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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

IH 5 i:::’ EDITORIALS
Genetic reckoning

Researchers need to reassess many accepted
links between mutations and disease.

Consortium (ExAC), the largest-ever catalogue of genetic

variation in the protein-coding regions of the human genome,
is that many genetic mutations have been misclassified as harmful
(M. Lek et al. Nature 536, 285-291; 2016). Authors of that study
estimate that each person has lurking in their genome an average of
54 mutations that are currently considered pathogenic — but that
about 41 of these occur so frequently in the human population that
they aren't in fact likely to cause severe disease. That finding is having
major consequences for some people with such variants, lifting the
equivalent of genetic death sentences (see page 154).

One of the major findings of the Exome Aggregation

To reassess the links between diseases and mutations, researchers
must have access to a group of people whose detailed genetic and
clinical information are known, and that's rare. It also takes time and
some cost; multiply that by the huge numbers of “pathogenic’ vari-
ants that have been called into question, and researchers are look-
ing at a major undertaking. Its a crucial one, because geneticists are
being asked every day to make judgements about the harm that could
be caused by mutations found in patients’
genomes. Biesecker hopes that planned or
existing projects to link people’s genomes to
their detailed health records — such as the
US president’s Precision Medicine Initiative,
which aims to sequence at least 1 million
Americans, and the UK 100,000 Genomes
Project — will help.

The rethink on pathogenicity shows that
researchers who hunt for genetic mutations likely to cause disease need
to be cautious. Many, it seems, have not required enough evidence
before asserting that a particular variant is harmful.

“Many have not
required enough
evidence before
asserting that
aparticular
variant is
harmful.”

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



Functional evaluation:

“The scientific spirit does not rest content with applying that
which is already known, but is a restless spirit, ever pressing
forward toward the regions of the unknown...”

- Archibald Garrod, “The Scientific Spirit in Medicine: Inaugural
Sessional Address to the Abernethian Society,” St. Bartholomew's
Hospital Journal, 20, 19 (1912)

Targeted metabolomics ' Untargeted metabolomics
 Organic acids * NMR spectroscopy
« Amino acids * LC-QTOF mass spectrometry

* Purines/pyrimidines
 Carnitine esters



heterozygous ¢.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 | deficiency (both mutations filtered out)
Sass JO et al. Metabolic Brain Disease 2016; 31: 587-92
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Untargeted
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Dedicated assays vs holistic approaches




Aims untargeted metabolomics

Development of validated mass spectrometry-based metabolic profiling
assays in body fluids

|dentify 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

S Flight tube

UHPLC

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 o
Citrulline
) 176.1030
176.1030 + 0.0005 CgH3N3O5: 2 metabolites
Argininic acid
176.1030
« Sensitivity
* Dynamic Range
Signal Response = Linearity
A}JU)/ l Citrulline and argininic acid have different
L ‘l. | retention times on the column and different mass

o Mass Spectrum

= = Mass Accuracy
» Resolving Power

spectra

* Acquisition Rate
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cine

<~Phenylalanine

m = 166.08625
r= 3.67

<Tryptophan
m = 205.09715
r=4.76

A typical plasma sample
shows > 10000 “features”

Extracted-ion chromatogram
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Extracted-ion chromatogram

Xanthine Octanoylcarnitine
m = 153.0407 m = 288.21693
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Human plasma, CSF
(urine)

Controls vs. patient

Agilent QTOF MS-data

-Reverse phase liquid chromatography
-Positive and negative mode
-Features

«Accurate mass (165.07898)

* Retention time

«Intensity

QTOF-
toolbox

XCMS

Alignment
Peak comparison
>10,000 Features

Data Analyses

Metabolite identification
Online database HMDB



Human plasma, CSF
(urine)

Controls vs. patient
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Agilent QTOF MS-data

-Reverse phase liquid chromatography
-Positive and negative mode
-Features

~Accurate mass (165.07898)

* Retention time
«Intensity

Data Analyses

>10,000 Features

Intensity

Accurate Mass
165.07898

Accurate // :

