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Mitochondrial Diseases
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Mitochondria

* Present in all cells (except mature RBC’s)
* Multiple copies/cell

* Dynamic network

Mitochondrial DNA




Mitochondria - functions
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Mitochondria — ATP production

* Oxidative Phosphorylation (OXPHOS) (C 1 - V)

@  Eecton

g Inorganic phosphate

Mitochondrial matrix
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OXPHQOS built up

* Functions thanks to the concerted action of two genomes
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Miochondrial dynamics,
homeostasis, and quality
control

OXPHOS subunits, mIDNA replcation,
assembly factors, and expression and
electron carriers translation
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Mitochondrial diseases
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functional subgroups is indicated.
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Genetic origin of mitochondrial diseases

Origin - Paediatric Origin -Adults

m Nuclear = mtDNA m Nuclear = mtDNA
Heath et al., 2025; PMID: 39793294



Discovered:
1963 (Nass and Nass, 1963)

INTRAMITOCHONDRIAL FIBERS
WITH DNA CHARACTERISTICS

MtDNA

First alterations:
1988 (zeviani et al., 1988; Holt et al., 1988;

HSP LSP Wallace et al., 1988)
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The MitoCarta3.0 human inventory is a collection of 1136 nuclear and mtDNA genes encoding proteins with strong support of mitochondrial localization. This table provides a summary of evidence supporting mitochondrial localization, the protein distribution across 14 tissues, as well as
annotation of biological pathways (based on manual literature review) and sub-compartment (based on annotator's "best guess” integrating sequence features. experimental data. literature, and pathway context; note all subunits of protein complexes are assigned the same compartment). The

Nuclear genes involved in mitochondrial
functioning: Mitocarta 3.0

Human MitoCarta3.0: 1136 mitochondrial genes

genes are ordered by strength of mitochondrial evidence. More complete information 15 available for download in file Human MitoCarta3 0.xls. See also MitoCarta3.0 home for a description of the project and MitoCarta3.0 documentation for information on the columns below.

o Maestro " Sub- . . "
Symbol Description Synonyms iy Evidence compa af MitoPathways Tissues
Hiterature, APEX_IMS, APEX,_matrix. targetP signal, SALaR Lol s b —
CYCL cytochrome cl MC3DN6, UQCR4, P03 T4, pene:1337 43 veast mito homolog—, Ricketizial homoloeg, mito protein domam-+, MM Metabolism > .;El b -C I ; Ep = all 14
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hterature, APEX matrix, targetP sipnal-, veast mitc homolog—, OXPHOS > Complex I > CII subunits;
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APEX matrix, targetP signal+, veast mito homolog++,
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PMPCE peptidase, mitochondnial processing subumit beta Beta-MPP, MPP11, MPPB, MPPP32, P-32, 073439, gene:9512 41 Rickettsial homelog, mito protein domain+, induction, coexpression+=+, Matrix Protein import and sorting > Preprotein cleavage; all 14
MS/MS+ Protein import, sorting and homs iz > Protein ho > Proteases
. G . y i 8 OXPHOS = Complex ITT = CTII subunits;
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Autosomal recessive; Autosomal dominant; Autosomal recessve and autosamal daminart; Matemal; Xdinked recessive; Xdnked domimant; Unkmown

