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Abstract

Genetic association studies on schizophrenia (SZ) have been repeatedly performed over the last two
decades, resulting in a consensus that results are generally inconsistent. This consensus has begun
to change as a result of meta-analyses (e.g., (Glatt and Jonsson, 2006)). The SchizophreniaGene
database (http://www.schizophreniaforum.org/res/sczgene/default.asp) has been a leader in meta-
analyses of SZ association data, by dynamically and comprehensively cataloging all public genetic
association studies, and preparing meta-analyses of case-control data. There are 19 “top” candidate
genes from these analyses (access on December 20, 2007), showing the highest effect sizes and
nominally significant associations of at least one variant in the meta-analyses of all ethnic samples
or of samples of Caucasian ancestry. We selected 40 polymorphisms in 12 selected “top” genes for
additional meta-analyses, which had at least one familial association data. We found gene-wide
(correction for the number of meta-analyses for each gene) significant allelic association evidence
for seven genes in the combined samples. The odds ratios (ORs) of the associated minor risk alleles
range from 1.072to0 1.121, for DRD4, MTHFR, PPP3CC and TP53. For protective allele associations,
the ORs are between 0.842 and 0.886, for DAQ, IL1B, and SLC6A4. In population based sub-analyses,
we found significant results in four genes in Asians (ORs between 1.084 and 1.309 for DRD4,
GABRB2, PPP3CC, and TP53), and one gene in European (OR of 0.888 for SLC6A4). However,
none of these associations survive experiment-wide correction for multiple testing. No significant
heterogeneity between case-control and family-based study designs was detected in 35 out of 40
polymorphisms. Our results suggest eight potential SZ candidate genes and suggest that family data
can reasonably be included in the meta-analysis of genetic associations.
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1. Introduction

Schizophrenia (SZ) is a genetically complex and heterogeneous psychiatric disorder. Genetic
association studies on SZ have been repeatedly performed over the last two decades. There are
more than 1,200 published reports in the PubMed database of the National Center for
Biotechnology Information (NCBI), which are cataloged in the SchizophreniaGene (SZGene)
database of the Schizophrenia Research Forum
(http://www.schizophreniaforum.org/res/sczgene/default.asp). It would appear that very few
consistent replications have been observed in these association studies. Clinical and genetic
heterogeneity might account for the apparent inconsistency. Another possible cause is the very
limited sample size in most individual studies, which thus have relatively low statistical power.
Meta-analysis is a quantitative approach to systematically combing existing results from
multiple individual studies and generating an overall conclusion; it has been shown as an
effective method to estimate the genetic effects on common diseases with increased power
(loannidis et al., 2007; Levinson, 2005; Munafo and Flint, 2004; Munafo, 2006).

SZGene has become the leading source of meta-analyses in SZ, by dynamically and
comprehensively cataloging all known genetic association studies, and preparing meta-
analyses of polymorphisms in candidate genes that have been examined in four or more sample
sets (http://lwww.schizophreniaforum.org/res/sczgene/default.asp). There are 19 “top”
candidate genes from these analyses (access on December 20, 2007), showing the highest effect
sizes and nominally significant associations of at least one variant in the meta-analyses of all
ethnic samples or of samples of Caucasian ancestry. However, these meta-analyses do not
include family-based association studies at this time, and summary results in Asians are not
presented either. This paper aims to maximize the number of individuals included, and to test
for separate allelic associations in the two major population groups that have been studied,
Asians and Europeans. We also investigated the influence of family-based data on meta-
analysis of genetic association studies on SZ, by performing a testing of heterogeneity between
case-control and family-based study designs. Of the 19 “top” SZ candidate genes, 13 had at
least one family data set suitable for meta-analysis. Since we previously published a meta-
analysis of G72/G30 (also known as D-amino acid oxidase activator, DAOA) in SZ and bipolar
disorder (Shi et al., 2008), here we report our meta-analyses of 12 other genes, including
AKT1 (v-akt murine thymoma viral oncogene homolog 1), COMT (catechol-O-
methyltransferase, DAO (D-amino acid oxidase), DRD2 (dopamine receptor D2), DRD4
(dopamine receptor D4), DTNBP1 (dystrobrevin binding protein 1), GABRB2 (gamma-
aminobutyric acid A receptor, beta), IL1B (interleukinl, beta proprotein), MTHFR (5,10-
methylenetetrahydrofolate reductase), PPP3CC (protein phosphatase 3 [formerly 2B],
catalytic), SLC6A4 (solute carrier family 6 member 4, also known as 5-hydroxytryptamine
transporter, 5-HTT), and TP53 (tumor protein p53).

