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Abstract 
The importance of genomic copy number variants (CNVs) has long been recognized in the 

etiology of neurodevelopmental diseases. We report here the results from the CNV analysis 

of whole-genome sequences from 91 multiplex schizophrenia families. Employing four 

algorithms (CNVnator, Cn.mops, DELLY and LUMPY) to identify CNVs, we find 1,231 rare 

deletions and 287 rare duplications in 300 individuals (77 with schizophrenia (SZ), 32 with 

schizoaffective disorder (SAD), 82 with another neuropsychiatric diagnosis and 109 

unaffected). The size of the CNVs ranges from a few hundred base-pairs to about 1.3 Mb. 

The total burden of CNVs does not differ significantly between affected (SZ and SAD) and 

unaffected individuals. Parent-to-child transmission rate for rare CNVs affecting exonic 

regions is significantly higher for affected (SZ and SAD) probands as compared to their 

siblings, but rates for all CNVs is not. We observe heterogeneity between families in terms 

of genes involved in CNVs, and find several CNVs involving genes previously implicated in 

either schizophrenia or other neuropsychiatric disorders. 
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1. Introduction 

Schizophrenia (SZ) is a complex neuropsychiatric disorder with about one percent life-time 

risk and high heritability estimates of up to 80% (Sullivan et al., 2003). Despite the high 

heritability of SZ and years of genetic studies, only a small proportion of the genetic 

contribution to its causation has to date been accounted for.  

Over the last decade, studies of genomic copy number variants (CNVs) have indicated that 

CNVs play an important role in the etiology of SZ (Stone et al., 2008) and generally have 

much higher penetrance than Single Nucleotide Variants (SNVs) (Kirov et al., 2014; 

Schizophrenia Working Group of the Psychiatric Genomics, 2014). Several SZ-associated 

CNVs have been found to also increase susceptibility to other neuropsychiatric disorders, 

such as autism and developmental delay. Interestingly, even when these CNVs do not result 

in any disorder, they still contribute to cognitive deficiencies in unaffected carriers 

(Stefansson et al., 2014). 

To date CNV studies in SZ have relied on microarray technology for detection. This has 

meant that the sizes of CNVs detected and investigated has been larger than 10 kb 

(Malhotra et al., 2011). These studies have shown that both the global burden of rare CNVs 

and de novo CNVs are increased in SZ and related disorders (International Schizophrenia, 

2008; Malhotra et al., 2011). Moreover, due to reduced fecundity and therefore negative 

selective pressure on causative variants, the highly penetrant CNVs discovered so far have 

been rare and recurrent. So far, most studies of SZ have been underpowered for individual 

rare variant detection, however 11 rare CNVs have been shown to increase risk for SZ in 

microarray studies (Kirov, 2015). All of these SZ-associated CNVs are large (100s of kb to 

several Mb in size) and very rare, such that their observed cumulative frequency is less than 

three percent in SZ cohorts and even less in matched controls (Kirov, 2015; Rees et al., 

2014). 



More recently, the CNV and Schizophrenia Working Groups of the Psychiatric Genomics 

Consortium (Cnv et al., 2017) called CNVs from the GWAS data of 41 321 subjects, and 

genome-wide significance was reached for eight CNV loci and suggestive support found for 

another eight loci. However, the top eight loci had been implicated previously (Rees et al., 

2014). Unlike microarray and SNP datasets, whole genome sequence (WGS) data offers the 

potential to assay the full spectrum of CNVs across the genome, including smaller CNVs not 

robustly picked up by microarrays. There are no published studies to date using WGS data to 

call CNVs in SZ cohorts. 

In the current study, we used WGS to detect CNVs (deletions and duplications) in multiplex 

families with SZ. This dataset provides a comprehensive picture of rare CNVs of all sizes, and 

the family structure allows the assessment of inherited and de novo CNVs. Having family 

data also improves detection of rare variants, as multiple family members may carry the 

same rare variant, increasing our confidence in the results. From our curated list of rare 

CNVs we test for statistically significant differences in the burden of CNVs between SZ 

probands and their family members. We also assess de novo CNVs in a smaller subset of 

families that have quality data from both parents. We compare all SZ probands to their 

siblings to compute statistical differences in the transmission rate of CNVs from their 

parents. Finally, we ascertain CNVs that involve previously determined candidate genes for 

SZ. 

2. Methods 

2.1 Samples 

The Western Australia Family Study of Schizophrenia (WAFSS) has been described in detail 

elsewhere (Hallmayer et al., 2005). It was initiated in 1996 with the aim of comprehensively 

assessing families with ≥1 member affected with a disorder within the ICD-10 and DSM-IV 

schizophrenia spectrum. The majority of probands were recruited from consecutive 

admissions to a psychiatric hospital. 



