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ABSTRACT
Background: The transcription factor 7-like 2
(TCF7L2) gene has the strongest genetic association
with type 2 diabetes. TCF7L2 also associates with
latent autoimmune diabetes in adults, which often
presents with a single islet autoantibody, but not with
classical type 1 diabetes.
Methods: We aimed to test if TCF7L2 is associated
with single islet autoantibody expression in pediatric
type 1 diabetes. We studied 71 prospectively recruited
children who had newly diagnosed type 1 diabetes and
evidence of islet autoimmunity, that is, expressed ≥1
islet autoantibody to insulin, glutamic acid
decarboxylase 65, islet cell autoantigen 512, or zinc
transporter 8. TCF7L2 rs7903146 alleles were
identified. Data at diagnosis were cross-sectionally
analyzed.
Results: We found that 21.1% of the children with
autoimmune type 1 diabetes expressed a single islet
autoantibody. The distribution of TCF7L2 rs7903146
genotypes in children with a single autoantibody
(n=15) was 40% CC, 26.7% CT and 33.3% TT,
compared with children with ≥2 islet autoantibodies
(50% CC, 42.9% CT and 7.1% TT, p=0.024).
Furthermore, compared with children with ≥2
autoantibodies, single-autoantibody children had
characteristics reflecting milder autoimmune
destruction of β-cells. Restricting to lean children
(body mass index<85th centile; n=36), 45.5% of those
expressing a single autoantibody were rs7903146 TT
homozygotes, compared with 0% of those with ≥2
autoantibodies (p<0.0001).
Conclusion: These results suggest that, in children
with only mild islet autoimmunity, mechanisms
associated with TCF7L2 genetic variation contribute to
diabetogenesis, and this contribution is larger in the
absence of obesity.

INTRODUCTION
Genetic variation within the transcription
factor 7-like 2 (TCF7L2) gene is the most
strongly associated locus with type 2 dia-
betes.1 2 The single nucleotide polymorph-
ism (SNP) rs7903146 is considered the best
variant to test due to the consistent associ-
ation of the T allele or the TT genotype with

type 2 diabetes across multiple ethnicities;3

indeed, it is widely considered to be the
causative event at this locus.1 The frequency
of this variant is also increased among
patients presenting with ‘latent autoimmune
diabetes in adults’ (LADA),4–7 a form of
slowly progressive autoimmune diabetes with
partially preserved β-cell function and pres-
entation in adulthood with a prolonged
period of insulin independence,5 8 9 but not
in patients with classical type 1 diabetes.10 11

TCF7L2 encodes a transcription factor that
plays a key role in the Wnt signaling pathway.12

TCF7L2 regulates transcription of the proglu-
cagon gene, which encodes glucagon in the
pancreas, and glucagon-like peptide 1 (GLP-1)
in the intestine and the brain.13 Carriers of the
T allele of the rs7903146 SNP have an abnor-
mal incretin response causing β-cell dysfunc-
tion.10 14 In the liver, TCF7L2 risk alleles are
associated with increased glucose release
during fasting.14 15 The clinical interest in
understanding the role of this gene is heigh-
tened because incretin dysfunction and dysre-
gulated hepatic glucose production are
amenable to treatment by available

Key messages

▪ Expression of single islet autoantibody was
found in about 20% of children with new onset
type 1 diabetes and was associated with clinical
characteristics of milder autoimmune destruction
of beta-cells, compared to those of children
expressing ≥2 autoantibodies.

▪ In children with type 1 diabetes and only mild
islet autoimmunity, as reflected by expression of
a single islet autoantibody, the TCF7L2 genetic
variant that is associated with type 2 diabetes
and LADA was more common than in children
with type 1 diabetes and two or more positive
islet autoantibodies.

▪ The association between the TCF7L2 genetic
variant and single-autoantibody pediatric type 1
diabetes was stronger in the absence of obesity.
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pharmacological agents, such as incretin enhancers and
metformin, respectively.
Positivity for any of the islet autoantibodies is the most

widely used parameter to define autoimmune type 1 dia-
betes.16 The number of circulating islet autoantibodies
is a strong determinant of subsequent progression to
type 1 diabetes in individuals without diabetes at risk
and the general population, while expression of a single
autoantibody confers only low risk of developing type 1
diabetes.17 18 Although studies on β-cell function after
type 1 diabetes onset are lacking in children, particularly
below age 7,19 adults with LADA, who have slowly pro-
gressive loss of β-cell function after the onset of diabetes,
often express a single autoantibody,9 20 which further
supports the notion that a single autoantibody expres-
sion is a marker of milder β-cell autoimmunity.
We hypothesized that patients who develop auto-

immune type 1 diabetes during childhood despite only
mild islet autoimmunity, as reflected by possessing a
single positive islet autoantibody, are more likely to
harbor the diabetogenic TCF7L2 rs7903146 TT geno-
type. Hence, the goal of this study was to compare, in a
cohort of children with newly diagnosed autoimmune
type 1 diabetes, the frequency of the rs7903146 TT
genotype and clinical features among those with a single
islet autoantibody and those with ≥2 positive islet
autoantibodies.

