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Context: Type 2 diabetes (T2D) prevalence is spiraling globally, and knowledge of its pathophys-
iological signatures is crucial for a better understanding and treatment of the disease.

Objective:Weaimedtodiscoverunderlyingcodinggeneticvariantsinfluencingfastingserumlevelsofnine
biomarkersassociatedwithT2D:adiponectin,C-reactiveprotein, ferritin,heatshock70-kDaprotein1B, IGF
binding protein 1 and IGF binding protein 2, IL-18, IL-2 receptor-�, and leptin.

Design and Participants: A population-based sample of 6215 adult Danes was genotyped for 16 340
coding single-nucleotide polymorphisms and were tested for association with each biomarker.
Identified loci were tested for association with T2D through a large-scale meta-analysis involving
up to 17 024 T2D cases and up to 64 186 controls.

Results: We discovered 11 associations between single-nucleotide polymorphisms and five distinct
biomarkers at a study-wide P � 3.4 � 10�7. Nine associations were novel: IL18: BIRC6, RAD17,
MARVELD2; ferritin: F5; IGF binding protein 1: SERPING1, KLKB, GCKR, CELSR2, and heat shock
70-kDa protein 1B: CFH. Three of the identified loci (CELSR2, HNF1A, and GCKR) were significantly
associated with T2D, of which the association with the CELSR2 locus has not been shown previously.

Conclusion: The identified loci influence processes related to insulin signaling, cell communication,
immune function, apoptosis, DNA repair, and oxidative stress, all of which could provide a rationale
for novel diabetes therapeutic strategies. (J Clin Endocrinol Metab 100: E664–E671, 2015)
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The prevalence of type 2 diabetes (T2D) has over the last
decades been steadily increasing, and it is projected to

globally reach 592 million adults by 2035 (1). A large
proportion of the rise in T2D prevalence is attributable to
changes in lifestyle and environment, yet a substantial ge-
netic component has been firmly established (2). Genome-
wide association studies (GWAS) have been successful in
identifying common genetic variants which associate with
T2D and its related phenotypes (3). Despite the identifi-
cation of more than 70 risk loci, the explained proportion
of the genetic predisposition to T2D remains limited (3–5).
To improve the understanding of the genetic make-up of
this complex disorder, the major emphasis is presently on
the discovery and analysis of the coding variants not well
covered by traditional GWAS arrays.

The present study takes an alternate approach changing
the focus from genetics of glucose homeostasis to genetics
of core biological pathways and networks common to
metabolic disorders. We do so in taking advantage of re-
cent discoveries in prospective studies of serum biomark-
ers that predict conversion from a nondiabetic state to
overt diabetes. Thus, based on analyses of multiple fasting
serum proteins involved in a variety of pathophysiological
processes of T2D, we and others have recently developed
multibiomarker models improving the prediction of T2D
(6, 7). Nine of such fasting serum biomarkers [adiponec-
tin, C-reactive protein (CRP), ferritin, heat-shock 70 kDa
protein 1B (HSPA1B), IGF binding proteins (IGFBPs)-1
and -2, IL-18, IL-2 receptor-� (IL2RA) and leptin] shown
in a Danish cohort to associate with progression to T2D
over 5 years were subsequently measured in the entire
Inter99 (8).

Conceivably, because the genetic determinants of only
a few serum biomarkers have been studied (9–12), the
overall aim of the present study was to discover novel
coding genetic variants influencing fasting serum levels of
the T2D-related biomarkers: adiponectin, CRP, ferritin,
HSPA1B, IGFBP1, IGFBP2, IL-18, IL2RA, and leptin and
further to explore the relationship between identified ge-
netic variants and risk of T2D.

Materials and Methods

Study populations
The analysis of genetic association with circulating bio-

marker levels was performed in the Inter99 study (clinicaltrials.
gov, identification number NCT00289237), which is a popula-
tion-based nonpharmacological intervention study for ischemic
heart disease conducted at the Research Centre for Prevention
and Health (Glostrup, Denmark) (13). A total of 6784 individ-
uals attended the baseline health examination during which de-
tailed information regarding anthropometrics and lifestyle as
well as biochemical measures were collected. A total of 6215

participants from Inter99 had information on one or more of
the nine fasting serum biomarkers. Characteristics of the
study participants and median serum biomarker levels are
listed in Table 1.

