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Primary mitochondrial disease describes a diverse group of neuro-metabolic disorders characterised by impaired oxidative

phosphorylation. Diagnosis is challenging; >350 genes, both nuclear and mitochondrial DNA (mtDNA) encoded, are known to cause
mitochondrial disease, leading to all possible inheritance patterns and further complicated by heteroplasmy of the multicopy
mitochondrial genome. Technological advances, particularly next-generation sequencing, have driven a shift in diagnostic practice
from ‘biopsy first’ to genome-wide analyses of blood and/or urine DNA. This has led to the need for a reference framework for
laboratories involved in mitochondrial genetic testing to facilitate a consistent high-quality service. In the United Kingdom,
consensus guidelines have been prepared by a working group of Clinical Scientists from the NHS Highly Specialised Service
followed by national laboratory consultation. These guidelines summarise current recommended technologies and methodologies
for the analysis of mtDNA and nuclear-encoded genes in patients with suspected mitochondrial disease. Genetic testing strategies
for diagnosis, family testing and reproductive options including prenatal diagnosis are outlined. Importantly, recommendations for
the minimum levels of mtDNA testing for the most common referral reasons are included, as well as guidance on appropriate
referrals and information on the minimal appropriate gene content of panels when analysing nuclear mitochondrial genes. Finally,
variant interpretation and recommendations for reporting of results are discussed, focussing particularly on the challenges of

interpreting and reporting mtDNA variants.
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INTRODUCTION

Primary mitochondrial disease describes a diverse group of neuro-
metabolic disorders characterised by impaired oxidative phos-
phorylation. Mitochondrial disorders are clinically heterogeneous
affecting isolated or multiple organ systems, may present at any
age and are associated with significant morbidity and mortality
[1]. Mitochondrial disease prevalence is estimated to be approxi-
mately 12.5 per 100,000 in adults [2] and approximately 4.7 per
100,000 in children [3]. However, the frequency of pathogenic
mtDNA variants in the general population is estimated to be
higher, with approximately 1 in 250 healthy individuals carrying a
pathogenic mtDNA variant at low levels [4].

Mitochondria are double-membrane organelles found in all
nucleated human cells whose primary function is the generation
of adenosine triphosphate (ATP) via oxidative phosphorylation
(OXPHOS) [5], but are also essential in other cellular processes
including signalling pathways and apoptosis [6, 7]. Multiple
mitochondria are found within cells and are generally present in
higher numbers in energy-demanding cells. Human mitochondrial
DNA (mtDNA) is a circular genome, consisting of 16,569 base pairs,
that contains a noncoding D-loop region regulating mtDNA
replication and transcription, 13 protein-coding genes encoding

OXPHOS subunits and 22 tRNA genes and 2 rRNA genes required
for the transcription and translation of the mtDNA-encoded
proteins [8]. Most mitochondrial proteins required for OXPHOS
processes as well as the maintenance, replication and transcrip-
tion of the mitochondrial genome are encoded by nuclear genes,
with the mitoproteome currently estimated to comprise a total of
1136 mitochondrial proteins [9].

mtDNA is a multicopy genome, and variants can be found in all
copies (homoplasmy) or there may be a coexistence of more than
one mtDNA genotype within the same cell (heteroplasmy). Due to
the random segregation of mitochondria during cell division, the
proportion of mtDNA with a particular variant can vary between
tissues of the same individual or within the same tissue over time.
MtDNA exhibits strict maternal inheritance [10, 11] which is
complicated by the mitochondrial genetic bottleneck that occurs
during embryonic development of the female germline and can
result in a rapid shift in mtDNA variant levels within one generation.
Clinical manifestations associated with a heteroplasmic pathogenic
variant usually become apparent when the proportion of mutant
MtDNA exceeds a critical threshold within a given tissue (threshold
effect), and this threshold differs depending upon the mtDNA
variant [1].

'NHS Highly Specialised Service for Rare Mitochondrial Disorders, Newcastle upon Tyne Hospitals NHS Foundation Trust, Newcastle upon Tyne, UK. *Wellcome Centre for
Mitochondrial Research, Translational and Clinical Research Institute, Faculty of Medical Sciences, Newcastle University, Newcastle upon Tyne, UK. *Neurogenetics Unit, National
Hospital for Neurology and Neurosurgery, Queen Square, London, UK. “Oxford Genetics Laboratories, Oxford University Hospitals NHS Foundation Trust, Oxford, UK.

Memail: Carl Fratter@ouh.nhs.uk

Received: 10 June 2022 Revised: 12 November 2022 Accepted: 16 November 2022

Published online: 13 December 2022

SPRINGER NATURE


http://crossmark.crossref.org/dialog/?doi=10.1038/s41431-022-01249-w&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41431-022-01249-w&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41431-022-01249-w&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41431-022-01249-w&domain=pdf
http://orcid.org/0000-0002-8593-3998
http://orcid.org/0000-0002-8593-3998
http://orcid.org/0000-0002-8593-3998
http://orcid.org/0000-0002-8593-3998
http://orcid.org/0000-0002-8593-3998
http://orcid.org/0000-0001-8247-4194
http://orcid.org/0000-0001-8247-4194
http://orcid.org/0000-0001-8247-4194
http://orcid.org/0000-0001-8247-4194
http://orcid.org/0000-0001-8247-4194
http://orcid.org/0000-0002-9091-7132
http://orcid.org/0000-0002-9091-7132
http://orcid.org/0000-0002-9091-7132
http://orcid.org/0000-0002-9091-7132
http://orcid.org/0000-0002-9091-7132
http://orcid.org/0000-0002-7768-8873
http://orcid.org/0000-0002-7768-8873
http://orcid.org/0000-0002-7768-8873
http://orcid.org/0000-0002-7768-8873
http://orcid.org/0000-0002-7768-8873
http://orcid.org/0000-0001-7125-5391
http://orcid.org/0000-0001-7125-5391
http://orcid.org/0000-0001-7125-5391
http://orcid.org/0000-0001-7125-5391
http://orcid.org/0000-0001-7125-5391
https://doi.org/10.1038/s41431-022-01249-w
mailto:Carl.Fratter@ouh.nhs.uk
www.nature.com/ejhg

Mitochondrial disease may result from defects in either the
nuclear or mitochondrial genome and therefore is associated with
all possible inheritance patterns: maternal, autosomal dominant,
autosomal recessive, X-linked and de novo. Primary mtDNA
pathogenic variants include single-nucleotide variants (SNVs) and
genomic rearrangements, most commonly involving single large-
scale deletions. Multiple mtDNA deletions and decreased mtDNA
copy number leading to mtDNA depletion can both occur
secondary to a primary nuclear gene defect. Testing an appropriate
tissue for accurate genetic diagnosis is essential as some pathogenic
variants progressively decline in blood with increasing age (e.g., MT-
TL1 m.3243A>G (NC_012920.1)) [12] and others can be restricted to
skeletal muscle (e.g., MT-TP m.15975T>C, m.16002T>C, m.15998A>T
(NC_012920.1) [13] and large-scale mtDNA deletions [14]).

Accurate genetic testing and establishing a genetic diagnosis
are important for patients and their families, providing informa-
tion about prognosis and treatment, in addition to genetic
counselling and access to reproductive options. There is a need for
published guidelines for genetic testing for mitochondrial disease,
to help the European and international mitochondrial diagnostic
community achieve a consistent high-quality service. These
recommendations represent a consensus reference framework
collated by three, highly specialised, UK National Health Service
(NHS) laboratories that work closely together to offer diagnostic
testing for the whole country [15, 16]. This unique collaborative
approach of sharing experience and expertise across three centres
has facilitated a comprehensive review and analysis of diagnostic
practices, the results of which are presented here as best practice
guidelines, highlighting fundamental aspects of the laboratory
diagnosis of mitochondrial disease, strategies for diagnostic
testing, family testing and reproductive options for both mtDNA
and nuclear genetic variants, in addition to discussing testing
methods, interpretation and reporting.

METHODS

The recommendations outlined in this document were reached using a
stepwise approach: a working group of Clinical Scientists from the United
Kingdom NHS Highly Specialised Services for Rare Mitochondrial Disorders
revised and updated existing UK guidance collated in 2008, taking into
account recent developments in mitochondrial genomics and genomic
testing in the UK; this was then followed by UK-wide laboratory consultation
and ratification through the Association for Clinical Genomic Science (ACGS)
[17]. This initial draft was subsequently condensed for publication with some
modifications for an international readership.

REASON FOR REFERRAL AND GENETIC TESTING STRATEGIES
Mitochondrial disorders are challenging to diagnose due to clinical
and genetic heterogeneity and limited genotype-phenotype
correlations. Hence, effective genetic diagnosis often necessitates
a multidisciplinary approach. The advent of next-generation
sequencing technologies (NGS) has driven a shift in diagnostic
practices from a ‘biopsy first’ approach, where first-line biochemical
and histochemical investigations of patient's muscle biopsy were
used to direct subsequent molecular analyses, to genome-wide
strategies which can be employed using blood DNA and expedite
the diagnosis of many cases, especially those associated with
nuclear gene defects [18, 19]. The systematic analysis of the entire
mitochondrial genome by NGS increases sensitivity compared to
targeted common pathogenic mtDNA variant testing and facilitates
accurate heteroplasmy assessment [20], although it is important to
note that more comprehensive testing also increases the likelihood
of detecting variant(s) of uncertain significance.

