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A susceptibility gene for type 2 diabetes confers substantial risk 
for diabetes complicating cystic fibrosis 
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Abstract 
Aims/Hypothesis: Insulin-requiring diabetes 
affects 25-50% of young adults with cystic 
fibrosis (CF). Although the cause of diabetes in 
CF is unknown, recent heritability studies in CF 
twins and siblings indicate that genetic 
modifiers play a substantial role. We sought to 
assess whether genes conferring risk for 
diabetes in the general population may play a 
modifier role in CF. 
Methods: We tested whether a family history of 
type 2 diabetes affected diabetes risk in CF 
patients in 539 families in the CF Twin and 
Sibling family-based study. A type 2 diabetes 
susceptibility gene (transcription factor 7-like 2, 
or TCF7L2) was evaluated for association with 
diabetes in CF using 998 patients from the 
family study and 802 unrelated CF patients in an 
independent case-control study. 

Results: Family history of type 2 diabetes 
increased the risk of diabetes in CF (odds 
ratio=3.1; p=0.0009). A variant in TCF7L2 
associated with type 2 diabetes (rs7903146, “T” 
allele) was associated with diabetes in CF in the 
family study (p=0.004) and in the case-control 
study (p=0.02; combined p=0.0002). In the 
family study, variation in TCF7L2 increased the 
risk of diabetes about 3-fold (hazard ratio=1.75 
per allele, 95% CI 1.3-2.4; p=0.0006), and 
decreased the mean age at diabetes diagnosis by 
7 years. In CF patients not treated with systemic 
glucocorticoids, the effect of TCF7L2 was even 
greater (hazard ratio=2.9 per allele, 95% CI 1.7-
4.9, p=0.00011). 
Conclusions: A genetic variant conferring risk 
for type 2 diabetes in the general population is a 
modifier of risk for diabetes in CF. 
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Introduction 
 
Diabetes is an important complication of cystic 
fibrosis (CF), a multisystem, genetic disease 
caused by mutations in the cystic fibrosis 
transmembrane conductance regulator (CFTR) 
gene [1].  Diabetes risk increases with age, 
affecting about 25% of adolescents and 40-50% 
of adults with CF [2;3].  As CF patients are now 
living longer, diabetes has become the most 
common systemic complication of CF after lung 
disease. Diabetes is associated with a 
significantly worse CF prognosis [4], although 
treatment of diabetes improves nutritional status 
and pulmonary function [5]. Among CF 
patients, the prevalence of diabetes is 
approximately 10-fold greater (by about one-
third the age) than is seen for type 2 diabetes in 
the general population [6]. 

About 90% of patients with CF have 
exocrine pancreatic insufficiency (PI), which is 
determined largely by CFTR mutation [7], and 
PI is a requirement for developing diabetes in 
CF [2;3]. However, CFTR mutations do not 
otherwise explain diabetes risk; rather, we 
recently demonstrated that variation in other 
genes accounts for most of the risk for diabetes 
in CF [8]. Although type 1 and type 2 diabetes 
also have a strong genetic basis, it is unknown 
whether susceptibility genes for type 1 or type 2 
diabetes might also play a role in CF. On one 
hand, there appears to be less similarity with 
type 1 diabetes, considering that diabetes 
incidence increases steadily with age rather than 
peaking in childhood, and that islet 
autoimmunity characteristic of type 1A diabetes 
plays little or no role in CF according to most 
(e.g., [9;10]) but not all (e.g., [11]) reports. On 
the other hand, type 2 diabetes, like diabetes in 
CF, shows a monotonic increase in prevalence 
with age [6], a progressive defect in insulin 
secretion [12;13], and an accumulation of 
amyloid polypeptide in pancreatic islets [14;15].  
These similarities suggest that disease 
mechanisms of diabetes in CF could be shared 

with type 2 diabetes seen in the general 
population. 

In this study, we evaluated the relatives 
of CF patients to determine if diabetes in CF 
and type 2 diabetes cluster in the same families. 
We tested whether the rs7903146 variant in 
TCF7L2, the type 2 diabetes susceptibility gene 
whose common variant confers the greatest risk 
[16;17], is a risk factor for diabetes in CF and 
whether treatment with systemic 
glucocorticoids, an important non-genetic risk 
factor for diabetes in CF, affected the risk 
conferred by TCF7L2. 
 
