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CEREBRO-HEPATO-RENAL SYNDROME OF ZELLWEGER
(= ZELLWEGER SYNDROME)

First described in 1964

More than 200 patients described in literature

Zellweger patients show a great number of abnormalities including
craniofacial, neurological, ocular, hepatological and skeletal aberrations

Patients usually die early in life within the first year

Peroxisomes are absent in all body cells of Zellweger patients as first
shown by Goldfischer etal. (1973) Science 182, 62-64 in hepatocytes and
kidney tubule cells.
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KEY FINDINGS INDICATING THAT ZELLWEGER

SYNDROME IS TRULY A DISEASE OF THE PEROXISOME.

1. ACCUMULATION OF HEXACOSANOIC ACID (C26:0)
IN PLASMA FROM ZELLWEGER PATIENTS

Brown etal (1982) Johns Hopkins Med. J. 151, 344-351

C26:0 (umol/L) in plasma
0 6 12

| 1
CONTROL
ZELLWEGER I




MITOCHONDRIAL AND PEROXISOMAL FATTY

ACID B-OXIDATION IN HUMAN CELLS

LONG-CHAIN FATTY ACIDS @Y-LONG-CHNN FATTY ACIDS (e.g. C26:0)
(e.g. PALMITATE, OLEATE, ETC.)

R-oxidation

Peroxisome

Mitochondrion




KEY FINDINGS INDICATING THAT ZELLWEGER

SYNDROME IS TRULY A DISEASE OF THE PEROXISOME.

2. PLASMALOGEN DEFICIENCY IN ETHERPHOSPHOLIPID
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ETHERPHOSPHOLIPID BIOSYNTHESIS AND PEROXISOMES

DHAPAT*

Peroxisome
acyl-DHAP
long-chain alcohol
Alkyl-DHAP synthase
atty acid
, alkyl-DHAP

NAD(P)H

acylCoA reductase

All three enzymes
deficient in
NAD(P)*

Zellweger
Syndrome
acyl-CoA
Acyl transferase
CoASH

-alkyl-2-acyl-G3P

0
Hydrolase

Alkyl/acyl-DHAP : NAD(P)H oxidoreductase

* Hajra etal 1979 J. Biol. Chem. 254, 10896

Etherphospholipids
> including plasmalogens ¢
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PEROXISOMAL BIOMARKERS AS AN IN VIVO

READ-OUT OF PEROXISOME FUNCTION

Peroxisomal metabolic pathway involved

Very-long-chain
fatty acids : : :
Fatty acid [3-oxidation

Pristanic acid

UNIQUE Bile acid intermediates Bile acid synthesis

SET OF
PEROXISOMAL
BIOMARKERS

Ether phospholipid
biosynthesis

»

Plasmalogens

Phytanic acid Fatty acid a-oxidation

L-Pipecolic acid Pipecolic acid oxidation

Oxalate and Glyoxylate degradation

glycolate
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PEROXISOMAL BIOMARKERS IN BLOOD AND URINE AND
THEIR IMPORTANCE FOR PEROXISOMAL DISORDERS

* Discovery of a range of additional peroxisomal disorders resulting
from a defect in either peroxisome biogenesis or metabolism.

* Variant, atypical phenotypes, similar genotypes.

* Similar phenotypes, different genotypes.
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LIST OF PEROXISOMAL DISORDERS

PEROXISOME BIOGENESIS DISORDERS

- Zellweger syndrome (ZS)

- Neonatal adrenoleukodystrophy (NALD)

- Infantile Refsum disease (IRD)

- Rhizomelic chondrodysplasia punctata (RCDP)

SINGLE PEROXISOMAL ENZYME DEFICIENCIES

- X-linked adrenoleukodystrophy

- D-bifunctional protein deficiency

- Acyl-CoA oxidase deficiency

- 2-Methylacyl-CoA racemase deficiency
- Sterol carrier protein x deficiency

- ABCD3 (PMP70) deficiency

- DHAPAT-deficiency (RCDP Type 2)
- Alkyl DHAP-synthase deficiency (RCDP Type 3)
- FAR1 deficiency

- Refsum disease

- Hyperoxaluria Type 1
- Glycolate oxidase deficiency

- Acatalasaemia

Pathway affected

> Beta-oxidation

Plasmalogen
 biosynthesis

—_—

—+— Alpha-oxidation

} Glyoxylate metabolism

—_+—H,0, metabolism
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NEWLY IDENTIFIED PEROXISOMAL DISORDERS

1. Acyl-CoA oxidase 2 deficiency (ACOX2)
2. Glycolate oxidase deficiency
3. ACBD5 deficiency

11



NEWLY IDENTIFIED PEROXISOMAL DISORDERS

ACOX2 deficiency: A disorder of bile acid synthesis

with transaminase elevation, liver fibrosis, ataxia,
and cognitive impairment PNAS | October4,2016 | vol. 113 | no.40 | 11289-11293

Silvia Vilarinho™", Sinan Sari‘, Francesca Mazzacuva®, Kaya Bilgiivar®®, Giildal Esendagli-Yilmaz', Dhanpat Jain®?,
Giilen Akyol', Buket Dalgic, Murat Giinel®*", Peter T. Clayton®, and Richard P. Lifton™®i-

8 year old male, consanguineous parents

Relatively non-specific clinical presentation involving:
- (Mild) liver fibrosis
- Mild ataxia and cognitive impairment
- Intermittently elevated transaminases

* Bile acid analysis:
- Low primary (C24) bile acids
- High bile acids intermediates, notably tauro-THCA.

amg .



