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updated Psychiatric Genetics Consortium (PGC) data sets 
confirmed our negative result. Intriguingly, one PINK1 
SNP (rs10916832), which showed a marginally significant 
association in only Hunan samples (P = 0.032), is associ-
ated with the expression of a schizophrenia susceptible 
gene KIF17 according to the expression quantitative trait 
locus (eQTL) analysis. Our study indicated that common 
genetic variants of the PINK1 and PARL genes are unlikely 
to be involved in schizophrenia. Further studies are essen-
tial to characterize the role of the PINK1 and PARL genes 
in schizophrenia.

Keywords  PINK1 · PARL · Mitochondria · 
Schizophrenia · Association

Introduction

Schizophrenia (SCZ) is a complex psychiatric disor-
der affected by both genetic and environmental factors 

Abstract  Schizophrenia is a prevalent psychiatric dis-
order with a complex etiology. Mitochondrial dysfunction 
has been frequently reported in schizophrenia. Phosphatase 
and tension homologue-induced kinase 1 (PINK1) and 
presenilin-associated rhomboid-like protease (PARL) are 
mitochondrial proteins, and genetic variants of these two 
genes may confer genetic susceptibility to schizophrenia 
by influencing mitochondrial function. In this study, we 
conducted a two-stage genetic association study to test this 
hypothesis. We genotyped 4 PINK1 and 5 PARL genetic 
variants and evaluated the potential association of the 9 
SNPs with schizophrenia in two independent case–con-
trol cohorts of 2510 Han Chinese individuals. No positive 
association of common genetic variants of the PINK1 and 
PARL genes with schizophrenia was identified in our sam-
ples after Bonferroni correction. Re-analysis of the newly 
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(Harrison and Weinberger 2005; Brown 2011). A large 
amount of genetic studies have devoted to explore the 
genetic factor of SCZ susceptibility (Allen et al. 2008), but 
these findings can only explain a small portion of the herit-
ability of SCZ. The genetic etiology of SCZ is still far from 
clear. Human brain is a large energy consumer, and brain 
mitochondria consumed more than 90  % of the oxygen 
in the brain to generate ATP through oxidative phospho-
rylation (Amar et al. 2007). Abnormal energy metabolism 
caused by mitochondrial dysfunction may lead to altera-
tions of neuronal function, plasticity and brain circuitry 
and thus resulting in cognitive and behavioral abnormali-
ties of SCZ (Amar et al. 2007; Shao et al. 2008). In accord-
ance with the potential role of mitochondria in the aberrant 
energy utilization of SCZ, there are increasing lines of evi-
dence which suggested that mitochondrial alterations were 
involved in SCZ (Prabakaran et al. 2004; Rosenfeld et al. 
2011). Hitherto, more studies shall be carried out to define 
the relationship between mitochondrial function and schiz-
ophrenia. Phosphatase and tension homologue-induced 
kinase 1 (PINK1) and presenilin-associated rhomboid-like 
protease (PARL) are proteins that can localize to mito-
chondria and play a crucial role in mitochondrial function 
(Cipolat et al. 2006; Lin and Kang 2008; Hill and Pellegrini 
2010; McLelland et al. 2014). Whether genetic variants of 
these two mitochondrial-related genes (PINK1 and PARL) 
confer susceptibility to schizophrenia is an interesting yet 
unanswered question.

PINK1 functions in the regulation of mitochondrial qual-
ity control. PINK1 and Parkin, two genes associated with 
Parkinson’s disease, have been implicated in the degrada-
tion of depolarized mitochondria via autophagy (McLel-
land et  al. 2014). Loss-of-function mutants of Drosophila 
PINK1 caused mitochondrial dysfunction and led to flight 
muscle and dopaminergic neuronal degeneration (Park 
et  al. 2006). PINK1 knockout mice exhibited impaired 
mitochondrial respiration and increased sensitivity to oxi-
dative stress (Gautier et al. 2008). Mutations in the PINK1 
gene are frequently associated with psychiatric symptoms. 
Heterozygous carriers of PINK1 mutations were reported 
showing affective and SCZ spectrum disorders (Steinlech-
ner et al. 2007). Limbic and frontal gray matter alterations 
in PINK1 mutation carriers could explain various psychiat-
ric symptoms in a large German family (Reetz et al. 2008).

