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AFFYMETRIX	6.0	

Pre-processing	Steps	
•  Create	analysis	batches		
•  Affymetrix	Power	Tools	(APT)	summary	stats		
•  Gender	mismatches	idenFfied	and	excluded.		
•  Samples	with	MAPD	>	0.4	excluded.	

Pre-processing	Steps	
•  Ensure	build	hg18	is	used		
•  Create	analysis	batches		
•  Each	batch	had	approximately	200	samples,	and	
equal	mix	of	male	and	female	samples.	

Birdsuite	
•  Four-stage	program	
•  Assigns	CN	across	
regions	that	are	
polymorphic	(Canary)	
and	rare	CNVs	
(Birdseye)	

PennCNV	
•  HMM	that	uses	LRR	
and	BAF	to	infer	CNV	

•  Affymetrix	intensity	is	
converted	to	LRR	and	
BAF	using	PennCNV-
Affy	protocol*	

iPa6ern	
•  Non-parametric	
density	based	
clustering	method	

•  Two	stage	CNV	
detecFon	and	
boundary	refining	

Cscore	
•  Uses	SegHMM	and	
GADA	to	idenFfy	CNVs	

•  IntersecFon	between	
two	methods	
reported.	

Merge	Birdsuite	(Canary	and	Birdseye),	PennCNV,	
iPa6ern	and	Cscore	CNV	

•  CNV	calls	converted	to	a	standard	format	
•  intersecFon	of	CNVs	detected	by	five	methods	
•  CNVs	detected	by	1/5methods	only	excluded	
•  The	consensus	CNV	type	(gain	or	loss)	determined	

Sample	QC	
•  Extract	MAPD,	waviness-sd	from	Affy	Power	tools	
chip	summary	file	

•  Compute	%	chromosome	that	is	CNV	and	#CNV	calls	
made	for	each	sample	(exclude	chrY	

•  Exclude	samples	where	any	of	the	above	measures	is	
greater	than	median	+	3*	standard	deviaFon.	

Merge	PennCNV	and	iPa6ern	CNV	calls	
•  IntersecFon	of	CNVs	detected	by	the	two	methods	
•  CNVs	detected	by	one	method	only	excluded	
•  CNVs	of	opposite	type	(gain	or	loss)	also	excluded	

Sample	QC	
•  Extract	LRRSD,		BAFSD,	GCWF	(waviness)		
•  Compute	%	chromosome	that	is	CNV	and	#CNV	calls	
made	for	each	sample	(exclude	chrY	

•  Exclude	samples	where	any	of	the	above	measures	
is	greater	than	median	+	3*	standard	deviaFon.	

CNV	QC	and	Annota@on	
•  CNVs	spanning	centromere	or	overlapping	telomere	(100	kb	from	chromosome	end)	are	excluded	
•  CNVs	with	>50%	overlap	with	Segmental	dup	or	immunoglobulin	or	T	cell	receptor	loci	are	excluded	
•  CNVs	tagged	with	overlapping	genes	(transcripts	and	exons)	

CNV	“Annealing”	
•  Large	CNVs	that	appear	arFficially	split	are	combined	together		
•  Samples	excluded	if	>	10%	of	any	chromosome	was	copy	number	variable	(possible	aneuploidy)	

Rare	CNV	detec@on	
•  CNVs	>1%	frequency	in	cases	and	controls	excluded	
•  CNVs	with	>50%	overlap	with	regions	tagged	as	copy	number	polymorphic	on	any	plaeorm	excluded.	
•  CNVs	<	20kb	or	having	fewer	than	10	probes	were	excluded	

ILLUMINA	PLATFORMS	

 

Supplementary Figure 1 

Copy number variation (CNV) analysis pipeline workflow 

Copy number variation (CNV) analysis pipeline for Affymetrix and Illumina Arrays.  
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Supplementary Figure 2 

CNV burden for losses.  

(A) Forest plot of CNV burden (genes affected) partitioned by genotyping platform. (B) CNV burden partitioned by CNV frequency.  
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Supplementary Figure 3 

CNV burden for gains 

(A) Forest plot of CNV burden (genes affected) partitioned by genotyping platform. (B) CNV burden partitioned by CNV frequency. 
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Supplementary Figure 4 

CNV burden results for individual cohorts.  

Forest plot of CNV burden (measured here as genes affected by CNV), partitioned by individual cohort, with the full PGC sample at the 
bottom. CNV burden is calculated by combining CNV gains and losses. Case and control counts are listed, and “genes” is the rate of 
genes affected by CNV in controls. Three parent-child trio cohorts (uktr, lktu, and butr) and two case-only cohorts (uclo and clm2) did 
not have matching controls and thus have no burden estimates in the graph, but are included in the full PGC sample. Burden tests use 
a logistic regression model predicting SCZ case/control status by CNV burden along with covariates (see methods). The odds ratio is 
the exponential of the logistic regression coefficient, and odds ratios above one predict increased SCZ risk. 
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Supplementary Figure 5 

CNV burden results for non-genic CNV.  

Forest plot of CNV burden from CNV gains and losses occurring outside of any genic region (both intronic and exonic regions). CNV 
burden is measured by total Kb length, with “KB” being the mean Kb covered by CNV in controls. The PGC cohort is split separately by 
CNV frequency and size. Burden tests use a logistic regression model predicting SCZ case/control status by CNV burden along with 
covariates (see methods). The odds ratio is the exponential of the logistic regression coefficient, and odds ratios above one predict 
increased SCZ risk. 
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Supplementary Figure 6 

CNV probe level Manhattan plot.  

