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Genetic variant in NDUFS1 gene is associated with
schizophrenia and negative symptoms in Han Chinese

Yunlong Zhu!, Zhongliang Wang!, Jianliang Ni?, Yi Zhang?, Meijuan Chen?, Jun Cai®, Xiao Li*, Wen Zhang*

and Chen Zhang?

Abnormalities in mitochondrial complex I, which is responsible for controlling mitochondrial function, have been implicated in a
variety of diseases associated with mitochondrial dysfunction, potentially including schizophrenia. The NADH dehydrogenase
Fe-S protein 1 (NDUFS1) is the largest subunit of complex I. To explore whether the encoding NDUFS1 gene confers
susceptibility to schizophrenia or is associated with the severity of typical symptoms of schizophrenia, we recruited 519 stable
schizophrenia patients receiving clozapine treatment and 594 healthy controls for genotyping to investigate the association of
four selected tagging single-nucleotide polymorphisms (SNPs) of NDUFS1 and both schizophrenia risk and symptom severity.
The severity of psychotic symptoms was evaluated using the Positive and Negative Syndrome Scale and then tested for
association with the four SNPs. The SNP rs1044120 showed significant association with schizophrenia (adjusted P=0.032).
The frequency of the G allele of rs1044120 was significantly higher in patients than among the healthy controls (adjusted
P=0.008). Stratification by sex revealed a significant association between the rs1044120 polymorphism and schizophrenia
among males (adjusted P=0.036 and 0.008 in genotypic and allelic comparisons, respectively). We also observed a significant
difference in the negative symptom scores among the three genotypes among these males (adjusted P=0.036). Post hoc
comparisons showed that rs1044120 G/G carriers had higher negative symptom scores than those with G/T and T/T carriers
(raw P=0.035 and 0.005, respectively). Our findings suggest that NDUFS1 may confer susceptibility to schizophrenia in male
subjects, acting as a causative factor for the severity of negative symptoms in schizophrenia.
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INTRODUCTION

While schizophrenia affects only ~1% of the global population, the
severity of the impairment it can cause ranks it among the leading
causes of mental health disease burden worldwide. Since schizophrenia
is a complex neuropsychiatric disorder, elucidating its underlying
cellular and molecular pathology can be difficult;' therefore, improv-
ing the understanding of its etiology and pathogenesis has become
increasingly important to modern psychiatric research.? Previous
epidemiological studies have demonstrated that schizophrenia is a
familial disorder with heritability reaching >80%, but the mode of its
inheritance and heritability is quite complex and varies among
different populations, as do the clinical symptoms and their
severity.>* This leaves efforts to better understand schizophrenia
fraught with the problem of having to deal with a clinically and
genetically heterogeneous disorder.?

Data accumulated to date point to the role of abnormal brain
energy metabolism in schizophrenia,® implicating defects in mito-
chondrial function as potential factors in both the risk and severity of
schizophrenia.® For example, several clinical studies on patients with

schizophrenia have noted abnormalities in the oxidative phosphoryla-
tion system enzyme activity as well as mRNA and protein expression
in both the periphery and the brain.” The oxidative phosphorylation
system system is controlled by mitochondrial complex I, the first,
largest and most intricate multimeric component of the mitochondrial
respiratory chain; abnormalities in this complex have been suggested
to lead to a variety of diseases associated with mitochondrial
dysfunction (for example, Parkinson’s disease, Alzheimer’s disease,
type 2 diabetes mellitus).® This complex’s largest subunit, the NADH
dehydrogenase Fe-S protein 1 (NDUES1), is localized in the iron—
sulfur center of the hydrophilic arm and is involved in NADH
dehydrogenase and oxidoreductase activity, transferring electrons from
NADH to the respiratory chain. The human gene encoding the
NDUEFS1 protein is located in chromosome 2q33-34, a candidate
region previously implicated in linkage studies of schizophrenia.!?
Unsurprisingly, genetic variations in NDUFS! have also been reported
to be a cause of complex I deficiency and apoptosis, implying further
outcomes for respiratory chain disorders.!"!? Building on this
premise, it is plausible that NDUFSI may be a promising candidate
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gene for schizophrenia susceptibility or symptom severity. To the best
of our knowledge, no genetic study has addressed this potential
association.

In the present study, we hypothesized that NDUFSI may be
associated with schizophrenia, and investigated whether the presence
of common variants within NDUFSI confers susceptibility to schizo-
phrenia among a Chinese Han population. As a secondary aim, since
mitochondrial function and energy metabolism are exhibited in a sex-
specific manner,’? we wanted to examine whether there were any
observable sex-specific differences in the potential correlation between
NDUFSI and schizophrenia. Third, since schizophrenia is a hetero-
geneous and polygenic disorder, wherein specific genetic loci may
contribute to the pathophysiology and phenotypic variability, as
previously seen in schizophrenia cases,'* we wanted to see whether
NDUFSI is associated with any specific symptom clusters.