Methods 
 
Study subjects. Clinical data and DNA samples 
were collected by the Cystic Fibrosis Twin and 
Sibling family-based study [18;19], with 
additional clinical data provided by the U.S. CF 
Foundation Patient Registry (Bethesda, MD). 
Enrolment was based on conclusive diagnosis of 
CF [20] and having an affected twin and/or 
sibling. As diabetes occurs almost exclusively in 
CF patients who are pancreatic insufficient [3], 
we selected 998 CF patients with pancreatic 
exocrine insufficiency or a CFTR genotype 
predictive for severe pancreatic exocrine 
insufficiency (as described in [18]) from 1154 
patients (86%) in the CF Twin and Sibling study 
for analysis (Table 1). Monozygous (MZ) twins 
were excluded to avoid oversampling of MZ 
transmission patterns. Each CF patient was 
classified using longitudinal clinical and 
laboratory data (described in [8]) as 
Euglycaemic (at least 2 diabetes screens done; 
all within normal limits), Hyperglycaemic 
(milder glucose abnormalities such as impaired 
glucose tolerance), Possible Diabetes (e.g., 
intermittent or resolved diabetes), or Diabetes 
(chronic, insulin-treated diabetes for ≥ 1 year). 
Fifty-two were excluded (49 for insufficient 
information, 3 for antibody-positive type 1 
diabetes). 
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Family history obtained by questionnaire 
[21] (available upon request) was stratified by 
degree of relatedness (e.g., first-degree, such as 
a parent or sibling, vs. second-degree, such as a 
grandparent, aunt, or uncle) and was categorized 
as positive (at least 1 first-degree or 2 second-
degree relatives on the same side of the family 
giving a “yes” response for “Diabetes-Adult 
onset,” recognizing that about 90% of diabetic 
adults have type 2 diabetes [22]), possible (any 
other combination of second-degree relatives), 
or negative (no first- or second-degree 
relatives). A negative family history required 
completion of both nuclear and extended 
pedigree and no reported first or second-degree 
relatives with adult-onset diabetes. The 
“Matched Euglycaemic” group of pancreatic 
insufficient Euglycaemic patients was selected 
to match the Diabetes patients by age and sex as 
described previously [8]. Other phenotypes were 
obtained from medical records, by 
questionnaire, and from the CF Foundation 
Patient Registry. Systemic glucocorticoid 
treatment was defined as oral or intravenous 
glucocorticoids (i.e., not intranasal or inhaled). 
Definitions of meconium ileus [18], lung 
function [19] and nutritional [23] phenotypes 
are described elsewhere. 

The case-control study of unrelated CF 
patients used for replication is described 
elsewhere [24]. Briefly, the UNC/CWRU 
Genetic Modifiers Study included 167 CF 
patients with diabetes and 635 CF patients 
without diabetes, all homozygous for the ΔF508 
mutation in CFTR and affected with pancreatic 
exocrine insufficiency. Diabetes was defined as 
a diagnosis by a physician plus insulin use. This 
CF clinic sample was originally ascertained 
based on age and lung function criteria: severe 
lung disease (260 patients of mean age 15.8 
years; 38 diabetic), mild lung disease in an older 
age group (246 patients of mean age 37.7 years; 
88 diabetic) or mild lung disease in a younger 
age group (296 patients of mean age 20.6 years; 
41 diabetic) [24]. These studies were approved 
by the Institutional Review Boards of all 

participating institutions, and informed consent 
was obtained from all subjects before 
enrolment. 
 
DNA isolation and genotyping. DNA isolation 
and identification of CFTR mutations have been 
previously described [18]. TaqMan® Assays-
on-Demand (Applied Biosystems) were used to 
genotype TCF7L2 single nucleotide 
polymorphism rs7903146 as described 
elsewhere [23]. Genotype repeatability was 
99.7% in 1133 duplicated samples. One 
Mendelian error was identified in 678 families 
in the Family study and was corrected by DNA 
sequencing. DNA from those with absent or 
erroneous genotypes was sequenced using the 
BigDye Terminator v3.1 Cycle Sequencing Kit 
(Applied Biosystems). Genotypes were verified 
by sequencing in 2% of the samples; no 
discrepancies were detected. 
 
