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Summary
Background Mitochondrial DNA (mtDNA) encodes 37 genes necessary for synthesizing 13 essential subunits of the

oxidative phosphorylation system. mtDNA alterations are known to cause mitochondrial disease (MitD), a clinically ~éBioMedicine 2022;76:

heterogeneous group of disorders that often present with neuropsychiatric symptoms. Understanding the nature ;ggﬁ:hse d online 24 Jan-
and frequency of mtDNA alterations in health and disease could be a cornerstone in disentangling the relationship vary 2022

between biochemical findings and clinical symptoms of brain disorders. This systematic review aimed to summarize  p,55.//doi.0rg/10.1016/;.
the mtDNA alterations in human brain tissue reported to date that have implications for further research on the chiom.2022.103815
pathophysiological significance of mtDNA alterations in brain functioning.

Methods We searched the PubMed and Embase databases using distinct terms related to postmortem human brain
and mtDNA up to June 10, 2021. Reports were eligible if they were empirical studies analysing mtDNA in postmor-
tem human brains.

Findings A total of 158 of 637 studies fulfilled the inclusion criteria and were clustered into the following groups:
MitD (48 entries), neurological diseases (NeuD, 55 entries), psychiatric diseases (PsyD, 15 entries), a miscellaneous
group with controls and other clinical diseases (5 entries), ageing (20 entries), and technical issues (5 entries). Ten
entries were ascribed to more than one group. Pathogenic single nucleotide variants (pSNVs), both homo- or hetero-
plasmic variants, have been widely reported in MitD, with heteroplasmy levels varying among brain regions; how-
ever, pSNVs are rarer in NeuD, PsyD and ageing. A lower mtDNA copy number (CN) in disease was described in
most, but not all, of the identified studies. mtDNA deletions were identified in individuals in the four clinical catego-
ries and ageing. Notably, brain samples showed significantly more mtDNA deletions and at higher hetero-
plasmy percentages than blood samples, and several of the deletions present in the brain were not detected in
the blood. Finally, mtDNA heteroplasmy, mtDNA CN and the deletion levels varied depending on the brain
region studied.

Interpretation mtDNA alterations are well known to affect human tissues, including the brain. In general, we found
that studies of MitD, NeuD, PsyD, and ageing were highly variable in terms of the type of disease or ageing process
investigated, number of screened individuals, studied brain regions and technology used. In NeuD and PsyD, no
particular type of mtDNA alteration could be unequivocally assigned to any specific disease or diagnostic group.
However, the presence of mtDNA deletions and mtDNA CN variation imply a role for mtDNA in NeuD and PsyD.
Heteroplasmy levels and threshold effects, affected brain regions, and mitotic segregation patterns of mtDNA altera-
tions may be involved in the complex inheritance of NeuD and PsyD and in the ageing process. Therefore, more
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information is needed regarding the type of mtDNA alteration, the affected brain regions, the heteroplasmy levels,
and their relationship with clinical phenotypes and the ageing process.
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Research in context

Evidence before this study

The human mitochondrial genome consists of a 16,569
bp molecule present in almost all cell types with some
exceptions, the most significant being erythrocytes. On
average, there are approximately 1,000 mtDNA mole-
cules in a human cell, but the specific mtDNA CN
depends on the energy requirements of each cell. Brain
tissue has a high energy requirement, which leads to a
large number of mitochondria in the brain." It is known
that alterations in mtDNA cause MitD, a clinically het-
erogeneous group of disorders that arise as a conse-
quence of mitochondrial respiratory chain dysfunction.
The clinical characteristics of MitD show enormous vari-
ability, and although they can affect a single organ,
most of them involve multiple organ systems often pre-
senting with neurological disturbances. Moreover, there
is increasing evidence of mitochondrial dysfunction in
neurodegeneration,” in the development of psychiatric
symptoms,” and in the brain ageing process.*” The
aims of this study were a) to determine the specific
diagnoses or health conditions in which the presence of
mtDNA alterations has been assessed in the human
postmortem brain and b) to identify and summarize the
specific mtDNA defects reported. For these purposes,
we conducted a PubMed and Embase search for articles
published before June 10, 2021, using several search
strings and keywords, including postmortem, brain,
neuron, glia, mtDNA, variant, mutation, and deletion.

Added value of this study

Our systematic review identified that mtDNA alterations
have been investigated in human postmortem brain
samples associated with ageing and disease, mostly in
individuals with MitD, neurological, or psychiatric diag-
noses. We report a comprehensive summary of the
identified mtDNA alterations organized into three clini-
cal categories (MitD, NeuD and PsyD) plus a miscella-
neous clinical group and two further categories,
including ageing and technical issues. pSNVs, altera-
tions in mtDNA CN and mtDNA deletions have been
reported in MitD. In NeuD, most of the studies investi-
gated the presence of mtDNA deletions or differences
in mtDNA CN between affected and nonaffected

individuals, with conflicting results, while few studies
evaluated mtDNA pSNVs. Similarly, pSNVs and altered
mtDNA CNs were not consistently evaluated in PsyD; in
contrast, several studies identified mtDNA deletions in
some patients. Finally, mtDNA deletions have been
recurrently associated with ageing. We also identified
some studies that have explored mtDNA gene expres-
sion, oxidation and methylation.

Implications of all the available evidence

Among the three types of well-known mtDNA altera-
tions (pSNVs, mtDNA CN and mtDNA rearrangements)
that are associated with mitochondrial dysfunction,
only one or two of them were investigated in most stud-
ies. Most studies reported mtDNA alterations, demon-
strating their presence in the postmortem brain of
patients with MitD, NeuD and PsyD and the ageing pro-
cess. With the currently available molecular techniques
and bioinformatic tools, it is crucial to further investi-
gate the presence of all types of mtDNA alterations in
postmortem brain samples of patients with MitD, NeuD
and PsyD in all age groups and in healthy individuals to
shed light on the role of mtDNA in brain function, dis-
ease development and the ageing process. These stud-
ies should be conducted with current validated
techniques to obtain unambiguous data regarding
mtDNA alterations and associated heteroplasmy levels
and are particularly relevant when measuring mtDNA
CN. Because mitochondria can be acknowledged as a
therapeutic target for ameliorating brain function, it is
crucial to decipher the role of all types of mtDNA varia-
tions in health and disease.

Introduction

Mitochondrial DNA (mtDNA)

Mitochondria are membrane-bound organelles that gen-
erate most of the chemical energy needed to power the
cell’s biochemical reactions; this energy is stored as
adenosine triphosphate (ATP) molecules. Two distinct
bilayer membranes separate the matrix of the mitochon-
dria from the cytosol—the smooth outer membrane and
the highly folded inner membrane—forming invagi-
nated structures called cristae. In these cristae, ATP
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synthesis takes place by the oxidative phosphorylation
system (OXPHOS) through oxidoreductase complexes
[-IV of the electron transport chain (ETC) and the ATP
synthase enzyme of complex V. Mitochondria act as a
signalling hub regulating cellular processes relevant to
cell differentiation, cell proliferation, apoptosis and the
immune response.® ' The mitochondrial proteome is
estimated to contain 1,500 proteins, most of which are
under nuclear genome control.

Human mtDNA consists of a 16,569 bp circular
DNA molecule that is maternally inherited and whose
sequence and gene organization were published in
1981."""* It encodes 37 genes, including 13 protein subu-
nits of the respiratory chain, 2 ribosomal units (rRNAs
12S and 16S) and 22 transfer (tRNA) genes. mtDNA
also contains a noncoding control region of approxi-
mately 1,200 bp in length and is known as the displace-
ment loop (D-loop) region, which regulates mtDNA
transcription and replication. The 13 resulting proteins
are crucial for the proper function of the respiratory
chain even though they represent only a small fraction
of the ~100 subunits that constitute complexes I-V."”
Another peculiar feature of mtDNA is polyploidy. A uni-
form collection of mtDNA copies—either completely
normal mtDNA or completely mutant mtDNA—is
known as homoplasmy, while heteroplasmy refers to
different proportions of normal and mutant mtDNA in
a mitochondrion, cell, organ or tissue. The amount of
mtDNA in a cell, known as the mtDNA content or
mtDNA CN, usually varies from hundreds to thou-
sands™ and depends on the cell function and the cell
response to endogenous and exogenous agents.” Tis-
sues with high energy requirements contain large
amounts of mitochondria in their cells and, accordingly,
a high mtDNA CN. The central nervous system, cardiac
and skeletal muscles, endocrine system, and liver and
renal systems are among those with the highest energy
requirements."®

mtDNA is composed of double-stranded DNA, com-
prising heavy strands (H) and light strands (L). The H-
strand, which is guanine-rich, encodes 28 genes, while
the L-strand, which is cytosine-rich, encodes the remain-
ing 9 genes. Several characteristics differ between the
nuclear and mitochondrial genomes: mtDNA is circu-
lar, small, has no introns, is not enveloped with proteins
and is maternally inherited; in contrast, nuclear DNA
(nDNA) is linear, has a large number of nucleotides
(~3.3 billion bp), has introns, is packaged into chroma-
tin, undergoes recombination and is biparentally inher-
ited. Both mtDNA and nDNA wuse the same
deoxynucleotide triphosphates (ANTPs) for DNA repli-
cation, and although mtDNA follows the universal
codon usage rules when coding sequences are trans-
lated into proteins, there are some specific deviations:
UGA codes for tryptophan instead of a stop codon, AGA
and AGG are also stop codons, and AUA codes for
methionine. Additionally, some nucleotide bases exhibit

www.thelancet.com Vol 76 Month February, 2022

functional overlap between two genes, as they are the
last base of one gene and the first base of the next
gene.”® In the mitochondrial matrix, mtDNA forms
nucleoids with mitochondrial transcription factor A,
which acts to provide structure to the mtDNA genome.
Finally, the mtDNA mutation rate (the speed at
which mutations are introduced) is much higher than
that of nDNA. In animals, it is estimated that the muta-
tion rate in mtDNA is ~25-fold higher than that in
nDNA."” In humans, based on the appearance of de
novo mtDNA variants in human pedigree studies, an
~10-fold higher rate in mtDNA than in nDNA has been
suggested.”” The molecular damage to mtDNA is
thought to be due to the high levels of reactive oxygen
species present in the mitochondrion, the high mtDNA
replication levels, and the high coding rate of mtDNA,
which is ~93%."” Additionally, this higher mutation
rate suggests that many mtDNA variants may be sub-
jected to poor selection, which can occur at the germline
level or at the somatic level throughout life, implying
that even though a specific variant is not detected in
blood, a tissue commonly used in genetic testing, it can-
not be ruled out that the variant is not present in other
tissues or organs. Correspondingly, mtDNA alterations
can lead to cellular energy impairment that might cause
a disease or be implicated in the physiopathology of
age-associated diseases or the ageing process itself.*®

mtDNA and human ageing

The decline of mitochondrial functioning has been
largely implicated in the ageing process and is charac-
terized by a reduced density of mitochondria and
reduced mitogenesis.*" In fact, the ageing process is
strongly linked to mnoninherited mtDNA changes,
mainly point variants and large deletions, that increase
in frequency with age.** >4 Such changes, which origi-
nate as replication errors, accumulate in postmitotic tis-
sues during ageing, leading to increased proportions of
impaired mitochondria that may differ between cells
and tissues.” In the ageing brain, dysfunctional synap-
tic mitochondria leading to impaired neurotransmis-
sion and cognitive failure®® have been amply
demonstrated,””** and mtDNA deletions correlate with
mitochondrial respiratory chain malfunction.””*® Thus,
elucidating the temporal and spatial distribution of
mutated mtDNA in the brain might resolve important
questions regarding the importance of mtDNA changes
in the ageing process.

mtDNA and disease

Given the nature of the genetic material and the dual
genomic control of mitochondria, alterations occurring
either in the nDNA or mtDNA sequence can potentially
cause mitochondrial functional defects. Indeed, some
are known to cause very heterogeneous diseases that
together are called primary mitochondrial disease
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(MitD). More than 300 nuclear genes are known to
cause MitD, although most adult patients exhibit var-
iants in mtDNA. The mechanisms involved in these
nuclear genes involve assembly factors, mitochondrial
structure, coenzyme Q biosynthesis, protein synthesis,
and mtDNA maintenance.”?*° However, this review
focuses on MitDs associated with mtDNA pathogenic
variants that include pathogenic single nucleotide var-
iants (pSNVs), mtDNA rearrangements (mostly dele-
tions), and altered mtDNA CNs. They can be either
maternally inherited or occur de novo, and their patho-
genic role can be established by taking advantage of the
association between each variant and a specific pheno-
type.*" This was investigated by a recent analysis of 265
mtDNA SNVs in 483,626 individuals from the United
Kingdom (UK) biobank, which has allowed the identifi-
cation of 260 new mtDNA-phenotype associations,
including type 2 diabetes, multiple sclerosis, adult
height, and liver and renal biomarkers. Notably, this
study identified a key role for mtDNA common and rare
SNV variation (only homoplasmic) in many quantitative
human traits and disease risks, with a particular empha-
sis on cardiometabolic and neurodegenerative dis-
eases.”” mtDNA pSNVs can be observed in
homoplasmy or heteroplasmy, while mtDNA deletions
are always heteroplasmic, since within the deleted
region, mtDNA consistently contain one or more tRNAs
indispensable for the translation of the protein-associ-
ated mtDNA genes, which are essential for life. Known
mtDNA pSNVs lead to syndromes such as mitochon-
drial encephalomyopathy with lactic acidosis and
stroke-like episodes (MELAS), myoclonic epilepsy with
ragged red fibres (MERRF), neuropathy, ataxia and reti-
nitis pigmentosa (NARP), and Leigh syndrome
(LS).* 3° mtDNA rearrangements are responsible for
Kearns—Sayre syndrome (KSS), progressive external
ophthalmoplegia (PEO), and Pearson’s syndrome.’”
These are considered the most typical MitDs associated
with mtDNA alterations; however, there are many other
diseases and human characteristics related to mtDNA
variation, such as diabetes and hypertension, as well as
ageing.’’ In fact, it has been estimated that 1 out of
3,500—06,000 individuals are affected by or are at risk of
developing a MitD.>*3° Human phenotypes associated
with mtDNA alterations include extremely severe dis-
eases that can be present from infancy to adulthood and
can affect a single organ or multiple tissues, and most
of them are included as rare diseases (ORPHANET,
https://www.orpha.net/). In June 2021, the Online
Mendelian Inheritance in Man (https://omim.org) cata-
logue*® included 33 phenotypic descriptions (Supple-
mentary Table 1) in which the molecular basis is known
to be associated with mtDNA alterations. The catalogue
also included the 37 mtDNA genes (Supplementary
Table 2) containing several allelic variants associated

with human conditions. In addition, the human mito-
chondrial genome database (https://www.mitomap.
org*’) includes a large and growing number of variants,
some of which are related to a wider constellation of
phenotypes. Among the reported mtDNA base substitu-
tion disease variants, 431 entries are located in rRNA or
tRNA genes, and 481 are located in coding regions or
the noncoding (D-loop) control region. These include 52
rRNA/tRNA and 43 coding/D-loop variants that have
been confirmed as pathogenic (on March 2021).4" 44
However, it is worth mentioning that most of the var-
iants seem to have no effect and have been widely used
as haplotype markers in evolutionary anthropology and
population history, genetic genealogy, and forensic sci-
ence in addition to medical genetics.*> Moreover, a
group of phenotypes known as mtDNA maintenance
defects or mitochondrial depletion syndromes must be
noted; these are characterized by mtDNA depletion
and/or the presence of multiple mtDNA deletions,
resulting in inadequate energy production.*® These
mtDNA defects are caused by pathogenic variants
located in one of the 20 nuclear-encoded genes that are
involved in mtDNA maintenance.”’ 4° The involve-
ment of nuclear gene defects causing mitochondrial
depletion syndromes is beyond the scope of this review
and is discussed elsewhere.’”>" Another aspect that
must be considered is that an altered mtDNA CN is
associated with mitochondrial function and dysfunc-
tion, and consequently, several conditions have been
associated with either increases or decreases in the
mtDNA content.>*

