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Abstract

We conducted data-mining analyses of genome wide association (GWA) studies of the CATIE

and MGS-GAIN datasets, and found 13 markers in the two physically linked genes, PTPN21 and

EML5, showing nominally significant association with schizophrenia. Linkage disequilibrium

(LD) analysis indicated that all 7 markers from PTPN21 shared high LD (r2>0.8), including

rs2274736 and rs2401751, the two non-synonymous markers with the most significant association

signals (rs2401751, P=1.10×10−3 and rs2274736, P=1.21×10−3). In a meta-analysis of all 13

replication datasets with a total of 13,940 subjects, we found that the two non-synonymous

markers are significantly associated with schizophrenia (rs2274736, OR=0.92, 95% CI: 0.86–0.97,

P=5.45×10−3 and rs2401751, OR = 0.92, 95% CI: 0.86–0.97, P=5.29×10−3). One SNP

(rs7147796) in EML5 is also significantly associated with the disease (OR = 1.08, 95% CI:

1.02-1.14, P=6.43×10−3). These 3 markers remain significant after Bonferroni correction.

Furthermore, haplotype conditioned analyses indicated that the association signals observed

between rs2274736/rs2401751 and rs7147796 are statistically independent. Given the results that

2 non-synonymous markers in PTPN21 are associated with schizophrenia, further investigation of

this locus is warranted.
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SNP

1. Introduction

Schizophrenia, a chronic and devastating psychiatric disorder, is characterized by delusions,

hallucinations and cognitive deficits. It has a world-wide prevalence of 0.5–1%. Although

family and twin studies have suggested the existence of a strong genetic component in

schizophrenia (heritability 80–85%) (Sullivan, 2005), the search for genetic susceptibility

factors remains a challenge. In recent genetic studies, advancements have been made on

several fronts. First, in a small proportion of schizophrenia cases, rare, large, high-

penetrance copy number variations (CNVs) may be causative (Stefansson et al., 2008; The

International Schizophrenia Consortium, 2008; Grozeva et al., 2010; Mulle et al., 2010;

Raychaudhuri et al., 2010). GWA studies have revealed an enrichment of rare CNVs in

cases relative to controls, and in studies with larger samples, specific CNV regions were

identified to be associated with schizophrenia (Walsh et al., 2008). Second, GWA studies of

common single-nucleotide polymorphisms (SNPs) have identified several genes and a broad

region in chromosome 6p22.1 to be associated with schizophrenia (O'Donovan et al., 2008;

Purcell et al., 2009; Shi et al., 2009; Stefansson et al., 2009). Third, polygenic model of the

disease whereby a common variation in many hundreds or even thousands of genes

contributes to schizophrenia is supported from the analyses of the study of International
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Schizophrenia Consortium (Purcell et al., 2009). In a recent study, data showed that

common polygenic variation accounts for roughly one-third of the total variation in

schizophrenia (The International Schizophrenia Consortium et al., 2008). Overall, the main

conclusion from these studies is that schizophrenia risk is influenced by both rare variants

with large effect and common variants with very small effect, a combination that contributes

to the genetic heterogeneity of schizophrenia.

While GWA studies provide a promising approach to the genetics of complex diseases, it is

clear that GWA studies have not explained most of the underlying genetic risks for

schizophrenia. Identifying individual candidate genes/variants with small effects on disease

risks remains important. Recently, using an alternative approach that combines data-mining

of GWA datasets and bioinformatic prioritization to select promising candidate genes

followed by verification and meta-analyses of a large number of independent datasets, we

have successfully identified a schizophrenia risk gene, the cardiomyopathy associated 5

(CMYA5) (Chen et al., 2010). Encouraged by this discovery, here we report our study of two

other loci: PTPN21 (protein tyrosine phosphatase, non-receptor type 21) and EML5

(echinoderm microtubule associated protein like 5). These two genes were identified by the

same procedures we used to identify the CMYA5 gene, and they are close neighbors located

on chromosome 14q31.3, occupying a region of about 300 kb genomic distance. From our

previous statistical and bioinformatic prioritization procedures, we found that PTPN21 has 2

non-synonymous SNPs (rs2274736 and rs2401751) showing nominally significant

association with schizophrenia in 2 GWA datasets and EML5 has multiple markers showing

similar associations as well. Therefore, we decided to pursue further investigation of these

two genes together. We conducted a replication study with 13 independent datasets

including our Irish family (IFAM) and Irish case control study of schizophrenia (ICCSS)

samples, and other 11 datasets from GWA studies with both Caucasian and African-

American populations.