Retention time

Metabolite identification
Online database HMDB
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Finding metabolic differences in individua

Human plasma, CSF Agilent QTOF MS-data

(urine)

-Reverse phase liquid chromatography
-Positive and negative mode

Controls vs. patient
-Features

~Accurate mass (165.07898)

= Retention time
«Intensity

QTOF-
toolbox

XCMS

Metabolite identification

Alignment Online database HMDB
Peak comparison Data Analvses
>10,000 Features
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Proof of Principle — treated PKU
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Proof of Principle:

eature PKU
eature : P-value 2 RE = Feature 1909 -
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Validation Next Generation Metabolic Screening (NG

Correlation with classical assays

Mass accuracy on QTOF:
95%: AM < 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%
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UHPLC-QTOF-MS
XCMS intensities (arbitrary scale)

Phenylalanine (n=10)

lon-exchange chromatography
concentration (M)

UHPLC-QTOF-MS
XCMS intensities (arbitrary scale)

Octanoylcarnitine (n=10)

LC-MS/MS
concentration (M)

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

Standard operation procedure for plasma and CSF I



Targeted package of metabolites in untargeted

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)

[ REVRE- BT RE SRR

v |Metabolite HMDB Formula M OMIM1L |Diseasel
M- |Acetylalanine HMDBOOTES | CEHIMOZ 121.05224 608524 [AMIMNOACYLASE 1 DEFICIENCY
M- |Acetylasparagine HMDBOSD2E | CEHI0M204 174.0E406 608524 [AMIMNOACYLASE 1 DEFICIENCY
N- |Acetylaspartic acid HMDBODEL2 | CEHIMOS 175.04807 | 271800 [CANAWAN DISEASE
N- [Acetylaspartylglutamate (= NAAG) HMDBO10ET | CTIHIEMNZ0S 204.090E7F 260600 [LEUKODYSTROPHY
N- |Acetylcitrulline HMDBOOESE | CEBH15R304 21710626 215700 |CITRULLINEMIA, CLASSIC
M- |Acetylglutamic acid HMDBO1138 [ CYHTIMNOS 129.08372 608524 [AMIMNOACYLASE 1 DEFICIENCY
N- |Acetyl HMDBOED2S | CTHIZRZ04 122.07971 609924 |AMINOACYLASE 1 DEFICIENCY
M- |Acetylglycine HMDBOD532 | C4H/MO2 17.04259 608524 [AMIMNOACYLASE 1 DEFICIENCY
N- |Acetylhistidine HMDB32055 | CEHTIMNGOS 197.08004 | 235800 [HISTIDINEMIA
N- |Acetyl HMDBE1684 | CEBH1ERO3 1732.10519 609924 |AMINOACYLASE 1 DEFICIENCY
N- |Acetyl HMDB11756 |CBH15RO3 1732.10519 609924 |AMINOACYLASE 1 DEFICIENCY
M2- |Acetyl HMDBOOA4E | CEBHIEMNZ0Z 122, 11e03
N&- |Acetyllysine HMDBOOA0E | CEHIEM203 122, 11e03
N- |Acetylmannosamine alfa HMDEBED1128 [ CEHISMOE 221.02994
M- |Acetylmannosamine beta HMDBO1125 | CBHISMOE 221.029394 N-ACETYLMEURAMIMNATE S¥YNT
N- |Acetylmethionine HMDB11745 |CYHI3MO3S 191.06161 609924 |AMINOACYLASE 1 DEFICIENCY
N- |Acetylneuraminic acid (free) HMDEBOD230 [ CTIH19MO9 30910592 604369 |SALLA DISEASE
N- |Acetylphenylalanine HMDBODS12 | CTIHI3RO3 207.02954 261600 |PHEMNYLKETONURIA
