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Background

Contactin-5 (CNTN5) is a candidate risk gene for autism spectrum disorder (ASD), yet previous attempts to associate copy-number variants (CNVs) encompassing CNTN5 with ASD-susceptibility were limited by insu cient statistical power. Here, we aim to clarify the putative association between CNTN5 CNVs and ASD-risk using large samples.

Methods

First, we calculated the prevalence and transmission of CNTN5 CNVs in ASD across three ASD cohorts (SSC, MSSNG, and SPARK), the cases reported in the Mercati et al. study, and the BBGRE database (n = 16,607). Second, we modelled their transmission in children with ASD compared to their unaffected siblings. Third, we assessed their frequency in cases with ASD compared to unselected population controls (n = 24,898) and replicated the ndings in UK Biobank (UKBB), an independent general population cohort (n = 459,855). Finally, we evaluated the clinical impact of CNTN5 CNVs by assessing their enrichment in a broad neurodevelopmental disorder (NDD) cohort, and the clinical pro le of CNTN5 CNV carriers in the DECIPHER database.

Results

The prevalence of CNTN5 exonic deletions and duplications was stable across ASD and across unselected cohorts (0.042% and 0.020%, respectively). We found a signi cant enrichment of intronic CNTN5 deletions CNVs in ASD compared to unselected controls (0.175% and 0.004%, respectively). CNVs in most cases with ASD (29 out of 30, 96.7%) were inherited. Parents transmitted the variants to their affected and unaffected children with the same frequency. No differences in exonic CNTN5 CNVs enrichment between cases with ASD compared to individuals with NDDs was observed.

Limitations

The lack of phenotypic data available for unaffected family members of probands with ASD limits the potential to assess whether CNTN5 CNVs segregate with other neuropsychiatric or sub-threshold autistic traits. Different genotyping or sequencing technologies may affect the differences in CNTN5 CNV prevalence across cohorts.

Conclusion

CNTN5 CNVs are rare inherited ASD susceptibility variants. They may also confer risk for other neuropsychiatric disorders. We offer a powerful framework to investigate candidate susceptibility variants that may not be detected through small-scale approaches. This approach may reveal more intermediate effect-size variants that are implicated in the etiology of ASD.

Background

Autism spectrum disorder (ASD) is a neurodevelopmental disorder with a high estimated overall heritability (0.7-0.8) and a complex genetic architecture consisting of rare and common variants [1,2]. Rare de novo and inherited copy-number variants (CNVs), corresponding to deleted or duplicated regions of the genome, substantially increase ASD-risk and are present in 8-14% of individuals with ASD [START_REF] Cooper | A Copy Number Variation Morbidity Map of Developmental Delay[END_REF]. Variants of intermediate effect size may also contribute to ASD-susceptibility, but they remain to be discovered. Some of them are inherited from healthy parents due to the incomplete penetrance. In a multiplex Pakistani family with three brothers with autism and a fourth brother with a learning disorder, we identi ed a CNTN5 deletion inherited from their unaffected father. Focusing on this CNV, we proposed a framework to con rm the relevance of inherited CNV with intermediate effect size by using large case-control studies. This approach may provide su cient statistical power to characterize the role of candidate intermediate effect size CNVs in ASD risk.

