Genetic association signal near NTN4 in Tourette Syndrome
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Abstract 

Tourette Syndrome (TS) is a neurodevelopmental disorder with a complex genetic etiology. Through an international collaboration, we genotyped 42 single nucleotide polymorphisms (p<10-3) from the recent TS genome-wide association study (GWAS) in 609 TS cases and 610 ancestry-matched controls. Only rs2060546 on chromosome 12q22 (p=3.3x10-4) remained significant after experiment-wide Bonferroni correction.  Meta-analysis with the original rs2060546 GWAS data  yielded the strongest TS association signal to date (p=5.8x10-7).  rs2060546 lies closest to NTN4, an axon guidance molecule expressed in the developing striatum, although the functional significance of this variant is unclear and may involve regulation of adjacent histidine catabolism genes.    

Introduction 

Tourette Syndrome (TS) is a highly heritable, childhood-onset neurodevelopmental disorder characterized by multiple motor and vocal tics that frequently co-occurs with obsessive compulsive disorder (OCD) and attention-deficit hyperactivity disorder (ADHD), possibly pointing to a shared genetic etiology. TS is thought to be caused by the interaction of environmental factors with a complex genetic background, underlining the need for large-scale genetic studies and replication of results in independent cohorts (Paschou, 2013). Here, following up on the first reported genome-wide association study (GWAS) for TS (Scharf et al. 2013), we analyzed an independent European-ancestry sample for 42 top  variants of interest in the initial GWAS and provide evidence for enhanced association for one of these single nucleotide polymorphisms (SNPs) (rs2060546 on 12q22) with TS genetic risk. 

The recently-published GWAS performed by the Tourette Syndrome Association International Consortium for Genetics (TSAICG) (Scharf et al. 2013) is the first large-scale TS genetics effort in a field that was, until recently, hampered by fragmented efforts from individual laboratories and small sample sizes. In this study of 1,285 TS-affected individuals and 4,964 European-ancestry controls, the top signals (p<1x10-3) were significantly enriched for functional variants previously associated with gene expression and/or methylation levels in cerebellar or frontal cortex tissue (eQTLs/mQTLs, expression quantitative trait loci or methylation quantitative trait loci), although no single marker attained genome-wide significance (p < 5x10-8) (Pe’er et al. 2008, Dudbridge & Gusnanto 2008).  Subsequent analyses of TS genetic architecture confirmed that the majority of TS heritability is captured by GWAS SNPs with allele frequencies >5% (Davis et al. 2013), although disproportionate heritability could be attributed to rarer variants. These discoveries underline the genetic complexity of the disorder, and highlight the value of follow-up studies in additional samples.

Patients and Methods

Through the joint efforts of investigators in six countries (the Gilles de la Tourette Syndrome Genome-wide Association Study Replication Initiative, or GGRI), we recruited 609 individuals with TS and 610 ancestry-matched controls. Samples originated from Hungary (73 cases and 93 controls), Germany (129 cases and 185 controls), Austria (92 cases and 103 controls), Italy (47 cases and 44 controls), Greece (17 cases and 49 controls), and Canada (French Canadian origin, 151 cases and 136 controls)(see Supplementary Material for details, Tables S1, S2).  Participants who were 18 years of age and older at the time of recruitment provided written, voluntary informed consent for participation in collaborative genetic studies.  Individuals under 18 years of age provided assent; written parental consent for their participation was also obtained. The study was approved by the Ethics Committees of all participating sites.

Forty-two SNPs from the top 20 linkage disequilibrium (LD)-independent GWAS hits (r2<0.2), and 22 functional SNPs with pGWAS<1x10-3 that were either eQTL/mQTLs of interest or were located near previously identified candidate genes for TS or other related neuropsychiatric disorders were selected for targeted genotyping (Table S3).  A panel of 74 additional ancestry-informative markers (AIMs) was also designed to control for population substructure (Supplementary Methods, Table S4). Genotyping was performed using primer extension and mass spectrophotometry (Sequenom iPLEX platform, Sequenom, San Diego, CA, USA) as previously described (Crane et al. 2011).  

Principal components analysis (PCA) was performed using EIGENSTRAT (Price et al. 2006) in order to exclude outliers based on observed genetic ancestry and to produce population structure covariates to correct for residual population stratification (see Supplementary Methods for a detailed description, Figure S1).   Genetic association analysis was conducted in PLINK (Purcell et al. 2007) using logistic regression under an additive model with the first two  principal components, representing the major axes of variation in genetic ancestry of the sample (North-South and East-West European clines), included as covariates.  Meta-analysis with the European-ancestry samples of the original TS GWAS (1,285 TS cases and 4,964 ancestry-matched controls) was performed in METAL (Willer et al. 2010).

