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Whole exome sequencing: interpretation 

 Known mutation in known gene with known phenotype (easy) 

 

 Unknown mutation in known gene (the “VUS issue”) 

 Multiple genes with seemingly pathogenic mutations  

 Known mutation in known gene with different phenotype 

 Only one mutation in AR model of inheritance: missed mutation? Poor 

coverage? 

 Mutations in gene never correlated with disease 

Gene variants require functional proof of pathogenicity 

http://www.google.nl/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwjq2_C7iNbPAhXF5xoKHQ1iAasQjRwIBw&url=http://www.animaatjes.nl/plaatjes/vraagtekens&psig=AFQjCNEUHJo30GHO5cC_hDr4o7vw2j-M5Q&ust=1476389168423847


Plea for (more) functional evaluation 

Editorial Nature 2016; 538: 140. (October 13, 2016) 



Functional evaluation: the metabolome 

Targeted metabolomics 

• Organic acids 

• Amino acids 

• Purines/pyrimidines 

• Carnitine esters 

• ………… 

Untargeted metabolomics 

• NMR spectroscopy 

• LC-QTOF mass spectrometry 



Targeted ‘confirmation’ WES results 

• heterozygous c.1190 A>T p.Gly 397Val in glutaryl-CoA dehydrogenase (GCDH) gene; prediction: 

pathogenic 

• GCDH deficiency: movement disorder with (biochemically) glutaric aciduria 

• Patient has dystonia 

 

 Did we miss a second mutation (no full coverage in WES)? 

 

 

 Organic acid analysis  No (3-OH)glutaric aciduria  2 mutations in   

 Carnitine-ester profile but N-acetylated amino acids ACY1 gene (OMIM 609924) 

 

 Conclusion: diagnosis is Aminoacylase I deficiency (both mutations filtered out) 

Sass JO et al. Metabolic Brain Disease 2016; 31: 587-92 



Targeted vs untargeted metabolomics 
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Dedicated assays vs holistic approaches 



 Development of validated mass spectrometry-based metabolic profiling 

assays in body fluids 

 

 Identify normal profiles and normal “concentration” ranges of 

metabolites 

 

 Application of LC-MS based metabolomics in  

     the diagnostics in an individual patient 

     separately and in parallel with WES 

Aims untargeted metabolomics 

QTOF machine is able to measure 

mass accurately in 4 decimals 



Data Interpretation 

 
From mass 176.1030 to metabolite identification 

 
    HMBD database 

176.1 ± 0.1   9 metabolite options 

        

176.1030 ± 0.0005   C6H13N3O3: 2 metabolites   

Citrulline 

176.1030 

 

Argininic acid 

176.1030 

Citrulline and argininic acid have different 

retention times on the column and different mass 

spectra 



Typical total ion chromatogram of plasma 

Phenylalanine 
m = 166.08625  

r =  3.67 

Tryptophan 
m = 205.09715  

r = 4.76 

Leucine 

Octanoylcarnitine 

m = 288.21693 

r = 9.62 

Xanthine 

m = 153.0407  

r = 1.95 

Extracted-ion chromatogram Extracted-ion chromatogram 

A typical plasma sample 

shows > 10000 “features” 



Finding metabolite differences in individual patients 



Finding feature differences in individual patients 

Intensity 

Accurate 

Mass 

Retention 

time 

Feature 



Finding metabolic differences in individual patients 

10480 features in each sample 

controls 

patient 

Validated with 58 different 

metabolic diseases 



Proof of Principle – treated PKU 

Phe: ~200-500 µM 



Proof of Principle: phenylketonuria (PKU) 

