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Abstract

Topoisomerase 3a (TOP3A) is an enzyme that removes torsional
strain and interlinks between DNA molecules. TOP3A localises to
both the nucleus and mitochondria, with the two isoforms
playing specialised roles in DNA recombination and replication
respectively. Pathogenic variants in TOP3A can cause a disorder
similar to Bloom syndrome, which results from bi-allelic patho-
genic variants in BLM, encoding a nuclear-binding partner of
TOP3A. In this work, we describe 11 individuals from 9 families
with an adult-onset mitochondrial disease resulting from bi-
allelic TOP3A gene variants. The majority of patients have a con-
sistent clinical phenotype characterised by bilateral ptosis,

ophthalmoplegia, myopathy and axonal sensory-motor neuropa-
thy. We present a comprehensive characterisation of the effect of
TOP3A variants, from individuals with mitochondrial disease and
Bloom-like syndrome, upon mtDNA maintenance and different
aspects of enzyme function. Based on these results, we suggest a
model whereby the overall severity of the TOP3A catalytic defect
determines the clinical outcome, with milder variants causing
adult-onset mitochondrial disease and more severe variants caus-
ing a Bloom-like syndrome with mitochondrial dysfunction in
childhood.
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Introduction

Mitochondrial diseases are a heterogeneous group of human disor-
ders that can be caused by variants in either the mitochondrial
genome (mtDNA) or the estimated 1,100 nuclear genes with protein
products that play a role in mitochondrial function (Russell
et al, 2020; Rath et al, 2021). All of the proteins required for the
maintenance and expression of mtDNA are encoded in the nucleus
and must be post-translationally imported into mitochondria in order
to act upon mtDNA (Chacinska et al, 2009). Each human cell typi-
cally possesses several thousand copies of mtDNA (Filograna
et al, 2021), which are replicated independently of the cell cycle in
order to maintain a sufficient number of mtDNA copies per cell.
Human mtDNA contains two canonical origins of DNA replication,
termed OriH and OriL, and is replicated by an unusual asynchronous
mechanism that results in a substantial delay between leading-strand
synthesis from OriH and lagging-strand synthesis from OriL
(Gustafsson et al, 2016). MtDNA is replicated by a dedicated protein
machinery that includes the mtDNA polymerase POLG, the replica-
tive helicase TWINKLE, the mitochondrial single-stranded DNA-
binding protein mtSSB and the mitochondrial RNA polymerase
POLRMT, which generates the primers for mtDNA replication
(Gustafsson et al, 2016). Pathogenic variants in genes encoding
mtDNA replication factors commonly manifest as an inability to
maintain a sufficient number of copies of mtDNA per cell (termed
mtDNA depletion) and/or the accumulation of deletions and point
mutations in mtDNA. Clinically, these mtDNA maintenance disor-
ders often exhibit a cluster of clinical features and ages of onset, from
severe and progressive neurological disorders in childhood, such as
Alpers syndrome and Leigh syndrome, to milder adult-onset disease
such as progressive external ophthalmoplegia (PEO), depending on
the severity and location of the variant (Gorman et al, 2016).

TOP3A is an enzyme that localises to both the nucleus and mito-
chondria. The TOP3A transcript contains two potential initiation
codons, M1 and M26. Translation from the upstream start site gener-
ates a longer isoform bearing an N-terminal mitochondrial targeting
sequence (MTS) that directs its import into mitochondria, while trans-
lation from the downstream initiation codon generates an
N-terminally truncated protein that lacks the MTS and is directed for
nuclear import (Wang et al, 2002; Wu et al, 2010; Tsai et al, 2016;
Nicholls et al, 2018; Menger et al, 2022). Proteolytic cleavage of the
MTS during mitochondrial import leads to mature mitochondrial and
nuclear isoforms that are almost identical at the N-terminus (Wang
et al, 2002). TOP3A is a topoisomerase; an enzyme that alters the
topology of DNA by creating temporary breaks in the DNA backbone
that can be used to remove topological stress or DNA interlinkages
(Vos et al, 2011). Type I topoisomerases, such as TOP3A, break one
strand of DNA thereby allowing the relaxation of negatively super-
coiled DNA as well as the separation of hemicatenated molecules. In
contrast, type II topoisomerases such as TOP2 create double-strand
breaks, required for the catenation or decatenation of dsDNA mole-
cules. In the nucleus, TOP3A forms a complex with the helicase BLM
and the OB-fold proteins RMI1 and RMI2 to form the BTRR complex

2 of 21 EMBO Molecular Medicine 16775 | 2023

Direnis Erdinc et al

(Wu et al, 2000; Yin et al, 2005; Singh et al, 2008; Xu et al, 2008). This
complex catalyses the processive removal of DNA interlinks from dou-
ble Holliday junction containing recombination intermediates in a pro-
cess termed dissolution (Raynard et al, 2006; Wu et al, 2006). Nuclear
TOP3A also interacts with the DNA translocase PICH to induce posi-
tive DNA supercoiling, which is believed to facilitate the decatenation
of sister chromatids by TOP2A during mitosis (Bizard et al, 2019). In
contrast, the mitochondrial isoform of TOP3A appears to act indepen-
dently of the BTRR complex, as there is no evidence that these
nuclear-binding partners localise to mitochondria (Nicholls
et al, 2018), and mitochondria also lack a system for homologous
recombination (Hagstrom et al, 2014). Instead, the loss of mitochon-
drial TOP3A activity results in the accumulation of hemicatenated
mitochondrial genomes, which are interlinked around the replication
origin OriH (Nicholls et al, 2018). This indicates that the primary func-
tion of mitochondrial TOP3A is the separation of mtDNA replication
products, with TOP3A acting to decatenate mtDNA either by the
removal of precatenanes during replication and/or through hemicate-
nane resolution at replication completion (Nicholls et al, 2018; Hangas
etal, 2022; Menger et al, 2022).

Loss-of-function variants in BLM, a binding partner of nuclear
TOP3A, cause Bloom syndrome, a rare recessive disorder charac-
terised by short stature, predisposition to cancer and a photosensitive
(butterfly) rash, associated with an elevated rate of sister chromatid
exchanges (Ellis et al, 1995). A number of individuals have recently
been described with a Bloom-like disorder resulting from pathological
variants in TOP3A (Martin et al, 2018; Jiang et al, 2021). Several of
these patients also presented with cardiomyopathy, not typically asso-
ciated with Bloom syndrome, and likely related to the additional mito-
chondrial role of TOP3A (Martin et al, 2018; Jiang et al, 2021). We
previously reported a single patient with a complex adult-onset mito-
chondrial disorder characterised by PEO and prominent cerebellar
features, but without evidence of Bloom syndrome, resulting from
bi-allelic TOP3A gene variants (Nicholls et al, 2018); additional fami-
lies have since been described (Llaurado et al, 2022; Primiano
et al, 2022). Importantly, the genetic and biochemical factors that lead
to these differing clinical phenotypes between TOP3A patients remain
poorly understood. Here, in addition to the single case that we previ-
ously reported, we describe a further cohort of 10 individuals from 8
families with an adult-onset mitochondrial disease resulting from pre-
viously unreported bi-allelic variants in TOP3A. Using recombinant
TOP3A variants with in vitro model substrates together with cellular
rescue experiments, we characterise the molecular defects associated
with mutated TOP3A, including variants found in patients with pri-
mary mitochondrial disease and a Bloom syndrome-like disorder. Our
results provide insight into the molecular basis of disease in patients
with distinct clinical syndromes resulting from variants in a single
dual-targeted enzyme.

Results

Identification of patients with candidate pathogenic
TOP3A variants

We identified 11 individuals from 9 families (Fig 1, and Tables 1

and 2; Appendix Supplementary Text) with clinical features strongly
suggestive of a mitochondrial disorder and rare, damaging TOP3A

© 2023 The Authors
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variants (NM_004618.4) using a range of massively parallel
sequencing strategies.

Seven of 11 patients first presented in the 5th or 6th decades of
life. Four other patients (all women) presented in adolescence or
their early 20s. Patients commonly manifested with bilateral ptosis
and ophthalmoplegia (n = 9). The remaining two patients may have
not yet manifested with an eye movement disorder due to their
younger age (27 and 39 years old). Sensorineural hearing loss was
present in seven patients including all four women who manifested
with earlier-onset disease.

Mpyopathy was present in seven patients. Three affected individ-
uals (Pal, Pa3-1 and Pa5-1) manifested with proximal myopathy;
two patients (Pa2 and Pa9) with mainly distal myopathy and muscle
wasting and two patients (Pa6 and Pa8) with generalised muscle
weakness. Affected individuals from all families manifested with
mixed sensory motor axonal neuropathy except the two affected sib-
lings of Family V. Cerebellar involvement, with or without evidence
of sensory ataxia, was documented in seven patients.

Cardiac conduction defects necessitating pacemaker insertion
occurred in five patients. Supraventricular tachycardia was reported
in one patient (Pa3-2) who had left ventricular hypertrophy. MRI
brain abnormalities were documented in six patients. Four patients
shared features of cerebellar atrophy with evidence of brain stem
and/or spinal cord atrophy. One patient (Pa4) showed bilateral high
T2 signal in the basal ganglia and the brain stem. Another patient
(Pa6) demonstrated extensive white matter changes consistent with
small vessel ischaemic change. In a similar pattern to Bloom syn-
drome where malignancy manifests in early adulthood (Sugranes
et al, 2022), one patient (Pa8) was diagnosed with cervical cancer in
her early 30s.