Manhattan plot of probe-level association results from the SCZ residual phenotype for CNV losses (A) and gains (B). Genome-wide 
correction was determined using the family-wise error rate (FWER) drawn from permutations. 
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Supplementary Figure 7 

Permutation of NAHR-mediated CNVs.  

Permutation results from drawing frequency-match CNV loci and testing for fraction of NAHR-mediated CNVs. To test for the 
enrichment of NAHR-mediated loci in our suggestive results from the gene-based test, each permutation selected an equivalent 
number of independent CNV loci and tested the faction of NAHR-mediated CNVs. 
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Supplementary Figure 8 

Xq28 CNV hotspot.  

(A) Protective CNV gain association peak around the MAGEA11 and TMEM185A gene, both within an intron of the HSFX1 gene. (B) 
Risk CNV gain association peak at the distal end of Xq28 covering 10 separate gene. Mahanttan plot, CNV and Gene tracks from the 
UCSC genome browser are shown. 
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Supplementary Figure 9 

SCZ phenotype residual distribution.  

X-axis: Distribution of phenotype residual values after regressing case/control status on selected covariates. Plotted against overall 
CNV burden (Y-axis) to visually inspect if large residuals have an excess of CNV burden, which can lead to higher false positive 
associations. SCZ cases have positive residual values and controls negative residual values. 
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PGC Schizophrenia CNV analysis – Supplementary Note 

 

Supplementary Methods and Results 

 CNV post-processing and QC 

 CNV burden between sexes 

 Breakpoint level power analysis 

 Controlling for population stratification 

 Gene-set burden enrichment analysis: selection of gene-sets and pre-

processing of CNV calls 

 Genome-wide correction for multiple testing 

 Gene-based network analysis 

 Follow up of significant CNV loci 

 Proportion of variance in SCZ explained by top CNV loci 

 NAHR enrichment in significant novel gene loci 

 Identifying SCZ risk loci that have been previously implicated in the literature 

Subsets of the PGC schizophrenia dataset that have been published previously 

Consortium Membership 

Acknowledgements 

PGC Data Sharing Policy 

Supplementary Tables 
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Supplementary Results 

CNV post-processing and QC 

Merging of CNV data from multiple CNV callers: For each subject, CNV calls were 

generated using multiple algorithms. After standardization of outputs from each 

algorithm, CNV calls from each algorithm were merged at the sample level to increase 

specificity. For CNVs generated from Affymetrix 6.0 array, we took the intersection of 

the four outputs (Birdsuite, iPattern, C-Score, PennCNV) at the sample level to create a 

consensus CNV. For the Affymetrix 500, Affymetrix 5.0, and Illumina platforms, CNV 

merging was performed by taking the intersection of the calls made by the two 

algorithms (PennCNV and C-Score for Affymetrix 500, Birdsuite and PennCNV for 

Affymetrix 5.0, and iPattern and PennCNV for Illumina) at the sample level. CNV calls 

that were made by only one of the algorithm were excluded. Calls discordant for type of 

CNV (gain or loss) were also excluded. 

 

Quality control filtering: Following merging we applied filtering criteria for removal of 

arrays with excessive probe variance or GC bias and removal of samples with 

mismatches in gender or ethnicity or chromosomal aneuploidies. For Affymetrix data, 

we extracted the MAPD and waviness-sd from the APT summary file. We then retained 

experiments if each of these measures was within 3 SD of the median. We also 

calculated the proportion of each chromosome (excluding chrY) tagged as copy number 

variable and excluded samples where > 10% of the chromosome was copy number 

variable as possible aneuploidies. We applied the same criteria to the Illumina datasets 

using similar QC metrics LRRSD, BAFSD, GCWF (waviness) from PennCNV log files. 

Individual Large CNVs that were fragmented into multiple calls were merged together if 

one of the methods detected a CNV spanning the gap. Further, we excluded CNVs that: 

1) spanned the centromere or overlapped the telomere (100 kb from the ends of the 

chromosome); 2) had > 50% of its length overlapping a segmental duplication; 3) had 

>50% overlap with immunoglobulin or T cell receptor. The final filtered CNV dataset was 

annotated with Refseq genes (transcriptions and exons). After this stage of quality 

Nature Genetics: doi:10.1038/ng.3725
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control (QC), we had a total of 52,511 individuals, with 27,034 SCZ cases and 25,448 

controls. 

 

Filtering for rare CNVs: To make our final dataset of rare CNVs for all subsequent 

analysis we universally filtered out variants that were present at >= 1% (50% reciprocal 

overlap) frequency in cases and controls combined. CNVs that overlapped > 50% with 

regions tagged as copy number polymorphic on any other platform were also excluded. 

CNVs < 20kb or having fewer than 10 probes were also excluded. 

 

Post CNV calling QC: A number of steps were undertaken after CNV calling and initial 

filtering QC to minimize the impact of technical artifacts and potential confounds. In 

summary, we removed individuals not present in the PGC2 GWAS analysis 1, removed 

datasets with non-matching case or control samples that could not be reconciled using 

consensus platform probes, and removed any additional outliers with respect to overall 

CNV burden, CNV calling metrics, or SCZ phenotype residuals. All steps are described in 

more detail below. Lastly, we retained only individuals that also passed QC filtering from 

the companion PGC GWAS study in Schizophrenia 1. This step filtered out samples with 

low-quality SNP genotyping, related individuals, and repeated samples across cohorts.  

