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2. Supplementary Methods
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schizophrenia or bipolar disorder.  All the samples were genotyped on the GSA-MD v1.0 

at the Broad Institute. A detailed description of the GPC can be found here: Pato et al. 

(https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3729260/)  

2.2.2. FINRISK controls 

https://osp.od.nih.gov/wp-content/uploads/NIH_GDS_Policy.pdf


Brief description/reference:  

FINRISK controls were genotyped on the GSA-MD v1.0 at the Broad Institute. A detailed 

description of the FINRISK samples can be found here: 

https://www.ncbi.nlm.nih.gov/pubmed/29165699 

Acknowledgments: 

The FINRISK controls were part of the FINRISK studies supported by THL (formerly 

KTL: National Public Health Institute) through budgetary funds from the government, 

with additional funding from institutions such as the Academy of Finland, the European 

Union, ministries and national and international foundations and societies to support 

specific research purposes.  Genotyping of FINRISK controls was supported by the 

Stanley Center for Psychiatric Research, Broad Institute, Cambridge, MA.  

2.2.3. IBD cases and controls 

Brief description/reference:  

Samples from the Inflammatory Bowl Disease Cohort (IBD) that were contributed to 

Epi25 were patients with inflammatory bowl disease. All the samples were genotyped on 

the GSA-MD v1.0 at the Broad Institute.  

2.3 Methods  

Intensity Sample QC: 

Intensity-based QC was conducted to remove samples with low quality data based on 

the following empirically defined thresholds across three different metrics: Thresholds 



for (1) waviness factor, (2) Log-R ratio standard deviation, and (3) B-allele frequency 

drift were calculated by taking the median +3x SD to determine outlying samples as 

performed in Huang et al. (Huang et al., 2017). Following intensity-based QC, all 

samples had a Log-R ratio standard deviation of < 0.25, absolute value of waviness 

factor < 0.04, and a B-allele frequency drift < 0.007. 

Call Filtering and Delineation of Rare CNVs: 

CNV calls were removed from the dataset if they spanned less than 20 markers, were 

less than 20Kb in length, had a SNP density < 0.0001 (amount of markers/length of 

CNV) or overlapped by more than 0.5 of their total length with regions known to 

generate artifacts in SNP-based detection of CNVs (Marshall et al., 2017). This 

included immunoglobulin domain regions, telomeric regions (defined as 500Kb from 

the chromosome ends), and centromeric regions (coordinates were provided by 

PennCNV for hg19). Further, we excluded CNVs overlapping > 80% of regions 

known to be recurrent copy number variations in the general population (11,732 CNVs 

from http://dgv.tcag.ca/dgv/app/home) for a part of the analyses (see “CNV Burden 

Analysis”).  Additionally, all CNV calls spanning more than 20 markers and equal to 

or more than 1Mb in length were included in the analysis even if the SNP density was 

< 0.0001 (Huang et al., 2017; Marshall et al., 2017).  

We assigned all CNV calls a specific frequency count using PLINK v.1.07 (Purcell et 

al., 2007), with the option --cnv-freq-method2 0.5. Here, the frequency count of an 

individual CNV is determined as 1 + the total number of CNVs overlap by at least 

50% of its total length (in bp), irrespective of CNV type. We then filtered our callset 

for rare CNVs with a frequency of 186 or lower across all samples).  



After CNV quality control, 11,826 of 17,992 (7,425 cases and 4,401 controls) QC-

passed individuals had at least rare CNV. 

Regression of Potential Confounds on Case-Control Ascertainment:  

It is important to ensure that any bias in gender and ancestry does not drive spurious 

associations with epilepsy. To ensure the robustness of the analysis, CNV burden 

analyses included potential confounding variables as covariates in a logistic regression 

framework. Due to the number of tests run at breakpoint level association, we 

employed a step-wise logistic regression approach to allow for the inclusion of 

covariates in our case-control association, as previously described in Marshall and 

Howrigan et al. (Marshall et al., 2017), which we term the epilepsy residual phenotype. 

Covariates included sex for burden and breakpoint association analysis and the first 

ten ancestry principal components for breakpoint association analysis.  

To calculate the epilepsy residual phenotype, we first fitted a logistic regression model 

of covariates to affection status, and then extracted the Pearson residual values for use 

in a quantitative association design for downstream analyses. Residual phenotype 

values in cases are all above zero, and controls below zero, and are plotted against 

overall Kb burden in Supplementary Fig. 3. 