NEWLY IDENTIFIED PEROXISOMAL DISORDERS

Journal of Hepatology 2017 vol. 66 j 581-588

ACOX2 deficiency: An inborn error of bile acid synthesis identified
in an adolescent with persistent hypertransaminasemia

Maria J. Monte', Marta Alonso-Pefia’, Oscar Briz', Elisa Herraez'~, Carmen Berasain®~,
Josepmaria Argemi?, Jesus Prieto””*, Jose J.G. Marin'**

'Experimental Hepatology and Drug Targeting (HEVEFARM), Institute for Biomedical Research (IBSAL), University of Salamanca, Salamanca,
Spain; 2Department of Medicine, Clinica Universidad de Navarra and Center for Applied Medical Research (CIMA), University of Navarra,
Pamplona, Spain; *Center for the Study of Liver and Gastrointestinal Diseases (CIBERehd), Carlos Ill National Institute of Health, Spain

* 2 sisters, consanguineous parents
* Unexplained persistent hypertransaminasemia
* No neurological involvement
e Bile acid analysis:
- Low primary (C24) bile acids
- High bile acids intermediates, notably tauro-THCA.

Take home message: Bile acid analysis in patients with elevated transaminases!

13



PEROXISOMAL BIOMARKERS IN BLOOD AND URINE AND
THEIR IMPORTANCE FOR PEROXISOMAL DISORDERS

* Discovery of a range of additional peroxisomal disorders resulting
from a defect in either peroxisome biogenesis or metabolism.

> * Variant, atypical phenotypes, similar genotypes.
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PEROXISOMAL BIOMARKERS IN BLOOD AND URINE AND
THEIR IMPORTANCE FOR PEROXISOMAL DISORDERS

* Discovery of a range of additional peroxisomal disorders resulting
from a defect in either peroxisome biogenesis or metabolism.

> * Variant, atypical phenotypes, similar genotypes.

Example: Disorders of peroxisome biogenesis.

15



PEROXISOME BIOGENESIS IS ALSO IMPAIRED IN INFANTILE REFSUM

DISEASE AND NEONATAL ADRENOLEUKODYSTROPHY: PHENOTYPIC

VARIANTS OF ZELLWEGER SYNDROME.

/S

e Craniofacial dysmorphia

* Severe hypotonia

* Hepatomegaly

* Neuronal migration defect
* Epileptic seizures

NALD

 Mild craniofacial

dysmorphia

* Leukodystrophy
* Developmental delay
* Hepatic dysfunction

IRD

* No craniofacial
dysmorphia

* Developmental delay
* Peripheral neuropathy
* Cerebellar ataxia

16
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PEROXISOME BIOGENESIS IS ALSO IMPAIRED IN INFANTILE REFSUM

DISEASE AND NEONATAL ADRENOLEUKODYSTROPHY: PHENOTYPIC
VARIANTS OF ZELLWEGER SYNDROME.

1. Huge phenotypic variability among the peroxisome biogenesis disorders and —
in fact — all peroxisomal disorders.

logic abnormalities

Zellweger Neonatal Infantile
ALD Refsum

17



USHER SYNDROME: ANOTHER PEROXISOME BIOGENESIS

DISORDER, AT LEAST IN SOME PATIENTS.

1. Huge phenotypic variability among the peroxisome biogenesis disorders and —
in fact — all peroxisomal disorders.

blogic abnormalities

Zellweger Neonatal Infantile Usher
ALD Refsum Syndrome*

*: Raas-Rothschild etal (2002) AJHG 70, 1062-1068: Patients with retinitis pigmentosa and sensorineural

amg deafness diagnosed as Usher syndrome identified as having a peroxisome biogenesis disorder (PEX6).
18



CEREBELLAR ATAXIA: ANOTHER PEROXISOME

BIOGENESIS DISORDER, AT LEAST IN SOME CASES

1. Huge phenotypic variability among the peroxisome biogenesis disorders and —
in fact — all peroxisomal disorders.

blogic abnormalities

Zellweger Neonatal Infantile Usher Cerebellar
ALD Refsum Syndrome Ataxia™

*: Regal etal (2010) Ann. Neurol. 68, 259-263: Autosomal recessive cerebellar ataxia without other

amg neurological symptoms identified in patients with a peroxisome biogenesis defect. (PEX2 and PEX10) »



HEIMLER SYNDROME: ANOTHER PEROXISOME

BIOGENESIS DISORDER

1. Huge phenotypic variability among the peroxisome biogenesis disorders and —
in fact — all peroxisomal disorders.

blogic abnormalities

Zellweger Neonatal Infantile Usher Cerebellar Heimler
ALD Refsum  Syndrome Ataxia Syndrome*

*: Ratbi etal (2015) Am J Hum Genet. 97,535-45.: Heimler syndrome (sensorineural hearing loss, amelogenesis

amg imperfecta (enamel hypoplasia), nail abnormalities and retinal pigmentation). (PEX1 and PEX6) 20



INFANTILE REFSUM DISEASE, NEONATAL

ADRENOLEUKODYSTROPHY AND OTHER PHENOTYPIC VARIANTS
OF ZELLWEGER SYNDROME:

ZELLWEGER SPECTRUM DISORDERS

& Sensorineural hearing deficit 5.
- Ocular abnormalities
Enamel| abnormalities
Disease severity
Birth 1 2 4 g 8 10 20 30 40 years
Presentation
Neonatal- Childhood Adolescent-adult
infantile
Severe hypotonia Mild hypotonia Developmental delay
Epileptic seizures Leukodystrophy Peripheral neuropathy
Meuronal migration defects Developmental delay Cerebellar ataxia
Failure to thrive Failure to thrive Leukodystrophy
Hepatomegaly Hepatomegaly Adrenal insufficiency
Hepatic dysfunction (Jaundice) Hepatic dysfunction
Coagulopathy Coagulopathy
Craniofacial dysmorphism Craniofacial dysmorphism
Adrenal insufficiency
Fig. 1 Schematic overview of main presenting symptoms in 250s per dinical group
LN

21



CURRENT MODEL OF PEROXISOME BIOGENESIS

Pre-peroxisome (ER)

Integral
_ Peroxisomal Import-competent
Membrane peroxisome

Proteins (=)

Free poly-ribosomes Peroxisomal
Matrix
Fission Proteins ( )

Q Free poly-ribosomes
f \_/ Metabolically
active

Growth )
peroxisome

Degradation (pexophagy)

amg .



HUMAN PEROXISOME BIOGENESIS AND THE UPTAKE OF
MATRIX- AND MEMBRANE PROTEINS FROM THE CYTOSOL
pTSlp ote embrane protein
Cargo/@
binding
%kmg Recycling

14 13) ..... .............. ‘

m&mw ‘s_, (O ’
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ZELLWEGER SPECTRUM DISORDERS:
MARKED GENETIC HETEROGENEITY CAUSED BY BI-ALLELIC
MUTATIONS IN DIFFERENT PEX-GENES.

> PEX11

PEX26 .




PEROXISOMAL BIOMARKERS IN BLOOD AND URINE AND
THEIR IMPORTANCE FOR PEROXISOMAL DISORDERS

* Discovery of a range of additional peroxisomal disorders resulting
from a defect in either peroxisome biogenesis or metabolism.

* Variant, atypical phenotypes, similar genotypes.

> * Similar phenotypes, different genotypes.
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PEROXISOMAL BIOMARKERS IN BLOOD AND URINE AND
THEIR IMPORTANCE FOR PEROXISOMAL DISORDERS

* Discovery of a range of additional peroxisomal disorders resulting
from a defect in either peroxisome biogenesis or metabolism.

* Variant, atypical phenotypes, similar genotypes.

> * Similar phenotypes, different genotypes.

 Example: D-bifunctional protein deficiency

26
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CHARACTERISTICS OF THE INDEX PATIENT

First child of Caucasian, non-consanguineous parents.

Delivery at 36 weeks of gestation after an uncomplicated pregnancy.
Physical examination: dysmorphic features including a high forehead
with frontal bossing, low-set ears, and a large fontanel.

In addition: long, small thorax, hypospadias, muscle wasting and
general hypotonia.

Neurological examination: multiple abnormalities including a
negative Moro respons, with maximal headlag at 4 weeks.

Epileptic seizures.

MRI of the brain: marked white-matter abnormalities consistent with
dysmyelination.

Death at 16 months of age (aspiration pneumonia).

ZELLWEGER SYNDROME?

27



BIOCHEMICAL ABNORMALITIES IN THE INDEX PATIENT

1. Very-long-chain fatty acids elevated.
2. Bile acid intermediates elevated.
3. Plasmalogens in erythrocytes: NORMAL !?

4. Liver biopsy: peroxisomes present, albeit enlarged in size.

CONCLUSION: INDEX PATIENT NOT AFFECTED BY A DEFECT IN
PEROXISOME BIOGENESIS AS IN ZELLWEGER SYNDROME.

WHAT IS THE UNDERLYING DEFECT IN THIS PATIENT?

28



IDENTIFICATION OF ADDITIONAL BILE ACID ABNORMALITIES

1. Di- and trihydroxycholestanoic acid elevated, but also:

A24-THCA: (24Z)-3%,7%,12%trihydroxy-5R-cholest-24-en-26-oic acid

and varanic acid: 3%,7%,12¢%, 24-tetrahydroxy-58-cholestan-26-oic acid

29



IDENTIFICATION OF ADDITIONAL BILE ACID ABNORMALITIES

amg
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SYNTHESIS OF BILE ACIDS FROM CHOLESTEROL
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SYNTHESIS OF BILE ACIDS FROM CHOLESTEROL
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ZELLWEGER-LIKE SYNDROME CAUSED BY AN ISOLATED ENZYME DEFECT:

D-BIFUNCTIONAL PROTEIN DEFICIENCY

Peroxisomal D-hydroxyacyl-CoA dehydrogenase deficiency:
Resolution of the enzyme defect and its molecular basis in
bifunctional protein deficiency

