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Supplementary Methods 

 
Custom imputation process 
Genotype imputation was completed in the CoLaus study for 3539 individuals who were 
typed on the Affymetrix 500K chip but not included in the sequencing experiment. 
Reference haplotypes were derived from 3983 participants in the previous sequencing 
study(8) who were both sequenced and genotyped on an Affymetrix 500K chip. Variants 
within the sequenced region plus all GWAS SNPs within 1 Mbp of the sequenced regions 
were included in the reference data. Genotype imputation was completed using BEAGLE 
with the default settings for 3539 individuals from CoLaus and 1,807 individuals from GenOA 
study who were typed on the Affymetrix 500K or 6.0 chip but not included in the sequencing 
experiment. Variants with good imputation quality (imputation R2 > 0.5) were also included 
in discovery association analyses. 
 
Data sources for variants taken forward to follow-up 
In order to maximise our ability to detect associations of rs10305492 with glycaemic and 
other intermediate traits or disease outcomes, we sought further follow-up using published 
data resources or lookups via collaboration with large-scale consortia.  

To corroborate the association between rs10305492 and fasting glucose in 
additional independent studies, we extracted results from  those studies containing 
participants (n = 20,077) in whom the variant had been well imputed (R2 or proper_info > 
0.8) from a recent genome-wide association study from MAGIC (51). As effect estimates in 
MAGIC were reported in mM, we converted those to standard deviations (SD) using the SD 
of fasting glucose in the Fenland study (0.65 mM) (46).  

To characterise the association of variants with other quantitative traits, we sought 
collaboration from a range of additional sources including CHARGE Exome chip working 
groups (T2D-glycaemic, blood pressure  and adiposity working groups), the CVD50 
consortium for blood pressure (52), and HRgene (53) for resting heart rate. We were also 
able to include lookups from a range of individual studies, where they were not included in 
consortia, and these are detailed in table S1A. Where particular studies were included in 
consortia-provided results, the relevant individual study estimates were not included to 
avoid double-counting of results. For results from consortia, we report the sample size 
contributed, but did not have access to individual level data. For individual studies that 
contributed results, we report the sample size for each trait and the mean and SD of each 
phenotype included in analyses.  

We also sought to investigate the association of rs10305492 with a range of disease 
traits including those where a role for GLP1R agonist therapies has been implicated. These 
included T2D, coronary heart disease (CHD), and cancers (particularly pancreatic cancer). 
Further details of the studies included in these analyses are provided in table S2. Briefly, for 
pancreatic cancer, PanScan 1 and 2 data (phs000206.v4.p3) available from the database of 
Genotypes and Phenotypes (dbGaP) (54)  were included along with recently published data 
from PanScan3 (55). Breast, ovarian, and prostate cancer data were provided by the 
relevant Exome chip efforts (table S4). Associations with Parkinson’s disease were made 
available by PDGene, using the latest available data (56). Associations with Alzheimer’s 
disease were obtained via collaboration with the IGAP (International Genomics of 
Alzheimer's Project) Exome chip working group, which comprises the Genetic and 
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Environmental Risk for Alzheimer’s Disease (GERAD) Exome Chip Consortium, the 
Alzheimer's Disease Genetics Consortium (ADGC) and CHARGE. Data used in the preparation 
of this article was obtained from the Genetic and Environmental Risk for Alzheimer’s 
Disease_Exome Chip (GERAD_EC) Consortium. The GERAD_EC sample consisted of 6000 
cases and 3969 elderly screened controls genotyped on the Illumina HumanExome chip 
(versions 1.0 and 1.1) at Life and Brain (Germany).  
 
 
Systematic review of GLP1R-agonist trials 
Relevant clinical trials were identified through four recent systematic reviews (20–23). 
Additional relevant trials were identified through two supplementary literature searches in 
PubMed. All randomized clinical trials comparing a GLP1R agonist with either placebo or no 
drug (i.e. no active comparator); in a type 2 diabetic or non-diabetic population, with ≥ 4 
weeks drug treatment (i.e. no single dose studies) and ≥ 10 participants per trial arm were 
included (table S2). Mean treatment differences and standard errors were extracted from 
text, tables and figures, or calculated from the individual treatment group differences from 
baseline, or levels post-treatment. Treatment differences and standard errors not reported 
in the original publication were extracted from the respective meta-analyses. Where 
available, pre-treatment SDs were extracted from the original articles (table S2). Treatment 
differences and standard errors were standardized by dividing by the trial specific pre-
treatment SD, or by using a weighted-average of pre-treatment SDs, separately for diabetics 
and non-diabetics (table S2). For trials with more than one GLP1R treatment group (for 
example, different doses), a trial-specific average treatment effect was calculated by 
performing a fixed-effect meta-analysis. Finally, trial-specific standardized treatment effects 
were combined across trials, separately for diabetics and non-diabetics using random 
effects meta-analysis, to account for differences in dose, drug, and duration. 
 
