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SUMMARY

Tourette syndrome (TS) is a model neuropsychiatric disorder thought to arise from abnormal
development and/or maintenance of cortico-striato-thalamo-cortical circuits. TS is highly heritable, but its
underlying genetic causes are still elusive, and no genome-wide significant loci have been discovered to
date. We analyzed a European ancestry sample of 2,434 TS cases and 4,093 ancestry-matched controls
for rare (<1% frequency) copy-number variants (CNVs) using SNP microarray data. We observed a
global enrichment of TS-associated CNVs that was most prominent in large (>1 Mb), singleton events
(OR=3.0, 95%ClI [1.4-6.6], p=5.0x10%). We also identified two individual, genome-wide significant loci,
each conferring a substantial increase in TS risk (NRXN1 deletions, OR=20.3, 95%CI [2.6-156.2];
CNTNBG duplications, OR=10.1, 95% CI [2.3-45.4]). Approximately 1% of TS cases carry one of these

CNVs, indicating that rare structural variation contributes significantly to the genetic architecture of TS.



INTRODUCTION

Tourette syndrome (TS) is a complex neuropsychiatric disorder characterized by multiple chronic
involuntary motor and vocal tics, with an estimated population prevalence of 0.3-0.9% (Scharf et al.,
2015). Tics typically emerge during childhood and peak in adolescence, with a subsequent reduction in
symptoms, supporting the notion that TS is neurodevelopmental in origin (Robertson et al., 2017). Most
TS patients (>85%) present with additional neuropsychiatric co-morbidities, typically attention deficit
hyperactivity disorder (ADHD) and obsessive-compulsive disorder (OCD) (Hirschtritt et al., 2015),
although the risk for mood, anxiety, major depressive, and autism spectrum disorders (ASD) is also
elevated (Burd et al., 2009; Hirschtritt et al., 2015). Consequently, TS is often considered a model
neuropsychiatric disorder in that identification of its underlying molecular, cellular, and neurophysiologic

etiology may be broadly applicable to a wide range of psychiatric disorders.

Neuroimaging (Greene et al., 2016; Marsh et al., 2009) and neurophysiology (Draper et al., 2014;
Gilbert et al., 2004) studies suggest that TS and its associated comorbidities (e.g., OCD and ADHD)
arise from dysregulated development and/or maintenance of parallel cortico-striatal-thalamo-cortical
(CSTC) motor, limbic, and cognitive circuits (Jahanshahi et al., 2015). Though non-genetic factors have
been associated with increased TS risk (Browne et al., 2016; Leivonen et al., 2016), TS is primarily a
genetic disorder. Family studies indicate that children of affected parents have a 60-fold higher risk of
developing TS or chronic tics (CT), a closely related disorder, compared to the general population
(Browne et al., 2015). TS heritability is estimated to be 0.77 (Mataix-Cols et al., 2015), making it one of
the most heritable complex neuropsychiatric disorders. Despite this strong genetic component, the
identification of bona-fide TS susceptibility genes has proven challenging. Although linkage analyses
have identified several candidate regions, there is little consensus across studies, suggesting that, as

with other neuropsychiatric disorders, TS is genetically complex and heterogeneous (Robertson et al.,
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2017). Similarly, analyses of TS genetic architecture using aggregated SNP data demonstrates that TS is
highly polygenic, with the majority of inherited TS risk distributed throughout the genome (Davis et al.,
2013), though an initial genome-wide association study (GWAS) did not yield any genome-wide

significant loci, likely due to small sample size (Scharf et al., 2013).

Studies examining rare structural variation in individuals with TS have implicated several
neurodevelopmental genes involved in neurite outgrowth and axonal migration. Rare chromosomal
abnormalities affecting CNTNAP2 (Verkerk et al., 2003) and SLITRK1 (Abelson et al., 2005) have been
found in isolated TS families, and exonic copy-number variants (CNVs) in NRXN1 are reported in small
genome-wide studies (Nag et al., 2013; Sundaram et al., 2010), though no locus has yet survived
genome-wide correction for multiple testing. Because of the evidence suggesting that rare CNVs may
have a role in TS etiology (Fernandez et al., 2012; McGrath et al., 2014), and since such variants
contribute to susceptibility for other heritable neurodevelopmental disorders (NDDs) (Malhotra and
Sebat, 2012), we assessed the impact of rare CNVs on TS disease risk in a large sample of 6,527
unrelated individuals of European ancestry. We demonstrate a global increase in the burden of large,
rare CNVs in TS cases compared to controls driven primarily by large, singleton events, in particular
large (>1Mb) deletions, consistent with marked genetic heterogeneity. We also report the first two TS
susceptibility loci that meet genome-wide significance: deletions in NRXN1 and duplications in CNTNG6.

Each confers a substantial increase in disease risk and together are present in 1% of TS cases.

RESULTS

An overview of the sample selection, quality control, CNV detection, and data analysis performed

in this study is presented in Figure 1 and described in detail in the STAR methods. All TS cases and
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controls were recruited through the Tourette Syndrome Association International Consortium for
Genetics (TSAICG) or through the Gilles de la Tourette Syndrome GWAS Replication Initiative (GGRI),
with additional controls selected from external studies. All DNA samples were genotyped on the lllumina
OmniExpress SNP array platform (Table S1A). We restricted analysis to SNP assays common to all
array versions. We conducted extensive quality control analyses including both SNP-based and CNV-
based exclusion of outliers (Table S1B and STAR Methods) and genotype-based determination of
ancestry (Figure S1). The final dataset consisted of 6,527 unrelated European ancestry samples: 2,434

individuals diagnosed with TS and 4,093 unselected controls.