Results

We identified one SNP, rs2060546, that was significantly associated with TS in the GGRI sample (p=3.3x10-4, odds ratio=2.41), after Bonferroni correction for the number of SNPs examined (threshold for nominal significanceafter correction set at p= 0.05/ 42 SNPs = 0.0012) (Table 1, Table S5). Combined analysis of the original GWAS and current samples for this SNP (total of 1,894 cases and 5,574 controls)  yielded an association p-value=5.8x10-7 and a combined OR=1.77, markedly strengthening the evidence for association relative to the original GWAS (pGWAS<3.7x10-4, OR=1.60).  rs2060546 lies on chromosome 12q22 between genes NTN4 (netrin-4), SNRPF (small nuclear ribonucleoprotein polypeptide F) and CCDC38 (coiled-coil domain-containing gene 38). Although none of the other 41 SNPs were nominally significant after experiment-wide correction in the follow-up GGRI sample, 26 of the 42 studied SNPs also yielded the same direction of effect as in the original GWAS (binomial sign-test, p=0.08), indicating that further investigation with larger sample sizes is warranted (Table S5). Of note, the association signal from the top SNP in the initial TS GWAS, rs7868992, located in an intronic region of COL27A1 (collagen type XXVII, alpha 1 chain), was marginally weaker in this study (GGRI sample OR=1.11, p=0.26; combined meta-analysis p=6.4x10-6) compared to the signal in the original study (OR=1.29, p=1.9x10-6) (Table 1).  However, the direction of effect for this SNP was similar in both studies. 

Discussion

The top TS-associated SNP in our targeted genotyping study (rs2060546) lies in an intergenic region on chromosome 12q22, approximately 32kb distal (telomeric) to NTN4, and proximal to SNRPF (37kb) and CCDC38  (45kb).  SNRPF (small nuclear ribonucleoprotein polypeptide F) is a core component of the RNA spliceosome (Hermann et al. 1995), while the function of CCDC38 is unclear.  NTN4 belongs to a family of extracellular proteins that direct axon outgrowth and guidance (Lai Wing Sun et al. 2011). In the developing nervous system, netrins interact with other axon guidance molecules,such as SLIT and WNT family members, to direct the trajectory of the growth cone at the tip of the migrating axon towards its final target (Killeen and Sybingco 2008).  Of note, SLITRK1, a gene whose protein bears great similarity to the SLIT family, represents one of the most debated genes in the TS literature, as it has been reported to be associated with TS in a number of studies (Abelson et al. 2005, Karagiannidis et al. 2012), but not in a large family-based investigation of the originally reported association (Scharf et al., 2008). SLITRK1 was not directly implicated in the TS GWAS; however, the intergenic region between SLITRK1 and SLITRK6 yielded one of the top signals (rs7336083; p=9.5x10-6, OR 0.80) (Scharf et al. 2013).  Thus, NTN4 is a strong candidate for a TS susceptibility gene; in fact, rs2060546 was selected for the current experiment based on having a p<10-3 in the initial TS GWAS and being in linkage disequilibrium (D’=1) with the 5’ end of NTN4.

However, it is not yet clear whether rs2060546 has any functional effect on either NTN4 or other genes in this region.  While NTN4 is the closest gene to rs2060546, a subset of GWAS SNPs in other disorders have been found to be associated with variation in gene expression levels (expression quantitative loci, eQTLs) of more distantly located genes (Maurano et al., Science 2012).   While rs2060546 was not identified as an eQTL in frontal lobe or cerebellar tissue (Scharf et al., 2013), this variant appears to be a modest cis-eQTL in non-neural tissues for genes near NTN4, including two histidine catabolism genes, HAL (histidine ammonia-lyase, p=0.0012) and AMDHD1 (amidohydrolase containing domain 1, p=0.002)  in lymphoblast cell lines and METAP2 (methionine aminopeptidase 2, p=0.0009) in adipose tissue (Stranger et al. 2012; Elbein et al., 2012).   Impaired conversion of histidine to histamine via mutations in a third histidine catabolism gene HDC has been reported in one TS family, though whether this translates to TS risk in general or might involve other histidine-related pathways is uncertain (Erdan-Sencicek et al., 2010; Karagiannidis et al., 2013).  Therefore, should further association analyses confirm rs2060546 to be a TS susceptibility variant,  functional studies will be needed to determine the causative gene(s) at this locus and the biological mechanism through which this non-coding variant might contribute to this neurodevelopmental disorder.
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	TS 

GWAS
	GGRI

 sample
	Meta-analysis
	 
	 

	CHR
	SNP
	BP (hg18)
	A1/A2
	MAF
	OR
	P
	OR
	P
	OR
	P
	Gene
	eQTL/mQTL

	12
	rs2060546
	94,739,587
	A/G
	0.027
	1.60
	3.7x10-4
	2.41
	3.3x10-4
	1.77
	5.8x10-7
	SNRPF|NTN4|CCDC38
	