MATERIALS AND METHODS

Subjects

A total of 519 schizophrenia patients and 594 healthy controls were enrolled in
this study. All subjects provided written informed consent prior to performing
any of the procedures related to this study. All procedures were reviewed and
approved by the Institutional Review Boards of the Shanghai Mental Health
Center, and performed in strict accordance with the Declaration of Helsinki,
and other relevant national and international regulations.

Detailed information on the patients included in the previous study has
already been published.!>!7 In brief, patients were included based on the
following criteria: (1) they met the Diagnostic and Statistical Manual of Mental
Disorders, Fourth Edition (DSM-IV) criteria for schizophrenia; (2) they had
received clozapine treatment; (3) they had maintained a stable condition for
more than 6 months before entry into the study; and (4) they had no physical
disease or other psychiatric disorder aside from schizophrenia. First-episode
patients were excluded because initial diagnoses are often unreliable.>!® For this
study, the diagnosis and review of psychiatric case records were independently
checked and verified by two experienced psychiatrists to ensure consistency.
The 594 healthy controls were interviewed by a specialized psychiatrist using
the Structured Clinical Interview for DSM-IV-TR Axis I Disorders—Patient
Edition; subjects with any prior or current psychiatric disorder and/or chronic
physical disease were excluded from our analysis. All subjects in both the
healthy control group and the schizophrenia group were of Han Chinese origin.
Demographic characteristics for the control and schizophrenia groups are
summarized in Supplementary Table S1.

Clinical symptom assessment

The severity of psychotic symptoms exhibited by the schizophrenia patients
was evaluated using the Positive and Negative Syndrome Scale (PANSS),
which was used to evaluate the clinical status of schizophrenia. PANSS
evaluations were conducted by three experienced psychiatrists who had
simultaneously attended a training session in the use of PANSS. Repeated
assessments found that a correlation coefficient > 0.8 was maintained for
the PANSS total scores.

Single-nucleotide polymorphism (SNP) selection and genotyping

The principal hypothesis underlying this study is that common SNPs in
NDUFSI may confer susceptibility to schizophrenia. In total, four selected
tagging SNPs of NDUFSI were genotyped to test for possible association. To set
the inclusion criteria for tagging SNPs, we retrieved CHB data from the
HapMap database (http://www.hapmap.org) and defined linkage disequili-
brium (LD) blocks using Haploview 4.2 (Broad Institute, Cambridge, MA,
USA). Haplotype-tagging SNPs (htSNPs) were selected with an > cutoff > 0.8
and minor allele frequency (MAF) >0.1, and four htSNPs were captured
(Supplementary Table S2). Genomic DNA of all participants was extracted
from peripheral blood using a Tiangen DNA Isolation Kit (Tiangen Biotech,
Beijing, China). The four htSNPs were amplified independently via polymerase
chain reaction (PCR) and genotyped by direct sequencing using an ABI PRISM
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3730 Genetic Analyzer (Perkin-Elmer Applied Biosystems, Foster City, CA,
USA). Genotyping was carried out according to the methods described in our
previous studies.!>!® PCR amplification was performed in a volume of 25 pl
containing primer pairs for each SNP. PCR primers were also used for
sequencing. Sequencing results were handled by DNAStar (DNASTAR Inc.,
Madison, WI, USA), and the original sequencing chromatograms of each
sample were then manually checked.

Quality control methods were based on our previous work,>7"1 with 5% of
samples randomly selected and independently sequenced to evaluate genotype
accuracy. Here, our re-sampling results were 100% concordant with the initial
results.

Statistical analysis

Hardy-Weinberg equilibrium testing, and allele and genotype frequency analysis
were conducted using SHEsis (http://analysis.bio-x.cn). Pairwise LD of all pairs
of htSNPs was performed using HaploView 4.2 (Broad Institute), and the extent
of LD was measured by the standardized D’ and r%. Power calculations were
carried out with Quanto 1.2.3 (http://hydra.usc.edu/GxE). To adjust for multiple
testing, the level of significance was corrected via Bonferroni correction.
Statistical significance of differences between clinical features and polymorph-
isms in patients was assessed using ANCOVA, with variables that may potentially
affect the symptoms (for example, age, sex, course of disease, treatment duration
and doses) as covariates. Effect sizes were measured with Cohen’s d.