The present study used a subset of the WAFSS cohort. All families are of European ancestry. 

Affectedness status was divided into four categories: unaffected, schizophrenia diagnosis 

(SZ), schizoaffective disorder diagnosis (SAD), and other neuropsychiatric diagnosis (other). 

The ‘other’ category includes diagnoses of depressive episodes of any severity (21 

individuals), adjustment disorder (11 individuals), recurrent depressive disorder (9 

individuals), dysthymia (6 individuals), anxiety disorder (6 individuals), two cases each of 

agoraphobia, avoidant personality, mild cognitive disorder, mixed anxiety and depressive 

disorder, panic disorder, and bipolar disorder, and single cases of social phobia, Tourette’s 

syndrome, and intermittent explosive disorder. 

The average number of members from each family included in the study is 3.3 and the 

average number of SZ or SAD individuals is 1.2 per family. The breakdown of individuals in 

this study is as follows: 87 SZ/SAD probands, 93 siblings (13 SZ/SAD, 37 other and 43 

unaffected), 117 parents (8 SZ/SAD, 45 other and 64 unaffected), and 3 other relatives (1 

SAD and 2 unaffected). There were 13 families with data from one parent and proband, 37 

families with data from one parent, proband and at least one sibling, 11 families with trio 

data, and 19 families with data from trios and at least one sibling. No parent data were 

available for 7 families and no proband data for four families (filtered in quality control). 

Complete family data is provided in Supplementary Tables 1 and 2. 

2.2 Whole Genome Sequencing 

Genomic DNA extracted from blood was used to perform WGS in 317 WAFSS participants 

through the commercial provider Macrogen (South Korea) using Illumina HiSeqX technology. 

Sequencing was to an average of 16x sequence depth (Supplementary Table 3). Resulting 

sequencing files were aligned to hg19 using the Isaac aligner (Raczy et al., 2013). 

2.3 CNV Calling 

Four algorithms were chosen to analyse the sorted and indexed BAM files, with duplicate 

reads marked and unmapped reads removed. Cn.mops (Klambauer et al., 2012) and 



CNVnator (Abyzov et al., 2011) use read-depth to infer copy number states, while DELLY 

(Rausch et al., 2012) and LUMPY (Layer et al., 2014) use discordant paired-end and split 

reads to identify structural variants. 

CNV calls from all tools for each sample were merged such that lists of CNVs called by any 

two tools were obtained for each sample. Further details of the CNV calling and quality 

control are provided in Supplementary Methods. 

2.4 Selecting Rare or Novel Variants 

Common variants were removed following comparison with the Database of Genomic 

Variants (DGV) Gold Standard Variants and 1000 Genomes CNV calls, and using a criterion of 

50% or more reciprocal overlap with population CNVs with 1% or higher frequency. 

BEDTools (Quinlan and Hall, 2010) was used to identify called CNVs that overlapped with 

variants in databases. 

2.5 Reducing False Calls 

To minimize false calls, rare CNV calls (consensus of at least two tools) from each individual 

were first used to query single tool calls in family members and non-members for the same 

or similar breakpoints. If the CNVs were found to be called by only a single tool in members 

of the same family, they were added to the final list. If the same CNV was found to be called 

by any number of tools in members of more than two families and was not a known 

population CNV, it was excluded from further consideration. 

2.6 Annotation of CNV Calls 

ANNOVAR (Wang et al., 2010) was used for the gene-based annotation of all CNV calls using 

the hg19 refGene database, and transcription factor binding site scoring using the hg19 

tfbsConsSites database. Figure 1 presents the workflow from sequence data to the final 

annotated list of CNVs. 



2.7 DeNovo CNV Calling 

In families with sequence data available from both parents, CNV calls in progeny were 

compared against those in the parents. Calls present in parents were ignored. Calls only 

made in progeny (putative de novo CNVs) were checked for having been called by a single 

tool in any other family member (parents or siblings) and removed from the de novo list if 

found to be shared. 

2.8 PCR-based Validation of CNVs 

To verify deletion calls, PCR primers in the flanking sequence and deleted sequence were 

designed. Amplified products were resolved by agarose gel electrophoresis. Real-time 

quantitative PCRs with commercially designed primers were used for duplication calls 

(Supplementary Methods). 