 

Individual dataset removal: Some datasets submitted to the PGC consisted of only case 

or control samples, affected trios, or recruited external samples as controls. This 

asymmetry in case-control ascertainment and genotyping can present serious biases for 

CNV analysis, as the sensitivity to detect CNV will vary considerably across genotyping 

platforms, as well as within dataset and genotyping batch. Unlike imputation protocols 

commonly used for SNP genotyping, there is no equivalent process to infer unmeasured 

probe intensity from nearby markers. We took a number of steps to identify and 

remove datasets that showed strong signs of case-control ascertainment or genotyping 

asymmetry: 
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1) Identify genotyping platforms where case-control ratio was not between 40-60% 

2) Where possible, merge similar genotyping platforms using consensus probes prior to   

CNV-calling pipeline in order to improve case-control ratio. 

3) Examine overall CNV burden and association peaks for spurious results 

4) Remove datasets that remain problematic due to unusual CNV burden or multiple 

spurious CNV associations. 

 

The genotyping platforms identified and processed are listed in Supplementary Table 2. 

We were able to combine the Illumina OmniExpress and Illumina OmniExpress plus 

Exome Chip platforms with success by removing probe content specific to the Exome 

chip platform. We removed the caws Affymetrix 500 datasets due to a number of strong 

CNV association peaks not seen in any other dataset. We also remove the fii6 dataset 

due to a 2-fold CNV burden in cases relative to controls. In order to improve case-

control balance, we had to remove the affected proband trio datasets (boco, lacw, and 

lemu) in the Illumina 610 platform, and the control-only uclo dataset in the Affymetrix 

500 platform. 

 

Individual sample removal: We re-analyzed CNV burden estimates in the reduced 

sample to flag any remaining outliers missed in the initial QC. We identified outliers for 

CNV count and Kb burden in the autosome (> 30 CNVs or 8 Mb, respectively) and in the 

X chromosome (> 10 CNVs or 5 Mb, respectively), removing an additional 15 individuals. 

 

CNV burden between sexes 

Following recent evidence that ostensibly healthy females carry an increased burden of 

rare CNVs 2, we examined whether this increased female burden existed in the current 

PGC dataset. We used a logistic regression model predicting sex using CNV burden and 

controlling for study covariates, as well as the Wilcoxon rank-sum test comparing male 

to female CNV burden 2. Focusing on the significant findings in the previous paper, we 

examined the burden in autosomal CNV count and genes affected among PGC controls 
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(9856 males and 10371 females). We do see an elevated CNV count in control females 

(1.90 autosomal CNV rate) to males (1.87 autosomal CNV rate), however this difference 

is not significant in either the regression model (OR = 1.004, p = 0.66) or the Wilcoxon 

rank-sum test (p = 0.1). We do, however, observe a marginally significant enrichment 

when focusing on CNV loss count, where control females (0.99 autosomal CNV loss rate) 

show a higher burden than control males (0.94 autosomal CNV loss rate; logistic 

regression OR = 1.03, p = 0.05; Wilcoxon rank-sum test p = 3x10-3). No single genotyping 

platform seemed to drive the enrichment in females (data not shown), and we don’t 

observe any difference in CNV count when looking at CNV gains (logistic regression OR = 

0.98, p = 0.18; Wilcoxon rank-sum test p = 0.56). Finally, no significant differences 

between sexes were found using either test when examining the number of genes 

affected, or when we include SCZ cases and controls (all p > .05). 

 

Breakpoint level power analysis 

By restricting analysis to rare CNV in the population (MAF < 0.01), many loci do not have 

enough CNV to surpass genome-wide correction for multiple testing, prompting 

pathway and gene level analyses to achieve sufficient statistical power. To use a specific 

example, the 3q29 deletion is fully penetrant in the current sample, with 16 SCZ carriers 

and 0 controls (MAF = 3.8 x10-4) at the peak of association. Assuming no platform bias, 

this leads to an uncorrected chi-square p-value of 8.9 x10-5, and a permuted p-value of 

6.2 x10-5 testing association using SCZ phenotype residuals. Neither p-value, however, 

surpasses their respective genome-wide significance cutoff for CNV deletion. While 

permutation methods used to generate genome-wide cutoffs accurately reflect the 

testing space among observed CNVs (very rare CNVs have little to no contribution to the 

family-wise error rate), we wanted to estimate the proportion of CNV detectable at the 

breakpoint level. Under our current analytical design and sample size, we calculated the 

power to detect associated CNV across various MAFs and effect sizes and determine the 

proportion of association tests capable of surpassing genome-wide correction. 
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We simulated CNVs within our dataset (21,094 cases and 20,227 controls) and regressed 

them using the same association design with SCZ residual phenotypes. We simulated 

various effect sizes by randomly sampling cases and controls at different probabilities as 

CNV carriers, and rounded to the nearest CNV count to reflect the MAF of each CNV in 

the sample. For each combination of effect size and MAF, we ran 1000 simulations, 

retrieving the t-test p-value of CNV carriers from the SCZ residual phenotype. Simulated 

p-values behaved in much the same way as the Z-score correction on permutated p-

values used in the primary test (data not shown).  

 

We define statistical power as the proportion of simulations surpassing genome-wide 

significance. For a fully penetrant risk CNV, we require a MAF of ~6 x10-4 (or about 25 

CNV) to achieve 80% detection power. For CNV with a genotype relative risk (GRR) of 

10, we require a MAF of 1e-3 (or at least 41 CNV) to achieve 80% detection power. 