Genome-wide detection of CNVs was performed using the consensus of two widely-used Hidden
Markov Model (HMM)-based methods (STAR Methods). Additionally, we used a locus-specific, intensity-
based clustering method to generate CNV genotypes in all samples across 11 common HapMap3 loci
(Figure S2, Tables S2) for sensitivity analysis. Using the proportion of concordant HMM-based calls at
these loci as a sensitivity measure, we confirmed the absence of any bias in CNV detection between
+):-: )5, +65;963: )+96:: )33 36+1 7 1:0-9E: ?2)+;)5,:*-#*3: " )5, "
15,1=1,<)3: 7 t-'st3RablE S3C, and STAR Methods). Post-call cleaning was performed
(STAR Methods), and CNVs were annotated for genic content and frequency. CNVs were considered
C/-51+D 1. ;0-@ 6=-93)77-, ;0- -7?6-6oding RX<eq tr&nNSCOB. Frédliencies were
defined based on a 50% overlap with other CNVs as described (CNV and SCZ Working Groups of the
PGC, 2017) C:15/3-;65:D ,-56;- %: >1;0 ) .9-8<-5+@ 6. 65- Wedlékred;0- -5;19-
+)33: .69 9)9- .9-8<-5+@ 69 -=-5;: %:7A52%¥515);335);0 )5796*-:
Finally, using a heuristically derived series of in silico validation metrics, we removed aberrant CNV calls
due to mosaicism and misclassified rare events (Figure S4). In total, we resolved 9,375 rare CNV calls

(Table S4).
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Global burden analysis of rare CNVs in TS

An increase in rare CNV burden has been consistently demonstrated in other NDDs (CNV and
Schizophrenia Working Groups of the Psychiatric Genomics Consortium and Psychosis Endophenotypes
International Consortium, 2017). To control for potential confounders, burden analysis was performed
using multiple logistic regression (STAR Methods) and three different standardized burden metrics: 1)
total number of CNVs (CNV count), 2) total genomic size of all CNVs (CNV length), and 3) number of
genes affected (CNV gene count). For genic CNVs (n=4,604), we observed a modest but significantly
increased CNV burden across all metrics (Figure 2A): CNV count (OR 1.05 [1.01-1.10], p=0.027), CNV
gene count (OR 1.09 [1.01-1.17], p=0.019), and CNV length (OR 1.15 [1.07-1.24], p=1.9x10™). By
contrast, no enrichment was seen in a comparable number (n=4,771) of non-genic events. The
increased burden in TS was most significant for CNV length and consistent across each control set
individually (Figure S4). To explore the CNV length burden further, we partitioned the data across a
range of CNV size and frequency bins and observed the enrichment was mainly attributable to large
(>1Mb; OR 1.26 [1.08-1.49], p=5.3x10%) (Figure 2B) and/or singleton CNVs (OR 1.13 [1.04-1.24],

p=2.9x10"%) (Figure 2C).

Enrichment of large, singleton events and clinically relevant CNVs

We next explored whether specific CNV classes were enriched in TS. Since the elevated TS CNV
burden was confined to large and/or very rare events, we re-evaluated the CNV count burden restricted
to singletons, stratified by CNV size. We observed a significant enrichment of singletons >500kb (OR
1.43 [1.07-1.93], p=0.010) that was further increased in the largest size category (>1Mb, OR 2.28 [1.39-

3.79], p=1.2x10"°), with greater enrichment for deletions >1Mb (OR 2.75 [1.28-5.23], p=6.5x10") than
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duplications (OR 1.98 [1.04-3.83], p=0.038) (Figure 3A). Notably, this enrichment was driven by CNVs
spanning genes under strong evolutionary constraint (probability of Loss-of-Function Intolerance (pLI)
score>0.9; Lek et al., 2015) (RR=2.65 [1.40-5.00], p=2.7x10"%; Poisson regression controlling for sex,

CNV quality score, and ancestry principal components; STAR Methods).

It is well established that certain regions of the human genome are prone to large, rare, recurrent
CNVs associated with a broad range of NDDs (Malhotra and Sebat, 2012). To characterize the extent to
which these known pathogenic CNVs might also confer risk for TS, we classified all rare CNV calls by
clinical relevance according to American College of Medical Genetics (ACMG) guidelines (Kearney et al.,
2011) and assessed for enrichment between cases and controls. Known pathogenic CNVs were
identified in 1.9% of TS cases vs. 0.8% of controls (OR 3.03 [1.85-5.07], p=1.5x10°) (Figure 3B).
Consistent with an increased pathogenicity of deletions compared to duplications, this enrichment was
greater for deletions alone (OR per CNV 3.94 [1.83-8.95], p=6.3 x10™). By contrast, no increase in

burden was observed among CNVs classified by the ACMG as either benign or of unknown significance.

Deletions in NRXN1 and duplications in CNTNG6 confer substantial risk for TS

To test our sample for enrichment of rare CNVs at individual genomic loci, we conducted an
unbiased, point-wise (segmental) genome-wide association test, treating deletions and duplications
independently (STAR Methods). As non-overlapping CNVs affecting the same gene would be
unaccounted for by segmental assessments of enrichment, we also performed a complementary gene-
based test, conditioned on CNVs affecting exons. In contrast to SNP-based association studies, there is
no established p-value threshold to indicate genome-wide significance for CNVs, as the number of rare

CNV breakpoints per genome varies across individuals and detection platforms. Therefore, for both tests,
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we established both locus-specific p-values (Pseg and Pyene for segmental and gene-based tests,
respectively) and genome-wide corrected (Pr) p-values empirically through 1,000,000 label-swapping
permutations, using the max(T) method (Westfall and Troendle, 2008) to control for familywise error rate
(FWER). Both tests converged on the same two loci, one for deletions and another for duplications,

which were enriched among TS cases and survived genome-wide correction for multiple testing.

