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To clump or to split? That is the question.




8 mo female with jaundice and liver failure
3 yo male with developmental regression and seizures

|5 yo female with migraines,severe constipation,fainting

30 yo female with enlarged heart and strokes

4

4

4

» 24 yo male with speech and balance problems

4

» 55 yo male with weakness, muscle pain,hearing loss
4

/1 yo female with dementia, diabetes, jerking limbs



The Challenge !

Heterogeneity
Variability

Available
sample
size

/ \

Clump Patients?
- Target all mitochondrial diseases
- Target a clinical phenotype
—> a specific symptom
—> a specific organ
—> a specific syndrome

Split Patients?

- Target a specific genotype

- Target a specific cellular pathway

- Target a specific biochemical defect
- Target a specific age group




The Challenge !

Clump Patients?

-Target all mitochondrial diseases (Master protocol)

What is a mitochondrial disease?

—> Primary mitochondrial disease
—> Secondary mitochondrial dysfunction



Mitochondrial disorders are one of the most

e Affect all ages from birth to late-adulthood
e Range from monosymptomatic to multi-systemic diseases
e Hundreds of presentations



The Challenge !

Clump Patients?
-Target all mitochondrial diseases (Master protocol)
—> small numbers of patients with any given MD might
preclude meaningful subgroup analyses

—> differences in outcomes between patients with
different MD types could be missed



The Challenge !

Clump Patients?

- Target all mitochondrial diseases
- Target a clinical phenotype



The Challenge !

Clump Patients?
- Target all mitochondrial diseases

- Target a clinical phenotype
—> a specific symptom



Mitochondrial disorders are one of the most

Neuro!og[:al

'

= > n [ 2 )

Sensorineural * Seizure related stroke/
hearing loss | metabaolic stroke

= Epilepsy
= Ataxia
| = Migraine
= Dementia
= Parkinsonism
r = Developmental delay
* Psychiatric or
mood disorder
= Developmental
i reqression )
— ] * Ptosis
* Progressive external
ophthalmoplegia
= Optic atrophy
* Retinitis pigmentosa

Nen-neurclogical
Respiratory failure e \

| = Cardiomyapathy
* Conduction defect
(i ore )
(ekiverfailie) -

* Fanconi syndrome

= Renal tubular acidosis

+ Focal segmental
glomerulosclerosis

= Renal failure

* Adrenal insufhciency

= Diat mellitus
= Pancreatitis

= Intestinal pseudo-
obstruction

= Gastrointestinal
dysmotility

= Chronic villous atrophy

* Failure to thrive

= Myopathy N

T | * Exercise intolerance
* Premature ovarian _—

failure
* Male infertility

AL 1

y
« Short stature J

* Bone marrow failure

Vafai and Mootha, Nature 2012

F T O R P
. {_Peripheral neuropathy |

Nature Reviews | Dizease Primers




The Challenge !

Clump Patients?

- Target all mitochondrial diseases
- Target a clinical phenotype

—> a specific symptom

—> a specific organ



The different phenotypes

transcription pre-RNA T mt tRNA mt tRNA mitoribosome initiation release translational
of mtDNA processing | processing modification synthetases structure, assembly elongation factor activators

’.f;. = A -
L= L. -

MRPP1,MRPP2, FASTKD2, MTPAP, TRMU, MTO1, GTPBP3, 17 ARS2 genes, GARS, MRPL3, MRP516, MRP522, GFM1, TUFM, C12o0rf65, TACO1
ELAC2 LRPPRC, PNPT1 NSUN3, TRMTS, TRIT1, KARS, QRSL1 MRPL44, MRPL12, TSFM, RMND1
i PUS1, TRNT1, MTFMT MRP534, ERAL1, MRM2 j
I

{ Mitochondrial translation |

” Q@ Bx e

Other organs

--C1201f65, TACO1--

TFAM
--------- MRPP1, MRPPZ, FASTKD2----nessm-
ELACZ2--rsmmmmrmmmmmmmssmmmmmnenaee e ELAC2-rmmmmmnmes
------------ MTPAP, LRPPRC, PNPT1-wensmmnreen --MTPA, PNPT1 optic atrophy-
TRMU-
enaneesMTO1, GTPBP3-ssssrmmmmmmmnnnne e MTO1, GTPBP3----
-NSUN3, MTFMT, TRNT1---
—————— TRMTS5---mmeemme meemmeemreeee TRMT G mmeremeeeee
TRIT1
TRNT1 —mmreaee-TRNT L - ememmeem --TRNT1---- -renal tubulopathy, retinitis-
PUS1