Looking across the landscape of CNVs tested, on the whole about 10% of deletion or 

duplication CNV breakpoints reach a frequency greater than 1e-3 in the sample. On the 

other extreme, a CNV with MAF of .005 (or at least 206 CNV) and a GRR of 2 will only be 

detected 58% of the time. 

 

Controlling for population stratification 

We accounted for population stratification across cohorts using principal components 

based on SNP genotypes derived from the same genotyping arrays. After the post-CNV 

calling quality control steps described below, we re-calculated principal components 

using the Eigenstrat software package 3. Sample information and subsequent CNV and 

GWAS filtered sample sets are presented in Supplementary Table 2. In the process of 

matching to the GWAS-specific cohort, all individuals of non-European ancestry were 

removed from analysis (~5.8% of the post-QC sample comprising three separate 

datasets). We also removed 42 samples that had discordant phenotype designations 

between the GWAS analysis and CNV genotype submission. 
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Gene-set burden enrichment analysis: selection of gene-sets and pre-processing of 

CNV calls. 

Gene-sets with an a priori expectation of association to neuropsychiatric disorders were 

compiled based on gene annotations (Gene Ontology and curated pathway databases, 

downloaded June 2013) and published article materials (for details, see Supplementary 

Table 3). Gene-sets based on brain expression were compiled by processing the 

BrainSpan RNA-seq gene expression data-set 

(http://www.brainspan.org/static/download.html, downloaded Sept 2012). Four 

roughly equally sized gene-sets (about 4600 genes each) were derived to represent four 

expression tiers (very high, medium-to-high, medium-to-low, very low or absent); genes 

were selected if they passed a fixed expression threshold in at least 5/508 experimental 

data points (corresponding to different regions of donor brains, different donor ages 

corresponding to different developmental brain stages, and different donor sexes). 

Gene-sets based on mouse phenotypes were assembled by downloading MPO 

(Mammalian Phenotype Ontology) annotations from MGI (www.informatics.jax.org, 

downloaded August 2013), up-propagating annotations following ontology relations, 

and mapping to human orthologs using NCBI Homologene 

(www.ncbi.nlm.nih.gov/homologene); finally, top-level organ systems with fewer genes 

were aggregated while striving to preserve biological homogeneity, so to have roughly 

equal-sized sets (2,600-1,300 genes). For all gene-sets, gene identifiers in the primary 

source were mapped to Entrez-gene identifiers using the R/Bioconductor package 

org.Hs.eg.db. 

 

Subjects were restricted to the ones with at least one rare CNV. For copy number gains 

and losses, we separately calculated the following subject-level totals: variant number, 

variant length and number of genes impacted; these covariates are then used to model 

global burden and correct gene-set burden to ensure it is specific (i.e. not a mere 

reflection of genome-wide burden with some stochastic deviation due to sampling). The 

subject-level total number of genes impacted was also calculated for each gene-set, 
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again separately for gains and losses. Subjects were flagged if they carried at least one 

CNV matching a locus previously implicated in schizophrenia (see section “Identifying 

previously implicated CNV loci in the literature”); this was then used to analyzed gene-

set burden for all subjects, or excluding subjects with an already implicated CNV. 

 

Genome-wide correction for multiple testing 

Breakpoint association test: Beyond identifying significant CNV at the breakpoint level, 

we also estimated the genome-wide testing space for rare CNV analysis. With the large 

PGC cohort being called through a consistent pipeline, we saw an opportunity to 

characterize the null expectation of segregating and recurrent de novo rare CNV in 

populations of European ancestry. Accepted thresholds for significance among 

published risk CNV have been limited in scope, as accurate population estimates of rare 

CNV frequency and distribution across the genome require large representative 

samples. 

 

Genome-wide significance thresholds were calculated using the 5% family-wise error 

rate from 5,000 permutations in both the SCZ residual phenotype and CMH test. 

Specifically, we selected the 95th percentile of the minimum p-values obtained across 

permutations. Below are the genome-wide correction p-value thresholds determined in 

this manner: 

 

SCZ residual phenotype FWER correction: 

CNV losses and gains: 6.73x10-6 

CNV losses: 1.5x10-5 

CNV gains: 1.35x10-5 

 

CMH test FWER correction: 

CNV losses and gains: 3.65x10-5 

CNV losses: 8.25x10-5 
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CNV gains: 7.8x10-5 

 

This method differs slightly from those used in Levinson et al. 4 to estimate the multiple 

test correction for rare CNV, however their genome-wide correction of p = 1x10-5 

corresponds quite closely to the estimates observed using the SCZ residual phenotype. 

The observed family-wise error correction serves as good approximation of the 

independent rare CNV signals found among European ancestry populations for array-

based CNV detection, but as sample sizes increase, so too will the effective number of 

tests, necessitating further evaluation of the multiple testing burden. We also applied a 

Benjamini-Hochberg False Discovery rate (BH-FDR) to test the proportion of previously 

reported loci reaching suggestive significance. BH-FDR was applied to CNV losses and 

gains, losses, and gains separately. Drawing form the gene association analysis, we 

restricted our BH-FDR correction to gains with at least 12 CNV carriers (21% of CNV gain 

breakpoints), and losses with at least 8 CNV carriers (28% of CNV loss breakpoints). 