Statistical Analysis. Genetic association was 
deemed present when the frequency of allele 
inheritance differed significantly from random 
Mendelian transmission of alleles. Transmission 
distortion was quantified using the FBAT 
statistic as implemented in the software 
packages FBAT 1.7.3 [25] and PBAT 3.5 [26] 
with an additive genetic model and an optimal 
phenotypic offset [27]. Essentially identical 
results were obtained using an offset equal to 
the prevalence rate of diabetes in the analyzed 
sample and offsets of 0 (considering only 
affected individuals) or 1 (considering only 
unaffected individuals). Age of onset of diabetes 
was analyzed as a censored trait using PBAT. 
Genetic association was also assessed after 
disregarding family structure by comparison of 
genotype and allele frequencies with diabetes 
status (case-control association analysis) and 
with diabetes-free survival rates (association 
with cumulative incidence of disease). The same 
results were obtained when analysis was 
restricted to individuals who were not 
informative in the family-based analysis (not 
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shown). Population-attributable risk was 
calculated from hazard ratios (e.g., [28]). 

Statistical calculations were performed 
using Intercooled Stata 10 (StataCorp, College 
Station, TX). In case of small cell sizes, the 
Fisher exact test was used. The Student t test 
was used to compare normally distributed 
continuous data. The log rank test was used to 
compare cumulative incidence rates. 
Significance levels from analysis of the primary 
(Family) and replication (Case-control) studies 
were combined calculating a average of the Z-
statistics weighted by the square root of the 
number of individuals in each study (e.g. [29]). 
 
Results 
 
Diabetes in a first-degree relative correlated 
with diabetes in the CF patient (OR=2.8, 95% 
CI 1.2-6.1, p=0.01; Table 2).  Diabetes in at 
least two second-degree relatives on the same 
side of the family trended toward correlation 
(OR=2.2, 95% CI 0.93-5.1, p=0.07).  CF 
patients meeting either of these two conditions 
had an increased risk for diabetes in CF 
(OR=2.8, 95% CI 1.5-5.3, p=0.001). Family 
history was known for about half the study 
group and did not depend on the CF patient’s 
diabetes status. Because our CF patients with 
diabetes were, on average, older than other CF 
patients in this study, we examined whether the 
greater risk for familial diabetes might be due to 
older family members. This was not the case, as 
the correlation between a positive family history 
of diabetes (especially in a first-degree relative) 
and diabetes in CF remained substantial when 
diabetic CF patients were compared with 
euglycaemic CF patients matched for age, sex, 
and pancreatic status (“Matched Euglycaemic”; 
Table 2). 

Genotypes of the TCF7L2 SNP 
(rs7903146) were obtained for 943 of the 998 
available CF patients, providing 533 parent-
parent-child trios for analysis. Parental 
genotypes were in Hardy-Weinberg equilibrium 
(p=0.7), and their minor allele frequency (28%) 

was in the range reported for Caucasian 
populations [30]. In families, the “T” allele of 
the TCF7L2 SNP was transmitted to CF patients 
with diabetes significantly more often than 
expected by chance, demonstrating association 
with increased risk of diabetes (200 informative 
families, p=0.005; FBAT). Distorted 
transmission was also seen in separate analyses 
of the Diabetic (“T” allele overtransmitted, 54 
informative families, p=0.04) and Euglycaemic 
(“C” allele overtransmitted, 146 informative 
families, p=0.01; FBAT) subgroups, 
demonstrating that variation in the TCF7L2 SNP 
operates at both phenotypic extremes. Finally, 
diabetic CF patients displayed substantial 
differences from Euglycaemic CF patients in the 
frequency of the high-risk TCF7L2 SNP. As 
shown in ESM Table 1, differences were seen in 
allele frequency (p=0.007) and genotype 
frequency (p=0.02 for additive model, p=0.009 
for dominant model) that yielded 1.7-fold 
increase in disease odds per allele (95% CI 1.5-
2.4, p=0.007). 

