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schizophrenia. Besides the haplogroup-specific variants, we found 11 nonsynonymous private variants, one
rRNA variant, and one tRNA variant in 5 of 11 probands. Among the nonsynonymous private variants, mutations
m.15395 A>G and m.8536 A>G were predicted to be deleterious after web-based searches and in silico program
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Schizophrenia affiliated analysis. Functional characterization further supported the potential pathogenicity of the two variants
mtDNA m.15395 A>G and m.8536 A>G to cause mitochondrial dysfunction at the cellular level. Our results showed that

Maternal inheritance mtDNA variants were actively involved in schizophrenia in some families with maternal inheritance of this

Private variant disease.

Allotopic expression
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1. Introduction

Schizophrenia is a world-wide prevalent psychiatric disorder show-
ing almost 80% heritability (Cannon et al., 1998). There are many
genome-wide association studies (GWAS) aiming to investigate the
risk genes for schizophrenia, and a very recent meta-analysis of the pre-
vious GWAS identified a total of 108 susceptibility loci for schizophrenia
(Schizophrenia Working Group of the Psychiatric Genomics Consortium,
2014). However, the GWAS-identified common variants could only ac-
count for 10-30% of the variability of schizophrenia (Gunter, 2009),
and the genetic risk factors for schizophrenia remain largely unknown.

The role of mitochondrial dysfunction and mitochondrial DNA
(mtDNA) variants in schizophrenia has been strongly debated (Shao
et al., 2008; Verge et al., 2010). Over the past decade, many studies
have reported mitochondrial dysfunction in schizophrenia patients
(Arvindakshan et al., 2003; Ben-Shachar and Karry, 2008; Dror et al.,
2002; Karry et al., 2004; Kung and Roberts, 1999; Maurer et al., 2001;

Abbreviations: mtDNA, mitochondrial DNA; DSM-IV, Diagnostic and Statistical Manual
of Mental Disorders, Fourth Edition; rCRS, revised Cambridge Reference Sequence; FBS,
fetal bovine serum; DMEM, Dulbecco's modified Eagle's medium; ROS, reactive oxygen
species.
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Munakata et al., 2005; Prabakaran et al., 2004; Washizuka et al.,
2009). The types of dysfunction have included OXPHOS deficiency and
altered expression of mitochondria related genes. This has led to the hy-
pothesis that mitochondrial dysfunction has an important role in the
causation of schizophrenia.

Since mtDNA is maternally inherited and an excess of maternal
transmission of the disease has been observed in previous studies of
schizophrenia (DeLisi et al., 2000; Gottesman and Bertelsen, 1989;
Ichikawa et al., 2012; Verge et al., 2012), it is appropriate to conduct a
comprehensive evaluation of the influence of mtDNA variants on
schizophrenia. There are already several reports showing mtDNA se-
quence variations in patients with schizophrenia (Bamne et al., 2008;
Bandelt et al., 2005; Lindholm et al., 1997; Mamdani et al., 2014;
Marchbanks et al., 2003; Martorell et al., 2006; Rollins et al., 2009;
Sequeira et al., 2012; Sequeira et al., 2015; Ueno et al., 2009), but no con-
sistent results have been found and most of these studies were focused
on sporadic patients rather than on maternally inherited pedigrees. Fur-
thermore, functional characterization of the mtDNA variants in patients
with schizophrenia was rarely considered, partly because the genetic
code of mtDNA is different from the universal code and we lack a robust
system to fulfill the aim. The allotopic expression system has been used
to investigate the function of mtDNA variants in previous studies
(Ellouze et al., 2008; Kaltimbacher et al., 2006), in which the mtDNA
gene was converted to a nuclear-encoded version, and protein was
first expressed in the cytosol and then was imported into mitochondria
under the control of mitochondrial leader peptides.
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In order to test the effect of mtDNA variants in schizophrenia, we
conducted a comprehensive mtDNA analysis of the probands of 11 fam-
ilies with a maternal transmission appearance of schizophrenia. We
identified 11 nonsynonymous private variants, one rRNA private variant
and one tRNA private variant in 5 of the 11 probands. Web-based
searches and in silico program affiliated analysis showed that some of
these private variants were very likely to be pathogenic. Functional
characterization further confirmed the potential adverse functioning
of these variants.