RESULTS

Initial analysis showed a significant difference between the schizo-
phrenia patients and control subjects with respect to age (P<0.01),
but not sex (P=0.33). Genotype distributions revealed no deviation
from Hardy—-Weinberg equilibrium in either healthy cases or controls
(allele and genotype frequencies of the four NDUFSI SNPs are shown
in Table 1). In our sampled population, the SNP rs1044120 showed
significant association with schizophrenia (P=0.008; P=0.032 follow-
ing Bonferroni correction). The frequency of G allele of rs1044120 was
significantly higher among schizophrenia patients than among the
controls (OR=1.36, 95% CI: 1.12-1.65, P=0.002; P=0.008 after
Bonferroni correction). After stratifying the samples by sex, we noted
significant association between the rs1044120 polymorphism and
schizophrenia in male subjects (corrected P=0.036 and 0.008 in
genotypic and allelic comparisons, respectively), with no significant
difference observed among females. Analysis of pairwise LD was
conducted in SNP pairs. Generally, the SNPs were not in significant
LD. Further analysis showed a strong LD between rs1044120 and
rs6435330 polymorphisms that was only found in females, but not in
males (Supplementary Figure S1). In view of this strong LD, we
performed a two-SNP haplotype analysis, analyzing only those
common haplotypes with at least 3% of frequency in either case or
control samples (P-values corresponding to the haplotypes are shown
in Supplementary Table S3). No significant difference was found for
any haplotype in females.

We next examined the relationship between the rs1044120 poly-
morphism and psychopathologic symptoms in the male schizophrenia
patients by comparing the scores of four factors of the PANSS scale
with genotypes of the rs1044120 polymorphism, which showed a
significant difference in the negative symptom scores among the three
genotypes in males (P=0.009; P=0.036, after Bonferroni correction,
shown in Table 2). Post hoc comparisons showed that rs1044120 G/G
carriers had higher negative symptom scores than G/T and T/T
carriers (P=0.035 (Cohen’s d=0.27) and P=0.005 (Cohen’s
d=0.49), respectively; Figure 1).

The power of the four SNPs was >80% (for a¢=0.05) for
schizophrenia samples, with a genotype relative risk of 1.5, under
the assumption of a log additive model and disease prevalence of
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Table 1 Comparison of allele and genotype frequencies of the four SNPs within NDUFS1 between schizophrenia and healthy control groups

Genotype, % Allele, %

rs13024804 GG G/A A/A P-values® G A OR (95%CI) P-values®

Total
Case 1.9 25.0 73.0 0.94 14.5 85.5 0.97 (0.76-1.22) 0.77
Control 2.2 25.4 72.4 14.9 85.1

Male
Case 2.0 26.2 71.8 0.55 15.1 84.9 1.07 (0.79-1.46) 0.66
Control 2.7 23.0 74.3 14.2 85.8

Female
Case 1.9 23.4 74.8 0.44 13.6 86.4 0.84 (0.58-1.20) 0.93
Control 1.5 28.5 70.0 15.8 84.2

rs1044120 GG G/T T G T

Total
Case 62.8 31.2 6.0 0.008 78.4 21.6 1.36 (1.12-1.65) 0.002
Control 53.7 38.2 8.1 72.8 27.2

Male
Case 63.0 31.8 5.2 0.009 78.9 21.1 1.49 (1.15-1.93) 0.002
Control 51.1 40.8 8.2 715 28.5

Female
Case 62.6 30.4 7.0 0.47 77.8 22.2 1.20 (0.89-1.62) 0.24
Control 57.0 35.0 8.0 74.5 25.5

rs6435330 GG G/T T G T

Total
Case 7.9 40.1 52.0 0.79 27.9 72.1 1.07 (0.8-1.28) 0.51
Control 7.4 38.6 54.0 26.7 73.3

Male
Case 7.2 40.7 52.1 0.31 27.5 72.5 1.01 (0.79-1.29) 0.94
Control 4.8 45.0 50.2 27.3 72.7

Female
Case 8.9 39.3 51.9 0.13 28.5 71.5 1.14 (0.86-1.52) 0.36
Control 10.6 30.4 58.9 25.9 74.1

rs4147713 GG G/T T G T

Total
Case 10.4 43.5 46.1 0.82 32.2 67.8 0.98 (0.82-1.17) 0.84
Control 11.4 42.3 46.3 326 67.4

Male
Case 9.5 43.6 46.9 0.54 31.3 68.7 0.89 (0.70-1.12) 0.31
Control 12.1 43.8 44.1 34.0 66.0

Female
Case 11.7 43.5 44.9 0.66 33.4 66.6 1.13 (0.86-1.48) 0.39
Control 10.6 40.3 49.0 30.8 69.2

