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Autism spectrum disorder (ASD) is a clinically heterogeneous class of
neurodevelopmental conditions with a strong, albeit complex, genetic basis.
The genetic architecture of ASD includes different genetic models, from
monogenic transmission at one end, to polygenic risk given by thousands of
common variants with small effects at the other end. The mitochondrial DNA
(MtDNA) was also proposed as a genetic modifier for ASD, mostly focusing on
maternal mtDNA, since the paternal mitogenome is not transmitted to
offspring. We extensively studied the potential contribution of mtDNA in
ASD pathogenesis and risk through deep next generation sequencing and
quantitative PCR in a cohort of 98 families. While the maternally-inherited
mtDNA did not seem to predispose to ASD, neither for haplogroups nor for the
presence of pathogenic mutations, an unexpected influence of paternal
MtDNA, apparently centered on haplogroup U, came from the lItalian
families extrapolated from the test cohort (n = 74) when compared to the
control population. However, this result was not replicated in an independent
Italian cohort of 127 families and it is likely due to the elevated paternal age at
time of conception. In addition, ASD probands showed a reduced mtDNA
content when compared to their unaffected siblings. Multivariable regression
analyses indicated that variants with 15%—-5% heteroplasmy in probands are
associated to a greater severity of ASD based on ADOS-2 criteria, whereas
paternal super-haplogroups H and JT were associated with milder phenotypes.
In conclusion, our results suggest that the mtDNA impacts on ASD, significantly
modifying the phenotypic expression in the Italian population. The unexpected
finding of protection induced by paternal mitogenome in term of severity may
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derive from a role of mtDNA in influencing the accumulation of nuclear de novo
mutations or epigenetic alterations in fathers’ germinal cells, affecting the
neurodevelopment in the offspring. This result remains preliminary and

needs further confirmation in

independent cohorts of larger size. If

confirmed, it potentially opens a different perspective on how paternal non-
inherited mtDNA may predispose or modulate other complex diseases.

KEYWORDS

mitochondrial DNA, mitochondrial haplogroups, universal heteroplasmy, autism
spectrum disorder, autism risk

Introduction

Autism spectrum disorder (ASD) is a group of complex
neurodevelopmental conditions with onset in childhood,
characterized by highly heterogeneous clinical phenotypes.
Neuropsychiatric manifestations consist of impairments in
social communication and interaction, restricted and repetitive
attention  deficit/
hyperactivity, and intellectual disability, all present at different

behaviors, often in association with
severity levels; additional co-morbidities may include epilepsy,
sleep and gastrointestinal disorders (Masi et al., 2017). Based on a
recent epidemiological survey on 8-year old children, the ASD
prevalence is 18.5 per 1,000 in the United States (Maenner et al.,
2020), and males are four times more frequently affected than
females (Lyall et al., 2017).

Besides a putative environmental role, the clinical variability of
ASD can be explained by the complex genetic landscape. Different
genetic models have been described for ASD, including rare
monogenic disorders, such as Fragile X syndrome, and with
substantial contribution of rare variants of large effects including
both single nucleotide variants (SNV) and copy number variation
(CNV), either inherited or de novo (Turner et al., 2017; Ruzzo et al.,
2019; Satterstrom et al., 2020; Toma, 2020). Furthermore, there is a
polygenic contribution to the overall risk given by multiple common
variants of small effect (Takoucheva et al, 2019; Toma, 2020).
Recently, the largest exome sequencing study identified more
than 100 high confidence ASD susceptibility genes implicated in
brain development and synaptic transmission (Satterstrom et al,
2020). The genetic background of rare exonic variants in ASD
susceptibility genes can also modulate the penetrance of large-effect
variants, as we recently demonstrated for NRXNI microdeletion
carriers (Cameli et al,, 2021). In addition, the burden of non-coding
mutations has been demonstrated to contribute to the cumulative
risk for ASD (Zhou et al., 2019).

In this complex scenario, mitochondria may also have a role in
the pathogenesis of ASD. Several studies have described a
mitochondrial dysfunction in ASD patients and mitochondrial
DNA (mtDNA) sequence variations have been investigated (Pei
and Wallace, 2018; Rose et al., 2018; Citrigno et al., 2020; Pecorelli
et al, 2020). Mitochondria are cytoplasmic organelles, sites of
important metabolic processes and energetic hubs through the
ATP production by oxidative phosphorylation (OXPHOS)
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(Spinelli and Haigis, 2018). Each cell contains a variable amount
of mitochondria with hundreds to thousands copies of the small
circular double stranded mtDNA, encoding for only 13 key proteins,
all OXPHOS components, synthesized through a specific
mitochondrial translation machinery, which includes 22 tRNAs
and 2 rRNAs (Carelli and Chan, 2014). Mitochondrial genetics
has peculiar rules, such as maternal inheritance, high mutational rate
and, due to the multiple copies, a condition of heteroplasmy/
polyplasmy, reflecting the co-existence of different sequence
variants of the DNA molecules within the same cell/tissue
(Carelli and Chan, 2014). Interestingly, a burden of low-level
heteroplasmic variants (<2%) is inherited, including pathogenic
mtDNA mutations that may clonally expand in specific cells or
tissues, giving rise to clinical manifestations once a threshold of
mutant load is overcome (Guo et al., 2013; Payne et al., 2013; Stewart
and Chinnery, 2021).

While mtDNA pathogenic mutations, as well as mutations in
the about 1,200 nuclear genes encoding mitochondrial proteins
(Rath et al, 2021), may be causative for a large group of
pathologies defined  as
other mtDNA variants,
pathogenic and some with a possible milder functional

heterogeneous collectively

“mitochondrial diseases”, some
impact, have been reported as predisposing to different
neurological diseases, including ASD (Graf et al, 2000;
al, 2008; Avdjieva-Tzavella et al, 2012
Patowary et al., 2017; Pei and Wallace, 2018; Valiente-Palleja
et al,, 2018; Varga et al., 2018). Similarly, mtDNA haplogroups,
clusters of related haplotypes, and the mtDNA cellular content
have been investigated in relation to ASD (Kent et al., 2008;

Weissman et

Giulivi et al.,, 2010; Alvarez—Iglesias et al,, 2011; Hadjixenofontos
et al., 2013; Chen et al,, 2015; Wang et al., 2016; Chalkia et al.,
2017; Valiente-Palleja et al., 2018; Singh et al., 2020), although
with controversial results. Moreover, due to the mitogenome
maternal inheritance, paternal mtDNA has been poorly
investigated, with a few studies merging fathers with the
independent controls (Hadjixenofontos et al., 2013; Chalkia
et al., 2017). Recently, ASD behavioral endophenotypes have
been described in a mouse model carrying a missense mutation in
the mt-Nd6 gene (Yardeni et al, 2021), which in humans is
associated with a variable phenotype including the severe Leigh
syndrome or a milder combination of optic neuropathy and
cerebellar ataxia (Malfatti et al., 2007).
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In the current study, we took advantage of a deeply
phenotyped cohort of 98 families, with at least one individual
affected by ASD, to analyze the possible contribution of mtDNA
in the cumulative risk for ASD. We performed deep sequencing
of the entire mitogenome and quantified mtDNA cellular content
in the probands, as well as their parents and unaffected siblings,
correlating these molecular findings to the clinical severity.

Materials and methods

ASD patients

This observational study was implemented in accordance
with the STROBE of
Observational Studies in Epidemiology) guidelines (von Elm

(Strengthening and Reporting
et al, 2008) and the ethical principles laid down in the
Declaration of Helsinki. The study was approved by the
Institutional Ethical Committee (“Comitato Etico di Area
Vasta Emilia Centro-CE-AVEC”) (code CE 14060). All
consecutive subjects referred to the Unit Autism Spectrum
Disorders were informed and invited to participate to this
study during their routine visits. Recruitment took place on a
voluntary basis and all families gave informed written consent.

The study cohort consisted of 98 families (Supplementary
Table S1), of which 73 simplex, with only one individual affected
by ASD, 22 multiplex, with more than one affected, and three
multiplex broad, with other family members showing
neurodevelopmental manifestations, all recruited at the Unit
Autism Spectrum Disorders of the IRCCS Institute of
Neurological Sciences of Bologna (Bologna, Italy) between July
2016 and October 2019. A total of 369 individuals were included
in the study, encompassing 117 with an ASD diagnosis (24 F/
93 M), 193 parents (98 F/95 M) and 59 siblings (25 F/34 M). ASD
was diagnosed according to the Diagnostic and Statistical Manual
of Mental Disorders (fifth edition) (American Psychiatric
Association, 2013) and confirmed by both Autism Diagnostic
Observation Schedule-Second Edition (ADOS-2) (Lord et al.,
2012) and Childhood Autism Rating Scale-Second Edition
(Schopler et al., 2010).

For the mtDNA haplogroup distribution, an independent
cohort of 127 Italian families, previously characterized (Bacchelli
et al., 2020), was used as a replication sample for the present
study. This cohort consisted of 128 individuals with ASD (106 M/
22 F) and 238 parents (111 M/127 F). Both cohorts were
compared to an in-house control group made of 242 Italian
individuals (129 M/113 F).

Deep sequencing of mtDNA

Total DNA was extracted from peripheral blood using the
QIAamp DNA Blood Maxi Kit (Qiagen, Hilden, Germany),
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following the manufacturer’s instructions. Direct sequence
analysis of the entire mitogenome was performed on total
DNA by Next Generation Sequencing (NGS) (Caporali et al.,
2018). Briefly, the mitogenome was amplified in two long-range
PCR using a high-fidelity Taqg DNA polymerase (PrimeSTAR
Max DNA Polymerase, Takara). The NGS library was prepared
by Nextera XT (Illumina Inc, San Diego, CA) and sequenced as
150-bp paired-end reads on NextSeq500 platform (Illumina Inc,
San Diego, CA), using a High Output Kit (300 cycle). BCL files
were demultiplexed and converted to the FASTQ format with the
Mlumina standalone bcl2fastq program (v2.20.0.422).

For mtDNA haplogroup affiliations and private variants
analysis, Fastq files were analyzed with MToolBox v1.2
(Calabrese et al.,, 2014), considering over 15% heteroplasmic
variants. This 15% threshold was chosen considering the
minimum heteroplasmy level in blood cells associated with
phenotypic expression of the MELAS mutation (Mancuso
et al., 2014). Haplogroup affiliations are in agreement to the
current nomenclature, mtDNA tree Build 17 on PhyloTree.org
(Van Oven and Kayser, 2009). The H* haplogroup is an arbitrary
group containing all H clades except from the otherwise specified
clades. Private variants analysis focused on pathogenic potential
of missense and tRNA variants: the Mitimpact 3D database was
used for missense variants (Castellana et al., 2015), and MitoTip
in the MITOMAP database (http://www.mitomap.org) for tRNA
variants (Lott et al., 2013; Sonney et al., 2017). We considered as
pathogenic the confirmed pathogenic variants in the MITOMAP
database, and the rare variants never found in GenBank database
and predicted deleterious or likely deleterious (CADD Phred
score >20, MToolBox score >0.43, MitoTip raw score >12.66).