ELISABETH G. VAN GRUNSVEN*, EMANUEL VAN BERKEL*, LODEWIK [ILST*, PETER VREKEN™,

JoHANNIs B. C. pE KLERKT, JERZY ADAMsKIF, HUGH LEMONDES, PETER T. CLAYTONS, DEAN A. CUEBAST,

AND RONALD J. A. WANDERS*[**

*University of Amsterdam, Academic Medical Centre, Department of Clinical Chemistry, Laboratory of Genetic Metabolic Diseases, Amsterdam, The
Netherlands; TErasmus University, Sophia Children’s Hospital, Department of Paediatrics, Rotterdam, The Netherlands; *GSF-Forzungszentrum, Institut fiir
Séugetiergenetik, Neuherberg, D-85764 Oberschleissheim, Germany; 81nstitute of Child Health, University of London, London WCIN 1EH, United Kingdom;

TSouthwest Missouri State University, Department of Chemistry, Springfield, MO 65804; and ”University of Amsterdam, Academic Medical Centre, Department
of Paediatrics, Emma Children’s Hospital, Amsterdam, The Netherlands

Edited by Christian de Duve, International Institute of Cellular and Molecular, Brussels, Belgium, and approved December 2, 1997 (received for
review September 3, 1997)

Proc. Natl. Acad. Sci. USA
Vol. 95, pp. 2128-2133, March 1998
Biochemistry
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PEROXISOMAL FATTY ACID R-OXIDATION AND D-

BIFUNCTIONAL PROTEIN DEFICIENCY.

ATP

e |

cholesterol

f@so) consn Y

Peroxisomal Peroxisome

beta-oxidation

machinery
anlgy " Dabifunctona protein deficency




D-BIFUNCTIONAL PROTEIN DEFICIENCY

(Ferdinandusse etal (2006), Ann.Neurol. 59, 92-104)

@® 126 patients with D-BP deficiency identified in our laboratory
@® Questionnaires sent out.

® Outcome:

Neonatal hypotonia 83/85 (98%)
Seizures in first month of life 79/85 (93%)
External dysmorphia 53/79 (67%)
Visual system failure 40/73 (55%)
Neocortical dysplasia 12/45 (27%)
Liver disease 18/69 (26%)
Demyelination cerebral hemispheres 9/47 (19%)
Cerebellar atrophy 8/49 (16%)
amg Early death (< 2year) 104/116 (90%) s




KAPLAN-MEIER SURVIVAL ANALYSIS IN D-

BIFUNCTIONAL PROTEIN DEFICIENCY
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LIST OF PEROXISOMAL DISORDERS

PEROXISOME BIOGENESIS DISORDERS

- Zellweger syndrome (ZS)

- Neonatal adrenoleukodystrophy (NALD)

- Infantile Refsum disease (IRD)

- Rhizomelic chondrodysplasia punctata (RCDP)

SINGLE PEROXISOMAL ENZYME DEFICIENCIES

- X-linked adrenoleukodystrophy

- D-bifunctional protein deficiency

- Acyl-CoA oxidase deficiency

- 2-Methylacyl-CoA racemase deficiency
- Sterol carrier protein x deficiency

- ABCD3 (PMP70) deficiency

- DHAPAT-deficiency (RCDP Type 2)
- Alkyl DHAP-synthase deficiency (RCDP Type 3)
- FAR1 deficiency

- Refsum disease

- Hyperoxaluria Type 1
- Glycolate oxidase deficiency

- Acatalasaemia

Pathway affected

> Beta-oxidation

Plasmalogen
 biosynthesis

—_—

—+— Alpha-oxidation

} Glyoxylate metabolism

—_+—H,0, metabolism
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WHAT WE HAVE ALSO LEARNED THROUGH THE YEARS....

2. Large biochemical variability with minimal to no abnormalities in
peroxisomal biomarkers, at least in some patients

Example: Zellweger Spectrum Disorders (ZSD)

VLCFA P

Bile acid intermediates
Phytanic acid

Pristanic acid T

Pipecolic acid
Plasmalogens {, 38

Normal



C26/C22 RATIO IN PLASMA FROM 37 ZSD PATIENTS

(AMSTERDAM COHORT)

C26/C22-ratio 29/37 (77%)

0 20 40 60 80 100
% of patients in whom the parameter measured was abnormal

Klouwer etal (2016) Neuropediatrics 47, 205-220 39



WHAT WE HAVE ALSO LEARNED THROUGH THE YEARS....

2. Large biochemical variability with minimal to no abnormalilities in
peroxisomal biomarkers

Example: Zellweger Spectrum Disorders (ZSD)

VLCFA P

Normal
Bile acid intermediates DIAGNOSTIC
Phytanic acid T DILEMMA
Pristanic acid P
Pipecolic acid T L< :
What to do about it?
Plasmalogens {, :O/.




LABORATORY DIAGNOSIS AND THE INSUFFICIENCY OF

BIOMARKERS : WHAT TO DO ABOUT IT?

e Search for improved biomarkers
 Biochemical studies in fibroblasts.

* Whole exome sequencing/whole genome sequencing

41



LABORATORY DIAGNOSIS AND THE INSUFFICIENCY OF

BIOMARKERS : WHAT TO DO ABOUT IT?

| > Search for improved biomarkers

e Biochemical studies in fibroblasts.

