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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	
assigned	 gene	 in	
locus	(gene	score)	

Biologically	
supported	 gene	 in	
locus	(gene	score)	

Associated	 known	
metabolite(s)	 or	
module(s)	

Background	on	biologically	 supported	
gene	

CASP9	(hremc)	 AGMAT	(hrem)	 4-guanidinobutanoate,	
beta-
guanidinopropanoate	

The	 enzyme	 encoded	 by	 AGMAT,	
agmatinase,	 metabolizes	 N-(4-
aminobutyl)guanidine	
[http://www.hmdb.ca/]	

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

ZKSCAN5	(he)	 CYP3A7	(NA)	 16a-hydroxy	DHEA	3-
sulfate,	andro	steroid	
monosulfate	
C19H28O6S	(1)*,	tauro-
beta-muricholate	

The	 enzyme	 encoded	 by	 CYP3A7	
hydroxylates	 dehydroepiandrosterone	
3-sulphate.	

PPP2R4	(hrem)	 CRAT	(hre)	 2-
methylmalonylcarnitine	

CRAT	 encodes	 carnitine	 O-
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	r2	was	not	>0.8.	

NUPR1	 (he),	
CCDC101	(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	
(3beta,17beta)	disulfate	
(1)	

The	 encoded	 enzyme,	
dehydroepiandrosterone	
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	
NAT8.	
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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	unique	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	 supplementation1,	 vitamin	 E	 levels2,	 and	 warfarin	
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maintenance	 dose2,3.	 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.		
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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	systems4,5.	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	 cells4.	 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.	
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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	

NAT8-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	acids6.	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	 NAT8-

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	 previously7.	 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	µm)	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	 aliquot	was	 analyzed	 via	 negative	 ionization	 following	 elution	 from	 a	HILIC	 column	

(Waters	 UPLC	 BEH	 Amide	 2.1x150	mm,	 1.7	 µm)	 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-II)	 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	 Initiative8,9,	

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	METAL10.	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	(r2>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	

death11.	 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	 log2-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	events12.	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	

graphical	assessment13.	
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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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Mean platelet volume
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Adverse response to chemotherapy (neutropenia/leucopenia) (all antimicrotubule drugs)

Urate levels
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SNPs

24 GWAS hits
omitted

Gamma glutamyl transpeptidase
Liver enzyme levels (gamma−glutamyl transferase)

Protein quantitative trait loci

Calcium levels
Lower body strength

Primary sclerosing cholangitis
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ANKRD13D
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POLD4
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RAD9A
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MIR7113
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TCIRG1
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CHKA
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Position on chr11 (Mb)

SNPs

10 GWAS hits
omitted

Serum metabolite levels QRS duration
Height Height

Non−response to citalopram or escitalopram and depression
Interleukin−18 levels
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Position on chr2 (Mb)
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MYH16

ARPC1A

ARPC1B

PDAP1

BUD31

PTCD1

ATP5MF−PTCD1

CPSF4

ATP5MF

ZNF789

ZNF394

ZKSCAN5

FAM200A

ZNF655

TMEM225B
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CYP3A5
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OR2AE1
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Obesity−related traits
Lung function (FEV1)
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RING1
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BAK1

ITPR3

IP6K3

MLN

26 28 30 32 34
Position on chr6 (Mb)

SNPs

2408 GWAS hits
omitted

Systemic sclerosis
Systemic sclerosis

Systemic sclerosis
Height
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SNPs

27 GWAS hits
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Coronary artery calcification
C−reactive protein and white blood cell count Blood metabolite levels

Blood metabolite ratios

Blood protein levels
Blood protein levels
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SARS

CELSR2

PSRC1

MYBPHL

SORT1

PSMA5

SYPL2

ATXN7L2

CYB561D1

AMIGO1

GPR61

GNAI3

MIR197

GNAT2

AMPD2

GSTM4

GSTM2

GSTM1

GSTM5

GSTM3

EPS8L3

CSF1

AHCYL1

STRIP1

ALX3

LINC01397

UBL4B

SLC6A17

109.8 110 110.2 110.4 110.6
Position on chr1 (Mb)

SNPs

92 GWAS hits
omitted

Metabolite levels
Cardiovascular disease risk factors

Lipoprotein−associated phospholipase A2 activity and mass

Sensory disturbances after bilateral sagittal split ramus osteotomy
Paget's disease Blood metabolite levels

Alcohol dependence (age at onset)

X − 12379

0

5

10

15

−
lo

g 1
0(p
−v

al
ue

)

0

20

40

60

80

100 R
ecom

bination rate (cM
/M

b)