	2
	rs1922786
	58,717,077
	G/A
	0.35
	0.83
	2.1x10-4
	0.76
	2.4x10-3
	0.81
	1.9x10-6
	
	SEL1L2, LMAN1L, INSL3

	9
	rs7868992
	116,030,892
	G/A
	0.28
	1.29
	1.9x10-6
	1.11
	0.26
	1.24
	6.4x10-6
	COL27A1
	SYTL4, AMBP, HSPC152, OAS2, PWP1, RALBP1

	11
	rs11603305
	10,954,525
	G/A
	0.28
	1.27
	1.3x10-5
	1.16
	0.10
	1.24
	7.2x10-6
	
	

	7
	rs1882078
	37,403,500
	C/T
	0.28
	1.27
	1.9x10-5
	1.15
	0.11
	1.23
	1.1x10-5
	ELMO1
	

	12
	rs6539267
	105,309,684
	C/T
	0.31
	0.79
	7.4x10-6
	0.90
	0.22
	0.82
	1.1x10-5
	TCP11L2|POLR3B
	TMEM119

	7
	rs769111
	12,026,331
	G/T
	0.38
	0.81
	1.2x10-5
	0.90
	0.19
	0.83
	1.6x10-5
	
	MEOX2, PLSCR1, PCDHB16

	11
	rs7123010
	86,018,834
	A/G
	0.30
	0.79
	4.2x10-5
	0.89
	0.20
	0.82
	4.9x10-5
	ME3
	NFKBIZ, FLJ23514, KLF8, PICALM

	11
	rs621942
	85,461,386
	A/C
	0.24
	1.23
	1.3x10-4
	1.15
	0.14
	1.21
	6.8x10-5
	PICALM
	TMEM126B, TMEM126A, PICALM, CREB3L3,LRRC2

	3
	rs2282755
	50,417,804
	T/G
	0.28
	0.80
	5.6x10-5
	0.90
	0.24
	0.82
	7 x10-5
	TMEM115|CACNA2D2
	ZMYND10, PTH1R, HYAL3, SEMA3G
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1. Supplementary methods

1.1. Description of GTS GWAS Replication Initiative (GGRI) sample

609 individuals with TS and 610 ancestry-matched controls from 7 sites were included in the Gilles de la Tourette Syndrome GWAS Replication Initiative (GGRI) (Supplementary Table S1). Clinical characteristics are shown in Table S2. Samples originated from Hungary (73 cases, 93 controls), Germany (104 cases from Hannover, 125 cases from Essen, 185 controls), Austria (92 cases, 103 controls), Italy (47 cases, 44 controls), Greece (17 cases, 49 controls), and Canada (French Canadian origin, 151 cases, 136 controls). TS diagnoses were concordant with DSM-IV-TR criteria. The Hungarian, Greek, Italian and German (Essen) TS-affected individuals have been previously described (Karagiannidis et al. 2012). Special attention was paid to include an equal number of ancestry-matched controls from each participating country.

Table S1. The ancestry-matched GGRI sample.

	Site
	Ancestry
	Number of Cases
	Number of Controls

	Hungary
	Hungarian
	73
	93

	Hannover
	German
	104
	185

	Essen
	German
	125
	0

	Vienna_Austria
	Austrian
	92
	103

	Catania_Italy
	Italian
	47
	44

	Tian C, Plenge RM, Ransom M, Lee A, Villoslada P, et al. (2008) Analysis and application of European genetic substructure using 300 K SNP information. PLoS Genet 4(1): e4

Willer CJ, Li Y, Abecasis GR (2010). METAL: fast and efficient meta-analysis of genomewide association scans. Bioinformatics 26(17):2190-1.


	
	
	


Table S2. Clinical characteristics of TS-affected individuals included in the GGRI study.

	Site
	Ancestry
	Cases
	Male (%)
	OCD (%)
	ADHD (%)

	Hungary
	Hungarian
	73
	83.3
	5.6
	45.8

	Hannover
	German
	104
	83.7
	16.7
	43.5

	Essen
	German
	125
	80.0
	11.2
	32.8

	Vienna_Austria
	Austrian
	92
	76.1
	19.6
	37.0

	Catania_Italy
	Italian
	47
	93.6
	59.6
	29.8

	Greece
	Greek
	17
	70.6
	7.7
	28.6

	Montreal 
	French Canadian
	151
	78.5
	39.7
	59.1


TheEuropean-ancestry samples from the original TS GWAS have been described in detail previously (Scharf et al. 2013). Briefly, 1,285 TS cases and 4,964 ancestry-matched controls were included (European, European American including Ashkenazi Jewish, or French Canadian ancestry). Criteria included a DSM-IV-TR diagnosis of TS plus tics observed by an experienced clinician, absence of intellectual disability (VIQ >80), and no other known genetic, metabolic or acquired causes of tic disorder.