All TOP3A variants identified were further confirmed by
Sanger sequencing and, where parental and familial samples were
available, segregation studies were performed, thus substantiating
recessive inheritance (Fig 1A). To establish the phase of variants
(the alleles from which variants are derived) in two of the fami-
lies where familial samples were not available (Families V and
VI), we performed low-coverage long-read whole-genome
sequencing (Fig EV1). For Pa5-1 (TOP3A (NM_004618.5) variants
c.298A>G and c.1723A>G), this yielded 11.42 Gb of sequence
data comprising 8.76 million reads. While no single read spanned
the 23 kb interval between the two target variants, an assembled
haplotype could be created. Three reads (highlighted in brown,
orange and blue in Fig EVI1A) were linked through intervening
single nucleotide polymorphisms identified from the short-read
sequencing dataset (positions c.1282-21 and c.1468-11). Informa-
tive reads are variant supporting at position ¢.298 and reference
matching at position c.1723, consistent with the interpretation
that the target variants are arranged in trans (on different paren-
tal alleles). For the variants ¢.778C>T and c.1723A>G in Pa6,
three MinION runs yielded 47.92 Gb of sequence data comprising
16.16 million reads. Again, no single read spanned the 17 kb
interval between the target variants. However, an assembled hap-
lotype could be constructed from two reads (coloured red and
pink in Fig EVIF), which were linked by the absence of variant
nucleotides at positions chr17:18195268 and chr17:18195287. The
constructed haplotype was reference matching at position c.778
and variant supporting at position c.1723, consistent with the var-
iants being arranged in trans.

© 2023 The Authors
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Additional clinical details are provided in Table 2 and the
Appendix Supplementary Text, and further details of the molecular
variants are shown in Table 1. Two patients (Pa4 and Pa9) were
homozygous for the p.Argl03Gln variant, while all other patients
carry two heterozygous TOP3A variants. It is interesting to note that
Pa5-1, Pa5-2 and Pa7 harbour the same p.Met100Val TOP3A variant
that was identified in the first reported case (Pal, Table 1; Nicholls
et al, 2018). The p.Met575Val variant also appears to be recurrent
and is shared by Pa2, Pa5-1 and 5-2, and Pa6.

Modelling of pathological TOP3A variants

With the exception of p.Met575Val and p.Arg558Trp, all identified
missense variants are located within the Toprim (topoisomerase-
primase) domain; a domain structure common to a number of
nucleases and DNA repair proteins (Aravind et al, 1998) that con-
tains the ssDNA-binding interface of TOP3A (Bocquet et al, 2014).
The p.Met575Val and p.Arg558Trp variants are located in domain
IV, to the side of the topoisomerase gate (Fig 1B). Sequence align-
ments of TOP3A homologues (Fig 1C) found that the sites of vari-
ants in TOP3A patients were conserved among mammals, with
Leu37 and Met575 being more broadly conserved within metazoans.
The p.GIn260* and p.Tyr300SerfsTerl7 variants both result in trun-
cation of the TOP3A protein before the essential active-site tyrosine
residue (Tyr362) (Hanai et al, 1996), and so are assumed to repre-
sent loss-of-function variants and were not characterised further.
The Alal76 locus, for which variants have been identified in Bloom
syndrome (Martin et al, 2018) and which has been included in our
study, is also located in the Toprim domain and is well conserved
among metazoans. The truncating p.Ser810LeufsTer2 variant, also
identified in patients with Bloom syndrome, removes almost 200
amino acids of the poorly characterised C-terminus of TOP3A,
including predicted zinc finger motifs of unknown function.

Mapping of the affected loci onto the available crystal structure
of TOP3A (PDB: 4CGY) indicated that variants in the Toprim
domain were clustered close to the ssDNA-binding interface of the
protein (Fig 1D) (Changela et al, 2007; Bocquet et al, 2014). For the
residues in domain IV, the p.Arg558Trp variant is located close to
the topoisomerase gate, while the p.Met575Val variant sits to the
side of the gate, close to the C-terminus of the crystallised portion of
TOP3A. Only the Arg558 residue is located in proximity to the bind-
ing interface with RMI1 (Fig EV2A), suggesting that the majority of
variants should not affect this nuclear interaction.

The residues of interest were also analysed based on their intra-
structural contacts (Fig 1E). The Leu37, Alal76 and Met575 residues
are all coordinated in tight hydrophobic pockets, with variants likely
to affect the integrity of these pockets. The p.Leu37Val variant is
predicted to be unable to maintain interactions with a nearby helix
(Fig 1E, panel i) which may impair stability or force a structural
change to bridge the gap. For the p.Met575Val variant, the methio-
nine side chain is normally coordinated deep into the hydrophobic
pocket (Fig 1E, panel vii) with the valine side chain too short to
form these interactions. Alal76 mainly interacts with Trpl46
(Fig 1E, panel v) with a change to the bulkier valine causing direct
clashes with Trp146, indicating that conformational adjustments are
necessary to accommodate valine in the p.Alal76Val variant. Ala95,
Met100 and Argl03 are all located on a hairpin-like region close to
the ssDNA-binding groove (Changela et al, 2007; Bocquet
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Figure 1. Location and modelling of pathological TOP3A variants.

EMBO Molecular Medicine

A Pedigrees and segregation of TOP3A variants in mitochondrial disease patients described in this study. Affected individuals are shown as filled shapes. Males are
represented as squares, females are represented as circles and deceased individuals are indicated with diagonal lines. Arrows indicate the probands.

B Domain structure of the TOP3A protein. Domains are assigned according to Bocquet et al (2014). The locations of truncating variants in TOP3A are indicated above
the diagram and missense variants are below the diagram. Variants found in mitochondrial disease patients are shown in blue, and variants found in Bloom

syndrome that are included in this study are shown in orange.

C Sequence conservation of pathological TOP3A variants. Affected residues are highlighted in yellow, and sequence homology is indicated below the sequences.
D Location of pathological variants within the structure of TOP3A (PDB: 4CGY). Domains are coloured according to the assignments in (B). Affected residues are shown

in red. The location of the catalytic tyrosine residue (Tyr362) and magnesium ion cofactor (Mg>") are also indicated. RMI1 is not shown.

E Enlarged images of affected residues as in (D). Interactions involving the side chains of these residues are depicted as black lines.

Table 1. TOP3A families in the study.

Patient ID/ Allele Frequency in Reported

Sex Inheritance cDNA?® Protein® CADDP gnomAD® previously

1/F Recessive €.298A>C; p.Met100Val; 20.4 0.00006432 Nicholls
C.403C>T p.Arg135* N/A 0.00009901 et al (2018)

2/F Recessive €.899_900delAT; p.Tyr300Serfs*17; N/A 0 VCV000636247.1
¢.1723A>G p.Met575Val 236 0.00002122 VCV000636248.1

3-1/M Recessive €.109C>G; p.Leu37Val; 27.7 0 This study

3-2/F €.284C>T p.Ala9sval 239 0

4/F Recessive €.308G>A; p.Arg103Glin; 239 0.0001088 This study
¢.308G>A p.Argl03GIn 239 0.0001088

5-1/F Recessive €.298A>G; p.Met100Val; 20.4 0.00006432 This study

5-2/F ¢.1723A>G p.Met575Val 236 0.00002122

6/F Recessive c.778C>T; p.GIn260%; 38 0 This study
¢.1723A>G p.Met575Val 236 0.00002122

7/M Recessive €.298A>G; p.Met100Val; 20.4 0.00006432 This study
¢1672C>T p.Arg558Trp 253 0.00001194

8/F Recessive c.2718del p.Thro07Leufs*101 N/A 0.000004373 VCV000560202.1
€.240_240+2dup N/A 143 0.000003978 Martin et al (2018)
(intronic)

9/F Recessive €.308G>A; p.Arg103Gln; 239 0.0001088 This study
€.308G>A p.Arg103GIn 239 0.0001088

ND, Not determined.
Variants described according to NM_004618.4 and GRCh37.
®CADD model GRCh37-v16.

“Heterozygous allele frequency taken from gnomAD v2.1.1; no homozygous occurrences of any variant.

et al, 2014). Alteration of Ala95 and Met100 do not cause obvious
structural complications, although Met100Val has previously been
found to impair TOP3A activity (Nicholls et al, 2018) (Fig 1E panels
ii and iii). Argl03 interacts with multiple residues, forming two
hydrogen bonds with the backbone oxygen of Phe98 (Fig 1E, panel
iv) and potentially a salt bridge with Glu119. The Arg558 side chain
forms multiple interactions with residues close to the topoisomerase
gate (Fig 1E, panel vi), including a hydrogen bond with the back-
bone oxygen of Leu517 (~ 2.8 A) and a salt bridge with Asp556
(~ 3.5 A). The p.Arg558Trp variant likely destabilises this region
due to loss of these interactions and clashes between the bulky tryp-
tophan and surrounding residues. Furthermore, Arg558 is ~ 5.7 A
away from the Glul19 side chain of RMI1, and if the p.Arg558Trp
variant induces structural complications in the region, interactions
between TOP3A and RMI1 may be affected.