●●●●●

●●

●●

●●

●
●

●

●

●●●

●●

●
●

●●

●
●●
●
●
●
●

●●

●

●

●

●

●
●

●

●
●
●●
●●
●

●●
●
●
●
●
●
●●
●
●
●
●
●
●●●●
●

●

●
●●

●

●●

●

●

●
●●
●

●

●

●●

●●●
●●●●●●●

●
●

●●

●●
●

●

●

●●●

●●

●

●
●●

●

●●

●

●●

●

●

●●

●

●

●

●
●

●
●
●
●
●
●●
●
●●

●

●

●●●●●●

●●

●●●

●

●

●

●

●

●●

●
●●
●

●●
●
●●

●

●

●●

●
●
●

●●
●
●
●

●

●●●

●
●

●

●●●

●

●●●

●
●

●●●

●

●

●●
●

●

●●

●

●●

●

●

●●

●
●
●

●●●●●●●
●
●

●●

●

●

●●

●●

●

●

●

●

●

●●●

●

●●●●●

●●●

●●●●

●●

●●

●

●

●

●

●●
●●●

●●

●
●
●
●●
●

●

●
●

●

●●●

●

●

●

●●●●

●

●
●●●
●
●●●●

●●●
●

●●●●
●
●●●
●●●●●
●●
●

●

●●

●●●

●

●●●

●
●
●●●●●●
●
●●

●

●

●

●●●

●
●●
●
●
●
●

●
●
●
●
●

●
●

●
●●●●

●
●●
●●●●
●●●●
●

●●

●

●●
●●●

●

●●●
●
●●●●●●●●

●

●
●●
●●●●●●●●●●
●●●●●●●
●

●●
●
●
●●●
●●
●
●●
●
●●
●
●
●
●
●●
●●●●
●

●

●

●

●●●●

●
●●●●●●●

●
●

●
●●

●●●●●

●

●
●●●●●

●

●●●●●
●●●●●●
●●

●●●●
●●
●
●●●●

●

●
●●●

●
●●

●

●
●
●●
●
●●●●●●●●●●●●
●
●●●
●●●●●●●●●
●
●●●●●
●

●●●●●
●●●●●
●●
●●●●
●●●
●

●●
●
●

●

●●●
●
●●●●
●

●●
●●●●●●●
●●
●

●
●●

●●●●●●

●
●

●

●

●

●●●●

●
●●●●
●●●
●
●●●●
●●●●●●

●

●●●●●●●●●●●●

●

●●●●●●●●●●●●●●●●●●●●
●●●●●●●
●●●●●●●

●

●●
●
●

●

●
●
●●
●

●
●●
●●●
●●
●●●
●
●●●●●●●●●●●●

●

●●
●
●●●●●
●
●●●
●
●

●

●

●
●
●

●

●●
●

●

●●

●

●●●●●

●
●
●●

●
●
●
●

●

●●

●

●
●

●

●●●●
●
●

●

● ●
●

●

●
●
●

●

●●●

●
●

●
●

●
●●
●

●●

●

●

●

●●

●●

●

●●
●

●
●
●

●

●

●●●●

●

●●

●

●●

●

●

●

●●●●
●

●

●

●

●
●
●●

●

●●●●

●

●

●●

●●
●

●

●

●●

●

●●
●

●

●●
●

●●

●

●

●

●●

●

●
●
●

●●

●

●

●
●●
●
●

●
●
●●●
●●

●

●

●
●
●

●●

●
●

●
●
●

●

●
●
●

●
●
●
●

●●●

●●

●

●

●

●
●

●

●

●●

●

●

●
●
●

●

●

●
●

●

●

●●

●

●
●
●●
●

●●●●

●

●●●●●
●

●
●●
●
●
●

●●●●

●

●●●●

●
●●

●

●

●●●

●●●●

●

●
●
●●

●●
●
●
●●●
●●
●
●●●●●●●
●
●
●
●●●●●
●●●●●
●●●
●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●
●●●●●●●●●●●●●●●●●●●
●
●●●
●
●●●●
●●●
●●
●●●●●●
●
●●●●●●●●●●●●●
●●
●●●●●●●●●●
●●
●●
●
●●●●
●●●
●●●●●●●
●
●
●●●
●
●●●●●●●●●●●●●●
●
●●●●
●
●●●●●●●
●●●●

●

●●●●●●●●●●●●●●●●●●●●●●●
●●●●●●●●●●●●●●●●●●●●●●●●●
●●●
●●●●●●
●●●●●●●
●●●●●
●●●●●●●●●●●●●●●●
●

●

●
●●●●●●●●
●●●●●●●●●●●

●

●●●●●●●●●●
●●●●●●●●●●●●
●●●
●
●●●●●●●●●●●●●●
●
●●●●
●●●●●●●●●●●●●
●
●●●
●
●●●●●●●●●●●●●
●
●●●
●
●●●●
●
●●●●●●●●●●●●
●
●●●●●●●●●●●●●●●●●●●●●
●●●●●●●●
●
●●●●●●●●●●●●●●●●●●
●
●●●●●●
●
●
●●●●●
●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●