2. Materials and methods
2.1. Subjects

Subjects from eleven pedigrees (ten from Hunan Province and one
from Anhui Province) were recruited in this study. Schizophrenia was
regarded as being maternally inherited in the pedigree based on two
criteria: (1) each family had at least three maternally related patients
with schizophrenia; (2) none of the non-maternal members had schizo-
phrenia or other psychiatric disease (Supplementary Table S1). The
schizophrenia patients were diagnosed independently by two psychia-
trists according to Diagnostic and Statistical Manual of Mental Disor-
ders, Fourth Edition (DSM-IV) and had at least a 2-year history of
schizophrenia. Informed consents conforming to the tenets of the Dec-
laration of Helsinki were obtained from each patient or their custodians
prior to this study. The institutional review boards of the Kunming Insti-
tute of Zoology approved this study.

2.2. mtDNA genome sequencing and mutation analysis

Genomic DNA was extracted from peripheral blood using the stan-
dard phenol-chloroform method. The entire mtDNA sequences of the
11 probands were amplified and sequenced by using 9 pairs of overlap-
ping primers following the same strategy and amplification and se-
quencing conditions in our previous study (Wang et al., 2008; Zhang
et al, 2014).

mtDNA variants in each proband were recorded relative to the re-
vised Cambridge Reference Sequence (rCRS) (Andrews et al., 1999).
We followed the recently updated version of the East Asian mtDNA
tree (Kong et al., 2006) and the PhyloTree (mtDNA tree Build 16;
http://www.phylotree.org) (van Oven and Kayser, 2009) to classify
each sample. Potential sequence abnormalities and haplogroup classifi-
cation were further automatically checked by the MitoTool web server
(Fan and Yao, 2013). We defined the uniqueness of each private variant
by an exhaustive database search following the available guidelines
(Bandelt et al., 2009). A schematic tree was reconstructed to show the
relationship among these mtDNAs. Evolutionary conservation analysis
for certain mtDNA variants was performed using the same approach
as described in our previous studies (Ji et al., 2008; Wang et al., 2008).
The TMpred program (http://www.ch.embnet.org/software/TMPRED_
form.html) was used to evaluate the hydrophobicity change and the
PolyPhen program (http://genetics.bwh.harvard.edu/pph/) was used
to predict the potential harmfulness of each nonsynonymous private
variant.

2.3. Establishment of lymphoblastoid cell line and cell culture

Blood samples from 4 subjects with mtDNA mutation m.15395 A>G
(15395-1, 15395-2, 15395-3, 15395-4), and 4 subjects without any po-
tentially deleterious mtDNA mutation (C-1, C-2, C-3, and C-4; note that
the first two donors were described in our previous studies (Bi et al.,
2015; Guo et al., 2012)), were collected for establishing lymphoblastoid
cell lines. Lymphoblastoid cell lines were immortalized by using the
Epstein-Barr virus and were cultured in RPMI 1640 (Gibco, USA,
11875) supplemented with 10% fetal bovine serum (FBS, Gibco, USA,
10099). Hela cells were cultured in Dulbecco's modified Eagle's

medium (DMEM) (Gibco, USA, 11966) supplemented with 10 mM ga-
lactose (Sigma-Aldrich, USA, G5388), 10% FBS (Gibco, USA, 10099),
5 mM HEPES (Sigma-Aldrich, USA, H9136) and 1 mM sodium pyruvate
(Gibco, USA, 11360). All cells were cultured at 37 °C in 5% CO».

2.4. Allotopic expression for nonsynonymous mtDNA variants in the
MT-ATP6 gene

We constructed allotopic expression vectors bearing the MT-ATP6
variants identified in the probands to investigate the potential function
of the mtDNA mutations/variants, following the optimized procedure
reported in our recent study (Bi et al., 2015). In brief, the ATP6 gene in
a pCMV-Tag 4 A plasmid [kind gift from Dr. Corral-Debrinski] (Ellouze
et al., 2008; Kaltimbacher et al., 2006), together with the upstream mi-
tochondrial targeting sequence and downstream flag tag, was
subcloned into FUGW vector (Addgene, England, 14883) (Lois et al.,
2002). By using site-directed mutagenesis, the different mtDNA variants
were introduced into the FUGW-ATP6 construct.

