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Abstract 

Clinical and genetic heterogeneity has been documented extensively in schizophrenia, a 

common behavioural disorder with heritability estimates of about 80%. Common and rare 

de novo variant based studies have provided notable evidence for the likely involvement of 

a range of pathways including glutamatergic, synaptic signalling and neurodevelopment. To 

complement these studies, we sequenced exomes of 11 multimember affected 

schizophrenia families from India. Variant prioritisation  performed based on their rarity 

(MAF <0.01), shared presence among the affected individuals in the respective families and 

predicted deleterious nature, yielded a total of 785 inherited rare protein sequence altering 

variants in 743 genes among the 11 families. These showed an enrichment of genes involved 

in the extracellular matrix and cytoskeleton components, synaptic and neuron related 

ontologies and neurodevelopmental pathways, consistent with major etiological 

hypotheses. We also noted an overrepresentation of genes from previously reported gene 

sets with de novo protein sequence altering variants in schizophrenia, autism, intellectual 

disability; FMRP target and loss of function intolerant genes. Furthermore, a minimum of 

five genes known to manifest behavioural/neurological and nervous system abnormalities 

in rodent models had deleterious variants in them shared among all affected individuals in 

each of the families. Majority of such variants segregated within and not across families 

providing strong suggestive evidence for the genetically heterogeneous nature of disease. 

More importantly, study findings unequivocally support the classical paradigm of cumulative 

contribution of multiple genes, notably with an apparent threshold effect for disease 

manifestation and offer a likely explanation for the unclear mode of inheritance in familial 

schizophrenia. 

Introduction 

Substantial but not exclusive contribution of genetic factors to the development of 

Schizophrenia (SZ) has been noted by classical twin, family, and adoption studies(Sullivan et 

al., 2003), further augmented by the high heritability estimates (up to 80%) based on genetic 

epidemiological studies (Cannon et al., 1998; Lichtenstein et al., 2009). Till recently, genetic 

advances have been made to resolve this complexity by largely relying on the common 

disease–common variant (CDCV) hypothesis and over 100 independent risk loci have been 
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identified in SZ through genome wide association studies (GWAS) and their meta-analyses 

(Ripke et al., 2014). Further analysis showed that more than one common risk allele is 

present in every 1Mb genomic region across ≥71% of the total genome(Loh et al., 2015). Two 

other GWASs with meta-analyses have now added another 50 (Pardiñas et al., 2018) and 30 

(Li et al., 2017) loci to this list. Despite such significant progress, common variant has not 

been able to explain the high heritability in SZ and most of the variants identified had small 

to modest effect sizes. On the other hand, based only on theoretical grounds an important 

role for rare variants in complex diseases was proposed (Pritchard, 2001). Of note, deep 

sequencing technologies enabled identification of  such rare variants and ~1000 rare de novo 

variants have been discovered in SZ patients, in a predominantly parent–child trio design(Li 

et al., 2016). Most of these variants are clustered in genes of disease related pathways such 

as activity-regulated cytoskeleton-associated protein (ARC), fragile-X mental retardation 

protein (FMRP) interacting genes, N-methyl-D-aspartate receptor (NMDA) complex, 

postsynaptic density (PSD)-95 complexes, calcium channels and chromatin remodelling 

genes(Flint, 2016; Fromer et al., 2014; McCarthy et al., 2014). However, due to their de novo 

origin, their contribution to disease heritability has not been substantiated. Involvement of 

immunological/infection related genes in SZ etiology has also been widely discussed from 

time to time (Khandaker et al., 2015; Muller and J. Schwarz, 2010). Association studies 

indeed identified a few loci/genes such as human leukocyteantigen (HLA), complement 

component 4 (C4) genes etc. (Harrison, 2015; Sekar et al., 2016), but enrichment of such 

genes have not been reported to date. However,  a polygenic burden of rare variants has 

been reported in recent case-control based studies(Genovese et al., 2016; Purcell et al., 

2014; Richards et al., 2016). These findings have strongly hinted at the likely involvement of 

genes involved in synaptic function, neurodevelopmental processes, glutamatergic 

signalling etc. 

On the other hand, familial aggregation of SZ  is reported globally with an elevated risk 

among the relatives of the affected individuals and the risk being directly proportional to the 

biological relationship with the affected individuals over that of the population at large 

(Chou et al., 2017). A few studies in singleton and multiplex SZ families have shown rare but 

highly penetrant inherited risk variants that could contribute to genetic liability. Balanced 

translocation t(1:11) (q43,q21) segregating with SZ and related psychiatric disorders in a 
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large family (St Clair et al., 1990);deletion at SLC1A1 co-segregating with 

bipolar/schizoaffective disorder and SZ in a five generation family (Myles-Worsley et al., 

2013) are some examples. More recent whole exome sequencing (WES)/whole genome 

sequencing in small/modest sized multiplex families have added to the list of inherited rare 

protein coding variants. These include variants in previously analyzed candidate genes 

namely RELN(Zhou et al., 2016), UNC13B(Egawa et al., 2016), GRM5, LRP1B, and PPEF2 

(Timms et al., 2013),GRIN3B (Hornig et al., 2017), SHANK2 and SMARCA1(Homann et al., 

2016), ANKK1(Shirzad et al., 2016), RBM12 (Steinberg et al., 2017), TAAR1(John et al., 2017), 

TIMP2 (John et al., 2018)and PTPRA(John et al., 2018).These insightful studies suggest the 

importance of such variants with large/moderate effects in disease development or in 

increasing the risk in the respective families with disease clustering. 

Considering the generally accepted polygenic/multi threshold genetic models of disease  

proposed to explain the disease transmission (Essen-Möller, 1977; Gershon, 2000; McGue 

et al., 1983; O’Rourke et al., 1982) and reported burden of rare variants in SZ patients from 

case-control studies (Genovese et al., 2016; Purcell et al., 2014; Richards et al., 2016), it may 

be hypothesized that, several uncommon variants in several genes with moderate effects 

may cluster in individuals in families and thus collectively contribute to disease 

development. This tenet may be more acceptable if we combine the reports suggesting the 

relatives of affected individuals showing schizotypal features and/or other endophenotypes 

(Breton et al., 2011; Galindo et al., 2016; Kuha et al., 2007; Lui et al., 2018; Snitz et al., 2006). 

Such nuclear families may manifest a pseudo Mendelian mode of disease transmission. We 

have recently reported a  cumulative contribution of multiple protein sequence altering 

inherited rare variants in genes from nurodevelopmental pathways which has provided 

plausible genetic explanation for  disease transmission and also supported the oligogenic 

hypothesis (John et al., 2019). Finally, considering the highly genetically heterogeneous 

nature of the disease (Beckmann and Franzek, 2000; Rees et al., 2015; Takahashi, 2013), 

such risk conferring genes may fall in  a few different disease relevant pathways with their 

number and combinations varying across different families. 

With this background, in the current study we analysed 11 multiplex SZ families by WES. This 

strategy facilitated identification of rare variants which may have notable functional effects 
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and not generally captured in common variant based association studies. Multiple variants 

in genes which were previously implicated in SZ were observed across the eleven families 

supporting the polygenic/oligogenic contribution to the disease. Most of the variant/genes 

identified were private to each of the families reiterating the genetic heterogeneity, but they 

were from previously implicated pathways and gene set. Of all these, co-occurrence of 

several genes involved in glutamatergic signalling in affected individuals across families was 

most noteworthy with likely therapeutic implications.  

Methodology 

Sample recruitment 

In this study 11 non consanguineous families with multiple members affected with SZ were 

recruited from Dr. RML Hospital New Delhi, following the diagnosis and sample recruitment 

procedure detailed previously(John et al., 2018, 2017, 2016; Kukshal et al., 2013). Details of 

the families used in the study are given in Supplementary Figure 1. Genomic DNA was 

extracted from peripheral blood samples from each of the participating individuals using the 

phenol chloroform method. All the study protocols were approved by the institutional 

ethical committee of Dr. RML Hospital and University of Delhi South Campus, New Delhi. 

Informed consent was obtained from all the participating individuals. 

Whole exome sequencing 

A minimum of three members from each of the 11 families were used for WES, with 

preference given to affected individuals in order to obtain shared variants. Agilent 

SureSelect Human All Exon V5+UTR Kit was used for capture and enrichment of exomes and 

library preparation; the exome libraries were sequenced on Illumina HiSeq2000(101bp 

paired-end reads) using a commercial facility (Medgenome Labs Pvt. Ltd. Bengaluru, India, 

https://www.medgenome.com/). 

Sequence alignment and variant calling 

Adaptors were removed from the raw sequence data in FastQ format obtained from the 

service provider using cutadapt(Martin, 2011). For sequence alignment and variant calling 

we followed the GATK(version 3.5) Best Practices workflows for germline variant discovery, 
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as described previously(John et al., 2018, 2017).  Briefly, the adaptor removed reads were 

aligned to the reference genome (hg19) using Burrows-Wheeler Aligner (BWA) and 

subsequently, PCR duplicates were removed by Picard. Using GATK realignment around 

insertions and deletions (indels), base quality score recalibration and variant calling were 

performed. 

Variant prioritisation 

Kggeseq(Li et al., 2012)was used for functional annotation of variants (according to hg19 

RefSeq transcripts). As per recommendations from three previous publications (Dashti and 

Gamieldien, 2017; MacArthur et al., 2014; Richards et al., 2015), Kggseq  was also used for 

variant prioritisation (Li et al., 2012). As the aim of the study was to identify rare highly 

penetrant protein sequence altering variants we removed all the non-coding variants from 

the list. We removed all the common variants with minor allele frequency (MAF)>0.01 

reported in public databases including 1000 genome (1000G),  Exome Aggregation 

Consortium (ExAC r0.3.1), dbSNP141 , Genome Aggregation Database (gnomAD) browser 

and NHLBI GO Exome Sequencing Project (ESP), along with synonymous variants. Variants 

shared among the affected individuals for whom exome sequencing data were available in 

the respective families were then assessed for segregation in the remaining available 

members of the respective families. Subsequently the variants which were not shared 

among all affected individuals in each of the families, variants from genes known to likely 

contribute false positive signals during variant calling (Fuentes Fajardo et al., 2012), regions 

with segmental duplication, which are also known to produce false positive signals and all 

the common variants (MAF >0.01) present in the ethnicity matched  in-house data were 

removed. Of the remaining variants we selected start-lost, stop-gain and indels leading to 

frameshift or non-frameshift, canonical splice variants and all the deleterious missense 

variants (classified as damaging/deleterious by at least one in silico tool from among SIFT, 

Polyphen2_HDIV, Polyphen2_HVAR, LRT, MutationTaster, MutationAssessor, FATHMM, 

PROVEAN, MetaSVM, M-CAP and fathmm-MKL_coding and CADD scaled score =>15; or 

CADD scaled score>=10 and <15 but predicted to be damaging by at least two different 

software listed above) for further analysis. All these tools were part of Kggseq (Li et al., 

2012). All these variants are henceforth referred to as “deleterious shared variants”. 
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Pathway analysis and gene set enrichment analysis 

In order to check the genes encompassing the “deleterious shared variants” from the 11 

families, for over representation/enrichment in pathways and gene ontology categories 

reported to be involved in disease development, we performed pathway and gene ontology 

analysis using ConsensusPathDB-human (http://cpdb.molgen.mpg.de/CPDB/ rlFrame) and 

corrected for multiple testing. To establish their enrichment in previously reported potential 

SZ susceptibility genes, we performed an enrichment analysis against gene sets potentially 

related to disease pathophysiology by selecting gene sets detailed below. Genes with de 

novo protein sequence altering variants reported in SZ (n=643)selected from denovo-

db(Turner et al., 2017) (http://denovo-db.gs.washington.edu/denovo-db/index.jsp) & 

NPdenovo(Li et al., 2016) (http://www.wzgenomics.cn/NPdenovo/ index.php); all genes 

reported/mapped to loci identified by GWASs of SZ (n=1683) (https://www.ebi.ac.uk/gwas/)  

Since various psychiatric disorders are previously reported to have shared genetic etiology 

(Jensen and Girirajan, 2017; Lee et al., 2013; Martin et al., 2017), we then checked for over 

representation/enrichment genes involved in such disorders using the following gene sets. 