The genetic testing algorithm is dependent upon the reason for
referral, sample type received and laboratory service arrangements.
The following paragraphs outline strategies for diagnostic testing in
a proband, family testing when the familial causative genetic
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variant(s) is known, and testing in the context of reproductive
options for couples with a family history of mitochondrial disease.

Molecular testing in a proband with suspected mitochondrial
disease

There are two main alternative approaches/strategies for genetic
testing of patients with suspected mitochondrial disease: (1)
targeted testing of ‘common’ mtDNA variants and/or targeted
nuclear testing, followed by more comprehensive testing if
required and if resources allow; (2) NGS of the mitochondrial
genome and/or nuclear genes, e.g., by whole exome sequencing
(WES) or whole genome sequencing (WGS).

First-line targeted testing of blood DNA can be appropriate for
routine referrals (where there is not an urgent clinical need to
obtain a diagnosis), for clinical presentations which are highly
suggestive of a particular variant or gene (e.g., MELAS, MERRF,
LHON, Pearson syndrome, POLG-related disorders), and/or where
resources are limited. In patients where no pathogenic variant is
detected in blood, additional clinical information and samples
(e.g., urine) or a muscle biopsy for biochemical and histopatho-
logical investigations may be suggested. Further genetic testing
may be carried out in a stepwise approach depending on the
remaining suspicion of mitochondrial disease.

Alternatively, comprehensive NGS-based testing can be adopted
for sensitive and efficient first-line genetic testing. This approach can
be followed for all referral indications but is particularly appropriate
for more complex phenotypes and/or for urgent referrals. As both
mtDNA disease and nuclear mitochondrial disease account for a
significant proportion of childhood-onset and adult-onset mitochon-
drial disorders [1, 2], simultaneous testing of both mtDNA and
nuclear DNA is recommended if possible. However, if a sequential
approach is required to reduce costs, then it is generally most
appropriate to undertake mtDNA testing first due to the lower cost
and shorter turnaround time of whole mitochondrial genome NGS
compared to large nuclear gene panel sequencing (by panel-based
NGS, WES or WGS). For urgent paediatric referrals where samples
from a parent-child trio can be obtained, gene-agnostic WES or WGS,
where data is analysed with no gene panels or other preconceptions
about where variants associated with a condition are located, is an
appropriate testing strategy. While WGS approaches typically include
deep sequencing of the whole mitochondrial genome (with
appropriate bioinformatic analysis), a gene-agnostic trio WES may
require additional whole mtDNA NGS to reliably screen the
mitochondrial genome with sufficient sensitivity, although studies
have shown that off-target reads from exome sequencing may be
adequate [21] (discussed further in the ‘Genetic testing methodol-
ogies and approaches’ section). Gene-agnostic trio WGS/WES may
also be appropriate for referrals where mitochondrial disease is one
of several possible differential diagnoses.

A flowchart of the recommended molecular genetic testing
algorithms in referrals from patients with suspected mitochon-
drial disease is shown (Fig. 1) with further detail provided below.
Although there will be some differences in genetic testing
pathways between centres worldwide, the UK algorithms
presented here are broadly applicable and are consistent with
international pathways published for adult-onset mitochondrial
disease [22].

Mitochondrial DNA testing in a proband with suspected mitochon-
drial disease. Pathogenic mtDNA variants can be SNVs or small
indels affecting either protein-coding or mitochondrial tRNA
variants, or large-scale mtDNA rearrangements such as the
‘common’ 4977 bp mtDNA deletion, though these may be highly
variable in size [23, 24].

As a consequence of the transition to a ‘genomics first’
diagnostic approach, mtDNA testing is typically undertaken early
in the diagnostic pathway via analysis of blood and/or urine DNA,
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. Diagnosis confirmed
Strategy One - routine referrals positive result Referral & follow up
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recommended specialist clinician;
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L ) sequencing (ideally blood DNA) 2 Use muscle biopsy
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Fig. 1 Overview of genetic testing strategies for mitochondrial disease patients. Upper panel: blood sample received. Strategy 1, a more

targeted approach, may be appropriate for routine referrals or where there are barriers to parallel testing. Strategy 2 permits a more rapid and
thorough, but more expensive, testing strategy and is amenable to both routine and clinically urgent cases, such as critically ill paediatric
patients. When adopting Strategy 2, simultaneous testing of both mtDNA and nuclear DNA is recommended if resources allow; if sequential
testing is required, mtDNA testing can be prioritised due to reduced cost and turnaround time. Lower panel: muscle biopsy received. As
muscle biopsy is no longer widely used in first-line diagnostics, this pathway will typically apply if genetic analysis of blood DNA does not

identify a cause or is inconclusive.

as outlined in the algorithm (Fig. 1). However, it is important to
note that muscle remains the preferred sample type for detection
of some mtDNA variants (e.g.,, MT-TP m.15975T>C) and for large-
scale mtDNA rearrangements; therefore, muscle biopsy may be
required if blood/urine analysis does not identify a genetic
diagnosis.

MtDNA testing is increasingly moving towards first-line whole
mtDNA sequencing by mtDNA NGS, WES or WGS, as NGS costs
continue to drop and bioinformatic pipelines become increasingly
efficient and sophisticated. WES and WGS capture allow simulta-
neous analyses of both nuclear and mtDNA genes, as discussed
above. Nevertheless, targeted testing for common mtDNA variants
and large-scale mtDNA rearrangements can still be appropriate
and cost-effective. Table 1 provides recommendations for the
minimum level of appropriate targeted mtDNA testing for the
most common diagnostic referral reasons, as well as guidance on
more extensive testing that may be warranted.

Nuclear gene testing in a proband with suspected mitochondrial
disease. Pathogenic variants in >300 nuclear-encoded genes are
known to cause mitochondrial disease and may be associated with
autosomal dominant, autosomal recessive, X-linked or de novo
inheritance patterns [25]. Nuclear genes encode proteins that are
essential for mitochondrial structure and function. These include
structural subunits, assembly factors and cofactors of the respiratory
chain enzyme complexes, as well as proteins of the mtDNA
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translation machinery, mtDNA maintenance, mitochondrial import
channels, and mitochondrial fission and fusion, among others [26].
Depending on the clinical indication, testing may be single gene
based where a genotype-phenotype occurs, or more frequently as
gene panel-based NGS, WES or WGS. When adopting gene panel
analysis, it may be appropriate to analyse other gene panels for
clinically similar but non-mitochondrial differential diagnoses (e.g.,
other metabolic disorders, leukodystrophies or cardiomyopathies); in
some cohorts, non-mitochondrial diagnoses may even outnumber
mitochondrial diagnoses [27]. Gene-agnostic WGS/WES is also
increasingly being adopted, for which parent—child trio analysis is
recommended where possible (as trio adds valuable data to aid
variant interpretation). This could be either as a first-line test (for
example, in urgent paediatric referrals), or an additional test for other
referrals with a strong clinical suspicion of mitochondrial disease
where gene panel-based testing has not identified a diagnosis.

Table 2 summarises nuclear-associated mitochondrial disorders
and provides guidance on appropriate referrals for both single-gene
testing (including common pathogenic variant screening within a
single gene) and panel testing; the table also includes information
on the minimal appropriate gene content of panels.

Specific single gene testing remains a valuable simple and rapid
first-line test when the associated disorder is common, for treatable
disorders with a characteristic phenotype, when there are common
founder variants(s), and/or if biochemical evidence points to a defect
in the particular gene.

European Journal of Human Genetics (2023) 31:148-163
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® POLG-related disorders represent one of the most common

