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1 Schizophrenia 
“The psychiatrist who knows schizophrenia knows psychiatry.” 

—David A. Lewis, M.D.[1]

Schizophrenia is the most impressive, complicated and thus, challenging mental disorder, which 
psychiatrists and mental health caregivers confront. It is a heavy burden for the patients and usually 
occurs during adulthood. Many cases of schizophrenia run a recurrent and chronic course, which very 
possibly leads to severe disability [2-6]. Schizophrenia is considered as the prototypic mental disorder 
since it has a devastating impact on the human essence i.e. personality and intellect. However, 
schizophrenia is also the most widely misunderstood mental disorder. Common misconceptions 
involve the belief that the patients possess a split or multiple personalities, or apprehend reality with 
unfettered creativity and originality. These erroneous perceptions reflect the relatively low concern 
and importance that our society has rendered to mental disorders in general and schizophrenia in 
particular [7-9]. 

1.1 Concept and history
Schizophrenia is a long-term psychotic disorder which impairs individuals’ thinking, visual, 

auditory and behavioral abilities and in turn disrupts the reality perception of the patients [10]. For 
instance, some people suffering from schizophrenia may believe that others are reading their minds, 
controlling their thoughts, or trying to harm them. With a blurred border between the real and the 
imaginary, it becomes, sometimes terrifyingly difficult for schizophrenia patients to make decisions, 
manage emotions and relate to others. In some cases, even energy, motivation and expressional ability 
are drained away by the disorder. With a peak onset at the age of 18-25 years, schizophrenia results 
in the loss of productivity, poses a considerable burden on the relatives, and causes high medical and 
social costs [11, 12]. Some fortunate individuals manage to recover to a certain degree and reintegrate 
into society. However, only 14% of the patients maintain sustained recovery five years after the initial 
episode [13]. 

Emil Kraeplin first identified schizophrenia in 1893 as an independent mental illness called 
dementia praecox that was considered a type of dementia with onset at a young age [14]. Afterwards, 
the term ‘Schizophrenia’ was proposed/introduced by Eugen Bleuler in 1911, derived from the 
Greek roots ‘schizo (split)’ and ‘phrene (mind)’ pointing to the patients’ fragmented mind [15]. 
The split mind referred to the dissociation of various mental functions, such as emotions and drives 
disconnected from thoughts. Yet, if we divert our attention to the primordial ‘psycho-diagnostic 
soup’ out of which schizophrenia was later to evolve, the illness itself seems to have affected 
mankind throughout history. Written material with brief notes mentioning irrational, unintelligible 
or uncontrolled behavior that may imply schizophrenia can be traced back as far as the second 
millennium before Christ in ancient Egypt [16]. However, objections against these very early ‘cases’ 
of schizophrenia have been raised by pointing out that although psychosis was described, there was 
no true account of a condition meeting the present criteria for schizophrenia. Descriptions pointing to 
schizophrenia were rare before 1800 but the prevalence of insanity rose during the nineteenth century 
in Western countries. Remarkably, schizophrenia or schizophrenia-like insanity stayed low in the non-
Western countries until the twentieth century suggesting that schizophrenia might be considered as an 
unfortunate by-product of modern ‘western’ civilization. Concomitant with profound social changes 
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that arose in the Age of Enlightenment, the radical change in the descriptions of mental disorders led 
to the recognition of a mental condition or a group of mental conditions that heretofore not seemed 
to have existed [17]. The historical complexity of schizophrenia has been replaced by the current 
consensus about the identification of schizophrenia based on deliberate diagnostic criteria.

1.2 Diagnosis and symptoms
So far, no valid biological marker has been found and the clinical symptoms are still the only 

basis for schizophrenia diagnosis [18, 19]. Currently, schizophrenia has been classified into four 
phases: 1) Risk phase - this mainly includes some well-acknowledged genetic, immune, obstetric and 
neurochemical risks. 2) Prodromal phase - this may include social isolation, declined performance 
in daily issues and odd (but not psychotic) thinking. 3) Psychotic phase - this is the ‘acute period’ in 
which clear psychotic symptoms appear. 4) Chronic disability phase - this may include some psychotic 
symptoms, but include in particular ‘negative’ ones (loss of motivation and emotion, for example)
[20, 21]. Brain changes have been defined after clear symptoms appear, therefore, early detection and 
prevention has recently become a research interest.

The psychotic and chronic disability phases manifest a series of symptoms sorted into different 
groups. For the moment, symptoms of schizophrenia have been admittedly sub-grouped into two 
main categories, positive and negative [18, 22-24]. The positive symptoms are phenomena excessive 
to normal experience and are remarkable features of the psychotic phase, including hallucinations, 
delusions, disorganization, formal thought disorders, inappropriate affect and bizarre behavior [25, 
26]. These positive symptoms may occur also in the chronic phase, but usually decrease or have a 
lesser impact on the patients’ life. The negative symptoms of schizophrenia represent the apparent 
loss of important personality features and functional abilities, prominent during the chronic phase, 
and include poverty of thought and speech, social withdrawal, decreased spontaneous movement, 
lack of initiative, poor self-care and unreliability. The positive symptoms can be recognized and 
measured more easily than the negative symptoms [26]. However, the latter are much more persistent 
and important for prognosis, and cause more severe disability [27]. Besides the positive and negative 
symptoms, cognitive deficits are widely proposed in almost all patients [28, 29]. The profile of 
cognitive deficits is severe and broad, including impairment in attention, abstraction, verbal memory, 
language and executive functions [30-33]. Patients with schizophrenia tend to score in the lowest 
5-10% of the general population on cognitive assessments. Marked cognitive deficits may be detected 
in at-risk and first-episode studies indicating that impairment grows at onset, and even prior to 
symptom onset [34, 35]. 

To achieve international consensus for schizophrenia research, standardized diagnostic criteria 
for mental disorder assessment have been developed and introduced [36, 37]. The two dominating 
systems in use nowadays [7] are the Diagnostic and Statistical Manual of Mental Disorders, fourth 
edition (DSM-IV, the American Psychiatric Association) and The International Classification of 
Disease, tenth edition (ICD-10, the World Health Organization), Classification of Mental and 
Behavioral Disorders. These two criteria adopt patients’ self-reported experience and observed 
behavioral abnormalities, followed by a professional clinical assessment. Schizophrenia-associated 
symptoms occur along a continuum in schizophrenic patients and must increase to a certain level 
before a diagnosis can be made [38]. The ICD-10 system is typically used in European countries, 
while DSM-IV used in the United States and the rest of the world, and prevailing in research studies 
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[39]. Although widely different in the past, the current editions of these two systems are fairly similar. 
The main difference between DSM-IV and ICD-10 is the duration of certain symptoms before 
diagnosing schizophrenia: in DSM-IV, 6 months, in ICD-10, one month. Otherwise, six months 
of social or occupational dysfunction is required according to DSM-IV to obtain the diagnosis of 
schizophrenia but this is not specified in ICD-10 (Table 1). However, the definition of schizophrenia 
has evolved through different editions. The DSM-V was delivered with modest changes in comparison 
to DSM-IV in 2013 and the ICD-11 has been released in 2015 [40].

Table 1. Comparison of the DSM-IV and ICD-10 diagnostic criteria for schizophrenia.

Source: Jeffrey A. Lieberman, T. Scott Stroup, Diana O. Perkins: Textbook of Schizophrenia. The American Psychiatric Publishing, Inc, 2006.
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Until now, no single symptom turned out to be specifically associated with schizophrenia. 
Moreover, there is a remarkable variation of schizophrenia among patients as far as symptom 
character, intensity and frequency is concerned. This clinical heterogeneity indicates that 
schizophrenia may be a combination of a number of different disorders [41-44]. Therefore a 
differential and skeptic attitude towards diagnosis is important. 

1.3 Treatment and prognosis 
There is hitherto no cure for schizophrenia. However, the symptoms of schizophrenia are 

treatable. Antipsychotic medication treatments are the most commonly applied and effective therapy 
in controlling positive symptoms in nearly 90% of acute cases. Antipsychotic medicines are small 
molecules having predominant serotonin-dopamine antagonistic functions. To date, two main 
classifications of antipsychotic drugs are used; typical- and atypical antipsychotics (Table 2) [45]. 
Typical antipsychotics sometimes referred to as ‘first generation’ antipsychotics, are potent antagonists 
of dopamine receptors, which can effectively reduce the severity of positive symptoms. However, 
they also give rise to extra-pyramidal side effects, characterized by unsteady movements, body 
stiffness or involuntary tremor. Unlike typical antipsychotics, the newer ‘second-generation’ atypical 
antipsychotics are comparatively weaker antagonists of dopamine receptors and potent serotonin 
antagonists with a relative lack of extra-pyramidal side effects. The main side effect of atypical 
antipsychotics is weight gain. Some atypical antipsychotics seem to have an appetite stimulating 
effect and cases of diabetes have also been reported. Large clinical studies have compared typical 
and atypical antipsychotics and it was concluded that newer atypical antipsychotics work no better 
than older drugs such as haloperidol, at least for the initial treatment of first-episode schizophrenia. 
However, there is marked enthusiasm for the fact that atypical antipsychotics have less side effects, 
and therefore are more acceptable to patients for admitting a better improving quality of their life. 
However, the most severe psychotic patients often fail to fully respond to newer antipsychotics, and 
older drugs seem more effective in such cases. Many patients respond well to lower doses of typical 
antipsychotics with minor side-effects. For this reason, in clinical practice, the risks and benefits 
between the typical and atypical antipsychotics should be carefully balanced.

Table 2. Typical and atypical antipsychotics in common use
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The prognosis of schizophrenia is variable and hard to predict. Symptoms of schizophrenia 
improve after medication in most cases. But nearly 75% of schizophrenia patients continue to suffer 
from chronic symptoms and may experience intermittent acute relapses with a lifetime treatment 
becoming inevitable. Many factors contribute to poor prognosis; such as poor social adjustment, onset 
early in life, predominance of negative symptoms, and delay between onset of disease and medication 
therapy. Schizophrenia also results in reduced life expectancy of patients, mostly as a consequence 
of suicide. Community support programs are required to assist the patients to achieve relative social 
recovery.

1.4 Genetics of schizophrenia
Since long, it is well known that schizophrenia ‘runs in families’ [46, 47]. There is no doubt 

that the disease has a strong genetic component, which has been consistently indicated by genetic 
epidemiological studies. In the general population worldwide, the lifetime risk for schizophrenia 
is about 1% [48, 49]. The first-degree relatives of an individual with schizophrenia have a risk of 
around 6-13%. The risk rises further to 17% in dizygotic twins and reaches 48% in monozygotic 
twins. The risk for relatives of a schizophrenia patient to develop schizophrenia is determined by their 
kinship distance from the patient [50] (Figure 1). The closer the kinship of a subject to the patient, 
the higher the risk of developing schizophrenia would be for the subject. Despite high genetic risk, 
genetic influence alone does not fully determine the etiology of schizophrenia; otherwise 100% 
concordance between monozygotic twins would arise. The heritability (the proportion of the variance 
in a population related to inherited factors) of schizophrenia has been estimated between 66 and 85 
percent, leaving space for the contribution of environmental factors [51]. The inheritance pattern 
of schizophrenia suggests a non-Mendelian mode of transmission and makes simple major gene 
dependency impossible. Instead, a polygenic model seems to provide a better explanation [52]. 

It has been thought that schizophrenia arises from combinations of numerous genetic risk 
variants each having only modest effects. The schizophrenia risk variant carriers need not manifest the 
disorder, while affected individuals need not have the verified risk variants [53].

Source: Gottesman II. Schizophrenia Genesis: The Origins of Madness. W H Freeman & Co. 1991

Figure 1. Average risks for developing schizophrenia in different groups of people
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Any individual genetic risk variant acts in a probabilistic rather than deterministic fashion. 
Interactions between the susceptibility genes containing the risk variants and among their products, 
as well as their interaction with environmental factors are likely attributed to schizophrenia risk and 
useful for clinical prediction [54]. However, as a polygenic complex disorder, the genetic etiology of 
schizophrenia is difficult to identify due to intrinsic attributes, such as genetic heterogeneity, threshold 
inheritance, variable penetrance, epigenetics, epistasis, gene-environment interactions. The potential 
effects of these complexities need to be incorporated into analysis of schizophrenia and considered 
when interpreting results [55]. Balanced genetic approaches including traditional and newly-
developed techniques are required to yield substantial insights into the molecular genetic mechanisms 
of schizophrenia (Table 3) [56]. Nevertheless, whatever technique is used, the primary requirement 
for genetic studies is a reasonably powered dataset with reliable diagnoses, which will decrease 
the probability of a false-negative result and increase the chance of obtaining positive results when 
linkage or association to a genetic marker presents. 

Table 3. Genetic Approaches to Schizophrenia (SCZ) and Broad Conclusions
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Source: Schizophrenia Genetics: Where Next? Schizophrenia Bulletin vol. 37 no. 3 pp. 456-463, 2011

The two major research paradigms for population-based genetic association studies are the 
candidate gene association study (CGAS) [57] and the genome-wide association study (GWAS) [58], 
both of which are on the basis of single nucleotide polymorphism (SNP) genotyping and have been 
effectively applied to define genotype associations with certain disorders [59]. With the advantage 
of easy recruitment of independent cases and controls, during the last decades the case-control 
association study format has been adopted by both CGAS and GWAS as a preferential research 
design. A case-control association study is an investigation comparing specific genetic markers (e.g. 
SNPs) between a group of people with a disease or condition and another group of healthy people. By 
investigating specific genetic markers in linkage disequilibrium (LD), susceptibility loci for certain 
disorders can be revealed. However, the replication of susceptibility loci has been an major problem 
for interpreting and applying the results obtained from these studies. Even though some inherent 
features of the association studies are invincible, practical considerations for optimizing study design 
might improve the credibility and application of association studies.

Based on the the tendency of schizophrenia coming up in families, it has long been noted that 
schizophrenia has a genetic basis. The schizophrenia heritability is estimated to be in the range of 
64-81% [60]. Historically, multiple genetic methods have remarkably contributed to the gradually 
in-depth understanding about schizophrenia genetics. Genetic studies have evolved from the initial 
cytogenetic method evaluating large chromosomal change to high throughput genome-wide genetic 
approaches [56]. CGAS and GWAS have been the two primary research methods for schizophrenia 
genetics. Thousands of CGASs have been recorded in the SZGene database since 1965 with more 
than one thousand genes as potential candidate genes for schizophrenia [61]. Since the last decade, 
as technology developing, GWAS has become applicable to scan huge amount of SNPs quickly and 
effectively by DNA probes embedded arrays and numerous GWASs for schizophrenia have been 
published.
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1.4.1 Hypothesis-based CGAS for schizophrenia
CGAS is a hypothesis-based approach [57, 62-64], which concerns specific genes on genomic 

regions of interest a priori implicated by pathophysiology or susceptible gene locations with linkage 
peaks. With CGAS, selected alleles of presuming functional SNPs within candidate genes relevant to 
the hypotheses have been purposefully evaluated in targeted populations [65-68]. Hypothesis-based 
CGAS is an effective epidemiologic tool for abstracting relations between genetic loci and disease, 
especially under the conditions of low allele frequencies, small effect sizes and limited or unique 
study populations [69]. In spite of the many advantages, the positive results obtained from CGAS 
occasionally lack reliability due to either poor study design or suboptimal statistical analysis. Aimed 
at optimizing CGAS application, researchers may consider several issues including well founded 
hypothesis-based selection of candidate pathways and genes, logical SNP selection along the whole 
gene region, proper quality control of sample selection and statistical analysis procedures [70-75]. 

For schizophrenia, there are several classical neurochemical pathophysiology hypotheses: 1) The 
dopamine hypothesis [76-79]-the oldest and most established schizophrenia hypothesis supported 
by evident alterations in dopamine signaling pathways of patients with schizophrenia, by effective 
pharmacological interventions, and by evidence obtained from postmortem- and imaging studies; 2) 
The glutamate hypothesis [80-82]-a, more proximal hypothesis to the root of schizophrenia, based on 
clinical, neuropathological and genetic findings indicating a hypofunction of glutamatergic NMDA 
receptor signaling; 3) The GABA (γ-amino-butyric acid) hypothesis [83-85]-a hypothesis proposing 
that reduced neuronal GABA levels and decreased neurotransmission lead to cognitive impairment in 
patients with schizophrenia; 4) The serotonin hypothesis [86-88]-a hypothesis proposing that enhanced 
serotonergic neurotransmission in the cerebral cortex of patients with schizophrenia, especially in the 
anterior cingulate cortex and dorsolateral frontal lobe is a primary cause of schizophrenia. In addition 
to changes in neurochemical signalling, hypotheses including hypotheses on synaptic editing and 
neurodevelopmental defects provide a more comprehensive vision on the pathology of schizophrenia. 
The hypothesis on synaptic editing/pruning suggests a convergence of factors leading to the 
dysfunction of synaptic connectivity in patients with schizophrenia [89-93].

The neurodevelopmental hypothesis suggests that schizophrenia originates from 
neurodevelopmental defects induced by both genetic and environmental factors [94]. Diverse and 
circumstantial evidence has accumulated to support this theory and have made it a dominant focus 
point in schizophrenia research recently [95-98]. Other than genes involved in these hypotheses 
addressed in CGAS design, genes relating to physiological neural functions are also potential 
influential factors for schizophrenia.

In addition to the choice of hypothesis-driven candidate genes, there are other factors worth 
considering in hypothesis-based CGAS, including maximizing strategies for gaining information by 
effective selection of SNPs, quality control of the study sample-set and genomic data, and appropriate 
analysis approaches to dig out the disease-related nature of the selected SNPs. Carefully management 
of these issues may contribute to increase statistical power and strengthen the validity of the 
conclusions obtained from CGAS. 

As the human genome contains a vast amount of SNPs, the selection of SNPs along the 
candidate gene region requires logical and delicate consideration [99-102]. The most favored genetic 
markers for CGAS are functional SNPs (non-synonymous and splice junction SNPs) that cause 
amino acid changes within proteins and thus potentially alter regular functions of proteins. Besides 
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functional SNPs, synonymous and non-coding SNPs may influence protein function indirectly 
by affecting transcription rates or bioactivity and stability. However, because adjacent SNPs are 
likely in high linkage disequilibrium (LD) with each other, a SNP associated with a certain disease 
may represent a tag for an unmeasured adjacent functional SNP in the same LD block. Therefore, 
apparently non-functional SNPs could be as informative as functional SNPs. LD analysis can also be 
performed to extract inferences about any non-measured SNP in the LD block for more valid disease 
comprehension. For the human genome, all common SNPs can be covered by genotyping relatively 
few tag SNPs. The International HapMap project (http://www.hapmap.org/) measured the LD between 
SNPs in numerous common racial and ethnic populations[103]. While selecting tag SNPs, minor 
allele frequency (MAF) is a critical consideration. Using a minimum MAF, typically 0.05 can confer 
a greater statistical power for detecting associations. However, It is unadvisable to omit rarer SNPs 
for the following reasons[104, 105]: 1) omitting rarer SNPs may lead to a counterproductive outcome 
due to potential larger effect sizes of these SNPs; 2) MAFs are sometimes not properly analyzed 
statistically; 3) MAFs of the actual study population are different from the reference population. 
The selection of tag SNPs is usually based on LD data from the international haplotype database. 
However, the LD data defined by this database is often limited or fragmented, which results in 
multiple fragmented haplotype blocks consuming disproportionate tag SNPs and requires many tag 
SNPs to cover the whole gene region of the interested candidate gene. Therefore, it may be prudent 
to consider the average SNP distance of a specific ethnic population and drop redundant tag SNPs in 
favor of gathering more validated functional SNPs. High genotyping call rates are also important for 
SNP selection and essential for successful haplotype analysis [106, 107].  