Variants within the contactin gene family are interesting candidates for ASD-risk [START_REF] Zuko | Contactins in the neurobiology of autism[END_REF]. Contactins are a group of neuronal cell adhesion molecules, encoded by the contactin-1 to contactin-6 genes, which have been shown to play a key role in axonal guidance and organization, myelinisation, neurogenesis, neuronal development, synaptogenesis and axon-glia interactions [START_REF] Chatterjee | Contactins in the central nervous system: role in health and disease[END_REF]. The aberrant functioning and incorrect cellular localization of these proteins has been previously implicated in autism [6-8] and neurodevelopmental delay [START_REF] Fernandez | Disruption of contactin 4 (CNTN4) results in developmental delay and other features of 3p deletion syndrome[END_REF][START_REF] Roohi | Disruption of contactin 4 in three subjects with autism spectrum disorder[END_REF]. Contactin-1 and contactin-2 interact with CNTNAP1 and CNTNAP2, and have been associated with demyelinating diseases [START_REF] Chatterjee | Contactins in the central nervous system: role in health and disease[END_REF]. Contactin-3 is involved in outgrowth and guidance of axons and dendrites [START_REF] Hussman | A noise-reduction GWAS analysis implicates altered regulation of neurite outgrowth and guidance in autism[END_REF], while contactin-4, 5, and 6
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Previous attempts to elucidate the role of CNTN5 in ASD have been limited by small sample sizes and insu cient statistical power. Mercati et al. identi ed a maternally-inherited CNTN5 deletion in an individual with ASD with hypersensitivity to sounds and abnormal motor coordination, and a CNTN5 deletion in an individual with ASD from the Brain & Body genetic Resource Exchange (BBGRE version 3.0; https://bbgre.brc.iop.kcl.ac.uk/) [START_REF] Mercati | CNTN6 mutations are risk factors for abnormal auditory sensory perception in autism spectrum disorders[END_REF]. CNVs in CNTN5 have similarly been reported in other cohorts of multiplex and simplex families with ASD [8,[START_REF] Hussman | A noise-reduction GWAS analysis implicates altered regulation of neurite outgrowth and guidance in autism[END_REF].

Similar to other contactins, contactin-5 is involved in neuronal cell adhesion, and interacts with CNTNAP4 as a scaffold on interneurons to support the growth of ganglion cells [START_REF] Ashra | Neuronal Ig/Caspr Recognition Promotes the Formation of Axoaxonic Synapses in Mouse Spinal Cord[END_REF][START_REF] Peng | Satb1 regulates Contactin 5 to pattern dendrites of a mammalian retinal ganglion cell[END_REF][START_REF] Karayannis | Cntnap4 differentially contributes to GABAergic and dopaminergic synaptic transmission[END_REF]. Given the function of CNTN5 in neuronal maintenance and previous attempts to associate its variants with ASD-risk, a large-scale case-control study could clarify the role of CNTN5 CNVs in ASD-risk.

In this study, we reported a Pakistani family with a CNTN5 CNV and assessed its role in ASD-risk. Firstly, we evaluate the prevalence of CNTN5 CNVs and how they arise in more than 16,000 individuals with ASD. Secondly, we evaluate whether CNTN5 CNVs are overtransmitted in individuals with ASD in comparison to their unaffected siblings. Thirdly, we assess the differential enrichment of CNTN5 CNVs between cases with ASD and unselected individuals from the general population (n ≈ 25,000) and replicate the ndings in UK Biobank, an independent control cohort (n ≈ 460,000). Finally, we determine the clinical signi cance of CNTN5 CNVs by comparing their prevalence in cases with ASD to patients with suspected neurodevelopmental disorders (NDDs) (n ≈ 16,500), and assess their prevalence in DECIPHER, a rare disease genomic database.

Our study outlines an approach for investigating the role of intermediate effect size candidate variants using large-scale data. Our results implicate the possible role of CNTN5 CNVs in ASD-susceptibility.

Methods

Exploration of a multiplex ASD family

A multiplex family with ASD, consisting of ve brothers, a sister, and two parents was identi ed and recruited in Pakistan by a local psychiatrist (Dr. Brohi Qasim). Following a face-to-face standardized evaluation based on DSM-IV, three brothers were given a diagnosis of autism, and a fourth brother was diagnosed with a learning disorder (Supplementary Figure A). Following standard DNA extraction and genotyping protocol, CNVs across all family members were annotated and called (Supplementary Note). In the interest of identifying candidate ASD-risk variants, an in-house Python script, SV-Segregation, was used to identify CNVs that were shared by all three brothers with ASD.