METHODS
Subjects
We prospectively recruited 119 children who presented
with newly diagnosed diabetes at Texas Children’s
Hospital between October 2010 and October 2011. The
study was approved by the Institutional Review Board of
Baylor College of Medicine. Fasting C peptide concentra-
tions were measured ≥3 weeks after diagnosis (median=7
weeks, SD=3) to avoid the potential effect on β-cell func-
tion of metabolic instability and diabetic ketoacidosis
(DKA) that may accompany onset of disease. Insulin
autoantibodies were measured within 10 days of diagnosis
(prior to development of antibodies to exogenous
insulin). Other islet autoantibodies—to glutamic acid
decarboxylase 65 (GAD65), islet cell autoantigen 512
(ICA512/IA2) and zinc transporter 8 (ZnT8)—were
measured at the 7-week (median, SD=3) visit. For this
cross-sectional analysis, we included only children with
evidence of autoimmune diabetes to prevent including
cases of type 2 diabetes, which is known to associate with
the genetic variant under study. We excluded those who
did not have all four islet autoantibodies measured
(n=27) and those who were negative for all four islet auto-
antibodies (n=21). The final sample comprised 71
patients.

Data collection
Demographic information included date of birth, date
of diagnosis, sex, and race/ethnicity. Anthropometric

information included weight and height measured at
the first clinical visit (mean±SD=10.3 weeks±5.4) to avoid
the effect of dehydration on weight at the time of diag-
nosis. Tanner pubertal staging was performed by a pedi-
atric endocrinologist. Biochemical data included
glucose, glycated hemoglobin (HbA1c), pH, bicarbon-
ate, and β-hydroxybutyrate measured at diagnosis. Body
mass index (BMI) was calculated in children older than
2 years based on height and weight and was categorized
using sex-specific and age-specific percentiles by Centers
for Disease Control and Prevention criteria.21 Obesity
was defined as BMI at or above the 95th sex-specific and
age-specific BMI centile, and overweight as BMI centile
≥85th to <95th. In children below age 2 years (n=11),
BMI was considered a missing value because of the lack
of standardized age-adjusted and gender-adjusted BMI
data for ages 0–2 years. DKA was defined by venous
blood pH<7.3 and bicarbonate <15 mEq/L.

Laboratory methods
GAD65, ICA512/IA2, and ZnT8 autoantibodies were
measured by the radioligand binding assay as previously
described.22 23 Samples were considered ICA512/IA2
autoantibody positive if binding exceeded that of the
98th centile for healthy controls (30 RU/mL). For ZnT8
autoantibodies, a cutoff was set at 15 RU/mL for auto-
antibodies for ZnT8Arg and 26 RU/mL for ZnT8Trp
based on the 98th centile observed in 50 healthy human
control sera. Samples were considered ZnT8 autoanti-
body positive if binding to either ZnT8Arg or ZnT8Trp
was detected. Our laboratory participated in the
Diabetes Autoantibody Standardization Program
(DASP)24 workshop and the GAD65 autoantibody assay
showed 86% sensitivity and 93% specificity, and the
ICA512/IA2 autoantibody assay showed 66% sensitivity
and 98% specificity. ZnT8 autoantibodies were not
included in the workshop. Insulin autoantibodies were
measured by the Quest Diagnostics Nichols Institute
(San Juan Capistrano, California, USA) by radio-
immunoassay (RIA) with clinical sensitivity and specifi-
city of 50% and 99%, respectively (positivity>0.4 U/
mL). Serum C peptide was measured by highly specific
RIA (Human C Peptide RIA kit, Millipore Research Inc,
St Louis, Missouri, USA).

