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Abstract

Mitochondrial dysfunction has been associated with schizo-
phrenia (5Z) and bipolar disorder (BD). This review examines
recent publications and novel associations between mito-
chondrial genes and SZ and BD. Associations of nuclear-en-
coded mitochondrial variants with SZ were found using
gene- and pathway-based approaches. Two control region
mitochondrial DNA (mtDNA) SNPs, T16519C and T195C,
both showed an association with SZ and BD. A review of 4
studies of A15218G located in the cytochrome B oxidase
gene (CYTB,SZ=11,311, control =35,735) shows a moderate
association with SZ (p = 2.15E-03). Another mtDNA allele
A12308G was nominally associated with psychosis in BD
type | subjects and SZ. The first published study testing the

epistatic interaction between nuclear-encoded and mito-
chondria-encoded genes demonstrated evidence for poten-
tial interactions between mtDNA and the nuclear genome
for BD. A similar analysis for the risk of SZ revealed significant
joint effects (34 nuclear-mitochondria SNP pairs with joint
effect p < 5E-07) and significant enrichment of projection
neurons. The mitochondria-encoded gene CYTB was found
in both the epistaticinteractions for SZand BD and the single
SNP association of SZ. Future efforts considering population
stratification and polygenic risk scores will test the role of
mitochondrial variants in psychiatric disorders.

© 2019 S. Karger AG, Basel

Introduction

Schizophrenia (SZ) and bipolar disorder (BD) are
psychiatric disorders with high heritability affecting at
least 2% of the population and have a significant genetic
correlation between the disorders. Mitochondrial dys-
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Table 1. A subset of nuclear-encoded mitochondrial genes associ-
ated with SZ etiology or pathology in at least 3 independent studies

Gene/studies  Study type [Ref ]

MDH2/4 de novo CNV [37], CNV [36], | RNA (DLPFC
pyramidal) [34], | RNA (DG) [42]

NDUFS2/4 GWAS (early onset) [34], | RNA (DLPFC
pyramidal) [34], Peak Expression (15-25y)
[41], DER (teen>adult) [45]

ATP5A1/3 Rare mutation [38], | RNA (PFC area 9) [43],
1 Protein (DLPFC/ACC) [46]

IDH3A/3 | RNA (DLPFC pyramidal) [34], | RNA (DG)
[42], | Protein (ACC) [46]

NDUFA2/3  GWAS (PGC) [40], | RNA (DLPFC pyramidal)
[34], 1 Protein (DLPFC) [46]

BDH1/3 de novo CNV [37], CNV [36], DER (teen>
adult) [45]

CLPX/3 de novo mutation [39], Peak Expression (15—
25y) [41], DER (teen>child) [45]

GOT2/3 CNV [36], | RNA (PFC area 9) [43], Peak
Expression (15-25y) [41]

MDH1/3 | RNA (PFC area 9) [43], DER (teen>child)

[45], | Protein (DLPFC) [46]

The study type(s) and type of genetic variants for each gene are
shown as adapted from a published analysis [10]. CNV, copy num-
ber variant; DLPFC, dorsolateral prefrontal cortex; DG, dentate
gyrus; GWAS, genome-wide association study; DER, differentially
expressed regions; PFC, prefrontal cortex; ACC, anterior cingulate
cortex; PGC, psychiatric genomics consortium; CC, corpus callo-
sum. ! T direction of change in mRNA or protein compared to con-
trols.

functions in synaptic, energetic, and metabolic pathways
have been associated with the neurobiology of both SZ
and BD.

Until recently, the field of mitochondrial genetics in
psychiatric disorders has been largely ignored in genome-
wide association studies (GWAS). We summarize the re-
cent genetic evidence of associations of mitochondrial-
related genes with SZ and BD. This recent genetic evi-
dence, while still subject to future analyses, is discussed in
this review to provide an interim status on mitochondri-
al genetics studies.

In this discussion, the mitochondrial-related genes in-
clude both mitochondria-encoded genes and nuclear-en-
coded genes with mitochondrial function. Essentially, the
nuclear genome contributes ~1,500 genes and the mito-
chondrial DNA (mtDNA) encodes 37 genes together
comprising the mitochondrial-related gene set. This
overview is divided into three parts: (a) nuclear-encoded
mitochondrial genes and SZ; (b) mtDNA-encoded vari-
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ants in SZ and BD; and (c) epistatic interaction between
nuclear and mtDNA variants in SZ and BD.

Recent reviews of psychiatric disorders and mitochon-
drial-related genes are available for background studies
not included in this review [2, 3]. This paper presents
novel associations between mitochondrial genes and
these disorders as well as recently published work to in-
form the mitochondria hypothesis of SZ and BD.

Mitochondrial Genes in the Nuclear Genome and SZ

Nuclear-encoded mitochondrial genes have been im-
plicated in the etiology and pathology of SZ in a number
of published studies. Mitochondrial dysfunction in syn-
aptic, energetic, and metabolic pathways has been associ-
ated with the neurobiology of both SZ and BD [4-34].
Table 1 is abridged from Hjelm et al. [10] to show genes
with corroboratory evidence from 3 or more independent
studies. Genes are ranked in Table 1 based on the number
of independent associations with SZ and are then ranked
based on Maestro Score (from MitoCarta) to display con-
fidence in mitochondrial localization. In the full list of
genes [10] there were 10 Complex I genes replicated in 2
or more independent studies. Studies evaluated in Table
1 include analyses of copy number variants (CNVs), rare
and de novo mutations, GWAS, transcriptome altera-
tions in SZ brains and in controls during adolescence (i.e.,
during stages of brain development physiologically rele-
vant to the onset of SZ symptoms), and proteomics [34-
46].