Variation at TCF7L2 also affected the 
age at which diabetes was diagnosed. Treating 
the diabetes diagnosis as a time-dependent event 
(by censoring at the present age), we noted that 
CF patients in the family study who had 
inherited the “T” allele of TCF7L2 developed 
diabetes at a younger age than those who 
inherited the C allele (211 informative families, 
log rank p=0.01; Wilcoxon p=0.002, PBAT).  
The magnitude of this effect is estimated by 
comparing diabetes incidence with TCF7L2 
genotype for all CF patients in the family study, 
disregarding family structure (Figure 1(a)). Each 
high risk “T” allele of TCF7L2 conferred a 
significant increase in the cumulative incidence 
of diabetes (log rank p=0.001; hazard ratio (HR) 
= 1.75, 95% CI 1.3-2.4; p=0.0006). While it is 
possible that specific mutations of the CFTR 
gene could affect diabetes risk, similar results 
were obtained when analysis was restricted to 
the 518 individuals homozygous for ΔF508, the 
most common CFTR genotype (HR=1.5 per 
allele, 95% CI 1.0-2.3, p=0.049) or the other 
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439 individuals (not homozygous for ΔF508) 
with two mutations causing severe CFTR 
dysfunction (e.g., frameshift or nonsense 
mutations; HR=2.17, 95% CI 1.3-3.6, p=0.003; 
difference in HR not significant, p=0.2). 

Association of the TCF7L2 SNP with 
diabetes in CF was also seen in an independent 
collection of unrelated CF patients recruited 
originally based on age and lung disease by the 
UNC/CWRU Genetic Modifiers Study [24]. In 
that study, those at greatest risk for diabetes 
(due to increased age) are a subgroup of 246 
patients recruited for older age and milder lung 
disease (88 with diabetes, 158 without). In the 
older group, a significant increase in risk for 
those carrying a T allele was evident at both the 
allele (OR=1.6, 95% CI 1.1-2.4, p=0.02) and 
genotype levels (OR = 1.9, 95% CI 1.1-3.6, 
p=0.016; dominant model) and by regression 
analysis (per-allele OR=1.92, 95% CI 1.1-3.3, 
p=0.015) as shown in ESM Table 1. Genotype 
frequencies in two subgroups of younger 
patients (with mild or severe lung disease) from 
the UNC/CWRU study that are predicted to be 
at lower risk for diabetes did not show 
association with diabetes. When age of onset of 
diabetes was considered, there was an increase 
in diabetes cumulative incidence with one or 
two TCF7L2 T alleles in both the older age 
subgroup (log rank p=0.0035; HR = 1.9, 95% CI 
1.2-2.9, p=0.004, dominant model), and when 
all 802 unrelated patients were considered (log 
rank p=0.02; HR = 1.4, 95% CI, 1.1-2.0, 
p=0.02, Figure 1(b)). Thus, the T allele of the 
TCF7L2 SNP conferred increased risk and 
earlier age at diagnosis for diabetes in the 
family-based and case-control studies.  
Considered jointly, the two studies support 
association of the rs7903146 SNP of TCF7L2 
with diabetes in CF (p=2.0×10-4). 

We tested whether an important non-
genetic risk factor for diabetes in CF, treatment 
with systemic glucocorticoids ([8;31;32] and 
Table 1), may interact with TCF7L2. Regression 
modelling in the Family study suggested an 
interaction between steroid treatment and 

TCF7L2 genotype (ESM Table 2). That is, 
TCF7L2 did not significantly affect diabetes risk 
in the 405 CF patients receiving glucocorticoid 
treatment in the last year (HR = 1.4 per allele, 
95% CI 0.9-2.1, p=0.14; ESM Figure 1(a)) or in 
the 103 CF patients treated with glucocorticoids 
for at least 30 days (HR = 1.1 per allele, 95% CI 
0.6-2.0, p=0.8), whereas the risk ratio for 
TCF7L2 was greater in the other 485 patients 
who were not treated with glucocorticoids in the 
last year (HR = 2.9 per allele, 95% CI 1.7-4.9, 
p=1.1×10-4; ESM Figure 1(b)). The TCF7L2 
SNP remained an independent risk factor with 
essentially the same effect size after adjusting 
for cross-sectional or longitudinal measures of 
lung function, body mass index, and family 
history of type 2 diabetes (data not shown). Data 
were not available to perform a similar analysis 
in the replication (case-control) study. In 
summary, adjusting for steroid exposure, an 
important clinical risk factor for diabetes in CF, 
reveals a subgroup in which the effect size of 
TCF7L2 association is substantially increased. 

