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Polymorphisms in the Transcription Factor 7-Like 2
(TCF7L2) Gene Are Associated With Type 2 Diabetes in
the Amish
Replication and Evidence for a Role in Both Insulin
Secretion and Insulin Resistance
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Transcription factor 7-like 2 (TCF7L2) regulates genes
involved in cell proliferation and differentiation. The
TCF7L2 gene is located on chromosome 10q25 in a region
of replicated linkage to type 2 diabetes. Recently, a micro-
satellite marker in intron 3 (DG10S478) and five corre-
lated single nucleotide polymorphisms (SNPs) were
identified in Icelandic individuals that showed strong asso-
ciation with type 2 diabetes, which was replicated in Danish
and European-American cohorts. We genotyped four of the
SNPs (rs7901695, rs7903146, rs11196205, and rs12255372)
in Amish subjects with type 2 diabetes (n � 137), impaired
glucose tolerance (IGT; n � 139), and normal glucose
tolerance (NGT; n � 342). We compared genotype frequen-
cies in subjects with type 2 diabetes with those with NGT
and found marginal association for rs7901695 (P � 0.05;
odds ratio [OR] 1.51); comparison between NGT control
subjects and the combined type 2 diabetes/IGT case group
showed strong association with rs7901695 and rs7903146
(P � 0.008–0.01; OR 1.53–1.57) and marginal association
with rs11196205 and rs12255372 (P � 0.07 and P � 0.04,
respectively). In an expanded set of 698 Amish subjects
without diabetes, we found no association with insulin and
glucose levels during a 3-h oral glucose tolerance test. We
also genotyped these SNPs in nondiabetic, non-Amish sub-
jects (n � 48), in whom intravenous glucose tolerance tests
were performed, and found an association between
rs7901695 and rs7903146 and insulin sensitivity (P � 0.003
and P � 0.005, respectively) and disposition index (P �

0.04 and P � 0.007, respectively). These data provide
replicating evidence that variants in TCF7L2 increase the
risk for type 2 diabetes and novel evidence that the vari-
ants likely influence both insulin secretion and insulin
sensitivity. Diabetes 55:2654–2659, 2006

T
he transcription factor 7-like 2 (TCF7L2) gene is
a member of the T-cell factor (TCF)/lymphoid-
enhancing factor family of high mobility group
box-containing transcription factors involved in

the Wnt signaling pathway. This pathway is a key compo-
nent to the regulation of cell proliferation and differentia-
tion. Wnt signaling is initiated by the binding of Wnts to
their receptor complex, which results in the release of
�-catenin from its degradation complex and translocation
to the nucleus. In the nucleus, �-catenin heterodimerizes
with the TCF/lymphoid-enhancing factor family of tran-
scription factors to regulate the expression of Wnt target
genes (1,2).

The TCF7L2 gene spans 215.9 kb on chromosome
10q25, a region of replicated linkage to type 2 diabetes in
Mexican-American (3) and Icelandic (4) cohorts. Recently,
Grant et al. (5) identified a microsatellite marker
(DG10S478) in intron 3 of TCF7L2 that showed strong
association with type 2 diabetes in Icelandic, Danish, and
European-American populations. The authors then geno-
typed the five single nucleotide polymorphisms (SNPs)
from the CEPH Utah (CEU) HapMap samples with the
strongest correlation to DG10S478 (rs12255372, rs7903146,
rs7901695, rs11196205, and rs7895340) and showed asso-
ciation between all five SNPs and type 2 diabetes in all
three cohorts. Although no evidence for linkage to type 2
diabetes was detected on chromosome 10q25 in our ge-
nome-wide scan in the Amish (average marker density, 9.7
cM; logarithm of odds, 0.0 between markers D10S597 and
D10S190) (6), we genotyped four of the five SNPs in 835
subjects enrolled in the Amish Family Diabetes Study
(AFDS). The rs7895340 SNP was not genotyped; however,
according to the CEU HapMap (7), rs7895340 is in high
linkage disequilibrium (LD) with rs11196205 (r2 � 0.97).
All SNPs conformed to Hardy-Weinberg expectations. Fig-
ure 1 shows the TCF7L2 gene structure, SNPs genotyped
in the Amish, and pairwise LD (r2) among the SNPs.
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Table 1 summarizes the allele frequencies in subjects
with type 2 diabetes (n � 137), impaired glucose tolerance
(IGT; n � 139), and normal glucose tolerance (NGT; n �
342) and the results of genotypic association analysis for
each SNP. For this case-control analysis, subjects were
considered to have NGT if they were aged �38 years at the
time of testing to minimize misclassification given the
age-dependent penetrance of type 2 diabetes. The compar-
ison of genotype frequencies in subjects with type 2
diabetes to those with NGT showed marginal significance
for rs7901695 (P � 0.05; odds ratio [OR] 1.51). To increase
power, we combined the subjects with type 2 diabetes and
IGT into one case group. In previous studies, we have
shown that the prevalence of type 2 diabetes is approxi-
mately one-half that of the National Health and Nutrition
Examination Survey Caucasian population, despite similar
BMI, while the prevalence of IGT is the same or greater
than that of the National Health and Nutrition Examina-
tion Survey Caucasian population (8). It is likely that the
high level of physical activity characteristic of the Amish