2.9 Statistical Analysis 

Comparisons were made between SZ/SAD cases and unaffected/other family members in 

terms of burden of total CNVs, exonic CNVs, CNVs larger than 50kb, CNVs containing a 

transcription factor binding site (TFBS) and parent-to-child transmission rates of all and just 

exonic CNVs. Student’s t-tests were performed to compare the two groups. Family structure 

was accounted for using the R package ‘kinship2’ (Sinnwell et al., 2014) to generate a 

relationship matrix and the R package ‘regress’ to generate two regression models, one 

taking into account relationship data alone, and the other taking into account both 

relationship data and disease status. The significance of the difference between the 

likelihood of the two models was then calculated. Benjamini and Hochberg’s FDR correction 

(Benjamini and Hochberg, 1995) was applied to account for the six groups of variants 

examined, with q values <0.05 considered significant. 



3. Results 

The final curated set of rare CNVs comprised 2,263 deletions and 527 duplications. On 

average, there were nine rare CNVs per individual. The rare CNV count per individual 

rangeds from 0 to 28, with a median of nine. Unique deletions (counted once when shared 

between individuals) numbered 1,231 and unique duplications numbered 287. As observed 

in previous studies, this is due to a lower detection of duplications over deletions, and 

increased likelihood of duplications to undergo further rearrangements to give rise to 

multiallelic sites (Sudmant et al., 2015). A total of 668 deletions (51%) and 202 duplications 

(~70%) did not overlap with CNVs from the population databases. 

The distribution of CNVs between the genomic regions - namely, exonic, intergenic, intronic, 

and ncRNA (non-coding RNA) -  is similar for deletions and duplications, except for a reversal 

of exonic to intronic CNV ratios (figure 2a). There are about three times as many intronic 

deletions as exonic deletions, and in contrast, about twice as many exonic duplications as 

intronic duplications. This shift is most likely attributable to the difference in average sizes 

of the deletions and duplications in this study (figure 2b). The frequency of duplication calls 

in the size range of 10kb< to <=1Mb is higher than the frequency of deletion calls in those 

size classes (figure 2b), in line with previous observations of the increased difficulty in 

detecting smaller duplications. Larger variants are less likely to be restricted to an intronic 

region which may explain why there are more exonic duplications than intronic ones. 

3.1 CNV Counts and Size 

The distribution of total CNV counts did not differ significantly between SZ/SAD and 

unaffected groups. For the same groups, the distribution of exonic CNV counts was 

significantly higher in the SZ/SAD group (p=0.02), but did not remain significant when family 

structure was accounted for (p=0.22). 

The distribution of CNVs larger than 50kb also did not vary significantly between unaffected 

and SZ/SAD individuals. 



3.2 Transcription Factor Binding Sites 

CNVs were annotated for TFBSs using Annovar. About 57% of CNVs were assigned a TFBS 

scores between 683 and 1000, where 1000 was the maximum score signifying the highest 

consensus for a TF binding site. The distribution of CNVs with any TFBSS did not differ 

significantly between SZ/SAD and unaffected individuals. 

3.3 Parent-to-Child Transmission Rates 

For all parent-child pairs, 219 in total, the average rate of transmission of rare CNVs was 

0.43. The difference in transmission rates between SZ/SAD and unaffected children was not 

significantly different after FDR correction (p=0.049, q=0.016). When only rare exonic CNVs 

were considered (168 transmissions in total), the difference in transmission rates between 

SZ/SAD probands and unaffected children was significant (p=0.006, q=0.008). The average 

rate of transmission of rare exonic CNVs was 0.54 for SZ/SAD probands, and 0.37 for all 

other children. 

3.4 De novo CNVs 

Quality data were available for both parents in eighteen families, allowing an evaluation of 

de novo CNVs. In a total of 37 progeny, 18 potentially de novo variants were observed. Of 

these 18 CNVs, 1 was exonic, 10 intronic, and 7 intergenic (Table 3).  

The rate of de novo variants was 0.48 per child. Four individuals had two and ten individuals 

had one potential de novo variants. Similar non-uniform distribution of de novo CNVs has 

been reported before in both normal and diseased cohorts (Kloosterman et al., 2015; 

Malhotra et al., 2011). 

The eighteen families could be split into two groups: those with at least one affected parent 

(SZ/SAD/Other), and those with both parents being unaffected with any neuropsychiatric 

disorder. We did not find any significant difference in the average number of inherited or de 

novo CNVs between the two groups. 



3.5 Annotation of Genes within CNVs 

3.5.1 CNVs involving genes previously associated with schizophrenia 

Genes with exons or introns involved in CNVs were investigated for their function and 

potential role in disease. Six out of 127 exonic deletions, 10 out of 90 exonic duplications, 10 

out of 384 intronic deletions and one out of 44 intronic duplications involved genes with a 

previous association with SZ based on a literature search. These genes, with details of the 

CNVs they are involved in, are listed in Table 1. Several other genes of known neuronal 

function were also found to be involved in CNVs (Supplementary Table 4). 

