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Abstract:

With an estimated prevalence of 463 million affected, type 2 diabetes represents a
major challenge to health care systems worldwide. Analyzing the plasma proteomes
of individuals with type 2 diabetes may illuminate hitherto unknown functional
mechanisms underlying disease pathology. We assessed the associations between
type 2 diabetes and >1000 plasma proteins in the KORA (Cooperative health research
in the Region of Augsburg) F4 cohort (n=993, 110 cases), with subsequent replication
in the HUNT3 (Third wave of the Nord-Trgndelag Health Study) cohort (n=940, 149
cases). We computed logistic regression models adjusted for age, sex, BMI, smoking
status and hypertension. Additionally, we investigated associations with incident type
2 diabetes and performed two-sample bi-directional Mendelian randomization (MR)
analysis to prioritize our results. Association analysis of prevalent type 2 diabetes
revealed 24 replicated proteins, of which eight are novel. Proteins showing association
with incident type 2 diabetes were aminoacylase-1, growth hormone receptor, and
insulin-like growth factor binding protein-2. Aminoacylase-1 was associated with both
prevalent and incident type 2 diabetes. MR analysis yielded nominally significant
causal effects of type 2 diabetes on cathepsin Z and rennin, both known to have roles
in the pathophysiological pathways of cardiovascular disease, and of sex hormone-
binding globulin on type 2 diabetes. In conclusion, our high-throughput proteomics
study replicated previously reported type 2 diabetes-protein associations, and
identified new candidate proteins possibly involved in the pathogenesis of type 2

diabetes.

Page 4 of 76



Page 5 of 76

Diabetes

Introduction

Type 2 diabetes is a significant cause of morbidity and mortality, with an estimated
worldwide prevalence of 463 million patients, half of whom are undiagnosed (1). It is
a complex multifactorial disease characterized by an interplay of both genetic and non-
genetic factors, leading to insulin resistance and hyperinsulinemia (1; 2). Moreover,
type 2 diabetes causes widespread microvascular and macrovascular complications

resulting in significant health care expenditure (1).

The proteomics of type 2 diabetes, the investigation of a set of proteins within different
tissues of diabetic animal models and the comparison of diabetic patients to healthy
controls, has enabled the discovery of new protein-type 2 diabetes associations (3-5).
Examples of associations include adiponectin (3), leptin (5) and insulin like growth
factor binding protein 2 (IGFBP-2) (4). Of particular clinical interest is the study of type
2 diabetes associations with plasma proteins, which reflect systemic effects and may

serve as predictive biomarkers (3; 5-7).

The integration of genetic and proteomic knowledge has provided new insight into the
pathophysiology of type 2 diabetes. The best example is Mendelian randomization
(MR), a method used to infer causality in observational study settings (4; 8). Previous
MR studies of biomarkers and type 2 diabetes have suggested causal protective roles
for proteins like adiponectin, beta-carotene, N-terminal pro B-type natriuretic peptide
and sex hormone binding globulin (SHBG), as well as causal harmful roles of delta-6

desaturase and ferritin (7).

Here we use a highly multiplexed aptamer-based proteomics platform to analyze the
associations between prevalent type 2 diabetes and 1095 plasma proteins in the
KORA study. We replicate our results in the independent HUNT study. We investigate

associations with incident type 2 diabetes using follow-up data from KORA and HUNT.
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Moreover, we test the performance of our newly discovered biomarkers to predict
incident type 2 diabetes when added to an adapted version of the updated German
diabetes risk score (GDRS) (9). We then evaluate these newly identified proteins using
the protein-protein interaction resource STRING (10). Finally, we applied two-sample
bi-directional MR analysis (11) to assess causality and prioritize the newly discovered

relationships.
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Study design and methods

Study populations

KORA cohort

The KORA study (Cooperative Health Research in the Region of Augsburg) comprises
independent samples from Augsburg, Southern Germany (12). In the current study,
we used a subsample of 1000 individuals randomly selected from the participants of
the KORA-F4 survey (N = 3080; performed 2006—2008) with deep phenotyping data
(N = 1800) (13). Detailed clinical and socio-demographic information was collected.
Data from the KORA-FF4 survey (performed 2013-2014) represents the 7-year follow-
up of KORA-F4. The ethics committee of the Bavarian Medical Association reviewed

and approved the study and all participants gave written informed consent.
HUNT cohort

The Nord-Trendelag Health Study (HUNT) is a prospective population-based cohort
from Nord-Trgndelag County in Norway (14). We used the HUNT3 survey (performed
2006—-2008, N=1117 with proteomics measurements) for the validation of the KORA
study results. The HUNT study collected detailed socio-demographic and clinical
information. We used linked primary care and hospital registries for information on
diabetes status at 9 years follow-up. All study participants provided written informed

consent.
Proteomics measurement

Proteins were measured in fasting and non-fasting plasma samples in KORA and
HUNT respectively using the SOMAscan platform as described previously (13; 15). In

summary, plasma and bead-coupled aptamers, each of which has a high affinity
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toward a specific protein, are incubated. After washing steps, bead-bound proteins are
biotinylated and complexes comprising biotinylated target proteins and fluorescence-
labelled aptamers are photocleaved off the bead support and pooled. Following
recapture on streptavidin beads and further washing steps, aptamers are eluted and
quantified as a proxy to protein concentration by hybridization to custom arrays of
aptamer-complementary oligonucleotides. Based on standard samples included on
each plate, the resulting raw intensities are processed using a data analysis work flow
including hybridization normalization, median signal normalization and signal
calibration to control for inter-plate differences (16). Raw intensities are reported in

relative florescence units.

In KORA, one sample failed SOMAscan quality control, leaving 999 samples for
analysis. Of the 1,129 SOMAmer probes (SOMAscan assay V3.2) twenty-nine failed
SOMAscan quality control. We additionally removed the five probes recommended by
the SOMAscan assay change log issued on December 22, 2016, leaving 1,095 probes

for analysis. For replication, we used the HUNT probes that passed quality control.

Definition of outcome and model covariates

In KORA, type 2 diabetes was defined as self-reported disease validated by the
responsible physician or medical chart review, or as current use of glucose-lowering
medication. All participants without known diabetes were assigned to receive a
standard 75 g oral glucose tolerance test (OGTT) (3). Prevalent type 2 diabetes refers
to participants with the disease at the time of blood sample collection and incident
refers to those developing type 2 diabetes after that time point within a 7- and 9-year

follow-up period in KORA and HUNT respectively.

In HUNT, prevalent type 2 diabetes was self-reported, which we validated using

clinical data from hospitals and primary care registries using the International
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Classification of Diseases 10th Revision (ICD-10) code (E11) and the International
Classification of Primary Care 2nd Edition (ICPC-2) code (T90). We identified incident

cases of type 2 diabetes from the same registries using identical codes.

We classified participants of both cohorts who participated in leisure time physical
activity for at least one hour per week as physically active (more details are available
in the supplementary materials). Current hypertension was defined in KORA as having
a systolic blood pressure 2140 mmHg, diastolic blood pressure 290 mmHg, and/or use
of antihypertensive medication. In HUNT, we used hospital and primary care data and
ICD-10 codes (110-115) and ICPC-2 codes (K86 or K87) to identify participants with

hypertension.

Drugs were assessed in KORA by asking the participants to bring the packages of
their medication and supplements during their visit to the study center. Using a
database software (17), medications were identified using ATC-codes, medication

identifier bar code or product name.
Statistical analysis

Preprocessing of the quality controlled SOMAscan data was the same in both cohorts
and involved log2 transformation and (0,1)-standardization by subtracting the per
cohort mean and dividing by the per cohort standard deviation (SD) to allow easier

interpretation of the odds ratios per SD of the protein.
Proteome wide analysis

Using logistic regression, we ran two proteome wide analyses in KORA: associations
between proteins with prevalent type 2 diabetes, and with incident type 2 diabetes.
For each of the two outcomes we ran one model per protein, i.e. 1095 models per

outcome, and adjusted for the potential confounders age, sex, body mass index (BMl),
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smoking status and current hypertension at baseline. We then replicated the results in
HUNT using the same model. We excluded participants from both cohorts with missing
values for the confounders, which led to the sample sizes of 993 and 940 for KORA
and HUNT, respectively. For the analysis with incident type 2 diabetes we further
excluded all participants with prevalent type 2 diabetes, resulting in sample sizes of
881 and 794 for KORA and HUNT, respectively. We used the false discovery rate
(FDR) Benjamini-Hochberg method separately for the outcomes to account for

multiple testing. An association was considered statistically significant at FDR<0.05.

We replicated significant results in HUNT using the same model. We considered
proteins replicated at FDR<0.05, with FDR calculated based on the number of

significant proteins in KORA.

To examine whether anti-diabetic drug intake influenced the replicated associations,
we ran sensitivity analyses by including the drugs of interest as confounders one at a

time.

Data analytics of replicated proteins

The candidate proteins were processed via the Pharos (18) platform, experimental
Gene Ontology (GO) (19) terms, KEGG (20) pathways, human disease association
data from the GWAS Catalog (21), OMIM (22) and the text-mining DISEASES platform
(23), as well as phenotype data from the corresponding mouse orthologue knockouts
(24). We mined these resources for data on the potential associations between the

candidate proteins and type 2 diabetes.

Prediction of incident diabetes

We applied a biomarker discovery strategy to investigate whether proteins significantly

associated with incident type 2 diabetes in KORA could be used for prediction of

Page 10 of 76



Page 11 of 76

Diabetes

incident type 2 diabetes. These were ten proteins, of which one failed QC in HUNT.
We used KORA as a training dataset and HUNT as a test dataset, and used an
adapted version of GDRS, a diabetes risk score that was trained in 21845 participants
of the prospective EPIC-Potsdam study with a mean follow-up time of 7 years, as a
benchmark (9). More details on the GDRS score are available in the supplementary
materials. Adaptation of the GDRS risk score was necessary as some of the variables
were missing from one or both cohorts, and was performed as follows: We defined
smoking status using only information on current and former smoking per se without
regard to the amount of cigarettes smoked. We used the average of the original GDRS
score weights for each smoking category to represent our combined categories
(former: (15+45)/2 = 30, current: (23+77)/2 = 50). Family history of diabetes was
defined in KORA as having at least one parent or sibling with diabetes and in HUNT
as having at least one parent, sibling or a child with diabetes. We calculated the risk
of a positive family history by averaging the original GDRS risk scores of having one
parent, both parents or at least one sibling with type 2 diabetes ((56+106+48)/3 = 70).
Our final adapted GDRS score was calculated as follows: 5.1xage in years + 7.6xwaist
circumference in cm — 2.7xheight in cm + 47xhypertension status - 2xphysical activity
(at least one hour per week) + 30xformer smoking + 50xcurrent smoking + 70xfamily

history of type 2 diabetes.

We tested prediction performance of all models using the area under the receiver
operating characteristic (ROC) curve (AUC), and applied the DelLong test to compare

AUCs of nested models.

First, we added the proteins to the adapted GDRS model and applied the least
absolute shrinkage and selection operator (LASSO) (25) for model selection in KORA.

LASSO shrinks the sum of the absolute values of the regression coefficients, forcing
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some to be set to zero, thus performing a form of model selection. The LASSO lambda
was chosen by cross-validation using the squared-error for Gaussian models. The
GDRS was calculated in each cohort and used as a score which was fixed by setting
its penalty factor to zero to prevent any shrinkage by LASSO. We then compared the
performance of LASSO protein-extended-GDRS model to the adapted GDRS model.
We assessed the calibration of the LASSO-selected model using calibration plots (26).
Moreover, we tested the performance of the proteins as single predictors on top of the

adapted GDRS model.

