"
National Institute on Aging é F N I H
Tuming Discovery Into Health Z Foundation for the
Mational Institutes of Health

Integrative Metabolomics: From Target
Discovery to Disease Sub-Classification

Alzheimer’s Disease Metabolomics Consortium

NIA-AA Symposium
July 19-20, 2018 — Chicago, IL

Matthias Arnold

IBIS Institute of Bioinformatics and Systems Biology HelmholtzZentrum miinchen U .SD;]';?ﬂUOT\,(,e,gﬂ%ne



Metabolomics:
Readout of the physiological state of a biological system
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Transcriptome

Metabolism

» captures the combined output of upstream regulatory mechanisms
» tracks external influencers, including diet and environmental exposures

» is the molecular layer most closely linked to a phenotype or disease
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Mission of ADMC: Metabolomics for AMP-AD and M2QVE-AD
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Raw data
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Primary QC
Remove poor quality samples
Remove structured missing data

Univariate QC
Samples: high % missing, non-fasting
Analytes: high CV, low ICC, high % missing

Data imputation

Data normalization

Multivariate outlier removal
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Filtered, high quality data
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Integrative Metabolomics:
Target Discovery and Prioritization
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Target discovery:
Metabolite levels as intermediate phenotype of disease

» As a biochemical readout, metabolic dysregulation can be
detected and serve as intermediate phenotype

» This intermediate phenotype allows monitoring of
disease states, efficacy of therapeutics & resilience

» The metabolome captures individual risk factors,
including sex, APOE genotype & environmental influences «’® Metabolome

» By its composition, the metabolome can thus be utilized for
molecular characterization of disease mechanisms i~ Phenome
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Target discovery: B
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Linking metabolite levels to potential target genes

Transcriptome

» Genome-wide association studies (GWAS) with metabolomics data

» Canonical, knowledge-based pathway information (e.g. enzymatic reactions) and
data-driven metabolic pathway reconstruction approaches

» Multi-omics — link metabolomics data to proteomics and transcriptomics

» Big data integration from different population-based cohort studies Metabolome
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An atlas of genetic influences on human blood metabolites 3
Connecting genetic risk to disease end pomts
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Target discovery & prioritization:
Integrated molecular atlas of AD

Population-based data

» 20 million eQTL associations fn 'PH

» 20,000 pQTL associations I or

» 500,000 mQTL associations sinsle nucieotide pobmerphisms apnotater

Genetics of AD & associated markers NIAGADS DATA v  RESOURCES v
» |IGAP / UKB 2018 — AD case/control

> IGAP 2017 — Age of onset

» Deming 2016/2017: CSF AB, t-/p-tau, CLU

»  Beecham 2014: Neuropathological features

ADNI / ADMC data (about 1500 ADNI samples)

»  Comprehensive coverage of markers for AD

» 157 metabolic traits and their associations to AD

»  Genetic associations with metabolites & AD A D_M_C
»  Metabolite/metabolite links (GGM)
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OXFORD

Databases and ontologies

SNiPA: an interactive, genetic variant-centered
annotation browser
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AD & Clinical / diagnostic markers Intermediate metabolic phenotype

etabolite quantitative trait loci
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Integrated molecular atlas of AD:
Genome-wide mapping of metabolic readouts