2.4 PheWAS 

List of phenotypes tested in the combined epilepsy phenotype for big CNV (>2Mb) 

burden: Age of first seizure, Intellectual Disability, Autism, Pharmacoresistance, 

Psychosis, Abnormal Neurological Examination, Febrile Seizures, Generalized Seizures, 



Myoclonic Seizures, Absence Seizures, Atypical Absence Seizures, Tonic Seizures, 

Atonic Seizures.  Phenotypes tested only in focal epilepsy patients: Structural Epilepsy, 

Aura Seizures, Dyscognitive Seizures, Bilateral Seizures. Phenotypes tested only in 

epileptic encephalopathy patients: Developmental Delay, Regression, Movement 

Disorder, CNS Infection, Head Trauma, Status Epilepticus: convulsive, Status 

Epilepticus: non-convulsive, Spasms Seizures, Hemiclonic Seizures, Bilateral Clonic 

Seizures, Ohtahara syndrome, Early myoclonic encephalopathy, Early onset epileptic 

encephalopathy, Infantile onset epileptic encephalopathy, Epilepsy of infancy with 

migrating focal seizures, West syndrome/infantile spasms, Late-onset epileptic spasms, 

Lennox-Gastaut syndrome, Epilepsy with myoclonic atonic seizures, Dravet syndrome, 

Landau-Kleffner syndrome, Epileptic encephalopathy with continuous spike-and-wave 

during sleep, Febrile Infection Related Epilepsy Syndrome, Hemiconvulsion-Hemiplegia-

Epilepsy, Nonsyndromic epileptic encephalopathy with focal seizure, Nonsyndromic 

epileptic encephalopathy with generalized seizures, Nonsyndromic epileptic 

encephalopathy with mixed or unclassified seizures. 

2.5 Network analysis 

Construction of the human protein-protein interactome: 

To build a comprehensive human protein-protein interactome, we focused on high-quality 

protein-protein interactions (PPIs) with five types of experimental evidences: (1) Kinase-

substrate interactions by literature-derived low-throughput and high-throughput 

experiments; (2) Binary PPIs tested by high-throughput yeast-two-hybrid (Y2H) systems 

(Rual et al., 2005; Rolland et al., 2014); (3) PPIs from protein three-dimensional (3D) 

structures;  (4) Literature-curated PPIs identified by affinity purification followed by mass 

spectrometry, Y2H and by literature-derived low-throughput experiments; and (5) 

signaling networks supported by literature-derived low-throughput experiments. The 



genes were mapped to their Entrez ID based on the NCBI database (Ncbi Resource 

Coordinators, 2016) as well as their official gene symbols based on GeneCards 

(http://www.genecards.org/). Duplicated PPIs and all computationally predicted data, such 

as evolutionary analysis, metabolic associations, and gene co-expression data, were 

deleted. The resulting updated human interactome used in this study includes 351,444 

protein-protein interactions (PPIs) among 17,706 proteins. The detailed descriptions are 

provided in our recent studies (Cheng et al., 2018; Cheng et al., 2019a; Cheng et al., 

2019b; Smith et al., 2019).  

Disease module detection: 

Using the human interactome, we examined the largest connected component of the gene 

lists of the four types of epilepsy phenotypes to see if the genes can form modules. To test 

the significance, a permutation test was performed for each phenotype gene list using 

randomly selected genes with similar degree distribution to the ones being examined and 

repeated 10,000 times. The largest connected components were visualized using 

Cytoscape 3.7.1. Hub genes were identified by high degree and betweenness centrality. 

Betweenness centrality indicates the fraction of all the shortest paths that pass through a 

specific node. 

Network proximity analysis: 

Network proximities for all pairs of gene lists were calculated using the closest method: 

〈𝑑𝑑𝐴𝐴𝐴𝐴〉 =
1

�|𝐴𝐴|� + ‖𝐵𝐵‖
��𝑚𝑚𝑚𝑚𝑚𝑚𝑏𝑏∈𝐴𝐴
𝑎𝑎∈𝐴𝐴

𝑑𝑑(𝑎𝑎, 𝑏𝑏) + �𝑚𝑚𝑚𝑚𝑚𝑚𝑎𝑎∈𝐴𝐴
𝑏𝑏∈𝐴𝐴

𝑑𝑑(𝑎𝑎, 𝑏𝑏)� 

where 𝑑𝑑(𝑎𝑎, 𝑏𝑏) is the shortest path between gene 𝑎𝑎 and 𝑏𝑏 from gene list 𝐴𝐴 and 𝐵𝐵, 

respectively. A permutation test was conducted for each pair using two randomly selected 



gene lists that have similar degree distributions to the ones being examined and repeated 

10,000 times. Z-scores were calculated based on the permutation test. 