Cohorts ASD cohorts

We included individuals with ASD from the Simons Simplex Collection (SSC) (n = 2,585) [16], MSSNG (n = 3,289) [START_REF] Trost | A Comprehensive Work ow for Read Depth-Based Identi cation of Copy-Number Variation from Whole-Genome Sequence Data[END_REF], and Simons Foundation Powering Autism Research for Knowledge (SPARK) (n = 8,423) [18] cohorts as cases in this study. The SSC is a cohort of simplex families consisting of trios (one proband with ASD and unaffected parents) and quads (one proband with ASD, unaffected parents, and unaffected sibling(s)). The MSSNG database includes simplex and multiplex (multiple affected family members with ASD) from the Autism Speaks whole-genome sequencing (WGS) project. The SPARK database is a newly established genetic cohort that includes genotyping data of over 8,000 families or singletons with ASD. Parents diagnosed with ASD or half-siblings were excluded from the study. We also included individuals with ASD reported in Mercati et al. (n = 1,534) [START_REF] Mercati | CNTN6 mutations are risk factors for abnormal auditory sensory perception in autism spectrum disorders[END_REF] and the BBGRE database (https://bbgre.brc.iop.kcl.ac.uk/) (n = 776) in our meta-analysis. In total, 16,607 cases with ASD were studied.

When available, the unaffected siblings and unaffected parents of probands with ASD from the SSC, MSSNG, and SPARK cohorts were used as intrafamilial control subjects. Parents diagnosed with ASD from the SPARK cohort (n fathers = 48; n mothers = 101) were excluded from the analyses. In total, we studied 5,290 unaffected siblings and 21,767 unaffected parents from the SSC, MSSNG, and SPARK cohorts.

Unselected control cohorts
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In our discovery cohort, we included 1,802 individuals from the IMAGEN Study [START_REF] Schumann | The IMAGEN study: reinforcement-related behaviour in normal brain function and psychopathology[END_REF] and 14,160 individuals from Generation Scotland Scottish Family Health Study (GS) [START_REF] Smith | Cohort Pro le: Generation Scotland: Scottish Family Health Study (GS:SFHS). The study, its participants and their potential for genetic research on health and illness[END_REF] to represent unselected controls from the general population. We also included the 8,936 unaffected controls reported in Mercati et al, which are detailed in their Supplementary Materials. In total, we used 24,898 individuals as independent unselected controls in our discovery cohort. We used the genetic data of 459,855 individuals from the UK Biobank (UKBB) [START_REF] Sudlow | UK Biobank: An Open Access Resource for Identifying the Causes of a Wide Range of Complex Diseases of Middle and Old Age[END_REF], a large-scale population-based study, as an independent replication cohort to validate our ndings.

Clinical cohorts

We included 16,586 individuals from the Centre Universitaire Sainte-Justine (CHU-SJ; Montreal, Canada) to represent a broad clinical cohort. These individuals were referred to the cytogenetic pediatric laboratory for suspected NDDs.

CNV Calling and Annotation

CNVs were detected, ltered, and annotated using the genotyping data from SSC, SPARK, IMAGEN, GS, UKBB and WGS data from MSSNG according to the criteria detailed in the Supplementary Methods of Douard et al. [START_REF] Douard | Effect Sizes of Deletions and Duplications on Autism Risk Across the Genome[END_REF]. CNVs from chromosomal microarray data of individuals from CHU-SJ were called according to the Supplemental Methods of Huguet et al. [START_REF] Huguet | Measuring and Estimating the Effect Sizes of Copy Number Variants on General Intelligence in Community-Based Samples[END_REF].

Individuals carrying a CNV deletion or duplication in either the exonic or intronic region of the CNTN5 gene were identi ed. As only exonic CNVs were reported in Mercati et al. and BBGRE, these cohorts were excluded from combined CNTN5 CNV (intronic and exonic) carrier counts and intronic CNTN5 CNV carrier counts.

Statistical Analysis

To assess whether CNTN5 CNVs were over-transmitted in cases with ASD, in comparison to their unaffected siblings, we used a generalized linear mixed-effects model, accounting for relatedness as a random effect, with ASD diagnosis as the outcome variable and CNTN5 CNV presence as the predictor variable. The analysis was done using the R package ("lme4") [START_REF] Bates | Fitting Linear Mixed-Effects Models Using lme4[END_REF].