1. OXPHOS subunits, assembly 2. mtDNA replication, expression 3. Mitochondrial dynamics, . "
factors, and electron carriers and translation homeostasis, and quality control 4. Metabolism of substrates 5. Metabolism of cofactors
Cl subunit Cll subunit CIV subunit RNAs RNA RNA
o cown || fee ) 2o mew ) o gsvewo e || mewwew swa one || G, fmsee e
SDHB COx4i2 MT-TC AARS2 ELAC2 MIEF2 AFG3L2 DNM1L E blosynthesis —
SDHC COXS5A MT-TD CARS2 ERAL1 MSTO1 ATAD3A GDAP1 MPC1 ACADM GOT2 ABCB6 et DLD*
SDHD COX6A1 MT-TE DARS2 GTPBP3 OPA1 CLPB MFF SLC25A3 ACADS MDH1 ALASZ ABCB7 LIAS
COXB6A2 MT-TF EARS2 HSD17B10 YME1L1 CLPP SLC25A46" SLC25A4 ACADSB SLC25A1 cox10* BOLA3 LIPT1
Cllassembly ~ COX6B1 MT-TG FARS2 LRPPRC CLPX STAT2 SLC25A10 ACADVL SLC25A13 COX15* FDX1L LIPT2
factors MT-TH GARS MRM2 Phospholipid  HSPAQ SLC25A11 CPTIA cycs* FDXR MCAT
SDHAF1 MT-TI GATB MTO1 and import HSPD1 Fusion SLC25A12 CPT2 Tricarboxylic HCCS* FXN MECR
: i i MT-TK GATC MTPAP machinery  HSPE1 - SLC25A15 CRAT acid cycle PPOX GLRX5
:gﬁ:::g m%; mRsszz ggg:‘g o HTRA2 m:g SLC25A21 ETFA AG02_ SFXN4 HSCB Riboflavin
i LONP1 SLC25A22 ETFB SLC25A38  IBAS7 metabolism
NDUFA13  Clilsubunit MT-TM KARS PNPT1 AIFM1 MIPEP : SLC25A24  ETFDH ALDH18A1 ISCA1
NDUFA2 : MT-TN LARS2 PRORP CHKB PINKA Ca SLC25A26 EAZH. DLST CoA ISCA2 FLAD1
NDUFAG & MT-TP MARS2 PUS1 DNAJC1S  prTRMA homeostasis HADH FH ratubolism 190U SLC25A32
NDUFA8 NeeRA MT-TQ MTFMT THGIL GFER PMPCB C19070° Pyruvate HADHA IDH3A —— LYRM4
NDUFAS UQCRC2 MT-TR NARS2 TRIT1 OPA3 PRKN CYP24A1 metabolism HADHB IDH3B COASY NFS1 SLC52A2
NDUFB10 UQCRFS1 MT-TS1 PARS2 TRMT10C PAM16 SACS e PYCR1 MDH2 PANK2 NFU1 SLCS52A3
NDUFB11  yodmn MT-TS2 QRSL1 TRMTS PISD SPG7 g DLAY SLC22A5 OGOH EReS NUBPL*
NDUFB3 UQCRQ MT-TT RARS2 TRMU PMPCA TRAP1 DLD" SLC25A20 OGDHL SLC25A42 Thiamine
NDUFB7 MT-TV SARS2 TRNT1 PNPLAS PDHA1 PPA2 SLC33A1  selenocysteine Metabolism
NDUFB8 Cilas CoA7 MT-TW TARS2 SERAC1 Apoplosi Micos PDHB Ketone SUCLA2 S e ST
NDUFB9 m“"""’ cox10 MT-TY VARS2 Translation TAZ afact PDHX bodies  SUCLGH NADPH —_— SLC19A2
NDUFC2 —_—  Coxt4 WARS2 regulation TIMM22 e Cloutros PDK3 metabolism  SECISBP2 SLC19AL
NDUFS1 BCSIL et Replication,  YARS2 TIMMSO APOPT1 il PDP1 ACAT1 SEPSECS SLC25A19
NDUFS2 LYRM? COX20 and C120rf65 TIMM8A DIABLO il PDPR HMGCL Anaplerosis HAAO IPK1
NDUFS3 TTC19 FASTKD2 wanscription  Ribosomes ~ C10BP TOMM70 PTRH2 e e HMOCSe e Gopper
NDUFS4 UQcc2 OXA1L* GFM1 XPNPEP3 OXCT1 CAS5A NADK2 m_ Biotin
NDUFS6 uaces PET100 DNA2 MRPL12 GFM2 PC* NAXD oes metabolism
NDUFS7 PET117 LIG3 MRPL24 GUF1 e COAG* ®BTD
scoi* MGME1 MRPL3 RMND1 NMNAT1 BTD
NI 0
i commyms G 60 POLG MRPL38 TSFM NNT et oo
NDUFV2 SURF1 POLG2 MRPL44 TUFM
co2 TACO1 POLRMT MRPS14
Classembly COQ4 RNASEH1 MRPS16 Nucleotide
ke coas CV subunit SSBP1 MRPS2 pool
— COQB — TFAM MRPS22 int
ACAD9 coar ATPSFI1A TOP3A MRPS23 .
ECSIT COQBA ATP5F1D TWNK MRPS25 DGUOK 6. Metabolism of toxic compounds 7. Others / Unknown function
FOXRED1 CoQ8B ATPSF1E MRPS28 RRM2B
NDUFA11 cox® ATPSMC3 DNArepair  MRPS34 SAMHD1
NDUFAE1 HPDL ATESPQ M K2 D2HGDH IDH2 ABAT FBXL4 SPART
NDUFAF2 PDSS1 YMP_ ECHS1 L2HGDH ANO10 FGF12 SPATAS
NDUFAF3 PDSS2 MT-ATPS ETHE1 SQOR Ci90d12 KIF5A STXBP1
NDUFAF4 HIBCH TXN2 CISD2 MPV17 TANGO2
NDUFAF5 Cytochrome ¢ CV assembly HIT_ TXNIP CTBP1 PLA2GB TMEM65
NDUFAF& factors o bece PNPLAG TRAK1
NDUFAF7 cycs* ATPSMD DIAPH1 POP1 VPS13C
NDUFAF8 Hces* ATPAFS EMC1 ROBO3 WFS1
NUBPL* OXAIL EXOSC3 SLC39A8
Twoct S L 37 mtDNA encoded =
TMEM1268 335 nuclear encoded