Genes with de novo protein sequence altering variants reported in, autism (n=4484); bipolar 

disorder (n=51) & intellectual disability (n=885) selected from denovo-db(Turner et al., 2017) 

& NPdenovo(Li et al., 2016); all genes reported/mapped to loci identified by GWAS of autism 

(n=106) and bipolar disorder (n=906)(https://www.ebi.ac.uk/gwas/home); curated list of 

genes reported to be involved in autism (n=990) in SFARI gene 

(https://www.sfari.org/resource/sfari-gene/);curated genes of bipolar disorders(n=1192) 

from BDgene (http://bdgene.psych.ac.cn/index.do); curated genes of psychiatric disorder 

(DOID_2468) (n=325) from Phenocarta (https://gemma.msl.ubc.ca/phenotypes.html), genes 

known to manifest abnormal behavioural/neurological phenotypes (n=3455); nervous 

system phenotypes (n=3528) during mouse gene knock out experiments from mouse 

genomics informatics(MGI). Genes (n=297) used as ASD mouse models 

(https://gene.sfari.org/database/animal-models/genetic-animal-models/ ).  

In addition we also used the gene sets which are previously implicated in various psychiatric 

disorders including SZ and used in similar studies previously (McCarthy et al., 2014). These 

include  loss of function intolerant genes (n=3230) from ExAC v2, 7);  essential genes 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted November 12, 2019. ; https://doi.org/10.1101/829101doi: bioRxiv preprint 

https://doi.org/10.1101/829101
http://creativecommons.org/licenses/by-nc-nd/4.0/


(n=1732)(Blake et al., 2011; Iossifov et al., 2014); FMRP interactor targets Darnell (Jennifer 

C. Darnell et al., 2011)(n=788) and Ascano (Ascano et al., 2012) (n=939). We used 

hypergeometric distribution test to calculate the significance of overlaps between 

“deleterious shared variants” encompassing genes and each of the gene sets mentioned 

above. A set of 21552 genes present in the Agilent V5 + UTR exome capture kit were used as 

background genes (https://www.agilent.com/en/products/genomics-agilent). 

Results 

A total of 11 multimember affected SZ families were used in this study. In two families (#4 

and 11), mother and her children were affected with SZ;  in Family #5 father was diagnosed 

with bipolar disorder and mother had psychosis and their two children had SZ; and in the 

remaining eight families both parents didn’t show psychiatric disorders and only their 

children were affected with SZ and/or other psychiatric disorders (Supplementary Fig.1). A 

minimum of three individuals each from 11 multiplex SZ families were exome sequenced 

and the mean target depth of sequencing, observed across total 34 samples was 58.82X. On 

an average >97% of the target regions were with 10X and >89% with 20X coverage. The mean 

mapping quality, observed across the samples was 46.99. Using the step by step rationale 

for prioritization of variants detected by WES in all the selected families, as detailed  in the 

methods section, a total of 785 deleterious shared variants in 743 genes were identified 

(supplementary table 1). Distribution of these variants in the respective families along with 

all their annotations is shown in supplementary tables 2a to 2k. 

Homozygous and compound heterozygous variants 

Among the 785 rare variants, we observed only five homozygous variants in five different 

genes namely PPM1K, CXCL13 and ATAD2 in family #3, CASC1 in family #5 and CYP4F12 in 

family #9 (supplementary tables 2c, 2e and 2i). 

Variants shared across two different families 

We observed one variant each in nine different genes shared across two different families. 

These included variants in DCLRE1A, FRMD8, NHLRC2, PLCB3 and SNX32 in family#5 &#7, 

INPP4A, PRRT2 in families#6&#8, PXDNL in families#1&#11;and ZNF730 in 

families#7&#8(supplementary table 3). Of note, three of the genes namely INPP4A, 
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PLCB3andPRRT2are from the glutamatergic pathway with intronic SNP (rs12617721 p=7X10-

6) in INPP4Ahaving been reported previously in GWAS of mood-incongruent psychotic 

bipolar disorder (Goes et al., 2012).  

Shared gene but different variants in more than one family 

We observed a total of 28 genes, but with different variants present in more than one family 

(supplementary table #3). Among these genes CENPE, LAMA1 and GRIN3B were previously 

implicated in various neuro psychiatric disorders including SZ(Hornig et al., 2017; McKenna 

et al., 2018; Moen et al., 2017; Tarabeux et al., 2011; Xu et al., 2012). The observation of 

limited gene sharing across families strongly supports the commonly accepted genetic 

heterogeneity in SZ.  

These variants were inherited from unaffected parent(s) and/or shared with unaffected 

members in the respective families and out of eight families where both parents were 

unaffected, only two families (#3 and #9 mentioned above) had homozygous variants. 

Considering heterozygous variants cannot give any insight based on the apparent 

inheritance pattern on Mendelian principles in most of the study families, we explored an 

alternative hypothesis. 

Functional clustering of “deleterious shared variants”  

Since the monogenic disease models were inadequate to explain the disease transmission in 

most of the study families, we considered the alternative and commonly accepted polygenic 

model. We focused on the already reported genes and pathways and gene-sets in various 

psychiatric disorders. To evaluate the polygenic models we performed over 

representation/enrichment analysis using publically available pathays/GOs and gene-sets 

and we hypothesised that the genes from the disease relevant pathway/GO and gene-sets 

will be overrepresented among gene encompassing deleterious shared variants in the 

families. 

The “deleterious shared variants” (N=785) in 743 genes (supplementary table 1) were 

subjected to GO and pathway analysis using ConsensusPathDB, but keeping a minimum 

requirement of five overlapping genes between the test set (743 genes) and reference 

pathways. Significant gene enrichment in extra cellular matrix related GOs; development, 
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especially neurodevelopment related GOs; neuronal and synapse related GOs and social 

behaviour, axon guidance and glutamate receptor signalling pathways were some of the 

most striking/relevant observations, following False Discovery Rate(FDR) corrections. Of 

note, these findings are consistent with leading pathophysiological hypotheses of the 

disease (Table 1 & supplementary table 4A and 4B). 

Details of all other enrichment analysis based on seemingly relevant and previously used 

gene-sets are presented in supplementary table 5 and are briefly presented below. Although 

no enrichment of genes from SZ, autism and bipolar disorder GWASs was documented, an 

overlap of 46, 5 and 25 genes respectively, from these three GWASs was noted. Among 

these, ANK3 and PPM1M were reported in both SZ and bipolar disorder GWASs. On the 

contrary, significant overrepresentation of genes encompassing de novo mutations reported 

in SZ (p= 2.92E-05); autism (p= 2.35E-18) and intellectual disability (p= 7.87E-04) were 

observed. In addition, enrichment of genes reported in related disease databases, like 

bipolar disorder (p=0.001, from BDgene database); autism (p=5.014E-07, from SFARI Gene 

database); psychotic disorder (p=6.65E-05 from Phenocarta) were observed. A few other 

notable findings included FMRP targets including Darnell and Ascano (p=6.258E-06 and 

p=1.617E-06 respectively), and Exac_LOF_Intolerant genes (p=1.315E-04).   

On analysis with the mouse genomics informatics (MGI) we observed a total of 163 genes 

among the 742 which were known to manifest “behavioural/neurological phenotype” during 

knock out studies and which were overrepresented in our studies (P=1.09E-05).  In addition 

19 genes were used previously as animal models in autism studies. Manual literature search 

also identified a total of 52 genes known to show schizophrenia relevant phenotypes during 

inactivation or over expression in various rodent models (Supplementary text file). In this 

way a total of 175 genes showed various psychiatry relevant phenotypes during rodent 

knockout/over expression studies. All these results reiterate that the “deleterious shared 

variants” encompassing genes are enriched with SZ and other psychiatry relevant candidate 

genes and genes from the disease relevant pathways and GOs/Gene-set. 

Genetic heterogeneity and polygenic nature 

Since the variants/ (9/785;~1%)/genes (28 /734; ~4%) that were shared in more than one 

family was ~5%, it suggests that variants/genes are mostly private to each family and 
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supports genetic heterogeneity. Enrichment of genes involved in various SZ relevant 

pathways and genes from various gene-sets previously implicated in SZ and psychiatric 

disorders; a large number of genes which showed behavioural abnormalities in various 

rodent models; and differential expression in various psychiatric disorders highlight the 

polygenic nature of the disease. 

Identification of most promising risk conferring variants in the study families 

Findings from the enrichment analysis detailed above, motivated us to review the individual 

family data. Based on leading pathophysiological hypothesis and current knowledge about 

disease biology, we undertook to check whether disease relevant genes) with the rare 

variants are notably more clustered in the affected individuals in each of the families.  

As an exploratory analysis we prioritised the “deleterious shared variants” in each family 

based on their previous genetic reports, reported pathophysiological hypothesis and 

evidence from animal models. Through this approach we identified a total of 122 variants 

from 117 genes (supplementary tables2 & 6) as the most promising risk conferring genes in 

the 11 families, with an average of ~11 variants per family. 82 of these genes were previously 

reported in SZ/bipolar disorder/autism GWASs or de novo mutation studies of SZ/bipolar 

disorder/autism/intellectual disability and 42 genes have been reported in mouse 

knockout/over expression studies wherein psychiatry relevant behavioural abnormalities 

were documented. These included CALHM1, ANK2, ANK3, CHRM4, DISC1, DLG1, DRD3, EGF, 

GRIN3A, GRM2, GRM7, HTR3A, KALRN, KCNT1, LRP4, MAGI2, PRODH, SCN2A, SETDB1, 

SHANK2, SHANK3, TBX1, TH, WNT2, PLCB3, INPP4A, PRRT2, CENPE, LAMA1 and GRIN3B. 

