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Abstract
Background—Common polymorphisms of the transcription factor 7–like 2 gene (TCF7L2) have
recently been associated with type 2 diabetes. We examined whether the two most strongly associated
variants (rs12255372 and rs7903146) predict the progression to diabetes in persons with impaired
glucose tolerance who were enrolled in the Diabetes Prevention Program, in which lifestyle
intervention or treatment with metformin was compared with placebo.

Methods—We genotyped these variants in 3548 participants and performed Cox regression analysis
using genotype, intervention, and their interactions as predictors. We assessed the effect of genotype
on measures of insulin secretion and insulin sensitivity at baseline and at one year.

Results—Over an average period of three years, participants with the risk-conferring TT genotype
at rs7903146 were more likely to have progression from impaired glucose tolerance to diabetes than
were CC homozygotes (hazard ratio, 1.55; 95 percent confidence interval, 1.20 to 2.01; P<0.001).
The effect of genotype was stronger in the placebo group (hazard ratio, 1.81; 95 percent confidence
interval, 1.21 to 2.70; P = 0.004) than in the metformin and lifestyle-intervention groups (hazard
ratios, 1.62 and 1.15, respectively; P for the interaction between genotype and intervention not
significant). The TT genotype was associated with decreased insulin secretion but not increased
insulin resistance at baseline. Similar results were obtained for rs12255372.

Conclusions—Common variants in TCF7L2 seem to be associated with an increased risk of
diabetes among persons with impaired glucose tolerance. The risk-conferring genotypes in
TCF7L2 are associated with impaired beta-cell function but not with insulin resistance.
(ClinicalTrials.gov number, NCT00004992.)
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The risk of type 2 diabetes is strongly influenced by inheritance. 1 Genetic susceptibility to the
common form of type 2 diabetes appears polygenic — that is, it involves a number of variants,
each with a modest effect on the risk of disease in an individual person.2 Despite important
advances in understanding the genetic determinants of the relatively rare monogenic forms of
diabetes,3 the pace of definitive identification of genes that increase the risk of common type
2 diabetes has been slow.

Recently, Grant and colleagues4 reported on the association of a common microsatellite
(DG10S478) within intron 3 of the transcription factor 7–like 2 gene (TCF7L2) with type 2
diabetes in an Icelandic case–control sample and replicated this result in two additional case–
control cohorts of white patients. The noncoding single-nucleotide polymorphisms rs12255372
and rs7903146 were in strong linkage disequilibrium with DG10S478 (r2= 0.95 and r2= 0.78,
respectively) and showed similarly robust associations with type 2 diabetes (P<10−15). The
authors recommended that these two single-nucleotide polymorphisms be genotyped in all
attempts at replication.

Reproducibility of reported genetic associations is essential in complex human genetics,
especially among populations of different races, ethnic backgrounds, and environmental
exposures.5–8 Furthermore, the effect that these polymorphisms have on the risk of type 2
diabetes and on validated preventive interventions has not been prospectively ascertained.
Finally, the pathophysiological mechanism by which variation in TCF7L2 might influence
glycemic traits is not clear. Therefore, we genotyped the rs12255372 and rs7903146 variants
in 3548 participants in the Diabetes Prevention Program (DPP) to try to confirm this
association, to assess the effect of these variants on the lifestyle and pharmacologic
interventions used in the DPP,9 and to explore the effect of these variants on insulin secretion,
insulin sensitivity, or both.