2. Methods

2.1. Literature searches

First, the association studies were extracted from the SZGene database
(http://www.schizophreniaforum.org/res/sczgene/default.asp). Then, the literature was further
retrieved by searching the PubMed database using the keywords “schizophrenia”, “gene” and
symbols of the 12 genes or their full name. All association studies published in English before
March 1, 2008 were analyzed. Additionally, all references cited in articles on association
studies, reviews and/or meta-analyses (Supplementary 1 summarizes previous meta-analyses
of genes COMT, DRD2, DRD4, DTNBP1, MTHFR, and SLC6A4) were examined to identify

potential additional studies that might not be collected in SZGene or PubMed.
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2.2. Inclusion Criteria

Polymorphisms (single nucleotide polymorphisms [SNPs] and variable number tandem repeats
[VNTRs]) with meta-analyses in the SZGene database were re-analyzed. Studies included in
our meta-analyses were based on the following criteria: (1) published in a peer-reviewed
journal in English; (2) detailed description of the samples tested (including sample size,
ancestry of samples, diagnostic criteria for schizophrenia); (3) data published or furnished by
correspondence before March 2008. These data had to contain genetic polymorphism
information (standard polymorphism name or position on chromosome), minor allele
frequency in case and control groups in population-based studies or numbers of transmitted
and un-transmitted minor alleles from heterozygous parents to affected offspring in family-
based studies; (4) sample not duplicative of other reports. We used the data from the larger
sample set if studies had overlapping subjects; (5) at least one family-based association data
set available; and (6) genotypic distribution in the controls of population-based studies not
inconsistent with Hardy-Weinberg Equilibrium (HWE).

2.3. Statistical Analyses

The term “data set” here refers to one polymorphism, studied in one case-control or family-
based association sample. A single report could be considered as containing separate
association data sets, when it included unrelated case-control and family-based data, or if it
separately examined distinct samples such as German and Japanese. We integrated population-
based and family-based association data set(s) into a single meta-analysis using a method
recently developed independently by several groups (Cho et al., 2005; Kazeem and Farrall,
2005; Lohmueller et al., 2003). Briefly, counts of minor alleles in case and control groups in
population-based studies were summarized in two-by-two tables. The minor alleles of each
polymorphism are annotated in the SZGene database. For family-based studies, the number of
each transmitted minor allele from heterozygous parents to affected offspring were treated as
the number of occurrence of that “risk” or “protective” minor allele in cases. The controls were
assumed from a very large population with equal numbers of each allele (to reflect the expected
50:50 transmission ratio from parents to offspring (Lohmueller et al., 2003)). The transmitted
and un-transmitted minor alleles were summarized in two-by-one tables. For each table, the
natural logarithms of odds ratios (Ln(ORs)) and standard errors (SEs) were calculated based
on the allelic data (Kazeem and Farrall, 2005).