Most promising risk conferring genes thus identified have been presented family wise in 

Supplementary Figs 1a….1k; Supplementary Table 2. Unaffected members also shared these 

variants, however the total variants present in the unaffected members were half the 

number compared to the affected individuals. Unaffected parents transmitted the rare 

variants almost equally to the affected progeny. Known functions and all other available 

supporting evidence including from animal studies for likely involvement of genes in disease 

biology are presented in Supplementary text file. This is not to assign the complete genetic 

basis of the disease in each individual or to claim that these genes/variants are the only 

contributors to disease etiology, but rather to check the distribution of the most promising 
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rare variant encompassing candidate genes across the affected and unaffected individuals 

in each of the families, keeping in mind their documented probable functional relevance and 

pathophysiological hypothesis.  This was also done to check if such an approach could help 

interpret the complex mode of inheritance with familial clustering of psychiatric disorders 

which characterised the study families. Original findings of negligible contribution of 

homozygous/compound heterozygous variants in SZ families were parents were unaffected, 

and heterozygous variants in large number of disease relevant genes following this analysis 

(Supplementary Fig1) provides genetic evidence for cumulative contribution of multiple rare 

heterozygous variants as  well as a likely threshold effect for disease manifestation. 

Discussion 

Uncovering the genetic underpinnings of neuropsychiatric disorders have witnessed distinct 

eras starting with limited hypothesis testing/candidate gene association testing in 

small/moderate sample sizes, through hypothesis free genome wide analysis of common 

variants across large cohorts  including  trans-ethnic  groups , to the contemporary  rare 

variant paradigm. Rare variant findings have provided significant insights into several disease 

related pathways but the variants themselves were mostly de novo in origin with limited 

scope to explain genetic liability across generations. Conversely, analysis of multiplex families 

with the same rare variant discovery tool of whole exome/genome sequencing is expected to 

be more powerful to detect rare inherited rare protein sequence disrupting variants which 

maybe potentially more useful in genetic risk prediction.  

Results from our efforts in this direction by analysing 11 small sized families have been 

encouraging and have underscored the contribution of inherited risk variants to disease 

etiology. The  notable observations included:   a large number of inherited rare (MAF <0.01) 

protein sequence altering and deleterious variants in a large number of disease relevant  

genes (including  well studied SZ candidate genes such as CALHM1, ANK2, ANK3, CHRM4, 

DISC1, DLG1, DRD3, EGF, GRIN3A, GRM2, GRM7, HTR3A, KALRN, KCNT1, LRP4, MAGI2, 

PRODH, SCN2A, SETDB1, SHANK2, SHANK3, TBX1, TH and WNT2) across  the 11 multiplex SZ 

families;  variants in 39 genes (including genes such as INPP4A, CENPE, LAMA1 and GRIN3B) 

present in two families; enrichment of genes from disease relevant pathways/ontologies  

including  neurodevelopmental, synaptic functions, social behaviour, axon guidance, 
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glutamatergic pathway etc. (Table 1; Supplementary Table 4); and notable clustering of genes 

with previously reported de novo mutations in SZ as well as other psychiatric disorders ( 

Supplementary Table 5). In addition, most of the variants were heterozygous 

(Suppl_Tables_2A-to-2K) and this is not unexpected considering their rarity and non-

consanguineous nature of the study families.  Furthermore, occurrence of rare variants in 

functionally prioritised genes (Supplementary Table 6) was noteworthy. Most of the variants 

were directly/indirectly connected with glutamatergic pathways (Supplementary text file). Of 

note, at least five genes each in all the families were reported previously to manifest 

behavioural and nervous system abnormalities in mouse knock out studies. A brief 

description of functionally prioritised genes is provided in Supplementary text file. 

Highlights which emerge from these  family based  findings are i) the strong genetic evidence 

that it has provided for the cumulative contribution of protein sequence altering rare variants 

to disease development; ii) identification that unaffected members possessed only about half 

the total number of the inherited rare variants documented in the affected members in the 

respective families (Supplementary Fig1), suggesting a threshold effect; and iii)a likely 

explanation for the complex mode of inheritance seen in the study families. Furthermore, the 

limited extent of overlapping genes across the families reiterates the genetic heterogeneity 

reported in SZ. Almost all of the prioritised genes in each of the families were relevant to 

psychiatric disorders in general as evident in published studies (Supplementary information). 

The most significant enrichment of pathways and GOs observed in the analysis is related to 

microtubule/extracellular matrix/cytoskeleton related GOs and pathways(Table 1 & 

Supplementary Table 4).Cytoskeleton is the basic structural framework of the cell and 

comprised of microtubules, actin filaments, and intermediate filaments. In general it is 

involved in maintenance of cell shape and internal organization through linkages to itself, the 

membrane, and internal organelles. Cytoskeleton in brain is involved  in development, 

maintenance and regeneration of neurons (see review (Yan et al., 2016)).  It is also involved 

in  spine development, receptor anchoring and trafficking, trans-synaptic adhesion and 

structural plasticity during long term potentiation and depression (Forsyth and Lewis, 2017). 

The authors proposed that synaptic actin dysfunction may be the convergent mechanism of 

various psychiatric disorders. NMDA receptor signalling influences the reorganisation of 

cytoskeleton (Forsyth and Lewis, 2017). Microtubule dysfunction has been  previously 
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reported in SZ and other psychiatric disorders (Gardiner, 2017; Marchisella et al., 2016).  An  

over representation of de novo mutation encompassing genes from activity-regulated 

cytoskeleton-associated protein complex in SZ has been previously reported (Fromer et al., 

2014). On the other hand, abnormalities in extracellular matrix (ECM) are also reported in SZ 

and other psychiatric disorders.  ECMs are involved in synaptic functions, neuronal 

connectivity and migration, and GABAergic, glutamatergic and dopaminergic 

neurotransmission(Berretta, 2012; Matuszko et al., 2017). Another ontological process where 

enrichment was observed is developmental processes especially brain development,  

supporting the widely accepted neurodevelopmental models of SZ (Owen et al., 2011; Owen 

and O’Donovan, 2017). Enrichment of genes from other related pathways/GOs include 

ionotropic glutamate receptor complex, glutamate receptor related pathways/GOs and N-

methyl-D-aspartate glutamate receptor (NMDAR). 

A notable over representation was seen in FMRP. This RNA binding protein is coded by FMRI 

(Xq27.3) which is linked to fragile X syndrome.  FMRP is important for translation of hundreds 

of neuronal mRNAs and affects synaptic functions (Ascano et al., 2012; Jennifer C. Darnell et 

al., 2011). Taken together, over representation of  genes reported from the de novo mutation 

studies in autism, ID and other curated list of genes involved in other psychiatric disorders 

(taken from various databases) (Supplementary Table 5), lend support to a likely shared 

etiology across these brain disorders(Gandal et al., 2018; Lee et al., 2013; O’Donovan and 

Owen, 2016; Smoller et al., 2013; Zhao and Nyholt, 2017). 

The above discussed study findings are indeed informative and support a polygenic nature of 

SZ, but have a few limitations. i)  In view of the large number of inherited variants,  only those 

predicted to be damaging by in silico tools have been considered which may lead to a few 

functionally relevant variants being missed; ii) de novo variants in the families have not been 

assessed; iii) focus has been  only on rare SNPs/indels thus ignoring CNVs and common 

variants; iv) considering only those variants shared among all SZ affected in the respective 

families may have led to omission of private variants which may be otherwise potential 

contributors; similarly non coding variants have also not been considered; and finally, v)  only 

small sized families have been analysed which may imply suboptimal power of the study. 

However, considering the overarching findings of inherited rare variants in genes of 

functional relevance to SZ segregating among the affected individuals in this study, efforts to 
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investigate larger multi ethnic family based and case-control cohorts on one hand and 

functional validation of the variants using in vitro or cellular/animal models on the other 

would be insightful. Further, weighted polygenic scoring considering genes of biological 

relevance and nature and genomic location of the variants with respect to brain function 

would be desirable for complex diseases such as SZ. 
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Tabl 1: Enriched pathways and ontologies 

      
Genes in the study (family 

based; n=743) 

Pathway/GO name size effective_size p-value 
q-
value 

Genes 
shared 

Extracellular matrix organization 293 293 
3.36185E-

05 0.003 26 
ECM-receptor interaction - Homo sapiens (human) 82 82 0.0002 0.011 11 
Axon guidance 357 356 0.0003 0.01 27 
MECP2 and Associated Rett Syndrome 63 63 0.0005 0.02 9 
Wnt Signaling Pathway 114 114 0.001 0.02 12 

      