It should be noted that the truncated version of TOP3A used in
the available crystal structure (Bocquet et al, 2014) omits

© 2023 The Authors

approximately the C-terminal ~ 360 amino acids, containing a zinc
finger domain, most likely due to high flexibility. It therefore cannot
be determined whether this domain forms further relevant interac-
tions. However, the zinc finger domain has been solved in struc-
tures of both Escherichia coli topoisomerase I (EcTOP1) and
Mycobacterium smegmatis topoisomerase I (MsmTOP1). In these
enzymes, the zinc finger domain binds to the intact strand of ssDNA
in the strand passage reaction (T-strand), while the opposite strand
(G-strand) is positioned at the active site for cleavage (Tan
et al, 2015; Cao et al, 2020). The p.Met575Val variant is found close
to the region, located at the junction between the catalytic core of
TOP3A and the zinc finger domain (Fig 1E, panel vii), and may
affect the communication between the N-terminal and C-terminal
parts of TOP3A and how they interact with ssDNA.

The differences in clinical presentation between TOP3A patients
led us to consider the potential presence of additional nuclear-
modifying variants. Two major single nucleotide variants (SNPs)
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Table 2. Summary of clinical phenotypes in TOP3A patients.

Direnis Erdinc et al

Family I n n v v vi vi i X
Patient Pal Pa2 Pa3-1 Pa3-2 Pa4 Pa5-1 Pa5-2 Paé Pa7 Pag Pa9
Sex Female Female Male Female Female Female Female Female Male Female Female
Age at first 43 years Early 20s Early 50s Late 40s 16 years 59 years 59 years 52 years 54 years 21 years 15 years
presentation
Age at genetic 67 years 39 years 64 years 59 years 27 years 72 years 66 years Deceased at 71 years 44 years 41 years
diagnosis 72 years
TOP3A variants p.Met100Val, p.Tyr300Serfs*17, p.Leu37val, pArg103Gin, p.Met100Val, p.GIn260*, p.Met100Val, p.Thro07Leufs*101, pArg103Gin,
pArgl35* p.Met575val p.Alagsval p.Argl03Gin p.Met575val p.Met575Val p.Args58Trp €240_240 + 2dup p.Argl03Gin
Ptosis & + Ptosis only + + - + + + + + +
ophthalmoplegia
Sensorineural + + + - + - - + NK + +
hearing loss
Myopathy proximal Distal proximal NK - proximal - Generalised - Generalised Distal
Axonal sensory + + + NK + - - + + + +
motor
Neuropathy
Cerebellar + + + + - - - + + - +
Ataxia
Cardiac PPM PPM NK Supraventricular PPM NAD NAD Episode of NK PPM PPM
pacemaker/ ECG tachycardia atrial
Abnormalities flutter
2D- Left Mitral valve NK Left ventricular Normal Normal Normal NK NK Moderately reduced Normal
Echocardiogram ventricular prolapse hypertrophy LV systolic function,
dysfunction mildly dilated LV
MRI brain Cerebellar Cerebellar and Cerebellar ND Bilateral T2 NK NK Extensive Moderate NK ND
atrophy with moderate spinal atrophy, T2 hyperintensities white cerebellar
signal cord atrophy hyperintensities in the globus matter atrophy, with
abnormalities in globus pallidus, changes mild atrophy
in thalamus pallidus, thalamus and consistent in the
and brain thalamus and brain stem. with small brainstem
stem brain stem vessel
disease
Other Pathogenic — Isolated seizures Photosensitive — Asthma, Pancreatitis, — Pigmentary Dysphagia requiring Premature
morbidities heterozygous at age 56 years epilepsy, cholecystectomy, cholecystectomy retinopathy g-tube, dysarthria, menopause
DSP variant myoclonus, hypertension and Restless cervical cancer at age
dysphagia, leg syndrome 28 years,
dysarthria and Arachnoid
premature cyst in the
menopause posterior
cerebral fossa
detected at
age 17 years
and seizures.
Family history — — Mother was known to have epilepsy — — — Father Mother had Mother had
and deafness without ptosis or developed pancreatic cancer. seizures until
ophthalmoplegia balance Maternal half-sister the age of 25,
problems in has cervical cancer with
early 80s. in her 30s. Maternal complete
grandmother had remission.

bowel cancer. Maternal aunt

had seizures.

NAD, No Abnormality Identified; ND, Not Done; NK, Not Known; PPM, Permanent Pacemaker.

have been reported for another mitochondrial topoisomerase,
TOPIMT (Zhang et al, 2001); p.Val256Ile and p.Arg525Trp (Zhang
et al, 2017). As these variants affect TOP1MT enzymatic activity
(Zhang et al, 2017), and as TOP3A and TOPIMT appear to geneti-
cally interact (Nicholls et al, 2018; Menger et al, 2022), we assessed
the presence of these variants in individuals within the TOP3A
patient cohort where this information was available (Fig EV2B) but
did not observe any clear correlation between the presence of
TOP1MT SNPs and clinical severity.

OXPHOS deficiency and mtDNA instability in TOP3A patient
muscle

Muscle biopsy samples were available from four patients, Pa2, Pa3-
1, Pa4 and Pa6. Histopathological analyses using sequential COX-
SDH histochemistry showed a variable but mosaic pattern of COX-
deficient fibres (Fig 2A) with evidence of abnormal subsarcolemmal
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mitochondrial accumulation (ragged-red fibres). Quadruple immu-
nofluorescence measurements of muscle biopsies from Pa3-1 and
Pa6 additionally confirmed the presence of abundant fibres deficient
in mitochondrial complex I (NDUFB8) and complex IV (COXI) pro-
teins (Fig 2B). Given the role of TOP3A in mtDNA maintenance, we
looked for the presence of mtDNA rearrangements using long-range
PCR protocols, demonstrating the presence of multiple mtDNA dele-
tions in all four available patient muscle samples (Fig 2C). To fur-
ther characterise the mtDNA instability observed in TOP3A patient
muscle, we used deep sequencing together with the MitoSAlt pipe-
line (Basu et al, 2020) to map mtDNA rearrangement breakpoints.
Abundant major arc deletions, with a prominent breakpoint close to
the termination-associated sequence (TAS) at the 3’ end of the
mtDNA D-loop, were visible in muscle mtDNA from Pa3-1 and Pa5-
1, comparable to deletion patterns reported previously in other
mtDNA maintenance disorders (Zeviani et al, 1989; Persson
et al, 2019). Analysis of muscle from Pa2 showed the presence of

© 2023 The Authors
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unusually small duplications in the mtDNA non-coding region
(NCR) (Figs 2D and EV3A). A similar duplication has previously
been detected in patients with mitochondrial myopathy (Brock-
ington et al, 1993; Manfredi et al, 1995) as well as associated with
certain mtDNA haplogroups (Torroni et al, 1994). As this region has
also previously been mapped as the site of TOP3A activity (Nicholls
et al, 2018), and is close to sites of mtDNA breakage upon overex-
pression of TOP3A (Hangas et al, 2022), the formation of this dupli-
cation may be promoted by aberrant TOP3A activity at this site.
Other muscle samples showed the presence of abundant major arc
mtDNA deletions (Fig 2E-G), comparable to those previously
reported for Pal (Fig EV3B; Nicholls et al, 2018).

We additionally assessed structural alterations to patient mtDNA
using Southern blotting. Because of the role of TOP3A in the separa-
tion of mtDNA, loss of TOP3A activity can lead to the accumulation
of hemicatenated mtDNAs, which are highly stable and remain
intact through restriction digestion and electrophoresis (Nicholls
et al, 2018). We cleaved muscle DNA samples from four controls
and four patients using BamHI (which cuts once in the mtDNA
major arc) or Pvull (which cuts once in the mtDNA minor arc), sep-
arated products on an agarose gel and blotted for mtDNA. Samples
from Pa2 and (particularly) Pa5-1 showed the presence of high-
molecular-weight smears consistent with hemicatenated mtDNA
replication products, as well as discrete bands that migrated either
faster or slower than full-length mtDNA depending on the restriction
enzyme used (Fig 3A and B). We further characterised these species
from Pa2 and Pa5-1 by treatment with T7 endonuclease I
(Fig EV3C), which cleaves hemicatenated mtDNA replication prod-
ucts (Nicholls et al, 2018). This treatment eliminated the high-
molecular-weight smears, consistent with these representing
branched hemicatenated molecules, but not the discrete bands,
suggesting that these represent deletion-containing molecules that
remove the minor arc Pvull restriction site (in samples from Pa2) or
the major arc BamHI restriction site (in samples from Pa5-1).