Mendelian randomization

We attempted to infer causality of the replicated proteins associated with type 2
diabetes by applying two-sample bi-directional Mendelian randomization. Figure 1
shows the summary of the pipeline for the causal inference analysis. In summary, we
extracted single nucleotide polymorphisms (SNPs) as instrumental variables (V) from
published genome wide association study (GWAS) summary statistics of European
ancestry if they passed the Bonferroni threshold of p<5e-8. We extracted the Vs from
the meta-analysis of type 2 diabetes GWAS studies by Xue et al. (N =455607) and
the GWAS studies of SOMAscan measured proteins; Sun et al. (N = 3301), Suhre et
al. (N = 1000) and Emilsson et al. (N = 5457) for proteins (13; 27-29). We identified
ambiguous palindromic SNPs, defined as SNPs with A/T or G/C alleles and an effect
allele frequency around 0.5 using the cutoff points defined by the “TwoSampleMR” R-
package (30). We replaced these with a proxy SNP, defined as a SNP with r2
exceeding 0.85 with the SNP in question, when available, or excluded them from
further analyses (31). We then clumped the SNPs, which implies removing SNPs in
linkage disequilibrium with the lead SNP using the r2 cut-off 0.001. We did not

manually prune the final list of IVs. Further, Vs selected for proteins needed to be in
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cis, i.e. within one megabase of the protein-coding gene as per the Human Genome

Assembly GRCh37.p13.

We proceeded to extract the results of these Vs or of one of their proxies from the
outcome’s GWAS. For proteins, priority was given to results from Sun et al. (28)
because of the larger sample size, followed by Suhre et al. (13), dependent on

availability.

We used the Wald ratio to check for causality (32). In cases of more than one IV, we
used the random effects model of the inverse variance weighted meta-analysis to
combine the Wald ratio estimates of all IVs (8; 32). For sensitivity analyses whenever
there was more than one IV, we ran the MR-Egger regression model to look for
horizontal pleiotropy in our causal models (33), leave-one-out analysis and forest plots
to identify outliers among these Vs that would be driving the results in a certain

direction, and examined scatter plots to check for outliers.

Analytical steps are summarized in the flowchart Figure S1 presented in
supplementary materials. All analyses were done in R version 3.5.1 (The R Foundation
for Statistical Computing). For MR analysis, the “TwoSampleMR” R-package version

0.4.22 was employed (30).

Data and Resource Availability

Informed consents given by KORA study participants do not cover data posting in
public databases. However, the KORA data is available given approval of online
requests at the KORA Project Application Self-Service Tool (https://epi.helmholtz-
muenchen.de/). The HUNT data can be accessed given approval of applications to

HUNT Research Centre (http://www.ntnu.edu/hunt/data). The data used in the

Mendelian randomization analysis are publicly available and can be accessed through:


http://www.ntnu.edu/hunt/data

Diabetes

http://cnsgenomics.com/data.html (Xue et al. at),

http://www.phpc.cam.ac.uk/ceu/proteins/ (Sun et al. at), http://proteomics.gwas.eu

(Suhre et al.) and www.sciencemag.org/content/361/6404/769/suppl/DC1 (Emilsson

et al.). Example code for the analytic steps of the manuscript could be accessed at

https://github.com/maelhadad/T2D_SOMAscan_Proteomics.

Page 14 of 76


http://cnsgenomics.com/data.html
http://www.phpc.cam.ac.uk/ceu/proteins/
http://proteomics.gwas.eu
http://www.sciencemag.org/content/361/6404/769/suppl/DC1

Page 15 of 76

Diabetes

Results

Descriptive statistics of the study populations

Table 1 and supplementary table S1 show the baseline characteristics of both cohorts
and their follow-up subsets respectively. HUNT participants were on average older,

and comprised more men.
Association results of plasma proteins with type 2 diabetes

The proteome wide analysis with prevalent type 2 diabetes yielded 85 FDR significant
proteins (Supplementary Table S2), of which 24 successfully replicated in HUNT
(Table 2 & Figure 2A). Of these, osteomodulin was most strongly associated (based
on KORA p-value) with an odds ratio (OR) per SD increase in protein level of 0.61
(95% C10.47 - 0.77) in KORA and of 0.65 (0.53 - 0.79) in HUNT. Among the positively
associated proteins, peptide YY had the strongest association (OR = 1.34; 95% CI =

(1.1 - 1.62) in KORA and OR = 1.58; 95% Cl = (1.32 - 1.92) in HUNT).

To assess whether the proteome panel was associated with future type 2 diabetes,
we performed a proteome wide analysis with incident type 2 diabetes using the same
model, which yielded ten FDR significant protein associations (Supplementary Table
S3). Of these, aminoacylase-1, growth hormone receptor and IGFBP-2 replicated in
HUNT (Table 3 & Figure 2B). Adiponectin failed quality control in HUNT and thus
replication was not possible. Among the replicated proteins, aminoacylase-1 showed
the strongest association (OR = 1.78; 95% CI = (1.34 - 2.37) in KORA and OR = 1.6;
95% CI = (1.26 - 2.05) in HUNT). Interestingly, aminoacylase-1 overlapped between

the replicated results of both prevalent and incident type 2 diabetes.

Additionally, we assessed the concordance of the effect estimates across the cohorts.

Of 85 KORA FDR-significant proteins associated with prevalent type 2 diabetes, only
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seven had different effect directions, but none of these was nominally significant in
HUNT (Figure 3A). For incident type 2 diabetes, two proteins showed opposite effect

directions, neither of these reaching nominal statistical significance (Figure 3B).

Overlap with known type 2 diabetes genetic and protein associations

To assess the overlap between our results and known type 2 diabetes associations,
we compared our results to gene-based results described by Xue et al (27).
Furthermore, we compared our replicated proteins to protein lists of interest published
by the Human Diabetes Proteome Project, namely the 1000 diabetes-related proteins,
the human islet of Langerhans proteome, the rodent beta-cell proteome and the
human blood glycated proteome (34). Of the 26 unique replicated proteins, 18
overlapped with at least one list. Eight proteins have not been previously found to be

related to type 2 diabetes (Supplementary Table S4).

Data analytics of replicated proteins

Supplementary table S5 shows information extracted from Pharos for our replicated
proteins. Alpha-L-iduronidase, cathepsin A and cathepsin Z shared the same

lysosomal pathway association according to KEGG (20).

Investigating potential effects of drugs on type 2 diabetes-protein associations

in KORA

None of the replicated protein-incident type 2 diabetes associations showed loss of
significance when adjusting for any of the investigated drugs. On the other hand, three
of the replicated associations with prevalent type 2 diabetes lost statistical significance
when adjusting for anti-diabetic medication intake (Supplementary Table S6 and

Figure S2). All of the associations retained the same direction of effect apart from PYY,
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which showed an opposite effect after adjusting for anti-diabetic medication, and, more

specifically, metformin.

Prediction of incident type 2 diabetes

Starting with the nine proteins associated with incident type 2 diabetes in KORA
available in HUNT, we evaluated whether a subset of them selected using LASSO
would improve the predictive performance of the adapted GDRS benchmark model
(9). LASSO selected five proteins, namely transforming growth factor beta-receptor
type 3 (TGFbR3), tartrate-resistant acid phosphatase type 5, pappalysin-1, afamin and
scavenger receptor cysteine-rich type 1 protein M130 (sCD163). The LASSO selected
protein-enhanced model showed improvement in both KORA and HUNT (GDRS-
protein extended AUC = 0.84 with 95% CI = (0.79 — 0.89) and 0.67 with 95% CI =
(0.61 - 0.72); GDRS-only AUC = 0.77 with 95% CI = (0.71 — 0.83) and 0.66 with 95%
Cl = (0.60 — 0.72), respectively); however, according to the Delong test the AUC
improvement in HUNT was not statistically significant (p-value = 0.72, Supplementary
Figure S3). The calibration plot of the LASSO-selected model in HUNT vyielded an
intercept of 0.23 and a slope of 0.53 (Supplementary Figure S3). The intercept of the
calibration plot examines the difference of means of predicted and observed risk. In
HUNT, it is higher than zero thus showing higher observed type 2 diabetes cases in
HUNT as those predicted. This could be attributed to longer follow up in HUNT; 9 years
compared to 7 years in KORA and to the fact that HUNT is older than KORA and
therefore have more cases of type 2 diabetes. The slope of calibration is 0.53 in HUNT,
which indicates a possible overfitting of the model or the need for coefficient shrinkage
in HUNT that could also be attributed to the heterogeneity between the study
populations in terms of patient characteristics and outcome definition. The training

dataset used a gold standard screening to define type 2 diabetes where HUNT did not
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apply similar definition and would therefore have hidden cases and measurement
error. Therefore, the outcome being predicted for HUNT (and defined by KORA) is

slightly different to the outcome observed.

We further tested the performance of individual proteins as predictors of incident type
2 diabetes in KORA and validated our models in HUNT (Supplementary Figure S4).
The following proteins showed relatively similar performance in both cohorts:
aminoacylase-1 (KORA-AUC= 0.78 with 95% CI = (0.73 — 0.84); HUNT-AUC= 0.71
with 95% CI = (0.65 — 0.77)), growth hormone receptor (KORA-AUC= 0.77 with 95%
Cl = (0.71 — 0.83); HUNT-AUC= 0.70 with 95% CI = (0.64 — 0.76)) and IGFBP-2
(KORA-AUC= 0.78 with 95% CI = (0.72 — 0.84); HUNT-AUC= 0.73 with 95% CI = (0.68

—0.79)).

Mendelian randomization analysis of replicated plasma proteins and type 2

diabetes in KORA

Using up to 120 SNPs as genetic instruments, we investigated if type 2 diabetes had
a causal effect on the 26 replicated proteins from both the prevalence and incidence
analyses (Supplementary Table S7 and Figure S5). For cathepsin Z (MR-IVW-Beta=
0.13; p-value = 2.00e-03) and renin (MR-IVW-Beta= 0.08; p-value = 3.15e-02), a
nominally significant causal effect of prevalent type 2 diabetes was observed, each
with the same direction of effect as their observational results. MR-Egger analyses to
test for the presence of horizontal pleiotropy showed no significant results for either
protein (intercept p-values of 0.17 and 0.1 for cathespin Z and renin, respectively).
Tests and plots to check for outliers in the instrumental variables showed no significant

aberrations (Supplementary Figure S6 and S7).

We also ran MR to investigate if any of the proteins had a causal effect on type 2

diabetes. We analyzed 13 proteins for which we found independent cis acting Vs
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(Supplementary Table S8 and Figure S5). We observed a nominally significant causal
effect of SHBG on type 2 diabetes, with the same direction of effect as its observed
association (MR-Wald-Beta = -0.09; p-value = 2.95e-02). None of the associations for

either direction survived Bonferroni multiple testing correction.
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Discussion

We report a proteome wide analysis of type 2 diabetes in KORA and replication in
HUNT using aptamer-based affinity proteomics. Our analysis yielded 26 unique
replicated significant protein associations. Of these, 24 replicated exclusively with
prevalent type 2 diabetes, two replicated exclusively with incident type 2 diabetes, and

aminoacylase-1 replicated with both.