To examine the risk of T2D, we analyzed 4854 T2D cases and
7325 nondiabetic control individuals from five Danish centers.
The five studies comprised the following: 1) Inter99 [ncases �
189 (known or screen detected T2D)]; ncontrols � 4382); 2)
Health2006 (ncases � 120; ncontrols � 2246), which is a popula-
tion-based cohort (14); 3) Steno Diabetes Center (ncases � 1798;
ncontrols � 249) consisting of clinical-onset T2D cases and ran-
dom controls; 4) Danish ADDITION (Anglo-Danish-Dutch
Study of Intensive Treatment in People with screen detected di-
abetes in Primary Care) study (clinicaltrials.gov, identification
number NCT00237548) comprising 1869 screen-detected T2D
cases; and 5) Vejle Biobank (ncases � 878; ncontrols � 448) con-
sisting of clinically onset T2D cases and random controls. T2D
was defined by World Health Organization 1999 criteria (15).
Control individuals were selected, based on fasting plasma glu-
cose less than 6.1 mmol/L. In Inter99, control individuals also
had a 120-minute plasma glucose level less than 7.8 mmol/L after
an oral glucose tolerance test. Clinical characteristics of T2D
cases and controls are shown in Supplemental Table 1.

Written informed consent was obtained from all participants.
The study was conducted in accordance with the Declaration of
Helsinki II and was approved by the regional Scientific Ethics
Committees.

Selection of fasting serum biomarkers
The biomarkers included in the present study were selected as

a part of the development of a multibiomarker model predicting
the 5-year risk of T2D. Initially, literature mining identified 260
circulating candidate biomarkers involved in diabetes-related bi-
ological pathways. A panel of serum biomarkers (6) were suc-
cessfully assayed (based on quality control criteria and reagent
availability) in 160 converters to diabetes and 472 nonconverters
drawn from the population-based Inter99 cohort (6) and 148
converters and 296 nonconverters from the family-based Botnia
study (7). In combination with fasting plasma glucose and serum
insulin, a subset of biomarkers contributed to a significantly
improved predictive ability compared with fasting glucose and

Table 1. Baseline Characteristics of Study Participants
From the Inter99 Cohort

Characteristics Values

n 6215
Women, n, % 3156 (50.8)
Mean age, years (SD) 46.0 (7.9)
Mean body mass index, kg/m2 (SD) 26.3 (4.6)
Median fasting serum biomarker levels (IQR)

Adiponectin, �g/mL 6.9 (4.1–11.9)
CRP, mg/L 0.87 (0.38–2.1)
Ferritin, ng/mL 62.7 (26.3–133)
HSPA1B, ng/mL 9.7 (7.6–12.8)
IGFBP1, ng/mL 30.8 (17.8–55.2)
IGFBP2, ng/mL 49.5 (26.4–86.3)
IL-18, ng/mL 0.99 (0.75–1.32)
IL2RA, pg/mL 0.21 (0.17–0.25)
Leptin, ng/mL 5.7 (2.7–12.1)

Abbreviation: IQR, interquartile range.
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insulin alone (6, 7, 16), and based on their predictive power in
multivariate algorithms, nine biomarkers were selected for fur-
ther evaluation in the entire Inter99 cohort: adiponectin, CRP,
ferritin, HSPA1B, IGFBP1, IGFBP2, IL-18, IL2RA, and leptin,
and these are the biomarkers analyzed in the current study. De-
tails are provided in the Supplemental Information.

Single-nucleotide polymorphism (SNP) selection
and genotyping

Genotype data were obtained for 16 340 coding SNPs se-
lected from an exome sequencing study of 1000 Danish T2D
patients and 1000 matched control individuals (17) and geno-
typed by a custom-designed Illumina iSelect array (17). In brief,
SNPs were selected from the exome sequencing data based on the
following three criteria: 1) annotated to the most likely delete-
rious categories (nonsense, nonsynonymous, located in splice
sites, and in untranslated regions) (n � 14 645); 2) nominally
associated with T2D in the exome sequencing-based association
(n � 995); and 3) additional coding variants and the lead SNP in
192 loci previously shown to associate with common metabolic
traits at genome-wide significance (n � 700) (17). Genotype
calling was performed using Gentrain 1.0 clustering algorithm
based on a custom cluster file created using 1032 samples with
high-quality data that were selected randomly from various
batches as previously described (17). SNP quality filters included
minor allele frequency (MAF; � 0.01), genotype call rate
(�95%), and Hardy-Weinberg equilibrium (P � 10�7). Sample
quality control included removing individuals with relatedness,
an extreme inbreeding coefficient (�0.1 or � �0.1), a low call
rate (�95%), and mislabeled sex. A total of 16 340 SNPs passed
array design and all quality filters. A list of these 16 340 SNPs is
available online (http://metabol.ku.dk/publicationfiles/snplist_
16340). More details have been reported previously (17).