lifestyle protects genetically vulnerable individuals from
progressing from IGT to type 2 diabetes. Indeed, our
previously reported genome-wide linkage analysis has
revealed some of our strongest linkages to the combined
trait IGT/type 2 diabetes (6), and prospective studies of
others (9) have demonstrated the potent effect of lifestyle
interventions on progression from IGT to type 2 diabetes.
Using this combined case group, we found that the geno-
type frequencies of rs7901695 and rs7903146 differed sig-
nificantly between type 2 diabetic/IGT subjects and NGT
control subjects (P � 0.01 and P � 0.008, respectively),
with the minor allele being the at-risk allele for type 2
diabetes/IGT (OR 1.53 and 1.57, respectively). These two
SNPs are in high LD (r2 � 0.85) (Fig. 1). The rs12255372
and rs1196205 SNPs showed marginal differences in geno-
type frequency between the type 2 diabetes/IGT and NGT
groups (P � 0.04, OR 1.40 and P � 0.07, OR � 0.74,
respectively). Our results are similar to the findings by
Grant et al. (5) in that the rs7903146 SNP showed the
strongest association with type 2 diabetes in two (Icelan-

FIG. 1. Gene structure, location of polymorphic sites, and pairwise LD among SNPs in TCF7L2. The upper portion of the figure shows the gene
structure and location of the polymorphisms genotyped in the Amish and Caucasian IVGTT subjects. Two of the SNPs are located in intron 3 and
the other two SNPs are located in intron 4 of the 215.9-kb gene. The lower portion of the figure shows a schematic of the pairwise LD, calculated
as r2, among the SNPs in the Amish. The dotted lines connect each SNP name and position with the corresponding cell in the LD matrix. Increasing
level of LD is shown by darker grayscale.

TABLE 1
Allele frequencies and results of association analysis in Amish subjects with type 2 diabetes, IGT, and NGT* for SNPs in TCF7L2

Minor allele frequency

Type 2
diabetes vs.

NGT†
IGT vs.
NGT†

Type 2
diabetes �

IGT vs. NGT†

SNP name
Chromosome

location
Major/

minor allele
Diabetes

(n � 137)
IGT

(n � 139)
NGT

(n � 342) P OR P OR P OR

rs7901695 114418675 T/C 0.40 0.35 0.28 0.05‡ 1.51 0.06 1.46 0.01‡ 1.53
rs7903146 114422936 C/T 0.38 0.36 0.29 0.07 1.46 0.03‡ 1.55 0.008‡ 1.57
rs11196205 114471634 C/G 0.41 0.40 0.46 0.36 0.83 0.05‡ 0.69 0.07 0.74
rs12255372 114473489 G/T 0.42 0.41 0.37 0.11 1.38 0.12 1.36 0.04‡ 1.40

*NGT control group restricted to subjects aged �38 years to avoid misclassification given the age-dependent penetrance of type 2 diabetes.
†P values are based on genotyped frequencies, and ORs reflect the odds of disease associated with having two copies of the minor allele
versus the odds of disease associated with having two copies of the major allele. The analysis models were adjusted for age, sex, and pedigree
structure. Reported P values were derived using the additive model and were not adjusted for multiple comparisons. ‡P � 0.05.
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dic and Dutch) of their three study populations and in the
combined analysis of all three cohorts. In addition, the
same alleles for all four SNPs that were associated with
increased type 2 diabetes risk in the cohorts studied by
Grant et al. (5) were also associated with increased risk in
the Amish.

