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Abstract

Aims/hypothesis The aim of this study was to identify genetic variants associated with beta cell function in type 1 diabetes, as

measured by serum C-peptide levels, through meta-genome-wide association studies (meta-GWAS).

Methods We performed a meta-GWAS to combine the results from five studies in type 1 diabetes with cross-sectionally

measured stimulated, fasting or random C-peptide levels, including 3479 European participants. The p values across studies

were combined, taking into account sample size and direction of effect. We also performed separate meta-GWAS for stimulated

(n = 1303), fasting (n = 2019) and random (n = 1497) C-peptide levels.

Results In the meta-GWAS for stimulated/fasting/random C-peptide levels, a SNP on chromosome 1, rs559047

(Chr1:238753916, T>A, minor allele frequency [MAF] 0.24–0.26), was associated with C-peptide (p = 4.13 × 10−8), meeting

the genome-wide significance threshold (p < 5 × 10−8). In the same meta-GWAS, a locus in the MHC region (rs9260151) was
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close to the genome-wide significance threshold (Chr6:29911030, C>T, MAF 0.07–0.10, p = 8.43 × 10−8). In the stimulated C-

peptide meta-GWAS, rs61211515 (Chr6:30100975, T/–, MAF 0.17–0.19) in the MHC region was associated with stimulated C-

peptide (β [SE] = − 0.39 [0.07], p = 9.72 × 10−8). rs61211515 was also associated with the rate of stimulated C-peptide decline

over time in a subset of individuals (n = 258) with annual repeated measures for up to 6 years (p = 0.02). In the meta-GWAS of

random C-peptide, another MHC region, SNP rs3135002 (Chr6:32668439, C>A, MAF 0.02–0.06), was associated with C-

peptide (p = 3.49 × 10−8). Conditional analyses suggested that the three identified variants in the MHC region were independent

of each other. rs9260151 and rs3135002 have been associated with type 1 diabetes, whereas rs559047 and rs61211515 have not

been associated with a risk of developing type 1 diabetes.

Conclusions/interpretation We identified a locus on chromosome 1 and multiple variants in the MHC region, at least some of

which were distinct from type 1 diabetes risk loci, that were associated with C-peptide, suggesting partly non-overlapping

mechanisms for the development and progression of type 1 diabetes. These associations need to be validated in independent

populations. Further investigations could provide insights intomechanisms of beta cell loss and opportunities to preserve beta cell

function.

Keywords C-peptide . Genome-wide association study . Insulin-secreting cells . Single nucleotide polymorphism . Type 1

diabetes

Abbreviations

CACTI Coronary Artery Calcification in Type 1 Diabetes

Chr Chromosome

EDC Pittsburgh Epidemiology of Diabetes Complications
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FDR False discovery rate
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GWAS Genome-wide association study

LD Linkage disequilibrium
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SFDR Stratified false discovery rate

T1DGC Type 1 Diabetes Genetics Consortium

WESDR Wisconsin Epidemiologic Study of Diabetic
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Introduction

Type 1 diabetes develops when pancreatic beta cells fail to

produce sufficient insulin to maintain euglycaemia [1]. C-

peptide measurement after a standard meal (stimulated C-

peptide) is the primary way to evaluate insulin secretion in type

1 diabetes [2, 3]. However, fasting/random C-peptide measure-

ments are less demanding and feasible to obtain in large popu-

lation samples. The alpha and beta chains of the proinsulin

molecule are joined by C-peptide, which is removed during

insulin secretion. Therefore, C-peptide is co-secreted with insu-

lin in an equimolar ratio. Unlike insulin, C-peptide undergoes

little first-pass clearance by the liver, has a much longer half-life

and is not interfered with by exogenous insulin [2, 3].

•

•

•

•

•
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Type 1 diabetes is a heterogeneous disease that can occur at

any age. C-peptide levels vary at diagnosis. Early-onset type 1

diabetes (age <2–5 years) is associated with rapid beta cell

loss, the presence of high-risk MHC type 1 diabetes genetic

susceptibility and high titres of autoantibodies compared with

late-onset disease [4]. A large proportion of people with type 1

diabetes have detectable C-peptide years after diagnosis, indi-

cating that some beta cells are still functional [2, 5–8].

Sensitive assays have detected stimulated C-peptide in 73–

100% of people with type 1 diabetes for ≥30 years [7, 8].

C-peptide preservation has been reported to be associated

with favourable metabolic and clinical outcomes in type 1 dia-

betes. Individuals with preserved C-peptide levels maintain bet-

ter long-term glycaemic control despite a lower exogenous in-

sulin dose per body weight [3]. They are also at lower risk for

both hypoglycaemia and diabetic complications, which are ma-

jor health problems [3, 9–12]. The association of C-peptide

with long-term diabetic complications (i.e. retinopathy and ne-

phropathy) remains significant after adjusting for long-term

glycaemic control, suggesting that at least part of the effect of

C-peptide on diabetic complications is independent of its effect

on glycaemic control (or, alternatively, that frequency of blood

glucose/HbA1c measurements is suboptimal) [3, 9]. However,

association of C-peptide levels with long-term diabetic compli-

cations has not been observed in other studies [13].

There have been no family/twin studies of C-peptide levels

in type 1 diabetes. In the Diabetes Control and Complications

Trial (DCCT), investigations of detectable stimulated C-

peptide levels in participants with type 1 diabetes (n = 98)

and their first-degree affected relatives (n = 109) could not

reach conclusions because of an insufficient sample size (see

electronic supplementary material [ESM] Tables 1, 2). To

date, more than 50 type 1 diabetes risk loci have been identi-

fied. The majority are thought to be involved in the immune

system, and many are shared with other autoimmune diseases

[14]. However, there have been no genome-wide association

studies (GWAS) of C-peptide in type 1 diabetes (www.ebi.ac.

uk/gwas, accessed 1 July, 2017) and candidate gene-

association studies have investigated a limited number of

genes in small populations with no replication in independent

studies [15]. It is clear from other diseases that factors for the

risk of a disease and its progression can be independent [16].

Here, we aimed to identify genetic loci associated with resid-

ual beta cell function in type 1 diabetes as measured by C-

peptide through meta-analysis of GWAS.