A closer inquiry of CNVs was conducted in a Swedish
SZ sample (n = 4,719 cases and 5,917 controls) [36]. This
study reported the nuclear-encoded mitochondrial gene
set was significantly enriched in large CNVs in subjects
with SZ [36]. Utilizing a subset of the same sample [38],
several SNPs were nominally associated (p < 1E-06) with
the risk of SZ, and pathways related to mitochondrial dys-
function and immunity pathways were associated with
risk of SZ (Table 2). The p values in Table 2 are calculated
using a right-tailed Fisher’s exact test based on the dis-
tinct sets of genes that are mapped to all variants that were
associated with SZ (p < 1E-06), compared to those genes
that are known to be associated with a given pathway and
results are adapted from Ingenuity Variants Analysis
(IVA) Pathway Report. The p values less than 0.01 indi-
cate that there are significantly more genes with the an-
notation than expected by chance relative to all genes im-
plicated in the annotation from the Ingenuity Knowledge
Base. The total number of pathways tested in IVA is 670;
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Table 2. Pathways from the Swedish Exome Study [36] (n = 2,536 SZ and 2,543 controls)

p value of Genes, n

enrichment
Hematopoiesis from pluripotent stem cells 4.997E-19 9
Communication, innate and adaptive immune cells 1.951E-17 29
Super pathway of cholesterol biosynthesis 7.362E-17 13
0X40 signaling pathway 8.421E-12 29
Altered T cell and B cell signaling in rheumatoid arthritis 8.412E-11 37
Systemic lupus erythematosus signaling 2.022E-09 102
Apoptosis of target cells 4.453E-09 14
Mitochondrial dysfunction 4.067E-08 73
Dolichyl-diphosphooligosaccharide biosynthesis 5.236E-08 6
Nur77 signaling in T lymphocytes 1.123E-07 26

in Table 2, the p values that remain highly significant
when correcting for multiple pathway comparisons are
shown.

The evidence shown in Tables 1 and 2 supports an en-
richment of SZ-associated variants in nuclear-encoded
mitochondrial genes in existing studies.

Thelarge GWAS of SZ conducted by the Schizophrenia
Working Group of the PGC (n = 36,989 cases and 113,075
controls) [40] identified 108 genomic loci associated with
SZ. These 108 loci encompass 350 genes — and an enrich-
ment analysis demonstrated an overrepresentation of
genes expressed in the brain, as well as those specific to
glutamatergic signaling and immunity [12]. We further
noted that these 108 loci contain 22 genes implicated in
mitochondrial function: NDUFA6, HSPD1, PCCB, NDU-
FA2, SHMT2, ATPAF2, NDUFA13, IMMP2L, DDX28,
EFHDI1, COQ10B, USMGS5, C2o0rf47, DUS2L, HSPA9,
MARS2, SFXN2, HSPE1, IREB2, AS3MT, DRG2, and
TMTCI1 [10]. This list represents a significant enrichment
of the mitochondrial network relative to all RefSeq genes
(5,000 randomly selected lists of 350 RefSeq genes con-
taining 22 or more MitoCarta genes, p = 0.012).

The PGC study was extended to a larger analysis in
terms of subjects using a set of 818 nuclear-encoded mi-
tochondrial genes (Table 3, from Goncalves [47]). Meta-
analysis results of mitochondria function in a combined
discovery and replication sample (total n = 106,226)
found several mitochondrial genes were significantly as-
sociated with SZ after multiple testing correction (Table
3). Note that this analysis does not cover mtDNA encod-
ed genes. The genes in Table 3 were further queried in the
CommonMind Consortium (CMC) human dorsolateral
prefrontal cortex RNA-Seq data (https://www.synapse.
org/CMC [48]). Expression data from 514 subjects
showed 3 mitochondrial genes (SMDT1, PCCB, and
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NDUFAG®6) that were found to have statistically signifi-
cantly decreased expression in SZ cases compared to con-
trols after adjusting for covariate effects of brain pH, age,
PMI, RIN, institution, and the manner of death (Table 3,
bolded genes). Two genes (SMDT1 and PCCB) were dif-
ferentially expressed in BD in the CMC DLPFC samples
compared to controls (Table 3) and were significant but
in the opposite direction compared to SZ.

In a recent cross-disorder analysis of gene expression,
the mitochondrial and neuronal gene coexpression mod-
ule was shared between BD and SZ cortical regions [49],
and the shared genes were downregulated, independent
of antipsychotic treatment [50]. Not all recent studies of
mitochondrial-related pathways reported an association
with SZ. For example, the careful work of PGC Cross-
Disorder and Pathway Groups did not show highly
ranked mitochondria pathways as being involved in ma-
jor psychiatric disorders [51]. The mitochondria pathway
involves large numbers of genes; one possibility is lack of
mitochondrial “pathway” involvement indicates that it is
likely that there is not a major disruption of large num-
bers of common genes with broad effects on mitochon-
dria which give rise to a disease association. This leaves
open the possibility, as we discuss below, that rare vari-
ants as well as complex interactions involving mitochon-
drial-related genes can be associated with psychiatric dis-
orders [2]. However, this cross-disorder pathway study
did find that the synaptic compartment is highly relevant
to SZ etiology. Synaptic activity is closely linked to mito-
chondrial function [52, 53]; synaptic currents are stabi-
lized most when mitochondria are present near or within
the synapse terminal. This area of research will likely pro-
duce more data that link mitochondria functioning and
transport in neurons to synaptic physiology as one of the
key determinants of synaptic functions [54, 55].
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Table 3. List of mitochondrial genes significantly associated with SZ risk through meta-analysis after the con-
servative Bonferroni correction for the 818 multiple hypothesis tests conducted

