Details of Service specification 

National Commissioning Group

Rare mitochondrial diseases of adults and children 
Name of the Units 

Newcastle Mitochondrial Centre, Newcastle upon Tyne Hospitals NHS Foundation Trust

Centre for Neuromuscular Disease and Department of Molecular Neuroscience, National Hospital for Neurology and Neurosurgery, UCLH NHS Foundation Trust

Department of Clinical Genetics, Oxford Radcliffe Hospitals NHS Trust
Nature of the problem

Background

Mitochondria are ubiquitous organelles that contain their own genetic complement, the mitochondrial genome (mtDNA). Although intimately involved in many cellular processes, their principal task is to provide the energy necessary for normal cell functioning and maintenance. This generation of energy is by the mitochondrial respiratory chain, series of complexes which produces ATP by dissipating a proton motive force. Disruption of the respiratory chain can have devastating effects for the cell, organ and individual. One important consequence of mitochondrial ubiquity is that mitochondrial disease can affect virtually any organ and present with a plethora of symptoms and signs to a variety of specialties. These are truly multi-system diseases with significant morbidity and mortality. Over the last two decades, mutations in both mtDNA and nuclear DNA (nDNA) have been identified as causative in a number respiratory chain defects, although for mtDNA mutations in particular, this relationship between genotype and phenotype is often far from straightforward. A number of epidemiological studies have been undertaken to assess the prevalence of mitochondrial disease and whilst rare these conditions have a major impact on both the community and individual families. Finally, there is increasing awareness by clinicians experienced in the management of patients with mitochondrial disease that some aspects of mitochondrial respiratory chain disease can be helped or prevented by early diagnosis and subsequent care
Patients for referral

The aim of the NCG Service for Rare Mitochondrial Disorders of Adults and Children is 
“to provide diagnostic and clinical services for those patients with suspected  mitochondrial respiratory chain disease which cannot be diagnosed by standard genetic tests available at Regional Genetic Centres.”

The service will include:

· Diagnostic service for children and adults with suspected respiratory chain disease in whom a diagnosis cannot be established on standard genetic tests available at Regional Genetics Centres

· Clinical service consisting of genetic counselling and clinical management (outpatients and inpatients) for adults and children with mitochondrial respiratory chain disease
· Clinic management advice for clinicians involved with patients with respiratory chain disease
The complicated nature of some mitochondrial respiratory chain disorders means that centres which provide these specialist services must have full access to all of the following services in a fully integrated team:

1.
Clinical neurological assessment and or genetic counselling

2. 
Multidisciplinary team-led clinics

3.
Comprehensive histology/histochemistry analysis

4. 
Comprehensive respiratory chain biochemistry
5. 
Detailed molecular genetics with expertise in detecting and assigning pathogenic 
mtDNA mutations
This is a highly specialised area, with each of the three designated centres able to provide the above services in a fully integrated team. All three groups have published extensively on complex mitochondrial diseases over the past 20 years, amassing in excess of 500 peer reviewed papers. These centres will also provide expert clinical advice regarding the management of mitochondrial respiratory chain disease and specialist genetic advice for patients with mtDNA mutations when this is requested by referring clinicians.
Clinical services

Specialist clinical services will be available in all three centres:

Outpatient – Consultations for patients and families with suspected or proven mitochondrial disease. Clear plans of investigation or patient management will be established during the clinic appointment with close collaboration with referring consultant and the patients own general practitioner. Whenever possible follow up will be at local hospitals, although some patients with particularly rare conditions or where local services are limited will require longer term follow up. Consultations will also be available for women with mtDNA disease or carrying mtDNA mutations who require advice re transmission of the mtDNA defect to their children. Similarly, patients or families with rare mutations of nuclear genes will also have access to the service. Patients or families in which mitochondrial respiratory chain disease is confirmed but in whom the genetic diagnosis has not been established will also have access to the service.
Inpatient – Day-case and inpatient services will be available for patients who have to travel for specific diagnostic investigations. This will include both children and adults. Muscle biopsies are not available in certain hospitals and these will be done within the NCG centres. In addition, in complicated cases (both adult and children) specialist investigations are crucial to establish the diagnosis and best management of the condition.
Diagnostic services