1.2. Selection of SNPs and genotyping

1.2.1 Selection of targeted genotyping panel

Genotyping for both replication SNPs and AIMs (Ancestry Informative Markers) was performed using primer extension and mass spectrophotometry (via the Sequenom platform) as previously described (Crane et al. 2011). In order to create the panel of SNPs for targeted genotyping, the following factors were taken into consideration:

1. The top 20 linkage disequilibrium (LD)-independent SNPs (r2<0.2) in the original European-ancestry TS GWAS meta-analysis of European, European American, Ashkenazi Jewish, and French Canadian samples. 

2. A SNP was also chosen for the targeted genotyping panel if the European ancestry meta-analysis p-value was below 0.001 and it met at least one of the following criteria:


a) located on or within 50kb flanking region of a gene of interest (i.e. previously reported TS candidate genes or within TS linkage region, as well as previously reported candidate genes of other psychiatric diseases, such as Schizophrenia, Autism).  Non-synonymous mutations or SNPs in LD with non-synonymous were given top priority.


b) SNPs in LD with a gene of interest (based on results from the SCAN -- SNP andCNV annotation database: http://www.scandb.org/newinterface/about.html).


c) SNPs associated with the expression level of a gene of interest (i.e. expression quantitative trait locus SNPs, eQTLs) or associated with the methylation level of a gene of interest (i.e. methylation QTLs, mQTLs) (as described in Scharf et al. 2013).

 3. The SNPs had to be able to be evaluated using a Sequenom assay. In cases where originally selected replication SNPs failed the Sequenom design process they were replaced by SNPs in high LD.

Table S3. The panel of 43 TS GWAS SNPs selected for GGRI targeted genotyping.  Note that rs17355759 (starred below) failed genotyping quality control, leaving 42 SNPs for analysis.

	 
	 
	 
	 
	 
	Indication for targeted genotyping

	CHR
	SNP
	BP (hg18)
	A1/A2
	MAF
	Top 20 SNP
	eQTL/mQTL
	Candidate gene

	12
	rs2060546
	94,739,587
	A/G
	0.027
	 
	 
	+

	2
	rs1922786
	58,717,077
	G/A
	0.35
	 
	+
	 

	9
	rs7868992
	116,030,892
	G/A
	0.28
	+
	+
	 

	11
	rs11603305
	10,954,525
	G/A
	0.28
	+
	 
	 

	7
	rs1882078
	37,403,500
	C/T
	0.28
	+
	 
	 

	12
	rs6539267
	105,309,684
	C/T
	0.31
	+
	+
	 

	7
	rs769111
	12,026,331
	G/T
	0.38
	+
	+
	 

	11
	rs7123010
	86,018,834
	A/G
	0.30
	+
	+
	 

	11
	rs621942
	85,461,386
	A/C
	0.24
	 
	+
	 

	3
	rs2282755
	50,417,804
	T/G
	0.28
	+
	+
	 

	7
	rs10277969
	147,666,125
	G/A
	0.25
	 
	+
	 

	21
	rs8127619
	40,018,688
	T/C
	0.012
	+
	 
	 

	16
	rs8043851
	81,369,867
	G/A
	0.34
	 
	+
	+

	7
	rs10249546
	16,885,697
	C/A
	0.21
	 
	+
	 

	6
	rs621498
	140,271,763
	C/T
	0.097
	 
	+
	 

	3
	rs6791803
	102,695,545
	C/T
	0.088
	+
	 
	 

	16
	rs10521238
	50,120,031
	A/G
	0.25
	+
	+
	 

	18
	rs12458804
	6,480,913
	T/C
	0.37
	 
	+
	+

	7
	rs13244651
	10,314,748
	G/T
	0.42
	+
	+
	 

	9
	rs12336475
	109,396,498
	C/A
	0.029
	+
	 
	 

	8
	rs11203884
	17,560,844
	T/C
	0.23
	+
	+
	 

	20
	rs279716
	44,538,839
	C/T
	0.085
	 
	+
	+

	11
	rs10893131
	98,706,527
	T/G
	0.20
	 
	 
	+

	16
	rs12325184
	7,183,252
	G/A
	0.15
	 
	+
	+

	3
	rs13063502
	110,707,002
	T/C
	0.14
	+
	 
	 

