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Abstract
OBJECTIVE—Variation in transcription factor 7-like 2 (TCF7L2) gene has been shown to be
associated with type 2 diabetes and diabetes-related quantitative traits. We examined variation in a
0.1-Mb region surrounding marker DG10S478 for association with diabetes-related quantitative
traits in 132 Mexican-American families of a proband with previous gestational diabetes mellitus
(GDM).

RESEARCH DESIGN AND METHODS—Study participants were phenotyped by an oral
glucose tolerance test (OGTT) and an intravenous glucose tolerance test and by a dual-energy X-
ray absorptiometry scan for percentage of body fat. Of the 42 tag single nucleotide polymorphisms
(SNPs) genotyped, 15 were identified.

RESULTS—On univariate analysis, none of the SNPs showed association with diabetes-related
quantitative traits. However, rs12255372 showed association with 30′ Δinsulin (OGTT 30′ min
fasting insulin) in an interaction with percentage of body fat (Bonferroni-corrected P = 0.027).
The effect of adiposity to increase 30′ Δinsulin was greater in subjects with the T allele. This
interaction was not associated with acute insulin response to intravenous glucose. rs12255372 also
showed an association with β-cell compensation for insulin resistance based on 30′ Δinsulin in an
interaction with percentage of body fat (Bonferroni-corrected P = 0.014). rs12255372 was also
associated with GDM (odds ratio [OR] 2.49 [95% CI 1.17–5.31]; P = 0.018) in our case-control
sample.

CONCLUSIONS—We conclude that variation in TCF7L2 is associated with GDM and interacts
with adiposity to alter insulin secretion in Mexican Americans. Our observations partly explain the
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increased ORs observed in previous associated studies when analyses were restricted to lean
subjects and the variability in quantitative trait association results.

Variation in transcription factor 7-like 2 (TCF7L2) gene was first shown to be associated
with type 2 diabetes in the Icelandic population (1) and replicated in a variety of populations
(2–8) with some reporting association with type 2 diabetes–related quantitative traits (2,6,7).
Thus, there is ample evidence supporting TCF7L2 as a type 2 diabetes susceptibility gene,
possibly by altering insulin secretion. However, evidence for TCF7L2’s association with
type 2 diabetes is mostly derived from Caucasian samples, and its role in other ethnic/racial
groups or other forms of diabetes has not been delineated.

Mexican-American women with previous gestational diabetes mellitus (GDM) exhibit
significant β-cell dysfunction and are at high risk for type 2 diabetes (9). The BetaGene
Study is a family-based study to identify genetic determinants underlying differences in β-
cell function in Mexican Americans. We examined genetic variation in a 0.1-Mb region
surrounding DG10S478 (1) and tested variants for association with type 2 diabetes–related
quantitative traits in our BetaGene cohort. We also tested whether the association between
TCF7L2 and type 2 diabetes–related quantitative traits is modified by adiposity, given some
suggestion that TCF7L2 variants may interact with adiposity to modify the risk of type 2
diabetes (6,8).

RESEARCH DESIGN AND METHODS
Subject recruitment

Subject recruitment for the BetaGene Study is ongoing, and for this report we describe only
those clinical protocols and assays relevant to the results presented herein. Participation in
the BetaGene Study is restricted to Mexican Americans from families of a proband with
previous GDM. Details regarding subject recruitment can be found in the supplemental
materials (located in an online appendix at http://dx.doi.org/10.2337/db06-1682). In
addition, we are recruiting Mexican-American women who have gone through pregnancy
without GDM but are also selected to be age-, BMI-, and parity-matched to the GDM
probands. For the present report, we performed the relevant genotyping and data analysis on
all control subjects, GDM probands, siblings, and cousins who had been phenotyped by the
end of November 2005. All protocols for the BetaGene Study have been approved by the
institutional review boards of the participating institutions.

Clinical protocols
Phenotyping is performed on two separate visits to the University of Southern California
General Clinical Research Center. Visit 1 consists of a physical examination, DNA
collection, and a 75-g 2-h oral glucose tolerance test (OGTT) with 30-min blood sampling.
Participants with fasting glucose <126 mg/dl are invited for a second visit, which consists of
a dual-energy X-ray absorptiometry scan for determination of percentage of body fat and an
insulin-modified intravenous glucose tolerance test (IVGTT).

Molecular analysis
Single nucleotide polymorphisms (SNPs) in all four HapMap (release no. 19) populations
were, whenever possible, selected at ~2.5-kb intervals across a 0.1-Mb region surrounding
DG10S478. Forty-two SNPs were selected and genotyped using the Applied Biosystems
TaqMan system (10).
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Data analysis
We calculated two measures of insulin response to glucose; the difference between the 30′
and fasting plasma insulin concentrations from the OGTT (30′ Δinsulin) and the incremental
area under the insulin curve for the first 10 min of the IVGTT (acute insulin response
[AIR]). IVGTT glucose and insulin data were analyzed by minimal model (MINMOD
Millennium version 5.18). The disposition index (DI), a measure of β-cell compensation for
insulin resistance, was computed as the product of the insulin sensitivity index (SI) and early
insulin response (DI = SI × AIR from the IVGTT [11,12]; DI30 = SI × 30 min Δinsulin from
the OGTT [13]).