Enrichment of exonic and intronic CNTN5 CNVs in cases compared to unselected controls and individuals from the clinical cohort was assessed using a Fisher's exact test (" sher.test") in the R ("stats") package.

All analyses were performed on the R version 3.6.1 [START_REF] Team | A language and environment for statistical computing[END_REF].

Results

Identi cation of a CNTN5 CNV deletion in a multiplex family with ASD

In the multiplex Pakistani family, a paternally-inherited 50.3 kB deletion in 11q22.1 (hg19 -chr11:99480175-99530431) shared by all three brothers with autism and the fourth brother with a learning disorder was identi ed. The CNV deletion encompassed the intronic region of the CNTN5 gene between exon 2 and 3 (Supplementary Figure B).

Prevalence of CNTN5 CNVs across cohorts

The number of CNTN5 CNV carriers across cohorts is detailed in Table 1. There were 32 out of 16,607 individuals with ASD carrying a CNTN5 CNV (0.193%). The prevalence of exonic CNTN5 CNVs ranged from 0.018% (duplications) to 0.024% (deletions). The prevalence of intronic CNTN5 CNVs in ASD ranged from 0.007% (duplications) to 0.168% (deletions). Most of the intronic deletions in cases with ASD were identi ed from the SPARK cohort. This positions CNTN5 CNVs as a rare to intermediate prevalence variant. Of the total 171 CNTN5 carriers across cohorts, 32 individuals had a diagnosis of ASD (18.71%).

With the exception of one carrier from the SPARK cohort, CNTN5 deletions and duplications in individuals with ASD were transmitted by an unaffected parent. Similarly, all CNTN5 CNVs in cases with ASD from Mercati et al. were inherited. Of the 50 unaffected parents carrying a CNTN5 CNV, 33 (66%) transmitted it to their child, with 7 (14%) parents transmitting it to their unaffected child only. As such, 17 (34%) parents carried a CNTN5 CNV and did not transmit it at all. b Intronic CNV information for these cohorts unavailable -these individuals are excluded from total and exonic CNTN5 CNV prevalence counts c The number of CNTN5 CNV carriers in BBGRE is reported in Mercati et al.

Probands with ASD and their unaffected siblings have a comparable prevalence of CNTN5 CNVs

Results from the generalized linear-mixed model, accounting for family relatedness, found no association between CNTN5 CNVs in ASD-risk in cases with ASD compared to their unaffected siblings (Table 2). These results suggest that unaffected parents transmit CNTN5 CNVs to their children with ASD and their unaffected children at the same rate. 