Details of supplementary searches in PubMed (performed on 11 March 2014) 
(liraglutide OR exenatide OR albiglutide) AND (c-peptide OR insulin OR proinsulin) AND 
(randomized controlled trial OR RCT) 
(liraglutide OR exenatide OR albiglutide OR lixisenatide) AND (randomized controlled trial 
OR randomized controlled study OR RCT) 
 

We used P-values derived from Cochrane’s Q test as a guide to assess whether there 
were pairwise differences between the genetic and trial estimates. The tests were 
implemented by performing a fixed-effect meta-analysis of the rescaled genetic estimate 
with the trial estimate in either non-diabetics or type 2 diabetic patients and noting the p-
value for heterogeneity (table S1). Hence for each of the ten traits tested (excluding glucose, 
since genetic estimates were rescaled to match trial effects for this factor), there were two 
pairwise comparisons, resulting in a Bonferroni-corrected significance guideline of α = 
0.0025 [= 0.05/(2*10)]. Since the analyses of genetics and clinical trials are based on 
multiple assumptions (such as benchmarking on fasting glucose, pooling across agents and 
doses), the P-values and corresponding significance guideline should be interpreted in this 
context and only serve as a general guide to judge whether there are substantial differences 
between drug and genetic effects. 
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Calculating sample size requirements to detect effects of the GLP1R genetic variant on 
non-glycaemic factors 
Using changes in fasting glucose as benchmark as follows: 
Standardized effect on fasting glucose for: 
GLP1R agonists in T2D: -0.49 
GLP1R Ala316Thr variant: -0.15 

Hence, in patients with T2D, GLP1R agonists appear to be more potent than the 
GLP1R Ala316Thr variant. The effects of GLP1R agonists on other relevant physiological 
parameters were considerably weaker than the observed effect on glucose: 0.13 (-0.22, -
0.03) SDs for systolic blood pressure, and 0.14 (0.02, 0.26) SDs for heart rate. Assuming that 
the genetic variant shows similarly weaker effects on these parameters, this would imply an 
effect size of the genetic variant of 0.04 SDs [=0.13/3.3] for systolic blood pressure and 0.04 
[=0.14/3.3] SDs for heart rate. Considering the allele frequency of the variant of ~1% in 
Europeans, and mean and SD of systolic blood pressure and heart rate reported for 
European populations (57) this would require >250,000 individuals to have 80% power to 
detect these effect sizes at α=0.05 (calculated using Quanto v1.2 (58).  
 
Calculating the reduction in coronary heart disease risk attributable to lower fasting 
glucose levels 
Per minor allele, the effect of the GLP1R variant on fasting glucose (in SDs), was -0.15 (95% 
CI: -0.20 -0.11), which equates to -0.0975 mM (95% CI: -0.13, -0.0715) based on SD of 0.65 
mM as observed in the Fenland study. Prospective epidemiological evidence based on 
individual participant data from 698,782 individuals suggests a log-linear relationship for the 
association of fasting glucose levels with the risk of coronary disease risk, in individuals with 
fasting glucose levels above 5.6 mM (59). In these individuals, the hazard ratio for 
association with coronary heart disease risk was 1·12 (1.08–1.15) per 1 mM higher fasting 
glucose levels. Based on these data, a reduction in fasting glucose levels by -0.0975 would 
be associated with a hazard ratio of 0.989 (1.12-0.0975). However, these results should be 
interpreted with caution since they rely on the assumptions that there is a linear 
relationship between fasting glucose and coronary disease risk (which appears only to be 
the case in individuals with levels above 5.6 mM), and that fasting glucose is a causal risk 
factor for coronary heart disease. 
 