METHODS
THE DIABETES PREVENTION PROGRAM

The DPP Research Group9 conducted a multicenter, randomized clinical trial from 1996 to
2001 at 27 centers in the United States. The institutional review board at each center approved
the protocol, and all participants gave written informed consent. The trial was designed to test
whether a lifestyle intervention or pharmacologic treatment with metformin would prevent or
delay the development of diabetes in persons at increased risk for the disease.9,10 The DPP
enrolled 3234 overweight persons in the United States without diabetes who had elevated
plasma glucose concentrations after an overnight fast and impaired glucose tolerance. As
compared with placebo, the lifestyle interventions and treatment with metformin reduced the
incidence of diabetes by 58 percent (95 percent confidence interval, 48 to 66 percent) and 31
percent (95 percent confidence interval, 17 to 43 percent), respectively, over an average follow-
up period of approximately three years.9 An additional group of 585 participants was treated
with troglitazone, but this treatment was halted during the DPP trial owing to its toxic effects
on the liver.10

PARTICIPANTS
The 3548 participants included in this study (92.9 percent of the participants in the DPP trial;
2994 subjects randomly assigned to placebo, lifestyle intervention, or metformin, plus 554
participants initially randomly assigned to troglitazone, in whom only quantitative traits were
analyzed) each provided written informed consent for the genetic investigation. Of these
participants, 66.8 percent were women, 56.4 percent white, 20.2 percent African American,
16.8 percent Hispanic, 4.3 percent Asian, and 2.4 percent American Indian, according to self-
report. The mean (±SD) age was 51±11 years, and the mean body-mass index (BMI) (the weight
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in kilograms divided by the square of the height in meters) was 34.0±6.7. The development of
diabetes was assessed on the basis of semiannual measurements of fasting plasma glucose
concentrations and annual oral glucose-tolerance tests (with a 75-g oral glucose load).9,10

GENOTYPING
DNA was extracted from peripheral-blood leukocytes and quantitated with the use of Pico-
Green analysis (Molecular Probes). Genotyping was performed by allele-specific primer
extension of singleplex amplified products, with detection by matrix-assisted laser desorption–
ionization time-of-flight mass spectroscopy on a Sequenom platform.11,12 The genotyping
success rate was 99.3 percent, and the consensus rate (on the basis of 222 duplicate genotypes)
was 99.1 percent. The allele frequencies for both single-nucleotide polymorphisms in each of
the five races or ethnic groups were in Hardy–Weinberg equilibrium (P>0.05).

QUANTITATIVE MEASURES
Data from the baseline oral glucose-tolerance test were used to calculate two measures of
insulin secretion13,14 and two measures of insulin sensitivity15,16 as previously described.
17 We used glucose and insulin measured in conventional units (milligrams per deciliter and
microunits per milliliter, respectively) unless otherwise specified. Measures of insulin
secretion included the fasting insulin:glucose ratio, calculated by dividing (insulin at 30
minutes − insulin at 0 minutes) by (glucose at 30 minutes − glucose at 0 minutes), and the
corrected insulin response, calculated by means of the following equation: (100 × insulin at 30
minutes) ÷ [glucose at 30 minutes × (glucose at 30 minutes − 70 mg per deciliter)]. Measures
of insulin sensitivity included the reciprocal of the fasting insulin level and the insulin-
sensitivity index, which is the reciprocal of insulin resistance according to the homeostasis
model assessment16 and is calculated by the following equation: 22.5 ÷ [fasting insulin ×
(fasting glucose ÷ 18.01)]. We have previously shown that both measures of insulin secretion
strongly correlate with each other, as do both measures of insulin sensitivity.17

STATISTICAL ANALYSIS
We examined Cox regression models according to genotype, intervention, and interactions
between genotype and intervention as the independent variables predicting the incidence of
diabetes. To test for interactions, we contrasted the likelihood of the model that included all
two-way treatment and genotype interaction terms with the likelihood of the model without
any interaction terms; the ratio has a chi-square distribution. If this was significant, we tested
each interaction term with the use of the Wald test.18 Models were adjusted for risk factors
for diabetes at enrollment. Because there was no evidence of differences between race or ethnic
groups in the incidence of diabetes for any of the interventions, initial analyses of the effects
of genotype on incidence were performed for all races and ethnic groups combined; they were
also repeated only in populations that had similar allele frequencies (whites and African
Americans together). No significant interaction between ethnicity and genotype was detected
in any of our analyses. The population attributable risk was estimated with data from the
placebo group for each ethnic group, calculated as follows: 1 − (1 ÷ [p2HRhom + 2p(1 − p)
HRhet + (1 − p)2]), where p is the risk-allele frequency, HRhom is the hazard ratio for
homozygotes, and HRhet is the hazard ratio for heterozygotes.