DARS2, RARS2, VARS2, WARSZ, MARS2----
CARS2, FARS2, PARS2, TARS2, NARS2--------

EARS2:
---------- -AARS2 —remmeee- AARS§ 2- - ee -----AARS2-—---------
-KARS, GARS, QRSL1----- e KARS, GARS, QRSL1 KARS:

YARS2---—ee- e ~-YARS2------

————— ~-LARS2, HARS2-----ereverrrmmmmrsccmmmcenee ---LARS2, HARS2, HSD17B4, ERAL1, CLPP----
-MRPS16, MRPS22,MRPL12, MRPS34, MRM2- = eeeeeeees MRPL3, MRPL44-==s=--
GFM1, TUFM, TSFM, RMND1 GFM1 RMND1 ------—-renal failure

........ optic atrophy----

Essays Biochem. 2018;62(3):321-340. Published 2018 Jul 20.



The Challenge !

Clump Patients?

- Target all mitochondrial diseases
- Target a clinical phenotype

—> a specific symptom

—> a specific organ

—> a specific syndrome



The different phenotypes

The depletion syndrome

Lactic acidosis e
Failure to thrive [
Hypotonia T
Muscle weakness R i R e e R |
Ataxia eS|
Polyneuropathy e e bl |
Liverimpairment e e —e—
Epilepsy e ——
Migraine-like headache =R e
Developmental delay / N
cognitive impairment
Psychiatric symptoms | e—————e
Gastrointestinal |
symptoms

Neonatal - Childhood - Juvenile - Adulthood

} Suomalainen A Neuromuscular Disorders 20 (2010) 429-437



The different phenotypes

NARP
LHON

Leigh
CPEO

Tissue or Area

[Central nervous
system

Peripheral ner-
WOuUS System

hMuscle

astrointestine
Ear, nose, throat
Kidney
Laboratory results

I nheritance

Myoclonus Mitechondrial Maternally
Epilepsy with Encephalomyopathy,  Neuropathy, Inherited
Kearns-Sayre  Ragged-Red  Lactic Acidosis, and  Ataxia, Retinitis Leigh
Symptom or Sign Syndrome Fibers Stroke-like Episodes Pigmentosa  Syndrome
Seizures - + + + +
Ataxia i . . . +
Myoclonus - . +
Psychomotor retardation - a - - ;
Psychomotor regression 4 - & = o
Hemiparesis or hemianopia - - + - -
Cortical blindness = - + - =
Migraine-like headache - - + - “:
Dystonia - = + L +
Peripheral neuropathy * s * . =
Weakness or exercise intolerance 1 . . i
Ophthalmoplegia i - - o -
Ptosis + - - - =
Pigmentary retinopathy + - = + +
Optic atrophy - - - . +
Siderablastic anemia t - - - -
Diabetes mellitus * - * - -
Short stature - - + L 35
Hypoparathyroidism [ . - - -
Conduction block . = = - =
Cardiomyopathy i - " - :
Exocrine pancreatic dysfunction £ - - - -
Sensorineural hearing loss - + + . -
Fanconi's syndrome + + = =
Lactic acidesis : 4 ' +
Ragged-red fibers on muscle !
biopsy
Maternal = + ¥ 4 ¢
Sporadic