Schlieben and Prokisch, 2023; PMID: 36813310




mMtDNA: particularities

Origin Oy

123 rRNA

- g0 1N

tRNA Thr
lRNA Glu (RNA Pro

ND5
/ ND1

Human I

Mitochondrial o™ 1
\:::: sl:u DNA (RNA Met ND2
tRNA His
(16569 bp) iy s
- RNA Arg i a -

{RNA Gly tRNA Cys
/ R \ Coxl ®RNATy:

ND4L .
— g Cox2

Cox3 ATPS ATPS




Particularities for mtDNA related disorders

« Particular genetic defects: Point mutations, Deletion(s), Depletion
* Inheritance

* Heteroplasmy

« Tissue specific genotype

« Bottleneck phenomenon




Particularities

* Maternal inheritage for mtDNA
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Particularities

* Homoplasmy - heteroplasmy

@ Wild-type mtDNA @ Mutant mtDNA Biochemical
threshold
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Heteroplasmy

Variability:
- tissue
- time
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Heteroplasmy — tissue specificity

Importance for diagnostics: Think of relevance of mtDNA diagnostics in leukocytes? l



Depletion

mtDNA depletion
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Depletion associated genes
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Particularities

* Bottleneck phenomenon
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Bottleneck phenomenon
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MtDNA related genetic defects
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Grady et al., 2018; PMID: 29735722
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WGS: pipeline of the futres Presence

WES Clinical Trial > BMJ. 2021 Nov 3:375:e066288. doi: 10.1136/bmj-2021-066288.

CN;;Zq I | WGS Use of whole genome sequencing to determine
™ genetic basis of suspected mitochondrial disorders:

cohort study
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MtDNA: variant interpretation
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Mitochondrial diseases

* Two genomes, many genes AND

Locus heterogeneity

Allelic heterogeneity

MT-ND5 MT-ND5 > 150 nuclear genes
MELAS LHON MERRF Leigh syndrome
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Mitochondrial diseases




Mitochondrial diseases

Prevalence: >1/5000 +

Variable age of onset (neonatal — late adulthood)

Often multisystemic

Often progressive

Poor treatment possibilities

* Ng and Turnbull, 2016




Clinical aspects

PRIMARY MITOCHONDRIAL DISEASES
Neurological

Prevalence:
-1/5000

- 5-15/100000 in children

Mito can affect any
organ and cause any

symptoms at any age.

Non-neurological

Respiratory failure |

* Cardiomyopathy
. Conduction defect )

('« Fanconi syndrome
* Renal tubular acidosis
* Focal segmental
lomerulosclerosis
* Renal failure
| * Adrenal insufficiency

* Diabetes meilitus}_
* Pancreatitis

* Dysphagia

* Intestinal pseudo-
obstruction

* Gastrointestinal
éﬂmolilkr

» Chronic villous atrophy

* Failure to thrive

* Low body mass index

| symptoms

£ ™
» Sexual dysfunction
* Premature ovarian |
failure
| » Male infertility
AN TR ey Y

"+ Kyphoscoliosis J

* Short stature
* Bone marrow failure

-

ir' Scaiy pruritic skin
(i Lipomas

Pizzamiglio et al., 2024

(~ Lower uﬁmnytrocl} /

* Sensorineural
hearing loss

* Vestibular
dysfunction

I

* Developmental delay
* Developmental
regression
* Intellectual disability
* Metabolic stroke
¢ Encephalopathy
| * Dementia
* Epilepsy
* Migraine
* Cerebellar ataxia
. PD;kinsonim
* Dystonia
* Spasticity
* Pain
* Depression
* Bipolar affective
. disorder