Each plasmid was transiently or stably transfected into HeLa cells.
For transient transfection, HeLa cells cultured in 12-well plate were
transfected by using 3 pL FuGENE HP transfection reagent (Roche,
Switzerland, 06366236001) combined with 1 pug plasmid DNA per
well, according to the manufacturer's instruction. We further construct-
ed Hela cells with stable expression of the ATP6 gene using a lentivirus
system following the detailed method described in our recent study (Bi
et al., 2015). In brief, the lentivirus system was composed of FUGW-
ATP6, packaging plasmid psPAX2 (Addgene, England, 12260) and enve-
lope plasmid PMD2.G (Addgene, England, 12259). The successful
allotopic expression and lentivirus transduction systems were verified
by using the same method described in our recent study (Bi et al., 2015).

2.5. Measurement of mitochondrial function parameters

Quantitative PCR was used to determine mtDNA copy number of the
lymphoblastoid cell following the approach described in our previous
study (Bi et al., 2010). In brief, mtDNA content was measured by primer
pair L394/H475 (5’-CACCAGCCTAACCAGATTTC-3'/5'-GGGTTGTATTGA
TGAGATTAGT-3’) and was normalized to the single copy nuclear (3-
globin gene (HBB502f/HBB614r: 5'-CTATGGGACGCTTGATGT-3'/5'-
GCAATCATTCGTCTGTTT-3’). Quantitative PCR was performed on the
MyiQ2 system (BioRad Laboratories, Hercules, CA, USA).

Cellular reactive oxygen species (ROS) level, ATP level, mitochondri-
al mass level and oxygen consumption rate were measured in HeLa cells
48 h after transfection, and in both stable expression cell strains and
lymphoblastoid cell lines, by using our previously reported methods
(Bi et al., 2015; Guo et al., 2012). For ROS measurement, HeLa cells
and lymphoblastoid cells were respectively incubated in PBS containing
2 UM and 0.5 pM DCFH-DA probe (Sigma-Aldrich, USA, D6883) at 37 °C
for 20 min, and were analyzed by using flow cytometry (BD, Vantage SE,
USA) at 535 nm. For mitochondrial mass determination, cells were incu-
bated in pre-warm medium with 100 nM MitoTracker Red FM (Molec-
ular Probe, USA, M22425) at 37 °C for 30 min, and were analyzed by
using flow cytometry (BD, Vantage SE, USA) at 644 nm. ATP level was
assessed by ATP Determination Kit (Invitrogen, USA, A22066) according
to the manufacturer's instruction. The results were normalized by pro-
tein concentration of each sample. Oxygen consumption rate was
assessed on a Clark-type oxygen sensor (Hansatech instruments, En-
gland) at 25 °C. The cellular respiration rate was determined by record-
ing the respiration of cells in culture medium for 10 min. Subsequently,
the ATP synthase-coupled respiration rate and basal mitochondrial res-
piration rate were determined by sequentially adding 1 M oligomycin
(Sigma-Aldrich, USA, 75351) and 1 uM rotenone (Sigma-Aldrich, USA,
R8875), each for 10 min. The final respiration rate value was normalized
by the number of cells for each cell strain.

Each assay was independently performed at least three times to val-
idate the consistency of the result. The results were normalized to the
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control cells or cells transfected with FUGW vector. Statistical analysis
was performed with GraphPad software (GraphPad Software, La Jolla,
CA, USA) with Student's t-test. The data is presented as mean value
with standard error of multiple independent tests.

3. Results

3.1. mtDNA genome sequence variations in Han Chinese patients
with schizophrenia

In our recent studies to identify schizophrenia patients from Hunan
and other provinces in China (Ma et al., 2014; Zhang et al., 2014), we
were able to recruit eleven families, each of which had at least three
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maternally related members affected by schizophrenia. Analysis of the
complete mtDNA sequences for the 11 probands from these families
showed that they belonged to 10 different haplogroups, all common
in East Asians (Kong et al., 2006) (Fig. 1). There was no overall statisti-
cally significant difference in the nonsynonymous/synonymous variant
ratios for each mitochondrial protein-coding gene between these pa-
tients and 69 reported Chinese samples (Kong et al., 2003, 2006; Zou
etal, 2010) (Supplementary Table S2). The complete mtDNA sequences
of the 11 probands have been deposited in GenBank under Accession
Nos. JQ411473-]JQ411482 and KP668995.