sG sT Feature 

Patient 7 

Feature 
Intensity P-value Mass Ret 

1 74 1909 24490807 2E-17 166.08634 3.67 

2 51 1695 8386343 8E-21 120.08065 3.67 

3 47 1683 2915430 6E-21 167.08956 3.67 

4 62 1780 751272 2E-19 121.08385 3.67 

5 56 1765 556095 3E-20 103.05433 3.67 

6 38 1611 480141 1E-22 120.12527 3.67 

7 57 1956 460491 3E-20 166.19191 3.67 

8 55 1761 403223 3E-20 131.04910 3.67 

9 35 1559 355404 2E-23 188.06796 3.67 

10 3 1137 303853 8E-40 295.12893 5.88 

11 65 4994 291156 5E-19 188.12476 3.66 

12 49 1762 269007 7E-21 107.04902 3.67 

13 43 1659 252382 6E-22 168.09171 3.67 

14 52 1727 250238 8E-21 149.05937 3.67 

15 32 1492 140562 6E-25 120.15785 3.67 

16 76 2854 135373 2E-17 189.07304 1.04 

17 16 1018 126136 7E-29 328.13918 4.01 

18 23 1516 96662 1E-26 120.17050 3.67 

19 135 265 93406 1E-10 104.10735 12.85 

20 96 670 77111 4E-14 397.23525 14.31 

21 128 294 76090 3E-11 104.10733 12.67 

Feature 1137 

Controls 

P7 P7 

PKU 

HMDB: glutamylphenylalanine 



Biomarkers for PKU 

PKU1 

66 

 

 

 

 

PKU5 

197 

 

 

PKU6 

64 

PKU3 

73 

 

 

PKU4 

90 

PKU7 

80 

 

 

PKU2 

195 

 

  
Phenylalanine 

Glutamylphenylalanine 

 

Phenylalanine + C6-sugar 

Mass 278.17518 (unknown) 

Prolyl-L-phenylalanine + H2 

N-Acetyl-L-phenylalanine 
Mass 424.17163 (Phe-Gln-Gln) 

 

 



Validation Next Generation Metabolic Screening (NGMS)  

 

 Correlation with classical assays 

 

 Mass accuracy on QTOF: 

 95%: ΔM < 0,0003 Da (range: 90-425 Da; n=19) 

 

 Sensitivity of UHPLC-QTOF MS assay in low nM range! 

 (~1000 fold more sensitive than NMR) 

 

 Intra: CV in RT: <0.5%; CV in signal intensity: <15% 

 Inter: CV in RT: <1%; CV in signal intensity: <25-30% 

 

 Clinical validation: diagnosis established in 58 individual patients with different IEMs 

 

 
Standard operation procedure for plasma and CSF 



Targeted package of metabolites in untargeted data 

Diagnostics in two/three steps: 

 

1. Analysis of ~400 diagnostic metabolites 

 (90% evaluated for RT) 

  

2. WES related metabolite changes 

 

3. Untargeted metabolome analysis 

 (open the metabolome) 



NGMS and WES in diagnostics 

Experiment 
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Raw data 

Alignment 

Peak comparison 

B-H t-tests 

(QTOF toolbox) 

HMDB annotation 

of all significant 

m/z 

Verification 

Agilent; Pre-processing in MassHunter 

Qual and converted to m/z data 

Agilent; UHPLC-TOF-MS Analysis (ESI+, ESI-) 

Body Fluids: Plasma, CSF and urine 

XCMS; table with accurate masses, 

intensities and retention times 

QTOF Toolbox; significant differences 

between controls and single patient  

HMDB; Annotation of all abnormal features 

using the most common adduct masses 



NGMS and WES in diagnostics 

Experiment 
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Raw data 

Alignment 

Peak comparison 

B-H t-tests 

(QTOF toolbox) 