●●●●●●
●
●●●
●●●
●
●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●
●●
●●●●●●●●
●●

●●

●
●●
●

●●
●●

●
● ●●

●●●●

●●●

●● ●

●
●

●
●●

●
●
●

●
●●
●

●

●

●●●●

●

●●●●●●●●●●●●
●●●●●●●●●●●●●●●●●●●

●

●●

●

●●●●●
●●●●●●●●
●●●●●●●●
●●●●●●●●●●●●●●●

●

●●
●●

●

●●●●●●●●●●●●

●

●●●●
●
●●●●●●

●

●●●

●

●●●●●●● ●●●
●●●

●●●

●●●●●●●●●●●●●●●●●●●●●●●●

●

●●●

●

●●●●●●●●●●●●●●●●●●●●●

●

●●●●●●●●●●●●●●
●

●●●●●●●●●●●●●
●●●●●●●●

●●●●● ●
●●●
●●
●●● ●●●

●

●●

●●
●
●
●●
●

●●●●●●●●●●●●●●
●●●●●●●●●●●●●●●●●●

●●

●●●● ●

● ●● ● ●●
●
●
●
●
●●
●

●

●●●●●●●
●

●●●●●●●●●●●●●●●●●●●●●●●●●●●
●
●●●●●●●●●●●●●●●●●●●●●●

●●●●●●●
●●●●●
●●●●●●●●●●●●●
●●●
●●●
●
●●

●●●
●●●
●●
●

●●●●●●●
●
●●●●●
●
●●
●●

●●●●●
●●●●●●●●
●●
●●
●
●
●●●●●
●●●●
●●
●●●
●●●●
●
●●●●●●
●●●

●●●
●●
●●●●●●

●●●●●●●●
●

rs13538

0.2
0.4
0.6
0.8

r2

NOTO

SMYD5

PRADC1

CCT7

FBXO41

EGR4 ALMS1

ALMS1−IT1 NAT8

ALMS1P1

NAT8B

TPRKB

DUSP11

C2orf78

STAMBP

ACTG2

DGUOK

DGUOK−AS1

TET3

BOLA3
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Position on chr2 (Mb)

SNPs

29 GWAS hits
omitted

Metabolic traits
Metabolite levels

Dialysis−related mortality

Metabolite levels  (X−11787)
Systemic lupus erythematosus

Systemic lupus erythematosus
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Tourette's syndrome or obsessive−compulsive disorder

White matter lesion progression (adjusted for white matter lesion burden at baseline)
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●
rs115897075

0.2
0.4
0.6
0.8

r2

6 genes
omitted

WNT10A

LINC01494

CDK5R2

LINC00608

FEV

CRYBA2

MIR375

LOC100129175

CFAP65

IHH

MIR3131

NHEJ1

SLC23A3

CNPPD1

RETREG2

ZFAND2B

ABCB6

ATG9A

ANKZF1

GLB1L

STK16

TUBA4A

TUBA4B

DNAJB2

PTPRN

RESP18

DNPEP

DES

SPEG

LOC100996693

GMPPA

ASIC4

CHPF

TMEM198

MIR3132

OBSL1

INHA

STK11IP

SLC4A3

219.8 220 220.2 220.4 220.6
Position on chr2 (Mb)

SNPs

27 GWAS hits
omitted

Common traits (Other)
Immune response to smallpox vaccine (IL−6)

Systemic lupus erythematosus and Systemic sclerosis

Educational attainment
Orofacial clefts

Nonsyndromic cleft lip with cleft palate
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0.2
0.4
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r2

MUT

CENPQ

GLYATL3

C6orf141

RHAG

CRISP2

CRISP3

PGK2

LOC101927020

LOC101927048

CRISP1

DEFB133

DEFB114

DEFB113

DEFB110

48.6 48.8 49 49.2 49.4 49.6 49.8
Position on chr6 (Mb)

SNPs

9 GWAS hits
omitted

Folate pathway vitamin levels
Homocysteine levels

Brain structure

Blood protein levels
Hepatitis A
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Metabolite levels
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Metabolic traits
Metabolite levels

Dialysis−related mortality

Metabolite levels  (X−11787)
Systemic lupus erythematosus

Systemic lupus erythematosus
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SNPs

18 GWAS hits
omitted

Common traits (Other)
Coronary artery calcification

Blood metabolite levels
Hippocampal volume Blood protein levels

Morning vs. evening chronotype
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Mitochondrial DNA levels
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