 
Studies contributing to discovery analyses of type 2 diabetes and obesity-related traits 
CoLaus study 
The CoLaus study is a community-based study of 6188 European white individuals aged 35 -
75 years (42). Participants were drawn from the CHUV University Hospital in Lausanne 
Switzerland and studied for cardiovascular and metabolic phenotypes.  Individuals with data 
for cardiovascular, metabolic, and psychiatric phenotypes were sequenced (n = 2086).  An 
additional 3539 individuals had GWAS data, enabling genotype imputation.   
 
GEMS study 
The GEMS study is a large multinational study designed to explore the genetic basis of the 
metabolic syndrome control (43). Individuals were recruited from two centers in Europe 
(Oulu, Finland, and Lausanne, Switzerland), one in the United States (Dallas, TX), one in 
Canada (Ottawa, Ontario), and one in Australia (Adelaide, South Australia). Dyslipidemic 
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individuals were required to have the combination of an elevated plasma triglyceride 
(greater than 75th percentile) and a low serum HDL-cholesterol (less than 25th percentile) 
for their age, sex and country threshold (age 18-75 years) and were non-diabetic. Unrelated 
normolipidemic controls were required to have plasma triglyceride lower than 50th 
percentile, serum HDL-cholesterol greater than 50th percentile for their age, sex and 
country threshold, body mass index (BMI) greater than 25 kg/m2, and be greater than 40 
years of age. The individuals have phenotypes for cardiovascular and metabolic traits as well 
as biomarkers of inflammation. Dyslipidemic individuals (n = 787 individuals) and 
normolipidemic controls (n = 792 individuals), matched by sex, age, and collection center 
were sequenced. 
 
BMI study 
Participants from (8) who had been assessed for BMI and had provided appropriate consent 
were included in an analysis of BMI phenotype (n = 11,806). This included 2086 individuals 
from the CoLaus and 1579 individuals from the GEMS studies.  
 
Studies contributing to follow-up analyses of type-2 diabetes and obesity related traits 
MRC Ely study  
The MRC Ely Study is a population-based cohort randomly selected from people living in Ely 
and surrounding villages (East Anglia, UK), an ethnically homogenous European ancestry 
population. The study design, methods, and measurements of the three phases have been 
described in detail elsewhere (44). The current analyses included individuals aged 35-79 
years, from phase 3. We genotyped up to 1722 participants.    
 
EPIC-Norfolk (European Investigation into Cancer and Nutrition) 
EPIC-Norfolk: The EPIC-Norfolk study is a cohort study investigating the relationship 
between diet and incident disease (45). More than 25,639 men and women aged between 
45 and 74 were recruited in Norwich and the surrounding area.  Individuals were 
characterized for cardiovascular and metabolic phenotypes. We genotyped up to 20,380 
participants with DNA available in the present study. 
 
Fenland study 
The Fenland Study is an ongoing, population-based cohort study (started in 2005) designed 
to investigate the association between genetic and lifestyle environmental factors and the 
risk of obesity, insulin sensitivity, hyperglycemia and related metabolic traits in men and 
women aged 30 to 55 years (46). Participants were recruited from General Practice sampling 
frames in the Fenland, Ely and Cambridge areas of the Cambridgeshire Primary Care Trust in 
the UK. Participants attended after an overnight fast for a detailed clinical examination, and 
blood samples were collected. We genotyped up to 6379 participants in the present study.   
 
LOLIPOP Study (London Life Sciences Prospective Population Study) 
LOLIPOP is a population-based study of 21,915 individuals identified from the lists of 58 
general practitioners in West London (47). Participants are primarily Indian Asians and 
European whites aged 35-75 years, who have been characterized for cardiovascular 
phenotypes. Only participants of European ancestry (n = 6565) were genotyped and 
included in this analysis.   
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Norfolk Diabetes case-control study  
The Norfolk Diabetes case-control study is an ongoing study of white European men and 
women with T2D in Norfolk (60). All diabetes patients identified through GP diabetes 
registers in Norfolk, local hospital diabetes clinic and retinal screening programme patient 
registers were invited to participate. European cases aged 30 years or older were included 
as cases in this study. T2D was defined by not treated with insulin during the first year of 
diagnosis. Those with cystic fibrosis, chronic pancreatitis or long term steroid use were 
excluded from the study. A total of 5587 cases were included in the current analyses. 
Control participants free of known diabetes at baseline or during follow-up were selected 
from among EPIC-Norfolk participants (table S4). The study was approved by the Norwich 
Local Research Ethics Committee. 
 