Methods

Study design

We performed meta-GWAS of stimulated, fasting and random

(non-fasting) C-peptide separately in European (confirmed by

population structure analysis) participants from the following

five type 1 diabetes studies (Fig. 1):

& Stimulated C-peptide: the DCCT, including: (1) primary

cohort; (2) secondary cohort with diabetes duration 1–

5 years; and (3) secondary cohort with diabetes duration

5–15 years

& Fasting C-peptide: (1) the DCCT (all); (2) the Coronary

Artery Calcification in Type 1 Diabetes (CACTI) study;

and (3) the Pittsburgh Epidemiology of Diabetes

Complications (EDC) study

& Random C-peptide: (1) the Joslin 50-Year Medalist study;

and (2) the Wisconsin Epidemiologic Study of Diabetic

Retinopathy (WESDR)

In the analysis of stimulated C-peptide, DCCT participants

were divided into three groups (a primary cohort and a sec-

ondary cohort with diabetes duration of 1–5 and 5–15 years),

since the range of stimulated C-peptide levels differed among

the three groups based on the inclusion/exclusion criteria. In

contrast, because all DCCT participants had fasting C-peptide

levels of ≤0.2 pmol/ml, the fasting C-peptide analysis was

performed with all participants as a single group (‘all’).

Another meta-analysis was performed to combine the

GWAS results for stimulated (DCCT), fasting (CACTI and

EDC) and random (Joslin 50-Year Medalist and WESDR)

C-peptide (Fig. 1). We specifically examined the associations

of known type 1 diabetes loci and type 1 diabetes genetic risk

scores (GRS) with C-peptide levels [14, 17]. The associations

of the identified loci and type 1 diabetes loci/GRS were tested

with stimulated C-peptide change over time in a subset of

DCCT participants with repeated annual measures for up to

6 years (n = 258).

Studies

DCCT Individuals aged 13–39 years with type 1 diabetes and

fasting serum C-peptide levels ≤0.2 pmol/ml were recruited

between 1983 and 1989. The primary cohort included partici-

pants with 1–5 years of diabetes, no pre-existing retinopathy,

normal albuminuria (<40 mg/24 h) and stimulated C-peptide

≤0.5 pmol/ml. The secondary cohort included participants

with 1–15 years of diabetes, pre-existing mild retinopathy,

albumin excretion rate <200 mg/24 h and stimulated C-

peptide ≤0.5 and 0.2 pmol/ml for participants with diabetes

duration 1–5 and 5–15 years, respectively [ESM Table 3].

Participants were randomly assigned to receive intensive or

conventional insulin treatment and were monitored until 1993

[18]. C-peptide levels were measured annually for up to

6 years in those with stimulated C-peptide >0.2 pmol/ml at

eligibility testing [19, 20].
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CACTICACTI was an observational, population-based study of

individuals with type 1 diabetes of duration >10 years at en-

rolment. Participants were recruited from Denver, CO, USA,

between March 2000 and April 2002 [21]. Fasting serum C-

peptide was measured during 2014–2016 [22] ESM Table 3].

EDC This study recruited a cohort of individuals with incident,

childhood-onset (<17 years of age) type 1 diabetes who were

diagnosed or seen within 1 year of diagnosis (1950–1980) at

the Children’s Hospital of Pittsburgh. The first participant as-

sessments occurred in 1986–1988 [23]. Serum C-peptide was

measured at follow-up year 25 [ESM Table 3]. Participants

were advised to fast for ≥8 h, but 17% (n = 26) did not. Of the

participants who failed to fast, only 15% (n = 4) had detectable

C-peptide (unpublished data, T. J. Orchard and T. Costacou).

Joslin 50-year Medalist study This was a cross-sectional study.

All participants provided their original medical record or three

forms of documentation of ≥50 years of insulin-dependent

diabetes and also resided in the USA at the time of participa-

tion [24]. Random serum C-peptide levels were measured and

validated at the Northwest Lipid Research Laboratory at the

University of Washington [ESM Table 3] [13].

WESDR People with diabetes who received primary care in an

11-county area in southernWisconsin from 1979 to 1980were

recruited and subsequently followed for diabetic complica-

tions [25, 26]. The participants were all younger-onset indi-

viduals whowere diagnosed before 32 years of age and treated

with insulin. Random serum C-peptide levels were measured

at years 4 and 10 of follow-up [ESM Table 3] [27], with the

most recent results used for analysis.

Genotyping and imputation

Genotyping was performed using Illumina 1M [28] and

HumanCoreExome BeadArrays (Illumina, San Diego,

CA, USA) in the DCCT. Illumina HumanCoreExome

BeadArrays were used for genotyping in the CACTI,

EDC, Joslin 50-Year Medalist and WESDR studies.

Ungenotyped autosomal SNPs were imputed using 1000

Genomes data (phase 3, v5) (see ESM Methods for more

details) [29].

Genotype dosage data from Illumina 1M BeadArrays were

used to analyse stimulated C-peptide in the DCCT, as approxi-

mately 3 million more SNPs were imputed with good

quality (INFO ≥0.8); and genotype dosage data from

HumanCoreExome BeadArrays were used for the remaining

analyses in all studies. SNPs with minor allele frequency

(MAF) >0.01 and high imputation quality (INFO >0.8 and

R2 > 0.5 from IMPUTE2 and Minimac, respectively; see ESM

Methods for software details) were included in the analysis.