Aminoacylase-1 is a zinc-dependent peptidase involved in amino acid metabolism
(35). The protein has not been described in the context of type 2 diabetes before, but
has been reported to be overexpressed in obese liver tissue, thus linking it to obesity
and inflammation (36). A further study found aminoacylase-1 to be down-regulated in
obese omental fat, which the authors hypothesized to be due to adipocyte dysfunction
caused by obesity (35). Moreover, aminoacylase-1 is associated with arginine
production according to KEGG (20). Plasma levels of arginine were found to be higher

in type 2 diabetes patients (37).

In addition to aminoacylase-1, incident type 2 diabetes results included an inverse
association with IGFBP-2 and a positive association with growth hormone receptor.
IGFBP-2 was reported to have type 2 diabetes-protective effects and has been shown
to reverse hyperglycemia in insulin and leptin deficiency (38). These associations
highlight the role of the growth hormone axis in the early pathophysiology of type 2
diabetes. Both growth hormone and insulin like growth factor-1 are known to play roles

in the insulin receptor cascade, leading to insulin resistance (39).

The analysis of prevalent type 2 diabetes confirmed previously known proteomic
associations like gelsolin (40), renin (41), SHBG (42) and hepatocyte growth factor

receptor, and revealed promising new candidate proteins, including osteomodulin,
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matrilin-2, Wnt inhibitory factor-1 (WIF1), tumor necrosis factor inducible gene 6
protein (TNFAIPG), cerebral dopamine neurotrophic factor (CDNF), RGM domain
family member B, TGFbR3 and SLIT & NTRK-like protein 5, which were
downregulated in type 2 diabetes cases, and lysosomal protective protein, galectin-3

binding protein (LGALS3BP) and peptide YY (PYY), which were upregulated.

Our results overlap and complement results of mass-spectrometry studies on obesity.
Plasma levels of apolipoprotein B, LGALS3BP and SHBG were found to be altered by
sustained weight loss (43) and gastric by-pass surgery induced weight loss (44) with

the latter affecting also plasma protease C1 inhibitor, complement C2 and gelsolin.

New protein associations with prevalent type 2 diabetes included proteins previously
reported in association with complications of type 2 diabetes. Increased circulating
levels of LGALS3BP were linked to non-alcoholic fatty liver disease (45) and acute
venous thrombosis (46) and TGFbR3 was reported to be associated with diabetic
nephropathy (47). TNFAIP6 and CDNF were shown to have protective effects, while
WIF1, TGFBR3 and PYY were reported to have harmful effects, in the development
and progress of cardiovascular atherosclerotic diseases (48-52). Along this line,
members of the complement family like plasma protease C1 inhibitor and complement
C2 were downregulated and upregulated in our results respectively, and proteins from
the renin-angiotensin and kallikrein-kinin systems included the upregulated renin and

downregulated kallikrein-7.

Although our study cohorts were different regarding the fasting status of their samples,
most proteins (78 out of 85 for prevalent and 8 out of 10 for incident type 2 diabetes)
showed concordant effects between cohorts, while none of the non-concordant
proteins were statistically significant in the replication (Figure 3). Nonetheless, fasting

has significant metabolic consequences that are expected to be reflected in the
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plasma proteome and could have contributed to non-replication in HUNT. However,
there are multiple other potential explanations for the non-replication, perhaps differing
from one protein to another. Importantly, while plasma protein levels differ between
fasting and non-fasting samples, this does not necessarily match the variance in the
protein levels caused by the disease status. As such, disease-related variance would
still be apparent despite differences in fasting status. For example, some of our
examined proteins were reported to show differences in their levels according to
fasting status, like SHBG (53), PYY (53) and sCD163 (54), yet their associations with
disease status were replicated in our study. Of the proteins that failed replication in
HUNT, MMP2 (53) and Pappalysin-1 (55) have been found to be affected by food
intake. However, their effect sizes were similar in both cohorts suggesting fasting

status may not be the primary reason for non-replication for most proteins.

Sensitivity analyses into the potential effect of drugs on the type 2 diabetes plasma
protein associations showed loss of significance of some associations after adjusting
for anti-diabetic medication. The effect direction of all the resultant associations
remained the same, except for PYY, which showed a change of direction after
adjusting for metformin intake; however, as its effect estimate was not significant after

adjustment itis difficult to draw any conclusions from this.

Additionally, we evaluated the significant proteins’ ability to predict incident type 2
diabetes. The protein-extended models showed improved performance over the
adapted GDRS benchmark model (9) in both the KORA discovery and the HUNT
replication, although the improvement was very small and not statistically significant
(p-value = 0.72) for the latter. Moreover, we tested the performances of individual
proteins on top of the adapted benchmark model. The best performances in the

replication cohort came from aminoacylase-1, growth hormone receptor and IGFBP2,
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each of which achieved approximately equal performance in HUNT compared to
KORA, results which warrant validation in clinical trials using commercially available
ELISA kits. As the KORA samples were taken from individuals in a fasting state (>= 8
hours) and HUNT samples were taken non-fasting, these results seem to indicate that
fasting status is largely irrelevant with regard to type 2 diabetes prediction for these
candidate biomarkers. However, fasting may potentially be relevant for other markers,
since the AUC was much smaller in HUNT compared to KORA for some of the other

measured biomarkers in combination with the GDRS score.

Our investigations into the causal framework governing the relation between plasma
proteins and type 2 diabetes showed suggestive harmful causal effects of SHBG on
type 2 diabetes. SHBG has been previously reported to be associated with type 2
diabetes (42) and may be implicated in the development of insulin resistance (42). We
demonstrated it to be negatively associated with type 2 diabetes, a causal direction

suggested by the MR analysis as well.

Causal inference analysis showed suggestive causal effects of type 2 diabetes on both
cathepsin Z and renin. In line with previous observations, we demonstrated renin to
be positively associated with type 2 diabetes in both observational and MR analysis
results (41). The association is an indicator of the upregulated renin-angiotensin-
aldosterone system, which is activated in obesity and type 2 diabetes, thus
contributing to CVD complications (41; 56). Cathepsin Z is a member of the peptidase
C1 family that plays a role in lysosomal function, which might explain its connection to

diabetes through beta-cell failure driven by lysosomal degradation (57).

Study strengths

We applied a high throughput proteomics platform on samples from population-based

cohorts for our analyses, which enabled us to test a large number of proteins with a
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wide concentration range and to generalize our results to our samples’ respective
populations. We used samples from plasma, which is easily accessible, and is the
usual medium of biomarkers. Additionally, the plasma proteome reflects on the levels
of proteins originating from a broad range of tissues, thus giving us insight into
systemic pathways. Finally, we were able to test for the causal relationship in both
directions using publically available data on genetic associations with both type 2

diabetes and proteins.

Study limitations

We are aware of several limitations to our study. First, aptamer-based proteomics is
susceptible to potential probe cross-reactivity and non-specific binding (28; 29).
However, we verified that none of the proteins identified have been flagged for such
issues (validation data presented in supplementary materials methods, table S10, and
figures S10 and S11). Due to the lack of OGTT data in HUNT, the rigorous definition
of type 2 diabetes employed in KORA could not be extended and the discrepancy in
fasting status between the cohorts may have contributed to the limited replication of
our results. Our prediction models do not reflect the dynamic changes in the proteome,
which would require a more detailed investigation. This is also true for the Mendelian
randomization results, which reflect the lifelong genetic risk rather than point change
in single protein levels in relation to disease status. Although, there is an overlap
between the participants of the genetic datasets used for type 2 diabetes and proteins

through KORA, none of the associations -tested using such data- were significant.
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Conclusion

Our proteome wide analysis of type 2 diabetes replicated known associations and
revealed novel candidate proteins. Associations with incident type 2 diabetes included
aminacylase-1, which overlapped with prevalent type 2 diabetes associations. New
associations with prevalent type 2 diabetes included TNFAIP6, CDNF, WIF1, TGFBR3
and PYY, all of which are thought to play a role in the development of cardiovascular
complications like atherosclerosis. Mendelian randomization suggested a causal role
of SHBG on type 2 diabetes, which is in line with previous observational and MR
analysis results. It also suggested a causal effect of type 2 diabetes on both cathepsin
Z and renin, both of which are known to play a role in type 2 diabetes complications.
Our results offer insight into proteins involved in the pathogenesis of type 2 diabetes
and its complications, proteins that could be valuable drug targets for all levels of

prevention.
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Table 1: Baseline characteristics of the prevalent study populations.

Diabetes

Variable KORA (n=993) HUNT (n=940) p value*
Age t (years) 59.31 (43 - 79) 69.03 (31.6 - 99.4) | <0.001
Sex female f 514 (51.8 %) 245 (26.1 %) <0.001
BMI § (kg/m2) 27.79 (4.58) 28.36 (3.96) 0.003
Waist circumference § (cm) 94.51 (13.81) 100.01 (11.01) <0.001
Physical inactivity 376 (37.9 %) 472 (49.2 %) <0.001
Smoking T
Never smoker 423 (42.6 %) 234 (24.9 %)

<0.001
Former smoker 422 (42.5 %) 504 (53.6 %)
Current smoker 148 (14.9 %) 202 (21.5 %)
Family history of diabetes t 312 (38.1 %) 280 (31.6%) 0.005
Hypertension 1 396 (39.9 %) 389 (41.4 %) 0.531

* Continuous variables were tested for a difference between the two populations using

t-tests and categorical variables with Chi-square tests with continuity correction.

T Mean (range); £ number (percentage); § mean * standard deviation.
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Table 2: Results of the proteome wide analysis with prevalent type 2 diabetes in KORA, for those proteins statistically significant in the
discovery (FDR<0.05) and their replicated results (FDR<0.05, same direction of effect) in HUNT sorted alphabetically. All analyses were

adjusted for age, sex, body mass index (BMI), smoking status and hypertension.