To analyze low-level heteroplasmy, Fastq files were analyzed
with MToolBox v1.2 (Calabrese et al., 2014) and an in-house
pipeline. Specifically, reads were aligned to the human reference
genome (comprising the rCRS) using BWA (Li and Durbin,
2009). Aligned reads were treated for realignment with GATK
(DePristo et al, 2011) and for duplicate removal with
PicardTools (http://picartools.sourceforge.net). Reads uniquely
mapped to the mtDNA reference genome and with a mapping
quality score >20 were then extracted and used for variant calling
with two different callers: the Unified Genotyper of GATK and
the mutation-server DetermineVariants, a stand-alone of the
mtDNA-server pipeline (Weissensteiner et al.,, 2016). In both
callers, positions with a base quality score >20 were considered.
Only mono-allelic sites were retained and calls were further
filtered in order to avoid an excessive strand bias using a SOR
(StrandOddsRatio) value <4, following the GATK Best Practice
for variant filtration. Finally, a consensus of the variants called by
the two callers and MtoolBox was created and universal
heteroplasmy analysis was carried out on Single Nucleotide
Variants. To check the contamination we used Haplocheck 1.
3.3, a component of the Mitoverse platform (Weissensteiner et al.
, 2021). One sample (BEL_39.1), belonging to the “fathers”
group, resulted contaminated, with contamination level >1%
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and “Used Heteroplasmies Minor” >0. This sample was included
in the haplogroup analysis, since the contamination level (10.7%)
did not affect the haplogroup assignment. On the contrary, we
excluded this sample from the low-level heteroplasmy analysis,
since the latter examined heteroplasmies <15%.

Mitochondrial haplogroup definition from
SNPs array data

We reanalyzed the genotyping data from Infinium Psych
Array -24v1.1 (Illumina Inc, San Diego, CA) (Bacchelli et al.,
2020), to define mitochondrial haplogroups in the Replica
cohort, selecting these nucleotide markers: 2706A (H), 1438A
(H2), 72C (HV0), 10034C (1), 16069T (J), 3010A (J1-H1), 7476T
(J2), 11251G (JT), 10550G (K), 10688G (L2'3'4'6), 1018G (L3),
13650C (L3'4), 15043A (M), 9540T (N), 10238C (N1), 13780G
(N1a), 12705C (R), 1888A (T), 11467G (U), 1811G
(U2/3'4'7'8'9), 16270T (U5), 3197C (U5a'b), 3348G (U6).
Samples belonging to haplogroup U5, selected for carrying the
11467G, 16270T and 3197C variants, were further investigated to
discriminate sub-haplogroups U5a and U5b. The mtDNA
positions 150C, 14793A and 16256C were genotyped by direct
sequencing. Individuals carrier of the 14793A>G and 16256C>T
nucleotide changes were defined as Ub5a, whereas individuals
carrier of the 150C>T nucleotide change as U5b.

MtDNA content assessment

MtDNA content/cell was assessed by Real Time-PCR, using a
previously established method (Giordano et al,, 2014). Briefly, a
mitochondrial (MT-ND2) and a nuclear gene (FASLG) were co-
amplified in a multiplex reaction and their concentration in each
sample was determined by absolute quantification.

Nuclear DNA de novo mutations

Whole-genome sequencing (WGS) was carried out in
91 out of 98 ASD families as part of the “New York Center
for Collaborative Research in Common Disease Genomics”
project, funded by the National Human Genome Research
(“NHGRI”) Award
3UM1HGO008901. Alignment and post-processing were

Institute under Number
performed as outlined by the Center for Common Disease
(https://github.com/CCDG/Pipeline-
De

novo variant identification was performed using family-

Genomics  project

Standardization/blob/master/PipelineStandard.md).

level joint-genotyped VCF as input and FamSeq tool (Peng
et al,, 2013, 2014), as well as genotype calls generated by
GATK’s HaplotypeCaller. We retained only high confidence
de novo variant call supported by both FamSeq and GATK.
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High-confidence calls are de novo call that meets the
following criteria: child’s/mother’s/father’s DP > 12;
child’s/mother’s/father’s GQ > 20; child’s AB = 0.30 <
child’s AB < 0.70. We also filtered high confidence de novo
calls further by excluding all sites that are present in
GnomadExomes  combined
MAF <0.1%

broadinstitute.org/) (Gudmundsson et al., 2022).

GnomadGenomes and

population with a (https://gnomad.

Statistical analyses

Frequency distributions of mtDNA haplogroups and private
variants were compared by Chi-square/Fisher’s exact test.
p-values were adjusted by the Benjamini-Hochberg false-
discovery rate (FDR) multiple testing correction (Benjamini
and Yekutieli, 2001); after the correction a g-value < 0.10 was
considered statistically significant.

One way ANOVA and Tukey’s multiple comparisons test
were performed to evaluate differences in nuclear DNMs content
and parents’ age at time of conception amongst different mtDNA
haplogroups.

For mtDNA content, we first checked for normality of the
data distributions with three different normality
(D’Agostino Shapiro-Wilk
Kolmogorov-Smirnov). Next, the Mann Whitney test was

tests
& Pearson omnibus, and
used to compare siblings and ASD patients, whereas the
Kruskal-Wallis test with Dunn’s multiple comparisons test
was used to compare unaffected females, ASD females,
unaffected males and ASD males. Two-sided p-values are
presented.

Descriptive statistics were calculated for all variables and
groups of interest, presenting continuous variables as means and
standard deviations and categorical variables as absolute and
relative frequencies. Fisher’s exact or chi-square tests and t-test or
Wilcoxon-Mann-Whitney test were used to compare variables
among groups of interest.

Two regression analyses were performed. In the first analysis
the outcome was the presence or absence of ASD. For ASD risk
evaluation, to eliminate the potential bias due to the higher
number of ASD subjects compared to the unaffected siblings,
we selected only families with at least one unaffected sibling. A
conditional logistic regressions models (matched case-control
analysis) (Pearce, 2016) was performed to adjust for the intra-
familiar genetic background, excluding variables shared between
siblings (i.e., mtDNA haplogroup). We evaluated the association
between ASD condition and the following variables: 1) mtDNA
content, 2) gender, subjects with variants at 3) 15%-5%, 4) 4.9%-
1%, 5) 0.9%-0.5% and 6) 0.4%-0% heteroplasmy, 7) mtDNA and
8) nuclear DNMs (all subject-specific variables). Since the
maternal and paternal ages at the time of conception were
correlated to each other and the paternal age itself was highly
correlated to the number of nuclear DNMs, we included only the
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latter in this analysis. The family was the cluster variable and
likelihood ratio (LR) test was used to compare conditional
models vs. classical logistic models.

In the second analysis the outcome was the ASD severity,
classified according to the ADOS-2 criteria in “mild”,
“moderate” and “severe”. Due to the small number of
subjects classified as “mild”, we aggregated the categories
“mild”

generalized linear mixed models (GLMM) with binary

and “moderate”. Univariable and multivariable
response (Galbraith et al, 2010) were performed to take
into account the family structure. We evaluated the
association between ASD severity and the following
variables: 1) maternal and 2) paternal age at time of
conception, 3) paternal haplogroup (parents-specific
variables), 4) mtDNA content, 5) gender, 6) family type
(simplex or multiplex), 7) subject haplogroup, 8) the
overall potential pathogenic mutations in mtDNA coding
genes and those specifically in 9) CI, 10) CIII, 11) CIV and
12) CV, 13) the overall missense mutations in 14) CI, 15) CIII,
16) CIV and 17) CV, subjects with variants at 18) 15%-5%, 19)
4.9%-1%, 20) 0.9%-0.5% and 21) 0.4%-0% heteroplasmy, 22)
mtDNA and 23) nuclear DNMs (all subject-specific variables).
As in the previous analysis, family was the cluster variable and,
considering the small sample size of several variable groups
(Ali et al.,, 2019), LR test was performed to compare GLMM
and standard logistic models.

In both regression analyses a number of preliminary
models were therefore fitted, adding one by one all the
eligible variables according to the p-value ascending order
obtained with the univariable analyses. Following a stepwise
approach only the variables with a p-value < 0.2 were selected
and included in the final multivariable models. Results were
presented as Odds Ratio (OR) and relative 95% Confidence
Interval (95% CI), reporting the R* for each multivariable
model. Statistical analyses were carried out using GraphPad
Prism 6.0, Stata SE, version 14 (StataCorp, College Station,
TX, United States) and IBM SPSS Statistics for Windows,
version 20.0 (IBM Corp, Armonk, N.Y, United States)

software.

Results

The impact of maternal and paternal
mitochondrial haplogroups on the risk of
ASD in offspring

MtDNA haplogroups impact mitochondrial physiology,
acting as risk or protective factors for a variety of pathological
conditions. Previous studies excluded a role of mtDNA
variability on the susceptibility of ASD (Kent et al, 2008;
A'lvareszglesias et al, 2011; Hadjixenofontos et al., 2013),
whereas a more recent study described differences in mtDNA
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haplogroup distribution in ASD patients, as derived from gene
array analysis (Chalkia et al., 2017).

In this study, we performed NGS of the complete
mitogenome in all individuals of our test cohort (n = 369),
specifically 117 ASD patients, 98 mothers, 95 fathers and
59 healthy siblings, defining mtDNA super-haplogroups,
haplogroups,  sub-haplogroups, and specific clades
(Supplementary Table S1). Deep NGS has the advantage of
avoiding the bias that might have been introduced by the
techniques used in previous studies, i.e., re-analysis of array or
the SNP-array

technique analyzes only a limited number of known

whole exome sequencing. Specifically,
variants, not allowing the identification of private and rare
variants, as well as accurate heteroplasmy quantification. On
the other end, in the whole exome sequencing data, reads
mapping on mtDNA are usually not sufficient to obtain
uniform and deep coverage, thus affecting low
heteroplasmy variant calling.

To evaluate haplogroup distributions in the ASD patients
and their fathers, we extracted from our test cohort of 98 families
those of Ttalian origin (77 paternal and 74 maternal lineages) and
compared them with an available Italian cohort of 242 healthy
individuals (Table 1). While the ASD maternal lines showed a
frequency comparable with the control group, we found a
significant increase of super-haplogroup UK, haplogroup U
and sub-haplogroup U5a in the paternal lines compared to
controls (Table 1).