Routine mitochondrial DNA genetic tests
If the history and examination are suggestive of a specific mitochondrial syndrome e.g. MERRF (m.8344A>G mutation) or LHON (primary m.3460G>A, m.11778G>A and m.14484T>C mutations) then investigation for the common point mutations should be undertaken in blood. For patients with symptoms suggesting a MELAS or MIDD (maternally-inherited diabetes and deafness phenotype, investigation of m.3243A>G in cells taken from a urine sample is much more reliable, as levels of this mutation may be undetectable in blood from patients and their maternal relatives. These studies will continue to be performed in Regional Genetic Centres – indeed the analysis of patients with suspected LHON mutations is not funded by NCG. Results of screening for specific mutations should however be interpreted with caution as the absence of such mutations (e.g. m.3243A>G in a patient with the MELAS phenotype) do not exclude other forms of mitochondrial disease in a patient where there is a high index of clinical suspicion. It is these patients or samples that will be referred on to the NCG Service for further analysis.
NCG service

Muscle biopsy
This remains a valuable investigation in the work up of patients with suspected mitochondrial disease since specific and characteristic mitochondrial defects may be detected by histology and histochemistry, and biochemical analysis of respiratory chain enzyme activities. Because of the involvement of mtDNA mutations in this patient group, histochemical techniques are particularly valuable in adults although caution should be used particularly in the interpretation of muscle biopsies from older individuals. We will evaluate mitochondrial involvement by using specific histochemical enzyme reactions for the mitochondrial enzymes succinate dehydrogenase (SDH) and cytochrome c oxidase (COX). The SDH activity in individual muscle fibres will clearly reveal any evidence of subsarcolemmal accumulation of abnormal mitochondria – so called ragged-red fibres – which are a pathological hallmark of these disorders. Measurement of COX activity is particularly useful in the evaluation of mitochondrial disease because COX contains subunits encoded by both the mitochondrial and nuclear genomes. A mosaic distribution of COX activity is highly suggestive of a heteroplasmic mtDNA disorder. In cases where fibres are only partially COX deficient, or only a very low percentage of COX-deficient fibres are present, sequential COX-SDH histochemistry is especially valuable for identifying abnormal fibres which might otherwise go undetected against a background of normal COX activity. This has proven to be especially useful in the assessment of muscle biopsies from patients with mutations in nuclear genes of mitochondrial DNA maintenance that affect the expression of the mitochondrial genome resulting in multiple mtDNA deletions.
Biochemical measurement of respiratory chain activity

An essential part of the diagnostic process is the measurement of the activity of the individual respiratory chain complexes. The measurement of these complexes is extremely challenging and should only be undertaken in laboratories with extensive expertise in this area as evidenced by the publication of their assay protocols in peer reviewed journals. 

The NCG service will offer measurement of the following enzyme activities: 
· Complex I – NADH:ubiquinone oxidoreductase

· Complex II – Succinate:ubiquinone oxidoreductase

· Complex III – Ubiquinol:cytochrome c oxidoreductase

· Complex IV – Cytochrome c oxidase

· Succinate:cytochrome c reductase (a linked assay that measures electron flux through complexes II and III via endogenous Coenzyme Q (ubiquinone), and as such a helpful method to assess evidence of ubiquinone deficiency)

The NCG service will offer measurement of these complexes in fresh and frozen muscle, and cultured skin fibroblasts, and is developing techniques to measure complex activity in other tissues such as heart and liver recognising the importance of involvement of these tissues in children. Furthermore, the measurement of Coenzyme Q levels in serum and tissues is currently offered by the London lab whilst the investigation of pyruvate dehydrogenase deficiency – a cause of Leigh syndrome which is clinically indistinct from those cases with mitochondrial respiratory chain disease – is undertaken in Oxford.
Molecular genetic analyses 
Mitochondrial genome analysis

Mitochondrial DNA rearrangements – mitochondrial DNA rearrangements (single, large-scale mtDNA deletions and multiple mtDNA deletions) will be screened by long-range PCR assays using primers that amplify across the major mtDNA arc, and the level of deleted mtDNA determined by Southern Blotting in patients with single, large-scale mtDNA deletions. 