In addition, we also quantified the overlap between gene lists by calculating the overlap 

coefficient 𝐶𝐶 and Jaccard index 𝐽𝐽 as follows: 

𝐶𝐶 = |𝐴𝐴 ∩ 𝐵𝐵|/min(|𝐴𝐴|, |𝐵𝐵|) 

𝐽𝐽 = |𝐴𝐴 ∩ 𝐵𝐵|/|𝐴𝐴 ∪ 𝐵𝐵| 

Both values range from 0 to 1. 𝐶𝐶 can be interpreted as the fraction of the smaller set which 

is the subset of the larger set. When 𝐽𝐽 and 𝐶𝐶 equal 0, the two sets have no common genes. 

When 𝐶𝐶 = 1, one set is the subset of the other set. When 𝐽𝐽 = 1, the two sets of genes are 

identical. 



3. Supplementary Figures

Supplementary Fig. 1 Ancestry principle component analysis of cases and controls 

combined with the 1000 Genome Populations. Different colors represent different 

populations with cases in red and controls in yellow. We removed most controls 

because of non-European ancestry. This affected in particular unaffected controls 

derived from the Genomic Psychiatry Cohort (GPC). The GPC cohort compromises 

controls from Caucasian, African American, Latino and other ethnicities. For more 

details on this cohort see (https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3729260/). 

AFR = Africans; AMR = Americans; EAS = East Asians; EUR = Europeans; SAS = 

South Asians; TG = The Thousand Genome Project Population.  



Supplementary Fig. 2 CNV-load per individual. CNV-load of cases (black) and 

controls (grey) with the number of CNVs per sample on the x-axis and the counts of 

samples with the specific CNV-load on the y-axis. Red dashed lines are at 10, 30, 60, 

80, and 90 CNVs per individual.  



Supplementary Fig. 3 Epilepsy phenotype residual distribution. X-axis: Distribution of 

phenotype residual values after regressing case/control status on selected covariates. Plotted 

against overall deletion burden (Y-axis) to visually inspect if large residuals have an excess of 

deletion burden, which can lead to higher false positive associations. Epilepsy cases have 

positive residual values and controls negative residual values. Red lines show x-intercepts at -

1 and 1, accordingly.    



Supplementary Fig. 4 Global duplication burden across different gene sets and non-coding 

regions in five different epilepsy phenotypes. Rare (<= 1% frequency) duplication burden was 

elucidated for different gene lists (Category). Odds ratios (ORs) and p-values were calculated 

using a binomial regression for rare CNVs with sex as a covariate. CNV are defined as 

“coding” if 80% of their overall length overlaps a gene. *Significance p < 1.4e-3 after 

Bonferroni correction. 95% CIs are shown. DEE = Developmental and epileptic 

encephalopathies; GGE = Genetic generalized epilepsies; LFE = Lesional focal epilepsies; 

NAFE = Non-acquired focal epilepsies. 



Supplementary Fig. 5 Meta-Analysis. We performed a meta-analysis across centers which 

submitted samples to our study to rule out that the duplication enrichment in GGE patients 

with febrile seizures is due to a phenotyping bias from a single center. Twelve centers had a 

greater ratio of duplications in patients with GGE and febrile seizures compared to four 

centers in which we did not observe this enrichment. Overall, in the systematic meta-analysis 

we observe significant enrichment for the association of large duplications in patients with 

GGE and febrile seizures and can rule out a single center bias. 



Supplementary Fig. 6 Fraction [%] of LFE patients with or without pathogenic CNVs among 

different lesion types. In a total of 525 patients with LFE and specific lesion information, in 

35 patients large duplications were identified compared to 490 without. Across five major 

lesion types, patients with malformations of brain development carry with 57.41 % the 

highest fraction of pathogenic CNVs.  



Supplementary Fig. 7 GGE and NAFE genes form disease modules in the human 

interactome. (A) Sixty-two genes from the 167 GGE genes form a disease module (p = 0.041, 

permutation test of 10,000 repeats). (B) Forty-one genes from the 129 NAFE genes from a 

disease module (p = 0.056, permutation test of 10,000 repeats). (C) and (D) – disease module 



visualization for GGE (C) and NAFE (D). Node size indicates the node degree. Node color 

indicates whether the gene is in the duplication, the deletion, or both lists. Edge color indicate 

the type of evidence for the PPI in the interactome (for details see Supplementary Methods). 