It has been reported that de novo mutations (DNMs) in the
nuclear genome play a relevant role in the etiology of ASD
(Michaelson et al., 2012; Neale et al., 2012; Iossifov et al., 2014;
Jonsson et al., 2017; Turner et al., 2017; Breuss et al., 2020). To
assess a possible correlation between the paternal mtDNA
haplogroup and an increased risk to develop ASD in the
offspring, we evaluated the number of nuclear DNMs in
the ASD probands of our test cohort, as assessed by whole-
genome sequencing, stratifying for sub-haplogroups. As
shown in Figure 1A, the offspring of H*, U5a and K fathers
had the highest number of DNMs, although without a
statistical significance. Importantly, the number of DNM:s
in the germline, thus transmitted to the offspring, is strictly
related to the paternal age at the time of conception
(Goldmann et al.,, 2019). In our cohort, the fathers carrying
sub-haplogroups H1, U5a and K were, on average, the oldest,
but the only significant difference was between K and “Others”
fathers’ age (Figure 1B). This may indicate that the association
found in the test cohort between paternal haplogroups U5a
and UK and ASD risk in the offspring could derive from the
elevated age at time of conception of these fathers.

To replicate this association, we analyzed the haplogroups in
an independent cohort of Italian ASD families (111 paternal and
127 maternal mtDNAs) (Bacchelli et al, 2020), previously
analyzed by SNP-array (Table 2). In this independent cohort,

we failed to highlight any significant difference in the haplogroup
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TABLE 1 Mitochondrial haplogroups distribution in the Italian ASD paternal and maternal lines from the test cohort, compared to Italian healthy

controls.
Super-haplogroups Haplogroups Sub-haplogroups Paternal Maternal CTRLs
N % q-value N % q-value N %
H 27 35.1 0.401 24 324 0.401 101 417
H* 17 22.1 0912 13 17.6 0.863 65 26.9
H1 6 7.8 0.925 7 9.4 0.863 14 5.8
H3 2 26 0.988 2 27 0.988 11 45
H5 2 2.6 0.988 2 27 0.988 11 45
JT 10 13.0 0.401 14 18.9 0.745 51 21.1
J 5 6.5 0.863 4 5.4 0.863 27 112
T 5 6.5 0915 10 135 0.864 24 9.9
UK 30 39.0 0.001* 17 23.0 0.401 42 17.4
U 20 26.0 0.044* 14 18.9 0.536 27 112
U* 2 26 0.925 1 13 1 3 1.2
Ul 2 26 0.925 2 27 0.863 3 12
U2 3 39 0.863 1 14 1 3 12
U3 4 52 0.863 5 6.8 0.863 5 2.1
U4 0 0.0 0.863 3 4.1 0.864 5 2.1
USa 8 10.4 0.085* 1 14 1 4 17
Usb 1 13 1 1 1.4 1 4 1.7
K 10 13.0 0.536 3 4.1 1 15 62
Others 10 12.9 0.401 19 25.7 0.401 48 19.8
HV 2 26 1 3 4.1 0912 6 25
HV0 3 39 0.988 4 5.4 0915 8 33
I 2 2.6 1 2 27 1 9 37
L 0 0.0 1 2 27 0.863 2 0.8
M 3 3.9 0.328 1 14 0.863 0 0.0
N 0 0.0 0.925 0 0.0 0.925 4 16
R 0 0.0 - 0 0.0 - 4 16
ROa 0 0.0 1 2 2.7 0.863 2 0.8
w 0 0.0 0.863 3 4.1 0.864 5 2.1
X 0 0.0 0.863 2 27 1 8 33
Total 77 74 242

Distribution of mtDNA, super-haplogroups, haplogroups and sub-haplogroups in the Italian ASD, paternal (n = 77) and maternal (n = 74) lines from the test cohort, compared to Italian
healthy controls (n = 242). * indicates significant q-values (<0.10). H* contained all H clades, except H1, H3, H5; U* contained all U clades, except Ul, U2, U3, U4, U5.

distributions among ASD maternal and paternal lines compared
to the control group.

The impact of mitochondrial private
variants in the maternal and paternal lines
on the ASD risk in offspring

Based on the availability of complete mtDNA sequences, we

also analyzed private variants, i.e., those variants not marking the
haplogroups (Supplementary Table S1). We focused this analysis
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on variants with a heteroplasmy level higher than 15%, checking
also for their presence in other individuals along the same
maternal line. We failed to detect any variant reported as
confirmed pathogenic in the public database MITOMAP
(http://www.mitomap.org/), neither in coding nor in tRNA
genes, in the ASD probands, even in the heteroplasmic state.
Furthermore, we also assessed the potential contributory effect of
any missense variant, according to the pathogenicity predictions.
We identified 94 variants, some occurring more than once: 60 on
maternal lines and 55 on paternal mtDNAs (Supplementary
Table S2). All these variants were already reported in the
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FIGURE 1

Analysis of nuclear de novo mutations (DNMs) in the offspring and paternal age at time of conception in relation to mtDNA haplogroups. (A)
Number of nuclear DNMs in ASD probands stratified for paternal sub-haplogroups. (B) Paternal ages at time of conception stratified for sub-
haplogroups. Ordinary One Way ANOVA test showed statistical significance only for the fathers' age at time of conception (p-value = 0.0150) and the
Tukey's multiple comparisons test showed a significance only for K vs. “Others” comparisons (* p-value<0.05). Sub-haplogroups derived from

the same root are reported in the same color. Dashed and dotted lines represent mean DNMs number and age + standard deviations.

TABLE 2 Mitochondrial haplogroups distribution in Italian ASD paternal and maternal lines from an independent cohort, compared to Italian healthy
controls.

Super-haplogroups Haplogroups Sub-haplogroups Paternal Maternal CTRLs

N % q-value N % q-value N %

H 40 36.0 0.574 43 339 0.574 101 41.7
H* 33 29.7 0.705 28 22.1 0.139 87 36.0
H1 7 6.3 1.000 15 11.8 0.302 14 5.8
JT 17 15.3 0.574 32 252 0.574 51 21.1
] 4 3.6 0.146 17 13.4 0.861 27 11.1
T 13 11.7 0.861 15 11.8 0.861 24 9.9
UK 30 27.0 0.367 22 17.3 1.000 42 17.4
U 14 12.6 0.861 13 10.2 0.861 27 11.1
u* 8 7.2 1.000 9 7.1 1.000 19 7.9
US5a 4 3.6 0.705 2 1.6 1.000 4 1.7
Usb 2 1.8 1.000 2 1.6 1.000 4 1.7
K 16 14.4 0.146 9 7.1 0.861 15 6.2
Others 24 21.6 0.887 30 23.6 0.574 48 19.8
HVO 6 5.4 0.825 4 3.1 1.000 8 33
I 2 1.8 1.000 6 4.7 1.000 9 3.7
L 3 2.7 0.582 4 32 0.582 2 0.8
M 1 0.9 0.733 2 1.6 0.471 0 0.0
N 3 2.7 1.000 9 7.1 0.139 4 1.7
undetermined 9 8.1 1 5 39 0.243 25 10.3
Total 111 127 242

Distribution of mtDNA, super-haplogroups, haplogroups and sub-haplogroups in Italian ASD, paternal (n = 111) and maternal (n = 127) lines from an independent cohort (Bacchelli et al.,
2020), compared to Italian healthy controls (n = 242). H* contained all H clades, except H1; U* contained all U clades, except U5.
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public database MITOMAP, except for the m.9238T>C/MT-
CO3, m.7628C>T/MT-CO2 m.3820C>A/MT-ND1I
variants, which were all found in fathers, with only the m.
7628C>T/MT-CO2 change predicted as damaging. We also
incidentally found the previously reported pathogenic
mutation m.3890G>A/MT-ND1 (Caporali et al., 2013) in the
unaffected brother of the proband from Family 73; it was 18%

and

heteroplasmic in blood, but it was not detected in other
maternally related family members. This mutation has been
associated with a clinical spectrum ranging from isolated optic
atrophy to a severe neurological disorder characterized by
progressive encephalomyopathy or Leigh syndrome. Other five
variants were detected as heteroplasmic in the maternal lines,
with two predicted as pathogenic (m.8884A>G/MT-ATP6 and
m.15884G>A/MT-CYB) both in Family 65. The mutational load
of these two variants was highest in the proband (32% and 44%,
respectively), when compared to the mother (1% and 7%) and the
unaffected sister (6% and 1%). The m.15884G>A/MT-CYB is
frequently found in the general population (0.8%) and is a
mutational hot spot, as the G>C change is even more
frequent (1.1%) (MITOMAP); on the contrary, the m.
8884A>G/MT-ATP6 was reported only once, apparently not
associated with any disease, according to MITOMAP.

By analogy to missense variants, we also interrogated
variants in tRNA genes. We found 29 variants, some
occurring more than once, in 27 families, 22 on maternal
and nine on paternal mtDNAs (Supplementary Table S3). All
variants were reported in MITOMAP, only two predicted as
pathogenic and three detected as heteroplasmic. The
m.5628T>C in tRNA alanine predicted as likely pathogenic,
was found homoplasmic in Family 18 and 97 times in
GenBank; the m.7543A>G in tRNA aspartic acid, predicted
as possibly pathogenic, was found homoplasmic in the two
unrelated fathers from Families 30 and 66, and 47 times in
GenBank. All heteroplasmic variants were predicted as likely
benign. The m.5528T>C in tRNA tryptophan was found in
Family 93 and its mutational load was 42% in the mother and
59% and 48%, respectively, in the two monozygotic twins,
both with ASD. The m.7490A>G in tRNA serine (UCN) was
found in Family 28, in the mother at 24% and in the unaffected
sister at 21%, but it was undetectable in the ASD proband. The
m.5939C>T tRNA 87%
heteroplasmy in the father of Family 55. Overall, none of

in threonine was found at
these mtDNA variants was pathogenic per se, but a
contributory role to the multifactorial pathogenesis of ASD
remains a potential scenario.

To assess a possible predisposition effect, we evaluated the
distribution of missense variants in the genes coding for
OXPHOS complexes comparing the Italian families (maternal
lines) with controls (Supplementary Table S4), failing to observe
any significant difference. We also evaluated the distribution of
private variants in tRNA genes, but the sample size was too small

to identify any association (data not shown).
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FIGURE 2

Distribution of low-level heteroplasmic and mtDNA de novo
variants. (A) Frequency of low-level heteroplasmic variants below
15% of heteroplasmy in ASD probands, siblings, mothers and
fathers. Heteroplasmy was distributed in classes increasing of
0.1% until 4.9%, and a single class from 5% to 15%. Data are shown
as mean + standard deviation (SD) (B) De novo variants in ASD
probands and siblings, comparing the variants between 0.2% and
15% of heteroplasmy not inherited from mothers. Data are shown
as Tukey box and whiskers plot.