NEJM 2010. 354(10):1096-7



The different phenotypes

(2

100 -

} Journal of Neurology 2013 (261):504-510

Onset

Last evaluation

234+ 156 36.0 £+ 20.7
years® (%) years (%)
earing loss 39 (31.0) 73 (57.9)
Generalized seizures 23 (18.3) 47 (37.3)
iabetes 22 (17.5) 51 (40.5)
tosis/ophthalmoparesis 16 (12.7) 35 (27.8)
graine 16 (12.7) 35 (27.8)
Stroke-like episodes 14 (11.1) 51 (40.5)
uscle weakness 14 (11.1) 50 (39.7)
xercise intolerance 14 (11.1) 41 (32.5)
eart disease 11 (8.7) 40 31.7)
Cognitive involvement 11 (8.7) 31 (24.6)
ailure to thrive/short st. 11 (8.7} 21 (16.7)
ncreased CK 7 (5.6) 25 (15.8)
uscle pain 7 (5.6) 13 (10.3)
uscle wasting 6 (4.8) 25 (23.0)
omiting 5¢4.0) 7 (5.6)
Gastrointestinal dysmotil. 4(3.2) 16 (12.7)
europathy 4 (3.2) 13 (10.3)
Ataxia 3 (24 25 (19.8)
ypotonia 324 15(11.9)
etinopathy 3(1.8) 13 (10.3)
voclonus 3(2.4) 8 (6.3)
ypothyroidism 2 (1.6} 5 (4.0)
sychiatric involvement 1{0.8) 8 (6.3)
Optic neuropathy 1 (0.8} 6 (4.8)
ypogonadism 1{0.8) 5 (4.0)
ramidal signs - 14 (11.1}
espiratory impairment - 6 (4.8)
Status epilepticus - 540




The Challenge !

Split Patients?

-Target a specific genotype



Mitochondrial disorders are one of the most

e Caused by mutations in nDNA,mtDNA or both



Complicated genotypes

nDNA (~350 genes)

Primary role specific to OXPHOS biogenesis
OXPHOS Subunits Electron Carriers

Pools

OXPHOS Assembly Factors

mtRMNA Expression/ | [ Mitoribosome
Hroceteing

Secondary impact on OXPHOS % other cellular functions

Lipid Modification/
Homeostasis

} The Journal of Biological Chemistry 294, 5386-5395.



Complicated genotypes

Mutations in DNA Polymerase Y (POLG)

Human POLG Gene
Mitochondrial Targeting Sequence
Gomain L

Linker Region T

st

Polymerase Domain ————

I

i ldsc o b

Progressive Extemnal Opthalmoplegia (FECI [2dPEO] [T B

Syndromes with mtNA depletion

Single Hucleatide Pelymorphism4

https://tools.niehs.nih.gov/polg/

Alpers—Huttenlocher
syndrome (AHS)

Childhood
myocerebrohepatopathy
spectrum (MCHS)

Ataxia neuropathy spectrum
(ANS: previously referred

to as mitochondrial
recessive ataxia syndrame
(MIRAS) and sensary ataxia
neuropathy dysarthria and
ophthalmoplegia (SANDO))

Myoclonic epilepsy
myopathy sensory ataxia
(MEMSA; previously referred
to as spinocerebellar ataxia
with epilepsy (SCAE))

NDNA (POLG-related)

POLGT, which encodes a-DNA
polymerase subunit y1

POLG2, which encodes DNA

polymerase subunit y2

Intractable epilepsy. psychomotor regression and liver disease; might 55-57

also include the clinical features of MCHS and MEMSA

Neuropathy, ataxia, hypotonia, myoclonus (spontaneous muscle
contractions), choreoathetosis (the occurrence of involuntary jerky.
writhing movements of muscles or muscle groups) and Parkinsonism,
in addition to renal tubulopathy

Sensory axonal neuropathy with variable sensory and cerebellar
ataxia

Epilepsy. PEQ, seizures, dysarthria, dementia, spasticity and
myopathy

Ataxia, peripheral sensory neuronopathy. Parkinsonism, premature 195
ovarian failure, psychiatric symptoms, MELAS syndrome and epilepsy

Prosis and proximal myopathy. dystrophy, cerebellar ataxia and 196
gastrointestinal symptoms

Gorman et al. Nature reviews primers 2016



Complicated genotypes

mtDNA (16 569 bp and contains 37 genes)

Point mutations Deletions/Duplications Depletion
Cell

cardiomyopathy,
tumor, chronic:
fatigue syndrome

Mitochondria

diabetes and

3 Pearson marrow-
\'_ pancreas syndrome.
deafness

Human mtONA
16.5680p

PEO, KSS, cancer,
myopathy, age,
Alzheimer's disease,
Parkinson's disease,
Paarson syndroma,
unfertilized oocyles,
diabetes and dealness

ocular
myapathies

and KSS

Mitochondrial DNA

} http://timechallengernews.com



http://timechallengernews.com/

Complicated genotypes

Pearson Synslrom:

= Siderabiastic Anemia
s Muay resemble IHamond
Blackfan anemia

Exocrine pancreatic fallure
= Renal Fanconi syndrome

= Rare sympboms:
= Hydrops
= Hopathe steatosis
= Microceplualy
= Lactic acidosis

High fatabity (scpsls, liver failure,
metabolie decons persation

= May progress to Kearns-Sayme
syndrome

Deletion detrcted in blood

Iafancy

Lelgh Symbreme

-

(]

Paychomotor regression with
Hiness

Elevated Inctate in blood and CSF

Berndn MR is dingninstic with
T2-hyperintense lesions In basal
ganglia and for brainglem

Debetion detected in load

Al

NOTE: Affected fndtvidials may ol fif info a cla

Kenrns Spyre Symlreme (KE5)H
= Plgmentary Retinopathy
=  Hoad-come dymiraphy

= Ophithalmoplegia & Mosis
= Candiac conduction defects
& Cerchellar afoxla

= Endocrinedx

= Iiabetes

= HMypoparathyroldism

= Hypothyrobdism

= Adrenn Insuffickency

= Senserineural beasing lods

= Short stuture) Faklare to thrive

= Achalasia

= Henal impalrment

* Tubular scidosis

= Glomerular dysfunction

= Elevated Eactote in blood and C5F

= Abpormal muscle bbopsy
= Abnormal brain MRI

= Deletion detected in muscle,

aceasionally bloed

Adilscenoe

Young Adulthood

v dlesfined phamodype

Chrenkc Progressive External
Ophthalmoplegia (CEEO)

= Plosls

= Dphthaimoplegia

= Proximal Hmb weakness

= Deletion detected In musche only

Late
Adulthood

https://www.chop.edu/news



http://www.chop.edu/news

Complicated genotypes

Mitochondrial DNA
» Heteroplasmy
» Random mitotic segregation

» Threshold expression




Complicated genotypes

Importance of tissue heteroplasmy:
m.T8993G mutant load

0%
S
"Normal"
60 %
Retinitis Pigmentosa
75 %
NARP
_ 90 %
Leigh Syndrome 100 %

} Carelli V et al. Arch Neurol 2002;59:264-70



Complicated genotypes

Pedigree 1 (m32434>G )

129 yr CVA

t16yr t12yr  t41yr  cognitive and
neurologic
regression,
hearing loss,
diabetes,
cardiac
arhythmias
Bl: 68%
(86 y1)

1 intra- Bl: 13%
uterine/ H 26%
postpartum U 55%

Pedigree 3 (n.32434>G)

Bl 8% Bl 510%  hearing
loss,
diabetes
Bl: 40%
B3y

13y Bl: 2?%\

acute H: 29%
collaps, U: 59%
death within

3 days, pre-

existing

hearing loss

Bl 40%

Pedigree 2 (m.3243A4>G)

diabetes

epilepsy
Bl: 23%
H: 9%

M: 28%

+32yr Bl 25%
stroke-like H: 10%
episodes, M: 28%
cardiac

amhythmias,

neurological

problems

Bl: 35%

H: 40%

Fibr. 63%

Pedigree 4 (m.8993T>G)

17 mo

Leigh syndrome
Bl: 92%

I 100%

) Med Genet-2012-101172



The Challenge !

Split Patients?

- Target a specific genotype
- Target a specific cellular pathway



Mitochondrial disorders are one of the most

ranslation "

cription | jprocessing

Complex|(Protein
lﬁ'ﬂmﬁlr targeﬁng

} Essays In BiochemistryMay 25, 2012,5223-35;



Mitochondrial disorders are one of the most

Mitochondrial maintenance and translation

Metabolismof __
toxic compounds

HIBCH, ECHS1, ETHE]

y

ISCU, LYRM4, BOLA3,
NFU1, IBAS7

©<

NADH NAD® ADP

Fe-5 protein assembly

Cytosol

D

L Coo i

O3

Hzo /,-"—u.\

tRNA modification
MTO1, GTP3BP, TRMU,
PUSI, MTFMT,

TRIT1, TRNT1, TRMTS

rHNHc%

mF{NA

rnF!NA processing
LRPPRC, TACO1, ELAC2,
PNPT1, MRPP2,

MTPAP, PTCD1

Disulfide relay system

GFER J

ATP

AGK, SERACI

Aminoacyl-tRNA synthetases
AARS2, DARSZ, EARSZ,
RARS2, YARS2, FARS2,
n'-'ﬂ?SE‘ ._AF'SZ’ VARS2,
*APJE IARS2, CARS2,