MitD refers to a heterogeneous group of phenotypes;
the common clinical features include ptosis, external
ophthalmoplegia, proximal myopathy and exercise intol-
erance, cardiomyopathy, sensorineural deafness, optic
atrophy, pigmentary retinopathy, and diabetes mellitus.
Regarding the central nervous system, phenotypes
include fluctuating encephalopathy, seizures, dementia,
migraine, stroke-like episodes, ataxia, and spasticity.
Some MitD types affect only a single organ, while many
others involve multiple organ systems,’*” leading to
clinical heterogeneity, a hallmark of MitD. The organs/
tissues most often affected in MitD are the brain and
skeletal muscle, but the heart, liver, peripheral nerves,
gastrointestinal tract and endocrine system can also
be involved. Therefore, it is relevant to identify the
mtDNA defects present in the brain, their nature
and prevalence, and the correlation between the
genetic defects and the postmortem neuropathologic
features to advance our understanding of the under-
lying mechanisms of mitochondrial function in dis-
ease. Within this systematic review, we aim to
summarize the main mtDNA alterations reported in
postmortem human brain samples and the related
phenotypes.
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Methods

Search strategy and selection criteria

We examined PubMed and Embase for English lan-
guage articles published from inception to June 10,
2021 using two search strings combining the following
keywords: postmortem/post-mortem, brain, mitochon-
drial DNA/mtDNA, mutation, variant, deletion, neuron
and glia, according to the Preferred Reporting Items for
Systematic Reviews and Meta-analyses (PRISMA)
guidelines.”® The specific search strings in both data-
bases are shown in Figure 1. We examined the retrieved
titles and abstracts and selected empirical studies based
on the eligibility criteria. The literature search strategy,
data collection, data extraction and appraisal were con-
ducted independently by three authors (AV-P, JT and
BKB). When there was no agreement, a fourth author
(LM) contributed to gain consensus. The abstraction
and summary of the main results of the studies were
first performed independently by one of the three main
authors and revised by the remaining authors.

Inclusion and exclusion criteria. Studies were
included only if they reported results of mtDNA analy-
ses in postmortem human brain tissue and were written
in English. The exclusion criteria were as follows: i)
studies that did not report the results of mtDNA

Search string Embase

(mutation:ab,ti OR variant:ab,ti OR
deletion*:ab,ti) AND (‘mitochondrial dna':ab,ti
OR mtdna:ab,ti) AND (brain:ab,ti OR
neuron:ab,ti OR glia*:ab,ti OR postmortem:ab,ti
OR 'post mortem':ab,ti) AND ([article]/lim OR
[article in press]/lim OR [conference paper]/lim
OR [data papers]/lim OR [letter]/lim OR [short
survey]/lim) AND [english]/lim AND
[humans]/lim

Search string PubMed

((“mutation”[title/abstract]) OR
(“variant”[title/abstract]) OR
(“deletion*”[title/abstract])) AND
((“mitochondrial DNA”[title/abstract]) OR
(“mtDNA”[title/abstract])) AND
((“brain”[title/abstract]) OR
(“neuron”[title/abstract]) OR
(“glia*”[title/abstract]) OR
(“postmortem”[title/abstract]) OR (“post-
mortem”[title/abstract])) NOT
("review"[Publication Type])

Filters applied: Humans, English

('brain'/exp) AND (postmortem/exp OR 'post
mortem'/exp) AND ('mitochondrial dna'/exp OR
'mtdna'/exp) AND [English]/lim

82 PMID entries

(“brain”) AND ("postmortem" OR "post-
mortem") AND ("mitochondrial DNA" OR
"mtDNA") Filters applied: English

125 PMID entries

C> 508 PMID entries

547 PMID entries

:> 491 PMID entries

analyses in postmortem human brain tissue, ii) cell
models, iii) animal models; iv) review studies; v) studies
focused on brain tumours or cancer, vi) studies that
reported duplicated data; or vii) forensic studies. No
other restrictions were applied.

Review process

The combined search yielded 637 potentially eligible
studies. Abstracts or full articles (if the eligibility criteria
were not clearly stated in the abstract) were screened to
decipher eligibility. Figure 1 shows the PRISMA flow
chart depicting the specific information at the different
stages of the systematic review, and Supplementary
Table 3 provides the PRISMA checklist of items to
include when reporting a systematic review.”> We dis-
carded 479 reports, and a detailed examination was per-
formed on the 158 remaining records and on others
obtained from hand-searching references.

Data extraction

From eligible articles, we recorded the name of the first
author, PMID number, publication year, number of
patients and controls analysed, age, sex, disease or con-
dition, brain region, technique used, main results

158 entries fulfilled inclusion criteria

48 entries = T1, MitD

55 entries = T2, NeuD

15 entries = T3, PsyD

5 entries = T4, Miscellanea
20 entries = T5, Aging

5 entries = Technical issues
lentry > T2&T3

\ 8 entries > T2 & TS5

| lentry > T4&T6

452 Embase & PubMed
56 only in Embase
39 only in PubMed

637 PMID entries
61A&B
487 only from A
89 only from B

479 entries fulfilled exclusion criteria

358 reports = No analysis of mtDNA in
postmortem human brain

22 reports = Cell models

43 reports = Animal models/studies

40 reports - Review studies

11 reports = Tumor/cancer studies

2 reports = Duplicated data/studies

3 reports > Forensic studies

151 PMID entries
56 Embase & PubMed
26 only in Embase
69 only in PubMed

Figure 1. PRISMA flow diagram for selecting published articles for review. The two search strategies used, the number of articles
with PMID numbers obtained for each of them, and the result of combining them are shown. Those that met the inclusion criteria
and those that were excluded and the groups to which they were assigned are indicated. The final number of articles included in
each group after manual inclusion of references is indicated in brackets.

www.thelancet.com Vol 76 Month February, 2022



Articles

regarding mtDNA variants, mtDNA CN and/or mtDNA
rearrangements reported, and additional information.

Pathogenicity assignment of mtDNA variants
Pathogenicity status was collected based on the informa-
tion present in the Mitomap and ClinVar databases
when available.

Role of the funding source

The funders had no role in the study design, in the col-
lection and interpretation of data, in the report writing,
or in the decision to submit the manuscript for publica-
tion.

Results

Characteristics of the examined studies

The manuscripts fulfilling the inclusion criteria could
be ascribed to the following 6 categories: 1) mitochon-
drial diseases (MitD), 2) neurological diseases (NeuD),
3) psychiatric diseases (PsyD), 4) other clinical condi-
tions included in a miscellaneous group, 5) ageing, and
6) technical issues. Some reports could be ascribed to
two groups, as they presented results from more than
one category, and others were manually included after
reading specific references of the included studies. A
summary of the relevant data, number of evaluated sub-
jects, age, sex, brain region/s studied, techniques used,
and mtDNA alterations reported are presented in Tables
1—5, while the technical issues are summarized at the
end of this section. We screened the variants for puta-
tive pathogenic characteristics, and a selection of pre-
sumably pathogenic mtDNA variants is shown in
Table 6, with pathogenicity information obtained from
public databases.

mtDNA analysis in MitD

We included 50 reports referring to MitD (Table 1).
Figure 2 shows the variants reported in a varied number
of phenotypes, with the most reported being MELAS (13
reports); MERRF (8 reports); LS (7 reports); KSS (5
reports); mitochondrial encephalomyopathy (ME) (6
reports) and PEO (4 reports); in addition to optic neu-
ropathy, sensorineural hearing loss and diabetes melli-
tus type I; Leber hereditary optic neuropathy (LHON);
early-onset cataracts, ataxia and progressive paraparesis;
mitochondrial depletion syndrome; neuropathy, ataxia,
retinitis pigmentosa and maternally inherited LS; side-
roblastic anaemia; and Alpers-Huttenlocher syndrome
(AHS). Among the 50 reports, eight reported variants in
the nDNA that ultimately produced mtDNA alterations.
Most of the studies were case reports; only 11 were car-
ried out after 2010, and only one study analysed the
three different types of mtDNA alterations: pSNV,
mtDNA CN variations, and deletions. Seven studies

analysed two types of alterations, and 41 investigated
just one, mostly pSNV.

mtDNA analyses in MELAS. The m.3243A>G variant in
the MT-TL1 gene coding for tRNA-Leu is the most
reported variant in postmortem brain samples of
patients with MELAS,** ®# although one study also
identified the presence of m.13513G>A, p. Asp393Asn,
located in the MT-NDj gene.®> All the studies except
one®® reported mutation loads greater than 70% in the
brain and similar mutation loads in other evaluated
tissues. 5557 59-010C However, some discrepancies
were also observed—while some studies reported that
mutation loads did not vary between brain regions,”
others reported high mutation load variability between
different cells of the same region.’”” None of the studies
on MELAS analysed mtDNA CN or the presence of
mtDNA deletions in the brain. The most frequent
m.3243A>G variant associated with MELAS was also
present in the brain of a 4.5-year-old child with a lethal
MitD, with a Barth syndrome-like presentation. This
child showed the m.3243A>G variant in all of the ana-
lysed tissues, including blood, skeletal muscle, cardiac
muscle, and liver. Additionally, in the peripheral blood
mtDNA of the mother, as well as in four of the 5 sib-
lings, heteroplasmy percentages were not reported.®”
m.3243A>G was also detected in a patient with optic
neuropathy, sensorineural hearing loss and diabetes
mellitus type 1, but not MELAS, with a mutation load
greater than 75% in white and grey matter, putamen,
caudate, pons, visual cortex, among other brain areas
and 60% in the biceps muscle.®®

mtDNA analyses in MERRF. The m.8344A>G variant
in the MT-TK gene coding for tRNA-Lys was reported in
all eight studies evaluating postmortem brain samples
of patients with MERRF.*5%®9"74 Moreover, one of
these studies also reported m.8603T>C, p.Phe26Ser,
in the MT-ATP6 gene and m.3257A>G in MT-TL1.”*
Interestingly, two distinct reports from 1995 and 2010
using distinct molecular techniques that respectively
evaluated an 18- and a 16-year-old patient with MERRF
syndrome found similar percentages of the
m.8344A>G variant that ranged between 93% and 97%
across different brain regions. Both patients also
showed similar heteroplasmy percentages in other
tissues.®%7" Notably, one of the studies reporting the
m.8344A>G variant also described a 3.7-fold increased
mtDNA CN in brain-affected tissues compared to non-
affected tissues.®”

mtDNA analyses in LS. Nine studies reported postmor-
tem brain mtDNA data in LS.5*75 ** The m.8993T>G,
p.Leurs6Arg in the MT-ATPG gene was reported in four
LS studies with mutation load percentages in the brain
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Study reference Patient/control characteristics Disease Brain region Technique mtDNA alteration in brain Additional
(PMID) N Age (y) Sex (nuclear gene) Variant mtDNA CN Rearrangements information
P/C in P/C in P/C
Laine-Menéndez ”n 43/37 F/F MM FCtx, TCtx, OCtx, qPCR NR No differences in NR Low mtDNA content
etal. 2021 (TK2, Hi, Amg, Th, mtDNA CN was observed in
(34070501) c.323C>T,p. Hy, Cb, pons, between P and C skeletal muscle,
Thr108Met) spinal in brain tissue liver, kidney, small
intestine, and par-
ticularly in the dia-
phragm. Heart
and brain tissue
did not show dif-
ferences. mtDNA
deletions were
observed in skele-
tal muscle and
diaphragm
Scholle et al. 1 46 F Optic neuropa- Pu, Cd, Mb, Th, RFLP, m.3243A>G, MT-TL1 Higher heteroplasmy NR 60% level of hetero-
2020 thy, sensori- Hy, Gic, GP, qPCR Mutation load: levels significantly plasmy in the
(32085658) neural hear- visual Ctx, >75% correlated with biceps brachii
ing loss and pons, lower mtDNA CN muscle
diabetes mel- medulla
litus type I. oblongata,
Not MELAS Ver, spinal,
WM
Geffroy et al. 1 32 F MELAS NA Fluorescence RFLP m.3243A>G, MT-TL1 NR NR -
2018 Mutation load:
(29454073) 92.1%
Gramegna et al. 1/3 36/ 1/NA MNGIE FCtx, SN NA NR mtDNA depletion in NR Severe mtDNA
2018 Age- (TYMP, frontal GM and depletion in the P,
(29348134) matched c457G>A, p. WM, and SN also in smooth
G153S) muscle and endo-
thelial cells
Lax et al. 5 45 4M, 6F MELAS FCtx, TCtx, OCtx Pyrosequencing MELAS, m.3243A>G, NR NR Mutation load did
2016 MERRF MT-TL1 not vary between
(25786813) MERRF, brain regions
m.8344A>G, MT-
TK
Mutation load
range (%):
MELAS 79—94;
MERRF 87—-93
Tzoulis et al. 8/15 Infantile NA ME SN, SNC qPCR, The overall burden In homogenate tis- Neurons of both P and C mtDNA analyses
2014 and (POLG) Long-range PCR, of mtDNA point sue, apparent harbored mtDNA DELs conducted in laser
(24841123) adult/ NGS mutations present 20—30% mtDNA in the homogenate. In microdissected
age- at a frequency depletion was microdissected neu- neurons and
matched >0.2% was higher present in infantile rons mtDNA DELs were homogenate
C inPthaninCin P. Microdissected more prominent in P tissue