-~

. ressive externa
ophthalmoplegia
* Optic atrophy

s Retinitis pigmentosa

* Fatigue ]
* Exercise intolerance

* Rhabdomyolysis
= Episodic weakness J

Peripheral neuropathy




Clinical pictures

Heart Eye

Conduction disorder DOptic neurcpathy
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syndrome ~/ Relinopathy
| Cardiomyopathy i

E 2 e
Hepatopathy
Skeletal muscle
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Myapathy
Neuropathy
f 0G5 Kidney
| B Fanconi's syndrome
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/| Brain
W Salzures
Myoclonus
Alaxia
Stroke =
Demantia Pancreas
Migraine Y [Diabates malitus
NI ® 6

Nuclear DNA | sy ! . A Blood
A e Pearsan's syndroma

Fauci AS, Kasper DL, et al.: Harrison's Principles of Internet
Medicine, 17th Edition




Involved organ systems in MD

Natural history of mitochondrial disorders: a systematic review

Organ system involvement

30
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Keshavan and Rahman, 2018; PMID: 29980629




Mitochondrial disorders (MD)and the brain

* Group of MDs: most common cause of neurological disease in children

DD
ID
Hypotonia

Epilepsy (20-60%)
Movement disorders

L Progressive

Heath et al., 2024; PMID: 39793294



: Mitochondrial Imaging Panel

m.3243 A>G Leigh MT-ATP6

POLG Leigh/MELAS NUBPL
Kandemirli et al., 2025; PMID: 39937244




Brain MR

> Both mtDNA and nDNA

A

more likely more likely
NDNA mtDNA

Kandemirli et al., 2025; PMID: 39937244



» Mitochondrial disorders: the eye

Brain lesions Pigmentary |
retinopathy
\ — ——»  More mtDNA

Ptosis | Macular pattern
\ ] dystrophy

/ '
Ophthalmoplegia . \
| Optic atrophy e More nDNA

CPEO

deletlons

/N

POLG Primary deletions

Zeviani and Carelli et al., 2021; Chen et al., 2023



Mitochondrial diseases: LHON (Leber Hereditary
Optic Neuropathy)

MT-ND1, MT-ND2, MT-ND3, MT-ND4, MT-ND4l, MT-ND5, MT-ND6, MT-CYB, MT-CO1, MT-CO3, MT-ATP6

Clinical presentation

Subacute vision loss

Male predominance

Young onset (15-35y)

Increased risk by sigarette smoking

Therapy: Idebenone




i

Table | Mitochondrial DNA mutations associated with a kidney phenotype

MtDNA

Mutation Gene Renal phenotype References

Mitochondrial DNA point mutations
m.G586A mt-tRNA™ TIN 21
mAS08G me-LRNA™ TIN 20
m.G3242A mi-tRNA Renal failure, RTA type 4 80,81
m.3243 mt-tRNA™ FSGS 12-14,23-26,

28,29.31-35,82
m.3243 mt-tRNA'~ TIN 1,12
m.A4269G mt-tRNA* FSGS 17
m.AS5656G *Noncoding TIN 2
m.A5728G mt-tRNA™ FSGS 18
mAS5843G mt-tRNA™ FSGS 19
m.12425delA NDS Glomerulocystic 36
disease, renal failure

Figure | Deletion size Deletion Renal phenotype References

label location

Mitochondrial DNA deletions

| 6,000 base pairs ~6,000-12,000 Proximal wubulopathy 45

2 7.500 base pairs ~6,100-13,600 FSGS, RTA 42

3 8,800 base pairs ~6,800-15,600 Distal twbulopathy 39

4 7.315 base pairs 7.325-14,639 Proximal wbulopathy, TIN 46

. 3 5.700 base pairs ~8,400-14,100 Proximal twbulopathy 43

6 4,977 base pairs 8,469-13.447 Proximal wbulopathy 4447

7 2,800 base pairs ~10,000-12.800 Proximal wbulopathy, TIN 40

8 2,608 base pairs 10.598-13,206 TIN 41

Note: *Single noncoding base between mt-tRNA* and mt-tRNA*,

Abbreviations: DNA, deoxyribonucieic acid; mt-tRNA, mi

drial transfer rib

bulointerstitial nephritis; FSGS, focal segmental glomerulosclerosis;

RTA, renal whular acidosis: Phe, phenylalanine; Leu, leucine; lle, isoleucine; Tyr, tyrosine; Ala, alanine: NDS, NADH dehydrogenase §.