Quality control of the study sample-set and genomic data is critical for data validity and 
statistical inference. Poor DNA quality often results in undesirable failed genotyping reactions for 
SNPs of certain DNA sample-sets, increased genotype uncertainty scores, or heterozygote genotype 
excess of a contaminated sample-set. Multiple methods can be applied to improve DNA quality [108-
111]: 1) Identity-by-state (IBS) method for relatedness between individuals; 2) Deleting cases or 
using statistical tests for correcting dependence to avoid violation of the independence assumption; 
3) Exploratory data analysis tools for detecting differences in genetic background and mixture. 
As mentioned above, SNPs with low MAFs could not be excluded at liberty, which might lead to 
some non-informative SNPs with little or no variation in target sample-set. In addition, population 
stratification and genotyping errors can lead to significant deviations of SNPs from Hardy-Weinberg 
equilibrium in control and/or case groups, which might cause spurious association [112]. Therefore, 
drawing inferences from SNPs with a critical departure from Hardy-Weinberg equilibrium requires 
caution. SNPs which are difficult to genotype and have no sufficient overall genotype quality should 
be excluded from the association study. By imputation methods or appropriate statistical tests, 
genotype uncertainty and missing may be solved to quantify information of the selected SNPs and 
obtain logical inferences [113].

Primary interest of CGAS is to assess the associations between individual SNPs and the specific 
condition. Multiple comparisons can lead to type I error inflation and is principally managed by 
means controlling family-wise error rate (e.g., Bonferroni correction) [114]. Permutation tests can 
assess the overall significance of CGAS and contain SNP LD structure intact, which consequently 
may have less conservative results than Bonferroni correction, but achieve more power. Some SNPs 
have been reported associated with a certain condition previously, and thus may be selected in a new 
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CGAS for further validation, which allows drawing inferences separately from SNPs included for 
new discovery. However, for these validation SNPs, control of the family-wise error rate should be 
also applied, which would make association confidence of validation SNPs greater. It should be noted 
that a SNP without reaching significance after controlling family-wise error rate simply means that it 
only failed to validate. Validation SNPs are in small number and often from various genomic regions, 
requiring moderate overall significance and independent test statistics [115, 116]. Besides tag-SNP 
strategy, other multilocus strategies also exist, however, for practical reasons, tag-SNP strategy is the 
most favored in CGAS.

1.4.2 GWAS for schizophrenia
CGAS can only consider a quite limited proportion of human genome on the account of time-

consuming genotyping [117]. Developments in microarray- and DNA sequencing-based technology 
allow a quick and effective genotyping of large numbers of SNPs for GWAS at a quite larger scale 
than CGAS [118, 119]. GWAS proposes an unbiased assessment of common genetic variants across 
the entire human genome in a large number of affected cases to healthy controls to estimate whether 
an association with a certain disease or condition exists. Quality control of the study sample-set and 
genomic data and selection of appropriate analysis approaches require more deliberate considerations 
for GWAS. Although it seems reasonable that a high heritability of a certain disease or condition 
provides a relatively easy gene-discovering capacity, a high heritability only means a large genetic 
contribution on the disease, but not necessarily large effect sizes for specific genes, which is an 
important? factor for discovering risk variants. It is apparently valid that increasing the sample 
size may raise statistical power to detect associations, which has been approved for schizophrenia 
GWAS [120-123]. Scanning the entire human genome and including large sample-sets is expensive 
and hindered by inflated false positive results caused by multiple statistical testing. To control the 
rate of false positives, the threshold for statistical significance has been defined at a rigorous level. 
The p-value criteria are often reduced from 0.05 to 5.0 ×10-8 in GWAS[124], which demands large 
amounts of cases and controls to regain the chance of observing the genome regions genuinely 
involved in disease [125]. Based on linkage disequilibrium (LD), SNPs genotyped by commercial 
microarrays and sequencing for GWAS are selected by their ability to represent the information of the 
neighboring alleles. Genetic correlation makes it viable to use a million elaborately selected SNPs to 
undertake about 90% known genetic variants other than investigate all the discovered polymorphic 
positions. Consequently, the significant SNPs in a GWAS have a great chance for not being the 
biologically functional variants, but only the phenotypic representatives. Understanding this is crucial 
in interpreting the clinical significance of the positive results. 

More than 30 GWAS’s of schizophrenia have been performed and published so far with the hope 
to identify novel, consistent and influential risk genetic factors. SNPs and genes reported by these 
studies are different from each other, and only few studies have detected a SNP with genome-wide 
significance (p<5.0×10-8). However, whereas most early GWASs seemed large at their publishing 
times, they are underpowered to discover genome-wide associations with low effect size of risk genes 
[126]. Recently, multi-centered GWAS and meta-analysis of several GWAS samples have provided 
more valid and reliable results for further insight into schizophrenia pathophysiology [127]. However, 
the most consistent results come from GWAS’s with overlapping samples. The technology used in 
GWAS can also be used to detect copy number variations (CNVs), submicroscopic duplications or 
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deletions of DNA segments, ranging from kilobases (kb) to megabases (Mb). About one-quarter of the 
human genome harbors CNVs. Despite the fact that the majority of CNVs do not contribute to altered 
phenotypes, genome wide SNP arrays have suggested multiple aberrations in CNVs associated with 
schizophrenia.

 
1.4.3 Combined two-stage association study of GWAS and CGAS

As the two major genetic research paradigms, CGAS and GWAS both have their own advantages 
and disadvantages [53, 128]. CGAS has a noted advantage in comparison with GWAS that it is a 
targeted screening strategy, which enhances its power on studying lower-frequency SNPs or when 
study population is small and unique [57]. Additionally, CGAS is a cost-efficient and time-saving 
application for investigating genetic characteristics of human diseases. However, for most biomedical 
diseases, including schizophrenia, CGAS results were inconsistent or confusing, caused by potential 
poor choices of candidate genes or inadequate assessment [129]. Thus GWAS is hitherto the most 
comprehensive strategy to discover a genetic background of complex genetic diseases such as 
schizophrenia [130]. Currently, some inherent characteristics of GWAS make the original objective of 
identifying novel susceptibility genes difficult [131]: 1) no convergence of risk SNPs and genes; 2) no 
apparent relationships with functions involved certain diseases in a great portion of the genes reported 
by GWASs and 3) small effect sizes for reported genes. Moreover, for both CGAS and GWAS, rare 
variants with a low frequency in general population usually would be excluded, which may largely 
affect the studied diseases. Overcoming these disadvantages requires an objective study design, novel 
analytic technology development, expansion of the study scope, and downstream pathway studies 
applying the obtained data.

Nowadays, GWAS and CGAS are often combined for multistage genetic study designs [132-
134]. While evaluating a great amount of SNPs scattered along the entire human genome, large 
sample sizes of GWAS may guarantee sufficient statistical power to discover modest associations, 
which motivates the development and application of further validation studies. In general, firstly, a 
sample-set is analyzed at a discovery stage of GWAS to obtain hundreds or thousands of associated 
SNPs. Then, most significant associated SNPs or SNPs involved in a pathway previously suspected 
in targeted disease are genotyped with a less-expensive CGAS in an independent sample-set. At the 
second CGAS stage, subsequent verification studies are performed to restrain the false positives, 
however, if the significant SNPs reported in the initial GWAS display a nominal significance (p<0.05) 
after controlling family-wise error rate, they may be regarded as significant[126]. In a two-stage study, 
the follow-up study is mostly considered as a replication study for confirming the initial findings. 
However, due to the modest associations and multiple comparisons, to obtain results with sufficient 
power is reasonably to combine data from the first GWAS stage in a joint analysis viewed as a single-
stage GWAS with a less expense. Screening, replication and joint analysis of the most promising 
SNPs can facilitate and strengthen additional pathophysiological function studies, overcoming the 
three drawbacks of GWAS.

2  Outline of the thesis
The general objective of population-based genetic association studies for schizophrenia is to 

identify risk loci with high statistical confidence, provide insight into further exploration of biological 
mechanisms by which the discovered potential genetic factors influence schizophrenia onset and 
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psychosis progression, and ultimately facilitate therapy development and prevention options. In 
this thesis, we aimed to analyze the associations of several new interesting candidate genes with 
schizophrenia and explore their roles in schizophrenia. The candidate genes were selected either based 
on previous implications of their involvement in specific functions in the development or maintenance 
of neuronal circuitry or by a combination of our previous GWAS results and existing schizophrenia 
hypotheses. Chapter 1 provides an elaborate review on the current understanding of schizophrenia 
and its genetics. Next, we investigated the potential involvement of the human STON2 gene in 
schizophrenia in a Chinese Han case-control sample-set (Chapter 2) and found positive associations 
between schizophrenia and STON2 gene polymorphisms including two functional SNPs rs3813535 
(Pro307Ser) and rs2241621 (Ala851Ser). We selected the human STON2 gene as a candidate gene 
since it plays a role in the synaptic endocytic machinery in developing and mature neurons.. In 
Chapter 3, we reported associations between schizophrenia and several well-characterized functional 
polymorphisms of the human NAT2 gene, which encodes a specific type of N-acetyltransferase. This 
N-acetyltransferase has been shown to play an essential role in the metabolism and detoxification 
of many compounds, including drugs and environmental toxins that are linked to brain pathology. 
The functional polymorphisms of NAT2 can cause aberrant enzyme activity resulting in too slow or 
too fast acetylation both associated with a variety of complex human disorders. Our results showed 
a significant association between NAT2 polymorphisms and risk for schizophrenia in a Northern 
Chinese sample-set. Based on our earlier schizophrenia GWAS applied in a Chinese Han population, 
we designed, in Chapter 4, a replication association study in an independent sample-set to investigate 
the association between schizophrenia and human MSI2 gene, a member of the Musashi gene family 
encoding an evolutionarily conserved neural RNA-binding protein playing a prominent role in 
neural stem cell differentiation. We verified the associations of several intronic SNPs of MSI2 with 
schizophrenia, and identified linkage SNPs for the three schizophrenia-associated SNPs in five East 
Asian populations (CHB, JPT, CHS, CDX, KHV) from the 1000 Genome Project. In Chapter 5, 
we examined the association of the human SOX11 gene with susceptibility for schizophrenia in an 
independent case-control sample-set, and explored the role of SOX11 in neurodevelopment in vitro and 
in vivo (Chapter 6). SOX11 belongs to the C subfamily of the developmentally essential SOX (Sry-
related HMG box) transcription factor gene family. It showed a minor significance in our previous 
GWAS. SOX11 has been indicated as a potential regulator of various aspects of neuronal development 
in in vitro and in vivo experiments. Our results showed that several schizophrenia-associated SNPs 
located in the SOX11 flanking gene region are functional, and SOX11 is required in multiple phases of 
neurodevelopment, such as neural proliferation, neuronal differentiation, neuronal maturation, neurite 
growth and neuronal migration. In a separate small additional study we investigated the downstream 
targets of SOX2 and its underlying molecular mechanisms, and found a novel Sox2/survivin pathway 
regulating NSC survival and homeostasis, implicating a new mechanism in the development, 
maturation and plasticity of neuronal circuitry (Chapter 7). Finally, we summarized and discussed the 
major findings of this thesis in Chapter 8 and provided future outlook.
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Abstract
Synaptic hypothesis of schizophrenia suggests alterations of synaptic transmission and neuronal 

connectivity might be core feature of schizophrenia. STON2 participates in synaptic vesicle (SV) 
protein recognition and neural endocytosis. To explore the association of STON2 with schizophrenia, 
11 single-nucleotide polymorphisms (SNPs) were examined in 768 Chinese Han schizophrenia 
cases and 1347 Chinese Han controls. The results showed three SNPs had strong association with 
schizophrenia, two exonic SNPs (rs2241621: allelic p=0.0005; rs3813535: allelic p=0.0078) and one 
intronic SNP (rs9323698: allelic p=0.0019). When haplotype analysis performed, two LD blocks 
showed significant differences in frequency between cases and controls. Notably, our data displays 
an over-transmitted functional haplotype C-C (Pro307-Ala851) in schizophrenia cases. Our results 
suggest STON2 may be a susceptibility gene for schizophrenia.

Keywords
Schizophrenia; single-nucleotide polymorphisms (SNPs); Haplotype; Endocytosis; Synaptic 

vesicle; STON2;
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Introduction
Schizophrenia is a complex psychiatric disorder with a worldwide lifetime risk of ~1%. It 

is characterized by chronic positive symptoms (hallucinations, delusions and thought disorders), 
negative symptoms (social withdrawal, apathy and emotional blunting) and cognitive deficits. 
Although schizophrenia is a highly prevalent CNS disorder, it continues to be one of the least 
understood, primarily owning to its lack of pathological hallmarks. Family, twin and adoption studies 
have strongly evidenced genetic susceptibility in schizophrenia with heritability estimate of the 
approximately 80%. Recent genome-wide association studies provided molecular genetic evidence 
for a substantial polygenic component to the risk of schizophrenia involving many common alleles of 
very small effect [1-2].

Numerous hypotheses have been proposed to explain the pathogenesis of schizophrenia and 
accumulating evidence suggests that alterations of synaptic transmission and neuronal connectivity 
might be the core feature of schizophrenia [3-5]. Normal synaptic function is dependent on an 
intricate network of protein interactions, which mediate the transport, fusion and recycling of synaptic 
vesicles (SVs). Efficient SV recycling is essential to maintain the ability of the synapse to release 
neurotransmitter under sustained stimulation [6-8]. The major mechanism for recycling of fully 
fused SVs is represented as clathrin-mediated endocytosis (CME). As a coat protein, clathrin needs 
specific adaptor proteins (APs) and accessory proteins to link the coat formation to the concomitant 
selection and concentration of cargo proteins [9]. The human STON2 gene encodes a human homolog 
of Drosophila stoned B – Stonin2 [10-12]. Inactivation of Drosophila stoned B results in an inability 
to reform SV after exocytosis [13-14]. Stonin2 serves as a linker between the endocytic proteins 
AP-2 and Eps15 and the calciumsensing SV protein synaptotagmin1 and the μ-homology domain of 
stonin2 is involved in the recognition of SV cargo [11,15-17]. Therefore, Stonin2 has been identified 
as an endocytic adaptor dedicated to the retrieval of surface-stranded SV proteins, most notably 
synaptotagmin, thus suggesting its potential role in schizophrenia. 

The human STON2 is located on chromosome 14q, a candidate region implicated in linkage 
studies of schizophrenia [18-19]. In the present case-control study, we aimed to perform an 
independent association analysis of human STON2 gene with susceptibility for schizophrenia in a 
Chinese Han population and attempted to identify functional variants, which may be valuable to relate 
the Stonin2 function to the schizophrenia.

Materials and Methods
Subjects

All subjects were unrelated Chinese Han nationality born and were recruited from the North of 
China. The sample set consisted of 786 schizophrenia patients (360 males and 408 females; mean age: 
33.5±8.7 years) and 1347 normal controls (658 males and 689 females; mean age: 31.1±13.2years) 
recruited from the North of China. The consensus diagnoses were made by at least two experienced 
psychiatrists according to the DSM-IV criteria (American Psychiatric Association, 2000) on the basis 
of clinical observation, medical records and family information. None of patients had severe medical 
complications. All controls were without any DSM-IV axis I disorder and matched for age, gender, 
education and ethnicity to the patients. The objectives and procedures of the present study were 
explained to all subjects and written informed consent was obtained. This study was approved by the 
Ethical Committee of the Institute of Mental Health, Peking University.
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SNP Selection
We selected 11 SNPs from the Human STON2 genes in Chromosome 14q31.1 by downloading all 

the SNPs typed in the Human STON2 gene from the International HapMap project database on dbSNP 
((http://www.ncbi.nlm.nih.gov/SNP/). Of these 11 SNPs, two are exonic (rs3813535 and rs2241621), 
eight are intronic (rs7160907, rs1569012, rs12435764, rs2012796, rs2146244, rs6574644, rs2081988 
and rs9323698) and one is potential regulatory (rs6574651 in the 5’ near gene). The gene coverage of 
STON2 was reached with the 11 selected tag SNPs spanning approximately 130kb. Table 1 shows the 
detailed information of the selected SNPs.

Genotyping
Genomic DNA was extracted from venous blood using a commercially available QIAamp® 

DNA Blood Mini Kit (QIAGEN, German). All the SNPs were genotyped by either polymerase chain 
reaction-restriction fragment length polymorphism (PCR-RFLP) analysis or direct DNA sequencing. 
All pairs of PCR primers were designed using software Oligo6.0. The PCR amplification was 
performed in a 25μl volume containing 10 mM Tris-HCl (pH 8.3), 50 mM KCl, 1.5 mM MgCl2, 200 
mM of each dNTP, 0.25 mM of each primer, 1U Taq DNA polymerase and 40ng genomic DNA. The 
conditions used for PCR amplification included an initial denaturation at 94℃ for 5 min, followed by 
35 cycles at 94℃ for 30 sec, 55–62℃ for 30 sec, 72℃ for 30 sec, and a final elongation at 72℃ for 
7 min. PCR products were either completely digested with 4U of restriction enzyme overnight then 
separated by agarose gel electrophoresis (2-3% gel) stained with ethidium bromide or sequenced on 
an ABI PRISM 377-96 DNA Sequencer (Applied Biosystem) after purifying them using a BigDye 
Terminator Cycle Sequencing Ready Reaction Kit. All of the results were read by two experienced 
technicians independently.
Statistics

Deviation of the genotype counts from the Hardy–Weinberg equilibrium was tested using a chi-
square goodness-of-fit test. Comparisons of categorical variable (gender) and continuous variable 

Table 1. List of SNPs included in the present study

Abbreviations: HCB－ Han Chinese in Beijing; MAF－ minor allele frequency.
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(age) were performed, respectively, using Pearsonχ2-test and Student t-test by SPSS 17. Statistical 
differences in genotypic and allelic distributions between schizophrenia and control subjects were 
evaluated by the Pearsonχ2-test. Pairwise linkage disequilibrium (LD) between any two alleles 
was evaluated by LD coefficients (D’ and r2 values). The haplotype frequencies were estimated by 
using the expectation maximization algorithm. Under the null hypothesis, the affected and control 
individuals are assumed to have identical frequencies of all haplotypes. Under the alternative 
hypothesis, the candidate at-risk haplotype is allowed to have a higher frequency in affected than in 
control individuals, whereas the ratios of the frequencies of all other haplotypes are assumed to be the 
same in both groups. Likelihoods are maximized separately under both hypotheses, and corresponding 
1-d.f. likelihood-ratio statistics are used to evaluate statistical significance. Odds ratio (OR) and 
their 95% confidence intervals (95% CI) were calculated to evaluate the effect of different alleles 
and haplotypes. The Bonferroni correction was applied for multiple tests analyzing independent 
variables in order to control inflation of the type I error rate according to an effective number of 
independent marker loci or haplotypes. The statistic power of our sample size was calculated by the 
genetic power calculator (GPC, http://pngu.mgh.harvard.edu/~purcell/gpc/cc2.html) [20]. The sample 
had approximately 80% power to detect allele frequency differences assuming an OR of 1.5 with a 
minor allele frequency of 0.1. These analyses were performed by the Haploview version 4.1 (http://
www.broad.mit.edu/mpg/haploview/), a powerful software platform for analyses of LD, haplotype 
construction and genetic association at polymorphism loci [21].

