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Supplementary Note

Incorporation of existing biological knowledge into causal gene assignment

The workflow to assign potentially causal genes in GWAS loci was agnostic with respect to
existing biological and biochemical knowledge. Upon evaluation after the gene had been
assigned, the great majority of automatically assigned genes was also supported by existing
biochemical knowledge and experimental studies. There were a few instances, however, in
which incorporation of existing biochemical and biological knowledge into the causal gene
assignment process would have supported another gene in the locus (see Table). At these
loci, it may be that the automated gene assignment that was agnostic with respect to
existing biological and biochemical knowledge did not prioritize the correct causal gene. As
unbiased databases to facilitate automated gene assignment become more and more
complete, for example through the generation of gene expression data in additional tissues
and cell types, the assignment of the most likely gene in a given region may be subject to
change. Regardless, sensitivity analyses repeating all enrichment analyses with the use of
these genes instead of the automatically assigned ones at these eight loci yielded the same

or almost identical enriched pathways, tissues, and cell types (data not shown).

Automatically Biologically Associated known | Background on biologically supported

assigned gene in | supported gene in | metabolite(s) or | gene

locus (gene score) | locus (gene score) module(s)

CASP9 (hremc) AGMAT (hrem) 4-guanidinobutanoate, The enzyme encoded by AGMAT,
beta- agmatinase, metabolizes N-(4-
guanidinopropanoate aminobutyl)guanidine

[http://www.hmdb.ca/]

LRP8 (hep) CPT2 (h) methylsuccinoylcarnitine | Succinoylcarnitine is a fatty acid. CPT2
encodes carnitine palmitoyltransferase
I, which acts on fatty acids.

ZKSCANS5 (he) CYP3A7 (NA) 16a-hydroxy DHEA 3- The enzyme encoded by CYP3A7
sulfate, andro steroid hydroxylates dehydroepiandrosterone
monosulfate 3-sulphate.

C19H2806S (1)*, tauro-
beta-muricholate

PPP2R4 (hrem) CRAT (hre) 2- CRAT encodes carnitine O-
methylmalonylcarnitine | acetyltransferase. This enzyme
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(C4-DC)

converts short- and medium-chain
acyl-CoAs, to which 2-
methylmalonylcarnitine belongs.

TRIM48 (NA)

FOLH1 (NA)

N-acetyl-aspartyl-
glutamate (NAAG)

FOLH1 encodes folate hydrolase 1,
which  metabolizes NAAG [PMID:
9622670]. The index SNP rs61898064
that gives rise to the automated
assignment of TRIM48 is in LD
(r2=0.798) with  another mQTL
(rs55728336). This other mQTL is
associated with NAAG, and its index
SNP was automatically assigned to
FOLH1. The two signals were not
merged because the r’ was not >0.8.

NUPR1
CCDC101 (he)

(he),

SULT1A2 (he)

3-hydroxyindolin-2-one
sulfate, furaneol sulfate

The enzyme encoded by SULT1A2
catalyzes the sulfate conjugation of a
wide variety of molecules.

TYMS (ohre) ENOSF1 (ohe) ribonate The enzyme encoded by ENOSF1 plays
a role in the catabolism of the deoxy
sugar L-fucose. Ribonate is a sugar
acid.

CABP5 (e) SULT2A1 (e) androstenediol The encoded enzyme,

(3beta,17beta) disulfate | dehydroepiandrosterone
(1) sulfotransferase, catalyzes the

sulfation of steroids and bile acids
including DHEA, of which
androstenediol is a direct metabolite.

BTN3A1 (hem)

SLC17A1/A3/A4 (h)

ME41

The metabolites assigned to this
module belong to a substrate call
transported by the SLC17A transporter
family. The individually significant
metabolite in the cluster, indolelactate,
is assigned to SLC17A1/A3/A4.

RAB11FIP5 (h)

NAT8 (NA)

ME160, ME161, ME166

All known metabolites assigned to the
listed clusters are N-acetylated
compounds. N-acetylation is a key
function of the enzyme encoded by
NATS.




Metabolite clusters provide biological context for yet unnamed metabolites

Metabolites are intermediates of homeostatic reactions and as such inter-connected beyond
pair-wise relationships. Groups of correlated metabolites (“modules”) may reflect shared
biochemical pathways or co-regulation. We used a weighted gene co-expression analysis-
based approach, to construct 212 metabolite modules (Methods, Extended Data Figure 6A).
GWAS of the modules’ first principal component, the eigenmetabolite, identified 46
significant (P<2.4e-10 [5e-8/212]) and replicated associations between genetic variants and
38 unigue metabolite modules (Extended Data Figure 7, Supplementary Table 12). In three
instances, the gene scored as most likely to be causal was not part of the 90 genes identified
in the single metabolite screen. One of them, CPT2, is also supported by biological evidence
but did not receive the highest score within the locus in the single metabolite screen (see
above). At the other four genes, biological evidence points toward a different gene than the
one automatically assigned (see above, Supplementary Table 12 + 15).

Eigenmetabolites that showed particularly strong genetic associations originated
from a module of five unknown metabolites (missense rs2147896 in PYROXD2, P=2.5e-917)
and a module composed of N2-acetyllysine, N-alpha-acetylornithine, X-12124, X-12125, and
X-15666 (missense rs13538 in NAT8, P=4.3e-635; Extended Data Figure 6B, C). Such
associations are suggestive of a common function of the enzyme on metabolites in the
module, implicating the unknown molecules in the NAT8-associated module as additional N-
acetylated compounds or their precursors. Similarly, a module of the known vitamin E
(tocopherol)-related metabolites also contained the two unknowns X-13689 and X-24359
(Supplementary Table 12) and was associated with rs55744319, which is in high LD with a
missense variant in CYP4F2, encoding p.Val433Met. This variant has previously been

identified in response to vitamin E supplementation’, vitamin E levels’, and warfarin



maintenance dose?®. Investigation of the unknown metabolites based on their mass,
retention time, spectral information and genetic evidence nominated the unknown
molecules as structurally related to Vitamin E, with the glucuronide of alpha-CMBHC as a
candidate for X-13689. We experimentally verified this prediction through the examination
and comparison of retention times from ion chromatograms and the locations and
intensities of the MS/MS fragmentation spectra between a standard of the glucuronide of
alpha-CMBHC and X-13689 (Extended Data Figure 7). Thus, knowledge of an unknown’s
module membership and its genetic association can provide information beyond mass and
retention time by restricting the search space of their possible identity for experimental
verification.