Meta-GWAS of stimulated, fasting and

random C-peptide

Participants (n=3479)

SNPs (n=7,988,630) 

Meta-GWAS of 
stimulated C-peptide
Participants (n=1303)
SNPs (n=8,978,838)

Stimulated 

C-peptide 

Fasting 

C-peptide 

DCCT

Illumina 1M
DCCT

Illumina HCE
(n=1340)

Primary cohort

(n=651)

Secondary cohort

duration 1–5 years

(n=135)

Secondary cohort

duration 5–15 years

(n=517)

WESDR
Illumina HCE

(n=591)

CACTI
Illumina HCE

(n=529)

EDC
Illumina HCE

(n=150)

Random 

C-peptide 

Medalist
Illumina HCE

(n=906)

Meta-GWAS of

fasting C-peptide

Participants (n=2019)

SNPs (n=8,375,292)

Meta-GWAS of

random C-peptide

Participants (n=1497)

SNPs (n=8,320,327)

rs61211515 (T/–)

Chr6:30100975

p=9.72×10–8

rs559047 (T>A)

Chr1:238753916

p=4.13×10–8

rs3135002 (C>A)

Chr6:32668439

p=7.19×10–8

rs9260151 (C>T)

Chr6:29911030

p=8.43×10–8 

rs3135002 (C>A)

Chr6:32668439

p=3.49×10–8
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GWAS and meta-GWAS of cross-sectional C-peptide

SNPs were tested for association with C-peptide (natural log

transformed) under an additive genetic model using Tobit

models to appropriately model the large number of partici-

pants with values at the lower limit of detection (ESM

Table 3) [30]. The Tobit model beta coefficient can be

interpreted as the relationship between the genotype and the

uncensored latent (unobserved) C-peptide variable. VGLM

models from the VGAM library v0.9-7 were fitted using R

v3.1.0 [31]. Sex, age at diagnosis and diabetes duration were

included as covariates in the model. For fasting C-peptide

analysis in the DCCT, the cohort (primary vs secondary)

was also included as a covariate in the model.

Meta-GWAS analysis of stimulated C-peptide was per-

formed using METAL v1.5 (www.sph.umich.edu/csg/

abecasis/Metal/index.html) with the STDERR method,

which weights effect-size estimates by the inverse of the cor-

responding SEs. However, because C-peptide was measured

using different assays in the different studies, and effect-size

estimates and standard errors were in different units, the other

meta-GWAS analyses used the SAMPLESIZEmethod, which

converts the SNP association test p values to Z scores using

the direction of effect, and combines Z scores across studies

weighting by the study-specific sample size. Between-study

heterogeneity was tested using Cochran’sQ statistic. I2, which

depends on Q, is used to quantity the level of heterogeneity

among studies [32].

Testing for the heterogeneity of the SNP effect
between stimulated and fasting C-peptide

To investigate whether the SNP associations differed between

stimulated and fasting C-peptide in the DCCT, we used the

Tobit model implementation in the Zelig v 4.2-1 library in R

v3.1.0 [31] to account for within-individual correlations of the

two C-peptide measurements. Sex, age at diagnosis, diabetes

duration, cohort (primary vs secondary) and an indicator for

fasting/stimulated C-peptide were included as covariates in

the models. Heterogeneity was tested using an interaction be-

tween the fasting/stimulated indicator and SNP.

Type 1 diabetes loci

We investigated two sets of type 1 diabetes loci derived from

Oram et al [17] and Onengut-Gumuscu et al [14]. The study of

Oram et al included robustly associated genetic variants in

both MHC and non-MHC regions from published studies

(n = 30 SNPs) [33–36], whereas Onengut-Gumuscu et al in-

cluded only non-MHC regions and was based on Immunochip

data in >9000 participants with type 1 diabetes and >12,000

non-diabetic control participants with multiple independent

variants in some loci (n = 51 SNPs) (see ESM Methods for

details).

We stratified SNPs according to the presence (n = 70 SNPs)

or absence of a prior association with type 1 diabetes, and

performed false discovery rate (FDR) control separately for

each stratum using the stratified (S)FDR method [37, 38].

MHC imputation

Classical HLA alleles, their amino acid sequences and addi-

tional SNPs in the MHC region were imputed using geno-

typed SNPs from Illumina 1M BeadArrays in DCCT and

Illumina HumanCoreExome BeadArrays in the Joslin 50-

Year Medalist, CACTI, WESDR and EDC studies; and

SNP2HLA (http://software.broadinstitute.org/mpg/snp2hla).

The Type 1 Diabetes Genetic Consortium (T1DGC) dataset

(5196 unrelated individuals, including 4323 European partic-

ipants: 182 participants with type 1 diabetes, 4101 control

participants and 182 participants with missing case/control

status [39]) was used as the reference panel. The T1DGC

panel contains 5868 SNPs (genotyped using the Illumina

Immunochip) and four-digit classical HLA types (HLA-A, -

B, -C, -DPA1, -DPB1, -DQA1, -DQB1 and -DRB1) [40].

Each of the classical HLA alleles, their amino acid se-

quences and SNPs in the MHC region were tested for associ-

ations with C-peptide, and combined through meta-analysis

(as described above).

Longitudinal stimulated C-peptide in the DCCT

Associations of identified SNPs with repeated measures of

stimulated C-peptide (natural log transformed) were tested un-

der an additive genetic model using linear mixed models (ran-

dom slope and random intercept) and first-order autoregressive

AR(1) correlation structure in R v3.1.0 [31]. SNP, sex, age at

diagnosis, diabetes duration at baseline, treatment group (in-

tensive vs conventional), cohort (primary vs secondary), an

indicator for baseline (vs later assessment), time (DCCT

follow-up year), (centred time)2; and interactions between time

and treatment, treatment and baseline, and SNP and time were

included in the model. Differences among SNP genotypes in

the rate of C-peptide decline over time were investigated by

hypothesis testing of SNP and time interaction.

Results

Meta-GWAS

Characteristics of the participants included in stimulated (n =

1303), fasting (n = 2019), random (n = 1497), and stimulated/

fasting/random (n = 3479) C-peptide meta-GWAS are
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summarised in ESM Tables 4, 5. C-peptide distributions in

different studies are shown in ESM Figs 1, 2.

1q53 In the stimulated/fasting/random C-peptide meta-

GWAS, rs559047 on 1q53 (Chr1: 238753916, T>A)

exceeded the genome-wide significance threshold (p < 5 ×

10−8)(Fig. 1; ESM Figs 3, 4). The A allele was associated with

lower C-peptide (p = 4.13 × 10−8). The direction of the

rs559047 association with C-peptide was consistent in all

studies (Table 1, Fig. 2).