Analysis of mtDNA low-level
heteroplasmic variants and mtDNA
content

Cumulatively, low-level heteroplasmic variants may have
biological effects, possibly contributing to pathological
manifestations. Such variants may be somatic or maternally
inherited and their heteroplasmic load may vary from mother
to offspring, defining the so-called “universal heteroplasmy”
(Stewart and Chinnery, 2021). Since the mitogenome
sequencing in the test cohort was carried out by NGS
reaching a high coverage (mean coverage of 16.718X =+
4.617 SD, Supplementary Figure S1), we were able to detect
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variants with extremely low levels of heteroplasmy (<1%).
Thus, we focused on variants with heteroplasmy up to 15%,
capturing all other variants not included in the previous
analyses. For this analysis, we excluded one sample
(BEL39.1) belonging to the “fathers” group, since it
presented a 10.7% of contamination, as assessed by
Haplocheck. We stratified the number of variants in classes
of heteroplasmy and compared ASD probands with their
unaffected siblings, mothers and fathers, failing to detect
any difference (Figure 2A). Moreover, our results showed
that variants below 1% were the most frequent, and their
frequencies increased in fathers and mothers, possibly due to
the of
(Szczepanowska and Trifunovic, 2017). We also assessed

age-related accumulation somatic mutations
the number of putative mtDNA de novo variants, thus
the between 0.2% 15% of

heteroplasmy not inherited from mothers, according to the

comparing variants and
tissue investigated (blood cells), failing to detect differences
between ASD patients and unaffected siblings (Figure 2B). We
detected 438 de

176 mother-offspring pairs,

novo heteroplasmic variants from
specifically 295 de

heteroplasmic variants from 117 mother-ASD offspring

novo

pairs and 143 de mnovo heteroplasmic variants from
59 mother-unaffected offspring pairs. The mtDNA
mutational  rate, calculated as N de novo/(N

mother-offspring pairs x 16,569 mtDNA bp), was similar
in ASD patients (1.52 x 10™*) and in unaffected siblings (1.46 x
107*). To compare the mtDNA mutational rate with literature
data (Rebolledo-Jaramillo et al., 2014; Wei et al., 2019), we
considered all variants over 1% (1%-100%), detecting 162 de
novo heteroplasmic variants from 176 mother-offspring pairs,
specifically 104 de novo heteroplasmic variants from
and 58 de

mother-unaffected

117 mother-ASD offspring pairs
59
offspring pairs. Thus, the mtDNA mutational rate was

novo
heteroplasmic  variants  from
again similar in ASD patients (5.36 x 107°) and in
unaffected siblings (5.93 x 107°). Wei and others estimated
a mtDNA mutation rate of 1.18 x 107, using 477 de novo
heteroplasmic variants from 1,526 mother-offspring pairs,
obtained by whole-genome sequencing (WGS). Rebolledo-
Jaramillo and others estimated a mtDNA mutation rate of
7.9 x 107°, using 51 de novo heteroplasmic variants from
39 mother-offspring pairs, obtained by mtDNA sequencing,
starting from two long range amplicons. Both studies showed
the same order of magnitude of our data (107°), and slight
differences may be accounted to different sequencing
approaches and initial mtDNA amplification (Rebolledo-
Jaramillo et al., 2014; Wei et al., 2019).

In cells, mtDNA is present in multiple copies and in variable
content, depending on the specific energetic requirements or on
particular physiological or pathological conditions. Increased
mtDNA levels are often indicative of activated mitochondrial
biogenesis as compensatory response to sustain ATP production,
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FIGURE 3

MtDNA content assessment in ASD probands and their
unaffected siblings. (A) MtDNA content in ASD probands (n = 109,
median = 505) and their unaffected siblings (n = 51, median = 564).
(B) MtDNA content in unaffected females (n = 24, median =
595), ASD females (n = 23, median = 514), unaffected males (n = 27,
median = 542) and ASD males (n = 86, median = 504). Data are
shown as Tukey box and whiskers plot. * indicates statistical
significance (p-value <0.05), as calculated by the Mann-Whitney
U-test.

whereas mtDNA depletion is usually associated with specific
mitochondrial diseases caused by defective mtDNA replication
or maintenance (Carelli and Chan, 2014). Since previous studies
reported both elevated and reduced mtDNA content in ASD
patients (Chen et al., 2015; Valiente-Palleja et al., 2018; Singh
et al,, 2020), we also quantified mtDNA content from blood cells
in the test cohort.

It is known from literature that mtDNA levels are influenced
by gender, probably due to estrogens, and by age (Filograna et al.,
2021). To exclude possible effects of age and sex, we compared
ASD subjects with their healthy siblings, which were comparable
for age, and, in addition, we considered separately males and
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Multivariable logistic regression analyses for ASD susceptibility and severity. (A) Analysis for ASD susceptibility, R = 0.17. (B) Analysis for ASD
severity R? = 0.14. Odds ratios (OR + 95% ClI) calculated with the multivariable logistic regression are shown in the figure; the variables reducing risk
are in blue, whereas those increasing risk are in magenta. * p-value <0.05, ** p-value <0.01.

females. We first compared the whole ASD (n = 109) and sibling
(n = 51) groups, highlighting a significantly reduced mtDNA
content in the ASD subjects (p-value = 0.0339) (Figure 3A).
Stratifying by gender (F unaffected n = 23; F ASD n = 24 M
unaffected n = 27; M ASD n = 86) did not emerge a specific
gender impact and significance was lost, possibly due to the
reduction in numbers for each individual category (Figure 3B).

Multivariable regression analyses for ASD
susceptibility and severity

To evaluate if a combination of multiple risk factors may act
on ASD susceptibility and the severity of the clinical phenotype,
we used multivariable regression analyses with a stepwise
approach.

In the first regression analysis, we selected only families with
at least one unaffected sibling, thus comparing n = 60 ASD
subjects vs. n = 59 unaffected siblings (Supplementary Table S5).
The final model showed the following variables associated with
the risk of ASD: gender (male vs. female), OR = 4.05, 95% CI =
1.45-11.30, p-value = 0.007; nuclear DNMs, OR = 1.06, 95% CI =
1.01-1.11, p-value = 0.022; 15%-5% mtDNA variants, OR = 3.95,
95% CI = 0.90-17.20, p-value = 0.067 (Figure 4A), with an
R*=0.17.

In the second regression analysis, we compared n = 52 “mild/
moderate” vs. n = 65 “severe” phenotype, based on the ADOS-2
criteria (Supplementary Table S6). The final model showed the
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following variables associated to the severity of the clinical
phenotype: paternal super-haplogroups H (OR = 0.32, 95%
CI = 0.13-0.78, p-value = 0.013) and JT (OR = 0.15, 95%
CI = 0.04-0.58, p-value = 0.006), both associated to milder
phenotypes, whereas mtDNA variants with 15%-5%
heteroplasmy (OR = 3.32, 95% CI = 1.18-9.35, p-value =
0.023) were associated to severe phenotypes (Figure 4B). The
R’ of this model was 0.14.

Discussion

In the current study, we comprehensively assessed the
mitogenome of blood cells of a collection of 98 ASD families
in order to explore the contribution of mtDNA in ASD
susceptibility. We investigated all layers of possible mtDNA
involvement. First, we studied the mtDNA sequence level,
ie, 1) haplogroups, 2) homoplasmic and heteroplasmic
private variants and pathogenic mutations, and 3) low
“universal” heteroplasmy. Then, we also assessed the mtDNA
amount. We found some signals of mtDNA involvement in ASD
pathogenesis and severity, which include, surprisingly, also the
paternal mtDNA. Specifically, we highlighted a significant lower
abundance of mtDNA copies in ASD probands as compared to
their unaffected siblings of comparable age, which was not
gender driven. Moreover, evaluating a combination of possible
risk factors for ASD, we identified a few that impacted on ASD
susceptibility. We confirmed the role played by male gender and
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the number of nuclear DNMs, with a non-significant tendency
suggesting that the presence of mtDNA heteroplasmic variants
with loads between 15% and 5% may contribute to the ASD risk.
The impact of these variants became significant for increasing the
risk of having a severe form of ASD, which was instead reduced
by the paternal haplogroups H or JT. Overall, we substantiate a
role of mtDNA in the polygenic determination of ASD,
confirming some indications, but also highlighting differences
from previous reports.

The maternally-inherited mtDNA of ASD probands is the
first candidate for a contributory role of the mitogenome.
However, our analysis excluded a role for maternal
haplogroups in predisposing or protecting from the risk to
develop ASD.

Focusing the mitogenome analysis on private missense
variants, we found that those affecting the two genes encoding
for Complex V subunits were more frequent in the ASD
60%

pathogenic. Although not statistically significant after FDR

probands, of which were predicted as possibly
correction, this result is in line with the hypothesis that, on the
functional ground, a slight inefficiency of OXPHOS could
contribute to ASD pathogenesis, as recently remarked in an
animal model of mild Complex I deficiency (Yardeni et al.,
2021). To truly validate on the functional ground the impact of
these Complex V variants, an appropriate in vitro biochemical
assessment or study should be performed. From previous
literature there is some convergence on both functional
(Giulivi et al., 2010) and genetic grounds (Piryaei et al.,
2012; Patowary et al, 2017; Valiente-Palleja et al., 2018),
involving mild dysfunction of Complexes I and V. Features
resembling ASD, on the other hand, have been occasionally
described in well-defined mitochondrial disorders, like in the
MELAS syndrome (Pons et al., 2004; Connolly et al., 2010),
which is most frequently due to tRNA and Complex I
mutations (La Morgia et al., 2020). Our analysis did not
highlight a clear role for tRNA variants, as out of the
22 found, only one was predicted as likely pathogenic and
other two were heteroplasmic, however not excluding their
pathogenic contribution in specific maternal lineages, as
occasionally reported (Graf et al., 2000).

The burden of low-level heteroplasmy, defined “universal”
heteroplasmy (Payne et al., 2013), was also one of our objects of
investigation, as it was recently implicated, for example, in
aging and brain development (Ross et al., 2013). Remarkably,
our current study provides the deepest mean coverage in NGS
sequencing for this type of analysis (16.718X), when compared
to the only study previously performed (512X) (Valiente-Palleja
etal., 2018). The vast majority of other studies used various less
powered approaches (Citrigno et al., 2020). While we observed
with
from

a predictable age-related increase of variants

load <1%,
offspring, we failed to highlight any difference in the

heteroplasmic distinguishing parents

number of heteroplasmic variants between ASD probands
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and unaffected siblings, as well as in mtDNA DNMs.
However, using a multivariable regression analysis, which
considers presence or absence of 15%-5% heteroplasmic
variants, their contributory role emerged with about a four-
fold increase of risk for severe phenotypes. It must be remarked
that blood cells, as DNA source, undergo a fast turnover and, as
a consequence, these cells are under selective pressure that
eliminates potentially pathogenic deviations of mtDNA quality,
as well established for clearly pathogenic mtDNA mutations
leading, for example, to MELAS syndrome (Grady et al., 2018).
This suggests that for reliable information on the impact of
“universal” heteroplasmy a post-mitotic tissue would be better
suited, such as skeletal muscle, which however imposes
limitations due to the invasiveness of muscle biopsy
sampling for research purposes.