3.5.2 Comparison with the Psychiatric Genomics Consortium GWASs 

We surveyed CNVs found in the WAFSS sample for any overlap with the findings of Marshall 

et al (Cnv et al., 2017) and with the 108 SZ-associated loci reported  by Ripke et al 

(Schizophrenia Working Group of the Psychiatric Genomics, 2014). Five CNVs from the 

WAFSS fell within three of the genome-wide significant CNV loci from the former study and 

another 14 CNVs overlapped with 12 SZ-associated loci from the latter study (see Table 2). 

These 19 CNVs included 3 exonic, 8 intronic and 6 intergenic variants, and were found in 38 

individuals (15 SZ/SAD, 14 Other, and 9 Unaffected). 

3.6 Comparison with independent gene sets 

In two independent studies from our group, 48 individuals from five multi-generational 

families with pre-eclampsia (PE) and 20 unrelated individuals with non-syndromic congenital 

heart disease (CHD) were also whole-genome sequenced by Macrogen, at the same read-

depth and subjected to the same bioinformatics analysis for CNV detection as the WAFSS 

data. Genes with exonic CNVs in the WAFSS data were compared with genes with exonic 

CNVs in the PE and CHD datasets. Out of 348 genes in the WAFSS set, nine (2.7%) were also 

present in the PE set, and 11 (3.2%) were also present in the CHD set. 12 of these were from 

CNVs with the same breakpoints in both data sets, and were also present in population CNV 

databases at rare frequencies. Eight of the genes were involved in CNVs with different 



breakpoints in the two data sets. The 20 shared genes were: ANKRD12, PLEKHA5, CD36, 

U2SURP, LYG1, LYG2, GCA, NTSR1, PRSS35, SLC2A5, RAB32, SLC10A2, HFM1, AWAT1, 

FKBP14, SNX2, PLEKHA8, SNX24 and HGFAC. Thus, none of the genes identified in Table 1 

and Table 2 were found involved in CNVs in the independent PE and CHD data sets. 

3.7 Independent validation of CNV calls 

3.7.1 PCR-based validation 

To estimate the accuracy of the CNV calls, 18 deletions and nine duplications were selected 

for verification by PCR assays. The CNVs were selected to cover the observed size spectrum; 

the smallest CNV was 769 bp and the largest was about 600 kb. Four PCR reactions for 

deletions did not yield any products, including expected products from the undeleted or 

reference alleles. Thus, 14 out of 18 deletions and eight out of nine duplications were 

successfully verified with PCR assays (supplementary information). Three of the deletions 

not verified were identified by both read-depth and read-pair methods and one was only 

identified by read depth-based tools. Two of the verified deletions were only identified by 

read-pair methods despite being larger than 2 kb, and one was identified by read depth-

based methods only. Thus, we had verification of CNVs that were identified by one type of 

method and not the other type, as well as of CNVs identified by at least one tool of each 

detection methodology. 

3.7.2 Exome microarray-based validation 

CNVs were called from Illumina exomecore genotype array data previously generated for 

the same WAFSS samples using PennCNV (McCarthy et al., 2016) (for methods see 

supplementary information). Of the CNV calls from the WGS data, 36.7% exonic deletions 

and 71.8% exonic duplications overlapped with CNV calls from PennCNV (any amount of 

overlap was considered). For intronic variants, a very small fraction overlapped: 16% 

duplications and 2.6% deletions. One duplication not verified by PCR, was also called from 

the array data with 100% of the array-based call overlapping 95% of the WGS-based call. 



One deletion not verified by PCR was also called from the array data but with only 9% of the 

WGS-based call overlapping 100% of the array-based call. This deletion was intronic, hence 

in an area which was not comprehensively covered by the exome chip. The other three 

unverified deletions were also intronic. Thus, in combination, both independent methods 

validated 15 out of 18 (83%) deletions and nine out of nine (100%) duplications. 

4 Discussion 

In agreement with previous observations that CNVs associated with SZ have incomplete 

penetrance, many variants are shared between affected and unaffected individuals in the 

WAFSS sample. However, a greater burden of exonic variants is observed in schizophrenic 

probands when compared to their siblings, as shown by the significantly different 

transmission rates of exonic variants between the two groups. Given these are multiplex 

families, these results agree with the simplest explanation for inheritance of disease: 

functional variants are inherited at a higher rate by affected children as compared to their 

unaffected siblings. No particular gene is overrepresented in the CNVs. As de novo 

mutations of functional significance are more likely to occur in sporadic cases of the disease 

(Xu et al., 2008), it is unsurprising that we do not observe functionally significant de novo 

variants, albeit in a small subset of multiplex families. 