	20
	rs804596
	22,134,593
	G/A
	0.50
	 
	+
	 

	2
	rs7590653
	241,812,032
	A/G
	0.23
	 
	+
	 

	6
	rs9393366
	23,185,290
	A/G
	0.28
	+
	+
	 

	13
	rs8181861
	39,268,177
	T/C
	0.41
	 
	+
	 

	4
	rs7661204
	45,728,007
	T/C
	0.42
	 
	+
	 

	13
	rs7336083
	84,901,388
	A/G
	0.34
	+
	+
	 

	7
	rs17296493
	80,422,324
	A/C
	0.12
	 
	 
	+

	22
	rs8137688
	21,615,694
	A/G
	0.26
	+
	+
	 

	3
	rs2669989
	9,095,004
	T/C
	0.13
	 
	 
	+

	11
	rs1113851
	110,859,371
	A/G
	0.36
	 
	+
	 

	12
	rs7300813
	39,481,402
	T/C
	0.092
	 
	 
	+

	3
	rs12494784
	2,774,942
	A/C
	0.22
	 
	 
	+

	2
	rs13403103
	161,447,825
	T/C
	0.0011
	+
	 
	 

	14
	rs735157
	71,565,816
	T/C
	0.088
	+
	 
	 

	5
	rs329317
	133,931,713
	T/C
	0.40
	+
	+
	 

	2
	rs4490163
	37,508,581
	C/T
	0.20
	 
	+
	+

	5
	rs17355759*
	102,044,030
	G/A
	0.41
	
	+
	+

	1
	rs17260000
	207,123,684
	G/A
	0.15
	 
	 
	+


1.2.2 Selection of Ancestry Informative Markers (AIMs)

Special attention was paid to correcting for possible biases introduced by population stratification. First, the GGRI sample was carefully selected and specifically matched for ancestry. Second, since one of our goals was to conduct a meta-analysis with the original TS GWAS data, we selected a panel of Ancestry Informative Markers (AIMs) in order to correct the association results for population structure. SNPs existing on both the Illumina 550k genotyping chip from the first TS GWAS and Affymetrix 6.0 genotyping chip to allow for the potential use of additional shared controls were LD pruned to generate SNPs inindependent LD blocks (r2<0.2).  Principal Components Analysis (PCA) was carried out on the samples using the LD-pruned SNPs in EIGENSTRAT (Price et al. 2006) using only control samples from the original TS GWAS.  SNP weights were produced through EIGENSTRAT, and the top 77 SNPs from the first two eigenvectors were taken for use as possible AIMs in the replication study.  Candidate AIMs SNPs falling within the common 3.8 Mb chromosome 8 inversion or the 800kb chromosome 17 inversion were excluded (Tian et al., 2008; Price et al., 2008), as were redundant SNPs in the chromosome 2 LCT locus that were in long-range high LD not captured by EIGENSTRAT due to their distant spacing.   SNPs from the final, cleaned EIGENSTRAT list, or SNPs in high LD with these top candidate AIMs SNPs (r2 > 0.9) for which suitable genotyping primers could be created, were selected for the final set of AIMs used for replication analysis.  Two AIMs were excluded due to low genotyping call rate, and one AIM was found to be a monomorphic SNP in the replication samples, thus 74 AIMs were used for capturing potential population stratification.
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Supplementary Figure S1. Population structure in the GGRI sample using 74 AIMs. Eleven outlier individuals were removed from further analysis. 

Table S4. List of 74 Ancestry Informative Markers (AIMs) included in the GGRI targeted genotyping study. Position corresponds to NCBI build 36.

Please see attached Excel file for Table S4.