Genetic map to AD / endophenotypes
Integrated with metabolite QTLs
Replication across large cohort studies
All-in-one in the ADNI
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rs2075649 19 45395330 G |-117(-2.73 416 -63 -576 2.93 6.94 -7.81 -3.04 -7.88 -24 173 319 21 164 1.95 1.46 1.52 2 |
rs157584 19 45396899 C(-71.9]-1.69 1.53 3.09 -3.26 -2.82 2.34 1.98 -2.95 -1.84 -3.05 -1.74 1.45 163 284 2.28
rs77301115 19 45396973 A| 207 [ 6.19 -2.69 -5.53 7.03 7.6 -3.77 -16.4| 17 582 17.2 4.48 -2.65 -1.73 -3.84 -1.32 [EN63) 2951 -1.92 -1.69 -2.01 -1.79 -1.86 -1.79
rs1160983 19 45397229 A| -32 |-3.36 2.83 3.77 -1.79 -1.78 2.74 4.41 -4.95 -2.26 -5.11 -1.98 167 171
rs112849259 19 45397307 T [ 205 |6.19 -2.69 -5.53 7.03 7.6 -3.77 -16.4| 17 5.82 17.2 4.48 -2.65 -1.73 -3.84 -1.32 -2.63 -2.25 -1.92 -1.69 -2.01 -1.79 -1.86 -1.79
rs157585 19 45397512 C|-89.1[-2.59 2.05 4.35 -4.12 -3.54 3.16 2.66 -3.81 -2.23 -3.95 -2.08 2.24 136 2.52 4.32|223 18 1.5
rs116881820 19 45397952 C [ 205 | 6.1 -2.59 -5.46 7.03 7.6 -3.77 -16.9/17.5 5.95 17.7 4.56 -2.42 -1.73 3.7 -2.78 -2.22 -1.91 -1.65 -1.93 -1.79 -1.78 -1.81
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rs2238681 19 45398817 T|-151(-4.35 2.2 6.28 -7.89 -7.37 4.37 843 -10.3 -4.49 -10.5 -3.79 3.52 1.3 243 5.86 1.63 133 1.37 1.56
rs75687619 19 45399344 T [ 206 | 6.19 -2.69 -5.53 7.03 7.6 -3.77 -16.4| 17 582 17.2 4.48 -2.65 -1.73 -3.84 -1.32 -2.63 -2.25 -1.92 -1.69 -2.01 -1.79 -1.86 -1.79
rs76366838 19 45399896 A| 205 [ 6.19 -2.69 -5.53 7.03 7.6 -3.77 -16.4| 17 582 17.2 4.48 -2.65 -1.73 -3.84 -1.32 EEEIR=25) -1.92 -1.69 |-2.01" -1.79 -1.86 -1.79
rs114536010 19 45400725 T | 206 [ 6.19 -2.69 -5.53 7.03 7.6 -3.77 -16.4| 17 5.82 17.2 4.48 -2.65 -1.73 -3.84 -1.32 -2.63 -2.25 -1.92 -1.69 -2.01 -1.79 -1.86 -1.79
rs61679753 19 45400747 A|-31.7(-3.55 3.27 3.98 -1.79 -1.78 2.98 4.26 -4.73 -2.13 -4.9 -1.89 167 1.48
rs8106922 19 45401666 G |-158|-4.39 2.05 6.5 -8.25 -7.7 463 94 -115 -5.05 -11.8 -4.28 3.67 2.26 6.62 A5 134 1.4 145
rs118170342 19 45401868 C| 146 | 4.7 -2.11 -493 6.13 6.21 -3.92 -14.2/153 562 153 4.23 -2.28 -4.25 S2801 -2.13 [£2153) -2.03 -1.5 -1.9 -1.95
rs34878901 19 45402477 T|-158|-437 2 647 -9.02 -834 4.48 9.2 -11.4 -5.13 -11.6 -4.32 3.82 245 6.76 174 1.45 133 1.48 1.48
rs115881343 19 45403216 T | 222 | 5.84 -2.59 -5.62 8.14 861 -4.04 -17.2/185 67 187 523 -2.6 -1.7 -3.83 -1.45 -2.08 -2.14 -2.11 -1.83 -1.83 -1.73 -1.77 -1.96
rs1160985 19 45403412 T (-210|-6.96 4.18 9.64 -10.9 -10.4 6.78 13.2 -163 -7.22 -16.8 -6.16 4.95 22 4.06 896|225 1.88 139 217 1.44 155 2.02 1.62 1.52
rs760136 19 45403858 G|-211(-6.96 4.18 9.64 -10.9 -10.4 6.78 13.2 -16.3 -7.22 -16.8 -6.16 4.95 2.2 4.06 896|225 188 1.39 217 1.44 155 2.02 1.62 1.52
rs741780 19 45404431 C|-212|-6.96 4.18 9.64 -10.9 -10.4 6.78 13.2 -16.3 -7.22 -16.8 -6.16 4.95 2.2 4.06 8.96|225 188 1.39 | 217 144 155 2.02 1.62 1.52
rs405697 19 45404691 A| -97 |-3.18 1.52 3.98 -2.85 -3.87 3.51 6.77 -8.55 -4.63 -8.63 -3.94 1.56 1.81 2.06|-2.38
rs112019714 19 45404857 C|[ 224|534 -2.39 -531 814 861 -3.82 -17.2(185 6.7 187 523 -2.42 -1.51 -2.01 -2.12 -2.05 -1.76 -1.92 -1.63 -1.83 -1.8
rs1038025 19 45404972 C|-212|-6.67 4.05 9.41 -10.9 -10.4 6.61 132 -16.3 -7.22 -16.8 -6.16 4.81 1.38 | 2.2 145 1.57 1.98 1.64 1.44
rs1038026 19 45405062 G |-211|-6.67 4.05 9.41 -10.9 -10.4 6.61 132 -16.3 -7.22 -16.8 -6.16 4.81 138 [[2.2 145 1.57 1.98 1.64 1.44
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rs405509 19 45408836 G |-144|-3.2 268 49 -6.42 -579 3.58 4.97 -6.65 -3.47 675 -3 3.07 1.87 1.67
rs440446 19 45409167 C|-142|-7.06 3.94 7.81 -4.56 -5.51 5.62 13.5 -15.8 -7.27 -16 -6.05 2.29| 1.39 1.42
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ADNI AD endophenotypes ADNI metabolomics