When considering WGS data for CNV calling, there are various parameters that can affect 

sensitivity and accuracy. Ideally, for CNV detection DNA would be unamplified, uniformly 

fragmented and sequenced to a high read-depth (> 25x). WAFSS data did not meet all of 

these criteria. The DNA samples required amplification prior to sequencing and were 

sequenced to an average 16x read-depth. While there is a need to minimise false-negative 

calls, the primary concern remains a high number of false-positives. To improve our chances 

of detecting real variation, we used both read-depth and paired end/split read (RP/SR) 

methods. To minimize false-positives we decided to use two tools of each type and consider 

only those CNVs that are called by at least any two methods. The rationale was that some 



CNVs will be in genomic regions amenable to read-depth methods but not RP/SR methods, 

and others vice-versa. Therefore, using both methodologies, but not considering variants if 

only called by a single algorithm, we aimed to maximise our accuracy. This approach has 

been recommended previously (Mohiyuddin et al., 2015). Similarly, most of the quality 

control steps (figure 1) were taken to minimize false-positive calls. 

The 43% parent-to-child transmission rate of rare CNVs is evidence of high accuracy. The 

deviation from an ideal 50% transmission may be due to the small sample size (219 

transmissions of an average of 9 rare CNVs per parent), false positive results in the parents 

and false negative results in the parents or children. Moreover, the small (<6%) overlap of 

genes involved in CNVs in the WAFSS cohort with two independent cohorts subjected to the 

same bioinformatics analysis offers proof that the CNVs are unique and are a property  of 

the individual samples rather than a function of the analytical steps utilised. 

To date what is understood of the contribution of CNVs to disease risk is that pathogenic 

CNVs are large, affect multiple genes and have a greater penetrance than SNVs. The picture 

that has emerged from our analysis indicates that smaller CNVs (thousand to tens of 

thousands of base pairs) are also likely to play an important role in disease pathogenesis. In 

our final curated set, 79% of deletions and 42% of duplications are less than 10kb in size 

(figure 2b). The penetrance of these variants, especially those within genes, is likely to be 

greater than SNVs but less than large CNVs. However, larger whole-genome sequencing 

studies will be required to arrive at more accurate estimates of effect sizes. 

We did not find any of the large duplications and deletions previously reported in SZ, which 

is not unexpected given the very low frequency of those variants and our modest sample 

size.  

The dosage effect of deletions overlapping genes is straightforward to interpret; but that of 

duplications remains largely unknown unless experimentally tested. If duplication 

breakpoints fall within genes, causing a disruption in the sequence, they are likely to lower 



gene expression. If the breakpoints fall in intergenic regions, the interpretation can be more 

difficult based on sequence information alone. Having two intact copies of a gene on a 

haplotype may not necessarily increase gene dosage, and could even decrease dosage by 

interfering with transcriptional machinery.  

One potential source of the missing heritability observed in common complex diseases 

could be lack of, or incomplete functional characterization of genomic sequences, for 

example non-coding RNAs. In our final set of CNVs, there are 16 duplications and 81 

deletions overlapping non-coding RNAs, including long intergenic non-coding RNAs and 

micro RNAs. 

In the present study we have not dealt with point mutations, indels, and structural variants 

other than deletions and duplications. An analysis of SNPs and indels in the WAFSS data is 

currently underway and will be published separately. Combining information from CNVs, 

SNPs and indels will allow a more comprehensive picture of the genetic variation underlying 

schizophrenia. 
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Figure 1: CNV-calling pipeline. 

Figure 2: Frequency distribution of deletions and duplications by (a) genomic region and 

(b) size.  



Table 1: List of CNVs involving genes previously implicated in schizophrenia. 

 

Breakpoints (hg19) region gene(s)a CNV type size (bp) same 
breakpoints 
as 
population 
CNV 

EUR AFb Family IDd, Relation ( 

Affectedness statusc) 
References 

Chr7:48 600 258-49 
435 281 

exonic ABCA13  duplication 835 023 NA - 38, Proband (SZ), Sister 
(Other) 

(Knight et al., 2009) 

chr7:47 971 562-48 
999 322 

exonic ABCA13, C7orf57, 
HUS1, PKD1L1, 
SUN3, UPP1 

deletion 1 027 760 NA - 67, Proband (SZ), Father 
(Other) 

(Knight et al., 2009) 

Chr7:69 673 805-69 
757 539 

exonic AUTS2  deletion 83 734 NA - 10, Proband (SZ), Mother 
(Unaffected), Brother 
(Unaffected) 

(Amarillo et al., 2014) 

Chr7:69 421 512-69 
467 693 

intronic AUTS2 deletion 46 181 NA - 4, Mother (SAD) (Amarillo et al., 2014) 

Chr7:71 242 281-71 
267 912 

exonic CALN1  duplication 25 631 yes 0.001 69, Mother (Unaffected), 
Brother (Unaffected) 