At DCCT eligibility, fasting and stimulated C-peptide

levels were highly positively correlated (Spearman correlation

coefficient 0.88, p < 0.0001). rs559047 was associated with

both stimulated and fasting C-peptide at DCCT eligibility,

but there was a significant difference in the association be-

tween stimulated and fasting C-peptide (p = 0.010), with a

larger effect on stimulated compared with fasting C-peptide

(−0.28 vs −0.13). The association of rs559047 with stimulated

C-peptide remained significant after including fasting C-

peptide in the model but not vice versa, suggesting that the

rs559047 association with fasting C-peptide is indirect and

due to its association with stimulated C-peptide (Table 2).

rs559047 was not associated with the rate of decline in

stimulated C-peptide over time using longitudinal DCCT data.

Characteristics of the participants included in the DCCT lon-

gitudinal data analysis are summarised in ESM Table 6.

MHC regionMultiple variants in the MHC region were associ-

ated with different C-peptide measures. In the stimulated/

fasting/random C-peptide meta-GWAS, two loci in the MHC

region, rs3135002 (Chr6:32668439) and rs9260151

(Chr6:29911030), approximately 2.8Mb apart from each other,

were close to genome-wide significance. A single nucleotide

deletion in theMHC region, rs61211515 (Chr6:30100975), had

the lowest p value in the stimulated C-peptide meta-GWAS

(Fig. 1; ESM Figs 3, 4). Detailed results for these three loci

follow.

rs3135002 rs3135002 (C>A) exceeded the genome-wide sig-

nificance threshold in the randomC-peptide meta-GWAS (p =

3.49 × 10−8). The A allele was associated with higher random

C-peptide in both the Joslin 50-Year Medalist study (β [SE] =

0.44 [0.12], p = 3.22 × 10−4) and the WESDR (β [SE] = 2.34

[0.54], p = 1.53 × 10−5). rs3135002 was also associated with

fasting C-peptide at DCCT eligibility (β [SE] = 0.36 [0.13],

p = 5.42 × 10−3). Although it was not associated with stimulat-

ed C-peptide in the DCCT (β [SE] = 0.27 [0.15], p = 0.077),

the effect was in the same direction; further, there was no

significant difference between the fasting and stimulated C-

peptide associations (p = 0.46). rs3135002 was not associated

with fasting C-peptide in the CACTI or EDC studies, and nor

was it associated with the rate of stimulated C-peptide decline

over time in the DCCT (p = 0.62) (Table 3, Fig. 3).

Table 1 Association of rs559047 (Chr1: 238753916, T>A) with C-peptide in different studies

Analysis/study INFO/R2 MAF β SE p Het I2 Het p

Stimulated C-peptide

DCCT, primary 0.98 0.24 −0.25 0.07 8.87 × 10−4

DCCT, secondary (duration 1–5 years) 0.98 0.24 −0.44 0.16 0.007

DCCT, secondary (duration 5–15 years) 0.98 0.24 −0.27 0.13 0.041

Meta-GWAS −0.28 0.06 3.74 × 10−6 1.18 0.55

Fasting C-peptide

DCCT 0.96 0.23 −0.13 0.05 0.014

CACTI 0.95 0.24 −0.6 0.35 0.092

EDC 0.96 0.25 −1.04 0.86 0.227

Meta-GWAS 1.36 × 10−3 0 0.94

Random C-peptide

Joslin 50-Year Medalist 0.95 0.25 −0.09 0.04 0.029

WESDR 0.96 0.26 −0.62 0.36 0.088

Meta-GWAS 5.60 × 10−3 0 0.97

Stimulated/fasting/random

C-peptide meta-GWAS

4.13 × 10−8 0 0.61

INFO/R2 indicates the quality of imputation

Alleles are non-effect allele > effect allele

C-peptide was measured with different assays in pmol/ml in the DCCT, Joslin 50-Year Medalist study and WESDR; and in pmol/l in the CACTI and

EDC studies; it was also natural log transformed

β, β coefficient; Het, heterogeneity
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rs9260151 rs9260151 (C>T) is an intronic SNP within HLA-

A. Its T allele was associated with higher C-peptide with a p

value close to the genome-wide significance threshold in the

stimulated/fasting/random C-peptide meta-GWAS (p =

8.43 × 10−8). The direction of the effect was consistent in all

studies (Table 3, Fig. 3). rs9260151 was associated with both

stimulated and fasting C-peptide at DCCT eligibility but the

effects were significantly different (p = 0.024), with a larger

effect on stimulated compared with fasting C-peptide (0.34 vs

0.20). Its association with stimulated C-peptide remained sig-

nificant after including fasting C-peptide in the model, but not

vice versa (Table 2). rs9260151 was not associated with dif-

ferences in the rate of decline in stimulated C-peptide over

time using longitudinal DCCT data.

rs61211515 A single nucleotide deletion in the MHC region,

rs61211515 (T/–), had the lowest p value (β [SE] = −0.39

[0.07], p = 9.72 × 10−8) in the stimulated C-peptide meta-

GWAS (Table 3, Fig. 3). rs61211515 was also associated with

fasting C-peptide at DCCT eligibility (β [SE] = −0.23 [0.07],

p = 6.80 × 10−4). The association of rs61211515 (T/–) with

stimulated C-peptide remained significant after including

fasting C-peptide in the model (β [SE] = −0.28 [0.05], p =

2.77 × 10−8), whereas its association with fasting C-peptide

became insignificant after including stimulated C-peptide in

the model (p = 0.10) (Table 2). The strength of rs61211515

association with fasting and stimulated C-peptide differed sig-

nificantly (p = 4.66 × 10−3), with a larger effect on stimulated

compared with fasting C-peptide (−0.39 vs −0.23).

rs61211515 (T/–) was not significantly associated with fasting

C-peptide in the CACTI or EDC studies, but it was associated

with random C-peptide in WESDR with the same direction of

effect (β [SE] = −0.94 [0.45], p = 0.035). Although its associ-

ation with random C-peptide was not significant in the Joslin

50-YearMedalist study (β [SE] = −0.10 [0.05], p = 0.065), the

effect direction was the same (Table 3). The rate of decline in

stimulated C-peptide over time in the DCCT depended on the

rs61211515 (T/−) genotype (SNP–time interaction β [SE] =

−0.08 [0.04], p = 0.023). Association of rs61211515 with

stimulated C-peptide at DCCT eligibility in participants with

and without longitudinal data is shown in ESM Table 7.

rs61211515 is a mononucleotide T repeat (n = 12 Ts in

RefSeq (https://www.ncbi.nlm.nih.gov/refseq/, accessed 1

July, 2017)). An insertion allele at the same locus (T/TT)

was not associated with stimulated, fasting or random C-

peptide; and comparing five genotype categories with a ho-

mozygous reference, only categories with deletion had signif-

icant effects (ESM Tables 8, 9).