* Whole exome sequencing/whole genome sequencing

42



DISCRIMINATIVE POWER OF THREE PEROXISOMAL
BIOMARKERS IN A SERIES OF 37 ZSD PATIENTS

C26:0-lysoPC 33/37 (89%)
C26/C22-ratio 29/37 (77%)
C26:0-carnitine 16/29 (55%)

0 20 40 60 80 100
% of patients in whom the parameter measured was abnormal

Klouwer etal (2016) Neuropediatrics 47, 205-220 43



METABOLOMICS FACILITY

LIPIDOMICS ANALYSIS

Contact information:

Dr. Fred Vaz f.m.vaz@amc.nl, +31205662890
Dr. M van Weeghel m.vanweeghel@amc.nl, +31205661918

Laboratory Genetic Metabolic Diseases


mailto:f.m.vaz@amc.nl
mailto:m.vanweeghel@amc.nl

Lipidomics “ma

e Comparative -semi-targeted- lipidomics

e Semi-quantitative at best (=comparative!), suited for global lipid screening
and biomarker discovery

e Potentially detects >1000 unique lipid species in
cell/tissues/plasma/worms/fly/bacteria/...

e Lipid classes identified:

e PCs, LPCs, PAs, LPAs, PEs, LPEs, Pls, LPIs, PSs, LPSs, PGs, LPGs, CEs, TGs, CLs, CERs,
BMPs, FAs, GMs, SMs, MAGs, DAGs, TAGs, BPAs, PAFs, DGs, and more...

e Automated generation of comparative graphs, excel-output, PCA, PLS-DA
analysis, Volcano-plots etc.

Laboratory Genetic Metabolic Diseases 2016 >



diPC_Ch~e |
~diPS-
diP

Megaplot in which
all the detected lipid
species and clusters
are visualized

Laboratory Genetic Mejgbolic Diseases 2016




Volcano plot analysis “ma

Volcano plot:

- Plot log2 fold change (x-axis)
to the P-value (y-axis) (group
wise comparison of the data).
This indicates if certain lipids
are increased or decreased (x-
axis) and if this is significant or
— not (y-axis). Every dot
represents a lipid and can be

i labeled with their

_--e= corresponding lipid name.

Laboratory Genetic Metabolic Diseases 2016 v




Lipidomic analysis of fibroblasts from Zellweger
~ spectrum disorder patients identifies disease-specific

. s
gohospholipid ratios J Lipid Res. 2016 Aug;57(8):1447-54.

Katharina Herzog,* Mia L. Pras-Raves,*' Martin A. T. Vervaart,* Angela C. M. Luyf,*"
Antoine H. C. van l‘i.'.m:llpu.an,”“J"§ Ronald J. A. Wanders,* Hans R. Waterham,]‘g'*
and Frédéric M. Vaz ™%

B
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Fig. 3. The mostdiscriminative ratios clearly distinguished both the mild and severe ZSD patient samples from control fibroblast samples.


https://www.ncbi.nlm.nih.gov/pubmed/27284103

LABORATORY DIAGNOSIS AND THE INSUFFICIENCY OF

BIOMARKERS : WHAT TO DO ABOUT IT?

e Search for improved biomarkers

| > Biochemical studies in fibroblasts.

* Whole exome sequencing/whole genome sequencing

49



FIBROBLASTS STUDIES ARE OF KEY IMPORTANCE FOR

THE DIAGNOSIS OF PEROXISOMAL DISORDERS

In each cell line we perform:

Metabolite analyses
VLCFA + C26:0 lyso PC

Fatty acid oxidation flux studies

1. [1-14C]-C26:0
2. [1-14C]-Pristanic acid

Immune fluorescence 3. [1-14C]-Phytanic acid

1. Catalase
2. ALDP Enzyme assays

Immunoblot analysis 1. Acy!-CoA F)xidase 1 (ACOXl)
2. D-bifunctional protein (DBP)
1. Catalase 3. Sterol carrier protein X (SCPx)
2. DBP 4. 2-Methyl Acyl-CoA racemase
3. ALDP
4. PMP70 Complementation studies
5. ACOX1

50

amg Molecular analyses




DISCRIMINATIVE POWER OF THREE PEROXISOMAL

BIOMARKERS IN A SERIES OF 37 ZSD PATIENTS

C26:0-lysoPC

C26/C22-ratio

C26:0-carnitine

33/37 (89%)

29/37 (77%)

16/29 (55%)

In the four
remaining
patients: clear
abnormalities in
fibroblasts

0 20 40

60 80 100

% of patients in whom the parameter measured was abnormal

Klouwer etal (2016) Neuropediatrics 47, 205-220 51



PLASMA VLCFA MAY BE ENTIRELY NORMAL IN PATIENTS AFFECTED BY A
ZELLWEGER SPECTRUM DISORDER, D-BIFUNCTIONAL PROTEIN

DEFICIENCY OR ACYL-CoA OXIDASE DEFICIENCY

Example : Rosewich etal (2006) Neuropediatrics 37, 95-98

® 2 Month old boy

@® Dysmorphic features including high forehead, broad nasal bridge, high-arched palate, syndactyly (second and
third toes on both feet)

@® Psychomotor retardation, muscular hypotonia, clonic seizures

@® MRI : typical pattern showing pachygyria, perisylvian polymicrogyria, cerebral and cerebellar white matter
abnormalities

@® Retinopathy

@® Repetitive measurement of VLCFA’s and other peroxisomal metabolites :

NO ABNORMALITIES

@® Detailed studies in fibroblasts : acyl-CoA oxidase deficiency, splice-site mutation

dWlE Other examples : Soorani-Lunsing etal (2005) J.Inher.Metab.Dis. 28, 1172-1174, etc. s,



LABORATORY DIAGNOSIS OF PEROXISOMAL DISORDERS (PD)

FOLLOWING THE CLASSICAL APPROACH.