_ _ UniProt KORA (n =993) HUNT (n = 940)

Protein Full Name Protein Short Name ID OR (95% CI) b value FDR OR (95% Cl) b value FDR
p-value p-value

Alpha-L-iduronidase IDUA P35475 1.48 (1.2 - 1.84) 3.04E-04 | 1.07E-02 1.44 (1.19-1.74) | 1.59E-04 1.42E-03
Aminoacylase-1 Aminoacylase-1 Q03154 2.1(1.64-2.71) 5.62E-09 | 2.05E-06 1.49(1.22-1.84) | 1.26E-04 1.26E-03
Apolipoprotein B Apo B P04114 0.48 (0.37-0.61) | 4.19E-09 | 2.05E-06 0.7 (0.57 - 0.84) 2.87E-04 1.86E-03
Cathepsin Z CATZ Q9UBR2 1.41(1.13-1.77) | 2.27E-03 | 3.35E-02 1.33(1.1-1.62) 3.20E-03 1.37E-02
Cerebral dopamine ARMEL Q49AHO | 0.64(0.48-0.82) | 7.25E-04 | 1.85E-02 0.7 (0.55-0.87) 1.83E-03 8.62E-03
neurotrophic factor
Complement C2 Cc2 P06681 2.01(1.37-3.04) | 6.63E-04 | 1.81E-02 1.47 (1.2-1.82) 3.03E-04 1.86E-03
Galectin-3-binding protein | LG3BP Q08380 1.6 (1.27-2.01) 5.04E-05 | 2.51E-03 1.43(1.2-1.72) 9.47E-05 1.08E-03
Gelsolin Gelsolin P06396 0.55(0.43-0.69) | 4.31E-07 | 9.44E-05 0.66 (0.54 - 0.81) | 4.31E-05 6.88E-04
Hepatocyte growth factor Met P08581 0.62(0.49-0.78) | 4.89E-05 | 2.51E-03 0.78 (0.65-0.92) | 4.93E-03 1.88E-02
receptor
Kallikrein-7 Kallikrein 7 P49862 0.59 (0.46 - 0.75) | 1.47E-05 | 1.46E-03 0.67 (0.54 -0.82) | 1.95E-04 1.56E-03
Lysosomal protective Cathepsin A P10619 1.54(1.24-1.92) | 8.51E-05 | 3.88E-03 1.32(1.09-1.6) 5.48E-03 1.91E-02
protein
Matrilin-2 MATN2 000339 0.62 (0.49-0.77) | 2.77E-05 | 2.17E-03 0.7 (0.57 - 0.86) 7.17E-04 3.82E-03
Osteomodulin OMD Q99983 0.61(0.47 -0.77) | 3.89E-05 | 2.34E-03 0.64 (0.52-0.78) | 1.22E-05 3.26E-04
Peptide YY PYY P10082 1.34(1.1-1.62) 3.36E-03 | 4.59E-02 1.53(1.27-1.86) | 9.26E-06 3.26E-04
Periostin Periostin Q15063 0.54 (0.43-0.68) | 1.52E-07 | 4.16E-05 0.75(0.62 - 0.92) | 5.50E-03 1.91E-02
Plasma protease C1 C1l-Esterase Inhibitor P0O5155 0.67 (0.53-0.84) | 5.39E-04 | 1.59E-02 0.76 (0.61 - 0.93) | 9.66E-03 3.22E-02
inhibitor
Renin Renin P00797 1.61(1.32-1.99) | 5.48E-06 | 6.67E-04 1.45(1.21-1.74) | 5.16E-05 6.88E-04
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RGM domain family RGMB Q6NW40 | 0.64 (0.49-0.81) | 3.52E-04 | 1.20E-02 0.73 (0.59-0.9) 3.25E-03 1.37E-02
member B

Sex hormone-binding SHBG P04278 0.62 (0.47 - 0.8) 2.41E-04 | 9.11E-03 0.63(0.51-0.77) | 1.12E-05 3.26E-04
globulin

SLIT and NTRK-like protein | SLIK5 094991 0.6 (0.47-0.76) 3.81E-05 | 2.34E-03 0.78 (0.66 - 0.93) | 4.38E-03 1.75E-02
5

Transforming growth factor | TGF-b R llI Q03167 0.58 (0.46 - 0.73) | 4.45E-06 | 6.09E-04 0.74 (0.61-0.89) | 1.40E-03 6.99E-03
beta receptor type 3

Trypsin-1 Trypsin P07477 0.63 (0.5-0.78) 4.06E-05 | 2.34E-03 0.7 (0.58 - 0.84) 2.19E-04 1.59E-03
Tumor necrosis factor- TSG-6 P98066 0.58 (0.45-0.74) | 2.27E-05 | 2.07E-03 0.7 (0.57 - 0.85) 3.96E-04 2.26E-03
inducible gene 6 protein

Whnt inhibitory factor 1 WIF-1 Q9YSW5 | 0.5(0.37-0.66) | 2.97E-06 | 4.75E-04 | 0.65 (0.54-0.79) | 2.21E-05 4.43E-04
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Table 3: Results of the proteome wide analysis with incident type 2 diabetes in KORA, for those proteins statistically significant in the

discovery (FDR<0.05) and their replicated results (FDR<0.05, same direction of effect) in HUNT sorted alphabetically. All analyses were

adjusted for age, sex, BMI, smoking status and hypertension.

UniProt KORA (n = 881) HUNT (n =794)
Protein Full Name Protein Short Name FDR FDR

ID OR (95% CI) p-value OR (95% CI) p-value

p-value p-value

Aminoacylase-1 Aminoacylase-1 Q03154 1.78 (1.34-2.37) | 7.15E-05 | 1.96E-02 1.6 (1.26 - 2.04) 1.27E-04 1.14E-03
Growth hormone receptor | Growth hormone receptor | P10912 1.74 (1.31-2.38) | 2.43E-04 | 3.32E-02 1.42 (1.07-1.88) | 1.37E-02 4.11E-02
Insulin-like growth factor- | IGFBP-2 P18065 0.47 (0.34 - 0.65) | 6.07E-06 | 2.22E-03 0.57 (0.42-0.77) | 2.91E-04 1.31E-03
binding protein 2
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Figure 1. Mendelian randomization analysis flowchart; a Clumping refers to the
process of selecting only the independent Vs, i.e. those that are not in linkage
disequilibrium (LD) with each other, using the cutoff (LD-r2 value > 0.001); b
Harmonizing the data refers to ensuring that the effects of the IV on the exposure and

the outcome reflect the same strand effect.
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Figure 2: Volcano plot of type 2 diabetes results in KORA, where proteins that
replicated in HUNT are labeled; A) Results of the proteome wide analysis with
prevalent type 2 diabetes in KORA; B) Results of the proteome wide analysis with

incident type 2 diabetes in KORA.
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Figure 3: Coefficient concordance between KORA and HUNT for A) prevalent type 2

diabetes and B) incident type 2 diabetes. Proteins that replicated in HUNT are labeled.
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Figure 1: Mendelian randomization analysis flowchart; a Clumping refers to the process of selecting only the
independent IVs, ie those that are not in linkage disequilibrium (LD) with each other, using the cutoff (LD-r2
value > 0.001); b Harmonizing the data refers to ensuring that the effects of the IV on the exposure and the

outcome reflect the same strand effect.
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Supplementary material

The updated German Diabetes Risk Score

The updated German Diabetes Risk Score (GDRS) is a risk score that was trained in 21845
participants of the prospective EPIC-Potsdam study with a mean follow-up time of 7 years
(1). It was validated in 3625 participants of the German National Health Interview and
Examination Survey 1998 (baseline) with follow up data in the German Health Interview and

Examination Survey for Adults (follow-up) (2).

The score is based on clinical phenotypes and aims to identify those at risk of developing
type 2 diabetes in the German population. It is built by assigning weights to each variable,

which are derived from the regression model used to develop the score (1; 2).
Physical activity definition in both cohorts

In KORA, physical activity was assessed using a questionnaire with about weekly exercise
frequency and duration in summer and winter (3). Potential answers were (1) > 2 hours, (2)
1-2 hours, (3) <1 hour and (4) none. Participants with a total score < 5, obtained by summing
the numbers (1)—(4) relating to winter and summer, we considered to be ‘physically active’.
Those who walked at least 30 minutes a day were also considered ‘physically active’. In

HUNT, we applied the same definition to maintain consistency.
Validation of the SOMAscan protein measurements

We checked the performance of the SOMAscan platform in KORA by examining the
correlation between SOMAscan measured biomarkers and their overlapping counterparts

measured using other techniques.
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These proteins were leptin measured in plasma by ELISA from Mercodia (Stockholm,
Sweden), C-reactive protein (CRP), cystatin-C measured in plasma by a high-sensitivity
latex-enhanced nephelometric assay on a BN |l analyzer from Dade Behring (Erlangen,
Germany) and 7 proteins measured by selected reaction monitoring mass spectrometry

(SRM-MS).

We used Pearson correlation to test the concordance between proteins measured with
SOMAscan and other techniques in KORA (Supplementary Figure S10, S11). CRP, leptin
and cystatin-C showed good correlation, with their r ranging between 0.94 for CRP and 0.75
for cystatin-C. Proteins measured by SRM-MS showed good correlation for CRP, Mannose-
binding protein C (MBL2), Thrombospondin-1 (THBS1), SHBG and adiponectin (ADIPOQ)
with r ranging from 0.69 to 0.85 while RBP4 and CD5L showed lower r of 0.31 and 0.55

respectively.

Furthermore, we checked the validity of the replicated proteins by examining the data from
Emilsson V. et al, where the authors validated the SOMAscan measurements using mass
spectrometry (4). We found information on the validation for 22 of the unique 26 replicated

proteins (Supplementary Table S10).

STRING protein-protein interaction network analysis

We queried STRING (5), the protein-protein interaction server, to visually assess the
relationship between these candidate proteins and other proteins connected to type 2
diabetes. We used our replicated proteins and the type 2 diabetes associated proteins
curated from UniProt as seed proteins and specified that no additional proteins (interactors)

should be added by STRING to the network.
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Among the type 2 diabetes associated proteins in UniProt (6) (Supplementary table S5;
Protein origin: UniProtKB), 19 out of 23 proteins form a complex network with 17 of our 26

replicated proteins in STRING (Supplementary Figure S12).



Diabetes

Page 44 of 76

Table S1: Baseline characteristics of the incident cohorts with those with type 2 diabetes at

baseline excluded.

Variable KORA (n=881) HUNT (n=794) p value*
Age T (years) 58.63 (43 - 75) 68.83 (31.6 - 99.4) | <0.001
Sex female 464 (52.7 %) 199 (25.1 %) <0.001
BMI § (kg/m2) 27.41 (4.41) 28.04 (3.69) 0.002
Waist circumference § (cm) 93.31 (13.55) 98.94 (10.49) <0.001
Physical inactivity 560 (63.6 %) 407 (52.2 %) <0.001
Smoking
Never smoker 382 (43.4 %) 192 (24.2 %)

<0.001
Former smoker 367 (41.7 %) 430 (54.2 %)
Current smoker 132 (15.0 %) 172 (21.7 %)
Family history of diabetes f 255 (34.8 %) 201 (26.8 %) 0.001
Hypertension 1 316 (35.9 %) 304 (38.3 %) 0.331

* Continuous variables were tested for a difference between the two populations using t-

tests and categorical variables with Chi-square tests with continuity correction.

T Mean (range); £ number (percentage); § mean * standard deviation.
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Table S2: KORA FDR significant results of prevalent type 2 diabetes in KORA, HUNT as well as their combined effect using a meta-analysis

random effects model. Model was adjusted for age and sex, body mass index (BMI), smoking and hypertension.