Microtubule-based process 776 776 6.98E-10 
1.15E-

07 64 

Cytoskeleton 2141 2135 4.93E-09 
6.65E-

07 128 

Movement of cell or subcellular component 2015 2012 2.24E-08 
1.85E-

06 120 

Cellular component organization 6340 6325 4.36E-08 
2.40E-

06 296 

Microtubule associated complex 150 150 1.13E-07 
5.50E-

06 21 

Extracellular matrix 482 481 3.80E-07 
1.23E-

05 41 

Cytoskeletal protein binding 916 914 1.57E-07 
1.25E-

05 65 

Cytoskeleton organization 1318 1316 1.53E-08 
1.40E-

05 88 

Cytoskeletal part 1636 1632 2.17E-07 
1.62E-

05 99 

Extracellular matrix component 119 119 1.36E-06 
3.30E-

05 17 

Anatomical structure development 5749 5735 2.02E-06 
4.84E-

05 264 

Multicellular organism development 5261 5247 2.06E-06 
4.84E-

05 245 

Synaptic membrane 318 318 5.30E-06 
8.57E-

05 29 

Postsynaptic membrane 245 245 3.29E-06 
9.82E-

05 25 
Neuron part 1538 1535 1.07E-05 0.0001 88 
Postsynapse 452 451 2.09E-05 0.0002 35 
Neuron projection 1228 1226 5.58E-06 0.0004 75 
Dorsal/ventral axis specification 17 17 1.12E-06 0.0005 7 
System development 4667 4655 6.07E-06 0.0005 219 
Cell development 2039 2035 1.08E-05 0.0006 110 
Receptor complex 375 375 0.0001 0.0008 29 
Animal organ development 3405 3397 1.71E-05 0.0008 166 
Neurotransmitter receptor complex 51 51 7.94E-05 0.002 9 
Axoneme part 34 34 0.0002 0.003 7 
Head development 744 742 7.77E-05 0.003 48 
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Social behavior 51 51 7.94E-05 0.003 9 
Cellular developmental process 4298 4287 0.0004 0.004 193 
Nervous system development 2304 2299 5.09E-05 0.005 118 
Neuron development 1062 1061 4.31E-05 0.005 64 
Neurogenesis 1541 1538 5.75E-05 0.005 85 
Neuron to neuron synapse 236 235 0.0010 0.005 19 
Ionotropic glutamate receptor complex 49 49 0.0003 0.007 8 
Asymmetric synapse 233 232 0.0008 0.008 19 
Postsynaptic specialization 230 229 0.002 0.008 18 
Dorsal/ventral pattern formation 95 95 0.0002 0.010 12 
Axon 540 540 0.0007 0.01 35 
Cell differentiation 4103 4092 0.0004 0.01 185 
Tissue development 1941 1938 0.0004 0.01 98 
Neuron differentiation 1308 1305 0.0002 0.01 72 
Postsynaptic density 228 227 0.002 0.01 18 
Cell morphogenesis involved in differentiation 704 703 4.16E-05 0.01 47 
Neuron projection development 938 937 4.90E-05 0.01 58 
Regulation of multicellular organismal process 2856 2848 0.0005 0.01 135 
Generation of neurons 1442 1439 7.95E-05 0.01 80 
Developmental growth 584 584 0.001 0.01 36 
Positive regulation of developmental process 1265 1263 0.0004 0.02 69 
Brain development 703 701 0.0006 0.02 43 
Developmental maturation 256 256 0.003 0.02 19 
Dendrite development 217 216 0.0009 0.02 18 
Positive regulation of nervous system development 493 491 0.0002 0.02 34 
Animal organ morphogenesis 996 995 0.001 0.03 55 
Embryo development 956 956 0.001 0.03 53 
Neural precursor cell proliferation 136 136 0.004 0.03 12 
Regulation of developmental process 2456 2450 0.002 0.03 115 
Regulation of localization 2615 2610 0.003 0.05 120 
Developmental process involved in reproduction 669 669 0.007 0.05 37 
Neural tube development 158 158 0.002 0.05 14 
Receptor clustering 50 50 0.002 0.05 7 
Regulation of multicellular organismal development 1897 1891 0.002 0.05 92 

 

 

 

Acknowledgements 

Junior and Senior Research Fellowship (09/045(1166)/2012-EMR-I) to Jibin John from Council 
for Scientific and Industrial Research (CSIR), New Delhi; and DSK-PDF (BL/13-14/0404) to Dr. 
Prachi Kukshal from UGC, New Delhi are gratefully acknowledged. We are thankful for, the 
study sample collection by trained and dedicated staff at Dr RML hospital, DNA isolation by 
Mrs. Anjali Dabral at the University of Delhi South Campus; and computational facility 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted November 12, 2019. ; https://doi.org/10.1101/829101doi: bioRxiv preprint 

https://doi.org/10.1101/829101
http://creativecommons.org/licenses/by-nc-nd/4.0/


provided by Central Instrumentation Facility, University of Delhi South Campus. We gratefully 
acknowledge infrastructure support provided by the UGC, New Delhi, through Special 
Assistance Programme and Department of Science and Technology, New Delhi, through FIST 
and DU-DST PURSE programmes to the Department of Genetics, UDSC.  

Funding 

This work was supported by grant #BT/MB/Project-Schizophrenia/2012–2013 and 
#BT/PR2425/Med13/089/2001 to B.K.T. and S.N.D. from the Department of Biotechnology, 
Government of India, New Delhi, India; Grant #MH093246, #MH063480, and #TW009114 to V.L.N. 
from National Institute of Mental Health, the Fogarty International Center, USA 

 

References 

Ascano, M., Mukherjee, N., Bandaru, P., Miller, J.B., Nusbaum, J.D., Corcoran, D.L., Langlois, C., 
Munschauer, M., Dewell, S., Hafner, M., Williams, Z., Ohler, U., Tuschl, T., 2012. FMRP targets 
distinct mRNA sequence elements to regulate protein expression. Nature 492, 382–386. 
https://doi.org/10.1038/nature11737 

Beckmann, H., Franzek, E., 2000. The genetic heterogeneity of “schizophrenia.” World J. Biol. 
Psychiatry 1, 35–41. https://doi.org/10.3109/15622970009150564 

Berretta, S., 2012. Extracellular matrix abnormalities in schizophrenia. Neuropharmacology 62, 
1584–1597. https://doi.org/10.1016/j.neuropharm.2011.08.010 

Blake, J.A., Bult, C.J., Kadin, J.A., Richardson, J.E., Eppig, J.T., 2011. The mouse genome database 
(MGD): Premier model organism resource for mammalian genomics and genetics. Nucleic 
Acids Res. 39, D842-8. https://doi.org/10.1093/nar/gkq1008 

Breton, F., Planté, A., Legauffre, C., Morel, N., Adès, J., Gorwood, P., Ramoz, N., Dubertret, C., 2011. 
The executive control of attention differentiates patients with schizophrenia, their first-degree 
relatives and healthy controls. Neuropsychologia 49, 203–208. 
https://doi.org/10.1016/j.neuropsychologia.2010.11.019 

Cannon, T.D., Kaprio, J., Lönnqvist, J., Huttunen, M., Koskenvuo, M., 1998. The genetic 
epidemiology of schizophrenia in a Finnish twin cohort: A population-based modeling study. 
Arch. Gen. Psychiatry 55, 67–74. https://doi.org/10.1001/archpsyc.55.1.67 

Chou, I.J., Kuo, C.F., Huang, Y.S., Grainge, M.J., Valdes, A.M., See, L.C., Yu, K.H., Luo, S.F., Huang, 
L.S., Tseng, W.Y., Zhang, W., Doherty, M., 2017. Familial aggregation and heritability of 
schizophrenia and co-aggregation of psychiatric illnesses in affected families. Schizophr. Bull. 
43, 1070–1078. https://doi.org/10.1093/schbul/sbw159 

Darnell, Jennifer C., Van Driesche, S.J., Zhang, C., Hung, K.Y.S., Mele, A., Fraser, C.E., Stone, E.F., 
Chen, C., Fak, J.J., Chi, S.W., Licatalosi, D.D., Richter, J.D., Darnell, R.B., 2011. FMRP Stalls 
Ribosomal Translocation on mRNAs Linked to Synaptic Function and Autism. Cell 146, 247–
261. https://doi.org/10.1016/j.cell.2011.06.013 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted November 12, 2019. ; https://doi.org/10.1101/829101doi: bioRxiv preprint 

https://doi.org/10.1101/829101
http://creativecommons.org/licenses/by-nc-nd/4.0/


Darnell, Jennifer C., Van Driesche, S.J., Zhang, C., Hung, K.Y.S., Mele, A., Fraser, C.E., Stone, E.F., 
Chen, C., Fak, J.J., Chi, S.W., Licatalosi, D.D., Richter, J.D., Darnell, R.B., 2011. FMRP stalls 
ribosomal translocation on mRNAs linked to synaptic function and autism. Cell 146, 247–261. 
https://doi.org/10.1016/j.cell.2011.06.013 

Dashti, M.J.S., Gamieldien, J., 2017. A practical guide to filtering and prioritizing genetic variants. 
Biotechniques 62, 18–30. https://doi.org/10.2144/000114492 

Egawa, J., Hoya, S., Watanabe, Y., Nunokawa, A., Shibuya, M., Ikeda, M., Inoue, E., Okuda, S., 
Kondo, K., Saito, T., Kaneko, N., Muratake, T., Igeta, H., Iwata, N., Someya, T., 2016. Rare 
UNC13B variations and risk of schizophrenia: Whole-exome sequencing in a multiplex family 
and follow-up resequencing and a case–control study. Am. J. Med. Genet. Part B 
Neuropsychiatr. Genet. 171, 797–805. https://doi.org/10.1002/ajmg.b.32444 

Essen-Möller, E., 1977. Evidence for polygenic inheritance in schizophrenia? Acta Psychiatr. Scand. 
55, 202–207. https://doi.org/10.1111/j.1600-0447.1977.tb00162.x 

Flint, J., 2016. Rare genetic variants and schizophrenia. Nat. Neurosci. 19, 525–527. 
https://doi.org/10.1038/nn.4271 

Forsyth, J.K., Lewis, D.A., 2017. Mapping the Consequences of Impaired Synaptic Plasticity in 
Schizophrenia through Development: An Integrative Model for Diverse Clinical Features. 
Trends Cogn. Sci. https://doi.org/10.1016/j.tics.2017.06.006 

Fromer, M., Pocklington, A.J., Kavanagh, D.H., Williams, H.J., Dwyer, S., Gormley, P., Georgieva, L., 
Rees, E., Palta, P., Ruderfer, D.M., Carrera, N., Humphreys, I., Johnson, J.S., Roussos, P., Barker, 
D.D., Banks, E., Milanova, V., Grant, S.G., Hannon, E., Rose, S.A., Chambert, K., Mahajan, M., 
Scolnick, E.M., Moran, J.L., Kirov, G., Palotie, A., McCarroll, S.A., Holmans, P., Sklar, P., Owen, 
M.J., Purcell, S.M., O’Donovan, M.C., 2014. De novo mutations in schizophrenia implicate 
synaptic networks. Nature 506, 179–184. https://doi.org/10.1038/nature12929 

Fuentes Fajardo, K. V., Adams, D., Mason, C.E., Sincan, M., Tifft, C., Toro, C., Boerkoel, C.F., Gahl, 
W., Markello, T., 2012. Detecting false-positive signals in exome sequencing. Hum. Mutat. 33, 
609–613. https://doi.org/10.1002/humu.22033 

Galindo, L., Pastoriza, F., Bergé, D., Mané, A., Roé, N., Pujol, N., Picado, M., Bulbena, A., Perez, V., 
Vilarroya, O., 2016. Abnormal connectivity in dorsolateral prefrontal cortex in schizophrenia 
patients and unaffected relatives. Eur. Psychiatry 33, S99. 
https://doi.org/10.1016/j.eurpsy.2016.01.074 

Gandal, M.J., Haney, J.R., Parikshak, N.N., Leppa, V., Ramaswami, G., Hartl, C., Schork, A.J., 
Appadurai, V., Buil, A., Werge, T.M., Liu, C., White, K.P., Horvath, S., Geschwind, D.H., 2018. 
Shared molecular neuropathology across major psychiatric disorders parallels polygenic 
overlap. Science (80-. ). 359, 693–697. https://doi.org/10.1126/science.aad6469 