	Chromosome
	SNP rs#
	Physical Position (bp)
	Allele 1
	Allele 2

	1
	rs1335759
	26,471,743
	C
	A

	1
	rs2799541
	92,355,115
	A
	G

	1
	rs2802112
	95,172,169
	T
	C

	1
	rs2495392
	151,677,249
	C
	T

	1
	rs6656899
	152,070,472
	G
	A

	1
	rs11803257
	204,688,365
	C
	T

	1
	rs10779265
	216,692,002
	T
	C

	1
	rs10803002
	242,090,414
	C
	T

	1
	rs12760011
	246,429,058
	G
	A

	1
	rs10888287
	248,117,416
	T
	G

	2
	rs11687995
	18,658,202
	G
	T

	2
	rs4676060
	109,662,043
	C
	T

	2
	rs7570971
	135,837,906
	C
	A

	2
	rs4664935
	159,072,395
	A
	G

	2
	rs17745140
	191,251,643
	T
	C

	2
	rs2888479
	218,139,904
	A
	G

	3
	rs1521807
	90,078,623
	T
	C

	3
	rs9816441
	189,633,491
	C
	A

	4
	rs12186237
	4,774,402
	A
	G

	4
	rs1452373
	82,284,055
	T
	C

	4
	rs3796661
	90,687,507
	T
	C

	4
	rs843575
	121,645,012
	G
	A

	4
	rs692157
	122,382,834
	T
	C

	4
	rs10021417
	150,766,245
	T
	G

	4
	rs4692654
	169,314,140
	G
	A

	4
	rs1012342
	175,681,427
	A
	C

	5
	rs6596007
	130,588,550
	C
	T

	5
	rs6579750
	148,997,686
	A
	G

	5
	rs7734196
	151,078,359
	C
	T

	6
	rs1535001
	34,927,280
	G
	A

	6
	rs4713859
	35,406,153
	C
	T

	6
	rs7763017
	144,556,125
	T
	C

	7
	rs1378769
	114,355,097
	G
	A

	8
	rs983480
	5,208,337
	C
	T

	8
	rs2725661
	5,516,604
	G
	A

	8
	rs17056564
	26,866,355
	A
	G

	8
	rs4608108
	48,515,523
	T
	G

	8
	rs12234908
	59,973,907
	G
	A

	8
	rs425140
	90,864,625
	A
	G

	8
	rs2125984
	106,107,997
	T
	G

	9
	rs2812343
	34,729,805
	A
	G

	10
	rs10508372
	8,972,018
	A
	G

	10
	rs6602175
	17,142,526
	G
	T

	10
	rs11598854
	20,897,903
	T
	C

	10
	rs2485003
	31,502,665
	A
	G

	10
	rs2758982
	78,065,708
	A
	G

	10
	rs2275729
	94,452,430
	G
	T

	10
	rs1416410
	109,148,770
	T
	C

	11
	rs10831570
	2,242,612
	A
	C

	11
	rs7939568
	8,442,054
	T
	C

	11
	rs7950019
	18,278,912
	G
	A

	11
	rs10793162
	76,127,861
	T
	G

	11
	rs7936158
	78,318,132
	G
	T

	11
	rs10741436
	91,870,558
	C
	T

	11
	rs11222971
	132,070,057
	C
	A

	12
	rs735295
	547,683
	C
	T

	12
	rs7174
	121,017,171
	A
	G

	13
	rs9555880
	90,037,467
	C
	T

	14
	rs9743878
	32,267,323
	C
	T

	14
	rs1021484
	43,864,350
	G
	C

	15
	rs12913832
	28,365,618
	A
	G

	15
	rs12438591
	29,866,274
	A
	G

	15
	rs8031866
	57,445,040
	A
	G

	15
	rs474875
	59,086,703
	G
	T

	15
	rs4357909
	84,515,575
	G
	A

	16
	rs837698
	10,112,259
	A
	C

	16
	rs9935655
	20,342,897
	A
	G

	17
	rs11078115
	12,942,466
	T
	C

	17
	rs12950752
	73,344,079
	A
	G

	18
	rs17796359
	27,981,638
	A
	G

	18
	rs17058548
	73,635,447
	C
	A

	19
	rs10401746
	39,320,960
	T
	C

	21
	rs7275593
	19,522,846
	C
	T

	21
	rs2825006
	20,075,947
	C
	T

	
	
	
	
	

	
	
	
	
	

	
	
	
	
	

	
	
	
	
	

	
	
	
	
	


1.3. Statistical analyses: genetic association tests

For the current study, PCA covariates were generated using EIGENSTRAT, and association analysis was performed using logistic regression as implemented in PLINK (Purcell et al. 2007) with the first two principal components included as covariates to control for residual population stratification. Meta-analysis with the European-ancestry samples of the original TS GWAS (1,285 TS cases and 4,964 ancestry-matched controls) was performed in METAL (Willer et al. 2010) producing a total of 1,894 cases and 5,574 controls. 

For initial targeted genotyping in the GGRI sample, the experiment-wide Bonferroni-corrected threshold for statistical significance was set to P=0.05/42 SNPs= 0.0012.
2. Supplementary Results

Table S5. Association tests for all 42 SNPs genotyped in the GGRI sample (609 cases and 610 ancestry-matched controls) and results of meta-analysis with the original GWAS (1894 cases and 5574 controls total). Genes in LD with the target SNP and/or with gene expression/methylation levels associated with the target SNP in cerebellar or frontal cortex tissue is also shown. CHR: Chromosome, BP (hg18): Physical position based on NCBI Build 36.1/hg18 genome assembly, MAF: Minor Allele Frequency, OR: odds ratio, P: P-value of association test, Gene: Genes in LD with target SNP(based in SCANdb) eQTL/mQTL: SNP associated with gene expression and/or methylation levels in cerebellar or frontal cortex tissue (as described in Scharf et al. 2013). 
Please see attached Excel file for Table S5.
	