Protein Full Name UniProt KORA (n =993) HUNT (n = 940) Combined

ID OR (95% CI) p value OR (95% CI) p value OR (95% CI) p value
72 kDa type IV collagenase P08253 | 0.7 (0.56-0.87) |1.83E-03 | 0.89(0.73-1.08) | 2.36E-01 | 0.79 (0.63 -1.01) | 5.63E-02
Adiponectin Q15848 | 0.57 (0.44 - 0.75) | 3.96E-05
Afamin P43652 | 1.52(1.22-1.92) | 2.97E-04 | 1.11(0.91-1.36) | 3.20E-01 | 1.29 (0.95-1.77) | 1.05E-01
Alpha-1-antichymotrypsin P0O1011 | 0.71(0.56 - 0.89) | 3.07E-03 | 0.93 (0.77-1.11) | 4.14E-01 | 0.82 (0.63 - 1.06) | 1.35E-01
Alpha-1-antichymotrypsin complex | P01011 | 0.7 (0.56 - 0.88) | 2.25E-03 |1.09(0.9-1.31) | 3.49E-01 | 0.88 (0.57 - 1.36) | 5.66E-01
Alpha-L-iduronidase P35475 [1.48(1.2-1.84) |3.04E-04 |1.44(1.19-1.74) | 1.59E-04 | 1.46 (1.26 - 1.68) | 1.78E-07
Aminoacylase-1 Q03154 [ 2.1(1.64-2.71) |562E-09 |1.49(1.22-1.84) | 1.26E-04 | 1.76 (1.26 - 2.46) | 9.23E-04
Apolipoprotein B P04114 | 0.48 (0.37-0.61) | 4.19E-09 [ 0.7 (0.57-0.84) |2.87E-04 | 0.58 (0.4-0.84) | 3.63E-03
Arylsulfatase A P15289 |1.31(1.09-1.57) | 3.62E-03 | 1.13(0.96-1.33) | 1.37E-01 | 1.21 (1.05-1.39) | 7.88E-03
Calpastatin P20810 | 0.62(0.46-0.82) | 1.00E-03 | 0.86 (0.7 -1.05) | 1.44E-01 | 0.74 (0.54 -1.03) | 7.13E-02
Cathepsin D P07339 [1.39(1.14-1.7) | 1.13E-03 1 22 (1.01-1.48) | 4.02E-02 | 1.3(1.13-1.49) | 1.90E-04
Cathepsin Z Q9UBR2 | 1.41 (1.13-1.77) | 2.27E-03 .33 (1.1-1.62) | 3.20E-03 | 1.37 (1.18 - 1.58) | 2.39E-05
C-C motif chemokine 23 P55773 | 0.7 (0.56-0.88) | 2.92E-03 O 81 (0.66 - 0.99) | 3.99E-02 | 0.76 (0.65 - 0.89) | 4.44E-04
CD97 antigen P48960 | 0.66 (0.51-0.84) | 1.14E-03 | 0.84 (0.68 - 1.02) | 8.69E-02 | 0.75 (0.59 - 0.96) | 2.03E-02
Cerebral dopamine neurotrophic Q49AHO | 0.64 (0.48-0.82) | 7.25E-04 | 0.7 (0.55-0.87) | 1.83E-03 | 0.67 (0.56 - 0.79) | 4.89E-06
factor
Chordin-like protein 1 Q9BU40 | 0.57 (0.43-0.74) | 2.51E-05 | 0.79 (0.63 - 0.98) | 2.94E-02 | 0.67 (0.49-0.93) | 1.47E-02
Ciliary neurotrophic factor receptor | P26992 | 0.71 (0.57 - 0.89) | 2.30E-03 | 0.81 (0.67 -0.98) | 3.16E-02 | 0.77 (0.66 - 0.88) | 2.84E-04
subunit alpha
Ck-beta-8-1 P55773 | 0.66 (0.53-0.82) | 2.18E-04 | 0.79 (0.65-0.96) | 1.58E-02 | 0.73 (0.61 -0.86) | 2.47E-04
Coagulation factor IX P00740 |[1.67(1.3-2.18) | 1.10E-04 | 1.14(0.94-1.41) | 2.02E-01 | 1.37 (0.94 - 1.98) | 9.88E-02
Coagulation factor IXab P00740 |1.69 (1.31-2.22) | 9.18E-05 [ 1.12(0.93-1.37) | 2.63E-01 | 1.36 (0.91 -2.04) | 1.34E-01
Coiled-coil domain-containing Q76M96 | 0.62 (0.48 -0.79) | 1.05E-04 | 0.85(0.68-1.07) | 1.78E-01 | 0.73 (0.53 - 1) 5.15E-02
protein 80
Collagenase 3 P45452 | 0.53 (0.36 - 0.76) | 1.06E-03 | 0.96 (0.77 - 1.16) | 6.89E-01 | 0.73 (0.41-1.3) | 2.86E-01
Complement C2 P06681 | 2.01(1.37-3.04) | 6.63E-04 | 147 (1.2-1.82) | 3.03E-04 | 1.63(1.22-2.19) | 9.06E-04
Complement C3b, inactivated P01024 |1.42(1.15-1.77) | 1.34E-03
Complement component C9 P02748 | 0.72(0.58-0.88) | 1.71E-03 | 1.06 (0.87-1.3) |5.73E-01 | 0.87 (0.59 - 1.28) | 4.84E-01
Cystatin-M Q15828 | 0.68 (0.54-0.85) | 8.95E-04 | 0.84 (0.69-1.02) | 8.11E-02 | 0.76 (0.62 - 0.94) | 1.01E-02
Dickkopf-like protein 1 Q9UKS85 | 1.35(1.14-1.66) | 1.26E-03 | 1.08 (0.89-1.3) | 4.33E-01 | 1.21 (0.97 - 1.51) | 9.82E-02
Dickkopf-related protein 3 Q9UBP4 | 0.69 (0.54-0.87) | 1.95E-03 | 0.86 (0.7 -1.06) | 1.70E-01 | 0.78 (0.62 - 0.97) | 2.64E-02
Ectodysplasin-A, secreted form Q92838 | 0.64 (0.49-0.83) | 1.18E-03 | 0.85(0.68 - 1.04) | 1.30E-01 | 0.75 (0.57 - 0.98) | 3.56E-02
Endoplasmic reticulum resident P30040 |1.44(1.15-1.82) | 1.97E-03 | 1.21 (1-1.45) 4.81E-02 | 1.3 (1.1-1.54) 2.64E-03

protein 29
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Endostatin P39060 | 0.7 (0.57-0.86) |6.07E-04 | 1.04(0.85-1.27) | 7.21E-01 | 0.85(0.58 - 1.26) | 4.17E-01
Endothelial cell-specific molecule 1 | Q9NQ30 | 0.62 (0.47 -0.8) [ 4.30E-04 | 0.8 (0.62-1) 6.68E-02 | 0.71 (0.55-0.91) | 6.96E-03
Endothelin-converting enzyme 1 P42892 | 0.71(0.57-0.88) | 1.66E-03 | 0.84 (0.7-1) 5.24E-02 | 0.78 (0.66 - 0.92) | 3.17E-03
Ephrin type-B receptor 2 P29323 | 0.68 (0.55-0.84) | 4.68E-04 |0.97 (0.79-1.18) | 7.41E-01 | 0.81 (0.57 - 1.15) | 2.40E-01
Ephrin type-B receptor 6 015197 [0.7(0.55-0.88) |2.26E-03 | 0.96(0.78-1.16) | 6.86E-01 | 0.82 (0.6 -1.13) | 2.25E-01
Fibroblast growth factor 19 095750 [ 0.6(0.47-0.75) |1.19E-05 |0.87(0.72-1.04) | 1.35E-01 [ 0.73(0.5-1.05) | 8.71E-02
Fibronectin Fragment 4 P02751 | 0.7 (0.56-0.87) |1.27E-03 | 0.82(0.68-0.99) | 3.65E-02 | 0.76 (0.65 - 0.89) | 7.03E-04
Ficolin-3 075636 | 1.46 (1.15-1.87) | 246E-03 | 1.15(0.94-1.42) | 1.70E-01 | 1.28 (1.02 - 1.62) | 3.18E-02
Galectin-3-binding protein Q08380 | 1.6(1.27-2.01) |5.04E-05 |1.43(1.2-1.72) |9.47E-05 [1.5(1.3-1.72) 2.40E-08
Galectin-4 P56470 |1.33(1.1-159) | 2.29E-03 |1.18(1.01-1.39) | 3.36E-02 | 1.24 (1.1-1.39) | 3.39E-04
GDNF family receptor alpha-2 000451 [ 0.63(0.5-0.78) |5.02E-05 |0.83(0.69-1.01) | 5.86E-02 | 0.73 (0.55-0.96) | 2.45E-02
Gelsolin P06396 | 0.55(0.43-0.69) | 4.31E-07 | 0.66 (0.54-0.81) | 4.31E-05 | 0.61 (0.51 -0.73) | 1.06E-07
Hepatocyte growth factor receptor | P08581 | 0.62 (0.49-0.78) | 4.89E-05 | 0.78 (0.65-0.92) | 4.93E-03 | 0.7 (0.57 - 0.88) | 1.58E-03
Iduronate 2-sulfatase P22304 | 0.69(0.54 -0.87) | 1.77E-03 | 0.85(0.71-1.02) | 7.03E-02 | 0.77 (0.63 - 0.95) | 1.35E-02
Insulin-like growth factor-binding P18065 | 0.42(0.32-0.55) | 1.53E-09 | 0.76 (0.59-0.97) | 2.57E-02 | 0.57 (0.32- 1) 5.19E-02
protein 2

Interleukin-11 receptor subunit Q14626 | 0.58 (0.44 -0.75) | 3.23E-05 | 0.82(0.67 -1) 5.49E-02 | 0.7 (0.49-0.98) | 3.98E-02
alpha

Interleukin-22 receptor subunit Q969J5 | 0.72(0.57-0.9) | 3.42E-03 |0.93(0.78-1.11) | 4.07E-01 | 0.82 (0.64 - 1.06) | 1.26E-01
alpha-2

Kallikrein-7 P49862 | 0.59 (0.46 -0.75) | 1.47E-05 | 0.67 (0.54-0.82) | 1.95E-04 | 0.63 (0.54 - 0.74) | 1.49E-08
Kynureninase Q16719 [1.35(1.1-1.65) | 3.44E-03 |1.11(0.92-1.33) | 2.66E-01 | 1.22 (1 - 1.48) 4.53E-02
Legumain Q99538 [1.41(1.18-1.74) | 3.80E-04 |1.17(0.97-1.4) | 8.96E-02 | 1.28 (1.07 - 1.54) | 7.56E-03
Leucine carboxyl QoUIC8 | 0.48(0.32-0.72) | 4.68E-04 | 0.87 (0.69-1.07) | 1.90E-01 | 0.66 (0.37 - 1.18) | 1.59E-01
methyltransferase 1

Lysosomal protective protein P10619 |1.54(1.24-1.92) | 8.51E-05 | 1.32(1.09-1.6) | 548E-03 | 1.42(1.21-1.65) | 1.05E-05
Matrilin-2 000339 [0.62(0.49-0.77) | 2.77E-05 |0.7(0.57-0.86) | 7.17E-04 | 0.66 (0.57 -0.77) | 1.05E-07
Melanoma-derived growth Q16674 | 0.69 (0.55-0.87) | 2.09E-03 | 0.79 (0.65-0.96) | 1.75E-02 | 0.75 (0.65-0.87) | 1.47E-04
regulatory protein

Muellerian-inhibiting factor P03971 | 0.72(0.57-0.9) | 3.85E-03 | 1.02(0.84-1.21) | 8.70E-01 | 0.86 (0.61-1.21) | 3.81E-01
Myoglobin P02144 | 0.68 (0.53 - 0.86) | 1.51E-03 | 0.81 (0.66 - 0.99) | 4.18E-02 | 0.75 (0.63 - 0.89) | 1.16E-03
NADPH--cytochrome P450 P16435 |1.43(1.14-1.78) | 1.52E-03 | 1.08 (0.9-1.31) | 4.00E-01 | 1.24 (0.94 - 1.62) | 1.23E-01
reductase

Netrin receptor UNC5D Q6UXZ4 | 0.55(0.43-0.71) | 3.04E-06 | 0.82 (0.69 -0.97) | 2.28E-02 | 0.68 (0.46 - 1) 4.98E-02
Neurexin-1-beta P58400 | 0.59(0.42-0.81) | 1.97E-03 | 0.79(0.62-0.98) | 4.66E-02 | 0.7 (0.53 - 0.92) | 1.21E-02
Neurogenic locus notch homolog P46531 | 0.7 (0.56-0.88) | 1.99E-03 | 0.83 (0.69-1) 5.41E-02 | 0.77 (0.66 - 0.91) | 1.93E-03
protein 1