We focused on the private variants which were newly accumulated
in each lineage, similar to our previous study (Yu et al., 2010), to show
any potential effect that might account for the disease. We excluded

rCRS SZ220 SZ388 SZ25 SZ46 SZI119 AHOl  SZ508 SZ497 SZ22  SY08  SZ32
: |
16519 | |
16519 e — 16311 16473 ,
Y : 16183
15326/ms 16093 1BBUnS 503 g0ag 16319 l6lds 16278, 0 16519 G6i8aC
8589/s 16182
; ‘ 589/ i 16295h 16111A 10373 @lcis
8860/ns  13988A/ms 1860  Flald A a9 16176 ,
3I54C  12634/ns  1soays 5235040 o el 13393fs  raaea  14367ms 3894 1007255
263 11950/ SURNE Jed-dedd 14399 14620/s  13240n/s 14198Mms 333+ 8536/ns.5 523-324d  523.574q
ok YIS 14643A/Ms  309+4C . 11732/ . 9380/s  309+C  9230/ns.s s
| 10007/ goagie 11380/s s 9156/s 380fs 3745/ns 309+C |
H2a2  8825/ns P 0100 sadeane o023 | 30:.¢  187h DSa2al
b Flal 5§3—524d 3094C 32%2(4 M8a2al 2L |
; 09+ 16164
750/ 5‘3'6’* G162 @183 16471 R s
Flal’4 152 M7blal 16470 S
1
H2a , | [ Mild s
H4Rls R9bla3  N9adb 12811/ns Ms8ala 194 e
1
4769/s Fla | 130 | | 16266
’ (' 5 6815/s 16189 Ddb2
16183C 16172 3316/ns M7bla  11176/s 16295 D5a2
H2 16182C 40861s o0ay 10092 { 152 11350/s | |
| 5%;)-152% Fla’c’f | 16297 | 532351'5 9824 Afs 16172
AR ' 6680/s 35235 gogur 1438
1438/r | 16129 R9bla G s L. Msa2 W e |
| B4h 13759/ns | L TS | 200 ) D3a
ns -
i | 9053/us lo1%2 isins 2835 | i
| 16261 o 1—|3— [ | Dab  12026/ns
16129 I 16245 M7bl  M8a2’3 | 11944/s
7028/s 13269/s 12882/s R9b1 16145 M1 5%
2706/t 5093/s 12406/ns | 1664/L 16129 16184 8020/ |
10609/ns 16390 S Eny T D5a’b
6962/s 16309 77”(5;;;1;“ | &
Y B4 ! 12714/s  Noaza’s O84S npen 9180/
. | 2460/ns | 11969/ns | I
14766/ns 16217 10310/ ROD  js170 V5 e 99505 146685 DS
| 6392s | | ia470)s  8l08ms  Shldms ! "
RO B 249d 1541/r M7b 8684/ns  T642fs 3010/ )_.
N9a . 10397/s
| | | 6179/ 6531s P
16189 RO | 12405/s 1095/r ‘1‘107/'5
1171945 8281-8289d | 16261 326 50
73 16304 16257A [ ' M8 318 T
13928C/ns 122;3572;5 M”"’ c | 215
3970/ 12358/ns
5231/ 407l 16298
| 5 | 15487Tls
1 8584/ns
R | M7 196Afs
| N9 | :
worg 4TSS
16223 9824/
12705/s 5417/s 6455/s
| |
ll“ M
15301/ |
10873/s 15043/s
10398/ns 14783/s
9540/ 10400/
8701/ns 489
L3 |

Fig. 1. Classification tree of the entire mtDNA sequences of 11 probands from families with schizophrenia, plus the revised Cambridge reference sequence (rCRS). The order of mutations/
variants on each uninterrupted branch section is arbitrary. Back variants are highlighted by the prefix “@”, and recurrent variants are underlined. Suffix “+4- C” indicates an insertion of
cytosine. The heteroplasmic status was marked by “h”. The synonymous and nonsynonymous mtDNA coding-region variants are denoted by “/s” and “/ns”, respectively. Variations in