For deletions, the peak segmental association signal was located on chromosome 2p16
(Pseg=7.0x10'6; Pseg_corr=1.0x10'3; Figure 4A), corresponding to heterozygous losses across the first two
exons of NRXN1, and found exclusively among TS cases (N=10, Figure 4B). In the gene-based test of
exonic CNVs, heterozygous NRXN1 deletions were also the most significant association genome-wide
(Pgene=5.9x10'5; Pgene_corr=8.5x10"‘), representing 12 cases (0.49%) and one control (0.02%), and
corresponding to a substantially increased TS risk (OR 20.3 [2.6-156.2]). Consistent with previously
identified pathogenic NRXN1 deletions in ASD, SCZ, and epilepsy, these exon-spanning CNVs clustered

); ;0- E -BRXN1 and predominantly affected the NRXN1-H 1:6.8%hihg et al., 2010).

The segmental association test for CNV duplications identified one genome-wide significant locus
on chromosome 3p26 within CNTN6 (F’seg=5.4x10'5, Pseg_w,,=6.9x10'3) with a secondary peak located
directly upstream (Pseg=5.9X107°,Pgeq.cor=6.9x107°, Figures 4A and 4C). Closer inspection revealed an
enrichment of large duplications spanning this gene. The gene-based test identified the same locus,
exonic CNTN6 duplications, with heterozygous gains found in 12 cases (0.49%) and 2 controls (0.05%),
corresponding to an OR=10.1 [2.3-45.4] (Pgene=2.5xlo'4, Pgene.corr=8.3x10‘3). Notably, the CNTN6
duplications in TS cases were considerably larger than those in controls (641 vs. 143 kb). 9 of 12 TS

carriers harbored a duplication >500 kb in length, while CNTN6 duplications in controls were <200kb.

We verified all genic CNV calls across NRXN1 and CNTN6 by inspection of probe-level intensity

plots (Figures S5 and S6). No additional loci were significant after controlling for FWER, under either
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segmental or gene-based tests of association, and we obtained similar results after pair-matching each
case with its closest ancestrally matched control, suggesting that these results are not due to inter-

European population stratification (STAR Methods and Figure S7).

DISCUSSION

In this study, we demonstrate a significant role for rare structural variation in the pathogenesis of
TS, a still poorly understood neurodevelopmental disorder. We observe an increased global burden of
rare CNVs and report two definitive TS risk loci that surpass empirical thresholds for genome-wide

significance, deletions in NRXN1 and duplications in CNTNG6.

NRXNL1 is a highly-studied, pre-synaptic cell-adhesion molecule involved in synaptogenesis and
synaptic transmission at both glutamatergic and GABAergic synapses (Pak et al., 2015). The NRXN1
gene is primarily transcribed from two alternative promoters, resulting in a full-length NRXN1- isoform
and a short C-terminal NRXN1- isoform (Ushkaryov et al., 1992). NRXN1- contains six alternative
splice sites which, in combination, generate hundreds of unique transcripts that segregate within specific
brain regions and cell types (Fuccillo et al., 2015; Schreiner et al., 2014). NRXN1- Gsoforms
preferentially bind to various trans-synaptic partners, including neuroligins, cerebellins, neurexophilins
and LRRTMs, each of which subserves different synaptic functions (de Wit and Ghosh, 2016). NRXN1-
trans-synaptic interactions play a critical role in thalamo-cortical synaptogenesis and plasticity (Singh et
al., 2016), suggesting one possible mechanism in support of the prevailing theory that TS arises from

abnormal sensorimotor CSTC circuit development (Jahanshahi et al., 2015).

Although previous studies have observed heterozygous exonic NRXN1 deletions in TS patients
(Fernandez et al., 2012; Nag et al., 2013; Sundaram et al., 2010), small sample sizes precluded a
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definitive association of this deletion with TS. We demonstrate, in a large independent sample, that
exonic deletions affecting NRXN1 confer a substantial increase in TS risk. The association of
heterozygous NRXN1 deletions with different NDDs is one of the most reliable findings in the
neuropsychiatry CNV literature (Lowther et al., 2017). Consistent with this, 4 of the 12 TS cases with
exonic NRXN1 deletions in our sample had another broadly-defined NDD (2 ASD, 1 DD, 1
Developmental Speech/Language Disorder unspecified) (Table S5), supporting the hypothesis that these
deletions may interfere with a generalized neurodevelopmental process which, when combined with
other disease-specific mutations and/or background polygenic risk, results in the observed phenotypic

pleiotropy.

Like NRXN1, CNTN6 encodes a cell-adhesion molecule expressed primarily in the central
nervous system (Ogawa et al., 1996). Contactins are members of the L1 immunoglobulin (Ig) superfamily
of proteins, and Cntn6 has multiple functions in the developing mouse nervous system, including
orientation of apical dendrites in cortical pyramidal neurons (Ye et al., 2008), regulation of Purkinje cell
development and synaptogenesis (Sakurai et al., 2009), and oligodendrocyte differentiation from
neuroprogenitor cells (Cui et al., 2004). Mice with homozygous inactivation of Cntn6 display delayed

corticospinal tract formation and motor impairment (Huang et al., 2012).

Duplications in CNTNG6 represent a novel association for TS. CNVs affecting CNTN6 have been
reported in isolated cases of intellectual disability/developmental delay (ID/DD) (Kashevarova et al.,
2014), and deletions alone are enriched in ASD (Mercati et al., 2016). Notably, in a clinical series of
3,724 patients referred for cytogenetic testing, all 7 CNTNG6 duplication carriers either presented with or
had a first-degree relative with ADHD and/or OCD, while none of the 7 CNTNG6 deletion carriers were

diagnosed with these two common TS comorbidities (Hu et al., 2015). In our study, the rates of co-
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morbid OCD/ADHD were not increased in TS CNTN6 CNV carriers compared to non-carriers, and no TS

CNTNB®G carrier was noted to have ASD/ID/DD (Table S5).