Genetic methods
Genomic DNA was extracted from peripheral blood leu-
kocytes by standard methods as previously described.25

Multiple displacement amplification (MDA) of genomic
DNA, PCR, and direct DNA sequencing were performed
as previously described.26 Heterozygous bases were called
if the minor peak was ≥25% the height of the major
peak. TaqMan assays: Approximately 10–100 ng MDA
DNA was used as the template according to the manufac-
turer’s protocol. For the TCF7L2 rs7903146 allele, we
designed primers and probe using the Life Technologies
custom TaqMan assay website (50-CCTCA
AACCTAGCACAGCTGTTAT [forward primer], 50-TGAA
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AACTAAGGGTGCCTCATACG [reverse primer], and
50-CTTTTTAGATA[C/T]TATATAATTTAA [probe]) and
confirmed those results by direct DNA sequencing.
Because the rs7903146 allele can be flanked by an 8-base-
pair insertion/deletion (indel) polymorphisms on its
50-end and a 1-base-pair indel on its 30-end, heterozygous
base calls were confirmed by ≥3 single direction reads in
the contig. For DQB1*0302, the rs7454108 allele was ana-
lyzed using primers and probe described by Barker
et al.27 Allele frequencies were calculated from multiple
sequence alignments.

Statistical analysis
Statistical analyses were conducted with STATA V.10
(StataCorp 2007, Stata Statistical Software: Release 10.
College Station, Texas: StataCorp LP). Genotype distri-
bution in the study sample was in the Hardy-Weinberg
equilibrium. To compare proportions among groups, we
used χ2 test. To compare means we used t tests,
Mann-Whitney U tests, or one-way analysis of variance
(ANOVA) where appropriate. The Kruskal-Wallis rank
test was used to compare rank distributions of a continu-
ous variable across categories of another variable when
the conditions for analysis of variance were not met (eg,
unequal variances). Fasting serum C peptide was log
transformed due to the non-normality of its distribution;
elevated C-peptide was defined as values greater than
the median. Sample size estimation was not performed a
priori for this pilot study, but rather all available cases
were used. Throughout the manuscript, data are
expressed as mean±SD unless otherwise stated. p Values
≤0.05 were considered statistically significant.

RESULTS
Mean age of the 71 children at diagnosis of autoimmune
type 1 diabetes was 10.7±3.8 years. A single autoantibody
was expressed by 15 (21.1%) of the children. Other
demographic and clinical characteristics are depicted in
table 1.
The distribution of TCF7L2 rs7903146 genotypes in

children with a single islet autoantibody (n=15) was sig-
nificantly different from that of children with ≥2 islet
autoantibodies, as illustrated in table 2. The minor allele
frequencies were 46.7% and 28.6%, respectively.
Furthermore, as illustrated in table 2, children with a

single positive autoantibody were less likely than chil-
dren with ≥2 islet autoantibodies to express autoanti-
bodies to ICA512/IA2 or ZnT8, while there were no
statistical differences for GAD65 or insulin autoanti-
bodies. Titers of ICA512/IA2 and Znt8Arg were signifi-
cantly lower among children with a single autoantibody.
Children who expressed a single islet autoantibody had
lower frequency of DKA, lower serum concentrations of
β-hydroxybutyrate at diagnosis, and were more likely to
have elevated fasting C peptide levels (defined as values
above the median of the logarithmic distribution of C
peptide; figure 1).

Children who were lean (BMI<85th centile) and
expressed a single islet autoantibody (n=11) had a signifi-
cantly higher frequency of the TCF7L2 TT genotype
(45.5%) compared with lean children with ≥2 positive
autoantibodies; in the latter group, this genotype was
completely absent (n=25, 0%, p<0.0001). Lean children
with a single autoantibody were also more likely to have
an elevated C peptide (72.7% vs 32.0%, p=0.023) and less
likely to express ICA512/IA2 (p<0.0001), ZnT8 (p=0.01),
and GAD65 autoantibodies (p=0.04) compared with lean
children who expressed ≥2 autoantibodies. They tended
to present less often with DKA (10% vs 39.1%, p=0.094)
and had lower levels of β-hydroxybutyrate (p<0.03).
Among obese or overweight children (n=34), those with

a single and ≥2 islet autoantibodies were not statistically
different for TT genotype frequency (0% and 13.3%,
respectively, p=0.44), C peptide, DKA at onset,
β-hydroxybutyrate, or expression of GAD65 or insulin auto-
antibodies. Expression of ICA512/IA2 autoantibodies was
lower (p<0.001), and that of ZnT8 autoantibodies tended
to be lower (p=0.07) in single compared with ≥2
autoantibody-positive obese type 1 diabetes children.

