8), these same
two haplotypes were also associated with significantly
elevated risk. In Afro-Caribbeans (Table 9), the relative
frequency of the four haplotypes was markedly different,
with the IVS3T-IVS4T being the rarest, and IVS3C-IVS4T
and IVS3T-IVS4G being present at much higher frequen-
cies than in European whites. The IVS3T-IVS4G haplotype
was associated with the highest HR [1.22 (0.88—1.70)] but
this effect was not statistically significant (p=0.24).

Discussion

These data have confirmed the importance of variants in the
TCF7L2 gene in the risk of development of T2D, in both

healthy middle-aged men and in patients with T2D. In the
prospective study, the population attributable fraction for
the combined effect of both variants is large (20%), in
keeping with results from previous studies [7]. This effect is
much larger than other genes so far studied in NPHSII [18]
and is of similar magnitude to the effect of obesity (BMI>
30 kg/m?) in this study which was 22.3%. Our results extend
previous observations to subjects of South Indian origin, in
whom the frequency of the risk alleles is similar and the
effect size on risk of T2D is comparable. The frequency of
the risk variants was also similar in Black subjects, but our
study was underpowered to demonstrate unequivocally that
these variants are having a similar effect in this ethnic group,
although the data suggest that this is likely.

The mechanism by which these TCF7L2 variants influence
development of T2D is currently unclear. In NPHSII, men
homozygous for the risk-raising alleles in general had lower
baseline levels of diabetes risk factors, including BMI,
plasma TG and CRP. Despite this, men carrying one or more
of either of these alleles had about 40% higher risk of
developing T2D over the 15 years of follow-up. After
adjustment for these diabetes risk factors, compared to those
homozygous for the IVS3C allele, there was a step-wise
increase in the HR for those carrying one or two IVS3T
alleles (1.65 and 1.87, respectively), although because of the
small sample size, the confidence intervals for these two

Table 5 Genotype distribution, allele frequency and odds ratio for T2D in Indian Asians

WHSS T2D OR (95% CI) p value
IVS3C>T

cc 163 (54.3) 366 (43.7) 1.00 p=0.003
CT 111 (37.0) 375 (44.8) 1.50 (1.14-1.99)

TT 26 (8.7) 96 (11.5) 1.64 (1.03-2.63)

Allele frequency; (95% CI) 0.272; (0.236-0.309) 0.339; (0.316-0.362) CT/TT:CC; 1.53 (1.17-2.00) p=0.002
IVS4G>T

GG 178 (58.9) 423 (50.3) 1.00 p=0.02
GT 104 (34.4) 350 (41.6) 1.42 (1.07-1.87)

TT 20 (6.6) 68 (8.1) 1.43 (0.84-2.43)

Allele frequency; (95% CI) 0.238; (0.205-0.274) 0.289; (0.267-0.311) GT/TT:GG; 1.42 (1.09-1.85) p=0.01
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Table 6 Genotype distribution, allele frequency and odds ratio for T2D in Afro-Caribbeans

WHSS Combined OR (95% CI) p value
IVS3C>T
CcC 161 (51.8) 141 (45.9) 1.00 p=0.17
CT 124 (39.9) 136 (44.3) 1.25 (0.90-1.75)
TT 26 (8.4) 30 (9.8) 1.32 (0.74-2.33)
Allele frequency; (95% CI) 0.283; (0.248-0.320) 0.319; (0.282-0.358) CT/TT:CC; 1.26 (0.92-1.73) p=0.15
IVS4G>T
GG 141 (45.1) 156 (51.3) 1.00 p=0.36
GT 148 (47.3) 120 (39.5) 0.73 (0.53-1.02)
TT 24 (7.7) 28 (9.2) 1.05 (0.58-1.90)
Allele frequency; (95% CI) 0.313; (0.277-0.351) 0.289; (0.245-0.348) GT/TT:GG; 0.78 (0.57-1.07) p=0.12