2. Methods and materials

2.1. Subjects and genotyping

In this study, we used 15 datasets with a total of 17,795 subjects, including 455 families with

1875 subjects, 8003 cases and 7917 controls (Table 1). Detailed description of each

individual dataset were reported elsewhere (Chen et al., 2006; Sullivan et al., 2008; Purcell

et al., 2009; Shi et al., 2009). In order to maintain the independence of the datasets, the

overlapping subjects between the CATIE and MGS-GAIN, CATIE and MGS-nonGAIN,

and CATIE-AA and MGS-GAIN-AA were removed. The CATIE and MGS-GAIN datasets

were used as our data-mining and hypothesis-generating datasets as described in our

previous study (Chen et al., 2010). The other 13 were used as replication datasets. All

subjects were of Caucasian ancestry, except CATIE-AA and MGS-GAIN-AA datasets,

which were African-American (For details see Table 1). Of these 15 datasets, 13 were used

in GWA studies by individual groups and the subjects in these datasets were typed by either

the Affymetrix or Perlgen microarray methods. Our two Irish samples, the IFAM and

ICCSS, were genotyped by the TaqMan method (Livak, 1999). The quality of genotyping

was assessed by individual groups to be satisfactory.
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2.2. Data-mining and bioinformatic prioritization

The GWA analyses were conducted with the quality-control filtered markers from the

NIMH (http://nimhgenetics.org/) and GAIN (http://www.ncbi.nlm.nih.gov/sites/entrez?

Db=gap) repositories for the CATIE and MGS-GAIN datasets respectively. Association of

individual SNPs to schizophrenia was tested by logistic regression (trend test) using the

PLINK program (Purcell et al., 2007) for each individual dataset. In these analyses, only

Caucasian subjects (CATIE, 492 cases and 523 controls; MGS-GAIN, 1166 cases and 1132

controls) were used and markers with a minor allele frequency < 1% or a Hardy– Weinberg

Equilibrium p value < 0.0001 were excluded. For the CATIE dataset, the 7 principle

components identified in the previous study (Sullivan et al., 2008) were used as covariates

and a total of 446,225 markers were analyzed. For the MGS-GAIN dataset, no covariate was

used since there was no significant stratification found in this sample based on previous

analyses (Shi et al., 2009). The number of markers analyzed for the MGS-GAIN was

727,905.

For bioinformatic prioritization, we first selected all markers with P values ≤0.05 in the

CATIE and MGS-GAIN datasets, and matched them against each other. After the matching,

there were 1128 SNPs with unadjusted P values ≤0.05 in both datasets. We then conducted

bioinformatic prioritization of these SNPs based on whether they are located in

evolutionarily conserved regions, genic regions (exons, introns, untranslated regions

(UTRs), or within 2 kb of a gene), transcription factor binding sites, or whether they were on

the list of known schizophrenia candidate genes (as listed in the sczgene database http://

www.schizophreniaforum.org/res/sczgene/default.asp by June, 2008), or whether the SNPs

are non-synonymous. SNPs in each of these categories were assigned an empirical score: 2

for the non-synonymous and known schizophrenia candidate gene categories, 1 for the

evolutionary conserved regions, transcription factor binding sites, UTR, and the

synonymous SNP category, and 0.5 for the “within 2 kb of a gene” category. SNPs were

ranked by the sum of the scores (Sun et al., 2009).

When the PTPN21/EML5 gene regions were identified as one of the leading candidates, we

performed LD structure analyses of this region using the HAPLOVIEW program (Barrett et

al., 2005). We extracted all markers in the two genes plus 20 kb upstream and downstream

sequences for the CATIE and MGS-GAIN datasets, and selected the common markers

between the two datasets. We conducted a meta-analysis for the two datasets with all shared

markers using the GWAMA program (Magi and Morris, 2010).