ADDITION-Ely case-control study  
Cases of this study were derived from the ADDITION-Cambridge study, a multi-centre 
intervention study which focuses on effectiveness of stepwise screening on morbidity and 
mortality among people with new onset T2D (48). People aged 40-69 years at high-risk of 
undiagnosed diabetes in East Anglia region participated in the study. Written informed 
consent was obtained for all participants at the time of the diabetes screening appointment 
and subsequent diagnostic test. Among adults years participating in the UK Cambridge arm 
of the ADDITION study, new onset T2D cases were identified via a population-based 
stepwise screening strategy, including casual glucose, plasma glucose, glycated 
haemoglobin, and oral-glucose tolerance test. All T2D cases were confirmed by 75 g oral-
glucose tolerance test. The controls were selected from the Ely Study (described above). 
Current analyses included 932 T2D cases and 1487 controls of white European-origin who 
had DNA available. The Cambridge Research Ethics Committee approved both studies. 
 
GenOA (Genetic Obesity Associations study) 
GenOA is a case control study with 1008 obese (BMI>30) Caucasian individuals recruited 
from the Ottowa obesity weight management clinic and 991 Caucasian controls (BMI less 
than 40th percentile for age and gender) from the local community (61). One hundred 
twenty-nine individuals with T2D and 1501 controls were included in follow-up of T2D 
associations with rs2229579 in CNR2.  
 
Studies contributing to follow-up of GLP1R associations  
The EPIC-InterAct study 
Individuals from the EPIC-InterAct study were also included in follow-up analyses for T2D 
and for quantitative traits where available. The InterAct study (62) is a case-cohort study 
nested within the European Prospective Investigation into Cancer and Nutrition (EPIC) 
cohorts (63), and includes 12,403 incident cases of T2D and a subcohort of 16,154 
individuals (including 778 randomly selected incident T2D cases). We ensured no double-
counting of participants by removing individuals from EPIC-Norfolk from analyses of the 
EPIC-InterAct consortium, where there was potential for overlap.  
 
The Exome+ CHD consortium 
This consortium contributed data on the association of the GLP1R variant with risk of CHD in 

participants of Caucasian ancestry. Studies comprised: the Copenhagen General Population 

Study (64); the Copenhagen Ischaemic Heart Disease Study (64), the Copenhagen City Heart 
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Study(64), the European Investigation into Cancer and Nutrition – CVD study (EPIC-CVD) (63, 

65, 66), the West of Scotland Coronary Prevention Study (WOSCOPS) (67), the Pravastatin in 

elderly individuals at risk of vascular disease trial (PROSPER) (68) and the MONICA, Risk, 

Genetics, Archiving, and Monograph (MORGAM) consortium (69, 70). All studies defined 

CHD according to International Classification of Diseases-Tenth Revision, codes I20 to I25 or 

subsets thereof (e.g., only I21-I22 for non-fatal events). The majority of events recorded 

were myocardial infarction and other major coronary events. 

 
IGAP (International Genomics of Alzheimer's Project)  
Data used in the preparation of this article were obtained from IGAP (International 
Genomics of Alzheimer's Project). The consortia of IGAP contributing to the exome chip 
analysis were the Genetic and Environmental Risk for Alzheimer’s Disease Exome Chip 
(GERAD_EC) Consortium, The Alzheimer's Disease Genetics Consortium (ADGC), and the 
Cohorts for Heart and Aging Research in Genomic Epidemiology (CHARGE).  
 
ARIC 
The ARIC Study is a prospective cohort study of cardiovascular disease risk in four U.S. 

communities (71). Between 1987 and 1989, 7082 men and 8710 women aged 45–64 years 

were recruited from Forsyth County, NC; Jackson, MS (African-Americans only); suburban 

Minneapolis, MN; and Washington County, MD. The ARIC Study protocol was approved by 

the institutional review board of each participating university. After written informed 

consent was obtained, including that for genetic studies, participants underwent a baseline 

clinical examination (Visit 1) and four subsequent follow-up exams (Visits 2 – 5). 