O’Toole et al., 2014

NDNA

Table 2 Nuclear genes encoding mitochondrial proteins
associated with a kidney phenotype

Renal phenotype References

Gene Position
| Coenzyme Q,, biosynthesis |
PDSS2 Chromosome 6q21 Nephrotic syndrome _ 55
coQ2 Chromosome 4q21.23  Nephrotic syndrome  51-54
C0Qé Chromosome 14q24.3 Nephrotic syndrome 56
coQ9 Chromosome 16q21  Renal tubulopathy 50
Mitochondrial protein translation
SARS2 Chromosome 19q13.2 Progressive renal 6061
failure, distal
wwbulopathy
MRPS22  Chromosome 3q23 Renal twbulopathy 63
TSFM Chromosome 12ql4.1 Renal tbulopathy 64
Posttranslational modification of mitochondrial proteins
XPNPEP3 Chromosome 22q13.2 Interstitial fibrosis 65
Respiratory chain assembly and function

BCSIL Chromosome 2q35 Proximal 68
wbulopathy, TIN

SURFI Chromosome 99342 RTA 69

COXI10  Chromosome I7pl2  Proximal 71
tubulopathy

TMEM70 Chromosome 8q21.11 Proximal RTA 70

Mitochondrial DNA depletion

MPYI7 Chromosome 2p23.3  Renal failure 79

ClOorf2  Chromosome 10g24.31 Proximal wbulopathy 72

SUCLA2  Chromosome 13ql4.2 Methylmalonic 7374
aciduria

SUCLG!  Chromosome 2pl1.2  Methylmalonic 75
aciduria

RRM2B  Chromosome 8q22.3  Proximal wbulopathy 76,77
DGUOK  Chromosome 2pl3.]  Cystathioninuria 78

Abbreviations: DNA, deoxyribonucleic acid: TIN, tubulointerstitial nephritis:
RTA, renal tubular acidosis.




pe Mitochondrial disorders: muscle

* In children: isolated myopathy, as presenting symptom is uncommon

* myopathy more commonly one of the multisystem

* mitochondrial myopathies:
* exercise intolerance
* premature fatigue
* muscle cramps
* vomiting after exercise (cf. lactic acidosis)

Olimpio et al., 2021; PMID: 34736635




’- Mitochondrial disorders: muscle

A .- y sy SLC25A42
CN J Fe-S assembly
DGUOK 1SCU
o \ JGY:‘:EP, Growth Factor ~ IBAS7
’ 7 25 GFER FDXL1
MPV17
AAA+ Protease
mitochondrial DNA Mitochondrial SPG7
MTTL1 MTTS2 MTTT MTCYB W AN
MTTL2 MTTM MTTN MTND1 YARS2 Respiratory chain
MTTE MTTG MTTQ MTND2 SDHA
MTTQ MTTA MTTY MTNDS NDUFS1
MTTH MTTD MTTR MTND6 Lipid metabolism COX20
MTTK MTTW MTTP MTCO2 PNPLA8
MTTC MTTF MTTV MTCO3 AGK
MTTS1 MTTI MTATP6 Other

Ahmed et al., 2018; PMID: 30406383



' 4

Suspected MM
spectic muscetesing | T
(optional) Clinically suggestive symptoms and signs
optionsl, | Blood biochemistry eg. ,
- Muscle MRI/MRS CNs | MRI/MRS brain, audiology, eye exam
testing Urine organic acids | Sniver |
I Exercise physiology cvs | vearly ECG, 20 Echo
J ' . e.g. 6MWT, fatigue [
Gene WESor | negative scales Endocrine | Thyroid function, HbA1C, growth
panels WGS hormone testing
MUSdEIbiOPSV Renal I Urine protein, renal function tests
¥ 3 3 |
Genetic Respiratory Muscle Liver | Liver function tests
testing chain histology &
e.g. mONA analysis electron
m"‘ microscopy
rearrangements,
copy number
scareen.