Genotype data were tested for deviation from the Hardy-Weinberg equilibrium and for non-
Mendelian inheritance using PEDSTATS version 0.6.4 (14), and allele frequencies were
estimated using SOLAR version 2.1.4 (15). Tagging SNPs were selected from among the
genotyped SNPs using TAGGER as implemented in Haploview version 3.32 (16,17).
Linkage disequilibrium (LD) and haplotype block structure were also assessed using
Haploview (18). The measured genotypes approach under a variance components and a
likelihood ratio framework was used to test SNP associations with continuous phenotypes
and implemented using SOLAR (15) with ascertainment correction.

Each SNP was first tested for a trend for association with quantitative traits under an
additive genetic model. The reference allele was the minor allele, and models were adjusted
for age, sex, and, where appropriate, percentage of body fat. A significant trend was defined
as a nominal P value of 0.1, corrected for the number of SNPs tested (n = 15; P = 0.0067).
SNPs showing a trend were then tested for association under dominant and/or recessive
genetic models. SNPs significantly associated with any type 2 diabetes–related quantitative
trait were also tested for a multiplicative interaction with percentage of body fat. The three
SNPs that tagged previously associated SNPs (rs7901695, rs7100927, and rs12255372;
Table 1) were tested for an interaction with adiposity regardless of their univariate
association results.

Linear modeling results are reported as age-, sex-, and percentage of body fat–adjusted
medians and interquartile ranges. For results from the interaction analysis that included
percentage of body fat, trait values are reported as age-and sex-adjusted medians and
interquartile ranges. In all cases, reported P values are Bonferroni corrected for multiple
comparisons unless otherwise specified.

RESULTS
We report results from 537 individuals in 132 families (Table 2). Control subjects were
slightly younger and less obese compared with GDM probands, reflecting recruitment of
control subjects lagging slightly behind GDM probands to allow for matching as described
above. Pairwise LD and haplotype blocks (Fig. 1) were estimated using 40 of 42 genotyped
SNPs (rs7904519 and rs7907632 failed Hardy-Weinberg equilibrium), resulting in a density
of ~2.57 kb. Seven haplotype blocks were identified. The largest block included three
previously associated SNPs (rs7895340, rs1196205, and rs12255372) (1), and two other
previously associated SNPs (rs7901695 and rs7903146) (1) formed an independent block.
Table 2 shows the characteristics of the 15 tag SNPs. None of the tag SNPs showed a trend
for association with quantitative traits under an additive genetic model; the two strongest
associations were with traits related to insulin secretion: rs10885410 was associated with 30′
Δinsulin (uncorrected P = 0.010), and rs11196218 was associated with AIR (uncorrected P
= 0.008).
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We then tested whether previously associated SNPs (rs7100927, rs7901695, and
rs12255372) interacted with adiposity to alter variation in quantitative traits. rs12255372
under an additive genetic model showed a significant interaction with percentage of body fat
to alter 30′ Δinsulin (uncorrected P = 0.009), and rs7901695 interacted with percentage of
body fat to alter SI (uncorrected P = 0.027). Only the interaction with rs12255372 remained
significant after correcting for multiple comparisons. The interaction remained significant,
assuming a dominant genetic model (P = 0.016). The interaction between rs12255372 and
adiposity was not associated with AIR or SI and showed marginal association with fasting
insulin (uncorrected P = 0.157, P = 0.744, and P = 0.067, respectively).

We stratified 30′ Δinsulin by rs12255372 genotype assuming a dominant genetic model and
by percentage of body fat tertiles within each genotype group (Fig. 2). 30′ Δinsulin increases
with increasing adiposity, with the effect stronger among individuals with a T allele (Fig.
2A). The model-predicted 30′ Δinsulin concentration (Fig. 2B) revealed that within the range
of percentage of body fat up to ~34%, subjects with a T allele had lower 30′ Δinsulin,
whereas they had higher 30′ Δinsulin in the higher percentage of body fat range when
compared with G homozygotes.