There are several limitations of the current study that can inform future inquiry. First, although our
sample represents the largest survey of CNVs in TS to date (2,434 cases and 4,093 controls), it is still
underpowered to detect extremely rare CNVs and/or those of moderate effect size. Although we show
strong evidence for the involvement of deletions across NRXN1, our data does not support other
previously implicated loci, including deletions in COL8AL (Nag et al., 2013), observed only once in a
single TS patient in this study. While a nominal enrichment of COL8A1 deletions in TS was originally
described in a South American population isolate and possibly represents a population-specific TS risk
factor, we emphasize the need for further increases in sample size for continued discovery and
refinement of candidate TS loci. Second, while our TS cases were well characterized for OCD and
ADHD, we did not formally assess ASD, ID, SCZ or epilepsy. Parents and/or adult subjects were queried
about existing diagnoses of these NDDs as well as learning disorders/developmental delay, but cases
with milder ASD/DD may not have been detected. Additional efforts should focus on characterizing the
full scope of phenotypes associated with NRXN1 and CNTN6 CNVs. A comprehensive molecular
analysis of these CNVs, including the precise delineation of CNV breakpoints using an auxiliary
technology and evaluation of their impact on gene function, will also be needed to understand how these
variants increase risk for such phenotype(s). Finally, the elevated burden observed here was largely
confined to large singletons and known pathogenic CNVs, consistent with a global enrichment of CNVs
under strong negative selection that likely arose de novo or within the last few generations. This
suggests that, in addition to substantial increases in sample size, alternative study designs that allow for
the discrimination of de novo CNVs will be fruitful in TS, as has recently been shown for likely-gene-

disrupting variants identified by exome sequencing in TS trios (Wllisey et al., 2017).
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FIGURE LEGENDS

Figure 1. Flow chart of experimental procedures and analyses. CNVs were called from genome-wide
SNP genotype data generated from 2,434 TS cases and 4,093 controls (grey). Data processing, CNV
detection and quality control steps (blue) are described in the STAR Methods. An outline of the main

analyses are presented in red. Figures or tables relevant to each outlined step are in parentheses.

Figure 2. Rare CNV burden in 2,434 TS cases and 4,093 controls.

(A) The global burden of all rare (<1% frequency) CNVs > 30kb is shown for genic (top) and non-genic
(bottom) CNVs and stratified by CNV type (all, loss (deletions), gain (duplications)). Global CNV burden
is compared using three different metrics: 1) CNV Count, total number of CNVs per subject; 2) CNV
length, aggregate length of all CNVs (in Mb); 3) CNV gene count, number of genes spanned by CNVs.
Control rate, averaged baseline burden metric per control subject. Red boxes, odds ratios (box size is
proportional to standard error); Blue lines, 95% confidence intervals. Genic CNVs are defined as those

that overlap any exon of a known protein-coding gene.

(B) Analyses in (A) were assessed further by partitioning CNV length burden of all CNVs (deletions +

duplications) into different CNV size categories. Whiskers represent 95% confidence intervals.

(C) The analysis in (B) was repeated for CNVs binned by frequency.

Odds ratios (OR) were calculated from logistic regression analyses adjusted for covariates (see STAR
Methods) using standardized burden metrics to allow for comparison. ORs >1 indicate an increased TS

risk. P-values are derived from the likelihood ratio test.
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Figure 3. Large, singleton CNVs and known pathogenic variants are overrepresented in TS.

(A) CNV count burden restricted to singleton events, stratified by CNV size and type
(deletion/duplication). (B) CNV burden of all rare CNVs, separated by clinical relevance (benign,
uncertain, pathogenic) according to the American College of Medical Genetics guidelines. ORs > 1

represent an increase in risk for TS per CNV. P-values are derived from the likelihood ratio test.

Figure 4. Segmental and gene-based tests converge on two distinct loci significantly enri ched in

TS cases.

(A) Manhattan plot of segmental association test results representing genome-wide corrected p-values
calculated at each CNV breakpoint. The two genome-wide significant association peaks correspond to
deletions at NRXN1 (Pjocus=7.0x10®, Peo,=1.0x10"%) and duplications at CNTN6 (Pjocus=5.4X10"°, Peorr

=6.9x10). Red and blue levels correspond to a genome-wide corrected H 6. )5, 9-:7-+;1=-3

(B) Heterozygous exonic deletions in NRXN1 found in 12 cases (0.49%) and 1 control (0.03%),
corresponding to an OR=20.2, 95% CI (2.6-155.2). Exon-affecting CNVs +3<:;-9 ); ;0- E -5, >1;0
deletions across exons 1-3 found in 10 cases and no controls. Red, deletions in TS cases; Dark red,

deletion in controls; Blue, case duplication.