the transfer RNA and the ribosomal RNA genes are denoted by “/t” and “/r”, respectively.
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private variants that were either located in the non-coding region or
were synonymous from the analysis, and finally identified 13 private
variants in 5 of the 11 probands, including 11 nonsynonymous variants,
one tRNA variant and one rRNA variant (Table 1). Among these 13 pri-
vate variants, variants m.12634 A>G, m.10007 T>C, m.15884G>A,
m.14198G>A and m.3745G>A had been reported in the general
populations and were haplogroup-specific variants (Table 1). These var-
iants caused no obvious change of the transmembrane domain in hy-
drophobicity analysis (data not shown). In silico prediction by the
PolyPhen program also showed no harmful effect for these variants.
Variants m.13988 T>A, m.14643C>A, m.8045 A>G, m.1860 A>G and
m.14367G>A were neither reported to be associated with disease, nor
found in the general populations according to a web-based search fol-
lowing our previously described strategy (Bandelt et al., 2009)
(Table 1). These 5 variants caused no change of hydrophobicity of the
related proteins and their potential pathogenicity needs further charac-
terization. Three variants, m.15395 A>G, m.8536 A>G and m.8825 T>C,
had been reported to be associated with certain diseases (Cai et al.,
2008; Chien et al., 2012; Lin et al., 2008; Ye, 2006) according to the
web-based search. Evolutionary conservation analysis showed
m.15395 A>G was conserved in vertebrate species, indicating that it is
of potential importance. Intriguingly, m.15395 A>G was reported as a
secondary mutation of LHON in Han Chinese despite that these authors
did not provide any experimental data to substantiate their claim (Cai
et al., 2008). PolyPhen prediction also revealed a potential damaging ef-
fect of the amino acid substitution (p.K217E) in the MT-CYB gene caused
by m.15395 A>G. The remaining nonsynonymous variants had no dam-
aging effect according to the PolyPhen prediction. In addition, variant
m.8536 A>G was once reported as a potential risk mutation for sporadic
myoclonus epilepsy in a Taiwanese (Lin et al., 2008), and m.8825 T>C
was reported to be associated with type 2 diabetes (Ye, 2006). We fur-
ther performed functional assay for variants m.15395 A>G, m.8536
A>G and m.8825 T>C to confirm their potential damaging effect.

3.2. Altered mitochondrial function in lymphoblastoid cell lines with
mtDNA mutation m.15395 A>G

We created lymphoblastoid cell lines from proband SZ508 (15395-
1) and three of her maternal relatives (15395-2, 15395-3, 15395-4)
and validated the presence of mutation m.15395 A>G in these cell
lines. Lymphoblastoid cell lines from 4 healthy individuals without mu-
tation m.15395 A>G were used as controls (C-1, C-2, C-3, C-4).

Table 1
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Mitochondrial functional parameters, including ROS level, mitochondri-
al mass level, mtDNA copy number, ATP level and oxygen consumption
rate were determined in these lymphoblastoid cell lines. When com-
pared against control cell lines, cells with m.15395 A>G showed a sig-
nificantly decreased mitochondrial mass level (P = 0.01), mtDNA
copynumber (P = 0.0002) and mitochondrial ATP synthase coupled ox-
ygen consumption rate (P = 0.04) (Fig. 2A-C). Note that there were in-
dividual differences between cell lines, which might account for
insignificant alterations in ATP and ROS levels between cells with and
without m.15395 A>G (Fig. 2D-E).

3.3. Alteration of mitochondrial function in cells overexpressing the ATP6
gene with variants m.8536 A>G and m.8825 T>C

To assess the potential influence of the nonsynonymous private
variants on mitochondrial function, allotopic expression tests were per-
formed on two variants (m.8536 A>G and m.8825 T>C) in the MT-ATP6
gene.

Comparing to the HeLa cells that were transfected with the wild type
ATP6 plasmid, the ATP production was consistently decreased in cells
with transient allotopic expression of mutant m.8536 A>G (Fig. 3A).
Mutant m.8536 A>G caused a 13% decrease in ATP production when
we pooled all five independent tests together after normalization to
the transfected cells with the FUGW vector (P = 0.01). There was no ob-
vious change of ROS level in HelLa cells transiently over-expressing the
two mutants (m.8536 A>G and m.8825 T>C) (Fig. 3B).