estimates overlap considerably. It has previously been
reported that the effect of this genotype is essentially co-
dominant [7], and our data confirm this finding. In support
of this, in the group of European white T2D subjects, the
risk associated with having one and two copies of the IVS3
SNP was 1.43 and 2.11, respectively, with a similar co-
dominant pattern seen in the IVS4 variant. In the Indian
Asian subjects, although the effect of carrying either the
IVS3 or IVS4 rare variant was to raise risk by 53 and 42%,
respectively, there was not strong evidence for a co-dominant
effect. The sample size in this study is, however, much
smaller, and confidence intervals overlapped. Data in the
Afro-Caribbean subjects must be interpreted with caution,
but the results are compatible with the IVS3 SNP having
essentially the same effect on risk as in the other ethnic
groups (no statistically significant evidence for heterogenity
of genotype effect across ethnic groups). Although because
of the small sample size, this effect was of borderline sta-
tistical significance. Power calculations indicate that a
sample size of roughly twice that available to us would be
required for the effects seen to be statistically significant. It is
interesting to note that the IVS4 SNP was not showing any
evidence of increased risk in Black subjects.

We have previously reported that common variation in the
genes for uncoupling proteins (UCP2 and UCP3) show
additive effects with obesity in the NPHSII men [18], and the
observation that the 7CF7L2 variants appear to have their

Table 7 Combined T2D European whites

IVS3C>T Non-diabetic Diabetic OR? (95% CI)

IVS4G>T frequency frequency

CG 0.698 0.623 1.00

CT 0.023 0.019 0.97 (0.68-1.37) p=0.86
TG 0.030 0.036 1.42 (1.09-1.86) p=0.01
TT 0.250 0.322 1.44 (1.29-1.59) p<0.0001

Global p value »<0.0001

* Age adjusted

@ Springer

major effect on prospective risk of T2D in non-obese
subjects is of interest. The statistical evidence for the
genotype—obesity interaction is due to the lower than
expected risk in IVS3T carriers who are obese, compared
to the risk seen in non-obese IVS3T carriers. One plausible
explanation for this apparent paradox would be that a pro-
portion of obese IVS3T carriers develops T2D prematurely,
and were therefore ineligible for recruitment into studies
such as NPHSII where diabetes as baseline was an exclusion
criterion. Studies with earlier recruitment and longer follow-
up would be required to explore this suggestion.

Haplotype analysis

In the original report [7], the authors recommended using
both the IVS3 and IVS4 SNPs which in combination could
reproduce the strong association they had found with a
hypervariable marker in TCF7L2. Although all four
possible haplotypes were seen unambiguously in all three
ethnic groups, in both Whites and Indian Asians the
frequency of the IVS3C/IVS4T and IVS3T/IVS4G haplo-
types were very low (below 5% in all groups). In NPHSII,
significant risk was only found associated with the IVS3T/
IVS4T haplotype. However, in the case—control compar-
isons both in European whites and in Indian Asians, both
IVS3T/IVS4G and IVS3T/IVS4T haplotypes showed sig-
nificantly elevated risk. There was much lower LD between
these two SNPs in the Afro-Caribbean subjects, and only

Table 8 Combined T2D Indian Asians

IVS3C>T Non-diabetic Diabetic ~ OR (95% CI)

IVS4G>T frequency frequency

CG 0.721 0.649 1.00

CT 0.005 0.011 2.51 (0.74-8.57) p=0.14
TG 0.040 0.063 1.71 (1.11-2.62) p=0.01
TT 0.233 0.276 1.31 (1.06-1.63) p=0.01

Global p value »=0.006
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Table 9 Combined T2D Afro-Caribbeans

IVS3C>T Non-diabetic Diabetic ~ OR (95% CI)

IVS4G>T frequency frequency

CG 0.499 0.486 1.00

CT 0.220 0.196 0.90 (0.64-1.27) p=0.54
TG 0.182 0.225 1.22 (0.88-1.70) p=0.24
TT 0.098 0.093 0.96 (0.61-1.51) p=0.86

Global p value p=0.39

the IVS3T/IVS4G haplotype showed increased risk in this
group (albeit non-statistically significant in this small
sample). Grant et al. [7] reported that they were unable to
identify a single functional sequence change on the
TCF7L2 risk haplotype by extensive sequencing, and the
data in this study suggest that both the IVS3T/IVS4G or
IVS3T/IVSAT haplotypes warrant further studies.