Phenotypic rescue of mtDNA phenotypes by pathological
TOP3A variants

In order to model the impact of pathological TOP3A variants upon
mtDNA, we tested the capacity of protein variants to rescue mtDNA
phenotypes associated with the loss of mitochondrial TOP3A activity.
We generated U20S cell lines that express siRNA-resistant versions of
WT or pathological variant-containing TOP3A upon treatment with
doxycycline. These cells were then depleted of endogenous TOP3A
using siRNA while expressing the inducible TOP3A construct
(Fig 3C). We were unable to detect the endogenous TOP3A using
available antibodies in U20S cells, but the depletion of TOP3A and
the expression of the (non-tagged) Ser810* variant could be observed
in parallel transfections of HeLa cells (Fig EV4A). The downregula-
tion of TOP3A led to an approximately 75% loss of mtDNA copy
number, which was rescued by the expression of WT TOP3A
(Fig 3D). This copy number loss was also rescued by expression of
the TOP3A variants Leu37Val, Ala95Val and Met100Val, while the
expression of all other variants failed to rescue mtDNA copy number
loss to different extents (Fig 3D). We additionally assessed the effects
of TOP3A variants upon mtDNA structure and topology using South-
ern blotting. Depletion of TOP3A caused an accumulation of high-
molecular-weight hemicatenated mtDNA that was retained in the

© 2023 The Authors
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well during electrophoresis, as described previously (Nicholls
et al, 2018), which is eliminated by the expression of WT TOP3A
(Fig 3E, lanes 2-3). High-molecular-weight mtDNA remained visible
following expression of several pathological TOP3A variants, particu-
larly Leu37Val, Arg558Trp and the two Bloom syndrome-associated
variants Alal76Val and Ser810LeufsTer2 (expressed as Ser810%)
(Fig 3E). Different topological forms of mtDNA can be distinguished
by separation of uncut mtDNA on low-percentage agarose gels, with
TOP3A depletion resulting in a loss of monomeric forms of mtDNA
(Fig 3F, lane 4). This phenotype could again be rescued by expression
of WT TOP3A (Fig 3F, lane 5) but only partially rescued by the
expression of several pathological variants, including Argl03Gln,
Arg558Trp, Met575Val and the Bloom syndrome-associated variants
Alal76Val and Ser810* (Fig 3F, lanes 6-13).

DNA-binding activity of pathological TOP3A variants

During the catalytic cycle of TOP3A, the protein binds to a single-
stranded (ssDNA) substrate, cleaves the DNA to create a break, then
passes an intact DNA strand through this break and re-seals the bro-
ken strand (Bizard & Hickson, 2020). When the broken and pas-
saged strands originate from a single negatively supercoiled DNA
molecule, the result is relaxation of the substrate DNA. In contrast,
if the two strands are from different ssDNA molecules, then the
result is the linking (catenation) or unlinking (decatenation) of the
molecules (Bizard & Hickson, 2020).

In order to characterise the effects of pathological variants upon
different aspects of TOP3A function, we used Sf9 insect cells to
express and purify wild-type (WT) TOP3A, as well as all missense
variants found in mitochondrial disease patients reported here. We
additionally expressed and purified the p.Alal76Val missense vari-
ant and a p.Ser810LeufsTer2 truncating variant (purified as
p.Ser810*) found in patients with a Bloom syndrome-like disorder
(Martin et al, 2018). The purity of the recombinant proteins was
confirmed using SDS-PAGE (Fig 4A).

We first analysed the DNA-binding ability of TOP3A variants, by
incubating purified TOP3A protein with a radiolabelled 80 nt ssDNA
oligonucleotide in an electrophoretic mobility shift assay (EMSA).
The incubation of labelled ssDNA with an increasing concentration
of WT purified TOP3A resulted in a pronounced shift, confirming
the DNA-binding capacity of the WT protein (Fig 4B). The two
shifted bands observed reflect the capacity of two molecules of
TOP3A to bind to a single 80 nt ssDNA oligo (Fig EV4B). We then
assessed the DNA-binding capacity of all pathological variants of
TOP3A. The p.Leu37Val (Fig 4C) and p.Met575Val (Fig 4I) variants
of TOP3A, found in the cohort of mitochondrial disease patients,
were unable to gel shift the labelled oligonucleotide, indicating a sig-
nificant loss of DNA-binding activity (Fig 4K). In contrast, all other
missense variants (Fig 4D-H), as well as the p.Ser810* truncating
variant (Fig 4J), showed a comparable level of DNA-binding activity
to the WT protein (Fig 4K).

Relaxation activity of pathological TOP3A variants

Type IA topoisomerases catalyse the relaxation of negatively super-
coiled DNA via intramolecular strand passage reactions. These reac-
tions are typically inefficient as TOP3A requires regions of ssDNA in
order to bind and cleave, although some studies have used
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Figure 2. Pathological phenotypes in muscle of individuals with TOP3A-related mitochondrial disease.

A Sequential COX-SDH histochemical staining in muscle biopsies of Pa2, Pa3-1, Pa4 and Pa6 (as indicated), indicating a mosaic pattern of COX deficiency. Scale bar
represents 100 pm.

B Quadruple immunofluorescence assay to detect deficiency in complex | (NDUFB8) and complex IV (COXI) in Pa3-1 (left) and Pa6 (right).

C Long-range PCR assay to detect mtDNA deletions in TOP3A patient muscle (lanes 2-5). Samples from unaffected individuals (lanes 6 and 7) and a single-deletion
mitochondrial disease patient (lane 8) are used as negative and positive controls respectively. “M” indicates marker.

D-G Mapping of mtDNA rearrangements in TOP3A mitochondrial disease patients. Total DNA samples from Pa2 (D), Pa3-1 (E), Pa4 (F) and Pa5 (G) were analysed by
whole-genome sequencing, and the data were processed using the MitoSAlt pipeline. Deleted regions are shown as blue bars and predicted duplicated regions as
red bars. The intensity of the colour corresponds to the abundance of the rearrangement.

Source data are available online for this figure.
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Figure 3. Effects of pathological TOP3A variants upon mtDNA structure and copy number.

A, B Analysis of mtDNA structure in muscle from individuals with TOP3A-related mitochondrial disease using Southern blotting following restriction with BamHI (A) or

Pvull (B). The black bar indicates the probe (nt. 16262-128).

C-F mtDNA phenotypes in U20S Flp-In cells treated with TOP3A siRNA, rescued using variant-containing siRNA-resistant forms of TOP3A. (C) Western blot of TOP3A pro-
tein expression. Cells were untransfected (lane 1) or transfected with TOP3A siRNA (lanes 2-11), then induced to express WT TOP3A (lane 3) or pathological variants
of TOP3A (lanes 4-11). Note that TOP3A Ser810* does not carry a C-terminal HA tag. B-actin is used as a loading control. (D) mtDNA copy number for TOP3A rescue
cells as in (C) determined using qPCR. Error bars represent SEM, n = 3 (Ala95Val) or n = 4 (all other samples), where each data point represents the mean of three
technical triplicates. Significance values are shown for one-way ANOVA compared to untreated wild-type cells, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
(E) Southern blot of mtDNA structure from cells as in (C). The probe (black bar, nt. 16262-128) detects both full-length (FL) mtDNA and 7S DNA. The presence of
hemicatenated mtDNAs is indicated. (F) Southern blot of uncut mtDNA to visualise different topological forms, from cells as in (C). Control DNA treated with BamHl
(lane 1) or E. coli topoisomerase | (lane 2) acts as markers for linear and relaxed monomeric mtDNA respectively. Diagrams indicate the migration of different

mtDNA forms.

Source data are available online for this figure.

conditions that promote an ssDNA conformation of the substrate
such as bubble formation (Plank et al, 2005), elevated temperatures
and low salt concentrations (Chen & Brill, 2007). We assessed the
activity of TOP3A variants upon a negatively supercoiled pUC19
dsDNA plasmid substrate. The incubation of this substrate with
increasing concentrations of purified TOP3A generated products that
migrated similarly to those produced by the E. coli type IA topoisom-
erase Topol (Fig 5A). In contrast, very little activity was observed
using any of the pathological TOP3A variants analysed, with the
exception of p.Met100Val, suggesting that the ability of TOP3A to
processively catalyse strand passage reactions is impaired (Fig 5B—
J). Covalently closed and relaxed dsDNAs migrate similarly on ethi-
dium bromide (EtBr)-free agarose gels. The addition of EtBr to the
gel allows these molecules to be distinguished by inducing super-
coiling in covalently closed, but not nicked, molecules (Fig EV4C
and D). The separation of WT TOP3A reaction products on EtBr-
containing gels (Fig EV4E), indicated that a substantial proportion
of these reaction products constituted nicked molecules. However,
as these nicked products were not observed with other variants, we
assume this to represent unligated products generated by the
nicking/closing activity of the WT TOP3A protein (Cejka
et al, 2012).