AD association
(UK biobank study)
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Integrated molecular atlas of AD:
Metabotypes — genetics mirroring AD associations
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» Genetically influenced metabotype
shows the same effect directions as
metabotype-trait associations

> Metabolite associations are more
significant (> 1 order of magnitude)
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Target discovery & prioritization: Somome
Unbiased metabolomics leads to discovery of CDYL

» We observed valine levels to be decreased in AD / associated with cognition

:: Mitochondrial respiratory chain complex IV |

» GWAS for valine yielded the CDYL
locus as top-ranking association

Y
[ Mitochondrial respiratory chain |

» Our data lists hippocampal eQTLs
for CDYL for the same locus, as well g et v oo
as additional QTLs /
p———

> CDYLis a co-factor of REST E=

|mTORC1 complex (MTOR/FRAP1, LST8, RAPTOR) /

| Branched chain keto acid dehydrogenase complexl_i Branch

» REST and binding partners have
been reported to have significant (sommormririEE)
neuroprotective effects
(e.g. Lu et al., Nature, 2014)

regulation of mitochondrial membrane permeability

CIDeR — curated disease networks
Lechner et al., Genome Biol, 2012
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Target discovery & prioritization: oo
Multi-omics to strengthen confidence in targets e

» CDYL regulates enzymes in pathways for |

Valine degradation isoleucine valine
I

methionine

» Closely linked amino acids are associated | v
with genetic variants in VGF tyrosine

» VGF interacts / is co-regulated with granins,
neuroendocrine secretory granule proteins

» Interaction analysis of AA levels and CSF N 2
granin/VGF levels revealed significant scas
interaction effects on cognition i 3

Valine
Isoleucine

CHGB
SCG3
CHGA
SCG2

VGF | | .;'

Isoleucine
Valine
Tyrosine

» Literature shows that REST regulates some : IR
granins —> disturbed REST blndlng SDECifiCity Correlation heatmap Interaction contour/level plot
-1 P l 1 worse wognition 1 better ‘
i o - ; HelmholtzZentrum miinchen Arnold et al.. i # QIII Duke University
IBIS Institute Of BIOInfOI‘matICS and SVStemS B|0|0g\/ German Research Center for Environmental Health rno eta 4 In prepara on School Of Medicine



Target discovery & prioritization: Somome
Integrated hypotheses for sets of targets

hippocampus entorhinal cortex AD sex difference cognition

» CDYL regulates enzymes in pathways for

valine degrad CpY] — REST — HDAC1 — VGF + ACE?

» Closely linked| » The CDYL locus is associated with blood pressure otonin
with genetic \

REST

» Itis also associated with dipeptides
» VGF interacts loacH

neuroendocrif » We hypothesized that there may be a link to ACE that
» regulates blood pressure and

Metabolome
» Interaction an » functions as dipeptidase 2 02

granin/VGF le Soe
interaction efl » ACE detected as genetic risk gene in the new IGAP study : Bty

T
N

i
Ji

» Literature sho P
. . . . . . . ‘ ‘
8ranln5 9 dIStU rbed REST bmdmg SpeCIfICIty Correlation heatmap Interaction contour/level plot
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ntegrative Metabolomics:
Disease Sub-Classification for Precision Medicine

MZOVE -AD

Molecular Mechanisms of the
Vascular Etiology of Alzheimer's Disease
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Sex-differences in the blood metabolome

Metabolomics (2015) 11:1815-1833

KORA F4 (German pOpUlat|On—based Cohort) DOI 10.1007/511306-015-0829-0

ORIGINAL ARTICLE

* Non-targeted metabolomics platform (Metabolon): Gender-specific pathway differences in the human serum
n ~ 1800; 507 metabolites (different pw) metabolome
Kru mSIEk et d I o Meta b0|0mICS 2015 Jan Krumsiek"@ - Kirstin Mittelstrass™* + Kieu Trinh Do  Ferdinand Stiickler -

Janina Ried® + Jerzy Adamski>®’ + Annette Peters>*® + Thomas I]]ig"’ .