(C) Exon-spanning duplications over CNTNG6 found in 12 cases and 2 controls (OR=10.2, [2.0-17.8])
CNTNBG duplications are considerably larger in cases compared to controls (640 vs. 143 kb, on average).
Blue, case duplications; Dark blue, control duplications; Red, case deletion; Dark Red, control

duplication.
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Table S1. Sample genotyping and QC summary

Table S1A: Studies and genotyping

GENOTYPING BATCH ARRAY CENTER PHENOTYPES
cC OmniExpress v 1.0 Cardiff Control

CNP OmniExpress v 1.0 Broad Control/Clinical
GPC OmniExpress v 1.0 Broad Control/Clinical
WTCCC2 OmniExpress v 1.0 Cardiff Control

GGRI1 OmniExpress Exomev 1.1 UCLA Control/TS
GGRI2 OmniExpress Exomev 1.1 UCLA Control/TS
GGRI3 OmniExpress Exomev 1.1 UCLA Control/TS

Table S1B: QC summary

QC STEP CcC CNP GPC ‘WTCCCZ GGRI1 GGRI2 GGRI3

Initial Samples 1,146 1,511 3,197 960 1,152 2,160 136 10,262
Pre-cluster QC 1,141 1,510 3,126 870 1,148 2,152 135 10,082
Duplicate/Control Samples 1,141 1,491 3,081 870 1,134 2,143 134 9,994
Clinical Phenotype 1,141 1,312 1,388 870 1,134 2,143 134 8,122
Sex Concordance 1,141 1,312 1,387 870 1,132 2,140 134 8,116
Heterozygosity 1,138 1,247 1,301 859 1,107 2,089 133 7,874
Cryptic Relatedness 1,135 1,222 1,264 852 1,100 2,067 132 7,772
Intensity QC 1,101 1,106 1,164 832 1,014 1,843 119 7,179
EU Ancestry 1,067 634 1,143 813 959 1,803 116 6,535
CNV Load QC 1,067 634 1,141 808 958 1,803 116 6,527




Table S2: GMM-based genotype calls at common CNV loci

D R LRR OP R A R a P e
HM3_CNP_134 1 -13.17478812 0 7 4 0.002 0.002 1.0
HM3_CNP_134 2 -1.544234008 1 296 191 0.072 0.078 0.4
HM3_CNP_156 1 -1.141264855 1 517 315 0.126 0.129 0.7
HM3_CNP_156 2 -10.96495207 0 18 13 0.004 0.005 0.6
HM3_CNP_299 1 -2.148959932 1 275 142 0.067 0.058 0.2
HM3_CNP_299 2 -20.27406193 0 4 3 0.001 0.001 0.7
HM3_CNP_369 1 2.201328191 3 234 137 0.057 0.056 0.9
HM3_CNP_494 1 -2.7402128 1 196 100 0.048 0.041 0.2
HM3_CNP_494 2 -23.74078464 0 1 1 0.000 0.000 1.0
HM3_CNP_540 1 1.648736036 3 392 263 0.096 0.108 0.1
HM3_CNP_540 2 -3.301784945 1 32 17 0.008 0.007 0.8
HM3_CNP_618 1 -3.470922513 1 44 24 0.011 0.010 0.8
HM3_CNP_618 2 1.817743156 3 167 91 0.041 0.037 0.5
HM3_CNP_655 1 -3.645609914 1 45 34 0.011 0.014 0.3
HM3_CNP_692 0 -4.175170396 1 10 11 0.002 0.005 0.2
HM3_CNP_692 2 2.34262532 3 47 32 0.011 0.013 0.6
HM3_CNP_803 1 -10.64502833 0 15 14 0.004 0.006 0.2
HM3_CNP_803 2 -1.347106673 1 417 258 0.102 0.106 0.6
HM3_CNP_850 1 -31.82000658 0 1 1 0.000 0.000 1.0
HM3_CNP_850 2 -2.649145422 1 74 49 0.018 0.020 0.6
HM3_CNP_850 3 1.410233747 3 165 101 0.040 0.041 0.8




Table S3. Sensitivity analysis of HMM-based segmentation calls.

Table S3A: Sensitivity analysis by locus

CNV_ID CNV_TYPE GMM_TOTAL GMM_CTRL GMM_CASE HMM_CTRL HMM_CASE CTRL_SENSE CASE_SENS p-value
HM3_CNP_134 DEL 498 303 195 300 194 0.99 0.995 1.0
HM3_CNP_15€ DEL 863 535 328 531 321 0.993 0.979 0.11
HM3_CNP_29¢ DEL 424 279 145 279 145 1.000 1.000 1.0
HM3_CNP_36¢ DUP 371 234 137 208 122 0.889 0.891 1.0
HM3_CNP_494 DEL 298 197 101 197 101 1.000 1.000 1.0
HM3_CNP_54C DUP 655 392 263 391 261 0.997 0.992 0.57
HM3_CNP_54C DEL 49 32 17 32 17 1.000 1.000 1.0
HM3_CNP_61¢ DEL 68 44 24 44 24 1.000 1.000 1.0
HM3_CNP_61¢ DUP 258 167 91 166 90 0.994 0.989 1.0
HM3_CNP_655 DEL 79 45 34 45 34 1.000 1.000 1.0
HM3_CNP_69z DEL 21 10 11 10 11 1.000 1.000 1.0
HM3_CNP_69z DUP 79 47 32 47 32 1.000 1.000 1.0
HM3_CNP_80: DEL 704 432 272 428 272 0.991 1.000 0.16
HM3_CNP_85(C DEL 125 75 50 75 50 1.000 1.000 1.0
HM3_CNP_85C DUP 266 165 101 164 98 0.994 0.970 0.15

Table S3B: Overall sensitivity across common CNVs

CNV_TYPE GMM_TOTALS GMM_CTRL | GMM_CASE HMM_CTRL HMM_CASE CTRL_SENS CASE_SENS p-value

DEL+DUP 4758 2957 1801 2917 1772 0.986 0.984 0.53
DEL 3129 1952 1177 1941 1169 0.994 0.993 0.81
DUP 1629 1005 624 976 603 0.971 0.966 0.65