While there were no genetic associations with modules that did not contain at least
one metabolite also identified by mGWAS, screening of eigenmetabolites provided the
important advantage of permitting a hypothesis-generating screen of higher order genetic
associations, whereas already the assessment of all pair-wise metabolite ratios would have
accumulated to 686,206 GWAS. Furthermore, 35 of 46 eigenmetabolite associations
implicate additional metabolites that were not identified in mGWAS after correction for
multiple testing (Extended Data Figure 7, Supplementary Table 12). We have made our
software, used for identification of eigenmetabolites, publicly available
(https://github.com/genepi-freiburg/Netboost), which may be of particular interest for

emerging large-scale integrative Omics efforts.



Metabolite ratios capture insights into physiology and pharmacogenetics

The renal tubular amino acid exchanger SLC7A9 is known to exchange dibasic amino acids
such as lysine from urine against intracellular neutral amino acids in model systems*®. We
therefore screened all pair-wise metabolite ratios for this known exchanger. A P-gain
threshold of 6,728,320 (672,832*10) was used to identify ratios that contributed information
beyond their individual components, where 672,832 represents the number of tested ratios
(1172*1171/2) after exclusion of ratios with less than 300 measurements. The index SNP
rs12460876, associated with differential SLC7A9 expression (Supplementary Table 3), was
related to 83 informative metabolite ratios (P-gain >6.7e6, Extended Data Figure 5). Of
these, all ratios that contained lysine also contained neutral amino acids such as
phenylalanine, threonine, glutamine, or alanine, reflecting its known physiological function,
amino acid exchange at the apical membrane of tubular epithelial cells®. In this screen, 5-
hydroxy-lysine and the unknown metabolite X-24736 emerged as novel candidate substrates
of this exchanger (Extended Data Figure 5). Based on spectral information, mass and
retention time, X-24736 is likely an arginine-containing metabolite, consistent with the
uptake of dibasic amino acids from urine. The identification of novel candidate substrates of
known transport proteins is of high interest for pharmaceutical research, both with respect

to a target’s therapeutic potential but also to anticipate potential side effects.



Association between NAT8-associated metabolites and CKD progression and complications

Given the high and near-exclusive expression of NAT8 in kidney, we tested whether the 30
NATS8-associated metabolites may carry information about the risk of CKD progression and
CKD-related endpoints complementary to eGFR, for example by capturing detoxification
capacity (Supplementary Methods). N-acetylation is an important reaction in a major route
of detoxification, the generation of water-soluble mercapturic acids®. Spearman correlation
coefficients of the 30 metabolites with eGFR, the main measure of kidney function in clinical
practice, were weak (range -0.17 to 0.24). We assessed the association of the NATS-
associated metabolites with incident end-stage kidney disease (ESKD, n=61), incident major
cardiovascular events (MACE, n=143) and all-cause mortality (n=129; Methods). In
comparison to a model with clinical information alone, inclusion of metabolites significantly
improved the model fit for ESKD (P=1.5e-4, Methods, Supplementary Table 14). While
higher urinary concentrations of X-13698 and N-acetylglutamine were protective (hazard
ratio [HR]=0.59 for both), N-acetylkynurenine, N-acetylcitrulline, N-delta-acetylornithine and
X-12125 were associated with higher risk (HR range: 1.17-1.47). These metabolites therefore
represent potential new biomarkers of ESKD, along with altered N-acetylation capacity as an

implicated mechanism, for evaluation in larger studies of CKD progression.
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Supplementary Methods

Non-targeted mass spectrometry analysis

Sample preparation at Metabolon, Inc was carried out as described previously’. Briefly,
recovery standards were added prior to the first step in the extraction process for quality
control purposes. To remove protein, dissociate small molecules bound to protein or
trapped in the precipitated protein matrix, and to recover chemically diverse metabolites,
proteins were precipitated with methanol under vigorous shaking for 2 min (Glen Mills
Genogrinder 2000) followed by centrifugation. The resulting extract was divided into
fractions and vacuum dried. For each sample, dried extracts were dissolved in injection
solvent containing eight or more injection standards at fixed concentrations, depending on
the platform, to assure injection and chromatographic consistency. Each sample was
analyzed by four ultra-high performance liquid chromatography-tandem mass spectrometry
(UPLC-MS/MS) methods: 1) One aliquot was analyzed using acidic positive ion conditions,
chromatographically optimized for more hydrophilic compounds. In this method, the extract
was gradient eluted from a C18 column (Waters UPLC BEH C18-2.1x100 mm, 1.7 um) using
water and methanol, containing 0.05% perfluoropentanoic acid (PFPA) and 0.1% formic acid
(FA). 2) A second aliquot was also analyzed using acidic positive ion conditions; however, it
was chromatographically optimized for more hydrophobic compounds. In this method, the
extract was gradient eluted from the same aforementioned C18 column using methanol,
acetonitrile, water, 0.05% PFPA and 0.01% FA and was operated at an overall higher organic
content. 3) A third aliquot was analyzed using basic negative ion optimized conditions using a
separate dedicated C18 column. The basic extracts were gradient eluted from the column

using methanol and water, however with 6.5mM ammonium bicarbonate at pH 8. 4) The
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fourth aliguot was analyzed via negative ionization following elution from a HILIC column
(Waters UPLC BEH Amide 2.1x150 mm, 1.7 um) using a gradient consisting of water and
acetonitrile with 10mM ammonium formate, pH 10.8. 5) A fifth aliquot was reserved for
backup.