Frequency CNTN5 CNVs cases with ASD and controls

We rst compared the frequency of all combined (exonic and intronic) CNTN5 deletions and duplications in cases with ASD (30 out of 14,297; 0.201%) and controls (4 out of 15,962; 0.025%), which excluded samples from Mercati et al. and the BBGRE database, where intronic CNV information was unavailable (Table 3A). A signi cant enrichment of CNTN5 deletion and duplication for all CNVs (exonic and intronic) in ASD was observed (Fisher's exact test; p = 0.0001; OR = 4.13; 95%CI = [0.85-10.44]). To determine which CNVs were driving the association signal, we assessed the differential enrichment across deletions or duplications, and CNVs localized in the exonic or intronic regions (Table 3 details the results of the nine tests). Intronic deletions were signi cantly enriched in cases with ASD (0.168%) compared to controls (0.019%) (Fisher's exact test; p = 1.68 × 10 -5 ; OR = 8.82; 95%CI = [2.68-45.70]). Only three intronic deletions identi ed in controls, whereas 24 intronic deletions were identi ed in cases with ASD (all of which were found in cases from the SPARK cohort, involving the intronic region of the CNTN5 gene between exons 2 and 3). No signi cant difference in the prevalence of exonic deletions and duplications between cases and controls was identi ed.
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We replicated the case-control enrichment analyses in UKBB, an independent general population cohort (Table 3B). Combined exonic and intronic CNTN5 deletions and duplications were enriched in cases with ASD in comparison to controls (68 out of 459,855; 0.015%) (Fisher's exact test; p = 4.48 × 10 -22 ; OR = 14.21; 95%CI = [8. 92-22.15]). Similar to the discovery control cohort, we assessed the enrichment across all CNV types, and found that intronic deletions were driving the association signal (Table 3B) (Fisher's exact test; p = 1.45 × 10 -22 ; OR = 27.73; 95%CI = [15.07-51.05]). No signi cant difference in the prevalence of exonic deletions and duplications between cases and controls in the replication cohort was identi ed. Two out of 16,589 individuals referred to the pediatric hospital of CHU-SJ for suspected NDDs carried an exonic CNTN5 CNV. No intronic CNTN5 deletions or duplications were identi ed in the CHU-SJ cohort. The two carriers were screened postnatally for an indication of epilepsy. One carried a 95.3kb duplication (chr11:100173136-100268422) and the other a 53.6kb deletion (chr11:99675192-99728831), both restricted to CNTN5. They did not carry any other pathogenic CNV that could explain their clinical presentation. A carrier with a 29.52 Mb deletion encompassing 119 genes, including CNTN5, was excluded from the analysis. A Fisher's exact test revealed no signi cant enrichment of CNTN5 CNVs in individuals with ASD in comparison to individuals with NDDs from the CHU-SJ cohort (p ≥ 0.05).

In the DECIPHER database v10.3 (https://decipher.sanger.ac.uk/), 30 CNTN5 CNV carriers (deletions and duplications) are listed among 36,530 patients (0.082%). The phenotype for autism is indicated 3 times out of 30 carriers (10%). Of the three individuals with autism, 1 individual has a duplication inherited from a deemed to be unaffected parent and the other two are deletion carriers with unknown transmission. Half (15 out 30) of the CNTN5 deletion and duplication carriers in DECIPHER had either a cognitive impairment, intellectual disability, global developmental delay, learning disability, or autism (Supplementary Table ).

Discussion

A paternally-inherited CNTN5 CNV intronic deletion in a multiplex family we identi ed, with three affected brothers with ASD and a fourth brother with a learning disorder, provided further motivation to investigate its role in a large-scale case-control study. Based on this analysis, we identi ed an enrichment of intronic CNTN5 deletion in ASD compared to an unselected control population.

Similar to previous studies, we position CNTN5 CNVs as rare risk variants in ASD. Across individuals with ASD from SSC, MSSNG, and SPARK (n total = 14,297), CNTN5 CNVs occurred at a frequency of 0.210%. This rare characterization is slightly higher than the prevalence reported in Mercati et al. (0.065%) and BBGRE (0.129%) which reported exonic CNVs while we reported both intronic and exonic CNVs. We found that, except one case, all individuals with ASD had inherited the variant from an unaffected parent. These ndings align with previous reports of CNTN5 CNVs in ASD. Van Daalen et al.

[8] identi ed a paternally-inherited CNTN5 CNV deletion in three children with ASD from a multiplex family. While the father was not diagnosed with ASD, the variant co-segregated with a high Social Responsiveness Scale (SRS) score, re ecting a sub-clinical behavioural impairment. Following their initial screen, Mercati et al. [START_REF] Mercati | CNTN6 mutations are risk factors for abnormal auditory sensory perception in autism spectrum disorders[END_REF] identi ed two additional families with CNTN5 CNVs in which the children with ASD had inherited the variant. Though unaffected with ASD, one of the mothers who transmitted the variant had a language impairment, while the other mother had a speci c learning disorder. We found that unaffected parents transmitted the CNTN5 CNV to their children with ASD and their unaffected children at the same rate; we identi ed no signi cant association between CNTN5 CNVs and ASD-risk in probands with ASD in comparison to their unaffected siblings, suggesting that the at-risk CNVs are running in the families, and could be associated with mild phenotype.