3 36 3 &6 inherited mitochondrial disorders. Screening of four autosomal
% 95 79; 95 recessive pathogenic variants/alleles in the POLG gene that are
- > 2E > 2E common in the European population may be prioritised in the
£ £ é gg\ £ % %; first instance: ¢.1399G>A p.(Ala467Thr), c.1760C>T p.(Pro587-
8 2 2s8 2 3E¢ Leu) in cis with c.752C>T p.(Thr251lle), ¢.2243G>C p.(Trp748Ser),
5 s & £9 s & £9 and c.2542G>A p.(Gly848Ser) (NM_002693.3) [28-30].
£ < 27 § = = E§ ® Biallelic pathogenic variants in TYMP, which encodes thymidine
2 % % £ : Z% % £ = phosphorylase (TP), cause mitochondrial neurogastrointestinal
2 5 §m 3 5 5 ‘g.w 3 5 encephalomyopathy (MNGIE). Biochemical results, i.e., elevated
'g < E 52 T3 E ) T3 plasma levels of thymidine and deoxyuridine and/or reduced TP
& 2 Z82%55 ZR82%6 enzyme activity, may point to a defect in TYMP.
® Biallelic pathogenic variants in SLC19A3 cause thiamine meta-
27 » o bolism dysfunction syndrome-2 (THMD2), also known as biotin-
c3 3oy °g responsive basal ganglia disease (BBGD). Early administration of
v > S5 =5 ] .2 A
58 $ 4 $ 9 high doses of biotin can result in clinical improvement.
8A g 3 5 5-8 g ® Autosomal recessive TMEM70-related complex V deficiency, also
-8% ha gg 5 gg known as mitochondrial complex V (ATP synthase) deficiency
8o 88 23 3 £y nuclear type 2 (MC5DN2), is common in the Roma population.
25 mo%ec @3¢ A founder pathogenic variant in this p:)pulation has been
NSNS ol AT e Y described and may be screened initially if appropriate (c.317-
. g = g z o9 £ z o9 2A>G NM_017866.6) [31].
§: T o8 ° o s = _a s Nuclear gene analysis may be more comprehensively
a = Q%’ Q £59Y @ £3% performed by interrogation of multi-gene panels by next-
2 >3 88 Y222 ¥ez= generation sequencing. The genes included in these panels are
w @ 35 2-8§ 3-TE c . e
F <Y =3 =S8£3=8EF collated based on related clinical phenotypes. Within the UK,
PanelApp [32] offers a valuable resource for the curation of
nuclear gene panels for genetic testing, including mitochondrial
- disorders. These panels are regularly reviewed and updated in
=) = light of current literature and data from diagnostic and research
v L laboratories. As indicated above, due to clinical overlap with
T < << non-mitochondrial disorders, it may be appropriate to simulta-
; 5 @ E w6 neously analyse other gene panels, particularly if WES or WGS is
2 ES ESo undertaken.
= o €& K] E% (V) (U]
ET8 8o 2= <= , o
2 nc D S B For nuclear mitochondrial disorders, nuclear gene panels can be
£ oo oo JF NS Vi
E 95 955 MLk mie subdivided as follows:
£ 5S¢ SeeE+eS S

® Comprehensive mitochondrial disorder nuclear gene panel,
including all known nuclear genes associated with Mendelian
mitochondrial disease; with the shift in paradigm from ‘biopsy
first’ to ‘genomics first’, this panel is now becoming the most
relevant test for patients with a strong clinical suspicion of
mitochondrial disease (where a nuclear defect is suspected).
® Targeted nuclear gene panels when there is a specific enzyme
deficiency, evidence of an mtDNA maintenance defect, or
specific phenotype:
® OXPHOS complexes, assembly factors and ancillary proteins,
i.e, gene panels for complexes |, II, lll, IV and V deficiency.
® mtDNA maintenance disorders, due to a diverse group of
nuclear genes that function in several aspects of main-
tenance of mtDNA including replication, maintenance of
nucleotide pools, and mitochondrial fusion and fission;
pathogenic variants in these genes result in defective
mtDNA synthesis, causing accumulation of multiple dele-
tions and/or depletion and ultimately impaired OXPHOS
energy production.
® Liver presentations, particularly appropriate in infants with

Stroke-like episodes, typically before age 40 years

oropharyngeal weakness, and variably severe

Typically, adult-onset ptosis, paralysis of the
proximal limb weakness

Sideroblastic anaemia of childhood;
Pancytopenia;

Exocrine pancreatic failure

extraocular muscles (ophthalmoplegia),

Phenotype details
>’ used to indicate the order of tissue type preference if all sample types are available; in reality, blood is typically tested first as the most readily available target DNA source.

Guidance on the minimum recommended level of mitochondrial DNA testing for the most common diagnostic referral reasons.

(%]
8 acute liver failure where mitochondrial liver disease is
= suspected/possible.
- ®) ® Pyruvate dehydrogenase (PDH) deficiency, due to defects in
g S o S g genes encoding the core subunits of PDH or proteins
E EE S5, 2 involved in the regulation or biosynthesis of cofactors.
c 7T $2 a
o g € o 8—
Y a @ =g &
. 2 c ﬁ,—‘, = . .
=~ HOINS 2 Y Family testing
L 9 3 = <) A . . . . . . o
=2 £ 9 iy = Following a genetic diagnosis of mitochondrial disease, it is
= a o a O (%]

recommended that the proband (and their family) are referred to

SPRINGER NATURE European Journal of Human Genetics (2023) 31:148-163



E. Mavraki et al.

153

sjuswabuesseal
VYNQIW 39|eds-abie
sisAjeue Jaqwinu
Adod yNaIw

ddueuURUIRW puR
uonedijdal yNgIw

Bunsal YNQIW
o1eudoidde
104 | d|qeL

ul sadAyouayd
0} J9)3Y
9jendoidde

se sjpued
auab JespnN

Bunsal yNQIw
9jendoidde
1o} | 9|qel

ul sadfyouayd
0} I9)9Yy
9jendoidde

se sjpued
auab JespnN

|]oued auab
Japlosip
ERV=IVEMVILITY

VNG [elpUoy301N
570d

(L7L

-LW) D<VEPZEW

Bunsal YNQIW
9leldoidde
104 | d|qeL

ul sadAyouayd
0} I3y
91eudoidde

se sjpued
auab JespnN

VNQ@w Ajjenadss
‘Bunsan
dayyiny a|qissod

BYIO
solweuAp |elpUOYd0N

SdueuSUIeW
pue uonedidal yNQIW

|043U0D
Ajjenb ui@i01d jeupuoyd0U

uonedyIPOW YN}

SdueUSUIEW
pue uopedijdas YNQIW

101084 A|quiasse SOHJXO

9seyjuks

dlV [eupuoyd01w jo sissuabolq
9y} Ul paAjoAul uisoid
SueIqWAW [BLIPUOYI0MA

Jauodsuesy sujwely

|1PRIN/BUIWAYY

03 dulpuNAxoap/aulpiwAyl

jo uonejfioydsoyd sasAjered
‘(d1) 9sejfioydsoyd auipiwAyl

VYNQ3w jo uonedjjdai
1o} paiinbai ‘ewweb ssesswAjod
VNG jo nungns dnfjele)

uonpung

vi1Xg4 ‘TWNA
LYdO ‘N4

dWAL YNML VEJOL
‘DIL ‘197DNS ‘TYIdNS YVYSTI1S ‘TNYY ‘LHISYNY
'9170d D70d ZLAIW “LIWOW TYNA H%0N5Ad ‘“Lygv

£5dS ‘T1ED4Y
NWYL

MNML D10d “ZLAdW YONDA
11508

0/WIW.L

EV61I1S

dWAL

5704

<P31s1] a1e jJua3u0d suab ddyjsueq
uo paseq sauab ‘sjpued auab 10j—(s)ausn

"9seasIp |elpuoyd0)W padadsns yum puegosd e ur Buiisal ausb JespnN

uopidsns |po1ul> buoss

suonsjap YNgIw

aydiynw Jo uonajdap YNGIW Jo aduaping
suonsep YNgiw ajdiynw

YUM O3d ‘sswoipuAs uonsjdap YNAIW

uondunsAp

[DLPUOY03IW P3IDAASNS YIIM ISDISIP JoAIT
a.njIpj J2AI| 3J13UDJUI JUSISUDI |

2In[Ipy JaAJ] 21N2D 3[1IUDJU|

9seasIp J9AI

fuanyap A xajdwo>

uiblio uonpindod pwoy

Jo Aupnonpd ‘uomidsns [pajul> buoss
AyredoAwoip.ed

-0jeydadus [eLpUOYD0}IW [e}eUOSN

uopidsns [pojuld buoans
Ayzedojeydadus 3suo-pooyp|iyd

Anpp dJ pasnpay

aulpunAxoap

/aulpiwiAy) Jo sjaAa] bwispjd paipAdlg
ssauyeam [eisip

‘Ayredoinau |essyduad BuneulpAwsp
‘Ayredojeydaduaoyns| ‘03d
‘ANowssAp |eunsaluloslseb aAIssai60id

Ad1x0) 23p0IdIDA

winipos “1apiosip aubuajuibw YNGIW
pajadsns ‘vixpip ‘Ayipdoinau ‘Asdajidy
03d 01 SWOIpUAS

si9d|y wouy ajqeuen A|ybiH

suospai
[p443424 jpridoiddp/adfyouayd

(@v "gv) Jspiosip
SdueuURUI_W YNQ [BMPUOYIOHN

(4v) 24n|iey
J3AI] 3|13uBUI JUBISURI) Buipnjpul
‘9Se3SIP JDAI| [_UPUOYIOHIA

sjaupd auab ipapnpy

(S1p33p 4aYyMny

10§ 1X3} UIbW 3y} 0} J3JaJ) pasitioud

aq Aow bunsa) JubLIDA UOWWOD)
(YY) T 2dAy seappnu Aduspysp
A X3]dwod [epuUOYdoUN

(V) (9sessip
eljbueb |eseq anisuodsai

-unoIq Se UMOUY OS|e) Z-dWOIpUAS

uondUNSAp wisijogeidw aujwely|

(4V) AIDNW) AyredoAwojeydadua
_mc_umwuc_o\_ummmohsmc

[eHPUOYIOHI

(SIp33p 43Yyuny

10§ 1X3} UIbW 3y} 0} J3Jal) pasitiold

aq Aow buisa) JubLIDA UOWWOD)
(av Ajpes
‘YY) SI9pIOSIP Pa1eRI-D70d

§352) auab ajbuis

i3piosip/uonedIpul [ed1ul]d

‘T ?|qelL

SPRINGER NATURE

European Journal of Human Genetics (2023) 31:148 - 163



E. Mavraki et al.

154

]oued auab
Jea|pnu Jspiosip
|epuoyd0HW
anIsusyaidwod

|oued auab
Jea|pnu Jspiosip
|epuoydoHW
anIsusyaidwod
Bupuanbas
VNQW 3joym

|]oued auab
Jea|dnu Japiosip
JeLpuoydoNwW
dAIsUdya1dwod
Bupusanbas
VNQiw sjoym

|]oued auab
Jes[pnu JspJosip
|elpuoydoUW
anIsusyaidwo)
Bupuanbas
VNQiw s|oym

|oued suab
Jes[anu Jsplosip
|elpuoyd0oUW
SAIsuaya1dwo)