Independence of the MHC signals rs9260151, rs3135002 and

rs61211515 are in linkage disequilibrium (LD) (ESM

Table 10). However, putting them in the same model, all three

remained significantly associated with stimulated and fasting

C-peptide at DCCTeligibility (ESM Table 11). The likelihood

ratio test comparing a model with no SNPs (only covariates in

the model and stimulated C-peptide as the outcome) to a mod-

el with all three SNPs (rs61211515, rs9260151, rs3135002

and covariates) was strongly significant (p = 5.67 × 10−10).

Fig. 2 Stimulated/fasting/random C-peptide meta-GWAS, which in-

cludes stimulated C-peptide results from the DCCT primary cohort, the

secondary cohort with diabetes duration 1–5 years and the secondary

cohort with diabetes duration 5–15 years; fasting C-peptide results from

the CACTI and EDC studies; and random C-peptide results from the

Joslin 50-Year Medalist study and WESDR. The left y-axis shows SNP

p values from the stimulated/fasting/random C-peptide meta-GWAS. The

right y-axis shows estimated recombination rates. The x-axis shows SNP

genomic position (Genome Reference Consortium Human Build 37

[GRCh37]/hg19); the LD measures are based on 1000 Genomes

Nov 2014 EUR population. The plot was created using LocusZoom

(http://locuszoom.sph.umich.edu/locuszoom) [44]. Chr, chromosome

1104 Diabetologia (2018) 61:1098–1111

https://www.ncbi.nlm.nih.gov/refseq
http://locuszoom.sph.umich.edu/locuszoom


T
ab
le
2

A
ss
o
ci
at
io
n
o
f
th
e
to
p
S
N
P
s
an
d
th
e
S
N
P
ta
g
g
in
g
H
L
A
-A
*
2
4
w
it
h
st
im

u
la
te
d
C
-p
ep
ti
d
e
ad
ju
st
ed

fo
r
fa
st
in
g
C
-p
ep
ti
d
e
an
d
v
ic
e
v
er
sa

at
D
C
C
T
el
ig
ib
il
it
y

O
u
tc
o
m
e

C
o
v
ar
ia
te

rs
9
2
6
0
1
5
1
(C
>
T
)

C
h
r6
:2
9
9
11
0
3
0

rs
1
2
6
4
8
1
3
(C
>
T
)

C
h
r6
:2
9
9
3
9
9
0
0

rs
6
1
2
1
1
5
1
5
(T
/–
)

C
h
r6
:3
0
1
0
0
9
7
5

rs
3
1
3
5
0
0
2
(C
>
A
)

C
h
r6
:3
2
6
6
8
4
3
9

rs
5
5
9
0
4
7
(T
>
A
)

C
h
r1
:2
3
8
7
5
3
9
1
6

β
S
E

p
β

S
E

p
β

S
E

p
β

S
E

p
β

S
E

p

S
C
-p
ep
ti
d
e

–
0
.3
3

0
.0
9

2
.6
9
×
1
0
−
4

−
0
.3
3

0
.0
8

5
.5
5
×
1
0
−
5

−
0
.3
9

0
.0
7

5
.2
5
×
1
0
−
8

0
.3
3

0
.1
5

0
.0
3
1

−
0
.2
9

0
.0
6

1
.2
8
×
1
0
−
6

S
C
-p
ep
ti
d
e

F
C
-p
ep
ti
d
e

0
.2
1

0
.0
6

1
.0
9
×
1
0
−
3

−
0
.2
6

0
.0
6

1
.0
2
×
1
0
−
5

−
0
.3
1

0
.0
5

1
.8
4
×
1
0
−
9

0
.0
2

0
.1
1

0
.8
2

−
0
.1
9

0
.0
4

5
.1
0
×
1
0
−
6

F
C
-p
ep
ti
d
e

–
0
.1
7

0
.0
8

0
.0
3
2

−
0
.1
9

0
.0
8

0
.0
1
2

−
0
.2
4

0
.0
7

3
.4
6
×
1
0
−
4

0
.3
5

0
.1
4

9
.5
0
×
1
0
−
3

−
0
.1
7

0
.0
6

1
.4
2
×
1
0
−
3

F
C
-p
ep
ti
d
e

S
C
-p
ep
ti
d
e

0
.0
7

0
.0
4

0
.1
2

−
0
.0
3

0
.0
4

0
.4
2

−
0
.0
6

0
.0
4

0
.0
9
8

0
.0
8

0
.0
7

0
.2
5

0
.0
2

0
.0
3

0
.6
1

A
ll
el
es

ar
e
n
o
n
-e
ff
ec
t
al
le
le
>
ef
fe
ct
al
le
le

A
ss
o
ci
at
io
n
s
w
er
e
te
st
ed

u
si
n
g
Q
L
IM

p
ro
ce
d
u
re
in
S
A
S
v
9
.4
(S
A
S
,
C
ar
y,
N
C
,
U
S
A
),
an
d
ar
e
b
as
ed

o
n
ex
tr
ac
te
d
g
en
o
ty
p
es

fr
o
m
d
o
sa
g
e
d
at
a
ac
co
rd
in
g
to
th
e
b
es
t
g
u
es
s
u
si
n
g
G
T
O
O
L
v
0
.7
.5
( w

w
w
.w
el
l.

o
x
.a
c.
u
k
/~
cf
re
em

an
/s
o
ft
w
ar
e/
g
w
as
/g
to
o
l.
h
tm

l)
ad
ju
st
in
g
fo
r
se
x
,
ag
e
at
d
ia
g
n
o
si
s,
ty
p
e
1
d
ia
b
et
es

d
u
ra
ti
o
n
an
d
co
h
o
rt
(p
ri
m
ar
y
v
s
se
co
n
d
ar
y
)