For the quantitative trait analyses, baseline measures in the entire cohort (obtained in 3436
participants, including those randomly assigned to troglitazone) were log-transformed for non-
normality and a generalized linear model was performed comparing values according to
genotype. In cases in which log transformation did not result in a normal distribution,
differences between means were compared with the use of a nonparametric Wilcoxon test. We
further obtained an estimate of "composite beta-cell function" by adjusting baseline insulin
secretion to insulin sensitivity through linear regression of log-transformed variables.17 For
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the one-year analyses, we focused on the insulin:glucose ratio as a measure of insulin secretion
and the insulin-sensitivity index as a measure of insulin sensitivity, and we used a generalized
linear model with interaction terms of genotype and treatment. Means were adjusted for
baseline measures. Nominal two-sided P values are reported and were adjusted for multiple
comparisons (three genotypic groups within each trait) with the use of the Holm procedure.
19 Analyses were done with the use of SAS software, version 8.2 (SAS Institute).

RESULTS
DISTRIBUTION OF ALLELE FREQUENCIES

Baseline demographic and anthropomorphic characteristics are shown in Table 1. For
rs12255372, the frequency of the minor T allele in whites enrolled in the DPP (0.32) was similar
to that previously reported in European populations.4 The frequency of minor alleles was
similar in African Americans (0.31) but lower in Hispanics (0.23), Asians (0.14), and American
Indians (0.05). Similar distributions were noted for rs7903146, with minor allele frequencies
of 0.33 in whites, 0.31 in African Americans, 0.24 in Hispanics, 0.17 in Asians, and 0.12 in
American Indians. Linkage disequilibrium between both variants was strong in people of
European descent (D′ = 0.90, r2 = 0.78) but nearly absent in African Americans (D′ = 0.11,
r2 = 0.01). Allele frequencies were similar across treatment groups.

INCIDENCE OF DIABETES
Grant et al.4 identified the T alleles at both single-nucleotide polymorphisms as the risk
variants. In the DPP, participants who were homozygous for the T allele at rs7903146 were
more likely to have progression to diabetes than were those who were homozygous for the C
allele (hazard ratio, 1.55; 95 percent confidence interval, 1.20 to 2.01; P<0.001). No excess
risk was conferred by the heterozygous genotype (Table 2). The effect of the risk-conferring
genotype was greatest in the placebo group (hazard ratio, 1.81; 95 percent confidence interval,
1.21 to 2.70; P = 0.004) and less in the metformin group (hazard ratio, 1.62; 95 percent
confidence interval, 1.03 to 2.54; P = 0.04) and in the lifestyle-intervention group (hazard ratio,
1.15; 95 percent confidence interval, 0.68 to 1.94; P = 0.60). In the placebo group, the incidence
of diabetes for the TT, CT, and CC genotypes at rs7903146 was 18.5, 10.7, and 10.8 per 100
person-years, respectively (Fig. 1). The results were similar for the risk-conferring TT genotype
at rs12255372 as compared with the GG genotype, both in the overall group (hazard ratio, 1.53;
95 percent confidence interval, 1.17 to 2.01; P = 0.002) and in the placebo group (hazard ratio,
1.81; 95 percent confidence interval, 1.19 to 2.75; P = 0.005). Results for rs12255372 in the
metformin and lifestyle-intervention groups were similar to those for rs7903146 but not
significant (hazard ratio, 1.45 and 1.24, respectively; 95 percent confidence intervals, 0.90 to
2.35 and 0.73 to 2.12; P = 0.13 and P = 0.43).