2The P-values were not corrected for multiple testing.
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Table 2 The effect of rs1044120 polymorphism on PANSS
assessment
rs1044120

PANSS scores G/G G/T /T F P-values®
Positive symptom 154+3.6 158+4.1 14.0+2.8 1.45 0.24
Negative symptom 19.8+2.5 19.2+2.2 18.1+3.5 4.84 0.009
General psychopathology 30.4+2.8 30.3+2.9 30.1+3.1 0.08 0.93
Total 65.5+5.7 65.2+53 62.1+46 278 0.07

Abbreviation: PANSS, Positive and Negative Syndrome Scale.
aThe P-values were not corrected for multiple testing.

1%. Analysis of continuous variables and not categorical variables
holds the advantage of an increased statistical power of ~50%.
Accordingly, the likelihood of a type II error in our sample should
be considerably low.

DISCUSSION
To date, the function and dysfunction of mitochondrial complex I has
been widely studied in connection with several different neuropsy-
chiatric disorders. For example, deficiencies in the activity of complex
were suggested to be a potentially important cause of (or at least
contributing factor to) schizophrenia.?*?! Complex I is composed of
at least 43 structural subunits encoded in both nuclear and mitochon-
drial DNA, most of which are encoded by nuclear genes, with only
seven being mitochondrially encoded.?? In this study, we attempted to
investigate the association between the nuclear genes of complex I and
schizophrenia in Han Chinese, and found significant differences in
allele and genotype frequencies at the rs1044120 polymorphism
between patients diagnosed with schizophrenia and healthy controls.
After stratification by sex, this significant association only held in
males, but not in females. Further analysis showed a positive
association between rs1044120 polymorphism and severity of negative
symptoms in male schizophrenia patients. However, we did not find
any association between complex I-associated genes and schizophre-
nia, including genes encoding Leucine-rich repeat kinase 2 (LRRK2),%
NADH dehydrogenase (ubiquinone) Fe-S protein 7 (NDUFS7)® and
NADH dehydrogenase (ubiquinone) flavoprotein 2 (NDUFV2).24
On the whole, the present results suggested that NDUFSI may
potentially contribute to schizophrenia susceptibility. The NDUFSI
gene encodes the largest subunit of complex I, which acts as a critical
caspase substrate in the mitochondria and is responsible for the
disruption of mitochondrial function during apoptosis.!! Apoptosis
generally serves to eliminate excess neurons and maintain synaptic
stability in the brain,”> but mounting evidence suggests that altered
apoptosis may be involved in the abnormal neurodevelopment
and neurodegenerative processes previously associated with
schizophrenia.?® Moreover, the rs1044120 polymorphism is located
at the 3’-untranslated region (3'-UTR) of NDUFSI, and while the
effect of 3’-UTR on gene expression or function is not well known it is
possible that variants on the 3’-UTR could potentially produce
changes in messenger RNA processing.”’ If accurate, then genetic
variations in the 3’-UTR of NDUFSI may result in complex I
deficiency and alter apoptosis in the brain, and by extension help to
account for the results we encountered in this study. Unfortunately,
further research is needed to verify this supposition, since the exact
role of rs1044120 polymorphism in the function of the NDUFSI1
protein is not yet known, even though we have some preliminary
results suggesting an association.
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Figure 1 Negative symptom scores of male schizophrenia patients classified
according to the genotypes of rs1044120 polymorphism. Each column
represents the mean +s.d. Carriers with rs1044120 G/G had higher negative
symptom scores than those with G/T and T/T genotypes (P=0.035 and
0.005, respectively).

A number of studies have demonstrated that sex-specific patterns
are commonly seen in schizophrenia in terms of age at onset,
symptomatology, cognitive impairment, treatment response or even
the pathophysiology.28-3! Here, following sex stratification we noted a
positive association of the NDUFSI gene and schizophrenia among
male patients. These results suggest that sex-specific regulation may
also play an important role in the association between the NDUFSI
and schizophrenia. This would not be unexpected, since previous
studies demonstrated that NDUFSI is correlated with inefficiency of
oxidative phosphorylation in a sex-specific manner.>>*® Similarly,
Misiak et al.>* indicated that neuronal cell death due to increased
mitochondrial impairment is more pronounced in males than in
females, and that male neurons exhibited an ~ 1.5-2-fold higher
number of apoptotic and necrotic cells as compared to those found in
females. By extension, male neuronal cells should have diminished
respiratory chain activity and subsequently lower ATP levels. Again,
presuming this extrapolation is correct, our findings suggest that
disrupted energy metabolism in the brain induced by NDUFSI may
potentially be more sensitive in males than in females, thereby
accounting for the sex-specific association between the NDUFSI and
schizophrenia. Further targeted research may either better verify this
possibility or suggest a more viable alternative.