We observed a signi cant association of intronic deletions in ASD compared to unselected individuals from the general population. These ndings replicated in another independent control cohort. Interestingly, the three brothers with ASD and the fourth brother with a learning disorder from the multiplex Pakistani family we originally identi ed shared an intronic CNTN5 deletion as well. According to Ensembl, this intron is a retained intron, thus it may encode the protein depending on its alternative splicing. Intronic CNVs have been associated with signi cant difference in gene expression levels in the population and may be associated with expression differences of other genes through intron-promoter 3D interactions [START_REF] Rigau | Intronic CNVs and gene expression variation in human populations[END_REF].

We investigated the clinical impact of CNTN5 CNVs and observed no signi cant difference in CNTN5 CNV frequency between individuals with ASD and those with suspected NDDs from the CHU-SJ pediatric cohort. Furthermore, only 10% of the CNTN5 CNV carriers in DECIPHER had a diagnosis of autism, while half had a broad developmental disorder. These ndings reveal a lack of ASDspeci c clinical impact. This is not surprising, given that CNVs conferring risk for ASD are often associated with other neurodevelopmental phenotypes.

Taken together, this study characterizes CNTN5 CNVs as inherited rare frequency variants in ASD. We show that CNTN5 CNVs are not fully penetrant, but might confer risk for ASD in speci c genetic backgrounds through possible additive or epistatic interactions, as previously described [START_REF] Chatterjee | Contactins in the central nervous system: role in health and disease[END_REF]8,[START_REF] Mercati | CNTN6 mutations are risk factors for abnormal auditory sensory perception in autism spectrum disorders[END_REF]. Our ndings likely position CNTN5 CNVs as risk factors for broad NDDs. We demonstrate the potential for large-scale cohorts to elucidate the role of rare inherited CNVs that are otherwise di cult to characterize.

Loading [MathJax]/jax/output/CommonHTML/jax.js Limitations Despite the large-scale case-control study design, the rareness of the CNV, as well as their incomplete penetrance, limits the signi cance of the results for clinical practice.

There is a noticeable difference in CNTN5 CNV frequency across cohorts which may be attributed to difference in genotyping or sequencing technologies used. Most (24 out of 25) of the intronic CNTN5 deletions in the ASD cohort came from carriers in SPARK. While all SPARK CNVs were manually visualized by plotting their Log R ratio (LRR) and B-allele frequencies (BAF) to ensure their validity, the ASD-risk association signal is mostly driven by this cohort. Furthermore, different CNV calling, annotation, and ltering parameters in Mercati et al., the BBGRE database, and the DECIPHER database may limit the ability to comprehensively compare the prevalence of CNTN5 CNVs across cohorts.

Van Daalen et al. [8] and Mercati et al. [START_REF] Mercati | CNTN6 mutations are risk factors for abnormal auditory sensory perception in autism spectrum disorders[END_REF] describe multiplex families with ASD where CNTN5 CNVs are transmitted to affected children with ASD from parents who, while unaffected with ASD, have behavioural impairments, learning disorders, and language impairments. We lacked detailed phenotypic information of the unaffected family members of the probands with ASD to study the potential role of CNTN5 CNVs in other traits. While the unaffected family members do not have an ASD diagnosis, they could have neuropsychiatric traits or sub-threshold autistic phenotypes that may segregate with the variant, but do not meet the criteria for ASD diagnosis. Familial risk for neuropsychiatric disease in ASD etiology and the potential role of increased phenotypic characterization has been demonstrated [28]. Detailed behavioural and clinical information of the ASD family members could explain the comparable frequency of CNTN5 CNVs between probands with ASD and their unaffected siblings. Similarly, this may explain the parental transmission of CNTN5 CNVs in ASD.

Conclusions

Investigating the role of rare intermediate effect-size CNVs is important to understanding the complete genetic etiology of ASD but requires su cient statistical power through large-scale cohorts. Here, we observe that CNTN5 CNVs in ASD are rare and inherited intermediate effect-size variants. Parents transmit the variant to their children with ASD and unaffected children at the same rate. While intronic CNTN5 CNV deletions signi cantly increase ASD-risk compared to the general population, we could not demonstrate ASDspeci city when compared to a broad NDD cohort. We position CNTN5 CNVs as potential inherited risk factors for neurodevelopmental disorders. Moreover, we demonstrate a framework for investigating the role of candidate variants in complex heterogenous disorders.

