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MITOCHONDRIAL DISORDERS

Mitochondrial Disorders affect the mitochondrial respiratory 
chain (MRC) and Oxidative Phosphorylation (OXPHOS)

Mitochondrial medicine
“any tissue, any symptom, any age”
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MITOCHONDRIAL DNA - MTDNA
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16569 bp

13 Mit genes, 24 Syn genes

Asynchronous replication

Polycistronic transcription

Autochthonus genetic code

In situ translation

Mitochondrial DNA rules

• Maternal inheritance

• Heteroplasmy

• Mitotic Segregation

• Threshold Effect

MTDNA FEATURES
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MTDNA RULES
• Maternal inheritance
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MTDNA RULES

Homoplasmy

Heteroplasmy

Each human cell has thousands of mitochondria and within each single mitochondrion 
are present multiple copies (2 to 10) of mtDNA. Usually all these copies are identical, a 
status known as homoplasmy. 

However, mutant mtDNA could coexist with wt mtDNA in the same cell. This coexistence 
is called heteroplasmy.

• Polyplasmy



8

LA DIAGNOSI GENETICA DELLE MALATTIE MITOCONDRIALI Daniele Ghezzi

MTDNA RULES
• Mitotic/random Segregation
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MTDNA RULES
• Threshold Effect

10% 90%70%50%30%

no phenotype pathogenic phenotype
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Mitochondrial Disorders: not only mtDNA!
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MITOCHONDRIAL DISORDERS: GENETIC HETEROGENICITY

Mitochondrial medicine
“any mode of inheritance”

nDNA mtDNA
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MITOCHONDRIAL DISORDERS: GENETIC ANALYSIS

Genetic
classification

Mitochondrial DNA defects Nuclear DNA mutations

16.5kb
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Mitochondrial DNA rules

• Maternal inheritance

• Heteroplasmy

• Mitotic Segregation

• Threshold Effect

Mendelian rules
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MITOCHONDRIAL DNA DEFECTS

• Protein-encoding OXPHOS subunit genes

• Protein synthesis genes (rRNAs, tRNAs)

• Large deletions

Heteroplasmic mutations Homoplasmic mutations



14

LA DIAGNOSI GENETICA DELLE MALATTIE MITOCONDRIALI Daniele Ghezzi

MITOCHONDRIAL DNA DEFECTS

• Homoplasmic mutation
• Complete penetrance

• Heteroplasmic mutation
• Random segregation/Threshold effect
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MITOCHONDRIAL DNA DEFECTS
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MITOCHONDRIAL DNA DEFECTS
1988: first mtDNA mutations

Today > 200 mutations reported; 
the most common are:
• m.3460G>A MT-ND1

• m.11778G>A MT-ND4

• m.14484T>C MT-ND6

• m.3243A>G MT-TL1, tRNAL

• m.8344A>G MT-TK, tRNAK

• m.8993T>G MT-ATP6

MELAS

MERRF

NARP/MILS

LHON

MELAS: mitochondrial Myopathy, Encephalopathy, Lactic Acidosis, and Stroke-like episodes.

MERRF: Myoclonic Epilepsy associated with Ragged-Red Fibers.  Additional symptoms: ataxia, hearing 
loss, lipomas

NARP: Neuropathy, Ataxia, Retinitis Pigmentosa.
MILS: Maternally Inherited Leigh Sindrome;  early-onset progressive neurodegenerative disorder with a 

characteristic neuropathology (necrotizing encephalopathy, infantile subacute)

LHON: Leber Hereditary Optic Neuropathy

• Protein-encoding OXPHOS subunit genes

• Protein synthesis genes (rRNAs, tRNAs)

• Large deletions
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MITOCHONDRIAL DNA DEFECTS

Heteroplasmic point mutations

Maternally inherited
Qualitative correlation btw mutation and phenotype e.g.  MERRF, MELAS, NARP, MMC, MM, etc.
Quantitative correlation btw % of  mutation load and clinical severity

m.8993T>G (p.L156R) in MTATP6 Mutation load: • Up to 60% unaffected
• 60-90% NARP
• >90% MILS

Warning for mtDNA analysis

• Heteroplasmy may be highly variable in various tissues in the 
same subject

• The analysis has to be performed on DNA extracted from 
affected tissues, tipically from muscle

• Need to determine heteroplasmy level

• Useful to assess heteroplasmy level in different tissues

• Useful to assess heteroplasmy level in family members
(maternal relatives)

Prenatal or 
preimplantation

analysis
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MITOCHONDRIAL DNA DEFECTS