In addition to the mtDNA sequence, we also assessed
mtDNA copy number. This is a signature of compensatory
activation of mitochondrial biogenesis, which may be reactive
to mild mitochondrial dysfunction, as well established for
mitochondrial diseases (Giordano et al., 2014; Filograna et al.,
2021). A significant lower mtDNA copy number was observed
in the comparison of ASD probands with their unaffected
siblings, which was not driven by gender since male and
female ASD probands had comparable mtDNA content.
This issue has been previously explored with contrasting
results. Two studies reported, similar to our results, a
reduced mtDNA copy number in blood cells (Valiente-
Palleja et al., 2018; Singh et al., 2020). A third very recent
study performed on a very large number of patients from two
cohorts solidly shows results similar to ours, linking the
reduction of mtDNA copy number to the impact of
potentially pathogenic heteroplasmic variants, ultimately
impinging on the severity of clinical phenotype (Wang
et al, 2022). On the opposite side, a few other studies
documented the increase of mtDNA content in blood cells
(Giulivi et al., 2010; Chen et al., 2015). The reason for these
discrepancies may be multiple, including characteristics of
group comparisons, such as age, sub-phenotypes or gender
matching. Methodological issues may also play a role, for
example whole blood as compared to peripheral blood
mononuclear cells, or method of DNA extraction and
conservation of samples, with multiple freezing and
thawing (Andreu et al, 2009; Guo et al,, 2009; Caligkan
et al.,, 2014). One noticeable observation, both in our and
other studies, is the possible coexistence of subpopulations of
patients with activated mitochondrial biogenesis that may
variably impact on the average assessment. In fact, in our
cohort there is a consistent subgroup of outliers with higher
mtDNA amount, similar to what previously noticed in a
smaller study (Giulivi et al., 2010). It is also known that
mtDNA copy number regulation is affected by many
factors, both genetic and environmental, as for example
physical activity in skeletal muscle (Clay Montier, 2009;
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Filograna et al., 2021). This issue may be solved by a properly
designed larger study, with an appropriate methodology and
recruitment of study cohort.

Besides the thorough analysis of maternal mtDNA, the most
unpredicted result of our study came from the fathers’ mtDNA
analyses. The initial association of paternal mtDNA haplogroups
(U5a) in the test cohort was not replicated in a second cohort.
This initial association might be explained by a distortion of
paternal age at conception in the first cohort. In fact, an elevated
fathers’ age at conception is related with a higher accumulation of
nuclear DNMs in the offspring, which is a well-known risk factor
for ASD, as clearly evinced from the previous literature
(Goldmann et al, 2019). In our test cohort we had the
possibility to relate paternal haplogroups with these two
variables, finding that fathers carrying haplogroups U5a and K
were, on average, older at conception than the other fathers and
their offspring had the higher number of DNMs. However, a
second indication of paternal mtDNA impact came from the
multivariate modeling, which highlighted paternal super-
haplogroups H and JT as associated with milder ASD
phenotypes.

On a speculative ground, multiple hypothesis may be
envisioned to explain the observed impact of paternal
mtDNA on the pathogenesis of ASD. First, specific mtDNA
haplogroups may be prone to generate different rates of
nuclear DNMs in individual sperms, considering this
mechanism adjunctive to fathers’ age at conception (Kong
etal, 2012). A second conceivable way for paternal mtDNA to
impact on sperm genome is the possible differential epigenetic
profile induced by different mtDNA haplogroups, as
suggested by some studies (Bellizzi et al., 2012; Atilano
et al., 2015; Lopes, 2020). The epigenetic profile in early
phases of development is already well established as
influential to ASD pathogenesis (Feinberg et al, 2015;
Masini et al., 2020; Garrido et al., 2021). Furthermore, as
our analysis did not take into consideration the nuclear
genome that
mtDNAs DNA
configurations as the two genomes tightly interact, as

variability, we cannot exclude specific

may drag specific nuclear variant
recently documented (Wei et al, 2019). In any case we
believe this is the first instance in which the paternal
mitogenome emerges as impacting on the fate of offspring,
contributing to the pathogenic determination of a disease such
as ASD. Our current findings only raised the possibility of this
scenario, which needs appropriate larger confirmatory
investigations.

There are a few limitations intrinsic to our study. First, the
sample size would be desirable to be larger than the one
gathered from a single center. Second, we have been able to
use a second cohort to replicate our initial results only for the
haplogroup analysis, as we did not have available neither the

DNA nor the clinical data. Thus, some of our results must be
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considered preliminary and prompt further investigations.
Finally, there is an issue exquisitely linked to the source of
mtDNA, for which, as we already mentioned, a post-mitotic
tissue might be much more informative, as blood cells
undergo selective pressure due to their fast turnover. On
the positive side, this is among the few systematic mtDNA
survey with deep sequencing using all components of ASD
families, including both parents and healthy siblings.
Furthermore, the paternal haplogroup analysis is attempted
here for the first time in relation to the severity of the clinical
phenotype in the offspring.

Finally, two observations inferred by our study are worth
for the field of mitochondrial biology and medicine. First, we
did not detect any trace of mtDNA paternal inheritance,
reinforcing the evidence that mitogenomes are strictly
maternally inherited, despite recurrent controversies on
this issue (Schwartz and Vissing, 2002; Luo et al., 2018;
Wei et al., 2020; Bai et al., 2021). Second, the incidental
identification in one sibling (brother of a probands) of a
clearly pathogenic mutation (m.3890G>A/MT-NDI) over
176 mother-child segregations from 98 mothers fits the
previous figure of one mtDNA pathogenic mutation carrier
every 200 individuals (Elliott et al., 2008). Due to the low
heteroplasmy, this mutation found in a male most probably
will remain a lifelong silent molecular anomaly, contributing
to the large reservoir of mtDNA pathogenic mutations
present in the general population (Stewart and Chinnery,
2021).

In conclusion, we contributed to enlarge the landscape of
how mtDNA may influence ASD risk, pathogenesis and
phenotypic Strikingly,
unexpected variable, which is the paternal mtDNA, a topic

expression. we introduced an
that needs specific experimental design to be confirmed and

well understood.

Data availability statement

The original contributions presented in the study are
publicly available. This data can be found here: NCBI,
PRJNA858216. Whole Genome sequences are deposited at
the Database of Genotypes and Phenotypes (dbGaP) (NCBI)
with accession number phs002509.v1.pl.

Ethics statement

The studies involving human participants were reviewed and
approved by “Comitato Etico di Area Vasta Emilia Centro-CE-
AVEC” (code CE 14060). Written informed consent to
participate in this study was provided by the participants’
legal guardian/next of kin.

frontiersin.org


https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2022.953762

Caporali et al.

Author contributions

AM, VC, and LC designed the study; AM, VC supervised
the study; AM, VC, LC, AT, AO, EB, and EM interpreted the
results; LC, CF, AM, CC, MV, AO, and EB performed the
experiments; LC, CF, FP, DO, and EB performed the
bioinformatics analyses; MJR, PV, AP, and MS acquired
clinical data; MR, FB, and CZ performed statistical
analyses; AM, MJR, EB, AT, and AO acquired funding;
AM, VC, and LC wrote the original manuscript. All
authors reviewed and approved the manuscript.

Funding

This study was supported by the Italian Ministry of Health
(Grant number GR-2013-02357561 to MJR, AM, EB and
to VC), the
and Research: Dipartimenti di

“Ricerca Corrente” Italian Ministry of

Education, University

Eccellenza Program (2018-2022) - Department of Biology
and Biotechnology “L. Spallanzani” (to AO and AT). WGS
data were generated at the New York Genome Center with
funds provided by NHGRI Grant 3UM1HG008901. The
Centers for Common Disease Genomics are funded by the
National Human Genome Research Institute and the National
Heart, Lung, and Blood Institute. AB and RT were supported

References

Ali, A, Ali, S., Khan, S. A., Khan, D. M., Abbas, K., Khalil, A., et al. (2019). Sample
size issues in multilevel logistic regression models. PLoS One 14, €0225427. doi:10.
1371/journal.pone.0225427

Alvarez—lglesias, V., Mosquera-Miguel, A., Cuscé, L., Carracedo, A., Pérez-
Jurado, L. A, and Salas, A. (2011). Reassessing the role of mitochondrial DNA
mutations in autism spectrum disorder. BMC Med. Genet. 12, 50. doi:10.1186/
1471-2350-12-50

American Psychiatric Association (2013). Diagnostic and statistical manual of
mental disorders. Arlington County, VA, USA: DSM-5®.

Andreu, A. L, Martinez, R, Marti, R, and Garcia-Arumi, E. (2009).
Quantification of mitochondrial DNA copy number: Pre-analytical factors.
Mitochondrion 9, 242-246. doi:10.1016/j.mit0.2009.02.006

Atilano, S. R,, Malik, D., Chwa, M., Céceres-Del-Carpio, J., Nesburn, A. B., Boyer,
D. S, etal. (2015). Mitochondrial DNA variants can mediate methylation status of
inflammation, angiogenesis and signaling genes. Hum. Mol. Genet. 24, 4491-4503.
doi:10.1093/hmg/ddv173

Avdjieva-Tzavella, D., Mihailova, S., Lukanov, C., Naumova, E., Simeonov, E.,
Tincheva, R., et al. (2012). Mitochondrial DNA mutations in two Bulgarian children
with autistic spectrum disorders. Balk. J. Med. Genet. 15, 47-54. doi:10.2478/bjmg-
2013-0006

Bacchelli, E., Cameli, C,, Viggiano, M., Igliozzi, R., Mancini, A., Tancredi, R., et al. (2020).
An integrated analysis of rare CNV and exome variation in Autism Spectrum Disorder
using the Infinium PsychArray. Sci. Rep. 10, 3198. doi:10.1038/s41598-020-59922-3

Bai, R., Cui, H., Devaney, J. M., Allis, K. M., Balog, A. M,, Liu, X,, et al. (2021).
Interference of nuclear mitochondrial DNA segments in mitochondrial DNA

testing resembles biparental transmission of mitochondrial DNA in humans.
Genet. Med. 23, 1514-1521. doi:10.1038/s41436-021-01166-1