Examination of the covariate-adjusted, genotype-specific median SI for rs12255372
stratified by percentage of body fat tertiles revealed a pattern of increasing insulin resistance
with adiposity regardless of genotype (data not shown). Such differences in SI could
confound patterns in 30′ Δinsulin, which changes reciprocally with changes in SI (11,12).
Therefore, we tested whether an index of β-cell compensation based on the 30′ Δinsulin
(DI30 = SI × 30′ Δinsulin) was associated with the interaction between rs12255372 and
adiposity. Assuming a dominant genetic model, the interaction was significantly associated
with DI30 (P = 0.014). Increasing adiposity had a modest modifying effect on DI30 among
individuals with a T allele but a dramatic effect in reducing DI30 among G homozygotes
(Fig. 3A). The model-predicted DI30 (Fig. 3B) shows that at low percentages of body fat,
DI30 was higher in G homozygotes than those with a T allele. DI30 fell with increasing
percentages of body fat in both groups, but the fall was less steep in individuals with a T
allele. DI from IVGTTs was not associated with the interaction between rs12255372 and
percentage of body fat (uncorrected P = 0.152).

Given the trait associations, we tested rs12255372 for association with previous GDM. The
frequency of the T allele among probands with previous GDM (n = 94) was 39.4%
compared with 20.7% in control subjects without previous GDM (n = 58). The association,
assuming a dominant genetic model, was significant (odds ratio [OR] 2.49 [95% CI 1.17–
5.31]; P = 0.018) and remained significant when adjusting for age and percentage of body
fat (2.62 [1.13– 6.11]; P = 0.025). rs7901695 and rs7100927 showed no evidence for
association with GDM (P = 0.601 and P = 0.627, respectively).

DISCUSSION
There are two novel findings from this study. First, rs12255372 in TCF7L2 was significantly
associated with GDM under a dominant genetic model. This is the first evidence that
TCF7L2 is associated with forms of pre-diabetes. We did not genotype ancestrally
informative markers, so it is possible that population substructure may confound our results.
However, given that the identical marker also shows association with type 2 diabetes–related
quantitative traits, it is likely that this is a true association with GDM.

Second, rs12255372 was associated with 30′ Δinsulin in an interaction with percentage of
body fat. This finding could explain some of the inconsistencies in association between
TCF7L2 and quantitative traits among studies. It may also explain the increased OR for
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association with type 2 diabetes (1.89 vs. 1.69) reported by Cauchi et al. (8) when their
analysis was restricted to lean subjects (BMI <30 kg/m2). The lack of association between
this interaction and AIR from the IVGTT is consistent with an effect mediated through an
enteroendocrine mechanism (e.g., glucagon-like peptide 1), as proposed by Grant et al. (1).

Since insulin secretion normally varies as a function of insulin resistance (11,12),
associations with insulin secretion could simply reflect an underlying difference in insulin
resistance to which β-cells are responding. Two lines of evidence argue against this. First,
the interaction between adiposity and rs12255372 was not associated with SI. Second, the
interaction was associated with DI30, which tended to be relatively low in lean individuals
with a T allele but to fall relatively little with increasing adiposity compared with G
homozygotes. The biological significance of this finding in relation to diabetes risk remains
to be determined, but β-cell compensation at any point in time reflects dual influences of
acute regulatory stimuli and cumulative effects of chronic factors such as insulin resistance.
We have reported that chronic insulin resistance and high levels of insulin secretion may be
detrimental to long-term β-cell compensation (19,20). It is possible that TCF7L2 variants
have dual effects, limiting β-cell compensation for insulin resistance at any given time
through acute effects (e.g., incretins) but minimizing deterioration of insulin secretion
related to obesity and insulin resistance over time. This mechanism would be analogous to
the effects of MODY2 variants, where glucose levels are elevated but tend not to deteriorate
over time, unlike most forms of diabetes (A. Hattersley, personal communication).

It is noteworthy that many reports for TCF7L2 association with type 2 diabetes come from
Caucasian populations in whom rs7901695 is in moderate to strong LD (r2 = 0.7) with
rs12255372 and partly accounts for why both SNPs show association with type 2 diabetes
(1,3–6,8), although other Caucasian populations report weaker LD between these SNPs (2),
and there is a near absence of LD in African Americans (6). However, in our Mexican-
American population, both were in relatively low LD (r2 = 0.55), resulting in their selection
as tag SNPs. This may account for why the interaction between rs7901695 and percentage of
body fat was not associated with type 2 diabetes–related quantitative traits and suggests that
other functional variants of TCF7L2 may be distal to rs7901695.