Chin et al., 2024; PMID: 38241155




"‘ Mitochondrial disorders: heart muscle

40% of cases

HCM
)
@ scD e DCM
Py cam— @ 4
‘
t peak
from 5 to 15 cases/ 9.2/100 000 aduits
100 000 individuals aged <65 years
it annd = ECG
Abnormalities LVNC
RCM

\>

Exceptional, m.3243A>G




{»‘ Mitochondrial disorders: heart muscle

* Barth syndrome
e X-linked
« TAZ

-
-

] . '.“‘0":‘ ,'. i
M * . : 5 k‘ ‘

* Diagnostics dilated

neutropenia 3-MGA-uria
cardiomyopathy
e 3-Methylglutaconid-aciduria QT [ioh
* Treament: 4 | i

* Elamipretide

growth failure myopathy :







The quest for biomarkers: lactate - pyruvate

postprandial

Blood lactate:

sens: 34 - 62%
spec: 83 - 100%

CSF lactate:
more specific (CAVE status E)

Concentration (mmol/L)

Urine lactate:
less correlation

Pyruvate:
PDH and PC def

L/P ratio: when elevated lactate

distinction between pyruvate and ETC disease

Parikh et al., 2015; PMID: 25503498
Forni et al., 2021; PMID: 34056100

CSF lactate Lactate E -
6 - 20 4 & Inner Mitochondrial
Membrane
*%
15 4 et
el @
 — Electron Transport
e S e g i W maL 5 J
! —— - Chain
" I Net gain of 32 ATP
: |
f Lactate E DiagnOSis icb‘::n
7 L] No diagnosis NAD* + H*
G_cholysm; - ) |
CSF lactate Lactate
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0.5
AUC
0.0 — 0%




The quest for biomarkers: amino acids

) Alanine
/ Blood alanine o 0 0 0
CSF alanine / AUC -o)l\/\‘)\o- -owko-
NH,
s glutamate alpha-ketoglutarate
Alanine Proline
- ok 0.6 w ¢ NH
‘—é 15{ )ﬁ,o' - /L;]]/O-
g, 0.4 - alanine amino transferase
S 1.01 | ° ' pyruvate alanine
'§ & By Epgal| (RPN R
EO,S-______ _____ 024 ™=
Q I~
§ -_._'___;_'_- —
S PTPS FYR-— S
lactate
Proline
1.0 o) o]
Blood proline OH
. 0.5 g OH ProDH P5CDH
CSF proline AUC N ro ~ HO OH
— 0.71 H =
ool : PYCR Y o O NH;
O
Proline Pae Glutamic Acid

Parikh et al., 2015; PMID: 25503498
Forni et al., 2021; PMID: 34056100



The guest for biomarkers: organic acids
.Diagnosis

Semiquantitative urine organic acids . No diagnosis

——_

Lactate -+ ® [ ] *%k
——-

Pyruvate 4 @ o ek

Fumarate ! @ *k
—— =
2-oxoglutarate o ' ] ok
— =
Citrate - . @ *k
L ———
! @
e~

Malate -

Parikh et al., 2015; PMID: 25503498
Forni et al., 2021; PMID: 34056100




The quest for biomarkers: CSF

ﬁ CSF:

S - lactate

g - amino acids
(o - 5-methyltetrahydrofolaat

160

=
-} o

SMTHF (nmol/L)
3 & 3

39%
0 90
250 110
5 28¢ io
0 10
" 2 i 60 7
0 0 5 0 30

Age (years)

Batllori et al., 2018; PMID: 29974349



The quest for biomarkers: FGF21 and GDF15 in children

10000 100000+
__ 1000+ * -
% . it : - % 10000~
o 100 :i ?o —ja _f_ $4° . & ®
& 10= o - *et®e ® E _%_ ete®
& . . o 1000~ = )
. . : O ° " "
seedooe .o eeene .®
0.1 T ] T 1 T 100 T T T T T
Control Neuro Cardiac Hepatic Renal Control Neuro Cardiac Hepatic Renal
100+ 100 -
80+ 80
= F
S 60~ S 60-
@ B
S 40 & 40-
(] n
20+ 20-
— FGF21 AUC 0.91 —— FGF21 AUC 0.87
— GDF15 AUC0.93 —— GDF15 AUC 0.67
0 T T T T 1 0 T T 1 T 1
0 20 40 60 80 100 0 20 40 60 80 101
100 - Specificity 100 - Specificity
Riley et al., 2022; PMID: 34991945 VS healthy controls VS diseased controls




The quest for biomarkers: FGF21 and GDF15 in PMD

6000
)
50% E 4000
33% 2
w
bV
(m]
o
2000

Both induced (n=14) FGF21 induced only (n=12) GDF15 induced only (n=11) ‘

—

controls mtDNA nDNA

Lehtonen et al., 2020; Martin-Jimenez et al., 2025; PMID: 32857451; 39854975



What in case of VUS or NUS?

muscle tissue f i
e
Incluslton / A
/A
A

=il

\, /
\
f

re-run mtDNA analysis (deletions)
Molecular

RNA seq

B Time for a biopsy!