Osteomodulin Q99983 | 0.61 (0.47-0.77) | 3.89E-05 | 0.64 (0.52-0.78) | 1.22E-05 | 0.62 (0.54 - 0.73) | 2.03E-09
Pappalysin-1 Q13219 | 0.71(0.57-0.88) | 1.88E-03 | 1.06 (0.87 -1.28) | 5.87E-01 | 0.87 (0.59 - 1.28) | 4.77E-01
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Peptide YY P10082 [1.34(1.1-1.62) |3.36E-03 | 1.53(1.27-1.86) | 9.26E-06 | 1.43 (1.25-1.64) | 1.77E-07

Periostin Q15063 | 0.54 (0.43-0.68) | 1.52E-07 | 0.75(0.62 -0.92) | 5.50E-03 | 0.64 (0.47 - 0.88) | 6.59E-03

Peroxiredoxin-1 Q06830 | 1.41(1.15-1.72) | 9.65E-04 | 1.01(0.83-1.21) | 9.51E-01 | 1.19 (0.85 - 1.65) | 3.09E-01

Plasma protease C1 inhibitor P05155 | 0.67 (0.53-0.84) | 5.39E-04 | 0.76 (0.61-0.93) | 9.66E-03 | 0.72 (0.61 - 0.83) | 2.10E-05

Plasminogen activator inhibitor 1 P05121 [1.46(1.16-1.83) | 1.19E-03 | 1.17 (0.97-1.42) | 1.03E-01 [ 1.29(1.05-1.6) |[1.71E-02

Protein S100-A9 P06702 | 1.53 (1.24-1.88) | 6.16E-05

Proto-oncogene tyrosine-protein P07949 [(1.39(1.13-1.7) |1.75E-03 | 1.26 (1.02-1.56) | 3.04E-02 | 1.33 (1.14-1.54) | 1.73E-04

kinase receptor Ret

Pulmonary surfactant-associated P35247 | 1.43(1.16-1.77) | 6.82E-04 | 0.94 (0.77-1.12) | 4.96E-01 | 1.16 (0.76 - 1.75) | 4.96E-01

protein D

Renin P00797 [1.61(1.32-1.99) | 548E-06 | 1.45(1.21-1.74) | 5.16E-05 | 1.52 (1.33-1.74) | 1.54E-09

Retinol-binding protein 4 P02753 |1.3(1.08-1.55) | 3.68E-03

RGM domain family member B Q6NW4 | 0.64 (0.49-0.81) | 3.52E-04 |0.73(0.59-0.9) | 3.25E-03 | 0.69 (0.59 - 0.81) | 5.33E-06
0

Sex hormone-binding globulin P04278 | 0.62(0.47-0.8) |241E-04 |0.63(0.51-0.77) | 1.12E-05 | 0.62 (0.53 - 0.73) | 1.04E-08

SLIT and NTRK-like protein 5 094991 | 0.6(0.47-0.76) | 3.81E-05 | 0.78 (0.66 - 0.93) | 4.38E-03 | 0.7 (0.54 - 0.9) 5.11E-03

SPARC-like protein 1 Q14515 | 0.69 (0.55-0.86) | 1.22E-03 | 0.99 (0.82-1.21) | 9.37E-01 | 0.83 (0.58 - 1.19) | 3.10E-01

Transforming growth factor beta Q03167 | 0.58 (0.46-0.73) | 4.45E-06 | 0.74 (0.61-0.89) | 1.40E-03 | 0.66 (0.52 - 0.85) | 9.40E-04

receptor type 3

Trypsin-1 P07477 | 0.63(0.5-0.78) |4.06E-05 |0.7(0.58-0.84) |2.19E-04 | 0.67 (0.58 - 0.77) | 4.35E-08

Tumor necrosis factor receptor 000300 | 0.7 (0.58-0.86) | 5.86E-04

superfamily member 11B

Tumor necrosis factor receptor Q96RJ3 | 1.33(1.12-1.57) | 7.26E-04 | 0.88 (0.69 - 1.07) | 2.43E-01 | 1.09 (0.72 - 1.63) | 6.90E-01

superfamily member 13C

Tumor necrosis factor-inducible P98066 | 0.58 (0.45-0.74) | 2.27E-05 | 0.7 (0.57-0.85) | 3.96E-04 | 0.65 (0.54 -0.77) | 1.28E-06

gene 6 protein

Tyrosine-protein kinase JAK2 060674 | 0.72(0.58-0.89) | 2.54E-03 | 0.9(0.76-1.07) |1.71E-01 | 0.81 (0.66 - 1.01) | 5.64E-02

Tyrosine-protein kinase Q01973 | 0.65(0.49-0.84) | 1.26E-03 | 0.95(0.77 -1.15) | 6.12E-01 | 0.79 (0.54 - 1.15) | 2.23E-01

transmembrane receptor ROR1

WAP, Kazal, immunoglobulin, Q8TEUS8 | 0.69 (0.54 -0.87) | 2.10E-03 | 0.85(0.7-1.04) | 1.13E-01 | 0.77 (0.63 - 0.95) | 1.31E-02

Kunitz and NTR domain-containing

protein 2

Whnt inhibitory factor 1 Q9Y5W5 | 0.5 (0.37 -0.66) | 2.97E-06 | 0.65 (0.54 - 0.79) | 2.21E-05 | 0.58 (0.45 - 0.76) | 6.44E-05
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Table S3: KORA FDR significant results of Incident type 2 diabetes in KORA, HUNT as well as their combined effect using a meta-analysis

random effects model. Model was adjusted for age and sex, body mass index (BMI), smoking and current hypertension status.

Protein Full Name UniProt KORA (N = 881) HUNT (N = 794) Combined

ID OR (95% CI) p value OR (95% ClI) p value OR (95% CI) Pvalue
Adiponectin Q15848 | 0.41(0.29-0.57) | 1.84E-07
Afamin P43652 | 2.18(1.64-2.94) | 1.31E-07 | 1.09 (0.86 - 1.4) | 4.90E-01 | 1.53 (0.78 - 3.03) | 2.18E-01
Aminoacylase-1 Q03154 | 1.78 (1.34-2.37) | 7.15E-05 | 1.6 (1.26-2.04) | 1.27E-04 | 1.67 (1.39-2.01) | 3.97E-08
Growth hormone receptor P10912 |1.74(1.31-2.38) | 2.43E-04 | 1.42 (1.07 - 1.88) | 1.37E-02 | 1.56 (1.28 - 1.91) | 1.64E-05
Insulin-like growth factor-binding P18065 | 0.47 (0.34-0.65) | 6.07E-06 | 0.57 (0.42-0.77) | 2.91E-04 | 0.52 (0.42 - 0.65) | 1.01E-08

rotein 2

IF\)letrin receptor UNC5D Q6UXZ4 | 0.57 (0.41-0.78) | 4.37E-04 | 0.89 (0.71-1.12) | 2.88E-01 | 0.72 (0.46 - 1.11) | 1.39E-01
Pappalysin-1 Q13219 | 0.59 (0.45-0.77) | 1.02E-04 | 1.02 (0.8 - 1.3) 8.45E-01 | 0.78 (0.45 - 1.34) | 3.67E-01
Scavenger receptor cysteine-rich Q86VB7 | 1.56 (1.23 -2.01) | 3.68E-04 | 0.98 (0.79 - 1.22) | 8.53E-01 | 1.23 (0.78 - 1.95) | 3.70E-01
type 1 protein M130
Tartrate-resistant acid phosphatase | P13686 | 1.74 (1.31-2.34) | 1.97E-04 | 1.13(0.9-1.44) | 3.14E-01 | 1.39 (0.91 - 2.12) | 1.27E-01
type 5
'IYrF;nsforming growth factor beta Q03167 | 0.58 (0.44-0.77) | 1.38E-04 | 0.83 (0.68 - 1.02) | 5.55E-02 | 0.7 (0.5 -0.99) 4.35E-02

receptor type 3
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Table S4: Overlap between our replicated proteins with type 2 diabetes associated genes from Xue et al, and Human Diabetes Proteome

Project (HDPP) lists: 1000 diabetes related proteins list, islet of Langerhans proteome, rodent beta cell proteome and blood glycated proteins

database.
Outcome HDPP lists
Full Name UniProt ID Entrez in our T2D genes | T2D 1000 Islet Rodent beta cell | Glycated Any
Gene study proteins proteome proteome proteins
Aminoacylase-1 Q03154 ACY1 Both Y Y
Growth hormone receptor P10912 GHR Incident Y Y
Insulin-like growth factor- )
binding protein 2 P18065 IGFBP2 Incident Y Y Y
Alpha-L-iduronidase P35475 IDUA Prevalent Y Y
Apolipoprotein B P04114 APOB Prevalent Y Y Y
Cathepsin Z Q9UBR2 CTSz Prevalent Y Y
Cerebral dopamine
neurotrophic factor Q49AHO CDNF Prevalent
Complement C2 P06681 Cc2 Prevalent |Y Y
Galectin-3-binding protein Q08380 LGALS3BP | Prevalent Y Y
Gelsolin P06396 GSN Prevalent Y Y
Hepatocyte growth factor
receptor P08581 MET Prevalent Y Y
Kallikrein-7 P49862 KLK7 Prevalent
Lysosomal protective protein P10619 CTSA Prevalent Y Y
Matrilin-2 000339 MATN2 Prevalent
Osteomodulin Q99983 OMD Prevalent
Peptide YY P10082 PYY Prevalent Y Y
Periostin Q15063 POSTN Prevalent Y Y
Plasma protease C1 inhibitor P05155 SERPING1 | Prevalent Y Y
Renin P0O0797 REN Prevalent Y Y
RGM domain family member B | Q6NW40 RGMB Prevalent
Sex hormone-binding globulin P04278 SHBG Prevalent Y Y
SLIT and NTRK-like protein 5 094991 SLITRKS Prevalent




Diabetes

Transforming growth factor beta

Q03167 TGFBR3 Prevalent
receptor type 3
Trypsin-1 PO7477 PRSS1 Prevalent
Tumor necrosis factor-inducible
) P98066 TNFAIP6 Prevalent
gene 6 protein
Whnt inhibitory factor 1 Q9YS5WS WIF1 Prevalent
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Table S5: Results of the data analytics of replicated proteins:

(Excel sheet)
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Table S6: Comparison between original model and drug-adjusted model with replicated prevalent type 2 diabetes proteins showing those that
lost significance or showed different direction of effect estimate in any of the drug-adjusted models:

) PYY CATZ

Drug (number of participants taking the drug) oo gc0 " Pvalue | OR (95% Cl) Pvalue | OR (95% Cl) Pvalue |
Original Result 2.01(1.37-3.04) | 6.636-04| 134(1.1-162)| 3.36E-03| 1.41(1.13-1.77)| 2.27E-03 | 993
Antidiabetic Medications (52) 133(09-2.18) | 2.21E01| 09(0.67-1.19)| 471E-01| 1.15(0.86-1.54) | 3.30E-01 | 993
Insulin (11) 1.93(1.3-2.97) | 1.81E-03 | 1.33(1.08-163)| 5.26E03| 1.39(L.1-1.75)| 5.32E-03 | 993
Oral antidiabetics (49) 134(091-2.17) | 2.02E01| 0.89(0.66-1.17)| 3.976-01| 1.19(0.89-1.58)| 2.31E-01 ] 993
Oral antidiabetics without Metformin (27) 161(1.08-2.52) | 2.78E-02| 1.14(09-142)| 2.63E-01| 1.25(0.97-16)| 8.26E-02 ] 993
Metformin (40) 137(0.94-2.17) | 1.44E01 | 093(0.71-121)| 6.07E-01| 1.27(0.98-1.66)| 7.51E-02 | 991
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Table S7: Mendelian randomization results of the direction with type 2 diabetes as the exposure and the

individual proteins as the outcome.