Table 1 (Continued)

MT-HV2 and MT-
CO3and

SN neurons
showed a 40%
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duration
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Study reference Patient/control characteristics Disease Brain region Technique mtDNA alteration in brain Additional
(PMID) N Age (y) Sex (nuclear gene) Variant mtDNA CN Rearrangements information
P/C in P/C in P/C
associated with than the neurons
disease duration of age-matched C
Giordano et al. 4/8 71/68 NA LHON Optic nerve NA m.11778G>A, p. Unaffected female NR Unaffected mutation
2014 Arg340His, MT- carrier had a carriers showed
(24369379) ND1, present in higher mtDNA CN higher mitochon-
affected P and than two C drial DNA CN than
unaffected carriers their affected rela-
tives and C
Lax et al. 1 45 F Early-onset cata- Optic nerve, Sequencing, m.14685G>A, MT-TE. NR NR -
2013 racts, ataxia basal ganglia, pyrosequencing Mutation load
(23334599) and progres- Cb, medulla range (%): medulla
sive oblongata, oblongata 82,
paraparesis pons basal ganglia 68,
Cb 58, pons 51,
optic nerve 44
Tzoulis et al. 2/4 34/58 NA ME Mesencephalon Long-range PCR, NR P neurons contained DELs were detectable in P -
2013 (POLG) pons, Th, Str nested PCR, qPCR 50—60% lower and C, and appeared to
(23625061) mtDNA CNs than be more prominent in
age-matched C P
neurons
Lax etal. 31 53/- M/- KSS and ME Dt WM and GM Long-range PCR, NR NR The P with KSS showed mtDNA analyses
2012 (POLG, p. sequencing, qPCR the single conducted in laser
(22491194) A467T, p. m.11657_15636del microdissected
X1240Q; (3978 bp) and hetero- regions.
POLG, p. plasmy levels in WM The P with KSS
G848S, p. were higher than the showed decreased
W748S) 60% threshold, thus immunoreactivity
considered pathogenic. of complex | and
In this P, heteroplasmy COX compared
levels in WM where with complex Il
higher than in GM.
The P with POLG muta-
tions showed multiple
mtDNA DELs, and het-
eroplasmy levels were
lower than in the P
with KSS
Lax et al. 14/- 42/- 5M/9F MELAS (7), Dt, CbCtx, IO qPCR, m.3243A>G; NR Single and multiple large- Neuronal cell loss
2012 MERREF (1), pyrosequencing m.8344A>G; scale mtDNA DELs. occurred indepen-
(22249460) MELAS/LS (1), m.14709T>C; Mutation load %: IO 68, dently of the level
KSS (1), m.13094T>C. CbCtx 20—68, Dt of mutated
Ataxia-reti- Mutation load 25-44 mtDNA present
nopathy, range %: |0 within surviving
arPEO (3) 44-93, CbCtx neurons
47-95,Dt51-95
Brinckmann et al. 1/4 16/16-32 F/NA MERRF Mcer, Ox, Mb, qPCR, m.8344A>G, MT-TK. mtDNA CN increased NR Mutation load (%):
2010 Th, Cd, GP, pyrosequencing Mutation load (%) between 3—7-fold Skeletal muscles
(20976001) Pu, Ic, Hy, Hi, Mcer 98, Ox 97, in affected brain 97-98,

Table 1 (Continued)
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Study reference Patient/control characteristics Disease Brain region Technique mtDNA alteration in brain Additional
(PMID) N Age (y) Sex (nuclear gene) Variant mtDNA CN Rear infor
P/C in P/C in P/C
sensomotor Mb 94, Th 89, Cd tissues compared diaphragm 97,
Ctx, visual 95, GP 94, Pu 95, Ic to nonaffected external ocular
Ctx, WM, 95, Hy 94, Hi 94, tissues muscles 95, heart
Chpx, Ver, sensomotor Ctx 93, renal cortex
folia of Cb, 96, visual Ctx 96, 99, renal medulla
medulla of white matter 95, 95, adrenal cortex
Cb, pons, SN Chpx 100, Ver 97, 100, lung 98, liver
folia of Cb 97, 67, pancreas 73,
medulla of Cb 93, spleen 98, stom-
pons 95, SN 91 ach 98, ileum 97,
bladder 100,
uterus 100, ovary
100, adipose tis-
sue 99, skin 100
Sanaker et al. 1 64 M loME OCtx, TCtx, Sequencing, PCR- m.5556G>C, MT-TW. NR NR Mutation load (%):
2010 CbhCtx RFLP Mutation load (%): skeletal muscle 70,
(19744136) Octx 34, TCtx 32, heart muscle 27,
CbCtx 12 kidney 26, liver 27,
adrenal cortex 5,
pancreas 8, lung 2,
spleen 4
Zsurka et al. 1/30 17/28 M/NA ME NA Long-range PCR, NR Progressive decrease Presence of the -
2008 (POLG) qPCR of mtDNA CN in m.6342_14004del
(18716558) the disease course (7662 bp)
in P but not signif-
icantly different
from thatin C
Gotz et al. 2/2 NA NA MDS Ctx, Cb, Basal qPCR NR Severe brain mtDNA NR mtDNA depletion
2008 (Patient 1: ganglia depletion in present in muscle
(18819985) TK2, patients with and liver in all
c739C>T, p. R172W but not patients
R172W with R225W muta-
Patient 2: tion.
TK2, Higher mtDNA
¢.898C>T, p. content in the Cb
R225W) of the patient with
R2 25W mutation
Rojo et al. 1 64/- M NARP-MILS Pu, brain stem, Southern blot, m.8993T>G, p. NR NR Mutation load (%):
2006 Th, Ctx PCR-RFLP Leu156Arg, MT- blood 75, muscle
(16525806) ATP6 87
Mutation load (%):
brain stem and
Ctx 89, Puand Cb
90, Th 91
Betts et al. 2 47 F MELAS Chpx, Hi, CbCtx, PCR-RFLP MELAS, m.3243A>G, NR NR Mutation load was
2006 Dt, GPI, OCtx, using radiolabeled MT-TL1 higher in COX-
(16866982) FCtx, GPI nucleotides Mutation load in deficient than in
patient 1 and 2, COX-positive

Table 1 (Continued)
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Study reference Patient/control characteristics Disease Brain region Technique mtDNA alteration in brain Additional
(PMID) N Age (y) Sex (nuclear gene) Variant mtDNA CN Rearrangements information
P/C in P/C in P/C
respectively (%): microdissected
chpx 81 and NA, cells from Hi, chpx
Hi 79 and 92, and skeletal mus-
CbCtx 54 and 96, cle. Mutation load
Dt 75 and NA, GPI varied consider-
70 and 93, Octx 69 ably between dif-
and 93, FCtx NA ferent cells of the
and 92 same region
Matthes et al. 1 19 M Sideroblastic NA Long-range PCR, NR NR Presence of the Mutation load (%):
2006 anemia sequencing, qPCR m.5853_9468del (3614 Liver 90, skeletal
(16856911) bp). muscle 75, pan-
Mutation load (%): 70 creas 85, periph-
eral blood 80
Ferrari et al. 12 19/age- M/- AHS NA NA NR 30% mtDNA content NR -
2005 matched (POLGT, reduction
(15689359) c.1399G>A,
p.A467T)
Pistilli et al. 1 36/- F KSS FCtx, PCtx, TCtx, Sequencing, South- NR NR Presence of the -
2003 OCtx, Cb, ern blot, competi- m.8631_13580del
(14608542) basal ganglia, tive PCR using (4949 bp).
brain stem radiolabeled DEL load (%):
nucleotides FCtx 54; Octx 54; TCtx
58; PCtx 59; basal gan-
glia 75; Cb 88
Uusimaa et al. 1 7/- F AHS-like disease NA CSGE + sequencing, m.7706G>A, p. NR NR Mutation load (%):
2003 PCR-RFLP using Ala41Thr, MT-CO2. blood 87, heart 87
(12612282) radiolabeled Mutation load:
nucleotides 91%
Kirby et al. 3 31 2M, 1F LS Medulla oblon- PCR-RFLP with radio- m.13513G>A, p. NR NR -
2003 gata, pons, labeled Asp393Asn, MT-
(14520659) Cb, basal nucleotides ND5
ganglia, Th, Mutation load (%):
midbrain, Hi, 73
FCtx, Chpx
Jiang et al. 1 - - LS NA NA m.8993T>G, NR NR Mutation load (%):
2002 Leu156Arg, MT- muscles 85, lym-
(12174968) ATP6 phocytes 72
Mutation load (%):
89
De Kremer et al. 1/20 4/NA 1/NA Barth syn- NA PCR-RFLP m.3243A>G, MT-TL1. NR NR The mutation was
2001 drome-like sequencing The mutation was also heteroplasmic
(11241464) disorder heteroplasmic in in all the tissues
brain but not analyzed: blood,
quantified skeletal muscle,
cardiac muscle,
and liver
1 61 F PEO Long-range PCR, NR NR Multiple DELs (25), most DELs present in all

Table 1 (Continued)

Southern blot

of them were less than

brain regions,

SIPIUY I



220z ‘A1enigad YIuopy 9/ [OA W0d'32dUe3yy MMM

LL

Study reference Patient/control characteristics Disease Brain region Technique mtDNA alteration in brain Additional
(PMID) N Age (y) Sex (nuclear gene) Variant mtDNA CN Rearrangements information
P/C inP/C inP/C

Moslemi et al. WM, FCtx, Th, 8 kb. The CbCtx skeletal muscle
1999 Pu Cd, SN, showed the lowest samples and
(10408540) CbCtx mutation load %. The myocardium

common DEL was
found in all the
specimens
Nagashima et al. 1 43 F LS FCtx PCR-RFLP m.8993T>G, p. NR NR Mutation load (%):
1999 Leu156Arg, MT- liver 98, muscle
(10208283) ATP6. 90, heart 91, kid-
Mutation load (%): ney 99, pancreas
95 93
Santorelli et al. 1 12 F MERRF NA Sequencing with m.8344A>G, MT-TK, NR NR -

1998 radiolabeled mutation load (%):

(9851442) nucleotides 92%.
m.8603T>C,
Phe26Ser, MT-
ATP6, m.3257A>G
MT-TL1

Di Trapani et al. 1 27/- M MELAS NA PCR-RFLP m.3243A>G, MT-TL1. NR NR Mutation load (%):
1997 Mutation load: liver 79, kidney 86,
(9266144) 84% skeletal muscle 83,

cardiac muscle 83

Zhou et al. 1 14 F MERRF CbCtx, Dt, 10, PCR-RFLP m.8344A>G, MT-TK. NR NR Analyses of homoge-
1997 FLV Mutation load (%): nate issue and
(9315896) between 81 and individual neurons

98. Similar % in
soma, neuropil,
glia and homoge-
nate tissue.

Suomalainen et al. 2 67 F adPEO FCtx, TCtx, Cd, Southern blot NR NR Multiple DELs ranging Mutation load (%):
1997 Cb from 0.5 kb to 10.0 kb Skeletal muscle
(9153451) DEL load (%): 50, kidney 10, liver

FCtx 50, TCtx 40, Cd 60, 10
Cb 10

Santorelli et al. 1 45 M MELAS NA PCR-RFLP m.13513G>A, p. NR NR Mutation load (%):
1997a Asp393Asn, MT- muscle 68
(9299505) ND5.

Mutation load (%):
73

Santorelli et al. 1 14 M MM, LS Basal ganglia, Southern blot m.5537_insT MT-TW. NR NR Mutation load (%) in
1997b SN, brain PCR-RFLP Mutation load (%): other tissues: >95
(9266739) stem sequencing >98

Kaido et al. 1 53/- F MELAS FCtx, Pu, GP Southern blot m.3243A>G, MT-TL1. NR NR -

1996 Mutation load (%):
(8870835) FCtx 89, Pu 86, GP
80
1 14/- F MERRF CbCtx, FCtx, Cd, m.8344A>G, MT-TK. NR NR Mutation load (%):
Pu Mutation load (%): blood 75, muscle
Table 1 (Continued)
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Study reference Patient/control characteristics Disease Brain region Technique mtDNA alteration in brain Additional
(PMID) N Age (y) (nuclear gene) Variant mtDNA CN Rearrangements information
P/C inP/C
Sanger et al. PCR-RFLP using CbCtx 97, FCtx 88, 86—93, spinal
1996 radiolabeled- Cd 88, Pu 88 cord 83, medulla
(8652018) nucleotides 87
Melberg et al. 1 20 MELAS-like FCtx Southern blot for No presence of these NR NR -
1996 syndrome variants two variants
(8937533) m.3243A>G and
m.8344A>G
Houshmand et al. 1 14 MM, lactic aci- NA PCR-RFLP m.3251A>G MT-TL. NR NR Mutation load (%):
1996 dosis and Mutation load (%): muscle 94, fibro-
(8786060) complex | 90 blast 93, heart 79,
deficiency liver 80
Oldfors et al. 1 18/- MERRF FCtx, PCtx, TCtx, PCR-RFLP using m.8344A>G, MT-TK. NR NR Mutation load (%):
1995 OCtx, frontal radiolabeled- Mutation load (%): skeletal muscle 97,
(8525809) WM, Pu, pal- primer FCtx 95, PCtx 95, myocardium 97,
lidum, Th, TCtx 95, Octx 95, aorta 97, subcuta-
pons, 10, Pu 96, pallidum neous adipose tis-
CbCtx, Dt 96, Th 94, pons 94, sue 95, liver 95,
10 94, pancreas 91,
low. Brain stem spleen 95, lymph
94, CbCtx 95, Dt node 93, bone
93 marrow 94, testis
99, adrenal gland
97, thyroid gland
98
Nelson et al. 1 53/- ME Ctx, Cb Southern blot m.5549G>A, MT-TW NR NR Mutation load (%):
1995 Mutation load (%): blood 40, muscle
(7695240) Ctx 87,Cb 88 83—86, myocar-
dium 93, kidney
93, lung 79, liver
77, optic nerve 51
Brockington et al. 1 41 KSS TCtx, OCtx, Cb Southern blot NR NR Presence of the common Mutation load (%):
1995 DEL. quadriceps 91,
(7561952) DEL load (%): psoas 72, dia-
TCtx 62, OCtx 70,Cb 17 phragm 75, car-
diac muscle 25,
kidney 21, liver 84,
lung 18, spleen 0,
testis 0, blood 0
Sweeney et al. 1 18 LS Cb, CbCtx PCR m.8993T>G, p. NR NR Mutation load (%):
1994 Leu156Arg, MT- blood 81, quadri-
(8133313) ATP6 ceps muscle 99,
Mutation load (%): extraocular mus-
Cb 97, CbCtx 97 cle 97, cardiac
muscle 97, liver
99, kidney 98,
blood 72
2 24 MELAS PCR-RFLP NR NR

Table 1 (Continued)
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Study reference Patient/control characteristics Disease Brain region Technique mtDNA alteration in brain Additional
(PMID) N Age (y) Sex (nuclear gene) Variant mtDNA CN Rearrangements information
P/C inP/C in P/C

MacMillan et al. PCtx GM, Octx m.3243A>G, MT-TL1. Mutation load (%):
1993 GM, PCtx Mutation load (%): psoas muscle 82,
(8351017) WM, Cd, Cb, PCtx GM 79, Octx oculomotor mus-

pons, GM 80, PCtx WM cle 59, cardiac
62,Cd 73,Cb 72, atrium 86, myo-
pons 70 cardium 67,
oesophagus 84

Love et al. 2 23,16 F MELAS FCtx, TCtx, pons, PCR-RFLP, sequenc- Case 1: m.3243A>G, NR NR Mutation load (%) in
1993 PCtx, OCtx ing with radiola- MT-TL1. Mutation case 1: liver 78,
(8326463) beled primers load (%): FCtx 46, thenar muscle 77,

TCtx 40, PCtx 33, myocardium 73.
pons 30. Not Poor correlation
detected in OCtx. between mutation
Case 2: neither load and distribu-
m.3243A>G nor tion of histological
m.3271T>C, MT- lesions

TL1, was present.

