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Manifold missions of the Imagine Institute

Medical care, research and translational genomic within the same building

Rare genetic diseases (20-30.000 patients/year)

Innovative care: 22 clinical units (including genetics, neurology, metabolism)
Interaction between all pediatric specialists (neurology, MRI)

Rare disease reference centers (Carammel)

Research: 26 teams (including A. RGOtig and J-M.Rozet)

Teaching: medical students, post-docs, MD PhD programs

Technology transfer to medical practice, partnership with companies

Ongoing clinical trials



Mitochondrial disorders

Human genome: 30,000-50,000 genes
1000-1500 genes encode mitochondrial proteins
Primary mitochondrial disorders
1/8,000 live birth
all organs involved (nerves, muscles, CNS)!!
mutations in 13 mitochondrial genes
mutations in >200 nuclear genes
the majority still to be found (lethality!)
Secondary mitochondrial disorders
bacterial/viral infection
secondary Oxphos deficiency (B oxidation)

false positive diagnoses

1200 patients in our database (mostly children)
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More than 200 genes of mitochondria-localized proteins
linked to disease in humans

AARS2
ACADS
ACAD9
ACADM
ACADS
ACADSB
ACAT1
ALAS2
ALDH?Z
ALDH4A1
ALDH6A1
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ATPAF2
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NDUFAF2
NDUFAF3
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NUBPL
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OGDH
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OXCT1
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PCCB
PCK2
PDHA1
PDHB
PDHX
PDP1
POLG
POLG2
PYCR1
RARS2
RMRP
SARDH
SARS2
5CO1
5C02
S5DHAF1
S5DHAF2
50D2
S5UClAZ
s5udG1
S5URF1
TACO1
TK2
TMEM 70
TRMU
TSFM
1TC19
TUFM
UNG
XPNPEP3
YARS2

ARMS2 Ak2
BCLZ DIABLO
CPT1A GATM
DNMIL GFER
GCK HTRAZ
GK PANK2Z2
KIF1B PRPOX

MTNDI
MTND2
MTND3
MTND4
MTND4L
MTNDS
MTNDG
MTCYB
MTCO1
MTCO2
MTCO3
MTATPG
MTATPE

Mitochondrial
matrix

ABCB7 DHODH NDUFB3  5DHD
ACADVL DNAJC19 NDUFB9  SLC25A3
ADCK3 FASTKD2 NDUFV1  SLC25A4
AGK GPD2 NDUFVZ  5LC25A12
ATPSE HADHA NDUF51  SLC25A13
Cl2orf62  HADHB NDUF52  SLC25A15
COX412 HCCS NDUF53  5LC25A19
COX6B1 [2HGDH NDUF54  SLC25A20
CPT2 MMAA NDUF56  SLC25A22
CRAT MPV17 NDUF57  5LC25A38
CYCS NDUFA1 NDUFSE  5PG7
CYP11A1  NDUFAZ opAl TIMMSEA
CYP11B1  NDUFA9 OPA3 ucP1
CYP11BZ2  NDUFA10  PDSS1 ucpz2
CYP24A1  NDUFA11  5DHA ucpPs
CYP27A1  NDUFA12  5DHB UQCRB
CYP27B1  NDUFA13  5DHC UQCRQ
AlFM1 HLCS
AKAP10 LRPPRC
AMACR LRRK2Z
APTX MFN2
BAX MLYCD
BOLA3 NFL1
CYB5R3 PARKZ
ETHE1 PARKY
FXN SACS
GDAP1 SPG20
HK1 WWOox
AFG3L2 GLRX5 PNKD
coQ2? HOGA1 PLI51
CoOQ6 MMAB REEP1
coQ9 MMADHC 5STAR
GLDC PD552 TMEM126A

Koopman et al, NEJM, 2012



Genotype/Phenotype correlations ? Yes and no !!

Kearns-Sayre syndrome, Pearson syndrome
(mtDNA deletions)

Liver insufficiency
MtDNA depletion (DGUOK, POLG, PEO1)

Barth syndrome
cardiolipin deficiency, TAZ mutations

Leigh syndrome

Cl deficiency (mtND, nuclear NDUF... genes)
Cll deficiency (SDHA)

CIV deficency (SURF1)

multiple oxphos deficiency

Absence of genotype/phenotype correlations: the rule, not exception

Private/unique disease genes



Pipeline from suspected mitochondrial disease
phenotypes to the corresponding genotypes

The starting point is a sick child with unknown condition
Is it a mitochondrial disease?

= clinical information, brain MRl and metabolic workup
= oXphos enzyme assessment (muscle, liver biopsy)

= respiratory chain assembly in cultured fibroblats

= mtDNA mutations/deletions/quantification

= DNA repository for all patients (cell repository)

Sanger sequencing of a specific gene

Targeted sequencing

(known disease genes) _ _
Next Generation Sequencing

(NGS)

Exome sequencing
(all coding sequences)
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Targeted sequencing

Hepatic failure and oxphos deficiency

MtDNA depletion

unknown /

gene
unknown

gene
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Targeted panel resequencing of known mitochondrial disease genes

 FOR SERVICE ONLY, NOT RESEARCH, COVERED BY HEALTH SYSTEM
* RESEARCH TEAM LEADER HELPS TRANSLATION (A. ROtig)

« mtDNA mutations excluded by NGS

» 215 nuclearly-encoded disease genes (256 transcripts)
* mutated in at least two unrelated families

 total probes size: 633 Kb

« XL: 9 genes, AD: 12 genes, AD/AR: 9 genes, AR: 154 genes, mtDNA
* minimum sequencing per sample (200X)
» 100% of positive controls detected