(Li et al., 2015) 

Chr7:145 997 390-
146 005 695 

intronic CNTNAP2 deletion 8 300 yes 0.001 41, Proband (SAD), 51, 
Proband (SZ)e 

(Friedman et al., 2008) 

Chr7:146 358 859-
146 360 069 

intronic CNTNAP2 deletion 1 210 no 0.0 71, Proband (SZ), Brother 
(Unaffected) 

(Friedman et al., 2008) 

Chr7:147 478 397-
147 485 678 

intronic CNTNAP2 deletion 7 281 NA - 25, Brother (Unaffected) (Friedman et al., 2008) 

Chr16:76 499 168-
77 099 327 

exonic CNTNAP4  duplication 40 000 NA - 61, Proband (SZ), Mother 
(Other), Sister (Other) 

(Karayannis et al., 2014) 

Chr11:70 124 511-
70 464030 

exonic CTTN, PPFIA1, 
SHANK2  

duplication 339 519 NA - 16, Proband (SZ), Father 
(Unaffected) 

(Peykov et al., 2015) 



Chr8:3 385 624-3 
392144 

intronic CSMD1 deletion 6 520 NA - 33, Proband (SZ), Sister 
(Other) 

(Kwon et al., 2013) 

Chr8:3 590 734-3 
592 031 

intronic CSMD1 deletion 1 297 NA - 84, Proband (SZ), Father 
(Unaffected) 

(Kwon et al., 2013) 

Chr8:3 619 046-3 
661 461 

intronic CSMD1 deletion 42 415 no 0.0  88, Proband (SAD), Father 
(Unaffected) 

(Kwon et al., 2013) 

Chr4:9 534 245-9 
974 714 

exonic DRD5, SLC2A9  duplication 440 469 NA - 63, Proband (SAD), Brother 
(Unaffected), Sister 
(Unaffected) 

(Butler et al., 2016) 

Chr1:210 631 882-
210 643 565 

exonic HHAT  deletion 11 683 NA - 30, Niece (SAD) (Betcheva et al., 2013) 

Chr2:138 672 001-
138 789 000 

exonic HNMT  duplication 117 000 NA - 60, Proband (SZ), Father 
(Unaffected), Sister (Other) 

(Heidari et al., 2015) 

Chr7:110 871 645-
111 032 341 

intronic IMMP2L deletion 160 696 no 0.0 12, Father (Unaffected) (Schizophrenia Working Group of the 
Psychiatric Genomics, 2014) 

Chr7:110 969 628-
110 992 659 

intronic IMMP2L deletion 23 031 no 0.0 33, Proband (SZ) (Schizophrenia Working Group of the 
Psychiatric Genomics, 2014) 

Chr7:111 195 242-
111 203 015 

UTR5 IMMP2L  duplication 7 773 NA - 38, Sister (Other) (Schizophrenia Working Group of the 
Psychiatric Genomics, 2014) 

Chr8:32 393 743-32 
401 748 

intronic NRG1 deletion 8 005 NA - 6, Proband (SAD), Mother 
(Unaffected), Brother 
(Unaffected), 46, Proband 
(SZ), Sister (SAD)e 

(Yang et al., 2003) 

Chr8:31 718 997-31 
741 430 

intronic NRG1 duplication 22 433 NA - 89, Mother (Unaffected), 
Brother (Unaffected) 

(Yang et al., 2003) 

Chr18:39 621 241-
39 713 567 

exonic PIK3C3  duplication 92 326 no 0.0 14, Proband (SZ), Mother 
(Unaffected), Brother 
(Other) 

(Wang et al., 2011) 

chr2: 200 069 472-
200 489 914 

exonic SATB2 duplication 420 442 NA - 6, Proband (SAD), Mother 
(Unaffected), Sister 
(Unaffected) 

(Schizophrenia Working Group of the 
Psychiatric Genomics, 2014) 



Chr22:51 136 406-
51 140 599 

exonic SHANK3  deletion 4 193 NA - 7, Proband (SZ), Father 
(Other) 

(Durand et al., 2007) 

Chr2:107 418 324-
107 420 740 

UTR3 ST6GAL2  deletion 2 416 yes 0.001 4, Mother (SAD) (Ikeda et al., 2010) 

Chr1:175 430 122-
175 761 840 

UTR5 TNR  duplication 331 178 NA - 40, Proband (SZ), Mother 
(Other), Brother 
(Unaffected) 

(Lavedan et al., 2009) 

Chr22: 22 312 001-
22 579 000 

exonic TOP3B  deletion 267 000 NA - 42, Proband (SAD), Mother 
(Other), Sister (Other) 

(Stoll et al., 2013) 

a In case of more than one gene, the associated gene is underlined 

bEUR AF: Allele frequency in European population from 1000 Genomes 

cSZ: schizophrenia, Other: neuropsychiatric diagnosis other than SZ or SAD, SAD: schizoaffective disorder 

dFamilly ID’s from Supplementary Table 1 

e members of two families 

 

 



Table 2: WAFSS CNVs that lie within or overlap SZ-associated genomic loci from the PGC GWASs (Schizophrenia Working Group of the Psychiatric 

Genomics Consortium, 2014, and CNV and Schizophrenia Working Groups of the Psychiatric Genomics Consortium, 2016) 



Bioinformatic summary data for genome-wide significant loci from 
Ripke et al. 