Gardiner, J., 2017. The Depression/Schizophrenia Continuum: Does Cytoskeletal Tensegrity Play a 
Role? NeuroQuantology 15. https://doi.org/10.14704/NQ.2017.15.4.1121 

Genovese, G., Fromer, M., Stahl, E.A., Ruderfer, D.M., Chambert, K., Landén, M., Moran, J.L., 
Purcell, S.M., Sklar, P., Sullivan, P.F., Hultman, C.M., McCarroll, S.A., 2016. Increased burden of 
ultra-rare protein-altering variants among 4,877 individuals with schizophrenia. Nat. Neurosci. 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted November 12, 2019. ; https://doi.org/10.1101/829101doi: bioRxiv preprint 

https://doi.org/10.1101/829101
http://creativecommons.org/licenses/by-nc-nd/4.0/


19, 1433–1441. https://doi.org/10.1038/nn.4402 

Gershon, E.S., 2000. Bipolar illness and schizophrenia as oligogenic diseases: Implications for the 
future. Biol. Psychiatry. https://doi.org/10.1016/S0006-3223(99)00299-1 

Goes, F.S., Hamshere, M.L., Seifuddin, F., Pirooznia, M., Belmonte-Mahon, P., Breuer, R., Schulze, T., 
Nöthen, M., Cichon, S., Rietschel, M., Holmans, P., Zandi, P.P., Bipolar Genome Study (BiGS), 
Craddock, N., Potash, J.B., 2012. Genome-wide association of mood-incongruent psychotic 
bipolar disorder. Transl. Psychiatry 2, e180. https://doi.org/10.1038/tp.2012.106 

Harrison, P.J., 2015. Recent genetic findings in schizophrenia and their therapeutic relevance. J. 
Psychopharmacol. https://doi.org/10.1177/0269881114553647 

Homann, O.R., Misura, K., Lamas, E., Sandrock, R.W., Nelson, P., Mcdonough, S.I., De Lisi, L.E., 2016. 
Whole-genome sequencing in multiplex families with psychoses reveals mutations in the 
SHANK2 and SMARCA1 genes segregating with illness. Mol. Psychiatry 21, 1690–1695. 
https://doi.org/10.1038/mp.2016.24 

Hornig, T., Grüning, B., Kundu, K., Houwaart, T., Backofen, R., Biber, K., Normann, C., 2017. GRIN3B 
missense mutation as an inherited risk factor for schizophrenia: Whole-exome sequencing in a 
family with a familiar history of psychotic disorders. Genet. Res. (Camb). 99, e1. 
https://doi.org/10.1017/S0016672316000148 

Iossifov, I., O’Roak, B.J., Sanders, S.J., Ronemus, M., Krumm, N., Levy, D., Stessman, H.A., 
Witherspoon, K.T., Vives, L., Patterson, K.E., Smith, J.D., Paeper, B., Nickerson, D.A., Dea, J., 
Dong, S., Gonzalez, L.E., Mandell, J.D., Mane, S.M., Murtha, M.T., Sullivan, C.A., Walker, M.F., 
Waqar, Z., Wei, L., Willsey, A.J., Yamrom, B., Lee, Y.H., Grabowska, E., Dalkic, E., Wang, Z., 
Marks, S., Andrews, P., Leotta, A., Kendall, J., Hakker, I., Rosenbaum, J., Ma, B., Rodgers, L., 
Troge, J., Narzisi, G., Yoon, S., Schatz, M.C., Ye, K., McCombie, W.R., Shendure, J., Eichler, E.E., 
State, M.W., Wigler, M., 2014. The contribution of de novo coding mutations to autism 
spectrum disorder. Nature 515, 216–221. https://doi.org/10.1038/nature13908 

Jensen, M., Girirajan, S., 2017. Mapping a shared genetic basis for neurodevelopmental disorders. 
Genome Med. 9, 109. https://doi.org/10.1186/s13073-017-0503-4 

John, J., Bhatia, T., Kukshal, P., Chandna, P., Nimgaonkar, V.L., Deshpande, S.N., Thelma, B.K., 2016. 
Association study of MiRSNPs with schizophrenia, tardive dyskinesia and cognition. Schizophr. 
Res. 174, 29–34. https://doi.org/10.1016/j.schres.2016.03.031 

John, J., Kukshal, P., Bhatia, T., Chowdari, K.V., Nimgaonkar, V.L., Deshpande, S.N., Thelma, B.K., 
2017. Possible role of rare variants in Trace amine associated receptor 1 in schizophrenia. 
Schizophr. Res. 189. https://doi.org/10.1016/j.schres.2017.02.020 

John, J., Kukshal, P., Bhatia, T., Nimgaonkar, V.L., Deshpande, S.N., Thelma, B.K., 2019. Rare variant 
based evidence for oligogenic contribution of neurodevelopmental pathway genes to 
schizophrenia. Schizophr. Res. https://doi.org/10.1016/j.schres.2018.12.045 

John, J., Sharma, A., Kukshal, P., Bhatia, T., Nimgaonkar, V.L., Deshpande, S.N., Thelma, B.K., 2018. 
Rare Variants in Tissue Inhibitor of Metalloproteinase 2 as a Risk Factor for Schizophrenia: 
Evidence From Familial and Cohort Analysis. Schizophr. Bull. 
https://doi.org/10.1093/schbul/sbx196 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted November 12, 2019. ; https://doi.org/10.1101/829101doi: bioRxiv preprint 

https://doi.org/10.1101/829101
http://creativecommons.org/licenses/by-nc-nd/4.0/


Khandaker, G.M., Cousins, L., Deakin, J., Lennox, B.R., Yolken, R., Jones, P.B., 2015. Inflammation 
and immunity in schizophrenia: Implications for pathophysiology and treatment. The Lancet 
Psychiatry. https://doi.org/10.1016/S2215-0366(14)00122-9 

Kuha, A., Tuulio-Henriksson, A., Eerola, M., Perälä, J., Suvisaari, J., Partonen, T., Lönnqvist, J., 2007. 
Impaired executive performance in healthy siblings of schizophrenia patients in a population-
based study. Schizophr. Res. 92, 142–150. https://doi.org/10.1016/j.schres.2007.01.007 

Kukshal, P., Bhatia, T., Bhagwat, A.M., Gur, R.E., Gur, R.C., Deshpande, S.N., Nimgaonkar, V.L., 
Thelma, B.K., 2013. Association study of Neuregulin-1 gene polymorphisms in a north Indian 
schizophrenia sample. Schizophr. Res. 144, 24–30. 
https://doi.org/10.1016/j.schres.2012.12.017 

Lee, S.H., Ripke, S., Neale, B.M., Faraone, S. V, Purcell, S.M., Perlis, R.H., Mowry, B.J., Thapar, A., 
Goddard, M.E., Witte, J.S., Absher, D., Agartz, I., Akil, H., Amin, F., Andreassen, O.A., Anjorin, 
A., Anney, R., Anttila, V., Arking, D.E., Asherson, P., Azevedo, M.H., Backlund, L., Badner, J.A., 
Bailey, A.J., Banaschewski, T., Barchas, J.D., Barnes, M.R., Barrett, T.B., Bass, N., Battaglia, A., 
Bauer, M., Bayés, M., Bellivier, F., Bergen, S.E., Berrettini, W., Betancur, C., Bettecken, T., 
Biederman, J., Binder, E.B., Black, D.W., Blackwood, D.H.R., Bloss, C.S., Boehnke, M., 
Boomsma, D.I., Breen, G., Breuer, R., Bruggeman, R., Cormican, P., Buccola, N.G., Buitelaar, 
J.K., Bunney, W.E., Buxbaum, J.D., Byerley, W.F., Byrne, E.M., Caesar, S., Cahn, W., Cantor, 
R.M., Casas, M., Chakravarti, A., Chambert, K., Choudhury, K., Cichon, S., Cloninger, C.R., 
Collier, D.A., Cook, E.H., Coon, H., Cormand, B., Corvin, A., Coryell, W.H., Craig, D.W., Craig, 
I.W., Crosbie, J., Cuccaro, M.L., Curtis, D., Czamara, D., Datta, S., Dawson, G., Day, R., De Geus, 
E.J., Degenhardt, F., Djurovic, S., Donohoe, G.J., Doyle, A.E., Duan, J., Dudbridge, F., Duketis, E., 
Ebstein, R.P., Edenberg, H.J., Elia, J., Ennis, S., Etain, B., Fanous, A., Farmer, A.E., Ferrier, I.N., 
Flickinger, M., Fombonne, E., Foroud, T., Frank, J., Franke, B., Fraser, C., Freedman, R., Freimer, 
N.B., Freitag, C.M., Friedl, M., Frisén, L., Gallagher, L., Gejman, P. V, Georgieva, L., Gershon, 
E.S., Geschwind, D.H., Giegling, I., Gill, M., Gordon, S.D., Gordon-Smith, K., Green, E.K., 
Greenwood, T.A., Grice, D.E., Gross, M., Grozeva, D., Guan, W., Gurling, H., De Haan, L., Haines, 
J.L., Hakonarson, H., Hallmayer, J., Hamilton, S.P., Hamshere, M.L., Hansen, T.F., Hartmann, 
A.M., Hautzinger, M., Heath, A.C., Henders, A.K., Herms, S., Hickie, I.B., Hipolito, M., Hoefels, 
S., Holmans, P.A., Holsboer, F., Hoogendijk, W.J., Hottenga, J.-J., Hultman, C.M., Hus, V., 
Ingason, A., Ising, M., Jamain, S., Jones, E.G., Jones, I., Jones, L., Tzeng, J.-Y., Kähler, A.K., Kahn, 
R.S., Kandaswamy, R., Keller, M.C., Kennedy, J.L., Kenny, E., Kent, L., Kim, Y., Kirov, G.K., Klauck, 
S.M., Klei, L., Knowles, J.A., Kohli, M.A., Koller, D.L., Konte, B., Korszun, A., Krabbendam, L., 
Krasucki, R., Kuntsi, J., Kwan, P., Landén, M., Långström, N., Lathrop, M., Lawrence, J., Lawson, 
W.B., Leboyer, M., Ledbetter, D.H., Lee, P.H., Lencz, T., Lesch, K.-P., Levinson, D.F., Lewis, C.M., 
Li, J., Lichtenstein, P., Lieberman, J.A., Lin, D.-Y., Linszen, D.H., Liu, C., Lohoff, F.W., Loo, S.K., 
Lord, C., Lowe, J.K., Lucae, S., MacIntyre, D.J., Madden, P.A.F., Maestrini, E., Magnusson, P.K.E., 
Mahon, P.B., Maier, W., Malhotra, A.K., Mane, S.M., Martin, C.L., Martin, N.G., Mattheisen, M., 
Matthews, K., Mattingsdal, M., McCarroll, S.A., McGhee, K.A., McGough, J.J., McGrath, P.J., 
McGuffin, P., McInnis, M.G., McIntosh, A., McKinney, R., McLean, A.W., McMahon, F.J., 
McMahon, W.M., McQuillin, A., Medeiros, H., Medland, S.E., Meier, S., Melle, I., Meng, F., 
Meyer, J., Middeldorp, C.M., Middleton, L., Milanova, V., Miranda, A., Monaco, A.P., 
Montgomery, G.W., Moran, J.L., Moreno-De-Luca, D., Morken, G., Morris, D.W., Morrow, E.M., 
Moskvina, V., Muglia, P., Mühleisen, T.W., Muir, W.J., Müller-Myhsok, B., Murtha, M., Myers, 
R.M., Myin-Germeys, I., Neale, M.C., Nelson, S.F., Nievergelt, C.M., Nikolov, I., Nimgaonkar, V., 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted November 12, 2019. ; https://doi.org/10.1101/829101doi: bioRxiv preprint 