As variant m.8536 A>G had been reported to be associated with spo-
radic myoclonus epilepsy and diabetic atherogenesis (Chien et al., 2012;
Lin et al., 2008) and we observed potentially functional effect of this var-
iantin transiently transfected HeLa cells. We then constructed stable ex-
pression cell strains with m.8536 A>G to investigate further its
potential function on mitochondrial activity and to eliminate potential
bias caused by transient transfection. We picked 3 strains for allele
m.8536 A and 2 strains for allele m.8536G. When compared with cell
strains with allele m.8536 A, the cell strains with allele m.8536G exhib-
ited a significantly increased cellular ROS level (P = 0.03) and decreased
levels of mitochondrial mass (P = 0.008), cellular ATP (P = 0.001) and
mitochondrial ATP synthase coupled oxygen consumption rate (P =
0.047) (Fig. 3C-F). Taken together, these results further indicated a po-
tential deleterious role of variant m.8536 A>G on mitochondrial
function.

Private nonsynonymous, mt-tRNA and mt-rRNA variants in 11 probands from Han Chinese families with schizophrenia.

Proband® Haplogroup Nucleotide variant Gene Reported Reported  Conservation Haplogroup specific variant?

(amino acid change) (population  (disease  index (CI)“

context)® context)”

$Z2220 B4h m.13988 T>A (p.L551H) MT-ND5  No No 0.865 No

m.12634 A>G (p.1100V) MT-ND5  Yes Yes 1 Yes (U5b2b, N11a1)

m.10007 T>C MT-TG Yes No 0.442 Yes (D6c¢1a, Flela, H4alalala)

m.8825 T>C (p.M100T) MT-ATP6  No Yes 1 No
SZ388 B4h m.14643C>A (p.G11C) MT-ND6  No No 0.115 No

m.8045 A>G (p.[154V) MT-CO2  No No 0.942 No
S725 Flal m.1860 A>G MT-RNR2  No No 0.654 No

m.15884G>A (p.A380T) MT-CYB  Yes No 0.058 Yes (LOf2b, LOk1b, LOd2d, L5a, M1a2, M7c1b1, Z3a2, R12,

R31, T1a12, B2t, H4ala4b, H5a3, K1a4ala, U5b1b1d, T2b32)

SZ508 M7blal m.15395 A>G (p.K217E) MT-CYB No Yes 1 No

m.14198G>A (p.T159M) MT-ND6  Yes No 1 Yes (U5a2ale)
Sz222 M11d m.14367G>A (p.V103M) MT-ND6  No No 0.808 No

m.8536 A>G (p.N4D, p.K57K) MT-ATP6, No Yes 0.981 No

MT-ATP8
m.3745G>A (p.A147T) MT-ND1  Yes No 0.885 Yes (C4a3b1, Hlelc, H1bi)

2 Complete mtDNA genomes of SZ32, SZ46, SZ497, SZ119, AHO1 and SY08 contained no private nonsynonymous, mt-rRNA, and mt-tRNA variants, and were not included in the table.

b The search was performed on December 5, 2015 according to the described strategy (Bandelt et al., 2009)(e.g. both “T13988A mtDNA” and “13988 T>A mtDNA” were queried).

¢ The conservation index which was defined by Ruiz-Pesini et al. (Ruiz-Pesini et al., 2004), was calculated by using MitoTool (http://www.mitotool.org/) concerning 43 primate species.
A CI value of 0.865 meant 86.5% of 43 primate species share the same wide type allele with human sequence (GenBank Accession number NC_012920).

4" The column “Haplogroup-specific variant” refers to the presence or absence of the corresponding variants in the world mtDNA phylogeny displayed at http://www.phylotree.org/tree/
main.htm (mtDNA tree Build 16; 19 Feb. 2014). In round brackets we indicated the haplogroup status as it defined in that tree.
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Fig. 2. Alteration of mitochondrial function in lymphoblastoid cell lines with m.15395 A>G (n = 4) and control cell lines without m.15395 A>G (n = 4). (A) Mitochondrial mass level in
lymphoblastoid cell lines. Cells were incubated in 100 nM MitoTracker Red FM at 37 °C for 30 min, then were analyzed by using flow cytometry at 644 nm. (B) Determination of mtDNA
copy number in lymphoblastoid cell lines. (C) Oxygen consumption rate in lymphoblastoid cell lines. About 3 x 10° cells were analyzed first in culture medium for 10 min for detection of
the overall cellular respiration rate. Subsequently the ATP synthase-coupled respiration rate were determined by adding 1 uM oligomycin for 10 min. The final oxygen consumption rate
was normalized by the total number of cells. (D) Cellular ATP level in lymphoblastoid cell lines. ATP level was assessed by ATP Determination Kit (Invitrogen); final ATP value was
normalized by protein concentration of each cell strain. (E) Cellular ROS level in lymphoblastoid cell lines. Cells were incubated in PBS containing 0.5 pM DCFH-DA probe (Sigma-
Aldrich) at 37 °C for 20 min, then were analyzed by flow cytometry at 535 nm. All results were normalized to C-1 cell line. Data was presented as mean 4+ standard errors of multiple
independent tests. For each experiment, at least three independent tests were performed with consistent results.