Table 1 Characteristics of children at diagnosis of

autoimmune type 1 diabetes (N=71)

Age (years): mean (SD) 10.7±3.8

Male gender: n (%) 43 (60.6)

Race/ethnicity: n (%)

Non-Hispanic white 39 (54.9)

Hispanic 23 (32.4)

African-American 6 (8.5)

Other 3 (4.2)

BMI percentile: mean (SD) 76.2±22.3

Obesity or overweight: n (%) 34 (48.6)

Glucose (mmol/L): mean (SD) 21.8±10.2

HbA1c (%) (mmol/mol): mean (SD) 12.1±2.2 (109±24)

DKA: n (%) 26 (38.8)

Beta-hydroxybutyrate (mmol/L):

mean (SD)

5.3±4.3

Fasting C peptide (nmol/L):

median (25th–75th centiles)

0.143 (0.083–0.243)

Expression of islet

autoantibodies: n (%)

Insulin 27 (38)

GAD65 41 (57.8)

ICA512/IA2 52 (73.2)

ZnT8 44 (62)

Number of islet autoantibodies

expressed: n (%)

1 15 (21.1)

2 25 (35.2)

3 25 (35.2)

4 6 (8.5)

HLA DR3-DQ2/DR4-DQ8: n (%) 16 (22.5)

BMI, body mass index; DKA, diabetic ketoacidosis; GAD65,
glutamic acid decarboxylase 65; HbA1c, glycated hemoglobin;
HLA, human leukocyte antigen; ICA512/IA2, islet cell autoantigen
512; ZnT8, zinc transporter 8.
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DISCUSSION
In the present study, we observed that the TCF7L2 locus
is associated with single islet autoantibody expression in
children diagnosed with autoimmune type 1 diabetes.
Children with single autoantibody positivity were less
likely to express ICA512/IA2 and ZnT8 autoantibodies,
and had lower incidence of DKA and higher fasting C
peptide levels than children with ≥2 positive autoanti-
bodies. When the cohort was divided into lean and
obese/overweight subgroups, most of these differences
were present in the lean children but not among over-
weight or obese children. Almost half of the lean chil-
dren with a single islet autoantibody were rs7903146 TT
homozygotes, compared to none of the lean children
with ≥2 positive autoantibodies.
Children with single islet autoantibody positivity had add-

itional evidence of milder islet autoimmunity. They were
less likely to present with DKA and had lower plasma con-
centration of β-hydroxybutyrate at diagnosis than children

with ≥2 islet autoantibodies. Since DKA is a marker of near-
complete insulin deficiency, these findings are consistent
with less aggressive β-cell destruction. Indeed, compared
with children with ≥2 positive autoantibodies, those with a
single autoantibody had greater β-cell function, as
measured by fasting serum C peptide. Single-autoantibody
children were also less likely to express ICA512/IA2 and
ZnT8 autoantibodies. Seroconversion of ICA512/IA2 and
ZnT8 autoantibodies has been found to immediately
precede progression to type 1 diabetes in subjects at
risk,28 29 reflecting their association with aggressiveness of
the autoimmune attack on β-cells.
Our finding that children with type 1 diabetes and

mild islet autoimmunity were more likely to be carriers
of the TCF7L2 rs7903146 TT genotype suggests that a
TCF7L2-dependent mechanism may be contributing to
their diabetes. The TCF7L2 protein is expressed in the
β-cell and is involved in proliferation and apoptosis,
insulin processing, and regulated expression of receptors

Table 2 Comparison of children with a single and ≥2 positive islet autoantibodies at diagnosis of type 1 diabetes

Single positive

autoantibody

N=15

≥2 Positive

autoantibodies

N=56 p Value

Age (years): mean (SD) 11.7±4.6 10.4±3.6 0.25

Male gender: n (%) 9 (60) 34 (60.7) 0.96

Race/ethnicity: n (%) 0.89

Non-Hispanic white 9 (60) 30 (53.6)

Hispanic 4 (26.7) 19 (33.9)

African-American 1 (6.7) 5 (8.9)

Other 1 (6.7) 2 (3.6)

BMI centile: mean (SD) 64.1±25.3 79.7±20.41 0.01

Obesity or overweight: n (%) 4 (26.7) 30 (54.6) 0.06

Glucose (mmol/L): mean (SD) 19.2±5.5 22.5±11.1 0.26

HbA1c (%) (mmol/mol): mean (SD) 12.6± 2 (114±21.9) 11.9± 2.2 (107±24) 0.29

DKA: n (%) 2 (14.3) 24 (45.3) 0.034

β-hydroxybutyrate (mmol/L): mean (SD) 2.6±2.3 6± 4.4 0.006

Elevated* fasting C peptide: n (%) 11 (73.3) 24 (42.9) 0.036

Fasting C peptide (ng/mL): median (IQR) 1.19 (0.76) 0.67 (1.5) 0.96

Positive islet autoantibodies: n (%)

Insulin 4 (26.7) 23 (41.1) 0.31

GAD65 6 (40) 35 (62.5) 0.12

ICA512/IA2 2 (13.3) 50 (89.3) 0.0001

ZnT8 3 (20) 41 (73.2) 0.0001

Titers of islet autoantibodies: mean (SD)