Table S3C: Group-wise sensitivity analysis across individuals

CNV_TYPE CTRL_SENSE Std. Error CASE_SENS sStd. Error p-value
DEL+DUP 0.989 0.002 0.983 0.003 0.15

DEL 0.996 0.001 0.991 0.002 0.14
DUP 0.973 0.005 0.967 0.007 0.46




Table S5: Clinical phenotypes of NRXN1 and CNTN6 CNV carriers

Sample ID Gene Start Variant OCD Atypical Notes
Effect

TS1_0630 NRXN1 2 50821559 51021488 DEL 199.9 CODING N N Y Unspecified
Developmental Delay
(ICD-9: 315.9)

TS1_0180 NRXN1 2 50930181 51272375 DEL 342.2 CODING N N Y Asperger Syndrome

TS1_0446 NRXN1 2 50945471 51770480 DEL 825 CODING Y Y N

TS1_0105 NRXN1 2 51002606 51316822  DEL 314.2 CODING N Y N

TS2_1256 NRXN1 2 51028662 51458570 DEL 429.9 CODING N Y Y Other developmental
speech or language
disorder (ICD-9: 315.39)

TS2_0026 NRXN1 2 51041472 51483528 DEL 442.1 CODING N N N

TS2_0924 NRXN1 2 51041603 51528298 DEL 486.7 CODING N Y N

TS2_0750 NRXN1 2 51058745 51252137 DEL 193.4 CODING Y Y Y Asperger Syndrome

TS2_1238 NRXN1 2 51077569 51458570 DEL 381 CODING Y N Y Paranoid personality
disorder

TS1_0573 NRXN1 2 51079482 51357902  DEL 278.4 CODING NA NA NA

TS1_0776 NRXN1 2 51101583 51308895 DEL 207.3 CODING N Y N Brother with Asperger
Syndrome

TS1 0698 NRXN1 2 51123048 51286169 DEL 163.1 CODING Y Y N

TS2_1805 CNTN6 3 565961 1350458 DUP  784.5 CODING Y NA N

TS2_1405 CNTN6 3 668832 1143424 DUP  474.6 5'UTR Y Y N

TS2_1624 CNTN6 3 707257 1781739 DUP 1074 CODING N N N

TS2_1525 CNTN6 3 857325 1427769 DUP 5704 CODING Y Y N

TS2_1568 CNTN6 3 864513 1425997 DUP 5615 CODING Y Y N

TS2_1545 CNTN6 3 864513 1427769 DUP  563.3 CODING N Y N

TS2_1320 CNTN6 3 946290 1276092 DUP  329.8 CODING Y N N

TS1 0618 CNTN6 3 1125605 1315900 DUP  190.3 CODING N N N

TS2_1156 CNTN6 3 1218279 2170519 DUP  952.2 CODING N Y N

TS1_0558 CNTN6 3 1218279 2170519 DUP  952.2 CODING N Y N

TS2_0827 CNTN6 3 1226953 2170519 DUP  943.6 CODING N N N

TS2_0452 CNTN6 3 1260932 1556680 DUP  295.7 CODING N N N
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OR (95% Cl)

Genic CNVs Control rate OR 95% Cl p-val

CNV count

all 0.70 1.05 [1.01-1.10] 0.027 -

loss 0.24 1.11 [1.02-1.19] 0.011 —_—l

gain 0.46 1.03 [0.97-1.09] 0.372 —a—

CNV length

all 1.58 1.15 [1.07-1.24] 1.9e-4 —

loss 0.43 1.18 [1.02-1.36] 0.026

gain 1.15 1.14 [1.05-1.24] 2.9e-3 ——

CNV gene count

all 1.78 1.09 [1.01-1.17] 0.019 —a—

loss 0.44 1.22 [1.04-1.44] 0.017 -

gain 1.34 1.06 [0.98-1.15] 0.147 —

Non-genic CNVs Control rate OR 95% CI p-val

CNV count

all 0.77 1.00 [0.95-1.04] 0.839 —i—

loss 0.46 1.00 [0.94-1.086] 0.967 —a—

gain 0.31 0.99 [0.92-1.07] 0.786 —a—

CNV length

all 0.97 0.99 [0.96-1.02] 0.564 -

loss 0.51 0.98 [0.93-1.03] 0.344 ——

gain 0.46 1.00 [0.96-1.04] 0.963 —i—
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Burden of singleton CNVs

Size Type Control rate OR 95% ClI p-val
<500kb all 0.251 111 [1.00-1.23] 0.050
loss 0.090 1.17 [0.98-1.39] 0.082
gain 0.161 1.08 [0.95-1.24] 0.243
>500kb all 0.029 1.43 [1.07-1.93] 0.010
loss 0.006 1.89 [1.04-3.29] 0.022
gain 0.023 1.32 [0.92-1.88] 0.129
>1MB all 0.008 2.28 [1.39-3.79] 1.2e-03
loss 0.003 2.75 [1.28-5.23] 6.5e-03
gain 0.005 1.98 [1.04-3.83] 0.038

Burden by clinical relevance
ACMG class Type Control rate OR 95% CI p-val
BENIGN all 0.101 1.07 [0.91-1.24] 0.417
loss 0.037 1.02 [0.77-1.33] 0.907
gain 0.069 1.09 [0.90-1.32] 0.357
UNCERTAIN all 0.496 1.04 [0.96-1.12] 0.344
loss 0.150 1.12 [0.97-1.28] 0.122
gain 0.346 1.00 [0.91-1.10] 0.922
PATHOGENIC all 0.008 3.03 [1.85-5.07] 1.5e-5
loss 0.003 3.94 [1.83-8.95] 6.3e-4
gain 0.005 2.48 [1.31-4.84] 5.9e-3
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SUPPLEMENTAL INFORMATION