 

Gene-based association test: Association was tested for loci rather than for genes, to 

avoid the strong correlation between test introduced by multi-genic CNVs; for the same 

reason, it is more useful to count false positives as loci rather than genes. We followed a 

greedy step-down procedure: 

 start from gene with most significant deviance p-value G1, create locus L1 

 remove from the gene list all genes that share at least 50% of their carrier 

subjects with G1, and add them to locus L1 

 do the same for the next gene most significant gene in the list (thus creating a 

new locus L2), and proceed recursively until there is no gene left 

 define locus p-value as the smallest deviance p-value of its genes 

We computed permutation-based FDR by permuting subjects’ condition labels 

(schizophrenia, control), but not covariates (as those are expected to correlate to CNV 

distribution), 1,000 times. The FDR was then defined as the ratio between the average 

number of tests passing a given p-value threshold across the 1,000 permutations and 
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the number of tests passing the same p-value threshold for real data. FDRs were also 

generated counting only the subset of genes with positive and negative regression 

coefficients (i.e. risk and presumed protective). The p-value threshold for permutation-

based FDR calculation was picked by choosing the maximum nominal p-value 

corresponding to a given BH-FDR threshold (e.g. 5%). BH-FDR is supposed to be slightly 

inflated because (i) the deviance test p-value is slightly under-conservative in presence 

of very few gene indicators different than 0, (ii) we use the smallest gene p-value to 

define the locus p-value. 

 

Gene-based network analysis 

To identify a gene network enriched in schizophrenia risk genes, we queried 

GeneMANIA 5 using the 17 genes with deletion gene-test Benjamini-Hochberg FDR <= 

25% and member of the “GO synaptic” or “ARC complex” sets. We thus created a 

synaptic protein interaction network of 136 genes, with the most densely connected 

network core corresponding to post-synaptic density organizers (DLGs, DLGAPs, 

SHANKs) and ionotropic glutamate receptors (GRIAs, GRIDs, GRINs). NRXN1 is connected 

to the network core via adhesion partners (NLGN1-3) and CASK. We tested this 

schizophrenia gene network, and found significant enrichment in genes with evidence of 

de novo coding variants in sequencing studies of schizophrenia trios 6 (for frameshift, 

stop-gain and splice-site: Fisher’s Exact Test p-value 0.0023; missense and amino acid 

insertion/deletion: Fisher’s Exact Test p-value 0.0004); in addition, we found a greater 

enrichment for this network, compared to the larger set composed of all “GO synaptic” 

and “ARC complex” genes. No significant enrichment was found for de novo variants 

identified in controls. 

 

Follow up of significant CNV loci 

Both gene and breakpoint level association follow a uniform testing framework across 

the genome, however risk loci may exhibit a more nuanced CNV architecture across the 

entirety of the association peak. All associated loci with FDR < .05 in the gene based test 
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were followed up for further testing, along with a small number of candidate loci 

showing suggestive association in the breakpoint-level association. We visually 

inspected each association peak and determined the bp coordinates that encapsulate 

the associated region and determine which CNV segment inclusion, be it covering exons 

or overlapping a minimum percentage of the total region, most appropriately reflect the 

association signal. To comprehensively examine the robustness and source of 

association, we also ran additional tests controlling for individual dataset, splitting by 

sex, and examining a dosage model, whereby copy number is measured with one copy 

for deletion, two copies for no CNV, and three copies for duplication. We also examined 

significant CNV loci in an unfiltered CNV call set, using CNVs called prior to the removal 

of common CNVs (MAF > 1%) and CNV overlapping segmental duplications.  

 

We further evaluated the associated regions by determining the concordance of calls 

within the call set with those determined by unsupervised clustering. Call set CNVs were 

defined as CNVs with at least a 50% overlap with regions in Table 1. We restricted this 

analysis to 26,959 samples across six cohorts (14,419 Affymetrix 6.0, 12,540 Illumina 

platforms; 1.1:1 case:control ratio). Features for clustering included the median logR 

ratio (mLRR) and the median logR ratio of the chromosome for which a locus resides in, 

controlling for large chromosomal abnormalities. We implemented Density-Based 

Spatial Clustering of Applications (DBSCAN) found in the python scikit-learn library 

(http://scikit-learn.org) because of high sensitivity to detect outliers in clusters. For each 

novel region and within each cohort, genotypes were assigned to every sample based 

on the DBSCAN defined cluster. The cluster with the highest number of samples was 

designated as reference and assumed to have a copy number of two. Other clusters 

were flagged as gain or loss based on the average regional mLRR and its relation to the 

reference regional mLRR. We removed clusters with average chromosomal mLRR 

outside 3 SD from the reference. CNVs were considered concordant if they were flagged 

non-reference by DBSCAN and present in the 41k call set, matching on CNV type. We 

applied a locus based call set concordance filter of >=70%; one region, NPY4R, failed to 
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meet this requirement with a concordance of 0.1%. In addition, both proximal and distal 

loci of ZNF600 were removed due to batch effects, which we defined as a significant 

deviation from a Poisson distribution of call set calls per plate. Regions that passed both 

concordance and batch effect filters are reported in Table 1.  

