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Genomic testing for mitochondrial disorders



Mitochondrial disorders

Diagnostic odyssey
8 specialists

5 5% Misdiagnosis

30% Misdiagnosed more than once

Grier , et al. Neurol Genet 2018
Russell, et al. Cell 2020

Non-neurological

Neurological

« Progressive external
ophthalmoplegia

« Ptosis

« Retinitis pigmentosa

- Optic atrophy

« Sensorineural hearing
loss

| - Respiratory failure

+ Cardiomyopathy
« Conduction defect

| « Liver failure

» Fanconi syndrome

« Focal segmental
glomerulosclerosis

+ Renal failure

» Adrenal insufficiency

« Renal tubular acidosis

- Epilepsy

« Ataxia

« Seizure related stroke

« Cognitive impairment

= Migraine

« Parkinsonism

» Developmental delay
or regression

« Psychiatric disorder

« Diabetes mellitus
« Pancreatitis

« Intestinal pseudo-
obstruction

« Gastrointestinal
dysmotility

« Myopathy
- Exercise intolerance

* Kyphoscoliosis
- Short stature
» Bone marrow failure
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« Peripheral neuropathy




Mitochondrial disease genes identified and their role in
mitochondrial function

7 [ Primary role specific to OXPHOS biogenesis J
mtDNA mt-tRNA Biogenesis/
omeostasis Aminoacylation

DNA2 MT-TA  GATB AARS2
MGME1 MT-TC  GATC CARS2
POLG MT-TD  GTPBP3 DARS2
POLG2 MT-TE  MTFMT EARS2
RNASEH1 MT-TF  MTOf1 FARS2
SSBP1 MT-TG ~NSUN3 GARS
TFAM MT-TH  PUST HARS2

Fission TOP3A MT-TI QRSL1  IARS2

«d |nteraction of nuclear and mitochondrial genomes  |™ %z @

MT-TL2 TRMU MARS2
MT-TM  TRNT1  NARS2

MT-TN PARS2
MT-TP RARS2
MT-TQ SARS2
MT-TR TARS2

.50, all up so far > 350 single gene disorders identified [ &~ &&=
that compromise mitochondrial respiratory chain e W

GEM2 MT-RNR1 MRPS14
ERAL1  MRPS16
. ey MRPL3  MRPS22
f u n Ct I O n TSFM MRPL12  MRPS23
cees TUFM MRPL24  MRPS25
MRPL44  MRPS28
MRPS2  MRPS34

MRPS7  PTCD3

TCA cycle an
metabolism

Toxic compoun
metabolism -
junctions J
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Metabolism Toxic Compounds
ACO2 MECR D2HGDH
ALDH18A1 NADK2 ECHS1
DLAT NADSYN1 ETHE1
/] DLD OGDH HIBCH
( FH PDHA1 L2HGDH
= 3 HAAO PDHB NAXD
Protein quality IDH3A PDHX NAXE
control IDH3B PDK3 TXN2

KYNU PDP1
MDH2 PPA2
Unclear Function

e CEP89  OPA3
PISD SERACT TRAK1 SLC39A8 C190rf12 RTN4IP1
PLA2GE  TAZ Autophagy micU1 C1QBP  SFXN4

Frazier et al. J Biol Chem: -297(14):5386-5395 (updated 2020) T e Faxis . oMee




Genes, Gene Panels, Exomes and Genomes....

. DNA :
Jmteon
J RN E AT e .

1-------# = = = 4
! /

5 -

q------—-"h L '1.

Australian \ Mito Foundation - | | -
Genomics 07 May 2022 Copyright € 2012 University of Washington 5

https://www.my46.org/intro/whole-genome-and-exome-sequencing



https://www.my46.org/intro/whole-genome-and-exome-sequencing
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Cost to sequence the human genome (USD)

$1,000USD reagent and running costs
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http:.//www.futuretimeline.net/blog/biology-medicine-blog.htm#.U1nYTV7yQds
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Genomic medicine in healthcare
WHAT DOES IT MEAN FOR THE PUBLIC?