2.3. Replication and meta-analyses of 13 independent datasets

Based on our prioritization and LD analyses, we selected 5 SNPs, rs2274736, rs2401751,

rs10150311, rs17260415 and rs7147796 in PTPN21/EML5 genes for genotyping in the

IFAM and ICCSS samples. Replication was also conducted for the MGS-nonGAIN, MGS-

GAIN-AA, CATIE-AA and the 8 ISC datasets using extracted data of these 5 markers.

Meta-analyses for the replication datasets only and all datasets were conducted with the

GWAMA software package. The primary reason for using GWAMA was that the methods

implemented take genomic control to adjust for potential stratification, and have good
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estimates for heterogeneity. These features were important for us since we analyzed data

from multiple ethnic groups. For association analyses, we used logistic regression from the

PLINK program for case control samples and used the UNPHASED program (Dudbridge,

2008) for the family sample (IFAM). For the CATIE-AA dataset, the 7 principle

components mentioned above were used as covariates, and for the MGS-GAIN-AA dataset,

we fitted a logistic regression model including the first principal component of population

stratification as a covariate. Summary statistics (Odds ratio, 95% confident interval, and

sample size) were extracted from individual analyses and used in the meta-analyses. The

GWAMA package performs both fixed effect and random effect meta-analyses. In our

analyses, since the heterogeneity tests (both Cochran's Q statistics and I2) were insignificant

(Table 3), we reported the results from the fixed effect analyses. Meta-analysis results were

plotted with the R package rmeta (http://www.wessa.net).

2.4. Testing the independent effects between rs2274736/rs2401751 and rs7147796

As there were three SNPs showing association in the PTPN21/EML5 gene region (the two

non-synonymous SNPs from PTPN21 shared very high LD, but they shared relatively low

LD with the SNP, rs7147796, from EML5), we evaluated whether the association signals

observed at the two genes between rs2274736/rs2401751 and rs7147796 were statistically

independent. We took the conditioned analysis approach implemented in the PLINK

program that compares the risks between haplotypes with identical alleles in the background

locus but different alleles at the locus to be evaluated. Since PLINK is unable to combine

family data and case–control data for such haplotype-based analyses, we combined all 12

Caucasian case–control samples in our studies including the two discovery datasets. We first

inferred all four haplotypes for rs2274736–rs7147796, and tested the effects of haplotypes

with the same allele at rs7147796, but different alleles at rs2274736. A similar approach was

applied to rs2401751–rs7147796. Our aim was to evaluate whether the effect of rs2274736/

rs2401751 is independent of rs7147796.

3. Results

3.1. GWA studies data-mining and bioinformatic prioritization

In the process of data-mining in the CATIE and MGS-GIAN datasets, the PTPN21 gene was

one of our top candidate genes (supplementary Table S1). There were two non-synonymous

SNPs showing significant association in each individual dataset and in the combined

datasets (Table 2). Another 5 SNPs in the PTPN21 gene also showed similar association in

the same direction in both datasets. The P values for the two non-synonymous SNPs in the

combined datasets were P=1.10×10−3 for rs2401751 and P=1.21×10−3 for rs2274736. Six

SNPs from EML5 gene, which is about 100 kb telomeric to the PTPN21 gene, were also

significant in the combined discovery datasets, with the strongest signal at rs7157149

(P=2.52×10−3). rs17260415 was the only SNP among the 6 SNPs from EML5 that were

nominally significant in the each individual dataset and the combined datasets (combined

P=4.25×10−3).

The meta P values of all 23 shared SNPs in the two discovery datasets in the PTPN21/EML5

region were shown in Fig. 1A, and the LD structure in the combined datasets are shown in
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Fig. 1B. As seen in Fig. 1B, the 7 significant SNPs from PTPN21 gene shared very high LD

(r2>0.8). They also had similar minor allele frequencies (MAF=0.30–0.33, as seen in Table

2) and odds ratios (OR=0.84, 95% CI: 0.75–0.94) (Table 2). It is therefore likely that they

represented the same signal. The 6 significant SNPs from EML5 gene came from different

LD blocks (r2=0.29–0.98), which also had very different LD with the 7 significant SNPs

from PTPN21 gene (r2=0.27–0.74). These probably reflect independent signals within

EML5 gene or between PTPN21 and EML5 genes. Based on this information, 5 SNPs

(rs2274736, rs2401751, rs10150311, rs17260415 and rs7147796) were selected for

replication.