|oued auab
lespanu Jsplosip
|epuoyd0UW
SAIsUaya1dwod
Bupuanbas

VNQIW S|oym

VYN@w £jjenadss

‘Hunsay
13Yyuny 3|qissod

puMouNUN/IBYIO

pusijogelsw 103e40d
104 patinbai sisniodsuel|

psIsayiuhsolq 101oej0d
pSISUIUASOIq (S-24) Unyns-uoy|
uone|nbas HAd

x3|dwod
HAd 941 Jo suungns 210D

sauoJadeyd pue si01dey
Alqwasse A xa|dwo) SOHXO

suungns A x3|dwod SOHdXO
Y10

uonejnbai jeuondudsueny pue
uonesyipow/buissadoid yNY

sauosadeyd pue sio}oey
Ajquissse Al x3]dwod SOHAXO

suungns Al xa|dwod SOHJXO

mwco\_meF._u pue sioloey
Alqwsasse || x3|dwoD) SOHJXO

suungns || x3|dwod SOHdXO

SJo)oe}
Ajqusssse || xa|dwod SOHJXO

suunqgns || xa|dwo) SOHdXO

sio1oey
Ajqussse | xa|dwoD SOHIXO

mu_CJDJm K10ss900e _UCN
suunqns | xa|dwod SOHAXO

uoipung

LdNOT "HO8IH v1Xg94 ‘ISHD3

9ZvSZI1S '61VSTI1S ‘€V61D1S ‘TV61ITS
INdL ‘2LdIT ‘1LdIT ‘SVIT

LN4N ‘2vDSI ‘LYDSI "ZSV8l ‘SXd1D ‘€109
1dad

XHAd ‘9HAd ‘IvYHAd ‘d1d 1v1a

0ZWAWL ‘T4VdLY
aldsdiy
LODV.L ‘20DS ‘10DS ‘11dOdY

JYddyT ‘TANLSYA

144NS ‘00113d
‘P¥4NAN 0ZX0D ‘S1X0D ‘7IX0D 01X0D Z¥0D ‘9v¥0D

g/X0D ‘Lg9X0D ‘L¥9X0D

2200N ‘61DLL ZWEAT 1LSD9
g420N ‘I1DAD

L4YHAS
dHas ‘vHAs

g9¢IWANL
“1d9NN ‘84¥4NAN ‘94V4NAN ‘S4¥4NAN ‘v4Y4NAN
‘€4V4NAN ‘2dv4NAN ‘L4¥4NAN ‘LdI¥X04 ‘6a@vDOVY

ZA4NAN ‘IAINAN

‘8S4NAN "£S4NAN ‘9SINAN +SINAN ‘€SINAN ‘ZSINAN
‘LSINAN ‘894NAN ‘€94NAN ‘L L84NAN ‘6V4NAN
‘OV4NAN ‘2¥4Nan ‘LLY4NAaN ‘0LY4NaN ‘LvY4NaN

<P31s1| a1e jJuazuod suab ddyjsueq
uo paseq sauab ‘sjpued suab 10j—(s)ausn

Aouanyap HAd Jo auapiAd [pIIWYI0Ig
uopidsns |poiul> buoss

wnsojje> sndiod

91 Jo sisauabsAp “4spiosip |ed1bojoinau
‘SwoipuAs ybi1a buipnpul sjqeliep

fouapyap

A X3|dwiod Jo a2uapIA3 [DIWAYD0Ig
AyzedoAwoip.ied

‘SwolpuAs ybia Ajuiepy

fuapyap

Al X3jdwiod Jo 22u3pIAa [DIIWaY0Ig
‘AyredoAwoip.ied

‘SwolpuAs ybia Ajurepy

fuapyap

Il Xajdwiod Jo acuapina [D2IWAY0Ig
sisopioe Jejngnj [eual

‘9seasIp J9AI| 4apiosip [ed1bojoinau
‘SwoipuAs yb1a buipnjpul sjqeriep

fouapyap

|l Xajdwio> Jo 22uapIAS [PIIWAYO0Ig
qPWOIPUAS

yb197 ‘Ayredojeydadusoynan

fouapyap

| X3|dwiod Jo 22U3aPINAS [DIIWIYD0IG
AyzedoAwoip.ed

10 J9pJosip |es160]0INau ‘DUWoIpuAs
yb6197 19suo-pooyp|iyd/[ereuoau Ajurep

suospai
[p443j3.4 djpridoiddp/adyousayqd

(@v Ajpaes ‘gy ‘pasjul-X) Adusysp

(Had) eseusboipAysp areanihd

(YY) Aouapyap A xajdwod
Y3IM JSPIOSIP [_IPUOYIOHIA

(Yy) Aouapyap Al xo|dwod
YNM JSPIOSIP [eLPUOYDOUA

(¥y) Aouapyap |j| xa|dwod
YLIM I9PIOSIP [eLPUOYDOUIA

(av Apaes
"4y) Aouspysp || xodwod
YlIM JSPIOSIP [eLPUOYDOUA

(Pa3ju|

-X A21e1 ‘Yy) Aouapysp | xajdwod

UM I3PIOSIP [eLPUOYIONA|

i3piosip/uoned1pul [ed1ul))

psnunuod  °g 3|qel

European Journal of Human Genetics (2023) 31:148-163

SPRINGER NATURE



E. Mavraki et al.

155

"aseuaboipAyap a1eanifd o1 pajejaiun skemyied ul uonduny osje sausb asayl,

'sasoubelp [ennuaJIaIp 9|qIssod |eI9AS JO SUO S| 9SEISIP [eLPUOYD0)IW

2I3yM s|elsjal 10} Jo/pue pauleIqo aq ued oL pjiyd-jualed e wouy sajdwes aiaym s|edsaal dureipaed Juabin 1oy Alieindnied ‘sjqejieae yi ‘A6srels Bunsal saneusslje syeudoidde ue st SOAN 10 ST dsoube-susn,
'14VHAS Pue gHAS ‘YHAS SpNn|Pul UOieIdOSSe 3sessip Pale|ai-|eHpuoyd0iw yum WINO

ul passi| Apuawind aie eyl sauab pajerdosse || x3|dwo) [06] Ul PamalAdl dle pue (ewol|buebeled pue ewoikdowoiydoayd) Jadued o} uoisodsipald Yum PalelDosse ale sjuelieA XHQS JURUILIOP J1[3|[e-OUO,
'9sn dl3soubelp YN 104 SUOISIAA JJo-paubis 1sa1e| BY) JO JU1U0d duab 1oy pue sayepdn Joy ausgam ddyjaued ayi o) 19y ued

SI9S( ‘PAYIIUSPI S| SUOIIRIDOSSE SeISIP-aUdD JO AdUSPIAS MdU se sayepdn Jejnbal saiinbai sjpued auab Jes|dnu Jo JUSIUOD) d)ep 0} UOIIRIDOSSE 3seasIp Pa1iodal ou Yim Ing uolduny [ed1bojolq umouy uo paseq
sauab 91epIpued pue UOIIRIDOSSE 95EASIP-2USD JO DDUSPIAD PaliWI|/21RIDPOW YUM sauab Jaquie, yons ‘sjpued asayl ul sausb jeuonippe spnjpul 01 Ysim Aew sauolesoge] “(ddyjaued uo ,ssusb sespnu—iIspiosip
Jelipuoydolw 3|qissod, pawual si ydiym ‘|pued susb 1eajdonu JSPIOSIP [eLPUOYI0IIW dAISUSYIIAWOD) 3y} J0) £ L UOISISA 1d20Xd sjaued ||e J0j 'L SUOISISA dJe 9S9Y1) ZZ0Z I19qWIDAON S JO Se 92In0say s|aued
1O PaubIS 921AI9S SUDIPSIA JIWOUSDH SHN 9yl woly ‘paisi| aie sauab ,usa.b6, ddy|sued */s|pued,sno> pue|buasdiwousb ddesued//:sdiy pue pn-od puejbussoiwousb-ddejpued-swbsyu//:sdny :ddyjaued,
‘eibajdowieyiydo |euisixe aAIssaiboid 074 JUeUILIOP [PWOSOINE Y ‘DAISS9I24 [PLIOSOINE Yy

‘s|aued jo juajuod duab ajeudoidde

JewiulW UO uoleWIOUI pue s|elud)as dleudoidde uo aduepinb Buipnpul ‘esessip |eupuoydonw Arewnd paadsns yum syusned Jo sjenssyal disoubelp sullnos Joy sisel [pued pue sausb Jeapnu 91buls