We used Haploview 3.2 (10) to estimate four SNP
haplotype frequencies and perform haplotype analysis.
None of the haplotypes provided stronger evidence for
association with type 2 diabetes/IGT than rs7903146 (data
not shown). In addition, we genotyped the SNPs in an
expanded set of 698 nondiabetic AFDS subjects (including
217 subjects with NGT aged �38 years) and tested for
association with insulin and glucose levels during a 3-h
oral glucose tolerance test (OGTT), including OGTT-de-
rived homeostatis model assessment of insulin resistance
and insulin secretion measurements, but we found no
association with any of these traits (Table 2).

To shed light on a potential mechanism by which SNPs
in TCF7L2 contribute to type 2 diabetes susceptibility, we
used regression analysis to examine the effects of TCF7L2
SNP genotype on acute insulin response to glucose (AIRg),
insulin sensitivity index (Si), and disposition index (DI) in
a small sample of nondiabetic, non-Amish Caucasian sub-
jects in whom intravenous glucose tolerance tests

(IVGTTs) were performed (n � 48) (Table 3). Subject
characteristics are shown in the online appendix Table 1
(available at http://diabetes.diabetesjournals.org). After
adjustment for age and sex, we found that rs7901695 and
rs7903146 were significantly associated with Si (P � 0.003
and P � 0.005, respectively) and DI (P � 0.04 and P �
0.007, respectively), and the putative type 2 diabetes risk
alleles, identified in the Amish case-control study and the
study by Grant et al. (5), were associated with lower Si and
DI. SNP rs7903146 accounted for �16% of the variance in
age- and sex-adjusted Si, although the effect size estimate
has a wide confidence band attached to it because of the
relatively small sample size. The power to detect an effect
this large in our data was 83%. Although the magnitude of
the effects of rs7901695 and rs7903146 genotype on Si (P �
0.02 and P � 0.03, respectively) and DI (P � 0.09 and P �
0.02, respectively) were reduced after adjustment for BMI,
the association remained significant with the exception of
the marginal effect of rs7901695 on DI. In addition, the risk
allele of rs7903146 was associated with lower AIRg after
adjustment for BMI (P � 0.05). The rs12255372 SNP was
also significantly associated with Si (P � 0.02), but after
correction for BMI, the effect was only marginal (P �
0.08). To reduce our reliance on distributional assump-
tions, we repeated analysis of Si, AIRg, and DI using a

TABLE 2
Mean fasting glucose, fasting insulin, glucose and insulin area under the OGTT curve, insulin secretion index, and homeostatis model
assessment of insulin resistance by genotype in nondiabetic Amish subjects (n � 698) for each TCF7L2 SNP

Mean trait value � SE* P†

rs7901695 TT CT CC
n 321 304 58
Fasting glucose (mmol/l) 5.11 � 0.07 5.13 � 0.06 5.04 � 0.07 0.92
ln(fasting insulin) (mmol/l) 4.10 � 0.06 4.10 � 0.06 4.09 � 0.06 0.92
GAUC 18.96 � 0.52 19.23 � 0.51 19.30 � 0.53 0.82
IAUC 660.2 � 66.7 630.7 � 66.0 612.1 � 67.2 0.36
�IS 0.81 � 0.04 0.76 � 0.04 0.77 � 0.09 0.69
HOMA-IR 2.79 � 0.22 2.69 � 0.21 2.59 � 0.22 0.27

rs7903146 TT CT CC
n 304 300 60
Fasting glucose (mmol/l) 5.10 � 0.04 5.13 � 0.04 5.03 � 0.07 0.92
ln(fasting insulin) (mmol/l) 4.11 � 0.03 4.09 � 0.03 4.12 � 0.06 0.92
GAUC 18.81 � 0.32 18.99 � 0.30 18.96 � 0.51 0.28
IAUC 665.2 � 41.0 637.7 � 39.3 630.3 � 66.4 0.54
�IS 0.82 � 0.04 0.77 � 0.04 0.78 � 0.09 0.39
HOMA-IR 2.81 � 0.13 2.64 � 0.12 2.78 � 0.21 0.70