	
	
	
	Original TS GWAS result
	GGRI Replication    (this study)
	Combined Meta-analysis
	
	

	CHR
	SNP
	BP (hg18)
	MAF
	OR
	P
	OR
	P
	OR
	P
	Gene
	eQTL/mQTL

	12
	rs2060546
	94,739,587
	0.027
	1.6
	3.70E-04
	2.41
	3.30E-04
	1.77
	5.80E-07
	SNRPF|NTN4|CCDC38
	 

	2
	rs1922786
	58,717,077
	0.35
	0.83
	2.10E-04
	0.76
	2.40E-03
	0.81
	1.90E-06
	 
	SEL1L2, LMAN1L, INSL3

	9
	rs7868992
	116,030,892
	0.28
	1.29
	1.90E-06
	1.11
	0.26
	1.24
	6.40E-06
	COL27A1
	SYTL4, AMBP, HSPC152, OAS2, PWP1, RALBP1

	11
	rs11603305
	10,954,525
	0.28
	1.27
	1.30E-05
	1.16
	0.1
	1.24
	7.20E-06
	 
	 

	7
	rs1882078
	37,403,500
	0.28
	1.27
	1.90E-05
	1.15
	0.11
	1.23
	1.10E-05
	ELMO1
	 

	12
	rs6539267
	105,309,684
	0.31
	0.79
	7.40E-06
	0.9
	0.22
	0.82
	1.10E-05
	TCP11L2|POLR3B
	TMEM119

	7
	rs769111
	12,026,331
	0.38
	0.81
	1.20E-05
	0.9
	0.19
	0.83
	1.60E-05
	 
	MEOX2, PLSCR1, PCDHB16

	11
	rs7123010
	86,018,834
	0.3
	0.79
	4.20E-05
	0.89
	0.2
	0.82
	4.90E-05
	ME3
	NFKBIZ, FLJ23514, KLF8, PICALM

	11
	rs621942
	85,461,386
	0.24
	1.23
	1.30E-04
	1.15
	0.14
	1.21
	6.80E-05
	PICALM
	TMEM126B, TMEM126A, PICALM, CREB3L3, LRRC2

	3
	rs2282755
	50,417,804
	0.28
	0.8
	5.60E-05
	0.9
	0.24
	0.82
	7.00E-05
	TMEM115|CACNA2D2
	ZMYND10, PTH1R, HYAL3, SEMA3G

	7
	rs10277969
	147,666,125
	0.25
	1.22
	7.80E-04
	1.23
	0.03
	1.22
	7.30E-05
	CNTNAP2
	CNTNAP2, ZNF467

	21
	rs8127619
	40,018,688
	0.012
	2.2
	3.70E-05
	1.43
	0.31
	2.01
	8.40E-05
	IGSF5
	 

	16
	rs8043851
	81,369,867
	0.34
	0.85
	6.30E-04
	0.85
	0.05
	0.85
	9.30E-05
	CDH13
	BCMO1, NPFFR2, ASCIZ

	7
	rs10249546
	16,885,697
	0.21
	0.82
	5.60E-04
	0.85
	0.09
	0.83
	1.50E-04
	AGR3
	TNFSF13B, SEMA3G

	6
	rs621498
	140,271,763
	0.097
	1.36
	9.60E-05
	1.16
	0.28
	1.31
	1.50E-04
	 
	CITED2, RLN3R2

	3
	rs6791803
	102,695,545
	0.088
	0.7
	3.80E-05
	0.92
	0.6
	0.75
	2.30E-04
	SENP7
	 

	16
	rs10521238
	50,120,031
	0.25
	0.8
	4.50E-05
	0.95
	0.57
	0.83
	2.30E-04
	 
	FLJ10292

	18
	rs12458804
	6,480,913
	0.37
	1.2
	2.80E-04
	1.1
	0.24
	1.17
	2.80E-04
	 
	DLGAP1

	7
	rs13244651
	10,314,748
	0.42
	0.82
	5.00E-05
	0.97
	0.72
	0.85
	4.00E-04
	 
	SCPEP1, CYP2B6, 

	9
	rs12336475
	109,396,498
	0.029
	1.57
	2.80E-05
	1.04
	0.86
	1.43
	4.80E-04
	 
	 

	8
	rs11203884
	17,560,844
	0.23
	1.27
	6.60E-05
	1.04
	0.68
	1.21
	5.30E-04
	PDGFRL|MTUS1
	MTUS1, TUSC3, ADSSL1, PCBD1, RETN

	20
	rs279716
	44,538,839
	0.085
	1.32
	4.90E-04
	1.14
	0.41
	1.28
	8.20E-04
	ZNF334
	SLC12A5, ZMYND8, SLC35C2

	11
	rs10893131
	98,706,527
	0.2
	1.21
	4.50E-04
	1.07
	0.47
	1.17
	9.60E-04
	CNTN5
	 