49410

siIsayluAs unoig

uonepixo-g pioe A1eq

324> yOL pue dAd
sisayluAsolq 01D swAzus0)

uodwi ueyoid
‘s;apiodsuel ‘siaued

SJ0}oejoD

solweulp
pue sueIquSW [eLPUOYIOUA

uone|sues|

syusauodwod
aWOSoql |[eLPUOYD0HIN

S95P19YIUAS
VN1 |[Aoeoujwe |eLipuoyd01A

uopesyipow/Buissadoid YNY

buisssd0id uisrold

VNQ@w Ajjenadss
‘Bunsan

13Yuny 3|qissod uonpung

YNXHS ‘LdIVNLY
‘LNJIW ‘13HLT ‘0LAHOHD ‘d901LD ‘X1dY ‘0LONY

aig

Ha413

Zvdd Od ‘LOdW ‘THAW ‘H4 ‘YSVD 20DV

6002 ‘9800 ‘Y8DOD L00D ‘900D YDOD ‘TDOD

V8WWIL ‘OSWWIL ‘TYSTDTS ‘8EVSTITS
‘TEVSTITIS ‘EVSTDIS ‘TIVSTITS ‘IVSTI1S L908Y

7ssad ‘1SSad ‘IXVN
‘DIAYN '¥23IW ‘NDSI ‘SDTH ‘SDDH ‘LavTd ‘¥Xdd ‘zxad

ZV1 ‘9pVSZITS ‘LOVYHIS ‘8¥1dNd ‘€VdO
‘LOLSW 44V ‘LdYaD “TLWNG ‘0441061 ‘VEQYLY YOV

WANL ‘W4SL ‘LANWY ‘TWHD ‘LINAD ‘4441

v 1dYW "ETdYN "YESIYW ‘CZSAYN ‘TSI

ZSYYA ‘TSHYM ‘TSYVA ‘TSHYS ‘TSHYYH

‘LISHO ‘zSdYd ‘TSHVYN ‘TSHYN ‘TSEVT ‘LSYVY ‘TSHYI
‘TSHYH ‘1SYVYD ‘TSHY4 ‘TSHYT ‘TSHYA ‘TSYVD ‘TSHVY
LINYL ‘SLWEL D0LLWYL “LLIEL ‘1SN ‘ILdNd
‘dYdLW ‘LOLW LWHLW 019/ 1aSH ‘€d9d1D ‘2Ov13
SJVS ‘9DdWd ‘VIdNd ‘dIdIW

‘CVYLH ‘1ddSH ‘Y345 ‘61DMYNQ ‘dd1D ‘9d1D ‘LW4IY

anoqe sjpued ul paisi| ssusb ||y

<P31s1] a1e jJua3u0d suab ddyjsueq
uo paseq sauab ‘sjpued auab 10j—(s)ausn

Aouanyap awAzua uiby>s Aioipiidsal
pauIquIOD JO IUBPIAD [DIIWAYI0IG
(papnjxa uaaq

2ADY SJUDLIDA YNQ@IW J0/pub pajdadsns
SI 129Jap ID3INU D IdYM) 3SDISIP
bLUpuoyd0)W jo uopidsns [paiul> buoss
s|qene A|ybiH

suospai
[p443424 jpridoiddp/adfyouayd

(PMuII-X ‘v
‘YV) ,|oued ausb Jesdnu JspIosip
Jelpuoyd0)W aAISuUsYaIdwod)

i3piosip/uonedIpul [ed1ul]d

panupuod> ‘g 3jqelL

SPRINGER NATURE

European Journal of Human Genetics (2023) 31:148 - 163


https://nhsgms-panelapp.genomicsengland.co.uk/
https://panelapp.genomicsengland.co.uk/panels/

E. Mavraki et al.

156

clinical genetics or a specialist mitochondrial service for appro-
priate genetic counselling and family follow-up. Recurrence risk
and risk to other family members is dependent on whether the
diagnosis is due to a nuclear-encoded gene or an mtDNA variant.

In families with a nuclear gene diagnosis of mitochondrial
disease, counselling and further family testing is related to the
mode of inheritance of the specific gene (autosomal dominant,
autosomal recessive or X-linked).

In families with an mtDNA-related diagnosis, inheritance may be
de novo or matrilineal and male patients are not at risk of
transmitting mtDNA variants to their offspring.

Testing of asymptomatic children below the age of 16 that have
a family history of mtDNA-related mitochondrial disease is
particularly challenging and routine practice in the UK is not to
test these children. Clinical investigations such as an echocardio-
gram may be performed in children over the age of 5 years, to
ensure there is no evidence of cardiomyopathy. Continued cardiac
monitoring may be offered and this should be considered on a
case-by-case basis. It is recommended that laboratories discuss
referrals for genetic testing of asymptomatic children with
specialised clinicians or clinical geneticists wherever possible prior
to testing.

Additional considerations of the familial risk of mtDNA variants
are detailed below.

Mitochondrial DNA single-nucleotide variants (SNVs) and duplica-
tions. These may be transmitted through the maternal line. The
risk of inheritance to other family members depends on the
genetic status of the proband’s mother. If she is heteroplasmic for
a pathogenic mtDNA variant all her maternal relatives may be at
risk of also having the variant. The variant level in the mother of
the proband, influences her risk of developing symptoms and the
risk of transmission to any other offspring she may have, though
this is unpredictable due to the mitochondrial bottleneck. The
clinical variability that may be observed within the same family
may be due to variation in mutation load and tissue distribution
differences between sibs and other maternal family members [33].
For females who are homoplasmic for a pathogenic mtDNA
variant, all their offspring will be expected to inherit the variant.
Variable penetrance and clinical variability can also be observed
for homoplasmic variants (e.g, LHON-associated pathogenic
variants and also MT-TI m.4300A>G).

Single mtDNA deletions. These are generally sporadic (de novo)
and therefore in the absence of any family history the risk of
recurrence to any siblings of the proband is considered low. A
clinically affected female with an mtDNA deletion is estimated to
have a 1 in 24 risk of transmitting the deletion to her offspring [34].

Testing of extended family members. Maternal relatives may be at
risk of inheriting the familial mtDNA pathogenic variant and
therefore testing can be offered as appropriate. Ideally, cascade
testing of closely related family members should be carried out
first in order to inform risks to more distant relatives.

Reproductive options and associated genetic testing

Reproductive options and prenatal diagnosis for nuclear variants.
Reproductive options and genetic counselling for couples with a
known family history of mitochondrial disease due to a nuclear
gene defect is similar to other Mendelian conditions. For
autosomal recessive conditions, it is recommended to confirm
parental carrier status prior to offering prenatal diagnosis (PND).
PND may be offered by chorionic villous sampling (CVS, usually
between 11 and 12 weeks gestation) or by amniocentesis usually
later in pregnancy (15-17 weeks gestation). Testing of the CVS or
amniocentesis may be carried out on direct extractions or cultured
cells either by Sanger sequencing or other targeted approaches. It
is essential that testing for maternal cell contamination (MCC) is

SPRINGER NATURE

also carried out on the foetal DNA tested to exclude gross
contamination that may affect the interpretation of the results.
Guidelines for such testing are presented elsewhere [35].
Preimplantation genetic diagnosis may be also available in
specialised laboratories usually following national guidelines for
authorisation and approval of such tests.

Reproductive options and prenatal diagnosis for mtDNA variants.
Due to the strict maternal inheritance of mtDNA, male patients
harbouring a pathogenic mtDNA variant can be reassured that
they are not at risk of transmitting the variant to their offspring.
Genetic counselling in female patients is often challenging due to
the complexities of mtDNA variant transmission resulting from the
effect of mtDNA bottleneck during oogenesis and prediction of
disease risk. Available reproductive options may also differ
depending on the pathogenic variant involved and the variant
level. It is recommended that advice is offered by clinical genetics
clinics or specialised mitochondrial services where all available
reproductive options can be evaluated. In addition, it is
recommended that wherever possible, such counselling starts
early in a woman’s reproductive life as options can become
limited with advanced age and decline in ovarian reserve [36]. The
European Neuro Muscular Centre (ENMC) international workshops
have been valuable in developing guidelines for the management
of reproductive options in mitochondrial disease which may be of
interest to those wishing to explore this further [37].

The evaluation of risk of disease transmission in women
harbouring heteroplasmic pathogenic mtDNA variants when
seeking prenatal diagnosis, should include assessment of variant
levels in at least two different tissues (e.g., blood, urine, buccal) and
where possible, by testing other maternal relatives and any affected
offspring. This testing should be offered ideally in advance.

De novo occurrences of pathogenic mtDNA variants have been
reported [38]; however, it is important to consider that the variant
may be below the level of detection in the maternal tissues tested
and the possibility of maternal germline mosaicism cannot be
excluded.

Prenatal diagnosis by CVS or amniocentesis. Prenatal testing for
the prevention of mitochondrial DNA disease is a reproductive
option that is available to some females at risk of transmitting an
mtDNA pathogenic variant to their offspring. For a number of
common mtDNA variants studied, it has been shown that the
variant levels remain stable in the developing foetus after
approximately 10 weeks of gestation [39-41]; therefore, the
prenatal sample allows the risk of mitochondrial disease in the
resulting child to be estimated.