ssDNA decatenation activity of pathological TOP3A variants

We lastly investigated the ability of TOP3A variants to process
single-stranded DNA catenanes and supercoiled DNA substrates.
Because mitochondrial TOP3A plays a role in the separation of
hemicatenated mtDNA replication products (Nicholls et al, 2018;
Hangas et al, 2022), we sought to create substrates that would more
closely mimic this in vivo activity. We used a two-holder strategy to
create ssDNA catenanes composed of two interlocked circular
ssDNAs (Li et al, 2018). To synthesise these substrates, two ssDNA
oligonucleotides that share a short region of homology (R1 and R2)
are held in place by holder strands (H1 and H2), while the free ends
are brought together by short splint oligonucleotides (S1 and S2).
The free ends are ligated together, and then the interlocked products
are denatured and purified (Fig 6A). The products of this reaction
have a linking number of 1, meaning that they can be resolved by a
single catalytic cycle of TOP3A (Fig 6A) and so constitute the sim-
plest substrate for assaying TOP3A decatenation activity. The iden-
tity of the purified synthesis products was confirmed through their
resistance to degradation by the exonuclease Exol and by their sus-
ceptibility to degradation by S1 nuclease and the restriction enzyme
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CviKI-1 (Fig EV5A and B). We then used these substrates to assay
the decatenation activity of TOP3A. Decatenation reactions were
performed in the absence of RMI1, as although RMI1 has been
found to promote the decatenation activity of TOP3A (Yang
et al, 2010; Bocquet et al, 2014), it does not localise to mitochondria
(Nicholls et al, 2018; Rath et al, 2021), suggesting that RMI1 is not
required for the mitochondrial activity of TOP3A. The incubation of
ssDNA catenanes with increasing concentrations of purified WT
TOP3A resulted in the release of individual circular ssDNAs
(Fig 6B), indicating that the WT TOP3A protein can efficiently deca-
tenate this substrate. Equivalent reactions using pathological
variant-containing forms of TOP3A found that the p.Leu37Val
(Fig 6C) and p.Met575Val (Fig 6I) variants found in the mitochon-
drial patient cohort, as well as the p.Alal76Val variant (Fig 6G)
found in Bloom syndrome, showed a marked loss of decatenation
activity. Other missense variants of TOP3A (p.Ala95Val,
p.Met100Val, p.Argl03GIn and p.Arg558Trp; Fig 6D-F and H)
showed a level of decatenation activity that was comparable to the
WT protein (Fig 6K). The decatenation activity of the p.Ser810*
truncating variant of TOP3A was also found to be comparable to the
WT protein (Fig 6J-K), indicating that this C-terminal truncation of
the protein does not affect the decatenation activity of this variant.
This appears consistent with the finding that the catalytic core of
TOP3A is sufficient for Holliday junction dissolution (Bocquet
et al, 2014), and also with the notion that the pathology associated
with this truncating variant is the result of the depletion of protein
levels in vivo rather than because of a loss of activity (Martin
et al, 2018). Given that three families carry two different segregating
heterozygous missense TOP3A variants, we performed additional
ssDNA decatenation assays using equimolar mixtures of the variants
identified in these families. These combinations of variants
displayed an intermediate level of activity relative to the single vari-
ants alone (Fig 6L and M) and confirms that patients with TOP3A-
related mitochondrial disease in this cohort retain at least one allele
that displays a detectable level of activity.

Discussion

Dual-localised DNA-interacting proteins such as TOP3A present a
clinical and diagnostic challenge, as defects in enzymatic activity
can potentially affect the maintenance and stability of either the
nuclear genome or the mitochondrial genome to produce distinct
clinical outcomes.

© 2023 The Authors
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Figure 4. Purification of TOP3A variants and DNA-binding assays.
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A Purification of TOP3A variants. Each variant (3 pmol) was separated on a 4-20% stain-free Criterion TGX SDS—PAGE gel (Bio-Rad) and imaged using a stain-free

imager.

B Electrophoretic mobility shift assay (EMSA) to assess DNA-binding activity of TOP3A variants to a 5 radiolabelled 80-nt-long ssDNA oligonucleotide.
Quantification of DNA-binding activity as in (B—J), expressed as the proportion of bound DNA. Data represent mean values with at least three independent experi-
ments per data point. Error bars represent SEM. Symbols represent significance values (one-way ANOVA) and are colour coded to the data points. *P < 0.05,

**P < 0.01, ****P < 0.0001.

Source data are available online for this figure.

The majority of the core proteins of the mtDNA replication and
expression machinery are dedicated mitochondrial proteins, with
pathological variants resulting solely in mitochondrial disease phe-
notypes, including POLG (Van Goethem et al, 2001), POLG2
(Longley et al, 2006), TWINKLE (Spelbrink et al, 2001), MGME1

© 2023 The Authors

(Kornblum et al, 2013) and POLRMT (Olahova et al, 2021). How-
ever, variants have also been described in the dual-localised nucle-
ases RNASEH1 (Reyes et al, 2015) and DNA2 (Ronchi et al, 2013)
that result in mitochondrial disease phenotypes. The cohort of indi-
viduals with mitochondrial disease resulting from pathological
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Figure 5. DNA relaxation activity of TOP3A variants.

A-I Relaxation of negatively supercoiled pUC19 substrate by recombinant TOP3A variants. “M” indicates marker.

J Quantification of DNA relaxation data as in (A-I). Data represent the percentage of substrate released from negatively supercoiled form, expressed as the mean of
three independent experiments (except WT, for which n = 4). Error bars represent SEM. Symbols represent significance values (one-way ANOVA) and are colour
coded to the data points. ****P < 0.0001.

Source data are available online for this figure.
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Figure 6. Assessment of decatenation activity of TOP3A variants.

Direnis Erdinc et al

A Schematic of substrate construction for ssDNA decatenation assays. The two ring oligos (R1 and R2) are held in an Lkl conformation by holder oligos (R1 and R2)
and ligated (red arrows) with the aid of splint oligos (S1 and S2), and then purified. Incubation with TOP3A decatenates this substrate into two independent circular

ssDNA oligos.

B-] ssDNA decatenation assays using TOP3A variants, using substrates constructed as in (A).

K Quantification of ssDNA decatenation activity as in (B—J). Data represent the percentage of decatenated substrate expressed as mean values, +=SEM, from
independent experiments, n = 3 (WT, p.Ala95Val, p.Met100Val and p.Arg558Trp), n = 4 (p.Alal76Val), n = 5 (p.Met575Val) and n = 2 (p.Leu37Val). Symbols represent
significance values (one-way ANOVA) and are colour coded to the data points. *P < 0.05, **P < 0.01.

L ssDNA decatenation assays using combinations of compound heterozygous TOP3A variants. Reactions contained 50 fmol of protein (for single variants, lanes 2-7) or

25 fmol for each of two variants (lanes 8-10).

M Quantifications of ssDNA decatenation assays as in (L). Data represent the mean percentage of decatenated substrate from three independent experiments.
Significance values are shown for one-way ANOVA compared to the WT protein. *P < 0.05, **P < 0.01, ***P < 0.001.

Source data are available online for this figure.

variants in TOP3A complements a previous report of variants in the
same gene causing Bloom syndrome, primarily resulting from
impaired function of the nuclear isoform of TOP3A (Martin
et al, 2018) and expands our understanding of the pathophysiology
of dual-targeted proteins.

Deep sequencing of mtDNA from patient muscle revealed abun-
dant major arc mtDNA rearrangements with prominent breakpoints
at the end of the NCR (Fig 2). This pattern of breakpoints is compa-
rable to that observed with other autosomal disorders of mtDNA
maintenance (Zeviani et al, 1989), and consistent with deletion for-
mation via copy choice recombination (Persson et al, 2019).
According to this model, replication stalling promotes the slippage
of the template during mtDNA synthesis, leading to the generation
of deletion-containing mtDNA molecules. The loss of mitochondrial
TOP3A activity has been found to result in DNA replication stalling
throughout the mtDNA, presumably resulting from the reduced effi-
ciency of replicating through topologically constrained mtDNA mol-
ecules (Hangas et al, 2022; Menger et al, 2022) and so would be
expected to promote deletion formation according to this model. In
addition, skeletal muscle mtDNA from Pa2 showed an unusual pat-
tern of small duplications close to the promoters and replication ori-
gin OriH within the NCR (Figs 2 and EV3), similar to a duplication
previously seen in patients with mitochondrial myopathies (Torroni
et al, 1994; Manfredi et al, 1995). This region has previously been
mapped as the approximate site of TOP3A activity in cultured cells
(Nicholls et al, 2018), suggesting that the formation of these duplica-
tions may be promoted by aberrant activity of this TOP3A variant
within the NCR.

The TOP3A gene has been shown to be essential for embryonic
development in mice (Li & Wang, 1998), suggesting that all combi-
nations of pathological TOP3A variants found in disease must retain
at least some residual activity. Patients with a Bloom syndrome-like
disorder were predominantly found to carry truncating variants in
TOP3A that resulted in markedly reduced protein levels, with only a
single missense variant (p.Alal76Val) being identified (Martin
et al, 2018). The p.Alal76Val variant was found in trans with a loss
of function allele (Martin et al, 2018), and showed severely reduced
or undetectable activity in our biochemical assays. Notably, the
truncating p.Ser810* variant retained activity in our decatenation
assays, consistent with previous observations that the C-terminal
domain of TOP3A is not required for Holliday junction dissolution
(Bocquet et al, 2014), and also with the suggestion that these dis-
ease phenotypes are the result of low protein levels in vivo rather
than because of impaired protein activity (Martin et al, 2018). Both

14 of 21 EMBO Molecular Medicine 16775 | 2023

of these Bloom syndrome-associated variants also showed only a
limited capacity to ameliorate the mtDNA copy number loss and
structural phenotypes associated with TOP3A depletion in rescue
experiments. In contrast, all variants identified in mitochondrial dis-
ease patients thus far have been either missense variants or loss-of-
function alleles in trans with missense variants. In vitro decatena-
tion assays using recombinant proteins found that different variants
were associated with varying levels of catalytic impairment, with
mutation of the most conserved residues (Leu37 and Met575, as
well as Alal76) being associated with the greatest loss of enzymatic
activity. We determined that different variants affect different
aspects of the in vitro enzymatic activity, with p.Leu37Val and
p.Met575Val impairing the DNA-binding activity of the enzyme, a
prerequisite for its catalytic activity. In contrast, the p.Alal76Val
variant associated with Bloom syndrome exhibited normal DNA-
binding activity but was greatly impaired in its decatenation activ-
ity. Experiments using combinations of variants observed in patients
with segregating heterozygous variants with mitochondrial disease
highlight that each individual possesses at least one TOP3A allele
retaining significant ssDNA decatenation activity, underscoring the
importance of considering the combination of variants together.
Interestingly some variants, particularly Leu37Val, were capable of
significantly rescuing mtDNA copy number loss induced by siRNA
depletion, despite possessing little activity in vitro. These differences
may be accounted for by greater stability of the protein in vivo, or
by differences in expression level between the endogenous and
inducibly expressed proteins.