We tested heterogeneity between studies using Cochran’s chi-square-based Q-statistic and
estimated the degree of heterogeneity with 12 (12 = ((Q-(k-1))/Q)x100%, where k indicates
number of studies). 12 ranges from 0% to 100%. It indicates the proportion of between-study
variability in point estimates that was due to heterogeneity rather than sampling error (Higgins
and Thompson, 2002; Huedo-Medina et al., 2006). An overall OR and 95% confidence interval
(CI) was estimated under the Mantel-Haenszel’s fixed-effects model (MANTEL and
HAENSZEL, 1959) if there was no evidence for heterogeneity (12 < 50%), otherwise (12 =
50%) under the DerSimonian-Laird random-effects model (DerSimonian and Laird, 1986).
Significance of overall OR was examined using a Z-test. The nominally significant P values
were adjusted using two Bonferroni corrections: 1) for each individual gene (to test gene-wide
significance) when two or more polymorphisms in one gene were meta-analyzed or subgroup
analyses were performed according to sample ancestry (Europeans and Asians), 2) for the
whole experiment (40 meta-analyses for all populations and 120 for subpopulations were
reviewed). Sensitivity analysis was analyzed by dropping one study in turn, recalculating the
overall OR of the remaining studies, and testing its significance. This approach can determine
whether a finding in the meta-analysis is due to the contribution of a single study. However,
this type of analysis is largely influenced by the total number of studies included in the meta-
analysis. Evidence for publication bias was assessed using Egger’s regression asymmetry test
with a funnel plot of Ln(OR) against inverse SE in each study (Egger et al., 1997).
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To detect potential effects of study design types (case-control versus family-based) or different
populations (Europeans versus Asians), overall ORs and SEs were obtained for each subgroup,
then heterogeneity of overall ORs between study designs or different populations were
evaluated by means of a chi-square test with one degree of freedom, as described in detail
elsewhere (Kazeem and Farrall, 2005). Meta-analyses were also carried out after excluding
family-based association studies to visually evaluate the effects of such data. The statistical
analyses were performed using the program Meta-analysis with Interactive eXplanations
(MIX, version 1.61) (Bax et al., 2006). A significance level was set at P = 0.05 for all tests
with exception of P = 0.1 for Egger’s test for publication bias.

Power was estimated using the Genetic Power Calculator
(http://pngu.mgh.harvard.edu/~purcell/gpc/) (Purcell et al., 2003), under the assumption of a
dominant model, with a disease prevalence of 1%, D' of 0.8 between risk allele and marker
allele, and the real data from the meta-analyses (significance level adjusted by Bonferroni
correction for each gene).

3.1. Description of Studies

The procedure to retrieve studies for further meta-analysis is described in Supplementary
Figure 1. In total, for 12 of the 19 “top” SZ candidate genes, we found 185 reports with 488
separate association data sets on 40 polymorphisms, which met our criteria for inclusion here
(Supplementary Table 2). The number of published family-based association report(s) that
have available data suitable for meta-analysis ranged from 1 (78-693 families) to 5 (1242
families). Seven hundred and seventeen data sets on 386 polymorphisms in these 12 genes
were excluded from our analyses based on the study selection criteria (Supplementary Table
3). We did not include studies on DAOA, as we have recently published a meta-analysis on this
gene using similar methods (Shi et al., 2008).

3.2. Meta-analyses

Table 1 shows the results of meta-analyses of 12 SZ candidate gene association studies. When
we included all population sources in one analysis, with Bonferroni correction of each P value
for the number of meta-analyzed polymorphisms in that gene, we found seven significantallelic
associations (DAO, DRD4, IL1B, MTHFR, PPP3CC, SLC6A4, and TP53) (Table 1 and
Supplementary Table 4). In population-based analyses, we found significant results in four
genes in Asians (DRD4, GABRB2, PPP3CC, and TP53), and one gene in Europeans
(SLC6A4) (Table 1 and Supplementary Table 4). The Forest plots of these significant meta-
analyses are shown in Figure 1. However, none of the associations reached experiment-wide
association, after correction for all the meta-analyses performed (Supplementary Table 4). For
polymorphisms that revealed gene-wide significant results, there was evidence for significant
heterogeneity between Asians and Europeans at rs1816072 in GABRB2 (P = 0.0009) and
between case-control and family-based association studies at rs16944 in IL1B (P = 0.023)
(Supplementary Table 5). Egger’s regression test did not detect significant publication bias
(data not shown), except for the studies on the DTNP1 gene (rs2619539, P =0.028; rs2619528,
P =0.049; rs760761, P = 0.026; rs1018381, P = 0.070).