Protein
IVW Beta IVW Pleiotropy | summary
Protein n SNPs
(SE) p-value test * statistics

origin
Aminoacylase-1 -0.02(0.07) | 7.51E-01 | 96 2.01E-01 Suhre K
Growth hormone receptor 0.02 (0.04) 6.86E-01 | 120 5.60E-01 Sun BB
o g rovinfactorbindng | 0,05 0.05) | 247€-01 | 120 | e97E01 | OUNEP
Apolipoprotein B -0.07 (0.04) | 1.12E-01 | 120 3.24E-01 Sun BB
fgiiilr)ral dopamine neurotrophic 0.02 (0.04) 5 54E-01 120 8.09E-01 Sun BB
Plasma protease C1 inhibitor -0.05(0.04) | 2.35E-01 | 120 7.84E-01 Sun BB
Complement C2 -0.02 (0.08) | 8.35E-01 |96 1.65E-01 Suhre K
Lysosomal protective protein -0.003 (0.04) | 9.39E-01 | 120 6.42E-01 Sun BB
Cathepsin Z 0.13 (0.04) 2.00E-03 | 120 1.80E-01 Sun BB
Gelsolin 0.03 (0.08) 6.61E-01 | 96 3.21E-01 Suhre K
Alpha-L-iduronidase 0.02 (0.04) 6.82E-01 | 120 6.87E-01 Sun BB
Kallikrein-7 -0.04 (0.04) | 2.29E-01 | 120 9.56E-01 Sun BB
Galectin-3-binding protein 0.13 (0.07) 8.38E-02 | 96 9.82E-01 Suhre K
Matrilin-2 0.03 (0.04) 5.14E-01 | 120 1.24E-01 Sun BB
Hepatocyte growth factor receptor | -0.09 (0.05) | 1.11E-01 | 120 4.38E-01 Sun BB
Osteomodulin -0.02 (0.04) | 5.70E-01 | 120 2.20E-01 Sun BB
Periostin 0.01 (0.04) 7.98E-01 | 120 7.68E-01 Sun BB
Peptide YY 0.05 (0.04) 1.70E-01 | 120 3.37E-01 Sun BB
Renin 0.08 (0.04) 3.15E-02 | 120 1.05E-01 Sun BB
RGM domain family member B -0.01 (0.04) | 8.52E-01 | 120 5.97E-01 Sun BB
Sex hormone-binding globulin -0.01 (0.08) | 8.55E-01 |96 1.89E-02 Suhre K
SLIT and NTRK-like protein 5 0.01 (0.04) 7.49E-01 | 120 1.43E-02 Sun BB
oo growih factorbet@ | 0,01 (0.04) | 830801 120  |510E01 | SUNEP
Trypsin-1 -0.01(0.04) | 8.08E-01 | 120 6.16E-01 Sun BB
;g:‘;g r“)‘ig[gfr’l's factor-inducible 1505 0.04) |263E-01 [120 |541E01 |SUNBB
Wnt inhibitory factor 1 0.04 (0.04) 2.98E-01 | 120 1.72E-01 Sun BB

" Pleiotropy p value represents the p value of the intercept of Egger’s regression.




Table S8: Mendelian randomization results of the direction with the proteins as the exposure and type 2 diabetes as the outcome. All causal

effects were tested using Wald statistics.

Diabetes

Protein Beta SE p value SNP (IV) IV Origin
Alpha-L-iduronidase 0.03 0.05 4.93E-01 rs7665097 | Sun BB

2
Apolipoprotein B 0.05 0.03 1.16E-01 rs679899 Emilsson V
Cerebral dopamine neurotrophic factor 0.00 0.05 9.75E-01 rs1181433 | Sun BB

7
Growth hormone receptor -0.03 0.05 5.35E-01 rs3474200 | Sun BB

8
Hepatocyte growth factor receptor -0.01 0.05 8.07E-01 rs437 Sun BB
Kallikrein-7 0.01 0.05 7.74E-01 rs2691258 | Sun BB
Matrilin-2 -0.06 0.05 2.77E-01 rs1783116 | Sun BB

0
Peptide YY 0.03 0.05 5.84E-01 rs8074783 | Emilsson V
Periostin -0.04 0.03 1.91E-01 rs962462 Emilsson V
Plasma protease C1 inhibitor 0.00 0.01 7.62E-01 rs1122907 | Sun BB

5
RGM domain family member B 0.02 0.04 5.65E-01 rs1563317 | Sun BB
Sex hormone-binding globulin -0.09 0.04 2.95E-02 rs858519 Emilsson V
Tumor necrosis factor-inducible gene 6 protein -0.03 0.01 5.41E-02 rs289828 Sun BB
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Table S9: Information on replicated proteins’ validation adapted from Emilsson V. et al.:

Diabetes

Target Full Name UniProt Gene DDA MRM Cis effect | Cis-Trans Protein
Symbol effects module

Matrilin-2 000339 MATN2 MATN2 PM26

SLIT and NTRK-like protein 5 094991 SLITRK5 SLITRK5 PM26

Renin P00797 REN REN REN No module

Apolipoprotein B P04114 APOB APOB APOB | APOB APOB PM11

Sex hormone-binding globulin P04278 SHBG SHBG SHBG SHBG No module

Plasma protease C1 inhibitor P05155 SERPING1 SERPING1 SERPING1 | SERPING1 PM27

Gelsolin P06396 GSN GSN GSN PM27

Complement C2 P06681 C2 C2 C2 C2 No module

Trypsin-1 PO7477 PRSS1 No module

Hepatocyte growth factor receptor P08581 MET MET MET MET PM27

Peptide YY P10082 PYY PYY PM26

Lysosomal protective protein P10619 CTSA CTSA CTSA No module

Growth hormone receptor P10912 GHR GHR No module

Insulin-like growth factor-binding protein | P18065 IGFBP2 IGFBP2 PM10

2

Alpha-L-iduronidase P35475 IDUA IDUA IDUA No module

Kallikrein-7 P49862 KLK7 KLK7 KLK7 PM27

Tumor necrosis factor-inducible gene 6 P98066 TNFAIP6 TNFAIP6 PM27
rotein

2minoacylase-1 Q03154 ACY1 ACY1 ACY1 PM23

Transforming growth factor beta receptor | Q03167 TGFBR3 PM26

type 3

ézlectin-&binding protein Q08380 LGALS3BP LGALS3BP PM6

Periostin Q15063 POSTN POSTN PM13

Cerebral dopamine neurotrophic factor Q49AHO CDNF CDNF PM2

RGM domain family member B Q6NW40 | RGMB PM26

Osteomodulin Q99983 OMD PM27

Cathepsin Z Q9UBR2 | CTSZ CTSz PM26

Whnt inhibitory factor 1 Q9Y5W5 | WIF1 WIF1 PM13
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KORA study participants with

SOMAscan proteomics data, N =
1000

L

Proteome wide analysis using

logistic regression

prevalent type 2 diabetes incident type 2 diabetes

L Biomarker discovery
Replication of KORA-hits in
HUNT, N =1117

L

Mendelian randomization (MR) analysis

(two sample bi-directional MR)

Figure S1: Analysis flowchart.
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Figure S2: Results of drug-adjusted model of replicated prevalent type 2 diabetes associations. (A:
Antidiabetic Medications, B: Insulin, C: Oral antidiabetics, D: Oral antidiabetics without Metformin, E:

Metformin).
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Figure S3: Performance of LASSO selected biomarkers on top of GDRS compared to GDRS in KORA and
HUNT: assessing discrimination using receiver operating characteristic curve and c-statistic (A: KORA, B:
HUNT), and assessing calibration (C: KORA, D: HUNT).
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Figure S5: Forest plot of proteome wide analysis in KORA and HUNT as well as Mendelian randomization
results for replicated proteins. Odds ratio are per SD change of protein level.
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Figure S6: Sensitivity analyses of the Mendelian randomization analysis with cathepsin Z as the outcome.
From top left to right: a: Scatter plot of the IVs’ effects on exposure and outcome with causal analysis fitted
lines plotted to check if there are any outliers driving the results; b: Funnel plot of the IVs’ effects on the
exposure to check for pleiotropy; c: Forest plot of the casual effect of each SNP to check for any potential
outliers driving the results; d: Leave-one-out analysis to check if the results are dependent on any specific
V.
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Figure S7: Sensitivity analyses of the Mendelian randomization analysis with renin as the outcome. From
top left to right: a: Scatter plot of the Vs’ effects on exposure and outcome with causal analysis fitted lines
plotted to check if there are any outliers driving the results; b: Funnel plot of the 1Vs’ effects on the
exposure to check for pleiotropy; c: Forest plot of the casual effect of each SNP to check for any potential
outliers driving the results; d: Leave-one-out analysis to check if the results are dependent on any specific
V.
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Figure S8: Correlation between SOMAscan measured and otherwise measured biomarkers in KORA (A:
leptin by ELISA; B: CRP by nephelometry; C: cystatin-C by nephelometry.
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Figure S10: Network analysis using STRING featuring our replicated proteins, which are marked by red
circles, and UniProt reported proteins associated with type 2 diabetes (https://version-11-0.string-
db.org/cgi/network.pl?networkld=0zpbBXbgS2PW). Of the UniProt curated proteins, only two proteins
were measured by SOMAscan. Adiponectin was significant in KORA but failed quality control in HUNT and

could not be replicated and insulin receptor was not significant in our results.


https://version-11-0.string-db.org/cgi/network.pl?networkId=OzpbBXbgS2PW
https://version-11-0.string-db.org/cgi/network.pl?networkId=OzpbBXbgS2PW
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Description

protin UniProt ID

full protein name

protein origin, which could be our replicated results or type 2 diabetes associated proteins extracted from Uni
gene name of the protein

whether the protein is part of the STRING netwok connecting replicated proteins to UniProt reported proteins
targer development level infomration from PHAROS

Drug Target Ontology category as per http://drugtargetontology.org/ and paper https://doi.org/10.1186/s13:
protein analysis through evolutionary relationships is a protein classification scheme https://en.wikipedia.org/
subcellar location of the protein

Gene Ontology Molecular Function (MF) or Biological Process (BP) Leaf term, aka GO terms for which no child
data from OMIM on phenotypes related to that protein

data from JAX/MGI on mouse phenotype related to that protein

data from IMPC on mouse phenotype related to that protein

data from GWAS catalog

pathways obtained from KEGG and several other resources (Reactome, PathwayCommons, WikiPathways, Un
disease association obtained from the diseases platform
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Supplementary Table S5: Results of the data analytics of replicated proteins

Diabetes

UniProtID Name

P35475
Q03154
P10619
Q9UBR2
P0O4114
Q49AHO
P0O5155
P06681
Q08380
P06396
P08581
P49862
000339
Q99983
Q15063
P10082
P00797
Q6NW40
P04278
094991
Q03167
P0O7477
P98066
Q9Y5W5
P10912
P18065
P14672
Q9NQBO
Qle821
P52945
Q7RTYO
Q8NCK7
015357
Q13562
043316
P35568
P35680
P03886
P41235
P51787
P06213
P35557
Q15848
P31751
Q86YR7
Q6UXHO
Q5vv42
Q9UQF2
P22413

Alpha-L-iduronidase
Aminoacylase-1

Lysosomal protective protein
Cathepsin Z

Apolipoprotein B-100

Cerebral dopamine neurotrophic factor
Plasma protease C1 inhibitor
Complement C2
Galectin-3-binding protein

Gelsolin

Hepatocyte growth factor receptor
Kallikrein-7

Matrilin-2

Osteomodulin

Periostin

Peptide YY

Renin

RGM domain family member B

Sex hormone-binding globulin

SLIT and NTRK-like protein 5

Transforming growth factor beta receptor type .