One inherent difficulty in studies on schizophrenia is the clinical
heterogeneity of this disorder that can preclude or hinder more
detailed inquiries into the disorder’s genetic structure, since schizo-
phrenia manifests in a constellation of symptoms, including positive
symptoms, negative symptoms and cognitive dysfunctions. This
obstacle could be somewhat offset by better clinical phenotyping
based on symptomology that would allow for more accurate delinea-
tion of the underlying genetic mechanism at play in the various
manifested symptoms of schizophrenia.’® To that end, we further
analyzed the association of NDUFSI with this disorder in male
subjects and found that NDUFSI rs1044120 G/G carriers have higher
negative symptom scores than G/T and T/T carriers. This finding may
imply an association between NDUFS! and negative symptoms.
Negative symptoms are generally characterized by affective blunting,
apathy and social withdrawal.*® Positron emission tomography pre-
viously showed that schizophrenia patients with predominantly



negative symptoms have greater metabolic abnormalities than subjects
with predominantly positive symptoms, particularly in frontal, tem-
poral and cerebella circuitry.’” Another study using 31P-magnetic
resonance spectroscopy reported that ATP in the frontal lobe among
patients with schizophrenia was correlated with negative symptoms.?
These lines of evidence suggest that aberrant brain metabolism
induced by NDUFSI variation may be a causative factor for the
severity of negative symptoms in schizophrenia patients. If further
study can verify this possibility, our present findings may serve as
foundational evidence in developing more detailed phenotypic symp-
tomology that can assist mental health researchers in working past
some of the inherent difficulties in characterizing the underlying
genetic or molecular bases of schizophrenia.

Despite the promising implications of our results, there are three
methodological limitations that should be noted. First, the present
report details an exploratory study done on a subset of the overall Han
Chinese population. The size of our sample is modest, especially for
the purposes of sex stratification. As such, the findings are largely
suggestive of potentially provocative trends, but need validation
through studies using a larger sample size. Second, selection bias is
inevitable in such studies. In this case, our sample was recruited from
the Shanghai region, and may not be representative of the Han
Chinese population in general, nor other closely related populations in
the region. Third, a consensus five-factor model of PANSS has recently
been proposed that may better represent the clinical symptom profiles
of patients,?® since it may be more sensitive to capture PANSS
structure in schizophrenia patients as compared with the three-
subscale PANSS that we used in this study.

In conclusion, in the present study we explored the potential
relationship between genetic variations in the NDUFSI gene and
schizophrenia among a Han Chinese population. Our findings suggest
that NDUFSI may confer susceptibility to schizophrenia in male
subjects, potentially serving as a causative factor for the severity of
negative symptoms exhibited in schizophrenia. Further investigation
will be required to uncover the exact role of NDUFSI in the
development and heritability of schizophrenia, as well as the impact
of genetic variations to this gene as a causative factor for the severity
symptoms manifested by among male patients with schizophrenia.
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Supplementary Figure S1. The linkage disequilibrium (LD) structures of the NDUFS1 gene in
schizophrenia patients and healthy controls. Pairwise LD was computed for all possible
combinations of the 4 SNPs using the values of D’ and r-square.
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Supplementary Table S1. Demographic and clinical characteristics of schizophrenia patients and control subjects

Characteristic Schizophrenia samples  Control subjects P
(n=519) (n=594)

Gender M/F 305/214 331/263 0.33°

Age (years). 55.6+8.3 33.9+9.1 <0.01°

Course of disease (years) 21.315.9

Clozapine duration (months) 202.4+81.2

Clozapine doses (mg) 194.7+93.1

% chi-square test; ° t-test



Supplementary Table S2. Information of studied SNPs within NDUFS1

SNP ID Role MAF Position Source
rs13024804 3’ downstream AlG 206692766 Tag SNP
rs1044120 3’UTR GIT 206696818 Tag SNP
rs6435330 intron 8 GIT 206718803 Tag SNP
rs4147713 intron 3 GIT 206724017 Tag SNP




Supplementary Table S3. Haplotype analysis of rs1044120 and rs6435330 in females

Haplotype® Frequency (%) v P
rs1044120- rs6435330 Total Cases Controls
G-T 70.0 71.3 68.9 0.68 0.41
T-G 21.0 22.0 20.2 0.48 0.49
G-G 6.0 6.5 5.7 0.28 0.60

#Haplotypes with frequency less than 0.03 are ignored in analysis
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