Three types of controls were analyzed in concert with the experimental samples:
samples generated from a pool of human urine extensively characterized by Metabolon, Inc.
served as technical replicate throughout the data set; extracted water samples served as
process blanks; and a cocktail of standards spiked into every analyzed sample allowed
instrument performance monitoring. Instrument variability was determined by calculating
the median relative standard deviation (RSD) for the standards that were added to each
sample prior to injection into the mass spectrometers (median RSD=5-7%; n=31 standards).
Overall process variability was determined by calculating the median RSD for all endogenous
metabolites (i.e., non-instrument standards) present in 100% of the pooled human urine
samples (median RSD=7-9%; n>1,000 metabolites). All RSDs for metabolites present in at
least 90% of the pooled human urine samples are reported in Supplementary Table 2.
Experimental samples and controls were randomized across the platform run. All methods
utilized a Waters ACQUITY UPLC and a Thermo Scientific Q-Exactive high resolution/accurate
mass spectrometer interfaced with a heated electrospray ionization (HESI-Il) source and
Orbitrap mass analyzer operated at 35,000 mass resolution. Instruments were tuned and
calibrated for mass resolution and mass accuracy daily. The MS analysis alternated between
MS and data-dependent MSn scans using dynamic exclusion. The scan range varied slighted

between methods but covered 70-1,000 m/z.
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Metabolite identification and quantification
Metabolites were identified by automated comparison of the ion features in the
experimental samples to a reference library of chemical standard entries that included
retention time, molecular weight (m/z), preferred adducts, and in-source fragments as well
as associated MS spectra, and curated by visual inspection for quality control using software
developed at Metabolon. Identification of known chemical entities was based on comparison
to Metabolon’s spectral library of >4,500 purified chemical standards. Commercially
available purified standard compounds have been acquired and registered into LIMS for
distribution to the various UPLC-MS/MS platforms for determination of their detectable
characteristics. Known metabolites reported in this study conformed to confidence Level 1
(the highest confidence level of identification) of the Metabolomics Standards Initiative®®,
unless otherwise denoted with an asterisk. Additional mass spectral entries have been
created for structurally unnamed biochemicals (>2,750 in the Metabolon library), which have
been identified by virtue of their recurrent nature (both chromatographic and mass
spectral). These compounds have the potential to be identified by future acquisition of a
matching purified standard or by classical structural analysis, and were included in this study.
Peaks were quantified using area-under-the-curve. Raw area counts for each
metabolite in each sample were normalized to correct for variation resulting from
instrument inter-day tuning differences by the median value for each run-day, therefore,
setting the medians to 1.0 for each run. This preserved variation between samples but
allowed metabolites of widely different raw peak areas to be compared on a similar

graphical scale.
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GWAS of eigenmetabolites

Netboost was applied to the GCKD discovery sample, and the resulting clustering transferred
to the replication sample. GWAS were conducted separately for discovery and replication
eigenmetabolites and results were meta-analyzed using a fixed effects inverse variance
model in METAL™. Statistical significance was defined as genome-wide significance (P<5e-8)
in the discovery sample, a one-sided P<0.05 in the replication sample, and significance
(P<2.4e-10) in the meta-analysis after correcting for multiple testing by a Bonferroni
procedure (5e-8/212 eigenmetabolites). Significantly associated 1-Mb intervals were merged
by overlap, and loci were merged into genetic regions across eigenmetabolites if their index
SNPs were correlated (r*>0.8). The extended MHC region (chromosome 6, 25.5-34 Mb) was

considered as one region.
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Associations with CKD progression and CKD-related endpoints

Prospective endpoints abstracted in the GCKD-study include ESKD, cardiovascular events and
death™. For this project, endpoints over the first four years of follow-up were included
(median follow-up time: 1,476 days). To evaluate the association of the 30 NAT8-associated
metabolites, survival regression models were fitted for time from study entry to first event.
Evaluated endpoints were overall mortality, ESKD (combined endpoint of dialysis, kidney
transplantation and kidney-related death) and major adverse cardiac events (MACE,
combined endpoint of myocardial infarction, stroke, peripheral vascular disorders and heart-
related deaths). Besides log,-transformed metabolites, the four clinical variables age, sex,
log(eGFR ) and log(UACR) were considered; 1,619 GCKD participants had complete data.
Three different Cox proportional hazard models were fitted: 1) clinical model (4 clinical
variables), 2) metabolite model (selected metabolites using backward elimination based on
Akaike’s information criterion), and 3) combined model (repetition of backward elimination
of metabolites selected for model 2 with forced inclusion of clinical variables). The deviance
test based on the likelihood ratio statistic was used to evaluate significance of model
improvement. The Cox proportional hazard model provided hazard ratio estimates for
overall mortality and cause-specific hazard ratio estimates for ESKD and MACE in the
presence of competing events'. No metabolites were associated with the competing events
after correction for multiple testing (data not shown). No major violations to the
proportional hazard assumption were found based on scaled Schoenfeld residuals and

. 1
graphical assessment®?.

14



References:

10.

11.

12.

13.

Major, J.M. et al. Genome-wide association study identifies three common variants
associated with serologic response to vitamin E supplementation in men. J Nutr 142, 866-71
(2012).

Major, J.M. et al. Genome-wide association study identifies common variants associated with
circulating vitamin E levels. Hum Mol Genet 20, 3876-83 (2011).

Takeuchi, F. et al. A genome-wide association study confirms VKORC1, CYP2C9, and CYP4F2
as principal genetic determinants of warfarin dose. PLoS Genet 5, e1000433 (2009).

Li, Y. et al. Genome-Wide Association Studies of Metabolites in Patients with CKD Identify
Multiple Loci and llluminate Tubular Transport Mechanisms. J Am Soc Nephrol 29, 1513-1524
(2018).

Bertran, J. et al. Expression cloning of a cDNA from rabbit kidney cortex that induces a single
transport system for cystine and dibasic and neutral amino acids. Proc Nat/ Acad Sci U S A 89,
5601-5 (1992).

Veiga-da-Cunha, M. et al. Molecular identification of NAT8 as the enzyme that acetylates
cysteine S-conjugates to mercapturic acids. J Biol Chem 285, 18888-98 (2010).

Evans, A.M. et al. High Resolution Mass Spectrometry Improves Data Quantity and Quality as
Compared to Unit Mass Resolution Mass Spectrometry in High-Throughput Profiling
Metabolomics. Metabolomics 4, 7 (2014).

Sumner, L.W. et al. Proposed minimum reporting standards for chemical analysis Chemical
Analysis Working Group (CAWG) Metabolomics Standards Initiative (MSI). Metabolomics 3,
211-221 (2007).

Schrimpe-Rutledge, A.C., Codreanu, S.G., Sherrod, S.D. & McLean, J.A. Untargeted
Metabolomics Strategies-Challenges and Emerging Directions. J Am Soc Mass Spectrom 27,
1897-1905 (2016).