Statistical analyses
Association testing of 16 340 SNPs with serum levels of each

biomarker in the Inter99 cohort was performed using linear re-
gression analyses assuming an additive genetic model. Each lin-
ear model was adjusted for sex and first principal component.
The principal component analysis was performed using covari-
ance matrix estimates. All biomarker levels were rank normal-
ized to a normal distribution prior to analysis. All P values were
corrected by genomic control. Inflation factors (�) were at ac-
ceptable levels (� � 1.02).

Conditional analyses were carried out between associated SNPs
in the same region to determine the independence of association
signals. This was performed in linear regression analysis by includ-
ing the conditional SNP as a covariate in the model and evaluating
the effect of each of the two SNPs in this model. In further analyses,
we performed sex-specific analyses for SNP-biomarker combina-
tions with main effects at study-wide significance. For these SNP-
biomarker combinations, we further did analyses including a
SNP*sex interaction term to estimate the SNP-sex interaction
effect.

To estimate association of biomarker-associated SNPs with
T2D, we used logistic regression models adjusted for the first prin-
cipal component and sex in the outlined Danish study samples of
4854 T2D cases and 7325 control individuals. A meta-analysis was
performed by combining results from the current study with sum-
mary data for the same or a proxy SNP [in linkage disequilibrium
(LD), r2 � 0.8] freely available from the DIAGRAM GWAS results

based on European ancestry (5). Results were combined by a fixed
effect inverse variance-weighted model.

Estimation of LD and proxy search were performed using
1000 Genomes Project data in the SNP Annotation Proxy search
tool (http://www.broadinstitute.org/mpg/snap/). Data were an-
alyzed using PLINK version 1.07 (http://pngu.mgh.harvard.edu/
�purcell/plink/), R version 2.13.1 (http://www.r-project.org/),
Stata version 12.1 (StataCorp), and METAL software (http://
www.sph.umich.edu/csg/abecasis/metal/).

In SNP-biomarker discovery analyses, a value of P � 3.4 �
10�7 was accepted as study-wide statistically significant in the
discovery analysis (Bonferroni correction: 0.05/(nSNPs �
16 340 � nbiomarkers � 9). In follow-up analyses (sex-SNP in-
teraction and T2D association analysis), a value of P � .0045
was considered statistically significant corresponding to Bonfer-
roni correction for the 11 SNPs tested.

Results

SNP biomarker associations
We identified 11 SNPs that associated with five serum

biomarkers (IL18, CRP, ferritin, HSPA1B, and IGFBP1;
Table 2) (P � 3.4 � 10�7). Nine of these were novel loci
not previously reported to associate with the specific bio-
marker, whereas two SNPs associating with serum CRP
levels were either previously reported or in high LD with
reported SNPs (18). Among the 11 SNPs identified, 10
were common (MAF � 0.05), whereas one had a MAF of
0.04. Of the three loci that associated with serum levels of
IL-18, the associated missense variants in RAD17
[rs1045051 (p.L546R): � � .12, SE � 0.019, P � 3.0 �
10�9] and MARVELD2 [rs1185246 (p.T33I): � � .10,
SE � 0.018, P � 3.8 � 10�8] on chromosome 5 were in
LD (r2 � 0.48), and conditional analyses revealed that
RAD17 rs1045051 and MARVELD2 rs1185246 repre-
sent one association signal that is best captured by MAR-
VELD2 rs1185246 (Pconditional � .0034, Supplemental
Table 2). In addition, a missense variant in BIRC6 asso-
ciated with serum IL18 levels [rs2366894 (p.T2674S): � �
.14, SE � 0.019, P � 2.4 � 10�13]. We identified one
missense variant each for serum ferritin [F5 rs6025
(p.Q534R); � � .23, SE � 0.040, P � 2.2 � 10�8] and for
HSPA1B levels [CFH rs800292 (p.V62I); � � .20, SD �
0.021, P � 1.0 � 10�16].