 

Proportion of variance in SCZ explained by top CNV loci 

To measure the proportion of variance explained on the liability scale of SCZ, we 

estimated the overall heritability of liability (or logRR genetic variance) explained by the 

eight CNV loci surpassing genome-wide significance. All eight loci were collapsed into a 

single signal. Two SCZ affected individuals were found to carry two CNVs in these loci, 

and their contribution was only counted once. In sum, we observed 298 SCZ patients 

with a CNV in these regions (1.4% of the total SCZ affected sample), and 29 controls 

(0.1%; CMH stratified OR = 10.1). To estimate the variance in SCZ liability explained by 

loci surpassing genome-wide correction, we calculated the heritability of liability using 

the INDI-V online tool (cnsgenomics.com/software) 7 using an overall disease risk of 1% 

and a sibling recurrence risk of 8.8 8.   

 

NAHR enrichment in significant novel gene loci  

To test if novel significant loci (FDR<0.05; Table 1) were enriched for NAHR events, we 

performed a permutation test (n=10,000) simulating the null distribution of NAHR-

mediated CNVs for a set of random loci. Each simulation randomly selected nine loci 

taken from CNVs overlapping at least 50% to genes in the gene-set burden analysis. 

These nine random loci were matched according to CNV call frequency to the nine novel 

significant loci in Table 1. We then created windows for each start and end position for 

every overlapping CNV to a random locus. Start positions were expanded -50kb and 

+5kb, and end positions were expanded -5kb and +50kb. We flagged CNVs as NAHR-

mediated when both start and end expanded windows overlapped to 1kb segmental 

duplications obtained from the hg18 build of the UCSC table browser 

(https://genome.ucsc.edu/cgi-bin/hgTables). Every iteration reported the fraction of 
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NAHR-mediated CNVs; that is the ratio of CNVs flagged as NAHR to the total number of 

overlapping CNVs. We found and enrichment of NAHR mediated CNVs in significant 

novel loci when compared to the null distribution (86% NAHR-mediated, 6 fold 

enrichment, p=0.008).  

 

Identifying previously implicated CNV loci in the literature 

To delineate CNV burden effects coming from CNV loci that have previously been 

reported as putative SCZ risk factors from CNV in remainder of the genome, we flagged 

CNV loci with p < 0.01 that have either been reviewed 9,10 or otherwise reported as 

potential SCZ risk factors in the literature. Previously reported loci meeting inclusion are 

listed in Supplementary Table 1. While a number of CNV loci have been reported in 

multiple studies, we sought the most recent reports that incorporated the largest 

sample sizes. To identify putatively associated CNV loci with SCZ from the full list, we 

applied the genome-wide p-value cutoff of 8e-5, derived from the Cochran-Mantel-

Haenzel (CMH) test in the current breakpoint-level analysis as the p-value cutoff for 

inclusion as SCZ implicated CNV loci. While the CMH test is not the primary breakpoint-

level test in the current PGC analysis, it corresponds more closely to the tests used in 

published reports. In all, nine independent CNV loci from published reports surpass 

genome-wide correction. All published CNV loci, even those excluded as an SCZ 

implicated regions, are examined in the breakpoint-level association analysis. 

 

Subsets of the PGC schizophrenia dataset that have been published previously 

The PGC encourages all participants that provide data to publish their independent 

studies. While this study was underway, CNV studies were published on overlapping sets 

of the samples including cohorts from Sweden 11 and Germany 12 and Japan 13. Cases 

from the CLOZUK study have been used in recent studies investigating the association of 

candidate pathways 14 and loci 15. Other studies that have been published independently 

including Molecular Genetics of Schizophrenia (MGS) 4 and the international 

Schizophrenia Consortium (ISC) 16. 
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PGC Data Sharing Policy 

The PGC utilizes data from a large number of different studies, each funded 

independently of the PGC and each with their own IRB approval and informed consent 

documentation and data restrictions. Approval has been obtained from all participating 

PIs to share summary data from genetic studies (gene-based and breakpoint 

association). These summary data are provided to the community (see Ricopilli). The 

CNV calls can be visualized on the PGC CNV browser 
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(http://pgc.tcag.ca/gb2/gbrowse/pgc_hg18/). In addition, we the CNV can be obtained 

via European Genome-Phenome Archive (Study accession #EGAS00001001960). In order 

to comply with privacy-protection regulations of all institutions and countries that 

contributed to this study, CNV calls are provided without study or individual identifiers. 

Sample-level genotype data is the property of the individual studies/PIs. Public release 

of sample-level genotypes is at the discretion of the individual studies/PIs and their 

funding agencies. 
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Supplementary Table 1: Previously reported CNV association 
 

Locus CNV type 
Gene or region 
name 

Initial SCZ association 
reference (see legend) 