Gene symbol Chr Start, bp Discovery Replication Meta-analysis (n = 106,226)
(n=82,315) (n=23,911)
P P? meta p Bonferroni-
corrected p*
HSPE1-MOB4 2 198364721 1.59E-08 0.7527 2.30E-07 0.0002
C2orf47 2 200820040 6.65E-07 0.2897 3.17E-06 0.0026
SMDT1 1T 22 42475695 1.54E-05 0.0206 5.05E-06 0.0041
ATPAF2 17 17921334 1.19E-06 0.3115 5.88E-06 0.0048
PCCB T 3 135969167 7.27E-07 0.9221 1.02E-05 0.0083
NDUFA6 | 22 42481530 8.03E-06 0.1106 1.33E-05 0.0108
HSPA9 5 137890571 2.22E-06 0.5973 1.93E-05 0.0158
DNAJA3 16 4475806 5.87E-06 0.3596 2.97E-05 0.0243
FOXO3 6 108881026 1.79E-05 0.2440 5.83E-05 0.0477

Data from Goncalves et al. [47]. PGC-SZ2 (discovery) n = 35,476 cases and 46,839 controls. iPSYCH-SZ [66]
(replication) n = 2,290 cases and 21,621 controls. Bolded genes show nominal differential expression (p < 0.05)
in CommonMind Consortium (CMC) human dorsolateral prefrontal cortex RNA-Seq data [48]; |, decreased
expression in SZ cases compared to controls; T, significantly increased expression in bipolar disorder in CMC
compared to controls.* Gene-based p values using the MAGMA tool [90].

The early formulation of the theory of mitochondria
dysfunction by Dr. Tadafumi Kato [7] indicated that
brain energy metabolism might be altered in BD subjects,
and there might be increased large deletions and genetic
polymorphisms for BD. Studies of mitochondria involve-
ment in BD show evidence of mitochondria dysfunction
in BD [28, 30, 31]. Genetic link to postmortem brain pH
was found for mtDNA super haplogroup (U, K, UK),
which had a significantly higher postmortem pH (7.00 +
0.18 SD) compared to the remaining subjects’ pH (6.8
0.18 SD) [1]. A small association study of BD showed an
association with T195C [1] and also with a 5178C/10398A
mtDNA haplotype [8]. A decreased mtDNA copy num-
ber in BD has been reported [10, 56, 57]. However, path-
way analysis of GWAS of BD did not reveal an association
of pathways and mitochondria dysfunction [58]. Of the
226 genes that passed FDR in 3 of 4 GWAS [58], only 8 of
these genes had predicted mitochondria function
(MTHFDI1L, ACSS3, SIAH3, PAK7, GOLSYN, SLIT3,
KCNMA1, NAV2) which did not reach significance for
the enrichment of mitochondrial genes. Mitochondria
evidence was uncovered by studying iPSC-induced neu-
rons from subjects with BD that were lithium nonre-
sponders compared to lithium responder subjects. In-
duced neurons from lithium nonresponders showed hy-
perexcitability and increased mtDNA expressed genes
[14]. This information suggests that the nonresponder
endophenotype of BD subjects might harbor mitochon-
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dria risk factors, as this endophenotypic evidence was
captured in cell lines derived from BD patients.

In summary, using gene-based analysis of mitochon-
drial-related nuclear genes, we find evidence that mito-
chondrial genes are associated with the architecture
(CNV, SNV, and functional expression at protein and
mRNA level) of SZ [10]. Genes involved in mitochondria
Complex I appeared to be of particular importance in the
gene-based analysis for the risk of SZ. The genetic evi-
dence, while not unequivocal, did pass meta-analysis as-
sociation threshold for several mitochondrial-related
genes using a combined study of over 106,226 subjects.

Although the mitochondria genetic evidence has not
yet been as thoroughly tested for BD mitochondrial risk
compared to the test for SZ, there is accumulating evi-
dence supporting mitochondria involvement in BD risk.
These findings, in turn, motivate inquiry of involvement
of variants in the mtDNA genome and its interaction with
the nuclear genome in SZ, as well as BD, as reviewed in
the following sections.

mtDNA-Encoded Variants in SZ and BD

The role of evolution in creating the genetic landscape
for risk of SZ and maintaining these genes has been de-
scribed [13]. According to this view, the human brain has
evolved into a high energy consumption tissue, thus in-
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Table 4. Codon-based test of purifying selection for pairwise analysis between sequences previously published

(1]

Group [A] [B] [A]/[A + B] [A]/[A + B]/ e p value
dS > dN dN =dS control

BD 193 239 0.44 (1.11) 2.42 0.119

MDD 202 296 0.40 (1.01) 0.03 0.85

SZ 247 257 0.49 (1.22) 9.82 0.0017

Control 297 445 0.40 (1.00) NA NA

This effect was calculated using the transitions/transversions bias calculation for mtDNA coding sequences
as previously published [1] using samples of DLPFC. The number of subjects for each group: BD = 12, MDD =

15, SZ = 14, control = 36.

voking mitochondrial genes during this selection process.
Compared to other primates whose brain consumes
about 13% of total energy at rest the human brain con-
sumes about 20% of total energy at rest [59]. The SZ sub-
jects might represent brains which do not reach the nec-
essary bioenergetics demand due to maladaptive mito-
chondria. The presence of recent selective pressures
acting on mtDNA is still an open question, but there is
compelling evidence for balanced purifying selection act-
ing against highly deleterious mutations on this genome
in germline cells [60].

To investigate the selection of mtDNA variants, the
number of nonsynonymous substitutions (dN) is com-
pared to the number of synonymous substitutions (dS).
The synonymous substitution rate is generally greater
than the nonsynonymous rate in mtDNA in humans and
other primates [61]. The rate was compared in SZ, con-
trols, BD, and major depressive disorder (Table 4). The
differences between psychiatric groups in this rate were
tested using pairwise comparisons. Table 4 shows the
number of times the null hypothesis of strict neutrality
(dN = dS) was accepted (column [B]) or rejected in favor
of dS > dN (column [A]). Using pairwise comparisons, a
significant increase was found in the ratio (column [A]/
[A + B]) for SZ compared to controls. The rate of syn-
onymous substitutions was 22% higher (p = 0.0017) in
DLPFC of individuals with SZ compared to controls [1],
and there was a trend toward a higher substitution rate in
BP, albeit not significant, and likely due to lack of overall
power in the study. There was also an elevated rate of syn-
onymous substitution in the MT-ND5 gene in SZ [62] in
blood-derived mtDNA.