Trypsin-1

Tumor necrosis factor-inducible gene 6 protein

Whnt inhibitory factor 1
Growth hormone receptor

Insulin-like growth factor-binding protein 2

Protein origin
Prevalent T2D

Prevalent and incident T2D

Prevalent T2D
Prevalent T2D
Prevalent T2D
Prevalent T2D
Prevalent T2D
Prevalent T2D
Prevalent T2D
Prevalent T2D
Prevalent T2D
Prevalent T2D
Prevalent T2D
Prevalent T2D
Prevalent T2D
Prevalent T2D
Prevalent T2D
Prevalent T2D
Prevalent T2D
Prevalent T2D
Prevalent T2D
Prevalent T2D
Prevalent T2D
Prevalent T2D
Incident T2D

Incident T2D

Solute carrier family 2, facilitated glucose transg UniProtKB
Transcription factor 7-like 2 (HMG box transcrip UniProtkB
Protein phosphatase 1 regulatory subunit 3A (P1 UniProtKB
Pancreas/duodenum homeobox protein 1 (PDX- UniProtkB
Monocarboxylate transporter 13 (MCT 13) (Solu UniProtKB
Monocarboxylate transporter 11 (MCT 11) (Solu UniProtKB
Phosphatidylinositol 3,4,5-trisphosphate 5-phos UniProtKB
Neurogenic differentiation factor 1 (NeuroD) (N UniProtKB
Paired box protein Pax-4 UniProtKB
Insulin receptor substrate 1 (IRS-1) UniProtkB
Hepatocyte nuclear factor 1-beta (HNF-1-beta) ( UniProtKB
NADH-ubiquinone oxidoreductase chain 1 (EC 7 UniProtkB
Hepatocyte nuclear factor 4-alpha (HNF-4-alpha UniProtKB
Potassium voltage-gated channel subfamily KQT UniProtKB
Insulin receptor (IR) (EC 2.7.10.1) (CD antigen CI[ UniProtKB
Hexokinase-4 (HK4) (EC 2.7.1.1) (Glucokinase) (F UniProtkB
Adiponectin (30 kDa adipocyte complement-rel: UniProtKB
RAC-beta serine/threonine-protein kinase (EC 2. UniProtKB
Probable guanine nucleotide exchange factor M UniProtKB
Angiopoietin-like protein 8 (Betatrophin) (Lipasi UniProtKB
Threonylcarbamoyladenosine tRNA methylthiot UniProtkB
C-Jun-amino-terminal kinase-interacting proteir UniProtkKB
Ectonucleotide pyrophosphatase/phosphodiesti UniProtkB

Gene
IDUA
ACY1
CTSA
CTSZ
APOB
CDNF
SERPING1
C2
LGALS3BP
GSN

MET
KLK7
MATN2
OMD
POSTN
PYY

REN
RGMB
SHBG
SLITRK5
TGFBR3
PRSS1
TNFAIP6
WIF1
GHR
IGFBP2
SLC2A4
TCF7L2
PPP1R3A
PDX1
SLC16A13
SLC16A11
INPPL1
NEUROD1
PAX4
IRS1
HNF1B
MT-ND1
HNF4A
KCNQ1
INSR

GCK
ADIPOQ
AKT2
MCF2L2
ANGPTL8
CDKAL1
MAPKS8IP1
ENPP1
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NotT2DNet Thio
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T2DNet  Tchem
T2DNet  Tchem
T2DNet  Tchem
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T2DNet  Tclin
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T2DNet  Thio
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T2DNet  Tclin
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T2DNet Tclin
T2DNet Tclin

T2DNet  Tchem
T2DNet  Thio
T2DNet  Tchem
NotT2DNet Thio
T2DNet  Thio

T2DNet Thio
T2DNet Thio
T2DNet Tchem

Diabetes

DTO Class Panther
GlycosidasePC00110:gl Lysosome| GO:0003940 | F:L-MIM Number:
Cytosol| Vesicles MIM Number:
Serine prot PC00203:se Vesicles  G0:1904715|P:nMIM Number:
Cysteine prPC00191:pt Vesicles G0:0010757|P:n MIM Number:
Vesicles| C'G0:0008201 |F:h MIM Number:
Endoplasmic Reticulum MIM Number:

Serine prot PCO0191:ptPlasma meiG0O:0004867 | F:sctMIM Number:
Vesicles MIM Number:
Plasma membrane MIM Number:

Non-motor PC00041:acActin filam¢G0:1990000| P:aMIM Number:
Kinase; MET family ~ Cytosol| P:GO:0001886|P:e MIM Number:
Serine prot PC00203:s€ Plasma membrane
Receptor PC00197:reSecreted

Golgi apparatus| Golgi lume
Signaling PC00069:ceGolgi apparG0:0071307 | P:c MIM Number:
NeuropeptiPC00162:n¢Secreted MIM Number:

MIM Number:

Aspartic pr(PC00053:asPlasma meiG0:0002003 | P:aMIM Number:
Nucleoplasm MIM Number:
Vesicles MIM Number:
Nucleoplasm| Golgi apparat MIM Number:
Cytosol  G0:0050431|F:tt MIM Number:
Serine prot PC00203:se Vesicles MIM Number:
Secreted MIM Number:
Calcium-bir PC00060:calcium-binding protein MIM Number:

Cytokine PC00090:d¢Cytosol| CyGO:0042803 |F:p MIM Number:
Protease inPC00191:ptEndoplasm GO:0031994 | F:ir MIM Number:
Class | transporters  Plasma meiG0O:0032869|P:c MIM Number:
Nucleoplas/GO:0070016 | F:a MIM Number:
PhosphatasPC00184:pl Membrane protein MIM Number:
Nucleoplas/GO:0003309 | P:t*MIM Number:
SLC16 familPC00227:tr Golgi apparatus
SLC16 familPC00227:tr ER membrane| Nuclear men MIM Number:
Golgi apparG0:0042169|F:S MIM Number:
Nuclease PC00218:tr NucleoplasiGO:0070888 | F:E MIM Number:
Nucleoplasm| Nucleus MIM Number:
Cytosol| NtGO:0005158 | F:ir MIM Number:
Nucleic acicPC00218:tr NucleoplasiGO:0042803 | F:p MIM Number:
Dehydroge/PC00092:d¢ Mitochondria| Mitochondrial membrane
2A. Hepato PC00218:tr NucleoplasiG0:0042803 | F:p MIM Number:
Kv7.1/KCNQ1 sub-subf Plasma meiG0:0005516 | F:c:MIM Number:
INSR family Vesicles| PIGO:0001540|F:a MIM Number:
Hexokinase family Golgi apparG0:0005524 | F:AMIM Number:
Endoplasm G0:0042803 | F:p MIM Number:
AKT family PC00167:n(Nucleus| V.GO:0005524 | F:AMIM Number:
Signaling PC00207:si; Cytosol| Plasma membrane
Golgi apparatus| Nucleoplas MIM Number:
Vesicles  G0:0035598|F:N MIM Number:
Signaling PC00207:si;Plasma meiGO:0005078 | F:NMIM Number:
Nucleotide PC00196:p\Plasma melG0:0005524 | F:AMIM Number:

Subcell_Lo(GO Experimenta OMIM Phenotype(s)

252800;
104620;
613111;
603169
107730;
611233
606860;
613927;
600626
137350;
164860;

602108

0
608777
600781
179820;
612687
182205
609680
600742
276000;
600410
605186
600946;
146731
138190
602228;
600917,
608769;

615765
600829;
601724;
167413;
147545;
189907;

600281,
607542,
147670;
138079;
605441,
164731,

616223
611259
604641,
173335;
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JAX/MGI Human O1IMPC Ortholog Phe GWAS Phenotype(s) Pathways DISEASES
MP:0005367:renal/urinary sys_phen|NBone mineral density (h KEGG:Lysosome | KEC Mucopolysaccharid:
; Phenotype: Aminoacylase 1 deficiency, 609924 (3) KEGG:2-Oxocarboxyl Orotic aciduria (ZSc

MP:0005387:immune sys_phen|MP:0005367:renal/urinary sys KEGG:Renin-angioter Lysosomal storage ¢
Mean platelet volume (t KEGG:Lysosome | KEGG:Apoptosis | RxT:As

MP:0005385:c-v sys_phen|MP:000538 Educational attainment KEGG:Fat digestion a Lipid metabolism di.
Parental extreme longevity (95 years and old: Parkinson's disease

MP:0005385:c-v sys_phen General cognitive abilityKEGG:Complement a Angioedema (ZScor«
; Phenotype: C2 deficiency, 217000 (3); General cognitive abilityKEGG:Complement a Age related maculai
MP:0005376:homeostasis/metabolism phenotype | MP:000538 RxT:Hemostasis | RxT: Liver disease (ZScor:
MP:0010768:mortality/aging| MP:0005 Pulse pressure (http://WKEGG:Fc gamma R-m Amyloidosis (ZScore
MP:0005379:endocrine/exocrine gland Triglycerides (http://wwKEGG:PI3K-Akt signal Cancer (ZScore: 6.3t
Blood protein levels (httRxT:Degradation of t Netherton syndrom

Adverse response to chemotherapy (neutrop Achondrogenesis (Z

MP:0005390:skeleton phenotype | MP:(Lung function (FVC) (htt RxT:Defective B4GAL Dystonia (ZScore: 5.
MP:0005387:immurMP:0000063:decr tBlood protein levels (httW_P:Amplification ai Asthma (ZScore: 5.4
MP:0005390:skeleton phenotype | MP:(Diverticular disease (htt KEGG:Neuroactive lig Obesity (ZScore: 6.1
MP:0010768:mortalMP:0001262:decr tPsychosis proneness (hy KEGG:Renin-angioter Hypertension (ZScol
MP:0010768:mortality/aging Sum eosinophil basophilKEGG:TGF-beta signz Cerebrovascular dis
Heel bone mineral densiPathC: pid:Nongenot Polycystic ovary syn

MP:0005385:c-v sys_phen|MP:0005386:behavior/neurological RxT:Neuronal Systern obsessive-compulsi)
MP:0005384:cel_phen|MP:0005369:m Type 2 diabetes (http:// PathC: netpath:TGF_ Cancer (ZScore: 3.2¢
. Phenotype: Pancre:MP:0000443:abnl sPancreatitis (http://ww\KEGG:Protein digesti Pancreatitis (ZScore
MP:0005387:immune sys_phen|MP:00Lung cancer (http://wwiRxT:Immune System Arthritis (ZScore: 4.:
MP:0010768:mortality/aging| MP:0002 Post bronchodilator FEVKEGG:Wnt signaling | Cancer (ZScore: 4.2¢
MP:0005380:embry MP:0005385:c-v sy Plasma renin activity levKEGG:PI3K-Akt signal Laron syndrome (ZS
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