Result
We genotyped 11SNPs of STON2 gene in 786 schizophrenia patients and 1347 controls in a 

Chinese Han Population. Genotype distributions of the 11SNPs in case and control groups did not 
show significant deviations from Hardy–Weinberg equilibrium. There were no significant differences 
in age, gender or education distributions between case and control samples. After the association 
study, here are the results we found (Table 2). Of the 11 SNPs, five showed significant differences 
in allele or/and genotype frequencies between patients and controls. Only significant differences 
in genotype frequency between patients and controls were observed for rs6574651 (genotype: 
χ2=7.3614, p=0.0253) and rs7160907 (genotype: χ2=7.0972, p=0.0288). In contrast, the significant 
differences in both allele and genotype frequencies between patients and controls were found for three 
SNPs, intronic rs9323698 (allele: χ2=9.6960, p=0.0019; genotype: χ2=10.6885, p=0.0048), exonic 
rs3813535 (allele: χ2=7.0767, p=0.0078; genotype: χ2=7.0544, p=0.0295) and exonic rs2241621 
(allele: χ2=12.0045, p=0.0005; genotype: χ2=12.4424, p=0.0020). After the Bonferroni correction, 
these differences in the genotype and allele frequencies remained significant.
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Table 2 Genotype and Allele Frequencies of 11 SNPs
in the STON2 Gene between Schizophrenia Patients and Controls.

Significant p values (<0.05) are in boldface.
a Frequencies are shown in parenthesis.
b P value after the strict Bonferroni correction.
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To further analyze the haplotype structure, we computed pairwise LD of the 11 SNPs of 
STON2 in our sample set using the standardized measure D’. D’ ranged between 0.8 and 1.0, which 
indicated strong LD between each other. The LD block structures are shown in Figure 1. The results 
of the haplotype analyses are summarized in Table 3. Haplotype which is constructed of five SNPs 
(rs6574651- rs7160907- rs1569012- rs12435764-rs2012796) in the strong LD block failed to show 
individual and overall difference in frequency between patients and controls (global: χ2=2.993, 
p=0.3928). A second haplotype defined by four SNPs (rs2146244- rs6574644- rs2081988- rs9323698) 
showed a significant association with schizophrenia regarding the global P value or individual 
haplotypic p values (global: χ2=8.431, p=0.0148; T-A-C-C: χ2=7.755, p=0.0054; T-G-T-T: χ2=5.806, 
p=0.0160). The last haplotype constructed by two SNPs (rs3813535-rs2241621) was also significantly 
different between patients and controls regarding the global P value or individual haplotypic p values 
(global: χ2=12.339, p=0.0021; C-C: χ2=12.143, p=0.0005; T-A: χ2=7.239, p=0.0072). Furthermore, 
these results were still highly associated with schizophrenia, after using the strict Bonferroni 
correction for multilocus haplotypes. 

STON2 gene spans 130Kb, and is composed of 5 exons. Positions of the 11 SNPs selected of STON2 gene are shown with arrows. LDs were 

computed for all possible combinations of the 11 SNPs using D’ values. Blocks were defined by a solid spine of LD.

Figure 1. Genomic structure and linkage disequilibrium (LD) of STON2 gene.
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Table 3. Estimated haplotype frequencies and case-control haplotype results of the STON2 gene.

Significant p values (<0.05) are in boldface.

a Frequencies are shown in parenthesis.

Discussion
In the present study, 11 SNPs of human STON2 gene were investigated to establish their roles 

in susceptibility to schizophrenia in a Chinese Han population. It is interesting that the genotype 
distribution of rs6574651 and rs7160907 showed significant association with schizophrenia, but 
showed no association for allele distribution which may indicate that an interaction might occur 
between two alleles at these two loci in a multiplicative manner (rs6574651: AG vs. AA+GG 
χ2=7.1451, p=0.0075; rs7160907: CT vs. CC+TT χ2=6.8057, p=0.0091). Three SNPs (rs9323698, 
rs3813535 and rs2241621) and two haplotypes (rs2146244- rs6574644- rs2081988- rs9323698 and 
rs3813535-rs2241621) were observed to be significantly associated with the disease. Rs3813535 and 
rs2241621 are located in the exon 4 and exon 5 respectively and in complete linkage disequilibrium 
with each other. Our result revealed an over-transmitted haplotype combination C-C (Pro307-Ala851) 
in schizophrenia cases compared with haplotype combination T-A (Ser307-Ser851). The rs3813535 
(Pro307Ser) polymorphism is adjacent to a NPF motif which mediates the interaction of Stonin2 with 
Eps15 and Intersectin. The rs224162 polymorphism (Ala851Ser) is anchored at the C- terminal of 
Stonin2 and approaches μ-homology domain which may adopt a conformation similar to the C-terminal 
sorting signal binding domain of AP-2 and participate in the function of Stonin2 as a synaptotagmin-
specific adaptor. The excess of C-C (Pro307-Ala851) is likely to exert an important effect on Stonin2 
function and may develop a functional influence for the schizophrenia etiopathogenesis. Rs9323698 
and the haplotype constructed by it and other three SNPs fixed in the intron3 of STON2 lead no change 
of protein structure or function, but could be involved in the alternative splicing of STON2 mRNA or 
in linkage disequilibrium with the nearby disease related variations. Combining the association results 
in our study, it is suggested that STON2 gene might be involved in susceptibility to schizophrenia by 
the hypothetical way that the functional variants might influence the interaction between Stonin2 and 
other proteins and the splicing of mRNA.

The STON2 gene is located at chromosome 14q31. Previous linkage and cytogenetic studies 
reported the 14q region for schizophrenia and bipolar disorders [19]. Individual genes mapped to 
this region can be considered candidates for schizophrenia susceptibility genes. Stonin2 is linked 
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to the endocytic machinery by direct interactions with AP-2 and Eps15 or Intersectin and has been 
identified as a clathrin-associated sorting protein and represents the first endocytic protein specifically 
dedicated to SV recycling by acting as a sorting adaptor for synaptotagmin 1[17]. Expression of 
Stonin2 in fibroblasts is sufficient to rescue clathrin/AP-2-mediated internalization of surface-stranded 
synaptotagmin1 and facilitates synaptotagmin 1 redistribution into SVs in primary neurons [15,22]. 
The clathrin-mediated endocytosis presumably represents the major mechanism for recycling of fully 
fused SVs and is involved in pathophysiologic processes of schizophrenia. The dopaminergic system 
plays an important role in the etiology of schizophrenia, and most antipsychotic drugs exert their 
function by blocking dopamine D2 receptors (D2Rs). D2R-mediated signaling is extensively regulated 
by multiple processes, and clathrin-mediated endocytosis is a major mechanism of D2R signal 
attenuation [23-24]. On the other side, under basal conditions, internalization of NMDARs occurs 
through the clathrin-coated pit pathway, and abnormal internalization would disrupt the dynamic 
regulation of the number and composition of synaptic NMDA and lead to neurological and psychiatric 
disorders. NMDAR hypofunction is implicated in the behavioural manifestations of schizophrenia in 
humans and animal models [25]. Accordingly, Stonin2 probably participates in the regulation of the 
internalization of D2Rs and NMDARs and play a role in underlying schizophrenia.

To our knowledge, this is the first report on the association between STON2 gene variants and 
schizophrenia. Due to the potential limitations of sample size and population stratification, the 
case-control study may lead to false-positive findings. A significant different expression profile 
of the STON2 gene has not been found in the postmortem brain samples between patients with 
schizophrenia and controls in the Stanley Medical Research Institute Online Genomics Database 
(https://www.stanleygenomics.org/). Therefore, association analysis of more markers in STON2 and 
replication of this finding in larger independent samples and family-based association studies in more 
ethnic populations will be required to further strengthen that STON2 gene plays a role in genetic 
susceptibility to schizophrenia. In addition, biological functional studies are needed to investigate the 
impact of the risk function variants of haplotypes on the pathogenesis of schizophrenia.

Conclusion
Our case-control association study demonstrated a significant association between Human 

STON2 gene polymorphisms and schizophrenia and suggests STON2 gene may contribute to the risk 
of schizophrenia. Notably, we identified two functional SNPs rs3813535 (Pro307Ser) and rs2241621 
(Ala851Ser) in STON2 and the high consistency of risk and protective haplotype (C-C: Pro307-
Ala851; T-A: Ser307-Ser851) linked with schizophrenia.
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Abstract
The gene that encodes N-acetyltransferase 2 (NAT2) is located on chromosome 8p22, one of 

the most convictive susceptibility loci of schizophrenia. NAT2, an enzyme that is essential in the 
metabolism of many drugs and xenobiotics, contains various genetic polymorphisms which lead 
to changes in enzyme activity. In the present study, six selected NAT2 exonic single nucleotide 
polymorphisms (SNPs) were genotyped in an independent case-control sample of a Northern 
Chinese Han population to verify the possible association between NAT2 and schizophrenia. Three 
(rs1801280T/341C, rs1799930/G590A and rs1208/A803G) of the six SNPs showed significant allele 
frequency differences between case and control groups after rigorous Bonferroni correction. One 
protective fast-acetylation haplotype (NAT2*4) and two risk slow-acetylation haplotypes (NAT2*5B 
and NAT2*6A) were found to be associated with schizophrenia. These results indicate that NAT2 
may act as a susceptibility gene for schizophrenia in the current Chinese Han population, and the risk 
haplotypes might cause the impairment of NAT2 to metabolize neurotoxic substances. 

Keywords
acetylation, haplotype, NAT2, schizophrenia, single nucleotide polymorphisms
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Introduction

Schizophrenia is a chronic psychotic disorder manifested by a breakdown in cognition and 
emotion along with characteristic positive (ie. hallucinations, delusions, or disorganized speech and 
thoughts) and negative (i.e. apathy, alogia, or avolition) symptoms[1]. Schizophrenia typically arises 
in late adolescence or early adulthood with a global lifetime prevalence of about 1%. Considerable 
progress has been made in the diagnosis, classification and treatment of schizophrenia during the last 
decades. However, the etiology and molecular basis of schizophrenia remain obscure [2, 3].

Unlike single-gene disorders having homogenous etiologies, cumulatively diverse but convincing 
evidence points to schizophrenia as a neurodevelopmental disorder with heterogeneous etiologies 
emanating from interactions between multiple genes and various environmental insults [4]. Family, 
twin and adoption studies of schizophrenia have revealed a substantial genetic contribution with 
conservative estimates of heritability of approximately 80% [5, 6]. Despite this high genetic 
predisposition, the environmental factors triggering the expression of individual genes is also crucial 
to the onset of the disorder. A variety of prenatal and perinatal environmental risk factors has been 
mentioned so far. The neurotoxic hypothesis of mental disorders received considerable interest, and 
both endogenous and exogenous neurotoxic substances have been shown relevant to the genesis of 
schizophrenia [7-9].

A large number genome-wide scan studies have been carried out recently [10]. Linkage evidence 
of schizophrenia susceptibility loci has been reported across almost every human chromosome 
[11]. Perhaps the most compelling region is chromosome 8p, which is not only based on multiple 
independent strong linkage reports but also on various meta-analytical statistical applications [12-16]. 
Subsequent research implicated chromosome 8p21-22 as the more precise location for schizophrenia 
[17-19].  N-acetyltransferases (NATs) are cytosolic conjugating enzymes which transfer an acetyl 
group from acetyl Coenzyme A to xenobiotic acceptor substrates [20]. NATs play an essential role 
in metabolism and detoxification of many compounds including drugs and environmental toxins 
that are linked to brain pathology [21]. The human NAT2 gene located on chromosome 8p22 is 
one of two human NAT isoenzymes. At the human NAT2 locus there are several well-characterized 
functional polymorphisms that cause variable enzyme activity or stability, resulting in slow or fast 
acetylation [22]. So far, an increasing number of epidemiological studies have attempted to relate 
NAT2 acetylation phenotypes to a variety of complex human disorders [23-26]. Saiz et al. reported 
one missense substitution C481T associated with schizophrenia [27]. However, the distribution of 
NAT2 genetic polymorphisms has a worldwide diversity, and the common functional haplotypes vary 
in different populations [28]. In the present study, an independent case-control analysis was carried 
out to estimate the association of NAT2 polymorphisms and schizophrenia in a Northern Chinese Han 
population.

 
Materials and methods
Subjects

761 diagnosed schizophrenia patients (368 males and 403 females) and 976 healthy controls (466 
males and 510 females) were included in the present study. The patients were recruited at the Institute 
of Mental Health, Peking University, Beijing, China. Diagnosis of schizophrenia was conducted 
according to the Diagnostic and Statistical Manual of Mental Disorders, fourth Edition (DSM-IV, 
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American Psychiatric Association, 2000). None of the patients had severe medical complications. 
The controls were matched to the patients, selected by psychiatrists using a simple non-structured 
interview and had no history of mental health problems or neurological diseases. All the patients and 
controls lived in Northern China and descended from the Chinese Han population.
Sample preparation and genotyping

Peripheral blood samples were obtained from all the subjects and genomic DNA was extracted 
using the QIAamp® DNA blood Mini Kit (QIGEN, Germany). All the SNPs were genotyped by 
direct DNA sequencing. Polymerase chain reaction (PCR) was performed in a 25μl volume containing 
10 mM Tris-HCl (pH 8.3), 1.5 mM MgCl2, 50 mM KCl, 200 mM for each dNTP, 0.25 mM for each 
primer, 1U Taq DNA polymerase and 30 ng human genomic DNA. The PCR conditions included 
an initial denaturation at 95º for 5 min, followed by 36 cycles at 95ºC for 30 sec, 55–60ºC for 30 
sec, 72ºC for 30 sec, and a final elongation at 72ºC for 7 min. All the PCR primers were designed by 
Oligo6.0 (MBI, USA). PCR products were sequenced on the ABI PRISM 377-96 DNA Sequencer 
(Applied Biosystem, USA.) after purification using the BigDye Terminator Cycle Sequencing Ready 
Reaction Kit. All the results were examined by two experienced technicians independently. 
SNP selection

The international HapMap project database on dbSNP (http://www.ncbi.nlm.nih.gov/SNP/) was 
consulted. Six exonic SNPs with acceptable MAF (minor allele frequency) (≥2%) in the Chinese Han 
population were selected. These SNPs are all correlated with main amino acid substitutions in human 
NAT2 resulting in enzyme activity alteration. Information about the six SNPs is given in Table 1.
Statistical analyses

Statistical power was estimated by the Genetic Power Calculator (GPC, http:// pngu.mgh.
harvard. edu/~purcell/gpc/cc2.html) [29].  Deviations in genotype counts from the Hardy-Weinberg 
equilibrium (HWE) were separately tested among the patient and control groups using χ2 goodness-
of-fit tests with one degree of freedom (df). The case-control association analysis and haplotype 
analysis were performed using SHEsis software (http://analysis.bio-x.cn/SHEsisMain.htm) [30]. The 
haplotype structures were constructed using Haploview version 4.1 (http://www.broad.mit.edu/mpg/
haploview) [31]. To exclude type I errors, Bonferroni corrections for multiple tests were applied for 
multiplying the uncorrected p-value by the number of tests. Results were considered significant at 
two-tailed p<0.05.
Ethics statement

This study was approved by the Ethical Committee of the Institute of Mental Health, Peking 
University. The objective and procedures of the present study were explained to all patients and 
patients’ guardians. All subjects enrolled in the study signed a written informed consent. Healthy 
controls signed the informed consent themselves, patients’ guardians signed the informed consent on 
behalf of the patients. If the patients were in a stable period with respect to clinical features and could 
understand the consent, they also double signed the consent on their own.

Results
All SNPs were tested in patient and control groups for deviations from HWE (p>0.001), and no 

significant deviation was found (Supplementary Table 1). The size of our samples was sufficient to 
detect a significant difference with a power of more than 70%. No significant differences in age or 
gender distributions were found between the case and control groups (data not shown). Allele and 
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genotype frequencies of the six SNPs between case and control groups are presented in Table 2. The 
differences in genotype frequencies were tested between two groups and four SNPs showed significant 
results (rs1801280/T341C, rs1799929/C481T, rs1799930/G590A and rs1208/A803G). Significant 
differences were found in allele frequencies between case and control groups at five SNPs (rs1041983/
C282T, rs1801280/T341T, rs1799929/C481T, rs1799930/G590A and rs1208/A803G). However, after 
rigorous Bonferroni correction, only one SNP (rs1799930/G590A, χ2=9.786, p=0.00754, pb=0.0452) 
remained significantly different for genotype frequency, and three SNPs (rs1801280/T341C: χ2=8.892, 
p=0.00288, pb=0.0173; rs1799930/G590A: χ2=9.310, p=0.00229, pb=0.0137; rs1208/A803G: 
χ2=8.345, p=0.00389, pb=0.0233) were still significantly associated with schizophrenia for allele 
frequency.

To further explore the haplotype structure in our study, linkage disequilibrium (LD) was 
computed between every two SNPs using D’ and r2 values (Supplementary Table 2). There was a 
strong LD between each two of the six SNPs, so haplotype analyses were performed. Fifteen different 
allele combinations of the six SNPs were found in the case and control groups. However, there were 
only four predominant allele combinations (distribution frequencies>0.02, Table 3). Only these 
predominant allele combinations were included in the analyses (Table 4). Haplotypes consisting of 
the six SNPs showed significant association with schizophrenia (global χ2=20.222, p=0.000156). The 
protective haplotype NAT2*4 (CTCGAG) appeared to be significantly associated with schizophrenia 
(χ2=11.211, p=0.000819). Two risk haplotypes also showed a strong association with schizophrenia 
(NAT2*5B: χ2=7.979, p=0.00475; NAT2*6A: χ2=9.888, p=0.00167). Furthermore, these positive 
results remained after the strict Bonferroni correction for multilocus haplotypes.