rs11196205 GG CG CC
n 127 341 193
Fasting glucose (mmol/l) 5.09 � 0.06 5.13 � 0.04 5.07 � 0.05 0.92
ln(fasting insulin) (mmol/l) 4.10 � 0.05 4.09 � 0.04 4.09 � 0.04 0.92
GAUC 18.82 � 0.43 19.14 � 0.33 19.31 � 0.37 0.27
IAUC 651.7 � 55.3 661.3 � 43.5 614.8 � 46.8 0.44
�IS 0.76 � 0.08 0.81 � 0.04 0.76 � 0.05 0.08
HOMA-IR 2.72 � 0.18 2.72 � 0.14 2.81 � 0.15 0.92

rs12255372 GG GT TT
n 240 329 92
Fasting glucose (mmol/l) 5.13 � 0.05 5.13 � 0.04 4.98 � 0.06 0.06
ln(fasting insulin) (mmol/l) 4.11 � 0.04 4.07 � 0.03 4.14 � 0.05 0.92
GAUC 19.12 � 0.35 19.13 � 0.31 18.88 � 0.46 0.92
IAUC 701.0 � 45.0 631.1 � 40.9 634.0 � 60.3 0.13
�IS 0.81 � 0.05 0.76 � 0.03 0.76 � 0.08 0.57
HOMA-IR 2.79 � 0.14 2.75 � 0.13 2.72 � 0.19 0.92

*Adjusted for age, sex, and family structure. †P values were derived using the additive model. GAUC, glucose area under the OGTT curve;
HOMA-IR, homeostatis model assessment of insulin resistance; IAUC, insulin area under the OGTT curve; IS, insulin secretion.
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nonparametric approach (Spearman correlation) in which
we assessed the additive effect of genotype on the ranked
order of Si, AIRg, and DI (while adjusting for age and sex).
In these analyses, each SNP remained significantly associ-
ated with Si and DI (Table 3).

Consistent with our results in the Amish, the rs7903146
SNP shows the strongest effects on insulin sensitivity in
the non-Amish IVGTT subjects. The T allele, which was
associated with increased risk for type 2 diabetes in the
Amish, is associated with lower Si and impaired AIRg in
the non-Amish IVGTT subjects, suggesting both a reduc-
tion in insulin sensitivity and a defect in insulin secretion
from the �-cell. Lower DI in individuals with the T allele
demonstrates a failure of the �-cells to fully compensate
for the degree of insulin resistance, providing additional
evidence for defects in both hallmarks of type 2 diabetes.

Although the mechanism by which TCF7L2 influences
susceptibility to type 2 diabetes is unclear, over 60 target
genes have been identified for the �-catenin/TCF complex
(11), including CCAAT/enhancer-binding protein-�
(CEBPA) and peroxisome proliferator–activated recep-
tor-	 (PPARG), two important regulators of adipogenesis
(12,13), and cell/tissue type-specific regulation of the pre-
proglucagon (GCG) gene, a gene involved in glucose
homeostasis and satiety (11). Grant et al. (5) put forth the
hypothesis that variants in TCF7L2 influence type 2 dia-
betes susceptibility through altered transcriptional regula-
tion of the insulinotropic hormone glucagon-like peptide-1
(GLP1), a peptide encoded by GCG and expressed in the
brain and gut. This hypothesis was driven by observations
of intestine-specific roles for TCF7L2, including a role in
the development of colon cancer (14–17) and the obser-
vation that TCF7L2-null mice, which die shortly after
birth, lack epithelial stem-cell compartments in the small
intestine (18). An alternative hypothesis is that variants in
TCF7L2 disrupt adipogenesis and/or adipocyte function
by altering transcriptional regulation of CEBPA and PPARG,

leading to deposition of triglycerides in peripheral tissues
(i.e., liver and muscle) and resulting in insulin resistance.
Our results in the non-Amish IVGTT subjects are consis-
tent with one or both hypotheses in that we show defects
in both insulin secretion and insulin sensitivity.