All pathological variants showed significantly impaired relaxa-
tion activity in vitro compared to the wild-type protein. However,
we note that the type IB topoisomerase TOP1MT, which localises to
human mitochondria (Zhang et al, 2001), is also capable of relieving
supercoiling and could compensate for the lack of TOP3A activity in
vivo. In contrast, TOP3A is the only mitochondrial topoisomerase
that possesses ssDNA decatenation activity (Menger et al, 2022),
highlighting the importance of maintaining this activity for mtDNA
replication.

The variable clinical presentations and age of onset of individ-
uals with similar genotypes potentially may also suggest the exis-
tence of additional, currently unidentified modifying variants.

Taken together, our results support a model in which TOP3A var-
iants that cause a moderate loss of enzymatic activity result in
adult-onset mitochondrial disease, whereas variants that cause a
severe loss of enzymatic activity result in a Bloom syndrome-like
disorder with mitochondrial phenotypes in childhood. The
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identification of so many new families strongly argues for the inclu-
sion of TOP3A as a mitochondrial disease gene associated with adult
mitochondrial disease characterised by a PEO phenotype and Men-
delian inheritance (Llaurado et al, 2022; Primiano et al, 2022).

Materials and Methods

Molecular genetic diagnoses of subjects with bi-allelic TOP3A
variants

Molecular genetic studies were largely focussed on whole-genome
sequencing (WGS) of probands or family trios/quartets, with the
exception of Family I and Family VIII where the probands were
subjected to whole-exome sequencing (WES), identifying segregat-
ing TOP3A variants causing focal mitochondrial pathology in muscle
and mtDNA instability (Nicholls et al, 2018).

For Family II, commercial WGS (Illumina HiSeqX) was under-
taken on the family quartet (female proband, clinically unaffected
father, mother and brother).

For Families III, V, VI and VII, WGS data were initially generated
through the 100,000 Genomes Project (Turnbull et al, 2018; Investi-
gators et al, 2021) and re-analysed using a panel of genes related to
possible mitochondrial disorders, which included the TOP3A gene.
For Family IV, exome sequencing was performed by Regeneron
(NY, USA) using an IDT xGen capture kit (Integrated DNA Technol-
ogies, Iowa, USA) on a NovaSeq 6000 (Illumina, San Diego, CA,
USA). Reads were aligned to the UCSC human reference assembly
(hg19) with the BWA-MEM algorithm (BWA v.0.7.15). Variants
were called using GATK variant caller version 3.8 as recommended
by the Broad Institute (DePristo et al, 2011). Variant annotation was
performed using KGGSEQ (Li et al, 2012). Further annotation and
filtration steps were performed using various public databases,
HGMD professional (The Human Gene Mutation Database) and
internal databases by application of in-house custom scripts. For
Family IX, commercial sequencing data were analysed using a panel
of 333 genes related to mitochondrial function. Informed consent for
diagnostic and research studies was obtained for all subjects in
accordance with the Declaration of Helsinki protocols and approved
by local institutional review boards. Individuals voluntarily offered
their informed consent for publication of their clinical details and,
as appropriate, the use of their donated tissues and cells for these
studies.

Muscle histopathology and molecular genetics

Standard histological and histochemical analyses were performed
on fresh-frozen sections (10 um) of skeletal muscle biopsy
according to established protocols (Old & Johnson, 1989). This
included the assay of cytochrome c oxidase (COX) both individu-
ally and using a sequential COX/succinate dehydrogenase (SDH)
assay. Additionally, mitochondrial OXPHOS function was assessed
using a quadruple immunohistochemical assay of complex I
(NDUFBS8), complex IV (COXI) and porin (mitochondrial mass
marker) immunoreactivity as previously reported (Rocha
et al, 2015). Large-scale mtDNA rearrangements were investigated
in patient muscle biopsies using validated long-range PCR proto-
cols (Blakely et al, 2004).

© 2023 The Authors
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Multiple sequence alignment

TOP3A protein sequences from Homo sapiens (NCBI Reference
Sequence: NP_004609.1), Pan troglodytes (JAA39790.1), Bos taurus
(NP_001071443.1), Gallus gallus (NP_001025807.1), Danio rerio
(XP_6 88695.4), Xenopus laevis (NP_001085699.1), Drosophila mela-
nogaster (NP_523602.2) and Caenorhabditis elegans (AAC13567.1)
were aligned using Clustal Omega. Homology is indicated below the
alignments wusing standard notation (“*”=full conservation,
“:”=strongly similar properties, “.”=weakly similar properties).

Structural analysis

The crystal structure of the TOP3A-RMI1 complex (PDB: 4CGY) was
used as a reference model to map the locations of the identified
patient mutations with UCSF Chimera (Pettersen et al, 2004). The
affected residues were further analysed with the “Find Clashes/Con-
tacts” and “FindHBond” tools in UCSF Chimera (Pettersen
et al, 2004) to identify contacts (polar and non-polar interactions)
and hydrogen bonds of the wild-type residues. Default settings were
used for both tools.

Analysis of TOP3A variants using long-read sequencing

To determine the phase of variants c.298A>G and c.1723A>G in
Pa5-1 and ¢.778C>T and c.1723A>G in Pa6, whole-genome libraries
were prepared and run on a MinION long-read sequencer (Oxford
Nanopore Technologies (ONT), Oxford, UK). Bulk genomic DNA
was first processed, without shearing, in a combined end-repair and
nickase treatment reaction. This comprised 3.5 pl of formalin-fixed
paraffin-embedded (FFPE) DNA repair buffer (New England Biolabs
[NEB]), 2 ul of FFPE DNA repair mix, 3.5 ul of Ultra™ II end prep
reaction buffer (NEB), 3 pl of Ultra™ II end prep enzyme mix (NEB)
and 1 pg of bulk genomic DNA made up to a total reaction volume
of 60 pl. The reaction was incubated at 20°C for 5 min and then
65°C for 5 min before being purified using AMPure XP beads.
Sequencing adapters from the LSK110 kit (ONT) were ligated to the
prepared DNA in a reaction that comprised 5 pl of Adapter Mix F
(AMX F; ONT), 25 pl of Ligation Buffer (LNB; ONT), 10 ul of Quick
T4 Ligase (NEB) and 60 pl of eluted DNA. The reaction was incu-
bated at room temperature for 10 min before a further AMPure
clean-up was performed, and then the beads were washed twice,
each time using 250 pl of Long Fragment Buffer (LFB; ONT). The
sample was eluted in 15 pl of Elution Buffer (ONT). To prime an
R9.4.1 flow cell, 800 pul of flow cell priming mix (30 ul of Flush
Tether [FLT; ONT] added to a tube of Flush Buffer [FB]) was loaded
through the priming port; after 5 min, the SpotON cover was
opened and a further 200 ul of priming mix was added. The pre-
pared sample (37.5 pl of Sequencing Buffer II (SBII; ONT), 25.5 ul
of Load Beads (LBII; ONT) and 15 pl of DNA library) was loaded
through the SpotON port and a 72-h sequencing run was initiated
using MinKNOW software v.22.05.05 (ONT).

Offline base calling, to convert raw data from fast5 to FASTQ for-
mat, was performed with Guppy v.6.1.5 using the super-high-
accuracy model (dna_r9.4.1_450bps_sup.cfg). Sequence reads were
next aligned to an indexed human reference genome (build
GRCh37) using minimap2 v.2.16 (https://lh3.github.io/minimap2/).
Samtools v.1.9 (http://www.htslib.org/) was used to aid file
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manipulations (SAM to BAM conversion, sorting reads by alignment
coordinate and file indexing), and NanoStat v.1.1.2 (https://github.
com/wdecoster/nanostat) was used to generate assay performance
metrics. The Integrative Genome Viewer v.2.15.2 was used to visu-
alise sequence reads.

Analysis of mtDNA deletions and duplications using
next-generation sequencing

Total DNA was isolated from muscle using standard protocols. DNA
was subjected to whole-genome sequencing on a NextSeq 500 (Illu-
mina) platform. Analyses were performed following the previously
described MitoSAlt pipeline (Basu et al, 2020). Reads were first
mapped to the human genome (hgl9 assembly for the nuclear
genome and NCBI reference sequence: NC_012920.1 for the mito-
chondrial genome) using Bowtie2 (Langmead & Salzberg, 2012;
parameters: very fast), then mitochondrial mapped reads and
unmapped reads were realigned to the mitochondrial genome using
LAST (Kielbasa et al, 2011; lastdb parameters: uNEAR; lastal param-
eters: Q1-e80). During post-alignment, deletions and duplications
were identified, and gapped alignments, indicative of deletions and
duplications, were clustered and visualised. Heteroplasmy levels
were calculated by comparing the number of reads supporting the
corresponding breakpoints to the total number of reads overlapping
the breakpoints (including wild-type) after removal of PCR dupli-
cates. For all analyses, cluster_threshold was set as 1, Breakthres-
hold as —2 and Heteroplasmy limit as 0.01.