PARL is a member of the mitochondrial rhomboid fam-
ily of proteases and is a key regulator of mitochondrial 
integrity and function (Hill and Pellegrini 2010). Many 
recent studies have recognized the key role of PARL in 
maintaining mitochondrial integrity, mitochondrial mor-
phology and apoptosis (McQuibban et  al. 2003; Curran 
et al. 2010). Functional alterations of PARL could contrib-
ute to mitochondrial dysregulation (Shi et al. 2011). PARL 
affected the proteolytic processing of PINK1 (Deas et  al. 

2011; Shi et  al. 2011). Interaction between mitochondria 
and PINK1 and PARL has also been reported (Jin et  al. 
2010).

Given the important role of the PINK1 and PARL genes 
in mitochondrial function, we tested whether genetic 
variants of these two mitochondrial-related genes con-
fer susceptibility to SCZ in Han Chinese in this study. 
In total, we screened 9 tag SNPs (4 in PINK1 and 5 in 
PARL) which were selected according to the linkage dis-
equilibrium (LD) pattern of HapMap CHB population 
(http://www.hapmap.ncbi.nlm.nih.gov/) in two independent 
sample sets involving 2510 Han Chinese individuals. We 
also checked the newly updated Psychiatric Genetics Con-
sortium (PGC) dataset of the 9 SNPs to further validate our 
association result in Han Chinese. However, we identified 
no association between the PINK1 or PRAL genetic poly-
morphisms and SCZ.

Materials and methods

Subjects

Two cohorts of SCZ cases and controls were analyzed. The 
discovery cohort was composed of 504 Han Chinese with 
SCZ and 480 controls collected from Hunan Province; the 
replication cohort was composed of 624 Han Chinese with 
SCZ and 902 controls from Shanghai. Most of these case 
and control samples were previously analyzed for other 
genetic variants (Ma et al. 2013, 2014; Zhang et al. 2014; 
Li et  al. 2014). Demographical data such as age, sex and 
education year of those participants were collected. The 
patients were independently diagnosed by two psychiatrists 
according to the Diagnostic and Statistical Manual, the 
Fourth Version (DSM-IV) for SCZ. The control subjects 
were composed of adult individuals who visited the hos-
pital for physical examinations. The control samples were 
geographically and ethnically matched with the patients 
and were clinically diagnosed having no psychiatric disor-
ders. Written informed consent was obtained from all par-
ticipants of this study. This study complies with the ethical 
standards recommended by the Helsinki Declaration and 
was approved by the institutional review board of Kunming 
Institute of Zoology.

SNP selection and genotyping

Nine SNPs (4 in PINK1 and 5 in PARL) were selected 
for genotyping according to the following criteria: (1) 
SNPs with a high capability of tagging other SNPs 
based on the linkage disequilibrium (LD) pattern of 
the PINK1 and PARL genes in HapMap CHB data set 
(http://www.hapmap.ncbi.nlm.nih.gov); (2) SNPs with a 
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minor allele frequency (MAF) >5 % in Hap Map CHB data 
set and dbSNP (http://www.ncbi.nlm.nih.gov/SNP/). The 
information of each SNP is shown in Table S1.

Genomic DNA of all participants was extracted from 
peripheral blood using the AxyPrep™ Blood Genomic 
DNA Miniprep Kit according to the manufacturer’s instruc-
tion. The 9 SNPs were detected by the SNaPshot assay fol-
lowing the procedure described in our previous study (Li 
et al. 2014; Bi et al. 2014).

Statistical analysis

We estimated deviation from the Hardy–Weinberg equi-
librium (HWE), individual SNP association and haplotype 
analysis using PLINK (Purcell et  al. 2007). Quanto soft-
ware was used to estimate the statistical power (Gauder-
man 2002). Haploview 4.2 (Barrett et  al. 2005) was used 
to construct the linkage disequilibrium (LD) plots for our 
samples.

Re‑analysis of Psychiatric Genetics Consortium data

Publicly available database was used to further analyze 
the potential association of the nine SNPs with SCZ. The 
newly updated Psychiatric Genetics Consortium (PGC, 
http://www.broadinstitute.org/mpg/ricopili/) data of the 
PINK1 and PARL genes were retrieved to determine the 
association between the 9 SNPs and psychiatric disorders 
(Psychiatric GWAS Consortium Bipolar Disorder Working 
Group 2011; Major Depressive Disorder Working Group 
of the Psychiatric GWAS Consortium 2013; Schizophre-
nia Working Group of the Psychiatric Genomics Consor-
tium 2014). Genevar (http://www.sanger.ac.uk/resources/
software/genevar/) (Yang et  al. 2010) and eQTL Browser 
(http://www.eqtl.uchicago.edu/cgi-bin/gbrowse/eqtl/) 
(Pickrell et  al. 2010) were used to obtain the expression 
quantitative trait locus (eQTL) information of the 9 SNPs.