Although the effect of genotype at both single-nucleotide polymorphisms was stronger in the
placebo group than in the metformin and lifestyle-intervention groups, there were no significant
interactions between genotype and intervention at either locus. Similarly, there were no
significant interactions between genotype and race or ethnic group or between genotype and
BMI on diabetes incidence (Table 2). When we restricted our analysis to the populations with
similar allele frequencies, the effect of the TT genotype, as compared with the CC genotype,
at rs7903146 on the risk of diabetes was indistinguishable from the overall result (hazard ratio,
1.63; 95 percent confidence interval, 1.17 to 2.27; P = 0.004 in 2276 whites and African
Americans together); we found similar results for rs12255372.

QUANTITATIVE MEASURES
We examined whether the risk allele at either single-nucleotide polymorphism affected
quantitative glycemic traits. At baseline, carriers of the T allele at rs7903146 had significantly
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lower levels of insulin secretion than did CC homozygotes, as measured by both the
insulin:glucose ratio and the corrected insulin response (Fig. 2). Similar results were obtained
for the T allele at rs12255372.

Surprisingly, two mean baseline measures of insulin sensitivity were significantly higher in
the presence of T alleles and in proportion to the number of T alleles (Fig. 3). Composite beta-
cell function seemed to be impaired in TT homozygotes, as indicated by a shift in the regression
curve downward and to the left (Fig. 3). The greater mean insulin sensitivity in carriers of T
alleles at rs7903146 correlated with a concomitant lower mean BMI and waist circumference
at baseline and persisted after adjustment for these traits; a similar trend was noted for
rs12255372 (Table 1).

Given these results of quantitative traits, we adjusted our models of the incidence of diabetes
for the presence of known risk factors. Initial adjustment for age and BMI at baseline did not
alter the results; full adjustment for sex and age, BMI, waist circumference, and the fasting
plasma glucose concentration at baseline reduced the hazard ratios slightly as compared with
homozygous genotypes, but they remained significant (hazard ratio for the TT genotype as
compared with the CC genotype at rs7903146, 1.39; 95 percent confidence interval, 1.06 to
1.82; P = 0.02). When the influence of covariates was assessed with the inclusion of interaction
terms in the model, only waist circumference showed a nominally significant interaction with
genotype. Including the baseline insulin:glucose ratio in the model as a measure of insulin
secretion also minimally decreased the observed effect (hazard ratio for the TT genotype as
compared with the CC genotype at rs7903146, 1.41; 95 percent confidence interval, 1.08 to
1.83; P = 0.01). Similar results were obtained for rs12255372.

At one year from baseline, we detected no significant effects of genotype on the changes in
any of the insulin-secretion or insulin-sensitivity indexes associated with the three
interventions,17,20 consistent with the absence of interactions between genotype and treatment
group.

DISCUSSION
Inconsistent reproducibility has been a vexing problem for genetic association studies in
complex diseases.6,7,21 False positive reports of association, false negative attempts at
replication, and genetic heterogeneity often complicate the picture, and thus a true genetic
association usually emerges only after carefully conducted, large-scale association studies
confirm the original report.8

A limited number of common genetic variants meet that high standard in type 2 diabetes.22 In
most cases, the genotypic risk is modest (1.15 to 1.25), requiring very large sample sizes for
detection. The recent identification of a common allele in the TCF7L2 gene that increases the
risk of type 2 diabetes by approximately 1.45 in heterozygotes and 2.41 in homozygotes4 is
therefore quite provocative. Despite these significant results in a cross-sectional study,4 it was
essential to replicate this genetic association in other cohorts and to do so prospectively. In
addition, our evaluation of a potential mechanism by which the risk of diabetes is increased
and the determination of whether these variants cause differential responses to validated
preventive strategies represent important next steps in exploring the association.

The DPP is a unique study in which to carry out such analyses. The large sample size and the
cohort of several races and ethnic groups, reflecting the diversity of the U.S. population with
type 2 diabetes, make it possible to test the role of genetic variants in different races or ethnic
groups, even if they confer only modest risk. The DPP study is different from other large
observational studies23 because of its interventional design and exclusive enrollment of
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overweight or obese persons with elevated fasting plasma glucose concentrations and impaired
glucose tolerance, which indicate a high risk of diabetes at baseline.