In summary, we observed a strong association between TCF7L2 rs12255372 and GDM,
along with an interaction between rs12255372 and adiposity to alter insulin secretion in
Mexican Americans from families with GDM. The interaction with adiposity led to
relatively poorer β-cell compensation in relatively lean individuals but better preservation of
compensation with increasing adiposity. This pattern could explain prior observations that
relative risks of type 2 diabetes associated with variants in TCF7L2 are highest in relatively
lean individuals. The observed interaction also suggests a dual role of rs12255372 to
downregulate acute β-cell compensation but limit the impact of obesity and chronic insulin
resistance to damage β-cells and their function.
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Glossary

AIR acute insulin response

GDM gestational diabetes mellitus

IVGTT intravenous glucose tolerance test

LD linkage disequilibrium

OGTT oral glucose tolerance test
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FIG. 1.
TCF7L2 pairwise LD structure. Pairwise LD and haplotype block structure as determined by
the method of Gabriel for the 40 SNPs genotyped in our Mexican-American families. LD is
displayed as pairwise r2 values (values within boxes), where white indicates r2 = 0, varying
shades of gray indicate 0 < r2 < 1, and black indicates r2 = 1.
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FIG. 2.
Interaction between rs12255372 and percentage of body fat on 30′ Δinsulin concentrations.
A: Median age- and sex-adjusted 30′ Δinsulin concentration and interquartile range stratified
by genotype and percentage of body fat tertiles. Within the lowest body fat tertile,
individuals homozygous for the G allele have higher adjusted 30′ Δinsulin compared with
individuals with at least one copy of the T allele. However, within the highest body fat
tertile, individuals homozygous for the G allele have lower adjusted 30′ Δinsulin
concentrations. The effect of adiposity to alter 30′ Δinsulin is greater among subjects with a
T allele compared with those homozygous for the G allele. B: Interaction based on the
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model parameter estimates and covering the range of body fat observed in the BetaGene
Study.
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FIG. 3.
Interaction between rs12255372 and percentage of body fat on β-cell compensation,
computed as the product of SI × 30′ Δinsulin concentration (DI30). A: Median age- and sex-
adjusted DI30 and interquartile range stratified by genotype and percentage of body fat
tertiles. Within the lowest body fat tertile, individuals homozygous for the G allele have
higher adjusted DI30 compared with individuals with at least one copy of the T allele.
However, within the highest body fat tertile, individuals homozygous for the G allele have
lower adjusted DI30. The effect of adiposity to alter DI30 is greater among subjects
homozygous for the G allele compared with those with at least one copy of the T allele. B:
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Interaction based on the model parameter estimates and covering the range of body fat
observed in the BetaGene Study.
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TABLE 1

Tag SNP characteristics

SNP Position (kb)* Minor allele Minor allele frequency SNPs tagged

rs7901695† 114744078 C 0.24 rs7903146†

rs7896811 114756707 T 0.07

rs6585202, rs7077247, rs11196208, rs6585200, rs10885405,
rs10885409, rs11196205†, rs7895340†, rs12265291, rs7924080

rs7100927 114786038 G 0.28

rs11196203 114795850 A 0.08

rs12255372† 114798892 T 0.19 rs12243326

rs7087006 114813416 G 0.26 rs11196213, rs7085989

rs10885410 114814463 A 0.20

rs7919409 114814966 C 0.21

rs7100388 114815803 G 0.09

rs7908486 114824488 G 0.37 rs911769

rs11196218 114830484 A 0.23 rs12768310, rs3750804

rs7082458 114836639 G 0.10

rs3814572 114837713 G 0.07

rs10749127 114839343 T 0.29

rs4639863 114844373 T 0.32

*
Based on NCBI build 36.1.

†
Previously reported by Grant et al. (1).
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TABLE 2

Subject characteristics

GDM probands Siblings Cousins Control subjects

n 94 241 179 58

Male/female 0/94 88/153 80/99 0/58

Age (years) 35.0 (8.6) 34.5 (11.0) 32.8 (11.8) 33.4 (7.6)

BMI (kg/m2) 30.9 (8.9) 29.1 (6.3) 27.4 (6.6) 27.2 (6.6)

Body fat (%) 39.1 (7.3) 33.5 (13.9) 30.7 (12.8) 36.0 (7.0)

Fasting glucose (mmol/l) 5.4 (0.9) 5.1 (0.6) 5.1 (0.6) 4.9 (0.4)

2-h glucose (mmol/l) 8.4 (3.4) 7.3 (2.6) 6.4 (2.2) 6.9 (2.1)

Fasting insulin (pmol/l) 69 (48) 42 (42) 36 (36) 30 (36)

2-h insulin (pmol/l) 522 (462) 372 (378) 300 (336) 252 (312)

30′ Δinsulin (pmol/l) 372 (252) 321 (252) 366 (342) 294 (324)

SG (×10−2 per min−1) 1.29 (0.41) 1.55 (0.71) 1.74 (0.88) 1.84 (0.94)

SI (×10−3 per min−1 per pmol/l) 3.63 (2.06) 4.32 (3.28) 4.85 (3.17) 5.67 (3.01)

AIR (pmol/l × 10 min) 1,990 (2,648) 2,572 (2,788) 3,044 (3,610) 2,974 (2,348)

DI 780 (780) 1,141 (1,145) 1,339 (1,106) 1,714 (972)

Data are unadjusted median (interquartile range) unless otherwise indicated.
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