 
Discussion 
 
Diabetes in CF patients and type 2 diabetes in 
the general population share some 
pathophysiologic features, and both have a 
strong genetic basis. This multicenter study 
demonstrates, with independent replication, that 
a susceptibility gene for type 2 diabetes 
(TCF7L2) plays a role in modifying the risk for 
diabetes in CF. Family history data suggest that 
other susceptibility genes for type 2 diabetes 
may also play a role. Finally, a non-genetic 
factor, treatment with systemic glucocorticoids, 
modifies the risk conferred by TCF7L2. In the 
first analysis (family history), the increased 
diabetes risk to the CF patient depending on the 
number of and genetic distance to affected 
relatives, as is the case for type 2 diabetes [33], 
suggesting that familial sharing of genes is more 
important than sharing of environment. Two 
prior studies found no significant correlation 
between diabetes in CF and diabetes in family 
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members without CF [9;10]. Neither study was 
powered to detect effects of the magnitude 
measured in the current study, although one 
found a trend toward correlation [9]. 

From the validated susceptibility genes 
for type 2 diabetes, we selected TCF7L2 for 
testing based on its having the greatest effect 
size and its validation in the largest number of 
patients [34]. Greater diabetes risk was 
associated with the same TCF7L2 allele in CF 
as in the general population [16], indicating that 
this genetic risk factor is shared by these two 
forms of diabetes. Decreased pancreatic β-cell 
function is a hallmark of diabetes in CF (e.g., 
[2;13]), so the involvement of TCF7L2 in CF 
supports roles hypothesized for TCF7L2 in beta 
cell proliferation and/or insulin secretion (e.g., 
[35;36]). We hypothesize that variation in 
TCF7L2 affects beta cell function in CF leading 
to earlier development of diabetes, as is 
predicted to occur in type 2 diabetes [37]. 
However, the effect of TCF7L2 (relative risk of 
1.42-1.51 per allele in the general population 
[30]) may be greater in some pancreatic 
insufficient CF patients, as suggested by the 
greater risk ratio seen in those patients not 
treated with systemic steroids (95% CI, 1.7-4.9). 
Using the hazard ratio in Fig. 1 to estimate 
effect size, variation at TCF7L2 is estimated to 
accounted for a substantial fraction of the 
diabetes cases in the current CF study 
(population-attributable risk 32%, 95% CI: 14-
49%). The cumulative incidence analyses may 
underestimate the magnitude of TCF7L2 effect, 
because Hyperglycaemic and Possible Diabetes 
patients were grouped with Euglycaemic 
patients due to lack of age-of-onset data for 
these intermediate phenotypes. To illustrate the 
effect of combining this TCF7L2 variant and 
CFTR dysfunction, we note that a 14 year old 
CF patient with two high-risk TCF7L2 alleles 
has the same predicted risk for diabetes as a 60 
year old individual in the general population 
with no TCF7L2 risk alleles [6], a difference of 
46 years attributable to variation in both CFTR 
and TCF7L2.  

In the general population, the risk of 
type 2 diabetes conferred by TCF7L2 appears to 
be reduced by interaction with environmental 
factors such as lifestyle intervention [37]. In CF, 
the current study found evidence that treatment 
with systemic steroids influences the effect of 
TCF7L2 on risk for diabetes by 1.7-fold. 
Accounting for sources of environmental 
variation such as steroid treatment made the 
remaining sources of variation in CF patients 
(such as from genetic modifiers) more 
prominent. While there has been debate as to the 
utility of stratifying risk for type 2 diabetes by 
typing individuals for susceptibility genes (e.g., 
[38;39]), in the case of CF patients not treated 
with steroids, a substantially earlier predicted 
onset for diabetes is likely to be clinically 
relevant, and could be used to individualize the 
timing of diabetes screening and initiation of 
treatment.  