It is vital that prenatal testing for mtDNA variants should be
offered only on direct CVS/amniocytes and not on cultured cells
[33, 42] as levels of mtDNA variants can change during culture.
Recent publications [41, 43] have reported a small number of
cases with high variance between CVS heteroplasmy and
postnatal test results and also within placental samples from the
same pregnancy; these results can be considered in the context of
offering CVS, however, in our long-standing experience (unpub-
lished findings), we have not encountered any significant
discrepancies between levels of CVS heteroplasmy and prenatal
outcome.

Heteroplasmic mtDNA variants: Prenatal diagnosis can be infor-
mative for certain heteroplasmic mtDNA variants [44]. Prediction of
risk from mutant load can be difficult, in particular, where the
correlation between variant levels and disease severity is complex.
For the MT-TLT m.3243A>G pathogenic variant, a model has been
developed to enable predictions of likely outcomes below a
specified threshold based on maternal m.3243A>G level [45]. For
other variants with distinct segregation patterns (e.g., MT-ATP6
m.8993T>G p.(Leu156Arg)) a reliable prediction may be possible for
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most mutant loads [46]. For variants present at a high level in
maternal DNA, prenatal diagnosis is generally not appropriate.
However, a few exceptions have been described where markedly
skewed variant levels have been observed in the oocytes from a
female with high mutant loads [47], and prenatal diagnosis may be
informative. For apparently de novo mtDNA variants, prenatal
diagnosis may be available if requested for reassurance.

In addition, females with a family history of a pathogenic
mtDNA variant and undetectable mutant load in blood, have been
reported with a low risk of having an affected pregnancy [41].
Prenatal diagnosis is still available for these females for
reassurance, as the familial mtDNA variant may be below the
level of detection in blood or may be restricted in the germline.

Homoplasmic mtDNA variants: Prenatal diagnosis is generally
not appropriate for any homoplasmic variants (see the section
‘Mitochondrial donation (mitochondrial replacement therapy
[MRTI])). Prenatal diagnosis for the MT-RNRT m.1555A>G variant,
which is associated with susceptibility to aminoglycoside-induced
ototoxicity and non-syndromic sensorineural deafness, is not
considered to be appropriate, as this homoplasmic variant is not
associated with a severe neurological phenotype and testing can
be performed postnatally, potentially as a point of care test [48], to
inform tailored antibiotic prescription.

Single, large-scale mtDNA deletions: Single, large-scale mtDNA
deletions are often sporadic and thus the recurrence risk is low.
Risk estimates were evaluated in a study of 226 families where a
single mtDNA deletion had been detected in the proband [34].
Clinically unaffected women were highly unlikely to have more
than one affected child and clinically affected women had a 1 in
24 risk of having a clinically affected child. Prenatal diagnosis may
be available if requested for reassurance.

Preimplantation genetic diagnosis (PGD). PGD for mtDNA variants
involves quantification of the level of a pathogenic mtDNA variant
to allow for the selection of the most appropriate embryo(s),
based on mutant load and quality, for transfer. PGD is mainly
performed on a single blastomere from cleavage-stage embryos,
with the mutant load level in the biopsied cell indicative of the
mutant load level within the embryo [49]. Limited data exist for an
alternative approach at the blastocyst stage, with one report
presenting inconsistent results between the biopsy and postnatal
outcomes [50]. Foetal variant levels would be required to be
below the critical threshold for severe disease expression [25] and
the prediction of the percentage threshold below which clinical
symptoms are unlikely to occur later in adult life is challenging. A
threshold of <18% has been proposed [51]. However, the exact
threshold would need to be considered on a case-by-case basis as
it can be variable depending on the familial mtDNA variant
involved, previous familial transmission, clinical presentations
between family members, and local policies and procedures of
the centre offering the PGD service. Therefore, provision of PGD
should only be offered within specialised centres where compre-
hensive investigations of the threshold in each family can be
undertaken. Moreover, as PGD is a risk reduction procedure it may
only benefit women who are likely to produce oocytes with low
mutant load, further highlighting that specialist reproductive
counselling is required. PGD is not indicated for women that
harbour variants at high mutant load (with the exception of cases
of variants associated with distinct segregation patterns such as
MT-ATP6 m.8993T>G/C or m.9176T>C/G variants [47, 52]).

Mitochondrial donation (mitochondrial replacement therapy [MRT]).
Mitochondrial donation is an in vitro fertilisation-based technique
that can be offered to women harbouring pathogenic mtDNA
variants where other options are not viable (e.g., for homoplasmic
variants and/or heteroplasmic variants at high mutant load) and in
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countries/jurisdictions (such as the UK) where the technique has
been legalised. The two techniques currently used, maternal
spindle transfer (MST) and pronuclear transfer (PNT) are reviewed
in [25]. The use of this intervention is subject to national
legislation and guidelines. Further information regarding the
availability and suitability of this procedure should be sought from
the patient’s local clinical genetics services.

GENETIC TESTING METHODOLOGIES AND APPROACHES
Testing of mitochondrial DNA

Sample type considerations. The likelihood of detecting a variant
in certain referral categories is dependent on the sample type
and/or the age of the patient. Therefore, both need to be taken
into account when advising on the most appropriate sample type.
Details of preferred sample types for different variants are given in
Table 1, although blood is typically tested first as the most readily
available target DNA source and a diagnosis can often be made
preventing the need for invasive samples such as muscle biopsy.

In general, it is important to consider the following:

® Levels of some variants, such as MT-TLT m.3243A>G, decline in
blood with increasing age; the proportion of m.3243A>G in
blood DNA is reported to decline at a rate of approximately
1% per year [12] and so may not be detected in older patients
with milder presentations. In our experience, patients aged
over 40 years with mild symptoms, such as diabetes and
deafness, often have 1-5% heteroplasmy in blood DNA, which
may be missed depending on the testing methodology used.

® mtDNA rearrangements are also selected against and lost in
rapidly dividing cells such as lymphocytes, thus unlikely to be
detected in blood from adults that are >20 years of age [53].
NGS approaches raise the possibility of increased sensitivity to
detect mtDNA rearrangements in blood; however, it is
currently unclear whether this will enable reliable detection
of mtDNA deletions/rearrangements in blood from adults and
further studies are required.

® Urine can be a more appropriate source tissue compared to
blood and is less invasive than muscle especially for MT-TL1
m.3243A>G testing, as levels in urine correlate more closely
with levels in muscle and are stable over time [54]. Referral of
20 ml of an early morning sample would be sufficient for most
applications [55], although in our experience DNA quality and
quantity is highly variable and the failure rate in downstream
analyses is higher than for blood or muscle. In addition,
detection of single deletions may be possible in urine [56, 571.
However, it should be noted that in cases with a negative
result and where a strong clinical suspicion remains, the
referral of a muscle biopsy should be recommended.

® Muscle is a post-mitotic and often clinically affected tissue and
so is generally the optimal tissue for mitochondrial DNA
analysis. In addition, muscle biopsy is extremely useful for
histology, histochemistry and respiratory chain enzyme
studies to help investigate a diagnosis of mitochondrial or
other diseases. However, due to their invasive and costly
nature, muscle biopsies are no longer routine first-line
investigations. As discussed in the variant interpretation
section below, muscle biopsy can be important for functional
evaluation of variants of uncertain significance, both mtDNA
and nuclear DNA (e.g, mtDNA maintenance disorders), and
also to follow up (likely) pathogenic variants detected at low
levels in other tissues where clinical significance to the
patient’s symptoms may be uncertain. Muscle biopsies should
be snap frozen in isopentane and delivered to testing
laboratories on dry ice.

® Liver biopsies should also be snap frozen in isopentane and
delivered to testing laboratories on dry ice. They provide an
appropriate tissue for mtDNA depletion analysis in patients
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with liver disease. Similar considerations apply to liver biopsies
as for muscle biopsies, although the biopsy procedure is more
invasive and higher risk.

Testing for common mtDNA single-nucleotide variants. There are
several methods that are currently available for testing for
common mtDNA variants and the points given below should be
considered when laboratories are considering assay selection [58]:

® Sensitivity and specificity: absence of false negatives and false
positives respectively; ideally assays should have high
sensitivity and specificity.

® Limit of detection: to test for heteroplasmic variants, ideally
assays should be able to detect at least a level of 10%,
although this may be variable depending on variant, sample
type and reason for referral. For instance, a lower limit of
detection would be required when testing for MT-TL1
m.3243A>G in blood DNA from adults or familial testing for
other heteroplasmic variants compared to the level required
to screen for the common variants associated with LHON
which are often homoplasmic.

® Quantitative: this is preferable for determining an accurate
level of variant.

® Robustness: the selected method should have a low failure
rate and be reproducible.

Different assays are available that meet some or all the criteria
described above. These include:

® Pyrosequencing

® Real-time PCR

® Next-generation sequencing (NGS)

® Digital PCR/Droplet digital PCR

® Fluorescent restriction digest PCR followed by capillary
electrophoresis

® Restriction digest PCR followed by agarose gel electrophoresis

® Sanger sequencing

Note that both restriction digest/agarose electrophoresis and
Sanger sequencing methods are associated with a relatively high
limit of detection and may risk the production of a false negative
result. In addition, neither method allows variant levels to be
quantified accurately.