4. Supplementary Tables

Epi25 Finrisk GPC Helmsley TOTAL 

Case 13,420 0 0 0 13,420 

Control 302 1,569 5,415 5,571 12,857 

Supplementary Table 1 Dataset summary. All subjects included in the CNV calling before 

quality control. Cases were taken from one single data set whereas controls were taken from 

four different data sets. 



CNV Type Epilepsy 
Type 

Phenotype P-value 
(*<3.1*10-

4) 

OR 2.5% CI -
97.5% CI 

Duplication GGE Febrile Seizures 4.07*10-5* 3.25 1.8-5.92 
Duplication FE Structural Focal 

Epilepsy 
2.33*10-4* 2.72 1.57-4.56 

Deletion LFE Dyscognitive 
Seizures 

1.6*10-3 0.05 0.001-0.45 

Duplication GGE Absence Seizures 4.5*10-3 3.23 1.34-9.45 
Duplication LFE Bilateral Seizures 2.05*10-2 7.51 1.18-314 
Deletion LFE Bilateral Seizures 2.24*10-2 0.094 0.002-0.96 
Duplication NAFE Pharmacoresistance 4.64*10-2 0.37 0.12-1.03 

Supplementary Table 2 Phenome-wide association study (PheWAS). We tested the burden 

of big CNVs (>2Mb) in patients with the different epilepsy phenotypes. P-values and ORs 

were obtained using a two-sided Fisher’s Exact Test. Multiple testing correction for 161 test 

results in a significant p-value < 3.1*10-4. GGE = Genetic Generalized Epilepsy, FE = Focal 

Epilepsy (including NAFE and LFE), LFE = Lesional Focal Epilepsy, NAFE = Non-acquired 

Focal Epilepsy, CI = Confidence Interval.  



Likely pathogenic 
CNV burden 

Enriched categories Genome-wide 
enriched loci 

Developmental 
and epileptic 

encephalopathies 

1.72x • >2Mb del
• High pLI del

• 15q11.2-
q13.1dup

Genetic 
generalized 

epilepsy 

2.43x • >2Mb del
• 500kb−2mb del
• Epi hotspots

• 15q13.3
• 16p.13.11

• High pLI del
• Coding del

• 15q13.2-
q13.3del

• 16p13.11del 

Lesional focal 
epilepsy 

1.68x • 16p.13.11 • 16p13.11del 

Non-acquired 
focal epilepsy 

1.37x • Epi hotspots n.s. 

Supplementary Table 3 Summary of all findings obtained in this study.  n.s. = not 

significant. 



Z-score DEE GGE LFE NAFE 
DEE - -1.19 -1.65 -1.43 
GGE - - -0.91 -1.49 
LFE - - - -0.44 

NAFE - - - - 

P value DEE GGE LFE NAFE 
DEE - 0.090 0.046 0.063 
GGE - - 0.163 0.062 
LFE - - - 0.291 

NAFE - - - - 

Supplementary Table 4 Network proximities of all pairs of epilepsy phenotypes. Network 

proximities were represented in z-scores with corresponding p-values based on permutation 

tests of 10,000 repeats. Three pairs of phenotypes showed small proximities: DEE and LFE 

(z-score = -1.65, p = 0.046), DEE and NAFE (z-score = -1.43, p = 0.063), and GGE and 

NAFE (z-score = -1.49, p = 0.062). 



Overlap DEE GGE LFE NAFE 
DEE - 22 3 9 
GGE - - 8 101 
LFE - - - 6 

NAFE - - - - 

J DEE GGE LFE NAFE 
DEE - 0.101 0.033 0.047 
GGE - - 0.044 0.518 
LFE - - - 0.041 

NAFE - - - - 

C DEE GGE LFE NAFE 
DEE - 0.306 0.130 0.125 
GGE - - 0.348 0.783 
LFE - - - 0.261 

NAFE - - - - 

Supplementary Table 5 Overlap between the genes of epilepsy phenotypes. The number of 

overlapping genes for all pairs of epilepsy gene lists are shown. Overlap coefficient 𝐶𝐶 and 

Jaccard index 𝐽𝐽 were also computed (see method) to show the fraction of overlapping genes 

and the similarity between the lists. GGE and NAFE showed a large overlap (𝐶𝐶 = 0.783) and 

similarity (𝐽𝐽=0.518). 
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