Willer, C.J., Li, Y. & Abecasis, G.R. METAL: fast and efficient meta-analysis of genomewide
association scans. Bioinformatics 26, 2190-1 (2010).

Eckardt, K.U. et al. The German Chronic Kidney Disease (GCKD) study: design and methods.
Nephrol Dial Transplant 27, 1454-60 (2012).

Austin, P.C., Lee, D.S. & Fine, J.P. Introduction to the Analysis of Survival Data in the Presence
of Competing Risks. Circulation 133, 601-9 (2016).

Grambsch, P.M. & Therneau, T.M. Proportional Hazards Tests and Diagnostics Based on
Weighted Residuals. Biometrika 81, 515-526 (1994).

15



Supplementary Figure 1: Regional association plots for mQTLs identified in mGWAS of
urinary metabolite concentrations

For each of the 240 mQTLs, the region for plotting was selected as the outer borders of
merged overlapping 1-Mb windows. The extended MHC region was treated as one region.
The index SNP with the lowest p-value is indicated. P-values were calculated based on linear
regression. The metabolite that gave rise to the association is included in the title. Linkage
disequilibrium information, used to color-code correlation with the index SNP, was
calculated from the analyzed subsample of the GCKD study. For additional detail on index
SNP association see Supplementary Table 3.
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I 100
s
2
| - [=}
80 §
g
2
60 2
=}
S
F40 2
@
s
H20 =
H
=)

29 GWAS hits
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HIST1 H2BA— HIST1.‘;IZAG~> ZSCA|N9~> URZ‘J‘?% HLAI—A~> TUBIB% MIC’B% - PIEXZ HLA—D,PBZ» 299 genes
HIS‘TIHZAPSI% PRS‘.S164> <~ZKSICAN4 ORZ‘JZ% HC(IES% <~FLIOT1 LT/Il% <~C¢27rl10 <~F1‘:(RB omitted
SLC 1 7A4—> LINCDEZ‘IO*) ORZ‘Bb‘*) - TFi/M27 - H‘CGA - G.NL 1 <« HLIA—B EGFIL8~> HCG|24~>
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A
=MvYL1 < LANCL1 CPS1-IT1—>
A - '
T T T T T
211.2 2114 211.6 211.8 212

Position on chr2 (Mb)
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Position on chr2 (Mb)
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Dia\ysi/E»re\ated mortality
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B 0 f —H ey
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- ' ' - =t =
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o 7w - . i ot -
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67 67.2 67.4 67.6 67.8
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0.6

Position on chr11 (Mb)
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T T 7~
Bilirubin levels Response to statin/Fherapy Type 2 diabetes
Metabolic traits
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» £ A
SLCO1CT—> /AE)Z*) GOLW.TYB%
PYROXD1—=> < GYS2
e W
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SLCO1B3—> IAE}Z*) GOLIJB%
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Metabolic traits
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D i sulphate levels Red blood cell coul
LOC101927550—= MYH16—= <= PDAP1 ZKSCAN5—  ZSCAN25— <= CYP3A4 < OR2AE1
full o o A i ;
< SMURF1 ARPC1A—> CPSF4— ZNF655—> < CYP3A7 CYP3A43— < AZGP1
o ASRET A - [ — i &
< KPNA7 AHP’_CJB* FZ/:I:'SQA <-CYP3A5 - LQLM‘i
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% ¥ 3
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T T T T T
98.8 99 99.2 99.4 29.6

Position on chr7 (Mb)

nicotinamide riboside

rs122u8385/
(J
oo

*
Lp (a) levels
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Lp (a) levg
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—-—— v - e b
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1 H Vi [t
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Metabolic traif

Metabolite levels

levels (X-11787)
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Dialysigj-related mortality
Systemic lupug erythematosus

Systemic lupus er
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) v 3 et e
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“ —e e
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Tua o —
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e e [ e s e feas |
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it i e
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24 GWAS hits
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< SNQRAZD
< SNORA29

MRPL18—>
-
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Systemic lupus erythematosus
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Dialys;E:rela(ed mortality

levels (X-11787) Systemic lupus er
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B 0 V — aw
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o et P o Y ——
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ZN}F_Z|75*> GlM/ﬁP4*> GIMﬂPZﬁ NO;S*) AGAP3— eA&CFZ
LGC72_8743~> G/MdP1~> ‘*ALGSB ‘*A:’S‘Bm
LINCO}_(‘J‘QQSA GIMAPY.—_(E.IMAP5~> AB%&* «IQ-C|A1L
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HISTIH2APS1—=  PRSS16-> <ZKSCAN4 OR2J2—> HLA-J—> <~IER3 HCG26— <C6orf10 < RXRB
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SLCO1CT1—= SLCO1B7— SLCO1B1— < SLCO1A2 <-RECQL <-LDHB
ey £ o
SLCO1B3—> IAEE:% GOLIJB%
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FM”C'Q'LNQ eﬂ&EZ FBELM] CVR.61~> < COL24A1
MIR4423— LOC646626—>
T ; : T T T
85.4 85.6 85.8 86 86.2

Position on chr1 (Mb)

X —-24519

*
T Metabolic traif

Metabolite levels

levels (X-11787)

=
D\alys;E:velated mortality

Systemic lupus erythematosus
Systemic lupus er

NOTO—> <-EGR4 ALMS1—> < NAT8B C2orf78—> ACTG2—> TET3—
B 0 v o o e
SMYD5—> ALMS1-IT1—> <NAT8 <-TPRKB STAMBP—>
- ' v - e
< PRADC1 ALMS1P1—> DGUOK—>
" — )
cCT7—> <DUSP11 < DGUOK-AS1
e £ —=
< FBXO41
-
T T T T T
73.4 73.6 73.8 74 74.2

Position on chr2 (Mb)

— 100

(aui/no) eyes uoneuiquiodsay

10 GWAS hits
omitted

(QuN/N0) erel uoheuIquIooaY

29 GWAS hits
omitted

—logio(p-value)

~logyo(p-value)

SNPs

20

X —24518

Metabolite levels
Response to angiotensin Il receptor blocker therapy

Left ventricular mass levels

*
Metabolite levels (HVA/5-HI|

RAIT14— <-RAD1 < AGXT2
- ety
TTC23L—> <PRLR
BRIX1—
DNAJC21—>
.
T T T T T
34.6 34.8 35 35.2 35.4

Position on chr5 (Mb)