A further analysis of the overall transition/transver-
sion bias (R) for all DLPFC mtDNA sequences was con-
ducted for each of the four subject groups separately us-
ing only coding genes. The observed transition/transver-
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sion ratios were 2.25-fold higher in SZ compared to
controls [1]. This suggested a higher number of substitu-
tions in DLPFC in SZ compared to controls in the 13
mtDNA genes. Two caveats apply here: the overall sample
size was small (n = 77) and the total number of transver-
sions was modest (n = 22), which can inflate R. With these
caveats, the number of substitutions in SZ pairwise com-
parisons exceeded the rate in control comparisons, and
the overall R rate is higher in SZ than in C. As an example,
the maximum R ratio (transition/transversion) for mito-
chondrial complex I was 10-fold higher in SZ compared
to controls [1]. The trend for BD elevation of purifying
selection could be tested with larger samples becoming
available.

The rate of transitions in mitochondria can be elevated
due to instability in the mtDNA genome due to oxidation
and lack of histone protection. Factors such as oxidative
stress, reactive oxygen, and lack of mtDNA repair mech-
anisms can facilitate transmission of substituted bases.
Since there are no histone groups protecting mtDNA
from potential oxidation by reactive oxygen species, ele-
vated transition bias merits further investigation. How-
ever, the calculation of dN and dS in a single population
at a single time can lead to a violation of assumptions of
purifying selection due to lack of independence within a
single species. Although there is evidence reported of pu-
rifying selection pressure on mtDNA genomes from sub-
jects with SZ, this finding needs to be replicated in a large
case-control analysis of subjects from major ethnic hap-
logroups, to exclude occult population stratification.

A transition occurring in the hypervariable region in
mtDNA was also associated with SZ and BD at positions
T195C and T16519C [63]. The common T16519C transi-
tionisarecurring sporadic T>C mutation, that was shown
to be elevated in three of the four populations studied.
The original “C” ancestral allele was protective (Table 5).

Mol Neuropsychiatry 2019;5:13-27
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Table 5. T16519C association in schizophrenia was significant (p = 0.015)

Study Cases Controls n p value OR
16519C  16519T 16519C 16519T

Mosquera [92] 149 305 212 404 1,070 0.585 0.93

Cardiff 193 428 239 406 1,266 0.024 0.76

Gain-WTCCC2 [63] 329 805 1,285 2,620 5,039 0.013 0.83

Costa Rica-Whole Exome 425 304 243 212 1,184 0.093 1.22

Pooled OR (Mantel-Haenszel)  95% CI upper — lower: 0.80-0.98 8,559 Two-tailed p = 0.027  0.894

OR, odds ratio. A Mantel-Haenszel x? test [91] was used to analyze the significance of the association across four combined samples
of the mtDNA hypervariable T16519C locus. Note: ancestral allele 16519C is protective.

These positions in the hypervariable region are somewhat
unstable in the mtDNA genome, are sometimes hetero-
plasmic, and occur independently in multiple haplo-
groups from different ethnic origins. As a side note, al-
though T16519C is a heteroplasmic locus, homozygous
calls are often forced for haploid chromosomes such as
the mitochondria, or the allele is eliminated from analysis
due to low confidence in homozygous calls.

Common Haplogroup Variants in mtDNA and

Association with SZ and BD

The mtDNA 195C allele was protective for BD and SZ
analyzed together compared to controls (total n = 5,889)
[63]. When the SZ group was analyzed separately, this ef-
fect was also significant. To test whether an ethnic-specif-
ic mtDNA SNP A12308G which defines the super-hap-
logroup U, K, UK matrilineages affected this association,
a Cochran-Mantel-Haenszel test remained significant
when adjusting for this major haplogroup, the association
remained nominally significant (p = 0.0011). Thus, the
risk decreases for both psychiatric disorders when the
mtDNA control region alleles 16519C and 195C are
found in different ethnic haplogroups, most likely as a
back mutation.

For BD, an increased risk for psychosis was demon-
strated in haplogroup U-K [64] at A12308G (OR = 2.48,
p =0.006). Recent data from a large case-control study of
Swedish subjects [3] showed a nonsignificant association
at A12308G (OR: 0.97, p = 0.27) with similar G allele fre-
quency in SZ (0.26) and controls (0.25). Further analysis
is required to clarify this association, as possibly due to
differences in the haplogroup background of the subjects.

In addition to the A12308G variant, the mtDNA allele
A15218G was significantly associated with risk of SZ.
Two studies showed similar results unadjusted for poten-
tial population stratification (Table 6). An increased risk
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for SZ at A15218G was shown in the results of the
WTCCC2 study [65]. This WTCCC2 study examined 45
mtDNA SNPs using subjects (n = 3,058 SZ cases and
5,033 controls) mainly of Irish descent. A study of Danish
subjects using n >25,000 subjects also showed modest as-
sociation (p < 0.05) of A15218G for this ethnic SNP [66].
In a third published dataset using array genotype data, in
the Swedish population [3] the risk allele A15218G was
protective for risk of SZ (OR = 0.80, p = 0.02).

Combining these studies showed a modest but not ge-
nome-wide significant value (2.15E-03) for the associa-
tion of the A15218G variant for risk of SZ with a pooled
OR of 1.2 (Table 6). This evidence across different popu-
lations could be attributable to the enrichment of varying
haplogroups carrying the 15218G allele (Table 6). This
suggests that the mtDNA genetic backgrounds of each
population are highly dependent on the haplogroups
sampled [66], which adds complexity to the interpreta-
tion of the result. There has also been the suggestion that
nSNPs and mtSNPs are in some linkage disequilibrium
(LD) which will be addressed by using a joint and interac-
tion analyses of the entire genome and stratifying cases
and controls into subgroups while accounting for effects
of multidimensional covariates [63]. It would provide a
better understanding if the randomization method for
each study could be run to test for association with strat-
ification by study; unfortunately, the genotypes at the
subject level data are not available for this analysis for all
4 studies of A15218G.