Coronary Artery Disease (CAD) MedStar Study  

A premature CAD collection designed to investigate the genetics of plaque stability in acute 

coronary syndrome (ACS). The full study comprises 452 ACS CAD cases, 491 non-ACS CAD 

cases, and 483 non-CAD controls (72). Individuals were identified prospectively from the 

patient population of Cardiovascular Research Institute (MedStar/Washington Hospital 

Center). Standard criteria were used to identify cases with myocardial infarction and cases 

diagnosed with clinically significant coronary atherosclerosis without myocardial infarction. 

In the sequencing study (8), 604 Medstar CAD cases were sequenced and matched by 4228 

reference controls from non-Medstar studies based on genetic similarity to the sequenced 

cases.  

 
DIABNORD 
The DIABNORD Study is nested within the Västerbotten Health Survey, which is part of the 

Northern Sweden Health and Disease Study, a population-based prospective cohort study 

from northern Sweden (73). Participants with incident T2D were identified from the 

Diabetes Register in Northern Sweden (DiabNorth). A total of 1000 participants with 

incident T2D from the DIABNORD Study were genotyped with Illumina HumanExome 

Beadchip 12 v1.1. 
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FIA3 
FIA3 is a population-based study of myocardial infarction (MI) nested within the Northern 

Sweden Health and Disease Study, (NSHDS), a population-based cohort study from northern 

Sweden, which consists of sub cohorts: the Västerbotten Intervention Program (VIP) and the 

WHO’s Multinational Monitoring of Trends and Determinants in Cardiovascular Disease 

(MONICA) Study in northern Sweden. Both VIP and MONICA are health examination 

programs for cardiovascular disease (CVD) and diabetes. Cases are identified through the 

MONICA study in northern Sweden and its MI incidence registry. For the current study, 2657 

cases were genotyped with Illumina HumanExome BeadChip 12 v1.1 (73). 

 
Framingham Heart Study 
The FHS is a three generational prospective cohort that has been described in detail 

previously (74). Individuals were initially recruited in 1948 in Framingham, MA, USA to 

evaluate cardiovascular disease risk factors. The second generation cohort (5124 offspring 

of the original cohort and their spouse) was recruited between 1971 and 1975. The third 

generation cohort (4095 grandchildren of the original cohort) was collected between 2002 

and 2005. European-American individuals (n = 8153) had were successfully genotyped on 

the Illumina HumanExome BeadChip array. 

 
GLACIER 
The Gene-Lifestyle interactions And Complex traits Involved in Elevated disease Risk 

(GLACIER) Study is nested within the Västerbotten Health Survey, which is part of the 

Northern Sweden Health and Disease Study, a population-based prospective cohort study 

from northern Sweden. A total of 1000 non-diabetic participants from the GLACIER Study 

were genotyped with Illumina HumanExome Beadchip 12 v1.1 (73). 

 
HEALTH2008 
Health2008 is a population-based epidemiological study of general health, diabetes and 

cardiovascular disease comprising 771 participants. An oral glucose tolerance test was 

performed with measurement of plasma glucose and serum insulin at fasting and 30 and 

120 min after glucose intake. Health2008 was conducted at the Research Centre for 

Prevention and Health in Glostrup, Denmark. Informed written consent was obtained from 

all study participants. The studies were conducted in accordance with the Declaration of 

Helsinki II and were approved by the local Ethical Committee. 

 
Inter99 
The Inter99 cohort is a randomized, non-pharmacological intervention study for the 

prevention of ischaemic heart disease, conducted on 6,784 randomly ascertained 

participants aged 30 to 60 years at the Research Centre for Prevention and Health in 

Glostrup, Denmark (ClinicalTrials.gov: NCT00289237). An oral glucose tolerance test was 

performed with measurement of plasma glucose and serum insulin at fasting and 30 and 

120 min after glucose intake. Subsequently, 6094 participants of Danish nationality and with 



 

11 
 

available DNA were classified as having normal glucose tolerance (n = 4525), impaired 

fasting glycaemia (n = 504), impaired glucose tolerance (n = 693), screen-detected type 2 

diabetes (n = 253), or previously diagnosed type 2 diabetes (n = 119) according to World 

Health Organization (WHO) 1999 criteria. Informed written consent was obtained from all 

study participants. The studies were conducted in accordance with the Declaration of 

Helsinki II and were approved by the local Ethical Committee. 