Our data indicate that the risk alleles in rs7903146 and rs12255372 predict the risk of diabetes
prospectively, beyond that conferred by the clinical risk factors reflected by the DPP eligibility
criteria. The genotypic relative risk may differ slightly from the odds ratio documented by
Grant et al.4 owing to a different study design, an overestimate of the initial finding,6
population heterogeneity in the DPP, various degrees of linkage disequilibrium between the
DG10S478 microsatellite and the single-nucleotide polymorphisms evaluated here, or our
limited temporal window (three years on average) for the clinical transition from impaired
glucose tolerance to diabetes. The size of the effect seems robust for a sample of this size; given
the higher probability conferred by the initial report, our finding is a strong confirmation of
the original genetic association.

Grant and coworkers4 exhaustively assessed coding variation in whites by a variety of deep
re-sequencing methods in the region, suggesting that other functional variants in this gene are
unlikely to have been missed. In addition to rs12255372 and rs7903146, other single-nucleotide
polymorphisms in linkage disequilibrium with them were also strongly associated with
diabetes. Which of these single-nucleotide polymorphisms is responsible for the observed
association requires further study in adequately powered samples. In particular, the absence of
linkage disequilibrium between rs7903146 and rs12255372 in African Americans may help
distinguish whether one of the two single-nucleotide polymorphisms (or the haplotype formed
by the risk alleles at both loci) is the sole source of the association signal; we could not make
this distinction after initial exploratory analyses in our data set, perhaps because of inadequate
sample size. Given their allele frequencies and assuming an overall genotypic relative risk of
1.54 (Table 2) and diabetes prevalence of 10 percent among African Americans, we estimate
that the enrollment of approximately 1400 persons of African ancestry would be necessary for
the case–control study to have 80 percent power (with a P value of less than 0.05 considered
to indicate statistical significance) to distinguish between rs7903146 and rs12255372 as the
source of the association. Sample sizes at least twice as large would be needed if one intended
to detect a signal arising solely from the haplotype formed by the minor alleles at both loci.

We studied the TCF7L2 single-nucleotide polymorphisms in nonwhite populations. Subgroup
analysis according to race or ethnic group showed similar effect sizes at this locus, but these
effect sizes were not individually significant, possibly because of inadequate sample size.
However, we cannot rule out effects of genotype on risk that were specific to race or ethnic
group; with the results we have obtained here, a cohort of more than 20,000 persons would be
needed to detect an interaction between genotype and African-American ethnicity, at a nominal
(unadjusted) P value of less than 0.05. Similarly, our sample size may not have been sufficient
to detect a significant effect of the heterozygous genotype on the risk of diabetes. Nevertheless,
the results of the report by Grant et al.4 and our findings of a specific effect of a single copy
of the T allele on quantitative glycemic traits suggest that heterozygosity at this locus may have
phenotypic consequences.

The original study speculated that genetic variation in TCF7L2 might impair the expression of
glucagon-like peptide 1 in enteroendocrine cells, possibly by interfering with β-catenin–
mediated transcriptional activation of its gene GCG.24 Our finding that insulin secretion is
decreased in carriers of the risk-conferring genotype, which is consistent with an increased
incidence of diabetes, lends indirect support to this model. However, it is not readily apparent
how rs12255372 and rs7903146, which lie in short interspersed repeat elements approximately
41 kb upstream and 9 kb downstream, respectively, of exon 4 in TCF7L2, might affect
TCF7L2 expression or the function of its protein product. Fine mapping of the association
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signal and directed functional studies should help determine the molecular consequences of
genetic variation at this locus.