Given the heterogenous nature of ASD, identifying more susceptibility variants may elucidate a clearer picture of the genetic architecture of the disorder. 
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Table 1

 1 Prevalence of CNTN5 CNV carriers across cohorts. Cases with ASD reported in Mercati et al. include 901 individuals from Pinto et al [26] and 633 individuals from their cohort.

				All CNTN5 CNVs			Exonic			Intronic		
				(Exonic and Intronic)									
		Cohort	Total	DEL and	DEL	DUP DEL and	DEL	DUP DEL and	DEL	DUP
			samples	DUP (%)			DUP (%)			DUP (%)		
		Probands with ASD												
	Cases	SSC	2585	4	0.155%	1	3	3	0.116%	1	2	1	0.039%	0	1
		MSSNG	3289	1	0.030%	1	0	1	0.030%	1	0	0	0.000%	0	0
		SPARK	8423	25	0.297%	24	1	1	0.012%	0	1	24	0.285%	24	0
		Mercati et	1534	1	0.065%	1	0	1	0.065%	1	0	-	-	-	-
		al.													
		(2017) a,b													
		BBGRE b,c	776	1	0.129%	1	0	1	0.129%	1	0	-	-	-	-
		Total	16607	32	0.193%	28	4	7	0.042%	4	3	25	0.175%	24	1
		cases with													
		ASD													
	Controls	Unaffected siblings of probands with ASD										
		SSC	2425		0.124%	1	2	2	0.082%	1	1	1	0.041%	0	1
		MSSNG	131	0	0.000%	0	0	0	0.000%	0	0	0	0.000%	0	0
		SPARK	2734	10	0.366%	9	1	1	0.037%	0	1	9	0.329%	9	0
		Total	5290	13	0.246%	10	3	3	0.057%	1	2	10	0.189%	9	1
		unaffected													
		siblings													
		Unaffected parents of probands with ASD										
		SSC	5153	5	0.097%	2	3	4	0.078%	2	2	1	0.019%	0	1
		MSSNG	3600	1	0.028%	1	0	1	0.028%	1	0	0	0.000%	0	0
		SPARK	13014	44	0.338%	42	2	3	0.023%	1	2	41	0.315%	41	0
		Total	21767	50	0.230%	45	5	8	0.037%	4	4	42	0.193%	41	1
		unaffected													
		parents													
		Discovery: Unselected individuals from the general population							
		GS		4	0.028%	4	0	1	0.007%		0	3	0.021%	3	0
		IMAGEN	1802	0	0.000%	0	0	0	0.000%	0	0	0	0.000%	0	0
		Mercati et	8936	4	0.045%	1	3	4	0.045%	1	3	-	-	-	-
		al. (2017) b													
		Total	24898	8	0.050%	5	3	5	0.020%	2	3	3	0.019%	3	0
		discovery													
		controls													
		Replication: Unselected individuals from the general population							
		UKBB	459855	68	0.015%	46		48	0.010%	26	22	20	0.004%	20	0
	Clinical	Individuals with suspected NDDs										
	pediatric														
	cohort	CHU-SJ	16586	2	0.012%	1	1	2	0.012%	1	1	0	0.000%	0	0
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Table 2

 2 No association of CNTN5 CNVs with ASD-risk in probands with ASD compared to unaffected siblings generalized linear-mixed effects model of the association between CNTN5 CNVs and ASD-risk in probands with ASD compared to their unaffected siblings. Only probands and unaffected siblings from family-based cohorts (SSC, MSSNG, SPARK) are included in analyses. Cases with ASD from Mercati et al. and BBGRE are excluded.