Bellizzi, D., D’Aquila, P., Giordano, M., Montesanto, A., and Passarino, G. (2012).
Global DNA methylation levels are modulated by mitochondrial DNA variants.
Epigenomics 4, 17-27. doi:10.2217/epi.11.109

Frontiers in Genetics

13

10.3389/fgene.2022.953762

by Grant-RC Linea 1 and 2 and by the 5 x 1000 voluntary
contributions, Italian Ministry of Health.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fgene.
2022.953762/full#supplementary-material

Benjamini, Y., and Yekutieli, D. (2001). The control of the false discovery rate in
multiple testing under dependency. Ann. Stat. 29, 1165-1188. doi:10.1214/a0s/
1013699998

Breuss, M. W., Antaki, D., George, R. D., Kleiber, M., James, K. N., Ball, L. L., et al.
(2020). Autism risk in offspring can be assessed through quantification of male
sperm mosaicism. Nat. Med. 26, 143-150. doi:10.1038/s41591-019-0711-0

Calabrese, C., Simone, D., Diroma, M. A., Santorsola, M., Gutta, C.,
Gasparre, G., et al. (2014). MToolBox: A highly automated pipeline for
heteroplasmy annotation and prioritization analysis of human
mitochondrial variants in high-throughput sequencing. Bioinformatics 30,
3115-3117. doi:10.1093/bioinformatics/btu483

Caligkan, M., Pritchard, J. K., Ober, C., and Gilad, Y. (2014). The effect of freeze-
thaw cycles on gene expression levels in lymphoblastoid cell lines. PLOS ONE 9,
€107166. doi:10.1371/journal.pone.0107166

Cameli, C., Viggiano, M., Rochat, M. J., Maresca, A., Caporali, L., Fiorini, C., et al.
(2021). An increased burden of rare exonic variants in NRXN1 microdeletion
carriers is likely to enhance the penetrance for autism spectrum disorder. J. Cell.
Mol. Med. 25, 2459-2470. doi:10.1111/jemm.16161

Caporali, L., Ghelli, A. M., lommarini, L., Maresca, A., Valentino, M. L., La
Morgia, C., et al. (2013). Cybrid studies establish the causal link between the
mtDNA m.3890G>A/MT-ND1 mutation and optic atrophy with bilateral
brainstem lesions. Biochim. Biophys. Acta 1832, 445-452. doi:10.1016/j.
bbadis.2012.12.002

Caporali, L., JTommarini, L., La Morgia, C., Olivieri, A., Achilli, A., Maresca,
A., et al. (2018). Peculiar combinations of individually non-pathogenic
missense mitochondrial DNA variants cause low penetrance Leber’s
hereditary optic neuropathy. PLoS Genet. 14, €1007210. doi:10.1371/journal.
pgen.1007210

Carelli, V., and Chan, D. C. (2014). Mitochondrial DNA: Impacting central and
peripheral nervous systems. Neuron 84, 1126-1142. doi:10.1016/j.neuron.2014.
11.022

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fgene.2022.953762/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fgene.2022.953762/full#supplementary-material
https://doi.org/10.1371/journal.pone.0225427
https://doi.org/10.1371/journal.pone.0225427
https://doi.org/10.1186/1471-2350-12-50
https://doi.org/10.1186/1471-2350-12-50
https://doi.org/10.1016/j.mito.2009.02.006
https://doi.org/10.1093/hmg/ddv173
https://doi.org/10.2478/bjmg-2013-0006
https://doi.org/10.2478/bjmg-2013-0006
https://doi.org/10.1038/s41598-020-59922-3
https://doi.org/10.1038/s41436-021-01166-1
https://doi.org/10.2217/epi.11.109
https://doi.org/10.1214/aos/1013699998
https://doi.org/10.1214/aos/1013699998
https://doi.org/10.1038/s41591-019-0711-0
https://doi.org/10.1093/bioinformatics/btu483
https://doi.org/10.1371/journal.pone.0107166
https://doi.org/10.1111/jcmm.16161
https://doi.org/10.1016/j.bbadis.2012.12.002
https://doi.org/10.1016/j.bbadis.2012.12.002
https://doi.org/10.1371/journal.pgen.1007210
https://doi.org/10.1371/journal.pgen.1007210
https://doi.org/10.1016/j.neuron.2014.11.022
https://doi.org/10.1016/j.neuron.2014.11.022
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2022.953762

Caporali et al.

Castellana, S., Rénai, J., and Mazza, T. (2015). Mitlmpact: An exhaustive
collection of pre-computed pathogenicity predictions of human mitochondrial
non-synonymous variants. Hum. Mutat. 36, E2413-E2422. doi:10.1002/humu.
22720

Chalkia, D., Singh, L. N, Leipzig, J., Lvova, M., Derbeneva, O., Lakatos, A., et al.
(2017). Association between mitochondrial DNA haplogroup variation and autism
spectrum disorders. JAMA Psychiatry 74, 1161-1168. doi:10.1001/jamapsychiatry.
2017.2604

Chen, S., Li, Z., He, Y., Zhang, F., Li, H., Liao, Y., et al. (2015). Elevated
mitochondrial DNA copy number in peripheral blood cells is associated
with childhood autism. BMC Psychiatry 15, 50. doi:10.1186/s12888-015-
0432-y

Citrigno, L., Muglia, M., Qualtieri, A., Spadafora, P., Cavalcanti, F., Pioggia, G.,
et al. (2020). The mitochondrial dysfunction hypothesis in autism spectrum
disorders: Current status and future perspectives. Int. J. Mol. Sci. 21, 5785.
doi:10.3390/ijms21165785

Clay Montier, L., Deng, J. J., and Bai, Y. (2009). Number matters: Control of
mammalian mitochondrial DNA copy number. J. Genet. Genomics 36, 125-131.
doi:10.1016/S1673-8527(08)60099-5

Connolly, B. S., Feigenbaum, A. S. J., Robinson, B. H., Dipchand, A. I, Simon, D.
K., and Tarnopolsky, M. A. (2010). MELAS syndrome, cardiomyopathy,
rhabdomyolysis, and autism associated with the A3260G mitochondrial DNA
mutation. Biochem. Biophys. Res. Commun. 402, 443-447. doi:10.1016/j.bbrc.
2010.10.060

DePristo, M. A, Banks, E., Poplin, R., Garimella, K. V., Maguire, J. R., Hartl,
C., et al. (2011). A framework for variation discovery and genotyping using
next-generation DNA sequencing data. Nat. Genet. 43, 491-498. doi:10.1038/
ng.806

Elliott, H. R., Samuels, D. C,, Eden, J. A., Relton, C. L., and Chinnery, P. F. (2008).
Pathogenic mitochondrial DNA mutations are common in the general population.
Am. J. Hum. Genet. 83, 254-260. doi:10.1016/j.ajhg.2008.07.004

Feinberg, J. L, Bakulski, K. M., Jaffe, A. E., Tryggvadottir, R., Brown, S. C,,
Goldman, L. R, et al. (2015). Paternal sperm DNA methylation associated with
early signs of autism risk in an autism-enriched cohort. Int. J. Epidemiol. 44,
1199-1210. doi:10.1093/ije/dyv028

Filograna, R,, Mennuni, M., Alsina, D., and Larsson, N.-G. (2021). Mitochondrial
DNA copy number in human disease: The more the better? FEBS Lett. 595,
976-1002. doi:10.1002/1873-3468.14021

Galbraith, S., Daniel, J. A., and Vissel, B. (2010). A study of clustered data and
approaches to its analysis. J. Neurosci. 30, 10601-10608. doi:10.1523/JNEUROSCIL
0362-10.2010

Garrido, N,, Cruz, F,, Egea, R. R,, Simon, C., Sadler-Riggleman, I, Beck, D., et al.
(2021). Sperm DNA methylation epimutation biomarker for paternal offspring
autism susceptibility. Clin. Epigenetics 13, 6. doi:10.1186/s13148-020-00995-2

Giordano, C., lommarini, L., Giordano, L., Maresca, A., Pisano, A., Valentino, M.
L., et al. (2014). Efficient mitochondrial biogenesis drives incomplete penetrance in
Leber’s hereditary optic neuropathy. Brain 137, 335-353. doi:10.1093/brain/awt343

Giulivi, C., Zhang, Y.-F., Omanska-Klusek, A., Ross-Inta, C., Wong, S., Hertz-
Picciotto, I, et al. (2010). Mitochondrial dysfunction in autism. JAMA 304,
2389-2396. d0i:10.1001/jama.2010.1706

Goldmann, J. M., Veltman, J. A., and Gilissen, C. (2019). De novo mutations
reflect development and aging of the human germline. Trends Genet. 35, 828-839.
doi:10.1016/j.tig.2019.08.005

Grady, J. P., Pickett, S.]., Ng, Y. S., Alston, C. L., Blakely, E. L., Hardy, S. A,, et al.
(2018). mtDNA heteroplasmy level and copy number indicate disease burden in
m.3243A>G mitochondrial disease. EMBO Mol. Med. 10, €8262. doi:10.15252/
emmm.201708262

Graf, W. D., Marin-Garcia, J., Gao, H. G., Pizzo, S., Naviaux, R. K., Markusic, D.,
et al. (2000). Autism associated with the mitochondrial DNA G8363A transfer
RNA(Lys) mutation. J. Child.  Neurol. 15, 357-361. doi:10.1177/
088307380001500601

Gudmundsson, S., Singer-Berk, M., Watts, N. A., Phu, W., Goodrich, J. K.,
Solomonson, M., et al. (2022). Variant interpretation using population databases:
Lessons from gnomAD. Hum. Mutat. 43, 1012-1030. doi:10.1002/humu.24309

Guo, W, Jiang, L., Bhasin, S., Khan, S. M., and Swerdlow, R. H. (2009). DNA
extraction procedures meaningfully influence gPCR-based mtDNA copy number
determination. Mitochondrion 9, 261-265. doi:10.1016/j.mit0.2009.03.003

Guo, Y., Li, C.-L, Sheng, Q., Winther, J. F., Cai, Q., Boice, J. D., et al. (2013). Very
low-level heteroplasmy mtDNA variations are inherited in humans. J. Genet.
Genomics 40, 607-615. doi:10.1016/j.jgg.2013.10.003

Hadjixenofontos, A., Schmidt, M. A., Whitehead, P. L., Konidari, L, Hedges, D. .,
Wright, H. H,, et al. (2013). Evaluating mitochondrial DNA variation in autism

Frontiers in Genetics

14

10.3389/fgene.2022.953762

spectrum disorders. Ann. Hum. Genet. 77, 9-21. doi:10.1111/j.1469-1809.2012.
00736.x

Takoucheva, L. M., Muotri, A. R., and Sebat, J. (2019). Getting to the cores of
autism. Cell. 178, 1287-1298. doi:10.1016/j.cell.2019.07.037