3.2. Meta-analyses of PTPN21/EML5 association in 13 replication datasets

Our data-mining and bioinformatic prioritization suggested that the PTPN21/EML5 region

may be involved in schizophrenia. To verify the association, we requested and obtained data

from 11 independent GWA datasets, in addition to our two IRISH samples. The information

of the 13 replication datasets, plus the two data-mining datasets, CATIE and MGS-GAIN,

were described in Table 1. To ensure the quality, we examined the intensity plots for these 5

markers. Initially, we genotyped the 5 SNPs in the IFAM and ICCSS samples. Although

none of the SNPs reached significance in either individual sample (Fig. 2) or the combined

samples, all the SNPs in our combined Irish samples showed the same direction of

association for the same allele as those in the CATIE and MGS-GAIN datasets (data not

shown). For further confirmation, we analyzed data from other 11 independent datasets (9

Caucasian and two African-American). The minor allele frequencies of all the datasets in

this study were listed in supplementary Table S2. Although most of the individual datasets

did not reach significance for these five SNPs, in the MGS-nonGAIN dataset, which was the

largest amongst the replication datasets, the two non-synonymous SNPs (rs2274736 and

rs2401751) were nominally significant (P=0.01046 and 0.01387, respectively), and one SNP

(rs7147796) from the EML5 gene had the strongest signal (P=0.001912) (Fig. 2A, B, E). In

ISC-Sweden2 dataset, one SNP (rs17260415) also showed nominal significant signal

(P=0.03101) (Fig. 2D). Meta-analyses of the 13 replication datasets using GWAMA

program showed that the two non-synonymous SNPs were most significantly associated

with schizophrenia (rs2274736, OR=0.92, 95% CI: 0.86-0.97, P=5.45×10−3 and rs2401751,

OR=0.92, 95% CI: 0.86-0.97, P=5.29×10−3). One SNP (rs7147796) from EML5 was also

significant (OR=1.08, 95% CI: 1.02-1.14, P=6.43×10−3). These 3 markers remained

significant after Bonferroni correction since we tested only 5 markers in the replication

datasets. In the meta-analyses, we found no evidence for heterogeneity amongst the datasets,

including the discovery datasets (Table 3). An analysis of combined replication datasets with

PLINK program showed similar results (data not shown).

3.3. rs2274736/rs2401751 and rs7147796 are independently associated with schizophrenia

As we observed that three SNPs in the PTPN21/EML5 region were significantly associated

with schizophrenia, we tried to evaluate whether these signals are independent between

these two genes. Since the 2 non-synonymous marker rs2274736 and rs22401751 were in

high LD, we tested whether rs2274736/rs2401751 and rs7147796 were independently

associated with schizophrenia. In the data-mining data sets, the LD between these two SNPs

was relatively low (r2=0.33) and similar results were obtained in our combined European
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datasets (r2=0.33), including the MGS-GAIN and CATIE datasets. To perform this test, we

first inferred the haplotypes from these two pairs of markers using the PLINK program for

the combined European case–control datasets. We then evaluated whether those haplotypes

sharing identical alleles at rs7147796, but different alleles at rs2274736/rs2401751, had

different disease risks. If these haplotypes have significantly different risks, then the effects

of these two markers would be at least partially independent. The results were shown in

Table 4. We found that while the rs2274736–rs7147796 haplotypes sharing the same allele

background at rs7147796 locus, i.e., haplotypes C–C and T–C, did not show a significantly

different disease risks (P=0.266), haplotypes C–G and T–G showed significantly different

risks for the disease (P=0.0188). In other words, rs2274736 had an effect independent of that

of rs7147796. Similar results were also observed for haplotypes A–G and G–G for

rs2401751–rs7147796 (P=0.0143). These results suggested that the association signals from

the two genes may be at least partly independent.