https://doi.org/10.1101/829101
http://creativecommons.org/licenses/by-nc-nd/4.0/


Nolen, W.A., Nöthen, M.M., Nurnberger, J.I., Nwulia, E.A., Nyholt, D.R., O’Dushlaine, C., Oades, 
R.D., Olincy, A., Oliveira, G., Olsen, L., Ophoff, R.A., Osby, U., Owen, M.J., Palotie, A., Parr, J.R., 
Paterson, A.D., Pato, C.N., Pato, M.T., Penninx, B.W., Pergadia, M.L., Pericak-Vance, M.A., 
Pickard, B.S., Pimm, J., Piven, J., Posthuma, D., Potash, J.B., Poustka, F., Propping, P., Puri, V., 
Quested, D.J., Quinn, E.M., Ramos-Quiroga, J.A., Rasmussen, H.B., Raychaudhuri, S., 
Rehnström, K., Reif, A., Ribasés, M., Rice, J.P., Rietschel, M., Roeder, K., Roeyers, H., Rossin, L., 
Rothenberger, A., Rouleau, G., Ruderfer, D., Rujescu, D., Sanders, A.R., Sanders, S.J., 
Santangelo, S.L., Sergeant, J.A., Schachar, R., Schalling, M., Schatzberg, A.F., Scheftner, W.A., 
Schellenberg, G.D., Scherer, S.W., Schork, N.J., Schulze, T.G., Schumacher, J., Schwarz, M., 
Scolnick, E., Scott, L.J., Shi, J., Shilling, P.D., Shyn, S.I., Silverman, J.M., Slager, S.L., Smalley, S.L., 
Smit, J.H., Smith, E.N., Sonuga-Barke, E.J.S., St. Clair, D., State, M., Steffens, M., Steinhausen, 
H.-C., Strauss, J.S., Strohmaier, J., Stroup, T.S., Sutcliffe, J.S., Szatmari, P., Szelinger, S., 
Thirumalai, S., Thompson, R.C., Todorov, A.A., Tozzi, F., Treutlein, J., Uhr, M., van den Oord, 
E.J.C.G., Van Grootheest, G., Van Os, J., Vicente, A.M., Vieland, V.J., Vincent, J.B., Visscher, 
P.M., Walsh, C.A., Wassink, T.H., Watson, S.J., Weissman, M.M., Werge, T., Wienker, T.F., 
Wijsman, E.M., Willemsen, G., Williams, N., Willsey, A.J., Witt, S.H., Xu, W., Young, A.H., Yu, 
T.W., Zammit, S., Zandi, P.P., Zhang, P., Zitman, F.G., Zöllner, S., Devlin, B., Kelsoe, J.R., Sklar, 
P., Daly, M.J., O’Donovan, M.C., Craddock, N., Sullivan, P.F., Smoller, J.W., Kendler, K.S., Wray, 
N.R., Wray, N.R., International Inflammatory Bowel Disease Genetics Consortium (IIBDGC), 
2013. Genetic relationship between five psychiatric disorders estimated from genome-wide 
SNPs. Nat. Genet. 45, 984–994. https://doi.org/10.1038/ng.2711 

Li, J., Cai, T., Jiang, Y., Chen, H., He, X., Chen, C., Li, X., Shao, Q., Ran, X., Li, Z., Xia, K., Liu, C., Sun, 
Z.S., Wu, J., 2016. Genes with de novo mutations are shared by four neuropsychiatric disorders 
discovered from NPdenovo database. Mol. Psychiatry 21, 290–297. 
https://doi.org/10.1038/mp.2015.40 

Li, M.X., Gui, H.S., Kwan, J.S.H., Bao, S.Y., Sham, P.C., 2012. A comprehensive framework for 
prioritizing variants in exome sequencing studies of Mendelian diseases. Nucleic Acids Res. 40, 
e53–e53. https://doi.org/10.1093/nar/gkr1257 

Li, Z., Chen, J., Yu, H., He, L., Xu, Y., Zhang, D., Yi, Q., Li, C., Li, X., Shen, J., Song, Z., Ji, W., Wang, M., 
Zhou, J., Chen, B., Liu, Y., Wang, J., Wang, P., Yang, P., Wang, Q., Feng, G., Liu, B., Sun, W., Li, 
B., He, G., Li, Weidong, Wan, C., Xu, Q., Li, Wenjin, Wen, Z., Liu, K., Huang, F., Ji, J., Ripke, S., 
Yue, W., Sullivan, P.F., O’Donovan, M.C., Shi, Y., 2017. Genome-wide association analysis 
identifies 30 new susceptibility loci for schizophrenia. Nat. Genet. 49, 1576–1583. 
https://doi.org/10.1038/ng.3973 

Lichtenstein, P., Yip, B.H., Björk, C., Pawitan, Y., Cannon, T.D., Sullivan, P.F., Hultman, C.M., 2009. 
Common genetic determinants of schizophrenia and bipolar disorder in Swedish families: a 
population-based study. Lancet 373, 234–239. https://doi.org/10.1016/S0140-6736(09)60072-
6 

Loh, P.-R., Bhatia, G., Gusev, A., Finucane, H.K., Bulik-Sullivan, B.K., Pollack, S.J., Schizophrenia 
Working Group of Psychiatric Genomics Consortium, de Candia, T.R., Lee, S.H., Wray, N.R., 
Kendler, K.S., O’Donovan, M.C., Neale, B.M., Patterson, N., Price, A.L., 2015. Contrasting 
genetic architectures of schizophrenia and other complex diseases using fast variance-
components analysis. Nat. Genet. 47, 1385–92. https://doi.org/10.1038/ng.3431 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted November 12, 2019. ; https://doi.org/10.1101/829101doi: bioRxiv preprint 

https://doi.org/10.1101/829101
http://creativecommons.org/licenses/by-nc-nd/4.0/


Lui, S.S.Y., Hung, K.S.Y., Wang, Yi, Ho, K.K.Y., Yeung, H.K.H., Wang, Ya, Huang, J., Gooding, D.C., 
Cheung, E.F.C., Chan, R.C.K., 2018. Clustering of Schizotypal Features in Unaffected First-
Degree Relatives of Schizophrenia Patients. Schizophr. Bull. 
https://doi.org/10.1093/schbul/sby035 

MacArthur, D.G., Manolio, T.A., Dimmock, D.P., Rehm, H.L., Shendure, J., Abecasis, G.R., Adams, 
D.R., Altman, R.B., Antonarakis, S.E., Ashley, E.A., Barrett, J.C., Biesecker, L.G., Conrad, D.F., 
Cooper, G.M., Cox, N.J., Daly, M.J., Gerstein, M.B., Goldstein, D.B., Hirschhorn, J.N., Leal, S.M., 
Pennacchio, L.A., Stamatoyannopoulos, J.A., Sunyaev, S.R., Valle, D., Voight, B.F., Winckler, W., 
Gunter, C., 2014. Guidelines for investigating causality of sequence variants in human disease. 
Nature. https://doi.org/10.1038/nature13127 

Marchisella, F., Coffey, E.T., Hollos, P., 2016. Microtubule and microtubule associated protein 
anomalies in psychiatric disease. Cytoskeleton. https://doi.org/10.1002/cm.21300 

Martin, J., Taylor, M.J., Lichtenstein, P., 2017. Assessing the evidence for shared genetic risks across 
psychiatric disorders and traits. Psychol. Med. 50, 1–16. 
https://doi.org/10.1017/S0033291717003440 

Martin, M., 2011. Cutadapt removes adapter sequences from high-throughput sequencing reads. 
EMBnet.journal 17, 10. https://doi.org/10.14806/ej.17.1.200 

Matuszko, G., Curreli, S., Kaushik, R., Becker, A., Dityatev, A., 2017. Extracellular matrix alterations 
in the ketamine model of schizophrenia. Neuroscience 350, 13–22. 
https://doi.org/10.1016/j.neuroscience.2017.03.010 

McCarthy, S.E., Gillis, J., Kramer, M., Lihm, J., Yoon, S., Berstein, Y., Mistry, M., Pavlidis, P., Solomon, 
R., Ghiban, E., Antoniou, E., Kelleher, E., O’Brien, C., Donohoe, G., Gill, M., Morris, D.W., 
McCombie, W.R., Corvin, A., 2014. De novo mutations in schizophrenia implicate chromatin 
remodeling and support a genetic overlap with autism and intellectual disability. Mol. 
Psychiatry 19, 652–658. https://doi.org/10.1038/mp.2014.29 

McGue, M., Gottesman, I.I., Rao, D.C., 1983. The transmission of schizophrenia under a 
multifactorial threshold model. Am. J. Hum. Genet. 35, 1161–78. 

McKenna, B., Koomar, T., Vervier, K., Kremsreiter, J., Michaelson, J.J., 2018. Whole-genome 
sequencing in a family with twin boys with autism and intellectual disability suggests 
multimodal polygenic risk. Cold Spring Harb. Mol. Case Stud. 4, a003285. 
https://doi.org/10.1101/mcs.a003285 

Moen, M.J., Adams, H.H.H., Brandsma, J.H., Dekkers, D.H.W., Akinci, U., Karkampouna, S., Quevedo, 
M., Kockx, C.E.M., Ozgür, Z., Van Ijcken, W.F.J., Demmers, J., Poot, R.A., 2017. An interaction 
network of mental disorder proteins in neural stem cells. Transl. Psychiatry 7, e1082. 
https://doi.org/10.1038/tp.2017.52 

Muller, N., J. Schwarz, M., 2010. The Role of Immune System in Schizophrenia. Curr. Immunol. Rev. 
6, 213–220. https://doi.org/10.2174/157339510791823673 

Myles-Worsley, M., Tiobech, J., Browning, S.R., Korn, J., Goodman, S., Gentile, K., Melhem, N., 
Byerley, W., Faraone, S. V., Middleton, F.A., 2013. Deletion at the SLC1A1 glutamate 
transporter gene co-segregates with schizophrenia and bipolar schizoaffective disorder in a 5-

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted November 12, 2019. ; https://doi.org/10.1101/829101doi: bioRxiv preprint 

https://doi.org/10.1101/829101
http://creativecommons.org/licenses/by-nc-nd/4.0/


generation family. Am. J. Med. Genet. Part B Neuropsychiatr. Genet. 162, 87–95. 
https://doi.org/10.1002/ajmg.b.32125 

O’Donovan, M.C., Owen, M.J., 2016. The implications of the shared genetics of psychiatric 
disorders. Nat. Med. https://doi.org/10.1038/nm.4196 

O’Rourke, D.H., Gottesman, I.I., Suarez, B.K., Rice, J., Reich, T., 1982. Refutation of the general 
single-locus model for the etiology of schizophrenia. Am. J. Hum. Genet. 34, 630–49. 