Results

In total, we genotyped 4 PINK1 and 5 PARL SNPs in two 
independent Han Chinese sample sets from South Central 
China (480 SCZ cases and 504 normal individuals) and 
East China (624 SCZ cases and 902 normal controls). With 
false positive rate being controlled as 0.05, for MAF rang-
ing from 0.1 to 0.5, the statistical power to detect the odds 
ratio (OR) value as 1.5 for risk allele was above 82 % in 
our discovery cohort and 90  % in the replication cohort 
under the log additive model.

Genotype and allele frequencies of the 9 SNPs and 
haplotype frequencies of the two genes were compared 
between case and control samples. None of these SNPs 

showed a positive association with SCZ considering 
genotype and allele frequencies in the discovery cohort 
(Table  1). Note that rs10916832 was marginally signifi-
cant in the allele comparison in the discovery sample from 
Hunan Province, China (P = 0.032, Table 1), but the signif-
icance did not survive after Bonferroni correction for mul-
tiple testing. There were two haplotypes of the PINK1 gene 
showing significant associations with SCZ in the discovery 
cohort (P  =  0.009, OR  =  1.950 for CGAC; P  =  0.008, 
OR  =  0.771 for TGAC; Table  2), however, this positive 
result was not verified in the replication cohort (P = 0.362, 
OR  =  0.818 for CGAC; P  =  0.095, OR  =  1.142 for 
TGAC; Table 2), suggesting that the association observed 
in the discovery cohort may not be true and/or caused by 
population stratification. When the two cohorts were com-
bined together (1,128 SCZ patients and 1,382 controls), 
we found no significant association. LD analysis showed 
similar LD patterns of both genes in the case and control 
cohorts (Fig. 1).

We further analyzed the association between the 9 SNPs 
and SCZ, bipolar disorder and major depression using the 
newly updated PGC data sets (Psychiatric GWAS Con-
sortium Bipolar Disorder Working Group 2011; Major 
Depressive Disorder Working Group of the Psychiatric 
GWAS Consortium 2013; Schizophrenia Working Group of 
the Psychiatric Genomics Consortium 2014). No associa-
tion was observed between the 9 SNPs and bipolar disorder 
or major depression. Three SNPs, rs1061593, rs2305666 
and rs10937153 of the PARL gene, were marginally signifi-
cant with SCZ (Table S2). Similarly, the association did not 
survive Bonferroni correction for multiple testing.

Intriguingly, eQTL analysis showed that the PINK1 
SNP rs10916832, which showed a suggestive association 
with SCZ only in Hunan sample, is associated with the 
expression of a reported SCZ susceptibility gene KIF17 
(Tarabeux et  al. 2010), suggesting that rs10916832 may 
be involved in SCZ through affecting other gene(s). Other 
SNPs showed signals as eQTL for several genes that may 
not be involved in SCZ (Valente et al. 2004; Dimas et al. 
2009; Phasukkijwatana et al. 2010; Kishi et al. 2011; Nica 
et al. 2011; Guintivano et al. 2014) (Table 3).

Discussion

PINK1 is a protein that can localize to mitochondria and 
PARL is an inner mitochondrial membrane rhomboid 
(Cipolat et  al. 2006; Lin and Kang 2008). Genetic varia-
tions of the PINK1 and PARL genes have been reported to 
influence mitochondrial function (Park et  al. 2006; Cur-
ran et  al. 2010). In PINK1 knock down cells, membrane 
potential, oxygen consumption and mitochondrial mass are 
all decreased (Park et  al. 2006; Corona et  al. 2014). One 
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Fig. 1   The linkage disequilibrium (LD) structures of the PINK1 
and PARL genes in Han Chinese with and without schizophrenia. 
The value in each square refers to r2 × 100 for each SNP pair. The 
blacker square represented the higher LD. LD pattern of the 4 PINK1 

SNPs (a) and 5 PARL SNPs (b) was constructed in schizophrenia 
patients and controls from Hunan, Shanghai and the combined sam-
ples

Table 3   eQTL information of PINK1 and PARL SNPs analyzed in this study

a  Data source: Genevar (http://www.sanger.ac.uk/resources/software/genevar/), HapMap3
b  Data source: Genevar MuTHER Pilot
c  Data source: Genevar Geneva GenCord
d  Data source: eQTL Browser (http://eqtl.uchicago.edu/cgi-bin/gbrowse/eqtl/)
e  A, Adipose (Nica et al. 2011)
f  F, Fibroblast (Dimas et al. 2009)