4. Discussion

GWA is a widely used study design for detecting genetic causes of complex diseases in

recent years. Over 900 genes have been reported to be associated with a variety of complex

diseases, including type 2 diabetes (Scott et al., 2007; Sladek et al., 2007; Zeggini et al.,

2007), lung cancer (Amos et al., 2008; Spitz et al., 2008; Thorgeirsson et al., 2008),

Parkinson's disease (Satake et al., 2009; Simon-Sanchez et al., 2009), rheumatoid arthritis

(Raychaudhuri et al., 2008), and systemic lupus erythematosus (Graham et al., 2008). For

schizophrenia, the results from GWA studies have been less successful. While several loci

(ZNF804A, NRGN, TCF4 and the broad major histocompatibility region) were implicated

(O'Donovan et al., 2008; Shi et al., 2009; Stefansson et al., 2009), many more remained to

be identified. Of the many possible factors leading to these outcomes, insufficient power in

these individual studies and the need to correct for a large number of markers tested may be

important factors. Another possible reason is that schizophrenia may be etiologically

heterogeneous and is caused by a combination of risk genes. Different combinations of risk

genes may or may not present the same disease phenotypes, and the effects of these risk

genes are too small to be detected in GWA studies. Since aggregated analyses indicated that

there may be true findings among those markers passing nominal significance in GWA

datasets (Purcell et al., 2009), how to identify those markers with true but small effects is a

practical issue facing the field. There is therefore a pressing need for alternative methods for

extracting information from GWA data sets. In a previous study, we adapted a two-stage

approach, leading to the identification of the CMYA5 gene (Chen et al., 2010). This study is

an extension of the same strategy. We report here the association of 2 non-synonymous

markers in the PTPN21 gene with schizophrenia. This approach combines statistic and

biological evaluations of markers, with an emphasis on potentially functional/causative

variants. Non-synonymous mutations (altering amino acids) are relatively straight forward to

interpret as potentially functional/causative variants. These emphases lead us to test the

PTPN21 gene since it has 2 non-synonymous markers reaching nominal significance in our

discovery datasets. It is worth noting that distinguishing the functional variants from

nonfunctional ones is important in GWA studies since collapsing variants across different

categories could increase noises and diminish statistical power. For example, schizophrenia
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cases may be enriched for functional variants, but inclusion of nonfunctional variants in

analyses can dilute the signals (Li and Leal, 2008; Morris and Zeggini, 2010).

In this study, we tested a total of 5 SNPs in the replication datasets. Of these markers, 2 non-

synonymous markers in PTPN21 gene are in high LD (r2=0.99). While the P values

observed for these markers are modest, all of them remain significant after Bonferroni

correction. The major reason for these modest P values may be due to small effects of these

markers. On average, the association signals have an OR of 1.1, which requires a

significantly large sample size to detect (Sham et al., 2000). In addition, we have observed 2

statistically independent signals. In the independence tests, we observed significantly

different disease risks between haplotype pairs (CG–TG pair for rs2247436–rs7147796,

AG–GG pair for rs2401751–rs7147796) with the same alleles at rs7147796 but different

alleles at rs2274736/rs2401751. The insignificant results for haplotype pairs (CC–TC for

rs2247436–rs7147796 and AC–GC for rs2401751–rs7147796) may be due to the low

frequencies (0.029) of the CC and AC haplotypes (see Table 4). The observation of

independent association signals makes the results more creditable since it less likely that 2

independent signals occur in a relatively small genomic region.

Our results are consistent with the findings of Shi et al. (Shi et al., 2009). In their study of

the MGS sample, SNP rs1864744, which is in high LD with the two non-synonymous SNPs

(r2=0.99 in our discovery datasets), was one of the top 12 candidates (P=2.18×10−6). The

overall ORs of the two non-synonymous SNPs in our studies were 0.90 (95% CI 0.85–0.95),

which was comparable to that observed for rs1864744 by Shi, et al. (OR=0.83 in European

ancestry and 0.85 in combined European-ancestry and African American datasets).

Surprisingly, the two non-synonymous SNPs from PTPN21 were not in the top list of their

findings.