—

RC-analysis

Oxygen consumption

Functional —
WB

Histology




Functional analysis
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Functional analysis

In-gel activity staining
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KEEP IN MIND TISSUE SPECIFICITY

Point mutations Deletions Depletion

subunit tRNA rRNA

v v

Isolated . .. .
combined complex deficiencies (except complex I1)

complex
deficienc

Y Examples MERRF

mt-tRNA

Complex | 90% MELAS
Complex Il mt-rRNA ——>  Non-syndromic hearing loss
Complex IV Very rare

Complex V Kearn-Sayre Pearson
Deletion <:
CPEO



Morphological analysis

Pathology |

NADH SDH COX-SDH COX

EM EM to be preferred in children

as histology may be negative

Parikh et al., 2015; PMID: 25503498




Conclusions

* Always keep in mind a high suspicion for MD
 Screen for other organ involvement
* Check biochemical markers

* Perform genetic tests (nDNA — mtDNA)
* Keep in mind tissue specificity!

* Perform advanced testing by tissue biopsy in case of VUS or no diagnosis
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ADDENDUM: 1

* Particular clinical pictures



mitochondrial myopathy
encephalopathy

lactic

acidosis

stroke like episodes

, MT-TQ, MT-TH, MT-TC, MT-TS1, MT-TS2, MT-TK, MT-ND1, MT-ND5, MT-ND6

Mitochondrial diseases: MELAS

w>rm=<

Clinical presentation
- teenage focal epilepsy
- progressive muscle weakness
- progressive cognitive decline
- cerebellar symptoms

m.3243A>G, MT-TL1,
22% blood

35% skin fibroblasts
37% saliva

Tissue specifity !

CSF lactate: 35,7mg/dl (ref: 13,7-20,5) §

Ikeda et al., 2018



MELAS




myoclonic
epilepsy
ragded
red

fibres

Mitochondrial diseases: MERRF

mnom>om<

, MT-TL1, MT-TH, MT-TF, MT-151, MT-TS2, MT-TP

Clinical presentation
- Myoclonic epilepsy/generalized epilepsy
- progressive myopathy/exercise intolerance
- progressive cognitive decline
- cerebellar ataxia

Additional clinical signs
- Ptosis — optic atrophy
- Peripheral neuropathy
- Sensorineural hearing loss
- Short stature

Blood: 16%
Urine: 18%

Muscle: 94%

v Biood: 3%
iy L. %
Less common clinical signs + Blood: 0%

- Cardiomyopathy

- Pigmentary retinopathy
- Ophthalmoparesis

- Multiple lipomas




Mitochondrial diseases: nonsyndromic deafness

-

Clinical presentation
Deafness (isolated)
Sometimes caused by aminoglycoside treat

-l
s S a7 ol

) - Right y; 5
= — Left
1243 "
m.1555A>G )
m.1243T>C  MT-RNR1
m.1291T>C "
T - : - = =« Right
1% - ] \\':h‘-‘_?‘ b — —LEft "4
i \'*f\‘,:_,.

Human mt 12S rRNA



Mitochondrial diseases: Leigh syndrome

MT-ND2, MT-ND3, MT-ND5, MT-ND6, MT-ATP6, MT-CO3, MT-TK
Many nuclear encoded genes

Clinical presentation
Typical symmetrical basal ganglia MRI lesions

1) Childhood presentation

- subacute necrotising encephalopathy
- developmental delay

- hypotonia

- epilepsy

2) Adult onset

- psychiatric features
- headache

- movement disorders

Baldo and Vilarinho, 2020



Mitochondrial diseases: deletions

m t D N A d el et i o n

Kearns-Sayre syndrome

Clinical presentation
- teenage onset CPEO
- pigmentary retinopathy
- heart conduction problems
- ataxia
- deafness
- endocrine abnormalities

mtDNA deletion (1,0 -10 kb)