X — 24546

rs73069021

CDQ)

0.8
0.6

7 7~
Bilirubin levels Response to talin’Fherapy Type 2 diabetes
letabolic traits
Bilirubin levels
SLCO1CT— SLCO1B7—> SLCO1B1— < SLCO1A2 <-RECQL < LDHB
o s oy
SLCO1B3— IAE}Z*) GOLLIB%
PYROXD1—> <-GYS2
=y i A
SPX—=
"
T T T T T
21 21.2 21.4 216 21.8

Position on chr12 (Mb)

(QN/No) 8¥es uoneuIqUIoodY

19 GWAS hits
omitted

100

80

(Q/no) 8ves uoneuIquIoosY

35 GWAS hits
omitted



~logyo(p-value)

~logo(p-value)

glycodeoxycholate sulfate

SNP< [ S 1 O N N O A 101

12 Ia rs56165099
10 08 8
B . 0d9S
06 @
8 0.4 °
02
6 -
4 4
2

I el
o ©
058 =,

(QIN/INO) 1Rl UolRUIqUIooDY

0 — 0
— LA 3
Bilirubin levels Response to slaun/Fherapy Type 2 diabetes 36 GWAS hits
Metabolic traits omitted
ibitors in arthritis
SLCO1CT1—> SLCO1B7—= SLCO1B1— <-SLCO1A2 < RECQL <-LDHB
[ty £ =
SLCO1B3— lAﬂf’.*) GOLW.HB%
PYROXD1—> < GYS2
e - e
SPX—
"
T T T T T
21 212 214 216 218
Position on chr12 (Mb)
N1,N12-diacetylspermine
‘SNP's | SE A HO |  | I -
@
154240520 ~ 1008
12 Py El
80 S
D
60
E]
40 3
20 2
2
[OES
=
. . 1 T " . =4
Visceral ampo%e i sue/subcutane%us adipose tissue ratio 8 GWAS hits
Blood metabolite levels Gout omitted
Systemic lupus er
< CFAP46 <-ADGRA1-AS1 UTF1—= < CALY < SPRN CYP2E1—>
Fresnm b f 4 " -
< LINCO1166 ADGRA1—> VENTX—>  PRAP1—>  SCART1—> < SYCE1
[t (ke . " (4 -
‘*LIN?01167 KNDC1—> ZNF§11~> MI@Z* %SP.RNFW
LINCOJ 168— <7MIF3.202HG <7F£IOM <7FFIIGZB
<MIR202 <-ECHS1
{ -
<ADAM8 < MIR3944
- ]
< TUBGCP2
i
PAOX—>
-
T T T T T
134.8 135 135.2 135.4 135.6

Position on chr10 (Mb)

~logyo(p-value)

—logyo(p-value)

glycochenodeoxycholate glucuronide (1)

SNP's N O HS ENI  D 1

30 r

25

rs12317268

o
Bilirubin levels

ibitors in rheumatoid arthritis

0 T
Response to stahn’Fhevapy Type 2 diabetes

Metabolic traits

SLCO1CT1—= SLCO1B7—> SLCO1B1—~ <-SLCO1A2 <-RECQL <-LDHB
[ Bt £ A
SLCO1B3—> IAEE’.% GOLIJB%
PYROXD1— < GYS2
SPX—
)
T T T T T
21 212 21.4 21.6 21.8

SN I A  0

20

15 08

Position on chr12 (Mb)

methylsuccinoylcarnitine

rs12410239

=
Hippocampal atrpphy

LT
Nicotine use

‘Smoking cessation in chronic obstructive pujmonary disease

Systemic lupus er

Response to statin therapy

<~ COA7 ZYG11A— SCP2—> <SLC1A7 CPT2— LINCO1771—>  DMRTB1->
h - - W W L)
ZYG11B— <-ECHDC2 PODN—> <Cflorf123 < SLC25A3P1
e o o - '
< Mﬁ‘GOH <GLIS1
LOC100§07564~>
<-LRP8
ezt
T T T T T
53.2 53.4 53.6 53.8 54

Position on chr1 (Mb)

100

(QN/No) 8¥es uoneuIqUIoodY

37 GWAS hits
omitted

100

80

(QN/No) Yel uoneUIqUIodaY

19 GWAS hits
omitted



~logyo(p-value)

~logo(p-value)

X —24736 3-methylglutarate/2—methylglutarate

SN I A 0 A N 0 1 T 1 | O

12 o 2 100 2 ~ 100
1512460876 v v 151047891
2 25 °
8 08 °
3 g
ES 8
g 5 2
o S 35
z E 5
2 1 <3
T =Y E]
S E 8
E 38 3
= i S
< =
=
z
T on
T Colorectal cancer Crphn's disease 81 GWAS hits
Bipolar disorder Urinary metabolites Bone properties (heel) omitted
Visceral adipose tissue adjusted for BN 3
T Metabolic traits Body m%ss ind
ZNF507—=> PDCD5—> NUDT19—> < SLC7A9 FAAP24— GPATCH1—> < CEBPA 40 GWAS hits
=1 w — = 0 [ tea 0 Honjocysteine levels Body mass ind{ omited
< LOC400684 <ANKRD27  TDRD12—> < CEP89 WDR88—> CEBPA-DT—> Body mass index in
DPY19L3— < SNORA68B < RHPN2 LRP3— <— ACADL LANCL1-AS1— CPS1—
RGS9BP—> <SLC7A10 ~MvYL1 < LANCL1 CPS1-IT1—>
' Ll et e v
T T T T T T T T T T
33 33.2 33.4 33.6 33.8 211.2 211.4 2116 211.8 212
Position on chr19 (Mb) Position on chr2 (Mb)
3-methylglutarate/2—methylglutarate alpha—hydroxymetoprolol
SNPs I [N T S O I SN P {1 T 1 O o
o
rs3BY2UY / 1 8
2 | 100 _ S 00y
20 1 rs820503 B 80 &
© D
08 Z. 60 g
06 | 80 z 2 40 3
15 - 0.4 8 S’ 20 T
° 02 3 [ 2
9] Heo 3 0 s
g Alzheimer's d\sgase biomarkers T Schizo‘rhvema Initial uvsu\r 2
S iz P L4 25 GWAS hits
§ nse to serotonin reuptake inhibitors in major depressive disordef (plasma drug and metabolite levels) omitted
,g Response to serotonin reuptake inhibitors in major ive disorder (plasma drug and ite levels)
s XRCC6—~> CCDC134—> < CENPM < NAGA < TCF20 < LINC01315 SERHL—>
S [Fash o C - e " ES
< <SNU13 < SREBF2-AS1 SEPT3—> SMDT1—> OGFRP1—> < NFAM1  <-RRP7A
() 4 e 0 H i -
CZZO}:MB** SREBF2— WE’P_Z‘QIL* ‘*CY.PZDG SEFg:LLZ*
MEIT— MIR33A— PHETA2— <RRP7BP
H g . H
< SHISA8 < NDUFA6 <-POLDIP3
sthma adiation response T HIV-1 susceptibilt " " bt
Y| a4 awas hits < MIR378! NDUFA6-DT—> RNU12—>
thma Menarche (age at onset) omitted ' — '
ted allerg Bipolar disorder and schizophrenia -— TNFFI?SF13C ‘*LOC1(Z1929529 - CVBSR%‘
‘ IL33—= TPD52L3—> UHRF2— < GLDC KDM4C—> LINC00634—> < CYP2D7
e 0 & .
T T T T T T T T T T
6.2 6.4 6.6 6.8 7 422 42.4 42.6 42.8 43