The enhanced insulin sensitivity (and the lower BMI and smaller waist circumference) in
carriers of the T allele at both single-nucleotide polymorphisms was unexpected and may be
an artifact of our requirement that patients have high-risk characteristics for diabetes at
enrollment. Specifically, if the T allele leads to decreased insulin secretion and a higher risk
of diabetes, subjects with additional insulin resistance would be more likely to have diabetes
at baseline (all other factors being equal), precluding their enrollment in this trial. Conversely,
at-risk participants carrying the T allele may not have had diabetes at the time of enrollment
because of enhanced insulin sensitivity owing to other genetic or environmental factors. In
either case, our results strongly suggest that these variants do not cause insulin resistance in
persons with impaired glucose tolerance and support the notion that variants in TCF7L2 lead
to diabetes by means of defects in insulin secretion. Like KCNJ11, TCF7L2 seems to be a
diabetes-associated gene in which common polymorphisms primarily affect the beta cell.23,
25,26

Finally, we did not detect significant interactions between genotypes at either single-nucleotide
polymorphism and the DPP interventions. The absence of an effect may not be surprising, since
these interventions succeeded primarily by improving insulin sensitivity17 and these variants
affect insulin secretion. However, we did not observe any effect of genotype at these loci in
the lifestyle-intervention group, raising the possibility that a behavioral intervention can
mitigate the risk conferred by genetic background. Conversely, the intervention groups may
have been underpowered for these analyses. Whether the response to drugs designed to improve
insulin secretion (e.g., sulfonylureas, meglitinides, or incretins) will be affected by these
common variants requires specific testing in pharmacogenetic trials.

In summary, our results from this large prospective study confirm and extend the finding that
the transcription factor gene TCF7L2 is associated with susceptibility to type 2 diabetes. Further
understanding of the mechanisms by which variation in this gene affects glucose homeostasis
may provide new insights into the molecular basis of diabetes and opportunities for more
targeted interventions for prevention and therapy.
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Figure 1. Incidence of Diabetes According to Treatment Group and Genotype at Variant rs7903146
The P values were determined by the log-rank test.

Florez et al. Page 9

N Engl J Med. Author manuscript; available in PMC 2007 January 4.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2. Effects of Genotype at rs7903146 on Insulin Secretion at Baseline as Measured by the
Mean (±SE) Insulin:Glucose Ratio (Panel A) and the Corrected Insulin Response (Panel B)
To convert the insulin:glucose ratio to picomoles per liter ÷ millimoles per liter, multiply by
125.1; to convert the corrected insulin response to picomoles per liter ÷ (millimoles per
liter)2, multiply by 2254.9. Statistical comparisons were made on log-transformed values where
appropriate. All pairwise comparisons are significant at a P value of less than 0.02; in
comparisons between the CC and TT genotypes, the P value is less than 0.001 for both measures
of insulin secretion. Although baseline glucose concentrations did not differ significantly
across genotypic groups at 0 and 30 minutes, TT homozygotes had significantly lower insulin
concentrations at both time points — at 30 minutes, CC, CT, and TT participants had mean
insulin concentrations (±SD) of 106.0±69.7, 96.0±56.1, and 89.1±57.2 μU per milliliter,
respectively (P<0.001). To convert microunits per milliliter to picomoles per liter, multiply by
6.94.
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Figure 3. Insulin Secretion and Insulin Sensitivity at Baseline for Each Genotype at rs7903146
Composite beta-cell function is estimated by the relationship between insulin secretion (the
insulin:glucose ratio and the corrected insulin response) and insulin sensitivity (insulin-
sensitivity index and 1 ÷ fasting insulin). The curves represent the regression line of the
logarithm of estimated insulin secretion as a linear function of the logarithm of estimated
insulin sensitivity for all participants at baseline, distributed according to genotype at
rs7903146. The mean for each group is indicated by the point estimate in each curve. Carriers
of the T allele have decreased insulin secretion accompanied by an increase in insulin
sensitivity. The shift of the curve downward and to the left in TT homozygotes suggests a
defect in composite beta-cell function. To convert insulin-sensitivity index and 1 ÷ fasting
insulin to (picomoles per liter × millimoles per liter)−1, multiply by 0.144.
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