Tanno et al. 2 29,30 M, F MERRF FCtx, TCtx, PCR-RFLP 8344A>G, MT-TK. NR NR Mutation load (%):
1993 ChCtx Mutation load (%): heart 96, kidney
(8170566) FCtx 97, TCtx 98, 96, adrenal gland

CbCtx 97 93, liver 94, mus-
cle 96—99, leuko-
cytes 93
Shiraiwa et al. 1 27 F MELAS FCtx, TCtx, PCtx, PCR m.3243A>G, MT-TL1. NR NR -
1993 OCtx, Cd, Pu, Mutation load (%):
(8138807) pallidum, Th, Pit 95; FCtx, TCtx,
frontal WM, PCtx and Octx
Pit, CbCtx, Dt 85-88; Cd, Pu,
pallidum and WM
73-79

Tatuch et al. 1 0.6 F LS NA Southern blot m.8993T>G, p. NR NR Mutation load (%):
1992 PCR-RFLP Leu156Arg, MT- >95 in fibroblasts,
(1550128) ATP6. kidney and liver

Mutation load (%):
>95

Suomalainen et al. 1 60 F PEO and MDD FCtx, basal Southern blot NR NR Presence of several DELs. Mutation load (%):
1992 ganglia PCR Most of the DEL break- kidney 10, liver 20,
(1634620) points were between extraocular mus-

~m.11,900 and cle 40, heart 40,

m.12,600. DEL sizes vastus lateralis

between ~2.0 to 10 kb muscle 60. No
DELs in blood

Lombes et al. 3 5205 M LS and COX NA Southern blot NR mtDNA/nDNA con- No mtDNA DEL detected mRNA levels of the
1991 deficiency Northern blot tent was higher in mtDNA encoded
(1849240) P thanin C (in P3, COX subunits was

Table 1 (Continued)

4.6 times higher)
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pared to the




rL

2202 ‘A1eniqag YIuo 9/ [OA WO0D*322URIBYY MMM

Study reference Patient/control characteristics Disease Brain region Technique mtDNA alteration in brain Additional
(PMID) N Age (y) Sex (nuclear gene) Variant mtDNA CN Rearrang infor
P/C in P/C inP/C
nDNA encoded
subunits
Ciafoloni et al. 1 26 M MELAS NA Southern blot m.3243A>G, MT-TL1 NR NR Mutation load (%):
1991 PCR-RFLP Mutation load (%): muscle 83, liver
(1922812) 84 79, heart 83, kid-
ney 86
Enter et al. 1 12 F MELAS NA Southern blot m.3243A>G, MT-TL1 NR NR Mutation load (%):
1991 PCR-RFLP Mutation load (%): cardiac muscle 70,
(1684568) 80 skeletal muscle 30,
liver 70, dia-
phragm 60
Bordarier et al. 1 17 F KSS NA Southern blot NR NR DEL located between The DEL was also
1990 positions ~ m.8,200 found in muscle
(2359483) and m.13,000 (£400 and spinal cord
bp)

Table 1: Studies reporting the results of mtDNA analyses in postmortem brain samples of patients with mitochondrial diseases (MitD).

C: control; DEL: deletion; F: female; GM: gray matter; M: male; mtDNA CN: mitochondrial DNA copy number; N: number of subjects; NA: information not available; NR: not reported; P: patient; y: years; WM: white matter.
ad/arPEO: autosomal dominant/autosomal recessive progressive external ophthalmoplegia; AHS: Alpers-Huttenlocher syndrome; KSS: Kearns-Sayre syndrome; LHON: Leber hereditary optic neuropathy; LoME: late onset mito-
chondrial encephalomyopathy; LS: Leigh’s syndrome; MDD: major depressive disorder; MDS: mitochondrial depletion syndrome; ME: mitochondrial encephalomyopathy; MELAS: mitochondrial encephalopathy, lactic acidosis, and
stroke-like episodes; MERRF: myoclonic epilepsy with ragged-red fibers; MILS: maternally inherited LS; MM: mitochondrial myopathy; MNGIE: mitochondrial neurogastrointestinal encephalopathy; NARP: neuropathy, ataxia, reti-
nitis pigmentosa; POLG: DNA polymerase subunit gamma, TK2: thymidine kinase 2.

Amg: amigdala; Cb: cerebellum; CbCtx: cerebellar cortex; Cd: caudate nucleus; Chpx: choroid plexus; Cix: cortex; Dt: dentate nucleus; FCix: frontal cortex; FLV: frontal horn of the lateral ventricle; Gic: internal capsula, genu; GP:
globus pallidus; GPI: internal globus pallidus; Hi: hippocampus; Hy: hypothalamus; Ic: internal capsule; I0: inferior olive; Mb: mammillary bodies; Mcer: middle cerebral artery; OCtx: occipital cortex; Ox: optic chiasm; PCtx: parietal
cortex; Pit: pituitary gland; Pu: putamen; SN: substantia nigra; SNC: substantia nigra, pars compacta; Spinal: spinal cord; Str: striatum; TCtx: temporal cortex; Th: thalamus; Ver: vermis of cerebellum.

CSGE: conformation-sensitive gel electrophoresis; NGS: next-generation sequencing; qPCR: quantitative real-time polymerase chain reaction; RFLP: restriction fragment length polymorphism.

ATPG: ATP synthase subunit 6; CO2: cytochrome c oxidase II; CO3: cytochrome c oxidase I1I; HV2: hypervariable segment 2; MT- mitochondrially encoded gene; ND1: NADH-ubiquinone oxidoreductase subunit 1; TE: tRNA-Glu;
TK: tRNA-Lys; TL1: tRNA-Leu 1; TW: tRNA-Trp.
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Study reference Patient/control Disease Brain region Technique mtDNA alteration Additional findings
(PMID) characteristics (N)

N Age (y) in P/C Sex Variant mtDNA CN Rearrangements

P/C (M/F)

were higher in Cd than in

FG
Mecocci et al. 13/12 71/75 15/10 AD (13) FCtx, TCtx, PCR NR NR NR The amount of oxidised
1994 c(12) PCtx, Cb mtDNA showed a threefold
(7979220) increase in PCtx of AD P vs.
C
Reichmann et al. 717 77177 8/6 AD (7) PCtx, Ent PCR NR NR DELs larger than 500 bp were -
1993 @ discarded
(8393094)
DiDonato et al. m”n 72/62 TM/TM PD (1) SN, Hi, OCtx, qPCR NR NR The SN showed the highest -
1993 c Th, FCtx, proportion of the common
(8232940) Pu, GP, DEL (3.16%), while CbCtx
CbCtx, R, showed the lowest (0.02%)
LC
Blanchard et al. 1993 6/6 80/64 7/5 AD (6) FCtx PCR NR NR Similar mtDNA DEL levels were -
(8347829) c(®) observed in AD (0.14%) and
C(0.12%)
Lestienne et al. m”n NA NA PD (1) Pu, SN, Ctx PCR NR NR The common DEL was present -
1991 c() inPDPandinC
(2013767)
Lestienne et al. 15/5 60—85/NA NA PD (15) Pu. SN, FCtx Southern blot NR NR No DELs were identified -
1990 c)
(2120389)
Schapira et al. 6/6 NA NA PD (6) SN RFLP Hybridization using NR NR No DELs were identified -
1990 c(6) a radiolabeled probe
(1979656)
lkebe et al. 5/6 68/55 6/5 PD (5) FCtx, Str PCR NR NR Proportion of deleted mtDNA -
1990 C(6) to normal mtDNA was
(2390073)

lower in FCtx than in the Str
of both PD and C

Table 2: Studies reporting results of the mtDNA analyses in postmortem brain samples of patients with neurological diseases (NeuD).

C: control; DEL: deletion; F: female; GM: gray matter; M: male; mtDNA CN: mitochondrial DNA copy number; N: number of subjects; NA: information not available; NR: not reported; P: patient; TH: tyrosine hydroxylase; y: years;
WM: white matter.

AD: Alzheimer’s disease; ALS: amyotrophic lateral sclerosis; CJD: Creutzfeldt-Jakob disease; DLB: dementia with Lewy bodies; DS: Down’s syndrome; DSAD: Down’s syndrome and dementia; FTD: frontotemporal dementia; HD:
Huntington disease; HpC: high-pathology control subjects, individuals who meet criteria for high AD neuropathologic changes but remain cognitively normal; IOSCA: infantile onset spinocerebelar ataxia; IPD: idiopathic
Parkinson’s disease; LB: Lewy bodies; MCI: mild-cognitively impaired; MD: mitochondrial disease; MND: motor neuron disease; MS: multiple sclerosis; MSA: multiple system atrophy; MSA-P: MSA-parkinsonian type; MTLE-HS:
mesial temporal lobe epilepsy-hippocampal sclerosis; NCI: noncognitively impaired controls; NFT: neurofibrillary tangles; PD: Parkinson's disease; PDD: PD with dementia; sPD: sporadic PD; PEO: progressive external ophthalmo-
plegia; PSP: progressive supranuclear palsy.

Cb: cerebellum; CbCtx: cerebellar cortex; CC: corpus callosum; Cd: caudate nucleus; Ctx: cortex; Ent: entorhinal cortex; FCtx: frontal cortex; FG: frontal gyrus; GP: globus pallidus; Hi: hippocampus; 10: inferior olive; LC: locus coeru-
leus; PCix: parietal cortex; PFCtx: prefrontal cortex; PPN: pedunculopontine nucleus; SN: substantia nigra; SNC: substantia nigra pars compacta; OCtx: occipital cortex; Pu: putamen; R: red nucleus; Str: striatum; TCtx: temporal cor-
tex; Th: thalamus; Ver: vermis of cerebellum.

ddPCR: digital-droppled PCR; ELISA: enzyme-linked immunosorbent assay; FIGE: field inversion gel electrophoresis; GC/MS-SIMA: gas chromatography/mass spectrometry with selective ion monitoring analysis; NGS: next-gener-
ation sequencing; PQ: pyrosequencing; qPCR: quantitative real-time polymerase chain reaction; RMC: random mutation capture; RFLP: restriction fragment length polymorphism; RT-qPCR: reverse transcription qPCR.

COX: cytochrome c oxidase; D-loop: displacement loop; MT-: mitochondrially encoded gene; ND2: NADH-ubiquinone oxidoreductase subunit 2; TL1: tRNA-Leu 1.
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Study refi ient/Control ch isti Disease Brain region Technique mtDNA alteration in brain Additional information
(PMID) N Age (y) Sex (N) Variant mtDNA CN Rearrangements
P/C in P/C M/F

Marchbanks et al. 15/9 70/69 SZ:10/5 SZ(15) NA PCR-RFLP m.12027T>C, lle423Thr, NR NR NR
2003 C:5/4 MT-ND4 mutation
(14623372) load of 54% in SZ P vs.

58%in C.

Kato et al. 16/9 BD: 45 BD: 3/4 BD (7) ChCix qPCR NR NR The ratio of the common No significant difference
1997 SV:39 SV:4/5 SV (9) DEL was significantly in the common DEL
(9359971) C:40 C:4/5 c(9 higher in BD (0.23) ratio between SVs and

compared with that in controls. Antidepres-
age-matched C (0.06; sant was found in the
p < 0.05). blood of 5 SVs.

Cavelier et al. 13/9 80/73 SZ:7/6 SZ(13) FG,Cd Competitive PCR NR NR No accumulation of the No correlation between
1995 C:5/4 common DEL with COX activity and lev-
(8530074) ageinCdanda els of common DEL.

decrease in FG.
Lack of age-related
accumulation of the
DEL.

Higher DEL levels in
Cd compared to FG.

Table 3: Studies reporting the results of mtDNA analyses in postmortem brain samples of patients with psychiatric diseases (PsyD).

C: control; Co: cohort; DEL: deletion; F: female; M: male; mtDNA CN: mitochondrial DNA copy number; N: number of subjects; NA: information not available; NR: not reported; P: patient; y: years.

ADO: alcohol/drug abuse/other psychiatric symptoms; ASD: autism spectrum disorder; BD: bipolar disorder; MDD: major depressive disorder; SV: suicide victims; SZ: schizophrenia; KSS: Kerns-Sayre syndrome.

Ac: nucleus accumbens; ACCtx: anterior cingulate cortex; Amg: amigdala; BA24: Brodmann area 24; Cb: cerebellum; CbCtx: cerebellar cortex; Cd: caudate nucleus; DLPFCtx: dorsolateral prefrontal cortex; FCix: frontal cortex; FG:
frontal gyrus; Hi: hippocampus; OCtx: occipital cortex; OFCtx: orbitofrontal cortex; PFCtx: prefrontal cortex; Pu: putamen; SN: substantia nigra; Th: thalamus; TL: temporal lobe.