SNP Gene Population/tissue Associated disease

rs10916832 KIF17a CHB Schizophrenia (Tarabeux et al. 2010)

HP1BP3b Twin1-Ae Postpartum depression (Guintivano et al. 2014)

rs1043424 PINK1c Gencord-Ff Parkinson’s disease (Valente et al. 2004)

rs4704 HTR6b Twin2-Ae Methamphetamine-induced psychosis (Kishi et al. 2011)

rs2305666 PARLd European Leber hereditary optic neuropathy (Phasukkijwatana et al. 2010)

rs10937153 PARLd European Leber hereditary optic neuropathy (Phasukkijwatana et al. 2010)

Author's personal copy
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promoter variant of PARL, T-191C, can significantly affect 
mitochondrial content levels (Curran et  al. 2010). Mito-
chondrial dysfunction has been recognized to be prevalent 
in neuropsychiatric diseases, especially in SCZ (Shao et al. 
2008). Therefore, we speculated that genetic polymor-
phisms of the PINK1 and PARL genes may confer suscep-
tibility to SCZ.

In this study, we analyzed the association between 4 
PINK1 and 5 PARL SNPs and SCZ in two independent Han 
Chinese sample sets and the newly released PGC data sets. 
We observed inconsistent patterns regarding the association 
of PINK1 and PARL SNPs with SCZ in different popula-
tions. For instance, rs10916832 of the PINK1 gene (at the 
genotypic level) and two PINK1 haplotypes showed signifi-
cant associations with SCZ in our discovery sample from 
Hunan Province, but this result was not validated in the vali-
dation sample from Shanghai and the PGC sample. None of 
the 5 PARL SNPs were associated with SCZ in Han Chinese 
analyzed in this study, but we observed 3 SNPs (rs1061593, 
rs2305666 and rs10937153) showing marginally significant 
associations with SCZ in the PGC sample (Table S2). These 
inconsistent results suggested that the observed positive 
association should be received with caution.

The current study has some limitations. First, the rela-
tively small sample size of this study limited us to get a 
high power to make a firm conclusion. This may account 
for the inconsistent patterns of association between the 
two independent case and control samples analyzed in this 
study. Second, we did not perform analysis for potential 
association between specific psychiatric phenotypes and 
PINK1 and PARL SNPs, as we lacked the detailed clinical 
information for these patients. There is a possibility that 
variants in the PINK1 and/or PARL gene(s) may be asso-
ciated with certain subtype(s) or symptom(s) of SCZ, or 
antipsychotic medication. Third, we could not exclude the 
possibility for an active role of rare variants in these two 
genes in SCZ.

In summary, we found no association of common 
genetic variants of the PINK1 and PARL genes with SCZ 
in Han Chinese and the PGC dataset. Other factors, such as 
rare variants, SNP–SNP interactions and gene–gene inter-
actions might have crucial roles in SCZ and account for the 
missing heritability (Manolio et al. 2009). Our current data 
provide helpful information and reference data for future 
studies focused on the PINK1 and PARL genes in neuropsy-
chiatric disorders. Further validation and functional study 
may help to explore the potential relationship between the 
two mitochondrial-related genes and SCZ.
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Table S1 Primers for genotyping 4 PINK1 and 5 PARL SNPs by using SNaPshot assay 

SNP ID 
Location and  

function 
Relevant gene Primer (5’-3’) 