Variants detected can be confirmed using an alternative
method to exclude a false positive result. Common polymorph-
isms may interfere with analysis and lead to false positive or false
negative results. For instance, the presence of the MT-ATP6
m.8994G>A polymorphism may lead to a false negative result
when testing for the MT-ATP6 m.8993T>G/C variant by restriction
digest PCR (RFLP) analysis [59]. Therefore, if this assay is used,
testing for the polymorphism should also be undertaken, and if
detected, then alternative analysis for MT-ATP6 m.8993T>G/C
should be performed. In addition, co-amplification of nuclear-
encoded mitochondrial DNA segments (NUMTs) can lead to false
positive results, particularly low-level heteroplasmy, if primers are
not designed to avoid known NUMTs [60, 61].

Testing for mtDNA rearrangements. The key points listed above
also apply in testing for mtDNA rearrangements. When testing
muscle-derived DNA, the method employed should be able to
detect both multiple mtDNA deletions and single mtDNA rearrange-
ments. The limit of detection should be considered as single
rearrangements in the blood may be present at a low level, even in
children. Similarly, in patients with mitochondrial DNA maintenance
disorders, levels of multiple mtDNA deletions may be low in muscle.
Long-range PCR is a simple and quick method that is widely used for
routine mtDNA rearrangement testing, however, heteroplasmy
quantification and rearrangement breakpoint determination are
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not possible with this method. Determination of mtDNA rearrange-
ment breakpoints [62] and the level of rearrangement [63] may be
clinically useful for prognosis, or if the clinical phenotype is atypical,
quantification may assist with interpretation.

Various methods are available which include:

® Long-range PCR: selection of primers is crucial and they should
be able to detect the vast majority of mtDNA rearrangements
(i.e., amplify most of the major arc [64]).

® Southern blotting: is useful for both quantification and
characterisation of mtDNA rearrangements including deletions,
duplications and deletion dimers [65].

® Real-time PCR/quantitative PCR: may be useful for quantifica-
tion of mtDNA rearrangements [66].

® NGS/WGS: may be useful for determination of breakpoints and
potentially quantification of mtDNA rearrangements (if a PCR-
free library preparation method is used); also potential for
increased sensitivity to detect low levels.

Testing for mtDNA depletion. MtDNA depletion analysis is a
quantitative test to assess mtDNA copy number in a clinically
affected post-mitotic tissue (such as muscle or liver) in patients
with suspected mtDNA depletion syndrome (MDS). As a conse-
quence of the increased availability of nuclear gene testing (to
identify the primary genetic cause of mtDNA depletion syn-
dromes) and reduced frequency of muscle biopsy early in the
diagnostic pathway, mtDNA copy number analysis is now most
often undertaken if a definitive diagnosis is not obtained from
nuclear gene testing, i.e,, if no genetic cause is identified or if
VUS(s) is/are detected.

It is essential that data from normal control samples are used to
determine the range of normal mtDNA copy number variation for
each tissue type. In addition, an age-matched reference range may
be necessary from normal controls, as there is evidence that
mtDNA copy number changes with age [67, 68]. Currently, the
most widely used methodology for routine referrals involves real-
time PCR quantification relative to nuclear DNA. Other approaches
include droplet digital PCR [69], Southern blotting, NGS/WGS.

Evidence of reduced mtDNA copy number in muscle or liver
should be interpreted along with clinical, histological and
respiratory chain enzyme findings and cannot unequivocally
confirm a diagnosis of mtDNA depletion syndrome. In particular,
this is due to the possibility of sampling issues and/or mtDNA
depletion that is secondary to other non-mitochondrial disorders.

Whole mitochondrial genome sequencing analysis. Next-generation
sequencing is preferred over Sanger sequencing as it more cost-
effective due to its scalability and offers improved sensitivity in terms
of the lower limit of detection (provided read depth is high) and
accurate heteroplasmy quantification [70]. For instance, based on
binomial distribution calculations at a read depth of 500, there is
expected to be 99% probability that a 7.5% heteroplasmic variant
will be detected in 5% of sequence reads. It is essential that
laboratories also follow other relevant best practice guidelines that
cover Sanger sequencing and NGS methodologies [71, 72]. Depend-
ing on local validation and reporting policies, reportable variants
identified by NGS may need confirmation by an alternative method.
With the continuous development of sequencing technologies, it is
anticipated that alternative methodologies using emerging NGS/
third-generation sequencing platforms will be utilised in the future
for whole mitochondrial genome sequencing [73].

In addition to targeted NGS approaches, WES or WGS may be
utilised to sequence the whole mitochondrial genome. Obtain-
ing diagnostic-grade data (i.e., adequate sensitivity and accurate
heteroplasmy quantification) from WES or WGS is dependent on
read depth across the mitochondrial genome. MtDNA sequence
data from WES arises from off-target reads [21] and is highly
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variable depending on the exome kit used. Therefore, adopting
these approaches for diagnostic mitochondrial genome sequen-
cing requires appropriate validation by the testing laboratory.
Due to the possibility of false positive variant calls arising from
NUMTs [74] confirmation of mtDNA variants by an alternative
method is generally advisable.

Testing of nuclear-encoded genes

There are no restrictions on the appropriate sample type. As the
quantity of muscle and urine DNA is often limited and should be
prioritised for mtDNA analysis, laboratories may need to request a
blood sample for nuclear gene testing. As nuclear pathogenic
variants follow all modes of inheritance, the techniques adopted
for screening should be able to detect these with high sensitivity
and specificity and any limitations noted. Screening for patho-
genic variants in nuclear-encoded mitochondrial disease genes
may be carried out by Sanger sequencing for single genes or by
NGS for panels of genes (as detailed in the section ‘Reason for
referral and genetic testing strategies—nuclear gene panels’).
Generally, Sanger sequencing involves screening the genes
coding exons plus intron/exon boundaries; however, for genes
with known recurrent pathogenic variants outside these regions,
screening should be extended (e.g., when there are known deep
intronic variants [75]). For genes where recurrent pathogenic
variants may be common in certain populations, targeted analysis
(e.g., Sanger or pyrosequencing) can be carried out as a first-line
test. This is best exemplified in POLG screening, where initial
analysis for the four autosomal recessive pathogenic variants/
alleles common in the European population may be prioritised
prior to full gene sequencing (see the section ‘Nuclear gene
testing in a proband with suspected mitochondrial disease’). NGS
is generally used when the clinical indication requires several
nuclear genes to be analysed simultaneously. Selection of relevant
genes for panel design is detailed in the section ‘Reason for
referral and genetic testing strategies—nuclear gene panels’. With
NGS becoming more mainstream in diagnostic genetic labora-
tories in recent years, library preparation may utilise WES or WGS
followed by targeted analysis of the genes of interest. This also
offers the advantage of the application of other gene panels or
periodic data re-analysis if a molecular diagnosis is not found.
Alternatively, a targeted capture approach may be used. Best
practice guidelines that cover Sanger sequencing and NGS
methodologies validation are covered in [71, 72].

It is important to note that Sanger sequencing will not detect
deletions or duplications involving one or more exons, though
homozygous deletions could be suspected if they repeatedly fail
to PCR amplify. Detection of these large-scale rearrangements
requires copy number analysis, which is usually carried out by
MLPA (multiplex ligation-dependent probe amplification) or a
method based on analysis of NGS data (e.g., partial deletions of
MPV17 [76] and POLG [77].

VARIANT INTERPRETATION
Nuclear variant interpretation and classification of pathogenicity
should follow up-to-date guidelines, as presented by the American
College of Medical Genetics and Genomics and the Association for
Molecular Pathology (ACMG/AMP) [78], and relevant specifications
by the Clinical Genomic Resource (ClinGen). The Association for
Clinical Genomic Science (ACGS) has also evolved these guidelines
providing clarifications and code strength modifications which
undergo regular review. The latest version of the guidelines can be
found in the Quality section on the ACGS website [79]. It is
recommended that laboratories are stating on their reports which
guidelines they are using for variant interpretation and classification.
Pathogenicity classification of mtDNA variants is often more
challenging and the ClinGen expert panel has recently published
specifications of the ACMG/AMP standards and guidelines for
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mitochondrial DNA interpretation [80]. In addition to these
guidelines, a few brief key points are presented below to assist
any laboratories querying the pathogenicity of mtDNA variants:

® Use of dedicated mtDNA databases: the MITOMAP database
[81] represents the most comprehensive resource for mtDNA
variation (listing both benign and pathogenic variants) and is
updated regularly. The information provided includes locus,
disease phenotype, GenBank frequency and a link to relevant
publications.

® Frequency: Variant frequency must be considered when
assessing pathogenicity and this should be interrogated for
the general population. Variants with a frequency of =1/1000
curated GenBank sequences in the MITOMAP database or =1/
1000 homoplasmic sequences in gnomAD v3.1 [82] and
without any disease association are generally unlikely to be
pathogenic.

® Haplogroups: mtDNA haplogroups define geographic origins
of mtDNA variation accumulated during human evolution.
MITOMASTER can be accessed through the MITOMAP website
[81] and provides a prediction of the variant distribution in
different haplogroups that can be considered in the evalua-
tion of variant frequency.