As for the EML5 gene, we found that rs7147796 showed significant association. This is also

consistent with results reported by Shi et al. that rs10140896 from EML5 was the 3rd most

significant marker (P=9.49×10−7) in MGS Caucasian subjects (Shi et al., 2009), since these

2 SNPs share a very high LD (r2=0.96) and have the same MAF (both MAF=0.48) from the

combined CATIE and MGS-GAIN datasets (Fig. 1B and Table 2). It is very likely that these

2 SNPs represent the same signal. For both markers, the minor alleles were the risk alleles.

The OR of rs7147796 in our combined datasets was 1.09, while for rs10140896 the OR was

1.22 in Shi et al.'s study. Due to the fact that the LD between the two non-synonymous SNPs

and rs7147796 were relatively low (r2=0.33), the association signals are statistically

independent.

PTPN21 (previously known as protein tyrosine phosphatase D1 (PTPD1)) functionally

belongs to the protein tyrosine phosphatase nonreceptor (PTPN) family. Although the

function of PTPN21 is not fully understood, it has been shown to interact with a Tec kinase

family member, the epithelial and endothelial tyrosine kinase (Etk), and plays a role in the

regulation of cell growth and differentiation (Jui et al., 2000). Other member of the PTPN

family, such as PTPN22, has been consistently associated with multiple autoimmune

disorders, including systemic lupus erythematosus (SLE) and rheumatoid arthritis (Kyogoku

et al., 2004; Chung and Criswell, 2007). A few studies also showed that PTPN21 may be
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involved in the immune system (Mustelin, 2006), and is critical in signaling from many

surface receptors, including the T cell antigen receptor (Han et al., 2000) and Fas/CD95

(Sato et al., 1995). The fact that the most consistent finding for schizophrenia is the 6p major

histocompatibility region supports the involvement of the immune system in schizophrenia.

Taken together, this information is supportive that PTPN21's function in the immune system

may be relevant to schizophrenia.

Interestingly, Zietlin et al. reported that while there was no association of PTPN21 with an

autoimmune syndrome, Graves' disease, the T allele of the non-synonymous SNP rs2274736

seemed to be a risk factor leading to younger age of onset for this disease (Zeitlin et al.,

2006). In this study, our results also suggest that the T allele of rs2274736 is a risk allele for

schizophrenia. In the literature, there were case reports that some Graves' disease patients

had psychiatric syndromes like paranoid schizophrenia (Adams et al., 2004; Ogah et al.,

2009), and this was partially due to the influence of high thyroid hormone on brain function.

The two non-synonymous SNPs (rs2401751 and rs2274736) reside in different exons of the

PTPN21 gene. rs2401751 changes the 385th amino acid of the protein from leucine to

phenylalanine, and rs2274736 changes 936th amino acid of the protein from valine to

alanine. These changes alter the size and hydrophobicity of the residues that might affect the

activities of the enzyme in ways we do not yet understand, contributing to the etiology of

schizophrenia. These amino acid changes resulting from the two non-synonymous SNPs

provide a great opportunity for further clarifying the pathophysiology of schizophrenia.

The EML5 gene is a homolog to the major microtubule-associated protein in dividing sea

urchin embryos, and is expressed in post-mitotic neurons (in adult animals and during

development). It potentially plays a significant role in microtubule assembly and

cytoskeletal rearrangements during neuronal development and in the adult brain (O'Connor

et al., 2004). It is plausible that abnormal cytoskeletal arrangements result in changes in

neuronal development, thereby altering risk for schizophrenia.

Recently, we reported CMYA5 as a candidate gene for schizophrenia using a two-stage

approach (Chen et al., 2010). With the same approach, here we provide evidence that two

non-synonymous markers in the PTPN21 gene and one SNP in EML5 are significantly

associated with schizophrenia. These studies demonstrate that there are many markers/genes

with true but small effects for schizophrenia embedded in the GWA datasets. Given creative

designs and appropriate sample sizes, these markers/genes can be eventually identified.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
A. Meta-analysis of the CATIE and MGS-GAIN datasets. The markers selected for

replication were highlighted. B. LD structure of the 23 markers typed in both CATIE and

MGS-GAIN datasets. Pair-wise LD values (r2) were shown.
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Fig. 2.
Meta-analyses of 5 SNPs from PTPN21/EML5 region for schizophrenia. A–E. rs2274736,

rs2401751, rs10150311, rs17260415 and rs7147796. OR (Odds ratios) are reported for the

minor alleles in the overall EA datasets.
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