Two SNPs were associated with circulating serum CRP
levels: one at the TOMM40 locus (rs157581: � � .13,
SE � 0.022, P �2.4 � 10�8) and one near the HNF1A
(rs2650000: � � .10, SE � 0.020, P � 3.3 � 10�7) locus.
Four loci associated with serum IGFBP1 levels: SERPING1
locus (rs4926 (p.V480M); � � �.15, SE � 0.021, P �
4.0 � 10�13), KLKB1 [rs3733402 (p.S143N); � � �0.11,
SE � 0.018, P: 1.1 � 10�9], GCKR [rs1260326
(p.L446P); � � �.11, SE � 0.019, P � 1.2 � 10�9], and
CELSR2 locus (rs646776; � � �.12, SE � 0.021, P �
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4.2 � 10�8). We found no significant associations be-
tween genotypes and fasting serum leptin, IL2RA, adi-
ponectin, or IGFBP2 levels.

The association between F5 rs6025 and serum ferritin
showed evidence of sex-SNP interaction PSNP*sex_interaction �
6.7�10�5;SupplementalTable3),withtheeffectofthevariant
beinghigherinwomenthaninmen(women:�� .38,P�3.1�
10�11; men: � � .05, P � .31; Supplemental Table 3).

Association with T2D
We tested the 11 biomarker-associated SNPs for asso-

ciation with T2D in Danish samples and found significant
statistical associations for GCKR and CELSR2 SNPs
[odds ratio (OR) 1.11 (95% confidence interval (CI)
1.06–1.17), P � 2.3 � 10�4, and OR 1.11 (1.05–1.18),
P � 1.2 � 10�3; Table 3], respectively. We then performed
ameta-analysiswithDIAGRAMConsortiumGWASresults

Table 3. Association With Type 2 Diabetes for 11 Fasting Serum Biomarker-Associated SNPs in Combined Danish
and DIAGRAM Consortia Data

SNP

Locus (or

nearest

locus)

Alleles

(Effect/

other)

Danish DIAGRAM Combined

n

(Cases/

Controls) P Value OR (95% CI)

n

(Cases/

Controls) P Value OR (95% CI)

n

(Cases/

Controls) P Value OR (95% CI) I2 (PHET)

rs2366894 BIRC6 T/A 4854/7324 .22 1.03 (0.98–1.09) 11 047/55 564 .20 0.98 (0.95–1.01) 15 901/62 888 .76 1.00 (0.97–1.02) 63 (0.10)

rs1045051a RAD17 G/T 4836/7278 .72 1.01 (0.96–1.07) — — — — — — —

rs1185246 MARVELD2 T/C 4851/7320 .36 0.97 (0.93–1.03) 9580/53 810 .14 1.03 (0.99–1.06) 14 431/61 130 .38 1.01 (0.98–1.04) 67 (0.082)

rs6025a F5 T/C 4854/7325 .05 0.87 (0.76–0.99) — — — — — — —

rs800292 CFH G/A 4853/7324 .15 0.96 (0.90–1.02) 12 171/56 862 .27 0.98 (0.94–1.02) 17 024/64 186 .097 0.97 (0.94–1.01) 0 (0.48)

rs4926 SERPING1 A/G 4780/7226 .21 0.96 (0.91–1.02) 9580/53 810 .97 1.00 (0.96–1.04) 14 360/61 036 .29 0.99 (0.95–1.02) 16 (0.28)

*rs3733402/

rs4253238b

KLKB1 G/A 4853/7325 .30 0.97 (0.92–1.02) 9580/53 810 .91 1.00 (0.97–1.04) 14 433/61 135 .54 0.99 (0.96–1.02) 0 (0.37)

rs1260326 GCKR C/T 4854/7322 2.3 �10�4 1.11 (1.06–1.17) 9580/53 810 .061 1.04 (1.00–1.08) 14 434/61 132 1.0 �10�4 1.06 (1.03–1.10) 76 (0.04)

rs646776 CELSR2 C/T 4851/7324 1.2 �10�3 1.11 (1.05–1.18) 9580/53 810 .024 1.05 (1.01–1.10) 14 431/61 134 1.4 �10�4 1.07 (1.04–1.11) 58 (0.12)

rs157581a TOMM40 T/C 4853/7323 4.6 �10�3 1.10 (1.04–1.16) — — — — — — —

rs2650000 HNF1A C/A 4851/7323 0.099 0.95 (0.90–1.01) 12 171/56 862 4.0 �10�3 0.95 (0.92–0.99) 17 024/64 185 7.5 �10�4 0.95 (0.92–0.98) 0 (0.98)