The A15218G variant occurs in multiple haplogroup
branches at Mitomap [67] (A, B, D, F,H, HV, ], K, L, M,
T, U). Due to the low frequency observed in ancestral
populations, e.g. L2 and L3 branches, it is likely that the
mutation gained prevalence later in the haplogroups di-
verging into Europe, such asthe HV1a, HV1b, HV1c hap-
logroups, where 100% of sequenced individuals carry the
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Table 6. Association of an mtDNA variant (A15218G) shows an increased risk for G allele in a meta-analysis of
four independent studies (total subjects n = 47,451)

Study population [Ref.] Schizophrenia, n Controls, n OR p value
Swedish [3] 4,579 5,610 0.8 0.02
UK (WTCCC2) [65] 3,058 5,033 2.87 4.99E-08
Danish [66] 2,538 2,3743 1.25 0.021
USA (dB GAIN) [63] 1,136 1,349 1.11 0.665
Total SZ (n =11,311) Total C (n =35,735)  1.20 pooled 2.15E-03
Lower—upper 95%:
1.07-1.35

variant. From Phylotree Build 17 [68], there are 5 hap-
logroups with A15218G as a defining branch SNP:
M7ala2, M10a, HV1a'b'c, H13a2¢, U5al. Overall, this
variant is at 1.6% prevalence in 45,494 individuals world-
wide. The widespread distribution of this variant suggests
an independent mutation that arises independently
worldwide. This variant is located in Complex III gene
CYTB causing a nonsynonymous Thr = >Ala with the
Thr being conserved across 27 primate species.

A recent paper [3] summarized additional relevant
mtDNA haplogroup association studies across Asian and
European populations (the reader is referred to a compi-
lation). Most studies are small by GWAS parameters;
however, given that many individuals in the HV hap-
logroup are carriers of the A15218G variant, a study of
Israeli-Arab SZ and controls [69] is of interest. This study
showed an OR of 1.99 based on sample size of n =202 (SZ)
and n = 202 (controls). Spanish samples purportedly
showed a lack of association of HV subjects with SZ [70].
However, this does not rule out a role for A15218G, as it
is present in only deeper branches of H and HV.

In summary, a risk allele in mtDNA present in multi-
ple haplogroups (A15218G) shows a modest association
in a meta-analysis of 4 independent studies. Not all of
these combined studies of mtDNA and SZ (n = 47,046
subjects, Table 6) were corrected for potential population
stratification effects [66] using principal components
(PC) analysis, which could potentially account for the sig-
nal detection at this locus. Further, large GWAS of the
control region variants T195C and T16519C have sug-
gested that the ancestral allele is protective. At the time of
this writing, we are not aware of any mtDNA association
studies that have reached GWA significance levels and
that have been corrected for population stratification.
However, this does not imply that common variants or
potentially ethnic-specific variants will not carry the as-
sociation signal, but this will require careful attention to
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latent differences in cases and controls for ethnic hap-
logroup differences. The genotype array data do not pro-
vide adequate information for imputation of rare and pri-
vate mutations of mtDNA variants.

Rare mtDNA Mutations Associated with SZ

Deep sequencing of the genome can provide rare mu-
tations at the gene level to unravel the complex relation-
ship among multiple rare mtDNA variants that might not
be found with traditional haplogroup analysis [71]. Ap-
plying SKAT [72] to a sample of Swedes (n =10, 771) and
analyzing a set of rare SNPs with minor allele frequency
(MAF) <0.01, a nominal rare variant association with SZ
(p = 0.007) was reported [3]. This is the largest study to
date of mtDNA for analysis of rare coding region SNPs
with MAF <1%. Multiple centers around the world are
conducting deep sequencing studies to ultimately associ-
ate rare variants in mitochondrial genes with neuropsy-
chiatric disorders. For analysis of rare variants, there are
studies of whole-genome and whole-exome sequencing
that can be combined: Danish (Dr. Michael Christiansen,
n = 3,000 SZ and 20,000 controls), the Whole Genome
Sequencing Consortium of Psychiatric Disorders (WG-
SPD) [73] (Dr. Stephan Sanders, n = 1,670 SZ, 2,067 BD,
4,378 controls), and Cardiff (Prof. Michael O’Donovan,
n = 8,000 SZ, 8,000 BD, 16,000 controls). The total sam-
ples are n = 12,670 (SZ), n = 10,067 (BD), and n = 40,378
(controls). These three projects and others that make
available mtDNA variants will be useful for conducting
the rare mtDNA variant analysis in SZ and BD. It is an-
ticipated that future aggregation of sequencing data will
include the release of mtDNA variants, but at this time
large centers have not yet adopted this plan especially in
view of discovery of novel and rare variants in mtDNA.
For example, the Genome Aggregation Database (gno-
mAD) (http://gnomad.broadinstitute.org/gene/ENSG00-
000198899) indicates that mtDNA has no coverage for
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the exomes in the database. gnomAD is a coalition of in-
vestigators seeking to aggregate and harmonize exome
and genome sequencing data from a variety of large-scale
sequencing projects. The dataset provided on this website
spans 123,136 exomes and 15,496 genomes from unre-
lated individuals sequenced as part of various disease-
specific and population genetic studies [74]. In our expe-
rience, we have found highly concordant variant calls be-
tween Sanger-, exome-, and whole-genome sequencing
of mtDNA [Vawter et al., unpubl. data] such that either
WES or WGS usually give highly reliable mtDNA NGS
results.