Table 1. Information on the six NAT2 SNPs

Abbreviations: HCB－ Han Chinese in Beijing; MAF－ minor allele frequency.

a Based on HapMap database release#27

b MAF of Han Chinese in Beijing studied in the International HapMap project
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Table 3. Dominant NAT2 haplotypes of schizophrenia patients in our Chinese Han

Table 2. Distribution of the NAT2 SNP genotypes
and allele frequencies in patients with schizophrenia and in controls

Abbreviations: CI, confidence interval

Significant p values (<0.05) are in bold.

a Frequencies are shown in parentheses.



A
ssociation betw

een N
AT2 Polym

orphism
s and the R

isk of Schizophrenia in a N
orthern C

hinese H
an Population

3

41

Table 4. Distribution of NAT2 haplotypes in schizophrenia patients and in controls

Significant p values (<0.05) are in bold.

a Frequencies are shown in parentheses.

Discussion
Defects in neurodevelopmental processes have been considered as major factors of susceptibility 

to schizophrenia [32]. Nevertheless, due to etiological complexity, filtering susceptibility genes and 
abnormalities in neurodevelopment is difficult. However, the importance of the chromosome 8p21-
22 region for neuropsychiatric disorders, as indicated by a series of independent studies is well 
established. Tests of allelic association with markers on 8p21-22 are applicable to localize quantitative 
trait nucleotides or susceptibility mutations [21]. The human NAT2 gene is located on chromosome 
8p22. Sequence variations in the NAT2 gene leading to slow enzymatic acetylation activity have been 
reported to be associated with Parkinson’s disease [33-35]. NAT2 was designated as a candidate gene 
for schizophrenia in a Caucasian Spanish sample [27]. However, the worldwide diversity of NAT2 
haplotypes and phenotypes requires further replication in independent samples from different ethnic 
populations. 

Over two hundreds of coding single nucleotide polymorphisms (cSNPs) for NAT2 have been 
characterized in the international HapMap project database. However, only six NAT2 cSNPs with 
acceptable polymorphisms for association studies (MAF>2%) were included in the present study to 
investigate their roles in susceptibility to schizophrenia in the Northern Chinese Han population. One 
cSNP (rs1799930/G590A) showed both genotype and allele frequency differences between case and 
control groups afteBonferroni corrections, while two cSNP (rs1801280/T341C and rs1208/A803G) 
only showed allele frequency differences. Compared to cSNP differences, the haplotype analysis 
provides more explicable results considering the corresponding NAT2 quantitative acetylation 
phenotypes. Although 11 haplotypes appeared in our sample; only 4 of them reached a predominant 
haplotype distribution frequency (>3%). Significant associations were observed in three haplotypes, 
NAT2*4, NAT2*5B and NAT2*6A. NAT2*4 responsible for a fast NAT2 acetylation phenotype was 
most common in the Northern Chinese Han population. The frequency of NAT2*4 was 55.3% in 
patients and 61% in controls, which illustrated a protective role of NAT2*4 haplotype (χ2=11.211, 
p=0.000819; OR=0.79, 95%CI=0.69~0.91). In contrast, NAT2*5B (χ2=7.979, p=0.00475; OR=1.72, 
95%CI=1.18~2.51) and NAT2*6A (χ2=9.888, p=0.00167; OR=1.30, 95%IC=1.10~1.53) had lower 
distribution frequencies in the control group than in the patient group and were considered as risk 
haplotypes. As mentioned previously, NAT2 genetic polymorphisms vary worldwide [28, 36]: nearly 
60% of the subjects in our sample displayed NAT2 fast acetylation, while this was the case in less 
than 30% of the Caucasian population. This significant difference primarily originated from the large 
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Supplementary Table 1. Hardy-Weinberg Equilibrium Test for the Six SNPs

Supplementary Material

variances of three individual SNPs (T341C, C481T and A803G). The less common alleles of these 
SNPs seldom present in East Asian populations and result in “slow acetylators” that are less efficient 
in metabolizing endogenous and exogenous toxins. This high level of NAT2 population differentiation 
inferred from SNPs may suggest population-specific selective pressure acting at this locus, probably 
caused by differences in diet or exposure to other environmental signals. Nonetheless, our studies, and 
an earlier association study in a Caucasian Spanish sample, provide evidence that the human NAT2 
gene may play a role in genetic susceptibility to schizophrenia.

Substrate acetylation via NAT2 contributes to biotransformation and clearance of toxicity for 
numerous pharmacologic agents and environmental toxicants [7, 8]. It is plausible that genetic 
polymorphisms in the NAT2 gene may modify the neurodevelopmental risk involved in brain 
pathology through abnormal detoxification [36]. Although no specific endogenous or exogenous 
psychotomimetic agents have been related to schizophrenia in any extensive search for over decades, 
neurotoxic impairment was widely discovered in schizophrenia by independent researches [37]. 

 
Conclusions

The present study reports a significant association between the human NAT2 gene polymorphisms 
and risk for schizophrenia in a Northern Chinese sample and suggests that positive haplotypes 
related to a different acetylation status may contribute to the risk of schizophrenia. Additional studies 
are required to elucidate the actual biological involvement of NAT2 gene in the development of 
schizophrenia.
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Supplementary Table 2. Pairwise linkage disequilibrium among six SNPs
(D’ values are shown above and r2 values below the diagonal)
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Abstract
It has been suggested that altered neurogenesis may be involved in the etiology of schizophrenia, 

so genes impacting on neurogenesis could be potential candidates for schizophrenia. A member of the 
Musashi family, the human MSI2 gene plays a substantial role in stem-cell maintenance, asymmetric 
division, and differentiation during neurogenesis. Our previous genome-wide association study 
(GWAS) implied an association of MSI2 with schizophrenia in a Han Chinese population. To further 
explore this association, three single-nucleotide polymorphisms (SNPs), rs9892791, rs11657292, 
and rs1822381, were selected for a replication study involving 921 schizophrenia cases and 1244 
controls. After rigorous Bonferroni correction, two of the SNPs (rs9892791 and rs11657292) 
displayed significant differences in allele and genotype distribution frequencies between the case and 
control groups. When our GWAS and replication samples were combined, the three MSI2 SNPs were 
all strongly associated with schizophrenia (rs9892791: allelic P = 1.07E-5; rs11657292: allelic P = 
1.95E-12; rs1822381: allelic P = 1.44E-4). These results indicate that the human MSI2 gene might be 
a susceptibility gene for schizophrenia and encourage future research on the functional relationship 
between this gene and schizophrenia.

Keywords
schizophrenia, neurogenesis, single-nucleotide polymorphism, Musashi, MSI2
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Introduction
Abnormal neuronal development has been implicated in the etiopathogenesis of schizophrenia. 

The developmental disturbance, caused by genetic and environmental factors, leads to defective 
neuronal connectivity and biochemical functioning. Stress and maladaptation may trigger the 
pathological circuits later in life, resulting in the emergence of clinical symptoms[1, 2]. Neuronal 
development encompasses multiple processes including neurogenesis, the generation of new neurons, 
which is an intricate process responsible for populating the developing brain with functional neurons 
from neural stem cells. Aberrant neurogenesis is involved in the hippocampal volume reduction and 
cognitive impairment reported in schizophrenic patients[3, 4]. As a heterogeneous disorder, the risk 
for schizophrenia probably results from the mutual effects of many loci with small contributions[5]. 
Numerous identified schizophrenia susceptibility genes are indispensable in the regulation of 
neurogenesis[6-8]. A number of genes specifically or highly expressed in the central nervous system 
(CNS) have been reported to be associated with neurogenesis, and variants of these genes may 
participate in the onset of schizophrenia.

During the last decade, genome-wide association studies (GWAS) have become a powerful 
and efficient approach for investigating genetic variants associated with schizophrenia[9, 10]. In 
our earlier GWAS in a Han Chinese population[11], several novel schizophrenia candidate genes 
were found, and among them, the Musashi2 (MSI2) gene caught our attention. MSI2 is a member 
of the Musashi gene family encoding an evolutionarily-conserved group of neural RNA-binding 
proteins[12]. Musashi was originally isolated in Drosophila as a molecule required for the asymmetric 
division of sensory organ precursor cells[13]. Since then, Musashi family genes have been identified 
and cloned in various species. In mammals, two family members, MSI1 and MSI2, have been 
identified[14, 15]. The expression of human Musashi is developmentally regulated in neural precursor 
cells, including CNS stem cells in the subventricular zone and dentate gyrus of the hippocampus 
where neurogenesis occurs[16]. Some neurodevelopmental factors have been identified as the targets 
of Musashi proteins[17]. The human MSI2 gene has been mapped to chromosome 17q, a potential 
susceptibility region for schizophrenia[18]. To verify the association between the human MSI2 gene 
and schizophrenia in the Han Chinese population, a replication association study involving three 
SNPs of MSI2 was performed in an independent sample of 921 schizophrenia cases and 1244 healthy 
controls. 

Methods and Materials
Participants

In the present replication association study, 921 schizophrenia patients (449 males and 472 
females; mean age, 29.3 ± 9.8 years) and 1244 healthy controls (597 males and 647 females; mean 
age, 29.6 ± 8.7 years) were included. All participants were Han Chinese from the same region of 
northern China and unrelated to the previous GWAS samples. The patients were all recruited from 
the Institute of Mental Health, Peking University, Beijing, China. Consensus diagnoses were made by 
at least two experienced psychiatrists according to the Diagnostic and Statistical Manual of Mental 
Disorders, Fourth Edition (DSM-IV) criteria. None of the patients had severe medical complications. 
Healthy controls were selected by a simple non-structured interview, excluding individuals with a 
history of mental health problems or neurological diseases. The healthy controls were matched with 
the patients for age, gender, and ethnicity. Approval for the current study was obtained from the Ethics 
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Committee of the Institute of Mental Health, Peking University. After informing the participants 
or guardians of the objectives and procedures of the current study, written informed consent was 
obtained. 
SNP Selection

The MSI2 gene spans >400 kb in the human genome (Fig. 1A), and our previous GWAS included 
229 SNPs in and around the human MSI2 gene region (Figure 1B). Information on these SNPs was 
downloaded from the International HapMap project database (http://hapmap.ncbi.nlm.nih.gov/). 
Linkage disequilibrium (LD) blocks were determined using Haploview version 4.1. Three SNPs 
(rs9892791, rs11657292, and rs1822381) with significant association with schizophrenia in our 
previous GWAS were selected for replication analysis. All three SNPs were in MSI2 introns.

Sample Preparation and Genotyping
Peripheral blood samples were collected from all participants, and genomic DNA was extracted 

using a commercially-available QIAamp DNA Mini kit (Qiagen, Hilden,  Germany). Three pairs 
of PCR primers (rs9892791: 5'-GCTGACTGCTGAGGAT-3' and 5'-ATTTGATTTGGGACAC-3'; 
rs11657292: 5'-AGATGTTTGCTCCTGA-3' and 5'-AATAGAACCAACTCCC -3'; and rs1822381: 
5'-GCATTTCCTCCTCAA-3' and 5'-CACCATCCTCCGTTA -3') were designed to amplify the 
three DNA fragments containing the three selected MSI2 SNPs using Oligo6.0 software (MBI Inc., 
Norwalk, USA). The PCR amplification was performed as previously described[6]. Briefly, PCR was 
performed in a 25-mL volume containing 10 mmol/L Tris-HCL (pH 8.3), 50 mmol/L KCl, 1.5 mmol/
L MgCl2, 200 mmol/L of each dNTP, 0.25 mmol/L of each primer, 1 U of Taq DNA polymerase, 
and 40 ng genomic DNA. The conditions used for PCR amplification were initial denaturation at 
94°C for 5 min, followed by 36 cycles at 94°C for 30 s, 58-62°C for 30 s, and 72°C for 40 s, and a 

(A) Genomic structure of the human MSI2 gene. The gene spans 423 kb, and the largest isoform is composed of 11 exons. The positions of the 

three SNPs selected for the replication study are indicated by arrowheads. (B) LD of the MSI2 gene in a previous GWAS. Pairwise LDs were computed 

for all possible combinations of the 229 SNPs using D’ values. The number in each cell represents the D′ value after the decimal point between SNPs. 

The three SNPs are in three different LD blocks shown in the grey panel and magnified in the upper panel. 

Fig.1 . Genomic structure and linkage disequilibrium (LD) of MSI2. 
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final elongation at 72°C for 7 min. PCR products were purified using a BigDye Terminator Cycle 
Sequencing Ready Reaction kit, and then either completely digested with 4 U of restriction enzyme 
overnight followed by agarose gel electrophoresis (2–3% gel) stained with ethidium bromide, or 
sequenced on an ABI PRISM 377-96 DNA Sequencer (Applied Biosystems, New York, USA). 
Statistics

Deviation of the genotypes from Hardy–Weinberg equilibrium was tested using a χ2 goodness-of-
fit test. The distribution of gender and the difference of age between cases and controls were evaluated 
using Pearson’s χ2-test and Student’s t-test with SPSS 16.0 (SPSS Inc., Chicago, IL). Statistical 
differences in allelic distribution between patients and controls were evaluated by Pearson’s χ2-test. 
Pairwise LD between any two alleles was evaluated using the D’ value. Odds ratios (ORs) and their 
95% confidence intervals (95%CI) were calculated to evaluate the effect of different alleles. These 
analyses were performed using Haploview version 4.1 (http://www.broad.mit.edu/mpg/haploview/)
[19] and SHEsis[20] software (http://analysis.bio-x.cn/SHEsisMain.htm). The statistical power of 
our first sample size was calculated using the genetic power calculator (http://pngu.mgh.harvard.
edu/~purcell/gpc/cc2.html)[21]. The joint analytical power of the combined sample was calculated 
using the Power Calculator for Two Stage Association Studies (http://www.sph.umich.edu/csg/
abecasis/CaTS/)[22]. The Bonferroni correction was applied for multiple tests analyzing independent 
variables in order to control inflation of the type I error rate according to an effective number of 
independent marker loci. Results were considered significant at two-tailed P <0.05.

Results and Discussion
GWAS Analysis

Two-hundred-twenty-nine MSI2 SNPs were included in our previous GWAS. Pairwise LD was 
computed between each pair of SNPs in the control sample using the criterion D’ >0.8 (Fig. 1B). 
According to the GWAS results, only one SNP (rs11657292) reached genome-wide significance (P = 
2.31E-6, χ2 = 22.368, OR = 0.69, 95%CI = 0.59–0.81), but we also considered four SNPs (rs9892791, 
rs11654639, rs1822381, and rs7504077) with P <0.05 (Table 1).

Table 1. MSI2 association results of GWASa
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Table 3. Genotype and allele frequencies of three MSI2 tagged
SNPs in 921 patients with schizophrenia and 1244 healthy controls.

HCB, Han Chinese in Beijing; MAF, minor allele frequency; CI, confidence interval.

a 746 patients with schizophrenia and 1599 healthy controls included in the previous GWAS[11]

b Based on HapMap database release #27

c Minor allele/major allele

d MAF of HCB in the International HapMap project

Table 2. Pairwise linkage disequilibrium
among the three tagged SNPs based on previous GWAS data

Replication Study
From these five SNPs, three (rs9892791, rs11657292, and rs1822381) from different LD blocks 

(Table 2) were selected based on the initial GWAS results and the HapMap information on the Han 
Chinese in Beijing population, and genotyped in 921 patients with schizophrenia and 1244 healthy 
controls for the replication association study. The independent case-control sample-set had ~80% 
power to detect allele frequency differences assuming an OR of 1.5 with a minor allele frequency of 
0.1. None of the genotype distributions of the three SNPs in cases and controls deviated from Hardy-
Weinberg equilibrium (Table S1). The genotype and allele distribution frequencies of all SNPs in the 
case and control groups are shown in Table 3. The significant differences in both genotype and allele 
distribution frequencies remained for rs9892791 (allelic P = 0.00108, χ2 = 10.690, OR = 0.69, 95%CI 
= 0.55–0.86; genotypic P = 0.00436, χ2 = 10.879) and rs11657292 (allelic P = 6.84E-5, χ2 = 15.881, 
OR = 0.74, 95%CI = 0.64–0.86; genotypic P = 4.02E-4, χ2 = 15.664). After rigorous Bonferroni 
correction, significance remained for both SNPs
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Table 4. Combined study of GWASa and replication samples

CI, confidence interval.

a Frequencies are shown in parenthesis.

Combined Sample Analysis
We combined the data from the current replication study and the previous GWAS (Table 4). The 

joint analytical power of the combined sample reached 80%. After combination, the three SNPs all 
had a strong association with schizophrenia (rs9892791: P = 1.07E-5, χ2 = 19.419, OR = 0.70, 95%CI 
= 0.59–0.82; rs11657292: P = 1.95E-12, χ2 = 49.786, OR = 0.68, 95%CI = 0.61–0.76; rs1822381: P = 
1.44E-4, χ2 = 14.471, OR = 0.85, 95%CI = 0.76–0.92).

MAF, minor allele frequency; CI, confidence interval
a746 patients with schizophrenia and 1599 healthy controls included in the previous GWAS[11]
b Minor allele/major allele

For most biomedical diseases including schizophrenia, the results of association studies are 
inconsistent and unrepeatable. In this study, a replication association analysis was performed for the 
human MSI2 gene, a novel candidate gene identified from our previous GWAS[11], in an independent 
sample of 921 cases and 1244 controls from the Han Chinese population. We chose three SNPs 
(rs9892791, rs11657292, and rs1822381) from different LD blocks and found a significant association 
between two SNPs and schizophrenia. Rs11657292, which the only SNP reaching genome-wide 
significance in our GWAS, showed the most significant association with schizophrenia. To obtain 
stronger statistical evidence, a combined analysis of the replication study and GWAS data was 
performed and indicated that the human MSI2 gene is involved in the development of schizophrenia. 
We also downloaded genotyping data from the 1000 Genome Project[23]. Individuals from five East 
Asian populations (Han Chinese in Beijing, Japanese in Tokyo, Southern Han Chinese, Chinese Dai 
in Xishuangbanna, and Kinh in Ho Chi Minh City) were used to identify linkage SNPs for the three 
schizophrenia-associated SNPs (rs9892791, rs11657292, and rs1822381). A total of 12 SNPs were 
identified as linkage SNPs (r2 >0.8) (Table 5). Several of these SNPs have a significant cis-eQTL 
effect for the  MSI2 gene[24] (Table 6), indicating that different variants of the three schizophrenia-
associated SNPs may affect the expression level of MSI2.
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The human MSI2 gene is located on chromosome 17q in a potential susceptibility region for 
schizophrenia[18]. A genome-wide linkage study of age-at-onset in schizophrenia indicated a peak 
LOD score on marker D17S787, which is close to the MSI2 locus[25]. A conserved RNA-binding 
protein, MSI2 is strongly expressed in neural precursor cells residing in the subventricular zone[15] 
that are subjected to the refined process of cell-fate specification during neurogenesis, which requires 
the post-transcriptional spatiotemporal regulation of the proteome by RNA-binding proteins. RNA-
binding proteins can package specific mRNAs within ribonucleoprotein granules and target specific 
fragments of mRNAs to adjust the expression of functionally-related genes[26]. Despite the unclear 
targets of MSI2, it has been hypothesized that MSI2 may bind uridine-rich RNA sequences similar to 
MSI1 in vivo[15]. Msi2-silencing experiments in mouse Msi1-/- neural stem cells revealed functional 
redundancy and cooperation of Msi1 and Msi2 in the regulation of proliferation and maintenance of a 
neural stem cell population[27]. However, the human MSI1 gene displayed no significant association 
with schizophrenia (Table S2 and Fig. S1). The reason for this association difference is unknown, and 
further functional exploration of these two genes may provide an explanation.