Cloning

For protein purification, human TOP3A (amino acids 16-934,
sequence codon optimised for expression in Spodoptera frugiperda
cells and with a TEV-cleavable 6 x His-tag at the N-terminus) was
cloned into the pBacPAK9 vector (Clontech). Constructs containing
pathological variants of TOP3A were created using a QuickChange
Lightning site-directed mutagenesis kit (Agilent Technologies)
according to the manufacturer’s instructions, and the creation of
variants was confirmed using Sanger sequencing (Eurofins MWG
Operon). For human cell transfection, constructs containing either
wild-type or variant-containing TOP3A (amino acids 1-934 and with
a C-terminal HA tag, except the Ser810* variant which was
expressed as amino acids 1-810 without an epitope tag) were cloned
into pcDNAS FRT/TO.

Cell maintenance and transfection

Untransfected human U20S cells carrying a stably integrated Flp
recombination target (FRT) locus were cultured in Dulbecco’s Modi-
fied Eagle Medium (DMEM, high glucose with GlutaMAX supple-
ment, Gibco), supplemented with 10% foetal bovine serum (FBS),
100 U/ml penicillin, 100 pg/ml streptomycin, 15 pg/ml blasticidin
and 100 pg/ml Zeocin. Following transfection, cells were main-
tained in DMEM supplemented with 10% FBS, 100 U/ml penicillin,
100 pg/ml streptomycin, 15 pg/ml blasticidin and 50 pg/ml hygro-
mycin. HeLa cells were maintained in DMEM supplemented with
10% FBS. Both cell lines were gifts from Prof. R. Lightowlers, New-
castle University, and were routinely tested for mycoplasma
contamination.
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For stable transfection, approx. 250,000 cells were transfected
with 2,250 ng of pOG44 and 250 ng of pcDNAS5 FRT/TO containing
the TOP3A cDNA (WT or pathological variant containing) using
Lipofectamine 3000 (Invitrogen) in antibiotic-free medium according
to the manufacturer’s instructions. Cells were passaged to 9 cm cell
culture dishes after 24 h, and selective medium were added after
48 h. After approx. 2 weeks of selection, colonies were transferred
to 24-well plates using paper cloning disks in order to isolate clonal
cell lines.

For siRNA transfection and rescue experiments, approx. 100,000
cells were transfected with 5 nM of Silencer Select TOP3A siRNA
(Ambion, see Appendix Table S1) using Lipofectamine RNAIMAX in
serum-free OptiMEM media (Thermo Fisher), and added to cells in
antibiotic-free DMEM containing 5 ng/ml doxycycline to induce
expression of TOP3A variants. Cells were re-transfected after 3 days
using the same procedure and collected after a total of 6 days of
transfection. For transient transfection of HeLa cells, cells were co-
transfected with 2,500 ng of pcDNAS5-containing TOP3A Ser810*
during re-transfection with siRNA.

Southern blotting

Total DNA from muscle (300 ng) as above was restricted using
10 U of BamHI-HF or Pvull-HF (NEB) as indicated for 1 h at 37°C.
For experiments including T7 endonuclease I, 250 ng of muscle
DNA was restricted using 10 U of BamHI for 30 min at 37°C, then
1 U of T7 endonuclease I (NEB) was added and the reactions were
incubated for a further 30 min at 37°C. Reactions were separated
on 0.6% agarose gels for 4 h at 110 V. Gels were incubated in
depurination buffer (0.25 M HCI) for 20 min, followed by denatur-
ation buffer (0.5 M NaOH, 1.5 M NaCl) for 2 x 10 min and then
neutralisation buffer (0.5 M tris—=HCl (pH 7.4), 1.5 M NaCl) for a
further 2 x 10 min. Gels were blotted onto nylon membrane
(Hybond-N+, Amersham) overnight and then crosslinked using UV
at 1200 mJ/cm?. A probe (corresponding to mtDNA loci nt. 16262-
128) was synthesised by radiolabelling a PCR product using a
Prime-It II random primer labelling kit (Agilent); see Appendix
Table S1 for primer sequences. Membranes were hybridised over-
night at 60°C in hybridisation buffer (0.25 M phosphate buffer, 7%
(w/v) SDS), then washed for 3 x 20 min with 1 x SSC containing
0.1% (w/v) SDS and imaged using a Typhoon FLA 9500 or
exposed to X-ray film.

Western blotting

Cells were lysed in 50 mM Tris—HCI (pH 7.4), 150 mM NaCl, 1 mM
EDTA, 1% (v/v) Triton X-100 and 1 x proteinase inhibitors for
30 min at 4°C, and equal protein amounts were separated on 4-
20% Criterion TGX SDS-PAGE gels (Bio-Rad). Primary antibodies
were incubated overnight at 4°C, and secondary antibodies were
incubated for 1 h at room temperature. Membranes were developed
using Pierce ECL or SuperSignal West Pico Plus (Thermo Fisher).
Antibodies used were as follows: rabbit anti-HA (Sigma Aldrich
H6908; RRID:AB_260070, 1:1,000), mouse anti-B-actin (Abcam
ab6276; RRID:AB_2223210, 1:50,000), rabbit anti-TOP3A (Protein-
tech 14525-1-AP; RRID:AB_2205881, 1:1,000), rabbit anti-mouse
HRP (Agilent P0260; RRID:AB_2636929, 1:3,000) and swine anti-
rabbit HRP (Agilent P0217; RRID:AB_2728719, 1:3,000).
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Analysis of mtDNA topology

Cells were washed once with PBS and then resuspended in lysis
buffer (75 mM NaCl, 50 mM EDTA, 20 mM HEPES (pH 7.8), 0.5%
(w/v) SDS and 0.2 mg/ml proteinase K). DNA was isolated by
sequential phenol and chloroform extractions and resuspended in
TE (pH 8). DNA (2.5 pg) was separated on 0.4% agarose gels, with-
out ethidium bromide, at 35 V for 22 h. As controls, 1 pg of DNA
from wild-type U20S Flp-In cells was treated with 10 U of BamHI-
HF (NEB) or 5 U of E. coli Topoisomerase I (NEB) for 30 min at
37°C in 1 x CutSmart buffer (NEB), before being loaded on gels
alongside uncut DNA as above. After electrophoresis, gels were pre-
pared for Southern blotting as above for restricted samples.

Quantitative PCR

Total cellular DNA was isolated using a DNeasy Blood and Tissue
kit (Qiagen) according to the manufacturer’s instructions. The
mtDNA target MT-NDI and nuclear target B2M were amplified as
technical triplicates in 2 x Tagman universal PCR master mix
(Applied Biosystems) on a StepOnePlus Real-Time PCR system
using 50 ng of template DNA, 300 nM of each primer and 100 nM
of probe. Oligo sequences are provided in Appendix Table SI.
Cycling conditions were as follows: 50°C for 2 min, 95°C for
10 min, then 40 cycles of 95°C for 15 s and 60°C for 1 min. A stan-
dard curve was generated by amplifying both targets from a single
plasmid, and used to determine B2M and MT-NDI1 levels. The
mtDNA copy number was calculated as MT-ND1/B2M and normal-
ised to the level of untransfected samples. Error bars are expressed
as the standard error of the mean and converted to percentages
according to the normalised MT-ND1/B2M ratio.

Protein purification

Human TOP3A was expressed in Spodoptera frugiperda Sf9 cells.
Following expression, cells were harvested and lysis was performed
in lysis buffer (20 mM Tris—HCI (pH 8), 500 mM NaCl, 10 mM -
mercaptoethanol and 1 x proteinase inhibitors). Samples were
freeze-thawed once using liquid nitrogen to aid lysis. The lysate was
cleared by centrifugation at 75,000 g for 45 min at 4°C using a
Sorvall Surespin 630 rotor in a Thermo Scientific Sorvall WX 100
ultracentrifuge. The first purification step was performed using His-
Select Nickel Affinity Gel (Sigma-Aldrich) which was equilibrated
with Nickel Buffer (25 mM HEPES (pH 7), 400 mM NaCl, 10% (v/v)
glycerol and 10 mM B-mercaptoethanol) containing 5 mM imidaz-
ole. The protein was washed with Nickel Buffer containing 10 mM
imidazole, and eluted with Nickel Buffer containing 250 mM imid-
azole. The 6x His-tag-fusion protein was cleaved by dialysis in 1 1 of
Nickel Buffer with TEV protease at 4°C overnight. The protein was
then reloaded onto His-Select Nickel Affinity Gel, and the flow
through was collected. The flow through was further purified using
HiTrap Heparin HP (GE Healthcare Life Sciences). The heparin col-
umn was equilibrated with Buffer A (25 mM HEPES (pH 7),
200 mM NaCl, 10% (v/v) glycerol, 1 mM DTT, 0.5 mM EDTA (pH
8) and 1 x proteinase inhibitors) and the protein was eluted as a lin-
ear gradient with Buffer B (25 mM HEPES (pH 7), 1.2 M NaCl, 10%
(v/v) glycerol, 1 mM DTT, 0.5 mM EDTA (pH 8) and 1 x proteinase
inhibitors). The TOP3A peak fractions were collected and further
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purified using a Superdex 200 16/600 gel filtration column (GE
Healthcare Life Sciences) equilibrated with Buffer C (25 mM HEPES
(pH 7), 400 mM NaCl, 10% (v/v) glycerol, 1 mM DTT, 0.5 mM
EDTA (pH 8) and 1 x proteinase inhibitors). Finally, the purified
human TOP3A protein samples were concentrated using HiTrap SP
HP (GE Healthcare Life Sciences) equilibrated with Buffer A and
eluted with Buffer B with a linear gradient.