Interaction Analysis of Mitochondrial and Nuclear-
Encoded Genes

The concept that mtDNA can direct the mode of energy
production of the cell was supported by recent cybrid stud-
ies conducted by Dr. C. Kenney’s group [75, 76]. Cybrids
are created by removing mitochondria from a cell line by
passaging in presence of ethidium bromide. These cells are
then fused with platelets (containing mitochondrial but
not nuclear DNA [nDNA]) from varying haplogroups.
The resulting cybrid cells contain identical nDNA genes,
but varying mitochondrial genes. Thus, the cross talk be-
tween nuclear and mitochondrial genes can be disrupted
or enhanced and tested in vitro. Using a cybrid model with
the same nuclear background, Dr. Kenney’s group mea-
sured the expression of the mtDNA-encoded genes in re-
spiratory complexes I, II, IV, and V of the OXPHOS path-
way and found that J cybrids had significantly lower ex-
pression levels in 7 mitochondrial genes compared to H
cybrids (Complex I: MT-ND1, MT-ND2, MT-ND3, MT-
ND4/NDA4L; Complex IV: MT-CO2, MT-CO3; Complex
V: MT-ATP6. Further, these same J cybrids showed lower
OXPHOS utilization compared to H cybrids.

The concept that mtDNA haplogroups can mediate
the energy production levels is supported by another
study which compares H (most common European) ver-
sus L (African maternal origin) haplogroups within cy-
brids from a retinal pigment epithelial cell line [76]. The
L cybrids had lower mtDNA copy numbers but showed 9
mtDNA genes with significantly increased expression
(1.57-to 2.11-fold) compared with H cybrids. In addition,
the L cybrids had significantly decreased ATP turnover
and spare respiratory capacity [76]. These patterns across
both studies by Dr. Kenney’s group showed L cybrids
having the highest respiratory activities, the H cybrids in-
termediate and the J cybrids showing the lowest activities.
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This indicates that each of the cybrid haplogroups (L vs.
H vs.]) had a unique bioenergetics profile. This strongly
supports the hypothesis that cellular bioenergetics are
greatly affected by the mtDNA haplogroups within a cell
and moderated by nuclear background.

A mitochondria transfer to patient’s cells with SZ
showed the cells receiving mitochondria transfer from
controls had a higher mitochondria membrane potential
compared to the same cells that did not receive a mito-
chondria transfer [77]. Mitochondria membrane poten-
tial is maintained at sufficiently high levels to promote
ADP to ATP conversion. This work suggests that the mi-
tochondria organelle itself can be transplanted with ther-
apeutic effects, given it is from a healthy donor. This ther-
apeutic transfer of mitochondria has been translated into
clinical practice in the UK through three parents mixing
technique involving a pronuclear transfer [78] to correct
mtDNA mutations.

mtSNP x nSNP Interactions

To further understand nuclear and mitochondria in-
teractions, we recently published the first GWAS to inves-
tigate mtSNP x nSNP epistatic analysis [79]. This study
utilized publicly available GWAS data (dbGAP Whole
Genome Association Study of Bipolar Disorder (dbGaP
Study Accession phs000017.v3.p1) from 2,035 European
American subjects (BD = 1,001, controls = 1,034) origi-
nally published [80]. In brief, the epistatic method, re-
stated verbatim from Ryu et al. [79], involved 1df and 2df
association tests. For each association test, logistic regres-
sion models were used to assess the joint effects of the
nSNP main effect and the interaction effect between
nSNP and mtSNP, for each pair of mtSNP and nSNP, us-
ing 2dflikelihood ratio tests. The 2df test jointly evaluates
the effect of the last 2 terms (i.e., the nSNP effect and the
nSNP x mtSNP interaction effect) from the following lo-
gistic regression model: Logit (p) = a0 + al x mtSNP + a2
x nSNP + a3 x nSNP x mtSNP, where p is the probability
of the outcome (e.g., SZ vs. control), and a0/al/a2/a3 are
regression parameters for terms included in the model.
The 2df analysis jointly assesses the effect of the nSNP
main effect and/or the nSNP x mtSNP interaction term
(i.e., testing if both a2 = 0 and a3 = 0), thereby testing the
nSNP effect while allowing for modification of the effect
by the mtSNP genotype. In addition, 1df likelihood ratio
tests of the nSNP x mtSNP interaction terms were also
performed, in this case assessing whether a3 = 0.

Interestingly, the top mtSNP rs3088309 located in mi-
tochondria cytochrome B (CYTB) showed joint effects
of several nSNPs and their interactions with mtSNP
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Table 7. BD interaction analysis

MtSNP Nuclear SNP Association results BD risk
rsID#HGVS gene MA MAF SNP Chr: BP gene MA MAF 2dfp inter- OR* OR®
action p
rs3088309
m.15452C>A CYTB A 0.21 rs1880924  7:141717225 MGAM A 0.14 8.2E-08 1.4E-04 1.27 3.42
rs12733666 1:77927820  AKS5 C 0.18 2.9E-06 7.1E-07 1.14 0.38
rs7782502  7:105695500 CDHR3 G 0.40 6.6E-06 3.6E-05 0.72 1.45

2 In presence of a major mtSNP allele, the odds ratio for adding one copy of nSNP minor allele based on interaction analysis. ® In
presence of a minor mtSNP allele, the odds ratio for adding one copy of nSNP minor allele based on interaction analysis.