		All CNTN5 CNVs (DEL and DUP)	DEL				DUP			
		Carrier	p-	OR	Carrier	p-	OR	Carrier	p-	OR
				value				value				value	(95%CI)
					(95%CI)				(95%CI)				
	All CNVs (Exonic and Intronic)										
	Cases with ASD	30	0.21%	0.634	0.854	26	0.18%	0.917	0.962 (0.46-	4	0.03%	0.355	0.493
									2.0)				
	siblings Unaffected	13	0.25%		(0.5-1.6)	9	0.17%			3	0.06%		(0.1-2.2)
	Exonic												
	Cases with ASD	5	0.04%	0.508	0.617	2	0.01%	0.806	0.740 (0.07-	3	0.02%	0.519	0.56
									8.2)				(0.09-
	siblings Unaffected	3	0.06%		(0.15-2.6)	1	0.02%			2	0.04%		3.3)
	Intronic												
	Cases with ASD	25	0.18%	0.835	0.925	24	0.17%	0.973	0.987	1	0.007%	0.482	0.370
													(0.02-
	siblings Unaffected	10	0.19%		(0.4-1.9)	9	0.17%		(0.5-2.1)		0.02%		5.9)
	Results from a												

Table 3

 3 Case-control CNTN5 CNV enrichment analyses.

		All CNVs (DEL and DUP)		DEL				DUP			
		Carrier	p-value	OR	Carrier	p-value	OR	Carrier	p-	OR
					(95%CI)				(95%CI)			value	(95%CI)
	A. Discovery set											
	All CNVs (Exonic and Intronic)									
	Cases a	30	0.210%	04* 1.17E-	4.13	26	0.182%	05* 4.05E-	5.73	4	0.028%	0.72	1.47
	Controls b	4	0.025%		(0.9-10.4)	4	0.025%		(2.2-19.1)	0	0.000%		(0.25-10.02)
	Exonic												
	Cases	7	0.042%	0.2439	2.07	4	0.024%	0.23	2.96	3	0.018%	0.31	4.44
	Controls	5	0.020%		(0.57-8.29)	2	0.008%		(0.42-32.74)	3	0.012%		(0.36-232.9)
	Intronic												
	Cases a	25	0.175%	06* 4.90E-	9.18	24	0.168%	05* 1.68E-	8.82	1	0.07%	0.48	Inf
	Controls b	3	0.015%		(2.80-47.48)	3	0.019%		(2.68-45.69)	0	0.00%		
	B. Replication set											
	All CNVs (Exonic and Intronic)									
	Cases a	30	0.210%	22* 4.48E-	14.22	26	0.18%	21* 2.03E-	18.21	4	0.03%	0.0072	5.85
	Controls	68	0.015%		(8.93-22.15)	46	0.01%		(10.80-30.12)	22	0.00%		(1.47-17.22)
	Exonic												
	Cases	7	0.042%	0.001	4.70	4	0.02%	0.01	4.95	3	0.02%	0.038	4.39
	Controls	48	0.010%		(1.80-10.43)	26	0.01%		(1.26-14.27)	22	0.00%		(0.84-14.61)
	Intronic												
	Cases a	25	0.175%	24* 1.46E-	31.78	24	0.17%	22* 1.45E-	27.73	1	0.01%	0.035	Inf
	Controls	20	0.004%		(17.3-58.63)	20	0.004%		(15.1-51.05)	0	0.00%		

Fisher's exact test to identify an association between CNTN5 CNVs and ASD-risk. A signi cant (*) enrichment threshold (p ≤ 0.006) was determined according to a Bonferroni correction, adjusting for 9 independent tests. Intronic CNTN5 CNV deletions were signi cantly associated with ASD-risk in the discovery (unselected controls from GS, IMAGEN, and Mercati et al.) and replication (unselected controls from the UKBB cohort) cohorts. a Samples exclude cases with ASD from Mercati et al. and the BBGRE database, where intronic CNV information is unavailable. b Samples exclude controls from Mercati et al. and the BBGRE database, where intronic CNV information is unavailable. Loading [MathJax]/jax/output/CommonHTML/jax.js CNTN5 CNVs are not speci c to ASD
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