a
 

rs10916832 3'UTR of CDA gene CDA-PINK1 F: TGGGCTGGACCTAACTGC 

 Tag SNP  R: AGTAGCTACTGAGAAAACCCTTTGT 

   E: act(gact)2 TAACCATCCTAGAGTGTGTTTTTGTCTCAT 

rs10916840 5'UTR PINK1 F: TGCGTGTGTGTGTTCTGTG 

 Tag SNP  R: TTTTGAAGACCCCAAGACAA 

   E: (gact) 1 CTATGCCATTAAACAAACGGTGTGGCTTTG 

rs1043424 Exon 8 PINK1 F: AAATGTGCTTCATCTAAGCCTC 

 Tag SNP  R: AACACTTCTCTGTGAGCCTGTT 

   E: GGTGAACATATTCTAGCCCTGAAGA 

rs4704 exon 3 of DDOST PINK1-DDOST F: TTGGAGGCAACATCAACG 

 Tag SNP  R: ACTCACCAATGTCGGAGCT 

   E: t(gact) 5 CGTGGAGACCATCAGTGCCTTTATTGACGG 

rs1061593 3'UTR of MAP6D1 MAP6D1-PARL F: ACGGGCTTCCACTTCACA 

 Tag SNP  R: TAAATGTGAGTCATTCAATCCCA 

   E: ct(gact) 8 ACAGACCTCCTTATGGCCAAGATGAGCCTC 

rs2305666 intron 7 PARL F: TCTAAAGAGCAGCACATTTTCTAG 

 Tag SNP  R: ACCTATTATTGGGGACATAAGTAACT 

   E: t(gact) 7 AGTTTACATGCTGCACATTTCTAGGTGAGC 

rs10937153 intron 4 PARL F: AGGTATTCCTCTACTTGTTGAATTAAAA 

 Tag SNP  R: TTATTGAAATCAGTCCTTATTGGC 

   E: t(gact) 6 ATTCCTCCAGTCTCTGTAGGCAACAGGCAA 

rs12631031 intron 1 PARL F: TATTCTTTGATACATGAAGTGGATTT 

 Tag SNP  R: TTATCCTCATTTCTCAGATGGG 
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   E: (gact) 11 ATTCCCGAATCCACCCAGTTCTAGCTGTGT 

rs7653061 5'UTR PARL F: ACCTCTTCCAGGAGGCCT 

 Tag SNP  R: TTGCAGAGATAAGCATAAAGCG 

   E: act(gact) 9 CCTTTCCCAGACCTCCACTCCAATTTAGAT 

a
 In the “(gact)n”, n means repeats of “gact”. F: forward primer; R: reverse primer; E: extension primer. 



Online supplementary file: Li et al. Mol Genet Genomics (2015) 290:585–592 

4 

 

Table S2 PGC data of the 9 SNPs for schizophrenia, bipolar disorder and major depressive disorder 

SNP ID Data sets P value Allele FRQ(HM) OR 

rs10916832 PGC_SCZ52_may13 0.748 T/C 0.817 1.006 

 PGC Bipolar GWAS 0.195 C/T 0.107 1.058 

 PGC MDD GWAS 0.614 T/C 0.932 1.020 

rs10916840 PGC_SCZ52_may13 0.550 A/G 0.382 0.994 

 PGC Bipolar GWAS - - - - 

 PGC MDD GWAS 0.278 A/G 0.403 0.977 

rs1043424 PGC_SCZ52_may13 0.966 A/C 0.718 1.001 

 PGC Bipolar GWAS 0.808 A/C 0.648 0.994 

 PGC MDD GWAS 0.281 A/C 0.714 0.975 

rs4704 PGC_SCZ52_may13 0.499 A/G 0.600 0.993 

 PGC Bipolar GWAS 0.347 A/G 0.607 0.978 

 PGC MDD GWAS 0.865 A/G 0.621 1.004 

rs1061593 PGC_SCZ52_may13 0.045 T/C 0.564 1.021 

 PGC Bipolar GWAS 0.258 C/T 0.467 1.027 

 PGC MDD GWAS 0.381 T/C 0.507 0.982 

rs2305666 PGC_SCZ52_may13 0.013 A/C 0.753 0.966 

 PGC Bipolar GWAS 0.221 A/C 0.828 0.962 

 PGC MDD GWAS 0.248 A/C 0.816 0.967 

rs10937153 PGC_SCZ52_may13 0.049 A/G 0.329 1.024 

 PGC Bipolar GWAS 0.521 A/G 0.230 1.018 

 PGC MDD GWAS 0.430 A/G 0.250 1.020 

rs12631031 PGC_SCZ52_may13 0.983 A/G 0.152 1.000 

 PGC Bipolar GWAS 0.991 A/G 0.074 1.000 

 PGC MDD GWAS 0.844 A/G 0.102 0.994 

rs7653061 PGC_SCZ52_may13 0.893 T/G 0.803 0.998 

 PGC Bipolar GWAS 0.997 G/T 0.090 1.000 

 PGC MDD GWAS 0.739 T/G 0.893 1.011 

Sources of the data sets: PGC_SCZ52_may13 (Schizophrenia Working Group of the Psychiatric 

Genomics Consortium 2014), PGC Bipolar GWAS (Psychiatric GWAS Consortium Bipolar Disorder 

Working Group 2011), PGC MDD GWAS (Major Depressive Disorder Working Group of the 

Psychiatric GWAS Consortium 2013).  
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