HMDB annotation 

of all significant 

m/z 

Verification 

Next Generation Metabolic 

Screening 

1. ~400 diagnostic metabolites 

for many IEM’s 

2. Open the metabolome – 

42000 human metabolites  

Find metabolites with significant 

abnormal concentration and 

suggest diagnosis 

Whole exome sequencing 

Select (metabolic) candidate 

genes – check related 

metabolites in NGMS data 

If 1 or more of these have 

abnormal concentration: suggest 

diagnosis 

HMDB: Human Metabolome Database 



WES: novel mutations in ACADM 

query_mass compound_id formula compound_mass adduct adduct_type adduct_mass delta RT   Diagnostic metabolites RT Delta RT RT% 
288.21720 HMDB00791 C15H29NO4 287.2096584 M+H + 288.216934 0.0003 9.54   Octanoylcarnitine 9.62 0.08 100.8 
314.23288 HMDB13205 C17H31NO4 313.2253085 M+H + 314.232584 0.0003 10.73   C10:1 10.73 0.00 100.0 
310.20139 HMDB00791 C15H29NO4 287.2096584 M+Na + 310.198876 0.0003 9.54   Octanoylcarnitine 9.62 0.08 100.8 
312.21718 HMDB13325 C17H29NO4 311.2096584 M+H + 312.216934 0.0002 9.83   2-trans,4-cis-Decadienoylcarnitine 9.8 0.03 99.7 
336.21480 HMDB13205 C17H31NO4 313.2253085 M+Na + 336.214526 0.0003 10.74   C10:1 10.73 0.01 99.9 
208.09700 HMDB02042 C11H13NO3 207.0895433 M+H + 208.096819 0.0002 7.65   Phenylpropionylglycine 7.71 0.06 100.7 
202.14381 HMDB00832 C10H19NO3 201.1364935 M+H + 202.143769 0.0000 10.86   Capryloylglycine 10.9 0.04 100.4 
224.12606 HMDB00832 C10H19NO3 201.1364935 M+Na + 224.125711 0.0003 10.86   Capryloylglycine 10.9 0.04 100.4 
174.11232 HMDB00701 C8H15NO3 173.1051934 M+H + 174.112469 0.0001 7.63   Hexanoylglycine 7.56 0.07 99.1 
196.09483 HMDB00701 C8H15NO3 173.1051934 M+Na + 196.094411 0.0004 7.63   Hexanoylglycine 7.56 0.07 99.1 
232.11808 HMDB00953 C10H17NO5 231.1106727 M+H + 232.117949 0.0001 6.36   Suberylglycine 6.26 0.10 98.4 
334.19906 HMDB13325 C17H29NO4 311.2096584 M+Na + 334.198876 0.0002 9.82   2-trans,4-cis-Decadienoylcarnitine 9.8 0.02 99.7 

Octanoylcarnitine (C8)   Decenoylcarnitine (C10:1) Hexanoylglycine 

Diagnostic metabolites for MCAD 
(Filter RT% = 90% en 110%) 

Functional mutations 



 ASPA Chr 17 (CRCh37): g3386869T>C; NM_01128085.1 c.509T>C (p. Ile170Thr); 

homozygous; unknown pathogenicity; causal gene in M. Canavan 

 HMDB linked metabolites: N-acetyl-L-aspartic acid, L-aspartic acid, N-formyl-L-aspartic 

acid 

 Case 1: classical patient M. Canavan.  

 

 

 Case 2: Unclassified Variant in ASPA gene: 

 

 

 

 What are the N-acetyl-L-aspartic acid “concentrations” in both cases and controls? 

 

WES: homozygous UV in ASPA gene 

query_mass compound_id formula compound_mass adduct adduct_type adduct_mass delta RT   Gene-linked_metabolites 
198.0372 HMDB00812 C6H9NO5 175.04807 M+Na + 198.03729 0.00009 1.15   N-Acetyl-L-aspartic acid 
176.0553 HMDB00812 C6H9NO5 175.04807 M+H + 176.05535 0.00005 1.15   N-Acetyl-L-aspartic acid 

query_mass compound_id formula compound_mass adduct adduct_type adduct_mass delta RT   Gene-linked_metabolites 

- - - - - - - - - 

No Canavan metabolites 
found in abnormal 

concentration 



NGMS: feature N-acetyl-L-aspartic acid 

XCMS Intensity plot of N-Acetyl-L-aspartic acid (m/z 198.0372 [M+Na]+ and retention time 1.15 min) in plasma 

Case 1 

Case 2 

Conclusion: homozygous UV in 

case 2 is not pathogenic! 