Abbreviations: Chr, chromosome; Danish, results from Denmark; DIAGRAM, results from the DIAGRAM Consortium (5); HET, heterogeneity. The
effect allele is the allele corresponding to the one presented in Table 2. Data were combined in fixed effect inverse variance-weighted meta-
analysis. Values of I2 are percentages. The effect allele for the meta-analyses was kept in line with the associations that we found in the SNP
biomarker analyses. Significant findings (P � .0045) are in bold. Dashes represent data that were not available in the DIAGRAM and hence could
not be reported.
a SNPs or proxies are not available in DIAGRAM results.
b SNPs are in strong LD (r2 � 0.8).

Table 2. Genomic Loci Associated With Fasting Serum Biomarker Levels

SNP Name

Locus (or
nearest
locus) Chr

Position
(Build
36/hg18) Annotation

Alleles
(Effect/
Other) EAF n Effect SE P Value

Novel loci
IL18

rs2366894 BIRC6 2 32 567 210 T2674S T/A 0.62 5394 0.14 0.019 2.4 � 10�13

rs1045051a RAD17 5 68 731 696 L546R G/T 0.34 5364 0.12 0.019 3.0 � 10�9

rs1185246a MARVELD2 5 68 751 066 T33I T/C 0.48 5388 0.10 0.018 3.8 � 10�8

Ferritin
rs6025 F5 1 167 785 673 Q534R T/C 0.04 5484 0.23 0.040 2.2 � 10�8

HSPA1B
rs800292 CFH 1 194 908 856 V62I G/A 0.74 5404 0.20 0.021 �1.0 � 10�16

IGFBP1
rs4926 SERPING1 11 57 138 565 V480M A/G 0.26 5233 �0.15 0.021 4.0 � 10�13

rs3733402 KLKB1 4 187 395 028 S143N G/A 0.50 5305 �0.11 0.018 1.1 � 10�9

rs1260326 GCKR 2 27 584 444 L446P C/T 0.64 5303 �0.11 0.019 1.2 � 10�9

rs646776 CELSR2 1 109 620 053 Near gene 3� C/T 0.24 5303 �0.12 0.021 4.2 � 10�8

Previously reported
associated loci

CRP
rs157581 TOMM40 19 50 087 554 Synonymous T/C 0.76 5231 0.13 0.022 2.4 � 10�8

rs2650000 HNF1A 12 119 873 345 Intergenic C/A 0.65 5233 0.10 0.020 3.3 � 10�7

Abbreviations: Chr, chromosome, EAF, effect allele frequency. Effect is the effect on a rank normalized scale.
a SNPs (rs1045051 and rs1185246) are in LD (r2 � 0.48).
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including up to 17 024 cases and 64 186 controls (5) for 8 of
11 available SNPs or highly correlated proxies (BIRC6
rs2366894, MARVELD2 rs1185246, CFH rs800292,
SERPING1rs4926,KLKB1rs3733402/rs4253238,GCKR
rs1260326, CELSR2 rs646776, and HNF1A rs2650000).
Three of the 11 SNPs (RAD17 rs1045051, F5 rs6025, and
TOMM40 rs157581) did not have data available in the
DIAGRAM GWAS data due to differences in genotyping
chips. In the meta-analysis, three SNPs associated signifi-
cantly with T2D [GCKR rs1260326, OR 1.06 (95% CI
1.03–1.10), P � 1.0 � 10�4; CELSR2 rs646776, OR 1.07
(95% CI 1.04–1.11), P � 1.4 � 10�4; and HNF1A
rs2650000, OR 0.95 (95% CI 0.92–0.98), P � 7.5 � 10�4;
Table 3]. Figure 1 illustrates the association between SNPs
and serum biomarkers and between SNPs and T2D, respec-
tively, for the 11 identified loci.