Tested in 
Rees et al. 
2014 

Reported 
p-value 

SCZ CNV 
carrier % 

Control CNV 
carrier % 

Reported Odds 
Ratio 

22q11.2 deletion multigenic 1 yes 4.40E-40 0.29 0 Inf 

16p11.2 duplication proximal duplication 2 yes 2.90E-24 0.35 0.03 11.52 

1q21.1 deletion multigenic 3,4 yes 4.10E-13 0.17 0.021 8.35 

2p16.3 deletion NRXN1 exons 5,6 yes 1.30E-11 0.18 0.02 9.01 

15q11.2 deletion multigenic 3 yes 2.50E-10 0.59 0.28 2.15 

3q29 deletion multigenic 7,11 yes 1.50E-09 0.082 0.0014 57.65 

15q13.2-13.3 deletion multigenic 3,4 yes 5.60E-06 0.14 0.019 7.52 

15q11.2-13.1 duplication AS/PWS 8 yes 5.60E-06 0.083 0.0063 13.2 

8q11.23 duplication RB1CC1 9 no 1.29E-05 0.106 0.014 8.58 

16p13.11 duplication multigenic 8 yes 5.70E-05 0.31 0.13 2.3 

7q11.23 duplication Williams-Beuren  10 yes 6.90E-05 0.066 0.0058 11.35 

1q21.1 duplication multigenic 11 yes 9.90E-05 0.13 0.037 3.45 

16p13.2 duplication C16orf72/USP7 11 no 1.00E-04 0.254 0.0197 12.9 

1p36.33 duplication multigenic 12 no 5.00E-04 0.065 0.0075 8.66 

22q11.2 duplication multigenic 13 no 8.60E-04 0.014 0.085 0.17 

17p12 deletion HNPP 14 yes 1.20E-03 0.094 0.026 3.62 

9q34.3 duplication intergenic 15 no 1.40E-03 1.47 0.43 3.38 

16p12.1 deletion multigenic 12 no 1.60E-03 0.15 0.057 2.72 

15q21.3 duplication CGNL1 12 no 1.90E-03 0.32 0.19 1.71 

11q25 deletion GLB1L3/GLB1L2 11 no 3.00E-03 0.38 0.123 3 

2q37.3 duplication AQP12A/KIF1A 12 no 3.00E-03 0.34 0.24 1.43 
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17q12 deletion RCAD 16 yes 0.0072 0.036 0.0054 6.64 

9p24.2 deletion GLIS3 12 no 8.40E-03 0.033 0 Inf 

9p24.2 deletion SLC1A1 12 no 9.80E-03 0.047 0.0075 6.19 

16p11.2 deletion distal deletion 17 yes 0.017 0.063 0.018 3.39 

7q36.3 duplication WDR60/VIPR2 11,18 yes 0.27 0.11 0.069 1.54 

 

Legend: We assembled a list of 26 reported CNV associations to SCZ where an odds ratio and p-value were available. At each CNV 
locus, we list the odds ratios and p-values from the largest sample collection available in the literature. Results from all CNV loci 
meta-analyzed in Rees et al. (2014), when available, were used. Throughout this article we refer to this entire list as “previously 
reported” loci. Reported p-values for nine loci shown in bold surpass the multiple testing threshold drawn from the current dataset 
using a Cochran-Mantel Haenszel test stratified by genotyping platform. Throughout this article we refer to these nine loci as 
“previously implicated”. 
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Supplementary Table 2: Description of Datasets used (see Excel file) 
 
Supplementary Table 3: Summary of GeneSets used (see Excel file) 
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Supplementary Table 4: Gene Set Burden stepdown 
 

 
STEPDOWN INDEPENDENT 

NEUROFUNCTIONPHENO GENE-SETS 
SORTED BY SIGNIFICANCE 

Coeff_U Pvalue_U_dev Coeff_U Pvalue_U_dev 

        

Synaptic GO 0.521 2.82E-11 0.521 2.82E-11 

Neurof. Str. 0.127 9.76E-02 0.322 1.33E-08 

Neuron Proj. GO -0.142 2.58E-01 0.260 4.37E-05 

ARC Kirov 0.269 1.47E-01 0.609 1.81E-04 

FMR1 Targ. Darnell 0.121 1.31E-01 0.255 1.88E-04 

NEUROFUNCTIONPHENO GENE-SETS 
SORTED BY EFFECT SIZE 

        

        

ARC Kirov 0.609 1.81E-04 0.609 1.81E-04 

Synaptic GO 0.479 1.86E-08 0.521 2.82E-11 

Neurof. Str. 0.127 9.40E-02 0.322 1.33E-08 

Neuron Proj. GO -0.179 1.61E-01 0.260 4.37E-05 

FMR1 Targ. Darnell 0.121 1.31E-01 0.255 1.88E-04 

NEUROF., MOUSEPHENOTYPE, BRAINEXPRESSION GENE-SETS 
SORTED BY SIGNIFICANCE 

        

        

Synaptic GO 0.521 2.82E-11 0.521 2.82E-11 

MousePheno. Neurol. Behav. 0.109 9.96E-03 0.162 7.35E-05 

BrainSpan Brain-expressed equal pre/post-natal 0.066 1.02E-01 0.152 4.89E-05 

Legend: Gene-set burden analysis with global burden correction: beta coefficients and p-values for step-down logistic regression 
analysis (STEPDOWN) as well as original results without step-down correction (INDEPENDENT). For the step-down procedure, 
gene-sets were sorted by deviance p-value (SIGNIFICANCE) or beta-coefficient (EFFECT SIZE). 
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Supplementary Table 5: Digital PCR results (see Excel file) 
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Supplementary Table 6: CNV probe-level results – Previously reported CNVs 
 

Locus CNV type Gene or region  
Reference  
(see ED table 1) 