® Heteroplasmy: The majority of pathogenic mtDNA variants are
heteroplasmic. The variant level must be accurately deter-
mined and it is essential that this be interpreted in the context
of the tissue tested. The variant level in a clinically affected
tissue should correlate with the clinical presentation and any
additional histochemical and/or biochemical findings.

® Homoplasmy: homoplasmic variants inherited from a homo-
plasmic clinically unaffected mother are unlikely to be
pathogenic. However, there are known pathogenic homo-
plasmic variants which exhibit variable penetrance (e.g., MT-
RNRT m.1555A>G, MT-TI m.4300A>G, MT-ND4 m.11778G>A
p.(Arg340His), other variants associated with LHON) and this
must be considered.

® Evolutionary conservation and functionality: amino acid and
nucleotide conservation between different species may be
evaluated for protein-coding variation using in silico predic-
tion tools. Special consideration should be given to mt-tRNA
variants where the impact on the canonical structure and
function should be assessed. Specialised databases for mt-
tRNA variants may be consulted [83]. MitoTIP [84] provided
through the MITOMAP database gives an in silico prediction
score that may be used in addition to other evidence, for the
assessment of mt-tRNA variants.

® Similar to the interpretation of nuclear variants, mtDNA variant
evaluation should incorporate and consider all related family
history and available clinical and histopathological findings.
Laboratories may wish to seek further advice from specialised
laboratories for interpretation of mtDNA variants.

® Muscle and other tissue biopsies may still be required to guide
further functional evaluation of prioritised variants and
provide evidence for establishing pathogenicity (see below).

Functional evaluation of both mtDNA and nuclear DNA variants
can be extremely helpful in providing further evidence for or against
pathogenicity. Muscle and/or other tissue biopsies may be required
for these studies, which can be carried out by specialised
laboratories. lllustrative examples include: single-fibre studies to
investigate mtDNA variant segregation with a histochemical defect
[85]; muscle histology and mtDNA deletion analysis to investigate
pathogenicity of a nuclear variant detected in a gene associated with
adult-onset mtDNA maintenance disorder; skin biopsy to measure
PDH enzyme activity when a variant of uncertain significance is
identified in a PDH deficiency associated gene.

It is essential to report the classification of the variant, i.e,
pathogenic, likely pathogenic or uncertain significance. Variants
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classified as benign or likely benign are not routinely included in
patient reports. It may not be appropriate to report variants of
uncertain significance. This is dependent on local practice and
whether further investigations/information may aid interpretation;
further UK guidance is available from ACGS [17].

REPORTING

A molecular genetics report represents a lifelong document for
the patient, their family and the referring clinician. It is therefore
crucial that the information provided in the report is comprehen-
sive, clear and succinct, and provides a full interpretation and
unambiguous answer to the clinical question asked. In addition to
outlining key limitations and stating the sensitivity and specificity,
the report should contain full details of the regions analysed (e.g.,
specific exons, genes, panels) and the methodology used (e.g., kit
references and versions used if applicable); alternatively, the
report should include a statement that this information is available
from the laboratory (or via a website). Guidance on general
considerations for diagnostic molecular genetics reporting has
been previously published [86, 87] and should be adhered to.

Variant nomenclature should follow current international
guidelines as described by the Human Genome Variation Society
(HGVS) [88] and gene naming convention should follow the
approved HUGO Gene Nomenclature Committee [89]. Any
reported coding variants should be described at the level of the
nucleotide and the predicted protein change; this is applicable to
both nuclear and mitochondrial DNA variants. The reference
sequence used should also be provided.

In any diagnosis of mitochondrial disease (nuclear- or mtDNA-
related), it is recommended that the report states any recurrence
risk and implications to other family members and advises referral
to clinical genetics or a specialist mitochondrial service for
genetic counselling and appropriate family follow-up. In cases
where no diagnosis has been reached (no variant detected or a
variant of uncertain clinical significance that may warrant further
investigation), the report should include a comment requesting
additional clinical information or other samples for further
appropriate testing (e.g., muscle biopsy); depending on the
extent of testing undertaken, it may also be appropriate to
comment on the potential to proceed to further testing/analysis
(e.g., analysis of gene panels for clinically overlapping non-
mitochondrial disorders, or gene-agnostic analysis). Special
consideration should also be taken when reporting mono-allelic
dominant SDHXx variants that are associated with predisposition
to cancer (pheochromocytoma and paraganglioma, reviewed
in [90]; this risk should be included in the report and referral to
clinical genetics recommended.

More specific considerations for reporting mtDNA variants are
given below:

® The tissue of origin (e.g. blood, urine, buccal, muscle, etc.)
should be stated in the report.

® The mitochondrial genome is conventionally numbered
sequentially with reference to a whole mitochondrial genome
reference sequence prefixed by ‘m.. The appropriate refer-
ence sequence to use is currently GenBank NC_012920.1. This
is a revised version of the Cambridge Reference Sequence [8]
which maintains some historical nucleotide numbering (from
the original Cambridge Reference Sequence) by indicating the
absence of a nucleotide at m.3107 as ‘N'.

® For reportable mtDNA variants, the variant level, if hetero-
plasmic, or homoplasmy should be stated where possible.

® The limit of detection of the methodology used for mtDNA
screening should be included.

® Interpretation of results should consider the age and sex of
patient, sample type tested, limit of detection and sensitivity/
specificity of the method used.
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® Pathogenic and/or likely pathogenic mtDNA variants that are
detected in a clinically affected patient at a mutant load that is
consistent with the clinical phenotype, should be reported as
confirming or consistent with a diagnosis of mitochondrial
disease.

® |[f a (likely) pathogenic heteroplasmic mtDNA variant is detected
at a lower mutant load in the tissue(s) tested than is likely to
cause the patient’s symptoms, then this may be an incidental
finding. Testing of additional tissues and advice from a specialist
centre may be helpful. If it is concluded that the variant does
not explain the phenotype, then it may be appropriate to report
the variant due to reproductive implications and risks to family
members; however, local policies on reporting of incidental
findings should be followed.

® The report should include comment regarding any associated
risk of developing (additional) symptoms, based on the
available evidence for the particular pathogenic/likely patho-
genic mtDNA variant. This is applicable to probands and their
relatives whether affected or asymptomatic. For pathogenic
mtDNA variants that are associated with skewed tissue
segregation, additional samples may be requested to further
refine risk when the initial analysis is carried out in blood-
derived DNA. In addition, for certain variants (e.g, LHON
primary pathogenic variants), the risk to extended family
members is complicated by sex and age-dependent penetrance
and this should be considered in the report.

® For female patients that harbour a (likely) pathogenic mtDNA
variant and are/or will be of reproductive age, the report should
include a statement that they are at risk of transmitting this
variant to their offspring and reproductive advice is available
from clinical genetics and/or a specialised mitochondrial
service. In addition, testing can be offered to their maternal
relatives as appropriate following genetic counselling.

® For male patients that harbour a (likely) pathogenic mtDNA
variant, the report should include a statement that they are not
at risk of transmitting the variant to their offspring. However,
maternal relatives remain at risk and testing can be offered as
appropriate following genetic counselling.

® When no pathogenic mtDNA variant is identified, the report
should include a statement that this result decreases the
likelihood of an underlying mtDNA genetic defect but does not
fully exclude this.

® For familial testing when the variant is not detected, the report
should include a statement that this result reduces but does not
completely exclude the possibility that the familial variant may
be present in other tissues not tested and/or at low levels that
are below the limit of detection of the method used. Therefore,
for females, where the familial variant is not detected, the risk of
transmission to any offspring is reduced but not completely
excluded.

® For prenatal reports, interpretation and conclusions should be
made on the basis of available evidence for the given mtDNA
variant including familial data. Further details are provided in
the section ‘Reason for referral and genetic testing strategies—
reproductive options and associated genetic testing’, although
ideally these reports should be issued by a specialist centre. All
prenatal reports should include the result of maternal cell
contamination testing.

QUALITY ASSURANCE

It is recommended that laboratories follow established good
laboratory practices in accordance with guidelines for quality
assurance in molecular genetic testing [91]. Furthermore, labora-
tories should aim to demonstrate compliance with internationally
recognised standards (e.g., ISO standards 15189:2012 Medical
laboratories) by achieving formal accreditation. Participation in an
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appropriate External Quality Assessment (EQA) scheme on an
annual basis is encouraged, as it provides independent evidence
of proficiency, facilitates ongoing quality assurance and compe-
tence, and promotes education. In addition, inter-laboratory
exchange of samples may be arranged wherever it is not possible
to participate in a formal EQA scheme.

DISCUSSION

Mitochondrial disease comprises a vast range of clinical phenotypes
due to the dual involvement of the mitochondrial and nuclear
genomes, which often makes clinical and molecular diagnosis
complex and challenging. This is further confounded by the unique
characteristics of mtDNA variants in terms of inheritance, hetero-
plasmy, and threshold effect. The recommendations presented here
were ratified by the UK's Association for Clinical Genomic Science
following UK-wide laboratory consultation and constitute an update
on previous guidance from the same group to include recent
advances in mitochondrial genomic testing. The objective of this
publication is to present these recommendations to an international
scientific audience and highlight current genetic strategies for the
molecular diagnosis of mitochondrial disease including aspects of
testing, interpretation and reporting for patients and their families.
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