We performed sex-specific association analyses with
T2D and found indications of sex-differentiated effects for
four loci. GCKR rs1260326 and HNF1A rs2650000 were
associated with T2D at P � .0045 only in men, yet effect
sizes were rather similar in both sexes (Supplemental Ta-
ble 4). Also, TOMM40 rs157581 was associated with
T2D only in men, yet DIAGRAM data were not available
for this SNP. The most convincing sex-differentiated effect
was seen for CELSR2 rs646776, which was associ-
ated with T2D only in women both in Danish data and
DIAGRAM consortium results (combined analysis: men:
n � 34 727, OR 1.03 (95% CI 0.98–1.09), P � .17; wom-
en: n � 46 491, OR 1.11 (95% CI 1.05–1.17), P � 5.9 �
10�5) (Supplemental Table 4). The F5 rs6025 variant,
which displayed a sex-SNP interaction effect on the serum
ferritin levels, did not show a sex-differentiated effect on
T2D.

Discussion

We investigated the relationship be-
tween common (MAF � 5%) and
low-frequency (MAF 1%–5%) cod-
inggeneticvariationandfastingserum
levels of nine T2D-related biomarkers
and T2D by a sequential two-step
approach.

We identified 11 SNPs that were
significantly associated with five dis-
tinct fasting serum biomarker levels
in the Inter99 cohort. Nine of these
SNPs represent novel genetic asso-
ciations with four serum biomark-
ers, IGFBP1, IL-18, ferritin, and
HSPA1B, respectively. Addition-
ally, 3 of the 11 SNPs were also as-
sociated with the risk of T2D in
analyses of up to 81 210 individu-

als. Of these, the CELSR2 locus, which was primarily
associated with serum IGFBP1 levels, has not previously
been reported to associate with T2D, whereas the re-
maining two are known T2D loci (GCKR and HNF1A)
(5). Sex-stratified analyses showed that the CELSR2
primarily associated with T2D in female participants.

IGFBP1 is predominantly expressed in the liver and
modulates IGF-1 bioactivity by binding to this protein
(Supplemental Table 5). Low circulating levels of IGFBP1
have been associated with decreased insulin sensitivity and
increased risk of incident T2D in human studies (19, 20),
and overexpression of human IGFBP1 in obese mice has
been shown to improve their insulin sensitivity (21). Four
genetic determinants of circulating IGFBP1 levels were
identified in the current study, of which rs646776 near
CELSR2 was associated with an increased fasting serum
IGFBP1 level and a decreased risk of T2D (Figure 1). Of
interest, the same variant has previously been associated
with an increased risk of myocardial infarction and in-
creased serum low-density lipoprotein-cholesterol levels
(22). A recent GWAS showed the association of variants
in the locus in high LD with rs646776 with enhanced
statin-induced serum low-density lipoprotein-cholesterol
lowering after statin treatment through the up-regulation
of hepatic expression of three genes (SORT1, CELSR2,
and PSRC1) at this locus (23). The current study provides
evidence that this locus is associated with the risk of T2D
among individuals of European ancestry, an effect pri-
marily seen in women and thereby adds to the pleiotropic
effects seen for variants at this locus.

Another locus associated with fasting serum IGFBP1 lev-
els in the current study, with known pleiotropic effects on

Figure 1. Associations between SNPs and fasting serum biomarker levels and between SNPs and
prevalent T2D. The left panel indicates the per allele changes on a rank normalized scale of
biomarker levels for each SNP. The right panel illustrates ORs (95% CIs) of prevalent diabetes.
Here statistically significant associations after correction to multiple testing are colored red. The
figure compiles results displayed individually in Tables 2 and 3.
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multiple cardiometabolic phenotypes, is GCKR, encoding
the glucokinase regulatory protein, which inhibits the glu-
cokinase enzyme responsible for key functions like glucose
homeostasis, converting glucose to glucose-6-phosphate in
pancreatic �-cells, liver hepatocytes, and gut enterocytes.
The functional p.L446P (rs1260326) missense variant in
GCKR, here associated with decreased serum IGFBP1 and
increased risk of T2D, and variants in high LD with this
variant, have previously been reported to associate with a
range of metabolic phenotypes including increased fasting
and 2-hour plasma glucose, increased risk of T2D, and de-
creased fasting serum triglyceride levels (24, 25). A recent
studyshowedthat treatingdiabeticmicewithanagentblock-
ing GKPR lowers blood glucose levels, and such agents are
thus being evaluated as potential treatments for T2D (26).
Therefore, GCKR is a known locus for T2D and related
traits. Further studies investigating the GCKR-IGFBP1 rela-
tionship with respect to T2D susceptibility are warranted.