β
,
β
co
ef
fi
ci
en
t;
F
,
fa
st
in
g
;
S
,
st
im

u
la
te
d

Diabetologia (2018) 61:1098–1111 1105

http://www.well.ox.ac.uk/~cfreeman/software/gwas/gtool.html
http://www.well.ox.ac.uk/~cfreeman/software/gwas/gtool.html


T
ab
le
3

A
ss
o
ci
at
io
n
o
f
S
N
P
s
in

th
e
M
H
C
re
g
io
n
w
it
h
C
-p
ep
ti
d
e
in

d
if
fe
re
n
t
st
u
d
ie
s

A
n
al
y
si
s/
st
u
d
y

n
rs
9
2
6
0
1
5
1
(C
h
r6
:2
9
9
11
0
3
0
;
C
>
T
)

rs
6
1
2
11
5
1
5
(C
h
r6
:3
0
1
0
0
9
7
5
;
T
/–
)

rs
3
1
3
5
0
0
2
(C
h
r6
:3
2
6
6
8
4
3
9
;
C
>
A
)

IN
F
O
/R

2
M
A
F

β
S
E

p H
et
I2
(p
)

IN
F
O
/R

2
M
A
F

β
S
E

p H
et
I2
(p
)

IN
F
O
/R

2
M
A
F

β
S
E

p H
et
I2
(p
)

S
ti
m
u
la
te
d
C
-p
ep
ti
d
e

D
C
C
T
,
p
ri
m
ar
y

6
5
1

0
.9
6

0
.0
9

0
.2
6

0
.1
1

0
.0
1
6

0
.9
1

0
.1
6

−
0
.3
4

0
.0
9

1
.1
3
×
1
0
−
4

0
.9
7

0
.0
3

0
.2

0
.1
9

0
.2
9
4

D
C
C
T
,
se
co
n
d
ar
y

(d
u
ra
ti
o
n
1
–
5
y
ea
rs
)

1
3
5

0
.9
6

0
.0
9

0
.7
1

0
.2
8

0
.0
1
1

0
.9
1

0
.1
7

−
0
.3
6

0
.2
1

0
.0
8
4

0
.9
7

0
.0
3

0
.3
3

0
.4
1

0
.4
2
3

D
C
C
T
,
se
co
n
d
ar
y

(d
u
ra
ti
o
n
5
–
1
5
y
ea
rs
)

5
1
7

0
.9
6

0
.0
9

0
.4
4

0
.1
9

0
.0
2
0

0
.9
1

0
.1
6

−
0
.5
9

0
.1
7

4
.6
9
×
1
0
−
4

0
.9
7

0
.0
3

0
.3
9

0
.3

0
.1
9
3

M
et
a-
G
W
A
S

0
.3
4

0
.0
9

1
.0
2
×
1
0
−
4

2
3
.9

(0
.2
7
)

−
0
.3
9

0
.0
7

9
.7
2
×
1
0
−
8

1
.7
0
(0
.4
3
)

0
.2
7

0
.1
5

0
.0
7
7

0
(0
.8
6
)

F
as
ti
n
g
C
-p
ep
ti
d
e

D
C
C
T

1
3
4
0

0
.9
7

0
.0
9

0
.2

0
.0
8

0
.0
1
2

0
.8
6

0
.1
8

−
0
.1
9

0
.0
7

3
.5
3
×
1
0
−
3

0
.9
8

0
.0
6

0
.3
6

0
.1
3

5
.4
2
×
1
0
−
3

C
A
C
T
I

5
2
9

0
.9
7

0
.0
9

1
.3
5

0
.4
1

0
.0
0
1

0
.8
8

0
.1
7

0
.3
4

0
.3
8

0
.3
6
8

0
.9
1

0
.0
3

1
.0
7

0
.7
7

0
.1
6
3

E
D
C

1
5
0

0
.9
4

0
.0
7

2
.5
0

1
.0
9

0
.0
2
1

0
.8
8

0
.1
9

0
.0
5

0
.8
6

0
.9
5
9

0
.9
6

0
.0
3

0
.9
7

1
.7
7

0
.5
8
6

M
et
a-
G
W
A
S

1
.2
1
×
1
0
−
5

4
1
.6

(0
.1
8
)

0
.0
5
7

6
4
.9
(0
.0
5
8
)

1
.7
7
×
1
0
−
3

(0
.9
1
)

R
an
d
o
m

C
-p
ep
ti
d
e

Jo
sl
in

5
0
-Y
ea
r
M
ed
al
is
t

st
u
d
y

9
0
6

0
.9
7

0
.1

0
.0
8

0
.0
6

0
.1
9
7

0
.9
8

0
.1
7

−
0
.1
0

0
.0
5

0
.0
6
5

0
.9
4

0
.0
2

0
.4
4

0
.1
2

3
.2
2
×
1
0
−
4

W
E
S
D
R

5
9
1

0
.9
7

0
.0
9

0
.5
6

0
.4
7

0
.2
3
7

0
.8
8

0
.1
8

−
0
.9
4

0
.4
5

3
.4
9
×
1
0
−
2

0
.9
3

0
.0
3

2
.3
4

0
.5
4

1
.5
3
×
1
0
−
5

M
et
a-
G
W
A
S

0
.0
8
1

0
(0
.9
1
)

5
.7
3
×
1
0
−
3

0
(0
.6
3
)

3
.4
9
×
1
0
−
8

1
8
(0
.2
7
)

S
ti
m
u
la
te
d
/f
as
ti
n
g
/r
an
d
o
m

C
-p
ep
ti
d
e
m
et
a-
G
W
A
S

8
.4
3
×
1
0
−
8

2
7
.8

(0
.2
2
)

1
.5
1
×
1
0
−
6

6
1
.7
(0
.0
1
6
)

7
.1
9
×
1
0
−
8

2
7
.7
(0
.2
2
)