) @
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Early diagnosis Reproductive Early Surveillance Prevention Precision
confidence intervention therapy
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Australian Genomics Mitochondrial Flagship
- Prospective cohort (2017 — 2020)

« national network comprising almost all key paediatric & adult centres

 entry criteria: presented since 2016, no prior genomic testing, modified
Nijmegen score of 25 (probable/definite)

« randomised to half Genome-Seq, half Exome-Seq +/- mtDNA-Seq (blood DNA)
* 140 individuals recruited (84 paediatric-onset, 56 adult-onset)

« PanelApp* mitochondrial gene list analysed first, expanded to Mendeliome if
negative

* unsolved cases reflexed to multi-omic research approaches

* https://panelapp.agha.umccr.org/panels/203/



https://panelapp.agha.umccr.org/panels/203/

Diagnostic rate
24% mtDNA

66 diagnoses
53 different genes

Definitive
41%

VUS
43%

47%

mtDNA deletion,

4

MT-TV, 1

MT-TL1, 1
MT-ND6, 1
MT-ND5, 1

_ Strong

Negative candidates
10% 6%

76% nuclear

C1QBP, 1

TWNK, 1

TRNT1, 1
SLC19A3, 1

POLG, 3

PDHA1, 2

NARS2, 1

EARS2, 1
CTBP1, 1
COX15, 1

ATAD3, 3

Mitochondrial

n =140
33% mtDNA

67% nuclear

EHMT1, 1

MPZ, 1

SLC2A1, 1

NUS1, 1
MYH9, USH2A, 1

KCNJ10, 1

EIF2B3, 1

Non-mitochondrial

(26% non-mito)



Adults

Diagnostic rate by age of onset
n=56
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Diagnostic rate: WGS and WES/mtDNA

WGS WES +/- mtDNA

Definitive

40% Definitive
(0]

40%

VUS

VUS 429

44%

49% 46%

* Strong candidates * Strong candidates
: 7% . 4%
Negative Negative

0, [5)
% Muscle mtDNA 13% Muscle mtDNA

2% 1%”

n =140, 72 WES+mtDNAseq, 68 WGS
* Initial negative result in blood by WGS=1, and WES=1. A mtDNA deletion was subsequently detected on muscle biopsy.



Conclusions

» clinical genomic testing is ready to “prime time” and is a game changer
» Wwill make the diagnostic odyssey shorter and less complex
» hopefully will reduce the need for invasive testing
> Will restore reproductive confidence

» will allow of personalised medical care
« genomic testing can be effectively deployed for mitochondrial disorders

 the challenge is how to make it equitably and sustainably available

Australian E.\ = Mito Foundation
Genomics B 07 May 2022
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Funding of genomic testing for mitochondrial
disorders



AG 2.0: National Diagnostic and Research Network
PROJECT: MSAC Pipeline

e MEDICAL SERVICES ADVISORY COMMITTEE PIPELINE

Aim: building capability and experience to support a pipeline of applications, where there is appropriate clinical
and economic evidence, enabling the appropriate transition of genomic testing from research into clinical

practice

CHILDHOOD SYNDROMES WORKING GROUP

John Christodoulou (Chair), Peta Phillips, Zornitza Stark, Sue White, Seb Lunke, Tony Roscioli, Nigel Laing, David
Thorburn, Chris Barnett, John Beilby, Melanie Galea, James Harraway, Julie McGaughran, Hamish Scott, Marcel

Dinger.

: \ Mito Foundation
Australian I 07 May 2022 14
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NEWS

Funding for genetic testing to affect thousands of families.

Around 3000 Australian families are expected to benefit each year from the Federal Government’s listing of
genetic testing for childhood syndromes and intellectual disability on the Medicare Benefits Schedule.

From May 1the newly-announced MBS item numbers will reimburse:

Whole exome or genome sequencing to identify the genetic cause of syndromic and non-syndromic
intellectual disability

The re-analysis of data in certain circumstances
Cascade testing for certain purposes, such as diagnosis of a biological sibling or to inform reproductive

decision making

The new items also support trio testing of affected individuals, with an upper limit of $2,900 for this fee item.

The listing, which makes genetic tests more affordable, comes after Australian G i pplied to the Medical
Services Advisory Committee (MSAC) for whole lysis for childhood syndromes - the first in a ‘pipeline’
of MSAC licati established by Australian Genomics and partners.

The application was supported by key data from the Melbourne Genomics Childhood Syndromes Study led by
Associate Professors Zornitza Stark, Tiong Tan and Sue White along with a growing body of international research
indicating the clinical utility and cost effectiveness of genomic testing for these conditions.

Expansion of the original application to include intellectual disability as a stand-alone indication was facilitated
by expert contributions from clinical geneticists Associate Professor Tony Roscioli (NSW Health Pathology &
Sydney Children’s) and Dr Mike Field (Hunter Genetics).

,’ Our goal is to ensure Australians benefit from subsidised and
effective diagnostic testing, and we’re so pleased to see these items
announced,” said Professor John Christodoulou, co-lead of
Australian Genomics and Chair of the working group progressing
applications to MSAC.