» 112 patients tested

» diagnostic yield: 35%

» 25 different genes

 full costs= 1200 €/patient
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Targeted panel resequencing of known disease genes

Ciliome (Ciliopathies)
Leber’s Congenital Amaurosis

Hirschprung disease
~120 genes, ~100 samples

Callosome (corpus callosum defects)
~423 genes, ~100 samples

Alport syndrome, FSGS, PKD
Intellectual disabilities
Skeletal dysplasias
Osteogenesis imperfecta
Mitochondrial disorders
Epilepsies

Genetic deafness

Brain malformations

Neural crest diseases
Ichtyoses

uuuuuuuuuu
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NGS resequencing
of known disease genes
for specific presenting symptoms

4

Molecular Genetic Service Lab
of the Necker hospital




Targeted panel resequencing of known mitochondrial disease genes

SHARING RESOURCES FOR THRIFTY DIAGNOSTIC SERVICE TO PATIENTS

Access to NGS platforms: Imagine Research Institute

Supervision: Researchers and Imagine Biolnformatics

Reagents: Health Care system/Hospital

Technical/medical genetic staff: Health Care system/Hospital

MUTUAL BENEFITS OF RESEARCHERS, DOCTORS, PATIENTS !!



Targeted panel resequencing of known mitochondrial disease genes

the challenge of thrifty diagnostic service to patients

to test the right patient, for the relevant genes, with the right interpretation

the right patient = collegial inclusion
the right genes = only validated, published genes on the panels
the right, dialectic interpretation

combination of expertises (clinical, service, research)



Exome Sequencing (NGS)

Exome sequencing by research teams (Agnes Rotig, or Nini, Claude Besmond)

- Mendelian disorders: mutations in genes encoding proteins
- Mutations usually disrupt protein coding sequences
- Rare non synonymous variants are predicted to be deleterious

Human genome sequence

Identification of genes
Polymorphism databases (dbSNP, 1000 genomes)

Hybridization capture to isolate targeted DNA Sequence aligment
Imagine Sequencing platform Variant detection
Annotation



Abnormal import of small ncRNA

G\?? In collaboration with Nina Entelis and Ivan Tarassov

PNPase: polyribonucleotide Cli CllI CIV cV
nucleotidyltransferase

PNPase
5S rRNAf EZ /
it \
MRPNRNA mtDNA ' First pathogenic PNPT1 mutation in human
4

Destabilizes the PNPase
RNAse ARNA 'I -
- Abrogates PNPase multimerization
Alters import of small non coding RNA
Alters mitochondrial translation

Clinical heterogeneity in PNPT1 mutations
- choreo-athetotic movements
* myopathy+cataract

* Isolated deafness
Vedrenne et al Am J Hum Genet 2012



AARS?2
ACO2
AGK
AFG3L2
CEP89
CLPP
COX7B
COX20
DNA2
EARS2
FARS2
LARS2
IBAS7
MGME1
MRPL3
MTEMT
MTO1
NDUFB3
POP1
PNPT1
SERAC1
SLC25A1
VARS2

TARS2

Novel disease-causing genes

Cardiomyopathy (Go6tz, AJHG, 2011)

Hypotonia, seizure (Spiegel, Am J Hum Genet 2012)

Cataract, cardiomyopathy, myopathy (Mayr, AJHG 2012)

Spastic ataxia-neuropathy syndrome (Pierson, Plos Genet 2011)

Intellectual disability, cystinuria, cataract, broad based walking pattern and deafness (van Bon, HMG 2013)
Perrault Syndrome (Jenkinson, Am J Hum Gene. 2013)

Microphthalmia with linear skin lesions (Zeviani AJHG 2012)

Ataxia and muscle hypotonia, Szklarczyk (Hum Mol Genet 2012)

Progressive myopathy (Ronchi, Am j Hum Genet 2013)

Leukoencephalopathy (Steenweg, Brain 2012)

Alpers syndrome (Elo, Hum Mol Genet 2012)

Perrault Syndrome (Pierce, Am J Hum Genet 2013)

Myopathy and encephalopathy (Ajit Bolar, Hum Mol Genet 2013 )

PEO, emaciation and respiratory failure (Kornblum, Nat Genet 2013)
Cardiomyopathy and mental retardation (Galmiche, Hum Mut 2011)

Leigh syndrome (Tucker, Cell Metab 2011)

Cardiomyopathy (Ghezzi, AJHG 2012)

IUGR, failure to thrive (Calvo, Sci Tr Med 2012)

Skeletal dysplasia (Glazov, Plos Genet 2011)

Hypotonia, choreo-athetotic movements (Vedrenne, AJHG 2012)

Dystonia and deafness with Leigh-like syndrome (Wortmann, Nat Genet, 2012)
Agenesis of corpus callosum and optic nerve hypoplasia (Edvardson J Med Genet 2013)
Microcephaly and epilepsy (Diodato, Hum Mut 2014)

Axial hypotonia and severe psychomotor delay(Diodato, Hum Mut 2014)



Conclusion: flow chart of genetic
diagnosis in mitochondrial disorders

Sanger sequencing of specific genes: service laboratory

% Testing obvious candidate genes

Targeted sequencing of known mt disease genes: Imagine/service laboratory

® testing known disease genes (current efficiency : 30%)

Exome sequencing: research laboratory
% |dentification of novel disease genes

% Functional validation
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Research and clinical cares within the same building

rResearch —; ~Innovative care
Ministry of Research Ministry of Health
23
Research groups Clinical
services

Service laboratories

2
Associated research Reference
groups centers for
rare diseases
B 20.000 patients/yr
Core facilities
Clinical
(Federative Research investigation
Structure) units

Research program at /magine
FPatient-centered approach