Table 8. Interaction analysis in schizophrenia and top epistatic pairs

nSNP nMAF nA2 CHR POS nGene mtSNP mtGene mtA2 mtMAF 1df 2 df

1rs8093433 0.49 A 18 7.59E+07 ADNP2 rs3135030 ND6 T 0.020 9.44E-07 2.07E-08
157317862 0.07 A 13 1.07E+08 FAMI155A  rs28357684 CYTB G 0.046 1.58E-08 8.69E-08
157317862 0.07 A 13 1.07E+08 FAMI155A  rs28358275 ND3 T 0.042 3.46E-08 1.90E-07

rs3088309 for risk of BD (2df test, Table 7). The mtSNP
rs3088309 is a missense variant that causes an amino acid
change from leucine (major allele) to isoleucine (minor
allele). Being essential for electron transport chain, the
presence of CYTB rs3088309 might leave the neurons
more vulnerable to gene x environment risk factors for
BD. The mtSNP x nSNP interaction between rs3088309
and rs1880924 in the MGAM gene showed suggestive as-
sociation with BD risk (Table 7; interaction p = 1.4E-04),
while the 2 df test signal was stronger (p = 8.2E-08), sug-
gesting the presence of both main and interaction effects.
We are careful not to overinterpret these comparisons of
the main effects of nSNPs and the interactions with
mtSNPs. Interestingly, the top nuclear-mitochondria
pairs were not overrepresented in mitochondrial genes.
Applying a similar epistatic analysis approach, we as-
sessed the association between the risk of SZ and mtSNP
x nSNP interactions using logistic regression models with
and without adjusting for the first PC based on nSNPs us-
ing the Irish subjects (n = 1,560 SZ cases and 1,745 con-
trols). The results were very similar regardless of the PC
adjustment. Two separate analyses were performed, 1 df
for testing the mtSNP x nSNP interaction and 2 df tests
for main effect and interaction effect jointly. The top as-
sociation results implied that 2 nuclear genes FAM155A
and ADNP2 may interact with mtSNPs for risk of SZ, al-
though they have yet to be independently replicated. In

Novel Complex Interactions between
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total, 80 unique potential epistatic pairs had 1 df or 2 df p
values <1E-07, involving 21 nuclear genes and 10 mito-
chondrial genes. Three nuclear genes SOX5, TLE4, and
ANK3 in these top 21 nuclear genes have already been
implicated in SZ or BD GWAS, whose main effects were
genome-wide significant as published in the GWAS cat-
alog (http://www.ebi.ac.uk/gwas/docs/file-downloads).
These 3 genes and FAM155A have medium to high rela-
tive gene expression in the brain compared to other tis-
sues (GTEx; https://www.gtexportal.org/home/). For
SOXS5, the association of nSNP rs41369145 in the large
PGC dataset (n ~ 150,000) was p = 0.023, while modeling
mtSNP rs2853513 with the same nSNP rs41369145
showed a considerably stronger interaction result (p =
8.0E-08) in the present sample (n = 2,508). Six of 10 mt-
DNA genes in the top epistatic pairs were located in the
functional unit of Complex I of the mitochondria elec-
tron transport chain. There were 34 nuclear-mitochon-
dria SNP pairs (joint effect p < 5E-07).

A nuclear-encoded mitochondria pair in the epistatic
analysis shows a signal at the SYN3-CYTB gene pair (p =
1.26E-07) in the SZ analysis. The Manhattan plot for this
1 df mtSNP x nSNP interaction is shown (Fig. 1).

SYN3 is a member of the synapsin gene family which
is implicated in synaptogenesis and the modulation of
neurotransmitter release, suggesting a potential role in
several neuropsychiatric diseases. The SYN3 example is
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Fig. 1. The Manhattan plot for the mtSNP 1
x nSNP interaction result in SZ shows an
interesting signal at the SYN3 gene, the sig-
nificance threshold is red line.
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shown as there have been positive linkage studies of SZ at
chr22q12.3 [81].

Although we have shown potential mtDNA x nDNA
interaction effects of SNPs in 5 nuclear genes (Tables 7,
8), none of those nSNPs had strong main effects on risk
of SZ or BD. In general, the working hypothesis is that the
effect of some nSNPs depends on a person’s mtSNP com-
position, and the contribution of nSNPs may be detected
only through its interaction with mtSNP, not as the main
effects alone. For example, the OR for adding one minor
nSNP allele was 3.42 among carriers of minor allele C of
the mtSNP rs3088309, while the lower OR of 1.27 was
found in carriers of common allele A of the mtSNP. These
results for BD and SZ, while nearing statistical signifi-
cance at the genome-wide level, show that epistatic anal-
ysis can potentially locate relevant genes (p value 1.58E-
08 for SZ; n = 1,560 SZ cases and 1,745 controls), and with
larger studies the power will increase for signal detection.

The DAVID database for the enrichment of pathways
was queried (https://david.ncifcrf.gov/) by submitting
nuclear-mtDNA SNP pairs meeting a nominal associa-
tion threshold of p < 0.0001 for both joint and interaction
effects. There were 530 unique genes, and those genes
were enriched in neuron projection development and
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morphogenesis, from the results of the epistatic interac-
tions. These results, shown in Table 9, are Bonferroni cor-
rected and were found in a single category that showed a
significant association. This analysis supports a recent
study showing involvement preferentially of projection
neurons as altered in SZ transcriptomic wide association
study involvement [82]. As shown above for BD epistatic
analysis, mitochondrial genes were not overenriched in
the 530 genes analyzed.

These results for BD and SZ show that epistatic analy-
sis can potentially identify additional genes associated
with BD and/or SZ, especially larger studies with better
statistical power. These results also support the recent
cross-disorder analysis of gene expression where the mi-
tochondrial and neuronal gene coexpression module was
shared between BD and SZ cortical regions [49], and the
shared genes were downregulated, independent of anti-
psychotic treatment [50].

As mentioned in the common variant section, there is
slight LD between the mitochondrial and nuclear ge-
nomes to take into account in interaction analysis. While
the average r* = 0.004 globally is low across the mtDNA
and the remaining nuclear genomes, it is not different
than the within nuclear genome LD (r* = 0.004) [83]. The
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Table 9. Pathway analysis for the interaction pairs of SNPs in SZ
epistatic analysis

Category enrichment score: 6.57 Count  Bonferroni
Neuron projection morphogenesis 37 7.60E-06
Neuron projection development 45 6.60E-05
Cell morphogenesis involved in

neuron differentiation 32 4.20E-04
Neuron development 47 1.10E-03
Neurogenesis 61 1.80E-03
Generation of neurons 58 2.50E-03
Cell projection morphogenesis 40 5.40E-03
Cell part morphogenesis 40 9.80E-03
Neuron differentiation 52 1.40E-02
Cell projection organization 54 1.60E-02
Excitatory synapse 15 4.80E-02

mean D’ is also similar between the mitochondrial and
nuclear genomes globally. For future interaction analy-
ses, the potential effect of local genotype-geographic in-
fluences [66] will need to be assessed.