MBS Online

Australian Government

Medicare Benefits Schedule
Department of Health

Category 6 - PATHOLOGY SERVICES

Group P7 - Genetics
73358 €@
Characterisation, via whole exome or genome sequencing and analysis, of germline variants known to cause monogenic disorders, if:
(a) the characterisation is:
(i) requested by a consultant physician practising as a clinical geneticist; or
(i) requested by a consultant physician practising as a specialist paediatrician, following consultation with a clinical geneticist; and
(b) the patient is aged 10 years or younger and is strongly suspected of having a monogenic condition, based on the presence of:
(i) dysmorphic facial appearance and one or more major structural congenital anomalies; or
(ii) intellectual disability or global developmental delay of at least moderate severity, as determined by a specialist paediatrician; and
(c) the characterisation is performed following the performance for the patient of a service to which item 73292 applies for which the results were non-informative; and
(d) the characterisation is not performed in conjunction with a service to which item 73359 applies

Applicable only once per lifetime

Fee: $2,100.00 Benefit: 75% = $1,575.00 85% = $2,015.30

(See para PN.7.4 of explanatory notes to this Category)

€ Previous - Item 73357 Next - Item 73359
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Does this apply for individuals with suspected mito disease?

* new item number applies only to individuals < 10 yrs old

* Eligible individuals:

moderate or severe intellectual disability or developmental delay

or

a combination of facial dysmorphism and at least one or more congenital anomalies

: \ Mito Foundation
ﬂustrall_an 07 May 2022 16
Genomics ay




Implications for a future mito-specific MSAC application

* if possible, make it applicable to childhood- & adult-onset mito disorders
e clarity about which medical specialists should be able to order testing

* need to have clear descriptors for patient eligibility based on the best available
evidence

» Nijmegen scoring system? Other system?

* which sequencing technology to use?
» WES/mtDNA sequencing vs WGS have pluses and minuses...

* need to build the strongest possible case

» demonstrating the clinical value and cost and other diagnostic savings

* hopefully the process will take less than 5 years!!



Cost utility of genomic sequencing - mitochondrial disorders

» two cohorts — paediatric “pre-genomics” & paediatric mitochondrial flagship cohorts
» two approaches — decision tree to model costs and outcomes; clinical heterogeneity

» genomic sequencing less costly and more effective
o $2,000-59,000 saved per diagnosis; 11 — 14% increased diagnostic yield
» based on estimated incidence of childhood onset mitochondrial disorders, early
implementation of genomic sequencing could translate to a national annual cost
saving of up to S700K

fropean Joumal of Human Genetio . .
it/ 111 038641431-821.00916.8 2021 Jun 8. Online ahead of print. BSHG

ARTICLE

.....

Genomic sequencing for the diagnosis of childhood mitochondrial
disorders: a health economic evaluation

You Wu'* - Shanti Balasubramanlam®® - Rodo Rius (0 - David R. Thorburn %47 - john Chrstodoulou 2% -
g lias Gomnitss

Australian h,\ = Mito Foundation
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Mito disease diagnosis: beyond genomic testing



MitoMDT: Mito Diagnostic Network for Genomics & Omics

Application Details

Grant Opportunity: 2020 Genomics Health Futures Mission - Streams 1-2

Application ID: 2007959

Application Title: Mitochondrial Diagnostic Network for Genomics and Omics
Chief Investigator A: Prof David Thorburm
Administering Institution: Murdoch Childrens Research Institute
Grant Duration: 4 Years
Stream: Stream 1 - Targeted Call for Research

Aims:

1. Establish a national MitoMDT meeting for consistent identification and
recruitment of suspected mito patients for WGS

2. Enhance diagnostic yield of WGS by targeted functional analyses

3. Use a multi-omics approach to characterise gene changes in known and new
mito genes (incl. RNAseq, quantitative proteomics, and integrated Omics)

Australian L\' ‘ Mito Foundation

Genomics & 07 May 2022
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MitoMDT: Mito Diagnostic Network for Genomics & Omics
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MitoMDT: Mito Diagnostic Network for Genomics & Omics

New patients

Consumer
aamd ENngagement & Policy

- Murray, Davis

}
w
Victoria/? glinical n=150
Genetics Services Recruitment
 / Sue, Coman
Case category
1. Genomic Diagnosis
2. VUS or Single Hit
3. No prioritized variants

Reporting
- Coman, Sue

_ Triage Expanded computational
Filipovska, Thorburn analyses

Thorburn, Filipovska

External WGS-unsolved
patients (e.g. UDN-Aus)