IN
F
O
/R

2
in
d
ic
at
es

th
e
q
u
al
it
y
o
f
im

p
u
ta
ti
o
n

A
ll
el
es

ar
e
n
o
n
-e
ff
ec
t
al
le
le
>
ef
fe
ct
al
le
le

C
-p
ep
ti
d
e
w
as

m
ea
su
re
d
w
it
h
d
if
fe
re
n
t
as
sa
y
s
in

p
m
o
l/
m
l
in

th
e
D
C
C
T
,
Jo
sl
in

5
0
-Y
ea
r
M
ed
al
is
t
st
u
d
y
an
d
W
E
S
D
R
;
an
d
in

p
m
o
l/
l
in

th
e
C
A
C
T
I
an
d
E
D
C
st
u
d
ie
s;
it
w
as

al
so

n
at
u
ra
l
lo
g
tr
an
sf
o
rm

ed

β
,
β
co
ef
fi
ci
en
t;
H
et
,
h
et
er
o
g
en
ei
ty

1106 Diabetologia (2018) 61:1098–1111



Fig. 3 (a) Stimulated C-peptide meta-GWAS, which includes the

DCCT primary cohort, the secondary cohort with diabetes duration 1–

5 years and the secondary cohort with diabetes duration 5–15 years. Since

rs61211515 (T/–) is an insertion/deletion (in/del) second-to-top hit,

rs2074477, in high LD with rs61211515 (r2 0.89; D′ 0.98) was used by

LocusZoom for LDmeasures. (b) Fasting C-peptide meta-GWAS, which

includes the DCCT, CACTI and EDC studies. (c) Random C-peptide

meta-GWAS, which includes the Joslin 50-Year Medalist study and

WESDR. (d) Stimulated/fasting/random C-peptide meta-GWAS, which

includes stimulated C-peptide results from the DCCT primary cohort, the

secondary cohort with diabetes duration 1–5 years and the secondary

cohort with diabetes duration 5–15 years; fasting C-peptide results from

the CACTI and EDC studies; and random C-peptide results from the

Joslin 50-Year Medalist study and WESDR. Left y-axis: SNP p values;

right y-axis: estimated recombination rates; x-axis: SNP genomic position

(Genome Reference Consortium Human Build 37 [GRCh37]/hg19); the

LD measures are based on the 1000 Genomes November 2014 EUR

population. The plot was made using LocusZoom (http://locuszoom.

sph.umich.edu/locuszoom/) [44]. Chr, chromosome; Rec, recombination
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MHC imputation A total of 424 classical HLA alleles were im-

puted: 279 were polymorphic, and of them 252 had good impu-

tation quality (R2 > 0.5) in the DCCT. Similarly, 1136/1276 ami-

no acid changes were polymorphic, and 1106 met imputation

quality criteria. A total of 7144/7261 SNPs were polymorphic

and 7066 were imputed well (ESM Table 12). None of the HLA

classical alleles or amino acid changes reached the genome-wide

significant threshold in the meta-GWAS.

Association of type 1 diabetes loci and C-peptide

Five type 1 diabetes risk loci were nominally associated

(p < 0.05) with lower stimulated C-peptide at DCCT eligibil-

ity: rs1264813 taggingHLA-A*24 (β [SE] = −0.34 [0.08], p =

2.80 × 10−5), rs151234 (IL27) (β [SE] = −0.32 [0.08], p =

3.15 × 10−5), rs12971201 (PTPN2) (β [SE] = −0.13 [0.05],

p = 9.38 × 10−3), rs689 (INS) (β [SE] = −0.18 [0.07], p =

0.011), and rs193778 (DEXI) (β [SE] = −0.11 [0.06], p =

0.044). Association of these SNPs with fasting/random C-

peptide in the other studies is shown in ESM Table 13.

The SFDR method estimated the proportion of null SNPs

(π0) at 0.91 in the prior type 1 diabetes stratum vs 0.99 in the

stratum of the remaining SNPs. Setting an FDR control level

of 20% yielded four test rejections for prior type 1 diabetes

SNPs and no test rejections in the remaining SNPs. The FDR

q value estimates were 0.001 for both rs1264813 and

rs151234, and 0.17 for both rs12971201 and rs689. SFDR

ranked these four SNPs above rs61211515, the top associated

SNP in the stimulated C-peptide meta-GWAS.

The association of rs1264813 (HLA-A*24) with stimulated

C-peptide at DCCT eligibility did not remain significant when

rs61211515 (the top GWAS-associated SNP in this region) was

included in the model (p = 0.45). Similar results were observed

with imputed HLA-A*24; it was associated with lower stimu-

lated C-peptide at DCCTeligibility (β [SE] = −0.39 [0.09], p =

1.50 × 10−5), but this association became insignificant after ad-

justment for rs61211515 (p = 0.09) (ESMTable 14). rs1264813

(HLA-A*24) was also nominally associated with fasting C-

peptide at DCCT eligibility (β [SE] = −0.19 [0.07], p = 0.013)

but its association with stimulated C-peptide was significantly

stronger (p = 0.011). The rs1264813 association with stimulat-

ed C-peptide remained significant when fasting C-peptide was

included in the model but not vice versa (Table 2). rs1264813

was also associated with an increased rate of decline in stimu-

lated C-peptide over time in the DCCT (SNP–time interaction

β [SE] = −0.11 [0.04], p = 6.32 × 10−3).

HLA-DR3 (β [SE] = 0.03 [0.06], p = 0.59) and HLA-DR4-

DQ8 (β [SE] = 0.06 [0.06], p = 0.29) were not associated with

stimulated C-peptide at DCCTeligibility. HLA-DR3/DR4-DQ8

compound heterozygotes had higher stimulated C-peptide com-

pared with individuals having no copy ofDR3 orDR4-DQ8 (β

[SE] = 0.26 [0.11], p = 0.024). However, this association did

not withstand multiple testing correction (ESM Table 15).

HLA-DQB1 position 57, HLA-DRB1 position 13 or HLA-

DRB1 position 71 amino acid variants, which have been re-

ported to independently drive type 1 diabetes risk and explain

>90% of the type 1 diabetes–HLA association [41], were not

associated with stimulated C-peptide at DCCT eligibility.

Of the two type 1 diabetes GRS, only the Onengut-

Gumuscu et al type 1 diabetes GRS was nominally associated

with lower stimulated C-peptide (β [SE] = −0.09 [0.04], p =

0.036) at DCCT eligibility. This association did not remain

significant after excluding rs151234 (IL27); β [SE] = −0.07

[0.04], p = 0.085.