Omics2TreatID 

Plasma, CSF and urine samples are measured by NGMS 



Clinical Features 

 
 Intellectual disability 

 Failure to thrive 

 Optic Atrophy 

 Skeletal dysplasia 

 Short limbs 

 MRI: Brain dysplasia 

 

Patient: Nolin, 3-years-old 

 

 

 Dysostosis 

 Osteopenia 

 Facial dysmorphisms 

 Infantile spasms 

 Thrombocytopenia 

 Large thrombocytes 

Next Generation Metabolic Screening in CSF and plasma 



CSF: ‘open the metabolome’ analysis 

Results HMDB Results QTOF_toolbox graphically visualized 

Name Adduct 

Adduct 

MW (Da) 

Compound 

MW (Da) Delta 

N-Acetylmannosamine M+Na 244.079155 221.089937 0.0002 

N-Acetyl-D-glucosamine M+Na 244.079155 221.089937 0.0002 

N-Acetyl-b-D-galactosamine M+Na 244.079155 221.089937 0.0002 

N-Acetyl-b-D-galactosamine N-Acetyl-D-glucosamine N-Acetylmannosamine 

RI Mass RT 

1 244.0790 0.73 

2 204.0866 0.72 

3 123.0551 1.38 

4 219.1101 5.88 

5 246.1081 0.78 

6 168.0652 1.20 

7 137.0806 0.76 

8 138.0546 0.71 

9 316.2116 4.78 

10 99.0417 1.06 

11 195.1130 4.80 

12 221.0104 1.09 

13 170.0809 1.74 

14 220.9742 1.05 

15 130.9786 1.07 

16 429.3185 18.87 

17 235.0938 5.77 

18 206.1019 0.86 

19 281.0826 1.10 

20 327.1061 2.93 



Metabolite identification 



It takes two to tango! NGMS and WES in concert 

10480 

Next Generation Metabolic Screening 

 

 

N-acetylmannosamine  

 

Whole Exome Sequencing 

 

 

 

Multiple candidate genes with 

pathogenic mutations (autosomal 

recessive inheritance model) 

One matching gene, 

NANS gene, in the 

biosynthesis of 

neuraminic acid 



NANS encodes N-acetylneuraminic acid synthase 

Van Karnebeek et al. Nat Genet 2016; 48: 777-84 
Poc: propargyloxycarbonyl  



NANS zebrafish; knock down and rescue 

Knockdown: small head, cardial effusion, 

abnormal skeleton & Meckels cartilage  

Skeletal deformaties could be rescued  

by 200 µM sialic acid in the fish water 

Profs XY Wen and K Brand-Arzamendi, Toronto, Canada 

Van Karnebeek et al. Nat Genet 2016; 48: 777-84 



A toolbox in the functional genomics laboratory 

Next Generation Metabolic Screening 

• In vivo evaluation of pathogenicity of mutations; widely applicable 

to all metabolism-related diagnostic challenges 

 

• Amenable to high throughput diagnostics by automation and 

bioinformatics 

 

• By changing sample prep and LC conditions, different parts of 

metabolome (more polar metabolome, lipidome) can be analyzed 

 

• Mind dynamics of metabolomes. Age-matched controls 

necessary. 

 

• Bridges genomics and metabolomics towards integrative biology 

 



Joined Forces 

Metabolomics 

Glycomics 

Genetics Lab 

Functional genomics 

Translational 

Metabolic Lab 

NGS 

The bridges in Nijmegen: towards a wonderful diagnostic future together! 

Proteomics 
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The Nijmegen NGMS metabolomics book 



 WES          Metabolome: 

 nucleotide changes of uncertain significance in a metabolic gene: 

supporting info from the metabolome? 

 

 Metabolome          WES: 

 Suggestive changes in metabolome: please check gene X, Y, or Z 

The next step: integration WES and metabolome 

DNA SEQUENCING 

IN THE INDIVIDUAL PATIENT 

METABOLIC SCREENING 

IN THE INDIVIDUAL PATIENT 

Integrating 

software 

 

The next step 



Bio informatics 

Metabolite identification 

Online database HMDB 

QTOF-

toolbox 

Data Analyses 