 
METSIM (METabolic Syndrome In Men) Study 
 
The METSIM Study includes 10197 men, aged from 45 to 73 years, randomly selected from 
the population register of the Kuopio town, Eastern Finland, and examined in 2005-2010. 
The aim of the study is to investigate genetic and non-genetic factors associated with the 
risk of T2D, CVD, and insulin resistance–related traits in a cross-sectional and longitudinal 
setting. Study protocol includes collection on data on CVD risk factors (smoking, exercise, 
diet, and history of chronic diseases, including coronary heart disease, stroke, cardiac 
failure, medication, diabetes, or early onset coronary heart disease in the family), 
anthropometric and blood pressure measurement, and extensive laboratory measurements.  
 
RISC 
The RISC (Relationship between Insulin Sensitivity and Cardiovascular disease) Study is being 

carried out in 19 European recruiting centers to examine whether insulin sensitivity (directly 

measured with the euglycemic clamp technique) predicts CVD independently of other 

factors. The study makes use of ultrasound scans of the carotid artery and takes the 

thickness of the intima-media layer in the artery wall as an early marker of atherosclerosis 

(75). 
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SUPPLEMENTARY FIGURES 

 

Figure S1. Effects of GLP1R agonists on body weight. (A) Non-diabetic individuals. (B) 

Individuals with T2D. Summary estimates of standardized difference in weight are shown 

within drug class and overall.  
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Figure S2. Effects of GLP1R-agonists on 2h glucose. (A) Non-diabetic individuals. (B) 

Individuals with T2D. Summary estimates of standardized difference in 2-h glucose are 

shown within drug class and overall.  
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SUPPLEMENTARY TABLES 

Table S1. Study characteristics for disease traits. Descriptives for studies or consortia 

contributing to disease associations are shown.  

 

Table S2. Comparison of heterogeneity between trial and rescaled genetic estimates. P 

value for difference between rescaled genetic and trial estimate refers to Cochrane’s Q test 

heterogeneity value obtained from fixed-effect meta-analysis of the rescaled genetic 

estimate with the estimate observed in clinical trials, conducted in non-diabetic or type 2 

diabetic (T2D) populations. NA: Not applicable, because genetic estimates were rescaled to 

match the observed trial effects. Bonferroni corrected significance guideline: α = 0.0025 

[=0.05/(20)]. 

 
 

Phenotype Population P value (Cochrane 
Q test) 

I2 Degrees of 
freedom 

Glucose Non-diabetic NA NA NA 

T2D NA NA NA 

2-h glucose Non-diabetic 0.08 66.9 1 

T2D 2.13x10-12 98.0 1 

Insulin Non-diabetic 0.94 0.0 1 

T2D 0.11 59.8 1 

Weight/BMI Non-diabetic 2.64x10-4 92.5 1 

T2D 0.26 21.6 1 

Systolic blood pressure Non-diabetic 0.06 70.7 1 

T2D 0.23 29.2 1 

Diastolic blood pressure Non-diabetic 0.31 2.8 1 

T2D 0.26 21.7 1 

Heart rate Non-diabetic 0.74 0.0 1 

T2D 0.12 58.7 1 

Total cholesterol Non-diabetic 0.03 78.8 1 

T2D 0.70 0.0 1 

LDL-cholesterol Non-diabetic 0.02 80.6 1 

T2D 0.97 0.0 1 

HDL-cholesterol Non-diabetic 0.91 0.0 1 

T2D 0.06 71.2 1 

Triglycerides Non-diabetic 0.86 0.0 1 

T2D 0.44 0.0 1 
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Table S3. Details of randomized trials contributing to analyses of GLP1R agonist effects 

included in Fig. 2. ndrug: Number of individuals with biomarker measurements receiving 

study drug. nCtrl: Number of individuals with biomarker measurements in comparison group 

(Placebo or no-drug). SD: Baseline SD, used to standardize treatment effects; if blank, 

weighted average SD was used. 

Table S4. Study characteristics for quantitative traits. Descriptives for studies or consortia 

contributing to discovery and follow up of quantitative trait associations are shown. 

 

 

 