Others have investigated gene-environment interac-
tions by testing for association between complex traits
(e.g., depression) with interactions between polygenic
risk scores (PRS; derived from SNP main effects on the
trait), and environmental factors (e.g., stress) [84-87].
We propose a similar approach to test whether the effect
of mitochondrial SNPs on the risk of BD or SZ is modi-
tied by a person’s polygenic risk from nuclear SNPs. We
will then analyze potential improvement of using the
mtSNP x nSNP PRS interaction to predict BD or SZ over
prediction based solely on the nSNP PRS. In this pro-
posed method, disease-specific nSNP PRSs would be con-
structed in the replication cohorts from LD-clumped
SNPs for a range of p value thresholds in the discovery
cohorts by summing over nSNP risk alleles weighted by
their effect sizes observed in the discovery cohorts, using
PRSice [88]. This will then permit an evaluation of the as-
sociation of the disease with the PRS, and the interaction
between the PRS and each mtSNP, in the replication co-
hort using Nagelkerke’s R? or alternatively R? on the lia-
bility scale [89].

Summary

The reviewed analyses of variants in the mitochondri-
al genome shows genes in both nDNA and mtDNA po-
tentially carry the risk of SZ and BD. A meta-analysis of
A15218G (SZ =11,311, control = 35,735) shows a moder-
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ate association with SZ (p = 2.15E-03, OR = 1.2, 95% CI
1.07-1.35) with 3 of the 4 studies showing the same direc-
tion of risk. The A15218G variant is located in the cyto-
chrome B oxidase gene (CYTB), and conserved across 27
primate species. Another mtDNA allele A12308G was
nominally associated with psychosis in BD type I subjects
and SZ. The compiled results of the variant association of
A15218G in 47,046 subjects indicate that a more detailed
analysis is required to rule out an occult population strat-
ification. A preliminary meta-analysis for the mtDNA
A15218G nonsynonymous variant shows an association
of SZ which is to be interpreted with caution as further
analysis is required to rigorously control for haplogroup
origin in testing for association. Furthermore, genotypes
captured from array data do notyield or provide adequate
information for imputation of rare and private muta-
tions, nor do they adequately control for specific sub-
haplogroup assignment. However, the current legacy da-
tabases do not generally carry information on mtDNA
variants, nor do the large psychiatric genetics consortia.
The WES and WGS pipelines have mtDNA variants but
often do not include this in data releases.

In addition to variants in mtDNA, we also reviewed
the association of nuclear-encoded mitochondrial vari-
ants with SZ. Different gene-based and pathway-based
approaches for nuclear-encoded mitochondrial-related
genes showed significant associations with SZ. Several
nuclear-encoded genes in the electron chain forming
Complex I appear to be of particular importance in in-
forming the risk of SZ. Meanwhile, in-depth analyses
have yet to be conducted for BD notwithstanding multi-
ple reports of mitochondria involvement in BD. For ex-
ample, a novel analysis testing the epistatic interaction
between nuclear-encoded and mitochondria-encoded
genes demonstrated evidence for potential interactions
between mtDNA and the nuclear genome for BD. The
first published study (BD = 1,001 and controls = 1,034)
showed that the odds ratios for BD risk decreased from
1.1 to 0.38 by adding an mtSNP minor allele compared to
the mtSNP major allele for the nuclear gene AK5 and the
CYTB mitochondria-encoded gene. AK5 (adenylate ki-
nase 5) is a brain-specific gene in the synthesis of ADP, a
precursor to ATP. A similar analysis for the risk of SZ
(n=2,508 subjects) also revealed a highly significant joint
effect (collective effect of nuclear SNP and its interaction
with mtSNP; p < 1E-07). Three of the top signals in the
epistatic analysis involved genes with established ge-
nome-wide significant associations with SZ and enriched
brain expression (ANK3, SOX5, TLE4) and the mito-
chondria-encoded Complex III gene CYTB. This sug-
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gests that both genomes jointly determine the amount of
cellular energy production requirements, the impairment
of which is associated with the risk of BD and SZ.
Further analysis of the interactions in nDNA and
mtDNA variants might uncover more information about
the genetic architecture and patient risk strata with this
approach. Multiple variants in Complex I genes suggest
that this may be an important site for genetic interaction
analysis that will identify subjects with high risk as well as
pathogenic variants. By carefully controlling for geo-
graphic stratification and other potential confounders, it
will be possible to test the hypothesis that rare and com-
mon variants in mitochondrial genes are associated with
SZ and BD. Analysis of PRS by addition of mtDNA SNPs
might be a possible method to determine whether strati-
fication by mtDNA SNPs actually increases the risk score.

Conclusion

In this review, the control region showed protective
associations with SZ and BD, primarily with the ancestral
alleles. It is of interest that the mitochondria-encoded
gene CYTB was found in both the epistatic interactions
for SZ and BD and the single SNP association of SZ. These
interactions may ultimately transform the genetic land-
scape of these disorders far better than single SNP asso-
ciations. Analysis of epistatic interactions when stratify-
ing a relatively small GWAS of SZ by mtDNA SNPs pro-
duced a projection neuron single cell category that was
also found in 2 much larger SZ GWAS of PGC and CLO-
ZUK (n > 250,000 subjects), which was highly significant
[82]. With large volumes of data being generated from the
sequencing of mtDNA, further effort is required to com-
pile and evaluate these studies to completely understand
the role of rare and common mitochondrial variants in
psychiatric disorders.
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