In summary, we found evidence for association between
SNPs in TCF7L2 and the type 2 diabetes/IGT trait in the
AFDS. These results replicate the report of association by
Grant et al. (5) between these SNPs and type 2 diabetes in
three Caucasian cohorts. This replication of the same
SNPs with similar magnitudes of ORs for the same risk
alleles are characteristic of a true susceptibility gene and
add TCF7L2 to a growing list of bone fide type 2 diabetes
susceptibility genes that includes P12A PPARG, E23K
KCNJ11, and SNPs in CAPN10. In addition, we found
significant association with Si, AIRg, and DI in nondiabetic,
non-Amish Caucasian subjects, suggesting for the first
time a role for TCF7L2 in regulating genes involved in
insulin sensitivity and glucose-stimulated insulin release.
Studies in other populations, as well as functional analy-
ses, will be required to further elucidate the role of
variation in TCF7L2 in the pathogenesis of type 2 diabetes.

RESEARCH DESIGN AND METHODS

The AFDS was initiated in 1995 with the goal of identifying susceptibility
genes for type 2 diabetes in the Old Order Amish in Lancaster County,
Pennsylvania. Details of the AFDS design, recruitment, phenotyping, and
pedigree structure have been described previously (19). Briefly, probands with
previously diagnosed type 2 diabetes (onset age 35–65 years) and all willing
first- and second-degree relatives of probands and spouses aged 
18 years
were recruited. Phenotypic characterization of participants included medical
and family history, anthropometry, and a 3-h, 75-g OGTT with insulin levels.
Diabetes was defined by fasting plasma glucose level (�7 mmol/l), 2-h OGTT
plasma glucose level (�11.1 mmol/l), random plasma glucose level (�11.1
mmol/l), the use of insulin or oral glucose–lowering agents, or a diagnosis of
diabetes (with onset age �35 years) documented by a physician. IGT was
diagnosed based on OGTT plasma glucose levels (2-h OGTT plasma glucose
level between 7.8 and 11.1 mmol/l). NGT was defined based on fasting plasma

TABLE 3
Mean Si, AIRg, and DI by genotype in non-Amish Caucasians for each TCF7L2 SNP

Regression
model P

value†

Regression model
P value (BMI

adjusted)†

Spearman rank
correlation P

value†Mean trait value � SE*

rs7901695 TT CT CC
n 29 13 5
Si (10�5 �min  pmol/l��1) 5.63 � 0.45 4.22 � 0.68 2.38 � 1.05 0.003‡ 0.02‡ 0.0005‡
AIRg (pmol/l) 474.1 � 45.6 576.0 � 70.7 242.4 � 122.5 0.47 0.38 0.74
DI (Si  AIRg) 2,558 � 263 2,285 � 399 797 � 693 0.04‡ 0.09 0.03‡

rs7903146 CC CT TT
n 31 13 4
Si (10�5 �min  pmol/l��1) 5.62 � 0.44 3.77 � 0.71 2.67 � 1.18 0.005‡ 0.03‡ 0.002‡
AIRg (pmol/l) 510.9 � 44.9 496.3 � 77.6 244.6 � 123.1 0.09 0.05‡ 0.29
DI (Si  AIRg) 2,674 � 249 1,941 � 422 824 � 670 0.007‡ 0.02‡ 0.006‡

rs11196205 GG CG CC
n 14 24 10
Si (10�5 �min  pmol/l��1) 4.84 � 0.66 5.41 � 0.52 3.62 � 0.78 0.33 0.72 0.28
AIRg (pmol/l) 452.3 � 64.4 556.3 � 49.0 343.0 � 80.4 0.49 0.41 0.60
DI (Si  AIRg) 2,013 � 358 2,828 � 278 1,509 � 446 0.67 0.91 0.48

rs12255372 GG GT TT
n 30 15 3
Si (10�5 �min  pmol/l��1) 5.55 � 0.46 3.92 � 0.67 2.83 � 1.39 0.02‡ 0.08 0.009‡
AIRg (pmol/l) 486.2 � 47.5 508.4 � 73.3 355.4 � 146.9 0.63 0.48 0.96
DI (Si  AIRg) 2,474 � 266 2,300 � 403 948 � 810 0.13 0.26 0.09