Supplemental Figures

A B
C D
Figure S1. SNP-based quality control and ancestry determination (related to Figure 1). (A)

Exclusion of sample outliers based on heterozygosity, mean +/- 1.5 SD (red dotted lines). (B)
Exclusion of non-European samples based on ethnicity estimation using fastStructure with
HapMap continental groups and K=3 clustering. Samples with > 9.85% non-EU ancestry were
excluded. This threshold was calibrated against the maximum of reference HapMap/1000
Genomes European groups CEU, GBR, and TSI. The results of principal component (PC)
analysis for the cohort and reference groups are plotted along (C) PCs 1 and 2 and (D) PCs 2

and 3. Retained samples and excluded samples are shown in cyan and pink, respectively. CEU,



Utah residents with Northern and Western European ancestry from the CEPH collection; CHB,
Han Chinese in Beijing, China; CHS, Southern Han Chinese; FIN, Finnish in Finland; GBR,
British in England and Scotland; JPT, Japanese in Tokyo, Japan; LWK, Luhya in Webuye,

Kenya; TSI, Toscani in Italia; YRI, Yoruba in Ibadan, Nigeria.






Figure S2. Gaussian mixture model (GMM) clusters of common HapMap3 CNVs (related

to Figure 1, Table S2 and S3) . (A) A representative GMM cluster plot for locus
HM3_CNP_540. Subplots for each CNV depict, counter-clockwise: the best-fit model, Akaike
and Bayesian Information Criterion metrics calculated for GMM fitting 1-9 components, and the
posterior probability for CNV cluster assignment (colored lines) overlaying the distribution of
median summarized intensity values for all samples across region calculated using the best-fit
model. (B) GMM plots for the 10 additional HapMap3 CNV loci that were used to critically

evaluate sensitivity between cases and controls (STAR Methods, Table S2 and S3).



SAMPLE_IC gﬂ? BP1 ‘ COPY #SNPS START_SNI END_SNP LRR-Z BARe BARy OUTLIER:

z

CNP_0348 6 67801176 67887156 1 21 rs9363696 rs16899159 -2.96  0.62 0.38  0.00015
CNP_0348 6 67907952 68586809 1 120 rs12197620 rs9354637 -29 0.76 0.16  0.00015
CNP_0348 6 68707131 69142008 1 96 rs4707250 rs9363918 -293 0.73 0.17  0.00015
WT_0533 10 47375657 47703869 3 48 1528599894 rs4434935 248 033 0.63 0.09
CC_0852 10 47375657 47703869 3 48 1528599894 rs4434935 236 033 0.60 0.09
WT_0866 10 47375657 47703869 3 48 1528599894 rs4434935 233 038 0.60 0.09
TS_0457 10 47375657 47703869 3 48 1528599894 rs4434935 229 039 0.60 0.09
TS_1843 10 47375657 47703869 3 48 1528599894 rs4434935 2.05 0.39 0.60 0.09

Figure S3. In silico validation of CNV calls (related to Figure 1).  (A) Representative CNVs
scored with various CNV validation metrics. Abbreviations (see STAR Methods for details):
median summarized intensity measures across a putative CNV locus, standardized by sample
(LRR-2), proportion of probes with a B Allele Frequency (BAF) banding pattern indicative of a
duplication event (BAF-D), proportion of samples with LRR-Z scores indicative of a polymorphic
event (OUTLIER-Z). (B) Distribution of median summarized standardized intensity values (LRR-
Z) for validated CNVs derived from HapMap samples generated on identical arrays as used in

this study (lllumina OmniExpress). Based on this distribution, CNVs without an LRR-Z score <



2.3 (deletions) and > 1.3 (duplications) were flagged for manual inspection. (B) Example of a
large singleton mosaic event flagged for exclusion in sample CNP_0348, indicated as (1) in
Figure S3A. This CNV on chromosome 6 was detected as three separate CNVs after taking the
consensus of two different HMM calling algorithms. The largest CNV call exhibits an LRR-Z
score of -2.86 (left, red arrow), indicative of a deletion, but shows a clear BAF-banding pattern
of a duplication event (right), with a BAF,, score of 0.16. This is indicative of a mosaic event,
where only a proportion of cells from sample CNP_0348 harbor the deletion event. (C) Example
of a polymorphic CNV on chr10:47,375,657-47,703,869 misclassified as a rare event due to
reduced sensitivity, indicated as (2) in Figure S3A, with an OUTLIER-Z score of 0.09.
Genotyping using GMM-based clustering indicated that this misclassified rare event (MAF <

0.01) has a MAF of 0.12.



Figure S4. Elevated CNV burden is consistent across datasets (related to Figure 2). We
assessed for increased CNV burden using different metrics and found that total CNV length was
most significantly associated with an increased risk for TS (Figure 2). To ensure that the
enrichment signal was not driven by a single dataset, here we repeated the assessment of
burden by total CNV length, examining all TS samples compared to each of the control sample
sets individually and to all control samples together. An increased burden is consistent across
all datasets, and additionally when stratified by CNV type: loss (deletions); gain (duplications)
and loss + gain (both deletions and duplications). GGRI, controls collected and genotyped
alongside TS cases; Cardiff, CNP, USC, WTCC, control samples taken from external datasets,

as defined in Table S1A and STAR Methods.