Table 5. Identified linkage SNPs of the three schizophrenia-associated SNPs

Table 6. Identified SNPs with significant cis-eQTL effect for the MSI2 gene
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The expression of the MSI2 gene is rapidly down-regulated in newly-generated postmitotic 
neurons, with the exception of GABAergic parvalbumin (PV)-containing interneurons in the neocortex 
and hippocampus[27]. Alterations in cortical GABAergic interneurons are thought to be pivotal in the 
pathology of schizophrenia as concluded from a series of postmortem studies[28, 29]. GABAergic 
interneurons are core components of the corticolimbic circuitry. They provide both inhibitory and 
disinhibitory modulation of cortical and hippocampal circuits and contribute to the generation of 
oscillatory rhythms, to discriminative information processing, and to the gating of sensory information 
within the corticolimbic system. All of these functions are abnormal in schizophrenia[30]. PV-
containing GABAergic interneurons comprise a GABAergic interneuron subclass that is essential 
for the synchronization of neuronal activity[31], and the activity of PV-containing GABAergic 
interneurons has been linked to the production of cortical network oscillations[32]. Activation of 
PV-containing GABAergic interneurons via the N-methyl D-aspartate receptor (NMDAR) has been 
suggested to be a crucial element in the NMDAR hypofunction hypothesis of schizophrenia[33]. The 
wiring of PV-containing GABAergic interneurons is strongly modulated by the neuregulin signaling 
pathway which numerous genetic linkage and association studies indicate is involved in a high risk 
of schizophrenia[34]. So, apart from its role in neural stem cells and neuronal development, MSI2 
may be involved in the maintenance of proper functioning of PV-containing GABAergic interneurons 
by controlling the local translation or stability of mRNAs that encode essential neurotransmitters, 
receptors, and channels. MSI2 is also expressed in the stem-cell compartments of other tissues 
and in aggressive tumors as well as playing a broad role in stemness and the determination of cell 
fate[35-39]. The detailed action of MSI2 on physiological and pathological processes requires further 
research.

In conclusion, although it is unclear if and how the SNPs influence transcription of the MSI2 
gene, our association study suggests that the MSI2 gene may be considered to be a risk gene for 
schizophrenia. Additional studies are required to elucidate the involvement of these SNPs in the 
regulation of MSI2 gene transcription before we can confirm the potential role of MSI2 in the 
pathogenesis of schizophrenia; moreover, multiple prospective studies in other ethnic populations are 
needed to confirm the results of our analysis.
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Abstract
Diverse and circumstantial evidence suggests that schizophrenia is a neurodevelopmental 

disorder. Genes contributing to neurodevelopment may thus be potential candidate genes for 
schizophrenia. The human SOX11 gene is a member of the SOX (Sry-related HMG box) transcription 
factor gene family that is essential for development and is mapped to chromosome 2p, a potential 
candidate region for schizophrenia. Our previous genome-wide association study (GWAS) implicated 
association of SOX11 with schizophrenia in a Chinese Han population. To further investigate the 
association between polymorphisms at SOX11 and schizophrenia, we performed an independent 
replication case-control association study in a sample including 786 schizophrenia cases and 1348 
healthy controls. After rigorous Bonferroni correction, four SNPs in SOX11 3’UTR, significantly 
associated with schizophrenia in the allele frequencies: rs16864067 (allelic p=0.0022), rs12478711 
(allelic p=0.0009), rs2564045 (allelic p=0.0027) and rs2252087 (allelic p=0.0025) were found. The 
haplotype analysis of the selected SNPs showed different haplotype frequencies for two blocks 
(rs4371338- rs7596062- rs16864067- rs12478711 and rs2564045- rs2252087- rs2564055- rs1366733) 
between case and control groups. Our results confirm that the SOX11 gene is to be considered as a 
susceptibility gene for schizophrenia. 

Key Words
Schizophrenia; Genetic association; Single nucleotide polymorphism (SNP); Haplotype; SOX11; 

Neurodevelopment. 
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Introduction
Schizophrenia is a chronic and devastating neuropsychiatric disorder afflicting approximately 

1% of the general population worldwide [1]. It inflicts physical and mental suffering on affected 
individuals and their families. Family, twin and adoption studies indicate an explicit hereditary 
contribution to the etiology of schizophrenia with heritability estimates of approximately 80% [2]. 
Genome-wide association studies (GWAS), have provided insights into potential candidate genes 
involved. Since the first GWAS for schizophrenia was published in 2008, a large number of small 
risk genetic risk factors of schizophrenia has contributed to the conclusion that schizophrenia is a 
polygenic and complex disorder [3]. Clearly the most important and challenging task is to interpret 
and dissect and weigh the large number of potential schizophrenia susceptibility loci.

Despite more than a century of research, the pathophysiological basis of schizophrenia 
remains largely undefined. As mentioned above, substantial evidence suggests that schizophrenia 
is a neurodevelopmental disorder [4, 5]. Neurodevelopment comprises multiple, delicately tuned 
processes, including proliferation, differentiation, migration and integration of a variety of neural 
cell types [4]. Although neurodevelopment takes place mostly during embryonic, fetal and puberty 
periods, neurogenetic activity persists in adulthood. The risks and insults to neurodevelopment 
occurring during the prenatal and postnatal stages have been related to the formation and activation of 
aberrant neural circuits and emergence of schizophrenia symptoms [6]. 

In our previous GWAS, performed in a Chinese Han population [7], besides the most prominent 
genes, we also identified several other schizophrenia candidate genes with statistical significance, 
among which was the human SOX11 gene. SOX11 is a member of the developmentally essential 
SOX (Sry-related HMG box) transcription factor gene family. Sox proteins have been described as 
major regulators of cell fate, survival and differentiation across nearly all developing organ systems 
and thus dysfunction of Sox proteins can lead to all kinds of developmental diseases [8, 9]. SOX11 
plays a crucial role in neurodevelopment and organogenesis. Sox11 expression decreases along 
neurodevelopment progression and is absent in most normal adult tissues expect some stem cell 
niches. The current study aimed to further establish the association of the human SOX11 gene with 
susceptibility for schizophrenia in an independent Chinese Han case-control sample. 

Materials and Methods
Subjects

All subjects were unrelated persons of Chinese Han nationality and have been recruited in the 
North of China. The sample-set consisted of 768 patients affected by schizophrenia (360 males and 
408 females; mean age: 33.5±8.7 years) and 1348 healthy controls (658 males and 690 females; mean 
age: 31.1±13.2 years). Consensus diagnoses were confirmed by at least two experienced psychiatrists 
according to the Diagnostic and Statistical Manual of Mental Disorders, fourth edition criteria (DSM-
IV, American Psychiatric Association, 2000). None of the patients had severe medical complications. 
The healthy controls included in the current study had no history of mental illness or any other 
neurological or medical condition that are suspected to be associated with schizophrenia; they were 
well matched to the patient group for gender, age, education and ethnicity. All the healthy controls 
were recruited from communities via a simple none-structured interview performed by psychiatrists. 
All subjects provided written informed consent for the genetic study, which was approved by the 
Ethical Committee of the Institute of Mental Health, Peking University.
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Genotyping
Genomic DNA was extracted from venous blood using a commercially available QIAamp○R 

DNA Blood Mini Kit (QIAGEN, German). The SNPs were genotyped by either polymerase chain 
reaction (PCR) restriction fragment length polymorphism (RFLP) analysis or direct DNA sequencing. 
All primers were designed by software Oligo 6.0 (MBI Inc., Colorado, USA). PCR products were 
either completely digested with 4U restriction enzyme overnight and then separated by agarose gel 
electrophoresis (2-3%) stained with ethidium bromide or sequenced on an ABI PRISM 377-96 DNA 
Sequencer (Applied Biosystems, Foster City, California, USA) after purifying them using a BigDye 
Terminator Cycle Sequencing Ready Reaction Kit. All the results were checked and confirmed 
independently by two experienced technicians.
Luciferase assay

Mouse Neuro2A neuroblastoma cells with endogenous Sox11 expression were seeded in 24-well 
plates and transiently transfected with equimolar amounts of various pGL3-promoter vectors (Promega, 
USA.) containing different inserted SNP-site(s) by using LipofectamineTM 2000 (Invitrogen, USA). 
The sequences with SOX11 SNP-site(s) were cloned from the human genome. Single site mutations 
ware performed with the QuikChange II Site-Directed Mutagenesis Kit (Agilent Technologies, USA.) 

SNP Selection
The human SOX11 gene is a single-exon gene with no introns, which means that most of the 

nucleotides in the gene region are nominated as the flanking sequences. The SNPs were selected by 
downloading the information of all the SNPs within and neighboring the human SOX11 gene from 
the International HapMap project database on dbSNP (http://www.ncbi.nlm.nih.gov/SNP/). The total 
coverage of the 15 selected SNPs was approximately 180kb. Detailed information and location of the 
selected SNPs are shown in Table 1 and Figure 1.

Figure 1. Genomic structure and linkage disequilibrium (LD) of the SOX11 gene.

Human SOX11 is a single-exonic gene. The positions of the 15 SNPs selected in the SOX11 gene are shown with arrows. LDs were computed for 

all possible combinations of the 15 SNPs using D’ values. Blocks were defined by a solid spine of LD.
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to attain the alleles of opposite risk. Four assembled sequences containing three protective alleles of 
SNP6, SNP7 and SNP8, three risk alleles of SNP6, SNP7 and SNP8, three protective alleles of SNP9, 
SNP10 and SNP11, or three risk alleles of SNP9, SNP10 and SNP11 were sythesized respectively. 
In these synthesized sequences, each SNP-site was at the center of its own harboring sequence, 10 
bp on both 5’ and 3’ ends. pRLCMV (Promega, USA.) was co-transfected as an internal control of 
transfection efficiency. The transfected cells were harvested after 48h. Luminescence was measured 
by the dual-luciferase reporter assay system (Promega, USA.) using a Centro LB960 96-well 
luminometer (Berthold Technologies, Germany).
Cell line culture and transfection

Mouse neuroblastoma cell line Neuro2A were maintained in DMEM (Invitrogen, USA.) 
supplemented with 10% FBS. Transient transfection of the cell lines was performed with 
LipofectamineTM 2000 (Invitrogen, USA.) according to the manufacturer's instructions. 
Statistics

Deviation of the genotypes from the Hardy-Weinberg equilibrium was examined by a chi-square 
goodness-of-fit test (Table 1). Distribution of gender and the difference of age between cases and 
controls were evaluated by Pearson χ2-test and Student's t-test with the Statistical Package for Social 
Science (SPSS Inc., Illinois, USA) 17.0. Statistical differences in genotypic and allelic distribution 
between patients and controls were evaluated by the Pearson χ2-test at a significance level of 0.05. 
The haplotype frequencies were estimated by the expectation maximization algorithm. Under the 
null hypothesis, the affected and control individuals are assumed to have identical frequencies of all 
haplotypes. Under the alternative hypothesis, the candidate at-risk haplotype is allowed to have a 
higher frequency in affected than in control individuals, whereas the ratios of the frequencies of all 
other haplotypes are assumed to be the same in both groups. Likelihoods are maximized separately 
under both hypotheses, and corresponding 1-degree of freedom likelihood-ratio statistics is used to 
evaluate statistical significance. Pairwise linkage disequilibrium (LD) between any two alleles was 
evaluated by D’ and r2 values. Odds ratio (OR) and their 95% confidence intervals (95%CI) were 
calculated to evaluate the effect of different alleles and haplotypes. The analyses were performed 
by the Haploview version 4.1 (http://www.broad.mit.edu/mpg/haploview) [10] and SHEsis (http://
analysis2.bio-x.cn/myAnalysis.php) [11, 12]. The statistical power of the sample size was calculated 
by the genetic power calculator (http://pngu.mgh.harvard.edu/~purcell/gpc/cc2.html)[13]. The sample 
had approximately 80% power to detect allele frequency differences assuming an OR of 1.5 with a 
minor allele frequency of 0.1. Bonferroni correction for multiple testing was carried out to control 
inflation of the type I error rate. Results were considered significant at two tailed p<0.05.

Table 1. List of SNPs included in the present study
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Abbreviations: HCB－ Han Chinese in Beijing; MAF－ minor allele frequency; HWE—Hardy-Weinberg Equilibrium;

a from International HapMap database release#27

b Chinese Han population MAF from the International HapMap Project Database

Results
SOX11 is associated with schizophrenia in a Chinese Han population
Single-marker analysis

None of the genotype distributions of the 15 selected SNPs in case- and control groups deviated 
from Hardy-Weinberg equilibrium. The complete association results including their statistical 
analysis, are listed in the Table 2. Of the 15 SNPs, nine SNPs (rs4485539-SNP2, rs7596062-SNP6, 
rs16864067-SNP7, rs12478711-SNP8, rs2564045-SNP9, rs2252087-SNP10, rs2564055-SNP11, 
rs1366733-SNP12 and rs11892518-SNP13) showed statistical differences in allele or/and genotype 
frequencies between cases and controls. After rigorous Bonferroni correction, four SNPs remained 
significantly associated with schizophrenia in the allele frequencies; SNP7 (allelic p=0.0022), SNP8 
(allelic p=0.0009), SNP9 (allelic p=0.0027) and SNP10 (allelic p=0.0025).
Haplotype analysis

To further analyze the haplotype structure, pairwise LD (linkage disequilibrium) of the 15 SNPs 
in our sample set was computed according to the standardized measure D’ value method. A D’ value 
of two SNPs ranging between 0.8 and 1.0 indicated strong LD. Four strong LD haplotypes were 
constructed. The LD haplotype structure is shown in Figure 1. To investigate if any haplotype would 
result in a higher risk for schizophrenia, all specific and global haplotypes of the 15 SNPs were tested. 
Specific p-values for individual haplotype combinations, global p-values for each haplotype and 
estimated haplotype frequencies in cases and controls have been summarized in Table 3. The global 
association analyses revealed positive results for the second haplotype (χ2=11.941, p=0.0076) and 
third haplotype (χ2=9.729, p=0.0078). All the four haplotypes had specific haplotype combinations 
associated with schizophrenia. For the first haplotype, the C-A haplotype combination was different 
in frequency between cases and controls (χ2=4.683, p=0.0305). For the second haplotype, the A-G-
A-A haplotype combination showed a distribution difference between cases and controls (χ2=10.136, 
p=0.0015). For the third haplotype, two haplotype combinations were associated with schizophrenia; 
A-G-A-C (χ2=8.502, p=0.0036) and G-T-C-T (χ2=7.921, p=0.0049). For the last haplotype, the T-A-C 
haplotype combination showed association with schizophrenia (χ2=4.418, p=0.0356).
The schizophrenia-associated SNPs are functional 

To assess whether these six SNPs are functional, we synthesized several DNA fragments into 
the pGL3-promoter vector and performed reporter gene expression assays using the Mouse Neuro2A 
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Figure 2. The relative luciferase activity values from transfected Neuro2A cells

Luciferase activities in Neuro2A cells transfected with the pGL3-promoter vector containing high or low risk alleles of SOX11 schizophrenia-

associated SNPs were assessed to identify the potential effect of these SNPs and corresponding haplotypes. Data were representative of at least three 

independent experiments. *p <0.05; **p <0.01.

neuroblastoma cell line. rs4371338-SNP5, rs7596062-SNP6, rs16864067-SNP7, rs12478711-
SNP8, rs2564045-SNP9, rs2252087-SNP10 and rs2564055-SNP11 were all positively associated 
with schizophrenia and scattered in the second or third haplotypes, which were the two significantly 
schizophrenia-associated haplotypes globally. A DNA fragment of about 200 bp flanking each 
positive associated SNP-site was cloned from the human genome and inserted into the 3' side of the 
luciferase open reading frame (ORF) in the pGL3-promoter vector. The insert was sequenced, and a 
single site mutation was performed with the QuikChange II Site-Directed Mutagenesis Kit (Agilent 
Technologies, USA.) to attain the allele of opposite risk. SNP6, SNP7 and SNP8 were in one block, 
while SNP9, SNP10 and SNP11 were in another block. We synthesized four assembled sequences 
containing three protective sites of SNP6, SNP7 and SNP8, three risk sites of SNP6, SNP7 and SNP8, 
three protective sites of SNP9, SNP10 and SNP11, or three risk sites of SNP9, SNP10 and SNP11, 
respectively. In these synthesized sequences, each SNP-site was at the center of its own harboring 
sequence, 10 bp on both 5’ and 3’ ends. We observed significant differences (Figure 2) in luciferase 
gene expression between high and low risk alleles of SNP6 (p=0.034), SNP9 (p=0.001), SNP10 
(p=0.049) and SNP11 (p=0.002). We also observed a significant difference between the high and low 
risk haplotype of SNP9, SNP10 and SNP11 (p=0.001). Otherwise, even no statistically significance 
showed between high and low risk alleles or haplotypes of SNP7, SNP8 and SNP6-SNP7-SNP8 
haplotype, the high risk allele and haplotype had a negative effect on luciferase gene expression. 
These data indicated that the schizophrenia-associated SNPs and haplotypes are influencing gene 
expression.

Discussion
In the present study, we applied an association study for the human SOX11 gene to investigate its 

possible association with schizophrenia in an independent case-control sample-set including Chinese 
786 schizophrenia patients and 1348 healthy controls. Allelic frequencies of 9 out of 15 selected 
SNPs covering the whole SOX11 gene region showed differences between cases and controls. After 
strict Bonferroni correction, 4 SNPs (rs16864067-SNP7, rs12478711-SNP8, rs2564045-SNP9 and 
rs2252087-SNP10) were still significantly associated with schizophrenia. Two LD blocks containing 
the four significant SNPs also showed global differences in frequency between cases and control. 
These four SNPs are in 3’UTR or 3’ near gene region of SOX11 with potential transcriptional function. 
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Therefore, beside the genetic association, we examined whether the allelic variants of associated 
SNPs have biological effect on gene transcription by an in vitro luciferase reporter assay. We observed 
that significant loss in promoter activity was related to risk alleles of the associated SNPs and risk 
haplotypes of the linkage disequilibrium blocks including the associated SNPs, indicating that these 
SNPs may influence SOX11 gene expression. These data suggest that SOX11 is a susceptibility gene 
for schizophrenia.