Targeted functional
analyses
\4 Ryan, Stojanovski

Transcriptomics

Proteomics
Filipovska, Thorburn mtDNA / L.ong-read

Stroud,Ryan genome
Thorburn, Filipovska

\
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Mitochondrial Flagship

Clinical Lead: John Christodoulou

VIC: John Christodoulou, David
Thorburn, Joy Lee, Martin
Delatycki, Michael Fahey, Michelle
de Silva

NSW: Shanti Balasubramaniam,
Carolyn Ellaway, Michel Tchan,
Kaustuv Bhattacharya, Kirsten
Boggs, Alessandra Bray

QLD: David Coman, Jim McGill,
Melanie Tom, Michael Quinn

SA: Nick King, Janice Fletcher,
Sarah King-Smith

WA: Maina Kava, Phillipa Lamont,
Denise Howting

Laboratory Lead: David Thorburn

VCGS Pathology: Justine Marum.
Naomi Baker, Nicole Lake, David
Thorburn

Brain and Mitochondrial Research,
MCRI: Alison Compton, Rocio Rius,
Leah Frajman

Genome.One: Mark Cowley, Velimer
Gayevskiy

Australian Genomics:

Tiffany Boughtwood, Peta Phillips,
Keri Pereira, Matilda Haas, Jade
Caruana, Tessa Mattiske, Dotti Tang

TAS: Tyson Ware, Jo Burke

Mito Foundation:

THE UNIVERSITY OF
MELBOURNE

Sean Murray

Australian .
Evaluation ~Genomics
Health economics: Ilias Goranitis,
Eunice Wu

Implementation science:
Stephanie Best, Janet Long, Jeffrey

Braithwaite
\‘ = murdoc The Sydney
= \‘ M@ N children's “ ,"chaldrens
- BB research =& Hospitals Network
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Genomics taking over the world??  FESNE, f ( o
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health goods
& services

and research

Medical services Public
(referred)

hospital
Other services

recurrent

(o)
Other health 21 .3 % Hospitals

The Australian Health Care System ey

Medical services Prima ry
(non-referred) health care

38.2%

Private

The challenge: integrate genomics

Medications

into a federated system oot | ke

services

Share of expenditure Responsibility for services Funding

. Hospitals - Combined private sector and public sector . Australian Government funding share
._. . —all levels of government

Mito Foundation

07 May 2022 . Primary health care . State and territory governments I:, State/territory government funding share

. Other recurrent . Private providers . Private funding share
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Nijmegen score by age group

Paediatric

Diagnostic yield 58%

Adults

Diagnostic yield 30%

n =140

Diagnostic yield
Specificity

Possible: 2-4

!
:
:
$
:
:

Probable: 5-7

Definite: 8-12

1 I I
3 4 5

23% (3/13)
33% (1/3)

1 I I I I I I
6 7 8 9 10 1" 12

44% (43/97)  67% (20/30)
65% (28/43)  100% (20/20)

I. Clinical signs and symptoms
1 point/symptom

(max. 4 points)

Il. Metabolic/imaging
studies

(max. 4 points)

Il Tissue histopathology
and biochemistry
(max. 4 points)

A. Muscular presentation | B. CNS presentation C. Multisystem disease
{max. 2 points) {max. 3 points)

{max. 2 points)
Progressive external Intellectual disability Haematology Elevated blood lactate** Ragged red/blue fibres$
ophthalmoplegiat Loss of skills/regression | Gl tract Elevated L/P ratio CO¥-negative fibrest
Facies myopathica Stroke-like episode Endocrine/growth Elevated blood alanine Reduced COX stainingt
Ptosis Migraine Diabetes mellitus Elevated serum FGF211 SDH positive blood vesselst
Exercise intolerance Seizures Cardiomyopathy Elevated serum GDF15% Abnormal
Muscle weakness Myoclonus Hypertension Elevated CSF lactate mitochondria/EMT
Rhabdemyolysis Cortical blindness Kidney Elevated CSF protein Abnormal respiratory chain
Abnormal EMG Optic neuropathy (incl. Sensorineural deafness Elevated CSF alanine enzymology#

atrophy) Neuropathy Urinary TA excretion

Retinitis pigmentosa Recurrent,/farilial Ethyimalonic aciduria

Pyramidal signs 2-ethylhydracylic aciduria

Extrapyramidal signs
Brainstem involvement

3-methylglutaconic aciduria
Stroke-like picture/MRI
Leigh syndrome/MRI+
Elevated lactate/MRS

+ Score 1: unlikely mitochondrial disorder

* Score 2 - 4: possible mitochondrial disorder
+ Score 5 - 7: probable mitochondrial disorder
+ Score 8 - 12: definite mitochondrial disorder

Molecular diagnosis
@ Yes
e No
s Non-mitochondrial
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