Patient with clinical
signs and symptoms
suggestive for a PD

4

Peroxisomal
biomarkers in blood

e

Functional studies in
fibroblasts

|

Molecular analysis

amg *: depending on the clinical signs and symptoms of each individual patient. 53



INSUFFICIENCY OF C26/C22 RATIO AS BIOMARKER FOR

PEROXISOME BIOGENESIS DEFECT: WHAT TO DO ABOUT IT?

e Search for improved biomarkers

e Biochemical studies in fibroblasts.

| > Whole exome sequencing/whole genome sequencing
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LABORATORY DIAGNOSIS OF PEROXISOMAL DISORDERS (PD)

IN THE NEW OMICS ERA AND THE CONTINUED, KEY
IMPORTANCE OF BIOCHEMICAL STUDIES.

Patient with clinical Patient with aspecific
signs and symptoms signs and symptoms
suggestive for a PD

1! !

Peroxisomal Whole Exome Sequencing (WES) or
biomarkers in blood Whole Genome Sequencing (WGS)

|

Functional studies in
fibroblasts

|

Molecular analysis
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DIAGNOSTIC DILEMMA:

SHOULD WE GO FOR WHOLE-EXOME/WHOLE-GENOME SEQUENCING?

 WES/WGS now allows sequencing of the complete exome
and genome with increasing accuracy and fidelity at a
reasonable price.

* Introduction of WES/WGS has revolutionized the

diagnostic process in any patient suspected to suffer from
a geneticaly determined disease.

* In several centers around the world: WES/WGS has taken
over from metabolite screening as the first-line test.

IS THIS WISE?
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WES/WGS AS FIRST-LINE TEST IN PATIENT DIAGNOSTICS:

IS THIS WISE?

< scenariol >

* In case of a patient with (very) suggestive signs and symptoms and in
the presence of a good biomarker:

DO METABOLITE ANALYSIS FIRST
followed by enzyme and/or Sanger sequencing.

Example:
- Zellweger syndrome —>|VLCFA analysis, preferably C26:0-lysoPC

57



WES/WGS AS FIRST-LINE TEST IN PATIENT DIAGNOSTICS:

IS THIS WISE?

< scenario2 >

* In case of a patient with aspecific clinical signs and symptomes, it may be
different but....

1. WES/WGS usually generates a list of genes rather than one...

2. Interpretation of any new exonic sequence variant often not
straightforward and this is even worse for non-exonic variants.

3. Prediction programs like POLYPHEN-2 and SIFT highly insufficient.
4, WES/WGS may not identify a candidate gene at all.

Mono-allelic mutations rather than bi-allelic mutations. 58




WES/WGS AS FIRST-LINE TEST IN PATIENT DIAGNOSTICS:

IS THIS WISE?

*: Houten etal (2014) Hum Mol Genet. 2014 Sep 15;23(18):5009

< scenario2 >

* In case of a patient with aspecific clinical signs and symptomes, it may be
different but....

1. I:> WES/WGS usually generates a list of genes rather than one...

example: NADK2-deficiency*

2. Interpretation of any new exonic sequence variant often not
straightforward and this is even worse for non-exonic variants.

3. Prediction programs like POLYPHEN-2 and SIFT highly insufficient.

4, WES/WGS may not identify a candidate gene at all.

Mono-allelic mutations rather than bi-allelic mutations. 59



WES/WGS AS FIRST-LINE TEST IN PATIENT DIAGNOSTICS:

IS THIS WISE?

* In case of a patient with aspecific clinical signs and symptoms, it may
be different but....

1. WES/WGS usually generates a list of genes rather than one...

2. Interpretation of any new exonic sequence variant often not
straightforward and this is even worse for non-exonic variants.
 Many variants not tested experimentally
* Prediction programs like POLYPHEN-2 and SIFT highly
insufficient.
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INTERPRETATION OF SEQUENCE VARIANTS OFTEN NOT

STRAIGHTFORWARD.....
§3C85 VKGL

"\ 5-:|t:|at|un fDr (‘I|"|| al Gewe ic Smence

Practice Guidelines for the Evaluation of Pathogenicity and
the Reporting of Sequence Variants in Clinical Molecular
Genetics.

Yvonne Wallis', Stewart Payne® Ciaron McAnulty’, Danielle Bodmer*, Erik Sister-

mans®, Kathryn Robertson®, David Moore’, Stephen Abbs®, Zandra Deans® and Andrew
Devereau®

1

2
3
4
5

amg

Clearly not pathogenic Not pathogenic. “Common” polymorphism and therefore not reported.
Unlikely to be pathogenic Unlikely to be pathogenic. Diagnosis not confirmed molecularly.
Unknown significance (VUS) Uncertain pathogenicity. Does not confirm or exclude diagnosis.

Likely to be pathogenic Likely to be pathogenic. Consistent with the diagnosis

Clearly pathogenic Predicted to be pathogenic. This result confirms the diagnosis.
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WES/WGS AS FIRST-LINE TEST IN PATIENT DIAGNOSTICS:

IS THIS WISE?

In case of a patient with aspecific clinical signs and symptoms, it may
be different but....