NGS: next-generation sequencing; PNA: peptide nucleic acid; qPCR: quantitative real-time polymerase chain reaction; RFLP: restriction fragment length polymorphism; RT-qPCR: reverse transcription qPCR.

CO1: cytochrome c oxidase I; COX: cytochrome c oxidase; D-loop: displacement loop; HV2: hypervariable segment 2; LARS2: Leucyl-tRNA synthetase 2; MT-: mitochondrially encoded gene; ND1: NADH-ubiquinone oxidoreductase
subunit 1; ND4: NADH-ubiquinone oxidoreductase subunit 4; ND4L: NADH-ubiquinone oxidoreductase subunit 4L; TL1: tRNA-Leu 1.
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Study reference Patient/control Disease or Brain region Technique mtDNA alteration Additional findings
(PMID) characteristics condition

N Age (y) in P/C Sex (N) Variant mtDNA CN Rearrangements

P/C (M/F)

Whnek et al. 3/5 64/76 5/3 HSE (3) FCtx, Amg, Hi, CiG Microarray, qPCR NR MT-CO1 exhibited NR Greater decline in P than
2016 C(5) and ICtx lower abundance C in mtDNA-encoded
(27457581) in CiG, Amg and compared to nDNA-

FCtx in P than C encoded transcripts.

Var etal. 27/30 48/51 57/0 HIV+METH+ (16) Ctx: Brodmann areas ddPCR NR HIV+METH+ group Higher abundance of A higher proportion of
2016 HIV+METH- (11) 7,8,9,46 had higher the common DEL the common DEL was
(26807965) C (30) mtDNA CN com- was associated associated with lower

pared with HIV with increasing neurocognitive func-
+METH- and HIV- age. tion in HIV+METH but
METH- (WM from higher in HIV+METH-
area 8)

Naue et al. 0/98 52 67/31 C(100) NA qPCR, sequencing, Heteroplasmies NR NR The highest relative num-
2014 minisequencing, were ber of heteroplasmies
(25526677) NGS observed in was detected in muscle

37% of the and liver (79%, 69%),
individuals followed by brain, hair,
(47 observa- and heart

tions). (36.7%—30.2%).

13 of the 98 Bone (19.8%), blood
samples (18%), lung (17%), and
showed 1 bp buccal cells (16.2%)
deletion showed a compara-
between tively low number of
positions 66 heteroplasmies

and 71

Lynn et al. 1/0 46 Diabetes and recur- Cb, OCtx Hot last cycle PCR, m.3243A>G NR NR Mutation load %: skeletal
2003 1/0 rent stroke-like radioactive PCR mutation muscle 60, liver 60,
(12627331) episodes, seizures load %: pancreas 31, kidney 75,

and cognitive OCtx 78, Cb myocardium 58, blood
decline 66 8

Nédasi et al. 15/8 <4mth/66 13/10 Deceased neonates, FCtx, TCtx, Cb,Cd, Th, PCR NR NR The common DEL The ratio of the common
2003 newborns and Hi was present in all DEL/wild-type mtDNA
(14711030) infants (15), brain samples was lower in blood

adults (8)

from all individu-
als.

The ratio of the
common DEL/
wild-type mtDNA
was lower in the
infant group than
in adults

than in brain

Table 4: Studies reporting the results of the mtDNA analyses in postmortem brain samples of individuals with a diagnosis not included in Tables 1-3.
C: control; DEL: deletion; F: female; M: male; mtDNA CN: mitochondrial DNA copy number; mth: month; N: number of subjects; NR: not reported; P: patients; y: year; WM: white matter.
HSE: Herpes simplex virus type-1 encephalitis; HIV: human immunodeficiency virus infection; METH: methamphetamine use.
Amg: amigdala; Cb: cerebellum; Cd: caudate nucleus; CiG: cingulate gyrus; Cix: cortex; FCtx: frontal cortex; Hi: hippocampus; ICtx: insular cortex; OCtx: occipital cortex; TCtx: temporal cortex; Th: thalamus.
ddPCR: digital-droplet PCR; NGS: next-generation sequencing; qPCR: quantitative real-time polymerase chain reaction.
MT-CO1: mitochondrially encoded cytochrome c oxidase I gene.
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Study refi ient/Control ch isti Condition Brain region Technique mtDNA alteration in brain Additional information
(PMID) N Age (y) Sex (N) Variant mtDNA CN Rearrangements
P/C InP/C M/F
0.94 correlation effi- 10—83 times higher
ciency in SN than in Cb GM
Zhang et al. 1 69 F Patients with primary NA PCR, NR NR The common DEL and Heart and skeletal mus-
1992 carcinoma of splenic sequencing the 7436 bp DEL were cle samples were
(1551433) flexure of bowel detected in brain examined, and multi-
tissue ple DELs were also

detected in these tis-

sues, suggesting that
accumulation of mul-
tiple DELs is a general
phenomenon during

normal ageing

Lestienne et al. m”n 60—85 NA PD (1) SN PCR shift assay NR NR Low levels of the com-
1991 c(1) mon DEL were
(2013767) detected in SN of the

aged control without
neurological or psy-
chiatric antecedents

and the PD P
Cortopassi et al. 22 Adults: 10/3 No neuropathology Cb PCR, RFLP, nested NR NR The common DEL was The heart tissue of 7
1990 27-104, NA (9) PCR, dilution detected in the brain adults and 5 foetuses
(2263455) Stillborn: PCR of older individuals were also examined,
32,40 weeks while it was not and the common DEL
Spontaneous observed in foetal was only found in
abortions: brains. aged adults
22,29 weeks DELs in foetal tissues
Newborn: were estimated to be
4d 1/100 to 1/100,000
times less than in
adults
lkebe et al. 5/6 51-77/38-73 2/3 PD (5) Str, PCR, NR NR Accumulation of the The common DEL
1990 4/2 FCtx sequencing common DEL was seemed to selectively
(2390073) reported in both PD accumulate in the
and aged C. The DEL nigrostriatal pathway

load % was higher in
Str than in Fctx in
both PD and aged C

Table 5: Studies reporting the results of mtDNA analyses in postmortem brain samples in ageing.

AL aged individuals; C: control; DEL: deletion; E: elderly; F: female; M: male; mtDNA CN: mitochondrial DNA copy number; N: number of subjects; NA: information not available; NR: not reported; P: patient; y: years; YI: young
individuals.

ADO: alcohol/drug abuse/other psychiatric symptoms; AD: Alzheimer’s disease; DS: Down’s syndrome; DSAD: Down’s syndrome and dementia; DLB: dementia with Lewy bodies; EAD: early-onset Alzheimer’s disease; FTD-MND:
frontotemporal dementia with motor neuron disease-like inclusions; LoAD: late-onset Alzheimer’s disease; LTS-HI: long-term survivor of head injury; PD: Parkinson’s disease; PLWH: people living with HIV; STS-CI: short-term sur-
vivor of cerebral ischaemia; SZ: schizophrenia.

Cb: cerebellum; CbCtx: cerebellar cortex; Cd: caudate nucleus; Cix: cortex; ECtx: entorhinal cortex; FCtx: frontal cortex; FG: frontal gyrus; FL: frontal lobe; GM: gray matter; GP: globus pallidus; Hi: hippocampus; OCtx: occipital cor-
tex; OL: occipital lobe; PFCtx: prefrontal cortex; PG: parietal gyrus; Pu: putamen; SN: substantia nigra; Str: striatum; TCtx: temporal cortex; Th: thalamus; TL: temporal lobe; WM: white matter

3D; digital deletion detection; dPCR: duplex PCR; ddPCR: digital-droplet PCR; HPLC-EC: high-performance liquid chromatography with electrochemical detection; NGS: next-generation sequencing; PNA: peptide nucleic acid;
qPCR: quantitative real-time polymerase chain reaction; RFLP: restriction fragment length polymorphism; RT-qPCR: reverse transcription qPCR.

COX: cytochrome c oxidase; CYB: cytochrome B; D-loop: displacement loop; MT-: mitochondrially encoded gene; ND6: NADH-ubiquinone oxidoreductase core subunit 6; ND2: ADH-ubiquinone oxidoreductase core subunit 2;
OHAdG: 8"-hydroxy-2'-deoxyguanosine.
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Locus Nucleo-tide Nucleo-tide Variant type Pathogenicity GB Freq Reported Cell or tissue type Database Related clinical
position change status/TOOLS (%) phenotype of reported mtDNA features in this
(Homo-/ somatic variant systematic review
heteroplasmy) (Homo-/
heteroplasmy)
MT-HV2, MT-ATT, 68 G>A Noncoding NR 0.021 NR NR (NA) MITOMAP AD
MT-CR, MT-75 70 G>A Noncoding NR 0.073 NR NR (NA) MITOMAP AD
72 T>C Noncoding NR/NA 1.792 NR Aging brains, POLG/ MITOMAP AD
PEO & control
muscle, normal
tissues (-/+)
MT-HV2, MT-OHR, 114 C>T Noncoding R/NA 0.442 BD-associated (+/-) POLG/PEO muscle, MITOMAP BD
MT-ATT, MT-CR, bladder tumour
MT-75 back-mutation
(-/+)
146 T>C Noncoding R/NA 19.510 Absence of endome- Elderly fibroblasts, MITOMAP AD
triosis (+/-) elderly/AD brains,
POLG/PEO & con-
trol muscle, vari-
ous tumours (+/+)
185 G>A Noncoding R/NA 3.999 Low VO, max POLG/PEO muscle, MITOMAP AD
response (+/-) thyroid tumour,
glioblastoma (+/+)
189 A>G Noncoding NR 5.436 NR Elderly muscle & MITOMAP PD
brains, myocyte,
POLG/PEO muscle
& fibroblasts, vari-
ous tumours (-/+)
MT-HV2, MT-OHR, 195 T>C Noncoding R/NA 19.228 BD-associated/mela- Elderly fibroblasts, MITOMAP AD/BD
MT-ATT, MT-CR noma (+/+) elderly/AD brains,
tumours: lung,
thyroid, ovarian,
prostate, glioblas-
toma (+/+)
207 G>A Noncoding NR 4645 NR Oral, prostate & thy- MITOMAP AD
roid tumours/
OPA1 defect (+/+)
MT-HV2, MT-OHR, MT- 224 T>C Noncoding NR 0.012 NR NR MITOMAP BD/MDD
CSB1, MT-ATT, MT-CR 228 G>A Noncoding R/NA 2579 Low VO, max NR MITOMAP AD
response (+/-)
MT-HV2, MT-OHR, 267 T>C Noncoding NR 0.027 NR NR MITOMAP AD
MT-ATT, MT-CR
MT-HV2, MT-OHR, MT- 309 delC Noncoding NR 0.000 NR buccal cell, colonic MITOMAP AD
CSB2, MT-ATT, MT-CR crypt (-/+)
insC Noncoding R/NA 1.142 AD-weakly associ- NR MITOMAP AD
ated (NR)
MT-HV2, MT-OHR, MT- 347 G>A Noncoding NR 0.000 NR NR MITOMAP AD
CSB3, MT-ATT, MT-CR
MT-OHR, MT-ATT, 380 G>A Noncoding NR 0.004 NR NR MITOMAP AD
MT-CR
405 T>C Noncoding NR 0.000 NR NR MITOMAP AD

Table 6 (Continued)
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Locus Nucleo-tide Nucleo-tide Variant type Pathogenicity GB Freq Reported Cell or tissue type Database Related clinical
position change status/TOOLS (%) phenotype of reported mtDNA features in this
(Homo-/ somatic variant systematic review
heteroplasmy) (Homo-/
heteroplasmy)
MT-OHR, MT-LSP, 408 T>C Noncoding NA 0.004 NR NR MITOMAP AD
MT-ATT, MT-CR 414 T>C Noncoding NR/NA 0.002 NR AD brains/POLG MITOMAP AD
OPA1 and control
samples (-/+)
414 T>G Noncoding NR/NA 0.029 NR Elderly fibroblasts, MITOMAP AD
elderly muscle,
POLG/PEO, DS, AD
brains, oocytes,
normal tissues
(-/+)
416 T>C Noncoding NR 0.000 NR NR MITOMAP AD
MT-OHR, MT-LSP, MT-TFL, 418 T Noncoding NR 0.114 NR NR MITOMAP AD
MT-ATT, MT-CR
MT-OHR, MT-TFL, MT-ATT, 436 T Noncoding NR 0.000 NR NR MITOMAP AD
MT-CR
MT-HV3, MT-ATT, 456 T Noncoding NR/NA 2450 NR Thyroid tumour (+/-) MITOMAP AD
MT-CR 466 2insCC Noncoding NR NA NR NR MITOMAP AD
477 T>C Noncoding NR/NA 0.938 NR AD brains, ovarian MITOMAP AD
tumour (-/+)
MT-HV3, MT-CR 511 T Noncoding NR 0.143 NR NR MITOMAP AD
MT-HV3, MT-TFH, 523 delAC Noncoding NR 0.019 NR NR MITOMAP AD
MT-CR
MT-HV3, MT-HSP1, 555 A>G Noncoding NR 0.000 NR NR MITOMAP AD
MT-CR 566 T Noncoding NR 0.000 NR NR MITOMAP AD
MT-TF 644 A>G (tRNA) NR/Likely benign 0.050 NR NR MITOMAP AD
Benign NA Juvenile MELAS NR ClinVar
MT-RNR1 750 A>G (rRNA) R/NA 98.277 NR NR MITOMAP 4
R/NA NR Not provided NR Clinvar
1438 A>G (rRNA) NR/NA 94.853 NR NR MITOMAP 4
Benign NR Not provided, not NR ClinVar
specified
MT-RNR2 3196 G>A (rRNA) R/NA 0.025 ADPD (+/+) NR MITOMAP AD
MT-TER, MT-TL1 3243 A>G (tRNA) Confirmed 0.019 MELAS/Leigh syn- NR MITOMAP MELAS/BS-LD/AD/PD/
pathogenic drome/DMDF/ BD/SZ
MIDD/SNHL/
CPEO/MM/FSGS/
ASD/cardiac multi-
organ dysfunction
(-/+)
Pathogenic NR BD- and SZ- NR ClinVar
associated
3251 A>G (tRNA) R/Possibly benign 0.000 MM/MELAS with NR MITOMAP MM/LAaCID
chorea-ballism
(-/+)
Pathogenic NR NR ClinVar