M- |Acetylserine HMDBO2531 | CEHIMO4 147 05318 608924 [APMINOACYLASE 1 DEFICIENCY
MN- |Acetylthreonine chemspider | CEHTIRO4 161.0588 609924 |AMINOACYLASE 1 DEFICIENCY
N- [Acetyltyrosine HMDBEOOBES | CTIHIZNO4 22308446
N- |Acetylvaline HMDB11757 |C7HI3MNO3 159.02954 609924 |AMINOACYLASE 1 DEFICIENCY
Adenine HMDBODO34 [ CEHSMS 1350545 ADEMINE PHOSPHORIBOSYLT
Adencsine HMDBOODSD | CI0HTZMG04 267.09E75 102700 |ADEMOSINE DEAMINASE DEF
5- |Adenosylhomocysteine (= SAH) HMDBOOS3S | Cl4H20REORS 254.12159 180960 |5-ADENOSYLHOMMOCYSTEINE
5- |Adenosylmethionine (= SAM) HMDBO1185 | C15H23REORS 399.14508 180960 |5-ADENOSYLHOMMOCYSTEINE
Adipic acid HMDBEOO442 | CEHIDO4 14E.05791
Adipoylcarnitine (CEDC) HMDBE1E77 | C13H23MOG 28915254
AlCA-riboside chemspider [E9H14N405 252.096541 B0B6EE |AICA-RIBOSURIA DUE TO ATIC
G- |Alanine HMDBOOOSE | C23HMOZ 29.047E8 6143105 |METHYLMALOMNATE SEMIALDE
Alanine HMDBOOI1E1 | C3HAMOZ 8904768 mitochondriopathie
Alanyl-Proline HNMDB28685 | CEH14N203 156. 10044 170100 |PROLIDASE DEFICIENCY
alloisoleucine HMDBOOSSY | CEH13MNO2 131.09463 248600 |MAPLE SYRUP URINE DISEASE
Allysine HMDB01263 |CEHTINDZ 145.07389 266100 |PYRIDOXINE-DEPENDENT EPII
2- [Amincadipic acid HMDBOO510 [ CEHTIMO4 1E1.0E251 204750 |[2-AMINOCADIPIC 2-OXOADIP
3- [Aminciscbutyric a HMDBO2166 | C4HIMOZ 103 06333 6143105 |[METHYLMALOMNATE SEMIALDE
Arabinitol (= arabi HMDBO1B851 | CEH1205 152 06847 608611 [RIBOSE 5-PHOSPHATE ISOME
Arabinose HMDB2gg42 | CEHIOOS 150.05282
Arginine HMDBOO51T | CEH14M402 174 111EE UCD, cystinurie, LPI, OAT def
Argininosuccinic acid HMDBOODS2 | CI0H1EM40E 29012263 207900 [ARGININOSUCCINIC ACIDUR
Asparagine HMDBODMIGE | CAHEMNZ203 132.05343 615574 |ASPARAGINE SYNTHETASE DEF
N- |Aspartylglucosamine HMDBOOAES | C12H21M308 33513286 208400 [ASPARTYLGLUCOSAMIMNURIA
Azelaic acid HMDBOO784 | CIHIEO 4 18810426 PEROXISOMAL DISORDERS
Betaine HMDBOOD4S [ CEHTIMNOZ 17078398 605850 |[DIMETHYLGLYCINE DEHYDROY
2- HMDBOM 7S | C4HB0O 203750 |ALPHA-METHYLACETOACETIC

Butanone

7205751




Data analyses Data Preprocessing

Data
interpretation

& Pretreatment

Agilent; UHPLC-TOF-MS Analysis (ESI+, ESI-)
Experiment ~ Body Fluids: Plasma, CSF and urine
Agilent; Pre-processing in MassHunter
Qual and converted to m/z data

XCMS; table with accurate masses,
intensities and retention times

B-H t-tests : QTOF Toolbox; significant differences
> between controls an single patien
(QTOF toolbox) N bet trols and single patient

HMDB annotation : _
of all significant : S HMDB; Annotation of all abnormal features
|
-l

using the most common adduct masses

Verification



NGMS and WES in diagnostics

Experiment

HMDB: Human Metabolome Database

Data Preprocessing
& Pretreatment

Next Generation Metabolic
Screening

Whole exome sequencing

Data analyses

Data
interpretation

Find metabolites with significant

abnormal concentration and
suggest diagnosis

B-H t-tests
(QTOF toolbox)