*Adjusted for age and sex. †Analyses were adjusted for age and sex, and P values were derived using the additive model. ‡P � 0.05.
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glucose level (�6.1 mmol/l) and 2-h OGTT plasma glucose level (�7.8 mmol/l).
For case-control association analysis, we genotyped the TCF7L2 SNPs in
subjects with type 2 diabetes (n � 137), IGT (n � 139), and NGT (n � 342).
NGT subjects included in this analysis were required to be aged �38 years.
For association analysis of quantitative traits, a larger set of 698 nondiabetic
subjects (including the 481 NGT and IGT subjects described above and an
additional 217 NGT subjects aged �38 years) was studied. Traits that were
examined in this group included fasting glucose, fasting insulin, insulin and
glucose area under the OGTT curve, insulin secretion index ([insulin at 30
min � fasting insulin]/[glucose at 30 min � fasting glucose]), and homeostatis
model assessment of insulin resistance ([fasting insulin  fasting glucose]/
22.5).

We also genotyped the four TCF7L2 SNPs in a set of nondiabetic,
non-Amish Caucasian individuals in whom IVGTTs were performed (n � 48).
Subjects between the ages of 18 and 45 were recruited from the University of
Maryland Baltimore campus and local workplace sites and underwent a
standard 75-g, 2-h OGTT. If the OGTT demonstrated NGT, the subject
underwent an IVGTT receiving at t � 0, glucose 0.3 g/kg i.v. and at t � 20 min,
insulin 0.025 units/kg i.v. AIRg and Si were calculated using minimal model
analysis. DI was calculated as the product of Si and AIRg.

Informed consent was obtained from all study subjects, and the study
protocols were approved by the institutional review board at the University of
Maryland, Baltimore.
Genotyping. All SNPs were genotyped using TaqMan SNP Genotyping Assays
(Applied Biosystems) according to the manufacturer’s protocol. All genotyping
included 8% duplicate samples to determine mistyping rates, which were 0–1%.
Statistical analysis. Before analysis, genotypes were checked for Mendelian
consistency using the PedCheck software program (20) in the extended Amish
pedigree. Mendelian errors (0.5% of genotypes) were resolved or removed
before analysis. Allele frequencies were calculated for each SNP by gene
counting, and observed genotypes were tested for fit to the expectations of
Hardy-Weinberg using the �2 test. Pairwise LD was computed between the SNPs,
and haplotypes were inferred for each individual using Haploview 3.2 (10).

In the Amish, we evaluated the association between SNP genotype and
disease status (type 2 diabetes versus NGT, IGT versus NGT, and type 2
diabetes/IGT versus NGT) using a variance component approach in order to
account for the relatedness among study subjects. Using a liability threshold
model, we modeled the probability that the subject was a case or control, as
a function of the individual’s age, sex, and genotype, conditional on the
correlations in phenotype among relative pairs. Statistical testing was per-
formed using the likelihood ratio test in which we compared the likelihood of
the data under a model in which the genotype effect was estimated against the
likelihood of a nested model, wherein the genotype effect was constrained to
be zero. Parameter estimates (i.e., �-coefficients) were obtained by maximum
likelihood and ORs by taking the inverse log of the �-coefficient. The OR for
the additive model was scaled to reflect the odds that a case was homozygous
for the minor allele versus the odds that the case was homozygous for the
major allele. Variance components analysis was performed using SOLAR (21).

Quantitative trait means were estimated according to TCF7L2 genotypes in
the nondiabetic AFDS subjects (n � 698). To account for the relatedness
among family members, the measured genotype approach was used (22) in
which we estimated the likelihood of specific genetic models given the
pedigree structure. Parameter estimates were obtained by maximum likeli-
hood methods, and the significance of association was tested by likelihood
ratio tests. Within each model, we simultaneously estimated the effects of age
and sex. Quantitative trait analyses were conducted using SOLAR (21).

IVGTT quantitative traits were analyzed using multiple regression adjusted
for age, sex, and with and without BMI as implemented in SAS version 9 (Cary,
NC). Extreme outliers, defined as values greater than three SDs above or
below the mean, were set to missing (one Si value and one AIRg value). Values
of DI corresponding to a missing AIRg or Si value were also set to missing (two
DI values). The SNPs were modeled as an additive effect, that is, quantitative
predictor variables reflecting the number of “risk alleles” (0, 1, or 2) as defined
previously (5). Analyses of the IVGTT traits were repeated using the nonpara-
metric Spearman rank correlation test, in which we assessed the additive effect of
genotype on the ranked order of Si, AIRg, and DI adjusted for age and sex.
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