Owen, M.J., O’Donovan, M.C., 2017. Schizophrenia and the neurodevelopmental 
continuum:evidence from genomics. World Psychiatry 16, 227–235. 
https://doi.org/10.1002/wps.20440 

Owen, M.J., O’Donovan, M.C., Thapar, A., Craddock, N., 2011. Neurodevelopmental hypothesis of 
schizophrenia. Br. J. Psychiatry. https://doi.org/10.1192/bjp.bp.110.084384 

Pardiñas, A.F., Holmans, P., Pocklington, A.J., Escott-Price, V., Ripke, S., Carrera, N., Legge, S.E., 
Bishop, S., Cameron, D., Hamshere, M.L., Han, J., Hubbard, L., Lynham, A., Mantripragada, K., 
Rees, E., MacCabe, J.H., McCarroll, S.A., Baune, B.T., Breen, G., Byrne, E.M., Dannlowski, U., 
Eley, T.C., Hayward, C., Martin, N.G., McIntosh, A.M., Plomin, R., Porteous, D.J., Wray, N.R., 
Caballero, A., Geschwind, D.H., Huckins, L.M., Ruderfer, D.M., Santiago, E., Sklar, P., Stahl, E.A., 
Won, H., Agerbo, E., Als, T.D., Andreassen, O.A., Bækvad-Hansen, M., Mortensen, P.B., 
Pedersen, C.B., Børglum, A.D., Bybjerg-Grauholm, J., Djurovic, S., Durmishi, N., Pedersen, M.G., 
Golimbet, V., Grove, J., Hougaard, D.M., Mattheisen, M., Molden, E., Mors, O., Nordentoft, M., 
Pejovic-Milovancevic, M., Sigurdsson, E., Silagadze, T., Hansen, C.S., Stefansson, K., Stefansson, 
H., Steinberg, S., Tosato, S., Werge, T., Collier, D.A., Rujescu, D., Kirov, G., Owen, M.J., 
O’Donovan, M.C., Walters, J.T.R.R., O’Donovan, M.C., Walters, J.T.R.R., Harold, D., Sims, R., 
Gerrish, A., Chapman, J., Abraham, R., Hollingworth, P., Pahwa, J., Denning, N., Thomas, C., 
Taylor, S., Powell, J., Proitsi, P., Lupton, M., Lovestone, S., Passmore, P., Craig, D., McGuinness, 
B., Johnston, J., Todd, S., Maier, W., Jessen, F., Heun, R., Schurmann, B., Ramirez, A., Becker, T., 
Herold, C., Lacour, A., Drichel, D., Nothen, M., Goate, A., Cruchaga, C., Nowotny, P., Morris, 
J.C., Mayo, K., O’Donovan, M.C., Owen, M.J., Williams, J., Achilla, E., Barr, C.L., Böttger, T.W., 
Cohen, D., Curran, S., Dempster, E., Dima, D., Sabes-Figuera, R., Flanagan, R.J., Frangou, S., 
Frank, J., Gasse, C., Gaughran, F., Giegling, I., Hannon, E., Hartmann, A.M., Heißerer, B., 
Helthuis, M., Horsdal, H.T., Ingimarsson, O., Jollie, K., Kennedy, J.L., Köhler, O., Konte, B., Lang, 
M., Lewis, C., MacCaba, J., Malhotra, A.K., McCrone, P., Meier, S.M., Mill, J., Nöthen, M.M., 
Pedersen, C.B., Rietschel, M., Rujescu, D., Schwalber, A., Sørensen, H.J., Spencer, B., Støvring, 
H., Strohmaier, J., Sullivan, P., Vassos, E., Verbelen, M., Collier, D.A., Kirov, G., Owen, M.J., 
O’Donovan, M.C., Walters, J.T.R.R., 2018. Common schizophrenia alleles are enriched in 
mutation-intolerant genes and in regions under strong background selection. Nat. Genet. 50, 
381–389. https://doi.org/10.1038/s41588-018-0059-2 

Pritchard, J.K., 2001. Are Rare Variants Responsible for Susceptibility to Complex Diseases? Am. J. 
Hum. Genet. 69, 124–137. https://doi.org/10.1086/321272 

Purcell, S.M., Moran, J.L., Fromer, M., Ruderfer, D., Solovieff, N., Roussos, P., O’Dushlaine, C., 
Chambert, K., Bergen, S.E., Kähler, A., Duncan, L., Stahl, E., Genovese, G., Fernández, E., Collins, 
M.O., Komiyama, N.H., Choudhary, J.S., Magnusson, P.K.E., Banks, E., Shakir, K., Garimella, K., 
Fennell, T., Depristo, M., Grant, S.G.N., Haggarty, S.J., Gabriel, S., Scolnick, E.M., Lander, E.S., 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted November 12, 2019. ; https://doi.org/10.1101/829101doi: bioRxiv preprint 

https://doi.org/10.1101/829101
http://creativecommons.org/licenses/by-nc-nd/4.0/


Hultman, C.M., Sullivan, P.F., McCarroll, S.A., Sklar, P., 2014. A polygenic burden of rare 
disruptive mutations in schizophrenia. Nature 506, 185–190. 
https://doi.org/10.1038/nature12975 

Rees, E., O’Donovan, M.C., Owen, M.J., 2015. Genetics of schizophrenia. Curr. Opin. Behav. Sci. 
https://doi.org/10.1016/j.cobeha.2014.07.001 

Richards, A.L., Leonenko, G., Walters, J.T., Kavanagh, D.H., Rees, E.G., Evans, A., Chambert, K.D., 
Moran, J.L., Goldstein, J., Neale, B.M., McCarroll, S.A., Pocklington, A.J., Holmans, P.A., Owen, 
M.J., O’Donovan, M.C., 2016. Exome arrays capture polygenic rare variant contributions to 
schizophrenia. Hum. Mol. Genet. 25, 1001–1007. https://doi.org/10.1093/hmg/ddv620 

Richards, S., Aziz, N., Bale, S., Bick, D., Das, S., Gastier-Foster, J., Grody, W.W., Hegde, M., Lyon, E., 
Spector, E., Voelkerding, K., Rehm, H.L., 2015. Standards and guidelines for the interpretation 
of sequence variants: A joint consensus recommendation of the American College of Medical 
Genetics and Genomics and the Association for Molecular Pathology. Genet. Med. 17, 405–
424. https://doi.org/10.1038/gim.2015.30 

Ripke, S., Neale, B.M., Corvin, A., Walters, J.T.R., Farh, K.H., Holmans, P.A., Lee, P., Bulik-Sullivan, B., 
Collier, D.A., Huang, H., Pers, T.H., Agartz, I., Agerbo, E., Albus, M., Alexander, M., Amin, F., 
Bacanu, S.A., Begemann, M., Belliveau, R.A., Bene, J., Bergen, S.E., Bevilacqua, E., Bigdeli, T.B., 
Black, D.W., Bruggeman, R., Buccola, N.G., Buckner, R.L., Byerley, W., Cahn, W., Cai, G., 
Campion, D., Cantor, R.M., Carr, V.J., Carrera, N., Catts, S. V., Chambert, K.D., Chan, R.C.K., 
Chen, R.Y.L., Chen, E.Y.H., Cheng, W., Cheung, E.F.C., Chong, S.A., Cloninger, C.R., Cohen, D., 
Cohen, N., Cormican, P., Craddock, N., Crowley, J.J., Curtis, D., Davidson, M., Davis, K.L., 
Degenhardt, F., Del Favero, J., Demontis, D., Dikeos, D., Dinan, T., Djurovic, S., Donohoe, G., 
Drapeau, E., Duan, J., Dudbridge, F., Durmishi, N., Eichhammer, P., Eriksson, J., Escott-Price, V., 
Essioux, L., Fanous, A.H., Farrell, M.S., Frank, J., Franke, L., Freedman, R., Freimer, N.B., Friedl, 
M., Friedman, J.I., Fromer, M., Genovese, G., Georgieva, L., Giegling, I., Giusti-Rodríguez, P., 
Godard, S., Goldstein, J.I., Golimbet, V., Gopal, S., Gratten, J., De Haan, L., Hammer, C., 
Hamshere, M.L., Hansen, M., Hansen, T., Haroutunian, V., Hartmann, A.M., Henskens, F.A., 
Herms, S., Hirschhorn, J.N., Hoffmann, P., Hofman, A., Hollegaard, M. V., Hougaard, D.M., 
Ikeda, M., Joa, I., Julià, A., Kahn, R.S., Kalaydjieva, L., Karachanak-Yankova, S., Karjalainen, J., 
Kavanagh, D., Keller, M.C., Kennedy, J.L., Khrunin, A., Kim, Y., Klovins, J., Knowles, J.A., Konte, 
B., Kucinskas, V., Kucinskiene, Z.A., Kuzelova-Ptackova, H., Kähler, A.K., Laurent, C., Keong, 
J.L.C., Lee, S.H., Legge, S.E., Lerer, B., Li, M., Li, T., Liang, K.Y., Lieberman, J., Limborska, S., 
Loughland, C.M., Lubinski, J., Lönnqvist, J., Macek, M., Magnusson, P.K.E., Maher, B.S., Maier, 
W., Mallet, J., Marsal, S., Mattheisen, M., Mattingsdal, M., McCarley, R.W., McDonald, C., 
McIntosh, A.M., Meier, S., Meijer, C.J., Melegh, B., Melle, I., Mesholam-Gately, R.I., Metspalu, 
A., Michie, P.T., Milani, L., Milanova, V., Mokrab, Y., Morris, D.W., Mors, O., Murphy, K.C., 
Murray, R.M., Myin-Germeys, I., Müller-Myhsok, B., Nelis, M., Nenadic, I., Nertney, D.A., 
Nestadt, G., Nicodemus, K.K., Nikitina-Zake, L., Nisenbaum, L., Nordin, A., O’Callaghan, E., 
O’Dushlaine, C., O’Neill, F.A., Oh, S.Y., Olincy, A., Olsen, L., Van Os, J., Pantelis, C., 
Papadimitriou, G.N., Papiol, S., Parkhomenko, E., Pato, M.T., Paunio, T., Pejovic-Milovancevic, 
M., Perkins, D.O., Pietiläinen, O., Pimm, J., Pocklington, A.J., Powell, J., Price, A., Pulver, A.E., 
Purcell, S.M., Quested, D., Rasmussen, H.B., Reichenberg, A., Reimers, M.A., Richards, A.L., 
Roffman, J.L., Roussos, P., Ruderfer, D.M., Salomaa, V., Sanders, A.R., Schall, U., Schubert, C.R., 
Schulze, T.G., Schwab, S.G., Scolnick, E.M., Scott, R.J., Seidman, L.J., Shi, J., Sigurdsson, E., 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted November 12, 2019. ; https://doi.org/10.1101/829101doi: bioRxiv preprint 