HMDB annotation
of all significant

— e = == )

Verification

If 1 or more of these have

abnormal concentration: suggest

diagnosis
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WES: novel mutations in ACADM 2D

query_mass|(compound_id| formula |compound_mass|adduct|adduct_type|adduct_mass| delta | RT Diagnostic metabolites RT |Delta RT| RT%
288.21720 | HMDB00791 |C15H29N0O4| 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 |C15H29N0O4| 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 109 | 0.04 [100.4
224.12606 | HMDB00832 |C10H19NO3| 201.1364935 | M+Na + 224.125711 |0.0003(10.86| |Capryloylglycine 109 | 0.04 [100.4
174.11232 | HMDB00701 | CBH15NO3 | 173.1051934 | M+H + 174.112469 [0.0001| 7.63 Hexanoylglycine 7.56 | 0.07 |99.1
196.09483 | HMDB00701 | CBH15NO3 | 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 |C17H29N0O4| 311.2096584 | M+Na + 334.198876 [0.0002| 9.82 | [2-trans,4-cis-Decadienoylcarnitine| 9.8 | 0.02 | 99.7

Diagnostic metabolites for MCAD
(Filter RT% = 90% en 110%)
Octanoylcarnitine (C8) Decenoylcarnitine (C10:1) Hexanoylglycine

llll.--llll"lllllllIIIIl'.-"I-III-I'Il

Functional mutations




WES: homozygous UV in ASPA geng
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<
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= ASPA Chr 17 (CRCh37): g3386869T>C; NM_01128085.1 ¢.509T>C (p. 1le170Thr);
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.

query_mass

compound_id

formula

compound_mass

adduct

adduct_type

adduct_mass

delta

RT

Gene-linked_metabolites

198.0372

HMDB00812

C6HONOS

175.04807

M+Na

+

198.03729

0.00009

1.15

N-Acetyl-L-aspartic acid

176.0553

HMDB00812

C6HONOS

175.04807

M+H

+

176.05535

0.00005

1.15

N-Acetyl-L-aspartic acid

= Case 2: Unclassified Variant in ASPA ge

ne:

query_mass

compound_id

formula

compound_mass

adduct

adduct_type

adduct_mass

delta

RT

Gene-linked_metabolites

No Canavan metabolites
found in abnormal

concentration

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




NGMS: feature N-acetyl-L-aspartic

4100

Conclusion: homozygous UV in
case 2 is not pathogenic!

3100

11004

- EEE8EEE5E55555:8:55::::5:5:5::8::s:sE¢::5::8¢:¢8¢8

XCMS Intensity plot of N-Acetyl-L-aspartic acid (m/z 198.0372 [M+Na]* and retention time 1.15 min) in plasma
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OMICS 2 TREAT ID

A combined genomics and metabolomics approach to
discover novel inborn errors of metabolism with potential
for treatment

cee

Plasma, CSF and urine samples are measured by NGMS



Patient: Nolin, 3-years-old

Clinical Features

» Intellectual disability = Dysostosis

= Failure to thrive = (Osteopenia

= QOptic Atrophy » Facial dysmorphisms
= Skeletal dysplasia = [nfantile spasms

=  Short limbs = Thrombocytopenia

= MRI: Brain dysplasia = Large thrombocytes

Next Generation Metabolic Screening in CSF and plasma



Results QTOF_toolbox

=

Mass

RT

graphically visualized

244.0790

204.0866

0.73
0.72

123.0551

1.38

219.1101

5.88

246.1081

0.78

168.0652

1.20

137.0806

0.76

138.0546

0.71

Results HMDB

Adduct
M+Na
M+Na
M+Na

Name
N-Acetylmannosamine
N-Acetyl-D-glucosamine

N-Acetyl-b-D-galactosamine

Adduct
MW (Da)

Compound
MW (Da)

244.079155 221.089937
244.079155 221.089937
244.079155 221.089937
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0.86
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Agilent QTOF MS-data