Strengths of the current study include the 
use of family-based association testing which is 
insensitive to artefacts generated by population 
stratification [25], and the depth and breadth of 
longitudinal clinical data (collected as part of 
CF care and largely unrelated to whether 
patients were diagnosed with diabetes). A 
limitation is that not all patients received regular 
oral glucose tolerance testing. We sought to 
minimize the effect of this limitation by 
excluding individuals with insufficient data to 
classify their phenotype, and by using additional 
information such as postprandial glucose or 
haemoglobin A1c data. Because the highly 
detailed phenotype information was not 
available for the replication (case-control) study, 
some individuals may have been misclassified 
as not having diabetes in that study, reducing 
the apparent effect of TCF7L2 in that sample. 
This consideration and the targeted recruitment 
strategy used in the latter study, limit the degree 
to which quantitative comparisons of TCF7L2 
effects may be made between the primary and 
replication studies. Finally, it should be 
recognized that this study’s findings are limited 
to the ~90% of CF patients who have severe 
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exocrine pancreatic insufficiency, as the ~10% 
of CF patients with significant pancreatic 
exocrine function are not at high risk for 
developing diabetes. 

This study demonstrates diabetes in CF 
and type 2 diabetes have at least one pathologic 
mechanism in common. The higher frequency 
and earlier development of diabetes in CF 
patients present an opportunity to evaluate and 
optimize gene-based tests or therapies that may 
have implications for individuals with type 2 
diabetes. On the other hand, the clinical 
differences exemplified by the underweight 
young adult with CF and diabetes and the older, 
often overweight adult with type 2 diabetes may 
be exploited to investigate how variation in 
genes such as TCF7L2 lead to diabetes in 
different  nutritional and inflammatory contexts. 
Thus, characterization of genetic modifiers of 
monogenic disorders like CF may help inform 
the mechanisms by which common 
polymorphisms cause common diseases such as 
type 2 diabetes. 
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Table 1. Comparison of clinical features of pancreatic insufficient CF patients (excluding MZ 
twins) in the twin/sibling study group with euglycaemia, hyperglycaemia or diabetes 

 Euglycaemia Hyperglycaemia or 
Possible Diabetes Diabetes 

Number of subjects 509 387 102 
Mean age (years) 12.5a 15.9a 23.6 

Caucasian 476/509 
(94%) 353/387 (91%) 96/102 

(94%) 

Female 237/509 
(47%) 175/387 (45%) 55/102 

(54%) 
CFTR genotype 

ΔF508 ×2b 
273/507 
(54%) 218/386 (56%) 59/100 

(59%) 

Severe CFTR ×2c 443/489 
(91%) 356/369 (95%) 88/93 

(95%) 
Lung function Percentile§ 

  Cross-sectional 
0.73 

(n=391)a 0.67 (n=357)a 0.55 
(n=98) 

Longitudinal 0.63 
(n=253)a 0.58 (n=299)d 0.51 

(n=94) 
Nutritional statuse 

Cross-sectional 
-0.08 

(n=500)a -0.49 (n=387)f -0.76 
(n=100) 

           Longitudinal -0.04 
(n=492)a -0.29 (n=382) -0.47 

(n=94) 
Steroid treatment         
(≥30 days/yr) 

90/509 
(18%)a 78/387 (20%)a 46/102 

(45%) 
Steroid treatment 
(days/yr) 19 (n=304)a 31 (n=268)a 80 (n=59) 

Positive test for P. 
Aeruginosa 

344/462 
(74%)a 310/366 (85%)g 90/92 

(98%) 

Meconium Ileus 85/444 
(19%)f 76/342 (22%)d 8/86 (9%) 

Lung transplantation 1/451 
(0.2%)a 4/361 (1%)g 9/89 (10%) 

aP<0.0001 vs. Diabetes 
bHomozygous for ΔF508 
cBoth CFTR alleles with severe (e.g., frameshift or nonsense) mutations (list available upon request). 
§Cross-sectional and longitudinal measures of lung-function were based on forced expiratory volume in 
1 second as defined previously [19]. 
dP<0.01 vs. Diabetes 
eNutritional status was assayed by body mass index standard deviation score (BMI SDS), with 
longitudinal averages as defined previously [23]. Cross-sectional BMI SDS was calculated by averaging 
over the year prior to enrolment. 
fP<0.05 vs. Diabetes 
gP<0.001 vs. Diabetes 
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Table 2. Influence of a family history of type 2 diabetes on diabetes prevalence in pancreatic 
insufficient CF patients. 