Figure S5. Exonic CNVs affecting NRXN1 (related to Figure 4). UCSC genome browser
track depicting all exonic NRXN1 CNVs > 50kb identified in this study: 12 heterozygous case
deletions (red), one control deletion (dark red) and a single case duplication (blue). Probe-level
plots of Log R Ratio (LRR) intensity and B Allele Frequency (BAF) for all exonic NRXN1 CNV
carriers shown in the same order as the UCSC genome browser track. Colored probes indicate

the location of called deletions (red) and duplications (blue).
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Figure S6. CNVs overlapping CNTNG6 (related to Figure 4). UCSC genome browser track
displaying heterozygous genic duplications in TS cases (blue) and controls (dark blue) followed
by deletions (red). Probe-level LRR and BAF plots for all 16 CNVs detected spanning CNTN6
are shown below the genome browser schematic. CNV carriers are shown in the same order as
the UCSC genome browser track. Colored probes indicate the location of called deletions (red)

and duplications (blue).
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NRXN1

CNTNG6

Figure S7. Examination of genome-wide TS case-control CNV analysis for population -
specific effects (related to Figure 4).  To verify the robustness of our results to population
stratification, we pair-matched each case subject with exactly one control such that the global
difference between all pairs is minimized using SpectralGEM. (A) The SNP- % 4 of the
resultant dataset (1996 cases and 1996 controls) was an acceptable 1.082. Manhattan plots of
segmental association results demonstrate that (B) deletions in NRXN1 and (C) duplications in
CNTN6 $ % ! & (& ! . ' ! & "1% | '# & "% (%
separately. The -log10 (p-value) displayed is empirically corrected for FWER (family-wise error

rate) genome-wide using the max(T) method with 1,000,000 permutations.
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Supplemental Tables

Table S1. Sample genotyping and QC summary (related to Figure 1). (A) Summary of
included studies and genotyping information. Sample phenotypes, genotyping platform, and
genotyping center for different datasets collected for this study are shown, separated by study.
(B) Summary of quality control procedures by study. The number of samples remaining within
each batch after each successive quality control step (see STAR Methods) is shown. Study
abbreviations: Cardiff Controls (CC), Consortium for Neuropsychiatric Phenomics (CNP),
Genomic Psychiatry Cohort (GPC), Wellcome Trust Case-Control Consortium (WTCCC2) and

TS cases and controls collected for this study (GGRI1-3).

See attached tscnv_table-sl.docx

Table S2. Gaussian Mixture Model (GMM) clustered genotype calls at common Hapmap 3
CNVs (related to Figure 1, Figure S2, and Table S3) . For sensitivity analysis, all 6,427
samples used in this study were genotyped across 11 common Hapmap3 CNVSs using a locus-
specific GMM-based clustering method (see Supplementary Methods). The numbers for
CNV_ID: Hapmap3 accession number. CLUSTER_ID: Arbitrary identifier assigned by the
clustering algorithm. CLUSTER_LRR: The mean value of all median-summarized intensity
values for all samples assigned to the cluster. CLUSTER_COPY: Copy-number state inferred
by examination of raw LRR-intensity values for samples within the cluster. Call frequencies
(FREQ) for 4,093 controls (CTRL) and 2,434 TS cases (CASE) reflect the proportion of GMM-
based genotype calls with >0.95 posterior probability of cluster assignment. There was no
significant difference in CNV genotype frequency between phenotypic groups at any of the 21

non-$ $ ! 1"&*# % $"%% " % $,% ) & & &

See attached tscnv_table-s2.docx
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Table S3. Sensitivity analysis of consensus Hidden Markov Modeling (HMM)

segmentation calls (related to Figure 1, Figure S2, and Table S2). (A) Sensitivity by locus.

The sensitivity of HMM calling was defined as the number of concordant HMM calls divided by

the total number of non-reference genotypes called in the same individual by Gaussian Mixture

Model (GMM) clustering. Non-reference GMM calls were collapsed into calls of the same class
(CNV_TYPE, DEL or DUP). (B) Overall sensitivity across all loci. P-values for both individual

and aggregated locus-specific locus-based tests ( $ & "% ! % $,% ) & & &
Group-wise comparison of sensitivity between cases and controls based on the average

sensitivity calculated within each individual. No significant difference in the average individual

sensitivity was observed between phenotypic groups whether considering deletions,

H& "% "$ "& ! "l $&st). , %

See attached tscnv_table-s3.docx

Table S4. Rare CNV calls from 2,434 TS cases and 4,093 controls (related to Figures 1-4).
This table contains a list of all rare CNVs detected in this study (STAR Methods). ID, sample ID;
SEX, sample sex, Phenotype and comorbid disorders, TS, Tourette syndrome; OCD,
obsessive-compulsive disorder; ADHD, attention deficit disorder; CHR, chromosome; START,
CNV start (hg19 coordinates); STOP, CNV end; SIZE, CNV size in bp; TYPE, CNV copy-
number; SITES, number of SNP markers spanning CNV; FREQUENCY, CNV frequency;
RSID_START, first SNP within the CNV; RSID_STOP, last SNP within the CNV;
GENE_COUNT, number of genes spanned by CNV; GENE_SYMBOLS, genes spanned by
CNV. GENE_COUNT and GENE_SYMBOLS are determined by overlap with exons of protein-

coding genes (STAR Methods).

See attached tscnv_table-s4.xIsx
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Table S5. Clinical phenotypes of NRXN1 and CNTN6 CNV carriers. Clinical phenotypes for
all CNV carriers of the two significant TS loci detected in this study: deletions at NRXN1 and
duplications at CNTNG6. ID, Sample ID; Gene: Gene locus; Chr, chromosome; Start, CNV start
(hg19 coordinates); End, CNV end; Type, CNV type; Length, CNV length (in kb); Variant Effect,
CNYV location within gene; Common comorbid disorders for TS, ADHD, attention deficit disorder;
OCD, obsessive-compulsive disorder; Atypical, Case flagged for atypical presentation; Notes:

Description of atypical phenotypic features. NA, No clinical information available.

See attached tscnv_table-s5.docx
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