Table 6 (Continued)
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Locus Nucleo-tide Nucleo-tide Variant type Pathogenicity GB Freq Reported Cell or tissue type Database Related clinical
position change status/TOOLS (%) phenotype of reported mtDNA features in this
(Homo-/ somatic variant systematic review
heteroplasmy) (Homo-/
heteroplasmy)
Juvenile MELAS/PEO,
proximal myopa-
thy, and sudden
death
3257 A>G (tRNA) NR NA NR NR MITOMAP MERRF
MT-ND1 3397 A>G Met31Val R/Likely pathogenic 0.305 ADPD/possibly LVNC NR MITOMAP AD
cardiomyopathy-
associated/resis-
tance to high alti-
tude pulmonary
oedema (+/-)
Benign NR PD, LoLS, AD NR ClinVar
MT-TI 4274 T>C (tRNA) R/Likely pathogenic 0.000 CPEO/motor neuron NR MITOMAP Motor neuron disease
disease (-/+)
MT-TQ 4336 A>G (tRNA) Unclear/Possibly 0.839 ADPD/hearing loss & NR MITOMAP PD
benign migraine/ASD/ID
(+/+)
Conflicting reports NA Sensorineural deaf- NR Clinvar
ness and
migraine/juvenile
MELAS
MT-ND2 4769 A>G Met100 R/NA 97.604 NR NR MITOMAP N4
R/NA NR Not provided NR Clinvar
5460 G>A Ala331Thr Conflicting reports/ 6.904 AD/PD/LHON (+/+) NR MITOMAP AD/PD
Possibly benign
Benign NR LS NR Clinvar
MT-TW 5537 insT (tRNA) R/NA 0.000 LS (-/+) NR MITOMAP LS
Pathogenic NR LS/ME NR ClinVar
5549 G=>A (tRNA) R/Likely pathogenic 0.000 Dementia and cho- NR MITOMAP ME
rea (-/+)
Pathogenic NR ME NR Clinvar
5556 G>C (tRNA) R/Possibly benign 0.000 Encephalomyopathy NR MITOMAP LoME
(-/4)
MT-TN 5705 T>C (tRNA) NR 0.017 NR NR MITOMAP AD
MT-CO1 6617 T Phe238 NR/NA 0.015 NR NR MITOMAP SZ
7064 T>C Phe387 NR/NA 0.062 NR NR MITOMAP ASD
MT-CO2 7706 G>A Ala41Thr R/Possibly benign 0.015 AHS-like (+/+) NR MITOMAP AHS-like disease
7834 C>T 1le83 NR/NA 0.004 NR NR MITOMAP sz
MT-TK 8344 A>G (tRNA) Confirmed 0.008 MERRF; Other-LD/ Bone marrow, MITOMAP MERRF
pathogenic DMD/leukoence- elderly muscle
phalopathy/HiCM (-/+)
(-/+)
Pathogenic NR LS/MERRF/PD/juve- NR ClinVar
nile MELAS
MT-ATP6 8603 T>C Phe26Ser NR/Possibly benign 0.336 NR NR MITOMAP MERRF
Table 6 (Continued)
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Locus Nucleo-tide Nucleo-tide Variant type Pathogenicity GB Freq Reported Cell or tissue type Database Related clinical
position change status/TOOLS (%) phenotype of reported mtDNA features in this
(Homo-/ somatic variant systematic review
heteroplasmy) (Homo-/
heteroplasmy)
Benign NR LS NR ClinVar
8881 T>C Ser119Pro R/Possibly benign 0.002 Patient with sus- NR MITOMAP L4
pected mitochon-
drial disease (NR/
NR)
8993 T>G Leu156Arg Confirmed/Likely 0.012 NARP/LS/MILS/other NR MITOMAP LS/NARP/MILS
pathogenic (+/4)
Pathogenic NR Mitochondrial com- NR ClinVar
plex V (ATP syn-
thase) deficiency,
mitochondrial
type 1/LS/NARP/
other
MT-CO3 9500 T Phe98 NR/NA 0.008 NR NR MITOMAP 4
9633 T>C Ser143Pro R/Possibly benign 0.000 NR NR MITOMAP PD
Likely benign NR NR NR ClinVar
9699 A>G lle165Val NR/Possibly benign 0.008 NR NR MITOMAP L4
Uncertain NR LS NR Clinvar
significance
9861 T>C Phe219Leu R/Possibly benign 0.220 AD (+/-) NR MITOMAP AD
Benign/Likely benign NR LS NR ClinVar
9956 A>G Leu250 NR/NA 0.006 NR NR MITOMAP SZ
MT-ND4L 10652 T>C lle61 R/NA 0.104 BD/MDD-associated NR MITOMAP BD/MDD
(-/+)
MT-ND4 10858 T>C lle33 NR/NA 0.033 NR NR MITOMAP BD
11778 G>A Arg340His Confirmed/Possibly 0.357 LHON/progressive NR MITOMAP LHON
pathogenic dystonia (+/+)
Pathogenic NR LHON NR Clinvar
12027 T>C lle423Thr R/Possibly benign 0.004 SZ-associated (NR/ NR MITOMAP L4
NR)
MT-ND5 13094 T>C Val253Ala Confirmed/Likely 0.002 Ataxia + PEO/MELAS, NR MITOMAP MELAS
pathogenic LD, LHON, myoc-
lonus, fatigue
(+/+)
Pathogenic NR Juvenile MELAS NR ClinVar
13513 G>A Asp393Asn Confirmed/Likely 0.002 LS/MELAS/LHON- NR MITOMAP MELAS/LS
pathogenic MELAS overlap
syndrome/nega-
tive association
with carotid ath-
erosclerosis (-/+)
Pathogenic NR Mitochondrial dis- NR ClinVar

Table 6 (Continued)

eases/LS/LS due
to CID/Juvenile
MELAS
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Locus Nucleo-tide Nucleo-tide Variant type Pathogenicity GB Freq Reported Cell or tissue type Database Related clinical
position change status/TOOLS (%) phenotype of reported mtDNA features in this
(Homo-/ somatic variant systematic review
heteroplasmy) (Homo-/
heteroplasmy)
MT-ND6 14668 T Met2 R/NA 3.951 Depressive disorder- NR MITOMAP MDD
associated (+/-)
MT-TE 14685 G>A (tRNA) R/Likely pathogenic 0.000 Cataracts with spas- NR MITOMAP ECOAPP
tic paraparesis &
ataxia (-/+)
14709 T>C (tRNA) Confirmed 0.000 MM+DMDF/ence- NR MITOMAP Ataxia
pathogenic phalomyopathy/
dementia + diabe-
tes + ophthalmo-
plegia (+/+)
Pathogenic/Likely NR Mitochondrial dis- NR Clinvar
pathogenic eases/MI DMDF/
Juvenile MELAS/
MM
MT-CYB 15043 G>A Gly99 R/NA 23.640 MDD-associated/ NR MITOMAP MDD
possible role in
high-altitude sick-
ness (+/-)
Likely pathogenic NR Familial breast NR Clinvar
cancer
MT-HV1, MT-ATT, 16184 C>T Noncoding NR/NA 0.735 NR Colonic mucosa (-/+) MITOMAP PD
MT-CR, MT-75 16300 A>G Noncoding R/NA 0.536 BD-associated (+/-) Head/neck tumour MITOMAP BD
(+/-)
Table 6: mtDNA disease-related variants with pathogenicity information retrieved from public databases.
NA: not available; NR: not reported; R: reported.
AD: Alzheimer’s disease; ADPD: Alzheimer’s disease and Parkinson's; AHS: Alpers-Huttenlocher syndrome; ASD: autism spectrum disorder; BD: bipolar disorder; BS-LD: Barth syndrome-like disorder; CPEO: chronic progressive
external ophthalmoplegia; CID: combined immunodeficiency; DMD: depressive mood disorder; DMDF: diabetes mellitus + deafness; ECOAPP: early-onset cataracts, ataxia and progressive paraparesis; DS: Down's syndrome;
FSGS: focal segmental glomerulosclerosis; HICM: histiocytoid cardiomyopathy; LAaCID: lactic acidosis and complex I deficiency; LD: learning disabilities; LHON: Leber's hereditary optic neuropathy; LoLS: late-onset Leigh syn-
drome; LoME: late-onset mitochondrial encephalomyopathy; LVNC: left ventricular non-compaction; ME: mitochondrial encephalopathy; MELAS: mitochondrial encephalomyopathy, lactic acidosis, and stroke-like episodes;
MERRF: myoclonic epilepsy with ragged red fibres; MDD: major depressive disorder; MIDD: maternally inherited diabetes and deafness; MILS: maternally inherited Leigh syndrome; MM: mitochondrial myopathy; NARP: neuropa-
thy, ataxia, and retinitis pigmentosa; PEO: progressive external ophthalmoplegia; PD: Parkinson's disease; SNHL: sensorineural hearing loss; SZ: schizophrenia; VO, max: maximum rate of oxygen consumption.
TOOLS: If available, predictive data of pathogenicity are obtained from the tools MitoTIP, HmtVar and/or APOGEE (https://www.mitomap.org/foswiki/bin/view////Main/SearchAllele); del: deletion; GB Freq: The frequency data
derived from 51836 GenBank sequences with sizes greater than 15.4 kbp.
The frequency data and disease-associated phenotypes were retrieved from the MITOMAP and ClinVar databases in June 2021.
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Figure 2. Map of human mtDNA with variants (a) and deletions (b) identified in postmortem brain samples of patients with MitD.
mtDNA replication initiates within the D-loop region and proceeds from the origin of heavy-strand replication (Oy) until the origin
of light-strand replication (O,). The positions of variants are represented by asterisks, while deletions are represented by circles.
MitD diagnoses are indicated in boldface. MELAS: mitochondrial encephalopathy, lactic acidosis and stroke-like episodes; ME: mito-
chondrial encephalomyopathy; AHS: Alpers-Huttenlocher syndrome; MERRF: myoclonic epilepsy with ragged-red fibres; NARP: neu-
ropathy with ataxia and retinitis pigmentosa; MILS: maternally inherited Leigh’s syndrome; LHON: Leber hereditary optic
neuropathy; EOCAPP: early-onset cataracts, ataxia and progressive paraparesis; POLG: DNA polymerase gamma gene; KSS: Kearns-
Sayre syndrome. MT-: mitochondrially encoded gene; TL1: tRNA-Leu 1; TW: tRNA-Trp; CO2: cytochrome c oxidase II; TK: tRNA-Lys;
ATP6: ATP synthase subunit 6; ND4: NADH-ubiquinone oxidoreductase subunit 4; TE: tRNA-Glu; CO1: cytochrome c oxidase |.
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between 89% and 97%, and similar percentages in
other tissues were lower than those in blood (72%
and 81%).777%%% In addition, m.13513G>A, p.
Asp393Asn, MT-NDs was also reported in LS.”® Only
one study analysed the mtDNA CN, identifying that
it was 4.6 times higher in patients with LS than in
controls.*?

mtDNA analysis in NeuD

Table 2 includes 67 reports referring to NeuD, and
Figure 2 shows the variants reported in neurodegenera-
tive conditions, with the most reported variants being
found in Alzheimer’s disease (AD, 33 reports) and
Parkinson’s disease (PD, 27 reports). Other reported
phenotypes were amyotrophic lateral sclerosis, mild
cognitive impairment, Creutzfeldt-Jakob disease,
dementia with Lewy bodies, frontotemporal dementia,
mesial temporal lobe epilepsy-hippocampal sclerosis,
Down syndrome, Down syndrome and dementia; multi-
ple sclerosis, infantile onset spinocerebellar ataxia,
motor neuron disease, multiple system atrophy, dissem-
inated neocortical and subcortical encephalopathy, and
Huntington disease. Taking all NeuD studies into
account, the alterations most frequently investigated
were mtDNA deletions (40 reports), followed by the
presence of mtDNA variants (22 reports) and mtDNA
CN (19 reports) (Figure 3).

mtDNA analyses in AD. Among the AD studies
reviewed, deletions were the most frequent mtDNA
alterations analysed (17/33), followed by mtDNA var-
iants (10/33) and mtDNA CN (9/33). The most fre-
quently assessed brain tissues were the frontal cortex,
hippocampus, cerebellum, temporal cortex and parietal
cortex.

The results in relation to the variants are diverse;
some studies agreed that the frequency of variants is
similar between AD patients and controls regarding
their levels of heteroplasmy,® ®5 while others reported
higher levels of heteroplasmy and a higher frequency of
variants in the parietal cortex, hippocampus and cere-
bellum in AD patients.**®” Two studies reported the
m.5460G>A variant, which produces the p.Ala33iThr
amino acid change in MT-ND2; this is described in
MitoMap with conflicting reports regarding its pathoge-
nicity for AD, PD and LHON. This amino acid change
was reported in AD and control individuals.*® Addition-
ally, in six patients with AD, four showed homoplasmy
and two showed heteroplasmy, with a mutation load
percentage of 5%. In this last study, the variant was not
present in the control group.®® Similarly, the
m.3243A>G variant involved in MELAS was identified
in a patient with AD, although with a very low percent-
age (<0.05%).”° More recent studies, some of them
conducted with a large number of individuals and using

www.thelancet.com Vol 76 Month February, 2022

novel techniques, did not identify that mtDNA variation
had a role in AD.* %

Overall, most of the studies agree that the mtDNA
CN levels are lower in AD patients than in
controls,384-86:91-94 although some specific hallmarks
should be mentioned: 1) no difference was identified in
the mtDNA CN levels between tau-positive and tau-neg-
ative neurons;?’ 2) focusing on brain regions, the hippo-
campus and the temporal cortex showed a significant
mtDNA CN reduction in pyramidal neurons compared
to other neuronal cells?® but not in the cerebellum,*
although a study analysing a large number of samples
(282 patients and 461 control subjects) mostly obtained
from the cerebellum (87.3%) was able to identify a sig-
nificant reduction in the mtDNA CN levels in AD;** 3)
when considering the clinical characteristics of the
patients, one study observed that the mtDNA CN was
reduced by 48% in nondiabetic patients with AD com-
pared to that in nondiabetic noncognitive-impaired indi-
viduals, and this effect occurred in the parietal cortex
but not in the frontal cortex or cerebellum; however,
compared with nondiabetic patients, diabetic patients
showed higher mtDNA CNs in the frontal cortex, parie-
tal cortex and cerebellum;®" and 4) although a reduced
mtDNA CN was reported by most of the studies, some
authors highlighted that some patients with AD exhib-
ited a high mtDNA CN.°*