SOX11 is mapped to chromosome 2p [14, 15], which contains a potential candidate region for 
schizophrenia [16, 17]. Genes mapped to this region may be candidates for schizophrenia susceptibility 
genes. Schizophrenia has been reported as a neurodevelopmental disorder with circumstantial and 
compelling evidence of schizophrenia onset at late adolescence or early adulthood, risk factors 
operating mostly prenatally or during early childhood, general differences in intellect and behavior 
many years before onset, structural brain changes at or before onset, cognitive impairment, and 
functional alternatives of several neurodevelopmental genes (DISC1, NRG1, RELN, BDNF and etc.)[4, 
18-21]. Therefore, genes involved in neurodevelopment may contribute to etiology of schizophrenia. 
The expression profile of SOX11 in nervous system is wide-spread during the embryonic stage and  at 
later stages restricted to the subventricular zone (SVZ) and hippocampus dentate gyrus (DG) where 
adult neural stem cells remain resident[22], suggesting a role of SOX11 in early neurodevelopment 
and adult neurogenesis. It has also been reported that Sox11 is co-expressed with Doublecortin (DCX), 
a specific marker for neuronal precursor cells and immature neurons in neurogenic niches [23]. In 
Xenopus, it has been confirmed that Sox11 directly interacts with a MAP kinase NLK, thus linking 
Sox11 with Wnt signaling, in which may cause aberrant expression and function of many genes 
relevant to patients with schizophrenia [24]. Sox11 expression increases instantly and significantly 
after electroconvulsive shock (ECS), an effective treatment for patients suffering from schizophrenia 
and major depression disorders [25]. Sox11 and its putative binding partner Brn1 was induced in CA1 
and/or DG of hippocampus following transient forebrain ischemia in rat [26]. It has been reported that 
Sox11 is required for NSC differentiation, neuronal survival, neurite growth, neuronal maturation, 
and transcriptionally regulates many genes related to cell survival and death. As a pleiotropic growth 
factor influencing neuronal survival, differentiation, synaptic plasticity and regeneration, brain-
derived neurotrophic factor putative involvement of BDNF, and modulation by Sox11 has been deeply 
investigated in schizophrenia[27]. It is notable that expression level of Sox11 is spontaneously up-
regulated in neurogenic niche regions, suggesting an indispensable role of Sox11 in neuroplasticity. 
Therefore, in addition to the role in early-stage neurodevelopment, abnormal expression of Sox11 
may lead to clinical symptoms due to loss of adaptation capacity of schizophrenia patients for adverse 
stimuli from the environment. The significant SNPs located in SOX11 3’UTR may contribute to 
normal neurodevelopment and fine response to environmental alterations by conditionally regulating 
SOX11 expression level.

Our case-control association study confirmed a previously noted, significant association between 
4 potential functional polymorphisms located 3’UTR of the human SOX11 gene and schizophrenia, 
indicating that SOX11 may contribute to the risk for schizophrenia. However, more than one thousand 
schizophrenia candidate genes have been reported with poor repeatability and verification by 
thousands of candidate gene and genome-wide association studies since 1965[28]. Thus, elaborate 
and convinced interpretation of SOX11 in schizophrenia emergence is critical for approval of its 
involvement in schizophrenia etiology. 
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Significant p values (<0.05) are in boldface.

a Frequencies are show
n in parenthesis.

b significant p value after the strict B
onferroni correction.
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Table 3. Estimated haplotype frequencies and
case-control haplotype results of the human SOX11 gene.

Significant p values (<0.05) are in boldface.

a Frequencies are shown in parenthesis.
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The regulatory role of SOX11 during 
neurodevelopment
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required for multiple phases of neurodevelopment – to be submitted

Sox11 plays a crucial role in 
multiple phases of early-stage 
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Abstract
The development of the brain comprises many different cellular stages, including neural stem 

cell (NSC) proliferation, neuronal differentiation, neuronal morphogenesis, neuronal migration, 
and neuronal functional maturation in  synaptic circuitry. Disturbances in neurodevelopment can 
be dramatic and ultimately lead to clinical conditions marked by failing to attain proper intellect, 
behavior and cognition. Genes involved in neurodevelopment are crucial for regulating the proper 
composition of the central nervous system (CNS). As a member of the Sox (SRY-related HMG-
box) family of transcription factors, Sox11 is reported as a neuronal factor for neurodevelopment. 
In this study, we aimed to investigate the function of Sox11 in neurodevelopment by manipulating 
its expression in developing mouse neuronal cells in vitro and in vivo. Sox11 expression has a 
specific regional expression in CNS in a time-dependent manner. After the induction of exogenous 
mouse Sox11 expression in vitro, the proliferation of mouse NSC was inhibited. Over-expressing 
and down-regulating Sox11 in primary cultured cortical neurons disturbed the neurite growth and 
cell maturation. Knockdown experiments by using in utero electroporation showed that reduction of 
Sox11 resulted in delayed cortical radial neuronal migration and severely impaired neuronal leading 
process. Analysis of RNAi array data showed that Sox11 down-regulates various neurodevelopmental 
genes and is involved in several important cellular signaling pathways, such as cytoskeleton, apoptosis 
and chromatin organization. Our data revealed a finely tuned regulatory role of Sox11 in early-stage 
neurodevelopment.

Key Words 
Sox11; Neurodevelopment; Proliferation; Neuronal differentiation; Neuronal morphology; 

Neuronal migration
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Introduction
Neurodevelopment is a complex process comprising the generation, shaping, functional 

maturation and regeneration (after injury) of the central nervous system (CNS), from early-stage 
embryogenesis throughout life [1-3]. Neurodevelopment follows a consecutive course with multiple 
phases with specific landmarks, including differentiation of neural stem cells (NSC) into neurons, 
neurite formation and outgrowth, neuronal migration from place of origin to final functional 
location, and neuronal circuitry formation depending on proper synapse generation with active pre-
synaptic and post-synaptic specialisations. [4, 5]. Unbiased neurodevelopment is the prerequisite 
for intact brain functions which is the fundamental assurance for appropriate intellect, behavior and 
cognition [6-8]. Disturbance of neurodevelopment  can lead to a cluster of disorders characterized 
by emotional impairments, learning ability decline, memory disorganization, or bizarre behaviors 
[9, 10]. Neurodevelopmental research aims to elucidate the cellular and molecular mechanisms 
underlying the delicate nervous system formation, which may provide far-reaching insight of use 
for clinical treatment strategies. Early-stage prenatal neurodevelopment is relatively independent 
of external environmental factors and mainly determined by endogenous genetic programs. Various 
neurodevelopmental genes have been discovered and investigated in systematic developmental 
studies or neurodevelopmental disorder probing [11-14]. Dependent of their role in specific 
aspects of neurodevelopmental progression, expression disruption or functional deficiency of these 
neurodevelopmental genes may bring irreversible abnormality of the CNS, impacting physiological 
and social subsequences. 

Sox11 belongs to the subgroup C of the Sox (Sry-related high-mobility-group box) gene family 
encoding a group of critical development-regulated transcriptional factors [15]. Sox11 has been 
cloned and mapped to human chromosome 2p25 [16]. The expression of Sox11 is widely discovered 
in the developing nervous system, implicating a potential role in neurogenesis, neural survival 
and neurite outgrowth. Sox11 is almost absent in the mature differentiated brain, only confined 
constricting to two specific regions, thesubventricular zone and the dentate gyrus of hippocampus, 
with ongoing neurogenesis. Interestingly, Sox11 coincides with the silencing of Sox2 and the onset of 
neuronal precursor markers, such as doublecortin (DCX) [17]. A genome wide binding study showed 
that Sox11 binds to many neuron-specific genes in embryonic stem-cell derived neurons, suggesting 
a prominent regulatory role of Sox11 in the differentiation of NSCs towards neurons [18]. Together 
with another SoxC member Sox4, Sox11 ablation inhibits neurogenesis by adult neuronal precursor 
cells in vitro and in vitro [19]. After peripheral nervous system (PNS) injury in vitro or in vivo, Sox11 
expression is up-regulated in PNS and enhances neuronal regeneration. It has been also reported 
that Sox11 is involved in different CNS malignancies [20], solidifying its role in neurodevelopment. 
Our previous work indicated an association of Sox11 with schizophrenia (data not published), a 
neurodevelopmental disorder afflicting approximately 1% population worldwide. 

However, the precise role of Sox11 in neurodevelopment is still unclear. In this study, we 
aimed to investigate the periodic functions of Sox11 during the early-stage activity-independent 
neurodevelopment by manipulating its expression in mouse NSCs and in developing neurons in vitro 
and in vivo and to explore the downstream regulation of neurodevelopmental genes.

Materials and Methods
Cell line culture and transfection
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Human embryonic kidney cell line 293T (HEK293T) and human neuroblastoma cell line SH-
SY5Y were maintained in DMEM (Invitrogen, USA.) supplemented with 10% FBS. Transient 
transfection of the cell lines was performed with LipofectamineTM 2000 (Invitrogen, USA.) 
according to the manufacturer's instructions. 
In Situ hybridization 

In situ hybridization was performed on fresh or fixed frozen sections. Wild-type postnatal 
C57Bl/6J mice were sacrificed by decapitation, and the whole brains were frozen and stored at -80°C. 
Embryos were explanted from pregnant mice, frozen and stored at -80°C. Sections were sequentially 
cut by using a cryostat microtome at -20°C, thaw-mounted on gelatin-coated microscopic slides, fixed 
in 4% paraformaldehyde for 20 min, digested by proteinase K at 10 µg/ml for a duration attuned to 
the age of the mouse, refixed in 4% paraformaldehyde for 15 min, incubated in triethanolamine-acetic 
anhydride solution for 10 min, pre-hybridized in hybridization buffer [50% formamide, 4x saline-
sodium citrate (SSC), 0.3mg/ml Yeast tRNA, 0.1mg/ml heparin, 1×Denhardt's solution, 0.1% Tween 
20, 0.1% CHAPS, 5mM EDTA (pH 8.0)] in 65°C water bath for 4 h, and immersed with probes for 12 
h. All solutions were prepared in deionized 0.1% DEPC-treated water. After washed by 65°C 2×SSC 
for 1 min twice, sections were incubated in 65°C 2×SSC for 15 min. Spare probes were digested by 
1μg/ml RNAse A in 37°C water bath for 30 min. After washed by 65℃ 0.2×SSC for 30 min twice, 
sections were blocked by 10% heat inactivated bovine serum in PBT for 1 h at room temperature, 
and incubated with anti-DIG antibodies (diluted 1:2000 in PBT plus 10% serum) at 4°C overnight. 
Sections were then washed in alkaline-phosphatase (AP) buffer for 5 min twice at room temperature. 
Sections were developed in the dark for 2-20 h depending on the abundance of RNA after 1μl/ml NBT 
and 3.5 μl/ml BCIP were added to AP buffers. At last, sections were fixed in 4% paraformaldehyde to 
terminate the visualization reaction, embedded overnight in 75% glycerol with coverslip, and sealed.
Isolation and culture of neural stem cells and neurospheres

Embryos from wild-type C57BL/6J mice were harvested on embryonic day 13.5 (E13.5). The 
brain was isolated from each embryo and dissociated in 1 ml neurobasal media supplemented with 
glutamax and antibiotics (Invitrogen, USA.) by using 200 μl filtered tips to obtain a homogeneous 
cell suspension. The cell suspension was diluted to 10 ml with the same medium and then filtered. 
The filtrates were centrifuged at 1000 rpm for 5 min at room temperature. Cell pellets were carefully 
triturated by 200μl filtered tips and cultured in non-adherent culture flasks in complete Neurobasal 
medium (Neurobasal medium supplemented with B27 supplement (1×), 2mM Glutamax, penicillin-
streptomycin mix (1×), 20 ng/ml recombinant hEGF, 10 ng/ml recombinant hFGF-b).  After 3 
days, distinct cell clumps were observed in the non-adherent culture flask. After every 3 days, half 
of the culture medium was replaced with fresh medium. When the primary neurospheres grew to 
an appropriate size, they were collected and re-cultured in complete Neurobasal medium. After 3 
passages, the neurospheres were triturated and transfected with various constructed vectors by using 
Nucleofector (Amaxa Biosystems, Germany), and then seeded in normal 6-well plates or non-adherent 
culture flasks. After 3 days of culture in 6-well plates, serum was added to induce differentiation of 
the attached neural stem cells. In the non-adherent culture flasks, distinct spheres became visible after 
6 days of culture. 
Primary cortical neuron culture

Primary culture of mouse cortical neurons was derived from E14.5 wild-type C57BL/6J mice. 
Cerebral cortices were trypsinized with 0.25% trypsin (Invitrogen, USA.) at 37 °C for 5 min, and 
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then neutralized with fetal bovin serum (FBS). Cells were collected by centrifugation at 900g for 
10 min. The cell pellet was resuspended in prepared transfection medium and then transfected 
with constructed SOX11 vectors by Nucleofector (Amaxa Biosystems, Germany) according to the 
manufacturer's protocol . Cells were plated on poly-D-lysine-pretreated cover slips (Sigma, USA.) 
in 6-well or 24-well plates with certain amount of culture medium at 37 °C in 5 % CO2/95 % air. 
Glutamine and B27 supplement were added into neurobasal medium (Invitrogen, USA.) immediately 
before use. Half culture medium was changed every three days. 
Real-time quantitative PCR 

Total RNA was isolated from the wild-type C57BL/6J mouse cerebral cortex at different ages 
(E12.5, E14.5, E17.5, P0, P4, P7, P14 and adult) by using the RNeasy Mini Kit (Qiagen, Germany), 
and quantified according to the manufacturer instructions. The quantity and purity of the RNA samples 
were determined by measuring the absorbance at 260/280 nm using a Nanodrop spectrophotometer 
(Thermo, USA). Reverse transcription was performed by a reverse transcription kit (Promega, USA). 
The cDNA was used as template for real-time quantitative PCR by using the Prism 7500 real-time 
PCR instrument with SYBR Green PCR Master Mix (Applied Biosystems, USA). β-actin was used 
as loading control. Primers were designed by using Oligo 6.0 (MBI Inc., Colorado, USA.): mouse 
Sox11, 5'-AGAGTTAGAGGATGAAGGGATTAT-3' and 5'-TTCCAAGGACCACTTACAGG-3', and 
human SOX11, 5'-AGCAAGAAATGCGGCAAGC-'3 and 5'-ATCCAGAAACACGCACTTGAC-3'. 
Western blot analysis

Tissues and cells were dissolved in RIPA Lysis buffer (50 mM Tris-HCl, pH 8.0, with 150 
mM sodium chloride, 1.0% Igepal CA-630((NP-40), 0.5% sodium deoxycholate, and 0.1% sodium 
dodecyl sulfate (SDS)) containing protease inhibitors (Sigma, USA.), and then sonicated. Samples 
were centrifuged for 15 min at 15,000 rpm at 4°C and then the supernatants were collected. The 
protein concentrations were determined with the bicinchoninic acid protein assay kit (Sigma, USA.). 
Samples were denatured by heating the mixture of the lysates and loading buffer for 10 min at 95°C. 
The denatured samples were separated by 10% SDS-polyacrylamide gel electrophoresis (SDS-PAGE), 
and proteins were then transferred to polyvinylidene difluoride (PVDF) membranes (Millipore, 
USA.). The membranes were directly incubated in Odyssey blocking Buffer (LI-COR, USA.) for 1 h 
at room temperature and immuno-blotted with primary antibodies, anti-SOX11 or anti-myc, diluted 
in PBST and stored overnight at 4°C. Membranes were washed and probed with fluorescent labeled 
secondary antibody in PBST and incubated for 0.5-1h at room temperature. The signals were detected 
with the Odyssey Imaging System (LI-COR, USA.).
In utero electroporation

The pregnancy of female wild-type C57BL/6J mice was checked by the presence of vaginal 
plugs. All the in utero electroporations were performed at E14.5. Pregnant C57BL/6J mice were 
heavily anesthetized with isoflurane (5% induction, 2% maintenance) and the abdomen was 
opened. The uterus was drawn out from the abdominal cavity, and the embryos were exposed and 
visualized under the fiber optic light source. The plasmid DNA solution was injected into the lateral 
cerebral ventricle by a glass pipette through the uterine wall. Then the embryo cerebral walls were 
electroporated by the square wave Electroporator CUY21SC (Sonidel, Ireland). The applied electric 
pulses were generated as 35 V, 50 ms each and a total of five pulses at an interval of 100 ms. The 
plasmids were prepared in PBS at a concentration of 1μg/μl for pcAGGs-IRES-EGFP-mSox11, 3 μg/
μl for pSuper-basic-shRNA and 5 μg/μl for pcAGGs-IRES-EGFP-hSox11. Embryos or pups were 
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sacrificed at different ages. 
Immunostaining

The primary mouse neurons attached to a coverslip were fixed with 4% paraformaldehyde (PFA) 
at 37 °C for 30 min, permeated with 0.1% Triton X-100 for 10 min, treated in PBS containing 3% BSA 
(Invitrogen, USA.) and 0.1% Triton X-100 for 1 h, and subsequently incubated with diluted primary 
antibodies, anti-GFP , anti-MAP2 and/or anti-β-tubulinIII , at 4 °C overnight. After washed with 
PBS for several times, neurons were exposed to fluorescently labeled secondary antibodies diluted in 
PBS for 0.5-1 h at room temperature. Brains of electroporated embryos and pups were dissected and 
fixed overnight in 4% PFA at 4 °C, and placed in 30% sucrose in PBS for cryoprotection. The brains 
were then frozen in OCT (Tissue-Tek, USA.) and sectioned coronally at 14 μm thickness by Cryostat 
CM3050 S (Leica, Germany). The sections were treated with PBS containing 1% fetal calf serum, 
3% normal goat serum and 0.1% Triton X-100 for 1 h, and then incubated with PBS diluted primary 
antibodies, anti-GFP, anti-Nestin, and/or anti-GFAP at 4 °C overnight. After several washes with 
PBS, sections were treated with fluorescently labeled secondary antibodies diluted in PBS for 0.5-1 h 
at room temperature. Nuclei were stained with Hoechst (Sigma, USA.). The sections were analyzed 
under a laser scanning confocal microscopy (Leica, Germany).
Adenovirus packaging

Recombinant adenovirus particles were generated with the AdMax system (Microbix Biosystems) 
according to the manufacturers’ recommendations. In brief, the shRNA sequence that target Sox11 
and Sox4 was synthesized, annealed and inserted into HindIII and BamHI sites of the shuttle plasmid 
pDC316-U6-EGFP under the control of the U6 promoter. A negative control vector (non-silence) was 
constructed with a 19bp DNA sequence for T7 phage, which has no analogy in eukaryotic cell. For 
over-expression, EGFP fused Sox11 or Sox4 ORF was inserted into another shuttle plasmid pDC316 
under the control of the CMV promoter. The loxP site harboring shuttle plasmids were co-transfected 
with Adenovirus backbone plasmid pBHGloxΔE1, E3Cre into HEK293A cells and the viral 
cytopathic effect was observed 10~15 days later indicating successful recombination. The virus was 
expanded and purified with ViraBind Adenovirus Purification Kit. The purified and concentrated virus 
particles were titrated by sequential dilution and infection efficiency was checked in HEK293 cells. 
The recombinant adenoviruses were tagged as Ad-Non-silence, Ad-Sox11-RNAi, Ad-Sox4 RNAi, Ad-
Sox11-overepression, and Ad-Sox4-overexpression respectively.
Microarray analysis

SH-SY5Y cells were routinely cultured in DMEM plus 10% FBS. For the microarray analysis, 
the cells were treated with 1μM Retinoic Acid (RA) and infected with recombinant adenovirus at 50% 
confluence in triplicate groups: 1) the control group, infected with Ad-Non-silence at MOI (multiplicity 
of infection) of 100, 2) the RNAi group, infected with Ad-SOX11-RNAi and Ad-Sox11-RNAi at a 
MOI of 25 each, with the total MOI added up to 100 with Ad-Non-silence,  and 3) the RNAi group 2, 
infected with Ad-Sox11-RNAi and Ad-Sox11-RNAi at a MOI of 50 each. 72 hours after infection, the 
cells were harvested and total mRNA was purified with PrepEase mRNA MiniSpin Kit. The mRNA 
was further processed according to Affymetrix Two Cycle Eukaryotic Gene Expression Sample 
Processing Protocol. The samples were subjected to the HUman Genome U133 Plus 2.0 Array and 
processed with Affymetrix GeneChip Workstation for gene profiling. The data were collected with a 
GeneChip Scanner 3000 7G and analyzed with MAS 3.0 software. Genes with a significantly changed 
expression were chosen for pathway analysis and GO (Gene Ontology) annotation with GenMAPP 
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software.
Statistics

All the data were presented in a format of mean±standard deviation. The software package SPSS 
17.0 was applied for one-way ANOVA analysis. LSD method was used for differences between 
multiple samples for variance homogeneity. A nonparametric test was used for variance non-
homogeneity. Differences were considered statistically significant at p<0.05.