	16
	rs12325184
	7,183,252
	0.15
	0.78
	6.40E-04
	0.92
	0.46
	0.82
	1.40E-03
	A2BP1
	NLRC3

	3
	rs13063502
	110,707,002
	0.14
	1.35
	9.00E-06
	0.9
	0.37
	1.23
	2.30E-03
	 
	 

	20
	rs804596
	22,134,593
	0.5
	0.83
	1.80E-04
	1
	0.99
	0.87
	2.50E-03
	 
	ABHD12, HSPC072; LARP1, FOLH1, GCNT4

	2
	rs7590653
	241,812,032
	0.23
	1.2
	5.70E-04
	1.02
	0.84
	1.15
	3.10E-03
	TMEM16|GPPP1R7|HDLBP
	FARP2, HDLBP, SEPT2, GRM8, FLJ10292

	6
	rs9393366
	23,185,290
	0.28
	1.28
	2.80E-05
	0.95
	0.56
	1.17
	3.20E-03
	 
	HMGN4, TRIM38, MARK4, SH2D2A, TFAP2E

	13
	rs8181861
	39,268,177
	0.41
	1.22
	9.30E-05
	0.97
	0.71
	1.18
	3.30E-03
	COG6
	SHROOM1

	4
	rs7661204
	45,728,007
	0.42
	0.85
	5.30E-04
	0.99
	0.9
	0.88
	3.40E-03
	GABRG1
	SNRPN

	13
	rs7336083
	84,901,388
	0.34
	0.8
	9.50E-06
	1.12
	0.17
	0.88
	3.80E-03
	 
	SLITRK6, SORT1, ARFGAP1, CSN3

	7
	rs17296493
	80,422,324
	0.12
	0.76
	4.40E-04
	1
	0.99
	0.82
	3.90E-03
	SEMA3C
	 

	22
	rs8137688
	21,615,694
	0.26
	0.79
	3.10E-05
	1.08
	0.41
	0.87
	4.00E-03
	 
	BCR

	3
	rs2669989
	9,095,004
	0.13
	1.29
	1.80E-04
	0.94
	0.63
	1.2
	4.80E-03
	SRGAP3
	 

	11
	rs1113851
	110,859,371
	0.36
	0.82
	1.90E-04
	1.05
	0.6
	0.88
	5.50E-03
	FLJ46266|BTG4
	PTS, SELE, EXOC6

	12
	rs7300813
	39,481,402
	0.092
	0.7
	3.00E-04
	1.11
	0.45
	0.81
	0.01
	CNTN1
	 

	3
	rs12494784
	2,774,942
	0.22
	1.24
	2.00E-04
	0.91
	0.34
	1.14
	0.02
	CNTN4
	 

	2
	rs13403103
	161,447,825
	0.0011
	2.97
	4.90E-05
	0.34
	0.35
	2.67
	0.02
	 
	 

	14
	rs735157
	71,565,816
	0.088
	1.39
	2.20E-05
	0.73
	0.02
	1.19
	0.03
	RGS6
	 

	5
	rs329317
	133,931,713
	0.4
	0.81
	3.60E-05
	1.22
	0.02
	0.9
	0.04
	SAR1B|PHF15
	ANKRD43, TXNDC15, CAMLG, RPL3L

	2
	rs4490163
	37,508,581
	0.2
	1.19
	5.40E-04
	0.85
	0.13
	1.1
	0.05
	QPCT
	ATL2, GEMIN6, PIGZ, MATN4

	1
	rs17260000
	207,123,684
	0.15
	1.25
	3.60E-04
	0.79
	0.03
	1.11
	0.11
	PLXNA2*
	 

	
	
	
	
	
	
	
	
	
	
	
	


Table S5.
targeted genotypingstudy (609 cases and 610 ancestry-matched controls
	and meta-analysis with the  original TS GWAS (total of 1894 cases and 5574 controls). 
	

	CHR, Chromosome;
	

	BP (hg18), Physical position according to NCBI Build 36.1/hg18 genome assembly;

	MAF, SNP Minor Allele Frequency;
	
	
	
	
	
	
	
	
	

	OR, odds ratio;
	
	
	
	
	
	
	
	
	
	

	P, p-value of genetic association test;
	
	
	
	
	
	
	
	
	

	GWAS, Association test results from the original TS GWAS (Scharf et al., 2013);  
	
	
	
	
	

	GGRI Replication, Association test results from the current TS GGRI targeted replication study; 

	Combined Meta-analysis, Association test results from the combined meta-analysis of original TS GWAS and current GGRI targeted replication; 

	Gene, Genes within or flanking the reference SNP based on SCANdb (http://www.scandb.org/newinterface/about.html); 

	html); 

	eQTL/mQTL, SNPs associated with variation in gene expression and/or methylation levels in cerebellar or frontal cortex tissue (as described in Scharf et al. 2013).  
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