Florian Kronenberg'” - Nele Friedrich'"'? - Matthias Nauck'"'? - Maik Pietzner'"? -

Dennis O. Mook-Kanamori'*'*!* « Karsten Suhre'>'® « Christian Gieger** -

=> 180 Of 507 mEtabOIites ShOW Slgnlflca nt dlffe rences Harald Grallert™* - Fabian J. Theis™'? - Gabi Kastenmiiller>'®

* Targeted metabolomics platform (Biocrates p150): OPEN B ACCESS Freely availale online PLOS
n ~ 3000; 131 metabolites (mostly lipids & amino acids) Discovery of Sexual Dimorphisms in Metabolic and
Mittelstrass et al., PloS Genetics, 2011 Genetic Biomarkers

Kirstin Mittelstrass'>, Janina S. Ried??, Zhonghao Yu'?, Jan Krumsiek?, Christian Giegerz, Cornelia
Prehn®, Werner Roemisch-MargI3, Alexey Polonikov®, Annette Peters® Fabian J. Theis?, Thomas
Meitinger’'%, Florian Kronenberg®, Stephan Weidinger'®, Heinz Erich Wichmann'""2"3, Karsten

=> 102 of 131 metabolites show significant differences Suhre®1%, Rui Wang-Sattler", Jerzy Adamski*'*', Thomas lllig""*

... many other studies showed the same trends
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Sex-differences in the blood metabolome in AD

ADNI - 1/GO/2 (n = 1,531)

CN LMCI

.

* In ADNI, we find significant sex-
differences for 108 of 140
metabolites

9

85 metabolites
higher in females

of

23 metabolites
 Of those, 70 are also higher in males

significantly different in KORA
with consistent effect directions

AD

Sex-Differences by Pathway
Biogenic Amines (n =7) Amino Acids (n = 12) Acylcarnitines (n = 11) Phospholipids (n = 64) Sphingolipids (n = 14)

ulﬂ Duke University
School of Medicine

 Metabolic sex-differences
are not changed by AD
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Sex-differences in metabolic effects on CSF AB, ,, pathology

A: Pathological Abeta, ,, (1) Homogeneous effect  (2) Heterogeneous effect
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Disease sub-classification: CSF AB, ,, pathology

Targeted metabolomics platform (Biocrates AbsolutelDQ® p180)

ADNI-1/GO/2: 1531 samples
Associations with pathological AB, ,, threshold
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Disease sub-classification: CSF AB, ,, pathology

Targeted metabolomics platform (Biocrates AbsolutelDQ® p180) 4 APOE4- )
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Disease sub-classification: CSF AB, ,, pathology
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. I >
[
o
;. 1 APOE4+
< APOE4+ o T
3 EABETA_H] — R
LG)J oy & ‘ABETA+[f] T -"7 al .
: S M) B3 ABETA- [m]|__ 2 TS Y
ABETA+ [m]
- (" Females APOE4+
3.4 males
o
ABETA+/- by APOE4 status and sex /f
—_— o s o —— Males /
. /
IBIS Institute of Bioinformatics and Systems Biology UL R Arnold et al., in preparation D e Urimi g

School of Medicine




Disease sub-classification: CSF tau pathology
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Disease sub-classification: Brain glucose hypometabolism
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Genome

Integrative Metabolomics: Pl
Target Discovery, Prioritization & Sub-Classification .

AT
\ QU

Metabolomics — a molecular readout for functional hypotheses

Ongoing studies and next steps:

» Longitudinal metabolomics profiling across multiple cohorts to
capture early changes

» Understand the relationship between the blood and brain metabolome

» Large-scale cross-omics/neuroimaging data integration and use of
metabotypes (sets of metabolites) to identify disease subtypes
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