1. WES/WGS usually generates a list of genes rather than one...
2. Interpretation of any new exonic sequence variant often not
straightforward and this is even worse for non-exonic variants.
* Many variants not tested experimentally
* Prediction programs like POLYPHEN-2 and SIFT highly

insufficient.

Example: PEX13-deficiency

62



FIBROBLASTS STUDIES REMAIN OF KEY IMPORTANCE

FOR THE DIAGNOSIS OF PEROXISOMAL DISORDERS

Boy with normal psychomotor development

5 years: ataxia, dysarthria and learning disability
MRI: hypomyelinations associated with cerebral
and vermian atrophy

Sister died at age 9 with similar symptoms

WES: Homozygous missense mutation in PEX13
Classified as Class 3 variant: Variant of Unknown
Significance (VUS).

However, normal plasma VLCFA.....
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CATALASE IMMUNOFLUORESCENCE MICROSCOPY
ANALYSIS (CASE 3)

CONTROL PATIENT (37°C)

Shift to 40°C: complete absence of
peroxisomes




CATALASE IMMUNOFLUORESCENCE MICROSCOPY
ANALYSIS (CASE 3)

CONTROL PATIENT (37°C)

Shift to 40°C: complete absence of
peroxisomes

65

Clear peroxisome biogenesis defect



PEX13 AND ITS ROLE IN HUMAN PEROXISOME BIOGENESIS




WES/WGS AS FIRST-LINE TEST IN PATIENT DIAGNOSTICS:

IS THIS WISE?

* In case of a patient with aspecific clinical signs and symptoms, it may
be different but....

1. WES/WGS usually generates a list of genes rather than one...

2. Interpretation of any new exonic sequence variant often not
straightforward and this is even worse for non-exonic variants.
 Many variants not tested experimentally
* Prediction programs like POLYPHEN-2 and SIFT highly
insufficient.

Example: X-linked Adreno Leukodystrophy
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EXOME/GENOME SEQUENCING RESULTS REQUIRE

FURTHER METABOLIC AND ENZYMATIC STUDIES

N plasma C26:0
e Female patient E

e Clinical presentation compatible with ALD E _

* No affected relatives %Z “ ] "

M

e Plasma C26:0 and C26:0/C22:0 normal )
e A new variantin ABCD1: c.50G>A ; p.Argl7His . :

0

L] L] L]
controls males females

Pathogenicity of novel ABCD1 variants: The need for biochemical testing @Cmsmm
in the era of advanced genetics

Martin J.A. Schackmann *', Rob Ofman *', Bjérn M. van Geel , Inge M.E. Dijkstra ?, Klaartje van Engelen ¢,
Ronald J.A. Wanders ¢, Marc Engelen °, Stephan Kemp **

% Laboratory Genetic Metabolic Diseases, Departments of Pediatrics and Clinical Chemistry, Academic Medical Center, University of Amsterdam, Amsterdam, The Netherlands
b Departments of Pediatrics and Pediatric Neurology, Emma Children's Hospital, Academic Medical Center, University of Amsterdam, Amsterdam, The Netherlands

¢ Department of Neurology, Medical Center Alkmaar, Alkmaar, The Netherlands

d Department of Clinical Genetics, Academic Medical Center, Amsterdam, The Netherlands

am E Schackmann et al. (2016) Mol Genet Metab. 2016 "
Jun;118(2):123-7



CLONAL SELECTION OF SV-40 IMMORTALIZED FIBROBLASTS

mosaicism: cells with normal Immortalize cells and clonal expansion (conflrm
allele and the variant allele genetics in clones)

00000000
00000000
/.0000000

Biochemical studies in 3 individual clones per allelic variant
(ALDP, VLCFA, beta-oxidation)

am s
Schackmann et al. (2016) Mol Genet Metab. 2016



C26:0 BETA-OXIDATION ACTIVITY IN SV-40 IMMORTALIZED

AND CLONALLY SELECTED FIBROBLASTS

His
Arg

Pro
Leu

Val
Met

Leu
Pro

<

Pro
Ser

p.Argl7His is a non-
) pathogenic variant

am 70
Schackmann et al. (2016) Mol Genet Metab. 2016

p.358

ALD
control

0 50 100 150
beta-oxidation (% of controls)



WES/WGS AS FIRST-LINE TEST IN PATIENT DIAGNOSTICS:

IS THIS WISE?

< scenario2 >

* In case of a patient with aspecific clinical signs and symptomes, it may be
different but....

1. WES/WGS usually generates a list of genes rather than one...

2. Interpretation of any new exonic sequence variant often not
straightforward and this is even worse for non-exonic variants.

3. Prediction programs like POLYPHEN-2 and SIFT highly insufficient.
4, |:>WES/WGS may not identify a candidate gene at all.

“W'ES. Mono-allelic mutations rather than bi-allelic mutations. g



WES/WGS AS FIRST-LINE TEST IN PATIENT DIAGNOSTICS:

IS THIS WISE?

< scenario2 >

* In case of a patient with aspecific clinical signs and symptomes, it may be
different but....

1. WES/WGS usually generates a list of genes rather than one...

2. Interpretation of any new exonic sequence variant often not
straightforward and this is even worse for non-exonic variants.

3. Prediction programs like POLYPHEN-2 and SIFT highly insufficient.
4, WES/WGS may not identify a candidate gene at all.