4. Discussion

Schizophrenia is a major psychosis showing almost 80% heritability
(Gottesman and Bertelsen, 1989). Genetic association studies based on
common polymorphisms, even using a high throughput genotyping
platform, only account for a little of the heritability (Gunter, 2009)
and the missing heritability of schizophrenia has not been well ex-
plained (Crow, 2011; Girard et al.,, 2011; Ma et al., 2013). mtDNA may
be a good target for consideration because the brain is the biggest ener-
gy consumer of human body (using approximately 20% of the total en-
ergy produced) and the mitochondrion is the organelle responsible for
cell energy supply. Functional mutations in the mtDNA are presumed
to influence cell energy metabolism, but recent studies of the mitochon-
drial genome in schizophrenia and bipolar disorder patients have not
identified many such mutations, nor provided experimental evidence
to confirm the pathogenicity (Bertolin et al., 2011).

In this study, we performed a comprehensive analysis of the mtDNA
complete sequence variations in the probands from 11 Han Chinese
families with a maternally inherited pattern of schizophrenia. We
used the phylogenetic method to show the private nonsynonymous
variants in each proband, and identified 8 rare mtDNA variants which
were predicted to have the potential of adversely affecting mitochondri-
al function. Among these variants, m.13988 T>A, m.14643C>A, m.8045
A>G, m.1860 A>G and m.14367G>A were first reported in this study
(Table 1), further functional studies are necessary to characterize their
pathogenicity. Variants m.15395 A>G, m.8536 A>G and m.8825 T>C
had been reported in certain diseases (Cai et al., 2008; Chien et al.,
2012; Lin et al., 2008; Ye, 2006).The low frequency and high conserva-
tion index of these three variants also supported their potential patho-
genicity. Furthermore, mutations m.15395 A>G and m.8536 A>G

were predicted to be deleterious after web-based searches and in silico
program affiliated analysis. Through functional characterization, we
were able to show that variants m.15395 A>G and m.8536 A>G were
associated with significantly decreased mitochondrial function:
(1) Lymphoblastoid cell lines with m.15395 A>G exhibited significantly
reduced mitochondrial mass, mtDNA copy number and ATP synthase
coupled oxygen consumption rate; (2) HeLa cells with transient overex-
pression of m.8536 A>G showed a consistently decreased ATP level;
(3) HelLa cell strains with stable expression of m.8536 A>G exhibited
a significantly increased ROS level and significantly decreased mito-
chondrial mass level, ATP level and oxygen consumption rate. All
these lines of evidence indicated that mtDNA mutations m.15395 A>G
and m.8536 A>G might confer a risk to schizophrenia pathogenesis by
adversely affecting mitochondrial function.

There are several limitations in this study. First, we only analyzed
samples from 11 families, and the sample size was therefore relatively
small. Second, we were unable to collect more clinical information for
the probands and family members with the potentially pathogenic mu-
tations, which limited our ability to understand more about the genetic
and clinical correlations between certain mtDNA mutations and schizo-
phrenia. Third, we tested the functional effect of only three variants as a
way to demonstrate the efficiency of the approach, the other seven
nonsynonymous variants awaited further functional characterization.