When family association data was removed, rs1816072 and rs1816071in GABRB2 and rs16944
in IL1B showed gene-wide significant disease associations in Europeans, while significant
associations of 10 tandem repeats in SLC6A4 (allele 10) disappeared either in all combined
populations or in Europeans (underlined results in Table 1). Whereas at significance level of
P = 0.05, nominal associations in five polymorphisms were detected, three associations
disappeared, and 17 remain in meta-analyses with case-control data (Table 1).
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When meta-analyses were performed combing data sets from all the populations, sensitivity
analysis indentified that the significant association with DAO was ascribed to a Japanese study
with 570 cases and 570 controls (Yamada et al., 2005) (adjusted P = 0.132), and that the
association with DRD4 was ascribed to a Japanese study with 252 cases and 269 controls
(Okuyama et al., 1999) (adjusted P = 0.081). In population-based sub-analyses, sensitivity
analysis found that the association with DRD4 was ascribed to a Japanese study with 252 cases
and 269 controls (Okuyama et al., 1999) (adjusted P = 0.102), and that the association with
SLC6A4 was ascribed to a study with 129 cases and 187 controls (Collier et al., 1996) (adjusted
P =0.192). Interestingly, when removing the data from a large study with 1870 cases and 2002
controls in European Americans (Sanders et al., 2008), we could detect four additional gene-
wide significant associations (all populations: rs165599 in COMT and rs1801028 in DRD2;
Europeans: rs1801028 in DRD2 and rs1011313 in DTNBP1, Supplementary Table 6).

3.3 Power estimation

The combined sample in our meta-analyses has generally low power to detect small genetic
effects with OR less than 1.3 (data not shown). For example, a sample of approximately 1500
cases and 1500 controls has only 8% power to detect the highest OR of 1.2 for the SNP with
MAF of 0.3 in the DAO gene in all populations at the experiment-wide significance level (P
< 0.00125 for Bonferroni correction for 40 polymorphisms); a sample of 1000 cases has 5%
power to detect OR of 0.4 in Asians at P < 0.00042 (Bonferroni correction for 120 tests based
on 40 polymorphisms and sub-populations). To achieve 80% power, 7627 and 5400 cases and
comparable controls are needed to detect above effect sizes, respectively.

4. Discussion

Our meta-analyses combing population- and family-based association studies identified
significant association evidence across populations for genes DAO, DRD4, IL1B, MTHFR,
PPP3CC, SLC6A4, and TP53. Where separate population analyses could be performed, we
found that genes DRD4, GABRB2, PPP3CC, and TP53 had SNPs that were uniquely associated
with disease risk in Asians and SLC6A4 in Europeans.

Empirical evidence from an analysis of 93 association studies has shown no significant
heterogeneity between case-control and family-based study designs (Evangelou et al., 2006).
Consistent with that evidence, we have not found significant heterogeneity between study
designs for 35 out of 40 polymorphisms (Supplementary Table 5). The differences in the five
polymorphisms may result from relatively small sample sizes of the family studies (numbers
of families range from 78 to 267), or the limited power of the heterogeneity test of modest
genetic effects itself. Therefore, it is reasonable to combine case-control and family association
data for meta-analysis (Kazeem and Farrall, 2005; Evangelou et al., 2006).

Our results further suggest eight potential candidate genes that are involved in known biological
pathways implicated in the pathophysiology of SZ. The DRD4 gene is in the dopaminergic
signaling pathway, where abnormal dopamine transmission has been a prominent hypothesis
for schizophrenia over the past half century (Carlsson and LINDQVIST, 1963; Carlsson,
1988; Carlsson and Carlsson, 2006; Toda and bi-Dargham, 2007; Winterer, 2006). SLC6AA4,
a serotonin transporter, plays a key role in serotonin neurotransmission, which has also
implicated in the pathophysiology and antipsychotic treatment of schizophrenia (Breier,
1995; Igbal and van Praag, 1995; Meltzer, 1989; Meltzer et al., 2003). GABRB?2 is one of the
most abundant GABA receptor subunits, which mediate inhibitory neurotransmission.
GABAergic dysfunction in prefrontal cortex has been linked to the pathophysiology of SZ
(Blum and Mann, 2002; Costa et al., 2004; Coyle, 2004; Guidotti et al., 2005). D-amino acid
oxidase (DAO) modulates NMDA-receptor mediated signaling. Recently a NMDA receptor-
mediated glutamate hypothesis of SZ has received accumulating evidence (Coyle, 1996; Coyle
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et al., 2003; Coyle, 2006; Lindsley et al., 2006; Moghaddam, 2003). PPP3CC may play a role
in the downstream regulation of dopaminergic signal transduction (Greengard, 2001), as well
as in the NMDA receptor-dependent synaptic plasticity (Groth et al., 2003). SZ has long been
hypothesized as a neurodevelopmental disorder (Arnold et al., 2005; Weinberger, 1987). TP53
has shown a direct role in neurodevelopment (Culmsee and Mattson, 2005; Jacobs et al.,
2006). MTHFR participates in the metabolism of folate and DNA methylation, thus may
influence neurodevelopment (Greenblatt et al., 1994). IL1B also plays a role in
neurodevelopment (Ashdown et al., 2006).