Study limitations

There are several limitations to these findings which need to
be considered. In the prospective study, the number of
individuals who have so far developed T2D is relatively
small, and these results need to be confirmed in other studies.
It is also possible that there may be a “catch-up” effect, in that
individuals with low risk TCF7L2 genotypes may develop
T2D at a faster rate as they become older, when other risk
factors are driving the development of disease. In the case—
control comparison, to provide maximal power, data have
been combined from different studies, which raises the
possibility of the results being confounded by between-study
heterogeneity. We believe this is extremely unlikely to be the
case because the overall characteristics of the T2D studies
were very similar [12] and genotype and allele distributions
were non-significantly different between the three studies.
For the European white subjects, allele frequencies were
significantly different between healthy subjects and patients
in all T2D studies separately, and for Indian Asians in the
larger EDSC and PREDICT Studies, compared to non-
diabetic Indian Asians in WHSS. For the smaller number of
Afro-Caribbean subjects, the findings reported in this study
should only be considered as preliminary.

Molecular mechanism of effect

The lack of association of TCF7L2 genotype with T2D risk
factors, and the higher genotype risk in non-obese subjects
seen in this study confirms/suggests that the mechanism of the
risk effect may be novel. TCF7L2 is one of a family of HMG
box transcription factors that have been identified as down-

stream effectors of the Wnt signalling pathway. Aberrant
Wnat signalling has been linked to familial and sporadic colon
cancers [19] but it is a novel candidate pathway for the
development of T2D. The mechanism responsible for the
TCF7L2 risk association in T2D is currently not understood,
but it has been speculated [7] that either the IVS5 and IVS6
variants themselves, or other sequence changes in LD with
these variants, may influence the known pattern of isoforms
expressed due to alternative splicing [20], and thus down- (or
up-) regulate TCF7L2 expression and thus Wnt signalling.

There are a number of ways by which changes to Wnt
signalling could increase the risk of disease. The TCF7L2
knockout mouse dies within 24 h due to inadequate intestinal
epithelium, but with no other reported organ abnormalities
[21], whilst misexpression of Wnts leads to significant
abnormal development of foregut structures, including the
pancreas [22]. Thus, disruption in the pathway could reduce
both pancreatic size and number of insulin secreting cells. It
has been suggested [7] that low levels of TCF7L2 expression
could cause a failure to develop adequate gut endocrine
tissue, which would lead to disturbance of enteroendocrine
function, which in turn could lead to T2D. The gut secretes a
number of hormones which have an insulin-sensitizing effect
such as glucagon like peptide 1 (GLP-1), a product of the
proglucagon gene, and 7CF7L2 can influence the expression
of the proglucagon gene [23]. GLP-1 both enhances
pancreatic function and insulin sensitivity and is currently
in clinical trials as a treatment for diabetes.

Prospective gene associations are overall more powerful
and less open to confounding by population sub-structure than
those of case—control design [24]. The prospective confirma-
tion of the TCF7L2 gene effect, and thus of Wnt signalling
as an important candidate in the pathogenesis of T2D, opens
up a new pathway for investigation. The higher risk of T2D
in subjects from the Indian subcontinent could, in theory, be
explained by a higher frequency of certain genotypes
predisposing to insulin resistance, obesity, reduced insulin
secretion or a combination of these [25]. However, the
similar frequency of the T7CF7L2 SNPs examined in this
study in all ethnic groups studied suggests that this gene is
not contributing to this ethnic risk difference. The absence of
heterogeneity of effect on risk in different ethnic groups, if
confirmed, makes these genotypes more useful as genetic
risk markers than others reported to date [26, 27]. The
variants and haplotypes are common. The molecular
identification of the causal defect(s) and a specific treatment
targeted at carriers of these variants would have a significant
public health impact in people with or at risk of T2D.
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