Tossifov, I, O’'Roak, B. J., Sanders, S. J., Ronemus, M., Krumm, N,, Levy, D., et al.
(2014). The contribution of de novo coding mutations to autism spectrum disorder.
Nature 515, 216-221. doi:10.1038/nature13908

Jonsson, H., Sulem, P., Kehr, B., Kristmundsdottir, S., Zink, F., Hjartarson, E.,
et al. (2017). Parental influence on human germline de novo mutations in 1,
548 trios from Iceland. Nature 549, 519-522. doi:10.1038/nature24018

Kent, L., Gallagher, L., Elliott, H. R., Mowbray, C., and Chinnery, P. F. (2008). An
investigation of mitochondrial haplogroups in autism. Am. J. Med. Genet. B
Neuropsychiatr. Genet. 147B, 987-989. doi:10.1002/ajmg.b.30687

Kong, A., Frigge, M. L., Masson, G., Besenbacher, S., Sulem, P., Magnusson, G.,
etal. (2012). Rate of de novo mutations and the importance of father’s age to disease
risk. Nature 488, 471-475. doi:10.1038/nature11396

La Morgia, C., Maresca, A., Caporali, L., Valentino, M. L., and Carelli, V. (2020).
Mitochondrial diseases in adults. J. Intern. Med. 287, 592-608. doi:10.1111/joim.
13064

Li, H., and Durbin, R. (2009). Fast and accurate short read alignment with
Burrows-Wheeler transform. Bioinformatics 25, 1754-1760. doi:10.1093/
bioinformatics/btp324

Lopes, A. F. C. (2020). Mitochondrial metabolism and DNA methylation: A
review of the interaction between two genomes. Clin. Epigenetics 12, 182. doi:10.
1186/513148-020-00976-5

Lord, C., Rutter, M., DiLavore, P. C., Risi, S., Gotham, K., Bishop, S. L., et al.
(2012). Autism diagnostic observation Schedule (ADOS-2): Manual. 2nd ed.
Torrance, CA, USA: Western Psychological Services.

Lott, M. T,, Leipzig, J. N., Derbeneva, O., Xie, H. M., Chalkia, D., Sarmady, M.,
et al. (2013). mtDNA variation and analysis using mitomap and mitomaster. Curr.
Protoc. Bioinforma. 44, 23-26. doi:10.1002/0471250953.bi0123s44

Luo, S., Valencia, C. A., Zhang, J., Lee, N.-C,, Slone, J., Gui, B,, et al. (2018).
Biparental inheritance of mitochondrial DNA in humans. Proc. Natl. Acad. Sci. U. S.
A. 115, 13039-13044. doi:10.1073/pnas.1810946115

Lyall, K., Croen, L., Daniels, J., Fallin, M. D., Ladd-Acosta, C., Lee, B. K,, et al.
(2017). The changing Epidemiology of autism spectrum disorders. Annu. Rev.
Public Health 38, 81-102. doi:10.1146/annurev-publhealth-031816-044318

Maenner, M. J., Shaw, K. A, Baio, J., EdS1Washington, A., Patrick, M., DiRienzo,
M, et al. (2020). Prevalence of autism spectrum disorder among children aged
8 Years - autism and developmental disabilities monitoring network, 11 sites,
United States, 2016. MMWR. Surveill. Summ. 69, 1-12. doi:10.15585/mmwr.
$$6904al

Malfatti, E., Bugiani, M., Invernizzi, F., de Souza, C. F.-M., Farina, L,
Carrara, F, et al. (2007). Novel mutations of ND genes in complex I
deficiency associated with mitochondrial encephalopathy. Brain 130,
1894-1904. do0i:10.1093/brain/awm114

Mancuso, M., Orsucci, D., Angelini, C., Bertini, E., Carelli, V., Comi, G. P.,
et al. (2014). The m.3243A>G mitochondrial DNA mutation and related
phenotypes. A matter of gender? J. Neurol. 261, 504-510. doi:10.1007/
s00415-013-7225-3

Masi, A., DeMayo, M. M., Glozier, N., and Guastella, A. J. (2017). An overview of
autism spectrum disorder, heterogeneity and treatment options. Neurosci. Bull. 33,
183-193. doi:10.1007/s12264-017-0100-y

Masini, E., Loi, E., Vega-Benedetti, A. F., Carta, M., Doneddu, G., Fadda, R., et al.
(2020). An overview of the main genetic, epigenetic and environmental factors
involved in autism spectrum disorder focusing on synaptic activity. Int. J. Mol. Sci.
21, 8290. doi:10.3390/ijms21218290

Michaelson, J. J., Shi, Y., Gujral, M., Zheng, H., Malhotra, D., Jin, X,, et al. (2012).
Whole-genome sequencing in autism identifies hot spots for de novo germline
mutation. Cell. 151, 1431-1442. doi:10.1016/j.cell.2012.11.019

Neale, B. M., Kou, Y., Liu, L., Ma’ayan, A., Samocha, K. E., Sabo, A., et al. (2012).
Patterns and rates of exonic de novo mutations in autism spectrum disorders.
Nature 485, 242-245. doi:10.1038/nature11011

Patowary, A., Nesbitt, R., Archer, M., Bernier, R., and Brkanac, Z. (2017). Next
generation sequencing mitochondrial DNA analysis in autism spectrum disorder.
Autism Res. 10, 1338-1343. doi:10.1002/aur.1792

Payne, B. A. L, Wilson, I. J., Yu-Wai-Man, P., Coxhead, J., Deehan, D., Horvath,
R, etal. (2013). Universal heteroplasmy of human mitochondrial DNA. Hum. Mol.
Genet. 22, 384-390. doi:10.1093/hmg/dds435

Pearce, N. (2016). Analysis of matched case-control studies. BMJ 352, 1969.
doi:10.1136/bmj.i9%69

frontiersin.org


https://doi.org/10.1002/humu.22720
https://doi.org/10.1002/humu.22720
https://doi.org/10.1001/jamapsychiatry.2017.2604
https://doi.org/10.1001/jamapsychiatry.2017.2604
https://doi.org/10.1186/s12888-015-0432-y
https://doi.org/10.1186/s12888-015-0432-y
https://doi.org/10.3390/ijms21165785
https://doi.org/10.1016/S1673-8527(08)60099-5
https://doi.org/10.1016/j.bbrc.2010.10.060
https://doi.org/10.1016/j.bbrc.2010.10.060
https://doi.org/10.1038/ng.806
https://doi.org/10.1038/ng.806
https://doi.org/10.1016/j.ajhg.2008.07.004
https://doi.org/10.1093/ije/dyv028
https://doi.org/10.1002/1873-3468.14021
https://doi.org/10.1523/JNEUROSCI.0362-10.2010
https://doi.org/10.1523/JNEUROSCI.0362-10.2010
https://doi.org/10.1186/s13148-020-00995-2
https://doi.org/10.1093/brain/awt343
https://doi.org/10.1001/jama.2010.1706
https://doi.org/10.1016/j.tig.2019.08.005
https://doi.org/10.15252/emmm.201708262
https://doi.org/10.15252/emmm.201708262
https://doi.org/10.1177/088307380001500601
https://doi.org/10.1177/088307380001500601
https://doi.org/10.1002/humu.24309
https://doi.org/10.1016/j.mito.2009.03.003
https://doi.org/10.1016/j.jgg.2013.10.003
https://doi.org/10.1111/j.1469-1809.2012.00736.x
https://doi.org/10.1111/j.1469-1809.2012.00736.x
https://doi.org/10.1016/j.cell.2019.07.037
https://doi.org/10.1038/nature13908
https://doi.org/10.1038/nature24018
https://doi.org/10.1002/ajmg.b.30687
https://doi.org/10.1038/nature11396
https://doi.org/10.1111/joim.13064
https://doi.org/10.1111/joim.13064
https://doi.org/10.1093/bioinformatics/btp324
https://doi.org/10.1093/bioinformatics/btp324
https://doi.org/10.1186/s13148-020-00976-5
https://doi.org/10.1186/s13148-020-00976-5
https://doi.org/10.1002/0471250953.bi0123s44
https://doi.org/10.1073/pnas.1810946115
https://doi.org/10.1146/annurev-publhealth-031816-044318
https://doi.org/10.15585/mmwr.ss6904a1
https://doi.org/10.15585/mmwr.ss6904a1
https://doi.org/10.1093/brain/awm114
https://doi.org/10.1007/s00415-013-7225-3
https://doi.org/10.1007/s00415-013-7225-3
https://doi.org/10.1007/s12264-017-0100-y
https://doi.org/10.3390/ijms21218290
https://doi.org/10.1016/j.cell.2012.11.019
https://doi.org/10.1038/nature11011
https://doi.org/10.1002/aur.1792
https://doi.org/10.1093/hmg/dds435
https://doi.org/10.1136/bmj.i969
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2022.953762

Caporali et al.

Pecorelli, A., Ferrara, F., Messano, N., Cordone, V., Schiavone, M. L., Cervellati,
F, et al. (2020). Alterations of mitochondrial bioenergetics, dynamics, and
morphology support the theory of oxidative damage involvement in autism
spectrum disorder. FASEB J. 34, 6521-6538. doi:10.1096/1j.201902677R

Pei, L, and Wallace, D. C. (2018). Mitochondrial etiology of
neuropsychiatric disorders. Biol. Psychiatry 83, 722-730. doi:10.1016/j.
biopsych.2017.11.018

Peng, G., Fan, Y., Palculict, T. B., Shen, P., Ruteshouser, E. C., Chi, A.-K,,
et al. (2013). Rare variant detection using family-based sequencing
analysis. Proc. Natl. Acad. Sci. U. S. A. 110, 3985-3990. doi:10.1073/pnas.
1222158110

Peng, G., Fan, Y., and Wang, W. (2014). FamSeq: A variant calling program for
family-based sequencing data using graphics processing units. PLoS Comput. Biol.
10, €1003880. doi:10.1371/journal.pcbi.1003880

Piryaei, F., Houshmand, M., Aryani, O., Dadgar, S., and Soheili, Z.-S. (2012).
Investigation of the mitochondrial ATPase 6/8 and tRNA(lys) genes mutations in
autism. Cell. J. 14, 98-101.