Our results should be interpreted with certain cautions. First, the genetic effects of associated
alleles were modest or small (average allelic OR of 1.14 for “risk” genes and 0.87 for
“protective” genes). Therefore, the power to detect such small genetic effects are relatively
low, even the combined sample for several polymorphism has more than 20,000 individuals
(data not shown). Second, most case-control studies we analyzed did not address population
stratification using genomic control (Devlin and Roeder, 1999; Reich and Goldstein, 2001),
structured association (Pritchard and Rosenberg, 1999; Pritchard et al., 2000), principal
components analysis (Price et al., 2006), or other approaches with sub-structure/population
informative loci, which would be an issue for the population-specific findings here (Cardon
and Palmer, 2003; Freedman et al., 2004). Third, although no evidence for publication bias
was detected for all the gene-wide significant associations, the power of the Egger’s regression
test is generally low (Macaskill et al., 2001), and this method is further limited for some genes
that were meta-analyzed with small numbers of studies (Egger et al., 1997). Fourth, none of
the associations could survive correction for multiple testing for all the meta-analyses
performed. However, experiment-wide Bonferroni correction may be overly conservative
when tests are correlated (e.g., due to linkage disequilibrium of polymorphisms or gene-gene
interaction), and there is no consensus on correction for multiple testing in a meta-analysis
simultaneously testing a number of genes and polymorphisms (Bertram et al., 2007; Levinson,
2005; Lopez-Leon et al., 2007). Finally, we excluded association studies published in other
languages other than in English, which may introduce publication bias in our meta-analyses.

We excluded studies with controls not in HWE, based on several reasons. First, violation of
HWE in genetic association studies indicates genotyping errors, population stratification, or
selection bias (Cardon and Palmer, 2003; Freedman et al., 2004; Hosking et al., 2004; Xu et
al., 2002; Schaid and Jacobsen, 1999). Secondly, lack of HWE in a population implies
continued selection, migration, mutation, and assorted mating (Salanti et al., 2005). Thirdly,
studies departure from HWE have been proposed to be a potential source of heterogeneity
across studies in meta-analysis (Attia et al., 2003; Salanti et al., 2005). However, recent
empirical data suggest studies violating HWE may be included in meta-analysis except that
the quality of those studies is highly doubtable (Attia et al., 2003; Minelli et al., 2007; Salanti
et al., 2007). Family-based association studies were included in meta-analyses except that
significant departure from HWE was reported. However, the type | error for classical chi-square
goodness-of-fit HWE test in founders (parents) may be over inflated, because founders are not
from arandom sample from the general population due to typically ascertained families through
the affected probands and/or due to potential disease association of the tested marker (Bourgain
et al., 2004; Li and Li, 2008). Therefore, HWE assessing should be performed using all the
family genotype data conditional on relatedness of the individuals, which can differentiate
HWE departure caused by disease association from departure caused by other reasons such as
genotyping errors (Bourgain et al., 2004; Li and Li, 2008).

In conclusion, our results further suggest eight susceptibility genes to schizophrenia with
modest or small effects, and suggest that family data can reasonably be included in the meta-
analysis of genetic associations.
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