In short, we determined the mtDNA sequence variations in 11 fam-
ilies with maternally inherited schizophrenia and identified a total of 8
potentially functional mtDNA variants. We provided experimental data
to show that variants m.15395 A>G and m.8536 A>G adversely affected
mitochondrial function at the cellular level. It is worthwhile to explore
further the effect of these variants on the nervous system and to define
the exact mechanism of mtDNA mutations in the pathogenesis of



R. Bi et al. / Schizophrenia Research 171 (2016) 200-206

>

1.5 2.0

1.5

relative ATP level
relative ROS level

205

.F —0.03
|

Cc

1.0

8536G
1

relative ROS level

2.0- -
>
>
0 15- —
12} o
@ =
E 10 <
o @
= 2
£ o5 ®
©
—_—
0.0-
N DD N N~
&F F K & & F & o
o' BT oS o of
& & & & & & & &

P=0.001
c
85366 S
©
=
=
(7]
4]
—
>
>
2
=
£
o
. Q
N 5 N
i & 3 é’a' o ﬁ:"‘ﬂ' & & %0:\-
D B & B
& P LN % ¥ @

Fig. 3. Alteration of mitochondrial function in HeLa cells with allotopic expression of the ATP6 gene. Mitochondrial function was analyzed in HeLa cells with transient (A-B) or stable (C-F)
expression of the ATP6 gene. Constructs with MT-ATP6 gene variants (m.8536 A>G and m.8825 T>C) were transfected into HeLa cells. The ATP (A) and ROS (B) levels were measured 48 h
after transfection. For HelLa cells with stable expression of the ATP6 gene, three strains were picked for 8536 A allele and two strains were picked for 8536G allele. There was a significant
increase of cellular ROS (C), decrease of mitochondrial mass (D), cellular ATP (E) and oxygen consumption rate (F) in HeLa cells with m.8536G allele compared to cells with m.8536 A allele.
We followed the same condition for measurement as described in the legend of Fig. 2. Results were normalized to cells transfected with FUGW vector (A) or control cells (B-F). Data was

presented as mean 4 standard errors of at least three independent tests.

schizophrenia. Our current strategy of using allotopic expression pro-
vides a good paradigm to characterize the role of mtDNA mutation in
schizophrenia. Along with previous reports, our results gave direct sup-
port for the active involvement of mtDNA variation in schizophrenia
and related diseases.
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Supplementary data

Supplementary Table S1. Information of probands in Han Chinese families with
schizophrenia

Proband Haplogroup Affected family members?®
SZ22 M1iid mother and elder-brother
SZ25 Flal mother and elder-brother
SZ32 D5a2al mother and elder-sister
SZ46 Flald mother and younger-brother
SZ119 R9bla3 mother and uncle

S2220 B4h grandma, uncle and aunt
SZ388 B4h mother and aunt

Sz497 M8a2al uncle and younger-sister
SZ508 M7blal grandma and two aunts
SY08 D4b2b mother and uncle

AHO1 N9adb mother and grandma

® The family members listed here all shared the same matrilineal background as the probands,
respectively. The relationship described here is relative to each proband. All of these members had
been recorded and diagnosed independently by two psychiatrists according to Diagnostic and
Statistical Manual of Mental Disorders, Fourth Edition (DSM-IV) and had at least a 2-year history
of schizophrenia.



Supplementary Table S2. Comparison of the nonsynonymous (NS) and synonymous (S)
substitutions at the terminal branch level in the phylogenetic tree between the eleven
matrilines and 69 reported complete Han Chinese mtDNAs

General population Patients
Gene (n=69)* (n=11) pd
NS ° s° NS ° s°
MT-ND1 8 11 1 0 0.450
MT-ND2 4 6 0 1 1.000
MT-CO1 7 7 0 3 0.228
MT-CO2 2 5 1 0 0.375
MT-ATP8 1 4 1 0 0.333
MT-ATP6 11 2 1 3 0.053
MT-CO3 6 3 0 1 0.400
MT-ND3 1 1 0 1 1.000
MT-NDA4L 0 6 0 1 1.000
MT-ND4 1 14 0 3 1.000
MT-ND5 7 19 2 1 0.220
MT-ND6 0 8 3 1 0.234
MT-CYB 5 2 2 1.000
Total 53 95 11 17 0.831

% Data were taken from our previous studies (Kong et al., 2003; Kong et al., 2006;
Zou et al., 2010).

" NS refers to the number of non-synonymous substitutions.

¢S refers to the number of synonymous substitutions.

P values were determined by the Fisher’s exact test with Bonferroni correction.
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