Results
The expression of mouse Sox11 is regulated during neurodevelopment
a.Distribution of Sox11 in mouse tissues

To elucidate the biological functions of Sox11, we examined the Sox11-expression profile 
in several mouse tissues: embryonic brain, adult brain, adult heart, adult liver, and adult kidney. 
Western blot analyses revealed strong Sox11 expression in embryonic and adult brains compared 
with the other tissues (Figure 1A). We then examined the expression profile of Sox11 in different 
brain regions, cerebellum, cortex, hippocampus, and thalamus. The Sox11 expression level in the 
brain was highest in the cortex and the hippocampus (Figure 1B). The distribution of mouse Sox11 
in the mouse brain at different age, E(Embryonic)14.5, P(Postnatal)0, P7 and P14, was investigated 
by in situ hybridization. As shown in Figure 1C, Sox11 was broadly expressed in the embryonic 
brain, however, as neurodevelopment progressed, Sox11 expression gradually concentrated to the 
hippocampus and the subventricular zone (SVZ). At adult stage, the Sox11 expression was confined 
to the dentate gyrus (DG) and the SVZ. The results showed a specific spatial expression of Sox11 in 
mouse brain, suggesting a possibility that Sox11 is involved in neurodevelopment.
b.Sox11 is temporarily regulated during neurodevelopment

We next examined the temporal expression profile of Sox11 during cerebral cortex development. 
The Sox11 mRNA and protein samples were collected at E12.5, E14.5, E17.5, P0, P7, P14, and P21 
days. The Western blot result showed that the Sox11 expression was already visible at E12.5 and then 
dramatically increased, reaching a maximal level around E17.5, and gradually declining after P7, 
to a relative low level in the adult (Figure 1D). The real-time quantitative PCR analyses of Sox11 
transcription supported its developmental expression in the cerebral cortex (Figure 1E). These data 
indicated that Sox11 is regulated during neurodevelopment.
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Figure 1. Expression profile of Sox11 in the developing mouse brain

(A) The lysates of mouse embryonic brain, adult brain, adult heart, adult liver and adult kidney were separated by SDS-PAGE and subjected to 

immunoblotting; (B) Real-time quantitative PCR was performed to estimate the mRNA expression of mouse Sox11 in different brain regions; (C) Whole 

lysates of cerebral cortices at various developmental stages were subjected to SDS-PAGE and immunoblotted with antibodies against mouse Sox11; (D) 

Real-time quantitative PCR was performed to analyze the mRNA levels of mouse Sox11 during cortical development at indicated time points; (E) The 

distribution of Sox11 in the mouse brain at various time points was investigated by in situ hybridization, CTX-cortex, Hip-Hippocampus, DG-dentate 

gyrus, SVZ- subventricular zone.
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Sox11 inhibits the proliferation of neural stem cells in vitro
Neurospheres derived from the neonatal brains of wild-type C57BL/6J mice at E14.5 were 

cultured and transfected with plasmids encoding GFP together with mouse Sox11 or shRNA. After 
passaging for three times, neurospheres were re-smashed, re-suspended and cultured for another 
3 days in a 24-well plate. The number of neurospheres and their perimeter were established. As 
shown in Figure 2, after exogenous mouse Sox11 expression, the number of neurospheres and their 
perimeter significantly decreased compared to those of the control group. In addition, after mouse 
Sox11 was down-regulated, the neurosphere number significantly increased. However, there was no 
obvious change of the neurosphere perimeter after Sox11 down-regulation, which may be caused by 
growth limitation in vitro. These data indicated that Sox11 inhibited the proliferation of neural stem 
cells in vitro.

Figure 2. Neurosphere morphology alteration after Sox11 expression regulation

(A) Representative morphology was demonstrated after the differently regulated expression of mouse Sox11; (B) Neurospheres were quantified 

after the treatment as indicated in A; (C) The neurosphere perimeter was measured in neurospheres treated as indicated in A. Data were representative of 

at least three independent experiments. ***p <0.001.



T
he regulatory role of SO

X
11 during neurodevelopm

ent

6

82

Sox11 promotes the differentiation of neural stem cells in vitro
After three passages, neurospheres derived from C57BL/6J mice were triturated into single cells, 

double transfected with plasmids encoding GFP and mouse Sox11, and then induced to differentiate 
into neurons. After neuronal differentiation for 48 h, the cells were immunofluorescently stained for 
GFP and βIII-tubulin (a neuron-specific marker) (Figure 3A). The total cell number and the number 
of neurons were counted (Figure 3B). In the control group, about 20% of the neural stem cells 
differentiated into neurons. However, when Sox11 was over-expressed, nearly 60% of the neural 
stem cells turned out as neurons. On the contrary, when Sox11 was down-regulated, only 10% of 
the neural stem cells differentiated into neurons. The differentiation differences between control 
group and Sox11 expression interference groups were statistically significant, indicating that Sox11 
can promote the neuronal differentiation in vitro.  Morphological changes were investigated after 
neuronal differentiation for 96 h. The cells were immuno-fluorescently co-stained for GFP and MAP2 
(a neuronal marker for mature neurons) (Figure 3C/D). We observed that although lesser neural stem 
cells differentiated into neurons, the definite neurons possessed a relative mature neuronal morphology 
with distinct axons compared to the neurons in the exogenous Sox11 group, suggesting that Sox11 
inhibits growth of premature neurons despite of its neuronal differentiation-promoting function.

Figure 3. Effect of mouse Sox11 on neuronal differentiation.
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(A) Neural stem cells were co-transfected with pcAGGs-EGFP and with mouse Sox11. 48 hours after induction of neuronal differentiation, the 

cells were immunostained by anti-GFP (green) showing all the transfected cells and anti-βIII-tubulin (red) showing differentiated neurons; (B) The 

number of GFP/βIII-tubulin double-positive cells (neurons) among GFP-positive cells were counted, ***p <0.001; (C) Representative images showed 

the characteristic morphology of normal neural stem cells 96 hours after induced neuronal differentiation; (D) Representative images showed the 

characteristic morphology of mSox11-overexpressing neural stem cells 96 hours after induced neuronal differentiation.

Sox11 impacts the neuronal growth
a.Sox11 blocks the maturation of cultured cortical neurons 

In dissociated neuron cultures, post mitotic cortical neurons display specific transitions through 
several stages (Figure 4A). At stage 1, immature neurons (βIII-tubulin negative) display intense 
protrusive activity, which initiates the formation of multiple immature neurites of neurons (βIII-
tubulin positive) at stage 2. At stage 3, neurons represent a critical step when neuronal symmetry 
breaks and a single neurite outstands rapidly to become the axon, while other neurites acquire 
dendritic identity. Stage 4 is characterized by rapid axon and dendritic outgrowth. Finally, at stage 
5, neurons are terminally differentiated and possess dendritic spines and the axon initial segment 
[21]. To determine the effect of Sox11 on neuronal growth, we cultured primary mouse neurons from 
wild-type C57BL/6J mice at E14.5, transfected these neurons by Nucleofector (AMAXA, Germany) 
with plasmids encoding GFP together with mouse Sox11 at the time of plating. The neuronal 
maturation was estimated after 48 h by immunofluorescent staining. As shown in Figure 4B/C, Sox11 
overexpression resulted in a marked reduction in the percentage of neurons in stage 3. Nearly 70% 
of the neurons in the control group developed into stage 3 and possessed a distinct axon, while about 
60% of the neurons stayed in stage 2 with consistent multiple neurites as Sox11 was over-expressed. 
These results suggested that Sox11 blocks the maturation of cultured cortical neurons in vitro.

Figure 4. Effect of mouse Sox11 on neuronal maturation

(A) Cultured neurons proceed through several stages, from freshly plated stage 1 (cells bearing immature neurites) to stage 5( cells exhibiting 

mature axons, dendrites, dendritic spines and functional synapses) [21]; (B) Representative images of normal neural stem cells transfected with only 

pcAGGs-EGFP 48 hours after induced neuronal differentiation; (C) Representative images of mSox11-overexpressing neural stem cells 48 hours after 

induced neuronal differentiation; (D) Quantitative analysis of induced neurons in different stages, ***p <0.001. 
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b.Sox11 regulates the neurite growth of cultured cortical neurons
We also estimated the effect of Sox11 on neurite growth. After double transfection with plasmids 

encoding GFP and mouse Sox11 at the time of plating for 96 h, the axon length of neurons were 
measured and statistically analyzed. We found that Sox11 expression significantly reduced the total 
length of both axons and dendrites (Figure 5), indicating an important function of Sox11 on neuronal 
morphogenesis in vitro. 

Figure 5. Effect of mouse Sox11 on neurite growth

(A)Representative images of cultured primary neurons transfected with pcAGGs-EGFP alone or together with mSox11; (B) Quantitative analysis 

of total axon length of cultured primary neurons, ***p <0.001; (C) Quantitative analysis of total dendrite length of cultured primary neurons, ***p 

<0.001.

Sox11 is required for neuronal migration
To investigate the role of Sox11 in neuronal migration, we sought to decrease Sox11 expression 

by RNAi with in utero electroporation. The designed mouse Sox11 shRNA effectively knocked down 
the expression of myc-Sox11 in SH-SY5Y cells. Rat Sox11 cDNA was cloned and modified to rescue 
the down-regulation of mouse Sox11, which achieved an effective recovery of Sox11 expression 
(Figure 6A). To examine the possible function of Sox11 in neuronal migration, Sox11 shRNA and 
pCAGGs-EGFP were co-electroporated into the VZ at E14.5. The electroporated mice were sacrificed 
at various ages (E17.5, P0, P4, and P7) to observe the localization of transfected cells. Generally, the 
migration of Sox11-shRNA transfected neurons was delayed compared to the migration of control-
shRNA transfected neurons (Figure 6B). At E17.5, a portion of the control-shRNA transfected 
neurons reached the superficial layer of the cortical plate (CP), while most of the Sox11-shRNA 
transfected neurons remained suspended in the VZ and the intermediate zone (IZ). At P0, most 
control-shRNA transfected neurons had migrated to the superficial layers of the CP. In contrast, a 
considerable portion of Sox11-shRNA transfected neurons remained in the IZ. At P4, some Sox11-
shRNA transfected neurons managed to migrate to the superficial layers of the CP. At P7, a portion 
of Sox11-shRNA transfected neurons finally reached the superficial layer of the CP, however, most 
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Sox11-shRNA transfected neurons were still in layer V-IV of the CP and the IZ and still progressing 
to their final location. The percentages of neurons at P4 in different locations were determined (Figure 
7C/D), which revealed a statistically significant difference in neuron distribution between the control 
and the Sox11 knock-down groups. We also found that, compared with normal neurons, the neurons 
expressing Sox11 shRNA exhibited a markedly modified leading process morphology, including 
finer and longer leading processes and a smaller peri-nuclear area (Figure 6E/F). Thus, the neuronal 
migration in mouse cortex requires Sox11.

Figure 6. Requirement of Sox11 for cortical development in vivo.

(A) pcDNA3.1-mSOX11-myc was co-transfected into SH-SY5Y cells alone or with control shRNA or mSox11 shRNA, and pcDNA3.1-rSOX11-

myc was co-transfected into SH-SY5Y with mSox11 shRNA. After 72 hours, the transfected cells. were lysed and subjected to immunoblotting with anti-

myc and anti-GAPDH; (B) Control shRNA or mSox11-shRNA were transfected into cerebral cortices by in utero electroporation at E14.5. The cortices 

were fixed at E17.5, P0, P4 or P7. Transfected cells were visualized by immunostaining of the coronal sections with GFP antibody; (C) Control shRNA, 

mSox11-shRNA or mSOX11 shRNA plus rSox11 were transfected into cerebral cortices at E14.5. Coronal sections were fixed at P0 and immunostained 

with anti-GFP (green). Nuclei were stained with Hoechst (blue). Cortices were stained with Nestin (Red) to distinguish the cortical plate (CP) and the 

intermediate zone (IZ); (D) Quantification of the distribution of GFP-positive cells in distinct parts of the cerebral cortex (CP, IZ, and SVZ), **p <0.01; (E) 

High-magnification images of leading processes were presented for neurons transfected with control shRNA, mSox11 shRNA or mSox11 shRNA plus 

rSox11; (F) The length of leading processes was measured in neurons transfected with the different constructs, **p <0.01.

Sox11 down-regulated several actin-related components 
Considering that Sox11 is a transcriptional factor and exerts its function by regulating 

downstream gene expression, a microarray gene profiling was performed with SH-SY5Y cells after 
Sox11 RNAi operation to identify candidate target genes. The RNAi efficiency was consistent with 
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the adenovirus MOI value. 569 and 555 genes were found down-regulated significantly after Sox11/4 
knockdown in RNAi group 1 and 2 respectively compared to the control group. 339 genes were shown 
in both comparisons, and 128 genes out of these genes dropped down in a dose-dependent manner 
indicating a higher possibility of direct regulation. These 128 genes were subjected to GenMAPP for 
pathway analysis: interestingly, 13 of them (10.2%) were found to be related to actin, either directly 
or indirectly (Figure 7A). Otherwise, collectively 204 genes were dose-dependently up-regulated after 
RNAi, of which only 2 were related to actin activity. The regulation of SOX11 to some of these genes 
were confirmed by RT-PCR and qPCR (Figure 7B). Pathway analysis also indicated that Sox11/4 may 
regulate the expression of genes involved in apoptosis and chromatin organization.

Figure 7. Regulation of Sox11 on several actin-related genes.

(A) 13 actin-related genes were discovered as potential candidate targets of SOX11 by a microarray gene profiling; (B) The SOX11 regulation of 

the 13 potential targets were investigated by real-time quantitative PC

Discussion
Previous studies have revealed that Sox11 is widely expressed in post-mitotic neurons of CNS 

and developmentally down regulated[20]. Sox11 is absent in most adult differentiated tissues, and 
only appeared in SVZ and hippocampus DG where adult stem cells accommodate [22]. Consistent 
with the previous reports, our results of Sox11 distribution and temporary expression showed that 
Sox11 expressed strongly in brain compared to other organs, and the expression location of Sox11 
was generally concentrated from whole brain to SVZ and DG after CNS formation morphologically 
completed. Sox11 expression profile defined its neurodevelopmental regulating role and underlined 
further exploration of its delicate control on neurodevelopment progression.

Here we examined Sox11 function in mouse NSC and observed that Sox11 inhibited NSC 
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proliferation with a neuronal differentiation promoting role, supporting the Sox11 co-existence 
with neuronal precursor marker. It has been indicated that SoxCs (Sox4 and Sox11) target regions 
of genes induced on neuronal differentiation of adult NSCs [19] and independently knockdown of 
Sox11 resulted in a diminished neuronal differentiation while enhanced proliferation of intermediate 
progenitors [23]. Additionally, for PNS, Sox11 induced activation of endogenous neural stem cells 
into neuronal determination within injured PNS [24]. Sox11 is essential for controlling the transition 
of NSC to determined neuronal line, and may be a promising strategy for restorative therapy after 
mammalian nervous system injury [25]. 

By induced neuronal differentiation of NSC, we observed that Sox11 inhibited neuronal 
maturation despite of its neuronal determination function. Also, by primary neuronal culture, we 
found that Sox11 regulated neuronal morphogenesis by reducing the growth of axon and dendrite. 
In Neuro2A cells and dorsal root ganglia (DRG) neurons, Sox11 is required for neuronal survival 
and neurite growth[26]. Together with Sox4, Sox11 plays a central regulatory role during neuronal 
maturation and mechanistically separate cell cycle withdrawal from establishment of neuronal 
properties [27]. Forced expression of Sox11 decreased axonal dieback of DRG axons, and promotes 
cortico-spinal tract sprouting and regenerative axon growth in both acute and chronic injury paradigms 
[28]. Thus, Sox11 is a morphological regulator for neuronal growth in vivo and in vitro.

After Sox11 knocked down by in utero electroporation, we observed that neuronal migration 
was delayed with differed morphology including finer and longer leading processes and a smaller 
peri-nuclear area. During neurodevelopment, correct positioning of neurons achieved by directed 
migration is the basis for proper mammalian cerebral cortex function[29]. A Numerous genes involved 
in neuronal migration have been associated with neuropsychiatric disease, such as schizophrenia and 
autism [30-33]. It has been reported that defects in neuronal migration may be related to cognitive 
dysfunction in schizophrenia and bipolar disorder [31]. Our previous association study revealed 
positive results for Sox11 with schizophrenia. Thus, the involvement of Sox11 in neuronal migration 
supports the physiological importance of this gene in schizophrenia etiology. After effective treatment 
electroconvulsive shock (ECS) for patients suffering from schizophrenia, Sox11 expression increased 
significantly in dentate gyrus of hippocampal formation and piriform cortex, where ECS-induced 
neural activation is highlighted [34]. To investigate the fine downstream regulation of Sox11 in neural 
cells, we performed a microarray gene profiling in SH-SY5Y cells after Sox11 RNAi operation 
and indentified hundreds of dose-dependently down-regulated genes. Pathway analysis found that 
many of these genes were involved in actin activity and microtubule stabilization. One of the down-
regulated genes is Reelin, a well-known schizophrenia-associated gene, which is a serine protease of 
the extracellular matrix and involved in signaling pathways underlying neurotransmission, memory 
formation and synaptic plasticity [35]. It has been reported that Reelin was a regulator of microtubule 
function for neuronal migration by controlling cellular interaction [36]. 