Single mtDNA deletions

Sporadic
Heteroplasmic
Correlation with tissue distribution of ΔmtDNA
No clear quantitative correlation btw % and size of ΔmtDNA 
and clinical severity

sporadic PEO: Δ only in muscle

PEO, proximal mit. myopathy

Kearns Sayre s.: Δ mostly in muscle

juvenile onset, PEO, mit. myopathy
ataxia, progressive neurological failure
retinitis pigmentosa, heart blocks

Pearson's: Δ everywhere

neonatal pancytopenia
pancreatic failure
may evolve into KSS

• Protein-encoding OXPHOS subunit genes

• Protein synthesis genes (rRNAs, tRNAs)

• Large deletions
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MITOCHONDRIAL DNA DEFECTS

Homoplasmic point mutations

Maternally inherited
Qualitative correlation btw mutation and phenotype
Incomplete (sex dependent) penetrance

LHON: Leber Hereditary Optic Neuropathy

blind

healthy

Mutant m.3460G>A 
normal

Mutation is necessary but not

sufficient to produce the 

disease phenotype
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MITOCHONDRIAL DISORDERS: GENETIC ANALYSIS
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MITOCHONDRIAL DISORDERS: GENETIC ANALYSIS

Genetic
classification

Mitochondrial DNA defects Nuclear DNA mutations

NGS strategies:
- Targeted gene panels (~300 genes associated
with MD)

- Clinical Exome (~3000-5000 genes associated
with human diseases)

- Whole exome  (Exons of all nuclear genes, 
~20000–25000)

- Whole genome (entire nuclear DNA)

Direct sequencing of the whole mtDNA

RFLP for heteroplasmy quantification

Southern blot - Long range PCR - qPCR

NGS strategies for:
- Sequencing
- Quantification of heteroplasmy
- Detection of large deletions

16.5kb
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NEW NGS APPROACHES FOR MTDNA ANALYSIS

• Short read NGS

• Long read NGS

Legati et al. 2021
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MITOCHONDRIAL DISORDERS: NUCLEAR DNA ANALYSIS
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Genetic
classification

Nuclear DNA mutations

NGS strategies:
- Targeted gene panels (~300 genes associated
with MD)

- Clinical Exome (~3000-5000 genes associated
with human diseases)

- Whole exome  (Exons of all nuclear genes, 
~20000–25000)

- Whole genome (entire nuclear DNA)



• New phenotypes

• Concurrent variants/
Digenic cases

• (New disease-genes)
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TARGETED GENE PANELS

• Increased diagnostic yield

IRCCS Besta – children cohort



WHOLE EXOME SEQUENCING

• Further increased diagnostic yield

Wortmann et al. 2015: 39%
Taylor et al. 2016: 52%
Stenton et al. 2021 55%

49%

46%

5%

Negativi

Positivi

Candidati

• New disease-genes

• New phenotypes / new 
pathomechanisms
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Trio WES

• Incomplete penetrance

WHOLE EXOME SEQUENCING

• New mode of inheritance/de novo AD
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WES: PHENOCOPIES
CANDIDATE VARIANTS

Genes encoding 

mitochondrial proteins

all genes

(secondary mitochondrial

dysfunction) 
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Differences in detection power, output size and data interpretation

Sanger: 1-5 genes, it needs high 
phenotype/genotype concordance

NGS panel: 2-300 genes, more 
power, disease mutation easy to find

if sequenced

NGS Exome: 20,000 genes, very likely
to sequence the disease mutation but

hard to find

NGS Genome: entire DNA 
(~3000000000 bp), almost sure

to sequence the disease
mutation but extremely hard to 

find
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DIFFERENT NGS APPROACHES
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Transmission of mtDNA point mutations

Mutation is necessary but not sufficient to 
produce the disease phenotype

Mutation load can change abruptly in the offspring, 
due to tight bottleneck in maternal oogonia

Defects of mtDNA

D.Ghezzi
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Transmission of mtDNA single deletions

Single deletions are usually NOT transmitted

Defects of Mitochondrial DNA

• Protein synthesis genes (rRNAs, tRNAs)
• Protein-encoding OXPHOS subunit genes
• Large deletions

Defects of mtDNA

D.Ghezzi
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WES

WES/WGS

WES/WGS

• not all commercial kits for WE capture include probes for mtDNA 

• different analysis pipelines do not annotate mtDNA variants

• On blood DNA heteroplasmy can be low (high depth required)

NUMTs: mitochondrial genome regions can be integrated into the 
nuclear genome

WES/WGS • NUMTs (nuclear DNA of mitochondrial origin)

WES AND WGS TO STUDY MTDNA