Regarding mtDNA rearrangements, the first studies
carried out in the nineties focused on the analysis of the
4977 bp common deletion (m.8470_13477del). Similar
percentages of the deletion have been reported in indi-
viduals with AD and in control individuals.*””9*97 How-
ever, the deletion was found to be more abundant in the
temporal cortex of individuals with AD than in controls,
although in both cases the percentage was low
(<0.059%).°® Regarding the mutation load of the com-
mon deletion in the distinct brain regions, there are
some aspects to note. First, higher percentages were
present in the nucleus caudate than in the gyrus fronta-
lis.°® Second, in a more recent study, a 1.5% mutation
load was reported in the frontal cortex samples of
patients with AD and in control individuals and,
although the percentage was still low, it was higher
than previously reported.®> Third, the common deletion
was also present in the substantia nigra and the globus
pallidus of a single individual with AD but was not
detected in the blood.”° Finally, the mutation load was
found to be 15 to 25-fold lower in the cerebellum than in
cortices of AD and control individuals. More recent
studies have investigated the presence of other rear-
rangements in addition to the common deletion, with
controversial results. Some agree that the number of
deletions is higher in AD than in controls,*°° but they
differ depending on the region studied. For instance,
one of the studies did not find any significant increase
in the total number of deletions in the hippocampus of
patients with AD,"*® while others observed higher
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Figure 3. Map of human mtDNA with variants (a) and deletions (b) identified in postmortem brain samples of patients with NeuD.
mtDNA replication initiates within the D-loop region and proceeds from the origin of heavy-strand replication (Oy) until the origin
of light-strand replication (O,). The positions of variants are represented by asterisks, while deletions are represented by circles.
NeuD diagnoses are indicated in boldface. AD: Alzheimer’s disease; PD: Parkinson’s disease. MT-: mitochondrially encoded gene;
TL1: tRNA-Leu 1; ND2: NADH-ubiquinone oxidoreductase subunit 2; ND5: NADH-ubiquinone oxidoreductase subunit 5; ATP8: ATP
synthase subunit 8.
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Figure 4. Map of human mtDNA with variants (a) and deletions (b) identified in postmortem brain samples of patients with PsyD.
mtDNA replication initiates within the D-loop region and proceeds from the origin of heavy-strand replication (Oy) until the origin
of light-strand replication (O,). The positions of variants are represented by asterisks, while deletions are represented by circles.
PsyD diagnoses are indicated in boldface. SZ: schizophrenia; ASD: autism spectrum disorder; MDD: major depressive disorder; BD:
bipolar disorder; ADO: alcohol/drug abuse and other psychiatric symptoms. MT-: mitochondrially encoded gene; RNR1: 12S rRNA;
RNR2: 16S rRNA; ND4L: NADH-ubiquinone oxidoreductase subunit 4L; D-loop: displacement loop; ND4: NADH-ubiquinone oxidore-
ductase subunit 4; ND6: NADH-ubiquinone oxidoreductase subunit 6; CYB: cytochrome b; COT: cytochrome c oxidase I; TL1: tRNA-
Leu 1; ND2: NADH-ubiquinone oxidoreductase subunit 2; CO2: cytochrome c oxidase Il; HSP1: major H-strand promoter 1; ATP8: ATP
synthase subunit 8.
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deletion rates in both astrocytes and microglia of the
hippocampus compared with the brainstem and cere-
bellum in control individuals."** Additionally, a high
number of deletions in cytochrome oxidase (COX)-
deficient neurons of the hippocampus’®* and in fron-
tal cortices of individuals with AD® have been
reported, but there were no differences between tau-
positive and tau-negative neurons.?> Reportedly, the
average mtDNA deletion size is 5080+2367 bp,"?
the deletion size ranges from 3670 to 6088 bp, accu-
mulation occurs with age,’®* and the number and
characteristics of the rearrangements depend on the
sequence coverage depth.®>

mtDNA analyses in PD. mtDNA deletions were the
most investigated mtDNA alterations (19/27), followed
by mtDNA variants (10/27) and the CN (10/27). The
brain tissue most frequently assessed was the substantia
nigra, followed by the frontal cortex, cerebellum, puta-
men and hippocampus. mtDNA variants and hetero-
plasmy levels have been widely discussed regarding PD.
The first study investigating mtDNA variants in PD
reported no differences Dbetween variant hetero-
plasmy levels in PD and control individuals;'*# this
was also found by two additional recent studies.®+'°5
Another recent study investigating a large number of
samples and taking advantage of next-generation
sequencing found that the mtDNA mutation load in
MT-CO1, MT-CO2 and MT-CYB in the substantia
nigra pars compacta and in MT-CYB in the frontal
cortices of patients with PD was increased compared
to those in control individuals.”*® A significant
increase in the frequency of heteroplasmy levels in
neurons with a higher number of deletions has also
been reported.”” Conversely, no association was
found between mtDNA variants, either homoplasmic
or heteroplasmic, and PD.**

Conlflicting results have also been reported regarding
mtDNA CN in PD, such as 1) decreased levels in the
prefrontal cortices of patients with PD and dementia
and in neurons of the substantia nigra in patients with
idiopathic PD;'®”" "9 2) increased levels in cholinergic
neurons of the pedunculopontine nucleus in PD
patients;""® and 3) no significant differences between
patients and controls,%495104105.108111

In general, patients with PD showed higher mtDNA
deletion levels in the substantia nigra than in other
brain regions,'°®'*>"""""* although some studies found
a significant increase in other regions, such as the puta-
men or hippocampus, but not in the substantia
nigra.”*"™ Additionally, although most reports showed
a trend or reported increased mtDNA deletion levels in
PD, others did not."°®""> Notably, mtDNA deletion lev-
els have been reported to be significantly lower in the
cerebellum than in other brain regions.”*"'® One of the
most recent studies found that patients with PD tended

to exhibit deletion levels greater than 60% in the sub-
stantia nigra, while markedly lower levels were found in
the frontal cortex, cerebellum and putamen. The
authors also reported that in the substantia nigra, dele-
tion levels were a good predictor of mtDNA CN varia-
tion."*> This is in line with a reported correlation
between the percentage of deletions and mtDNA CN in
the putamen; the lower the CN, the higher the deletion
levels."® Some specificities regarding mtDNA deletions
in PD should also be mentioned. First, increased
mtDNA deletion levels were found to correlate with
Braak staging,'®® although these changes were not
explored in other studies.”®"” Second, a few studies
using laser microdissection techniques to focus on spe-
cific cell types identified 1) a significant increase in dele-
tion levels in cholinergic neurons of the
pedunculopontine nucleus;"® 2) increased deletions in
the dopaminergic neurons of the substantia nigra;"" 3)
increased deletions in the Lewy-positive neurons of the
substantia nigra compared with those in Lewy-negative
neurons or neurons from control individuals;?® and 4);
the common deletion was also identified as the most fre-
quent deletion in the substantia nigra of microdissected
neurons.'

mtDNA analysis in PsyD

Table 3 includes 19 reports referring to PsyD, and
Figure 4 shows the variants reported in various pheno-
types, with the most reported being schizophrenia (SZ,
N=13) and bipolar disorder (BD, N=13), followed by
major depressive disorder (MDD, N=8). Other pheno-
types assessed included subjects with alcohol/drug
abuse and other psychiatric symptoms (ADO), suicide
victims, and autism spectrum disorder (ASD). The most
recurrent brain region explored was the dorsolateral pre-
frontal cortex (DLPFC), but many others were included
in some studies. Eleven studies investigated the pres-
ence of mtDNA rearrangements, eight studies exam-
ined mtDNA CN and seven studies focused on mtDNA
variants.

mtDNA analyses in SZ. A study that focused on mtDNA
variants identified a total of 142 rare variants, with a
minor allele frequency less than 1% based on mtDB"®
and PhyloTree,* but a relevant role in SZ was not iden-
tified."? Similarly, in the DLPFC, a 22% higher rate of
synonymous variants and an increased number of
mtDNA substitutions were found in SZ patients com-
pared with control individuals, but again, there was no
major involvement in the diagnosis."*® Other rare var-
iants (frequency <o.02%), such as m.6617C>T p.
Phe238 (MT-CO1), m.88831T>C p.SerrigPro (MT-
ATPG), and m.9500C>T p.Pheg8, m.9699A>G p.
lle165Val and m.9956A>G p.Leuz2so (MT-CO3) were
identified only in patients with SZ."*' Finally, two
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studies reported results regarding specific variants. The
m.3243A>G variant was detected in one patient with
SZ with a 60% mutation load,"”” and the m.12027T>C,
p.lle423Thr (MT-ND4) was found to have no prominent
effect on SZ."*

mtDNA deletions were detected in two patients with
SZ, m.2973_15573del (MT-RNR2—MT-CYB) and
m.1148_15607del (MT-RNR1i—MT-CYB), with deletion
read percentages of 31.8% and 16.8%, respectively."*
Regarding the common deletion, most studies did not
observe differences between SZ patients and control
individuals,”®""9"*5 but it has also been reported that
the deletion levels highly differed among the 11 brain
regions analysed, increased with age, and showed little
change in blood samples."® Additionally, one study
showed a significant decrease in the accumulation of
the common deletion in patients with SZ compared to
MDD, BD and control subjects, mostly in dopaminergic
regions."*®

mtDNA analyses in BD. The synonymous variant
m.10858T>C in the MT-ND4 gene was identified in a
patient with BD,"? and the m.3243A>G variant was
present in two patients with a low variant frequency of
0.90%-1%."**

The mtDNA CN was lower in 32 patients with BD
than in 32 control individuals, and no differences were
observed between subjects who died from suicide and
those who did not,"*” which was not observed in a previ-
ous study.'*® On the other hand, high mtDNA CNs in
postmortem hippocampal tissue from 47 BD patients
have been described."*

Two of 10 patients showed m.5897_15840del (MT-
TY/MT-CO1—MT-CYB) and m.467_14122del (D-
LOOP—MT-NDys) with deletion percentages of 23.0%
and 5.0%, respectively. The authors reported that
patients with SZ and BD had a higher cumulative dele-
tion ratio in the DLPFC/anterior cingulate cortex
(ACCtx) than those in the MDD and ADO diagnostic
groups."*# The ratio of the common deletion was signifi-
cantly higher in patients with BD than in control indi-
viduals in the DLPFC"? and in the cerebellum,"*° with
a significant association between increased levels and
advanced age."® This age association was previously
observed but was unrelated to the BD diagnosis.”® On
the other hand, no significant accumulation of the com-
mon mtDNA deletion across distinct brain regions of
patients with BD compared to control subjects has been
reported.'*

mtDNA analyses in MDD. The m.224T>C variant in
the H-strand replication origin (Oy) located in the D-
loop region was present in one of five evaluated patients
with MDD, and the m.10652T>C homoplasmic variant
(which does not alter the amino acid Ile61) in the MT-
ND4L gene was previously reported in another
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patient.”® Finally, the m.3243A>G MELAS variant
identified in patients with BD was not present in 15
patients with MDD."**

Interestingly, the m.1243_15340del (MT-RNR1—MT-
CYB) deletion with a high mutation load of 90.1% in
the DLPFC and 85% in the ACCtx was suggested to con-
siderably impact a 75-year-old male who had MDD and
diabetes mellitus."** Furthermore, another 46-year-old
patient with MDD who committed suicide also exhib-
ited four high-impact deletions: m.7863_15617del (MT-
CO2—MT-CYB), m.7816_14807del (MT-CO2—MT-
CYB), m.870_14774del (MT-RNRi-MT-CYB), and
m.6468_15600del (MT-CO1—MT-CYB), with read per-
centages of 52.4%, 26.5%, 10.2% and 8.5%, respectively.
Even though deletion mutation loads were lower than
those of the former patient, the cumulative mutation
load was very high. In the latter patient, five brain
regions and blood samples were explored, and deletions
were detected only in the caudate nucleus. Interestingly,
some deletions were clonally expanded to some brain
regions, while they were absent in others.”* Addition-
ally, this study 1) did not find significant differences in
the cumulative mtDNA deletion mutation load in the
DLPFC or ACCtx across disorders; 2) stated that only 12
of the 30 most frequent deletions identified were previ-
ously described, 14 of which were detected only in the
brain and not in other tissues from the same subjects;
and 3) found that the brain contained significantly more
deletions than the blood."**

mtDNA in other clinical conditions

Table 4 shows the mtDNA alterations explored in a
few studies regarding other phenotypes: 1) herpes
simplex virus type-1 encephalitis, 2) human immuno-
deficiency virus infection with or without metham-
phetamine use, 3) diabetes and recurrent stroke-like
episodes, seizures and cognitive decline and 4)
deceased neonates, newborns and infants and 5) con-
trol individuals. The most notable finding is that the
common deletion was present in brain samples from
stillborn individuals.”"

mtDNA analyses in ageing

Table 5 presents 29 studies that analysed mtDNA in
postmortem brain samples; these studies support
mtDNA involvement in ageing.

mtDNA variations. Variants in the D-loop have been
significantly associated with age, although when they
were weighted by their heteroplasmic levels, the associa-
tion was lost.”” Additionally, the overall heteroplasmy
level in the D-loop was found to be higher in older indi-
viduals than in younger individuals.”® It has been
reported that 78% of the accumulated variants were
nonsynonymous and more deleterious in older
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individuals.** In addition, a high aggregation of somatic
point variants in the tRNAs for Thr and Pro, portions of
the MT-CYB gene, and the D-loop region were detected
in neurons of the elderly.”* The ageing process is inex-
tricably associated with neurodegeneration. In this
sense, variants in the regulatory control region were
found to be increased with age in AD and Down syn-
drome and dementia.*® Similarly, 23 missense variants
(8 of them causing nonconservative amino acid replace-
ments at evolutionarily constrained sites), 2 tRNAs and
one nonsense polymorphism were detected in the sub-
stantia nigra of elderly nonparkinsonian and idiopathic
PD patients.”> Moreover, the accumulation of G>C to
T>A and T>A to G>C transversions was found to
incre:ése with age in the frontal cortex of patients with
PD."

mtDNA CN. Most of the studies found that the mtDNA
content in the frontal cortex decreased with age.***
However, in the substantia nigra, it was recently
reported to be increased with age, allegedly to maintain
the pool of wild-type mtDNA despite accumulating dele-
tions.'”> Additionally, no significant age-dependent
increase in mtDNA CN among three age groups (0—30,
31—59 and >G6o0 years) was identified.””

mtDNA rearrangements. Most of the studies on ageing
focused on the common deletion in the brain, and they
reported that the accumulation of the common deletion
was associated with increasing age.'@®" 03235 142
According to Cortopassi et al., deletions in foetal tissues
were estimated to be 1/100 to 1/100,000 times less than
those in adults,'” while Soong et al. reported that the
common deletion level was detected in neonatal brain
regions as 4/10,000."** The distribution of the common
deletion varies among different parts of the brain, with
the highest and the lowest levels reported in the sub-
stantia nigra and cerebellum, respectively.”*® Similarly,
the common deletion ratio has been reported to reach
the highest levels in the basal ganglia with age and the
lowest levels in the cerebellum without any age-related
association.”® Additionally, a significant increase in the
common deletion ratio was detected in the cortex and
putamen with increasing age.”” Regarding clinical con-
ditions associated with age, some PD studies also
showed that the accumulation of the common deletion
was more likely to be an age-related phenomenon rather
than the pathogenic condition," 73539145145 and in
AD, the common deletion levels were much lower in
younger patients than in older patients.'*” Similarly,
small insertions and deletions were found to be signifi-
cantly increased in aged individuals among controls,
early- and late-onset AD patients, and SZ patients.”* On
the other hand, no significant increase in common dele-
tion with age in AD has been reported.”” Major arc

deletions showed a significant positive correlation with
age in nigral neurons, while the level of mtDNA dele-
tions was commonly detected at low levels and did not
increase with age in frontal neurons and Purkinje
cells.”