Nguyen et al., 2019



Mitochondrial diseases: deletions

m t D N A d el et i o n

Pearson syndrome

Clinical presentation
- childhood onset = early dismiss (<3y)
- bone marrow dysfunction
- exocrine pancreas dysfunction

- > sometimes evoluting towards
Kearns sayre

mtDNA deletion

Wild type Patient

Nishimura et al., 2021



Mitochondrial diseases: tRNA

MT-TC
Figure 1 Symmetrical basal ganglia necrosir = | Clinical presentatlo.n
Family 1 A aminoacyl 5 with
acceptor stem
A A-T
)S
C5816 - y
L GCAGC, Cc loop 2 3 4
G-C mt-tRNALeuUUR
A-1 v ieses == .
B T A " - mt-tRNA
: ;._-
anticodon

loop

Homoplasmy

m.5816A>G, MT-TC,
100% muscle and blood

McFarland et al., 2007



Dia 64

AV1 (B) Histochemical section of skeletal muscle
from Patient 3, dual stained for cytochrome c oxidase (COX) and succinate dehydrogenase
(SDH) activities, revealing approximately 15% COX-deficient fibers.
Arnaud Vanlander; 24/11/2021



Mitochondrial diseases: tRNA

MT-TD

Clinical presentation

childhood onset
exercise intolerence
progressive

m.7526 A>G, MT-TD
100% skeletal muscle
3% blood and skin fibroblasts!

Tissue specifity !

Maternal testing: undetectable mutation

Seneca et al., 2005



Mitochondrial diseases: tRNA

MT-TF

Clinical presentation

nset exercise intolerence, progressive

Hearing loss

Variable age of onset!

m.622 G>A, MT-TF
88% skeletal muscle
66% blood

36% urine

Deschauer et al., 2006



Mitochondrial diseases

NDNA encoded defeciencies



MtDNA depletion syndromes

A. Signs and symptoms of MDS in different organs B. Tissues with identified MtDNA depletion

Ear
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POLG-def: clinical spectrum
POLG mutations — clinical spectrum

neonate infant child adolescent adult elderly
MCHS Alpers  MNGIE PEO
Leigh Distal myopathy Dominant/recessive/sporadic

miona [ pepletion +————> MillipledelcuoNs

Rahman and Copeland, 2019



Amino-acyl tRNA synthetase deficiencies




AARS2-def

* hypertrofic cardiomyopathy
* Delayed motore development

PEl'tier"l’t:I‘h
* |actate |
iy 4
Heart " \
Cox { ] \
o =» WES: AARS2
Heart
Cox/Sdh
c.464T>G p.Leu155Arg c.1774C>T p.Arg592Trp
G G A AC 6 C TG ARCL TRA E& € C C C G COCC
.-'ﬂ"., &) \ By I"- A f) L | A\ LY |
ey F oUW P N YL AV A !

> .

Gotz et al., 2011



AARS2-det

* Progressive leuko-

encephalopathie

e Ovarian failure
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Dallabona et al., 2014
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Scheper et al., 2007



ADDENDUM: 2

* Prevention of Mitochondrial diseases



Strategies to prevent

Reproductive options for mitochondrial DNA (mtDNA) disease patients

Natural conception Adoption Preimplantation genetic testing (PGT) Germline nuclear transfer (NT) Gene editing
24
I? 1 -
@ g @ A® T &

Women with mtONA  ggcyte donation Prenatal diagnosis (PND) ¢
disorders may produce -
oocytes with varying
levels of mutant <@ i
and wild-type @, ¢
mtDNA, known as & p
@
heteroplasmy, o
affecting disease
transmission

O
-
O

Choosing the appropriate reproductive option depends on:
1. Mutation type and hereditary risk
2. Legal considerations
3. Personal preferences and circumstances

)

%Qs

Castelluccio et al., 2025



Strategies to prevent

A Preimplantation genetic testing (PGT)

PB1 biopsy

Mitochondria  pg2
with mutant -
mtDNA

B Prenatal diagnosis (PND)

Placenta

Foetus

Chorionic villus
)\ sampling (CVS)

Castelluccio et al., 2025

PB2 biopsy

with wild-type
/ mtDNA

Blastomere biopsy

TE biopsy

Mitochondria

Cleavage
stage embryo Blastocyst

Amniocentesis