Lk1 ssDNA catenane synthesis, extraction and validation

Lkl ssDNA catenanes were synthesised according to the method of
Li et al (2018). R1, R2, H1 and H2 oligos (10 pmol each) were mixed
in 1 x T4 DNA Ligase (NEB) buffer (50 mM Tris-HCl, 10 mM MgCl,,
1 mM ATP and 10 mM DTT, pH 7.5) in a total volume of 17 pl. The
mixture was heated to 90°C for 3 min and cooled at 0.1°C/s to 25°C.
S1 and S2 oligos (20 pmol each) were then added and the mixture
was incubated at 25°C for 20 min. T4 DNA ligase (400 U) was then
added and the mixture was incubated at 25°C for a further 2 h. Pro-
teinase K was added to a concentration of 1 mg/ml and incubated at
room temperature for 15 min. Reaction products were separated by
denaturing PAGE (12% (v/v) acrylamide/bis (19:1), 7 M urea and
1 x TBE), and the gel was stained with 1 x SYBR gold. Bands corre-
sponding to the Lkl ssDNA catenanes were cut from the gel and
soaked in 1 x TE at room temperature overnight. The tube was then
briefly centrifuged and the supernatant was transferred to a new tube
and stored at 4°C. The concentration of Lkl ssDNA catenanes was
calculated by separating products by PAGE alongside a standard
curve and quantifying band intensities using ImageLab software
(Bio-Rad Laboratories).

To validate the identity of the Lk1 ssDNA catenanes, 400 fmol of
DNA catenanes were incubated with either 20 U of S1 nuclease
(Promega), 100 U of exonuclease III (NEB), or 5 U of CviKI-1 (NEB)
at 37°C for 30 min (S1 nuclease and exonuclease III) or 4 h (CviKI-
1). Following these reactions, 1 pl of 20 mg/ml proteinase K was
added and the reactions were incubated at room temperature for
20 min. Samples were separated by 12% PAGE and imaged as
described above.

Decatenation reactions

The concentrations of purified TOP3A variants were measured using
a Qubit protein assay (Thermo Fisher Scientific). Reactions were
carried out in a total volume of 20 pl in reaction buffer (25 mM
Tris-HCl pH 7.4, 5 mM MgCl,, 50 mM NaCl, 1 mM DTT and
100 pg/ml BSA) at 37°C for 30 min. Proteins were diluted using
dilution buffer (20 mM tris-Cl pH 8, 200 mM NaCl, 1 mM DTT,
10% (v/v) glycerol, 0.5 mM EDTA and 100 pg/ml BSA). In experi-
ments involving two compound heterozygous variants, reactions
contained 50 fmol of protein (for single variants) or 25 fmol for each
of the two variants. The reaction products were then separated by
denaturing PAGE as described above. Reaction products were elec-
troblotted onto Hybond-N+ membranes (Cytiva) at 50 V in 1 x TBE
for 1 h. Membranes were crosslinked by exposure to 1200 mJ/cm?
of 254 nm UV. Membranes were hybridised overnight at 42°C with
5’ radioactively labelled DNA probes complementary to R1 or R2
(see Appendix Table S1 for probe sequences). For probe synthesis,
10 pmol of each of R1 probe and R2 probe were labelled using T4
polynucleotide kinase (NEB) and 2 pl of [y-**P] ATP (10 mCi/ml,
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3,000 Ci/mmol, Hartmann Analytic). The following day, mem-
branes were washed for 3 x 20 min with saline-sodium citrate
(SSC) buffer containing 0.1% SDS and imaged using a Typhoon FLA
9500.

Electrophoretic mobility shift assay (EMSA)

A 40-mer or 80-mer ssDNA oligonucleotide (see Appendix Table S1
for oligo sequences) was labelled at the 5’ end with [y—sZP] ATP using
T4 PNK. EMSA reactions (20 pl) contained 10 fmol labelled ssDNA
oligonucleotide, 25 mM HEPES (pH 7.5), 100 pg/ml BSA, 1 mM DTT,
10% (v/v) glycerol, 70 mM NaCl and increasing amounts (0, 25, 50,
75, 100 or 250 fmol) of recombinant TOP3A. Reactions were incu-
bated at 37°C for 15 min, then transferred to ice. The samples were
loaded onto 8% native polyacrylamide gels and separated at 150 V in
0.5 x TBE running buffer at 4°C for 50 min and visualised by autora-
diography. Each experiment was performed at least three times.

DNA relaxation assays

Reaction mixtures (20 pl) contained supercoiled pUC19 (250 ng),
40 mM HEPES (pH 7.6), 1 mM MgCl, and 30% (v/v) glycerol. The
proteins were diluted with dilution buffer (25 mM HEPES (pH 7.6),
100 mM NaCl, 10% (v/v) glycerol, 1 mM DTT and 100 pg/ml BSA).
The supercoiled plasmid template was left untreated or treated with
100 fmol, 300 fmol, 1 pmol or 3 pmol TOP3A at 37°C for 45 min.
The reactions were stopped by the addition of 1 ul of 20 mg/ml pro-
teinase K, 2 pl of 5% (w/v) SDS and 2 ul of 50 mM EDTA (pH 8),
and incubated at 37°C for 30 min. Lastly, 6 pul of 6 x DNA loading
dye (Thermo Scientific) was added, and the samples were
loaded onto a 0.8% agarose gel in TAE buffer without ethidium bro-
mide, and run at 50 V for 3.5 h. The gels were then stained with
500 ng/ml ethidium bromide in water for 45 min and visualised
under UV light. Each experiment was performed at least three times.

Quantification

For the quantification of EMSAs and relaxation assays, images were
imported into ImageLab software (version 6.0.1 build 34, standard
edition, Bio-Rad Laboratories). Lanes and bands were manually
selected and the background was adjusted equally across all lanes of a
single gel. For EMSA quantification, the intensity of the unbound DNA
band was determined and expressed as a percentage of overall lane
intensity. The inverse of unbound band intensity was taken as signal
intensity for bound DNA. For relaxation assays, the relative band
intensity of the supercoiled plasmid was determined and used to cal-
culate the percentage of substrate released from supercoiled form. For
decatenation assays, the proportion of substrate and decatenated
product DNA was quantified using ImageJ. One-way ANOVA was
performed independently for each topoisomerase concentration to
determine statistically significant differences between treatments.

Statistical analysis

One-way ANOVA was used to identify differences between samples
using GraphPad Prism 9. All statistical calculations used three inde-
pendent experiments unless indicated otherwise in figure legends.
For qPCR experiments, the value of each biological replicate
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The paper explained

Problem

Mitochondrial diseases are a heterogeneous group of disorders that
are among the most common form of inherited human metabolic dis-
ease. The range of symptoms, varying age of onset and different possi-
ble inheritance patterns of mitochondrial diseases present clinical and
diagnostic challenges. Mitochondrial disease can be caused by vari-
ants in the nuclear genome or the mitochondrial genome, mtDNA,
which is autonomously replicated by a nuclear-encoded protein
machinery. Several proteins involved in mtDNA maintenance and
repair localise to both the nucleus and mitochondria. One such pro-
tein is TOP3A, a topoisomerase that is involved in DNA replication ter-
mination and decatenation in mitochondria, and DNA recombination
in the nucleus. Pathological variants in TOP3A have been found to
cause symptoms associated with the nuclear function of TOP3A
(Bloom syndrome) as well as mitochondrial dysfunction, but the path-
ophysiology associated with these different variants has not been
established.

Results

We report 11 patients from nine families with an adult-onset mito-
chondrial disease associated with bi-allelic pathological variants in
TOP3A. Common symptoms include ptosis, ophthalmoplegia, cardiac
conduction defects, myopathy, sensorineural hearing loss, cerebellar
ataxia and sensory axonal motor neuropathy. Pathological variants
are associated with instability of the mitochondrial genome and affect
different aspects of the enzyme function, including ssDNA binding, the
relaxation of supercoiled DNA molecules and the ability to separate
(decatenate) ssDNA substrates. Compound heterozygous variants that
overall result in a milder impairment of TOP3A activity were associ-
ated with mitochondrial disease, whereas variants associated with
Bloom syndrome with mitochondrial dysfunction caused a greater loss
of enzymatic activity. Based on our data we propose that the degree
of catalytic impairment determines whether TOP3A variants manifest
as mitochondrial disease or in Bloom syndrome.

Impact

Our results expand the links between mitochondrial DNA mainte-
nance and mitochondrial disease and provide insights into different
diseases caused by different functions of a single mitochondrial and
nuclear enzyme. These data may facilitate the identification of further
cases of TOP3A-related mitochondrial disease and aid future investiga-
tions into the pathophysiology of dual-localised proteins.

represents the mean of three technical triplicate reactions. For
experiments using patient-derived material, the samples were anon-
ymised but not blinded. Data are presented as mean values +SEM.
Significance values used throughout the paper are as follows:
*P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001.

Data availability

Due to consent agreement restrictions, patient WGS data could not
be made freely available and are therefore not deposited in a public
database.

Expanded View for this article is available online.
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