Other mtDNA deletions have been investigated in
relation to age. The accumulation of the 7436 bp
deletion®*™>™* and a wunique 12 kb deletion
(m.1989_14366del) were also age-related in brain sam-
ples.”*® In addition, several multiple deletions (4.5—7.1
kb),” including m.7409_13687del,"*> have also been
reported in the substantia nigra of both aged patients
with PD and controls. Apart from these findings, one
study showed that mtDNA deletions were associated
with chronic hypoxia conditions rather than ageing in
the samples of patients with PsyD."4?

mtDNA technical issues

Historically, studies exploring mtDNA variants often
used radiolabelled nucleotides, primers or probes for
PCR, sequencing or Southern blot techniques, while
most recent studies have used exome or genome
sequencing. The mtDNA CN can be assessed by quanti-
tative real-time PCR (qPCR). Some studies explored just
one region, while others investigated mtDNA altera-
tions in distinct brain regions, in homogenate tissues,
or in laser-captured single cells. Although most of the
studies used molecular techniques focused on mtDNA
sequences, others were based on obtaining mtDNA. In
this case, the first and crucial step of mtDNA analysis is
effective extraction. Phenol-chloroform DNA extraction,
which isolates both nDNA and mtDNA, is a widely used
method. Devall et al. performed the first systematic
comparison of the effectiveness of five different mtDNA
isolation protocols from frozen postmortem brain tis-
sue.”® They reported that linear DNA digestion that
leaves circular DNA (mtDNA) intact gave the lowest
purity (mtDNA/nDNA), while the magnetic isolation of
mitochondria using anti-human TOMa22-labeled
microbeads to isolate mitochondria gave the highest
mtDNA enrichment."”

Although PCR-based technologies have accelerated
the analysis of mtDNA deletions, their effectiveness can
vary."”" Distinct results were obtained when comparing
the serial dilution PCR method (in which total DNA is
diluted and amplified by primers spanning the common
deletion) and the kinetic PCR method (based on remov-
ing reaction tubes from 10 to 20 cycles for undeleted
mtDNA and stopping reactions from 22 to 32 cycles for
deleted mtDNA to obtain the ratio of deleted mtDNA to
normal mtDNA). According to their serial dilution PCR
results, the caudate had 10 times more deleted mtDNA
than the parietal cortex, while kinetic PCR resulted in a
lower difference.”" Taylor et al. used a digital deletion
detection (3D) assay for absolute quantification and
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characterization of rare mtDNA deletions in aged
human brain samples.®® This technique involves an
enrichment step for deleted molecules by wild-type tar-
geted endonucleolytic digestion, the amplification of
intact mutant molecules by target-specific TaqMan
probes in water-in-oil droplets, and, finally, a quantifica-
tion step for chambers carrying many droplets repre-
senting thousands of single-molecule reactions.*

As an alternative to standard PCR techniques,
Marquis et al. developed a novel sensitive mtDNA
assay that used rolling circle amplification and
sequencing (MitoRS) to detect mtDNA variants and
their heteroplasmy level with high accuracy.” In the
first step, they used Phizg polymerase (with a low
error rate and strong strand displacement activity) to
generate several individual mtDNA copies (mtDNA
enrichment) that were not species-specific and were
insensitive to nuclear mtDNA sequences and to
mtDNA polymorphism priming events. Combined
with high-throughput tagmentation-based library
generation for next-generation sequencing (NGS),
they could quantify mtDNA SNVs at the minimum
1% frequency level.””

Some additional difficulties have been reported in
mtDNA analyses. The chromogen 3,3'-diaminobenzi-
dine, a standard stain for COX activity, has a strong
inhibitory effect on qPCR, thus causing significant
bias in the estimation of mtDNA CN and deletion
levels between COX-positive and COX-negative neu-
rons.”” Regarding methylation, Devall et al. devel-
oped an assay to identify differentially methylated
regions in mtDNA among different regions of the
cortex and cerebellum by using pre-existing methyl-
ated DNA immunoprecipitation sequencing data.
Interestingly, they identified 74 nominally differen-
tially methylated regions in the mtDNA and 8 differ-
entially methylated regions between the total cortex
and cerebellum.”*

Discussion

Biological processes are defined not only by cell struc-
tures but also by energy status. The brain represents
between 2 and 3% of the weight of our body while con-
suming 20% of the total energy, which is mainly gener-
ated in the mitochondria. Unlike muscle, the brain is
always highly metabolically active and thus is highly
sensitive to mitochondrial functioning.>*'> For this rea-
son, the mitochondria operate under several control
mechanisms, such as mitochondrial fusion and fission,
the removal of damaged proteins, and mitophagy.’
Recently, it has been suggested that if the available
energy is limited, remaining below the bioenergetic
threshold, neurological symptoms may appear; how-
ever, if the bioenergetic defect is subtler, the lack of
energy can lead to the appearance of psychiatric
symptoms.®
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We collected mtDNA variants, CN and/or dele-
tions reported in postmortem human brain samples.
mtDNA variants and deletions can be inherited or
occur at the germline or somatic level and have been
associated with clinical and nonclinical conditions,
while mtDNA CN is a proxy measure for mitochon-
drial function that has been associated with ageing-
related diseases.””® Multiple mtDNA deletions and
duplications can arise due to the accumulation of
multiple errors in postmitotic tissues, often with
clonal expansion of one particular mtDNA form, or
be attributed to variants in nuclear genes involved in
mtDNA maintenance and repair.’® Some MitD syn-
dromes arise as a result of a sporadic large-scale sin-
gle deletion that is the only deletion present. This
single deletion can be of any size but there is a com-
mon deletion of 4.9kb. Notably, none of the studies
in this review reported mtDNA duplications.

This review identified that many pSNVs are present
in high heteroplasmy levels (generally >80%) in the
postmortem brains of patients with MitD, although
with variable heteroplasmy levels across brain regions
and nonbrain tissues. However, the clinical condition
characterized by early-onset cataracts, ataxia and pro-
gressive paraparesis showed mutation loads less than
60% in the affected tissues.°® Some pSNVs may impact
the mtDNA CN in the brain, either decreasing®” or
increasing®® its levels, but few studies have analysed
both mtDNA alterations. A low mtDNA CN was
reported in most of the studies,*®">” 59 but not all,"*°
and mtDNA deletions have only been investigated in
KSS and DNA polymerase gamma gene (POLG)
encephalopathy.’”"5*1°>"°* Only one study investigated
the three types of mtDNA alterations in patients
affected by POLG encephalomyopathy, and interest-
ingly, the three types were present.”” All-encompassing
mtDNA analyses were not performed in most of the
reviewed studies and should be encouraged in prospec-
tive studies.

The current data from postmortem human brain
samples indicate that pSNVs do not have a prominent
role in NeuD or PsyD, and a reduced mtDNA CN has
been extensively observed in NeuD but not PsyD. Con-
versely, mtDNA deletions may have a more prominent
role in PsyD. This would be in accordance with the
hypothesis that MitD may be underdiagnosed in some
patients with PsyD'®* and that bioenergetic defects can
lead to the appearance of psychiatric symptoms.>'® Fur-
thermore, NeuD and PsyD can be accompanied by met-
abolic disorders that are often not considered because
they are not the target of the studies. Regarding this
issue, the parietal cortices of diabetic individuals
showed a 48% reduction in the mtDNA CN compared
with those of nondiabetic individuals.”" In nondiabetic
AD subjects, the loss of mtDNA could lead to the loss of
mitochondrial mass and bioenergetic capacity, whereas
in diabetic AD subjects, an increased nutrient supply
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due to insulin resistance and hyperglycaemia could
result in reduced oxidative phosphorylation and
increased glycolysis, which would also lead to an energy
deficit. In line with this idea, in one of the evaluated
studies, a high-impact deletion was present in a patient
with MDD who also had diabetes.”** Future studies
should include all the phenotypic characteristics of the
assessed individuals to shed light on the role of mtDNA
alterations in other comorbid traits. Notably, in NeuD
and PsyD, many of the early studies on human post-
mortem brain samples were based on the comparison
of frequencies and heteroplasmy levels of specific SNV
between patients and controls, and even though some
reported significant differences, these results have not
been confirmed in a more recent and larger dataset,
which advocates that mtDNA CN rather than
mtDNA SNV would have more clinical relevance in
NeuD.** However, the association of homoplasmic
common and rare SNV on longevity and NeuD such
as multiple sclerosis has been recently confirmed by
analysing a large number of blood samples.’® An
interesting study that also investigated blood samples
demonstrates the involvement of the nuclear female
genome in the evolution of human mtDNA variation
and also suggests the different values of hetero-
plasmy that an individual cell, tissue or organism
may exhibit during embryonic development of
human germ cells."®® The different expansion of het-
eroplasmic variants during the ageing process could
have consequences for age-associated diseases such
as NeuD but also PsyD, which present in many cases
within certain age ranges. However, the biological
processes associated with ageing have mostly been
studied in relation to NeuD.’

Different methodological issues may have interfered
with the results reported in this systematic review.
These include, among others, the origin of the samples
and the way the DNA was obtained and stored, as some
reagents and degraded samples considerably limit the
PCR/qPCR technique.'®* In addition, PCR-based tech-
niques may favour the amplification of short (deleted)
versus long (nondeleted) fragments resulting in inade-
quate detection of mtDNA fragments. NGS methodol-
ogy based on previous long-range amplification is the
most powerful tool to detect mtDNA alterations. It pro-
vides high and uniform coverage of each of the 16,569
bases, allowing the detection of nucleotide changes, as
well as heteroplasmy levels. Moreover, it also allows the
detection of small insertions/deletions (indels) and
large deletions and the mapping of exact deletion break-
points."®> Several bioinformatic tools allow a reliable
analysis of large mtDNA sequences with high coverage
levels for detecting mtDNA alterations.'**'°° %9 Addi-
tionally, current genome and exome sequencing techni-
ques can detect heteroplasmy levels at less than 5%, and
it has been reported that heteroplasmy levels depend on
the coverage and the number of sequence reads.

Moreover, these techniques have also been reported to
be more accurate for mtDNA CN quantification than
the gold standard qPCR technique.'®® In any case, even
with the NGS technique, it is necessary to take into
account the initial enrichment strategy used and the ref-
erence used in the downstream bioinformatic analysis,
as both may influence the accurate detection and quan-
tification of mtDNA heteroplasmy levels.””®

A broad understanding of brain regional variation
regarding heteroplasmy levels of pSNVs, mtDNA CN
and mtDNA deletions is necessary for understanding
the metabolic requirements of different regions of
the brain, which can improve our understanding of
region-specific cell type changes and/or vulnerability
to metabolic insults and related neuropathological
processes. Highly automated and sensitive tools to
evaluate mtDNA alterations from data obtained
through exome or genome sequencing are currently
available,'*#¢%*717172 and larger datasets should
be assessed for mtDNA analyses, along with a full
phenotypic characterization to better associate molec-
ular mtDNA defects or variations with biochemical,
metabolic and clinical or health aspects. This is sup-
ported by the recent success in identifying associa-
tions between a large number of phenotypes and
homoplasmic mtDNA variants by analysing a large
number of blood samples from the UK Biobank.>* In
summary, most studies that explored mtDNA altera-
tions in neurological diseases, mental illnesses and
the natural ageing process have reported conflicting
results. Some reasons for this are that different stud-
ies have investigated different mtDNA alterations,
different diagnoses and/or different brain regions.
This has made it difficult to draw conclusions. In
addition, methodological issues mainly related to the
techniques used but also to sample collection have
led to difficulties in data interpretation. More studies
are needed to identify the specific mtDNA alterations
associated with health and disease. Nevertheless, the
findings discussed in this systematic review argue
for the involvement of mtDNA in brain disorders.

Limitations

Many of the sample sizes used to study mtDNA CN
were underpowered. As an example, differences in
mtDNA CN between patients with AD and control
individuals were not often identified in the
cerebellum®®5° until a larger number of patients and
controls were screened.? The techniques used in
early mitochondrial genetics studies are not compa-
rable to more recent technologies. It would therefore
be interesting if some of the phenotypes that were
analysed at the time of identifying the first mtDNA
alterations could be analysed with the new technolo-
gies, especially to confirm the levels of heteroplasmy
that were indicated at the time.
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Conclusions

This study provides a comprehensive summary of the
mtDNA alterations reported in human brain samples.
The results identified in relation to MitD provide a clear
idea of which genetic alteration is involved in each disor-
der, despite the great heterogeneity of the alterations
described. Unfortunately, this is not the picture for
NeuD and PsyD, where the findings are often contradic-
tory. While mtDNA alterations have pathological impli-
cations in MitD, for most of the alterations identified in
NeuD and PsyD an association has been suggested, but
the pathological consequences are not yet proven. Low
mtDNA CN is the most reported mtDNA alteration in
NeuD, and specific mtDNA deletions may have promi-
nent consequences for PsyD. There is also strong and
abundant evidence that the ageing process is related to
neurodegeneration and the loss of mtDNA integrity.
Future research directions should include mtDNA anal-
yses in larger samples and concurrent analyses of all
types of mtDNA alterations and in several brain regions.
Additionally, genotype-phenotype correlation studies
will help to advance our understanding of the underly-
ing molecular mechanisms and the implications of
mtDNA variability in health and disease.
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