Insulin 0.46 (0.487) 1.617 (5.295) 0.4

GAD65 0.152 (0.256) 0.37 (0.603) 0.18

ICA512/IA2 0.115 (0.298) 0.617 (0.421) 0.0001

ZnT8Arg 19.6 (51.4) 161 (239.1) 0.027

ZnT8Trp 10.8 (24.6) 139.6 (263.6) 0.064

HLA DR3-DQ2/DR4-DQ8: n (%) 3 (20) 13 (23.2) 0.79

TCF7L2 SNP rs7903146 genotype: n (%) 0.024

CC 6 (40) 28 (50)

CT 4 (26.7) 24 (42.9)

TT 5 (33.3) 4 (7.1)

*Above the median of the logarithmic distribution.
BMI, body mass index; DKA, diabetic ketoacidosis; GAD65, glutamic acid decarboxylase 65; HbA1c, hemoglobin A1c; HLA, human leukocyte
antigen; ICA512/IA2, islet cell autoantigen 512; IQR, interquartile range; SNP, single nucleotide polymorphism; TCF7L2, transcription factor
7-like 2; ZnT8, zinc transporter 8.
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to glucose-dependent insulinotropic polypeptide and
GLP-1 on the β-cell.10 14 In healthy subjects and patients
with type 2 diabetes, TCF7L2 gene variants are associated
with decreased insulin secretion, likely through an
impaired incretin effect.30 TCF7L2-regulated incretins
may also have effects on the brain and thus potentially
on appetite regulation.13 The TCF7L2 gene also regu-
lates hepatic glucose release during fasting.14 15

We speculate that several diabetogenic mechanisms,
for example, autoimmune loss of β-cells, non-
autoimmune β-cell dysfunction (eg, influenced by
TCF7L2 genetic status), and insulin resistance may simul-
taneously contribute to development of diabetes in the
same individual. LADA and now pediatric diabetes with
a single autoantibody and the TCF7L2 rs7903146 TT
genotype are examples of variable contributions of mul-
tiple pathogenic pathways leading to clinically distinct
forms of diabetes. Supporting this hypothesis, the associ-
ation of the diabetogenic TCF7L2 variant with single
islet autoantibody expression was observed only in lean
children, while it was not present in overweight or obese
children. A plausible explanation for this observation is
that, in lean children with mild autoimmunity, an add-
itional factor, such as determined by TCF7L2 status, was
necessary for development of diabetes. On the other
hand, only mild autoimmune β-cell loss was sufficient to
cause diabetes in obese children, possibly because of the
elevated demand for insulin imposed by obesity-induced
insulin resistance. These hypotheses are also consistent
with a previous report of lower BMI in adults with slowly
progressive forms of autoimmune diabetes or type 2 dia-
betes who carried the diabetogenic TCF7L2 variant,
compared with non-carriers.4

To our knowledge, this is the first study on the preva-
lence of the TCF7L2 rs7903146 T allele in subsets of

children with autoimmune type 1 diabetes and, in par-
ticular, in relation to the severity of islet autoimmunity.
Previous pediatric studies have reported that the type 2
diabetes-associated TCF7L2 gene polymorphism is more
frequent in diabetes without evidence of islet auto-
immunity, for example, in autoantibody-negative than
autoantibody-positive type 1 diabetes children30 and in
GAD65 autoantibody-negative than GAD65
autoantibody-positive patients aged 15–34.31 In contrast,
we studied the contribution of TCF7L2 in well-defined
subsets of children with autoimmune diabetes. One limi-
tation of this study is the relatively small sample size,
which may affect the generalizability of the study.
Confirmation of our findings in an independent study
sample is warranted. Another limitation is the use of
expression of a single islet autoantibody to define mild
islet autoimmunity. Although in our study the expression
of a single islet autoantibody correlated with clinical and
laboratory indicators of mild β-cell autoimmune destruc-
tion, the identification of patients with mild islet auto-
immunity may improve as the sensitivity and specificity
of current autoantibody assays increase, and as better
markers of the aggressiveness of the immune attack on
β-cells are validated.
In summary, our findings that the type 2 diabetes-

associated TCF7L2 variant is carried in the homozygote
form by a third of children with type 1 diabetes and
single islet autoantibody positivity (and almost half of
the lean children with type 1 diabetes and a single islet
autoantibody) support the hypothesis that non-
autoimmune pathways may significantly contribute to
diabetogenesis in well-defined subsets of pediatric auto-
immune type 1 diabetes.
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