“W'ES. I:> Mono-allelic mutations rather than bi-allelic mutations. 72



PATIENT CHARACTERISTICS

Male patient, non-consanguineous parents, diagnosed at 4 years.
Neurological features: hypotonia, gait abnormalities,
developmental delay, intellectual disability, neuropathy

White matter abnormalities
Impaired hearing

No hepatomegaly/liver dysfunction

PEROXISOMAL DISORDER ?

73



PATIENT CHARACTERISTICS

Male patient, non-consanguineous parents, diagnosed at 4 years.
Neurological features: hypotonia, gait abnormalities,
developmental delay, intellectual disability, neuropathy

White matter abnormalities

Impaired hearing

No hepatomegaly/liver dysfunction

[ PEROXISOMAL DISORDER ? ]

AN

PLASMA C26/C22 RATIO
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SEVERE IMPORT DEFECT IN FIBROBLASTS OF THE INDEX
PATIENT.

Control Zellweger




COMPLEMENTATION ANALYSIS OF PBD CELLS

Co-transfection of PEXx and GFP-SKL

Example : PEX1
Re-appearance of
peroxisomes:
/ GFP-SKL Defective PEX1
PcDNA3-PEX1 ‘
M mﬂ -
PEGFP-SKL

Patient cell line

no peroxisomes:

PEX gene No defective PEX1
unknown GEP-SKL *

repeat with other PEXx cDNAs including
PEX2,3,5,6,10,11,12,13,14,16,19, and 26
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COMPLEMENTATION ANALYSIS OF PBD CELLS
Co-transfection of PEXX and GFP-SKL

Patient cell + pEGFP-SKL + pPEX1 Patient cell + pEGFP-SKL+ pPEX1
(2 days after transfection) (2 days after transfection)

PEX1 defective PEX1 not defective
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COMPLEMENTATION ANALYSIS OF PBD CELLS
Co-transfection of PEXX and GFP-SKL

Patient cell + pEGFP-SKL + pPEX1 Patient cell + pEGFP-SKL+ pPEX1
(2 days after transfection) (2 days after transfection)

PEX1 defective P EX6 I PEX1 not defective
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RESOLUTION OF THE MOLECULAR DEFECT IN THE PATIENT.

PEX6 DEFICIENCY !

Molecular analysis:
Only one heterozygous variant:
c.2578C>T (p.Arg860Trp) !?




RESOLUTION OF THE DISEASE MECHANISM....

1. Arg860: highly conserved amino acid when compared to PEX6
proteins in other organismes.
2. Mutant p.Arg860Trp — PEX6 normally expressed.

3. P.Arg860Trp — PEX6 interferes with the biological function of the PEX1
— PEX6 complex (hetero-hexamer).
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RESOLUTION OF THE DISEASE MECHANISM....

1. Arg860: highly conserved amino acid when compared to PEX6
proteins in other organismes.

2. Mutant p.Arg860Trp — PEX6 normally expressed.

3. P.Arg860Trp — PEX6 interferes with the biological function of the PEX1
— PEX6 complex (hetero-hexamer).

4. Heterozygosity for the PEX6 c.2578C>T allele does not result in a
disease phenotype when equally expressed as the wild-type allele,
but only when over-represented due to so-called:

[ ALLELIC EXPRESSION IMBALANCE ]
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ALLELIC EXPRESSION IMBALANCE PROMOTING THE

MUTANT PEX6 c.2578C>T ALLELE.

cDNA gDNA
T 6 o G 6 T G CT G G

/W

T G CT G G T G CF G O

MAAN VW

c.2578 c.2578

P2

Mother of
P2
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Allelic Expression Imbalance Promoting
a Mutant PEX6 Allele Causes

Zellweger Spectrum Disorder

Kim D. Falkenberg,! Nancy E. Braverman,? Ann B. Moser,? Steven ]J. Steinberg,* Femke C.C. Klouwer, !>
Agatha Schliter,®” Montserrat Ruiz,®’ Aurora Pujol,®”.# Martin Engvall,”19 Karin Naess,” !

FrancJan van Spronsen,!2 Irene Korver-Keularts,* M. Estela Rubio-Gozalbo,1314 Sacha Ferdinandusse,!
Ronald J.A. Wanders,! and Hans R. Waterham®.*

The American Journal of Human Genetics 107, 965-976, December 7, 2017
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LABORATORY DIAGNOSIS OF PEROXISOMAL DISORDERS (PD)

IN THE NEW OMICS ERA AND THE CONTINUED, KEY
IMPORTANCE OF BIOCHEMICAL STUDIES.

Patient with clinical Patient with aspecific
signs and symptoms signs and symptoms
suggestive for a PD

1! !

Peroxisomal Whole Exome Sequencing (WES) or
biomarkers in blood Whole Genome Sequencing (WGS)
Functional studies in 1. Variant of Unknown 2 Known mutation(s)
fibroblasts Significance (VUS)
[ 2. Novel gene
No mutation(s)
Molecular analysis ~
< ifclinical suspicion remains >
V.4 A4 A V.4

Biochemical studies 84




CONCLUSIONS

 Marked biochemical heterogeneity among patients
affected by a peroxisomal disorder.

 Biochemical studies in blood and fibroblasts remain
of key importance for proper diagnosis.

* Need for better biomarkers.
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