WAFSS cohort CNVs 

Rank p value position (hg19) SZ
a
 protein coding genes/locus position (hg19) region genes (distance from 

start of gene in bp) 
CNV size 

(bp) 
Family ID

b
, relation 

(affectedness) 

1 3.48E-
31 

chr6:28 303 
247- 28 712 

247 

Y Locus too broad chr6:28 669 001- 28 
690 000 

intergenic ZBED9(113 889), 
LOC401242(137 402) 

duplication 21 000 86, Proband (SZ) 

9 1.86E-
14 

chr12:123 448 
113-123 909 

113 

Y ABCB9 ARL6IP4 C12orf65 
CDK2AP1 MPHOSPH9 OGFOD2 
PITPNM2 RILPL2 SBNO1 SETD8 

chr12:123 872 001- 123 
960 000 

exonic RILPL1,RILPL2,SETD8,
SNRNP35 

duplication 88 000 86, Proband (SZ) 

1
5 

3.03E-
13 

chr7:11 0843 
815-111 205 

915 

N IMMP2L chr7:110 871 645- 111 
032 341 

intronic IMMP2L deletion 160 
696 

12, Father (unaffected) 

     chr7:110 969 628- 110 
992 659 

intronic IMMP2L deletion 23 031 33, Proband (SZ) 

     chr7:111 195 242- 111 
203 015 

UTR5 IMMP2L duplication 7 773 38, Sister (Other) 

2
5 

1.26E-
11 

chr11:46 342 
943- 46 751 

213 

Y AMBRA1 ARHGAP1 ATG13 
CHRM4 CKAP5 CREB3L1 DGKZ 

F2 HARBI1 MDK ZNF408 

chr11:46 645 121- 46 
649 066 

intronic ATG13 deletion 3 945 79, Proband (SZ) 

4
3 

2.86E-
10 

chr17:2 095 
899- 2 220 799 

N SGSM2 SMG6 SRR TSR1 chr17:2 014 809- 2 016 
092 

intronic SMG6 deletion 1 283 65, Mother (Other) 

5
2 

1.13E-
09 

chr7:104 598 
064-10 5063 

064 

N MLL5 PUS7 SRPK2 chr7:104 710 555- 104 
711 317 

intronic KMT2E deletion 762 75, Proband (SZ), Father 
(Unaffected) 

5
9 

2.24E-
09 

chr11:57 386 
294-57 682 294 

N BTBD18 C11orf31 CLP1 
CTNND1 MED19 SERPING1 

TMX2 YPEL4 ZDHHC5 

chr11:57 502 365- 57 
504 118 

ncRNA_intr
onic 

TMX2-CTNND1 deletion 1 753 47, Proband (SZ), Sister 
(Other), Brother (Other), 

Mother (Unaffected), 
41, Father (Unaffected)

c
 

6
4 

3.73E-
09 

chr1:243 503 
719-244 002 

945 

Y AKT3 SDCCAG8 chr1:243 836 806- 243 
837 722 

intronic AKT3 deletion 916 27, Mother (Unaffected) 

6
8 

4.64E-
09 

chr3:17 221 
366- 17 888 

266 

N TBC1D5 chr3:17 643 791- 17 
660 779 

intronic TBC1D5 deletion 16 988 76, Proband (SZ), 
Brother (SAD), Mother 

(Other) 

7
6 

8.33E-
09 

chr2:200 161 
422-200 309 

252 

N SATB2 chr2:200 069 472- 200 
489 914 

exonic SATB2 duplication 420 
442 

6, Proband (SAD), 
Mother (Unaffected), 

Sister (Unaffected) 

9
2 

2.69E-
08 

chr6:73 132 
701- 73 171 

901 

N RIMS1 chr6:72 694 617-72 700 
596 

intronic RIMS1 deletion 5 979 39, Mother (Other) 