Position on chr9 (Mb) Position on chr22 (Mb)



~logs(p-value)

~logyo(p-value)

furaneol sulfate

TSTOTZS

Type 1 diabetes

Bady mgss index
Bgdy mass index

<= XPO6 SBK1—= <EIF3CL ATXN2L—= CD19—=
et [l - -
< NPIPB6 <CLN3  SGF29—> NPIPB9—> SH2B1->  SPNS1->
Yot ) i v =4 w
< EIF3C <TUFM  NFATC2IP—
-— JE——— : -
, <-MIR6862-2 , - Mll‘?4721 MIH4I5 17—
<-MIR6862-1 ATP2A1—= LAT—=
. , =] .
APOBR-> < SULT1A1 <ATP2A1-AS1
< L27 <SULT1A2 < RABEP2
<-NUPR1 NPIPB8—=
d i
T T T T T
28.2 28.4 28.6 28.8 29
Position on chr16 (Mb)
1 1 1 1 O A
40 1513384756 2
0.8
30 o
0.6
20
o ° [¢7) 02
& o @0
o o970
10 ® o %op g
®

+
Metabolic traif

Metabolite levels
levels (X-11787)

=
D\alys;E:related mortality

Systemic lupus erythematosus
Systemic lupus er

NOTO—> <-EGR4 ALMS1—> < NAT8B C2orf78—> ACTG2—> TET3—
B 0 v — o
SMYD5—> ALMS1-IT1—> <NAT8 <-TPRKB STAMBP—> <-BOLA3
- ' v - e H
< PRADC1 ALMS1P1—> DGUOK—>
" — )
CcCT7—> <DUSP11 < DGUOK-AS1
e e —=
< FBXO41
-
T T T T T
73.4 73.6 73.8 74 74.2

Position on chr2 (Mb)

o
8
— 100 ©
E
80 S
i
60 3
3
40 3
20 2
2
0 =
=
£
92 GWAS hits
omitted
— 100

80

60

40

20

(QuN/N0) erel uoheuIquIooaY

29 GWAS hits
omitted

X — 24796

SNPs [N

25
rs37377
L]

20

~logyo(p-value)

0.8

Metabolite levels
Response to angiotensin Il receptor blocker therapy

Left ventricular mass levels.

+
Metabolite levels (HVA/5-HIA

RAI14— <-RAD1 < AGXT2
- o
TTC23L—> < PRLR
BRIX1—
DNAJC21-=>
i
T T T T T
34.6 34.8 35 35.2 35.4

Position on chr5 (Mb)

X - 24809

rs2147896

*
Aspartate aminotransferase levels
Type 1 diabetes

levels

Migraine w|
Migraine without aul
Obesity-related tre

< CRTAC1 R3HCC1L—> < PYROXD2
o

< LOXL4 <MIR1287
- f

<-HPSE2

< HPS1
ey

- MI.“?4685

LOC101£272754>

T T T T
99.8 100 100.2 100.4
Position on chr10 (Mb)

100.6

— 100

80

(QN/No) 8¥es uoneuIqUIoodY

19 GWAS hits
omitted

100

(QN/No) Yel uoneUIqUIodaY

18 GWAS hits
omitted



~logyo(p-value)

~logo(p-value)

SNPs RIS

hexanoylglutamine

rs12134854

— 100

sensitivity

Metabolic traits

levels

Personality dimensions
Mitochondrial DN|
Pubertal i

< SLC44A5

ACADM—
.

<DLSTP1
RABGGTB—>

-
SNORD45C—>
SNORD45A—

5NOHP45B‘>

MSH4—

LOC101227342~>

<ASB17
W

SNPs IR

15

75.8

T T
76 76.2
Position on chr1 (Mb)

heptanoylglutamine

76.4 76.6

Metabolic traits

Personality dimensions
Mitochondrial DN|

Position on chr1 (Mb)

[of sensitivity levels Pubertal
< SLC44A5 ACADM— MSH4— LOC101927342—
. P "
< DLSTP1 <ASB17 ST6GALNAC3—>
0 W —_—
RABGGTB—~>
]
SNOR‘DISSC*)
SNUHl‘745A~>
SNOHEMSB%
T T T T T
75.8 76 76.2 76.4 76.6

ST6GALNAC3—>
—_—

(qIN/ND) B1el UoRUIGIODSY

14 GWAS hits
omitted

100

(qUN/ND) Blel uoRUIGIODDY

14 GWAS hits
omitted

~logio(p-value)