Discussion

By combining GWAS data from five type 1 diabetes studies

including approximately 1300 individuals with stimulated and

approximately 3500 individuals with stimulated, fasting or

random C-peptide data, we identified association with a locus

on chromosome 1 (rs559047) and multiple independent vari-

ants in the MHC region.

rs559047 is an intergenic SNP located 700 kb from the nearest

gene (ZP4). It is not a significant cis-expression quantitative trait

locus (cis-eQTL) for nearby genes in any tissue, including the

pancreas (www.gtexportal.org, accessed 14 July 2017) or

pancreatic islets (http://theparkerlab.org/tools/isleteqtl, accessed

14 July 2017). However, the cis-eQTLs were produced using a

limited number of samples (149 and 112 for pancreas and islets,

respectively) from non-diabetic individuals. rs559047 has not

been associated with the risk of type 1 diabetes (ESM

Table 16), and variants in this region have not previously been

associated with type 1 diabetes related phenotypes.

We identified three SNPs (rs9260151, rs61211515 and

rs3135002) in theMHC region associated with C-peptide levels.

Of these, rs9260151 and rs3135002 have been associated with

risk of type 1 diabetes (ESM Table 16). rs9260151 is an intronic

SNP withinHLA-A, while rs61211515 is located approximately

187 kb downstream ofHLA-A. Both SNPs appear to be primar-

ily associated with stimulated C-peptide although rs9260151

was identified in the meta-GWAS of stimulated/fasting/random

C-peptide, likely due to the larger available sample size. HLA-

A*24 is a known risk variant for type 1 diabetes [34, 42].

However, after including rs9260151, rs61211515 and HLA-

A*24 (either imputed or tagging SNP) in the model,

rs9260151 and rs61211515 both remained significantly associ-

ated with C-peptide, indicating that they are independent signals

and distinct from HLA-A*24. The association between HLA-

A*24 and C-peptide was no longer significant, suggesting that

this association is due to LD betweenHLA-A*24 and rs9260151

and/or rs61211515 (ESMTable 10). Similarly, the association of

rs9260151 with type 1 diabetes could be explained by its LD

withHLA-A*24. rs61211515 and HLA-A*24, which were asso-

ciated with lower C-peptide levels, were also associated with an
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accelerated decline in C-peptide levels over time, providing

more evidence that this association is a true finding. HLA-

A*24 has previously been associated with undetectable C-

peptide in a Japanese type 1 diabetes population sample [15]

and with more rapid beta cell destruction post islet transplanta-

tion [43]. The third SNP, rs3135002, is intergenic betweenHLA-

DQB1 andDQA2, 2.5 Mb from rs9260151 and rs61211515. Its

association with C-peptide remained significant when both

rs9260151 and rs61211515 were included in the model, indicat-

ing that it is independent. DR3 and DR4-DQ8 were not associ-

ated with C-peptide and the borderline association observed

between DR3/DR4-DQ8 compound heterozygotes and C-

peptide did not withstand multiple testing correction, suggesting

that this effect is also distinct from the DR3/DR4-DQ8 haplo-

type, consistent with previous findings [15]. The association of

rs3135002 with type 1 diabetes could be explained by the ex-

tremely large effect of DR3/DR4-DQ8 on type 1 diabetes and

the LD between rs3135002 and both DR3 (D′ = 1, r2 = 0.012)

and DR4-DQ8 (D′ = 0.87, r2 = 0.010). The rs3135002 associa-

tion was mainly with fasting/random C-peptide rather than with

stimulated C-peptide. No significant interactions were observed

between the three SNPs in theMHC affecting stimulated/fasting

C-peptide (data not shown), and none of them was a significant

cis-eQTL for the nearby genes in any tissue including the pan-

creas and pancreatic islets (http://www.gtexportal.org, accessed

July 14, 2017; http://theparkerlab.org/tools/isleteqtl, accessed

July 14, 2017).

Some SNP associations for C-peptide in type 1 diabetes are

different from those for type 1 diabetes. Two of the identified

variants (rs559047 on chromosome 1 and rs61211515 in the

MHC region) have not been previously associated with type 1

diabetes; while rs9260151 and rs3135002 in the MHC region

have been associated with type 1 diabetes. The variants associ-

ated with C-peptide but not with type 1 diabetes may affect

gene expression, and fine-mapping and functional studies are

required to determine their effects. However, SFDR analysis

suggests that the proportion of type 1 diabetes loci associated

with C-peptide is greater than for the rest of the genome; four out

of 70 type 1 diabetes loci (HLA-A*24, IL27, INS andPTPN2) that

were nominally associated with lower C-peptide levels ranked

higher than rs61211515, the top associated SNP in the stimulated

C-peptide meta-GWAS. Nevertheless, the composition and

magnitude of SNP effects for type 1 diabetes development vs

progression could differ, explaining why there is no significant

association between type 1 diabetes GRS and C-peptide.

Some limitations include that only fasting/random C-peptide

measurements were available for about 60% of individuals,

whereas stimulated C-peptide is more appropriate to evaluate

insulin secretion in type 1 diabetes. In addition, individuals from

different cohorts were quite different in terms of their age at

diagnosis, diabetes duration and other inclusion/exclusion

criteria, all of which may influence C-peptide levels. C-peptide

can also be measured with different methods with different lower

limits of detection, and these were not standardised among the

studies. The mean age at diagnosis ranged from 8.3 years in the

EDC study to 21.2 years in the DCCT, and the mean type 1

diabetes duration ranged from 5.6 years in the DCCT to

54.7 years in the Joslin 50-YearMedalist study. Participants from

the DCCT, the only study with stimulated C-peptide data, were

highly selected as they were diagnosed with type 1 diabetes later

in life and had diabetes for a shorter period of time. Therefore, the

DCCT had a larger proportion of participants with detectable C-

peptide compared with the other studies. This heterogeneity

among the cohorts might have reduced the power of the analysis

and contributed to non-replication at specific loci.

In conclusion, we have identified a locus on chromosome 1

and multiple variants in the MHC region that are associated

with C-peptide levels. However, these associations need to be

validated in independent populations. Further investigations

could eventually provide insight into mechanisms of beta cell

loss and opportunities to preserve beta cell function.
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