 Diabetic Euglycaemic 
Odds Ratio 
(95% CI)a 

Matched 
Euglycaemicb 

Odds 
Ratio 
(95% 
CI)c 

Both first- and second-
degree family history 
known 

65/128 
(51%) 

274/500  
(55%) 

0.85 
(0.6-1.3) 

68/128  
(53%) 

0.91 
(0.5-1.4) 

First-degree relative with 
diabetes 

11/78 
(14%) 

18/320 
(6%) 

2.8 
(1.2-6.1)d  

2/83  
(2%) 

6.6 
(1.4-31)d 

≥2 second-degree relatives 
on the same side with 
diabetes 

9/65 
(14%) 

19/276  
(7%) 

2.2 
(0.93-5.1) 

5/68  
(7%) 

2.0 
(0.6-6.4) 

≥1 first- or ≥2 second-
degree relatives on the 
same side with diabetes 

19/78 
(24%) 

33/321  
(10%) 

2.8 
(1.5-5.3)e 

7/83  
(8%) 

3.5 
(1.4-9)f 

aOdds ratio (95% confidence interval) comparing family history in diabetic group vs. euglycaemic group 
bDiabetes patients were matched by age, sex, and number of ΔF508 alleles with euglycaemic patients. 
cOdds ratio (95% confidence interval) comparing family history in diabetic group vs. matched 
euglycaemic group 
dP<0.05 vs. diabetic group 
eP=0.001 vs. diabetic group 
fP<0.01 vs. diabetic group
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C/C

C/T

T/T

Family Study

Number at risk:

C/C 479 336 104 31 6 2

C/T 392 276 78 17 5 1

T/T 72 43 8 0 0 0

a

 

C/C

C/T

T/T

Case‐control study

Number at risk:

C/C 402 389 221 121 37 2

C/T 330 324 162 67 13 0

T/T 70 70 34 20 5 0

b

 
Figure 1: Cumulative incidence of diabetes grouped by TCF7L2 SNP genotype. Individuals in the 
primary (family) study (a) who were homozygous for the major allele (C/C genotype, solid line) 
developed diabetes at a significantly lower rate than patients heterozygous (C/T genotype, dashed line) 
or homozygous for the minor allele (T/T genotype, dotted line). Results were similar when comparing 
all 3 genotypes separately as shown (additive genetic model; p=0.001, log rank) or when grouping 
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genotypes according to dominant (p=0.003) or recessive (p=0.007) genetic models. Modelling of these 
data indicated that each T allele conferred about  a 75% increase in risk of developing diabetes 
compared to PI CF patients of the same age without a T allele (hazard ratio 1.75, 95% CI 1.3-2.4; 
p=0.0006).  The age at which the cumulative incidence reached 25% varied by 7 years with the number 
of high-risk “T” alleles (C/C genotype: 27.4 years; C/T genotype: 22.6 years; T/T genotype: 20.0 years). 
Individuals in the replication (case-control) study (b) who were homozygous for the major allele (C/C 
genotype, solid line) developed diabetes at a significantly lower rate than patients with one or two copies 
of the minor allele (C/T genotype; dashed line; or T/T genotype: dotted line). In this study (which had a 
targeted recruitment strategy based on age and lung function) the data were more consistent with a 
dominant genetic model, with incidence rates for all 3 genotypes considered separately being less 
distinct (p=0.06, log rank), and rates for those with one or two copies of the T allele being significantly 
greater than for those with none (p=0.02, log rank). Modelling of these data showed association under 
dominant (HR = 1.43, 95% CI 1.1-2.0; p=0.02) or additive (HR = 1.3, 95% CI 1.04-1.61, p=0.02) 
genetic models. 
 
 

Electronic Supplementary Material 
 

 
ESM Table 1. Distribution of TCF7L2 genotypes (SNP rs7903146) among CF patients stratified by 
diabetes phenotypea. 