Sox11 was also expressed in the cells of oligodendrocyte lineage with high level in precursors and 
down-regulated level during terminal differentiation [37]. Sox11 has been related to human malignant 
glioma [38]. During embryonic development, Sox11 is expressed in many tissues undergoing 
inductive remodeling. Sox11-deficience leads to mouse death at birth from congenital cyanosis, likely 
resulting from heart defects [39]. Sox11 has been broadly explored in cancer, especially in mantle 
cell lymphoma (MCL) [40]. The role of Sox11 in cancer is similar in developmental processes, 
suppressing cell proliferation, restricting maturation and promoting migration.
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In conclusion, we suggested that the SOX11 is an important regulator for multiple phases of 
neurodevelopment and may control the neurodevelopment by down-regulating several major actin-
associated neurodevelopmental genes.
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Schizophrenia is a devastating neuropsychiatric disorder affecting 1% of the world population 
and ranks as one of the disorders providing the most severe burden for society. Schizophrenia 
etiology remains obscure involving multi-risk factors, such as genetic, environmental, nutritional, 
and developmental factors. In Chapter 1  of the thesis, a general introduction of schizophrenia 
is presented including its historical and recent concept, diagnosis and symptoms, treatment and 
prognosis, and genetics. The main aim of the research presented in this thesis is to evaluate several 
schizophrenia candidate genes implied by newly accepted hypotheses or by GWAS. So, Chapter 2 
to Chapter 5 present candidate gene-based association studies of schizophrenia, investigating four 
genes, STON2, MSI2, NAT2 and SOX11, respectively. In each association study, we have chosen SNP 
markers covering most of the gene-encoding region or a region related to the gene function. 

To investigate the potential involvement of the STON2 gene (an endocytosic protein for synaptic 
vesicle protein recognition) in schizophrenia (Chapter 2), we examined this gene in a sample of 
768 Chinese Han schizophrenia cases and 1347 Chinese Han controls. 11 SNPs were genotyped 
and statistically analyzed. The results showed that three SNPs were significantly associated with 
schizophrenia, of which two were located in exons (rs2241621: allelic p=0.0005; rs3813535: allelic 
p=0.0078) and one was intronic (rs9323698: allelic p=0.0019). When haplotype analysis was 
performed, two LD (linkage disequilibrium) blocks showed significant differences in frequency 
between cases and controls. Remarkably, we discovered an over-transmitted functional haplotype 
C-C (Pro307-Ala851) in schizophrenia cases. Our data imply that STON2 may be a schizophrenia 
susceptibility gene justifying further exploration of the role of STON2 in schizophrenia.

In Chapter 3 we investigated the association of N-acetyltransferase 2 (NAT2), an enzyme with 
a crucial role in xenobiotic metabolism, and schizophrenia, and genotyped six selected NAT2 exonic 
functional SNPs in a sample of 761 Chinese Han schizophrenia cases and 976 Chinese Han healthy 
controls. Functional NAT2 polymorphisms result in various enzyme acetylation phenotypes. Three 
SNPs (rs1801280T/341C, rs1799930/G590A and rs1208/A803G), one protective fast-acetylation 
haplotype (NAT2*4) and two risk slow-acetylation haplotypes (NAT2*5B and NAT2*6A) showed 
significant differences between case and control groups, indicating that NAT2 may be a susceptibility 
gene for schizophrenia in the Chinese Han population, and the risk haplotypes might cause NAT2 
functional impairment in metabolizing neurotoxic substances.

A previous GWAS implied an association between the MSI2 gene and schizophrenia. MSI2 
is a member of the Musashi family, playing a substantial role in neural stem-cell maintenance, 
asymmetric division and differentiation during neurogenesis. To further verify this association, in 
chapter 4, three MSI2 SNPs with the highest significance were selected for a replication study in an 
independent sample of 921Chinese Han schizophrenia cases and 1244 Chinese Han healthy controls. 
Two SNPs (rs9892791 and rs11657292) showed remarkable differences in allele and genotype 
distribution frequencies between two groups. When combing GWAS and replication samples, three 
SNPs were all strongly associated with schizophrenia (rs9892791: allelic P = 1.07E-5; rs11657292: 
allelic P = 1.95E-12; rs1822381: allelic P = 1.44E-4). By downloading genotyping data from the 100 
Genome Project, we identified linkage SNPs for the three SNPs. Several of the linkage SNPs have 
a significant cis-eQTL effect for MSI2 gene, suggesting that different variants of the schizophrenia-
associated SNPs may affect the MSI2 expression level. Our data indicate MSI2 as a susceptibility gene 
for schizophrenia and encourage future research on the functional relationship between MSI2 and 
schizophrenia.
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The human SOX11 gene has been indicated as a candidate gene for schizophrenia in our 
previous GWAS. SOX11 is a member of the developmentally essential SOX  (Sry-related HMG box) 
transcription factor gene family and mapped to chromosome 2p, a potential candidate region for 
schizophrenia. To further investigate the association between SOX11 and schizophrenia (Chapter 
5), we selected 15 SNPs along the SOX11 gene region for an independent replication study in a 
sample of 786 Chinese Han schizophrenia cases and 1348 Chinese Han healthy controls. Four SNPs 
showed a significant association with schizophrenia (rs16864067, allelic p=0.0022; rs12478711, 
allelic p=0.0009; rs2564045, allelic p=0.0027; and rs2252087, allelic p=0.0025). Two LD blocks 
were strongly associated with schizophrenia between two groups. These data pointed to SOX11 as a 
susceptibility gene for schizophrenia. We used a luciferase reporter gene assay in the mouse Neuro2A 
neuroblastoma cell line to assess the functionality of the 6 SNPs and found that the schizophrenia-
associated SNPs located in SOX11 3' near gene indeed do influence the level of expression of SOX11. 
SOX11 has been suggested as an regulatory transcription factor in the development of the CNS and 
the PNS. By in vitro cell culture and in utero electroporation, we further defined the role of SOX11 
in neurodevelopment in mice (Chapter 6). Manipulating the expression of Sox11 in neural stem 
cells (NSCs) isolated from E14 C57BL/6J mice, demonstrated that Sox11 inhibits the proliferation 
and promotes the differentiation of the NSCs. Over-expressing and down-regulating Sox11 in mouse 
primary cortical neurons disturbed their neurite growth and cell maturation. Knockdown experiments 
in E14 mouse embryos using in utero electroporation showed that reduction of Sox11 resulted in 
delayed cortical radial neuronal migration and severely impaired neuronal leading process. These 
results indicated that the susceptibility gene for schizophrenia, SOX11, may affect the formation of 
schizophrenia associated neuronal circuitry during  neurodevelopment. In the final Chapter 7, we 
focus on the transcription factor SOX2 which is critical for regulating self-renewal and homeostasis 
of NSCs during neurodevelopment. In mouse NSC cultures and in utero injection approaches we 
aimed to identify the downstream targets of SOX2 to explain underlying molecular mechanism. In 
this somewhat separated chapter, we reported that Sox2 directly up-regulates survivin, an inhibitor 
in mitochondria-dependent apoptotic pathway of neural stem cells, and found a novel Sox2/survivin 
pathway that regulates NSC survival and homoeostasis, thus revealing a new mechanism of brain 
development, neurological degeneration and such aging-related disorders.

Limitations and Future Studies
Although GWAS accomplish remarkable and exciting successes in discovering candidate genes 

and regions,guiding researchers into new biological insights into certain disorders, considerable 
limitations inherently exist in psychiatric genetic studies and hinder a more conclusive interpretation 
of these studies performed herein. For GWAS, there are several primary limitations : 1) genotype-
phenotype association strategies may easily lead to false positive results due to the multiple 
comparisons performed; therefore, a quite large sample size is needed to reach an optimal statistical 
power; 2) GWAS is hypothesis-free and association does not  equal causality; 3) Significant 
SNPs shown in GWAS usually have only moderate or weak effects with relatively low odds ratio 
compared to certain environmental factors and might be easily overlooked; 4) Costs for conducting 
GWAS are very high with limited potential of immediate clinical applicability. All these limitations 
require replication of the loci with the most significance or convinced hypothesis-based relativity 
in independent samples. Follow-up deep-going functional studies are necessary for interpreting the 
biological mechanisms.  
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For each individual association study, heterogeneous phenotype and individual risk variants 
of apparently small effect are the two primary limitations. Due to the combination of these two 
limitations, the ultimate goals of the genetic studies (rigorous evaluation and statistical interpretation) 
may be substantially affected in inadequate sample sizes. Typically, the sample collected in an 
association study is reasonably powered to detect an odds ratio of 1.5 under ideal circumstances, such 
as genotyping the actual risk variant. If considering detection of a realistic association, thousands of 
cases may be required for identifying statistical significance. For an individual test, the threshold is 
usually an alpha of 0.05, however, after correction; it is certainly inflated for a large scale study to 
extremely stringent. A majority of the associated SNPs detected were located in introns with unknown 
function, and may be not the causal SNPs but in linkage disequilibrium with the functional SNPs. 

Our four genetic studies all revealed significant association of the relevant genes with 
schizophrenia, and represented a reasonable investigation of the common genetic risk to the disorder. 
However, these studies were all applied in the Chinese Han population, and further prospective 
replicated studies in other ethnic populations are required to confirm our positive results. If the 
variants associated with schizophrenia were to be evaluated further, sequencing for novel mutations 
of certain genes might provide the most beneficial prediction in discovering the causal loci and 
functional mechanisms. Future studies will take this approach to attentively evaluate the MSI2 and 
SOX11 genes. We have already constructed a conditional Sox11-deficient mouse model, and we will 
focus on three research directions: 1) observe the core events in neurodevelopment in the transgenic 
Sox11 deficient mouse model; 2) investigate the transcriptional profile of Sox11 in neurodevelopment 
based on Sox11 RNAi cDNA array analysis; 3) explore the related molecular mechanism of Sox11 
regulation in neurodevelopment and neuroplasticity. We expect to provide important data revealing 
the regulatory function of the schizophrenia susceptibility gene SOX11 and its potential role in the 
etiology of schizophrenia.
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Schizofrenie is een psychiatrische aandoening waar ongeveer 1% van de wereldbevolking 
aan lijdt en het wordt beschouwd als een van de ziektes die de grootste belasting vormen voor de 
maatschappij. De etiologie van schizofrenie is nog steeds onbekend maar factoren zoals genetische 
aanleg, omgeving, voeding en vroege ontwikkeling lijken een rol te spelen.

In hoofdstuk 1 van dit proefschrift wordt eerst een algemene inleiding gegeven over schizofrenie 
waarbij aspecten zoals geschiedenis, recente opvattingen over diagnostiek, symptomen, behandeling 
en prognose aan bod komen en met name de onderliggende genetica. Het belangrijkste doel van het 
onderzoek beschreven in dit proefschrift is het evalueren van een aantal interessante nieuwe kandidaat 
risico-genen die zijn voortgekomen uit nieuwe hypotheses of uit uitgebreide zogenaamde GWAS 
studies, waarbij GWAS staat voor genome-wide association studies.

In hoofdstuk 2 tot en met 5, worden associatie-studies gepresenteerd waarin een 4-tal kandidaat 
schizofrenie genen, respectievelijk STON2, MSI2, NAT2 en SOX11, nader worden onderzocht. Bij elk 
van die associatie-studies hebben wij SNP (single nucleotide polymorfisme) markers gekozen die het 
grootste deel van de DNA-regio waarin het gen zich bevindt omvatten of een regio die gerelateerd 
is aan de functie van dat gen. Om te onderzoeken of het gen coderend voor STON2 (een endocytose-
proteïne betrokken bij de herkenning van specifieke synaptische vesikel eiwitten) een mogelijk 
kandidaat risico-gen voor schizofrenie is, hebben wij dit gen geanalyseerd in een groep van 768 Han-
Chinezen met schizofrenie en in een gezonde controle groep van 1347 Han-Chinezen (hoofdstuk 2). 
Daartoe werden 11 SNP’s gegenotypeerd en statistisch onderzocht. Uit de resultaten bleek dat 3 SNP’s 
significant geassocieerd waren met schizofrenie, waarvan er 2 gelokaliseerd waren in exon-gedeeltes 
en een in een intron-gedeelte. Bij de analyse van het haplotype, bleken er significante verschillen 
te bestaan in de frequentie van voorkomen van 2 LD (linkage disequilibrium) blokken tussen 
schizofrenie patiënten en controles. Opmerkelijk genoeg, ontdekten wij een excessieve transmissie 
van een functioneel haplotype C-C ((Pro307-Ala851) in schizofrenie patiënten. Onze data impliceren 
dat het STON2 gen een mogelijk schizofrenie-gevoeligheidsgen is, dat verder onderzoek naar de rol 
van STON2 in schizofrenie rechtvaardigt.

In hoofdstuk 3 onderzochten wij de associatie van N-acetyltransferase 2 (NAT2), een enzym met 
een cruciale rol in de afbraak van binnengedrongen xenobiotica, met schizofrenie en genotypeerden 
6 geselecteerde NAT2 SNP’s in functionele exonen van dit gen in een groep van 761 Han-Chinezen 
met schizofrenie en in 976 gezonde Han-Chinezen. Functionele NAT2 polymorfismes resulteren in 
verschillende acetyleringsfenotypes van het enzym. Wij toonden aan dat er significante verschillen 
waren in 3 SNP’s, in 1 (protectieve) snelle-acetylering haplotype (NAT2*4) en 2 (offensieve) trage-
acetylering haplotypes (NAT2*5B en NAT2*6A) van NAT2 tussen patiënten en gezonde controle 
groepen. Deze resultaten suggereren dat NAT2 mogelijk een gevoeligheidsgen is voor schizofrenie in 
Han-Chinezen, waarbij de risico-haplotypes waarschijnlijk de functie van het NAT2 in de afbraak van 
neurotoxische stoffen te niet doen.

Eerdere GWAS studies suggereerden een mogelijke associatie tussen het MSI2 gen en 
schizofrenie. MSI2 is een lid van de zogenaamde Musashi familie van proteïnes die een belangrijke 
rol spelen in het onderhoud van neurale stamcellen, in het proces van hun asymmetrische celdeling 
en in hun differentiatie tijdens neurogenese. In hoofdstuk 4 hebben wij deze mogelijke associatie 
verder onderzocht en 3 MSI2 SNP’s met de hoogste significantie geselecteerd voor een replicatie-
studie in een onafhankelijke groep van 921 Han-Chinezen met schizofrenie en in 1244 gezonde Han-
Chinezen. Opmerkelijke verschillen voor 2 SNP’s wat betreft allel- en genotype-verspreiding werden 
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aangetoond tussen de 2 groepen. Als wij de GWAS- en replicatie-samples combineerden, bleken er 3 
SNP’s sterk geassocieerd te zijn met schizofrenie. Na het downloaden van genotyperingsdata uit het 
100 Genome Project, konden wij linkage SNP’s identificeren voor de 3 SNP’s. Verscheidene linkage 
SNP’s leiden tot cis-transconfiguratie isomeren van MSI2 en het lijkt aannemelijk dat de afwijkende 
schizofrenie–geassocieerde SNP’s hun effect uitoefenen via modificatie van MSI2 expressieniveaus. 
Al met al duiden onze data erop dat MSI2 een gevoeligheidsgen is voor schizofrenie in Han-Chinezen 
en rechtvaardigen zij verder onderzoek naar de functionele relatie tussen MSI2 en schizofrenie.

Het humane SOX11 gen is een kandidaat risico-gen voor schizofrenie zoals aangetoond is in 
eerdere GWAS studies.  SOX11 is een lid van de gen familie van SOX transcriptiefactoren, waarvan 
bekend is dat zij een essentiële rol spelen tijdens de embryonale ontwikkeling. De SOX genen liggen 
op chromosoom 2p, een belangrijke kandidaat regio voor schizofrenie. Om de associatie tussen 
SOX11 en schizofrenie verder te onderzoeken (in hoofdstuk 5), hebben wij 15 SNP’s geselecteerd 
in de SOX11 gen regio voor een onafhankelijke replicatie-studie in een groep van 786 Han-Chinezen 
met schizofrenie en in 1348 gezonde controle Han-Chinezen. Van de 15 SNP’s vertoonden 4 
SNP’s een significante associatie met schizofrenie; 2 LD (linkage disequilibrium) blokken bleken 
sterk geassocieerd met schizofrenie. Al deze data bevestigen SOX11 als een belangrijk kandidaat 
gevoeligheidsgen voor schizofrenie bij Han-Chinezen.

Met behulp van een luciferase-reporter gen assay in de muizen Neuro2A neuroblastoma cellijn, 
probeerden wij de functionaliteit van de 6 SNP’s vast te stellen en vonden dat de schizofrenie-
geassocieerde SNP’s het expressieniveau van SOX11 beïnvloedden. SOX11 is een zeer belangrijke 
regulerende transcriptiefactor in de ontwikkeling van het centrale en perifere zenuwstelsel. In 
celkweek en in-utero electroporatie-experimenten, hebben we de rol van SOX11 in de embryonale 
ontwikkeling van de hersenen in muizen verder gedefinieerd (hoofdstuk 6). Via manipulatie van 
het expressieniveau van Sox11 in neurale stamcellen geïsoleerd uit E14 C57BL/6J muizen, konden 
wij aantonen dat Sox11 de celdeling van neurale stamcellen remt en hun differentiatie stimuleert. 
Over-expressie en down-regulatie van Sox11 in primaire cortexneuronen uit muizen verstoorden 
hun neurietgroei en hun maturatie tot volwassen, normaal functionerende neuronen. Knockdown-
experimenten in E14 muizen embryo’s met behulp van in-utero electroporatie lieten zien dat reductie 
van Sox11 resulteerde in een sterk vertraagde radiaire migratie van cortexneuronen en een ernstige 
beschadiging van de groei-uiteinden van de neuronale uitlopers. Deze resultaten geven aan dat het 
gevoeligheidsgen voor schizofrenie, SOX11, waarschijnlijk het ontstaan van schizofrenie in de hand 
werkt via een verstoorde aanleg van neuronale circuits tijdens de embryonale ontwikkeling.

Tenslotte, in hoofdstuk 7, hebben we ons onderzoek gericht op de transcriptiefactor SOX2, 
een transcriptiefactor cruciaal in het reguleren van de self-renewal en de homeostase van neurale 
stamcellen gedurende de ontwikkeling van het zenuwstelsel. In celkweken van muizen neurale 
stamcellen en in-utero injectie-experimenten probeerden wij de downstream targets van SOX2 te 
identificeren om zo de onderliggende moleculaire mechanismes te kunnen verklaren. In dit enigszins 
op zichzelf staande hoofdstuk lieten wij zien dat Sox2 direct een up-regulatie induceert van survivine, 
een inhibitor in het mitochondria-afhankelijke apoptosis pathway in neurale stamcellen. Wij vonden 
een totaal nieuw Sox2/survivine cellulair pathway dat het overleven en de homeostase van neurale 
stamcellen reguleert, waarmee wij mogelijk een compleet nieuw mechanisme hebben ontdekt in de 
ontwikkeling van de hersenen, in het proces van neurologische degeneratie en in het ontstaan van 
ouderdom-gerelateerde neurodegeneratieve ziektes.
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