Pons, R., Andreu, A. L., Checcarelli, N., Vila, M. R,, Engelstad, K., Sue, C. M., et al.
(2004). Mitochondrial DNA abnormalities and autistic spectrum disorders.
J. Pediatr. 144, 81-85. doi:10.1016/j.jpeds.2003.10.023

Rath, S., Sharma, R., Gupta, R., Ast, T., Chan, C., Durham, T. J,, et al. (2021).
MitoCarta3.0: An updated mitochondrial proteome now with sub-organelle
localization and pathway annotations. Nucleic Acids Res. 49, D1541-D1547.
doi:10.1093/nar/gkaal011

Rebolledo-Jaramillo, B., Su, M. S.-W., Stoler, N., McElhoe, J. A., Dickins, B.,
Blankenberg, D., et al. (2014). Maternal age effect and severe germ-line bottleneck in
the inheritance of human mitochondrial DNA. Proc. Natl. Acad. Sci. U. S. A. 111,
15474-15479. doi:10.1073/pnas.1409328111

Rose, S., Niyazov, D. M., Rossignol, D. A., Goldenthal, M., Kahler, S. G., and Frye,
R. E. (2018). Clinical and molecular characteristics of mitochondrial dysfunction in
autism spectrum disorder. Mol. Diagn. Ther. 22, 571-593. doi:10.1007/s40291-018-
0352-x

Ross, J. M., Stewart, J. B., Hagstrom, E., Brené, S., Mourier, A., Coppotelli,
G., et al. (2013). Germline mitochondrial DNA mutations aggravate ageing
and can impair brain development. Nature 501, 412-415. doi:10.1038/
naturel2474

Ruzzo, E. K., Pérez-Cano, L., Jung, J.-Y., Wang, L.-K., Kashef-Haghighi, D., Hartl,
C., et al. (2019). Inherited and de novo genetic risk for autism impacts shared
networks. Cell. 178, 850-866. €26. doi:10.1016/j.cell.2019.07.015

Satterstrom, F. K., Kosmicki, J. A., Wang, J., Breen, M. S., De Rubeis, S., An, J.-Y.,
et al. (2020). Large-scale exome sequencing study implicates both developmental
and functional changes in the neurobiology of autism. Cell. 180, 568-584. e23.
doi:10.1016/j.cell.2019.12.036

Schopler, E., Van Bourgondien, M. E., Wellman, G. J.,, and Love, S. R. (2010).
Childhood autism rating Scale. Second Edition. Torrance, CA, USA: Western
Psychological Services.

Schwartz, M., and Vissing, J. (2002). Paternal inheritance of mitochondrial DNA.
N. Engl. J. Med. 347, 576-580. doi:10.1056/NEJMo0a020350

Singh, K., Singh, I. N., Diggins, E., Connors, S. L., Karim, M. A, Lee, D,, et al.
(2020). Developmental regression and mitochondrial function in children with
autism. Ann. Clin. Transl. Neurol. 7, 683-694. doi:10.1002/acn3.51034

Sonney, S., Leipzig, J., Lott, M. T., Zhang, S., Procaccio, V., Wallace, D. C,, et al.
(2017). Predicting the pathogenicity of novel variants in mitochondrial tRNA with
MitoTIP. PLoS Comput. Biol. 13, €1005867. doi:10.1371/journal.pcbi.1005867

Spinelli, J. B, and Haigis, M. C. (2018). The multifaceted contributions of
mitochondria to cellular metabolism. Nat. Cell. Biol. 20, 745-754. doi:10.1038/
$41556-018-0124-1

Frontiers in Genetics

15

10.3389/fgene.2022.953762

Stewart, J. B,, and Chinnery, P. F. (2021). Extreme heterogeneity of human
mitochondrial DNA from organelles to populations. Nat. Rev. Genet. 22, 106-118.
doi:10.1038/s41576-020-00284-x

Szczepanowska, K., and Trifunovic, A. (2017). Origins of mtDNA mutations in
ageing. Essays Biochem. 61, 325-337. doi:10.1042/EBC20160090

Toma, C. (2020). Genetic variation across phenotypic severity of autism. Trends
Genet. 36, 228-231. doi:10.1016/j.tig.2020.01.005

Turner, T. N., Coe, B. P., Dickel, D. E., Hoekzema, K., Nelson, B. J., Zody, M. C,,
et al. (2017). Genomic patterns of de novo mutation in simplex autism. Cell. 171,
710-722. el2. doi:10.1016/j.cell.2017.08.047

Valiente-Palleja, A., Torrell, H., Muntané, G., Cortés, M. J., Martinez-Leal, R,,
Abasolo, N., et al. (2018). Genetic and clinical evidence of mitochondrial
dysfunction in autism spectrum disorder and intellectual disability. Hum. Mol.
Genet. 27, 891-900. doi:10.1093/hmg/ddy009

Van Oven, M., and Kayser, M. (2009). Updated comprehensive phylogenetic tree
of global human mitochondrial DNA variation. Hum. Mutat. 30, E386-E394.
doi:10.1002/humu.20921

Varga, N. A, Pentelényi, K., Balicza, P., Gézsi, A., Reményi, V., Harsfalvi, V., et al.
(2018). Mitochondrial dysfunction and autism: Comprehensive genetic analyses of
children with autism and mtDNA deletion. Behav. Brain Funct. 14, 4. doi:10.1186/
$12993-018-0135-x

von Elm, E, Altman, D. G., Egger, M., Pocock, S. J., Getzsche, P. C,
Vandenbroucke, J. P, et al. (2008). The strengthening the reporting of
observational studies in Epidemiology (STROBE) statement: Guidelines for
reporting observational studies. J. Clin. Epidemiol. 61, 344-349. doi:10.1016/j.
jclinepi.2007.11.008

Wang, Y., Guo, X,, Hong, X., Wang, G., Pearson, C., Zuckerman, B., et al. (2022).
Association of mitochondrial DNA content, heteroplasmies and inter-generational
transmission with autism. Nat. Commun. 13, 3790. doi:10.1038/s41467-022-
30805-7

Wang, Y., Picard, M., and Gu, Z. (2016). Genetic evidence for elevated
pathogenicity of mitochondrial DNA heteroplasmy in autism spectrum disorder.
PLoS Genet. 12, €1006391. doi:10.1371/journal.pgen.1006391

Wei, W., Pagnamenta, A. T. Gleadall, N., Sanchis-Juan, A., Stephens, J.,
Broxholme, J., et al. (2020). Nuclear-mitochondrial DNA segments resemble
paternally inherited mitochondrial DNA in humans. Nat. Commun. 11, 1740.
doi:10.1038/s41467-020-15336-3

Wei, W., Tuna, S., Keogh, M. J., Smith, K. R, Aitman, T. J., Beales, P. L., et al.
(2019). Germline selection shapes human mitochondrial DNA diversity. Science
364, eaau6520. doi:10.1126/science.aau6520

Weissensteiner, H., Forer, L., Fendt, L., Kheirkhah, A., Salas, A., Kronenberg, F.,
et al. (2021). Contamination detection in sequencing studies using the
mitochondrial phylogeny. Genome Res. 31, 309-316. doi:10.1101/gr.256545.119

Weissensteiner, H., Forer, L., Fuchsberger, C., Schopf, B., Kloss-Brandstitter, A.,
Specht, G., et al. (2016). mtDNA-Server: next-generation sequencing data analysis
of human mitochondrial DNA in the cloud. Nucleic Acids Res. 44, W64-W69.
doi:10.1093/nar/gkw247

Weissman, J. R., Kelley, R. I, Bauman, M. L., Cohen, B. H., Murray, K. F,,
Mitchell, R. L., et al. (2008). Mitochondrial disease in autism spectrum disorder
patients: A cohort analysis. PLoS One 3, e3815. doi:10.1371/journal.pone.0003815

Yardeni, T., Cristancho, A. G., McCoy, A. J., Schaefer, P. M., McManus, M. .,
Marsh, E. D., et al. (2021). An mtDNA mutant mouse demonstrates that
mitochondrial deficiency can result in autism endophenotypes. Proc. Natl. Acad.
Sci. U. S. A. 118, €2021429118. doi:10.1073/pnas.2021429118

Zhou, J., Park, C. Y., Theesfeld, C. L., Wong, A. K., Yuan, Y., Scheckel, C,, et al.
(2019). Whole-genome deep-learning analysis identifies contribution of noncoding
mutations to autism risk. Nat. Genet. 51, 973-980. do0i:10.1038/s41588-019-0420-0

frontiersin.org


https://doi.org/10.1096/fj.201902677R
https://doi.org/10.1016/j.biopsych.2017.11.018
https://doi.org/10.1016/j.biopsych.2017.11.018
https://doi.org/10.1073/pnas.1222158110
https://doi.org/10.1073/pnas.1222158110
https://doi.org/10.1371/journal.pcbi.1003880
https://doi.org/10.1016/j.jpeds.2003.10.023
https://doi.org/10.1093/nar/gkaa1011
https://doi.org/10.1073/pnas.1409328111
https://doi.org/10.1007/s40291-018-0352-x
https://doi.org/10.1007/s40291-018-0352-x
https://doi.org/10.1038/nature12474
https://doi.org/10.1038/nature12474
https://doi.org/10.1016/j.cell.2019.07.015
https://doi.org/10.1016/j.cell.2019.12.036
https://doi.org/10.1056/NEJMoa020350
https://doi.org/10.1002/acn3.51034
https://doi.org/10.1371/journal.pcbi.1005867
https://doi.org/10.1038/s41556-018-0124-1
https://doi.org/10.1038/s41556-018-0124-1
https://doi.org/10.1038/s41576-020-00284-x
https://doi.org/10.1042/EBC20160090
https://doi.org/10.1016/j.tig.2020.01.005
https://doi.org/10.1016/j.cell.2017.08.047
https://doi.org/10.1093/hmg/ddy009
https://doi.org/10.1002/humu.20921
https://doi.org/10.1186/s12993-018-0135-x
https://doi.org/10.1186/s12993-018-0135-x
https://doi.org/10.1016/j.jclinepi.2007.11.008
https://doi.org/10.1016/j.jclinepi.2007.11.008
https://doi.org/10.1038/s41467-022-30805-7
https://doi.org/10.1038/s41467-022-30805-7
https://doi.org/10.1371/journal.pgen.1006391
https://doi.org/10.1038/s41467-020-15336-3
https://doi.org/10.1126/science.aau6520
https://doi.org/10.1101/gr.256545.119
https://doi.org/10.1093/nar/gkw247
https://doi.org/10.1371/journal.pone.0003815
https://doi.org/10.1073/pnas.2021429118
https://doi.org/10.1038/s41588-019-0420-0
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2022.953762

	Dissecting the multifaceted contribution of the mitochondrial genome to autism spectrum disorder
	Introduction
	Materials and methods
	ASD patients
	Deep sequencing of mtDNA
	Mitochondrial haplogroup definition from SNPs array data
	MtDNA content assessment
	Nuclear DNA de novo mutations
	Statistical analyses

	Results
	The impact of maternal and paternal mitochondrial haplogroups on the risk of ASD in offspring
	The impact of mitochondrial private variants in the maternal and paternal lines on the ASD risk in offspring
	Analysis of mtDNA low-level heteroplasmic variants and mtDNA content
	Multivariable regression analyses for ASD susceptibility and severity

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