9
9 

3.91E-
08 

chr12:29 905 
265-29 940 365 

N TMTC1 chr12:29 956 416-29 
960 398 

intergenic TMTC1(18 724), 
IPO8(821 517) 

deletion 3 982 58, Proband (SZ), 
Mother (SAD), Brother 

(Other), 84, Father 



aSZ: Whether the regions were previously found associated with schizophrenia (Y: yes, N: no) 

b Family ID’s from Supplementary Table 1 

c Members of two families 

(Unaffected)
c
 

Marshall et al (coordinates converted to hg19) WAFSS cohort CNVs 

7 5.52E-
05 

chr16:28 822 
500-29 052 499 

 16p11.2 (distal) chr16:29 005 334-29 
052 499 

Intergenic LAT(3 230), RRN3P2 
(76 571) 

Deletion 4 258 59, Mother (Other) 

8 1.68E-
04 

Chr7:72 380 
000-73 780 000 

 7q11.23 chr7:73 141 947-73 146 
252 

Intergenic STX1A (8 000), 
ABHD11-AS1 (3 147) 

Duplicatio
n 

4 305 62, Proband (SAD), 
Sister (Other) 

     chr7:72 831 630-72 833 
142 

Intergenic FKBP6 (58 984), FZD9 
(14 967) 

Deletion 1 512 61, Proband (SZ), Sister 
(Other), 41, Proband 

(SAD)
c
 

1
7 

5.79E-
03 

Chr7:158 145 
959-158 664 

998 

 7p36.3 (VIPR2/WDR60) chr7:158 644 240-158 
645 343 

Intergenic WDR60(3 933) Deletion 1 103 42, Proband (SAD), 
Mother (Other), Brother 

(Other), Sister (Other) 

     chr7:158 648 686-158 
652 226 

Exonic WDR60 Deletion 3 540 88, Mother (Other), 
Sister (Unaffected) 

CNVs: copy number variants, SZ: schizophrenia, Other: neuropsychiatric diagnosis other than SZ or SAD, SAD: schizoaffective disorder



Table 3: Potential de novo CNVs 

breakpoints (hg19) region genes (distance to gene) size type Family IDa, Relation, 
Affectedness 

chr2:236 981 798-     
236 985 995 

intronic AGAP1 4 197 deletion 7, Proband, SZ 

chr4:97 082 599- 
97 083 209 

intergenic PDHA2(dist=319 974), STPG2-
AS1(dist=1 204 868) 

610 deletion 7, Proband, SZ 

chr17:16 258 981-
16 264 624 

intergenic CENPV(dist=2 169), 
UBB(dist=19 483) 

5 643 duplication 20, Proband, SAD 

chr1:156 016 016-
156 017 425 

intronic UBQLN4 1 409 deletion 23, Sister, Other 

chr22:41 708 180- 
41 710 931 

intronic ZC3H7B 2 751 deletion 23, Proband, SZ 

chr1:236 802 108- 
236 832 432 

intergenic HEATR1(dist=34 267), 
ACTN2(dist=17 322) 

30 324 duplication 81, Sister, 
Unaffected 

chr5:107 407 409-
107 407 982 

intronic FBXL17 573 deletion 81, Sister, 
Unaffected 

chr11:63 906 001- 
63 915 000 

intronic MACROD1 9 000 deletion 87, Proband, SZ 

chr14:105 002 123-
105 005 283 

intergenic KIF26A(dist=354 888), 
C14orf180(dist=40 738) 

3 160 duplication 87, Proband, SZ 

chr17:48 924 001- 
48 931 000 

intergenic WFIKKN2(dist=4 292), 
TOB1(dist=8 587) 

7 000 deletion 88, Brother, 
Unaffected 

chr2:122 388 452-
122 389 350 

intronic CLASP1 898 deletion 91, Proband, SZ 

chr20:4 941 352-   
4 943 771 

intronic SLC23A2 2 419 deletion 14, Proband, SZ 

chr5:14 878 611- 
14 879 349 

intergenic ANKH(dist=6 724), 
LOC101929454(dist=312 406) 

738 deletion 16, Proband, SZ 

chr4:83 349 600- 
83 350 402 

exonic HNRNPDL 802 deletion 35, Proband, SAD 

chr9:123 318 744-
123 320 055 

intronic CDK5RAP2 1 311 deletion 60, Proband, SZ 

chr12:80 272 063- 
80 273 569 

intronic PPP1R12A 1 506 deletion 60, Proband, SZ 

chr1:116 486 572-
116 493 144 

ncRNA_intronic LOC101928977 6 572 deletion 60, Sister, Other 

chr13:59 453 830- 
59 457 813 

intergenic LOC101926897(dist=670 213), 
DIAPH3(dist=781 908) 

3 983 deletion 84, Proband, SZ 

a Family IDs from Supplementary Table 1  
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Figure 2(a) 

 

Figure 2(b) 
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