Mitochondrial DNA depletion – an assessment of mtDNA copy number to detect quantitative defects of mitochondrial DNA will be determined by real-time PCR strategies which simultaneously amplify mtDNA-encoded and nuclear-encoded genes.


Searching for novel, pathogenic mtDNA mutations - the next stage in the investigation of patients who do not have any of the common mtDNA mutations or evidence of a mtDNA rearrangement often involves the analysis of the entire mitochondrial genome as this is more efficient and cost effective than screening for rarer mutations on an individual basis. Sequencing the entire mitochondrial genome is both rapid and efficient, but there can be real problems in assigning pathogenicity to a novel or rare sequence variant given the highly polymorphic nature of the mitochondrial genome. This is aided by access to a large database of control mtDNA sequences (~1400) which are available uniquely in Newcastle.

Assigning pathogenicity to a mtDNA mutation – this requires a variety of different techniques including accurate quantification of heteroplasmic changes in different tissues and determining the relationship of mutation load to biochemical defect in individual cells.
Nuclear gene analysis

The analysis of nuclear genes involved in mitochondrial function is a rapidly expanding area in the investigation of mitochondrial patients, and one in which the groups in Newcastle, Oxford and London have led the way in the UK. For some mitochondrial phenotypes (e.g. Alpers syndrome), there are obvious nuclear genes that should be screened in order to determine the genetic basis (e.g. POLG1), whereas in others, the screening of a number of genes may be warranted. 

MtDNA copy number defects (mtDNA depletion syndromes) – patients with evidence of a mtDNA depletion syndrome in which liver and brain dysfunction predominates will be screened for the POLG1 and DGUOK genes. For patients with a muscle phenotype, thymidine kinase 2 (TK2) will be sequenced.

Multiple mtDNA deletion syndromes – patients with evidence of multiple mtDNA deletions in an affected tissue will be screened for mutations in POLG1  - the gene encoding the catalytic subunit of the mtDNA polymerase (. Mutations in this gene are associated with a growing phenotypic spectrum ranging from severe encephalopathy and liver failure typical of Alpers syndrome to late-onset progressive external ophthalmoplegia (PEO), ataxia, myopathy and isolated muscle pain or epilepsy. Patients with multiple mtDNA deletions and a recessive or dominant family history of PEO will also be screened for mutations in c10orf2 – encoding Twinkle, a mitochondrial helicase – and SLC25A4 (ANT1).

Cytochrome c oxidase deficient Leigh Syndrome and isolated defects of this enzyme – the overwhelming majority of patients with this presentation have mutations in the SURF1 gene, a key assembly factor of cytochrome c oxidase. Following confirmation of the enzyme defect in cultured skin fibroblasts, SURF1 mutations will be screened using both genomic and cDNA to investigate the role of rare splice variants. Other genes which may be mutated in isolated cytochrome c oxidase deficiency which can be investigated include SCO1, SCO2, COX10 and COX15. 

Service development

We recognise that new genes are being discovered year on year, and it is anticipated that this will be an area of the service which will be developed over time.

Whilst some of the following are currently available as part of ongoing research programmes, the NCG labs will continue to discuss the development of the service through the introduction of new genes, as appropriate in specific clinical phenotypes/biochemical deficiencies. Examples include:
· mutations in SDHA, SDHB, SDHC and SDHD in complex II deficiency

· nuclear-encoded gene mutations in isolated complex I deficiency
· nuclear-encoded gene mutations (e.g. BCS1L) in isolated complex III deficiency
· nuclear-encoded genes in patients with mtDNA translation defects and multiple complex deficiency (e.g. EF-Tu, EF-Ts, MRP16, EFG1) 