https://doi.org/10.1101/829101
http://creativecommons.org/licenses/by-nc-nd/4.0/


Silagadze, T., Silverman, J.M., Sim, K., Slominsky, P., Smoller, J.W., So, H.C., Spencer, C.C.A., 
Stahl, E.A., Stefansson, H., Steinberg, S., Stogmann, E., Straub, R.E., Strengman, E., Strohmaier, 
J., Stroup, T.S., Subramaniam, M., Suvisaari, J., Svrakic, D.M., Szatkiewicz, J.P., Söderman, E., 
Thirumalai, S., Toncheva, D., Tosato, S., Veijola, J., Waddington, J., Walsh, D., Wang, D., Wang, 
Q., Webb, B.T., Weiser, M., Wildenauer, D.B., Williams, N.M., Williams, S., Witt, S.H., Wolen, 
A.R., Wong, E.H.M., Wormley, B.K., Xi, H.S., Zai, C.C., Zheng, X., Zimprich, F., Wray, N.R., 
Stefansson, K., Visscher, P.M., Adolfsson, R., Andreassen, O.A., Blackwood, D.H.R., Bramon, E., 
Buxbaum, J.D., Børglum, A.D., Cichon, S., Darvasi, A., Domenici, E., Ehrenreich, H., Esko, T., 
Gejman, P. V., Gill, M., Gurling, H., Hultman, C.M., Iwata, N., Jablensky, A. V., Jönsson, E.G., 
Kendler, K.S., Kirov, G., Knight, J., Lencz, T., Levinson, D.F., Li, Q.S., Liu, J., Malhotra, A.K., 
McCarroll, S.A., McQuillin, A., Moran, J.L., Mortensen, P.B., Mowry, B.J., Nöthen, M.M., 
Ophoff, R.A., Owen, M.J., Palotie, A., Pato, C.N., Petryshen, T.L., Posthuma, D., Rietschel, M., 
Riley, B.P., Rujescu, D., Sham, P.C., Sklar, P., St Clair, D., Weinberger, D.R., Wendland, J.R., 
Werge, T., Daly, M.J., Sullivan, P.F., O’Donovan, M.C., 2014. Biological insights from 108 
schizophrenia-associated genetic loci. Nature 511, 421–427. 
https://doi.org/10.1038/nature13595 

Sekar, A., Bialas, A.R., De Rivera, H., Davis, A., Hammond, T.R., Kamitaki, N., Tooley, K., Presumey, J., 
Baum, M., Van Doren, V., Genovese, G., Rose, S.A., Handsaker, R.E., Daly, M.J., Carroll, M.C., 
Stevens, B., McCarroll, S.A., 2016. Schizophrenia risk from complex variation of complement 
component 4. Nature 530, 177–183. https://doi.org/10.1038/nature16549 

Shirzad, H., Beiraghi, N., Ataei Kachoui, M., Akbari, M.T., 2016. Family-Based Whole-Exome 
Sequencing for Identifying Novel Variants in Consanguineous Families with Schizophrenia. Iran. 
Red Crescent Med. J. In press, 1–8. https://doi.org/10.5812/ircmj.35788 

Smoller, J.W., Kendler, K., Craddock, N., Lee, P.H., Neale, B.M., Nurnberger, J.N., Ripke, S., 
Santangelo, S., Sullivan, P.S., Neale, B.N., Purcell, S., Anney, R., Buitelaar, J., Fanous, A., 
Faraone, S.F., Hoogendijk, W., Lesch, K.P., Levinson, D.L., Perlis, R.P., Rietschel, M., Riley, B., 
Sonuga-Barke, E., Schachar, R., Schulze, T.S., Thapar, A., Kendler, K.K., Smoller, J.S., Neale, M., 
Perlis, R., Bender, P., Cichon, S., Daly, M.D., Kelsoe, J., Lehner, T., Levinson, D., O’Donovan, 
Mick, Gejman, P., Sebat, J., Sklar, P., Daly, M., Devlin, B., Sullivan, P., O’Donovan, Michael, 
2013. Identification of risk loci with shared effects on five major psychiatric disorders: A 
genome-wide analysis. Lancet 381, 1371–1379. https://doi.org/10.1016/S0140-
6736(12)62129-1 

Snitz, B.E., MacDonald, A.W., Carter, C.S., 2006. Cognitive deficits in unaffected first-degree 
relatives of schizophrenia patients: A meta-analytic review of putative endophenotypes. 
Schizophr. Bull. https://doi.org/10.1093/schbul/sbi048 

St Clair, D., Blackwood, D., Muir, W., Walker, M., St Clair, D., Muir, W., Carothers, A., Spowart, G., 
Gosden, C., Evans, H.J., 1990. Association within a family of a balanced autosomal 
translocation with major mental illness. Lancet 336, 13–16. https://doi.org/10.1016/0140-
6736(90)91520-K 

Steinberg, S., Gudmundsdottir, S., Sveinbjornsson, G., Suvisaari, J., Paunio, T., Torniainen-Holm, M., 
Frigge, M.L., Jonsdottir, G.A., Huttenlocher, J., Arnarsdottir, S., Ingimarsson, O., Haraldsson, 
M., Tyrfingsson, T., Thorgeirsson, T.E., Kong, A., Norddahl, G.L., Gudbjartsson, D.F., Sigurdsson, 
E., Stefansson, H., Stefansson, K., 2017. Truncating mutations in RBM12 are associated with 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted November 12, 2019. ; https://doi.org/10.1101/829101doi: bioRxiv preprint 

https://doi.org/10.1101/829101
http://creativecommons.org/licenses/by-nc-nd/4.0/


psychosis. Nat. Genet. 49, 1251–1254. https://doi.org/10.1038/ng.3894 

Sullivan, P.F., Kendler, K.S., Neale, M.C., S, M., T, P., J, L., L, P., JA, W., SW, L., PC, S., II, G., AE, F., P, 
M., AM, R., RM, M., KS, K., B, I., A, I., S, S., H, H., RP, H., D, L., M, Z., D, B., V, M., A, G., G, L., J, S., 
G, J., J, A., D, G., A, M., ML, F., ME, G., A, K., JR, G., H, P., K, S., J, M., RR, C., M, W., 2003. 
Schizophrenia as a Complex Trait. Arch. Gen. Psychiatry 60, 1187. 
https://doi.org/10.1001/archpsyc.60.12.1187 

Takahashi, S., 2013. Heterogeneity of schizophrenia: Genetic and symptomatic factors. Am. J. Med. 
Genet. Part B Neuropsychiatr. Genet. https://doi.org/10.1002/ajmg.b.32161 

Tarabeux, J., Kebir, O., Gauthier, J., Hamdan, F.F., Xiong, L., Piton, A., Spiegelman, D., Henrion, 
Millet, B., Fathalli, F., Joober, R., Rapoport, J.L., Delisi, L.E., Fombonne, E., Mottron, L., Forget-
Dubois, N., Boivin, M., Michaud, J.L., Drapeau, P., Lafrenière, R.G., Rouleau, G.A., Krebs, M.O., 
2011. Rare mutations in N-methyl-D-aspartate glutamate receptors in autism spectrum 
disorders and schizophrenia. Transl. Psychiatry 1, e55–e55. 
https://doi.org/10.1038/tp.2011.52 

Timms, A.E., Dorschner, M.O., Wechsler, J., Choi, K.Y., Kirkwood, R., Girirajan, S., Baker, C., Eichler, 
E.E., Korvatska, O., Roche, K.W., Horwitz, M.S., Tsuang, D.W., 2013. Support for the N-methyl-
d-aspartate receptor hypofunction hypothesis of schizophrenia from exome sequencing in 
multiplex families. JAMA Psychiatry 70, 582–590. 
https://doi.org/10.1001/jamapsychiatry.2013.1195 

Turner, T.N., Yi, Q., Krumm, N., Huddleston, J., Hoekzema, K., Stessman, H.A.F., Doebley, A.L., 
Bernier, R.A., Nickerson, D.A., Eichler, E.E., 2017. NAR Breakthrough Article denovo-db: A 
compendium of human de novo variants. Nucleic Acids Res. 45, D804–D811. 
https://doi.org/10.1093/nar/gkw865 

Xu, B., Ionita-Laza, I., Roos, J.L., Boone, B., Woodrick, S., Sun, Y., Levy, S., Gogos, J.A., Karayiorgou, 
M., 2012. De novo gene mutations highlight patterns of genetic and neural complexity in 
schizophrenia. Nat. Genet. 44, 1365–1369. https://doi.org/10.1038/ng.2446 

Yan, Z., Kim, E., Datta, D., Lewis, D.A., Soderling, S.H., 2016. Synaptic Actin Dysregulation, a 
Convergent Mechanism of Mental Disorders? J. Neurosci. 36, 11411–11417. 
https://doi.org/10.1523/JNEUROSCI.2360-16.2016 

Zhao, H., Nyholt, D.R., 2017. Gene-based analyses reveal novel genetic overlap and allelic 
heterogeneity across five major psychiatric disorders. Hum. Genet. 136, 263–274. 
https://doi.org/10.1007/s00439-016-1755-6 

Zhou, Z., Hu, Z.Z., Zhang, L., Hu, Z.Z., Liu, H., Liu, Z., Du, J., Zhao, J., Zhou, L., Xia, K., Tang, B., Shen, 
L., 2016. Identification of RELN variation p.Thr3192Ser in a Chinese family with schizophrenia. 
Sci. Rep. 6, 24327. https://doi.org/10.1038/srep24327 

 

 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted November 12, 2019. ; https://doi.org/10.1101/829101doi: bioRxiv preprint 

https://doi.org/10.1101/829101
http://creativecommons.org/licenses/by-nc-nd/4.0/