 TCF7L2 SNP Genotype OR (per allele)b P (Genotype)c P (Allele)c 
 CC CT TT    

Primary (Family) study, 
all patients 

498 
(51%) 

405 
(41%) 

78 
(8.0%)    

Euglycaemic (age ≥ 10 yr) 150 
(57%) 

98 
(37%) 

14 
(5.3%) 1.7 (1.5-2.4), 

p=0.007 
0.02 (Add.) 

0.009 (Dom.) 0.007 
Diabetes 41 

(41%) 
49 

(49%) 
9 

(9.1%)
Replication (Case-
control) study, all 

patients 

402 
(50%) 

330 
(41%) 

70 
(8.7%)    

Old Mild (≥34 yrs), non-
diabetes 

99 
(63%) 

46 
(29%) 

13 
(8.2%) 1.92 (1.13-3.26) 

p=0.015 
0.052 (Add.) 
0.016 (Dom.) 0.02 Old Mild (≥34 yrs), 

diabetes 
41 

(47%) 
37 

(42%) 
10 

(11%) 
 

aMonozygous twins excluded. Both study groups did not deviate from Hardy-Weinberg equilibrium 
(Family study, p=0.7, calculated using founder genotypes; Case-control study, p=1.0). As noted, 
individuals without diabetes younger than 10 years of age were excluded due to low age-dependent risk 
for diabetes. 
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bPer-allele odds ratio and P-value determined by logistic regression in comparison with at-risk (age ≥ 
10) Euglycaemic controls from the Family study, or the non-diabetes Old Mild (≥34 yrs) group from the 
Case-control study. 
 

cP-value for difference calculated by Fisher exact test for genotype counts (grouped according to 
additive (Add.) or dominant (Dom.) genetic models) and allele counts. Genotype counts were not 
significantly different for any group using recessive models. Counts in the Family study are compared to 
at-risk Euglycaemic (age ≥ 10 years); counts in the Case-control study counts are compared to non-
diabetes Old Mild (≥34 yrs) group. 
 
 
 
 
 
ESM Table 2. Association of TCF7L2 with diabetes after adjusting for steroid treatment (n=794). 

Covariate OR 95% CI P-value 
TCF7L2 genotype (OR per allele) 2.6 1.5-4.4 0.001 

Steroid treatment in the last year 2.0 1.0-4.0 0.05 
Interaction term (steroids) 0.52 0.3-1.06 0.07 
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Family Study

C/C

C/T

T/T

Number at risk:

C/C 202 152 49 17 3 1

C/T 171 137 36 10 3 0

T/T 32 20 5 0 0 0

a

 
ESM Figure 1(a). Cumulative incidence of diabetes in 405 patients treated with systemic steroids 
within the last year, grouped by TCF7L2 SNP genotype. Variation of TCF7L2 did not significantly 
associate with the cumulative incidence of diabetes in the subset of patients in the primary (family) 
study who were treated with systemic steroids (P=0.2, log rank). No significant effect was seen by 
regression for an additive genetic model (hazard ratio = 1.4 per allele, 95% CI, 0.9-2.1; p=0.1), 
dominant model (HR = 1.6, 95% CI, 0.9-2.7, p=0.09), or recessive model (HR = 1.1, 95% CI 0.3-3.6, 
p=0.8). 
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Family Study

C/C

C/TT/T

Number at risk:

C/C 253 164 46 12 2 1

C/T 195 122 32 4 0 0

T/T 37 21 2 0 0 0

b

 
ESM Figure 1(b). Cumulative incidence of diabetes in 485 patients not treated with systemic 
steroids, grouped by TCF7L2 SNP genotype. Variation of TCF7L2 was correlated with increased 
cumulative incidence of diabetes in the primary (family) study. Individuals homozygous for the major 
allele (C/C genotype, solid line) developed diabetes at a significantly lower rate than patients 
heterozygous (C/T genotype, dashed line) or homozygous for the minor allele (T/T genotype, dotted 
line). Results were similar when comparing all 3 genotypes separately as shown (additive genetic model; 
p=3.0×10-7, log rank) or when grouping genotypes according to dominant (p=0.005) or recessive 
(p=1.8×10-6) genetic models. Modelling of these data indicated that each T allele conferred about  a 
190% increase in risk of developing diabetes compared to PI CF patients of the same age without a T 
allele (HR = 2.9, 95% CI 1.7-4.9; p=1.1×10-4). 
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