PARS2, .\AAF'SE KARS, GARS
tRNA

Recycling and
release factors
C12orfeh, GFM2

l

"‘-l--'"""‘-_-l. o
= Elongation factors Protein
TUFM, TSFM,
GFM1
Mitoribosomal proteins i i
Bioenergetics

MRP516, MRPS22, MRPL3,

MRPL1Z. MRPL44 and homeostasis

FBXL4, CLPB

Phospholipid metabolism

Science, VOL 349 ISSUE 6255



Mitochondrial disorders are one of the most

Mitochondrial dynamic

Sfusion

PINKI1
FUNDCI1

MITOPHAGY

BIOGENESIS DYNAMICS

RETROGRADE
SIGNALING

H,0,, NAD*, AMP

UPR™ %g
% REGULATORY f‘\\

PROTEINS g

Y _protens ([ \\ @
@@% b iy \\k O)B%ﬂ

nDNA-ENCODED
BUILDING BLOCKS

} Antioxidants & redox signaling. 22. 10.1089/ars.2014.6200.



Mitochondrial disorders are one of the most

AARS2
ACADS
ACADY
ACADM
ACADS
ACADSE
ACATI
ALASZ
ALDHZ
ALDH4A1
ALDHGAT
AMT
ATPAFZ
AUH
BCAT2
BCKDHA
BCKDHE
C10arf2
C12orf65
C200
COA
Cox10
COX15
cPs1
D2ZHGDH
DARS2
DET
DECR1
DGUOK
DLD
DLAT
DMGDH
ETFA
ETFE
ETFDH
FOXREDI

FH
GCDH
GCSH
GFMI
GLUD1
HADH
HARSZ
HIBCH
HMGCS2
HMGCL
HSD17B10
HSPD1
1DHZ
IDH3B
1scu

D

KARS
MecCl
MCcc2
MCEE
MEZ
MRES16
MRPS22
MTFMT
MTRAFP
MUT
NAGS
NDUFAF1
NDUFAF2
NDUFAF3
NDUFAF4
NUBPL
OAT
OGDH
oTC
OXCT1
PC

PCCA

PCCB
PCKZ
PDHAIL
PDHE
PDHX
PDP1
POLG
POLGZ
PYCR1
RARSZ
RMRP
SARDH
SARSZ
SCO1
S5C02
SDHAF1
SDHAF2
s0D2
SUCLAZ
SUCLGI
SURF1
TACO1
TK2
TMEM 70
TRMU
TSFM
TTC19
TUFM
UNG
XPMNPEFP3
YARS2

Mitochondrial

ratrix

ARMS2 AK2 MTND1
BCL2 DIABLO MTNDZ2
CPT1A GATM MTND3
DNMIL GFER MTND4
GCK HTRAZ2 MTND4L
GK PANK2 MTNDS
KiIF1B PPOX MTNDG
MAOA MTCYE
PINK1 MTCO1
L | MTCO2
, j MTCO3
= I MTATPG
Mitochondrial MTATPS
outer membrane
- ——
| |
| Intermembrane |
| space :
|
I ! |
: [ Mitochondrial
| ] inner membrane
| | I
71
9| ——— 31_:
A fI
A '¢, f
107 ~
I 151

ABCE? DHODH  NDUFB3  SDHD
ACADVL  DNAJC19  NDUFB9  SLC25A3
ADCK3 FASTKDZ  NDUFV1  SLCZ5A4
AGK GPD2 NDUFVZ  SLC25A12
ATPSE HADHA NDUFS1  SLC25A13
Cl2orf62  HADHE NDUFS2  SLC25A15
Ccoxdlz  Hccs NDUFS3  SLC25A19
COX6B1  LZHGDH  NDUFS4  SLC25A20
CPT? MMAA NDUFS6  SLC25A22
CRAT MPV17 NDUFS?  SLC25A38
cYes NDUFA1 ~ NDUFS8  SPG7
CYPIIA1  NDUFAZ  OPAl TIMMSA
CYPIIBI  NDUFA9  OPA3 uce1
CYP1182 NDUFAI0  PDSSI ucez
CYP24A1  NDUFA11  SDHA LCP3
CYP27A1  WNDUFALZ  SDHB UQCRB
CYP2781  NDUFAL3  SDHC UDCRQ