—logyo(p-value)

hexanoylglutamine

100
80
60
40
20
0

QIN/IND) 8Fel UoleUIqUOdaY

2409 GWAS hi
omitted

299 genes
omitted

*
qul imic sclerosis
Systemic sclerosis Height
Systemic sclerosis
CARMIL1— ABT1-> <-ZNF184 PGBD1-> OR2J1—> <-HCG4B <-NRM MICA— <-PRRT1 BRD2—> <-IP6K3
- ' " g i 7 [ g fi ' [
SC(,.?N% BTNIAY% L/NCO.YOYZ*) <~LIN(|301523 <~HICG4 ; MIR6891—> ; MS.:/S% HLA*D’QAZ% <~MILN
- H/.IST1 H2AA < HIS7"1H25J -— TQEZP1 - 06253 HLAI—A* TUB‘B* HC/I’5~> RNIF5~> HLA—D.PBZ*
HIST‘YHZBA% H/ST”‘-IZAG% ZSC/?NQ* OH2‘J3~> HCC,{S% <7M.DC1 MIC’B% eC{iarHO <7HIXHB
HIST‘1H2APS14> MIH3‘7434> OR1P‘5124> HCGIIS% HLATV% <~GINL1 <~HLlAfE PP'I;Z" <*TflPZ <~BIAK1
SLC1.7A4*> <~GL‘I«SBP2 <~Ol‘?252 HCGIM*) MO.G% HLA:E% L/NCO] 149> GETNLZ RIN.G7*>
<SLC17A1 LINC00240—= OR2B6—= < TRIM27 HLAI—G% ATA!’1 — HCG26—~ HCG23—> HCG25—
<*SL€1 7A3 <~HIS7I'1HZBK <*ZKSICANIS OFIZ‘JZ" HLAI-J% <~I‘ER3 MCC‘D14> <~HLAI—DRB5 GGNIISP14>
T T T T
26 28 30 32 34

Position on chr6 (Mb)

heptanoylglutamine

snps I R

rsz81/188

0.8

0.6
0.4
0.2

Systemic sclerosis Height

S%ﬁmic sclerosis T

Systemic sclerosis

CARMIL1—
|-

SLCY.7A4~> AB7"1~>

< GUSBP2
W

SC(:‘N% BTN1IA1~> <—ZI\DI'F184 F’GEID1~> ORZ“H*) GH(?GAB

- H/§T1 H2AA < HIST1HZEJ -— TQBZP1 -— 0.“?253 HLAI—A — TUBIB% HC}?5~> PP7;2~> -— T‘4P2 - BIAKY
HISTJHZBA e HIST1I12AG~> ZSC/?NQ* OR2‘J3~> HC?Q* - MIDC1 M/CIE% - P.BXZ HLA—L?PEZ*
HIST‘YHZAPSY% PFIS\.S164>

- Di‘?ZBZ HCq 14— MO.G% MIR6891—

‘MSP;IE% HLA*DIQAZ% <~IP.[7‘K3

eﬂ{FfM M/CIA% GPERTY BFI?Z% <—MILN

eZKSICANxt ORZ‘JZ% HLA:J% <~I‘EFIS HCG‘ZS% <~Cl‘¥7#10 <~FI‘XHB

L/NCO.HNZ*) <—L/N(I201629 <—H§G4 <—GlNL1 eHeA—E EGFIL8~> HCG‘24~>

eSLE17A1 LINCO£240~> ORZ‘BB% - TRIIM27 HLA'—V% PR!.?S% eMICIB—DT FBZ’NLZ RIN§1~>
<~SLl:)17A3 <*HIS‘II'IHZBK NKA‘PL% OH11}U14> - TR.IMZS HCG.224> <~NIEUI <*MIR‘3135B ITP&&’%
T T T T
26 28 30 32 34

Position on chré (Mb)

100
80
60
40
20
0

GIN/INO) 81l UOIeUIqUIdaY

2408 GWAS hi
omitted

299 genes
omitted



~logyo(p-value)

~logo(p-value)

N-octanoylglutamine

rs1251075

100

(qIN/ND) B1el UoRUIGIODSY

14 GWAS hits
omitted

Personality dimensions
Metabolic traits Mitochondrial DNA level:
sensitivit levels Pubertal i
< SLC44A5 ACADM— MSH4— LOC101927342—
Wee  Fmr—— -
eDLISTP1 FA£B17 ST6GALNAC3—>
—_
RABGGTB—
-
SNOR[‘)45C~>
SNORD45A—
SNOFII‘J45BA>
T T T T T
75.8 76 76.2 76.4 76.6

SNPs I 0

25

Position on chr1 (Mb)

beta—citrylglutamate
[,

rs7108196
°

o
ateral sclerosis

Trans fatty|acid levels

x
White blood cell ty}
White blood cell cqunt (basophil)

x
Low tan response

Trans fatty acid levels Basophil of white cells
FOLH1B— -— TE!AMQ -— TH-W-“QDZ UBT’I:L 1—= < CHng(H -— M/.‘?4490
TRIM77—> TRIM53AP— NAALAD2— DISC1FP1—
W - e
TRIM51EP—>
" "
< TRLMS“E TRIM:QC -
<-TRIM49D1
ua
TRIM64—
)
T T T T T
89.4 89.6 89.8 90 90.2

Position on chr11 (Mb)

100

(qUN/ND) Blel uoRUIGIODDY

7 GWAS hits
omitted

—logyo(p-value)

~logio(p-value)

SNPs I | |

N-octanoylglutamine

TSTSTY75 14

D
]
100 o
3
8 &
)
60 3
E]
40 3
20 2
2
0 =
=
i g
Sq\sl mic sclerosis 2400 GWAS hi
Systemic sclerosis Height | omitted
Systemic sclerosis
CARMIL1—> ABT1—> <-ZNF184 PGBD1-> OR2J1—> <-HCG4B <NRM MICA— PPT2—> <-TAP2 < BAK1
[Reay 0 " 0 0 d ' g ' ' d
SC(:;-N% BTN1IA1*> LINCO.mYZ*) <~LIN(‘}‘01623 eH‘CGA ; MIR6891—> ; MS.‘:5~> HLAfD.QAZ% <~IF’.6K3
<*H/.‘ST1H2AA <*H/S7"1HZEJ <*TGIBZP1 %O"?ZBS HLA,—A** TUEIB* HC}?5~> HNfI-'5~> BRQZ** ‘*M.LN
HISTIH2BA—  HISTiH2AG—> ZSCAN9— OR2J3—> HCG9—~ <MDC1 MICB— < CGorfi0 < RXRB 299 genes
HIST1H2APS1—  MIR3143-= OR1F12—> HCG15—> HLA-G—= ATATi—> HCG26—> HCG23— RING1— omitted
SLC1‘7A4~> eGL!“SEF’Z GO"?ZBZ HCG‘M*) MOlG% HLA:E% eHEAfE EGFILB% HCG:24~>
<SLC17A1  LINC00240-~ OR2B6-> <TRIM27 HLA-V—> <GNL1 < MICB-DT <-BTNLZ2 HCG25—>
<SLC17A3  <-HISTIH2BK <-ZKSCAN4 OR2J2—> HLA-J> <-IER3 MCCDi—> <-HLA-DRB5 GGNBP1—>
T T T T
26 28 30 32 34
Position on chr6 (Mb)
tryptophan
SNPs |l
25 1511133665 2| 100