Z-score 
p-value 

Z-score 
q-value 

CNV carriers 
SCZ Case 
count 

Control 
count 

CMH test 
Odds Ratio 

      N = 41321 N = 21094 N= 20227  
22q11.21 Deletion Multigenic 1 6.2e-13 4e-10 58 58 0 NA 
16p11.2 Duplication Proximal duplication 2 2.6e-10 7e-7 67 63 4 13.8 
15q13.2-13.3 Deletion Multigenic 3,4 6.1e-6 5.6e-4 33 30 3 10.55 
3q29 Deletion Multigenic 7 6.2e-5 4.4e-3 16 16 0 NA 
2p16.3 Deletion NRXN1 5,6 9.4e-5 6.2e-3 27 23 4 5.87 
16p11.2 Deletion Distal deletion 17 1.0e-4 6.7e-3 12 11 1 12.68 
22q11.21 Duplication Multigenic 12 1.6e-4 0.03 27 4 23 0.18 
1q21.1 Deletion Multigenic 3,4 2.9e-4 0.01 39 33 6 5.42 
16p13.2 Duplication C16orf72/USP7 11 3.8e-4 0.06 27 24 3 9.02 
7q11.23 Duplication Williams-Beuren  10 4.9e-4 0.06 13 13 0 NA 
15q11.2-13.1 Duplication AS/PWS 8 6.6e-4 0.07 15 15 0 NA 
8q11.23 Duplication FAM150/RB1CC1 9 9.2e-4 0.09 14 14 0 NA 
15q11.2 Deletion Multigenic 3 1.7e-3 0.06 142 95 47 1.8 
1q21.1 Duplication Multigenic 11 2.0e-3 0.14 21 19 2 6.28 
16q22.1 Duplication WWP2 19 3.2e-3 NA 5 5 0 NA 
7q36.3 Duplication WDR60/VIPR2 11,18 4.1e-3 0.18 14 13 1 12.12 
17q12 Duplication RCAD duplication 19 0.009 0.24 20 16 4 3.81 
9q33.1 Deletion NA 19 0.02 0.35 11 9 2 4.02 
22q11.23 Duplication Multigenic 19 0.02 0.34 20 15 5 3.28 
5q21.2 Deletion NA 19 0.03 0.39 32 22 10 2.16 
8p22 Duplication SGCZ 19 0.03 NA 5 5 0 NA 
9p24.2 Deletion SLC1A1 12 0.03 0.38 8 8 0 NA 
16p12.1 Deletion Multigenic 12 0.03 0.40 33 26 7 3.22 
15q21.3 Duplication CGNL1 12 0.04 0.42 103 69 34 1.99 
17q12 Deletion RCAD deletion 16 0.04 NA 4 4 0 NA 
16p13.11 Del/Dup Multigenic 8 0.08 0.59 139 84 55 1.49 
7q11.21 Duplication NA 19 0.09 0.58 64 26 38 0.76 
12q23.1 Duplication ANKS1B/UHRF1BP1L 19 0.1 0.62 28 16 12 1.23 
1p36.33 Duplication Multigenic 12 0.11 0.63 15 12 3 3.98 
5q33.1 Deletion NA 12 0.11 0.62 11 9 2 4.19 
9q21.33 Duplication AGTPBP1 11 0.2 0.78 22 15 7 1.94 
9q34.3 Duplication C9orf62 20 0.23 0.81 409 190 219 0.8 
6q24.2 Duplication PHACTR2 12 0.26 NA 10 8 2 4.03 
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3q26.1 Deletion NA 11 0.27 NA 5 4 1 3.5 
4q35.2 Deletion TRIML1/TRIML2 12 0.35 0.82 26 17 9 1.82 
18q21.31 Duplication NEDD4L 11 0.39 NA 2 2 0 NA 
11q25 Deletion GLB1L3/GLB1L2 11 0.42 0.85 58 34 24 1.44 
9p24.2 Deletion GLIS3 12 0.43 0.85 10 5 5 0.99 
18q23 Duplication GALR1 12 0.57 NA 7 4 3 1.22 
4q35.2 Duplication FAM149A/CYP4V2 12 0.69 0.97 12 5 7 0.71 
2q37.2 Duplication AQP12A/KIF1A 12 0.72 0.97 125 72 53 1.34 
17p12 Deletion HNPP 14 0.82 0.96 22 12 10 1.06 
4q25 Duplication ELOVL6 12 0.9 0.998 13 7 6 1 
10q11.21 Duplication Likely common CNV 19 NA NA NA NA NA NA 

 
Legend: Probe-level association results for all previously reported CNVs from genome-wide scans of SCZ. We report association 
results from the SCZ residual phenotype and use Odds Ratios from a CMH test stratified by genotyping platform. CNV loci in bold 
make up previously implicated loci, in which the most recent published p-value surpassed genome-wide correction. We also report 
the BH-FDR corrected q-value as suggestive criteria for significance. Using cutoffs from the gene-based association, BH-FDR was 
calculated when considering CNV loss breakpoints with at least 8 CNV carriers, and CNV gain breakpoints with at least 12 CNV 
carriers. 
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Supplementary Table 7: Chromosome X regional tests by sex 
 

locus (GENE) locus 
CNV 
test Sex Cases Controls 

Deviance 
test p-value Odds Ratio 

Xp21.2-21.1 (DMD) chrX:31047266-33139594 loss male 5 0 0.04 Inf 
      female 4 2 0.22 3.0 [0.5-18.5] 
      combined 9 2 0.04 4.4 [0.9-22.4] 
                
Xq28 (MAGEA11) chrX:148575477-148580720 gain male 4 14 0.001 0.17 [0.05-0.54] 
      female 8 22 0.12 0.54 [0.23-1.2] 
      combined 12 36 0.001 0.35 [0.18-0.68] 
                
Xq28 (distal) chrX:153800000-154225000 gain male 9 0 0.01 Inf 

      female 9 2 0.01 6.3 [1.2-30.4] 
      combined 18 2 0.0004 8.87 [2.0-40.0] 
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