AIEM1 HLES
AKAP1O LRPPRC
AMACR LRRK2
APTX MFNZ
BAX MLYCD
=i BOLAZ NFU1
CYB5R3 PARK?Z
ETHE1 PARKT
FXN SACS
GDAP1 SPG20
HK1 WWOX
------ AFGIL2  GLRXS PNKD
COQ2  HOGAl  PUSI
CODE  MMAB REEP1
COQ9  MMADHC STAR
GLDC PD5S52 TMEMI126A

N Engl ] Med 2012; 366:1 132-1 141



Mitochondrial disorders are one of the most

MFN2

OPA1 7/ OpticN\L
POLG p by

MIRAS Mental
SANDO retardation
: Diabetes Parkinsonism | : _.
Pyramidal - Periphera !
signs

Retinopathy

Cerebella
signs

TK2

} Int. J. Mol. Sci. 2015, 16(8), 18054-18076



The Challenge !

Split Patients?
- Target a specific genotype

- Target a specific cellular pathway
- Target a specific biochemical defect



Mitochondrial disorders are one of the most

Coieoas |
(=3

. = _*_:_,\
=
B-oxidation ; S _

ol T
3 KACT

===

BCAA catabolism

} Metabolites 2014, 4(3), 831-878



Mitochondrial disorders are one of the most
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} *The Journal of pathology 2017 DOI:10.1002/path.4809



Mitochondrial disorders are one of the most

Tactate Essays In BiochemistryJul 06, 2018,62(3)443-454
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Mitochondrial disorders are one of the most

cycle rotenone anf O 0..
N/
NADH Ni/ c
T '
TR T b O—E—H
L-Lactate

Sensitivity

Adenine

i AUC

V- » GDF-15 + FGF-21 94.4%

p e« GDF-15 94.1%
’ e FGF-21 91.1%

10 20 30 40 50 60 70 80 90 100
100 - Specificity

Neurology 2016 DOI:10.1212/wnl.0000000000002705




The Challenge !

Split Patients?

- Target a specific genotype

- Target a specific cellular pathway

- Target a specific biochemical defect
- Target a specific age group



Mitochondrial disorders are one of the most

Myopathy
Encephalopathy
Exercise intolerance
Ophthalmoplegia
Peripheral neuropathy
Ataxia
Deafness
MERRF/MELAS
Myocardiopathy
Diabetes
“Retinopathy

Liver disease
Kidney disease
Intestinal disease
Optic atrophy
Leigh syndrome
D¥smorCPh¥ :
Bone marrow dystunction

Alpers syndrome

Adults (n = 390) Children (n = 220)

"""""""""""""""""""""""""""""""""""""""" SIMD/NAMA :Courtesy of Dr A Lombes Hopital La SalpétriéreUniversité Paris VI



Other considerations

Episodic,progressive Phenotype

StreSS 9 normal

T\ AN

OBSERVABLE
DYSFUNCTION

Organ
Failure




The Challenge !

» Considerable heterogeneity

» No clear genotype-phenotype correlations

» s there consensus among clinical experts!?
» Uncertainties about the correct diagnosis in non-expert settings

» |s there diagnostic consistency across centers?

» Clumping vs. splitting?



How to select the right trial patient population?

One size does not fit all

» Stable or highly variable condition?
» Life limiting or symptom control?

» Short or long-term endpoints!?



How to select the right trial patient population?

One size does not fit all

Selection will need to be tailored by:

Drug mechanism of action

Therapeutic effects

>

>

» Off target effects : : How to adequately power studies
Overcome recruitment problems

» Outcome measure

>

>

>

Availability of natural history data
Trial design
Patient input



Thank you

akaraa@mgh.Harvard.edu

e
165,



mailto:akaraa@mgh.Harvard.edu
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