=
Pmstalqcan er Lung Fancer in ever smoke;[s

Glioma Lung adenocarcinor|
Breast cancer
< TPPP <BRD9 NKD2—= < CTD-3080P12.3 <~ CLPTM1L <-LPCAT1 <-LOC728613
. —= ] Y W 5
<-ZDHHC11B TRIP13—> < SLC12A7 SLC6A19—> <-LINCO1511 < MIR6075
et Sy i free A m i f
<ZDHHC11 <~L00120506688 SLC%YB% < SLC6A3 <~S»D_‘.‘;IAP3
<-MIR4635 <TERT
| w—
- MII‘?4457
T T T T T
0.8 1 12 1.4 1.6

Position on chr5 (Mb)

(QN/No) Yel uoneUIqUIodaY

132 GWAS hits
omitted



~logyo(p-value)

~logo(p-value)

SNPs |11 0 - ——

25

adenosine
I

2 rs1706821

*
Obesity—related
Renal function and chronic kidney disease

*
Uric acid levels

; inine levels

B2M—= < SORD2P TERB2— <DUOX2 <-LOC101928414  SPATA5L1-> SNORA41B—>
1 W e (=] w—i e "
LOC100419583—> SORD— DUOX1—>  SLC28A2—> < GATM < SLC30A4 SQOR—>
0 [ty —— o e [rata) (ot
TRIM69—> DUOXA2—> C150rf48—> BLOC1S6—>
— . . W
< DUOXAT MIR147B—
- v
<-SHF HMGN2P46—>
[a) [y
T T T T T
45 45.2 45.4 45.6 45.8

Position on chr15 (Mb)

glycerophosphoserine*
]

rsro5303441 -

Gamma glutamyf transpep{
Protein quantitative trait

Liver enzyme levels (gamma-glutamyl transferase)

Liver enzyme levels (gamma-glut:

<-ZNF70 <= MIF-AS1 < GSTT4 SUSD2— SPECC1L— uPB1—  GGT1—>
” f EoT L . it iy An G
< VPREB3 MIF— DDTL—> CABIN1— < GGT5 ADORA2A—> < GUCD1
\ ] i i 4 -
CZ€0#15~> - G.S7:I'ZE POM12M1L9P~> <~ ADORA2A-AS1 BCHEZ‘*
- C.HCHD1U - C.;S'.ITZ SPECC1L-ADORA2A—> SNH:*‘XS*
PECGIEARORAZAS
MMP11— <DDT <= LRRC758
o 2 .
SMARCB1—> L0035|1322~> < POM121L 1£P
FDERLS GSTT1 ‘—AS1~>
SLC2A11—> <=GSTT1
) -
T T T T T
242 24.4 24.6 24.8 25

Position on chr22 (Mb)

— 100

(QN/N0) erel uoeuIqWOooaY

12 GWAS hits
omitted

100

(aW/N0) @1es uoneuIqUIooaY

48 GWAS hits
omitted

1gene
omitted

~logyo(p-value)

~logyo(p-value)

SN P D0 T O O

lactose
[ [ 1]

rs12465802
*

(Q/N0) ¥es uoneuIqUIooaY

+
Corneal Sirﬁc‘ure Comeal‘q‘ructur Tonsille
36 GWAS hits
Cholesterol, total Cholesterol, total omitted
Parkinson's disease Body mass index
< TMEM163 ACMSD—> RAB3GAP1— R3HDM1— <LCT <-DARS
— [t lettea i B e
M/R5‘5904> SNOFI‘A4OBA> MIFI12‘87 1—= - %MS - CXCR4.
< CCNT2-AS1 <-ZRANB3 UEN)&V;I*) DARS:«ASY%
CCNT2—=> LOC100507600—
. v
< MAP3K19
Vans
T T T T T T T T
135.4 135.6 135.8 136 136.2 136.4 136.6 136.8
Position on chr2 (Mb)
' .y
2'-O-methylcytidine
1 A L e e L g
60 | > rs55758160 — 100

(QN/ND) Yes uolBUIqUIOdSY

Hypersomnia (HLA:

$051*05:02 negative)

12 GWAS hits
Axial length Blood metabolite levels omitted
Blood levels Blood ratios

MIR1268A— PK»/\LS** END?G** PHYH”-D1~> MIGA2— -— IEIR5L Cgolfl105~>
CERCAM->  SPTAN1—>  SET— TBC1D13—> < DOLK DOLPP1—> LOC101929331—
o S ) £ 0 - "

ODF2—> < WDR34  <-ZER1 < KYAT1 NUP188—=> < CRAT LINC01503—>

rencicy L= i} [ b - "

GLE1—> < ZDHHC12 LRRCBA—> < SH3GLB2  PTPA—>
ety ) e =y (5N
LOC100£06700~>
< SPOUT1
-
T T T T T
131.2 131.4 131.6 131.8 132

Position on chr9 (Mb)



~logo(p-value)

~logo(p-value)

2'-O-methyluridine

- 2 rs12555901

— 100

(qIN/ND) B1el UoRUIGIODSY

Hypersomnia (HLA|»1$051'06:02 negative)

12 GWAS hits
Axial length Blood mefabolite levels omitted
Blood levels Blood ratios
MIR1268A—> PKN3—~  ENDOG— PHYHD1—  MIGA2—~ < IERS5L C9orf106—
we b £ (= 0 \
CERCAM—> <WDR34 <-ZER1  <KYAT! <DOLK DOLPP1—> LOC101929331—
et [ we— v - W
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