Genomic loci with known pleiotropic effects, TOMM40
and HNF1A, were associated with serum CRP levels,
higher levels of which are known to associate with in-
creased risk of T2D (27). First, the TOMM40 locus, in-
cluding the TOMM40, APOE, and APOC1 genes, is
known to associate with body mass index and fasting se-
rum CRP and lipid levels (12, 28, 29). The TOMM40
variant was associated with T2D risk among Danish men,
but sample size was limited for this variant because there
were no data available in the DIAGRAM GWAS results.
Sex-differentiated effects for this locus have not been re-
ported for other traits (12, 28, 29). Second, HNF1A, en-
coding hepatocyte nuclear factor-1�, a transcription fac-
tor essential for expression of several liver-specific genes
involved in lipoprotein metabolism and glucose-stimu-
lated insulin secretion (30, 31), was associated with a fast-
ing serum CRP level and with T2D in the current study
(Figure 1).

The HNF1A rs2650000 variant is known to be asso-
ciated with circulating CRP levels (18), and it is in low LD
with the previously reported T2D associated variant,
rs7957197 (32) (1000 Genomes Project data: r2 � 0.05).
Conditional analysis in the Danish part of the T2D asso-
ciation data showed an unchanged effect size of
rs2650000 on T2D when conditioning on rs7957197 (un-
conditional OR 0.95, conditional OR 0.96), yet condi-
tional analysis of DIAGRAM data are not available, and
future studies will be needed to conclude whether
rs2650000 and rs7957197 are independent T2D associ-
ation signals. Recently rs2650000 was reported to be as-
sociated with type 1 diabetes in a small sample from Swe-
den and Finland (33). Of interest, the direction of effect for
rs265000 on serum CRP and T2D (Figure 1) indicates that
the effect of HNF1A variation on T2D is not mediated

through serum CRP levels, which is in line with previous
studies of the pleiotropic effects of variants in HNF1A (34).

Because it is yet unknown whether altered levels of the
serum biomarkers are a cause or a consequence of T2D or
whether a third factor influences both serum biomarker
levels and T2D risk, it is of interest that three serum bio-
marker-associated variants also associate with T2D. Due
to limited sample size in the discovery cohort, we were not
able to perform pertinent Mendelian randomization anal-
yses to clarify the causality of the biomarkers. Evidence
points to serum CRP as a noncausal factor in cardiovas-
cular disease (35, 36), yet proper well-powered Mendelian
randomization studies could likewise shed light on the
potential causal role of serum IGFBP1, IL-18, and other
circulating biomarkers in T2D, which potentially could
represent new therapeutic targets relevant for T2D.

Thecurrentstudyusesa limitedrangeof thecodingregion
variation, with our focus on variants with a MAF greater
than 1%. Therefore, additional association signals not cov-
ered by this design may exist, and such findings may add
further knowledge about genetic impact on biomarker levels
and susceptibility to T2D. Yet, to this end, only a limited
number of low frequency or rare variations have been firmly
associated with T2D risk (37, 38). Forthcoming large-scale
studies of data derived from exome chip or exome sequenc-
ing collaborations will shed further light on the influence of
noncommon variation on the risk of T2D.

In conclusion, we have studied the genetics behind nine
T2D-associated serum biomarkers and have identified 11
gene variants that associate with fasting circulating bio-
marker levels. Furthermore, three of these variants also
associate with T2D, of which CELSR2 is a potential novel
T2D risk gene. These findings highlight pleiotropic effects
in metabolism of serum biomarker-associated variants
and warrant further functional investigations. The iden-
tified genetic loci, which cover a broad biological reper-
toire within insulin signaling, cell communication, im-
mune function, apoptosis, and DNA repair, �- and �-cell
function and oxidative stress processes, display pathways
that may all contribute to unlock novel aspects of T2D
pathogenesis or pathophysiology.
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