Human

(

l
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Data Analyses

Delta
0.0002

0.0002
0.0002



Metabolite identification

Next Generation Metabolic Screening
Cerebrospinal fluid (CSF)

a MS intensity plot of myz 244,07902 in CSF of controls
High-resolution QTOF resuits b (blue) and the patient with NANS deficiency (red).
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Qenerated by direct infusion electrospray lonzation (+ES1) from a diluted (~50) urne sample. First, an individual mass.
peak is isolated from the MS spectrum of a complex mixture and its IR spectrum is measured using a tuneable IR

laser. Comparnison with reference spectra, either for model or is then
used 10 iIdentty the compound
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It takes two to tango! NGMS and WES in concert

Whole Exome Sequencing

Next Generation Metabolic Screening Multiple candidate genes with

H pathogenic mutations (autosomal
# recessive inheritance model)

~ % N-acetylmannosamine 777

One matching gene,
| i , In the
biosynthesis of

neuraminic acid




NANS encodes N-acetylneuraminic acid Sy

biosynthesis

UDP-GLcNAc 2-epimerase
(GNE) / ManNAc 6-kinase*

N-acetyl neuraminic
acid synthase (NANS)

NeuNAc 9-phosphate
phosphatase (NANP)

CMP-sialic acid synthase
(CMAS)**

sialylation

uridine diphosphate-GIcNAc

CMP-NeuNAc
' CMP
glycoproteins sialoglycoproteins
glycolipid P> . iloalveolipid

free
NeuNAc

O pinocytosis

i
(UDP-GIcNAc)

UDP«-/l

N-acetyl-D-mannosamine
(ManNAc)
ATP ManNPoc
ADP
ManNAc 6-P

PEP
Pi

NeuNAc 9-P
Pi 4/ ‘
NeuNAc

NeuNPoc

PPi "

CMP-NeuNAc

salvage

sialoglycoproteins
sialoglycolipids

glycoproteins
glycolipids

sialidases

de-sialylation

gy P

sialyltransferases

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



NANS zebrafish; knock down and reSCUEN:

D 100%
90%
80%
@
5 70%
£ - 60% = p3
§§ sk | P2
3 ©  a0% B Pl
g 5
=5 30%
;.;- 20%
Profs XY Wen and K Brand-Arzamendi, Toronto, Canada ® 10%
0%
) ) & 4 S A
Knockdown: small head, cardial effusion, RO sialic acid
abnormal skeleton & Meckels cartilage notinjected  control MO  nansa-e3i3 MO

Skeletal deformaties could be rescued
by 200 uM sialic acid in the fish water

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



Next Generation Metabolic Screening

A toolbox in the functional genomics Iaboratory

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
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Innovative diagnostics IEM

COTUON— - -

Metabolomics en Next Generation Metabolic Screening
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Adenvl Iyase defici
Combined EIC (positive ESI mode; plasma)
o S-Adenosine
E m/r384.11490

p SAICA-riboside
H Mz 37511485

OMIM: 103050 / Gene mutation: ADSL

lyase, or catalyzes the conversion of SAICA-ribotide to AICA-

ribotide and S-AMP to AMP. A deficiency of the enzyme causes the accumulation of SAICA-riboside

(SAICAT) and S-ad Both ¢ ds were observed in plasma LC-MS of
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M M+H M+Na M-H M+Cl
37410738 375.11465* 39709660 37310010 409.0768
38310771 384.11499* 406.09693 382.10044* 4180771
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The next step: integration WES and metak

= 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

NEXT Integrating NEXT
GENERATION PEEELN GENERATION

DNA SEQUENCING N v METABOLIC SCREENING
. The next step

IN THE INDIVIDUAL PATIENT

IN THE INDIVIDUAL PATIENT




Bio informatics
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Human plasma, CSF
(urine)

Controls vs. patient

Agilent QTOF M5-data

-Reverse phase liquid chromatography
-Positive and negative mode
-Features

Untargeted Data Analysis

Conversion to
opensource
format

XCMS
Peak Picking &
Alignment

QTOF-Toolbox
t-test w. BH
correction

Feature
Annotation

Open The
Metabolome
Spreadsheet

Xlsx




